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In this paper, we describe the derivation of a model for the simulation of phase transformations in
multicomponent real alloys starting from a grand-potential functional. We first point out the limitations of a
phase-field model when evolution equations for the concentration and the phase-field variables are derived from a
free energy functional. These limitations are mainly attributed to the contribution of the grand-chemical-potential
excess to the interface energy. For a range of applications, the magnitude of this excess becomes large and its
influence on interface profiles and dynamics is not negligible. The related constraint regarding the choice of the
interface thickness limits the size of the domain that can be simulated and, hence, the effect of larger scales
on microstructure evolution can not be observed. We propose a modification to the model in order to decouple
the bulk and interface contributions. Following this, we perform the thin-interface asymptotic analysis of the
phase-field model. Through this, we determine the thin-interface kinetic coefficient and the antitrapping current to
remove the chemical potential jump at the interface. We limit our analysis to the Stefan condition at lowest order
in € (parameter related to the interface width) and apply results from previous literature that the corrections to the
Stefan condition (surface diffusion and interface stretching) at higher orders are removed when antisymmetric

interpolation functions are used for interpolating the grand-potential densities and the diffusion mobilities.
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I. INTRODUCTION AND MODEL MODIFICATION

Phase-field modeling has been used for alloy solidification
and for the simulation of microstructures for more than a
decade and the principal concepts are fairly well known,
with the first ideas originating more than a century ago from
the first works by Van der Waals, who proposed the use
of a diffuse interface for treating capillary driven problems
[1]. However, it is necessary to highlight the importance of
certain modifications without which large scale quantitative
microstructure simulations of the order of micrometers are
not possible. In this paper, we describe a modification of the
multi-phase-field model described in [2]. The foundation of
this particular model is the entropy functional written as

S(e,c,¢) = /Q |:s(e,c,¢) — (e&(¢,V¢) + éw@»)]dsz
(1

where e is the internal energy of the system, s is the bulk
entropy density, and W is the surface potential of the system.
¢ = (cy, ...,ck) is the vector with the compositions of the K
components and ¢ = (¢, . ..,¢y) are the volume fractions of
the N phases in the system. An equivalent form can be defined
as a free energy functional at a given temperature 7':

|
F(T.c.¢) = [Q [f(T,c,¢)+ <ea(¢,V¢)+ ;w(q&))}dﬂ
(2)

The uniqueness lies in the usage of the double-obstacle
potential w(¢p) = {Za<ﬁ Yap nzqﬁaqb,g, when (¢,¢p > 0 and
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energy potential. However, if the free energies are interpolated
as in [2,3], f = fov:l fou(T,c,)hy (@), where f,(T,c) is
the bulk free energy density of phase o and h,(¢) is an
interpolation function for the phase «, two problems exist:
(i) The surface energy oug of an «f interface is a function
of the chemical free energy density landscape in the system,
and (ii) the equilibrium interface width A, becomes far too
restrictive for simulating large scale microstructures.

These restrictions of the model will be highlighted in more
detail in the following discussion. The equilibrium equation in
one dimension (1D) for two phases o and B, where ¢, 4 ¢g =
1, starting from the interpolation of the free energies can be
written as

92 K—1
¢y 16 yup dc,
Yope 5 = 350 (1= 20) Zd% Z
16 yup
=50~ ¢a)—§d¢a< Zm)
3)
where o = (u;, ..., Mg —1) is the vector consisting of the K —

1 equilibrium chemical potentials of the system at the given
system temperature. Equation (3) can be used to derive the
stationary solution of the phase field ¢, which can be used to
derive expressions for the surface energy of a binary interface
o and equilibrium interface width A as [4,5]

¢u + ¢ =1) and oo elsewhere} in describing the surface Oup
L1716 €
= 2Yup ;%(1 — @o) + —[AV(T,C,P0)] |dq,
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FIG. 1. The grand-chemical-potential difference varies across the
interface and has a form similar to that of a potential. At equilibrium,
the two phases are at the same grand chemical potential, which is
seen qualitatively from the graph. Notice also the asymmetry of the
potential around ¢, = 0.5, which is inherited from the asymmetry in
the chemical free energy states of the two phases.

d
Aaﬁ - E/ 16 € ’
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Here, yos is a term in the surface energy density, € is
a factor related to the length scale of the interface, and
AW(T.e.00) = (f = 15" mie) = (f = 215" wici),—o is
the grand-chemical-potential difference between values at
the interface and that of the bulk phases in equilibrium.
At equilibrium, the terms (f — ZlK_ll Hici)g,—0 and (f —
Z,K 11 Mici)g,—1 are equal, and Fig. 1 plots the variation
of the term AW(T,c,¢,). We clearly see that the term
%dim (f — ZIK:_ll Wic;i) is nonzero across the interface.

The area under the curve is the grand-chemical-potential
excess at the interface. This contribution affects the equilib-
rium shape and properties of the interface. From the above, the
following is evident:

(i) The parameters o, and A,g can not be fixed indepen-
dently of the grand-chemical-potential contribution in the form
AV(T,c,pq)-

(ii) Given the required o,g and A,g, the simulation pa-
rameters y,g and € can be determined by simultaneously
solving Eqgs. (4) and (5). Notice that even though we have
one parameter €, the resulting interface thicknesses can be
different, depending on the excess AW (T, ¢,y ).

For very large chemical excess contributions in the form of
AY(T,c,p4), Eqs. (4) and (5) can be written approximately as

1
Oup = 2/VahE /0 NI ©)

1
Aosg =V R 7
/ ”y“/o«/rwmm @

In this case, o, and A,p are no longer independent.

The term Z”’; becomes just a function of the chemical free
energy of the system and independent of the terms y,g and €.
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This implies that once a value for o,p is chosen, the value
of Agp is fixed, and for certain choices of oug, the Aqg
gets prohibitively lower, which makes simulation of larger
domain structures unfeasible. These relationships have been
studied fairly extensively in the past decade, and two principal
solutions have been suggested [4,6-8]. The ideology is to
completely avoid any contribution of the grand-chemical-
potential excess contribution to the interface excess. This
implies that the stationary solution is independent of any
chemical contribution. While this is achieved in the work
by [4,7,8] through the use of different concentration fields
¢ in each phase, the same is affected for dilute alloys, with a
single concentration field but the use of effective interpolation
functions to interpolate the entropy and enthalpy contributions
to the free energy. The common idea is that the driving force for
phase transformation is the grand-potential difference between
the phases at the same chemical potential. We motivate a
similar idea from the following discussion.

A. Motivation

Consider the phase-field evolution equation in 1D at the
lowest order in €, which is a parameter related to the interface
thickness:

0P 3¢
weE— = €
Yap dx2

ot
_EW (f ZM:Q)v ®)

where w is the relaxation constant of the interface. This is
also the evolution equation at the sharp-interface limit for
this model [9]. The chemical potential p = (1, ..., tx—1) 1S
constant across the interface in this limit. For small velocities,
the evolution equation in moving coordinate frame in 1D, at
steady state velocity V, reads as

16 Vaﬁ

¢ (1= 2¢)

doq d* ¢y
= Yup€ ——
dx e

_EW (f Zﬂzcz)- 9

It is important to note that the moving frame is moving with
velocity V along with the interface, which is denoted by the
contour line. ¢, = 0.5. By multiplying with d{% on both sides
and integrating, we get

o) da 2
—Vre/ <¢>dx
—oo \ dX

o d2¢o¢ d¢a 16 Vot,B d)
= WBE—— dx — 1 —2¢,
/;oo Yap€ dx? dx o /, ( ¢ )

1 g = de
_/_ooid%(f_;mci) 4

16 YapB

—Vre — ——(1 —2¢q)
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We denote the integral ffooo(%)zdx as (I) and elaborate the
other integrals as follows:

1

dx ) |_ 72 2e
1

1 K-1
RIS

The first two integrals on the right-hand side drop out to zero
and so the velocity of the interface can be written as

1 K—1
—Vrtel = E(f — ; u,-cl)

Clearly, the interface mobility is proportional to the difference
of the grand chemical potential of the two phases. Adequately,
the driving force for phase transformation in alloys in the
sharp-interface limit is the difference of the grand potentials
of the two bulk phases. The evolution equations drive the
system in a direction to reduce the difference of grand
potentials between the bulk phases. This being the case, the
motivation arises to formulate the phase-field model in terms
of a grand-potential functional for the case of alloys.

