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A variational formulation of a quantitative phase-field model is presented for nonisothermal solidification in a
multicomponent alloy with two-sided asymmetric diffusion. The essential ingredient of this formulation is that
the diffusion fluxes for conserved variables in both the liquid and solid are separately derived from functional
derivatives of the total entropy and then these fluxes are related to each other on the basis of the local equilibrium
conditions. In the present formulation, the cross-coupling terms between the phase-field and conserved variables
naturally arise in the phase-field equation and diffusion equations, one of which corresponds to the antitrapping
current, the phenomenological correction term in early nonvariational models. In addition, this formulation
results in diffusivities of tensor form inside the interface. Asymptotic analysis demonstrates that this model can
exactly reproduce the free-boundary problem in the thin-interface limit. The present model is widely applicable
because approximations and simplifications are not formally introduced into the bulk’s free energy densities
and because off-diagonal elements of the diffusivity matrix are explicitly taken into account. Furthermore, we
propose a nonvariational form of the present model to achieve high numerical performance. A numerical test of
the nonvariational model is carried out for nonisothermal solidification in a binary alloy. It shows fast convergence

of the results with decreasing interface thickness.
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I. INTRODUCTION

Solidification in practical alloys is generally a multiphysics
problem involving multicomponent solute diffusion, heat dif-
fusion, and fluid dynamics. The understanding and control of
solidification microstructures require the multiphysics nature
to be taken into account in detail. The phase-field model is
a viable computational tool for describing microstructural
evolution processes in multiphysics phenomena including
solidification [1-4]. The most appealing feature of this diffuse
interface approach is that explicit tracking of a moving
interface can be avoided by introducing an order parameter
called a phase-field variable ¢, which takes different constant
values in different bulks and exhibits rapid spatial variation
inside the interface.

Another important feature of the phase-field model is that
it can be constructed on the basis of a variational principle
of nonequilibrium thermodynamics. More precisely, once the
thermodynamic potential (free energy or entropy) of a system
is defined in the form of a Ginzburg-Landau type functional,
the time evolution equations for ¢ and the related state
variables (composition, temperature, etc.) can be obtained
from the variational derivative of the thermodynamic potential
[5-10]. Such a formulation ensures a solid linkage between
the phase-field model and the thermodynamics. Moreover,
it provides a basic recipe for generalization of the model to
a variety of important application fields. However, models
constructed in the variational manner are generally not suitable
for the quantitative description of microstructural processes
involving diffusive transport such as solute and heat diffusion.
This problem arises because the conventional models can
be mapped onto the corresponding free-boundary problem
only in the limit of vanishing interface thickness W (sharp-
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interface limit), whereas a finite thickness must be employed
in simulations of this diffuse interface approach. It has been
demonstrated that the models suffer from abnormal interface
effects that scale with W [11].

The development of quantitative phase-field models opened
the way for quantitative simulations of solidification mi-
crostructures [12—17]. These models were developed to re-
produce the solution of the free-boundary problem in the
thin-interface limit, where W is taken to be smaller than any
length scale of the microstructure but much larger than the
atomistic scale. The first quantitative model was proposed for
solidification in a pure substance with equal thermal diffusivity
in the solid and liquid (symmetric diffusion) [12]. In this
case, the abnormal interface effects can be eliminated by
imposing certain symmetries on model functions (polynomial
functions of ¢) and by revising the relation between a model
parameter (phase-field mobility) and measurable quantities.
A quantitative model was later developed for isothermal
solidification in a dilute binary alloy with negligible solid
diffusion (one-sided diffusion) [13]. The one-sided case
involves an additional interface effect that originates from the
discontinuity of the diffusion potential in the interface. This
additional effect is proportional to the interface velocity and is
removed by introducing a correction term of the diffusion flux
proportional to the interface velocity, i.e., d,¢ [14]. This term is
called the antitrapping current, which represents the coupling
between ¢ and the conserved variable. The one-sided model
was extended to deal with nonisothermal [15] and two-phase
solidification [16] in a binary alloy and isothermal solidifica-
tion in a multicomponent alloy [17]. The simulation results
of quantitative models rapidly converge to unique values (the
solutions of the free-boundary problem) with decreasing W,
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indicating good numerical performance [11,14]. Quantitative
phase-field models are increasingly utilized in studies on the
formation processes of solidification microstructures [18-23].

There is a difficulty in developing the quantitative phase-
field model for alloy solidification with unequal diffusivities in
the solid and liquid (asymmetric diffusion). The asymmetric
two-sided diffusion involves additional abnormal interface
effects proportional to the diffusion flux and hence not all
interface effects can be eliminated by the antitrapping current.
An assumption on the diffusion flux near the interface was
accordingly imposed in the early quantitative models for two-
sided diffusion [24-27]. In a recent study on the solidification
of a pure substance with asymmetric diffusion [28], Boussinot
and Brener demonstrated that all abnormal interface effects
can be successfully removed by introducing a new coupling
term into the ¢ equation in addition to the antitrapping
current. Namely, they reported the important finding that the
quantitative phase-field modeling of two-sided asymmetric
diffusion can be accomplished by introducing cross-coupling
terms between ¢ and the conserved variable into the time
evolution equations of both variables.

The antitrapping current was introduced in a phenomeno-
logical manner in early works on quantitative phase-field
modeling [13-17,24-27]. This is a correction term formulated
based on the result of asymptotic analysis of the model
equations. Importantly, it cannot be naturally derived in
a variational manner from the functional derivative of the
thermodynamic potential. In this regard, the early quantitative
phase-field models do not have a sound theoretical basis of
nonequilibrium thermodynamics. Progress has recently been
made regarding this matter. In the conventional variational
formulation, the diffusion flux is related to the functional
derivative of the thermodynamic potential with respect to
the only corresponding conserved variable (composition or
energy field). In Refs. [28-30], on the other hand, the kinetic
cross coupling between ¢ and the conserved variable is
taken into account by introducing the corresponding transport
coefficients. Then, the coupling term in the diffusion equation
is regarded as the antitrapping current. In this approach,
a coupling term is also introduced into the ¢ equation to
maintain the Onsager’s symmetry. As described above, this
new coupling term in the ¢ equation plays an important role
in eliminating the interface effects in asymmetric diffusion
[28]. This approach thereby enables the variational derivation
of a quantitative phase-field model. As discussed in Ref. [28],
however, the ratio of solid diffusivity to liquid diffusivity in
this approach is limited to a certain small range to ensure
the positive entropy production rate. Accordingly, there is a
limitation in range of application of this approach. In addition,
the cross-coupling terms must carefully be tuned on the basis
of asymptotic analysis of the model equations in this approach,
which may not always be straightforward when the approach
is extended to describe new systems. These facts indicate
the necessity for a further attempt to develop an approach
of variational formulation of quantitative phase-field models.

A different method for the variational formulation of a
quantitative phase-field model was recently proposed for
isothermal solidification in a dilute binary alloy [31]. In
this formulation, the kinetic cross coupling is not directly
introduced and new transport coefficients therefore do not
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need to be taken into account. This formulation is based on
the so-called two-phase approach, where the composition and
thermodynamic quantities in the solid and liquid are separately
defined and the interface is treated as a mixture of two phases
[10,32]. In the conventional variational derivation, a local
equilibrium condition (more precisely, the condition of equal
diffusion potentials) is imposed on the thermodynamic poten-
tial, which results in mutual dependence of the solid and liquid
compositions. Then the time evolution equations of ¢ and
the single composition are derived from the thermodynamic
potential. This conventional procedure results in a standard
phase-field model in which the antitrapping current does not
exist. Note that in reality, the local equilibrium condition
should essentially be realized as a result of the kinetics [33].
Therefore, in the previous work [31], the diffusion fluxes of
both the solid and liquid compositions were first derived in a
variational manner and then the local equilibrium condition
was applied to the diffusion fluxes. This is more natural
than the conventional method of variational formulation from
the viewpoint of thermodynamics and it actually yields a
quantitative phase-field model for a two-sided case. The
cross-coupling terms in the ¢ equation and diffusion equation
naturally emerge in this variational formulation and the forms
of the cross-coupling terms are automatically determined.
Furthermore, there is no limitation on the diffusivity ratio.
Asymptotic analysis showed that this model can reproduce
the solution of the free-boundary problem in the thin-interface
limit. In the present paper, this approach is called the two-phase
variational approach to distinguish it from the approach based
on the direct introduction of kinetic cross-coupling with the
additional transport coefficients [28—30].

In the previous study on the two-phase variational approach
[31], the focus was directed at a simple case, isothermal
solidification in a dilute binary alloy where the independent
variables are only ¢ and a single composition field. To establish
this approach and verify its usefulness, it is indispensable
to tackle more general cases such as nonisothermal solid-
ification in multicomponent alloys. Furthermore, such an
attempt is essential for widening the range of applications
of quantitative phase-field simulations. So far, quantitative
models have been developed only for some specific systems.
Several simplifications and approximations are employed for
bulk’s quantities in these models such as a constant heat
capacity, constant diffusivity, a linearized driving force, and
so forth. This is because it is not straightforward to develop a
quantitative model in the conventional manner without several
simplifications and approximations.

In this paper, we show the variational formulation of a
quantitative phase-field model for nonisothermal solidification
in a multicomponent alloy based on the two-phase variational
approach. The present model is able to describe two-sided
asymmetric diffusion in a system without specific approxima-
tions in the forms of bulk’s free energy densities and other
thermodynamic quantities. In addition, the contributions of
off-diagonal elements of the diffusivity matrix are explicitly
considered. Hence, this model can be applied to a variety
of practical problems. In this paper, we also describe in
detail important aspects and consequences of the two-phase
variational approach such as the natural derivation of the tensor
diffusivity and the proportionality between the phase-field
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mobility and interface mobility, which were not clarified in the
previous study [31]. This paper is organized as follows. The
variational formulation of the quantitative phase-field model
is demonstrated in the next section. The essential points of
analysis in the thin-interface limit are briefly explained in
Sec. III. The model equations are illustrated for some specific
cases in Sec. IV, which is followed by the numerical testing
of the model in Sec. V. Conclusions are given in Sec. VI.

II. VARIATIONAL FORMULATION BASED ON
ENTROPY FUNCTIONAL

A. Entropy functional and time evolution equations

We focus on nonisothermal solidification in a multicom-
ponent alloy consisting of n solute and solvent atoms, i.e.,
a n + 1 component system. The phase-field variable ¢ takes
values of +1 in a solid and —1 in a liquid and it continuously
changes from +1 to —1 inside the solid-liquid interface. In this
formulation, we employ the two-phase approach, in which the
thermodynamic quantities in the solid and liquid are separately
defined and the interface is described as a mixture of two
phases [10,32,34,35]. As briefly mentioned in the previous
section, one of the important points in the present formulation
is that the diffusion fluxes for the conserved variables in both
the solid and liquid are first formulated and then they are related
to each other by introducing the local equilibrium conditions.
This is in contrast to the conventional procedure, where the
local equilibrium condition is imposed on the thermodynamic
potential before the formulation of the diffusion flux.

