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H I G H L I G H T S

� Model composed of Cahn–Hilliard
and Flory-Huggins-deGennes the-
ories is solved.

� Growth is fastest in the early stage of
phase separation.

� Thickness of the wetting layer
increased with increasing tempera-
ture.

� Transition time occurs earlier with
higher surface potential.

� Spinodal wave became more visible
in the bulk as the surface potential
increased.
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a b s t r a c t

The nonlinear Cahn–Hilliard theory and the Flory-Huggins-de-Gennes theory were used to study
numerically the surface-directed phase separation phenomena of a model binary polymer blend
quenched into the unstable region of its binary symmetric upper critical solution temperature phase
diagram. Short-range surface potential within a square geometry, where one side of the binary polymer
blend is exposed to a surface with preferential attraction to one component of the blend that is under a
linear temperature gradient along the direction perpendicular to the surface, was integrated into the
model. The structure factor analysis showed a faster exponential growth at the early stage of phase
separation and a slower growth rate at the intermediate stage with a slope of 0.31 within the bulk, which
is consistent with the Lifshitz–Slyozov growth law. The investigation of surface enrichment rate at the
surface wall demonstrated faster growth rate at the early stage with the slope of 0.5. This growth rate
became slower at the intermediate stage with a slope of 0.13 near the surface. The effect of various
temperature gradient values on the surface enrichment rate with constant temperature T1* at the surface
preferentially attracting one of the polymer components and different temperature T2* at the opposite
surface, where T1*4T2*, was studied for the first time. The results showed that the thickness of the
wetting layer increased with increasing temperature differenceΔT*, whereΔT*¼T1*�T2*. The structure
factor analysis of the surface potential h1 effect on the phase separation within the bulk close to the
surface showed earlier transition time for higher values of h1. However, there was no difference observed
for transition time within the bulk at distances farther away from the surface. As the surface potential
increased, spinodal wave became more visible in the bulk and the transition time from complete wetting
to partial wetting occurred at a later time on the surface.
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1. Introduction

The surface-directed phase separation (SDPS) mechanism has
attracted much attention and has been intensively studied (Jones
et al., 1991; Krausch et al., 1994; Geoghegan et al., 1995, 2000; Brown
and Chakrabarti, 1992; Puri and Binder, 1992; Henderson and Clarke,
2005; Yan and Xie, 2006a,b). The presence of a surface may alter the
course of phase separation by spinodal decomposition in polymer
blends by breaking translational and rotational symmetry. SDPS in
polymer blends at a range of conditions could lead to a variety of
structural morphology. Therefore, it is important to understand the
phase separation behavior of polymeric materials and also the effect of
different external fields (such as surface effect and temperature
gradient) that could lead to the formation of structural anisotropy in
polymer blends and could help produce new products with enhanced
property and functionality. The adsorption of polymers onto surfaces,
whether preferred or not, has great consequences in polymer product
formation. Moreover, understanding and controlling such processes is
significant and is necessary in many technological features varying
from paper industry and paint formulation to pharmaceutical applica-
tions (Dalmoro et al., 2012; Evans andWennerstrom, 1999), biophysics
(Norde, 2003; Gray, 2004; Yaseen et al., 2008), and nanocomposite
materials (Mishra et al., 2013; Ramanathan et al., 2008).

Phase separation induced through a temperature jump (for
polymer blends with a lower critical solution temperature) or quench
(for polymer blends with an upper critical solution temperature) into
the unstable region of the phase diagram is known as thermally-
induced phase separation (TIPS). Phase separation in the TIPS met-
hod occurs via spinodal decomposition (SD); this particular process
of phase separation does not require an activation energy and pro-
ceeds spontaneously in the presence of minimal concentration
fluctuations or thermal noise (Cahn, 1965).

Phase separation of polymer blends can lead to different morphol-
ogies, such as the bi-continuous interconnected structure and the
droplet-type morphology when altering the system characteristics
such as the composition, molecular weight and structure, film thick-
ness, solvent, or changes in the exterior environment, including the
substrate, pressure, temperature, and external fields. This offers a
means to create patterns in polymeric materials by controlling the
phase separation conditions in thin polymer blend films.

The first experimental observation of surface-directed phase
separation (SDPS) via spinodal decomposition (SDPS) was reported
by Jones et al. (1991). They found that in a poly(ethylenepropylene)
and perdeuterated poly(ethylenepropylene) blend there is a pre-
ferential attraction of the latter component to the surface, and that
phase separation by spinodal decomposition occurs with a wave-
vector normal to the surface which extends for some distance into
the bulk. Since then, there have been numerous experimental
(Krausch et al., 1994; Geoghegan et al., 1995, 2000) and numerical
(Krausch et al., 1994; Henderson and Clarke, 2005; Yan and Xie,
2006a,b) work published on the SDPS of polymeric materials with
various polymers and processing conditions.

