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S j ’ I l O ~ B  

As one in a series of studies relating the rheological properties of mechanical mixtures 
of two polymer components to the degree of mixing, the temperature dependence of ten- 
sile stress relaxation behavior of two types of mixed systems, i.e., poly(methy1 meth- 
acrylate)-poly(vinyl acetate) system and lightly crosslinked poly(methy1 methac~late- 
poly(viny1 acetate) system, was investigated over a temperature range covering the glass 
transition temperatures of both polymer components. The time-temperature super- 
position procedure was carried out for comparison of several parameters, such as frac- 
tional free volume and its thermal expansion coefficient, which were determined on the 
basis of the free volume concept from the viscosity in relation to the William-Landel-Ferry 
equation, with those of the individual polymer components. Although the fractional 
free volume and its thermal expansion coefficient thus determined for the mixed systems 
were apparent values, the results may, a t  least qualitatively, deny the simple additivity 
of the free volumes of the two-polymer mixed phases and suggest the existence of a sort of 
physical interaction between the phases, i.e., the internal pressure induced by one phase 
or the other due to a difference in thermal exDansion coefficient between the phases. 

Introduction 

In a previous paper of this series,’ two types of generalized models re- 
lating the degree of mixing to the rheological properties of a mechanical 
mixture of two polymer components were proposed. The theory proposed 
was based on the semimicro heterogeneity of the mixed system, neglected 
chemical interaction between the two polymers mixed, and simplified 
greatly the stress or strain distribution along the boundary of the mixed 
phases. 

In this paper, the temperature dependence of tensile stress relaxation 
behavior of the mixed system in the range of linear viscoelasticity was 
investigated over a temperature range covering the glass transition tem- 
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peratures of the two polymer components, and the time-temperature 
superposition procedure was carried out for comparison of several param- 
eters, such as the fractional free volume and its thermal expansion co- 
efficient which were determined on the basis of the free volume concept of 
the viscosity in relation to the Williams-Landel-Ferry equation12 with those 
of the individual polymer components. 

The results obtained may be valid for modifying the previous model by 
adding a sort of physical interaction between the two polymer phases in 
terms of the internal pressure induced by one phase upon the other. 

Test Specimens and Experimental Procedure 

Two types of mixed systems, poly(methy1 methacrylate) (PMMA)- 
poly(viny1 acetate) (PVAc) and lightly crosslinked PMMA(PMMA,,)- 
WAC, were prepared. For the PMMA-PVAc system PMMA(iVq = 3.5 
X lo5) and PVAc (nq = 2.4 X 106) were mixed simultaneously in acetone 
(common solvent) in various proportions (80/20, 60/40, 50/50, 40/60, 
and' 20/80) and for the PMMA,,-PVAc system lightly crosslinked, fine 
particles of PMMA (about 100 mp diameter) obtained from emulsion 
copolymerization of a 0.5/99.5 mixture of ally1 methacrylate with methyl 
methacrylate were mixed with acetone solutions of PVAc in various pro- 
portions (70/30, 50/50,40/60, and 20/80). 

The test specimens were cast from the solutions into thin films by vapor- 
izing the solvent gradually and leached in running water so as to remove 
acetone as completely as possible. The test specimens thus prepared were 
dried at  100-12OoC. in vacuum for 3 days and annealed a t  170OC. for 20 
min. before the stress relaxation measurements were made. 

For the stress relaxation measurements, a chainomatic balance type auto- 
recording relaxometer, described elsewhere13 was used, and the tensile 
stress relaxation of ribbon-shaped test specimens of about (1-5) X 50 X 
0.2 mm. dimensions was measured over a period of 30-6000 sec. under given 
strains within the limit of linear viscoelasticity at various temperatures 
ranging from room temperature up to 170OC. 

