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ABSTRACT Early and late stages of phase separation by spinodal decomposition in mixtures of polycarbonate 
(PC) and poly(methy1 methacrylate) (PMMA) were investigated by time-resolved light scattering. The 
PC/PMMA blend reveals a miscibility window reminiscent of an LCST (lower critical solution temperature) 
character. A high level of interconnectivity in the domain structure was observed in optical microscopic 
investigations. The time evolution of scattering halo was followed as a function of temperature jump (AT). 
The early stage of spinodal decomposition at low AT reasonably follows the linearized Cahn-Hilliard's theory; 
however, deviations are seen at large temperature jumps. The evolution of the maximum intensity (I,) and 
the corresponding wavenumber (qm) obey the power-law scheme ( I ,  a to and qm 0: t-*). A relation of p = 
3cu is obtained with p = 3 and LY = 1. The exponent a = 1 is exactly the value that was predicted by Siggia 
for late stages of spinodal decomposition. This is identified to be a coarsening process driven by surface tension. 

Introduction 
The field of phase separation in polymeric mixtures has 

recently gained considerable interest among material 
scientists because of its interdisciplinary n a t ~ r e . l - ~  The 
theory of phase separation by spinodal decomposition in 
critical mixtures, although having a relatively short history, 
has made a remarkable p r o g r e s ~ . ~ ? ~  Spinodal decomposi- 
tion refers to phase separation in an initially unstable 
system associated with an infinitesimal composition fluc- 
t ~ a t i o n . ~  Because of the shallow energy barrier, even the 
smallest fluctuation can grow in spinodal regime, which 
contrasts the conventional nucleation process. The process 
of nucleation is a rare occurrence associated with me- 
tastability in which the system is stable a t  infinitesimal 
concentration fluctuations but unstable at sufficiently large 
concentration fluctuations. 

The theory of spinodal decomposition was first intro- 
duced by Cahn,4 who predicted exponential growth of a 
scattering peak characteristic of phase-separated regions 
induced by periodic concentration fluctuations. Behavior 
similar to this has been found in metal alloys, glasses, and 
liquids, and recently in polymeric  mixture^.^-'^ Most 
studies found that the prediction of Cahn-Hilliard's theory 
hardly holds even a t  the early stage of phase separation. 
At a late stage, the time-dependent scattering significantly 
deviates from exponential growth but follows a power-law 
scheme."'O Newer theories have been introduced on the 
basis of a statistical thermodynamic approach, notably by 
Langer; Binder and Stauffer? Kawasaki and Ohta," and 
very recently by Furukawa.12 

Van Aartsenl7J8 extended the theory of spinodal de- 
composition to polymer mixtures by taking into consid- 
eration the Flory-Huggins free energylg in the Cahn- 
Hilliard's equations. Recently, de Gennes20 and later, 
Pincus have modified the existing Cahn-Hilliard theory 
on the basis of reptation model of polymeric chains. There 
exist a limited number of experiments in the literature 
dealing with the kinetic aspects of phase separation in 
polymeric mix tu re~ .~~-~O The most notable systems are 
polystyrene (PS)/poly(vinyl methyl ether) (PVME),22-24 
poly(methy1 methacrylate) (PMMA)/styrene acrylonitrile 
(SAN),25 low molecular weight PS/poly(methylphenyl- 
siloxane) (PMPS),27 PS/polybutadiene (PB) oligomers,28 
etc. The number of such studies continues to increase as 
can be witnessed in recent  publication^.^^,^^ 

The phase separation studies of polymeric mixtures are 
not limited to the classical light scattering technique. 
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Small angle X-ray scattering by synchrotron radiation has 
been recently applied to  PS/PB oligomers28 and 
PMMA/chlorinated polyethylene (CPE) systems.29 The 
behavior of labeled molecules during phase separation has 
been probed by neutron scattering t echn ique~ .~ lb~  The 
above techniques are complementary to each other and 
address different structural dimensions. 

We recently found a new polymer blend system, i.e. 
polycarbonate (PC)/PMMA system, which shows a mis- 
cibility window reminiscent of a lower critical solution 
temperature (LCST).33 This polymer pair was originally 
reported by others to be immiscible or a t  best partially 
m i s ~ i b l e . ~ ~ % ~  In this paper, the dynamic aspect of phase 
separation in PC/PMMA as obtained by time-resolved 
light scattering is presented. 

