
Macromolecules 1989,22, 2293-2302 2293 

Homogenization of Immiscible Rubber/Rubber Polymer Mixtures 
by Uniaxial Compressiont 

Takeji Hashimoto,* Tatsuo Izumitani,t and Mikihito Takenaka 
Department of Polymer Chemistry, Faculty of Engineering, Kyoto University, Kyoto 606, 
Japan. Received October 3, 1988; Revised Manuscript Received November 22, 1988 

ABSTRACT: We explored here the molecular mechanism of the process involving mechanical mixing of 
immiscible polymer mixtures using polybutadiene (PB) and StyreneJbutadiene random copolymer (SBR) as 
a model system. The as-cast film, which was opaque due to  the demixed structure that evolved via spinodal 
decomposition (SD) during the solvent evaporation, became transparent after repeated application of the 
uniaxial compression q d  exhibited no appreciable light scattering (LS). The process of the “homogenization” 
of the demixed structure was investigated by the laser elastic light-scattering technique. The proposed 
mechanism of the homogenization is as follows. Once the uniaxial compression is applied, the wavelengths 
(A’s) of Fourier components of the fluctuations parallel and perpendicular to the compression axis decrease 
and increase, respectively. If A’s parallel to  the compression axis rz are compressed to such a level that the 
gradient free energy of the fluctuations becomes very high, then such short-wavelength fluctuations cannot 
be thermodynamically stable, which results in dissolution of the fluctuations to  the level appropriate for the 
single-phase region. The dissolution of the fluctuations along r2, in turn, may further cause dissolution of 
the Fourier components superposed to them and directed in directions other than r2, due to a possible coupling 
between the modes. The LS profile immediately after the homogenization, which was evaluated by extrapolating 
the time evolution of the LS profiles during the early stage SD to time zero, indicated that the homogenized 
mixtures have fluctuations relevant to  the single-phase region near the critical point. 

I. Introduction 
It is well-known that polymer pairs with a high degree 

of polymerization, N ,  and a positive thermodynamic in- 
teraction parameter, x, are not miscible to one another. 
Such polymer pairs can not be placed in the homogeneous 
state where the polymers are molecularly mixed by  simple 
elevation of temperature. Instead of imposing the thermal 
energy or in addition to the thermal energy, the mechanical 
energy has been imposed to the mixtures in some industrial 
applications in order to force them into the homogeneous 
state. 

We pursued a simple but basic s t u d y  to explore the 
industrial mechanical mixing processes for a binary mix- 
ture of high molecular weight polybutadiene (PB)  and a 
s tyrene /butad iene  random copolymer (SBR) both with 
narrow molecular distributions. Both species are known 
to be rubber-like polymers. As one of the simplest modes 
of mechanical mixing, we applied repeated uniaxial com- 
pression and explored the change of the demixed structures 
involved b y  the compression deformation in situ and ut 
real time. 
11. Experimental Section 

1. Samples. PB and SBR were polymerized by living anionic 
polymerization and had a narrow molecular weight distribution. 
SBR contains 80 wt% butadiene and has a number-average 
molecular weight (M,) of 1.00 X 106 and M,/M, = 1.18 (M,  being 
the weight-average molecular weight). P B  has M, = 1.6 X lo6 
and M,/M, = 1.16. Fractions of cis, trans, and vinyl linkages 
of the butadiene part as measured by infrared spectroscopy are 
0.16, 0.23, and 0.61 for SBR and 0.19, 0.35, and 0.46 for PB. 

2. Film Preparation. Binary mixtures of SBR/PB (70130 
v/v and 58/42 wt/wt) were dissolved into a dilute solution of 
toluene (7 w t  % polymer solution), a mutually good solvent for 
P B  and SBR. The 0.15-mm-thick film specimens were obtained 
by evaporating the solvent a t  a natural rate a t  about 25 O C  in a 
petri dish. The as-cast films thus obtained were opaque because 
their internal demixed structures evolved by phase separation 
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via the spinodal decomposition (SD) process during the solvent 
evaporation process (see section 111-1). Some of the film specimens 
were homogenized as follows. The as-cast film was folded in two 
to make it twice as thick as that of the original film. The folded 
film was placed between the two !glass plates with spacers and 
pressed manually to its original thickness. The homogenized film 
was prepared by execution of the repeated folding-pressing 
process, which occurred many times (see sections 111-2 and 3), 
and was used as the starting material for further experiments. 

3. Uniaxial Compression. The uniaxial compression was 
performed by the repeated folding-pressing process on the as-cast 
film and on the film which was first subjected to homogenization 
and then to isothermal demixing a t  60 OC for various time in- 
tervals.22 Depending Qn this time interval, the film can have 
various wavelengths of the dominant mode of the fluctuations 
formed by SD from the homogenized film. The film was com- 
pressed at 25 “C on the folded film specimens by putting a weight 
of 10 kg on top of the glass plates, between which the specimen 
was sandwiched with a spacer of an appropriate thickness. The 
weight was then released, and the samples were immediately used 
for light-scattering experiments. Generally the time scale of LS 
experiments is much shorter than the time scale a t  which the 
sample undergoes significant internal structure change. There 
was no recovery in the sample dimension after the removal of the 
weight. The stress relaxed completely before the implementation 
of the new folding-pressing process. The complete stress relax- 
ation took place for a few minutes. 