Experimental Results and Discussion 

Figures 1-3 show the temperature dependence of relaxation moduli 
of the three kinds of amorphous polymers which were used as the individual 
components of this study. The behavior is typical of amorphous poly- 
mers. * 

Figures 4 and 5 show also the temperature dependence of relaxation 
moduli of 50/50 PVAc-PMMA and 50/50 PVAc-PMMA,, as typical 
examples of the two types of mixed systems, respectively. When the two 
sets of results are compared, it may be seen that for the PVAc-PMMA 
system the glass-rubber transition of the PVAc at  around 35OC. appears 

* The PMMA, test specimen was cast into thin films by swelling the PMMA,, pow- 
der in acetone and then vaporizing the acetone gradually. 
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Fig. 1. Temperature dependence of relaxation rpodulus of poly(viny1 acetate), PVAc, 
used &s a component of mixed system. 

clearly but that of the PMMA at  around 110OC. is indistinct; for the 
PVAc-PMMA,, system the glass-rubber transition of the PVAc is not 
clear, but that of the PMMA,, also at  around 110OC. is clear. This re- 
markable reverse should be attributed to a difference in the mode of mixing 
of the two phases in the two systems. 

Figures 6 and 7 show the temperature dependence of the relaxation 
modulus at  500 sec. as a function of volume fraction of the mixed com- 
ponents for the PVAc-PMMA and PVAc-PMMA,, systems, respectively, 
replotted from the two series of experimental results for the two systems 
for which typical examples are shown in Figures 4 and 5. This remarkable 
reverse of the effect of the volume fraction of each component upon the 
temperature dependence of the 500-sec. relaxation modulus is also seen 
for the two systems, i.e., for the PVAc-PMMA system the behavior re- 
sembles that of PVAc alone until the volume fraction of PMMA compo- 
nent reaches SO%, and suddenly approaches that of the PMMA alone 
beyond a critical volume fraction of around 70%, while for the PVAc- 
PMMA, system the behavior is of reversal at a critical volume fraction of 
PMMA,, of around 30'%. 

In order to explain the reversal of the behavior between the two systems 
in terms of the mode of mixing, the volume fraction dependence of the 
5Wsec. relaxation moduli E of the two systems at  a given temperature 
( S O O C . ) ,  which was replotted again from Figures 6 and 7, wm compared 
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Fig. 2. Temperature dependence of relaxation modulus of poly(methy1 methacrylate), 
PMMA, used as a component of mixed system. 

-Time. f (secl 

Fig. 3. Temperature dependence of relaxation modulus of lightly crosslinked poly- 
(methyl methacrylate), P M U , ,  used as a component of mixed system. 



TENSILE STRESS RELAXATION BEHAVIOR 2265 

'P - 
10 ICY 10 

Time, t (sec.) 

Fig. 4. Temperature dependence of relaxation modulus of 50/50 PVAc-PMMA mixed 
system. 
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Fig. 5.  Temperature dependence of relaxation modulus of 50/50 PVAe-PMML mixed 
system. 
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Fig. 6. Temperature dependence of 500 sec. relaxation modulus as a function of 
fraction of mixed components for the PVAe-PMMA mixed system. 

Fig. 7. 
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Temperature dependence of 500 sec. relaxation modulus as a function of 
fraction of mixed components for the PVAc-PMMA, mixed system. 
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Fig. 8. VoluIne fraction dependence of 500 sec. relaxation modulus at 80°C. for the 
two types of mixed systems, PVAc-PMMA and PVAc-PMML,, in comparison with 
the calculated results on assuming a simple mechanical mixture of a sphere of one com- 
ponent in a matrix of the other component and a phase conversion due to hexagonal 
close-packing of the sphere phase. 

with the results calculated on the basis of a simple model of mechanical 
mixing as given by eq. (l), in which one assumes a sphere of component B 
floating in a unit cubic matrix of component A, approximates a sphere to 
a cube of the same volume and takes account of a phase conversion from 
B in A to A in B at  30 or 70% volume fraction of component B due to the 
hexagonal close-packing of the sphere phase of component A or B, re- 
spective1y.l 

E(to,To,v~) = MA(~O,TO) + ~[+z,A/EA(~o,To) + +Z,B/EB(~,TO) I-' (1) 

As seen in Figure 8, the experimental results given by the heavy solid 
line for the PVAc-PMMA system agree fairly well with those calculated 
(thin solid line) from the simple model of a PMMA sphere floating in a 
unit cubic PVAc matrix within a range of volume fraction of PMMA from 
0 to 70%, beyond which the phase conversion from PMMA sphere in 
PVAc matrix to PVAc sphere in PMMA matrix occurs, while that (given 
by the heavy broken line) for the PVAc-PMMA,, system agrees roughly 
with the results (thin broken line) calculated from the simple model as 
above but assuming phase conversion from the PMMA, sphere in PVAc 
matrix to PVAc sphere in PMMA, matrix at  a volume fraction of PMMA,, 
of 30% instead of 70% as above. 

