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ABSTRACT: The contribution of constraint release is incorporated into our previous theory to predict the
linear viscoelastic properties of compatible polymer mixtures. For this, we used the constraint release mechanism,
together with the linear blending law for the relaxation modulus, proposed by Graessley. It has been observed
that (1) the predictions of zero-shear viscosity, nq, with the constraint release parameter z = 3, compared
favorably with experimental data for binary blends of poly(methyl methacrylate) (PMMA) and poly(vinylidene
fluoride) (PVDF) and binary blends of PMMA and poly(styrene-stat-acrylonitrile) (PSAN) and (2) the
predictions of dynamic storage and loss moduli, G/(w) and G";(w), were found to be very sensitive to the
polydispersity of the polymer. The theory predicts a linear relationship between the plateau modulus of the
blend, G°ys, and blend composition, whereas experimental evidence suggests that G°yy; versus blend composition
plots exhibit negative deviations from linearity for both PMMA/PVDF and PMMA /PSAN blend systems.
It has been found that the use of a 3.4-power blending law for the relaxation modulus and the tube model,
with reptation contribution only, predicts negative deviations from linearity in G°yj versus blend composition

plots, consistent with experimental observations.

1. Introduction

In a previous paper! we presented a theory that predicts
the linear viscoelastic properties of mixtures of two com-
patible polymers, based on a tube-model approach and a
3.4-power blending law for the stress relaxation modulus.
In the development of the theory, only the reptation
motion, under an external potential, of two primitive
chains with dissimilar chemical structures was considered,
thus neglecting tube renewal through the release of con-
straint. It was assumed that the external potential could
be represented by a term containing the interaction pa-
rameter x between the two primitive chains with dissimilar
chemical structures. The theoretical predictions for
zero-shear viscosity and dynamic moduli were found to
compare favorably with experimental results for blends of
poly(vinylidene fluoride) and poly(methyl methacrylate)
and blends of poly(styrene-stat-acrylonitrile) and poly-
(methyl methacrylate).

Earlier, Graessley? pointed out that the inclusion of tube
renewal through the release of constraint into reptation
motion is important in order to accurately predict the
effect of polydispersity on the linear viscoelastic properties
of entangled polymers. Subsequently, he applied the
concept of constraint release to predict the linear viscoe-
lastic properties of binary blends of nearly monodisperse
polybutadienes.?

Having realized the fact that constraint release would
be of great importance in dealing with the reptation motion
of two primitive chains, in particular those with dissimilar
chemical structures, we have now incorporated constraint
release into our previous theory in order to predict the
linear viscoelastic properties of mixtures of two compatible
polymers. In this paper we will present the highlights of
this investigation.

2. Theory

The tube model of Doi and Edwards* is based on the
assumption that there is a tube that can be characterized
by a single parameter a, the step length of the tube. This
means that the tube model of Doi and Edwards is appli-
cable to polymers having the same chemical structure.
However, when there are two primitive chains with dis-
similar chemical structures, it is reasonable to assume that
the chemically dissimilar primitive chains, which are

characterized by parameters a; (i = 1, 2), would interact
under an external potential, and thus tube reorganization
would play an important role in the development of a
molecular viscoelastic theory for compatible polymer
mixtures.

In a previous paper! we assumed that two primitive
chains, 1 and 2, with dissimilar chemical structures, rep-
resenting linear, entangled polymers 1 and 2, respectively,
reptate in their respective tubes and that, after mixing,
the dynamics of the primitive chain 1 can be expressed in
the form of the Smoluchowski equation
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where f; describes the probability that a segment of chain
1 starting at the origin at ¢t = 0 will be found at a position
£, at time ¢ later, Dy is the curvilinear diffusion constant
of chain 1, kg is the Boltzmann constant, T is the absolute
temperature, and U is an external potential. By assuming
that AU/ ¢, can be expressed in terms of the interaction

parameter x
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where ¢, is the volume fraction of polymer 2 and a, is the
tube diameter of chain 1, eq 1 may be rewritten as
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After solving eq 3 under the appropriate boundary
conditions, we obtained the expression!
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where F(t) describes the fraction of segments in chain 1
at time t, which are still in tube 1 defined at time t = 0

(the original tube). Similarly, the dynamics for chain 2
representing polymer 2 is given by

4 = Hyp
Fyt) = = X — exp(-p%t/75,) (5)
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where 7, (i = 1, 2) in eq 4 and 5 are defined by
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whee ¢*, = ¢y, ¢*; = ¢y, Z; is the number of segments in
chain 7, and 74 = L;?/D;7?% is the tube disengagement time
for chain i, in which L; is the curvilinear contour length
and D; is the diffusion constant for chaini. H;, (i =1, 2)
in eq 4 and 5 are defined by
o= {1 - (-1)? cosh [(-x)¢*Z;]} @
P {1 + [(-x)¢*Z;/pm]%?

In introducing the contribution of constraint release to
the reptation motion of a binary mixture of linear, en-
tangled monodisperse homopolymers having dissimilar
chemical structures, we will adopt an approach similar to
that taken by Graessley and Struglinski® who considered
the linear viscoelastic properties of a binary mixture of
monodisperse homopolymers with identical chemical
structure. It should be mentioned that the primary pur-
pose of their study was to investigate the effect of poly-
dispersity on the linear viscoelastic properties of a hom-
opolymer.

We now assume that the relaxation modulus of the bi-
nary mixture G,(t) under consideration is represented by

Gy(t) = G°nywy Fi(t) Ry(t) + G°now, Fo(t) Ry(t) (8)

where G°y; (i = 1, 2) are the plateau moduli, w; (i = 1, 2)
are the weight (or volume) fractions, R; (i = 1, 2) are the
reduced relaxation functions, F;(t) is given by eq 4, and
Fy(t) is given by eq 5. Note that R; (i = 1, 2) is associated
with constraint release and defined by?

