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Abstract

We observed, via transmission electron microscopy, the evolution of a dispersed morphology from a modulated co-continuous morphol-
ogy in immiscible blends of two amorphous polymers, poly(methyl methacrylate) (PMMA) and polystyrene (PS). Upon rapid precipitation
of a homogeneous solution, which can be regarded as being equivalent to spinodal decomposition via temperature quenching, we observed a
modulated co-continuous morphology for all three blend compositions, 70/30, 50/50, and 30/70 PMMA/PS blends. This observation is
interpreted with the Cahn'’s linearized theory, which has been found to be accurate in describing phase separation in the early stage of
spinodal decomposition. When a rapidly precipitated PMMA/PS blend specimen having asymmetric (70/30, 60/40, 55/45 or 30/70) blend
composition was annealed under isothermal conditions &CLf&h varying periods, the modulated co-continuous morphology evolved into
a dispersed morphology, in which the major component formed the continuous phase and the minor component formed the discrete phase,
and into a ‘dual mode’ of dispersed morphology in the symmetric (50/50) PMMA/PS blend. This observation is interpreted in terms of the
percolation-to-cluster transition mechanism proposed by Hashimoto and co-workers. The morphology evolution, during isothermal anneal-
ing, of a rapidly precipitated blend may be regarded as being equivalent to late stages of spinodal decomposition, which is controlled by
diffusion and coalescence. The rate of morphology development in PMMA/PS blend during isothermal annealing was found to depend on the
zero-shear viscosity ratio of the constituent components. This observation is interpreted in terms of Siggia’s theory for late stages of spinodal
decomposition© 1999 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction dispersed blend morphology is formed the minor component
having higher melt viscosity forms the discrete phase (i.e.
In the 1970s Han et al. [1-3], Nelson et al. [4], and van droplets) and the major component having lower melt vis-
Oene [5] conducted pioneering experimental investigations cosity forms the continuous phase (i.e. matrix).
on morphology—rheology-processing relationships in two-  During the past several years some effort [8—17] has been
phase polymer blends, and they are summarized in twospent on investigating morphology evolution during melt
monographs by Han [6,7]. Although many more experimen- blending in either a batch mixing equipment (e.g. Brabender
tal studies were reported on the subject since the publicationmixer) or a continuous mixing equipment (e.g. a twin-screw
of these two monographs, the fundamental experimental extruder). Investigators reported the observation of a co-
observations reported therein remain the same. Namely,continuous morphology and/or a dispersed morphology,
when melt blending two immiscible homopolymers or depending upon melt blending conditions and blend com-
random copolymers in a mixing equipment, one encounters positions. An inversion of the state of dispersion was also
two types of blend morphology: (i) dispersed morphology reported as the blend ratio varied. At present, however, it is
and (ii) co-continuous morphology. It has generally been not clear from the literature whether a co-continuous
observed [1-7] that a dispersed morphology is formed morphology is stable or it is unstable and eventually trans-
when the blend composition is highly asymmetric and a forms into a stable, dispersed morphology.
co-continuous morphology is formed when the blend com-  Very recently, using two amorphous polymers, poly-
position is symmetric or close to symmetric, and that when a (methyl methacrylate) (PMMA) and polystyrene (PS), we
carried out an experimental investigation to find out whether
* Corresponding author. Tel.: +1-330-972-6468; Fax: +1-330-972-5720. Or not a co-continuous morphology is stable. For the study
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we prepared PMMA/PS binary blends using rapid precipita- Table 2

tion of a homogeneous solution of PMMA and PS into a Zero-shear viscosity) at 170C of PMMA and PS employed in this study
non-solvent. We observed a modulfated .C(_)-contmuous Sample code 1o at 170C (Pas)

morphology, regardless of blend ratio, similar to one

usually observed from ‘spinodal decomposition’ via tem- PMMA-1 171x 10

. . o PMMA-2 130X 10°
perature quenching. When a rapidly precipitated PMMA/ o 4 6.01x 10°
PS blend specimen having asymmetric (70/30, 60/40, 55/ pg.2 1.15% 10°
45 or 30/70) blend composition was annealed under isother-ps-3 4.38x 10°

mal conditions at 17T for varying periods, the modulated

co-continuous morphology evolved into a dispersed

morphology, in which the major component formed the 2.2. Rheological measurement

continuous phase and the minor component formed the

discrete phase, and into a ‘dual mode’ of dispersed A Rheometrics mechanical spectrometer (RMS Model

morphology in the symmetric (50/50) PMMA/PS blend. In  800) with a cone-and-plate (25 mm diameter plate,

this paper we first present our experimental results and then0.1 radian cone angle) fixture was used to measure steady-

interpret them using currently held theories of spinodal state shear viscosity) at low shear ratesyf ranging from

decomposition. 0.001 to ca. 10 and at temperatures ranging from 160 to
240°C. All experiments were conducted under a nitrogen
atmosphere in order to preclude oxidative degradation of

