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1. Executive Summary

1.1 Research and Development

Calcium, lithium, and sodium are elements that are regarded as impurities in aluminum
alloys for automotive applications. During melting and casting, these elements increase melt loss
of aluminum alloys [1]. They also increase the hydrogen solubility in the melt and promote the
formation of porosity in aluminum castings. During fabrication they affect the hot-shortness and
embrittlement [2, 3]. In the 5182 alloy, for instance, a few parts per million of sodium or calcium
can lead to cracking during hot rolling. As little as 10 ppm calcium or lithium in 5XXX welding
wire causes the weld arc to be unstable [4]. These elements also affect corrosion behavior [5].
Although these elements have been identified as harmful impurities for the extrusion aluminum
alloys, no systematic research has been carried out to investigate the behavior of these impurities
during the processing of aluminum alloys.

For this Aluminum Industry of the Future (IOF) project, the effect of impurities on the
processing of aluminum alloys was systematically investigated. The work was carried out as a
collaborative effort between the Pennsylvania State University and Oak Ridge National
Laboratory. Industrial support was provided by ALCOA and ThermoCalc, Inc. The
achievements described below were made.

A method that combines first-principles calculation and calculation of phase diagrams
(CALPHAD) was used to develop the multicomponent database Al-Ca-K-Li-Mg-Na. This
method was extensively used in this project for the development of a thermodynamic database.
The first-principles approach provided some thermodynamic property data that are not available
in the open literature. These calculated results were used in the thermodynamic modeling as
experimental data. Some of the thermodynamic property data are difficult, if not impossible, to
measure. The method developed and used in this project allows the estimation of these data for
thermodynamic database development.

The multicomponent database Al-Ca-K-Li-Mg-Na was developed. Elements such as
Ca, Li, Na, and K are impurities that strongly affect the formability and corrosion behavior of
aluminum alloys. However, these impurity elements are not included in the commercial
aluminum alloy database. The process of thermodynamic modeling began from Al-Na, Ca-Li,
Li-Na, K-Na, and Li-K sub-binary systems. Then ternary and higher systems were extrapolated
because of the lack of experimental information. Databases for five binary alloy systems and two
ternary systems were developed. Along with other existing binary and ternary databases, the full
database of the multicomponent Al-Ca-K-Li-Mg-Na system was completed in this project. The
methodology in integrating with commercial or other aluminum alloy databases can be
developed.

The mechanism of sodium-induced high-temperature embrittlement (HTE) of Al-
Mg is now understood. Using the thermodynamic database developed in this project,
thermodynamic simulations were carried out to investigate the effect of sodium on the HTE of
Al-Mg alloys. The simulation results indicated that the liquid miscibility gap resulting from the
dissolved sodium in the molten material plays an important role in HTE. A liquid phase forms
from the solid face-centered cubic (fcc) phase (most likely at grain boundaries) during cooling,
resulting in the occurrence of HTE. Comparison of the thermodynamic simulation results with
experimental measurements on the high-temperature ductility of an Al-5Mg-Na alloy shows that
HTE occurs in the temperature range at which the liquid phase exists. Based on this fundamental
understanding of the HTE mechanism during processing of aluminum alloy, an HTE sensitive
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zone and a hot-rolling safe zone of the Al-Mg-Na alloys are defined as functions of processing
temperature and alloy composition. The tendency of HTE was evaluated based on
thermodynamic simulations of the fraction of the intergranular sodium-rich liquid phase.
Methods of avoiding HTE during rolling/extrusion of Al-Mg-based alloys were suggested.

