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Microphase separation of star-diblock copolymer melts studied
by dissipative particle dynamics simulation

Y. XU†, J. FENG†‡, H. LIU†* and Y. HU†

†Department of Chemistry and Lab for Advanced Materials, East China University of Science and Technology, Shanghai 200237, China
‡Department of Chemistry, Chuzhou University, Chuzhou, Anhui 239012, China

(Received January 2006; in final form April 2006)

The microphase-separation behaviors of two types of star-diblock copolymers (A)4(B)4 and (AB)4 are investigated through
the dissipative particle dynamics (DPD). The simulated phase diagrams show similar ordered mesostructures as those of
corresponding linear and cyclic ones, such as lamellas (LAM), perforated lamellas (PL), hexagonal (HEX) cylinders and
body-centered-cubic (BCC) spheres, besides, a series of gyroid (GR) morphologies predicted by theoretical research have
been identified. In the regions between the totally ordered and disordered phases, we have found some melted morphologies
that can be thought as locally ordered, such as micelles (M), liquid rods (LR) and random network (RN), which have not been
identified in relevant theoretical predictions. The simulated threshold for a totally ordered mesostructure to appear is higher
than theoretical predictions, which can be ascribed mainly to the increasing fluctuation with finite chain length, and the star
architecture can facilitate microphase separation, which is in agreement with the theoretical predictions. In addition, it is
easier for the (A)n(B)n copolymers than for corresponding (AB)n ones to trigger microphase separation under the same
conditions. The relations between the root-mean-square radius of gyration (RMSGR) and the composition fA in the two types
of star copolymers are almost contrary, which can be attributed to the differences in their structural characteristics.

Keywords: Microphase separation; Star diblock copolymer; Dissipative particle dynamics; Root-mean-square radius

1. Introduction

Block copolymers have received much attention over the

past few decades due in a large part to their ability to form

various ordered mesostructures arose from the variation of

chain composition and external conditions. The chemi-

cally different constituents of the polymer usually tend to

segregate, while the chemical connectivity prevents the

segregation macroscopically, instead, the melts realize

microphase-separation forming structures like lamellas

(LAM), rods, spheres, bicontinuous structures [1,2],

leading to novel properties and wide applications [3–8].

Understanding the microphase-separation behavior of

block copolymers will contribute to utilizing them more

effective and better.

Studies on linear diblock copolymers have made much

progress as the topology is relatively simple. Linear

triblock copolymers and nonlinear block copolymers with

unique architectures, such as star, branch, graft, cyclic and

comb shapes, have attracted less attention, especially in

terms of computer simulation. The existed few simulation

studies [9–18] are mostly based on traditional Monte-

Carlo (MC) technique. Recently, by means of dissipative

particle dynamics (DPD) method, Qian et al. [19] studied

the microphase-separation behavior of cyclic diblock

copolymer which could be compared with previous works

[9]. For star block copolymers, the relevant syntheses

[20–25] have been developed profoundly. It is valuable

and highly expected to investigate the effect of the star

architecture on physical properties, however, correspond-

ing simulation studies are scarce [14,18].

In general, there are two types of star-diblock

copolymers denoted by (A)n(B)n and (AB)n, respectively,

schematically shown in figure 1. An (A)n(B)n star

copolymer is constructed by joining n identical linear

diblock copolymers together at their A–B junction points,

while an (AB)n is at the A chain ends. Each linear diblock

copolymer contains N monomer units and the fraction of

A segment is f. Therefore, an (A)n(B)n star copolymer has

2n arms, each of the n arms contains fN A monomers and

each of the other n arms contains (1 2 f)N B monomers,

while an (AB)n star copolymer has n arms and each arm
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is a whole linear A–B diblock chain. The total number of

monomers in every star copolymer is N0 ¼ nN.

Olvera and Sanchez [26] have calculated the phase

stability limit and static structure factors by mean-field

theory near the order–disorder transition (ODT) for these

systems, they have also derived the corresponding

spinodals for systems with different numbers of arms.

The results show that the spinodals for (A)n(B)n are

markedly symmetric, while for (AB)n they are asym-

metric, consistent with the corresponding structural

characteristic. In addition, the ODT critical values for

(AB)n are smaller, indicating that the microphase

separation is easier to occur for (AB)n than for (A)n(B)n.

