
Effect of Liquid-Liquid Phase Separation on the Lamellar Crystal
Morphology in PEH/PEB Blend

Xiaohua Zhang,†,⊥ Zhigang Wang,‡ Ruoyu Zhang,†,§ and Charles C. Han*,†

Beijing National Laboratory for Molecular Sciences, Joint Laboratory of Polymer Science and
Materials, State Key Laboratory of Polymer Physics and Chemistry, CAS Key Laboratory of
Engineering Plastics, Institute of Chemistry, Chinese Academy of Sciences, Beijing 100080, China, and
Graduate School of the Chinese Academy of Sciences

ReceiVed August 8, 2006; ReVised Manuscript ReceiVed NoVember 3, 2006

ABSTRACT: Optical microscopy (OM) and atomic force microscopy (AFM) were used to investigate the effect
of liquid-liquid phase separation (LLPS) on the lamellar crystal morphology in a statistical copolymer blend of
poly(ethylene-co-hexene) (PEH) and poly(ethylene-co-butene) (PEB). The quench depth and the time of liquid-
liquid phase separation (LLPS) exhibit obvious influences on the lamellar crystal morphology. The values of
lamellar long period were measured from the AFM micrographs. It is interesting to find that the lamellar long
periods of the blend show minimum values with respect to the LLPS temperature, LLPS time, and the crystallization
temperature. The lamellar insertion and lamellar thickening models and inclusion/exclusion of the amorphous
component in the lamellar stacks are considered to cause this puzzling phenomenon.

Introduction

In recent years, the statistical copolymer blends of polyolefins
have received a lot of attention. The requirement to enhance
the material properties and the desire to have a better under-
standing of the underlying mechanism for the formation of
various structures and morphologies have triggered this type
of research. In particular, there have been significant funda-
mental and industrial technological interests in polyolefin blends.
Although critical phenomena and phase separation in binary
mixtures have been well studied and reasonably understood,1-4

the complexity of the interplay between liquid-liquid phase
separation (LLPS) and another phase transitions such as
crystallization remains largely unexplored.5 In recent studies by
Wang et al., the nearly isorefractive polyolefin blends consisting
of two branched metallocene polyethylenes were investigated,6-8

and the phase diagram of LLPS was constructed (Figure 1).4

The authors used indirect evidence provided by a range of
techniques, including diffuse light scattering, to identify the
phase boundaries. The studies revealed the existence of an upper
critical solution temperature (UCST) as well as the composition
dependence of the LLPS boundary, which followed the predic-
tion of Flory-Huggins mean-field theory for the binary polymer
mixtures. Because of the microstructural similarity between PEH
and PEB components, it is difficult to distinguish the two
coexistent phases during phase separation by microscopy and/
or scattering technique; however, it is still scientifically
important to measure the LLPS. Up to now, most studies have
focused on identification of the existence of LLPS through the
scattering measurements9-12 or morphological studies,12-14 but
those focusing on the effects of LLPS on the crystal morphol-
ogies have received relatively limited attention. In this study,
we used the same blend system that was employed by Wang et
al.4 The crystallization rate vs temperature of neat PEH and the

LLPS rates at the temperatures of interest have been investi-
gated.7,15 We will present our experimental results on this
polyolefin blend system in the regions that have not been
explored before. This blend system has a UCST immiscible
region withTc ) 146°C and the critical compositionφc ) 0.44
in the melt. We will demonstrate an interesting observation that
is the average long periods of the lamellar stacks measured in
the isothermally annealed samples by AFM reveal the minimum
values depending on the quench depths or time of LLPS or the
crystallization temperature,Tc. We will further discuss the
possible origin of the minimum values of the lamellar long
periods.

Experimental Section

Materials and Blend Preparation. The materials used in this
study were supplied by ExxonMobil Co. Ltd. They are statistical
copolymers of ethylene and 1-hexene (PEH) (Mw ) 110 kg/mol, 2
mol % hexene comonomer) and of ethylene and 1-butene (PEB)
(Mw ) 70 kg/mol, 15 mol % butene comonomer). Since they were
synthesized with metallocene catalysts, the samples have relatively
narrow polydispersity (∼2). PEH is the only crystallizable com-
ponent of this blend system above 60°C. The blend of PEH and
PEB, which has PEH mass fraction of 40%, denoted as H40, was
prepared by the coprecipitation method. PEH and PEB samples in
mass ratio of 40 to 60 were first dissolved in hot xylene at 120°C,
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Figure 1. Phase diagram of PEH/PEB blends. The symbols (filled
circles) correspond to the experimental data points of binodal temper-
ature (Ts) and the solid line to the fit of the Flory-Huggins theory.
The additional symbols (open triangles) display the equilibrium melting
points of the indicated blends.
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and then the solution was cooled to 100°C and kept for 24 h.
Afterward, the solution was poured into chilled methanol to
precipitate the blend. After filtration, the obtained blend was washed
with methanol and dried in vacuum oven at 30°C for 72 h. The
blend was then hot-pressed at 160( 2 °C to form films of 30µm
in thickness and quenched to room temperature for further use.

