
 

 

Phase-field study of spinodal decomposition under effect of grain boundary 

Ying-Yuan Deng(邓英远), Can Guo(郭灿), Jin-Cheng Wang(王锦程), Qian Liu(刘倩), Yu-Ping Zhao(赵玉平), and 

Qing Yang(杨卿) 

Citation:Chin. Phys. B, 2021, 30 (8): 088101.   DOI: 10.1088/1674-1056/abea9b 

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb   

 

What follows is a list of articles you may be interested in  

 

Modeling of microporosity formation and hydrogen concentration evolution during 

solidification of an Al-Si alloy 

Qingyu Zhang(张庆宇), Dongke Sun(孙东科), Shunhu Zhang(章顺虎), Hui Wang(王辉), Mingfang Zhu(朱鸣芳) 

Chin. Phys. B, 2020, 29 (7): 078104.   DOI: 10.1088/1674-1056/ab8abb 

Enhanced dielectric and optical properties of nanoscale barium hexaferrites for 

optoelectronics and high frequency application 

J Mohammed, A B Suleiman, Tchouank Tekou Carol T, H Y Hafeez, Jyoti Sharma, Pradip K Maji, Sachin Godara 

Kumar, A K Srivastava 

Chin. Phys. B, 2018, 27 (12): 128104.   DOI: 10.1088/1674-1056/27/12/128104 

Material microstructures analyzed by using gray level Co-occurrence matrices 

Yansu Hu(胡延苏), Zhijun Wang(王志军), Xiaoguang Fan(樊晓光), Junjie Li(李俊杰), Ang Gao(高昂) 

Chin. Phys. B, 2017, 26 (9): 098104.   DOI: 10.1088/1674-1056/26/9/098104 

Cyclic stress induced phase transformation insuper-bainitic microstructure 

Wencui Xiu(修文翠), Ying Han(韩英), Cheng Liu(刘澄), Hua Wu(吴化), Yunxu Liu(刘云旭) 

Chin. Phys. B, 2017, 26 (3): 038101.   DOI: 10.1088/1674-1056/26/3/038101 

Improved thermoelectric property of cation-substituted CaMnO3 

Pradeep Kumar, Subhash C. Kashyap, Vijay Kumar Sharma, H. C. Gupta 

Chin. Phys. B, 2015, 24 (9): 098101.   DOI: 10.1088/1674-1056/24/9/098101 

 

-------------------------------------------------------------------------------------------------------------------- 

http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abea9b
https://doi.org/10.1088/1674-1056/abea9b
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab8abb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab8abb
https://doi.org/10.1088/1674-1056/ab8abb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/12/128104
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/12/128104
https://doi.org/10.1088/1674-1056/27/12/128104
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/9/098104
https://doi.org/10.1088/1674-1056/26/9/098104
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/3/038101
https://doi.org/10.1088/1674-1056/26/3/038101
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/24/9/098101
https://doi.org/10.1088/1674-1056/24/9/098101


Chin. Phys. B Vol. 30, No. 8 (2021) 088101

Phase-field study of spinodal decomposition under
effect of grain boundary∗

Ying-Yuan Deng(邓英远)1, Can Guo(郭灿)1,†, Jin-Cheng Wang(王锦程)2,
Qian Liu(刘倩)1, Yu-Ping Zhao(赵玉平)1, and Qing Yang(杨卿)1

1School of Materials Science and Engineering, Xi’an University of Technology, Xi’an 710048, China
2State Key Laboratory of Solidification Processing, Northwestern Polytechnical University, Xi’an 710072, China

(Received 20 January 2021; revised manuscript received 1 February 2021; accepted manuscript online 1 March 2021)

Grain boundary directed spinodal decomposition has a substantial effect on the microstructure evolution and properties
of polycrystalline alloys. The morphological selection mechanism of spinodal decomposition at grain boundaries is a major
challenge to reveal, and remains elusive so far. In this work, the effect of grain boundaries on spinodal decomposition is
investigated by using the phase-field model. The simulation results indicate that the spinodal morphology at the grain
boundary is anisotropic bicontinuous microstructures different from the isotropic continuous microstructures of spinodal
decomposition in the bulk phase. Moreover, at grain boundaries with higher energy, the decomposed phases are alternating
α/β layers that are parallel to the grain boundary. On the contrary, alternating α/β layers are perpendicular to the grain
boundary.
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1. Introduction
Spinodal decomposition is a common phase transition

process in metallurgic alloys, oxide ceramics, colloidal gels,
biominerals, etc.[1–5] It is governed by the competition be-
tween the destabilizing chemical free energy and the stabi-
lizing composition gradient energy, which often results in the
formation of domain structures with distinct chemical compo-
sitions. Cahn and Hilliard[6] proposed the fundamental the-
ory for understanding the kinetic process of spinodal decom-
position of bulk materials. As the periodic microstructures,
developed during spinodal decomposition, crucially affect the
properties of materials, the pattern-forming mechanisms and
kinetic mechanisms associated with spinodal decomposition
in immiscible mixtures have been studied widely in the last
decades.[3,4,7–9]

