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Abstract: Slags generated from pyrometallurgical processing of spent Li-ion batteries are reservoirs of
Li compounds that, on recycling, can reintegrate Li into the material stream. In this context, γ-LiAlO2

is a promising candidate that potentially increases recycling efficiency due to its high Li content
and favorable morphology for separation. However, its solidification kinetics depends on melt
compositions and cooling strategies. The Engineered Artificial Minerals approach aims to optimize
process conditions that maximize the desired solid phases. To realize this goal, understanding
the coupled influence of external cooling kinetics and internal kinetics of solid/liquid interface
migration and mass and thermal diffusion on solidification is critical. In this work, the solidification
of γ-LiAlO2 from a Li2O-Al2O3 melt is computationally investigated by applying a non-equilibrium
thermodynamic model to understand the influence of varying processing conditions on crystallization
kinetics. A strategy is illustrated that allows the effective utilization of thermodynamic information
obtained by the CALPHAD approach and molecular dynamics-generated diffusion coefficients to
simulate kinetic-dependent solidification. Model calculations revealed that melts with compositions
close to γ-LiAlO2 remain comparatively unaffected by the external heat extraction strategies due to
rapid internal kinetic processes. Kinetic limitations, especially diffusion, become significant for high
cooling rates as the melt composition deviates from the stoichiometric compound.

Keywords: non-equilibrium thermodynamic model; engineering artificial minerals (EnAM);
Li recycling; γ-LiAlO2; phase transformation; controlled solidification

1. Introduction

The study of slag solidification is garnering increasing focus from the scientific com-
munity, as resource efficiency and sustainability are becoming integral for technological
advancement [1,2]. The humungous quantity of slag that is produced from various pyromet-
allurgical processes [3,4] has been traditionally treated as waste streams and discarded
as landfills or utilized in low-value applications such as cement manufacturing [5–8]. On
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the one hand, such an approach could pose potential environmental pollution in terms of
groundwater contamination or ecological imbalance due to its hazardous content, such as
Cr [9–11]. On the other hand, the potential to reintegrate valuable elements like Li, Ta, Ti,
Ni, and Ce from the slag into the material stream that promotes both circular economy and
higher economic returns is lost [12–18]. Irrespective of this, further processing of slag is
most often not pursued because of the technical complexity and its associated cost of sepa-
rating out the element of interest from the complex matrix of mineral phases in which the
element is distributed in the solidified slag [19–21]. Engineered Artificial Minerals (EnAMs)
specifically address this issue with an approach wherein slag solidification can be tailored
either via compositional modification or with a controlled cooling strategy, such that the
maximized generation of those mineral phases that constitute the highest concentration of
the element of interest and are separable from the slag matrix is achieved [22,23].

In this regard, Li-bearing slags, with the critical element Li [24–27] being distributed
in dilute proportions into several complex oxide and oxidic solutions [28,29], demand
special focus [30]. Previous research work has identified lithium aluminate (γ-LiAlO2) as a
promising EnAM phase, as it has a high Li content and favorable morphology for down-
stream separation processes [30,31]. It must be mentioned here that theoretical calculation
identifies the γ form to be the high-temperature polymorph of LiAlO2 that transforms at
temperatures below 900 ◦C into the α form. However, experimentally, such a transforma-
tion could hardly be observed, possibly due to extremely slow kinetics [32]. Hence, for
most practical purposes in the context of slag valorization, LiAlO2 formation refers to its
γ polymorph [33]. This material can be treated as a Li reservoir for further processing
to other lithium compounds or can be directly used in a multitude of fields, such as in
batteries as electrolyte composites, as an electrolyte matrix material for carbonate fuel cells,
in tritium breeder blankets of nuclear reactors for producing tritium, in radiation dosimetry,
etc. [34–37]. Hence, it would be worthwhile to investigate the influence of solidification
conditions in terms of the slag composition and implemented cooling regimes on the genera-
tion of γ-LiAlO2. Experimental investigations on the presence of manganese in suppressing
γ-LiAlO2 formation due to the entrapment of Li and Al in manganese-rich spinel solid so-
lutions are found in the literature [38]. Both the promotion and suppression of γ-LiAlO2 in
the dependence of the relative ratio of Mg and Ca oxides have been observed [28]. However,
the experimental determination of the effect of the coupled and sometimes interdependent
process parameters on phase generation is both cost- and time-intensive. This necessitates
solidification simulation to elucidate the structure–process–property relation for the entire
spectrum of solidification conditions. The CALPHAD approach (Calculation of Phase
Diagrams) has been quite successfully and extensively developed and applied to study slag
solidification in terms of determining the most stable phases under certain conditions of
temperature, pressure, and bulk composition of the system applying the Gibbs energy min-
imization technique [26,28,39,40]. However, for industry-relevant processing conditions
that could deviate substantially from equilibrium [41], the qualitative and quantitative
nature of the solidified phases are further influenced by diffusion and/or reaction kinetics
that, in turn, are dependent on external cooling rates and the composition domain [42,43].
Such effects have been exemplified in [44], where morphological variations of γ-LiAlO2
that are crucial for downstream separation result from thermal diffusion generated from
temperature gradients in the Li-containing slag. In our previous work, the dependence of
the solidification rate of Li2SiO3 from a Li2O-SiO2 melt on external cooling rates could also
be demonstrated [45]. Numerous literature data for other melt systems can be cited where
the suppression of equilibrium phases or control over their proportions and microstructures
is achieved through manipulating the kinetics [46–48]. Non-equilibrium frameworks need
to be further developed to account for these kinetic effects and model the deviation from
equilibrium behavior. One well-known possibility is the Scheil–Gulliver approach, which
considers limited solid diffusion. However, its assumptions of infinite liquid diffusivity
and instantaneous solid/liquid interface mobility might not be applicable for slags with
high viscosity and precipitating complex solid phases, respectively [49,50].
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The non-equilibrium framework based on the thermodynamic extremal principle
(TEP) and developed by Svoboda et al. constitutes a thermodynamically consistent in-
terrelation between mixed kinetics (diffusion, solid/liquid interface mobility) and phase
transformations [51,52]. Anchored in the maximization of the entropy production principle,
TEP circumvents the need for a high degree of idealization of the system and thus holds
the physical nature of the problem to an appreciable extent [51]. Although its applica-
tion for capturing phase evolution kinetics in alloy systems is extensive [53–55], there are
relatively fewer investigations of phase transformations in oxidic systems, and they are
recent [56]. In our previous works, the isothermal TEP methodology was successfully
extended to consider external and internal thermal gradients and implemented to cap-
ture the solid–solid and solid–liquid phase transition kinetics on the MgO-Al2O3 [57] and
Li2O-SiO2 systems [45,58].

