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The dependence of thermodynamic properties of planar interphase boundaries (IPBs) and antiphase
boundaries (APBs) in a binary alloy on an fcc lattice is studied as a function of their orientation. Using

a recently developed diffuse interface model based on three non-conserved order parameters and the
concentration, and a free energy density that gives a realistic phase diagram with one disordered
phase (Al) and two ordered phases {land Lly) such as occur in the Cu—-Au system, we are

able to find IPBs and APBs between any pair of phases and domains, and for all orientations. The
model includes bulk and gradient terms in a free energy functional, and assumes that there is no
mismatch in the lattice parameters for the disordered and ordered phases. We catalog the appropriate
boundary conditions for all IPBs and APBs. We then focus on the IPB between the disordered Al
phase and the Iglordered phase. For this IPB we compute the numerical solution of the boundary
value problem to find its interfacial energy, as a function of orientation, temperature, and chemical
potential (or composition). We determine the equilibrium shape for a precipitate of one phase within
the other using the Cahn—Hoffmaé-Vector” formalism. We find that the profile of the interface is
determined only by one conserved and one non-conserved order parameter, which leads to a surface
energy which, as a function of orientation, is “transversely isotropic” with respect to the tetragonal
axis of the L} phase. We verify the model’s consistency with the Gibbs adsorption equation.

1. Introduction

In this paper we study the interphase boundaries (IPBs) between coexisting phases and antiphase
boundaries (APBs) between domains of variants of the same phase that occur during order-disorder
transitions in an fcc-based binary alloy. We employ a free energy density that provides a mean-field
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description of the fcc disordered phase (A1, in Strukturbericht notation) and two ordered phases,
both of which have wide ranges of composition away from stoichiometry: th@€phase, typified

by the Strukturbericht L4 structure, and the CuAu(l) phase, typified by the Strukturbericlat L1
structure, in the Cu—Au system. The fcc lattice can be viewed as four interpenetrating simple cubic
lattices (see Figure 1). In the disordered Al structure, the four sublattices have equal probabilities
of being occupied by either type of atom. In thesldhase, one of the sublattices has a different
occupation probability than the other three sublattices; for thgphhse, two of the sublattices are
occupied differently than the other two.

In previous work by the authors][5/7, 6], a free energy density was employed which provided
a useful description of A1-L;1IPBs and L} APBs. In that model, however, the resulting phase
diagram featured a multicritical point for all three phases [41], rather than the separate congruent
disordering points with first order Al-kland A1-LY transitions, as commonly observed in fcc
systems such as Cu—Au. There was no co-existence of the Al gmhhses; the Al—Lgltransition
occurred only at the multicritical point and was second order. A more realistic phase diagram can
be obtained with the improved free energy that we employ here (see Figure 2); there is;A1-L1
and Al-L% coexistence and the transitions at the congruent points are both first/drder [8]. We are
then able to obtain A1-LglIPBs, and verify the thermodynamic consistency of the resulting model
by examining, for example, the relationship due to Gibbs between changesimn the solute
adsorption and excess entropy. We also compute the surface energy anisotropy of this IPB.

Recently, a number of continuum theories of phase change have used combinations of conserved
and non-conserved order parameters with diffuse interfaces to predict or explain various phenomena
in, for example, the solidification of binary alloys |54} 9| 58,11, 4] and Ostwald ripehing [16]. One
method for treating diffuse interfaces is to use a free energy functional for the system based on
continuum parameters that are spatially varying. The functional is written as the integral of the
sum of two kinds of terms: bulk energies that are multiple-well functions of these parameters and
gradient energies that are (generally quadratic) functions of the gradients of the order parameters.
Both terms contribute to the energy in the transition regions that separate bulk phases; such gradient
energy models date back more than a cenfury [46, 52].

When there is a single non-conserved scalar order parameter, the usual form of the resulting
equation is the Cahn-Allen equatidn_[12,2]. When there is a single conserved parameter, say
composition, the result is the Cahn—Hilliard equationl[10,21] used to describe the spinodal
decomposition of a binary alloy. Phase-field descriptions of the solidification of binary alloys
combine elements of both Cahn—Allen and Cahn-Hilliard models (e.gl.|[54/9/ 55, 1, 4]).

Modeling that is based on a single composition variable and one order parameter cannot fully
describe the ordering in binary fcc alloys, such as Cu—Au, which have three or more different
crystal structures, and many possible interfaces, such as IPBs between different structures and APBs
between domains or variants of the same ordered structures. The possible crystal structures include
the disordered fcc phase and two ordered phases with the prototype @nd CuAu structures with
Strukturbericht notations A1, loland L1, respectively. The first mean-field calculation of a phase
diagram for such a systein [41] gave a multiphase critical point not seen in real phase diagrams and
no coexistence between Al andg.1A more sophisticated calculation using the cluster variation
method (CVM) succeeded in obtaining a realistic phase diagram [32]. This method was used for
calculating APBs in L3 and the A1-L2 IPB, but it is mathematically cumbersome and was used
only for some low-index orientations [B0]. By using three non-conserved order parameters and by
adding appropriate higher-order terms to a mean-field free energy, it became possible to obtain
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realistic phase diagramis|[8] with a free energy functional simple enough for interface property and
profile calculations at all orientations|[5/7, 6]; models in a similar vein have been developed by
others|[28, 18, 19, 34] and a more complete introduction is given in [7].

Single-order-parameter continuum formulations with a second order gradient energy term in
cubic systems lead to isotropy of interfacial free enepgyunless the anisotropy is introduced
artificially with an orientation-dependent gradient coefficient [4, 33, 38, 50]. By anisotropy we mean
how the properties of a planar interface depend on the orientation of its normal relative to the
crystal axes. The multiple-order-parameter formulation leads to a natural anisotropy, i.e. without
introducing ad hoc parameters in the model, in [éc [7] and even transverse to a six-fold axis in hcp
[13]. Furthermore, the orientation dependence of interfacial properties (such as the interfacial energy
and mobility [6]) is continuous and easily allows computation of the properties for all orientations.

In the modeling and computations by Braenal. [7], the overall concentration was assumed
to be uniform across the interface; the focus was on the role played by three non-conserved order
parameters in determining the anisotropy of IPBs and APBs. The model was successful in giving
the anisotropy of IPBs between the disordered Al phase and the orderguhéde. The wetting
transition of the APB was also described. But for an IPB, a uniform composition is inconsistent
with the differences in the bulk concentrations in each phase at equilibrium as given by the phase
diagram. Moreover, for both APBs and IPBs, the assumption of a uniform composition leads to no
adsorption, so that finding a temperature and composition-dependent interfacial free energy leads to
a violation of the Gibbs adsorption equation.

