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ABSTRACT The effect of peroxide cross-linking on the phase diagram and the scattering function for a 
critical mixture of perdeuterated polybutadiene (DPB) and protonated polybutadiene (HPB) has been examined 
by small-angle neutron scattering as a function of temperature. The scattering curves for the cross-linked 
blends were essentially temperature independent. It was found that even at temperatures (T) below the 
critical temperature (To) of the un-cross-linked (linear) blend (e.g., T = 0 "C; T, = 99.2 "C), the cross-linked 
blends remained single phase and did not undergo microphase separation. The calculation of the reduced 
temperature, c, for the cross-linked blends also implied that the cross-linking greatly increased the single- 
phase region of the phase diagram. A comparison of the scattering for the cross-linked blend with that of 
the linear blend at the cross-linking temperature (150 "C) showed a suppression in the scattering due to the 
presence of the cross-links. However, it was experimentally found that the concentration fluctuations present 
at the temperature of cross-linking dominate the scattering, which made it rather difficult to verify the 
prediction on the scattering function made by de Gennes. 

I. Introduction 
It is extremely important to control the state of mixing 

and the phase-separated structure of polymer blends if 
they are to be designed to have superior properties relative 
to those of the individual constituent polymers. Phase- 
separated polymer blends with a well-controlled domain 
size and structure are favored for improving the physical 
properties in some cases,l while miscible blends are favored 
in other situatiom2 Small-angle neutron scattering 
(SANS) is a powerful technique to examine the concen- 
tration fluctuations present in polymer blends in the single- 
phase state as the spinodal is appr~ached.~-~ Studies of 
these kind provide information on the magnitude of the 
Flory interaction parameter, x ,  the spinodal temperature, 
T,, and the correlation length of the system. These 
parameters are important when one attempts to judge the 
extent of miscibility of polymer blends. It has been shown 
in block copolymers both experimentally2 and theoreti- 
call9 that coupling two dissimilar chains at a single 
junction increases the single-phase region of the phase 
diagram relative to that of a blend of the corresponding 
linear polymers. Briber and Bauerg have demonstrated 
that introducing cross-links in a miscible polymer blend 
of deuterated polystyrene (DPS) and poly(viny1 methyl 
ether) (PVME) also increases the single-phase region of 
the phase diagram. 

In this paper we studied the effect of cross-links on the 
concentration fluctuations in a deuterated polybutadiene 
(DPB) and protonated polybutadiene (HPB) blend. The 
effect of cross-links on the scattering was examined as a 
function of temperature and cross-link density. We 
experimentally found that the cross-linked blends remain 
single phase even at temperatures 100 "C below T, for the 
un-cross-linked blend. This observation suggests that 
introducing cross-links in the miscible blend greatly 
enhances the single-phase region of the phase diagram, 
which is consistent with the results reported by Briber 
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and Bauer and with prediction by de Gennes.22 However, 
unlike the observations by Briber and Bauer, the scattering 
from cross-linked blend in this paper did not agree with 
predictions by de Gennes.22 This can be understood if 
one considers a possibility that the concentration fluc- 
tuations which are present before crow-linking are "locked- 
in" by the cross-linking. In the DPB/HPB blends, these 
locked-in concentration fluctuations may dominate com- 
pared to those predicted by de Gennes a t  the experimen- 
tally accessible temperatures. The origin that caused the 
seemingly different observations between DPB/HPB blend 
and DPS/PVME blend is also discussed in detail. 

11. Experimental Section 
1. Samples. Both the perdeuterated polybutadiene (DPB) 

and the protonated polybutadiene (HPB) used in this study were 
synthesized by living anionic polymerization. Molecular weighta 
and polydispersities of DPB and HPB are listed in Table I. The 
peroxide employed in this study for cross-linking of DPB and 
HPB was l,l-bis(tert-butylperoxy)-3,3,5-trimethylcyclohe~e. 
The half-life of the peroxide, tip, for radical generation of this 
peroxide at 150 O C  is 66 s.lo 

