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Glass-transition Temperature and 
Thermal Expansion Coefficient of a 
Two-Phase System of Polymers 
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Fukuoka, Japan 

and 

SHINSAKU UEMURA 
Department of Polymer Sci.. Faculty of Science, Osaka University, Toyonaka. 
Osaka, Japan 

(Received October 5 ,  1970) 

The abnormal increase of glass-transition temperature (T,) and the deviation of thermal ex- 
pansion coefficient from the simple additivity relationship in a two separate phase system 
having different T,s were explained by the thermal stress originating from the difference of 
the thermal expansion coefficients of the two component polymers. Among the two Tos of 
the blend system, the higher T, was increased and the lower To was decreased compared 
with the original Tps of the component polymers in some cases. 

The spherical shell model composed of three layers was adopted to interpret such phen- 
omena of the blend system. These three layers were numbered 0, 1 ,  and 2 from the outer 
layer. The component polymer of the layer 0 was assumed to be the same as in the layer 2. 
In this model, us, which is defined as the volume ratio of the sphere 2 to thesphere 1, represents 
the mixing state of the two component polymers. 

The thermal expansion coefficients of the whole system and the layers 0, I ,  and 2 were 
calculated on the basis of this model. The agreement between the calculated and the ob- 
served values was rather good for the blend systems of polystyrene(PS)/polybutadiene 
(PBD), PS/styrene-butadiene rubber (SBR), polymethylmethacrylate(PM MA)/SBR and 
styrene-acrylonitrile copolymer/PBD. 

The blend system of PS/PMMA did not follow the above prediction. It was pointed out 
that in such a case the molecular interaction between two component polymers should be 
taken into account. 

t Present address: Textile Research Laboratory, Asahi Chemical Ind. Company Ltd., 
Takatsuki, Osaka, Japan. 
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48 S. MANARE, f?t d. 

1 INTRODUCTION 

Polymer blend systems are generally classified into four groups; a perfectly 
miscible system, a microheterogeneous system, a partially miscible system, 
and a two separate phase system, according to the extent of miscibility of the 
component polymers. The effect of mixing on the viscoelastic properties and 
glass transition temperatures (T,) differs among their groups. 

In the case of the systems such as perfectly miscible, microheterogeneous 
and partially miscible systems, the T, of each component shifts with variation 
of the composition within a temperature range between both Tgs of two 
component polymers in their unmixed state. The composition dependence of 
Tg in the case of a perfectly miscible system obeys the same law as given 
to T,s of random copolymers.' It has been recognized that, in the two separate 
phase system, two T,s are observed separately and their locations are very 
close to the Tgs of two components in their unmixed state. 

Recently, i t  has been reported that the T' of polystyrene (PS) of a two 
separate phase system, which contains PS as one Component, shifted to a 

These shifts 
of Tg of the plastic phase to the higher temperature side were also observed 
in the blend systems of polymethylmethacrylate (PM MA) or polyvinyl- 
chloride (PVC) and some rubbers. The degree of shifting decreases in the 
order of PS, PMMA, and PVC. The degree of this shift was related to the 
impact strength of the plastic component. That is, the smaller the impact 
strength is, the larger the degree of shift. The plastic, which cannot easily 
comply with the impact stress or strain followed by some moleculiir relaxation 
mechanisms, is considered to  show lower strength. It must be presumed that 
such a plastic having low impact strength would behave more rigidly against 
the thermal stress caused by expansion of the rubber phase. Thus, it is con- 
sidered that the shift of T, may depend on the thermal stress caused by the 
difference of the thermal expansion coefficients between the two component 
 polymer^.^ 

I t  was also observed by the authors2# that the Tg of the rubber of the blend 
systems, which contain cis-polybutadiene (cis-PBD) as their rubber com- 
ponent, shifted to the lower temperature side of T, of the same rubber in a 
monophase system. This phenomenon was also considered to  be due to the 
thermal stress as mentioned above.3 These considerations coincide with those 
presented by Wang et ale4 

The increase of T, of the plastic phase was not described quantitatively 
in the previous papers.2*3,4 For this purpose, it is necessary to calculate the 
thermal expansion coefficients of each component polymer in the blend system. 
Although there has been no report about the thermal expansion of the com- 
ponent polymers in the blend systems, there are some equations describing 

. higher temperature than T, of PS in a monophase 
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GLASS-TRANSITION TEMPERATURE 49 

the thermal expansion coefficient of the composite materials such as Kerner’s 
equation,’ Wang’s equation,6 and the author’s e q ~ a t i o n . ~  These equations 
were derived by neglecting the effect of interaction between the dispersed 
particles and the difference in the mixed state. 

In this paper, therefore, the equation of the thermal expansion coefficients 
of the component polymers will be derived in due consideration of the mixed 
state. The abnormal phenomena observed in T, behavior mentioned above 
will be interpreted using this equation. 

2 THEORY 

2.1 Derivation of Basic Equations 

The dispersed state of the components in  a polymer blend is assumed to  be 
the spherical shell model as shown in Figure I .  The shells are denoted by 0, 

rn 

r2= 0 r, = ro 
1 2 3 

FIGURE 1 
and No. 3 are special cases of No. 1. 

Shell models representing the dispersion state of blend system. Cases No. 2 

1 and 2 from the outer to the inner shell. The shells 0 and 2 are made of the 
same polymer and the shell 1 is made of the other component polymer of the 
blend. Figure 1( 1) is the generalized model which includes together the models 
of Figures l(2) and l(3) sketched as their special cases of r2 = 0 and rl = ro , 
respectively. ro , r , ,  and r2 are the radii of each sphere as indicated in Figure 
l(1). The reasons why the model of Figure 1 was adopted will be easily under- 
stood by taking into account the following factors. ( I )  The interaction 
between the dispersed particles must be taken into account, and is represented 
by the existence of the layer 0 symbolizing the neighboring particles against 
the sphere 2 with the layer 1 symbolizing the medium between the particles. 
In other words, Figure l ( 1 )  shows the schematic model of phase 1 embedded 
in the medium of the polymer composing the layers 0 and 2.  (2 )  The thermal 
expansion coefficient of the matrix phase which lies between the neighboring 
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50 s. MANABE, et al. 

particles is different from those of the parts of the outer shells in Figures l(2) 
and I(3). (3 )  In order to  express the change of the dispersed state of particles 
from variation of the composition, the parameter characterizing the dispersed 
state of particles is necessary. Judging from the experimental results of the 
composition dependence of elastic modulus, the actual dispersed state may 
be similar to the intermediate state between Figure l(2) and Figure l(3). 
Therefore, it may be desirable to adopt the model as shown in Figure I (  1) 
which includes together dispersed states of Figure l(2) and Figure l ( 3 )  
exhibited as its special cases. 