4. Method of Observations. The change of the demixed 
structure with the implementation of uniaxial compression was 
investigated in situ and each time by observing elastic light- 
scattering patterns. He-Ne laser of 15-mW power was used as 
an incident beam source, and the light scattering (LS) was ob- 
served photographically or photometrically by sending incident 
beam parallel to the compression axis. Thus, the small-angle LS 
patterns to be studied here reflect essentially the Fourier mode 
of the fluctuations nearly parallel to the film surface. 

111. Experimental Results and Discussion 
1. Miscibility of Mixtures and Structure in As-Cast 

Films: “Structure Memory” in Solution. The two 
polymers turned o u t  to b e  so immiscible that t h e  cloud 
points of the mixtures  were very high and could not be 
directly measured b y  a simple elevation of tempera ture  
without t h e  influence of thermal  degradation. The cloud 
points  were thus measured by  introducing a nonvolatile 
and neutral  solvent, e.g., dioctyl phthalate (DOP), and by 
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Figure 2. Time-sliced light-scattering profiles measured during 
isothermal phase separation at 84.0 "C for DOP solution of 
SHR/PR = 75/25 wt/wt with total polymer Concentration of 30 
voI %. The cloud point of the solution ir 90.7 "C. 

(SB)/Tol systems.' A similar memory effect was also 
presented by Inoue et  aL2 

Figure 2 shows typical results of time evolution of LS 
profiles measured by a time-resolved LS apparatus3 after 
quenching the ternary mixture of PB/SBR/DOP from the 
homogeneous state, Le., 121.0 "C, to the phase separation 
temperature, 84.0 O C ,  which corresponds to the tempera- 
ture inside the spinodal-phase boundary. The ternary 
mixture contains 30 vol 76 total polymers, i.e., SBR and 
PB. SBR content in the polymer mixtures is 70 vol 70 and 
has a cloud point a t  90.7 "C. During the isothermal de- 
mixing at  84.0 "C, the scattering maximum appears shortly 
after the demixing. As the demixing progresses, the in- 
tensity increases and the scattering maximum shifts toward 
smaller angles. indicating that the demixing involves an 
increase of the wavelength and amplitude of the periodic 
concentration fluctuations. The change of the scattering 
profiles with time corresponds to the late stage of SD'3 
for this particular case. It should be noted that the in- 
crease in intensity with decreasing q in the small q regime 
(q < 2.0 X nm-') may be a consequence of increased 
parasitic scattering with decreasing q or increased con- 
tribution of the concentration fluctuations between poly- 
mers and solvent. The structure evolution during the 
solvent evaporation is an athermal process and hence is 
more complicated than that involved by this isothermal 
demixing process. Yet they should have a common fun- 
damental feature. The entire SD process for a critical 
mixture has been qualitatively classified into three re- 
gimes? (i) the early stage SD, (ii) the intermediate stage 
SD, and (iii) the late stage SD. In the early stage SD, the 
wavelength, A,,,, of the dominant mode of the fluctuations 
is essentially constant with time, and the amplitude of the 
fluctuation, Am, increases exponentially with time. This 
unique feature results from the weakly nonlinear nature 
of the early stage SD process. The early stage SD from 
the 'homogenized" mixture was discussed previously.?,* In 
the intermediate stage, the nonlinear nature of the de- 
mixing process becomes important, causing coarsening 
processes, and therefore increases in both A, and Am with 
time. In the late stage. Am reaches an equilibrium value, 
Am., and only the wavelength increases. Here the dynam- 
ical scaling hypothesisI0J' becomes valid, and the dynam- 
ical self-similarity should exist in structure evolution.lOJ' 
The as-cast film and the film employed for the subsequent 
uniaxial compressions in this study have demixed struc- 
tures corresponding to the intermediate stage or in most 
of the cases to the late stage, as described in a subsequent 
paper.g 

g - I O '  h m - ~ l  

S B R l  PB = 70130 
Figure 1. Light-scattering pattern showing spindal ring for the 
as-cast film for SBR/PB = 70/30 v/v. The angle mark corre- 
sponds to a scattering angle 8 equal to 10' in air. 

extrapolating the cloud points to zero solvent concentra- 
tion, although the extrapolation process may not neces- 
sarily be valid, especially when the phase diagram of the 
bulk mixture bas the hourglass-type character. The cloud 
points determined this way were as high as 400-450 "C for 
the near critical mixtures.' The critical composition exists 
a t  volume fraction of SBR of mSBR u 0.7. 

Figure 1 shows a typical LS pattern observed for the 
as-cast films. The pattern has a scattering maximum a t  
a magnitude of scattering vector IqI = q,,,. 

