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ABSTRACT The phase behavior in 50/50 wt 7% blends of chlorinated poly(viny1 chloride) and poly(acry- 
lonitrile-co-butadiene) [CPVC/(AN-BT)] and of chlorinated polyethylene and poly(acrylonitri1e-co-buta- 
diene) [CPE/(AN-BT)] was studied with differential scanning calorimetry. The boundaries of the miscibility 
regimes in isothermal copolymer-copolymer composition plots were elliptical and showed very little tem- 
perature dependence. Qualitatively the two systems showed similar miscibility behavior, although differences 
were observed when the chlorine contenta of the CPVC and CPE componenta used were similar to that of 
poly(viny1 chloride) (PVC). These results for binary blends containing two random (or near-random) copolymers 
(i.e., an (A-B)/(C-D) system) were analyzed according to mean-field theory, from which the observed miscibility 
boundary shapes could be predicted and the values of the relevant segmental interaction parameters obtained. 
The analysis showed that miscibility in these systems results from repulsion between dissimilar segments 
in each copolymer. 

Introduction 

It has become clear that polymer miscibility can be 
attained (1) by introducing intermolecular-specific (fa- 
vorable) interactions into the blended system or, less 
obviously, (2) by introducing intramolecular repulsive 
interactions into one or both of the constituent polymers. 
Mean-field (MF) theory for random copolymer blends 
provides a reasonable and consistent explanation for the 
second The basic MF theory employed here 
has three assumptions: (1) the free-volume effects need 
not be explicitly considered; (2) random mixing exists a t  
or near the segmental level; and (3) the interactions among 
segments can be characterized by the individual segmental 
interaction parameters, which (in the simplest approxi- 
mation) are not composition dependent. The theory is 
based on the standard Flory-Huggins expression for the 
free energy of mixing: 

where 41 and 4 2  are the volume fractions of components 
1 and 2, and rl and r2 are their respective degrees of po- 
lymerization. The overall interaction parameter Xblend is 
expressed as4 

where x i j  (i # j )  corresponds to each possible segmental 
interaction in a given system. The magnitudes of the 
coefficients C i j  are functions of the copolymer composi- 
tions, with ICijl I 1. Equation 2 indicates that miscibility 
may occur if the intramolecular mutual repulsion between 
dissimilar segments in a copolymer is sufficient to overcome 
the intermolecular repulsion between these segments and 
those of the second component of the mixture. This is 
because the coefficient Ci, in eq 2 is negative for intramo- 
lecular interactions, and positive xi ,% (repulsions, both 
inter- and intramacromolecular) may then cancel each 
other out to give an overall negative Xblend. 

The situation for the several different cases may be 
summarized as follows. If we consider binary blends that 
contain at least one random copolymer, we find that five 
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binary combinations are possible (Table I). Blends of the 
first type, Le., A/(A-B) systems, have a monomer (A) 
common to both the homopolymer and the copolymer; 
the blends of the second type, (A-B)/(A-B) systems, 
represent mixtures of the same copolymers with differing 
compositions. Both types of blends contain only two 
monomers and hence one segmental interaction parameter, 
XAB. Equation 2 then reduces to 

(3) Xblend = Xm(1 - x)2 

Xblend = x A B ( x  -Y)2 (4) 

and 

for the two systems, respectively. Here x and y repreeent 
the mole fractions of A in the A-B copolymer species (see 
Table I). Relative to the miscibility in homopolymer (A/ 
B) blends, the miscibility condition in these copolymer 
systems is relaxed by multiplying the interaction parameter 
with a composition factor, (1 - x ) ~  or (n - Y ) ~ .  Note that 
in these two types of blends (in contrast to those discussed 
below) miscibility cannot be achieved by intrasegmental 
repulsion. From a study of the miscibility behavior in 
these two groups, one can determine XAB. 