Experimental Section 
Various mixtures of polycarbonate (Lexan 141, M ,  z 58000, 

Mw/MN z 2.7, General Electric) and poly(methy1 methacrylate) 
(V811, M, 84000, M,/MN 2.13, Rohm and Haas Co.) were 
prepared by dissolving in a common solvent, tetrahydrofuran 
(THF). The concentration was 2 %  by weight. The blend samples 
were cast on glass slides at 47 "C in an oven. The cast films were 
very thin (about 10 pm) and transparent and scattered no light, 
characteristic of one phase structure. These films were subse- 
quently dried at 70 "C in a vacuum oven for at least 24 h and 
kept in a desiccator. 

Differential scanning calorimetry (DSC) runs were carried out 
on a Du Pont DSC 9900 at a heating rate of 20 "C/min. A Leitz 
optical microscope (Laborlux 12 POL) was used for taking mi- 
crographs. A photographic light scattering pattern was taken with 
a Polaroid instant camera (Land film holder 545). A 2-mW HeNe 
laser light source with a wavelength of 6328 A was used. Time- 
resolved light scattering scans were acquired by a two-dimensional 
Vidicon camera (Model 1252B, EG&G) coupled with an Optical 
Multichannel Analyser (OMAIII, EG & G). The details of the 
SALS set up is reported in a previous paper.% Two sets of heating 
cells were used: one was preheated to a temperature below the 
cloud point while the other was controlled at an experimental 
temperature. The temperature jump was performed by rapidly 
transferring from one to the other. A programmable temperature 
controller (Omega, Model CN2012) with an accuracy of 1 "C was 
utilized. 

Results and Discussion 
The transparent PC/PMMA blends cast from T H F  

solutions a t  an elevated temperature (47 "C) exhibit a 
pronounced single glass transition in all compositions. The 
glass transition temperatures (T,) are plotted against 
composition in Figure 1, varying ,systematically in ac- 
cordance with Fox p r e d i ~ t i o n ~ ~  for miscible blends. In the 
subsequent runs, after quenching from the melts (300 "C), 
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Figure 1. Variations of glass transition temperature ( Tg) with 
blend compositions: (a) first runs and (b) second runs. 

Figure 2. Structure of phase domains and the corresponding 
scattering halo of 40/60 (PC/PMMA) composition developed at 
261 "C. 

the intermediate blends show dual glass transitions cor- 
responding to those of pure polymers. As can be seen in 
Figure 1, both 2'8 of the second runs are well separated 
and vary slightly with composition, implying that ther- 
mally induced phase separation must occur during heating 
in the first runs. 

The occurrence of thermally induced phase separation 
was confirmed independently by optical microscopy and 
light scattering studies. Figure 2 shows a photomicrograph 
and the corresponding scattering image of the PC/PMMA 
(40/60) composition heated to 261 "C. A high level of 
interconnected domains can be discernible while the cor- 
responding scattering shows a diffused halo. The radius 
of this scattering ring collapses to smaller diameters as 
phase separation proceeds with continued heating while 
the intensity immensely increases. The development of 
interconnected domains and a diffused scattering halo are 
the familiar characteristics of spinodal decomposition. 

The phase diagram was subsequently established based 
on the cloud point determination reported earlier.33 Figure 
3 shows the cloud points versus composition plot obtained 
a t  2 "C/min. An attempt was made to determine the 
equilibrium phase separation temperature a t  zero-heating 
rate. As can be noticed from Figure 4, the heating rate 
dependence of the cloud points is a curve; thus the ex- 
trapolation to zero heating rate may be ambiguous. It 
appears that the low heating rate involves a large contri- 
bution from isothermal phase separation while such con- 
tribution may be insignificant a t  high heating rates. On 
the other hand, the cloud point determination a t  fast 
heating rates tends to show higher phase separation tem- 
peratures than that at the equilibrium state. Both PC and 
PMMA used in this study are the typical commercial 
grades; the polydispersity may affect their phase behavior. 
Due to the uncertainty of the extrapolation procedure, the 
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Figure 3. Plot of cloud point temperatures as a function of blend 
compositions at a heating rate of 2 "C/min. 
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Figure 4. Variation of cloud point temperature as a function 
of heating rate. 