Characterization by OM and AFM. The phase contrast optical
microscopy (PCOM) observations were carried out by using an
Olympus (BX51) optical microscope connected to an Olympus (C-
5050ZOOM) camera. A Linkam 350 hot stage was used to control
the sample temperature.

Tapping-mode AFM observations were performed by using
NanoScope III MultiMode AFM (Digital Instruments). Both height
and phase images were recorded simultaneously during scanning.
The height and phase images were flattened using AFM software
to eliminate the height error from the sample. The films of the blend
were prepared by a hot press at 160( 2 °C between two pieces of
silicon wafer with one piece removed after cooling. The film
thickness is about 30µm. The blend melted at 160°C for 10 min
was quenched to the LLPS temperature for annealing and then
quenched to the crystallization temperature for isothermal crystal-
lization prior to quenching to room temperature for AFM observa-
tion.

Results and Discussion

Figure 2 shows phase contrast optical micrographs of H40
sample melted at 160°C for 10 min and then isothermally
annealed at 135°C for 4, 6, 10, and 20 h. The 2D fast Fourier
transform (FFT) images are shown as insets in Figure 2.

On the basis of the information provided in Figure 1 and ref
4, the H40 sample at 135°C is within the two-phase region of
the phase diagram. Spinodal decomposition mechanism is
responsible for the development of bicontinuous, interconnected
PEH-rich (dark part)7,15 and PEB-rich (light part) phases that
coarsen with time (Figure 2).

Figure 3 (at large scale) and Figure 4 (at small scale) show
atomic force micrographs of H40 sample isothermally crystal-
lized at 117°C for 64 min after isothermally annealed at 135
°C for different LLPS times. The PEH-rich and PEB-rich
domains can be clearly observed after isothermal crystallization
at 117 °C for 64 min without experiencing LLPS at 135°C
(Figures 3a and 4a) because of the occurrence of simultaneous
liquid-liquid phase separation and crystallization at 117°C.

The following features can be easily found in Figure 4a. Short
and small lamellae can be found in the PEB-rich domains. The
branched regular lamellar crystals in the spherulites or dendrites
are absent. The lamellar crystals in the PEB-rich domains are
more imperfect and isolated than those in the PEH-rich domains.
Figure 4d shows that under the fast cooling condition (quenched
into liquid nitrogen) the short and small lamellae in the PEB-
rich domains do not exist any more. Therefore, the lamellar
crystals in the PEB-rich domains should form during the cooling
to room temperature in air. With the increasing LLPS time, such
as after 20 h LLPS, the crystals in the PEB-rich domains cannot
be observed (Figure 4c). On the contrary, the lamellae in the
PEH-rich domains are larger and more perfect than those in
the PEB-rich domains.16 In particular, the highly branched

Figure 2. Phase contrast optical micrographs of H40 sample annealed
at 135°C for (a) 4, (b) 6, (c) 10, and (d) 20 h. The scale bar in (a)
corresponds to 10µm and also applies to (b)-(d). The inset shows the
FFT image from each micrograph.

Figure 3. AFM phase micrographs for H40 sample isothermally
crystallized at 117°C for 64 min after isothermally annealed at 135
°C for (a) 0 and (b) 20 h. The scale bar in (a) corresponds to 5µm and
also applies to (b).

Figure 4. AFM phase micrographs for H40 sample isothermally
crystallized at 117°C for 64 min cooling in the air after isothermally
annealed at 135°C for (a) 0, (b) 6, (c) 20, and (d) 0 h cooling in the
liquid nitrogen, (e) height image of the circled part A in (b), and (f)
section analysis of (e). The scale bar in (a) is 1µm and is the same for
(b), (c), and (d). The scale bar in (e) is 100 nm.
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crystal lamellae are formed. The growth proceeds via lamellar
fanning out from an initial sheaflike structure, which eventually
grows to the hedrite,8 as is clearly seen in Figures 3b and 4b,c.
We can basically explain the above experimental observations
as follows. The boundary of two separated domains becomes
sharp with the increasing LLPS time. As LLPS becomes more
complete, or reaches the “late stages”, the two phase-separated
phases reach closely the equilibrium coexistent compositions.
Thus, the PEB-rich domains cannot give birth to crystals due
to the very small amount of remaining PEH component, while
the PEH-rich domain can form the large and highly branched
lamellar crystals due to the high PEH concentration.

