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Synopsis 
The glass transition temperature, dynamic shear moduli, and bulk viscosities of 

Phenoxy PKHH (a thermoplastic polymer made from bisphenol-A and epichloro- 
hydrin) filled with glass beads and Attapulgite clay were investigated. The glws 
temperature of the polymer increased with increasing filler concentration and with in- 
creasing specific surface area of the filler. The data were interpreted by assuming that 
interactions between filler particles and the polymer matrix reduce molecular mobility 
and flexibility of the polymer chains in the vicinity of the interfaces. From the measured 
moduli and the viscosities of the filled and unfilled materials, the modulus reinforcement 
ratio in the glassy state and the relative viscosity in the viscous state were obtained as 
functions of the filler type and concentration. The relative modulus for the glass bead 
composite system follows the Kerner equation, while the clay-filled systems exhibit 
slightly greater reinforcement. The relative viscosities are strongly temperature de- 
pendent and do not follow conventional viscosity predictions for suspensions. It is 
suggested that the filler has a twofold effect on the viscosity of the composite materials; 
one is due to its mechanical presence and the other is due to modifications of part of the 
polymer matrix caused by interaction. Using the WLF equation to express all modifictG 
tions of the matrix, one can isolate a purely mechanical contribution to the viscosity 
reinforcement. This mechanical part is approximately bounded by the theoretical 
predictions of Kerner,aa M ~ o n e y , ~ ~  and Brodnyan,'l for suspension viscosities. 

INTRODUCTION 

The main objective of this work is to study the extent of interaction be- 
tween a polymeric matrix and a rigidly elastic filler and its effect on certain 
macroscopic properties of the composite material. An attempt has been 
made to separate changes in physical properties of the composite into two 
contributions-one caused by the matrix undergoing modifications and one 
due to the mechanical reinforcement by the filler particles. 

When an organic polymer is mixed with an inorganic reinforcing filler, the 
polymer must wet the surfaces of the filler in order to promote continuous 
phase boundaries. The strength across the phase boundaries, or adhesion, 
will naturally have effects on the stress-strain behavior. Recent studies of 
composite materials have shown that fracture toughness,' ultimate tensile 
strength, and ultimate elongation2 are varied by changing the degree of 
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adhesion between the constituents. In addition, the presence of a second 
phase can modify the structure and morphology of the polymeric matrix ill 
the vicinity of the phase boundaries. Consequently, the average properties 
of a polymer in the presence of a second phase might be different from the 
bulk properties of the pure polymer. These changes not only have an 
additional effect on the stress-strain behavior but could be a measure of the 
effectiveness of interaction between phases. 

The past decade has brought forth a considerable amount of work on the 
effects of reinforcing fillers on the bulk properties of polymeric composites. 
The earliest studies of composite properties were carried out on filled rub- 
bers. Investigators found changes in thermodynamic propertiesa-6 and 
mechanical propertiesa-* due to the presence of filler. Similar changes 
were detected in filled thermoplastic materials by Kargin and co-workers,9-11 
L i p a t o ~ , ~ ~ J ~  Nielsen, l4 Uskov,16 and others. In  general, these researchers 
found increases in mechanical properties with increasing filler concentration 
or increases in the glass transition temperature of the matrix. There are 
some contradictory data concerning the glass temperature. Van der Wal 
et a1.,l6 for example, observed no changes in the glass temperature of sodium 
chloride-filled polyurethanes, and Kumins and Rotemanl’ indicated a de- 
crease of glass temperature of TiOz-filled polyvinylacetate at certain filler 
loadings. 

Similar changes in mechanical and thermodynamic properties have been 
found in partially crystalline polymers. It is probably not too remote to 
compare a filled polymer having good interactions at the internal phase 
boundaries with a partially crystalline polymer. In the latter case, the 
dispersed crystalline regions are analogous to the filler particles. In- 
creases in glass transition and shifts in viscoelastic relaxa- 
tion timesz1 with increasing crystallinity have been experimentally deter- 
mined. The shifts are similar in magnitude to those found in filled polymers. 

