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Abstract The morphological, dynamic and rheological characteristics in the viscoelastic phase separation (VPS) of sheared
polymer solutions are investigated by three-dimensional (3D) numerical simulations of viscoelastic model. The simulations
are accelerated by graphic process unit (GPU) to break through the limitation of computation power. Firstly, the
morphological and dynamic characteristics of VPS under shear are presented by comparing with those in classic phase
separation (CPS). The results show that the phase inversion and phase shrink take place in VPS under shear. Then, the roles
of bulk and shear relaxation moduli in VPS are investigated in details. The bulk relaxation modulus slows down the phase
separation process under shear, but not affects the dynamic path of VPS. The dynamic path can be divided into three stages:
freezing stage, growth stage and stable stage. The second overshoot phenomenon in the shear stress is observed, and
explained by the breakdown and reform of string structures. The shear modulus affects morphology evolution in the late
stage of VPS under shear.

Keywords: Viscoelastic model; Phase separation; Polymer solution; Shear.

INTRODUCTION

Phase separation in complex fluids such as polymers, surfactants, colloids, and biological materials involves very
rich and general phenomena and therefore has been the subject of intense experimental, theoretical and
(-2 Understanding the phase separation mechanisms and controlling the
morphological evolution are crucial to designing various functional materials with novel mechanical, optical,
electrical and transport properties® ™. The kinetics of phase separation in alloys and simple fluids, can be well
described by the classical solid (model B) and fluid (model H) models, respectively. Tanaka et al.>*™*], Doi and
Onuki® have recently found a novel type of phase separation behavior, named as viscoelastic phase separation
(VPS), beyond the classical phase separation (CPS) process. In contrast to the common sense of classical phase
separation, in many real phase-separating mixtures, such as polymer blends and polymer solutions, the system
components often exhibit a dynamic asymmetry, which arises from a large difference in molecular weight or
glass-transition temperature. Dynamic asymmetry can strongly influence the pathway of a phase transition and
produce unusual intermediate morphologies. For example, by deep-quenching a polymer solution into the
spinodal region, Tanaka!* '”! found that, in addition to the initial diffusive and final hydrodynamic stages in the
classical phase separation process, there is an intermediate viscoelastic stage within which the domain structure
is dominated by the elastic force balance rather than by the interfacial tension and even the minority phase
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transiently forms a continuous sponge-like structure.

Apparently, the process of viscoelastic phase separation involves the coupling of viscoelastic effects to the
composition and velocity fields and is thus beyond the classical phase separation models. By accounting for a
crucial role of bulk modulus during the viscoelastic phase separation process, Tanaka and Araki™ > developed
a universal kinetic phase-field model, known as the viscoelastic model"* '), within which dynamic asymmetry is
measured by the ratios of moduli and relaxation times of the individual components in a polymer mixture.
Indeed, this model can reproduce the experimentally observed kinetics and morphologies of phase-separating
polymer systems with different viscoelastic properties, such as the phase inversion and volume shrinking of
polymer-rich phase in polymer solutions!*.

The effects of shear flow on morphology and kinetics of polymer systems has long been the interests from
both fundamental and industrial viewpoints!'. Application of shear flow to polymer blends sometimes causes
shear-induced mixing or demixing. Rheological effects of polymer solutions under shear are also very complex.
For example, large stress fluctuations!'” and a second overshoot in the shear stress''*! are observed after the
application of shear. Numerical simulation becomes an essential method to capture insights into the complex
shear effects on polymer blends!"> '), Without viscoelasticity, a number of simulations have been performed to
investigate the phase separation of sheared simple fluids!'’ ", For example, Buxton and Balazs™™” studied the
mechanical properties of phase separated morphologies by a model that considers elastic properties only and
cannot describe the viscoelastic response. However, numerical simulations have still been rare for sheared
viscoelastic fluids!"™ '%). In a previous work Dwivedi e al.l' studied the roles of bulk modulus in 2D viscoelastic
phase separation under shear. Nonetheless, the shear effect on the morphologies, rheology and dynamics in the
late stage of VPS, especially in 3D case, is still poorly understood.

