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Phase separation dynamics of polycarbonate/polymethyl methacrylate
blends. ii. Temperature jumps above an immiscibility loop

Thein Kyu® and Dong-Soo Lim
Center for Polymer Engineering University of Akron, Akron, Ghio 44325

(Received 14 August 1989; accepted 7 December 1589)

Blends of polycarbonate (PC) and moderately low molecular weight polymethy! methacrylate
{(PMMA)) reveal an immiscibility foop in which an upper critical solution temperature
(UCST) is located above a lower critical solution temperature (LCST). Temperature jump (7
jump) experiments were conducted on a 40/60 PC/PMMA composition from a single phase
(150 °C) to two-phase temperatures above the immiscibility loop (205-241 °C). Phase
separation first occurs, then is accompanied by phase dissolution. The early stage of phase
separation is explicable in terms of the linearized Cahn~Hilliard theory. The late stage of SD
follows the power-law relationship with the exponents of - /3 and 1 as predicted by the
cluster theory of Binder and Stauffer. The universal curve was established with dimensionless
variables of O,, and 7. The late stage data were analyzed in accordance with the recent scaling
laws of Furakawa. Time evolation of siructure function exhibits universality in the late stages

of spinodal decomposition. The shape of the structure function can be scaled with slopes of 2
and — 6 for ¢ <g,, and g> ¢,, regions, respectively. At a later time, phase dissolution takes

place and the system returns 1o a single phase.

INTRODUCTION

In a previous paper, we have demonstrated the immisci-
bility loop phase diagram in mixtures of polycarbonate
(PC) and moderately low molecular weight polymethyl
methacrylate (PMMA }." Subsequently, we have investigat-
ed the dynamical behavior of phase separaiion following
temperature (7) jumps from a single phase (150 °C) tc an
immiscibility loop two-phase region (180 and 190°C).* It
was found that phase separation takes place through spino-
dal decomposition (SD). The linearized Cahn-Hilliard the-
ory® is valid to account for the early stage of spinodal decom-
position (SD). The late stages of SD follow the power laws
in conformity with the cluster theory of Binder and
Stauffer.* Hence, it was concluded that the dynamics of
phase separation in the immiscibility loop is similar to that of
conventional polymer blends.*”

Another interesting feature in this blend system is that
phase dissolution cccurs when temperature increases be-
yond the UCST, i.e., the mixture reverts to a single phase. [t
is unclear how the LCST and UCST affect each other. It is
therefore of crucial importance in vnderstanding the role of
LCST and UCST in the dynamics of 8D, i.e., when tempera-
ture is changed instantanecusly from a low temperature sin-
gle phase (below LCST) to a high temperature single phase
{above UCST). If thermodynamics were to be dominant, it
is not expected to see any phase changes because thermody-
namics describes only the equilibrium properties of starting
and final states, but does not depend on its path. However, if
kinetic effects predominate, the path would be important,
i.e., the blends would phase separate first, then revert to a
single phase. It seems the competition between thermody-
namic and kinetic contributions would determine the phase
behavior.

* To whom correspondence should be addressed.
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In this paper, we continue our studies on the dynamical
behavior of isothermal phase segregation and phase dissolu-
tion at a compaosition of 40/60 PC/PMMA. Several T jump
experiments were conducted from a single phase(150 °C) to
above immiscibility loop (205-241°C). The resulis will be
compared with those obtained for 7" jumps into the immisci-
bility loop.

EXPERIMENT

Blend specimen preparation, molecular weight and its
distribution of PC and PMMA used in this study were the
same as in the preceeding paper.” The details of the time-
resolved light scattering sei-up were already described else-
where." Temperature (7) jump experiments were carried
out from a single phase {15C °C}y to temperatures above im-
miscibility loop (205, 210, 220, 228, and 241 °C) using time-
resolved light scattering.

RESULTS AND DISCUSSION

Figure 1 shows 2 typical time evolution of scattering
curves following a 7 jump to 205 °C. As can be seen in Fig.
1{a), the scattered intensity increases gradually at the begin-
ning without exhibiting a scattering maximum. Then, a scat-
tering peak appears at a large scattering wave number and
remains virtually stationary for some period {about 30 min).
Subsequentty, the peak position shifts to a lower scattering
wavenumber while the intensity increases immensely [Fig.
1(b)]. The peak movement stops after 110 min, then the
intensity decays while keeping the peak position constant
[Fig. 1{c}]. In the case of 7" jumps to 210 and 220 °C, the
evolution of scattering profile with time appears weakly non-
linear, i.e., the peak shows a slight movement to lower scat-
tering angles. At higher 7 jumps above 220°C, the initial
peak was not detected as it is located beyond the angle range
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covered in this experimentai configuration. The behavior of
subsequent decay of scaitering curves during phase dissclu-
tion is similar for different T jumps with the exception that
the time scale gets shorter with increasing temperature.
These results were analyzed in four parts; (1) early stage of
SD, (2} late stages of SD, (3) phase dissolution, and (4)
scaling tests.

