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Abstract

Dopants can significantly affect the properties of oxide ceramics through their impact on the
property-determined microstructure characteristics such as grain boundary (GB) segregation, space
charge layer formation in the GB vicinity, and the grain growth deviating from normal patterns. To
support the rational design of oxide ceramics, we propose a defect-chemistry-informed phase-field
grain growth model to simulate the microstructure evolution of oxide ceramics. It fully respects
the defect-chemistry theory by accounting for the distinct segregation energies and available site
densities of charged point defects (oxygen vacancies and acceptor dopants) in both the grain inte-
rior and boundaries, and it considers the competing kinetics of defect diffusion and GB movement.
The proposed phase-field model is benchmarked against well-known bicrystal models, including
the Mott-Schottky and Gouy-Chapman models. Various simulation results are presented to re-
veal the effect of different defect-chemistry parameters on the space charge layer formation and
key microstructural aspects. In particular, simulation results confirm that the solute drag effect
alone can lead to skewed grain size distribution that do not follow the log-normal distribution,
without any contribution from grain misorientation and other anisotropy. Interestingly, simulations
also demonstrate that grain boundary potentials can vary substantially: grain boundaries of larger
grains tend to have lower potentials than those of smaller grains. Such heterogeneous grain bound-
ary potential distribution may inspire a new material optimization strategy through microstructure
design. This study provides a comprehensive framework for defect-chemistry-consistent investiga-
tions of microstructure evolution in polycrystalline oxide ceramics, offering fundamental insights
into microscopic processes during critical manufacturing stages.
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1. Introduction

In recent decades, oxide ceramics, such as SrTiO3 (STO) and BaTiO3 (BTO), have undergone
tremendous development and are increasingly crucial in applications, such as capacitors [1, 2|, actu-
ators [3, 4], sensors [5, 6], memristors [7, 8] and electrolytes in fuel cells [9-11], Oxide ceramics can
be fabricated via sintering or deposition [12-15]. When manufactured through sintering, oxide ce-
ramics exhibit a polycrystalline microstructure, with their macroscopic properties heavily influenced
by the synthesis conditions [16]. To tailor the physical and chemical properties of oxide ceramics,
heterovalent substitution (doping) is an effective method for introducing additional charged defects
through ionic or electronic compensation during synthesis. The state-of-the-art designs are mostly
empirical, since knowledge of the relationships between doping strategies, processing and the re-
sultant microstructure is limited. The influential mechanisms of doping on microstructure in oxide
ceramics are manifold. First of all, the addition of doping elements in the parent material systems
triggers defect chemistry reactions and results in multiple types of charged point defects or defect
complexes, which interact with the grain boundary (GB) chemically, electrically and elastically
and form space charge layers (SCLs) around GB. More specifically, the equilibrium concentrations
of the point defects within the bulk are thermodynamically determined through defect chemistry
[17, 18]. The scenario near inside the GB core and in the GB vicinity are different. In undoped and
acceptor doped perovskites such as Fe-doped STO, the GB core is positively charged with excess
oxygen vacancies, Vg in Kroger-Vink notation [19], stemming from the negative formation energy
difference of oxygen vacancy between GB core and bulk, i.e. Agy, = u%dc — 'u(‘)/ij’b < 0. To
compensate the positively charged GB core, negatively charged regions form adjacent to it, called
the space charge layers (SCLs).

Sharp interface models have been used to describe the SCL and the related grain boundary
potential. Among them are the Mott-Schottky (MS) model [20-22] and the Gouy-Chapman (GC)
model [23, 24]. The MS model assumes that the dopant concentration is constant, and only the
oxygen vacancies are able to redistribute, in order to form the SCLs. In contrast, the GC model has
both defects as mobile and thus allows both to contribute to charge compensation. While positively
charged oxygen vacancies are depleted in the case of a positive core, acceptor dopants are depleted
in the case of a positive core within the SCL and in the GB core due to their negative charge
[Fig. 1(e)]. The spatial inhomogeneity introduced by SCL formation exerts a profound impact on
the transport dynamics of charge species. Evidence shows that cation diffusion parallel to the GB
is expedited [25, 26|, whereas charge transport across the GB is significantly hindered [27].

SCLs determine not only the GB local properties of the synthesized material, but also impact
the grain growth dynamics already during the synthesis through the well-known solute drag effect
[28]. Grain growth in oxide ceramics, driven by a reduction in surface area and controlled by the
diffusion of charged species, plays a crucial role in determining the final grain size distribution
and the concentration distributions of various point defects. Segregation in a moving GB core
necessitates additional free energy dissipation and results in the solute drag effect [28, 29]. This
effect strongly affects the kinetics of grain growth and can independently trigger abnormal grain
growth even in the absence of any texture or pinning sites [30]. Dopant segregation to GB core has
been experimentally evidenced, especially at high temperatures [31, 32]. Experiments also show
that even 0.2% amount of Fe in STO can pin a certain portion of GBs [Fig. 1(b)]. This trend
increases at 2% Fe [Fig. 1(c)]. When increasing the dopant concentration to 5% [Fig. 1(d)], the
grain growth is completely suppressed [31, 33]. In addition, the grain growth coefficient is found to
follow a non-Arrhenius behavior between 1350°C and 1425°C. Two types of GB core with different



mobilities have been proposed to explain the non-Arrhenius behavior [31, 34]. Despite various
pieces of evidence supporting the impact of SCLs on GB properties and grain growth dynamics,
experimental characterization of the SCL remains a challenge [35]. The complexity arises from the
inherent structural and compositional heterogeneities present in polycrystalline oxide ceramics. One
of the primary obstacles in this characterization is the limitation of in-situ transmission electron
microscopy (TEM) investigations. Such studies are typically unfeasible due to the high sintering
temperatures required for these ceramics, which exceed the operational limits of most TEM setups.

It is hence desirable to employ theoretical models and numerical simulations to evaluate SCLs
and abnormal grain growth. Kliewer and Koehler derived the local density of charge carriers in the
presence of electrostatic potentials from a global approach [36]. Through minimizing the free energy
of the entire crystal, the equations for the densities of various defects are derived in the type of
Boltzmann distribution. Blakely and Macdonald extended the global thermodynamic approach with
the consideration of an exhaustible number of defect sites and derived Fermi-Dirac-like distribution
functions of defects [37-39]. Jamnik employed a local thermodynamic formalism, in which the
interface region was divided into a core and a space charge region with an assumption that the
material constants, i.e. the standard chemical potentials and mobilities of defects, behave as step
functions [40]. De Souza extended the local thermodynamic approach to abrupt GB|SCL model
based on defect chemistry in acceptor-doped oxide systems at equilibrium state [41]. The impacts
of different charge species, the formation energy difference of oxygen vacancy and dopant between
GB core and bulk phase, the number of available sites of oxygen vacancy and dopants, temperature
and partial pressure of oxygen on grain boundary potential are comprehensively studied in a STO
bicrystal with planar GB core [41]. Then, the abrupt GB|SCL model was implemented to reproduce
the SCL in STO to investigate the impact of negative electrode on the defects distribution, GB
potential and grain growth kinetics [42]. In addition, this model was also employed to investigate
the SCL formation in fluorite-type oxide [25, 43, 44].

However, applying the abrupt GB|SCL model to polycrystalline sintering scenarios is challeng-
ing. The complex microstructure, intricate GB distribution and GB kinetics affected by solute drag
effects hinder the practical use of the sharp interface methods. Under this circumstance, the phase-
field method with a diffuse interface emerges as a powerful tool to solve different moving boundary
problems [45-47]. Kobayashi et al. developed the Kobayashi-Warren-Carter (KWC) phase-field
model to consider crystallographic orientation during grain growth [48]. Moelans et al. proposed
a homogeneous multi-well potential in the free energy density functional to obtain the quantitative
relations between phase-field model parameters and GB properties [49]. Additionally, there are
also a series of phase-field sintering models for non-isothermal sintering [50-53]. Several researchers
have developed phase-field models to capture solute drag effects during grain growth processes.
The first phase-field simulation was performed by Fan et al. [54]. Their model revealed that solute
drag introduces a nonlinear relationship between GB velocity and driving force and influences the
growth exponent in polycrystalline systems. Cha et al. proposed a phase-field model that treats
the GB as a distinct phase and studied the impact of solute drag on migrating grain boundaries in
a binary alloy system [55]. The effect of solute drag is automatically incorporated into the model
and it is capable of reproducing the equilibrium solute segregation and the free energy dissipation.
Gronhagen et al. introduced a concentration dependency in the height of the double-well potential
in the Gibbs-energy expression and verified the possibility of modeling solute drag on a moving
boundary [56]. This model was then adopted by Kim [30] and Li [57]. Kim et. al investigated the
grain growth in association with GB segregation in two-dimensional polycrystalline systems [30].
They concluded abnormal grain growth can be triggered by the solute drag effect. Li et al. observed



that the solute concentration at the moving GB may increase with increasing velocity and becomes
larger than the equilibrium value, which is unexpectedly predicted by solute drag theory [57]. They
also found non-linear relationship between the curvature driving force and the GB velocity can exist
not only in the transition regime of the velocity, but also in the low velocity regime. Greenwood et
al. studied the atomic scale interaction of solute with a migrating GB by using a phase-field crystal
model [58]. They developed a new formalism to allow for the application of an external driving
pressure for the growth of one grain. Extending from grain growth studies, phase-field models for
solid-state sintering in the initial and final stage considering various diffusion paths are proposed
by Wang et al. [59], Kumar et al. [60], Hotzer et al. [61] and Rehn et al. [62]. Rheinheimer et.
al employed a multi-phase-field model to simulate the abnormal grain growth in STO ceramics by
introducing two types of GB mobilities [63]. However, the electrostatic effects related SCL is not
considered.

In order to consider the electrostatic contribution in the phase-field model, Guyer et al. de-
veloped a phase-field model to capture the charge distribution in an equilibrium double layer at
the electrochemical interface with mass and volume constraints, Poisson’s equation, ideal solu-
tion thermodynamics, and a simple description of the competing energies in the interface [64].
By using the same model, Guyer et al. also explored its kinetic behavior for electrodeposition
and electrodissolution conditions [65]. They demonstrated the ohmic conduction in the electrode
and ionic conduction in the electrolyte and found the nonlinear relationship between current and
overpotential as predicted by Butler-Volmer equation. Bishop et al. formulated a Helmholtz free
energy functional with the electrostatic contribution and studied the phase separation of charged
species by spinodal decomposition [66]. Garcia et al. incorporated the laws of thermodynamics and
Maxwell’s equations and proposed a theoretical framework including thermodynamically consistent
equilibrium equations and kinetic driving forces to describe the time evolution for electrically and
magnetically active materials [67]. Lund et al. proposed a generalized framework that integrates
the free energy contributions of thermochemical, structural, mechanical, and electrical fields [68].
They calculated the SCL in gadolinium-doped cerium oxide with high dopant concentration and
predicted the macroscopic ionic conductivity with different segregation energy of oxygen vacancy.

Aiming to investigate the sintering process with electrostatics, multi-physics phase-field model
needs to be developed. Vikrant et al. developed a phase-field model including the electro-chemo-
mechanical effects to physically describe the equilibrium and transport properties of charged inter-
faces in ion-conducting solids [69]. They simulated gadolinium-doped cerium oxide and investigated
the influence of gadolinia substitution concentration on the SCL. Then, Vikrant et al. extended
this model to understand the effects of the intrinsic and extrinsic ionic species and point defects
on the structural and electrochemical stability of grain boundaries in polycrystalline ceramics [70].
They studied the impacts of different crystallographic misorientations on SCL in the cubic Yt-
tria Stabilized Zirconia. Recently, Vikrant et al. developed a phase-field model based on KWC
grain growth model and investigate the SCL formation at equilibrium and quasi-equilibrium state
with the consideration of the GB misorientation and solute drag effect [71]. They considered the
negative segregation formation energy of oxygen vacancies for SCL formation (and unfortunately
treated oxygen vacancies and cation dopants as sharing the same crystallographic site). Then, this
model was applied to explain the abnormal grain growth with a bimodal pattern as observed in
experiments [72]. In addition to free energy based phase-field model, Aagesen et al. developed
a grand potential-based phase-field model and included includes the effects of charged vacancies
and the associated interactions between internal and applied electric fields [73]. In oxide ceramics
such as Fe-doped STO, Fe atoms substitute for Ti** ions on the B-site of the perovskite sublattice,



