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ABSTRACT The dynamical behavior of a mixture of two narrow molecular weight distribution homopolymers 
is analyzed on the basis of the concepts of reptation and constraint release. We propose that constraint release 
causes not only tube renewal (the relaxation of the tube) but also tube dilation (the enlargement of the effective 
tube diameter). A general scheme of accounting for these effects is given. As an example, the rheological 
properties of the mixture are analyzed in the entire parameter space, which consists of the molecular weights 
of each component and the mixing ratio. It is shown that even though the molecular weight dependence of 
the longest relaxation time is reptation-like the shape of the relaxation modulus can be Rouse-like. 

1. Introduction 
In a melt of polymers of high molecular weight, it is now 

well established that molecular motion is dominated by 
reptation, the slithering motion of a polymer through a 
tubelike region formed by surrounding  polymer^.^^^ For 
polymer melts of nmow molecular weight distribution, the 
diameter of the tube is an intrinsic property of the polymer 
and is characterized by the entanglement molecular weight 
Me. In this case, the tube can be assumed, in the first 
approximation, to be fixed during the characteristic time 
of reptation. 

The fixed-tube assumption becomes invalid if the system 
has a broad molecular weight distribution. Consider for 
example a system having a bimodal distribution of mo- 
lecular weight, Le., a mixture of short (S) and long (L) 
polymers. If the molecular weight of the short polymers 
MS is close to that of the long polymers, ML, the fiied-tube 
assumption will be valid. However, as M s  decreases, the 
constraints imposed by the short polymers must become 
weaker, and in the extreme case of M s  being comparable 
to that of monomers, the constraints that are due to the 
short polymers become effectively null. A natural question 
is how such weakening of the tube takes place when the 
molecular weight M S  and the volume fraction & of the 
short polymers are varied. The purpose of this paper is 
to give a qualitative answer to that question. - 0), 
theories for the problem have been presented in the con- 
text of the diffusion of a polymer in a matrix,4s5 and the 
results have been confirmed by experiments using forward 
recoil spe~troscopy.~~~ On the other hand, the case of finite 
concentration, which is particularly important for rheo- 
logical properties, has not been investigated in detail. 

Experimentally, considerable work has been done to find 
"blending laws" for rheological properties.*-lo Although 
success has been achieved in some individual studies, the 
blending laws are empirical and do not seem to have 
general validity. This is not surprising considering that 

In the limiting case of a dilute blend (h = 1 - 
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many parameters are involved in the problem: even in the 
simplest case of a bimodal distribution there are already 
three independent parameters ML, Ms, and h, which leads 
to a rather complex analysis. In general polydisperse melts, 
there is no guarantee that the system can be characterized 
by a few kinds of average molecular weight. In this paper, 
we do not attempt to give a general blending law. Rather 
we offer some theoretical guidelines for this complex 
problem by examining the bimodal distribution case in 
detail. 

According to the pure reptation model, the relaxation 
modulus G ( t )  of a blend of two monodisperse samples 
obeys the linear additivity lawll 

where GL(t) and Gs(t) are the relaxation moduli of the pure 
components. This simple relation, however, is inconsistent 
with many experiments?~'~J~-~~ Am endment of the theory 
has been but so far the understandinghas been 
limited to the special cases in the parameter space spanned 
by ( M L  MS ,h) 

In this paper we shall discuss the behavior of a polymer 
blend in the entire parameter space. We shall divide the 
space into regimes and discuss their characteristiedeatures. 
Such a delineation will be useful to interpret experimental 
data and to plan further experiments. 

The basic proposal of this paper is that the tube diam- 
eter of long chains can change when short chains are added. 
We shall call this effect tube dilation. (Tube dilation 
should not be confused with the concept proposed recently 
by Marrucci20 and Viovy,21 who argued that even in 
monodisperse systems the tube diameter increases as the 
stress relaxes. We do not take this view. In our theory, 
tube dilation takes place only for polymer blends, not in 
monodisperse systems.) 