191 = (4s/A) sin (S/2) 
= qm 2.7 X 10' em-' (1) 

Am = 2*/% (2 )  

corresponding to a spacing A, of 2.3 pm where 

In the first line of eq 1, A and 8 are, respectively, the 
wavelength of light and the scattering angle in the medium. 
The scattering maximum reflects very basic aspects of 
structure formation in the solution.'.2 

The previously established picture'.* for the structure 
evolution during the solvent evaporation is expected to be 
applicable to this system. During the solvent evaporation 
process, the concentration of the solution increases, and 
the demixing starts to occur between PB solution and SBR 
solution according to the SD mechanism, since the solvent 
is nonselective for both polymers. The SD will develop 
a periodic concentration fluctuation with wavenumber q,. 
During the solvent evaporation process, the fluctuations 
will grow in size and in amplitude, resulting in the fluc- 
tuations observed in the bulk film. 

Thus, the scattering maximum in bulk as-cast films 
reflects the spatial concentration fluctuations built up in 
the solution by the SD and subsequent coarsening pro- 
cess'" during the solvent evaporation process and therefore 
the structure memory in the solution. The memory was 
confirmed directly by real-time observation of light-scat- 
tering profiles during demixing of the solutions a t  given 
temperatures and concentrations for polystyrene (PSI/ 
PBJtoluene (To0 and for PS/PS-PB diblock polymer 
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SBR/ PB=70/30 at 25OC - e=ioo 

(a) as-Cast (b) 1st IC1  2nd 

(d) 4th ( f )  12th 
Figure 3. Light-scattering pattern for the as-cast film (a) and the change of the pattern with a number of repeats (n) of the compression. 
Patterns b-f correspond to n = 1,2,4,6, and 12. respectively. The angle mark for % has the same meaning as in Figure 1. SBR/PB 
= :10/70 v/v. 

2. Uniaxial Compression a n d  Change of Demixed 
Structures .  Figure 3 shows LS patterns observed a t  25 
"C for the as-cast film of the SBR/PB mixture (part a )  
and the change of the patterns with the uniaxial com- 
pressions (parts bfl. The film specimen was folded in two 
and pressed uniaxially into the original film thickness. The 
process will be designated as "'I2 compression", and each 
time, the LS pattern was observed according to the manner 
as described in section 11-3. Patterns b-f in Figure 3 
represent, respectively, those after implementation of the 
' I2  compression by 1, 2, 4, and 6, and 12 times. 

compression, the 'spinodal 
ring", i.e., the scattering maximum arising from a periodic 
concentration fluctuation in space which was developed 
by SD, shifts toward a smaller scattering angle and finally 
disappears. Pattern f shows the transmitted incident beam 
alone. The weak residual scattering in pattern f, which 
turned out to have an intensity level relevant to the critical 
fluctuations of the mixture in the single-phase near critical 
point (see section 111-3), is not detectable by the photo- 
graphic method. Detailed analyses (section 111-3) indicated 
that the disappearance of the spinodal ring is indicative 
of the homogenization. The distortion of the ring from the 
circle to the ellipse is due to a shear deformation. The 
change of the spacing with n repetitions of the com- 
pression for the as-cast film is included in Figure 8 (solid 
circles) where .io and An are, respectively, the spacings for 
the undeformed film and the film subjected to the com- 
pression n times. 

The ' I 2  compression was implemented to the film in a 
few minutes. This time scale is much shorter than that 
for the structural evolution driven by the thermodynamic 

Upon repetition of the 

log (tlrec I 
Figure 4. Stress relaxation of SBR/PB = 70130 v/v at 41.8 OC 
where the shear modulus, C(t) ,  was plotted as a function of time, 
f. in second. The mixture was first homogenized and then phase 
separated at 75 "C for 1 h. The shear strain was 1.85. 

force but is longer than that for stress relaxation and hence 
for the relaxation of molecular orientation. Figure 4 shows 
the stress relaxation at  41.8 O C  after shear strain was ap- 
plied to the mixture subjected first to homogenization and 
followed by phaqe separation for 1 h a t  75 "C. The findings 
indicate a significant fraction of stress decay in 1 min. 
Therefore the stress and molecular orientation are relaxed 
each time before a new 'I2 compression is implemented 
to the specimens. However, the time scale of the successive 
' I2  compression (about 3 min) is short enough not to 
permit a significant growth of the concentration fluctua- 
tions, which causes a cumulative deformation effect on the 
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the scattering angle (8-J or the scattering vector (q-,,) 
of the corresponding ring-scattering maximum, 
An = 2*/lqmWl Iq-,,I = (4*/X) sin (8-,,/2) (3) 

Figure 8 shows the change of An relative to the initial 
wavelength A,, plotted as a function of n for the annealed 
films with various values of G s .  If the change of A,, with 
the uniaxial compression obeys isochoric affine deforma- 
tion, we should have 

AJA,, = 2'12 (4) 

Thii prediction was drawn by a straight line of slope (1/2) 
log 2 in Figure 8. The change of AJA,, with n and 
therefore the deformation as observed in the direction 
perpendicular to the compression axis seem to be universal 
and independent of A,,. The expansion of the spacing 
normal to the compression axis seems to be greater than 
that predicted by the affine deformation. This may be due 
to the fact that the uniaxial compression involves such a 
constrained deformation that the interfaces between the 
rubber specimen and the glass are essentially fixed, no 
slippage taking place at the boundary. 