The interpolymers of PS and styrene-butadiene rubber (SBR) and the 
ABS resin are the examples corresponding to the dispersed state of Figure 
] ( I )  in which layer 1 corresponds to the rubber phase. Accordirig to recent 
electron microscopic observation of the polymer texture of ABS resin using 
the osmic acid-staining method it was revealed that the rubber particles 
include many plastic particles in themselves (cellular structure) and are dis- 
persed in the plastic medium.” Such a texture is in accordance with the 
model represented in Figure ] ( I )  if the layer 1 is taken as the rubber phase. 

The stress applied to  the inner shell 2 from the outer shell can be approxi- 
mated by hydrostatic pressure. 0, represents the radial stress at the place of 
the distance r from the center of the sphere. The following equation is obtained 
from the theory of mechanics.* 

d’u, 4 dur - + - - = o  
dr2 r dr 

From Eq. ( I )  we obtain 

(2) 
err = 3BK - 4GAr-3 
u = A F 2  + Br 

where u is the radial deformation, and K and C are bulk and shear moduli, 
respectively. A and B are the constants determined by the boundary con- 
ditions. When the temperature of this system is higher by an amount of T than 
the critical temperature where the system is free from the therrnal stress, A 
and B can be obtained under the following boundary Conditions: 

(1) Each shell contacts with the others at the whole parts of the boundary. 
(2) The stresses of the two shells at their boundary are the same. 
(3)  The stress at the boundary of an atmosphere is zero. 

These boundary conditions are expressed by the following equations. The 
suffixes denote the corresponding layers. 

3&B0 - 4 ~ ~ A , r , - ~  = 3K1B, - 4G,A,r , -3 ,  
Ao(I + P2 T)-’r,-’ + (1 + p2 T)B,rl  + (1 + P2 T)r,  

= A,(1 + P1T)-Zr , -2  + (1 + PIT)Blr,  + (1 + P l 7 ) r ,  
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Further, 
3K0 B, - 4G, A ,  r0-3  = 0 ( 5 )  

Eq. (4) represents the boundary conditions between the shells 1 and 2, and is 
correct only when the strain caused by the thermal stress and the thermal 
expansion is sufficiently small compared with unity. f i  is the linear thermal 
expansion coefficient. The PZ equals Po because the components of the shell 
0 and 2 are the same as assumed before. Thus, the following equations are 
obtained from Eqs. ( 3 ) ,  (4), and (5 )  under the condition of PT -g 1. 

4(p0 - /?,)KoT{(r,-3 - r1-3)Go(3K,r , -3  - 3K0r,-3 - 4r,-3G1) 
+ r , -3Gl (4Gorz -3  + 3 K 0 r i - 3 ) }  B, = 

D 
(9) 

469, - P1)KiT(ri-3 - rz-3){ro-3(3Ko + 4Gl)Go + r l -33 (Gl  - G,)K,} 
D 

Bz = 

(101 
where 

D = Kor1-3{12rl-3(Kl - &)(Go - GI) + r,(3& + 4G,)(3K, +  GO)} 
- 4G,r,-3{(K, - Ko)(3& + ~ , ) ( r , - ~  - r l - 3 ) }  (1 1) 

The thermal expansion coefficients of the whole system and the shells of 0, 
1 and 2 can be estimated from Eqs. (6), (7), (8), (9), (lo), and ( I  I )  as derived 
in the following section. 

2.2 Thermal Volume Expansion Coefficient of Blend System, a 

From 
1 + LYT = (1 + Po q 3 { l  +B,  + A o ~ o - ~ ( ~  + PO T)-3>3 
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52 s. MANABE, et al. 

we obtain 
MT = 3p, T + 3 ~ ,  + 3 ~ ,  r0-3(1 + Po T ) - ~  (12) 

Substituting Eqs. (6), (7) and ( 1 1 )  into Eq. (12) we obtain 

a = a,(l - u)  + M 1 U -  

where v is the volume fraction of component 1 to the total sphere having 
radius ro , and us is the volume ratio of the sphere with radius r2 to the sphere 
with radius r, .  Then, u and us are given by Eqs. (14) and (15), respectively. 

(14) v = (r, - r23)/r03 3 

us = rZ3/rl3 ( 1  5 )  

The specially simplified relation of 3pi = cli (i = 0 and 1) is used for derivation 
of Eq. (13). may be the parameter which represents the dispersed state 
of particles in the blend and from its definition, Eq. (16) is obtained. 

The change of the dispersed state according to the variation of us is schematic- 
ally represented in Figure 2 .  The dispersed state of the model “ 4 ” is same in 
its mathematical expression as that of the model “2”. That IS, when the 

vs= 0 O<VS<l -V  VS=l - v 

4 
FIGURE 2 Change of the shell model depending on the change of the parameter u, . 
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GLASS-TRANSITION TEMPERATURE 53 

components of the shells of the model “ 2 ”  are exchanged with each other, 
the dispersed state corresponding to the model “ 2 ”  is changed into the one 
corresponding with the model “ 4 ”  by replacing the shell numbers, 1 and 2 
each other. Therefore, the equations given above are applicable to the state 
of the model ‘$4”. When a0 > a I  and KO < K , ,  c! increases with increasing 
u s ,  and when ct0< a1 and KO > K,, c! decreases with increasing u s .  The 
maximum and minimum values of CI are the values corresponding to us = 
1 - u and us = 0, respectively. 

