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Morphological Effects on the Physical Properties 
of Polymer Composites+ 

Polymer composites have found widespread applications 
in the past 10 years. Various forms of polymer blends and 
filled polymers are being used in electronic circuit boards, 
electrochemical cells, and reinforced structural elements, 
to name a few. The components are chosen to impart, 
control, or accentuate selected properties, which may be 
dielectric, thermal, and electronic properties, chemical 
selectivity, transport, and stability, or mechanical strength, 
toughness, and durability. Empirically, the behavior of 
polymer composites depends critically on details of the 
dispersion of components, interfacial adhesion, particle 
size, and, in particular, morpho1ogy.l Often, divergent 
behavior from seemingly identical compositions can be 
traced to morphological differences. Although the tran- 
sition from an insulator to a conductor or from a brittle 
composite to a ductile one has been predicted by perco- 
lation theory,2 quantitative computations are usually lim- 
ited to spherical geometry2 or idealized conditions that can 
only be realized on a c ~ m p u t e r . ~  We present here a simple 
effective medium formulation4 that can easily track the 
influence on physical properties of morphological evolution 
from lamellar to fibrillar structures. The theory as pres- 
ented is suitable for both transport and dielectric prop- 
erties and can be generalized to deal with elastic properties 
as well. 

The starting point of our model is a collection of oriented 
spheroids5 of the same material and eccentricity6 e. Their 
axes of revolution are along the direction of applied field. 
The remaining space is now completely filled with 
spheroids of a different material but of the same eccen- 
tricity and orientation. For simplicity, we shall restrict 
our discussions below to transport and dielectric properties. 
The appropriate susceptibilities' for the two media are 
denoted by x1 and xz, respectively. In the following, only 
the diagonal component of the x tensor that is along the 
field direction will be retained because only that compo- 
nent is relevant for the present geometry. A unique feature 
of this model is that the shape of the inclusions can be 
continuously altered between lamellar and spherical or 
between fibrillar and spherical by changing the eccentricity 
and type of the spheroids.6 The model is, therefore, useful 
for both extruded films and spun fibers as either the 
prolate or the oblate morphology should dominate. 

Let us now excise a spheroid composed entirely of the 
ith material and immerse it in an effective medium of 
susceptibility x and mean field E. The field inside the 
spheroid is related to E and x bys 

where 

F(e) = --(ln 1 - e *  (-) I + e  - Ze) 
2e3 1 - e  (2a) 

for a prolate spheroid and 

(1 - e2)lj2 
F(e1 = L(l e2 - ( e ) arctan ( (1 - e e2)lj2 )I 

(2b) 
for an oblate spheroid. In the dielectric case, F(e) is the 
cavity depolarization factor for the geometry under con- 
sideration. Since the effective medium is a statistical 
average of the two media, the mean field E must, therefore, 
obey 
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where f, is the volume fraction of the ith medium. Sub- 
stituting (1) into (3) and using the normalization condition 
f l  + f 2  = 1, we obtain 

(1 - F(e))x2 + {xl(F(e) - fl) + x2(F(e) - fJ1x - 
xIx2F(e) = 0 (4) 

Equation 4 applies equally well to transport and dielectric 
phenomena because the dielectric function t (w)  and con- 
ductivity a(w) are related:9 u(w) = iwtot(w),  where i is the 
imaginary number, w is the frequency, and to is the free- 
space permittivity. 

Several interesting limits of eq 4 are worth discussing: 
(I) F(e) = 0. This corresponds to perfect striation and 

represents the most favorable condition for conduction in 
any composite. The equivalent circuit is resistors or ca- 
pacitors in parallel. The composite susceptibility x is 
simply a weighted average of the component susceptibil- 
ities: 

x = f l X l  + f 2 X 2  ( 5 )  
This result is exact and corresponds to the highest upper 
bound of composite conductivity. 

