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might be able to decide on the “best” model in describing 
lattice breakdown by matching predicted and observed en- 
tropy changes in several different polymeric solids. However, 
one can argue that the experimental values of A s  are of suf- 
ficiently high uncertainty to negate this expectation. Varia- 
tions in degree of crystallinity and crystalline homogeneity 
of the samples can lead to significant variation in experimental 
values of AS.  

Both third- and fourth-order theories allow a given chain 
to interact with a variable number of neighboring chains. For 
polymethylene we found that each chain interacted with 
slightly more than two other chains in order to yield a realistic 
melt temperature.’l The same is true for polytetrafluoro- 
ethylene. When the chain is set up energetically to interact 
with four chains instead of two chains, the melt temperature 
changes from 586 to 832 K for the third-order theory and from 
571 to 823 K for the fourth-order theory. How this apparent 
interaction of a given chain with only two of its neighbors is 
produced in the actual melt process is not clear. I t  would 
suggest that polymethylene and polytetrafluoroethylene 
crystals melt out via similar if not identical mechanisms. I t  
would also appear that while several chains maintain close 
contact in the crystalline states this proximity is not reflected 
in the energetics of the melt process. 

At this point, a question can be raised concerning effects 
of the approximations made in going from the continuum 
model to the discrete two-level model. The answer tc this 
question is the goal of our current research. Solving the con- 

tinuum model directly poses difficulties and computer-de- 
pendent numerical techniques need to be employed rather 
than analytic equations as is the case with the discrete two- 
level system. Once the initial work is done, the models pre- 
sented here can be tested in the continuum case, and also other 
models will be tested to determine how one might better de- 
scribe lattice breakdown. 
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ABSTRACT: Brillouin scattering has been observed from poly(viny1idene fluoride) (PVF2)-poly(methy1 methacry- 
late) (PMMA) mixtures in the temperature range 20-200 “C. The mixtures are shown to be homogeneous in the melt, 
and to quench to an amorphous film. A single glass-rubber relaxation region is observed for the quenched mixtures, 
indicating a compatible polymer mixture. The PVFz crystallizes from the mixture at temperatures between T, and 
T,. These measurements demonstrate the usefulness of Brillouin scattering in the study of melting in polymers. 

The polymer blend of poly(viny1idene fluoride) (PVFz) 
and poly(methy1 methacrylate) (PMMA) has been the subject 
of several recent ~ t u d i e s . l - ~  This mixture has been shown to 
be compatible above the melting point of PVFz (170 oC).2 
Below T, the PVFz may crystallize from the melt if the 
mixture is well above the glass-rubber relaxation temperature 
T,.3 Conversely, amorphous films of PVFZIPMMA mixtures 
may be formed by rapid quenching from the melt.3 In the 
present work, Brillouin scattering is employed to study the 
thermal behavior of PVFZIPMMA films. 

Theory 
Brillouin scattering from longitudinal acoustic phonons in 

a homogeneous amorphous phase results in fully polarized 
peaks shifted in frequency by 

(1) f - = 2 i i  - sin 812 

where wo is the incident frequency, f i  is the refractive index, 
V I  is the longitudinal phonon velocity, C is the speed of light 
in a vacuum, and 8 is the scattering angle in the scattering 

Awl v1 

w0 C 

plane. Typical Brillouin splittings for polymers are of the 
order of 1O1O Hz, so that the phonon velocity may differ con- 
siderably from the low-frequency velocity of sound. 

The phonon velocity V1 is given by 

(2) 

where K is the modulus of compression, 1 is the modulus of 
rigidity, and p is the density. 

In the region of the glass-rubber relaxation, the moduli 
reflect the change from equilibrium behavior above T ,  to 
nonequilibrium behavior below T,. Thus there is a change in 
slope in the plot of Awl vs. T at T,.@ The modulus of rigidity 
shows an enormous change in the glass-rubber relaxation 
region at  very low frequencies, but at hypersonic frequencies 
there is no discontinuity in either K or I.( a t  T,. 