I t  is also very important to note that the scattering 
intensity appears to become weak with increasing n, es- 
pecially n >, 3 as indicated in Figure 7d. Now let us defme 
the components of the scattering vector (9) and those of 
the wavelength of the dominant mode of the concentration 
fluctuations parallel and perpendicular to the compression 
axis as (q,, q l )  and (A,, AL),  respectively; then the scat- 
tered intensity is generally given by 

I ( d  = I ( Q ,  q 1 )  
= ( ~ 2 ) A ~ 2 A ~ S ( ~ ~ A ~ ~  q L A J  ( 5 4  

where (#) is the mean-squared fluctuation of the rehctive 
index which is related to the mean-squared fluctuation in 
the amplitude of the concentration fluctuation of one 
component. S is a scaling function which changes in 
general between unity and zero with changing q = (ql, qL).  
The simple isochoric affine deformation that the rubber- 
like materials should obey with good approximation de- 
mands that ALZAI = A,,3 constant, independent of n. Thus, 
the decrease of the peak intensity as seen in Figure 7d is 
a consequence of the decrease of (7'). which suggests that 
the repetitive compression involves dissolution of the 
concentration fluctuations, i.e., the mechanism which 
cannot be explained by the simple affine deformation. 
Here it should be noted that the scattering intensity shown 
in the patterns of Figures 3 and 7 corresponds to 

Z(q,) I Z(q,=O, q i )  = ( $ ) A ~ 2 A l S ( q 1 A ~ )  (5b) 
The change of the scattering profile with the ' I2 com- 

pression may be studied more quantitatively by scanning 
the intensity with a photomultiplier. Figure 9 shows some 
typical results, where parts a and b show, respectively, the 
results for the films prepared by annealing the homogen- 
ized films of 58/42 wt/wt SBR/PB a t  60 O C  for 0.5 and 
1 h. The profiles marked with n = 0, 1, 2, 3.4,  and H 
represent, respectively, those for as-annealed film, the film 
subjected to the compression over 1,2,3, and 4 times, 
and the homogenized film. The observed shifta of the peak 
positions with compression obey the rule on the spacing 
change given by Figure 8. The arrow marked n = 3 in part 
a and the arrow marked n = 4 in part b correspond to the 
peak positions expected from the result given by Figure 
8. We interoret here that the oeaks n = 3 (in oart a) and 

(c) 4th (d) 10th 

Figure 5. Transparency of the --cast film (a) and the film 
subjected to the ' I2  campression n timen; (h) n = 2, (c) n = 4, and 
(d) n = 10. SBR/PB = 70130 v/v. 

2 0  2 5  

log ( t l m i n )  

Figure 6. Change of the wavelength &, of the dominant mode 
of the concentration fluctuations for the film that W Q ~  first 
homogenized and then phase separated by annealing for a given 
time period, r ,  at 60 O C  

initially existing, phase-separated domain structure. 
Figure 5 intuitively demonstrates that the clarity of the 

sample specimen improves with an increasing number of 
' I2  compressions. Here the same sample specimen was 
used, and the specimen after the compression had the eame 
sample thickness. 

The Compression experiment was carried out also by 
systematically changing the initial condition for the de- 
mixed smte. For this purpose, the as-cast film was first 
homogenized in the manner as  discussed in connection 
with Figure 3, by implementing the compression at  least 
20 times and then by annealing at 60 'C for various times, 
typically 1-4.5 h to allow phase separation to various de- 
mixed smtes. The spacing .\,,'s for the undeformed spec- 
imens as prepared by this method vary from 1.5 to 5.9 um 
as shown in Figure 6. All the undeformed specimens have 
definitely periodic and bicontinuous domain structures 
relevant to the late stage SD where the dynamical scaling 
and self-similarity are observed in the time evolution of 
the structure? 

Figure 7 shows a typical spinodal ring for the annealed 
film (at 60 ' C  for 1.5 h) after homogenimtion (pan a) and 
its change with the repetition of the compreasion at 25 
O C  (parts b-d). The annealed film has A,, = 2.2 urn. Es- 
sentially the same phenomenon as that observed for the 
as-cast film was observed here. The spacing after applying 
the I,  compression n times (An) can be determined from 

4 (in part biare buried in the Groth-order s&king.' The 
profile for the homogenized film corresponds to that given 
by Figure 13a. 
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10" SBR/ PB = 70/30 , 25°C 
c-( 

(a) annealed f i Im (b) 1 st d /do=1 /2  

incident beam 

( c )  2 nd dld0=(1/2) 2 (d) 3 rd did0=(1/2)3 
Figure 'I. Light-scattering pattern for the film that was first homogenized and then phase separated hy annealing for 1.5 h at 60 "C 
(a) and its change with a uniaxial compression n times; n = 1 (h), 2 (c). and 3 (d). The angle mark for 0 has the same meaning as 
in Figure 1. SBR/PB = 70130 v/v. 

