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5.1 INTRODUCTION

Due to their flexibility and toughness, materials containing short-chain branches
(SCB) have found a significant niche in the plastics industry to make products, such as
films having high tensile strength, impact and puncture resistance. The most common
material used for these applications is linear low density polyethylene (LLDPE), which is
typically either a heterogeneous or homogeneous ethylene copolymer depending on the
catalyst used for its synthesis (Ziegler-Natta or metallocene, respectively).'?

The development of single-site metallocene catalyst has allowed for large-scale
production of relatively well-defined ethylene/a-olefin copolymers with narrow molecu-
lar weight distributions and uniform SCB distribution.”® Therefore, a great deal of effort
has been put forth to understand crystallization behavior of these systems (e.g., studies in
Chapter 3 on model SCB-containing materials) and achieve control over their physical
properties.”"” Short-chain-branched systems exhibit strong changes in morphology com-
pared to un-branched samples due to the exclusion of the short-chain branches from the

crystalline phase.'®*

The resulting decreased crystallinity leads to increased toughness
and flexibility of the final material, prompting a number of studies of copolymer blends."*
227 Additionally, the presence of these chain defects results in a significant decrease in
the response of the materials to flow without enhancement of crystallization kinetics or
oriented morphology (see thesis Appendix B). This observation can be explained by ei-
ther (1) the material’s inability to form oriented nuclei that lead to an increased nuclea-

tion density and template oriented growth or (2) the material’s inability to effectively

propagate growth from an oriented nuclei.
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To further examine these possibilities, we examine flow-induced crystal-

lization (FIC) of a metallocene ethylene copolymer spiked with small amounts of high
density polyethylene (HDPE) in order to promote oriented nuclei formation. The low
concentration of a high-molecular-weight (slow-relaxing) HDPE ensures that the blend
exhibits melt dynamics that are dominated by the fast-relaxing matrix, such that the few
HDPE chains present are oriented by flow and form thread-like nuclei (Figure 5.1). In

this way, we can evaluate the copolymer’s ability to propagate an oriented morphology.
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Figure 5.1 Schematic representation of the orientation of molecules by shear. a) Blends
containing only long (slow-relaxing) chains undergo a small strain. b) Blends containing
only short (fast-relaxing) chains undergo a large strain, but does not exhibit increased ori-
entation compared to a. ¢) Blends containing a small amount of long chains in a predomi-

nately short-chain matrix exhibit melt dynamics dictated by the matrix (large strain) such
that the slow-relaxing species is oriented by flow.

Recent studies of similar systems have observed the nucleation of polyethylenes
having lower density or molecular weight by higher density or molecular weight polyeth-
ylene.®®* Increased crystallization kinetics and sample clarity were observed. These ef-

fects are further examined here both under quiescent conditions and subsequent to flow.



5.2 EXPERIMENTAL METHODS

5.2.1 Materials

Bimodal blends examined here consisted of a minor component of high density
polyethylene (HDPE) having high molecular weight (My) and polydispersity (PDI =
M,/M,) of 3.0. The major component was a fast-relaxing—but still entangled (M, ~ 1000
g/mol)*'—random ethylene copolymer (EH50) with a melt index (MI) of 16.5 g/10 min.
This metallocene-catalyzed copolymer having approximately 5 mol % hexene was se-
lected to mimic the SCB content of the series of hydrogenated polybutadienes (HPBDs)
outlined in Chapter 3. One of these HPBDs, L53, is included for comparison in Table 5.1,
which outlines the molecular characteristics of the bimodal blend components. EH50 was
graciously provided and characterized by Dr. David Lohse and his team (ExxonMobil,

Clinton, NJ) and the HDPE sample by Chevron Phillips.

Table 5.1 Molecular characteristics of polyethylene materials.

M SCB/ T (°C)"
Polymer Type v PDI 1000 back-
(kg/mol) bone C*
EH50° Linear 50 2.9 25.7 96
HDPE® Linear 529 3.0 0.2 136
L53% Linear 53 <1.05 19.2 110

® obtained via °C NMR

® corresponding values provided by ExxonMobil

¢ corresponding values provided by Chevron Phillips

4 peak temperature as determined by DSC during ramps at 10 °C/min

*

not examined in current studies

Blends containing a small concentration of HDPE in EH50 were made via solu-
tion blending. This blending procedure results in homogeneous mixtures and avoids prob-
lems encountered in melt extrusion blending,** such as long-chain degradation and in-

complete mixing due to viscosity differences between the two components. Both poly-
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mers were dissolved in 1,2,4-trimethylbenzene at 130 °C along with approxi-

mately 30 mg of antioxidant, butylated hydroxytoluene (BHT). The solutions were pre-
cipitated in an excess (8:1) of cold methanol, and there resulting participates were filtered
and dried in a vacuum oven for one week at 60 °C. Low HDPE concentrations were se-
lected in order to minimize crystallization-induced phase separation. Concentrations on
either side of the HDPE overlap concentration, ¢", were selected. The overlap concentra-
tion is defined as the concentration at which the corresponding chains just pervade all
volume (see Figure B.1) and thus depends upon the radius of gyration (R,) and molecular
weight (My,) of chains:

o M, (5.1)
47R}pN,

where N, is Avogadro’s number (6.022 x 10*) and p is density.”>** From small-angle
neutron scattering measurements, R, (A) of melt-crystallized linear polyethylene was
found to depend on My, (g/mol) as®>*°

Ry =(0.45+0.01)M,, "~ (5.2)
Using a density of 0.95 g/cm’, eqs 5.1 and 5.2 yield ¢* =~ 0.6%. Hence, blends containing

0%, 0.25%, 0.5%, 0.75%, 1% and 5% HDPE by weight were examined.

5.2.2 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) experiments were conducted by Dr.
Soo-Young Park (Kyunpook National University, Daegu, South Korea) to study nuclea-
tion in HDPE blends (5-10 mg samples) using a Perkin Elmer 7 DSC system calibrated

with an indium standard. Both temperature ramps and isothermal studies were conducted
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under a nitrogen atmosphere. Temperature ramps were conducted at 10 °C/min

from 160 °C to 40 °C to obtain peak melting and crystallization temperatures (T, and Ty,
respectively).

