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Kinetics and morphologies of viscoelastic phase separation
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In this paper, the effects of relaxational bulk modulus and the average composition of polymers on the
viscoelastic phase separation are investigated in detalil. It is found that there are two typical morphologies, i.e.,
moving droplet phase and phase inversion, and the relaxation of the dynamical asymmetry and the amplifica-
tion of the concentration fluctuation are responsible for the appearance and evolution of different morphologies
of viscoelastic phase separation. It is found that, for the viscoelastic phase separation, the scattering function
has two peaks. The growth exponents of the main and the secondary peaks in the late stage are almost the same
and~0.6, which also agrees with the experimental observations. On the other hand, the growth exponent of the
secondary peak increased fron0.42 to ~0.66 with increase ofp, from 0.275 to 0.4, in the intermediate
stage.
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[. INTRODUCTION stitutive equations and the fluid nature is essential for vis-
coelastic phase separatiph6]. Taniguchi and Onukj17],

In recent years, there has been an increasing interest jianaka and Araki18], and Saguét al.[19] have performed
investigating the viscoelastic effects in phase separation. TH&€ simulations based on a two-fluids model developed by
viscoelastic effects on the early stage of phase separatidgo' and Onuki[2]. In the simulations of Taniguchi and
were first analyzed by de Gennks, and later by Doi and . nuki, the viscoelastic contribution has been included by
Onuki [2], Onuki[3], Onuki and Taniguchj4], and Kuma- introducing a sp_—called conformat]on tensor. Althoygh the|r_
ran and Fredricksof6]. The effect of viscoelasticity on the study has clarified some essential features of viscoelastic

. . ) phase separation, it is not able to see phase inversion ob-
shear-induced phase separation has also been dlsc{asﬁ]ad_ served in the experimen{d7]. The viscoelastic model pro-

and it i_s f_ound that it_ gives rise to nonexponential decay 'nposed by Tanaki7], i.e., the model we used here, added a
dynamic light scattering2]. Recently, a quite unusual phase y i rejaxational modulus to the two-fluids model, which is
separation was found in polymer systems having intrinsiGysre phenomenological but the eventual phase inversion can
dynamic asymmetry between two components. This asymye opserved.
metry in molecular dynamics between two components leads go far, the quantitative studies on viscoelastic phase sepa-
to the strong kinetic coupling between the stress field and thgation have just been initiated. In the simulations of Tanaka
concentration fluctuation. Such a phase separation is calleghd Araki[18], only very few extreme cases were shown.
“viscoelastic phase separation[7], since viscoelastic ef- Here, we would like to focus our special attention on the
fects play a crucial role in addition to diffusion and hydro- effects of relaxational bulk modulus and the average compo-
dynamic effects. sition of polymer on the viscoelastic phase separation. Espe-
Although there have been some experiments investigatingially, we would like to study their effect on the domain
viscoelastic phase separatif®-11], the computer simula- growth exponents and the temporal relaxation of the bulk
tions with regard to this are still not abundant. The simula-modulus. Therefore, we will illustrate how the bulk modulus
tions of Sappelt and "dale [12] and Ahluwalia[13] are ~and the average composition of polymer affect the phase
based on a solid modémodel B which seems not really Separation k|net|_cs, Wh|ch is crucial for the_unde(standlng t_he
suitable for the viscoelastic phase separation. In the simuladniversality of viscoelastic phase separation with phase in-
tion of Ahluwalia[13], the dynamic asymmetry is incorpo- Version, moving droplet phad#1DP) [8,16]. We will show
rated by introducing a function of order parameter-dependerwat Fhe competition between_ the concentration fluctuation
mobility. Clarke etal. [14] and Caoetal. [15] have amplification and the r_el_axatlon of dynamu_:al asymmetry
also investigated the viscoelastic effect on the kineticd"'@Y P€ the key determining whether phase inversion would

and morphology for polymer blends through introducing a appen.

relaxing elastic term into the free energy functional and theh Th.e reslt of.the pglpler IS °Fga”'ze‘jj aﬁ folllows.hln Sec.dll_,
simulations based on the time-dependent Ginzburg-Landa‘.#],e viscoelastic mode equations and the algorithm used in
this work are briefly introduced. In Sec. Ill, the numerical

