
Phase Behavior of Partially Miscible Blends of Linear and Branched
Polyethylenes

C. H. Stephens, A. Hiltner,* and E. Baer

Department of Macromolecular Science and Engineering and Center for Applied Polymer Research,
Case Western Reserve University, Cleveland, Ohio 44106-7202

Received October 25, 2002; Revised Manuscript Received January 20, 2003

ABSTRACT: Miscibility of Ziegler-Natta catalyzed high density polyethylene (HDPE) of broad molecular
weight distribution with a homogeneous ethylene-octene copolymer (EO) of relatively narrow molecular
weight distribution was studied as a function of constituent molecular weight and comonomer content.
Blends were rapidly quenched from the melt to retain the phase morphology, and the phase volume
fractions were obtained from AFM images. A homogeneous ethylene-octene copolymer with 5.3 mol %
comonomer was completely miscible with high-density polyethylene, whereas copolymers with 8.5 and
12.3 mol % comonomer demonstrated a blend composition window for partial miscibility as indicated by
phase volume fractions different from blend volume fractions. The temperature dependence of blend
morphology confirmed the UCST behavior of EO/HDPE blends. The phase composition and the ø
interaction parameter were extracted by using an approach that considered the molecular weight
distribution. The solubility parameters obtained from the analysis agreed with literature values. The
study demonstrated the general consequences for phase behavior of the low and high molecular weight
tails on the broad distribution of HDPE. Even in EO copolymers with relatively narrow molecular weight
distribution, preferential solubility of low molecular weight fractions in the HDPE-rich phase was clearly
evident.

Introduction

Conventional copolymerization of ethylene and an
R-olefin with a Ziegler-Natta catalyst results in a linear
low-density polyethylene (ZN-LLDPE) with broad mo-
lecular weight distribution and heterogeneous short
chain branch distribution. Heterogeneity in ZN-LLDPE
takes the form of concentration of branches in lower
molecular weight molecules. Characterization of a ZN-
LLDPE fractionated by short chain branch content
using preparative TREF demonstrated the broad range
in composition and physical properties of the constituent
molecules of ZN-LLDPE.1 Binary blends of the lowest
and the highest branch content fractions appeared to
be immiscible.2 Phase separation of highly branched
molecules in unfractionated ZN-LLDPE was hypoth-
esized on the basis of scanning electron microscopy.3
Recognizing that crystallization can produce phase
separation in mixtures even if the melt is homogeneous,
the melt structure of ZN-LLDPE has been probed
directly. Small-angle neutron scattering (SANS) cross
sections supported the hypothesis that a highly branched
fraction of ZN-LLDPE can phase separate to form a
disperse phase in the melt.4

The conventional methods for determining polymer/
polymer miscibility are not amenable to blends of
ethylene copolymers due to the chemical similarity of
the constituents. Direct observation of phase behavior
in the melt is possible with SANS provided one con-
stituent is deuterated to achieve contrast. Experiments
on blends of linear polyethylene with low-density poly-
ethylene (LDPE) or model copolymers confirm that the
mixtures are homogeneous for all compositions when
the branch content is less than four branches per 100
backbone carbon atoms for molecular weight Mw = 105;
however, the blends phase separate if the branch

content is higher than eight branches per 100 backbone
carbon atoms.5,6 Miscibility of copolymers with branch
content intermediate between 4 and 8 per 100 backbone
carbon atoms was not discussed. Molecular dynamics
simulation reproduced the limit of miscibility as four
branches per 100 backbone carbon atoms.7

The SANS requirement for deuteration of one con-
stituent introduces complications by way of an isotopic
contribution to the thermodynamic interactions.8,9 In
some cases, the effect can lead to isotope-driven phase
separation.10 There are also concerns that the SANS
method cannot differentiate a homogeneous melt from
a biphasic melt with very large domain size.6,11 Never-
theless, the SANS approach has yielded important
insights into the thermodynamics of ethylene copolymer
blends by focusing on homogeneous blends of model
polymers that are monodisperse in molecular weight
and homogeneous in composition. Studies confirm the
Flory-Huggins expression for the free energy of mixing
to be a reliable framework for quantifying interactions
in saturated hydrocarbon polymer blends and demon-
strate that the interaction strengths for most saturated
hydrocarbon blends obey the solubility parameter for-
malism.12 Additional studies extend the validity of the
solubility parameter formalism to blends of deuterated
model polymers with polydisperse homogeneous met-
allocene copolymers.13

