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SYNOPSIS 

An analysis of the dynamics of phase inversion based on mathematical modeling and in 
situ experimental observations is presented. Calculations based on ternary diffusion models 
illustrate the effects of casting film composition, evaporation time, and film thickness on 
the precipitation time and resulting polymer film profiles, which correlate with observed 
final morphologies. An experimental method based on the use of dark ground optics, interface 
visualization, and reflected light illumination is used for in situ monitoring of the mass 
transfer and phase separation dynamics during the quench step. Observations on the systems 
water-dimethylsulfoxide-cellulose acetate and water-dioxane-cellulose acetate show regions 
in the films corresponding to gel formation and growth, instabilities associated with finger 
formation, and homogeneous ternary diffusion. Data for the kinetics of the diffusion and 
gel front motions show that both propagate as the square root of time with rates dependent 
on the bath-film compositions. Examples of interface structures characteristic of deep 
quenching and nucleated droplet growth are also shown. Semiquantitative analyses in terms 
of the ternary models developed earlier and a phenomenological model for diffusion in the 
growing gel are used to explain the trends seen. 0 1992 John Wiley & Sons, Inc. 

INTRODUCTION 

Quantitative analysis of the evaporation and quench 
periods is essential for understanding the morphol- 
ogy development that takes place during phase in- 
version. Such knowledge has direct application in 
the processing of asymmetric membranes, however, 
the scientific and technological base extends to a 
number of other important polymer processes such 
as wet spinning, gel spinning, and so-called phase 
separation spinning.' 

In the last few years, significant progress has been 
made in the mathematical modeling of phase inver- 
sion through application of ternary diffusion theory 
to the quench and, more recently, the com- 
bined evaporation and quench steps.5 As a result, 
we now have the ability to calculate the dynamics 
of the process prior to phase separation in terms of 
measurable transport and thermodynamic param- 
eters. Quantities such as composition paths, precip- 
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itation times, and associated concentration profiles 
in the polymer film can be correlated directly with 
morphologies that have been observed under a wide 
range of processing  condition^.^ Observations con- 
cerning phase separation phenomena in the struc- 
turing, as well as the role of spinodal decomposition 
and nucleation and growth mechanisms can now be 
put on a more firm, quantitative basis for compar- 
ison to processing conditions.6 

On the other hand, since most experimental 
studies have been confined to observations of formed 
morphologies, inferences concerning the dynamics 
of the structure formation have been largely quali- 
tative. With the exception of a few early observa- 
t i o n ~ , ~  in situ measurements of the mass transfer 
and phase separation have been lacking. In our lab- 
oratory, we have developed methods based on dark 
ground optics, reflected light illumination, and in- 
terface visualization, in combination with video im- 
age processing, to monitor the mass transfer and 
phase separation processes that take place in poly- 
mer films during the quench period. The purpose of 
this work is to present significant new results from 
our film quenching studies along with a discussion 
of their implications for understanding and modeling 
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the dynamics of the phase inversion process. A com- 
panion article reports observations of the bath-side 
transfer processes? We begin with a brief review of 
some pertinent modeling results. 

COMPREHENSIVE MODEL FOR 
PHASE INVERSION 

A schematic of the one-dimensional geometry used 
for modeling the casting system is shown in Figure 
1. For the evaporation step the surrounding medium 
is air, and, for the quench step, it is the coagulation 
bath. The model assumes constant partial specific 
volume, Fickian diffusion, equilibrium at the air- 
film or bath-film interface, and ideal gas behavior 
in the vapor phase. The ternary thermodynamics is 
based on modified Flory-Huggins theory with con- 
centration-dependent interaction parameters. 
Complete descriptions of the binary diffusion equa- 
tion formalism used in the evaporation stepg and 
the combined film-side, ternary, and bath-side bi- 
nary diffusion equations for the quench period,' 
along with discussions of the associated parameters, 
are given in the noted references. 