0.2% Fe

Figure 1: Microstructures in undoped (a) and Fe-doped STO (b-d) after heating to 1300°C for 10h. With increasing
Fe concentration, less grain growth occurs. A fraction of very small grains appears in the microstructures for
0.2% Fe. For 2% Fe, (c), more such small grains are evident, until for 5% Fe, all grains remain small. Note the
different scale in (a) [31]. (e) Fe segregation to the grain boundaries as evident by STEM-EDS [32]. Sources:
10.1016/j.jeurceramsoc.2022.11.074, 10.1016/j.actamat.2024.119941

while charge compensation typically occurs via the formation of oxygen vacanies on the anion site.
As a result, in the bulk phase, the number of available sites for an acceptor dopant corresponds
to the number density of B-sites, which is 1/a®, where a is the lattice parameter. The number of
available sites indicates the maximum number of sites occupied by defects. In contrast, the number
of available sites for an oxygen vacancy is three times higher, i.e. 3/a3. Even more important, B-
site dopant and oxygen vacancy belong to different sub-lattices and thus have to be accounted for
separately, in order to correctly represent the respective configurational entropy [17]. In addition,
the local structure within the GB core differs from that of the bulk. These structural differences can
significantly alter the number of available sites for both dopants and oxygen vacancy. Therefore, it
is necessary to treat the number of available sites for oxygen vacancies and dopants in the GB core
as distinct from those in the bulk and these quantities play a critical role in determining the SCL.
Variations in the number of available sites for oxygen vacancy and dopant give rise to diverse SCL
formation behaviors [41]. Although Vikrant and Aagesen performed landmark studies on the space
charge layer formation and grain microstructure evolution during the sintering process, the accurate
coupling of these defect chemistry parameters into phase-field simulations was not addressed.
Therefore, defect-chemistry consistent SCLs are characterized by a number of inequivalent de-
fects, each with its unique segregation energy and number of available sites. Some GB cores
exhibit not only a negative segregation formation energy for oxygen vacancies (Aseggvb < 0), but
also a combined negative segregation formation energy for oxygen vacancies and acceptor cations
(AseggV‘(j < 0 and Ageggdop < 0) [74]. Meanwhile, different defects in the bulk and GB core require
different numbers of available sites [74-76]. Moreover, the dominant effect leading to abnormal
grain growth during the sintering process in oxide electroceramics remains debatable. The com-
bined effects of GB misorientation and solute drag have been explored in Fe-doped STO [71, 72].
Nevertheless, an investigation of GB energy anisotropy by the GB grooving technique indicates that



the reduction of GB energy due to anisotropy can only lead to moderate (about 15%) changes in
grain growth rate [77]. Another investigation of GB mobility anisotropy pointed out the GB mo-
bility anisotropy transition temperature lies in the abnormal grain growth regime and can impact
the fast-type and low-type GBs. However, it does not seem as the grain growth transition is caused
by a change in the GB anisotropy. Instead, studies suggest that the transition is associated with
a change in the GB stoichiometry, while the atomistic GB structure remains largely unchanged
through the grain growth transition [78-82]. Additionally, very recent experimental observations
demonstrate that the abnormal grain growth in Fe-doped STO during sintering is strongly influ-
enced by dopant concentration [31]. Nominally undoped STO, exhibits a monomodal grain size
distribution despite the presence of GB misorientation. Hence, this concentration-dependent grain
size distribution highlights the critical role of solute drag in driving abnormal grain growth, rather
than GB misorientation.

Accordingly, we develop a phase-field grain growth model grounded in the principles of defect
chemistry to reproduce SCL formation and investigate the role of solute drag effects during the
sintering process. We exclude additional influences, such as GB misorientation on the grain growth
process, on purpose, and in this way, we demonstrate that, even in the absence of these factors,
the essential features of skewed grain size distribution which do not follow the normal grain growth
can still be observed solely through the solute drag effect. The novelty of this work lies in three
key aspects. First, this phase-field model accounts for unique segregation energies and distinct site
densities of different defects in both the bulk phase and GB core, ensuring that the defect chemistry
of both bulk and core are treated in a thermodynamically consistent description. Second, the
capabilities of the phase-field model are rigorously benchmarked against sharp interface calculations,
providing validation and accuracy. Third, the phase-field results reveal that solute drag alone is
sufficient to lead to the skewed grain size distribution, confirming its role as the essential mechanism
underlying this phenomenon.

The outline of this paper is as follows. Section 2 presents the fundamentals of defect chemistry
and the classical sharp interface bicrystal models, i.e., the GC and MS models, for they serve as
important benchmarks in later sections. Section 3 describes the grain growth phase-field model in
the principle of defect chemistry and electrostatics. Then, we demonstrate the implementation of
the phase-field model via the finite element method in Section 4. The capabilities of this model
are discussed for bicrystal and polycrystalline cases in Section 5. Thereby the solute drag induced
skewed grain size distribution are systematically presented and discussed, particularly in terms of
the impact of different defect chemistry parameters. It is followed by a concluding Section 6.

2. Defect chemistry of oxide ceramics

In this section, we review the classical defect chemistry theory in determining the SCL formation
under equilibrium state. The performed defect chemistry calculations are used to benchmark the
phase-field simulations. The basics of defect chemistry and the sharp interface bicrystal models
(the MS and the GC models) for the equilibrium state were well described in Refs. [17, 41, 44].
According to abrupt GB|SCL model of Jamnik et al. [40], the interface region is divided into a
GB core and SCL region, in which the materials constants behave as step functions. The two
phases (GB core and bulk) are essentially treated as two phases, each with their own properties,
and separated by a sharp interface. Thus the concentration profiles of oxygen vacancy and dopant
, for M%b # 0 and ugop # 0, are discontinuous, with concentration jumps across the GB core. For
the bicrystal, it becomes a one-dimensional case.



Assume a symmetric bicrystal in a coordinate system z, with the origin z = 0 located at the
GB core. We introduce cqer point defects into Nger (the subscript def denotes different types of
point defects) available number sites in a unit volume. We should note that Nger varies for different
sublattices and different phases. When Nger > cqef, point defects are assumed to be dilute and
non-interacting in both GB core and bulk phases. In Ref. [17], the electrochemical potential of
defect is formulated as cq

761? + Zdefe¢a (1)

0
def = + kpT'In
fldet = Haet Nef — Caef

where Ngef is the standard formation energy of defect. kg, T', zqef, € and ¢ are the Boltzmann con-
stant, temperature, valance state of the defect, the elementary charge and the electrostatic potential,
respectively. Then, based on the abrupt GB|SCL model aforementioned, the electrochemical po-
tentials of oxygen vacancy and dopant in the bulk and in the core region can be formulated [41]
as

0 cv,b(T)
v b(2) = v, + kT In [ + zv.ep(x), 2
6 b (@) = v b Nvy b = cvgb(T) 5°0() @
0 Cdop,b(Z)
Hdop,b(T) = —|—k:BTln[ ]+zd ep(x), 3
op ( ) dop,b Ndop,bfcdop,b(x) op ( ) ( )
CV..c
e=pud kTl 0 _ed 4
/“LVO;C /-LVo,C + kB n |: Ve = va’0:| + Z\/Oe 0 ( )
0 Cdop,c
Hdop,c = Hdop,c + kgT'In |:N ] + Zdope©07 (5)
’ dop,c — Cdop,c
where M%bvb’ u(\),_d,c, ugopb and u?lonc denote the standard formation energies of oxygen vacancy
and dopant in the bulk and in the core, respectively. The symbols ]\f\o,t.)’b7 N\O,,C.)’C7 Ngop,b and

Ng()l[)7C indicate the number of available sites per unit volume of oxygen vacancy and dopant in
the bulk and core, respectively. 2y, and zgop denote the charge numbers of oxygen vacancy and
acceptor dopant. ¢(z) is the spatially various electrostatic potential in the bulk phase, and @ is
the electrostatic potential in the GB core, which taken to be constant. Similarly, c4op,c and eV e
are the concentrations of dopant and oxygen vacancy in the GB core. Thus, we have ®q = ¢(0),
Cdop,c = Cdop,b(0) and CVye = CVb,b(0)~ The formation of a SCL requires the segregation of oxygen
vacancy in the core. The smaller value of “(\)/570 than M%b7b’ Le. pY. . — ,u%.c.”b < 0, drives the
formation of SCL. At the equilibrium state, when electrochemical potentials should be everywhere
the same (in other words, no gradient), we have

Hvig,c = /LVb,b(m> = ,LLV'O,b(OO)v (6)
Hdop,c = ,deop.,b(x) = ,deop,b(oo)a (7)
Hence, equilibrium concentration profiles of oxygen vacancy and dopant in the SCL take the form
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(8)
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In analogy, equilibrium concentrations of oxygen vacancy and dopant in the core are

where Agy,, = ,u%.o.

Table 1: Summary of the parameters in the sharp interface method

Agy+2v ePo
_ o o
NV'O',CCV'O,b(OO) exp [ T }
Cv.. c =
o AgvytezvePo]’
_ o o
N\/b,b + CVé,b(OO) €Xp [ ksT :|
Agdop+2zdopePo
Ndop,cCdop,b(00) exp {—#}
Cdop,c =
' Agdop+2dopePo
Ndop,b + Cdop,b(0) exp [*7%# -

(11)

e f,u(\),@b and Agdop = N?{op,c — ,ugop,b‘ All parameters are tabulated in Table 1.

Parameter Definition Unit
“Q/&j’b Formation energy of oxygen vacancy in the bulk phase eV
/‘Q/-O,c Formation energy of oxygen vacancy in the core region eV
ugop,b Formation energy of dopant in the bulk phase eV
[dop.c Formation energy of dopant in the core region eV
The difference of formation energy of oxygen vacancy between core and bulk,
Agvis ie. Agy. =pul. . —ud. v
o Ve Vg,b
The difference of formation energy of dopant between core and bulk,
Agdop ie. Agd — /”'0 _ /J/O eV
op dop,c dop,b

Nv.b Number of available sites of oxygen vacancy in the bulk phase ﬁ
Nvi e Number of available sites of oxygen vacancy in the core region m%
N Number of available sites of dopant in the bulk phase. 1

dop,b Naop,p = 1/a?, with a being the perovskite lattice constant m?
Nop,c Number of available sites of dopant in the core region L
2V Valency number of oxygen vacancy, zv, = 2 -
Zdop Valency number of dopant, z4op, = —1 for Fe/Ti in Fe-doped STO -
Cdop,b(00) Number density of dopant in the bulk far from the core region I%
v, b(00) Number density of oxygen vacancy in the bulk far from the core region 37
kg Boltzmann constant kg = 1.38 x 1 %
T Temperature K
€0 Vacuum permittivity ey = 8.854 x 10712 %
€r Relative permittivity -
We width of the core m
Ip Debye length m

2.1. The Mott-Schottky model

The Mott-Schottky model assumes that the dopant is immobile and its concentration remains
fixed and constant everywhere, i.e. Vcqop = 0. Note that this assumption simplifies the scenario
but breaks the equilibrium condition of the electrochemical potential of the dopants. Based on this



assumption, Poisson’s equation can be written as

29— o
€06y = —p(

= —€[zdopCdop,b(00) + Vg CV57b($)]~

Substituting cqop,n(00) = QCvé)b<OO) into Eq. (12), we have
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2
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With Ip = %‘J) being the Debye length and o = %=, Eq.(13) becomes
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2.2. The Gouy-Chapman model

In the Gouy-Chapman model both point defects (oxygen vacancies and dopant) are mobile. The
electrochemical potential of the acceptor dopant is also considered to be constant, as is that of the
oxygen vacancies. Thus, Poisson’s equation becomes

2 = (o)
Orgaz Y (15)
= —€[zdopCdop,b(T) + 2v5 vy b(T)].
Substituting Eq. (8) and (9) into (15), we have
82¢ Cdop,b<OO>Ndop,b €exXp {_Zdope{z](:,?‘_(b(oo)}}
60€r72 = —€ 4 Zdop P ) —d(o0
Oz Ndop,b + Cdop,b(oo) {exp [ dop {(;i](BTZ il )}:| - 1} (16)
—zve{d(x) — ¢(o0)}
+2v5Cvi,b(00) exp { 2 T :

The numerical solutions of the MS and GC models have been achieved through an iterative
process [41]. In the present work, we propose an alternative numerical method via finite element
method (FEM). By considering the symmetric configuration of a bicrysal (ignoring the grain mis-
orientation), the semi-infinite simulation domain of [0, 00) is sufficient. The location of the GB core
is located at the left boundary of the semi-infinite domain (z = 0). As for the boundary conditions,
the electrostatic field is grounded at the right side, i.e., ¢|,—00 = 0, while at the left side, a mixed
boundary condition is given by

@ - Qc (¢O)

= 17
ox|,_, 2e0€r (17)

where Qc(¢o) = ewc(zv.ocvdc + ZdopCdop,c) and ¢g = P|gz—0. We employed the boundary element
in the finite element method to regard directly the mixed type of boundary condition defined in
the above equation. The obtained numerical solutions agree fully with these from Ref. [41] (See
Supplementary).
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3. Phase-field grain growth model with defect chemistry and electrostatics

8.1. Free energy density functional and electrochemical potentials

In this part, we aim to develop a defect-chemistry informed phase-field model including not
only the dominant driving force of SCL formation, i.e., segregation energy of oxygen vacancy, but
also the segregation energy of acceptor dopant. The segregation energy of acceptor dopant can not
govern the SCL formation, whereas it plays an important role on GB potential [74], which is barely
investigated by phase-field simulations reported in previous literature. In addition, we also include
different available number sites of oxygen vacancy and acceptor dopant in bulk and GB core, i.e.
NV'(‘),b 7& Ndop,b and NV'Q,C 7é Ndop,c-