Motivated by the impracticality of producing labeled
materials for SANS experiments, many studies of real
polyolefin blends rely on rapid quenching to preserve
the phase condition in the melt. Extremely rapid
quenching is required if morphological artifacts brought
about by crystallization during cooling are to be avoided.14

Despite concerns regarding crystallization-induced phase
separation, domain morphologies of rapidly quenched
blends observed by transmission electron microscopy
(TEM) and atomic force micrscopy (AFM) are coarse* Corresponding author.

2733Macromolecules 2003, 36, 2733-2741

10.1021/ma021621a CCC: $25.00 © 2003 American Chemical Society
Published on Web 03/19/2003



enough to conclude that crystallization does not account
for phase separation.15-17 Rather, it appears that rapid
crystallization reliably freezes the phase condition as
it exists in the melt. Characterization of blends that
combined a homogeneous ethylene-octene copolymer
containing 14.6 mol % octene (melt index 0.5) with
copolymers containing 8.5, 5.3, and 3.3 mol % octene
(melt index 1.0) determined that only the copolymer
with 8.5 mol % octene was miscible.18 Thus, the differ-
ence in comonomer content required for miscibility lay
between 6 and 9 mol % for octene copolymers of this
molecular weight. Other efforts to infer phase behavior
of polyolefin blends from DSC thermograms or from
lamellar textures in TEM and AFM images have not
necessarily been conclusive, and in some cases contra-
dictory results were reported.19

Two recent developments greatly facilitate the study
of real polyolefin blends. Advances in catalyst technol-
ogy allow for synthesis of copolymers of ethylene and
an R-olefin with homogeneous comonomer distribution
and narrow molecular weight distribution. These co-
polymers are excellent models for studying miscibility
of ethylene copolymers. Furthermore, with AFM, it is
possible to directly image the phase morphology of
ethylene copolymer blends rapidly quenched from the
melt. Tapping mode AFM is sufficiently sensitive to
small modulus differences that it can image phase
morphology in blends of chemically similar species.

The opportunity afforded by these advances was
demonstrated in studies of amorphous ethylene-styrene
copolymer blends. Largely based on AFM images of the
domain morphology, these studies characterized the
phase diagram, established the existence of an upper
critical solution temperature, and identified the transi-
tion from miscible to immiscible copolymer blends at 9
wt % difference in comonomer.20 Further probes of a
very small region in composition where partial miscibil-
ity was evident, 9-10 wt % difference in styrene
content, revealed the dependence of phase composition
on initial blend composition and emphasized the role
of molecular weight distribution.21 The consequences of
polydispersity were considered according to a theoretical
treatment that incorporated the molecular weight dis-
tribution. The results demonstrated the validity of the
copolymer equation for describing the interaction pa-
rameter ø of these copolymers and enabled the molec-
ular weight distribution of the constituents in each
phase to be determined.

The present study was undertaken to determine
whether the approach used with amorphous ethylene-
styrene copolymer blends could be extended to blends
of crystallizable ethylene polymers. Three high density
polyethylenes (HDPEs) were each blended with four
homogeneous metallocene ethylene-octene copolymers
(EOs). The effect of short chain branch content was
examined with EOs of approximately the same molec-
ular weight that differed in comonomer content. The role
of molecular weight was examined with HDPEs that
differed in molecular weight and polydispersity and also
with EOs of the same comonomer content that differed
in molecular weight.