TDGL) equation. However, including the dynamical asym- . .
( ) ed g Y y results with various values of bulk modulus and average

metry in the diffusion constant or incorporating the vis- o f ol b d and di di
coelastic effects in the mixing free energy function is inap-S0mMPosition of polymer will be presented and discussed In

propriate and not straightforward since the relaxation naturémta'l' Section VI gives the summary of this paper.
of stress should be incorporated in mechanical stresses con- Il. MODEL AND SIMULATION ALGORITHM
In our simulation, the viscoelastic model of polymer so-
* Author to whom the correspondence should be addressed.  lutions brought forward by Tanaka and ArgKi8] is used.
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The basic equations can be written[2518] =002 1= 1242, 6)

do where ¢, is the average composition of polymer in the mix-

= V(o= V-[d(1=-B)(vp—vs)], ture, 0(p— ¢y) is the step function that equals 1.0 wheiis
1) larger thang, while equals zero wheth is smaller thanp,.
1-¢ In this simulation, we sey2=10, 72=50, andM2=0.5. So,
Vp—Vs=———[V-II-V.0o] the shear relaxation modulus is assumed to e
¢ =0.5kT/vy) ¢? and the shear relaxation time to be

1-¢ of =50ry¢°. The corresponding bulk parts are analogous and

[qu( —CV2¢> -V 0'}

{

d¢

they are all made dimensionless in E@s.and(6). It should
be pointed out that the above functional forms of the moduli
are rather artificial since the theoretical prediction of them
p—==-V-II+Vp+V-o+ V2, under a poor polymer solution condition, where phase sepa-
at ration occurs, is still quite difficult and not available so far
[7,16]. Tanaka and Araki7] speculate that polymer solution
behaves as a physical gel universally at least at a higher
, - polymer solution concentration under a strongly poor solvent
terfacial free energy and is set equal ®WT(vn)Co/d,  congition. They introduce the dynamical asymmetry by
wherev, is the volume of a monomep, is the Pressuréys — choosing the above composition dependencégfto pro-
is the viscosity of the solvent and is taken to §@q/¢“. duce the sudden change kft) from K(t)=0 to that of a

. . . . . 1/2
Space 1&/12nd time Is In the unit df=(NCo)~4 and 7 transient gelK (1) =K,y [7]. At the same time, we may stress
=(vpN"TKT)(¢/ $7)17 [17]. All the quantities have been a4 the sudden change M, is similar to the sharp step

made dimensionless in E(l), the form of which is similar ¢ qction of the mobility in Ref[13]. Although there is no
to model H except the introduction of the force balanceﬁrm basis on the above relations assumed in Egsand(6)
equation and network force term(r,t) is the volume frac- o getails of dependences of these quantitieshaio not
tion of polymer at positiom and timet, while v, andvs are  aftect the qualitative features of the simulated res[dg.
the velocities of polymer and solvent, respectively. The av-rhe physical relevance of the above forms of the moduli was
erage velocityv is defined as/=¢vp+(1-¢)vs, andfis  giscussed in more detail in Ref&] and[16]. A more rel-
the Flory-Huggins free enerdy0], evant microscopic theory of polymer solution in a poor so-

() 1 lution condition, where phase separation occurs, is highly
T ENenet(1-gn(l-¢)+x(1-¢), (2 desrable. .

In our simulation, we solve the following upper-

convective equations instead of ER):

ov

where { is the friction coefficient of order G7b 242, b
being the monomer siz&€ describes the strength of the in-

whereN is the chain length of the polymer. In this study, as

adopted by Tanaka and AraKki8], we setN=1 and do not o T
introduce any dependence Gf on ¢ to pick up the pure WJ“Vp'V"s: VVp- 05t 05 (VVvp) ' — 73"5
effect of dynamic asymmetry. The components of the total
stresso is defined as +MJVVp+(Vvp)T], (78
t (71/{3 r?vip 2 da, 1
= ' ity —4 P " (y. - —+V,-Vop=——0pt M,V -v,. 7b)
o) fﬁwdt G(t—t )( ax % 7(V Vo) gt TV Vo= apt MoV vy (

Since the bulk stress is isotropic, in obtaining Edp) the
(3) factthatoy is a scalar variable has been used. Therefore, we
haveo,= ol or o,=1/d Tr o, [7]. Since the shear stress is