Assuming an Fe-doped STO polycrystalline system consisting of n grains, we choose free energy
based Kim-Kim-Suzuki (KKS) phase-field model and utilize a set of non-conserved order parameters
(OPs) n; to distinguish between different grains [83]. Then, by treating the GB core and bulk as
distinct phases with separate segregation energies [55] , the phase-field model presented here aligns
with the assumptions of the abrupt GB|SCL model (see Section 2) and inherently incorporates
solute drag effects. Therefore, within grain ¢, we have n; = 1 and n; = 0 for j < n and j # .
Within the GB core region of grain ¢ and j, the order parameters 7; and n; spatially vary from 0
to 1. In the latter context, n denotes the entire set of OPs {5;}. When considering electrochemical
contributions, we employ two conserved concentration fields along with an electrostatic potential
field. Other normalized field variables are Cv for oxygen vacancy concentration, Cqop for dopant
concentration, and ¢ for the electrostatic potential. In Fe-doped STO, Fe* and Fe** can coexist.
At high temperatures and low oxygen partial pressures, a higher proportion of Fe?T is observed
and thus the dopant Fe/Ti has negative charge. For example, during the sintering process at 1623
K in air, approximately 90% of the iron is estimated to be in the Fe*" state, according to the bulk
defect chemical model (see Fig. Al in Ref. [85]). Thus, in this study, we assume the valence state
of Fe to be 3+ and therefore the valance of dopant Fe,Ti is -1, i.e. Zgop = —1. Then, the formulation
of total free energy density functional is given by

F :/(fgrad +floc+fECh)dQ. (18)
Q

The free energy density functional contains three contributions. The first term f8"2d represents the
gradient energy of the diffuse interface and is given by

1 n
grad __ 2

feed = QH;IVmI : (19)
where & is the coefficient of the gradient term. The second term f1°° is the multi-well potential and
it reaches minimum value in the bulk phase. According to Ref. [49, 73|, its formulation is given by

1 - n o ~ 20 1
oc __ dro “ < — 20
f w; " 2+7;;mm+4 : (20)

with w being the free energy barrier coeflicient, v = 1.5 for producing symmetric profile of n and
isotropic grain growth.
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The determination of parameters such as x and w can be linked to characteristics such as GB
core width (w.) and GB energy (o) [49]. Their relations can be expressed as

0= kW, (21)

We = \/?7“. (22)

In the present work, we only consider the isotropic GB energy, i.e. it is not dependent on GB
misorientation. The third term in free energy functional is the electrochemical contribution. Here,
we treat the electrochemical free energy density as a mixture of bulk phase and GB core by an
interpolation function. Thus, with the consideration of electrostatic free energy according to Refs.
[66, 67], fob is

and

€0€r

SVeR (29

fCCh = [1—h(n)] lgCh(CV67b7 Caop,b) + h(n) cCCh(CV",m Cdop,c) —

(e}
where the subscripts b and ¢ indicate the bulk phase and GB core, respectively. h(n) is the
interpolation function and is given by

n n 2
h = 5 1—4Zn§+3<2n3> . 29

Here, h(n) exhibits non-monotonic behavior. Specifically, for an ¢/j GB, h(n;) = 0 when n; = 1
(representing the bulk phase), whereas h(n;) = 1 when n; = 0.5 (representing the core). This
interpolation function allows us to differentiate between the bulk phase and the core region. ¢q
is the vacuum permittivity; e, is the relative permittivity. For STO, ¢, = 9 x 10*/(T — 35) [41].
€; is only dependent on temperature in the present work. Hence, €. is constant across the SCL
zone for specific temperature. Furthermore, fﬁCh(C’V67b, Clop,p) and ffCh(Cv.oﬂ, Clop,c) in Eq. (23)
denote the electrochemical free energy contributions from the bulk and core, respectively, with
Cv,.b and Cyop b, being the phase concentrations of oxygen vacancy and dopant in the bulk phase,
while Cv . and Cqop,c being the phase concentrations of oxygen vacancy and dopant in the core.
When h(n) = 1, Cyop,c and Cvy,c correspond to Cdop,c and cyyc. When h(n) = 0, C4op,» and
va,b are same as Cdop,b(2) and Cv-o,b(l’)- Local concentration is treated as the mixture of phase
concentrations in bulk and core. The relations between local concentration and phase concentration
are expressed as

Cvy = [1 = h(n)]Cvyb +h(0)Cvy e, (25)
C’dop = [1 - h(n)]Cdop,b + h(n)cdop,c~ (26)

In principle of defect chemistry thermodynamic model as mentioned in Section 2, the electro-
chemical free energies fCCCh(Cv-O,c, Cop,c) and gCh(C'V.OVb, Clop,b) deliver the required equilibrium
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thermodynamic information in bulk and GB core and their expressions are given by

1
fgc}l(CV6,67 Cdop,C) V {gVO,CCVb’C + ggop,codop,c

Cy.. Ny. . — Cy..
+ RT CV'C'),C In ~VO7C + (NVO,C CVO,C) M
NV'o,c NV‘O,C
(27)
C o Ndop,c C, op,c
+Cdop, d e (Ndop, Cdop c) In d p,~ dop
dop,c Ndop,c
f
+ K (ZV'C') CV'O',C + Zdopcdop,c) ¢7
cch 1 0 0
(Cv.by Caop,b) = v {gvé,bc\/-o-,b + 9dop,bCop,b
Cv.. . Ny.p — Cy..
+ RT va’b In ~Vo’b + (Nvti’b — O\/b,b) In M
Nvg b Ny b
(28)

c i e e
+Cd0p’b In w + (Ndop,b - Cdop,b) In u
Ndop,b Ndop,b

f
+ 7m (Zvé va,b + ZdopCdop,b) b,

where gV o gV b gdop o gdop ,, are standard formation energies of oxygen vacancy and dopant

in bulk and core. NV o5 NV bs Ndop o Ndop p are dimensionless numbers of available sites per
unit volume for oxygen vacancy and dopant in bulk and core. 2y, and zqep are valance numbers
of oxygen vacancy and dopant. F, Vi, R, T' are the Faraday constant, molar volume, gas constant
and temperature, respectively. Based on experimental evidence of abnormal grain growth in 0.2%
Fe-doped STO [31], where defect-defect interactions are negligible, we limit our consideration to the
dilute defect case. This simplification ensures that the fundamental characteristics of the system
are captured without introducing unnecessary complexities. However, the dilute assumption is not
valid when high defect concentration is involved, the interactions between different defects should
be considered [86].

The electrochemical potentials of oxygen vacancy and dopant in bulk and core are obtained
according to

0
5.F 9vsb RT Cvy b F
PF ol 0

— = + In{ =———— | + 2v;0, 29
Hvg.b 5CV'(5,b Va Vi (NV'ovb — Cv-@b) Vi Vo¢ ( )

e 6F 9V
’UJV.OVC B JCV‘O',C B Vm Vm

PF 0.F o ggop,b RT In ( C'd0p7b ) + F

F
) + v (30)

Vg.e ™ C'V‘c‘) ,C

= — 1
Mdop, (sc’dop,b V;n V;n Vi zd0P¢7 <3 )

dop,b — C’dop,b m

- 6F  Ydope RT

C’dop,c
p’dop, 6Cd0p7c B Vm * Vm

Ndop,c - C'dop,c

f
) + VimZdop(,b, (32)



which are consistent with the standard formations of electrochemical potentials in defect chemistry,
i.e. Eq. (2) to Eq. (5).

3.2. Governing equations

As mentioned in the introduction, we focus on the solute drag effect, which is the most fun-
damental and primary factor influencing grain growth patterns. Therefore, our phase-field model
employs constant GB energy and mobility and uses order parameters to distinguish different grains
without explicitly considering grain misorientation. Then, the evolution of phase-field OPs for grain
1 with isotropic GB properties becomes

1 af]i o 0F
Lot on’ (33)
where L is the GB mobility. Substituting Eq. (18) into (33), we can obtain
1 On; _ af'°c(n)
T = V- kVn —w an, 0
Oh(n) [ sect N ofsh
cch _ pech _ Cvp — Cve o) — Clop.p — C.
+ 8’177, fb c aCVé,b( Vg,b Vo,c) aCdop,b( dop,b dop,c)
At the quasi-equilibrium state, the core moves with a constant velocity, v., we have n = —uv.n'(x),
thus Eq. (33) becomes
. d loc
iﬂ:v.,{vm_waf (n)
L dx on; (35)
oh(n) h h 3f§0h af§Ch
ech _ pech _ Cyv.. 1 — Cr.. _ C - C
+ a?’]i fb c 80\/6,13( Vg,b Vo,c) 8Cdop,b( dop,b dop,c)

By combining Fick’s first and second laws, the evolution of the conserved concentration fields Cv
and Cyop are expressed as

aCVb (;j\

o= (MV.(.)V - C\/é) , (36)
OCuop 6.F
5 = \Y <Mdopv(sc¢dop ) (37)

where My, and Mgop are mobilities of oxygen vacancy and dopant, which are given by My, =

Dv . D . . . C .
—_O9 — ___Tdop _
o7 fen OCT and Myop = e 50T, with DV'o and Dyop being the diffusivities of oxygen vacancy

and dopant, respectively. Moreover, local equilibrium between bulk phases and core should be
satisfied everywhere. Therefore, we have following constrains

8F [5Cv,, = 6F [5Cy 41 = 6.F [6Caop s (38)

8F [6Ca0p = 6.7 [6Cv .« = 8.7 [6Caop.c. (39)
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Therefore, 6.7 /6Cv and 6.7 /6Cqop in Egs. (36) and (37) can be substituted by /‘{)/g,ba udpfpb or
,ugg o Mggp,c In addition, the governing equation of electrostatic potential field is obtained by
Poisson’s equation

f
EOGrv2¢ = —me(zvb CV*C‘) + Zdopcdop)
f
= _7111 {ZV'C')CV'd,b[l - h(n)] + zV‘(jCVb,Ch<n) + ZdopCdop,b[l - h(n)} + Zdopcdop,ch(n)-}
(40)
Substituting the site fractions [Vir; ], [V c), [Vaop,b] and [Viop,c] into Eq. (40), we have
2 F Y Y
€0EV P = — Vo {ZVbNVb,b[Vvé,b] [1 - h(n)] + ZV6NV6,C[VV6,C]h(n)
g (a1)

+2dopNaop,b[Vaop, bl [1 — h(1)] + ZdOdeOP,c[Vdop,c]h(U)} .

We clearly observe the numbers of available sites Nv@b, NV'@»C? ]\Nfdopyb, Ndop,c influence the electro-
static potential distribution in Eq. (41). The parameters utilized in phase-field model are tabulated
in table 2.

8.8. Comparison to other grain growth phase-field models for oxide ceramics

In this part, we outline differences between our defect-chemistry-informed phase-field model, the
model developed by Vikrant et al. [71] and the grand-potential based phase-field model developed
by Aagesen et al. [73].

In accordance with defect chemistry theory [17], we include the available site densities for the
bulk and the grain boundary core explicitly, as shown by the bulk and GB core electrochemical
free energy (Eq. (27) and Eq. (28)) and the oxygen vacancy and dopant electrochemical potentials
in bulk and GB core (Eq. (29)-Eq. (32)). It is important to do so, because they can impact the
space charge layers and GB potential considerably [74]. As mentioned in the Introduction, in Fe-
doped SrTiO3, Fe substitutes for Ti** on the B-site, and charge compensation is typically provided
by oxygen vacancies on the O-site. This results in the number density of available sites for the
dopant in the bulk that is one-third of that for an oxygen vacancy. Even more important, B-site
dopant and O-site oxygen vacancy belong to different sub-lattices and thus have to be accounted
for separately, in order to correctly represent the respective configurational entropy. In addition,
the number of available sites for both species will deviate significantly from their bulk values due
to the distinct atomic structure of the GB core. Therefore, it is necessary to treat the available site
densities for oxygen vacancies and dopants in the GB core as distinct from those in the bulk, and
these quantities play a critical role in determining the space charge layer. As our simulation results
in the following sections demonstrate, the different numbers of available site significantly influence
both the grain boundary potential and the defect concentration distributions, consequently, leading
to different space charge layers formation. Much more results can be found in Figures 2 and 3,
validated against De Souza’s work [41].