(I —¢a)

0

(10)

0

(1)

1
0

B. Model modification

We write the grand potential W as an interpolation of the
individual grand potentials W,,, where W,, are functions of the
chemical potential u and temperature 7 in the system

N
U(T, ) = Y Wo(T,Who($) with  (12)
a=l1
K-1
Wo (T, ) = fule®(w,T),T) = D picf(w, 7). (13)
i=1

The concentration c(u,T) is an inverse of the function
wi(c,T) for every phase o and component i. From Eq. (13),
the following relation can be derived:
N
OV(T,p.p) W, (T,p)
— =Y (9. (14)
o, = o

Since the grand chemical potential W (T, u,¢) is the Legendre
transformof the free energy density of the system f(7,c,¢),
and from their coupled relation %ﬂ’“”) = —c;, it follows that

N
ci =Y (1. Tha(). (15)

a=1

The above is the constraint used in [4,7,8] to determine the
concentrations ¢{ in the interface along with the condition
that the phase concentrations ¢ are related by the condition
of common equilibrium chemical potential among all the
phases. This, however, derives elegantly starting from the
grand chemical potential. It is important to note that the entire
structure rests on the invertibility of the function u®(¢, T). This
would result in a unique grand potential for a given u.
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FIG. 2. Illustration of the driving force for phase transformation
between two phases.

Since at equilibrium the grand chemical potentials of the
phases are equal, for a two phase interface we can write

\IJ(TrlLeq) = lIJa(Tvll‘eq) = ‘Ijﬂ(Tvll‘eq)' (16)

This implies that at equilibrium the surface energy has no
contribution from the chemical free energy and, equivalently,
the chemical-grand-potential excess AW is zero. The con-
sequence of this is that the surface energy o,g is the same
as the simulation parameter y,g. Also, it can be derived
that the equilibrium interface width A,g is independent of
the chemical free energy of the system and is related to

constant € by the relation ”Tze for the obstacle potential.
The grand-chemical-potential difference can be visualized as
in Fig. 2. A corollary of the above discussion is that the
free energy of a mixture of two phases for alloys is not the
interpolation of the free energies of the respective phases at
a given concentration, but it is a mixture of the phases at the
respective concentrations at which they are at thermodynamic
equilibrium, i.e., at the same chemical potential w. This can
be realized through the reverse Legendre transform of the
expression in Eq. (13), which gives

N
f(T.c.¢d)= Z Ja (€ (1, T), T)ha(¢a). a7

a=1

This is the start point of the derivation of the KKS (Kim-Kim-
Suzuki) model [4]. In summary, the principal result is that we
write the evolution equations using the chemical potential p,
which is analogous to T for the case of pure materials. The
driving force, which is the difference of free energies in the
case of pure materials, translates to the difference of grand
potentials for alloys.

Note: Strictly speaking, the grand potential is defined in
terms of the number of particles of the various components
written as G — ZZK:_II Wi N;, where G is the free energy of the
system of N particles, and N; is the number of particles of
component i, while u; = %. In the discussion on phase field,
we require the energy densities of the respective phases, and
hence, the energy of the system is generally divided by the
volume of the system, which for the case of 1 mole of particles
would be V,,, which is the molar volume. Also, the number
of particles can be written in terms of the concentrations
“mole fraction” through the relation N; = ¢;N,, where N,
is the Avogadro number. By utilizing this, it is easy to see that

N; g_z(v;; = V,c; g—f:, where G = fV,, and we have assumed the
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molar volumes of all particles the same. This implies that the
total grand potential can be written as V,,(f — Zl 1 /,L, ci),

giving us the grand-potential density as (f — Z; . /L,C,)
This is the form, which is used in the entire paper.

C. Evolution equations

The evolution equations for the phase and concentration
fields can be evaluated in the standard way. Phase evolution
is determined by the phenomenological minimization of
the modified functional, which is formulated as the grand-
potential functional

QT,p, )
1
= /Q [‘P(T,ﬂ,¢)+ (éa(¢,V¢)+ gw(d)))]dﬁ
(18)

The concentration fields are obtained by a mass conserva-
tion equation for each of the K — 1 independent concentration
variables c;. The evolution equation for the N phase-field
variables can be written as

e < da($, V) aa(¢,V¢)>
a)eW =€e|V- —

Vg 9¢q
_Low(g) 9T, p.9)

€ 00y 00y
where A is the Lagrange parameter to maintain the constraint

Z;VZI ¢o = 1.a(¢, V) represents the gradient energy density
and has the form

— A, (19)

N,N
D" Vaplac@op)qupl. (20)

a,f=1
(@ < B)

a($,Ve) =

where gog = (¢ Vg — $pV ¢d) is a normal vector to the aff
interface. a.(qq.p) describes the form of the anisotropy of the
evolving phase boundary. The double-obstacle potential w(¢),
which was also previously described in [2,3], can be written
as

N,N

> Vapbadp. 1)
a,f=1
(@ < B)

w) =—

where y,4 is the surface energy density. The evolution equation
for the concentration fields can be derived as

K—1
36‘,‘
=V ; Mij($)Viu; |- (22)

Here, M;;(¢) is the mobility of the interface, where the
individual phase mobilities are interpolated as

N-1
Mij@) = 3 M;;8u(9). (23)
a=1
where each of the M is defined using the expression
ac(m,T
Mloj = DZ M (24)
3/JL‘,~
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The function g, (¢) interpolates the mobilities and is in general
not the same as 4, (¢), which interpolates the grand potentials.
Dj; are the interdiffusivities in each phase . Both the evolution
equations require the information about the chemical potential
1. Two possibilities exist to determine the unknown chemical
potential p:

(i) The chemical potential g can be derived from the
constraint relation (15). The K — 1 independent components
w; are determined by simultaneously solving the K — 1
constraints for each of the K — 1 independent concentration
variables c;, from the given values of ¢; and ¢, at a given grid
point. A Newton iteration scheme can be used for solving the
system of equations

ac? T
{Mlnﬂ} [Zh @) ¢ (I‘« ):|“
ij

a=1 J
N
x {ci - Zc?(u",T)ha(qs)}. (25)
a=1

This is precisely the approach in the KKS model [4].
However, there is a substantial difference in that we propose
to solve directly for the thermodynamic variable g, which
relate the phase concentrations c{ instead of solving for
phase concentrations themselves. This is possible because the
concentrations c¢f(p, T) are written as explicit functions of the
thermodynamic variable p. The method also bears similarity
to the method of [7,8], where a partition relation is used to
close the relationship between the phase concentrations.