Five DPB/HPB blend samples were made with a composition 
of 46.5 vol % DPB and 53.5 vol % HPB, containing 0,2.57,4.00, 
5.52, and 8.51 wt % peroxide of the total polymer weight, 
respectively, to produce a series of samples with differing cross- 
link densities; 0.5 wt % N-phenyl-2-naphthylamine of the total 
polymer weight was added as an antioxidant. The commition 
was chosen so that the mixture had a critical volume fraction 
calculated according to Flory-Huggins lattice theory." The 
SANS samples were prepared by dissolving the polymer mixture 
in cyclohexane and then freeze-drying. It should be noted that 
the DPB/HPB blend hae an upper critical solution temperature 
(UCST) type phase diagram with a critical temperature of 99.2 
O C  (see section 111-2 for details).12 Therefore, if one stores the 
mixture at room temperature for any length of time, the blend 
undergoes phase separation. Consequently, the mixture obtained 
after freeze-drying was homogenized by mechanical mixingIg at 
about 90 "C and then molded into the spacer ring (1 mm in 
thickness and 14 mm in diameter) that would be used for the 
scattering experiment. The samples were sandwiched by two 
quartz plates and put in the brass SANS cell. The samples were 
kept at 105 "C for 10 min, where the mixture was in the single- 
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Table I 
Polymer Characteristics 
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microstructure,' % code 
(specimen) an X a Mwl&fnn Nnb 1,2 cis-l,4 trans-l,4 

DPB 47.9 1.28 6223 21.5 36.3 42.2 
HPB 28.9 1.06 5039 29.3 70.7 

0 Determined by size exclusion chromatography equipped with 
light scattering. Number-average degree of polymerization. De- 
termined by 13C NMR. 

Table I1 
DPB/HPB Cross-Linked Blend Characteristics 

peroxide swelling 
concn: ratio q* x 102,b q* x 102,' 
w t %  (8) Nc A-1 A-1 

0 0 0 
2.57 7.03 446 3.69 1.56 
4.00 4.77 167 6.02 2.54 
5.52 3.92 98 7.87 3.32 
8.51 2.83 38 12.6 5.31 

a Peroxide concentration for total polymer weight. * Calculated 
from theoretical prediction by de Gennes (eq 8). Calculated from 
experimentally determined value for DPS/PVME by Briber and 
Bauer (eq 9). 

phase region of the phase diagram (see section 111-2.) and no 
effective cross-linking reaction takes place, in order that all of 
the samples had the same concentration fluctuations before cro8s- 
linking. A temperature jump from 105 to 150 O C  was made to 
decompose the peroxide and cross-link the samples. The blends 
were kept a t  150 "C for 10 min, which was about 10 times the 
t l / z .  After the temperature jump, the disk-shaped cross-linked 
samples (except the one having 0 wt % peroxide) were removed 
from the SANS cell and placed in an excess of toluene and allowed 
to reach swelling equilibrium. The toluene was exchanged three 
or four times and allowed to reequilibrate to extract unreacted 
linear polymer or residual peroxide. At  the end of this extraction 
process the diameter and the thickness of the disk-shaped samples 
were measured to calculate the swelling ratio of the cross-linked 
blend (see section 11-2 for details). The samples were dried and 
then put back into the cells for the SANS measurements. 

2. Characterization of Cross-Linked Blende. The cross- 
linked samples prepared by the steps described above were 
allowed to swell in toluene to estimate the degree of polymer- 
ization between cross-links, N,. According to the Flory-Rehner 
theory" of swelling, the degree of polymerization between cross- 
links can be calculated from the equation 

where cp is the volume fraction of the network, u1 is the molar 
volume of solvent, is the specific volume of the polymer, m is 
the molecular weight of the polymer repeat unit, and x1 is the 
Flory interaction parameter between polymer and solvent. The 
cross-linked samples were disk-shaped, 14 mm in diameter and 
1 mm in thickness, before the swelling. Swelling ratios, Q, were 
calculated from the measured value of the disk diameter and the 
thickness after the samples had reached swelling equilibrium. 
Swelling ratios are presented in Table 11. The inverse of the 
swelling ratio can then be used in eq 1 (cp = 1/81. The molar 
volume of toluene is 106.3 cm3/mol. The specific volume used 
for the blend, 1.056 cm3/g, was taken as the average value of DPB 
and HPB. A weighted average value of the molecular weight of 
deuterated butadiene monomer and that of protonated butadiene 
monomer was calculated and used in eq 1 as the monomeric 
molecular weight. The value of the interaction parameter 
between HPB and toluene used was 0.465 as reported by Sasaki 
et al . l6  The obtained values of Nc are given in Table 11. 

