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2 1. Motivation and outline

In the present doctoral thesis the development of a quantitative phase-
field model for modeling phase transitions in multi-component sytems is
presented. The work is categorized into four main sub-divisions as,

e Exemplary applications of the phase-field method
e Modifications to an existing phase-field model

e Asymptotics

e Validation

To start with, investigations are performed with the aim of modeling
some essential features in the process of solidification using the phase-field
model of H.Garcke and B.Nestler and others [79], for dendritic growth,
binary eutectic, peritectic and ternary eutectic systems. Apart from
being of scientific importance, aiding in the understanding of the physics
of solidification in various phenomena, the studies lay a foundation of
basic knowledge required for the development of a quantitative phase-field
model, highlighting the challenges to be overcome in the development of an
effective model. Following, is the general overview of the overall work.

1.1. Exemplary applications of the
phase-field method

Two studies of interest are presented: (I) Growth in the (Fe-C) peritectic
system, of § (ferrite(pro-peritectic phase)) and the v (austenite(peritectic
phase)) [19]. The free energy of the phases were modeled using the ideal
solution model such that the liquidus and solidus slopes along with the
concentrations of the respective phases at the peritectic temperature fit to
the actual phase diagram. The model parameters related to the interface
width and surface excesses were adjusted to derive the surface energy of the
different interfaces presented in literature or the intended value to be set in
the simulations. Although the surface energies of the solid-liquid interfaces
are known quite accurately, the solid-solid surface energies &5 are unknown.
In this study a range for the solid-solid surface energies is derived on
the basis of the occurence of the engulfing morphology(pro-peritectic
phase engulfing the peritectic phase above the peritectic temperature, and
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vice-versa below the peritectic temperature.) It is noticed that the solid-
solid surface energies, strongly influence this growth morphology at given
supersaturations, enabling the isolation of such a range in the solid-solid
surface energies. In addition, critical nuclei are numerically calculated
through the solution of the Euler-Lagrange equations comprising of the
stationary phase-field and the concentration equations. Through this, the
homogeneous barrier to nucleation is computed for the nucleation of the §
and ~ phases in the liquid at various compositions. As the Fe- concentration
increases, it becomes more favorable to nucleate both phases. Simulations
of nucleation events are performed with stochastic noise coupled with
dendritic growth of the pro-peritectic phase and the sites of nucleations
in the non-uniform concentration field, confirm to the predictions derived
from the calculations of the barrier to nucleation.

(IT) The second example used for the investigation of solidification is the
study of ternary eutectics [20]. In particular, special attention is devoted
to configurations during thin-film growth. In contrast to binary eutectics
where the only possibility is af ..., there exists a number of possibilities
for the growth patterns of ternary eutectics in thin-film growth, eg a5y ...
afay.... A theoretical study is performed of the Jackson-Hunt type for
the various configurations, resulting in expressions of the undercooling as
functions of lamellae spacing for given velocities. Corresponding compar-
isons were made with simulations for a symmetric ternary eutectic system
modeled using ideal free energies. Good aggreement was achieved between
the simulations and theory in the prediction of the spacings at minimum
undercooling and the undercoolings themselves. For large spacings, the
lamellae exhibit oscillatory instabilities. The symmetry elements present
in the different configurations match those of the underlying symmetry
elements of the configuration. Some of these symmetries match those
found previously for binary eutectics. Although some of the symmetry
modes are pertinent with respect to the specially constructed, symmetric
phase diagram, their occurence in real alloys cannot be ruled out without
an examination. An additional instability that was found for configura-
tions other than the simplest configuration a7, is that below a particular
lamella spacing, the lamella are unstable towards elimination. The critical
spacing below which this instability occurs, can be well explained on the
basis of the theoretical calculations. Furthermore, simulations of direc-
tional solidification of bulk samples in three dimensions is also performed.
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Two types of morphologies were isolated depending on the concentration
and the symmetry of the phase diagram. For the symmetric phase diagram
at the eutectic temperature, a hexagonal pattern was achieved in the cross-
sectional view, starting from a random configuration. For a slightly asym-
metric phase diagram a semi-regular brick structure is obtained which is
also observed in experiments. While this does not cover all the possibilities,
it certainly presents an outlook into the variety of structures.

1.2. Model modification

On the basis of these two studies, there were two conclusions with respect
to the applicability of the model for the case of phase transformation in
real alloys. With regards to the length scale that can be simulated, it was
noticed that there exists considerable limitations to the grid resolution that
can be used, and in most cases this presents a significant computational
overhead. It has been well established in literature, that when the free
energies are interpolated in the form used in the WBM type models[134],
there exists an additional length-scale coming from the variation of the
grand potential excess across the interface [15, 55, 77, 114]. For systems,
in which this term becomes largely dominant, the surface energy and the
interface thickness loose their independence (surface energy and interface
thickness are usually, two independent parameters in simulations). This
limits, the interface widths to smaller values, and hence the domains
that can be simulated. Consequently, this results in a limitation in the
physical sense, because the processing conditions that can be simulated
with such an approach gets narrower. Additionally, one must pre-calculate
the contribution of the chemical free energy excess to the surface energy,
in order to choose the right simulation parameters. On a more technical
note, it is also diffcult to perform the thin-interface asymptotic analysis
(described later) for such a model, because, the equilibrium properties
scale with the interface thickness. This challenge motivates a change in
the modeling idealogy with the following aims,

e Construction of a model with efficient flexibility in choosing the right
parameters,

e Easy applicability and extendability to any alloy system,
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e Performing of thin-interface asymptotics with universally applicable
results.

In literature, there exists two types of modeling idealogies for deriving a
phase-field model, where the equilibrium properties such as the surface
energies are independent of the free energies of the respective phases. In the
first type, the functional argument is just the concentration field [30], while
in the other [55], the arguments are the concentration fields corresponding
to respective phases in the system, eg: c,, cg etc. In the case where a single
concentration field is used, the free energy contribution is decomposed into
enthalpic and entropic contributions which are interpolated independently,
such that at equilibrium there is no contribution from the free energies
to the equilibrium phase-field profile, wheras for the case where different
concentration fields are used for the respective phases, the concentration
at a given point is written as an interpolation of the individual phase
concentrations, and the equation is closed with the condition of equilibrium
chemical potential among the phases, or alternatively a known partition
relation among the phase concentrations which enables the determination
of the phase concentrations. These are then utilized in the determination
of the driving force for phase transformation. The common basis for both
methodologies however, is that the driving force for phase transformation
is the difference of the grand potentials of the phases, at the same chemical
potential. Through this construction, it is evident that at equilibrium, there
exists no terms arising from the chemical system, which contribute to the
solution of the equilibrium phase-field profile, implying that the equilibrium
properties such as the interfacial energies can be fixed independently of
the free energy of the respective phases.

With this motivation a new model is derived, starting from a grand
potential functional instead of the free energy functional (previous models)
with the thermodynamic variable as the chemical potential instead of the
concentration field. It is shown that, with this modification it is possible
to get rid of the excess contribution to the interface and the length scale
related to the interface thickness, is then independent of the chemical
system one is simulating. This provides for significant flexibility in the
applicability of the model for different alloy systems. This work bears
co-incidental resemblance to the work by M.Plapp [91]
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1.3. Asymptotics

In performing quantitative simulations, it is essential to acquire knowledge
of the mapping of the model to the respective free boundary problem one is
attempting to solve. To achieve this, we require to perform an asymptotic
analysis. In this context, there are two limits, namely: the sharp interface
limit (interface thicknesses tending to zero) and the thin-interface limit
(interface thickness, remains finite, but small in comparison to the diffusion
length). While the sharp-interface limit is relevant when the simulations
are performed with very small interface thicknesses, the more technically
relevant one is the thin-interface limit, since this allows one to retrieve
the same free boundary problem but with length and time scales that are
computationally accesible.

One of the key parameters, to fix in phase-field simulations, is the relaxation
constant 7 which relates to the relaxation of the interface. In most,
mesoscopic simulations however, one is interested, only in the diffusion
controlled growth regime. This implies, that the phase boundaries relax
infinitely fast when imposed with a change in the coupled concentration
field. This is achievable in the framework of a time dependent free boundary
problem in the thin-interface limit previously derived by Karma [48]. The
principal result states, if one derives, the expression for the interface kinetic
coefficient, in the thin-interface limit, there exist parameters such that
vanishing interface kinetics can be achieved. Whereas, in literature we
derive that, this has been performed for the case of the double-well type
potentials, in the present work, the thin interface limit is extended for the
case of double-obstacle potentials.

While this limit makes effective use of thicker interfaces, there are some
assosciated problems. With the use of thicker interfaces, there exist certain
corrections one must include in the asymptotics to simulate the right
free boundary problem [6]. These have been elaborately evaluated for
both solutal and thermal problems, but for normally used double well
potentials. The principal result in the analysis concludes that among the
three thin-interface defects, two of them: surface diffusion and interface
stretching are simultaneously absent, if odd-interpolation polynomials are
used for interpolation of the diffusion constants of the phases and the free
energies. However, such a choice makes it impossible to get rid of the third
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interface defect which is solute trapping. Solute trapping is a chemical
potential jump at the interface resulting from asymmetric diffusivities of
the two phases. Present models use a non-variational approach of using
an anti-trapping current [46], to remove this jump at the interface. This
has however been derived only for potentials of the smooth well type. In
this analysis, the correpsonding expressions for the thin-interface kinetic
coefficient and the expression for the anti-trapping current are derived for
the the case of the double obstacle potential. Following is the summary of
the goals achieved [18]:

e Development of a model based on grand potential functional

e Removal of additional limiting length scale resulting from variation
of grand chemical potential excess at the interface

e Equilibrium properties such as surface tension are independent of
the chemical free energy of the system

e Thin-interface asymptotics for the case the double obstacle potential
e Derivation of the kinetic coefficient in the thin-interface limit

e Derivation of the anti-trapping current for the double obstacle po-
tential and a multi-component system, with vanishing diffusivity in
the solid

1.4. Validation of the model

The model and its modifications are tested for real alloy systems. First, is
the investigation of dendritic growth in the Al-Cu system. Comparisons
are made with the analytical dendritic growth theories (LGK) and good
aggreement is achieved. Among binary and ternary eutectics, the asymp-
totics and the model are tested with respect to theorectical expressions
derived for coupled growth derived previously. In addition, the model is
applied for the case of the Al-Cu-Ag alloy for the modeling of three-phase
eutectic growth. A generalized route for the construction of free energy
data, utilizing the essential information from databases, is constructed.
Using this, some preliminary morphologies in 2D are presented at growth
conditions relevant in directional solidification experiments.
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2.1. Introduction

In the past decades, the phase field method has become an important
tool to describe microstructure evolution during phase transformations.
In particular, considerable advancements have been made in the field
of modeling phase evolution in multi-component systems. The areas of
application though initially limited to solidification have spread to many
a phenomena, involving solid-state diffusion, deformation behavior, heat
treatment, re-crystallization, grain boundary pre-melting, grain coarsening
etc. The phase-field approach’s popularity is due to the elegance with
which it treats moving boundary problems earlier in the regime of sharp
interface methods. The interface representing the boundary between
two mobile phases is replaced with a smoothly varying function called
a phase-field, whose change represents phase evolution. This approach
obviates the necessity to track the interface and hence makes large scale
simulations of microstructure evolution involving complicated geometrical
changes computationally tractable. The application of the phase-field
method starts with the creation of the functional which includes the
material properties involving both the surface properties of the interfaces
in the system and the thermodynamic energy of the bulk phases in the
system. A variational derivative of this functional with respect to any
of the changing phase-field variables, gives us the driving force for the
change. Depending on whether we are treating a pure component or multi-
component system this driving force is a function of just the temperature
or includes the compositions of the different components in the system
also as variables. The source of thermodynamics of the bulk phases, are
derived in a number of ways, starting from ad-hoc methods to creation
of simpler thermodynamic models or the direct use of the well known
Calphad databases.

This review is an attempt to gauge the applications of the phase field
method in simulating the processing situations involving multi-component
materials. Such a review would however be incomplete without a prior
mention of the sequence of developments in the phase field method which
has made such applications possible. In the following, we list some of these
landmark developments and try to put them in context of the final goals
that were achieved.
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2.1.1. Model evolution

The phase field method originated as a branch of continuum theory and
various instances have appeared in literature [14, 35, 39], while the first
formulation of phase field equations to describe solidification can be found
in the works by Langer [63] which were in turn based on the Model C of
Halerpin, Hohenberg [39]. Similar independent models on pure metals were
proposed by Collins and Levine [65], building up to the first large scale
simulations of dendritic growth from pure melts which were performed
by Kobayashi [61]. In these earlier works, the free energy formulations
are ad-hoc, and motivation for the formulation of thermodynamically
consistent models led to evolution equations being derived from a single
Lyaponov type entropy functional, ensuring local maximization of entropy,
[88, 124, 129] for two phase binary alloy systems. Later similar consis-
tent models incorporating a generic formulation for treating multi-phase,
multi-component models were proposed by Nestler and co-workers[33, 79].
However, the first multi-phase models are found in an earlier work by
Steinbach et al. [108], where the free-energy formulation is ad-hoc.

Following the investigations of Caginalp and co-workers, [13] to relate
the phase-field evolution equations to the sharp interface free-boundary
problem along with the analysis of the attempts at quantitative comparison
by Wang and Sekerka [123] and Wheeler et al., [136], makes it quite
clear, that the parameters such as the kinetic coefficient and the capillary
length derived from the sharp interface limit (the interface width going
to zero) leads to quite stringent restrictions on the interface width for
quantitative simulations, which in turn presents immense challenges on
the computational side. Accompanying this problem, is the simulation of
structures at the small interface kinetics limit, i.e., growth structures at
low undercooling. In a time dependent free boundary problems (TDFBP),
apparently it is evident that if one goes by the sharp interface limit, the
kinetic coefficient will remain finite and hence, only simulations with
interface kinetics can be performed. Solutions to this were extended by
Karma [48] through the concept of Thin interface limit where the interface
width remains non-zero, but much smaller compared to the mesoscopic
diffusion length of the problem, which is the most relevant for the problems
with a Stefan boundary condition. Although, the study is for pure metals
where the phase evolution equations is coupled with the temperature field,
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later it is extended to the case of binary alloys, with constant partition
coefficient and diffusivity through combined work with Losert and co-
workers [72]. While this particular formulation is for a particular choice
free energy density, a general procedure for the mapping of any phase-field
model to its sharp interface limit is described in the investigation by
Provatas et al. [28].

Dendritic solidification in the whole range of undercoolings still remains a
challenge. It has been established that if the thin-interface correction is
properly incorporated most phase-field models irrespective of their ther-
modynamic consistency, converge identically with similar computational
costs for a given range of undercoolings. This range is identified as region
where the interface peclet number (ratio of the interface width and the
diffusion length) is small [59]. The convergence of a given phase-field model
depends on the particular formulation, however, all phase-field models
deviate from the intended sharp free boundary problem for higher interface
peclet numbers. Since, at a given undercooling and strength of anisotropy,
the velocity is fixed, the only degree of freedom that remains for adjusting
the interface peclet number is the reduction of the interface width. This
proves to be computationally expensive for large undercoolings (small
diffusion length). For lower undercoolings larger interface widths can be
used, but larger simulation domains are necessary which require efficient
computational algorithms. To this end, adaptive mesh methodologies [94]
and random-walker algorithms [92] prove quite helpful.

In the application of the phase field method, the WBM (Wheeler, Boet-
tinger, McFadden) model [134] and the related formulation of free energy
densities became quite popular. Kim [56] however, showed the existence of
a potential excess, arising from the variation of the grand chemical poten-
tial across the interface at equilibrium, which is also previously illustrated
in the works of WBM. The novelty is, that they show how this excess
from the particular formulation of the free energy restricts the choice of
the interface width for a given surface tension. Since the resolution of
the interface is related to the domain that can be simulated (in a regular
grid structure), this presents serious challenges to the computations that
can be performed. Tiaden etal. [114] propose a solution to this problem
by adopting different concentration fields for the solid and the liquid,
connected to each other through a partition coefficient, which is a function
of velocity. This is also thermodynamically consistent for dilute binary
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alloys. Kim and co-workers [56] provide an extension by also considering
the concentration at a point to be a mixture of concentrations of the solid
and liquid phases, but the individual compositions are corresponding to
the parallel tangent construction between the free energy curves of the
respective phases in contact. Both methods relax the restriction placed
on the choice of interfaced widths. Models following similar lines as Kim,
have also been proposed by Cha et al. [16]. Later, some more related
variational and non-variational methods of getting around this problem
were formulated by Plapp et al. [31, 32] for two phase eutectic solidifica-
tion, without the use of separate concentration fields for the solid and the
liquid.

The second problem is related to the choice of thicker interfaces which
leads to the modification of the Stefan condition. The aggregate of mod-
ifications to the Stefan boundary condition due to the choice of a finite
interface thickness came to be called Thin Interface defects and a rigorous
mathematical description of each of these defects are found in investiga-
tions by Almgren and Mcfadden, [6, 75] for pure melts with asymmetric
diffusivities for the transport of heat, while similar effects are also shown
to exist in alloys [46]. The thin interface defects discussed in these studies
are three in number. Of them, the defect of solute trapping was earlier
discussed in the work by Kim and Ahmad, [1, 55]. In real materials the
diffusivity of the solid is much lower compared to that in the liquid, which
is different from the assumptions by Losert et al. [72]. The asymmetry in
diffusion constants causes the asymptotic limits of the chemical potentials
at the interface, resulting on the liquid and solid side of the interface, to
be different. This difference is a function of velocity and the width of the
interface, causing a chemical potential jump at the interface also called
solute trapping. Although this is a phenomena seen to occur in materi-
als science during rapid solidification, the difficulty arises from the fact
that the magnitude of the solute trapping effect scales with the interface
widths, which being chosen orders of magnitude higher for the phase field
simulations, than that in a real material, gives rise to significant solute
trapping at velocities where it would be negligible in a real alloy. The
second, known as the surface diffusion resulting from the mismatch of
the fluxes on the solid and liquid sides of the interface, and the third is
interface stretching that results because for a solid growing with a convex
interface into the liquid, the source of the solute on the solid side is over a
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smaller area compared to that on the liquid side because of the curvature
of the interface, over a finite thickness. The physical interpretations of
the defects are elaborated in the explanations on quantitative modeling
by [30]. It is illustrated, that the solution to the problems, is related
to the appropriate choice of interpolation polynomials. However, due to
the restriction of the number of interpolation polynomials, it is generally
agreed that all three effects cannot be simultaneously taken care of, while
maintaining reasonable bounds of computational efficiency. Presently
there exists no phase-field model which removes all three effects using a
variational formulation. Therefore, while the problems of surface diffusion
and interface stretching can be corrected through the use of suitable inter-
polation polynomials, the problem of solute trapping is removed using a
non-variational formulation as suggested by Karma et al. [30, 46], by using
an anti-trapping current which is a current of solute from the solid to the
liquid. Another solution, to limit the thin interface defects, is proposed
by Kim et al. [57], where they decouple the solute and the phase-fields,
since the problem of solute trapping arises because of the variation of the
solute field over a larger diffuse area than the interface. The diffusion field
for the solute is limited to suppress the thin interface effects. However, in
practice it is found that in calculations, one needs to use a diffuse length
of the solute field slightly larger than the grid size Ax, which makes the
solute trapping effect still appreciable. Later, the earlier phase-field model
of Kim et al. [56] was extended to multi-component systems,[54], with
the additional removal of the thin interface defects using an anti-trapping
current formulation. Provatas et al. [84] present an extension of the model
of Eschebaria et al. [30] to treat multi-phase binary alloys.

The complete problem of microstructure evolution in material science
normally involves the coupling of the thermal and solute fields. This
coupling is however a challenge in simulations, as the heat and solute
diffusion operate on different time scales with the thermal diffusion being
much faster. Phase field modelling of this coupled phenomena was first
performed by Boettinger and Warren [11], where they ignore the spatial
variation of the temperature field, and the temperature field is computed
from heat balance equation between the imposed heat extraction rate
and the released latent heat. It was found later that this is valid only
for low undercooling [71] where the authors compare the temperature
fields computed by exactly solving the diffusion equations for the internal
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energy, and those from average heat balance equation coupled with the
isothermal model. The model proposed however, has thin interface effects,
which are absent in a later model proposed by Ramirez and Beckermann
[99]. The diffusive time scales for heat and mass transfer are comparable
during rapid solidification of alloys and hence the problem becomes more
tractable. The thermal and solute-field coupling in rapid solidification
problems are treated in the works by Conti et al. [21, 22].

Along with the massive developments to make quantitative simulations
of real materials feasible, model adaptations to treat other phenomena,
like nucleation were proposed by Granazy et al. [37, 115, 131] in solid-
liquid transitions, while in solid state precipitation, similar models were
formulated by Simmons and co-workers [106].

It has long been the aim of the phase field community to treat real materials
and the significant step towards this, comes through the use of free energy
of the different phases, directly from the proven and tested CALPHAD
databases. The first attempts are found in the model adaptations proposed
by [15, 36, 96]. In recent works, the usage of the CALPHAD databases,
and its direct coupling to phase-field solvers has become more frequent
and has spread to a variety of applications, which will be highlighted as
we take an overview in the later sections.

In the following sections, we present the various applications of the phase
field models. In the first section, we list the studies using idealized model
systems constructed for studying the physics of a particular solidification
process, followed by applications where real thermodynamic databases
were used for the simulations in various processes and concluding with
an outlook for the application of the phase field method to different
phenomena and resolving of other research issues.

2.2. Phase-field applied to problem of
solidification

Solidification is the phenomena most extensively studied using the phase-
field method. The types of solidification reactions range from pure metal
solidification, eutectic (liquid on solidifying giving rise to one or more
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solids), peritectic (liquid on reaction with a solid gives another solid)
and monotectic solidification (liquid on solidification gives a solid and
another liquid). Each of these types have been explored by the phase-
field method. In this section, we list down the studies where the central
point is to understand the physics accompanying the evolution process.
Most investigations in this section involve the use of free energy densities
which are created in an ad-hoc manner or are generated through simpler
thermodynamic models which do not influence the final inferences.

2.2.1. Dendritic solidification

Dendritic solidification is ubiquitous in materials science and has long
intrigued materials scientists and physicists, as to what are the param-
eters and conditions, which lead to this instability. Although a lot of
understanding has been gained about the physics of this effect, simulations
or experiments are necessary to characterize the materials response to
processing conditions. In this regard the phase-field simulations come to
be of much use.

Beginning with the first large scale simulation of thermal snow flake
dendrites by Kobayashi [61], parallel attempts at quantitative comparisons
were made by Wheeler et al. [136], where the morphology of dendrite
tip is compared to needle crystal solutions proposed by Ivantsov for pure
Ni dendrites. Along with this, investigation of the operating state of
the dendrite tip and matching with the marginal stability criterion and
the micro-solvabilty theories is also carried out. The first simulations of
solutal dendrites in a Ni-Cu system are found in the studies of Warren
and Boettinger [130] who employ a thermodynamic consistent model for
the investigation. Fig. 2.1 shows an illustrative phase-field simulation
of a three dimensional (3D) Al-Cu dendrite. The thin interface limit for
crystallization of pure materials [48, 50] earlier proposed by Karma for
pure metals and later extended along with Losert and co-workers [72] for
a binary alloy (Succinonitrile-Coumarin), is used for studying the range of
wavelengths for the formation of stable singlets, doublets, and unstable
transient patterns on perturbation of a planar interface. These works
illustrate that one can choose an interface width in the mesoscale range
and still perform phase-field simulations independent of interface kinetics.



2.2. Phase-field applied to problem of solidification 17

Figure 2.1.: AlCu dendrite simulated using a thermodynamically consistent
phase field method, with fourfold cubic anisotropy. Secondary arms are initiated
through noise. An ideal solution model was assumed for the bulk free energies.
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Thus, quantitative simulations become theoretically possible also in the
range of low undercooling. These studies demonstrated the usefulness of
the method, however, quantitative applications to real materials are only
possible with the introduction of the anti-trapping current [46] along with
solution to the other thin interface defects that arise due to asymmetric
diffusivities in the phases [6]. Parallel to these developments, the phase field
method has been applied to different areas of materials research, such as
solidification of bulk metallic glasses, where it is used for studying dendritic
to globular transitions in ternary NigoCu49—.Cr, [25]. A morphology
map, showing the change in the microstructure from dendritic to globular
morphology, as a function of the Cr concentration is derived. Concentration
profiles, measured in experiments and computed in phase field simulations
during solidification of multi-component metallic glass composites, are
compared and good agreement is found in the works by Huang et al.
[43] and Nestler et al. [78]. The phase-field method is also used in the
simulation of dendritic solidification in industrial alloys, where higher order
Redlich-Kister polynomials are used by Wang [121] for the description
of the free energies of the hexagonal o« — Mg phase and the melts in the
AZ91D Mg rich Al-Mg alloy. Both thermal and solute fields are solved
and a 3D hexagonal anisotropy in the kinetic coefficient and the surface
energy, reproducing stacking of 2D hexagonal plates is proposed.

2.2.2. Eutectic solidification

Eutectic alloys are useful for their low melting properties and also for their
mechanical properties given the structure is uniform at the finest scale.
Hence, a study of these alloys to gain an understanding of the relation
between the processing conditions and the final microstructure is useful
for material scientists. It is also an interesting topic for physicists because
of the number of possible pattern formations. The first phase field model,
enabling the treatment of the transformation of a liquid to two solid phases
was proposed by Karma, [45]. The model uses the concentration field as an
order parameter to distinguish between the solids, similar to the works of
Cahn [14], while a second order parameter is used, in order to distinguish
the solid and the liquid phases. The free energy surface is created in such
a manner that the solid free energy contains two minima symmetrically
placed with respect to the eutectic composition and corresponding to
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the two solid phases in the system. A directional solidification set up is
created, by setting a temperature gradient in the growth direction and the
equations are solved in the moving box frame, which is set at an imposed
velocity. Comparisons of the angle at the triple point are found to be in
good agreement with the predictions derived out of the Young’s condition
in the sharp free boundary problem. The results of the average interface
undercooling and the minimum undercooling spacing match well to the
predictions of the classical Jackson-Hunt Theory. Similar models, with
extensions allowing the free energy density of the solid phases to differ in
their form are proposed by Wheeler et al. [135].

Athough stable coupled growth is commonly observed during eutectic so-
lidification, they also exhibit certain instabilities during growth of thin and
bulk samples. In this context, phase-field models provide a great means to
study the instabilities in the growth patterns of eutectics which is a big
development over the boundary integral method, which is unable to treat
catastrophic changes, like lamella elimination or termination. Stability of
2D eutectic patterns to lamellae elimination is investigated by Akamatsu
and co-workers [4, 5]. Measurements of the average undercooling of the
growth interface from directional solidification experiments of eutectic
Carbontetrabromide-Carbonhexachloride organic alloy in thin film mor-
phology agree well to calculations from simulations. The studies reveal
that configurations of lamellae with average spacing below the minimum
undercooling spacing can also be observed both in experiments and simu-
lations. This is however in contradiction to the result which is obtained,
if we combine the analysis of Langer [62] with Cahn’s earlier hypothesis,
which states that the growth of the lamellae is always normal to the local
solidification front. Langer uses Cahn’s hypothesis in his stability analysis
of lamellar growth, for small amplitude long wavelength perturbations in
the spacing of large arrays of lamellae. The outcome of the analysis is
that configurations with spacings smaller than the minimum undercooling
spacing are unstable and will eventually die out. Akamatsu and co-workers
reason this anomaly in their work by relaxing Cahn’s growth condition
of the local growth velocity being normal to the interface and put forth a
stability analysis, which provides reasoning for the observation.

The presence of a third impurity component in a binary alloy is known to
destabilize a planar two phase eutectic front giving rise to colonies. Plapp
and Karma [93], study this effect of colony formation using the phase field
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method and obtain qualititative comparison with their previous stability
studies. In the simulations, they show the breakdown of a solidification
front comprising of two solids into two phase cells. There was however, no
steady state envelope found and the structure exhibited tip splitting and
cell elimination events until the very end. It is worthwhile to note that
even in these studies of colonies, Cahn’s hypothesis of growth remaining
normal to the solidification front is weakly violated and the authors believe
that this has effects on the stability properties of the eutectic front.

The lamellar eutectic growth regime has been shown to exist in a finite range
of spacings around the minimum undercooling spacing. Beyond a threshold
spacing, the patterns bifurcate to different oscillatory patterns 1-A\-O and 2-
A-0O along with tilted states, and also with mixed instability modes. While
the pure oscillatory modes and the tilted states were studied by Karma and
Sarkissan using a boundary integral method [51] experimental observations
of mixed modes in the presence of capillary anisotropy are found in the
works of Ginibre et al. [34]. The first simulations with a multi-phase, multi-
component field model by Nestler et al. [81], illustrate different oscillatory
patterns in 2D, while illustrations of the 1-A-O and 2-A-O modes are
shown in Fig. 2.2. The N order parameter approach is an elegant one

Figure 2.2.: Illustrative 1-A-O (a), and 2-A-O modes seen in binary eutectics.

for treating such multi-phase problems. A systematic investigation of
these instabilities using the phase field method is performed by Kim et
al.[58] and a morphology map is presented based on the composition and
the spacing, while continuing works in 3D showing the possibility of a
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zig-zag instability are found in investigation by Plapp and co-workers
[87, 90]. These morphologies are also seen in experiments [2]. More
recently structures showing shape morphology transition from rods to
lamellar structures, depending on the composition of the liquid are found
in simulations of 3D directional solidification performed by Parisi et al.
[86]. In directional solidification of a eutectic alloy the microstructure that
the system chooses is a function of the composition in the liquid, among
other things. In 3D a number of structures can be found ranging from
rods, to lamellae, in-between structures, with a mixture of two, and also
defect structures such as elongated rods are possible.

2.2.3. Peritectic solidification

Peritectic solidification is an important topic to understand because of
the important materials in industry derived through this process. Most of
the materials are for magnetic and superconducting applications, while a
number of them also are useful for high strength applications, for instance
certain super alloys like Al3Ni. A number of microstructures have been
found to exist during peritectic solidification. Among them, include the
engulfing microstructure, in which the peritectic phase grows over the
pro-peritectic phase in the form of spherical nuclei, or infinite plate. These
structures have been first studied by Tiaden et al. [114] in a Fe-C alloy and
then later by Nestler and Wheeler, [81]. In these studies, the nucleation
events of the peritectic phase are explicitly put, and the question of
nucleation sites is unclear. In a recent study [19], an attempt has been
made to resolve this question. Along with this a prediction has also been
made on the lower bound of the solid-solid surface tension for which the
engulfing microstructure is found to exist.

Researchers have long been trying to understand the phenomena of the
formation of different microstructures such as the island growth, banded
structures, and coupled growth, and although theories have been proposed
on the mechanisms leading to the formation of these structures, no quanti-
tative predictions have been possible. The stability of these morphologies,
namely the island and banded structures is examined using the phase-field
model in the work of Lo et al. [69]. The study reveals that the formation
of island and banded structures occurs in the hypo-peritectic region in
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the absence of convection, which also corresponds well to existing theories.
Below a concentration limit of the solute and when the lateral size is below
a critical value, island structures were found to be stable else banded
structures in 2D are found to evolve.

Coupled growth is another interesting phenomena found in experiments,
which has been studied using a phase field model [26]. The authors find
that coupled growth occurs for select range of parameters and they present
a morphology map showing the regime of coupled growth as a function of
the concentration of the liquid, and the G/V ratio (Thermal Gradient G,
Velocity V). In isothermal solidification coupled growth is always preceded
by the formation of islands giving way to 1-A-O oscillations, followed
by quasi-steady coupled growth. In non-isothermal situations (with a
temperature gradient), for a given concentration in the liquid, a range
of spacings Apmin < A < Apmae €xist, between which coupled growth is
achieved. Outside this range, the structure exhibits oscillatory instabilities.
The striking observation is that, coupled growth structures are also found

in regimes where —— is less than zero (Where T is the undercooling).

According to Cahn-Jackson-Hunt theories, coupled growth will be unstable
in the region where the undercooling reduces with increase in lamella
spacing. However, as is also found in the case of eutectic coupled growth,
the gradients in spacing can also be relaxed through lateral motion of the
tri-junction points in the presence of a thermal gradient and the growth
envelope is not strictly normal to the local interface shape. The authors
believe that the same mechanism is also qualitatively responsible for the
observation of coupled growth in peritectic solidification i.e. the presence
of a temperature gradient provides a stabilizing force which counteracts
the force, causing the engulfing of a lamella.

2.2.4. Monotectic solidification

Monotectic alloys are characterized by the monotectic reaction at a fixed
temperature where a liquid on solidifying gives another liquid and a solid.
The phase diagrams of these systems, have the property that towards
one side of the invariant point, (hyper monotectic region), there exists
a miscibility gap in the liquid. Phase separating liquids are detrimen-
tal and hence production technologies are normally designed such as to
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avoid this process. The alloys are however useful in applications such as
self-lubrication. To control the phase separation and the solidification
microstructure, one needs to have a proper understanding of the evolution
kinetics and the processing parameters affecting a given morphology. Since
the process of monotectic solidification involves the interaction of two
fluids of differing concentration, a number of physical phenomena resulting
from the coupling of the fluid properties with the diffusion and capillary
effects influence the final microstructure. The first phase field method
used for studying this reaction is by Nestler et al. [82]. Two models are
proposed, differing in the freedom to choose the temperature ranges that
can be treated. One of the models, treats the free energy of the liquid
such that it is non-convex for a given concentration range, hence requires
an energy term proportional to the gradient in the concentration fields in
the functional, to stabilize evolution when concentration of the liquid is
inside the spinodal decomposition regime (phase-separation region). This
is computationally more expensive because the concentration evolution
requires the solution of a bi-harmonic operator in contrast to the laplacian
in case of linear diffusion. The second model decomposes a single free
energy density for the liquid, into two parts, each of which is convex. This
formulation is more suited for the problem of solidification, while it is not
suitable for treating the phenomena of phase decomposition.

The model also includes terms to treat the marangoni effect. This is
formulated by treating the complete capillarity tensor for application in the
flow-field evolution equations. This includes the effect of the concentration
gradients on the surface energy at the interface between fluids, and the
resulting flow, due to a gradient in this term. Good qualitative comparisons
are made with experiments in the directional solidification setup.

Later works by Tegze et al. [112] investigate all the diffusion and hydro-
dynamic effects affecting the droplet distribution sizes in the Al-Bi alloy,
using a regular solution model for describing the free energy of the phase
separating liquid. Figure 2.3 shows exemplary phase seperation of pure
liquid into two separate liquids at two different compositions.
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Figure 2.3.: Phase seperation at two different compositions of the liquid in
a model Fe-Sn alloy. In (a) the simulation is performed at the monotectic
composition while in (b) a hyper-monotectic composition is employed.(Work
along with co-worker Wang Fei)
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2.2.5. Nucleation

The understanding of the phenomena of nucleation is critical to having a
control on the length scale of microstructure. The process of nucleation
being a stochastic event can be treated in the deterministic framework
of the phase-field method, through two methods: incorporation of noise,
mimicking the thermal and concentration fluctuations in the system or
explicitly depending on a criterion of nucleation derived from the functional.
The phase-field method provides an excellent method for deriving the
properties of the nucleus. The nucleus in this framework, refers to the
phase-field profile which satisfies the Fuler-Lagrange FEquation under the
constraint of constant chemical potential [37]. The resulting phase profile
is an extremum of the free energy functional. The grand chemical potential
excess with respect to the initial liquid calculated using this profile, is
the barrier to nucleation. Such a theory has been postulated for both
homogeneous and heterogeneous nucleation [131]. These calculations have
been verified also with atomistic calculations. Additionally, variation of
quantities such as the Tolman length (difference between the radius of
the equi-molar surface and the radius of the surface tension) predicted
by the atomistic calculations, have been qualitatively reproduced in the
simulations [109, 115]. Large scale simulations with concurrent nucleation
events have also been performed for systems like Ni-Cu [95] and technically
relevant alloys such as the Al-Ti, where transition from Columnar to Equi-
axed morphologies (CET) is simulated. An exemplary structure obtained
by incorporating noise in the simulation domain is shown in Figure 2.4.

2.2.6. Solid-State

In this subsection we look at phenomena occurring during solid-state
transformations, investigated using the phase-field method. In the survey,
we are going to concentrate especially on a topic which has been of extensive
research interest over the last 15 years namely the processing of Ni-based
super alloys.
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Homogeneous Nucleation Al-Cu With Noise

omplete
Solidification

Conc Cu = 0.53 (Eutectic conc Cu =0.54
Composition)

Figure 2.4.: Nucleation structures obtained in a model Al-Cu alloy at two
different composition in the liquid. While a uniformly chaotic structure is
obtained at the eutectic composition in (a), a more regular structure is obtained

at a off-eutectic composition in (b).
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Super Alloys

The term superalloy was first used to refer to the group of alloys for use
in turbine superchargers and aircraft turbine engines that require high
performance at elevated temperatures. Presently, the application of such
alloys has extended also to land-based gas turbines, rocket engines chemical
and petroleum plants. A characteristic feature of these applications, is
that the energy efficiency goes up with temperature. Understandably, the
need arises to maximize the temperature of application. Typically, the
intended temperature of use is up to 90% of the melting temperatures. At
such high temperatures and applied stresses, failure mechanisms such as
creep, hot corrosion etc. operate. This implies, that a material suited for
such application needs to be resistant to such mechanisms of failure for
extended exposure to such conditions. It has been found that alloys of
elements in the Group VIII of the periodic table namely Fe, Ni, Cr, Co
are particularly suited for this purpose. The alloys also involve smaller
additions of carbide formers such as the W, Mo, Ta, Ti, and Al. In all, we
can classify the set of super alloys into three classes namely, Ni-, Fe- and
Co- based alloys.

