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ABSTRACT: We report the arrest of spinodal decomposition for thermodynamically unstable off-critical 
polymer blends. A coarsening mechanism based on the entropic barrier created for the transport of long 
chains across sharp interfaces between the phase-separated domains can explain this novel feature characteristic 
of polymer blends. The relative contributions of the enthalpic and entropic parts of the free energy of an 
inhomogeneous polymer mixture to the kinetics of phase separation are computed. For polymers the entropic 
contribution dominates and leads to the emergence of a transnodal regime. 

Introduction 

The study of phase separation in polymer blends has 
been of considerable technological importance in order to 
develop new materials to achieve specific end properties. 
The chainlike nature of macromolecules results in the small 
entropy of mixing, and polymer systems are usually 
thermodynamically immiscible. It is well-known that the 
morphological and interfacial properties of these systems 
play an important role in most of their practical appli- 
cations. The phenomenon of phase separation in polymer 
mixtures has recently attracted many experimental and 
theoretical investigations, due to the that such 
polymer mixtures belong to the same universality class as 
the small-molecule systems such as binary alloys and fluid 
mixtures and due to the ease with which the critical 
fluctuations can be probed for widely varying experimental 
parameters. It is well-known5 in small-molecule systems 
that the spinodal decomposition (SD) type of phase 
separation occurs in the unstable region where fluctuations 
grow without any barrier, while the nucleation and growth 
(NG) type of phase separation occurs in the metastable 
region because of the existence of the barrier of nucleation. 
The objective in the present study of phase separation of 
polymer mixtures is to discover possible unique charac- 
teristics originating from the presence of long-chain 
molecules. 

Consider an A-B polymer mixture, with chain lengths 
N A  = N = N B  and Kuhn lengths U A  = a = U B ,  undergoing 
phase separation by the SD mechanism. Depending upon 
the growth rates of the wavelength and the amplitude of 
concentration fluctuations, the SD process is characterized 
by three distinct time scales: early, intermediate, and late 
stages. In the early stage of SD the structure formed from 
the thermodynamically unstable state is percolated irre- 
spective of the initial composition of the mixture and is 
characteristic of the spinodal process. However, as SD 
proceeds during the intermediate stage, when the domain 
size increases and the compositions get closer to their equi- 
librium values, it is possible to realize two scenarios as in 
parts a and b of Figure 1 depending upon the relative 
volume fractions of the two phases. Figure l a  represents 
a situation where the volume fraction of the minority phase, 
say the A-rich phase, is less than the percolation threshold 
so that the domains of the A-rich phase are dispersed in 
the matrix of the B-rich phase. Figure l b  corresponds to 
a situation of comparable volume fractions of the two 
phases so that the two phases are percolating at  the 
intermediate stage of SD. 

Now consider the further evolution of the patterns shown 
in Figure 1 via the familiar Lifshitz-Slyozov type evap- 
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Figure 1. (a) Minority phase dispersed in the majority phase. 
(b) Two phases after percolation. 
oration-condensation mechanism. The growth of the A- 
rich domains occurs by the transport of A-type polymer 
chains from one location to another. We distinguish two 
mechanisms of this transport. In the first, an A-type 
polymer chain needs to be pulled out of an A-rich domain 
across the interface into the B-rich phase followed by the 
diffusion and further condensation into another A-rich 
domain. In the second mechanism polymer chains diffuse 
parallel to the interface and the structure undergoes 
continuous reorganization of interfaces so as to reduce the 
overall interfacial free energy. In this case the coarsening 
of domains occurs by the interfacial dynamics. The 
interfaces in the intermediate and late stages of SD are 
sharp enough to cause a significant loss of conformational 
entropy of polymer chains.68 Therefore, there exists an 
entropic barrier, proportional to the chain length N ,  for 
chain transport across the interface. Consequently the 
characteristic time needed for the chain transport in the 
first mechanism is porportional to 1v3 exp(Nfl where "3 
is the reptationg time and the exponential term is the 
amplitude reflecting the time needed to cross the entropic 
barrier a t  the interface. The factor f is a function of the 
concentration difference between the A-rich and the A- 
poor domains. This is to be contrasted with the second 
mechanism where the time scale is on the order of the 
reptation time W .  Since N for polymer blends is very 
large, we expect the first mechanism to be effectively 
suppressed irrespective of the intermediate patterns in 
Figure 1. The second mechanism of growth by the 
interfacial dynamics does not lead to any domain growth 
in the scenario of Figure l a  while ripening is allowed in 
Figure lb. Therefore, when the composition is such that 
the minority phase is not percolating, we expect the 
coarsening to be effectively stopped, while the coarsening 
continues if the resulting phases are percolating. Thus a 
new region is expected for polymer mixtures with a frozen 
morphology inside the unstable region, and it is associated 
with the transition from percolated to dispersed clusters 
and the dominance of the entropic contribution to the 
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interfacial free energy. We show below for polymer 
mixtures that there indeed exists a region within the SD 
regime where domain growth is arrested. 