(i) Alternatively, explicit evolution equations for all the
K — 1 independent chemical potentials can be formulated
by inserting the constraint equation (15) into the evolution
equation for the concentration field, Eq. (22). For a two
phase binary alloy, i.e., (¢ +¢g = 1) and ¢4 + cp = 1, the
evolution equation can be written as

(Bc"‘(,u ,T) acP (M, )

@)+

1%

:V'[<D”’ a<¢>8ca(“ D
ou

0 ,T
+DP[1 — ga<¢)1M)Vu}

o
dh (¢)

— [ —h (¢)])

—[c*(w.T) — P, TH———

where ¢®# (1) are the phase concentrations as functions of the
independent chemical potential ;.. D%, D? are the independent
interdiffusivities in the two respective phases. It is noteworthy
that this equation looks very similar to the evolution equation
of the temperature field in pure materials. The last term on the
right-hand side ¢*(u,T) — A, T) corresponds to a source
term for rejection of mass at the interface during growth,
which is analogous to the release of latent heat in pure
material solidification. For a general, multiphase, multicom-
ponent system, the evolution equations for the components
of the chemical potential p can be written in matrix form
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by

o] o oc(m, 7)™
{W}_[;ha(@ O ]ij
N

K—1
x {V D M@=y e w.T)
j=1

dh (¢) }

(26)

The above derivation bears a lot of resemblance to the recent
derivation by Plapp [10]. Itis worth to comment on how the two
methods compare in the computational complexity. For this,
it is first essential to identify the similarity of the approaches,
as can be seen by comparing Eqgs. (25) and (26). Consider
the case when Eq. (25) is written for the case of binary alloy,
which reads as

— N (W TR ($)
Yooy X Dp, (9)

where we intend to calculate the p for the next time step
(t + 1), u" being the start guess for the iteration that satisfies
the equation ¢ — nyv:l c*(u",TYhy(¢p) = O for the values of
¢ = ¢’ and ¢ = ¢’ at the time step ¢. By expanding the second
term on the right-hand side in En. (27) for small change in time
§t, we can write

n+1

C
w ="+ , 27

it €= o (W T (4°)
/"L I'L - N C“(;l.” T)h (¢0

Z(x 1
5 %—Za e T)
+ot N D)

Za 1 h (¢ )

+ 0(812). (28)

Note that additional terms arise out of the linear expansion, but
we simplify using the fact that ¢® — YN ¢* (", T)ho(¢°) =
0. Using the same fact, the preceding equation simplifies to
Mn+l_un B %_Za 1ca(/'L T)ah «(9°)
St - ZN | ()c"‘(u" T)h (¢0

) + O(61),

(29)

which in the region of small enough §¢ implies convergence is
achieved in one iteration and hence can be written as

o (V MV — 3 e 7))
ot :< St P ha(9) ) e

The derived equation is identlcal to the binary variant of
Eq. (26). It is not surprising to see the similarity since we are
essentially solving for the same variable p and the difference
is that while Eq. (25) is an implicit type of calculation
scheme of the chemical potential, Eq. (26) describes an
explicit computation. It would be interesting to compare the
performance and accuracy of both methods.

II. ASYMPTOTIC ANALYSIS

In this section, we perform the asymptotic analysis of the
phase-field model for a two phase binary alloy solidification
with the assumption of one-sided diffusion in the liquid and
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vanishing diffusivity in the solid. Our aim is to derive the
expressions for the kinetic coefficient in the thin-interface limit
for the case of solute diffusion by performing an asymptotic
analysis unto second order in the phase field, and for this
purpose the analysis in 1D suffices. The asymptotic analysis is
applied to the presented model ensuring no free energy excess
at the interface. For simplicity, we treat here a two phase binary
alloy. Hence, the chemical potential u will be written as u
since there exists only one independent chemical potential. At
the onset, we express the grand potentials W, (u,T) as a linear
expansion about the equilibrium chemical potential ti,:

IWe(T, 1)

\Ija(TvM) = 3/1,

\Ila(TvH'eq) + (Hf - Meq)- (31)

Meq

The driving force A F“ is then

. Oha()
AF® = [Wo(T, 1) — Wp(T, )] o0 (32)
_ (3‘I/a(T,M) _OWR(T, ) )
8“ Heq a’U/ Meg
ohyg
X (U — Meg) ¢(¢) (33)
ohy
= —[c” (Mean) - Cﬂ(ﬂean)](/L Meq) ¢(¢) ,
(34)

implying that the evolution equation for the phase field for a
two phase system can be written as

200y 5, PP 16

we? W =€ Vaﬂm - Fl/aﬂ(l = 2¢a)
1
+ 2 €lc (eqs T) = P (leg, T)]
0hy (@
(1 — ueq)% (35)

Notice that we have reduced a system of two dependent
equations to one independent equation by incorporating
the Lagrange multiplier formalism. Also, the interpolation
function £, (¢) is now for the two phase system just a function
of ¢,. Hence, for the forthcoming derivations, we will omit
the vector notation. The interpolation functions satisfy the
property ho(¢y) = 1 — hg(pg). Further, we consider small
deviations from equilibrium, which is generally a suitable
assumption for most cases of solidification. For larger driving
forces, such as in rapid solidification, this assumption of the
linearization of the driving forces will no longer hold. For the
case where we have D¥ <« D#, the evolution equation for the
chemical potential of a binary system reads as

ac*(u, T ach ,
(%hamw )y (%)])
m

0 T

_v. [(Dﬁ[l - ga(%)]%)w}

m
ey
(. T) — c"(u,m%. (36)

We nondimensionalize the system of equations (35) and (36)

by choosing the length scale d, )}”f , where f* is the energy
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2
scale of the system, the time scale 7% = g—(; with Dg being

the diffusivity in the liquid, and replace w with nondimension-
alized parameter ¢ as %. The nondimensional phase-field

equation yields with the described scaling parameters

09, 82¢ 16

2 o 2 o

L — ——(1 — 2¢q
ot € ax2 2]‘(2( )

Ce

1
+ Ee[ca(ﬂeq ,T) — Cﬂ(ﬂeq ,T)]

dhy(¢q)

Ay
while the nondimensionalized chemical potential equation can
be written as

(Bc"‘(,u,T)
o

X (/’L - :U«eq) (37)

T
Bt + 2T (“ )

[(1—h (¢a)]>
B
dc (M,T)VM>
au
Iy (da)

—[c*(n,T) - cﬂ(u,D]T. (38)

For our further analysis, we choose the chemical potential
equation for the asymptotic expansions. For the case of one-
sided diffusion, it has been shown in various previous works
[11,12] that there exists a thin-interface defect called solute
trapping when simulations are performed with interface thick-
nesses, orders of magnitude larger than those of a real interface.
One must note that, although this is a phenomenon observed
in experiments, the artifact in the phase-field simulations
occurs at velocities much lower than those in the experiments
where solute trapping is reported. The methodology proposed
to correct this effect is the incorporation of an antitrapping
current in the evolution equation of the chemical potential.
While such expressions have been derived for double well type
potentials [6,11,13], the case of the double-obstacle potential
is untreated so far. We complete this gap by deriving the
thin-interface limit of the model for a double-obstacle potential
and formulating an expression of the antitrapping current j,,

= V-([l — 8a(Pa)]

PHYSICAL REVIEW E 85, 021602 (2012)

for the case of one-sided diffusion. We follow the formulations
described in literature and incorporate the antitrapping term as
an additional flux of solute from the solid to the liquid in
the normal direction to the interface. The modified evolution
equation for the chemical potential along with the antitrapping
term 18

ac* T ach ,
( C;" Do) + 2Dy (%)])
1% ou
act(u,T
= ( — gl Dy u—jm>
ou
Oha(d)

— [ (1, T) — P (u,T)]

o (39)

To make sure that the antitrapping current appears in the first-
order correction to the chemical potential, we formulate the
antitrapping current of the following form:

¢a %,3
ot | Ot,BI

where s(¢,) is a function such that the chemical potential
jump vanishes at the interface. g,g is the normal vector to the
interface, given as (¢ Vg — ¢pVy). To see this, use ¢, =
@p for the case of a binary interface between the o and the
B interfaces. Then, the vector qug reduces to ¢V (g — Po).
Since the gradient of the scalar field (pg — ¢o) is normal to any
contour (¢g — ¢o) = const, we have V(dpg — ¢y) normal to
the contour (pp — ¢o) = O, which defines the binary interface.