Figure 4 shows that some of the lamellar crystals look like
lying flat-on and some lying edge-on. Section analysis of AFM
height image shows that the lamellar stacks incline at consider-
able angles with respect to the image plane. Therefore, for the
nonzero inclination angle the local long period of lamellar stacks
can be calculated by using eq 1.

where LB denotes the long period,L the vertical distance
between the adjacent lamellae measured from AFM height
image, andφ the angle between the normal to the crystal plane
and the image plane. The AFM technique obviously does not
offer the possibility to directly measure the tilt angle of the
lamellar crystal from the image plane; however, discrimination
between the stacks close to flat-on and that inclined at significant
angles can still be made from this type of section analysis. With
the inclined angle,φ, obtained, the lamellar long period can be
estimated correspondingly. The averaged long period can be
statistically obtained after measuring the local long periods at
multiple locations of the different samples with the same
annealing conditions in order to get more lamellar stacks. We
used the long period for simplicity in the following sections
without further emphasis on the statistics of the data unless it
is required for the need of discussion.

Figure 5 shows the change of long period of H40 sample
isothermally crystallized at 117°C for 64 min after LLPS at
135 °C for different periods of time. It is seen that the long
period decreases at first with LLPS time and reaches a minimum
at about 6 h ofLLPS, and then the long period starts to increase
with the LLPS time. The equilibrium melting points and
crystallization temperatures of the blend samples are invariable.
It means that the noncrystallizable component, PEB, and phase
separation will affect the crystallization and the lamellar
thickness. The lamellar microstructure of semicrystalline poly-

mers can contain many stacking defects. In the presence of the
defects in the structure, the long period can be affected by the
number of lamellae per stack. In this study, the lower PEH
concentration on the growth front will form imperfect crystals
or baby spherulites, which can be considered as defects existing
in the system. Recall that the typical feature of PEH crystals is
the strong tendency to form lamellar stacks. Figure 4 shows
that the number of lamellae in the stacks increases in addition
to the increasing lamellar lateral length from (a) to (b). Besides
the progressive formation and growth of the lamellar stacks,
the lamellar thickening can happen during crystallization too.
Both affect the values of long period. Crystallization mainly
proceeds through adding new lamella and/or lamellae between
the existing lamellae stacks, thereby increasing the average
number of lamellae per stack. The progressive infilling between
the initial dilute lamellar stacks by the newly formed lamellae
(termed as lamellar insertion model) could lead to a large
decrease of long period.17,18 For polymer blends, inclusion of
amorphous component could also cause the increase of long
period; in other words, exclusion of amorphous component could
cause the decrease of long period. On the basis of our
experimental observation, lamellar insertion and lamellar thick-
ening models and inclusion/exclusion of the amorphous com-
ponent can be brought out together to explain the observed
evolution of long period due to the interplay between LLPS
and crystallization. The models are schematically shown in
Figure 6. Within the short period of LLPS (<6 h), the increasing
LLPS time obviously decreases the degree of inclusion of PEB
component into the lamellar stacks due to the increasing phase
separation. In other words, with the increasing time of LLPS,
the crystallizable PEH concentration in the PEH-rich domain
increases which gives rise to the increasing number of the
lamellae per stack due to the lamellar insertion (Figure 4a,b).
The long period thus shows a tendency to decrease with the
time of LLPS. When the LLPS time is more than 6 h, the
crystallizable PEH concentration in the PEH-rich domains is
so high that the PEB component might have the less hindrance
on the crystallization of PEH component, provided that we have
found that the nucleation rate obviously decreases due to the
decreasing in the crossover effect of the spinodal (LLPS)
concentration fluctuations at the late stages on the crystalliza-
tion.19,20 The lower nucleation rate can give rise to the lower
nucleus density compared with the higher nucleation rate case.
The total crystallization rate can be separated into the nucleation
rate and the growth rate. The linear growth rates of the crystals
are the same at the same crystallization temperature and
concentration. But the linear crystallization rates of sample
undergoing LLPS for different periods of time should be
different due to different PEH concentration in PEH-rich
domains. The growth rates of the blends with the higher PEH
concentration are faster than the lower ones. But the nucleation
rate is the slow and “rate controlling” step in most processes.
The less hindrance of the noncrystallizable PEB component on

Figure 5. LLPS time dependence of the long period of H40 sample
isothermally crystallized at 117°C for 64 min.

