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Linking First-Principles Energetics to CALPHAD:
An Application to Thermodynamic Modeling
of the Al-Ca Binary System

KORAY OZTURK, YU ZHONG, LONG-QING CHEN, C. WOLVERTON,
JORGE O. SOFO, and ZI-KUI LIU

First-principles (FP) energetics of both the constituent elements and the compounds in the Al-Ca binary
system are used in the CALPHAD (CALculation of PHase Diagrams) approach of thermodynamic modeling.
First-principles calculations are performed using both an all-electron full-potential linearized augmented
plane-wave method, as well as an ultrasoft pseudopotential/plane wave method. We perform calculations
of T'= 0 ground state total energies of the pure Al and Ca in fce, bee, and hep structures, and the binary
compounds in their observed crystal structures. Al;Ca, Al;,Ca 3, and Al;Cag are modeled in CALLPHAD
as simple stoichiometric compounds; however, the Laves C15 compound, Al,Ca, is modeled using two
sublattices (Al,Ca),(Al,Ca);, necessitating first-principles energies of both the stable Al,Ca compound as
well as the three nonstable ALAl, AlCa,, and Ca,Ca compounds. From these total energies, we obtain the
formation enthalpies of all the binary compounds that are then used to assist in evaluating the Gibbs
energy functions for the individual phases. The entropy contribution in the Gibbs energy function for each
individual compound is obtained via the observed equilibria with the liquid phase. We provide a complete
thermodynamic description of the Al-Ca binary system, evaluated by this combined CALPHAD-FP approach.

I. INTRODUCTION

THE Al-Ca binary is an important subsystem in the new
family of creep-resistant Mg-Al-Ca-Sr alloys. Therefore, accu-
rately assessing the thermodynamics and phase stability in Al-
Ca is important toward developing a reliable, robust database
of Mg alloy thermodynamics for use in CALPHAD (CALcu-
lation of PHAse Diagram) modeling. In the Al-Ca binary sys-
tem,!!! there has been relatively little experimental data in the
literature on the Ca-rich side of the phase diagram, compared
with the Al-rich side. Even in such a seemingly simple binary
system, new phases have recently been discovered: The exis-
tence of Alj4Ca;; and Al;Cag compounds was recently reported
by X-ray diffraction studies.**! In earlier assessments,"! the
Al-Ca binary phase diagram had been given as a two-compound
system (i.e., Al;Ca and Al,Ca compounds after References 6
and 7) with two eutectic and one peritectic invariant points.
Recent CALPHAD modeling studies,'"*! have been modified
to include all the known existing compounds in the Al-Ca binary
system. The Al-Ca is now considered a four-compound sys-
tem having three eutectic and two peritectic invariant reaction
points on its phase diagram.

Although crystal structures and phase equilibria of the
Al 4Ca,; and Al;Cag compounds have recently been reported,
very little is known regarding their thermodynamic properties.
There is, for example, only one measured enthalpy of forma-
tion available for the Al;Cag compound in the literature.!®!
For the Al4Ca,; compound, experimental reports are so sparse
that only its peritectic reaction temperature is reported.”® In
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addition, even for the relatively well-known C15 Al,Ca phase,
modeling off-stoichiometry requires knowledge of energetics
of antisite defects in the structure. These energetics are either
difficult or impossible to obtain from experiment, but are
nevertheless critical toward accurate CALPHAD modeling.
This scarcity of information has led us to re-examine the cner-
getics of this alloy system with a first-principles (FP) density-
functional theory based approach to predict the 7 = 0 K
enthalpies of formation, and end-member energetics. Complex-
ities that may arise from configurational or vibrational entropies
at finite temperatures are not considered in the present FP cal-
culations. These entropic effects are, of course, included in the
CALPHAD modeling accordingly.

Wolverton et al.”! have recently shown how FP calculations
may provide key unknown energetics, and hence be used
as a useful complement to experimental information, in the
CALPHAD approach. We follow the proposed hybrid FP
CALPHAD method here: The FP calculated compound ener-
getics determine the input parameters in the CALPHAD
approach. The optimization process of thermodynamic mod-
eling uses Thermo-Calc,!"”! minimizing a sum of errors over
all of the selected data values (e.g., FP energetics, experi-
mental thermodynamics, and observed phase equilibria) to
evaluate the unknown model parameters of the Gibbs energy
functions of the individual phases. Using FP energetics in this
optimization process reduces the number of unknown para-
meters in the Gibbs energy functions, and therefore results in
a more reliable, accurate assessment of the thermodynamics.'”!