Such explicit incorporation of the numbers of available site of oxygen vacancy and dopant in the
bulk and GB core is not fully regarded in the existing models. For instance, Vikrant et al. assumed
that the oxygen vacancy and acceptor dopant share the same sublattice in the chemical free energy
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contribution (see Eq. 1 in Ref. [71]).

fVik(na [va] [Vdop {fV n, T V 'o] + fdop (77, )[Vdop} + kT ([ ]hl[VV ] [Vdop] hl[vdop])
+kBT (1 - [VVO'] - [Vdop]) In (1 - [va] - [Vdop]) + QVbdop[VV‘o'][Vdop]} )
(42)

where fv; (1, T) and faop(n,T) are temperature related formation energy of oxygen vacancy and
dopant in bulk and GB core. [Vy,] and [Vyop| are the site fractions of oxygen vacancy and dopant.
QVédop is the interaction coefficient between oxygen vacancy and dopant. At here, we omit Q\/édop
for dilute case. In Eq. (42), both oxygen vacancy and dopant are described as occupying the same
sublattice, which is reflected in the entropic mixing term (1 — Wl — [Vaop)) In (1 — Wil — [Vaop))-
Then, we can obtain the electrochemical potential of oxygen vacancy and dopant from Vikrant’s

model 0 T) kT Vo]
Vik Vs B Vs

v = w + w : <1 — Wyl = [Vdop]) Vs ()
Vik deP(n7 T) kBT [Vdop]

Hdop = + " In (1 — [Vvé} — [Vdop]) + Zdope®, (44)

which is different from the electrochemical potential obtained from defect-chemistry as shown in
Eq. (1)-Eq. (5) and present work in Eq. (29) - Eq. (32). In contrast, our model explicitly distin-
guishes between the numbers of available site of oxygen vacancy and dopant in both bulk and GB
core, i.e. NV b NV 50 Ndop b, Ndop ¢- The configurational entropy term in the electrochemical free

energy part is (Ni — C’i) (TC>, with the subscript 7 indicates Vg, b, Vg, ¢, dop, b and dop, c.

This separation allows us to repbresent the thermodynamics of defect segregation more accurately
at grain boundary core. Moreover, the numbers of available site of oxygen vacancy and acceptor
dopant in both the bulk and GB core explicitly influence the Poisson’s equation and the electro-
static potential distribution in our model (see Eq. (41)), However, in Vikrant’s model, the Poisson’s
equation is ege, V?¢ = —e(zv, [V ;] + 2dop[Viop]), the influence of these parameters, Nv bs Nvo,c,
Ndopb, Ndop7c, on the electrostatic potential distribution is not considered.

Aagsen’s model is developed based on the grand potential functional. The thermodynamic
equivalence between the free energy based KKS model and grand potential based phase-field model
developed has been clarified in Ref. [84] (see section VA). However, in Aagsen’s model, the numbers
of available site (denoted as my and ng) of both cation vacancy and oxygen vacancy in Y20g3
are treated as uniform across the bulk and GB core, i.e. nyp = ny. and no = no,, which
may overlook the important structural variations at GB core, especially when ny, # ny. and
no,p # No,c, and result in inappropriate space charge layer formation. These scenarios have been
comprehensively discussed in De Souza’s work [41] and demonstrated in the present work (see Fig. 2
and Fig. 3) in Section 5.1.

In addition, such explicit consideration of numbers of available site in our formulation paves the
foundation for the subsequent extension towards the treatment of charge state transition of dopants,
such as Fe'* /Fe3T and Fe?* /Fe?" transitions in Fe-doped SrTiO3 [? ? |. Vikrant’s work, Aagsen’s
work and the present work primarily focus on a single valence state (typically -1), which limits
their applicability under varying thermodynamic conditions. The dominant charge state of Fe can
vary significantly with temperature and oxygen partial pressure [93]. These charge states all share
the same B-site sublattice in the perovskite structure, which reinforces the importance of correctly
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defining and distinguishing the numbers of available site between oxygen vacancy and dopant in
bulk phase and grain boundary core in the phase-field model. Without completely considering
the defect chemistry, the extension of Vikrant’s model or Aagsen’s model in this direction is not
applicable due to the mixture of the numbers of available site. However, our defect-chemistry phase-
field is developed to accommodate this level of resolution, enabling us to simulate space charge layer
formation with proper consideration of the different valence states of dopant and their impact on
different space charge layer formations.

4. Finite element implementation of the phase-field model

In this section, we present the detailed finite element implementation for the defect-chemistry
informed phase-field model. According to the model presented in Section 3 and Table 2, we treat
the OPs 7; and the field variables CV'o’ Cdop, va’b, Cvd,c, Cdop,bs Cdop,c, ¢ as degrees-of-freedom
(DOFs). Moreover, to solve Egs. (36) and (37), we use the mixed finite element formulation and
treat the electro-chemical potentials pv; and figop as additional DOFs [87].

The strong forms of the corresponding governing equations have already been given in Egs.
(25), (26) and (34) to (40). According to the FEM [88], we formulate the residuals from the weak
forms of these governing equations by introducing corresponding test functions wCVb,c’ YCuop.er Vi
YOy VCaops Vv s Viaopr Vv s YCaopn and 94. Firstly, the residuals for the weak forms of Egs.

(25)? (26) and (340) are

fievs.e = /V Yoy ACvs = [L = h(0)]Cvi b = h(n)Cv o}V, (45)

Rey,. = /V sy ACuop — (1 — h(1)]Caop> — (1) Caopc AV, (46)

t,

bnt1 _ tn o floc
Ry, :/qpn.udV—i—L/ wn.deV+L/ mijzpn.jdV—L/nmjw,,.ﬁde
' At v O v r

i

ah 8fcch 8f°°h
_L ech _ rech B c ° — op.C .
/ w"'h . |: C aCV (Cvovb CV07 ) aCdop b (Od p,b Cd P, ) dV

O’

(47)

Note that we use the backward Euler method for the time integration. In the very last equation,
nf" and nf"“ indicate n; at the time step t,, and t,,41, respectively. Thereby, At = t,,41 —t,, and 7,
is the normal vector to the boundary I' of the subdomain. Then, through introducing the addition
coupling fields pv, = 0.7 /50\/5 and paop = 0.7 /6Caop, we obtain the weak forms of Egs. (36)

and (37) as
0.F
dv. 4

= e, (v = ) (18)

0.F
RCdop = / deop (,Udop - w) dV (49)

1% dop,b
tn+1 _ tn

R/LV /¢llv OdV+/ My .. 'U’Voﬂwltv ;dV — /M\/ :uVo,ﬂ/}/LV n;dl. (50)
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Table 2: Summary of the parameters in the phase-field model

DOFs Definition Unit

7; phase-field order parameter of grain ¢, i = 1,2,3,....,.n -

Co. Normalized local concentration of oxygen vacancy i
Vo (Cy, = d’cy,, with a being the lattice constant)

Cdop Normalized local concentration of dopant, Cqop = a3cdop -

va-,b Normalized concentration of oxygen vacancy in bulk phase, Cvé,b = a?’cvb’b -

va’c Normalized concentration of oxygen vacancy in core region, CVO‘,C = a?’va,c

Cdop,b Normalized concentration of dopant in bulk phase, Cyop,b = a?’cdop’b -

Clop,c Normalized concentration of dopant in core region, Cyop,c = a?’cdop,C -

10) Electrostatic potential A%

Parameters Definition Unit

K Coefficient of gradient term %

w Heigh of well potential %

L GB mobility o
o Formation energy of oxygen vacancy in the bulk phase. 3

Ivi.p g%_o’b = :LL(\)/-(-),bNAv with N being Avogadro constant mol
0 Formation energy of oxygen vacancy in the core region. 3

Wi e Fyc = B Na mol
0 Formation energy of dopant in the bulk phase. 3

gdop,b ggop,b — Mgop,bNA mol
o Formation energy of dopant in the core region.

gdop,c ggop,c = 'u?iop,cNA mol

Vi Molar volume rrnn—;

N Qimensionless available sites of oxygen vacancy in core region.
Ve N\/é,C = va’ca?’, with a being the lattice constant

~ Dimensionless available sites of oxygen vacancy in bulk phase.

Mg Nv.., = Ny.. pa® )

Vg,b Vb

N Qimensionless av(ailable sites of dopant in core region. i
dop,c Ndop,c = JVdop,(:aJ3

N Qimensionless av:t:xilable sites of dopant in bulk phase. i
dop.b Ndop,b = AN'dop,ba3

R Gas constant %

T Temperature K

F Faraday constant rr%l

Dy, Diffusivity of oxygen vacancy =

Dgop Diffusivity of dopant m’
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1 tn

tn
R, = Caop’ ~ Casp av M, av M, dl. (51
Pdop — v deop At + v dopﬂdop7i¢udop7i - . dOPMdop7i¢udopni . (51

The weak forms of the local equilibrium constrain in Eqgs. (38) and (39) are

0F 0F
Rcvb,b = /VzpCVb,b ((SCVO,b - 6CVO,C> dV (52)
0F 0F
Rdob:/ dob( - >dV 53
Cor. V’t/}C > 50d0p,b 5Cdop,c ( )

Finally, the weak form of Eq (40) is
) F
R¢ = 606r¢’i¢¢7idv - 606r¢’i’l/)¢nidr - ¢¢7(Zvé CVb + ZdopCdop)dV. (54)
14 I A4 m

Following the Galerkin approach [89], the test functions are discretized as ycy,, . = N, é"'o ,c¢évb o
_ I I _ NI T _ I I _ I _
¢Cdop,c - NCdOp,C deopy(ﬂ w"]? - N’V]i wnﬂ wCVO - NCVO wCVO ’ ¢Cdop - chop deopv ¢HV6 -
I _ I _ I _ I _
Nuv-o d);tvb ) wﬂdop = Nudop¢udopa wC’vb,b = NCvawaVb,Lﬂ qjjcdop,b = chopvb/l/}cdop,b and 1y =
N¢z/)£, where I denotes the node index and Einstein summation convention is used. wév , 1/Jédo o
5:¢ P,

I 0 I I I I I I : : I I
e z/)CVé, wcdup, w”"'o’ ’l/)Hdop’ d’Cvo-,b’ zZJCdop,b and 1, are the nodal weights, while NCth’C’ chop,c,

I I I T I I I I :
Nm? NCvt-)’ NCdUp, N“V‘o’ NHdop’ Nva,b’ chopyb and N¢ are the shape functions for the corre-
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sponding variables. Then we can write down the discretized residuals as
Rbyy. = [ Ny, A0, =11 = HmICyq = M) Cu e}V (55)
RL, = / N, ACuop — [1 = h(1)]Caop — (1) Caop.c}dV (56)

loc
/ mou/JrL/Nf of ()dV+L/ ki N AV — L/nm,jzv,{iﬁjdr

on;
(9h( ) afECh afech
— L NI ech _ pech L ) — . _ ool
/V " o, { c 8Cv-o, (CVO,b CVO,) 8Cdop,b (Ca p,b Ca p,) Vv
(57)
0F
I _ I B
Ry, = / Ney, (uv-(j 6Cv-o,b> dv (58)
0.F

N, o dv 59
Cdop / CdOp (’U/d 1% 5Od0p7b) ( )

I N I

O
RMV~ = g At dV+/ M. MVOJNMV ,dV — /MV MV i Nv n;dl’ (60)
ll«dop / #dop dV—‘r/ Mdop,U/dop,iNidopﬂ,‘dV_/I_‘Mdopﬂdop,iNidopﬁidF (61)
0F 0.

Cv b /NCV b (50\/ b §CVO,c>dV (62)

0F
Cdopb / NCdOpb <5Cdopb 50dop,C> dV (63)
Rl = [ o VLAV — [ corig NI~ [ NEE (o, O, + 2anCamaV -

The linearization of the residuals can be written in the element-level linear formulation, in which
the terms in the tangent matrix are calculated by K 51 ‘2 = 8R£ /O¢7, where &, ¢ indicates individual
DOF. The non-zero terms in the tangent matrix are presented in supplementary. The numerical
implementation of the proposed phase-field model is carried out in Multiphysics Object-Oriented
Simulation Environment (MOOSE) framework [90, 91]. Spatial discretization was performed with
linear elements for one-dimensional (1D) simulations (Section 5.1 and 5.2) and quadrilatera ele-
ments for two-dimensional (2D) simulations (Section 5.3), with linear Lagrange shape functions in
each case [73]. The same basis functions were used for both trial (shape) and test functions, which is
standard in the Galerkin finite element method [89]. Different mesh resolutions were adopted based
on the specific requirements of each case. To ensure numerical accuracy, the relative convergence
tolerance is set to 1 x 1078, All phase-field simulations were conducted on CPU nodes equipped
with Intel Xeon Platinum 8470Q processors and were accelerated using the Message Passing In-
terface (MPI) on the Lichtenberg high-performance computing cluster at Technische Universitét
Darmstadst.
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5. Phase-field simulation results of Fe-doped SrTiO3

We present first in Section 5.1 one-dimensional (1D) phase-field simulation results to reproduce
the formation of a SCL at equilibrium state under the influence of different defect chemistry param-
eters. Subsequently, we investigate the influence of solute drag effects induced by the segregation
of point defects in the core on the formation of an asymmetric SCL under quasi-equilibrium state
in Section 5.2. Finally, we conduct two-dimensional (2D) phase-field simulations to study the mi-
crostructure evolution process in STO polycrystalline material during sintering and analyze the
resulting grain size distribution in Section 5.3.