It should be pointed out that the glass temperature of the composite is 
really the temperature at  which the amorphous matrix changes its thermo- 
dynamic properties, since an inorganic filler would not undergo such a 
change at this temperature. If this glass temperature is measured ac- 
curately, it could be a measure of the change in matrix properties due to the 
addition of a second phase. This phenomenon is independent of the me- 
chanical reinforcement effect of the filler. 

The following treatment is based on the assumption that if there is inter- 
action between a filler and a polymer matrix, the molecular properties of 
the polymer matrix will be affected. The nature of the molecular change 
will, of course, depend specifically on the type of interaction involved. For 
example, a chemical reaction between the constituents can change the 
chemical constitution and average molecular weight of the polymer phase. 
On the other hand, a strong adsorption of polymer side groups on the filler 
surface may merely change the mobility and flexibility of part of the poly- 
mer chains. 

These two types of interaction define the range of possible coupling effects 
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and although they differ energetically, they possess the common property 
that both restrict the mobility and flexibility of part of the molecule chains. 
In any specific composite system, it is liliely that more than one pheiiome- 
lion occurs that changes the propcrties of the polymer molecules. 

The important point is that the average physical properties of the matrix 
material in the composite system are not necessarily the same as those of the 
pure unfilled material. It follows that a composite, in which a significant 
fraction of the polymer is in contact with a filler surface and which has in- 
teraction between filler and polymer, should exhibit the degree of interac- 
tion (regardless of mechanism) by changes in the thermodynamic and vis- 
coelast,ic properties of the matrix. 

Considered in this paper is the behavior of composites of Phenoxy 
PKHH filled with soda-lime glass beads and Phenoxy PKHH filled with 
Attagel 40. Phenoxy PKHH is a thermoplastic resin made by Union 
Carbide Corporation; repeating structure: [O-CsH4-C(CH&-C~H4- 
O-CH2--CH(OH)-CH2] ; molecular weight: about 31,000 g/g-mole; 
primary glass transition: 98 f 1°C. The beads are Ballotini Industrial 
Glass Beads, size 3000, U.S. Screen No. 325 and finer, d < 44 p, untreated 
surface; surface area: 0.078 m2/g. Attagel 40 is an Attapulgite clay woith a 
rod-like morphology and an average ultimate particle size of 200 A di- 
ameter and 1 p length; L/D - 50; surface s e a :  180-200 m2/g. 

It will be shown that: (1) The glass transition temperature of the poly- 
mer is increased by the presence of filler. (2) Part of the increase in vis- 
cosity of the composite due to the presence of filler can be related to the 
shift in the glass transition temperature of the polymer phase. (3) The 
changes in physical properties of composite systems in the viscous state 
can be related to those in the glassy state at  least for simple filler geometries. 

EXPERIMENTAL PROGRAM 

The composite specimens used in this work were prepared by two different 
techniques. In one, the polymer was dissolved in a solvent mixture of 40% 
acetone, 40% toluene, and 20% butanol, and the dried filler was mixed in 
the solution. The filler was ultrasonically dispersed, the solvent was slowly 
evaporated, and the composite paste was placed in a vacuum oven and pre- 
dried at  120°C. Then the composite flakes were crushed in a mortar and 
the resulting powder was dried for another 100 hr. Thin bars for modulus 
tests or cylindrical plugs for viscosity tests were compression molded. 

The other technique employed a heated roller mill for dispersing the filler 
material in the polymer matrix. Extensive crossrolling was applied to en- 
sure good dispersion of the filler. The rolled material was also crushed to a 
powder and compression molded. A change in fabrication procedure had 
no effect on the experimental results. 

Glass transition temperatures of the materials were measured using a du 
Pont 900 Differential Thermal Analyzer (DTA).22 With increasing filler 
concentration, there is a diminishing response marking the glass transition 
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temperature because of dilution of the polymer phase. It can be difficult to 
measure the glass temperature of highly filled materials. It was found that 
measuring the transition point while cooling the sample from the viscous to 
the solid state yielded the more reproducible results. Dynamic shear 
moduli and damping capacities of the composites below their glass tempera- 
tures were measured with a freely oscillating torsion p e n d ~ l u m . ~ ~ ~ * *  Vis- 
cosities of the materials above their glass temperatures were measured using 
a parallel plate p l a ~ t o m e t e r , ~ ~  attached to an Instron testing machine. The 
only difference between this latter experiment and those used earlier by 
other investigatorsz6 was the application of a constant rate of deformation 
(with 9 < lo-* sec-I) a t  increasing loads. 

