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Abstract

Detailed studies of effects of sample preparation method on the kinetics of phase separation in a blend of polystyrene-co-maleic anhydride
(SMA) with a commercial sample of polymethyl methacrylate containing ethyl acrylate as co-monomer (PMMAe) have been performed
using light scattering techniques. Two preparation methods, viz. solution casting and melt mixing in a mini twin screw extruder were
employed in this work. The blend, which shows lower critical solution temperature (LCST) behaviour, exhibits spinodal and binodal curves
at higher temperatures in the case of solution casting than those from melt mixed samples. The relative values of the Cahn—Hilliard growth
rate, R(q), obtained from the two preparation methods depend on blend concentration, R(g) being faster for solution cast samples at some
concentrations and slower at others. Comparison of the data with recent theoretical developments for entangled polymer blends is reported.

© 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

During the past few decades polymer miscibility and the
kinetics of phase separation have been extensively investi-
gated. Several sample preparation methods have been
employed in these studies but the solution casting method
has generally dominated [1-9]. A number of parameters
have been found to affect the miscibility and phase bound-
ary conditions, for example, film thickness, substrates, types
of solvent, evaporation rate of solvent, etc. [2—10]. Since the
solvent plays an important role as has been reported in a
number of papers [7-10], it is interesting to observe the
thermodynamics and kinetics of phase behaviour in blends,
which are obtained without the use of solvents by the
method widely used for commercial samples, i.e. melt
mixing. An early study by Gaurab et al. [9] using a differ-
ential scanning calorimeter (DSC) on blends, which were
prepared by 2 different techniques, viz. solution casting and
melt mixing from co-precipitated samples, showed that the
latter provided the most compatible blends. Other measure-
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ments by Thongyai [11] on tetra methyl-bis-phenyl-A poly-
carbonate with polystyrene (TMPC/PS) and Manda [12,13]
on poly (styrene-co-maleic anhydride) with polymethyl
methacrylate (SMA/PMMAe) using solution cast and melt
mixing methods showed that to employ a direct melt mixing
method in the blend can lower the cloud point curve. They
suggested that the cloud point curve of the melt mixed
samples might coincide with the binodal curve because
the large number of heterogeneties in such samples provide
multiple nucleating sites for the nucleation and growth
mechanism once the sample is inside the metastable region.
However, to date no spinodal curve of melt mixed samples
has been reported.

Blends of PMMA and SMA are becoming of interest
nowadays owing to the high glass transition temperature
(T,) of styrene maleic anhydride copolymer, which can
elevate the processing temperature in blends. The miscibil-
ity of this blend has been previously investigated by several
groups. Previous work by Paul et al. [14] on the PMMA/
SMA blend, using various maleic anhydride contents, in
DSC measurements showed that the miscibility of the
blend was dependent on MA content. Using pure polyethyl
methacrylate (PEMA) instead of pure PMMA lowered the
cloud point curve. Light scattering experiments carried out
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on a similar blend but with a commercial PMMAe sample
(with ethyl acrylate co-monomer) by Manda et al. [12,13]
showed similar results to the PMMA system but with a
slightly lower cloud point due to the co-monomer. Feng et
al. [15] investigated the mechanism for miscibility of SMA/
PMMA blends using NMR, FT-IR and DSC. It was
suggested that a strong intermolecular interaction between
the phenyl groups in SMA and the carbonyl groups in
PMMA resulted in the miscibility at a molecular level.
The strength of the interaction depends on the compositions
of the blends. The effect of shear mixing and de-mixing on
blends using the commercial PMMAe have been reported
by Aelmans et al. [16] and Chopra et al. [17].