The idea that the tube in blends may dilate has been 
suggested by several a u t h o r ~ . ' ~ J ~ ~ ~ ~  However, no systematic 
theory has been given to estimate the effect. In this paper 
we shall propose a general method of estimating tube 
dilation and its effect on diffusion and rheological prop- 
erties. Although the method can be applied to a general 
polydisperse system, we shall focus our attention to a 

0 1987 American Chemical Society 



Macromolecules, Vol. 20, No. 8, 1987 

binary mixture of monodisperse polymers. 
Since our purpose is to predict the qualitative features, 

we disregard additional complications, such as the contour 
length fluctuation,23 the excluded volume effect: and the 
correlated release of constraints during tube renewal.% We 
shall consider the constraint release process as the only 
mechanism for tube weakening. Even with this simplifi- 
cation, the results are somewhat unexpected and worthy 
of an experimental check. 

2. Reptation and Constraint Release 
First we briefly review the conventional reptation theory. 

The theory assumes that each polymer in a melt is forced 
to move through a tubelike region due to constraints im- 
posed by surrounding polymers. The diameter of the tube, 
a, is a basic constant of the polymer and is related to the 
entanglement molecular weight Me 

a 0: Melt2 (2.1) 

The length of the tube L is proportional to the molecular 
weight of the polymer, and the ratio N L / a  corresponds 
to the number of entanglement points per chain 

N = M/Me (2.2) 

N is also related to the mean-square end-to-end distance 
of the polymer R2 by 

N = R 2 / a 2  (2.3) 

In the conventional model, it is assumed that the tube 
is fixed in the material and that the conformational change 
of the polymer can take place only by reptation, i.e., 
one-dimensional diffusion of a polymer along the tube. 
This assumption leads to the following conclusion for the 
diffusiowconstant DG and the longest relaxation time rmBY 
of the polymer: 
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1 
N DG - -D, 

where D, is the curvilinear diffusion constant, which is 
proportional to M-l 

D, 0: M-’ (2.6) 

From eq 2.3-2.6, i t  follows 

a2 Me DG - -D, a - 
R2 M2 

R4 M3 
a- 

D,a2 Me 7max - - 
(2.7) 

These results have been confirmed experimentally for 
monodisperse polymers of large molecular   eight.^ 

In reatsystems, the assumption that the tube is fixed 
in the material is not strictly true. Indeed the tube may 
diffuse through the material due to the motion of sur- 
rounding polymers. A mechanism for such “tube diffusion” 
is constraint release25 shown in Figure 1: a surrounding 
polymer (dashed line) which has been imposing a topo- 
logical constraint on the test polymer (thick line) diffuses 
away and releases the constraint. In the schematic rep- 
resentation of topological constraints, constraint release 
corresponds to the disappearance of an obstacle (Figure 
2, parts a and b). Obviously, the same motion of sur- 
rounding polymers can create new obstacles, and a t  any 
instance, the average distance between obstacles is con- 
stant, which is denoted by a. 

Figure 1. Constraint release. The polymer segment at A moves 
to A’ and releases the topological constraint imposed on the test 
polymer (thick line). 

c 

<- . I \  

U 
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Figure 2. (a) Two-dimensional representation of the topological 
constraints imposed on the test polymer. The constraints are 
represented by dots across which the test polymer cannot move. 
(b) Constraint release corresponds to the disappearance of a dot. 
(c) This process corresponds to  the local conformational change 
of the tube. 

For a monodisperse system, constraint release has been 
shown to have only a minor effect,4p5J6 but it can be quite 
important in polydisperse system. In the following sections 
we shall study the effects of constraint release in poly- 
disperse systems using the model that obstacles are created 
and destroyed randomly. An important parameter in this 
model is the lifetime of obstacles. In real systems this 
parameter is not known and must be determined theo- 
retically. We shall do this in section 5, but first we shall 
study the problem by assuming that the lifetimes of the 
obstacles are given. 

3. Motion of a Polymer in a Monodisperse Matrix 
Let us consider the system shown in Figure 2: a polymer 

moving in a matrix of obstacles which have lifetime robst, 
Le., being created and destroyed with probability l /Tobs t  
per unit time. The random displacement of obstacles 
causes two effects, tube renewal and tube dilation. 