2. Experimental the specimen. The temperature control was satisfactory to
within £1°C. An Instron capillary rheometer (Mode 3211,
2.1. Materials Instron Company) with a capillary diameter of 0.15 cm and

a length-to-diameter ratio of 28.5 was used to measure the
We used the following materials: (1) two monodisperse viscosities of the same homopolymers at high shear rates
PSs synthesized via anionic polymerization in our labora- ranging from ca. 10 to 1000 In calculating shear
tory, (2) a commercial grade of PS (STYRON 615PR, Dow viscosity, end-corrections were neglected.
Chemical Company), (3) a laboratory grade of PMMA, and
(4) a commercial grade of PMMA (Plexiglas V825, Rohm 2.3. Rapid precipitation
and Haas Company). Sample codes and the molecular char-
acteristics of the polymers investigated are summarized in  In preparing binary blends of PMMA and PS by rapid
Table 1, in which the molecular weight was determined precipitation, the two polymers were dissolved in toluene
relative to polystyrene standards by gel permeation chroma-at room temperature to form a homogeneous solution
tography. In preparing blends, we used the following three (2 wt% polymer), which was stirred for at least 24 h.
pairs: (1) PMMA-1/PS-1 pair, (2) PMMA-2/PS-2 pair, and Then, the solution was slowly poured into the rapid preci-
(3) PMMA-2/PS-3 pair. These pairs were selected, such thatpitation setup, which was comprised of a six-blade turbine
a large variation in zero-shear viscosity ratio of the consti- centrally placed in a perforated draft tube [18,19]. The rapid
tuent components could be obtained. Table 2 and Table 3precipitation setup was maintained at room temperature and
give sample codes of the three blend systems selected andhe tall form beaker containing both the draft tube and the
the zero-shear viscosity ratios of the constituent componentsrotating shaft was charged with methanol. Immediate pre-
at 170C at which the rapidly precipitated blend specimens cipitation of the polymers was observed upon the polymer
were subsequently annealed. For each polymer pair, fivesolution’s contact with the circulating methanol pool. The
blend ratios (by volume) were chosen: 70/30, 60/40, 55/ suspension of the precipitated polymers in a liquid mixture
45, 50/50, and 30/70 PMMA/PS. of toluene and methanol was filtered at room temperature.
After filtration, the precipitated polymers were washed sev-
eral times to remove toluene by methanol. The washed pre-

Table 1 o o cipitates were dried at room temperature in a fume hood for
Molecular characteristics of the polymers employed in this study one day and then in a vacuum oven at@@or one week to
Sample code My M, /M,
PMMA-1? 7.9% 10 1.56 Table 3
PMMA-2° 4.1 % 10* 2.20 Zero-shear viscosity ration{puma/nops at 176C of PMMA and PS
pPS-1° 21X 10° 2.00 employed in this study
PS-2 1.1x10° 1.09
pPs.-? 3.2% 10° 1.17 Sample code Nopmmalnopsat 170C
2 Plexiglas V815 (Rohm and Haas). :ZMMQZ:Zz; 2:?]5_ 3
b - - .
Laboratory grade. PMMA-2/PS-3 0.3

¢ STYRON 615PR (Dow Chemical).
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70/30 PMMA-1/PS-1 blend

remove the residual solvent. All blend samples were then
stored in the freezer.

2.4. Isothermal annealing of rapidly precipitated specimens ‘ ‘ \k e

Isothermal annealing experiment of rapidly precipitated
blends was performed, due to its precise and accurate tem-
perature control, using the Rheometrics mechanical spectro-
meter described above for rheological measurements. The
as-precipitates were annealed at I7@or various periods.
Upon removal from the RMS fixture, all annealed precipi-
tates were quenched in liquid nitrogen in order to freeze
phase morphology stored in the freezer.

2.5. Transmission electron microscopy (TEM)

As-precipitates, after being annealed, were first
embedded in an epoxy (EPON 828) and cured at room tem-
perature using 10 wt% triethylenetetramine. Complete curing
took about 24 h. The embedded samples were then ultra-
microtomed at room temperature using a Reichert Ultracut
S (Leica) microtome equipped with glass knives. Carbon
black coating was applied to a PMMA/PS blend sample
after ultramicrotoming. A transmission electron microscope
(JEM 1200EX Il, JEOL) operated at 100 kV was used to
take micrographs of the PMMA/PS blend specimens.

3. Results

3.1. Morphology of PMMA/PS blends upon rapid
precipitation from homogeneous solution

Fig. 1 gives TEM images of rapidly precipitated PMMA-
1/PS-1 blends, Fig. 2 gives TEM images of rapidly precipi-
tated PMMA-2/PS-2 blends, and Fig. 3 gives TEM images
of rapidly precipitated PMMA-2/PS-3 blends, in which the
white areas represent the PMMA phase and the dark areas
represent the PS phase. In Figs 1-3 we observe a modulated
co-continuous morphology in all three blend systems
investigated. This can easily be understood when we recog-
nize the fact that thermodynamically speaking, the phase
separation mechanism involved with rapid precipitation
(via composition quenching) is very similar to that involved
with spinodal decomposition (via temperature quenching)
[20-22].