We report the methods and results detailed in a recent study which examined all these interfaces
in a way that was consistent with the phase equilibria obtained with the improved free eénergy [48].
The results are calculations of equilibrium properties, including the interfacial free eperand
the determination of the interface profiles which describes how the order parameter and composition
vary along the normal to the interface, for all of the various types of IPBs and APBs as a function
of orientation, temperature and chemical potential (or composition). In this paper, we report the
general methods for studying these interfaces, which includes a catalog of APBs and IPBs, and then
focus on one specific example, the IPB between the disordered fcc phase (Al) and the orgered L1
phase. We allow the concentration to vary through the interface in a manner that is consistent with
the phase diagram.

In this paper we do not consider elastic energy contributions. Our model implicitly assumes
that there is no mismatch in the lattice parameters for the disordered and ordered phases, so that
elastic effects can be neglected. In reality, there is always a change in the lattice parameters in an
order-disorder transition, though the size of the mismatch can be small; in practice, commercial
alloys often have additional chemical components added to produce lattice matching. In any event,
the surface properties of IPBs naturally scale differently with length than the elastic effects, with
surface effects dominating at small volumes. Here we effectively restrict attention to small length
scales, for which the volumetric elastic contributions to the total energy are negligible compared to
the surface energy contributions. The competition between surface energy and elastic energy has
been studied by a number of authors (see, é.g.l [24, 26, 27]). For example, Johnson and [Cahn [24]
studied a bifurcation in the shape of equilibrium particles that occurs with increasing particle size.
For small particles the equilibrium shape is the Wulff shape entirely determined by minimization of
surface energy. Beyond a critical size, elastic energy becomes a factor in the energy minimization. To
minimize total energy these larger-sized particles resemble oblate ellipsoids, a compromise between
the infinite plates that would minimize the elastic energy alone, and Wulff shapes that minimize the
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surface energy. In the present work we compute equilibrium shapes that resemble prolate (cigar-
shaped) ellipsoids entirely from minimizing surface energy for agpdrticle embedded in Al, or

vice versa, in the absence of elastic effects. Muddle, Nie, and Hugo [39] have observed equilibrium
Al-L1y microstructures in Au—Cu systems with plate-like features that differ qualitatively from the
equilibrium shapes that we compute. These larger-scale, plate-like structures have their origin in the
theory of energy minimization in martensite transformations (see, le.g., [23]), which is beyond the
scope of the present paper.

The present paper is organized as follows. The formulation is introduced in Section 2. We briefly
explain the order parameters, the bulk free energy density, the bulk equilibrium states, the gradient
energy contribution, and the catalog of all the interface types that can be studied with our model. The
numerical method for the solution of the governing equations is presented in Section 3. In Section 4
some Al-L3} IPB results are discussed, including the verification of the Gibbs adsorption equation
for an Al-L1y IPB and the transverse isotropy of the surface energy relative to-#xés of the
tetragonal L3 phase. The resulting anisotropic interface energies, their profiles, and the associated
equilibrium shape for particles of one phase inside another are also given, based on Cahn—Hoffman
&-vector formalism. Finally, a summary and discussion is given in Section 5.

2. Formulation

For a binary alloy, conventional continuum theories for equilibria and kinetic processes on lattices
are based on the assumption that the site occupation densities are varying slowly compared to the
atomic spacing. This assumption is not valid when there is ordering; the occupation densities of
adjacent sites will vary greatly if the sites belong to different ordering sublattices. Instead, by
defining an occupation densify; on each of the sublattices we obtain a set of quantities that
are constant in each domain of an equilibrated ordered phase, and are slowly varying through the
interfaces compared to the atomic spacing [42].

To describe the various ordered phases that we wish to consider fd~B&rbinary system,
we choose four sublattices as shown in ﬂg 1, and denotg; ltlge occupation density on each
sublattice. Each density represents the local average atomic fraction of sgemiebat sublattice;
their specification is assumed to characterize the local state of the crystal at a given temg€rature,

FiGc.1. A schematic diagram of an fcc lattice. There are four equivalent interpenetrating simple cubic sublattices. One
sublattice corresponds to the corner of the conventional unit cell, and each of the other three corresponds to the center of a
face intersecting at that corner.
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2.1 The order parameters

Since the differences in the; describe the degree of order, it is convenient to introduce the
parameterdV, X, Y, andZ defined by

W =201+ p2+ p3+pa), (1a)
X =31+ p2—p3—pa). (1b)
Y =3 (p1— p2+ p3— pa) . (1c)
Z=%(p1—p2—p3+pa). (1d)

This definition is consistent with a local representation
p=W+4+ Xcog2rx/a)+ Y col2ry/a) + Zco2rz/a), 2

wherex, y, andz range over the sublattices, ands the lattice parameter. The parametérthus
represents the overall or mean atomic fraction of the system, and the coeffiXierifsandZ are
non-conserved order parameters that can vary betwégd. In this model, the disordered Al phase
[17] is represented by1 = p2 = p3 = p4a = W, which implies thatX = Y = Z = 0. The ordered
L1p phase is described by pairs of sublattices with equal occupation densities, which leads to a single
non-zero non-conserved order parameXery, or Z # 0. The ordered L1 phase is described by
three sublattices whose densities are equal, and differ from the remaining sublattice density, which
leads to non-conserved order parameters of equal (non-zero) magiitude;Y = +7 # 0.

Scalar invariants of the order parameters are found from the symmetry of the fcc [itice [7, 34].
The first four areX? + Y2 + 72, XY Z, X4 + Y4 + 7%, andX?Y? + Y272 + 72X2.

2.2 Bulk free energy density

A thermodynamic description of a partially ordered crystal for the case of an isothermal system can
be based on a Landau expansion of a generalized dimensionless scalar free energy density in terms
of the scalar invariant$ [35],

FX, Y, Z, W, T) = —Z[eo(W) + ex(W) (X2 + Y2 + Z2) + e3(W)XY Z + ear(X* + Y4 + 7%
Um
202 | w252 | v2,2 RT
+eax(X2Y2+ X222+ Y222 + = 3 1 (p0), (3)
m =1

where the entropy term is taken as due to ideal mixing on each sublattice,
1(pi) = piIn(pi) + (1= pi) In(L — p;). 4)

Herew is the bond energy per mol®, is the universal gas constant, is the molar volume; a bar
denotes a dimensional variable. It is sometimes convenient to expand the entropy change on ordering
in terms of these same invariants to eighth order. The ordering spirnodal [20] Javdclirs when
92F/3X%2 =0atX = Y = Z = 0. For L1y to form with a first order phase transition, it is necessary
thatd*F/9X* < 0; e41 has to be large and negative to overcome the positive entropy contribution.

