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ABSTRACT: The rheological and morphological behaviors of commercially available
three binary blends of ethylene 1-octene copolymer (EOC) regarding the melt index
(MI), density and comonomer contents, one component made by the Ziegler—Natta and
the other by the metallocene catalysts, were investigated to elucidate miscibility and
phase behavior. Miscibility of the EOCs blend in a melt state was related to the value
of the MI, density, and comonomer content. If the comonomer contents are similar, then
the melt viscosity is weight average value, otherwise it is positively or negatively
deviated. The microtomed surface prepared by two different cooling processes—one is
fast cooling and the other is slow cooling—indicated that all the blends were not
homogenous regardless the density, MI, and comonomer content. The Ziegler—Natta
catalyzed EOCs exhibited bigger spherulitic diameter and larger ring space than those
of the metallocene EOCs prepared by a cooling process. The blends consisting of similar
MI showed banded spherulites with different diameter, whereas the blend consisting of
different MI and density takes place of explicit phase separation and phase inversion at
1 : 1 blend composition. The melt rheology appeared to influence the mechanical and
film properties in the solid state. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 76:
1950-1964, 2000
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metallocene catalysts

INTRODUCTION

Polymer melt rheology is the fundamental re-
search topic for academic researchers as well as
industrial engineers. Melt rheology gives viscos-
ity data that are needed to know the optimizing
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processing conditions.’™® Polyolefins are the vol-
ume leader of polymers in the industrial field. A
vast amount of blends in linear low density poly-
ethylene (LLDPE) with conventional polyolefins
have been commercially used in the agricultural
application and packaging industry as an extru-
sion blown film. Compatible polymer blends have
extensively studied by various researchers over
the decade due to both industrial and academic
points of view.

There are many interesting results regarding
rheology and morphology of polyolefin blends in
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the literatures.*® Danesi and Porter have studied 5 o
rheological behaviors of isotactic polypropylene (PP) E ¢ 616 10 16
and ethylene—propylene rubber blends.* They ex- g g 12 & = S o
plained how dispersion states were changed with g 3
conditions of blend preparation and extrusion. ©
Acierno et al.’" studied rheological behaviors of o
the low density polyethylene (LDPE)/high density é mg § g g E §
polyethylene (HDPE) and LDPE/LLDPE blends. 2 W coocoo
LLDPE containing high melt flow index in the
LDPE/LLDPE blends exhibited the best film =
forming properties by blown film technique. — & 2w oow
Utracki and Schlund® ! have extensively studied POl Smmw
various rheological properties of LLDPESs, includ- E:
ing the LLDPE blend with LLDPE and LDPE.
According to their remarks, the LLDPE/LLDPE ol R33IS
blend showed miscibility, whereas the LLDPE/ B
LDPE blend was thermodynamically immiscible %
but a possibility of a compatible mixture of emul- o 28I
sion type was suggested. Gupta and Purwar!? ST e
reported a relationship between the rheology and
morphology of the PP/LDPE blends. The blend of 2 Ll o 2D
high and low molecular weights of HDPE,3:14 g'-' S8 o0 =8
made by the metallocene catalyst, was reported 5
miscible themselves by rheological study. Com- 3 e ol ™
~ o0 g

parative rheological studies, as well as the inter- 9 <|‘ S| toegod
relation with the morphology of the binary PP/ Cg
HDPE and the ternary PP/HDPE/ethylene-pro- o B @@ H©
pylene diene terpolymer (EPDM) blends, were S E 5| % g g @ 5
studied by Lee et al.'® Blends of HDPE and s
LLDPE exhibited liquid-liquid phase separa- % _g )
tion at about 125 and 170°C according to the A *é °vu o < e o1 <
morphological study.'® Three sets of binary g EN| oo+ v
blends with LLDPE, LDPE, and HDPE were '«g g ‘é’" —
studied in terms of rheological and mechanical -2 {? o
properties. It was reported that the LLDPE/ g
HDPE blend was miscible, but the LLDPE/ Sl 2.5 © oo
LDPE and HDPE/LDPE blends were not misci- R g | g @ e
ble in the crystalline state,'” but they are all O SA&8 o
miscible in the melt state.'® =