Matsen and Schick [27] have constructed phase diagrams

for (AB)n by self-consistent-field (SCF) theory, showing

that the systems can exhibit four kinds of microphase-

separation structures: cubic, hexagonal (HEX), gyroid

(GR) and lamellar micro-domains, similar to the behavior

of linear diblock copolymers. Besides, the number of arms

n has little influence on the form of the phase diagram.

There are also other theoretical studies [28–31] and a

considerable amount of experimental work [32–37] on

these systems. However, comprehensive simulation

studies are absent. We try to fill up this gap in this work.

2. Simulation method and model construction

The DPD method was first introduced by Hoogerbrugge

and Koelman [38,39] and gradually improved by various

auhors [40,41]. It has applied covering a wide fields and

proved to be a versatile simulation technique for complex

fluids on the mesoscopic scale such as polymer melts

[19,42,43] and surfactant solutions [44–46]. Different

from traditional MC and molecular dynamics (MD)

methods, the elementary units in DPD are fluid elements

or coarse grained soft particles representing a small region

of fluid that contains a group of molecules. The time

evolution is governed by Newton’s equations of

motion [41]

d ri

d t
¼ vi;

d vi

d t
¼ f i ð1Þ

For simplicity, the mass of each particle is set to 1, thus

the force fi acting on a particle i equals its acceleration

(d vi)/(d t), vi is the velocity, ri is the position vector.

The interparticle interacting force fi contains three parts;

each of them is pairwise additive,

f i ¼
X
j–i

ðFC
ij þ FD

ij þ FR
ij Þ ð2Þ

The conservative force FC
ij is a soft repulsive force

acting along the line of centers expressed as

FC
ij ¼

aijð1 2 rijÞr̂ij ðrij , rC ¼ 1Þ

0 ðrij $ rC ¼ 1Þ

(
ð3Þ

where aij is a maximum repulsion between particle i and j,

rij ¼ ri 2 rj, rij ¼ jrijj, r̂ij ¼ rij=jrijj. The cutoff radius rc

is treated as a length unit.

The dissipative force FD
ij and the random force FR

ij act as

heat sink and source, respectively, their combined effect is

therefore a thermostat. They are given by

FD
ij ¼ 2gvDðrijÞðr̂ij†vijÞr̂ij;

FR
ij ¼ svRðrijÞzijDt

21=2r̂ij

ð4Þ

where v D and v R are r-dependent weigh functions and

vij ¼ vi 2 vj. The zij is a random variable with zero mean

and unit variance. Español and Warren have shown the

relations between the two weigh functions as [40]

vDðrÞ ¼ ½vRðrÞ�2 s2 ¼ 2gkBT ð5Þ

where T is the absolute temperature and kB is the

Boltzmann constant. This relationship is established to

satisfy the fluctuation–dissipation theorem, so that the

system can ensure (angular) momentum conservation

leading to an accurate description of hydrodynamics [47],

the DPD method can therefore produce a correct canonical

(NVT) ensemble [40]. In most relevant researches, a

simple choice of the weigh functions is used,

vDðrÞ ¼ ½vRðrÞ�2 ¼
ð1 2 rÞ2 ðr , rC ¼ 1Þ

0 ðr $ rC ¼ 1Þ

(
ð6Þ

The integration scheme of motion equations has a

significant influence on the efficiency and reliability of the

simulations. In DPD method, the dissipative forces and the

relative velocities of the particles depend on each other, so

the traditional Verlet algorithm commonly used in MD is

not applicable. To overcome this difficulty, many

integration schemes [41,48–50] have been proposed

during the past few years, among them the modified

velocity-Verlet integrator developed by Groot and Warren

(GW-VV) [41] has been proved relatively efficient [19]

Figure 1. Schematic representation of two types of star-diblock
copolymers.
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and most widely applied. We adopt it in this work:

riðt þ DtÞ ¼ riðtÞ þ DtviðtÞ þ
1

2
ðDtÞ2f iðtÞ

~viðt þ DtÞ ¼ viðtÞ þ lDtf iðtÞ

f iðt þ DtÞ ¼ f iðrðt þ DtÞ; ~vðt þ DtÞÞ

viðt þ DtÞ ¼ viðtÞ þ
1

2
Dtðf iðtÞ þ f iðt þ DtÞÞ

ð7Þ

The star-diblock copolymers in simulations are

modeled according to the sketches demonstrated in

figure 1. As shown in figure 2, each star monomer is

constructed by four identical linear A–B diblock free

chains jointed together through a central particle C which

is considered to be similar to either of the blocks. The

copolymer is expressed as (Ax)4(By)4 and (AxBy)4; a single

linear chain consists of ten soft particles with the same

diameter rc, thus N ¼ x þ y ¼ 10. The soft particles in a

chain are connecting one by one via the harmonic springs

with a spring force FS
ij ¼ Crij. The initial linking bond

lengths between the neighboring particles are all set equal

to unit length. In this work, we adopted a 3D simulation

cell with periodic boundary conditions applied in all three

directions. The number density r equals to 3 and the total

number of particles in the system is 24,600, corresponding

number of star copolymers is 600. The side of the

simulation box is a little longer than 20. Referring to

literature work [19,42,43], we chose the relevant

parameters as kBT ¼ 1, s ¼ 3.67, l ¼ 0.65, Dt ¼ 0.06

and C ¼ 4. For simplicity, the reduced temperature of the

whole system in next sections is denoted as T.

For comparing with corresponding theoretical

work [26,27], we focused mainly on how the chain

composition of block A, fA, and the energy parameter xN

influence the final mesoscopic ordered structures of the

system. For the (Ax)4(By)4 and (AxBy)4 copolymers,

fA ¼ x/(x þ y). The Flory-Huggins x parameter

characterizing the interaction between A and B blocks

can be chosen appropriately within a certain range

and transformed into the most important interaction

parameter in DPD via the linear mapping relation

established by Groot and Warren [41,42],

aij < aii þ 3:27xij ðr ¼ 3Þ ð8Þ

where aii is the interacting energy between particles of the

same type and in general aii ¼ 25. The C–A and C–B

interacting energies are also taken as 25, because the

central jointing particle C is considered to be similar to

either of the block particles.

There is a possible doubt whether the simulation box is

large enough to avoid the finite box size effect, which may

help to induce ordering. Although in a mixture of two

homopolymers, equilibrium phase separation occurs on a

macroscopic size scale, while in block copolymers it can

only occur on size scales of the order of the radius of

gyration of the copolymer [26]. In our systems, the

simulated root-mean-square radius of gyration (RMSGR)

ranges from about 1.74 to 2.71 as the parameters fA and xN

vary, the side length of our simulation box is at least 7

times larger than it indicating that the finite box size effect

may have no influence on our results.

3. Simulation results and discussion

3.1 Phase diagrams of (A)4(B)4 and (AB)4 star
copolymers

We have obtained a series of mesostructures by varying

the composition fA and the A–B interaction parameter x.

Phase diagrams of (A)4(B)4 and (AB)4 star copolymers

with xN as ordinate and fA as abscissa are shown in

figure 3. The phase diagram of (A)4(B)4 is distinctly

symmetric compared to that of (AB)4 in accord with the

respective structural characteristic and the calculated

results from mean-field theory [26]. From the initiation of

ordered structures (solid symbols), the microphase

separation seems to be easier for the (A)n(B)n than for

the (AB)n to occur, which is in contrary to the theoretical

predictions [26]. For the (AB)n star copolymers, as the

number of arms (n) increases, it may develop a “core and

shell” type structure, where the core is rich in A and the

shell is rich in B even in the disordered state. However, in

this work, the number of arms is too small; the “core and

shell” effect is not serious. We can see from figure 2 that

the A and B segments are entirely separate in each arm of

(A)n(B)n, while in (AB)n they are mixed in each arm.

Therefore, compared to (AB)n, the (A)n(B)n star

copolymers are easier to carry out microphase separation

under the same conditions. This phenomenon is left for

experimental verification.

3.2 General feature of the phase diagram

As a whole, the microphase-separation behavior of the two

types of star-diblock copolymers, especially the (A)4(B)4

copolymers, are analogous to those of corresponding

linear [51,52] and cyclic [19,53] diblock copolymers

derived from theories and simulations. When the A–B

Figure 2. DPD models of two types of star-diblock copolymers.
The gray and black particles represent the A and B blocks, respectively.
The central jointing blank round represents a particle C.
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interaction is relatively weak with smaller x, the system