For the case of only two phases, it can be shown that
the expression of the antitrapping current can be reduced
to

Jar = s(@o)ele? (u,T) — (1, TH1— (40)

d¢a Vo
at |Vea|

Note that all terms in the above equation are used in the
nondimensional form, so € is the nondimensional parameter
related to the interface width and ¢ is the nondimensional time.
By writing the phase field and chemical potential evolution
equations in one dimension, we have

Jar = —s(po)elP(u,T) — ¢*(u,T)]

(41)

e 0% 16 1 Do ()
() =T = 5= 260+ el e T) = P laeg, TNt = aeg) =5 5, (42)
ac* T ach s
( C;" o) + (“ ATy _p, (%)})
1%
a 8 T 3 8 o ah()t o
Za_<“ ga(G)] —2 (“ VOl ol T) — u )‘[c“(u,r)—cf‘(u,n]ﬂ, (43)
X 8x Jat at
which on transformation to the moving frame (fixed to ¢, = 0.5) becomes
dbe 3¢, 16 I Iha(da)
—guel = €l = (1= 200) + S el teq, T) = ¢ (tag, TN = pheg)— P (44)
0 T 0 ,
( ¢ ;" Do) + 2Dy (%)1)
n ol
ach , d 0hy (g
([1— R (“ )8’“°+vs<¢a>ec (W.T) - c i )+v[c“<u,T> (. T)] (¢’ WhalPa) 45

where v is the nondimensional velocity scaled as -2

2. To perform the asymptotic analysis, the region of evolution is divided into

three parts. The “inner” region where there is rapld variation of the phase field ¢, and chemical potential u, and two “outer”
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regions, which denote regions where there is little change in the phase field ¢,. To probe into the inner solutions, we scale the

coordinate with the parameter € by introducing a scaling parameter n =

<. With this scaling, the equations rewrite to

Iy Py 16 1 o ()
—tvet =y (1= 200 4 el (HeqsT) = P (theg, I = freg) e (46)
ac*(w,T act(u,T 9
(Cg“ 9T () + C(“ TGy, (%)1)” #
w an
1 80'6(;1, Tyou\ 19 5 A
=2 (U 8a(Pa)l ——— aﬁ)-%;5;<vﬂ¢wkaMT)—c 8n>
8h »
21T — T (f ). 47)

The strategy is to write each of the outer and inner solutions as
powers of the scaling parameter € and match the outer and inner
solutions order by order. The outer solutions are denoted by i
and b and are expanded by bo = qbo + eq§1 + €2¢2 and 1 =
no+ep! +e€ MZ The inner solutions similarly write as ¢, =
¢2 + eq&olf + ezci)i and u = u° + eu! + €2u?. The matching
conditions between the outer and the inner solutions can be
written by expanding each of the outer functions u,u!,u? as
an expansion around x = 0, i.e., x = (0 + ne) and equating
them to the corresponding values of the inner solution. So, all
the derivatives are computed at the position x = 0, marking
the interface at ¢, = 0.5:

lim u® = O, (48)
n— o0
. 1
e (7 E)
~ aﬁ? P
li li 2 —_— — 50
ninI:loopL nlI:Poo<M| +n3 2 8)62 ( )
and the derivative matching conditions
9 0
lim 25 =0, (51)
n—too 9dn
au'  aul*
lim 2 = (52)
n—oo 9 0x
8/L2 8H1 82M0
lim — = 1 — + . 53
7’]*11:;[:100 an r/%lr:EOO< 0x 7 0x2 (>3)

The matching conditions for the phase field are trivial, as the
phase field is constant in the bulk on both sides. Hence, the
outer solution in the phase field is nonzero only for the lowest
order. Now, we solve the phase field and chemical potential
equations order by order and derive the various boundary
conditions for the chemical potential as solvability conditions.

A. Sharp-interface limit

The phase-field equation at zero order in € reads as

3% 16
o m(l —2¢9) =0

Integrating yields 35 = —%,/qﬁg(l — ¢0), where the sign

results from the boundary conditions lim,_, o #° =0 and

(54)

lim,_, _ ¢2 = 1. The lowest order chemical potential equa-
tion at order 1/¢€2 is

1 9 acP(u°,T) au®
—— 11— g4 N—=—— 22 ) = 0. 55
T (LR ICHIE C ) BED
Integrating the above equation once, we get
act(ul,T) Bu
1— g, _ = Aj. 56
[l = sul@)] = 5, = (56)

. B0
We observe lim,_, o ga(¢>2) = 0 and the factor %“T)
is nonzero. By using the matching condition in Eq. (51), we
derive that A, is zero. By inserting A; = 0 into Eq. (56) and
integrating once, we get
0_70
uo= . (57)
F is an integration constant. To fix the value, we insert this
constant in the phase-field equation at order € that reads as

8(152 d qbl .
—vE = —¢> +—[c (teq:T) = ¢ (theg, T)]
(9!
X (10— u@%. (58)

For brevity, we determine the constant (u° — Meq) from the
solvability condition. It is useful to identify a useful operator,
which derives from the phase-field equation at zeroth order as

200 16
a2 72 =

(59)

By differentiating the above equation and rearranging, we get

a2 16\ 9¢°
Ty 0%
onr  w?) 9n

The term in the brackets % + 2 18 is a linear operator and we
define this as L. Using this llnear operator, the phase-field
equation at order € is

¢0

(60)

T) — P (teg, T)]

dho (40)
3o

¢_

X (10— fheq) (61)
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the operator L, hence, the solvability condition for a nontrivial
¢! reads as

PHYSICAL REVIEW E 85, 021602 (2012)

By making use of the integrals ff‘;o(%)zan = % and
ffooo ahg;fg ) an = —1, the equation simplifies to
_g‘v
(1 = teg) = (63)

[C'B(Meq ’ T) - Ca(:ueq ’ T)] .
This is the departure from the equilibrium chemical potential

> 995\ 1, : y om
/ —;v( 5 ) an :/ ~[c*(heg. T) — cﬁ(,ueq,T)] in the sharp-interface limit.
—o0 n 00 2
dhy ((/)0) a¢° B. Thin-interface limit
X (U0 = o) ——20 —29 . . .
09y, 0n For the thin-interface correction, we solve the chemical
(62) potential equation at the next order at 1 /€ as
|
e (u°,T) 0 acP(ul,T) 0 voul
(M) + P a)])
2 0 € I
10 ack(u,T)ap! 10 qbo
= -2 ([1 =g (p0)] 220 ) L 2 2 N eB(uO.T
pry ([ ge(®3)] W o ) prye (vs(asa)[c W’ T) —
v ¢0
+ o[ T) = P n (n ) (64)

Note that at order 1/¢, there are additional terms. However, we make use of the fact that ,LLO is constant and hence all its derivatives

vanish, so that Eq. (64) simplifies to

aan ([1 B ga(¢ )] ack(ul, Ty au! >

au an
= —v;—n(s(¢2)[cﬁ(u°,n - c"(uO,m%) + 0[P, T) - c“(uO,T)]ah‘g—(fg). (65)
By integrating this once, we get
81,0 I
(11 sl ™)
= —v(s(¢2)[cﬁ<u°,T) - ca(/ﬂﬂ]%) + [P (. T) — (1. T)hqo(6]) + As. (66)