A free energy functional was employed as the fundamental
thermodynamic potential in the previous variational formu-
lation for isothermal solidification [31]. On the other hand,
the entropy is the fundamental thermodynamic potential for
nonisothermal solidification processes [5,7]. In this study, the
entropy functional is defined as

Egnt 2
S=f<—7(v¢) — Went faw(P)

1
+ +Tg(¢»ss,bulk(esv{cs,i})
1—
+ &smk(el,{cz,i}))dv, (1)

where g.¢ and wey; are constants related to the interfacial
energy and interface thickness. For simplicity, the anisotropy
of the interface energy is omitted in the discussion. In Eq. (1),
Jfaw(®) is the double-well function given as

faw(@) = 21— 9?7 2)

g(¢) is a monotonically increasing function and it should be
an odd function of ¢. Among several possible forms for g(¢),
the following function is used in this study:

5
<¢——¢ ¢ ) 3)

In Eq. (1), sp.puik is the bulk’s entropy density of phase
p, which is a function of the energy density e, and solute
compositions {c, ;}, where i specifies the type of solute atom

g(@) =

PHYSICAL REVIEW E 96, 033311 (2017)

(i < n). When the solid-liquid interface is stationary, e, and
¢p,i should obey the following conservation laws:

dep+V - Jpe =0, @)

0Cpi +QV - T, =0, 5)

where €2 is the molar volume, which is assumed constant in this
study, J , . is the energy flux in phase p, and J, ; is the diffusion
flux of solute i in phase p. When the interface migrates, ¢, and
¢p,i are not conserved variables because the release of latent
heat and redistribution of solutes take place in the interface.
Such effects can be described by introducing reaction terms
into Egs. (4) and (5) [31]. On the other hand, when the interface
migrates, one should consider the conservation of the local
molar energy e and the local composition c¢; of solute i, which
are respectively given as

1+¢ 1—g
= s s 6
e Soe e (6)
1+g¢ 1—g
i= s, ie 7
c 5 Gt 5 (7

The conservation laws of these quantities are expressed as

1+ 1—
ng,e + B gJI,e) =0,

3;6+V-Jg=3te+v-<

2
3)
1+¢ 1—¢
0,c; +QV - J; = 0,c; + QV - > Jsi + > Jii]=0.
9

As can be understood from Eqgs. (4)-(9), the energy and
compositions obey similar relations. For convenience, we
employ the notations of ¢, .41 = Qep, cpy1 = e, J, nq1 =
Jp.e, and J,41 = J, in the following discussion.

Next, we consider the time change in the entropy functional
S. Equations (6) and (7) are taken into account by using the
Lagrange multipliers A; as follows:

n+1

_ 1—
S—5 /ZA( +gcs,,»+ 2gc —c,>dv (10)

Then, the time derivative of § is given as

ds s 8S
E = /( 09 + Z|: 3th: Ser 3rC1,;j|>dU
n+1

fZA( Lk

+ (esi — cl,i)%aqu)dv. (11)

B,C] i — 0¢i

Here, the terms proportional to d; ¢, ; indicate the contributions
due to time changes of solute compositions and energy without
the change of ¢, i.e., without the motion of interface. Hence,
0,¢p,; should be represented by Eqs. (4) and (5) [36]. Then, by
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substituting Egs. (4), (5), (8), and (9) into Eq. (11), one obtains

dS S , n+1
E:/{( +g ZA(CSI Cll)>at¢

n+1 5S
—QZ V~Js,i+$V‘Jz,i
1,i

éc
i=1 .0

; n+l

DI NESHE Vqs}dv (12)

i=1

Using the divergence theorem, this equation is rewritten as

_/Jent'nsysdsa +/Gentdv9 (13)

where ngy; is the unit vector normal to the surface of the whole
system, ds, indicates the unit surface area, and

n+1
Jon = Q Z [

5S /n+l
Oent = <5¢+ ZA(CSl Cll)>at¢

oS (v ).J‘Y,,.

88
8—J1,,~], (14)
Cli

8§ g
+(V— - =A;V9o . (15)
86‘11 2
Note that
88 1 Al ;
= T80 (16)
6Cs,i 2 Tx
88 1—g A,
o ST DKL (17)
dcy 2 T
for i < n. Here, Apu,; is the difference in the chemical

potent1al between solute atom i and a solvent atom in phase p
and T, is the temperature in phase p. In the case of i =n + 1,

6§ 14g1

Z = 18
Se; 2 T, (18)
S 1-g1

—=__°_ 19
86[ 2 Tl ( )

The substitution of Egs. (16)—(19) into Eq. (14) yields

l+g(1 -

ent — p— se__Q A s,ids,i

Jon = — (TXJ, T ; M,J,)
1—g(1 1 <
—=J.— =9 A idiil. 20
+ > (TIJI, T ?:1 lM,Jz,) (20)

The first and second terms of Eq. (20) represent well-known
relationships for the entropy fluxes in the solid and liquid,
respectively [37]. Therefore, Jey is identified as the entropy
flux in the two-phase approach. In Eq. (13), accordingly,
Oent corresponds to the entropy production and it should
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monotonically increase during solidification. o, is now

rewritten as
Cl,i)) 0:¢

; n+l
Uentz( +g Z Ai(cs,i —
n+1
—i—Z[(V 5ot 2AV¢>>~QJ;",-

+ (Vnﬁ - %Aiw) : QJ;{,}

5C1,,‘
8S
)-QJi,-Jr (V, )~9J§,-],
s SCl,i )

S
21

where J; and J' ; are the diffusion fluxes of normal and
tangentlal dlrectlons to the interface in phase p, respec-
tively. Therefore, J,; = J’I"]’ ;+ J;, ;- V, and V, are operators
of the spatial derivative in the normal and tangential directions
to the interface, respectively. In writing Eq. (21), we employed
the relations V,¢p = V¢ and V,¢ =0, which are always
valid in this diffuse interface approach. This separation of the
diffusion flux was not considered in the previous study [31].
However, the term associated with the Lagrange multiplier
is related to the diffusion flux in the only normal direction.
Therefore, it is necessary to define the diffusion flux for each
direction. As demonstrated later, this separation brings an
important consequence that the diffusivity is tensor inside the
interface.

The time evolution equation of ¢ and the diffusion fluxes
are formulated on the basis of the principle that o, given
by Eq. (21) is always positive or equal to zero. This can be
achieved by introducing phenomenological transport coeffi-
cients [5,7,35]. Care must be taken to ensure the following
points [31]. The first term in the integrand of Eq. (21)
should contribute to the entropy production only inside the
interface. This will be automatically satisfied without special
care because 9;¢ is zero outside the interface, which will be
understood from the final form of the time evolution equation.
In addition, one must ensure the condition that J ; (J; ;) does
not contribute to the entropy production in the liquid (solid)
phase. This is because J; ; (J; ;) is a fictitious flux in the liquid
(solid) phase. However, this condition is not automatically
realized. As discussed later, the local equilibrium conditions
establish the relation between c; ; and ¢;; in the interface and
also in both bulk phases. Then, J;; (J; ;) changes in accordance
with J;; (J;.;). Therefore, J,; (J;;) is finite even in the liquid
(solid). This is a situation commonly involved in the two-phase
approaches. Hence, in order for J;; (J;;) not to contribute to
the entropy production in the liquid (solid), we consider the
following form of oey:

n+1 n+1

a,¢ Z 1+ ZMWQJ" QI

1 - g < -1 n n
+ _2 ZMZ,I',]'QJLJ' N QJl,i

Oent =
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n+l1 n+1

+Z l+g ZMSIJQJZ QJ;;
i=1

n+1

gZ M Q]

where My is the phase-field mobility with My > 0 and M, ;;
is the i- j element of the transport coefficient matrix M, which
isa p051tive definite matrix in phase p, ensuring that oey >
0.M;! ».ij i8 the i-j element of the inverse matrix of M,,. M, and
thus M! , are symmetric matrices and this property is utilized
in the following discussion without explicitly mentioning it.
By comparing Egs. (21) and (22), one can obtain the following

equations:

-l |, (22)

/ n+1

% =248 ZA (csi = 1), (23)
1+g %MY ey = &fi + %Aiw, (24)
g% Moy, - ";Ti_%AiV¢’ 25)

1 +g %Mf oy = Vfaaci’ (26)
1-¢ i Mo, = ;Ci. @7)

B. Lagrange multipliers and local equilibrium conditions

The substitution of Egs. (4)—~(7) into Eqs. (8) and
(9) yields the following equation, which corresponds to
the Stefan condition expressed in the diffuse interface
approach [31,35]:

(csi — i)t = -5, —J},) - Vo. (28)

By substituting the diffusion fluxes given by Egs. (24) and
(25) into Eq. (28) one finds that

N
A; V =-— M, Ms Vo——
o= ST My
j.k
1+g 88
M, "M 1V, ——
T 2 Mo MV —
Jik ’
1—g2 Vo
- M erj = L pdip——. (29)
4|V¢>|Z A 2T
where MC ;j 18 the inverse of the following matrix:
1 - 1+
M. ;; = Zng,ij+ Zng,ij- (30)

The time evolution equation of ¢ can be obtained by
substituting Eq. (29) into Eq. (23). Also, diffusion fluxes
can be expressed by substituting Eq. (29) into Eqs. (24) and
(25). Then, by using Egs. (4) and (5) with the addition of
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appropriate reaction terms, one can formulate the diffusion
equations for c;; and ¢;; separately. Here, it is important
to note that the local equilibrium condition is realized for
slow solidification processes in which nonequilibrium effects
such as solute trapping are negligible. As discussed by Hillert
[33], transinterface diffusion, which redistributes solute atoms
between the solid and liquid in the interface, is usually a very
fast process that results in the reduction of a part of the free
energy change associated with the solidification. Then, in the
slow solidification process, the diffusion potential in the solid
becomes identical to that in the liquid. This corresponds to
the local equilibrium condition. In Kim, Kim, and Suzuki’s
model [10], this condition is introduced into the free energy
functional and then the time evolution equations are derived.
In the present formulation, on the other hand, Egs. (23)-(27)
were derived without the local equilibrium condition. In the
case of a nonisothermal process, which is our main concern,
the condition of equal diffusion potential can be expressed as
follows:

a5, d
Dsbulk _ Pk _ g fori <n41. (31
86‘“' acl’i
More specifically,
055, bulk _ asl,bulk. (32)
deg de;
Hence,
1 1 1
—_—= == (33)
T, T, T
For the solute,
Apgi Ay,
Shei _ 2B i <o, (34)
T; T