In this paper, the non-isothermal TEP has been applied to investigate the growth
kinetics of γ-LiAlO2 from a binary melt of Li2O-Al2O3. The fundamental understanding of
the prevailing mechanisms governing the oxidic solidification of this binary system and its
dependence on external process parameters can be extended to higher-order oxidic melts
from battery recycling [23,28]. This aids in designing cooling strategies and operational
composition domains that tailor the internal melt kinetics to generate non-equilibrium
solid-phase characteristics such that the desired element recovery can be achieved.

One important aspect in terms of simulating solidification with TEP-based non-
equilibrium models is the determination of kinetic parameters. Herein, kinetic coefficients
are predicted with molecular dynamics (MD) simulation [59], which is an alternative strat-
egy to the inverse determination of kinetic parameters, particularly diffusion, based on
mathematical optimization and kinetic experiments. This might create the foundation to be
less dependent on experiments, particularly for higher-order systems. Furthermore, the
fundamental driving forces prevailing in the binary melt and necessary for characteriz-
ing the non-equilibrium fluxes governing γ-LiAlO2 solidification have been successfully
derived from the Gibbs energies of the Li2O-Al2O3 database recently optimized within
the state-of-the-art CALPHAD technology approach [60]. Finally, the non-equilibrium
framework of TEP couples the kinetic information of MD with that of the equilibrium
thermodynamics of CALPHAD to investigate the solidification kinetics of γ-LiAlO2 from
the binary Li2O-Al2O3 melt.

2. Materials and Methods

The non-equilibrium solidification of γ-LiAlO2 from a binary melt containing Li2O-Al2O3
has been investigated in this work considering the mixed internal kinetics of solid/liquid
interface migration and mass and thermal diffusion in the dependence on external kinetics,
such as varying cooling strategies. In this section, firstly, the physical model is briefly intro-
duced, wherein the characteristic variables of the system are described. Following this, the
major TEP equations that govern the temporal evolution of these variables, which are key
to characterizing kinetic solidification, are presented. Finally, the simultaneous connection
between the kinetic TEP model with the equilibrium-based CALPHAD information and
MD simulation information is described.

2.1. Schematic Explanation and Representation of the Solidification System

A 1D crystallization evolution of the γ-LiAlO2 phase from the binary Li2O-Al2O3
melt system has been schematically represented in Figure 1. A sharp planar solid/liquid
interface that has been reported as characteristic of oxide systems [61] has been considered
in this work. An initial nucleation of the solid phase on one boundary of the system has
been considered such that the present solidification study could be focused on the growth
kinetics of the existing solid/liquid interface. Three different melt compositions with the
molar ratio of Li2O-Al2O3 as 0.55:0.45, 0.6:0.4, and 0.65:0.35 and that generate γ-LiAlO2
based on thermodynamic equilibrium considerations [60] have been chosen for this study.
In the presence of an external sufficiently high cooling rate, multiple kinetic processes
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occur simultaneously to propagate solidification. The generation of the solid γ-LiAlO2
phase requires the incorporation of Li2O and Al2O3 from the melt to the solid phase,
causing the solid/liquid interface migration with a velocity v into the melt, as has been
schematically represented in Figure 1. The mobility of the interface, or the incorporation
rate of the components into the solid phase, needs to be infinitely fast for the progression
of solidification when the assumption of equilibrium or no driving force is considered,
as in most reported solidification models [49,50]. However, the TEP model allows for
relaxing such constraints and can deal with a finite interface mobility and, consequently,
non-equilibrium interface conditions [52,62].
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Figure 1. Schematic representation of the material flow between MD-TEP-CALPHAD and the
1D γ-LiAlO2 crystallization system from Li2O-Al2O3 melt. The representative solid structure is
computed based on reference [63]. The temperature and composition profiles for a certain time are
depicted when the system has been subjected to external heat extraction. The solid/liquid interface
moves with velocity v along with a generation of latent heat at the interface.