Furthermore, limited by computer power of CPU, previous simulations for sheared viscoelastic simulation
are performed on 2D boxes, and VPS under shear in 3D have not been explored yet. Although the general
features of the kinetics of phase separation including the crossover scaling and a self-similar behavior are
applicable in both 3D and 2D, details like the value of the growth exponent in the crossover scaling functions as
well as the lifetime of transiently formed bicontinuous network-like structure!” are expected to depend on
dimension. To overwhelm the limitation in computational power, herein a graphic process unit (GPU)-
accelerated package Gym VE, which has been developed in our previous work!?' is used to simulate the 3D
VPS in polymer blends under shear. We focus on the morphological, dynamic and rheological characteristics.
This paper is organized as follows. First, after the model of viscoelastic phase separation, the details to
implement the shear are presented. Next, the morphologies and dynamics characteristics of VPS under shear are
presented by comparing with that in CPS. Then, the roles of bulk and shear relaxation moduli in VPS are
investigated in details. Finally, a summary of the paper is given.

THEORY AND IMPLEMENTATION

Theory of Viscoelastic Model

The kinetics of viscoelastic phase separation can be described by the so-called viscoelastic model™ > ® ') which
involves the coupling of viscoelastic effects to the composition and velocity fields in a dynamic asymmetry
system, i.e. polymer solution™ % For polymer solutions, let ¢(r, 7) be the volume fraction of polymers at
position r and time ¢, while v,(r, £) and v,(r, 7) be the velocity fields of polymer and solvent, respectively. To
simplify, in the following they are abbreviated as the spatial and temporal dependent implicit variables ¢, v, and
v,. Therefore, the appropriate kinetic equations of the viscoelastic phase separation in polymer solutions can be
written as follows:

o

Ez_v.(¢v)—v.[¢(l—¢)(vp—VS)J (1)
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where the averaged volume velocity of mixture is defined as v = ¢v,+(1-@)v,. p is the pressure field and is
determined to satisfy the incompressible condition V-v = 0. ¢ is the friction coefficient and 7 is the solvent
viscosity. II is the thermodynamic osmotic pressure tensor and related to the mixing free energy Fi, as:

. _ 5F:nix _ é‘fi_ 2
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Here C is the interfacial tension coefficient and fry is the Flory-Huggins free energy function, defined as fry =
ksT[(1/Np)dlng + (1-@)In(1-¢) + y K 1—-¢), where N, is the polymerization degree of polymers, y is the Flory-
Huggins interaction parameter, kg is Boltzmann’s constant, and 7 is the temperature of system. o is the
viscoelastic stress tensor of polymer solutions and is often calculated by considering the solvent to be a classical
fluid” ' ", In this spirit, the solvent contribution to & is ignored and & only contains the contribution from
polymers. Therefore o is given by the constitutive equation of polymers:

—0
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where d is the spatial dimensionality, and G(f) and K(f) are material functions containing information on all the
spatiotemporal history, which are often called as the shear relaxation modulus and bulk relaxation modulus,
respectively. In our simulation, the Maxwell-type relaxation equations are assumed for both G(f) and K(¢) for
simplicity,

G(t)=M, exp(-t/7,),K(t)=M,exp(-t/1,) (6)

Here, M, and M, are the relaxation moduli of the shear and bulk stresses, respectively. 7, and 7, are the relaxation
time of the shear and bulk stresses, respectively. Also, they are the functions of polymer volume fraction
GM =M M, =MO(p—¢,),7, =7.4" and 7, =7,¢*, where ¢ is the average volume fraction of polymer.
Ao — &) is a step function which is equal to 1.0 when ¢ > ¢ while to zero when ¢ > ¢. Under these
assumptions on G and K, the stress tensor in equation (5) is discretely calculated as follows

o-s(r,t+At):o-s(r,z)exp(_£)+
; (7)
T T
[—vp Vo, +0o,-Vv, +(va) o, +G, (va +(va) )} At

o, (r.t+Ar) =0, (r,t)~exp(—£)+[—vp Vo, +G, V- Vp:|At ®)
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At is the time step size. g, = opl. Finally, the total stress of polymer can be expressed as o= o; + o,