Dynamics of Spinodal Decomposition in Polymer 
Mixtures 

The theoretical understanding of the spinodal decom- 
position process in small-molecule systems is based on the 
Cahn-Hilliard-Cook formu1ation.l" In this formulation 
the free energy of the inhomogeneous mixture &e., having 
regions of nonuniform composition) of volume V is 
described by the coarse-grained free energy functional F(4- 
(r)) given by 

(1) 

where f (4)  is the free energy density of a uniform 
composition 4 and ~(V41~ is the positive contribution to 
the free energy density from the local composition 
gradients. For small molecules the prefactor of the square 
gradient term K is given by K = xh2 where x is the interaction 
parameter between the two species in the mixture and h 
is the effective interaction length between the molecules. 
Analytical studies of this model have been reasonably 
successful in describing the early time behavior of the 
phase-separation process, but due to their linearized nature 
they are not useful in the later stagesm5 I t  is necessary to 
perform a numerical study of the continuity equation to 
explore the nonlinear behavior of the phase-separation 
kinetics a t  late time scales. Numerical studies and Monte 
Carlo simulations in critical and off-critical mixtures of 
small-molecule systems have suggested that the charac- 
teristic size of the domains shows a Lifshitz-Slyozov type 
growth law independent of the final quench temperature 
and these systems obey universal scaling laws.11-16 There 
have been various theories to predict the growth laws for 
the coarsening of the domains in the off-criticall' as well 
as criticalla mixtures, but it still remains a challenging 
problem in nonequilibrium statistical mechanics. 

The earliest attempts to study the kinetics of spinodal 
decomposition in polymer blends were due to Nishi et 
al.19 and Mcmaster.20 In both the cases the experimental 
data were analyzed using Debye's free energy functionalz1 
which was employed to describe the free energy of in- 
homogeneous polymer mixtures. This (Debye) free energy 
is similar to the Cahn-Hilliard functional in eq 1 withf(4) 
equal to the Flory-Huggins (F-H) free energy and with 
h on the order of the radius of gyration of the polymer 
chain. The prefactor of the square gradient term in this 
free energy functional is a constant term (independent of 
local composition) and has its origin in the enthalpic 
contribution to the interfacial free energy. The idea that 
the chain connectivity of polymer molecules significantly 
affects the nature of polymer-polymer interfaces was 
pioneered by Helfand7 in the early 1970s. Helfand and 
co-workers constructed a self-consistent-field theory of 
polymer-polymer interfaces by solving the segmental 
diffusion equation across the interface. They showed that 
the interfacial tension y and the interfacial thickness D 
for a symmetric polymer blend are given by 

y = (kT/a ' ) (~/6) ' /~  and D = 2 a / ( 6 ~ ) ' / ~  (2) 
where u is the Kuhn length and x is the F-H interaction 
parameter. Thus the interfacial thickness D can be on 
the order of a few Kuhn lengths, much smaller than the 
actual size of the polymer chain. Later de GennesZ2 
proposed a free energy functional to describe the free 
energy of inhomogeneous polymer blends where he argued 
that the chain connectivity of polymer molecules manifests 