shows totally disordered state. As the interaction strength-

ens gradually, a sequence of transitions will occur. If the

copolymers are symmetric or moderately asymmetric

( fA ¼ 0.4 , 0.6), LAM are usually the preferring

morphologies, as shown in figure 4a. For highly

asymmetric copolymers ( fA ¼ 0.1 , 0.3,0.7 , 0.9),

HEX cylinders or BCC spheres are stable structures, as

shown in figure 4b and c, respectively. In addition, we

have observed a series of bicontinuous gyroidal

morphologies formed by the (AB)4 systems at fA ¼ 0.3

and fA ¼ 0.7, as shown in figure 4d. The SCF theory

predicts that both the (AB)3 and (AB)5 systems are likely

to form gyroidal structures when the composition fraction

of either block is 0.3 [27], this is in accordance with our

results. Another mesoscopic morphology that deserves

attention is the perforated lamellar (PL) structures formed

in the (A4)4(B6)4 or (A6)4(B4)4 system at xN ¼ 20 and the

(A4B6)4 system at xN ¼ 30, as shown in figure 5a and b,

respectively. This morphology has never appeared in

theoretical predictions, however, it is often observed

through computer simulations [19,42,52], which can be

regarded as an complementarity to relevant results from

theoretical predictions.

3.3 Transition regions

In the phase diagrams from theoretical studies, the

transition from one totally ordered phase to its neighbor

is a sudden change, but the simulated results show there

are transition regions. From figure 3, we can see that

between the totally ordered and disordered phases there

are some melted morphologies, such as micelles (M),

liquid rods (LR) and random network (RN), which can be

thought as locally ordered structures, as shown in figure 6.

These morphologies have been identified by Groot et al.

[43] and Qian et al. [19] in the DPD simulations on the

microphase-separation behaviors of linear and cyclic

diblock copolymers, respectively. Groot et al. have

distinguished the formation processes of copolymer

mesostructures on three different length and time scales

[43], afterwards, Qian et al. have related these processes to

the transitional morphologies from simulations [19]. Thus,

it can be seen that their existence is very reasonable.

3.4 Further comparisons with the theoretical
predictions

On the basis of mean-field theory, Olvera and Sanchez

[26] have derived the ODT critical values for both types of

star-diblock copolymers of infinitely long Gaussian chain.

The calculated (xN)infinite equals 10.5 and 7.07 for the

(A)4(B)4 and (AB)4 at f ¼ 0.5, respectively. This value can

also be approximately located in our simulated phase

diagrams in figure 3. We can easily see that it is between

15.0 and 20.0 for the (A5)4(B5)4 and in the range of

20.0 , (xN)ODT , 25.0 for the (A5B5)4, both are larger

than the theoretical predictions. Figure 7a and b shows

Figure 3. Simulated phase diagrams for the (A)4(B)4 and the (AB)4 star-diblock copolymers. Disordered phase (DIS), Micelles (M), Liquid Rods (LR),
Random Network (RN), Body-Centered-Cubic spheres (BCC), Hexagonal Cylinders (HEX), Lamellas (LAM), Perforated Lamellas (PL) and Gyroid
(GR) are displayed.

Figure 4. Typical simulated totally ordered mesoscopic structures for the star-diblock copolymers. (a) LAM formed by (A5B5)4 at xN ¼ 100; (b) HEX
formed by (A2)4(B8)4 at xN ¼ 100; (c) BCC formed by (A1)4(B9)4 at xN ¼ 200; (d) GR formed by (A7B3)4 at xN ¼ 70.
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another rough comparison of the microphase-separation

behaviors between the DPD simulation results for (AB)4

star-diblock copolymers (symbols) of this work and the

predictions by SCF theory for (AB)3 and (AB)5 star-

diblock copolymers (solid lines) [27], respectively.

Although the numbers of arms are a little different

between them, the comparison is still meaningful because

the number of arms has little influence on the phase

diagrams. Apart from the transition phases mentioned

above, an evident difference is that the simulated threshold

for appearing a phase is higher than that of the theoretical

prediction. For example, the SCF theory predicts that both

(A5B5)3 and (A5B5)5 systems form lamellar phases when

xN ¼ 20, the DPD simulation shows it still remains in the

RN phase when xN ¼ 20, the system will not form the

expected lamellar phase until xN ¼ 30. The threshold for

the LAM is higher than the SCF prediction. Groot et al.

[42] and Qian et al. [19] have found analogous deviations

when investigating by the DPD method the microphase-

separation behaviors of linear and cyclic diblock

copolymers, respectively. This discrepancy can be

ascribed basically to the increasing fluctuation with finite

chain length adopted in the simulations, which lacks

Gaussian statistics assumed generally in relevant theories.