The combined effect of external heat extraction and the latent heat evolution at the
interface during solidification gives rise to the inhomogeneity of the temperature field
with time due to the thermophysical properties of the solid-melt system. This is depicted
in Figure 1.

Finally, the formation of the stoichiometric compound γ-LiAlO2 with a mole composi-
tion of 0.5:0.5 Li2O-Al2O3 from a melt with an Al2O3 concentration less than 0.5 requires
the diffusion of Al2O3 from the bulk toward the interface and that of the Li2O in the
reverse direction. The same is depicted in Figure 1, where the melt has been discretized
into k elements of thickness ∆k. Each region experiences a net positive flux of Li2O,
ji,k (i = Li2O) and a net negative flux of Al2O3. The resulting spatial heterogeneous concen-
tration field for a particular time is shown for the melt in Figure 1. The solid composition is
fixed at 0.5.

The evolving interface conditions of temperature and composition are key for deter-
mining solidification kinetics.

Before discussing the information flow between the TEP, CALPHAD, and MD sim-
ulation, as has been represented in Figure 1, the TEP evolution equations are introduced
briefly for the sake of demonstrating the coupling with CALPHAD and MD. For deeper
insight into TEP, the reader is referred to [51,62].

2.2. Thermodynamic Extremal Principle (TEP): Evolution Equations

The kinetic processes of mass flux and interface migration, as were discussed in
the previous subsection, progress by dissipating the Gibbs energy of the system. Hence,
the first step for the TEP framework, as was developed by Svoboda et al. [51,62] for an
isothermal system, is the formulation of the rate of Gibbs energy change of the system,

.
G,

in terms of the kinetic variables jik and v, characterizing the kinetic processes, as is given
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in Equations (1) and (2). Readers are referred to [62] for a detailed explanation of firstly
representing the total Gibbs energy of the system as a function of jik and v and consequently
deriving the following partial differential equations:

∂
.

G
∂jik

= (µik+1 − µsk+1)− (µik − µsk) i = 1, . . . s − 1, k = 1, . . . m − 1 (1)

In Equation (1), s represents the number of components, and m represents the number
of discretization in the liquid (since no mass diffusion is considered inside the solid). The
chemical potential of the ith component in the kth discretization is denoted by µik.

∂
.

G
∂v

=
1
Ω

(
gsolid −

s

∑
i=1

xsolid
i µ

liq
i,int

)
(2)

In Equation (2), Ω represents the partial molar volume of the components, and gsolid

represents the Gibbs energy of the solid phase. To represent a value at the interface ‘int’ on
the liquid ‘liq’ side, the property values for the first discretization are used.

The next step in the TEP methodology is the formulation of a dissipation function Q by
considering a linear relation between fluxes and forces, prevalent for the kinetic processes
occurring in the system. The partial differential of this function with respect to the kinetic
variables is depicted in Equations (3) and (4) according to [51,62].

∂Q
∂jik

=
2jik
Bik

− 2jsk
Bsk

i = 1, . . . s − 1, k = 1, . . . m − 1 (3)

Here,Bik = 1
Uik+Uik+1

; and Uik = RTΩ∆k
2xik Dik

. Dik represents the diffusion coefficient of
the ith component in the kth element. R is the universal gas constant, and T is the
system temperature.

Equation (4) is stated as follows:

∂Q
∂v

=
2v
M

+ 2
s

∑
i=1

CiKiv (4)

where Ci = KiUi,int; Ki =
xsolid

i −xliq
i,int

Ω ; and M is the interface mobility.
Finally, undertaking the constrained maximization of Q in terms of the kinetic vari-

ables by implementing the maximum entropy production principle, the following relation
between

.
G and Q is derived [51,62]:

∂
.

G
∂

.
ql

= −1
2

∂Q
∂

.
ql

l = 1, . . . , (s − 1)(m − 1) + 1 (5)

In Equation (5),
.

ql denotes the kinetic variables jik and v.
Substituting Equations (1) and (3) in Equation (5) generates flux equations related to

diffusion. Similarly, substituting Equations (2) and (4) in Equation (5) provides the equation
for the interface velocity. The set of linear Equation (5) could then be solved for each time
interval to calculate the temporal evolution of the kinetic variables and, consequently, the
system. For a more detailed description of TEP, the readers are referred to [51,62].

The above-detailed isothermal TEP framework has been successfully extended to
incorporate temporal and spatial temperature inhomogeneity in our previous works [57,58].
As has been discussed in [58], the effect of thermal diffusion due to the presence of a
spatio-temporal thermal gradient on the evolution of the kinetic variables could be fully
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accounted for [64] by simultaneously solving the 1D heat conduction equation, as is given
in Equation (6) [65].

∂T
∂t

= α
∂2T
∂z2 +

.
H

ρcp
(6)

Equation (6) is implemented for each discretization z to evaluate the temperature
T evolution over time t. It should be mentioned here that the discretization also includes
the solid phase in this case, unlike in the case of mass flux, where only the liquid phase was
considered (Equations (1) and (3)).

.
H represents the heat generation rate by unit volume.

This value is zero except for the discretization that includes the interface that acts as a
moving heat source during solidification.