During isothermal heating of the blend inside the spinodal
region, one surprising phenomenon, which is still ambigu-
ous, has been detected — a so-called delay time. The
phenomenon refers to a time period after a jump to a
temperature inside the spinodal, during which no apparent
phase separation occurs — at least as observed by light
scattering. Relatively few studies so far have mentioned
this behaviour, among which we cite Refs. [11-13,18—
21]. Previous work on the polystrene/poly(vinyl methyl
ether) (PS/PVME) blend system from Bank et al. [18]
using an optical microscope showed that the delay times
decreased as temperature increased. A theoretical approach
developed by Binder [19] was used to describe the interac-
tion between the rheological relaxation mechanisms of the
polymers and the concentration fluctuations. However, there
was no comparison between the theory and experimental
data. The model, which was subsequently elaborated by
Clarke et al. [20], showed that entanglement networks
were the key factor causing delay times. This proposition
was supported by light scattering experiments on ultra high
molecular weight polystyrene—polyvinyl methyl ether (PS/
PVME) blends. It was found that delays were observed for
polystyrene of very high molecular weight. A study by
Thongyai [11] on TMPC/PS blends using light scattering
suggested that the delay time phenomena could be observed
in this system only for certain compositions, notably those
with a high percentage of TMPC which is the high 7,
component. Experimental work by Manda et al. [12,13]
showed that delay times can also be detected in the SMA/
PMMAe blend system. Shear-induced phase separation in
PS/PVME blends studied by Gerard et al. [21] manifested
that not only can delay times be observed in thermally
induced phase separation, but also in shear-induced phase
separation. Most experiments however have been performed
only in the low g-range scale, accessible in light scattering
experiments and restricted to observing phase separation
larger than a few hundred nanometres. Data from the
high-g range accessible in small angle X-ray or neutron
scattering experiments would clarify the question as to
whether any early phase separation is taking place during
this delay time in a small size scale off range in light
scattering.

This paper reports the evidence for effects of sample

preparation methods on the mixing and phase separation
of SMA/PMMAe blends. The spinodal curves of melt
mixed samples were measured and compared with the solu-
tion cast samples. The kinetics of phase separation of both
solution cast and melt mixed samples were explored in some
detail. The delay time, which is in fact the subject of
ongoing research, also shows the effects of preparation
method. In the final part of this paper a preliminary analysis
of the delay times using the model proposed by Clarke et al.
[20] is reported.

2. Theoretical background

The Flory—Huggins lattice model [22] describes the free
energy of mixing (Fry) for two polymer molecules (A and
B) as,

ERNCEr
N, Ng

Fru/kgT = In(1 — @) + x(1 — @)

ey

where kg is Boltzmann’s constant, ¢ the volume fraction of
polymer A, N,, Ny are the degree of polymerisation of A
and B, and y the Flory—Huggins interaction parameter.

In order to account for the effect of concentration gradi-
ents on the free energy of polymer blends, de Gennes [23]
later introduced an additional term into the Flory—Huggins
free energy,

C g+ P it - 9+ xp - )
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where « is a measure of the interfacial energy, determined
from the random phase approximation as,

b2
“T 3641 - ¢)

where b is the Kuhn statistical segment length and for
simplicity, we assume an average b value for the two
polymers.

The usual starting point for considering the dynamics of
concentration fluctuations and the early stages of phase
separation is the linearised Cahn-—Hilliard equation of
motion for d¢(r,t) = P(r,1) — ¢y, the difference in the
local concentration from the average, ¢, The Cahn—
Hilliard equation is,

Idp(r) IF[8¢(1)]
Ta MO 0

where M(q) is a mobility and the Fourier transform of
d3¢(r, r) can be defined as,

3

“
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and F[3¢,(#)] is the Fourier transformed Flory—Huggins—
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deGennes free energy, which can be written as,

Fri a0 = D [xs — x + g1 3¢5 (6)
q

where y, is the value of the interaction parameter on the
spinodal curve. From Egs. (5) and (6), the scattering func-
tion Sq(7), defined as,

Sq(0) = (3,0 )
is found to be,
Sq(0) = S,(0) exp{2R(q)1) (8)

where R(g) is the g dependent growth rate of concentration
fluctuations, given by,

R(q) = —2¢’M[x, — x + kq’] )

Generally, the growth or decay with time depends on
whether R(g) is positive of negative. In the one phase region,
and even in the metastable region, R(g) is always negative,
consequently concentration fluctuations always decay. On
the other hand, in the unstable region where the blend under-
goes spinodal decomposition, R(g) is positive for g less than
some critical value, g,

g =Vx — x/k (10)

Hence, fluctuations with such wave vectors grow follow-
ing a jump into the 2-phase region, with the fastest growing
wave vector given by,

dm = V(X — X2k (11)