Nucleation studies examined the effect of hold-time (tyo1q) at elevated tempera-
tures on subsequent crystallization rates at lower temperature; at the elevated temperature
negligible crystallization of EH50 (major component) occurs while HDPE (minor com-
ponent) is highly supercooled. Samples containing 0, 0.5, and 1 wt % HDPE were first
heated to 160 °C and left for 5 minutes in order to erase thermal history. Samples were
then cooled to the hold temperature (Tpoq) of 100 °C or 105 °C at 40 °C/min where they
were left for 0 < tpoq < 5 min. Subsequently, samples were cooled to an isothermal crys-
tallization temperature (T.) of 90 °C at 40 °C/min and left to crystallize for 1 hour during
which period heat flow was recorded as a function of time. Position of the peak in heat

flow, tmax, Was used as a measure of crystallization rate.

5.2.3 Flow-Induced Crystallization

Flow-induced crystallization (FIC) studies were conducted using a shear-stress-
controlled instrument previously built and described by Kumaraswamy et al.’’ Briefly, a
pneumatic actuator drove molten polymer into a rigid flow cell equipped with windows
for in-situ monitoring of morphology development. For optical characterization, the
quartz windows of the flow cell were replaced with low-birefringence BK7 windows
(Foctek Photonics, Inc.). For x-ray characterization, diamond or beryllium windows were
used. The flow channel is a rectangular slit with an aspect ratio greater than 10 in order to

approximate a two-dimensional flow profile (width = 6.35mm, height = 0.5 mm, length =
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63.5 mm). Assuming parallel-plate flow, the shear imposed on the sample varies

linearly from its value at the wall (cy) to 0 at the center of the channel in the direction of
the velocity gradient (V V). Minor alterations to the instrument included the use of com-
pressed air and a re-circulating oil bath set to 0 °C in order to enable rapid cooling of the
sample to the lower temperatures that are necessary for polyethylene (PE) compared to

polypropylene, for which the instrument was initially designed.
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Figure 5.2 Experimental short-term shearing protocol.

Isothermal crystallization was examined following a short shear pulse based on a
protocol developed by Janeschitz-Kriegl and co-workers (Figure 5.2).*® Initially, the cell
was filled with sample at 180 °C and low wall shear stress (tay = 25 s, 6w ~ 0.02 MPa).
The sample was maintained at this high temperature, which is above the equilibrium
melting point of polyethylene (~ 145 °C)* for 5 min to ensure full erasure of the flow
history. The cell was then cooled to the crystallization temperature, T, as quickly as pos-
sible; cooling times (tco0) ranged between 8 and 15 min, with the large thermal mass of

the instrument being the limiting factor in cooling rate. Isothermal crystallization was ex-
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amined at T, = 92, 95, and 98 °C. Once at T, the system temperature was main-

tained with the aid of a second re-circulating oil bath set to T, + 6 °C. For FIC studies,
upon reaching T, a pressure drop between 60 and 100 psi was applied across the flow
cell (corresponding to 0.07 MPa < o, < 0.14 MPa) for shearing times (t;) ranging be-
tween 6 and 15 seconds. The amount of polymer extruded was limited to 110 mg to en-
sure that all material reaching the analysis window of the flow cell had the same flow and

thermal histories.

5.2.4 Optical Characterization

Isothermal crystallization was followed in situ using optical and x-ray probes in
the velocity gradient direction (Figure 5.3). A 632.8 mm He-Ne laser was employed for
transmittance, apparent birefringence, and H, (cross-polarized) small angle light scatter-
ing (SALS) measurements both during and following the shear pulse. Sample transmit-
tance (I/1y) is given by total intensity, /, normalized by the pre-shear total intensity, Iy,
and can be used to monitor overall crystallization kinetics. Optical anisotropy of the sam-
ple is manifested in what we term the ‘apparent’ birefringence: Lye;p/I = Lyerp/(Ipara T+ Lperp),
where I, and 1., are the light intensity transmitted through crossed and parallel polar-

izers, respectively. This value is related to the birefringence by

1
e sinz[—m’Anj = sinz(é} (5.3)
1 A 2

where d is the sample thickness along the direction of light with wavelength 4 = 632.8 nm,
An is the birefringence averaged over the path length of the laser, and ¢ is the sample re-

tardance.” SALS patterns in H, polarization mode were recorded using a polarizer and
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analyzer oriented at +45° and -45° to vertical. These patterns were collected si-

multaneously with the other optical measurements by the use of a hole at the center of the
analyzer that allows un-scattered light to pass through. SALS provides additional infor-

mation regarding morphological superstructures developed during crystallization.

laser or x-
ray beam Vv

flow channel l v
| 3) Vv

Figure 5.3 Schematic representation depicting coordinate axes relevant to flow experiment.

5.2.5 X-ray Scattering

Morphology development during quiescent crystallization and crystallization sub-
sequent to flow was followed using wide and small angle x-ray scattering (WAXS and
SAXS, respectively). WAXS was conducted at beamline X27C of the National Synchro-
tron Light Source (Brookhaven National Lab, Upton, NY).* A MARCCD detector with
158 um pixel size was used to record two-dimensional scattering patterns generated with
x-rays of wavelength, 1, of 1.371 A. The camera length was calibrated using aluminum
oxide (Al;Os3). Thermal and flow history were controlled by the apparatus described
above.

SAXS experiments were conducted at the DUBBLE beamline (BM26) at the
European Synchrotron Radiation Facility (ESRF, Grenoble, France).* A multi-wire gas-
filled detector with 260 um pixel size was used to record two-dimensional scattering pat-
terns generated with x-rays of wavelength, 4, of 1.03 A. The sample-to-detector distance

was calibrated using dry rattail collagen. Shear experiments were conducted using the
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apparatus described above. Additionally, quiescent crystallization was conducted

at 95 and 98 °C using a Linkam Shear cell equipped with Kapton windows. The gap
width was set to 500 pm to match the light path length in the flow apparatus described
above.

X-ray data pre-treatment included the subtraction of a background and adjustment
for incident flux and acquisition time. The azimuthally-averaged intensity, /(q), was ex-
tracted as a function of scattering vector, ¢ = 4zsin(6)/4, where 8 is the scattering angle.
For isotropic samples, a Lorentz correction was applied by multiplying the scattering in-
tensity, /(¢), by the square of the scattering vector, ¢: J(q) = I(q)¢".*

The area under the Lorentz-corrected SAXS intensity curve (for isotropic sam-
ples) for the full range of g (0 < g < ) defines the invariant, which is a measure of the

total scattering power of the sample. Given the experimental constraints, we approximate

the invariant by the integrated intensity, Q, in the range available (guin < ¢ < @max):

0=[""q"I(gMg . (5.4)

min

The evolution of this invariant can be used to examine relative crystallization kinetics and
relative crystallinity in systems with similar electron density differences.