As is well known, the properties of grain boundaries are
very different from those of the grain interior, and the phase
transition behavior at grain boundaries has been a perennial
topic in materials and surface sciences for a century. In recent
years, many investigations[9–12] indicated that grain boundary
directed spinodal decomposition plays a crucial role in phase
transitions. And the kinetics and pattern-forming mechanisms
of grain boundary spinodal decomposition has attracted much
attention, however, the effect of grain boundaries on spinodal
decomposition is still unrevealed. Razumov’s investigation
results indicated that spinodal decomposition might be sup-

pressed by the grain boundary for dilute solid solutions.[13]

Conversely, Rajeshwari et al., Li et al., and Grönhagen et
al.[10,12,14] reported that spinodal decomposition often starts
earlier near defects or grain boundaries, which is mainly due to
the fact that the atom diffusion is faster in these regions. Fur-
thermore, the microstructure of spinodal decomposition will
become more complicated due to the existence of interfaces.
Liu et al.[15] found that the pattern of decomposed phases at
high angle grain boundaries is alternating layers parallel to
the grain boundary. The simulation and experimental results
given by Li et al.[2,12,16] showed that the phase decomposi-
tion often begins at the grain boundaries, and then extends into
the entire grain along the direction perpendicular to the grain
boundary. Rajeshwari et al.[10] found that the morphology of
precipitates at the grain boundary is related to the microstruc-
ture of grain boundaries. Tang and Karma,[17] and Wise et
al.[17,18] investigated the surface-direct spinodal decomposi-
tion processes in thin-film materials, and proposed that the
spinodal microstructure depends strongly on the magnitude of
compositional strain and the thickness of the film.

As the spinodal decomposition is usually too fast to
be captured in experiment, numerical simulation has be-
come a powerful tool for studying the phase transition and
spinodal decomposition.[19–26] In this work, a phase-field
model of polycrystalline alloys, built by Ramanarayan and
Abinandanan,[27] was used to study the grain boundary di-
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rected spinodal decomposition problem. The effect of grain
boundary energy and concentration gradient energy on the
spinodal decomposition were discussed in detail. And a pat-
tern diagram of grain boundary directed spinodal decompo-
sition as a function of gradient energy parameters was con-
structed. The present results can not only expand our knowl-
edge of spinodal decomposition with the existence of grain
boundaries but also provide guidance in designing the materi-
als by the integration of the role at internal interfaces.

2. Phase-field model
The total free energy of the polycrystalline alloy phase-

field model is written as[27]

F =
∫

dV

{
f (c,ηi)+ kc (∇c)2 +∑

i
kη (∇ηi)

2

}
, (1)

where c is the concentration field, ηi is the orientational order
parameter to describe the grain i, f (c,ηi) is the bulk free en-
ergy per unit, the second term and third term on the right-hand
side represent the concentration gradient energy and grain
boundary energy,[28] respectively. Here, f (c,ηi) is[27]

f (c,ηi) = Ac2 (1− c)2 +m(c)

×

[
0.25+∑

i

(
η4

i
4
− η2

i
2

)
+ε ∑

i
∑
j>i

η
2
i η

2
j

]
, (2)

where A and ε are constants, m(c) is a composition-dependent
function that couples the concentration field with the orien-
tational order parameter field, and expressed as m(c) = 1+
0.5c2−2.5c2 (1− c)2.

The evolution of the concentration field c is governed by
the Cahn–Hilliard equation

∂c(r, t)
∂ t

= M∇
2 ∂F

∂c
, (3)

where M is the atomic mobility, which is defined as[27]

M = Mb +ϕgMt, (4)

where Mb = 1, Mt = 1000, and ϕg = [∑
i

∑
j>i

η2
i η2

j ]
1/2. As the

factor ϕg = [∑
i

∑
j>i

η2
i η2

j ]
1/2 equals 1 inside the grain boundary

and zero outside the grain boundary, the atom mobility at the
grain boundary is much higher than that of the grain interior.

The evolution of the order parameter field ηi is governed
by the Allen–Cahn equation

∂ηi (r, t)
∂ t

=−L
∂F
∂ηi

∣∣∣, i = 1,2,3, . . . ,n, (5)

where L = 1000 is a constant relaxation coefficient.
The dynamic equations above were solved by an open-

source parallel finite element framework (MOOSE).[29] All

the simulations were performed in a two-dimensional rectan-
gle region of Lx×My = 128∆x×64∆y with periodic boundary
conditions, where ∆x = ∆y = 1 and ∆t = 0.1. Moreover, as all
the parameters in this model were dimensionless, none of the
simulation results correspond to a specific material.

