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A series of polyethylene (PE) blends consisting of a linear high density polyethylene (HDPE) and a linear
low density polyethylene (LLDPE) with an octane-chain branch density of 120/1000 carbon was prepared
at different concentrations. The two components of this set of blends possessed isorefractive indices,
thus, making it difficult to detect their liquid-liquid phase separation via scattering techniques. Above
the experimentally observed melting temperature of HDPE, T, = 133 °C, this series of blends can be
considered to be in the liquid state. The LLDPE crystallization temperature was below 50 °C; therefore,
above 80 °C and below the melting temperature of HDPE, a series of crystalline-amorphous PE blends
could be created. A specifically designed two-step isothermal experimental procedure was utilized to
monitor the liquid-liquid phase separation of this set of blends. The first step was to quench the system
from temperatures of known miscibility and isothermally anneal them at a temperature higher than the
equilibrium melting temperature of the HDPE for the purpose of allowing the phase morphology to
develop from liquid-liquid phase separation. The second step was to quench the system to a temperature
at which the HDPE could rapidly crystallize. The time for developing 50% of the total crystallinity (t1/2)
was used to monitor the crystallization kinetics. Because phase separation results in HDPE-rich domains
where the crystallization rates are increased, this technique provided an experimental measure to
identify the binodal curve of the liquid-liquid phase separation for the system indicated by faster ty.
The annealing temperature in the first step that exhibits an onset of the decrease in ty); is the
temperature of the binodal point for that blend composition. In addition, the HDPE-rich domains crys-
tallized to form spherulites which decorate the phase-separated morphology. Therefore, the crystal
dispersion indicates whether the phase separation followed a nucleation-and-growth process or a spi-
nodal decomposition process. These crystal-decorated morphologies enabled the spinodal curve to be
experimentally determined for the first time in this set of blends.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

short-chain branch concentration that can crystallize and another
linear low density PE (LLDPE) with high short-chain branch

Single-site catalysts allow one to precisely control the structure
of molecules including the incorporation of short-chain branches
during synthesis of polyolefins [1-4]. The commercial success of
polyolefins requires the use of binary blends to improve and opti-
mize targeted properties [5-7]. It is common to blend two different
polyethylenes (PE): a high density PE (HDPE) with zero or a low
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concentration that either crystallizes at much lower temperatures
or that is a rubbery elastomer. The LLDPE increases the toughness
and impact strength of the blend in the solid state as well as
improves melt processability, while the HDPE enables the blend to
maintain good tensile properties.

Even though the two components possess chemistries with the
average elemental composition of CH, it is known that HDPE and
LLDPE are not always miscible as a single phase. The miscibility of
the two components is critically dependent on molecular charac-
teristics such as molecular weight, short-chain branch concentra-
tion, branch type, composition, and processing conditions [8-18],
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although some of the results reported in those studies are still
being debated. Most PE blends exhibit an upper critical solution
temperature (UCST) [19]. Since at least one component is crystal-
lizable, there is an interplay between phase separation and
crystallization.

One recent investigation into the interplay of liquid-liquid
phase separation and crystallization in a PE blend involved PE
components that had hexane and butane branches at different
compositions [20-22]. In the hexane-branched PE, the branch
concentration was 9 per 1000 carbon atoms with a molecular
weight of 112 kg/mol, while the butane-branched PE had a branch
concentration of 77 per 1000 carbon atoms with a molecular
weight of 77 kg/mol. The hexane-branched PE crystallized at much
high temperatures than the butane-branched PE. Using scattering
and optical microscopy techniques, a UCST phase diagram was
obtained. The binodal curve and its intersection with the melting
temperature depression curve of the hexane-branched PE crystals
were also experimentally determined [20]. Within the phase-
separated region, the extrapolated melting temperatures were
found to be invariant with respect to concentration. This implies
that the crystallization started after the concentration evolution of
the liquid-liquid phase separation process was complete.