.
H could be calculated from the information of

the experimentally obtained latent heat of fusion for γ-LiAlO2 as can be derived from the
literature [66] and the amount of phase generated or the interface velocity information
v delivered from TEP. The thermal diffusivity α is represented by k

ρcp
, where k is the thermal

conductivity, ρ is the density, and cp is the specific heat capacity. The α value of pure
γ-LiAlO2 was set based on Ref. [67], and for the melt, its value was set based on Refs. [68,69].
The herein applied values for the solid and melt thermal diffusivities are 1.65 × 10−7 m2s−1

and 8.25 × 10−8 m2s−1, respectively.
The remaining parameters from Equations (1)–(6) are derived from either the CALPHAD

database or from MD simulations, as described in the following subsections.

2.3. CALPHAD

The CALPHAD (Calculation of Phase Diagrams) methodology finds widespread
application in material science as the tool to study phase formations under equilibrium
conditions. Different physically motivated models are implemented to describe the de-
pendence of Gibbs energy on temperature, pressure, and composition for each phase that
can form in the system. The thermodynamic parameters describing the dependence of
Gibbs energy are obtained from available experimental data, both on phase equilibria and
thermodynamic values, by optimization in order to reproduce experimental data within
minimal deviation [70]. The resulting thermodynamic parameters could be utilized to
calculate Gibbs energies of different phases as a function of pressure, temperature, and
composition that could further be used to generate phase equilibrium diagrams [60].

Phase equilibria in the Li2O-Al2O3 system were recently experimentally investigated
in depth, and thermodynamic parameters were optimized [60]. In this new assessment,
the stability of LiAlO2 was confirmed. The high-temperature polymorph γ-LiAlO2 was
modeled as a stoichiometric compound. The liquid phase was described by a two-sublattice
partially ionic liquid model. This database provides the gsolid and the µik values required in
Equations (1) and (2) when it receives the conditions of composition xik and temperature
Tik from the TEP framework. The connection procedure between the kinetic model and
the equilibrium database has been described in more detail in our previous work [57].
The information flow between TEP and CALPHAD has been schematically represented in
Figure 1. The cp values of the solid and liquid phases required in Equation (6) could also be
obtained from the CALPHAD database.

2.4. Molecular Dynamic (MD) Simulation

One of the characteristic variables of the TEP model is the flux of the components Li2O
and Al2O3. This implies that diffusion within the melt needs to be described with respect
to these oxide species. Herein, the diffusion of the neutral oxide molecules is set as an
assumption that satisfies the local charge neutrality constraint on one hand and facilitates
feasible computation without the knowledge of the actual diffusion mechanism on the
other [71]. Additionally, for each of the oxide molecules, the self-diffusion could be equated
to the slower-diffusing constituent ion [72]. However, the experimental determination of
such ionic diffusivity is challenging. Hence, it is essential to resort to theoretical calculations
to access such information [73].
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For the Li2O-Al2O3 system, recent investigation with molecular dynamic simulation
with the open-source LAMMPS code [74] could generate the diffusivities of the Li+, Al3+,
and O2- species in the dependence of temperature and composition. The mean square
displacement for each ion of each species was computed and then averaged to generate the
self-diffusion coefficient Ds of each ionic species according to Equation (7) [59].

Ds =
1

6tNion

Nion

∑
i=1

[
|ri(t)− ri(0)|2

]
(7)

In Equation (7), ri represents the position of the ion after time t, while Nion represents
the total number of ions.

Following the above procedure, the diffusion coefficients for the Li+, Al3+, and
O2− ions that could be generated for different combinations of temperature and com-
position [59] and further interpolated points have been represented in Figure 2. It must
be mentioned that the variation of the diffusion coefficient as a function of composition
refers to the self-diffusion coefficients of individual ions for different systems having varied
overall mole fraction ratios of Li2O and Al2O3. As can be observed from Figure 2, for
most of the combinations of temperature and composition, the Li+ ion shows the highest
diffusivity, followed by that of the O2− and Al3+ ions, respectively. Hence, assuming the
aspect of charge neutrality constraint, the MD-generated self-diffusion coefficients could
be arguably recalculated for the components Li2O and Al2O3 and hence transformed into
effective diffusion coefficients D for the oxide molecules required for the TEP framework.
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Finally, these transformed diffusion coefficients could be accessed with regard to the
dependence on temperature and composition by the TEP model for solving the fluxes
within the melt phase.

Thus, the information flow between CALPHAD-TEP-MD needs to be established at
each time step for the successful solution of TEP evolution equations for describing the
kinetic solidification of γ-LiAlO2 from a Li2O-Al2O3 binary melt.

3. Results

The TEP modeling framework has been applied in this work to study the solidification
kinetics of γ-LiAlO2 from a Li2O-Al2O3 melt. The growth of crystalline Li2O-Al2O3 has
been studied with regard to the dependence on external cooling strategies and initial melt
composition for a system of dimension 6 mm. Three molar ratios of Li2O-Al2O3, namely,
0.55:0.45, 0.6:0.4, and 0.65:0.35, have been considered for the starting melt composition. For
convenience, they have been referred to as C1, C2, and C3 in the subsequent discussion.
An initial nucleation of γ-LiAlO2 is assumed. Corresponding to the kinetic processes of
mass and thermal diffusion, the kinetic parameters D and α are obtained based on the
MD simulations and literature, respectively, as has been discussed in the previous section.
Utilizing the experimental finding from [60] that the reaction kinetics of γ-LiAlO2 is quite
fast, corresponding to a melt of the same composition, it is assumed in this work that the
Gibbs energy dissipation for interface migration is comparably low compared to diffusion.
Hence, it is not the rate-limiting factor for solidification in this case and is not considered in
this work.

