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A B S T R A C T

We use dissipative particle dynamics (DPD) simulations to study the effect of shear on domain morphology and
kinetics of microphase separating critical diblock copolymer (BCP) bulk melts. The melt is confined within two
parallel amorphous solid walls at the top and bottom of the simulation box. The shear is induced by allowing
the walls to move in a direction with a specific velocity. We explore the following cases: (i) walls are fixed,
(ii) only the top wall moves, (iii) both walls move in the same direction, and (iv) both walls move in opposite
directions. After the temperature quench from an uniformly mixed state, we monitor the effect of shear on
evolution morphology, scaling behavior, characteristic length scale and growth laws of the evolving system.
The characteristic length scale follows typical power-law behavior at early times and saturates at late times
when both walls are fixed. The length scale changes significantly with shear rates caused by wall velocities.
The usual lamellar morphology, which is not achieved for case 1 within the considered simulation time steps,
is noticed much earlier for the nonzero wall velocity cases. Specifically, it is seen much before in case 4 than in
the other cases. We find that the shear viscosity decreases (shear-thinning) with shear rate for all the cases at
a given coarsening time. Overall, we report the influence rule of shear rates on microphase separation kinetics
of BCP melts. This study can provide a scheme to anticipate and design anisotropic microstructures under
the application of externally controlled wall shear that may further guide in producing the various composite
materials with superior mechanical and physical properties.
1. Introduction

Microphase separation of block copolymer (BCP) melts [1–5] has
continued to be an active area of research for decades [6–10]. BCP is a
long linear chain molecule (𝐴𝑛𝐵𝑚) composed of two covalently bonded
incompatible sub-chains of 𝑛 𝐴- and 𝑚 𝐵-monomer beads. When a
homogeneous BCP melt in its high-temperature homogeneously mixed
stable phase is quenched below the critical temperature, the system
becomes thermodynamically unstable. The small fluctuations in the
density field grow, and the phase separation occurs, forming 𝐴-rich
and 𝐵-rich phases [11–13]. Since the chemically bonded immiscible
sequences cannot be separated indefinitely, their sub-chain lengths
control the spatial scale. Thus, coarsening gives rise to morphologies at
a microscopic length scale, i.e., micro-domains rich in either of the two
components are formed. Different morphologies like lamellae, gyroids,
cylinders, and spheres depend on the relative compositions (𝑛 ∶ 𝑚) of
sub-chains [1–4].

Domain coarsening is a well-known scaling phenomenon where
the characteristic length scale, 𝑅(𝑡) follows a power-law equation,
𝑅(𝑡) ∼ 𝑡𝜙 asymptotically [11–13]. Here, 𝜙 is the growth exponent,

∗ Corresponding author.
E-mail address: awaneesh.phy@iitbhu.ac.in (A. Singh).

which depends on the relevant coarsening mechanism [12]. BCP melts
coarsen into the well-ordered structures differently than macrophase
separation of polymer blends [14–17]. Numerous theoretical [1–4]
and simulation [6,18] efforts have demonstrated that the variation of
characteristic length scale with time initially follows a power-law with
𝜙 ∼ 1∕4 in the weak-segregation regime [1] and 𝜙 ∼ 1∕3 in the strong-
segregation regime [2,3,6,18]. The segregating BCP melts evolve into
frozen microstructures with various morphologies in the asymptotic
limit. It is further demonstrated that the effects of hydrodynamics only
accelerate the growth kinetics at pre-asymptotic stages compared to
diffusive dynamics [19–23]. Similar frozen morphologies are observed
at late times, as in the diffusive case [19–23].

The self-assembled BCP morphologies are the topic of vital interest
due to their rapidly increasing applications in various fields such as
advanced materials [24], lithography [24–26], drug delivery [24,27,
28], and porous materials [24,29]. The latest applications of BCPs come
from their self-assembly on the nanoscale [30]; these properties rely
on the long-range order of BCP melts [31,32]. The change in morphol-
ogy considerably affects the final properties of multiphase materials.
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Therefore, coarsening domain morphology can significantly influence
the final material properties.

The control over evolved morphology at the molecular scale can
help develop new and robust materials with great industrial applica-
tions. Various methods such as shear [33], electric field [34], chem-
ically patterned substrate [35], etc., have been proposed in the re-
cent past to speed up BCP melts’ segregation. Using either steady
or oscillatory shear [36] is the more straightforward approach. Their
application to BCPs plays a dominant role in determining their self-
assembled structure. Using these methods, spherical, cylindrical, and
lamellar morphologies have been illustrated successfully [37–42]. Some
recent works on BCP thin films [43,44] have improved the align-
ment of cylindrical and spherical domain evolution using shear; it
is believed that microphases try to minimize the effect of shear by
reorienting themselves towards shear flow [36]. Nevertheless, most of
these studies were focused mainly on either 2𝑑 surfaces [33,36] such
as thin substrates/films [43,44] or studying the equilibrium/steady
state properties [45,46] in BCP melts for a small system sizes [37–42].
Thus, a detailed DPD simulation study of the kinetics of microphase
separation of BCP bulk melts under the influence of shear is still
lacking. In contrast to any coarse-grained models, which use uncon-
trolled approximations to model the velocity field, the DPD approach
has the considerable advantage of naturally incorporating flow fields
and the hydrodynamic effects in the system [6]. Furthermore, the
influence of physical boundary and the competition between shear and
phase separation kinetics in BCP melts are crucial in understanding the
morphology and related properties changes [36].

Thus, a more detailed study on growth kinetics, particularly the
growth exponent, scaling properties, and structural anisotropy due to
variation in shear rate, are of paramount importance for a BCP melt
under confinement. The shear is introduced by moving parallel walls
confining the system from the top and the bottom. Herein, we choose a
symmetric BCP melt where each chain has two incompatible sub-chains
of equal length. The amorphous walls have the same interaction with
each sub-chain; thus, both phases experience an equal amount of shear
caused by the wall velocity in a particular direction. Therefore, it is
natural to inquire about the shear effect on the microphase separation
kinetics in BCP melts. We ask the following questions: does shear stim-
ulate or delay the segregation process in the bulk system? Further, do
microscale morphologies vary with low and high shear rates? Finally,
what would be the effect on scaling functions and growth laws?

The shear generated for various scenarios is analyzed using the
DPD simulation technique. However, experimental replication of some
cases can be difficult. For instance, case 3, where both walls move in
the 𝑥-direction, appears particularly difficult to realize experimentally.
In contrast, inducing shear by moving either the top or bottom wall
in case 2 may be achievable through various experimental methods.
These include fabricating flat-sheet membranes [43,44], polymer mem-
brane casting [47], flow-induced crystallization [48], nano-structuring
in gelled emulsions [49,50] and bulk BCP melts [51]. It is worth noting
that we found no experimental evidence of case 3 to the best of our
knowledge. Nonetheless, this simulation study can provide valuable
insights into work that may be challenging to conduct in theory or ex-
periments. Considering the limitations and fea-sibility of experimental
approaches in studying complex systems is essential, and simulation
techniques can help bridge the gap between theory and experiments.
Additionally, future re-search may focus on developing new experi-
mental methods to replicate these challenging scenarios and validate
simulation findings.

In the next section, we briefly describe the DPD methodology that
captures the effect of shear on the phase separation kinetics of BCP
melts. Then, the simulation results are discussed in Section 3. Finally,
we conclude the paper in Section 4.
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2. Methodology

2.1. Dissipative particle dynamics

DPD is a powerful simulation technique to study the kinetic behav-
ior of complex soft mesoscale systems [16,52–54]. In DPD, a cluster
of particles or molecules is modeled as a single bead, which makes
DPD a more thriving numerical tool to simulate the system over a
higher length and time scale than a traditional molecular dynamics
(MD) simulation technique [55–57]. We integrate Newton’s equation
of motion for the system’s time evolution:
𝑑𝑝𝑖
𝑑𝑡

= 𝑓𝑖(𝑡) =
∑

𝑖≠𝑗
𝐹𝑖𝑗 (1)

where 𝑝𝑖 = 𝑚𝑖𝑣𝑖, 𝑣𝑖 = 𝑑𝑟𝑖∕𝑑𝑡, and 𝑟𝑖 denote the momentum, velocity,
and position vectors of 𝑖th bead. The force 𝑓𝑖(𝑡) on 𝑖th particle by all
ther 𝑗 particles consist of three pairwise additive components: (i) 𝐹𝐶𝑖𝑗
epresents the conservative force, (ii) 𝐹𝐷𝑖𝑗 denotes the dissipative force,
nd (iii) 𝐹𝑅𝑖𝑗 imply the random force such that 𝐹𝑖𝑗 = 𝐹𝐶𝑖𝑗 + 𝐹𝐷𝑖𝑗 + 𝐹𝑅𝑖𝑗 .