Ri(t) = = Zexp[ it/ 27g] i=12 (9)
lJ_
where the \;; is defined by
N =4sin’ [1j/2Z;+ D] i=12 (10

and 7, is the waiting time that governs the time scale of
tube renewal and is defined by?

w = j;w[wl Fl(t) + w, Fg(t)]z dt (11)

where z is a constraint release parameter, which governs
the strength of the constraint release contribution. At the
present time, there does not exist any rigorous guideline
for choosing a value of z, and thus z can be regarded as
an adjustable parameter.

For binary blends, analytical expressions for 7, can be
obtained from eq 11 for any integer value of z. For z =
3, for instance, which was chosen by Graessley and
Struglinski,? substituting eq 4 and 5 into eq 11 and inte-
grating the resulting expression, one obtains
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where
Qupn =1+ [(-X)¢*,Z,,/7n]? m=1,2 (13)

and H,, , (m = 1, 2) is given by eq 7. Note that, for x =
0, eq 12 reduces to the same expression as that given in
Appendix B of ref 5, where blends of binary components
with identical chemical structure were considered.
Since the relaxation modulus G,(¢t) is given by eq 8, we
can obtain the zero-shear viscosity, 7, steady-state com-
pliance, J°,;, dynamic storage modulus, G'(w), and dy-

namic loss modulus, G’{(w), as
4 2 H;, 1 i
Nob = ;gwiGoM{p}i p? Z‘ ZT;,} (14)
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where

2 A,
LoE o (18)
Ti J T,"p 21’w
in which 7;, is defined by eq 6, H;, by eq 7, A;; by eq 10,
and 7, by eq 11. It can be shown that eq 14 reduces to
eq 26 of ref 3 and that eq 15 reduces to eq 27 of ref 3, for
the following special conditions: (1) large values of Z; (say,
Z; > 20); (2) x = 0; and (3) G°x; = G = G, i.e., for
binary mixtures having components with identical chem-

ical structure.’

Since information on the tube disengagement times 7;
(i = 1, 2) are, in general, difficult to obtain, while the
viscosities n,; (i = 1, 2) of the constituent components are
readily measured, it is of practical importance to express
the viscosity of the blends 7., in terms of 7, (i = 1, 2).
Using eq 14, we can relate 74; to n, by

770: 8a11 Z 1
o /:w oddp2Z, ,—1p2+( ,/2A)} (19)

where A is defined by?

A
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all
which can be approximated by?

Y=Y
A= (12) @1

By substituting eq 19 into eq 14, with the aid of eq 18, we
obtain

B 1
2 mmp=1 p? Zi j=ip*Qp + Njilr4i/274)
Nob = z Z. (22)
i=1 5 *11 & 1

odd}; Z i=1p? + (\;;/24)

where H; , and @, , are given by eq 7 and 13, respectively,
and 7, is defmed by eq 12.
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Figure 1. Comparison of theoretical predictions with experi-
mental results for the dependence of log 7, on blend composition
for PMMA /PVDF blends with x = -0.3, at three different tem-
peratures. Curve (1) is predicted with eq 22, for z = 0; curve (2)
is predicted with eq 22, with z = 1; curve (3) is predicted with
eq 22, for z = 3; curve (4) is predicted with eq 22, for z = 6; for
z = 6; curve (5) is predicted with the 3.4-power blending law
together with the reptation contribution only, in the tube model
(eq 17 of ref 1). Symbols represent experimental data! at different
temperatures (°C): (¥) 200; (&) 220; (@) 230.

3. Results and Discussion

In assessing the predictability of the theory presented
above, we considered the same blend systems as those
considered in our previous paper,! namely, binary blends
of poly(vinylidene fluoride) (PVDF) and poly(methyl
methacrylate) (PMMA) and binary blends of poly(methyl
methacrylate) (PMMA) and poly(styrene-stat-acrylo-
nitrile) (PSAN). In the computations, we used the same
numerical values of the various molecular parameters as
were used in our previous paper,’ specifically: (1) for the
PMMA/PVDF mixtures, (i) M; = 7.92 X 10* for PMMA
and M, = 1.45 X 10°% for PVDF; (ii) G°y; = 6.0 X 10° Pa
for PMMA and G°p, = 4.0 X 10° Pa for PVDF; (iii) Z; =
13.8 for PMMA and Z, = 12.2 for PVDF; and (2) for the
PMMA /PSAN mixtures, (i) M; = 1.05 X 10° for PMMA
and M, = 1.50 X 10° for PSAN; (ii) G°y; = 6.0 X 10° Pa
for PMMA and G°p, = 2.28 X 10° Pa for PSAN; (iii) Z,
= 18.8 for PMMA and Z, = 10.3 for PSAN.

We have calculated 7, for different blend compositions,
using eq 22 with different values of z, and the results are
given in Figure 1 for the PMMA /PVDF blends at 200, 220,
and 230 °C with x = —0.3 and in Figure 2 for the
PMMA /PSAN blends at 200 and 210 °C with x = -0.01.
Nishi and Wang” reported x = -0.295 for PMMA /PVDF
blends, and Schmitt et al.® reported x = -0.011 for
PMMA/PSAN blends. Symbols in Figures 1 and 2 rep-
resent the experimental data reported in our previous
paper.! It should be mentioned that, in using eq 22 to
calculate the zero-shear viscosity of the blends, 7., which
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Figure 2. Comparison of theoretical predictions with experi-
mental results for the dependence of log n,, on blend composition
for PMMA /PSAN blends with x = —0.01, at two different tem-
peratures. Curve (1) is predicted with eq 22, for z = 0; curve (2)
is predicted with eq 22, for z = 1; curve (3) is predicted with eq
22, for z = 3; curve (4) is predicted with eq 22, for z = 6; curve
(5) is predicted with the 3.4-power blending law together with
the reptation contribution only, in the tube model (eq 17 of ref
1). Symbols represent experimental datal! at different temper-
atures (°C): (®) 200; (&) 210.