3.1. γ-LiAlO2 Phase Evolution Computationally Investigated for the Cooling Rates 2 Kmin−1,
10 Kmin−1, 40 Kmin−1, 60 Kmin−1, and 100 Kmin−1 for Each of the Binary Melts, C1, C2, and C3

For all the simulation cases, the initial melt composition and temperature are consid-
ered to be spatially homogeneous. The melt is considered to be cooled from the correspond-
ing liquidus temperatures of the different melts [60] with different cooling rates at the left
system boundary (Figure 1). The cooling regime is continued until the left system boundary
temperature reaches 1750 K. The right system boundary (Figure 1) is considered to be at
adiabatic conditions throughout the process. In Figure 3a, the black, blue, olive, brown, and
red solid lines represent the evolution of the left boundary temperature with time for the
cooling rates 2 Kmin−1, 10 Kmin−1, 40 Kmin−1, 60 Kmin−1, and 100 Kmin−1, respectively.

The equilibrium mole fraction of crystalline γ-LiAlO2, solidified on cooling melt C1,
has been represented as a function of temperature by the black dash line in Figure 3b. The
influence of the different boundary cooling rates of 2 Kmin−1, 10 Kmin−1, 40 Kmin−1,
60 Kmin−1, and 100 Kmin−1 on the solid-phase evolution has been further depicted by
the black, blue, green, brown, and red solid lines, respectively. It must be mentioned here
that the temperature axes represent only the temperature at the left boundary. Due to
the time-dependent process of thermal diffusion, the spatial temperature distribution for
the remaining melt for a certain left boundary temperature value varies according to the
cooling rate applied. This is further illustrated in the following results.

As can be observed, the amount of solidified phase fraction approaches the equilibrium
value as the cooling rate is reduced. The mole fraction evolution is ~98% of the equilibrium
value for both the cooling rates 2 Kmin−1 and 10 Kmin−1. It decreased to 96% and 94% of
the equilibrium fraction as the cooling rate was increased to 40 Kmin−1 and 60 Kmin−1. A
comparatively stronger influence on the phase evolution could be observed only when the
cooling rate was increased to 100 Kmin−1. However, even for this case, the solid γ-LiAlO2
phase reached a value of about 91% of its equilibrium value.
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Figure 3. (a) Left boundary temperatures over time represented by the black, blue, olive, brown, and
red solid lines for the cooling rates 2 Kmin−1, 10 Kmin−1, 40 Kmin−1, 60 Kmin−1, and 100 Kmin−1, re-
spectively; (b) solid-phase fraction evolution as a function of left boundary temperature for melt with
starting composition C1 (0.45 Al3) for different cooling rates represented by the corresponding colored
solid lines corresponding to the respective cooling rate; (c) solid-phase fraction evolution as a func-
tion of left boundary temperature for melt with starting composition C2 (0.4 Al2O3); (d) solid-phase
fraction evolution as a function of left boundary temperature for melt with starting composition C3
(0.35 Al2O3); for all the cases in (b–d), the black dash lines represent the equilibrium solid fraction
evolution over temperature for the corresponding starting melt compositions.

Similar model calculations for the same cooling rates were performed for C2 and
C3 and are represented in Figure 3c,d. The corresponding equilibrium mole fractions are
depicted by the black dash lines, respectively.

As can be observed for both cases, they follow a similar trend as described for melt C1,
i.e., with a decreasing cooling rate, or allowing more time for solidification, the solidified
phase fraction approaches the equilibrium value. However, the influence of the increasing
cooling rate is most dominant for melt C3, followed by that of melt C2 and C1. For the
cooling rates of 2 Kmin−1 and 10 Kmin−1, for both melts C2 and C3, the solidification could
reach above 90% of the equilibrium value. As can be observed from Figure 3c, even for the
highest investigated cooling rate of 100 Kmin−1, solidification for melt C2 could still reach
79% of the equilibrium value. However, a significant deviation from the equilibrium value
could be observed for melt C3 for higher cooling rates, as has been depicted in Figure 3d.
As the cooling rate increased from 40 Kmin−1 to 60 Kmin−1 to 100 Kmin−1, the solid-phase
fraction decreased from 69% to 48.8% to 46.3% of the equilibrium value.
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3.2. Further Investigation of the Melt Conditions and the Solidification Forces Prevalent for Melts
C1 and C3 for the Cooling Rates 2 Kmin−1 and 100 Kmin−1

Melt C1, as was illustrated in the previous section, exhibited the least influence of varying
cooling rates on solidification. On the other hand, the higher cooling rates significantly
decreased solidification for melt C3. Hence, the melt conditions for C1 and C3 are further
investigated for the lowest and the highest cooling rates of 2 Kmin−1 and 100 Kmin−1.

