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ABSTRACT: The coarsening rates of the two-phase mor-
phologies of linear polyethylene/poly(ethylene-co-1-octene)
blends were determined as functions of molecular weight.
Samples with cocontinuous morphologies that were pre-
pared through solution blending were annealed in the melt
state for various times, and ,subsequently the length scales
of the morphologies were determined with a line-intersec-
tion method. Length-scale data were multiplied by a func-
tion that normalized for the effects of differences in zero-
shear-rate viscosity and thermal energy; after normalization,

the data largely fell on one trend line within the bounds of
experimental error. This indicated that the principal effect of
increasing molecular weight was to slow the coarsening rate
through an increase in melt viscosity, with little effect from
the thermodynamic compatibility of the two polymers.
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INTRODUCTION

Mixing, phase separation, and domain coarsening af-
fect the morphology' and, hence, the properties of
polyolefin blends.” The principal factors that affect
these characteristics in polyolefin blends are molecular
weight and the type and level of branching, the latter
being largely controlled by the type and quantity of
comonomer present. The thermodynamics of these
systems have been described’ by an empirical interac-
tion parameter (x) as a function of branch content,
where x is found by the fitting of the experimental
data to various models. This has been accomplished
through small-angle neutron-scattering studies with
random-phase approximation* or by cloud-point de-
termination.” In the latter approach, because the re-
fractive indices of polyolefins are closely matched, the
cloud point could be inferred from the morphology of
annealed and quenched samples. The invariance with
time of domain size of a fine length-scale morphology
is indicative of a single-phase melt, whereas increases
in domain size on annealing reveal a two-phase melt.®
Results have been presented, however, where laser
light scattering was used to study the length scale (1)
of mixing and coarsening in blends of isotactic
polypropylene and poly(ethylene-co-propylene)” and
for blends of isotactic polypropylene or syndiotactic
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polypropylene with poly(ethylene-co-propylene-co-
ethylene norborene).

One of the explanations of y was based on regular
solution theory, whereby differences in the solubility
parameter of the constituent polymers led to an en-
thalpy-based factor. Several studies on polyolefin
blends have shown that the number of branches in the
molecule has the most important effect on the deter-
mination of the miscibility and compatibility of non-
polar polyolefin blends. It has been proposed that
mixing in polyolefin blends may be related to enthal-
pic considerations that can be described by solubility
parameters. Choi’ calculated the Hildebrand solubil-
ity parameters (&’s) at elevated temperatures of 1000
simulated carbon models of linear polyethylene (PE)
and poly(ethylene-co-1-butene) copolymers, the latter
possessing between 10 and 80 ethyl branches per 1000
carbon backbone atoms. An abrupt increase in y was
found in the range 40-50 ethyl branches per 1000
carbon backbone atoms, where y was calculated from
x = VoRTITY(8, — 8,)?, where yx is the interaction
parameter, V, is the reference volume, R is the gas
constant, and T is absolute temperature. This was
associated with the onset of macroscopic phase sepa-
ration in the melt state. Krishnamoorti et al.'” related
solubility parameter analysis and solubility parame-
ters determined from pressure—volume-temperature
relationships for a series of blends comprising hydro-
genated polydienes, which were used as model poly-
olefins with different branch types and contents, to
their mixing behaviors as determined through small-
angle neutron scattering. It was concluded that be-
cause solubility parameters could uniquely be as-
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TABLE 1
Resin Characteristics and Their Corresponding Carreau Equation Constants at 170°C
MFI* a® Mw Mn Tl;
Resin Sample (dg min™ %) (mol %) (kg mol 1) (kg mol 1) (Pas) 7 (s) nd
PE PE1 42 0 101 39 383 0.021 0.469
PE PE2 14 0 154 42 1,693 2.449 0.186
PE PE3 0.9 0 234 — 14,061 1.143 0.312
EcO EcO1 5.0 7.3 172 78 17,401 — 0.167
EcO EcO2 0.5 7.3 261 123 42,183 0.001 0.263

M,, = weight-average molecular weight; M, = number-average molecular weight.
 MFI = Melt flow index determined in accordance with BS 720A Test condition 4.

b q-olefin content.

€ Reciprocal transition rate of the Carreau equation, eq. (1).

