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Grand-potential-based phase-field model for multiple phases, grains, and chemical components is derived from
a grand-potential functional. Due to the grand-potential formulation, the chemical energy does not contribute to the
interfacial energy between phases, simplifying parametrization and decoupling interface thickness from interfacial
energy, which can potentially allow increased interface thicknesses and therefore improved computational
efficiency. Two-phase interfaces are stable with respect to the formation of additional phases, simplifying
implementation and allowing the variational form of the evolution equations to be used. Additionally, we show that
grand-potential-based phase-field models are capable of simulating phase separation, and we derive conditions

under which this is possible.
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I. INTRODUCTION

The phase-field method is an increasingly popular technique
for simulating microstructural evolution in materials. Because
engineering materials are often both polycrystalline and mul-
ticomponent, phase-field models are required that are capable
of tracking an arbitrary number of chemical components,
phases, and grains of each phase. Several phase-field models
capable of simulating multiphase, multigrain materials have
been developed in recent years [1-8], and others have also
been developed that add the capability to simulate multiple
chemical components [9-25]. Each of these models has various
advantages and disadvantages relative to desirable model
characteristics.

One highly desirable characteristic of phase-field models of
multicomponent systems is the decoupling of interfacial thick-
ness and interfacial energy. In the seminal alloy solidification
model of Wheeler, Boettinger, and McFadden (WBM) [26],
the interface between phases is considered to be a mixture of
the two phases with an equal composition. However, in this
formulation, there is a nonzero contribution to the interfacial
energy from the chemical energy in the interfacial region. This
contribution increases with interface thickness, and thus the
interfacial energy is coupled to the interfacial thickness in this
formulation. This sets a practical upper limit on the interface
thickness for a given materials system and requires a simulation
resolution fine enough to resolve that interface. Thus, the
coupling between interfacial energy and interfacial thickness in
WBM-type models can present limitations in simulating large
systems.

To circumvent these limitations, several strategies have been
pursued. Tiaden et al. [27] first showed that in the WBM
model the coupling between solute concentration and order
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parameter influences the interface thickness. They developed a
multiphase model for binary alloys in which the concentration
in the interfacial region is defined as a mixture of each phase’s
concentration and showed that when the ratio of concentrations
between phases is given by a constant partition coefficient,
the concentration is decoupled from the evolution equation for
the order parameter, removing the limit on interface thickness
[27]. Building on this approach, Kim, Kim, and Suzuki (KKS)
introduced a phase-field model for two-phase binary alloys
in which the interfacial region is defined as a mixture of the
two phases with different phase compositions but constrained
to have the same chemical potential [28]. In this case, the
chemical energy in the interface does not contribute to the
interfacial energy, and the interfacial energy and interfacial
thickness are decoupled, allowing interface thickness to be
increased (subject to adequately resolving curvatures of mi-
crostructural features of interest) and simulation resolution
made coarser. However, this comes at a cost of introducing
the additional phase composition variables, resulting in ad-
ditional complexities in solving the equations numerically.
Kim et al. also extended the model to three-phase systems
[29]. Folch and Plapp developed a three-phase model that
decouples the interfacial thickness from interfacial energy for
parabolic phase free energies [30] and introduced interpolation
functions that prevented the spurious formation of the third
phase at a two-phase interface, as discussed further below.
Ohno et al. extended the KKS model to three phases [31]
using the interpolation functions developed by Folch and
Plapp. Moelans developed a multi-order-parameter model that
allows an arbitrary number of phases, grains, and chemical
components to be represented and uses the KKS approach to
exclude the chemical energy contribution to interfacial energy
[13]. In this model, the interfacial thickness is decoupled from
the interfacial energy in a multiphase, multi-order-parameter
model. However, as with the original KKS model, the phase
concentration variables for each solute species must be solved
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for simultaneously with the evolution equations, increasing
computational requirements.

Recently, a phase-field model for alloy solidification based
on a grand-potential functional was introduced by Plapp
[32] that retains the advantage of decoupling the interfacial
energy from the interfacial thickness, while removing the
need for phase concentration variables for certain chemical
free energy forms. In this model, the evolution equations
are derived from a functional of the grand-potential density
rather than the Helmholtz free energy density more typically
used in phase-field models. An evolution equation for the
chemical potential difference between species is used, rather
than composition. Reference [32] also showed that KKS-
type models can be derived starting from the grand-potential
functional. The grand-potential approach has been extended
to multi-phase-field models [16,18-25]. (We refer to multi-
phase-field models as models that enforce the constraint that
all phase-field variables ¢; sum to 1 at each point, and we
refer to multi-order-parameter models as models where this
requirement is not enforced.) These models also decouple
interfacial thickness from interfacial energy and evolve the
chemical potential difference as a function of time and thus do
not require solving for phase concentration variables. However,
in these models, a two-phase interface is not stable with respect
to the formation of additional phases at the interface [7].

The stability of two-phase interfaces with respect to the
formation of additional phases is another highly desirable
characteristic of phase-field models of multiphase, multigrain
systems. The spurious formation of additional phases at two-
phase interfaces can potentially lead to nucleation of new
phases inunphysical locations and causes the interfacial energy
to deviate from its value for the two-phase interface. The
spurious formation of additional phases has been a commonly
encountered problem in multi-phase-field models that has been
addressed in different ways. The models of Steinbach er al.
[1] and Steinbach and Pezzola [2], and those derived from
them, result in two-phase interfaces that are unstable with
respect to the formation of additional phases, as discussed by
Toth et al. [7]. Reference [1] uses the double-well potential,
with terms of the form W;;¢;¢7 (where Wj; is a constant),
whereas Ref. [2] uses the double-obstacle potential, with terms
of the form W;;¢;¢; and a sharp penalty for phase-field values
outside the range [0,1]. The use of the double-obstacle potential
significantly reduces third-phase formation at interfaces [33].
An alternative approach to preventing spurious third-phase
formation in the models of Refs. [1,2] was developed by
Kim et al. [5,29], who introduced a step function s;; to the
Allen-Cahn equation for each order parameter. The step func-
tion s;; = s5;5;, where 5; = 1if ¢; > 0 and 5; = 0 otherwise.
Although this approach retains the variational formulation
of the Allen-Cahn equations, it may generate a stationary
solution from a nonequilibrium state [7]. It also prevents
the propagation of ¢; into regions where ¢; = 0 initially
unless the step function is modified based on neighboring
values of the order parameter on a uniform finite-difference
grid [29]. This requirement makes it difficult to generalize
the method to adaptive grid spacing, finite element, or finite
volume discretization schemes. The multi-phase-field, grand-
potential-based models in Refs. [16,18-24] use the multiphase
free energy functional including double-obstacle potential of

Ref. [2], whereas Ref. [25] uses the double-well potential of
Ref. [1]. In Refs. [16,18-24], the authors mitigated spurious
third-phase formation by adding penalty terms of the form
Wijk®i®jdr, where W;j; is a constant. Such terms can cause
the contact angles at triple junctions to deviate from their
equilibrium values; a procedure to calibrate W;;; to obtain
improved accuracy in triple junction angles is given in Ref. [8].
In Ref. [34] terms of the form W;;i¢;¢ ;¢ were employed in
the model of Ref. [2] to minimize leakage of third phases
from triple junctions to adjacent grain boundaries in cases
of large differences in interfacial energies between the grain
boundaries. A procedure to determine W;;; was given to obtain
improved accuracy in triple-junction angles and interfacial
velocities in grain growth simulations [34]. The three-phase
model of Folch and Plapp [30] prevents spurious third-phase
formation through the use of a triple-well potential for the
bulk energies and specially chosen fifth-order interpolation
functions for the chemical free energies in each phase (with
the limitation that the chemical free energies are parabolic with
respect to concentration). Along an i-j interface, derivatives of
these interpolation functions are zero with respect to ¢. The
three-phase extension of the KKS phase-field model developed
by Ohno et al. [31] uses these same interpolation functions
to allow for stable binary interfaces with greater flexibility in
choice of chemical energies for each phase. However, the poly-
nomial interpolation functions developed in Ref. [30] cannot be
readily generalized to higher numbers of order parameters. The
previously discussed multiphase, multi-order-parameter model
by Moelans [13] employs bulk and gradient energy terms that
are stable with respect to third-phase formation at a two-phase
interface. This work also introduced interpolation functions
for chemical energies that, in a binary interface, have zero
slope with respect to order parameters for additional phases
and thus prevent the chemical energy terms from contributing
to third-phase formation.