The conservative force describes the pairwise interaction between
he beads. The most common and simple choice for 𝐹𝐶𝑖𝑗 is [52]

⃗𝐶
𝑖𝑗 =

{

𝑎𝑖𝑗
(

1 − 𝑟𝑖𝑗∕𝑟𝑐
)

𝑟̂𝑖𝑗 , 𝑟𝑖𝑗 < 𝑟𝑐
0, 𝑟𝑖𝑗 ≥ 𝑟𝑐

(2)

hich is a linear soft repulsive interaction up to a cut-off distance 𝑟𝑐 .
ere, 𝑎𝑖𝑗 denotes the maximum repulsion of the conservative force,
𝑖⃗𝑗 = 𝑟𝑗 − 𝑟𝑖, 𝑟𝑖𝑗 = |𝑟𝑖𝑗 | and 𝑟̂𝑖𝑗 = 𝑟𝑖𝑗∕𝑟𝑖𝑗 . The dissipative force 𝐹𝐷𝑖𝑗 has the
ollowing mathematical form

⃗𝐷
𝑖𝑗 = −𝛾𝜔𝐷(𝑟𝑖𝑗 )(𝑟̂𝑖𝑗 ⋅ 𝑣𝑖𝑗 )𝑟̂𝑖𝑗 (3)

here 𝛾 is the friction coefficient or strength of viscus dissipation,
𝐷(𝑟𝑖𝑗 ) is the weight function of the dissipative force, and 𝑣𝑖𝑗 = 𝑣𝑖 − 𝑣𝑗 .
he effect of thermal fluctuation is described by [52]

⃗𝑅
𝑖𝑗 = 𝜎𝜔𝑅(𝑟𝑖𝑗 )𝛥𝑡−1∕2𝜉𝑖𝑗 𝑟̂𝑖𝑗 (4)

here 𝜎 is the strength of the random force, 𝜔𝑅(𝑟𝑖𝑗 ) is the corresponding
eight function, and 𝜉𝑖𝑗 denotes the Gaussian random variable with

ero mean
⟨

𝜉𝑖𝑗 (𝑡)
⟩

= 0 and unit variance
⟨

𝜉𝑖𝑗 (𝑡)𝜉𝑘𝑙(𝑡′)
⟩

= (𝛿𝑖𝑘𝛿𝑗𝑙 +

𝑖𝑙𝛿𝑗𝑘)𝛿(𝑡 − 𝑡′) [52,53]. The symmetry relations 𝐹𝑖𝑗 = −𝐹𝑗𝑖, 𝜉𝑖𝑗 = 𝜉𝑗𝑖,
nd the force 𝐹𝐷𝑖𝑗 and 𝐹𝑅𝑖𝑗 act along the line joining bead centres ensure
he momentum conservation [52,53].

To attain the correct canonical thermodynamic equilibrium state of
system at a temperature 𝑇 , the strength of the random (𝜎) and dissipa-

ive (𝛾) forces must follow the fluctuation–dissipation relation [53,54]
2 = 2𝛾𝑘𝐵𝑇 where 𝑘𝐵 is the Boltzmann constant; their corresponding
eight functions must be coupled as 𝜔𝐷(𝑟𝑖𝑗 ) =

[

𝜔𝑅(𝑟𝑖𝑗 )
]2. The common

hoice for the weight function [52] is 𝜔𝐷(𝑟𝑖𝑗 ) =
(

1 − 𝑟𝑖𝑗∕𝑟𝑐
)2 for 𝑟𝑖𝑗 < 𝑟𝑐 .

owever, we can choose other forms of weight functions given that the
bove two conditions are satisfied.

.2. Model parameters and other details

The system evolution is followed by integrating the equations of
otion shown in Eq. (1) using a modified velocity-verlet algorithm

58]. In DPD simulations, cut-off radius 𝑟𝑐 is commonly considered
s a characteristic length scale, and 𝑘𝐵𝑇 as a characteristic energy
cale [52]. Each DPD bead is considered to have equal mass 𝑚𝑖 = 𝑚.
he total number density of beads is set to 𝜌 = 3 appropriate for the
PD simulation of liquids; this choice of 𝜌 also ensures that the system

s far away from the gas-liquid transition [52,53]. The simulation
esults are presented in reduced DPD units with the parameters 𝑟𝑐 ,
, and 𝑘𝐵𝑇 , all set to 1.0 [52]. Following the dimensional analysis,

he characteristic time scale is defined as 𝜏 =
(

𝑚𝑟2𝑐∕𝑘𝐵𝑇
)1∕2, which
ives 𝜏 = 1.0 in reduced DPD units. The time scale obtained by
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using the conventional DPD procedure yields 𝜏 = 8.3 ps, which is
known as the intrinsic time scale for producing accelerated dynamics
due to softcore potential [52,59,60]. However, to get a more relevant
time scale, we can correlate the collective diffusion coefficient of the
polymeric melt in the DPD simulations, 𝐷𝑠𝑖𝑚 ≈ 1.74 × 10−2 nm2∕𝜏, to
the experimental time scales 𝐷𝑒𝑥𝑝 ≈ 2.00 × 10−11 m2∕s [61]. Thus, the
stimated characteristic time scale for our simulation is 𝜏 ≈ 0.87 ns.
e chose the integration time step 𝛥𝑡 = 0.02 [17]. The dissipation

arameter in Eq. (4) is set to 𝛾 = 4.5, which is suitable for the system to
each the equilibrium temperature more rapidly and provide numerical
tability for the specific time steps [52].

We set the value of repulsive interaction strength 𝑎𝑖𝑗 = 25 for
he interaction between chemically compatible BCP beads (i.e., 𝑎𝐴𝐴 =
𝐵𝐵 = 25). This choice is made to reproduce the compressibility of
ater by coarse-graining ten water molecules into one bead [52–55].
herefore, the characteristic length in the actual units are estimated
o be 𝑟𝑐 = 0.97 nm [16,17]. The interaction parameter, 𝑎𝑖𝑗 = 60 for
hemically incompatible beads (i.e., 𝑎𝐴𝐵 = 60). The interaction of

and 𝐵 beads with the wall beads is set to 𝑎𝑖𝑗 = 45. In our DPD
imulation, we quench the system at reduced temperature 𝑇 = 1, which

we see in a short while that the chosen temperature is well below
the critical temperature for the corresponding phase separation to take
place [16,17].

We simulate BCP chains as bead–spring model where the beads of
each sub-chains are connected by harmonic bond potential [60,62],
𝐸𝑏 =

𝑘𝑏
2 (𝑟 − 𝑟0)2 where 𝑘𝑏 = 128 is the elastic constant, and 𝑟0 = 0.5 is

the equilibrium bond length [16,57]. The stiffness of the polymer chain
is handled by the angle potential, 𝐸𝑎 =

𝑘𝑎
2 (cos 𝜃−cos 𝜃0)2, where 𝑘𝑎 = 5

is the strength of the angle potential. The angle between two successive
bonds along the chain is 𝜃. We have taken the equilibrium value 𝜃0 =
180 [56–58,60,62]. Since DPD utilizes softcore interaction potential
between the beads, there could be an unphysical bond crossing between
the BCP chains. To mitigate that, we used modified segmental repulsion
potential (mSRP) [63]. In this formulation, pseudo beads are considered
at the center of all bonds. These beads interact with a softcore repulsive
interaction [63], 𝐹𝑚𝑆𝑖𝑗 = 𝑘𝑚𝑆

(

1 − 𝑟𝑖𝑗∕𝑟𝑚𝑆𝑐
)

𝑟̂𝑖𝑗 , for 𝑟𝑖𝑗 < 𝑟𝑚𝑆𝑐 where
𝑘𝑚𝑆 = 100 (in reduced DPD units) is the force constant. The cutoff
distance for the mSRP interaction is taken as 𝑟𝑚𝑆𝑐 = 0.6. We use the
LAMMPS simulation package [58] with mSRP code [63] to integrate
the equations of motion.

The box size used in our DPD simulation is 𝐿𝑥×𝐿𝑦×𝐿𝑧 = 64×64×64;
thus, the total number of DPD beads in the simulation box is 𝑁 =
𝜌 × 𝐿3 = 7, 86, 432. We consider a critical BCP melt (𝑛 ∶ 𝑚 = 1 ∶ 1)
with chain length 𝑁𝑝 = 32 (degree of polymerization). Total number of
𝐴- and 𝐵-type beads is 𝑁𝐴 = 𝑁𝐵 = 3, 80, 928 (𝜙𝐴 = 𝜙𝐵 = 4.843 × 10−1),
i.e., 𝜌𝐴 = 𝜌𝐵 = 1.453. The total number of BCP chains in the simulation
box is 𝑁𝐵𝐶𝑃 = 23,808. The period boundary conditions are applied in
𝑥- and 𝑦- directions, whereas both walls bound the simulation box in
the transverse 𝑧-direction. The height of each wall is set to ℎ = 1.0. The
walls are also made of DPD beads in an amorphous arrangement with
a number density 𝜌𝑤 = 3; therefore, the total number of wall beads is
𝑁𝑤 = 24,576, so the volume fraction is 𝜙𝑤 = 3.125 × 10−2.