Although there exists a considerable discrepancy, especially for the 
PVAc-PMMA,, system, between the experimental and calculated results, 
the mode of mixing may be, at  least qualitatively, given by the simple 
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Pig. 9. Temperature dependence of shift factor uT for the master relaxation curve of 
PVAe-PMMA mixed systems, taking the reference temperature aa 110°C. 
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Fig. 10. Temperature dependence of shift factor ur for the master relaxation curve of 
PVAc-PMMA,, mixed systems, taking the reference temperature as 112°C. 

model above if the phase selectability of each component is taken into ac- 
count. Actually, the test specimens of the PVAc-PMMA system contain- 
ing less than 700/, volume fraction of PMMA component can be easily 
extracted by hot ethanol (solvent only for PVAc) but those beyond 70% 
cannot, and the same situation as above occurs for the PVAc-PMMA, 
system, except for the change of the critical volume fraction of the PMMA,, 
component from 70 to 30%. 

In the previous paper' the discrepancy for the PVAc-PMMA,, system 
from the simple model was explained in terms of a sort of distribution 
function of volume fraction, f(4) for the generalized series model, instead 
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Fig. 11. Comparison of temperature dependence of apparent fractional free volume 
of the mixed systems determined experimentally with results calculated from simple 
additivity of free volume of each component.. 

of k(+) for the generalized parallel model, and the temperature dependence 
of the 500 sec. relaxation modulus for the 50/50 PVAc-PMMA,, was 
quantitatively explained in terms of a “matrix-matrix mixing” having 
a Gaussian type distribution f(+) around +A = 0.5. 

As seen from Figures 4 and 5, which are typical of the temperature de- 
pendence of the relaxation modulus for the two systems, the procedure of 
timetemperature superposition for obtaining the so-called master relaxa- 
tion curve, which is, of course, apparent in such multiple-phase system as 
these, can be performed, a t  least perfunctorily, without any difficulty. 
The temperature dependence of the shift factor uT4 thus determined by 
taking as the reference temperature 110OC. is illustrated in Figures 9 and 10 
for the PVAc-PMMA and the PVAc-PMMA,, systems, respectively. 

After examining the temperature dependence of the shift factor, it was 
revealed that the temperature dependence was well approximated by the 
WLF equation within the temperature range from 35OC. (the glass transi- 
tion temperature of the PVAc) to 110OC. (the glass transition temperature 
of the PRIMA and PMRIA,,) and beyond llO°C., separately, with some 
exceptions; i.e., the WLF equation did not hold in the temperature range 
between the two glass transition temperatures for the 20/80 PVAc-PMMA 
and for the 60/40,50/50, and 30/70 PVAc-PMMA,,, for which PMMA or 
PMMA,, was postulated to occupy the matrix phase in the mixed systems. 

Table I lists the two constants, C1 and Cz, in the WLF equation thus 
separately determined for the two temperature ranges by taking the refer- 
ence temperatures as 110 and 35OC., respectively, from which the apparent 
fractional free volume and its thermal expansion coe6cient for the mixed 
systems may be evaluated. 
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TABLI3 I 
Values of Constants CI and Cz in the WLF Equation Determined From the Tempers 
ture Dependence of the Shift Factor UT for the Master Relaxation Curves for the Two 

Types of Mixed Systems 
~~ ~~ 

To = 383°K. To = 308°K. 