To fix A, we take lim,_, _,, which gives [1 — g,(¢o)] —

Therefore, the value of A, = —v[c?(u’,T) — ¢

ol

acPwl.1) -
0, Em

[P (u®, T) — *(u°, T (ha(09) — 1 — s(¢2)%‘(’))

— 0, and hy(@2) — 1.

is a posmve constant, i

*(u®,T)]. By substituting this in the above equation and rearranging, we get

877 ach(ul.T)

ap

0
. L ha(@))—1-s(9))
For brevity, we denote the expression :

(67)

1 - ga(¢9)]

ARTHPN p(¢%). By substituting this in the preceding equation and integrating,

we get e
R CA O Qw—o alCatp) / (62) (68)
To obtain the integration constant m we write the phase-ﬁeld equation at order € as
_;vez% = 3;‘7’12 —¢ + —e 2palc® (teg: T) — ¢ (g, T —wﬂ%g‘g)
+%62[c°‘(,ueq,T) — P (e, Tt M#’f&,
Lot — Ua;;; - %[CQ(MWT) T [cb;(u" - Heq)aZ;ggS) o 3hgq(sz>2)] (69)
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The solvability condition for a nontrivial ¢?2 can be derived as

PHYSICAL REVIEW E 85, 021602 (2012)

3¢, ¢° e B 0_ 9he(07) 049
f L [ 3Pl e T) = P pragn TN’ = preg) =55 p o
1 Ao (00) 390
_ — _ P 1770\ Fa) Z¥a g,
/_ooz[c Gt ) = ey Tt =22 Sy — 0 (70)

To see the nature of the first integral, we make use of the
fact that ¢! satisfies the phase-field equation at order €, which
reads as

L¢, =—;v8¢3 g, T) = ity T
o an 2 eq» eq»
dhe(g2)
X (1 = fheg)———= (71)
T B
The phase-field profile ¢ is part of a sinus curve and
990

hence is an odd function, which implies its derivative o

is even. Similarly, the interpolation function ha(qbg) is an odd

0
function and hence the function % is an even function.
In order to realize this, we utilize the antisymmetric property
of the interpolation function with respect to the n = 0 and,

equivalently, where ¢, = 1/2:

ha($2(n)) — & = — ho (¢2(=m)). (72)

Differentiating both sides with respect to n and using the even
property of i , we derive

aha(d)a(r’)) — aha(d’a(_n)) (73)
Lo Ao
which proves 3h”§':;z(")) is even. Conversely, differentiating

ha(da(m)

again implies the second derivative g¢02 is odd. Using

these properties, we directly find that the right-hand side of
Eq. (71) is even. Combined with the fact that the operator L is
of the form % + % , which does not modify the characteristics
of the right-hand side, we derive that ¢01[ is even. Putting all
the arguments together results in the implication that only the
second integral with the term ! in the solvability condition
(70) does not vanish and the solvability condition simplifies to

> ] Ao (00) 390
iy —cP 17 %\ Pa) "V g,
/_oo 2[6 (Mg, T) — " (pheq, T YT an =0.

(74)

Inserting Eq. (68) for u' into the above solvability condi-
tion, we derive an equation for u! given by

= vleP (0, T) — c*(u°,1)]

ach (u0,T)
au
[ [ o] e
on|————=—7=an. (75
X/_ooifo Pte)in |5, 5y - 9

=M

With the shorthand notation M we can write

n
U<M+/O p(q§2)8n>. (76)

The thin-interface limit, which denotes the macroscopic
chemical potential at first order fz7, can be derived by using the
lim,,_, +o and the matching condition in Eq. (52) and giving

L Pl Ty = e*(u°.T])
= 0P (U0, T)
e

. 8Ml 3/«00 +
lim — = —
n— +oo 8;7 ox
[P0, T) — (0, T,
- 9cP (u0.T) (b, £), (77

ap

where ¢2+ denotes the value of ¢? at the respective bulk sides.
By employing the matching condition given by Eq. (49), we
have

E:
n—=too >

~ 3720
plF = lim (u — o
ax

[P, T) — c*(u°,T)]
_ o B2l wM + F),  (78)
o
where we define F|* as
+o0
F* =/0 [p(¢2) — p(4a £ )]om. (79)

We realize that the limits on both sides (solid and liquid) do not
match if F* £ F~, which gives rise to a chemical potential
jump at the interface. To remove this jump, one must now
devise a way to make the following condition true:

/OOO [p(#) + 1]an = /0_“,,@3)3,7, (30)

where we have made use of the fact that 68‘1173 is zero at
n — oo and hy(¢2) — 1 — 0 atn = —oo and h(¢2) = 0 at
n = +o00. We notice that these are properties directly related
to our interpolation function ha(qﬁg). We intend to retrieve
the same properties [implying p(¢y) = h(¢,) — 1], whichis a
reasonable choice, then we get s(¢2) as

P | (e ) s

an
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With this modification, we define F := F*(= F™) and the
macroscopic chemical potential f¢; at first order in Eq. (78)
yields

~ 0
AE = tim (u - n2E
n—=4o0 ox

PO, T) = (1, T)]
= 07 (0.1
o

viM+F) (82

and the chemical potential until the first order in € writes
= = n® + en!|*, which upon subtracting w., from both
sides becomes

l’z|i — Megq
[P0, T) — c*(u°,T)]
PO, T)
ou

= (U’ — peg) + € (M + F).

(83)
Putting all physical properties in their respective dimensions,
we get
/N'L|i - /’Leq
[c? (1, T) = c*(1°,T)]
9cP (0, T)
(DP)==1=

= (MO_Meq)‘l' €

(84)

C. Kinetic coefficient 8 and the antitrapping current

To relate the total departure from equilibrium at first order
in € given in Eq. (84), it is customary to write the modified
temperature of the interface T due to the Gibbs-Thomson effect

NG acﬁ(:u'equ)
m —_—

V(M + F).

|:(,bL0 - /Leq) +e€

PHYSICAL REVIEW E 85, 021602 (2012)

written as
T =T, —|mglc’ — Tk —BV, (85)

where T and c;@ are the interfacial temperatures and the
concentrations of the liquid, while mg is the slope of the
liquidus and 7}, is the melting point of the pure component. f is
the kinetic coefficient and I' is the Gibbs-Thomson coefficient.
Then, T can be written as follows:

T =T, — Implc” (eg, T). (86)
With this, the Gibbs-Thompson equation is modified as

(T — Imglcl) = [T, — ImplcP 1oy, T)] = Tk + BV.  (87)

The first bracketed term on the left-hand side is the modified
melting point of the interface due to constitutional under-
cooling because of the shift of interfacial concentration cf
with respect to the equilibrium liquidus concentration at this
temperature cﬂ(ueq,T). The second bracketed term is the
temperature of solidification. Their difference is nothing but
the equivalent undercooling AT, which matches the Gibbs-
Thomson equation of a pure material. Since we are here treat-
ing only one-dimensional problems, curvature undercooling
drops out and the effective undercooling reads as

AT = mgle’ (peg, T) — ci]1 = BV. (88)

In order to relate the undercooling at the interface AT , which
is the macroscopic undercooling at first order, to the deviation
of the macroscopic chemical potential from equilibrium in the
3¢’ (treq,T)
op
that the left-hand side of the equation is nothing but m ,g[cf} -
cP (Heg,T)]and, alternatively, —AT. With this modification,
the total Eq. (84) becomes

thin-interface limit, we multiply Eq. (84) by mg such

[c? (u°,T) = c*(u°,T)]
cP(u°,T)
(DAY=

V(M + F)}. (89)