is presented in Figures 1 and 2, we used experimental
values of 7,; and n,,. Since the molecular weights of the
constituent components, i.e., PMMA and PVDF in the
PMMA/PVDF blends and PMMA and PSAN in the
PMMA /PSAN blends, are greater than the entanglement
molecular weights of the respective components, the use
of the experimentally determined values of 7,; and 74
implies that we have used an empirical relationship, 5, «
ﬁ", instead of the reptation theory, which predicts 5, «
In reference to Figures 1 and 2, it should be mentioned
that the predictions for z = 0 represent the tube model
with reptation contribution only, together with the linear
blending law. At present, there is no theoretical basis for
the choice of the value of z. In their study of linear vis-
coelastic properties of binary blends of nearly monodis-
perse polybutadienes, Graessley and Struglinski® found
that the value of z = 3 gave the best fit to their experi-
mental data. It can be seen in Figures 1 and 2 that the
differences between the predicted values of 5y, for z = 3
and those for z = 6 can be regarded as being very small
for all intents and purposes. Nevertheless, at present, z
must be regarded as an adjustable parameter. It should
be mentioned that the computational time required in-
creases very rapidly as the value of z increases from 3 to
6 for large values of p, and in this study we carried out
computations for ., with p up to 100 for z = 3 and p up
to 25 for z = 6. Very recently, Composto,® who investigated
mutual diffusion of polystyrene and poly(2,6-dimethyl-
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1,4-phenylene oxide), also considered both the reptation
and constraint release contributions and concluded that
values of z up to about 19 were needed to explain his
experimental results.

For comparison purposes, the predicted values of 7,
with the 3.4-power blending law and with reptation con-
tribution only, reported in our previous paper,! are also
given in Figures 1 and 2. The following observations are
worth noting in Figures 1 and 2.

For the PMMA /PVDF blend system, the theory pre-
dicts that log 7, goes through a minimum at a certain
blend composition at 230 °C and shows negative deviations
from linearity at 220 and 200 °C. Note in Figure 1 that
the viscosity ratio 7,(PMMA)/1,(PVDF) decreases with
increasing temperature, and thus it appears that the ex-
istence of a minimum in log 7,; versus blend composition
plots, observed in Figure 1, depends on the value of 7,-
(PMMA) /1,(PVDF). Figure 1 shows further that for large
values of 7,(PMMA)/5,(PVDF) the predictions of 74, with
the 3.4-power blending law and with reptation contribution
only in the tube model are slightly better than those with
the linear blending law and with both reptation and con-
straint release contributions for z = 3, but for small values
of n,(PMMA)/5,(PVDF) the differences between the two
predictions are virtually constant. For the PMMA/PSAN
blend system shown in Figure 2, the theory predicts that
log 7, shows positive deviations from linearity. It should
be mentioned that the theoretical predictions of positive
deviations of 7., from linearity for the PMMA/PSAN
blend sytem are due to the very small value of —x for the
PMMA/PSAN pair. Figure 2 shows further that the
predictions of 7., with the linear blending law and with
both reptation and constraint release contributions for z
= 3 gre slightly better than those with the 3.4-power
blending law and with reptation contribution only.

It is of interest to note in Figures 1 and 2 that our theory
predicts reasonably well the composition dependence of
zero-shear viscosity for the PMMA /PSAN blend system
but rather poorly for the PMMA/PVDF blend system,
especially at 200 °C. We believe that there are, among
others, two primary reasons for the disagreements observed
for the PMMA /PVDF blend system, namely, (1) uncer-
tainties involved in the temperature dependence of the
interaction parameter x for the PMMA /PVDF pair and
(2) large differences in the temperature dependence of
viscosity between PMMA and PVDF.

Since the absolute value of x decreases with increasing
temperature for blends exhibiting a lower critical solution
temperature (LCST), it is reasonable to expect that, for
the PMMA /PVDF blend system, which exhibits an LCST,
the absolute value of x would be greater, for instance, at
200 °C than at 220 °C. Thus, if a value of x = 0.5, instead
of x = 0.3, is assigned at 200 °C, the theoretical predic-
tions given in Figure 1 will be improved considerably (see
Figure 1 of ref 1). This argument is presented here to
merely point out an urgent need for information on the
temperature dependence of x for PMMA /PVDF blends,
in order to be able to assess the accuracy (or the lack of
accuracy) of the theoretical predictions presented in this
paper.

In order to demonstrate differences in the temperature
dependence of viscosity between PMMA and PVDF, plots
of log at versus temperature are given in Figure 3, where
ar is a viscosity shift factor. For comparison purposes,
similar plots are given in Figure 4 for PMMA and PSAN.
It can be seen in Figures 3 and 4 that there are large
differences in the values of ay between PMMA and PVDF
but very little difference in the values of ar between
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Figure 3. log ar versus temperature for PMMA /PVDF blends:
(a) PMMA; (0) PVDF; (@) PMMA/PVDF = 20/80; (¥)
PMMA/PVDF = 40/80; (¢) PMMA/PVDF = 60/40; (o)
P(IJVIMA/ PVDF = 80/20. The reference temperature used is 200
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Figure 4. log ap versus temperature for PMMA /PSAN blends:
(a) PMMA; (@) PSAN; () PMMA/PSAN = 20/80; (%)
PMMA/PSAN = 40/60; (¢) PMMA/PSAN = 60/40; (©)
PMMA /PSAN = 80/20. The reference temperature used is 200
°C.

PMMA and PSAN. The above observation seems to
suggest that the rather poor theoretical predictions given
in Figure 1, especially at 200 °C, may in part be attrib-
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utable to the large differences in the temperature depen-
dence of viscosity between PMMA and PVDF. If this is
the case, the relative temperature dependences of the
dynamics may play a greater role than the thermodynamics
of mixing and the topology of the blend system. This
subject is worth investigating in the future by modifying
the present theory.