In 1985 Inoue et al. [23] reported that they could not ’ B
obtain a periodically-modulated morphology when PMMA Fig. 1. TEM images of as-precipitated 70/30 PMMA-l/PS-l, _50/50
and PS were cast from toluene, whereas they succeeded irri '\g:\;hAollé gysi'rlr’ees‘zgcsgzoomxgigfgg:i)’:ﬁs’ showing a co-continuous
obtaining a modulated co-continuous morphology for
several other immiscible polymer pairs. They noted that a
very fast evaporation of solvent was necessary to observe aobtaining a modulated co-continuous morphology. On the
modulated co-continuous morphology in an immiscible other hand, rapid precipitation does not require a removal of
polymer blend from solvent casting. Such an observation solvent. To the best of our knowledge, the present study is
seems to suggest that the type of solvent used for castingthe first successful attempt made to obtain a modulated co-
a pair of immiscible polymers plays an important role in continuous morphology of PMMA/PS blend.

0 PMMA-1/PS-1 blend
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70/30 PMMA 2/PS—2 blend 70/30 PMM A-2/PS-3 blend
(a)‘

Fig. 3. TEM images of as-precipitated 70/30 PMMA-2/PS-3, 50/50
Fig. 2. TEM images of as-precipitated 70/30 PMMA-2/PS-2, 50/50 PMMA-2/PS-3, and 30/70 PMMA-2/PS-3 blends, showing a co-continuous
PMMA-2/PS-2, and 30/70 PMMA-2/PS-2 blends, showing a co-continuous morphology irrespective of blend composition.

morphology irrespective of blend composition.

gives a schematic representation, illustrating a three-
In accordance with Cahn'’s theory of spinodal decompo- dimensional, periodically modulated co-continuous struc-
sition [20,21], the modulated co-continuous morphology ture, having the domain spacing for PMMA/PS blends
observed in this study for PMMA/PS blends (see Figs 1— obtained in this study by rapid precipitation. From the
3) may be regarded as being formed by the superposition ofmeasurements of the distance between the centers of two
the sine waves of thermal composition fluctuations. Fig. 4 adjacent modulated structures, we calculatad for
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3.2. Time evolution of the rapidly precipitated PMMA/PS
blend morphology during isothermal annealing

\ Fig. 6 gives TEM images describing how, during isother-
mal annealing at 17C, the morphology of a rapidly pre-
: ' cipitated 70/30 PMMA-1/PS-1 blend specimen evolved
i(——j\———x ' with time from 5min to 2 h. Fig. 7 gives TEM images
: : describing the time evolution of a rapidly precipitated 70/
30 PMMA-2/PS-2 blend, and Fig. 8 gives TEM images
describing the time evolution of a rapidly precipitated 70/
30 PMMA-2/PS-3 blend, when each blend was subjected to
an isothermal annealing at I’Tfor a period ranging from
5 min to 2 h. From Figs 6—8 we observe that (i) annealing at
170°C for 15 min was not long enough for us to observe a
discernible change in blend morphology, (ii) prolonging the
PMMA-rich phase annealing time from 15 to 30 min enabled us to observe
clearly that a modulated co-continuous morphology (see
Figs la, 2a and 3a) evolved into a dispersed morphology,
Fig. 4. A three-dimensional schematic representation of the periodically and (if) prolonging the annealing time further to 2 h helped

modulated co-continuous structure, formed via spinodal decomposition, achieve a well-developed dispersed morphology in all three
and wavelengtt of PMMA/PS blends. 70/30 PMMA-1/PS-1, 70/30 PMMA-2/PS-2, and 70/30

PMMA-2/PS-3 blends. Notice in Figs 6—8 that the minor
component PS (the dark areas) formed the discrete phase

PMMA-1/PS-1 blends using the TEM images given in Fig. 1 and the major component PMMA (the white areas) formed
and for PMMA-2/PS-2 blends using the TEM images given "€ continuous phase. . o

in Fig. 2, and the results are summarized in Fig. 5. Owingto _ F19- 9 gives TEM images describing how, during isother-
the unclear phase boundaries in Fig. 3, the values fufr mal annealing at 17C, the morphology of a rapidly pre-
the PMMA-2/PS-3 blends were not determined. The follow- CiPitated 30/70 PMMA-1/PS-1 blend specimen evolved
ing observations are worth noting in Fig. 5. The valugtof ~ With time from 30 min to 6 h. Fig. 10 gives TEM images
for an equal blend composition (50/50 PMMA/PA blend) is describing the time evolution of a rapidly precipitated 30/70
larger than that for the unequal blend compositions (30/70 PMMA-2/PS-2 blend, and Fig. 11 gives TEM images

and 70/30 PMMA/PS blends), and the PMMA-1/PS-1 describing the time evolution of a rapidly precipitated 30/
blends (the symbolO) have Iérger values of\ than 70 PMMA-2/PS-3 blend, when each blend was subjected to

PS-rich phase

the PMMA-2/PS-2 blends (the symbal). Below we will an ispthermal anngaling at I’ofor a period ranging from

interpret the results using the Cahn’s linearized theory S0 Min t0 6 h. In Figs 9a, 10a and 11a we observe clearly
u -continuou y