LB ) L
cosφ

(1)

Figure 6. Schematic diagrams of the evolution of the lamellar crystal
microstructure, including amorphous component inclusion, lamellar
insertion, and lamellar thickening models: (A) increasing long period,
(B) decreasing long period, and (C) increasing long period.
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the PEH crystal growth fronts and the lower linear crystallization
rate can give rise to the thicker lamellae, and accordingly the
larger long periods, with narrower statistical distributions.
Percentage distributions of the local long periods shown in
Figure 7 confirm that for the short LLPS time the long period
distribution is wide due to the more rapid crystallization rate
which creates stacks with the more and nonuniform amorphous
gaps. The linear growth rates of the crystals are the same at the
same crystallization temperature and concentration. It means
that the lamellar thickness should be the same and the wide
distributions of long period are caused by the more and
nonuniform amorphous gaps. With the increasing LLPS time,
the averaged long period moves to lower values, and the long
period distribution becomes narrower due to the increases
number of lamellae in the stacks. With the further prolonged
time of LLPS, the lamellae thicken, the averaged long period
increases further, and the long period distribution becomes even
more narrow. Therefore, we can conclude that the existence of

the minimum value of long period in Figure 5 is due to the
competition between the amorphous PEB component inclusion
and the PEH lamellar thickening. The balance between the above
two mechanisms gives rise to the observed minimum long period
with the LLPS time.

The quench depth and the LLPS time are two important
factors to determine the concentration of the two phase-separated
domains and the concentration fluctuation assisted nucleation
rate which strongly affect the long period. Since the LLPS
behavior is significantly controlled by the quench depth besides
the LLPS time, we predicted that the minimum value of long
period might also exist due to the quench depth of LLPS, and
thus we further examined the influence of quench depth of LLPS
on evolution of lamellar long period of the blend. Figure 8 shows
the phase contrast optical micrographs of the H40 sample melted
at 160°C for 10 min and then isothermally annealed at 130,
135, 138, and 140°C for 6 h. The 2D FFT images are shown
as insets, which can indicate the diameters of the spinodal rings.
The bicontinuous and interconnected tubelike structure char-
acteristic of the late stages of spinodal decomposition can be
clearly seen. The sizes of interconnected tubelike structure
increase, indicating the increasing of the LLPS rate with the
decreasing temperature. The bicontinuous structure cannot be
clearly observed at 140°C due to the very low LLPS rate. The
above observation is easily understood from the decreasing
thermodynamic driving force for LLPS with the increasing
temperature.

Figure 9 shows atomic force micrographs of H40 sample
isothermally crystallized at 117°C for 64 min after annealing
at 130, 135, 138, and 140°C for 6 h. We have seen from Figure
8 that for the LLPS at temperature above 138°C the bicon-
tinuous structures become less obvious; for instance, the
continuous PEB-rich domains cannot be even observed at 140
°C. At the high LLPS temperature, the rate of LLPS is slow
due to the small thermodynamic driving force, while the
difference in the coexistent compositions at 140°C is ca. 0.26.
The slow rate of LLPS and the closeness of the coexistent
compositions together give rise to the relatively high PEB
concentrations in the PEH-rich domains. Therefore, crystalliza-
tion can occur in both the PEH-rich and PEB-rich domains
because of the relatively high PEH concentrations in both
domains compared with the case at the low LLPS temperature.

Figure 7. Percentage distribution of long period for H40 sample
isothermally crystallized at 117°C for 64 min after LLPS at 135°C
for (a) 0.5, (b) 6, and (c) 20 h.

Figure 8. Phase contrast optical micrographs of H40 sample annealing
at (a) 130, (b) 135, (c) 138, and (d) 140°C for 6 h. The scale bar in (a)
is 10 µm and is also applied to (b)-(d).
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A few small and short lamellae crystals in Figure 9c,d are, more
or less, close to that shown in Figure 4a due to the weak LLPS
at the high temperature. However, the influence of LLPS is still
more distinct in Figure 9c,d than that in Figure 4a. It is noted
that a few small and short lamellae can be observed in the PEB-
rich domains in Figure 9c,d, indicating the less complete LLPS
processes at these two temperatures of 138 and 140°C. The
amounts of the small and short lamellae are much less than
that in Figure 4a. For the temperature below 138°C, the
bicontinuous structure can be clearly observed due to the
relatively high rate of LLPS. The crystals are more clearly in
the PEH-rich domains, and the crystals formed in the PEB-rich
domains are basically absent (Figure 9a,b).