When walls are fixed, corresponding velocity components 𝑣𝑤𝑥, 𝑣𝑤𝑦,
nd 𝑣𝑤𝑧 are set to zero (case 1). To shear the system, we let the walls
ove in 𝑥-direction with a constant velocity, 𝑣𝑤 ∈

(

𝑣𝑤𝑥, 𝑣𝑤𝑦 = 0, 𝑣𝑤𝑧
= 0). We consider three cases depending on the direction of the wall’s

otion: (i) top wall moves in the positive 𝑥-direction (case 2) with
𝑤𝑥 = 0.1, 0.5, and 1.0, while the bottom wall is fixed. (ii) The
op and the bottom walls move in the same direction (case 3) with
he same wall velocities as in case 2. (iii) Both walls move in the
pposite directions, the top wall moves in the positive 𝑥-direction,
nd bottom wall in the negative 𝑥-direction; we set this condition as
ase 4. The bounce-back boundary condition is applied at the wall–
luid interfaces [64] to prevent the BCP beads from penetrating the
morphous walls and to produce no-slip boundary conditions with
inimal interfacial density oscillation [65,66]. Therefore, the shear
3

a

rate (𝛾̇) applied to the system takes the values 𝛾̇ = 1.56×10−3, 7.80×10−3,
nd 1.56 × 10−2 corresponding to the wall velocities 𝑣𝑤𝑥 = 0.1, 0.5, and
.0, respectively, in the dimensionless DPD units. Thus, the applied
hear rate in our simulation ranges from 𝛾̇ = 1.8 × 105∕s to 1.8 × 106∕s,
hich are within the same order of magnitude as those used in high

hear rate experiments in microfluidic devices [67,68].
To demonstrate the effect of shear, we compute shear viscosity,

using the technique developed by Muller-Plathe [69,70]. In this
echnique, momentum flux is imposed on the system by the exchange
f momentum of atoms along a particular direction (say 𝑧-direction).
he average velocity profile is generated as a response to momentum
lux. Shear viscosity can be calculated from the slope of velocity profile
nd imposed momentum flux using the equation: 𝑗𝑧(𝑝𝑥) = −𝜂

(

𝜕𝑣𝑥∕𝜕𝑧
)

,
ere 𝑗𝑧(𝑝𝑥) is the momentum flux, and 𝜕𝑣𝑥∕𝜕𝑧 is the velocity gradient or
hear rate. Further, we quantitatively evaluate the anisotropic degree
f evolved morphology by calculating the anisotropy parameter 𝐷𝑥𝑦(𝑡)
s [71,72];

𝑥𝑦(𝑡) =

∑

[(𝑘2𝑥 − 𝑘
2
𝑦)∕𝑘

2]𝑆(𝑘𝑥, 𝑘𝑦, 𝑘𝑧)
∑

𝑆(𝑘𝑥, 𝑘𝑦, 𝑘𝑧)
. (5)

Here, 𝑘𝑥 and 𝑘𝑦 are the components of wave vector 𝑘⃗ in the 𝑥𝑦-plane
or a fixed 𝑘𝑧 where 𝑘2 = 𝑘2𝑥 + 𝑘2𝑦 + 𝑘2𝑧, and 𝑆(𝑘𝑥, 𝑘𝑦, 𝑘𝑧) denotes the

structure factor at a point
(

𝑘𝑥, 𝑘𝑦, 𝑘𝑧
)

in Fourier space. Similarly, we
calculate the anisotropy parameter, 𝐷𝑦𝑧(𝑡), and 𝐷𝑥𝑧(𝑡) in the 𝑦𝑧 and 𝑥𝑧
planes, respectively. Note that, for a perfect isotropic system, 𝐷𝑖𝑗 ≃ 0
and for a fully anisotropic system, 𝐷𝑖𝑗 → 1.

2.3. Morphology characterization and scaling functions

The two most desirable and experimentally relevant functions to
characterize the evolution morphology are the correlation function and
its Fourier transform, the structure factor [12,13]. We introduce the
two-point equal-time correlation function as

𝐶(𝑟, 𝑡) =
⟨

𝜓
(

𝑟1, 𝑡
)

𝜓
(

𝑟2, 𝑡
)⟩

−
⟨

𝜓
(

𝑟1, 𝑡
)⟩ ⟨

𝜓
(

𝑟2, 𝑡
)⟩

(6)

where 𝜓(𝑟, 𝑡) denotes the order parameter. The structure factor is
efined as

(𝑘⃗, 𝑡) = ∫ 𝑑𝑟 exp
(

𝑖𝑘⃗ ⋅ 𝑟
)

𝐶(𝑟, 𝑡) (7)

where 𝑘⃗ is the scattering wave vector.
The order parameter 𝜓(𝑟, 𝑡) is obtained as the local density differ-

nce of the constituents located at 𝑟 at a given time 𝑡 [14,15],

(𝑟, 𝑡) =
𝑛𝐴(𝑟, 𝑡) − 𝑛𝐵(𝑟, 𝑡)
𝑛𝐴(𝑟, 𝑡) + 𝑛𝐵(𝑟, 𝑡)

(8)

here 𝑛𝐴(𝑟, 𝑡) and 𝑛𝐵(𝑟, 𝑡) represent the local number of 𝐴 and 𝐵 types
f beads calculated as follows: we divide the simulation box into non-
verlapping unit cubes and then count the number of 𝐴 and 𝐵 types
f beads in each unit cube. Thus, from Eq. (8) 𝜓(𝑟, 𝑡) ∈ (0, 1) for
𝐴(𝑟, 𝑡) > 𝑛𝐵(𝑟, 𝑡), and 𝜓(𝑟, 𝑡) ∈ (0,−1) for 𝑛𝐴(𝑟, 𝑡) < 𝑛𝐵(𝑟, 𝑡). However,
or 𝑛𝐴(𝑟, 𝑡) = 𝑛𝐵(𝑟, 𝑡), we assign 𝜓(𝑟, 𝑡) ∈ (0, 1) or 𝜓(𝑟, 𝑡) ∈ (0,−1) with
qual probability [15].

The number of peaks in the structure factor or the oscillatory
ehavior of the correlation function after zero-crossing signifies the
eriodicity of evolving morphology in the phase separating BCP melts.
n our simulation, we spherically average 𝐶(𝑟, 𝑡) and 𝑆(𝑘⃗, 𝑡) for bet-
er statistics. The corresponding quantities are denoted by 𝐶(𝑟, 𝑡) and
(𝑘, 𝑡), respectively. The characteristic length scale, 𝑅(𝑡) is defined as

he distance over which 𝐶(𝑟, 𝑡) decays to a fraction of its maximum
alue (𝐶(𝑟, 𝑡)|𝑟=0 = 1). There are a few other definitions of 𝑅(𝑡), but
hey are equivalent in the asymptotic limit; they differ only by some
onstant multiplicative factors in the scaling regime [73,74]. Herein,
he distance over which the correlation function decays to 0.2 provides

good measure of 𝑅(𝑡) [73,75].
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Fig. 1. (a) Average velocity profile, ⟨𝑣𝑥⟩ is plotted along the 𝑧-direction at a higher shear rate, 𝛾̇ = 1.56 × 10−2. The different symbol types at the top represent the cases studied
here. (b) The variation of shear viscosity, ⟨𝜂⟩ against 𝛾̇ at 𝑡 = 5 × 103 for all the cases denoted by the various symbol types.
The basic assumption of scaling is the existence of a unique charac-
teristic length scale 𝑅(𝑡). The dynamical scaling form of the correlation
function and the structure factor has the following form [12,13]:

𝐶(𝑟, 𝑡) = 𝑓 (𝑟∕𝑅(𝑡)) (9)

𝑆(𝑘, 𝑡) = 𝑅(𝑡)𝑑𝑔(𝑘𝑅(𝑡)) (10)

where 𝑓 (𝑟∕𝑅(𝑡)) and 𝑔(𝑘𝑅(𝑡)) are the corresponding scaling functions.
We plot the length scale, 𝑅(𝑡) vs. 𝑡 on a logarithmic scale to estimate the
appropriate growth exponent 𝜙 [17,76–78]. Further, we follow another
intuitive way to verify the same by computing the effective growth
exponent as

𝜙𝑒𝑓𝑓 = log𝛼
[

𝑅 (𝛼𝑡) ∕𝑅 (𝑡)
]

(11)

and plot it against inverse of domain size 1∕𝑅(𝑡) where we set the log-
base 𝛼 = 2 [79]. In general, the domain growth law for any typical
phase-separating system can be written as 𝑅(𝑡) = 𝑅0 + 𝑎𝑡𝜙. Here, 𝑅0
denotes the average domain size of the transient growth regime when
the system becomes unstable due to fluctuations at an early time 𝑡0
since the quench (i.e., from 𝑡 = 0 → 𝑡0). 𝑅0 and 𝑎 are tempera-
ture and composition-dependent constants [17,76–78]. The transient
growth regime is usually negligible for a phase-separating system with
critical compositions. However, evolution begins with more extensive
transient growth regimes before the nucleation and growth set in for a
system with off-critical compositions. Therefore, one can redefine the
average domain size, 𝑅(𝑡) ≡ 𝑅(𝑡) −𝑅0, and the time 𝑡 ≡ 𝑡 − 𝑡0 such that
𝑅(𝑡) ∼ 𝑡𝜙 to obtain the appropriate growth exponent, 𝜙 [76,78]. The
values of 𝑡0 and corresponding 𝑅0 are provided in Table S1 (in SI) for
all the cases discussed here.

3. Numerical results

In this section, we discuss the numerical results obtained for mi-
crophase separating symmetric BCP melt (𝐴𝑛𝐵𝑛; 𝑛 = 16) confined within
two parallel amorphous walls in the transverse 𝑧-direction. At the
onset of the DPD simulation, we first equilibrate the initial system for
𝑡 = 2 × 105 at a high-temperature 𝑇 = 5 (in reduced DPD units) to
prepare a uniformly mixed (homogeneous or uncorrelated state). The
shear rate is set to zero during the equilibration process. We then reset
the time at 𝑡 = 0, quench the system at a lower temperature 𝑇 =
1, and monitor the evolution pattern at different times. We typically
performed five independent simulation runs for the ensemble averaging
for the scaling and growth laws. However, for the velocity profiles and
viscosity calculation, averaging is done over ten ensembles.