[20,21]. that the modulated co-continuous morphology of 30/70

PMMA-1/PS-1 blend (Fig. 1c), 30/70 PMMA-2/PS-2
blend (Fig. 2c), and 30/70 PMMA-2/PS-3 blend (Fig. 3c),
0.22 which was formed upon rapid precipitation of a homoge-

- neous solution, did not evolve into a well-developed dis-
020 E persed morphology after annealing for 30 min at°7,dn
o018 contrast to the situations with 70/30 PMMA-1/PS-1 blend
R = (Fig. 6¢), 70/30 PMMA-2/PS-2 blend (Fig. 7c), and 70/30
50"6:_ PMMA-2/PS-3 blend (Fig. 8c). This observation indicates
2 014 that the rate of morphology development is much slower in
ol2E 30/70 PMMA/PS blends than in 70/30 PMMA/PS blends.
= Later in this paper we will offer an explanation on this
0.10F experimental observation. As annealing continued to 6 h,
oosE in Figs 9c, 10c and 11c we observe that the minor com-
E ponent PMMA (the white areas) formed the discrete phase
0.06C : ' ' and the major component PS (the dark areas) formed the
0 30 50 70 100 .
continuous phase.
PS (vol %)

Fig. 12 gives TEM images describing how, during iso-
Fig. 5. Plots ofA versus blend composition for PMMA/PS blends formed  thermal annealing at 170, the morphology of a rapidly
via spinodal decomposition®) PMMA-1/PS-1 blends:£) PMMA-2/PS-2 precipitated 50/50 PMMA-1/PS-1 blend specimen evolved
blends. with time from 30 min to 12 h. Fig. 13 gives TEM images
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70/30 PMMA-1/PS-1 blend ™  70/30 PMMA-1/PS-1 blend F
(2), 5 min annealing_‘ = (b) 15 min annealing
- 8, . 4 .

g "kl_u_m
70/30 PMMA-1/PS-1 blend i | 70/30 PMMA-1/PS-1 blend =~

(¢) 30 min annealing -« "' (d) 2 h‘a.nnean

Fig. 6. TEM images of a rapidly precipitated 70/30 PMMA-1/PS-1 blend after being annealed*@tfbr0(a) 5 min; (b) 15 min; (c) 30 min; (d) 2 h.

describing the time evolution of a rapidly precipitated 3.3. Effect of shear flow on the morphology of rapidly
50/50 PMMA-2/PS-2 blend, and Fig. 14 gives TEM precipitated PMMA/PS blend

images describing the time evolution of a rapidly pre-

cipitated 50/50 PMMA-2/PS-3 blend, when each blend Fig. 15 gives TEM images of the morphology (the upper
was subjected to an isothermal annealing at°C7fdr a panel) of 50/50 PMMA-1/PS-1 blend and, also, the mor-
period ranging from 30 min to 12 h. It is not clear in Figs phology (the lower panel) of 50/50 PMMA-2/PS-3 blend,
12-14 how the morphology evolved during the annealing each of which was obtained by extruding a rapidly precipi-
period of 30 min. As annealing continued to 2 h, as shown tated specimen in a capillary die at 220at a shear rate of

in Figs 12b, 13b and 14b, the morphology of 50/50 260 s™. In Fig. 15 we observe that the extrudate of 50/50
PMMA/PS blends developed, showing more or less a PMMA-1/PS-1 blend has PMMA droplets (the white areas)
‘dual mode’ of dispersed morphology, namely, a region dispersed in the PS matrix (the dark areas) and the extrudate
exists where PS formed the discrete phase dispersed imf 50/50 PMMA-2/PS-3 blend has PS droplets (the dark
the PMMA matrix and another region also exists areas) dispersed in the PMMA matrix (the white areas).
where PMMA formed the discrete phase dispersed in Fig. 16 describes the shear dependence of viscosity at
the PS matrix. When annealing continued to 12 h at 220°C for PMMA-1, PS-1, PMMA-2, and PS-3, showing
17C0°C, in Figs 12d, 13d and 14d we observe a well- that over the entire range of shear rates investigated,
developed ‘dual mode’ of dispersed morphology which PMMA-1 (the symbolA) has viscosities higher than PS-1
started from a modulated co-continuous morphology (see (the symbolO), and PS-3 (the symbd®) has viscosities
Figs 1b, 2b and 3b). Such a seemingly complicated blend higher than PMMA-2 (the symbaok). We can then con-
morphology apparently is wunique to equal blend clude from Figs 15 and 16 that for an equal volume fraction
composition. of the constituent components, the more viscous component
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70/30 PMMA-2/PS-2 blend | 70/30 PMMA-2/PS-2 blend
(a) 5 min g?}l?allgg L \,\\ \‘é ¢ (b) 15 min annealing
S . WAL

» 5

70/30 PMMA-2/PS-2 blend P  70/30 PMMA-2/PS-2 blend -
(¢) 30 min annealing ; ' (d) 2hannealing p o

Fig. 7. TEM images of a rapidly precipitated 70/30 PMMA-2/PS-2 blend after being annealed*@tfbro(a) 5 min; (b) 15 min; (c) 30 min; (d) 2 h.

