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ABSTRACT

Grain boundaries (GBs) are transitional, defective, and anisotropic interfaces between adjacent grains with different orientations. However,
most models assume that the GB is an isotropic dielectric determined by itself and lacks formation information; these assumptions hinder
the theoretical investigation of the effect GBs have on polycrystalline ferroelectrics at the mesoscopic scale. Here, a novel GB model based
on the formation mechanism is established for ferroelectric polycrystals. It has been found that the Curie–Weiss temperature range, elastic
coefficient, and permittivity of GBs are related to the orientation of adjacent grains and the polarization state. The shielding effect, polariza-
tion enhancement, domain continuity, and spontaneous polarization on the GBs are obtained in mesoscopic simulations based on this
model. In addition, the proportion of GBs can significantly affect the electric field distribution in grains. It provides a mechanistic explana-
tion for the relationship between the coercive electric field and the proportion of GBs in the previous experiment. By achieving a better
mesoscopic description of GBs, the GB model proposed in this work provides an effective investigation tool for electromechanical, electro-
caloric, and energy storage of polycrystalline functional materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0120308

I. INTRODUCTION

Ferroelectric ceramics are widely used in microelectronic
devices because of their excellent dielectric and electromechanical
properties.1 Most ferroelectric ceramics are polycrystalline, com-
posed of grains with different orientations and structures and grain

boundaries (GBs), which are observed to exist in different domain
distributions when studied using dark field x ray.2,3 A polarization
domain is a collection of long-range elastic and short-range electro-
static interactions in all grains and GBs.4 A GB presents as a weak
ferroelectric region with defects and dislocation aggregation.5,6 The
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microstructure of a GB has an important influence on the continu-
ous distribution of domains between adjacent grains.7,8 Additionally,
because of the anisotropy of ferroelectric crystals, the grain orienta-
tion affects the domain distribution and the reformation of the GB
structure.9,10 Designing the GB to control domains attracts increasing
attention in interface engineering, and understanding the effects of
the GB on domain structure and switching in ferroelectric ceramics
becomes a fundamental issue.

For polycrystalline ferroelectric ceramics, many theoretical
studies have been carried out to investigate the GB. Based on the
thermodynamics method, Choudhury et al. proposed a three-
dimensional phase field interface model with periodic boundary
conditions and simulated the influence of the GB on the formation
and growth of domain structure, finding that domain switching
generally occurs near the GB.11,12 This no-thickness interface
model simplifies the details of GBs and focuses on the effect of the
shape and orientation of grains on the distribution of domains. By
considering the GB as an amorphous weak dielectric with isotropic
properties, Frey et al. proposed the “dead layer” interphase model
in 1998.13 Based on this model, the effects of grain size, GB thick-
ness, and dielectric constant on the overall ferroelectricity and
dielectric properties of barium titanate ceramics have been mea-
sured.14 GB size can affect the domain evolution of polycrystalline
ferroelectrics.4,15 The “dead layer” interphase model emphasizes the
GB structural disorder, strengthens the depolarization effect of the
GB on grains, and weakens the domain continuity between grains.
A new GB model was recently proposed from the perspective of
core–shell composite materials. This core–shell model did not con-
sider the effect of the orientation of adjacent grains in polycrystalline
ferroelectrics.16 Both classic models agree well with the experimental
results when the proportion of GBs is small. However, with the min-
iaturization of ceramic electronic components, the influence of GBs
becomes more significant as their proportion increases or the grain
size decreases. Establishing a new GB model based on the formation
mechanism is highly expected to solve the shortcomings mentioned
above.

