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ABSTRACT: The miscibility of rubber blends, such as poly(cis-butadiene-co-1,2-vinylbuta
diene) (V-BR) and polyisoprene (IR), was studied with differential scanning calorimetry (DSC), 
torsion braid analysis (TBA) and transmission electron microscopy. The V-BR with high vinyl 
content above 32.3 wt% was miscible with IR, while the V-BR with lower vinyl content less 
than 24.3 wt% was immiscible. In regard to V-BR (32.3)/IR blends the lower critical-solution
temperature (LCST) type phase diagram was shown by means of the glass transition ( T,) behavior 
of annealed blends. The miscible and immiscible phase boundary would be sharp against the 
random copolymer content (at around 30 wt% vinyl content in V-BR). The T• behavior of these 
miscible blends were in good agreement with Gordon-Taylor equation. In addition to DSC and 
TBA measurements the transmission electron micrographs were obtained to confirm the blend 
morphology in the ultra-thin sections stained with osmium tetraoxide. 
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The phase behavior of polymer-polymer 
mixtures has been investigated and summa
rized in several literatures. 1 - 3 Although some 
theories4 - 7 were developed, the miscibility of 
polymer-polymer blends has been empirical
ly investigated8 - u because of the difficulty 
of theoretical approaches. Akiyama12 · 13 has 
pointed out the following five methods of how 
to achieve polymer compatibility: (1) effect of 
favorable interactions between polar polymer 
pairs, (2) contribution of random copolymeri
zation to polymer miscibility, (3) effect of high 
pressure onto miscible blend, (4) utilization of 
compatibilizer (block or graft copolymer), (5) 

formation of interpenetrating polymer net
work (JPN). 

Among these methods, the contribution 
of random copolymerization (2) is remark
able.9· 14 For a blend of homopolymer (A) with 
random copolymer (BC) composed of mono
meric species B and C, the miscible com
binations can be divided empirically into the 
following two cases as shown in Figure 1: (I) 
All the interaction parameter, XAB• XAc and 
X8c, are positive, in which case all these pairs of 
the homopolymers are immiscible due to the 
unfavorable enthalpy of mixing; and (2) XAc is 
negative, but XAB and x8c are positive, in which 
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Case (1) X AB >O, X ,c>O, X Bc >O 

Case (2) X AB <O , X ,c > O, X Bc >O 

BC 

Figure I. Schematic representation of miscible binary 
blends, homopolymer/random copolymer. 

case the pair of A and C is miscible but others 
are immiscible. In the case of the blend of 
homopolymer (A) with binary random co
polymer (BC), the miscibility window15 · 16 is 
obtained as a function of the copolymer com
position for the blend delineating the locus of 
LCSTs; for example, poly(2,6-dimethyl- l ,4-
phenylene oxide) (PPO) with poly(o-chloro
styrene-co-p-chlorostyrene) (poly( oClS-co
pCIS)), 15 PPO with poly(o-fluorostyrene-co-p
fl.uorostyrene) (poly(oFS-co-pFS))16 and poly
(methyl methacrylate) (PMMA) with poly
(styrene-co-acrylonitrile) (SAN) 17 blends, and 
the "miscibility valley13 " is newly predicted, 
delineating the locus of the UCSTs; for ex
ample, poly(carbonate) (PC) with poly(styrene
co-methacrylic acid) (poly(S-co-MAA))18 ·19 

blend. On the other hand, in the second case, 
choosing the blend of A and BC, the mis
cibility door is predicted 14 on the temperature
copolymer composition plot. The V-BR/IR20 

blend could be the second case, where the 
blend of 1,2-polybutadiene with polyisoprene 
is presumed miscible and both of 1,4-polybu
tadiene with polyisoprene and 1,2-polybu
tadiene with 1,4-polybutadiene are immiscible. 
Other examples in the second case are PPO 
with poly(styrene-co-p-chlorostyrene) (poly(S
co-pClS)),21 PMMA with poly(vinylidene 
fluoride-co-tetrafluoroethylene) (poly(VD F
co-TFE)), 22 poly (vinyl acetate) (PVAc) with 
poly( vinylidene fluoride-co- hexafluoroace
tone) (poly(VDF-co-HFA))23 ·34 and PC with 
poly( vinyl phenol-co-styrene) (poly(p VPh-co-
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Zlatkevich and Nikolskii25 said in their re
port that the V-BR(30)/IR blend exhibited the 
same miscible single Tg behavior as V
BR(30)/BR, V-BR(50)/BR, V-BR(60)/BR and 
V-BR(30)/NR blends without annealing. The 