equilibrium phase diagram was not established. Never- 
theless, it should be mentioned that the phase diagram in 
Figure 3 is reminiscent of an LCST. This kind of an LCST 
phase diagram was recently obtained by Chiou et  al.37 and 
Kambour et  aL3* for PC/PMMA blends. Both groups 
concluded that PC/PMMA blends are miscible over the 
whole blend composition range when prepared by appro- 
priate blending techniques. If the PC/PMMA phase di- 
agram were a true LCST system, on the basis of thermo- 
dynamic consideration, one would expect to observe the 
reappearance of the single phase upon cooling below the 
LCST. However, the DSC re-runs in Figure 1 reveal dual 
Tgs which are seemingly inconsistent with the above ex- 
pectation. One plausible reconciliation, although by no 
means conclusive, is that the biphase structure may be 
frozen-in when cooling rapidly below the Tgs of the com- 
ponents. 

In order to examine the reversibility of phase separation, 
the PC/PMMA (40/60) blend was cooled to 200 "C from 
the biphase region (256 "C) and kept isothermally for 4 
h. The system does not completely return to a single 
phase; hence, we were unable to confirm the reversibility 
of this PC/PMMA blend from turbidity measurements. 
However, in a low molecular weight PC/PMMA (50/50) 
system, we observe both isothermal phase separation and 
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a particular angle. As phase separation proceeds, this 
scattering maximum moves to lower scattering angles as- 
sociated with phase growth, while the scattered intensity 
increases immensely with phase separation time. This 
scenario is most accentuated a t  the highest temperature 
jump to 261 "C, but the movement is less distinct with 
lower T jumps. Although the general trend of phase sep- 
aration in this PC/PMMA system appears to be a none- 
quilibrium and nonlinear phenomenon, there is an ap- 
preciable time interval a t  which the peak position virtually 
remains stationary, but the intensity increases immensely. 
In this regime, phase-separated domains do not grow ap- 
preciably, but the concentration gradient a t  the interface 
merely increases. The length of time where the peak re- 
mains a t  a constant position becomes shorter with higher 
T jumps. 

This kind of linear behavior was not experimentally 
observed in many binary systems, including metal alloys, 
ceramic glasses, solution mixtures, and polymer blends. 
Hashimoto et al.23 were the first to report the existence 
of a linear regime in the SD of PS/PVME blends; however, 
it was not confirmed by others.24 Very recently, Han et 
al.40 have shown the virtual invariance of the scattering 
peak in the early stages of SD in the same PS/PVME 
blend. The present system, although predominated by the 
nonlinear behavior of phase growth, shows a possibility 
that a linear regime might persist in the early stages of 
spinodal decomposition. I t  proves worthy of testing with 
the so-called linearized Cahn-Hilliard theory in which the 
scattered intensity is predicted to increase exponentially, 
i.e. 

(1) 
where t is the phase separation time and q is the wave- 
number being equal to 47r/X sin (6/2). Here, X and 0 are 
respectively the wavelength of light and the scattering 
angle measured in the medium. The amplification factor 
R(q) which characterizes the growth behavior is further 
related by 

(2) 
where f is the local free energy, c the concentration, K the 
coefficient of composition gradient, and M the mobility. 
R(q) is a quantity that may be determined experimentally 
by using time-resolved light scattering. The amplitude of 
fluctuation has a maximum value at q = qm, where 

I(q,t) = I(q,t = 0) expWWt1 

R(q) = -Mq2(A2f/Ac2 i- 2Kq2] 

qm2 = - ( d 2 f / d C 2 ) / 4 K  (3) 

92 = -(d2f/dC2)/2K (4) 

q m 2  = q 2 / 2  (5) 

and R(q) is zero a t  q = qc, where 

or 

The inadequacy of the Cahn-Hilliard theory was first 
pointed out by Cook who modified the linear theory by 
taking into account the effect of thermal fluctuation of the 
stable solution. The modified Cahn-Hilliard-Cook theory 
is presented as 