F(4(r)) = Jd3r [f(@(r)) + K I V ~ ( ~ ) I ~ I  

itself in the form of an entropic contribution to the square 
gradient term in addition to the usual enthalpic contri- 
bution. He evaluated this entropic contribution within 
the framework of the random-phase approximation (RPA). 
He also argued that since the thickness of the interface is 
on the order of a few Kuhn lengths and since the interaction 
parameter for most of the polymer-polymer systems is 
typically very small (on the order of or so), the en- 
tropic contribution will override the enthalpic contribu- 
tion. Widom and Szleifera derived the prefactor of the 
square gradient term for inhomogeneous polymer solutions 
by modifying Helfand's original scheme of self-consistent- 
field calculations. They were able to show that the pre- 
factor obtained from the RPA arguments indeed stems 
from the loss of conformational entropy of polymer chains 
a t  the interface, and this in turn results in the entropic 
contribution to the interfacial free energy. Tang and 
Freed23 have rederived de Gennes free energy functional 
from the density functional theory of inhomogeneous 
polymer blends. Using de Gennes free energy functional, 
analytical studies of SD in polymer blends were carried 
out in the linear regime.22,24 Because of the mathematical 
complexity of incorporating nonlinear effects, it is very 
difficult to do analytical work describing the intermediate 
and late stages of the SD process. In the absence of 
analytical studies, numerical studies and Monte Carlo 
simulations have been found extremely useful to under- 
stand and predict the late time behavior of the SD process 
in small-molecule systems."-l6 Along the same lines 
similar techniques have been recently employed to gain 
insight into the late stage dynamics of SD in polymer 
mixtures. Monte Carlo simulations of SD in a ternary 
system consisting of two polymers and a solvent have been 
reported by Sariban and Binder.25 Chakrabarti et al.26 
have reported the numerical study of SD in a symmetric 
polymer blend in three dimensions. They have employed 
the Flory-Huggins-de Gennes (FHD) free energy func- 
tiona122 to describe the free energy of the inhomogeneous 
polymer mixture. In their study the Onsager coefficient 
was taken as constant and only the dynamics of critical 
mixtures was explored. In this paper we have included 
the composition dependence of the Onsager coefficient 
and have investigated the dynamics of critical as well as 
off-critical mixtures. 

Consider a volume element of a phase-separating 
polymer blend for which the following set of phenome- 
nological equations can be written.22 

Here the order parameter $(r,t) is the volume fraction of 
component A at position r and time t ,  and JA is the local 
current of component A. 6F(4(r))/64 is the functional 
derivative of a coarse-grained free energy functional 
F(4(r)), and A(4) is the Onsager coefficient. k g  is the 
Boltzmann constant, T i s  the absolute temperature, and 
q(r,t) is the thermal noise. 

The Onsager coefficient is in general a function of 4 and 
should be consistent with the free energy F(4)(r)). In the 
Cahn-Hilliardxook formulation it was taken as a constant 
which simplifies eq 3 as 

(4) 

where M = A/kBT and q(r,t) satisfies the fluctuation- 
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above equation which helps us to explore the kinetics of 
phase separation even at  later time scales. 

In order to facilitate comparison of the demixing 
behavior in various systems, the following rescaled vari- 
ables are usually defined so that the experimental data 
can be plotted in terms of the dimensionless quantities2~4 
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Figure 2. Spherically averaged structure factor S ( ~ , T )  vs k for 
different values of 7 calculated for the critical mixture (40 = 0.5) 
quenched to 49 O C .  The symbols are as follows: (m) T = 22 (0) 
7 = 112, (A) 7 = 225, (A) 7 3 337, (0) T = 675. 

dissipation theorem 

The role of the thermal noise in domain growth and scaling 
has been investigated earlier, and it has been shown that 
the noise has no effect on the late stage growth expo- 
nent.12J6 

For the case of symmetric polymer mixtures the free 
energy of the inhomogeneous system can be described using 
the FHD free energy functional22 (in units of kBT)  which 
is given by 

where 

f ( d ( r ) )  = ~/NMJ In 4 + (1 - 4) In (1 - 4)) + x4(1 - 4) (7) 
xis the temperature-dependent Flory-Huggins interaction 
parameter, and u is the Kuhn length. The coefficient of 
the square gradient term in eq 6 has two parts: xX2 is the 
enthalpic part where X is equal to the Kuhn length u and 
u2/36+(1 - 4) is the entropic part arising from the loss of 
conformational entropy a t  the interface and is evaluated 
within the framework of random-phase approximation. 

