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This is eq 5 in the text. 
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ABSTRACT Time-resolved light scattering has been employed to investigate the kinetics of phase sepa- 
ration in mixtures of carboxyl-terminated butadiene-acrylonitrile copolymer (CTBN) and diglycidyl ether 
bisphenol A (DGEBA) epoxy oligomers. The  CTBN/DGEBA mixture reveals an upper critical solution 
temperature (UCST); Le., the  mixture phase separates upon cooling but  reverts to a single phase upon 
heating. Several temperature- (T-) quench experiments with various quenched depths were undertaken 
on a 20 wt % CTBN mixture. The time evolution of scattering halo was subsequently followed as a func- 
tion of quenched depth. At deep quenches, the phase separation process has been dominated by spinodal 
decomposition (SD). The general trend of SD is nonlinear in character. The  evolution of the maximum 
wavenumber (qm) and the corresponding maximum intensity (Im) obey the power law (qm - t-' and I, - 
t*). The  exponent cp exhibits quench depth dependence with the value varying from 1/6  to  1/3. The 
results were further tested with the dynamic scaling laws. 

Introduction 
Rubber-modified plastics have been the subject of con- 

tinued interest i n  the field of polymer alloys. Thermo- 
set epoxy resins are generally known to be brittle. Hence, 
the utilization of epoxy as a neat resin is not practical in 
m a n y  indus t r ia l  appl icat ions.  However ,  a s l ight  addi- 
t i o n  of rubbery components into epoxy resins  has been 
shown to improve  mechanical  properties of the mater i -  
als, par t icular ly  toughness.' S ince  then, there have  been 
n u m e r o u s  studies i n  the l i te ra ture  on the rubber-modi-  
f ied 

It has been realized that the extent of improvemen t  
critically depends upon the size of rubbery  particles, the i r  
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dispersion, and interfacial adhesion between the dis- 
persed r u b b e r y  phase and the matrix. The final  mor- 
phology of the cured system depends on the competition 
between the cross-linking react ion and phase decompo- 
sition during curing. The understanding of reaction kinet- 
ics and phase separation dynamics is of crucial impor- 
tance i n  order to achieve an optimum phase structure. 
In t h i s  s tudy ,  the kinetic behavior of CTBN/DGEBA oli- 
gomer mixtures  has been explored exclusively wi thout  
a d d i n g  a n y  cross-linking agents. 

Experimental Section 
The epoxy resin used in this study was a diglycidyl ether 

Bisphenol A (DGEBA) supplied by the Shell Co. (Epon 828, 
M,, zi 380). The  elastomeric modifier, provided by the B.F. Goo- 

@ 1990 American Chemical Society 
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Figure 1. Equilibrium phase diagram for CTBN/DEGBA mix- 
tures. 

Figure 2. An optical micrograph of 20 wt % CTBN mixture 
revealing interconnected domains and the corresponding scat- 
tering halo during spinodal decomposition. 

drich Co., was a carboxyl-terminated butadieneacrylonitrile 
copolymer (CTBN) containing 17 wt % acrylonitrile with a molec- 
ular weight of Mn = 3,500. The mixtures were prepared by 
stirring at about 80 OC for 10 min and then transferred ta oval 
type glass slides. Bubbles were then removed in a vacuum oven 
at about EO "C until the specimen was, at least, visually huh- 
ble-free. A glass cover was placed on the liquid mixture and 
cooled down to ambient temperature. 

The cloud point phase diagram was established by using a 
light scattering setup described el~ewhere.~ This setup con- 
sists of a HeNe laser light source with a wavelength of 632.8 
nm. The scattered intensity was monitored by a two- 
dimensional Vidicon detector interlinked with an Optical Mul- 
tichannel Analyzer (OMA 111, Model 1460, EG & G Princeton 
Applied Research Co.). A couple of heating cells were used for 
time evolution scattering studies: one was controlled at the exper- 
imental temperature while the other was used for preheating. 
Several temperature quench experiments were undertaken from 
a single-phase (57 "C) to a two-phase region (3448 "C). A num- 
ber of reverse temperature jumps were also carried out from 40 
OC to a single-phase region 53-59 "C). 