Using the result obtained in Eq. (63), inserting the appropriate dimensions, and substituting the relation between the undercooling
and the kinetic coefficient (ZT |* = B|*V), we derive the equation of the kinetic coefficient (8|* = B) as

9P ey T)

=N

[P (O, T) — c* (0, D’ (eq, T) = ¢“(tteq, T)]

L |:
= w — €
[Cﬂ(ﬂeq ) T) —c® (Meq ) T)]

(DF)ED) M+ F)} o
op

Now, we make the approximation [c? (% T) — c¢*(u°, T)] = [c?(ieq,T) — ¢*(teq, T)], which is valid for small driving forces.
Utilizing the approximation, the expression for the kinetic coefficient until the first order becomes

3cP (treg,T)

= ou |:(,() -
[C'B (Meq ’ T) —c® (/-'Leq ) T)]

=N

[Cﬂ(ﬂeq ,T) — Ca(ﬂeq s T)]2

(Dﬁ)acﬂ(u‘),T) (M + F)i|. 91
o
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An alternative form can also be written using some basic ther-

AP (g, T)

modynamics relating with the latent heat of transfor-

PHYSICAL REVIEW E 85, 021602 (2012)

and the antitrapping current since the values of the curvature
and the velocity are not known a priori. A workaround for

. o B0
this problem would be to use the approximation w ~
"

ou
mation L, using the Clausius-Clapeyron equation for alloys,
. . diteg _ Ofleq dcﬁ(ueq,T) _ LY Scﬂ(p.m,T)
which writes as —7t = S — 27— = TG =G D m
deP (1o, T) P theg. 1) T
. _ dcP (feg, . . — L
By using mg = — 72—, we derive P Do ] = 1o

This gives an equivalent form for the kinetic coefficient as

€ [Cﬂ(ﬂeq’T) - ca(:u’equ)]Z
AcP(u0,T)
(DAY=

(M + F)].

92)
From this, it is easy to see that to perform simulations with
vanishing interface kinetic coefficient (E = 0), one can choose
the relaxation constant @ according to the relation
—¢ [cﬁ (/-’Leq ’ T) - Ca(:ueq ’ T)]2
o dchWO.1)
(DP)==4"

(M + F). (93)

For the typical interpolation polynomials of cubic and quartic
type polynomial, when used in combination with the obstacle
potential, the values of F and M are tabulated below:

M F
h(do) = ¢2(3 — 2¢) 0.063828 0.158741
h($e) = $3(10 — 15¢, + 642) 0.052935 0.129288

Finally, the antitrapping current along with the derived
s(¢2) in Eq. (81) is given by

o mesal90)[1 — ha(4)]
4 Jeo(1 - Q)
3 Vou

x [eP(u0,T) — c*(u°,T)] o Vol (94)

D. Effect of curvature and anisotropy

With the above analysis, we derive the expressions for the
relaxation constant and the antitrapping current, which are
dependent on the chemical potential at the zeroth order u°.
While in one-dimensional problems its value depends on the
local normal velocity and can be determined by Eq. (63), in
the presence of curvature, the Gibbs-Thomson condition is
modified through the contribution of the term proportional
to ok, which modifies the sharp-interface limit for isotropic
surface energies, given in Eq. (63) in dimensional units as

wV

[c® (Meq ,T) — C’B(Meq ,T)]
oK

+ .
Ca(:uean) - Cﬂ(:uequ)

The preceding equation can be derived by considering the
extra term arising from writing the Laplacian in curvilinear
coordinates represented using the curvature x« and the arc
length as in [6,14]. The value of the chemical potential
w® derived through the preceding expression is difficult to
utilize in the expressions derived for the kinetic coefficient

(/’LO - /'Leq) =

, which is valid for small departures from equilibrium
relevant for most phase transition problems occurring at lower
undercoolings in the absence of appreciable interface kinetics.
The same approximation can also be applied for the rejection
c®(u°,T) — cP(u®,T) appearing in both the expressions for the
relaxation constant and the antitrapping current, which varies
little from its value at at the equilibrium chemical potential for
lower undercoolings.

For larger departures from equilibrium, we propose to dy-
namically evaluate the expressions for the relaxation constant
w and the antitrapping current. To do this, we need the chemical
potential in the sharp-interface limit, which is the average
value across the interface. Since this is computationally time
consuming to evaluate, we use the local chemical potential for
the dynamic computation of the above mentioned quantities.
This introduces an error of order O(e?) and higher for the
antitrapping, which can be realized by expanding the term
cAul,T) — c*(u°,T) around the local chemical potential .
The highest order correction would be proportional to (% -

%)(MO — 1), where u® — p is at highest order proportional
to O(e) rendering the leading order correction due to this
implementation of the antitrapping current proportional to
O(€?). A similar result can be derived for the case of the
relaxation constant w. Since, in the thin-interface limit, we
only claim to derive the relations with accuracy of order O (¢),
this scheme should be certainly acceptable.

Another point worth mentioning concerns the treatment
of anisotropy in kinetics. While using Eq. (93), problems
with vanishing interface kinetics in isotropic situations can
be treated in order to achieve interface evolution with non-
vanishing interface kinetics in the case of isotropic system,
which would require the back calculation of the relaxation
constant through Eq. (92). The more realistic situation of
anisotropy in surface energy and kinetics can be treated
through a modification of Eq. (93). We follow aroute suggested
in [14,15] of a simple derivation by writing the equations
of motion for the normal direction, but excluding curvature.
The anisotropy in the surface energy is affected by writing
the gradient energy contribution as yoac(n)2|qaﬂ|2, where n

is the unit normal vector to the interface defined as ;Lﬁl

and a.(n) describes the anisotropy in the surface energy. A
similar function w(n) is used for tailoring the anisotropy in the
kinetic coefficient. The major modification in the asymptotics
through this calculation is the transformation of the gradient
in the phase-field profile at leading order, which becomes

a0
0;;7" = —a(_}n) 2/#0(1 = ¢). Incorporating this result in the
asymptotics yields the following expression for the kinetic
coefficient:

— €ac(n)

fin - L[
P =Te |zt
x [Cﬁ(Mequ) - Ca(,uequ)]z

ach (u0,T)
(DP)y===

(M + F)]. (95)
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To achieve vanishing interface kinetics in all directions, we
can choose w(n) as wya.(m)?, where wy is derived from the
expression in Eq. (93). The case of anisotropy in kinetics
would, however, require a more careful evaluation of the
functions. Lastly, we would like to recall that a linearization of
the grand potential around the equilibrium chemical potential
was used for deriving the asymptotics. This is valid for small
departures from equilibrium in phase transitions occurring
at low undercoolings, where interface kinetics is absent and
small. For certain situations at very high undercoolings and in
the presence of strong kinetics, there might arise a situation
where this linearization does not hold. This depends on
the nature of the grand potentials and the magnitude of
departure from equilibrium. The linearization is, however,
only a simplification that can be easily relaxed resulting in the
modification of the sharp-interface limit for isotropic surface
energies through the relation

(', T) = W (u’,T) = 0k + @V, (96)

The derivation of the deviation of the chemical potential,
however, depends on the nature of the grand potentials, where
expansions of the grand potentials, until first or second order in
the term p® — eq» might be necessary. The expression for the
chemical potential at first order remains unchanged. However,
no general rule exists for estimating the validity of the
linearization used in the asymptotics, and the departure from
equilibrium must be used to estimate the difference between
the linearized and the original grand-potential descriptions
before reaching a conclusion.