To begin with, we first try to understand the average velocity profile
of the system at different shear rates. Since wall beads are allowed to
move along the 𝑥-direction with a constant velocity 𝑣 , the shear rate
4

𝑤𝑥
(𝛾̇) applied to the system is fixed, and 𝑥-component of the velocity
𝑣𝑥 plays a dominant role in the average velocity profile. Therefore,
we generate the velocity profiles, ⟨𝑣𝑥⟩, along the 𝑧-direction for all
the cases at 𝛾̇ = 1.56 × 10−2, and displayed in Fig. 1(a). For this, we
divide the system into thin slabs of a unit thickness (𝛥𝑧 = 1.0) along
the 𝑧-direction and calculate the average velocity components ⟨𝑣𝑥⟩,
⟨𝑣𝑦⟩, and ⟨𝑣𝑧⟩ over all the beads in a particular slab [69,70]. The 𝑦
and 𝑧 components of the average velocity profile remain unaffected
by the shear, so we obtain ⟨𝑣𝑦⟩ = ⟨𝑣𝑧⟩ = 0 for all cases (results not
shown here). The solid black line in Fig. 1(a) demonstrates the velocity
profile for case 1, where both walls are fixed (𝛾̇ = 0.0), and thus,
⟨𝑣𝑥⟩ = 0.0 confirms the linear momentum conservation in the system.
This curve serves as a reference for the other cases studied in Fig. 1(a)
at 𝛾̇ = 1.56 × 10−2. In case 2 (black symbol), as the distance from the
top wall increases, ⟨𝑣𝑥⟩ gradually reduces to zero. It decreases further
and attains negative values with distance, which gradually approaches
zero close to the bottom wall. The velocity profile for case 3 (red
curve) decreases smoothly with increasing distance from both walls and
reaches a negative minimum value at 𝑧 ≃ 𝐿∕2. Finally, in case 4 (green
curve), since both walls move in opposite directions, ⟨𝑣𝑥⟩ varies linearly
with distance along the 𝑧-axis, crossing zero near 𝑧 ≃ 𝐿∕2.

To understand the reason for getting negative values in velocity
profile at the central region of the simulation box, we further plot ⟨𝑣𝑥⟩
vs. 𝑧 in Fig. S1(a-f) for the other cases at various parameter values.
Note that wall shearing generates a flow field in the neighboring slabs
of separating BCP melt. The effect of shear on successive slabs decreases
with the increase of distance from the sheared wall, which eventually
decays to zero at a certain distance from the wall 𝑧 ≈ 48 for case 2 in
Fig. S1(a), and 𝑧 ≈ 12 and 52 for case 3 in Fig. S1(d). Following the
incompressible Newtonian fluid flow conditions, the system responds
to the nonequilibrium situation by inducing a momentum flow in the
opposite direction to maintain momentum conservation throughout the
system [69,70,80]. Recall that the linear momentum is conserved by
default in DPD simulation when both walls are fixed (case 1). However,
when the top wall moves (case 2), it exerts a shear stress on the BCP
melt, causing its layers to slide over each other. This results in BCP melt
flowing and forming layers parallel to the top wall. The layers closest
to the top wall experience the highest velocity, while those near the
bottom wall have the lowest velocity. It is important to note that the
net flow in the system must be zero to conserve momentum [20,21,52].
Therefore, the lower flow in the bottom region must be compensated
by the faster flow in the upper part of the box. As a result, there is a
negative velocity profile in the central box area, where the velocity is
lower than the average velocity of the BCP melt. Thus, the negative ve-
locity profile in the central region is a consequence of the shear-induced
alignment of the BCP chains, which creates a velocity gradient across
the box to maintain momentum conservation. In case 3, the difference
in flow velocity creates a gradient along the height of the box, with
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the highest velocity near the walls in the same direction that decreases
towards the center. This also leads to a negative velocity profile in the
central region to maintain momentum conservation. Similarly, in case
4, the opposite wall shear generated is balanced such that the net flow
in the system is zero; momentum is conserved. Consequently, a linear
variation of ⟨𝑣𝑥⟩ with distance from top to bottom, crossing zero near
𝑧 = 𝐿∕2 [69,70,80].

Furthermore, the momentum induced in the opposite direction also
increases in response to the increased shear rate. Thus, we marked the
enhanced negative values in the velocity profiles [69,70,80] with shear
rates 𝛾̇ = 1.56 × 10−3, 7.80 × 10−3, and 1.56 × 10−2 as demonstrated in
igs. S1(a), and S1(d) with black, red, and green curves, respectively.
ext, we plot ⟨𝑣𝑥⟩ vs. 𝑧 for different chain lengths of the critical BCP
elt in Figs. S1(b), and S1(e) at a fixed shear rate, 𝛾̇ = 1.56 × 10−2.

The velocity profile values at the center become less and less negative
with increasing chain length, as illustrated in black, red, and green
curves for 𝑁𝑝 = 8, 16, and 32, respectively. The reason could be the
lower diffusive transportation of BCP chains with a high degree of
olymerization as diffusion coefficient, 𝐷 ∼ 𝑁−𝜈

𝑝 where 𝜈 = 1∕2
s the size exponent in the melt [14,81,82]. Thus, the magnitude of
pposite momentum also decreases with chain length. In Fig. S1(c), and
1(f), we plot the velocity profile for different wall distance at a fixed
hain length and a shear rate. Our results illustrate that the effect of
quilibrium wall distance on the negative value of the velocity profile
s insignificant.

The average velocity profile, ⟨𝑣𝑥⟩ as a function of time, is plotted
n Fig. S2 for all the cases mentioned at the top. First, in Fig. S2(a-c),
e examined the variation of ⟨𝑣𝑥⟩ for different shear rates mentioned in

the legend for a slab of unit thickness close to the top wall. Apparently,
the average velocity profile quickly saturates to a finite value as time
progresses, and the magnitude of the saturation value enhances with
increasing shear rates. In Fig. S2(d-f), ⟨𝑣𝑥⟩ is plotted for different slabs
along 𝑧-direction at a fixed shear rate, 𝛾̇ = 7.80 × 10−3. We observed
similar results as in Fig. S2(a-c); the average velocity profile as a
function of time quickly saturates for all the cases as we go along the
𝑧-direction from top to bottom walls.

To understand the effect of shear on the phase separating BCP melt
in bulk, we plot the variation of average shear viscosity ⟨𝜂⟩ with 𝛾̇
n Fig. 1(b) for cases 2 − 4 as denoted by the black, red, and green
ymbols at a late time of evolution, 𝑡 = 5×103. The symbol ⟨⋯⟩ denotes
he average over ten ensembles. For each case, the variation of ⟨𝜂⟩
ollows a similar pattern. i.e., with the increase of shear rate, a gradual
ecrease in viscosity is noted, illustrating the shear-thinning, which
urther saturates at higher shear rates (𝛾̇). Thus confirming the smaller
verage domain size, 𝑅(𝑡) at higher 𝛾̇ for cases 2–4 discussed above.
he shear viscosity for case 4 (green curve) is the lowest, indicating
hat the effect of shear is more prominent in this case than the cases 2
nd 3.

In Fig. S3(a), (c), and (e), the average bond length is plotted as a
unction of time at different shear rates for all the cases. An enhanced
ond stretching is observed on increasing shear, which is optimum for
ase 4 (see Fig S3(e)), where walls move in opposite directions. This
ond stretching can attribute the shear thinning to the perturbation
f the polymer chains under shear. However, one can also compute
he normalized radius of gyration of the BCP chains in the melt for
arious shear rates to demonstrate the shear thinning attributed to
he perturbation of the polymer chains under shear [83]. Overall, the
ymmetric variation of the velocity profile within positive and negative
alues (i.e., the momentum flow in opposite directions) ensures mo-
entum conservation in the system. The momentum exchange further

nsures the drainage of excess heat generated by friction [69]. Thus,
e observe only tiny enhancements in the instantaneous temperature,
𝑖 ∈ (0.98 − 1.095) around the quench temperature, 𝑇 = 1.0, but within
he statistical error at various shear rates in different cases, as displayed
n Fig. S3(b), (d), and (f).
5

.1. Both walls are fixed

We first study case 1 with both walls fixed (no shear) to put the
est of the discussions in proper context. The evolution morphology
t 𝑡 = 1.2 × 102 and 𝑡 = 5.4 × 103 are shown in Fig. 2(a); 𝐴-type

beads are in red, 𝐵-type beads are in yellow, and the olive color marks
the wall beads. We plot the corresponding radial distribution function
(RDF), 𝑔𝐴𝐵(𝑟) vs. radial distance, 𝑟 in Fig. 2(b) at different time steps as
denoted by the various symbols. The extension in peak height and the
shift to higher 𝑟 with time indicate the growth of 𝐴 and 𝐵 clusters. The
black curve (𝑡 = 1.2×102) shows a single lower peak at a small 𝑟, which
saturates at larger 𝑟 values; this demonstrates an early-time evolution
of homogeneous BCP melt into tiny domains. As time progresses, 𝑔𝐴𝐵(𝑟)
begins to develop secondary peaks as displayed by the red (𝑡 = 3.6×102),
reen (𝑡 = 1.2 × 103), and blue (𝑡 = 5.4 × 103) curves, respectively; this

indicates the coarsening of BCPs into periodic structures. Further, the
local number density profile of 𝐴-type beads, 𝜌𝐴(𝑦) along the 𝑦-direction
is displayed in Fig. 2(c) for the same time sets as in Fig. 2(b). The solid
black line shows the actual number density of 𝐴 beads (𝜌𝐴 = 1.453).
The increasing density profile amplitude demonstrates the growth of
phase separating domains, and the oscillatory variation ascertains the
periodic structure formation. The density profiles in other directions
are not shown here due to brevity.