Materials and Methods
The homogeneous ethylene-octene copolymers described in

Table 1 were provided as pellets by The Dow Chemical Co.22

The copolymers are identified by the prefix EO followed by
the octene content as mole percent. Two copolymers with 12.3
mol % octene that differed in molecular weight are differenti-

ated by the suffixes LMW and HMW. The high-density
polyethylene resins were provided as pellets or powder by BP
Chemicals. They are designated by the prefix HDPE followed
by the molecular weight as kg mol-1. Molecular weight
distributions were determined by GPC operating at 140 °C
with trichlorobenzene as the solvent. Polystyrene standards
were used for calibration. Data were obtained in digital format
in 190 equal log M increments. Molecular weight distributions
of the EO copolymers are shown in Figure 1a, those of the
HDPE resins are shown in Figure 1b.

Density of slowly cooled compression molded films was
determined using a density gradient column. Water and
2-propanol were mixed according to ASTM-1505-85. The error
in the density determination was no greater than 0.0003 g
cm-3. Crystallinity of compression molded films was deter-
mined using a Perkin-Elmer model 7 DSC. Thermograms were
obtained with a heating rate of 10 °C min-1. Crystallinity was
calculated from a heat of fusion of 290 J g-1 for the polyeth-
ylene crystal.23

Table 1. Characteristics of Polyethylene Resins

polymer

octene
content
(mol %)

octene
content
(wt %)

Mw
(g/mol) Mw/Mn

density
(g/cm3)

crysta

(wt %)

EO5.3 5.3 18.2 89 400 2.3 0.9014 33
EO8.5 8.5 27.1 98 200 2.2 0.8882 25
EO12.3LMW 12.3 35.9 52 300 2.0 0.8711 14
EO12.3HMW 12.3 35.9 147 100 2.1 0.8751 14
HDPE62 0.0 0.0 61 800 4.8 0.9561 70
HDPE137 0.0 0.0 137 300 7.3 0.9555 68
HDPE292 0.0 0.0 292 300 10.9 0.9560 70

a Key: cryst ) crystallinity.

Figure 1. Molecular weight distributions as weight frac-
tions: (a) ethylene-octene copolymers; (b) high-density poly-
ethylenes. Peak areas are normalized to unity.
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Blends were prepared by weighing the appropriate amount
of each constituent (vol/vol) and dissolving the resulting dry
mixture in sufficient xylene to give a 5 wt % solution. The
mixture was stirred at ambient temperature overnight and
heated with stirring at 130 °C for 1 h. Blends were precipitated
by pouring the solution into an excess of stirred methanol that
was chilled in a dry ice/methanol bath. The precipitated blend
was filtered and dried in a vacuum for 48 h at ambient
temperature.

Blends were prepared for AFM imaging by melting ap-
proximately 40 mg in an uncovered pan under nitrogen in a
Rheometrics DSC. Specimen size was minimized in order to
achieve as rapid a cooling rate as possible during quenching.
Specimens melted at 150, 165, 180, and 210 °C were held at
temperature for 1 h. Those melted at 240 and 270 °C were
held at temperature for 30 min. Seemingly long melt times
were used to allow for phase coarsening. The possibility of
polymer degradation was tested at 270 °C by melting the
partially miscible EO12.3LMW/HDPE62 70/30 blend for 15
min before quenching. The phase volume fractions (0.88/0.12)
were the same within experimental error as those for the blend
melted for 30 min (0.89/0.11). Concerns for polymer degrada-
tion prevented investigation of higher melt temperatures. To
freeze in the phase morphology at the melt temperature,
specimens were quenched from the melt by rapidly removing
the pan from the DSC and plunging it into an acetone/dry ice
mixture.17

Specimens were microtomed at -75 °C to expose the bulk
morphology and etched for 30 min using a 2:1:0.07 sulfuric
acid-o-phosphoric acid-potassium permanganate solution24

to remove surface marks caused by microtoming. Tapping
mode AFM was performed using a Digital Laboratories Nano-
scope IIIa with a Multimode head and J-scanner. All measure-
ments were made at ambient temperature, and intermediate
to hard tapping was employed to reveal good contrast in both
height and phase images.