Energy and environmental benefits from the results of this project could occur through a
number of avenues: (1) energy benefits accruing from reduced rejection rates of the aluminum
sheet and bar, (2) reduced dross formation during the remelting of the aluminum rejects, and (3)
reduced CO, emission related to the energy savings. The sheet and extruded bar quantities
produced in the United States during 2000 were 10,822 and 4,546 million pounds, respectively.
It is assumed that 50% of the sheet and 10% of the bar will be affected by implementing the
results of this project. With the current process, the rejection rate of sheet and bar is estimated at
5%. Assuming that at least half of the 5% rejection of sheet and bar will be eliminated by using
the results of this project and that 4% of the aluminum will be lost through dross (Al,O3) during
remelting of the rejects, the full-scale industrial implementation of the project results would lead
to energy savings in excess of 6.2 trillion Btu/year and cost savings of $42.7 million by 2020.

1.2 Technology Transfer

Intellectual property has been generated from this significant effort. A thermodynamic database
has been developed. The thermodynamic database covers aluminum alloys containing Na, Ca,
Mg, Li, and K, most of which are not included in commercial thermodynamic databases. The
research team is working with the Pennsylvania State University and interacting with
ThermoCalc, Inc. on copyright and license issues.

1.3 Commercialization

This project was conducted in response to a call for proposals under the Aluminum IOF,
Industrial Technologies Program of the U.S. Department of Energy. The goal was to understand
the effect of impurities on the processing of aluminum alloys. This study focused on developing
a thermodynamic database of aluminum containing Ca, Na, and Li; studying phase
transformations and segregation of these impurities during processing; validating the modeling
predictions through experimental observations; and implementing database and calculation
procedures for industrial practice. Project participants have used several mechanisms to inform
industries of the research results and advance commercialization, including (1) incorporating the
results into a commercial thermodynamic database so the aluminum industry can obtain access to
the project results and (2) making presentations at national meetings organized by the Minerals,
Metals, and Materials Society (TMS) and the American Society of Metals as well as at industrial
locations.

Companies who have expressed interest in the research results of this project include
ALCOA, Aleris International, Secat, Inc, Indalco, Novelis, and ThermoCalc, Inc. In particular,
ThermoCalc, Inc. is evaluating the database developed in this project and incorporating it into its
commercial database.

1.4 Recommendations

Future studies should determine the mechanism of sodium-induced HTE in Mg-Li and
Al-Li alloys. The database of the Al-Li-Na and Mg-Li-Na system will be developed first. It is
recommended that more impurity elements then be added into the database.



2. Introduction

Aluminum alloys are widely used in the automobile and aerospace industries as structural
materials because of their light weight, high strength, and good formability. However, they suffer
from the poor hot-rolling characteristics because of undesired impurities such as calcium,
potassium, lithium, and sodium. These impurity elements increase the hydrogen solubility in the
melt and promote the formation of porosity in aluminum castings. During fabrication of
aluminum alloys, they cause hot-shortness and embrittlement because of cracking [2, 3]. They
also lead to “blue haze” corrosion, which promotes the discoloration of aluminum under humid
condition [4, 5]. The removal of these elements increases overall melt loss of aluminum alloys
when aluminum products are remelted and recast [1].

Sodium is one of the common impurities in the aluminum and magnesium alloys. In industry,
primary aluminum is produced by the Hall-Héroult process through the electrolysis of the
mixture of molten alumina and cryolite (Al,O3+Na3AlFg), the latter being added to lower the
melting point [6]. Therefore, aluminum without further treatment inevitably contains some
sodium (>0.002%), and the content of sodium in aluminum is influenced by the thermodynamics
and kinetics of the electrolysis. Similarly, in the electrolytical production and subsequent
processing of magnesium, magnesium is commonly in contact with molten salts of mixture of
NaCl and MgCl,. Because of the exchange reaction shown as Eq.(1), 2 to 20 ppm of sodium is
often found in magnesium alloys [7]. (Note: ppm is expressed as wt ppm hereafter unless
otherwise specified.)