Note that in the paper we ignore the GB orientation dependency or other anisotropy of the
segregation energies Agy, and Agqop, for we intend to reveal the most fundamental mechanisms of
SCL formation and the grain growth patterns. Without loss of generality, the proposed phase-field
model can be extended accordingly to include such anisotropy aspects.

5.1. GB space charge layers at equilibrium

To examine the influence of various defect parameters on SCL formation, 1D phase-field simu-
lations are conducted for a bicrystal configuration at temperatures of T'= 600 K and T = 1623 K.
At 600 K, the distribution of acceptor dopant is frozen, while that of the oxygen vacancy achieves
chemical equilibrium (MS model). At 1623 K, the diffusion of acceptor dopant becomes active,
enabling both the acceptor dopant and oxygen vacancy to achieve electrochemical equilibrium, re-
ferred to as the GC model. Furthermore, we chose the physical GB width (0.78 nm [41]) in the
phase-field simulations. This choice can decrease the abnormal interface effects raised by an artifi-
cially enlarged interface thickness [45, 46]. The defect chemistry parameters used for the phase-field
simulations of SCLs are summarized in Table 3.

We summarize the numerical settings employed in the FEM implementation. The simulation
domain is one-dimensional and symmetric, spanning from z = —390 nm to = 390 nm, with the
GB located at = 0 nm. The domain is discretized into 10,000 elements with a uniform element size
of 0.078 nm. For the electrostatic potential, a Neumann boundary condition is applied at the right
boundary, while the left boundary is grounded. Neumann boundary conditions are also imposed
on the concentration field at both boundaries. Each simulation is executed on a single CPU node
with 16 cores and 8 gigabyte of memory, requiring approximately 5 hours of computation time.

5.1.1. Benchmark case 1: MS Model

By prescribing a uniform dopant concentration, the proposed phase-field model is employed to
simulate the MS case. Phase-field simulations of SCLs with varying available number densities in the
MS model are systematically benchmarked against the sharp interface (SI) calculations of GB|SCL
configurations, as described in Section 2. The results of this comparison are presented in Fig. 2.
The phase-field results are represented by solid lines, while the SI calculations are denoted by cross
symbols. The orange, blue, and purple colors correspond to different available site densities: orange
for Nyge=1x 102"m~3, blue for Nyye=T75X% 1026m—3, and purple for Nyye =5 X% 1026m—3.

Fig. 2(a) and (b) illustrate the GB potentials (®y) and oxygen vacancy concentrations at the
GB core (va,c) for various segregation energies and available oxygen vacancy number densities.
It should be clarified that ®¢ and cy, . are directly obtained at the interface position, defined
by n = 0.5 in the phase-field method. An increase in [Agy,| (Agyv, < 0) promotes greater
oxygen vacancy segregation at the GB core, thereby enhancing the GB potential. However, the
GB potential does not increase indefinitely. At sufficiently large |Ag\/6|7 when all available sites
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Table 3: The defect chemistry parameters for the 1D phase-field simulations in MS and GC models to reproduce
equilibrium SCLs. The definition of these parameters are described in Table 1.

Parameters Value in MS model [41] Value in GC model [41]
T/K 600 1623

a/nm 0.39 0.39

we/nm 0.78 0.78

€r 160 56
Cdop,b(00)/ m™3 7 x 10% 7 x 10%°

vy b(00)/ m™? 3.5 x 10% 3.5 x 10%
Ip/nm 1.81 1.76
Agy,/eV -1.5~0 -1.5
Agaop/eV - -1.0 ~ 0.5
Nvygp/ m™° 5.1 x 10%® 5.1 x 10%
Ndop,b/ m™3 - 1.68 x 1028
Ny, .o/ m™ 5% 10% ~ 1 x 1027 5 x 102 ~ 1 x 1027
Naop.e/ m™3 : 1.68 x 1026 ~ 1.68 x 1027 [41]

for oxygen vacancies are fully occupied, the GB potential reaches a plateau, as does the oxygen
vacancy concentration in the GB core (cv, c & Ny, ¢, see Fig. 2(b)). The available number density
of oxygen vacancy sites (va,c) plays a critical role in determining the plateau value. For instance,
when Ny . increases from 5 x 1026 m~3 to 7.5 x 1026 m~3, the plateau GB potential rises from
0.12 V to 0.24 V in the phase-field results and from 0.13 V to 0.27 V in the sharp interface (SI)
calculations. However, when Ny, . is as high as 1 x 102" m—3, this plateau behavior becomes less
pronounced, as no clear convergence of the GB potential is observed in both the SI calculations
and phase-field results. Although phase-field results exhibit the same trend as predicted by SI
calculations, discrepancies in GB potentials are still observed in the large |Agv.(.)| region.

To further investigate the GB core, we plot the area density of charge in the GB core, Q. =

fi‘;i 32 e(zdopcdopchrzv.o cv.é,c)dzzz7 obtained from phase-field results and SI calculations, as a function
of Agy, for different Ny . in Fig. 2(c). Here, Q. represents the boundary condition in the SI
calculations, as defined in Eq. (17), which plays a critical role in determining the GB potential
and defect concentration in GB core. When |Agv.o.| is low, the phase-field results align well with
the SI calculations. However, discrepancies emerge in the high |Agvo.| region, where phase-field
simulations reproduce lower area charge densities. These discrepancies are likely due to the diffuse
interface in phase-field simulations. In the SI model, the defect concentrations between the GB core
and the bulk phase are discontinuous, with defect concentrations assumed to be constant across the
GB core. Conversely, the smooth interface characteristics inherent to phase-field simulations result
in a less positively charged GB core compared to the SI calculations when the same GB width,
w, = 0.78 nm, is employed.

In addition to the GB core, we also compare the distributions of electrostatic potentials and
oxygen vacancy concentrations in the bulk phase for different Agy values, as shown in Fig. 2(d)
to (f). Due to the symmetric bicrystal configuration, only half of the interface region is included
in the analysis. In Fig. 2 (d1), (el), and (f1), depletion zones of oxygen vacancy are observed near
the GB core. Larger Ny, . values result in more pronounced depletion of oxygen vacancy. Overall,
the phase-field results show good agreement with the SI calculations. n Fig. 2(d1), (el), and (1),
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Figure 2: (a) Comparison of phase-field (PF) simulation outcomes with those of the abrupt GB|SCL sharp interface
(SI) predictions with different available number density of oxygen vacancy, such as NV-o,b =5x10%m—3, 7.5 x

102m~3 and 1 x 102”m~3. Figure (a), (b) and (c) illustrates the GB potential, GB concentration of oxygen vacancy
and area density of charge as a function of Agy... Figure (d), (e) and (f) depicts the spatial distribution of oxygen
vacancy concentration and electrostatic potentia? in bulk phase.

depletion zones of oxygen vacancy are observed near the GB core. Larger Ny . values lead to
more pronounced depletion of oxygen vacancy. Overall, the phase-field results align well with the
SI calculations. However, discrepancies are observed near the GB core, where oxygen vacancy
concentrations decrease in the SI calculations but increase in the phase-field results (see Fig. 2(el)
and (e2) in the range of [0, 2 nm]). These differences stem from the contrasting assumptions used
to connect the GB core and bulk phase in the phase-field model and the discontinuous SI model,
as discussed earlier. In Fig. 2 (d2), (e2), and (f2), larger Ny, . valules lead to higher electrostatic
potential and longer electrostatic decay lengths. The phase-field simulations is capable of capturing
these trends and nicely reproducing the SI predictions.

5.1.2. Benchmark case 2: GC Model

By fixing the electrochemical potentials of the acceptor dopant and oxygen vacancies as con-
stants, the proposed phase-field model reduces to the GC model, enabling the reproduction of
equilibrium SCL formation in the GC case. In this framework, the effects of the segregation energy
of the acceptor dopant (Aggop) and the available site densities of oxygen vacancies and acceptor

23



dopants in the GB core (Ngop,c and NV'C'),C) on SCL formation are investigated and compared with
SI calculations, as illustrated in Fig. 3. In both phase-field and SI results, the segregation energy
of oxygen vacancy Agy, is set to 1.5 eV. For Ny, . = 1 x 10*’m~3, phase-field results and SI
predictions are shown using solid lines and cross symbols, respectively. For Ny, . =5 X 10%6m—3,
dashed lines and triangle symbols are used. Additionally, different colors are employed to represent
varying Ngop,c: red for Ngop,c = 1.68 X 10%m~—3, blue for Nyop,c = 8.4 x 10%m~—3, and orange for
Naop,c = 1.68 x 10*"m =3,

In Fig. 3(a), (b), and (c), the GB potential (®0), GB concentrations of oxygen vacancy (cv;.c),
and acceptor dopant (cqop,c) are presented as functions of Aggep. In Fig. 3(a), the GB potential
curves exhibit two distinct plateaus. For positive Agqop, the GB potential reaches an upper plateau
due to minimal dopant segregation in the GB core. In this case, the dopant concentration in the GB
core can be 2 to 3 orders of magnitude lower than in the bulk phase (see Fig. 3(b) at positive Agdop
region), making it insufficient to compensate for the charge of the GB core induced by oxygen
vacancy. As Agqop becomes negative, the positively charged GB core is gradually compensated
by the segregating dopant (see Fig. 3(b) at negative Aggop region), leading to a reduction in
GB potential. When all available sites for acceptor dopant are fully occupied, the GB potential
reaches its lower plateau. Increasing Ny . raises both the upper and lower plateaus simultaneously,
with little impact on the shape of the GB potential curve. The difference between the upper
and lower plateaus is primarily determined by Ngep.c, with larger Ngop o resulting in a greater
plateau difference. For example, when Ny, . =5 x 1026m~3, the plateau difference is 0.17 V for
Niop,c = 1.68x102°m =2 and increases to 1.5 V for Ngep . = 1.68 x 10*"m 3. In addition, very large
Ngop,c might lead to negative GB potential as presented by the orange dashed line and triangle
symbols when Aggep, is smaller than -0.8 €V in Fig. 3(a).

Adjusting Ny c and Ngop,c has a pronounced effect on the GB concentrations of oxygen va-
cancy and acceptor dopant. When the available sites are not fully occupied, increasing Ny, . and
Ngop,c results in greater dopant accumulation within the GB core for a given Agqop, as shown in
Fig. 2(b). The segregation of dopant also influences the distribution of oxygen vacancy. In Fig. 2(c),
a more negative Agqgop leads to a higher GB concentration of oxygen vacancy. Similar to the GB
potential curves, the oxygen vacancy concentration curves exhibit two plateaus. An increase in
Naop,c amplifies the difference between these plateaus.

We also present the distributions of electrostatic potential, oxygen vacancy concentration, and
acceptor dopant concentration in the bulk phase for different Nyop . and Agqop in Fig. 3(d), (e), and
(f). Here, Ny, . is fixed at 5 x 10**m™>. First, we observe a depletion zone for oxygen vacancy and
an accumulation zone for acceptor dopant in the SCLs when the GB potential is positive, while the
opposite behavior is observed for negative GB potential (see the orange dashed lines and triangle
symbols in Fig. 3(f1), (£2), and (£3)). For Aggop = 0 €V, increasing Nyop,c has minimal impact on
the distributions of oxygen vacancy concentration, acceptor dopant concentration, and electrostatic
potential in the bulk phase. As a result, the curves for Ngop. = 1.68 x 102°m=3, 8.4 x 10%6m—3,
and 1.68 x 10*”m~3 are nearly indistinguishable, as shown in Fig. 3(dl), (d2), and (d3). For
Agdaop = —0.5 eV and —1.0 eV, increasing Nqop, raises the oxygen vacancy concentration in the
depletion zone, reduces the acceptor dopant concentration in the accumulation zone, and decreases
the electrostatic potential in SCLs. However, we still observe discrepancies between phase-field
results and SI predictions near the GB core, which has been clarified in the MS case.

We compare the equilibrium SCL formation obtained from phase-field simulations with the
results of Vikrant’s simulations for Fe-doped SrTiOj3 (see Figure 1 in Ref. [71]). In Vikrant’s study,
a higher dopant concentration is used, i.e. 2% (in present work, dopant concentration is 0.42%),

24



which is considered as non-dilute case and different grain boundary misorientation is considered.
Their simulation temperature is set at 1623 K, and the acceptor dopant is considered mobile. They
employed a negative segregation energy for oxygen vacancy (—0.8 V) and a zero segregation energy
for dopant.

The major differences between the two studies are as follows: (i) In Vikrant’s results, the dopant
concentration in the GB core is consistently higher than in the bulk phase for all GB misorientations.
(i) Their simulations also reveal a depletion zone for acceptor dopant near the GB core within the
SCL. In the present work, a zero segregation energy for dopant results in significantly lower dopant
concentrations in the GB core. As shown in Fig. 3(b), the dopant concentration in the GB core,
Cdop,c, is consistently smaller than the bulk concentration, cqopn(00) =7 X 10%° m~3, for all cases
where Aggqop = 0 eV. Furthermore, we observe an accumulation zone for acceptor dopant in the
SCL region under positive electrostatic potentials, as depicted in Fig. 3(d2), (e2) and (£2).