RESULTS AND DISCUSSION 
Figure 1 shows that the addition of filler to the phenoxy polymer causes 

an increase in the DTA-measured glass transition temperature of the com- 
posite (TJ. This increase is larger for the Attapulgite-filled composite 
than for the glass-phenoxy system. The glass transition point of the pure 
polymer (Tfl0) is approximately 98”C, while that of a 40%-filled composite 
is 4-5°C higher for glass beads as a filler and 8-9°C higher for Attapulgite. 
The functional dependence of the glass transition temperature on the filler 
concentration is similar to the dependence which Fox and Floryz7 and 
Ueberreiter and KanigZ8 determined for T, as a function of molecular weight. 

The concept of free volume, which has been employed successfully in 
explaining the effects of solvents, molecular weight, or degree of crosslinking 
on the glass t e m p e r a t ~ r e , ~ ~  may also be applicable to a reinforced polymer. 
If it is assumed that the free volume is decreased when the polymer is 
adsorbed on the filler surfaces, the measured glass temperature should in- 
crease with increasing filler concentration. That portion of the polymer 
matrix V A  under the influence of the filler surfaces can be expressed by 
V A  = is the 
volume fraction of filler, ,$ is the specific surface area of filler (cm2/cm3), and 
6 is a “zone of influence” around each filler particle (cm3 polymer/cm2 
filler). When V ,  = (1 - +)yVT, (or C$y = 1/(1 + b S), all of the polymer 
phase is exposed to the influence of the filler. Qualitatively, one would 
expect the glass temperature to increase with tpy, reaching a constant value 
as one approaches 4, = 1/(1+ .$ 6). 

It is more likely that 
if there is a change in properties caused by the filler surface, the polymer 
matrix will change continuously with increasing distance from the surface. 
This should result in a broadening of the measured transition region as well 
as an increase in the l(averagel’ glass temperature of the composite. Never- 
theless, the shape of the curve in Figure 1 does seem to correspond to the 
above-mentioned concepts. Kwei30 has used a similar approach suggesting 
that interactions between polymer and filler modify the polymer matrix a t  
the interface. He was successful in explaining the changes in sorption iso- 
therm for filled systems. 

.$ 6, where V ,  is the total volume of the composite, 

This concept is somewhat of an oversimplification. 
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Fig. 1. Glass transition temperature of composite systems as a function of filler concen- 
tration. 

As shown in Figure 2, an empirical relationship of the form 

T,,  - T,o = AT,, [I - exp(-- B9A1 (1) 

where To, and T,o are the glass temperatures of the composite and of the 
unfilled polymer, respectively, AT,, is a “maximum” glass temperature 
shift for the filled polymer and B is an empirical constant, describes the ex- 
perimental data. When the glass temperature shifts are correlated in this 
way, the completely modified matrix approaches a maximum temperature 
shift of AT,, = 9°C. The constants B are 1.8 and 9.7 for the glass bead 
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Fig. 2. Empirical correlation of the glass transition temperature in composite materials. 

and Attapulgite filler, respectively. A simplified computation of the thick- 
ness of the “zone of influence” 6 for the clay-filled composite, based on the 
known surface area of the Attapulgite and the approximate filler concentrt- 
tion at which the shift reaches a maximum, leads to a value of 35-100 A, 
which means that the “zone of influence” is probably a monolayer of poly- 
mer molecules. 

Similar shifts of the transition temperature were noticed in the dynamic 
mechanical response of the matrix. Figures 3 and 4 depict the effect of filler 
loading on the logarithmic decrement. Although the shifts in To are here 
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Fig. 3. Logarithmic decrement of the glass bead-phenoxy composite as a function of 
temperature and filler concentration. 

more diffcult to detect, they are a t  least of the same magnitude as measured 
on the DTA. 