We plot the scaled correlation functions, 𝐶(𝑟, 𝑡) vs. 𝑟∕𝑅(𝑡) in Fig. 3(a)
at four different times. The correlation functions at early times, 𝑡 =
1.2 × 102 (black symbol) and 𝑡 = 3.6 × 102 (red symbol), deviate
from the scaling. Note that early-time domain evolution in BCP melt
is analogous to spinodal decomposition in polymer blends [20]. An
excellent data overlap of the correlation functions at late times, 𝑡 =
1.2× 103 and 5.4× 103 (denoted by the green and blue symbols), justify
the dynamical scaling regimes. A more oscillatory form of 𝐶(𝑟, 𝑡) after
the zero crossing characterizes the development of periodic structures
in late times. The solid black line denotes the zero-crossing of 𝐶(𝑟, 𝑡).
Notice that we do not observe a clear lamellar morphology within the
given simulation period as displayed in Fig. 2(a) for the symmetric BCP
melt with chain length 𝑁𝑝 = 32 (𝐴16𝐵16). Since diffusion coefficient,
𝐷 ∼ 1∕𝑁𝑝, the formation of lamellar morphology is observed for
symmetric BCP melts with shorter chains within the same simulation
period, as displayed in Fig. S4(a) for 𝑁𝑝 = 8 (𝐴4𝐵4) and in Fig. S4(b)
for 𝑁𝑝 = 16 (𝐴8𝐵8). Therefore, we need longer steps to observe lamellar
morphology for BCPs with chain length 𝑁𝑝 = 32. The scaled structure
factor, 𝑆(𝑘, 𝑡)𝑅(𝑡)−3 vs. 𝑘𝑅(𝑡) in Fig. 3(b) is displayed for the same times
as in Fig. 3(a). As expected, we observe a crossover in the scaling
functions. The structure factor data deviates at early times (indicated
by the black and red symbols). Notice the narrowing peak in 𝑆(𝑘, 𝑡)
and the appearance of the shoulder (at 𝑘𝑅(𝑡) ≃ 4) in the green and blue
curves at 𝑡 = 1.2 × 103 and 𝑡 = 5.4 × 103; this verifies the formation
of periodic morphology at the late stages of coarsening. The structure
factor shows a power-law decay, 𝑆(𝑘, 𝑡) ∼ 𝑘−(𝑑+1) at large wave vector
(𝑘 → ∞) regimes where 𝑑 is the system’s dimension; this is known as
Porod’s law [84] results from scattering off sharp interfaces.

Next, to study the domain growth law for the evolution shown in
Fig. 2(a), we plot the characteristic length scale, 𝑅(𝑡) vs. 𝑡 in Fig. 3(c),
on a log–log scale. BCP melt follows the diffusive growth (i.e., 𝜙 ∼ 1∕3)
in an early spinodal time window up to 𝑡𝑠𝑝 ≃ 8.0×102 such that 𝑅(𝑡𝑠𝑝) ∼
4 (equivalent to the average size of BCP sub-chains). The length scale
then crosses over to saturation when the constraints imposed by the
topological connection become evident. The saturating 𝑅(𝑡) marks the
freezing microphase morphology for symmetric BCPs. A more precise
way of computing the growth exponent is to plot 𝜙𝑒𝑓𝑓 vs. 𝑅(𝑡)−1 from
Eq. (11) and extract 𝜙𝑒𝑓𝑓 from data extrapolation in the asymptotic
limit. Such an exercise is shown in Fig. 3(d), which demonstrates that
in the limit 𝑅(𝑡)−1 → 0, the growth exponent converges to 𝜙 → 0.
𝑒𝑓𝑓
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Fig. 2. The system is confined within fixed walls at the top and bottom, as indicated by the olive beads. (a) Evolution morphology of BCP melt at 𝑡 = 1.2 × 102 and 𝑡 = 5.4 × 103.
(b) Comparison of the radial distribution function, 𝑔𝐴𝐵 (𝑟) versus 𝑟 at different evolution times. (c) Average number density distribution, 𝜌𝐴(𝑦) of 𝐴-beads along 𝑦-direction for the
same time steps as in (b).
3.2. Top wall moves

Let us return to the phase separation of BCP melt under the influ-
ence of shear arising due to moving walls. First, we focus on case 2,
where the top wall moves in the positive 𝑥-direction, and the bottom
wall is fixed. Any variation in the wall velocity can alter the shear rate;
here, we choose three different shear rates, 𝛾̇ = 1.56× 10−3, 7.80× 10−3,
and 1.56 × 10−2, as mentioned earlier.

The evolution morphology for case 2 is displayed in Figs. S5. It is
apparent that with the increase in 𝛾̇, domains of 𝐴 and 𝐵 sub-chains
adjacent to the top wall appear to flow more along the shear direction.
Recall that in case 1, the system could not develop lamellar morphology
up to simulation time 𝑡 = 5.4 × 103. Herein, lamellar slabs appear
earlier with increasing shear rates; the reason could be the flow and
orientation of microdomains in the shear direction. Therefore, due to
the competition of unidirectional shear and simultaneous microphase
separation kinetics, BCP chains segregate perpendicular to the shear
direction to form a more stable lamellar morphology than in any other
adjustments. In other words, by adjusting normal to the shear direction,
𝐴 and 𝐵 domains try to overcome the effect of shear. Since only
the top wall moves, the low shear rate (𝛾̇ = 1.56 × 10−3) primarily
influences a small upper region of the simulation box. Thus, lamellar
formation begins closer to the moving wall along the flow direction
and perpendicular to the 𝑦𝑧-plane. A few more layers in the simulation
box are affected by the increase in shear rate, 𝛾̇ = 7.80 × 10−3 and 𝛾̇ =
1.56 × 10−2, and therefore, we get more ordered lamellar strips within
the same time interval. The unidirectional shear enhances the tendency
of lamellar pattern formation for a phase separating symmetric BCP
melt.

To characterize the evolution morphology illustrated in Fig. S5,
we plot 𝑔𝐴𝐵(𝑟) vs. 𝑟 in Fig. 4(a) at different time steps for 𝛾̇ =
7.80 × 10−3. The black curve showed early time data when a few small
6

microdomains evolved via spinodal decomposition. Thus, a single peak
is observed at a shorter distance 𝑟 ≃ 5.0. The main peak strength of
𝑔𝐴𝐵(𝑟) increases with time and shows a relatively higher amplitude at
𝑟 ≃ 9.25 at the late time (see the blue curve) than any other curves at
earlier times. A secondary peak in 𝑔𝐴𝐵(𝑟) is also clearly visible in the
blue curve at a distance 𝑟 ≃ 24.0. The main reason is the coarsening
of lamellar morphology. Corresponding local number density profile,
𝜌𝐴(𝑦) is plotted against the 𝑦-direction in Fig. 4(b). A much lower
density profile amplitude at early times verifies tiny microdomain
formation (see the corresponding black and red curves). However, at
late times, a more considerable amplitude and oscillatory behavior of
𝜌𝐴(𝑦) are observed due to larger and periodic domain coarsening.

Further, we compare 𝑔𝐴𝐵(𝑟) vs. 𝑟 in Fig. 4(c) to characterize the
evolved morphologies at a late time for different shear rates. All the
RDF curves present an excellent data overlap closer to the first peak;
however, the main peak width slightly narrows as its position shifts
to smaller 𝑟 ≃ 9.6, 9.6, 9.25, and 9.0 with increasing shear rates.
Subsequently, the secondary RDF peaks, which are developed due to
the formation of periodic morphology, also shifted to its left at 𝑟 ≃ 25.0,
24.32, 24.0, and 22.4 for 𝛾̇ = 0.0, 1.56×10−3, 7.80×10−3, and 1.56×10−2,
respectively. Overall, these plots suggest increasing periodicity and
the thinning of domain sizes with increasing shear rates. The much
lower density profile (𝜌𝐴(𝑦)) amplitude at lower shear rates (𝛾̇ = 0.0,
1.56 × 10−3), indicated by the back and red symbols in Fig. 4(d), imply
that the periodic structures are not a fully developed lamellar−many
short and randomly oriented domain stripes are still present in the
system. In contrast, 𝜌𝐴(𝑦) gains significant height and periodicity at
higher shear rates (𝛾̇ = 7.80×10−3, 1.56×10−2), suggesting the evolution
of appreciable lamellar morphology.

To see the effect of various shear rates on the dynamic scaling
functions for case 2, we plot 𝐶(𝑟, 𝑡) vs. 𝑟∕𝑅(𝑡) in Fig. 5(a) and 𝑆(𝑘, 𝑡)
vs. 𝑘𝑅(𝑡) on a log–log scale in Fig. 5(b) for different shear rates at
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Fig. 3. Spherically averaged scaled functions and length scale for the evolution displayed in Fig. 2. (a) 𝐶(𝑟, 𝑡) versus 𝑟∕𝑅(𝑡) at different times for the fixed walls. The solid line
guides the zero-crossing of 𝐶(𝑟, 𝑡). (b) 𝑆(𝑘, 𝑡) versus 𝑘𝑅(𝑡) on a logarithmic scale for the same times as in (a). The solid line with slope −4 represents the Porod’s law: 𝑆(𝑘, 𝑡) ∼ 𝑘−4 at
𝑘→ ∞. (c) Characteristic length scale, 𝑅(𝑡) versus 𝑡 for the same data sets as in (a) and (b). The solid line shows the diffusive growth law (𝜙 ∼ 1∕3) at early times, which gradually
saturates later, illustrating usual microphase separation kinetics in BCP melt. (d) Presents effective growth exponent 𝜙𝑒𝑓𝑓 versus 1∕𝑅(𝑡). The solid line shows the reference value
of 𝜙𝑒𝑓𝑓 ∼ 1∕3 for early diffusive growth.
𝑡 = 5.4 × 103. The oscillatory 𝐶(𝑟, 𝑡) curves in Fig. 5(a) characterize the
developing periodic morphology at late times; the appearance of the
distinct shoulder at large 𝑘𝑅(𝑡) for each curve in Fig. 5(b) verify the
same. Notice the slight decrease in amplitude of oscillation in 𝐶(𝑟, 𝑡)
and the broadening in 𝑆(𝑘, 𝑡)s’ main peak for 𝛾̇ ≠ 0.0. Since the first
moment of 𝑆(𝑘, 𝑡) is inversely proportional to average domain size
(⟨𝑘⟩ ∼ 𝑅(𝑡)−1) [12,13], the broadening of main 𝑆(𝑘, 𝑡) peak implies
an increase in ⟨𝑘⟩ with shear rate justifies shear-thinning at late times.
Further, the shoulder in 𝑆(𝑘, 𝑡) shows up at smaller 𝑘𝑅(𝑡) ≃ 2.67 for
𝛾̇ = 0.0 (black curve), whereas it appears at larger 𝑘𝑅(𝑡) ≃ 3.06 in the
blue curve. Overall, these observations indicate the shear-thinning of
morphologies. We notice that the black curves in Fig. 5(a-b) slightly
deviate from the scaling. However, for 𝛾̇ ≠ 0.0, the scaling function data
illustrates a good overlap; hence, they belong to the same universality
class. A solid line with slope −4 in Fig. 5(b) shows that the scaled
structure factor tail follows Porod’s law for all cases.