2NaCl(l) + Mg(l) — 2Na(l) + MgCl,(]) (1)

Besides origination from the industry production process, part of the sodium can be introduced

from the alumina crucible by the reaction between the molten Al-Mg alloys and Na,O impurity
of the alumina crucible in laboratory experiments [3]. The tracer element potassium plays a role
similar to that of sodium in aluminum alloys, although it is seldom discussed.

No systematic theoretic research has been carried out to investigate the behavior of these
impurities during the processing of aluminum alloys. A thermodynamic description of the Al-Ca-
K-Li-Mg-Na system is needed to understand the effects of Ca, K, Li, and Na on phase stability of
aluminum alloys.

As the first step of the thermodynamic description of the high-order system, the sub-binary
systems were modeled in this project using the CALPHAD technique combined with first-
principles calculations. Then, ternaries and higher-order systems could be modeled. For the
ternaries without experimental data, the thermodynamic description was extrapolated by
combining the sub-binary systems.



3. Background

3.1 High-Temperature Embrittlement (HTE)

As aresult of good formability, the Al-5%Mg alloys are being developed and widely used in the
automotive industry. (Note: % stands for wt % hereafter unless otherwise specified.) However,
they suffer from poor hot-rolling characteristics. Sodium is among the detrimental impurities that
lead to HTE at temperatures of 473 to 673 K because of intergranular fracture and formation of
cracks during hot rolling [2, 3].

Despite numerous investigations, the mechanisms of sodium on HTE of Al-5%Mg alloys are still
controversial [8, 9]. No detailed investigations were carried out to reveal the correlations
between HTE, phase relations, temperature, and sodium content of Al-5%Mg alloys. In this
work, efforts were made to investigate these relationships through thermodynamic modeling of
the Al-Mg-Na system and to clarify the mechanisms of HTE caused by sodium in Al-5%Mg
alloys.

Besides sodium, it was reported that calcium and lithium lead to HTE in Al-Mg alloys, though
their detrimental effects are much milder than those of sodium [10, 11]. It was also found that
sodium and potassium cause HTE in Al-Li alloys, which reduces their toughness and ductility by
forming discrete lenticular liquid particles along grain boundaries [12, 13].

3.2 Computational Materials Science

In the development of alloys with better properties to meet today’s increasingly demanding
applications, the traditional experimental trial-and-error approach becomes more and more
insufficient because most commercial alloys are multicomponent in nature and can contain as
many as ten alloying elements. It is impractical to explore such a high-dimensional-composition
space by experimental means. Fortunately, with rapidly increasing computing power, it is now
possible to use computers to predict the properties of alloys before doing experiments.

Based on computational thermodynamics, the CALPHAD approach has been very successful in
modeling phase equilibriums and phase transformations in multicomponent alloys. Commercial
computer programs like Thermo-Calc and DICTRA have been widely used for such purposes,
along with sophisticated thermodynamic and kinetic databases developed using the CALPHAD
approach.

First-principles calculations based on density functional theory are now routinely used to predict
the thermodynamic, structural, magnetic, electrical, and optical properties of a wide range of
materials. Using only the atomic number and atom positions as input, the total energy of a crystal
structure can be accurately calculated, and the relative lattice stability between two different
crystal structures and the formation energy of a compound can be evaluated at 0 K. Many
software packages, such as VASP, LKKR, and WIEN2K, are available.



3.3 Research Objective and Report Outline

The objective of the present work is to understand the effect of impurities such as Ca, Li, K, and
Na on aluminum-alloys processing through thermodynamic modeling and calculations.

A thermodynamic database is the key to and basis for this work. Because Ca, Li, K, and Na
impurity elements are not included in the existing aluminum database, thermodynamic
description of the Al-Ca-K-Li-Mg-Na system was carried out at first using CALPHAD and first-
principles approaches. All the available experimental data in the literature were reviewed,
including phase-equilibrium and thermochemical data. The formation enthalpies of phases were
provided using the first-principles method if experimental ones were not available. Special
quasirandom structures (SQSs) were applied to model the substitutionally random alloys. The
new database will integrate with the commercial aluminum databases, making it a more powerful
tool for helping solving many industry problems.