At the atomic scale, the Σ5 (001) twin boundary energy
between twin crystals with a misorientation of 36:9� exhibits spon-
taneous linear polarization and vortex polarization in the GB.17

Furthermore, the GB can maintain the continuous distribution of
domains in polycrystalline ferroelectrics and induce anti-vortex
domains.18 These results indicate that the GB plays an important
role in the regulation and utilization of polarization domains; there-
fore, establishing a comprehensive GB model based on the formation
mechanism will broaden the application of interface engineering.19,20

It is well known that the GB is a three-dimensional interface defect
formed by the combination of two grains with different orientations.
Considering the important influence of grain orientation on the
structure of GBs, there is a need to establish a model for an accurate
description of domain evolution.

A theoretical model based on the formation mechanism of GB
(FMGB) is proposed in Sec. II. A GB is a transition region formed
by the orientation difference between adjacent grains.21 The
macroscopic material parameters of GBs largely depend on
the orientation difference. Section III provides an analysis of the
influence of grain orientation difference on the GB parameters
such as the Curie–Weiss temperature, elastic coefficient

characteristic coefficient, and permittivity. Section IV compares
the new model with the previous models in BaTiO3 twin crystals
to investigate its reliability.

II. GB FORMATION MECHANISM MODEL

GBs in ferroelectric polycrystals have attracted tremendous
interest owing to their properties, such as dislocations, GB orienta-
tion,6 twisted GBs,22 and GB space charge.23,24 It has been found
that the GB has a larger local elastic energy and stronger shielding
effect than the bulk grain, which hinders the polarization domain
movement crossing GBs. However, the structures of a GB, such as
space charge and porosity, are limited by experimental conditions
and cannot be measured and analyzed directly, making it difficult
to accurately describe the effects of grains and GBs on the domain
structure.25–28

Based on the GB formation mechanism, polycrystalline ferro-
electrics are composed of grains and GBs, as shown in Fig. 1(a).
Therefore, the total bulk energy density of polycrystalline f poly from
thermodynamics theory can be expressed as

f poly ¼
X

fgrainþ
X

fgb, (1)

where fgrain and fgb, respectively, represent the energy density of
individual grains and GBs. It includes the free-energy density fbulk,
elastic energy density felas, coupling energy density fcoup, gradient
energy density fgrad, and electric energy density felec and can be
expressed as

fgrain/gb ¼ fbulk þ felas þ fcoup þ fgrad þ felec: (2)

The free-energy density fbulk is related to the Curie–Weiss
temperature Tg/gb of ferroelectrics, as fbulk(Tg/gb). Although the
Curie–Weiss temperature Tg is a constant in grains, the Tgb(m�n)

at GBs is related to the orientation difference of adjacent
grains Δθ(m�n).

17 It should be noted that only the symmetric
tilt GBs be considered in this work to simplify the analyzation.
Based on the symmetric tilt GBs assumption, the related
properties of GBs can be described only by Δθ(m�n). Here,
θgb(m�n), θm, and θn, respectively, represent the orientation of the
GB, the adjacent grain m and grain n and can be expressed as
follows:

Δθ(m�n) ¼ jθm � θnj, (3)

θgb(m�n) ¼ min {θm, θn}þ 1
2
Δθ(m�n): (4)

Therefore, the fbulk at GBs can be expressed as a function of
the orientation, fbulk(θgb(m�n)). The elastic energy density felas is
related to the elastic coefficient. For grains, the elastic coefficient cg
is a constant, and for GBs, cgb(m�n) is related to Δθ(m�n),
felas(θgb(m�n)).

29 Similar to cgb(m�n), the permittivity κgb(m�n) of GBs
is related to Δθ(m�n),

30 which affects the electric energy density
felec(θgb(m�n)). The coefficients of fcoup and fgrad are assumed to be
constant for both grains and GBs.
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Based on the previously described analysis and the formation
mechanism of the GB, a new FMGB model is established in this
work as

fgb(Tgb(m�n), cgb(m�n), κgb(m�n))