At the transition temperature of the pure polymer, the onset of rapid 
viscous flow causes a large rise in the logarithmic decrement of the material. 
The addition of 10% and 20% Attapulgite suppresses this increase some- 
what, but viscous flow again predominates a t  a temperature that is a few 
degrees higher than for the pure polymer. At 30y0 filler concentration, the 
logarithmic decrement displays a definite maximum. Thus, the composite 
is beginning to exhibit noticeable strength and elasticity above the glass 
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Fig. 4. Logarithmic decrement of the Attapulgite-phenoxy composite as a function of 
temperature and filler concentration. 

transition temperature. This is the kind of behavior one would expect from 
a crystalline or lightly crosslinked polymer. In addition, the logarithmic 
decrement for this composite system has a higher absolute value than for 
the 2070-filled material a t  the same temperature. This indicates that 
higher loadings of submicron filler particles introduce a different damping 
mechanism, possibly caused by particle-particle interactions. 

Low temperature peaks at -67°C in the logarithmic decrement curve are 
observed, indicating a secondary transition for the polymer. Peak temper- 
atures and the shape of the damping curves appear to be independent of 
filler concentration. Relative peak heights for the secondary transition 
decrease with increasing filler concentration, somewhat similar to results 
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Fig. 5.  Storage modulus of the glass bead-phenoxy composite as a function of tempera- 
ture and filler concentration. 

that MUUS, McCrum, and McGrew31 found for increases in crystallinity in 
partially crystalline polymers. 

The low temperature transi- 
t,iori involves specific short segments along the polymer chains. Below 
the primary glass temperature, the flexibility and mobility of these short 
segments are not strongly affected by the presence of filler surface but rather 
are controlled by the free volume of the glassy matrix. Thus, the portion 
of the relaxation spectrum associated with these motions is not significantly 
changed by the presence of filler. The higher temperature transition, on 
the other hand, involves the flexibility and mobility of larger segments of the 

These data might be interpreted as follows: 
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Fig. 6. Storage modulus of the Attapulgite-phenoxy composite as a function of tempera- 
ture and filler concentration. 

polymer chains. The shift of the glass transition temperature and the de- 
crease in viscous dissipation per unit volume of polymer lead one to believe 
that the longer-range chain flexibility and mobility are inhibited. In other 
words, the relaxation spectrum in the longer relaxation time region is shifted 
to still longer times because of the presence of the filler. Similar results 
were obtained by Nagamatsu21 investigating crystalline polymers. 

A physical picture of a polymer chain being adsorbed at a few points 
along the chain and forming loops back into the bulk of the polymer is con- 
sistent with increases in glass transition temperatures or relaxation times. 
It should be pointed out, however, that this physical picture of the polymer 
morphology at  the filler surface is purely hypothetical but is at  least con- 
sistent with that which has previously been reported in the literature on the 
absorption of polymers on high energy surfaces. 

Figures 5 and 6 show the effects of glass beads and Attapulgite clay as 
filler materials on the storage modulus of the composite. Because the 
experiments were carried out on an uncrosslinked, amorphous polymer of 
low molecular weight, the modulus tests were restricted to temperatures 
below the glass transithm point. The storage moduli below T, are rela- 
tively iiiseiisitive to t empcrniure; consoqueiitly, the relative modulus 
GC/GmU (i.e., the r d o  of the iiiodulus of the composit,e to Ibe rriodulus of the 
unfi lled polymer) may he :wsuined as roughly coiistaiit,. Figure 7 depicts 
the relative modulus as a function of filler content for both composite 
systems. The experimental values are compared with the theoretical 
predictions developed by K e r n e ~ - ~ ~  and H a ~ h i n ~ ~  and good agreement is 
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Fig. 7. Experimental relative moduli as a function of filler concentration. 
compared with theoretical predictions of Kerner32 and H t t s h i ~ ~ . ~ ~  

Data are 

noticed for the glass bead system. 
clusions of 2 in a less rigid matrix of 1) is as follows: 

Kerner’s equation (for spherical in- 

wherez = (&)/[(7 - 4 + (8 - ~OYI)(G~/GI)I, 5 = (1 - 42)/[15(1 - d 1 ,  
and v1 = Poisson’s ratio of matrix. 