The Onsager coefficient consistent with the Flory-Hug- 
gins theory is given by22 A($) = ND4(1- 4) where D is the 
self-diffusion coefficient of the chain. Substituting values 
of 6F(4(r)) /6@ and A(4) in eq 3, we get the final equation 
for the evolution of the order parameter 4(r,t). 

dt 

2xa2V24 - a2 del', + - 24)u2 (V4)'] 1 (8) 
184(1 - 4) 36#~'(1- 4)2 

The noise term is not included in eq 8, as it only increases 
the number of time steps needed to obtain the asymptotic 
growth law. The exclusion of the noise term drastically 
reduces the required computer time since the repeated 
use of the random number generator is eliminated. 
Analytical studies by de GennesZ2 and later on by Binderz4 
involve linearization of the above equation and hence are 
valid only in the early time scales of the phase separation. 
We compliment these studies by numerically solving the 

x = kmor and T = Dapp(k,")2t (9) 
where k," is the wavenumber corresponding to the 
maximum in the structure factor a t  time = 0 and Dapp is 
the apparent diffusivity. k," and Dapp can be calculated 
from the linear theory. In our study, we have used the 
following rescaled variables: 

The values of x at  critical and spinodal points are given 
by xc = 2/Nand x8 = 1/(2N40(1- &,I), respectively, where 
$0 is the volume fraction of component A in the mixture. 
With these substitutions eq 8 gets rescaled as 

Results and Discussion 
In the present study, we have taken the input param- 

eters, viz., x and T,, appropriate to the symmetric system 
of polybutadienes primarily studied by Bates et al.n Thus 
by varying x one can mimic the quench procedure at  
different final temperatures. The critical temperature 
(UCST) T, is 62 "C, and the dependence of x on tem- 
perature is given by2' 

x = 0.326/T - 0.00023 (12) 

We have numerically integrated eq 11 on a simple cubic 
lattice of 323 with periodic boundary conditions using a 
time step of 0.01. The calculations reported here adopt 
a finite difference approximation for both the spatial and 
temporal derivatives. We have computed the spherically 
averaged structure factor s(k,T) and the spherically 
averaged pair correlation function G(x,T). Typical results 
of the structure factor calculation are shown in Figure 2 
where S(k,T) has been calculated in a particular run for 
the critical mixture quenched to 49 "C. For a given T the 
scattered intensity shows a maximum for a characteristic 
magnitude of the wavevector, denoted by k, and the value 
of k ,  quantifies the most dominant length scale of the 
domains for that T. We have defined a normalized 
correlation functiong(x,T) = G(x,T)/G(x,O) such thatg(x,O) 
= 1. Typical results for the normalized correlation function 
g(x,T) for different T are shown in the Figure 3. Such 
damped oscillatory behavior of g(x,T) has been found 
characteristic for the conserved order parameter sys- 
tems.11J2 The location of the first zero of the correlation 
function g(x ,T)  is used as a quantitative measure of the 
domain size, R(T). Thus the development of structure 
can be followed by looking at  the variation of R or k ,  as 
a function of the reduced time T. The details of the nu- 
merical calculations are similar to those described in the 
ref 26. 

For the critical mixture ($10 = 0.51, we have taken the 
quench temperatures of 25, 35, 49, and 54.5 "C. Our 
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Figure 3. Spherically averaged pair correlation function g(X,T) 
vs x for different values of T calculated for the critical mixture 
(40 = 0.5) quenched to 49 "C. The symbols are as follows: (w) 
7 = 22, (0) 7 = 112, (A) T = 337, (0) 7 = 675. 
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Figure 4. Time dependence of domain size R for critical (40 = 
0.5) and off-critical (40 = 0.4) mixtures. The critical mixture is 
quenched to 54.5 (O), 49 (e), and 25 (A) "C. The off-critical 
mixture is quenched to 35 (W) and 15 (A) "C. 
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Figure 5. Time dependence of k, for critical (40 = 0.5) and 
off-critical (40 = 0.4) mixtures. The critical mixture is quenched 
to 54.5 (0), 49 (O), and 25 (A) "C. The off-critical mixture is 
quenched to 35 (W) and 15 (A) "C. 

calculated results of R(T) determined through g(x,T) are 
given in Figure 4. Similarly, results for the domain size 
determined through k, are plotted in Figure 5. From 
both of these figures it is clear that for critical mixtures 
the growth law does not depend on the quench temper- 
ature. The growth law exponent calculated (for T > 100) 
from these log-log plots is given by 0.24 (*0.02). This 
result is similar to the earlier study,26 although the On- 
sager coefficient is now concentration dependent and the 
noise is left out. Our results for an off-critical mixture (40 
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Figure 6. Computer images of the evolving phases as a function 
of reduced time 71 for (a) a critical mixture, 40 = 0.5, and (b) an 
off-critical mixture, 40 = 0.4, a t  35 "C. Here the free energy 
functional has the entropic contribution to the gradient term. 
The morphology does not change for the off-critical mixture a t  
71 > 10. This is to be contrasted to the growth of the percolated 
domains which are seen to coarsen a t  the same time scales. 