. . . . . a traceless tensor, we calculate the final form of shear stress
whered is the spatial dimensionalit){ and G are the bulk asa’ = o.— 1/d Tr(2)l, wherel is a unit tensor and is the

and shear relaxation moduli that are assumed to be of Max- . . . L
well type space dimensionality. Hereafter, we denote this final stress

ol as . Then we calculate the total stressas o= o
K(t)=Mpexp —t/7y), G(t)=Msexp—t/rg). (4) + o, . All the three quantities are reused in the next iteration.
Introducing the bulk part into the stresses constitutive equa-
The second term on the right-hand side of E2).has been tion naturally incorporated the dynamical asymmetry into
introduced to incorporate the effect of volume change intoviscoelastic phase separation by the composition dependence
the stress tensor and its diagonal nature leads to the direof the bulk moduli with a sharp step function form.
coupling with diffusion. In our simulation, the parameters, The detailed simulation algorithm is exactly the same as

+K(t—t)V-vy(t') 8

My, Mg, 7,, and 7 are functions ofé only, i.e., that proposed by Tanaka and Ar&k8]. Therefore, we only
briefly introduce the simulation algorithm. The above Lange-
My=MpO(d— o); Me=M2p? (5)  vin equations were simulated numerically by the Euler
method in two dimensionsdE=2) using periodic boundary
and conditions, under the incompressibility conditidh-v=0
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FIG. 1. The morphological evolutions obtained for various val-
ues ofMg for the average composition of polymei=0.35.

and the quasistationary approximatiéw/ ot=0. The system
size was 128128 and the grid siz&dAx=Ay=1 and the
time step isAt=0.02. The other parameters ang;=0.1, {
=0.1,kT=1.3, andy=2.7. The Gaussian random noise of
¢ with intensity of 10 2 is introduced into the initial com-
position distribution.

IIl. RESULTS AND DISCUSSIONS

A. The effect of bulk modulus on the morphology of
viscoelastic phase separation

PHYSICAL REVIEW E 64 051510
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FIG. 2. The evolution of the apparent thermodynamic fdfge
as a function oM.

case, we get the usual phase separation that is similar to the
case showed in Fig.(8) if the existence of shear relaxation
modulus is ignoredi.e., M2=0).

It is seen from Fig. 1 that the phase inversion morpholo-
gies are observed when increasing the vaIueNlrﬁf. The
phase inversion process can be described as follows: The
solvent-rich droplets dispersed in the polymer-rich matrix
appear first. Then, these droplets are growing up and the area
of the polymer-rich phase is becoming smaller and smaller,
the polymers are then more and more enriched in the area
between the droplets. Therefore, the network like polymer-
rich phase is formed. As the time passes, the polymer-rich
network breaks up and shrinks into the polymer-rich droplets
in order to reduce the surface tension. Finally, the morphol-
ogy, that the polymer-rich droplets are dispersed in the
solvent-rich matrix, was formed, Fig(H).

Figure 2 shows the temporal change in the average mag-
nitudes per lattice of the apparent thermodynamic fdfge
=|V-I- Vo] with the augmentation of bulk modulus.
The corresponding pattern evolution is shown in Fig. 1. It is
seen that all the evolution curves show a peak that reflects
the increase in the coupling between the diffusion fields
around the solvent-rich droplef48]. With M{ increasing,
the apparent thermodynamical forEg, as well as the peak
value is reduced and retarded. At the same time, the compe-
tition between the concentration fluctuation amplification
and the relaxation of dynamical asymmetry results in the
crossover from a morphology of transient polymer-rich net-
work [Fig. 1(b)] to forming a morphology of longtime net-
work domaingFig. 1(c)] [17]. It can be seen from Fig. 2 that
the augmentation d¥ , becomes slackened with the increase

Figure 1 shows the morphological evolution of viscoelas-pf Mg in the early stage, which correspond with the prolon-

tic phase separation fap,=0.35 with various extent of dy-

gation of the “frozen period.” It can also be seen that the

namic asymmetry. The dynamic asymmetry between thequilibrium value offF, in the late stage exists.
polymer-rich phase and solvent-rich phase is introduced by Figure 3 shows the temporal change of the area fraction of

Eq. (5) with M{ varying from zero to 10. Therefore, the

polymer-rich phase ¢,.J in the viscoelastic phase separa-

extent of dynamical asymmetry is enhanced in company withion. By comparing Fig. 3 with Fig. 1, it is seen that, in the

the aggrandizement dﬂg. In the excessive situation when

very early stage, the homogeneous phase discharged the sol-

M{ is approximately equal to zero, i.e., dynamical symmetryvent due to the thermodynamical force and became the
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FIG. 3. The evolution of the area fraction of the polymer-rich FIG. 4. The transition time for the phase inversion obtained
phase for various values Mg_ from the results shown in Fig. 3. The transition time is defined in

