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Summary: We use computer simulations to investigate the dissolution and phase

separation process in polymer blends. In particular, we take initial cylindrical and

spherical structures and allow them to dissolve in the one phase region. Before the

structure can completely dissolve, however, we thrust the system into the two-phase

region. Phase separation then occurs such that hierarchic structures are formed both

inside and outside the confines of the original structure. These novel hierarchic

structures can be of significant technological importance.
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Introduction

Blending polymers is an attractive way of

combining the physical characteristics of

two different polymers in a single material
[1]. However, the macroscopic properties of

polymer blends are often found to be

sensitive to their internal structure. Typi-

cally, a polymer blend is immiscible and

phase separation will result in either a

dispersed or bicontinuous morphology.

Dispersed morphology refers to droplets

of one polymer inside a matrix of the other

polymer, while bicontinuous morphology

refers to both phases interpenetrating in

such a way that they both percolate

throughout the material. However, the

internal structure of polymer blends can

be considerablymore complex, and in order

to enhance macroscopic properties it is

necessary to exhibit some control over the

microscopic morphology.

An interesting, and relatively simple,

way of influencing a polymer blend mor-

phology is to vary the thermodynamic

parameters with time [2–6]. An early exam-

ple of this technique was the work of Onuki

et al.[2,3] who investigated the competition

between phase separation and dissolution

by periodically varying the temperature

such that the system alternated between the

one- and two-phase regions. Another, more

popular, example of phase separation

under time-dependent thermodynamic

conditions involves subjecting the system

to a ‘‘double quench’’ [7–10]. Generally, this

refers to when a system is allowed to phase

separate at a shallow quench before being

thrust into a second, much deeper, quench.

Subsequent to the first quench large shallow

domains begin to form. The second quench

then causes further phase separation inside

these domains to form hierarchic structures

consisting of large domains containing

dispersed microdomains.

An alternative route to creating hier-

archic structures is to take systems with pre-

existing structure and subject them to a dis-

solution and phase separation process [4–6].

We first allow the system to partially

dissolve in the one-phase region before

thrusting it into the two-phase region. That

is, complete dissolution does not occur and

the initial structure is partially preserved.

Therefore, some history of the original

structure remains and phase separation

now occurs both outside and inside the

confines of the initial structure. It is this

complex dissolution and phase separation

process which will be the focus of this work.

In particular, we are interested in the

structures that emerge from pre-existing

cylindrical and spherical domains.

In section 2 we detail the Flory-Huggins

Cahn-Hilliard method used to elucidate the
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phase separation dynamics in polymer

blends. Results are presented in section 3

which depict the novel hierarchic structures

that can emerge from the dissolution and

phase separation process. Finally, in section

4 we summarise our investigation and draw

relevant conclusions.

Computer Simulations

Computer simulations enable us to visua-

lise the phase separation process in polymer

blends in minute detail. For example, we

can stop the simulation at any moment of

time and know exactly what the polymer

concentration and flux is at any point in

space. It is this detailed insight into the

physical mechanisms of phase separation

which makes computer simulations so

useful. Material parameters and processing

conditions can also be systematically varied

with relative ease in computer simulations,

enabling us to predict new and more inte-

resting behaviour in these complex systems.

The simulation technique we use

throughout this study is the Flory-Huggins

Cahn-Hilliard model. Three-dimensional

systems are considered of size 100�100�
100 and the systems possess periodic

boundary conditions in all three directions.

The polymer blend is described in terms of

the local concentration of polymer A, ; the

concentration of polymer B is given by

(1� f), due to incompressibility con-

straints. For simplicity, we restrict the

current study to symmetric polymer blends

in which the degree of polymerisation is the

same for both the A and B polymers,

N¼ 2000. The kinetic equation describing

the evolution of the system is given by [11–13]

@f

@t
¼ r �MðfÞr @F

@f
(1)

where M(f) represents the polymer mobi-

lity and F � Fffðr; tÞg is the free energy

functional which consists of both local and

gradient contributions [14]. The mobility of

a polymer species is assumed to be

proportional to its concentration, resulting

in a concentration dependent mobility of

the form, MðfÞ ¼ Dfð1� fÞ[15,16].