Wide angle x-ray scattering data proved difficult to analyze by conventional
methods (peak fitting of amorphous halo and crystalline reflections)* due to the low
crystallinity levels of the blends. Instead, the azimuthally-averaged intensity of the (110)
reflection is used as an estimate of relative crystallinity. Crystallization rates could be
compared by the autocorrelation intensity, A, of the (110) crystalline reflection during

crystallization:
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1 &~ ~
A(QIIO):mzl(qlloJi)'](QIlO:ti)a (5.5)

i=l1
where m is the total number of intensity curves, #; corresponds to the time point of acqui-

sition, and 7 (g,t;) 1s the dynamic intensity defined as
~ 1 &
I(Qatz):I(Q’tz)_;z](qatt) (56)
i=l1

Alternatively, relative crystallinity and degree of orientation were examined using
a differential analysis developed by Hajimorad et al.* In this analysis, the relative degree
of crystallinity was measured by the peak intensity of the (110) reflection. A quantitative
comparison of the degree of orientation was made using the normalized harmonic of the
Fourier transform capturing the azimuthal dependence of the intensity (in our case, the
second harmonic). These measurements were made for both overall scattering intensities
and differential intensities. The latter were calculated by examining 2D scattering pat-
terns relative to previous points in time. For example, data presented at t = 615 s were
collected from a 2D image that was obtained by subtracting the 2D scattering pattern at
the previous time point of t = 195 s from the 2D scattering image at t = 615 s after both

were normalized to account for the incident beam flux and acquisition time.*

5.2.6 Scanning Transmission Electron Microscopy

Scanning transmission electron microscopy (STEM) images for EH50 and its
blends containing 0.5, 0.75, and 5 wt % HDPE were obtained by Dr. John Stuyver and Dr.
Anton-Jan Bons (ExxonMobil, Machelen, Belgium). These samples were isothermally

crystallized at 98 °C for 30 minutes and subsequently cooled to room temperature at
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40 °C/min in a Perkin Elmer 7 DSC system under nitrogen atmosphere. Images

were obtained in high-angle annular dark field (HAADF) mode following staining with
ruthenium tetroxide (RuO,) and cryo-microtoming. Image contrast was inverted in order
to be comparable with conventional transmission electron microscopy (TEM) bright field

images.

5.3 RESULTS

5.3.1 Quiescent Crystallization

5.3.1.1 DSC Nucleation Studies

The addition of HDPE to EH50 resulted in a pronounced enhancement of crystal-
lization kinetics (Figure 5.4). In these studies, we examined the peak crystallization time
(tmax) for isothermal crystallization at 90 °C following a hold for a specified time, tqq, at
Thora = 100 or 105 °C. The addition of even a small amount of HDPE (0.5 wt %) led to
nearly a 5-fold increase in crystallization rate. At short hold times of 0 or 1 min, doubling
the HDPE concentration from 0.5 to 1 wt % doubled the crystallization rate. Longer hold
times led to greater enhancement of crystallization kinetics for the 1 wt % HDPE blend.
When the samples were cooled stepwise with a 3-minute hold at 100 °C, the 1 wt %
blend exhibited crystallization kinetics that were approximately 25 times faster compared
to the 0.5 wt % blend. In contrast, the crystallization kinetics of the 0 and 0.5 wt % blends
were not significantly affected by hold times of up to 5 minutes at elevated temperatures

(i.e., similar ty.x at different thoiq).
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Figure 5.4 Time of peak crystallization () during 60 min at 90 °C as a function of
hold time (t;01q) at 100 and 105 °C for 0, 0.5 and 1 wt % blends of HDPE in EH50.

5.3.1.2 Optical Characterization

Blends containing HDPE in EH50, even at the lowest concentration examined of
0.25 wt %, exhibited transmittance behavior that was qualitatively different from the eth-
ylene-co-hexene base resin (Figure 5.5). Quiescent crystallization of EH50 containing
0 wt % HDPE exhibited a monotonic decrease in transmittance during crystallization at
98 °C following an induction period of approximately 10°s. In contrast, the three blends
exhibited minima in transmittance evolution and subsequently maintained transmittance
values above 50% on the same timescale. In previous studies, this minimum has been at-
tributed to the half-filling of space by crystalline structures (i.e., when the size of the
morphological features is on the order of the space between them).**>° The depth of the
minima and their position in time followed a monotonic trend with HDPE concentration.
Greater clarity both at the minimum in transmittance and during subsequent crystalliza-

tion was observed with increasing HPDE content in the range examined; the 1 wt %
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HDPE blend recovered to 96% transmittance. Additionally, the increase of tur-

bidity (decrease of transmittance) with time and hence, crystallinity, reduced with in-
creasing HPDE content. The nucleating effect of HDPE is apparent in the onset of the
growth of turbidity which occurs at approximately 90 s for the 0.25% HDPE blend, 40 s

for the 0.5% blend, and 10 s for the 1% blend.
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Figure 5.5 Transmittance (I/I;) of HPDE blends crystallized quiescently at 98 °C. a, b,
¢, and d denote the times at which Hy, SALS patterns (Figure 5.6) were collected for
the 0, 0.25, 0.5 and 1 wt % blends, respectively.

The difference in optical behavior between EH50 and HDPE/EHS50 blends is also
apparent in 2D H, SALS patterns (Figure 5.6). EH50 exhibited isotropic Hy SALS pat-
terns corresponding to depolarization of light by randomly oriented scattering entities
(Figure 5.6a). In contrast, HDPE/EHS50 blends exhibited H, SALS patterns with an azi-
muthal dependence that mimics 4-lobe patterns, which are usually associated with spher-
ulite formation (Figure 5.6b-d).”" ** Even at the lowest concentration examined of
0.25 wt % HDPE, a faint 4-lobe pattern was observed (Figure 5.6b). The distorted 4-lobe
SALS patterns apparent for 0.5 and 1 wt % HDPE blends (Figure 5.6¢ and d, respec-

tively) are typically attributed to very poorly formed spherulites categorized as ‘type-c’



spherulites.>

Figure 5.6 H, SALS patterns of a) 0 wt %, b) 0.25 wt %, ¢) 0.5 wt %, and d) 1 wt %
HDPE blends collected at time points indicated in Figure 5.5 during quiescent crys-

tallization at 98 °C. Scale bar corresponds to 26 = 2°,

Intensity and shape of H, SALS patterns of HDPE/EHS50 blends vary with posi-
tion along the non-monotonic transmittance curve (Figure 5.7-5.9). With the apparatus
used here, no scattering pattern could be recorded prior to the minimum in light transmit-
tance (SALS images 1-3 in Figure 5.8 and half-filled symbols in Figure 5.9). Even the
0.25 wt % HDPE blend (not shown), whose minimum corresponded to 60% transmit-
tance, exhibited only minor increases in overall Hy scattering power prior to the minimum
(similar to Figure 5.9). Near the minimum in transmittance, a strong increase in Hy SALS
intensity was observed (point 4 in Figure 5.7-5.9). The H, SALS pattern (image 4 Figure
5.8) exhibited some azimuthal dependence (Figure 5.9), which became more pronounced
as transmittance values increased (points 5-6 in Figure 5.7). A 4-lobe pattern was easily
recognized in the range where transmittance resumed decreasing (points 7 and 8 in Figure