Tube Renewal. When an obstacle next to the test 
polymer is destroyed and recreated in another place, the 
tube changes its conformation as shown in Figure 2c. We 
shall call this process tube renewal. It can be modeled by 
allowing a local jump of each tube segment with jump rate 
l / ~ ~ b ~ ~ ~ 9 ~ ~  It is known that such local jump motion creates 
Rouse-like motionz6 and gives the following diffusion 
constant and longest relaxation time for the tube: 

“2 

While the tube is moving around by tube renewal, the 
polymer is simultaneously reptating through it. If the 
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Figure 3. log-log plot comparing the mean-square displacement 
of a tube segment am&) with the mean-square displacement of 
a polymer segment @polmer(t). The three lines (i), (ii), and (iii) 
represent 

coupling between their motion is neglected,27 the diffusion 
constant DG and the longest relaxation time (or the rota- 
tional relaxation time) 7,, of the polymer are given by 

with different values of D,. 

DG Dren + Drep (3.3) 

1 / 7 m a x  1 / 7 r e n  + 1 / 7 r e p  (3.4) 
where D, and 7rep represents the contribution of reptation. 

In the previous theories, it has been assumed that rep- 
tation is not affected by constraint releasea4v5 This as- 
sumption is not correct. Consider for example the case of 
70bst - 0. In this case, even if the polymer is hindered by 
an obstacle at a certain moment, the obstacle will be gone 
at the next moment, so that dynamically the obstacles have 
no effect; i.e., there will be no tube constraint, or the tube 
diameter will be infinite. Thus in the general case, the 
constraint release causes the following effect also. 
Tube Dilation. The effective diameter a’of the tube 

through which the polymer reptates becomes larger than 
a if the obstacles have finite lifetimes. 

The effective diameter a’may be estimated as follows. 
Let us focus our attention on a certain polymer segment 
and compare the distance that the polymer travels by 
diffusion in free space with the distance that the tube 
moves by tube renewal. The mean-square distance of the 
segment due to the self-diffusion of the polymer is given 
by 

@polymer(t) N Dct (3.5) 

On the other hand, the mean-square displacement of the 
tube can be calculated by the Rouse model and is given 
by 328  

(3.6) 

chPl,,,(t) and at”&) are compared in Figure 3. (Notice 
that in this and subsequent figures all plots are log-log.) 
Depending on the value of 70bst, there are three situations. 

(i) a 2  < @polymer(70bst); Le., a 2 / D c  < Tobat. In this case, 
the motion of the tube is always slower than that of the 
polymer, so that the tube diameter will be a, the original 
diameter. 

(ii) a > ap1ymer(70bst) and Na < @polper(N270bst), Le. 
a 2 / N D c  < Tobet < a 2 / D c .  In this case @tube(t)  and 
@polymer(t) cross a t  t’, where 

t 
?,batN 

N at- p70bst 

2 

(3.7) 

The polymer will not feel the tube constraint for t C t ’ but 

Figure 4. Polymer chain in a mixture of obstacles with long 
lifetimes (large circles) and short lifetimes (small circles). 

will feel the constraint for t > t ’. Thus the effective tube 
diameter may be estimated by 

a4 a’2 N Dct‘ N - (3.8) 

(Hi) Na > @polFr(N2robst), Le., TObt < a ’/ ND,. In this 
case, the tube is not effective at  all and the motion of the 
polymer is the same as in free space. 

The tube dilates in regime (ii), where Drep and 7r,p are 
obtained from eq 2.7, 2.8, and 3.8 

Dc70bst 

a2 
N- (3.9) Drep -Dc - a ’2 a4 

R2 R270bst N70bst 

These expressions are precisely the same as eq 3.1 and 3.2 
for D,,, and T~,,,,  so that 

a2 
N70bSt  

DG - (3.11) 

7max N M ~ O b s t  (3.12) 

for a2/ND, < 7,ht < a2/D,. Thus the conclusions of the 
previous t h e o r i e ~ , ~ ? ~  which account for the tube renewal 
only, are essentially unaltered when tube dilation is taken 
into account. 