Inserting the maximum wave vector into Eq. (9), we
obtain the maximum relative growth rate R(gy,):

Mix — x.I°

R(gm) = P

12)

3. Polymer entanglements

In order to take into consideration the effect of entangle-
ment in high molecular weight polymer systems, Clarke et
al. [20,24] introduced a transient elastic energy term into the
Cahn—Hilliard equation. There are two cases of interest:
A-B entanglements, in which both components are
mutually entangled, and A—A entanglements which are
dominated by one component. In order to proceed, we
assume herein that the rates associated with concentration
fluctuation dynamics are much slower than the rheological
rates, i.e. Rt < Rco, Ry. This assumption will be valid for
all but very highly entangled chains, and in general corre-
sponds to blends in which the component relaxation times
are of the order of 1 sec or less. Under these conditions, the

resultant scattering function may be written as,

Sq(0/Sq(0) = Ay exp{ — (Ry + Rco)t}

+(1 —Al)exp{—(Rij_iR]\éCO)t} (13)

where Ry =2¢°MIx, — x + k'],  Rco = 2Co(@)Mq’,
Ry = 1/7, and A; = Rco/(Ry + Rt). The magnitude of the
effect of the elastic energy is determined by the form of the
parameter C,(gq), which for A—B entanglements is written in
the form,

36
Co(@) = W (14)
where N, is the number of monomers between entanglement
points. For A—A type entanglements, the elastic energy

arises due to swelling of the entanglement network, and

3da

Colq) = N

15)

The magnitude of rate Ry is identical to the relaxation
growth rate, R(q) of the Cahn—Hilliard equation. It repre-
sents the thermodynamic mode, whereas the other two rates,
namely Rco and Ry give rise to additional viscoelastic
modes. The time 7, which appears in Ry, is the relaxation
time of a chain, which for highly entangled polymers is
given by the tube model [25] as,

4
T= ZL b—2 N’ (16)
wkgT a
where { is the friction coefficient of a monomer and a is the
step length of the primitive chain which is of the order of
NPp.

The summation of Ry and Rcg in the first term of Eq. (13)
is always positive, whereas the product of Ry and Ry in the
second term on the right-hand side term can be either posi-
tive or negative depending on Ry. Hence, the first term
represents a decaying mode, while the second one repre-
sents a growing mode.

We can use Eq. (13) to derive an approximate relation
between the delay time before growth of fluctuations and the
eventual growth rate. If we first assume that the delay time
T4 is given by the relation, S,(74) = S4(0), and that after that
time the decaying term is negligible, we have,

(I=Apexp{ = Ry7g} = 1 a7)

where R, is the observed modified growth rate, which
includes the slowing down due to viscoelasticity. From
Egs. (13) and (17) we find,

IRy 74| = In(1 + 2C (@M 7q°) (18)
The mobility of concentration fluctuations M may be
written as,
_ kTN,

M= o (19)
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Table 1
The characteristics of the polymers used in this study

Polymer M, M,/IM, T, (°C) Density (g/cm®)*
SMA 80,000° 2-2.5 175.7 1.182
PMMAe 120,000°¢ 2 100.4 1.185

* Determined by Pycnometer Micromeritics AccuPyc 1330.

® Provided by DSM.

¢ Determined by Gel Permeation Chromatography analysis using PS
standards.

so that,

N*b?

32

M7= (20)
which is independent of the monomeric friction coefficient.

As C, relies on types of entanglement dominating the
system, it can be seen that Eq. (17) depends on the model
chosen. If the A-B entanglement model is chosen, it results
in the product of delay time and the relative growth rate
being independent of g,

24N?
|R27d| = ln (1 + W) (21)

On the other hand, if we assume that PMMA dominates
the rheological properties of the system, i.e. the system
behaves as an A—A entanglement network, Eq. (18) can
be written as,

(22)

2 N>b*
|R2’Td| = |n (1 + 4¢PMMA qZ)

72N,

We can use Eqgs. (21) and (22) to test whether our delay
times and growth rates are consistent with known rheologi-
cal data. The principal advantage of Eqgs. (21) and (22) is
that we have factored out the effect of the quench depth.