If the internal energyE is approximated by considering only pairwise bond energies with
neighbors at any distance there will be only quadratic contributions to the energyard 0.
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TABLE 1
Coefficients used for the internal energy contribution to the free energy density (dfter [8]); here
U=W-1/2.

eo 6U2

Z —44U?

e3  200U(1—2U?)
e41 -12

e42 15

Multi-atom interactions among at least four neighbors must be considered to yield energy terms
that are products of four or morg, which upon conversion to th¥, Y, and Z parameters give
contributions toes1. The coefficients used for the internal energy contribution to the free energy
density that give the phase diagram in [fig. 2 are given in Tgble 1. We will use these parameters for
all computations in this paper.

2.3 Bulk states

For the free energy densities given in this sectjon| (2.3), we have non-dimensionalizedayith
and the temperature has been non-dimensionalized-withR .

If the entropy is expanded to eighth order in the order parameters it is easy to show by
minimizing F with respect to the order parameters that the only minima in the free energy occur at
X=Y=Z7Z=0,at|X| =|Y| =|Z| # 0with the signs chosen to makgXYZ < 0, and atX, Y,
or Z # 0 with the other two order parameters equal to zero.

The trivial solutionX = Y = Z = 0 represents the disordered or Al phase. For this phase, from
(3) we have

Faa (W, T)=F(0,0,0, W, T) = eo(W)+T I(W). (5)

For the LY phase, corresponding to only one non-zero order parameter, the free energy is, again

from (3),
Fl1,(Z,W.T) = F(0,0, Z, W, T) = eo(W) + e2(W)Z? + eq1 Z*

+g[I(W+Z)+I(W—Z)]- (6)

Possible variants arg # X =Y =0, X #Y =Z =0o0rY # X = Z = 0. This phase
corresponds to alternating layers of uniform occupation densities, which is the CuAu(l) phase in the
Cu—Au system[[44]. Finally, for the Lilphase wheréX| = |Y| = |Z| # 0, the free energy [3)
becomes (witkes(W)Z3 < 0)
Fl,(Z,W,T)=F(Z,Z,Z, W, T) = eo(W) + 3ea(W)Z?
+ e3(W)Z3 + 3(ea1 + ean) Z*

+§[1(W+3Z)+31(W—Z)]. @)
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If W < 1/2 (see Table 1ks3 is negative and the appropriate sign for the order paranxeter
positive. WhenW > 1/2, e3 is positive andZ is negative. These two cases correspond to the two
L1, phases, e.g. CuAlwand CuAu.

Equilibrium phases can be found by convexification of the graphs of the three engfgigs (5), (6),
and [7) for fixed temperature. When there is a common tangent between the curves of two or three
phases the points of tangency determine the compositions of the coexisting phases; the tangency
points are found by solving non-linear algebraic equations. For example, for the coexistence of
Al-L1, at temperaturd, we must solve

dF 11,

57 (ZL1gs Wi, T) =0, (8a)
dF 1, dFa1

2119, W1, T) = Wal, T) =, 8b

oW (ZL1g, W1, T) W (Wa1, T) = (8b)

Fa1(Wat1, T) — FL1,(ZL1y, Wi, T) — (Wi, — Wa1) =0, (8c)

for the unknownsZ, 1,, Wi1,, Wa1 and where the subscripts denote the values in that phase at
coexistence. Similarly, we may solve the analogous non-linear systems of equationsA+ttie

and LL—L 1, coexistences. These algebraic equations were all solved by using the software package
DNSQ [47[45].

I I I
0.10 0.20 0.30 0.40 0.50

W

FIG. 2. A model phase diagram based on the Cu—Au system, from the parameters [ Table 1; note that it is symmetric about
W = 1/2. Here fcc denotes the disordered Al phase.

Using the coefficients in Tablg] 1 and plotting the tangent compositions as a function of
temperature results in the equilibrium phase diagram of[fig. 2 (after Braah [8]). We have
chosen the coefficients so that the congruent temperdiuret W = W, = 1/2 occurs at
T = T, ~ 2.635. The congruent point is found fro@ (8) withia1 = Wy1,; under these conditions,
both phases have identical free energy densities as well. The phase diagram is an idealized version
of the Cu—Au phase diagram [44]. For example, our phase diagram is symmetricallaedt/2
and does not have the orthorhombic CuAu(ll) phase féae 1/2; CuAu(ll) does not appear in
most other theoretical phase diagrams, such as those from CVM calculations [17[20, 31, 29].

The temperature of the congruent point for the Als-ltdansition can be normalized to a
dimensional value of,. = 658K, appropriate for the Au—Cu system, by choosing the temperature
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scale—wR/v,, = 248K. This choice approximately fits the Au—Cu phase diagiam [44], but we
have made no attempt beyond this to optimize the fit of the phase diagram to other experimentally
measured data. Such a fit could certainly be done.

2.4 The gradient energy

The symmetries associated with the Al crystal structure restrict the possible forms of gradient
energy which must be added to the free energy density. By invokingat®n symmetry of the A1
crystal we find that the gradient energy term can be written in the relatively simple[formi [7, 34]

A B C .
SXEAYE+ 2D+ S XA XEr 2V 224 2D+ S IVWP 9

whereA, B, andC are independent constants. Here subscripts denote partial derivativeX zwith
9X/9x, etc. The dimensional system free energy thus has th¢fform

_ _ A B
f:/V{F(x,Y,Z,W,T)+E(X%+Y§+Z§)+E(X§+X§+Y§+Y§+Z§+Z§)

+ %WWF} dv. (10)

2.5 Governing equations for interfaces

We wish to find equilibria which connect two coexistence phases or two domains of an equilibrium
along a planar boundary. To do this we minimize the functional

jZﬁ—ﬂo[Wd‘_/, (11)
|4

with respect to the non-conserved order parameXers, Z and the conserved order parameétér

with far-field boundary conditions imposed on the equilibrium phases. The second ternj in (11)
represents a constraint on the amount of solute in the volume, and the Lagrange myagipliér

be seen to be the difference in the chemical potentials of the two species. When there is phase
coexistencejip = jt. Thus the governing equations are obtained as follows:

8T 8T 8T 8T

5X T8V "5z W (12)
Evaluating the functional derivatives (see, elg.] [53]) gives
0= AXg:z + BXj5 + BXz; — Fx, (13a)
0= BYs; + AYj5 + BYz: — Fy, (13b)
0= BZzz + BZ35+ AZz;; — Fz, (13c)
0= C(Wsz + Wy5 + Wzz) — Fy + fdo. (13d)