3. Results and discussion

Figure 1 shows the microstructure evolution of the spin-
odal decomposition processes with different concentration
gradient coefficients (kc): kc = 0.1, 0.5, 0.7, 0.9, and 2.0,
where α phase is colored in blue and β phase is colored in
red. The solid black line in Fig. 1(a) is the grain boundary. It is
clear that the phase decomposition always originates from the
grain boundary, and then extends into the grain interior, which
is consistent with the simulation and experimental results of
Li et al.[2,10,12,16] The absence of spinodal decomposition in
the grain interior at the initial stage is due to the limited bulk
diffusion.

For kc = 0.1, as shown in Fig. 1(a), that the spinodal de-
composition morphology is dependent on simulation region.
In the regions near the grain boundary, the interaction with
solute atoms, resulting in the segregation of one phase from
the grain boundary, which further results in the formation of
the alternating α and β layers that parallel to the grain bound-
ary. The phase decomposition process caused by such a kind
of grain boundary segregation is named P-SD. While, for the
regions far from the grain boundary, the random composi-
tion fluctuations grow to form the isotropic interconnected mi-
crostructures, just like general bulk spinodal decomposition
(abbreviate to B-SD). As the atom diffusion is easier to hap-
pen at the grain boundary, P-SD is faster than B-SD. When
the phase decomposition is completed, the final morphology
is a combination of P-SD near the grain boundary and B-SD
in the grain interior. With the increase of kc, the morphology
of the decomposed phase will be changed significantly. For
kc≥ 0.9, as shown in Figs. 1(d) and 1(e), the spinodal decom-
position also begins at the grain boundary, which is consistent
with the results in Fig. 1(a). The orientation of the alternat-
ing α and β primary phases is normal to the grain boundary,
and then extends into the grain interior continually; finally, the
simulation region will thoroughly be occupied by alternating
α and β lamellas normal to the grain boundary, this kind of
spinodal decomposition is N-SD. As for 0.5 ≤ kc ≤ 0.9, the
spinodal pattern near the grain boundary is a mixture between
P-SD and N-SD. With the increase of kc, the volume fraction
of N-SD at the grain boundary increases, while the volume
fraction of B-SD in the grain interior decreases, the simulation
results are shown in Figs. 1(b) and 1(c).
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Fig. 1. Illustration of spinodal decomposition process with concentration gradient coefficient kc = 0.1 (a) 0.5 (b), 0.7 (c), 0.9 (d), and 2 (e), with solid
black line denoting grain boundary in panel (a).
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Fig. 2. (a) Volume fraction of bulk spinodal decomposition fB−SD versus kc,
and (b) volume fraction of grain-boundary-directed spinodal decomposition
(normal to grain boundary fN−SD) versus kc.

Comparing the results in Fig. 1, we know that the con-
centration gradient energy can significantly affect the shape of
precipitation phas, and it is lath-shaped when kc is larger than
0.9 and irregularly shaped when kc is in a range of 0.5–0.7.
Li et al.[30] obtained similar conclusions in Cu–Ni–Cr spin-
odal alloys. To figure out the influence of the concentration
gradient term on the pattern formation of spinodal decompo-
sition, volume fractions of different spinodal structures versus
kc are summarized in Fig. 2 quantitatively. From Fig. 2(a), the
volume fraction of B-SD ( fB−SD) decreases continually with

kc increasing, and fB−SD = 0 for kc > 0.9. This phenomenon
mainly due to the concentration gradient energy suppressing
the growth of random fluctuation domains in the interior of the
grain, which further leads the grain boundary directed spin-
odal decomposition to overcome the B-SD under some con-
ditions, such as the simulation results in Figs. 1(d) and 1(e).
Figure 2(b) shows the variation of fN−SD (the volume frac-
tion of N-SD near the grain boundary) with kc. It is clear that
fN−SD = 0 for kc less than 0.5 and fN−SD = 1 for kc larger
than 0.9, while for kc between 0.5 and 0.9, fN−SD increases
continuously with kc increasing. We believe that this is due to
the fact that the N-SD is more favorable in energy than P-SD
for a larger kc, which will be discussed later.