4. Experiment
4.1. Materials

The random copolymer of styrene maleic anhydride
(SMA), containing 32% by weight of maleic anhydride
(MA), was kindly provided by DSM. Owing to its hygro-
scopic nature it was stored in a dry atmosphere and heated
prior to use. The samples were dried immediately prior to
use by heating in a vacuum oven at 120°C for 4 h. Details of
the SMA polymerisation can be found in the relevant publi-
cations of Bauruach et al. [26], Wang [27], Klumperman et
al. [28] and Tacx et al. [29]. The commercial grade of
poly(methyl methacrylate) (PMMAe), containing 10 wt%
copolymerised ethyl acrylate co-monomer was supplied
by ICI (UK). It comprises ca. 0.75 wt% of lubricating
agent, 0.02 wt% UV stabiliser, and 0.1 wt% heat stabiliser.
The commercial PMMAe polymer was chosen for these

studies because blending SMA with PMMA gives high
cloud point curves [12] and samples are very vulnerable
to thermal degradation during the phase separation experi-
ments. Preliminary work on the pure PMMA material
showed that it is difficult to detect phase boundaries at
slow heating rates because of degradation. At the high
temperatures used to follow spinodal decomposition inside
the phase boundary, degradation became prohibitive. Using
the commercial PMMAe grade both lowers the phase
boundary and greatly increases thermal stability. Character-
istics of both polymers have been shown in Table 1.

5. Sample preparation
5.1. Solution casting

Solution cast specimens were prepared by mixing 10%
(w/v) different weight compositions of blends in methyl
ethyl ketone. The solution was coated onto the top of
16 mm diameter glass cover slips and kept at room tempera-
ture for 1 day. It was further dried in a vacuum oven in
which the temperature was raised gradually until at least
20°C above the glass transition temperatures of the blend
(approximately 2 weeks) and constant weight was reached.

5.2. Melt mixing

Both polymers were mixed using a PRISM twin screw
extruder at temperature between 200-210°C and
compressed into thin film (approximately 0.1-0.15 mm) at
190°C for light scattering experiments using a hot press. It
should be noted that the temperatures used in the extruder
here fall inside the phase separation regime hence two-phase
cloudy samples were produced. It is therefore necessary to
anneal them inside the miscible regime prior to use. The
beads were heated at a temperature 20 degrees above their
glass transition temperatures overnight after which they
became perfectly transparent.

6. Experimental techniques
6.1. Differential scanning calorimeter

Samples weighing between 10 and 15 mg were placed on
the aluminium pan and heated at the rate of 20°C/min from
room temperature to approximately 20 degrees beyond the
end of the T, transition using a Pyris 1 Differential Scanning
Calorimeter. Samples were then quenched to room tempera-
ture, held for 5 min and heated again at the same rate. The
mid point of the specific heat change is defined as the glass
transition temperature, T,. The second run 7, was used in
order to avoid the effect of thermal history.

6.2. Fourier transform infrared spectrometer

FT-IR experiments using a FTIR-1760 Perkin—Elmer
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Fig. 1. A plot of intensity against temperature for melt mixed SMA/PMMAe
obtained from the rising temperature, as seen in the figure, it is approximal

spectrometer were carried out to observe interactions and
the approximate concentrations of the blends. Measure-
ments were taken at 8 cm ' resolution. Samples were
ground and mixed with potassium bromide using a small
vibration ball mill. They were then pressed into cylindrical
plates and mounted on a holder for subsequent measurement
of the spectra. Comparing areas under the phenyl peaks of

(20/80) blend at the heating rate of 0.3°C/min. The cloud point temperature can be
tely 197°C. Inset: the heating rate dependence of cloud point temperatures.

blends with that of pure SMA, allowed approximate concen-
trations of the blends to be obtained.