Generally speaking, parameters related to the 
initial film dimensions, vapor concentration, and 
mass transfer in the casting atmosphere are impor- 
tant for the evaporation period, while those asso- 
ciated with the initial film and bath compositions 
are of importance in the quench period. For a given 
set of conditions, one is interested in the time at 
which a concentration path on the phase diagram 
first crosses the liquid miscibility gap ( instantaneous 
vs. delayed precipitation) and the associated poly- 
mer profile in the film at  the precipitation time. Key 
predictions from these profiles include film shrink- 
age (related to the film thickness), skin surface 
density (related to the polymer interface concen- 
tration), skin thickness (the appropriate thickness 

Surrounding medium 
z=L __-------- 
z=l(t) 

Casting film 

Substrate side 
7- z=o 

Figure 1 Schematic of phase inversion model geometry. 
Initial film interface is at  L; 1 (  t )  is the medium-film in- 
terface position at  time t .  
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Figure 2 Calculated cellulose acetate volume fraction 
profiles (component 3 )  in polymer films at  the point of 
precipitation (precipitation time noted in parentheses) 
for various nonsolvent ( 1 ) (water) -solvent ( 2 ) ( acetone) 
initial compositions in quenched films. Profiles ( a )  and 
(b)  correspond to delayed precipitation; profile (c) is rapid 
precipitation. In each case the initial cast film thickness 
is 200 pm. 

of the high polymer concentration region near the 
interface), and sublayer structure (the polymer bulk 
concentration profile). 

Water-acetone-cellulose acetate is a membrane- 
forming system for which all model parameters as- 
sociated with the evaporation and quench steps can 
be evaluated from literature data. Details are given 
in our earlier s t u d i e ~ . ~ ~ ' ~ ~  Since diffusion coefficients 
can vary by more than two orders of magnitude 
throughout the diffusion domain, accounting for 
composition dependence is important. The four ter- 
nary diffusion coefficients are evaluated through the 
composition dependencies of the three interaction 
parameters, gil, and the three independent friction 
coefficients, Ci,'s, as well as free volume parameters 
associated with the self-diffusion coefficients based 
on limiting binary pairs. Two examples of interest 
for illustration are the effect of the nonsolvent-sol- 
vent ratio in the cast film in the absence of evapo- 
ration and the effect of cast film thickness in the 
presence of an evaporation period. 

Figure 2 shows that the addition of nonsolvent 
to the casting solution eventually induces a transi- 
tion in the dynamics from delayed to rapid precip- 
itation. The uniformity of the profiles corresponding 
to delayed precipitation [ i.e., ( a )  and ( b ) ]  , should 
result in phase separation throughout the bulk of 
the film leading to similar sponge-type morphologies. 
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The increase in initial nonsolvent concentration 
under these conditions also leads to increased film 
shrinkage due to decreases in the nonsolvent inflow 
rate. Profile (c )  , on the other hand, corresponds to 
rapid precipitation and indicates the likelihood of 
fingering instability. As a result of the steep gradient 
near the interface, formation of a very thin skin 
would be expected. Such a skin would be susceptible 
to rupture leading to rapid growth of nonsolvent 
“fingers” in the relatively low viscosity (low polymer 
concentration) bulk beneath. The predictions of 
these calculations correspond with scanning electron 
microscopy ( SEM) observations reported by 
Reuvers lo for the same system, thus demonstrating 
the utility of the model as a means for correlating 
membrane structure formation with casting condi- 
tions. 

Calculations5 show that property changes with 
film thickness will be significant in the presence of 
an evaporation step. Figure 3 shows an example that 
illustrates that, for a constant evaporation time (20 
s), decreases in the casting film thickness lead to 
an increase in the skin density, sublayer asymmetric 
porous structure, and film shrinkage, and a simul- 
taneous decrease in the skin thickness. Each of these 
profiles corresponds to precipitation times in excess 
of 10 s (i.e., delayed precipitation). High interface 
concentration, steep gradients near the interface, 
and more importantly, high polymer concentrations 
underneath the skin area, should lead to a corre- 
sponding increase in resistance to the instabilities 
leading to finger structure formation.” Thus through 
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Figure 4 Diffusion cell consisting of aluminum chamber 
(B)  , optical glass chamber (C ) , frame ( A ) ,  pressure block 
( H )  , and separating plate ( F )  . Cavity ( E )  is filled with 
denser solution and block ( G )  aligns chamber cavities (D)  
and ( E )  prior to removal of the separating plate. 

a combination of decreased initial film thickness and 
an appropriate evaporation step, both selectivity and 
permeability of the resulting membrane can be im- 
proved. One also finds that final membrane structure 
is quite sensitive to the evaporation time with sig- 
nificant membrane property changes expected as a 
result of a 20-s evaporation period. 