The systematic studies regarding miscibility %n g ~Sz2&
and processability of LLDPE made by the B sE| ~EEE®
Ziegler—Natta catalyst with other conventional _E: E % E o SE=g=
polyolefins have been carried out in this labora- 5 SE| S § ! 5 §
tory.1”21 We have continued to examine the < é gi E i
thermal, viscoelastic, mechanical, rheological, =
and morphological behaviors of the blends in "g T g &2 5
ethylene 1-octene copolymers (EOCs) made by = g E g»é E
Ziegler—Natta and metallocene catalysts in or- g Mz 594 =
der to investigate miscibility and molecular = o
mechanism of the blends. The mechanical prop- ﬁ ol © =
erties highly depend on the molecular weight, 2 § Z
polydispersity index (PDI), comonomer concen- o % = %
tration, and its distribution due to preparation % & % &
method. The molecular weight reflects the MI of &= = S
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Table II Composition of Hybrid Resin

Ziegler— Calculated Calculated
System Specification Natta Metallocene Density MI
1 Medium MI & d and Medium MI & d FA 90 FM 10 0.9186 1.0
70 30 0.9178 1.0
50 50 0.9170 1.0
20 80 0.9158 1.0
2 High MI & d and Low MI & d RF 90 EN 10 0.9310 2.3569
70 30 0.9170 1.6699
50 50 0.9030 1.1832
30 70 0.8890 0.8383
10 90 0.8750 0.5940
3 HIgh MI & d and High MI, Low d RF 90 PL 10 0.9352 2.8632
50 50 0.9240 3.1305
10 90 0.9128 3.4228
the polymer; in general, the higher the molecu- EXPERIMENTAL

lar weight, the lower the MI value is observed.
On the other hand, the density of the materials
depends on the comonomer concentration. It
has been known that Ziegler—Natta catalyzed
LLDPESs have heterogeneous broad comonomer
distribution whereas metallocene ones exhibit
unimodal comonomer distribution. We have at-
tempted to mix the EOCs made by the Ziegler—
Natta and metallocene catalysts in terms of the
variation of density and MI in order to see any
relationship between the various properties and
the polymer pairs. Very recently, polypropylene
was polymerized with metallocene and Ziegler—
Natta mixed catalytic system to obtaine reactor
blend.?? Researchers tried to develop new poly-
olefin material by reactor blend using mixed
catalysts as well as melt blend by extruder us-
ing the metallocene and Ziegler—-Natta based
polyolefin components.??~2* Metallocene cata-
lyst has a merit to produce polyolefines per-
forming a broad range of solid-state structures
using one reactor. The correlation between
some morphology and tensile behavior and
comonomer content of ethylene—octene copoly-
mer was reported recently.?5:2%

In our recent communication,?”?8 the thermal,
viscoelastic, and mechanical behaviors of the
blends of EOCs made by Ziegler—Natta and met-
allocene catalysts were reported. This article is a
continuous report regarding on the rheology and
morphological behaviors using the same blend
systems. Our aim is to study a miscibility in the
melt state and phase behavior in the solid state to
improve the processing parameter for blown film
formation, where LLDPE blend is largely used.

Materials and Blend Preparation

The polymers used in this study are of commer-
cial grades. The Ziegler—Natta catalyzed EOCs
are the products of SK Corporation, Ulsan, Korea.
The metallocene-catalyzed EOCs are the products
of DuPont Dow Elastomers, Wilmington, DE,
USA. The density, MI, and compositions of the
comonomer content (weight percentage) were ob-
tained by the manufacturers. The melting tem-
perature (T,,), crystallization temperature (7,),
molecular weight, and its distribution were mea-
sured in this laboratory and the information of
the polymers are listed in Table I. For conve-
nience, abbreviation of each specimen was used
as in Table I and FA and RF are the Ziegler—
Natta catalyzed EOCs, while FM, PL, and EN are
the metallocene-oriented EOCs. On the basis of
the MI, density, and comonomer concentration,
the binary blends of EOCs, which were used in
blown film application, were classified into three
categories as listed in Table II: System 1 [FA
+ FM] was chosen for the similar melt index and
density of both components (the MI and density
are the medium) in Ziegler—Natta and metallo-
cene EOCs. The comonomer content of FM is 1.1
times higher than that of FA; System 2 [RF + EN]
consisted of high MI and density of Ziegler—Natta
EOC with low MI and density of metallocene
EOC. The comonomer content of EN is 7 times
higher than that of RF; and System 3 [RF + PL]
was a blend of high MI and density of Ziegler—
Natta EOC with high melt index and low density
of metallocene EOC. The comonomer content of
PL is 2.5 times of RF.
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Figure 1 Log complex melt viscosity (n*) as a func-
tion of frequency for three blends: (a) FA + FM, (b) RF
+ EN, and (¢) RF + PL.