1I. METHODOLOGY
A. FP Energetics

The FP calculations of total energies were performed using
two different methods: (1) the full-potential augmented
plane-wave plus local orbital method,!'"'?! as implemented in
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the WIEN2k package;!'*! and (2) the plane wave pseudopo-
tential method, as implemented in the Vienna ab initio Sim-
ulation Package (VASP).""'7 In brief, both methods are based
on the density functional theory!'®!?) and can include various
approximations for the exchange and correlation potential.

WIEN2k implements the local spin-density approxima-
tion (LSDA) following the Perdew—Wang parameterization'?"!
of the Ceperley—Alder datal?'" and several versions of the gen-
eralized gradient approximation (GGA). In particular, we have
used for this work the so-called PBE96.1*! Local orbital exten-
sions to the augmented plane-wave (APW) basis''?! are used
to describe the 2p orbitals of Al and the 3s orbitals of Ca.
The description of the 3p orbitals of Ca was reinforced with
the addition of a local orbital. The wave functions arc expanded
up to an angular momentum of / = 10 within the muffin-tin
spheres, and the potential and charge density are expanded
up to angular momentum of [ = 6. We used a converged basis
set of around 2000 plane waves. Muftin-tin radii of 2.0 bohr
for Al and 1.6 bohr for Ca were used.

The VASP implements the LDA accordingly to the Perdew—
Zunger parameterization'*"! of the Ceperley and Alder data,”?"!
and we have used in the case of GGA the version
Perdew--Wang 912! We use Vanderbilt ultrasoft pseudopo-
tentials'**2”! with the energy cutoff of 520 eV. Extensive tests
of Monkhorst—Pack!®! k-point sampling showed that the
meshes used here (typically, around 16 X 16 X 16 grids) yield
total energy differences converged to within ~0.1 kJ/mole.
All calculations arc atomically relaxed with respect to all cell-
internal and cell-external degrees of freedom.

The enthalpies of formation of the compounds are obtained
through the following equation:

AHP(A1,Ca,) = Efor (ALCa,) — aESS: (Al

— bE1gy (Ca) [1]

where AH, (Al Ca,) is lhc enthalpy of formation of the
compound Al,Ca,, and Efor the ground state total energy
with the structure ®.

B. CALPHAD Gibbs Energy Models

The CALPHAD approach relies on modeling the Gibbs ener-
gies of each of the individual phases. This characteristic state
function is of particular interest because under constant tem-
perature and pressure, the Gibbs energy is minimized at equi-
librium, and temperature and pressure are the variables that are
typically controlled experimentally. The thermodynamic data-
bases based on the Gibbs energies are constructed using Thermo-
Calc."” The program uses an optimization module, Parrot,”!
for evaluating thermodynamic model parameters.

In the present investigation, two types of phases were
modeled and their Gibbs energy functions evaluated: (1) the
solution phases (liquid, fcc, and bee) and (2) the intermetallic
phases. The thermodynamic descriptions of pure Al and Ca
were taken from the SGTE database.™! The detailed expres-
sions for the Gibbs energy of the phases shown subsequently
are in terms of | mole of a formula unit.

The solution phases are treated by a one-sublattice model
assuming random mixing of both atoms, denoted (Al,Ca). The
Gibbs energy function is expressed as

G = X1 °GR1 + Xca °GEy + RT (a1 In X (2]
+ XCa In X(‘,u) + \\Gl()]l)
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where °G is the molar Gibbs energy of the pure element
in the structure @, from Dinsdale.®” The term G is the
excess Gibbs energy, expressed in Redlich—Kister polyno-
mials*! as follows:

xs ~D i
G = T Wiz 2 LAI ail R = Be) (3]
=0

where LA,Cl 1s the jth-order binary interaction parameter
expressed as - 'a® +B*T, and a and B are model parameters
to be evaluated from thermodynamic and phase equilibrium
data.