It is important to emphasize that although Drep and 7rep 

agree with D,,, and 7ren, reptation is a valid picture in 
regime (ii). This is shown by the following argument. 
Support that some of the obstacles shown in Figure 2a are 
permanently fixed (their lifetimes being set to infinity). 
This situation is illustrated in Figure 4, where large and 
small circles represent permanently fixed obstacles and 
those with lifetime 70bst. In such a system, reptation is valid 
for any values of Tobat: when 7,bst is infinite, the polymer 
reptates through a tube of diameter a, and when 7obst = 
0, it reptates through an enlarged tube of diameter ap, the 
mean separation between the permanent obstacles. Thus 
there must be a crossover of the effective tube diameter 
from a to ap, which we propose to be given by eq 3.8. If 
a’given by eq 3.8 is less than up (i.e., if a4/a ,2D~ < 7ob$ 
< a2/D,), the polymer will reptate through a tube of di- 
ameter a’ without noticing the permanent obstacles. Thus 
in regime (ii), reptation is an entirely valid model. 

In the present example, reptation and tube renewal 
coincidentally make comparable contributions to the dy- 
namics. In general, however, there contributions are dif- 
ferent, and tube dilation represents an effect that cannot 
be represented by tube renewal. This will be shown in 
subsequent sections. 
4. Motion of a Polymer in a Polydisperse Matrix 

Let us now consider the case that there are two kinds 
of obstacles (Figures 4): the fraction +L of the obstacles 
has the long lifetime rL and the remaining fraction 4s = 
1 - @L has a short lifetime 7s. We shall call the obstacles 
with long (or short) lifetimes simply long (or short) ob- 
stacles. 
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Table I 
Diffusion Constant DG and Relaxation Time r,,, of a Polymer Moving in a Matrix of Obstacles Having Two Different 

Lifetimes r1. and 

Our purpose is to calculate DG and 7ma of a polymer 
chain moving in such a matrix as a function of 7L, 7s, and 
h. To do this, we have to know at,&), the mean-square 
displacement of a tube segment due to tube renewal. 
Precise calculation of ab&) is not easy, but the qualitative 
features are clear. 

On a short time scale, tube renewal is dominated by the 
short chains, so that @tube(t) is given by u ~ ( ~ / Q )  (for t < 
T S )  or a2(t/Ts)1/2 (for t > T~). When atub(t) becomes 
comparable to a 2 / h ,  the mean-square distance between 
the long obstacles,29 tube renewal is stopped. This happens 
when N a2/4L, i.e., t N 7s/4L2. For T ~ / I $ ~ ~  < 
t < TL,  atub(t) remains essentially constant since long 
obstacles stay at  their position until 7b For t > 7L, long 
obstacles start to jump, and atube(t) is given by the local 
jump model with the jump frequency l / r L  and the 
mean-square jump distance a2/4L. Thus 

L 

(4.1) 

Here we have assumed that the following condition is 
satisfied: 

7 s / h 2  < 7L and N& > 1 (4.2) 
Equation 4.1 is plotted in Figure 5. The effective tube 
diameter is obtained from the intersect between atUb(t) 
and D,t. Depending on the value of D,, there are five 
situations shown in the figure, each of which gives the 
following tube diameter: 

a's N a2 for 7 2  > a2/D,  

N U ~ / D , T ~  

N a 2 / h  for 7L4L > a2 /D,  > 7s/4L (4.3) 

N a4/$L2Dc7L 
N m (no tube) 

for 7 ~ / 4 ~  > a2 /D,  > 7 s  

for N4L27~ > a2 /D,  > T L ~ L  

for a2/D,  > N4L2rL 

Given a'2, Drep and 7mp are easily calculated as in eq 3.9 
and 3.10. On the other hand, when eq 4.2 is satisfied, Dren 
and rren are given by 

a2 
Dren E - 

N 4 L 2 7 L  
(4.4) 

DC Na2 /D,  

A 

Figure 5. Diagram of @tu&) and @.polymer(t) for the case of rL 
> r s / h 2  and N a 2  > a2/dL.  

f 

v r  * t  
TS bf-k 

Figure 6. Diagram of atube(t) and @.polymer(t) for the case of rL 
< rs /@L2 or N a 2  < a2/$L. 

For all cases in eq 4.3 it can be shown that D,, < D,, and 
7ren > 7rep, so that DG and 7" are given by Drep a n 8  7,ep. 