When Eq. (33) is satisfied, Eq. (34) is equivalent to
Apgi = Apy = Ape; fori < n. (35)

In the present modeling of slow solidification, instead of
solving the diffusion equations of ¢, ; and ¢;; separately, we
introduce the local equilibrium conditions, Egs. (33) and (35).
Then, by substituting Egs. (16)—(19) into Eq. (29) and also by
considering Egs. (33) and (35), the Lagrange multiplier A; is
rewritten as

g g
ASVe = —2VoAs,,
> é > dAs,,

1- g2 -1
- ZMC’,']'(Ms,jk - Ml,jk)Vn(Asc,k)
J.k
1—g% 1 Vo
- (s 36
4|V¢| L,,](C JJ Clj) t¢|V¢| ( )

The second term on the right-hand side of Eq. (36) is
the origin of the cross-coupling term in the ¢ equation,
while the third term yields the antitrapping current in the
diffusion equations as shown below. Note that c¢;; is now
related to {c;;} such that Egs. (33) and (35) are satisfied.
Therefore, the independent variables are ¢ and {c;;} in this
model.
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C. Time evolution equation for ¢
The substitution of Eq. (36) into Eq. (23) yields

1 ) g n+l1
3¢ = 62, V) — Went 1y + 5 (Ss bulk — SI,bulk — Z (Cs,i — C1i)ASC
M¢ i=1
IM (M, = M) Va(Aser) - —2 37
—ClLi i 1, jk Sc.k
4|V¢>| 7 ! Vol
where
1 1 1-—
_—=—+ i — )M i(es;—c¢ 38
AT 4|V¢>|2Z( LM (es.j = e p). (38)

The third term on the right-hand side of Eq. (37) is associated with the driving force for the migration of the solid-liquid
interface. It is rewritten as
1
e — +e n+
_ Jobulk — €5 - Jiouk +e Z (s

n+1

Ss,bulk — S7,bulk — E (Cs,i — C1i)ASe;
im1

—ci)Ase;

1 . AGdriv
T (fs,bulk — fibulk — ; (Cs,i — Cl,i)AMc,i> =—— (39)

where f, pu is the bulk’s free energy density of phase p. The driving force is important only inside the interface, where the
temperature does not significantly change. Hence, T in the denominator of Eq. (39) is approximated as a constant Ty, which is
called the interface temperature in this study. Then, by multiplying both sides of Eq. (37) by Tj, it is rewritten as

1-g° V¢

Ty 22 ’ g
—0;¢0 = &“V°¢p — — =AGgiy — —— 5,i OM M M, V.,.(As, 40
i, ) =eVP—wf,, 5 AGa 4|V¢| Ty E (cs,i —c1,i) C,]( ik — My i) Va(As k)|V¢| (40)

where &2 = Tye2, and @ = Tywey. For convenience, this equation is further modified by considering the steady-state profile of
¢ in the interface. In two-phase equilibrium, d;¢, AGgsiy, and V(As, ;) vanish in Eq. (40) and hence the spatial gradient of ¢ is
given by

V2 faw
Vo = v 41)
w
where W = ¢/,/w is a measure of the thickness of the solid-liquid interface. Also, the interface energy is given as
y=I1oW, 42)
with I = 2ﬁ/3. Using Eqgs. (41) and (42), the ¢ equation is finally given as
g 1w 1-— g2 IW? Vo
T8 =WV — f) — = —AGgiy — —Ty ) (csi—q z)MC, (M jik — My ji)V a(Ase i) - 43)
' oy 42 faw v ”Zk s ! Vel
where
Ty Iw 1 1-— )
T=——=— — W Csi — c,MCl Ccs i —C . 44
o, = "\ t s > LM (e — e p) (44)

ij

The last term on the right-hand side of Eq. (43) represents the coupling term, which does not appear in the conventional
procedure of the variational formulation. This term plays an important role in eliminating the abnormal interface effects in the
thin-interface limit. Moreover, note that T depends on {c, ;}, as shown by Eq. (44). In the conventional quantitative models, T is
inversely proportional to the phase-field mobility My, which is made {c, ;} dependent in accordance with the result of asymptotic
analysis [14,24]. In the present variational model, on the other hand, M, is exactly proportional to the interface mobility defined
later. These points will be discussed in more detail in Sec. III.
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D. Diffusion equations

The diffusion flux in the solid can be obtained by substituting Eq. (36) into Eq. (24) as follows:

1 + 8 n 1 + 8 - g2 —
2 QJ = T Z Ms,ijvn(AsC,j) - Z Ms,i_jMC,jl'k(Ms,kk/ - Ml,kk’)vn(ASC,k')
J Jok. k'
1—-g> W _ Vo
- D MM (cok — cri) i (45)

4 szdw .k |V¢|

Here, Eq. (41) was employed for the last term on the right-hand side of Eq. (45). Similarly, the diffusion flux in the liquid is
given as

l-g ., _1l-g 1-g° -
QU = 7 ) M Va(Ase ) + D Miy M (M i = Mo ) Va(Ase )
J Jokk
1-g> W Vo
M, ; Cs, Ccrr) 0 . 46
) mz 1ij cjk( k= ClLk) t¢>|v¢| (46)
Therefore, one can obtain the following relation:
. 1+g l-g . 1—g2 _
Q = ——al; + ——Ql), = > M. Va(Ase ) — — D (M — MM [ (M i — My i)V n(Asc )
J Jok. K
1-—g? Vo
— M ;i — M; )M 5 0 47
Z mZ( J = MM (eox — cii) Lt (47)
where J7 is the diffusion flux in the normal direction to the interface and
14+¢ 1-—-
Mt,ij - MS'l] + Ml Jije (48)
2 2
Note that the following transformation is possible:
ZMt UV (Asc j) - Z Mt S L ]k c kk’Vn(ASc,k’)- (49)
Jok K
Then, Eq. (47) is rewritten as
QN = My iw Va(Aser) — Z(M MM (o — 1) B~ (50)
n,ik’' c, Jdj Jj c.i NI N t¥Y '~ .°
- 4 J_zfdw " e V.0l
where
1 —g?
M, v = ZMt ijM, ]k M — 1 jZk(Ms,u M;ij)M, k(Ms ke — Mo i)
1+g 1—g 1+g _ 1—-g _ -
- Z (_MY iiM,. /le k' + TMI iiM.. jkMY kk’) = (TMs,ilk’ + TMz,i}a . &Y
This transformation is explained in Appendix A.
The diffusion flux in the tangential direction J! is obtained from Egs. (26) and (27) as
1+ 1-—
ol = — ooy 4+ —=£ S, =3 Moy Vi(As. ). (52)
J
Therefore,
Qi =} +J) =) [Myn®n+ M, ;1 -n@m]V(As ;)
J
1—-g> W O V¢
- ——= ) (M j — Myij)M_ ;(cs i — Cri) 0o (53)
4 V2faw ; Lot Tvel
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where n = —V¢/|V¢|, ® represents the tensor product and 1 is the unit tensor. Here, we employed V, =n®nV and V, =

1—-—n®n)V.
When the local equilibrium conditions given by Egs. (33) and (35) are realized, ¢, ; depends on {¢;;} and hence it is written
as ¢;; = ¢s,i({c1,;}). Then, the time derivative of ¢; is given as
b= o (E8e 4 128, 1+ng e+ a0+ s — anEoad (54)
tCi — O ) s, ) zl] tCli s,i 1,1217
where
¢ acy i
ij 861 = Z Xs ,le kj» (55)
with
aASC i 82s bulk
Xpik = S = AR (56)
Cp ok dcp, j0C, i

The second equality in Eq. (55) originates from the local equilibrium condition given by Eq. (31). By combining Egs. (53)

and (54), therefore, the diffusion equation is obtained as follows:

1 + 1+g 1- - Vo
Zk i0crj+ 8,c1, =V. ;Di]’((ﬁ)VCz,j 4 m Z( sij — MM, (S5 — C1i) 8t¢|V_¢|
g/

— (s — C/,i)33t¢, (57)

where D;; is the diffusivity function given as
Dij(@) ==Y Myu(@xiun®n— > M i(@)xrij(1 —n@n). (58)

k k
[

Here, Dij(¢p =—1) = =My ik xi.k; = Duij and variational manner. The validity of the model must be carefully

Dij(¢p = +1) = =EM ik Xikj = — B My ik Xs ke ki ; =
Y Dy ixky, j where Dj;; and Dy;; correspond to the
diffusivities in the liquid and solid, respectively. Therefore,
the present formulation leads to the important consequence
that the diffusivity is tensor inside the interface.

It is worth noting the following two points: First, the term
proportional to ;¢ in the parenthesis on the right-hand side
of Eq. (57) naturally arises in the present formulation. This
is the antitrapping current, which corrects the diffusion flux
inside the interface, thereby eliminating the abnormal interface
effects. Second, the diffusivity is formulated as the tensor
given by Eq. (58). This is a consequence of the separate
definition of the diffusion fluxes in the normal and tangential
directions to the interface as given by Egs. (24)—(27). In
solidification with two-sided asymmetric diffusion, there are
abnormal interface effects associated with the diffusion fluxes
in the normal and tangential directions. The elimination of such
effects requires stringent constraints on the ¢ dependence of
the diffusivity [11,24]. It is difficult to satisfy these constraints
simultaneously when the scalar diffusivity is employed. On the
other hand, such a problem does not occur when the diffusivity
is tensor [31,38].

E. Free-boundary problem and summary of the present model

As described above, the model for nonisothermal so-
lidification in a multicomponent alloy was derived in the

investigated by the asymptotic analysis of Egs. (43) and (57).
As described in detail in Sec. III, in the thin-interface limit
of this model, the following sharp-interface equations are
reproduced:

n+1
0¢c; =V - (Z D,,,,'j({ck})ch> in phase p, (59)

i=l1

1
V., — vk, (60)

int

AGdriv({ck}) = -

n+1
(cri—c¢si) V= Z Dy ii({cxDorcjl™
i=1
n+1

= > Duij{chdyelt, (61)

i=1

where wiy is the interface mobility and V,, is the interface
velocity in the direction normal to the interface. d,c; |T(9,¢ i1
represents the spatial gradient of ¢; in the normal direction
on the liquid (solid) side of the interface. The diffusion in
the bulk is represented by Eq. (59), where the off-diagonal
elements of the diffusivity matrix and also their dependencies
on {c;} are taken into account. Equation (60) indicates the
Gibbs-Thomson relation. It is important to point out that
approximations and simplifications are not introduced into
the forms of the bulk’s free energy densities in this model.
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Therefore, any type of free energy model, such as the solution
model in the CALPHAD method [39], can be employed
to describe AGyiy in Eq. (60). Finally, Eq. (61) indicates
the conservation of solute atoms and energy during the
migration of the interface (Stefan condition). These equations
are reproduced in the present variational model without any
modification. Hence, the present model can be applied to a
variety of practical alloy systems.