6.3. Light scattering

Kinetic experiments were performed using a light scatter-
ing apparatus which was built in our laboratory. Details of

3
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Fig. 2. A plot of In(intensity) against time for melt mixed SMA/PMMAe (20/80) blends, obtained from a temperature jump experiment at 205°C. As seen in

this figure, the delay time is approximately 1500 s.
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Fig. 3. A plot of R(g)/q” against ¢ for melt mixed SMA/PMMAe (40/60) blends, obtained from a temperature jump experiment at 210°C. The range of ¢°
between 0.00015 and 0.00025 nm > was chosen to find Dypp. Inset: the spinodal temperature can be obtained from extrapolating D, to zero, as seen in this

figure it is approximately 194°C.

the design can be seen elsewhere [11,12,30,31]. A heated
sample block holds the blend on which a laser beam
impinges. Scattered transmitted light is detected on a photo-
diode array covering an arc of 60 degrees. The wave vector,
g, is then given by (4nm/A) sin(60/2), where A is the wave-
length of the laser = 632.8 nm, 0 is the scattering angle and
n is the refractive index of the blend.

Two different methods were employed using the light
scattering apparatus, viz. a cloud point experiment, and a
temperature jump experiment. In the former case, a
number of dry films of each composition were heated at
different heating rates. The point at which the scattered
intensities start to increase is defined as the cloud point
as shown in Fig. 1. Since cloud point values depend on
the rate at which phase separation in the sample responds
to the temperature changes, as a rule, the lower the heating
rate the lower the cloud point value. Extrapolating heating
rate to zero is then used to obtain a value close to the true
cloud point. It has recently been shown that for some
systems there is a distinct change in the slope of the
curve of cloud point with heating rate [12,13,31], and it
has been suggested that two mechanisms may be being
detected. The faster process, which shows up at the higher
heating rates could then be spinodal decomposition, while
the slow response could be nucleation and growth. If this is
the case, then extrapolation of the two lines to zero heating
rate will give an indication of both the spinodal and bino-
dal temperatures of the blend. For our cloud point measure-
ment, several heating rates (0.1, 0.3, 0.5, 1°C/min) were
chosen. No change in slope was observed and moreover

when the angular dependence was examined, spinodal
peaks were observed for all experiments, confirming that
spinodal decomposition was occurring. Extrapolation to
zero heating rate as shown in the inset in Fig. 1 was used
to obtain the cloud point.

The second set of experiments was designed to determine
the spinodal temperatures, by following the spinodal
decomposition process after a temperature jump inside the
phase boundary. Homogeneous blends were annealed first at
160°C (i.e. above their 7, and below the cloud point
temperature) for 10 min and then transferred quickly into
the sample holder, which was pre-heated to the desired
temperature inside the phase boundary. The rate of change
of intensity with time (after any delay time, as described in
results Section 6 below) on each of the photodiodes provides
the Cahn—Hilliard growth rate R(g) as seen in Fig. 2. Eq. (9)
leads to a definition of the apparent diffusion coefficient,
D,y = [R(q)/qz]qﬂo. In other words, the D,,, can be
obtained from the intercept of a plot of R(g)/g” versus g¢*
as shown in Fig. 3. However it should be noted that the data
in Fig. 3 are not linear. Similar effects, frequently observed
in the literature [12,13,19,20,31,32], have been attributed to
thermal fluctuations or to polymer relaxation. We chose to
extrapolate the high g-data range, as this is less likely to be
contaminated by any initial inhomogeneities in the sample
such as dust or unmixed polymers. It can be seen from Eq.
(9) that D, tends to zero at the spinodal temperature (y =
Xs)- Spinodal points therefore can be obtained by extrapo-
lating the apparent diffusion coefficient to zero as shown in
the inset in Fig. 3.
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7. Result and discussion
7.1. Phase behaviour

Cloud point and spinodal curves of melt mixed and solu-
tion cast blends are shown in Fig. 4. The blends, which first
are clear, become cloudy after heating indicating lower criti-
cal solution temperature (LCST) behaviour. When consid-
ering cloud point measurements, it should be noted that the
existence of delay times can result in the observed tempera-
ture overshooting the real cloud point temperature. Hence,
the lower the heating rate data are likely to lie closer to the
real cloud point temperature.

As seen in Fig. 4, spinodal curves from samples prepared
by both methods are close to their cloud point curves.
Hence, the cloud point curve obtained in this work are likely
to represent the spinodal curve, especially at compositions
not far from the critical values which lie between 20—
40 wt% of SMA in blends.