3. SANS Measurements. The SANS experimenta were 
carried out by using the 30-m SANS instrument a t  the NIST 
Cold Neutron Research Facility. In this study, pinhole colli- 
mation was used with a 7-A neutron wavelength. The wavelength 
resolution, AX1X,was0.21,whereXisthewavelengthoftheneutron 

beam and AA is the full width at  half-maximum (fwhm). A two- 
dimensional detector with a sample-to-detector distance of 15.30 
m was used. The observed scattering intensity was corrected for 
electronic background, sample transmittance and thickness, 
empty sample cell scattering, and detector inhomogeneity. The 
intensity was then converted to absolute units with a deuterated 
polystyrene (DPS) and polystyrene (HPS) blend (50/50 wt %), 
which was calibrated using a silica gel secondary standard on the 
NIST 8-m SANS.ls The corrected scattered intensity was then 
circularly averaged to obtain the dependence of scattering 
intensityonwavevector [q = (4dX) sin (t9/2), 0 being thescattering 
angle]. 

A copper heating block was used to control the specimen 
temperature to within f0.2 O C  of the desired temperature during 
measurements. Specimens were held at  temperature at least for 
30 min before the SANS measurements were started. 

111. Results and Discussion 

1. Simple Discussion of Linear Blend Scattering. 
De Gennes has calculated the scattering function, I&), 
of a binary polymeric mixture in  the single-phase state 
based on the random-phase approximation (RPA) in the 
context of the mean-field m0de1.l~ It has been shown in 
many publ i~a t ions~-~J&~~ that the  RPA calculation de- 
scribes the scattering intensity of polymer mixtures quite 
well in the single-phase region of the phase diagram. For 
the asymmetric polymer pair it is given by  

where NK, +K,  UK, GD(XK), and x are, respectively, the 
degree of polymerization, the volume fraction, the mon- 
omeric molecular volume, the Debye scattering function 
of a single Gaussian coil for polymer K [K = A or B, GD- 
(XK) = ( ~ / X & [ X K  - 1 + exp(-X~)11, and the Flory 
interaction parameter per monomeric unit. k~ is the 
contrast factor for neutrons, which can be written as 

(3) 
with bK as the scattering length of one monomeric unit of 
polymer K and NO as Avogadro's number. uo is the 
reference cell volume, which is given by  

(4) YO = (+A/UA + 6B/uB)-l 

XK = q2Rg2 = q2(N$,2/6) 

and XK is defined as 

(5 )  
where R 6  is the unperturbed radius of gyration and a K  
is the statistical segment length of polymer K. The 
scattering function calculated from eq 2 is a monotonically 
decreasing function of q. 

In the following section (111-2) eq 2 was applied to the 
un-cross-linked (linear) DPB/HPB blend to obtain x as 
a function of temperature T, x ( T ) ,  and the spinodal 
temperature, T,. 

2. Characterization of Un-Cross-Linked (Linear) 
Blend in the Single-phase State. SANS measurements 
for the DPB/HPB blend in the single-phase region of the 
phase diagram have been done as a function of temperature 
(T). Figure 1 shows a plot of SANS profiles of the un- 
cross-linked blend (hereafter referred t o  as t he  linear 
blend) as a function of q at different temperatures. Note 
t h a t  the SANS profiles have been put onto an absolute 
intensity scale. T h e  vertical lines for each symbol in t h e  
figure are error bars. It is important to point ou t  that t h e  
accuracy of all SANS data was within &1.5%. T h e  
scattered intensity increased with decreasing temperature, 
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Figure 1. SANS profiles of DPB/HPB un-cross-linked (linear) 
blend ( ~ D P B  = 0.465; critical composition) at various temperatures 
in the single-phase state. 

indicating that the DPBIHPB blend is an UCST-type 
system. 

Nonlinear regression fitting4 of the SANS profiles to eq 
2 was done to determine x as a function of T. The detailed 
fitting procedure can be found elsewhere.12 Since the 
objective of this paper is not a full characterization of the 
DPB/HPB blend, the detailed analysis of the DPB/HPB 
blend (e.g., composition dependence of x )  will be presented 
in a separate publication.12 The temperature dependence 
of x is given by 

x = -5.34 X + 0.3141T (6) 
with the spinodal temperature being 99.2 OC. It should 
be noted that the x value at  the spinodal point ( x s )  was 
calculated to be 3.10 X lo-*. 