It should be noted that the viscoelastic model is an universal kinetic phase-field model for the dynamic
asymmetry mixtures and can be deduced to various phase separation models. For example, with an assumption
of total stress o = 0, the viscoelastic model is reduced to model H, which is a powerful tool to study the
aggregation and gel formation in colloidal suspensions with hydrodynamic interactions'**°!. In the following,
the Model H will be applied to simulate the CPS case.
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Implementation of Shear

As the fast Fourier transformation (FFT) is used in the computation of Eq. (2), the periodic boundary conditions
should be maintained even when shear field is applied. In previous work, a scheme, which realized the periodic
boundary conditions under shear by transforming coordinates'””), was successfully applied to simulations with
constant mobility in the kinetic equation for model H'*®!, but led to numerical instabilities for simulations with
the order-parameter-dependent mobility in the kinetic equation for viscoelastic model discussed in the present
work. This method leads to numerical instability and heterogeneities at long times for high shear rates!"”. Thus,
for the sake of computational simplicity, we use a simple shear profile in this work:

vshear:)}|y_y0|i (9)

Here, y, = % , the applied velocity along x direction and symmetric about y = y,. 7 is the shear rate. Therefore,
the average velocity field of mixture is v = Vi, + Vgear, Where vy, is inner velocity. This allows periodic boundary
conditions to be used during the application of shear. The effects of using such a profile are negligible in the
long-time limit as the asymptotic morphologies are not influenced by the shear profile!').

Above all, the kinetic equations of the viscoelastic phase separation under shear in polymer solutions can be
rewritten as follows:

2—?=—Vo(¢v)—v-[¢(l—¢)(vp —Vs):l
Vp—VS=—%[V~H—V'0’] (10)
pa;;“ = V-N+V-c+Vp+p Vv

NUMERRICAL RESULTS AND DISCUSSION

In our simulation, the kinetic equations (10) are discretized on a 128 x 128 x 128 box with periodic boundary
conditions. The typical polymer solution is set as follows: The initial volume fraction distribution of polymer is
g.€eN (#,0%), where ¢ =0.28 is the average volume fraction of polymer and the Gaussian noise intensity is

o = 0.001. Other parameter settings are listed in Table 1. Note that, following the previous
studiest™ & 10 11 18 297320 o viscoelastic model, the dimensionless parameters are used for the convenience in
computations and applications of results to different systems.

Table 1. Simulation parameters

System parameters Parameters for polymer relaxation moduli
C é’ s N kBT At M SO TSO M l? Tl())
1 0.1 0.1 1 1.3 0.02 0.2 10 5 10

Viscoelastic Phase Separation under Shear
In the static case, due to the coupling between the stress and diffusion, both the morphologies and kinetics in
VPS are very different from those in CPS, which have been carefully investigated'® ''!. However, in the sheared
case, the morphology and kinetics differences between the VPS and CPS are rarely studied, especially in 3D. In
this section, the viscoelastic effect on the morphologies and kinetics of phase separation are studied in details in
3D. For the VPS, the parameters for the system and polymer relaxation moduli are set as Table 1. For the CPS,
the system parameter is the same as Table 1, but all parameters for polymer relaxation moduli are zero.