.figures in parentheses represent the vinyl con
tents in wt% of V-BR. They obtained an 
empirical equation for the composition de
pendency of Tg of blends, which is different 
from the Gordon-Taylor equation and Fox 
equation. 

Nishi and co-workers26 investigated various 
V-BR/V-BR blend miscibilities with the phase 
contrast microscope, DSC and pulsed NMR. 
These blends were classified into miscible and 
immiscible, but the phase diagrams were not 
obtained. 

Moreover, recently, high vinyl polybuta
diene (V-BR)/polyisoprene blends27 are also 
reported to exhibit an excellent balance of re
bound resilience and wet skid resistance. At 
the same time, on the base of DSC measure
ment, the V-BR(71)/IR blend is shown to be 
miscible and V-BR(l 1)/IR blend is immiscible 
at 5/5 blend ratio. 

In the present paper, the miscibility of V
BR/IR is studied with respect to the copolymer 
composition in V-BR. Tg of annealed polymer 
blends are also investigated with DSC. In 
order to obtain the phase diagram,2° Tg of 
the blend is measured after annealing at de
fined temperatures between - 25 and 200°C 
for 2 hours. At the same time, the miscible
immiscible boundary is determined as a fun
ction of random copolymer composition at the 
limited blend ratio. 

EXPERIMENT AL 

Polybutadiene with various vinyl contents 
were prepared by polymerizing 1,3-butadiene 
in hexane or bezene with a n-butyllithium 
catalyst in combination with diglyme(dieth
ylene glycoldimethyl ether) at 40°C. The mo
lecular characteristics are shown in Table I. 
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Table I. T, and molecular weight 
of the samples 

Samples MW MwfMn T.rc 

IR 730000 1.84 -66 
V-BR 71 484000 3.62 -35 
V-BR 60.0 224000 1.04 -48 
V-BR 54.3 267000 1.06 -55 
V-BR 47.4 214000 1.03 -62 
V-BR 32.3 214000 1.03 -73 
V-BR 24.3 222000 1.04 -79 
V-BR II 219000 2.35 -96 

The blend samples were prepared by precipi
tation from 5% toluene solutions in ethanol. 
The precipitated samples were dried under 
vacuum at 40°C for a week. When the sam
ples were prepared through casting of solu
tions, all these as-cast blend films were trans
parent even after annealing at high tempera
tures such as 200°C for 2 h. 

Tg of blends was measured using a Du-Pont 
990 DSC at a rate of l0°C min. - i Tg of the 
blends was defined as the point inter
section between the base line and the tan
gent line at the inflection point of DSC ther
mograms. 

Dynamic mechanical measurements of the 
blend samples were carried out using a hand
made torsion braid analyzer (TBA)28 · 29 : the 
frequency was 2-3 Hz and the heating rate 
was about I °C min. - 1 

Transmission electron micrographs were ob
tained on JEM 1200 EX (JEOL) electron 
microscope. The ultra thin sections were ob
tained from freezed samples using LKB 
CRYO NOVA (JEOL). The samples were 
stained by osmium tetraoxide for an hour. 