For the special case of us = 0 and us = 1 - v, Eqs. (17) and (1 8) are obtained, 
respectively. These equations are the same as derived by Kerner4 and the 
authors.’ 

2.3 Expansion Coefficients of Shells 

These coefficients can be obtained by following the same procedure as used 
for the calculation of a. The thermal expansion coefficient of the shell 0, 
c!(O), is derived by the same procedure as in the case of calculation of a, 
based on the following relationship 

rO3(1 + po T)3{1 + ~ ~ r ~ - ~ ( 1  + po T ) - ~  + B , } ~  
- r13(1 + p 1 ~ ) 3 { ~  + ~ ~ r ~ - ~ ( l  + a , ~ ) - ~  + B , } ~  

1 + or(O)T= 
rO3 - r13 

From this equation, Eq. (19) is obtained under the condition of 1 S Po T, 
1 B {Ao  r 0 - 3 ( l  + Po + B,} and c! = 3p 

+ 4Go(K1 - &)(3Ko + 4Gl)u 
(19) 

In the special case of u, = 1 - u and I’ ,  = 0, Eq. (19) becomes Eq. (20) and 
Eq. (21), respectively. 
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54 s. MANABE, et al. 

Eq. (20) gives the limiting value of the expansion coefficient of the shell 0. 
Eq. (20) gives the minimum and the maximum values of a(0) for a0 > at 
and a. < a,, respectively. The value of a(0) is always between the values 
given by Eq. (20) and Eq. (21). 

The expansion coefficient of the shell 1, a( l ) ,  is obtained by the same pro- 
cedure as mentioned above. Thus, 

4(ao - ~ , ) ~ O { G O [ ~ K O ( ~  - us) - 
Ko{12(Ki - Ko)(Go - Gi)u, (3Ko + 4Gi)(3Ki 4‘30)) 

+ ~ G , ) u ]  + Gi(4Go + 3Ko 0,)) 
a(1) = “1 + 

+ 4Go(K, - &)(3& f 4Gi)U 

(22) 
Eq. (22) is a monotonous increasing function when a. > a, and G, > Go. 

derived, respectively, from Eq. (22). 
In the special case of us = 1 - u and us = 0, Eqs. (23) and (24) can be 

Eq. (23) coincides with Eq. (21) when suffixes 0 and 1 ,  and u in Eq. (21\, are 
replaced by suffixes 1 and 0, and 1 - u, respectively. The value of a(1) is 
always between the values given by Eq. (23) and (24). 

In the case of the shell (sphere 2), its expansion coefficient, a(2), is calculated 
by the same procedure as those of ct(0) and a(1) and given by 

4(a0 - a1)K1{(3& + 4Gl)Gov + 3KdG1 - Gd(1 - us>> 42)  = a0 - 
K0{12(K, - &)(Go - Gi)U, + (3Ko + 4G1)(3K, + 4Go)) 

+ 4Go(Ki - &)(3Ko + 4Gi)U 
(25) 

In the special cases of v, = 1 - u and u , ~  = 0, Eq. (25) becomes Eq. (26) 
and Eq. (27), respectively 

for us = 0 (27) 
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GLASS-TRANSITION TEMPERATURE 55 

Eq. (27) gives the limiting value of 4 2 )  when us tends to  zero. 4 2 )  of Eq. (27) 
gives the minimum value for a. > ctl and the maximum value for a,, c a1 as 
a function of u.  4 2 )  always takes the value between those given by Eqs. 
(26) and (27). 

3 EXPERIMENTAL 

3.1 Sample Preparation 

The polymers studied are listed in Table I along with abbreviations and 
characterizations of materials. The blend of polymers A and B and the co- 
polymer of comonomers A and B are denoted hereafter by A/B and A.B, 
respectively. The system of PS/PBD, ST.AN(AN content 25 %)/PBD, and 

TABLE I 
Polymer samples 

Polymers (Abbreviation) Characterization of materials 

Polystyrene (PS) 

Polyvinylchloride (PVC) 

Polymethylmethacrylate (PMMA) 
Styrene-acrylonitrile 

Polycarbonate (PC) 
Vinylacetate-vinylchloride 

copolymer (VAc.VC) 
Polyvinylacetate (PVAc) 

Acrylonitrile butadiene rubber 

Styrene-butadiene rubber (SBR) 

Polybutadiene (PBD) 

cis-Polybutadiene (cis-PBD) 

(NBR) 

Prepared by usual technique of emulsion poly- 

Manufactured by Japanese Geon Co. Ltd.; 

Product of Mitsubishi Reyon Co., Ltd. 
Prepared by usual technique of emulsion poly- 

Product of Teijin Co., Ltd. 
Manufactured by Japanese Geon Co., Ltd.; VAc 

Product of Nippon Synthetic Chemical Ind. Co., 

Product of Japanese Geon Co., Ltd; AN content 

Product of Japan Synthetic Rubber Co., Ltd.; 

Product of Firestone Co., Ltd., #2004; gel 

Product of Goodrich Gulf., Ltd.; cis content 

merization; M,, = 8.9 x lo4 

Mn = 6.6 x lo4 

merization: AN content 25% and 50% 

content 29 % 

Ltd. 

30 % 

ST content 24.5% 

content 85 % 

97 % 

ST.AN(AN content 50 %)/PBD were prepared by mixing the emulsions of 
PS, ST.AN(AN content 25 %) and ST.AN(AN content 50 %) with PBD latex, 
respectively. A 10% aqueous CaCI, solution was poured into the mixture 
of the resin emulsion and the PBD latex and the polymer blend was pre- 
cipitated. For the blend systems of PS/SBR, PS/NBR, PS/PVAc, PS/VAc.VC, 
PS/PVC, PVC/SBR, PMMA/SBR, PMMA/PS, and PC/SBR, the com- 
ponent polymers were dissolved into the common solvent, and the resultant 
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56 s. MANABE, et ul. 

solution was poured into the non-solvent to precipitate the blends. After 
drying the precipitates, the films of 0.2 to 0.4 mm thick were prepared by 
molding in a laboratory press. 