Krausch et al. (1994) studied the SDPS in a symmetric poly
(ethylenepropylene) and perdeuterated poly(ethylenepropylene) blend
with off-critical concentrations. They found experimentally that the
growth rate of the wetting layer grows slower if the minority phase
wets the surface, while the reverse is true if the majority phase wets
the surface. Furthermore, their numerical studies indicate that this
growth rate follows the t1/3 diffusive scaling law when the majority
phase wets the surface. Geoghegan et al., (1995, 2000) studied the
quench depth effect of the SDPS in a deuterated polystyrene and poly
(α-methylstyrene) blend. They found that the growth law of the
surface wetting layer follows t1/3 for the deepest quenches, while the
growth law is logarithm with time for the shallower quenches.

Brown and Chakrabarti (1992) studied numerically the SDPS in
a two-dimensional model incorporating the Cahn-Hillard-Cook

theory for spinodal decomposition and a free energy functional
composing of the Ginzburg-Landau free energy and a long range
surface interaction term. They found that the thickness of the
wetting layer varies with t1/3. Moreover, although the length scales
l(t) in the direction parallel and perpendicular to the surface are
different, they both scale as l(t)�t1/3. Puri and Binder (1992) used
the Cahn-Hilliard equation derived from a semi-infinite model
with Kawasaki spin exchange dynamics to study the SDPS. Their
numerical results confirm that there exists a concentration wave
growing with wavevector perpendicular to the surface. Henderson
and Clarke (2005) model the SDPS in a symmetric polymer blend
using a model composed of the Cahn-Hilliard-Cook theory for
phase separation and the Flory-Huggins-de Gennes free energy.
They concluded that to model the SDPS and to be capable of
replicating experimental observations, only one length scale
should be used. Yan and Xie (2006a,b) simulated the SDPS in a
polymer system by cell dynamic system. For the case of short
range potential, they found that the wetting layer grows according
to the logarithmic growth law if the noise term is absent, while it
will grow according to the Lifshitz–Slyozov 1/3 growth law if the
noise term is present. Furthermore, the length scale parallel to the
surface also obeys the Lifshitz–Slyozov 1/3 growth law as well.
They also found that the thickness of the wetting layer and degree
and speed of phase separation all increase with surface potential.

According to the authors’ knowledge of published work, the
temperature has always remained constant during the SDPS in
polymeric materials. Lee et al. (2002, 2003, 2004) and Hong and
Chan (2010) studied numerically the effect of a temperature gradient
on the thermal-induced and polymerization-induced phase separa-
tion processes in polymer solutions. The presence of a temperature
gradient during phase separation by spinodal decomposition signifi-
cantly alters the transient morphology being formed. Temperature
gradients inherently exist during the fabrication of polymeric pro-
ducts, such as in the extrusion, and injection molding and blow
molding processes. Moreover, temperature gradients may be intro-
duced deliberately in the phase separation process to strategically
achieve a graded morphology which is required in product specifica-
tions. In this present paper, we present and solve a mathematical
model composed of the Cahn-Hilliard (CH) theory for spinodal
decomposition (Cahn, 1965) and the Flory-Huggins-de Gennes (FHdG)
free energy function (deGennes, 1980; Flory, 1953). The model also
incorporates the following two external forces: (1) a surface with
short-range surface potential, and (2) a linear temperature gradient
normal to the surface. The wetting layer formation mechanisms on
the surface and morphology development and evolution are exam-
ined under different conditions. The results are presented and
discussed in the form of morphology formation and surface enrich-
ment growth rate. The effects of diffusion coefficient, quench depth,
temperature gradient and surface potential on the surface enrichment
are as well investigated.

2. Model development

This section explains the model development for the thermal-
induced SDPS method in a binary polymer blend, involving a
short-range surface potential field and an externally imposed
spatial linear temperature gradient. This model is developed using
the nonlinear CH theory for spinodal decomposition (Cahn, 1965)
and the FHdG free energy (deGennes, 1980; Flory, 1953). The CH
theory is derived using the following continuity equation:

∂c
∂t

¼ �∇U j ð1Þ

where c is the concentration of the solvent taken as volume
fraction in this paper, and j is the interdiffusional flux. The flux
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