Fredrickson and Helfand [54] have shown by

weak coupling calculations that the ODT critical

value for small linear diblock copolymers at f ¼ 0.5

is (xN)ODT ¼ 10.495 þ 41.022N 21/3, following from

which Groot et al. [42] have given an expression

for relating the simulated finite chain xN with that of

the infinitely long chain predicted by theories,

(xN)infinite ¼ (xN)ODT/(1 þ 3.9N 2/322n ). Afterwards, by

means of a chain length mapping from cyclic diblock

copolymers to corresponding linear ones, Qian et al. [19]

have successfully applied this formula to prove the

simulated ODT critical value for the symmetric case. It is

very easy for us to follow their treatment to obtain the

ODT critical values for star diblock copolymers and the

calculated (xN)ODT is 21.4 and 13.5 for the (A5)4(B5)4 and

(A5B5)4, respectively, both disagree with our simulated

results indicating this method is not applicable for the star

diblock copolymers and another better analytic technique

is to be developed to interpret quantitatively this

disagreement, especially for the asymmetric cases. There

is still one qualitative point we can make sure that the

longer the chain length adopted in simulations is, the less

the difference between theoretical predictions and

simulated results is, especially in the ODT point, whereas,

simultaneously the more the required simulation cost is.

Studies based on computer simulation [19] and

experiments [55] have indicated that the organized

microphase-separation structures of cyclic diblock co-

polymers differ remarkably from those of corresponding

linear ones under the same conditions. The comparison

between star-diblock copolymers and corresponding

linear ones is also interesting. Figure 8a and b shows the

differences in microphase-separation behaviors between

the predictions by SCF for AB linear diblock copolymers

(solid lines) [27] and the DPD simulation results for

(A)4(B)4 and (AB)4 star-diblock copolymers (symbols),

respectively. Detailed comparisons are listed in table 1a—

d, where the results for linear AB diblock copolymers at

xN ¼ 46 in table 1b are consistent with Groot and

Madden’s simulations [42]. It may think that the star

architecture could prevent the microphase separation.

However, an intuitive and significant information we draw

from these tables is that the microphase separation is

easier for the star-diblock copolymers than that of the

corresponding linear ones under the same conditions, and

the (A)4(B)4 copolymers are more superior. For example,

the star (A1)4(B9)4 forms an ordered phase BCC at

xN ¼ 100, while the star (A1B9)4 only forms a locally

Figure 5. PL structures formed in different systems. (a) PL formed by
(A4)4(B6)4 and (A6)4(B4)4 at xN ¼ 20; (b) PL formed by (A4B6)4 at
xN ¼ 30.

Figure 6. Typical simulated locally ordered mesoscopic structures for the star-diblock copolymers. (a) M formed by (A8B2)4 at xN ¼ 30; (b) LR
formed by (A3B7)4 at xN ¼ 30; (c) RN formed by (A4)4(B6)4 at xN ¼ 10.
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ordered phase M, and the linear A1B9 just stays in the

disordered state. We can reach a conclusion that the star

architecture is favorable for microphase separation, which

is in agreement with the predictions by mean-field [26]

and SCF theories [27].

3.5 Radius of gyration

A curly polymer chain in a mesoscopic system can be

imaged as an irregular ball and its microscopic

morphology can be characterized effectively through its

radius of gyration. We study the RMSGR defined by

kR2
gl

� �0:5

¼ k
1

M

XM
i¼1

ri 2 rcmj j
� �2l

 !0:5

ð9Þ

where M is the number of particles in a star chain, ri and

rcm denote the position vector of each particle in a star

chain and the center of mass for the whole star chain,

respectively. As shown in figure 2, particles in a (A)4(B)4

star chain are more centralized comparing to those in a

(AB)4 star chain, the RMSGR of the former should be

smaller. Figure 9 demonstrates the variations of RMSGR

with the composition fA and the interaction parameter xN

in the two types of star copolymers, from which we can

see that even the maximum of RMSGR in the (A)4(B)4

systems approximates to the minimum of RMSGR in

the (AB)4 systems. Generally, the RMSGR increases as

the A–B interaction strengthens. This is because that

stronger repulsion between different segments can make

the polymer chain more stretched, thus the imaginary

polymer ball is bigger.