5.7-5.9). Furthermore, azimuthal dependence at long times (>10*s) revealed increased
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scattering both within and between the ‘lobes’ of the H, SALS pattern (curve 8 in

Figure 5.9). These observations are in agreement with prior studies of polyethylene crys-

tallization.*” 3
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Figure 5.7 Transmittance of 0.5 wt % HPDE blend crystallized quiescently at 98 °C.
Numbers mark time at which H, SALS images (Figure 5.8) were collected.



Figure 5.8 H, SALS images of 0.5 wt % HPDE blend undergoing quiescent crys-

tallization at 98 °C corresponding to points marked in transmittance curve (Figure
5.7). Scale bar corresponds to 26 = 2°.
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Figure 5.9 Azimuthal dependence of H, SALS intensity in Figure 5.8 for 0.5 wt %
HDPE blend quiescently crystallized at 98 °C at time points marked in Figure 5.7.

While there are similarities between these optical behaviors and those in previous

#-3% 3 very important distinction exists. Although 4-lobe H, SALS images are

studies,
predominately associated with spherulitic growth, polarized optical microscopy (POM)

images indicated that hardly any spherulites form for the 0, 0.5, and 0.75 wt % blends

(Figure 5.10).

Figure 5.10 POM images of a) HDPE and b) 0.5 wt% HDPE/EH50
blend.

The nucleation effect of HDPE is also apparent in H, scattering patterns at short
crystallization times. In contrast to the 0.5 wt % HDPE blend, for which an induction pe-
riod for the development of H, scattering was observed, the 1 wt % HDPE blend exhib-

ited an isotropic scattering pattern upon reaching the isothermal crystallization tempera-
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ture of 98 °C (Figure 5.11; compare with image 1 in Figure 5.8), indicating crys-

tallization of the blend during cooling. Analogous to the H, pattern of the 5 wt % blend,
that of the 1 wt % blend remained relatively unchanged up until the minimum in trans-
mittance (Figure 5.5), at which point the scattering pattern developed azimuthal depend-

ence. At long times (t ~ 10* s), a 4-lobe pattern emerged.

A

wt % HDPE blend at the onset of isothermal
crystallization at 98 °C (t =0 s). Scale bar corresponds to 26 = 2°.

Figure 5.11 H, SALS image of 1

5.3.1.3 X-ray Characterization

Intensity (a.u.)

08 10 12 14 16 18
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Figure 5.12 WAXS intensity of 1 wt % HDPE/EH50 blend after isothermal crys-
tallization at 98 °C for 30 minutes with crystalline reflections as indicated.

Extremely low crystallinity levels at the elevated isothermal temperatures exam-
ined here present significant challenges to WAXS data processing. The (110) orthorhom-

bic reflection consistently displayed lower intensity than the amorphous halo and the
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(200) crystalline reflection was never resolved (Figure 5.12; compare with Figure

4.2 in Chapter 4). Peak fitting of the amorphous halo and the crystalline reflections was
not successful, and hence, a crystallinity index could not be evaluated. Alternatively, the
peak intensity of the (110) crystalline reflection was used to gauge the relative amount of
crystallinity. Relative crystallization rates could be compared via the autocorrelation in-
tensity, 4(q110), of the (110) crystalline reflection (eqs 5.5 and 5.6), which is a measure of
the overall rate of change of intensity at a given g-value, and hence the rate of crystalliza-
tion. Crystallization rates were observed to increase with HDPE concentration (Table 5.2),
and furthermore, the significant difference between the rates of change of the 0.75 and
1 wt % blends suggests that the overlap concentration for HDPE lies between these two

concentrations (0.75 < ¢” < 1).

Table 5.2 Autocorrelation intensities of (110) reflections during isothermal crystallization of
HDPE/EH50 blends.

Tc=95°C T.=98°C

% HDPE (x10%) (x10%)
0.25% 2
0.5% 1 5
0.75% 4 7
1% 30

Small angle x-ray scattering of the 0, 0.5 and 0.75 wt % blends during isothermal
crystallization at 98 °C (and 95 °C, not shown) revealed an overall increase in scattering
power of the blends (Figure 5.13a). This behavior is similar to that of a hydrogenated
polybutadiene undergoing isothermal crystallization at a high temperature that was ob-
served in Chapter 3 (Figure 3.15a); a decrease of scattering intensity at low g was not ob-
served, indicating that morphology development was dominated by growth of primary

lamellae. The SAXS integrated intensity revealed increased crystallinity and confirmed



V-21
increased crystallization rate with greater HDPE content (Figure 5.13b).
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Figure 5.13 a) Evolution of SAXS intensity, /(g), for 0.75 wt % HDPE blend during quies-
cent crystallization at 98 °C. b) Relative SAXS integrated intensity (Q) for different
HDPE/EHS50 blends during quiescent, isothermal crystallization at 98 °C.

5.3.1.4 STEM Images

STEM images obtained for samples crystallized at 98 °C for 30 minutes and sub-
sequently cooled to room temperature at 40 °C/min underscore the pronounced effect of
HDPE on the morphology of copolymer systems (Figure 5.14). EH50 alone was found to
consist of short, randomly oriented lamellae (Figure 5.14a). On the other hand, an addi-
tion of HDPE at concentrations even below its overlap concentration (¢ = 0.5 wt % < c*)
resulted in a significant increase in length and local orientation of the lamellae (Figure
5.14b). The 5 wt % HDPE blend (¢ ~ 10 x ¢*) exhibited evidence of phase separation
(Figure 5.14c), showing thicker lamellae compared with 0.5 wt % HDPE blend embed-
ded in the fine-grained, randomly oriented morphology characteristic of pure EH50

(Figure 5.14a). No evidence of spherulitic growth was observed.
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Figure 5.14 STEM images of a) EH50, b) 0.5 wt % HDPE blend, and c) 5 wt %
HDPE blend subsequent to crystallization at 98 °C for 30 min and cooling to room
temperature.