Note that the model derived in a variational manner does
not necessarily exhibit high numerical performance, i.e., fast
convergence of the results with decreasing W [12,31]. It is
therefore beneficial to develop a nonvariational form of the
quantitative model for its practical use. Once the variational
model is derived, it is basically straightforward to construct
the nonvariational form. In the asymptotic analysis in the next
sections, we focus on both the variational and nonvariational
models. For this purpose, Eq. (43) is rewritten as

, ~, w AGdrlv
T = W2V — f] — Y
w2 \%
-5 acivVey; - —¢, (62)
dy - Vol

where g = Jg'/2, J =16/15, a1 = 1/J, dy = y /., and ¥,
is a constant thermodynamic factor that will be defined later.
dy is a characteristic length of the microstructural process and
it generally corresponds to the capillary length. Also,
—hiw 1 +1 T

2 2 Xe

M i)xiji.  (63)

fm(¢)

Aci =

\/2fdw

X Z Ack/M(:kl//k(M[,kj —
ok
with
AC,‘ = Cl,i — CS,,'. (64)
Here, a; =1, f,.(¢) = 1 and h = h;,, = g in the variational
model as demonstrated in the previous sections. For the
nonvariational model, we append degrees of freedom in the
choice of the forms of f,.(¢), i, and hjy,y. a; is automatically
determined from the forms of f,.(¢), h, and hi,, as shown
later. T is given as
IWTy 1

1-hmW3T,
——— 4 qay B
do xe My

8fuw do xe
X Y frif( @ACM_ L AC;, (65)

ij

where f;;i(¢) =1 in the variational model, while its form is
later determined for the nonvariational model.
The diffusion equation (57) is written as

1+h
oL 5 Lkt =
ZD Ve i+ anriWop—— Ve
- ij l,j AT,i t |V¢|
h/
+ AC; 0,9, (66)

2
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with

1 1—h1+hp
szdw 2 2

X (Myij — MM}
j.k

aar,; =

AC, (67)

c,jk

where g in the variational model is replaced by # and hjyy. In
addition, g in the expressions for M. ;; [Eq. (30)] and M, ;;
[Eq. (51)] is replaced by hi,y, while g in M, ;; [Eq. (48)] is
replaced by h. These replacements are made because it was
shown by numerical testing of the quantitative models that
the numerical performance strongly depends on the order of
the polynomial of ¢ [40]. In particular, the function Ay, is
introduced to avoid arapid change of M,, ;; across the interface,
which causes low numerical accuracy [31] as will be explained
later.

Let us emphasize the differences between the previous
work [31] and the present work. In the previous study on the
two-phase variational approach [31], the focus was directed
at a simple case, isothermal solidification in a dilute binary
alloy where the independent variables are only ¢ and the
composition fields of a solute. The formulation started from
the free energy functional and a local equilibrium condition
equivalent to Eq. (35) was considered. In the present paper,
we have focused on nonisothermal solidification in a multi-
component alloy where the independent variables are ¢, the
energy density, and composition fields. The thermodynamic
function is the entropy functional and the local equilibrium
condition for each diffusion field [Eqgs. (33) and (35)] is
taken into consideration in the present case. In addition, the
contributions of off-diagonal diffusivities are included. In the
present case, importantly, the tensor diffusivity is naturally
derived as a consequence of separate definitions of diffusion
fluxes in normal and tangential directions to the interface.
This is in contrast to the previous approach where the natural
derivation of tensor diffusivity was not achieved. Note that the
present variational model is reduced to the previous variational
model of Ref. [31] when isothermal solidification in a dilute
binary alloy is considered. However, the nonvariational form
proposed in this study is different from those in the previous
models. In the present nonvariational models, there are degrees
of freedom in choosing the functions h(¢), hin(P), fuc(P),
and f7 ;;(¢). The nonvariational model can be mapped onto
the free-boundary problem upon satisfying some relations
and requirements for ar, h(¢)v hinv((p), fac(¢)s and fr,ij(¢)
as described in detail in the next section. The previous non-
variational models contain a solvability integral that must be
calculated in accordance with changes in the solid diffusivity
and the partition coefficient during the solidification processes.
Asdiscussed later, the present form is more convenient because
one can avoid introducing such an integral.

Note that the transport coefficients M, ;; are employed in
Eqgs. (63), (65), and (67); they can be replaced by D,, ;; using
the relation M), ;; = _EkX;,!kDp,kj- The diffusivity is more
convenient than the transport coefficient as the input parameter
in terms of the availability of the measured and/or calculated
values.
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III. THIN-INTERFACE LIMIT ANALYSIS

We perform the asymptotic analysis of the present model
[Egs. (62) and (66)] to investigate the behavior of the solution
for small W. For the sake of convenience, the spatial and time
scales are normalized in terms of d, and dg /Dy o, where Dy
is a reference value of the diffusivity, which can be given
by D;;; with an arbitrary chosen solute atom i at a temper-
ature. Equation (62) is rewritten in the normalized scale as
follows:

@+ ¢ Za,,AC M_AC; | 0

~ AG v
— 82V2¢ _ f(;w 1g/ dri
Vo
2
—& aciVerit=—, (68)
2,.: Y
where

D 1 Tp 1 )

o = _—

0 1,0 Wdo xe My

and
PR L (70)
o =a e £
! o e Sfdw o
Also, the diffusion equation is given as
1 + h —h
Zk Ber + dcr
Vv n
=V Zqz,Vc‘z jtaarieddp—— ¢ + AC; = 0,0,
- Vol 2

(71)

where q;; =D;;/D;o. Note that
Dy;j/Dip for ¢=-1 and
Esz,ikkzj/Dl,O for ¢ =+1.

The solutions of Egs. (68) and (71) are analyzed in a pertur-
bative manner by expanding them in inner and outer regions
in powers of ¢ in the same manner as in Refs. [14,24,27,31].
The inner region is the interface region, while the outer region
is the bulk region away from the interface. ¢ rapidly varies
in the inner region and takes a constant value (+1 or —1) in
the outer region. Equations (68) and (71) are rewritten using
a local orthogonal set of curvilinear coordinates, the signed
distance to the ¢ = 0 level set r, and the arc length along the
interface s. In the inner region, moreover, the length scale is
rescaled as n = r/e. Then, the time evolution equation of ¢ is
given as

q; =qij(¢=—-1=
q;; =qij(¢ =+1) =

~ AG
8 ¢ fdw + e(oov, + K)a ¢ — 8a1g’ driv

e

+e Zac iOyci — €200y + 6202

+ &2, Za,,AC M_\AC;d,¢ =0, (72)
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where v, and « are the normal interface velocity and the
curvature in the dimensionless scale, respectively. Equation
(71) is given as

n -1 n
E qgi;Ocrj | +& K E 491,
J J

/

—sflvnAC,-— lvnan(aAT,i 0®)

jHe! Lk
Uy

¢+~
-1, 1+h
+e

3,16‘1,,'

_Kznqu'njancl,j +as Zq;jascl,j
J j
+Kkvpaar,i 0,9 =0, (73)

where = My ik xiki/Dio and ql?j =
- Mt,ile,k/ /Dl,O and  therefore ql."j(q) =41)=
qi’j(¢> = *1) = g;j(¢ = £1). The inner expansions of ¢ and
c; are represented by ¢ = ¢g + ey + &y +--- and ¢;; =
criotecii+ 82c;,,;2 + .-+, respectively, while the outer
expansions are represented by ® = &g + e®; + 2Dy + - - -
and C;; = Cpi0+&Criy +&>Crin+ ---. The expansions in
the inner region are substituted into Eqs. (72) and (73) and
they are matched order by order in powers of ¢ to those in the
outer region. The matching conditions are the same as those
reported in Ref. [14]. The asymptotic analysis for the present
model is carried out in the same way as in our previous work
[31]. However, several important relations must be taken into
account for the present case, especially regarding the diffusion
matrix and the thermodynamic factor. Hence, details of the
analysis are explained in Appendix B and only the essential
points are described below.

Equation (72) at order & yields ¢o(n) = — tanh(n/+/2) and
o = (¢§ — 1)/4/2 with the boundary conditions ¢g — —1
for n - 400 and ¢9 — +1 for n - —oo. One obtains
Zj q;;9yc¢i,j,0 = 0 from Eq. (73) at order £72. This equation
must be satisfied for the regular matrix g;;. Hence, 9,¢;, j,0 = 0
and ¢; j o = Cy,j 0(s). Equation (72) at order ¢ yields

AG4iv({Cio))
Xe

= —agu, — K. (74)

This equation represents the Gibbs-Thomson relation at the
lowest order. These solutions can be found in the same manner
asin Refs. [14,24,27,31]. Next, from Eq. (73) at order ¢! one
obtains

v AC({Cio)) = Y qij(+13,C jol”
j
— Y qy(=Da,Criol*.  (75)
J

where A|* and A|™ represent the values of A on the liquid
and solid sides of the interface, respectively. Equation (75)
represents the Stefan condition at the lowest order. In addition,
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the following relation is obtained:
1 +
_E,O ; x1,iiCi il

1 -1 + + -
= 5 Xj: M7 AC H® + ij Gajx(+13,Cpi o
J

+ Aio, (76)

where A; o is the integral constant and
+o00
H* = / (h + Ddé, (77)
0

+o00
G = /0 [M, ] (¢0) — M, (¥ D)]d&

ML — ML) pxe
_ w / (hiny = DdE.  (78)
0

Therefore, H = H~ and G;; = G;; are required for the dif-
fusion potential to be continuous across the diffuse interface.
This requirement is automatically satisfied in the variational
model because h = hi,y = g. Furthermore, this requirement
can be satisfied when & and hj,, are an odd function of ¢.
Details of the analysis of Eq. (73) at order ¢! are explained
in Appendix B.