By analysis on the AFM height images in Figure 9, the
averaged long periods can be obtained. Figure 10 shows the
long periods of H40 sample isothermally crystallized at 117°C
for 64 min after LLPS at different temperatures for 6 h. As
predicted, a similar trend to that shown in Figure 5 is found.
The long period decreases at first and reaches the minimum
value at about 135°C and then increases with the increasing

temperature of LLPS. Our explanation for the above observed
phenomenon can be as follows. At above 135°C, the rate of
LLPS decreases with the increasing LLPS temperature. The slow
rate of LLPS and the closeness of the coexistent compositions
give rise to the relatively high PEB concentrations in the PEH-
rich domains. When the sample is quenched to the crystallization
temperature, nucleation for crystallization can easily happen due
to the assistance of spinodal LLPS.19,20The fast nucleation for
crystallization due to the assistance of spinodal LLPS and the
hindrance of noncrystallizable PEB component on the PEH
crystal growth fronts can give rise to the amorphous component
inclusion, which should be the major contribution to the
increasing long period with the increasing temperature at above
135°C. For the case at the temperature below 135°C, the less
hindrance of noncrystallizable PEB component on the PEH
crystal growth fronts and the lower crystallization rate can give
rise to the thicker lamellae and accordingly the larger long
periods. The whole trend in Figure 10 is similar to the effect of
LLPS time as we have discussed in the previous section. We
note that for the case of 135°C, due to the less hindrance of
the noncrystallizable PEB component, the lamellar thickening
might occur, but its effect was considered to be very minor
compared with the lamellar insertion.

Finally, we should examine the effect of crystallization
temperature on the lamellar crystal stacks and compare it with
that of pure PEH sample. Figure 11a shows long periods of
H40 sample isothermally crystallized at different temperatures
for 64 min after LLPS at 135°C for 6 h. The long period of
H40 sample decreases at first and reaches the minimum value
at about 117°C and then increases with the increasing
temperature of crystallization. Below 117°C, the higher the

Figure 9. Atomic force micrographs of H40 sample isothermally
crystallized at 117°C for 64 min after annealing at (a) 130, (b) 135,
(c) 138, and (d) 140°C for 6 h. The scale bar in (a) corresponds to 1
µm and also applies to (b)-(d).

Figure 10. LLPS temperature dependence of the long period of H40
sample isothermally crystallized at 117°C for 64 min.

Figure 11. Changes of long periods of the samples isothermally
crystallized at different temperatures for 64 min (a) H40 with LLPS at
135 °C for 6 h and (b) pure PEH.
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crystallization temperature, the slower the crystallization rate
and the higher the chain segmental mobility. Therefore, the
noncrystallizable PEB components become much easier to be
excluded out of the lamellar stacks, causing the decrease of the
long period. While at temperatures above 117°C, the long
period increases with the increasing temperature, which is more
probably due to the lamellar thickening. This thickening has
been reported in other polyolefins such as polyethylene, long-
chain alkane, and homogeneous copolymers of ethylene and
1-octene.21-23 Lamellar thickening is an inherent consequence
of chain-folding crystallization of long chain molecules. Al-
though the folding process provides the fastest mode of crystal
growth for linear polymer, it usually leaves the system in a
metastable state containing high surface energy. If the chain
possesses sufficient mobility, lamellar thickening can take place,
which lowers the total free energy. This should be the main
reason that lamellar thickening and long period increasing can
be observed at the high crystallization temperature. Figure 11b
shows the long period of pure PEH isothermally crystallized at
different temperatures for 64 min. The long period of pure PEH
only increases at the high crystallization temperatures obviously
through the lamellar thickening. It is not surprising that the
crystallization temperature dependence of the long period in pure
PEH sample does not show the minimum value as that of H40
sample, simply because of the absence of the PEB component
inclusion/exclusion into the crystal lamellar stacks.

Conclusions

We have studied the effect of LLPS on the lamellar crystal
morphology in a near-critical blend of PEH and PEB compo-
nents by using optical microscopy and atomic force microscopy.
The LLPS plays an important role on modification of the
lamellar long period of the blend. The lamellar insertion and
amorphous component exclusion models can be used to explain
the decreasing long period, while the lamellar thickening and
amorphous component inclusion models give rise to the
increasing long period of the blend. The lamellar insertion and
the lamellar thickening cause a narrow distribution of the local
lamellar long periods. The competition and balance among the
lamellar insertion, lamellar thickening, and the amorphous
component inclusion/exclusion models give rise to the minimum
long periods related to the LLPS temperature, LLPS time, and
the crystallization temperature, respectively.
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