The main difficulty in studying this type of PE blend lies in how
to precisely identify and measure separately the crystallization and
liquid-liquid phase separation kinetics. In the same series of PE
blends described above at a 50/50 composition, the crystal growth
rates were measured after quenching the samples from the
homogeneous melt to different crystallization temperatures using
polarized light microscopy (PLM). The growth rates of the liquid-
liquid phase separation in the coarsening stage were monitored
utilizing a small-angle light scattering technique [21]. It was found
that a kinetic cross-over temperature for the phase separation and
crystallization rates takes place at 118 °C. When the crystallization
temperature is below 118 °C, the crystallization rate was faster than
the phase separation rate, and so, crystallization dominated the
final phase morphology. Significantly above this temperature, the
phase separation process dominated the final phase morphology.
Near 118 °C, the two processes competed with each other.

The earliest recognition of the inter-dependence between
liquid-liquid phase separation and crystallization in polymer
blends was reported more than 20 years ago [23,24]. Since then,
a number of different crystalline-amorphous polymer blend
systems have been investigated. Since the equilibrium crystalline
and morphological states are never reached in experimental time
scales in polymer blends, the interplay of these two processes is
obscured by the appearance of metastable states. Therefore, we
need to take these temperature and time dependent metastable
states into account [25-27].

Our interest is in monitoring the liquid-liquid phase separation
in a crystalline-amorphous blend via crystallization kinetics and
phase morphology. An experimental procedure was specifically
designed such that liquid-liquid phase separation occurs before
crystallization. This experimental procedure is a two-step
isothermal process. The first step is to isothermally anneal the
blend to reach concentration equilibrium at temperatures below
the binodal curve boundary yet above the melting temperature of
the crystalline phase to prevent crystallization. This leaves the
phase morphology in a metastable state [27]. In the second step, the
sample is isothermally crystallized by quenching it to a lower
temperature where crystallization occurs rapidly. Further concen-
tration changes in the phase domains are minimal because of the
rate of crystallization. Additionally, the phase morphology of the
domains is illuminated by crystal decoration.

In order to test this experimental approach, a series of PE blends
were made. They consisted of an HDPE component and an LLDPE

component that possessed randomly distributed octane branches
at a concentration of 120 branches per 1000 carbon atoms. Utilizing
the two-step isothermal process described above, both the crys-
tallization kinetics and the phase morphology of these binary
blends were observed to determine the binodal and spinodal
curves of the liquid-liquid phase separation.

2. Experimental section
2.1. Materials and sample preparation

A series of PE blends was prepared. One of the components in
the series of blends was an HDPE with a weight average molecular
weight of 80 kg/mol. Another component was an LLDPE with
randomly distributed octane branches with a weight average
molecular weight of 70 kg/mol and an octane branch concentration
of 120 per 1000 carbon atoms. The components have poly-
dispersities of ~2. The HDPE is the crystalline component of this
series, and the LLDPE is the amorphous component above 80 °C. In
order to intimately mix these blends, both components were dis-
solved in xylene at 120 °C for 24 h. The solution was then quickly
poured into a large excess amount of chilled methanol, and the
blends rapidly precipitated. After filtration, the blend samples were
washed with methanol and dried in a vacuum oven for 3 days. The
samples were then quenched in liquid nitrogen and became
powders.

For differential scanning calorimetry (DSC) experiments, the
sample weight was about 1.0 mg, and the pan weights were kept
constant at a precision of £0.001 mg. Each sample was only used
once. This is because after the samples are phase-separated and
crystallized, intimate mixing of both components back to a single-
phase blend takes too long to occur [28,29]. The samples used for
morphological observations in PLM, phase contrast optical
microscopy (PCOM) and atomic force microscopy (AFM) were
prepared from the blend samples as described above and melted at
190 °C between two glass slides. These glass slides were then
pressed to form films. The film thickness was controlled to be about
5 pum.

2.2. Equipment and experiments

The two-step isothermal method was conducted on a series of
different blend compositions using a Perkin-Elmer PYRIS Diamond
DSC with an Intracooler 2P apparatus. The temperatures and heat
flows were calibrated using material standards at a cooling and
heating rate of 10 °C/min. The sample was heated to 190 °C for
10 min to eliminate the thermal history and then quenched to the
prescribed annealing temperature which ranged between 190 °C
and 150 °C at intervals of 5 °C. At each temperature, the system was
isothermally annealed for at least 6 h to allow any liquid-liquid
phase separation to reach the late stage of coarsening and then
quickly quenched to a lower preset temperature (such as at 120 °C)
to crystallize the HDPE component. The preset temperature
changed with the HDPE concentration to keep the overall crystal-
lization kinetics in a convenient range for DSC analysis. Heat flow
versus crystallization time was recorded by the DSC. The crystalli-
zation kinetics were characterized by the crystallization half-time
(t172), as defined by the time where 50% of the final crystallinity has
been achieved. The crystallinity of each sample was measured by
subsequent heating at 10 °C/min after the second-step isothermal
crystallization without further cooling to room temperature and
compared to the equilibrium heat of fusion of PE (293 J/g) [30].