The C15 Laves phase, Al,Ca, is given special consider-
ation. It is treated with a (Al,Ca),(Al,Ca), two-sublattice
model, as suggested in the literature.*”! In addition, this type
of model is needed to study the Laves phase behaviors in
the Mg alloys including Zn, which we are currently work-
ing on. In fact, it has been successfully applied to Laves
phases in several investigations,**3*%! with or without homo-
geneity ranges. The Gibbs energy function for the C15 phase
is expressed as

Cl15 Cl15 1l 0~C15
G~ = YA] Y GAI AT )’Al)’( WGarca T )’( 2 Ya’GCaal

+ yC1 yCloGgll:SCz\ & ZRT())AI In yAl s yCl In yICa)

+ RTGW Inya + yéa Inydd) + *Gg"° [4]

where y' and y!! are the site fractions of Al and Ca in the
first (I) and second (II) sublattices, respectively. The terms
"GC]s are the Gibbs energies of the compounds I,J, i.e., the
stable Al,Ca and the nonstable hypothetical compounds,
ALALl, Ca,Al, and Ca,Ca. In the °G%,> notation, a colon
separates components occupying different sublattices. In the
present investigation, only ideal mixing is considered in the
C15 phase. Therefore, the excess mixing term in Eq. [4],
BGE, is taken as zero.

The Al4Ca, Al 4Ca,3, and Al;Cag compounds in the Al-Ca
system are modeled as stoichiometric compounds using two
sublattices (Al),(Ca),. Their Gibbs energy functions can be
expressed by the following general formula:

G;t]\’l(,x,) - OG[“ e boG[(L: _}_AAL:C'A/, il BAIUCMT [5]

°GRY and °GES are the molar Gibbs energies of the fce Ca and
fec Al, 1espect1vely This equation is also applicable for the indi-
vidual end members in the C15 phase. Re-arranging Eq. [5]
and replacing the term, A*““ with enthalpy of formation, the
Gibbs energy of formation is obtained:

A(;f/\L,Ca,,(T) = A Hfm“c“,) (T = 0K) + BACw»T  [6]

As proposed in Reference 9, this expression illustrates the
idea of linking the FP energetics to CALPHAD with the
AH; ACo term being the FP calculated enthalpy of forma-
UOI] at 0 K obtained from Eq. [1]. This link provides a means
to perform the Thermo-Calc optimization procedure with
fewer unknown model parameters. The enthalpies of forma-
tion at 0 K are approximated as the room temperature
(298.15 K) enthalpies of formation, i.e., AHM (T = 0 K) =
AHMCY (T = 298.15 K). This mod1flcat1on is necessary
because the use of O K or the temperature range in the vicin-
ity of the 0 K is not suitable in the current thermodynamic
modeling since the functional form of the pure element ener-
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gies typically has a 1/7 term. The temperature dependence
of AG is then given entirely through BN« left as the only
unknown fitting parameter. Values for B were obtained from
the observed melting points of the stable compounds by
using the experimental free energies for the liquid phase.
For the nonstable C15 end-member compounds, we use the
same value of B as that of the stable C15-Al,Ca compound
(Appendix).

III. RESULTS AND DISCUSSION

A. FP Calculations

. Pure Elements: Al and Ca

As a benchmark in the present study, we have evaluated
the energetics of the pure elements Al and Ca in three dif-
ferent crystal structures: fcc (A1), bee (A2), and hep (A3).
The energy required to promote a pure element from its equi-
librium crystal structure to another higher energy structure
is sometimes referred to as the “promotion energy” or “lat-
tice stability” and forms an important part of the CALPHAD
modeling approach. Using WIEN2k and VASP, we calcu-
lated the T = O K total energies of Al and Ca (with LDA
and GGA) in each of the three relaxed structures (Table I).
Their calculated lattice constants are shown in Table T and
compared with the experimental values. Total energies cal-
culations of Ca in bee and hep structures by using WIEN2k
with GGA does not reach good convergence; further inves-
tigation is needed. However, this problem does not affect
our results at all, because only the total energy of Ca in fcc
structure is needed in the present calculation. The stable
structure at room temperature for both elements is fcc (Al).
Indeed, the present FP calculations have shown that the fcc

(Al) is the most stable crystal structure at 0 K among the
three structures chosen. Therefore, the lattice stabilities at
0 K are relative to the fce (Al) phase. The FP calculated lat-
tice stabilities are compared with the current values from
the SGTE pure clement database (Table IT).