The integral constant A; ¢ in Eq. (76) can be obtained from
Eq. (72) at order &2, and one can derive the following relation:

IAG griv
Z ] dr C[7i_1|i
Cli

=v,ToD10] Y AC:M; }AC (aray + azj) g (79)
ij

where a; = I/J and

JH*+ K
a2=2—1+, (80)
4 +OO{MC_"'I"[f (@) — for (@] — f. (¢>}
a;,i - — 1 LJac — Jt,ij — Jac
3,ij I . M[,,‘} J
1—h?
x— dg 81)
with
+o00 n
K = / ( /0 hdé)?’@o)ancﬁod? (82)

For Eq. (79) to be valid, a; must satisfy

+00
aj =I</ (1_hinvg)d€:>/

+o00
Jac(@)(1 — hiny)(1 + h)d§. (83)
—0oQ0
In the variational model, Eq. (83) always holds because 1 =
hiny = &, fac(®) = 1 and a; = I. In the nonvariational model,
a; must be determined based on Eq. (83) to remove a constant
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error in the Gibbs-Thomson relation which appears not in
one-sided diffusion but in two-sided asymmetric diffusion. In
addition, in deriving Eq. (79), we employed the following
relation for the thermodynamic quantities:

IAGay
3 I o = —THAC, (84)

8c,~ Lij

which can be obtained from Eq. (39). More details are
explained in Appendix B. By combining Egs. (74) and (79),
one obtains

AG riv Xi 1 0AG riv
MJ’_S — d Cl.i,1|i:—ﬁvn—x,
Xe i Xe acl,i
(85)
where
Dy 1
p=co—eTo— D ACMSACaa + as i)
e l,j

(86)

Equation (85) is equivalent to the Gibbs-Thomson relation
described by Eq. (60) with 8 = D; o /(y [tint). It is important to
point out that in the variational model, a3 ;; is calculated to be
—ajay and the second term on the right-hand side of Eq. (86)
vanishes, which results in 8 = . Namely, the phase-field
mobility My is exactly proportional to the interface mobility
Wint- This is in contrast to the conventional quantitative models,
where the phase-field mobility depends on {c;;} even though
Iine 18 assumed to be a constant [14,24]. This fact was not
explicitly discussed in the previous study [31].

One can obtain the following relation from Eq. (73) at
order £°:

| Crial™ = Zkfjclniv] I~
J

_ 9g;;(+1) _ _

= E qij(+1)0,Cy j11” + E TCL/{,H 9-Crj0l
- , %

J J:k

— Z%j(—l)arcl,j,1|+
J

dgij(—1)
=Y =Gl M0 Crjol ™ (87)
I aCk

This relation is valid as long as the following requirements
are satisfied:

—00 ~+00
/0 (4} — qiy(+D]as = fo [a; — aij(~D]ds, (88)

8 —0o0
— l4]; — qij(+1)]ds
dcrk Jo By~ i
9 +00
= 2ar o [9/; — qij(—D)]dé, (89)

that are related to the correction associated with surface
diffusion. According to Eq. (48), when g is replaced by
h, Eqgs. (88) and (89) are equivalent to the requirement of
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H*t = H~.Hence, Egs. (88) and (89) are satisfied in both the
variational and nonvariational models. One finally obtains the
following relation from Egs. (75) and (87):

v, | AC; + 8C1y,‘,] P— — SZkfj Cl,j,l |_
J

= ZQij(+1)arC],j.0’7 - ZQij(_l)arCl,j,()|+
j J
+e Zqij(+1)3rcz,j,1|_ —¢ ZQij(_l)arCI,j,l |+
j J
ag;j(+1) _ _
+£;ajc—”(cl’k’ll 9-Cy j ol

9g;;(—=1) + +
— ——C, 0,Cy ; . 90
g jgk 2ok Lk | 170 (90)

This equation is equivalent to the Stefan condition given by
Eq. (61).

As demonstrated above, the variational phase-field model
developed in this study exactly reproduces the sharp-interface
equations (59)-(61) without any modification in the thin-
interface limit. This fact demonstrates the validity and use-
fulness of the present variational formulation. In the case
of a nonvariational model, furthermore, the sharp-interface
equations can be reproduced as long as Ht = H™~ and G;; =
Gi; are satisfied, a; is given by Eq. (83), and a¢ (hence, the
phase-field mobility M) is given by Eq. (86).

IV. SPECIFIC EXAMPLES FOR SOME SYSTEMS
A. Definition of functions in nonvariational model

Equations (62) and (66) represent the general form of the
present model. This model can be applied to a variety of so-
lidification problems and also diffusion-controlled solid-solid
transformations. It should be helpful for further understanding
of the present model and its practical use to illustrate specific
forms of the model for well-known problems. In this section,
specific forms are demonstrated for solidification in a pure
substance, isothermal solidification in a binary alloy and also
nonisothermal solidification in a multicomponent alloy with
an approximated driving force. In particular, the nonvariational
forms are discussed. Before going into the details of each case,
we explain the forms of 4(¢), hin(¢), fac(¢), and f7 ;;(¢) that
are employed in all these models.

As described in Sec. I1 E, the model derived in a variational
manner does not necessarily exhibit high numerical perfor-
mance, i.e., fast convergence of the results with decreasing
W [12,31]. Our preliminary simulations showed that the
convergence of the present variational model is also slow.
This is because of two reasons. The first reason is related
to h(¢) which interpolates ¢; inside the interface. h(¢) of
a high-order polynomial causes rapid variation of ¢; near
the center of the interface and description of such rapid
variation requires a small spatial grid spacing as discussed
in Ref. [40]. To avoid this problem, in this study, A(¢) is
defined as h(¢) = ¢, which generally yields good numerical
performance [12,40]. The second reason for slow convergence
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in the variational model originates from M,, ;; [Eq. (51)] where
the inverse of the transport coefficient (or diffusivity) in each
bulk is interpolated inside the interface, which is called inverse
interpolation in this paper. In the variational model where
hinv(¢) = g(¢), M, ;; sharply changes inside the interface
when the difference in the transport coefficient (diffusivity)
between the solid and liquid is large. This is numerically
unfavorable [31]. In nonvariational models, a form of /A, (¢)
can be chosen so as to prevent this problem. In this section,
hiny(@) 1s given as hi(¢) = ¢ because this choice makes it
possible to illustrate specific forms of the model in a concise
way. Also, preliminary simulations showed that this choice
yields reasonable numerical performance in some cases where
differences in diffusivity between the solid and liquid are not
very large. In the next section, we propose a different form of
hiny (@) to achieve much better numerical performance.

In defining f,.(¢), one must pay attention to the require-
ment that the cross-coupling term in the ¢ equation must
vanish outside the interface. Note that the right-hand side of
Eq. (62) must vanish outside the interface because ¢ should
take constant values of 41 in the bulk solid and —1 in the
bulk liquid. In the variational model, this is automatically
satisfied because a.; in Eq. (63) becomes zero at ¢ = £1.
It can be readily confirmed by noting i = hj,y = g and
(faw)'? = (1 — ¢?)/2. However, a.; does not automatically
vanish at ¢ = £1 when h = hj,, = ¢ is employed in the
nonvariational model. Hence, f,. needs to be defined so as to
satisfy the condition of a.; = 0 at ¢ = £1. There are several
possible forms for f,.(¢). In this study, f,.(¢) is given as

fac(@) = 2(1 — ¢7). 1)

Then, a; can be calculated from Eq. (83) as
+00 2
ar = 2a1a21// (- Dds =@, O2)
—00

where a; = 5«/5/8 and a, = 0.6267. For f;;;(¢), we employ
the following form:

M
feii(@) = fac@)| 1 — M;{ : (93)

c,ij

whichresultsinaz ;; = 0. Therefore, M, can be obtained from
Eq. (86) as follows:

1 w1

qu B I_TO Mint

W2
+ DY ACMLAC; aay. (94)
ij
By substituting Eqgs. (92)-(94) into Eq. (65), one obtains

w2 o1 W3 T,
T = +ajay—— Y ACGMLAC;.  (95)
doXe Mint do Xe ’

ij

In our previous nonvariational models for isothermal
solidification [31], the solvability integral included in the
expression for t depends on the solid diffusivity and
the partition coefficient. Hence, one must calculate the change
in the integral during the solidification process unless the solid
diffusivity and partition coefficient are assumed constant. On
the other hand, the present nonvariational model does not
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include such an integral and it is more convenient for numerical
implementation than the previous models.

It is important to point out that the entropy is the
thermodynamic potential in the present formulation and
therefore the thermodynamic quantities such as AGgyy and
Xp,ij in this model are functions of the energy density
and the compositions. This point should be taken into account
when approximations and simplifications are introduced into
the present model. In particular, care must be paid to the
thermodynamic relation given by Eq. (84), which must be
satisfied to ensure the consistency of the model with the free-
boundary problem. As long as these points are appropriately
taken into account when applying the present model to specific
cases, the set of independent variables can be changed to a set
of different variables. For instance, the energy density ¢; can
be changed to the temperature field 7" when the temperature
dependence of ¢; is defined as shown below.

B. Solidification in a pure substance

We first focus on the solidification in a pure substance. In
this case, the independent variables are ¢ and ¢;. However, it is
convenient for the description of the heat conduction problem
to use the temperature instead of the energy. Therefore, we
choose the temperature field T as the independent variable by
using a relation e¢; = ¢;(T"). Equations (62) and (66) can be
rewritten as

, ~ W AGgiy
T, = WV — £ — Fa— —2
dO Xe
w? v
Wvr. Y2 (96)
dy Vol
+ 1
( 2¢Cs,V+ C V)atT
v <x VT + Wa¢V¢>+ALa¢ 97)
= . a - N ,
T AT t |V¢| B t
where  AGagiv = foouk(T) — frou(T), Cry =de/dT,
Csv =deg/dT =k°Cyy with k¢ =des/de; =

(dzsl/delz)/(dzss/def), and AL=¢ —e;. C;y and Cyy
are the specific heat per unit volume in the liquid and solid,
respectively and AL is the latent heat per unit volume. Also,

w2 1 w3 2AL
T = +ara,—
doXe Mint do As7(1 =)+ A (1 +¢)
1 dAGys;
x — T4 98)
Xe dT
A — Ay
ae = —aras(l - g) LT~ Pt)
A7(1 =)+ A 7 (14 ¢)
1 dAGdriV
1 dAGaiv 99
X . dT 99
1 (At — AsT)
arr = — J : AL, (100)
T2 =@ + (L + Py
20 TA
)\'T s, TN, T ® n

T U=+ U+ g

+ (#m 4! ;‘pm)(l —n®n), (101)
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where A, 7 is the thermal conductivity of phase p
given as A,7 =D,7rC,y with thermal diffusivity
Dy =—M,(d*s,/de). In deriving Egs. (98) and
99), Xiee = dzs,,/d(Qe,,)2 was calculated using Eq. (84).
This model can reproduce the solution of the following
free-boundary problem:

Cpy&,T =V - (A, rVT) in phase p, (102)
1
fy,bulk - f],bulk - - Vn — Yk, (103)
Mint
ALV, = k18, T|” — d10,T|". (104)

Here, one can utilize, for instance, the free energy function
of the SGTE database [41] for f,pux. When Aj 7 = As 7
is considered, the present model becomes very tractable in
numerical implementation because the cross-coupling terms
between ¢ and T (a. and aur terms) vanish and Ap
in Eq. (101) becomes scalar (Ay = A; 7). Also, the early
model for a pure substance [12] can be reproduced by
introducing the following simplifications and approximations:
AGaiv = fsouk(T) = froux(T) = (AL/T, )T — T), AL =
const, C;y = Cs,y =const, A; 7 = A, 7 = const, and y, =
AL?/(T, C;.v), with which dj becomes the thermal capillary
length.