Fig. 3.

polymer-rich phase resulting in the augmentationdgf... N . . .
Consequently, the solvent-rich droplets became more anH‘erg'I?g mtoéhs main peak in thﬁ Iatehtlme. T.he. pea}k ma>f<-
more large and compressed the surrounded polymer-rich"S: Kmi and K, represent the characteristic size of

phase, which caused the decreasebgf,. Since the modu- Solvent-rich phase and polymer-rich phase of network in
lus contrast between polymer-rich phase and solvent-ricf™M- I the '”tefmed'ate stage, both peaks grow in Intensity
phase exists, the stress is asymmetrically distributed t&nd decreases in the wave number of the peak position with

polymer-rich phase. The thin parts of network structure ardime- The second peak appears as a Qefinite pgak at first and
compressed and ultimately broken, cf. Figbjl As Mg in. seems to form a shoulder of the main peak finally. These

. : simulated results of two scattering peaks agree with the ex-
creases, the bulk stress is strengthened whjjedecreases, . : i
Fig. 2, which inhibited the disconnection of network struc- pe””.‘e”ta' observatpns for the phase separation of p°'y”_‘ef
e : Jo . solution[21]. We designate the wave number of the maxi-
ture until the concentration fluctuation is amplified to the

. S .~ mum of the main and the secondary peak&gsandk,,,
final equilibrium value. Althought,,has dropped to 0.5 in . . . m
the caseM%=10, there is no time for the phase inversion to respectively. Figure 6 shows the evolution of these two

. N - peaks for a typical viscoelastic phase separation. It is seen
happen and the network structure is maintained longer, Fi hat the system behaved as a dynamically symmetrical sys-
1(c). It is clearly seen in Fig. 3 that, ad{ is increasing, the

. . e _tem whenM < 0.25, which is consistent with the results of
concentration fluctuation amplification is prolonged reSUIt'ngKuwahara and Kubot&21]. Following the study of Refs
in the volume shrink of polymer-rich phase even after th 21 29 h - th uti f ' K
formation of a sharp interface, Figs(bl and Xc) [13,18. 721] and [22), we_here considered the evolution of pea

. . .maximum. From Fig. @), it is seen that the early stage of
The dynamical difference between the usual phase Separat'%rﬂinodal decompogition predicted by Cahn'’s ¥heor9y was

and phase inversion is also clarified in Fig. 4. The transition
time for the phase inversion is obtained from the results

shown in Fig. 3 by the following way. We first locate the 7 R
peak position of the curve and give a middle-high horizontal :giizigg ]
line, the point of intersection between which and the original ai=230 |
curve is approximately estimated as the transition time. From C¥—r=260 |
Fig. 4 we can see that the dynamical asymmetry aggrandizes ] % t=290 |
and the kinetics of phase separation is postponed with the 4| —d—1=320 |
increase oMp. WhenMy is close to Q.e., dynamical sym- < | —0— =350
metry casg the phase inversion could not be observed due = 3| TV =380 |
to the reason of accelerated kinetics. Therefore, it should be”?
pointed out that it is noM? but M{ that leads to the forming 2+ .
of network domain structurgl8]. However, the latter is re-
sponsible for the retaining of network. r .
The scattering functior§(k,t) of a typical viscoelastic 0 P . R A
phase separation is shown in Fig. 5. It is seen from Fig. 5 3, 0.2 04 06 08 10 19
that the scattering function at early stage has one peak that k

corresponds to the scattering of the solvent-rich droplets. As
the time passes, this main peak moves to the smdller FIG. 5. The time evolution of the scattering function for a typi-
meanwhile a secondary peak is appearing at lakgand cal viscoelastic phase separation wit=5.0.
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FIG. 7. The scaled scattering function shows that the self-
0.00| simoilarity is only valid for very late stage of the phase separation
(M2=5.0).
-0.05 -
B. The effect of bulk modulus on the relaxation of the modulus
010 T The temporal relaxation processes of the modulus are
s [ ] shown in Fig. 8. Here we should mention that the bulk re-
< 015 T laxation only happened in the polymer-rich phase due to the
I assumption ofé function in Eg. (5), i.e., Mb=Mg0(¢
-0.20 - g . . .
— ¢p). The retarding effect of the increase M1ﬁ is clearly
0251 | seen. It is seen from Fig. 8 that, the relaxation process can be
divided into two periods characterized by two straight lines
I n 1 1 1 1 1 1

in the log-log plot, which reveals the Maxwell relaxation
nature in the early and late stages. During the first linear
period, the morphology of solvent-rich droplets appears. In
® this period, the inverse relaxation time ofrlfis ~0.35. It