Hashin’s equation for the lower bound is identical with Kerner’s eq. (2). 
Hashin’s equation for the upper bound can be obtained by writing eq. (2 )  
for spherical inclusions of material 1 in a mntxix of material 2. 

The agreement is iiot surprisiiig siiice tlie Ksriier eyuatioii was developed 
€or systems with spherical particle syiiiinetq ltlicl continuous stress transfer 
a1 the phase bouiidaries. The polymer matrix is very nearly elastic below 
T ,  and the difference in the volumetric expansion coefficients between the 
matrix and filler material puts the filler particles under compression upon 
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Fig. 8. Viscosity of various phenoxy-glass bead composites as a funct.ionof temperature. 

thereby creating good stress transfer between phases at  low de- 
formation. In contrast, the clay particles are rodlike by nature and are 
also agglomerated in the composite. There is no direct analysis for the 
relative modulus of such a system. From Figure 7 it is apparent that the 
morphology and specific surface area have an effect on the reinforcement 
ratio. 

When the temperature is raised above the glass transition temperature, 
the polymer matrix softens to a highly viscous fluid. Experimental vis- 
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Fig. 9.-Viscoeity of various phenoxy-Attapulgite composites as a function of tempera- 
ture. 

cosity measurements for the two filled composite systems are shown in 
Figures 8 and 9. The curves depicting the viscosity of the glass bead 
system as a function of inverse temperature resemble the WLF equation.35 

For the glass bead composite system, one can express the reinforcement 
effect of the beads on the viscosity in a similar way as was done for the 
modulus. I n  the case of the viscosity, however, the relative viscosity 
qc/qrno is dependent on the temperature, as shown in Figure 10. It can be 
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seen that the experimentally determined relative viscosities do not follow 
any of the usual equations, such as the Mooney equation36 
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Fig. 10. Experimental relative viscosities as a function of filler concentration and 
Data for glass bead-phenoxy are compared with predictions of KerneF temperature. 

and Mooney.36 
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Equation 

wherc 4, = volumetric filler concentration, s = - 1.35 for single 
spheres, and a = 2.50 for single spheres, or the K e r ~ i e r ~ ~  equation [eq. (2) 
when G2/G1 + a and v1 = 0.5 1 : 
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i l  L/D = 8 

I30 

Fig. 12. Experimental relative viscosities as a function of filler concentration and 
temperature. Data are compared with predictions of Brodnyan" and Mooney.= 

This equation is identical with the Mooney equation for low filler concen- 
trations and with s = 1.0. 

Equations (3) and (4) have been used by several researchers3' to success- 
fully correlate viscosities of spheres in suspension. 

It was postulated earlier that the matrix in contact with the filler has 
properties different from those of the unfilled polymer because of restraints 



GLASS TRANSITION TEMPERATURE 2165 

in the molecular mobility. Hence, the relative viscosity should be based 
on this modified polymer matrix. Designating the viscosity of the polymer 
matrix exposed to the filler as qmc and that of the unaffected polymer as 
qmo, one can write the relative viscosity as 

(5 )  t l c  t l c  tlmc 
V R  = - = - * -  

tlmo tlmc tlmo 

where qc is the viscosity of the composite material. 

effects, namely: 
The relative viscosity in eq. (5)  can be thought of as representing two 

{Mechanical 1 { Modification of the 
v R  = reinforcement polymer matrix 

due to filler due to filler 

Assuming that the relative change in viscosity of the matrix, that is 
vmc/qmo, is due entirely to the shift in glass transition temperature and that 
the temperature dependence above T ,  can be represented by the WLF 
equation, one can express the viscosity increase in terms of the shift in the 
glass transition temperature from the WLF equation as follows: 

for T ,  < T < T ,  + 100 and where T ,  is the glass transition temperature of 
the polymer. If T,, is the characteristic temperature of the polymer in the 
composite and TUo is the characteristic temperature of the pure polymer, 
one can rewrite the WLF equation for the viscosity of a filled polymer rela- 
tive to that of an unfilled polymer as 

(8) 
1,rlmc= 2080(Toc - T ~ o )  

qmo (52 + T - ~ , , ) ( 5 2  + T - T,~)‘ 

Equation (8) assumes that the reference viscosity at the glass transition 
point qT# is the same for filled and unfilled polymers. 