Blends of the third type, A/(B-C) systems, contain three 
monomers and, therefore, three interaction parameters. 
Equation 2 reduces to 

Xblend = XXAB + (1 - x)XAC - x(1-  x)XBC (5 )  
Here x is the mole fraction of B in the B-C copolymer. 
Although in a given case all the xij’s may be positive, i.e., 
the combinations of the corresponding homopolymers are 
immiscible, blends consisting of a homopolymer and a 
random copolymer may be miscible for a certain range of 
copolymer compositions because of segmental repulsion 
within the copolymer. This phenomenon has been termed 
a miscibility window.2 

Blends of the fourth type, (A-B)/(C-B), again contain 
a common monomer. Three interaction parameters are 
also required to analyze these mixtures, and 

2 
Xblend = XABx + (XAC - XBC - XAB)xY + X B 0 2  (6) 

(The composition variables x and y are defined in Table 
I.) 

Blends of the fifth type, (A-B)/ (C-D) systems-the most 
general case considered here-contain four monomers and 
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condition: c2 - 4ab 2 
[(XAC - XBC) - (XAD - XBD)]' - form of 

4XABXCD miscibility boundary 
<O ellipse 
=O parabola 
>O hyperbola 

Schematic miscibility boundaries are shown in Figure 1, 
where the shaded and open areas represent the miscibility 
and immiscibility regimes, respectively. In principle, these 
domains could also be inverted. If c # 0, then the principal 
axes of the conic sections will be rotated relative to those 
shown in the schematic. The coefficients d and e (eq 11) 
determine the loci of the focal points of the curves. A 
parabolic boundary requires that c2 - 4a b = 0 and is clearly 
rare. A number of other qualitative statements can be 
made. Examination of the condition for the miscibility 
boundary given above leads us to conclude that the first 
term on the left-hand side (c2)  represents the contribution 
of segmental dissimilarity in the two copolymers. The 
more dissimilar the two units in the copolymers are, the 
larger this term is, thus favoring a hyperbolic miscibility 
boundary. If both XAB and XCD have the same sign, then 
an elliptical boundary will be observed for large XABXCD. 
If XABXCD = 0 and at least one copolymer has two quite 
similar segments, then the miscibility boundary will again 
take the form of a hyperbola. If the term XABXCD < 0, i.e., 
when one copolymer has repulsive intramolecular forces 
while the other has attractive intramolecular forces, a 
hyperbolic miscibility boundary will still be observed. 

As already noted, the miscibility domain may lie either 
inside or outside the ellipse; its location is determined by 
the sign of g(x,y). Typically, although all four possible 
pairs of homopolymers may be immiscible, one may find 
an elliptical boundary containing a regime in which the 
corresponding blends are miscible. A less probable 
situation may also obtain: even though the four pairs of 
homopolymers may be miscible, there may be blends of 
the corresponding copolymers whose phases are separated 
for certain compositions. Such systems could yield an 
ellipse containing an immiscibility region. The first case 
arises because of repulsion in the copolymers; the second 
is due to self-segregation in the copolymers (requiring very 
large negative intramolecular segmental interaction pa- 
rameters). Essentially parallel arguments may be made 
for the parabolic and hyperbolic boundary cases. 

Segmental Interaction Parameter. From eq 10 it is 
seen that six interaction parameters fully determine the 
miscibility boundary for (A-B)/(C-D) blends, but the 
converse situation is not true. Thus, when eq 11 is 
multiplied by the arbitrary parameter k (-a < k < +-), 
we obtain 

Table I 
Binary Blends of Random Copolymers 

no. of segmental 
blendsn interaction param 

Arl/(ArB1-z)rz 1 
(ArBl-r)rl/(AyBl-y)rz 1 
Arl/ (BrC1-r)rz 3 
(ArB1-r)rl/ (CyB1-y)rz 3 
(AIBl-r)r,/(CyDl-y)rz 6 

A, B, C, and D are monomeric units; rl and r2 are degrees of 
polymerization of components 1 and 2; x and y are mole fractions. 

require six interaction parameters; these will be discussed 
below. 