Figure 4a represents the evolution of the composition field of Al2O3 for melt C1 at
different instances of solidification for the cooling rate 2 Kmin−1. At the liquidus tempera-
ture, 2030 K [60], there is no solidified fraction, and the melt composition, represented by
the solid black line, is spatially homogeneous. The next stage is represented by the brown
dash line when the boundary temperature has reached 1950 K. The vertical brown line
represents the position of the solid/liquid interface, and the melt composition is repre-
sented by the horizontal brown dash line. It can be observed that even after considerable
solidification of the stoichiometric compound γ-LiAlO2, with the mole fraction of 0.5 Al2O3,
the composition distribution of the remaining melt is nearly homogeneous. Following this,
for different instances, when the system boundary temperature reached 1880 K, 1840 K,
1805 K, and finally 1750 K, similar observations could be made from the corresponding
composition profiles represented by the blue solid, green dash, red solid, and olive dash
lines. In Figure 4b, for all the mentioned conditions of the left boundary temperatures,
the temperature and composition conditions of the solid/liquid interface have been rep-
resented by the corresponding colored boxes. As can be observed for all the cases, the
interface is at equilibrium conditions, which has been represented by the black solid line. It
may also be observed that the interface, which is at a considerable distance from the left
boundary by the time it reaches 1750 K, is approximately at the same temperature as the
left boundary. This indicates that temperature distribution was homogeneous during the
solidification process for the cooling rate 2 Kmin−1 for the particular system dimension
that was used in the simulation.

A similar representation of the melt composition distribution and the interface condi-
tions for melt C3 are represented in Figure 4c,d for the cooling rate 2 Kmin−1. Only the
temperatures 2030 K and 1950 K are excluded, as the melt cooling for this case starts from its
liquidus temperature, which is at 1880 K [60]. As can be observed from Figure 4c, the melt
attains nearly homogeneous composition distributions in all instances. Correspondingly,
the interface, as depicted in Figure 4d, is at equilibrium conditions, represented by the
black solid line.

For the cooling rate of 100 Kmin−1, the melt composition distribution and interface con-
ditions for the same conditions of left boundary temperature are represented in Figure 5a,b
for melt C1 and Figure 5c,d for melt C3. To understand the significant influence that
this cooling rate had on suppressing the equilibrium-phase fraction formation (on C3),
the different cases are further marked with their associated formed solid-phase fraction,
represented in terms of the fraction of the equilibrium amounts corresponding to C1 and
C3. As can be observed from Figure 5a, three further instances represented by the black,
blue, and red dash lines are further included for melt C1. These represent the conditions
when the solidification reached 9%, 22%, and 46% of its equilibrium value, such that a
direct comparison could be made with the melt C3, and the higher influence of cooling rate
on C3 compared to C1 could be further understood.

Figure 5a shows that heterogeneity in the composition field for the melt starts to evolve
for melt C1 as solidification progresses. The region near the interface becomes leaner in
Al2O3 faster than in bulk. This is observed to continue until the system reaches ~72% of its
equilibrium value (system boundary at 1880 K). Following this, the melt composition tends
to homogenize as the left boundary is cooled to 1750 K.
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Figure 5. (a) Composition distribution in terms of Al2O3 mole fraction for the solidifying C1 melt
(0.45 Al2O3, liquidus temperature at 2030 K), represented by the solid black, dash black, dash blue,
dash brown, dash red, solid blue, dash green, solid red, and dash olive lines for the instances
when the left boundary temperature reached 2030 K, 2006.7 K, 1983.3 K, 1950 K, 1936.7 K, 1880 K,
1840 K, 1805 K, and 1750 K, respectively, for the cooling rate of 100 Kmin−1; (b) equilibrium melt
composition as function of temperature for melt C1 represented by the black solid line [60]; the colored
boxes represent the simulated interface conditions for the corresponding conditions; (c) similar
representation as a) for melt C3 (0.35 Al2O3, liquidus temperature at 1880 K) for the cooling rate
of 100 Kmin−1; the calculations start from 1880 K; (d) equilibrium melt composition as function of
temperature for melt C3 represented by the black solid line [60]; the colored boxes represent the
simulated interface conditions for the corresponding cases.

The interface is at equilibrium conditions for most of the melt, as can be observed
from Figure 5b. However, between temperatures 2030 K and 1880 K, a minor deviation
from the equilibrium condition is observed for the interface. Additionally, the interface
temperature (consequently, the rest of the melt) shows considerable deviation from the left
boundary temperature.

For the fast cooling rate of 100 Kmin−1, the evolution of the significant heterogeneity
for the melt composition distribution is represented in Figure 5c for similar instances as
in Figure 4c. The corresponding solid amount in terms of the fraction of the equilibrium
amount is depicted for these instances. Figure 5d further illustrates the interface conditions
for melt C3. As can be observed, the interfaces attain the equilibrium condition for each
instance during the solidification process.

3.3. Evolution of the Temperature Field for Melts C1 and C3 for the Cooling Rate 100 Kmin−1

Investigating the evolution of the temperature field in combination with the concentra-
tion field might be necessary to illustrate the difference in the influence of the fast cooling
rate of 100 Kmin−1 on the solidification of melt C1 as compared to melt C3. Figure 6a,b
represents the simulated temperature fields for melts C1 and C3 at the same instances for
which the composition fields were depicted in Figure 5a,c. The three cases for which solidi-
fication for both C1 and C3 reaches 9%, 22%, and 46% of their corresponding equilibrium
values are further marked in Figure 6a,b. The deviation of the bulk melt temperature from
the left boundary temperature is observed to be much smaller for C1 as compared to C3 at
the end of the cooling process (left boundary at 1750 K).
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Figure 6. (a) Temperature distribution for the solidifying C1 melt, represented by the solid black, dash
black, dash blue, dash brown, dash red, solid blue, dash green, solid red, and dash olive lines for the
instances when the left boundary temperature reached 2030 K, 2006.7 K, 1983.3 K, 1950 K, 1936.7 K,
1880 K, 1840 K, 1805 K, and 1750 K, respectively, for the cooling rate of 100 Kmin−1; (b) similar
representation as (a) for melt C3 for the cooling rate of 100 Kmin−1; the calculations start from 1880 K;
the corresponding solidified phase amount as a fraction of the equilibrium amount is presented.

