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Morphology Development in Polymer Fibers

undergoing Solvent/Non-solvent Exchange

Pratyush Dayal, Thein Kyu*

Summary: The solvent/non-solvent interchange across the fiber surface affects the

morphology of the fiber in various ways. In this paper, simulations have been per-

formed to elucidate the diverse morphologies obtained during spinning of polymer

fibers under the presence of a non-solvent. The proposed model deals with a ternary

system derived from Cahn-Hilliard equation, alternatively known as Time Dependent

Ginzburg Landau-TDGL model B equation, involving the spatio-temporal evolution of

concentration order parameter. Depending on the coexistence region of the ternary

phase diagram, various fiber morphologies including concentric bands, internal

microfibrillar structures, and porous structures were discerned. It may be inferred

that the formation of the aforementioned diverse morphologies is a direct consequ-

ence of the initial conditions of the starting mixtures in a manner governed by the

relative rates of solvent/non-solvent exchange and the dynamics of phase separation.
Keywords: morphology; non linear thermodynamics; phase separation; ternary systems
Introduction
Solution spinning has been a preferred

methodology for the production of many

types of advanced fibrous materials[1–4]

such as gas separation membranes, high

strength high modulus fibers, and more

recently, electrospun fibers.[5–9] There are

two modes of solution spinning being

practiced: dry spinning and wet spinning.

The dry spinning technique was first em-

ployed in an effort to produce rayon fibers,

while the wet spinning was first developed

to produce acetate fibers from cellulose

triacetate. In the wet spinning process the

polymer is dissolved in a solvent and is

extruded through a spinneret which makes

the fiber to elongate. The polymer mole-

cules get stretched and oriented in the

extrusion direction. The mutual diffusion of

the solvent and the non-solvent molecules

takes place across the fiber skin to-and-fro

the surrounding fluid. Due to the complex

nature of the wet spinning process, the need

to understand is imminent and the ultimate
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control of the process remains a technolo-

gical challenge.

Recently, the electrospinning has gained

renewed interest because of its capability of

producing micro-/nano- fibers of various

shape and surface topologies. Electrospin-

ning of polymer solutions has been carried

out using various polymer concentrations

by applying a high voltage across the spin-

neret and the target.Many novel features of

the electrospun fibers have been reported in

literature that include fibers with irregular

surfaces, collapsed nanotubes, ribbons,

beads, among others. Thus, when examin-

ing the cross-sections of electrospun fibers,

the expected features include uniform

circular shapes with or without skin layers,

hollow or collapsed tubes as seen experi-

mentally. Rabolt and coworkers[10] report-

ed an interesting development of porous

fiber morphology, who electrospun the

polymer solution into humid environment.

The extent of porosity depends on many

factors one of which is the humidity in the

surrounding air. The complex mechanism

of pore formation may be attributed to

vapor induced phase separation caused by

humid environment in which the fiber is

spun. During the course of the spinning
, Weinheim



Macromol. Symp. 2007, 258, 170–178 171
process the water vapors from the air

diffuse into the polymer solution as the

solvent escapes, causing the solution to

phase separate into polymer lean and poly-

mer rich regions. As the fiber dried out, the

low polymer concentration regions appear

as voids on the surface. Although obtaining

porous materials via phase separation has

been known in the past,[11,12] elucidation of

this concept to electrospun polymer fibers is

indispensable.

In the present manuscript, a theoretical

simulation has been conducted to elucidate

the effect of solvent/non-solvent exchange

across the fiber interface boundary on the

morphology development in polymer fibers

formed by the electrospinning process.

The modeling involves non-equilibrium

thermodynamics via the nonlinear reac-

tion-diffusion equation, i.e., a combination

of Cahn-Hilliard time-evolution equa-

tion[13,14] for non-solvent transfer into the

phase separating fiber core and the Fick’s

law[15] for the solvent escape to the sur-

rounding non-solvent environment. The pro-

posed nonlinear reaction-diffusion equation

is capable of describing the spatio-temporal

development of fiber morphology.
Model Description

Let us consider a polymer fiber with a

circular cross-section which initially con-

tains a binary solution of polymer and sol-

vent. When spinning is carried out into the

non-solvent environment, there is a net

outward flux of solvent and a net inward

flux of non-solvent across the fiber boundary.

Now the system within the fiber becomes

a ternary solution containing polymer,

solvent, and non-solvent. As the non-

solvent gets into the fiber, the system

becomes unstable, with respect to concen-

tration, due to the decline in the solvent

quality, thereby resulting in phase separa-

tion. The process of liquid-liquid phase

separation of such a ternary fluid mixture

may be modeled by modifying the Flory-

Huggins- Staverman [16] (FHS) theory of

mixing (Gibbs function) to a ternary case,
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i.e.,

f ¼ f1

n
lnf1 þ f2lnf2 þ f3lnf3

þ x12f1f2 þ x13f1f3 þ x23f2f3 (1)

where, n is number of statistical segments of

the polymer, x12, x13, x23 are the FHS

interaction parameters between polymer and

solvent, polymer and non-solvent and sol-

vent and non-solvent, respectively while f1,

f2, f3 are the volume fractions of polymer,

solvent and non-solvent, respectively.