Although the modulus difference between phases was large
enough to reveal the domain morphology in AFM phase images
of immiscible or partially miscible blends, AFM height images
generally provided better resolution, particularly if the harder
HDPE-rich phase was the dispersed phase. Therefore, prima-
rily blend compositions with EO as the major constituent were
analyzed. Generally, 10 µm height images provided both good
resolution of the phase morphology and a statistical cross-
section. The phase boundaries were traced by hand and
converted to electronic form by scanning with Adobe Photoshop
software. Image analysis with Image-Pro Plus software from
Media Cybernetics gave the amount of each phase. In all cases,
the image analyzed was at least 15 times larger than the phase
dimension. Results from four unique images were averaged
to obtain phase volume fractions.

Results and Discussion

Phase Behavior. A homogeneous, single-phase mor-
phology in AFM images of EO5.3 blended with all three
HDPEs revealed that these blends were miscible in all
compositions and at all temperatures studied. At the
other extreme, EO12.3LMW and EO12.3HMW blended
with either HDPE137 or HDPE292 formed phase-
separated morphologies in which the phase volume
fractions were the same as the blend composition. These
blends were essentially immiscible. This result con-
formed with a previous finding that the difference in
comonomer content required for miscibility of two
homogeneous ethylene-octene copolymers is between
6 and 9 mol %.18

The present study probed the narrow range of com-
positional difference in which partial miscibility was
observed. Representative AFM height and phase images
of the 60/40 (v/v) EO8.5/HDPE137 blend quenched from
three melt temperatures are compared in Figure 2. The
modulus difference between phases was large enough

to reveal phase separation, however height images
provided better contrast between phases. Therefore,
blends were catagorized as miscible or two-phase based
on phase images, and height images were analyzed for
phase volume fractions. The specimens quenched from
150 and 180 °C in Figure 2a,b showed two phases,
indicating that EO8.5/HDPE137 60/40 was not com-
pletely miscible at these temperatures. However, a
specimen quenched from 210 °C exhibited a homoge-
neous, single-phase morphology in the phase image,
Figure 2c. The texture in the corresponding height
image was caused by surface roughness. It was apparent
that EO8.5/HDPE137 blends exhibited an upper critical
solution temperature (UCST).

Blends of EO8.5 with all the HDPEs, and blends of
EO12.3LMW and EO12.3HMW with HDPE62 exhibited
partial miscibility as indicated by phase volume frac-
tions that were different from the blend composition,
Table 2. As melt temperature increased, the volume
fraction of the major phase increased until in some cases
a single phase was achieved. This confirmed that all of
the blends exhibited UCST behavior.

The UCST could not be determined directly by AFM
imaging because of insufficient contrast between the

Figure 2. AFM height (left side) and phase (right side) images
of 60/40 (v/v) EO8.5/HDPE137 blends: (a) quenched from 150
°C; (b) quenched from 180 °C; (c) quenched from 210 °C.
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phases as they approached the same composition.
However, from Table 2 it was possible to infer the effect
of constituent molecular weight and EO comonomer
content on the UCST. An increase in the temperature
required to achieve miscibility of EO8.5/HDPE as the
HDPE molecular weight increased from HDPE62 to
HDPE137 to HDPE292 demonstrated that EO became
less miscible as the HDPE molecular weight increased.
Similarly, poorer miscibility of EO12.3HMW compared
to EO12.3LMW in blends with HDPE62 was evident
from the lower volume fraction of the major phase in
the EO12.3HMW blend compared to the EO12.3LMW
blend at each temperature. Complete miscibility of
EO5.3/HDPE62 70/30 at all temperatures, miscibility
of EO8.5/HDPE62 70/30 at 165 °C and only partial
miscibility of EO12.3HMW/HDPE62 70/30 at 270 °C
demonstrated that increasing EO comonomer content
markedly reduced its miscibility with HDPE.