5.3.2 Flow-Induced Crystallization

5.3.2.1 Optical Characterization
The clarifying effect observed under quiescent conditions was also observed fol-
lowing the imposition of shear (Figure 5.15a). Similar to the quiescent case, transmit-
tance for both the 0 and 0.5 wt % blends subsequent to shear decreased to a local mini-

mum; however, relative to the quiescent case, these minima were shallower and, for the 1
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wt % blend, occur at earlier time (no significant difference for 0.5 wt % blend).

In contrast to quiescent conditions (Figure 5.5), both 0.5 and 1 wt % HDPE blends pro-
duced equally transparent microstructures (Figure 5.15a, t > 500 s). Relative to the quies-
cent case, short-term shearing improved the transmittance of the 0.5 wt % blend and de-
creased the transmittance of the 1 wt % blend. These opposite trends may be related to
the increase in transmittance and oriented structure formation of the 1 wt % blend.

The 1 wt % HDPE blend exhibited an increase in transmittance during shear
above its initial value at the start of the experiment (t = 0 s when T = 98 °C). This value,
I/Iy(t = 0) was below 1.0 because crystallization during cooling (t..o region in Figure
5.15a) resulted in the formation of scattering entities. Upon shear (t; region in Figure

5.15a), sample transmittance was almost fully restored.
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Figure 5.15a) Transmittance and b) corresponding apparent birefringence of
HDPE/EHS50 blends during and subsequent to shear at 98 °C, o, = 0.14 MPa for t, = 10s.
a includes transmittance during cooling (t...;) on a linear timescale occurring over 9 min.

Apparent birefringence (/,.,/[) revealed no orientation for blends having HDPE
concentration below overlap (¢ < c*) and surprisingly little orientation for the 1 wt %

HDPE (¢ > ¢’ Figure 5.15b). The non-zero value of /,.,,/I at the cessation of shear (t =
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10 s) exhibited by the 1 wt % HDPE blend indicates the presence of oriented

structures. The largest apparent birefringence values reached at long times subsequent to
shear were not much greater than melt birefringence during flow. This represents a stark
contrast to prior literature on bimodal blends with a small concentration of long chains in
a matrix of chain that have similar very low chain defect content (i.e., stereo-errors in iso-
tactic polypropylene, iPP, or comonomer in PE) has shown that the creation of oriented
structures during flow templates highly oriented growth after cessation of flow.”® *¢>°-7
In these pervious systems, the birefringence often increases much more than ten times
relative to the birefringence that remains after cessation of shear. Additionally, the shape
of the birefringence curve at long time is dissimilar to highly crystalline systems under-
going FIC (e.g., Figure B.3 in thesis Appendix B). Highly oriented growth is generally
characterized by rapidly increasing I,.,,,/I subsequent to shear with a rate of change that
increases with time as oriented structures propagate; the slope, dl,..,/dt, only decreases
when the sample retardance, , approaches /2 due to its sinusoidal dependence.’® In con-
trast, at approximately 200 s, the apparent birefringence of the 1 wt % HDPE shows a
distinct decrease in slope even though ¢ <<1; this decreases in slope was apparent for all
samples displaying non-zero birefringence following shear.

H, SALS images confirmed mild oriented growth in both blends. Similar to qui-
escent crystallization, the 0.5 wt % blend did not exhibit H, scattering until after an in-
duction period of approximately 420 s. At this point, a very light streak normal to the
shear direction could be observed corresponding to long, slender scattering objects

52, 58, 59

aligned parallel to the flow direction. This streak persisted for a short time (less

than 480 s) after which a very light 4-lobe pattern could be observed. The 1 wt % blend
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exhibited both a streak and isotropic scattering immediately following shear. As

time progressed, this streak became dominated by isotropic scattering.

t=60s t=120s t=180s t=420s t=900 s
0.5%

1%

Figure 5.16 H, SALS images collected subsequent to shear at 98 °C, 6,,= 0.14 MPa for t; =
10 s.

5.3.2.2 X-ray Characterization
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Figure 5.17 a) Relative crystallinity (measured as (110) peak intensity) and b) degree of ori-
entation (measured as the second harmonic of Fourier transform of intensity versus azimuthal
angle) for crystallization of HDPE subsequent to shear at 95 °C, o, = 0.09 MPa, t,= 15 s.

The surprisingly low levels of oriented crystallization of these materials despite

evidence that oriented precursors were formed during shear was apparent in x-ray scatter-
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ing results. SAXS patterns did not exhibit significant anisotropy, in contrast to

the oriented lobes in the SAXS patterns typically observed in highly crystalline systems

following flow (not shown).* % -6

WAXS intensity also exhibited very little azimuthal
dependence. Furthermore, the degree of orientation quickly decreased during the first

minute of crystallization while crystallinity continued to increase (Figure 5.17).

5.4 DISCUSSION

5.4.1 Quiescent Crystallization

5.4.1.1 Nucleation Effects

High density polyethylene (HDPE) was found to serve as a nucleating agent in
the ethylene-co-hexene (EH50) matrix, as has been similarly observed in other polyethyl-
ene systems.”™ ®> Enhanced crystallization kinetics were observed by DSC (Figure 5.4),
optical transmittance (Figure 5.5), and x-ray scattering (Figure 5.13). At the concentra-
tions examined (¢ < 1 wt % HDPE), an increase in HDPE concentration resulted in an

28,64 Furthermore, this nucleation effect was insensitive

increase in crystallization kinetics.
to thermal history when the HDPE concentration was below overlap (¢ < ¢ = 0.6 wt %),
but was dependent on thermal history for blends having a concentration of HDPE that is
above its overlap concentration (¢ > ).

In DSC nucleation studies, the 0.5 wt % blend (¢ < ¢ = 0.6 wt %) exhibited little
change in response to hold times of up to 5 min at both 105 and 100 °C. On the other

hand, crystallization kinetics of the 1 wt % blend exhibited much stronger dependence on

hold time at elevated temperatures. An order of magnitude decrease in peak crystalliza-
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tion time was observed following a hold of 3 min at 100 °C compared to tpoq =

0 min. At these intermediate temperatures, HDPE is highly supercooled (31 °C and 36 °C
below the peak melting point of neat HDPE). On the other hand, neat EH50 is incapable
of crystallization on short time scales (peak melting temperature 96 °C), and hence, crys-
tal nuclei are predominantly composed of HPDE chains.