The isochoric affine deformation predicts that the 
measured scattered intensity profiles, I ( q l ) ,  should he 
universal and superposable to each other if I is plotted as 
a function of the reduced scattering vector, qlAl  = qJ 
qlm. since (s2)A12An should be constant in eq 5b. Here 
qrmu is the peak position. However, they are not su- 
perposable as the peak intensity increases by increasing 
n from 0 to 1. The peak intensity decreases by increasing 
n from 2 to 3 in part a and from 2 to 4 in part b, where 
the peaks for n = 4 (in part a) and n = 3 (in part b) may 
be buried in the respective zeroth-order peak. They are 
not superposable also from the viewpoint that the profile 
itself is changing by increasing n from 2 to 3 in part a and 
from 3 to 4 in part b. Thus, the deformation involves some 
processes beyond the single affine deformation. The de- 
crease of the peak intensity is expected to result essentially 
from the decrease of ($), which, in turn, results from the 
dissolution of the fluctuations 9 's with q higher than qc 
during the compression process. h e r e  T~ is the amplitude 
of the q-Fourier mode of the spatial refractive index 
fluctuation dr): 

dr) = Evq exp[i(r-q)l (6a) 
P 

The change of the spatial concentration fluctuations 
with the compression was also observed in real space. 
Figure 10 shows typical photographs of the effect of the 

compression for the as-cast film on the periodic bi- 
continuous structure as observed by optical microscopy. 
With the increase in the number, n, of the repeated com- 
pressions (e.g., from n = 1 to 4), the spacing A, is observed 
to increase, which is in accord with the LS observations. 
Simultaneously, the contrast between the coexisting two 
phases tends to be lost rapidly with increasing n, only a 
faint contrast being discernible for n ? 4. This observation 
is believed to reflect the significant decrease of Is intensity 
for the specimens subjected to compression more than 3 
times (Figures 7d and 9). Finally, picture f obtained after 
compression over 12 times exhibits no remarkable struc- 
ture, a uniform structure being attained a t  least in the 
microscopic scale. 

3. Stabil i ty of Homogenized Structure .  Here we 
attempt to analyze the spatial concentration fluctuations 
that exist in the homogenized state. However, we should 
note that the homogenized state is stable only under the 
external mechanical excitation. Once the external me- 
chanical field is stopped, the homogenized state becomes 
immediately unstable and hence undergoes spinodal de- 
composition. To understand the homogenization mecha- 
nism, it is important to note that the growth rates, R(q) .  
for the concentration fluctuations with wavevector q are 
all extremely slow, much slower than the rate of the ap- 
plied deformation, as shown later and as described else- 

Thus, no significant growth of the fluctuations 
can essentially occur during the uniaxial compression, 
which, in turn, would imply that the applied deformation 
is cummulatiuely effective for the homogenization. 

The mean-squared fluctuations, ( v 2 ) ,  related to the peak 
intensity are given by 

(n2) = ET,' (6b) 

Consequently, the increasing dissolution of the modes with 
the number of compressions, n, causes a decrease of ( q 2 )  
and hence the peak intensity. The increase of the flue- 
tuations with the first compression may imply generation 
of the new fluctuations by the first compression process. 

P 
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percolated and phase-separated structure during the late 
stage spinodal decomposition with a very slow growth rate.g 

By use of the time-resolved light-scattering method with 
a photomultiplier,3 the evolution of light-scattering profiles 
from the homogenized film, which were not detectable by 
the photographic light-scattering method, was quantita- 
tively investigated immediately after mixing up to about 
1 h. The results indicated that the time evolution of 
light-scattering profiles in the early stage unmixing process 
can be described with good accuracy by the linearized 
theory of the spinodal decompo~i t ion .~~~  

Figure 12 shows the time evolution of light-scattering 
profiles in the early stage spinodal decomposition for the 
58/42 wt/wt SBR/PB mixture at 40 "C from the homo- 
genized film prepared by repeated uniaxial compression 
at  40 "C. Part a of Figure 1 2  shows time-sliced light- 
scattering intensity ( I )  as a function of q, and part b shows 
logarithms of the scattered intensity as a function of time 
after the homogenization a t  various q's. As shown in the 
figure, the scattering shortly after the homogenization is 
very weak, but the intensity grows exponentially with time 
at growth rate R(q)  depending on q, R(q) being maximum 
a t  q = qm 1.0 X nm-'. The Cahn-Hilliard-Cook 
theory12J3 on the early stage spinodal decomposition pre- 
dicts that the tinie evolution of the scattered intensity, I (q ,  
t ) ,  is given by 

(7) 
where IT(q)  is the virtual structure factor14J5 at  the phase 
separation temperature T, e.g., 40 "C in the case of Figure 
12, and I ( q ,  t =O)  is the initial scattered intensity before 
the phase separation, e.g., the scattered intensity right after 
the homogenization. 