The Flory-Huggins description of a binary polymer
mixture introduces the interaction parameter ø,25 which
can be extracted from the formulation

by application of the equilibrium condition for equality
of constituent chemical potentials in both phases if the
constituents are monodisperse. In eq 1, N1 and N2 are
the degrees of polymerization of constituents 1 and 2,
υ1 and υ2 are the average molar volumes of the constitu-
ent 1 and 2 monomers, υ is the reference volume, and
φ1 and φ2 are the volume fractions of constituents 1 and
2 in the blend. However, the strong molecular weight
dependence of miscibility signifies that the molecular
weight distribution of real polymers cannot be neglected
even though the molecular weight distribution may be
relatively narrow, as with homogeneous ethylene co-
polymers.21

A thermodynamic approach developed by Solc and co-
workers incorporates the molecular weight distribution
of the blend constituents.26-28 The validity of this
approach to partially miscible ethylene copolymers with
homogeneous composition and polydisperse molecular
weight distribution was demonstrated previously.21 In
the general case of two polydisperse constituents, the

free energy of mixing for a blend of composition φ2 is
given by

where n is moles of chains and φ is volume fraction in
the blend of the monodisperse fractions identified by
subscripts i and j for constituents 1 and 2, respectively.
The relative chain length r is defined as the number of
basic units in a chain, and the volume fraction of such
chains in the blend is φ1i ) n1ir1i/rtotal and φ2j ) n2jr2j/
rtotal where rtotal ) ∑n1ir1i + ∑n2jr2j. Using the average
monomer of constituent 1 as the basic unit, r1i ) N1i
and r2j ) N2j(υ2/υ1), where N is the degree of polymer-
ization and υ1 and υ2 are the average monomer volumes
of constituents 1 and 2, respectively.

At equilibrium, the chemical potential of each con-
stituent is the same in both phases. Thus, the calcula-
tion of equilibrium concentrations involves the solution
for a system of equations. However, the number of
equations can be reduced dramatically by introducing
two separation factors, σ1 and σ2, where the partitioning
of each constituent between the two phases (indicated
by ′ and ′′) obeys the relation

and

for all i and j. Therefore, the system of equilibrium
equations is reduced to two equations

and

Table 2. Relative Phase Compositions from AFM Image Analysis

EO/HDPE 70/30 60/40 40/60 30/70

blend
constituents

T
(°C)

EO-rich
(vol. %)

HDPE-rich
(vol. %)

error
(()

EO-rich
(vol. %)

HDPE-rich
(vol. %)

error
(()

EO-rich
(vol. %)

HDPE-rich
(vol. %)

error
(()

EO-rich
(vol. %)

HDPE-rich
(vol. %)

error
(()

EO8.5/HDPE62 150 0.88 0.12 0.01 0.72 0.28 0.01
165 miscible 0.93 0.07 0.01
180 miscible

EO8.5/HDPE137 150 0.81 0.19 0.04 0.66 0.34 0.01 0.28 0.72 0.03 0.24 0.76 0.02
165 0.83 0.17 0.00 0.74 0.26 0.01
180 0.86 0.14 0.02 0.81 0.19 0.02 miscible miscible
210 miscible miscible

EO8.5/HDPE292 210 0.81 0.19 0.02 0.86 0.14 0.01
240 0.91 0.09 0.01 0.90 0.10 0.04
270 miscible miscible

EO12.3LMW/ 150 0.26 0.74 0.01
HDPE62 180 0.81 0.19 0.02 0.32 0.68 0.12 0.16 0.84 0.01

210 0.87 0.13 0.02 0.81 0.19 0.02 0.23 0.77 0.02 0.01 0.99 0.00
240 0.98 0.02 0.00 0.94 0.06 0.01 miscible miscible

EO12.3HMW/ 180 0.71 0.29 0.04
HDPE62 210 0.80 0.20 0.01 0.72 0.28 0.01

240 0.84 0.16 0.02 0.77 0.23 0.01
270 0.89 0.11 0.04

∆G
RT

)
φ1

N1υ1
ln φ1 +

φ2

N2υ2
ln φ2 + ø

υ
φ1φ2 (1)

∆G

RT
) ∑

i

n1iln φ1i + ∑
j

n2jln φ2j + øφ2∑
i

n1ir1i (2)

σ1 ) r1i
-1(ln φ′′1i - ln φ′1i) (3a)