Miscible blends of the type A/(B-C) have been exten- 
sively studied.2,5-21 Systems of the types (A-B)/ (C-B),22-28 
(A-B)/(A-B),2*34 and (A-B)/(C-D)35-41 have also been 
investigated. 

We present here a further analysis of blends of the type 
(A-B)/(C-D) in the context of a study of the miscibility 
behavior in chlorinated poly(viny1 chloride)/acrylonitrile- 
butadiene copolymer [CPVC/ (AN-BT)] and chlorinated 
polyethylene/acrylonitrile-butadiene copolymer [CPE/ 
(AN-BT)] systems. Both partially chlorinated polymers 
can be regarded as random copolymers. Our study of 
CPVC/ (AN-BT) blends has already been reported.40 The 
present study included CPE blends, so that the effects of 
microstructural differences between CPVC and CPE in 
the two systems could be compared. 

Theoretical Section 
Miscibility Boundary. In the ten Brinke, Karasz, and 

MacKnight formulations? the interaction parameter Xblend 
between two random copolymers, (AXB& and (CyD~-y)r2 
is written 

Xblend = x Y X A C  + (l - ')YXBC + x(1- Y)xAD + 
(1 - ~ ) ( ~ - Y ) x B D - x ( ~ - x ) x A B - Y ( ~ - Y ) x c D  (7) 

This equation reduces to eqs 3-6 for the respective special 
cases. 

A function g(x,y) is defined as 

g(x,Y) = Xblend - &it (8) 
where the combinatory term Xcrit is given (as usual) by 

Miscibility or immiscibility in the equimolar blend is 
determined by the sign of g(x,y); the region of miscibility 
is defined by the condition g(x,y) < 0 and the region of 
immiscibility by g(x,y) > 0. Thus the solution g(x,y) = 0 
represents the miscibility-immiscibility boundary in the 
0 I x ,  y I 1 domain. Rearranging yields 

xABx' + x c g 2  + (xAC - xBC - xAD + x B D ) ~ Y  + (xAD - 
XBD - x,& + (XBC - XBD - XCD)Y + ( X B D  - Xcrit) = 0 

(10) 
which has the generalized quadratic form 

(11) 
The miscibility boundary is thus determined by the 
solution of a generalized quadratic equation whose vari- 
ables are the compositions x and y of the two copolymers. 

If x i j ' s  are regarded as independent of composition and 
concentration, several possible conic section miscibility 
boundaries are obtained from a consideration of eq 11 
with the following conditions, as was shown by Ueda et 
al.41 

ax2+ by2 + cxy + dx + ey + f = 0 

xAC k(a + b + C + d + e + f ,  + xcrit kXACo + 
(1 - k)xcr i t  (12) 

where x j j o  is the x i j  for k = 1. Equation 12 shows that a 
given miscibility boundary cannot yield a unique solution 
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Figure 1. Schematic of theoretical miscibility boundaries for 
(A-B)/(C-D) blends. The shaded and open areas differentiate 
the miscibility and immiscibility regions; see test. 

for all xij; this is because only five of the six parameters, 
a, b, ..., f i n  eq 11 are independent. 

We note, similarly, that for A/(B-C) blends, eq 5 can be 
rewritten as 

ax2 + bx + c = 0 (13) 
It can be shown that only two of the three parameters in 
eq 13 are independent. A unique solution of xij also cannot 
be obtained in this case from a simple determination of 
the miscibility boundaries. However, for (A-B)/(C-B) 
blends, eq 6 can be rewritten as 

ux2 + by2 + cxy + d = 0 (14) 
Three of the four parameters in eq 14 are independent. 
Because there are only three unknown xij for blends of 
this type, a unique solution can be obtained from the 
miscibility boundary of (A-B)/ (C-B) blends, as has been 
previously demonstrated.22 
Experimental Section 

Poly(viny1 chloride) (PVC; Geon 103-EP; M, = 209 OOO, M. 
= 136 OOO) was obtained from B. F. Goodrich. Linear high-density 
polyethylene (M, = 23700, M, = 9420) was obtained from 
Pressure Chemical. CPVC and CPE fractions with specific 
chlorine contents were prepared by solution chlorinations of the 
PVC and polyethylene as described p r e v i ~ u s l y . ~ , ~ ~  This reacticn 
yielded copolymers of constant degrees of polymerization. The 
chlorine content was determined by elemental analysis (Uni- 
versity of Massachusetts Microanalytical Laboratories). AN- 
BT copolymers and a polybutadiene homopolymer (M, = 200 OOO) 
were obtained from Scientific Polymer Products and B. F. Good- 
rich, respectively. 