One of the principal mechanisms of creep is grain boundary sliding. Thus,
it is desirable to have them processed as single crystals (i.e. with no grain
boundaries). With the invention of the efficient directional solidification
techniques it is now possible to process them as single crystals, with the
desired grain selectors. The quality of the alloy however, is related to the
processing conditions and the purity with respect to undesired elements in
the alloy. So one direction of research is to increase the purity of these
alloys resulting as a process of solidification.

Research is also underway to get an understanding of the mechanisms of
creep and deformation in such alloys to better predict the performance of
the microstructure at elevated temperatures and stresses. This would help
in engineering materials with required hardness and strength at these tem-
peratures. There are two hardening mechanisms that are pertinent in such
alloys, one is solid-solution strengthening, achieved with alloying additions
and the other precipitation hardening. Solid-solution strengthening deals
with the toughness, induced by the stresses due to the additional alloying
elements because of the size differences between the solute and the solvent
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atoms. These internal stresses interact with the dislocations and act as
barrier to their movement. However, this is relevant for low temperature
ductility and toughness. The strengthening at higher temperatures occurs
through precipitation hardening. The precipitates interact with the disloca-
tions and pin them, preventing cross slip. One of the ways of strengthening
in polycrystalline super alloys is the use of carbide forming elements which
form carbides of the same crystal structure as the matrix and segregate
to the grain boundary and pin them. The other type of precipitates are
coherent and close chemical compatibility with the matrix. A unique
phenomena associated with these precipitates is the increase of yield stress
with temperature also called the yield stress anomaly. This is related to
the locking of dislocations in Anti Phase Boundaries (APB’s) (interfaces
between possible ordered variants of different orientations), which lie on
non-slip planes in most super alloys. This is a motivation to study the
formation of such boundaries and their interaction with dislocations.

The strength of the alloy is related to the size of the precipitates hence
research is also focussed, on getting an understanding of the coarsening
kinetics of the microstructure as a function of the temperature, the alloying
additions and the processing conditions such as the ageing temperature.

Given the number of experiments required and the high cost for the
processing of these alloys, an optimization of the processing conditions
through an extensive experimental study looks daunting. However, with
simulations the task looks achievable, and promising. In this respect, the
phase-field method through its evolution over the years has become a
potent tool for the treatment of this problem. In the past decade, an
alloy which has been particularly treated is the Ni-Al based super alloys,
which are extensively used for turbine blades. In addition, it also suits
the framework of the phase-field method, since thermodynamic databases
of this alloy are available from CALPHAD along with information for
mobilities from DICTRA databases.

In Nickel based superalloys, the microstructure is made of a disordered
fce matrix called the v phase and an ordered *y/ precipitate phase. The 7,
phase has the L15 cubic structure which is coherent and of high chemical
compatibility with the matrix. The 'y/ phase is the principal phase respon-
sible for precipitation hardening, and hence has received a lot of attention
over the years. The L1s variants are four in number and hence in a binary
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Ni-Al system, the system can be defined using a concentration field and
three long range order parameters. In earlier works by Khachaturyan
et al. [126] the formation of squared precipitates is already achieved in
simulations, however a major drawback is that the matrix phase and the
precipitates are treated iso-structurally i.e. the four variants do not have
an energy barrier between them. While this is true for certain precipitates
for instance § precipitate in Al-Li alloys and the matrix, this is not the
case of for the ’y/ precipitate. As a result of the simulations performed
by various authors [8, 103, 125], the conclusion is that the treatment of
this energy of the anti phase boundaries is necessary for retrieving the
anomalous decrease in coarsening rate at higher volume fractions which
is also seen in experiments. The authors define two terms in-phase and
out-of-phase, implying the case when two variants of the same type are
next to each other and the other case when they are not respectively. The
out-of-phase particles on coalescence form Anti-Phase Boundaries (APB’s)
which are for the case of Ni- alloys, twice the energy of the interface
between a variant with the matrix. This being the case, two out-of-phase
particles will never coalesce forming an APB when both are in equilibrium
with the matrix.

There are two coarsening mechanisms in such alloys, one is through a
diffusive process called the Ostwald ripening, where the smaller particles
reject atoms and shrink, while the larger particles absorb and grow. While
this mechanism of interface energy minimization is present in all alloys it
is of a longer time scale, than a second mechanism which occurs through
displacive-coalescence mechanism. The displacive-coalescence mechanism
however, occurs only if two precipitates next to each other are in-phase.
With increase in number of particles, the probability of two particles
being in-phase is very small and hence most of them are out-of-phase.
Hence, with increasing volume fraction of particles the coarsening rate
is reduced. Additionally, split microstructures seen in experiments can
also be explained with this mechanism, where the coalescence of in-phase
particles to minimize energy is the driving force for the formation of such
patterns [8]. Incidentally, there appears to be no reason to believe that
the coalescence should occur above some critical size of precipitates as
previously believed, as such a mechanism of coalescence of in-phase particles
is able to explain all observed experimental microstructures. A detailed
study of the coarsening kinetics in the different regimes of volume fractions
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and particle sizes is present in the work by Vaithyanathan and Chen [117].
Under conditions of stress and high temperature, the precipitates align
themselves parallel to the stress direction in the case of tensile loading and
normal to the direction of tensile loading, for the case of compressive loads.
This phenomena is called rafting or alternatively, directional coarsening. In
experiments, the interrupted stripes of precipitates are observed and here
again it has been verified in simulations [125, 127] that incorporation of
APB interface energies in simulations is necessary to observe discontinuous
aligned set of precipitates, instead of continuous stripes. The former is
also seen in experiments.

It is clear that the degrees of freedom of such a system, are the interfacial
energies, the bulk free energies and the lattice mismatch. In the last decade
the emphasis has been to give more quantitative meaning to simulation
results. In this direction the linking of the simulations to CALPHAD
databases has been useful. The databases provide free energies using the
sub-lattice models. A four sublattice model is used for the case of treating
the variants. The site fraction in the CALPHAD databases can be used
interchangeably as the order parameter in the phase-field setup. This
gives us a continuous free energy in the order parameter/site fraction
and the composition space. The first attempts of linking the databases
are able to retrieve, the time evolution of the precipitate morphologies,
from spherical at small sizes which occurs as a result of minimization of
the surface energy, while as the precipitate becomes large the particles
change the shape to cubical which occurs via minimization of the bulk
elastic energies [141]. The elastic misfit strain energies are in all these
studies treated as some derivative of the Vegard’s law. The only degree of
freedom remaining, is then the interfacial energies. While this quantity is
difficult to get experimentally, models such as the Cluster Variation Models
(CVM) have been used to get an idea of the composition profiles, phase
boundaries and interface energies [119]. The results of such calculations
have been able to give predictions which agree well with experiments.
With the growth of CALPHAD and DICTRA databases in recent years,
simulations of new generation Ni- based super alloys is becoming possible.
Concentration profiles, occurring during heat treatment and temperature
processing in multi-component Ni- base super alloys are calculated by
some groups [60, 120, 132, 140], giving good agreement with experimental
measurements. For the case of non-isothermal treatments such as heat
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treatment one would need to incorporate new precipitated nuclei as the
temperature is reduced. To achieve this, Langevin noise is used by Simmons
et al. [107] and an interesting analysis of the process of aging during heat
treatment is also performed by Wen et al. [133]. Exemplary structures
during aging and ripening are simulated for the alloy Fe-Cu and are shown
in Figure 2.5. While in our discussion we have stated applications of the

(b)

Figure 2.5.: Aging in a Fe-Cu alloy. In (a) is the starting condition, while
(b) shows the state after some particles have co-agulated and some have
ripened.(Work along with co-worker (Rajdip Mukherjee))

phase-field method only for Ni-based alloys, some similar studies have also
been performed for the case of other super alloys such Ti-Al-V [17].

The phenomenon of precipitation is not only interesting in super alloys,
but some common alloys like Fe-C. However, precipitation is not always
useful like in the case of Widmanstitten ferrite which grow as needles.
Knowledge of the conditions which result in these microstructures and
their control, are important for steel alloy design. Phase-field modelling is
applied for studying such structures [70] using CALPHAD databases for
the free energy of the bulk phases.
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2.2.7. Other fields of application

Metal forming is an important process in any processing chain. A control of
the grain structure during high temperature forming decides the resultant
strength of the material. During forming at elevated temperatures one of
the most important processes which occur is re-crystallization. Most of
the last decade this process has been modelled using the combination of
the crystal plasticity method for treating the stresses and strains during
deformation and re-crystallization is solved using the Cellular Automaton
Method [97, 98] which describes specific rules of transformation for a
grain, depending on the stored energy of a grain and the surrounding
grains. While a number of theories have been put forth for describing the
initialization of re-crystallization namely the misorientation or the energy
stored in the grains, the actual criterion is still unclear. The process of
growth after nucleation can however be well accounted for. Grain growth
being a capillary force driven problem, is better suited for treatment by
diffuse-interface methods such as the phase-field method. The application
of this method is however still in its in early stages with first attempts
by Takaki and co-workers [110, 111]. They treat both static and dynamic
re-crystallization. In the treatment of static re-crystallization [111], the
stresses are computed from the crystal plasticity method, which are used to
determine the sub-grain structure. The diameter of the sub-grain structure
is calculated from the balance of the stored energy and that required for the
creation of a new grain boundary. In the case of dynamic re-crystallization
[110] dislocation density varies with time and the authors describe the
evolution of the dislocation density as a function of the strain. The driving
force is a function of stored energy in the form of dislocations and the
criterion for nucleation of a new re-crystallized grain is derived using a
bubble model described in the paper, which gives the critical density of
dislocations required for the nucleation of the new grain. M.Wang and
co-workers [122] simulate re-crystallization in a magnesium alloy AZ31
using the Gibbs free energy from CALPHAD databases. The authors solve
the coupled problem of diffusion and re-crystallization.

Beyond the main streams of developments in solidification and solid-state
transformations, the linking of phase-field models with thermodynamic
and kinetic databases emerged as a powerful hybrid method also in other
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fields of applications. We briefly report on research work in liquid-liquid
phase systems and grain boundary premelting.

A phase-field simulation study in [12] is devoted to investigate the dynamics
and morphologies of spinodal decomposition of two immiscible liquids. The
alloy of consideration is the binary system Bi-Zn, which contains a typical
miscibility gap in the phase diagram. Different morphologies of the phase
separation process are found at different regions of the phase diagram i.e.
at different temperatures and concentrations. Furthermore, the authors
describe a strong dependence of the microstructure on the formulation
of the Gibbs energy, by comparing two different formulations determined
by the CALPHAD method at the same temperature and concentration
condition. A problem seen during continuous casting, namely hot cracking,
is known to originate at the grain boundaries because of liquid films at grain
boundaries. This phenomenon is called grain boundary pre-melting. The
wetting occurs below the solidification temperature and cracks as a result
of these pre-melted areas. A control of the temperature and parameters
affecting the process is quite useful for avoiding material wastage. The
classification of grain boundary pre-melting transitions in Cu-Ag solid
solutions has been the focus of phase-field simulations in [76]. A multiphase-
field model has been composed, with three phase-field parameters to
distinguish two grain states in the presence of a liquid phase. Depending
on the grain boundary energy, the temperature and the grain composition,
a variety of pre-melting evolutions has been observed including (i) dry
grain boundaries, (ii) completely wetted grain boundaries with pre-melted
layers of diverging thickness, (iii) grain boundaries with discontinuities
of the pre-melted layer thickness and (iv) metastable grain boundary
states above the solidus line indicating the possibility of superheating
(respectively supersaturation). The pre-melting behaviour is related to the
disjoining potential combined with thermodynamic properties of the bulk
phases.

2.3. Outlook

Despite the tremendous effort and rapid development in a broad range of
multicomponent modelling applications, there still remains a comprehen-
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sive demand for further understanding of the physical mechanisms behind
structure formation, involving the intensive investigation of the influences
of external fields and processing conditions on the mechanical properties
of materials used in technical applications. The existence of just a ternary
component, e.g. in eutectic systems gives rise to a large diversity of new
morphologies and illustrates the complexity amongst the regularity of na-
ture. The computational study, particularly in 3D, holds a great potential
for new insights into the physics of these materials. In combination with
phase changes and solute diffusion of multiple components, another impor-
tant challenge for future research will be the investigation of the effect of
coupled fields such as fluid flow, stress and strain and plastic deformation.
In all multicomponent modelling applications, the configuration of data
sets and processing conditions will play a key role, essentially requiring the
advancement of multi-scale and hybrid modelling techniques. The large
amount of field variables to be solved as well as the desired large-scale 3D
simulation domains will increasingly ask for employing modern computing
methods including intelligent algorithms, parallelization on high perfor-
mance computing architectures as well as optimized numerical solution
approaches such as multi-grid and homogenization.
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3.1. Introduction

The peritectic reaction L(liquid) 4 d (ferrite) — « (austenite) in Fe-C
system occurs during the solidification of low carbon steels. A peritectic
transformation (solid-solid transformation) and peritectic reaction is also
observed in many other systems like Fe-Ni, Cu-Sn, Ni-Al, Ti-Al. The peri-
tectic reaction in Fe-C is characterized by an appearance of the peritectic
~-phase that separates the liquid L and the properitectic é-phase, followed
by growth of y-phase due to L — v and § — ~ transformations. Shibata et
al. [105] experimentally observed the peritectic microstructure formations
in the Fe-C system. They also formulated a mechanism for the peritectic
reaction and transformation, based on the analysis of the kinetics of the
phase changes. Various growth models have been proposed by others, to
explain the peritectic reaction and transformation in different solidification
morphologies [89].

In the past two decades, phase-field simulations have become a powerful
tool to describe growth morphologies during complex phase transforma-
tions. The methodology has been used to model eutectic, peritectic and
monotectic reactions, [81, 82]. In particular, the peritectic solidification of
Fe-C was simulated using a multi phase-field approach [113], where the
phase field equations were derived from a free energy functional and carbon
diffusion equation was formulated on the basis of a separate solute diffusion
model. A multi phase-field model was also used to numerically simulate the
peritectic reaction by Lee et al. [64]. In previous work [81], a phase-field
approach was formulated for both, binary eutectic and peritectic alloy
systems. The model incorporated the free energies corresponding to a
specific type or region of a phase diagram, which can be described through
an ideal solution formulation. Due to the great similarity with respect to
the free energies of the phases and accordingly with respect to the con-
struction of the phase diagram, a unique formulation of a phase-field model
was derived, capturing the solidification process in eutectic and peritectic
systems, by setting up suitable values for the latent heats and melting
temperatures. The approach was successfully applied to computations of
various eutectic and peritectic growth structures, related to model alloy
systems. Directional solidification of peritectic alloys, without morpholog-
ical instability was studied using the phase-field method by Plapp et al.
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[69]. The investigation also involved a study on nucleation and its effect
on pattern formation. Phenomena of coupled growth and banded growth
structures were also discussed in [47, 68]. Numerical studies on heteroge-
neous nucleation of the peritectic phase in the ternary system Nd-Fe-B
were performed by Emmerich et al. [29] to examine the morphological
effects on nucleation in 2D.

In this chapter, we investigate different 2D and 3D growth morphologies
during peritectic growth in the Fe-C system using a multi-phase, multi-
component phase-field model. We also investigate the effect of surface
energies and evolving concentration domains on nucleation and growth
behavior. In the next section, we give all the mathematical functions
and dynamical equations of the phase-field model and explain how the
parameters are calibrated. Section 3 is devoted to the discussion of three
broad classes of growth morphologies of the peritectic reaction, containing
a study of the evolution characteristics of each class, depending on the
initial composition in the liquid and solid-solid surface energies. Further,
it is shown how the surface energy affects the nucleation behavior, in
particular of the peritectic phase. Finally we draw conclusions about
the range of the possible solid-solid surface energies for which certain
morphologies which are experimentally observed can also be simulated
and thereafter present an outlook for future work.

Model Description

A thermodynamically consistent phase-field model is used for the present
study of the peritectic reaction in the Fe-C system. The equations are
derived from an entropy functional as follows

seed) = [ (steco - (0.0 u)) o 6

where e is the internal energy of the system, ¢ = (¢;)K ;| is a vector of
concentration variables belonging to the K — 1 dimensional plane, K being
the number of components in the system and ¢ = (¢a)aN:1is a vector of
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phase-field variables that lies in the N — 1 dimensional plane, N being the
number of phases in the system. ¢ and c fulfil the constraints

K N
de=1  and Y ¢o =1 (3.2)
=1 a=1

¢ is the small length scale parameter related to the interface width.
s(e, ¢, @) is the bulk entropy density, a (¢, Vo) is the gradient entropy
density and w (¢) describes the surface entropy potential of the system
for pure capillary force driven problems.

We use an obstacle type potential for w (¢) of the form,

16 N,N N,N,N

) Z ’Yozﬁ(ﬁad)ﬁ‘i’ Z 7&55¢a¢ﬁ¢6a 1f¢ S Z
w () = T a,f=1 a,B,6=1
(a<p) (a<B<8)

0, elsewhere

where 3 = {¢| 2N, ¢ = 1 and ¢, > 0},

Yap is the surface entropy density and 7,35 is a term added to maintain
the solution at an af interface strictly along the two phase interface.

The gradient entropy density a (¢, V¢) can be written as,

N,N

(6, V) = O o [ac (dap)] gasl*,
5

where gag = (9o Vs — $sV ) is a normal vector to the af interface.
ac (gop) describes the form of the surface energy anisotropy of the evolving
phase boundary. For applications to solidification in Fe-C, we use a smooth
cubic anisotropy modelled by the expression,

|%¢B|i
ac(Qa):]-:F(soz <3_4 )
’ ’ |qgv6|4
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2
where \qag\fi: Zj(qag)? and |qa5|4: [Z?Zl(qag)ﬂ , d being the number

of dimensions. d,p is the strength of the anisotropy. Evolution equations
for ¢ and ¢ are derived from the entropy functional through conservation
laws and phenomenological maximization of entropy, respectively [33, 79].
For an isothermal reaction, the evolution equations for the phase-field
variables read:

wgat(ba =é& (v AN (qba V¢) — ,p,, (¢a v¢)) -

T
éw’d)a (¢) — frta (Tv ¢, 9)

+ 2o — A, (3.3)
where A is the Lagrange parameter to maintain the constraint in Eqn.
(3.2), w is a factor related to the relaxation time constant and =, is
the noise in the evolution equation for the « phase. The formulation
contains the notation 0,9, = 0¢, /0t for the partial derivative of the
phase-field variable in time. Further, a,v¢,, a,¢,, W,¢, and f,4, indicate
the derivatives of the respective entropy density with respect to V¢, and
¢«- The noise function =, is such that its amplitude is non-zero only in
the liquid and smoothly goes to zero in the bulk solid. The noise amplitude
distribution is uniform.

The function f(T,c, @) in Eqn.(3.3) describes the Gibbs free energy as a
summation of all bulk free energy contributions f, (T, ¢) from the phases
in the system. For the present investigation, we assume an isothermal
condition of the system and use a non-dimensionalized form of the free
energies f, with RT,/v,, as the energy density scale, where T}, is the
peritectic temperature, R is the gas constant and v, is the molar volume.
For simplicity sake, we consider the molar volumes of all the components
in all the phases to be equal. We use an ideal solution formulation,

K /N o
J(T.cd) =3 (Z ere TT, <¢>> + T (cilog (c2))

a=1
with,
K
(T -17)
a(Tre) = Lyt
R izl

i=1 g

+ T (cilog (¢;))
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K

f(T.e) =T (cilog (i) .
i=1

fa(T, c) is the free energy of the « solid phase. The terms LY and T}
are the latent heats and the melting temperatures respectively of the i
component in the « phase. We choose the liquid as the reference state
and hence LY = 0 where « is the index for the liquid phase in the vector
¢. The function h,(¢) interpolates the free energy of the o phase and we
choose it to be of the form h, (¢) = ¢2 (3 — 2¢,) in the present analysis.
In general, other interpolation functions could also be formulated and
used which involve other components of the ¢ vector. The isothermal
non-dimensionalized temperature of the system is denoted by 7', the scale
for the temperature being 7,.

The evolution equations for the concentration fields are derived from Eqn.
(3.1) and give,

K
=9 (St (25290)
Jj=1 J

The formulation L;;(c, ¢) is capable to describe self and interdiffusion in
multicomponent systems. We use the form,

M;j(c, ) = Di(@)ci (0i5 — ¢j) -

The diffusion coefficient is formulated as a linear interpolation across
the phases D;(¢p) = 25:1 D§ ¢, where D is the non-dimensionalized
diffusivity of the i component in the o phase. We use D! = D! to
denote the diffusivity of the components Fe and C in the liquid phase
as the reference, where [ denotes the liquid phase. The capillary length
dy = 0/ (RT/vy,) with the surface energy o, is chosen as the length scale
and d2/D! is the time scale for the simulations.

In the following sections we limit our discussion to N = 3 phases and
K =2 components; ¢ = (¢5, ¢~, ¢1) and ¢ = (cpe, cc). The concentration
space is one-dimensional and without loss of generality, we define the Fe
concentration or c¢p. as the independent concentration variable/field.
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Parameters related to the Fe-C phase diagram

The parameters, latent heats and melting temperatures of the free energy
f(T,c, @) required to fit the phase diagram of the Fe-C system in the
vicinity of the peritectic temperature are listed in the following two (2 x 2)
matrices.

Fe C
LY := | ~ 0.76382 4.80548
0 0.84156 4.80548

Fe C
7Y :=| v 1.02193 0.81242

0 1.0244  0.73635

The parameters are determined such that the compositions of the solid
and liquid phases at the peritectic temperature as well as the slope of the
v-liquidus close to the peritectic temperature are accurately reproduced.
The phase diagram containing the solidus and liquidus lines, their stable
and metastable extensions are displayed in Fig. 3.1.

Surface energy calculations

The surface energies 65 and ., of the d-ferrite/liquid and of the +-
austenite/liquid phase boundaries are known to be equal. We use the
surface energies in the length scale of the non-dimensionalization. However,
there is an excess contribution from the chemical free energies which needs
to be included, if the interface between the two phases does not strictly
evolve along the co-existence line. We calibrate the surface entropy densities
51 and 7y, such that the final non-dimensional values of the surface energies
are 5 = 04 = 1.0. The excess chemical free energy is calculated using
the following procedure. Each solid phase is allowed to equilibrate with
the liquid forming a planar interface, by setting the temperature of the
system at the peritectic point and the compositions of the solid and
the liquid phases as the equilibrium compositions. The surface energy
excess is calculated including the excess of the grand chemical potential
f (T, e, ) — precre of the final equilibrated structure with respect to that
of any of the bulk phases. Since we set the bulk compositions at the
values from the liquidus and solidus lines of the phase diagram, the grand



42 3. Growth morphologies in peritectic solidification of FeC
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Figure 3.1.: Phase diagram of the Fe-C system close to the peritectic reaction
showing stable (solid lines) and metastable solidus and liquidus lines (dashed-
lines). The tie-lines at the temperature 7= 1.0 and 0.97 denote the temperature
T, of the peritectic reaction and the temperature at which the system is under-
cooled and at which the simulations were performed respectively.

chemical potential of the phases at these compositions are equal. The
surface energy excess is given by the relation,

b = [ (Tea(@.99) + 2w (@) + AU(T..0))ax
with,

A\P(Tv (& ¢) = .f (Tp’ca ¢) - fl - ,UFe(Tp) (CF@ - ClFe) )

of (T
where pp. (T,) = % is the equilibrium chemical potential that
e

is established during the equilibration of the planar interface between
the phases. The partial derivative are taken respecting the constraint of
the concentration fields Eqn. (3.2). cpe is the concentration profile that
stabilizes between the phases, where stabilization implies that, both the

concentration and phase-field profiles are stationary. c%e is the concen-
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tration of Fe in the bulk liquid. The surface energies of the solid-solid
interfaces are also calculated in a similar manner, the equilibration being
done between the two solid phases. Since the grand chemical potential of
all the three phases 7, ¢, [ is the same at the peritectic temperature, the
liquid can be used as the reference to calculate the surface energy excess.

3.2. Results and Discussion

The evolution equations for the phase-field and concentration variables are
numerically discretized using an explicit forward in time, finite difference
scheme. The resulting discrete set of equations is solved applying a parallel
solver depending on the MPI (message parsing interface) standard. For this,
the domain is decomposed in one dimension in equal parts for each node
used for the simulation. Due to the fact that the phase-field equation is
only solved in the diffuse interface between two phase fields, the calculation
time of each node can be different. To optimize time and resources, a
dynamics domain decomposition algorithm is used for the redistribution
of layers during runtime depending on the calculation time of each node.
In the present work we consider three types of growth morphologies:

e engulfing of the properitectic -phase by the peritectic y-phase

e primary dendritic growth with nucleation events and

e growth of the y-phase along a plate substrate.

Table 3.1 summarizes the parameters used for simulating the described
morphologies.
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Table 3.1.: Numerical parameters used for the phase-field simulations.
Nz, Ny, Nz denote the domain dimensions, AX denotes the grid spacing, At,
the time step width, and e the interface width

Parameters | Dendrite- | Dendrite- | Engulf- | Engulf- | Plate-
2D 3D 2D 3D 2D
Fig.3.6 Fig. 3.7 Fig. 3.2 | Fig. 3.5 | Fig. 3.9

Nz xNyx | 1000 x | 500 x 500 | 500 x | 500 x | 200 X

Nz 1000 x 500 500 500 x| 500

500

AX 10 20 10 10 1

At 7.5 2.5 5 5 0.08

€ 80 80 80 80 8

3.2.1. Engulfing of the pro-peritectic phase by the
peritectic phase

A growth morphology observed in the Fe-C system is the engulfing mi-
crostructure. Controlled by diffusion in the liquid, the peritectic y-phase
grows over the properitectic d-phase until complete engulfment. The
subsequent process is a phase transformation (6 — «) taking place on
a longer time scale, as it is solely driven by diffusion in the solid. The
phase transition kinetics is dependent on the value of the solid-solid surface
energies and the concentration of the liquid from which the two solids,
the - and d-phase, are evolving. While the solid-liquid surface energies
are known fairly accurately for the 7- and the d-phases, the solid-solid
surface energy .5 is unknown. The phase-field simulations are employed
to locate the range of &.,5 and to investigate the effect of the concentration
in the liquid on the engulfing behavior of the v-phase. The parametric
study is conducted at a non-dimensionalized temperature T = 0.97 with
a non-dimensional diffusivity D%_ = 1.0 in the liquid and D%, = 0.01 in
the solid. Fig. 3.2 shows the volume change (in 2D: height in non-growth
direction is 1) of the peritectic «-phase in time for three different initial
Fe concentrations of the liquid, ¢k, = 0.95, 0.96 and 0.97. The points on
the graph are plotted until the properitectic §-phase is totally engulfed by
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Figure 3.2.: Growth of the peritectic y-phase during engulfment, for different
concentrations ¢, of the liquid phase and for a constant surface energy Gys =
0.33

the peritectic y-phase. The volume of the «-phase at a particular time,
increases for higher values of ¢k . Investigations for different values of the
solid-solid surface energy 4.5, revealed reduction in the rate of engulfment
of the d-phase with increase in the solid-solid surface energy, for a particular
value of che. Fig. 3.3 displays the comparison between the rate of volume
change 9V/0t of the peritectic and properitectic phase, as a function of
time, for the liquid concentrations che = 0.95 and c%e = 0.97 and for
the surface energy ¢.,5 = 0.33. We see two different types of behaviour
at the two levels of super-saturation. At the lower supersaturation Fig.
3.3a, there is an initial decrease in the shrinking rate of the d-phase along
with a corresponding decrease in the rate of growth of the y-phase. This
behaviour ends with the attainment of the minimum in the reduction rate
of the d-phase beyond which, there is increase in the solidification rate of
the v-phase. We note that the behaviour of the rates of evolution of the
solid phases are always of opposite nature, which implies, that the solute
transfer at the small-scale, from one solid to the other through the liquid
as the transport medium, is the principal growth limiting process, rather
than the long range diffusion in the liquid. This is because, individually,
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Figure 3.3.: Rate of volume change of the peritectic and properitectic phases
with time for a constant surface energy 6,5 = 0.33 and for two different liquid
concentrations (a) ¢k, = 0.95 and (b) ¢k, = 0.97.

each phase is set above the critical size, beyond which growth occurs in the
liquid. When set in a coupled configuration, the growth rate of the y-phase
is higher, resulting from the larger super-saturation of this phase, as is
evident from the phase diagram. This causes the region local to the §-phase
to become enriched in C, which reduces the effective super-saturation for
the d-phase and causes it to shrink. Thus, the J- phase acts as a sink
of C atoms by melting. To understand the growth process in full detail,
one would need to construct the free boundary problem for the present
configuration and study the analytical solutions, which is not in the scope
of the present chapter. Simulations, however give a reasonable insight
into the growth dynamics. At this concentration, the point of engulfment
of the d-phase coincides with the disappearance of the phase. This also
shows that, at this value of surface tension, the concentration of the liquid
e = 0.95 is the minimum requirement to observe this microstructure.
Also, we notice the rate of change of the y-phase to reduce, after the point
of engulfment, from which we can again infer, that the small scale diffusion
near the triple point, is the prominent growth mode for the vy-phase, during
the process of engulfment. At the higher super-saturation corresponding
to the concentration, che = 0.97, Fig. 3.3b, we have three growth regimes
possible. In the region (I), before the engulfment of the d-phase we again
notice opposite nature of change of the growth rates for the solid phases,
as we did for the case of the lower super-saturation. After engulfment



3.2. Results and Discussion 47

(region II), the reduction rate of the d-phase approximately becomes a
constant, while the evolution rate of the y-phase shifts to a linear curve of
reduced slope. Comparing the growth dynamics in (region II) with the
evolution characteristics after the disappearance of the J-phase (region IIT),
shows that the long range diffusion in the liquid is the principal growth
mechanism after the engulfment, as the there is little change in the slope
of the variation in the evolution rate. Based on the parametric studies
evaluating the influence of cﬁpe on the engulfing morphology, we analysed
the effect of the surface energy ¢.5. Fig. 3.4 compares the dynamics of the
phase transformations for the different surface energies &, = 0.33, 0.36,
0.39, 0.42 and 0.45. The points are plotted until one of the - or d-phases
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Figure 3.4.: Volume change of the peritectic y-phase in time, illustrating the

influence of the surface energy &5 on the type of morphology and on the growth

rate for two different concentrations (a) ¢, = 0.95 and (b) ¢k, = 0.97
(Please read the legends in the graphs o as &)

disappears. For the liquid concentration at ck_ = 0.95 (Fig. 3.4a), the
peritectic y-phase engulfs the properitectic phase for .5 = 0.33, while for
other values of surface energies, the contrary happens. Setting 0%620.97
(Fig. 3.4b), the d-phase becomes completely embedded for all values of
0~5. Moving towards higher values of 6.5 leads to lesser volume of the
engulfed d-phase. To conclude: The observation of engulfing morphologies
at this temperature and concentration requires surface energies s in the
considered range. The volume of the y-phase increases to much larger
values if the liquid concentration changes from che = 0.95 to higher values,
as in Fig. 3.4b. Engulfing microstructures were also obtained in 3D, as
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exemplarily shown in Fig. 3.5, for simulation data set at a non-dimensional
temperature 7' = 0.97, ¢k, = 0.96 and 6.5 = 0.39.

(a) (b)

Figure 3.5.: Simulation of the process of properitectic phase engulfment in 3D
at (a) an early stage and (b) a late stage of the peritectic reaction.

3.2.2. Primary dendritic growth with nucleation
events

The peritectic reaction and growth of «-phase on the periphery of a d-phase
dendrite was investigated by simulations previously in [113]. However,
the location of first nucleation and subsequent growth of «-phase has not
been the object of consideration so far. We address this issue and perform
2D and 3D phase-field simulations, to determine heterogeneous nucleation
sites and solidifying microstructures, depending on the surface energies ..
As illustrated in Fig. 3.6a, heterogeneous nucleation events of the y-phase
on top of the dendritic tips occurs for 6,5 = 0.39, along with homogeneous
nucleation in the undercooled liquid for the chosen super-saturation. For
higher surface energy 5 = 0.778, no heterogeneous nucleation on the
dendritic surface can be observed, Fig. 3.6b. Under these conditions, the
two solid phases only nucleate homogeneously in the liquid. According to
Eqn. 3.3, nucleation is effected through uniform noise in the liquid, similar
to the formulation of Granazy et al. [95, 131]. The first nucleation event
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(a) (b)

Figure 3.6.: Phase-field simulations of nucleation in the peritectic Fe-C system
for two different surface energies 6,5 = 0.39 and 5,6 = 0.778 in comparison. (a)
For the lower value of the solid-solid surface energy, heterogeneous nucleation
can be seen at the dendrite tips, (b) For the higher value, the nuclei are purely
formed homogeneously in the liquid. Color coding; Red: 7- phase, Blue: §-phase,
Green: Liquid
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occurs at the place in the domain, where the required critical fluctuation
for nucleation is the smallest. The closer ¢k, approaches the value of the
solidus, the smaller is the magnitude of the critical fluctuation, because the
driving force for solidification increases. It follows from classical nucleation
theory that the free energy size of the critical fluctuation varies inversely
to the supersaturation: which increases as we move towards the solidus.
It is important however, to note that the driving force is the difference of
the bulk free energies of the transforming phases. In the case of phase-
field simulations however, we have the possibility of critical nuclei being
sub-solid i.e. consisting of only the interface. At concentrations near
the solidus line the critical nuclei become smaller following the increase
in supersaturation. They loose their bulk properties and importantly
because of lesser volume have a small barrier to nucleation. Close to the
properitectic dendrite, the concentration is enriched in C (deficient in Fe),
compared to the concentration in the liquid far away from the interface.
The concentration around the dendrite is further away from the solidus
of the «v-phase and hence, the critical fluctuation to nucleate the vy-phase
is larger than away from the dendrite. As a result the nucleation events
occur in the liquid phase at a distance from the dendrite. The simulation
results for the higher value of the surface energy &5 agrees with the drawn
explanation. Heterogeneous nucleation becomes a possibility as 6.5 is
reduced. The heterogeneous nucleation appears at the dendrite tip, where
the concentration of the liquid is poorer in C compared to the concave
part of the dendrite. A similar nucleation behaviour can be observed in
a 3D simulation of an evolving d-dendrite with a cubic crystal symmetry
followed by nucleation of the y-phase, (Fig. 3.7a and 3.7b). The ~-phase
nucleates on the edges and tips of the dendrite, whereas no nucleation is
observed in the concave regions of higher C concentration, compared to
the tips and edges. The reasoning is the same as in the 2D simulations
discussed above. Fig. 3.7a shows an evolving dendrite with four fold weak
cubic anisotropy. In addition to the images in Fig. 3.7a and Fig. 3.7b
highlighting the regions occupied by the - and y-phases, Fig. 3.7c is the Fe
concentration, mapped on the iso-surface at ¢5 = 0.5 of the properitectic
dendrite. Comparing Fig. 3.7b and Fig. 3.7c, accentuates the point,
that the nucleation occurs at places where the barrier to nucleation is the
lowest. For the chosen parameter set and noise amplitude, no homogeneous
nucleation occurs.
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Figure 3.7.: Phase-field simulation of a dendritic microstructure with four-fold
surface energy anisotropy: (a) final shape of the properitectic phase, (b) hetero-
geneous nucleation at the edges and tips of the dendrite and (c) concentration
of Fe at the dendritic surface for the same time step as in (b).
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We would like to point out that, we do not expect spurious effects like the
stabilization of meta-stable phases due to the reduction in the height of
the surface potential for the interface thickness that we choose. This is
because our driving forces are of very low magnitude in the simulations.
Fig. 3.8a and Fig. 3.8b make this point clear. We calculated the critical
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Figure 3.8.: Calculation of the radius of the critical profiles for homogeneous
nucleation at T=0.97 in a) and barrier to nucleation in b).

phase field profiles of the solid phases in equilibrium with the liquid at
08
)
0

08
and — = constant as in [95, 131]. From this, we calculated the barrier to

various super-saturations, by solving the Euler-Lagrange equations

homogeneous nucleation AG* as the excess grand chemical potential and
inclusive of all the surface excesses, Fig. 3.8b, and the radius of the critical
nucleus Fig. 3.8a, which corresponds to the size of a sharp interface solid,
which equals the volume of the critical nucleus of the particular phase. We
see that, at the concentration of ck_ = 0.97 we have the critical radius to
be 80 times the capillary length, which shows that the effect of the driving
forces becomes comparable to the capillary forces due to the surface energy
at these sizes. Although we have considered solid-liquid equilibrium, we
expect, the solid-solid transformation energies to be of the same order or
smaller, because of the similarity of the solid-liquid equilibrium among the
0- and ~y-phases. To be able to simulate large microstructures then, within
manageable number of grid points, it is necessary to choose the interface
widths of the order we have chosen and as is also customary in the phase
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field method, to use interface widths of the order of the smallest principal
length scale that one is trying to resolve. However, one must take care,
that the model used for this study, does not contain the thin interface
corrections, [46], requisite in large interface simulations for quantitative
results, and hence our kinetics will be off by some order. In light of this,
the results, only qualitatively show the influence of the surface energy and
super-saturation on the kinetics of transformation. However, since we were
able to treat our surface excesses correctly, our thermodynamic predictions
regarding nucleation sites and range of surface energies are reliable.

3.2.3. Growth of the peritectic phase along a plate
substrate

During the peritectic reaction L 4+ — =, the triple junction formed by the
three phases drives the phase transitions. A well-known morphology is the
propagation of the peritectic «-phase on top of the substrate, consisting of
properitectic d-phase, Fig. 3.9. The process is liquid-diffusion controlled.

Figure 3.9.: The peritectic y-solid growth on top of a properitectic d-substrate.
The dynamics of dissolution is driven by diffusion of solute in the liquid phase.

