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Over the past decade, the behavior of phase-separat-
ing binary polymer mixtures in thin films (e1 µm) has
generated interest among both theoreticians1-7 and
experimentalists.8-17 In systems undergoing spinodal
decomposition, the preferential attraction of one com-
ponent to either or both of the surfaces of a thin film
results in a break in the normal symmetry. Rather than
isotropic percolating structures, concentration waves
normal to the surface develop, forming a laminar phase
morphology. This phenomenon has been termed “surface-
directed spinodal decomposition”. Investigations of sur-
face effects on phase separation and coarsening in thick
polymer films (.1 µm) are less common,18-20 as surface
asymmetries are expected to give way to bulk phase
separation at large distances from the surface. However,
the coatings industry has invested some effort into the
study of thick films of self-stratifying coatings, which
are complex formulations of incompatible polymers,
pigments, and solvent mixtures.21-25 Such films develop
bilayer and multilayer structures as the coatings are
dried, due to a combination of phase separation and
surface effects.

The vast majority of work on surface-directed spinodal
decomposition has been carried out using model binary
systems with well-defined one- and two-phase behavior
over a range of temperatures and compositions. In this
communication, we wish to report surprising surface-
directed phase evolution in moderately thick films of a
ternary blend containing two semicrystalline poly-
mers: namely, polypropylene (PP), polyethylene (PE),
and an ethylene-propylene copolymer (EPR), blended
at a weight ratio of PP/PE/EPR ) 81/14/5. The latter
component (EPR) serves as a compatibilizer for the
other two components, which are highly immiscible at
all temperatures and compositions.26 Such thermoplas-
tic olefin (TPO) blends have a number of industrial
applications, including plastics recycling27 and the
fabrication of automotive parts.28,29 We annealed films
(thickness ) ca. 100 µm) of the PP/PE/EPR blend above
the melting point in a stainless steel mold and found
phase-evolution behavior that bears certain similarities
to surface-directed spinodal decomposition in thin films,
including a laminar structure and evidence of hydro-
dynamic flow.

The polymers used to produce the blend were PP from
Eastman (Mw ) 164 000, Mn ) 46 900), linear low-
density PE from Dupont Canada (Mw ) 35 900, Mn )
12 200), and EPR from Bayer (E/P ) 70/30; Mw )
346 600, Mn ) 126 100). Blending was carried out by
codissolving the three components in hot m-xylene
(polymer concentration 1.1 wt %) followed by precipita-
tion into acetone.30 Prior to blending, the EPR compo-
nent had been labeled with a small amount of the dye

HY-NH2 via succinic anhydride groups on the copolymer
to provide contrast for laser scanning confocal micros-
copy (LSCFM); the copolymer in the blend is therefore
designated HY-EPR. The labeling procedure will be
detailed in a future paper.31 Precipitation of the blend
into acetone is effectively a “deep quench” into the
spinodal region of the phase diagram, although the
demixing process is rapidly frozen by crystallization of
PP and PE. To obtain 100 µm thick films of the blend,
the powder was pressed at 150 °C under 2 metric tons
for 90 s and then rapidly quenched in cold water. These
films were sandwiched between two polished, stainless
steel plates that had been previously coated with very
thin films of the paraffin oil Sunpar-120 (mold-release
agent). The plates and film were then placed in a
preheated mold and allowed to reach the equilibrium
temperature of 175 °C (above Mp of PP and PE).
Morphology evolution in the melt state was followed by
annealing the film within the mold for different times
before rapid quenching in cold water.

Cross sections of a series of blend films annealed for
different times are shown in Figure 1. The top and
bottom surfaces of the films, which were in contact with

Figure 1. LSCFM images of PP/PE/HY-EPR (81/14/5) films
for different annealing times at 175 °C (A, 0 min; B, 31 min;
C, 100 min; D, 310 min). The top and bottom surfaces of the
film, which were in contact with the mold during annealing,
are indicated “m” in the figure. The inset shows an enlarge-
ment of the region between the outer layers of high concentra-
tion after 100 min annealing. “Channels” between the layers,
which allow hydrodynamic draining of PE and HY-EPR to the
surface of the film, are visible (arrow).
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the stainless steel mold plates during annealing, are
indicated “m” in the figure. In these LSCFM images,
white regions indicate the locus of fluorescently labeled
HY-EPR within the blend. Our work on PP/PE/HY-EPR
ternary blends has shown that this EPR (E/P ) 70/30)
is partially soluble within the PE phase: as PE and HY-
EPR demix from the PP major phase, HY-EPR encap-
sulates the PE phase, penetrating the PE domains while
concentrating at the interphase.31 Therefore, along with
acting as a compatibilizer, HY-EPR serves as a “tracer”
for the PE phase in LSCFM experiments, albeit a tracer
that plays a distinct role in the kinetics of phase
separation.26,31 For this reason, we refer to the white
phase collectively as the PE/HY-EPR (minor) phase and
the black phase as the PP (major) phase.