= 0.4) quenched to 35 and 15 "C are also shown in Figures 
4 and 5. The phase-separated domains stop to coarsen 
after a certain characteristic time, Tf, which is clearly seen 
to depend upon the quench depth, and thus the univer- 
sality of the growth law is violated for the off-critical 
mixtures. Knowing the values of the volume fractions at  
every point on our 32 X 32 X 32 grid, we can generate 
three-dimensional images of the resulting structures a t  a 
given time during the phase separation. It is difficult to 
present the three-dimensional images, and, hence, the 
typical evolution of morphology in an arbitrary plane is 
presented in Figure 6. The X and Y sides of such a plane 
represent 32 units of the dimensionless distance which is 
defined in eq 10. We have used different shades of gray 
to represent the composition of evolving phases, where 
complete white corresponds to the volume fraction of the 
component A = 1 and complete black corresponds to the 
volume fraction of component A = 0. It is seen from Figure 
6a that the A-rich and B-rich domains are bicontinuous 
a t  all times. In Figure 6b we see a percolated structure 
a t  71 = 2 for 40 = 0.4 at  35 "C, and the pattern is similar 
to that of the critical quench. The contrast between the 
phases is weak because the phases are away from their 
final equilibrium compositions. However a t  71 = 10 the 
phases are not percolated for 40 = 0.4 and the size of the 
domains is unchanged for 71 = 10 and 200. In contrast, 
we see in Figure 6a that coarsening continues with 71 for 
the critical quench. Therefore, we conclude that a 
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Figure 7. Off-critical mixture of composition 40 = 0.4 quenched 
to three different quench temperatures; 15 (m), 30 (n), and 35 
(0) "C. The sizes of the frozen domains are smaller for shallower 
quench depths. 
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Figure 8. Domain growth arrested for the off-critical mixture 
of composition $0 = 0.45 when quenched to 50 "C (0). The same 
composition shows unarrested coarsening of domains when 
quenched to 46 "C (m). 

morphological pattern is frozen for 40 = 0.4 at  35 "C even 
though this condition belongs to the SD regime. 

The effect of quench depth on the growth of domains 
in the case of off-critical mixtures is illustrated by the 
R(T) data for $0 = 0.4 and 40 = 0.45 plotted in Figures 7 
and 8, respectively. As seen from Figure 7 we find that 
for $0 = 0.4 freezing occurs a t  all three quench temper- 
atures (15,30, and 35 "C) studied here. It is also clear that 
the freezing occurs earlier a t  shallower quench depths and 
the corresponding domain sizes are smaller. From Figure 
8 we see that the domain growth is not arrested for 40 = 
0.45 quenched to T = 46 "C but the domain growth is 
arrested when quenched to 50 "C. For these cases, the 
typical morphology in an arbitrary plane at  time 71 = 250 
is shown in Figure 9. In Figure 9a the domains of the 
minority phase are dispersed in the majority phase and 
the coarsening is stopped as is seen from Figure 8. While 
in Figure 9b it is seen that the two phases are highly 
interconnected and the coarsening of domains is not 
arrested in this case. Thus when the mixture of initial 

a 

c 
b 

C 

Figure 9. Images of the evolved domains at 71 = 250 shown for 
the off-critical composition 40 = 0.45 quenched to 50 (a), 46 (b), 
and 25 "C (c). Dispersed domains are formed in a while 
interconnected domains are formed in b and c. 

composition 40 = 0.45 is quenched to 46 "C, the volume 
fraction of the minority phase is sufficiently high so as to 
form interconnected domains and these domains coarsen, 
unlike the dispersed domains which are formed when the 
same mixture is quenched to 50 "C. From parts a-c of 
Figure 9 it is seen that the volume fraction of the minority 
phase is higher for deeper quench depths and so is the 
interconnectivity of the domains. 