FIG. 6. (a) The evolution of the wave number of the first maxi- S€@MS that 4 is not related to the value ¥ that only
mum of scattering function(b) The evolution of the wave number retards the transition to the second linear period. During the
of the second maximum of scattering function. second linear period, the networklike morphology appears.

) ) In this period, the relaxation time is much longer,r,l/
clearly observed. For the case of dynamical asymmigey, (054, Comparing to the results shown in Fig. 14 thap 1/
Mp becomes larger the growth exponent of the main peak s independent of the average composition of polywagr it
a4 in the late stage increases from 0.27 to~0.6. Figure
6(b) reveals that the growth exponent of the second peak
seems to be a constant,~0.6. We should emphasize that
the coalition of solvent-rich droplets will lead to an abnormal
augmentation ofa;, which is neither practical growth of
domain of polymer-rich phase nor solvent-rich phase. Due to
the complexity of this process, the evolution curvekgf,
do not look so regular. The time for the appearance of the
second peak is retarded with the increasM(ﬁf which sug-
gests that the origin of the second peak is probably the thin
parts of network structure formed in the middle st4d&].
Due to the formation and breaking of the network like phase
structure, the scaled scattering functions cannot be superim-
posed into a universal function at the early and intermediate
stages, which reveals that the self-similarity does not exist,
which agrees with the results obtained by Ahluwalid] and : . s
Caoet al.[15] cf. Fig. 7. In the very late stage, the network 400 stoo 800 1000 1200
has been broken and the phase structure was almost frozen
and then the scaled scattering functions could be superim- FIG. 8. The relaxation of the bulk modulus in the polymer-rich
posed[13,15. phase for various values 1.
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can be concluded that this relaxation time only depends on C. The effect of the average composition on the kinetics and
the quenching depth, i.e., the equilibrium composition of the morphology of viscoelastic phase separation
polymer-rich phase. It is known that, for the quenching depth
of x=2.7, the equilibrium composition are 0.107 and 0.893
for the solvent-rich and polymer-rich phase, respectively
Thus, the final area fraction of the polymer-rich phasg.,

=0.309. Therefore, following Eq6), in the late stage, the Figure 9a) showed the morphological evolution for vari
laxation ti hould i 0p2). ) . i
relaxation time should be estimated by7t1/(7pbg) qus do. It is seen that, in the case g,=0.3, the complete

However, in the first period, the system has not reached th £ oh . ion is ob d H in th
phase equilibrium. Therefore, the area fraction and the comc9Urs€ Of PNASE INVETSION IS 0bSErved. HOWEVer, In the case

position of the polymer-rich phase have not reached the equP! 10Wer ¢o, the phase inversion of middle stage becomes
librium value. In this period, Fig. 14 implies that the relax- V€ry obscure and dynamics of phase separation is prolonged.
ation time of 1+, depends on the average composition of the/Ve believe this picture is associated with the MDP also stud-
polymers,¢,. Therefore, 1#, for various ¢, shown in Fig. ied by Tanaka from theoretical and experimental viewpoints
14 reveals itsp, dependence. [8,9,16. On the other hand, phase inversion will be retarded
By comparing to the case of without viscoelastic effect,in the case of highp, and a network domain structure will

we can see that, in addition to the special networklike morbe kept longer, which is similar to the results in Réf7]. In
phology, the viscoelastic effect actually prohibits the phaseur simulations, there is no evidence of the breakup of net-
separation, which results in the retardation of the transitiorwork into dropletgat least untik= 2400 for o= 0.4), which
between these two periods. This picture is consistent with thes consistent with the experimental observation in R22].
general tendency of thermodynamic forég shown in Fig. The reason may be that the polymer-rich phase has reached
2, i.e., the transition of the bulk modulus relaxation happenghe final equilibrium concentration before the breakup of net-
when the thermodynamic forde, reaches the maximum.  work. It should be mentioned that the magnitude of stress