Earlier, Montfort et al.1° considered constraint release
to predict the viscoelastic behavior of binary blends having
components with identical chemical structure and pre-
dicted that plots of 7, versus blend composition on loga-
rithmic coordinates for such blends exhibit sigmoidal
curvature. But, when 7, is plotted against blend com-
position on semilogarithmic coordinates (i.e., log 7, versus
blend composition plots), Montfort’s prediction shows
positive deviations from linearity. Note that this can be
predicted as a special case (x = 0 and G°¥; = Gy = G°)
of the present theory. It is of interest to mention at this
juncture that a recent experimental study by Struglinski
and Graessley!! shows that plots of log n, versus blend
composition for binary blends of nearly monodisperse
polybutadienes exhibit positive deviations from linearity.
It should be noted, however, that it is not possible to
extend the predictions made by Montfort et al. for binary
blends having components with identical chemical struc-
ture to predictions of viscoelastic properties of binary
blends having components with dissimilar chemical
structures.

It should be pointed out that the linear blending law
introduced in this paper has the following advantage over
the 3.4-power blending law used in our previous paper;!
namely, the linear blending law enables us to obtain exact
analytical expressions for 1,;, G/(w), and G”}(w), satisfying
Kramers—Kronig’s relations!? for any integer value of the
constraint release parameter z, whereas the 3.4-power
blending law does not allow us to obtain analytical ex-
pressions and the approximate analytical solutions so
obtained do not satisfy Kramers-Kronig’s relations.

For large values of Z;, eq 19 reduces to

Noi 821 1
;= —_— 23
Tdi (GoM)/ ,n,z%ips [p? + 2/A]1/2 (23)

For z = 3, substitution of eq 21 in eq 23 gives

ra = ( G":;‘) / 0.244 (24)

On the other hand, the numerical value for the denomi-
nator of eq 19 is 0.237 for PMMA having Z; = 13.8 and
0.236 for PVDF having Z, = 12.2. These values are close
to 0.244, which was determined from the denominator of
eq 23. Note further that when only reptation motion is
considered in the tube model, we have*

4 = ( Gn:;,-) / 0.822 (25)

Thus, a comparison of eq 24 and 25 reveals that, for the
PMMA/PVDF blends under consideration, the value of
74; for both reptation and constraint release contributions
is about 3.4 times that for reptation contribution only. It
should be remembered that 74 depends on the number of
segments Z; when constraint release is included in the tube
model.

Figure 5 gives plots of theoretical predictions for the
terminal region of dynamic storage modulus G/, versus
dynamic loss modulus G’ on logarithmic coordinates for
the PMMA/PVDF blends, using eq 16 and 17 for z = 3,
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Figure 5. Theoretically predicted log G, versus log G’} plots
for PMMA /PVDF blends, consisting of monodisperse constituent
components, at 230 °C. The solid curves (—) are predicted with
eq 16 and 17, and the dashed curves (- --) are predicted with the
3.4-power blending law together with the reptation contribution
only, in the tube model (eq 23 and 24 of ref 1): (1) PVDF; (2)
PMMA/PVDF = 20/80; (3) PMMA/PVDF = 40/60; (4)
PMMA/PVDF = 60/40; (5) PMMA. Here, x =-0.3and z = 3
were used for the computations. Symbols represent experimental
data:! (®) PMMA; (0) PVDF.

which were derived on the assumption that the constituent
components are monodisperse. Note that the plots were
obtained using the same numerical values for the param-
eters, which were used to generate the results given in
Figure 1. For comparison purposes, the values of log G’
and log G, in the terminal region, predicted with the
3.4-power blending law and with reptation contribution
only, are also given in Figure 5, where symbols represent
experimental data reported in our previous paper.! It can
be seen in Figure 5 that the theoretical predictions ob-
tained with the linear blending law and with both reptation
and constraint release contributions are slightly better than
those obtained with the 3.4-power blending law and with
reptation contribution only; however, the differences be-
tween the predictions for the monodisperse constituent
components and the experimental results are very large.
It should be remembered, however, that the PMMA and
PVDF used in the experiment had polydispersities of 2.14
and 2.30, respectively.

Let us now consider the effect of polydispersity of the
constituent components on the linear viscoelastic prop-
erties of PMMA /PVDF blends. Specifically, values of 7,
Gy (w), and G”y(w) for the binary blends of polydisperse
PMMA and PVDF can be calculated, by first determining
the relaxation modulus G,(t) of the blend from

Gy(t) = i!i[G"Mﬁwu Fy(t) By(t) +
i=1{j=1 m

G°N2?nzw2j Fyi(t) Ry(t) ]} (26)

where the upper limit n (or m) in the summation notation
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denotes the number of fractions, chosen for computational
purposes, in the constituent component 1 (or 2), each
having the weight fraction w;; (or wy;). It should be noted
that when dealing with binary blengs having components
with identical chemical structure (i.e., x = 0), eq 26 can
be rewritten as

Gy(t) = GoNld’l[éwli Fi(¢) Ry(1)] +
G°N2¢2[J§1w2j Fy(t) Ryi(6)] (27)

which was used by Graessley and Struglinski.?
Note that Fy;(t) (or Fp;(t)) in eq 26 can be calulated by
modifying eq 4 (or eq 5); i.e.