RESULTS AND DISCUSSION 

The dynamic mechanical properties of the 
V-BR/IR blends, 5/5 by weight, with various 
vinyl contents are shown in Figure 2. V-BRs 
with higher vinyl content from 47.4 to 71 wt% 
are miscible with IR because they have a single 
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Figure 2. TBA thermograms of V-BR/IR(5/5) blends 
with various vinyl contents. The thermograms represent 
vinyl contents of (A) 71, (b) 60. (C) 54.3, (D) 47.4, (E) 
32.3, (F) 24.3, and (G) 11 wt%. 

peak, while V-BRs with lower vinyl content 
from 11 to 24.3 wt% are immiscible because 
they have double peaks. Thus the miscible
immiscible boundary seems to be around 
30 wt% vinyl content. In Figure 3, the same 
results on the miscibility for V-BR/IR blends 
are shown through DSC measurements. The 
miscible blend Tg shifts smoothly depending 
on the vinyl content. The blends with vinyl 
content less than 24.3 wt%, have two Tg's, i.e., 
one is for IR and the other for V-BR. 

When the blend composition is varied, the 
single Tg of the miscible blend systematically 
shifts between T/s for the pure V-BR and IR. 
The variation of Tg for the V-BR(71)/IR 
blends with annealing between - 25 and 
200°C for 2 h is shown in Figure 4. Three 
equations are available for the Tg of these 
miscible blends. First, it is the conventional 
Gordon-Taylore quation30 giving eq 1 to a 
random copolymer composed of two mono
mers. 
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Figure 3. DSC thermograms of V-BR/IR(5/5) blends 
with various vinyl contents. The thermograms represent 
vinyl contents of (A) 71, (B) 60, (C) 54.3, (D) 47.4, (E) 
32.3, (F) 24.3, and (G) 11 wt%. 

T =Tg+(KTg2 -Tg)W2 

g l+(K-l)W2 

(1) 

where Tg, and Tg 2 is the Tg of the pure V-BR 
and IR, respectively, W2 is the weight fraction 
of V-BR and K is the ratio of the thermal 
expansion coefficient of the amorphous states 
and of the glassy states. 

Second is Fox equation31 : 

1 (1-W2) W 2 -=--+- (2) 
Tg Tg, Tg 2 

Third is a simple empirical equation for the 
Tg of a binary blend of dissimilar elastomers, 
introduced by Zlatkevich and co-workers. 25 

Tg = Tg 2 -( Tg 2 - Tg,} · W1 c (3) 

where W1 is the weight fraction of the elas
tomer with the lower glass transition tempera
ture and C is a constant for a given polymer
polymer mixture system. 
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Figure 4. Glass transition temperature ( T,) of miscible 
V-BR(71)/IR blend at various annealing temperatures: 
(6), -25cc, (0), 25°C, (D), I00°C, (9), 150°C, and 
(0), 200°C for 2 h; (A) Gordon-Taylor curve (K =0.21); 
(B) Zlatkevich curve; (C) Fox curve. 

In Figure 4 the solid curve A corresponds to 
the Gordon-Taylor equation, B to the 
Zlatkevich equation, C to the Fox equation, 
and the dashed line is the straight line between 
Tg's of constituent elastomers. It was informed 
by Zlatkevich that Tg of the miscible elas
tomers, e.g., V-BR/IR, was well explained with 
their equation. 25 In this study, Tg of blend 
annealed can be well explained by Gordon
Taylor equation rather than Zlatkevich's. The 
same results are also obtained in V-BR(60)/IR, 
V-BR(54.3)/IR, and V-BR(32.3)/IR as shown 
in Figure 5 (a), (b), and (c), respectively. 

The miscible blends are obviously stable at 
any annealing temperatures between - 25 and 
200°C, except for V-BR(32.3)/IR, because no 
double Tg appeared through these thermal 
treatments. 

The DSC thermograms of V-BR(24.3)/IR 
5/5 blends annealed at various temperatures 
between - 25 and 200°C for 2 h are shown 
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Figure 5. Glass transition temperature (T.J of miscible blends, (aJ V-BR(60)/IR (K =0.22J, (bJ V
BR(54.3)/IR (K=0.22), and (c) V-BR(32.3)/IR (K=2.5), at various annealing temperatures: (6), -25°C; 
(0), 25°C; ( []), 50°C; (D), l00°C; (9), 150°C; (0 ), 200°C. 
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Figure 6. DSC thermograms of V-BR(24.3)/IR(5/5) 
blends annealed at (A) -25°C, (B) 25°C, (C) 50°C, (D) 
75°C, (E) 100°C. (F) 125"C, (G) 150°C, and (H) 200°C 
for 2h. 