Results and  Discussion 
Phase Equilibria. Cloud point measurements of 

CTBN/DGEBA oligomer mixtures were conducted a t  var- 
ious heating rates of 1, 0.5, 0.1, and 0.05 "C/min. The 
data were extrapolated to  the zero heating rate to estah- 
lish the cloud point temperature versus composition phase 
diagram. As can he seen in Figure 1, the phase diagram 
is an upper critical solution temperature (UCST) in char- 
acter with a maximum at 6 wt % of CTBN and at 60 "C. 
The phase separation process is reversible as is typical 
for low molecular weight oligomer mixtures."*" 

When the liquid mixture of 20/80 CTBN/DGEBA was 
suddenly brought from a single phase (53 "C) to an unsta- 
ble twophase region (23 "C), a highly interconnect4 struc- 
ture appears under optical microscope. The domain size 

Figure 3. Time evolution of scattering peaks following a tem- 
perature quench from 57 to 34 "C. 
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Figure 4. Logarithmic intensity versus time plots for 20 wt W 
CTBN mixtures at various scattering wavenumhers. 

gets larger with elasped time. In light scattering stud- 
ies, a scattering halo corresponding to the average peri- 
odic distance of phase-separated domains develops and 
then collapses to a smaller diameter. Figure 2 exhibits 
such an optical micrograph and a scattering halo of the 
20 wt % CTBN mixture. These are the familiar charac- 
teristics of phase separation by spinodal decomposition 
(SD)." 

Early Stage of SD. Several 5"-quench experiments 
were undertaken to elucidate the dynamics of phase sep- 
aration in the 20/80 CTBN/DGEBA mixture. Figure 3 
shows time evolution of a scattering peak following a T 
quench from 57 to 34 OC. The scattering maximum first 
appears at a large wavenumber (q - 6.5 pm-'), and the 
peak position remains virtually invariant for a short period, 
i.e. it shows little or no movement. At a later time, the 
peak shifta to lower wavenumbers due to the phase growth. 
The peak movement a t  the early stage of SD is so small 
so much so that it may be worthy of testing with the lin- 
earized theory of Cahn-Hilliard,'3,'4 which predicts an 
exponential growth of a scattering function, i.e. 

I (q , t )  = I(q,t = 0)  expPR(q)tl (1) 
where t is the phase separation time and q the scatter- 
ing wavenumber defined as q = (47r/X) sin (8/2). X and 
8 are the wavelength of light and the scattering angle 
measured in the medium, respectively. The amplifica- 
tion factor R(q)  that represents the growth of composi- 
tion fluctuations of the mixture is further related by 

(2) 
where f is the local free energy density, c the concentra- 
tion, K the coefficient of composition gradient, and M the 
mobility. The inadequacy of eq 1 was pointed out by 
Cook," who modified the linear theory by incorporating 
thermal fluctuations of the stable single phase. The mod- 

R(q) = -Mq2(a2f/acz + 2 ~ q ' )  
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Figure 5. Cahn's plots of R ( q ) / q 2  versus q2 for various tem- 
perature quenches. 
ified equation is expressed as 

Z(q,t) = I , (q)  + [ I (q , t  = 0)  - I,(q)l  expPR(q)tl (3) 

(4) 

is a virtual structure function of the stable system. The 
plot of logarithmic scattered intensity against time exhib- 
its an exponential increase for a limited period and then 
departs from the linear slope (Figure 4). The values of 
R(q)  were determined from the slopes and replotted in 
Figure 5 in accordance with eq 2, Le., R ( q ) / q 2  versus q2. 
The data can be approximated fairly well by linear slopes, 
except for a few points a t  low q. It  should be pointed 
out that these data a t  low q are somewhat affected by 
the parasitic scattering arising from the beam stop. In 
our opinion, the validity of the linear theory should be 
further checked by the following equation 