From the above discussion, we have all the corrections
that we need for performing quantitative simulations. The
corrections to the Stefan condition at higher orders, which
are the interface stretching and the surface diffusion, vanish
when antisymmetric functions are used to interpolate the phase
diffusivities g, (¢ ) and h (¢, ) for the grand potentials that are
applied from results derived in previous literature [6,11]. In
the next section, we perform test benchmarks to quantitatively
evaluate the effect of the calculations.

III. BENCHMARK

To benchmark our calculations, we construct a system to
model the Al-Cu system on the Al-rich side and we denote
the concentration of the single independent component Al as
¢ = ca- The free energies for the o and the liquid are chosen
in the following manner:

(r-18)

T —TY
( m Al) + (] _ C)Lgt:u =
TAI Cu

fa(T’C) = f*<CL%l
7
+Tlclnc+ (1 —c)In(1 — C)]>,

fiT,¢) = f¥{Tlclnc + (1 — ¢)In(l — ¢)]}.

From these expressions, the chemical potentials «* and ! can
be derived as

(T - T%) (T - T1¢8)

a _ x|l 7 _Ja u

R
+T1n<1ica)}, (98)

PHYSICAL REVIEW E 85, 021602 (2012)

)
Mlzf*|:Tln<lc l)} (99)
— C

Using these expressions, the information of the free energy
versus composition can be transformed into functions ¢* (., T")
and c!(u,T) for each phase by inverting the above expressions
for the chemical potential as

(T-TZ)D (T-1& )

n—(LY - _Lau L!Cu )
o exp [ ~ TAlf*T < I
“(u,T) = 4 (100)
o Al o Cu
n—(LY —a= —L¢, —a=+)
1 +exp [ A'f*T u
"
exp | 4
(u.T) = bad (101)

e

Notice that we have written ¢*(p,T) and ¢/ (i, T) as functions
of a unique u as required by the grand-potential formulation.
The parameters of the free energy densities have been chosen
in a manner such that we have the Gibbs-Thomson coefficient
settothe value 2.4 x 10~7K /m, which is reported in literature
[16]. The solid-liquid surface energy is chosen as 0.35 J/m?,
which is an average value for metallic systems. Consistent with
the above quantities, the energy density scale f* is derived as
73.5 x 1077 J/m>. We fit the slopes of the liquidus and the
concentrations of the solid and liquid at 870 K. Next, we
nondimensionalize the whole set of evolution equations using
the energy scale as f*, the length scale d, = o,8/f*, and
the time scale as t* = d?/D', and the reference temperature
is melting point of pure aluminium. The phase diagram
corresponding to these parameters is plotted in Fig. 3. The
simulation parameters with this scaling are L¢, = 8.45 and
LS, = 5.30, while T% = 0.42273 and T, = 1.0. The kinetic
coefficient can be computed both for finite and infinite phase-
field interface mobility. For our computations, we set the
infinite interface kinetics in all directions. Our simulations
are performed with smooth cubic anisotropy of the form

) = 1 — B (3 4l '3)
|qw‘f|

(102)

where [qusl§ = 3¢ (qap)} and Iqup|* = (21, (up); 1, d be-
ing the number of dimensions. .4 is the strength of the

1 T
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S 093}
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FIG. 3. The phase diagram of the Al-Cu system fitted on the
Al-rich side using an ideal solution type of model.
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FIG. 4. Plot of the dendrite tip velocities simulated at a temper-
ature of 7' = 0.9843. We selectively plot points corresponding to a
simulation to show the convergence of the velocities. We span a range
where € varies by a factor 4 and achieve convergence in the velocities.
The simulation with the e = 112.5 has run the least in nondimensional
time (1.5 x 10®), but long enough to confirm convergence of the
velocities.

anisotropy, which is set to 0.0097 for the chosen alloy of
Al 4 wt% Cu [17]. To have vanishing interface kinetics in all
directions, we employ the same strategy as [14,15] by choosing
the form of the relaxation constant as a function of the normal
vector ¢,p given by

@(qap) = ©0a(qup); (103)

where @y is computed using the relation in Eq. (93).

The simulation setup involves a free dendrite growing
into a uniformly undercooled melt. Utilizing the symmetry
of the surface energy anisotropy, we simulate one quadrant
of the dendrite. The first benchmark involves the proof
of invariance of the dendrite tip velocities with varying
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FIG. 5. Chemical potential plot along a linear section at the
dendrite tip in the growing direction, superimposed with the lines
showing the equilibrium chemical potential and the theoretically
predicted chemical potential obtained by considering the shift because
of Gibbs-Thomson effect due to curvature. The curvature used in the
calculation is measured at the dendrite tip from the simulation. oy
represent the second derivative of the surface tension as a function of
the polar angle, and the sum o + oy represents the stiffness of the
interface.
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interface widths. For this, we set the nondimensional bulk
temperature at 7 = 0.9843 where the melting temperature
of the chosen alloy composition Al 1.732 at.% is T = 0.99.
Figure 4 plots the dendrite tip velocities upon change in the
interface widths, which confirms our calculations that there
exists a range in interface widths for which the interface
velocities are invariant. Above the maximum considered e,
the interface becomes instable and the asymptotics seems
to break down and we suppose this occurs because errors
of order O(e?) become appreciable. Figure 5 displays the
chemical potential along a linear section at the dendrite tip
in the growing direction, along with the equilibrium chemical
potential and the theoretical chemical potential derived from
the Gibbs-Thomson condition considering only the effect of
curvature. The results show good agreement, confirming the
asymptotic expressions and the developed model. The contours
of the chemical potential and the phase profiles in a section
of the domain showing the growing dendrite is portrayed in
Fig. 6.

A. Free energy functional versus grand-potential functional

In this section, we present a short discussion on the range
of applicability of the models derived from the grand-potential
and the free energy functional. The comparison is with respect
to the computational efficiency in simulating a range of
undercoolings for both models and the asymptotics. To start
with, we write the evolution equation for the phase-field
variables for a system of two phases and two components,
starting from the free energy functional

8¢Cl 82¢a Yap 16
P _ _ Y 0 (1 _ g,
we T Y€ 5y T o g =200

L df 19f dc

2dde T 20cddy

Noting that for this formulation based on the free energy
functional u = %, the equation can be manipulated as

L
ot = Vep ox2
16 € d
- (7 Iy 1_2 o P— - e
{Vﬂznz( ¢>)+2d¢a(f ch)}
+e( )dc
5 (I Heg) g

At equilibrium u = p,,, the second bracketed term has the
form of a potential and when ef* ~ y,g, where f* is the
energy scale, the potential scales with the length scale of
the interface scales with €. In the sharp-interface limit, the
chemical potential at the leading order is constant across the
interface, rendering sharp interface limit for one-dimensional
evolution, as derived in Eq. (11). We would derive a similar
sharp-interface limit with the grand-potential functional in
the absence of curvature. Note, however, that the effective
potential in the case of the free energy functional scales with
the interface width. This contribution leads to the modification
of the surface energies and, hence, in the presence of curvature,
the limits will differ. Additionally, there is a deviation in the
phase-field profile at leading order, which is modified due to
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the presence of the grand-potential excess as

PHYSICAL REVIEW E 85, 021602 (2012)

APy

in contrast to % = ¢o(1 — ¢y) for the case of the
grand-potential functional. This modifies the effective kinetic
coefficient applicable for both models. Therefore, to perform
comparative simulations with the two models, the first chal-
lenge is to set the surface energies at leading order in the two
models equivalent. The next is to derive the desired interface
width to perform efficient simulations and finally to set the
same kinetic coefficients for both models.