In Chapter 4, the methodology is introduced in detail, including the CALPHAD approach and
first-principles method. Chapter 5 provides the results from first-principles calculations and a
discussion of them. The development of the thermodynamic database of the Al-Ca-Li-Mg-Na
quinary system is presented in Chapter 6, followed by thermodynamic investigation of the effect
of sodium on HTE in Al-Mg alloys in Chapter 7, accomplishments in Chapter 8, and Summary
in Chapter 9. Finally, Chapter 10 discusses recommended future work.



4. Methodology

41 CALPHAD Approach

Phase diagrams are a fundamental tool for materials scientists. They represent the equilibrium
state of a system as a function of composition, temperature, and pressure. They are useful
roadmaps for material design and processing. Nevertheless, experimental determinations of
phase diagrams are very costly and time-consuming. The CALPHAD approach was introduced
by Kaufman [14, 15] to model complex phase equilibriums in multicomponent alloys. Its
theoretical basis is modeling of individual phases; given the Gibbs energies of all the competing
phases in a system, the final equilibrium state at a given composition, temperature, and pressure
can be calculated by minimizing the total Gibbs energy of the system as follows:

G= min(z anpJ, @)
p

where n, is the number of moles of phase p, and G, is its Gibbs energy. By intentionally keeping
the stable phases from appearing, metastable phase equilibrium can also be calculated.
CALPHAD modeling of a multicomponent system is built from lower-order systems such as
pure elements and binary and ternary systems as discussed below.

411 Pure Elements

The Gibbs energies of pure elements in their stable, metastable, or even unstable states, the so-
called “lattice-stabilities,” are taken from the Scientific Group Thermodata Europe (SGTE) pure
element database [16]. The reference state is chosen to be the enthalpies of the pure elements in
their stable states at 298.15 K and 1 bar, commonly referred to as the stable element reference
(SER). In the SGTE pure elements database, the thermodynamic function of a pure element is
usually described as shown in Eq. (3) below.

°GI" —HER = g4 bT + cTInT + 3 d,T" )

The left-hand term is defined as the Gibbs energy relative to the SER state, where H>™* is the
enthalpy of the element in its SER state at 298.15 K; a, b, ¢, and d, are coefficients; and n

represents a set of integers, typically taking the values of 2, 3 and —1. From Eq. (3) other
thermodynamic properties of interest can be obtained as shown in Egs. (4), (5), and (6) below..

S =—(§) =—b—c—clnT—ZnafnT”_1 4)
oT
P
H=G+TS=a-cT-Y(n-1)d,T" %)
OH n—1
C, :(G_Tl, =—c—ynn-1d,T (6)



41.2 Stoichiometric Compounds

For stoichiometric compounds, when experimental heat capacity data are available, it is
preferable to express their Gibbs energies directly referred to the SER in the similar form as Eq.
(2) as shown in Eq. (7) below.

0GBy (1 - x)HSER — xHYR =+ bT +c¢TInT +¥d,T" (7)

For compounds without heat capacity data, the Neumann-Kopp rule is used (i.e., assuming
AC, =0). Their Gibbs energies can be expressed as

Uan;‘l—xBx =(1- x)oGj)A +x0Gg)B +a+bT, (8)

where °G?” is the molar Gibbs energy of pure element i in its structure @, and @ and b are the

enthalpy and entropy of formation of the compound with respect to A and B in their structures
® , and @, respectively.