In the present case, we simplify the sys-

tem such that the solvent acts like an ather-

mal solvent to the polymer in question

(i.e.x12 ¼ 0) and also there is virtually no

interaction between solvent and non-sol-

vent or at least de-mixing does not take

place (i.e.x23 ¼ 0). In practice, these afore-

mentioned interactions between polymer/

solvent and solvent/non-solvent and poly-

mer/non-solvents must be considered to

generate diverse morphologies; however,

these simplistic assumptions may be ade-

quate for the present purpose. Setting

x13 ¼ 3:0 and n ¼ 10, a hypothetical phase

diagram is solved self-consistently by bal-

ancing the chemical potentials of each

component in each phase in conjunction

with a double tangent algorithm.
Governing Equations

This modified FHS free energy density is

then incorporated into the Cahn-Hilli-

ard[13,14] (CH) time-evolution equation,

alternatively known as Time Dependent

Ginzburg-Landau (TDGL) - model B

equation[17] by incorporating the non-local

interface gradient terms of de Gennes,

viz.,[18,19,21]

F¼
Z
V

f1

n
lnf1 þ f2lnf2 þ f3lnf3

þ x12f1f2 þ x13f1f3

þ x23f2f3 þ
1

36

X3
k¼1

a2k
fk

ðrfkÞ2

0
BBBBBB@

1
CCCCCCA
dV

(2)
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where, ak is the statistical segment lengths

of the component k and bold ‘nabla’ symbol

signifies vector operation.

According to the Cahn-Hilliard theory,

the rate of change of concentration or

polymer volume fraction, fi in time for a

binary system may be expressed in terms of

the gradient of the chemical potentials in

vector form (bold symbol), is given by,

@fi

@t
¼ r � Lr dF

dfi

(3)

in which the functional derivative is given as

d=dfi � @=@fi �r � @
�
@rfi. This descrip-

tion may be extended to a ternary system

under consideration by following the stan-

dard definition of the chemical potential[18]

as,

mk ¼ F þ
Xm
j¼1

dF

dfj

ðdkj � fjÞ (4)

where mk is the chemical potential of com-

ponent k, dkj is the Kronecker delta. Thus,

one obtains the expressions for chemical

potential differences among each phase

from Equation (4) as,

m2 � m1 ¼ ð1þ lnf2Þ �
1þ lnf1

n

þ x12ðf1 � f2Þ � x13f3 þ x23f3

þ 1

36

a21
f2
1

ðrf1Þ2 �
a22
f2
2

ðrf2Þ2
� �

þ 1

18

a21
f1

r2f1 �
a22
f2

r2f2

� �

(5)

m3 � m1 ¼ ð1þ lnf3Þ �
1þ lnf1

n
� x12f2

� x13ðf1 � f3Þ þ x23f2

þ 1

36

a21
f2
1

ðrf1Þ2 �
a23
f2
3

ðrf3Þ2
� �

þ 1

18

a21
f1

r2f1 �
a23
f3

r2f3

� �

(6)

The equation of continuity can be ex-

pressed in terms of the chemical poten-

tial differences[18] between the individual
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phases in what follows,

@f2

@t
¼r � ½L22rðm2 � m1Þ � L23rðm3 � m1Þ�

(7)

@f3

@t
¼r�½�L23rðm2�m1ÞþL33rðm3 � m1Þ�

(8)

where,

L23 ¼
L0;22L0;33

L0;11 þ L0;22 þ L0;33
;

L22 ¼
L0;22ðL0;11 þ L0;33Þ
L0;11 þ L0;22 þ L0;33

;

L33 ¼
L0;33ðL0;11 þ L0;22Þ
L0;11 þ L0;22 þ L0;33

(9)

The Onsager kinetic coefficient, L0;kk, of

component k is given by,[19,20]

L0;kkðqÞ

¼ 6Dknkfk;0

1� expð�nka
2
kq

2=6Þ
nka2kq

2
(10)

where Dk is the self-diffusion coefficient of

component k and q is the wavenumber.

Equation (7) and (8) afford the evolution of

volume fractions of solvent and non-

solvent. The volume fraction of the polymer

at a given time can be computed using the

conserved relation, viz., f1 ¼ 1� f2 � f3.