The concentration of the liquid is chosen such that the d-phase is in
equilibrium at a non-dimensionalized temperature of 0.97. The large
substrate of the properitectic phase ensures that curvature undercooling
of the solid-liquid interface is negligible.
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3.3. Conclusion

We use a phase-field model to investigate the evolution of different growth
morphologies during the peritectic reaction in the Fe-C system through 2D
and 3D simulations. Predictions of the solid-solid surface energies G5 are
made based on comparisons between experimental observations, previous
simulations and the current work. We discuss the effect of .5 on nucleation
behavior. We find heterogeneous nucleation on a primary dendrite, strongly
depending on the solid-solid surface energy. Based on our study, we propose
that the value for 6.5 should lie in a range causing the two solids, the ~-
and d-phase, to form low contact angles < 26° (illustration in Fig. 3.10).
Furthermore, we observe heterogeneous nucleation becoming a possibility

Figure 3.10.: Illustration of the angle that the surface tangent at the [—J interface
close to the triple junction, makes with the horizontal (original substrate).

for such values of 6,5. The main emphasis of our present work is to
understand the role of 6.5 on the growth morphologies and on nucleation
sites. Hence other forms of free energy such as from thermodynamic
databases, e.g. CALPHAD, were not used in order to simplify the analysis.
Future work would involve a more rigorous treatment of nucleation behavior
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to predict nucleation sites on evolving substrates and composition domains
based on a careful study of critical nuclei.






Chapter 4

Study of three phase
growth in ternary alloys
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4.1. Introduction

Eutectic alloys are of major industrial importance because of their low
melting points and their interesting mechanical properties. They are also
interesting for physicists because of their ability to form a large variety of
complex patterns, which makes eutectic solidification an excellent model
system for the study of numerous nonlinear phenomena.

In a binary eutectic alloy, two distinct solid phases co-exist with the liquid
at the eutectic point characterized by the eutectic temperature Ty and
the eutectic concentration Cg. If the global sample concentration is close
to the eutectic concentration, solidification generally results in composite
patterns: alternating lamellae of the two solids, or rods of one solid
immersed in a matrix of the other, grow simultaneously from the liquid.
The fundamental understanding of this pattern-formation process was
established by Jackson and Hunt (JH) [44]. They calculated approximate
solutions for spatially periodic lamellae and rods that grow at constant
velocity v, and established that the average front undercooling, that is,
the difference between the average front temperature and the eutectic
temperature, follows the relation

where A is the width of one lamella pair (or the distance between two rod
centers), v is the velocity of the solidification front, and K; and K are
constants whose value depends on the volume fractions of the two solid
phases and various materials parameters [44]. The two contributions in
Eq. (4.1) arise from the redistribution of solute by diffusion through the
liquid and the curvature of the solid-liquid interfaces, respectively.

The front undercooling is minimal for a characteristic spacing

| Ko
=4/ —. 4.2
Asm K (4.2)

The spacings found in experiments in massive samples are usually dis-
tributed in a narrow range around A;g [116]. However, other spacings
can be reached in directional solidification experiments by imposing a
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solidification velocity that varies with time. In this way, the stability of
steady-state growth can be probed [34]. In agreement with theoretical
expections [73], steady-state growth is stable over a range of spacings that
is limited by the occurrence of dynamic instabilities. For low spacings,
a large-scale lamella (or rod) elimination instability is observed [5]. For
high spacings, the type of instability that can be observed depends on
the sample geometry. For thin samples, various oscillatory instabilities
and a tilt instability can occur, depending on the alloy phase diagram
and the sample concentration. Beyond the onset of these instabilities,
stable tilted patterns as well as oscillatory limit cycles can be observed in
both experiments and simulations [34, 51]. For massive samples, a zig-zag
instability occurs for lamellar eutectics [2, 85], whereas rods exhibit a
shape instability [86].

In summary, pattern formation in binary eutectics is fairly well understood.
However, most materials of practical importance have more than two
components. Therefore, eutectic solidification in multicomponent alloys
has received increasing attention in recent years. A particularly interesting
situation arises in alloy systems that exhibit a ternary eutectic point, at
which four phases (three solids and the liquid) coexist. At such a quadruple
point, three binary “eutectic valleys”, that is, monovariant lines of three-
phase coexistence, meet. The existence of three solid phases implies that
there is a far greater variety of possible structures, even in thin samples.
Indeed, for two solids a and (3, an array afaf3 ... is the only possibility
for a composite pattern in a thin sample; the only remaining degree of
freedom is the spacing. With an additional 7 solid, an infinite number
of distinct periodic cycles with different sequences of phases are possible.
The simplest cycles are afyafy ... and afayafay. .. and permutations.
Clearly, cycles of arbitrary length, and even non-periodic configurations
are possible. An interesting question is then which configurations, if any,
will be favored.

In preliminary works, the occurrence of lamellar structures has been
reported in experiments in massive samples [9, 23, 42, 52, 74, 102, 104].
The spatio-temporal evolution in ternary eutectic systems was observed in
thin samples (quasi-2D experiments) in both metallic [101] and organic
systems [139]. In both cases, the simultaneous growth of three distinct
solid phases from the liquid with a (afBay), (named ABAC in Ref. [139])
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stacking was observed. Measurements in both cases revealed that A\%v was
approximately constant, in agreement with the JH scaling of Eq. (4.2).

On the theoretical side, models that extend the JH analysis from binary to
ternary eutectics for three different growth morphologies (rods and hexagon,
lamellar, and semi-regular brick structures) were proposed by Himemiya
et al. [41]. The relation between front undercooling and spacing is still of
the form given by Eq. (4.1), with constants K; and K» that depend on
the morphology. The differences between the minimal undercoolings for
different morphologies were found to be small. No direct comparison to
experiments was given.

Finally, ternary eutectic growth has also been investigated by phase-field
methods in Refs. [7, 40], who have studied different stacking sequences
formed by o = AgoAl, § = (o Al) and v = Al,Cu in the ternary sys-
tem Al-Cu-Ag, while transients in the ternary eutectic solidification of a
transparent In-Bi-Sn alloy were studied both by phase field modeling and
experiments [101].

The purpose of the present chapter is to carry out a more systematic inves-
tigation of lamellar ternary eutectic growth. The main questions we wish
to address are (i) can an extension of the JH theory adequately describe
the properties of ternary lamellar arrays and reveal the differences between
cycles of different stacking sequences, and (ii) what are the instabilities
that can occur in such patterns. To answer these questions, we develop a
generalization of the JH theory to ternary eutectics which is capable of
describing the front undercoolings of periodic lamellar arrays with arbi-
trary stacking sequence. Its predictions are systematically compared to
phase-field simulations. We use a generic thermodynamically consistent
phase-field model [33, 79]. While this model is known to exhibit several
thin-interface effects which limit its accuracy [6, 30, 46, 48, 55], we show
here that we can obtain a very satisfying agreement between theory and
simulations if the solid-liquid interfacial free energy is evaluated numer-
ically. In particular, the minimum-undercooling spacings are accurately
reproduced for all stacking sequences that we have simulated.

The model is then used to systematically investigate the instabilities of
lamellar arrays, in particular for large spacings. We find that, as for binary
eutectics, the symmetry elements of the steady-state array determine the
possible instability modes. Whereas the calculation of a complete stability
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diagram is not feasible due to the large number of independent parameters,
we find and characterize several new instability modes. Besides these
oscillatory modes that are direct analogs of the ones observed in binary
eutectics, we also find a new type of instability which occurs at small
spacings: cycles in which the same phase appears more than once can
undergo an instability during which one of these lamellae is eliminated;
the system therefore transits to a different (simpler) cycle. Furthermore,
we also find that the occurrence of this type of instability can be well
predicted by our generalized JH theory.

The remainder of the chapter is organized as follows. In Sec. 4.2, we
develop the generalized JH theory for ternary eutectics and calculate the
undercooling-spacing relationships for several simple cycles. In Sec. 4.3,
the phase-field model is outlined and its parameters are related to the
ones of the theory. Sec. 4.4 presents the simulation results concerning
both steady-state growth and its instabilities. In Sec. 4.5, we briefly
discuss questions related to pattern selection and present some preliminary
simulations in three dimensions. Sec. 4.6 concludes the chapter.

4.2. Theory

We consider a ternary alloy system consisting of components A, B and C,
which can form three solid phases «, 3, and v upon solidification from the
liquid {. The concentrations of the components (in molar fractions) are
denoted by ca,cp and cc and fulfill the constraint

ca+eg+ceo=1. (4.3)

This obviously implies that there are only two independent concentration
fields.

As is customary, isothermal sections of the ternary phase diagram can
be conveniently displayed in the Gibbs simplex. We are interested in
alloy systems that exhibit a ternary eutectic point: four-phase coexistence
between three solids and the liquid. The isothermal cross-section at
the ternary eutectic temperature is displayed in Figure 4.1, here for the
particular example of a completely symmetric phase diagram.
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" Eutectic Tie-Triangle - _‘_.,.—3"-.,2

B-:H{+| 5 Yx

Figure 4.1.: Projection of the ternary phase diagram for a model symmetric
ternary eutectic system on the Gibbs simplex. The triangle at the center is the
tie-triangle at the eutectic temperature where four phases «, 3,7, and [ are in
equilibrium. The diagram also contains the information on three-phase equilibria.
The liquidus lines corresponding to each of these equilibria (“eutectic valleys”)
are shown by dotted lines which meet at the center of the simplex, which is also
the concentration of the liquid at which all the three solid phases and the liquid

are at equilibrium.
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The concentration of the liquid is located in the center of the simplex
(ca = cg = ¢¢ = 1/3), and the three solid phases are located at the
corners of the eutectic tie triangle. For higher temperatures, no four-phase
coexistence is possible, but each pair of solid phases can coexist with the
liquid (three-phase coexistence). Each of these three-phase equilibria is a
eutectic, and the loci of the liquid concentrations at three-phase coexistence
as a function of temperature form three “eutectic valleys” that meet at
the ternary eutectic point. On each of the sides of the simplex (with
the temperature as additional axis), a binary eutectic phase diagram is
found.

The key point for the following analysis is the temperature of solid-liquid
interfaces, which depends on the liquid concentration, the interface cur-
vature, and the interface velocity. The dependence on the concentration
is described by the liquidus surface, which is a two-dimensional surface
over the Gibbs simplex. This surface can hence be characterized by two
independent liquidus slopes at each point. For each phase v (v = «, 8,7),
we choose the two liquidus slopes with respect to the minority components.
Thus, for the « phase, the interface temperature is given by the generalized
Gibbs-Thomson relation,

v
ot — T = m$(cp — c§) + m&(co — cg) = Tak — —-, (4.4)

int

int
where cg and c¢ are the concentrations in the liquid adjacent to the
interface, c& and cg their values at the ternary eutectic point, and
a dT. dT,

_ o _ -
my = g and m¢g, = Gl the liquidus slopes taken
cc=const cp=const

at the ternary eutectic point. Furthermore, T, = 64/Tx/ L, is the Gibbs-
Thomson coefficient, with 6,; the solid-liquid surface tension and L, the
latent heat of fusion per unit volume, and g, is the mobility of the
a-liquid interface. For the typical (slow) growth velocities that can be
attained in directional solidification experiments, the last term, which
represents the kinetic undercooling of the interface, is very small. It will
therefore be neglected in the following. The expression for the other solid
phases are obtained by cyclic permutation of the indices.

In the spirit of the original Jackson-Hunt analysis, for the calculation of
the diffusion field in the liquid, the concentration differences between solid
and liquid phases are assumed to be constant and equal to their values
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at the ternary eutectic point. Since we are interested in ternary coupled
growth, which will take place at temperatures close to Tg, this should be
a good approximation. Thus, we define
v 1 v . - _
Ac = ¢} — ¢ with j=AB,C and v=a,pB,7.

In this approximation, the Stefan condition at a v-I interface, which
expresses mass conservation upon solidification, reads

Onc; = f%’Ac;’, (4.5)

where O,c; denotes the partial derivative of ¢; in the direction normal
to the interface, v, is the normal velocity of the interface (positive for a
growing solid), and D is the chemical diffusion coefficient, for simplicity
assumed to be equal for all the components.

We consider a general periodic lamellar array with M repeating units
consisting of phases (vg,v1,v9,...,vpm—1) where each v; represents the
name of one solid phase («, 3,7) in the sequence, with a repeat distance
(lamellar spacing) A. The width of the j-th single solid phase region is
(xj —xj—1) A, with 29 = 0 and ) = 1, and the sum of all the widths
corresponding to any given phase is its volume fraction 7,. The eutectic
front is assumed to grow in the z direction with a constant velocity v.

Figure 4.2.: Two examples for periodic lamellar arrays with M =3 and M =4
units.



4.2. Theory 65

4.2.1. Concentration fields

First, we consider the diffusion fields of the components A, B, C' ahead of
a growing eutectic front. For the calculation of the concentration fields,
the front is supposed to be planar, as in the sketches of Figure 4.2. We
make the following Fourier series expansion for ¢4 and cp

cx = Y Xpe*rtTi 4 ¥ X =AB. (4.6)

n—=—oo

The third concentration cc follows from the constraint of Eq. (4.3). In
Eq. (4.6), k,, = 27n/\ are wave numbers and g, can be determined from
the solutions of the stationary diffusion equation

v0.cx + DViex =0,

) v \2
e )
™ =5p T\t 5p

For all the modes n # 0, we thus have ¢, ~ |k,| for small Peclet number
Pe = A\/¢ <« 1 with £ = 2D /v,, which will always be the case for slow
growth. The mode n = 0 describes the concentration boundary layer which
is present at off-eutectic concentrations, and which has a characteristic
length scale of ¢. To determine the coefficients X,, in the above Fourier
series, we assume the eutectic front to be at the z = 0 position. Using the
Stefan condition in Eq. (4.5) and taking the derivative of cx with respect
to the z-coordinate

which yields

oo

ik
azCX|z=0 = § _QHXnel a:’

n=—oo

integration across one lamella period A of arbitrary partitioning of phases
gives

9 Tiph _
Qan(Snm)\ = Z / e_kazACgé dl‘, (47)
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so that the coefficients X,,,n € IN in the series ansatz, Eq. (4.6) follow

M—-1
4 T Ace A g
Xn = mj:o ACX@ FnMogat ])/QSln(kn/\(xj-&-l_xj)/Q)
(4.8)

Applying symmetry arguments for the sinus and cosinus functions, we can
formulate real combinations of these coefficients if we additionally take
the negative summation indices into account. We obtain

8 M—1

Xp+X_, = Y jzzjo Ac cos(kp (T j11+2)/2) sin(kp AT j41—24)/2),

M-—1
8

W(Xp—X_p) = o Z Acy sin(kpM(wj41+15)/2) sin(kp Az j11—24)/2).

Herewith, Eq. (4.6) reads:

M—1 oo
8
ex =¥+ Xo + Z Z T cos(kpA(zjp1 + ;) /2)x
j=0 n=1
sin(kpA(zj41 — 25)/2) cos(kpx)+

M—-1 o~

Z Z Eqnik sin(kpA(zj11 + x5)/2) sin(kp (211 — x5)/2) sin(k,x).

j=0 n=1

The general expression for the mean concentration (cx),, ahead of the
m-th phase of the phase sequence can be calculated to yield

1 Tm41 A
m—— d
(ex) (Tmt1 = Tm)A Tom A exar
oo M-1
=X+ Xo+ ———— +1—xmz Z {/\%2@ Al

SIN[TN(Trt1 — Tn)] X sin[mn(xjs1 — ;)] cos[mn(zmsr + T — 41 — xj)]}

(4.9)
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For a repetitive appearance of a phase v in the phase sequence, the mean
concentration of component X ahead of this phase follows by taking the
weighted average of all the lamellae of phase v,

M-1
m m - 4m 51/ v . = Um
(ex)y = Emz%ﬁfid (Tmt1 — Tm)0y,, with 6y, — { 1 f’foru v,
Zm:O (Zmg1 — T )00, 0 0 forv # vy,.

4.2.2. Average front temperature

The average front temperature is now found by taking the average of the
Gibbs-Thomson equation along the front, separately for each phase («, 8
and 7):

AT, = Tp—T,=-mg({ca)s —cg) —mé((co)y —c&) +Tulr),
(4.10)

for v = a, 8,v. Here, (), is the average curvature of the solid-liquid
interface which can be evaluated by exact geometric relations to be

(k) o Zn]\;{;()l (K)m(Tmi1 — Tm)Ou,,v
Kiv = M—1
Zm:() (xm-&-l - xm)él’ml’

and ) )
() = sinf,,, v, ., +sinb, .. _,
(Tmt1 — Tm)A
Here, 0,,,,,, _, are the contact angles that are obtained by applying Young’s

law at the trijunction points. More precisely, 0,,.,,,., is the angle, at the
triple point (identified by the intersection of the two solid-liquid interfaces
and the solid-solid one), between the tangent to the v, —I interface and the
horizontal (the x direction). For a triple point with the phases vy, V11
and liquid, the two contact angles 6, O irv, satisfy the following
relations, obtained from Young’s law,

Vm+419

O Vg1l o Ov,,l o OVmVm 41
cos(#

le/m+1) - Cos(eum,+1y7n) Sin(eVmeJrl + 91’m+1”m) '

Note that, in general, 0,, ... .+ 7 Ov,.\10m-
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A short digression is in order to motivate the closure of our system of
equations. Although we have not given the explicit expressions, the
coefficients Ay and By can be simply calculated by using Eq.(4.7) with
n = 0. However, to carry out this calculation, the width of each lamella has
to be given. If these widths are chosen consistent with the lever rule, that is,
the cumulated lamellar width of phase v corresponds to the nominal volume
fraction of phase v for the given sample concentration c¢%°, c¢%, and c¢¥, the
use of Eq.(4.7) yields Xo = & — ¢ (X = A, B, C). However, this result is
incorrect: the concentrations of the solids are not equal to the equilibrium
concentrations at the eutectic temperature because solidification takes
place at a temperature below Tg. Therefore, the true volume fractions
depend on the solidification conditions. Their determination would require
a self-consistent calculation which is exceedingly difficult. Therefore, we
will take the same path as Jackson and Hunt in their original paper [44]:
we will assume that the volume fractions of the three phases are fixed by
the lever rule at the eutectic temperature, but we will treat the amplitudes
of the two boundary layers, Ay and By, as unknowns. As in Ref. [44],
one can expect that the difference to the true solution is of order Pe and
therefore small for slow solidification.

With this assumption, the equations developed above can now be used in
two ways. For isothermal solidification, the temperatures of all interfaces
must be equal to the externally set temperature, and the three equations
AT, = AT for v = «, 8,7, can be used to determine the three unknowns
Ay, By and the velocity v of the solid-liquid front. All of these quantities
will be a function of the lamellar spacing A. In directional solidification,
the growth velocity in steady state is fixed and equal to the speed with
which the sample is pulled from a hot to a cold region. The third unknown
is now the total front undercooling. In the classic Jackson-Hunt theory
for binary eutectics, the system of equations is closed by the hypothesis
that the average undercoolings of the two phases are equal. This is only
an approximation which is quite accurate for eutectics with comparable
volume fractions of the two solids, but becomes increasingly inaccurate
when the volume fractions are asymmetric [51]. We will use the same
approximation for the ternary case here, and set AT, = ATg = AT, = AT.
This then leads to expressions for AT as a function of the growth speed v
and the lamellar spacing .
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4.2.3. Examples

Binary systems

As a benchmark for both our calculations and simulations, we consider
binary eutectic systems with components A and B and with three phases:
a, B, and liquid. Setting xg = 0,21 = 74, x2 = 1, and applying Eq. (4.9)

Figure 4.3.: Sketch of a lamellar structure in a binary eutectic system with
period length M = 2. v; denotes a phase in the sequence (af3).

gives
— 00 i - 16 o B s 2
(cx)a = X+ Xo+ " ; { R g, (ACX ACX> sin (ﬂ'nn@.}l)
2\
= K+ Xo+ 7 (Na)Acx and (4.12)
o 2\
(ex)p = X +Xo— P(l —ne)Acx (4.13)

(1 - 7704)5
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with k, = 2mn/\, ¢, = kn, Al < 1, Acy = Ack — Acg, and the dimen-
sionless function

P(n) = Z(W;)S sin?(nn) (4.14)

n=1
which has the properties P(n) = P(1 —n) =P(n—1).
Furthermore, Eq. (4.10) together with £ = 2D /v leads to

AV
AT, = —-m$% By — n—DP(na)maBACB + Tolk)a,

v
AT = —miAo - @P(nﬂ)miﬁm +Tp(k)s,

where (k) = 2sin6,5/(naA) and (k)g = 2sinfs,/(ngA). In addition, for
a binary alloy By = —Ap. The unknown Aj and the global front undercool-
ing are determined using the assumption of equal interface undercoolings,
AT, = ATg. The result is identical to the one of the Jackson-Hunt
analysis.

Ternary Systems

Next, we study ternary systems with three components (4, B, C) and four
phases (a, 8,v and liquid). We start with the configuration (afyafy...),
sketched in Figure 4.4.

We set g = 0,21 = 0o, T2 = 1o +13 =1 —1n, and 23 = 1 and apply Eq.
(4.9). This yields

2
(ex)a = @+ Xo+ o5 (P01 Ak + Qe 1) Ak + Qnas 1,)AK )
. 2\ o 8 5
(ex)s = X+ Ko+ -2 ( Qs ma) Ak + Pln) A + Qs 1)ACK )
o 2 o 8 5
(ex)y = X +Xo+ W(Q(nm Ma) Ack + Q(ny, 1) Acy + P(WW)ACX)
v

(4.15)
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X A x’ A X;)‘ x;)\

Figure 4.4.: Sketch of a ternary stacking order (af7) with period length M = 3.

Here, we have used X = A, B, C' and P is the function defined in Eq. (4.14),
and

o0

Q(Mw,> Mw;) Z

5 sin(mnmy, ) sin(mnn,, ) cos[mn(n,, + n.,)]

P(ny,) and Q(n,,,ny,) fulfill the properties P(n,,) = —Q(n,,, —ny,) and
Q(nul ’ 77uj) = Q(Uu,- ) 7714)

For simplicity, we now consider a completely symmetric ternary eutectic
configuration: a completely symmetric ternary phase diagram (that is, any
two phases can be exchanged without changlng the phase dlagram) and
equal phase fractions 1, = 173 =1, = , which implies c¢§ = c . As a
consequence, Xg = 0, and Eq. (4.15) blmphﬁes to

2\
(eada=ch = 2 P)(AG - A
AP (o) ( A o
(cB)a — b = ; (ACB—AC%)
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AP (1a)
_ FE — a Y
(ccha — ol (ACC Acc> ,

for the three components. Since, in this case, all phases have the same
undercooling by symmetry, the front undercooling is simply given by

- 2\v

AT =
NaD

Pna)msAcg + Ta(k)a

where (K)o = %%(sin fap+5i0,,). The terms Ac—Acy, and Acg,—Ac,
are identical. For convenience, we write the preceding equation using the
term we already use for the binaries namely Acp = Acy — AcﬁB.

Next, we discuss again a ternary eutectic alloy with three components and
four phases, but now for the phase cycle (eSayaf...). Furthermore, we

Figure 4.5.: Schematic drawing of a ternary eutectic system with a configuration
(aBayaf...) of periodic length M = 4.

suppose that the two lamellae of the o phase have equal width A7, /2. The
average concentrations (cx),, are deduced from the general expression in
Eq. 4.9 and read

2

{exda = X +Xot 5
)

(S(nmnﬁ)ACSE +O(%, ng)Ack + O( %, nv)AC’)}/()
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(cx)s

(ex)y

where X =
tions

R(NMw, s Nv; )

S(nllq ? 77vj )

2A
K+ Xo o5 (2000, A + P(n)Ack + Ring,m) Ak )

2\
KXot 5 (2Q(m, B AcS + R(19,n5) A + P(WAC}(),

y

A, B,C. Furthermore, we have introduced the short nota-

Z ( 1 sin(ﬂnnw) Sin(ﬂ-nnyj) COS(7T’I?,)

Z ( L sin?(mnn,, /2){1 + cos(mn) cos[mn(n,; —nw,)]}-

From the general formulation of the Gibbs-Thomson equation in Eq. (4.10),
we determine the undercoolings,

8Ty = =ty (Bt 22 (St ns) A + QU ) + Q% 1) ) )

Nal

+ _mC (CO + - 4 (S(nounﬁ)AcC + Q(%anﬁ)Acg + Q(Tgtan’y)Acg’>>

AT[; = 7mA

I 2 (sinOnp + sin )

Nal

- (4.16)

2\
<A0 + 5 (200, )8 + P A + Ry m)Acl))

22 N
+ o (Co+ 2 (200, )8k + PORIAC + Rinp) A

AT, = —m}

l
2sin 04
nsA
22 p A g v
Ao + 00 (29(%, 5)ACA + Ry, 15)Acy + PUMACA)
8

2\ N
o (BO iy (QQ(UV’ 5 )ACE + R(1y, UB)AC% + P(TI’Y)AC%>)

Nyl

2sin 6,4

77v>\
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For a symmetric phase diagram (all slopes equal, m’} = m) one can
show using the assumption of equal undercooling of all phases that an
expression for the global interface undercooling can be derived as AT =
1/3(AT, + ATs + AT,) by elimination of the constants Ao, By and Cy
using the relation (Ag + By + Cp) = 0.

4.2.4. Discussion

A point which merits closer attention is the question which of all the possi-
ble steady-state configurations exhibits the lowest undercooling. Whereas
the general idea that a eutectic system will always select the state of lowest
undercooling is wrong (see Sec. 4.5 below), an information about this
point constitutes nevertheless a useful starting point. Whereas the general
solution to this problem is non-trivial, in the following we present some
partial insights.

Let us, for the sake of discussion, first compute the average total curvature
undercooling AT}, of an arbitrary arrangement. Consider a configuration
of period M having M, lamella of the o phase, M, lamella of the [ phase,
and M, lamella of the v phase, where the integers M, M;, and M. add up
to M. In a system where all the solid-liquid and solid-solid surface tensions
are identical, the total average curvature undercooling AT} of each phase
v is,

ATE = I‘oé2sm€Ma
A Na
ATE _ ﬁ?sin&%
A
ATT = FV2SH10MC.
Ay

It is remarkable that the average curvature undercooling is independent of
the individual widths of each lamella, but depends only on the total volume
fraction and the number of lamellae of the specific phase. Furthermore, it is
quite clear from the above examples that the final expression for the global
average interface undercooling can always be written in the same form as
Eq. (4.1). The second term of this expression (that is, the one proportional
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to 1/\) can be computed for the case where all Gibbs-Thomson coefficients
and liquidus slopes are equal, and reads

Ky  ATZ +ATP + AT
P 3
25si M, M, M
_ rﬁw(ﬁ+b+ ﬂ. (4.17)
3\ A\ 1 1y

For the special case of a completely symmetric phase diagram and a sample
at the eutectic composition, Eqn.(4.17) yields

K 2sind
22— pEY M, M+ M),
A A
where we have used the fact that n, = ng = n, = 1/3. Using, M, +
K 2sin6
My + M. =M, 72 = F%. Thus, we see that the magnitude of this

term per unit lamella in an arrangement is the same for all the possible
arrangements, irrespective of the individual widths of the lamella and the
relative positions of the lamellae in a configuration. Moreover, we see that
for a general off-eutectic composition, choosing the number of lamellae in
the ratio 14 : 1g : 7y renders the average curvature undercoolings of all the
three phases equal. This condition is, however, relevant only for the special
case of identical solid-solid and solid-liquid surface tensions and equal
liquidus slopes of the phases. For the case when the solid-liquid and solid-
solid surface tensions are unequal, the curvature undercooling is no longer
independent of the arrangement of the lamella in the configuration. Hence,
the problem of determining the minimum undercooling configuration is
complex and no general expression regarding the number, position and
widths of lamellae can be derived.

Another point is worth mentioning. Under the assumption that the volume
fractions of the solid phases are fixed by the lever rule, the width of the
three lamellae in the a8+ cycle is uniquely fixed by the alloy concentration.
However, for the afay cycle, and more generally for any cycle with
M > 3, this is not the case any more because there have to be at least
two lamellae of the same phase in the cycle. Whereas the cumulated
width of these lamellae is fixed by the global concentration, the width
of each individual lamella is not. For example, in the afSa~y cycle at
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the eutectic concentration ¢ = ¢ = ¢ = 1/3, all the configurations
(£,1/3,1/3 = ¢,1/3) for 0 < £ < 1/3 are admissible, where the notation
(-, -,...)is a shorthand for the list of the lamella widths x, 1 — z,. The
number ¢ is an internal degree of freedom that can be freely chosen by the
system. With our method, the global front undercooling can be calculated
for any value of £. For the afay cycle, we found that the configuration
with equal widths of the o phases (£ = 1/6) was the one with the minimum
average front undercooling. This gives a strong indication that this value
is stable, and that perturbations of £ around this value should decay with
time. Hence, the analytic expressions given above for the afay cycle,
which are for £ = 1/6, should be the relevant ones.

4.3. Phase-field model

4.3.1. Model

A thermodynamically consistent phase-field model is used for the present
study [33, 79]. The equations are derived from an entropy functional of
the form

Seed) = [ (s(e,c,aﬂ—(sa<¢>,V¢>+iw(qb)))dﬂm.w)

where e is the internal energy density, ¢ = (¢;)X | is a vector of concentra-
tion variables, K being the number of components, and ¢ = ((ba)g:l is a
vector of phase-field variables, N being the number of phases present in
the system. ¢ and c fulfill the constraints

K N
de=1 and Y ¢a=1, (4.19)
=1 a=1

so that these vectors always lie in K — 1- and N — 1-dimensional planes,
respectively. Moreover, ¢ is the small length scale parameter related to
the interface width, s (e, ¢, @) is the bulk entropy density, a (¢, V@) is the
gradient entropy density and w (¢) describes the surface entropy potential
of the system for pure capillary-force-driven problems.
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We use a multi-obstacle potential for w (¢) of the form

16 N,N N,N,N
5 D Gasba®st ) Oapbadsdy, HPED
w (d)) = a,f=1 a,B,y=1
(a<pB) (a<B<y)
0, elsewhere

(4.20)

where >~ = {¢| 22;1 ¢a = 1 and ¢ > 0}, 0qp is the surface entropy
density and 0,3, is a term added to reduce the presence of unwanted third
or higher order phase at a binary interface (see below for details).

The gradient entropy density a (¢, V@) can be written as

N,N

a(6.Ve) = D Tanlac(@as)) 1dasl,
a,B=1
(a<p)

where ¢og = (9o Vs — ¢3Vda) is a vector normal to the af interface.
The function a. (gag) describes the form of the anisotropy of the evolving
phase boundary. For the present study, we assume isotropic interfaces,
and hence a. (gap) = 1. Evolution equations for ¢ and ¢ are derived from
the entropy functional through conservation laws and phenomenological
maximization of entropy, respectively [33, 79]. A linearized temperature
field with positive gradient G in the growth direction (z axis) is imposed
and moved forward with a velocity v,

T =T+ G(z — vt) (4.21)

where Tj is the temperature at z = 0 at time t = 0. The evolution
equations for the phase-field variables read

weOiba = = (V- 0:50, (6,V9) ~ .0, (6,V8)) — w5, (&) -

f7¢a (Tv C, d))

- — A, (4.22)
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where A is the Lagrange multiplier which maintains the constraint of
Eq. (4.19) for ¢, and the constant w is the relaxation time of the phase
fields. Furthermore, a,v4,, G.¢., W,s, and f,4  indicate the derivatives
of the respective entropy densities with respect to V¢, and ¢,. The
function f(T, ¢, ¢) in Eq. (4.22) describes the free energy density, and is
related to the entropy density s(7, ¢, @), through the relation f(7, ¢, ¢) =
e(T,c,d)—Ts(T, c, @), where e(T, ¢, ¢) is the internal energy density. The
free energy density is given by the summation over all bulk free energy
contributions f, (T, ¢) of the individual phases in the system. We use an
ideal solution model,

K N «
f(T,c, )= ; (Tci Inci+ Y ciLf‘(T;fTi)ha (¢)> , (4.23)

a=1

where

K (87
fo(T,c) = Z (Tci In¢; + ciL?(T;aTi)) (4.24)
=1

K2

is the free energy density of the « solid phase, and

K
filT,c) = TZ (ciln(c;)) (4.25)

is the one of the liquid. The parameters L§ and 77 denote the latent
heats and the melting temperatures of the i*" component in the a phase,
respectively. We choose the liquid as the reference state, and hence L! = 0.
The function h,(¢) is a weight function which we choose to be of the form
he (@) = ¢2 (3 —2¢,). Thus, f = f, for ¢, = 1. Other interpolation
functions involving other components of the ¢ vector could also be used,
but here we restrict ourselves to this simple choice.

The evolution equations for the concentration fields are derived from
Eq. (4.18),

K
8tci =-V- Mio(c, ¢)V% +ZM7] (C, qb)V (

j=1

LOf(T,c, @)
T 8Cj >
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By a convenient choice of the mobilities M;; (¢, @), self- and interdiffusion
in multicomponent systems (including off-diagonal terms of the diffusion
matrix) can be modelled. Here, however, we limit ourselves to a diagonal
diffusion matrix with all individual diffusivities being equal, which can be
achieved by choosing

Mij(c ¢) D; (¢)Cz (5w j)
N K
Mio(e, ) = Moi(c, ¢) = ZZ ¢) L7

The terms M;o(c, @) = Mo;(c, @) are the mobilities for the concentration
current of the component ¢ due to a temperature gradient. The diffusion
coefficient is taken as a linear interpolation between the phases, D;(¢) =
25:1 D' ¢, where D' is the non-dimensionalized diffusion coefficient of
the i*" component in the a phase, using the liquid diffusivity D' as the
reference, where the diffusivities of all the components in the liquid phase
are assumed to be equal. In the simulations we assume zero diffusivity
in the solid, and take the effective diffusivity to be D;(¢) = D'¢;. The
quantity d* = o/ (R/v,,) is used as the reference length scale in the
simulations, where the molar volume v,, is assumed to be independent of
the concentration. Here, o is one of the surface entropy density parameters
introduced in Eq. (4.20), and the surface entropies of all the phases are
assumed to be equal. The reference time scale is chosen to be t* = d*? /D!,
The temperature scale is the eutectic temperature corresponding to the
three phase stability regions at the three edges of the concentration simplex
and is denoted by T* while the energy scale is given by RT™/v,,.

4.3.2. Relation to sharp interface theory

In order to compare our phase-field simulations to the theory outlined in
Sec. 2, we need to relate the parameters of the phase-field model to the
quantities needed as input for the theory. For some, this is straightforward.
For example, all the parameters of the phase diagram (liquidus slopes,
coexistence temperatures etc.) can be deduced from the free energy
densities of Eqs. (4.23)—(4.25) in the standard way. For others, the
correspondence is less immediate. In the following, we will discuss in
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some detail two quantities that are crucial for the theory: the surface free
energies and the latent heats, both needed to calculate the Gibbs-Thomson
coefficients in Eq. (4.4).

The surface free energy 7,5 is defined as the interface excess of the
thermodynamic potential density that is equal in two coexisting phases.
For alloys, this is not the free energy, but the grand potential. Indeed, the
equilibrium between two phases is given by K conditions for K components:
K — 1 chemical potentials (because of the constraint of Eq. (4.3), only
K — 1 chemical potentials are independent) as well as f — Zfi? iCi,
which is the grand potential, have to be equal in both phases. This is the
mathematical expression of the common tangent construction for binary
alloys and the common tangent plane construction for ternary alloys.

The grand potential excess has several contributions. Since f =e —T's,
we need to consider the entropy excess. Both the gradient term in the
phase fields and the potential w(¢) present in the entropy functional
give a contribution inside the interface. If, along an af interface, all the
other phase fields remain exactly equal to zero, then this contribution
can be calculated analytically. However, this is generally not the case:
in the interface, the phase fields ¢,, v # «a, 8 can be different from zero,
which corresponds to an “adsorption” of the other phases. Since the
grand potential excess has to be calculated along the equilibrium profile
of the fields, the presence of extra phases modifies the value of 6,3. The
three-phase terms proportional to o, have been included in the potential
function to reduce (or even eliminate) the additional phases. However, the
total removal of these phases requires to choose high values of 0,4,. Such
high values (>10 times the binary constant o,s) cause the interface to
become steeper near the regions of triple points and lines in 2D and 3D,
respectively, which is a natural consequence of the fact that the higher
order term affects only the points inside the phase-field simplex where three
phases are present. The thinning of the interfaces leads to undesirable
lattice pinning, which could only be circumvented by a finer discretization.
This, however, would lead to a large increase of the computation times.
Therefore, if computations are to remain feasible, we have to accept the
presence of additional phases in the interfaces.

Furthermore, there is also a contribution due to the chemical part of the
free energy functional. This contribution, identified for the first time in
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Ref. [58], arises from the fact that the concentrations inside the interface
(which are fixed by the condition of constant chemical potentials) do not,
in general, follow the common tangent plane, as illustrated schematically
in Figure 4.6.

(a) //' 7/

\ . Excess Grand
(b) N / Chemical
/\\ Potential
/. “\
17 X
—— . — — J/ \\x__________

Figure 4.6.: Illustration of the existence of an excess interface energy contribution
from the chemical free energy. Upper panel: the concentration inside the
interfacial region does not necessarily follow the common tangent line. Here,
the two convex curves are the free energy densities of the individual phases in
contact, the straight line is the common tangent, and the thick non-monotonous
line is the concentration along a cut through the interface. Lower panel: the
grand chemical potential in the interface differs from the one obtained by a
weighted sum of the bulk phase free energies, where the weighting coefficients
are the interpolating functions of the order parameters.

Therefore, there is a contribution to the surface free energy which is given
by the following expressions. For binary eutectic systems (N = 3 phases,
¢ = (¢, 93, ¢1); K = 2 components ¢ = (ca,cp)), the vector ¢ is one-
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dimensional and we define the concentration (c4) to be the independent
field ¢ = (ca,1 — ca). Then, we have

AV (T, e, ¢) =f(Te, ¢) - fi— MA(T) (CA - C£4> )

_ 0f(T,c, ¢)
- c

where pa (T) is the chemical potential of component A.