As shown immediately below, the homogenized state 
turned out to be a state where the mixture is in a single- 
phase state near the critical point, but the mixture is far 
from the critical point and hence is in deep quench a t  the 
phase separation temperature. Under this condition, it is 
well expected that 

I( 4, t )  = IT( 4 ) 4- [I(  Q ,  t=o) - IT( 4 )I  expPR( 

I ( q ,  t=o) >> IIT(q)I (8) 

The random thermal noise IIT(q)l does not play a signif- 
icant role for I (q ,  t ) ,  so we expect the exponential growth 
as observed in the experiments to be 

(9) 

Thus, in this case, one can estimate I(q,  t=O) corresponding 
to the scattering profile immediately after the homogen- 
ization and before the phase separation by extrapolating 
the linear part in the plot In I (q ,  t )  versus t to time zero. 

4. Analyses of the Homogenized State. In Figures 
13a and 14a, I (q ,  t=O)'s thus determined are defined as 
I , (q )  and are shown by open circles. Figures 13b and 14b 
show the Ornstein-Zernike (OZ) plots, i.e., I,(q)-l versus 
q2. The experimental results are in good agreement with 
the OZ f o r r n ~ l a ~ ~ ~ ~ ~  

(10) 
which implies that the scattering reflects the critical 
fluctuation in the single-phase state.16 The best fits with 
the OZ formula are shown by solid lines in Figures 13 and 
14 and yield the correlation length 5 = 160 nm for the 
mixture 58/42 wt/wt SBR/PB (Figure 13) and 98 nm for 
the mixture 25/75 wt/wt SBR/PB (Figure 14). Since the 
gyration radius, Rg,PB, of the unperturbed P B  is expected 
to be 19 nm, the correlation lengths = 160 and 98 nm are 
about 9Rgps and 5RgpB, respectively, very large compared 
with the size of the individual coils. This further implies 
that the homogenized state corresponds t o  the single- 

I (  q, t )  = I (  q, t=O)  expPR( q It1 

I , ( q )  = I , ( O ) / P  + q2t21 

6 
'sloPe=logJS - 

, 
9 '  
0 annealing time - 

(hr) 
(cast film) 

I I I ' I  
0.8 J12-3 , 25T 

I /' 
0 2 4 6 

n 

Figure 8. Change of the wavelength A, of the dominant mode 
of the concentration fluctuations for the film subjected to the l/z 
compression n times. The films were first homogenized and then 
phase separated by annealing at 60 O C  for various time periods 
and hence have various values of A. for the wavelengths before 
the compression. 
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Figure 9. Light-scattering profiles for the as-annealed films (n 
= O), for the film subjected to the compression n times (n = 
0, 1, 2, and 3 (a) and n = 0, 1, 2, 3, and 4 (b)), and for the film 
subjected to the homogenization (H). SBR/PB = 58/42 wt/wt. 
The film was homogenized and subsequently annealed for 0.5 and 
1 h. 

Figure 11 shows typical time evolution of light-scattering 
patterns at  30 "C from the homogenized film (c-f), as well 
as the patterns for the as-cast film (a) and immediately 
after the homogenization (b). As is well expected, the 
homogenized mixture does undergo spinodal decomposi- 
tion at  30 "C after stopping the repeated uniaxial com- 
pression. Patterns c-f, which show the shift of the peak 
position toward smaller scattering angles and increasing 
peak intensity with time, reflect the time evolution of the 
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phose state near the critical point and has large scattered 
intensity I.(q) or I(q, t=O) as discussed above in connection 
with eq 7 and 8. 

Now the correlation length, e, in the OZ equation for the 
mixtures which contain a random copolymer as one com- 
ponent have the properties discussed below. The scat- 
tering function for such mixtures in the single-phase state 
is given by" 

based on the mean-field random phase approximation,'s 
where 

X& = x(1 -  $)2 (12) 

(a - bIen2 = (a - bY(l  - $I2 (13) 

Here is the volume fraction of PB in the SBR/PB 
mixture, NpB and NsBR are the polymerization indexes of 
PB and SBR, and g ( x )  is the Debye function, 

g(x) = (2/x2)[x - 1 + exp(-x)l (14) 

x = q2R,2 (15) 

and X p B  = q2R,pB2 and XSBR = q2R,sBR2. R L p ~  and R , ~ B  
are the gyration radii of unperturbed chains for PB and 
SBR, respectively, and x is the Flory interaction parameter 
per monomer between PB and polystyrene (PS). J .  is a 
fraction of butadiene monomer in SBR. a and b are the 

scattering contrasts (i.e., refractive indexes in the case of 
LS) for pure PB and PS, respectively. For the small-q 
region satisfying qR, << 1, as in our case, one can expand 
g(x )  in eq 11 into a series of x and obtain the OZ formula 
given by eq 10, where 

F2 = 3 6 h d 1 -  ~ B ) ( X .  - x d / t 2  (16) 

where 1 is the Kuhn statistical segment length, and X. is 
given by 

is given by 

2%. = (&&'p&' + (1 - +~B)-'NsBR? (17) 