¼ fbulk(Tgb(m�n))þ felasþcoup(cgb(m�n))þ fgradþ felec(κgb(m�n)),

Tgb(m�n) ¼ (1�μTsin(2Δθ(m�n)))Tg ,

cgb(m�n) ¼ (1þμcsin(2Δθ(m�n)))cg ,

κgb(m�n) ¼ (1�μκsin(2Δθ(m�n)))κg ,

Qgb(m�n) ¼Qsin(2Δθ(m�n)),

8>>>>>>>><
>>>>>>>>:

(5)

where κg represents the permittivity of grains, Qgb(m�n) is the space-
charge density on the GB, and Q is the maximum density of space-
charge. μT , μc, and μκ , respectively, represent the characteristic coef-
ficients of the Curie–Weiss temperature, elastic coefficient, and per-
mittivity. Considering a cubic crystal grain with a symmetrical
structure, the sinusoidal periodic function is introduced to describe
the relationship between material parameters of [001] GBs and mis-
orientation, while the misorientation of adjacent grains Δθ(m�n) is
between 0� and 45�. For other types of GBs, the maximum misorien-
tation will be different as crystal symmetry, for example, the
maximum misorientation of [111] GBs is 30�. The sinusoidal func-
tion is also used in the Read–Shockley model to describe the disloca-
tion density,31,32 especially for the symmetric tilt GBs. Δθ(m�n) ¼ 0�

means that the grain orientations on either side of the GB are the
same; thus, the parameters of the GB are consistent with that of
grains. Δθ(m�n) ¼ 45� means that the grain orientation difference on
both sides of the GB is at its maximum, and the aggregation density
of defects and dislocations on the GB also reaches its maximum, as
shown in Fig. 1(b). The coefficient μi(i¼T , c, κ) characterizes the
degree of grain orientation difference on the GB.

This formation mechanism model can characterize the electro-
mechanical properties of grain boundaries as those of the general
grain. However, based on Ginzburg–Landau thermodynamic theory
for ferroelectrics,33 the energy density fgrain of grains can be expressed
as a function of local polarization PL

k , polarization gradient PL
k,l , strain

εLkl , and electric field EL
k , where k, l ¼ 1, 2, 3. By analogy with fgrain,

fgb can also be expressed as a function of PL
k , P

L
k,l , ε

L
kl , and EL

k for indi-
vidual GBs. The superscript L indicates the local coordinate, and the
energy density fgrain of the grain can be simplified by setting
Δθ(m�n) ¼ 0� for the GB-related parameters. fgb can be given as

fgb(P
L
k , P

L
k,l , ε

L
kl , E

L
k ) ¼ fbulk(P

L
k )þ felas(ε

L
kl)þ fcoup(P

L
k , ε

L
kl)

þ fgrad(P
L
k,l)þ felec(P

L
k , E

L
k ): (6)

The free-energy density fbulk(PL
k ) of the GB is usually expanded

as the higher-order polynomial of a spontaneous polarization,
which can be expressed as

fbu1ptlk(P
L
k ) ¼ αklP

L
kP

L
l þ αklopP

L
kP

L
l P

L
oP

L
p

þ αklopqrP
L
kP

L
l P

L
oP

L
pP

L
qP

L
r , (7)

where αklopand αklopqr are the higher-order dielectric constants. αkl

is the GB dielectric coefficient related to GB Curie–Weiss tempera-
ture, as shown in Eq. (5), which can be expressed as

αkl ¼ T � Tgb(m�n)

2κ0C0
¼ T � Tg þ Tg � μTsin(2Δθ(m�n))

2κ0C0
, (8)

where T is the ambient temperature, κ0 is the vacuum dielectric
coefficient, and C0 is the Curie constant. Therefore, fbulk(Tgb(m�n))
can be described by fbulk(PL

k ) based on Eq. (8).