Phase morphologies after annealing and crystallization with the
two-step isothermal method were observed with PLM and PCOM
(Olympus BH-2). Both of them were coupled with a calibrated
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Mettler heating stage (FP-90). An AFM (Digital Instrument Nano-
scope IIIA) in tapping mode was utilized to obtain a modulus map
and surface topology map of the blends. The modulus map is
derived from AFM phase information and goes beyond providing
simple topographical information to show variations in surface
modulus which can be associated with compositional variations in
the different phase domains. All AFM images were measured at
a temperature of 80 °C, which is higher than the melting temper-
ature of LLDPE but lower than the melting temperature of HDPE.
This enabled the modulus map to differentiate between the HDPE-
rich phase and the LLDPE-rich phase. The scanner was calibrated in
both lateral and vertical directions using a standard grid. A typical
measurement was a scan size of 40 um, a scan rate of 0.5 Hz with
operation and resonance frequencies of 300 kHz, and a resolution
of 512 x 512.

3. Results and discussion

3.1. Overall crystallization rates of the blends and determination of
the binodal curve for liquid-liquid phase separation

Fig. 1a shows a set of overall crystallization heat flow thermal
diagrams at 120 °C recorded by DSC for a 25/75 HDPE/LLDPE blend.
Note that since each sample was only used once, the heat of

175°C
170°C
165°C
160°C
155°C
150°C
145°C

a H25

[T

Heat Flow

2 4 6 8 10 12 14
Isothermal Crystallization Time (min)

H25

Half Crystallization Time (min) O

145 150 155 160 165 170 175
Annealing Temperature ('C)

Fig. 1. (a) Set of DSC isothermal crystallization thermal diagrams at 120 °C for a blend
of 25/75 HDPE/LLDPE after annealing at different temperatures for 6 h in the first step
of the two-step isothermal experiment. (b) Relationship between the crystallization
tyj2 values deduced from the DSC results in (a) versus annealing temperatures in the
first step for a blend of 25/75 HDPE/LLDPE. The onset temperature where the overall
crystallization rate increases (the t;, value decreases) is at 170 °C.

crystallization shown in this figure cannot be compared to each
other directly to obtain information about the crystallinity differ-
ence. Each thermal diagram corresponds to a different first-step
annealing temperature ranging from 175°C to 140°C at a 5°C
interval. Since all of these annealing temperatures are above the
melting temperatures of both PE components of the blend, no
crystallization occurs during the annealing. When the first-step
annealing temperature is below the binodal curve, liquid-liquid
phase separation occurs. In a UCST system quenched below the
binodal curve, the composition of the two phases is fixed by the tie-
line intersection with the binodal curve, and the weight fraction of
each phase is determined by the initial blend concentrations as well
as the final phase concentrations at each temperature according to
the lever rule [27]. In the 25/75 HDPE/LLDPE blend, the phase
separation results in a dispersed HDPE-rich phase in an HDPE-poor
matrix. After quenching the system further to crystallize the HDPE
component and the LLDPE component remains a liquid, the effect
of the liquid-liquid phase separation on the HDPE crystallization
kinetics can be identified. It is expected that the change in the
crystallization rate after the liquid-liquid phase separation occurs
in the isothermal annealing. This is because within the HDPE-rich
domains the probability of HDPE adsorbing onto the crystal growth
front and crystallizing is higher than that in the miscible blend. This
can be categorized into the so-called “poisoning” effects [27] which
in the past described either polymer blends with identical chemical
structure but different molecular weights [31-33] or with different
chemical structures, one crystalline and one amorphous, but
miscibility in the melt [34-36]. In the current case, the blends
possess the identical average elemental composition of CH; but
have different molecular architectures. A decrease in ty2 is, there-
fore, an indication of liquid-liquid phase separation, and the onset
of this decrease indicates the temperature on the binodal curve at
which the liquid-liquid phase separation occurs.