The lattice stabilities of the pure Al and Ca used in the
SGTE database are in good agreement with the present FP
calculations. In all cases, our FP results predict the same rel-
ative order of structural energetics as found in the SGTE data-
base: Ep. < Eyep < Epe. Quantitatively, the differences
between the database and the calculations show the largest
deviation of ~2.5 kJ/mol-atom with most of the differences
being ~1 kJ/mol-atom. The largest lattice stabilities for both
elements were obtained for the “fce (A1)-bee (A2)” case, and
indication that bee is the highest energy structure of the three
considered (Table I). Both FP and SGTE demonstrate that the
lattice stabilities of Ca are much smaller than those for Al.

2. Compounds: Al,Cu, Al,Ca, Al;,Cay;, and Al;Cay

The crystal structures of the compounds are summarized
in Table III. Their lattice constants were obtained through
minimizing the total energies. The VASP is capable of per-
forming both cell-internal and cell-external relaxation auto-
matically, through a quantum-mechanical calculation of the
forces and stress tensor. However, systematic optimization
procedures need to be followed in WIEN2k depending on
the crystal structure type of the compound.

For the cubic crystals, energy minimizations were per-
formed with respect to the unit cell volume. External pres-
sures approach zero when total energies are minimized
[(OE1o1/ 0Vt cett) — 0J. For noncubic crystals, the volume
optimization procedure alone is not sufficient to obtain the
minimum energy with respect to cell-external or cell-shape

Table I. The Calculated Lattice Constants of Al and Ca Allotropes
Lattice Constants (f\)
WIEN2k VASP
LDA GGA LDA GGA Calculated/Reference Experimental/Reference
Al fce (A1) a = 3.981 a = 4.039 a = 3.969 a = 4.040 a = 4.020/36 4.0495 at 23 °C/37
bee (A2) a = 3.186 a = 3233 a = 3.183 a = 3.239 a = 3.216/36 e
hep (A3) a = 2817 a = 2.856 a = 2.808 a = 22852 a = 2.845/36 e
¢ = 4.647 c=4712 ¢ = 4.663 ¢ =4.752 ¢ = 4.646/36
Ca fce (A1) a = 5.331 a = 5.545 a = 5.344 a = 5492 e 5.5884 at 26 °C/38
bee (A2) a=4211 — a = 4218 a = 4.349 - —
hep (A3) a=3.775 — a = 3.769 a = 3.864 — e
c = 6228 c = 6244 c = 06414
Table II. Lattice Stabilities for Al and Ca
Lattice Stabilities (J/Mol Atom)
WIEN2k VASP
LDA GGA LDA GGA SGTE Database!3!
Al fce (Al)-bee (A2) —=9700 —=9100 —9400 -=9100 —10083
fce (Al)-hep (A3) —3200 —3000 —3300 —3200 —5481
bee (A2)-hep (A3) 6500 6200 6100 5900 4602
Ca fce (Al)-bee (A2) —800 - —1100 —1700 —1900
fcc (Al)-hep (A3) -90 — =100 —200 —=500
bee (A2)-hep (A3) 700 — 900 1500 1400
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Table III. Crystallographic Information of the Compounds in Al-Ca
Lattice Constants (A)
Crystal Space WIENZk VASP Experimental
Phase Structure Group LDA GGA LDA GGA /Reference
Al,Ca bet (Dly) A/mmm — a = b = 4.245 — a =b=4258 a =b=4346 a = b= 436/7
c = 11.121 c = 11.051 ¢ = 11.200 c = 11.09/7
Cl15-Al,Ca fce (C15) Fd3m a = 7.846 a = 8.014 a = 7.856 a = 8.004 a = 8.02/6
C15-Al,Al fee: (C15) Fd3m — a = 17479 7.358 7.484 —
Cl15-Ca,Al fcc (C15) Fd3m — a = 9.278 8.892 9.209 s
Cl5-Ca,Ca  fce (C15) Fd3m - a = 10.208 9.858 10.123 e
Al,Cayy monoclinic ~ C2/m — — a=7y=90deg a=7y=90deg «a=vy=090deg?2
B = 107.93 deg B = 108.01 deg B = 108.09 deg/2
a = 15.146 a = 15428 a = 15.551/2
b = 9.488 b = 9.676 b = 9.873/2
¢ =9572 ¢ =9.776 ¢ = 9.726/2
at 25 °C/2
Al;Cag triclinic P — — a = 98.87 deg a = 98.94 deg a = 99.02 deg/2
B = 101.01 deg B = 101.13 deg B = 101.13 deg/2
v = 119.85 deg v = 119.70 deg v = 119.55 deg/2
a = 9.176 a = 9417 a = 9.484/2
b = 9.228 b = 9.485 b = 9.592/2
¢ = 9.294 ¢ = 9.567 c =9.67172
at 25 °C/2