FIG. 1. Polycrystalline model and the FMGB model. (a) Polycrystalline ferroelectrics, GB orientation, and parameters are affected by adjacent grain m and grain n.
(b) Variation of GB parameters with misorientation of the adjacent grains.
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The strain and coupling energy density can be expressed as

fe1ptla1pts(ε
L
kl)þ fcoup(P

L
k , ε

L
kl) ¼

1
2
cklopε

L
klε

L
op

� qklopε
L
klP

L
oP

L
p þ rklopqrε

L
klε

L
opP

L
qP

L
r

þ sklopqrε
L
klP

L
oP

L
pP

L
qP

L
r ,

(9)

where cklop indicates the GB elasticity coefficient, as shown in
Eq. (5). Therefore, felasþcoup(cgb(m�n)) can be described by felas(εLkl)
þfcoup(PL

k , ε
L
kl), qklop, rklopqr , and sklopqr , which are the electrostrictive

coefficients.
Because of the complexity of domains within the GB, the gra-

dient energy formed by the discontinuity of polarization between
domains is non-negligible, which can be expressed as

fgrad ¼ gklopP
L
k,lP

L
o,p, (10)

where gklop is the gradient coefficient of GBs, which is consistent
with that of the grains.

When an electric field EL
k is applied to polycrystals, the electric

field energy density can be expressed as

fe1ptle1ptc(P
L
k , E

L
k ) ¼ � 1

2
κgbE

L
kE

L
k � EL

kP
L
k , (11)

where κgb is the permittivity of GBs as shown in Eq. (5) and
felec(κgb(m�n)) can be described by felec(PL

k , E
L
k ).

Compared with grains, the main difference is that the energy
density at the GB is related to the orientation difference Δθ(m�n)

between adjacent grains and its own orientation θgb(m�n). When
calculating the GB energy, it is necessary to use the coordinate con-
version equation to convert the local coordinate into a global coor-
dinate. The orientation of GB can be represented by a set of Euler
angles (α, β, θ).11 The variables PL

k , E
L
k , and εLkl can be converted

from local to global coordinates using the formula ~PL ¼ R
͡ ~P,

~EL ¼ R
͡ ~E, ε̂L ¼ R

͡ T
ε̂R

͡
, where R

͡
is a conversion matrix. This study

only considered GBs in a two-dimensional plane and rotated along
the x3-axis, that is, the [001] direction; therefore, the matrix can be
expressed as

R
͡ ¼

cos θgb(m�n) sin θgb(m�n) 0
� sin θgb(m�n) cos θgb(m�n) 0

0 0 1

0
@

1
A: (12)

The evolution of spatially inhomogeneous polarization can be
obtained from the time-dependent Ginzburg–Landau (TDGL) as34

@Pi(r, t)
@t

¼ �L
δf

δPk(r, t)
(i ¼ 1, 2), (13)

where t denotes the time, L is the kinetic coefficient of domain
switching, δf /δPk(r, t) denotes the thermodynamic drivers of
polarization evolution, and r is the spatial vector, r ¼ (x1, x2).

For body-charge-free and body-force-free polycrystalline fer-
roelectrics, the mechanical equilibrium @(@f /@εkl)/@xl ¼ 0 and
Maxwell equilibrium @(�@f /@Ek)/@xk ¼ 0 should also be satisfied.

III. MODELING THE ELECTROMECHANICAL
CHARACTERISTIC COEFFICIENTS OF GB

A. GB Curie–Weiss temperature characteristic
coefficient

The Curie–Weiss temperature characteristic coefficient μT of
the GB strongly correlates with its own state, and the analysis of
the value range of μT plays a crucial role in investigating the ferro-
electricity of the GBs. The range of μT is the first step for model
application. Equation (S1) in the supplementary material considers
the energy density function fμT of the GB without an external field,
including free-energy density in global coordinates. It analyzes the
minimum value @f /@Pk ¼ 0 and derives the value of the second-
order partial derivative @2f /@P2

k .
In ferroelectrics, the energy minimum always occurs in the

direction of the crystallographic axis.8 Therefore, the spontaneous
polarizations P1 and P2 should follow that rule such that