As a first approximation one can assume

that there is no phase separation at the

boundary hence the gradient of the chemi-

cal potential can be approximated to gra-

dient of the concentration. This approach is

valid so long as the phase separating system

reverts to a single phase. In our previous

papers,[22,23] we have demonstrated that the

Fick’s diffusion equation,[15] is a special

case of the Cahn-Hilliard time evolution

equations in which the system is treated in

the context of a single well-potential while

setting the interface gradient term of the

concentration field to be zero. Thus in the

absence of external flow the flux, Jk for

solvent/non-solvent interchange may be

expressed as,

J2 ¼ �a2;0rf2 (11)

J3 ¼ a3;0rf3 (12)
, Weinheim www.ms-journal.de
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where ak;0is diffusivity of component k.

Equation (11) and (12) have opposite signs

that signify the flows in the opposite direc-

tions. Since solvent escapes through the

outer surface of the fiber to the non-solvent

bath or the surrounding medium (or air)

saturated with non-solvent, but the volume

fraction of solvent in surrounding medium

is negligibly small, and thus it is taken as

zero outside the boundary of the outer skin.

Concurrently, the non-solvent diffuses into

the fiber through the interface.
Simulation Scheme

Since the CH time-evolution or TDGL-

model B equations, derived from equation

of continuity, are only valid for conserved

systems, it is necessary to modify the boun-

dary conditions by adopting a quasi steady

state assumption (QSSA) to abide by the

mass conservation law in the model-B

equations. Equation (7) and (8) were solved

numerically using a finite difference
Figure 1.

Ternary phase diagram of a polymer (1), solvent (2) and

x12 ¼ x23 ¼ 0 and x13 ¼ 3:0. The solid gray line repre

represents the binodal curves. Points A, B and C repres

non-solvent mixture.
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method employing a second-order central

difference scheme in space and a first-

order forward difference in time using

Equation (11) and (12) as boundary condi-

tions. Initially the system has a circular

cross-section with a particular radius and

the boundaries are updated at every time

step. The simulation was performed in

Eulerian space in dimensionless units using

a cylindrical grid of 256� 128� 32. The

initial distribution of polymer in the system

was considered homogeneous, but the con-

centration fluctuation was introduced by

thermal noise that obeys the fluctuation-

dissipation theorem.
Results and Discussion

Figure 1 depicts a theoretical phase dia-

gram of a ternary system consisting of

polymer, solvent, and non-solvent where

the dark thick line represents the binodal

curve and the thin line signifies the spinodal

line. The gap between the spinodal and the
non-solvent (3) system. The interaction parameters

sents the spinodal curve while the solid black line

ent the initial concentration of the polymer/solvent/

, Weinheim www.ms-journal.de
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binodal curves is known as the metastable

region whereas the envelope under the

spinodal curve represents the unstable

region. The actual phase diagram of a ter-

nary system would be a three-dimensional
Figure 2.

Formation of concentration bands for a system represent

shows not only the single phase structure in the core of

result of solvent loss from its surface. (b) Cross-sec

oscillations at the surface which decrease in amplitu

f1 ¼ 0:30, f2 ¼ 0:65, f3 ¼ 0:05, a2;0

�
L23 ¼ �1:0, and
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surface, but only the slice of such a phase

diagram at a given temperature is shown in

Figure 1. It should be noted that more

complicated ternary phase diagrams do

exist in the literature (for e.g. see ref [24]);
ed by point A in the phase diagram. (a) Time sequence

the fiber but also shrinkage in volume of the fiber as a

tional profile of the polymer concentration shows

de towards the core. The parameters utilized were:

a3;0

�
L23 ¼ 0:0.

, Weinheim www.ms-journal.de
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Figure 3.

Spatio-temporal evolution of polymer concentration showing a smooth fiber surface with bi-continuous core.

The starting concentrations, denoted by point B in the phase diagram, ensure that the system is in the unstable

two-phase region, initially. The surface concentration is driven into the single phase region of the phase diagram

by virtue of solvent loss, resulting in a smooth fiber surface while the interconnected structure persists in the

core as a result of spinodal decomposition. The parameters utilized were: f1 ¼ 0:20, f2 ¼ 0:50, f3 ¼ 0:30,

a2;0

�
L23 ¼ �0:1, and a3;0

�
L23 ¼ 0:001. The change in the volume of the fiber is also noticeable.
however, we shall consider the simplest

form as described below.

The volume fractions of the starting

mixture are represented by points A, B and

C. To mimic the spatio-temporal evolution

of phase separated domains, we carried out

the numerical simulation of the CH equa-

tions for the ternary polymer/solvent/

non-solvent system using the following

parameters[25]: L0;11 ¼ 10�10m2
�
s for poly-

mer, L0;22 ¼ 10�9m2
�
s for solvent, and

L0;33 ¼ 10�9m2
�
s for non-solvent. More-

over, the correlation distances of polymer,

solvent, and non-solvent were considered

to be the same for simplicity with the value

of ak ¼ 10�7m. It is adequate to simulta-

neously solve Equation (7) and (8), because

only two of the three parameters are

independent, i.e., f1 þ f2 þ f3 ¼ 1.