changes. For example, Al,Ca has a tetragonal crystal struc-
ture and a ¢/a ratio optimization is required in addition to
the volume optimization. The optimization procedure may
even become more complex depending on the symmetry of
the crystal cell shape and the degrees of freedom of the
atomic positions in a unit cell.

In addition to the cell-external shape changes, there may
exist cell-internal degrees of freedom as well: nonzero forces
may act on an atom occupying a free position (i.e., a posi-
tion not constrained by symmetry) in a unit cell. The relaxed
atomic position in this case can be found by changing its
position until the absolute values of the force become rea-
sonably small (<1 mRy/atomic unit). For example, in the
Al,Ca compound, four of the Al atoms are located in Wyck-
off positions (0, 0, z) possessing one degree of freedom. By
using WIEN2k, the relaxed atomic position for the Al atoms
has been found to be (0, 0, 0.3873) where the acting forces
on these Al atoms were very close to zero (—0.236 mRy/a.u.).

The Al4Ca; and Al;Cag compounds, on the other hand,
have very complex monoclinic and triclinic crystal struc-
tures, respectively. In Al4Ca,,, the degrees of freedom for
the atomic positions are 11 for the 14Al and 10 for the 13Ca
atoms, totaling 21. This is even more complex for Al;Cag
with a total of 30 free atomic positions in the unit cell. The
optimization of these two compounds using WIEN2k is
almost impossible. Additionally, the excellent agreement
between VASP and WIEN?Z2k for Al,Ca and Al,Ca calcula-
tions indicates that the much more computationally efficient
VASP method can provide energies that possess a similar
accuracy as the more-accurate all-electron FLAPW method.
Therefore, VASP has been used to calculate the Al;4Cas
and Al;Cag energies in their relaxed crystal structures. The FP
calculated 0 K enthalpies of formation (AH) of the com-
pounds are given in Table IV and compared with the thermo-
dynamically evaluated and experimentally measured values
in the literature.

8-—~VOLUME 36A, JANUARY 2005

a. FPs vs experiments and previous assessments

Many of the measured enthalpies of formation for the Al,Ca
and C15-Al,Ca compounds are given with error bars less than
| kJ/mol atom (Table IV). However, the measurements per-
formed by different researchers yield results distinct from one
another by as much as 1.5 kJ/mol atom for the Al,Ca and
4.9 kJ/mol atom for the C15-Al,Ca. The arithmetic mean
of the measured enthalpies of formation are —19.4 and
—32.1 kJ/mol atom for the Al,Ca and C15-Al,Ca compounds,
respectively. The present FPs calculations on these two com-
pounds are in good agreement with the experimental values.
The GGA values are within ~2 kJ/mol atom of these mean
experimental values, as is the LDA value for Al,Ca, while
the LDA value for Al,Ca is ~4 kJ/mol atom lower than the
arithmetic mean of the measured values. The GGA values
by WIEN2k calculations were thus used for the Laves C15
phase with the enthalpy of formation for C15-Al,Al,
C15-Ca,Al, and C15-Ca,Ca directly adopted from the FP data
due to the lack of experimental data and the enthalpy of for-
mation for C15-Al,Ca from FP data as input experimental
data in the CALPHAD optimization. Some of the previous
thermodynamic evaluations'® using CALPHAD modeling
approaches are also in good agreement with the present FP
calculations for the C15-Al,Ca and Al,Ca compounds, while
the assessment of Itkin et al.®! shows significant deviations
from the FP predictions. It is noteworthy, though, that all of
the previous thermodynamic evaluations provided compara-
ble and reasonably accurate phase diagrams, despite possessing
very different thermodynamics. This observation is an indi-
cation that the thermodynamics of an alloy cannot be uniquely
determined by phase-diagram information alone.