Next, we compare the characteristic length scale, 𝑅(𝑡) vs. 𝑡 on a
logarithmic scale in Fig. 5(c) and the corresponding effective growth
exponent in Fig. 5(d) for 𝛾̇ ≠ 0.0 values. The black curve for 𝛾̇ =
0.0 is plotted for reference. Note that domain coarsening and their
flow along the shear direction are two physical processes occurring
simultaneously. The lower shear rate (𝛾̇ = 1.56×10−3, red curve) seems
to complement the early-time domain growth (𝑅(𝑡) ∼ 𝑡1∕3). Thus, we
observe a larger average domain size up to the time, 𝑡𝑠𝑝 ≃ 6.0 × 102,
indicating lower shear-thinning than other higher shear rates. The
topological constraint becomes apparent for 𝑡 > 𝑡𝑠𝑝. We notice a dip
in the growth scale for a certain period (6.0×102 < 𝑡 < 1.0×103) where
𝐴 and 𝐵 domains could be adjusted in a shear direction to minimize
its effect. The length scale grows again and then crosses over to
saturation, indicating the freezing in microdomain growth to a smaller
length scale than in case 1 (𝛾̇ = 0.0), which marks the shear-thinning
7

effect. The shear effect becomes prominent with increasing shear rate,
which causes domain thinning from the early times. Thus, the overall
growth rate decreases. Early-time growth exponent reduces from a pure
diffusive growth 𝑅(𝑡) ∼ 𝑡1∕3, then crosses over to frozen microphase
morphology at the late stages. The effective growth exponent, 𝜙𝑒𝑓𝑓 vs.
1∕𝑅(𝑡) curves in Fig. 5(d) again illustrate the same; 𝜙𝑒𝑓𝑓 → 0 in the
limit 1∕𝑅(𝑡) → 0.

3.3. Both walls move in the same direction

Now, we turn our attention to case 3, where we shear the segre-
gating BCP melt from both sides in the same direction and monitor
its effect on the evolution morphology (displayed in Fig. S6) and the
growth kinetics. The effect of shear on the morphology is getting more
prominent from with increasing shear rates: 𝛾̇ = 7.80×10−3 to 1.56×10−2.
The system begins to develop periodic structures from the top and
bottom region of the simulation box, particularly closer to the walls
where shear is more effective than in other areas. A more explicit
lamellar morphology seemed to form herein than in case 2 at the same
shear rates. The effect of lower shear rate, 𝛾̇ = 1.56 × 10−3, on the
evolving morphology emerges almost similar to what it was in case 2.

We plot 𝑔𝐴𝐵(𝑟) for different shear rates in Fig. 6(a) at 𝑡 = 5.4 × 103.
Similar to the previous cases, 𝑔𝐴𝐵(𝑟) becomes more oscillatory with
increasing shear rate, signifying increasing periodicity. The peak po-
sitions of 𝑔𝐴𝐵(𝑟) move to their left with increasing shear rates (denoted
by various symbols); the primary peak positions are at 𝑟 ≃ 9.6, 9.5,
9.0, 9.0, and the secondary peaks are at 𝑟 ≃ 25.0, 24.32, 23.04, 22.4,
respectively. This indicates the thinning in average domain size with
shear rates. The local density variation in Fig. 6(b) illustrates the equal
distribution of 𝜌𝐴(𝑦) around its average value (𝜌𝐴 = 1.453). Their
enhanced amplitude than previous cases signifies the formation of a
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Fig. 4. Top wall is sheared with 𝛾̇ = 7.80 × 10−3. (a) Plots for 𝑔𝐴𝐵 (𝑟) versus 𝑟 at different times, indicated by various symbols. (b) 𝜌(𝑦) of 𝐴-beads along 𝑦-direction for the same
time steps as in (a). (c) 𝑔𝐴𝐵 (𝑟) versus 𝑟 for different top wall shear rates for case 2 at a fixed 𝑡 = 5.4 × 103. (d) 𝜌(𝑦) versus 𝑦 for the same set of data as in (c).

Fig. 5. Comparing scaling function, length scale, and effective growth exponent at 𝑡 = 5.4 × 103 for different shear rates for case 2 as indicated by the various symbol types. 𝐶(𝑟, 𝑡)
versus 𝑟∕𝑅(𝑡) is displayed in (a), and corresponding 𝑆(𝑘, 𝑡) versus 𝑘𝑅(𝑡) on a logarithmic scale in (b). (c) 𝑅(𝑡) versus 𝑡 on a log–log scale at different shear rates for the evolution
shown in Fig. (S5). The variation of growth exponent 𝜙𝑒𝑓𝑓 as a function of 1∕𝑅(𝑡) is in (d).
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Fig. 6. Case 3: Both walls are moving with the same velocities in 𝑥-direction. (a) 𝑔𝐴𝐵 (𝑟) versus 𝑟, and (b) average number density profiles of 𝐴-type beads in 𝑦-direction at
𝑡 = 5.4 × 103 for different shear rates are presented with various open symbols; related morphologies are shown in Fig. (S6).
more well-formed lamellar morphology, perpendicular to the 𝑦-axis; see
the green and blue curves at 𝛾̇ = 7.80 × 10−3 and 𝛾̇ = 1.56 × 10−2,
respectively. Notice the red curve at 𝛾̇ = 1.56 × 10−3, showing an
apparent enhancement in 𝜌𝐴(𝑦) than in case 2; thus, we get a more
ordered structure in case 3 than in case 2 with the same shear rates.

The late time dynamic scaling functions, 𝐶(𝑟, 𝑡) and 𝑆(𝑘, 𝑡) in
Fig. 7(a) and (b) exhibit apparent deviation at ̇𝛾 = 1.56 × 10−3 (red
symbol) from the reference case (black curve) including the high shear
cases, as displayed in green and blue marks. However, 𝐶(𝑟, 𝑡) and 𝑆(𝑘, 𝑡)
curves at higher shear rates illustrate excellent data overlap, thus,
exhibiting dynamical scaling. The structure factor shows Porod’s tail
(𝑆(𝑘, 𝑡) ∼ 𝑘−4) for all the shear rates for 𝑘𝑅(𝑡) → ∞, indicating the
sharp domain interface between 𝐴 and 𝐵 phases. The oscillation in the
correlation function and the emergence of the shoulder at large 𝑘𝑅(𝑡) in
the structure factor represent the formation of the periodic structures.
After the zero crossing, the smaller amplitude of oscillation in 𝐶(𝑟, 𝑡)
and the broadening of the prominent peak in 𝑆(𝑘, 𝑡) with shear rates
attribute to the shear-thinning of evolving morphologies.

Similar to case 2, the low shear rate complements the early time
diffusive growth, and we observed a slightly larger average domain size
up to 𝑡𝑠𝑝 ≃ 6.0 × 102 (see the red curve in Fig. 7(c)). Then, a flattening
of length scale data (i.e., negligible domain growth) is observed up to
𝑡 ≃ 1.0×103 due to the competing process of shear and phase separation
kinetics. The corresponding growth exponent (𝜙𝑒𝑓𝑓 ) shows a significant
dip (see the red curve in Fig. 7(d)). The BCP sub-chains are most likely
arranged normal to the flow direction in this period to minimize the
shear effect. Beyond this, domains begin to grow again with a lower
growth rate due to shear-thinning than the reference case during the
same period. The length scale tends to saturate at a slightly larger value
than the reference case (see the red curves in Fig. 7(c–d)). The effect of
higher shear rates is more prominent from the beginning; the growth
exponent (𝜙𝑒𝑓𝑓 ≃ 0.2) is smaller, as displayed by the green and blue
curves in Fig. 7(c–d). The length scale tends to saturate to the lower
values at late times, justifying the shear-thinning. Again, the shear-
thinning is more prominent for the higher shear rate. Thus, in the limit
of 𝑅(𝑡)−1 → 0, the effective growth exponent 𝜙𝑒𝑓𝑓 → 0.