Concerning the EA content in our PMMAe, Paul et al.
[14] pointed out that phase boundaries of the pure PEMA
are very similar to the pure PMMA, with a slightly lower
curve for PEMA. Manda et al. [12,13], and Chopra et al.
[17], who both used commercial PMMAe, but with slightly
different EA contents reported very similar phase diagrams

to those in Fig. 4, the differences being well within the
variation to be expected from the difference of additive
contents, material sources, and measurement methods.

As seen in Fig. 4, although there is a considerable scatter
in the data, there does appear to be a real shift of about 5°C
between the values for the melt mixed and solution cast
samples. The melt mixed samples appear to exhibit system-
atically lower spinodal and cloud point curves than solution
cast samples. This indicates that at the same composition if
both samples are heated simultaneously, the melt mix
samples will become cloudy signalling demixing first.
This may be as a result of the solution cast method allowing
polymers to mix completely at a molecular level and facil-
itating specific interactions between them. It subsequently
requires much more energy for the solution cast blend to
break the molecular interactions before phase separation
proceeds. This argument gains some supports from FT-IR
experiments. The IR spectra of the blends, prepared by the
two methods showed some evidence of the shifts in the
phenyl group vibration for styrene and the carbonyl group
motion in PMMA, as reported by Feng et al. [15], and in
some samples there is clearly a larger effect in the solution
cast than in the melt mixed samples. This may indicate
differences in the strength of the interactions as been
reported by Coleman et al. [33].
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Fig. 5. Plots of glass transition temperature of SMA/PMMAe blends. The dotted line illustrates the Gordon—Taylor—Kwei equation using k = 1.75, o = 25 K.

7.2. Glass transition temperature (T,)

A single T,, intermediate between those of the two
components, was observed for all compositions of the as
prepared samples demonstrating the miscibility of these
two polymers. Experimental results obtained from DSC
show only very minor differences between 7, of solution
cast and melt mixed samples. These fall within the experi-
mental errors, and confirm that all solvent in the solution
cast blends has been removed.

Since all compositions show a positive deviation from the
Fox equation [34], the Gordon-Taylor—-Kwei empirical
equation [17], which takes into account the influence of
interactions was employed in this work.

X\ Ty + KXo Ty

aX, X 23
e X, + kX, 192 (23)

where the first term on the right-hand side of Eq. (23) is
identical with the widely used Gordon—Taylor expression
[35], and the second term represents the effect of polymer—
polymer interaction, e.g. hydrogen bonding. Using k =
Ty /Ty = 1.75, a = 25 K, Eq. (23) provides a reasonable
fit to the data as seen in Fig. 5. Such a fit is typical of systems
with specific interactions between the component polymers.

7.3. Growth rate (R(q))

The growth rates, R(g), are shown in Fig. 6a and b as a
function of ¢ for four compositions and the two preparation
techniques, phase separated at similar temperatures.
Comparing melt mixed and solution cast blends at the
same temperature, since the former is deeper inside spinodal
regime than the latter (see Fig. 4), it might be expected that

the melt mix blend should phase separate faster than the
solution cast blend due to the larger quench depth. However,
a much more complex effect was observed in practice. It
was found that R(q) obtained from the melt mix method for
SMA/PMMAe (10/90) is higher than from the solution cast
method, while for other compositions the opposite effect
was observed. For the SMA/PMMAe (30/70) blend, which
is believed to be at the critical composition (as seen in
Fig. 4), the solution cast blend phase separates much faster
than the melt mix blend does, whereas only minor difference
occurred for 20/80 and 40/60 compositions. This may imply
complex differences in the thermodynamic behaviour of the
blends. A variation with both temperature and composition
of the Gibbs free energy derivative, 9°G/d¢* which
provides the thermodynamic driving force for phase separa-
tion if dependent on preparation technique would lead to the
preparation-dependent relative growth rates.

The growth rates R(g) should have a quadratic depen-
dence on ¢ as shown in Eq. (9) but in practice, the curvature
is much flatter than this as has been frequently reported in
the literature. Non instantaneous temperature jumps have
been suggested as a possible cause of such flat R(g) curves
[36].