9 Slope of the viscosity curve in the pseudoplastic region at ¥ — . eq. (1).

signed to individual polyolefins, there were no spe-
cific pair interactions in most of the blends studied.
The two methods of solubility parameter assessment
gave numerical agreement with one another. Reduc-
tions in the entropy of mixing because of nonrandom
effects that were related to differences in chain con-
formation and chain stiffness were considered by
Bates et al.” The latter effect was described in terms of
differences in the statistical segments of the blend
constituents that were affected by branch length and
comonomer content. Krishnamoorti et al.'” reported
that statistical segment length difference gave an in-
dication of mixing in the melt state, but a clear corre-
lation with the essential parameter in the theory was
not established. Evidently, for polyolefin blends close
to the limits of miscibility, there is a fine balance of
these factors. Continuing from these studies, this
study was centered on the influence of chain branch-
ing, because of the presence of a comonomer, and
molecular weight on the compatibility and morphol-
ogy of partially miscible polyolefin blends.

The objective of these experiments was to establish
the influence of polymer molecular weight on the
coarsening rates of the morphologies of selected poly-
olefin blends. Three commercial grades of high-den-
sity polyethylene (PE) and two poly(ethylene-co-1-oc-
tene) (EcO) resins that covered a wide range of mo-
lecular weights were chosen. PE was chosen because
of the simplicity of its structure and its commercial
importance.

EXPERIMENTAL
Materials

The PE samples were prepared with Zeigler-Natta
catalysts,'" and the EcO samples were synthesized
with metallocene single-site catalysts.'”> Details of
these resins are documented in Table L

Characterization

Comonomer contents in the copolymers were deter-
mined with a Bruker 300-MHz NMR spectrometer

(Karlsruhe, Germany) following the method of De
Pooter et al.'> Molecular weight data were obtained
with a Waters gel permeation chromatograph (Mil-
ford, MA), with polystyrene calibration standards in
trichlorobenzene at 142°C and a refractive index de-
tector. Differential scanning calorimetry was carried
out at heating rates of 5, 10, 15, and 20°C min~! to
determine the glass-transition temperatures (T,’s) of
the copolymers with a PerkinElmer DSC-7 (Wellesley,
MA). T, at a heating rate of 0°C min~ ' was estimated
from the temperature axis intercept of the extrapola-
tion to zero heating rate of the plot of T, versus heat-
ing rate. Rheological data were obtained with a Haake
RT20 rheometer with oscillating 25-mm parallel plates
(Karlsruhe, Germany). Nineteen increments in the an-
gular velocity (w) were made over the range 0.06—64.3
rad s~'. Measurements were made at 170°C under a
constant stress of 250 Pa. Zero-shear-rate complex vis-
cosity (mo) was obtained from Carreau’s constitutive
equation:

*
* Mo
No = (1 + ,Tw)n (1)

where 7, is the complex viscosity at w, 7is the relaxation
time, and 7 is the non-Newtonian exponent; Mo, T, and n
were found from the unweighted least-sum-of-squares
method" for the fit of the m,, values experimentally
determined through rheometry on the model containing
w as the independent variable; that is

Ssmin = z ijz (2)
j=1

where ss.;, is the minimum sum of squares of n
residuals, Ay; is equal to M — M. M., is the experi-
mental value, and 7, is the corresponding value cal-
culated from the model for datum j. The Solver pro-
gram in Microsoft Excel ‘97 spreadsheet software was
used to accomplish this task. For the EcO resin, a
better fit of the experimental data was obtained with a
modified Carreau equation by Dumoulin et al.:'®
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TABLE 1I
Blend Characteristics at 170°C
m
Blend b b, (Pas) ™ (s) nc 7,9
PE1/EcO1 0.43 0.43 910 0.125 0.256 0.022
PE2/EcO1 0.49 0.49 1,656 0.207 0.264 0.097
PE1/EcO2 0.38 0.38 2,570 0.260 0.367 0.009
PE2/EcO2 0.44 0.43 5,530 0.360 0.443 0.040
PE3/EcO2 0.45 0.48 17,026 1.972 0.268 0.333

@ Experimental volume fraction of EcO.

b Reciprocal transition rate of the Carreau equation, eq. 1.
¢ Slope of the viscosity curve in the pseudoplastic region at ¥ — %: eq. (1).
9 Viscosity ratio, where 1, = npg)/ MEco)-

Mo = Mo[1 + (1@)"]™" (3)
where m is a fitting constant. The blends, listed in
Table II, of PE with the copolymers were prepared
with nominal compositions around the critical volume
fraction of copolymer, as explained in the Discussion
section, nominally around a volume fraction of 0.4.