We note that defect—defect interactions were included in Vikrant’s work and can influence space
charge layer formation, as discussed in Refs. [687 ]. However, their model assumes that oxygen
vacancies and dopants share the same sublattice, which affects the configurational entropy and
consequently the electrochemical potential (see Section 3.3), particularly in the non-dilute regime
where these quantities are sensitive to the underlying sublattice occupancy assumptions.

Thus far, we have successfully benchmarked the capabilities of the proposed phase-field model
against the abrupt GB|SCL model in both the MS and GC cases. By comprehensively accounting
for the segregation energies of various defects and partitioning the available site densities among
different defects, diverse SCL formation behaviors have been accurately reproduced. As a result,
the phase-field results show excellent agreement with SI predictions, not only within the GB core
but also in the bulk phase. However, due to the assumptions of discontinuous GB and SCL in the
SI model, two key discrepancies are observed. First, the GB potential in the GB core obtained
from the phase-field model is smaller than that predicted by the SI model, particularly when the
segregation energy is sufficiently large. Second, differences in defect concentrations are confined to
the immediate vicinity of the GB core.

5.2. GB space charge layers at quasi-equilibrium

In this section, we systematically investigate the solute drag effect induced by an asymmetric
SCL at a quasi-statically moving GB in a STO bicrystal case. This analysis is conducted using
the defect-chemistry-consistent phase-field model, which has been validated against sharp interface
predictions in previous section. While the impacts of GB misorientation have been extensively
studied in Ref. [71], our focus here is on the influence of defect chemistry parameters, such as the
segregation energies of oxygen vacancy and dopant, on SCL formation and solute drag effects at
the quasi-equilibrium state in a bicrystal case.

The phase-field simulation parameters to reproduce the SCLs at quasi-equilibrium state are
listed in Table 4. For FEM implementation, the simulation domain is a 1D space extending from
x = —780 nm to x = 780 nm, with the GB core initially positioned at z = —390 nm (¢ = 0). The
domain size is chosen to be sufficiently large to ensure the movement of SCL is not hindered by the
boundary of simulation box. The domain is discretized into 20,000 elements, each with a uniform
size of 0.078 nm. For the electrostatic potential, a Neumann boundary condition is applied at the
right boundary, while the left boundary is grounded. Similarly, Neumann boundary conditions are
imposed on the concentration field at both boundaries. Each simulation is performed on a single
CPU node with 16 cores and 8 GB of memory, requiring approximately 12 hours to reach the
quasi-equilibrium state.
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Figure 3: Comparison of phase-field (PF) simulation results with the abrupt GB|SCL sharp interface (SI) results
via FEM method for the GC case. Figures (a), (b) and (c) showcase the variations in grain boundary potential,
dopant concentration, and oxygen vacancy concentration in the core as functions of Agqep. Figures (d), (e), and (f)

detail the spatial distributions of dopant and oxygen vacancy concentrations in the bulk phase and the electrostatic
potential. Agvb. was kept at -1.5 eV for all calculations.
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Table 4: The defect chemistry parameters for the 1D phase-field simulations to reproduce quasi-equilibrium SCLs.

Parameters Value
T/K 1623
Dy, /m?s7! 1.35 x 107°
Dagop/m™2s™! 1.3 x 1071
a/nm 0.39
We/nm 0.78

€ 56

Cdop,b(00)/ m™?
cv.@b(oo)/ m~3

2 x 10%° ~ 2 x 10?6
0.5 x cdopyb(oo)

Agy, /eV 0.5 ~-1.75
Agaop/eV 0.2 ~-0.7
Nygp/ m™3 5.1 x 1078
Ndop,b/ m~3 1.68 x 1028
Nv-o’c/ m~3 1 x 1027

Naop,c/ m™3 1.68 x 1027

To investigate the formation of asymmetric SCLs induced by solute drag effects under quasi-
equilibrium conditions, a constant core velocity (v.) is prescribed as a parameter in the simulations.
The core velocity ranges from 0.01 nms~! to 100 nms™! to study its influence on the SCL. The
simulation results, shown in Fig. 4, illustrate the distributions of acceptor dopant concentration,
oxygen vacancy concentration, charge density, and electrostatic potential as functions of x. The
charge density is calculated as p(x) = e(zvécvé + ZdopCdop)- The GB core moves from left to
right along the z-axis. The acceptor dopant plays a crucial role in solute drag effects due to its
significantly lower diffusivity compared to oxygen vacancy. Adjusting the segregation energy of the
dopant significantly alters its concentration distribution. To examine the impact of segregation
behavior, two segregation energies for the acceptor dopant, 0 eV and —0.5 eV, are selected to
generate different SCLs. The segregation energy of oxygen vacancy is fixed at —1.5 eV. In the
following discussion, the region to the left of the GB core is referred to as the growing grain, while
the region to the right is referred to as the shrinking grain.

The SCLs at the equilibrium state (i.e., v. = 0 nms~!) are shown in Fig. 4(a) as a reference.
The two different segregation energies for the acceptor dopant lead to distinct concentration distri-
butions, as illustrated in Fig. 4(al). For Aggep = 0 €V, the acceptor dopant concentration exhibits
a depression at the GB core, while Agqop = —0.5 €V results in segregation. Moreover, the charge
density in the GB core is higher for Agqop = 0 €V than for Aggop = —0.5 e€V. Consequently, the
GB potential for Agqop = —0.5 €V is smaller than that for Agqop =0 €V.

Compared with symmetric SCLs, a moving GB core introduces notable differences. First, the
concentration profiles of the dopant are highly sensitive to GB velocity. The symmetric pattern
begins to deteriorate even at very low velocities, such as 0.01 nms™!, as shown in Fig. 4(b1). As a
result, the dopant accumulation zone increases in the growing grain but decreases in the shrinking
grain. At higher core velocities, dopant cations fail to keep up with the movement of the GB core,
leading to a significant decrease in dopant concentration within the core, as illustrated in Fig. 4(c1),
(d1), and (el). When the core velocity reaches v, = 100 nms~!, the dopant concentration profile
becomes nearly flat, as depicted in Fig. 4(el). Second, significant asymmetry in the oxygen vacancy
concentration arises only at very high GB velocities, due to its high diffusivity. As depicted in
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Fig. 4(b2), (¢2), and (d2), the oxygen vacancy concentration profiles exhibit only slight asymmetry
at lower velocities. However, when v, = 100 nms~!, the concentration of oxygen vacancy in the
depletion zone of the growing grain increases notably, as shown in Fig. 4 (e2). Simultaneously, the
depletion zone in the growing grain becomes substantially elongated, whereas it contracts in the
shrinking grain. Third, as the GB velocity increases, not only does the GB potential rise, but a
difference in electrostatic potential between the growing and shrinking grains also emerges, as shown
in Fig. 4(b4)—(e4). Additionally, the decay length of the electrostatic potential in the growing grain
becomes significantly longer when GB velocity increases, resulting in an elongated SCL length in
the growing grain.

The segregation energy of the acceptor dopant plays a crucial role in SCL formation when the
GB core is moving. Different values of Agqop, namely —0.5 eV and 0 eV, lead to distinct dopant
concentration distributions. In Fig. 4(b1), when the GB velocity v. is 0.01 nms™!, the accumulation
zones in the SCL for both segregation energies exhibit the same trend. However, as v, increases
to 0.5 nms~! and 2 nms™!, notable differences emerge as shown in Fig. 4(cl) and (d1). For
Agdaop = —0.5 €V, the accumulation zone in the shrinking grain transforms into a depletion zone,
where the dopant concentration becomes lower than in the bulk. Meanwhile, the accumulation zone
in the growing grain persists. In contrast, for Agqop = 0 eV, the opposite behavior is observed.
The accumulation zone remains in the shrinking grain, while in the growing grain, it diminishes
into a depletion zone. When v, = 100 nms~?!, the dopant concentration becomes flat for both
cases. The influence of the segregation energy of the acceptor dopant on the electrostatic potential
is significant only at low GB velocities. A more negative Agqop leads to a smaller GB potential. At
high GB velocities, where the dopant concentration profiles flatten, their effect on the electrostatic
potential distribution diminishes, as shown in Fig. 4(c4), (d4), and (e4).

The influence of defect chemistry parameters, especially segregation energy of dopant, on the
formation behavior of different SCLs has been demonstrated. In order to further investigate solute
drag effects and identify the critical core velocity at which a velocity jump occurs during sintering
process, we present the core velocity as a function of the total driving force calculated via the
following equation taken from Ref. [71]

_ o Ve 677 2 e aCVb‘ > ac’dop

. o° Ve 877 2 o0 alJ/V‘C') o 8Mdop
= f % dx — [va - va’b(oo)] de — [Cdop — Cdop’b(oo)] 8.13 dx
(65)

The second and third terms in Eq. (65) denote as the electrochemical drag force, which accounts
for the electrostatic and chemical contributions when the expressions of electrochemical potential
is employed. The integration in Eq. (65) are solved numerically.

The segregation energy difference, Agaop and Agy,, allow direct tuning of the concentrations of
oxygen vacancy and dopant in the core, thereby impacting the critical total driving force required
for a specific core velocity. In Fig. 5(a), we hold Agqop and cqop 1 (00) constant at -0.5 eV and 7x10%°
m~3 and progressively decrease Agy, from -0.5 €V to -1.75 eV. During the grain shrinking process,
the driving force resulting from the GB curvature becomes increasingly significant. Consequently,
the velocity of the GB core evolves from a low value to a high value. At low core velocities, a more
negative Agy, induces higher concentration of oxygen vacancy in the core consequently demanding
a larger driving force to maintain the same velocity. As the core velocity increases to 1 nms™!, the

28



— Agy, =

—1.5eV, Aggop = 0eV

(a) Vc=0 nm/s — Agy, = —1.5eV, Agao, = —0.5¢V
1077 10%7
- Daop=0.5eV 2.0x10° 0201
(31) (32) 1.5x10°4 (33) ’ (34)
E 1025 szs' ‘E 1.0x10%4 s 0189
& & 2 5 o107 ® oo
™ Aggop=0eV
1024 0 0.05
10% . . . ; . -5.0x10" 4 . . . ; . ,
-20 -10 0 10 2 0 -10 0 10 2 -20 -10 0 10 20 -20 -10 0 10 2
x [nm] x [nm] x [nm] x[nm]
(b) V.=0.01 nm/s
107 T 107 2.0x10° 0.25
|
(b1) (b2) 1500’y (b3) 0201 (b4)
' Shrinking 107 & 1.0x10° 0.154
5% 1073 grain £ 5 ; 2 oo
3 5 S 5.0x107]
UC : 1025. OOZ-
10% T : ; T - - -5.0x10" T T T T T ;
20 -0 [) 10 20 20 210 [ 10 20 2 10 0 10 20 20 -10 [) 10 20
X [nm] X [om) X [nm) x[m]
(c) Vc=0.5 nm/s
1077 10%7 0.3
Dgaop=0eV —2 0 o g0 1.5x10°
Aguop=-0.5eV A, E1.0x10%
- (C1 ) Fsoxto®] 0% (02) L 10x10°] (C3) 02 (C4)
E ] E £ =
5 4 g 5.0x10" ® o1
—> 10%4
Ve - 04
10% T T T T T T T T T T
-20 -10 0 10 20 -20 -10 0 10 2 0 -10 0 10 2 -20 -1 0 10 2
x [nm] x [nm] x[nm] x[nm]
(d) Vc=2 nm/s
1077 — 5 1.5x10° 0.
Aggop=0eV L1o2s
IEEYRY Ry Lex10% - 1.0x10°] 02
& 1073 —
L) = - {(d2) £ |(d3) . (a4
:,§ ™ g £ 501071 T 01
4“]' 10% o]
c 0
10% T T T T T v T T T T T T
20 -10 [) 10 20 -20 10 [ 10 20 20 -10 [) 10 20 20 -10 0 10 20
x [nm] X [nm] x [nm] X [nm]
(e) Vc=100 nm/s
107
3.9 1.0
(e1) Fexto®® (e2) 14 (e3) (ed)
- 1025_
E o) L | B T 5x107] s os
;T8 g s
Ve 10%4 °] o
10% - T T T T T T T T T
-20 -1 10 2 -20 -1 10 2 -20 -10 10 20 -20 -1 10 2
x [nm] x [nm] x [nm] x[nm]
Figure 4: Asymmetric SCL formation in a STO bicrystal system with cgop,p(c0) = 7.0 X 10%% m—3, AgV@ =-1.5
eV and two Aggqop = 0 and -0.5 €V at quasi-equilibrium state under different constant core velocity (a) ve = 0

nms~!, (b) ve = 0.01 nms™!, (c) ve = 0.5 nms™!, (d) ve = 2 nms™!, (e) vo = 100 nms!.