Substituting eq. (8)  into (5) ,  one obtains the relative viscosity of a sus- 
pension with interaction between the constituent materials as 

In  Figure 11, the mechanical reinforcement qc/qmc in eq. (9) is compared 
with the previously cited Mooney and Kerner equations. Except for the 
lowest filler concentration, the experimentally measured mechanical rein- 
forcement part qc/qmc is roughly bounded by the two theoretical predictions 
and is less dependent on the temperature. The experimental results follow 
the functional form of the Kerner equation more closely. Since the relative 
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modulus of the glass bead composite system agrees with the Kerner equation 
(Fig. 7), one can see that the relation 

is approximately correct for this particular s y ~ t e m . ~ ~ - ~ O  

1900, 

Fig. 13. Dependence of the mechanical reinforcement part of the relative viscosity on 
Attapulgite filler concentration. 
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The same type of analysis has been applied to the relative viscosity of the 
cl:by-fillcd compositcs. This correlation is much more qualitative because 
the state of aggregatioir of thc Attagcl particles in thc composite is not 
exactly kiiown. Figure 12 depicts thc cxpcrimciitally mcasurcd relative 
viscosities at five temperatures, which are compared with the Mooney 
eq. (3) for single spheres and Brodnyan’s modification41 of the Mooney 
equation for elongated ellipsoids with 1 5 L I D  5 15: 

(11) 
[2.5 + 0.407(L/D - l)’.058] 41 In q R  = 

where (1.35 5 S 5 1.91) for spheres or rods. 
When the measured relative viscosities are corrected for the shifts in the 

glass transition temperature, the contribution due to the mechanical rein- 
forcement can be isolated. Figure 13 compares this contribution, qc/qmo 
with the two limiting cases cited above. The corrected reinforcement 
ratios follow eq. (11) with L / D  = 8, which would imply average agglom- 
erates of 19-25 filler particles, which agrees roughly with those observed 
on electron micrographs of fracture surfaces. 

Comparing the mechanical contribution to the relative viscosity for the 
Attagel-phenoxy system, Figure 13, with the respective relative modulus, 
Figure 7, one can see eq. (10) cannot be used as an approximation. This 
indicates that for nonspherical filler particles the flow of the composite melt 
depends very strongly on their shape and also on the extent of aggregation. 
For dispersed single spheres, however, it seems that the relative modulus is 
about the same as the relative viscosity. 

In conclusion, i t  is felt that the upward shifts in glass transition temper- 
ature of polymeric composites indicate a decrease in the mobility of the 
polymer molecules in the vicinity of the interface. This decrease should be 
related to the degree of interaction between the filler material and the 
polymer and to the interfacial area available. Further quantitative 
separation of the restricted mobility into these two contributions has not 
been attempted. The experimental data show that the interactions a t  the 
interface have a significant effect on some of the bulk properties of the 
matrix. Under certain conditions this can cause significant changes in the 
physical properties of the composite. 

1 - 841 

This work was sponsored by the Advanced Research Projects Agency, Department of 
Defense, through Contract with the Office of Naval Research No. N00014-67-C-0218 
(formerly N00014-66-G0045), Order No. 873, ONR Contract Authority N R  356-484/ 
4-13-66, “Development of High-Performance Composites.” 

References 
1. A. D. Wambach, K. L. Tracht,e, and A. T. DiBenedetto, J .  Composite Materials, 

2. A. S. Kenyon and H. J. Duffey, Polym. Eng. Sci., 7 ,  189 (1967). 
3. M. Baccaredda and E. Butta, J .  Polym. Sci., 57, 617 (1961). 
4. R. F. Landel, Trans. SOC. Rheol., 2 ,  53 (1958). 

3, 266 (1968). 