4 = Hkl,p
Fk[(t) = - Z s exp(_p2t/7kl,p) (28)
Tp=1 D

E=1,1=1,2.,n
k=21=12,..,m
where Hy,, (k = 1, 2) are defined by (see eq 7)
Hy, = {1 - (-1)? cosh [(-x)¢*uZu]} (29)
{1+ [(=x)¢*uZu/ P}
k=1,1=1,2,.,n
k=2,1=1,2,..m

¢ Waoj i ¢ Wo;
*y = . 2,/[¢1w1 + — 21] (30a)
P2 14 12

d%y; =1 - ¢*y; (30b)

where p; and p, are the densities of components 1 and 2,
respectively. Also, 7, (k¢ = 1, 2) in eq 28 is defined by
(see eq 6)

x)¢*uZu \*
Thip = T'dk,z/[l + (__X;ru) ] (31)

k=1,1=12,.,n
k=21=12,..,m

in which

and

where

_ Mkl 34
Targ = Tar(Myp) Mo, (32)
k=11=12,..,n
k=21=12..,m

Note in eq 32 that M, is greater than the entanglement
molecular weight M, and that 74,(Mj) (¢ = 1, 2) can be
calculated from 7y, defined by eq 19, with M = M, ;. Note
in eq 32 that an empirical 3.4-power law, 74 <« M4, was
introduced. This is a departure from the prediction of the
tube model of Doi and Edwards.* The 3.4-power law was
used in order to obtain more realistic theoretical predic-
tions, since the molecular weights of PMMA and PVDF
used in the PMMA/PVDF blends, and the molecular
weights of PMMA and PSAN used in the PMMA/PSAN
blends, are greater than the entanglement molecular
weights of the respective components.

Values of Ry(¢) in eq 26 can be calculated by modifying
eq 9; i.e.
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1 %
Rkl(t) = Z;‘l Eexp(—ksyk,t/wa) (33)

k=11=12.,n
k=21=1,2,....m
where

Mgt = 4 8in? [ws/2(Zy; + 1)] (34)

The number of segments of component &, Z,, appearing
in eq 33, is given by
5 My

Zkl = ZMe’k_

and the waiting time 1, is defined as:

M, >M,, (35)

= f, B Fult) + 6a 2wy Fy©F de (36)

Assuming z = 3, 1, can be calculated from

To =

Spnanmmm 3 eeusenHi,H,
(%) 382228)(2) umuntEE T e

w2 par p? @
qulk,q

Hy, p*Qy rQ
J lip lu,r
2 / + Ve + 4 +
r Td1i T dLk T dLu

¢ 2¢ © o ® i Hk, H. y
3 - 22 wliwlkw2vzzz_l;p M s
nm par pt g r?

[pZQl.-_,, , P a,

a1 Lo Tdo0
¢10° = = o Hyp Hyg Hy,,
3| 2 Juguginn, £5 522 22
2 2
n’m par p2 g r
2 2 2
p Qli,p q Q21,q r Q2v,r
/ + 4 + 2 +
Td1 T dz2! T d2p

¢2 8 S - H2JyP H2[’q H2v|r
(n ) wzjwzlw%%;; Pt g r

P*Qyp, ¢*Qu, rQ
’ 2j,p / 2l,q + , 2v,r (37)
T d2,f T da,l T d2u
where
Qup =1+ [(-x)¢*1Zy/7p]? (38)
=1,1=12..,n

k=21=12..,m

It should be noted that ¢*, in Hy, , and Qy, 4 and ¢*y in
Hy, and @y, may be obtained from eq 30, by replacing
wy; with wy, and wy; with wy;. Similarly, ¢*,, in H,,, and
Qu, and ¢*,, in Hy,, and @,,, may be obtained from eq
30, by replacing wy; with w,, and w,; with w,,.

One can now calculate the 7, of binary blends consisting
of two polydisperse components from the following ex-
pression

o= . "Gy(t) de (39)
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Figure 6. Theoretically predicted log 7., versus blend composition
plots for PMMA/PVDF blends. Here x = -0.3 and z = 3 were
used in the computations. Curve (1) is predicted for monodisperse
PMMA and PVDF using eq 22, and curve (2) is predicted for
polydisperse PMMA and PVDF using eq 39, together with eq
26 and eq 28 through eq 38 where the polydlsperslty (M /M)
is 2.14 for PMMA and 2.31 for PVDF. Symbols represent ex-
I(Jel)'lmental data’ at different temperatures (°C): (¥) 200; (a) 220;
&) 230

where G,(t) was defined by eq 26. In the present study,
we calculated values of 5, for PMMA /PVDF blends, with
the polydispersity of PMMA equal to 2.14 and polydis-
persity of PVDF equal to 2.30, by assuming that the mo-
lecular weight distribution of PMMA and PVDF is each
represented by a log-—normal distribution function. The
results are given in Figure 6. Due to the very large com-
putational time required for obtaining 7, defined by eq
37, we used a total of six fractions for each component (i.e.,
n=m=6)and p = q =r = 20 appearing in eq 37. It can
be seen from Figure 6 that the inclusion of the polydis-
persities of the constituent components into the calculation
brings theoretical predictions closer to experimental re-
sults, but a better agreement between the two is desirable.
When discussing the results given in Figure 1, we already
pointed out the directions that should be taken for im-
proving the present theory.

Due to the very large computational times required, we
only calculated values of G,(w) and G”(w) for polydisperse
PMMA and PVDF separately and not for binary blends
consisting of polydisperse PMMA and PVDF. In this case,
substitution of m = 1 and ¢, = 0 in eq 26 (or ¢, = 0 in eq
27) gives the expression for G,(t). For this we used the
following expressions for F,(t) for PMMA and PVDF, re-
spectively

Fi(t)y = % p % exp(-pt/7'y) i=1,2,.,n (40)
T p=1pD

odd
and for 7,
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Figure 7 gives theoretically predicted plots of G, versus
G’y in the linear region for polydisperse PMMA and
PVDF, obtained with the linear blending law together with
both reptation and constraint release contributions in the
tube model. In obtaining the results given in Figure 7, we
used 10 fractions (n = 10) in the log-normal distribution
function for molecular weights greater than M,. For com-
parison purposes, the predictions obtained with the 3.4-
power blending law together with reptation contribution
only are also given in Figure 7. A comparison of Figure
7 with Figure 5 reveals that (1) the predictions of G/, and

", obtained for polydisperse PMMA and PVDF are
much better than those obtained for monodisperse PMMA
and PVDF and (2) the slope of log G/, versus log G*, plots
decreases with increasing polydispersity. Using the tube
model with both reptation and constraint release contri-
butlons, it is shown in the Appendix that the slope of log

' versus log G*, plots decreases from 2 (for monodisperse
homopolymers) w1th increasing polydispersity and that the
polydispersity of the polymer shifts the log G/, versus log

", plots upward, the extent of which depends on the
degree of polydispersity. Figure 7 shows further that the
predictions of G/ and G”, obtained with the linear
blending law together with both reptation and constraint
release contributions for z = 3 in the tube model are much
better than those obtained with the 3.4-power blending law
together with reptation contribution only.