* Note the analogy with expressions for elastic energy in cubic crystals. If w& |ét, Z) be the analog of displacement,
A is identified with G 1, B with C44. The G5 term is absent because of the fcc symmetry. We emphasize, however, that
the non-conserved order parameters do not constitute the components of a tensor, nor do the gradient energy coefficients
transform as a fourth-rank tensor, as discussed in Appendix|B[ofl[7, 13].
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In this paper, we only consider stationary planar interfaces, and assume that the order parameters
vary only in the direction parallel to the unit normal to the interface. We introduce a non-dimensional
spatial variable, distance along the normal, defined as

=" 14
¢= (14)
whereni = (ny, ny, n;) denotes the unit normak = (&, y, z) is the position vector andg =
JAv,, /(—w) is the characteristic length scale. The temperature and the free energy density are made
dimensionless with-w/R and—w/vy,, respectively. This leads to the non-dimensional system of
ordinary differential equations

X = Fx(X,Y, Z,W,T), (15a)
WY = Fy(X, Y. Z,W.T), (15b)
A2Zer = F7(X, Y, Z, W, T), (15c)
82Wee = Fw(X,Y, Z, W, T) — po. (15d)

The coefficients i (15) are given by

22 =n? 4+ eznf + eznf, (16a)
2 2.2 2 2.2

Ay = €ny +nj + €°nz, (16b)

Xf = ezn)zc + ezng + nf (16c)

Here we have introduced the dimensionless parametetsB/A ands? = C/A.

The right-hand sides ifi (15) are non-linear expressions which include polynomials up to fourth
degree and logarithmic terms. Explicit expressions for the derivativEsaoé given in Appendix A.

The equationg (15) govern the transitions between bulk states for any phase boundaries allowed
in the phase diagram; the bulk states provide the appropriate far-field boundary conditions for the
ordinary differential equation§ (I.5) and together they constitute our model for IPBs.

2.6 Catalog and symmetries of phase boundaries

Only bulk state solutions representing the Alp] 4nd LY phases occur in the phase diagram with

W < 1/2. In this section, we show that the symmetry of the fcc lattice and the free energy functional
allow us to reduce the number of cases to three APBs and four IPBs, each for all orientations of
We note that the possibilities for APBs in this system have been enumerated by Mazduric [36], for
example, but we wish to give a comprehensive list for both IPBs and APBs in the context of our
model for convenience.

2.6.1 IPBs. For the A1-L% interface the trivial solutionX = Y = Z = 0 represents the
disordered Al phase, whil® = Y = Z # 0 represents the lklphase. Although there are 4
different variants of this phase, they are equivalent by a translatiébg0), whereq is the lattice
parameter. Therefore only one possible set of boundary conditions needs to be considered for the
Al-L1, interface. The symmetry of the interfacial properties as a functioh efich as/ (n) and

the Wulff shape, isn3m.
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For the A1-L} interface, we consider the case whéfe= Y = 0 in both the bulk regions
with Z = Zi1, # 0in the bulk LY; i.e. makingz the four-fold orc-axis of L1y. SinceF 1, and
Zf are even inz, the resulting interfacial properties are identical for either sigiZiaf,. Similar
symmetry arises for the other order parameters being non-zero, but the resulting energies are related
by a rotation about111). Thus, we need only compute with a single set of boundary conditions
for this case to observe the resulting interfaces and their properties. The symmetry of the interfacial
properties is dmmm.

For the LL-L1g interface, there are two possible boundary conditions for our system of
equations. The order parameters may vary flém= Y = Z = Z, 1, > 0 (the L1 bulk state)
to X = Y = 0and either taZ = Z;3, > 0ortoZ = —Z;, (the L bulk state). All other
possibilities are equivalent to one or the other of these cases. Therefore, there are two cases to be
considered for L3-L1 interface. The symmetry of the interfacial properties/isitm for both.

2.6.2 APBs. Antiphase boundaries separate two variants of the same ordered phase that
necessarily share the same bulk free energy. For theAPB there are three possible displacement
vectors that relate two variant§[011], 5[101], and$[110]. The shifts along these vectors change

the sign of two of the non-conserved order parameters. Only one four-fold axis is common to both
domains because the shifts move the other two of the four-fold axes of one domain to coincide
with two-fold axes of the other. The Wulff symmetry igidmm. Because of the symmetry of the

free energy functional, all cases may be reduced to one possible set of boundary conditions; i.e.,
X=Y=Z=17Z1,>0and—X = -Y = Z = Z_1, > 0. All other combinations result in
interfacial energies that are simply rotated and/or translated with respect to this case.

The L1 structure is formed by alternating planes of uniform occupation densities. Two possible
sets of boundary conditions may be found by making changes between the two equal pairs
of occupation densities. In the first set, three non-conserved order parameters may vary from
X=Y=0Z=2Zy,10X =272 =0,Y = Z11, a 90 degree rotation of the layers. In the
second set, they may vary froml=Y =0,Z = Z 1, t0 X =Y =0, Z = —Z1,. All other sets
can be obtained from these two sets by using appropriate rotations, so only two sets of boundary
conditions need to be considered forglAPBs.

To summarize, there are a total of seven cases to be considered for IPBs and APBs in this model
of the fcc binary alloy.

3. Numerical methods

To compute solutions of the non-linear system of ordinary differential equafiofs (15) with the
boundary conditions obtained from the phase diagram, we used two numerical methods. First, we
used the boundary value problem soleyLNEW [3]; this package uses a Runge—Kutta basis on
subintervals with variable spacing to provide the solution on an adaptive mesh. The solution is
given as a list of coefficients for polynomials on the subintervals, but the solution may be accurately
evaluated anywhere in the interval of the computation and so one is not limited to a given mesh.

In the second approach, we employed a second-order, centered finite difference approximation
to the spatial derivatives and solved the resulting non-linear algebraic equations bybysiQg
[47,/45]. For the A1-L3 IPB, we can reduce the number of differential equation$ i (15) to two;
this makes the second method reasonably efficient. Although the second method is slower than the
first, the two methods are in good agreement (up to five significant digits) when both are used.
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4. Results for the A1-LL IPB

In the previous section we saw that the seven cases considered in [48] form a catalog. Although every
case can be treated with the methods developed here, we consider here just one case to illustrate the
methods: the IPBs connecting the disordered Al phase and the ordeygthdde near the upper
right-hand corner of the phase diagram in ffig. 2, which could not be treated with the free energy
used previously [7]. The remaining cases will be described separately [49].