If the condition of eq 4.2 is not satisfied, tube renewal 
is always dominated by short obstacles, so that the diagram 
of atUb(t) - @polymer(t) becomes as shown in Figure 6. In 
this case a'2 is given by 

a'2 N a2 for 7s  > a2/D,  

= a4/D,7s 

N for a2 /D,  > N%s (4.6) 

for N%s > a2/D,  > 7s 

" 

and D,,, and 7,,, are 
a2 

Dren - 
N7S 

(4.7) 

Tren W ~ S  (4.8) 
In this case also, one can check that Dre, < Drep and 
> 7rep. Thus in all cases examined here 

DG Drep 7 m a  7 r e p  (4.9) 

The results for DG and 7,, are summarized in Table I. 

5. Motion of Long Polymers in  a Binary Blend 
So far we have been considering the case when the 

lifetimes of the obstacles are given. Let us now consider 
real polymer melts consisting of two homopolymers of 
molecular weight ML and Ms. We assume that both mo- 
lecular weights are larger than the entanglement molecular 
weight Me. 

ML > MS > Me (5.1) 
The volume fraction of each polymers is denoted by @L and 
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&, respectively (4L + 4s = 1). 
When eq 5.1 is satisfied, tube dilation does not occur for 

the short polymers. Thus we shall consider tube dilation 
for the long polymers only. Let DL be the curvilinear 
diffusion constant of the long polymers. In pure melts, 
the reptation times of the two types of polymers are given 
by 

(5.2) 

(5.3) 

In the blend, the reptation time of the short polymers is 
unchanged, while that of the long polymers may change 
due to tube dilation and is denoted by rL’. 

The reptation time rL’ can be obtained by reasoning 
similar to that in section 4. However, there is an important 
distinction. In the present problem, the lifetimes of the 
obstacles are not known a priori. 

Since the constraint release is caused by the reptation 
of the surrounding polymers, the lifetimes of each obstacle 
may be assumed to be equal to their reptation time (apart 
from a numerical constant). Thus the lifetime of a short 
obstacle is and that of a long obstacle is rL’. The latter 
is not known and must be determined self-consistently. 
Therefore the general procedure for determining TL’ will 
be as follows: 

(i) Assume a value for rL’ and substitute it for rL in the 
calculation of @tube( t). 

(ii) Obtain the tube diameter a’ from the intersection 
of @polymer(t) and @tub&) 

a’2 DLt’-N @tube(t’)  (5.4) 

rL’ N RL4/DLaf2 (5.5) 

(iii) Calculate the reptation time by 

where RL2 is the mean-square end-to-end distance of the 
long polymer 

(5.6) 

(iv) Repeat the procedure until the calculated value of 
rLf agrees with the assumed one. 

As in the previous section, @tube(t) can have one of the 
two shapes shown as case A and case B in Figure 7. Case 
A is realized when rL‘ > r S / h 2  and ML&/Me > 1, and case 
B is realized otherwise. Case A is further divided into three 
cases, Ai, Aii, and Aiii, depending on the position of the 
intersection between atuk(t) and aWlymer(t) (see Figure 7). 
Case Aiv shown by the dashed line cannot take place since 
DL7L’ N R L 4 / a f 2  is always larger than RL2 N a2(ML/Me). 
Similarly, case is divided into cases Bi, and Bii. In each 
case, one can calculate rL’ and check the self-consistency 
of the solution. 

For example, let us consider case Aiii. This is realized 
when the following conditions are simultaneously satisfied: 

7L‘ > 7 s / h 2  (5.7) 

ML&,/Me > 1 (5.8) 

(5.9) 

The first two conditions are for case A to happen, and the 
last one is for the third case to take place. If these con- 
ditions are satisfied, a f2  is found to be equal to a2/+L,  

and 

DL7s/h2 < a 2 / + L  < DLTL’ 

caseA 

v :  TS TS(Mi/Me/2 t t  

Figure 7. Diagram of atuh(t) and @p4mer(t) for a blend. Case 
(A) is realized when both rL’ > rS&, and ML4L/Me > 1 are 
satisfied, otherwise case (B) is realized. 

whence 5’ &7L. From this and eq 5.2-5.5, the above 
conditions are written as 

M L ~ L / M s  > 1 (5.10) 

M L h / M e  > 1 (5.11) 

M L ~ L M ~ ~ / M s ~  > 1 (5.12) 

Equations 5.10 and 5.11 can be absorbed into a stronger 
condition 5.12 due to eq 5.1. We may thus conclude that 
7L’ N ~ L T L  when ML4LM,2/MS3 > 1. 