The relative volume fractions of the equilibrium phases 
for a given 40 and T are obtained from the lever rule. If 
the volume fraction of the minority phase is less than the 
percolation threshold, the structure has dispersed domains 
of the minority phase in the matrix of the majority phase. 
If the dispersed domains can be formed, then they may 
not grow due to the entropic barriers for chain transport 
across sharp interfaces. Thus, for a given phase diagram 
there is a region inside the unstable region where the two 
equilibrium phases can be percolated and is associated 
with the unarrested coarsening of the domains. There is 
also a region where the domains of the minority phase will 
have dispersed clusters and is associated with the arrested 
coarsening of the phase-separated domains. The boundary 
of this region of frozen morphology inside the unstable 
region is obtained by repeating the above calculations for 
different values of 40 and T. For the system studied here 
this region is given in Figure 10 along with the binodal and 
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spinodal curves. We call this new region of frozen 
morphology the “transnodal region”.28 

While the transition from percolated to dispersed 
clusters occurs for all off-critical systems, whether small 
or large molecules, the freezing of the patterns is triggered 
only for the polymer case due to the above-discussed en- 
tropic barriers for chain transport across the interfaces. 
(Note that the significance of “off-criticality” in the present 
context is closely related to the symmetry of the phase 
diagram.) This can be directly verified by suppressing 
the entropic contribution to the interfacial free energy in 
eq 6 and repeating the calculations. In this spirit we also 
performed calculations starting with the free energy 
functional 

where f(4) is the Flory-Huggins free energy and K I V ~ ~ ~  is 
the enthalpic contribution to the free energy density from 
the local composition gradients. Now the reduced vari- 
ables are defined as 

(14) 
( x  - X8)1’2 D ( x  - X,)2t x =  r and 7 =  

X1I2X Xh2X,  

After rescaling the corresponding differential equation 
with the above variables and solving the resulting differ- 
ential equation in the same previously mentioned manner, 
we have plotted our results of the domain size, R(7), for 
40 = 0.4 and T = 35 and 40 “C in Figure 11. Clearly the 
free energy functional of eq 13 does not show freezing of 
the morphology for the off-critical mixtures a t  the same 
quench temperatures as before. A typical evolution of 
morphology in an arbitrary plane is shown in Figure 12. 
In sharp contrast to Figure 6b, Figure 12 reveals that the 
droplets of the dispersed phase grow without any freezing 
as in small-molecule systems where larger droplets can- 
nibalize smaller droplets. The only difference between 
Figures 6b and 12 is the entropic contribution to the 
interfacial free energy. The free energy functional of eq 
13 is similar to the small-molecule case in terms of a 
composition-independent prefractor of the gradient term 

0 . 0  0 . 3  0 . 4  0 . 6  0 . 8  1.0 

Volume fraction 
Figure 10. Calculated binodal (-1 and spinodal curves (- -) 
for the particular polymer blend in this study. The dotted line 
( - - - )  represents the transition from the percolated to the 
dispersed morphology based on the percolation threshold of 0.37. 
This percolation threshold is calculated based on the data points 
(shown in dark circles on this line) where the growth of the 
domains was no longer arrested. The shaded region between the 
spinodal curve and the dispersed to percolated clusters transition 
line depicts the transnodal region. 

2 =  100 

Figure 11. Time dependence of domain size R for the off-critical 
($0 = 0.4) mixture quenched to 35 (0) and 40 (0) “C. Here the 
free energy functional has only the enthalpic contribution to the 
gradient term. 

and only differs in the homogeneous free energy, which in 
the case of polymers is given by the Flory-Huggins free 
energy. The results obtained with the free energy func- 
tional of eq 13 are not surprising in view of the known 
experimental and numerical results in the phase separation 
of off-critical mixtures of small-molecule systems.l4-16 In 
eq 13 Xis the effective interaction length between polymer 
molecules. In the FHD free energy functional X is taken 
equal to the Kuhn length, a, and hence for small values 
of x,  as for the polymer blend in this study, the FHD free 
energy functional has dominance of the entropic contri- 
bution to the interfacial free energy. However, if X is on 
the order of the radius of gyration of the chain, then it is 
possible to realize a significant enthalpic contribution to 
the interfacial free energy. In fact D e b ~ e ~ ~  has obtained 
the value of X equal to Rg/6 for inhomogeneous polymer 
solutions where R, is the radius of gyration of the polymer 
chain. 