in Figure 6. The V-BR(24.3)/IR blend is im
miscible because of the double Tg. In order to 
find the phase diagram, the same tests were 
carried out at various anaealing tempera
tures, from - 25 to 200°C, and for various time 
of length, from 2 h to 2 days. At lower an
nealing temperatures, the thermogram of 
double Tg is close to that of single Tg. 
However, at higher annealing temperatures the 
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Figure 7. DSC thermograms ofV-BR(l l)/IR(5/5) ble
nds annealed at (AJ -25°C, (BJ 25°C, (C) I00°C, (DJ 
l 50°C, and (E) 200°C for 2 h. 

thermogram of double Tg can be clearly seen, 
i.e., at Tg of each component polymer. Thus 
the phase separation grows as the temperature 
rises. This blend has no miscible region at any 
temperatures between - 25 and 200°C. 

As shown in Figure 7, the V-BR(l 1)/IR 
blend is also immiscible. However the Tg doesn't 
change with annealing at various tempera
tures. Therefore, comparing with the V
BR(24. 3)/IR blend, it may be considered that 
the V-BR(l 1)/IR blend satisfies the condition 
in which the phase separated structure is fixed 
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(al V-BR(11l /1R (bl V-BR(24,3l/ IR (cl V-BR(32,3l/IR 

Figure 8. TEM photographs of V-BR/IR blends containing (a) 11, (b), 24.3, and (c) 32.3 wt% 1,2-
butadiene. 

and stable against annealing. 
The transmission electron micrographs of 

V-BR/IR blends, 5/5 by weight, with lower 
vinyl contents, 11, 24.3 and 32.3 wt%, are 
shown in Figure 8. The double bonds ofV-BR 
and IR can be stained by OsO4 . In stained V
BR(l 1)/IR blends the phase contrast mic
roscopic observation is indicated that the 
gloomy domain increases as V-BR increases. 
We found that time limit to stain the blends 
(just one hour) is necessary to distinguish V
BR from IR. The bright domain is IR and the 
gloomy domain is V-BR. The electron micro
graphs (a) and (b) in Figure 8 show the phase 
separated structures for the V-BR(l 1)/IR and 
the V-BR(24.3)/IR, respectively, which cor
respond to the results of the double Tg by TBA 
and DSC. The phase separated structure (b) of 
the V-BR (24.3)/IR has a morphology like that 
of well-known spinodal decomposition with 
the unique periodicity and the high phase 
connectivity. The (a) of V-BR{l 1)/IR shows 
larger domain sizes than (b) and somewhat 
discontinuity. On the other hand, in the V
BR(32.3)/IR the domains in the blends be
comes less than 100 A in size (in photograph 
(c)). The V-BR(l 1) with the least vinyl content 
is the most immiscible blend. This blend has a 
larger domain size than V-BR(24.3)/IR. This 
may lead us to conclude that the miscibility of 
v:BR/IR blend decreases with decreasing vi-

226 

nyl content in V-BR. 

LCST Behavior 
The phase diagram was observed through 

a series of annealing experiments. The V
BR(32.3)/IR blends are miscible at annealing 
temperatures between -25 and 50°C as men
tioned above. But the double Tg is observed at 
higher annealing temperatures. The typical 
DSC thermograms of blends with 5/5, 7 /3, and 
9/1 by weight are shown as a function of 
annealing temperature in Figure 9 (a), (b), and 
(c), respectively. As is clearly seen, the 5/5 and 
3/7 blends exhibit double Tg with rising the 
temperature, while in the 9/1 blend double Tg 
can not be detected. For the experimental 
data in LCST phase diagram, annealing time 
was two-hours, and the temperature of phase 
transition was defined as the annealed tem
perature where Tg changes from the single one 
to the double one in DSC thermograms. In this 
way is evaluated the LCST phase diagram in 
Figure 10: double Tg (immiscible) above the 
solid line, and single Tg (miscible) below the 
line. The phase boundary temperature smooth
ly changes along a concave curve with the 
blend composition. 