Similar considerations for other cases lead to the fol- 
lowing conclusions: 

(i) When Ms3/M,2ML > 1 (which happens in cases Ai 
and Bi) 

a‘2 N a2 TL’ 7 L  Ms0ML34Lo (5.13) 

(ii) When 1 > Ms3/M,2ML > cpL (which happens in cases 
Aii and Bii) 

(iii) When +L > Ms3/Me2ML 
a f 2  -N a 2 / d L  rL’ N &rL 0: MsoML3c$L (5.15) 

Tube dilation does not take place in case (i) but does 
take place in cases (ii) and (iii). In case (ii), the long 
polymers impose no restriction on tube dilation: the tube 
diameter is determined by the short polymers only. In case 
(iii), the tube dilation is restricted by the long polymers. 
Thus we shall refer to cases (i), (ii), and (iii) as no dilation 
(ND), free dilation (FD), and restricted dilation (RD), 
respectively. 

As in section 4, it can be shown that Dren C D,, and rren 
> rL’, so that DG and 7- are given by Drep and rL’, re- 
spectively. For completeness, explicit expressions for DG 
are given below: 
(i) The case of no dilation (Ms3/M,2ML > 1) 

(5.16) 

(ii) The case of free dilation (1 > M s 3 / M e 2 M ~  > 4 ~ )  

(iii) The case of restricted dilation (C#JL > M s 3 / M , 2 M ~ )  



Macromolecules, Vol. 20, No. 8, 1987 

P(t) 
t 
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Figure 8. The probability p( t )  that an arbitrarily chosen polymer 
segment is in the deformed tube is plotted against t .  

It must be noted that the terms ND, FD, and RD are 
concerned with only the molecular weight dependence of 
DG and T~~ and do not completely classify the molecular 
motion. Depending on the phenomena under considera- 
tion, the properties of the blends can vary qualitatively 
within each regime. Thus further classification may be 
needed in each regime. Such an example will be given in 
the next section. 

6. Rheological Properties of the Binary Blend 
We now consider the rheological properties of the binary 

blends. This is conveniently characterized by the shear 
relaxation modulus G(t), which is the shear stress divided 
by the shear strain when a step shear strain is applied. 

According to the reptation theory, the macroscopic stress 
is related to the orientation of the chain in the deformed 

Thus the stress relaxation can take place by two 
mechanisms, i.e., reptation by which the chain disengages 
from the deformed tube and tube renewal by which the 
deformed tube itself relaxes. Assuming their mutual in- 
dependence, we can write the shear relaxation modulus as 

where GNo is the plateau relaxation modulus which is in- 
dependent of the molecular weight. The function &) 
represents the probability that an arbitrarily chosen 
polymer segment is confined in the deformed tube. For 
a monodisperse system, p ( t )  has been calculated as'' 

8 1 
A t )  - C - exp(-p2t/7,,,) 

T2p=1,3 ,... p2 

The schematic behavior of p ( t )  is shown in Figure 8. 
The function @(t) represents the effect of the tube re- 

newal and may be calculated from the Rouse model which 
has a random distribution of jump frequencies. Corre- 
sponding to cases A and B in Figure 7,4(t)  can have two 
shapes (see Figure 9): 
In case A 

$(t)  1 t < 7s 

N ( ~ s / t ) ' / ~  T S  < t < 7s/4L2 

E 4~ 7 s / h 2  < t < 7ren (6.4) 
In case B 

4(t)  E 1 t < 7 s  

N ( 7 s / t ) ' / 2  7s  < t < Tren (6.5) 
Since 7,, > 7L', the product p(t )4 ( t )  has one of two typical 
shapes (Figure 10): (A) If 7L' > 7s/4L2, G(t) has two pla- 
teaus, intercepted by a wedge type relaxation (G(t) t-'/2) 
(Figure 10, top). (B) If T ~ '  < ~ / 4 ? ,  G(t) has a single 
plateau, followed by a wedge type terminal region (Figure 

I .t 
% r; 

Figure 9. The orientational relaxation function of the tube due 
to tube renewal is plotted against t .  