When the amount of HDPE is below the overlap concentration, crystallization of
HPDE at intermediate temperatures of 100 and 105 °C is limited by the diffusion of
HDPE chains to the growth front. This results in HDPE nucleating structures that are
sparse, compact, and isolated; one can envision nucleated HDPE structures that are sur-
rounded by region depleted of HDPE chains. On the other hand, at concentrations above
overlap, HDPE crystals can readily propagate through the melt forming a network of nu-
cleating structures. Overlap concentration of a slow-relaxing species is known to be im-
portant in bimodal systems undergoing flow-induced crystallization (FIC).** ®*® In FIC,
concentration of slow-relaxing species in a bimodal blend is important due to differences
in melt dynamics, which dictate the response of the system to flow. However, to the best
of our knowledge, this is the first time a non-linear concentration dependence of crystalli-
zation kinetics on a slow-relaxing species has been observed for quiescent crystallization;
in fact, in contrast to observations here, iPP blends (which consist of components that are
equally subcooled) exhibit nearly identical turbidity traces during isothermal crystalliza-
tion, independent of whether high-molecular weight chains (slow-relaxing species) are
above overlap or completely absent.®' The difference in behavior observed here arises
from the different degrees of subcooling for the two components examined here; under

quiescent conditions, crystallization of the HDPE/EHS50 blends is dictated by both the
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difference between the melting temperature of the two species and the diffusivity

of the crystallizable chains. Therefore, systems utilizing a semicrystalline polymer as a
nucleating agent are expected to exhibit a complex dependence on nucleant concentration,

relative comonomer content, relative relaxation time, and thermal and flow histories.

5.4.1.2 Morphology Evolution

Neat EH50 was found to be incapable of multi-lamellar structure formation under
the conditions examined. At 98 °C, it crystallized slowly (only after approximately
30 min), forming short, randomly oriented lamellae (Figure 5.14a). The lack of multi-
lamellar structure was apparent from the isotropic Hy SALS patterns (Figure 5.6a).

The minima in optical transmittance curves (Figure 5.7) and the 4-lobe patterns in
H, SALS images exhibited by HDPE/EHS50 blends (Figure 5.8) have previously been at-
tributed to spherulite formation when observed during isothermal crystallization of poly-
ethylene.*”>*>* In past studies, the 4-lobe pattern in H, scattering arose from the optical
anisotropy of a polyethylene spherulite (resulting from different indices of refraction
along the axes of the orthorhombic unit cell®”).’> The difference between the onset of the
decrease in light transmittance and the onset of significant H, scattering has been ex-
plained by a low level of anisotropy in the initial crystal structures, either as a conse-
quence of low crystallinity or low orientation correlation among crystals.*” The minimum
in transmittance has been interpreted as the point at which spherulites fill 50% of the
available volume as a consequence of the dependence of light scattering on the difference
in the index of refraction and the amount of the scattering entities (spherulites) and the

49, 50, 54

surrounding medium (melt). Following this point, the transmittance increases due

to the increasing size of the spherulites; an increase in size of scattering objects results in
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the contraction of the scattering pattern leading to more scattering at lower angles

near 0°, and hence, more light entering the photodetector.”® A difference in optical behav-
ior between these previous studies and the present study is the transmittance following
spherulite impingement. Here the transmittance values decline, whereas in the previous
studies, transmittance stabilized at a constant value that corresponded to the orientation
correlations (anisotropy) within the spherulite.”® However, present materials are distin-
guished by the conspicuous absence of spherulitic structure when examined using either
polarized light optical microscopy (POM), which would detect spherulites on lengths
scales greater an a micron, or using electron microscopy, which would detect submicron-
sized spherulites in these HDPE/EH50 blends (Figure 5.10b and Figure 5.14b).
Three-dimensional spherulites are not able to propagate at 95 or 98 °C due to the
limited amount of crystallizable material (i.e., small concentrations of HDPE and limited
number of ethylene sequences of sufficient length in EH50). Instead, we envision two-
dimensional growth, or discs (Figure 5.18), which, when randomly oriented, also give a

4-lobe H, scattering pattern.”””?

The difference in the time between the onset of the drop
in transmittance and the onset of H, scattering can again be explained by low anisotropy
of the initial scattering particles (Figure 5.18a). Likewise, the minimum in transmittance
and the accompanying appearance of the 4-lobe pattern can be attributed to half-space-
filling of the anisotropic, randomly-oriented, stacks of discs (Figure 5.18b). As the num-

ber of discs in a stack increases, the anisotropy of the system increases, resulting in an

increase in Hy scattering.
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Figure 5.18 Schematic representation of isothermal crystallization of 0.5 and 1 wt %
HDPE blends before the minimum in transmittance (a and d, respectively), after minimum
in transmittance (b and e, respectively), and at long times when transmittance decreases (C
and f, respectively). Vector ¢ indicates direction of chain axis.

The presence of stacks, as indicated by high degree of local orientation in STEM
micrographs (Figure 5.14b), is likely the consequence of HDPE templating, which has
been previously observed under shear.*® °® In this scenario, the initial discs that form dic-
tate the surrounding orientation distribution since only the crystal structures oriented
roughly parallel to the initial discs can propagate. Similar to the case of spherulitic mor-
phology, scattering at zero angle increases as the stacks of discs grow in size, resulting in
an increase in transmittance. A constant value of transmittance is not reached at long
times because total impingement of crystal structures is not achieved. Instead, transmit-
tance decreases as H, scattering increases both at and between the ‘lobes,’ consistent with

the growth of randomly oriented lamellae that occur in neat EH50 (Figure 5.18c).
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The HDPE/EHS50 blend containing HDPE concentration above overlap (c

=1 wt % >c¢ = 0.6 wt %) follows a similar evolution of a 4-lobe pattern as the 0.5 wt %
blend (¢ < ¢") but starting from isotropic H, scattering upon reaching T, = 98 °C, which
indicates crystallization of the blend during cooling. The fact that the initial scattering
pattern is isotropic rather than 4-lobe means that the initial scattering entities are large but
not arranged in stacks of discs. Instead, one can envision isolated, unilamellar discs, ap-
proximately 15 nm thick (from SAXS) and 1 pum in diameter, composed primarily of
HPDE (Figure 5.18d). Since HDPE concentration is above overlap and chain diffusion
limitations are reduced, HDPE chains can rapidly form nuclei and the growth front can
advance more rapidly compared to the 0.5 wt % blend, resulting in crystallization during
cooling (~8 °C/min). Hence, crystallization of the 1 wt % blend occurs at higher tempera-
tures, leading to increased amounts of crystallization-induced phase separation. Although
STEM images for the 1 wt % blend were not available, one can envision them to be in-
termediate between Figure 5.14b and Figure 5.14c, corresponding to the 0.5 and 5 wt %
HDPE blends, respectively. Similar to the latter, the 1 wt % HDPE blend likely contains
some large lamellae that do not template the surrounding crystallites; hence, they con-
tribute to isotropic H, scattering. However, the appearance of a 4-lobe H, SALS pattern
indicates that the 1 wt % HDPE blend still contains templated regions in which stacks of
lamellar discs can be found (Figure 5.18 e and f).