2168 D. DROSTE AND A. DIBENEDETTO 

5. G. M. Martin and L. Mandelkern, J. Res. Nat. Bur. Stand., 62,141 (1959). 
6. A. M. Bueche, J .  Polym. Sci., 25, 139 (1957). 
7. F. Glander, Kaut. Gummi, 14WT. 302 (1961). 
8. R. S. Stearns and B. L. Johnson, Znd. Eng. Chem., 43, 146 (1951). 
9. V. A. Kargin, T. I. Sogolova, and T. K. Shaposhnikova, Vysokomol. Soedin., 5,921 

10. V. A. Kargin, T. I. Sogolova, and T. K. Metelskaya, Vysokomol. Soedin. 4, 601 

11. V. A. Kargin and T. I. Sogolova, Vysokomol. Soedin., 2 ,  1093 (1960). 
12. Y. S. Lipatov, Trans. J. Plastics Institute (London), 34,83 (1966). 
13. Y. S. Lipatov, T. E. Lipatova, Y. P. Vasilenko, and L. M. Sergeva, Vysokomol. 

14. L. E. Nielsen, R. A. Wall, and P. G. Richmond, SOC. Plastics Eng. J . ,  11, 22 

15. I. A. Uskov, Y. G. Tarasenko, and T. A. Kusnitsyna, Vysokomol. Soedin., 3 ,  37 

16. C. W. van der Wal, H. W. Bree, and F. R. Schwarrl, J. Appl. Polym. Sci., 9,2143 

17. C. A. Kumins and J. Roteman, J. Polym. Sci., I-A, 527 (1963). 
18. D. W. Woods, Nature, 174, 753 (1954). 
19. S. Newman and W. P. Cox, J. Polym. Sci., 46,29 (1960). 
20. J. M. O’Reilly, E. E. Karasz, and H. E. Blair, Bull. Amer. Phys. SOC., 9,285 (1964). 
21. K. Nagamatsu, Z. Kolloid, 172, 141 (1960). 
22. I. M. Sarasohn, Thermomechanical Instrumentation : Differential Thermometry, 

E. I. du Pont de Nemours Co., Instrument Products Division, du Pont Reprint RG20. 
23. L. E. Nielsen, Rev. Sci. Znst., 22, 690 (1951). 
24. L. E. Nielsen, Mechanical Properties of Polymers, Reinhold Publishing Corp., 

25. S. Oka, in Rheology, 3, F. R. Eirich Ed., Academic Press, New York, 1960, chap  

26. G. J. Dienes and H. F. Klemm, Appl. Phys., 17,458 (1946). 
27. T. G. Fox and P. T. Flory, J. Appl. Phys., 21, 581 (1950). 
28. Ueberreiter and G. Kanig, J. Colloid Sci., 7, 569 (1952). 
29. F. Bueche, Physical Properties of Polymers, Interscience, New York, 1962. 
30. T. K. Kwei, J. Appl. Polym. Sci. %A, 3229 (1965). 
31. L. T. MUUS, N. G. McCrum, and F. C. McGrew, SOC. Plastics Engr. J . ,  15,368 

32. E. H. Kerner, Proc. Phys. Soc., 69B. 808 (1956). 
33. Z. Hashin, J. Appl. Mechanics, 29, 143 (1962). 
34. J. E. Hill, Ph.D. Thesis, Materials Science Center, Cornell University, Sept. 

35. M. L. Williams, R. F. Landel, and J. D. Ferry, J. Amer. Chem. SOC., 77, 3701 

36. M. Mooney, J. Colloid Sci., 6, 162 (1951). 
37. T. B. Lewis and L. E. Nielsen, Trans. Soc. Rheol., 12, 421 (1968). 
38. E. Guth, J. Appl. Phys., 16,20 (1945). 
39. %. Hashin, Proc. 4th Znlernational Congress on Rheology, 3,30 (1965). 
40. J. N. Goodier, Phil. Mag., 22,678 (1936). 
41. T. B. Brodnyan, Trans. SOC. Rheol., 3,61 (1959). 

(1963). 

(1962). 

Soedin., 5 ,  290 (1963). 

(1955). 

(1961). 

(1965). 

New York, 1962. 

ter 2. 

(1959). 

1967. 

(1 955). 

Received August 15, 1968 
Revised March 26, 1969 