Without any annealing (Figure 1A), the film appears
uniformly fluorescent, indicating that precipitation into
acetone and subsequent pressing led to domains too
small to be resolved at this magnification. Figure 1B
reveals a remarkable evolution in the phase morphology
after only 31 min in the melt state. A quasi-periodic, or
laminar, phase morphology is clearly visible, with
concentrated PE/HY-EPR layers at both surfaces of the
mold and alternating concentration and depletion layers
(white and black, respectively) running parallel to the
surfaces. This laminar morphology is reminiscent of
surface-driven spinodal decomposition in thin films, in
which composition waves radiate from the surface, as
a result of the competition between surface wetting and
isotropic ø-dependent thermal fluctuations.1,4,8,10 To our
knowledge, this is the first time that a laminar structure
of this type has been observed as a result of phase
evolution in such a thick film. Additional similarities
to thin-film spinodal decomposition are found when we
consider further annealing of the blend (t ) 100 min,
Figure 1C). Here, the high-concentration layers near the
surfaces have coarsened at the expense of the inner
layers, leaving a region of intermediate PE/HY-EPR
composition in the center of the film made up of small
particles of the minor phase. We find this stage of phase
evolution to resemble closely the four-layer to bilayer
transition that has been observed in thin-film surface-
directed spinodal decomposition, in which material from
an inner concentration layer is eventually transferred
to a wetting layer at the surface.16 It appears that
preferential wetting of the mold surfaces by the PE/HY-
EPR phase is a driving force in the phase evolution of
the present system. The eventual formation of a single
15-20 µm thick concentration layer of PE/HY-EPR at
each of the mold surfaces (Figure 1D, t ) 310 min)
supports this conclusion.

The mechanism of mass transport in the late stages
of surface-directed spinodal decomposition is a critical
factor in understanding phase evolution in such sys-
tems. A growing number of theoretical studies have
predicted hydrodynamic draining32 of the wetting com-
ponent toward the surface,5,6 accounting for t1-t1.5

growth of the wetting layer.10,11,15-18 This process occurs
via channels of the wetting component which penetrate
the depletion layers, allowing material to flow through
the channels.16 To date, direct experimental evidence
for the existence of these channels is rare and has been
limited to the observation of perforations in the top layer
of thin films by AFM.11,15,16 In Figure 1C (inset), we
show what we believe to be the first image of hydrody-
namic channels connecting two concentration layers and
the first evidence of hydrodynamic channels in a thick

film. It appears that draining of material through such
channels results in the evolution of phase morphology
between t ) 100 and 310 min (Figure 1, C and D,
respectively). We will presently discuss top-view images
of these films, which show a network of channels
between concentration layers after 31 min of annealing.
This observation suggests that phase evolution between
t ) 31 and 100 min is also governed by hydrodynamic
flow.

LSCFM images of the top mold surface of the blend
films after 31 and 310 min in the melt state are shown
in Figure 2. Figure 2A shows a coarse network of the
PE/HY-EPR phase along with coexisting core-shell
particles. Also visible is a fainter and much finer
network of the minor phase. A series of optical sections
taken at increasing distances from the surface (not
shown) suggest that the coarse network is not isotropic
and grows preferentially in sheets running parallel to
the surface. It therefore appears that these two-
dimensional sheets of the minor phase are responsible
for the alternating concentration and depletion layers
observed in Figure 1B. Core-shell particles are found
to be distributed isotropically within the film, both
within and between the two-dimensional sheets. From
optical sectioning at various depths, the finer network
appears to have an isotropic structure in three dimen-
sions, which suggests that it is a network of the
aforementioned hydrodynamic channels, connecting
two-dimensional sheets of the coarser network through-
out the film. After 310 min annealing (Figure 2B), the
film surface consists of a noncontinuous wetting layer
made up of large islands of PE/HY-EPR. These islands
show less connectivity in two dimensions than the
coarse network at earlier times. The fine, highly con-
nected network of channels is still visible (Figure 2B,
inset), and this extends in three dimensions throughout
the film.