EXPERIMENTAL 

Materials 

Polymer solutions were prepared using cellulose ac- 
etate (CA-398-3, Eastman Kodak) having an av- 
erage molecular weight, M,, = 30,000 and an average 
acetyl content of 39.8%. Reagent-grade dimethyl 
sulfoxide and dioxane (Fisher Scientific) were used 
as solvents. The nonsolvent was deionized, distilled 
water. 

Diffusion Cell 

The relevant quantities one wishes to monitor in 
the polymer film during the quench period include: 
diffusion front motion, film-bath interface motion, 
precipitation time, gelation front motion, and struc- 
ture formation in the two-phase region. Complica- 
tions in the diffusion cell design arise from the large 
initial viscosity differences and concentration gra- 
dients in the contacting phases along with poten- 
tially rapid phase separation. Figure 4 shows a sche- 
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matic of the modified Lamm optical diffusion cell" 
that is used. The upper chamber ( B )  is made of 
aluminum and the lower chamber ( C )  , in which dif- 
fusion is monitored, is made of optical quality fused 
silica (Hellma Cells Inc.) . Both chambers are held 
together by the aluminum frame ( A )  and Teflon 
pressure block ( H ) .  The separating plate ( F )  is a 
0.002-in.-thick, metal foil that is lubricated around 
the perimeter with a thin layer of vacuum grease to 
ensure leakage-proof operation. The lower cavity 
( E )  is filled with denser solution and the upper cav- 
ity ( D )  is aligned using the pressure block ( G )  and 
filled with the less dense solution. Interfacial contact 
is achieved by removal of the separating plate using 
a motor-driven device. 

In the case of membrane formation, additional 
experimental difficulties are related to the speed of 
the exchange process and the size scales of the re- 
gions one would like to probe. Fortunately, problems 
associated with the size and time scales are alleviated 
by an important characteristic of the diffusion pro- 
cess as indicated in our model  equation^,^ namely, 
that all measurable quantities scale with the initial 
film thickness, L.  In particular, precipitation time 
and mass transfer rate are proportional to L2 and 
1/L,  respectively. In addition, skin thickness and 
pore dimensions increase with increasing film 
thickness and film concentration profiles scale di- 
rectly with L.  Thus, the transport dynamics and 
related morphology development can be monitored 
using millimeter thick films. By appropriate scaling, 
such data can be applied to describe the behavior in 
films on the order of microns. 

Optics 

Figure 5 shows a schematic of the optical system. 
The objective lens, pinhole aperture, and collimating 
lens produce an expanded, noiseless beam of uniform 
intensity. Changes in the solution refractive index, 
n ( Y ,  t )  , induce a retardance, 6 ,  in the light passing 
through the cell given by l3 : 

2aw[n(Y, t )  - n R ]  

x ( 1 )  d(Y, t )  = 

where Y is the position in the lower solution relative 
to the initial interface, w is the cell thickness (4  
mm), A is the wavelength of light (632.8 nm) and 
the reference refractive index, nR, is that of the ini- 
tially uniform composition in the lower solution. The 
diffraction image of the phase-modulated beam 
emerging from the cell is filtered on the back focal 
plane of the transform lens with a circular stop to 

video 
camera 

1 p - f i b e r  optics (b) 

-1- pinhole -0- fiber optics (a) 

Figure 5 Schematic of optics for study of film transfer 
processes. The fiber optics (a )  and (b)  are used for inter- 
face visualization and reflected light illumination, respec- 
tively. 

remove the unrefracted light image from the pinhole 
aperture. The stop is a 150-pm-diameter chromium 
disc that is evaporated onto a glass plate using a 
photolithographic te~hnique.'~ The resultant filtered 
image is focused through the camera for recording 
of the fringe pattern superimposed on the cell. 
Proper adjustment of the stop position relative to 
the pinhole image is generally necessary in order to 
ensure that all of the refracted beam is included in 
the filtered diffraction pattern. Under such condi- 
tions, the relationship between the phase shift and 
fringe pattern intensity will be given by l5 

where C is a constant associated with the optical 
elements. 