q,2 = (1/2)4,2 (5) 
where qc is a crossover wavenumber and qm is the max- 
imum wavenumber. As can be seen in Figure 5, eq 5 
appears to be valid, suggesting that the modified linear- 
ized theory may be valid for the early stage of SD. The 
validity of the linearized theory for the early stage of SD 
has been challen ed by many investigators. Hashimoto 

tally that there is an appreciable period where the scat- 
tering peak is invariant and R ( q ) / q 2  versus q2 plots give 
linear slopes. Han et a1.18 also found the linear regime 
in the early stage of SD for polystyrene (PS)/poly(vinyl 
methyl ether) (PVME) blends. Recently, we also obtained 
a similar result for polycarbonate (PC)/poly(methyl meth- 
acrylate) (PMMA) mixtures.19 Very recently, Bates2' 
showed that the linearized theory is still applicable even 
if the time evolution of the structure function is weakly 
nonlinear; i.e., the scattering peak shows a very small move- 
ment. On the basis of cell dynamics, Oono and Puri21 
predicted the existence of a linear region in binary mix- 
tures. 

Phase Dissolution. The reversed experiments of tem- 
perature jumps from 40 to 53-57 "C were also under- 
taken. Figure 6 exhibits the decay of scattering curves, 
showing a slight movement of the peak to a lower scat- 
tering angle. The time required for the specimen to equil- 
ibrate a t  the experimental temperatures is approxi- 
mately 5 s and is subtracted from the total phase disso- 
lution time. A similar observation was made by Osamura 
et a1.,22 who reported the increase of periodic particle 
distance during reversion in Al-Zn alloys; i.e., the scat- 
tering angle shows a movement to lower scattering angles. 
The authors demonstrated that the behavior of rever- 
sion depends on the temperatures of T jumps, i.e., above 
and below the zone solvus. In the former, the scattered 

and co-workers' 8 l7 were the first to show experimen- 
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Figure 8. q' dependence of decay rate R(q)  of 20 wt % CTBN. 

20 I 1 

. Sopamtion 

't, 
Dissolution 

-100 ~ 

M 40 50 60 70 

T ('C) 

Figure 9. Temperature dependence of apparent diffusivities 
for various T quenches and T jumps for 20 wt % CTBN. 
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Figure 10. log-log plot of diffusivity as a function of AT (= T 
- T,) for phase separation and dissolution for 20 wt % CTBN. 

with 

t = ( T -  Ts)/Ts (7) 

where Do is the self-diffusion coefficient and v is the crit- 
ical exponent which was measured for a number of low 
molecular weight solutions and was found to be 0.66.'5,26 
Nojima et al." obtained v values around 0.75 for poly- 
styrene (PS) /poly(methylphenylsiloxane) (PMPS) oligo- 
mer mixtures. In the present case, the value of v is approx- 
imately 0.5 f 0.1, thus close to the reported value for 
small molecular systems (Figure 10). Snyder et 81." and 
Hashimoto et al.I6 obtained v = 1 for the PS/PvME blends 
which is what is predicted by the linearized theory of 
Cahn-Hilliard. A similar exponent (v = 1) was also 
obtained by us for a hydroxylpropyl cellulose (HPC)/ 
water system.2s 

Late Stages of SD. As pointed out previously, the 
late stage of SD in the CTBN/DGEBA mixture is non- 
linear in character; thus it is reasonable to explain in terms 
of the power law relationships, namely 

q&) = t-' (8) 
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Figure 11. log-log plot of maximum wavenumber versus phase 
separation time. 
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Figure 12. The corresponding plot of maximum intensity ver- 
sus phase separation time. 

I&) = tJ. (9) 
where the subscript m stands for the maximum values. 
The exponents cp and $ are predicted by various au- 
t h o r ~ . ' " ~ ~  Langer, Baron, and Miller (LBML2' based on 
the nonlinear statistical consideration, obtained the value 
of cp = 0.21. Binder and Sta~ffer ,~ '  who considered the 
coalescence of cluster domains, predicted a relationship 
y5 = 3cp with the values of cp = 1/3 and y5 = 1. On the 
basis of the percolation approach by taking into consid- 
eration the diffusion and hydrodynamic flow, Siggia31 
obtained the same equation, but with cp = 1/3 for the 
early growth regime and cp = 1 for the intermediate stage 
(flow stage). 