The blends were prepared by dissolving AN-BT and PVC, 
CPVC, or CPE in a common solvent, tetrahydrofuran (2% w/v). 

. a  a a a - 
++-- 

C C 20 30 4 c  5 3  63 
C H C l C H C l  ( mol Yo) 

Figure 2. Isothermal phase diagram of 50/50 CPVC/(AN-BT) 
blends at  70 OC; (0) one phase; (0) two phases a t  70 OC; (e) one 
phase at  70,110, and 150 "C but two phases a t  190 "C. Reprinted 
with permission from: Chai, Z.; Sun, R.; Karasz, F. E. Mechan- 
ical Behauiour of Materials-VI 1991,3, 263. 

The mixture was stirred overnight and then slowly evaporated. 
The ratio of the two polymers in the blends was 50/50 by weight. 
The cast films were dried in a vacuum oven at  50 OC for 5-7 days. 

The miscibility behavior of the blends was etudied byobserving 
the glass transitions using a Perkin-Elmer DSC-4 differential 
scanning calorimeter. The samples were annealed at elevated 
temperatures for 15 min in the DSC and were then quenched to 
a temperature below the lower component Tp Thermal analyses 
of the annealed samples were carried out a t  a heating rate of 20 
OC/min for sample sizes of 10-20 mg. 

Results and Discussion 
In the following discussion samples CPVC and CPE are 

identified by their chlorine content (wt % ). At moderate 
levels of chlorination, the content of CClz units in the 
molecule is assumed to be negligible in both p0lymers.~2~~3 
Thus, CPVC can be regarded as a random copolymer of 
CHClCHCl and CHzCHCl unita and can be represented 
as [ (CHClCHCl),(CH2CHC1)1-Jr,; CPE can be represented 
as [(CHC1)x(CH2)~-x1,,. The weight percentage chlorine 
content of the chlorinated polymer can be converted into 
mole fraction x of unit A in the copolymer by using the 
formula 

where MA and MB are the molecular weighta of units A 
and B, and WA and WB are the weight fractions of chlorine 
in the units. CHClCHCl and CHCl represent unit A in 
the respective copolymers. AN-BT can be represented 
simply as (ANyBT1-y)rz. Samples of this copolymer are 
identified by their mole fraction of AN. It is assumed 
that the mole fractions are equal to the corresponding 
volume fractions. 

Figure 2 shows the miscibility behavior of CPVC/(AN- 
BT) blends at 70 "C, i.e., the temperature at which these 
samples were annealed in the DSC before measurement. 
Those samples exhibiting one glass transition in the ther- 
mogram were said to be miscible. The miscibility boundary 
is clearly seen to be an ellipse, and by conventional analysis, 
the equation for this ellipse was determined to be 

0 .0420~~ + 0.1862~~ + 0 . 0 5 1 5 ~ ~  - 0.0342~ - 0.1205~ + 
0.0182 = 0 (16) 

where eq 16 has been normalized to k = 1 by using a known 
value for one of the xij 's (see below). Outside the ellipse, 
the blends are phase separated; inside the ellipse, the 
blends are in one phase. The samples were also annealed 
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Table I1 
Values of Segmental Interaction Parameters 

Xii 
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(also normalized to k = 1). Again the blends outside the 
ellipse were phase separated, whereas the blends inside 
the ellipse were miscible. These blends also showed LCST 
behavior, a conclusion deduced from the fact that some 
miscible blends near the miscibility boundary became 
phase separated at higher annealing temperatures, as 
shown in Figure 3. For the reason mentioned above with 
respect to CPVC-containing blends, no measurements were 
performed above 190 OC for CPE-containing blends. Using 
eq 17 and the values X(AN/BT) = 0.186 (obtained from 
analysis of the first system) and Xcrit = 0.003 (calculated 
from the degrees of polymerization), we obtained the 
remaining five interaction parameters (Table 11). 