Contrary to the Al-rich compounds, measurements of the
thermodynamic properties of the Al;Cag and Al,4Ca,; com-
pounds are scarce. There is only one measurement available
in the literature!® on the enthalpy of formation of the Al;Cag
compound. It was measured to be ~4.6 kJ/mol atom more
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Table IV. Calculated and Measured Enthalpies of Formation for Al-Ca Compounds

AH; (J/mol atom)

WIEN2Kk VASP Thermodynamic Experiment/
Phase LDA GGA LDA GGA Evaluation/Reference Reference
Al,Ca —19,560 — —19,208* =21.615 —28,968/5 —18,700 %= 300/39
—19,248/1 —20,200 = 400/40
—21,000/8 —19,400 % 3300/41
—20,034/present work
C15-Al,Ca —36,604 —32,136* —36,272% —34,018 —41,732/5 —29,400 £ 900/8
—32,185/1 —33,400 £ 600/39
—29,700/8 —34,300 % 3500/41
—32,048/present work —31,300 *= 500/40
C15-AlLAl — 15,391%%* 15,570 14,653 15,391/present work e
C15-Ca,Al — 46,508** 43,208 43,380 46,508/present work —
C15-Ca,Ca — 8201** 8708 8182 8201/present work —
Al4Ca,; (AlCa) — — —28,386* —28,904 —24,843/1 —
— — — — —22,800/8 —
—27,689/present work
Al;Cag e e —18,301* —18,705 —12,830/1 —13,700 £ 1300/8
—14,000/8

—17,679/present work

*Values used in the optimization.
**Values used directly in the database.

positive than the present FP calculation. Experimental data
on the thermodynamic properties of Al;,Ca,; are completely
lacking. Therefore, the FP calculated enthalpy of formation
for this compound provides the only data available.

b. FP—LDA vs GGA

As mentioned previously, the agreement between VASP
pseudopotential and all-electron FLAPW results indicates the
quantitative accuracy of the VASP results for this system.
There are, however, some noteworthy distinctions between the
LDA and GGA calculated values: The GGA values indicate
a slightly more stable Al;Ca compound than LDA, whereas
Al,Ca is more stable from LDA than GGA. Interestingly, the
same trends were recently found in a FP study of Al,Sr and
ALSr (C15) in the isoelectronic Al-Sr system.[*”! We also note
that the GGA FP energetics of the four observed compounds
in this system fall on a “convex hull,” consistent with their
stability as 7' = 0 ground states. Interestingly, though, the LDA
calculations do not show all four structures on a 7 = 0 ground
state hull: The energies of Al,Ca and Al 4Ca; lie slightly above
two-phase mixtures of Al,Ca + Al and Al,Ca + Al;Cay,
respectively. We note that reports of this type of qualitative
discrepancy between LDA and GGA are relatively rare for
ground-state stability. Even though LDA results from VASP
calculations for Al,Ca, Al;4,Ca,;, and Al;Cag are targeted in
the CALPHAD optimization, Figure 4 shows that final results
are in better agreement with GGA results.

Because the end-member compounds describing the ener-
getic penalties for off-stoichiometry of the C15 phase are
hypothetical, there are of course no experimental values for
their energetics. However, the FP values show that the penal-
ties Al,Al, Ca,Ca, and Ca,Al can be quite different from
one another. This finding is significant, because a traditional
approximation in the CALPHAD approach is, in the absence
of experimental information, to use an arbitrary value of
5 kJ/mol atom for the Gibbs energy of these nonstable end-
member compounds.

METALLURGICAL AND MATERIALS TRANSACTIONS A

B. Thermodynamic Modeling Results

We next describe how the thermodynamic modeling of
Al-Ca was performed by combining the FP energetics with
experimental thermodynamic and phase stability data in an
optimization process. The FP results of Table IV were used
as room-temperature enthalpies of formation in the CALPHAD
modeling. All the compounds except for the C15 Al,Ca
phase (discussed subsequently) are modeled as perfectly sto-
ichiometric compounds since no experimentally observed
off-stoichiometry has been reported. The liquid is treated as
a solution phase in the binary system and modeled using a
random solution model.