It was also found that on this LCST phase 
diagram the change of Tg from the double one 
to the single one took place reversibly. 32 As 
shown in Figure 11, the V-BR (32.3)/IR blend 
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Figure 9. DSC thermogram changes from single T• to double T, by elevating temperatures of V
BR(32.3)/IR blends containing (a) 50, (b) 70, and (c) 90wt% V-BR; (A), 25°C; (B), S0°C; (C), 60°C; (D), 
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Figure 10. LCST phase diagram of V-BR(32.3)/IR 
blends, obtained by T• measurements: •, double T,; 
0, single T •. 

annealed at lOO'C for 2 h which has dou
ble Tg becomes to show a single Tg when an
nealed at 25°C for an hour. More detailed 
studies showed that the miscible state can 
be achieved at 25°C for about 10 min after 
annealing at l00°C for 3 h, and the revers
ibility has been confirmed even after anneal
ing at 100°C for a day in vacuum. Thus the 
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Figure 11. Reversible phase behavior revealed in DSC 
thermograms, (A) as-cast original sample, (B) annealed 
at I 00°C for 2 h, and (C) left at 25°C for a day after 
annealing. 

LCST behavior is confirmed in the V
BR(32.3)/IR, and the reversible Tg change 
from the double one to the single one are also 
observed. The same reversible miscible
immiscible transition takes place in the blends 
of poly(vinyl nitrate) (PVN) with poly(methyl 
acrylate),32 · 33 poly(VDF-co-HFA) with poly
(ethylene-co-vinylacetate) (EV Ac)34 and poly
(VDF-co-HFA) with PMMA23 which have 
been already reported in the previous papers. 
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CONCLUSION 

The butadiene random copolymer (V-BR) 
with vinyl contents above 32.3 wt% is miscible 
with IR. The composition dependence of Tg 
follows the Gordon-Taylor equation. Thus 
the elastomer blends of V-BR(71)/IR, V
BR(60)/IR, and V-BR(54.3)/IR are found to 
be miscible. If the vinyl content in V-BR was 
decreased, the miscibility decreases and below 
24.3 wt% vinyl contents the phase separation 
occurs. In this study, in regard to V
BR(32.3)/IR blend the LCST phase diagram is 
obtained by Tg measurements, and the re
versible phase transitions are confirmed. The 
phase behavior of V-BR/IR blends as a func
tion of the random copolymer compositions 
(vinyl contents) in Figure 12 may be the same 
type as already reported "miscibility door", 14 

and more detailed investigation are being now 
undertaken. 

Acknowledgments. We express our appre
ciation to Dr. M. Inoue, Dr. R. Usui and Mr. 
T. Sahashi (JEOL Co., Ltd.) for valuable 
assistance in the electron microscopic studies. 

REFERENCES 

I. D. R. Paul and S. Newman (ed), "Polymer Blends," 
Vols. I and 2, Academic Press, New York, N.Y., 
1978. 

2. S. Akiyama, T. Inoue, and T. Nishi, "Polymer 
Blends-Compatibility and Interface" (in Japanese), 
CMC Press, Tokyo, 1979 (R&D report) and 1981. 

3. 0. Olabishi, L. M. Robeson, and M. T. Shaw, 
"Polymer-Polymer Miscibility," Academic Press, 
New York, N.Y., 1979. 

4. P. J. Flory, R. A. Orwall, and A. Vrij, J. Am. Chem. 
Sci., 86, 3507 (I 964). 

5. L. P. McMaster, Macromolecules, 6, 760 (1973). 
6. I. C. Sanchez and R. H. Lacombe, J. Phys. Chem., 

80, 2352 (1976). 
7. D. Patterson and A. Robard, Macromolecules, 11, 

690 (1978). 
8. T. Nishi, J. Macromol. Sci., Phys., 817,517 (1980). 
9. S. Akiyama, Hyomen, 23, 617 (1985). 