X. is the x parameter a t  the spinodal point. 
From the estimated value of [ together with information 

on @pe. NpB, and NsaR. one can estimate (x. - xe)/x. f 
q, a parameter describing a state of the homogenized 
mixture. If + << 1, the homogenized mixture corresponds 
to a mixture in the single phase very near the critical point. 
On the other hand, if q 1, the homogenized mixture 
corresponds to a thermodynamically very stable mixture 
in the single phase, very far from the critical point. By 
use of R,.pB = 18 nm and the weight-average degrees of 
polymerization of Npe = 3.54 X lol and N ~ B R  = 1.97 X 103, 
one obtains tT 3 X for the mixture 58/42 wt/wt 
SBR/PB and q 7 X lo5 for the mixture 25/75 wt/wt 
SBR/PB. Thus, the homogenized states correspond to the 
single-phase state very near the critical point. 

On the basis of eq 12, one can estimate h a t  the phase 
separation temperature (40 or 60 "C)  to be about l0-l by 
inserting x = O.lsJs and $ = 0.8. Thus, the parameter q 
= (xen - x.)/x. associated with the quench depth of the 
mixture in the two-phase region can he estimated to be 
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(a) as-Cast (b) Immediately after 
Mixing 

(c) 11 hr after Mixing 

(d) 19 hr after Mixing (e) 38 hr after Mixing (f )  65 hr after Mixing 
Figure 11. Light-scattering pattern for the as-cast film (a). for the film immediately after homogenization (h). and for the film annealed 
at 30 "C for 11 (c). 19 (d), 38 (e). and 65 h (0. The angle mark for has the same meaning as in Figure 1. SBR/PB = 70/30 v/v. 
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Figure 12. Time-sliced light-scattering profile (a) and change 
of the scattered intensity with t a t  various scattering vecbrs (h) 
for the early stage spinodal decomposition of 58/42 wt /wt  
SBR/PB at 60 "C after the homogenization. 

of the order of unity. Hence, the phase separation occurs 
a t  deep quench, which assures the previous argument as- 

t lrnl n 1 

sociated with eq 8, i.e., II,(q)l at  q << qm is very small, where 
q. is the crossover wavenumber in the Cahn-Hilliard 
theory12 a t  which R(q)  = 0. 

5. Mechanism of Homogenization. The as-cast film 
or the annealed film has the phase-separated domain 
structure relevant to the late stage spinodal decomposition. 
At deep quench, the interface between the two coexisting 
domains is believed to be sharp and is well defined. The 
dominant Fourier mode of the concentration fluctuations 
with wavelength A. exists in all directions, with equal 
probability in the undeformed sample. For simplicity let 
us consider here the Fourier modes of the fluctuations 
parallel and perpendicular to the compression axis as 
shown schematically in Figure 15a. 

Now let us consider the case in which we applied the l/z 
compression n times to the original film. If the defor- 
mation causes simple isochoric affine deformation and the 
wavelengths of the dominant modes of the fluctuations also 
me affinely deformed, being contracted to A2 and expanded 
to A, in the directions parallel and perpendicular to the 
compression axis, respectively, 

Az = A0(1/2)" A, = 2@A0 (18) 

then the gradient free energy K ( V @ ) ~  in the Ginzburg- 
Landauz1 and Cahn-HilliardI2 theories becomes increas- 
ingly high and low with n in the directions parallel and 
perpendicular ta the compression axis, respectively. Note 
that .lo goes to about Az = 10 A, if n = 10, and A. = 1 Fm 
as encountered in the ordinary experimental situations. 
Thus, the simple affine deformation during 10 repetitions 
of the compression brings the systems into a state with 
a very high gradient free energy or causes the fluctuations 
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Figure 13. Light-scattering profile &(q) for the homogenized f i i  
of 58/42 wt/wt SBR/PB a t  60 "C (a) and corresponding Orn- 
stein-Zernike plot (b). The solid lines show the best-fit profiles 
with the Ornstein-Zernike equation with 5 = 160 nm. 

I " "  

S B R / P B =  2 5 / 7 5  , 60'C 
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q2 x 105 (nm-2 ) 

Figure 14. Light-scattering profile Z,(q) for the homogenized f i  
of 25/75 wt/wt SBR/PB a t  60 OC and corresponding Ornstein- 
Zernike plot (b). The solid lines show the best-fit profiles with 
the OZ equation with 5 = 98 nm. SBR/PB = 25/75 wt/wt. 
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( a )  ( b )  

Figure 15. Schematic illustration of the Fourier modes of con- 
centration fluctuations parallel and perpendicular to the com- 
pression axis (vertical direction of the figure). (a) Undeformed 
specimen and (b) specimen subjected by the ' I z  compression n 
times. 

with a high q, much higher than the crossover wavenum- 
ber12 qc. 