From the dark ground image one can observe the 
refractive index distribution near the diffusion front 
and, depending on conditions, also distinguish finger 
formation from sponge formation. By simulta- 
neously monitoring the reflected light image, the 
motion of the precipitation (gelation) front can also 
be followed. Finally, from image analysis of the 
transmitted light pattern, one can monitor precip- 
itation time, the interface phase separation mech- 
anism and membrane porosity. Morphological ob- 
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servations can be correlated with direct optical mi- 
croscopy of the gel phase that is extracted from the 
diffusion cell a t  various points in the process. 

Reproducibility and accuracy of the diffusion cell 
and optics have been established through measure- 
ment of binary diffusion coefficients following a 
technique described elsewhere.I6 In all cases agree- 
ment with literature results was good, assuring the 
reliability of the design. 

RESULTS 

Dark Ground Optics and Reflected 
light Illumination 

The combined dark ground and reflected light im- 
ages give important qualitative and quantitative in- 
formation on the diffusion and phase separation ki- 
netics during the quench period. Figure 6 shows an 
example of a quench in which gelation, finger for- 

mation, and homogeneous diffusion appear simul- 
taneously. In this case the initial polymer solution 
was 10 vol % cellulose acetate (CA)  in dimethyl 
sulfoxide (DMSO) , and the contacting solution was 
pure water. Under these conditions, the precipitation 
is essentially instantaneous ( i.e., rapid precipita- 
tion). The top, milky area is reflected light from a 
propagating opaque region that extends from the 
initial film-bath interface to the position Ygel. Close 
examination of video images show the presence of 
vertical columns in the bulk of this region. These 
columns correspond to finger cavities seen in optical 
microscopy of the solid gel extracted from the cell 
a t  various points in the process. In addition, the 
overall thickness of the milky region corresponds 
exactly to that of the extracted solid. We thus as- 
sociate the reflected light with the region of solid 
gel. The dark area directly beneath the gel front is 
a fluid single-phase or two-phase region in the film 
where gradients are sufficiently large to refract light 
beyond the camera lens aperture. The bright band 

Figure 6 Combined dark ground and reflected light images of 10 vol % CA/DMSO film 
( L  = 3.02 mm) quenched in pure water. Five regions are seen: ( A )  gel (milky region on 
top), (B)  dark band (camera lens aperture limit), (C)  bright band with striations, ( D )  
homogeneous diffusion fringe pattern, and ( E )  dark region (corresponding to initial ho- 
mogeneous solution). 
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I 
immediately below this area indicates the beginning 
of the dark ground pattern. Regions of striations in 
the upper part of the pattern in this area correspond 
to finger cavities in the solid gel. The uniform fringe 
pattern beneath the striations is due to refractive 
index changes generated by the homogeneous ter- 
nary diffusion where Yl , Y2,  and Y3 represent the 
positions of the first-, second-, and third-order fringe 
intensity minima. Finally, the bottom, dark area 
represents the uniform concentration portion of the 
film into which the diffusion front has yet to prop- 
agate. 

Quantitative data for the dynamics of the ho- 
mogeneous diffusion and gel front motions of Figure 
6 are shown in Figure 7. The top three data sets 
show that all three fringe minima propagate as 
the square root of time. Precise location of the min- 
imum position within a given fringe was determined 
using video imaging methodology described else- 
where.17 The accuracy of location of a minimum is 
kO.01 mm with this method and the time accuracy 
is +0.05 s. The gel front is also seen to move with a 
square root of time dependence up to about 60% of 
the film thickness, after which it accelerates due to 
the finite film thickness. Figures 8 and 9 show the 
effects of increasing the initial polymer concentra- 
tion in the film and initial solvent concentration in 
the water bath, respectively. In both cases, the 
square root of time dependence is maintained, how- 
ever, the slope decreases with increases in either 
polymer or solvent concentration. As seen in Figure 
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Figure 7 
and gel front under conditions of Figure 6. 
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Figure 8 Time-dependent motions of first-order dif- 
fusion fringes (dashed lines) and gel front (solid lines) 
in CA/DMSO films as a function of initial polymer con- 
centration for pure water quench. 