3.2 Measurements 
For the measurement of T,, a dilatometer was used and T, was defined as 
the temperature where two straight lines of a volume-temperature curve 
intersect. The average heating rate was O.S"C/min. a, is the thermal expansion 
coefficient above the both Tgs of the blend system and ag is the thermal expan- 
sion coefficient in a temperature range between the higher 7'' and the lower 
T, of both component polymers in the blend. 

Dynamic viscoelasticity was measured using the Rheovibron, Model 
DDV-11, of Toyo Measuring Instruments Co., Ltd. The frequency adopted 
was 110 Hz and the average heating rate of the sample was I"C/min. The 
temperatures of the absorption peak were used to determine the relative 
variation of T, as a function of composition for a series of polystyrene/rubber 
blends. 

4 RESULTS AND DISCUSSION 

4.1 Thermal Expansion Coefficient 
Figures 3,4,  5 and 6 show the composition dependence of the thermal expan- 
sion coefficients a, and a, for the systems of PS/PBD, PMMA/SBK, PVC/SBR 
and ST.AN/PBD, respectively. The full lines in these figures represent the 
linear relationship according to the law of volume additivity. The broken 
lines in these figures show the calculated values by Eq. (18). The model " 3 "  
in Figure 2 was adopted for calculation of a and the inner shell is composed 
of rubbery material. The calculation of CI was made in a temperature range 
between both T,s of the component polymers in the blend. The values of K 
and G employed for these calculations are tabulated in Table IT. The behavior 
of the thermal expansion near T, is very complicated because of the increased 
effect of the volume relaxation of the component polymers. This problem 
will be discussed in the later section, where the phenomena associated with 
an increase of T, will be discussed as indicated in Section I .  The expansion 
coefficient calculated by Eq. (17) is nearly equal to the values calculated by 
assuming the volume additivity. The model " 1 " in Figure 2 was adopted 
for calculation of CI given by Eq. (17). The outer shell is made of rubbery 
material. The observed thermal volume expansion coefficients shown in 
Figures 3,4, 5 and 6 exist between the values calculated by Eqs. ( I  7) and (1 8). 
In particular the values for the system of PSjPBD almost agree with those 
calculated by Eq. (1 8). 
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GLASS-TRANSITION TEMPERATURE 5 1  

0 0.2 0.4 0.6 0.8 1.0 
PBD VOLUME FRACTION 

FIGURE 3 Thermal expansion coefficients a1 and ap vs. volume fraction of poly- 
butadiene (PBD) for the system of PS/PBD. u I  and are the values at  about 100°C and 
20T, respectively. Full lines and broken line indicate the values calculated by the additivity 
law and Eq. (18), respectively, and open circles are observed values. 

0 0.2 0.4 0.6 0.8 1.0 
SBR VOLUME FRACTION 

FIGURE 4 Thermal expansion coefficients a I  and ctE vs. volume fraction of SBR for the 
system of SBR/PMMA. aI and ap are the values at about 100°C and 20”C, respectively. 
Full lines and broken line indicate the values calculated by the additivity law and Eq. (18), 
respectively. Filled and open circles are observed values. 
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5 8  S. MANABE, ef a/. 

0 0.2 0.4 0.6 0.8 1.0 
SBR VOLUME FRACTION 

FIGURE 5 Thermal expansion coefficients a, and ap vs. volume fraction of SBR for the 
system SBR/PVC. ctI and a, are the values at about 90°C and 20"C, respectively. Full lines 
and broken line indicate the values calculated by the additivity law and Eq. (18) respectively., 
Filled and open circles are observed values. 

0 0.5 1.0 
PBD VOLUME FRACTION 

FIGURE 6 Thermal expansion coefficients ctl and ctp vs. volume fraction of PBD for the 
system of ST.AN(AN 50%)/PBD. a, and a* are the values at about 90°C and 20°C, res- 
pectively. Full lines indicate the values calculated by the additivity law. Filled and open 
circles are observed values. 
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GLASS-TRANSITION TEMPERATURE 

TABLE I1 

K and G used for calculations 

Polymers K (dyn/cm2) G (dyn/cm2) 

59 

PS 3.4 x 10'0" 1.2 x 10'0" 
PVC 4.5 x 10 '0a  1.2 x 10'0' 
PMMA 5.0 x 10'oR 1.5 x I O ' O "  

SBR 1.8 x 1 0 ' 0 b  not used 
PBD 1.8 x not used 

Modulus in a glassy state 
Modulus in a rubbery state 

Both Eqs. (17) and (18) give almost the same values at sufficiently high 
temperatures above T,s of both component polymers in the blend. The 
additivity law may be satisfied for the observed values of expansion coefficient 
above both T,s. These facts may predict that the thermal stress caused by the 
difference of the expansion coefficients of two component polymers in the 
blend can be neglected above both T,s. Such a negligibility of thermal stress 
effect is consistent with the results predicted by Eq. (13), (17), or (18). 

The fact that the experimental values of cl, of PSjPBD as shown in Figure 3 
were almost the same or a little greater than the values calculated by Eq. (18) 
means that the PBD components form the dispersed particles in the PS 
matrix in spite of the large content of PBD (30 %). In this case, the dispersed 
state is probably like the model 2 of Figure 2, where the part of oblique lines 
(layer 1) corresponds to PBD. 

On the other hand, a, of ST.AN/PBD (Figure 6 )  can be expressed by Eq. 
(17), which is close to a value calculated on the base of the additivity law. This 
means that the thermal stress caused by the difference of expansion coefficients 
between two component polymers in the blend does not have much influence 
for the system of ST.AN/PBD. This may be due to  one of the following 
conditions: (1) the mixed state is similar to the one represented schematically 
in Figure 2(2) that is, PS is dispersed in PBD, or (2) the mixed state is some- 
thing like a lamellar or band structure, or (3) the relaxation effect of the matrix 
phase is so large that the thermal stress is relaxed independently of the dis- 
persion state. The volume fraction of PBD in the blend actually investigated 
is smaller than 0.3. In such a case, case (1) is difficult to be realized. Case (2) 
is very rare according to the actual observations in such systems." Thus, the 
third reason is most conceivable and seems to be reasonable to  interpret the 
fact that the increase of T, was not observed in the system of ST.AN/PBD. 