For the LY phase,X = Y = 0 and onlyZ and W are non-zero. The bulk free energy
density reduces t6} 1,(ZL1,, WiL1,, T) @S given in[ﬁ). We must soIv@lS) subject to the boundary
conditions

W=Wa, X=Y=Z=0, as¢— —o0,
W=Wu, X=Y=0,Z=2,, as¢— oo an

Numerically these conditions are applied at the ends of the computational dgmain; L, and
L is made sufficiently large that the results are insensitive to it. The equatiofsdadY in (I5)
have the solutiorX (¢) = Y (¢) = 0, so we must solve the remaining equationsZaandw.

When we have solutions faf and W, the interfacial energy may be computed from either of
the followings integrals:

x
y =f (€222 + 8°W2}dt, (18)
—0Q
or
00 e2 82
VZ/ {EZ§+7W§2+AF}d§. (19)
—0Q

The first integral of the Euler equations and boundary conditions yield

2 2
€ 1)
AF = F1,(Z, W, T)— FL15(0, Wa1, T) — (W —Wa1) FL1,w (0, Wa1, T) = EZ?JF_

5 WZ. (20)

Because of this equation the two expressiong/fof18) and[(1P), are equivalent.

The solution to the system of ordinary differential equations for the planar IPB (i.e.;vath
the only independent variable) with the given boundary conditions Witk Y = 0 is conjectured
to give the uniqgue minimum energy; if we have a unique minimum the appearance of additional
phases in the interfacial region (“wetting behavior,” see, €.9., [7]) does not occur for any orientation
and temperature. Any proof that this solution to the ODE is a minimum applies only to the planar
boundary and does not preclude the possibility of solutions having a microstructure with more
complicated spatial dependencexany, andz (e.g. a zig-zag boundary) that satisfy the system of
partial differential equation$ (13) rather than the ordinary differential equations.

4.1 Transverse isotropy of the surface energy

The only dependence on the direction of the interface normal in the ordinary differential equations
for Z andW is contained imf. By expressing the components of the unit normal vector in spherical
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coordinates,
ny =sing cosd, ny, =singsing, n, = cosy, (22)

whereg¢ is the polar angle and is the azimuthal angle, from ([L6) we find
A2 =e%sinf g +cof g = 1+ (€2 — 1 si ¢, (22)

which depends only on the polar angte A function of the orientation that is independentothe
azimuthal angle, is callettansversely isotropicWe predict that for the A1-L1y IPB should be
transversely isotropic with respect to ttwaxis of the tetragonal Lglphase.

Moreover, this equation relatg¢sande to a single computational variable,. Properties are not
determined by ande, but by the value of.; according to[(2R). Computing interface properties for
arange of., can be accomplished in a variety of ways. We have chosen to present interface profiles
atg = 0, i.e., for the [001] orientation withf =1, and aip = 90°, i.e., for the [100] orientation
with AZZ = €. Because of the transverse isotropy, we can use [100] to desigridteresults, as
well as(h'0l’) to designatehkl) results, withh' /1’ = ~/h? + k?/1. The orientation dependence of
interfacial energy is computed for given values: éf

4.2 The Gibbs adsorption equation

We next verify that the appropriate form of the Gibbs adsorption equation holds for our model.
This equation relates the variationy (7, of the surface energy of the IPB along the coexistence
region of the phase diagram to the adsorption of solute and entropy at the interface (see] e.g., [37]).
Following the development given by Cahnlin[11], in Appendix B we show that this equation takes
the form

dy /Oo { (SL1, — Sa1) }

—— = S—8Sa1) — (W —=Wa1)) ——————— 1 d¢, 23

e . ( A1) — ( AL) Wity = Wap) ¢ (23)
whereS = —9dF/dT is the entropy density anfla; is its value in the bulk Al phase, etc. We

have computed the quantityddT along the coexistence region and found that it agrees with our

TABLE 2
Comparison ofdy /dT for A1-L1g IPB for several temperatures fe? = 0.05, §2 = 1.0. For
columns labeled “Eqn[(33),” the composite trapezoidal rule was used to evaluate the integrals
with numerically computed interface profiles. The columns labetg 7" used a centered finite
difference approximation to the curve in thiE, y) plane. The results agree to within the error of
the numerical methods used.

[001] [100]

T Eqn(23) d¢/dT Eqn|[23) g /dr
250 0.03174 0.03191 —0.01660 —0.01605
255 0.03139 0.03139 —0.01756 —0.01755
2.60 0.03099 0.03082 —0.01870 -—0.01919
2.62 0.03064 0.03059 —0.01972 -0.01989
2.63 0.03045 0.03047 —0.02015 -0.02024
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dyldT
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-0.040
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o

FiG. 3. dy/dT as a function of the azimuthal angheat T = 2.63 fore2 = 0.05 ands? = 1.0.

computed results foy (T) that were computed directly from the IPB profiles; results are given in
Table[2. The first column is the temperature; column 2 is the result of evalupting (23) using the
composite trapezoidal rule with computed data for the order parameters. Column 3 is a centered
finite difference approximation to the numerical data plotted in Figlre 9 for [001]. Columns 4 and
5 give analogous results for [100]. Good agreement is seen between the slopg @f theot from
both sources, verifying explicitly that our model and numerical solutions are consistent with the
Gibbs adsorption equation.

The sign of ¢/dT changes at orientations between [001] and [100]. Figure 3 shpwdldas
a function of the azimuthal angi& the zero of ¢/ /dT occurs at about 65

4.3 Interface profile

We next consider the interface profile and surface energy anisotropy at the congruent temperature,
T, ~ 2.635, and compositio = 1/2, for representative orientations witR = 0.005. Figures

[4 and % show the interface profile for the [100] and [001] orientations, respectively, at the critical
temperature. Fronj (22) and the text after it, we can see that the [001] interface profile is independent
of €2. Also, the [100] orientation has a sharper interface than the [001] orientation for decreasing

050 F————————————— —
—z
0.40 | —_—w
0.30 |
0.20 |
010 -
0.00
—2.0 -1.0 0.0 1.0 2.0 3.0

¢

FiG. 4. Al-L1, IPB for an(:k0) orientation. Herg? = 1.0, e? = A2 = 0.005, andr’ = T...
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FIG.6. Al-Ll, IPB for the [100] orientation. Heré? = 1.0, e? = 2 = 0.005, andl’ = 2.5.
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FIG. 7. Al-L1y IPB for the [001] orientation. Herg = 2.5, 82 = 1.0, ande? is arbitrary.
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€2 < 1. The phase diagram shown in Fﬁd; 2 is symmetric abut 1/2; thereforeW has the same
value through the interfacial region and bulk states.