3. Small-Angle Neutron Scattering from Cross- 
Linked Blends. A. Theory for Cross-Linked Polymer 
Blends. De Gennes has given in a short paper a theoretical 
investigation on the effect of A-B cross-links on concen- 
tration fluctuations and the phase diagram for a miscible 
A/B polymer blend.22 There are some assumptions in his 
theory: (i) the blend is cross-linked randomly with A-B 
cross-links (exclusively) to produce a network but the 
presence or absence of A-A or B-B cross-links should not 
change the results, at  least qualitatively; (ii) the starting 
blend is symmetric (NA = NB = N ,  4~ = $B = 0.5); (iii) N, 
<< N to assure the system is not close to the gel point. We 
believe that the peroxide cross-linking reaction results in 
random cross-linking of the DPB/HPB system. In ad- 
dition, the DPB/HPB blend used in this study was close 
to a symmetric blend (see Table I), giving rise to a closely 
symmetric cloud point curve.12 N ,  was on the order of 10 
times smaller than the degree of polymerization of the 
HPB, which is the shorter of the two components (see 
Tables I and 11). Writing the free energy in terms of its 
Fourier components allows the evaluation of the structure 
factor, S,(q), for the system in the single-phase state. S,- 
(q )  is given by 

(7) 

where xs is the x value at  the critical point for the un- 
cross-linked linear blend, a is the statistical segment length 
of the polymer chains (UA = UB = a) ,  and C is related to 
the "internal rigidity" of the chains. According to de 
Gennes C i= 36/(NC2a2). 

S,(q) as described in eq 7 has a scattering maximum at 
a nonzero q vector (termed q*), in contrast to the scattering 
function for an un-cross-linked polymer blend, IL(q ) ,  which 
has an maximum at q = 0. The scattering maximum in 

o b i - ' .  , , I 4 . . ,  , . - # I  , '  . ,  I 

o n  0 2  04 0 6  0 8  l O X l 0  

9 A '  
Figure 2. Plots of the structure factor S,(q) vs q given by eq 7 
for four different cross-link densities (N, = m, M)o, 200, 50). 
Parameters of a = 7 A, x, = 0 (corresponding to infinite molecular 
weight of the starting blend), and x = O.OOO1 are used in eq 7. 

S,(q) can be understood by noting that S,(q = 0) = 0 in 
eq 7, which is because the chains are cross-linked to each 
other so that there is no Fourier mode of the concentration 
fluctuations with infinite wavelength (i.e., zero osmotic 
compressibility) and because the system is assumed to 
have zero isothermal compressibility. As the value of x 
approaches the critical value xc for the cross-linked blend, 
the peak in the structure factor increases in intensity until 
it diverges at x = xc. This is the mean-field spinodal point 
for the cross-linked blend. It is interesting to note that 
this prediction is very similar to that for block copoly- 
mem23 

The position of the scattering maximum in Sc(q) can be 
calculated from taking a(SC(q)-l/8q = 0 and solving for q 
= q* 

q* = 5.42/(N,'/2a) (8a) 

q* = 2.21RgC-' (8b) 

where R,, is the radius of gyration of the chain between 
cross-links. q* scales inversely with R,, and in general eq 
8 can be rewritten as q* - (const)RgC-'. Briber and Bauer 
have, on the other hand, reported 2.30 instead of 5.42 for 
the constant in eq 8a in their publication, in which they 
cross-linked a miscible polymer blend of deuterated 
polystyrene (DPS) and poly(viny1 methyl ether) (PVME) 
with y-ray irradiati~n.~ In their case eq 8 can be rewritten 
as 

q* = 2.30/(Nc'/2a) (9) 
Figure 2 represents the calculated structure factor from 

eq 7 for the cross-linked blends with N, = 03 (linear blend), 
500,200, and 50. In Figure 2, q* increases as Nc decreases. 
It should be emphasized in the figure that a large 
suppression in the scattered intensity due to the cross- 
links is expected to occur in the small q regime covered 
in our experiment, as a consequence of the elastic effect 
of the network on the thermal concentration fluctuations. 
Note that the smaller the value N, (the tighter the 
network), the larger the suppression. 

Following either the prediction of de Gennes (eq 8) or 
the reported value by Briber and Bauer (eq 91, one can 
calculate the q* for the DPB/HPB blend system (Table 
11). 