Each row has four

sub-figures, depicting the distribution of dopant concentration, oxygen vacancy concentration, total charge density
and electrostatic potential, respectively. In this figure, blue line indicates Agqop = -0.5 eV, while red line is Agqop

=0eV.
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dopant cations are unable to keep pace with the core movement, resulting in a nearly flat dopant
concentration within the core. Hence, this leads to the same linear relationship between the total
driving force and the core velocity for different Agy,, at high velocity. On the other hand, for
fixed Agy,, such as Agy,;=-1.75 eV, we clearly observe the velocity jumps from 0.065 nm s~! to
approximate 1.5 nms™! at 1.45 x 10" Nm~2. As we increase Agy, to -1.0 eV, we hardly observe
the velocity jump. When Agy, = -0.5 eV, both the concentrations of dopant and oxygen vacancy
in the core decrease significantly. The solute drag effect therefore becomes negligible. Therefore,
decreasing the segregation energy of oxygen vacancy could be an effective way to eliminate the solute
drag effects. Fig. 5(b) shows the influence of Aggop on solute drag effects when Agvb and Cdop,b
are held constant at -1.5 eV and 7 x 10> m~3. In contrast to Fig. 5(a), we can evidently observe
velocity jumps for all Aggop. When the segregation energy of dopant decrease to -0.2 eV, we can
still observe the solute drag effects. In Fig. 5(c), we explore the impact of the dopant concentration
in the bulk far from the core, denoted as cgop,p(00). We fix Agyy and Aggep at -1.5 eV and -0.5 eV.
We clearly find the solute drag effect is strongly dependent on dopant concentration as evidenced in
Ref. [31]. When cqop b = 2 x 10?m =3 (corresponding to 0.12% site fraction), solute drag effect still
remains. As cqopb(00) increases, a larger driving force is necessary to counterbalance the solute
drag effect to achieve the same core velocity. Additionally, a lower critical velocity is observed when
the velocity jump occurs at smaller values of cqop b(00). Specifically, the critical velocity increases
from 0.065 nms™! to 0.095 nms™?, as cqop 1 (00) is raised from 4 x 10%®* m™3 to 2 x 10*¢ m~—3.

In the sintering process, the driving forces are initially large and decrease as the grain size
increases. In other words, the GB core velocity starts on the upper right side of the S-shaped
curves in Fig. 5 at the initial stage of the grain growth. As the grain size increases, the GB
core velocity decreases to the critical velocity. At this point, a transition from high velocity to
low velocity occurs at the critical value. In Fig. 5(a), we observe GB core velocity jumps when
Agyy = -1.5 €V and -1.75 eV. The critical velocities for different Agy,; are approximately 0.35
nms~!. Additionally, the GB core velocity jumps to a lower value when Agv,, is more negative. In
Fig. 5(b), the critical GB core velocity increases from 0.15 nms™! to 0.65 nms™! as Agqop decreases
from -0.3 €V to -0.7 €V. In Fig. 5(c), a larger cqop,n(00) leads to a higher critical velocity.

In summary, the formation of SCLs at the quasi-equilibrium state has been systematically inves-
tigated under varying GB velocities and defect chemistry parameters. We conclude that (i) higher
GB velocities lead to reduced dopant segregation in the GB core, more pronounced asymmetry in
the oxygen vacancy concentration profiles, increased GB potential, and an elongated SCL length in
the growing grain. (ii) the segregation energy of the dopant influences the concentration distribution
pattern within the SCL and the GB potential, particularly at intermediate GB velocities. However,
at extremely high GB velocities, its impact becomes negligible. (iii) the fundamental relationship
between defect chemistry parameters and solute drag effects has been elucidated. When |Agvb|
is smaller than 0.5 eV, the solute drag effect is negligible. However, at low |Aggop| and dopant
concentrations, minimal solute drag effects can still be observed. Thus, reducing the segregation
energy of oxygen vacancy emerges as an effective strategy to minimize solute drag effects.

5.8. Polycrystalline simulations during sintering

After systematically benchmarks and knowledge gained from quasi-static single GB cases, we
investigate different grain growth patterns of materials with only consideration of solute drag effects.
with different defect segregation energies Agqop, Agv,, and bulk defect concentrations such as cgop,b-
The segregation of point defects in the core plays a significant role in influencing grain growth
kinetics. To investigate the grain size distribution of STO polycrystalline material after sintering,
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Figure 5: The total driving force on a GB with a constant velocity with (a) Aggep = —0.5 €V, cdop,b(00) = 7 x 1025
m~—3 and different Agvo., (b) Agvb = —1.5 €V, cgop,b(00) =7 X 1025 m—3 and different Agdop, (€) Agv.o =-1.5
eV, Agqop = —0.5 €V and different cqop,b(00). The pentagram symbols in subfigure b correspond to the different GB
core velocities studied in Fig. 4. The green, blue and saffron pentagram symbols indicate ve=2 nms~!, 0.5 nms~!
and 0.01 nms™!, respectively. Due to the range limit of y-axis, ve=0 nms~! (Fig. 4 a) and 100 nms~! (Fig. 4 e)
are not marked.

we conduct 2D phase-field simulations. Note that three-dimensional phase-field simulations of
the proposed model are achievable but require significantly more computational resources. In
fact, to reveal the fundamental mechanisms, 2D simulations should be sufficient and allow for a
comprehensive parameter study given the limited computational resources.

The defect chemistry parameters used in this section are tabulated in Table 4. Then, we describe
the FEM settings for the 2D phase-field simulations as follows. The simulation domain is 390 nm
x 390 nm, with a uniform mesh spacing of Az = Ay = 0.39 nm. The GB core width is set to 0.78
nm, consistent with the value used in the 1D simulations to ensure accurate reproduction of the
SCLs. The polycrystalline microstructure is initialized using a Voronoi tessellation method, where
each grain is assigned a unique grain index. The initial configuration consists of 1000 grains, and
the random seed for generating the polycrystalline microstructure is set to 42. To optimize memory
usage during the simulations, the grain tracker algorithm is employed [50]. Periodic boundary con-
ditions are applied to all edges of the simulation domain for both the phase-field and concentration
fields. For the electrostatic potential field, the bottom-left corner is grounded, while the remaining
edges are set with periodic boundary conditions. Each simulation is performed on 8 nodes (a total
of 768 cores) with 3072 gigabytes of memory, requiring approximately 30 days to complete.

5.8.1. Skewed grain size distribution

Compared with normal grain growth pattern, the grain size distribution is skewed when the
defect segregation in the GB core is considered as shown in Fig. 6. To clearly distinguish the grain
size distribution, a histogram of grain area fraction is constructed. The bin width, denoted as &y, is
determined using the Freedman-Diaconis rule [92]. Subsequently, the grain size distribution is fitted
as a sum of two weighted lognormal distribution functions [72], given by PDF(S 5) = k1N1 (S, fir, 1)+
kg./\/g(S, fi2, 62), where S is the normalized grain area and can be expressed as § = S /{S) /&bin-
(S) = 152.1 nm? is the average area of grain at time t = 0. ky and ko are the proportionality
coefficients. [1; and iy are the mean grain areas. &; and &9 are the standard deviations. the

lognormal distributions N7 and N5 share the general form N = P ﬁ exp [—%}
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The formation of skewed grain size distribution during the sintering process is demonstrated
in Fig. 6. The dopant concentration is 2 x 1026 m~3, corresponding to a 1.1% site fraction, with
segregation energies of oxygen vacancy and acceptor dopant set to -1.5 eV and -0.5 eV, respectively.
At a sintering time of 1 h, the grain size distribution is nearly monomodal, as shown in Fig. 6(a2),
with only one peak observed in the fitted lognormal function. By 1.5 h, a transition from monomodal
to skewed grain size distribution occurs, as illustrated in Fig. 6(b2), where two distinct peaks emerge.
At 2 h and 3 h, the grain size distribution is skewed and do not follow log-normal distributions.

The peak positions of the two grain populations are shown in Fig. 7(a). For small grains, the
peak position increases from 2.55 at 1.5 h to 3.07 at 3 h, while for large grains, it rises from 6.21
to 10.64 over the same period. As sintering progresses, the size disparity between small and large
grains becomes increasingly significant. In Fig. 7(b), the time evolution of grain area is plotted for
10 small grains and 10 large grains. The unique grain numbers are labeled in Fig. 6(d1), with black
numbers indicating small grains and red numbers representing large grains. The results reveal
that both small and large grains grow rapidly during the initial stage of sintering. However, as
sintering progresses, the grain areas of small grains stabilize, while those of large grains continue
to grow. Therefore, the growth velocity difference between two distinct grain populations leads to
the formation of a skewed grain size distribution, which do not follow the normal grain growth.

Moreover, the peak positions of the two grain populations in this skewed grain size distribution
are influenced by various defect chemistry parameters, such as the segregation energies of dopant
and oxygen vacancy, as well as the dopant concentration in the bulk phase. When these defect
chemistry parameters enhance the solute drag effect, smaller grains become pinned earlier and
remain stable during the sintering process, leading to a more noticeable difference between the
two peak positions. In the following, we examine how the selection of defect chemistry parameters
affects the grain growth processes.

5.8.2. Influence of segregation energies and bulk defect concentration

Subsequently, we investigate the influence of defect chemistry parameters on the microstructure
evolution during sintering processes. The microstructure of grains is presented in Fig. 8(a)-(g)
after 1 hour of sintering at 1623 K. In Fig. 8(a), (b) and (c), we decrease the segregation energy
of oxygen vacancy (|Agvé|) from 1.5 eV to 0.5 eV when Aggqop=-0.5 ¢V and cqopp, = 7 x 10%
m~3. Skewed grain size distribution is clearly observed in Fig. 8(a2). The reduction of oxygen
vacancy segregation energy decreases not only the segregation concentration of oxygen vacancy but
also that of the dopant in the GB core. Consequently, the solute drag effect is notably weakened.
As shown in Fig. 8(b2), when Agy, = —1.0eV, two distinct grain populations are still observed.
In contrast, Fig. 8(c2) shows that the grain size distribution becomes nearly monomodal when
Agy, = —0.5eV, indicating that the solute drag effect is negligible in this case. This observation
is consistent with the 1D phase-field simulation results presented in Fig. 5. The concentration of
dopant is presented in Fig. 8(a3), (b3) and (c¢3), the formation of solute cloud imprinted by vanished
GBs is clearly observed, especially in Fig. 8(a3). Concentration of oxygen vacancy is detailed in
Fig. 8(ad4), (b4) and (c4). Segregation is more significant for Agy, = —1.5 eV. Compared to
the dopant, solute cloud of oxygen vacancies are less distinct. In view of the higher diffusivity
of oxygen vacancy, the contribution of oxygen vacancy to solute drag force is also weak. Solute
clouds of oxygen vacancies are only observed near the junctions where grains shrink rapidly with
a small radius. The electrostatic potential distributions are depicted in Fig. 8(a5), (b5) and (c5).
The GB potential considerably decrease from (a5) to (c¢5). The negative potential bands can be
also observed near the GB cores. As all the considered cases show, the electrostatic potentials in
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Figure 6: The microstructure evolution during the grain growth process is presented at (al) 1 h, (b1) 1.5 h, (c1) 2 h,
and (d1) 3 h, with defect chemistry parameters set to Agvé = —1.5eV, Agqop = —0.5 eV, and cqop,p, = 2 X 1026m—3.
These parameters are consistent with those used in Fig. 8(f). The area fraction distribution is fitted by two lognormal
distribution functions and shown in (a2)—(d2) to illustrate the skewed grain size distribution. The blue dashed lines
represent the smaller grain population, while the red dashed lines correspond to the larger grain population. The
brown solid lines indicate the combined distribution of both populations. Figure (a) also appears in Fig. 8 (f) to
compare with other simulations.
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Figure 7: (a) Illustration of the grain size peak positions for two grain populations: small grains and large grains. For
sintering times shorter than 1 h, a monomodal grain size distribution is observed, with only a single peak present.
As sintering progresses, a skewed grain size distribution emerges, characterized by two distinct peaks. The difference
in peak positions between small and large grains becomes increasingly pronounced with longer sintering times. (b)
Time evolution of grain areas for 20 specific grains. The unique grain numbers are labeled in Fig. 6. Solid lines
represent small grains, while dashed lines correspond to large grains. As sintering time increases, the grain areas of
large grains grow significantly, while the grain areas of small grains remain pinned.
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small shrinking grains are significantly higher than in the surrounding growing grains, leading to a
stronger electrostatic contribution to the solute drag effects. Consequently, the shrinking speed of
small grains is reduced, which induces pinning effects on the surrounding growing grains. Note that
the heterogeneous electrostatic potential distribution arises from the velocity difference of individual
GB, in accordance to the observation in the quasi-static cases in Fig. 4, rather than any anisotropy
which is absent in the current simulations.