Figure 3 shows the microstructure evolution processes
with different values of grain boundary energy coefficient kη ,
from which the influence of grain boundary on spinodal de-
composition can be further understood. The phase decom-
position also occurs initially at the grain boundary, which is
consistent with the above simulation results. From Fig. 3, we
can see that the spinodal decomposition is N-SD-dominated
for kη ≤ 1, while it will be P-SD-dominated for kη ≥ 4. As
for kη between 1 and 4, the final morphology of decomposed
phases is a mixture between P-SD and N-SD, and the volume
fraction of N-SD decreases with kη increasing. Previous re-
sults of Li et al.[2] verified that the phase decomposition at
low angle tilt grain boundaries was P-SDlike. Yang et al.[31]

investigated the spinodal decomposition process with different
grain boundary angles by an atomic method and reported that
the ultimate pattern of the decomposed phases was P-SDlike
for high angle grain boundaries.
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Fig. 3. Illustration of spinodal decomposition process with grain boundary energy coefficient kη = 1 (a), 2 (b), and 4 (c), with solid black line denoting
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Fig. 5. Plots of c, η1, and η2 versus distance normal to grain boundary.

From the simulation results in Figs. 1 and 3, it is found
that the spinodal decomposition pattern near the grain bound-
ary can be influenced by concentration gradient energy and
grain boundary energy. An interesting phenomenon is that the
kc and kη have similar effects on the spinodal morphology.
To reveal the law of spinodal pattern selection, various grain
boundary directed decomposition morphologies are summa-
rized as a function of kc and kη , and shown in Fig. 4. We
can see that the phase decomposition at the grain boundary
is P-SDdominated in the region kη ≥ 4kc, and the volume
fraction of P-SD increases with kη increasing. According to
the classical phase-field model[32] and the kinetics analysis of
the spinodal decomposition process,[33] the thickness of the

grain boundary (wg) is proportional to
√

kη , while the critical
wavelength (λcri) of spinodal decomposition is proportional to
2
√

kc. Therefore, the critical line for P-SD can also be treated
as wg ≥ λcri, which is consistent with the distribution of c and
η in Fig. 5. This is mainly due to the fact that when wg ≥ λcri

the wavelength of the concentration field reaches the critical
value λcri more easily under the effect of solute segregation
along the grain boundary, which further results in P-SD. Such
a kind of segregation-driven grain boundary spinodal decom-
position has been reported as a crucial phase transition mech-
anism in high-entropy alloy recently.[12]

α β α β α β αGB

GB

α

β

β

α

grain interior
(a)

(b)

grain interior

Fig. 6. (a) Schematic diagram of simulated positional relationship between
grain boundary and alternating α/β lamellas for N-SD, and (b) schematic
diagram of alternating α/β lamellas parallel to grain boundary. The region
inside the black box is the grain boundary (GB).

To ascertain the reason why the pattern formation is N-
SD-dominated for kη ≤ kc, we further analyze the energy dif-
ference between the two spinodal decomposition mechanisms
of the initial stages. Schematic diagrams indicating the po-
sitional relationship between the grain boundary and the alter-
nating α/β lamellas for kη = kc are shown in Fig. 6, where the
lamellae are perpendicular to the grain boundary in Fig. 6(a)
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and parallel to the grain boundary in Fig. 6(b). Owing to the
fast diffusion and segregation effects of grain boundaries, the
spinodal decomposition in grain boundaries can finish in an
instant. Hence, the interfacial energy and width of the grain
boundary and α/β phase boundary can be obtained conve-
niently. Then the energy difference ∆F between N-SD and
P-SD inside the black box as shown in Fig. 6 can be obtained
as follows:

∆F =
L
√

kη√
kc

γm−Lγm = Lγm

(√
kη√
kc
−1
)
, (6)

where γm is the phase boundary energy between α and β , and
L is the length of the grain boundary. According to Eq. (6), it
is clear that the N-SD is more favorable in energy for kη ≤ kc,
which is consistent with the above simulation result.

4. Conclusions
In this work, the morphological evolution of grain bound-

ary directed spinodal decomposition is studied by the phase-
field model. Owing to the effect of interaction between the
grain boundary with solute atoms and the grain boundary
diffusion being faster than bulk diffusion, the phase decom-
position at the grain boundary always occurs faster than in
other regions. Unlike the case of spinodal decomposition
with isotropic continuous microstructures in the bulk phase,
the spinodal morphology at the grain boundary is of the
anisotropic bicontinuous microstructure. Three different kinds
of spinodal morphologies near the grain boundary are found
in our simulations: lath-shaped decomposed phases parallel
to the grain boundary, P-SD; lath-shaped decomposed phases
normal to the grain boundary, N-SD; irregularly shaped spin-
odal morphology, i.e., a mixture between P-SD and N-SD. The
morphology of grain boundary directed spinodal decomposi-
tion can be dependent on the ratio between the concentration
gradient energy coefficient kc and the grain boundary energy
coefficient kη . For kη ≥ 4kc the phase decomposition will be
P-SD-dominated, while N-SD is more favorable in energy for
kη ≤ kc. As for 4kc≤ kη ≤ kc, spinodal morphology will be a
mixture between P-SD and N-SD. These findings can expand
our knowledge of the grain boundary directed spinodal decom-
position and help to provide guidance in designing novel ma-
terials.
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