forms the discrete phase dispersed in the less viscous comwhere f(¢,) is the free energy density of homogeneous
ponent, i.e. the viscosity ratio determines the state of dis- material of compositiong,, « is the gradient energy
persion (which of the two components, PS or PMMA, forms coefficient arising from the effects of localized composition

the discrete phase dispersed in the other component). gradient, andM is the mobility defined by the ratio of
diffusion flux (Jg or J,) to the gradient of chemical poten-
tlaly KA — KBy

4. Discussion Jo= —Ja=MV(is— pg) )

Let us interpret the experimental results presented aboveNote that Eq. (1) is very similar to the conventional diffu-
using currently held theories. The time evolution of the Sion equation with diffusion coefficiel if we defineD. =
phase-separated structures of polymer mixtures obtainedMld°f/d¢3l in Eq. (1). Note thaD. # D andD. is called the
by spinodal decomposition may be divided into three stages: cooperative (or apparent) diffusion coefficient. The solution
(i) the early stage, (ii) the late stage, and (iii) the final stage. of Eq. (1) may be written as [20,21]

In the past, the early stage of spinodal decomposition was

interpreted using the theory of Cahn [20,21], who first ®a = €™ (3)
derived the following expression for the compositign

in an inhomogeneous mixture consisting of componénts  Where

andB,

R(8)= — D — 2M«fs” (4)
2
9%a_ M (a f(q;A)V2¢A — 2:<V4¢A> (1) in which g8 is the wavenumber defined Iy= 27/A with A
a IPA being the wavelength or domain spacing.
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70/30 PMMA-2/PS-3 blend '# 70/30 PMMA-2/PS-3 blend ,

(c) /30 min annealmg » O (d) 2h annealing |

”\ '~ :) -

{0

<

Fig. 8. TEM images of a rapidly precipitated 70/30 PMMA-2/PS-3 blend after being annealed*@tfbr0(a) 5 min; (b) 15 min; (c) 30 min; (d) 2 h.

According to the Cahn’s linearized theory [20,21], the spinodal decomposition and it is given by
growth rate of concentration fluctuations in terms of the
volume fraction of the total polymerp(t), in a ternary s Na ( 1 n 1 ) (8)
system consisting of a pair of immiscible polymers and a "~ 2xag\ Nafa  Ngfg
solvent is given by [23]

in which x g is the Flory—Huggins interaction parameter,
I (1) — b (0)] o« Rt (5) N, andNg are degrees of polymerization for polymérand

P P B, respectivelyf = ¢ p/(d 4 + ¢3) is the volume fraction of
polymer A, g = ¢g/(¢a + ¢g) is the volume fraction of
polymerB, and¢, = ¢ + ¢ = 1 — ¢swith ¢ being the
volume fraction of solvent in the ternary mixture.

The following observation can be made from Egs. (6) and
(8). For given molecular weights of the component poly-
mers (i.e. for fixed values dfl, andNg), from Eq. (8) we
have a minimum value af; atf, = 65 = 0.5, thus from Eq.
(6) we have the longest periodic distance of modulated

where¢,(0) is the volume fraction of the total polymer in
the initially homogeneous solution amy, is the maximum
rate constant of concentration fluctuation growth gaf,
which is the value ofg at {oR(8)/d8}|z—s, =0, with

Bm = 27/A, whereA,, is the maximum wavelengthiry(t)
and A (t), respectively, are related to the polymer concen-
trationsé, by [23]

Am(t) = (¢ — 6p) 2 (6) structure. This observation now explains the experimental
results given in Fig. 5, the largest value nffor the 50/50
R (t) XAB¢,p(¢p 632 (7)  PMMA-1/PS-1 and 50/50 PMMA-2/PS-2 blends. For a

given blend composition (i.e. for given values &f and
where ¢ is the polymer concentration at the point of 0g), it follows from Eq. (8) that¢}, will decrease with
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1 30/70 PMMA-1/PS-1 blend

(a) 30 min an
g

nealing

30/70 PMMA-2/PS-2 blend
(b) 2 h annealing B8

(

¢) 6 h annealing

i
\

Fig. 9. TEM images of a rapidly precipitated 30/70 PMMA-1/PS-1 blend iy 10. TEM images of a rapidly precipitated 30/70 PMMA-2/PS-2 blend
after being annealed at 1T for: (a) 30 min; (b) 2 h; (c) 6 h. after being annealed at 1Tfor: (a) 30 min; (b) 2 h; (c) 6 h.

increasing molecular weighN{ or Ng) of polymersA and (the symbolA) (see Table 1 for the molecular weights of
B, indicating that, in accordance with Eq. (6), the higher the the components).

molecular weights of the component polymers, the larger In the past, a number of research groups [22—-25] inves-
the value ofA, will be. This observation now explains the tigated, via light scattering, the kinetics of phase separation
experimental results in Fig. 5: the PMMA-1/PS-1 of binary polymer blends and reported that the Cahn's
blends with higher molecular weights (the symbo) linearized theory describes well the initial stage of spinodal
have larger values ofA than the PMMA-2/PS-2 blends decomposition. Hashimoto and coworkers [26—32]
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30/70 PMMA-2/PS-3 blend
(a) 30 min annealing