As an example for the calculation of Eq. (13), the system of PS/PBD was 
adopted. The values cited in Tables 11 and 111 were used for this calculation 
and also the value of G of PBD 5.0 x l o 6  (dyn/cm2) was used. Figure 7 shows 
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TABLE 111 

aI, ap and K I  used for calculation 

Cornponen t 
Sphere Polymer Composition at( C' )  a , ( C - ' )  K,(dyn/cm*) 

~~ ~ 

1 PS 0.8 5.55 x 2.45 x lo-' not used 
0 PBD 0.2 7.90 x loT4 not used 1.8 x 10'' 

1 
0 

vs 
FIGURE 7 a - a0(l - v )  - a1v vs. V, for the system of PS/PBD. The figures in this 
figure indicate the value of u.  

the variation of CI - [cc,(l - v) + CI~Z)] with the value of I>, at various amounts 
of 0. The value of CI - a,(l - u )  - c l lu  represents the amount of the deviation 
from the additivity law of thermal expansion coefficient. As seen in this 
figure the larger the value of 1 7 ,  that is, the smaller the volume fraction of 
PBD is, the greater the v, dependence of this deviation is. 

When the volume ratio of rubber components of the shells 0 to 2 is constant, 
the u dependence of the deviation from the additivity law of thermal expansion 
coefficient was shown in Figure 8 as a function of v, . These values of this figure 
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FIGURE 8 
figure indicate the volume ratio of shell 0 and shell 2 

CL - a0(I - v) - ctlv vs. v for the system of PS/PBD. The figures in this 

were transferred from Figure 7. For example, when the volume ratio of 
shells 0 and 2 equals 1 the volume fraction of shell 0 is 0.5( 1 - v) and from 
the definition of v, we obtain v, = 0.5(1 - u) /{OS(I  - v) + o}. From the lines 
of constant u in Figure 7, the value of CI - z0(l - o) - a l t ~  at the point of u, 
obtained above can be read. That is, when 1’ = 0.5, v, is 0.333 and from the 
line of ti = 0.5 the value of 2.18 x lop5 is obtained. With decreasing content 
of the rubber the deviation from the additivity law of thermal expansion 
coefficient is affected by the change of the volume ratio of the shells 0 and 2.  
On the other hand, when the rubber content is very large such as 0.8 or 0.9 
the deviation mentioned above is large even if the volume ratio of shells 0 
to 2 is small. 

It will be recognized from these examples that most of the expansion 
coefficients of two separate phase system are. described by Eq. (13). However, 
there is one special case in which Eq. (13) can not be applied in spite of two 
separate phase system. It is the system of PSIPMMA. Figure 9 shows that 
the observed expansion coefficients of this system above T, deviate consider- 
ably from the estimated values (full line) given by Eq. (13). This deviation may 
be due to the molecular interaction between both components. By utilizing 
this relation, we will be able to estimate the degree of molecular interaction 
qualitatively by measuring the deviation of expansion coefficient from the 
calculated curve above T, . 

4.2 
As mentioned in Section 1, there are two Tgs for the blend system composed 
of two separate phase. The higher T, of the two Tgs of the blend system is 
noted by Tglb and the lower T, by TgZb. The T,s located at a high and a low 

Abnormal Phenomena in T, of Two Separate Phase System 
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V 

: 6 -  
v 

s. MANABE, et al. 

01 

FIGURE 9 a1 vs. weight fraction of PMMA for the system of PS/PMMA. Full line 
represents the relationship calculated by the additivity law above To.  Filled circles are ob- 
served values. Numbers, 1 and 2, indicate the value above 115°C and the value between 
100°C and I 1  5°C. respectively. 

temperature range for the mono-component polymers are denoted by Tgl 
and Tg2, respectively. The deviation of T, caused by mixing from the original 
Tg is classified as follows. 

Tglb = Tgl, Tg2b = Tg2 

Tglb = Tgl? Tg2b > Tg2 
Tglb = Tgl, Tg2b < Tg2 
Tglb < Tgl, Tg2b > Tg2 
Tglb < Tgl, Tg2b < Tg2 
Tglb < Tgl, Tg2b = Tg2 

Tglb > Tgt, TgZb > Tg2 
Tglb > Tgl’ Tg2b < Tg2 
Tglb > Tgl, Tg2b = Tg2 

(2)  
(3) 
(4) 
( 5 )  

(6) 
(7) 
(8) 
(9) 

Cases (1) and ( 2 )  in this classification are the typical ones of the two separate 
phase system. For example, the system of ST.AN(AN content 5O%)/PBD 
belongs to case (2) .  One reason for Tg2b > Tg2 is due to the filler effect of 
component 1. In the cases of (4) and (9), their systems approach the partially 
miscible system because of the increase of their mutual solubilities (for 
example, S T . A N / N B R 2 ) .  There are no examples for the cases of (3), (5) 
and (6) .  As mentioned already in Section 1, the cases of (7) and (8) were found 
using one series of special systems composed of some plastic and rubber 
components. In the later parts, we will frequently call the components having 
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higher and lower Tg the plastic and rubber components, respectively. The 
discussions of these cases are given in the following sections. 

4.2.1 Increase in Tg ofplastic component Figure 10 shows the composition 
dependence of Tg of PS in the blend systems which contain the polymer with 
lower Tg than PS as a function of weight fraction of the partner polymer. 

SBR 

NBR 

95 

u VAc.VC 
PVAc 

PVC 

90 
131 

t- 

I 

85 

0 0.2 04 0.6 0 8  ' 
WEIGHT FRACTION 

FIGURE 10 
ners of PS in the blend systems. 

T, of PS vs. composition of the blend. The polymers indicated are the part- 

Although the Tg of PS increases with increase of the PS weight fraction, 
there can be clear differences among the systems with different partner 
polymers. 