Figure 1 presents the pattern evolution of these two types of phase separation process under shear rate y =
0.02. Figure 1(a) shows the pattern evolution in the CPS case. The polymer-rich droplets appear at = 100 and
then the droplets grow lager at ¢ = 200. Due to the shear, the structure of droplet becomes ellipsoid. The ellipsoid
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structures further grow (see ¢ = 400), and then connect together (see ¢ = 800). At end of our simulation (see
t = 2000), the polymer-rich phase shows string-like structure. Figure 1(b) presents the pattern evolution in the
VPS case. Coupling with viscoelastic effect, the pattern evolutions become different from those in CPS case.
First, the phase separation is delayed by viscoelastic effect at beginning of the phase separation, the elongated
droplet morphologies appear at = 500. Secondly, the elongated and dispersive droplets appeared at ¢ = 500, are
consist of solvent-rich phase. Then these droplets grow and connect to each other. Thus, bicontinuous string-like
structures form at ¢ = 700. This structure can only be observed clearly in 3D simulation. The solvent-rich string
structures further grow, which suppress the polymer-rich phase to break down and become dispersive strings at
t = 1000. Therefore, the phase inverse takes place in VPS under shear, which is not observed in CPS case.
Similar to the VPS in the static case, the reason of phase inversion under shear can be attributed to the existence
of bulk relaxation modulus in VPSP!. At the end of our simulation (# = 3000), the larger elongated polymer-rich
droplets structures are observed in the VPS.

1= 400 t=800 t=2000
1= 50 =700 t= 1000 1=2000 t=3000

Fig. 1 The pattern evolutions in two phase separation processes under shear rate y

=0.02 for (a) CPS (Model H), and (b) VPS (viscoelastic model)
Blue and red describe the solvent-rich phase and polymer-rich phase respectively.

Figure 2 shows the characters wave number <k> that is in inverse proportion to the size of domain R in
CPS and VPS, respectively. The definition of <k> is introduced in details by Araki et al.®!. For the CPS case,
after a freezing period (# = 0-200), the radius of domain of case (a) increases very fast and the growth index is
—1.1. Then the size of domain in x—y plan become stable when ¢ > 800, implying the stable string structure. The
fluctuation of <k> at late stage of phase separation (# > 800) comes from the periodic morphology change along
the shear direction, also observed by Onuki e al.!'". The average wave number at stable structure (¢ > 800) is

k, = 2.7(%}, thus the stable domains size is R=i—nz47.4. In the VPS case, it is found that the phase
P

separation speed is slower than that in the CPS case when 400 < ¢ < 2000, because the viscoelastic stress that is

coupled to diffusion slows down the phase separation speed. The turning point at # = 900 implies the phase

inversion in phase separation process. Then the domain size grow faster with the index of —1.3. After ¢+ > 2500

the phase domain size in x—y plan seems to become stable and &, = 2.3. The stable domain size in the VPS is

R=i—n ~ 55.6 , which is larger than that in the CPS.

P

Figure 3 displays the structure factor S in three plans (kx-ky, kx-kz, ky-kz) of corresponding CPS and VPS
patterns in Fig. 1 at # = 2000. For both CPS and VPS cases, the structure factors at kx-ky and kx-kz plans show
marked anisotropy in the shapes of domains parallel to shear direction. The isotropy of structure factors S in
ky-kz plan implies that the domains are isotropic in the plan perpendicular to shear.
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Fig. 2 The evolutions of characters wave numbers in the CPS and VPS under shear

P8O

Fig. 3 The structure factors at kx-ky, kx-kz and ky-kz planes for corresponding stable CPS
and VPS patterns at £ =2000 in Fig. 1

The average polymer fraction evolutions in polymer-rich phase and solvent rich phase are presented in
Fig. 4(a). For both VPS and CPS cases, the polymer fractions evolution in two phase can be divided into three
stages. Stage I: Frozen in the beginning of phase separation. As the stress is coupled to diffusion in the VPS, the
phase separation is suppressed in the beginning, the frozen period in VPS is obviously longer than that in CPS.
Stage II: Dramatical increase at intermediate stage of phase separation. The phase separation in this period is
quick. Stage III: Relatively stable in the late stage of phase separation. In simulation, the relative stable average
fraction of polymer shows 0.8 and 0.12 respectively in two phases. However, in theory, the equilibrium fraction
of polymer in polymer-rich and solvent-rich phases is 0.9 and 0.1, respectively. The existence of phase interface,
where the fraction of polymer transition between two phases, causes the average fraction of polymer in
simulation to deviate from the equilibrium fraction in theory.