Very recently, Wu!®! reported the results of measure-
ments of the plateau modulus of compatible blends, G°y,,
namely, PMMA/PVDF and PMMA/PSAN blend sys-
tems, and showed that plots of G°y, versus blend com-
position exhibit negative deviations from linearity for both
blend systems investigated. He used an empirical, quad-
ratic expression to fit his experimental data.

We will now derive theoretical expressions for G°p, for
compatible polymer blends, using the theory presented
above. For this, let us assume that G°y; can be determined
from the expression

G°np = [Go(8)]sar, (42)

where G(t) is the relaxation modulus of the blend and 7,
is the Rouse relaxation time for a polymer chain between
two adjacent entanglement points. Note that 7, is inde-
pendent of molecular weight and that the values of 7, are
smaller than the values of the Rouse relaxation time, 7,,
for the primitive chain and also much smaller than the
values of the tube disengagement time, 74 (i.e., 7, < 7, <
74). For the linear blending law defined by eq 8, we have

Gonp = w1G°N; Filre) Ry(1,) + weGony Fy(re) Rz(fz) )
43

where F;(t) and R,(¢) are defined by eq 4, 5, and 9. It can
be shown that!®

Fir) = i—' ~ (44)
p=1 p?
Rfr) ~ 1 (45)
From eq 43-45 we then obtain
G°np = w1G°N; + weG°p, (46)
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Figure 7. Theoretically predicted log G, versus log G, plots
for polydisperse PMMA and PVDF at 230 °C, whose molecular
weight distributions are represented by the log-normal distri-
bution function. Here x = -0.3 and z = 3 were used in the
computations. The polydispersity (M,,/M,) is 2.14 for PMMA
and 2.31 for PVDF. The solid curves (—) were obtained with the
linear blending law with both the reptation and constraint release
contributions, in the tube model, and the broken curves (---) were
obtained with the 3.4-power blending law together with the
reptation contribution only, in the tube model. Symbols represent
the experimental data:! () PMMA; (®) PVDF. Curve (1) is for
PVDF, and curve (2) is for PMMA.

Figure 8 displays the predictions of G°y, for PMMA/
PVDF blends based on eq 46 together with the experi-
mental data of Wu,!2 and Figure 9 gives similar plots for
PMMA/PSAN blends. It can be seen from both Figures
8 and 9 that eq 46 predicts a linear relationship between
G°y; and blend composition, which is far removed from
experimental observations.

If the 3.4-power blending law for the relaxation modulus
is used and only the reptation contribution is included in
the tube model, we can derived from eq 42, with the aid
of eq 44 and 45, the following expression for G°

GoNb = [wl(GoNl)l/sA + wz(G°N2)1/3'4]3'4 (47)

For comparison purposes, the predictions of G°y; obtained
with eq 47 are also given in Figure 8 for PMMA /PVDF
blends and in Figure 9 for PMMA /PSAN blends. It can
be seen in Figures 8 and 9 that eq 47 predicts negative
deviations of G°pp from linearity, which are consistent with
experimental observations, but further improvement is
needed. It should be remembered that when plotted
against blend composition, the blend viscosity 7, exhibits
negative deviations from linearity for PMMA/PVDF
blends and positive deviations from linearity for
PMMA/PSAN blends (see Figures 1 and 2). We have
attributed this discrepancy to the difference in the values
of the interaction parameter x between PMMA /PVDF
blends and PMMA /PSAN blends. Interestingly enough,
however, the experimental data of Wu!®!¢ appears to
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Figure 8. Comparison of theoretical predictions with experi-
mental results for the dependence of G°y; on blend composition
for PMMA /PVDF blends. Curve (1) represents predictions made
with eq 46; curve (2) represents predictions made with eq 47; curve
(3) represents predictions made with eq 48; curve (4) represents
predictions made with eq 50. The symbol (®) represents ex-
perimental data.l?
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Figure 9. Comparison of theoretical predictions with experi-
mental results for the dependence of G°y; on blend composition
for PMMA /PSAN blends. Solid curve (1) represents predictions
made with eq 46; solid curve (2) represents predictions made with
eq 47; broken curve (3) represents predictions made with eq 48.
The symbol (®) represents experimental data.l*

suggest that the plateau modulus of compatible polymer
blends is not sensitive to values of the interaction param-
eter x. This indeed is predicted by eq 47.

It seems appropriate to mention at this juncture some
of the earlier attempts made to correlate the plateau mo-
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Figure 10. Schematic representation of the dependence of log
G'versus log G” plots on polydispersity: (a) in the terminal region;
(b} in the linear region.

dulus of polymer blends with composition. Very recently,
Composto® derived the expression

Gnp = [61(G°N)Y? + ¢5(G°n) /2P (48)

for the plateau modulus of blends of poly(2,6-dimethyl-
1,4-phenylene oxide) and polsytyrene, based on a scaling
law developed by Graessley and Edwards.’® In the de-
rivation of eq 48, Composto assumed that the Kuhn sta-
tistical lengths of the constituent components were the
same and then applied eq 48 to calculate the plateau
modulus for blends of polystyrene and poly(2,6-di-
methyl-1,4-phenylene oxide). He obtained reasonably good
agreement between predictions and experimental results
for the particular blend system considered. Tsenoglou!?
also derived, independently, eq 48.