The estimated q*'s from either eq 8 or 9 for the cross- 
linked blends are outside the experimental range (1.5 X 
10-3 < q (A-l) < 2.5 X 10-2) except for the sample with N, 
= 446 as calculated from eq 9. However, as is obvious 
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Table 111 
xc and c at 0 (eo) and 150 'C (elm) for DPB/HPB 

Cross-Linked Blends 

446 1.13 0.945 0.981 
167 2.96 0.919 0.993 
98 5.04 0.988 0.996 
38 12.8 0.995 0.998 

a Calculated from eq 10. Calculated from eq 11. 

booo, I . O'C 
x 2O'C . 40'C 
x 80°C . 105'C 
0 120T 
A 1°C 

N,=38 

q / a l  

Figure 3. Plob of typical scattering curves, Zc(q),  for one of the 
cross-linked blends (Nc = 38) vs q. 

from Figure 2, the effect of cross-linking on the scattering 
should be observed most effectively at q smaller than q*, 
i.e., in the q range covered in our experiment, where a 
large suppression of the scattered intensity is expected 
after cross-linking the blend. Thus, the fact that the q 
range examined in this paper is smaller than the position 
of the calculated q* does not invalidate the evaluation of 
the theory of de Gennes. 

The value of x = xc at the critical point can be calculated 
from eq 7 by setting S,(q*) = 0. 

(10) 
Briber and Bauer reported an experimental value of 3.4 
instead of 2(6)1/2 (r4.9). These numbers were in agreement 
within the reported error bars due to the large extrapo- 
lations involved in determining T, for the DPS/PVME 
system. xc values for DPB/HPB cross-linked blends were 
calculated from the theory of de Gennes and are presented 
in Table 111, in which t is defined later in eq 11. 

B. SANS Scattering Profiles from Cross-Linked 
Polymer Blends. Figure 3 shows a plot of experimental 
SANS profiles of the cross-linked blend having N, = 38 
as a function of q vector. This cross-linked blend was 
chosen because this is the one having the smallest N,, so 
that the largest suppression in the scattered intensity is 
expected. 

The SANS measurements have been done in the 
temperature range from 0 to 150 "C, after the cross-linking 
at 150 "C as discussed (in section 11-11. There are several 
particular features in Figure 3: (i) the scattering decreases 
monotonically with q vector; (ii) the data were essentially 
temperature independent; (iii) the concentration fluctu- 
ations present at the temperature of cross-linking appear 
to be trapped by the cross-linking reaction; (iv) the cross- 
linked blends did not microphase separate even well below 
the critical temperature for the linear blend (down to 0 
"C; T, = 99.2 "C for the linear blend), suggesting that the 
cross-linking increased the single-phase region of the phase 
diagram and shifted down the critical temperature below 
0 "C. These trends were observed for all of the cross- 
linked blends. 

xc - xs = 2(6)1'2/N, 

microphase separation region 

\ 
after crosslinking 

twc-phase region 
(linear blend) 

I single phase region - 
lo'O.O 0.2 0.4 0.6 0.8 I 

4DPB 

3 

Figure 4. Predicted change of phase diagram for the DPB/ 
HPB blend before and after the cross-linking (N, = 446). 

Feature iii was found to be obvious when we plotted the 
scattering profiles before and after cross-linking at 150 
"C, although they are not shown in Figure 3. The two 
profiles turned out to be almost identical, as will be shown 
later implicitly in Figure 5, for example. Features i and 
iii may be inconsistent with the prediction made by de 
Gennes and are associated with the concentration fluc- 
tuations of the linear blends which are frozen-in by the 
cross-linking, i.e., the effect that was not included in the 
original theory of de Gennes, as will be discussed later in 
the text in detail (section 111-4). Feature iv is consistent 
with the prediction by de Gennes. 

Combined with the conclusions obtained from feature 
iv, feature ii may be interpreted as a consequence that the 
critical temperature was shifted down far below 0 "C, so 
that the thermodynamic state of the cross-linked blend 
stays unchanged over the temperature range covered in 
our experiment. Then the first question we would like to 
address is why our system after the cross-linking is in the 
single-phase state far from the critical point. This situation 
may be realized in the following analysis. 