In order to investigate the effect of average composition
of polymer on the kinetics and morphology of viscoelastic
phase separation, we fix thé)=5.0 while varyinge, from
0.275 to 0.4.
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FIG. 11. The evolution of the apparent thermodynamic férge

FIG. 10. The evolution of the area fraction of polymer-rich as a function of the average composition of polymgy,

phase obtained for various values of the average composition of o _ ) _
polymer, ¢, . shown in Fig. %a), for dilute polymer solutions, i.e., low,,

the phase inversion could occur implicitly since the concen-

force, |V- o], is aroused from the thermodynamic force, tration in the polymer-rich phase has not increased at the
|V-II], and tends to counteract the effects of the latter. Inmoment. Once the concentration fluctuation is amplified, the
simulation results, it will never surpass and relax synchronetwork has broken and shrunk to a polymer-rich droplet
nously with the latter to the final equilibrium value. phase(i.e., MDP), which gives a wide berth from each other.

For the sake of convenience, we now discuss the morphdFhis is more clearly seen for the cagg equal to 0.08 in Fig.
logical evolution together with the evolution of the area frac-9(b), in which N is set to 10 so as to approach lowgg
tion of the polymer-rich phase shown in Fig. 10. It is seensimilar to real experimental system. With the increaséNof
from both Figs. %) and 10 that the phase inversion processthe corresponding phase diagram becomes asymmetric and
will happen earlier whenp, is higher. Certainly, the final the critical temperature is raised, thus we adjust the quench
values of the area fraction of the polymer-rich phase, whichdepthy = 1.3 to guarantee the deep quenching condition that
can be estimated throught,.= de.pco With ¢, the equi-  is needed for the appearance of MDP. We also increase the
librium composition of the polymer-rich phase, will be dif- intensity of the initial Gaussian random noise dto 10 2
ferent. In comparison with the influence BF in Fig. 3, the  so as to accelerate the evolution process of MDP. From Fig.
time of phase inversion becomes more and more antecede®{a) (¢$o,=0.275) and Fig. &) we can see that the coarsen-
than the time of the concentration fluctuation amplificationing rate kept low and a condensed elastic gel ball formed due
along with the decrease @f,. We think that this “anteced- to the implicit phase inversion in the early stage. Then, the
ent effect of phase inversion” and the “retardation effect” MDP appeared gradually and the growth rate of it became
of lower ¢, may bring on MDP proposed by Tanal@l. For  higher because the merging of solvent holes. At last the
the sake of convenience, we summarize the features of thdDP, formed by the shrinking of the broken network, keep a
MDP described by Tanakgl6]. First, droplets are moving certain distance between each other resulting in the eventual
vigorously by Brownian motion, but they rarely coalesceslow coarsening rate. The above physical picture could be
even though they collide with each other. An unusually slowalso obtained from the tendency Bf, in Fig. 11. The retar-
coarsening and unusual dependence of the coarsening rate dation effect of the decrease @4, is illustrated fairly in Fig.
the quench depth are obtained in MDP. Second, in MDP, thd2, in which the transition time for the phase inversion is
size of droplets is smaller and more concentrated than that ifletermined the same way as in Fig. 4. From Figal8ve
usual phase separation, meanwhile the size distribution afan see that the growth exponesnt is very small for the
droplets is very narrow. It is worth mentioning that the usualcase of lowgy in the early and late stages, which coincide
evaporation-condensation mechanism and Brownianwith the characteristics of MDP. It should be mentioned that
coagulation mechanism can play few roles in the coarseninthe experimental results performed by Tanf&&] and Haas
dynamics of the MDP. In the similar experiments performedand Torkelsori23] are consistent with our simulation results.
by Tanakd8,9], the appearance of a moving droplet phase isThe reason of small size and slow coarsening rate of the
only for dilute polymer solutions for deep quenching. Tanakapolymer-rich droplets in MDP can also be explained from
explained the mechanism of the MDP by regarding dropletshe fact of the spatial constraint after the thin network struc-
as elastic gel balls, which may be in a “dynamically stabi-ture is broken.
lized state” and not in thermodynamically stable state. Here The retardation effect can also be seen from the growth
we will give a more detailed analysis of the mechanism ofexponent of the second peak maximuky.4), «, shown in
MDP, and generalize the MDP and the network phase into &ig. 13b). It is clearly seen from Fig. 1B) that the growth
more universal class with only the distinction of kinetics. Asexponent of the second peak, increases along with the
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FIG. 12. The transition time for the phase inversion as a func-
tion of the average composition of polymel,. The transition time @)
is defined in Fig. 3. y T T T y T ;
005+  _ .66 .
increase ofi, in the middle stage. : = v 4=04
Figure 14 shows the average composition effect on the 0.00 F Z ¢°:8§5 .
relaxation functions of bulk modulus. The general character- - a $°=0'275
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istic of this figure are quite similar to Fig. 8. The results
agree with Fig. 10 and 11 quite well. By carefully looking at =<
Fig. 14, it is seen that the slope of the first process increases g -0-10