For ternary eutectic sygtems (N = 4 phases, ¢ = (¢a, 08,0+, ¢1); K =3
components, ¢ = (ca,cp,cc)), the vector ¢ is two-dimensional and with
the concentrations of A, B as the independent concentration fields, we get
c=(ca,cp,1 —ca— cp) and the chemical free energy excess becomes,

AV (T’ & ¢) =f <T7 c, ¢>_fl_(:u’A(T)) (CA - cfél)_<MB (T)) (CB - 05’3) :

The entire surface excess can thus be written as the following

Oal = / (T&:a (¢, Vo) + gw () + AV (T, c, @) )d:L'
xr

where z is the coordinate normal to the interface, and the integral is
taken along the equilibrium profile ¢(x), ¢(x). This integral cannot be
calculated analytically. Therefore, we determine the surface free energy
numerically. To this end, we perform one-dimensional simulations to
determine the equilibrium profiles of concentration and phase fields, and
insert the solution into the above formula to calculate 6. For these
simulations, the known bulk values of the concentration fields are used as
boundary conditions. To accurately calculate the surface excesses, it is
important to include the contribution of the adsorbed phases. For this,
the above calculations are performed by letting a small amount of these
phases equilibrate at the interface of the major phases. Since the adsorbed
phases equilibrate with very different concentrations compared to that of
the bulk phases, the domain is chosen large enough such that the chemical
potential change of the bulk phases during equilibration is negligible.

Another important quantity which is required as an input in the theoretical
expressions is the latent heat of fusion L, of the a phase. We follow the
thermodynamic definition for the latent heat of transformation L.,

La = TE (Sl - Sa) 5
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. of (T,c, @)
th = —|—"
with s < 5T
K
and in particular s; = Z ciin (cﬁ)
i=1
K ra
d s, = a4 op, (o)
and s izzlcl Tia+cl n(c')

where the concentrations of the phases are taken from the phase diagram
at the eutectic temperature.

Finally, let us give a few comments on the interface mobility pui, that
appears in Eq. (4.4). In early works [13], it was shown that an expression
for this mobility in terms of the phase-field parameters can be easily
derived in the sharp-interface limit in which the interface thickness tends
to zero. Later on, Karma and Rappel [48] proposed the thin-interface limit,
in which the interface width remains finite, but much smaller than the
mesoscopic diffusion length of the problem. This limit relaxes some of the
stringent requirements of the sharp-interface method for the achievement of
quantitative simulations. Additionally, this method introduces a correction
term to the original expression for the interface mobility, which makes it
possible to carry out simulations in the vanishing interface kinetics (infinite
interface mobility) regime.

Clearly, such modifications of the interface kinetics are also present in our
model, where they arise both from the presence of adsorbed phases in
the interface and from the structure of the concentration profile through
the interface. Furthermore, it is well known that solute trapping also
occurs in phase-field models of the type used here [1]. Since the interface
profile can only be evaluated numerically, and since several phase-field and
concentration variables need to be taken into account, it is not possible to
evaluate quantitatively the contribution of these effects to the interface
mobility. However, this lack of knowledge does not decisively impair the
present study since we are mainly interested in undercooling versus spacing
curves at a fixed interface velocity. At constant velocity, the absolute value
of the interface undercooling contains an unknown contribution from
the interface kinetics, but the relative comparison between steady states
of different spacings remains meaningful. In addition, even though our
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simulation parameters correspond to higher growth velocities than typical
experiments, it will be seen below that the value of the kinetic undercooling
in our simulations is small. This indicates once more that our comparisons
remain consistent.

4.4. Simulation results

In this section, we compare data extracted from phase-field simulations
with the theory developed in Sec.4.2, for the case of coupled growth of
the solid phases in directional solidification. The simulation setup is
sketched in Figure 4.7. Periodic boundary conditions are used in the

No Flux Boundary Conditions

TA

S1 S2

<

Periodic Boundary Conditions

No Flux Boundary Conditions

Figure 4.7.: Simulation setup for the phase-field simulations of binary and ternary
eutectic systems. We impose a temperature gradient G along the z direction
and move it with a fixed velocity. The average interface position follows the
isotherms at steady state in case of stable lamellar coupled growth.
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transverse direction, while no-flux boundary conditions are used in the
growth direction. The box width in the transverse direction directly
controls the spacing A\. The box length in the growth direction is chosen
several times larger than the diffusion length. The diffusivity in the solid
is assumed to be zero. A non-dimensional temperature gradient, G is
imposed in the growth direction and moved with a velocity v, such that
the temperature field is given by Eq. (4.21).

The outline of this section is as follows: first, we will briefly sketch how
we extract the front undercooling from the simulation data. Then, this
procedure will be validated by comparisons of the results to analytically
known solutions as well as to data for binary alloys, for which well-
established benchmark results exist. We start the presentation of our
results on ternary eutectics by a detailed discussion of the two simplest
possible cycles, a8y and afay. We compare the data for undercooling
as a function of spacing to our analytical predictions and determine the
relevant instabilities that limit the range of stable spacings. Finally, we
also discuss the behavior of more complicated cycles, for sequences up to
length M = 6.

4.4.1. Data extraction

At steady state, the interface velocity matches the velocity of the isotherms.
The undercooling of the solid-liquid interface is extracted at this stage by
the following procedure. First, a vertical line of grid points is scanned
until the interface is located. Then, the precise position of the interface is
determined as the position of the level line ¢, = ¢ for an af-interface
(and in an analogous way for all the other interfaces). This is done by
calculating the intersection of the phase-field profiles of the corresponding
phases, which are extrapolated to subgrid accuracy by polynomial fits. In
the presence of adsorbed phases at the interface, the two major phases
along the scan line are used for determining the interface point. The major
phases are determined from the maximum values that a particular order
parameter assumes along the scan line. The temperature at a calculated
interface point is then given by Eq. (4.21).

In order to test both our data extraction methods and our calculations of
the surface tensions, we have performed the following consistency check.
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For an alloy with a symmetric phase diagram at the eutectic concentration,
a lamellar front has an equilibrium position when a small temperature
gradient (G = 0.001) is applied to the system at zero growth speed. Since
the concentration in the liquid is uniform for a motionless front, according
to the Gibbs-Thomson relation the interface shapes should just be arcs
of circles. This was indeed the case in our simulations, and the fit of
the interface shapes with circles has allowed us to obtain the interface
curvature and the contact angles with very good precision. The extraction
of the data is illustrated in Figure 4.8.
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100 | Scan line | ;'./ q 01 T4

80 | / . e

40

20 /
ot ircle| Fit /

20 . . . . . .
-20 0 20 40 60 80 100 120
Coordinate in Transverse Direction

100

Coordinate in Growth Direction

Figure 4.8.: Procedure to extract the interface points from the simulation data
with sub-grid resolution using higher order interpolation of the phase-field profiles.
For the evaluation of the equilibrium properties, the solid-liquid interface points
of each lamella are fitted with a circle which is then used to measure the radius
of curvature of the particular lamella. We also calculate the triple point angles as
the angles between the tangents to the circles at one of the points of intersection.

We fit the radius and the coordinates of the circle centers. Then, the

angle at the trijunction point 6 is deduced from geometrical relations, with
R2 — R} + d?
dza—l—banda:T,

b=d—a

0 =cos™! (é) + cos™! (éb) .

The meaning of the lengths a and b is given in Figure 4.8.
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4.4.2. Validation: Binary Systems

For comparison with the AT — A relationship known from Jackson-Hunt(JH)
theory, we create two binary eutectic systems by choosing suitable parame-
ters L and T/ in the free energy density f (T, ¢, ¢). A symmetric binary
eutectic system, shown in Figure 4.9a, is created by

A B A B

L¥=| a 40 40 e = a 10 0.75980
B 40 4.0 B 0.75980 1.0

A-B eutectic phase diagram C-D eutectic phase diagram

Non-dimensional Temperature
Non-dimensional Temperature

075 C 0.75
0 0.1020.30405060.70.80.9 1 0 0.1020.30405060.70.80.9 1
Concentration(A) Concentration(C)
(a (b)

Figure 4.9.: Binary eutectic phase diagrams for a model system with stable
(solid lines) and metastable (light dashed lines) extensions of the solidus and the
liquidus lines, of (a) a symmetric A-B and (b) an unsymmetric C-D system.

To create an asymmetric binary eutectic system, shown in Figure 4.9b, we
choose

¢ D c D
LY=| a 50 5.0 T =1 a 0.96 0.80137

3

8 5.0 5.0 8 0.76567 1.0
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The numbers L§, TY* are chosen such that the widths of each of the
(lens-shaped) two-phase coexistence regions remain reasonably broad, and
that the approximation of using the values of concentration difference
between the solidus and liquidus (Acfj) at the eutectic temperature for
the theoretical expressions holds for a good range of undercoolings. This
implies that the value of the L should not be too small. Conversely, a too
high value is also not desirable since for large values of L the chemical
contribution to the surface free energy becomes large, which leads to very
steep and narrow interface profiles.

Table 4.1.: Parameters for the sharp-interface theory, with proper calculation
of the surface tension in the phase-field simulations for (a) a symmetric binary
eutectic system with components A and B and (b) for an unsymmetric binary
eutectic system with components C and D

_ — Gur | 097272

5 G | 1.07235
5 1.01146 =

E Gap | 1.24836

S 1.23718 Ous | 33.003

O 37.70 Lo | 4.686

éﬁ ;lg LB 4.711
] . . m$ | -0.13161
m — mP, | -0.206975 mp, | -0.22138

We perform simulations at two different velocities V. = 0.01 and V = 0.02,
with a mesh size Az = 1.0 and the parameter set ¢ = 4.0, D}, = Dﬁg =
DL, = DlD =1.0,008 = 0ot = 0g1 = 1.0,043y = 10.0. To give an idea of
the order of magnitude of the corresponding dimensional quantities, we
remark that if we assume the melting temperatures to be around 1700K
and the other values to correspond to the Ni-Cu system used in the study
of Warren et al. [128], the length scale d* for the case of the binary eutectic
system turns out to be around 0.2 nm and the time scale 0.04 ns.
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The corresponding parameters for the sharp-interface theory are given in
Table 4.1. The comparisons between our numerical results and the analytic
theory are shown in Figs. 4.10a and 4.10b.

0.03

Phase Field Simulations V = 0.02 = 0.024 Phase Field Simulations V = 0.02
0.028 Theoretical Analysis V = 0.02 . Theoretical Analysis V = 0.02
Phase Field Simulations V= 0.01 o Phase Field Simulations V= 0.01 =@
0.026 Theoretical Analysis V = 0.01 =weseeees: 0.022 Theoretical Analysis V = 0.01 =weseens
0.024 . 0.02
" s ogom ="
e 0.022 = 0018
< <
0.02
[ 0.016
0.018 s
o 0.014
0.016 = =
00T | e 0.012 @
0.012 0.01
40 50 60 70 80 90 100 40 50 60 70 90 100
A A
(a) (b)

Figure 4.10.: Comparison of AT — X relations resulting from the theoretical
analysis and from the phase-field simulations at two different velocities for
systems; (a) symmetric binary eutectic system (A-B) and (b) unsymmetric
binary eutectic system (C-D).

Consistent differences can be observed in the undercooling values between
our data and the predictions from JH theory for both systems. The
difference in undercoolings is smaller at lower velocities, which hints at
the presence of interface kinetics. We find indeed that when we change
the relaxation constant in the phase-field evolution equation by about 50
%, the difference between the predicted and measured undercoolings is
removed for the case of the considered symmetric binary phase diagram.
This clearly shows that the interface kinetics is not negligible. It seems
difficult, however, to obtain a precise numerical value for its magnitude in
the framework of the present model.

The spacing at minimum undercooling, however, is reproduced to a good
degree of accuracy (error of 5 %), while the minimum undercooling has
a maximum error of 10 %. It should also be noted that the JH theory
only is an approximation for the true front undercooling. Results obtained
both with boundary integral [51] and quantitative phase-field methods [32]
have shown that, whereas the prediction for the minimum undercooling
spacing is excellent, errors of 10 % for the value of the undercooling itself
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are typical. If the JH curve is drawn without taking into account the
additional chemical contributions to the surface tension, a completely
different result is obtained, with minimum undercooling spacings that are
largely different from the simulated ones. We can therefore conclude that
we have captured the principal corrections.

In addition, we have performed equilibrium measurements of the angles
at the trijunction point and of the radius of curvature of the lamellae as
described in the preceding sub-section (4.4.1) for the symmetric eutectic
system. The contact angles differ from the ones predicted by Young’s
equilibrium conditions only by a value of 0.2 degrees. The theoretical
(from the Gibbs-Thomson equation) and measured undercoolings differ in
the third decimal, with an error of 0.1 %.

4.4.3. Ternary Systems: Parameter set

A B c
Jo_ | @ 146964038 1.0 1.0
= s 10 1.46964038 1.0
v 1.0 1.0 1.46964038
A B C
go_ | a 15 05 05
i B8 05 15 05

v 05 1.0 1.5

We use a symmetric ternary phase diagram. The following matrices list the
parameters LY T in the free energy f (T, ¢, ¢) that were used to create
a symmetric ternary eutectic system, shown in Figure 4.1. We perform
simulations with the parameter set ¢ = 8.0, Az = 1.0, D}, = D}, = Dg =
10,040y = 0y = 045 = 0a1 = 01 = 04 = 1.0,0081 = Oapy = Oayl =
08y = 10.0 and compare with the theoretical expressions using the input
parameters listed in Table 4.2.
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Table 4.2.: Input parameters for the theoretical relations for the ternary eutectic

system

Oal = 081 = Ol 1.194035
5(1,8 = &Q’Y = 557 1.430923

Oap = 080 = Oya = 0oy 36.81

L*=LFP =17 1.33

mpy = mg -0.91

mi = mg -0.91

mhy =my -0.91

4.4.4. Simple cycles: steady states and oscillatory
instability

We first perform simulations to isolate the regime of stable lamellar growth
for the configuration af~y. For this regime, we measure the average
interface undercooling and compare it to our theoretical predictions. The
results are shown in Figure 4.11.

The agreement in the undercoolings is much better than for the binary
eutectic systems, with a smaller dependence of undercoolings on the
velocities. Consequently, both the spacing at minimum undercooling (error
4 % for V=0.005 and 6 % for V=0.01) and the minimum undercooling
(error of 1-2 %), match very well with the theoretical relationships, as
shown in Figure 4.11. The equilibrium angles at the triple point also agree
with the ones predicted from Young’s law to within an error of 0.3 degrees,
while the radius of curvature matches that from the Gibbs-Thomson
relationship with negligible error (<0.5 %).

It should be noted that the steady lamellae remain straight, contrary to the
results of Ref. [40], where a spontaneous tilt of the lamellae with respect to
the direction of the temperature gradient was reported. This difference is
due to the different phase diagrams: we are using a completely symmetric
phase diagram and equal surface tensions for all solid-liquid interfaces,
whereas [40] uses the thermophysical data of a real alloy.
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Figure 4.11.: Comparison between theoretical analysis and phase-field simula-
tions at two different velocities for the arrangement (af7) of ternary eutectic
solids at V' = 0.005 and V = 0.01. The demarcation shows the regions of stable
lamellar growth and the critical spacing beyond which we observe amplified
oscillatory behavior. There is a small region named “Damped Oscillations”,
which is a region where oscillations occur but die down slowly with time.
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Next, we are interested in the stability range of three-phase coupled growth.
From general arguments, we expect a long-wavelength lamella elimination
instability (Eckhaus-type instability) to occur for low spacings, as in binary
eutectics [2]. Here, we will focus on oscillatory instabilities that occur for
large spacings. It is useful to first recall a few facts known about binary
eutectics, where all the instability modes have been classified [34, 51].
Lamellar arrays in binary eutectics are characterized (in the absence of
crystalline anisotropy) by the presence of two mirror symmetry planes that
run in the center of each type of lamellae, as sketched in Figure 4.12(a).
Instabilities can break certain of these symmetries while other symmetry
elements remain intact [24]. In binary eutectics, the oscillatory 1-A-O
mode is characterized by an in-phase oscillation of the thickness of all «
(and () lamellae; both mirror symmetry planes remain in the oscillatory
pattern. In contrast, in the 2-A-O mode, one type of lamellae start to
oscillate laterally, whereas the mirror plane in the other type of lamellae
survives; this leads to a spatial period doubling. Finally, in the tilted
pattern both mirror planes are lost.

It is therefore important to survey the possible symmetry elements in the
ternary case. At first glance, there seems to be no symmetry plane in the
pattern. However, for our specific choice of phase diagram, new symmetry
elements not present in a generic phase diagram exist: mirror symmetry
planes combined with the exchange of two phases. Consider for example
the 8 phase in the center of Figure 4.12(b): if the system is reflected at its
center, and then the a and ~ phases are exchanged, we recover the original
pattern. At the eutectic concentration, there are three such symmetry
planes running in the center of each lamella, and three additional ones
running along the three solid-solid interfaces. Off the eutectic point, two
of these planes survive if any two of the three phases have equal volume
fractions. Guided by these considerations, we can conjecture that there
are two obvious possible instability modes, sketched in Figure 4.13.

In the first, called mode 1 in the following, two symmetry planes survive:
the width of one lamella oscillates, whereas the two other phases form a
“composite lamella” that oscillates in opposition of phase; the interface in
the center of this composite lamella does not oscillate at all and constitutes
one of the symmetry planes. In the second (mode 2), the lateral position
of one of the lamellae oscillates with time, whereas the other two phases
oscillate in opposition of phase to form a “composite lamella” that oscillates
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Figure 4.12.: In a periodic arrangement of lamellae, we can identify certain lines
of symmetry, as shown in (a) for a binary eutectic. Similarly, for the case of
the two simplest configurations, (b) af8v and (¢) afBay in a symmetric ternary
eutectic system, such planes of symmetry exist. While in the case of a binary
eutectic, the lines are mirror symmetry axes (shown by dash-dotted lines), in
the special case of a symmetric ternary phase diagram, one can also identify
quasi-mirror lines (dashed lines) where we retrieve the original configuration
after a spatial reflection and an exchange of two phases. Only quasi-mirror lines
exist in the afy arrangement, which are shown in (b), while both true- and
quasi-mirror planes exist in the afSay arrangement as shown in (c).
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(a) (b)

Figure 4.13.: Guided by the symmetry axes in the a8y arrangement, one can
expect two possible oscillatory modes at off-eutectic concentrations along the
eutectic groove. The oscillations in (a), which keep all the quasi-mirror planes
intact, are expected to occur at concentrations towards the apex of the simplex
along the eutectic groove. Another possibility, shown in (b) exists in which no
symmetry plane remains, which is expected to occur at a concentration towards
the binary edge of the simplex.

laterally but keeps an almost constant width. There is no symmetry plane
left in this mode.

The stability range of the coupled growth regime of the lamellar arrange-
ment is indicated in Figure 4.11. Steady lamellar growth is stable from
below the minimum undercooling spacing up to a point where an oscillatory
instability occurs. In the region marked “damped oscillations”, oscillatory
motion of the interfaces was noticed, but died out with time. Above a
threshold in spacing, oscillations are amplified. We monitored the modes
that emerged, and found indeed good examples for the two theoretically
expected patterns, shown in Figure 4.14.

Mode 1 is favored for off-eutectic concentrations in which one of the lamellae
is wider than the two others, such as ¢ = (0.32,0.32,0.36). Indeed, in
that case the (unstable) steady-state pattern exhibits the same symmetry
planes as the oscillatory pattern. This mode can also appear when one
lamella is smaller than the two others, see Figure 4.14c. We detect mode
2 at the eutectic concentration, see Figure 4.15b. However, a “mixed
mode” can also occur, in which no symmetry plane survives, but the three
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(a) (b) (c)

Figure 4.14.: Oscillatory modes in simulations for the a3y configuration at the
off-eutectic concentrations ¢ = (0.32,0.32,0.36)) in (a), and ¢ = (0.34,0.34,0.32)
in (b) and (c). The spacings are A = 170 in (a) and (c) and A = 165 in (b).

trijunctions oscillate laterally with phase differences that depend on the
concentration and possibly on the spacing, see Figs. 4.14b and 4.15c.

Let us now turn to the afay cycle. We perform simulations for two
different velocities V' = 0.01 and V' = 0.005. The comparison of the
measurements with the theoretical analysis for steady-state growth is
shown in Figure 4.16. For the purpose of analysis, predictions from the
theory for both arrangements (S and aSary) are also shown. Here again,
the minimum undercooling spacings match those of the theory to a good
degree of accuracy (error 5%, V=0.005). However, the undercooling is
lower than the one predicted by JH-theory, with a discrepancy of 4%
for the case of V' = 0.005, Figure 4.16a. For V' = 0.01, Figure 4.16b,
simulations were not possible for a sufficient range of A\ to determine
the minimum undercooling, because the width of the narrowest lamellae
became comparable to the interface width & ~ 8.0 before the minimum was
reached. However, the general trend of the data follows the predictions of
the theory for both velocities. This was also the case for simulations carried
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Figure 4.15.: The plot shows the trace of the triple points for the a3+ arrange-
ment. The growth direction is compressed in these plots with respect to the
transverse direction in order to better visualize the modes. We get multiple
modes at the eutectic concentration for the same spacing A = 159, shown in
(a) and (b). In (a) we get back mode 1 while (b) matches well to our pre-
dicted mode 2. A mixed mode (c) is obtained at an off-eutectic concentration
¢ =(0.34,0.34,0.32), at a spacing A = 165, which is a combination of oscillations
in both the width and lateral spacing.
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Figure 4.16.: Theoretical analysis and phase-field simulations: Comparison
between the arrangements (af8v) and (afBay) for two different velocities (a) V
= 0.005 and (b) V = 0.01. Plots convey information on the stability ranges, and
the onset of oscillatory behavior of the 1-A-O type.
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out at an off-eutectic concentration ¢ = (0.32,0.34,0.34) at a velocity of
V' = 0.005, for the same configuration afary.

Concerning the oscillatory instabilities at large spacings, it is useful to
consider again the symmetry elements. For this cycle, there are two real
symmetry planes in the steady-state pattern that run through the centers
of the 8 and v lamellae. Note that these symmetries would exist even
for unsymmetric phase diagrams and unequal surface tensions. Therefore,
by analogy with binary eutectics, one may expect oscillatory modes that
simply generalize the 1-A-O and 2-A-O modes of binary eutectics, see
Figure 4.17a. Indeed, for our simulations at the eutectic concentration,
we retrieve the 1-A\-O type oscillation, figure 4.18a as in our hypothesis
(figure 4.17a).

(a) (b)

Figure 4.17.: Predictions of oscillatory modes for the afay arrangement, remi-
niscent of the 1-A-O mode (a) and 2-A-O mode (b) in binary eutectics.

This oscillatory instability can be quantitatively monitored by following the
lateral positions of the solid-solid interfaces with time. More specifically,
we extract the width of the § phase as a function of the growth distance
z. This is then fitted with a damped sinusoidal wave of the type Ag +
Aexp(—Bz)cos((2rz/L) + D). The damping coefficient B is obtained
from a curve fit and plotted as a function of the spacing A\. The onset
of the instability is characterized by the change in sign of the damping
coeflicient.
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(a) (b) ()

Figure 4.18.: Simulations of oscillatory modes of the afSay configuration. The
modes in (a) and (b) show resemblance to the 1-A-O and 2-A-O oscillatory
modes of binary eutectics, respectively. Additionally, other modes (c) can also
be observed, depending on the initial conditions. While we observe (a) at the
eutectic concentration, (b) and (c¢) are modes at off-eutectic concentrations
¢ =(0.32,0.34,0.34). The spacings are (a) A =201, (b) A =174 (¢) A = 210.
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For the off-eutectic concentration we get two modes (figure 4.18). While
(figure 4.18b) corresponds well to our hypothesis to the 2-A-O type oscilla-
tion (figure 4.17b), we also observe another mode as shown in figure 4.18c,
which combines elements of the two modes: both the width and the lateral
position of the « lamellae oscillate.

4.4.5. Lamella elimination instability

For the afary cycle, there is also a new instability, which occurs for low
spacings. We find that all spacings below the minimum undercooling spac-
ing, as well as some spacings above it, are unstable with respect to lamella
elimination: the system evolves to the a8y arrangement by eliminating
one of the a lamellae, both at eutectic and off-eutectic concentrations.
The points plotted to the left of the minimum in Figure 4.16b are actually
unstable steady states that can be reached only when the simulation is
started with strictly symmetric initial conditions and the correct volume
fractions of the solid phases.

This instability can actually be well understood using our theoretical
expressions. As already mentioned before, when we consider the cycle
afay at the eutectic concentration with a lamella width configuration
(£,1/3,1/3 — £,1/3), the global average front undercooling attains a min-
imum for the symmetric pattern & = 1/6. However, the global front
undercooling is not the most relevant information for assessing the front
stability. More interesting is the undercooling of an individual lamella,
because this can give information about its evolution. More precisely,
consider the undercooling of one of the o lamellae as a function of £. If
the undercooling increases when the lamella gets thinner, then the lamella
will fall further behind the front and will eventually be eliminated. In
contrast, if the undercooling decreases when the lamella gets thinner, then
the lamella will grow ahead of the main front and get larger. A similar
argument has been used by Jackson and Hunt for their explanation of the
long-wavelength elimination instability [44]. It should be pointed out that
the new instability found here is not a long-wavelength instability, since it
can occur even when only one unit cell of the cycle is simulated.

Following the above arguments, we have calculated the growth temperature
of the first a lamella as a function of £ using the general expressions in
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Eq. 4.16. In Figure 4.19, we plot the variation of JAT /I at £ = 1/6, as a
function of A\. The point at which AT /O becomes positive then indicates
the transition to a stable afa~y cycle. This criterion is in good agreement
with our simulation results. This argument can also be generalized to
more complicated cycles (see below).

0.2

dAT/dE vs &

0.1 4

=1/6
o
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Figure 4.19.: Plot of 0AT/J¢, taken at & = 1/6 versus A for the a;Basy cycle,
where AT is the undercooling of the oy lamella and & its width (relative to A),
calculated by our analytical expressions in the volume fraction configuration.
(&,1/3,1/3 — £,1/3) at V=0.01. The cycle is predicted to be unstable to lamella
elimination if OAT/9¢ < 0. The A at which AT /O changes sign is the critical
point beyond which the afay arrangement is stable with respect to a change to
the sequence a8y through a lamella elimination.

4.4.6. Longer cycles

Let us now discuss a few more complicated cycles. The simple cycles we
have simulated until now were such that during stable coupled growth the
widths of all the lamellae corresponding to a particular phase were the same.
This changes starting from period M = 5, where the configuration aSa Sy
is the only possibility (up to permutations). If we consider this cycle at
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the eutectic concentration and note the configuration of lamella widths
as (£,1/3 —¢&,1/3 —&,£,1/3) and compute the average front undercooling
by our theoretical expressions, we find that the minimum occurs for &
close to 0.12. In addition, for this configuration, the undercooling of any
asymmetric configuration (permutation of widths of lamellae) is higher than
the one considered above. If we rewrite symbolically this configuration as
aq, P2, a9, 1,7, it is easy to see that this configuration has two symmetry
axes of the same kind as discussed in the preceding subsection: mirror
reflection and exchange of the phases a and . One of them runs along
the interface between o and as, and the other one in the center of the
lamella.

Not surprisingly, our simulation results confirm the importance of this
symmetry. The volume fractions in steady-state growth are close to those
that give the minimum average front undercooling, see Figs. 4.20b and
4.20c. Additionally, we observe oscillations in the width of the largest v

() (b) (c)

Figure 4.20.: Simulations at spacings A = 135 in (a), A = 150 in (b) and A\ = 180
in (c), starting from an initial configuration of aSa37y. There is no spacing for
which the afafy develops into a stable lamellar growth front. Smaller spacings
switch to the afvy arrangement while the larger spacings exhibit oscillatory
instabilities in both the width and the lateral positions of the lamellae.
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phase and oscillations in the widths and the lateral position of the smaller
lamellae of the a and [ phases, while the interface between the larger
« and f phase remains straight, such that the combination of all the «
and [ lamellae oscillates in width as one “composite lamella”. Thus, the
symmetry elements of the underlying steady state are preserved in the
oscillatory state.

For smaller spacings, this configuration is unstable, and the sequence
changes to the fa~y arrangement as shown in Figure 4.20a by two successive
lamella eliminations. It is noteworthy that we did not find any unstable
sequence which switches to the afay arrangement, which again can be
understood from the presence of the symmetry. Indeed, a symmetrical
evolution would result in a change to a configuration a; 31y or Baay, but
precludes the change to a configuration of period length M = 4.

Going on to cycles with period M = 6, the first arrangement we consider
is a1 f1as Py, where we name the lamellae for eventual discussion and
ease in description according to the symmetries. Indeed, this arrangement
has two exact mirror symmetry planes in the center of the as and the ~
phases. We find that, if we calculate the average interface undercooling
curves by varying the widths of individual lamella with the constraint of
constant volume fraction, by choosing different &, in the width configura-
tion (£,1/6,1/3 —2¢,1/6,£,1/3), the average undercooling at the growth
interface is minimal for the configuration (1/9,1/6,1/9,1/6,1/9,1/3). This
arrangement has the highest undercooling curve among the arrangements
we have considered, shown in Figure 4.21a.

It also has a very narrow range of stability, and we could isolate only one
spacing which exhibits stable growth for A = 240, Figure 4.22d. Unstable
arrangements near the minimum undercooling spacing evolve to the afvy
arrangement, Figure 4.22a, while for other unstable configurations we
obtain the arrangements in Figure 4.22b and Figure 4.22c as the stable
growth forms corresponding to A = 150 and A = 180 respectively.

Apart from the (trivial) period-doubled arrangement afyafSy, another
possibility for M = 6 is afyayp with a volume fraction configuration
(1/6,1/6,1/6,1/6,1/6,1/6). Simulations of this arrangement show that
there exists a reasonably large range of stable lamellar growth, and hence
we could make a comparison between simulations and the theory. We
find similar agreement between our measurements and theory as we did
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Figure 4.21.: (a)Synopsis of the theoretical predictions for the undercooling
versus spacing of possible arrangements between period length M =3 to M =
6, i.e. starting from afBy to afyafy. (b) Same plot but with the lamellar
repeat distance \ scaled with the period length M. The variation among the
arrangements is purely a result of the variation of the solutal undercooling as
can be infered from the discussion in Sec. 4.2.4.
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(a) (b) (c) (d)

Figure 4.22.: Simulations starting from the arrangement afafa~y for spacings
A=1351ina), A =150 in b), A =180 in ¢) and A = 240 in d).

previously for the arrangements a8y and afa~y. The plot in Figure 4.21
shows the theoretical predictions of all the arrangements we have considered
until now.

4.4.7. Discussion

It should by now have become clear that there exists a large number of
distinct steady-state solution branches, each of which can exhibit specific
instabilities. In addition, the stability thresholds potentially depend on
a large number of parameters: the phase diagram data (liquidus slopes,
coexistence concentration), the surface tensions (assumed identical here),
and the sample concentration. Therefore, the calculation of a complete
stability diagram that would generalize the one for binary eutectics of
Ref. [51] represents a formidable task that is outside the scope of the
present paper. Nevertheless, we can deduce from our simulations a few
guidelines that can be useful for future investigation.

Lamellar steady-state solutions can be grouped into three classes, which
respectively have (I) equal number of lamellae of all three phases (such as
afy and afyayf), (II) equal number of lamellae for two phases (such as
afay), and (IIT) different numbers of lamellae for each phase.

For equal global volume fractions of each phase (as in most of our simu-
lations), class IIT will have the narrowest stability ranges because of the
simultaneous presence of very large and very thin lamella in the same
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arrangement, which make these patterns prone to both oscillatory and
lamella elimination instabilities.

Any cycle in which a phase appears more than once can transit to another,
simpler one by eliminating one lamella of this phase. This lamella instability
always appears for low spacings below a critical value of the spacing that
depends on the cycle. The possibility of a transition, however, depends
also on the symmetries of the pattern. For instance, the arrangement
afafary, if unstable, can transform into the afvy, afay or the afafy
arrangements, while for an arrangement afSaS7, it is impossible to evolve
into the afary arrangement if the symmetry of the pattern is preserved by
the dynamics.

For large spacings, oscillatory instabilities occur and can lead to the
emergence of saturated oscillatory patterns of various structures. The
symmetries of the steady states seem to determine the structure of these
oscillations, but no thorough survey of all possible nonlinear states was
carried out.

4.5. Some remarks on pattern selection

Up to now, we have investigated various regular periodic patterns and their
instabilities. The question which, if any, of these different arrangements,
is favored for given growth conditions, is still open. From the results
presented above, we can already conclude that this question cannot be
answered solely on the basis of the undercooling-vs-spacing curves. Indeed,
we have shown that by appropriately choosing the initial conditions, any
stable configuration can be reached, regardless of its undercooling. This
is also consistent with experiments and simulations on binary eutectics
[34, 86]. To get some additional insights on what happens in extended
systems, we conducted some simulations of isothermal solidification where
the initial condition was a random lamellar arrangement. More precisely,
we initialize a large system with lamellae of width A = 25 and choose
a random sequence of phases such that two neighboring lamellae are of
different phases as shown in Figure 4.23a. The global probabilities of all
the phases are 1/3, which corresponds to the eutectic concentration, and
the temperature is set to 7' = 0.785.
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(a)

(b)

Figure 4.23.: Two snapshots of 2D dynamics in a large system. Isothermal
simulations are started from a random configuration in (a) where the probability
of occurrence of each phase is 1/3, which is also the global concentration in
the liquid. The temperature of the system is T=0.785 and the concentration
of the liquid is the eutectic concentration. A slowly changing pattern with a
non-planar front is achieved. Some lamellae are eliminated, but no new lamellae
are created.

Under isothermal growth conditions, one would expect that, at a given
undercooling, the arrangement with highest local velocity would be the
one that is chosen. However, in order for the front to adopt this pattern, a
rearrangement of the phase sequence is necessary. In our simulations, we
find that lamella elimination was possible (and indeed readily occurred).
In contrast, there is no mechanism for the creation of new lamellae in our
model, since we did not include fluctuations that could lead to nucleation,
and the model has no spinodal decomposition that could lead to the
spontaneous formation of new lamellae, as in Ref. [93]. As a result, some
of the lamellae became very large in our simulations, which led to a
non-planar growth front, as shown in Figure 4.23b. No clearcut periodic
pattern emerged, such that our results remain inconclusive.

We believe that lamella creation is an important mechanism required
for pattern adjustment. In 2D, nucleation is the only possibility for the
creation of new lamellae. In contrast, in 3D, new lamellae can also form by
branching mechanisms without nucleation events, since there are far more
geometrical possibilities for two-phase arrangements [3, 118]. Therefore,
we also conducted a few preliminary simulations in 3D.
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(b)

Figure 4.24.: Cross-sections of patterns obtained in three-dimensional directional
solidification. In each picture, the simulation unit cell is tiled in a 4x4 array to
get a better view of the pattern. The pattern in (a) was started from a random
configuration and evolved to a perfectly hexagonal pattern (at the eutectic
composition for a symmetric phase diagram). At an off-eutectic concentration,
starting with two isolated rods of o and 3 phase, the result shown in (b) is
one of the possible structures, while with an asymmetric phase diagram at the
eutectic concentration, we get a regular brick structure (c) from a random initial
condition.
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The cross sections of the simulated systems are 150 x 150 grid points for
results in Figs. 4.24(a) and (c), and 90 x 90 grid points for the system
Figure 4.24(b). The longest run took about 7 weeks on 80 processors, for
the simulation of the pattern in Figure 4.24(a). This long simulation time
is due to the fact that the pattern actually takes a long time to settle down
to a steady state; the total solidification distance was of the order of 800
grid points. The other simulations required less time to reach reasonably
steady states. The patterns shown in Figs. 4.24 (a) and (c¢) start from
random initial conditions (very thin rods of randomly assigned phases),
the former with the symmetric phase diagram used previously, the latter
with a slightly asymmetric phase diagram constructed with the changed
parameters listed below,

A B C
re_ | @ 20 L0 L0
i B 1.0 2.0 1.0
v 1.0 1.0 20
A B C
qo_ | @ 10 0.59534 0.63461
i B 059534 1.0 0.63461

v 0.59534 0.59534 1.0

The picture of Figure 4.24(b) corresponds to a pattern resulting of a
simulation which is started with two isolated rods of o and  in a matrix
of v, with an off-eutectic concentration of ¢ = (0.3,0.4,0.3).

As shown in Figure 4.24, many different steady-state patterns are possible
in 3D. Not surprisingly, the type of pattern seen in the simulations depends
on the concentration and on the phase diagram. Patterns very similar to
Figure 4.24(c) have recently been observed in experiments in the Al-Ag-Cu
ternary system [100]. It should be stressed that our pictures have been
created by repeating the simulation cell four times in each direction in
order to get a clearer view of the pattern. This means that in a larger
system, the patterns might be less regular. Furthermore, we certainly have
not exhausted all possible patterns. A more thorough investigation of
the 3D patterns and their range of stability is left as a subject for future
work.
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4.6. Conclusion and outlook

In this chapter, we have generalized a Jackson-Hunt analysis for arbitrary
periodic lamellar three-phase arrays in thin samples, and used 2D phase-
field simulations to test our predictions for the minimum undercooling
spacings of the various arrangements. For the model used here the value of
the interface kinetic coefficient cannot be determined, which leads to some
incertitude on the values of the undercooling, but this does not influence
our principal findings. When the correct values of the surface free energy
(that take into account additional contributions coming from the chemical
part of the free energy density) are used for the comparisons with the
theory, we find good agreement for the minimum undercooling spacings for
all cycles investigated. Moreover, we find that, as in binary eutectics, all
cycles exhibit oscillatory instabilities for spacings larger than some critical
spacing. The type of oscillatory modes that are possible are determined
by the set of symmetry elements of the underlying steady state.