Here we introduce a multiphase, multi-order-parameter
model based on a grand-potential functional that features
the desirable characteristics discussed above: decoupling of
interfacial energy from interfacial thickness and the stability of
two-phase interfaces with respect to the formation of additional
phases. To our knowledge, the only existing model for multi-
grain, multiphase, multicomponent systems that features both
of these characteristics is the model of Moelans [13], based on
the KKS approach. By employing the bulk free energies and
interpolation functions from Ref. [13] within a grand-potential
functional, we retain the decoupling of interfacial thickness and
interfacial energy and the stability of binary interfaces, while
removing the need for additional phase concentration variables
of the KKS approach. This eliminates the need to solve a
nonlinear equation for each of these variables, simplifying
implementation and reducing computational complexity.

An additional capability of grand-potential-based phase-
field models considered here is the ability to model phase
separation. Since their introduction, grand-potential-based
phase-field models were considered incapable of simulating
phase separation [32]. This conclusion was drawn from the
fact that the model formulation prevents the usage of square
gradient terms of concentrations in the total grand potential
and requires a convex chemical free energy function in each
phase. These conditions are necessary such that concentration
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and chemical potential are related by a local and invertible
relation [32]. However, we demonstrate here analytically and
with simulations that the grand-potential formulation can be
used to model phase separation.

This work is organized as follows. In Sec. II, we give the
formulation of the model and show analytically that it has the
desired properties discussed in the introduction. In Sec. III
the formulation and implementation of the model is verified
by comparing with expected results for the morphology of
steady-state microstructures and the kinetics of growth. The
capability of both single-order parameter and multi-order-
parameter grand-potential models to simulate phase separation
isdiscussed in Sec. IV, and conclusions and future implications
of the work are discussed in Sec. V.

II. GRAND POTENTIAL MODEL FORMULATION

The phase-field model is formulated to describe N possible
phases and K chemical species. For each phase «, there are p,
possible grain orientations. The individual grains of phase « are
represented by a set of nonconserved order parameters 7, =
(Mat> a2, - - - » Nap,)» Where the first subscript of each order
parameter indexes the phase and the second subscript indexes
the grains. A similar set of order parameters exists for each of
the N possible phases, such that the microstructure is repre-
sented by the vector of order parameters 77 = (7jq. g, - - - , 1IN)-
Within the interior of grain i of phase «, 1,; = 1 and all other
order parameters have value 0. The interface between grain i
of phase « and grain j of phase § is represented by smooth
variation of order parameters 71,; from 1 to 0 and ng; from
Oto 1.

In addition to the local crystallographic information, the
local chemical composition is required to represent the mi-
crostructure. As in Ref. [32], we track the number density p of
each solute species at each position. Assuming each chemical
species has the same atomic volume V,, K — 1 variables are
then required, and the K'th species is considered the solvent.
The number density of chemical species A, p4, is related to its
local atomic fraction, c4, as

CA

Pa= (D

The total grand potential €2 of the system is defined as

Q= / (Wnw + Werad + Wehem) d V. 2
\’%

Wmyw 18 @ multiwell contribution to the bulk free energy density
that has the form

Wy = me’ (3)
N Po 4 2
nO([ r)O(l
p=20 (% %)
a=1 i=1 4 2
N  Ppo N pp Veis 1
+ Z Z Z L 772,'7]/23_,‘ + 7 “4)
a=1 i=1 \ =1 j=lai#pj

where m is a constant with dimensions of energy per unit
volume, « and B index phases, i and j index grains, and yg;
are a set of constants that allow the interfacial energy between

grain i of phase o and grain j of phase 8 to be controlled
[13,35]. We require Yyipj = Vgjai SO the terms @nﬁinéj
can be combined, resulting in one cross-term yyig; '721' 77,23,' for
each pair of order parameters. Although interfacial energy
anisotropy and/or grain boundary energy anisotropy can be in-
cluded by making the coefficients y,,g; dependent on interface
orientation, these effects are not considered here. The gradient

energy contribution wgr,q is given by

N P
DY IVaal, )
a=1 i=1

where « is the gradient energy coefficient. Consistent with the
assumption of isotropic interfacial energy and grain boundary
energy, we maintain a constant « throughout and assume it is
independent of composition. The chemical contribution to the
grand-potential functional w¢per, 1S given by

NSRIEN

Wgrad =

N
@chem = Z hewy, (6)
a=1

where h,, is an interpolation function for phase o and w, is the
grand-potential density for phase «. &, has the form [13]

Pa 2
_ i=1Noi
===
Zﬁ >l Ngi
h, = 11in the interior of phase « and /&, = 0 in the interior of

all other phases. h, can be interpreted as the phase fraction of
phase «. The grand-potential density for phase «, w,, is

hq (7

Wy = fo — Palta — PBUB — -+ — Pk—1Mk—1,  (8)

where f, is the Helmholtz free energy density of phase «,
and u,4 is the chemical potential difference between species
A and species K. As in Ref. [32], here ;4 has dimensions of
energy, rather than energy per unit volume as is often used in
phase-field models.

A. Evolution equations

Each order parameter n,; evolves by an Allen-Cahn equa-
tion derived from the grand-potential functional:

0Ngi _ Q2
at 8Mai
N Pp
=—L|m 7721’ — Nai + 21 Z Z y"‘iﬂjn%j
B=1j=1ai#pj
N
oh
— KV + Y Ly |, ©)
B=1 ar)m’

where the Allen-Cahn mobility is given by [13]

D i Zﬁj#m’ Laigj ”éi’ﬁ}j
L= - (10)
D i Zﬂj;ﬁai NaiNpj
L;g; is the mobility coefficient for the interface between grain
i of phase « and grain j of phase 8 and is discussed further in
Sec. IID.
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For each solute species, the generalized diffusion equation
is

K—1
9pa

PA SN MV 1
” ; AL (11)

where M,; is a mobility coefficient with dimensions of
(energy x length x time)~'. [This is in contrast to the more
typically used evolution equation g—f =V-M V‘;—f), where
the mobility coefficient has units of length®x (energy x
time)~']. Since the phase-field model is developed starting
from a grand-potential functional, the chemical potential of
each species, rather than its number density, is the appropriate
field variable to express the functional in terms of [32]. Thus,
the time evolution of w; rather than p; should be considered,
and Eq. (11) is transformed to a set of evolution equations for

w; as follows. Using the chain rule, 224 .- can be expressed as

dpa Ompi
Z; o ot (02

Substituting Eq. (11) in Eq. (12) and rearranging,

K—1
Opa _ 5~ Doadinr
ot — ou; ot

8,0 8;1, = dpa 9N
A Oy A 0Npi
SR LS
Ila,bbl 8t ﬂlllanﬂ, ot
(13)
The susceptibility y; is defined as
ap
Xar=o—. (14)
Gy
Using Eq. (14) in (13),
K—1 N ps
g dpa Ong;
—_V My V —_—.
XAl Z ATY KU1 — Zzanﬂi ar
1=1 p=1 i=1
(15)