7.4. The maximum scattering wave number (q,,)

The wave numbers of maximum growth rate, g, obtained
from both preparation methods appear to be virtually inde-
pendent of temperature (i.e. of quench depth) as seen in Fig.
7. The apparent non-dependence of ¢, on quench depth has
been reported for other systems [37]. It may result from the
fact that to reach the deeper quenches the sample passes
through a long region of instability, and that the initial
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Fig. 6. Plots of R(g) against ¢ for blends which were isothermally heated at different temperatures: (a) solution cast blends, (b) melt mixed blends.

]

phase separation domain size simply reflects an early stage
in this passage. On the other hand values of g,,, from the melt
mixing method are somewhat lower than from the solution
casting method as clearly shown in Fig. 7. This would then
reflect the differences in the thermodynamic behaviour close
to the spinodal already suggested in the previous section.
Since the values of g,,, in melt mixed blends are very high,
there is a question concerning phase separation outside the
g-range of the experiment. This is related to the delay time
behaviour, which will be presented later on. As already

(Tiump = 210°C for 20/80, 30/70 and 40/60 SMA/PMMAe blends; Ty, = 220°C for 10/90 SMA/PMMAe blends).

mentioned X-ray or neutron scattering, with their shorter
wavelengths, would be desirable techniques to explore
this possibility, however there are problems with applying
either technique to this blend. X-ray scattering relies on the
electron density differences between the different composi-
tions developing in phase separation. For the two polymers
here, the differences are very small, making early stages
difficult to detect. Preliminary small angle X-ray experiment
on samples quenched during the delay times could detect no
changes from the as-made samples. This may mean either
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Fig. 7. Plots of gy, against quench depth for SMA/PMMAe (30/70) blends, prepared by solution casting and melt mixing methods.

nothing has occurred or that the signals are too weak. In small
angle neutron scattering the differences between the composi-
tions can be greatly enhanced by deuterating one polymer.
Unfortunately for this system this raises the temperature of
the phase boundary and means that sample degradation
again becomes a serious problem. We shall be exploring
means of overcoming these difficulties, and of using spectro-
scopic techniques in order to answer the questions about the
initial phase size raised by the delay times observed.

7.5. The maximum growth rate (R(q,,))

Fig. 8 depicts the change of \/R(g,,) with temperature, and,
as can be seen +/R(q,,) increases linearly with quench depth,
i.e. phase separation proceeds faster with increasing tempera-
ture. This is in contrast to the behaviour of g, described in the
previous section, and implies that, if g, may reflect what
happens at the instant of passing throughout the spinodal (or
at least very soon afterwards), R(q) is determined much more

10
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o _,s“f
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x . .
ﬁ’}é 4 I I
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Fig. 8. Effects of preparation method on R(q,,) for SMA/PMMAe (40/60) blends. As seen in this figure, R(qm)”2 increases linearly with quench depth.
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Fig. 9. A typical plot of intensity against time and g for melt mixed SMA/PMMAe (40/60) blends, obtained from a temperature jump experiment at 210°C.

closely by the final temperature at which the phase separation
develops. By inserting the usual y oc 1/T variation into Eq.
(12) we obtain

R(qm)"? o< (T — T) 24)

Fig. 8 shows that R(qg,,) relates to square of the quench
depth and in this respect the C—H prediction is obeyed by
the data.

Considering the same quench depth, the solution cast
blends appear to show higher maximum growth rates than
the melt mixed ones which is not as would be expected from
the relative positions of the phase boundaries, and would
again imply differences in the thermodynamic behaviour.

7.6. Delay time (7,)

According to the Cahn—Hilliard theory, the phase separa-
tion via spinodal decomposition should occur spontaneously
and immediately after heating into the phase separation
regime. Surprisingly, it was found that a delay time
frequently appears at the beginning of phase separation
(shown in Fig. 2). Caution should be shown in interpreting
these delays in terms of physical behaviour because there
are a number of potential limitations in the technique which
may show up as artefacts such as a delay times. We are
confident that the response time of the apparatus is not a
problem given the length of the delays shown in Fig. 9. On
the other hand it is more difficult to rule out a lack of sensi-
tivity to the refractive index difference in the very early
stages or a phase separation outside the g-range accessible
by light scattering. As discussed in Section 4, X-ray or
neutron scattering would help answer this question but

both have serious experimental difficulties for this blend.
There is internal evidence in the data that may convince
us we are truly in the early stages of spinodal decomposition
after the delay time. Intensities increase exponentially after
the delay time as expected from the linearised theory, and
this suggests that the intensities do still fall in the early
stages. The peak first grows at fixed angle and then shifts
toward the low wave vector as would be expected for spino-
dal decomposition (shown in Fig. 9). The initial high inten-
sities at low ¢ are probably due to impurities in the blends
and the transmitted light near the beam stop.