σ2 ) r2j
-1(ln φ′′2j - ln φ′2j) (3b)

σ1(φ′1 + φ′′1) + σ2(φ′2 + φ′′2) - 2[(φ′′1
r′′n1

+
φ′′2
r′′n2

) -

(φ′1
r′n1

+
φ′2
r′n2

)] ) 0 (4)

σ2 - σ1 ) 2ø(φ′′1 - φ′1) (5)
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here r′n1, r′′n1, r′n2 and r′′n2 are the number-average chain
lengths of each constituent in each phase

etc.
Additional mass balance equations are used to com-

pute the phase compositions and ø. Volume additivity
upon demixing gives

and

where Rv ) V′′/V′ is the volume ratio of the two phases,
φ1 and φ2 are the volume fractions of constituents 1 and
2 in the blend, and W1i and W2j are the weights of
fractions i and j in constituents 1 and 2, respectively.
Combining eq 7 with eq 3, the definition of the separa-
tion factor, gives

and

Finally, combining eq 8 with the mass balance expres-
sion φ1 + φ2 ) φ′1 + φ′2 ) 1 gives

Equations 4 and 9 are solved simultaneously to obtain
σ1 and σ2. A unique solution is obtained in the case of
polydisperse constituents because phase composition
and phase ratio depend on blend composition. However,
if the constituents are monodisperse, phase composition
is independent of blend composition, and eqs 4 and 9
are degenerate.

The quantities W1i and W2j were taken from the
molecular weight distributions in Figure 1. There were
190 molecular weight fractions provided for each con-
stituent. They were reduced to 19 equal fractions to
decrease calculation time. Although phase compositions
and number-average chain lengths were not known,
they could be written as functions of σ1 and σ2. The
Mathematica software was used to solve eqs 4 and 9.
Subsequently, eqs 5 and 8 were used to calculate ø and
the volume fraction HDPE in the HDPE-poor and
HDPE-rich phases, φ′1 and φ′′1, respectively.

Phase Composition and Interaction Parameter.
Phase compositions and ø interaction parameters ex-
tracted from the polydisperse analysis are collected in
Table 3. With increasing temperature, the major phase
gradually becomes richer in the minor constituent as it
approaches the blend composition. The dependence of
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phase composition on blend composition was previously
demonstrated with constituents having relatively nar-
row molecular weight distributions.21 If the molecular
weight distribution of one constituent is broad, as is
often the case with real polymers exemplified here by
HDPE, the phase composition can change dramatically
depending on blend composition. For example, as the
composition changes from 70/30 to 30/70 (EO/HDPE)
and the volume fraction EO-rich phase decreases,
the EO-rich phase becomes much richer in HDPE, as
seen with φ′1 increasing from 0.18 to 0.37 in
EO8.5/HDPE137 at 150 °C and from 0.25 to 0.41 in
EO12.3LMW/HDPE62 at 210 °C. This reflects the high
solubility of low molecular weight HDPE fractions in
EO. On the other hand, the solubility of EO in HDPE
exhibits much smaller changes with blend composition.
The corresponding compositions φ′′1 of the HDPE-rich
phase are 0.81 and 0.81 in EO8.5/HDPE137 at 150 °C
and 0.64 and 0.70 in EO12.3LMW/HDPE62 at 210 °C.

As a general consequence of the high molecular
weight tail in the HDPE distribution, an HDPE-rich
phase persists in blends with EO as the major constitu-
ent at temperatures where blends with HDPE as the
major constituent form a single phase. Thus, the 70/30
and 60/40 blends of EO8.5/HDPE137 form two phases
at 180 °C, whereas the 40/60 and 30/70 blends are
miscible at 180 °C. This can occur even if the constitu-
ents are similar in terms of weight-average molecular
weight. In EO12.3LMW/HDPE62 blends, compositions
that have EO as the major constituent form two phases
at 240 °C whereas compositions with HDPE as the
major constituent are miscible at this temperature.