"

s e

co-continuous morphology may be regarded as being in a
state of ‘percolation’. As phase separation progresses (e.g.
by isothermal annealing in the present study) in an
asymmetric blend composition, a phase rich in the minor
component cannot maintain percolation and hence a conti-
nuity of the modulated co-continuous structure in three-
dimensional space is broken, resulting in fragments (later
becoming droplets) of the minor component, and they are
dispersed in the matrix of the major component. Hence, the
evolution from a modulated co-continuous morphology into
a dispersed morphology in binary polymer blends, observed
in the present study (see Figs 6—11), appears to fit in the
PCT mechanism of Hashimoto et al. [27,31] However,
during isothermal annealing of the symmetric blend com-
position, we observed a ‘dual mode’ of dispersed morphol-
ogy as shown in Figs 12-14. Below we will offer an
explanation on the formation of such blend morphology
for the symmetric blend composition.

According to the PCT mechanism, the state of dispersion
(which of the two components, PS or PMMA, forms the dis-
crete or continuous phase in the present study) in the cluster
regime depends on the volume fraction of the constituent com-
ponents; namely, in a blend having off-critical blend composi-
tion the minor component will form the discrete phase and the
major component will form the continuous phase. This obser-
vation now explains (i) why the modulated co-continuous
morphology, initially formed via rapid precipitation from
a 70/30 PMMA/PS mixture (see Figs la, 2a and 3a),
evolved, under isothermal annealing at IQGor a suffi-
ciently long time (say 2 h), into a dispersed morphology in
which the minor component PS formed droplets dispersed in
the PMMA matrix (see Figs 6d, 7d and 8d), and (ii) why the
modulated co-continuous morphology, initially formed via
rapid precipitation from a 30/70 PMMA/PS mixture (see
Figs 1c, 2c and 3c), evolved, under isothermal annealing
at 170C for a sufficiently long time (say 6 h), into a dis-
persed morphology in which the minor component PMMA
formed droplets dispersed in the PS matrix (see Figs 9c, 10c
and 11c).

It should be mentioned that the time evolution of the
rapidly precipitated blend morphology during isothermal
annealing, presented in Figs 6—14, can be regarded as
being equivalent to late stages of spinodal decomposition.
While periodic concentration fluctuations develop in the
early stage of spinodal decomposition and are diffusion-

. controlled, breakdown of a periodically modulated co-
Fig. 11.‘TEM images of a rapidly precipit_ated 30/70 PMMA-2/PS-3 blend  ~gntinuous structure in later stages of spinodal decomposi-
after being annealed at Imfor: (a) 30 min; (b) 2 h; (c) 6 h. tion is driven by the surface tension at rates controlled by the
viscosity of the phases. The phase volumes in late stages of
conducted, via time-resolved light scattering, an extensive spinodal decomposition are determined by a co-existence
investigation of late stages of spinodal decomposition of curve of the mixture, phase separation temperature and
polymer blends, which were obtained by either rapid composition. According to the PCT mechanism, there
guenching or solvent casting. Hashimoto and coworkers exist percolation limits beyond which a modulated co-
[27,31] proposed the percolation-to-cluster transition continuous morphology starts to evolve into a dispersed
(PCT) mechanism to interpret their experimental morphology. Hence, percolation limits are equivalent to
results. According to the PCT mechanism, the modulated the existence of a critical domain sidg above which the
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Fig. 12. TEM images of a rapidly precipitated 50/50 PMMA-1/PS-1 blend after being annealed@tfdv:0(a) 30 min; (b) 2 h; (c) 6 h; (d) 12 h.

mixture breaks up into irregularly shaped morphology, 17C°C. Although, during isothermal annealing, there was no
which then coarsens. According to Takeno and Hashimoto bulk flow in the rapidly precipitated blend specimen,
[32], breakup of a modulated co-continuous morphology according to Siggia’s analysis [33], the zero-shear viscosity
may be driven by the capillary pressure involved in the must have played an important role in controlling the
structure: a thick part of the structure having a large cross growth rate of domairt(t). Note that the diffusion coeffi-
section has a capillary pressure lower than a thin part havingcient ©.) (or mobility M) is related to the zero-shear
smaller cross section, generating a pressure gradient whichviscosity ,), which in turn depends on the molecular
then may cause flow from the thin part towards the thick weight M,,) of the constituent components. Thus we have
part.