Fig. 10 shows the variation of the delay times with the
quench depth for all the samples. As quench depth
decreases, the delay time increases substantially. This, we
believe, is due to the reduction in phase separation driving
force as quench depth decreases. There are small differences
between the values for samples prepared by the two meth-
ods. It appears that delay time is inversely related to R(g) —
i.e. those which have high R(g), have low delay time.

If we assume for now that the delay times have a physical
cause and are not artefacts, then we can examine the possi-
ble cause in terms of the effects of entanglements. As
shown in Egs. (21) and (22), it can be seen that the 74R(q)
values can be used to distinguish whether A-B or A—A
entanglement networks are appropriate for this system.
For A-B entanglements, the product of delay time and
growth rate should be independent of g, whereas in the
case of A—A entanglements 74R(q) depends on gq. T4R(q)
was plotted against g for both solution cast and melt mixing
methods as shown in Fig. 11. It was found that 74R(q)
apparently depends on sample preparation method; solution
cast blends show higher 74R(g) values than those of melt
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Fig. 10. Plots of delay time against quench depth for SMA/PMMAe blends (@: 10/90; A: 20/80; W: 30/70; V: 40/60). Filled objects represent solution cast

blends, unfilled objects represent melt mixed blends.

mixed one. In Fig. 11 we also plot the variation with g of Eq.
(22) using upper and lower limits of N.. We have used
b = 0.22 nm. [38] and N = 1200. Not only is it clear that the
experimental g-variation is very much less than predicted,

but the values of N, required to fit the data are nonsense, being
of order unity or less! On the other hand if we assume there is
effectively no g-variation and use Eq. (21) to obtain values of
N, from the average values of 74R(q) in Fig. 11 we also obtain
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Fig. 11. Plots of 74X R(¢) against ¢ for 30/70 SMA/PMMAe blends. (®, T, = 200°C, solution cast blend; A, Tjy, = 205.5°C, solution cast blend;
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nonsensical values of order N! There is clearly a serious
problem here which may be due to experimental limitations
or to approximations in the theory. In particular if for some
reasons the rheological relaxation time is very long due to
some long lived specific interactions, the assumptions which
lead to Eq. (13), which is an approximation to Eq. (13) of Ref.
[18] may become invalid, and the subsequent development
breaks down. In order to utilise the exact expressions,
detailed knowledge of the rheological response of the
blend is required. Until further experiments can be made
exploring the g-range outside those reported here, during
the delay times, as suggested earlier in Section 4, it will not
be possible to resolve these questions.

8. Conclusions

The results reported here show clear influences of sample
preparation methods on phase behaviour, i.e. spinodal and
cloud point curves of melt mixed samples were lower than
those of solution cast blends. The Gordon—Taylor—Kwei
equation, which accounts for the effect of interactions
between polymers, shows good agreement with the glass
transition temperature data confirming the existence of
specific interactions in this blend. It is suggested that the
stronger intermolecular interactions facilitated in solution
cast blends by the more intimate mixing might play a crucial
role in producing the differences arising from sample
preparation method. Temperature jump experiments
showed that sample preparation also affects the kinetics of
phase separation. The Cahn—Hilliard growth rates R(q) vary
in a complex way depending on concentration and sample
preparation. Delay time behaviour was investigated closely.
It was found that sample preparation, composition, tempera-
ture, and ¢ all affect the delay time. The values of T4R(q)
appear to depend on preparation methods. Comparison of
the observed delay times with the predictions of viscoelastic
theory show serious contradictions which may indicate the
origin of the apparent delays lies elsewhere in this case.
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