Figure 4(b) shows the evolution of polymer-rich phase volume fraction ¢, in the VPS and CPS under shear.
@, is the fraction of lattices with ¢> 0.27. In the VPS case, the volume fraction of polymer-rich phase decreases,
which indicates the volume shrinking behavior. However, for the CPS case, the volume fraction of polymer-rich
phase is nearly unchanged, and phase separates without volume shrinking behavior.

Figure 5 shows the temporal changes in the average magnitudes of the three types of forces in the VPS and
CPS: the thermodynamic force Fy = —VT1, the bulk mechanical force F, = —V- 0oy, and the shear mechanical
force Fs = -V o in each grid. In the CPS case, the peak of | F, | appears at = 250. This is because the stress is

ignored in the CPS, | F, |=|F, | = 0. In the VPS case, the peaks of | F, | and | F, | appear at the same time of
¢t = 800, since both of them are directly related to the velocity field [V -v_ |. They cancel each other and the
phase separation rate is delayed compare with the CPS in early stage of phase separation. The peak of | F, |

appears at = 1000, which retards about A7 ~ 200 compare with that of | F, | and | F; |. This is because | F, | is

directly related to un-diagonal part of stress tensor []. Compare with that in static case, the shear mechanic force
is directly coupled to the shear velocity field, therefore | F, | decays very slowly and almost keeps in a stable

value at late stage of phase separation.
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Fig. 4 (a) The time evolution of the average fraction of polymer in polymer rich phase and solvent rich phase
for two cases in Fig. 1 (The short dash dot line is the initial fraction of polymer); (b) Temporal change in the
volume fraction of the polymer-rich phase for two cases in Fig. 1
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Fig. 5 Temporal changes in the average magnitudes of the three types of forces: the thermodynamic
force, the bulk mechanical force and the shear mechanical force

Roles of Bulk and Shear Relaxation Moduli

As shown in the previous section, the viscoelastic properties would affect the phase separation under shear both
in the morphologies and dynamics. The viscoelastic stresses in VPS can be divided into the bulk stress and shear
stress. In previous works, for static case, Tanaka ef al. have investigated the roles of bulk and shear moduli in 2D
and 3D VPS , respectively™ ') Dwivedi ef al. studied the roles of bulk modulus in 2D VPS under shear!'*.
However, the roles of bulk and shear moduli in 3D VPS under shear have not been explored yet, which will be
explored in details.

The role of bulk modulus

Figure 6 demonstrates the phase separation process at shear rate 7 = 0.02 for various bulk moduli and relaxation
time: (a) M, =1, 7 =10, (b) M) =3, 70 =10, (c) M =5, 7y =10, and (d) M, =5, 7, =5. The phase
morphology evolutions are similar in these cases. At the beginning of phase separation, the solvent-rich phase
forms the disperse ellipse structures in polymer-rich matrix phase. Then, the disperse solvent-rich phases grow
and connect to each other, and form the bicontinuous structures. The solvent-rich phase further grows, and the
polymer rich phase depresses to form the string structures. However, the polymer-rich strings are not stable, they
break down and coalesce to form large elongated structure. This implies that the bulk relaxation moduli may not
affect the morphology evolution pathway in the VPS under shear. However, the phase separation speed in VPS is
delayed with M| and 7 increasing.
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1=300 1=400 =700 1=1500 1= 4000
(b)

t=400 1=700 t= 1400 t=2200 t=4000

=500 =700 1= 1000 1=2000 1=4000

=400 1=700 1=1000 1=2000 1=4000

Fig. 6 Phase separation processes at shear rate y = 0.02 for various bulk modulus and relaxation time
setting: (a) M. =1, . =10, (b) M, =3, 70 =10,(c) M) =5, ry =10, and (d) M) =5,70=5

Blue and red describe the solvent-rich phase and polymer-rich phase, respectively.