The blends were prepared through dissolution of the
components in toluene at 127°C followed by precipita-
tion through pouring into excess methanol at 30°C. The
precipitates were removed from the solvent through fil-
tration and then washed with fresh methanol and left in
the draft of a fume cupboard for 1 day before they were
dried in vacuo at 80°C for 3 h. The samples were then
consolidated and annealed in a in-house constructed
tube furnace under a nitrogen gas purge for set times at
170°C. A thermocouple was inserted into the sample to
determine the temperature. In some instances, samples
were wrapped in aluminum and suspended in a tem-
perature-controlled Haake recirculating oil bath at 170
* 0.1°C for various times. The samples were then
quenched in ice water and were sectioned to a nominal
thickness of 1 wm with an RMC ultramicrotome
(Manchester, England) operated at —80°C. The sections
were placed upon glass slides beneath cover slips with
dioctylphthalate as the mounting medium and were
viewed with a Nikon E400 light microscope (Melville,
NY) with phase-contrast plates. Images were captured
with a Sony CMA-D2CE charged coupled device camera
(CCD) and capture board (San Diego, CA). An addi-
tional group of blend samples was annealed for 6 h at
temperatures in the range 150-350°C in a tube furnace
under nitrogen flow. After they were quenched in ice
water, flat surfaces were prepared with an RMC ultra-
microtome and glass knife at —80°C. These surfaces
were etched with a permanganic acid reagent (1.0% w/v
solution at 30°C), following the method of Olley and
Basset,'” to selectively remove the amorphous material
and were viewed with a Hitachi S-2360N scanning elec-
tron microscope (Los Angeles, CA) after vapor deposi-
tion with a platinum—palladium alloy.

A of the observed morphologies was determined with
Imagepro software (Silver Spring, MD). This method is
illustrated in Figure 1, with the placement of chords over

an image of a PE/EcO blend and the measurement of an
intercept length (/), where A = Zn,l;/n, shown. Selected
microscope images were converted to a frequency-based
image by application of the Fourier transform. The fre-
quency-based image comprised a cloud of points, the
brightness of which represented the amplitude of the
waveform and the position of which represented the
frequency of the waveform. If the original image con-
tained a regular pattern, the transformed image would
show a regular pattern. For irregular images, a mass of
dots would be seen that becomes brighter the closer they
were to the center.

RESULTS AND DISCUSSION
Compatibility of the PE/EcO blend

Blend samples were annealed for various times at
temperatures in the range 150-350°C in a tube furnace
to determine the mutual melt-state compatibility of
the PE and EcO. These samples were then quenched,
microtomed, etched, and viewed with a scanning elec-
tron microscope; the resultant micrographs are shown
in Figure 2. A plot of the number-average EcO-rich
domain diameter (D,,) versus annealing temperature
(T,), as determined from the micrographs of Figure 2,
is displayed in Figure 3. For all of the samples at every
temperature, A of the morphology coarsened on an-
nealing, suggesting that all of the samples were in a
two-phase state in the melt'® because the morpholo-
gies coarsened to reduce the interfacial area between
the phases and, hence, to minimize the interfacial

Figure 1 Line interception method to find A of the cocon-
tinuous morphologies.
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Figure 2 Scanning electron micrographs of the PE2/EcO2 blends containing 20 wt % EcO2 after annealing for 6 h at (a) 150,

(b) 230, (c) 285, and (d) 320°C.

energy, that is, the product of the interfacial tension
(I'; ») and the interfacial area. Moreover, the extent of
coarsening decreased as T, increased, even though the
mobility of the system increased with increasing tem-
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Figure 3 Plot of D, versus T, for the PE2/EcO2 blends
containing 20 wt % EcO2 after annealing for 6 h at 170°C.