10, the velocity of the gelation front also decreases 
as solvent changes from DMSO to dioxane (i.e., de- 
creasing solubility gap in ternary phase diagram). 

Figure 11 shows the appearance of the film regions 
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Figure 9 Time-dependent motions of first-order dif- 
fusion fringes (dashed lines) and gel front (solid lines) 
as a function of initial solvent concentration in quench 
bath for 10 vol % CA/DMSO films. 



DYNAMICS OF THE PHASE INVERSION PROCESS 2017 

2.0 

1.5 

h 
cu 
E 

N- 
5 1.0 

>” 

0.5 

0 

I I 

0 CA-DMSO-H 20 
0 CA-Dioxane-H 20 

5 10 
t(min) 

Figure 10 Comparison of gel front motion for CA- 
DMSO-water and CA-dioxane-water systems. Initial 
polymer concentrations in both cases was 10 vol % in 
solvent quenched in pure water. 

under quench conditions associated with finger for- 
mation (rapid precipitation) [ Fig. ( a )  ] and spongy 
structure formation (delayed precipitation) [Fig. 
(b) ] .  In the latter case the diffusion and gel front 
motions are seen to be more uniform. In addition, 

both the gel phase and dark ground interface regions 
show a lack of striations. Figure 11 also demon- 
strates that the delayed precipitation film undergoes 
greater shrinkage, a result that is in agreement with 
our model predictions (see Fig. 2) .  

Figure 12 illustrates the effect of initial film 
thickness on the motion of the gel front, Ygel, as 
measured from the initial film-bath interface. In all 
three cases the front moves initially as the square 
root of time; however, with decreasing initial film 
thickness, the position of departure from the square 
root dependence moves to lower times. An important 
result is shown in Figure 13, which demonstrates 
that gel motion for different initial film thicknesses 
displays a universal behavior pattern when plotted 
against the appropriate nondimensionalizing pa- 
rameters. D, has units of a characteristic diffusivity; 
its magnitude is 1.67 X lop5 cm2/s for these data 
and those shown in the following figure. As shown 
in Figure 14, such superposition also occurs for dif- 
ferent initial bath concentrations. These results 
demonstrate the validity of our postulate that dif- 
fusion-controlled phenomena can be universally 
quantified in terms of appropriate length and time 
scales. The data in these two figures are also of con- 
siderable practical importance since they provide a 
basis for predicting time constants associated with 
gelation in the quench bath for a wide variety of 
conditions. 

a b 
Figure 11 
version dynamics. ( a )  Pure water quench. ( b )  76 vol % DMSO in bath. 

Appearance of ( a )  fast and ( b )  delayed precipitation films during phase in- 
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Figure 12 Effect of initial film thickness on gel front 
motion for 10 vol % CA-DMSO films quenched in pure 
water. 

Interface Structure Formation 

Interface visualization gives information on the 
precipitation time and associated phase separation 
mechanisms. Under conditions where the light 
transmittance remained finite for measurable times, 
plots of image intensity (averaged over a portion of 
the film) versus time were used to delineate rapid 
and delayed precipitation. 
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Figure 13 Dimensionless plot of data from Figure 12. 
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Figure 14 Dimensionless plot of gel front motion for 
10 vol % CA solutions quenched in 35 vol % DMSO-water 
solutions for various initial film thicknesses. 