The results in Table 3 are consistent with ø indepen-
dent of blend composition. Although the values of ø
scatter, they do not exhibit a systematic change with
blend composition. As expected, ø decreases with in-
creasing temperature and decreasing EO octene content,
and the blend becomes more miscible. The normal
temperature dependence of ø suggests that it follows the
relationship29

Results for blends of all compositions and with all
molecular weights define two linear relationships based
on comonomer content, Figure 3. Linear regression gives
a ) -0.004 and b ) 2.0 with r2 ) 0.84 for EO8.5 and a
) -0.003 and b ) 1.9 with r2 ) 0.87 for EO12.3.

According to the random copolymer theory,30,31 blends
of statistical copolymers should exhibit a composition
dependence of ø according to

where øE/O is the segmental interaction parameter of
ethylene and octene, and ∆ψ ) ψ1 - ψ2 with ψ1 and ψ2
being the volume fractions of octene in the copolymers.
Blends of polydisperse ethylene-styrene copolymers of
different styrene content conform to eq 11.21 In contrast,
blends of model polyolefins obtained by hydrogenation
of almost monodisperse polydienes exhibit a systematic
increase in the quantity ø(∆ψ)-2 with increasing ∆ψ.12,32

For EO/HDPE blends ψ1 ) 0 and eq 11 reduces to øE/O
) ø(ψ2)-2 where ψ2 is the volume fraction octene in the
copolymer. The copolymer equation is tested by plotting
the temperature dependence of ø(ψ2)-2 in Figure 4. The
data do not collapse to a single curve, nor do they even

Figure 3. Temperature dependence of the ø interaction
parameter.

ø ) a + b
T

(10)

Figure 4. Temperature dependence of the reduced interaction
parameter, øE/O ) ø(ψ2)-2.

Figure 5. Solubility parameter of EO8.5 and EO12.3 at 166
°C compared with data for ethylene/propylene (EP), ethylene/
butene (EB), ethylene/hexane (EH) and ethylene/octene (EO)
copolymers from ref 33.

ø ) øE/O(∆ψ)2 (11)
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exhibit a common temperature dependence. Instead,
øE/O increases with ∆ψ as is reported for model poly-
olefins.

For many polymer blends, ø can be expressed in terms
of the solubility parameter difference of the two con-
stituents

where δ1 and δ2 are solubility parameters of the
constituent polymers and Vref is the reference volume.
The validity of eq 12 for polyolefin blends has been
demonstrated in terms of the relationship between ø and
the difference δ1 - δ2 from small-angle neutron scat-
tering (SANS) studies primarily of model polyolefins.12

The few solubility parameters reported in the literature
for real ethylene copolymers include some results from
PVT measurements at 166 °C for homogeneous copoly-
mers of ethylene with R-olefins.33

For purposes of comparison, eq 10 was used to obtain
ø values of EO/HDPE blends at 166 °C and the solubility
parameter for EO was calculated according to eq 12
using the reported value of δ1 ) 17.83 MPa1/2 for a
Ziegler-Natta catalyzed HDPE,33 and Vref ) 35 cm3

mol-1. From ø values of 9.7 × 10-4 and 1.8 × 10-3 for

EO8.5 and EO12.3, respectively, solubility parameters
of 17.51 MPa1/2 for EO8.5 and 17.40 MPa1/2 for EO12.3
at 166 °C were obtained. These are plotted in Figure 5
together with results for homogeneous ethylene copoly-
mers obtained from PVT measurements, which were
carried out in the melt. Good correspondence provides
validation of the polydisperse analysis, which relies on
quenching to preserve the phase condition in the melt.

Molecular Weight Distribution. In blends of poly-
disperse polymers, low molecular weight fractions of one
constituent are always more miscible with the other
constituent than the high molecular weight fractions.
Under conditions where the polydisperse constituents
exhibit partial miscibility, both equilibrium phases
consist of high molecular weight fractions of the major
constituent and low molecular weight fractions of the
minor constituent. In other words, the molecular weight
distribution of a constituent is not the same in both
phases and is not the same as the original distribution.
Moreover, the molecular weight distribution in each
phase should change with blend composition. As a
consequence, phase composition depends on blend com-
position.