Fig. 1b is a plot of the t1; values of the overall crystallization at
120 °C versus the annealing temperature. As we can see in this
figure, the t;, values remain constant when the annealing
temperature is above 170 °C. Below this temperature, the t1/; values
start to decrease. If the isothermal crystallization peak time (tp) in
Fig. 1a is used to characterize the overall crystallization kinetics
instead of t12, identical results are observed. The independence of
t1)2 with respect to the annealing temperature above 170 °C in the
first step indicates that HDPE and LLDPE are miscible. The decrease
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Fig. 2. The t;/; values of the overall crystallization at 124 °C versus annealing times at
150 °C for a blend of 45/55 HDPE/LLDPE.
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in the t1> values with decreasing annealing temperature indicates
that 170 °C is the threshold below which the HDPE/LLDPE blend is
phase separated. In Fig. 1b, at temperatures far below 170 °C, the
HDPE-rich phase has an even higher HDPE concentration due to
deeper quenching below the binodal curve, and thus, the crystal-
lization rate is increasingly faster. The t;); values for overall crys-
tallization decrease as the HDPE concentration in the dispersed
phase increases.

As the phase weight fractions develop in the early stage of phase
separation, the overall crystallization rate will be annealing time
dependent. In the late stage of phase separation, when the equi-
librium phase weight fraction is reached, the overall crystallization
rate should be constant. Note that even when the overall crystal-
lization rate becomes constant, this only indicates that the phase-
separated blend reaches the equilibrium weight fractions. However,
the phase morphology of the liquid-liquid phase separation of the
blend is still in a metastable state [26,27]. Furthermore, in these
phase-separated morphologies, the HDPE-rich domains possess
sizes which must be large enough (usually in the micrometer scale)
to not affect the crystallization rates [37].
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Fig. 3. (a) Set of DSC isothermal crystallization thermal diagrams at 122 °C for a blend
of 45/55 HDPE/LLDPE after annealing at different temperatures for 6 h in the first step
of the two-step isothermal experiment. (b) Relationship between the crystallization
ty)2 values deduced from the DSC results in (a) versus annealing temperatures in the
first step for a blend of 45/55 HDPE/LLDPE. The onset temperature where the overall
crystallization rate increases (the t;, value decreases) is at 185 °C.

Fig. 2 demonstrates this principle for a blend with a 45/55 HDPE/
LLDPE composition, which is close to the critical composition (see
below). The isothermal annealing temperature in the first step was
set at 150 °C, and the blend samples were maintained at that
temperature for different annealing times. The samples were then
quenched to a crystallization temperature of 124 °C to allow the
HDPE to crystallize. It is evident from this figure that the annealing
time at 150 °C must be longer than 300 min in order to reach
a constant overall crystallization rate. The length of time needed
reflects the slow liquid-liquid phase separation kinetics to reach
the equilibrium phase weight fractions with sufficiently large
domain sizes. For the rest of the paper, including blends at other
concentrations, the annealing time was longer than 300 min to
ensure a constant overall crystallization rate and that changes in
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Fig. 4. (a) Set of DSC isothermal crystallization thermal diagrams for a blend of 83/17
HDPE/LLDPE after the samples were isothermally annealed at different temperatures in
the first step for 6 h. (b) Relationship between the ty, values of overall crystallization
in (a) and annealing temperature for a blend of 83/17 HDPE/LLDPE. The overall crys-
tallization rate increases (the t;, value decreases) at 160 °C.
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Fig. 5. HDPE crystallinity changes as a function of annealing temperature in the first step for two blends: (a) 25/75 after crystallization at 120 °C and (b) 55/45 HDPE/LLDPE after

crystallization at 122 °C.

the ty;> value in these experiments were solely indications of
reaching the binodal curve.

Since the two components have a comparable magnitude of
molecular weight (around 10° g/mol), the critical composition is
around 50/50 HDPE/LLDPE. Fig. 3a shows a set of DSC isothermal
diagrams of the crystallization process at 122 °C for a 45/55 HDPE/
LLDPE blend after the samples were annealed at different temper-
atures for 6 h. It is evident that the onset annealing temperature
shifts to a much higher temperature of 185 °C as compared to the
other blend compositions. This can be clearly observed in Fig. 3b in
which the t), versus annealing temperatures is plotted.