We have repeatedly made use of symmetry arguments for a classification of
the oscillatory modes. In certain cases, the symmetry is exact and general,
which implies that the corresponding modes should exist for arbitrary
phase diagrams and thus be observable in experiments. For instance,
the mirror symmetry lines in the middle of the « lamellae in the afSay
arrangement exist even for non-symmetric phase diagrams and unequal
surface tensions, and hence the corresponding oscillatory patterns and their
symmetries should be universal. In other cases, we have used a symmetry
element which is specific to the phase diagram used in our simulations:
a mirror reflection, followed by an exchange of two phases. For a real
alloy, this symmetry obviously can never be exactly realized because of
asymmetries in the surface tensions, mobilities, and liquidus slopes, and
therefore some of the oscillatory modes found here might not be observable
in experiments. However, their occurrence cannot be completely ruled out
without a detailed survey, and we expect certain characteristics to be quite
robust. For instance, we have repeatedly observed that two neighboring
lamellae of different phases can be interpreted as a “composite lamella”
that exhibits a behavior close to the one of a single lamella in a binary
eutectic pattern. Such behavior could appear even in the absence of special
symmetries, and thus be generic.
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Furthermore, a new type of instability (absent in binary eutectics) was
found, where a cycle transforms into a simpler one by eliminating one
lamella. We interpret this instability, which occurs for small spacings,
through a modified version of our theoretical analysis. It is linked to the
existence of an extra degree of freedom in the pattern if a given phase
appears more than once in the cycle. We have not determined the full
stability diagram that would be the equivalent of the one given in Ref. [51]
for binary eutectics, because of the large number of independent parameters
involved in the ternary problem.

We have made a few attempts to address the question of pattern selection,
with inconclusive results both in 2D and 3D. In 2D, the process of pattern
adjustment was hindered by the absence of a mechanism for lamella
creation, and in 3D the system sizes that could be attained were too small.
Based on the findings for binary eutectics, however, we believe that there
is no pattern selection in the strong sense: for given processing conditions,
the patterns to be found may well depend on the initial conditions and/or
on the history of the system. This implies that the arrangement with
the minimum undercooling may not necessarily be the one that emerges
spontaneously in large-scale simulations or in experiments.

The most interesting direction of research for the future is certainly a
more complete survey of pattern formation in 3D and a comparison to
experimental data. To this end, either the numerical efficiency of our
existing code has to be improved, or a more efficient model that generalizes
the model of Ref. [32] to ternary alloys has to be developed.



Chapter 5

Thin interface
asymptotics: Pure
material solidification
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5.1. Introduction

Phase-field modeling is an elegant technique to model a variety of problems
involving phase transitions. Among them, solidification has been a field
where this method has been utilized to quantitatively model a variety of
microstructures involving complicated geometrical changes while evolution,
both for the case of solutal and pure material problems [3, 32, 48, 50, 59,
114, 128, 134]. One of the critical points, one must take care however, is
that to interpret the results of simulations in a manner which is going
to be of physical value, one must have a perfect understanding as to
the relation of the parameters in the equations and the free boundary
problem, one is attempting to solve. This requires one to perform the
asymptotics of the relevant model, which will then allow us to correctly
choose the parameters in the diffuse interface description. To perform the
asymptotics, two possiblities exist. One of them is the sharp interface
limit [13], which describes, the case when the interface width tends to zero.
This limit is relevant when one is performing simulations with very small
interface thicknesses. However, as is often the case, in order to simulate
larger microstructures, one needs to choose interface thicknesses orders
of magnitude larger than the real ones. For such cases, the thin-interface
limit, [48, 50] is more relevant as this allows us to retrieve the same free
boundary, but in an easier computationally accessible manner. A fallout
of this limit is that time independent free boundary problems which are
relevant at low undercoolings can also be treated in a computationally
efficient manner. The principal result is that when the phase evolution
is coupled with that of another field, the response of the phase-field to
a finite change in the coupled field can be made instantaneous in the
thin-interface limit. This particular limit has been worked out for a variety
of models, notably for the case of potentials which are of the smooth well
type. However, the computationally more efficient double obstacle type
potentials have been untreated so far. Hence, in this paper we attempt
to fill this gap and make quantitative simulations possible with the use
of obstacle type potentials. We derive our evolution equations from an
entropy functional. We then reduce a multi-phase field model [33, 79] for
treating two phase solidifications and show its equivalence to the case of
single order parameter models used before, and utilize this to perform the
thin-interface asymptotics. Our principal aim is to derive, the interface
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kinetic coefficient in the thin-interface limit and hence we simplify our
analysis for the case of one dimension evolution. In addition, we treat a
case where the thermal diffusivities of all the phases, and the specific heat
capacities are the same.

5.2. Equivalence

In phase-field literature, there are two types of approaches to define order
parameters. The conventional way is to use a property which varies across
the interface such as density or concentration as the order parameter. The
change in the property denotes the change in the microstructure or the
evolution of the phase. A corollary of this approach is to use a single
order parameter, which varies between two fixed limits corresponding to
values in the bulk phases. While these types of models are well defined
and elegant, a second approach is to define the phase-field variable as
the volume fraction of the phase, which are constrained by the condition
that the sum of the volume fractions of all the phases add up to 1. The
evolution of the phases is efficiently tracked by the change in the volume
fraction of the phases. The physical properties such as the free energy
densities are then averaged among the phases using their volume fractions.
As the number of phases increases, it becomes easier to track the evolution
equations as the change in the volume fractions of the phases. In the
following we show the equivalence of the two approaches, which will be
used thereafter to perform thin-interface asymptotics for single phase pure
material solidification. For the sake of discussion, we start with a free
energy functional without driving forces for a two phase system, The
volume fractions are denoted by ¢, and ¢z, and are constrained by the
condition ¢, + ¢g = 1. The free energy functional reads:

F@.vo) = [ (a—aﬁeu%wﬁ¢ﬁV¢a>|2+71T§‘}g"¢a¢ﬁ> v,

with surface energies 6,3 and € a small length scale parameter related to
the width of the interface and a domain of consideration V. The evolution
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equation for the phase-field vector ¢ is derived from the minimization of
the free energy given by the following equation for each component,

T 65)(% = —5—}-—/\
R

where 7,4 is the relaxation constant for the interface and A is the Lagrange
parameter for respecting the sum of the volume fractions of the phases as

1. Expanding the variational derivative on the right side of the equation
yields,

Taﬁgaaif = Gape( = 2V (95 (0aVs — 3V 00))
~2V5 - (6aV05 — 05V60) ) ~ 152 b5
- 74@55(%[& (6o Vs — 05V a) +
%¢B (0 V05 — 05V 00 ) - E%% -

Utilizing the properties Voo, = —V¢g and ¢ + ¢g = 1 for the case of two
phases gives,

- 1 16 7,
TafE—me = —A4Gap¢ (|V¢/3|2 + 5@9 (V2¢ﬁ)) - 77/3@3

and the Lagrange parameter A as,

A= —250pe (IVos]° + |Vdal?) — Gase (05V2ds + 0aV3ea) —

16 ¢ Oap
7T2 % (¢ﬁ+¢a)'

Including the Lagrange parameter, the evolution equation for a two phase
system transforms to,

e 16 Gap

el &aﬁgv%a—ﬁ 5 (1 —2¢q) . (5.1)

TapE—F7,
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Equivalently, the evolution equation for the 8 phase reads,

0ps 16 ]

ot Uaga’:‘v ¢5 —_ — ( — Q(f)g) . (5.2)

ToaBE—=
b 2

With the construction of the Lagrange parameter, the sum of the evolu-
tion equations for the two phases is zero. Hence, there exists only one
independent equation in the system and one can choose either to derive
the dynamics of the system of two phases. With no loss of generality, we
choose the evolution equation of the a phase for further discussion and
analysis. The equilibrium condition between two phases is given by the
0da
ot

condition —— = 0, which implies,

5&55V2¢a = 71_‘_2 O’Qof (1 - 2¢a) .
As we are treating two-phase interfaces, the surface energy 6,4 is binary
interface property completely defined by the sharp interface free boundary
problem. However, in the special case when there are adsorbed phases
at the interface, one must compute the surface energy numerically from
the equilibrated profiles of the phases. The treatment however, remains
in principle similar to the case of binary interfaces, where we find the
extremum of the free energy per unit area. The surface energy is defined
as integral of the free-energy functional per-unit area computed using the
phase-field function ¢,, (x) which maximizes the free energy. Equivalently,
this is the solution to the equilibrium phase-field equation in 1D. The
resulting solution of the partial diffusion equation are the equilibrium
phase field profiles which can be substituted back into the functional and
integrated to get the surface energy. In 1D, the equilibrium equation is

multiplied by a; on both sides and integrated from 0 to z. We get,

doa 16 7,
Gape (;;) = 5760 (1 0a). (5.3)

Equivalently, a similar expression can be formulated for the § phase,
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The slope of the individual profiles can be derived as,

doq, 1 /16
Y

dx € 7r2¢a( ba),
dés 1 /16

dr :ts ﬁqﬁ’g(l_@g)'

The sign of the derivative of each profile of o and the [ phases is derived
from the boundary conditions. It depends on the direction from ¢, =0
to ¢ = 1 as x goes from —oo to 400 or the other way around. In the
following we choose the signs of the derivatives as,

dpo 1 [16
P +5 ﬁ(ba(l—%t)v (5.4)

o5 _ L1000, (5.5)

dx eV 2
Next, we recollect the gradient potential of the form, Gope|¢a Vg —
dda
65V da|?, and substitute the form of the gradients di’ Eqn. (5.4) and
x

d d
Ci;ii; ?qn. (5.15) and using % = —%, we get Gape|dpa Vg — dsVal?
= —2M and hence the surface energy is given by,
T €
_ ~ 16 ¢a (1 - ¢a)
o= 2y | et fadg,
Oap Oap /X 2 - X

By changing the variables from z to ¢, and applying the relation in Eqn.
(5.3), the equivalent expression for the surface energy derives,

'/ 16
Tr = an [ (00 (1= 00))dbn.

The above integral has been constructed in such a way so as to return 1/2
i.e. the reason for the choice of the factor 16/(n?), such that the surface
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energy a3 is Go3. The interface thickness can similarly be calculated by
using Eqn. (5.3) and integrated such that,

/0 \/ i — ¢a))
7T'

which computes as Mgz = T ~ 2.5¢.

One can also use the difference of the two equations i.e Eqn. (5.1) — (5.2)
as the independent equation, describing the evolution of the system as,

rape 02208 o0 (6 — g) — 908 (19, — (1-20)).

Using ¢ + ¢p = 1, and simplifying we arrive at,

2Taﬁsag;"‘ = 250pe Vi — jr—(j:ﬂ (1—26a).

This is the same equation we obtain, by starting from a one order parameter
description of the model. Dividing throughout by 2, we get the identical
expression as the evolution equation for the phases, described in Eqn.(5.1)
or Eqn.(5.2). This establishes the equivalence of the method to one-order
parameter models.

5.3. Asymptotic analysis

In the following, we derive the thin interface corrections for the case of a
pure material solidification. We perform the expansions of the phase-field
variable ¢, and temperature field T' as powers of 'p’ which is a small

w
parameter called the interface Peclet number Pe = W, where W is

the interface width and D/V is the diffusion length in the problem. To
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derive the evolution equations, we start from an entropy functional which
is elaborated as,

s— /V (e, ) — (ea (6,V6) + 1w <¢>> av,

where, e is the internal energy of the system, a is the gradient entropy
density and w is the surface potential density. The evolution equation for
the internal energy can be derived as a conservation law as follows,

de ) B oS
5 -V.-J. with J.=-M (‘b)vg’

where J, is the flux of the internal energy, and M is mobility related to this

1
flux. The variational derivative — can be derived as —. Substituting this

e
result in the preceding equation, the evolution equation for the internal
energy transforms to,

%:v. <M(¢)V:1F>.

Applying the relation e = f 4+ T'S, where f is the Helmholtz free energy
density of the system, we derive the evolution equation for the temperature
field as,

1 N Oe 8¢a
or & (M(¢)VT) — a1 Don Ot

ot 0% f
“Tore

For treating problems close to the melting point 7;,,, we can derive the free
(63

energy of each phase as (W +CY (T —T%) ). Tt follows, that

the internal energy of each phase can be written as e® = Lo+CS (T —T5),

where C' is the volumetric heat capacity at constant volume of the o phase

and L, is the latent heat of fusion of the o phase. The total internal energy

of the system can be elaborated as e (¢, T) = Zgil €“he (@), where hy, ()

is the interpolation function. We make another simplification, that, for
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the case we have all the C as equal, we can derive the following evolution
equation for the temperature field,

1 N Oha () Db
or ¥ <M (¢)VT> t 2l Le 50— 50
ot 92 f ’
1o
O f

which, upon employing the thermodynamic relation —T—= = C,, be-

comes,

oT?

1 N Ohe (@) 09,
8£ - & (M(¢)VT> +> 1 La D ot

ot Cy

In the above, we write M (¢) = Zgil M®h,, (¢o) and assume the free
energies with respect to the liquid as the reference which implies that
the latent heats of fusion L, are non-zero only for the solid phases. The
evolution equation of the phase-field variables ¢ = {¢,}Y_, are derived
from the phenomenological maximization of the entropy functional,

9% _ 05
WSO T She D

where wop is the constant related to the relaxation of the phase-field,
derived from the entropy functional. We now reduce our system to two
phases, a pure solid « and a pure liquid 5. We employ interpolation
functions of the form h, (¢) = ha (¢n). Defining the mobility, M =
—K°T? for each phase o and utilizing the discussion in section 5.2, we

write a single independent evolution equation of the order parameter ¢,
as follows,

) 1 16 v,
WaBEe g; = —4yape (IV%I2 + 598 (V2¢ﬁ)> - *mm
_ fa (T) Ohq (¢a) A
T 0¢a '
or Oha (¢a)
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where we have written the thermal conductivity as K (¢) = 25:1 K%, (da)-
65 fa(T) Ohq (¢a)

Further, we used a = T 900

the surface entropy density. For the discussion hereafter, the thermal
conductivities are assumed the same for both phases, given by K. The
Lagrange parameter A is expanded as,

A = —2y0pe (IV95° + |Val®) = vase (05V705 + daV¢0a) —

252 0+ o) - g (Fa ) P02 gy () L)),

which upon incorporation in the evolution equation and with the assump-
tion fz (T) =0 (because Lg = 0) reads as,

. The parameter 7,3 denotes

Pa _ 2 16M - - EL (T - Tﬁi) Oha (¢a)
WaBE€—F — ot = YaBEV Pa — 2 o (1 2¢a) 9 TTe D )
(5.6)
or Oha (¢a)
Cup = Ve (KVT) + Ly S 0,

Multiplying Eqn. (5.6) by T, we get,

16 G4 1 Lo (T —T%) Ohe (60
= Guse Vi — 13 5 (1= 260) — 5T >£M,

TaBE (7, ¢

ot
where 7,8 = Twag and 6o = Tyap. We will use this evolution equation
henceforth in the analysis. We next non-dimensionalize the equations
using the diffusion length [ as the length scale and use the time scale (2 /x.
Here & is the thermal diffusivity which is defined as K/C,. We introduce
a small parameter p = ¢/, and the re-scaled equations are rewritten in
1D as,

- 28¢a _ 282¢’a 16 ~pT 17, Oha (¢a)
Ty T P g g (17 20) — a3 7o 0¢a (5.7)
or *T N ;\Bh (qﬁa) (5.8)

ot 0z ot
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« d _ ZC
Cy’ (&aﬂ /La)
and 7 = 7,8Kk/F.3. In Eqn. (5.8), the physical situation remains un-
changed if we calculate the temperature changes with respect to the
melting temperature 7., such that we can transform the variable to

(T — T2). Thereafter, we divide the whole equation by \, giving,

where we have additionally defined the parameters A =

o Pu b ()
ot Oa? ot
T-T% . . oL . -
where u = ﬁ With this substitution, and setting g = &L, /(C,T2),
we get the folTowilr)lg evolution equation for ¢,
_ 500 0%¢ 16 gup Ohe, (o)
2 (&3 2 «a (Y «
o _ — (1= 2¢,) — LT\ Ta)
RaarT P pz gz (17 20e) = 55

Next we transform the equations in the moving frame at steady-state, such
that the total derivative with respect to time vanishes. We get,

. 2004 2 % pa 16 gup Ohy (9a)

U e T P e g (17 20e) = Hr s (59)
ou  0%u Ohg(da)

where the velocity (V') is measured in the non-dimensional transformed
co-ordinate set as v = Vl./k. There are two regions in the spatial solutions
of ¢ and u: The outer region(bulk solid and liquid) where there is slow
change in the variables and an inner region where there is rapid change.
To probe into the inner solutions, we scale our co-ordinate with respect to
the interface Peclet number p, by introducing a scaled co-ordinate system
1 = x/p. With this transformation, the evolution equations become,

_ 0¢e  ¢n 16 gup Ohq (¢a)
TPV T o o T2 T T
v ou 1 0%u v O0hy (da)

p On p2ox2 p Ot
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The outer and inner solutions are written as expansions of /tvhe parameter
p. The outer solutions are denoted as (}5: = $§ + p$£ +p*¢2 ... and U =
ud er;I +p2a§. .., while the inner solutions are ¢, = ¢0 + pol, +p?¢? ...
and v = u® + pu' + p?u?.... The outer solution is a; = 0,1 in the bulk
liquid or solid respectively and is stable to any order in p. The outer
solution for the temperature satisfies the diffusion equation,

ou 0%u

ot 0x2
Given this, the matching conditions for ¢, are trivial while for the u field
the matching conditions are derived by comparing the equations order by
order in p as,

+
lim u® = o (5.11)
n—too
)* 20 £
; 1 _ ; 1 -
B T ( Rz ) (512)
~ oul |t 2 orud|*
. 2 _ . 2 e o
ngrinoou - ngrinoo (u s 2 Ox? (5.13)
and, the derivative matching conditions,
0
im 25— g (5.14)
n—+oo 87]
o ou! oud |+
LN e (5.15)
o o (oul[F . 9r0|F
Ao T RN (8:5 "oez| |- (10

Next we proceed to write the evolution equation of ¢, and u order by order
in p and derive the relevant boundary conditions as solvability conditions.
The phase-field equation at order p® writes,

9?¢° 16

o2 o2 (1—2¢2) -
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0
Multiplying with i on both sides and integrating we get,
Ox

1/962\* 116 0
2(877) - iﬁgba (1_¢a)

L

4
R A

With the boundary conditions ¢, = 1(solid) at z = —oo and ¢,, = 0(liquid)
at x = 400 we have,

99 4
—_— = - 1—¢9). 5.17
= /R (- ) (517)
The u equation at order 1/p? is,
82u0 _—
on?

which upon integrating once becomes,

9uo

=A;.
an !

From the matching condition in Eqn. (5.14) we obtain lim,,_, 1 o 0,u® = 0,
which implies A; = 0, which upon subsequent integration reads,

Up = Uo,

with integration constant 7. In order to determine this constant, we
substitute ug into the phase-field equation at order p' which gives,

~ B) 0 82 1 0 9h 0
R S ¢+7¢ 9 On (85)
on on? 2 0¢a
and thereafter simplifies to,
04 _ ok 16 6, gu® Oh (42)

Ty T o 2 9o
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16 16 0
Note, the term 2 corresponds to “onZ 90 (1 —2¢,) which is one of
the terms in the expansion of the potential function in increasing orders of
the interface Peclet number p. This can be written for any function of ¢u,

e.g s (¢a) by substituting expansion of ¢, in orders of p as.
05 (¢h) 1 , 05 (6h)
Oba Oba

2 0% (60
ST O

s (02 +pos +p°02%) = s (62) +p o7+

where we limit the above expansion to order p?. Here it is useful to identify
an operator which derives from the phase-field equation at order p° as
follows,

9260 16

Differentiating the above once, gives:

o | 16060
on® w2 On

2 0
87 + E % — 0’
onz  w2) on

2

Written as,

16

—— + — can be defined as a linear
on? = w2
operator denoted by L. We also derive that 8,,</>0a is a homogeneous
solution of the operator L. Writing the phase-field equation at order p!

by employing the operator L gives,

_ 092 gul Oh (quO)
1 e (03
Do T on 2 Op

implies that the term in the brackets
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o : o 0dY)
Multiplying both sides with 5
n
aqs A > gu® Oh (99) ¢,

L L = — o 0 J_ — \Tal7Pan
[ we wf () o [ 5T
The left hand side of this equation can be expanded as,

oSl (9(;50 o0 82¢51 6¢0 oo (9(;50

Lot —20n = ey 5.18
/_oo Yoy /_oo on* on n+/_ 2% 37} (518)
which upon partial integration becomes,

9L 040 |~ /°° 00L %00,
on on oo Om ON?
16 N 16 0oy, 0
= CCTER I = (R AL:

While performing the integrations and substitutions of functions it is nec-
essary to take care that the reference point is at n = 0, where ¢, = 0.5.
This is because the moving frame is fixed to this point. The two constants
are zero owing to ¢L, — 0 at both extremities along with the derivatives
which implies that the integral simplifies to,

9 ° 19240 16 )
Rz ¢ = ‘/_m(ayi “o (1 ‘2¢0)> =0

The term inside the brackets is the phase-field equation at order p° and
hence is zero, giving the first solvability condition,

[ (00 < gud Oh (¢2) 990 .
—TU/_oo(an> 67]4-/_007 a¢a 877 877 = 0. (519)

For the obstacle potential and any interpolation polynomial h,, (¢,) varying
from 0 to 1, the two integrals in the above solvability condition are easily
computed as,

oo a¢0 2 0
[ (%) on= [ Gos. -1 ! [T amos.=
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where we applied Eqn. (5.17). Similarly, by taking the constants out of
the integrations, the second integral in Eqn. (5.19) becomes,

[>'s) 8ha ((bo) a¢0 /0 aha (¢0)
e \Te) Zha gy — 000 = he (0) —h (1) = —1.
[ A ()~ h (1)
With the evaluated integrals, the solvability condition (5.19) reads,

W o= =

g

Substituting the values for the parameters 7 and g in dimensional units
reads,

o Tapg VT
T-T = £ m
( m) La ?

- BV

Comparing the terms we derived the zeroth order kinetic coefficient in
terms of the phase-field parameters which is also the sharp interface limit
given by,

—=0 o T(XBT%
po=

Js . —=0 .
Hence 744 has the units —. In case of using an entropy functional, 5 is
a function of the temperature and hence can be written equivalently as,
0 wagTTS

g S

) Js

where wqz has the units vy

In order to compute the first order correction to the kinetic coefficient, we
write the u equation at order 1/p which reads,

Ou? O*ut Oha (42)
—v— = —v .

on on? on
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From the u equation at order 1/p? we have the result ug is constant. Hence,

this does not contribute to the u equation at order 1/p. Integrating the

resulting equation gives,
oul 0

Employing matching condition in Eqn.(5.15) we derive,

lim Ou? = @i
- Ox

n—=+oo 87’[]
= A+vhg (2%).

)

which can be used to derive the macroscopic gradients of the temperature
field computed from both the bulk sides,

oud |
ouT\ " _ 21
"6 —
%% = A+w. (5.22)

Subtracting, we at once get the Stefan condition at the lowest order which
is,

~ow|t
i

o
ox

v =

Integrating Eqn.(5.20) we get the total inner solution at order (1/p) as,

n
U = 1T1+'U/ ha ((;52)87]—!—%17]. (5.23)
0

The integration constant @y is computed by inserting the equation for uq
into the phase-field evolution equation at order p? which reads,

00 _ 2¢5 16 o gul Oha(da) _ gu0 i 0%ha ()

—TV

on on2 w27 2 0o, 2 7Y 9ds”
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Identifying the operator L the equation can be written in short as,
Lgbz = -7 %4,%8}1 (¢0) u ¢1 (¢O)
o on 2 O¢q Do’
from which the solvability condition for a non-trivial ¢2 implies that the
R.H.S must be orthogonal to 9,¢2 giving,

0
_%v/ ol a¢°an+/ gu' Oha (¢3) ¢4

EIN: —=0n +

2 oJom on

* gu® 1 9%ha (90) 095,
/—OO 7¢0¢ a¢a2 6

= 0(5.24)

To simplify the preceding solvability condition we need to evaluate the
nature of the integrals. For the first term, we make use of the fact that
¢l satisfies the Eqn.(5.18),

~ a¢0 guoah (¢0)
1 _ «
L. = (L R PN (5.25)

The phase-field profile ¢0 is in the case of an obstacle type potential
part of a sinus curve and hence is an odd-function, which implies its

0
derivative a—a is even. Similarly, the interpolation function A, (¢g) is an
n
. Oha (49) . . . )
odd function and hence, T is an even function. To realize this, we

(03
use a property of the interpolation function which is the anti-symmetry
with respect to 7 = 0 or at the position where ¢, = 1/2 yielding,

1 1
ha (9a (M) =5 = 5 = ha(da(-n)-
2 2
Differentiating both sides with respect to n and using the even property
0
of a—na we derive,

Oha (¢a () _ Oha(¢a(=1)
o, e
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Oha (da (0))
00,

that the second derivative

is even. Conversely, differentiating again, we get

9?ha (¢a (1))
02

implying

is odd. Using these properties, we

directly find that the R.H.S of qu. (5.25) is even. Combined with the fact
2

that the operator L is of the form 5> which does not change the

72 + -
an T

characteristic properties of the R.H.S., we derive that ¢! is even. Putting
all the arguments together, we directly see that only the second integral

in the solvability condition Eqn. (5.24) survives and simplifies to,

/m gu' O (69) 06
—00 2 a¢a 87]

Substituting u! from Eqn. (5.23) into the solvability condition gives,

2 [ e (8) 062, 5, [T [, (o) o] Pin (08) 062

2 ). Taey o "TRY ) oha(%)a?7 a¢3,  On ot
g [, Oha(da) 000, _
3] A =0

In the above, the last integral vanishes because 7 is an odd function, and
the other two functions in the integral are even, rendering the integral as
odd. Thus, the constant u! can be written as,

gut 9 [ (" (05, Oa(92) 060
— (h(0)—=h(1 = ha on| ———+= on = 0.
- (h @ =)+ o [ | ["ha (ot on| T e) Sy

— 00

We introduce M such that,

o /°° { /O"ha (@) 877} Oha (40) %% 5,

o 9¢0  on

and hence,
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Substituting the expression for u! in Eqn. (5.23) we obtain,
. n
w = Mv+v/ ha (gbg)an—FAn.
0

Using the condition in Eqn. (5.22), the constant A can be written in two
ways, which are constrained to be equal by the Stefan condition. Upon
substitution, the two formulations can be realized as follows,

10

- n ou
1 0
u MU—H;/O he (62) 90 + (833

+
) n alternatively (5.26)

)71_1”7

Mv Jrv/on (ha (¢3) —1)on+ (%:: > 7. (5.27)

40

. n ou
1 0
u Mv+v/0 ha (¢0) On + (83:

Using the matching condition in Eqn. (5.12) gives

e
. . Ou0
wlF= lim w!—n——r
n—+oo ox

)

thereby, we derive the positive limit by including Eqn. (5.26) and the

Hu0
negative limit by Eqn. (5.27) for the derivatives al as,
x
|t 5 00
Wl = Mv—i—v/ ha (62) On
0
| 5 —o0
ut = Mv+ v/ (ha (qbg) — 1) on.
0

Due to the construction of the interpolation functions as anti-symmetric
functions, one can verify that the two integrals fooo ha (gbg) On and

0
outer solution at first order, u! is unique from both sides. We denote the

I 7 (ha (¢2) — 1) 01 are equal and hence the macroscopic value of the

integral in the preceding equation as F and hence ul can be written as,
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ul = (M +F ) .
Putting the dimensions back, we have,
AT! = V— (M + F)

Combining the undercoolings at the different orders, we have the total
macroscopic undercooling as,

E:ﬁ—l—pﬁ,

which can equivalently be expressed in terms of the kinetic coefficients
by,

VLV

TO[ T7n L()I " ~
= —%V+EFV(M+F).

Comparing terms, we have,

B = B -pB
- Tang—s%(MJrﬁ) (5.28)

For the commonly considered interpolation polynomials being the cubic
and the quartic type polynomial, when used along with the obstacle
potential, the values of F' and M are tabulated below,

M F
h(pa) = ¢2 (3 — 2¢4) 0.063828 | 0.158741
h(¢a) = ¢3 (10 — 15¢, + 642) | 0.052935 | 0.129288

Eqn. (5.28) is the revolutionary result, first obtained by Karma in [48] and
is known as the thin interface limit. It shows that there is the possibility
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to choose parameters 7,5 and interface width parameter € in a way that
the effective 8 vanishes and hence simulations at the vanishing interface
kinetics limit can be performed. This can be achieved by manipulating
Eqn. (5.28) as,

L2 - -
T R (M +F). (5.29)

Tap = €

In order to achieve low interface kinetics using the sharp interface limit, the
value of 7,3 becomes prohibitively lower and hence the time step reduces to
a computationally unfeasible value. However with the thin interface limit,
one has the benefits of an increased interface width that can be chosen
for the simulation which can recover the sharp interface free boundary
problem along with the condition that the time scales for the simulation
can be enhanced for problems with vanishing interface kinetics.

5.4. Benchmarks

In order to benchmark our calculations, we choose the Ni system for
consideration. The system parameters involve the latent heat of the
system which is given by L, = 0.30, which is non-dimensionalized using
energy scale as, C5T,, = 1.52x10°J/m3, where T}, = 1748 K is the melting
point of the solid and C; is the specific heat of Ni. The surface entropy
density of the solid-liquid interface is given by v, = 0.167 x 1073.J/m? K.
We perform several simulations of the growth of a planar front at a given
non-dimensional temperature given by 7' = 0.96 (T, = 1.0), with variation
in the interface widths, affected by changing the parameter . The results
plotted in Fig.5.1 show the invariance of the front velocity upon change in
e. To achieve this, we affect 3 = 0, through an appropriate choice of the
parameter 7,3, given by the expression in Eqn.(5.29). The existence of
such a range in €, where the velocity is relatively constant, denotes that
we have been able to effectively eliminate the first order contributions
of the interface width to the interface kinetic coefficient 5. The specific
heats and the thermal conductivities of the liquid are close to the solid
and hence the validity of our assumptions used in the calculations remain.
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Figure 5.1.: Velocity of a pure nickel planar front simulated with different ¢ at a
fixed nondimensional temperature of T=0.96.
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5.5. Concluding remarks

In the present work, we present the thin-interface asymptotics of pure
material solidification for the case of the double obstacle potential. This
work extends the computational simplicity of the obstacle potential to
the regime of quantitative simulations, where the results are invariant
upon change in the interface widths. Further, the derivations enable the
adjustment of simulation parameters for performing vanishing interface
kinetics. In the above analysis, we have assumed the properties of the

thermal conductivity K or the thermal diffusivity as independent of ¢,
+ —

which renders the two limits u!| and u® equal. In the event that the

thermal conductivities are unequal, we arrive at the condition that the
two macroscopic limits are no longer equal. This property is referred to as
"heat trapping® e.g. [6]. Removal of such effects requires the introduction
of an expression similar to the anti-trapping term for solute diffusion, [46].
While this is derived for the case of one sided diffusivities, the case of
non-vanishing thermal diffusivity needs a treatment similar as in [83].
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6.1. Introduction and model modification

Phase-field modeling has been used for alloy solidification for about a
decade and the principle ideas are fairly well known. However, it is neces-
sary to highlight the importance of certain modifications without which
large scale quantitative microstructure simulations of the order of micro-
meters are not possible. In the present paper we describe a modification
of the multi-phase field model described in [33]. The foundation of this
particular model is the entropy functional written as follows,

Seed) - [ <S(e,c,¢)—<€a(¢,V¢)+iw(¢)>>dQ7

where e is the internal energy of the system, and s is the bulk entropy
density and w is the surface potential of the system. ¢ = (¢; ...cx), is
vector with the compositions of the K components and ¢ = (¢1...on)
are the volume fractions of the N phases in the system. An equivalent
form can be defined as a free energy functional at a given temperature
T,

F(T,e,p) = /Q <f (T,c,¢) + (6&((;5, Vo) + %u? (¢)>> dQ.

The uniqueness lies in the usage of the double obstacle potential w (¢) =
16
{Zg;; Yap ﬁd)ad)g, when (¢q, ¢s > 0 and ¢o+¢3 = 1) and oo elsewhere}

in describing the surface entropy potential where the relations a (¢, Vo) =
Ta (¢, V) and @ (¢) = Tw () are valid. However, if the free energies are
interpolated as in [33, 79|, f = Zgzl fa (T, c, ) ha (¢), where fo (T, c)
is the bulk free energy density of phase «, and h,, (¢) is an interpolation
function for the phase «, two problems exist,

i) The surface energy 6,5 of an af interface is a function of the chemical
free energy density landscape in the system and

ii) the equilibrium interface width A,s becomes far too restrictive for
simulating large scale microstructures.

These restrictions of the model will be highlighted in more detail in the
following discussion. The equilibrium equation in 1D for two phases, o and
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B, where ¢, + ¢g = 1, starting from the interpolation of the free energies
can be written as follows,
P da 16 Yap 1 odf 1= de

YaBE Ox2 = a2 9e (1 —2¢q) — ﬁ@ + °T ; Nid¢a (6.1)

_ 0%y L d (S
- T2 e (1 2¢a> 2T do <f ;Hz@) a(6 2)

where g = (p; ... px—1) is the vector consisting of the K — 1 equilibrium
chemical potentials of the system at the given system temperature. Eqn.
(6.2) can be used to derive the stationary solution of the phase-field ¢,,
which can be used to derive expressions for the surface energy of a binary
interface, 6,5 and equilibrium interface width Az as,

Gap = 2T’Ya5/ \/ —¢a(l=¢a)+ —F (A¥(T,c %)))d% (6.3)

Aaﬁ — d¢a

-/ |

Here 7,5 is a term in the surface entropy density, ¢ is a factor related to
the length scale of the interface and AV (T, ¢, ¢, ) = (f ZZ 1 uzcl) -

(6.4)

( f- Z . ,u,cz> ’ is the grand chemical potential difference between
0

values at the interface and that of the bulk phases in equilibrium. At
equilibrium, the terms (f 27 1 ulcl) and (f Zl 1 ,ulcl)
$a=0 pa=1
are equal and Fig. 6.1 plots the variation of the term AW (T ¢, ¢,). We
learl that the t L d
clearly see that the term ———
Y 2 do.
interface. The area under the curve is the grand chemical potential excess
at the interface. This contribution affects the equilibrium shape and
properties of the interface. From the above, it is evident that,

K—1 .
(f — D MiCi) is non-zero across the

e The parameters 6,5 and Aaﬂ cannot be fixed independently of the
grand chemical potential contribution in the form AV (T, ¢, ¢,).
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Figure 6.1.: The grandchemical potential difference varies across the interface
and has a form similar to that of a potential. At equilibrium, the two phases are
at the same grand chemical potential which is seen qualitatively from the graph.
Notice also the asymmetry of the potential around ¢, = 0.5, which is inherited
from the asymmetry in the chemical free energy states of the two phases.



6.1. Introduction and model modification 141

e Given the required G, and A, the simulation parameters v,
and ¢ can be determined by simultaneously solving the Eqns. (6.3)
and (6.4). Notice, that even though we have one parameter ¢, the
resulting interface thicknesses can be different, depending on the
excess AU (T, ¢, ).

For very large chemical excess contributions in the form of AV (T, ¢, ¢,,),
the Eqns. (6.3) and (6.4) can be written approximately as,

0aB

1
2/ Tz /0 VA (T, ¢, 6a))dba
1
) dée
fop = VTt | =

(AV(T, ¢, ¢a))

~ G

In this case dop and A,p are no longer independent. The term Aaﬁ
af

becomes just a function of the chemical free energy of the system and

independent of the terms 7,5 and €. This implies that once a value

for 6.4 is chosen, the value of A,g is fixed, and for certain choices of
0ag, the Aag gets prohibitively lower, which makes simulation of larger
domain structures unfeasible. These relationships have been studied fairly
extensively in the past decade, and two principle solutions have been
suggested [27, 30, 55, 114]. The ideology is to completely avoid any
contribution of the grand chemical potential excess contribution to the
interface excess. This implies, the stationary solution is independent of any
chemical contribution. While this is achieved in the work by [27, 55, 114]
through the use of different concentration fields ¢{* in each phase, the same
is affected for dilute alloys, with a single concentration field but through
the use of effective interpolation functions to interpolate the entropy and
enthalpy contributions to the free energy. The common idea is that the
driving force for phase transformation is the grand potential difference
between the phases at the same chemical potential. We motivate a similar
idea from the following discussion.
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6.1.1. Motivation

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

O Pda 16 Yas 1 d Kl
1o} - o - 5 1-2 o) T - 1Ci |
WabE gy Vs G T g2 e L 20a) —orga |/ ;“C

where 7,3 is the relaxation constant of the interface. This is also the
evolution equation at the sharp-interface limit for this model [134]. The
chemical potential g = (uy ... ux—1) is constant across the interface in this
limit. For small velocities, the evolution equation in moving co-ordinate
frame in 1D, at steady state velocity V reads,

Ao, d’¢, 16 YaB
-V RAAC S — [ — — 2 E .
WobS ix VP gpr T 72 0e (1=2¢a) - 2T dczb U G

It is important to note that the moving frame is moving with velocity V
along with the interface which is denoted by the contour line ¢, = 0.5.

d
Multiplying with % on both sides and integrating we get,
x

> (dy\? * o oy
—Vwa —2) dx = 0 =z —
wﬂg/—oo(dl'> T /_wvﬁngdazx

o 16’}@/@ dgba <1 ¢a
/ 72 2% ( _2¢0¢) 7d / 2T d¢o¢ (.f Z /-%Q) -

o (dda?
We denote the integral f_oo (;) dz as (I) and elaborate the other
x

integrals as follows;

1
2 E _77¢0¢ (1_¢a) 0_

w2 2¢
K—1
1 1
ﬁ (f— ; MM’) ’0-

« da ? oo 16 a
—Vwa561:756< ¢ ) ‘ YaB
o0
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The first two integrals on the right hand side drop out to zero and so the
velocity of the interface can be written as,

1 K-1 L
—Vwapgel = 5T (f— ; ,uici> .

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

; (6.5)

6.1.2. Model modification

We write the grand potential density ¥, as an interpolation of the individual
grand potential densities ¥,, where ¥, are functions of the chemical
potential g and temperature T in the system,

N
V(T p, ) = Z Vo (T, p) ha ()  with, (6.6)

fa( Zﬂz w,T

The concentration ¢ (p,T) is an inverse of the function u$ (¢, T) for every
phase a and component i. From Eqn.(6.6) the following relation can be
derived,

U, (T, p)

OV (T, p, ¢ N
aul g Ot (¢) .
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Since, the grand potential density W (T, i, ), is the Legendre transform
of the free energy density of the system f (T, ¢, ¢), and from their coupled

relation w = —¢;, it follows that,
Opi
N
6 = Y (T ha(9). (6.7)
a=1

The above is the constraint used in [27, 55, 114] to determine the con-
centrations c{* in the interface along with the condition that the phase
concentrations ¢ are related by the condition of common equilibrium
chemical potential among all the phases. This however derives elegantly
starting from the grand potential functional. It is important to note that
the entire structure rests on the invertibility of the function p® (¢, T). This
would result in a unique grand potential for a given p.