P2 ¼ P1 tan (θgb(m�n)): (14)

Substituting Eq. (14) into the second-order partial derivative
@2f /@P2

k from Eq. (S1) in the supplementary material gives

@2f
@P2

1
¼ 2αgb(m�n)

cos2(θgb(m�n))
þ 12α11

cos4(θgb(m�n))
P2
1 þ

30α111

cos6(θgb(m�n))
P4
1: (15)

The GB is in a paraelectric state if P1 ¼ 0 and Tg . T
. Tgb(m�n), which means Eq. (15) should be greater than zero.1

Then, the range of μT can be derived as

μT .
Tg � T

Tg sin (2Δθ(m�n))
: (16)

The GB is in a ferroelectric state if T , Tgb(m�n) , Tg , which
means Eq. (15) should be less than zero. μT can be derived as

0 , μT ,
Tg � T

Tg sin (2Δθ(m�n))
: (17)

Based on Eqs. (16) and (17), the value range of the Curie–
Weiss temperature characteristic coefficient μT is shown in Fig. 2.
When the GB is in a paraelectric state (red area), there is a theoreti-
cal lower limit for the characteristic coefficient μT , which is related
to the adjacent grain orientation difference Δθ(m�n), but no upper
limit exists. When μT ! þ1, the GB can be considered to be in
an amorphous state without spontaneous polarization, which is
consistent with the “dead layer” interphase assumption. When the
GB is in a ferroelectric state (blue area), there is a theoretical upper
limit for the characteristic coefficient μT . This implies that when
the characteristic coefficient is lower than this value, the GB theo-
retically has spontaneous polarization, which has been mentioned
elsewhere in the literature.17
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B. GB elasticity characteristic coefficient

To analyze the value range of the GB elasticity characteristic
coefficient μc, the energy density function fμc , Eq. (S3) in the
supplementary material, including free-energy density, elastic, and
coupling energy density in the global coordinate, can be analyzed.

Based on the mechanical equilibrium equation
@(@f /@εkl)/@xl ¼ 0, the GB elastic coefficient cgb(m�n) is assumed to
be a position-independent parameter. The elastic characteristic
coefficient μc can be expressed as

μc ¼
q11λ1 þ q12λ2 þ 2q44λ3

(c11ζ1 þ c12ζ2 þ 4c44ζ3)sin(2Δθ(m�n))

� 1
sin(2Δθ(m�n))

, (18)

where the definitions of ζ1, ζ2, ζ3, λ1, λ2, λ3 related to polarization
and strain can be found in Eq. (S5) in the supplementary material.
The elastic characteristic coefficient μc of the GB is determined by
its orientation θgb(m�n), misorientation Δθ(m�n), equilibrium polari-
zation, gradient polarization, and the strain and gradient strain of
the GB.

C. Permittivity characteristic coefficient of the GB

The GB permittivity characteristic coefficient, μκ , is an impor-
tant mechanic coefficient for the electromechanical coupling per-
formance of GBs. When the electric field E1 is aligned along the
x1-direction, the total energy density function of the GB fκgb includ-
ing free-energy density and electric energy density in the global
coordinate is expressed by Eq. (S7) in the supplementary material.

When the electric field is large enough, the polarization perpen-
dicular to the electric field direction can be ignored, that is, P2 ¼ 0,

Eq. (S8) in the supplementary material. The equilibrium state of this
system can be found by minimizing the equation @f /@P1, Eq. (S9) in
the supplementary material. Taking the partial derivative of Eq. (S9)
in the supplementary material, the reciprocal of permittivity can be
expressed as Eq. (S10) in the supplementary material.