The optimization procedure is performed using the Par-
rot module®! implemented in Thermo-Calc!'”! starting with
the liquid phase and its equilibria with the pure Al and Ca
phases. The model parameters of the C15-Al,Ca phase were
then evaluated because of the congruent melting of the phase
and the extensive liquidus associated with the C15-Al,Ca
phase. The thermodynamic parameters of the other phases
were optimized one after another. Many iterations were nec-
essary to reproduce all available experimental data. Finally,
the model parameters of all phases were optimized simul-
taneously with all data included. Interactions up to second
order, 2L)J', were introduced for the liquid phase, and each
compound was described by the two model parameters of
Eq. [5]. The resulting optimized thermodynamic description
of the Al-Ca system is given in the Appendix.

For the C15 phase, an intermixed two-sublattice model was
used assuming ideal mixing. Therefore, no interaction para-
meters were introduced for this phase. If one assumes that the
Gibbs energy of the nonstable end-member compounds arises
purely from the 7 = O FP energetics (Table IV), the resulting
Al-Ca binary phase diagram is as shown in Figure 1. This
approximation results in a C15 phase with a limited homo-
geneity range between ~500 K and its melting point (Figure 1).
However, no such range is reported in the literature, so we
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Fig. 1—The Al-Ca phase diagram calculated using only the AH (' = 0 K)
values in the Gibbs energy description of the nonstable C15 compounds.
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Fig. 2—The Al-Ca phase diagram using the database given in the Appen-
dix. The solid line is the present investigation. The new phase diagram is
compared with our previous study (dotted lines).!"!

considered the temperature-dependent (entropic) contribution
to the free energies of the end members. These entropies for
the virtual C15 compounds are not known. Only for the stable
C15-Al,Ca compound, the entropy value has been evaluated
from the CALPHAD approach. As a simple approximation,
we take all of the entropies of formation as being the same as
that of the stable C15-Al,Ca compound (Appendix). With this
modification, the phase diagram is calculated again and com-
pared with our previous CALPHAD study in Figure 2. The
C15 phase has become almost a line compound in the entire
temperature range. The agreement between the two approaches
on the Al-rich corner of the diagram is almost perfect. There
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Fig. 3—The Al-Ca phase diagram compared with experimental data./>#3-45)

are, however, some discrepancies, particularly on the liquidus
with high Ca concentrations. Since the discovery of the Al,,Ca,,
and Al;Cag compounds,'? only Kevorkov and Schmid-Fetzer'®
have performed a phase equilibria investigation on the Ca-
rich side of the Al-Ca system. Their results indicate that the
liquidus boundaries are higher between liquid and liquid + C15
and lower between liquid and liquid + B-Ca than the earlier
measurements by Matsuyamal®! (Figure 3). This trend is also
observed in our calculations. Some differences were also found
between the present Ca-rich invariant eutectic reactions and
those from a previous calculation involving some of the pre-
sent authors.'! The temperature of the eutectic reaction
(liquid — Al3Cag + bee-Ca) is lower in the present study. The
invariant reactions are listed in Table V with both the calcu-
lated and experimental temperatures, and Ca contents in the
liquid phase at invariant equilibria. All the experimental phase
diagram data from the literature are compared with our calcu-
lation in Figure 3.

In Figure 4, the enthalpies of formation for the compounds
at 298.15 K are shown and compared with our FP calcula-
tions and with the evaluations and measurements from the
literature. In Figure 5, the Gibbs energies of formation for
the C15-Al,Ca and Al,Ca compounds are calculated and
compared with the experimental results at 800 K./0401 The
agreement indicates that the enthalpies and the entropies of
formation of the compounds are accurately obtained. The
comparison of the enthalpy of mixing data in the liquid
phase'*”*! at 1453 K with our calculations is illustrated in
Figure 6. Enthalpy of mixing datal*’! at lower temperatures
(1038 and 953 K), where liquid and solid two-phase regions
exist at some compositions, are also compared with our cal-
culations in Figure 7. Each change of slope in the figures
shows the formation of a new phase as the composition
changes. The experimentally measured Al activities in the
liquid"***! are compared in Figure 8 with the calculations
performed at 1600 K. In all cases, there is good agreement
between the present assessed thermodynamics and the experi-
mental measurements.
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Table V. Experimental and Calculated Invariant Reactions