Figures 11 and 12 exhibit the log-log plots of the max- 
imum wavenumber and the corresponding scattered inten- 
sity versus phase separation time, respectively. At  shal- 
low quenches, the qm is initially constant for a certain 
period, representing the linear regime. Then, the value 
of cp varies from 116 to 1/4 depending on the quench 
depth, implying the change in the mechanism of phase 
decomposition. A t  deep quenches, the growth process 
proceeds faster with exponents of cp = 1/3 and $ = 1, 
which is in good accord with the prediction of cluster 
dynamics.14 The crossover of 1/6 to 1/3 at  a given tem- 
perature has also been observed by Katano and Iizumi 
for Fe-Cr alloys.36 According to Binder,30 the exponent 
cp varies with l / (d  + 3) for the surface mobility and l / ( d  
+ 2) for the bulk mobility. Furukawa3' generalized the 
kinetic exponents to vary as l / ( d  + 2 + l -  h)  in order 
to explain various crossover processes. The two new 
parameters {and h may assume different values depend- 
ing on the growth mechanism that is dominant. Our exper- 
iment is not long enough to observe the very late stage 
of SD where cp varies with a value of 1 (Le. percolation 
regime)31 and then slows down to 1/6 due to the pinning 
effect. We felt that the scaling law may not be opera- 
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Figure 13. A universal master curve with dimensionless vari- 
ables Q, vs 7. 
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Figure 14. A plot of Z(q)qm3 versus q/q,  for self-similarity 
test. 

tive over the whole phase separation process as pointed 
out by Kawasaki and Ohta.33 

Since there is an appreciable period a t  which the scat- 
tering wavenumber qm appears constant, the correlation 
length (6) in the single phase may be approximated as 
the initial fluctuation size of SD a t  t = 0 

(10) 
The universal curve may then be established with dimen- 
sionless variables Q, and r ,  which may be scaled as 

5 = l / q &  = 0) 

Qm = q t  (11) 

r = D[-'t (12) 

where D and were already known experimentally from 
Figures 4 and 5. As can be seen in Figure 13, the super- 
position of universal curve appears reasonable. The time 
scale is rather short, but the trend is similar to those of 
metal alloys, solution mixtures, polymer blends, among 
others.35 

Scaling of Self-Similarity. Next, we shall examine 
the time evolution of scattering function for self- 
~imilarity.~' Since the scaled structure function S(z)  is a 
Fourier transform of the space correlation function of 
the composition, it is related to the scattered intensity 
I (q , t )  at a given time t 

I (q , t )  - v ( ~ ~ ) E ( ~ ) ~ s s ( z )  (13) 
with 

z = qF(t) (14) 
where V is the irradiated volume and (7') the mean- 
square fluctuations of refractive indices. Here, [( t )  in 
turn relates to the wavelength of periodic structure h(t) 
by the following equation 

4 /  

5585 8 
3 65 
2505 
1995 

0.0 0.3 0.6 0.9 0.0 0.3 0.6 0.9 0.0 0.3 0.6 0 9 
Log 4 

Figure 15. log-log plot of scattering function versus scatter- 
ing wavenumber for various time scale. 

From eq 13 to eq 15, the structure function S(z) can be 
described as 

S ( z )  - I (q , t )q ,3( t )  (16) 
In the early stage of SD, ( q 2 ( t ) )  is not necessarily con- 
stant; therefore it cannot be scaled by a single length 
parameter ( ( t ) .  We therefore employed the data at  late 
stages of SD in this scaling test. As shown in Figure 14, 
the plot of S(z)  versus z gives a good superimposed mas- 
ter curve for different phase separation times, suggest- 
ing that self-similarity is attained when the structure func- 
tion exhibits temporal universality. 

Scaled Structure Functions. Next, the shape of the 
scattering function has been analyzed in accordance with 
the recent scaling theory of F u r ~ k a w a , ~ ~  i.e. 