The spontaneous polarization can be expressed as P1 ¼ 0, if
the GB is in a paraelectric state. Then, the GB permittivity charac-
teristic coefficient μκ can be obtained as

μκ ¼ 1
sin(2Δθ(m�n))

� 1
2αgb(m�n)κ0κgsin(2Δθ(m�n))

, (19)

When the GB is in a ferroelectric state, μκ can be expressed as

μκ ¼ 1
sin(2Δθ(m�n))

� 1
(2αgb þ 12ξ1P

2
1 þ 30ξ2P

4
1)κ0κgsin(2Δθ(m�n))

, (20)

where ξ1, ξ2 related to higher-order dielectric constants can be
expressed as in Eq. (S11) in the supplementary material.

From the above results, when the GB is in a paraelectric state,
κgb is only related to αgb(m�n), Eq. (8). When the GB is in a ferro-
electric state, κgb is not only related to the factors above, but also to
the polarization in an equilibrium state.

IV. ELECTROMECHANICAL GB MODEL FOR BI-CRYSTAL
NANOSTRUCTURE

In this section, the FMGB model is employed to investigate
the weak ferroelectric and size effects of GBs on BaTiO3 bi-crystal
samples. The grain size in all modeled samples is 49� 98 nm. The
width of GB was set as 4.9, 2.45, 1.63, 1.2, and 1 nm in different
samples. The width of GB in this paper contains two parts: the
width of GB itself and that of the GB affected zone, where the
thickness of GB is about 0.8–1.25 nm, and the thickness of the
affected zone on one side is about 0.1–0.6 nm. Furthermore, to
amplify the effect of GB, an extreme case is adopted so that the
thickness of the affected zone on one side is 1.825 nm. The material
parameters are given in the supplementary material. At the grain/
GB interface, a perfect bonding without stress assumption is
adopted.35 The orientation of grain 1 is 0� and grain 2 is 45�. In
Sec. IV A, the proportion of GB is set to 1:2%and the orientation
of the GB toθgb ¼ 22:5�.

The phase field finite element model is shown in Fig. 3(a); an
electric field E is applied to the surface along the x1-direction from
the left to the right boundary. The finite element model contains
9801 nodes and 9604 elements, and all elements are 1 nm in size
(two lattice sizes), as shown in Fig. 3(b). The Curie–Weiss tempera-
ture characteristic coefficient, characteristic elastic coefficient, and
permittivity of the FMGB model adopt the results in Sec. III; the
spatially accumulated charge on the GB adopts the assumption of
Eq. (5). The accumulated space-charge density near GB should be
less than the spontaneous polarization of grains and is related to the
orientation of the adjacent grains.36 In this work, the space-charge
is assumed to be uniformly distributed in the GB zone, including
the positive and negative charges, that is, the total space-charge is

FIG. 2. Value range of the Curie–Weiss temperature characteristic coefficient
μT . Blue lines indicate that the GB is in a ferroelectric state, and red lines indi-
cate that the GB is in a paraelectric state.
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zero. Here, the density of the space-charge is assumed to be
Q ¼ 0:078 C/m2, and the distribution of the space-charge is quanti-
tatively consistent with the result of the domain continuity theory,8

where the charge of Δθ ¼ 0� and Δθ ¼ 90� is zero. In Sec. IV B, by
changing the proportion of GB (1%–4.8%), the size effect of the GB
in different models is analyzed.

A. Domain structure evolution of GB in an electric field

The evolution of BaTiO3 bi-crystal domains is shown in
Figs. 4(a)–4(d). When the electric field is zero [point a in Fig. 4(e)],
grain 1 is almost a single domain, and a classical pattern domain
structure appears in grain 2, shown in Fig. 4(a). The polarization
inside the GB is weakened but that near the GB is enhanced; this
domain phenomenon is consistent with the results obtained by
atomic simulations, which report that the biggest or smallest value
of polarization is at the grain boundaries.18 When the electric field
increases in the negative direction, the domains gradually flip, and
the coercive electric field is considerably strengthened compared
with the no-thickness interface model, Fig. S3.1 in the supplemen-
tary material. Under the influence of the maximum negative elec-
tric field [point b in Fig. 4(e)], because of the mass transfer at the
GB and the size of GB being small, almost all domains are aligned
in the direction of the electric field, as shown in Fig. 4(b). When
the electric field is increased to zero [point c in Fig. 4(e)], the
domain structure in Fig. 4(c) is similar to Fig. 4(a), except the
direction is changed and retains good polarization properties
compared with the “dead layer” interface model, Fig. S3.2 in the
supplementary material. At the maximum positive electric field
[point d in Fig. 4(e)], the domain structure is similar to Fig. 4(b),