Early stage of 8D

Similar to the previous 7 jumps into the immiscibility
loop, the behavior of peak invariance above the immiscibility
loop may be best explained in terms of the linearized theory
of Cahn~Hilkiard’® for early stages of SD, as described in the
preceeding paper.” In the context of mean field approxima-
tion, the apparent diffusivity D, may be related to molecu-
lar parameters, i.e.,

D, = — M(azjf) = D.e,
ac’
where, D, is a translational diffusivity and ¢ is further given
by
€= (¥ —X¥s)/¥s s (2)
where y is the interaction parameter and subscript s stands

for spinodai. Equation (2} may be expanded near the spino-
dal point as

(1

(3

where, AT =T — T, and @(AT?) are the higher order
terms. Neglecting higher order terms and assuming the
blends to have egual degree of polymerization,'! one obtains,

g, (0)? ~e~AT. 4)

Figure 2 shows the typical semilogarithmic plot of cor-
rected intensity against phase separation time for the Fjump
t0 205 °C. In conformity with the prediction of the linearized
theory,” there is a considerable period where fog £ varies lin-
carly with r. However, at a later time, the intensity deviates
from the linear slope and levels off. The amplification factor

H;(E 2
= — (1 A -\’
€ (Vys) [3,’[’ . AT + @(AT?)

R(q) as determined from the linear slope, was plotted in the
form of R(g)/q° vs g° to test the validity of the linearized
Cahn-Hilliard theory.” As can be seen in Fig. 3, the data can
reasonably be approximated by linear slopes for most T
jumps. In the literature, > such plots tend to show a curva-
ture rather than a linear slope, especially when the scattering
peak appears at low angles due to the large initial fluctuation
size. The validity of the linearized theory was further
checked with the relationship g, (0)> = ¢7/2. Again, this
relation is operative for T'jumps of 205, 210G, 220 and 228 °C,
thereby validitating the linearized theory.

Since g,,, can be determined experimentally, the correla-
tion distance £ in single phase may be estimated from ¢,, at
t=0, ie, £ = 1/g,,(0). Moreover, the spinodal tempera-
ture may be estimated in the context of the mean field ap-
proximation by plotting g,, (0)? vs 7. Figure 4 shows such a
plot in which the data points can reasonably be fitted by a
straight line. Ty as determined from the intercept corre-
sponds to about 156 °C which is close to the cloud point
temperature.

In fact, the translational diffusivity D, in Eq. (1) is a
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FIG. 2. The variation of logarithmic scattered intensity as a function of
phase separation time for 40/60 PC/PMMA blends at 205 °C.
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FIG. 3. The Cahn’s plots of R(g)/¢" vs ¢* for various T jumps.

temperature dependent function which is generally assumed
to be an Arrhentus type, viz.;

D ~exp( — AH,/R; T, (7

where A, is an apparent activation energy and R, is the
gas constant. From Egs. (2) and (7), the activation energy
may be evaluated by plotting log (D, /AT against 1/7. As
can be seen in Fig. 5, a reasonably good linear slope was
obtained. The activation energy as determined from the
slope is approximately 30 keal/mol, which is comparable to
the reported literature values for PC and PMMA from vis-
coelastic measurements. '™’
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FIG. 4. The variation of the square of maximum wave number g, (0)? as a
function of temperature. From the intercept of temperature axis, a spinodal
temperature 7 of 156 °C was obtained.
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FIG. 3. Arrhenius plot of apparent diffusivity against reciprocal absolute
temperaiure.

Late stages of SR

At the late stages of spinodal decomposition, the scatter-
ing peak moves to a lower wave number as a result of phase
growth. This nonlinear behavior may be best explained in
terms of the power law relationskips.***!® Figures 6 and 7
show the log—log plots of the maximum peak position g,,
and the corresponding intensity 7, against elasped time for
phase separation. For a short period, the g,, appears con-
stant, then rapidly decreases with a slope of — 1/3. Concur-
rently, the I, increases with a slope of 1 which is in good
agreement with the prediction of the cluster theory of Binder
and Stauffer.’

The dynamical behavior of 8D up to this stage is similar
to what was reported previously for the T jumps into the
immiscibility loop.?

Since, the correlation length {£) in the single phase can
be estimated from Eq. (8) of the preceeding paper,” the uni-
versal curve may be established in terms of dimensionless
reduced variables, @, and 7. Figure 8 shows a good superim-
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FIG. 6. The log-log plot of maximum wave number vs phase separation
time for 40/60 PC/PMMA blend. The slope of — 1/3 was provided for
reference.
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FIG. 7. The log~log plot of scattering maxima vs phase separation time for
40/60 PC/ PMMA. The slope of 1 was provided for reference.

posed master curve. The curve consists of two distinct re-
gions; the first is the linear region, where @, is invariant
with time and the second is the cluster regime in which the
slope becomes — 1/3. In recent studies of metal alloys,?®?’
the cross-over of slopes from — 1/6 to — 1/3 has been re-
ported in the intermediate stage of SD. However, it cannot
be identified in the present case. Although our experimental
time for phase separation is sufficiently long, we are unable
to reach the percolation regime (where the slope becomes
— 1) because of phase dissolution as will be discussed ater.
Nevertheless, the trend here is similar to those of metal al-
loys, solution mixtures and polymer blends.”