(11) F(e) = 1. This represents the other one-dimensional 
(1D) extreme-perfect stratification; the equivalent circuit 
is now resistors or capacitors in series. The composite 
susceptibility is therefore 

x = XlX2/( fZXl  + f l X J  (6) 

This result is also exact. 
(111) F(e) = 1/3. This condition corresponds to spherical 

inclusions and is the dividing line between prolate (F < 
1 /3 )  and oblate ( F  > 1/3) cases. Equation 4 now reduces 
to the standard form given in the l i t e r a t ~ r e . ~  

(IV) x1 = u1 and x2 = iwt0t2. This represents conductive 
fillers in a dielectric matrix. The effective susceptibility 
x is given by (a + iwtoz), where a and 7 are the effective 
conductivity and dielectric constant for the composite, 
respectively. Let us consider the dc limit (w - 0); ex- 
panding and keeping terms that are linear in w and solving 
for the real and imaginary parts of x, respectively, we 
obtain 

(6a) 

a = O  f o r O < f 1 5 F  (6b) 

a = al(l - F)-'(f1 - F) for 1 L f l  L F 

and 

7 = e jl(l - f l ) ( l  - F)-'( f ,  - F)- l  for 1 1 fl 2 F (7a) 

(7b) 

These results indicate an insulator-to-conductor tran- 
sition at  f o  = F, the percolation threshold. For oriented 
spheroids, the dependence of f o  on morphology is given by 
eq 2. Equation 6 predicts that the conductivity increases 
linearly with f - f o  above the percolation threshold. This 
is a generalization of the effective medium result normally 
quoted in the literature to oriented spheroids. In com- 
parison, eq 7 predicts that the dielectric function t diverges 
at  the threshold as I f l  - f0l-' .  This resultlo has only been 
obtained previously by using either scaling argument" near 
f o  or complicated analytical properties12 of t (w )  and a ( w ) .  
It has never been derived by the intuitively more trans- 
parent effective medium theory before. The anomalous 
behavior of t is related to the gradual shorting of the 
composite by the conductive phase. Just below the per- 
colation threshold, extended clusters of conductive 
spheroids are prevented from connecting into a pervasive 
conducting network by thin dielectric barriers. These 
barriers contribute to an enormous capacitance which, 
upon normalization to the characteristic dimension of the 
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bulk samples, leads to a huge apparent dielectric constant 
for the composite medium. Above the threshold, they and 
their anomalous contributions disappear rapidly because 
of the formation and expansion of percolation channels. 

Although eq 6 and 7 contain all the essential physim of 
a percolative transition and are quantitatively accurate a t  
either high or low conductor loading, they are often un- 
reliable near the percolation threshold fW Specifically, eq 
6 and 7 predict wrong values for the critical exponents1° 
s and t and too high a threshold fo, except for the 1D limits 
(I) and (11). These turn out to be common features for 
most mean-field-type theories of phase transitions and 
stem from the implicit (and often incorrect) assumption 
that correlation and fluctuation are always negligible. In 
the present context, the depolarization factor F of a single 
spheroid is used for any filler concentration despite 
widespread clustering near the threshold concentration. 
This type of correlation can be incorporated into the ef- 
fective medium theory either perturbatively by the cu- 
mulant expansion t echn iq~e '~  or empirically by using an 
effective depolarization tensor." To account for critical 
fluctuations, the effective medium theory has also been 
phenomenologically augmented with scaling theory.15 
Other approaches that have rigorously included the effeds 
of correlations .and fluctuations are numerical simulation? 
renormalization group theory," and scaling theory." These 
theories are either too cumbersome to use or unable to 
model morphological effects conveniently. Finally, critical 
fluctuations are always small and correlations unimportant 
for composites in which the two components have suffi- 
ciently similar properties: viz. 

(8) 
Under such a condition, eq 4 is generally applicable 
whenever contact resistance and electron tunneling are 
negligible. 

To test this theory, we have applied eq 4 to model the 
selectivity of Na+ and OH- currents in physical blends of 
two similar but incompatible perfluorinated ionomers.lB 
Let CE be the current efficiency of sodium ions: 