Lifshitz and Slyozov17 and later on Voorhees and Glicks- 
man29 analyzed the growth of dispersed domains and found 
that the asymptotic growth law is of the form R ( t )  - N 3 .  
In both of these analyses the volume fraction of the 
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Figure 12. Computer images of the evolving phases as a function 
of reduced time T for an off-critical mixture ($0 = 0.4) quenched 
to 35 O C .  Here the free energy functional has only the enthalpic 
contribution to the gradient term similar to the small-molecule 
case. The growth of the dispersed domains is seen to occur by 
the claesical mechanism where larger domains grow at the expense 
of smaller domains. T is defined in eq 13. 

minority phase is considered small enough so as to form 
isolated domains in the matrix of the majority phase and 
the coarsening occurs by the transport of molecules 
perpendicular to the interface. Husel* argued that when 
the volume fractions of the two phases are comparable, 
then the resulting domain structure is highly percolated 
and there exista another mode of transport which is parallel 
to the interface in addition to the transport occurring 
perpendicular to the interface. He generalized the Lif- 
shitz-Slyozov law by adding corrections on the of order 
l/R(t) to account for the transport parallel to the interface 
as 

where C3 and C2 are numerical coefficients. For dispersed 
domains C3 = 0 and C2 > 0 and we obtain the Lifshitz- 
Slyozov growth law R(t )  N N 3 .  For percolated domains, 
C3 > 0 and we obtain at  large R and t 

~ ( t )  = (C3/2C2) + (3C,t1l/~ (16) 
If the chain transport perpendicular to the interface is 
totally absent, then C2 = 0 and C3 > 0 and one obtains the 
growth law R(t) - N 4 .  Kawasaki and Sekimoto30 have 
also obtained a similar growth law by considering the 
transport parallel to the interface as the mechanism of 
coarsening. Our results of the calculations for the critical 
mixtures using the FHD functional can be fitted to the 
growth law of the form R ( t )  N tn as in Figure 4 with the 
exponent n = 0.24 ( f 0 . 0 2 ) ,  which is close to the "quarter" 
power law described before. R(T)  data for the critical 
mixture quenched to 54.5 "C are plotted as a function of 
T ~ / ~  in Figure 13. These data can be fitted to the 
generalized growth law in eq 16 with C2 = 0.018 and C3 = 
0.094 suggesting that the coarsening is dominated by the 
transport parallel to the interface. We can also fit the 
data to the generalized power law of the type R(t )  = A2 
+Bzt1l4 as shown in Figure 14. Although the quarter power 
law fit is slightly better than the one-third power law fit, 
we cannot conclusively say that the growth is described 
by any particular form of the growth law. The magnitude 
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Figure 13. R(T) data for the critical mixture quenched to 54.5 
"C plotted as a function of +I3.  
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Figure 14. R(T)  data for the critical mixture quenched to 54.5 
"C plotted as a function of 7lI4. 

of the entropic barriers in our mechanism depends on the 
concentration difference between the phase-separated 
domains (i.e., how steep the composition gradient is in the 
interface). In the early stages of the SD process when the 
interfaces are not sharp the coarsening can occur by both 
the parallel and perpendicular modes of transport. How- 
ever in the later stages, when the interfaces are sharper, 
only the transport parallel to the interface dominates. On 
the other hand, our results of the calculations for the off- 
critical mixture (40 = 0.4) using the free energy functional 
of eq 13 can be fitted to the growth law of the type R(t) 
N tn with the exponent n = 0.32 (f0.02), which is very 
close to the Lifshitz-Slyozov predictions. This free energy 
functional has no entropic contribution to the interfacial 
free energy and shows the unarrested coarsening of the 
isolated domains by the classical Lifshitz-Slyozov type 
evaporation-condensation mechanism. 

We have also analyzed our data to test the validity of 
the dynamical scaling at late time scales during the SD 
process. The scaling hypothesis states that there exists 
only one length scale dominating the dynamics in the 
scaling regime and the topology scales with time. This 
dominant length scale is the characteristic size of the 
domains, R(T) .  According to the dynamical scaling an- 
satz, there exists a time-independent function F(k,R(T)) 
such that I ( ~ , T )  = R ( T ) ~  F(k,R(T)) where I (k ,T)  is the 
scattered light intensity and d is the space dimensionality. 
We have tested the dynamical scalinglaw byplottingI(k,T) 
k m ( ~ ) ~  as a function of k / k ,  as shown in parts a-d of Figure 
15 for various compositions and quench temperatures and 
by checking if the function F(k/k,)  is independent of time. 
In each of the cases we get a time-independent scaling 
function F(k/k , ) ,  and thus we observe the validity of the 
dynamical scaling law at  late time scales in the SD process. 
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Figure 15. Z ( ~ , T )  k,(rP is plotted as a function of (klk,) on a 
log-log scale for the following cases: (a) 40 = 0.5 and T = 35 "C; 

= 0.4 and T = 35 "C. The symbols are as follows: (A) T = 225, 
(0) T = 337, (e) T = 450, (0) T = 675, (D) T = 787, (0 )  T = 900. 
The solid line shows the k4 behavior. 