When HDPE was the major component, such as in the case of 83/
17 HDPE/LLDPE, the liquid-liquid phase separation consisted of
a dispersed LLDPE-rich phase and an HDPE-rich matrix phase.
Fig. 4a shows the experimentally observed DSC thermal diagrams
for the overall crystallization at 124 °C, and Fig. 4b is a plot of t1»
versus annealing temperature. Again, since each sample was only
used once, the heat of crystallizations shown in this figure cannot
be compared to each other directly to obtain information about the
crystallinity difference. It is evident that the crystallization rate
increases after liquid-liquid phase separation even when HDPE is
the majority phase.

Comparing Fig. 4a with Fig. 1a, the isothermal crystallization
DSC thermal diagrams of the 83/17 HDPE/LLDPE blend exhibit
different behaviors after phase separation. For the 25/75 HDPE/
LLDPE blend, the most apparent change is that the t, of crystalli-
zation is shifted as shown in Fig. 14, yet the shape of the curve and
the heat of crystallization do not alter. However, in the 83/17 HDPE/
LLDPE blend, the overall crystallization tp, values are less shifted, but
the shape of the diagrams before and after t, has noticeably
changed as shown in Fig. 4a. Curves are shallower at the higher
annealing temperatures when the crystallization takes place in the
miscible blend and steeper at the lower annealing temperatures
after the phase separation has occurred. As a result, the crystalli-
zation tq2 values change drastically as shown in Fig. 4b. In this case,
the t, and tq; values do not closely correspond to each other. This
shape change as shown in Fig. 4b is due to the fact that when the
crystallization takes place in the miscible blend, the HDPE crys-
tallizes out of the miscible liquid and leaves an increasingly larger
amount of LLDPE. Therefore, the concentration of the HDPE is
continuously decreasing, leading to a prolonged crystallization
process.

Furthermore, the crystallinity is dependent on the annealing
temperature in the first step. It was found that when the crystal-
lization rate starts increasing there is also a change in crystallinity.
Fig. 5 shows the crystallinities for the two blends with HDPE

concentrations of 25% and 55% measured during heating after the
second-step isothermal crystallization at 120°C and 122 °C,
respectively. The crystallinities in this figure have been normalized
by taking the weight fraction of HDPE into account. At the onset
temperature of phase separation, the crystallinities discontinuously
increase when the annealing temperature enters into the liquid-
liquid phase separation region. This observation indicates that
liquid-liquid phase separation not only enhances the overall crys-
tallization kinetics, but also increases the quality and/or quantity of
the crystals in the blend.

For all blends with HDPE concentrations between 15% and 83%,
trends similar to those shown in Figs. 1-4 are observed. Using
blends with different compositions, the binodal curve across the
entire composition range can be constructed. The closed squares in
Fig. 6 are the onset temperatures of the t;; value changes for each
of the HDPE concentrations obtained in this series of HDPE/LLDPE
blends. The result is a binodal-like curve for liquid-liquid phase
separation in terms of phase stability that should be close to the
thermodynamic binodal curve of the liquid-liquid phase separa-
tion. It is evident that this binodal curve is more or less symmetric
with the critical point at an HDPE concentration of 48%. The critical
temperature is at 187 °C. The symmetric shape is evidence of the
comparable molecular weights used in this series of blends.

190
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170 4 ‘

160 4 |

0 10 20 30 40 50 60 70 80 90 100
Volume Fraction of HDPE

Fig. 6. Binodal curve for the HDPE/LLDPE blend at varying compositions deduced from
the onset temperatures where the t;, value starts to decrease (the overall crystalli-
zation rate starts to increase).
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Fig. 7. AFM image of a blend of 40/60 HDPE/LLDPE crystallized at 123 °C after
annealing at 175 °C for 24 h. The nucleation-limited mechanism with spherical phase
morphology can be observed, indicating that the phase separation occurs in between
the binodal and spinodal curves.