Figure 11 shows the relative change of Tg of the plastic component (with 
higher Tg), ATg, as a function of weight fraction of the rubber component 
(lower 7J. ATg is defined as the difference of Tgs of the plastic component 
between before and after mixing. From Figure 11 it is clear that ATg increases 
with increase of the weight fraction of the rubber component and that there 
are distinct differences in ATg among the systems with different plastic 
components when the comparison is made at the same composition of PBD 
or SBR. The following three reasons will be considered for the increase of 
7'' of the plastic component in the blend: (1) filler effect, (2) thermal stress 
effect caused by the difference of thermal expansion coefficients between the 
plastic and rubber components, and (3) molecular interaction between the 
component polymers. 

Since the partner polymer to the plastic component is a rubber, the filler 
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1 

1 
0 0.2 0.4 0.6 0.8 1 0 
PBDPSBR WEIGHT FRACTION 

FIGURE 1 1  Change of T, (or AT,) of plastic component vs. weight fraction of rubber 
component (PBD or SBR) for the blend. The polymers denoted in this figure indicate the 
plastic components. 

effect cannot be expected. The effect of thermal stress is most probable as the 
origin for the rise of Tg. As mentioned before the change of the thermal 
expansion coefficient generated by the thermal stress is described by Eq. (13) 
and Eqs. (17) and (18). Especially, Eq. (18) is applicable to the system of 
PSjPBD in which the rise of T, is remarkable. 

Although the expansion coefficient of the spherical shell 1 is given by 
Eq. (22), we try to evaluate it using the equation derived from Eq. (22) in the 
special case of us = 1 - u (cf. Figure 2(3)). When t i ,  = 1 - u,  the thermal 
expansion coefficients of the blend and the components 1 (plastic phase) 
and 0 (rubber phase) are given by Eqs. (18), (23) and (26), respectively. For 
the isotropic material, Eq. (28) is given. 

E =  2G(I + V) = 3K(l - 2 ~ )  (28) 

where E is tensile modulus and v is Poisson's ratio. 
The calculation on the system of PSjPBD is made as follows. The relaxation 

effects are expected in E, G, and K, which cannot be neglected near T, of PS. 
As the heating and cooling rate of dilatometric measurements was 0.5 "G/min., 
the values of E, G, and K at 120 sec. were used. The numerical values em- 
ployed were summarized in Table 111. The T, of PS used was 75°C. Table I V  
shows the relaxation modulus and Poisson's ratio (v) of PS at various tem- 
peratures. The relaxation moduli listed in Table 1V are observed values. 
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TABLE 1V 

E and v of PS 

65 

Temperature ("C) v" E( 1 20)(dyn/cm2)b 
~~ 

15 
80 
85 
90 
95 

100 
I05 
110 

0.36 
0.37 
0.39 
0.46 
0.497 
0.4997 
0.49981 
0.49985 

2 x 10'0 
1.7 x 1 O l o  

9.8 x 10" 

1 X lo8 
3 x 109 

1.5 x 107 
1.22 x 107 
9.45 x 106 

Interpolated values 
Relaxation modulus at 120 sec. Cf. A. V. Tobolsky, 
Properties and Srriccrures of Polyriiers (Wiley, New 
York, 1960), p. 74. 

The values of v at room temperature and at  sufficiently high temperature 
above Tg are evaluated as 0.35 and 0.5, respectively. The v values between 
these temperatures were evaluated assuming a smooth bulk modulus- 
temperature curve. 

Figure 12 shows the result of calculations. The values on the abscissa are 

It can be seen from Figure 12 that the values of PS deviate in the cooling 
process from the equilibrium values about 95°C. Above 95"C, the volume 
of PS is nearly the same before mixing, and below 95"C, the volume becomes 
smaller than before mixing. As the difference of the thermal expansion coeffi- 
cients of both homopolymers, (ao - a,), is 2.35 x at T > T,, the volume 
contraction of PS between 95°C and 75°C caused by thermal stress, Av, is 
approximately calculated by Eq. (29), 

{a0 - .(OM., - a,), {a1 - .(l)>i(.o - a,> and {ao(l - 4 + U l U  - M . 0  - .I). 

9 5  Au - = 2.35 x 1 K ( T )  dT N 1.76 x 
U 7 5  

where K(T)  is 

4G,&(l - U)/{K1(3& -k 4G1) + 4G1(& - Kl)(1 - U ) } .  

If this volume contraction is spent for the decrease of free volume, the in- 
crease of T, from the thermal stress is roughly given by the equation 
Au/v/Aa, = 5.69 x l o - '  ("C), where Ax, is the expansion coefficient of free 
volume fraction which is expressed by the difference of thermal expansion 
coefficient between glassy and rubbery states. The change of T, caused by 
the thermal stress gives rise to the change of temperature dependence of K, 
G and v, which in turn makes the calculated T, increase. Assuming 5°C 
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0.1 

0 

-0.1 

s. MANABE, et al. 

I 
I 

I 

tdi- d(l,)/{do-dll 
I I I I 1 I 

60 80 100 1 
TEMPERATURE ('C 1 

0 

FIGURE 12 Calculated temperature dependence of the expansion coefficients of the com- 
ponent polymers in the blend system. Refer to the text for the denoted quantities. 

increase of T', of PS from the thermal stress, the values of K ,  G and v shift to 
the higher temperature side by 5°C than those before mixing. The value of 
volume contraction at 75T, Av/v, was calculated through a similar procedure 
to  Eq. (29) for this system and is about 3/2 times of the value given by Eq. 
(29). Therefore, the degree of the increase of T, from the thermal stress, 
ATs, exists in the following range in the case mentioned above. 