Since the Kuhn statistical lengths of PMMA (I, = 64.0
nm) and PVDF (/, = 52.2 nm) are different, we must use
an expression that is more general than eq 48. If the Kuhn
statistical length [/, for a binary blend is assumed to be
given by

W2 = ¢l + ¢yly? (49)

we can obtain

12 291/2
Gonp = [¢1 + ¢, T ] [¢1(G°N1)1/2 +
1

1 \v2 ]2
¢>2<G°N2)1/2(;:-) ] (50)

The values of G°; for the PMMA/PVDF blend system,
predicted with eq 48 and 50, are given in Figure 8, in which
weight fractions, instead of volume fractions, were used.
Similar results are given in Figure 9 for the PMMA /PSAN
blend system. It can be seen in Figure 8 that the theo-

Macromolecules, Vol. 22, No. 11, 1989

retical predictions made by the quadratic expression, eq
48 or 50, lie between those made by the linear blending
law, eq 46, and those made by the 3.4-power blending law,
eq 47. When other expressions, [, = ¢,/; + ¢5l; and 1/I;
= ¢/, + ¢o/l5, respectively, were used, we obtained results
that deviate within 10% from those predicted with eq 48.

Wuld ysed the following expression for the plateau
modulus of binary blends

G°np = 61°G°N1 + 622G°Nng + 26102RT(p1p2) 2/ MP 10 )
(51

and calculated values of G°y, for PMMA/PVDF and
PMMA/PSAN blends, respectively. In eq 51, R is the
universal gas constant, T is the absolute temperature, p,
and p, are the densities of components 1 and 2, respec-
tively, and M®°, is a hypothetical entanglement molecular
weight of the blend. In correlating his experimental data,
Wu used M°,;, as an adjustable parameter.

Equation 48 can be rewritten in the following form:

GoNnb = 612G°Nn1 t 022G%Ng + 2¢109(GONiGoN) /2 (52)

It can be seen that eq 51 reduces to eq 52 if the following
relationship holds:

M° 1y = (MP° MP )12 (53)

According to Composto,? eq 52 predicts reasonably well
the values of G°y; for blends of polystyrene and poly-
(2,6-dimethyl-1,4-phenylene oxide). In such a case, M®,;,
can be calculated using eq 53. However, in general, eq 53
may not hold for binary blends consisting of components
with dissimilar chemical structures (e.g., PMMA /PVDF
and PMMA/PSAN blend systems).

Equation 52 can be generalized to obtain an expression
for the relaxation modulus G(t) of binary blends

Gy(t) = ¢,°G1(t) + 652G,(t) + 2¢,0,G15(t)  (54)

where
Gyi(t) = G mFy(t/ 7)) (55a)
Golt) = GO pnoFy(t /79) (55h)
Gra(t) = GOp1oF 1ot /719) (55c¢)

Note that eq 54 reduces to eq 52 for t = 0. Using eq 54
in eq 39, we can now obtain the following expression for
blend viscosity 7,y

Nob = ¢127701 + ¢227702 + 2¢1¢2"7012 (56)

In correlating his experimental data, Wu'® used the
expression

log noy = ¢12 log 141 + 2 log ngy + 20105 log 12 (57)

for blend viscosity and adjusted the value of 7, to give
the best fit to experimental data. It should be pointed out
that eq 56 is derived from eq 54, whereas eq 57 cannot be
derived from eq 51. Thus, one can conclude that there is
no internal consistency between eq 51 and 57, and thus
eq 57 must be regarded as an empirical expression.

4. Concluding Remarks

We have extended our previous study' to develop a
molecular theory, which predicts the zero-shear viscosity,
7o, Steady-state compliance, J°,,, dynamic storage mo-
dulus, G(w), and dynamic loss modulus, G’{w), for com-
patible polymer mixtures, by including both the reptation
and constraint release contributions in the tube model. In
the development of the theory, it is assumed that each
primitive chain reptates in a separate tube, but molecular
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interactions between the two chemically dissimilar prim-
itive chains take place under the influence of an external
potential defined by eq 2, and that the constraint release
contribution is represented by eq 9-11. The external po-
tential is assumed to be dependent upon the interaction
parameter x of the constituent components. By assuming
a linear blending law for the relaxation modulus G,(t), we
have obtained expressions for 1., G%(w), G"4(w), and J°
for binary mixtures of compatible polymers. The theo-
retical predictions compared favorably with experimental
data. We have shown that the interaction parameter x
plays a central role in determining the shape of the 7,
versus blend composition curve for compatible polymer
mixtures and that polydispersity has a profound influence
on the elastic properties (i.e., dynamic storage modulus,
Gy (w), in the present study) of a polymer.

It should be mentioned, in reference to Figures 5 and
7, that (a) we have not included separate plots for different
temperatures since log G’ versus log G” plots are very weak
functions of temperature -(or virtually independent of
temperature)'¥-? and, (b) due to the very long computa-
tional times required, we carried out computations to study
the effect of polydispersity on log G/, versus log G”, plots
only for the homopolymers, PMMA and PVDF.

The inclusion of the constraint release contribution in
the tube model developed in our previous paper,! together
with the linear blending law for the relaxation modulus,
has enabled us to obtain exact analytical expressions for
Nops G (@), and G”(w) for compatible polymer blends.
Note that the 3.4-power blending law for the relaxation
modulus does not allow us to obtain exact analytical ex-
pressions for 7., G'y(w), and G’4(w), and thus only ap-
proximate analytical expressions were obtained.! The
present study shows that (1) the predictions of 5, obtained
with the linear blending law together with reptation and
constraint release contributions, for z = 3, in the tube
model are more or less the same as those obtained with
the 3.4-power blending law together with the reptation
contribution only and (2) the predictions of G°p, are much
better with the 3.4-power blending law together with the
reptation contribution only in the tube model than with
the linear blending law together with the reptation and
constraint release contributions.