Phase dissolution

Phase dissolution refers to the reversion of phase sepa-
rated biphase structure to a single phase. It should be borne
in mind that phase dissolution in the present system is differ-
ent from the conventional binary mixtures where the rever-
sion of phase structure normally takes place by reversing the
temperature across the phase boundary. In the present case,
the two opposing processes, i.e., phase separation and disso-
lution, oeccur concurrently under isothermal condition
which may be caused by LCST and UCST, respectively. As
can be seen in Fig. 1(¢}, the scattering peak no longer moves
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FIG. 8. The universal curve plotting reduced maximum wave number £,

as & function of reduced time 7. The slope of — 1/3 was provided for refer-
ence.

with further increase of time, instead the intensity dimin-
ishes and eventually disappears completely. Visually, the
cloudy blend films turn transparent, i.e., the two-phase
structure returns to a single phase. This observation was
further supported by the DSC study, revealing a single T, in
the annealed blend.! This process is attributed to phase dis-
solution. It seems the competition between LCST and UCST
dictates the behavior of phase separation and dissolution,
i.e., the thermodynamic driving force associated with AT
from LCST and from UCST may be of crucial importance.

The process of phase dissclution, if not more, is equally
important as phase separation. However, there are only lim-
ited works in the literature dealing with phase dissolution
kinetics. Kumaki and Hashimoto® treated this as a Fickian
diffusion problem in which the diffusivity was evaluated
from the siope of R(g) vs ¢°. On the other hand, Sato and
Han* pointed out the need for considering the decay of con-
centration gradient and consequently treated in terms of the
reverse linearized Cahn-Hilliard model. The authors
further cautioned that their approach is valid only if the fiuc-
tuation size is sufficiently small. In the present case, phase
dissolution occurs right after intermediate stage of SD, thus
it is obviously beyond the linear regime. Nevertheless, we
attempt to analyze it as a simple diffusion process as well as
by the reverse linearized theory.

InFig. 9, the decay rate — R{q) is plotted against ¢° for
various temperatures. There appears a maximum in the ¢
dependence rather than a linear slope, which is contradic-
tory to the Fick’s law. On the other hand, the plot of
— R(q)/4’ vs ¢° in Fig. 10 is a curvature rather than a
straight line, thereby pointing the defficiency of the reverse
linearized theory. We have to admit that phase dissolution in
the present case occurs where phase growth has consider-
ably advanced beyond the linear regime. The phenomenon
of phase dissolution appears to be more complex than that in
the reversed quenching across the phase boundary as we
have no control over the growth process. On the basis of the
scattering data alone, it is unclear whether the average size of
concentration fluctuations gets smaller with elapsed time or
the gradient of concentration fluctuation becomes weaker.
Optical micrographs in Fig. 11 suggests although by no
means conclusive that the interdomain distance and the
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FIG.9. ¢° dependence of the decay rate — R({g) during phase dissolution at
various temperatures for 40/60 PC/PMMA blend.
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- 12 Phase Dissalution average size are not getting smaller during dissolution, but
A e " & 208 % rather the contrast of phases diminishes. Hence, it seems
" & g 218 necessary to take into consideration the concentration gradi-
9 8 L a %i? ent term in the diffusion equation. However, the fluctuation
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'NE a4y regime; the linear theory might be operative otherwise.
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time following 7" jumps to 205, 210, 220, and 228 °C. AR T
jumps show excellent superposition of the curves for various
time scale, suggesting that self-similarity has been attained.
There is no difference in the behavior of scaled structure
functions for different 7' jumps, as long as the time scale is in
the universal region. This observation is consistent with the
previous studies.”

In the case of the dynamical scaling for the shape of
structure function,” we have demonstrated previously” that
the slope of 2 and — 6 was obtained atg < g,, andg>q,, for
the 40/60 PC/PMMA composition, which has been predict-
ed theoretically for the behavior of a critical quench. The
same scaling analysis has been employed on the 70/30
PC/PMMA and the slopes of 2 and — 4 were obtained as
typical for off-critical mixtures. In contrast, the time evolu-
tion of scattering curves of the 40/60 PC/PMMA, as plotted
in Fig. 13, indeed show the slopes about 2and — 6 which are
predicted for the critical mixture in the percolation regime.
However, our experiment never reaches the percolation re-
gime because of the occurrence of dissolution.

CONCLUSIONS

We have demonstrated that isothermal phase separa-
tion and dissclution cccur isothermaliy when the tempera-
ture of 40/60 PC/PMMA blend is rapidly increased from a
low temperature single phase to a high temperature single

T. Kyu and D. Lim: Phase separation dynamics. }

phase above the immiscibility loop. It seems the dynamical
behavior of these two processes has been dictated by the
competition between LCST (which favors phase separa-
tion) and UCST (which favors dissolution ). The phase sep-
aration behavior appears to be the same for T jumps into
immiscibility loop or above it, which is also in good accord
with that generally observed in conventional polymer
blends. Phase dissolution in the present case may be attribut-
ed to the decay of gradient of concentration fluctuations
rather than its average size.
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