3.2. Crystal-decorated phase morphologies of the blends and the
determination of the spinodal curve for the liquid-liquid phase
separation

The spinodal curve in liquid-liquid phase separation is often
difficult to determine experimentally for crystalline-amorphous
blends when the two components have isorefractive indices, so
their spinodal curves in the phase diagrams are typically based on
theoretical calculations. In this study, we try to utilize both crys-
tallization and liquid-liquid phase separation to construct a spino-
dal curve via morphological observations.

Fent

When the annealing temperature is in the metastable region
between the binodal and spinodal curves, phase separation occurs
through a nucleation-and-growth mechanism resulting in droplet-
like domains by overcoming a nucleation barrier. When the
annealing temperature is in the unstable region (below the spinodal
curve), liquid-liquid phase separation follows a spinodal decom-
position mechanism, and the phases form bicontinuous domains
without any energy barrier [27,38-40]. As long as it is metastable, or
does not reach the two-layer equilibrium morphology (which can
never be reached), one can use the resultant phase morphology to
distinguish between these two mechanisms [27].

Fig. 7 is an AFM phase image of an HDPE/LLDPE 40/60 blend
crystallized at 123 °C after the sample was annealed at 175 °C for
24 h. As shown in Fig. 6, this annealing temperature is below the
binodal curve as determined by the crystallization kinetics study.
Droplet domains with diameters ranging from 1 to 4 um can be
clearly observed. Furthermore, this phase image indicates that
within the droplets, the materials’ modulus is higher than the
matrix. This reveals that within the droplets the major component,
HDPE, has become a crystalline-solid; while, the matrix is still
a liquid within which the amorphous LLDPE is the major compo-
nent. Based on this phase morphology observation, it can be
concluded that the phase separation that takes place while
annealing at 175 °C is between the binodal and spinodal curves
corresponding to the nucleation-and-growth mechanism. This type
of droplet morphology can be observed up to an annealing
temperature of 180 °C, which coincides with the experimentally
determined binodal curve.

Fig. 8a shows a PCOM image of the same sample after it was
annealed at 170 °C for 24 h and then quenched to 123 °C to crys-
tallize the HDPE. This figure shows crystalline spherulites
impinging on each other in a bicontinuous phase morphology on
a large length scale. Fig. 8b is a PLM image of Fig. 8a at the same
location. It is evident from the crystalline spherulite decoration in
the HDPE-rich domains that the phase morphology is bicontinuous.
This indicates that the phase separation mechanism was spinodal
decomposition, and therefore, the annealing temperature was
below the spinodal line.

The AFM image in Fig. 9a was taken for an identical blend after
annealing at 145 °C for 24 h and crystallizing at 123 °C. As in Fig. 8,
this figure also shows a bicontinuous phase morphology with
a number of crystals in the HDPE-rich domains. Fig. 9b is the

Fig. 8. Phase contrast microscopy (PCOM) (a) and PLM (b) images of a blend of 40/60 HDPE/LLDPE crystallized at 123 °C after isothermal annealing at 170 °C for 24 h. (a) The
spinodal decomposition mechanism bicontinuous phase morphology, indicating that the phase separation occurs below the spinodal curve; (b) the HDPE spherulites grow within

the bicontinuous phase domains.
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Fig. 9. AFM (a) and PLM (b) images of a blend of 40/60 HDPE/LLDPE crystallized at 123 °C after isothermal annealing at 145 °C for 24 h.

corresponding PLM image that shows a number of crystalline
spherulites formed in the HDPE-rich domains. Compared with
Fig. 8b, the bicontinuous domains are smaller in Fig. 9b, indicating
that the increased viscosity at the lower annealing temperature has
increased the coarsening time of the phase morphology. It may also
be due in part to the change in dominant (Cahn-Hilliard) wave-
length with quenching depth. However, despite the difference in
size, these phase separation morphologies are self-similar.

For blends with HDPE as the major component, crystallization
occurs in the matrix. Fig. 10a shows an AFM image for a 70/30
HDPE/LLDPE blend crystallized at 120 °C after annealing at 170 °C
for 24 h. It is evident that the non-crystallizable LLDPE-rich drop-
lets at 100 °C are the minority phase, and the HDPE-rich phase is
now the crystallized spherulitic matrix. Fig. 10b is the corre-
sponding PLM image. This phase morphology indicates that the
liquid-liquid phase separation occurs through the nucleation-and-
growth mechanism.