At a melting transition, 1 changes considerably, even at high 
frequencies. Thus, the Brillouin splitting is expected to be a 
sensitive probe of crystallization and melting in polymers. 
Another notable effect of crystallization in polymers is that 
the material becomes locally birefringent. This leads to de- 

v, = p- 
3 P  
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Table I 

Kynar 821 2.1 x 105 
Kynar 301 1.1 x 105 
Acrylite B115 4.7 x 104 

PMMA 
I /  lOO*C 

4.0 x 105 1.9 

1.1 x 105 2.3 
3.8 X lo5 3.6 

Figure 1. Brillouin spectrum of PMMA a t  100 OC. Peaks 1 and 3 are 
the longitudinal Brillouin peaks associated with the first order and 
peaks 4 and 6 with the second order. The splitting Awl is determined 
by measuring the distances between peaks 1 and 3 and between peaks 
4 and 6 relative to the distances between peaks 1 and 4 and between 
3 and 6. The latter distances correspond to the free spectral range of 
0.525 cm-I. 

polarization of the longitudinal Brillouin peaks. One of the 
most sensitive tests for a fully amorphous sample is the  degree 
of polarization of the longitudinal peaks.6 

Experimental Section 

Materials. PVF2 resin (Kynar 821) and two PVFdPMMA mix- 
tures 75/25 (Kynar RC 3335A) and 40/60 (Kynar RC 3335B) by weight 
were obtained from the Pennwalt Corp. These mixtures were com- 
pounded from Kynar 301 PVFz resin and Acrylite B115 resin, a 
PMMA supplied by American Cyanamid. The molecular weights and 
M,/M, ratios for Kynar 821, Kynar 301, and Acrylite B115 are con- 
tained in Table I. The pure PMMA sample was Acrylite H-12, also 
obtained from American Cyanamid. Its molecular weights were 
identical with the Acrylite B115 sample. The film samples were pre- 
pared by pressing the resin between two thin glass cover slips a t  200 
OC. The two mixtures were annealed at  200 "C and then quenched in 
liquid nitrogen to obtain the amorphous films. 

Brillouin Spectra.  The Brillouin splittings were obtained as de- 
scribed previously.6s However, the samples described herein deserve 
special consideration. In most earlier ~ o r k " ~ , ~  the samples were either 
clear cast blocks or were contained in glass cuvettes, much larger than 
the scattering volume. The technique for examining Brillouin scat- 
tering from polymer films was, however, demonstrated in a recent 
report! In order to study the films above T,, and even above T,, some 
method of supporting the films is necessary. A pair of thin glass cover 
slips have been used in the present study. The increase in elastic 
scattering due to the increase in the number of surfaces becomes easily 
tolerable with the use of the high contrast multipass interferometer.5~~ 
However, the glass will also give a contribution to the scattering due 
to its own Brillouin scattering. This problem was usually overcome 
by using films that were much thicker than the glass and focussing 
the collimating lens carefully on the center of the films. Even when 
thinner films were used, it was found that the Brillouin intensity due 
to the glass was over an order of magnitude smaller than that due to 
the polymer. Thus, the extraneous scattering did not obscure the 
longitudinal Brillouin spectrum of the polymer and the splittings for 
the polymer were easily determined. 

J I ' I ,  
PVF, 

Figure 2. Brillouin spectra PVF2,40/60 mixture, and PMMA a t  180 
"C. 

As before,8 the true scattering angle in the polymer is given by 

0 = 2 arc sin (0.707/fi) (3) 

Since the refractive index of PVF2 is 1.42, and that of PMMA is 1.49, 
the scattering angle for the mixtures was between 60' (for PVF2) and 
56" (for PMMA). The Brillouin splitting also depends explicitly on 
the refractive index, so that some of the observed differences in Awl 
are primarily a reflection of optical differences in the samples, rather 
than mechanical differences. However, the qualitative trends will not 
be affected by such considerations. 

The free spectral range used in the present study was 0.525 cm-l. 
The Brillouin splittings are determined from the spectra by measuring 
the fraction of the free spectral range spanned by the two Brillouin 
peaks. 