perature because of reduced viscosity, indicating en-
hanced compatibility at higher temperatures. In an
earlier study,'”*® we concluded that the PE2/EcO2
blend was partially miscible because of the observa-
tion of PE lamellar crystals in the EcO-rich domains of
the morphology. As described by Rhee and Crist,® A of
the blend morphology is a function of the ratio x/x.,
where x is the polymer—polymer interaction parame-
ter and the subscript c refers to the critical point; that
is, the thermodynamic force that drives the morphol-
ogy to coarsen is weakened as the depth of quench
decreases. Thus, for the blends studied herein, a vir-
tual critical point may have been located at a high
temperature that was practically inaccessible due the
limited thermal stabilities of the constituent polymers.
Experiments were limited to 350°C because of the
embrittlement of the specimens at temperatures above
350°C. For the T, range experienced by the samples
described herein, that is, in the range 150-320°C, the
specimens appeared largely unchanged from their
original state, exhibiting slight discoloration and no
apparent embrittlement.
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Figure 4 CCD images taken from the transmitted light
microscope with a phase-contrast plate. Specimens com-
prised PE1/EcO1 at ¢, = 0.43 for #’s of (a) 5, (b) 15, (c) 30, (d)
60, (e) 90, and (f) 120 min at 170°C.

Coarsening rates

Because x has been found to be a function of blend
composition, particularly at low and high concentra-
tions of polymer 2, where a twofold increase may
occur,® the samples prepared for the coarsening rate
study were prepared near the critical composition®' to
limit this effect; x is generally near constant at com-
positions close to the critical point [the critical volume
fraction of the EcO copolymer (¢.)] from the Flory—
Huggins lattice model:

d)c = []- + (Vzan/Vlnwl)l/z]71 (4)
where V; is the monomer volume and 7, is the
weight-average degree of polymerization of compo-

nent j. On the basis of free-volume theory, V is a
function of the expansion coefficient® (B) and Ty

V= Vasrl1 + BZ98K(T —298)] (5)

where B,9gk is the thermal expansion coefficient at 298
K from*

BZ‘)SK = (298 + 4.23Tg)71 (6)

T, values used were 253 and 203 K for EcO and PE,
respectively. On annealing under quiescent conditions in
the melt state at 170°C in an oil bath, the morphologies
that formed were cocontinuous. Figure 4 shows exam-
ples of CCD images of selected PE1/EcO1 blends after
annealing for various times. Figure 5 is an enlargement
of a Figure 4(e) that reveals the nature of the phase
domains. The phase contrast gave an impression of relief
to the image; the apparently recessed regions contained
circular ridges because of the presence of PE banded
spherulites, identifying these regions as being PE-rich.

\’s of the morphologies are plotted as functions of
annealing time (t) in Figure 6 for all of the samples
prepared with compositions near the critical point.
The characteristic A of the morphology® is related to
vector q by A = 27/q. Plots of q, on a natural loga-
rithmic scale, versus the cubed root of annealing time
(t'%) were essentially linear in the range 300 < t
< 7200 s, as shown in Figure 7.

Relationships of this type were discussed by Lee
and Han,** who considered hydrodynamic effects
during the early stage and late stages of coarsening,
where

X o (kgT/mp)' /2t (7)
and

A (Fl,z/”’]g)t (8)

respectively, where kj is the Boltzmann constant and T
is the absolute temperature. According to theories of
spinodal clecomposi’cion25 at times close tot = 0, q has
a constant value of q,,. The data presented here fall in
the intermediate stage of coarsening, where A is func-
tion of the cubed root of time. A normalized term (q*)
may be defined as

q* = q(ksT/ )" 9)

which accounts for differences in thermal energy (kzT)
and viscous factors in the form of n,. Examples of the

Figure 5 CCD image showing the presence of banded
spherulites, indicated by arrows, and identifying the PE-rich
domains, taken from a transmitted light microscope with a
phase-contrast plate. The specimen comprised PE1/EcO1 at
¢. = 0.43 annealed for 90 min at 170°C.
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Figure 6 Plot of morphology A versus ¢ at 170°C for all of
the blends prepared at the critical compositions: () PE1/
EcO2, (A) PE2/EcO2, (@) PE3/EcO2, (00) PE1/EcO1, and (1)
PE2/EcO1.