The susceptibility x4; needs to be expressed in terms of order
parameters and chemical potential. To do so, the density p4
can be determined from €2 using the thermodynamic relation

,0A=————Z ,3

= h , 16)
Spea Z ﬁpA (

where ,o = —gﬂ is the number density of A atoms in the

interior of phase /3 Substituting (16) into (14),

0
Xar =g Zhﬁpﬁ = Zhﬁxf,, (17)
p=1 =

where x % ur = A . The specific form of 47 depends on fg, as

F
further discussed in Sec. ITA 1.
The mobility coefficients M4, are given by

N
ar =Y hyM¥;,. (18)

The mobilities in phase 8, Mﬁ ;> can be determined as a
function of the self-diffusivity Dﬁ 4 and interdiffusivities Dﬁ I

A #1[36]:

Em
Df, = ZMﬂ J ZMA, 7 (19)
Xr17

This results in a set of equations that can be solved for M ﬁ 7
For the case where interdiffusivities are negligible, M f ;=0
for I # A,and M7, = D" P .

1. Evolution equations for common free energy forms

The dependence of grand potential, density, composition,
and susceptibility on chemical potential is given here for com-
mon Helmholtz free energy functional forms. The functions
presented here are multispecies generalizations of the results
of Ref. [32].

For a parabolic free energy with f, = f2 +
S ke (e — o min)® where I indexes chemical species,

k¢ is the curvature of the parabola with units of energy density,

ey min s the composition at which the minimum occurs,

% is a constant with units of energy density, and using

m1n ()f df
M = Fryi Vam,

N
ca = Vopa = Z@( ‘“ﬁ +c§’m’“>, (22)
A

p=1 a
N 00 . [=A

x5 = FA ) Veky ) (23)
oLy 0, I#£A

For a dilute solution with f, = f&, + > £

’%(c, Inc; — ¢y), where EY is a constant with units of energy,

K—1

o kT ny — E?
e = O + ; —, P <—kT , 24)
0wy 1 ma— EG
4 =— = — —2, 25
Pa s Vo exp < T (25)
N B
na—E
CAZVGIOAZﬂX:;hﬂeXp (%), (26)
« 1 —E3 _
« _ 0% v eXp(MAkT ) I=A @7)
Xar= 5. = .
dur |0, I#A

For either the parabolic or dilute solution Helmholtz free
energy, since xj, = 0 for A # I, the evolution equation for
chemical potential, Eq. (15), can be simplified to

N pp

8,uA 0pa 9ngi
— =V. M4V —. (28
XAA Z AtV — ,;121: R (28)
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In the case when all interdiffusivities are zero, only My, is
nonzero, and Eq. (28) further simplifies to

N ps

dpea
AV (MaaV _
Xaa = (MaaVia) ,SZ:; 2

0pa Onp; (29)
anﬂi ot

B. Steady-state conditions and interfacial profiles

The conditions for steady state can be can be found from
Eq. (15) and (9). Consider a planar interface with its normal in
the x direction between grain 1 of phase « and grain 1 of phase
B, represented by order parameters 71,1 and 1g;, respectively.
The center of the interface is at x = 0, with phase « where
x < 0 and phase B where x > 0. For the system to be in
chemical equilibrium, the chemical potential u; for each solute
species must be constant, and the grand-potential densities in
each phase must be equal: w, = wg [37]. For a two-species
system, the conditions of equal chemical potential and equal
grand-potential density are equivalent to the common tangent
construction. For the system to be in steady state, 35# =0VI,

which is met when w; is constant, and % = dg% =0 by
Eq. (15). By Eq. (9), when 22 = 0,

m(’?21 — Na1 + 277a1)/a1ﬁ17’/,231) — kV? g1

dhy dhg
+ —L g + —Lwp =0. G0
Mgl “ a1 ’
by _ _ Ohg _ 2ty
Because % = —3nr = wmy

m(myy = Nat + 20a1 Yarp1151) — £ V21001

dhy

a1

A similar expression can be derived from the condition

gt _ .
o =0

+

(wy — wg) = 0. 3D

m(npy — np1 + 20p1Yer 1) — KV np1
o
anp1

Since w, = wp throughout in chemical equilibrium, Eqgs. (31)
and (32) become

+ Myt wp) =0, (32)

m(nyy = Nt + 20a1 Yarp1imgy) — V01 =0, (33)

m(myy — N1 + 20p1Yerp1Mey) — V11 = 0. (34)

Thus, for steady-state conditions, @; = 0, w, = wg, and the
steady-state equilibrium interfacial profiles for n,; and ng;
can be determined from the analysis of Ref. [35]. For the case
Ya1p1 = 1.5, an analytical solution can be found for both order

parameters:
= ! 1 —tanh | ./ m X 35
o —_— p— n — s
et 2 a 2K
= ! 1+tanh |,/ (36)
ﬂﬁ] 3 an 2K)C .

These are referred to as the symmetric profiles in Ref. [35],
where a symmetric profile has the property n4(x) =1 —

Ne1(—x) with the midpoint of the interface defined at x = 0.
Na1 +1p1 =1 also holds throughout, and at x =0, 7y =
ng1 = 0.5.

For yy141 # 1.5, an analytical solution to the interfacial
profiles does not exist. The interfaces are not symmetric,
and 141 + ng1 # 1 through the interface. For y,151 < 1.5, the
interface width becomes smaller, and at x =0, 141 = 1p1 >
0.5; conversely, for Y4181 > 1.5, the interface width becomes
larger, and at x =0, 141 = ng1 < 0.5. Further details are
available in Ref. [35].

C. Stability of two-phase interface with respect
to third-phase formation

One advantage of this formulation is that a two-phase
interface is stable with respect to formation of a third phase. To
show this, we first demonstrate the stability of the multiwell
and gradient terms in the total grand-potential functional, then
show that the chemical energy contribution does not alter
stability. Consider a three-phase system with phases «, 8, and
8. ns1 is an order parameter representing grain 1 of phase §.
Throughout a planar «-§ interface as described in Sec. II B, the
8 phase is not present initially, and n5; = 0. The grand potential
of the system with only the multiwell and gradient terms, €2,,,,,
is

ng = / (Wmw + a)grad)dv' 37
Vv

For the three-phase system in the absence of chemical energy,
the variational derivatives are

6
" =m0y = et + 2001 (Varp1151 + Vars1731) ]
5%1
—sznala (38)
5
an:f = m[ngy = np1 + 201 (Varp1zy + vp1s113y)]
_szn,sl, (39)
5
(Snmg = m[ngl — N1 + 27781()’041817751 + Vﬂwlnél)]
51

— k V1. (40)

The order parameters 741, ng1, 151 Will be in steady state

o 8y _ 8y _ 8y
if S g, = 0 holds throughout. From Eq. (40),
3Smg

since ns; = 0, = 0. Also using ns; = 0, Eq. (38) and (39)
reduce to Eq. (33) and (34). Thus, steady state o-8 interfaces

in the two-phase system are also steady-state solutions g

a1
f;::f = 0 for the three-phase system when ns; = 0.