with decrease of the average composition of polymer. =
015
D. Further discussions on the dynamic phase diagram of a 0.9
viscoelastic phase separation 020
Here we should mention that the dynamical diagram pre- -0.25 —
sented by Tanakfl6,24), in which a dynamical symmetry 20 22 24 log t2'6
10

line (DSL) was introduced to determine the threshold com-
position required for the formation of a transient network, cf.
Fig. 10 in Ref.[24]. On the left side of the DSL the MDP
was observed, while a network domain structure was seen o
the right side of the DSL. Near the DSL the bicontinuous(
pattern could be observed. Another feature of the dynamic
diagram is that the MDP region becomes narrow in company
with the increase of quenching depth. The above picture is
very consistent with our results. It seems that the region near
the DSL may be the transition region between MDP and
phase inversion. In the region of forming network pattern,
the phase inversion is prolonged and the network structure is
maintained longer with the augmentationdg andM?, es-
pecially in the case the complete breakup of network does
not occur whenkF, has reduced to the final equilibrium
value. With increase of the quenching deffh,is increased
and accelerate(the figures are not shown here for simplic-

®)

FIG. 13. (a) The growth exponent of the main scattering peak
aximum as a function of the average composition of polyrpgr,
) The growth exponent of the secondary scattering peak maxi-

um.
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ity). However,F , is decreased with decrease ¢§. Thus,

the phase inversion could be more easily observed for deep
guenching at the same average composition, which results in
the narrowing of the MDP region. In the case of deep
guenching, except for the “antecedent effects of phase inver-
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sion” relative to the concentration fluctuation amplification, . w
the origin of MDP through the usual phase inversion should 0 400 800

be possible from the kinetics point of view. It is usually
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believed that, for deep quench, the asymmetric stress distri- FIG. 14. The average polymer composition dependence of the
bution between the polymer-rich and solvent-rich phases beelaxation functions of bulk modulus in the polymer-rich phase.
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comes more prominent, which strongly restrains the augmerincreased and the reversion rate of it slowed down coupled
tation of F, and postpones the process of phase separatiowith the retardation of concentration fluctuation amplifica-
As a result, the unusual phase inversion and then the MDRon. OnceM¢ increased to certain value for the case of high
were observed. With increase df, the rate of the relax- 4, the reversion rate becomes slower than the rate of phase
ation of dynamical asymmetry is also improved. The effectseparation, the network would be retained longer due to the

of the competence between two dynamic processes, i.e., thghaust of the thermodynamic force and the coupled stress
phase separation and the relaxation of dynamic asymmetryy .o

is illustrated as following. For the case of low average com-
position, two dynamical processes are synchronously re-
tarded and the relaxation of dynamic asymmetry becomes
faster than the growth of concentration fluctuation. There- |n this paper, the effects of relaxational bulk modulus and
fore, the phase inversion occurred implicitly before the conthe average composition of polymers on the viscoelastic
centration in polymer-rich phase increased notably and thughase separation are investigated in detail. By comparing
formed MDP in comparison with the usual phase separationyjith the symmetric viscoelastic model, we have proved that
For the case of intermediate average composition, the twg,q dynamical asymmetry is the premise of viscoelastic

dynamical rates are comparativg "?‘T‘d usual phas.e inversion ﬂ.?hase separation. It is also found that the relaxation of the
observed. For the case of high initial concentration, two dy-d

i namical asymmetry and the amplification of the concen-
namical processes are synchronously accelerated and the Eg

) . ation fluctuation are responsible for the appearance and
laxation of dynamic asymmetry becomes slower than theevolution of the morphologies of viscoelastic phase separa-
growth of concentration fluctuation. Accordingly, the con- P 9 P P