The evolutions of characters wave numbers and the corresponding polymer fraction evolution in two phases
are presented Figs. 7(a) and 7(b), respectively. The bulk modulus delays the phase separation as observed in the
previous section. However, the evolution pathways of characters wave numbers and the corresponding polymer
fraction evolution are similar for various bulk moduli, and can be divided into three stages. Stage I, in the
beginning of the phase separation the systems are frozen, thus the domain grows very slowly. The corresponding
polymer fraction evolution in two phase is nearly equal to the initial fraction (see Fig. 7b). At the end of stage |
the ellipse solvent-rich phase droplets appear. Stage II: The ellipse solvent-rich phase droplets grow and
connect each other. The continuous polymer-rich phase is suppressed and breaks down, thus the phase inversion
was observed. Because of the character structures change in the phase inversion, the characters wave numbers
show a peak in Fig. 7(a). The time of the phase inversion take place increase with M and 7, . The polymer
fractions in two phase change very fast when phase inversion takes place (see Fig. 7b). The domain size
increases quickly after phase inversion. The domain growth indexes are all about -1 under various M, and 7|,

which indicates that the phase domain growth mechanics should be similar. Stage III: <> becomes relatively
stable which implies that the phase structures are parallel to shear direction, and form stable phase structures
under shear as shown in Fig. 6 at t = 4000. The stable domain size is decreased with the bulk modulus. The
corresponding average polymer fractions in two phases reach equilibrium.

Figure 8 gives the temporal changes in the average magnitudes of the bulk mechanical force | F, | and the

shear mechanical force | F, | . Because the bulk stress should delay the phase separation and is coupled to
thermodynamic diffusion, both the time and value of | F, | peaks increase with bulk modulus as shown in Fig. 8.
However, the peak value of shear mechanical force | F, | decreases with bulk relaxation modulus and time. This

is because the velocity in the VPS is depressed by bulk modulus, which causes the decrease of shear modulus. In
the late stage of phase separation, bulk mechanical force | F, | relaxes to near 0. The shear mechanical force

| F, | relaxes very slowly. Because the shear force is decided by the shear velocity.
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Fig. 7 (a) The evolutions of characters wave numbers, and (b) the corresponding polymer fractions evolution in two phases
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Fig. 8 Temporal changes in the average magnitudes of the bulk mechanical force and the shear mechanical force

The rheological character of VPS under shear is very important to the process of polymer blends. Here, the
shear stress in VPS under shear is studied. In theory, the total shear stress o, can be divided into two parts:

:o-s-l,-

ax ay s-total

o, ... - Figure 9(a) shows the total shear stress evolution in the VPS. The total shear stress increases dramatically

s

I . o 0¢ 0
the bulk contribution o, , =0, and the interface contribution o . ..= —<C —¢—¢> Thus o

when phase separation takes place. Then, the second overshoot phenomenon is observed in the shear stress in the
late stage of phase separation. The amplitude of vibration is decreasing with bulk relaxation modulus.
Figure 9(b) presents the shear stress contribution from interface, and contribution from bulk, respectively. It is
found that the contribution from bulk is stronger than that from interface. The contribution from bulk increases
rapidly with the phase separation beginning, and maintains in a stable value in the late stage of phase separation.
The bulk modulus nearly can not affect the bulk shear stress very much in the late stage of phase separation.
Thus, the second overshoot in the late stage of total shear stress is caused by the interface contribution. The
mechanics of second overshoot take place in the late stage of phase separation is shown in Fig. 9(c). The
interface contribution rises at the beginning of phase separation for the phase interface appears as shown in
Fig. 9(c) I. When the angle between the domains and shear directions approaches 45 degrees (see Fig. 9(c) II),
the shear tress reaches peaks. Then due to the formation of the small string structure which becomes aligned
along the shear direction, the interface contribution becomes smaller. When the string is parallel to the shear
direction, the interface contribution becomes the smallest (see Fig. 9(c) III). However, because of the higher
interface energy, the small string structure under shear is not stable, which would break down and coalesced into
larger droplets (see Fig. 9(c) IV). Thus the interface contribution rises again and reaches a peak when the angle
between the orientations of coalesced droplets and shear direction approaching 45° (see Fig. 9(c) V). The
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amplitude of second overshoot is decreasing with bulk relaxation modulus since the domains with weak bulk
modulus are easier to elongate and break down under shear. Then, the droplets are continually elongated and
become aligned along the shear direction. Therefore, the interface contribution becomes decayed again until the
elongated droplets formed. At last, the lager ellipsoid structure is formed, which is parallel to shear and stable
under shear (see Fig. 9(c) VI), and the interface contribution becomes smaller and stable.