As mentioned earlier, the free energy

functional is composed of both local and

gradient contributions; the former dictates

the local entropy of mixing, while the latter

introduces a surface tension which drives

domain coarsening. The local contribution

to the free energy is taken from the Flory-

Huggins theory and is given by

FFH

kbT
¼

Z
V

f

NA
lnfþ 1� f

NB
lnð1� fÞ

þ xfð1� fÞdr (2)

where kb is the Boltzmann constant, T is the

temperature and x is the enthalpic inter-

action parameter [17,18]. The integration is

over the volume of the system.

The gradient contribution to the free

energy is given by [13,15]

FdG

kbT
¼

Z
V

1

36

l2A
f
þ l2B
1� f

� �
rfj j2dr (3)

where li is the Kuhn length of species i,

which we take to be the same for both

polymers (lA¼ lB¼ l). Substituting Equa-

tions 2 and 3 into Equation 1 results in the

following dimensionless (and appropriately

scaled) evolution equation [5,6,13]

@fðx; tÞ
@t

¼ r � fð1� fÞr

�
"

1

N xm � xsj j ln
f

1� f
� 2xf

xm � xsj j

þ 2f� 1

36f2ð1� fÞ2
ðrfÞ2 � r2f

18fð1� fÞ

#

ð4Þ
where t ¼ Dðxm � xsÞ2t=l2 represents the

dimensionless time scale and x the dimen-

sionless length scale. xm is the maximum x

value used during the simulation (the

deepest quench) and xs the value of x at

which phase separation occurs. It is straight

forward to solve equation 4 using the finite

difference method (see Glotzer [13] for

details). A time step of Dt¼ 0.02 and a

spatial discretization of Dx¼ 1/H8 are used

in the current study, although these values

were varied to ensure that the results were

not an artifact of the discretization. This

model allows us to simulate the kinetics of
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both the dissolution of the pre-existing

structure and the subsequent phase separa-

tion from the partially dissolved morphol-

ogy in a computationally efficient manner.

Results

We first turn our attention to the evolution

of a polymer blend containing a cylindrical

phase undergoing a dissolution and phase

separation process. Figure 1 shows a series

of snapshots which depict this process as a

function of time. The initial structure is a

cylindrical tube with a radius of 20 Dx and

the snapshots depict cross-sectional con-

centration profiles. Figure 1A shows the

initial cylindrical structure as a circle of A

polymer inside a matrix of B polymer.

Subsequent to dissolution, at x¼ 0.0001 for

2000 Dt, the structure is no longer well

defined (Figure 1B). Instead, the structure

has been allowed to diffuse out resulting in

a region of slightly higher concentration

with a large and diffuse interphase. Before

the structure is completely dissolved, how-

ever, the system is thrust into the two-phase

region resulting in the phase separation

process depicted in Figures 1C to 1F.

Initially, concentric rings are formed which

grow in magnitude as the system comes out

of partial solution. The outer rings become

unstable and phase separation occurs which

causes distinct domains to be formed

around the structure. Finally the inner ring

collapses to form a single column resulting

in the structure shown in Figure 1F.

A better view of this structure can be

seen in Figure 2 which shows an isosurface

plot of the same system, but at a time of

t¼ 3500 Dt. Only half of the system is

depicted for clarity and the inner column

can be clearly seen along with the outer

rings of first B polymer and then A

polymer. The central A polymer column,

in other words, is completely surrounded by

B polymer, which is itself completely

surrounded by a cylindrical shell of A

polymer. In the B polymer matrix, near to

this cylindrical hierarchic structure, the

outer ring (as shown in Figure 1C) has

become unstable and resulted in the

formation of highly elongated droplets in

the x-direction. Therefore, through the use

of a dissolution and phase separation

process we can take a simple cylindrical

geometry and create a relatively complex

morphology.
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Figure 1.