Blends containing HDPE exhibited increased clarity with increasing HDPE con-
tent at long times during isothermal crystallization. Since the sample is contained be-
tween two windows, surface effects are negligible and the clarity is only a function of

bulk optical transmittance. The clarifying effect of nucleating agents has been observed
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previously in spherulitic iPP systems, in which the clarifying effect was attrib-

uted to a decrease in spherulite size and a decrease in their scattering effectiveness with
increasing nucleation density.** Highly crystalline systems, such as iPP and HPDE, are
turbid due to large, closely-packed spherulites. EH50 has higher clarity than such highly
crystalline systems because it does not organize into multi-lamellar structures. However,
an intermediate amount of order, such as that in HDPE/EH50 blends, results in a further

increase of sample clarity, which is important for the production of plastic films.*

5.4.2 Flow-Induced Crystallization

The interplay between defect-free HDPE chains and a defect-ridden copolymer
matrix results in morphology evolution that is not commonly encountered in FIC of
semicrystalline systems. Blends containing 0.5 and 1 wt % HDPE exhibited several un-
usual optical behaviors subsequent to flow (Figure 5.15a): (1) the transmittance of the
1 wt % HDPE blend increased during the shear pulse, (2) the transmittance at long times
of the 1 wt % blend was lower for the sheared case than the quiescent case, while (3) the
transmittance of the 0.5 wt % blend was higher compared with the quiescent case.

Initial crystal structures in both blends nucleate/template crystal growth at longer
times. Flow can both alter the orientation distribution of structures formed during cooling
and induce the formation of additional precursors. The orientation distribution of struc-
tures within the system at the cessation of flow will affect the orientation distribution of
crystallites that propagate from the initial structures at later times. As mentioned previ-
ously, crystallization of the 1 wt % blend during cooling resulted in the formation of large

crystals that were capable of scattering light (Figure 5.18d). Hence, the orientation of
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these large, platelet-like crystals by flow resulted in a strong increase in transmit-

tance (the increase in transmittance was not the result of crystal destruction, as confirmed
by WAXS—mnot shown). This behavior is reminiscent of increased transmittance follow-
ing the elongation of polymer films.”’ In the present case, this increase in transmittance
can be explained by the specific orientation of the platelet-shaped crystals by shear flow.
In previous studies, platelet-like particles have been observed to be oriented such that
their surface normal (¢ in Figure 5.19 corresponding to the chain axis) is nearly parallel

to the velocity gradient direction (V v),”*7°

which in the current system corresponds to
the direction of light through the sample (Figure 5.19). Prior to shear, the random orienta-
tion of discs results in scattering arising from the difference between refractive indices
along the three unit cell axes (a, b, and ¢ with refractive indices of 1.514, 1.519, and
1.575, respectively)® and the polyethylene melt (refractive index of approximately
1.49).”7 Subsequent to shear, the c-axis is aligned along the light path (Figure 5.19);
hence, the contrast in refractive indices that is probed is reduced to 1.514 and 1.519 for
the crystallites—quite close to that of the melt (1.49) so the transmittance increases.

Although an increase in transmittance is not observed during shear of the
0.5 wt % HDPE blend, DSC nucleation studies indicate that some structure formation in
this blend is expected during cooling. However, at short crystallization times, these struc-
tures are too small to scatter light (Figure 5.18a). Evidence for their orientation is not ap-
parent until long times when they have increased in size, resulting in increased transmit-
tance of the sheared 0.5 wt % blend compared with the quiescent case.

In addition to orientation of pre-existing crystals, application of shear to the

1 wt % blend results in oriented nuclei formation (evident from apparent birefringence in
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Figure 5.15b and streak in the H, SALS pattern in Figure 5.16). Scattering from

these cylindrical objects results in a large increase in turbidity of the sample due to the
fact that their c-axis is oriented parallel to the direction of flow. This effect offsets the
increase in transmittance from the orientation of pre-exiting platelet-like crystals resulting

in a decrease in transmittance relative to the quiescent case of the 1 wt % HDPE blend.
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Figure 5.19 Schematic representation of orientation of lamellar discs by flow.

HDPE/EHS50 blends did not exhibit the strong response to flow-induced crystalli-
zation (FIC) typical of more crystalline systems.* % - ©0-62 67787 ywhile this is expected
at HDPE concentrations below overlap (¢ < ¢’) where slow-relaxing species (here, HPDE

chains) are not effective at triggering oriented nuclei formation,®> ¢ %

it was surprising
that 0.75 wt % and 1 wt % blends (¢ > ¢") also did not exhibit evidence of a dominant
oriented morphology. Instead, the behavior of the latter blends suggests two crystalliza-
tion regimes: (1) oriented structure propagation at short times following shear and (2) iso-
tropic crystal growth at longer times.

At short times (t < 200 s), HDPE/EH50 blends exhibited evidence of oriented

growth in the form of a rapidly increasing apparent birefringence trace that began from a
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non-zero value following shear (Figure 5.15b), a streak in the H, scattering pat-

tern (Figure 5.16), and an elevated degree of orientation in the WAXS images (Figure
5.17). Following 200 s, however, oriented growth appeared to have stopped. In contrast
to more crystalline systems (see, for example, Figure B.3), the slope in 7.,/ dropped to a
smaller, almost constant value. This change coincided with the poorly-defined minimum
in the corresponding transmittance curve. A small increase in transmittance following the
minimum is consistent with a lack of significant increase in the size of oriented structures.
Further evidence that the growth front from the oriented precursors halts its advance is
the absence of a contraction of the scattering patterns.”” *' Additionally, following the
break in the rate of oriented growth, Hy SALS patterns developed significant isotropic
scattering and the WAXS degree of orientation drastically decreased due to an increase in
isotropic scattering.