Figure 15a shows the functional form of F(k/k,)  for a 
critical mixture 40 = 0.5 quenched to 35 "C. The scaling 

(b) $0 = 0.45 and T = 50 "C; (c) 40 = 0.45 and T = 25 "C; (d) 40 

function shows a weak shoulder, and it follows a k 3 e 6  power 
law for large k. The presence of a weak shoulder has been 
observed in the recent experimental and simulation 
s t u d i e ~ . ~ * ~ ? ~ ~  Similar behavior is observed for the critical 
mixture quenched to 49 and 25 "C. We have constructed 
similar plots for the off-critical mixture 40 = 0.45 quenched 
to 50 and 25 "C in parts b and c of Figure 15, respectively. 
We know that the off-critical mixture 40 = 0.45 quenched 
to 50 "C shows freezing of the morphology, and in this 
case we observe that the scaling function does not show 
a shoulder and follows a k-4 power law for large k as seen 
from Figure 15b. This is to be contrasted with the form 
of the scaling function shown in Figure 15c. In this case 
(40 = 0.45 and T = 25 "C) we have found above that the 
system has highly interconnected domains of the two 
coexisting phases and shows unarrested coarsening of the 
phase-separated domains. Here we see the emergence of 
the shoulder, and the scaling function follows a k 3 e 6  power 
law for large k. In Figure 15d we have plotted the data 
for the off-critical mixture 40 = 0.4 quenched to 35 "C 
which shows freezing of the morphology and we see 
behavior similar to that of Figure 15b. 

The observation of the scaling behavior, F(x)  - r4 
(wherex = k/k,), for large k in these numerical calculations 
is in agreement with the expected Porod's law for large k 
values. This law should appear whether the system's 
morphology is frozen or not, as observed in the present 
calculations. However, if the composition and temper- 
ature are such that the system is not in the transnodal 
regime, then the F(x)  - x* behavior characteristic of 
percolated structures32 is expected for 1 < x < 2. The 
crossover from the approximately xd behavior for 1 < x 
< 2 to r4 behavior for x > 2 is seen in parts a and c of 
Figure 15. On the other hand, xd behavior should be 
absent in the transnodal regime as observed in parta b and 
d of Figure 15. These observations offer further support 
to the phase diagram presented in Figure 10 and the 
proposed mechanism for the formation of frozen mor- 
phologies. 

Conclusions 
The major conclusions of the present study may be 

summarized as follows: 
(1) We have found anovel regime for off-critical mixtures 

of symmetric polymer blends where growth is suppressed 
although the system is thermodynamically unstable. This 
regime, called the transnodal regime, appears between the 
spinodal line and a region around the critical composition. 
We have shown that this regime originates from the 
formation of clusters of the minority phase and the en- 
tropic barrier associated with the transport of long chains 
across sharp interfaces. We have also shown that the 
percolated structure formed in the early stage of the SD 
process can undergo percolated to dispersed domain 
transitions depending upon the relative volume fractions 
of the two coexisting phases, which are decided by the 
lever rule of the phase diagram. This enables us to identify 
the boundaries of the transnodal region. The arrest of the 
coarsening of the phase-separated domains is not observed 
in the case of off-critical mixtures of small-molecule 
systems. It is therefore necessary to perform experiments 
on model blends to distinguish between the proposed 
mechanism and the high viscosity effect postulated in a 
preliminary observation32 of pinned structures. 

(2) The growth law obtained for the critical mixtures is 
independent of the quenched depth, and if fitted to the 
power law of the typeR(t) - tn,  we obtain n = 0.24 (A0.02) 
which is close to the quarter power law predicted for the 
coarsening of domains dominated by the molecular trans- 
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port parallel to the interface. The same data can also be 
fitted to the generalized Lifshitz-Slyozov law of the type 
R(t)  = A + Bt1/3.  

(3) We observe the validity of the dynamical scaling 
laws for the critical and off-critical mixtures a t  late time 
scales during the SD process. We show that the tail of the 
scaling function exhibits k-4 behavior (Porod’s law) for 
both the critical and off-critical mixtures. However, there 
is a shoulder arising from the crossover from k+ behavior 
to the behavior in the case of percolated morphologies. 
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