Figure 2 exhibits the time sequence

for the formation of concentration bands

represented by the cross-sectional profile

of the polymer volume fraction. The initial

conditions, viz., f1 ¼ 0:30, f2 ¼ 0:65,

f3 ¼ 0:05 with a2;0

�
L23 ¼ �1:0 and
Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA
a3;0

�
L23 ¼ 0:0, correspond to point A in

Figure 1. Initially the system is in the

one-phase stable region. With the progres-

sion of time, the average concentration of

the non-solvent increases that pushes the

system into the unstable two-phase region.

The outward flux of the solvent generates a

solitary kink wave in the concentration field

and the concentration at the boundary

moves into the unstable region. The wave

front thus generated propagates towards

the center of the fiber via diffusion. In the

unstable region, the system attempts to

stabilize by approaching towards the equi-

librium (binodal lines) compositions. How-

ever, when the instability exceeds a certain

threshold value, the front wave transforms

into an oscillatory wave, thereby revealing

multiple concentration bands (Figure 2b).

The wavelength (or periodicity) and

velocity of such waves may be estimated

according to the selection rules through the

dispersion relationship as described else-

where.[27,28] The diameter of the fiber also

gets shrunk due to the net solvent loss
, Weinheim www.ms-journal.de
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resulting from the difference in the rates

of solvent/non-solvent exchange. It should

be pointed out that the formation of

such banded texture is well documented

in polymer liquid crystals[26,27] and biolo-

gical systems.[29]
Figure 4.

Formation of porous fiber as a result of phase separat

correspond to point Cof the phase diagram. (a) Time seq

surface morphology, resulting from phase separation, a

region. (b) Cross-sectional profile of polymer concentra

surface. The parameters utilized were: f1 ¼ 0:30

a3;0

�
L23 ¼ 0:001.
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We shall now examine the system

corresponding to the initial volume frac-

tions at point B (f1 ¼ 0:20, f2 ¼ 0:50,

f3 ¼ 0:30) as depicted in Figure 1 having

different solvent (a2;0

�
L23 ¼ �0:01) and

non-solvent (a3;0

�
L23 ¼ 0:001) diffusivities.
ion at the fiber surface. The starting concentrations

uence reveals the volume shrinkage as well as porous

s the system is pushed into the unstable two-phase

tion shows amplification of the thermal noise at the

, f2 ¼ 0:60, f3 ¼ 0:01, a2;0

�
L23 ¼ �0:01, and

, Weinheim www.ms-journal.de
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Figure 3 shows the spatio-temporal

evolution of the fiber structure, exhibiting

the smooth fiber surface with the micro-

fibrillar structure in the core. Since, the

outward-flow of the solvent is an order of

magnitude larger than the inward-flow of

the non-solvent, and hence, the concentra-

tion of the polymer at the surface is pushed

into the stable one-phase region thus sup-

pressing the phase separation at the fiber

surface. Moreover, the solvent/non-solvent

exchange across the fiber surface does not

significantly affect the fiber core structure

showing a bi-continuous structure which in

turn suggests, although by no means a

proof, the occurrence of phase separation

through the SD mechanism. This bi-conti-

nuous morphology is akin to the micro-

fibrillar texture obtained by Dayal et al.[23]

for a binary system.

In order to obtain porous fiber, it is

necessary to change the initial conditions of

the simulation and also the relative rates of

solvent/non-solvent exchange to ensure the

polymer concentration at the surface

does not exit to the single phase region

during the time period of simulation.

Point C in Figure 1 corresponds to such

a condition in which the parameters utili-

zed were: f1 ¼ 0:20, f2 ¼ 0:60, f3 ¼ 0:10,

a2;0

�
L23 ¼ �0:1 and a3;0

�
L23 ¼ 0:001.

Figure 4a illustrates the snapshots of

evolved morphology in which the reduction

in the fiber diameter is due to the net loss of

the solvent. It can be noticed that the

system is in the metastable region initially.

With the time progression, the interface of

polymer/non-solvent propagates into the

unstable two phase region. At a later time,

the formation of pores on the fiber surface

can be discerned clearly (Figure 4a). As

evident in Figure 4b, the core of the fiber

also gets rougher as the phase separating

front advances inward. The thickness of the

skin depends on the relative rates of sol-

vent/non-solvent exchange. Unlike the pre-

vious case of the undulated structures in

Figure 2, the concentration profiles at the

outer surface are irregular due to the por-

ous nature of the fiber surface which is more

pronounced relative to the core. These
Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA
findings are in good agreement with the

findings of Casper and coworkers[10] that

explains the ingress of the non-solvent from

the surface of the fiber causing the liquid-

liquid phase separation thereby resulting in

porous appearance.
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