In Fig. 8(a), (d), and (e), we fix Agy, = -1.5 eV and cqop, = 7 X 10> m™?, and examine
the influence of different Aggop values. A larger |Agqop| leads to more pronounced solute drag
effects. In all cases, a skewed grain size distribution is observed, even when Aggo, = -0.2 €V,
as shown in Fig. 8(e). In Fig. 8(d2), although the solute drag effect is more pronounced due to
higher dopant segregation energy and the grain size distribution can be fitted by two lognormal

distribution functions, the PDF(S) function still exhibits a monomodal shape. We expect that a
skewed PDF(S) function that do not follow the normal grain growth will emerge if the sintering
time is extended, as demonstrated in Fig. 6. Additionally, the electrostatic potential distribution
remains largely unchanged, as shown in Fig. 8(a5), (d5), and (e5). For the low dopant segregation
energy case (Agaop = —0.2 V), the solute drag effect arises primarily from the electrochemical
potential gradient terms (see Eq. (65)), which is contributed by the electrostatic potential part,
rather than chemical part.

In Fig. 8(a), (f) and (g), Agv, and Agaoep are constant while 2 x 10%* m™3, 7 x 10*> m~? and
2 x 10%% m~—3 are chosen for dopant concentration in bulk phase, corresponding to 0.11%, 0.42%
and 1.1% site fractions. For all simulations, the solute drag effects from dopant are pronounced.
The dopant clouds imprinted by vanished GBs are clearly observed behind GB cores. In Fig. 8(e2)
and (g2), the skewed grain size distributions are presented. However, due to the more pronounced
probability of small grain, longer sintering time is required for cqop (00) = 2 x 1026 m™3 to exhibit
the skewed grain size distribution that do not follow the normal grain size distribution (also see
Fig. 6).

The influence of different defect chemistry parameters on grain growth process are elucidated
in this part. First, the segregation oxygen vacancy plays a dominant role in solute drag induced
skewed grain size distribution. Reduction of the segregation energy of oxygen vacancy is an effective
way to eliminate solute drag effects and the skewed grain size distribution to enhance the sintering
capability of oxide ceramics. In our case, when |Agvé| < 0.5 eV, the skewed grain growth behavior
can be nearly avoided. Second, the segregation energy of dopant impacts the SCL formation and
GB concentration of dopant. Increase segregation energy of dopant strongly decrease the grain
growth rate. However, very low |Agdep| < still leads to skewed grain size distribution. Third,
dopant concentration dependent solute drag effect is also verified in the present work, even very
small dopant concentration (0.11%) can lead to the skewed grain size distribution that do not follow
log-normal distributions.

5.8.3. Grain boundary potential distribution

In Fig. 9, we present the statistics of the average grain boundary potential in the GB core,
denoted as écore. The value of (chore is calculated as an average of the electrostatic potential along
the GB core indicated by n; = 0.5 over individal GB length. Fig. 9(a) illustrates the distribution
of Peore for Agy, = —0.5 eV, Agaop = —0.5 €V, caop(00) = 7 x 10> m™? (refer to Fig. 8(c) for the
associated phase-field simulation result). When the solute drag effect is negligible, ¢eore is smaller
than 0.05 V and approximately follows the normal distribution. In Fig. 9(b), the distribution of
Geore is presented for Agvy, = —1.5 eV, Agaop = —0.5 €V, Caop(00) = T x 10?5 m~3 (refer to
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Figure 8: Phase-field simulation results of different grain growth patterns in Fe-doped STO after 1 h sintering under
the influence of different defect chemistry parameters.
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Figure 9: Probability of the average grain boundary potential in the GB cores with different defect chemistry
parameters (a)AgV-o = —0.5 eV, Agdop = —0.5 €V, cqop(o0) =7 % 1025 m—3 (refer to Fig. 8(c)), (b) Agv-o =-1.5
eV, Agdop = —0.5 €V, cqop(o0) = 7 X 1025 m—3 (refer to Fig. 8(a)), (c) Agv6 = —1.5 eV, Aggop = —0.5 €V,
Cdop(00) = 2 x 1026 m~3 (refer to Fig. 8(f)).

Fig. 8(a)). Here, ¢core significantly increases. In addition, the distribution of ¢eore changes from
mono-modal to skewed, with one peak at 0.31 V and another at 0.35 V. In Fig. 9(c), the parameters
Agy, = —1.5eV, Agaop = —0.5 eV, Cdop(00) = 2 x 100 m™3 are chosen (refer to Fig. 8(f)). In this
case, the solute drag effect is the most pronounced in this study. Not only ¢eore increases but also
the skewed distribution of ¢core becomes more distinct.

In addition, two distinct types of GBs can be observed Fig. 10. The first type, characterized
by a lower moving velocity, exhibits nearly symmetric concentration profiles across the GB core
with a significantly higher segregation concentration of dopant. However, within a polycrystalline
system, the accumulation zone of dopant at the space charge region transitions into a depletion
zone. Conversely, the second type of GB core, which moves at a higher velocity, shows lower dopant
concentrations due to the break of the symmetric SCL. Similarly, the oxygen vacancy distribution in
this second GB core is also asymmetric, as illustrated in Fig. 8(e). Fig. 8(f) presents the electrostatic
potential distributions across these two types of GB cores, where the second GB core displays a
larger grain boundary potential and a more pronounced electrostatic potential difference. These two
distinct types of GBs play different roles in the grain growth process. Fast moving GBs facilitate
the formation of the large grain population during sintering, while low-moving GBs are responsible
for pinning the small grain population.

In order to further evidence the two types of GB core, 14 different GBs are selected from the
rectangular region in Fig. 8 (f). The relations between v. and Fr as well as qgcore and Fr for each
GB core are represented in Fig. 11(b). Here, Fr is the total driving force, numerically calculated
via Eq. (65). The solid lines indicate the phase-field simulation results in the bicrystal case (refer to
the purple line in Fig. 5(c)), while the symbols represent different GBs in the polycrystalline case.
In Fig. 11(b), the relationships of Fr vs. v. and Fp vS. @eore in the polycrystalline case almost
follow those in the bicrystal case. There is also a velocity jump and an electrostatic potential jump
when the total driving force is approximately 2 x 10” N/m?. In the high GB velocity region, GB6,
GB7 and GBS, with less dopant segregation, have much higher electrostatic potentials than the
others, aligning well with the predictions in the bicrystal case. In the low GB velocity region, GB3,
GB13 and GB14 also agree well with the results from the bicrystal quasi-static case. Whereas, GBs
with higher velocities, such as GB2, GB4, GB11 and GB12, do not fit well into the S curve of a
bicrystal case. This discrepancy can be attributed to multiple reasons. For instance, these GBs
have higher GB curvatures and can interact with other GBs, which go beyond the bicystal model
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Figure 10: Two types of GBs are observed in the rectangular region highlighted in Fig. 8(f). The distributions of
dopant concentration, oxygen vacancy concentration, and electrostatic potential in this region are shown in (a), (b),
and (c), respectively. Particularly, the dopant concentration profile within the grain interior in (a) exhibits strong
imprints of vanished GBs during sintering. Two types of GB cores are distinguished by dashed yellow lines in (a). The
first type, characterized by a low moving velocity, has a higher segregation concentration of dopants. In contrast,
the second type, with a higher core velocity, shows a lower and asymmetric dopant concentration across the GB
core. Furthermore, the dopant concentration, oxygen vacancy concentration, and electrostatic potential along the
two types of GB cores are plotted in (d), (e), and (f), respectively.

and can only be resolved by the grain growth simulations presented here.

In summary, we demonstrates the formation of a skewed grain size distribution in Fe-doped
SrTiO3 during the sintering process, driven solely by the solute drag effect. Two types of GBs
emerge during the growth process due to defect segregation in the GB core: fast-moving GBs
and slow-moving GBs. Fast-moving GBs facilitate the growth of large grains, while slow-moving
GBs act to pin small grains. The coexistence of these GBs ultimately leads to the skewed grain
size distribution. Furthermore, variations in defect chemistry significantly influence the resulting
grain size distribution. To improve the sintering process, reducing the segregation energy of oxygen
vacancies proves to be an effective approach. Lowering the dopant segregation energy and bulk
concentration also mitigate solute drag effects. However, even at low dopant segregation energy
and bulk dopant concentration, the skewed grain size distribution can still occur.

6. Conclusion

In this work, we develop a phase-field model to investigate SCL formation during grain growth
in oxide electroceramics based firmly on principles of the defect chemistry. The main results of the
paper include:

e With the consideration of distinct segregation energies and available site densities of oxygen
vacancy and acceptor dopant in bulk and GB core, the proposed phase-field model repro-
duces a series of benchmark results at equilibrium of Fe-doped STO bicrystal. Simulation
results, including the symmetric SCLs, grain boundary potentials, concentrations of oxygen
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Figure 11: GB core velocity v and average grain boundary potential ¢eore as functions of the total driving force
Fr. The 14 different GBs, shown in Fig. 10(a), are chosen from the rectangular region in Fig. 8(f) in polycrystalline
simulations. The relations between v and Fr as well as q_Score and Fr are obtained from phase-field simulations in
bicrystal and polycrystalline Fe-doped STO. Solid lines indicate the simulation results for the bicrystal case, while
dashed lines are the extrapolations of the simulation results in bicystal case at very low GB velocity regime. Other
symbols represent 14 different GBs chosen in the polycrystalline case.

vacancies and acceptor dopants in the GB core and the bulk phase as well as the electrostatic
distributions, show good agreement with the analytical predictions in the MS and GC models.

e Simulations are carried out comprehensively for a GB core moving with constant velocities
under quasi-equilibrium state. At low core velocity, the asymmetric SCL forms. With increas-
ing GB core velocity, the dopant segregation diminishes. However, the movement of oxygen
vacancy within the GB core only breaks at extremely high velocity due to the high diffusivity
of oxygen vacancy. In addition, the electrostatic potential in the shrinking grain becomes
higher than that in the growing grain.

e Skewed grain size distribution is observed even without distinguishing any grain orientation or
considering any anisotropic GB mobility in the phase-field simulations at 1623K. It indicates
that the solute drag effect alone can lead to skewed grain size distribution that do not follow
the log-normal distribution in the normal grain growth. As the formation energy differences
of oxygen vacancies and acceptor dopants (Agvb and Agqop) become more negative, the grain
growth velocity decreases. This trend is also observed with increasing dopant concentration
(cdop,b). Notably, the dopant concentration profile within the grain interior distinctly reflects
the significant imprint of the grain boundaries that disappeared during sintering.

e Simulation results reveal two distinct types of GB cores. The first type, with nearly symmetric
concentration profiles at the GB, exhibits stronger solute drag effects, resulting in a much
lower moving velocity and a tendency to remain pinned in position. The second type of
GB core shows asymmetric concentration profiles and a higher moving velocity, contributing
predominantly to grain coarsening. The coexistence of these grain boundaries results in grain
growth behavior that deviates from the typical normal grain growth pattern..
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e To improve the sintering process, reducing the segregation energy of oxygen vacancies proves
to be an effective approach. Lowering the dopant segregation energy and bulk concentration
also mitigate solute drag effects. However, even at low dopant segregation energy and bulk
dopant concentration, the skewed grain size distribution can still occur.

e The skewed grain size distribution resulting from solute drag effects leads to a large variation of
grain boundary potentials. Typically, smaller grains exhibit higher grain boundary potentials
at the later stages of grain growth and form more blocking GBs in term of ionic conductivity.
When considering the total conductivity of an electrolyte material, the electrical current
needs to find a "detour" around these blocking GBs by passing through the surrounding
larger grains, with less blocking GBs. It implies that to increase the conductivity one may
also optimize the microstructure so that blocking GBs can be circumvented more easily. In
contrast, if blocking GBs are desired, such as in capacitors, the grain size should be kept small
to prevent the development of detour paths.

The proposed phase-field model offers naturally a series of promising extensions. First, we can
e.g. incorporate additional species, such as the electrons, holes and the dopants with different
valance states, into the current phase-field model to quantitatively investigate the formation of
the SCL. Second, GB orientation plays a crucial role in SCL formation and different grain growth
patterns, and both the interface energy and the defect chemistry parameters Agy, and weNvy e
depend on GB orientation [76]. Third, the assumptions of dilute and non-interacting defects be-
come invalid at high defect concentrations, where defect—defect interactions must be accounted for.
Various approaches have been proposed to address this complexity. One approach involves using a
regular solution model to formulate the interaction energy contribution [68, 71, 72]. Another ap-
proach, proposed by Mebane and De Souza (MDS) [? |, provides expressions for the electrochemical
potentials of oxygen vacancy and acceptor dopant while incorporating defect—defect interactions.
However, MDS model does not include an explicit free energy formulation, which is essential for
direct integration into phase-field models. Moreover, we assume in this paper only the Fe*T and
ignore Fe?™ which is reasonable for high temperature scenarios. But, the situation regarding solute
drag effect changes at low temperature when a significant amount of Fe*™ is present. The Fe*" jons
in the GB core can not easily follow the movement of the GB core due to their low diffusivity. In
contrast, the rapid movement of electron holes can adjust the local Fe* / Fe'™ ratio and establish
an equilibrium charge distribution. The solute drag effect may differ when a significant amount of
Fe*™ is considered.
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