For the HDPEs in this study, increasing molecular
weight broadens the overall molecular weight distribu-
tion and increases the amount of very high molecular

Figure 6. Effect of temperature on calculated molecular weight distributions of EO8.5 and HDPE137 in both phases for blend
composition 70/30 (v/v) EO8.5/HDPE137: (a, b) at 150 °C; (c, d) at 165 °C; (e, f) at 180 °C.

ø )
Vref

RT
(δ1 - δ2)

2 (12)
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weight fractions (Figure 1b). The consequences of poly-
dispersity are demonstrated by calculating the molec-
ular weight distribution of each constituent in each
phase. The phase compositions φ′1i and φ′′1i for a given
fraction with r1i, and likewise φ′2j and φ′′2j for r2j, were
calculated from eqs 3 and 7. The calculation was
performed for each of the 190 molecular weight fractions
provided. Figure 6 shows the effect of increasing tem-
perature on the distributions of EO8.5 and HDPE137
in 70/30 (v/v) blends. The original distribution of each
constituent normalized to the blend composition is
presented as the thin lines. The constituent distribution
in each phase, given as thick lines, is normalized to the
phase composition. In terms of phase composition, the
gradually increasing concentration of the minor con-
stituent with increasing temperature is evident in both
the EO-rich phase and the HDPE-rich phase. Molecular
weight fractionation in the 70/30 blends is much more
evident with the broad disperse HDPE than with the
relatively narrow disperse EO. Comparison of the mo-
lecular weight distribution of HDPE in the constituent-
poor and constituent-rich phases demonstrates the
preferential dissolution of lower molecular weight HDPE
fractions in the EO-rich phase. As the temperature
increases from 150 to 180 °C, the distribution of HDPE
in the EO-rich phase broadens to include higher mo-
lecular weight fractions, nevertheless leaving the high
molecular weight tail in the HDPE-rich phase.

The minor constituent of the blend most readily
demonstrates molecular weight fractionation because it
is more or less equally distributed between the two
phases. To illustrate fractionation of EO, constituent
molecular weight distributions in both phases of the
EO8.5/HDPE137 70/30 blend at 150 °C are shown again
in Figure 7 compared with the distributions in the 30/
70 blend at the same temperature. Preferential solution
of lower molecular weight fractions of EO in HDPE is

immediately apparent in the 30/70 blend even though
this polymer is considered to have relatively narrow
molecular weight distribution.

Summary

An approach previously used to characterize phase
behavior in blends of chemically similar amorphous
copolymers was successfully extended to blends of
crystallizable polyolefins. Although chemical similarity
of the constituents precluded conventional methods for
imaging domain morphology of polyolefin blends, the
modulus difference between the phases was large
enough that the domain morphology could be probed
using AFM. Homogeneous ethylene-octene copolymers
with 5.3 mol % comonomer were completely miscible
with high-density polyethylene, whereas copolymers
with 8.3 and 12.3 mol % comonomer provided a compo-
sition window of partial miscibility that revealed the
effects of temperature and constituent molecular weight.
The study confirmed the UCST behavior of blends
comprised of high density polyethylene and a homoge-
neous ethylene-octene copolymer. This study also
considered the effect of molecular weight distribution
in real polyolefins on the phase behavior in blends. In
particular, it demonstrated the general consequences for
phase behavior of the low and high molecular weight
tails on the broad distribution of HDPE. The low
molecular weight tail readily dissolved in EO to highly
enrich the EO-rich phase especially when EO was the
minor constituent. Conversely, when HDPE was the
minor constituent low solubility of high molecular
weight HDPE fractions led to persistence of a HDPE-
rich phase to higher temperatures. Even in EO copoly-
mers with relatively narrow molecular weight distribu-
tion, fractionation of low molecular weight fractions into
the HDPE-rich phase was clearly evident.

Figure 7. Effect of blend composition on calculated molecular weight distributions of EO8.5 and HDPE137 in both phases at
150 °C: (a, b) 70/30 (v/v) EO8.5/HDPE137; (c, d) 30/70 (v/v) EO8.5/HDPE137.
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