Binary blends of the Ziegler—Natta and metal-
locene EOCs were melt blended in proportion to
weight ratio as shown in Table II. A twin screw
extruder (Brabender PL 2000, Duisburg, Ger-
many) was used at a counter rotating mode with
a high mixing condition. The temperature profiles
were 190, 200, and 210°C for the feed zone, com-
pression zone, and metering and die end, respec-
tively. The screw speed was held at 50 rpm and
the extruded materials were pelletized after pass-
ing through cold water at 25°C. The resin pellets
were melt pressed in a Carver laboratory hot
press at 190°C for 5 min under about 2 X 10* Pa
and allowed to cool under normal atmosphere.
The specimens were prepared into a desired disk
in diameter of 38 mm and thickness of 3 mm for
the rheological measurements. For morphological

BLENDS OF EOC. II 1953

studies, the samples were prepared by two tech-
niques: In one way, after pressing it on a hot
press, the specimens were quickly quenched in ice
water, and in another, specimens were slowly
cooled by leaving them on the hot press in open
atmosphere by turning off the electricity. The mi-
crotoming surface was fixed in a radial direction
of the disk shape specimen to see the same sur-
face formed due to the same orientation.

Characterization of the Resins

Molecular weights of the polymers were mea-
sured using Waters GPC 150C at 140°C with
1,2,4-trichlorobenzene as a solvent and monodis-
perse molecular weight polystyrene was used as a
standard. The number average molecular weight
(M,,), weight average molecular weight (M,,),
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Figure 2 The Cole—Cole plot, 0" vs 7/, for the blends
of (a) FA + FM, (b) RF + EN, and (¢) RF + PL.
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Figure 3 The plot oflog G’ vslog G” for (a) FA + FM,
(b) RF + EN, and (¢) RF + PL.

and PDI (M, /M,) were calculated from the GPC
curves. The molecular weight data of the poly-
mers used are listed in Table 1.

Melting and crystallization behaviors of the
blends were studied using a Perkin-Elmer DSC-7
instrument. Indium and zinc were used for a cal-
ibration of the melting temperature and the en-
thalpy of fusion. The samples were scanned up to
180°C at a heating rate of 10°C/min, annealed for
5 min, cooled down to 50°C at a cooling rate of
10°C/min, then rescanned at the same heating
rate and temperature interval. For pure EN, the
cooling temperature was 0°C, otherwise the other
parameters were identical. The melting tempera-
ture (T,,), crystallization temperature (7',), heat
of fusion (AH,,), and heat of crystallization (AH,)
were obtained from the second scan of the differ-
ential scanning calorimetry thermogram and
listed in Table I.