I(q,t) = IAq) + [I(q,t = 0) - I,(q)l exp[2R(q)tI (6) 
where I,(q) is the scattering from the stable system. The 
results were further analyzed according to eq 1 by plotting 
logarithmic intensity versus phase separation time for all 
T jumps. Figure 6 shows a typical plot for the 40/60 
jumped to 261 "C. In conformity with the prediction of 
the linear theory, the intensity increases exponentially for 
some initial periods and then deviates significantly. The 
departure from the exponential growth may be associated 
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Figure 5. Time evolution of scattering profiles at various tem- 
perature jumps (AT) for the 40/60 (PC/PMMA) composition. 
The early and late periods are displayed separately. 

phase dissolution a t  210 0C.3g The phase separation pro- 
cess is completed within 30 min while the phase dissolution 
process takes about 4 h for the system to completely return 
to a transparent single phase. I t  appears that the affect 
of molecular weight and its distribution might play an 
important role because of their intimate relation with the 
viscosity and the diffusivity. Visually, the annealed film 
is completely transparent without any traces of bubbles 
or any change of color. However, the eff6ct of PMMA 
degradation cannot be ignored; in particular it may be 
severe in prolong experiments a t  elevated temperature 
above 200 "C. This will be the subject of a future paper.39 

Next, we seek to understand the kinetic aspects of phase 
separation in the PC/PMMA (40/60) composition. A 
number of temperature jump ( A T )  experiments were 
carried out with this 40/60 blend. Two heating cells were 
employed; one was used to preheat the samples at about 
200 "C for 1 min, and then the specimens were quickly 
transferred to the cell controlled a t  an experimental tem- 
perature. The time required to equilibrate a t  experimental 
temperatures varies from 10 to 40 s depending on AT. 
This time for equilibration is generally shorter than the 
actual phase separation time which is approximately over 
120 s. 

Some typical time evolution of scattering curves for the 
PC/PMMA (40/60) composition is depicted in Figure 5a-c 
for various temperature jumps. When the blend undergoes 
phase separation, a clear scattering maximum develops at 
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an enlarged scale. 
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Figure 8. Variation of diffusion coefficient as a function of 
temperature jumps. 

forward by Langer, Baron, and Miller (LBMIa who pre- 
dicted that a is equal to 0.21. Another notable theory is 
the cluster dynamics of Binder and Stauffer (BS)? in that 
the clusters aggregate and coalesce into larger domains. 
The BS theory predicts that a = and (3 = 1 with 3a = 
p. Recently, the values of a = 1 and @ = 3 have been 
proposed by Siggia13 for the late stage of spinodal who 
considered that the coarsening occurs through the perco- 
lation process in that the materials diffuse via intercon- 
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Figure 9. log-log plots of maximum wavenumber (q,) as a 
function of phase separation time ( t )  for various temperature 
jumps. 
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Figure 10. log-log plots of maximum scattered intensity (I,) 
as a function of phase separation time ( t )  for various temperature 
jumps. 

nected channels driven by surface tension. 
The time evolution data of Figure 5 are reanalyzed ac- 

cording tQ eq 8 and 9 by plotting in log-log scale as shown 
in Figures 9 and 10, respectively, for q, and I ,  versus t .  
The q, appears to be constant initially but decreases 
subsequently a t  a later time with the slope of -1. The 
corresponding plot of log I, versus log t gives a slope of 
3 for all temperature jumps. These values are exactly the 
values predicted by Siggia13 for the late stages of spinodal 
decomposition in liquid mixtures, in which the mechanism 
has been identified to be a coarsening process driven by 
surface tension. Similar observations have been recently 
made by Han et al.3s and Voigt-Martin et al.30 for PS/ 
PVME systems. The linear growth with time was first 
obtained by MacMaster26 for SAN/PMMA and later by 
Gilmer et al.2e for PS/poly(o-chlorostyrene) blends. This 
kind of fast diffUsion has been attributed to the percolation 
process and has been commonly observed in critical mix- 
tures and in some off-critical compositions with deep 
quench depths (or large T jumps in LCST). 

Since there is an appreciable period at which q, appears 
constant, the correlation length ( E )  in the single phase may 
be approximated as the initial fluctuation size of spinodal 
a t  the zero-phase separation time 

5 = l/qm(t = 0) (10) 

The scaling analysis may be undertaken with reduced 

(11) 

r = D r 2 t  (12) 

variables 
Q = 5q = q/qm 

and 
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Figure 11. Reduced plot of Q versus 7 for PC/PMMA (40/60) 
blends. 