Calculated Data Present Work

Experimental Data (Literature) (CALPHAD/FEP)
Invariant Reaction At Pct Ca At Pct Ca At Pct Ca
Reactions Type T (K) inLiquid Reference 7 (K) in Liquid Reference 7 (K) in Liquid
Liquid = Al + Al,Ca eutectic 884 5.6 44 885.9 545 1 884.2 5.30
886 6.4 45 881.2 5.45 1
889 52, 43 886.0 5.10 8
886 — 3
Liquid = Al4,Ca,;; + Al;Cag  eutectic 818 e 43 830.5 66.40 | 828.1 66.34
820 - 44 829.4 66.81 1
829 66.2 3 825.1 62.20 8
Liquid = AlsCag + BCa eutectic 818 — 43 822.5 80.53 1 827.8 79.75
820 — 44 837.3 77.79 1
833 79.5 3 827.5 79.50 8
Liquid = C15 congruent 1352 33.3 43 1354.0 3333 1 1349.8 33.33
1359 333 %) 1346.4 33.33 1
1359.6 33.33 8
Liquid = Al;Cag congruent 852 72.7 3 852.0 72.72 1 847.6 72.72
849.5 72.72 |
853.4 72572 8
Liquid + C15 = Al,Ca peritectic 973 10.0 43 974.0 9.89 1 973.7 9.19
973 — 976.1 9.32 1
974.3 9.80 8
Liquid + C15 = Al4,Ca,; peritectic 906 61.6 3 905.5 61.97 1 905.0 61.29
905.7 62.29 1
906.2 61.60 8
0 : Measurem:-mm Firslt-PrincipIes l 0 ] ! : :
OKevorkov,2001 ®WIEN2K-GGA
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Fig. 4—The enthalpies of formation for the Al-Ca compounds at room
temperature.

IV. SUMMARY

A combined FP-CALPHAD approach was applied to the
thermodynamic modeling of the Al-Ca system. It was demon-
strated that in comparison with experimental data, the FP
calculations can provide reliable enthalpies of formation for
stoichiometric compounds. Thus, in cases where no experi-
mental information is available, FP methods provide a pre-
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Mole Fraction, Ca

Fig. 5—Gibbs energy of formation at 800 K as a function of Ca
concentration.

dictive approach to accurately obtain these energics. Using
FP energies in the CALPHAD approach also enhances the
integrity of the thermodynamic databases developed, because
the number of fitting parameters is reduced, and the opti-
mization process is more robust. In sum, our present assess-
ment provides a consistent and accurate description of the
observed Al-Ca phase diagram, state-of-the-art FP energet-
ics, and experimental thermodynamic measurements.
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Fig. 6—Enthalpy of mixing in the liquid calculated at 1453 K as a function
of Ca concentration. The reference states are liquid Al and Ca at 1453 K.
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Fig. 7—Enthalpies of mixing at 953 and 1038 K as a function of Ca con-
centration. The reference states are the liquid Al and bee Ca at 953 and
1038 K, respectively.
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APPENDIX
Thermodynamic Description of the Al-Ca System (all in SI units)

Phase Sublattice Model Evaluated Description

Figit (ALCa) OLpice = —89,545 + 26.368T
"Latca = —21,847 + 11.769T
Laica = 4780 + 5.030T

AlCa (Al (Ca), GAER = doghs + G2

— 100,170 + 20.197T
CI5 (ALCa), (ALCa),  GALG: = 2°Gt + °Gés
— 96,143 + 19.583T
GAfal = 3°GRT + 46,173
+ 19.583T
GERAl = °Glif + 2°G&;
+ 139,524 + 19.583T
GExGa = 3°GE; + 24,603
+ 19.583T

Al Ca; (A, (Ca)ps GAlG, = 14°GRf + 13°GEs
- 747,604 + 161.632T
AlyCay (Al); (Ca)g Galee = 3°Ght + 8°Gs

— 194,475 + 44.784T
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