Recall that 𝐶(𝑟, 𝑡) and 𝑆(𝑘, 𝑡) denote the spherically averaged corre-
lation function and the structure factor. The critical BCP melts evolve to
form lamellar morphology in the asymptotic limit. Thus, it is essential
to manifest the anisotropy developed in the system at late times. In
this regard, Fig. 8(a) and (b) display the structure factor, 𝑆(𝑘𝑥, 𝑘𝑦, 𝑘𝑧)
against the wave vector components, 𝑘𝑦 (black curve) and 𝑘𝑧 (red
curve) for case 2 and case 3 at 𝛾̇ = 7.80×10−3 for 𝑡 = 5.4×103. The black
curve shows sharper and higher amplitude peaks in 𝑆(𝑘𝑥, 𝑘𝑦, 𝑘𝑧) along
𝑘𝑦 (normal to the lamellar). The red curve shows a single low amplitude
peak along 𝑘𝑧 (parallel to the lamellar). Thus, both these curves justify
the structural anisotropy in the system. The larger peak amplitude
of the black curve for case 3 (Fig. 8(b)) explains a higher structure
9
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anisotropy than in case 2 (Fig. 8(a)). Notice the snapshots in Figs.
S5-S6; they illustrate that lamellar slabs of each phase are coarsening
nearly parallel to the 𝑥𝑧-plane; thus, the variation of 𝑆(𝑘𝑥, 𝑘𝑦, 𝑘𝑧) along
𝑘𝑥 and 𝑘𝑧 is similar (comparison is not shown here due to brevity).
However, excellent overlapping in green and blue curves in the insets
of Fig. 8 affirms the symmetric arrangement of lamellar slabs in the
𝑦𝑧-plane. The structure factor, 𝑆(𝑘𝑥, 𝑘𝑦, 𝑘𝑧) data is averaged over ten
ensembles.

3.4. Both walls move in opposite directions

In case 4, wall motion generates equal and opposite shear in the
𝑥-direction. The evolution patterns in Fig. S7 suggest that the system
forms lamellar morphology much earlier than in cases 1–3. The reason
could be the opposite shear directions facilitate a more rapid read-
justment of evolving microdomains; it is evident that well-developed
lamellar patterns are formed for 𝛾̇ = 7.80 × 10−3 and 𝛾̇ = 1.56 × 10−2.
However, the system comprises a few shorter patches of 𝐴 and 𝐵
domains, elongated in the 𝑥-direction, at 𝛾̇ = 1.56 × 10−3.

As discussed earlier for other cases, 𝑔𝐴𝐵(𝑟) vs. 𝑟 in Fig. 9(a) shows
a similar late time behavior for all shear rates. The peaks get more
oscillatory and sharper with increasing shear rates due to the evolution
of a more ordered and periodic lamellar morphology. A tiny shift in the
first peak positions (at 𝑟 ≃ 9.5, 9.0, 8.32) and a relatively larger change
in secondary peak positions (at 𝑟 ≃ 24.96, 22.40, 21.76) towards lower 𝑟
indicates the shear-thinning of morphologies with shear rate. Fig. 9(b)
illustrates that the amplitude of 𝜌𝐴(𝑦) vs. 𝑦 increases with the shear rate.
A significant increase in the amplitude of 𝜌(𝑦) and much sharper domain
interfaces signify a well-separated morphology at high shear strength
(𝛾̇ = 1.56 × 10−2), as displayed by the blue curve in Fig. 9(b). Nearly
equal periodicity and amplitude of 𝜌(𝑦) profile along the 𝑦-direction
manifests the formation of lamellar morphology normal to it at higher
shear rates; see the green and blue curves in Fig. 9(b) at 𝛾̇ = 7.80×10−3

and 1.56 × 10−2.
The scaled 𝐶(𝑟, 𝑡) in Fig. 9(c) and the corresponding 𝑆(𝑘, 𝑡) in

Fig. 9(d) demonstrate notable deviation from the dynamic scaling
function in case 4. This is indifferent to case 2 and case 3, where we
have observed the scaling in 𝐶(𝑟, 𝑡), at least up to the first zero crossing
(at smaller 𝑟) and in 𝑆(𝑘, 𝑡) at larger 𝑘𝑅(𝑡). Furthermore, 𝐶(𝑟, 𝑡) becomes
more oscillatory at larger 𝑟∕𝑅(𝑡) with the increase in 𝛾̇. In 𝑆(𝑘, 𝑡), we
observe prominent shoulders at larger 𝑘𝑅(𝑡) ≃ 2.67, 2.84, 2.86, and
2.93 for 𝛾̇ = 0.0, 1.56 × 10−3, 7.80 × 10−3, and 1.56 × 10−2, respectively.
In addition, however, we notice the development of another shoulder
at 𝑘𝑅(𝑡) ≃ 4.68 and 4.95 for 𝛾̇ = 7.80 × 10−3 and 1.56 × 10−2. These
results verify the formation of a more periodic lamellar morphology
with an increasing shear rate than for other cases. Moreover, a fully
evolved periodic lamellar morphology was noted at 𝑡 = 5.4 × 103 for
̇ = 1.56 × 10−2.
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Fig. 7. (a) Comparison of 𝐶(𝑟, 𝑡) versus 𝑟∕𝑅(𝑡) at different shear rates for the morphologies illustrated in Fig. (S6). Corresponding 𝑆(𝑘, 𝑡) versus 𝑘𝑅(𝑡) curves are in (b) on a
logarithmic scale. The average domain size, 𝑅(𝑡) versus 𝑡, and related effective growth exponents 𝜙𝑒𝑓𝑓 versus 1∕𝑅(𝑡) are displayed in (c) and (d), respectively.
Fig. 8. Plot of 𝑆(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧) versus 𝑘𝑦 (black curve) and 𝑘𝑧 (red curve) at 𝛾̇ = 7.80×10−3 to illustrate the structural anisotropy (a) for the top wall motion along 𝑥-direction, and (b)
when both walls move in the same direction. The green and blue curves in the inset demonstrate 𝑆(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧) versus 𝑘𝑦 along diagonal and cross-diagonal directions, respectively,
in 𝑥𝑧-plane.
The time evolution of characteristic length scale, 𝑅(𝑡) vs. 𝑡 in
Fig. 9(e), and the corresponding growth exponent, 𝜙𝑒𝑓𝑓 vs. 1∕𝑅(𝑡) in
Fig. 9(f) demonstrate the coarsening kinetics under the influence of
shear for case 4. The black curve represents the reference case, 𝛾̇ = 0.0.
Similar to the earlier cases, for 𝛾̇ = 1.56 × 10−3, the length scale follows
diffusive growth: 𝜙 → 1∕3 up to 𝑡𝑠𝑝 ≃ 6.0 × 102 (red curve); the growth
rate is higher within this period for 𝛾̇ = 1.56 × 10−3. Beyond this time,
𝑅(𝑡) deviates significantly. We find a gradual dip in length scale up to
𝑡 ≃ 1.4 × 103 (see the red curve in Fig. 9(e–f)); the reason could be
the domination of the shear rate over the diffusive growth, which is
already slowing down due to the topological constraint of BCP chains.
Therefore, as noted earlier, BCP chains in microdomains are possibly
rearranging perpendicular to the shear direction to reduce its effect
may cause the dip during this period. The green and blue curves at
𝛾̇ = 7.80 × 10−3 and 1.56 × 10−2 also illustrate a similar dip in growth at
10

much earlier times. After the dip in growth, 𝑅(𝑡) begins to grow further,
and in contrast to cases 1–3, it follows diffusive growth (𝜙 ∼ 1∕3) for
all 𝛾̇ ≠ 0.0 for a longer period before saturating. The length scale fully
saturates at a lower 𝑅(𝑡) for 𝛾̇ = 1.56 × 10−2 (see the blue curves in
Fig. 9(e–f)), which is evident from Fig. S7(c) exhibiting a well-formed
lamellar morphology. However, the length scales for 𝛾̇ = 1.56 × 10−3

and 7.80 × 10−3 seem to saturate at the black curve (reference case) at
late times. The effective growth exponent in Fig. 9(f) demonstrates the
saturation in length scale in the asymptotic limit. Overall, the effect
of shear, rendered by the horizontal parallel walls moving in opposite
directions, is significant in obtaining the typical lamellar morphology
much earlier in the microphase separating critical BCP melt.

Note that the domain evolution kinetics of a critical BCP melt is a
well-established microphase separation phenomenon. The growth law
follows diffusive growth (𝑅(𝑡) ∼ 𝑡1∕3) at early times, then a gradual
slow down at intermediate times, and finally, at a late stage, it saturates

to a frozen lamellar morphology [6]. For example, when no shear was
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Fig. 9. Case 4: both walls are moving opposite in 𝑥-direction with the same velocities. Comparison of (a) 𝑔𝐴𝐵 (𝑟) versus 𝑟, (b) 𝜌(𝑦) versus 𝑦 of 𝐴-type beads, (c) 𝐶(𝑟, 𝑡) versus 𝑟∕𝑅(𝑡),
and (d) 𝑆(𝑘, 𝑡) versus 𝑘𝑅(𝑡) at 𝑡 = 5.4 × 103 for different shear rates as shown with various open symbols. (e) The time dependence of average domain size 𝑅(𝑡) for the evolution is
displayed in Fig. (S7). Corresponding effective growth exponents are plotted in (f).

Fig. 10. The structure factor, 𝑆(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧) versus 𝑘𝑦 (black curve) and 𝑘𝑧 (red curve) for (a) 𝛾̇ = 0.0, (b) 𝛾̇ = 1.56 × 10−3, (c) 𝛾̇ = 7.80 × 10−3, and (d) 𝛾̇ = 1.56 × 10−2 to display the
structural anisotropy in the system. The green and blue curves in the inset demonstrate 𝑆(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧) versus 𝑘𝑦 along diagonal and cross-diagonal directions, respectively.
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Fig. 11. Anisotropy parameters, 𝐷𝑥𝑦 , 𝐷𝑦𝑧, and 𝐷𝑥𝑧 are plotted as a function of time for case 1 (𝛾̇ = 0.0) in (a) and for case 2 in (b-d) for different shear rates, 𝛾̇ = 1.56 × 10−3,
7.80 × 10−3, and 1.56 × 10−2. Time variations of 𝐷𝑦𝑧 are compared in (e) and (f) for case 3 and case 4 at different shear rates depicted by various symbol types.
𝛾

applied (𝛾̇ = 0), we had to wait for around 𝑡 ≈ 2×104 to get the lamellar
morphology for chain length 𝑁𝑝 = 32 and the system size selected
in our simulation. On the other hand, when the shear rate was high
(𝛾̇ = 1.56 × 10−2) on both the walls and applied in opposite directions,
the system evolved up to 𝑡 ≈ 5× 103 to form a lamellar morphology for
the same system size. Therefore, we study the kinetics of all the cases
within these two shear rates and time limits to emphasize the effect of
shear on the evolved morphology via computing the growth laws and
scaling functions as discussed above.