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

v (T7 “eq) = Yo (T’ ”‘eq) = Vs (T7 Neq) ‘

This implies that at equilibrium the surface energy has no contribution
from the chemical free energy, since the grand chemical potential excess
AV is zero. The consequence of this is that the surface energy G,43 is
the same as the simulation parameter v,37". Also, it can be derived that

the equilibrium interface width A,s is independent of the chemical free
2

energy of the system and is related to constant € by the relation 15 for
the obstacle potential. The grand chemical potential difference can be
visualized as in Figure 6.2. A corollary of the above discussion is that the
free energy of a mixture of two phases for alloys is not the interpolation of
the free energies of the respective phases at a given concentration but it is
a mixture of the phases at the respective concentrations at which they are
at thermodynamic equilibrium i.e. at the same chemical potential p. This
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Figure 6.2.: Illustration of the driving force for phase transformation between
two phases.

can be realized through the reverse Legendre transform of the expression
in Eqn. (6.6), which gives,

N
F(Toed) = Y fale (1,T),T) ha(da)-

This is the start point of the derivation of the KKS(Kim,Kim, Suzuki)
model [55]. In summary, the principal result is that we write the evolution
equations using the chemical potential g which is analogous to T for the
case of pure materials. The driving force, which is the difference of free
energies in the case of pure materials translates to the difference of grand
potentials for alloys. Note: Strictly speaking, the grand potential is defined
in terms of the number of particles of the various components written as
F - Zfi_ll wi;N;, where F is the free energy of the system of N particles,
and N; is the number of particles of component i, while pu; = —F In the

ON;
discussion on phase-field we require the energy densities of the respective

phases, and hence, the energy of the system is generally divided by the
volume of the system, which for the case of 1 mole of particles would
be V., which is the molar volume. Also, the number of particles can be
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written in terms of the concentrations “mole fraction® through the relation

N; = ¢;N,, where N, is the Avogadro number. Utilizing this it is easy

OF 0
N ——
to see that "N, = V= ae;

the molar volumes of all partzcles the same. This implies that the total

, where F' = fV,, and we have assumed

grand potential can be written as V,, (f — 21:11 Mi&') , giving us the grand

potential density as (f ZZ 1 ,ulcz). This is the form, which is used in

the entire dissertation.

6.1.3. Evolution equations

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

ot - | (@(T,u7¢>)+(ea<¢,V¢)+iw(¢>)>dﬂ.

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

99a :€<V_aa<¢,v¢> B aa<¢,v¢>> 10 (¢)

o O b O T2 00
oV (T, p, @)

—A
9P ’

where A is the Lagrange parameter to maintain the constraint Zgzl b = 1.

a (¢, V) represents the gradient energy density and has the form,

N,N
i (¢, Vo) = Z 5 [0e (4as))? [gas]®,

a

QH
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where ¢og = (0o Vs — ¢3Vda) is a normal vector to the af interface.
¢ (gap) describes the form of the anisotropy of the evolving phase boundary.
The double obstacle potential w (¢p) which was also previously described
in [33, 79] can be written as,

16 N,N

ﬁ/(¢): T2 Z GapPa®p,

a,B=1
(a<B)
N,N
> asp TapPadp

NN
Ea< B (ba ¢ﬂ
where 7,4 is the relaxation constant of the af interface. The evolution
equation for the concentration fields can be derived as,

where 7,4 is the surface energy . The parameter 7 is written as

)

ac_ K—1
5 = Vol 2 Mi(0) Vi |- (6.8)
j=1

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

N-1
M;j (@) = Z M9 (@)
a=1

where each of the M/} is defined using the expression,

9cs (. T)

MY = D<
() ) a‘u]

The function g, (¢) interpolates the mobilities and is in general not same as
he (@) which interpolates the grand potentials. Dy are the interdiffusivities
in each phase a. Both the evolution equations require the information
about the chemical potential . Two possibilities exist to determine the
unknown chemical potential p.

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

-1

N (0% n
{1y = ) - [Z ho () 2T

N
{Ci - Z C? (/J'an) ha (¢)} ) (69)

where {} represents a vector while [] denotes a matrix. This is
precisely the approach in the KKS model [55]. However, there is a
substantial difference, in that we propose to solve directly for the
thermodynamic variable p, which relate the phase concentrations
c§', instead of solving for phase concentrations themselves. This is
possible because the concentrations ¢ (u, T) are written as explicit
functions of the thermodynamic variable p. The method also bears
similarity to the method of [27, 114], where a partition relation is
used to close the relationship between the phase concentrations.

e Alternatively explicit evolution equations for all the K — 1 indepen-
dent chemical potentials, can be formulated by inserting the con-
straint equation (6.7) into the evolution equation for the concentra-
tion field, Eqn. (6.8). For a two phase binary alloy i.e. (¢ + ¢g = 1)
and c4 + cg = 1, the evolution equation can be written down as
follows,

dc* (1, T) ac” (u, T) o
(Wha (@) + o (1—hqo (¢’))> %

v (000 ) 27D 4 0 - g o) 2T ) -

Oha (@)

(Ca (:u’v T) - CB (M? T)) ot y

where ¢ (1) are the phase concentrations as functions of the in-
dependent chemical potential . D®, D? are the independent inter-
diffusivities in the two respective phases. It is noteworthy that this
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equation looks very similar to the evolution equation of the tem-
perature field in pure materials. The last term on the right hand
side ¢ (u, T) — ¢” (u, T) corresponds to a source term for rejection
of mass at the interface during growth, which is analogous to the
release of latent heat in pure material solidification. For a general,
multi-phase, multi-component system, the evolution equations for
the components of the chemical potential g can be written in matrix
form by,

-1

o _ % dcg (p,T)
{at}_ ;hm) )
K—-1 N 8ha
VoY My (9) Vi - S (1) P2 @R (0
J=1 o

The above derivation bears a lot of resemblance to the recent derivation by
M.Plapp [91]. It is worth to comment on how the two methods compare
in the computational complexity. For this, it is first essential to identify
the similarity of the approaches, as can be seen by comparing Eqn. (6.9)
and (6.10) as follows. Consider the case when Eqn. 6.9 is written for the
case of binary which reads,

n+l _ M" + c— Z(Jxvzl c” (Iu‘n’ T) hOé (¢)
N Oc® (p",T) ’
D=1 Tha (#)

(6.11)

I

where we intend to calculate the p for the next time step (¢t + 1), u”
being the start guess for the iteration which satisfies the equation ¢ —
25:1 c® (u"™, T) he (¢p) = 0 for the values of ¢ = ¢® and ¢ = ¢° at the
time step ¢. Expanding the second term on the R.H.S in the Eqn. 6.11 for
small change in time dt, we can write,

n+l _  n _ c? — Zivzl c® (/’an T) h’Oz (¢O)
: = N O (u",T) M
Za:l Tha (d) )
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% N o, n Ohq (¢O)
at _Zazlc (,LL 7T) at

N O (u",T) 0
D a=1 Tha (@°)

ot

+0 (5t%).

Note, additional terms arise out of the linear expansion, but we simplify
using the fact that ¢? — 25:1 (™, T) he ((bo) = 0. Using the same fact,
the preceding equation simplifies to,

Oc Ohg, (0°
n+l _ , n - — Zg=1 c® (ILLn,T) w
H - o _ | Ot 5o T ot +0(5t),
N ) o
Za:l aM h‘a (¢ )

which in the region of small enough 0t implies convergence is achieved in
one iteration and hence can be written as,

Ohey (@°
op [V a2 e )y DA D
o, = e (™. T

ot 22\721 c g‘iuy >ha (¢0)

The derived equation is identical to the binary variant of Eqn. 6.10. It is
not surprising to see the similarity since we are essentially solving for the
same variable g and the difference is, while Eqn. (6.9) is an implicit type
of calculation scheme of the chemical potential, the other, Eqn. (6.10)
describes an explicit computation. It would be interesting to compare the
performance and accuracy of both methods.

6.2. Asymptotic analysis

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

oY, (T,
Ya (T,,u) = VU, (TyﬂeQ)‘F% (:u_ﬂeq).
H Heq
The driving force AF'® is then:
Ohg,
AF® = (Uo (T, ) — Vs (T, 1)) %(‘f’)
L (R o) Y, 0@
a/J Heq a/}, teq eq a¢a )
o Oha (¢
- (C ('ueq’T) —’ (Nequ)) (1 = fheq) (%15()7

implying the evolution equation for the phase-field for a two phase system
can be written as follows,

¢ . 0% 16 _
2 a2 [
TapE 815 =& 0apB 81‘2 - ﬁo—aﬁ (1 — 2¢a)

Ohg (¢o)

Do

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

452 (¢ (teasT) = € gy ) (1~ i) (6.12)
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we have D < D? the evolution equation for the chemical potential of a
binary system reads,

ac” (u,T)

o
ac” (u,T)
o

(30“ (1. T)

a‘u ha (¢O¢) +

(1 - ha (¢o¢))> % =
) ) (e ) = 2 ) i)
(6.13)

v (070 g 0)

We non-dimensionalize the system of equations Eqn.(6.12) and Eqn.(6.13)
by choosing the length scale d, = L‘f
d? !
the system, the time scale t* = D—% with D? being the diffusivity in the
DﬂTag

Oap ’
The non-dimensional phase-field equation yields with the described scaling
parameters,

, where f* is the energy scale of

liquid and replace 7,3 with non-dimensionalized parameter ¢ as

2004 5 P 16

o = g g (1720
1 Ohq (fa

while the non-dimensionalized chemical potential equation can be written
as,
(800‘ (1, T) oc” (u,T)

o
au (]-_ha (¢o¢))> ar

ha (QSQ) + 6t -

op

CB (6% «
v (0 g0 220D (e ) - ) P f0)

For our further analysis, we choose the chemical potential equation for
the asymptotic expansions. For the case of one-sided diffusion, it has been
shown in various previous works [6, 46], that there exists a thin-interface
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defect called solute trapping when simulations are performed with interface
thicknesses, orders of magnitude larger than those of a real interface. The
methodology proposed to correct this effect, is the incorporation of an
antitrapping current in the evolution equation of the chemical potential.
While such expressions have been derived for double well type potentials
[30, 46, 54], the case of the double obstacle potential is untreated so-far.
We complete this gap by deriving the thin-interface limit of the model
for a double obstacle potential and formulating an expression of the anti-
trapping current j,; for the case of one-sided diffusion. We follow the
formulations described in literature and incorporate the anti-trapping
term, as an additional flux of solute from the solid to the liquid in the
normal direction to the interface. The modified evolution equation for the
chemical potential along with the antitrapping term is,

c* B
<a£§Z’T)ha (¢a) + a(;Z,T) (1—hq (qﬁa))) % =
Cﬁ e} [e3
V- ((1 — Ya (¢a)) WVM — jat> — (Ca (,LL7T) — ch (M,T)) ahT(:ﬁ)

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

8¢o¢ dap
ot |QO¢3|’

jat = S (¢o¢) € (CB <M7 T) —c (M7 T))

where, s (¢,) is a function, such that the chemical potential jump vanishes
at the interface. ¢ng is the normal vector to the interface, given as
(0aVop — 03V 0a). To see this, use ¢po = ¢g, for the case of a binary
interface between the o and the B interface. Then the vector qog reduces to
6oV (0 — ¢a). Since the gradient of the scalar field (¢ — ¢a) is normal
to any contour (¢p — ¢o) = const, we have V (¢pg — ¢o) normal to the
contour (¢p — ¢o) = 0 which defines the binary interface.

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

O0¢a Vo

u = () (¢ () = e (1)) Tt
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Note, all terms in the above equation are used in the non-dimensional
form, so € is the non-dimensional parameter related to the interface width
and t is the non-dimensional time. Writing the phase-field and chemical
potential evolution equations in one dimension, we have

8¢a 82 82¢a 16

2
o = o T T
Oha (90)

5€ (Ca (Meqa T) - CB (Nequ T)) (/1' - ,U/eq) W

c” e
(a(;Z’T)ha (¢a)+aé’Z’T)( (¢a))) 88;:
CB X
;; <(1 = Ja (¢a)) wgg s (da)e (P (T) — ¢ (1,T)) a;st> -
Oha (9a)

(ch (M)T) - Cﬁ (/’67 T)) Ty

which on transformation to the moving frame (fixed to ¢, = 0.5) be-

comes,

2900 _ 2000 _ 10 (1 2+

=¢
—Gue Ox Ox? 272

%E (" (tteq: T) = € (preq, T)) (1t = fteq) g(;;%)~

c c?
- (PR o) + 2T (1= (0 ) v =

o ¢ o
0’8 o
g (0= 00 (0 P s 0u)e (¢ 0, T) = e ) 2 )+
b (6)

v (Ca (/J,T) - Cﬁ (,L"vT)) Ta

Vo
where v is the non-dimensional velocity scaled as D— To perform the

asymptotic analysis, the region of evolution is divided into three parts.
The “inner“ region where there is rapid variation of the phase-field ¢,
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and chemical potential u, and two "outer” regions which denote regions
where there is little change in the phase-field ¢,. To probe into the inner
solutions, we scale the co-ordinate with the parameter £ by introducing a

x
scaling parameter n = —. With this scaling, the equations rewrite to,
€

a¢a 9% 16

o2 22 (1—2¢a)+

%5 (Ca (Meqa T)— c’ (Meq7 T)) (- Meq)

—CQue
Oho (¢a)
0pa
ac? (u,T) vop

Thtx (¢a> + T (1 - hoc (¢a>)) c 877 -

19 oc? (u, T) O
2o ((1 = 9o (¢a)) auan) +

Lo (5900 (@ ) = e ) )+
(e 0 T) - ¢ ) Pifn),

The strategy is to write each of the outer and inner solutions as powers
of the scaling parameter € and match the outer and inner solutions order
by order ‘The outer solutions are denoted by 1 and (ﬁa and are expanded
by, ¢a ¢0 + 5(/)1 + 52¢2 and 1 = ,uO + Eul + 242, The i mner solutions
similarly writes, ¢o = ¢2 + el + e2¢2 and p = pu® + ept + &2p?. The
matching conditions between the outer and the inner solutions can be
written by expanding each of the outer functions u0, u!, 42 as an expansion
around = = 0, i.e x = (0 + 7¢) and equating them to the corresponding
values of the inner solution: So all the derivatives are computed at the
position = 0, marking the interface, at ¢, = 0.5.

im 0 = O 14
77hrin i 1O (6.14)
— 8;6 +

: | : 1|+
77hrin W= nhrin (u [*+n e (6.15)
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AR = IR (Eiiﬂ?j R ) (6:16)

and, the derivative matching conditions:
ngr:ilooaal;o =0 (6.17)
o = (R ) e

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

6.2.1. Sharp interface limit

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

40 16
G ot (1—-2¢%) =0.

0

d 4
Integrating yields, aina =——+/#% (1 — ¢9), where the sign results from
7r

the boundary conditions, lim,_, 4 ¢% = 0 and lim,,, _ #° = 1. The
lowest order chemical potential equation at order 1/&? is,

10 acP (u°,T) OO
e <<1_ga (¢5)) gu )5,‘7> =0
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Integrating, the above equation once we get,

ocP (uo, T) ol

— 0 P e A —
(1 =90 (60)) =575 Ay (6.20)
B (0. T
We observe lim,_, ga (qbg) = 0 and the factor cg;’) is non-zero.

Using the matching condition in Eqn. (6.17), we derive that A; is zero.
Inserting A; = 0 into Eqn. (6.20) and integrating once we get the follow-
ing,

pt = uo.
10 is an integration constant. To fix the value, we insert this constant in
the phase-field equation at order e that reads,

a¢0 a2¢1

Oha (¢2)
—up = an? —

o
For brevity we determine the constant (u° — jie,) from the solvability

condition. It is useful to identify an useful operator which derives from
the phase-field equation at zeroth order as follows,

¢’1 ( “ (peg, T) — c? (Heq T)) (:“0 - P‘eq)

2?¢° 16
o —ﬁ(l—wg) = 0.

Differentiating, the above equation and re-arranging we get,

9 16\ 8¢
4+ ) e = 21
<5n2+7r2> o =0 (6.21)

2

The term in the brackets an -5 + —5 is a linear operator and we define this
T
as L. Using this linear operator the phase-field equation at order ¢ is,

Oha (¢2)

Do

900 1
Loy, = ;; 3 (™ (pteq: T) — ¢ (pteq, T)) (1° = f1eq)
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0

From Eqn. (6.21), we see that a—o‘ is a homogeneous solution of the

operator L, hence the solvability condition for a non-trivial ¢}, reads,

e 9N,
[ e (377) o=
Oha (02) 092

<1
/—oo 5 (ca (MEan) - Cﬁ (Hean» (MO - ,Ueq) Wainan'

2 Y

0\ 2 0
({M)O‘> on ! and [~ Oha (d)a)@

Maki f the integrals [~ = —_—
aKing use o e 1 egrasfioo ( 877 —c0 (9%

—1, the equation simplifies to

0 _ = _CU
(1” = heq) (€? (peq: T) — ¢ (fteg, T))

(6.22)

This is the departure from the equilibrium chemical potential in the sharp
interface limit.

6.2.2. Thin interface limit

For, the thin interface correction we solve the chemical potential equation
at the next order at 1/¢,

_(wwmm%@%+wmﬂm@_%(m>ww:

o “ op “7) e on
N e )
-~ (vs( 0) (¢f (W0,T) — & (u0,7)) ‘fﬁ) n
e 1) o (oo, 7)) e O8] 029
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Note, at order 1/, there are additional terms. However we make use of
the fact that p° is constant and hence all its derivatives vanish, so that
Eqn. (6.23) simplifies to,

N s B

i (560 (€ 0.1 = 7)) )

o (¢ (W0,T) — ¢ (40, ) 8}‘“857"53).

Integrating this once we get,

((1 ~ 90 (95)) W%‘;) =

—o (s02) (¢ 01) — e 0. G ) +

0 (e (10.7) — ¢ (10.T)) b (60) + Ao

P (0, T)
) au
0
is a positive constant, % — 0 and h, (qbg) — 1. Therefore, the value of
Ui
Ay =

- (CB (uo, T ) —c” (,uo, T)) Substituting this in the above equation and
re-arranging we get,

o 7G0T~ ) (o) 15 00) )
an P (u0,7T)
op

To fix Ay we take lim, - _ . which gives, (1 — g (¢o)) = 0

(1= ga(¢2))
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) 0
o (60) — 15 (60) 20
On as 1 (¢2).
(1= ga (42))
Substituting this in the preceding equation and integrating we get,
3 0 L 0 n
1_77 U(C (/‘vT) c (/LaT))/ 0 24
pt=pt+ 97 (10,7 7 (¢a) on. (6.24)
o

For brevity we denote the expression

To obtain the integration constant u!, we write the phase-field equation
at order €2,

2004 _ 2 9°02

o on on? +

16 2 (60
g ¢2 - 52(’251 (c* (teq, T) = € (p1eq, T)) (1 = fteq) &45(2¢)+

Ohe (&0

%62 (¢ (teq: T) = € (peq, T) ula;f)

2 _ 8(;51

1 2h,, g Ohe, 3
= 5 (€ (eq, T) = ¢ (1eq, T)) |00, (1" = preq) aqs(; ) aqgf )

The solvability condition for a non-trivial ¢2 can be derived as,

904, ngo
/ v on 877
[ ld)l (¢ (pteq: T) = ¢ (eg, T)) (1° = preq) [“)(b(j5 2 ad)a@ -
o 1 ¢0 8 o
/WQ( (tteg: T) = ¢ (pteq, T)) 1" (%Sa ) 5;76 (6.25)
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To see the nature of the first integral, we make use of the fact that ¢},
satisfies the phase-field equation at order ¢ which reads,

0 0
Lot = G2 e g ) = G ) (0 — ) 2 Gl

2 a

The phase-field profile ¢2 is part of a ginus curve and hence is an odd-

0
function, which implies its derivative % is even. Similarly, the interpola-
Ui

Oha (47)
. . . N 0%

is an even function. In order to realize this, we utilize the anti-symmetric
property of the interpolation function with respect to the n = 0, and
equivalently where ¢, = 1/2,

tion function hq (¢2) is an odd function and hence the function

1 1
ho (95,(N) =5 = 5 —ha (5 (-m)).
Differentiating both sides with respect to n and using the even property
0
8i we derive,
n
Oho (¢a (1)) _ Oho (¢a (—7))
0 o ’
Oha (9o (n))

which proves is even. Conversely, differentiating again implies

9ha (da (n)
Op0?

directly find that the R.H.S of equation Eqn. (6.26) is even. Combined
2

1
with the fact that the operator L is of the form 86 S, which does not
n?

modify the characteristics of the R.H.S, we derive that ¢! is even. Putting
all the arguments together results in the implication that only the second
integral with the term p! in the solvability condition Eqn. (6.25) does not
vanish and the solvability condition simplifies to,

> 1 ?5) 092
/_002( (Neq7T>_cﬁ(ﬂeq7T>)N 3(;Ea ) ;T]a

9¢a

the second derivative is odd. Using these properties we
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Inserting Eqn.(6.24) for p! into the above solvability condition, we derive
an equation for u! given by,

(T = (W0 T)) [T or o] Oha (60) 960
W= (0, T) /wuﬂwﬂmy%%~
o =N

With the short hand notation M we can write,
B (0 _ a0
1 (P T) = e (W) ( /" 0 )
= M .
m 503 (0.7 v + ; r(¢2) On
O

The thin-interface limit which denotes the macroscopic chemical potential
at first order p; can be derived by using the lim,_, 4., and the matching
condition in Eqn. (6.18) and giving,

o' _ ou0 [t
n—irinoo oy Oz
(D) - (1),
- acP (10, vr (do£)

o

where ¢0 + denotes the value of ¢ at the respective bulk sides. Employing
the matching condition given by Eqn.(6.15) we have,

— 910
plF = lim (ul—n .

0
n—=4oo

Oz

T e (0 T)
- 508 GO.T) v (M + F*), (6.27)

op

where we define F|* as follows,

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

/0°° (r(¢3)+1)5n=/0_oor(¢3)3n,

0

where we have made use of the fact that 6—“ is zero at 7 — £oo and

ho (¢2) —1— 0 at n = —oo and h (¢%) = 0 at n = +co. We notice, that
these are properties directly related to our interpolation function h,, (¢>g)
We intend to retrieve the same properties (implying 7 (¢o) = h () — 1),
which is a reasonable choice, then we get s ((;53) as,

9o (¢a) (1= (7))
008 .
on

s (¢a) = (6.28)

With this modification we define F := F'+ (: F*) and the macroscopic
chemical potential p; at first order in Eqn. (6.27) yields,

— 90
pl* = lim (ul—n s

eE=
n—+oo

Oz
@D e (1)
ach (uO,T) ’
op

and the chemical potential until the first order in € writes 1| * = u° +5/7|i,
which upon subtracting p., from both sides becomes,

P (0, T) — (1P, -
( (Ma?wm()“ )y (i1 + 7).
o

ﬁ|i = Heq = (:uo - Neq) te
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Putting all physical properties in their respective dimensions, we get,

(2 (W, T) — e (0, 7))

o) (8;i,T)

V(M +F), (6.29)

ﬁ|i ~ Heq = (NO - Ueq) te

where ¢ is hereafter, in dimensions of length.

6.2.3. Kinetic coefficient and the antitrapping
current

To relate the total departure from equilibrium at first order in € given
in Eqn. (6.29) it is customary to write the modified temperature of the
interface T due to the Gibbs-Thomson effect written as,

T =Ty — |mslc? =Tk — BV, (6.30)

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

T="T,— |mﬁ|ClB (:U‘€CI7 T) : (631)
With this, the Gibbs-Thompson equation is modified as,
(T — [msle}) = (T = [mp|c? (1eq, T)) = T + BV (6.32)

The first bracketed term on the left hand side is the modified melting point
of the interface due to constitutional undercooling because of the shift
of interfacial concentration cf with respect to the equilibrium liquidus
concentration at this temperature c” (tteq, T'). The second bracketed term
is the temperature of solidification. Their difference is nothing but the
equivalent undercooling AT, which matches the Gibbs-Thomson equation
of a pure material. Since we are here treating only one dimensional
problems, curvature undercooling drops out and the effective undercooling
reads,

AT =mg (¢ (peq, T) — ¢;) = BV. (6.33)
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In order to relate the undercooling at the interface, AT which is the
macroscopic undercooling at first order, to the deviation of the macroscopic
chemical potential from equilibrium in the thin-interface limit, we multiply

p T
Eqgn. (6.29) by mgw such that the left hand side of the equation

is nothing but mg (cf -cf (ueq,T)>and alternatively —AT. With this

modification, the total Eqn. (6.29) becomes,

__ acP ca, T
—AT[F = mﬁc(g;)[(ﬂo ~ eq) +

P (0, T) = (U0, T L
NGat a)cﬁ (MO(’”T) >>V(M+F)] (6.34)
(o) 20D

Using the result obtained in Eqn. (6.22), inserting the appropriate di-
mensions and substituting the relation between the undercooling and the

kinetic coefficient, (Zﬁi = B|*V) we derive the equation of the kinetic

coefficient (5 |jE = B) as,
9c” (pteq, T)
5_ T e y
(CB (Mem T)—c> (Meqa T))
P (u0,T) — ¢ eqr T) — ¢ (preq,s T . -
SNCIE B SR T
) L
(6.35)

Now we make the approximation
(P (10, T) — ™ (10, 1)) =~ (? (pteq, T) — ¢ (pteq, T)), which is valid for
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small driving forces. Utilizing the approximation, the expression for the
kinetic coefficient until the first order becomes,

acP (/‘eqv T) 9
= O (¢” (peg, T) — * (peq, 7)™ = =
p= (CB (Meq, T) —c® (Meqv T)) Tes acP (/‘07 T) (M " F)
(D#) —on
(6.36)

An alternative form can also be written using some basic thermody-

9 (peq, T)
1

namics relating with the latent heat of transformation L,

d
using the Clausius-Clapeyron equation for alloys which writes g}q =
Opteq dc” (freg, T) _ L~ . Using mg = de? (feg, T) ,
acP ar T (P (freq, T) — ¢ (fteq, T)) dar
e’ (peg, T')
we derive, Op = —. This gives an equivalent form

(P (peq, T) — ¢ (peq, T)) L™
for the kinetic coefficient as,

5 T (Cﬁ (lu@q’ T) —c* (,Ufeq> T))2 ~ ~
B = Ta |Tes — 9 (30,7) (M+F)|. (6.37)
(D) —on

From this it is easy to see, that to perform simulations with vanishing
interface kinetic coefficient ( 8 = O) , one can choose the relaxation constant

Tap according to the relation,
o 2
(Cﬁ (,uean) —cC (/’Lean)) (M + F) (6 38)
ac? (u0,7) ) '
(DP) ———=

op

Tag = €

For the typical interpolation polynomials of cubic and quartic type poly-
nomial, when used in combination with the obstacle potential, the values
of ' and M are tabulated below,
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M F
h(9a) = 02 (3 — 204) 0.063828 | 0.158741
h(¢a) = @2 (10 — 150, + 6¢2) | 0.052935 | 0.129288

Finally, the anti-trapping current along with the derived s (¢g) in Eqn.
(6.28) is given by,

e ga (60) (1= ha (62))
N

064 Vou
ot |Véa|

(6.39)

Jat = (& (10, T) — e (1°, 7))

It in interesting to see the similarity between the equations Eqn. (6.38)
and Eqn. (5.29), used for deriving vanishing interface kinetics for the
case of solute diffusion and pure thermal diffusion respectively. The
similarity can be appreciated if we compare the evolution equations for
the temperature field and the chemical potential. The rejection of solute
P (tteq, T) — ¢ (f1eq, T) is analogous to the rejection of latent heat L.
Correspondingly, the mobility in the case of the thermal diffusion is K,

0
while it is D? GL for the case of solute diffusion. The resemblance is not

surprising since, both are diffusion equations, involving phase change at
the interface.

6.2.4. Effect of curvature and anisotropy

With the above analysis, we derive the expressions for the relaxation
constant and the antitrapping current, which are dependent on the chemical
potential at the zeroth order, u°. While in one dimensional problems, its
value depends on the local normal velocity and can be determined by the
Eqn. (6.22), in the presence of curvature, the Gibbs-Thomson condition is
modified through the contribution of the term proportional to ox which
modifies the sharp interface limit for isotropic surface energies, given in
Eqn.(6.22) in dimensional units as,

(MO o ) _ TapV n oK
“ (e (Neq7 T) —ch (,ueqa T)) c* (Meq7 T) —cf (Meqv T)
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The preceding equation can be derived by considering the extra term
arising from writing the laplacian in curvilinear co-ordinates represented
using the curvature x and the arc length as in [30, 50]. The value of the
chemical potential x° derived through the preceding expression, is difficult
to utilize in the expressions derived for the kinetic coefficient and the
anti-trapping current, since the values of the curvature and the velocity
are not known a priori. A work around this problem would be to use
P (u0,7T) N 0’ (peq,T)
o - o
departures from equilibrium relevant for most phase transition problems
occurring at lower undercoolings in the absence of appreciable interface
kinetics. The same approximation can also be applied for the the rejection,
¢ (10, T) —c? (u°, T) appearing in both the expressions for the relaxation
constant and the anti-trapping current, which varies little from its value
at at the equilibrium chemical potential for lower undercoolings.

which is valid for small

the approximation,

For larger departures from equilibrium we propose to dynamically evalu-
ate the expressions for the relaxation constant 7,5 and the anti-trapping
current. To do this we need the chemical potential in the sharp inter-
face limit which is the average value across the interface. Since this is
computationally time consuming to evaluate, we use the local chemical
potential for the dynamic computation of the above mentioned quantities.
This introduces an error of order O(¢?) and higher for the anti-trapping
which can be realized by expanding the term ¢ (u°,T') — ¢ (u°, T') around
the local chemical %otential . The highest order correction would be
(e}

ai — 8i (MO — ,u), where 1° — p is at highest order
on O

proportional to O(g) rendering the leading order correction due to this
implementation of the antitrapping current proportional to O(g?). A
similar result can be derived for the case of the relaxation constant 7,4.
Since, in the thin-interface limit, we only claim to derive the relations
with accuracy of order O(e), this scheme should be certainly acceptable.
Another point worth mentioning regards the treatment of anisotropy in ki-
netics. While using Eqn.(6.38), problems with vanishing interface kinetics
in isotropic situations can be treated, in order to achieve interface evolu-
tion with non-vanishing interface kinetics in the case of isotropic system,
would require the back calculation of the relaxation constant through the
Eqn.(6.37). The more realistic situation of anisotropy in surface energy

proportional to (
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and kinetics can be treated through a modification of Eqn.(6.38). We
follow a route suggested in [48, 50] of a simple derivation, by writing the
equations of motion for the normal direction but excluding curvature. The
anisotropy in the surface energy is affected by writing the gradient energy
contribution as yoae (n)” |ges|2, where n is the unit normal vector to the
dap
‘Qaﬂ‘
energy. A similar function 7,4 (n) is used for tailoring the anisotropy in
the kinetic coefficient. The major modification in the asymptotics through
this calculation, is the transformation of thg) gradient in the phase-field
profile at leading order which becomes, 9%a _ é\/gbg (1—¢9).
on ac (n)
Incorporating this result in the asymptotics, yields the following expression
for the kinetic coefficient,

interface defined as

and a. (n) describes the anisotropy in the surface

fod T | Tap (n) (CB (feq, T) — ¢ (Heq, T))2
ﬂ(n)*ﬁ ac(n) *Eac(n) ( B)w (M+F)
0]
8 (6.40)

To achieve vanishing interface kinetics in all directions we can choose,
Tap () as 7) gaZ (n), where 77 ; is derived from the expression in Eqn.(6.38).
The case of anisotropy in kinetics would however require a more careful
evaluation of the functions. Lastly, we would like to recall that a lineariza-
tion of the grand potential around the equilibrium chemical potential was
used for deriving the asymptotics. This is valid for small departures from
equilibrium in phase transitions occurring at low undercoolings, where
interface kinetics is absent and small. For certain situations at very high
undercoolings and in the presence of strong kinetics, there might arise
a situation where this linearization does not hold. This depends on the
nature of the grand potentials and the magnitude of departure from equi-
librium. The linearization is however only a simplification which can be
easily relaxed resulting in the modification of the sharp interface limit for
isotropic surface energies through the relation,

Vg (T, 1°) — Oy (T, 1°) = 0k + TapV. (6.41)
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The derivation of the deviation of the chemical potential however, depends
on the nature of the grand potentials, where expansions of the grand
potentials, until first or second order in the term pu° — fteq might be
necessary. The expression for the chemical potential at first order remains
unchanged. However no general rule exists for estimating the validity of the
linearization used in the asymptotics and the departure from equilibrium
must be used to estimate the difference between the linearized and the
original grand potential description, before reaching a conclusion.

6.2.5. Multicomponents and multiphases

One must note that although, the present study has been performed for
the case of two-phase alloy solidification, this is not a limitation and the
analysis can be easily generalized similar to earlier works [30]. For example:
the anti-trapping current for the case of multi-phase, multi-component
alloy solidification, where all the solid phases have zero diffusivities can be
obtained by averaging each of the individual fluxes for each component 4
given by,

oty _ 7= ga(9n) (1 =ha (90)) ( s o 990 Veba
U= g @ D W) SR

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

al Voo Vo
oc>—>l o a 1
et g Jot ( Vol |v¢z|)'

Other possibilities also exist, and the generalized normal vector g,; can
itself be used for the projection. Similarly, the relaxation constant for
a vanishing interface kinetics for the phase transitions from « to £ for
more than two components can be obtained as an extension of our present
analysis, where the expression for the case of isotropic surface energies can
be easily seen as a modification of Eqn.(6.38). We modify Eqn.(6.29) and
derive the corresponding expression for two-phase multi-component system
of K independent components, by solving for the system of equations for
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each of the components of the vector p, at first order in €. The expression
is given by,

~ , , - ac’
Vil = g} = {1 — eg} + eV (M + F) ijaﬂ {e (u0,7) = e (w0, 1) }

Note, in the above notation [] represents a matrix while {} represents a
007 (T, preg) 09 (T prey)
O Opi

vector. Multiplying, throughout with

(65 (Hegs T) = & (begy T) ] we derive,

[C? (NetﬁT) - CiB (NetﬁT)} {ﬂl|i - “éq} =

[ (e T) = ¢ (1o )] {0 = iy} +

- ac’
eV (M +F) {c? (g T) — ¢ (ueq,T)} Dgauﬂ {cf (10, T) — ¢ (“07T)}.

The first term on the right hand side of the preceding equation is given
by the sharp interface limit 7,5V, and to derive vanishing kinetics, the
left hand side of the equation should vanish, which gives the following
relation for the case of isotropic free energies in the case of multi-component
systems:

TaB =

8 50 (w0, 1))
€ [Ci (:u’ecﬁT) - (“eq’TﬂlxK [Dz‘jlaﬂj

KxK

{ (W 1) = (1)} x (W1 +F), (6.42)
K being the number of independent components in the system. A similar
expression can be seen in the work by Kim et al.[54].

From the above discussion we have all the corrections that we need for
performing quantitative simulations. The corrections to the Stefan con-
dition at higher orders, that are the interface stretching and the surface
diffusion, vanish when anti-symmetric functions are used to interpolate
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the phase diffusivities, g, (¢o) and hq (¢o) for the grand potentials which
are applied from results derived in previous literature [30, 46].

6.3. Conclusions

We present a multi phase-field model based on the grand potential func-
tional. This modification enables to effectively decouple the bulk and
interface contributions which in turn allows to upscale the length of simula-
tions. This formulation is consistent with existing quantitative phase-field
models and places it in a common framework starting from a grand poten-
tial functional. We perform an asymptotic analysis of the derived model
and obtain the thin-interface limit for the kinetic coefficient and an expres-
sion for the anti-trapping current for the special case of double obstacle type
potentials. It is noteworthy to mention that, computationally, the obstacle
type potentials are more efficient because the interface is finitely defined.
Hence, computations of the gradient terms can be finitely limited to a fixed
number of points in the interface. This computationally efficiency was
offset until now because there was were no existing thin-interface limit and
no expressions for the anti-trapping current for these type of potentials.
This precluded the possibility of performing any quantitative simulations
for the case of alloys. However, with the present thin interface asymptotics
this can now be realized. With such modifications, quantitative simulations
of multi-phase, multi-component systems at larger scales have become
computationally feasible.
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7.1. Introduction

Phase-field modeling has become a fairly versatile technique for the treat-
ment of problems involving phase transitions. In particular, problems in
solidification involving multi-component alloys, are fairly elegantly treated.
A key ingredient while performing phase-field simulations for the case of
phase-transformation in alloys are the description for free-energies of the
respective phases. While thermodynamic databases such as CALPHAD
provide the necessary information, it is often convenient to construct
simpler descriptions in the region of interest, in order to perform computa-
tionally efficient simulations. With this motivation, we take a brief survey
of the available solution models and the relevant simplified constructions
that are possible while retrieving the correct physics. It is important to
note that although, the free energies provided by the CALPHAD databases
are Gibbs- free energies, the same can be used for phase-field simulations
where the conditions are at constant pressure and constant system volume.
In such cases, the Gibbs-free energies and the Helmholtz- free energies
which are required for phase-field simulations differ only by an integration
constant.