On the other hand, Fig. 11 is the PLM image for the same blend
crystallized at 120 °C after annealing at 155 °C for 24 h in the first
step. The bicontinuous phase morphology indicates that the spi-
nodal decomposition mechanism was dominant. The only differ-
ence between Figs. 7 and 8 and Figs. 10 and 11 is that the minority
and majority phase compositions in the latter figures are inversed.

It is evident that even after a prolonged annealing time of 24 h,
the coarsening of the bicontinuous phase domains as observed in
Figs. 8,9 and 11 does not lead to a change of the phase morphology.
Liquid-liquid phase separation morphology changes can thus be
used to experimentally identify the mechanism of the phase
separation. Using this approach at different compositions, the
spinodal line in the phase stability diagram can be experimentally
determined. A complete phase diagram with the experimentally
determined binodal and spinodal curves is shown in Fig. 12. The
open circles in this figure are obtained based on the observations
where the phase morphology is changed to become the bicontin-
uous phase separation being decorated by the spherulitic crystal
morphology.

One issue that remains is whether during the quench to the
crystallization temperature, a further phase separation occurs and
whether this could obscure the observations. We have estimated
that the overall crystallization rate at the crystallization tempera-
ture in our experiment is about twenty times faster than the liquid-
liquid phase separation rate. Therefore, further phase separation to
obscure the already coarsened phase morphology is limited and
hindered by the crystallization.

Based on the experimentally observed binodal curve, the spi-
nodal line can also be calculated theoretically using Flory—-Huggins

Fig.10. AFM (a) and PLM (b) images of a blend of 70/30 HDPE/LLDPE crystallized at 120 °C after isothermal annealing at 170 °C for 24 h. (a) The nucleation-limited mechanism with
spherical phase morphology, indicating that the phase separation occurs in between the binodal and spinodal curves; (b) the HDPE spherulites grow outside of the spherical phase

domains.
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Fig. 11. PLM image of a blend of 70/30 HDPE/LLDPE crystallized at 120 °C after
isothermal annealing at 155°C for 24 h. The spinodal decomposition mechanism
generates a bicontinuous phase morphology, indicating that the phase separation
occurs below the spinodal curve. The HDPE spherulites grow within one of the
bicontinuous phase domains.

theory. It is shown as the dotted line in Fig. 12. The calculated
spinodal curve is a close approximation to the projected line from
the experimental data points. From the calculation, it was deter-
mined that the critical HDPE composition is 48%, and the critical
temperature is 187 °C. The critical value of the interaction param-
eter is 3.49 x 10~ which matches the value estimated for this type
of blend [41-43]. By neglecting composition and molecular weight
effects, we can simply adopt the interaction parameter form: x = A/
T+ B. Here, the interaction parameter is only a function of
temperature. Experimental data fitting indicates that y =0.2735/
T—2.4454 x 1074,
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Fig. 12. Complete phase diagram for this series of HDPE/LLDPE blends. The binodal
curve is determined by the onset of a decrease in the t;, values (increase of the overall
crystallization rates) as shown in Fig. 6, while the spinodal curve is determined by the
phase morphology change. The dotted line is a Flory-Huggins prediction of the spi-
nodal line.

Finally, this approach still needs to be accepted with care. In
a real system, the spinodal line only exists in a perfect “mean-field”
blend. In reality, this line can be alternately described as
a temperature region. Therefore, we speculate that we should see
a region in which the phase morphological change is gradual.
Further detailed experiments need to be conducted to explore this
aspect.

4. Conclusion

A newly designed two-step isothermal experiment provides an
effective way to experimentally monitor liquid-liquid phase sepa-
ration of PE blends. For binary blends with a crystallizable
component and an amorphous component with isorefractive
indices, such as in the case of this series of HDPE/LLDPE blend, the
binodal curve can be estimated from the enhancement of crystal-
lization rates. This estimation is close to the thermodynamic
binodal curve. In addition, the spinodal curve can be determined
from the spherulitic crystal decoration of the phase morphology.
The theoretical calculations support the spinodal curve deduced
from the morphological changes. This two-step isothermal experi-
mental approach overcomes the difficulty in determining the
miscibility of isorefractive index crystalline—-amorphous blends and
provides a way to determine the spinodal curve for liquid-liquid
phase separation in those polymer blends.
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