as shown in Fig. 4(d). The relationship between domain state and
misorientation is shown in Fig. S3.3 in the supplementary material,
and with increasing misorientation, remanent polarization and
coercive electric decrease.

Compared with the previous GB models, this FMGB model
describes well the weak ferroelectricity of the GB, the polarization
enhancement effect at the interface, the shielding effect of the GB in
the domain flipping, and the depolarization effect of the GB on adja-
cent grains. It indicates that this FMGB model not only includes the
advantages of the no-thickness interface and “dead layer” interphase
GB models but also can simulate some new phenomena of GB. A
detailed quantitative comparison of a strain-field loop and a P-E
loop with the experimental results37,38 and molecular dynamic simu-
lation39 can be found in the supplementary material, and the simula-
tion results are consistent with the experiments.

B. Size effect of GBs in nano ferroelectrics

As the grain size increases in a polycrystalline material, the
proportion of GBs decreases correspondingly. Figure 5 shows the
polarization vs hysteresis loop lines (P–E loops) at different GB
proportions, based on the “dead layer” interphase assumption and
the FMGB model. As the GB proportion increases from 1% to
4.8%, the P–E loop of the “dead layer” interphase assumption goes
from narrow to wide. When the GB proportion is 1%, the satura-
tion polarization is 175% larger than when the proportion is 4:8%,
and the remanent polarization is also 1744% larger. In contrast to
the increase in saturation polarization and remanent polarization,
the coercive field is almost unchanged. It should be noticed that
the ferroelectricity of the bi-crystal disappears based on the P-E

FIG. 3. (a) Phase field modeling of a bi-crystal with an electric field applied along the x1-direction. (b) A quadrilateral element is used, and the size is 1 nm.
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loop when the GB proportion is 4:8%. However, owing to the size
proportion of the grain and GB, the phenomenon of ferroelectric
disappearance seems unreasonable. Therefore, the “dead layer”
interphase assumption has been proved to fall short because of the
effect of the GB size at the nanoscale.

Using the FMGB model, the saturation and remanent
polarizations remain at almost the same level from P-E loops,
and the coercive field decreases, which is consistent with the

experimental results.40–42 As the proportion of GBs decreases,
the shielding effect of the GB is weakened, and the domain starts
to rotate in grain 2, as shown in Fig. 6. Figure 6(e) shows that
when the applied electric field decreases to E*

1¼�0:54, the elec-
tric field within grain 2 increases with the proportion of GB
decreases, and the internal electric field is more easily affected
by the applied electric field, which reduces the difficulty of
domain switching; thus, the coercive field decreases, Fig. S6e in

FIG. 4. Domain structure evolution in a BaTiO3 bi-crystal using the FMGB model. (a)–(d) correspond to the four polarization states in (e) (points a–d). The proportion of
GB is 4.8%. (e) P–E hysteresis loop of BaTiO3 bi-crystal. Arrows represent polarization vectors, and the background color indicates the distribution of absolute polarization
values. E�

1¼E/E0 (E0 ¼ 96:5 kV/cm), P�
1¼P/P0 (P0 ¼ 2592 C/cm2).