Having established the stability of two-phase interfaces
considering only the multiwell and gradient terms, we now
consider the effect of the chemical energy contribution. For the
three-phase system, the variational derivatives of the original
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grand potential 2 are

59 6y Oha dhy dhs
= Wy + wg + ws, 41

67’0{1 8770(1 877011 377(x1 877(:(1

52 32, ohy ohg ohs
= Wy + wg + ws, 42)

dngr dnp O 0ng1 gl

8 62, oh oh oh

S T et —Lop+ — w5 (43)

dns1 dnst - Ons ans ans1

In Eq. (43), = 0 and 2eln=0 _ Hpm=D _
—‘)’”("’“_0) =0, so 2= = (. Because ‘””5("‘“ 9 — o, Eq. (41)
571 01a1

reduces to Eq. 31). Slmllarly, Eq. (42) reduces to Eq. (32).
Thus, when s = 0 order parameter profiles that satisfy (31)

and (32) result in 50 = 577,8 = 0 for the three-phase system,
d 3

nd 3= = 0 also holds. Thus, the planar «- 8 interface remains
an equilibrium solution for the three-phase system when the
chemical energy contribution is also considered and is stable
with respect to spurious formation of additional phases.
To guarantee that these are stable rather than metastable

. o e .. 2 2
solutions, the additional conditions gﬂ—? > O and % > 0 must
81

be satisfied to ensure that small perturbations of 75y about 0 and
small composition fluctuations decay away [30]. As discussed
by Folch and Plapp, it is not possible to show this is true for
arbitrary chemical free energy parameters [30]. However, as
discussed further in Sec. III B, testing of «-8 interfaces with
ns1 7 0 in the initial conditions showed that the equilibrium
o-f interface with ns; = 0 was recovered for the material
parameters used for verification.

D. Interfacial parameters

To perform quantitative phase-field simulations, the model
parameters need to be related to physical parameters of the
system. To determine the interfacial energy in terms of model
parameters, consider the interface between grain 1 of phase «
and grain 1 of phase 8 described in Sec. II B, with the interface
normal to the x direction. For a multicomponent alloy, the
interfacial energy per unit area between phase « and phase S is
defined thermodynamically as the excess of the grand potential
per unit area [37]. The interfacial energy 0,14 is given by

1
Ouwlg1 = Z / (Wmw + Wgrad + Wchem — weq)dv, (44)
\4

where wq is the equilibrium grand potential and A is the area
of the interface between phase o and phase B. Consider a
rectangular cuboidal integration volume V, with faces normal
to the x, y, and z directions, within the bounds —L, /2 < x <
L./2, -L,/2<y<L,/2, —L;/2<z<L;/2, where L,,
Ly, and L, are the dimensions of the rectangular cuboid in
the x, y, and z directions. The area of the interface A = L, L,
and we allow L, — oo to ensure the entire interfacial region
is contained in the integration volume. Because the interfacial
normal is in the x direction, the system is uniform in the y and
z directions, so

Owlpl = — weq)LyL; dx

o0
= / (Wmw + Ograg + howy + hgwg — weq) dx. (45)
—00

In equilibrium,
he +hg =1,

Wy = Wg = Weq. Since by definition

o0
Oulpl = / (Wmw + wgrad)dx~ (46)
—00

As expected, there is no contribution from the bulk chemical
energies to the interfacial energy of the system. The interfacial
energies described by Eq. (46) are thus equivalent to the those
described in Ref. [35], and the analysis developed there can be
applied to this model. For convenience, we restate those results
here. The interfacial energy can be written as [35]

oq1p1 = &(Va181)V MK, 47

where g(qigj) is a dimensionless function of ygg;. For
the symmetric interface, g(1.5) = +/2/3 [35]. The values of
& (Vaipj) have been tabulated based on numerical simulations
[35,38]. Near y,is; = 1.5, g(Yuig;) can be approximated as

(48)

4
g(Ya1p1) & gm =

4 | 2Yuipr — 1
3V 4Qvuipr + 1)’

where fo sadde 1S the value of fj at the saddle point of the free
energy landscape. In some cases, a desired g(vqig;) = f/"’%’( is
known for given o4g;,m, and k, and itis necessary to determine
the value of y,;g; that will result in the desired g(yyig;). This
can be done based on the results of Refs. [35,38] using the
polynomial interpolation

Yaipj = (—5.288g% — 0.09364g° + 9.965g*
—8.183¢ +2.007) . (49)

The characteristic width of the interface £,4; is defined based
on the absolute value of the gradients of the order parameters
at the interface and is given by [35]

K
boipr = | ———, (50)
/ me.inzerf

where fo inier ¢ 1s the value of fy at the interface. For a
symmetric interface fo inrer f = é; for yy151 # 1.5, tabulated
values of fo iuer p are available [35,38].

Equations (47) and (50) can be rearranged to obtain

ou1p1laipiy/ Jo,inter 1

= , 51
“ gWa1p1) ©b

Oulp1
eotlﬁlg(yczlﬁl)\/ fO,interf

A convenient method to parametrize a system with multiple
types of interfaces is to choose one interface to be a symmetric
interface, for example, the nq-ng; interface. This amounts to
setting Y4151 = 1.5. ¥ and m are calculated using Eqgs. (51)
and (52) based on the physical value of the interfacial energy
ox1p1 and the chosen interfacial thickness €151 (subject to
the need to be significantly smaller than the curvatures of
microstructural features of the system being simulated). For

(52)
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Ya1p1 = 1.5, Eqs. (51) and (52) reduce to [35]

3
K= Zoalﬁlzalﬁl, (53)
m= m. (54)
La1p1

In this case, the values of x and m are determined by the
parameters of the symmetric interface. The interfacial energies
and grain boundary energies for all other types of interfaces
can then be set by calculating g = JLmT for each interface and
determining the value of the y parameter needed to obtain
that value of g using Eq. (49). It should be noted that the
interfacial width will also change with y4g;, and the simulation
mesh resolution must be set to adequately resolve the thinnest
interface.

The Allen-Cahn mobilities for interfaces between grains
can be parameterized using [13]

Mq102001a2 = K Lq1a2, (55)

where mg 147 1s the grain boundary mobility, with dimensions
length* x (energy x time)~!.

To determine the Allen-Cahn mobility for interfaces be-
tween phases, note from Eq. (9) that the driving force for phase
transformation between phase o and S is the difference be-
tween grand potentials of those phases. Thus, the thin-interface
analysis of Ref. [13] also applies to this model. That analysis
allows the Allen-Cahn mobility at the interface between
phases Lqig1 to be related to the interfacial mobility mg g1
from the sharp-interface equation A fio‘_)ﬂ = oq151(1/Ry +
1/R2) + va/maip1 [39], where AinHﬂ is the driving force
for phase transformation, R; and R, are the principal radii
of curvature of the interface, and v, is the magnitude of the
velocity normal to the interface. Using that analysis,

1 (Yarp1)
_ mg(Vaipi _ \/%](ﬁ(yalm)é“. (56)

Mg1p1 Vi Laipi

Is(Va1p1) 1s a numerical function whose values have been
tabulated for a range of y,i141 [38]. ¢ represents the ef-
fect of the difference in compositions between phases
on the interfacial velocity in the phase-field model and
is given by ¢ = VL,,Z Zf;]l (c[;"eq — cf’eq) 25(;11 m”(c(j’eq —
c’;’eq) [13,40], where ¢;"*? and c’,3 *“ are the equilibrium compo-
sitions of solute / in phase o and B, respectively, and m;; are
the elements of the inverse of the diffusion mobility matrix
M, ;. The thin-interface analysis was performed under the
assumption that the diffusion mobilities are the same between
phases, M}, = M f , = M ; however, it was found that when
diffusion mobilities were of the same order of magnitude, the
use of an averaged diffusion mobility M;; = 0.5(M{, + M }3 7

resulted in only small deviations from the expected kinetic
behavior [13]. For a binary alloy with solute species A, ma4 =

aeq__ peqyn

/My, and ¢ = % In the case of K solute species, if

the off-diagonal terms of the mobility matrix vanish (M;; = 0
B

aeq_ peq
for I # 7). ¢ = X4 ona ™ o)

TABLE 1. Parameters for o, 8, and § phases used for model
verification.