3.4. Investigation for the Solidification Evolution for Melt C3 When the Boundary Temperature Is Held
Constant at 1750 K for 20 Min Following the Cooling Regime from 1880 K to 1750 K at 100 Kmin−1

Cooling melt C3 at 100 Kmin−1 results in a significant deviation from the equilibrium
amount, as depicted in Figure 3d. To investigate whether the system can reach its equi-
librium condition at 1750 K when enough evolution time is provided, the left boundary
temperature is held constant at 1750 K for 20 min following the cooling regime.

The evolution of the left system boundary temperature with time is represented by the
solid black line in Figure 7a. The corresponding solid fraction evolution is represented by
the solid blue line. The equilibrium fraction corresponding to melt C3 at temperature 1750 K
is represented by the dash blue line. Five time instances, t1 to t5, are marked by the olive
dash line, brown solid line, green dash line, red solid line, and blue dash line, respectively.
t1 represents the time when the left boundary temperature reaches 1750 K. Following this,
an interval of 60 s each is observed to reach from t1 to t4. t5 represents the end of the
simulation regime. For the time steps t1 to t5, the evolution of the melt composition is
represented by the corresponding lines in Figure 7b. The corresponding solid amount as a
fraction of the equilibrium amount is also represented. As can be observed from Figure 7b,
within the first 180 s of the total 20 min holding period, the solid fraction increased from
46% to 90%. During the remaining time, the solidification increased further to 96%.

Hence, it might be concluded that most of the solid-phase evolution occurred within
the first 180 s of the holding period, after which the solidification rate decreased significantly,
as can also be observed in Figure 7b. The temperature evolution of the system for these time
instances, represented in Figure 7c, depicts the gradual homogenization of the temperature
field over time.
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Figure 7. (a) Left boundary temperature over time represented by the black solid line for a cooling
melt C3 from 1880 K to 1750 K at 100 Kmin−1, followed by a holding period of 20 min; solid fraction
evolution for the same duration represented by blue solid line; equilibrium solid fraction for melt
C3 at 1750 K; different time instances, t1, t2, t3, t4, and t5 are represented by the olive dash, brown
solid, green dash, red solid and blue dash lines, respectively; (b) composition distribution in terms
of Al2O3 mole fraction for the solidifying C3 melt, represented for the time steps t1, t2, t3, t4, and
t5; the corresponding generated solid amount as a fraction of the equilibrium amount is presented;
(c) temperature distribution for the solidifying C3 melt, represented for the time instances t1, t2, t3, t4,
and t5.

4. Discussion

In this work, the solidification of γ-LiAlO2 has been studied from a binary melt of
Li2O-Al2O3 and its dependence on external cooling rates and initial melt compositions.
It could be observed from the results represented in Figure 3b–d that for lower cooling
rates, like 2 Kmin−1 and 10 Kmin−1, for all the melts (C1, C2, C3), the solidification could
reach a near-equilibrium value. The governing factors for solidification under a low cooling
rate (2 Kmin−1) might be understood from the melt condition investigation for C1 and C3,
represented in Figure 4a–d.

For the solidification of a 0.5 mole fraction Al2O3 stoichiometric compound from a
melt that is leaner in Al2O3, the bulk melt composition needs to decrease further in terms of
Al2O3 mole fraction in order to generate the solid phase with the higher amount of Al2O3.
For any temperature lower than the liquidus for a certain composition, the simultaneous
generation of a certain amount of solid phase from the melt, i.e., the interface migration
and the reduction of the composition of the remaining melt that necessitates diffusion,
might be time-consuming. Hence, either the external cooling has to be very slow to allow
the system to equilibrate, or the internal kinetics of interface mobility and component
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and thermal diffusion have to be very fast to observe for any temperature a solidification
evolution that is in accordance with that of the equilibrium studies. For the cooling rate
of 2 Kmin−1, which is much higher than what has been used in the literature for the
experimental determination of equilibrium solidification [23,27], for both melts C1 and
C3, the internal kinetics are still fast enough to reach near-equilibrium status for any of
the instances studied. This is further illustrated by the almost homogeneous composition
fields of the melts and the equilibrium interface conditions for each instance investigated.
Such fast solidification kinetics for γ-LiAlO2 have also been experimentally observed for
systems having compositions close to the stoichiometric compound in [60].

Increasing the external cooling rate to 100 Kmin−1 signified fifty times less duration
for solidification than the former case. Because of this short span of time, only the melt in
the vicinity of the interface reaches the equilibrium composition value for that temperature.
The rest of the bulk melt still remains at a higher Al2O3 concentration value. Thus, due to
the dearth of supply of Al2O3 at the interface, the solid fractions formed are less than the
equilibrium phase fraction value. However, it is interesting to note that this effect is more
pronounced for melt C3 than for melt C1.