Dissolution and phase separation process. Contour slice through 3D cylindrical system at time A) t¼ 0, B)

t¼ 2000 Dt, C) t¼ 2500 Dt, D) t¼ 2600 Dt, E) t¼ 3000 Dt, and F) t¼ 4000 Dt.
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We now consider the dissolution and

phase separation process when applied to

spherical droplets. Figure 3 shows a series

of snapshots detailing the phase separation

process in a system which initially con-

tained a spherical particle; the figures

depict contour plots of the concentration

as slices through the 3D system. The

spherical droplet initially has a radius of

25 Dx and the system is allowed to dissolve

for 2 000 Dt prior to being thrust in to the

two-phase region.

Figure 3a shows the system at time

t¼ 2 500 Dt where the partially dissolved

structure has phase separated to form

concentric spheres. Subject to further phase

separation the system begins to form more

well-defined domains. Finally, themorphol-

ogy consists of the hierarchic structure

depicted in Figure 3d. There exists a small

droplet of A polymer in the centre of where

the initial droplet lay, surrounded by

spherical shells of both B polymer and A

polymer. Again, we see the formation of

droplets in the B polymer matrix, near to

this structure.

It is interesting to observe the effects of

this dissolution and phase separation pro-

cess on droplets of different sizes. Figure 4

depicts the morphologies from systems

which initially contained droplets of differ-

ent sizes (radii of 20 Dx, 25 Dx, and 30 Dx).

For the system that initially contained the

smallest droplet the resulting spherical

structure consists simply of a droplet of B

polymer encased in a shell of A polymer.

However, as the size of the initial droplet is

increased the formation of increasingly

complex concentric patterns is observed.

In particular, the third system forms a

particulate of A polymer, which contains

microdomains of B polymer, surrounded by

concentric shells of both B and A polymer.

This structure is surrounded by a random

dispersion of A polymer droplets in the B

polymer matrix.

Conclusions

We have highlighted the ability of compu-

ter simulations to investigate the formation

of hierarchic structures in polymer blends

subject to a dissolution and phase separa-

tion procedure. In particular, we emphasise

the predictive capabilities of computer

simulations by investigating the conse-

quences of dissolution and subsequent

phase separation on initial cylindrical and

spherical structures.

We find that the cylindrical system can

form a complex structure consisting of a

central column of A polymer surrounded

by rings of both B and A polymer,

respectively. This geometry curiously

resembles a biaxial cable which consists

of a central wire and shielding ‘‘mesh’’

separated by an insulating layer. One might

imagine that if the A polymer was con-

ductive, or contained conductive particles,

then this structure could serve an electronic

purpose. Furthermore, following the dis-

solution and phase separation of droplets

we observe the formation of interesting

spherically-symmetric structures. For a

relatively small initial droplet size we find

that the emergent structure consists of a

droplet of B polymer encased in a shell of A

polymer. Such micro-encapsulation of one

polymer within another can be potentially

useful in a wide range of scientific areas:

with applications ranging from drug deliv-

ery [19] to fracture mechanics [20].
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Figure 2.

Cylindrical system subject to dissolution and phase

separation process. t¼ 3500Dt. Isosurface separates

A-rich from B-rich domains, and the B domains are

transparent.
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We have, therefore, shown how using

computer simulations we can predict

potentially useful polymer blend morphol-

ogies. It is through the manipulation of

these morphologies that new and more

interesting applications for polymer blends

can be realised. We believe that future

work should further explore the formation

of these structures (along with methods of

stabilising these transient morphologies)

and seek to validate these predictions th-

rough commensurate experimental studies.
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Figure 3.

Contour slices through 3D spherical system (radius¼ 25 Dx) at time A) t¼ 2500Dt, B) t¼ 2600 Dt, C) t¼ 3000

Dt, and D) t¼ 4000 Dt.

Figure 4.

Effects of dissolution and phase separating process on spheres of sizea A) 20 Dx, B) 25 Dx, and C) 30 Dx.

Isosurfaces separate A-rich from B-rich domains, and the B domains are transparent.
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