System C1 CZ C1 cz 
PVAcPMM A 

0/100 16.1 55.6 - - 
20/80 15.4 53.0 - - 
40/60 7.18 43.7 16.8 52.2 
50/50 6.71 43.8 16.7 60.7 
60/40 5.24 43.1 12.4 45.6 
80/20 4.87 39.0 11.7 42.7 
100/0 4.88 123 12.4 48.9 

PVAc-PMM&, 
0/100 10.2' 51.5" - - 

- - 30/70 14.6" 99.6" 
50/50 11.6" 69.2" 
60/40 11.5' 99.6" 
80/20 6.23" 41. 0" 18.3 67.8 
100/0 4.88' 123" 12.4 48.9 

- - 
- - 

In an extreme case where no physical interaction between the A and B 
phases exkts, the total volume, Vbl may be given by simple additivity as 
follows : 

V@l = (VOA + UA) + (VOB + vB) (2) 

vb1 = vA + v B  (3) 

f01 s vbl/(VOA + VOB) XafA + XBfB (4) 
and 

where Vo, v, f, and X are occupied volume, free volume, fractional free 
volume, and volume fraction in bulk of each phase, respectively. There- 
fore, the temperature dependence of the fractional free volume of the mixed 
system fbl(T) may be given by 

fbl(T) XAlfpA + afA(T - T u A ) ]  + XBlfpB + a J B ( T  - T g B ) ]  (5) 
where f, and af are fractional free volume at  glass transition temperature Tu 
and the difference of the thermal expansion coefficient of free volume 
below and beyond the glass transition temperature, respectively. 

In the usual case, however, where some physical interaction between 
the two phases, such as internal pressure induced by one phase on the other 
due to the difference of thermal expansion coefficient between the two 
phases, exists, the total fractional free volume fBl given by eq. (4) may be 
modified as follows: 

fbl(T) X&A(p,T).fA(T) + ABPB(p,T)fB(T) 

= XA.fA(p,T) + X B f B ( P > T )  (6) 
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where is an interaction parameter, and the functions of internal pressure 
and temperature B(p,T)f(T) may be rewritten BS f (p ,T) .  The f(p,T) 
should be closely related to the shift factor a,,Tsls in the procedure of 
time-temperature-pressure superposition of linear viscoelasticity through 
the Doolittle’s equation,’ in which the viscosity is interpreted in terms of 
the fractional free volume. 

In Figure 11, fpv~,, f p x ~ ~ ,  and ~ P M Y A , , ,  which were determined from 
C1 and C2 values listed in Table I by using the well-known relations of C; = 
1/(2.303 f,) and C2 = f,/ctf,z represent the temperature dependence of 
the fractional free volume of the individual polymer components. The 
plots for (0.5fPVAo + 0.5 ~ P M M A )  and (0.5 ~ P V A ,  + 0.5 ~ P M M A , ) ,  which were 
calculated from the above values of fractional free volume of the individual 
components by using eq. (5), represent the temperature dependence of the 
50/50 PVAc-PMMA and 50/50 PVAc-PMMA, systems having non- 
physical interaction between the two phases. 

On the other hand, the heavy solid and broken limes in Figure 11, which 
were determined from the temperature dependence of the shift factor aT 
as shown in the upper half of the figure and also in terms of the values of Cl 
and C2 in the WLF equation in Table I, represent the temperature de- 
pendence of the apparent fractional free volume of the 50/50 PVAc-PMMA 
and 50/50 PVAc-PMMA,,. When one compares these experimental 
results with the results calculated for nonphysical interaction, it is evident 
that the experimental result is greater than the calculated one for the 50/50 
PVAc-PMMA system, and the converse is true for the 50/50 PVAc 
PMMA,, system. 

Although the experimental results are only qualitative as discussed 
above, this may suggest an existence of the physical interaction between 
the two phases; i.e., in the case of 50/50 PVAc-PMMA system, the PVAc 
matrix surrounds the PMMA sphere and acts in such a way as to make 
P P ~ M A  in eq. (6) greater than unity while keeping ~ ~ P V A ,  near unity, and in 
the case of 50/50 PVAc-PMMA,, the PMMA matrix surrounds the PVAc 
sphere and acts in such a way as to make PPVA~ less than unity while keeping 
PPYMA, near unity. This type of explanation holds generally (at least 
qualitatively) for all of the experimental results of other volume fraction 
for the two systems which are not shown in the figure, and agrees well in 
the phase selectability with what is postulated (Fig. 8) in terms of the 
phase conversion of the simple model of mixing. 