L 0
centration in polymer-rich phase has reached the final equfion- With increase of the bulk moduludy, the extent of

librium value before the disconnection of netwdle., com-  Initial dynamical asymmetry increased and the relaxation of
pletely phase inversiorhappened. it became slower _couplmg. \.N'th. the retardation of the con-

Now we would like to discuss the origin of dynamic centration fluctuation ampllfl_catlon. For the caseNdf~0,
phase diagram from the viewpoint of shifting of the apparenf?amely, the case of dyn_am|cal symmetry, the characters of
phase diagram including the dynamic eff¢2t,25. When the usual phase separation are observed as expected. For the
the stress tern¥ - o has been added to the apparent freecase of intermediate value M2, the phase inversion can be
energy, the phase diagram will be inclined. The extent ofxplicitly observed. AsMJ is further increased, the phase
inclination of the apparent dynamic phase diagram dependeddversion is prolonged and the network structure retained
on the relative contributions betwe®h o andV -I1I, or the  longer. Especially in the case of higheéipr=0.4 and Mg
magnitude of modulus contrasK(t)=M,exp(t/7), =5, there is no evidence of the breakup of network into
namely, the extent of dynamical asymmetry. At first, the ini-droplets(at least untilt=2400.
tial state in apparent phase diagram may fall into the right We have also investigated the average composition effect
side of static composition symmetry lif€SL) or even into  on the viscoelastic phase separation. It is found that, with the
nucleation growth region, which may lead to the growth ofdecrease of average composition of polymer, the relaxation
the solvent-rich domains and initial “frozen period.” Con- of the bulk modulus becomes faster along with the retarda-
sequently, the extent of the inclination of the apparent dytion of the concentration fluctuation amplification. For the
namic phase diagram decreases due to the relaxation of dgase of high average composition of the polymer, the relax-
namical asymmetry. Then, the initial state originally on theation of dynamical asymmetry becomes slower than the con-
right side of the apparent dynamic phase diagram may trangentration fluctuation amplification, which also results in the
form into the left side of SSl(.e., polymer-rich droplet re- retarded phase inversion and longtime network. For the case
gion), which gives birth to phase inversion. It should be of intermediate average composition of polymer, the usual
stressed that this process is coupled with the enhancement pifiase inversion is also observed. More interestingly, for the
concentration fluctuation. The evolutions of the bulk modu-case of low average composition of polymer, the relaxation
lus and the area fraction of the polymer-rich phase shown imate of dynamical asymmetry became faster than the ampli-
Figs. 14 and 10 reveals that the reversion rate of the declinefication process of concentration fluctuation, which led to a
apparent dynamic phase diagram to the static phase diagrawDP pattern. We now can conclude that the difference be-
is faster than the concentration fluctuation amplification rateween the influence of the augmentationMf and the de-
when the average composition is low. Thus, the MDPs argrease of¢, lies in the corresponding relaxation rate of dy-
formed if the average composition is low. On the other handnamical asymmetry, which caused a so-called “antecedent
for the case of high average composition of the polymer, thexffect of phase inversion.” Except that, we should also re-
relaxation of bulk modulus is slower than the evolution of mind the reader that the retard effects with the decrease of
the area fraction of the polymer-rich phase, so that the netp, make observation of MDP easier in comparison with the
work structure could be maintained Ionger. acceleration effects of decreasemg_

For the similar effect oMp, the relaxation of dynamic Concerning the scattering function, we have found that
asymmetry and the rate of concentration fluctuation amplifithe scattering function has two peaks for the case of vis-
cation became slower when the dynamic asymmetri@r  coelastic phase separation, which agrees with the experimen-
are increased. Generally speaking, WM@ increased, the tal results quite wel[21]. The growth exponent of the main
extent of inclination of the apparent dynamic phase diagranpeak increased along with the increasel\bﬁ and approxi-

IV. SUMMARY
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mately reached-0.6 in the late stage. The growth exponentseparation is quite complex, and further experimental and

of secondary peak in the middle stage is als0.6, which

also agrees with the experimental observati@ig. On the

theoretical studies for understanding the kinetics and mor-
phology in viscoelastic phase separation are highly desired.

other hand, the growth exponent of the secondary peak de-

creased from~0.66 to 0.42 with decrease @f, from 0.4 to
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