All the interaction parameters in the two systems were 
positive (Table 11). Recall that the first four terms in eq 
7 represent a tendency for demixing in the mixture and 
the last two terms characterize a mixing tendency. Thus, 
as seen previously, the blends were miscible for a certain 
range of copolymer compositions because of sufficiently 
repulsive forces between the different units in each 
copolymer, especially in AN-BT. Because X(ANIBT) is much 

changes sharply with the AN-BT composition in the 
direction parallel to the y-axis of the copolymer-copolymer 
composition plot, which results in a narrower miscibility 
gap in this direction and, conversely, a broader miscibility 
gap in the direction parallel to the x-axis, as is clearly seen 
in Figures 2 and 3. 

Each begmental interaction parameter must be assumed 
to be temperature dependent. However, Xblend is a 
combination of the six xij's (eq 71, with some presumed 
cancellation of temperature-dependent terms, and thus 
in principle can yield a small overall temperature depend- 
ence. This can explain why the miscibility boundaries 
were unchanged over a relatively wide temperature range 
(70-150 OC). 

The copolymers CPVC and CPE both contain only two 
basic units, CHZ and CHC1. Therefore, samples of CPVC 
and CPE with a given chlorine content will differ only in 
their microstructures. The parent PVC contains an 
infinite sequence of alternating CH2 and CHCl units; 
CPVC can be regarded as a derivation of the parent 
sequence containing randomly substituted CHCl units for 
CH2 units. CPE, on the other hand, contains a completely 
random array of these two moieties. We assume here that 
the chemical modifications have been carried out to yield 
random structures. Thus any difference in the miscibility 
behavior when the two chlorinated polymers are mixed 
with a third polymer must be due to the sequence 
distribution. Differences are most likely to occur in those 
blends in which the chlorinated polymers have a chlorine 
content near that of PVC, because the two chains show 
the largest difference in microstructure at this chlorine 
content. 

The two systems are compared in Figure 4 in terms of 
the chlorine content of the respective copolymers. (Note 
that the original ellipses are slightly distorted in this 
modified coordinate system.) The two miscibilities are 
quite similar at higher chlorine contents, but, around 57 
wt  ?& chlorine, some blends of CPE/(AN-BT) were 
miscible, whereas corresponding blends of CPVC/ (AN- 
BT) were not. These immiscible blends were at the low 
AN weight percentage range, where the repulsion in AN- 
BT, as determined by the term y( l  - Y)XCD, eq 7, is not 
large enough to dominate the sign of Xblend. We have also 

that mixtures of CPVC and CPE with identical 
chlorine contents are largely immiscible; in this case their 
microstructural difference is the main factor in deter- 

larger than either X(CHClCHCl/CH*CHCD Or X(CHCl/CHd, Xblend 

interacting segmenta notation value 
CPVC/(AN-BT) System 

CHClCHCVCHzCHCl XAB 0.042' 
CHClCHCVAN XAC 0.144 
CHCICHCl/BT XAD 0.027 
CHZCHCl/AN XBC 0.085 
CHZCHCl/BT XBD 0.019 
AN/BT XCD 0.186 

CPE/(AN-BT) System 
CHCVCHZ XAB 0.092 
CHCVAN XAC 0.113 
CHCl/BT XAD 0.030 
CH$AN XBC 0.123 
CHdBT XBD 0.040 
AN/BT XCD 0.1866 

* From ref 22. b From the CPVC/(AN-BT) system. 