We next consider the cage = 2.5 for [100] and [001] orientations. The interface profiles for
these orientations are in Figs. 6 4rjdZ7is wider thanW for [001] in Fig.[7. It is again observed
that the thickness of the interface for [100] is smaller than that of the interface for [001].

4.4 Surface energy anisotropy

Sincey (¢, 6) = y(¢) we can represent as a two-dimensional polar plot as shown in Fig. 8. As
can be seen in this figure, the minimum energy occurs in the [100] direction and the maximum
energy occurs in the [001] direction.

1 [100]
20

0.1

, loo1]

270

FIG. 8. y-plot for A1-L1; IPB for (hk0). HereT = 2.5, 82 = 1.0, 2 = 0.05. Polar angle values are specified around the
perimeter.

In Fig.[9 we compare the surface energies for [001] and [100] orientations as a function of
temperature. The difference between the maximum and minimum energy becomes larger as the
critical temperaturel, is approached; i.e., the degree of anisotropy reaches a maximum value
at T.. Strong tetragonal anisotropy is found for the range of temperatures given if Fig. 10 for
€2 = 0.05. In CVM computation of interfacial properties for béc[15] and fcc [30] materials, the
difference between the interfacial energies increases at lower temperatures and then decreases at
high temperatures. While itis common for materials to have the anisotropy decrease with increasing
(high) temperature, it does not happen to be so for our model as we discuss shortly.

This trend of increasing anisotropy with temperature is amplified decreases from unity.
Numerical approximations of the interfacial energies at various orientations, for temperatures
T =T.andT = 2.5 and fore2 = 0.005, are compared in Tad@a 3. By comparing @ 10 and
Tazble{}, we observe that the level of anisotropy is increasing for smaller gradient energy coefficients
(e = 0.005).
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FIG. 9. Variation of interfacial energy with temperature for [001] and [100] orientations for AJ-HRB. Heres? = 1.0,
2
€< =0.05.
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FiG. 10. Level of anisotropy for A1-LdIPB given byygg1/y100 versus temperature. Hesé = 1.0, ¢2 = 0.05.

TABLE 3
Comparison of interfacial energy féx1-L1g IPB atT = T, andT = 2.5for €2 = 0.005, 52 = 1.0.

)4
orientation T =7, T =25
[001] 0.09559 0.09193
[101] 0.06776 0.06563
[111] 0.05546 0.05435
[100] 0.00676 0.01485

In fact, the level of anisotropy increases dramatically as 0 at the congruent poitW, T) =
(1/2, T,) becauseyigo x € there. This can be seen as follows. At the congruent point, the IPB
profile satisfie¥ = 1/2 and

A2Z;r = F,(0,0,Z,1/2, T,), (24)
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wherel, is given in [16). The interfacial energy(n., ny, n;) computed from[(24) then satisfies

Y011 20,2 4 2 4 2 (23)
Y001

[cf. Equation (6.1) in[[7] for the analogous APB result]. The rati:/y100 = ¢ T therefore
diverges in the limit ag — 0 at the congruent point. When = 1, the IPBs are isotropic. In

the model we must therefore see an increase in anisotropy as the congruent point is approached for
small e, since the level of anisotropy away from the congruent point remains bounded due to the
contribution from the variation of the concentratighthrough the interface. We note that the limit

€ — 0 corresponds to neglecting the second-nearest-neighbor interactions in the derivation of the
gradient energy terms given in [7]; the remaining contributions from the nearest-neighbor terms are
highly orientation-dependent.

4.5 Equilibrium Shapes

We next use the Cahn—Hoffmdnvector formalism([2H, 14] to determine the equilibrium shapes
given by the anisotropy of the interfacial energy. EReector is defined by

E=yr+ypd+ |—¢9 = V[ry(,0)], (26)
where the radial unit vectof(9, ¢) = n is normal to the interface. The unit vectagrsand¢ are
tangent to the interface. Tevector reduces to the forin= y for the isotropic case (constapny.

In the anisotropic case, thlievector is in the direction of the normal to the¢)4(9, ¢) plot defined
by r = 1/y(0, ¢). Its component in the radial direction j& To obtain the equilibrium shape,
the “tail” of the &-vector is translated to the origin for each orientation; the collection of all the
S -vectors is then the surface. Th& surface minimizes the surface energy for a f|xed volume if it
is a convex shape; in that case it is identical to the Wulff shapgé [25, 40]. In other casesiface
is not convex and intersects itself, exhibiting “ears” (see, €.g., [7]). If the ears are excluded from the
g-surface, the remaining surface represents the equilibrium Wulff shape.
In order to compute thésurface for A1-L3 IPBs,y is first obtained in terms af numerically
on a regularly spaced mesh withy = 1.5°; our solutions are independent &f By using the

0.1

0.08 -
0.06 -
0.04 -

0.02 -
[100]
—_—

07 008 —006 —004 002 0 002 004 006 008 0.1

FiG. 11. A cross section of the equilibrium shape for AlgllPBs. Herel' = 2.5, 82 = 1.0, ande? = 0.05.
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formulas given in the appendix aof [b1], we comp@tfsurface data in Cartesian coordinates. For
those explicit formulas, we employ centered finite difference formulas using the discrete data in
order to approximate,.

A cross section of the equilibrium shape for the transversely isotropic AgLHRRs € # 0)
is shown in Fig[ I[l. The equilibrium shape is a body of revolution about [001]; the cross section
perpendicular to that axis is thus a circle. The long side regions include the low-energy orientations
at and neathk0); [001] and nearby orientations have high energy and contribute little to the area of
the equilibrium shape. A consequence of the increase in the level of anisotrepy dsis that the
equilibrium shapes are increasingly elongated; they do not appear to develop missing orientations
for any finite value ok, however.

5. Summary and discussion

We present a model for the free energy of a binary alloy which incorporates a model phase diagram
and can be used to compute properties of diffuse-interfaces; the model uses one conserved order
parameter (the composition), and three non-conserved order parameters [8]. The model can describe
a variety of phase diagrams; a series of diagrams topologically similar to the Au—Cu system was
presented in[[8]. It can be used for other ordered crystal structures that occur in fcc and other
systems[[13], though more order parameters may be required. This method allows the computation
of interfaces for all orientations at a wide variety of conditions. Other methods, notably CVM, can
approximate quite complicated phase diagrams, but are difficult to implement except for interfaces
with low-index directions. The method is a powerful tool for computing interfaces and their motion
in microstructure evolution with a natural way of incorporating anisotropy [6], and using realistic
phase diagrams.