0.10

0.12F a b Bulkocontrllgutlon Interface conmbutlon
+Mb —=- Mb =170=10
0.10L —.—M 3Tb710 —e—MO 3‘[19: 10
— =10 A Ao =10
Vv M0 ——
& 0.08} & ; M= 5 ri=s
§ AL 5
£ 0.06f @
g —— M{=1170=10 | 2
< L
172) 0.04 —A— M0:3z.b:10 2
00 —o— MP=5170=10
—B— MP=510=5
0.00 L L 1 0.00 S | 1
0 1000 2000 3000 4000 0 1000 2000 3000 4000
t t
C

Fig. 9 The shear stress in the viscoelastic phase separation: (a) total shear stress, (b) shear stress contribution
from interface, and contribution from bulk, (c) the corresponding patterns of x-y plan with the interface

contribution evolution

Roles of shear relaxation modulus
To investigate the shear modulus effect on the morphologies, dynamics and rheological response of the VPS

under shear, various shear moduli are simulated. Figure 10 presents patterns of the viscoelastic phase separation
at £ = 4000 for systems with different shear relaxation moduli and relaxation time.

The pattern evolutions are similar when ¢ < 2000, similar to that in Fig. 1(b). After # > 2000, the surface of
domain is coarser with the larger shear modulus, because the shear modulus suppresses the structures
relaxation' "), and is helpful to maintain the irregular structures at late stage of phase separation. The domain
character wave number with various shear moduli is shown in Fig. 11. When 7 < 2000, the domain growth
dynamics is similar. However, for the suppression of the domain breakdown by the shear modulus, domain size
increases with shear modulus in the late stage of phase separation (¢ > 2000).

()21S 10 =0.5 rs MsflfL'S 21'5 215

Fig. 10 Patterns of the viscoelastic phase separation at ¢ = 4000 for systems with different shear
relaxation moduli and relaxation time
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Fig. 11 The evolutions of characters wave numbers at late stage of VPS under
shear (The insert shows the phase separation in all simulation time.)

Figure 12 shows the shear stress in the VPS with various shear moduli, total shear stresses, and shear stress
contributions from interface and bulk. The total shear stress increases remarkably when phase separation begins.
Then, the shear stress maintains in a stable value in the small shear modulus (e.g. M = 0.2 7! = 10), while

keeps increasing in the relative lager shear modulus (e.g. M =2 7! = 10). The increase of shear stress in the
relative lager shear modulus (e.g. M? =2 7 = 10) is mainly from the contribution of bulk, which is caused by

the enhanced response of coarse interface under shear. The fluctuation of the interface contribution can be
explained by the breakdown and reform phase structures as in the previous section.

0.188 8= M° =02 7 Bulk constribution  Interface constrlbutlon b
M) =05 7 022/ M =02 70=10-5-M =02 %:10
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Fig. 12 The shear stress in the viscoelastic phase separation: (a) total shear stress, (b) shear stress
contributions from interface and from bulk

CONCLUSIONS

In this work, we present a GPU-accelerated three-dimensional simulation to investigate the morphological,
dynamic and rheological properties of VPS under shear. First, the morphologies and dynamics characters of VPS
under shear are presented by comparing with those in CPS. The results show that the phase inversion and phase
shrank take place in VPS under shear. Then, the roles of bulk and shear relaxation moduli in viscoelastic phase
separation are investigated in details. The bulk relaxation modulus delays the phase separation process, but not
affects the dynamic path of VPS. The dynamic path can be divided into three stages: freezing, growth and stable
stages. The second overshoot phenomenon in the shear stress is caused by the breakdown and reform of string
structures. The shear modulus affects the morphology evolution in the late stage of VPS under shear. The shear
modulus will be helpful to form larger domains in the late stage of phase separation.
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