Using the tube model concept, we have developed ex-
pressions for the plateau modulus of compatible polymer
blends, G°,, as functions of blend composition and found
that the linear blending law and reptation and constraint
release contributions in the tube model predict a linear
relationship between G°y; and blend composition, whereas
the 3.4-power blending law and reptation contribution only
predicts negative deviations of G°y, from linearity, when
plotted against blend composition, which is consistent with
experimental observations. Further study is needed to
develop a blending law that will give satisfactory predic-
tions of 7y, G%(w), G”{w), and G°y, for compatible
polymer blends.

Appendix

In order to observe the effect of polydispersity of a
homopolymer on the slope of log G/, versus log G, plots,
let us assume that the relaxation modulus of a blend G,(¢)
can be represented by eq 27 with ¢, = 0. Using F;(t)
defined by eq 40 and R;(t) defined by eq 33 in eq 27, the
dynamic storage modulus, G ;(w), and loss modulus, G4 {(w),
respectively, for polydisperse polymers can be written as

Goyni = Z; ii)?
G’b(w) - 8 2NZ[Z 1 _]__ (wTdJ)

72 =1 oddp? Z; j=11 + (wrg; ;)

]dn-(Zi) (A1)
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and

GoNi 21154 ora

w2 =1 oddp2 Z; =11 + (wrg;; )

8
G(w) = ¢:(Z) (A2)

where n is the number of the fractions (to be specified for
the computation) in a polydisperse polymer, Z; is the
number of steps along the primitive path, ¢,(Z;) is the
fractional weight of the polymer with path steps in the
range between Z; and Z; + dZ;, and 74;; is defined by

/745 =P*/7a + Nj;/2r, (A3)

where 7/4; is defined by eq 32, \;; by eq 34, and r,, by eq
41.

In the terminal region, where wry;; < 1, for large values
of Z; eq Al and A2 reduce to

1 n i le

log G = 2 log Gy + = = 34,5 it
o8 Ty = 208 16 G°y z-1¢oddp5 (p? + r)¥2

2
=1 Tdi
T —=— 1 (A4
[i=z1¢’o§1p3 (p2+r,-)1/2] (A4

where r; = 273/ 7 (i = 1, 2, ..., n). Note that for mono-
disperse polymers eq A4 reduces to

logG'=2log G+

L 2P +r 2A5
16 G°y oddp (p® + r)¥r2 oddp3 (p2+r1/2 (45)

where r = 273(M)/1,. A comparison of eq A4 with eq A5
indicates that, in the terminal region, log G, versus log
G, plots for polydisperse polymers will have a slope of
2, with the values of G shifted upward above the values
of G’ in the log G’ versus log G” plots for monodisperse
polymers, the extent of the shift being greater with in-
creasing polydispersity. Figure 10 shows schematically how
polydispersity affects the shape of log G’ versus log G”
plots, namely: (a) in the terminal region where wrq < 1,
the slope of log G’ versus log G plots is 2 for both mon-
odisperse polymers and their blends (i.e., polydisperse
polymers), but an increase in the polydispersity of a
polymer shifts the values of G’ to higher values in the log
G’ versus log G” plots; (b) in the linear region where 0 «
wrg =~ 1, the slope of the log G’ versus log G” plots de-
creases steadily from the value of 2, with increasing po-
lydispersity for polydisperse polymers.

In the linear region, where 0 < wryq ~ 1 holds, the de-
nominators in eq Al and A2 are no longer negligible. In
order to facilitate mathematical operations, without loss
of generality, we will consider a single relaxation time in
the relaxation modulus. For polydisperse polymers, eq Al
and A2, respectively, with p = 1 reduce to

8G°y n ¢ L (wr))?
+1 Sy Y
7 ) o8 zZIZ; 1211 + (0r;)?
(A6)

log G'y(w) = log (

and
y log G"(w) =

8G°N n ¢>l w7y ; ’
v log — )+ log| 2= Z— (A7)
iy

i=1Z; j=11 + (wr;))?

where y is a real number greater than zero and
l/TiJ=1/T,di+>‘j/27'w (AS)
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Multiplying the argument of the last term in eq A6 by
Y hio: = 1, we obtain

n ¢2 Z (wT,-J)2 n 1 %5 (wr)?
7'. =+ Lok Z—l——z
i=14;j=11 + (w7;)) ki,k Z; =11 + (wT;))
#i
k>

1 Zy, ((,!."I'k‘j)2

—>— (A9
Zk j=11 + (O)de')z ( )
Similarly, the argument of the last term in eq A7 fory =
2 becomes

Fof L3
=1 Z j=11 + (wTu)

1 1 Zn wf,w
Z; 1=11 + (co.)'r,‘,)2 ZkJ 11 + (wrp)?

(A10)

When inequality relationships are used, it can be shown
that the magnitude of eq A9 is greater than that of eq A10;
therefore, the magnitude of the last term in eq A6 must
be greater than that of the last term in eq A7, for y = 2.

In view of the fact that, for wr;; < 1, (w7 )2 < wr;j~ 1
and thus the magnitude of eq A9 is greater than that of
eq A10, there must exist a value of x, greater than 1 but
less than 2, that satisfies the following equality:

2% ¢itn
ik

ki
k>i

n ¢i Z; (O)Tij)2 n ¢i Z; Wty j ¥
2y— |l —"— All
i=ZIZi J§11 + (wr;)? i=ZIZi j}=:11 + (wr;;)? (A1)

For a value of x that satisfies equality Al1, eq A6 and A7
give

log G, = x log G, + (1 - x) log (8G°x/7?) (A12)
Since the value of x satisfies the inequality 1 < x <2, it

can be concluded from eq A12, that, in the linear region,
the slope of log G, versus log G”), plots is less than 2 for
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polydisperse polymers. Note that for monodisperse
polymers eq A12 reduces to

log G’ = 2 log G’ + log (7%/8G°y) (A13)

which was considered previously.?2! The above analysis
can be extended to any number of relaxation times (p =
1,2, .. N).

Registry No. PMMA, 9011-14-7; PVDF, 24937-79-9; PSAN,
9003-54-7.
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