The Brillouin splittings were determined a t  fixed temperatures 
from 20 to 200 "C a t  20 "C intervals. The typical heating or cooling 
rates were 20 "C/h. 
Results and Discussion 

T w o  orders  of the Brillouin spectrum of the PMMA film 
at 100 "C are shown in  Figure 1. The longitudinal Brillouin 
peaks are sharp and fully polarized. T h i s  result  is character-  
istic of an amorphous polymer near  T,.5-7 

A qualitative comparison of the Brillouin spectra of PVF2, 
the 40160 mixture,  and PMMA at 180 "C is shown in  Figure 
2. T h e  pu re  PVF2 is above i ts  melting point  and the Brillouin 
peaks a re  intense,  broad, and fully polarized. T h i s  result  is 
characteristic of a crystallizable polymer in the melt  above T,. 
The PMMA still displays a sharp spectrum at 180 "C. The 
40/60 mixture  shows a single pair  of fully polarized Brillouin 
peaks with splitting intermediate between the pure PVFz and 
PMMA. S u c h  a result is  strong evidence of a single homoge- 
neous phase.6 
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Figure 3. Brillouin spectrum of 75/25 mixture annealed at 200 OC, 
quenched in liquid Nz, and measured at 20 "C. 

Two orders of the spectrum of the quenched 75/25 mixture 
at 20 "C are shown in Figure 3. The single pair of fully polar- 
ized Brillouin peaks are evidence for a homogeneous amor- 
phous phase. Thus, the mixtures are shown to be compatible 
in the melt and to quench to fully amorphous films. 

The Brillouin splittings for the four samples are plotted vs. 
temperature in Figure 4. The pure PMMA exhibits only the 
glass-rubber relaxation at  approximately 100 "C. As dem- 
onstrated in Figures 1 and 2, the longitudinal Brillouin spec- 
trum of PMMA remains quite sharp over the entire temper- 
ature range. 

The PVFz splittings were obtained by starting at  200 "C and 
decreasing in 20 "C decrements. The point a t  160 O C  was ob- 
tained with the supercooled melt. The magnitude of Awl below 
160 "C depends on the thermal history of the sample. How- 
ever, several distinctive features can be noted. Since the 
amorphous regions of the PVF:, are well above T ,  ( -50  0 C ) 3  
there is a basic, strong, downward trend of Awl with temper- 
ature. This trend is further enhanced by partial melting of the 
lower molecular weight species between 80 and 140 O C .  At the 
main melting transition there is a sharp drop in Awl. A dis- 
continuity in the Brillouin splitting is characteristic of a 
first-order phase transition.. Because PVFZ only partially 
crystallizes, the transition is smeared out over a large tem- 
perature range. The polydispersity also contributes signifi- 
cantly to the large range of crystallization behavior. 

The quenched 40160 mixture exhibits a single glass-rubber 
relaxation a t  approximately 60 "C. The slope of Awl vs. T 
below T ,  reflects the typical glassy behavior shown by the 
PMMA. Above T,, Awl for the 40160 mixture changes more 
slowly with temperature than either the pure PMMA or PVF2. 
This is evidence that the PVF2 may be crystallizing from the 
melt above Tg Such evidence is further supported by the drop 
in A w l  between 140 and 160 O C  which suggests a first-order 

0 - PMMA 
0 -40/60 
A - 75/25 
* - P V F 2  

I 

I 
100 200 

T O C  

Figure 4. Brillouin splitting vs. temperature for PMMA (O), 40/60 
mixture (O), 75/25 mixture (A), and PVFz (0) .  

melting transition in this temperature range. Above 160 O C ,  

the 40160 mixture behaves as a homogeneous amorphous 
phase. 

The glass-rubber relaxation of the quenched 75/25 mixture 
is below room t e m p e r a t ~ r e . ~  As with the 40160 mixture, the 
slope of Awl vs. temperature for the 75/25 mixture in the range 
20 to 100 "C is lower than would be expected for an amorphous 
phase above T,. In this sample the crystallization behavior 
is very obvious between 80 and 120 O C .  From 120 to 160 "C 
there is a very sharp drop in Awl due to the melting of the 
PVF2. The point at  160 "C was obtained with the supercooled 
melt. From 160 to 200 "C, the 75/25 mixture behaves as a 
homogeneous amorphous phase. 

The use of Brillouin scattering as a technique for studying 
the glassrubber relaxation in amorphous polymers is now well 
e s t a b l i ~ h e d . ~ ~ , ~ J ~  The present work demonstrates the utility 
of Brillouin scattering in the study of melting behavior in 
polymers. With the use of supported films, the thermal be- 
havior of polymers can now be studied over any temperature 
range of interest. 
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