complex viscosity (n*) versus frequency curves for
these blends are shown in Figure 8. The q* function is
plotted against +'/? in Figure 9. Apparently, normal-
ization of the data with this function shifted the ex-
perimental data to lie close to a single curve, indicat-
ing that thermal energy and viscosity effects largely
accounted for the differences in coarsening rates. In
separate studies, Inaba et al.” and Lee and Han®* re-
ported that the coarsening in the melt state of immis-
cible blends after homogenization through dissolution
of the constituent polymers in a common solvent and
rapid precipitation with a nonsolvent was equivalent
to phase separation via spinodal decomposition in-
duced by deep quenching of a melt blend from a
single-phase condition into a two-phase conditions
through control of temperature and, hence, could be
described through established kinetic models. The
coarsening rate of the morphology (R) is

»>
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Figure 7 Plot of q versus +'/® at 170°C for all of the blends
prepared at the critical compositions: (H) PE1/EcO2, (A)
PE2/EcO2, (@) PE3/EcO2, (0) PE1/EcO1, and (A) PE2/
EcOLl.
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Figure 8 n* versus w flow curves at 170°C; trend lines were
calculated with the least-sum-of-squares fit of the Carreau
equation to the experimental data: (ll) PE1/EcO2, (A) PE2/
EcO2, and (@) PE3/EcO2.

R = q°D,,,/2 (10)

where the mutual diffusion coefficient (D,,,,) is de-
fined by D,,, = D, in which D; is the self-diffusion
coefficient of polymer j, D; = ij(j)z, M is molecular
weight, and

f: (X - Xs)/Xs (11)

and is a factor that modifies the diffusion rates be-
cause of thermodynamic effects.®® In this study, the
blend compositions were close to the critical points,
and hence, f may have been constant for each system.
Zero-shear-rate viscosity and self-diffusion rates are
closely related properties, with the term (D/T)n, be-
ing insensitive to temperature. Thus, D, 9 m, ', and,
hence, R @ Do, 9 Mg !f. Thus, the coarsening rate is
largely controlled by the diffusion rate, which is a
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Figure 9 q* as a function of +'/ at 170°C: (M) PE1/EcO2,
(A) PE2/EcO2, (@) PE3/EcO2, (C) PE1/EcO1, and (A) PE2/
EcOLl.
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function of the viscosity with little effect from the
influence of molecular weight on the thermodynamic
compatibilities of the blend constituents. In the study
by Lee and Han®* on the coarsening of the morphol-
ogies of immiscible polymer blends, it was explained,
on the basis of Cahn’s linearized theory of spinodal
decomposition, that the length of morphology at very
early times of coarsening was affected by the molec-
ular weight of the constituent polymers. Higher mo-
lecular weights gave larger values of A in the early
stage compared with polymers with low molecular
weight. In this work, the blends comprising polymers
with the highest molecular weights showed the largest
values of q and, hence, the smallest values of A at the
earliest times that were investigated. Moreover, the
calculation of q* largely removed the differences in q
at the earliest times measured, indicating that at this
stage, the coarsening process was controlled by the
thermal energy and viscosity, thereby obscuring any
effect of molecular weight on A and q.

Figure 10 shows an image of a PE1/EcO1 blend
after 90 min of coarsening. Figure 11 shows the Fou-
rier transform of the image with a ring pattern that
indicates the presence of a regular pattern in the CCD
image. The dimension of the pattern was of the order
of 5 um, that is, the A of the blend morphology.
Evidently, some remnants of the regular morphology
produced during rapid precipitation from solution
persisted at long t’s in the melt state.

CONCLUSIONS

Blends prepared with compositions near the critical
point through precipitation from solution formed reg-
ular cocontinuous morphologies that annealed at rates
determined by the thermal energy and n,. Data could
be normalized with the function q* such that the ef-
fects of thermal energy and viscosity largely ac-
counted for differences in coarsening rate and, hence,
showed that the differences in molecular weight had

25

&
-~
s

Figure 10 Regular coarsened morphology of a PE1/EcO1
blend prepared at the critical composition.

10 pm

Figure 11 Fourier transform of the image in Figure 10, re-
vealing the regular spacing of the domains in the morphology.

little effect on the compatibility of the blends and,
therefore, the morphology.
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