The interaction parameter, P(p,T) should be determined experimentally 
from another source, such as the specific volume-temperatuke relation of 
the specimen, from which the rheological properties of the mixed system 
may be explained more quantitatively in combination with the degree of 
mixing. 

The authors are indebted to Mr. D. A. Sullivan, Shawinigan Resin Corp., Springfield, 
Mass., U. S. A., a chairman of the Division of Organic Coating and Plastic Chemistry, 
the 145th National Meeting of the American Chemical Society, New York City, who gave 
a valuable comment on the previous paper for introducing a sort of interaction between 
the two phases of the mixed system. A part of this work was supported by the Research 
Grants from the Japan Synthetic Rubber Co., Ltd. 
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R6sum6 
Suite B un article antbrieur, relatif aux propri6t4a rheologiques du melange m6canique 

de deux polymhres en fonction du degr6 de melange, on a 6tudi6 la dependance vis-his 
de la temperature de la relaxation de la force de tension de deux types de systAmes en 
rndange, le systAme polym6thacrylate de m6thylepolyac6tate de vinyle e t  le systAme 
faiblement pont6 polym6thacrylate de m6thyle-polyac6tate de vinyle. Cette 6tude a 
6th effectu6e dans un domaine de temp6rature comprenant la temp6rature de transition 
vitreuse des deux systAmes de polymhres. Le proc6d6, appele superposition temp6rature- 
temps, a 6th employ6 pour comparer plusieurs paramhtres tels que le volume libre partiel 
e t  son coefficient de dilatation thermique avec ceux des composb polym6riques indi- 
viduels. Ces paramhtres ont 6t6 temporairement d6termin6s sur la base de l’influence du 
concept de volume libre sur la viscosit6, en relation avec 1’6quation de William-Landel- 
Ferry. Bien que le volume libre partiel e t  son coefficient de dilatation thermique, d 4  
terminks pour les systAmes en mblange, soient des valeurs apparentes, les r6sultats peu- 
vent, au moins qualitativement, ddmentir la simple additivit6 des volumes libres des 
deux phases polymbriques en melange et sugghrent l’existence d’une sorte d’interaction 
physique entre les phases, c’est-&dire la pression interne indiiite par une phase sur 
l’autre e t  due B la diffbrence d6s coefficients d’expansion thermique entre les phases. 

Zusammenfassung 
Als Fortsetzung einer friiheren Arbeit uber die Beziehung der rheologischen Eigen- 

schaften einer mechanischen Mischung aus zwei Polymerkomponenten zum Mischungs- 
grad wurde die Temperaturabhangigkeit des Zug-Spannungsrelaxationsverhaltem 
der beiden Mischungssystemtypen Poly(methy1methacrylat)-Poly(viny1acetat)- und 
schwach vernetztes Poly(methylmethacry1at)-Poly( vinylacetat)-System in einem Tem- 
peraturbereich, der die Glasumwandlungstemperatur der beiden Polymerkomponenten 
umfasst, untersucht. Die sogenannte “Zeit-Temperatursuperposition” wurde beim 
Vergleich mehrerer Parameter, wie Bruchteil an freiem Volumen und sein thermischer 
Expansionskoeffizient mit denjenigen der individuellen Polymerkomponenten durchge 
fuhrt. Diese Parameter wurden jeweils auf Grundlage der Beeinflussung der Viskositat 
nach dem Konzept des freien Volumens in Beziehung zur William-Landel-Ferry-Gleich- 
ung bestimmt. Obgleich der in dieser Weise fur die Mischungssysteme bestimmte freie 
Volumsbruchteil und sein thermischer Expansionskoeffizient dem scheinbaren Wert 
entsprachen, lassen die Ergebnisse zumindest qualitativ doch die einfache Additivitat 
des freien Volumens der beiden gemischten Polymerphasen als eweifelhaft erkennen und 
sprechen fur das Bestehen einer Art von physikalischer Wechselwirkung zwischen den 
Phttsen, d.h. fur das Auftreten eines, durch eine Phase auf die andere infolge des Unter- 
schieds der thermischen Expansionskoeffizienten zwischen den Phasen ausgeubten, 
inneren Drucks. 
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