FIG. 5. P-E hysteresis loops with the proportion of GB under different models. (a) “Dead layer” interphase model. (b) FMGB model.
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the supplementary material. The distribution of the local electric
field shows the nonlinear response near the GB, which is consis-
tent with the experiment.43 A detailed discussion can be found
in the supplementary material.

The FMGB model was used to simulate the domain structures
of the bi-crystal in the remanent polarization state, and the results
are shown in Fig. 7. As the proportion of GBs decreases, the polari-
zation enhancement phenomenon caused by the interface nearly

FIG. 6. Domain structures with the electric field, E* = E/E0 (E0 = 96.5 kV/cm). (a)–(d) correspond to the four polarization states of different proportions. (a) The proportion of
GB is 4.8%. (b) The proportion of GB is 2.4%. (c) The proportion of GB is 1.6%. (d) The proportion of GB is 1.2%. (e) The average normalized electric field E1* in grain 2.

FIG. 7. Under the FMGB model, domain structures at remanent polarization with
different proportions of GB. (a) The proportion of GB is set to 4.8%. (b) The pro-
portion of GB is set to 2.4%. (c) The proportion of GB is set to 1.6%. (d) The pro-
portion of GB is set to 1%. The “domain continuity” phenomenon and the
polarization enhancement near the interface can be observed significantly.

FIG. 8. Under the “dead layer” model, domain structures at remanent polarization
with different proportions of GB. (a) The proportion of GB is set to 4.8%. (b) The
proportion of GB is set to 2.4%. (c) The proportion of GB is set to 1.6%. (d) The
proportion of GB is set to 1%. Even if the proportion of GB is small, a strong depo-
larization effect is still observed, but not the “domain continuity” phenomenon.
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disappears. The long-range elastic and electrostatic interaction
between grains is enhanced, and the domain continuity phenome-
non can still be observed. Domain continuity means the domain
structure inside a grain interacts with that of another neighboring
grain gradually changing the polarization direction of the GBs, and
it is a stationary state in this paper. However, the above phenomena
cannot be observed in the “dead layer” model, which is limited by its
assumptions, as shown in Fig. 8. By adopting the FMGB model,
fatigue resistance and mechanical–electrical coupling performance
can be obtained by designing nano-graded polycrystalline ferroelec-
trics. The electric breakdown resistance and energy storage perfor-
mance of ferroelectric ceramic capacitors can also be improved
predictably by designing the grain arrangement.44,45

V. CONCLUSION

Considering the important role of grains in forming GBs, we
herein propose a new GB thermodynamic model. This model con-
tains the properties and structural characteristics of the GB and is
based on the formation mechanism. From the perspective of
energy and electromechanical equations, we present an analytical
method for investigating GB properties such as the Curie–Weiss
temperature, elasticity, and permittivity coefficient. Those results
show that the parameters are related to the orientation difference
between adjacent grains and the state of the GB. Previous assump-
tions about GBs can be derived by simplifying this new model.
Integrating the above results into the phase field finite element
method, we find some new phenomena that had not been previ-
ously reported by similar simulations, such as the shielding effect,
polarization enhancement, domain continuity, and spontaneous
polarization on the GB. An analysis of the size effect of this new
model by changing the proportion of GBs is presented herein; the
simulation results show a strong correlation between depolarization,
domain continuity, and the proportion of GBs. It should be noted
that the FMGB model is a general mesoscopic scale symmetric tilt
GB model. Inducing the five independent parameters into the
FMGB model will enable it to describe more kinds of GBs. The
accurate parameter values of the FMGB model need to be obtained
from experiments. Energy density modification like the flexoelectric
energy density for the FMGB model will extend its application
field, such as the effect of GB migration. The proposed model is
conducive to solving the problem of developing a mesoscopic
description of GBs and is beneficial to broadening the application
of interface engineering.

SUPPLEMENTARY MATERIAL

See the supplementary material for the analyzation of parame-
ters, the domain structure evolution of the previous GB models,
and the comparison with experiments.
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