A theoretical investigation of late stages of spinodal d(t) « D¢ M o nl“ # ©)
decomposition was first carried out by Siggia [33], who 0 v
showed that the hydrodynamic effects are very important in which the polymers under consideration are assumed to

and that the domain sizel)(grows following two mechan-
isms: (i)d = (kgT/n,) Y% in the early stage, which is gov-
erned by hydrodynamic effects and diffusion, whegd k
represents thermal energy withs bbeing the Boltzmann
constant and), is the zero-shear viscosity, and (@)« (y/
ot in the long-term coarsening which is driven by the
interfacial tensiony at a rate controlled by the viscosiky,.

be entangled. At 17€ we have the following relationships:
No,PMMA-1 = No,ps-18NA7N 0 puma-2 > Nops-2(S€€ Tables 2 and

3). We can now explain why the rate of evolution of the
dispersed morphology in 70/30 PMMA-1/PS-1 and 70/30
PMMA-2/PS-2 blends (see Figs 6¢ and 7c), in which the
minor component PS forms the discrete phase dispersed in
the major component PMMA, is faster than that in 30/70

Using Siggia’s analysis [33], we can now explain the PMMA-1/PS-1 and 30/70 PMMA-2/PS-2 blends (see
experimental results presented in Figs 6—14, namely, theFigs 9c and 10c), in which the minor component PMMA
time evolution of a modulated co-continuous morphology forms the discrete phase dispersed in the major component
into a dispersed morphology during isothermal annealing at PS.
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Fig. 13. TEM images of a rapidly precipitated 50/50 PMMA-2/PS-2 blend after being annealed@tfdr:0(a) 30 min; (b) 2 h; (c) 6 h; (d) 12 h.

Having explained above that the zero-shear viscosity we can easily surmise that the minimum energy dissipation
played an important role in determining the state of disper- principle would not be applicable to the present study.
sion during isothermal annealing of a rapidly precipitated Nevertheless, in order to ensure that the experimental obser-
PMMA/PS blend, we would like to revisit the state of vations made above are unambiguous, we prepared via rapid
dispersion in asymmetric PMMA/PS blend compositions. precipitation two additional blends, 60/40 and 55/45
Specifically, in Figs 6—8 we observe that the major com- PMMA-1/ PS-1 blends, lying between 70/30 and 50/50
ponent PMMA forms the continuous phase and the minor PMMA-1/PS-1 blends, which were then annealed at
component PS forms the discrete phase, and in Figs 9—-1117C¢°C for various periods.
we observe that the major component PS forms the contin- In Fig. 17 the upper panel gives TEM images describing
uous phase and the minor component PMMA forms the the morphology evolution of a rapidly precipitated 60/40
discrete phase, regardless of the viscosity ratio of the con-PMMA-1/PS-1 blend specimen, and the lower panel gives
stituent components (see Tables 2 and 3). The above obserTEM images describing the morphology evolution of a
vation led us to conclude that the blend composition played rapidly precipitated 55/45 PMMA-1/PS-1 blend specimen,
a predominant role over the viscosity ratio in determining during isothermal annealing at I'TDfor a period ranging
the state of dispersion during isothermal annealing of a from 30 min to 6 h. It is clear from Fig. 17 that the major
rapidly precipitated PMMA/PS blend. From the point of component PMMA-1 forms the continuous phase and the
view of the minimum energy dissipation principle, which minor component PS-1 forms the discrete phase although at
is applicable to bulk flow of a two-phase liquid, we expect 170°C PMMA-1 is much more viscous than PS-1 (see
that the less viscous component will form the continuous Tables 2 and 3). The above observation reassured us that
phase and the more viscous component will form the dis- when there is no bulk flow as in the present study, the blend
crete phase. Having realized the fact that isothermal anneal-composition plays a predominant role over the viscosity
ing employed in the present study did not involve bulk flow, ratio of the constituent components in determining the
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Fig. 14. TEM images of a rapidly precipitated 50/50 PMMA-2/PS-3 blend after being annealed@tfdv:0(a) 30 min; (b) 2 h; (c) 6 h; (d) 12 h.

state of dispersion, consistent with the PCT mechanism of dissipation principle is not applicable and thus the blend
Hashimoto et al. [27,31]. composition is expected to determine the state of dispersion.
Now, we would like to offer an explanation on the differ- However, when a symmetric blend (i.e. 50/50 PMMA/PS
ences observed in the morphology evolution of the sym- blend) is subjected to isothermal annealing under quiescent
metric PMMA/PS blend composition with bulk flow (see conditions, the blend composition is not expected to deter-
Fig. 15) and without bulk flow (see Figs 12—14). Specifi- mine the state of dispersion. Under such a situation, the PCT
cally, the readers are reminded that in Fig. 15 we have mechanism prevails. Since the co-continuous morphology
shown a well-developed dispersed morphology when a formed initially upon rapid precipitation of a homogeneous
rapidly precipitated 50/50 PMMA-1/PS-1 blend, which solution does not have perfectly aligned lamellae (see
initially formed a co-continuous morphology, was extruded Figs 1-3), local movement of each phase during isothermal
in a capillary die at 22TC. In Figs 12—-14 we have shown a annealing under quiescent conditions, in accordance with
‘dual mode’ of dispersed morphology when the blend was the PCT mechanism, appears to have determined the state
annealed under isothermal conditions at’Zfbr 12 h. The of dispersion, giving rise to a ‘dual mode’ of dispersion.
difference between the two situations lies in that in the for-
mer, morphology evolution took place during bulk flow,
whereas in the latter, morphology evolution took place 5. Concluding remarks
under quiescent conditions. In the presence of bulk flow,
the minimum energy dissipation principle plays the role in  In this study we were successful in observing a periodi-
determining the state of dispersion, thus giving rise to a cally modulated co-continuous morphology, irrespective of
well-dispersed morphology in which the less viscous com- blend ratio, when a homogeneous solution of PMMA and PS
ponent forms the continuous phase and the more viscouswas rapidly precipitated in a non-solvent. We have demon-
component forms the discrete phase. As pointed out strated that phase separation by rapid precipitation via com-
above, in the absence of bulk flow, the minimum energy position quenching is equivalent to that by spinodal
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Fig. 15. The upper panel shows TEM images of a rapidly precipitated 50/50 PMMA-1/PS-1 blend after being extruded in a capill®yaae2dtear rate of