Using Eq 10, the x values at the critical point for the 
cross-linked blends (xc) were calculated for different values 
of N,. We can also calculate a reduced interaction 
parameter, c, for the cross-linked blends which is defined 
by 

(11) 
c reflects how far the system is from the critical point. 
Table I11 shows various calculated t values for the cross- 
linked blends. In Table 111, eo and elm denote the value 
of t at 0 and 150 "C, respectively. It should be noted that 
t at 150 "C for the linear blend was 0.329, indicating that 
the great increase in the calculatedvalue of e is theoretically 
expected after the cross-linking. The fact that c is close 
to unity implies that the cross-linked blend is expected to 
be in the single-phase state very far from the critical point. 
It is obvious from Table I11 that t is expected not to change 
much (at most 5% change), although the SANS mea- 
surements were made over a wide range of temperature. 

Figure 4 illustrates the effect of the cross-linking on the 
phase diagram predicted by the theory of de Gennes. The 
phase diagram correctly indicates the prediction only at 

6 = (x, - XVX,  
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150 OC) - I&, 150 "C) ia approximately zero, implying 
that at length d e a  smaller than that corresponding to 
q2-l there was no effect of cross-linking on the scattering 
curve. It might be expected that at q vectors larger than 
the inverse of the network mesh size the scattering would 
be s i m i  to that of the un-crosslinked blend, but it is 
difficult, within the precision of this experiment, to 
correlate the value of qz directly or quantitatively with 
the mesh size of the cross-linked network, Le., Nc1/2a. 

In this study the cross-linking was induced by a 
temperature jump from 105 to 150 "C, and the following 
two compting processes should exist during the cross- 
linking at 150 "C: (i) the cross-linking reaction rate, R,, 
and (ii) the q-dependent relaxation rate of the concen- 
tration fluctuations in the single-phase state, rq (for the 
linear blend before cross-linking). In other words, when 
the cross-linking reaction tries to lock-in the concentration 
fluctuations present in the blend, these fluctuations try 
to relax. Note rq increases with increasing q. 

The wavelength 111 (=2x/q1) is defined as a crossover 
wavelength or the wavenumber q1 as a crossover wave- 
number at which R, = rq. In regime I where q < q1, R, 
is considered to be faster than rq (R, > F q ) .  Hence, the 
concentration fluctuations having a wavelength loqger than 
A1 or a wavenumber smaller than q1 can be effectively 
frozen-in by the cross-linking reaction. In this sense, the 
position of the wave vector q1 reflects the reaction rate of 
the cross-linking, i.e., R, r rql. To lock-in the concen- 
tration fluctuations at a larger q1 requires a faster cross- 
linking (larger R,) because of the faster relaxation rate, 
rs. If the concentration fluctuations in the linear blend 
are fixed and maintained in the cross-linked blend in 
regime I, we expect that Ic(4) - IL(@ = 0. However, 
actually, we found that I&) > I L ( q ) ,  as seen in Figure 6. 
This can be interpreted as follows. Even a relatively short 
transient. time required for the temperature jump may 
produce appreciable cross-linking below 150 "C. This 
indicates locking-in of the concentration fluctuations at 
T d 150 OC. The concentration fluctuations frozen-in at 
T 5 150 "0 give rise to the scattered intensity Ic(q) higher 
thanIL(q) a t  150 "C, which may explain the experimental 
observation of I,(@ > IL(Q). 

On the other hand, in regimes I1 and 111, Re is slower 
than Pq(Rc < Tq). The concentration fluctuations in this 
q range have shorter wavelength than AI and hence faster 
relaxation rate than R,. Thus, the concentration fluctu- 
ations are able to relax before being fied by the cross- 
linking reaction. In regime II the wavelength A (A = 2 6  
q)  is larger than or comparable to the mesh size of the 
network. We propoee the following interpretation for the 
suppression of the scattered intensity occurred after croee- 
linking in this regime. The scattered intensity after the 
cross-linking, I&), is approximated by 

600 

I N, =446 

L I I I I 
00 05 I O  15  2 0  25r110: 

q / A '  

Figure 6. Subtracted scattering intensity IJq,  150 O C )  - I&, 
150 "C) y8 q for the crodinked blend (N, = 446). Two crowover 
wave vectors (q1 and QZ) are shown. 

the critical composition ~ D P B  = 0.466, while the rest of the 
spinodal line for the cross-linked blend is only schematic. 
The diagram after the cross-linking is obtained for the 
croee-linked blend with N, = 446. The Iower solid line 
repregenta the experimentally determined spinodal line 
for the linear Although we muld not ex&- 
mentally d e t "  Ts for the crow-linked bfends, we still 
can estimate T i s  according to the theory of de Gennes. 
The high= solid line d m h  the d d a t e d  spinodal line 
using eq 10 for the! crole-linked blend. Once the cross- 
linlts h e  intaduced to the DPB/HPB blend, the size of 
the singbqhatae ~ a h c r s a s e s ,  whichis consistent with 
theexperimentalrmub Sincexieinversefyproportional 
to T, the UCST-type phaee diagram-lhifts down along the 
temperature a x k  wit41 cross-linking. 