Rheological Measurements and Instrumental
Analysis

Torsion rheometric system (Rheometric Scientific)
was used to measure the rheological properties. The
circular plate specimen with a diameter of 38 mm
was mounted on a disk and the constant shear
strain was applied at frequency range of 10~ '-102
rad/s at 200°C. The torsion storage (G') and loss (G")
modulus were measured under sinusoidal stress at
various frequency ranges. The complex melt viscos-
ity (n*), real part of the complex melt viscosity, i.e.,
storage viscosity (n'), imaginary part of the complex
melt viscosity, i.e., loss viscosity (n"), were then cal-
culated from the torsion storage modulus. In all
cases, at least five measurements were averaged for
the data collection.
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Figure 4 The log complex melt viscosity (n*) as a
function of the blend compositions for (a) FA + FM, (b)
RF + EN, and (c¢) RF + PL. The symbols are the same
for three blends. m: 10° rad/s; O: 10* rad/s; and A: 102
rad/s.
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Figure 5 The log storage melt viscosity (n’) as a func-
tion of the blend compositions for (a) FA + FM, (b) RF
+ EN, and (¢) RF + PL. The symbols are the same for
three blends. m: 10° rad/s; O: 10! rad/s; and A: 10?
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Three different techniques were used to ana-
lyze the rheological data: the first is the Cole—Cole
plot representing the plot of " vs 1’ in a logarith-
mic scale.?? If it forms a semicircle with the same
diameter, then the results may indicate miscible
system. The second technique is the plot of log G’
(storage modulus) vs log G” (loss modulus),3%3!
which gives rise to the same slope for miscible
blend. On the other hand, for immiscible or
phase-separated system, the slopes for the blend
will be different from those of the pure compo-
nents. The third technique used as classical
method is a plot of the log complex melt viscosity
(n*), storage viscosity (n'), or loss viscosity (1") vs
the blend compositions.?%33
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Morphological Characterization

The phase morphology was observed by using a
scanning electron microscope (SEM) (Jeol JSM-
840A) at an accelerating voltage of 20 kV. The
samples for morphological studies were prepared
by two different techniques: one is a slow cooling
and another is a fast cooling. Both specimens,
which were cut along the radial direction of the
sample, were microtomed cutting surface at
—100°C under liquid nitrogen, etched by perman-
ganic acid, and then washed with dilute sulfuric
acid followed by hydrogen peroxide, distilled wa-
ter, and acetone. In both cases, surfaces were
coated with high conducting gold.
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Figure 6 The log loss melt viscosity (n") as a function
of the blend compositions for (a) FA + FM, (b) RF
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three blends. m: 10° rad/s; O: 10! rad/s; and A: 102
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Figure 7 Morphology of microtomed cutting surfaces in (a) fast cooling and (b) slow

cooling for the FA + FM blend.
RESULTS AND DISCUSSION

Rheological Behaviors

The shear modulus, G' and G were measured,
then the melt viscosity was calculated. The

complex melt viscosity (n*) for all the pure res-
ins decreased with angular frequencies and
followed the non-Newtonian behavior. Similar
behavior was also observed for the storage
viscosity (n') and loss viscosity (n"). The repre-
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Figure 7 (Continued from the previous page)

sentative complex melt viscosity (n*) of three
blends (Systems 1, 2, and 3) are drawn in Fig-
ure 1(a), 1(b), and 1(c), respectively. Although
the MI, density and comonomer content of FA
and FM were almost the same, the complex melt

viscosity of FA (EOC by Ziegler—Natta catalyst)
was slightly higher than that of FM and the
viscosity behavior followed non-Newtonian. For
RF + EN (System 2), as presumed from the high
MI and density for RF and low MI and density
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Figure 8 Phase morphology of microtomed cutting surfaces in (a) fast cooling and
(b) slow cooling for the RF + EN.

of EN, EN showed higher melt viscosity than cluding the pure polymers was similar and this
RF due to high molecular weight of EN. For the was assumed to fairly relate to the similar mo-
RF + PL blend, the viscosity of the blend in- lecular weight. From these measurements, the
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Figure 8 (Continued from the previous page)

complex melt viscosity appeared to be related
with molecular weights rather than the MI and
density.

The above-measured rheological data, which are
G',G", 7', ', and n*, were used to discuss miscibil-

ity. The first is the Cole—Cole plot consisting of 1" vs
1'.2* To compare the viscosity data for the three
blends, the plot was drawn in the same scale. The
FA + FM blend showed a semicircle with almost the
same diameter [Figure 2(a)], whereas RF + EN and
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B4

AP

Figure 9 SEM photographs of microtomed cutting surfaces in (a) fast cooling and (b)

slow cooling for the RF + PL.

RF + PL also exhibited a semicircle with different
diameters as shown in Figures 2(b) and 2(c).