On the composition dependence, when the A–B

interaction is relatively weak or moderate, as fA changes

from 0.1 to 0.9, the value of RMSGR in an (A)4(B)4

system decreases to a minimum first, then increases

symmetrically. Referring to figure 2, when the structure of

an (A)4(B)4 copolymer is asymmetric, the particles in it

will be relatively distant from the center of mass, thus the

value of RMSGR is large. As the structure becomes more

symmetric, the component particles will be comparatively

near the center of mass, the value of RMSGR decreases

naturally and reaches the minimum at fA ¼ 0.5. Mean-

while, as mentioned above, the reinforcing of A–B

interaction increases the RMSGR. As a combined effect,

apparently abnormal ascending trends in the curves of

xN ¼ 70 and xN ¼ 100 occur. As for the (AB)4 systems,

when fA becomes relatively comparable to fB, the number

of possible A–B interaction pairs increases causing the

increase of RMSGR. The stronger the A–B interaction,

Figure 7. Comparison of the microphase-separation behaviors between the DPD simulation results for (AB)4 star-diblock copolymers (symbols) and
the predictions from SCF theory for (AB)3 (a) and (AB)5 (b) star-diblock copolymers (solid lines) [27], respectively.

Figure 8. Comparison of the microphase-separation behaviors between the predictions from SCF theory for AB linear diblock copolymers (solid lines)
[27] and the DPD simulation results for (A)4(B)4 (a) and (AB)4 (b) star-diblock copolymers (markers), respectively.
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i.e. the larger xN, the more prominent this effect is. The

asymmetry in the curves is owing to the structures.

4. Conclusions

The microphase-separation behaviors of two types of star-

diblock copolymers (A)4(B)4 and (AB)4 are investigated

through the DPD by varying the composition fA and the A–B

interaction parameterx. The simulated phase diagrams show

similar ordered mesostructures as those of corresponding

linear and cyclic ones, which exhibit LAM, perforated

lamellas (PL), HEX cylinders and body-centered-cubic

(BCC) spheres, besides, a series of GR morphologies

predicted by theoretical research have been identified.

In the regions between the ordered and disordered

phases, we have found some melted morphologies, such as

m, LR and RN, which can be thought as locally ordered.

These morphologies have also appeared in the DPD

simulations of linear and cyclic diblock copolymers. They

can be regarded as transition phases, which have not been

identified in relevant theoretical predictions.

The simulated threshold for a totally ordered meso-

structure to appear is higher than theoretical predictions,

which can be attributed chiefly to the increasing

fluctuation with finite chain length adopted in the

simulations, and a better analytic approach is to be

developed to account quantitatively for this discrepancy.

Through comparing the microphase-separation beha-

viors of star-diblock copolymers and corresponding linear

ones, we have found that the star architecture facilitates

microphase separation, which is in accordance with the

theoretical predictions. In addition, it is easier for the

(A)n(B)n copolymers than for corresponding (AB)n ones to

trigger microphase separation under the same conditions.

The relations between the RMSGR and the composition

fA in the two types of star copolymers are almost contrary,

which can be attributed to the differences in their

structural characteristics.

Table 1. Comparison between star and corresponding linear diblock
copolymers.

Systems and phases

fA (A)4(B)4 (AB)4 AB

(a) xN ¼ 30

0.1 DIS DIS DIS
0.2 LR M M
0.3 HEX LR LR
0.4 LAM PL RN
0.5 LAM LAM LAM
0.6 LAM LAM RN
0.7 HEX GR LR
0.8 LR M M
0.9 DIS DIS DIS

(b) xN ¼ 46

0.1 DIS DIS DIS
0.2 HEX HEX M
0.3 HEX GR HEX
0.4 LAM LAM LAM
0.5 LAM LAM LAM
0.6 LAM LAM LAM
0.7 HEX GR HEX
0.8 HEX LR M
0.9 DIS DIS DIS

(c) xN ¼ 70

0.1 M DIS DIS
0.2 HEX HEX HEX
0.3 HEX GR HEX
0.4 LAM LAM LAM
0.5 LAM LAM LAM
0.6 LAM LAM LAM
0.7 HEX GR HEX
0.8 HEX HEX HEX
0.9 M DIS DIS

(d) xN ¼ 100

0.1 BCC M DIS
0.2 HEX HEX HEX
0.3 HEX GR HEX
0.4 LAM LAM LAM
0.5 LAM LAM LAM
0.6 LAM LAM LAM
0.7 HEX GR HEX
0.8 HEX HEX HEX
0.9 BCC DIS DIS

Figure 9. Variations of RMSGR with the composition fA at different A–B interactions in the (A)4(B)4 (a) and (AB)4 (b) star systems, respectively.
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