The h h h t  of the symbol on the phase diagram (small 
vertical solid line a m  the spinodd l i e  before cross- 
linking) regresenta the change in x with the change of 
tempemture between 0 and 150 O C ,  which is estimated 
from x ( T )  measured f o r t h  linear blend (eq 6). The amall 
change in t is obvious in Figure 4. In addition, it is also 
char zhat the actual temperature range is far from the 
phabe boundary of the cross-linked blend. 

4. Camparison of Cross-Linked Blende and Linear 
B l d r  at the Cresu-Linking Tempeiature. It is 
important to compare the scattering c k s  for the cross- 
linked blend&, I&), with that for the linear blend, I&), 
at the temperature of cross-linking because the effect of 
cross-links on the scattering can be directly observed by 
comparing the mttering profilee before and after cross- 
linking at the cross-linking temperature of 150 OC. To 
clearty see the effect, we subtracted I ~ f q ,  150 "C) from 
I&, 150 "C),whereIL(q, 150 "C) andIc(q, 150 OC) denote, 
respectively, the scattering for the linear blend and the 
croselinked blend at 150 "C. 

Figure 5 shows the plot of I,(q, 150 "C) - IL(q, 150 "C) 
vs q for the specimen with N ,  = 446 at 150 "C. Error bars 
are attached tothe data points, which clearly demonstrate 
tlratthedifferencebetweenI,(q, lM)OC)andIt(q, 150°C) 
ie significant at low q. Aa already mentioned in section 
111-3, notable deviations from IL(q, 150 OC) cannot be 
observed a t  q larger than 0.02 A-l, whichsubstantiate the 
choice of q range eovered in our expeiriment. Aa indieatad 
in the figure by ~tlow8, two different crossover wave- 
numbers QI and 42 were found. At q vectors s d e r  than 
qt (4 < ql; rersime I), I& 150 "C) - M q ,  150 OC) has 
positive values. On the other hand, at q vectors larger 
than QI but 8-r than 42 (q1< q < 42; regime 111, I&, 
150 O C )  - I~tqi 160 "C) has negative values; i.e., the 
scattering was suppressed after cross-linking.= In &ai- 
tion, a t  q vectors larger than qz (q > 92; regime 111), I&, 

I,Cq) = SCW + S&) (12) 
where Sdq) is the scattering from the frozen-in thermal 
concentration fluctuations of the linear b n d a t  the time 
when the cr- took place and Sc(q) is the scattering 
from th cross-linked blend given by de Gennea ( e ~  7). 
Figure 6 shows the schematic illustration of our explanstion 
for the suppression of the scattering due to the cross- 
linking. The scattering from the thermal concentration 
fluctuations in the linear blend before the croee-hkhg, 
IL(Q), should be suppressed to the level of S,(q) in Figure 
6a, if there is 00 contribution from Sdq), as is the case 
treated by de Gennes. In this case I&) - IL(Q) would be 
SJq) - IL(q) in Figure 6b because this is the ideal case in 
which I&) = S&). However, there is always the 
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Figure 6. Schematic illustration of the effect of the frozen-in 
concentration fluctuations at cross-linking, Skq), on the observed 
scattering intensity profile, Ic(q) (a), and on the intensity 
difference of I&) - IL(Q) (b). 
contribution from Sdq) which is shown by the dashed line 
in Figure 6b. In reality, I&) - I d q )  is the solid line in 
Figure 6b because of the presence of the frozen-in 
concentration fluctuations. Hence, the observed scattering 
intensity, I&), is suppressed as shown in Figure 6a. That 
is, the suppression predicted by de Gennes is masked by 
the scattering from the frozen-in concentration fluctua- 
tions. This also explains the experimental fact that no 
significant suppression of the scattered intensity occurred 
after cross-linking, which is feature iii in section 111-3. 
Therefore, it is crucial to note that the frozen-in concen- 
tration fluctuations at 150 O C  are important and are the 
effect that was not included in the original theory of de 
Gennes. 
As already discussed in section 111-3 and Figure 4, the 