5.69 x 1 O-'("C) c ATg < 1.98 ("C) (30) 

Eq. (24) gives the maximum increase of T, of PS and its value is about 2°C. 
It should be noted that the observed volume is the whole volume of the blend 
and not of PS itself in the blend. Therefore, when the T, of PS in  the blend is 
decided as the temperature of the break point in the volume-temperature 
curve, the change of T, from the thermal stress should be estimated from 
Eq. (13), which expresses the temperature dependence of the whole volume 
of the blend. 
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It is obvious from Figure 12 that the deviation of the specific volume of the 
blend system appears below 89°C in the cooling process if the T, of PS is 
assumed as 75°C. The calculated specific volume of the blend is larger than 
the value estimated from the volume additivity law. The value of T, obtained 
from the volume temperature curve is, therefore, 82 to  85°C. The former is 
taken as the average value of 89 and 75°C and the latter is the temperature 
at which the dZv/dT2 is maximum. As the T, of PS changes to 76 -77°C 
from the thermal stress discussed above, the observed T, is conclusively 
estimated as 83 - 84°C or 85 - 86°C. That is, the estimated increase of T, 
from the thermal stress for this system, where u = 0.8, is 8 N 12°C and the 
observed value was 9.7'32. The agreement between the calculated and the 
observed value is satisfactorily good. According to Eq. (24), the T, of PS in 
the blend increases with increasing composition of PBD. On the other hand, 
the T, estimated from the volume-temperature curve of the blend exhibits 
the maximum at u = 0.5 as proved by Eq. (18). Actually, since v, decreases 
with increase of the fraction of PBD, the T, of PS must be lower than those 
given by Eqs. (24) and (18). 

From Eqs. (241 and (18), we may obtain some predictions on the increase 
of T, of PS caused by the thermal stress. AT, estimated from the temperature 
dependence of the volume of plastic component itself is given by the following 
equation, which is derived with the same procedure as in Eq. (29). 

The predictions are that ( I )  there is a mutual relationship between the increase 
of Tg and the negative deviation of the thermal expansion coefficient of the 
blend from the additivity law as found in Figure 3, since the increase of us 
makes the T, of PS increased and the thermal expansion coefficient decreased 
(cf. Figure 7); (2) the greater the difference of the thermal expansion coeffi- 
cients above T, between the rubber and the plastic components, (ao - M ~ ) ,  

the larger the degree of increase of T, of the plastic component is; and (3) the 
increase of Tg is proportional to ( I  - u )  when ( I  - v) is very small (see Eq. 24). 
On the other hand, the T, estimated from the temperature dependence of the 
whole volume of the blend, not of PS itself, will exhibit the maximum because 
of the existence of the maximum deviation of M at v = 0.5 (see Eq. (18) and 
Figure 8). 

The predictions of (1) and (3) are consistent with the results of Figures 10 
and 11 qualitatively. Figure 13 shows the relationship between AT, and 
(ao - ul). There is some trend toward consistency with the prediction (2) 
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I 

FIGURE 13 Relationship between AT, and (at - ao). (a ,  - ao) is the difference of the 
thermal expansion coefficient between component 1 and 0 above both T,s. 

even though experimental points are scattered. It should be noted that, even 
in the case of cco - ccl = 0, ATg in Figure 13 equals to 3°C. This result means 
that the origin of the increase of Tg is not always from the thermal stress. 

The increase i n  TE”,., of the system PS/PBD, which is taken as the measure 
of 7” but is higher by about 20°C than Tg was observed. This phenomena of 
increase of T, may occur due to  the thermal stress or the decrease of the 
activation energy (AH,*) generated by the increase of the thermal expansion 
coefficient from the thermal stress. The activation energy is given by Eq. (32). 

AH,* = RT2 Auf/f(T)’ (32) 

where R is gas constant and f ( T )  is the free volume fraction at temperature T. 
Equation (33) is obtained by differentiating Eq. (32) with f ( T ) .  

(33) 
AH,* decreases with increasing f ( T ) .  f(T) of PS above 90°C is slightly 
increased by mixing because of the increase of Auf . As mentioned in Eqs. (22), 
(23) and (24), Acc, of PS increases by mixing and AH,* of PS decreases by 
mixing. This decrease of AH,* gives rise to the shift of TE,,,., to higher tem- 
perature at the measuring frequency. 

{dAH,*/df(T)}T = { R T Z / f ( T ) 3 } ( - 2 A ~ f )  < 0 

4.2.2 Tg of rubber phase The thermal expansion coefficient of rubber is 
given by Eqs. (19) and (25). In a special case, where the thermal expansion 
coefficient of the dispersed rubber is most affected by the thermal stress, 
Eq. (27) is effective. The model “2” of Figure 2 was adopted as a schematic 
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model. The plastic phase is frozen in a glassy state near T, of rubber, and its 
expansion coefficient in accordance with the value in a glassy state. Therefore, 
the (ao - a ] )  is always positive near T, of rubber and the expansion coefficient 
of the rubber becomes smaller than one before mixing as expected from the 
decrease of T, of rubber phase. The degree of decrease of T, of the rubber 
phase can be calculated by Eq. (27) following the same procedure as Eq. (31). 
That is, the volume expansion of the rubber component may make free volume 
increased due to  the thermal stress. The equation of AT, is then 

or 

AT, 2 

or 

4 ( ~ 1  - c ~ K ~ W K O  + 4G,)G0 u + 3Ko(G1 - GO)}(T,j - Tg2) AT > - (3Ko + 4G1)(3K1& + 4Go KO + 4Go K1v - 4GoK1v - 4Go KO U )  AN, 

(34) 

The phenomena that the T, of the rubber phase in the blend, block and 
graft copolymers decreases with respect to the T, of the homo-material have 
been often observed, but the theoretical investigations have not been made as 
yet.’. Eq. (34) predicts that the decrease of T, from the thermal stress is 
proportional to  the difference of T, between two components, T,, - Tg2 ,  
to the difference between a1 of the plastic and clo of the rubber, L X ~  - C I ~ ,  

and approximately to the volume fraction of the plastic, u.  As the actual 
expansion coefficient exists between the values given by Eq. (26) and Eq. (21), 
AT, also exists between the values calculated from the same equations. Thus, 
the following equation is obtained 

> AT, > 4(T,, - T,’)(% - ao)K,Gou 
{(KI - &)4Go v + Ko(3K1 + 4Go)) Ac+ 

(35) 
Wgl - Tg2)(aI - ao)KIGlu 

{(Kl - Ko)4G1~ + Ko(3Ki + 4G,)} Aaf 

In this derivation, the relaxation effect of plastic phase and the change of 
(Tgl - Tg2) by mixing are neglected. 