Figure 15 illustrates the phase-separated struc- 
ture that forms at the interface for two different 
polymer concentrations. The morphology on the left 
shows the lacy structure characteristic of deep 
quenching1’ while that on the right shows the nu- 
cleated growth of spheres of the nonsolvent-rich 
phase. Representative measurements of the diam- 
eter of the spherical regions in the latter case, shown 
in Figure 16, indicate that over the observable size 
range ( d  2 30 pm) growth is essentially linear with 
time up to about a diameter of 100 pm, after which 
further growth ceases. The appearance of an 
asymptotic value correlates with gel solidification, 
a point that will be discussed further in the following 
section. 

The behavior shown in the two photos of Figure 
15 is consistent with our earlier mass transfer-ther- 
modynamic diagram  consideration^.^ Lowering ini- 
tial polymer concentration moves the mass transfer 
paths closer to the critical point where spinodal-like 
structure formation would be expected. Increased 
polymer concentrations lead to reduced transport 
rates and tend to move the point of precipitation to 
the metastable region of the phase diagram where 
nucleation and growth mechanisms predominate. In 
the case of lower initial polymer concentration, the 
interconnected network, in general, favors greater 
skin surface porosity resulting in higher membrane 
permeability and lower selectivity. These observa- 
tions are in line with our model calculations4 as well 
as experimental results for this system.” 
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a b 

Figure 15 
% CA, ( b )  13 vol % CA. 

Effect of polymer concentration on interfacial structure formation. ( a )  7 vol 

DISCUSSION 

The results presented in the previous sections rep- 
resent, to our knowledge, the first complete exper- 
imental quantification of the diffusion and phase 
separation processes in a ternary phase inversion 
system. There are several aspects that merit dis- 
cussion with respect to implications for the physics 

120+ 

0 0 
0 

0 

0 

30 t 
0 
0 10 20 30 40 50 60 

t(sec) 

Figure 16 
ical regions of Figure 15(b) as a function of time. 

Measurements of the diameter of the spher- 

and modeling of the phase inversion process. For 
clarification, we refer to Figure 6 showing the mea- 
sured diffusion and gel front motions (e.g., Y 1 ,  Yz, 
Y3,  and Y,,,) , which will be discussed further. 

The data in Figures 7-10 and 12-14 demonstrate 
that both the mass transfer and gelation processes 
in the film are diffusion controlled. The square root 
of time dependence for the diffusion front motion 
is a general result for homogeneous, one-dimensional 
diffusion in an infinite film, i.e., one in which the 
front has yet to propagate to the casting surface.20 
The dependence of the dimensionless composition 
profile on the Boltzmann transformation variable, 
{ = Y/t0.5, also arises naturally from the ternary 
homogeneous diffusion equations discussed earlier 
as well as in the algorithm we have used to generate 
the initial front m ~ t i o n . ~  The trends shown in Fig- 
ures 7 ,8 ,  and 9 are qualitatively consistent with the 
predictions of our model equations. 

The motion of the gel front can similarly be ra- 
tionalized by assuming that, for a given set of con- 
ditions, transport through the gelled region can be 
characterized in terms of a constant, Fickian dif- 
fusion coefficient that undergoes a discontinuity at 
a characteristic concentration, 43p,  separating the 
solidified gel from the ungelled, fluid region (see 
Figure 6 ) .  In addition, one needs to assume that the 
concentration at  the gel-bath interface remains 
constant during the initial growth period, i.e., 43p 
= 43pt at Y = 0. The resulting solutions to the dif- 
fusion problem and Ygel are then given aszo 
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where 43p0 is the initial polymer composition in the 
film and K is a constant. G and F are functions of 
the dimensionless group consisting of K and the 
phenomenological diffusivities for the gel, Dgel) and 
fluid, Dfld, regions. These functions satisfy the fol- 
lowing relationships: 

and 

= - K exp( -)erfc K 2  (-) K (6 )  

2m 4Dfld 2m 

where erf and erfc are the error function and com- 
plementary error function. In these expressions, 43p 
refers now to total polymer composition at positions 
in the polymer film given by the additional sub- 
scripts. For constant Dfld/Dgelr @ is a monotonically 
increasing function of K/Djonhs. 