The transition to isotropic scattering is a consequence of the copolymer base ma-
trix. As oriented structures propagate, the longest ethylene sequences of EH50 are incor-
porated into the crystal. However, along with these crystallizable sequences, defects in
the form of short-chain branches are also encountered. As more and more defects are
crowded at the growth front, the crystal structures cease to grow and crystallization can
only continue from newly-formed point-like nuclei in the melt. Therefore, the incorpora-
tion of the copolymer matrix into the oriented crystals pollutes the growth front, limiting
the size of the oriented structures. This reasoning is similar to the explanation for the de-
terioration of morphology observed with increased SCB content of copolymers during
quiescent crystallization.'” Consequently, one could conjecture that the lateral dimensions

of crystal structures can be manipulated by controlling the length of ethylene sequences
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consumed by the growth front (i.e., number of short-chain branches encountered),

which, in turn, can be achieved by changing the temperature of crystallization (Figure

5.20).
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Figure 5.20 Schematic representation of the varying extent of oriented growth as a conse-
quence of comonomer incorporation as dictated by temperature.

In agreement with this theory is the study by Hsiao et al. on bimodal blends com-
posed of a linear ultrahigh molecular weight polyethylene (UHMWPE) at a low concen-
tration (¢ =2 wt % > ¢') in a short-chain-branched matrix.** This previous study revealed
the propagation of large oriented shish-kebab structures following shear at elevated tem-

peratures, at which the major, short-chain branched component could not crystallize.

Figure 5.21 Shish-kebab structure observed subsequent to flow of a blend contain-
ing 2 wt % UHMWPE in a non-crystallizable PE. (Reprinted Fig. 3 with permission
from Hsiao, B.S., et al. Phys. Rev. Lett. Vol. 94, 117802, 2005. Copyright (2005) by
the American Physical Society).



a b
—=—92°C A E
c —+—95°C s
S o - =
:(—g- —4—098"°C g
S =
Q2 4 g O -
O ‘5
G | i o |
© g
g %
D k‘\t‘* 4 [a
a
644 A A A AAaa
T T T T — — 9 9 o 0000
100 1000
time (s) time (s)

Figure 5.22 Evolution of degree of orientation of 0.75 wt % HDPE blend subsequent to
shear at 6, = 0.09 MPa for t, = 15 s at different temperatures for a) full scattering patterns
and b) differential scattering patterns.

Our theory was further confirmed by examining the degree of orientation of the
0.75 wt % blend at three different temperatures: 92, 95, and 98 °C (Figure 5.22a). The
lowest temperature exhibited the greatest degree of orientation as more EH50 material
could crystallize due the decrease in the required ethylene sequence length; only a small
amount of orientation was evident at the highest crystallization temperature. For all three
temperatures, a rapid decrease in WAXS anisotropy was observed. Further investigation
into this evolution of WAXS anisotropy was conducted using the differential analysis de-

veloped by Hajimorad et al.”

The relative degree of orientation was calculated for
WAXS patterns that developed between the four time points of interest: (1) 0 <t. <30 s,
(2) 30 <t,<195s, (3) 195 <t <615 s, and (4) 615 <t, < 1815 s. Crystallization occur-
ring within 30 s of shear was characterized by the greatest degree of orientation (Figure

5.22b). At the two lower temperatures, 92 and 95 °C, anisotropy of subsequent crystalli-

zation (immediately following t = 30 s) was substantially diminished. In contrast, the ani-
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sotropy of crystallization at 98 °C was nearly constant from 0 to 195 s consistent

with less pollution of the oriented growth front at the elevated temperature.

Not surprisingly, temperature affects more than simply the amount of EH50 that
can crystallize. The large difference between the melting points of ethylene copolymers
and branch-free PE chains, which are necessary to ensure formation of oriented nuclei,
leads to a significant amount of material that is already crystalline upon reaching T in
this system resulting in poor control of initial system morphology. In future work, a po-
tential means to circumvent difficulties regarding oriented nuclei formation is to utilize a
system with embedded oriented fibers that can serve as well controlled (size and amount)
oriented nuclei. This will allow one to utilize instruments having better temperature con-
trol which are not limited by large thermal mass. Rapid cooling in addition to examina-
tion of materials having slightly less comonomer content may decrease crystallization-

induced phase separation and allow for proper control of the initial morphology.

5.5 CONCLUSION

Crystallization of an ethylene-copolymer (EH50) was examined in the presence of
small concentrations (c < 5 wt %) of a high density polyethylene (HDPE) both under qui-
escent conditions and subsequent to flow at temperatures where both blend components
could crystallize. These multimodal systems may be encountered in industry both by spe-
cific blending and through specific synthetic routes to metallocene copolymers. Due to
the difference in melting point between the two materials as a consequence of short-chain
branching, HDPE proved to be an effective nucleating agent. Furthermore, due to its

semicrystalline nature and its ability to organize into super molecular structures, the ef-
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fectiveness of HDPE as a nucleant was found to be sensitive to thermal history

above its overlap concentration (¢ > ).

HDPE also proved to be an effective clarifying agent. Small concentrations (¢ <
1 wt %) of HDPE resulted in high clarity samples at long crystallization times. This was a
consequence of a change in morphology from randomly distributed lamellae (without
HDPE) to stacks of lamellae having local orientation (with small amounts of HDPE). The
clarifying effect was evident both under isothermal conditions and subsequent to shear.

HDPE/EHS50 blends containing 1 wt % HDPE or less exhibited surprisingly little
response to shear in contrast to more crystalline isotactic polypropylene (iPP) and HDPE
systems. Evidence of a dominant oriented morphology was not observed. Instead, the
samples exhibited two crystallization regimes: (1) oriented growth at short times follow-
ing shear and (2) isotropic growth at long times following shear. The transition between
the two regimes appears to be a consequence of the incorporation of ethylene sequences
into the oriented structures which results in a build up of short-chain branches (i.e., de-
fects) and a pollution of the growth front. At later times, the oriented growth front is ex-
tinguished by the tethered copolymer. Subsequent growth requires new nuclei to form;
since the remaining melt is fully relaxed at these long times, point-like nuclei form and
the subsequent growth is isotropic.

We propose that this behavior can be exploited to control the lateral dimensions
of the oriented structures by controlling the incorporation of ethylene sequences, which,
in turn, is dictated by temperature. The ability to precisely control the size of morpho-
logical features in semicrystalline systems would enable more accurate tuning of the ul-

timate physical properties.
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