C. Isothermal solidification in a binary alloy

In the case of isothermal solidification in a binary alloy, the
independent variables are ¢ and c¢;. The interface temperature
Ty corresponds to the holding temperature. Then, the time
evolution equations of ¢ and ¢; are given as

~ W AGgiy
T = WAV — [, — Fla o —
do  Xe
w? Vo
——a V¢ - ——, (105)
do Vol
1+¢,. 1-¢ Vo
——k“+ ——)0,c; =V -[{DV Wwao
( 5 + 7 ) il ( ¢+ aar t¢|v¢|
@y, (106)
2
where
w2 1 w3 2(¢; — ¢y)?
T = +ajay—
doXe Mint do (1 —@)k¢Ds + (1 — @)Dy
1 0A W,
x — oK (107)
Xe acl
AGaiv = fopuk — Sfroux — Ape(cs — ¢p), (108)

D; — k¢ Dy
(1 = @keDs + (1 =)Dy

ac = —V2aa,(1 — $*)(e; — )

1 0A W,
x — Z2He (109)
Xe aCl
1 ( ) D, — k°D; (110)
a = —=(C] — ¢ )
AT 2T kD, (1= @)+ Di(1 — ¢)
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B 2k¢D, D,
T (1= @)kDy + (1+ @)Dy

I+¢ 1—¢
—k° D
+< 3 5 I

where k¢ = dcy/dc; = (d*s;/dct)/(d?sg/dc?),
D, = —M,(d2sl/dclz), and k‘D; = —Ms(dzs,/dcf) =
—kM,(d*ss/dc?). dy is the chemical capillary length when
Xe 1s defined as (cf—cﬁ)zaAul/acﬂg, where cj, is the
equilibrium composition of phase p and A|, represents the
value of A at equilibrium. This model is consistent with
the following free-boundary problem:

n®n

)u—n®m,an)

d,c =V -(D,Vc)in phase p, (112)
1
fobuk — fiouk — Apte(cy —¢f) = ——V, —yk, (113)
int
(c] =€) Vi = Dydye|™ — Didyel™, (114)

where ¢} and ¢} are the compositions at the interface in the
liquid and solid, respectively, at the interface. Note that one
can utilize any type of free energy model for f, pui, such as
the solution model in the CALPHAD method [38], and one
can consider the concentration dependence of the diffusivities.

Let us remark on a numerical issue in this model. Except
for a case that a simplified model such as a dilute solution
model is employed for bulk’s free energy density, ¢, must
be calculated at each spatial point such that the condition of
equal diffusion potentials [Eq. (35)] is satisfied. Although this
can be carried out by an iterative calculation method such
as the Newton-Raphson method, it is often time consuming.
On the other hand, instead of conducting such an iterative
calculation, one can directly calculate the temporal change
in ¢; from 0,c, = k9;,¢; with 0,¢; and k¢ obtained from
¢ and ¢, at t. The calculated ¢, satisfies Eq. (35) as
long as the initial value of ¢, satisfies Eq. (35).

J
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D. Nonisothermal solidification in a multicomponent alloy:
Linearized driving force

A simplified model for nonisothermal solidification in a
multicomponent alloy with n solute atoms is next demon-
strated. The independent variables are chosen to be T and ¢; ;
with i < n. The contributions of off-diagonal diffusivities are
neglected for simplicity. In addition, we employ the approxi-
mation called the multibinary extrapolation [42] for the driving
force. The following form of the driving force is assumed:

_Clo,i)’

(115)

AGaiy = ASariv(T — To) + ASariv Zml,i(cl,i

i

where ASqiy i the entropy contribution of the driving force
and m; ; is the liquidus slope of solute i, which are both
approximated as constants. c] is the equilibrium composition
of i at the liquidus temperature Ty. Also, x;;; = 0 is assumed
for i # j. Then, from Eq. (84), the second derivative of the
entropy density is expressed as

T 1 3AGy 0T
Kee = Q29e? —  PTAL 9T de
= —%:ZVLCLV (116)
for the energy density and
9751, bulk 1 0AGary ASarivimy i
M= 52 T T HhAG da | DAG

(117)

for solute i. In these expressions, de;/dc;; is assumed to be
negligible and de;/dT is set to Cy, which is the constant
specific heat with C; y = C; v = Cy. Then, the ¢ equation is
given as

~ W AGgiy w2 " V¢)
9,0 = W2V2¢p — f/ ’ ——\a. VT Ve 118
T 0:¢ ¢ — [ —8a1— db o (a T + ;a ivYa, ) |V(]§| (118)
W2 1 "V3 AS riv AL/C - i — Cs,i i
T = + 2ayay —— = /Cv +y (611 = 1) : (119)
do Xe Mint do xe \U=¢)Dsr+A+P)Dir = (1 =-PkiDyi + (1 +P)Dy;
Dl T — Ds T ASdriv
e = —V2aya (1-—¢% . : (120)
! 1 A—¢)Dsr + (A +Dir e
D i ki Dy ; AS, ri i
a.; = —2ajar(1 — ¢?) L i, (121)
(I—=@)kiDs; +(A+@)Dri X

where D,  and D, ; are the thermal diffusivity and diffusivity
of solute i in phase p, respectively, and k{ = m;; /m;; with
my; the solidus slope of solute i. The time evolution of the
temperature is described by

Vo \ AL
T =V - \DrVT +apr 7 Wop—— +——, (122)
Vol 2
with
1 D;r — D AL
P (D1 5.T) AL o3

V21 =¢)Dyr+ (1 +¢)Dir Cy

(

where Dy is given by Eq. (111) with k¢ D, and D, replaced by
D, 7 and Dy 7, respectively. The diffusion equation of solute
i is given as

I+¢ . 1—9¢ Vo
<Tk + —2 >8,c, =V. <D Ve +aATzW81¢|V¢|>
z¢’

+(Cll Csz) (124)
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with

Dy ; — ki Dy ;
(I = ®kiDs; + (1 +¢)Dy;

1
aar,i = —=(Cr,i — Cs,i , (125
AT, «/5( /, i) (125)

where D; is given as Eq. (111) with k° Dy and D; replaced by
ki Dy ; and D, ;, respectively.

V. NUMERICAL TEST

Numerical testing was carried out to evaluate the per-
formance of the present nonvariational model. The conver-
gence behavior of the simulation result was investigated by
decreasing the interface thickness W in a similar manner
as in the previous studies [14,24,27,31,40]. We performed
two-dimensional simulations of dendritic growth during non-
isothermal solidification in a ternary alloy using the model
described in Sec. IVD. The independent variables are ¢,
T, c11, and ¢;p. For simplicity, we assumed 1/ = 0,
Cy = const, and AL = const. Also, the partition coefficients
k{, the thermal diffusivities of the solid Dy 7 and liquid D; 7,
and the solute diffusivities of the solid Dy ; and liquid D; ; were
assumed constant. A test with these simplifications is sufficient
for the present purpose. x, is given as x, = ASqiv(AL/Cy)
and then dj corresponds to the thermal capillary length.

As described in Sec. IVA, a model with h(¢) = ¢
generally yields good numerical performance [12,40] and
hence we employ A(¢) = ¢ in this test. Although the model
with A (¢) = ¢ was presented for illustrative purpose in
Sec. IV, we put forward a different form of A,y (¢) to achieve
good numerical performance in this section. For clarity, the
diffusivity D; in Eq. (124) is described as

D, 2qy,i
Dl,i B (1 - hinv)%,i + 1 + hinv

1+ ¢ 1—¢
+( > qs.i + 5 )(1—n®n)

=¢/n®n+g (1-n®n),

n®@n

(126)

with gs; = ki D, ;/D;; for i =1, 2 and T. k5 is given as
k7 = 1.0. ¢q]" is described by inverse interpolation with 4,y (),
while ¢/ is given by normal interpolation with (¢) = ¢. When
gs,i is low, g;' abruptly changes near ¢ = —1 in models with
hiny(@) = g(¢) or ¢, which causes low accuracy in numerical
simulations. In nonvariational models, a form of &;,,(¢) can
be chosen so as to prevent this problem. Note that hi,,(¢p)
does not need to be an odd function. Any function can be
employed for hj,y (¢) as long as it satisfies hj,y (£1) = £1 and
G;; = G;; [Eq. (78)]. In this study, the following function is
employed:

qa — 1 + (Qa + l)hnorm(¢)

hinv = ,
(¢) qa + 1 + (qa — 1)hnorm(¢)

(127)

where ¢, is a constant and hpom(¢) is the odd function
given as

Bom() = ¢ + asp(1 — ¢%), (128)
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FIG. 1. (a) Dependence of a4 and a; on ¢g,. (b) Dependence of
diffusivity ¢ on ¢ calculated for ¢,; = 1072, 1073, and 107%. ¢, =
1073 and a4 = 0.5478 were employed in (b).

with a constant a4. This function was chosen because it can be
rewritten as

an _ 1 + hnorm + 1 - hnorm
(T h)ga + (It him) 2 772

’

(129)

where the left-hand side represents the inverse interpolation
between 1 and g, with hj,(¢), while the right-hand side
represents the normal interpolation between 1 and g, with
hnorm(@). This property of A, (¢) is beneficial in suppressing
an abrupt change of ¢! associated with the inverse interpo-
lation. The constant a4 must be determined so as to satisfy
G;; = G;; for each value of g,. The calculated value of a4 is
shown in Fig. 1(a) where four values are denoted for reference.
The advantage of ki, (¢) given by Eq. (127) is exemplified
in Fig. 1(b) which shows dependence of g;' on ¢ calculated
for q;; = 1072, 1073, and 10~*. In these calculations, qa =
1073 (as = 0.5478) is employed as an example. ¢/ smoothly
changes from ¢,; to 1.0 in all cases. Hence, the problem
with the abrupt change of g can be avoided by using
hiny(¢) given by Eq. (127). In the present simulation, ¢, =
10~* was chosen by considering values of {g,;} mentioned
below. Note that a; given by Eq. (83) depends on the form
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of hin(¢) and thereby g,. The calculated value of a; for
different g, is shown in Fig. 1(a).