10. S. Akiyama and W. J. MacKnight, Rep. Prag. 
Polym. Phys. Jpn., 29, 221 (1986). 

11. S. Akiyama, J. Adhesion Soc. Jpn., 20, 485 (I 984). 

228 

200 • • 0 0 0 

Temp. 
I ·cl 

150 • 0 0 0 

0 

100 • • 0 0 0 0 

• 0 

50 • 0 0 

• • 0 0 0 0 

-25 • 0 0 

0 0,5 1,0 
weight fraction of 1,2-butadiene in V-BR 

Figure 12. Miscibility phenomena against 1,2-bu
tadiene compositions in random copolymer V-BR of V
BR/IR blends(5/5). e, double T,; 0, single T,. 

12. S. Akiyama, Kaigaikobunsikenkyu, 31, 186 (1985). 
13. S. Akiyama, Kobunshi, 36, 216 (1987). 
14. G. ten Brinke, F. E. Karasz, and W. J. MacKnight, 

Macromolecules, 16, I 827 (1983). 
15. P. R. Alexandrovich, F. E. Karasz, and W. J. 

Mac Knight, Polymer, 18, I 022 (I 977). 
16. R. Vukovic, F. E. Karasz, and W. J. MacKnight, 

Polymer, 24, 529 (1983). 
I 7. K. E. Min and D. R. Paul, Polym, Prepr., Div. 

Polym. Chem., Am. Chem. Soc., 28(2), 136 (1987). 
18. S. Akiyama and H. Fujiishi, Polym. Prepr. Jpn., 35, 

801 (1986). 
19. S. Akiyama, W. J. MacKnight, F. E. Karasz, and J. 

Nambu, Polym. Commun., 28, 236 (1987). 
20. S. Akiyama, S. Kawahara, and A. Ueda, Polym. 

Prepr. Jpn., 37, 1241 (1988). 
21. A. R. Shultz and B. M. Beach, Macromorecules, 7, 

902, (1974). 
22. K. Maeda, S. Tasaka, and S. Miyata, Polym. Prepr. 

Jpn., 33, 632 (1984). 
23. S. Kobayashi, S. Tasaka, and S. Miyata, Polym. 

Prepr. Jpn., 34, 1074 (1985). 
24. A. Matsumoto, S. Yonezawa, and M. Oiwa, 

Preprints, Symposium on Thermosetting Plastics 
Japan, 37, 1987, p 9. 

25. L. Yu. Zlatkevich and V. G. Nikolskii, Rubber Chem. 
Technol., 46, 12!0 (1973). 

Polymer J., Vol. 21, No. 3, 1989 



Miscibility and LCST Behavior of V-BR/IR Blends 

26. T. Watanabe, Y. Fujiwara, Y. Sumi, and T. Nishi, 
Rep. Prag. Polym. Phys. Jpn., 25, 289 (1982). 

27. A. Yoshioka, K. Komuro, A. Ueda, H. Watanabe, S. 
Akita, T. Masuda, and A. Nakajima, Pure Appl. 
Chem., 58, 1697 (1986). 

28. R. Kaneko, H. Shimizu, and S. Akiyama, 
Kobunshikagaku, 23, 97 (1966). 

29. S. Akiyama, Shikizai Kyokaishi, 55, 165 (1982). 

Polymer J., Vol. 21, No. 3, 1989 

30. M. Gordon and J. S. Taylor, J. Appl. Chem., 2, 493 
(I 952). 

31. T-G. Fox, Bull. Am. Phys. Soc., I, 123 (1956). 
32. S. Akiyama, I. Matsumoto, M. Nakata, and R. 

Kaneko, Kobunshi Ronbunshu, 33, 238 (1976). 
33. S. Akiyama, Kagaku to Kogyo, 62, 382 ( 1988). 
34. M. Hasegawa and S. Akiyama, Polym. J., 20, 471 

( 1988). 

229 


	Miscibility and LCST Behavior of Polyisoprene/Poly (cis-butadiene-co-1,2-vinylbutadiene) Blends
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	CONCLUSION
	REFERENCES