7.2. Solution models for binary alloys

The solution models, that are normally used for fitting to the various
binary alloys, fall into three categories,

e Ideal solution models
e Regular solution models
e Sub-regular solution models

An ideal solution model can be characterized when, there exists no atomic
interactions and the excess enthalpy of mixing and excess mixing entropy
are zero. The corresponding expression can be exemplary written in the
following form for a binary alloy as,

G = caGY% +cG% + RT (caln(ca) + cpln(cp)),
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where GY and G% are the reference free energies of the components A4, B
with the crystal structure of phase a. The next extension, is the case,
where, there exists an interaction between the two atoms of different type
and the corresponding interaction energy is denoted by the term Q4p.
However, the interaction is symmetric. The enthalpy of mixing is non-zero,
but there exists no excess entropy of mixing. The regular binary solution
model is given by,

G = cAG?L, + cBG% + Qapcacg + RT (caln(ca) +cpln(cp)).

The final step in the generalization, is of course where the interaction
parameter is not symmetric with respect to the two atomic species, but is
a function of the concentration. This is sub-regular solution model written
as,

G* = CAG% + cBG% + (caAQap + c5Qpa)cacp+
RT (caln(ca)+cpln(cp)).

In general all of the above models, can be treated as special cases of
the Redlich-Kister Polynomials. While higher order descriptions are also
possible, it is often desirable to limit these descriptions until the sub-regular
type, such that the eventual construction of ternary and multi-component
systems is less complex. However, in relation to phase-field models, one
does not require, the information of the free energies in the whole range
of concentrations, as the departure from equilibrium is in most cases in a
very small range. In the following discussion, we look into the properties
that are required, in order to derive a minimalistic construction of the free
energy data while deriving the right physics.

7.3. Basic thermodynamics

When performing phase-field simulations, one of the most important
requirements is the correct coupling of the phase-field evolution to the
concentration equation, namely the relation between the driving force and
the surface tension through the Gibbs-Thomson equation. For the case
of alloys, it is derived in the following discussion, by equating the driving
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force for phase transformation(grand potential difference), to the capillary
force given by,

AV = 5aﬁ/i,

where AW is the driving force for phase transition from « to S written as,
Vg — W,. G,p is the surface tension of the interface between the phases o
and 8. We can relate the difference in the grand potentials to the shift
in the chemical potentials from equilibrium through a linear expansion of
the grand potentials about the equilibrium chemical potentials giving,

ovs e A — 5
—_— = = Gagk
where Ap is ft — fteq, fleq being the equilibrium chemical potential. Using
the thermodynamic relation Ei —c, we derive,
"

(c"‘ — cﬁ) Ap = Gk

Next we expand p about the equilibrium compositions of either phase, to

derive Ap = 9% (c — ceq) = 52 Ac”, which upon substitution in the
c c
Gibbs-Thomson condition derives,

From the above discussion, it is clear that the shift in the equilibrium
concentrations varies inversely as the second derivative of the free energy
with respect to the concentration and the magnitude of rejection of solute.
Hence, in order to arrive at the correct Gibbs-Thomson effect the evaluation
02 fP
of 5e2
energies is important. To establish this, the simplest free energies one can
construct are indeed, second order polynomials. In the following, we derive
the methodology for the construction of free energy density descriptions for
binary alloys, and then extend it for the case multi- component alloys.

and the right solute rejection: (ca — P ), from the constructed free
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7.4. Description of binary alloys with
parabolic type
free energies

We start the construction of free energies of the respective phases with the
following type of expression for the free energies,

J* (T,¢) = A(T)¢ + B*(T)e + E*(T),

where the coefficients A (T'), B (T') and E* (T) are functions of temper-
ature T. Our aim is to fit a simplified form for the free energies utilizing
the data obtained from the CALPHAD databases for the specific system.
02 f 1 0%°Ge
B 0 = 7
puted at the equilibrium concentration of the phase at the temperature T,
where G*(T, ¢) is the free energy function obtained from the CALPHAD
1 0G«
Vi Oc
the database and compute B (T') by equating the first derivative of the
constructed free energies to the chemical potential from the database

giving,

We can determine the terms A (T) as com-

Ceq?

database. Next we derive the chemical potential fie, = le., from

B (T) = pieg — 2A% (T) Ceq-

The only term left out is F (T"), which is fitted by equating it to the grand
potential at the concentration c., given by,

E® (T) = \Ileq — A® (T) Cgcp

where V., = VL (G (T, ceq) — pregc). With these equations we can ade-
quately fit, all the coefficients in the constructed free energy at the given
temperature T. For a non-isothermal description it is essential to derive
the equations in the neighborhood of the temperature one is simulating
and perform a fitting in the temperature space. In most cases, a linear
temperature fit suffices.
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7.4.1. Mobilities for diffusion

To derive the mobilities, we require the second derivatives of the free
energies with respect to the concentration. This can be realized through
the following diffusion equation for a binary alloy written as follows,

Oc®

EZV' (M*Vp),

6 (&7
where M® is defined as Dai. From the free energy expression one can
derive, the concentration as a function of the chemical potential as,
c® (M) _ (M — B* (T))
2A~(T)

(0%

0
Using the relation ¢* (1), one can derive the relation é = W(T) and

hence the mobility M.

7.5. Extension to the case of ternary
alloys(three components)

The extension of the parabolic free energy formulation for the case of
ternary alloys is relatively straight forward. We write the free energies of
the respective phases in the following form,

[ (cascp,cc,T) = A% (T) ¢4 + B* (T) ch + C* (T) cp+
O%(T)ca+P*(T)cp +Q(T),

where A% B® C“ are the components and ca,cp,cc their respective
concentrations. To determine the coefficients of the polynomial, we follow
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the same route as before for the binary alloy, by first writing the second
derivatives with respect to composition as,

a2fa N N B 1 2G>
5 = 2(A%(T) +C (T)):W o
ana N N B 1 H52Ge
a2, =2(B*(T)+C (T)):V—m@
a2fa a2fa N B 1 aQGa
deacy  Ocgea 20°(T) = V,, Ocacy’

Through the above equations, we can fix the coefficients A% (T"), B~ (T)
and C* (T'). To derive the coefficients O (T') and P (T') we write the
two independent equilibrium chemical potentials as,

0G*~

80,4 ¢B

0G*
up = 2B¢ (T)CB—2Ca (T)Cc—l—Pa (T) v (363) .
m ca

ja = 24% (T) cq — 2C° (T) cc + O° (T)

= [

With the above equations all the terms in the polynomial can be fixed ex-
cept the term Q* (T'), which is be determined, by equating the grand poten-
tial at the equilibrium concentrations at the given temperature, to the value
obtained from the database given as ¥, = — (G (ca,cp.cc,T) — praca — BCB).

Vin
The coefficients A® through P“ can be written as,

N 1 9*G*

C (T) n maCACB
N 1 9°Ge o

A (T) = ﬁﬁ -C (T)
N 1 9°Ge o

B (T) - ﬁ@ -C (T)

O (T) = pa —2A%(T)ca +2C*(T) co
PY(T) = pup —2BY(T)cg +2C (T) cc.
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The concentrations ca (pa, pp,T) and cp (pa, up,T) can be derived by
inverting the expressions for the chemical potential simultaneously, and
the corresponding expressions are,

pa = O° (T) +2C°(T) _ pp — P* (T) +2C° (T)

. 20 (T) 2 (BO‘ (T) +C« (T))
i (pa,pp,T) = AS(T)+C(T) ce(T)
Co (T) B (T) + Co (T)
pa— 0% (T) +20°(T) g — P*(T) +20° (1)
) 2 (A% (T) + C° (1)) 2C(T)
cg (pa, p,T) = o (T) B (1) +C (1)
Ao (T) + C (T) Co(T)

To derive the mobilities we need the matrix,

ocy  0c
Opa  Oup
ocy 9 |7
Opa  Oup
which is inverse of the matrix,
62 fa 82 fa
a3 Oca0cp
ana 62 fa

aCBaCA aCQB
The inverse matrix can be evaluated as follows,
1
2[A(T) B> (T)+ B> (T)C*(T) + C>(T) A~ (T)]

(B° (T) + € (T)) —C° (T)
—C(T) (A* (T) + C* (1)

X
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7.6. General description for the case of
multicomponent alloys

To generalize the procedure for the determination of the free energies to
multi-component systems we start with K — 1 parabolas for each of the
K — 1 independent components which are chosen arbitrarily and write the
general form as follows,

K—1 K—1 K—1
A7 (TG + Y B (Dejer+ Y OF (T)ei+Q(T).
i=1 j=1,k=1 i=1
j<k

The coefficients BS, (T') are determined by equating to terms of the matrix,

1 g (0G“ . . . .
— | which are computed using the information of the
aCj 8ck £k

free energies from the databases. Similarly coefficients A (T') are evaluated
1 (03
by using the relation, A (T') = v [;ci (88(; ﬂ . The remaining coeffi-
cients O (T') are derived by equating the chemical potentials using the re-
lation, O (T') = pud —2A% (T) (¢§*) ,— > j=1 Bij (T) (cjof)d. The last term in
i

VED

the expansion is the coefficient Q® (T') which is fixed by equating the grand
1

potential to the value in the database, v (Ga (e,T) — ZK 11 pd (e Mg ),

where we have denoted the chemical pozcnentials and the concentrations,
used for fitting the coefficients for the free energy as u¢ and (c) 4 Tespec-
tively. The subscript “d“ is short for ”"determining values”. The values
of the phase concentrations as functions of the chemical potential are
linearized around these chosen values of concentration and chemical poten-
tial. The mobility matrix is derived from the fitted free energy function

i oG , which we denote
aC? 8cj

by inverting the matrix given by V,, [

(e}
G

Ky

(6 () = ()} + [ 5o | (= ).

as the matrix [ } The concentrations ¢ (p,T) can be written as
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7.7. Derivation of chemical potential

For the phase-field model using the grand potential formalism it is nec-
essary to derive the chemical potential u;, given the phase-field and the
concentration fields at a given point. The expression for the chemical
potential can be derived using the general expression for each of the concen-
tration fields as, ¢; = ij:l ?he (¢). Inserting the phase concentrations
¢ (i, T) as functions of p we derive,

N

oc
he, :
azzjl (¢) o

N
{ei} =D ()} aha (@) + ] {wi — i},
a=1

which can be re-arranged to derive the components of the vector p as,

N o1t N
(e~} = [Z ho (@) gﬂ] { =3 () gha <¢>}-
a=1 J

a=1

Note the calculation of the vector components is possible in this fashion
ac;
because the components of the matrix [l} are independent of p, being

J
functions only of temperature T for this special method of construction of
free energies.

7.8. Application for the case of AICuAg
ternary alloy

We obtain the information about the free energies of the phases a-FCC,
0 and the y-Hcp phases from the database created by Witusiewicz et
al [137, 138]. The energies are fitted around the cutectic temperature
Tg using parabolic free energy forms. The respective coefficients are
then linearly fitted as functions of temperature. (Details are given in the
following chapter).

Utilizing the free energies, the grand potential formulation is used to derive
the evolution equations for the phase-field and concentration or chemical
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potential field. Exemplary structures are portrayed, showing the growth
of lamellae in a given temperature field. Contrary to binary eutectics, we
find the growth front to be highly non-planar and the velocities of the
three phases to be very different. The occurrence of coupled growth is
not only a function of the undercooling but also of the lamellar spacing
and the imposed velocity. We find that the possibility of coupled growth
increases with decreased velocities and increased temperature gradients.

7.9. Conclusions

We present a simplified construction of free energies for phase-field simu-
lations using information from CALPHAD databases. The construction
allows for computationally simpler functions to be used, while retaining
the physics of the problem. One must note, that the fitting methods
adopted here, involves deriving the free energy data by linearizing about
chosen concentrations. Depending on the deviations from equilibrium, one
must adapt the fitting procedure, to avoid large deviations from reality.
In general, simulations mimicking experimental conditions, result in small
deviations of the phase concentrations from their equilibrium values. This
allows one to use the described procedure, to fit the energies around the
equilibrium compositions of the co-existing phases. Far from equilibrium,
would require dynamic adaptation of the fitted data derived out of the
local shifts in the equilibrium concentrations. Considering the simplified
nature of the fitting procedure, it is certainly possible to perform it even
during run-time when required.
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In this chapter we present test cases, where the modified model based on
the grand potential formulation, is utilized for the simulation of dendritic
and eutectic microstructures. For the case of dendritic growth, we consider
the Al-Cu alloy, while for ternary eutectic growth, we utilize the model
ternary eutectic system, created before for comparison with theoretical
analysis of coupled growth. Additionally we model the Al-Cu-Ag alloy for
some preliminary studies. We show exemplary structures, found generally
during solidification in each of the forthcoming sections.

8.1. Dendritic growth

The phase stability regions in the Al-Cu phase diagram containing the
a-Al and the liquid phase, respectively, are confined by nearly linear phase
stability lines corresponding to slopes of 45.3K/wt% and 2.6K/wt%, for
solidus and liquidus respectively. The phase diagram was modeled using
the ideal solution formulation, where the free energy density, f* (T, ¢) with
c=cy; 1s described as:

o) = (eng A o - oz, Sl
T(clne+ (1 —c¢)ln(1— c))) (8.1)

where the reference temperature for nondimensionalizing is chosen to be the
melting temperature of pure Al. The parameters L and T are tabulated
in Table 8.1, The Gibbs-Thomson coefficient T'y; is 2.48 10~7K/m [38],

Table 8.1.: Free energy parameters

LY ‘ Cu Al s ‘ Cu Al
@ 8.45 5.30 e 0.42273 1.0
liquid | 0.0 0.0 liquid X X

and energy scale f* is calculated from the Gibbs-Thomson coefficient
and the given surface tension. The modeled phase diagram is plotted in
Fig.8.1. With this choice of free energies, the functions ¢*/! (u, T') can be
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region between the a— solid and liquid modeled

determined in the following manner:

_ ( o (T_Tgu> _La (T_TZZ)>
H Cu™ Ta Al Ta
exp Cuf 7 Al
o T —
<ot . @-Ta) . T-T%)
M= Cu T - Al To
1+ exp Cuf*T Al
I
exp[ }
*T
dp,T) = —f,u
1+exp f*T}

Notice that we have written c® (11, T) and ¢! (i, T') as functions of a unique

1, as required by the gran

d potential formulation.
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8.1.1. Kinetics of diffusion and phase
transformations

The diffusion coefficients were set to D = 3-10713m? /s in the solid phase
and D! = 3-107%m?/s in the liquid. The anti-trapping current is defined
as a flux from the solid to the liquid side across the al interface as,

e hoz (¢) (1_hoz <¢)) o 8¢a V(ba
S e (€ )~ (D) T

(jat) =

where ¢? is the leading order solution of the phase-field equation, which is
also the equilibrium phase-field profile. With the anti-trapping current,
the diffusion equation is modified as follows:

dc

5 = V(M ($)Vi—(ar))-

The kinetics of phase transformation in experiments at the micro-scale,
occurs on a time scale that is orders of magnitude larger than the one
given by the atomistic relaxation. Hence, for such cases the time-scale of
interface relaxation is irrelevant. Therefore, it is desirable to have infinite
mobility for phase-field evolution, which implies that the response of the
phase-field, to a change in the coupled field is instantaneous. To achieve
this in the phase-field methodology, a thin interface analysis needs to be
performed, as demonstrated first by Karma [46]. We use such an analysis
for the case of an obstacle potential presented in earlier chapters and
in [18]. The results of the analysis give the choice of the relaxation time
constant w for the case of binary alloy as,

(Cl (feg, T') — (.Uequ)) (Cl (l‘ovT) — " (/‘OvT)) Y i

= M+ F
w € et (u°.1T) (M + F)
T (D) —r =2
op
(8.2)
— 1
With this choice, we obtain f = —— = 0, where pug,; is the kinetic
:ui@t

coefficient of the v, [ interface. M and F are solvability integrals depending
on the choice of the potential w (¢) and on the interpolation functions



8.1. Dendritic growth 189

Table 8.2.: Values of the solvability integrals for the employed interpolation
polynomials

Potential M F
he (@) = 32 (3 — 2¢4) 0.063828 0.158741
ho (@) = @2, (10 — 150, + 6¢2)  0.052935  0.129288

ha (). For the obstacle potential, the values of the solvability integrals,
corresponding to the two interpolation polynomials in use, are listed
in Table 8.2. u° for the case of binary alloys denotes the macroscopic
chemical potential at the interface, in the sharp interface limit. The kinetic
coefficient can be computed both for finite and infinite phase-field interface
mobility. For our computations, we set the vanishing interface kinetics in
all directions. Our simulations are performed with smooth cubic anisotropy
of the form,

ac(qap) = 1+ 0ag (3 _ 4|qaﬂ|§> ,
|qa5|

2
where |gas]i= Zj(qag)? and |qap|*= [Z?Zl(qag)ﬂ , d being the number
of dimensions. d,p is the strength of the anisotropy, which is set to 0.0097
for the chosen alloy of Al-4wt%Cu [67]. To have vanishing interface kinetics
in all directions, we employ the strategy illustrated in the earlier chapter
on Grand potential formulation and asymptotics, where we utilize the
expression for the kinetic coefficient given by Eqn. (6.40) and set the
relaxation constant as a function of the normal vector g,g given by,

w (qap) = woa? (qas) ;

where wyg is computed using the relation in Eqn. (8.2). This gives the

kinetic coefficient as a function of the normal vector n = ‘Zaﬂ | as,
af
2
= T CB Me7T _Ca(ue;T
B (n) = —a, (n) wo—s( (pteq, T) 570 2 )) (M +F)
L~ dc (u ,T)
T (D) ————~

op
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The term inside the brackets in the preceding equation vanishes by the
choice of wy and hence renders the effective kinetic coefficient, zero in all
directions. The same technique is adopted in the work by [50].

The simulation setup involves a free dendrite growing into an uniformly
undercooled melt. Utilizing the symmetry of the surface energy anisotropy,
we simulate one quadrant of the dendrite. The first benchmark involves
the proof of invariance of the dendrite tip velocities with varying inter-
face widths. For this, we set the nondimensional bulk temperature at
T=0.9843, where the melting temperature of the chosen alloy composition
Al-1.732At%, is T=0.99. Fig. 8.2 plots the dendrite tip velocities upon
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Figure 8.2.: Plot of the dendrite tip velocities simulated at a temperature of
T = 0.9843. We selectively plot points corresponding to a simulation, to show
the convergence of the velocities. We span a range where ¢ varies by a factor 4
and achieve convergence in the velocities. The simulation with the ¢ = 112.5
has run the least in nondimensional time (1.5 10®), but long enough to confirm
convergence of the velocities.

change in the interface widths which confirms our calculations, that their
exists a range in interface widths for which the interface velocities are
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invariant. Above the maximum considered ¢, the interface becomes unsta-
ble and the asymptotics seems to breakdown and we supposes this occurs
because errors of order O (52) become appreciable. Fig. 8.3, displays the
chemical potential along a linear section at the dendrite tip in the growing
direction, along with the equilibrium chemical potential and the theoretical
chemical potential derived from the Gibbs-Thomson condition considering
only the effect of curvature. The results show good agreement, confirming

u
Heq + (O+0ge)K/(C” - By e
Heq ””””

wof |

Chemical Potential (Nondimensional)
(&)
~

4 w w w w
0 200 400 600 800 1000 1200

Growth direction scaled in grid units

Figure 8.3.: Chemical potential plot along a linear section at the dendrite tip
in the growing direction, superimposed with the lines showing the equilibrium
chemical potential and the theoretically predicted chemical potential obtained
by considering the shift because of Gibbs-Thomson effect due to curvature.
The curvature used in the calculation, is measure at the dendrite tip from
the simulation. ogg represent the second derivative of the surface tension as a
function of the polar angle, and the sum o + ggp represents the stiffness of the
interface.

the asymptotic expressions and the applicability of the developed model.
The contours of the chemical potential and the phase-profiles in a section
of the domain showing the growing dendrite is portrayed in Fig. 8.4.
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Figure 8.4.: Tsolevel ¢, = 0.5 denoting the binary interface between the solid
and the liquid at various times is shown in (a), while the contours of the chemical
potential at a particular instant during evolution is displayed in (b). Values of
some of the contours of the respective nondimensionalized chemical potential

are superimposed on the plot. The simulations correspond to the case when
e = 300.




8.1. Dendritic growth 193

8.1.2. Comparison with the LGK

In order to verify our model, we test the dendrite tip and velocities against
the analytical LGK theory [66]. An important parameter required for the
matching, is the calculation of ¢* which is the stability parameter used
for determining the velocity and radius at the dendrite tip. While o* is
expected to be in the order of 0.025 in three-dimensional systems [66],
realistic physical values vary with the anisotropy of the solid-liquid interface.
Two possibilities exist to determine the value of ¢*. The first is to derive
it from micro-solvability theory [10]. The second is to employ techniques
such as phase field simulations, where the dendrite tip radii and the
corresponding velocities are a result of the dynamic minimization of the
grand potential difference, and the o* is an output of the simulation [49, 50].
2D,
VR?

from the steady state tip velocity V' and tip radius R from the simulation.

, where I is the Gibbs-

We adopt the second technique, and compute the value of o* as

Here dj is the capillary length, defined as %
Thomson coefficient, AC' the magnitude of solute rejection at the interface,
and m the slope of the liquidus line. We obtain a value which gives a best fit
for all considered undercoolings. The stability parameter o* was computed
as 0.169 in 2D simulations, as an average value from the undercoolings

considered. The comparison is plotted in Fig.8.5. The simulations at each
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PF-simulations o .- PF-simulations ~ ®
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- o
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: e
..
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Melt Undercooling Melt Undercooling
(a) (b)

Figure 8.5.: Comparison of the velocity and radius at the dendrite tip as a
function of the bulk undercooling.
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undercooling was performed with interface widths which are in the range,
where the results are invariant of this parameter. One must note that
while the LGK theory gives good predictions, there can often arise a case
where there is a variation. These arise because of the mismatch between
the assumptions in the dendritic shape made in the LGK analysis and
those occurring in the simulations. In the next section, we simulate some
exemplary structures during solidification for this alloy.

8.1.3. Exemplary structures

Equi-axed dendritic growth occurs when the undercooling in the melt is
high enough such that there exists no directionality in the local thermal
gradients. Fig.8.6 shows dendrites at different undercoolings. Cellular

(a) (b)

Figure 8.6.: Equiaxed dendrites simulated at undercooling of 30K in (a) and
28K in (b) an alloy composition of 0.017382 at% Cu.

growth into a undercooled melt was simulated for two situations. In the
first case shown in, Fig. 8.7a, the orientation of anisotropy is aligned in
the direction of growth, while in Fig. 8.7b, the dendrites are rotated 30
degrees with respect to the growth direction. In 8.7c¢, the simulations are
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performed with a temperature gradient in the growth direction of value
6000K /m shifted, with a velocity of 0.05m/s along the growth axis.

(a) (b)

Figure 8.7.: Cellular growth structures in 2D. In (a) the orientation of the
anisotropy is aligned with the growth direction while in (b) the crystal orientation
is rotated 30 degrees with respect to the growth direction, and in (c), the
simulation is performed with a temperature gradient aligned in the growth
direction.

8.2. Eutectic growth

8.2.1. Comparison with theoretical expressions

We use the model ternary eutectic system used for the investigation
in earlier chapters for comparison with analytical expressions derived
according to theoretical calculations of the Jackson-Hunt type. The phase
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concentrations as functions of the chemical potential required for the
construction of the grand- potentials are given by,

o (T =T7) (T -T¢)
eXp(uMT’ (Li TTe Lc T3

- T—T5) (T —Tg)
+ZJ=1 exp (Hy/ ( 3 TTf e} TTg

(8.3)

C? (/J'a T) -

Utilizing the construction, we verify the equilibrium properties, by measur-
ing the triple point angles for a stationary solidification interface as shown
in, Fig.8.8. It is noteworthy however, that the angles are now retrieved,

Figure 8.8.: Triple junction at the critical undercooling where the solidification
front is stationary. The whole binary junction of either solid-liquid interfaces
are fitted with circles and the angle at the triple point is measured between the
tangents to the circles at the intersection point of the circles

just by setting the required surface energies of the respective interfaces as
the simulation parameter v,47', unlike the calibration required with the
free-energy model. Also, the third phase contribution is markedly reduced
and can be completely removed with a value of y,85 = (10 — 15)745. This
was not possible in the case of the model with the free energies, where
much higher values where required, resulting in unwanted modification in
the area around the triple point. This is illustrated by the individual phase-
profiles plotted in Figs.8.9 and 8.10 In addition, we compare the a3~y and
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(b)

(c) (d)

Figure 8.9.: Individual phase-profiles obtained from simulations with the grand
potential model depicting no third phase adsorption at any of the interfaces,
with a value of the higher order potential vog5 = 107as3. The red border, plots
the contour of the phase-field from 0 to 1.
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(a) (b)
(©) (d)

Figure 8.10.: Corresponding phase-profiles obtained from simulations with the
model based on a free energy functional depicting third phase adsorption at
all of the interfaces, with a value of the higher order potential ya55s = 107a3-
Higher, values of v4s results in the distortion of the triple-point regions.
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the afa~y configurations with the theoretical expressions for undercooling
as functions of spacing at given velocities. We achieve similar agreement as
before with the the free energy model as shown in, Fig.8.11, but this time
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Figure 8.11.: Comparison of analytical theories with simulations for two con-
figurations afv in (a) and aBay in (b). Figure(a) shows the fit of the sim-

5 ()\mm + B\ ), which gives

ATrin = 0.0612 for (AT ;g = 0.0648) with an error of 6 %, and similarly an
error in A\pin = 1.0052(Ayg = 1.02) of 1.8 %.

ulation points with the function AT =

the interface kinetics was removed, using the derived expressions for the
kinetic coeflicient obtained from the asymptotic analysis. The expression
of the relaxation coefficient, to achieve vanishing interface kinetics for the
case of ternary eutectics is derived through an extension of the expressions
for the case of binary alloys, as given in Eqn. (6.42) written as:

. M+F[(c; (1, T) = c§ <u,T>)2+
al — T %
Opa
2 (e (. T) = i (1)) (clp (1, T) = (. T)) | (e (1 T) = (s, T))Q}
(25 % ’
oup oup

where M and F are the solvability integrals derived in the earlier chapters,
and tabulated in Table. 8.2, while the diffusivities in the liquid are assumed
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to be the same for both components A and B. For the case of afay the
average undercoolings are lower than the predicted one. This is also what
we achieved with the model derived from the free energy functional. The
reason for the deviation can be explained through the observation, that we
do not have a planar growth front, as is the assumption in the theoretical
analysis. This is also coupled with the fact that the front undercoolings of
the different lamellae are not the same which implies that the assumption
of an isothermal growth front is not exact.

In addition, for the simulation of more phases it was essential to con-
struct right interpolation functions. For this we corrected our third order
interpolation polynomial in the following manner:

N
ho (9) = 02 (3= 200) + 260 Y dady.
BFo
pEas

Other corrected polynomials are listed in the appendix C.

8.2.2. Effect of solid-solid anisotropy

The model system is then used to investigate the role of solid-solid
anisotropy in oscillatory mode selection. For this we selected two configu-
rations a5y and afasy. From the analysis performed in the chapter on the
ternary eutectics we used symmetry arguments to characterize the different
oscillatory modes. In the presence of solid-solid anisotropy it is possible
to manipulate the symmetry elements in the configuration, and our aim
lies in relating the symmetry elements in the simulated microstructures,
to those of the initial configuration, modified by solid-solid anisotropy.
We choose the different permutations that are possible in modifying the
symmetries. For instance, in the a3 there exist three possibilities, where
either one, two or all three solid-solid interfaces are anisotropic, while in
the case of afay, only two possibilities exist, which is either the o or
the ary is anisotropic or both. Each of the permutations possesses different
symmetry elements, where we impose smooth-cubic anisotropy oriented
in the growth direction for the intended solid-solid interfaces. For the
case of a7y, the simulated modes are listed in Fig.8.12. The symmetry
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(a) (b) © (d)

Figure 8.12.: Possible oscillatory modes achieved for the different combinations of
anisotropic solid-solid interfaces. In (a)(A = 115) and (c)(A = 120) two interfaces
are anisotropic while in (b)(A = 120), all three interfaces are anisotropic. (d)
shows the characteristic mode achieved in (c) in enlarged form
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elements in the configuration are reproduced in the oscillatory modes and
we have all the possibilities as in the case of the isotropic surface energies.
However, we have certain modifications such as in Figs. 8.12c and 8.12d,
where the configuration with the absence of any symmetry plane has a
stacking of the three respective phases along a plane which is tilted with
respect to the growth axis. However, if the symmetry axes containing
the anisotropic interface remains aligned with the growth direction, the
configurations with the respective symmetry elements are retrieved. In the
case of the configuration afa~y, the possibilities are plotted in Fig.8.13.
As was discussed before, there exist two ways to manipulate the symmetry
elements of the configuration afary through the solid-solid anisotropies.
While the 2-A-O mode is retrieved in every constructed configuration,
which can be reasoned based on the loss of the symmetry plane passing
through the o phase and hence the resultant oscillatory mode shares the
same symmetry elements as that of the starting configuration. However,
we observe a modified mode in the presence of solid-solid anisotropy as in
Fig.8.13a.

8.2.3. Ternary eutectic AlICuAg

Free Energies and surface data

We construct free energies using information from the CALPHAD data
base for the Al-Cu-Ag system provided by [137, 138]. The free energies
are fitted to simplified parabolic type free energies using the methodology
described in the preceding chapter, around the eutectic temperature. The
coefficients of the polynomial are fitted linearly with respect to temperature
around the eutectic point.

The phases at equilibrium are FCC-a, AloCu-0 and (HCP)-Ags Al v phase.
With the thermodynamic information in the database, the volume fractions
of the respective solid phases at equilibrium are 7, = 0.55, 179 = 0.29 and
1y = 0.16.

To derive information about the surface energies, we utilize experimental
data provided for the measured equilibrium angles given in [41, 53] and we
assume the surface energies of the a— liquid interface as 0.3 J/m?. This
fixes the interfacial energies of all the interfaces.
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(@ (b) (©)

Figure 8.13.: Characteristic modes achieved for the different permutations of
the anisotropic solid-solid interfaces. In (a) and(c) one interface is ansitropic
while in (b) both possible solid-solid interfaces are anisotropic.
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Simulations

Preliminary structures are simulated in 2D. We find that afSa~y configura-
tion is one of the stable configurations. Noteworthy, is that the growth
interface is not planar, and the different phase interfaces are not isother-
mal. The structures are grown at very low speeds of (2 um/s) used in
solidification, with a temperature gradient of 13.33 K/mm. Fig.8.14 shows
the simulated structures and the undercooling as a function of the spacing,
where the undercooling is averaged over the entire solid-liquid interface.

(@) (b)
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Figure 8.14.: Preliminary simulations of Al-Cu-Ag ternary eutectic alloy, showing
proof of concept for the generalized construction of parabolic free energies for
multi-component systems. The figure shows the afa~y configuration at three
different lamella spacings in (a) 4.8um,(b) 5.1pm and in (c¢) 5.4pm. The front
undercoolings after 0.35s of solidification time, are plotted in (d).



8.3. Free energy functional vs Grand potential functional 205

100

Growth direction Y in grid units
o
S

0 50 100
Growth direction X in grid units

Figure 8.15.: Phase-profiles of the three solid phases at various instances during
growth. From the left the phases are a(FCC), v(HCP) and 6 respectively.

8.3. Free energy functional vs Grand
potential functional

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

a¢a a2¢o¢ N T’Yozﬁ E

e 2m?

} . 1 df 18f de
T()( - «
T VaBE 52

(1 *Z(ba) - 5% + 55%
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Noting, that for this formulation based on the free energy functional,

—f, the equation can be manipulated as,

H= dc
20¢a
Ta5€ 8t =

0% 16 e d de
2 o Y _ o et
T’YQBE 81'2 {T'Yaﬂ 27'('2 (1 2¢ ) +5 2 dd)a (f HeqC )} + /j/ Meq) d¢o¢ .

At equilibrium, p = peq, the second bracketed term has the form of a
potential and when ¢ f* is of the same order or larger than vz, where f* is
the energy scale, the potential scales with the length scale of the interface
upon change in . In the sharp interface limit, the chemical potential at the
leading order is constant across the interface, rendering the sharp interface
limit for one dimensional evolution, as derived in Eqn.(6.5). We would
derive a similar sharp interface limit with the grand potential functional
in the absence of curvature. Note however, the effective potential in the
case of the free energy functional scales with the interface width. This
contribution leads to the modification of the surface energies and hence
in the presence of curvature, the limits will differ. Additionally there is a
deviation in the phase-field profile at leading order which is modified due
to the presence of the grand potential excess as,

094
(;i = —\/ ba (1= ¢a) + %&ﬁ ((f — Jteqc) — (f — Meqc)bulk) (8.4)

o 4 .
in contrast to ai = ——1/bq (1 — @) for the case of the grand potential
x em

functional. This modifies, the effective kinetic coefficient applicable for
both models. Therefore, to perform comparative simulations with the two
models, the first challenge is to set the surface energies at leading order
in the two models equivalent. The next, is to derive the desired interface
widths to perform efficient simulations and finally to set the same kinetic
coefficients for both models.

For the sake of discussion, consider the system Al-Cu created earlier in the
chapter. While, in the case of the grand potential functional the interface

2
width depends directly on the parameter €, through the relation %E = 2.5¢,
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and the surface energy is the same as the simulation parameter Ty,g; for
the case of the free energy functional an expression for the interface width
and surface energy at leading order can be derived as in Eqn.(6.3,6.4).
Solving these equations simultaneously, we can derive the simulation
parameters 7,5 and €, to derive the surface energies 5,5 and A,p for the
given free energy functional. Whereas, this is possible for certain choices
of €, such as displayed in Fig. 8.16a, beyond a critical ¢, there exists no
unique solution, when the contribution to the potential from the grand
potential excess, becomes dominant over that from the potential term
TvapPa (1 — ¢o). The solution is then achieved for a range of v, and ¢,
derived through the overlap of the isolevels of the 6,5 and the resulting Ao 8
which is fixed upon choosing the isolevel for the surface energy, Fig.8.16b.
The computational efforts can be compared between the two models by
estimating the interface widths used, when the same ¢ is chosen for both the
models. At the temperature T=0.988, Fig.8.17 displays the contours of a
freely growing dendrite at a temperature of 7' = 0.988 (7},,=0.99) simulated
using the grand potential formulation with € = 1688. Corresponding to
this €, the interface width is A,g = 430 for the case of the free energy
functional, Fig.8.16b. To have an interface resolution of 10 cells, would
result in a grid resolution of Ax = 43 when simulations are performed
using a regular grid. In contrast, for the case with a grand potential
functional, we have used Ax = 500 for the simulation of the dendrite
displayed in Fig.8.17, keeping the same interface resolution and conditions,
which implies the computational effort increases 109 times (d denoting
the dimension), when using the free energy functional. The situation is
more favorable for the free energy functional at the higher undercooling at
T = 0.9843 (smaller tip radii), as can be seen from Fig.8.16a, where the
interface width for the case the free energy case results in 164 compared to
a value of 281.5 for the grand potential functional at the same ¢ = 112.5.
This is however, not the largest interface width that can be employed
at this undercooling and much larger interface widths can be used for
the case of the grand potential functional as was seen in Fig.8.2, while
the interface widths that can be employed, when a free energy functional
is used, gets limited to a smaller range. In summary, we conclude that
at higher undercoolings(finer microstructures), the models based on the
free energy functional and the grand potential functionals come closer.
However at lower velocities or at lower undercoolings, the grid resolution
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Figure 8.16.: (Please read o as & and A as /~X) Defined contour level of the
surface energy & and the interface width A plotted as a function of the simulation
parameters 7,3 and . In (a), the contours are calculated for the temperature
T = 0.9843 while in (b) they are for a temperature of 7' = 0.988. The contours
of the interface width are calculated from the defined level for the surface energy

and the value of the € used in the simulation. All terms are dimensionless in the
graphs.
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Figure 8.17.: Phase-field contours of a free growing equi-axed dendrite, with
e = 1688 at a temperature of T=0.988 (T, = 0.99) with the grand potential
formulation.

can be scaled up significantly using the grand potential functional which
is however not a possibility using the free energy functional.

The comparison of the two models, is incomplete, without the discussion
on the interface kinetics. As we have derived, larger interface widths can
be employed for simulating the case of lower undercoolings with the grand
potential functional. For such cases, the thin-interface limit is appropriate,
and in this limit, the parameters can be chosen in such a manner, that
interface kinetics vanishes which is relevant at lower undercoolings. To
perform a similar asymptotics, for the free energy functional seems daunting
and less useful because of the following reasoning. We recall that while
performing the thin-interface asymptotics of the grand potential functional
we have repeatedly used the anti-symmetric properties (odd functions)
of the leading order phase-field profile ¢ (z), which reduced the terms
contributing to the first order correction to the chemical potential. However,
with the free energy functional, the leading order solution is modified
due to the grand potential excess and is derived using the Eqn.(8.4).
Fig.8.18 compares the profiles in both cases, which shows slight asymmetry
about the ¢, = 0.5 line, in the case of the free energy functional. The
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Figure 8.18.: Comparison of the leading order solution of the phase-field in the
case of the grand potential functional and the free energy functional. The profiles
have been superimposed and the vertical line representing the position of the
binary interface is drawn for comparison.

magnitude of the asymmetry depends on the nature of the grand potential
excess and scales with the interface widths. This asymmetry would rule
out any general simplification of the solvability integrals appearing in
the asymptotic analysis. Secondly, all solvability integrals depend on
the leading order solution, which change with the interface widths, the
temperature and the system one is simulating, thus certainly hindering, the
universal applicability of the analysis. Lastly, due to the limitation of the
interface widths, the thin interface limit is less applicable and performing
simulations with vanishing interface kinetics is computationally expensive
as the sharp interface and thin interface limits coincide for smaller interface
widths.