While in the case of the grand-potential functional the
interface width depends directly on the parameter €, through
the relation ”Tze = 2.5¢, and the surface energy is the same as
the simulation parameter y,g, for the case of the free energy
functional an expression for the interface width and surface
energy at leading order can be derived as in Eqgs. (4), and
(5). By solving these equations simultaneously, we can derive
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FIG. 6. Isolevel ¢, = 0.5 denoting the binary interface between
the solid and the liquid at various times is shown in (a), while
the contours of the chemical potential at a particular instant during
evolution is displayed in (b). Values of some of the contours of the
respective nondimensionalized chemical potential are superimposed
on the plot. The simulations correspond to the case when € = 300.

1 /16 | €
= F%( —¢o) + y_[(f — Meg€) — (f = MegCbuik]

af

(104)

the simulation parameters y,g and € to derive the surface
energies o,g and A,g for the given free energy functional.
Whereas, this is possible for certain choices of €, such as
displayed in Fig. 7(a), beyond a critical € there exists no
unique solution when the contribution to the potential from the
grand-potential excess becomes dominant over that from the
potential term P (1 — ¢). The solution is then achieved
for a range of y,p and € derived through the overlap of the
isolevels of the o, and the resulting A,g, which is fixed
upon choosing the isolevel for the surface energy [Fig. 7(b)].
The computational efforts can be compared between the two
models by estimating the interface widths used when the same
€ is chosen for both the models. At the temperature T = 0.988,
Fig. 8 displays the contours of a freely growing dendrite at a
temperature of 7 = 0.988 (7,, = 0.99) simulated using the

16 ]

o=1.0
0.8

e=1125 1

Yop (Nondimensional)

0.4

100 150 200 250 300 350 400 450 500
€ (Nondimensional)

(a)

£=1688 1

Yop (Nondimensional)

e—

900 1350 1800 2250
€ (Nondimensional)

(b)

0 450 2700

FIG. 7. Defined contour level of the surface energy o and the
interface width A plotted as a function of the simulation parameters
Vap and €. In (a), the contours are calculated for the temperature
T = 0.9843, while in (b) they are for a temperature of 7 = 0.988. The
contours of the interface width are calculated from the defined level
for the surface energy and the value of the € used in the simulation.
All terms are dimensionless in the graphs.
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FIG. 8. Phase-field contours of a free growing equiaxed dendrite,
with € = 1688 at a temperature of T = 0.988 (7,, = 0.99) with the
grand-potential formulation.

grand-potential formulation with e = 1688. Corresponding to
this €, the interface width is A = 430 for the case of the free
energy functional [Fig. 7(b)]. To have an interface resolution
of 10 cells would result in a grid resolution of Ax = 43 when
simulations are performed using a regular grid. In contrast,
for the case with a grand-potential functional, we have used
Ax =500 for the simulation of the dendrite displayed in
Fig. 8, keeping the same interface resolution and conditions,
which implies the computational effort increases 10¢ times
(d denoting the dimension), when using the free energy
functional. The situation is more favorable for the free energy
functional at the higher undercooling at 7 = 0.9843 (smaller
tip radii), as can be seen from Fig. 7(a), where the interface
width for the free energy case results in 164 compared to a
value of 281.5 for the grand-potential functional at the same
€ = 112.5. This is, however, not the largest interface width
that can be employed at this undercooling, and much larger
interface widths can be used for the case of the grand-potential
functional as was seen in Fig. 4, while the interface widths
that can be employed, when a free energy functional is used,
gets limited to a smaller range. In summary, we conclude that
at higher undercoolings (finer microstructures), the models
based on the free energy functional and the grand-potential
functionals come closer. However, at lower velocities or at
lower undercoolings, the grid resolution can be scaled up
significantly using the grand-potential functional, which is,
however, not a possibility using the free energy functional.
The comparison of the two models is incomplete without
the discussion on the interface kinetics. As we have derived,
larger interface widths can be employed for simulating the case
of lower undercoolings with the grand-potential functional.
For such cases, the thin-interface limit is appropriate, and in
this limit, the parameters can be chosen in such a manner
that interface kinetics vanishes, which is relevant at lower
undercoolings. To perform a similar asymptotics for the free
energy functional seems daunting and less useful because of
the following reasoning. We recall that while performing the
thin-interface asymptotics of the grand-potential functional,
we have repeatedly used the antisymmetric properties (odd
functions) of the leading order phase-field profile ¢2(x), which
reduced the terms contributing to the first order correction
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FIG. 9. Comparison of the leading order solution of the phase
field in the case of the grand-potential functional and the free energy
functional. The profiles have been superimposed, and the vertical
line representing the position of the binary interface is drawn for
comparison.

to the chemical potential. However, with the free energy
functional, the leading order solution is modified due to
the grand-potential excess and is derived using Eq. (104).
Figure 9 compares the profiles in both cases, which show
slight asymmetry about the ¢, = 0.5 line in the case of the free
energy functional. The magnitude of the asymmetry depends
on the nature of the grand-potential excess and scales with the
interface widths. This asymmetry would rule out any general
simplification of the solvability integrals appearing in the
asymptotic analysis. Second, all solvability integrals depend
on the leading order solution, which change with the interface
widths the temperature and the system one is simulating, thus
certainly hindering the universal applicability of the analysis.
Lastly, due to the limitation of the interface widths, the thin-
interface limit is less applicable, and performing simulations
with vanishing interface kinetics is computationally expensive
as the sharp-interface and thin-interface limits coincide for
smaller interface widths.

To conclude, the grand-potential formulation offers signif-
icant flexibility in comparison to the free energy functionals
because the range of applicability of the phase-field models
is improved significantly without a corresponding increase
in computational overhead, and additionally, a thin-interface
asymptotics with universal applicability can be performed.

IV. CONCLUSIONS

We present a multi-phase-field model based on the grand-
potential functional. This modification enables us to effectively
decouple the bulk and interface contributions, which in turn
allows us to upscale the length of simulations. This formulation
is consistent with existing quantitative phase-field models and
places it in a common framework starting from a grand-
potential functional. We perform an asymptotic analysis of the
derived model and obtain the thin-interface limit for the kinetic
coefficient and an expression for the antitrapping current
for the special case of double-obstacle-type potentials. It is
noteworthy to mention that, computationally, the obstacle-type
potentials are more efficient because the interface is finitely
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defined. Hence, computations of the gradient terms can be
finitely limited to a fixed number of points in the interface.
This computational efficiency was offset until now because
there was no existing thin-interface limit and no expressions
for the antitrapping current for these types of potentials.
This precluded the possibility of performing any quantitative
simulations for the case of alloys. However, with the present
thin-interface asymptotics, this can now be realized. One must
also note that although this study has been performed for the
case of two-phase alloy solidification, this is not a limitation
and the analysis can be easily generalized similar to earlier
works [6]. For example, the antitrapping current for the case
of multiphase, multicomponent alloy solidification, where all
the solid phases have zero diffusivities, can be obtained by
averaging each of the individual fluxes for each component i
given by

oy € 8a(@0)[1 = ha(#)]
Ui =% 90(1 - ¢0)

00y Vg
< el — ) o |vz .

(105)
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and summing up all the fluxes projected along the normal to
the liquid phase-field contour as

a Vo, V4
N Ll _ o
Gardi = Y (J& )i< Vo] —|V¢z|>' (106)

a=1

Other possibilities also exist, and the generalized normal
vector ¢g,; can itself be used for the projection. Similarly,
the relaxation constant for a vanishing interface coefficient
for more than two components can be obtained similar to
[13], which is an extension of our present analysis. With
such modifications, quantitative simulations of multiphase,
multicomponent systems at larger scales have become compu-
tationally feasible.
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