Parameter Value
cemin 0.1
ke 10
chymin 0.9
A 10
¢min 0.5
K, 10
Vv, 1
D%, DS, D} 1
Loipj 0.21or1
Lgipj» Laisj» Lpis; 1

For diffusion-limited growth, 1/m181 = 0 and [13]

_ V2mg(Vaipr)

Loip1 = Ltg = , (57)
P @l1p1 K1y (Va181)¢

where L | p1 is the mobility coefficient that ensures that local
equilibrium is maintained at the interface.

III. MODEL VERIFICATION

To verify the model, a binary alloy of A and B atoms
is considered, with the density of A atoms represented by
o4 and the atomic fraction of A represented by c4 = V, 4.
Three possible phases are considered: «, B, and §. The «

phase has a parabolic free energy f, = 3k%(ca — ceminy2,

where ¢§™ = 0.1 and k% = 10. The B phase has a parabolic
free energy, fz = %kﬁ (ca — cA’mm)z, where cA’mln = 0.9 and
kﬁ = 10. Finally, the § phase also has a parabolic free en-
ergy, fs = 1k (ca — ™2, where ™" = 0.5 and k) =
10. Other chosen material parameters are listed in Table I.
Different values of «, m, Vuig;j, Vaisj» and yg;s; are considered,
as described in Secs. IIT A-IIIC.

The governing equations were solved numerically using
the MOOSE framework [41]. Each system is discretized
spatially using uniform linear Lagrange finite elements, with
different element sizes as discussed further in Secs. III A-IIIC.
Time discretization used the second-order accurate backward
difference formula, with adaptive time stepping using the
IterationAdaptiveDT algorithm implemented in the MOOSE
framework [42]. The discretized system of equations was
solved for each time step using the preconditioned Jacobian-
free Newton-Krylov method. The MOOSE framework repos-
itory is publicly available at Ref. [43]; an example of the
implementation of the model can be found within the repository
at Ref. [44]; further information on installation and usage of
the MOOSE framework is available at Ref. [45].

A. Morphology

To verify the equilibrium behavior of the model, we consider
the morphology of an «-phase grain between two S phase
grains, 81 and B2. In this case the «-phase grain assumes
a lenticular shape, as shown in Fig. 1. Experimentally, this
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FIG. 1. Geometrical analysis of a grain boundary allotriomorph,
with length L, thickness S, and dihedral angle ¢ indicated. y,5 = 4.5,
yps = 1.5, ¢*" = 135°. The color bar represents the value of ), nf},
and is used to provide a visualization of the microstructure.

morphology is observed when a daughter phase precipitates
at a high-angle grain boundary between two grains of a
supersaturated parent phase and is sometimes referred to as
a grain boundary allotriomorph [46-50]. This morphology is
also observed in nuclear fuels such as UO, when insoluble
gaseous fission products such as Xe and Kr form gas bubbles
at grain boundaries [51-55].

In our simulations, a circle-shaped «-phase particle with
radius r = 10 is placed on the grain boundary between two S
phase grains as the initial configuration. The domain size is
40 x 40, and the mesh is composed of uniform elements with
size Ax = Ay = 0.5. Changing the element size from Ax =
Ay =0.5to Ax = Ay = 0.125 caused the measured dihedral
angle, as described later in the present section, to change by
only 0.12% for the case k =1, m = 1, yup = 1.5, yp1p0 =
1.5; therefore for computational efficiency Ax = Ay = 0.5
was used in the remainder of this section. No-flux boundary
conditions are used. Because this configuration is not at ther-
modynamic equilibrium, microstructure evolution is expected
during relaxation. After full relaxation, the «-phase particle
attains a lenticular shape, and its morphology is determined by
the interplay of interfacial energy and grain boundary energy.
We assume the interfacial energies oy 11 = 04182 = 0gp. As
shown in Fig. 1, the length, thickness, and dihedral angle
are noted as L, S, and ¢, respectively. To verify that the
model produces the correct morphology for a grain boundary
allotriomorph, we calculate ¢S™ from L and S measured from
simulations and compare ¢*'™ to the dihedral angle predicted
by the balance of interfacial energy and grain boundary energy,

¢an:

an
cos L — p1B2. (58)
2 2Uaﬁ

In the simulation of Fig. 1, the parameters are chosen as
Ya11 = Yalp2 = Yap = 45, YBi1p2 = 15, K = 10, and m =
1.0. The interfacial energy and grain boundary energy can be
estimated using Eq. (47) and Ref. [38], and the dihedral angle
is determined to be ¢*" = 135°.

To determine ¢Sim from L and S, the results of previous
geometric analyses are used [46,49]. The shape of an idealized
grain boundary allotriomorph is assumed to be that of two
spherical caps, with both spheres having the same radius. In two
dimensions, a grain boundary allotriomorph can be considered
as the intersection region between two circles (orange dashed
circles in Fig. 1). Assume the radius of each circle is r, and the
distance between the two circle centers is d. The length and
thickness of the grain boundary allotriomorph can be expressed
as functions of r and d,

L =42 — a2, (59)

S=2r—d, (60)

and r and d can be solved through Egs. (59) and (60) as

L*+§?

r = T, (61)
LZ_ 2

d= —sz . 62)

On the other hand, the dihedral angle is also related to r and d
through

d
cos f = —. (63)
2 2r
The dihedral angle ¢ can be expressed in terms of L and S by
combining Eqs. (61)—(63):

¢ = 4arctan(S/L). (64)

The geometrical parameters L and S can be measured in our
simulation results. S is measured as the distance from 4, = 0.5
on the top edge of the « particle to h, = 0.5 on the bottom
edge of the particle, along the vertical line x = 0 through the
center of the system. (Because the circular initial condition was
exactly centered in the simulation domain, the thickest portion
of the particle in the y direction is expected to remain along
this vertical line; this was verified by measuring the thickness
along the edges of adjacent elements located at x = —0.5
and x = 0.5.) The location along x = 0 where h,; = 0.5 was
determined through linear interpolation of the shape functions
representing 7,1, 1g1, and 7, and calculation of the resulting
hy. Similarly, L is measured along the horizontal line x = 0
through the center of the system. However, because in the
present model the order parameters are not constrained to
sum to 1 at each position, the definition of where the left
and right edges of the particle are located is not completely
clear. This leads to uncertainty in measurement of L due
to the diffuse interface description that is large relative to
the uncertainty in the measurement of S. We choose the
points i, = 1/3, hg = 2/3 as the edges of the particle (which
corresponds to 1,1 = g1 = ng2 = 0.270 for the simulation
shown in Fig. 1). To estimate the effect of the uncertainty AL
on the measurement of ¢Sim, we assume that the location of the
left and right edges of the particle cannot be determined any
more accurately than half the characteristic thickness of the
grain boundary, £g142/2. The uncertainty in the measurement

023309-8



GRAND-POTENTIAL-BASED PHASE-FIELD MODEL ...

PHYSICAL REVIEW E 98, 023309 (2018)

TABLEII. Parameters for «-8 system used for model verification.
Measured dihedral angles ¢*™ are within estimated measurement
uncertainty A¢*™ of the analytical prediction ¢™".