Figure 2. LSCFM images of the PP/PE/HY-EPR (81/14/5) film
surface (top view) after (A) 31 min and (B) 310 min annealing
at 175 °C. After 31 min annealing (A), a coarse network of
PE/HY-EPR is shown to extend in a two-dimensional sheet
parallel to the surface. Such sheets correspond to the alternat-
ing layers of high concentration visible in Figure 1B. A much
finer network is also visible, believed to be channels through
which material flows between layers during annealing. After
310 min annealing (B), the film surface consists of large islands
of PE/HY-EPR with less connectivity than the coarse 2D
network at earlier times. The fine, highly connected network
of channels is still visible, which is shown enlarged and with
improved contrast in the inset.
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Hashimoto et al. have recently observed anisotropic
sheets of a percolating phase running parallel to the
surface in thick films of polybutadiene/polyisoprene
sandwiched between glass plates.20 (Unlike in the
present work, they did not observe alternating concen-
tration and depletion layers starting at the film sur-
faces.) These authors attributed the phenomenon to a
heterogeneous percolation-to-cluster transition (PCT) in
which the glass surfaces induce anisotropy in the phase
morphology. They proposed that the blend consists of a
3D percolating phase before the PCT, which “breaks”
in the direction normal to the surface faster than along
the parallel direction. A similar model, combined with
the idea of surface wetting, may be used to explain the
interesting evolution of morphologies in the present
thick film: During precipitation of the blend, spinodal
decomposition of the blend should occur isotropically,
forming a 3D percolating network of PE/HY-EPR that
extends throughout the thick film; prior to annealing,
the features of this network are too small to be resolved
by LSCFM. Preferential attraction of PE/HY-EPR to the
mold surfaces may then induce material flow through
the network, which competes with the isotropic break-
down of the network into clusters or particles (PCT),
causing particles and network to coexist. Within the
network, hydrodynamic flow induces anisotropic coars-
ening of the network in 2D sheets, eventually draining
these sheets into a single wetting layer at each surface.
Along with explaining the observed similarities with
surface-directed spinodal decomposition in thin films
(concentration and depletion layers, hydrodynamic flow),
this model also accounts for the important differences,
including a much coarser structure and a greater
number of layers in the present system. Such differences
may arise from the fact that, in thin films, the effect
of the surface is felt from the very early stages of
spinodal decomposition. In contrast, for the present case
of thick polyolefin films, surface anisotropy does not
come to bear until after the phase compositions have
been well established. The morphology evolution seen
in Figure 1 may therefore be more a consequence of
surface-directed coarsening than a surface effect on
demixing.

Finally, we have further demonstrated the importance
of the mold surface by annealing a film of the PP/PE/
HY-EPR blend with one surface in contact with a 15
µm film of homo-PP (Escorene 1042, Exxon) and the
other in direct contact with the mold (Figure 3). Rather
than material flow toward both surfaces (as in Figure
1D), the cross section of the film (Figure 3A) clearly
shows that PE/HY-EPR has drained away from the
lower energy PP surface (top) toward the higher energy
mold surface (bottom), forming a thick (30-40 µm)
wetting layer consisting of coarse particles. Between this
wetting layer and the PP film (inset), a PE/HY-EPR
concentration gradient is visible, as are hydrodynamic
channels extending down into the wetting layer (arrow).
A top-view of this region (Figure 3B) shows that the
channels make up a percolating network. As a result of
material flow through these channels, the concentration
of PE/HY-EPR increases gradually toward the metal
surface, followed by a sharp transition to the high-
concentration wetting layer. This transition can be
described as a space-dependent PCT, caused by a
concentration gradient extending from one surface to
the other.

In conclusion, we have demonstrated novel morphol-
ogy evolution in thick films of PP/PE/HY-EPR during
annealing, driven by preferential wetting of the mold
surface. This phenomenon bears many similarities to
surface-directed spinodal decomposition in thin films,
but with a coarser structure and a greater number of
layers. Morphology evolution by this mechanism may
have important applications in such areas as solvent-
free self-stratifying coatings and the preparation through
processing of novel anisotropic materials.
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