Experimentally, rigorous determination of 5 and D seems 
generally difficult because of the rapid evolution of the 
spinodal process. The reduced variable r is 2 orders of 
magnitude smaller than the t h e o r e t i ~ a l ~ ~ ~ J ~ - ' ~  and exper- 
imental2'v4l universal curves obtained for the critical 
mixtures, suggesting that the SD process in this 40/60 
blend is a t  variance with the behavior of a critical mixture. 
Nevertheless, the reduced plot of Q versus r in Figure 11 
shows the general trend, indicating qualitatively that the 
time evolution of the fluctuation at different temperatures 
occurs according to a common mechanism. 

According to the recent studies of Han et al.40 and 
Hashimoto et al.4l on the PS/PVME system, the universal 
curve comprises the crossover of various processes such as 
Cahn's linear region, Binder and Stauffer's cluster regime, 
and Siggia's percolation regime. In the present case the 
cluster regime (a! = 1/3) is unable to be identified partly 
due to the rapid evolution of the SD process and uncer- 
tainty involved in the determination of the peak maximum 
especially a t  early times. I t  seems that the percolation 
regime predominates the phase separation in this PC/ 
PMMA system. Because of the large T jumps, it is unclear 
whether the SD in the 40/60 blend follows a critical or 
off-critical behavior. This aspect is worthy of exploration 
by testing with the new scaling law of Furukawa12 for the 
shape of the structure function. The scaling analysis on 
the late stages of spinodal decomposition in the PC/ 
PMMA blends will be reported in a separate paper.42 

Conclusion 
We found a new miscible polymer pair, i.e. the blend of 

PC and PMMA, which was originally thought to be im- 
miscible by others, The system reveals a miscibility win- 
dow reminiscent of an LCST. The general trend of phase 
separation in this PC/PMMA is basically a nonlinear 
spinodal prevailed by the percolation regime in which the 
coarsening takes place due to surface tension. However, 
it should be pointed out that there is an appreciable period 
a t  which the peak maximum remains virtually invariant 
as predicted by the linear theory of Cahn-Hilliard. 
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ABSTRACT: The binodal curve and phase separation behavior of 826 MW polystyrene (PS)/2500 MW 
polybutadiene (PB) blends have been studied by optical density measurements and fluorescence spectroscopy, 
respectively. The equilibrium compositions from the binodal curve and the Gelles-Frank two-phase model, 
which relates the composition of phases generated during spinodal decomposition to the ratio of excimer to 
monomer fluorescence intensity, IE/zM, were used to follow the time-dependent compositions of the phases 
during phase separations as well as the kinetics of phase separation. For 30 wt % and 60 wt % PS blends 
quenched at 32 O C ,  the change in ZE/ZM during phase separation was quite small, less than lo%, but nevertheless 
large enough to yield precise information. Cahn’s theory of spinodal decomposition apparently describes 
adequately a t  least the first 3 min of phase separation, and the Gelles-Frank two-phase model predicts 
quantitatively IE/IM a t  equilibrium. Fluorescence results for the 30 wt % blend indicate that equilibrium 
is achieved in about 60 min; on the basis of the composition of the PS-rich phase the phase separation is about 
90% complete in the first 13 min. From the measured growth rate of decomposition, the Cahn-Hilliard diffusion 
coefficient is estimated to be of the order cm2/s for both the 30 and 60 wt % PS/PB blends. 

Introduction 
over the past couple of decades, an increasing number 

of s tudies  have been reported on phase separation phe- 
nOmena in polymer so~utions and blends.z-30 A number 
of studiesz-i5 were reported on cloud point measurements 

for several binary high-polymer mixtures; all of these 
systems exhibited lower critical solution temperature 
(LCST) behavior. In contrast, upper critical solution 
temperature (UCST) behavior has been obtained by  cloud 
point  measurements on oligomeric or relatively low mo- 
lecular weight lsolvmeric some of these studies 
have reveZed-asGmmetry and’ bimodality of the phase 
diagrams. * Author to whom correspondence should be addressed. 
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