(9) 
where uNa and uoH are the conductivity of the Na+ and OH- 
ions, respectively. For the ionomers under consideration, 
the CE of the carboxylate usually exceeds 90% whereas 
the CE of the sulfonate is well below 70%. Typical pregsed 
films of the blend have a pronounced lamellar morphology 
as shown in Figure 1. The measured CE is plotted as a 
function of blend composition and compared to computed 
CE for oriented oblate spheroids in Figure 2. The theo- 
retical results for three values of the eccentricity (or 
equivalently the aspect ratio) are shown; other inputs to 
the calculations are the measured conductivities for the 
pure ionomers: uNNs = 1.8 X fP cm-' and uoH = 1.36 
X cm-' for the sulfonate phase and uNa = 7 X lW3 
0-' cm-' and uoH = 6 X lo4 em-' for the carboxylate 
phase. The computed CE for the lamellar morphology 
agrees very well with data. Notice also the dramatic 
change in CE predicted in Figure 2 as the blend mor- 
phology changes from lamellar (top curve) to spherical 
(bottom curve). Physically, the gradual change in CE 
predicted for the spherical morphology arises from the 
ability of hydroxyl ions to shunt the low-conductance 
carboxylate phase via the surrounding sulfonate phase. As 
the spheres are deformed into pancakes, the hydroxyl ions 
are gradually forced to pass through the carboxylate region 
since the penalty for taking a long tortuous sideways by- 
pass soon exceeds the low conductance inconvenience of 
going straight ahead. In the ultimate lamellar limit, OH- 

10-2 5 x * / x z  5 102 

CE = U N * / ( U N ~  + UOH) 
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Figure 1. Cross-sectional micrograph o f a  pressed film of a 25% 
carboxylate/7590 sulfonate blend of perfluorinated iimrxners. The 
elongated regions (arrows) are the carboxylate phase. 
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Figure 2. Current efficiency of perfluorinated carboxylate/ 
sulfonate blends. Open circles are average data and vertical bars 
indicate the range of values actually observed. The three con- 
tinuous curves are predicted behavior of oriented oblate spheroids 
with aspect ratios c/o equal to 0.995 (bottom curve), 0.25 (middle 
curve), and 0.01 (top curve), respectively. The corresponding 
eccentricities are 0.1, 0.968, and 0.999, 

ions must go through the carboxylate strata, leading to the 
observed and predicted sharp rise in CE at low carboxylate 
concentration. To check this pronounced morphological 
dependence, the rheology of a 25% carboxylate/75% 
sulfonate blend is altered to produce the spherical mor- 
phology depicted in Figure 3. In contrast to its lamellar 
counterpart and in agreement with the theoretical pre- 
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Figure 3. Cross-sectional micrograph of a pressed film of similar 
composition BS Figure 1. The rheology, however, has been adjusted 
to produce abnormal spherical carboxylate domains (arrow). The 
dark line from upper left-hand corner to central bottom is due 
t o  foldover of the microtomed sample film. 

Table I 
Morphological Dependence of CE for  25% 

Carboxylate/IB% Sulfonate Blends of 
Perfluorinated Ionomers 

morphology pred CE obsd CE ~. 

spherical 62% 56% 
lamellar 86% 89% 

diction, this film has an abnormal ly  low CE as shown in 
Table I. 

In summary, we have  extended the effective medium 
theory to track the morphological dependence of transport 
and dielectric properties of polymer composites. The 
ut i l i ty  of the theory is demonstrated with a successful 
delineation of ion selectivity in  physical blends of t w o  
incompatible perfluorinated ionomers. Ways to improve 
and generalize this theory  are discussed. 
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Implications of the Failure of the Stokes-Einstein 
Equation for Measurements with QELSS of 
Polymer Adsorption by Small Particles 

We have reported',? that the Stokes-Einstein equat ion 

D = kBT/6*tlr (1) 

can fail noticeably for spherical probe particles in  poly- 
m e r s o l v e n t  solutions, even though the probe particles are 
very dilute. Here,  D is the diffusion coefficient, kBT is the 
thermal energy, 7 is the solut ion viscosity, a n d  r is the 
a p p a r e n t  hydrodynamic radius. This failure, which is n o t  
related to the failure of eq 1 in the case of interact ing 
particles,  was not al together  unexpected. Equat ion  1 is  
based on a cont inuum description of the solvent  (i.e., 
solvent molecules m u c h  smaller t h a n  probe particles), but 
a probe particle in a polymer solution encounters molecules 
of its o w n  size. 

Measurements of D have  been used to observe the oc- 
cur rence  of polymer binding b y  spherical   particle^.^ 
Conversely, polymer binding to microscopic probe particles 
obscures experimental tests o n  D in  polymer solutions." 
We here discuss how adsorpt ion isotherms may be ob- 
ta ined  in  a sys tem in which eq 1 fails. 

Quasi-elastic light scattering spectroscopy (QELSS) was 
used to f ind the diffusion coefficient of carboxylate-mod- 
ified polystyrene latex spheres (Polysciences, Inc.) of radii 
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