G(t) lGi 
t 

I ' 8t 
TS Ti 

Figure 10. The two types of shape for the relaxation modulus 
G(t) ;  (A) box type, (B) wedge type. The value of h = G,,/GNo 
is given in Table 11. 

10, bottom). We shall refer to them as box type and wedge 
type, respectively. 

The crossover concentration dL* between the wedge and 
the box type is given by 7L' N 7s/4L*2. Using eq 5.13-5.15, 
we have 

4* ( Z)I2 if Ms3/MLM,2 > 1 

E -  M' if 4L < Ms3/MLM,2 < l (6.6) 
ML 

In the case of restricted dilation (Ms3/MLM,2 < 4L), 7L' 

is always larger than T S / h 2 ,  so that the relaxation is always 
the box type. 

In both the wedge and the box types, the relaxation 
behavior a t  short times is the same, independent of ML 
and 4 L :  G(t) starts from a plateau region, terminated at  
t = Q, and then followed by the wedge region G(t) t-lI2. 

The long-time behavior is characterized by the maximum 
relwation time = T ~ '  and its strength Gkrm 

Gterm G(7mIuL) (6.7) 
The maximum relaxation time has the three types of the 
molecular weight dependence given by eq 5.13-5.15. This 
and the criterion for box-wedge type roughly divide the 
entire parameter space spanned by (ML,Ms,@L) into 3 X 
2 = 6 regions. Actually, since there is no combiantion of 
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Table I1 
Characteristic Parameters of the Relaxation Modulus Shown in Figure 10 for a Mixture of Polymers with Molecular Weight 

ML and M s  

ND wedge 

1 

+L +L 

Figure 11. Various regimes in the parameter space. Left: 
(4L,ML) plane (Ms being constant). Right: (h&) plane (ML 
being constant). The abbreviations ND (no dilation), FD (free 
dilation), and RD (restricted dilation) indicate the maximum 
relaxation time, and box and wedge indicate the shape of the 
relaxation modulus shown in Figure 10. The curves in the figures 
are (ab) Ms3/MLM,2 = 1, tube dilation threshold; (bc, bg) & = 
M s 3 / M f i 2  = 1, crossover between RD and FD; (ed) 4~ = 
(Ms/ML)3b,  crossover between wedge and box; (ef, eg) 4~ = 
Ms/ML,  crossover between wedge and box. 

wedge and restricted dilation, there are five regions. These 
regions are illustrated in Figure 11. The expressions for 
7,, and Gk, in each region are summarized in Table 11. 

The schematic behavior of the relaxation moduli shown 
in Figure 10 has already been proposed.13 However, the 
criterion for such a behavior to be observed and the ex- 
pressions for T- and G,, have not been given explicitly. 
It is important to emphasize that the wedge shape of G(t) 
in the terminal region is not always associated with the 
Rouse-like molecular weight dependence of 7- Indeed 
in the ND wedge region, the terminal relaxation time is 
the same as that in the pure melt of long polymers despite 
the wedge shape of G(t)  in the terminal region. Likewise, 
the FD box regime indicates that the Rouse-like molecular 
weight dependence 7,, 0: ML2 can be consistent with 
box-type behavior in the terminal region. 
7. Conclusion 

As was noted by Struglinski and Graessley,13 the ex- 
perimental work for binary blends can be broadly classified 
into two categories, dilation and no dilation depending on 
the value of Ms3/MLye .  The nondilation case has been 
studied by Struglinsh and Graessley, who showed that the 
longest relaxation time is independent of 4L if M s 3 / M a ?  
> 1. On the other hand, earlier works9*12~14*15 are for the 
dilation case, where the longest relaxation time changes 
with #L. It will be thus interesting to check the theory in 
the entire parameter space. 

In this paper, we considered only linear viscoelasticity. 
In the nonlinear regime, complications arise since other 
time constants related to the relaxation of the contour 
length come into play.3o This problem has recently been 
studied by Takahashi and Masuda.19 

The purpose of this paper is to establish a framework 
by which experimental data may be examined. No great 

accuracy can be expected in the quantitative aspects: to 
do quantitative comparison, one has to account for various 
side effects such as contour length fluctuation, the ex- 
cluded volume effect, and cooperativity during the con- 
straint release. However, we hope that the qualitative 
aspects that emerged from the present theory are useful 
in organizing various experimental results. 
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