For a phase diagram containing the Al phase and the ordegedrdlLY} phases, similar to
what is seen in the Au—Cu system, we present a catalog of the interfaces. There are IPBs that can
coexist between the disordered Al phase and the ordergdnidlL L phases, and between the two
ordered phases. The symmetry of the underlying lattice can be used to deduce that only one variant
of each ordered phase is necessary to compute the anisotropy of the interfacial energy for the order-
disorder IPBs; all other cases are related by simple rotation to these cases. The order-order IPBs
require that the two variants of the g bhase be used with a single4 tariant in order to compute
the possible interfacial energy anisotropies; all other cases can be found by simple rotations of
these two results. There are also APBs in the single phase regions of the ordered phases. For the
L1, phase, only one case must be computed; for thedhiase, two cases must be computed. Our
model can compute all seven of these cases using a single formulation spanning the whole phase
diagram.

The free energy density employed in this work and_if [48] allows a generalization of previous
work on Al and L% in which the composition was held fixed at the stoichiometric value for the
L1, phase throughout the interface([5, 7, 6]. That free energy also prevented the consideration of the
Al-L1g IPB due to the absence of coexistence between the Al anghdses [41]. The new free
energy allows us to focus on the interface profile and anisotropy for AQJ-HRRS; equilibrium
shapes are also computed by considering only the interfacial energy (elastic effects and lattice
mismatch are neglected).

Mathematically, the problem for planar A1-4.1PBs is a non-linear boundary value problem
which has a solution that connects two different states in the dependent variables (a heteroclinic
connection). From our numerically computed solutions, we observe the profile of the interfaces, as
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well as compute interfacial energies. Once the energies are known, we compute equilibrium shapes
using thet-vector.

Although we find that the IPBs energies are transversely isotropic, we also found strong
anisotropy with variations in the polar angte The ¢ orientation dependence only served to widen
or narrow the interfaces, and no wetting behavior by other phases was observed. The computed
compositions always varied smoothly and monotonically between the value for the Al phase, low
in this half of the phase diagram, to the higher value in thgftiase. At the A1-Ldcongruent point
the composition was constant throughout the IPB; this necessarily occurred due to the symmetry of
our chosen free energy and resulting phase diagram; it is not expected in a real system. Anisotropy
of interfaces has also been studied using the CVM (for exarhplé [30, 36]); to our knowledge, the
CVM has not been used to study the Alelifterface.

The transversely isotropic surface energy that we have found highlights an unexpected difficulty
in using symmetry arguments to predict the surface energy anisotropy of diffuse interfaces from
the high symmetry of the gradient energy. Orientation dependent surface energies in crystalline
systems, and the associated Wulff shapes, reflect the symmetries of the crystals, but they are not
tensor properties. Gradient energy coefficients can sometimes be shown to transform like tensors,
and then the orientation dependenceyofan be deduced from the symmetry properties of such
tensors. Tensors of rank 2 are transversely isotropic to three-fold, four-fold, and six-fold axes, and
thus isotropic for cubic symmetry [43]. Tensors of rank 4 are transversely isotropic to three-fold
and six-fold axes. Tensors of rank 4 for a cubic system are described by three numbers and are
anisotropic, unless there is a special relationship among these numbers. With an energy that is
quadratic in the gradient of a single dependent variable, the gradient energy coefficient is a tensor
of rank 2. We showed that the coefficients of an energy quadratic in the gradients of the three
dependent variable¥,, Y andZ, do not behave as tensors. Nonetheless for the fcc system we found
them to be described by two of the three non-zero elements that appear in a tensor of rank 4 with
cubic symmetry. This is consistent with what we found for the AL-PB; the Wulff shape has a
marked anisotropy consistent with the cubic symmetry. But we now have found two surprises: firstly,
transverse isotropy ip and in the Wulff shape for the A1-lIPB with only tetragonal symmetry
is greater symmetry than expected. Secondly, we found less symmetry in the hcp investigation;
there was no isotropy transverse to the six-fold &xi$ [13]. Here the gradient energy coefficient bore
no resemblance to elements in a tensor of rank 4, which not only confirms that these coefficients are
not tensors, but forms a strong counterexample to any conjecture that the orientation dependence
of y of a diffuse interface might reflect that of a low rank tensor. Both the fcc and the hcp systems
each feature three non-conserved order param&teamd a conserved order parameiiérand the
free energy functional for each model has the general form

F= / (cijuXi i Xt + ol VW2 + £(X1. Xo. Xa, W, T)} dV. (27)
14

The three non-conserved order parameféfsand the gradient energy coefficientsy; do not
transform as tensors under changes of coordinates. For the hcp crystal, the disordered state where
either type of atom is equally likely to occur on any of the four sublattices, the structure is designated
A3 in Strukturbericht notation. When one of the sublattices is occupied (on average) by a different
atom than the other three, the crystal structure is denotegg,Diiis ordered state is exactly
analogous to the Lylstructure on an fcc latticé [13].

If one were to reason by analogy with the elastic case, then both the transverse isotropy of
the Al-L1y IPB surface energy and the six-fold anisotropy of the A3+P{®B surface energy
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is unexpected. We also note that the AlgllPB involves a single non-zero non-conserved order
parameter, whereas the Al-L.and A3-DQg IPB involve three non-zero non-conserved order
parameters. In addition, wetting by a third phase also occurs for the latter two cases, which plays
a role in the observed transverse anisotropy for these IPBs. If the three non-conserved order
parameters areonstrainedto remain equal throughout the interfacial region (which precludes
wetting), the resulting system is effectively a single-order-parameter model, and an isotropic surface
energy results.

The Al-L1 equilibrium shapes resulting frogrvector calculations are bodies of revolution,
and no missing orientations occurred for the parameters we studied. The cross section of the
anisotropic equilibrium shape (in the absence of elastic effects) is roughly an ellipse for fixed
azimuthal angl® and exactly a circle for fixed polar angerelative to thec-axis of the tetragonal
L1lo (JOO1] for the case we considered). This is in contrast to the cuboidal, nearly spherical
equilibrium Wulff shapes found in our previous work for A1-LIPBs [5/7] on an fcc lattice;
thaty had six equal minima in the cube directions. Another contrast may be found with Ag-DO
IPBs in an hcp binary alloy [13]; in that situation, there is six-fold anisotropy in the plane orthogonal
to the hexagonal axis. Nearly spherical equilibrium shapes are found as well but with six minima in
y distributed evenly around the equator. A concentration variable must be added to the hcp model of
[13] and a phase diagram generated, in order to consider the analogous cases studied in this paper.