The second technique consists of the plot of log
G’ (storage modulus) vs log G" (loss modu-

lus).2%3! This is suggested to be useful for deter-
mining the polymer—polymer miscibility com-
pared to the previous one.?’ As expected, in the
case of FA + FM as shown in Figure 3(a), almost
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Figure 9 (Continued from the previous page)

the same slopes were obtained for all blend com-
positions as well as the pure components, imply-
ing that the blend was miscible. On the contrary,
for the RF + EN and RF + PL blends, the slopes
between the pure components and the blends

were different. In particular, at a high value of G’
and G”, upward tailing was occurring and it was
steeper in RF + EN than in RF + PL. Thus the
large variance in slopes indicated poor miscibility.

Han et al.?®3! reported if a small change in rheo-



1962 RANA ET AL.

logical property occurred due to temperature
change, i.e., temperature-induced phase separa-
tion could be obtained from the G’ vs G” plot.

The third technique, which is a plot of the log
complex melt viscosity (n*), storage viscosity (n’),
and loss viscosity (n") vs blend compositions for all
blends, was applied and drawn in Figures 4-6,
respectively. FA + FM showed linearity, whereas
RF + EN and RF + PL indicated positive—nega-
tive deviation blending (PNDB) behavior from the
weight average value for the above three rheologi-
cal properties. From the above three analyses, we
tentatively report that the FA + FM blend is
miscible, while the RF + EN and RF + PL blends
are immiscible in a melt state.

Patterson theoretically suggested if rheological
properties show positive deviation blending
(PDB) with specific interactions, then the polymer
pairs be miscible.?? In the same communica-
tion,??33 Utracki and Kamal suggested that blend
systems be divided into three classes by experi-
mental observations: PDB, negative deviation
blending (NDB), and PNDB. However, no general
statement was made regarding on miscibility.

There are many reports®* 7 that give inconsis-
tent interpretation for miscibility from the ob-
served viscosity behavior in terms of PDB, NDB,
and PNDB: PDB was observed in the immiscible
HDPE/LDPE?** or HDPE/poly(ethylene-co-vinyl
acetate) (EVA) blend®®; NDB was reported in the
miscible poly(methyl methacrylate) (PMMA)/
poly(ethylene oxide) (PEO)3® or poly(styrene-co-
maleic anhydride) (SMA)/poly(styrene-co-acrylo-
nitrile) (SAN)®*? blend. H. H. Yang et al.?® demon-
strated that melt viscosity at zero shear rate (n,)
vs blend composition at constant temperature
showed NDB for miscible PMMA/poly(vinylidene
fluoride). But PDB was observed for miscible
PMMA/poly(styrene-co-acrylonitrile) blend. Ac-
cording to their remarks, T, for amorphous poly-
mer and 7', for a semicrystalline polymer should
be selected as a reference temperature. Recently
we reported that the complex melt viscosity fol-
lowed the log additive rule of mixtures at any
shear rate in the LLDPE/LDPE, LLDPE/HDPE,
and HDPE/LDPE blends.!® In addition, the three
blends showed a semicircle in the Cole—Cole plot;
thus the authors reported that the above three
blends would be miscible in the melt.

Morphological Observations

SEM micrographs of the microtomed surface of all
blends prepared in slow and fast cooling condi-

tions are displayed in Figures 7-9. The common
observations are as follows: (1) Banded spheru-
lites were observed in both Ziegler—Natta and
metallocene catalyzed EOCs, and in the blends of
FA + FM and RF + PL. (2) Banded spherulites
were bigger in a slow cooling than in a fast cooling
condition. (3) The diameter and the ring space of
the banded spherulites were bigger in the
Ziegler-Natta EOCs than in the metallocene
ones. (4) Phase separation and phase inversion
took place for the blend of RF + EN in which the
difference in comonomer contents was large.

In Figure 7(a), which describes the System 1
with FA + FM, since the blobs shown in the fast
cooled specimens were not informative to inter-
pret the phase behavior, the main discussion was
employed using the results obtained by a slow
cooling condition. In Figure 7(b) observed from
the slow cooled specimens, the spherulitic struc-
ture of FA exhibited grass-like bands with about
20 pm diameter, while FM formed smaller (less
than 8 um diameter) banded spherulites with a
narrower ring space than FA. Additionally, in the
blend, as the FM content increased, the diameter
of the spherulites decreased, but grass-like struc-
tures were still formed. Since the density and MI
in both materials were the same, different mor-
phology of the blend would arise from the crys-
tallization kinetics due to different molecular
structure that was influenced by different
comonomer and molecular weight distribution,
and melting points.