260 s°*. The lower panel shows TEM images of a rapidly precipitated 50/50 PMMA-2/PS-3 blend after being extruded in a capill&y at 220ear rate of
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Fig. 17. The upper panel shows TEM images of a rapidly precipitated 60/40 PMMA-1/PS-1 blend after being anneaf&ifat:1(&) 30 min; (b) 6 h. The
lower panel shows TEM images of a rapidly precipitated 55/45 PMMA-1/PS-1 blend after being annealetCafot:7@&) 30 min; (b) 6 h.

decomposition via temperature quenching. We found that annealing, there was no bulk flow in a rapidly precipitated
the domain spacing of the modulated structure of rapidly blend specimen, breakup of a modulated co-continuous
precipitated PMMA/PS blends was the largest at an equal morphology would occur driven by the surface tension,
volume fraction and it increased with molecular weights of which in turn generates a pressure gradient in the struc-
the constituent components. The experimental results areture causing flow from a thin part to a thick part. Since
interpreted using the Cahn’s linearized theory, which has the mobility of a polymer under isothermal annealing is
been proven to be reasonably accurate in describing phasénversely proportional to zero-shear viscosity, we have con-
separation in the early stage of spinodal decomposition.  cluded that the zero-shear viscosities of the constituent
When a rapidly precipitated PMMA/PS blend was polymers played an important role in controlling the growth
annealed under isothermal conditions at’I7@ve observed  rate, during isothermal annealing, of the discrete phase in
an evolution of a co-continuous morphology into a dis- the PMMA/PS blends investigated in the present study.
persed morphology, the rate of which being dependent Using the arguments presented above, we were able to
upon the blend ratio and the molecular weights of the con- explain our experimental results of morphology evolution,
stituent components. We have pointed out that isothermalduring isothermal annealing, of rapidly precipitated
annealing of a rapidly precipitated PMMA/PS blend may be PMMA/PS blends.
regarded as being equivalent to late stages of spinodal Before closing, we would like to mention that, earlier,
decomposition. We interpreted our experimental results of some research groups reported on the effect of annealing
morphology evolution during isothermal annealing using on the morphology of melt blended specimens [34—-36] and,
Siggia’s theory [33], showing that the hydrodynamic effects also, coalescence of the discrete phase in two-phase poly-
are very important in late stages of spinodal decomposition. mer blends [37—39]. There is no question that coalescence
We have pointed out that although, during isothermal of the discrete phase might have taken place during the
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annealing of rapidly precipitated specimens investigated in [11] Shih C-K. Polym Engng Sci 1995;35:1688.

this study. Coalescence is a physical phenomenon that is[g] 2‘302 CE, ’_"'asos';/? CWi(PO'g’:';,”Ver 159h9§?3g‘|‘<61-P T o
associated with the kinetic process under static conditions, | ]lggegrg‘_rl"";eg’ acosko LAY, >hih LK. Foym Engng >a
which inevitably would take place before reaching an equi- [14] Miles IS, Zurek A. Polym Engng Sci 1988:28:796.

librium blend morphology. Coalescence of the discrete [15] Ho EM, Wu CH, Su AC. Polym Engng Sci 1990;30:511.

phase may also take place during the processing of a two-[16] Favis BD, Therrien D. Polymer 1991;32:1474.

phase blend [36,37]. It should be mentioned that breakup of [17] Hietaoja PT, Holsti-Miettinen RM, SepfiaJV, Ikkala OT. J Appl
the discrete phase may also take place in pressure-driven[ls] EgL{mME'C'PljSﬁSE‘lﬁ;iéséci 1985-25:1056

flow of dispersed two-phase fluids [40]. To the best of our [1g] yang k, Han CD. Polymer 1996:37:5795.

knowledge, a theoretical treatment of breakup and [20] cahn Jw. Acta Metall 1961;9:795.

coalescence of the discrete phase during the processing of21] Cahn JW. Trans Met Soc 1968;242:166.

two-phase polymer blends has not been addressed in thd22] McMaster L. Adv Chem Ser 1975;142:43.

literature, and requires greater attention in the future 23] Inoue T, Ougizawa T, Yasuda O, Myasaka K. Macromolecules
' ' 1985;18:57.

[24] Snyder HL, Meakin P, Reich S. Macromolecules 1983;16:757.
[25] Strobl GR. Macromolecules 1985;18:558.
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