The variable composition added the capability to satisfy the Gibbs adsorption equation. We have
verified that our model now satisfies the Gibbs adsorption equation and provides an instance of the
diffuse interface generalization of sharp interface results, as discussed in [11]. We have also verified
that the numerical results obtained from the computed IPBs are in agreement with this identity.

A variation in the width of the interface with orientation is noticeable, but it does not show a
dramatic widening as in cases when wetting of the phase boundary occurs (e.g., as in the A1-L1
casel[7], 4B]). However, in the case wheis very small and one is at the congruent point, one must
be able to resolve very thifkk0) interfaces (compared to [001]). In such a computation with finite
difference or finite element discretizations, an adaptive mesh approach should be effective. For fixed
mesh approaches, the mesh (or for a spectral method, the number of modes) must be able to resolve
the thinnest interfaces.

Appendix A
The non-dimensional form of the Helmholtz free energy is given in the following
F(X,Y,Z,W,T) = eo(W) + e2(W)(X2 + Y? + Z?) + e3(W)XY Z

4
T
+ear(X*+ Y4+ 7% + eax(X2Y? + X222+ Y222 + 2 3 1 (p)), (28)
j=1

where/ (x) is given in [4).
The right sides of the equatiorjs [15) are given as follows:

Fz(X,Y,Z,W,T) = 2e2Z + e3XY + 4earZ® + 2e42Z(X? + Y?)

+ % In[Q(X,Y,Z, W)], (29)
Fw(X,Y,Z,W,T) =eow +eow(X2+ Y2+ Z?) + e3wXYZ

+ % IN[R(X,Y,Z,W)]. (30)
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Q andR are defined as follows:

W+X+Y+Z)W—X—-Y +2)
A-—W-X-Y—-2)1-W+X+Y—2)

A-—W-X+Y+2)A1-W+X—Y +2)
W+X—-Y—-2)W—-—X+Y—2)

o0X,Y,Z, W)=

: (31

and

WH+X+Y4+2)W+X—-Y —2)
A-W-X-Y—-2)1-W-X+Y+2)
L WXtV D)W -X-Y+2)
A-WH+X-Y+2)A-W+X+Y —2)

R(X,Y,Z, W) =

(32)

These expressions are used with= Y = 0 in this paper and witlx = 0 where appropriate.

Appendix B

Here we provide a short derivation of the Gibbs adsorption equation for our model of the A1-L1
IPB with a non-zero order parametér= Z(¢), overall compositio’?V = W(¢), and free energy
density F11,(Z, W, T); a fuller discussion in the context of general diffuse interface theories is
given in [37].

For the free energy functional

F= / { Zi+ — W?+nh@xVT4 (33)

the Euler equations,F /W = u andsF/8Z = 0, yield

FLlo,W(Zv W7 T) =6W{§ +H“7 (34)
Fli,.z(Z, W, T) = €2Z¢,, (35)

and admit a first integral given by

2 2
€ 1)
52+ 5 WE=Fag(Z, W, T) = Flig(©O, War, T) = (W — Wa)u = AF. (36)
Here
W — Wa1, Z—0, as¢— —oo, (37)
and
W — WL, Z-— Z11,, as{— oo, (38)

give the far-field values o andZ.
Evaluating the Euler equations and first integral in the far fields gives the common tangent
conditions|(B) that relat&a1, Wi1,, ZL1,, andT,

w=Fligw(0, Wa1, T) = FLig,w(ZL1g, WiL1o, T)
_ [Flay(Ziag, Wiag, T) — Fii,(0, War, T))]

39
(WL1y — Wa1) 39)
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The common tangent conditions, and the equati9f, 7z(Zy1,, WiL1,, T) = 0, provide three
relations between the four paramet&a1, Wi1,, ZL1,, andT, consistent with the single degree
of freedom for coexistence of the bulk phases along the phase diagram. We choose to regard the
temperature as the degree of freedom, and Witg = Wa1(T) andW 1, = Wi 1,(T).

The surface energy is given by

00 62 32
VZ/ {EZ§+7W§2+AF}d§. (40)
—0oQ

Since the solution can be considered to be a function of the prescribed tempé&ratite W =
W(; T)andZ = Z(¢; T), the surface energy of the IPB is a functionfofs well. We then have

dy Sl P ) dAF
4 = Z:7Z SW:W, — t de, 41
ar /OO{G ¢Zer + ¢ Wer + ar ¢ (41)
which can be integrated by parts to obtain
dy > 2 2 daFr
— = — € Zee ZT — 5 Wee W — r de. 42
ar /_oo{éggT cc T+dT ¢ (42)
We have
dAF
o - Fligw(Z, W, TYWr + FL1,,z2(Z, W, T)Z1 + FL1,,7(Z, W, T)
dWaq
— FL1y,w(0, Wa1, T) a7
dWas
— FL1y,7(0, Wa1, T) — FL1,w (0, Wax, T)Wr + Fri1q,w (0, Wa1, T) a7

dw,
— (W — Wa1) FLip,ww (0, Wat, T)TM — (W — Wa1) FL1y,wr (0, Wat, T).  (43)

The bulk chemical potential is given by

w(T) = Fri,w(0, War(T), T), (44)

and its temperature derivative is

d dWa1
= Frig,ww(O, Wa1, T) + FLio,wr (0, War, T). (45)
dr dT
The entropy isS = —Fi1,,7(Z, W, T), with
Sa1 = _FLlo,T(Oa Wa1, T), SLlO = _FLlo,T(ZLlO’ WLlov T). (46)

If we use these definitions, the expression fark)/dT simplifies to give

dAF

oar = [FLigw(Z, W, T) — FL1y,w(0, Wa1, )IWr + FL1,,2(Z, W, T)Z7

du
—[S = Sml = (W = Way) o (47)
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Inserting this expression intp (#2) gives

dy o
ar / {[Fng,Z(Z, W, T)~€*Ze() Zr +[FLaow(Z. W, T) = FLigw (0, Wa1, T) =8 W I Wr
—00

d
—[S = Sa1]l = (W — WAl)d—/;} dc. (49
The first two terms vanish by virtue of the Euler equations, leading to

dy
ar

Here we note that/dT is independent of . It is easily seen that

—/OO {[S—SA1]+(W—WA1)S_/;}d§- (49)

—00

d
(Wia, — WAl)d—l; = —(SL1, — Sa1), (50)
which can be used to provide the alternative form
dy ©0 SL1, — Sa1
—— = S —8Sa1) — (W — Wa1)) ———— ( d¢. 51
e KOO {( AL) — ( AL) Wiz — War ¢ (51)
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