By considering the anisotropy of the fourfold symmetry in
the interfacial energy, Eq. (118) is rewritten as

J

1—q.; a
qc,i

Mui
79 ag(n)? |:Z Lei (l +

i

)[1 + (1 —k;‘)ui]}a,qb

ayap

=V [Wm)’Ve]+ ax<|v¢|2wm)aw(“)> i ay(www(n)awm))

3(3x9) 9(dy)
— faw — g/)»(lz Mu,i”i) + W((I:)z Ich,iMu,ivui : % (130)
where the summation is carried out for i = 1,2 and T. u7 = 6 is the dimensionless undercooling given by
g I-To (131)
AL/Cy
and u; with i = 1, 2 is the dimensionless supersaturation given by
i — ¢
up = —C?J(l - kf) (132)
Also,
W(n) = Wya,(n) = W0<1 — 3e4 + 484W>, (133)

where Wy = ¢/\/w and &, is the anisotropic strength of the interfacial energy. In Eq. (130), Le; with i = 1, 2 is the Lewis
number of solute i given by Le; = Dr/D;; and M, ; with i =1, 2 is the ratio of thermal capillary length to the chemical
capillary length of solute i given by M, ; = m;;(1 — kf)c?i/(AL/Cv). Also, Ler = 1.0, M, 7 = 1.0, k5 = 1.0, L = a; Wy/d,

70 = axAW3 /Dy 1, and g, is given as
1- hinv

1+ hinv

ci = 5. 134
qe, 7 Uit (134)
dac; is given as
_ 1 (1_hinv)Qa+l+hin\/<l_qsi)
dei = —=a;(1 —¢H[1 — asp(1 + = ). 135
=37 (T—=9¢7) 1¢(1 + ¢)] - o (135)
The time evolution equation of u; withi = 1,2 and T (u7 = 0) is given as
1 c c _ Vo 1 .
5[1 + ki — (1 — ki )qb]a,ul =V. DiVui + aAT’iW()at(blV_qﬂ + 5[1 + (1 - ki)ui]atqb, (136)
where D; is given by Eq. (126) and
1 1 - s,i
aari = (1 (1 =&))Ll + aig(l = G~ hin g + 1 +hmv]< % ) (137)

Equations (130) and (136) were discretized using a second-
order finite difference scheme with grid spacing Ax and were
solved using a first-order Euler scheme. The discretization of
the diffusion flux with the tensor diffusivity in Eq. (136) was
carried out in the same manner as in Appendix B of Ref. [31].

In this test, the spatial and time scales were normalized
by dp and dg /D; 1, respectively. We employed a square
computational box with an edge length of 5000d,. The
simulations were carried out for a model alloy with k{ = 0.2,
k§ =0.5, Le; = 5.0, Le; = 10.0, g5, = 0.5, g1 = 1072,
gs1 = 1073, M, =0.08, M, » =0.05, and &4 = 0.02. The
time step At was given as At = Ax?/(5D7) and W, was set
to 1.5Ax. The number of spatial grid points was changed

(

from 256> to 1536 and Wy/dy was accordingly changed
from 29.30 to 4.88. A small half disk of a solid was initially
placed at the origin of the x axis and the center of the y
axis. The initial undercooling and supersaturation were set
to & = —0.5 and u; = up = 0.0, respectively. The simulation
was carried out until steady-state growth was achieved. Note
that we employed the low Lewis numbers. This is because high
Lewis numbers require a long time until steady-state growth
is realized. In addition, to reduce the computational cost, the
growth of the solid in the x direction was simulated by moving
the computational box in the x direction along with the growth
front of the solid. The simulation was accelerated by using a
TESLA K40 graphics processing unit (GPU) [21-23].

033311-16



VARIATIONAL FORMULATION OF A QUANTITATIVE ...

(a)

0.008 T T T T T 300
v, p
—— --#&-- this model A 250
Qi: 0.006 - [~O— ~~@-- this model w.o. a_, g
-~ —/— --4&-- standard model 4200
-~ . -
N A - m QU
2 0.004 | o © 4150 2%
'S .o 3
it a s
o] .
o
2 4100 &
£ 0002
2 O T i
e 288 a1 50
oo00b—vr oy
0 5 10 15 20 25 30
Interface thickness, W,/ d,
b
( ) 10 T T T T T
. 09 N A B R A
< sl Ak aaA AT ]
o 08 REEEEN SRt |
§ 0.7 u
s
2 06 i
R
s 05F i
© L i
S 0.4 F M
8 03 C\l* Cyz* 7
o I 5 5
£ ool —0O— - - ®-- this model ]
2 —O— - ® - this model w.0. a_,
g“ 0.1F ' E
g L —{\— - -A&-- standard .
@] 0.0 L L L L L
0 5 10 15 20 25 30
Interface thickness, w, / do
¢
( ) 0.12 T T T T T
L —&— this model
0.10 - —®— this model w.0. a_,|
—&— standard model

error

AE

Interface thickness, w, / a’0

FIG. 2. (a) Convergence behavior of (a) the interface velocity
(open plots) and the tip radius (filled plots), (b) the compositions
in the solid near the dendrite tip, cj; and ¢}, (¢ ~ 0.99), and
(c) error in the Gibbs-Thomson relation, calculated by the present
model (squares), the present model without cross-coupling terms in
¢ equation (circles), and the standard model (triangles).

Figure 2 shows the results of the convergence test. The
calculated dendrite tip velocity V,, and tip radius p are shown
in Fig. 2(a) and the compositions of the solid behind the tip
¢y, are presented in Fig. 2(b). The tip radius p was calculated
by fitting the ¢ = 0O contour at the dendrite tip to a parabola.
Figure 2(c) shows the error in Gibbs-Thomson relation A Eeror
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which is given as [15,27,31]

§ *
error - MM lu

where u} is a value of u; evaluated at ¢ ~ 0.99. The results of
the present model are indicated by square plots (this model).
We compare the results of this model and a standard model.
The standard model corresponds to the present model without
the coupling term in the ¢ equation [the last term in Eq. (130)]
and the antitrapping current in the diffusion equation. More
specifically, a; =0 and accordingly a.; =0 in Eq. (130)
and dasr; =0 in Eq. (136). Also, the diffusivity D; is the
scalar as given by D; = [(1 + ¢)k{ Dy ; + (1 — ¢)D;;]/2 in
the standard model. Therefore, the standard model suffers
from abnormal interface effects. The results of the standard
model are indicated by triangle plots. In Fig. 2(a), V,
and p calculated by the present nonvariational model show
monotonic convergence. Although they do not yet completely
converge, the change of V,, and p are not significant when
Wo/dy is small. On the other hand, V,, of the standard model
exhibits nonmonotonic behavior, which stems from abnormal
interface effects. A significant difference between the present
nonvariational model and the standard model appear for ¢} ; in
Fig. 2(b), which is sensitive to the abnormal interface effect
originating from the discontinuity of the diffusion potential.
The calculated c}; of the standard model deviates from the
well-converged values obtained by the present nonvariational
model even for the smallest value of W, /d. Furthermore, the
large error exists in the Gibbs-Thomson relation in the case of
the standard model even for the smallest value of Wy /dj, which
is in marked contrast to the result of the present nonvariational
model. Hence, this numerical test shows that the performance
of the present nonvariational model is much better than that of
the standard model.

To understand the importance of the cross-coupling term
in the ¢ equation, the same simulations were carried out by
means of the present model without the cross-coupling term
as specified by “this model w.o. a.;” (circle plots) in Fig. 2.
The results of this model w.o. a.; obviously differ from those
of the present nonvariational model. V,, and p of the former
model are always lower and larger than those of the latter
model, respectively. Although the differences in ¢, ; between
these models are small, the notable error still exists in the
Gibbs-Thomson relation in the case of this model w.o. a,;
even for the smallest value of Wy/dp. It is consistent with
the result of the matched asymptotic analysis that a constant
error appears in the Gibbs-Thomson relation without the cross-
coupling term in the ¢ equation. This comparison indicates that
the addition of the cross-coupling term improves the numerical
accuracy.

Figure 2 demonstrates that the present nonvariational model
exhibits good numerical performance by comparison to the
other models. As already described, the numerical accuracy of
the nonvariational model depends on the choice of the forms of
(@), hiny(®), fac(P), and f7 ;;(¢). Here we tested the accuracy
of only one nonvariational model. Numerical testing of the
nonvariational models with different sets of these functions
may reveal the model which yields the highest accuracy as
was carried out for the one-sided model [40]. This is one of

do(l — 1584) (138)
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the important works tackled for practical use of the quantitative
phase-field model.

VI. CONCLUSIONS

In this study, we have demonstrated a variational formu-
lation of a quantitative phase-field model for nonisothermal
solidification in a multicomponent alloy with two-sided asym-
metric diffusion. The essential point of this procedure is that
the diffusion fluxes of the conserved variables in the solid and
liquid are separately formulated in the variational manner from
the entropy functional, which is followed by the introduction of
the local equilibrium conditions. In this procedure, the cross-
coupling terms naturally arise in the ¢ equation and diffusion
equation, one of which corresponds to the antitrapping current
phenomenologically introduced in early models. Owing to
both the coupling terms, this model becomes equivalent to the
sharp-interface free-boundary problem of solidification in the
thin-interface limit. This model is applicable to many practical
problems because approximations and simplifications are not
formally introduced into the bulk’s free energy densities and
off-diagonal elements of the diffusivity matrix are explicitly
considered in this model. Furthermore, we have shown the
nonvariational form of the present model which is more
advantageous for numerical implementation than those in the
previous study [31]. The numerical test of the model for
nonisothermal solidification in a ternary alloy showed fast

J
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convergence of the results with decreasing interface thickness,
i.e., good numerical performance.

Phase-field models generally require a high computational
cost, which has imposed restrictions on their application.
However, recent advances in high-performance computing
techniques have enabled large-scale phase-field simulations of
the competitive growth of a bunch of dendrites [21-23,43,44].
Furthermore, molecular dynamics (MD) simulations have
contributed to the estimation of the interfacial properties
required for quantitative phase-field simulations [45,46] and
large-scale MD simulations are now closing the gap in the
knowledge between the microstructural and atomistic scales
[47,48]. We believe that, coupled with these recent advances,
the present quantitative phase-field model will contribute
to further progress in our understanding of the formation
processes of solidification microstructures.
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APPENDIX A: TRANSFORMATION FOR M, ;;»

The transformation for M, ;» shown in Eq. (51) is explained here. First, note that a constant a and a regular matrix A obeys
the relation (aA)~! = (1/a)A~'. Also, the sum of regular matrices A and B satisfies the following relation:

A+B) '=AT"ATT+B )BT

Hence, the inverse matrix of M, ;; is written as

~ 1—g 1+g ! 2
I _ i, . — I
Mc,,j—< M+ — Mz,u) =21,

k,k'

4 (1+g. _ 1

1 1

= E M”k<—2 M o +
k,k!