As such this model offers a phenomenological ra- 
tionale for the initial square root of time dependence 
of the gel front motion as well as the fact that Ygel 
scales as L ,  and times scale as L2/D, (Figs. 13 and 
14). Two important assumptions are that for a given 
set of quench conditions the gel front is character- 
ized by a fixed composition, ~p~~~ and the polymer 
composition at the film-bath interface remains con- 
stant during the square root of time growth period 
at a value 43pt > &. With this in mind the principal 
effects of the casting variables can be interpreted 
through comparison to the model parameters. For 
example, Figures 8 and 9 show that the slope of the 
time dependence ( i.e., K 2  in the phenomenological 
model) decreases with increases in either the initial 
polymer concentration in the film or the initial sol- 
vent concentration in the bath. In the latter case, 
one would expect Dfld  and Dgel to remain relatively 
constant since the initial film composition remains 

fixed. However, since addition of solvent to the bath 
will decrease the solvent flux from the film, the 
polymer composition at the interface, 43pt, must de- 
crease. Therefore, under these conditions, Eq. ( 3 )  
predicts that @ must decrease, and in consequence 
a lower K value will result. In the case of increasing 
the initial polymer composition in the film, one 
would expect the composition variables on the left 
side of Eq. ( 3 )  to be affected more or less equally, 
hence should remain fairly constant. On the other 
hand, the phenomenological coefficients, Dfld  and 
DgeI should decrease since these now characterize 
diffusion through a more concentrated system. 
Hence, to maintain constancy of a, K must decrease. 

Finally, the data in Figure 10 indicate that for 
smaller miscibility gap, i.e., the CA-dioxane-water 
system, a given mass transfer path will have to move 
further from the polymer-solvent axis before enter- 
ing the gel region, thus decreasing the overall di- 
mensionless composition ratio of Eq. ( 3 ) ,  hence @. 
As a result the K value must decrease. 

The primary emphasis in this work has been on 
semiquantitative explanations of the phenomena we 
have observed thus far in our studies of phase in- 
version in polymer films. Future studies will focus 
on direct quantitative comparisons to the predictions 
of our ternary diffusion model. Beyond correlating 
observed phenomena with given casting conditions, 
accurate analysis of the dynamics of phase inversion 
will enable more precise prediction of the processing 
parameters that control the development of a given 
polymer morphology having desirable end-use 
properties. 

This study has been carried out under a grant from the 
National Science Foundation (CTS 90 13289). The au- 
thors also acknowledge the important contributions made 
by our colleague, Dr. Gary Gaides, in the development of 
the optical techniques used in this study. 

NOMENCLATURE 

C Constant defined in Eq. ( 2 )  
d Diameter of the nucleated droplet (cm) 
D, Reference diffusivity for nondimensionaliza- 

Dfld  Phenomenological diffusivity for the fluid re- 

Dgel Phenomenological diffusivity for the gel region 

F 
gi, Thermodynamic interaction parameter be- 

tion (cm2/s) 

gion (cm2/s) 

( Cm2/ s ) 
Function defined in Eq. (6)  

tween components i and j 
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G 
I 
K 
1 

L 

n 
t 
W 
Y 

Mn 

z 

d 
S;j 

x 
t 
4i 

@ 

Function defined in Eq. (5) 
Light intensity 
Slope of the Ygel vs. 
Time-dependent air-film or bath-film inter- 

Initial film casting thickness (cm) 
Number-average molecular weight 
Refractive index 
Time ( s )  
Diffusion cell thickness (cm) 
Position coordinate on film side relative to 

Vertical position coordinate relative to casting 

Phase shift defined by Eq. (1) 
Friction coefficient describing the interaction 

between components i and j ( g cm3/ s ) 
Wavelength of light (cm) 
Boltzmann transformation variable ( cm/ 
Volume fraction of component i in liquid mix- 

Function defined in Eq. ( 3 )  

curve ( ~ m / s O . ~ )  

face position (cm) 

bath-film interface 

surface (cm) 

ture 

Subscripts 

0 
1 
2 
3 

fld 
gel 
P 
R 
t 

C 

Initial value 
Nonsolvent 
Solvent 
Polymer 
Critical concentration for gelation 
Fluid region 
Gel region 
Casting film side 
Reference 
Film-bath interface 
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