Figure 8(a), representing the fast cooled RF
+ EN, a banded RF spherulite with 20 um diam-
eter and a zero birefringence phenomenon were
observed. On the other hand, the SEM photo-
graph of rubber like EN exhibited a characteristic
of amorphous material with no banded spheru-
lite. By an incorporation of EN in the blend, EN
embedded into the RF matrix up to 30% EN, then
at 50% EN, phase inversion was taking place
where EN behaves as a matrix and RF as a do-
main. At 70% EN, RF formed like an ice blob on
the EN matrix, then at 90% EN, the phase mor-
phology seemed like the pure EN. In Figure 8(b)
where the specimens were slow cooled, the phase
morphology was very interesting. RF exhibited a
banded spherulite as a row structure with a free
of birefringence, then at 10% EN, grass-like
spherulitic structure of RF fully dominated in the
matrix. At 30% EN, the EN domain embedded
into the grass like RF matrix. On the other hand,
at 50 and up to 70% EN, RF was settled as a



domain into EN matrix due to the formation of
phase inversion, then in the 90% EN, sprout-
shaped RF was scattered into EN. This blend
clearly showed how the microphase separation
was taking place with a phase inversion at 50%
composition.

In Figure 9(a), which showed the morphology
of System 3 (RF + PL), the diameter of the
banded spherulite in RF was bigger and more
explicit than PL, indicating a formation of differ-
ent crystals. In Figure 9(b), the ring space and the
diameter of the banded spherulite in RF were
much bigger than those of PL. In addition, the
spherulitic diameter across the surface increased
with the PL component.

In overall, the phase morphology of the blend
with the Ziegler—Natta and metallocene EOCs
was comparable depending on the MI, molecular
weights and comonomer contents, rather than the
density. Thus the grass-like structure of the
banded spherulites was dominant in the FA
+ FM and RF + PL blends, which were comprised
from the similar MI and molecular weight be-
tween the Ziegler—Natta and Metallocene EOCs.
However, in RF + EN, which consisted of large
difference in MI, density, and comonomer con-
tents, explicit phase separation and phase inver-
sion were observed.

CONCLUSIONS

The rheological and morphological behaviors of
three binary blends of EOCs that are used for
blown film application, one component made by
the Ziegler—Natta and another by the metallocene
catalysts, have been studied. Rheological proper-
ties of the blends were related with the melt in-
dex, density, molecular weight, and comonomer
contents. If the comonomer contents were similar,
the melt viscosity such as 7', 1", and n*, were
weight average value; otherwise, they showed dif-
ferent behavior. The miscibility analyzed by a
Cole—Cole plot, the plot of log G’ vs log G”, and
the melt viscosity as a function of blend composi-
tion: the FA + FM blend is miscible, but the RF
+ EN and RF + PL blends form immiscible. In
the study of phase morphology, bigger size of
spherulite was observed in a slow cooled process
as usual. The Ziegler-Natta EOCs showed larger
spherulitic diameter and bigger ring space than
the metellocene EOCs. This may arise from the
different crystallization kinetics due to the differ-
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ent crystallinity and melting temperature be-
tween two constituents. The phase morphology of
the blends (FA + FM and RF + PL) consisting of
similar MI exhibited banded spherulites. In con-
stract, phase separation and phase inversion was
observed in the RF + EN blend, which consisted
of large difference in MI, density and comonomer
contents.

The melt rheology seemed to affect the me-
chanical and film properties as discussed in the
previous report?”: the miscible FA + FM, thus the
homogeneity in the melt state, influenced linear-
ity in the mechanical properties, whereas the im-
miscible RF + EN and RF + PL blends, repre-
senting less homogenity in the melt, showed pos-
itive and negative deviation from the linearity in
the mechanical properties.
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