—1
8,1 -1
T"”z,m«) M, ;-

Therefore, by substituting Eq. (A2) into Eq. (51), one obtains the following relation:

1+¢ _ 1—g
M, i = Z (TMv,ijMC,}le,kk/ + TMs,kk’

J.k

(A1)
M (=2 p +—2 M) T2 M7}
s,ik l—g s, kk’ l_l_g L, kk' l_l_g LK j
(A2)
_ I+g _ l—g _\!
Mc,j]»le,ij> = (_2 M+ TM,,,.}(,) (A3)

APPENDIX B: DETAILS OF THE MATCHED ASYMPTOTIC ANALYSIS

Some details of the matched asymptotic analysis are explained in this appendix. As described in Sec. ITI, ¢po(n) = — tanh(n//2)

and¢;; o = Cy,; 0(s) are obtained from Eq. (72) at order €% and from Eq. (73) atorder &

~2, respectively. The lowest-order expression

of the Gibbs-Thomson relation Eq. (74) is obtained by integrating Eq. (72) at order &' with respect to n after multiplying it by

d,¢o. Next, Eq. (73) at order ¢! yields

h/
dy Zq,-”jancl,j,l = UnACi 53¢ + vay(@ar.i ybo) = 0, (B1)
J
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where the dependencies of quantities on ¢g and C; o such as g;; = gi;j($0,{Ck0}) and AC; = AC;({Cy,j0}) are not explicitly
denoted for convenience. By integrating Eq. (B1) once, one obtains

) h—1
;qijancl,j,l = UnACiT — Vpaar,i 9y¢Po + ;%‘j("‘l)arcl,j.o

i (B2)

where the integral constant was determined using the matching condition for n — —oo (¢9 — +1). In the limit of n — 400
(o — —1), Eq. (B2) yields the following relation:

v AC({Crioh) = Y qij(+1.{Crio) 3 Crjol” = Y qij(=1.{Cri0}) 3 C1jol ™. (B3)
- .

This equation is exactly the same as Eq. (75). Also, by substituting Eq. (67) into Eq. (B2), one obtains

n h—1 1+ hiny _ -~
D4 @0dcrjn = vn—— | ACi = ——=5 ) (Mijj = Myip)Mg 3 ACk | + 343 (+1)8,Cijol (B4)
J Jsk J

where the terms in the parenthesis in the first term can be rewritten as

14+ hipy _ 1+ hiny
AC; — > Z(Ml,ij M )M jkACk Z ACM, ;M ! kT T Z(Ml,ij M ;)M jkACk
Iy - —
= Z M, ;M ACy. (BS)
jk
Hence,
h—
> al(@o)dycra = vi—— ZMS M AC+ Y i (+1)0,C ol (B6)
j Jik J
Furthermore, using the definition of ql"] , Eq. (B6) is rewritten as
1 h—1 -1 -1 -1 -
o 2}: Xk a1 = vn— ; M, My i M, ACK + 2}: M, i (+1)8,Cy ol (B7)
Here, the following equation is obtained from Eqgs. (A2) and (A3):
D Mok My MO ACK = Y M AC. (BS)
ij.k k
By using Eq. (B8) and by rearranging the subscripts one obtains
Dlo le et = U Z M SAC + Y My g u(+1)d,Criol ™ (BY)

J.k

The integration of Eq. (B9) ylelds
1 _
" Dro ZXWCLJ,I = Un ZM/ HAC; f —dé + Zq,k(ﬂ)a Ci k.ol / i (@0)dE + Ao, (B10)
T J

where A;  is the integral constant. By considering the matching condition in the limits of  — 00 and the Stefan condition
given by Eq. (B3), one obtains the following relation:

1 1
- EoZXW Gl = Ev"ZMZ yACH +ZG 4jk(+1)8,Crico|” + Ajo, (B11)

where H* and GjE are given by Egs. (77) and (78), respectively. In the variational model, H* = H~ and G} = G;; are satisfied
because h = hi,y = g. Furthermore, these requirements can be satisfied when h and h;,, are an odd functlon of ¢

Next, the following relation is derived by integrating Eq. (72) at order &2 after multiplying by d,¢o and by considering the
symmetry of the functions in the same manner as discussed in Refs. [14,24]:

BAGdriv +o0 N +00
= f c1,1,18 (@0)0, podt — f > e i(¢0)dycr.i1ybodE
Xe ; dcyi —o0 —o00
+00
—v, / > aij(¢0)AC M} AC; (3, ¢0)*dE = 0. (B12)
o
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By substituting Eq. (B10), Eqgs. (63), and (70) into Eq. (B12), one obtains the following relation:

aAGdriv —1 1 8AGdrlv 1 aAGdrlv
1A=y — LML ACK + — (+1)8,C
,Zj: der, X1,ijA4j.0 = Un5 Zk 3c s X1.ij ljk K+ 7 ,]zk:k/ 9er X1ij L0 kg (+1) 8, Crp ol

- h— 1 = hin)( +h)
_Tof Z AC; Cl/(Ml jk— Sw.fk)Ml,klk’ACk/fac((p) d&

i,j,k,k 2 4
_ Y (1 = hiny)(1 + h)
+,%Z}w‘su—Mﬁ@Wqum| Fuelp)——"——d¢
i,j,k —o
a; +00 . 1— h2
gl ;;AcmaﬂAcLﬁuwr—z—da (B13)
where K is given by Eq. (82) and
+00
Ok =/ [ M, ,kdé}?(%)an%dé- (B14)
—00
Here, note that the following relation is always satisfied:
IAGas 9 -
dor, = —Toa Ss,bulk — S7,bulk — Z(Cs.j —c,j)Ase i | = =T Z ACjxji |- (B15)

j=1 J

Then, one can obtain Eq. (84). By combining Eqgs. (B11), (B13), and (84), the following relation can be obtained:

. +
: 3 A Gariv Crial" =, ZAC M7LAC; <—JH + K)

ToDy acy; Lij 2J
o h—1(1 = hin)(1 4 h)
_ vn—/ Z ACiM ,J(M/ ik — M j )M o ACk fuc(@) 3 I de
- i,j.k,k
ay +o0 1—
—ug ) ;AC iM_LAC; fw(qs)dg
+ ZAC G q1k(+l)a Clk0| ZAC[Q[jqjk(-I—l)a,C[’k,or

i,j.k i,j»k

I 1 —hipn)(1+h

i,j.k -

The right-hand side of Eq. (B16) consists of terms proportional to v, and g (4+1)9,C; x o|~. In the previous models without
the cross-coupling term in the ¢ equation (i.e., the models with a. ; = 0), the latter terms appear in the Gibbs-Thomson relation,
causing the unphysical magnification of the interface effect. In the present model, on the other hand, the terms proportional to
qx(+1)9,Cj r,0l” can be canceled out when the following relation is satisfied:

- - oo - 1nv 1 + h Q[-
Ji (Ms ij Ml,i}) fac(¢) —d&' = + J

_ = (B17)

Here, Q;; can be rewritten as

+00 +00 J +00
Qij = / [ M, ,,ds}é"(%)modé = ( ML — ML) fo (Riny + 1)d& + — (M,‘,j M) / (hinyg — 1)dE,
(B18)

where we employed the fact that the integral of the odd function from n = —o0 to 400 vanishes. By using Egs. (B18) and (78),
the right-hand side of Eq. (B17) is rewritten as

+ sz 1 _ 1 +00
G +— = 4(Ml ij Mv,ij)‘/_ (hmvg - l)df. (B19)

oo
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Hence, if the following relation is satisfied, the terms proportional to g jx(+1)3,Cy k0|~ vanish in Eq. (B16):

+o00 +o00
aj = 1/ (1- hinvg)d%'// Jac(@)(1 — hiny)(1 + h)d§. (B20)
This relation is automatically satisfied in the variational model because hi,y =h =g, fue(d) =1, and a; = I. In the
nonvariational model, a; is determined by Eq. (B20). Now, Eq. (B16) is written as Eq. (79) and the Gibbs-Thomson relation is
reproduced.

Finally, Eq. (73) at order &° is given as

n

> " aloyc o | + 0, Z 3¢ ¢13 cja |+ 0y Zacu CLk.19yC1j.1
Ny L,k
ik '

J

1 h (¢o) 1 + h —h
— EvnACif)n( 0 ¢1> Zk iClj 1 + Cril
a i da i
+v,0,(aar,i 9,¢1) + Unan< /;ST ¢1 n%) + v,0 Z acicz 1 0y
) 1,j
J
+05| Y aliosCrio | +x D alioher i1 + kvaaar,i dydo = 0. (B21)
J J

Integrating Eq. (B21) once yields

1+h 1—nh
qujaczjz—i-z—czklacl;l-i-vn Zk CLj1 T Un

Cli 1

n 1 dg!. n
2 t L n _ R
+ Ej 0, CLJ.O/O q;;d§ + ,21( asCl.j,OasCI,k,O/(; 8Cl,kd$ +K/O Ej ;¢ j,1 + Vndar,i 0o |d§ = Ay, (B22)
where A; | is the integral constant. In Eq. (B22), we omitted the terms proportional to ¢; and 9,¢o because these terms are

negligible in the limits of n — Fo00. Using Eq. (B2), the last term on the right-hand side of Eq. (B22) is given in the limit of
n — oo as

+o0

+00 h+1 +
K / > " Gijdncrja + vaaar.i dyo |dE =k / v AC;——dE + Kk Y qij(F1)8,Cjo| 1. (B23)
0 P 0 2 I

Also, the diffusion equation of the outer solution C; ; o is expressed in the curvilinear coordinate as

v,0-Cpi0 + unar Cijo+ Z —3 Ci14,00,Cpjo+ K Zqi_iarcl,j,o + 0, Zqz'_jascl,j,o =0, (B24)
J J J
where g;; = ¢;;(+1) in the solid and g;; = ¢;;(—1) in the liquid. Therefore, by taking the limit of Eq. (B22) for n — o0 and
calculating the difference between them, one obtains

c _ _ dgij(+1) _ _
aCrinl™ = v D KGCLalT =) g (D3, Crjinl” + ) ajc—lkcl,k,ﬂ 3,C1.j.0l
Jk ’

J J

dg;;(—=1)
- § (=1)3,.C; +—§ 2 .Gl B25
j qij(—=1)3,Cy j 11 2 dery 10,11 1,0l (B25)

This corresponds to Eq. (87) and is valid as long as Egs. (88) and (89) are satisfied. From Eqs. (B3) and (B25), one can obtain
Eq. (90), which corresponds to the Stefan condition.
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