reduced interaction parameter, e, is expected to change at 
most 5% (Table 111). S,(q) depends on x and T; the closer 
the system to the critical point xc or T,, the higher the 
intensity. On the other hand, Sdq) may be essentially 
fixed and independent of x or T. The small change in e 
gives a small change in S,(q) which should be masked by 
Sdq) from the frozen-in concentration fluctuations. This 
explains feature ii in section 111-3 found experimentally, 
Le., the scattering curves I&) were essentially independent 
of temperature. 

In regime I11 where q > q2, R, << rq, the cross-linked 
blend behaves similarly to the un-cross-linked blend 
because the size scales probed may be smaller than the 
mesh size of the network. 

Figure 7 is a plot of q1 vs N,. It can be seen that q1 
decreases with increasing N,. Since N, is inversely related 
to the amount of peroxide in the system, the larger the N,, 
the smaller the amount of peroxide and the smaller the 
R, Witha smaller R,, the concentration fluctuations with 
longer wavelengths (hence having the slower relaxation 
rate) can relax. Therefore, A1 should increase (or q1 should 
decrease) as Nc increases. This is consistent with the data 
in Figure 7. 

The crossover vectors 42 are also plotted as a function 
of N ,  in Figure 7. There is a lot of scatter in the data, 
making it difficult to draw any conclusions as to the 
dependence of q2 on N,. 

5. Comparison of DPB/HPB System and DPS/ 
PVME System. It is worth considering the reason why 

T 

1 I I I 
0 100 200 300 400 m 0.0 I 

NC 

Figure 7. Plots of crossover wave vectors q1 and q 2  va N,. The 
dotted line is a visual guide. 

Table IV 
xc and c (120 and 180 "C) for DPSDVME Cross-Linked 

Blends. 

Nc xc x 103 b ~ l Z o C  c1mC 

870 3.92 1.87 0.0979 
440 7.74 1.44 0.643 
180 1.89 1.18 0.813 

a x1wc = -3.40 X 10-9, x1m*c = 3.54 X lW3for DPS/PVME blend. 

I&) for the DPB/HPB system decreases monotonically 
with q vector (i.e., no scattering maximum in I,(@ or no 
tendency of increasing I J q )  with increasing q is observed 
over the q range in our experiments), while Briber and 
Bauer observed a scattering maximum in I&) for their 
PSD/PVME system.g In Table IV the x values at the 
spinodal temperature for the DPS/PVME system are 
presented together with the calculated e at 120 and 150 
"C for different cross-link densities. In calculating e the 
following experimentally determined relationship for the 
DPS/PVME un-cross-linked blend was used.% 

x = 4.9 X - 20.6/T (13) 
Although e values change, at most, a couple of percent for 
DPB/HPB cross-linked blends over the temperature range 
0-150 O C ,  the e values for DPS/PVME cross-linked blends 
change as much as 20 times over the temperature range 
120-180 "C. This is because the temperature dependence 
of the x parameter for the DPS/PVME blend is much 
stronger than that for the DPB/HPB blend, e.g., the 
absolute value of the coefficient in the second term of eq 
13 for the DPS/PVME blend was 20.6, while that for the 
DPB/HPB blend was only 0.314 (see eq 6). Therefore, 
even for measurements over the same temperature range, 
the change in the x value will be much larger in the case 
of DPS/PVME than in the case of DPB/HPB. 

The striking difference between the two sets of data in 
terms of the presence (DPS/PVME) or the absence (DPB/ 
HPB) of the scattering maximum can be underetood by 
taking into consideration the effect of frozen-in concen- 
tration fluctuations during the cross-linking (see Figure 
6). In both the y-ray cross-linked DPWPVME blend and 
the peroxide cross-linked DPB/HPB blend, the concen- 
tration fluctuations present in the blends at the curing 
temperature were frozen. Then when the phase boundary 
is approached, the predicted scattering S,(q) is superim- 
posed on top of the scattering &(q) from the frozen-in 
concentration fluctuations. In case of DPWPVME cross- 
linked blends, the change in x with temperature results 

Calculated from eq 10. Calculated fiom eq 11. 
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