Only the thermal stress was taken into consideration concerning the change 
of T, of rubber phase. Other effects, such as crosslinking and the filler effect 
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originating in mixing, will increase the 7” of the rubber phase. In such a 
case, the change of Tg due to thermal stress is difficult to detect separately. 
It may be possible to say that when the decrease of Tg of the rubber phase 
in the two separate phase system is observed, the origins of this decrease 
may be the thermal stress and/or the molecular interaction between the 
component polymers. PM MA/&-PBD and PVC/cis-PBD systems’. are the 
examples in which the T, of the rubber phase shifts to the lower temperature 
side when blended with plastics. 

TEMPERATURE 

SHELL 2 / 

T92dT92 Tg1 
TEMPERATURE 

BLEND I 

I 

%2bTg2 8 1  Tglb 
TEMPERATURE 

FIGURE 14. Schematic representation of the specific volume-temperature curves of the 
shells 1 and 2 and the blend (full lines). T,, and T,lb, are the T,s of the pure component 1 
and the one after mixing, respectively. TEZ and TEZb’ are the T,s of the pure component 2 
and the one after mixing, respectively. Tplb and T,,b are the T,s of component 1 and 2 esti- 
mated from the whole specific volume of the blend. In general, the relation of Tslb > T p l b ’  

and T p l b  > T,ZW hold (refer to the text). Broken lines indicate the values free from thermal 
stress. 

Figure 14 shows the schematic representation of the specific volume- 
temperature curves for the shells 1 and 2 and the blend system in Figure l(3). 
Eqs. (18), (23), and (26) were used in order to calculate the values of a, .(I) 
and a(2), respectively. It is apparent from this figure that the specific volume 
of shell 1 (plastic phase) becomes smaller than before mixing (broken line) 
and the specific volume of shell 2 (rubber phase) becomes larger than before 
mixing, and the specific volume of the whole blend system becomes larger 
than the one estimated from the volume additivity law. The difference between 
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the values calculated by eq. (18) and the additivity law is about 1 x 
N 1 x (cm3/g) in a temperature range from room temperature to T',. 

4.2.3 Abnormal behavior of PSjPMMA system The blend system composed 
of the polymers with the same chemical structure but the different molecular 
weight is one of the examples, in which the components have similar Tgs. 
Although the T, of the higher molecular weight fraction shifts to the lower 
temperature side by mixing, and that of the lower molecular weight fraction 
shifts to  the higher temperature side, in the case of the insufficiently mixed 
state, the T, of the system" is somewhat higher than the one calculated by 
the method proposed for the perfectly miscible system.' This discrepancy 
may be considered to be caused by the effect of the thermal stress. 

It should be noted that the effect of thermal stress for the system composed 
of the components with similar T,s is usually so small that the molecular 
interaction between the component polymers is rather distinctly detected. 
For example, the Tgs of the two polymers in the blend system of PSjPMMA 
are 90°C and 75"C, respectively, and the difference of 7'' is only 15°C. The 
specific volume-temperature curve is calculated by the same method men- 
tioned in Sections 4.1, 4.2.1 and 4.2.2. In this case, the values of K and v of 
PMMA used were evaluated by shifting the values of K and v of PS to the 
high temperature side by an amount of 15°C. PS and PMMA correspond to 
the component 0 and the component 1 in the equation and in this case v = 0.8 
was used. 

Figure 15 shows the result of the calculation. The expansion coefficients 
were calculated by Eqs. (18), (23) and (26), and the degree of the shift of T, 
was estimated from Eq. (29). The T, of component 1 increased by ca.l"C 

80 100 120 
TEMPERATURE (" C) 

1 6 "  I 

FIGURE 15 Calculated temperature dependence of the expansion coefficient of the sys- 
tem of PS/PMMA. Full lines indicate the values calculated by Eqs. (18), (23) and (26). 
Broken lines indicate the values of the component before mixing. 
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and the T, of the component 0 decreases by ca.4"C. The respective shifts of 
T,s of PMMA and PS to a high temperature side and to a low temperature 
side are too small and too large in comparison with the observed ones. 
According to this calculation, the stepwise change of the thermal expansion 
coefficient of the blend system at T,, is about 2 %  larger than the change 
expected by the additivity law and the stepwise change at T,, is about 2 %  
smaller than the one expected by the additivity law. Although these tendencies 
predicted by the calculation were actually observed, the quantitative agree- 
ment between the calculated and the observed values could not be obtained. 
For the same type of systems with other compositions, qualitative but not 
quantitative agreement between the calculated and the observed values can be 
found: the observed values of the increase of T, are always larger than the 
calculated ones and also the thermal expansion coefficients observed are 
always greater than the calculated ones. According to the calculation cited in 
Section 2, the thermal expansion coefficient above T, is calculated by the 
additivity law. On the other hand, the observed values are larger than that 
from the additivity law.2 These discrepancies between the calculated and the 
observed values may be caused by the molecular interaction which is neg- 
lected in the calculation. 

The fact that the thermal expansion coefficient above Tg is larger than the 
one expected from the additivity law may suggest the existence of strong 
molecular interaction between the component polymers. These discrepancies 
may be explained as follows. In some blend systems composed of two separate 
phases in equilibrium, the cohesive force exerted among the same component 
polymers and the repulsion force interacted among the different component 
polymers should be taken into account. The expansion coefficient of this 
system becomes larger than that of the additivity law when the repulsion force 
is generated more strongly by mixing. We have already reported on the treat- 
ment of the molecular interaction in such a case.2 As discussed above, at 
sufficiently high temperatures above T', the thermal expansion coefficient of 
the blend is increased by the repulsive force and around 7'' the increase of 
T, is caused by the thermal stress and the molecular interaction. 
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