Recall that non-overlapping of the structure factor, 𝑆(𝑘𝑥, 𝑘𝑦, 𝑘𝑧)
along different directions, 𝑘𝑥, 𝑘𝑦, and 𝑘𝑧 represent the structural
anisotropy in the system. Here, we discuss the anisotropy in the
evolution morphology at a late time 𝑡 = 5.4×103 for 𝛾̇ = 0.0, 1.56×10−3,
7.80 × 10−3, 1.56 × 10−2, as displayed in Fig. 10(a–d). The black and
red curves represent the variation of 𝑆(𝑘𝑥, 𝑘𝑦, 𝑘𝑧) vs. 𝑘𝑦 (normal to
the stripes) and 𝑘𝑧 (along with the stripes). For 𝛾̇ = 0.0, lamellar
patterns are not fully developed in any particular direction. However,
𝑆(𝑘𝑥, 𝑘𝑦, 𝑘𝑧) data along 𝑘𝑦 (black curve) shows a slightly larger peak
and also a developing shoulder at larger 𝑘𝑦 than in the red curve; this
indicates that lamellar patterns may evolve normal to the 𝑦-direction
at much longer times. Further, notice the stripes for 𝛾̇ = 1.56 × 10−3

in Figs. S7(a), which are nearly parallel to the 𝑥𝑦-plane (i.e., normal to
the 𝑧-axis). Thus, we notice a moderately higher amplitude of structure
factor peak at a smaller 𝑘𝑧 (red curve) than in the black curve against
𝑘𝑦. However, an emerging shoulder is apparent in both curves for the
large 𝑘𝑦 and 𝑘𝑧.

As noted earlier from Figs. S7(b–c), more distinct lamellar stripes
are formed at higher shear rates, i.e., at 𝛾̇ = 7.80×10−3 and 1.56×10−2,
normal to the 𝑦𝑧-plane along the 𝑥-direction. Therefore, we notice
multiple sharp, high amplitude peaks in the structure factor along the
𝑦-direction (see the black curves in Fig. 10(c–d)); these peaks depict
the periodic 𝐴 and 𝐵-type stripes. In contrast, the structure factor peak
seen in the red curve at lower shear rates diminishes at 𝛾̇ = 7.80 × 10−3

and 1.56 × 10−2. The reason is that the stripes get more and more
parallel to the 𝑥𝑧-plane with the increase in shear rate along the 𝑥-axis.
Hence, these results verify the presence of anisotropy in the 𝑦-direction.
Furthermore, the green and blue curves in the inset of Fig. 10(a–d)
exhibit the variation in 𝑆(𝑘𝑥, 𝑘𝑦, 𝑘𝑧) along the diagonals in the 𝑦𝑧-
plane versus 𝑘𝑦. The excellent data overlap for all shear rates justifies
the structural symmetry in the 𝑦𝑧-plane along the diagonals. Also,
notice the structure factor peaks shown by the green and blue curves;
the main peaks get sharper and higher in amplitude with enhanced
shear, indicating more ordered lamellar morphology. We average the
𝑆(𝑘 , 𝑘 , 𝑘 ) data over ten ensembles.
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𝑥 𝑦 𝑧
The time variation of the anisotropy parameter, 𝐷(𝑡), is plotted in
Fig. 11 as denoted by various symbol types. Usually, due to struc-
tural constraints, phase separating BCP melts have inherent anisotropy.
Therefore, for case 1, we have 𝐷(𝑡) ∼ 0.4 (see Fig. 11(a)), i.e., 𝐷𝑥𝑦,
𝐷𝑦𝑧, and 𝐷𝑥𝑧 values are approximately same in this case. Thus, at our
simulation’s time and length scale, the typical lamellar morphology for
a symmetric BCP melt is not fully evolved yet for case 1 (reference
case, see Figs. 2(a) and S4). For case 2, due to top wall shear in
the 𝑥-direction, microdomains begin to reorient themselves in forming
lamellar slabs parallel to the 𝑥𝑧-plane (as in Fig. S5). As a result, 𝐷(𝑡)
decreases in the 𝑥𝑧-plane (green curve) and grows 𝑦𝑧-planes (red curve)
with time. Furthermore, we notice that the differences in 𝐷(𝑡) in differ-
ent planes become more prominent at late times, particularly for higher
shear rates. Thus, with the increase in shear rate, anisotropy in the
𝑥-direction (i.e., in the 𝑦𝑧-plane) increases more due to more ordered
evolved morphology and decreases in the 𝑥𝑧-plane. At a low shear rate,
̇ = 1.56 × 10−3, a decrease in 𝐷𝑥𝑦 (black curve in Fig. 11(b)) suggests
that only small and local slabs of both the phases are developed in the
𝑥𝑦-plane without any specific orientation. However, 𝐷𝑥𝑦 increases with
higher shear rates. In Fig. 11(e) and (f), we compare the time variation
of 𝐷𝑦𝑧 for case 3 and case 4 at different shear rates. In both cases,
we observe that evolved morphologies are more anisotropic compared
to case 2, as depicted in Fig. 11(b)–(d). Nevertheless, as discussed
earlier, we find a clearer lamellar morphology for case 4; thus, the
corresponding anisotropy parameter, 𝐷𝑦𝑧, is also relatively higher than
in cases 2 and 3. The corresponding evolution snapshots are presented
in Figs. S5, S6 and S7, respectively.

4. Summary and conclusions

We utilize the DPD simulation technique to simulate the phase sepa-
ration kinetics of the critical BCP bulk melts under three unidirectional
shear conditions. The shear is applied by moving the parallel solid walls
with a constant velocity in a particular direction only. The walls confine
the cubic simulation box at the top and the bottom. The shear is allowed
to affect the system in three ways: (i) only the top wall moves (case
2). (ii) Both walls move in the same direction (case 3). (iii) In the last
case, both walls move in opposite directions (case 4). We discuss the
effect of shear rendered in the system on evolution morphology, scaling
functions, length scale, and growth law for different cases. Further, we
compare the anisotropy induced in the system from the structure factor
variation in different directions and justify it further by computing the
anisotropy parameter. All the shear-influenced results are compared
with no shear case, i.e., when both the walls are fixed (case 1). Finally,
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we present the variation in the averaged shear viscosity and velocity
profiles for all the cases at different shear rates.

On the application of shear, microdomains start flowing along the
shear direction. We notice that the lamellar formation always begins
in the region close to the moving wall. One of our significant ob-
servations is that segregating BCP chains, regardless of chain size,
begin to adjust perpendicular to the shear direction and along the
wall plane to overcome its effect at moderate to high shear rates. This
eventually leads to a periodic lamellar pattern much earlier than case
1 (without shear). However, a fully grown lamellar morphology is still
not observed at the lower shear rate up to the simulation period used
in this work; nonetheless, our results suggest they are more periodic
than in case 1. The corresponding radial distribution function, the
local density profile variation, and the comparison of structure factors
in different directions perfectly characterized the morphology under
various shear conditions. The late time correlation function and the
structure factor offer a reasonably good scaling for all the shear rates
in case 2 and case 3. However, in case 4, where the shear effect is
more pronounced on the evolution morphology, the scaled correlation
function and the structure factor deviated from the scaling for all the
velocities. The oscillatory nature of the correlation function and the
emerging shoulder at larger 𝑘𝑅(𝑡) values in the structure factor further
ustify the segregating periodic morphology. Moreover, the broadening
f the structure factor main peak at various shear rates signifies the
hear-thinning of domain size in the asymptotic limit.

The competition between the microphase separation kinetics and
he shearing through wall motion leads to some fascinating behavior of
haracteristic length scale. In particular, at lower shear rates, the flow
f early small domains and individual BCP chains in the shear direction
eems to complement the domain segregation. As a result, the average
omain size becomes more prominent for all the cases at early times.
he variation of average shear viscosity with shear rates justifies that
t lower shear rates, shear viscosity is higher (i.e., low shear-thinning)
han at moderate and high shear rates. Interestingly, near the length
cale crossover to saturation for case 1, the length scale at the lower
hear rates also slows significantly (the length scale became almost flat)
or case 2 and case 3 within a specific time interval.

On the other hand, we observe negative growth for case 4 for a
lightly larger period due to the shear effect dominating the diffusive
rowth during this time interval. As a result, the BCP chains are merely
djusting themselves to minimize the shear effect. Again, the length
cale grows with time following the diffusive growth and then begins
o saturate at a length scale reasonably lower or nearly equal to case

at late times for different cases. Furthermore, moderate and large
hear rates dominate the diffusive growth from the beginning for almost
ll cases. Thus, the length scale growth rate, lower from early times,
aturates to a lower length scale at late times, indicating the shear-
hinning. Again, the variation of average shear viscosity with shear
ates justifies the same.

Overall, this work illustrates the influence of unidirectional shear
nduced by moving amorphous solid walls on phase separation kinetics
f the critical BCP bulk melts. Besides, this work can guide quickly
roducing bulk composite materials with diverse anisotropic morphol-
gy and various physical properties. Given the different scientific and
echnological importance of morphologies obtained from segregating
CP melts, these results will enable additional experimental and theo-
etical interest in this problem. Further, we hope this work will offer a
road framework to simulate the morphology growth in BCP melts and
olymer blends under such an external response.
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