Such thermodynamically unfavorable situations as in- 
duced by the simple affine deformation described above 
would not happen in a real system. Instead, the dissolution 
of the fluctuations with high q values should result in 
suppression of ( q2)  as seen in the decrease of the scattered 
intensity in Figure 7d and also in Figures 9 and 10, in 
addition to the expansion and contraction of the wave- 
length of the dominant mode of the fluctuations induced 
by the simple affine deformation. The mode of the fluc- 
tuations, which is forced to have a q value higher than the 
critical value qc, will be dissolved and suppressed to the 
level of the critical fluctuations. The dissolution of the 
fluctuations which prevails in the direction of the uniaxial 
compression may also cause the dissolution of the fluctu- 
ations occurring in the direction perpendicular to the 
compression axis due to a nonlinear effect involving 
mode-mode couplings. 
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Free Volume and Physical Aging of Poly(viny1 acetate) Studied by 
Positron Annihilation 
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ABSTRACT: The positron lifetime technique was used to study the free-volume properties of poly(viny1 
acetate) (PVAc) in the liquid and the glass as a function of temperature and aging time. The average hole 
volume ( u f )  at each temperature was determined from the orthopositronium (0-Ps) lifetime 73 by using an 
equation of Nakanishi, based on a theoretical model of Tao. The temperature dependence of the product 
of the intensity of the 0-Ps component Z3 and ( u f )  agrees well with the free-volume fraction h computed from 
equation-of-state data via the statistical mechanical theory of Simha and Somcynsky. This observation suggests 
that 4 is a measure of the number of holes in a polymer matrix. Changes in Z3 during physical aging were 
found to be proportionately greater than changes in T ~ ,  in agreement with previous studies. The results indicate 
that positron annihilation can be a reliable method for monitoring not only free-volume changes but also changes 
in the distribution of free-volume elements in polymers. 

1. Introduction 
Physical aging of an amorphous polymer refers to a 

progressive change of its properties without the interven- 
tion of chemical agents. This process occurs in the glassy 
state, having its origin in the nonequilibrium character of 
this state and the consequent relaxation toward equilib- 
rium.* A convenient phenomenological description can be 
developed within the classical free-volume concept. The 
distance from equilibrium can be related to the excess free 
volume of the glass, and the aging rate can be related to 
the time evolution of the free-volume distribution. Clas- 
sical aging experiments have involved well-specified tem- 
perature jumps with subsequent observations of macro- 
scopic quantities such as volume, enthalpy, or mechanical 
properties such as stress relaxation. 

The statistical mechanical theory of Simha and Som- 
cynsky2 provides a powerful vehicle for correlating and 
predicting aging effects on different materials. The 
thermodynamic properties of the bulk polymeric state are 
expressed in terms of a free-volume function, h. However, 
numerical evaluation of this quantity requires P-V-T in- 
formation as a function of thermal and pressure history 
of the specimen under s t ~ d y . ~ , ~  A more convenient ap- 
plication of the theory as an analytical tool requires a more 
direct and rapid means of numerically determining h. 

Positrons have been successfully used for materials re- 
search since it was discovered in the late 1960s that the 
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Tsukuba, Ibaraki 305, Japan. * Permanent address: Shanghai Institute of Nuclear Research, 
Academia Sinica, P.O. Box 8204, Shanghai, China. 

*Department of Physics. 
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positron lifetime in a variety of materials is extremely 
sensitive to phase transitions and to the presence of defects 
and other inhomogeneities. The utility of positrons in 
polymer studies is enhanced by the fact that the positron 
can capture an electron and form a bound system, an atom 
of positronium ( P s ) . ~ ~ ~  Ps has an atomic radius similar to 
hydrogen, except that it rapidly decays by positron-elec- 
tron annihilation. Orthopositronium (0-Ps), where the 
spins of the two particles are parallel, has a mean lifetime 
of 142 ns under vacuum. Parapositronium (p-Ps), where 
the spins of the two particles are antiparallel, has a mean 
lifetime of only 123 ps. The difference in the 0-Ps and p-Ps 
lifetimes under vacuum is due to the fact that, to conserve 
spin angular momentum, 0-Ps (spin = 1) must produce 
three photons upon annihilation while p-Ps (spin = 0) only 
produces two. In condensed matter, the 0-Ps lifetime is 
shortened to a few nanoseconds or less, because of pickoff 
of the positron by electrons of antiparallel spin in the 
surrounding medium. However, this lifetime is consider- 
ably longer than that of a free positron in the same me- 
dium, because the electron in 0-Ps partially shields its 
positron from those electrons with antiparallel spin, which 
would annihilate it more rapidly. Because of the relatively 
long lifetime of 0-Ps, its component is well-defined in a 
lifetime spectrum. Therefore, it is possible to make a 
rather precise determination of the 0-Ps lifetime and its 
intensity (the fraction of positrons that annihilate as 0-Ps). 

The other important feature of the 0-Ps atom in a 
polymer is that this species is preferentially trapped or 
formed in regions of low electron density, or holes. Since 
the annihilation rate of 0-Ps is proportional to the overlap 
of the positron and the pickoff electron wave  function^,^ 
it is expected that the 0-Ps lifetime will strongly depend 
upon the size of the hole. Numerous experiments7-13 have 
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