S(X) = (17) 

where x = qr. For the critical composition, y = 2d and 
at  off-critical composition y = d + 1 with d being the 
dimensionality of growth. The shape of the scattered 
intensity is predicted as I - q2 at q < qm and I -, q Y  at 
q > qm. For three-dimensional growth, y is equal to 6 
for the critical composition and 4 for off-critical mix- 
tures. Figure 15 shows the log-log plots of intensity ver- 
sus wavenumber for the 20 wt 5% CTBN mixture. The 
value of y is approximately 4, suggesting that the SD 
process of the 20 wt 90 CTBN is reminiscent of the behav- 
ior of off-critical mixtures. The slopes of 2 and -4 have 
been reported for metal alloys,39 oligomer mixtures,40 and 
polymer  solution^.^' In the case of critical mixture of 
polystyrene and poly(viny1 methyl ether), Hashimoto et  
al.41 obtained the values of 2 and -6. Very recently, we 
also observed the slopes of 2 and -6 for the critical mix- 
ture of PC/PMMA.42 Furukawa3' postulated that y = 
6 may be valid only for intermediate wavenumbers; at  
larger q the exponent recovers the Porod value of 4, The 
recovery of q-* dependence was already confirmed exper- 
imentally in metal alloys43 and in polymer blends.44 Very 
recently, Oono and PuriZ1 showed in their simulation based 
on a nondifferential kinetic equation that the slope could 
be much steeper than q-4 at intermediate wavenumbers 
of the percolated regime. 

Conclusions 
Phase separation occurs by spinodal decomposition in 

the mixtures of rubber and epoxy. The linearized Cahn- 
Hilliard theory appears to be operative for the early stage 
of SD. The kinetic exponent shows a temperature (An 
dependence with the values changing from -116 to -11 
3. The universal curve of the present CTBNIDGEBA 
appears similar to those for solution mixtures, oligomer, 

(1 + y / 2 ) x 2  
y/2 + x 2 + y  



464 Macromolecules 1990,23, 464-470 

a n d  some  polymer blends. Self-similarity is a t t a i n e d  i n  
the regime where the structure func t ion  shows universal- 
i ty  with t ime.  The phase separa t ion  dynamics  of t h e  20 
w t  70 CTBN is reminiscent  of the behavior  of off-criti- 
cal mixtures. 

Registry No. Epon 828, 25068-38-6. 
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ABSTRACT: Diamagnetic susceptibility and birefringence measurements on lyotropic solutions of poly(4,4'- 
benzanilidyleneterephthalamide) inconcentrated sulfuric acid are presented. Three polymer samples, with 
different average molecular weight M,, were used. From these experiments the orientational order param- 
eter (P,) is estimated. The  experimental results are explained by a mean-field-type theory similar to  the 
Maier-Saupe model for thermotropic liquid crystals. Molecular flexibility, concentration, and molecular 
weight are taken into account by using simple scaling factors. 

I. Introduction 

In this report some diamagnetic susceptibility and bire- 
f r ingence measurements a r e  descr ibed  on solutions of 
poly(4,4'-benzanilidyleneterephthalamide) (DABT, see Fig- 
ure 1) in H,SO,. These measurements are used to esti- 
mate the or ien ta t iona l  o rde r  parameter (I",). T h e  (P,)  
order  parameter  is a measurement for  the degree of molec- 
ular orientation. 

I n  a previous publication' measurements of the nem- 
atic-isotropic t rans i t ion  t empera tu re  (clearing tempera-  
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tu re)  were repor ted  as a func t ion  o f p o l y m e r  concentra-  
t ion  and average molecular weight  M,. In Figure 2 t h e  
experimental results for the clearing temperature of DABT 
solut ions i n  H,SO, a r e  shown. The experiments were 
explained by a modified Maier-Saupe (mean-field) model, 
where  the inf luence of molecular flexibility and polymer 
concent ra t ion  was included using simple scaling factors  
in the s t r eng th  of the potent ia l .  The model will be sum- 
mar ized  in some  detai l .  

The exper iments  described he re  c a n  be explained b y  
using the s a m e  model. T h e  p lan  of this pape r  is as fol- 
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