Figure 5c,d depicts that melt C3 takes a duration of 78 s, which is the time taken
for cooling the left boundary temperature from 1880 K to 1750 K to reach 46% of its
equilibrium fraction. However, for the same cooling rate of 100 Kmin−1, it can be observed
from Figure 5a,b that melt C1 reaches 46% of its equilibrium value when the left boundary
temperature cools down to 1936.7 K from 2030 K; i.e., in ~56 s. Thus, overall, more solidified
fraction is generated in the case of C1 (as can be compared from Figure 5a,c) in a lesser time
than that of C2 as both the systems reach 46% of their equilibrium growth. This might be
explained by the fact that as the composition of C1 (0.45 mole fraction Al2O3) is closer to
the stoichiometric compound (0.5 mole fraction Al2O3) as compared to C3, less diffusion is
required in order to generate the same amount of solid phase for C1 than C3. Moreover, it
can also be observed from the temperature profiles of C1 and C3, represented in Figure 6a,b,
that the overall system temperature for any instant, as melt C1 progressively generates
9%, 22%, and 46% of the equilibrium solid fraction, is at a higher level than when melt C3
generates the corresponding amounts of solids. This implies that diffusion kinetics were
faster for these instances for C1 than for C3, and, hence, solidification was faster for the
former case.

The solidification of melts C1 and C3 might also be compared from the cases when for
both the systems the left boundary temperature reaches 1880 K (the liquidus temperature
for C3) and progressively decreases to 1840 K-1805 K-1750 K. As can be observed from
Figure 5a,c, at the instant solidification starts for C3 (at 1880 K), melt C1 has already reached
a solidification corresponding to 72% of its equilibrium value. The overall melt composition
has reduced much from its initial composition (0.45 Al2O3) for C1. For the subsequent time
steps, as the temperature drops, the composition of melt C1 nears that of melt C3, requiring
more diffusion for the solidification of γ-LiAlO2 than what was required before when the
melt composition was nearer to the solid-phase composition. However, as can be compared
between Figure 5a,c, the distance for diffusion is much reduced for melt C1, which already
has a considerable fraction of the solid formed, compared to melt C3. Hence, even though
the overall melt composition of C1 approaches that of C3 and goes even lower than C3
after a certain instant, the diffusion is quick enough for the solidification of C1 to reach up
to 91% of its equilibrium value. On the other hand, the much larger distance for diffusion
suppresses the solidification for C3 at 46%.

The faster diffusion kinetics of melt C3 compared to melt C1, as can be comprehended
from the higher level of bulk melt temperature for the former for the instances where the
boundary temperatures reached 1840 K-1805 K-1750 K, which is depicted in Figure 6a,b,
compensated for the larger diffusion distances in C3 and were just enough to generate an
equivalent amount of solid for C3, as was generated for melt C1 for this particular duration.

It must be mentioned here that, since for most of the cases investigated for melts C1
and C3 for the cooling rates of 2 Kmin−1 and 100 Kmin−1, the interface was observed to be
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at equilibrium conditions, as denoted in Figure 4b,d and Figure 5b,d, the assumption that
solidification might be considered to be diffusion-limited for the cases of very high cooling
rates (~60 Kmin−1 or 100 Kmin−1) is substantiated.

The faster homogenizing thermal profiles for the instances 1840 K-1805 K-1750 K for
melt C1 as compared to C3 could be attributed to the fact that the larger fraction of solid,
with a higher thermal diffusivity than the melt, provides a quicker way for heat extraction
for the former.

Finally, for melt C3, the results depicted in Figure 7 show that, in the absence of a
dynamic cooling rate, if the external heat extraction profile is just enough to hold the
temperature at 1750 K, the solidification reaches 90% of its equilibrium value as fast as
within a 180 s duration. The system temperature also quickly equilibrates. This signifies the
inherent fast kinetics of the Li2O-Al2O3 system, especially for the solidification of γ-LiAlO2.

5. Conclusions

This work presents a strategy for coupling MD simulation information and a recently
developed new CALPHAD database to the kinetic TEP model that facilitates the study of
solidification kinetics from slag melts under non-equilibrium heat extraction strategies for
γ-LiAlO2. The modeling strategy based on Gibbs energy dissipation during solidification
could be facilitated by the dynamic input of the available Gibbs energies for the system
under any given condition by the CALPHAD database at each temporal level of evolution.
The TEP framework is applied in this work such that its constituting kinetic parameters,
i.e., diffusion coefficients, are obtained computationally based on MD.

The MD-informed TEP model is applied in this work to investigate the solidification
kinetics of γ-LiAlO2 out of the binary Li2O-Al2O3 melt. It turned out that for initial
compositions in the melt near the stoichiometric compound composition, even a cooling
rate as high as 100 Kmin−1 does not influence the generation of the equilibrium phase
amount significantly. This signifies that for a certain composition range in the vicinity of
the stoichiometric composition, the kinetics of diffusion have a negligible influence on
the γ-LiAlO2 formation. This supports observations already made for γ-LiAlO2 phase
formation for other melt systems [75]. However, with increasing deviation of the initial
melt composition from that of the stoichiometric compound, it could be observed that
irrespective of the fast reaction kinetics for the formation of the compound itself, the
diffusion required to form the precursor composition in the melt for the solidification to
occur becomes increasingly significant. Consequently, time-dependent cooling strategies
trigger non-equilibrium phase fractions in the binary Li2O-Al2O3 melt and help us to
understand the transition from thermodynamic and kinetic-driven phase transitions.
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