I I I I I 

V I  

1 
0 .  8 

40 60 00 
CHCl ( mol % )  

Figure 3. Isothermal phase diagram of 50/50 CPE/(AN-BT) 
blends at 70 "C: (0) one phase; (0) two phases at 70 OC; (0) one 
phase at 70 O C  but two phases at 110 "C; (e) one phase at 70, 
110, and 150 OC but two phases at 190 OC. Reprinted with 
permiasion from: Chai, Z.; Sun, R.; Karasz, F. E. Mechanical 
Behaviour of Materials-VI 1991, 3, 263. 

at  110 and 150 "C; within experimental error, the misci- 
bility boundary was unchanged at  these annealing tem- 
peratures. However, when the samples were annealed at 
190 OC, certain blends became phase separated (circled 
pluses in Figure 2). Thus this system exhibited LCST 
behavior.40 No measurements were made above 190 OC 
because the chlorinated polymers were not sufficiently 
stable above that temperature. 
As noted earlier, there are only five independent 

equations for the six unknown segmental interaction 
parameters that can be derived from an elliptical misci- 
bility boundary. An additional equation is thus needed 
to obtain all the interaction parameters unequivocally. A 
previously obtained valuezz for the segmental interaction 
parameter X(CHCICHC~/CH~CHC~) = 0.042 was used. The 
parameter Xci t  = 0.001 was calculated (eq 9) by using the 
known average degrees of polymerization. Using these 
two values, we obtained the other five interaction pa- 
rameters, which are listed in Table 11. The data are in 
good agreement with earlier results from this l a b ~ r a t o r y . ~ ~  

Figure 3 shows the miscibility behavior of CPE/(AN- 
BT) blends at 70 O C .  The miscibility boundary of this 
system was also elliptical, and the corresponding best fit 
equation is 

0.09181~~ + 0 .1860~~  - 0.10191~ - 0.1030~ + 0.0372 = 0 
(17) 



4720 Chai and Karasz Macromolecules, Vol. 25, No. 18, 1992 

I - 4 3 r  8 ,  
o A on 0 

c 3 1 0  /@ 0 
- 1  

0 AA a A @ '  

3:. 1 1 1 t o 1  , 1 A W  1 A , O A  - 
4 4  52 6 3  CF 

CI ( w t  % )  
Figure 4. Comparison of miscibility behavior in CPVC/(AN- 
BT) (A, A) and CPE/(AN-BT) (0, e) blends at 70 OC. The open 
and filled symbols indicate one and two phases, respectively. 

mining miscibility. However, when either of these poly- 
mers is mixed with a third polymer of differing chemical 
structure, this difference becomes less important if there 
are sufficiently strong (dispersive or specific) interactions 
in the mixtures. 

Conclusions 
From an analysis of the mean-field theory of random 

copolymer blends, we find that the miscibility boundary 
of (A-B)/(C-D) blends takes one of three basic forms- 
ellipse, pazabola, or hyperbola-in an isothermal copol- 
ymer composition-composition plot. The domain of 
miscibility may in principle lie on either side of the 
boundary. A unique solution for the segmental interaction 
parameters cannot be obtained from the measured mis- 
cibility boundary of either the A/(B-C) blend or the (A- 
B)/(C-D) blend. Such boundaries may, however, be used 
to obtain unequivocally the respective segmental inter- 
action parameters for A/(A-B), (A-B)/(A-B), and (A-B)/ 
(C-B) systems. 

The CPVC/(AN-BT) and CPE/(AN-BT) systems dis- 
play elliptically bounded miscibility domains as predicted. 
The interaction parameters obtained indicate that mis- 
cibility results from repulsion between the dissimilar units 
in each copolymer. The miscibility boundaries for these 
cases are nearly independent of temperature in the range 
of 70-150 "C. The two systems have generally similar 
miscibility properties, but some differences in the blends 
containing CPVC and CPE with chlorine contents similar 
to that of PVC are observed. The differences are due to 
the accentuated difference in microstructure between the 
two chlorinated polymers in this range. 
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