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

We validate a newly derived model based on the grand potential functional.
We test the asymptotics through comparison with analytical expressions
for the growth of dendritic and eutectic growth morphologies and achieve
reasonable agreement. With the derived model, simulation of large scale
microstructures is definitely a possibility and the simulated dendritic
structures look promising in this context.

One must note that the real gain with the modified model, is the range
of undercoolings that can be spanned with numerical efficiency. For
example, at higher undercoolings, the diffusion length is small which would
need smaller grid resolution. This condition is apparently favorable when
starting from a free energy functional, since the resultant small equilibrium
interface thickness in the presence of high grand potential excess, can be
resolved without enormous computational overhead. However, as we reduce
the undercooling, the diffusion length becomes larger and one intends to
use higher interface thicknesses to numerically resolve the microstructures.
This flexibility is present, when one starts to derive from the grand potential
model, while it becomes significantly expensive computationally, to resolve
the same microstructure with the free energy functional(derived through
the interpolation of the free energy densities of the phases as functions of
the local concentration).

With regards to the asymptotics, the results obtained from the thin-
interface asymptotics of model based on the grand potential functional, such
as the antitrapping current and the expression for the interface coefficient
are universally applicable for all undercoolings. Conversely, for the case
of the model with the free energy functionals, the equilibrium properties
related to the interface such as the surface energies and the interface
thicknesses and the interface profiles at lowest order, are dependent on the
undercooling. This implies that, expressions for the kinetic coeflicients and
the anti-trapping currents, if derived, would depend on the undercooling
and hence, the solvability integrals would need to be re-calculated, given
the undercooling one desires to simulate. In addition, the calibration of
the simulation parameters to retrieve the desired surface tensions needs to
be repeated for any change in the processing condition, which becomes
highly cumbersome.
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In summary, it is clear that, with the switch in the modeling ideology
from the free energy functionals to a grand potential functional, one gains
numerical flexibility and significant reduction in computational effort.

8.5. Outlook

The road is clear for the application of an efficient model for the study
of various phenomena occurring during phase transformations in real al-
loys. For instance, in solidification the method can be applied for the
investigation of dendritic and cellular growth, fragmentation, selection of
dendritic and cell spacing and the cellular to dendritic transitions. Multi-
phase phase-transformations, involving eutectic, peritectic and monotectic
solidification, in binary, ternary and higher systems are of interest. For in-
stance, understanding pattern formation, in ternary eutectic systems under
the influence of changes in the liquid compositions, imposed temperature
gradients and velocities, during 3D microstructure evolution are some of
the primary questions. In solid- state, the model can be tailored to treat
stoichiometric compounds, such as the cementite phase in Fe-C alloy and
studies of eutectoid coupled growth involving the growth of the cementite
and ferrite from austenite, is a topic that can be attended. In addition,
structural evolution during ripening of precipitates in different materials
can also be treated fairly elegantly. In summary, the scope of applicability
of the phase-field model has certainly increased with the suggested modifi-
cations. With additional developments in computational techniques such
as 3D parallelization, adaptive mesh refinement techniques, large domain
structures are certainly in the realm of the phase-field method.

While these are marked improvements, one must however, be aware of
the limitations and assumptions that are present in the derivations and
the limits of applicability of the model. For instance, the treatment of
coupled fields such as temperature and concentration/chemical potential,
require attention, as these involve the coupling of fields which evolve at
different time and length scales. Similarly, including elastic, flow, magnetic
and electric fields, although make the description more realistic, the cross-
coupling between fields would need to be performed, keeping the required
free boundary problem in mind. These are complex questions and certainly
a challenge for the future.
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In the context of the phase-field method, there often arises the question as
to how one can determine the model parameters given a free energy model.
In this short discussion we look into this topic, considering ideal solution
models for deriving simple isomorphous, eutectic and peritectic systems.

A.1. Eutectics

Consider a binary eutectic system, with defined eutectic temperature
Ty, volume fractions of the solid phases given by 71, and 7g and the
melting temperatures of the components A and B given by 7% and Tg
respectively where « is rich in A, and f is the B-rich phase. We assume
the non-dimensional free energies to be of the form:

T-T%)

s (r-T15)

+(1-0)L% T +T(clnc+(1—¢c)ln(1—2¢)).

To determine the free energy parameters L%, L%, Lf‘, LﬁB and the corre-
sponding temperatures given by 1'%, Tg, T g, Tg, we write the equilibrium
equations relevant at the eutectic temperature which are,

T-T%
L%(TXA) +TInc¢®=TInd
T-T%
L%(iB) +TIn(l —¢*) =Tln(1 —¢)
Ty
(T—Tﬁ)
Liiﬂ +TInc® =Thnd
Ty
(T7T1§>
Lgiﬁ +Tln(l — %) =Tl - ).
Ty

Since, we have eight unknowns and four equations, we require to make
some assumptions. The values of 7'} and Tg are generally known, and
hence the number of unknowns are reduced to six. One can make use of
the assumption LG = L% and LP = L%, which then reduces the required
number of unknowns such that the equations can be solved to determine
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the free energy parameters. One can also derive the slopes of the liquidus
and solidus of both phases and use them as the missing equations for the
eight unknowns. The equations for the slopes of the liquidus of the a

phase are as follows,
e (A=)
ar c (1—ch)

dd — (c@L% + (1 — ) L%)’

and similarly for the solidus, which can be written as,

o[ (1=¢)
dT_T (c“ (160‘)>

dee — (dLg +(1—)Lg)

Notice however, if we do not make any assumptions, we have the required
number of equations for the number of unknowns. This implies, that we
could end up with a solution for the terms 7' and T g which differ from
reality. This is not problem though, since our data for the phase diagram
is fitted accurately around the eutectic temperature, which suffices for
simulations relevant for eutectics. The problem can however be tackled by
considering temperature dependent terms L, which however makes the
system of equations not closed. The discussion on this is however, out of
the scope of the present chapter.

A.2. Peritectics

The discussion on the peritectics also stays very much the same as the
eutectics. The only difference is, here only of the temperatures T4 is
generally known. Depending, on the range of undercoolings one intends
to simulate, this might be an important parameter to fit and the set of
equilibrium equations along with the slopes of the corresponding solidus
and liquidus can be solved around the peritectic temperature for all the
unknowns.
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A.3. Isomorphous

If one is interested in fitting only two-phase equilibrium it can be done
similarly by writing down the phase equilibrium equations around the
temperature of interest. The slopes of the liquidus and solidus give the
required equations for the relevant number of unknowns.

A.4. Energy Scale

In the above discussion, only the data relevant to the phase-diagram are
fitted. However, in order to derive the relevant coupling to the Gibbs-
Thomson equation, it is important to set the energy scale of the system
such that the right Gibbs-Thomson equations can be derived. This is

af*  of
easily done, by righting down the latent heat as f*T ( aj; - (‘39) and

ol

then using the relation of the Gibbs-Thomson coefficient as I' =

This fixes a unique energy scale for the system which is no problem for
the case of a two-phase equilibrium. However, if one treats three phase
equilibria, this constraint implies, that the Gibbs-Thomson coefficients of
the respective solid phases must obey a relationship among them given

by,

Oal 0Bl

afc ofl\.. [(of% of

— — = | Ty —— - == T

or 0T or  or
While this might hold for many systems, for others the ideal solution model
needs to be modified with temperature dependent terms L.

Along with the energy scale the free energy of each phase becomes,

pe o) = (e A
(- 13)

(1—e)L% +T(clnc+(1—c)ln(l—c))>.

Ty
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In the phase-field context, it sometimes becomes important to calculate the
critical nucleus in a given concentration of the liquid at given temperature.
For critical nuclei, beyond a size, the phase fractions go to 1 in the bulk,
which can be determined from the Gibbs-Thomson condition AT = T'k.
While this is possible for the case of isotropic surface energies, the more
general case of anisotropic surface energies is non-trivial. Also, the case
of sub-critical nuclei cannot be treated with this method. To do this
we derive a algorithm to compute the critical phase and concentration
profiles, given a volume of nucleus. We utilize the concept of the “Volume
Preserved Method”, which is highlighted in Fig.B.1. The method can be

Volume Preserved Approach

€ (V.ﬂ:,vq)l, (§b9 v¢’) = Gy, (QD, Vqﬁ))
by = "
_/QD cons Fo = Xaha (u,) Fchemical
1
Fowa t 37 > Fu
A=1

f&cibﬂ 1
T T esale)

1 f, 1 -— i
ettty = ¢ (V.awa, (5, V0) = 316, (6, V) = Wi 51 =2 = P+ 3 s, Evolution Equation

Figure B.1.: Procedure to calculate the critical nucleus by solving the Euler-
Lagrange equations

very easily understood through this diagram, where the chemical and the
capillary forces are shown as two opposing forces in evolution. The volume
of the evolving particle is preserved by imposing the resultant of these
two opposing forces with the direction reversed. This is realized through
the construction of an artificial term F,, = x., where Y, is determined
through the condition [ ¢, = const, o denoting the phase whose volume
is preserved. For appropriate details one can refer to the article [80]. The
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Constant (C, )

Solution Scheme to the Euler Lagrange
Equations(Binary Systems)

-+

Constant (€. )

Constant (C, 0)

Iteration process

1 C2 Xea

Solve with Volume

Solidus Liquidus preservation.
|Xa (C) = 0 is the solution. | Xa Run until
PY:
Volume: . 0l Vu=V (0_f) £0
Preserving Term ‘0, c
' '.--.o i
---- c
Fa = Xaha (Qf’) no e, ..
Bisection Xa

Xo(C) is an implicit function of the concentration of the liguid.

Figure B.2.: Procedure to calculate the critical nucleus by solving the Euler-
Lagrange equations

method is used to derive the algorithm for determining the homogeneous
critical nucleus potrayed in Fig.B.2. The aim lies in determining the
critical concentration of the liquid given a volume of the phase o between
the phase-stability lines of the phases « and the liquid phase. We start
by the preserving the given volume of the solid while solving for the
concentration profiles until the chemical potential gradient goes to zero
with constant(Dirichlet) boundary conditions in all directions. At this
time we determine the "Volume preservation force, x,". For the second
iteration, we decide to modify the concentration in the liquid as 0.5(c;? +¢)
or 0.5(c¢? + ¢;) depending on whether the sign of x,, is positive or negative
respectively. For the iterations henceforth, we may make the decision of
the modification of concentrations based on two previous iterations. There
exist two possibilities: 1)if the x and x"~! are of the same sign, then the
next estimate of the concentration ¢; is made by a linearly extrapolating
the relation between y, vs ¢! to zero. 2) If however, the signs of Y, from
two previous iterations are opposite sign we perform a bisection and use
this as the next estimate of the critical liquid concentration. This iteration
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process is continued until the term y, goes to zero. The obtained solution

Ao, d
satisfies the Euler-Lagrange equation representing % =0 and d—(t: = 0.

Figure B.3 displays results of nucleation during growth. Nucleation is
imposed through stochastic noise in the bulk liquid in a Al-Cu alloy
modeled using ideal free energies. The eutectic consists of two phases
a—Al rich and f—Cu rich. The barrier to nucleation for each phase
are computed as a function of the critical composition in the liquid, by
evaluating the grand potential excess with respect to the uniform initial
liquid from the calculated critical solutions which are solutions to the
Euler-Lagrange equations. We see that for the f— phase the barrier to
nucleation reduces as the concentration of Cu increases and vice-versa
for the a— phase for which the barrier to nucleation increases with the
increase in concentration of Cu. In the simulation domain, the dendrite
growth occurs in a super-saturated liquid wih low concentration of Cu,
and on imposition of noise the nucleation of the phase a— phase occurs in
the far-field liquid. This corroborates well with the barrier to nucleation
calculations, as the barrier to nucleation is lower for lower concentrations
of Cu. As dendrite arms appear, the liquid entrapped in between the
dendrite arms become eneriched in Cu, and the 8 phase is seen to nucleate.
This observation also qualitatively matches the inferences from the barrier
to nucleation calculations.
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Nucleation in an eutectic system (Al-Cu)
With Noise

a Dendrite \

'Tigh Cu
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Figure B.3.: Nucleation of a nuclei in the bulk liquid and inter-dendritic eutectic

phase in between the dendritic arms
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Phase field modeling has spread to the solution of a variety of problems.
The solution methodology is lucrative because it does not need the tracking
of evolving interfaces. The basis of the phase field theory lies in treating
each evolving phase with an order parameter and describing its evolution
on the basis of minimization of energy or the maximization of entropy
of the whole system. The evolution of the order parameters are coupled
with the evolution of other fields which are for example the concentration
and the temperature. One of the components required for the description
of the energy or the entropy density, is that either of these quantities be
decribed in the whole phase space. This is done by the use of interpolation
functions which interpolate between the values in the bulk phases. Thus
for e.g we have

F:Faha(¢)+Fﬁh6(¢)+th7(¢)~--

where F,, Fg, F, are the bulk properties of the «,  and the v phases
respectively. The functions h,, hg and h, are the functions interpolating
the bulk properties of the respective phases. The vector ¢ belongs to the
N-1 dimensional space

N
Z¢i =1 (C.1)

¢ = (¢a, P8, 0 ...), N being the number of phases in the system. This
results from treating the order parameters as volume fractions of the phases
in the system. It can be seen in the above description that the interpolation
functions are averaging functions for the bulk properties of the system,
with weights depending on where one is in the phase space. Thus, it is
natural to have the sum of the weights or the sum of the interpolation
functions to add up to 1. One of the topics extensively studied using the
phase field methodolgy is solidification of solid phase from a liquid phase,
and two interpolation functions have been widely used for this purpose,

ha (¢) = 02 (3 = 2¢) (C.2)
ho (@) = ¢3 (10 — 15¢ + 6¢7,) (C.3)

The above functions satisfy the summation property for two phases, but
fail to do so as the number of phases increases in number. So there is a
need for finding correct interpolation functions when modeling more than
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two phases. In the following paper we suggest ways of correcting such
interpolation functions for use in the case of more than two phases.

C.1. The correction to the third order
polynomial

The cubic third order polynomial for two phases (¢q, ¢g) can be created
very easily in the following manner.

(o + ¢5)° = 62 + 635 + 30205 + 30200

We now separate the R.H.S into two symmetric parts and call each of
them an interpolation function. There are two possible ways to choose the
symmetric functions, we choose the one which gives a function that has
the lowest order of ¢, in h, (¢) greater than equal to 2, i.e

ha () = 03, + 305,65
hg () = &} + 3¢36a

. The choice is due to the following reason. We want to have

<ahu <¢>> _Oh(¢) 1 i dh, (¢)

a(bu batps=1 8¢V N & a¢k
=0, at ¢, = 0,1. The L.H.S of the above equation is the deriviative with
respect to ¢, with the constraint eqn C.1. Now using the constraint
o + ®3 = 1, we have the interpolation functions which were described
before eqn C.2. We also have that h, (¢) = 0, 1 respectively for any point
in the phase space with ¢, = 0,1 respectively. The above deriviation
shows that the summation over all the cubic interpolation functions of
the above form, at any point in the phase space equals 1 only in the case
of two phases. We propose a correction to the interpolation function by
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doing the same procedure for more than two phases. We first do it for
three phases and extend it to more than three phases.

(da +dp +6)° = 6% + &} + &5 +36% (65 +6,) +

303 (6o + 0-) + 362 (6 + 05) + 60ady0,
Again we try to find three symmetric terms in the above sum, at all points
trying to have h, (¢) with the highest power of ¢,. We find that in this
case the lowest order possible has to be linear in ¢, for h, (¢). So using the

sum constraint for the phases, the interpolation functions can be written
in the following form,

2
hs (9) = 0% (3 — 265) + 20ads0,
hy (@) = 62 (3= 20,) + 20ads0,

The above procedure can be repeated for N phases and we would have the
following function.

he (9) =7 (3—=20) +20, [ Y dp0y
B<y(B,v#v)

C.2. The correction to the fifth order
polynomial

The correction to fifth order polynomial follows in the same manner as in
the case of the cubic polynomial. We try to derive a polynomial using the
above procedure for three phases,

(b + D5 + 67)° = @5 + 85 + 65 + 56 (1 — o) + 504 (1 — ¢5) +
564 (1 — dy) + 1003 (1 — da)” + 1063 (1 — ¢5)° + 1082 (1 — )
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+ 30000302 + 3000282 + 300,62 0%

Now we divide the sum into three parts in such a way that the least power
of ¢, in h, (¢) is 2. This results in the following interpolation functions,

ha (9) = 2 + 564 (1 = da) + 1063, (1 = $a)” + 15676, (b5 + ¢-)

h (9) = 85 + 505 (1 — 63) + 1005 (1 — 63)” + 15050, 0a (Y + 65)

hy (@) = &5 + 503 (1 — ¢,) + 1005 (1 = 6,)” + 1502 Gads (¢a + B5)
We simplify the terms in the following manner

» ((9at09)* = (60— 62)")  ((1=02)" = (90 — 65)°)
aPp = =

4 4
» (@) +60)° = (6, = 0a)") (1= 05)° = (6, —¢a)?)
“rr 4 B 4
((0r+08)" = (67— 60)) (1= 00) = (65 — 6)°)
e = 1 - 4

Substituting in the above interpolation functions we have,
o (9) = 65 + 564 (1 — 62) + 1083 (1= 60)* + 202 (1~ 6)" -
62 (1 60) (6, — 99)°
e (9) = 05 + 564 (1 — 0s) + 1063 (1 - 9)* + 6% (1 65)" -
26 (1= 95) (90 — 6,)°
o (8) = 65+ 508 (1= 9,) +108% (1 — 6,)% + 2262 (1 - 9" -
DO (1-6,) (Ga— 05)°

The above are the interpolation functions suggested by Plapp et al. [32].
Extending the analysis for four phase space(¢a, ¢g, ¢, ¢5) and repeating
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the same procedure as above we get the following form for the interpolation
functions,

ha () = 65 + 504 (1 — ¢a) + 1065 (1 — 60)” +
1502 (d 05 (5 + D) + Sy b5 (Dy + 65) + dpdy (65 + 04)) +
6002 P b s

hs (@) = 63 + 565 (1 — ¢p) + 1065 (1 — p3)° +
1503 (dady (Do + Oy) + 15 (dy + 5) + Gats (da + ¢5)) +
6062 po b b5

hy (@) = &5 + 503 (1 — ¢,) + 1065 (1 — 6,)* +
15¢2 (¢padp (Ga + 08) + Gats (P + ¢s) + dpds (05 + ¢s)) +
6002 padsds

hs (@) = ¢3 + 565 (1 — ¢s) + 1063 (1 — ¢5)” +
1503 (hap (Ga + ¢5) + Gady (Pa + Dy) + Gy (65 + 64)) +
6003 Padsds

The above expressions can be simplified in the following manner,

1= ¢a) + 1003 (1 — ¢a)” +

(¢'y¢ﬁ + ¢’7¢6 + ¢B¢'y) + 15¢i¢l3¢7¢6
— dp) + 1065 (1 — ¢5)° +

Dy o + Oy b5 + Gats) + 15070 by ds
1—¢y) + 1062 (1 - 6,)° +

(Pats + dpds + Gats) + 1502 Padpds
— ¢s) + 1003 (1 — ¢5) +

Dahp + Gaty + Odp) + 156500 pdy

hs (@) = @3 + 565 (
15¢5 (1 — ¢s)

— =

Writing the following terms in a analogous manner we get,

(D495 + &y05 + Ppdy) =
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(2(85 + 6+ 65)° = (85— 6:)° = (6, = 95)° = (65 — 65)°)

6
(20— 0a)* = (65— 62)° = (&, — 65)° = (&5 — 85)°)
- 6
(¢’y¢o¢ + ¢v¢5 + ¢a¢6) =
(2(0a + 65+ 65)" = (60 — 67)° = (9 = 95)° — (¢ — 65)°)
6
(200050 = (90— 6))° — (6, — 09)" — (5 — #4)°)
B 6
(Patds + pPs + Pads) =
(2(0a + 05+ ) = (60 — 83)" = (65 — 65)° = (0 — 05)°)
6
(200=62)" = (B0 — 89)° = (85 — 6)° = (& — 65)°)
B 6
(¢a¢ﬁ + ¢o¢¢'y + ¢'y¢ﬁ) =
(2(00 + 65+ 6,)" = (90 = 89)° = (65 — 62)° = (60 — 6,)°)
6
(200-65)° = (60 — 05) — (95— 6,)° — (60 — 6)°)
B 6

Substituting in the interpolation functions, the functions can be written
as the following,

hy (¢) = 63 + 568 (1 — ¢,) + 1003 (1 — ¢,)° +5¢2 (1 — ¢,)° —

Z¢3(1—¢V>( > <¢5—¢w)2)

B<y,BF#v
+ 15¢3¢5¢’Y¢5 VI/, (ﬂa’%a# V)
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The process when done for five phases gives the following form of the
interpolation function,

o (8) = 0+ 504 (1= 9,) + 1063 (1 - 6,2 + D2 (1= 6,)° -

Pga-a)| X e

B<y,B,v#V

+ 1542 > Ppdyds | + 2490 Padpdyds

B<y<98,8,0,v#V
VI/’ (a557775 # l/)

The process can now be generalized for N phases, and the interpolation
function looks like,

h (¢) = 6] (6—15(N‘2)>+¢3 <_15+45<N—2>)+

2(N 1) 2(N 1)
63 10+ ﬁ Y. (65— - 42*5%
B<y(By#V)
15(N — 2) 15 2
¢12/<2(N_1) _Q(N—l) B<’y(%;y7éu)(¢5_¢’)’) +
15 ST Gsdsds ) + 246, 3 $5050~ba

B<y<(6,8,7#V) B<y<d<a(a,s,B,v#V)
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Performing quantitative simulations requires one to have to control over
the simulation parameters and the resulting physical quantities they rep-
resent. To achieve this a throrough knowledge of the phase-field model
and asymptotics is essential. In this chapter, we look into the selection of
simulation parameters 7,3 and € when setting the surface energies 6,z
and interface width A, for the case when the phase-field model with a
free-energy functional is used. To start with one can derive the quantities
Gap and Aqg given the free energy landscape in the following manner:

L /16
Gap = 2waT/0 \/WQ% (1= ¢a) + %;TA\I/ (T,c,p)dp,  (D.1)
dda

- /1
Aaﬂ =& ’
0 16 €
[ 720 (1= 00)+ AV (Te0)

(D.2)

where AW (T, ¢, ¢) is the grand potential excess across the interface between
two bulk phases at equilibrium given as, (f (T,c,¢) — Zfi‘ll Mici) —

( f(T,e,¢) — Zf;l uiCi)¢> . To determine the simulation parameters
0

Yap the two Egns. D.1 andaD.2, need to be solved simultaneosly.

While this is possible for the case where when the grand potential excess is
small D.1a, in other cases there exist infinite solutions for v, and € along
the intersecting isolines for 6,3 = K1 and A = K2, where K1, K2 are
required surface energies and the interface widths desired in the simulations
D.1b. One must note, that in this case, once, the surface tension is fixed,
there exists only one interface width AQB and hence is no longer a degree
of freedom. In the case of of multi-phases, the surface energies and the
interface widths of all the interfaces cannot be fixed independently with
just one parameter . In such cases, it makes sense to resolve, the smallest
interface with the required number of grid points. With this value of ¢, the
parameter vy, of the other interfaces can be derived using the expression
of the surface energy D.1.
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Figure D.1.: Two possibilities that might arise when treating real systems. In
(a), the simulation parameters 7.3 and ¢ can be fixed uniquely, the solution
given by the intersection of the isolines Gog = const and A = const. When the
magnitude of the grand potential excess goes higher, there no longer exists a
unique solution as in (b) and a range of solutions exists which is given by the
overlap of the required isolines of G5 and Ayp.

D.1. Example

Consider a binary eutectic system of three phases modeled with idealized
free energies of the form,

f(T,c)
T-T¢ T-TF
cLa(iA) +(1—-¢) L%(iB) +T(clnc+ (1—c)ln(1-c¢))
T Tr
with the parameters for the free energy L{ given as, LY = L} = L8 =

L = 5.0, T given as, T = T = 1.0 and T = T/ = 0.72318. With
these values, the simulation parameters of the solid-solid interface are
derived as v, = 0.285224 and € = 6.3252, to retrieve a surface energy
0ap = 1.0 and Aag = 10.0. For the other interfaces, we derive the surface
energies 6o = 0g; = 1.0 using the value for ¢ = 6.3252 and calculating,
Yar = Yp1 = 0.7254328. The system of three phases are set at the critical
2sin 6

undercooling given by AT = I'yyk = I'gik, where k = and A is
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half the box-width that one is simulating. The angles at equilibrium are
measured by fitting circles as shown below, and were calculated as 120.33,

Figure D.2.: Circle fit of the both solid-liquid interfaces at equilibrium, when
the system is set at the critical undercooling

which compares well to the theoretical prediction given by the Young’s
equilibrium condition.
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The anti-trapping current is derived to be of the form,

- e ga(fa) (1~ ha(¢a))
Jat = 4

(& (1, T) — = (u, 7)) 2 Vo

. (E.1
oo (L= 0a) 3 Woal &

where ¢, (¢o) and h, (¢,) are interpolation functions interpolating the
diffisivities and the grand potentials respectively. The anti-trapping current
enters the diffusion equation in the following form,

B =V (M(T.,6) Vi~ ). (5:2)
The aim with the dicretization is to have all quantities computed at grid-
point 4, j, k with second order accuracy in space. For this, gradients of the
chemical potential are computed with second order accuracy at off-grid
positions shifted by half the cell-size in each direction. Similarly, the values
of M (T,c,¢) are determined at the off-grid positions by averaging the
values of the neighboring cells in each direction. A description of this is
given below,

M (T, ¢, ¢) Vpuhk = 5 (M (Tw’k, ik, ¢m7k) +
i+1k _ k)

Ax

M (Ti+1,j,k:’ Gtk ¢i+1,j,k) ) (N

M (T’ C) (ZS) vy/’llz’j’k = 5 (M (7 Tl’JJC’ CZ’JJC? ¢Z7j’k) +
i,j+1,k _ Mm‘,k)
Ay

M (Ti,j+1,k7ci,j+1,k7¢i,j+1,k)) (M

M (T, 0,6) Vo = o (M (T35, ch9%, 619)

- - - iR ik

M (Tw,lﬁ-l7 Cw,k‘-&-l7 ¢w7k+1) ) ( A ) )
With this the gradients in each direction are second-order accurate at
offset grid positions, given by (i +1/2,j,k), (i,5 +1/2,k), (i,4,k +1/2)
in directions z,y, z respectively.
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Similarly, we require the anti-trapping current at the off-grid positions,
hence we perform the following discretization,

x _ _Ega(¢a)(1_ha(¢a)) BuT) — (T a¢a‘|
(]at)i+;,j7k [ 4 ¢a (1_¢a) (C (Ma ) c (Mv )) at H_ljk
5
(vx(ﬁa)‘ 1
1+§7J,]€
|v¢a‘i+1/2,j,k
v _ |7 ga(@a) (1 = ha () TV T a%]
(jat)i)j+;7k 4 ¢a( ¢a) ( (Ma ) (/Lv )) 8t i’j+%7k
(Vy¢a) 1
inj+ gk
 Voaligrijon
y TE o (Pa) (1 — ha (¢a)) e 0dq
at = |7 5T 7T
(J f)i’j’k+; 1 P (@ (u, T) = (1, T)) 8t‘|ij,k+;
(V.0a) 1
i,,k+ =

2
IVoalijkti/2

Next we elaborate each of the terms in the expressions.

7T5 Yo (ba (¢a)) CB T — ¢ T a¢a‘| —
[ o~ 17%) (" (1, T) = e* (. T)) 5, s
1 TE Ja (¢a) (1 — ha (¢a)) O
2[ G L () 0 1,y - ) =
1 7T5 Ja ¢0¢ (d)a)) C’B —c” %
2[ G L ) 2 ) e () L
[ TE Ja ¢a — ha (¢a)) (C (1, T) — ™ (M,T))ag;a‘| _
¢0‘) i,5+1/2,k
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% [ 7€ go ¢C:ba — %()%))(c (1, T) — (u,T))% i7j,k+
% l 7 Ga ¢c;§a S %(;)"))(cﬁ (1, T) — (mﬂ)iff] o
% [_Tga (¢o;5)a(11—h;a(;5a)) (e (1, T) = ¢ (u, T))% i +

The gradients are derived at the off-grid position as,
(@a)it1pe = (Da)ijn

(vz¢a)i+1/2,j,k = Az
(¢Q)1 j+1,k (¢a)i, i,k
(Vy¢a)¢,j+1/2,k = . Ay :
(@) jrr1 = (Pa)ijin
(VZ¢a)i,j,k+1/2 = ’ +AZ ==

Finally we need to discretize the magnitude of the gradients at the respec-

tive off grid positions, which is done as follows,

2 2 2
|v¢o¢|(i+1/2,j,k) :\/(Vm¢a)i+1/2,j,k + (Vy¢a)i+1/2,j,k + (Vz¢a)i+1/2,j7k

The gradient (V;¢a);, /2, &t the position is already given before, while

the gradients in the other directions are derived as follows,

1
(Vy¢a)¢+1/2,j,k ) ((Vy¢a)i,j,k + (Vy¢a)i+1,j,k)

((¢a)i,j+1,k - (¢a)i,j—1,k)
2Ay

(vyd)a)i,j,k =
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(qﬁa)i Jj i _ (gba)i L
(Vyba)isrin = ( +1,5+1 I;Ay T k)

(v ¢(’)z+1/2j k= ( Z¢a)l] k + (v ¢O‘)z+1,j, )

1
5
( Pa) gkl ¢a)¢,j,k—1)
(

(vz¢a)i,j,k 2Az
d)a i4+1,5,k+1 (¢Oé)i+1,j,k—1)
(V y¢a)z+1 gk T 2Az .

Similarly, the vector-norms at the other offset grid positions can be deter-
mined.

2 2 2
IVoal,j+1/2.%) Z\/(quh)i,jﬂ/z,k + (Vyba)iji1/on + (Vada)iji1on

The gradient (Vy(ba)ij +1/2 is given before. The other gradients are
derived as,
( £¢C¥)z J+1/2,k

% (Vata); jip+(V x¢a)i,j+1,k>'
( qba i+1,5,k d)a)z 1,J,k)
(

2Ax

Pa) i+1,54+1,k (¢a)i—1,j+1,k>
(Vada); J+Lk = 2Ax

1
(vz¢a)i,j+1/2,k = b} ((V ¢Ot>2 ik + (V ¢a)z NEDR k)
¢(x s ¢a)i’ i k—
(Vaba)ss 0 = ( 0.4, k+12AZ .k 1)
ba);, (Da)ijr1 -
(V:00)i i1k = (s T ).

Finally, the norm on the offset grid position in the z-direction given by

2 2 2
|V¢a|(i,j,k+1/2) :\/(Vm¢a)i,j,k+1/2 + (Vy¢a)i,j,k+1/2 + (VZ¢a)i,j,k+1/2-
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The gradient in the z-direction (V.a); ; 111/ is given before while the
gradient in the other directions can be derived as,

1
(vx¢a)i,j7k+1/2 = (( a:¢a)” T ( £¢a)i7j,k+1>

(Vada)i = ( Pa)it1,;, ];A;%)i_l’j’k)
((

ba)is1giit — ()it )
(vz¢a)i7j,k+1 = AT

1
(vy¢a)i7j7k+1/2 5 <(V (ba)” k + (V ¢o¢)1 J k+1>
$a);, (Da)ij1,
(Vyba)ip = (@) s N 1)
Pa);, (Do) 1,
(quﬁa)i’j’k_‘rl ( 4,j+1, k:+12Ay j—1 k+1) .

E.1. Parallelization

In this section, we discuss the terms transferred for parallelization in
the z-direction. While all terms, related to the gradients in the phase-
field variable ¢ are completely calculated with the imposition of a single
boundary layer for each worker, which contains the information about
the values of the ¢, from the neighboring worker, we require additional

0
transfer variables %, for the anti-trapping current. We calculate this

term by the following expression:

% ~ ¢n+1 ¢n
ot At

To understand, how this can be done correctly and effectively, it is essential
to have a look at the calculation procedure in the domain. For the original
(without the anti-trapping current), we use three buffer layers(gradient
layers) for efficient utilization of the memory resources. This suffices
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since we use the nearest neighbor and second nearest neighbors for the
dicretization of all the gradients. This is done as follows: For all points in
a layer, we calculate one-sided gradients in the positive direction. Then
the layers are swapped such that the next layer gradients are calculated.
After this we have the relevant gradients in the z— direction, that we need
to compute the divergence as:

Vi, — Vi g,
V- (V)i = A ,

where Vi9k~1 contains the gradient in the earlier layer (z-1). With the
divergence calculations, we are in a position to calculate all the terms
required for the evolution of the ¢, equation.

O

For the antitrapping term however, we need terms related to —— at the

off-grid positions. And we have seen in the discretization this is done
through averaging the values of the cell of calculation and next neighbor
cell in the direction. This requires that we have the ¢, update of the
present cell and the next cell in the positive direction before we calculate
the update for the ¢ field. Hence, this requires that ¢ calculation be one
step behind that of the phase-field such that all terms related to the
¢« are from the time-step (n+1). The p however is from the time step
(n-1), which is consistent with the mass-conservation being satisfied at
time-step (n-1). To achieve this whole thing entirely, requires that we
increase the number of gradient layers by 1 and we structure our gradient
layers naming them -1,0,1,2. While the calculation of ¢, uses the gradient
layers 0,1,2, the calculation of the concentration field is one step behind,
and consequently one swap behind the phase-field and therefore comprises
of -1,0,1. This now enables the computation in the parallelization direction
to be of the same type as the other directions.

Mobilities

The mobilities M (¢, ¢, T') are also required at the off-grid positions which
are computed similarly by averaging the cell value and that of the neighbour
cell. Since, the concentration is one iteration behind, we utilize the ¢n+!
for the computation of M (T, ¢, ¢).
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MPI exchange

In the present parallelization scheme, we divide the domain in slices, parallel
to the z—direction and the present dicretization scheme requires that we

0
have the ﬁ at the boundary cells when we compute the antitrapping flux

term for the boundary cells in the z— direction. This is however impossible
in the normal calculation scheme, since the update of the boundary cells is
only after the complete calculation of the whole slice. To achieve this we
do the following: For the the last boundary cell, we calculate the change in
¢ from the neighboring worker, and store it in array for future calculation,
before the start of the iteration for the entire slice. Note, this calculation
does not modify the ¢, values, but only computes the change in ¢,. For

eg: For the cell Nz — 1, we compute the % of the layer z = 1 from the
ot

0¢a
next worker, and similarly the change of ¢, for z = 0 from it of the the

layer Nz — 2 from the previous layer. The exchange of variables and the
movement of the extended gradient layer can be seen in Figure E.1. This
requires however, that we update the ¢, values of the boundary before
the ¢ calculation. This is performed through a manual update using the
change in ¢, values received from the neigboring workers. This update is
essential both for the correct calculation of the mobilities and the correct
calculation of the antitrapping current.
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Transfer of change in phase-field after first
layer is calculated

Calculate
Gradients in Transfer of change in phase-
-1/01|1|2 Layer 2 field done before iteration
Calculate
—1| 0| 1|2 | fluxes_phasefied in
Layer 1

Calculate fluxes phasefield,
divergence phasefield in Layer 1, and
-1| 0| 1| 2| fluxes conserved and

divergence concentration in

Layer 0

First Inner domain
computation for
phase-field in Layer 1

and concentration in Layer(

-1j0|1|2

Figure E.1.: Modifications implemented, namely the increase of the gradient
layers and the extra transfer variable "the change of the phase-field".
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F. List of symbols

F.1. List of symbols

Symbol  Description Units

0ag:Vap Surface entropy J/m?*K

Gap;0ap Surface energy J/m?

Taf, T Mobility (Phase-field(Free Energy Js/m?
Functional))

WaB,w Mobility(Phase-field(Entropy Func- Js/m*K
tional))

f bulk free energy density J/m?

s bulk entropy density J/m3K

\\ grand potential density J/m3

S Entropy Functional J/K

F Free Energy Functional J

Q Grand Potential Functional J

T Non-dimensional mobility(free en- -
ergy)

¢ Non-dimensional mobility(grand -
potential)

A Lagrange Parameter J/m3K

Aog Interface Thickness m

M;; Mobilities(Concentration ~ Equa- Km?3/J
tion)

M, F Solvability Integrals -

Vin Molar Volume 1/m3

R Gas Constant J/K

T Temperature K

u Non-dimensional undercooling -

Cy Heat capacity J/mPK

K Thermal Conductivity J/msK

K Thermal Diffusivity m?/s

L, Latent heat J/m?3

A Lamellar spacing m

A Temperature Scale K

Q Scaled Length(Diffusion Length- -

/Length scale)
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Interface Peclet number

iS]

Interpolation  function, non-
dimensional parameter

Q

Interpolation function

vl

Diffusivity

[1]

Q

Noise Amplitude(Phase-field)

Function of ¢

Function of ¢

Gibbs-Thomson Coefficient

Chemical potential

Kinetic coefficient

S
3
Y

I = e

1/:U/lnt

P, 9, R,S Trignometric functions

a,3,7v,0 Phase indices

1,J,k, A, B Component Indices

€ Parameter relating to m/-
length(dimensional /non-
dimensional)
c, ¢ Phase and component vectors -
Vv Velocity m/s
v Non-dimensional velocity -
le Diffusion Length(D/V) m
do Capillary length m
m Slopes of Liquidus/Solius K
t time in simulations S
kn Wave number 1/m
a gradient entropy function J/m?’K
a gradient energy function J/m?
w entropy potential J/m?*K
w energy potential J/m?
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