K m Yap eﬁ]ﬁZ ¢an ¢sim A¢sim
1.0 1.0 4.5 2.82 135° 131.6° 6.3°
0.5 1.0 4.5 2.0 135° 133.3° 4.2°
0.5 0.5 4.5 2.82 135° 132.1° 5.7°
0.5 1.0 1.5 2.0 120° 118.3° 3.4°
0.5 1.0 0.9988 2.0 105° 103.3° 2.7°
of the angle, A¢*'™, is given by
. a¢sim 2 S
1+(2)

where AL = €g14,/2 is the uncertainty in the measurement
of L, and the uncertainty in S has been neglected. Since the
interface width is a function of ¥ and m, we perform a series of
simulations to test the effects of x and m on ¢*™. The results
and associated uncertainties are summarized in Table II. All
the listed values of ¢*™ are in a reasonable range comparing
with their analytical counterparts.

Another two simulations are performed with different val-
ues of y,g, and results are also included in Table II. Similar to
the previous cases, the dihedral angle measured in the simula-
tion differs slightly than that from energetic calculations, which
is due to the diffuse interface description in the phase-field
model as discussed above. From above simulation results, the
morphologies of the grain boundary allotriomorphs are well
captured in our multiphase grand-potential-based model, with
the predicted dihedral angles agreeing with classical geomet-
rical and energetic analyses within estimated measurement
uncertainty.

Another test case was conducted to demonstrate that the
model is able to capture the different morphologies of corner
(triple-junction) and edge (grain boundary) second-phase par-
ticles. In this simulation, a hexagonal matrix grain structure
with four different o-phase grains (order parameters) and
periodic boundary conditions in two dimensions was used. The
system size was 512 x 512, and initially circular 8 particles of
radius 15 were distributed on both grain boundaries and triple
junctions. It was assumed the interfacial and grain boundary
energies are equal, as may be encountered for incoherent -
interfaces and random high-angle grain boundaries between
o grains [56]. The same parameters summarized in Table I
were used, along with m =k = 1.0 and yug = Yuiej = 1.5.
Uniform finite elements with Ax = Ay = 0.5 were used, since
converged particle morphologies were obtained for particles
with the same parameters and initial radius 10 previously in this
section. The a-phase matrix was supersaturated in the initial
conditions, with an initial composition ¢4 = 0.15 compared
with the bulk equilibrium composition ¢ = ¢§™" = 0.1,
while the B phase precipitates had initial compositionc4 = 0.9
equal to the bulk equilibrium composition for the 8 phase. After
a short transient, the particles assume their expected shapes as
shown in Fig. 2(a). While edge particles have the expected
lenticular (consisting of two circular segments) shape, corner

particles have three circular segments with a triangular cross
section [57]. The shape of corner particles also stems from the
balance between interfacial and grain boundary energies that
requires grain boundaries to enclose equal dihedral angles and
form three tips [57].

Figures 2(b) and 2(c) show the continued evolution of the
microstructure. Both corner and edge particles initially grow
because of supersaturation. However, as supersaturation in
the matrix decays, the coarsening stage is entered and corner
particles start to grow at the expense of edge particles. This
preferential coarsening results from the curvature difference
that establishes a chemical potential gradient, driving matter
from edge particles to corner particles. This could have a strong
implication on grain growth kinetics in materials containing
second-phase particles since it has been shown that corner par-
ticles are more effective in pinning grains than edge particles
[58]. Hence, if coarsening of second-phase particles is active in
such systems, grain growth will be hindered, which will make
it difficult to achieve large grain sizes in such materials.

B. Stability of a two-phase interface

To verify that a two-phase interface is stable with respect
to the formation of a third phase at the interface, a one-
dimensional (1D) domain with the «, 8, and § phases is
considered. The 1D domain ranges fromx = —15tox = 415
and is discretized with uniform elements with Ax = 0.5. A
uniform time step At = 1 was used in this case. The initial
conditions are an «-f interface with some amount of the &
phase present, as given by n,; = 1’Tk[l — tanh (%)], ng1 =
21 +tanh ()], and 751 = A, where 0 < 4 <0.1. The
initial condition for chemical potential was p = 0 throughout.
We take k = m = 1 and y,181 = Ya1s1 = V151 = L.5.

For the case A = 0, the initial conditions are equivalent
to the steady-state equilibrium interfacial profile given by
Egs. (35) and (36) with no § phase present. It was verified that
ns1 remained at O as the system evolved in time, as expected
from Sec. IIC. The cases A = 0.005, 0.05, and 0.1 were
also simulated, corresponding to a small perturbation in 75
in the initial conditions. In each case, ns rapidly decreased
to 0 throughout. An example of the evolution of the order
parameters for the case A = 0.1 is shown in Fig. 3. Thus, for
the materials parameters considered here, the «-8 interface is
stable with respect to formation of the § phase.

C. Kinetics

To verify the kinetic behavior of the model, the growth of a
precipitate phase from a supersaturated matrix is simulated.
Two geometries are considered for the kinetic verification:
the growth of a plate of 8 phase from supersaturated o (1D
configuration) and the growth of a spherical particle of 8 from
supersaturated « [three-dimensional (3D) configuration]. In
the 1D configuration, one-half of a growing plate of the §
phase is simulated in a 1D domain ranging from x = 0 to
x = 5000. The initial half-thickness T of the plate is 100.

In the initial conditions, ng; = %[1 — tanh (x;%“ )] and 1y =

%[1 + tanh (x:/g" )], where xo = 100. The initial chemical po-

tential is given by us = %[1 + tanh (

X

:/%” )], corresponding
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FIG. 2. Snapshots of growth and coarsening of B-phase particles from a supersaturated (¢ = 0.15) polycrystalline matrix. Simulation times
are (a) t = 50, (b) r = 100, (c) t = 150. Corner (triple-junction) particles grow at the expense of edge (grain boundary) particles because of
the effect of curvature. The color bar represents the value of >, 72, and is used to provide a visualization of the microstructure. The color bar

is applicable to each subfigure.

to c4 = 0.9 in the precipitate and ¢4 = 0.15 in the matrix.
This supersaturation causes the precipitate to grow in the +x
direction. No-flux boundary conditions are used on both ends
of the domain.

The results of the 1D simulations are shown in Fig. 4(a).
An analytical solution is available for this configuration [59],
which predicts T = « 1\/D_t, where ¢t is the time and

1 1
(ch =) (ch—cq)

where ¢§ = 0.1 is the atomic fraction of A in the a phase

at the o« — B interface, cﬁ = 0.9 is the atomic fraction of A
in the B phase at the o — B interface, and ¢’y = 0.15 is the

a; = K,

atomic fraction of A in the supersaturated matrix far from the
interface. K, is a numerical constant with a value of 1.13 for
the values of ¢4, cﬁ, and ¢’} used.

As shown in Fig. 4(a), the expected linear relationship
between T and /7 is observed for Ax = 1 (the characteristic
interface thickness used in these simulations was £, =
2.82). The slope of a least-squares fit to this data was 0.073 &
8.0 x 107>, in good agreement with the prediction of the
analytical solution of a;+/D = 0.073.

To quantify the effect of mesh resolution on the ac-
curacy of the results, the simulations were repeated with
coarser mesh spacings. As shown in the inset to Fig. 4(a),
when Ax = £q141/2 = 1.41, T begins to deviate from linear
behavior with respect to +/f, showing periodic increases
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FIG. 3. Simulation of the evolution of a nonequilibrium «-f interface with n; = 0.1 in the initial conditions. Simulation times are
(@t=0,(b)r=1,(c)t =2,(d)t =5. ns decreases to 0 and the «-8 interface evolves to the equilbrium interfacial profile, demonstrating
that for the materials parameters considered here, the «-8 interface is stable with respect to formation of a third phase.

and decreases in the growth rate as the interface between
phases becomes insufficiently resolved. When Ax = 2, the
magnitude of oscillations in growth rate increases, and
the deviation of T from the Ax =1 simulation becomes
significant.

In the 3D configuration, a spherical 8 particle of initial
radius ry = 100 grows into the supersaturated o matrix. The
simulation domain is spherical, ranging from R =0to R =
5000, and symmetric spherical coordinates are used. No-flux
boundary conditions are used. The initial conditions used
hyperbolic tangent functions as in the 1D configuration, and
the matrix composition was again supersaturatedtoc4 = 0.15.

The results of the 3D simulations are shown in
Fig. 4(b). For growth of a spherical precipitate, the an-
alytical solution [59] predicts particle radius r = a3/Dr,
where

=

(ch — <)

o3 = K3
(ch —ep)’

(67)

The initial particle radius of 100 is large enough that the Gibbs-
Thomson effect on equilibrium compositions can be neglected,
andagainc§ = 0.1,¢%} = 0.15, andcﬁ = 0.9. For these values,
K3 =1.59.

As shown in Fig. 4(b), after an initial transient, the expected
linear relationship between r and /7 is observed. Consistent
with the results of Ref. [13], the initial transient for 3D
simulations was much longer than for the 1D simulations. A
least-squares fit to the data for 4/t > 400, Ax = 1 had slope
0.413 2.7 x 107>, in good agreement with the prediction
of a3+/D = 0.410 from the analytical solution. When coarser
meshes were used, oscillations in growth rate were observed
as in the 1D case, although their magnitude was smaller. Based
on the 1D and 3D results, a ratio of interface thickness to
mesh spacing of approximately 3 or greater is recommended,
although it should be noted that the interfaces considered in
this section had either zero or relatively low curvature (for
1D and 3D cases, respectively). It should also be noted that
identical results were obtained for La1p1 = Ly = 0.21 and
Lyig1 = 1. In Ref. [13] instability in the order parameters
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FIG. 4. Simulations of growth of § phase from supersaturated « phase (parameters given in Table I, with ¢4, = 0.9 in the § phase and
ca = 0.15 in the « phase). (a) Growth of a plate of g phase (1D geometry). (b) Growth of a spherical precipitate of g phase (3D geometry).
The fit is to the linear portion of the Ax = 1 results, and in each case the slope of the fit line is in good agreement with the analytical prediction.
The inset shows the effect of decreasing mesh resolution to the point where the interface is no longer adequately resolved.

and detachment of the order parameters from the composition
profiles was observed for Ly > qul 1- These phenomena
were not observed here. This may be due to the fact that equal
diffusivities were used in each phase, in contrast to Ref. [13],
where the diffusivities in different phases varied by several
orders of magnitude.

IV. PHASE SEPARATION

In this section we consider the capability of grand-potential
based phase-field models to model phase separation. The phase
stability can be examined using linear stability analysis of the
phase-field kinetic equations. For the case where concentration
is used as the sole phase-field variable (Cahn-Hilliard model),
it is well known that spinodal instability takes place when the
second derivative of the free energy becomes negative. This
analysis has been generalized by San Miguel et al. [60] to sys-
tems with different types of phase transitions and where both
conserved and nonconserved order parameters are coupled.
Instead of repeating the linear stability analysis here for the
grand-potential formulation, we transform the grand-potential
model back to the classical free energy formulation and use the
results of San Miguel to deduce its stability. Note that such a
transformation always exists, but it can be derived analytically
only for the special cases of parabolic or dilute solution free
energies where concentration can be directly expressed in
terms of chemical potential and phase-field variable [32].

For simplicity, we first consider phase separation by spin-
odal decomposition in a two-phase binary system. In this case,
a single phase-field variable (order parameter) 7 is sufficient
to distinguish between the phases, i.e.,  equals 0 in the matrix
or parent phase (o) and 1 in the precipitate or second phase
(B). Similar to the original work by Plapp [32], the total grand
potential can be expressed as

Q- / (@m0, V) + (e V. (68)
\%4

In the above, the interfacial grand potential has the regular
form,

K
(1, V) = mn* (L= + SIVn%, - (69)
and the bulk grand potential takes on the form
wpuik = h(Mwg() +[1 —h(m]wa (), (70)

where the interpolation function has to satisfy the following
conditions:

h(y = 0) =0, 1)
dh dh
= (73)

A few interpolation functions have been proposed in literature.
However, as we will demonstrate below, the exact form of this
function determines whether or not phase separation can be
simulated. We assume here that the free energies of the phases
have parabolic dependence on concentration as in the cases
presented above. In this simple case, the solute concentration
is related to the chemical potential and phase-field variable by
[32]

c = c*(m) + plh(n)/ks + (1 — h(n))/kq].

The first term on the right-hand side is the equilibrium con-
centration profile given by c®(n) = h(n)c? + [1 — h(n)]c*.
Therefore, if one is to construct a free energy-based phase-field
model consistent with the grand-potential formulation above,
the chemical potential dependence on concentration and phase-
field variable must satisfy Eq. (74), that is, it has to take on the
form

(74)

c—c*(n)
h(m)/kg + (1 —h(n)]/ke

u(e,n) = (75)
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The total free energy can then simply be deduced by integrating
% = u(c, n) with respect to ¢ using Eq. (75) and noting that

the constant of integration is simply given by Eq. (69). This
results in

[c — = (m)]?
2{h(n)/kg + [1 — h())]1/ka)’

and the total free energy is

Sou(c, m) = (76)

F:/ﬁot(n’vnvc)dv
Vv

_ / Ui, V) + faleam]dV,  (T7)
\%

where
K
fie(n, Vi) = mn* (1 — n)* + 5|Vn|2. (78)

One must keep in mind that the resulting free energy-based
model derived here will also have the advantage of decoupling
interfacial energy from bulk energy. In other words, there is
only one unique way of interpolating the free energies of the
phases [Eq. (76)] that guarantees this feature.

Before we present the stability analysis of the model
discussed above, we simplify things further by requiring,
without loss of generality, that the free energy parabolas of
the two phases to have the same curvature k, = kg = €, and
the solute concentration to be normalized such that ¢ = 1 in
the precipitate phase and ¢ = 0 in the matrix phase. After such
simplification, Eq. (76) becomes

fouk(c. ) = %[c — h(n)P. (79)

According to the linear stability analysis of San Miguel
[60], the chemical spinodal instability can be inferred from the
Hessian matrix of the total free energy density. Particularly,
spinodal decomposition will proceed if the value of the deter-
minant of the Hessian matrix calculated for the initial state is
negative:

det H(ftot) =

2 2 2 :
0 fiot 07 frot _ |:8 fmti| < 0. (80)

¢z 9n? dcdn

Now if we consider the initial state to be a supersaturated
matrix (n = 0,0 < ¢ < 1) and taking into account the specific
total free energy density of Eq. (77) and the requirements of
Egs. (71)—(73) on the interpolation function, the stability limit
can be expressed as

c=0. 81)

In other words, phase separation via spinodal decomposition
takes place if the concentration is higher than the critical
spinodal concentration:

2m

c>c = T (82)

Sd_rlz 17:0
According to Eq. (82), the interpolation function has then a
profound effect on the phase separation stage. For instance, if
one considers the two most common forms used in literature,
the results are completely different. The first commonly used

form is
h(n) = 3n* —21n° (83)

for which the spinodal concentration is ¢* = 5:. On the other
hand, for the form

h(n) = n(6n* — 151 + 10) (84)

the spinodal concentration is infinite since the second order
derivative vanishes, which means that this specific form cannot
be utilized to describe phase separation.

Based on our analysis presented above, we conduct simu-
lations of phase separation using a grand-potential phase-field
model. We implement the two-phase grand-potential model
described by Eqgs. (68)—(70) and use the interpolation function
given by Eq. (83). The kinetic equations are the same as the
ones that appear in the original work by Plapp [32] and are
solved using MOOSE as summarized in Sec. III.

Two simulations for two different spinodal decompositions
were carried out. Note that for the simplified model we use
here, the chemical potential and concentration are related by
u(c, n) = elc — h(n)] via Eq. (79). Hence, the critical chemi-
cal potential that corresponds to the spinodal concentration is
simply given by

w(c* n =0)=ec. (85)

In the first simulation, we use m = 1.5, ¢ = 1.0, and hence
u® = c¢* = 0.5, while in the second simulation we use m =
0.5, ¢ = 1.0, and hence u* = ¢* =0.167. In both simula-
tions, the initial configuration was a supersaturated matrix
close to the spinodal instability, i.e., n = 0, and u = u® + 6,
where § is a random fluctuation given by a uniform random
number between —0.1u° and +0.1u*. This corresponds to
fluctuations in the range 0.45 < ¢ < 0.55 for ¢ = 0.5 and
0.1503 < ¢ £ 0.1837 for ¢* = 0.167. The magnitude of ini-
tial composition fluctuations in physical systems undergoing
spinodal decomposition may vary widely depending on the
materials system and processing conditions; however, unstable
fluctuations will grow regardless of their initial amplitude in
spinodal decomposition [61], so the choice of initial magnitude
should not change whether spinodal decomposition occurs in
the present simulations. Snapshots of the phase separation
process in these systems are shown in Fig. 5. For the case
of high spinodal concentration (upper row), the emerging
second phase has the usual lamellar structure, while for the
low spinodal concentration (lower row), the emerging phase
has a circular shape. The dependence of the morphology of
the precipitates on spinodal concentration has been reported in
literature before [62].

While the analysis presented here is for the simple case
of a two-phase system, it can be adapted for a multiphase
system using the formulation presented earlier in the paper. To
demonstrate this, without loss of generality, we also consider
a binary two-phase system. However, now there are two order
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FIG. 5. Simulations of phase separation in a two-phase binary
system using a grand-potential-based phase-field model with a single
order parameter. Simulation times are (a),(c) ¢ = 0; (b),(d) = 200.
The left column represents the initial configurations of the supersatu-
rated matrix (see text), and the right column shows the concentration
map after phase separation is complete. The upper row shows the
morphology of second phase developed during separation for the case
of high spinodal concentration (¢* = 0.5), and the lower row captures
the morphology developed for the case of low spinodal concentration
(c* =0.167).

parameters representing the two phases, 1y (the precipitate)
and 7, (the matrix). Therefore the total grand potential is now
given by

sz [@inc (M8 e V18, Vi) + @bur (i, o, mp)] AV
\%4

(86)

Eo.eso
£0.55

05

EO.AS
0.40

(a)

The interfacial and bulk grand-potential densities now have the
forms

wint(nﬁv Na>s V’?ﬂ, VT’O!)

Loy mp  nd o 2.2
_m[4+4 2 Ty T Tl

K
+ E[Wnaﬁ + Vg™, (87)

Wpulk = hﬂ(n/39 na)a)ﬂ(ﬂ) + ha(nﬂa na)a)a(“)v (88)

772
h s = —=—=— 89
a(r]ﬂ Ne) 77%94"72 (89)
s
hg(Mg, Ne) = . (90)
pIe ; + 1’

Now, following the same procedure described earlier in Sec. IV
to derive the corresponding free energy consistent with this
grand potential, one arrives at

FZ/ﬁDt(C9nﬂa naavnﬁsvna)dv
14

= / [fint(’?ﬁ, 770(5 V’?/B, Vr]()l) + fbll]k(cﬂ 770(, nﬂ)]dv7 (91)
14

fin(m, Na, Vg, Vo)

1 ’72 '7/% e  Ta 2.2
_m|:Z+Z_7+I_7+Vaﬂnanﬁ

K
+ E[IVnalz + Vg™, (92)

Souc(c, ng, Ng) = [c — c*(ng. na)]®
S8 e D Ty (g )Tk + ha g 1) kal”

93)

(g, o) = hs(p, 1)’ + ha(ng, na)c®.  (94)

1.00
0.75

R IR

05

Eo‘zs
0.00

(b)

FIG. 6. Simulations of phase separation in a two-phase binary system using a grand-potential-based phase-field model withn, = 1,75 =0
representing the « phase, and 1, = 0, ng = 1 representing the 8 phase. (a) The initial condition of ¢ (t = 0); (b) ¢ after phase separation is
complete (+ = 600). The average concentration ¢**¢ = 0.5 is above ¢* = 0.4, so the system phase separates and forms a lamellar microstructure.
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Moreover, the bulk free energy density can be simplified further
if one follows the same assumptions thatled to Eq. (79), i.e., the
same curvature of parabola for the two phases and normalized
concentration, and notes that hy(ng, n,) =1 — hg(ng, Na).
Specifically, Eq. (93) becomes

e [c—hp(np, na)l
5 .

Sou(c, mgy M) = 95)
The stability can then be determined from the Hessian matrix
of the free energy as described previously in the current section,
though the Hessian matrix here is a 3 x 3 matrix. The stability
condition for an initially supersaturated matrix (ng = 0, 7, =
,0<c<1)is

m (2Yus — 1)
2¢ ’

c>c =

(96)
To demonstrate phase separation using the multiphase model,
3D simulations were performed of an -8 system with e = 1
and normalized concentration, so that ¢’ is given by Eq. (96).
Other parameters were m = 0.4 and y,g = 1.5, resulting in
¢® = 0.4, and k = 1. The initial conditions for the order pa-
rameters were 1, = 1 and g = 0, and the initial condition for
uwas 0.5 4 §, where in this case § is a uniform random number
between —0.1 and 0.1. This corresponds to fluctuations in the
range 0.4 < ¢ < 0.6. The system size was 270 x 270 x 270,
withauniformelementsize Ax = Ay = Az = 1.5. Theinitial
condition and microstructure after phase separation is shown in

Fig. 6. Consistent with Fig. 5, the higher average composition
¢ = (.5 results in a lamellar microstructure.

V. CONCLUSIONS

In this work, a multiphase, multi-order-parameter model
has been developed based on a grand-potential functional. The
advantages of this model are:

(1) It removes the chemical energy contribution to interfa-
cial energy, simplifying parametrization.

(2) Itdecouples interfacial energy and interfacial thickness,
allowing the use of increased interface thickness and therefore
improving computational efficiency.

(3) It prevents the spurious formation of additional phases
at two-phase interfaces due to stability against third-phase
perturbations.

(4) Additional phase concentration variables are not re-
quired as in the KKS approach, simplifying implementation.

It is limited in the forms of chemical free energy that can
be used, but this is not a severe limitation since parabolic
functions can be used in this model, and more complex free
energy functions are often approximated using such parabolic
functions in phase-field modeling.

The equilibrium behavior of the model was verified by com-
paring the simulated morphologies of second-phase particles
at grain boundaries and triple junctions to the morphologies
expected from the balance of interfacial and grain boundary
energies. The kinetic behavior of the model was verified by
comparing simulation results to the analytical solution for
second-phase growth from a supersaturated matrix in 1D
(plate morphology) and 3D (spherical morphology). Finally,
we showed that phase-field models based on a grand-potential
functional are capable of simulating phase separation and
derived the conditions under which this is possible. Since this
model is formulated for an arbitrary number of phases, grains,
and chemical species, it is expected to be useful for simulating
a broad range of materials systems.
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