4.1.3 Solution Phases

For solution phases such as liquid, fcc, body-centered cubic (bcc) and hexagonal close-packed
(hcp), the substitutional random solution model is usually used. For a binary A—B solution phase
@, for example, the Gibbs energy is written as

Gy =3%°G) + RTLx; Inx+°G,,, )

where °G” is the molar Gibbs energy of the pure element i with the structure ® from Dinsdale

[16], and R is the gas constant. The first term on the right side is the contribution of the pure
components of the phase to the Gibbs energy, the second term is the ideal mixing contribution,

and “Gy is the excess Gibbs energy resulting from non-ideal interactions between the
components, expressed in the Redlich-Kister polynomial [17] as shown in Eq. (10) below.

n
i j>i k=0

where kL‘f ; 1s the kth binary interaction parameter between i and j and can depend on
temperature as “ 4 +*BPT+*C® InT, with 4, *BY , and *C® being model parameters to be

evaluated. I® is the ternary interaction parameter expressed as

2 . .
where °L., 'L ;»and "L, represent ternary interaction parameters.
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4.1.4 lonic Liquid Phase

The liquid phase with ionic species can be described by a two sublattice ionic model, proposed
by Hillert et al. [18] and modified by Sundman [19]. The formula for the sublattice ionic liquid is

given by (C ( i ) (A;vj ,Va, B} ] , where C and 4 are cations and anions, respectively; Va and B
0

are vacancies and neutral species; and v is the valence. P and Q are the number of sites of the
sublattices and defined by electric neutrality as shown in Egs. (12) and (13) below.

P=3Vya, + O (12)
J

0=V, (13)

In general, the total Gibbs energy for the two-sublattice ionic liquid model is represented by

G, = zzyc,yAIGg:qu +Q)’Vazyc,Géiq +szBfG§fiq
i : '

+RT|:PZJ’C‘. Iny. +Q[Z)’A/ h’lij + Yy, Inyy, +Zy3k lnyBkJ:|
, . -
"'zzzycllyc,zy/l oy "‘ZZyCilyCin’Vanl,qz:Va (14)

ik h b

+ZZZ)’CJ’A yA Cidj, A, ZZyCyAyVaLCA Va

[ R

+zzzyc Ya, yB, Ci:4;.B, +zzyc VB, VoL CVa,B, +zzy3hy3k2 By, By, ?

ki ky

where Gy is the Gibbs energy of species X. The terms in the first row give the reference state,
those in the second row the ideal Gibbs energy of mixing, and the rest of the rows the excess

Gibbs energy of mixing. In the third row, Z; , .. is an interaction parameter representing the

interaction between two cations (denoted by 7/) and a common anion (denoted by j).

The final term, summing interactions between neutral species, is of special note because it is the
only term that involves interactions on only one sublattice. For the calculation of the interaction
parameter between neutral species, effects of cations are ignored, and only interactions among
the neutral species are considered.

41.5 Modeling Procedures

As illustrated in Fig. 4.1, the development of thermodynamic databases using the CALPHAD
approach is usually carried out in the following four steps:



1. Do a thorough search for all available experimental data in the literature (e.g.,
thermochemical and phase-equilibrium data) of the system to be studied. When

experimental data are insufficient, first-principles results can be used as if they were from

experiments.

Experimental Data First-Principles Experimental Data
—Phase Equilibrium Calculations —Tracer Diffusivity
—Thermochemical —AH at0 K —Chemical Diffusivity

A 4
Model Parameter
Evaluation
Thermodynamic Database Mobility Database

'

'

\ 4

!

Multicomponent
Phase-Equilibrium
Calculations

Scheil Simulation of Non-
equilibrium Solidification
of Multicomponent Alloys

Simulation of Phase
Transformation
—DICTRA
—Phase Field

v

System Materials Design

Fig. 4.1. Flowchart of computational materials science via CALPHAD and first-principles methods.

2. Critically assess the validity of each piece of data and assign it a certain weight according
to its experimental uncertainty and relative importance.

3. Based on the crystal structure information, choose a suitable thermodynamic model to
represent each of the phases in the system. Such models generally include some unknown

phenomenological model parameters that need to be determined.
4. Adjust the unknown model parameters to obtain the best possible fit between model
calculations and experimental data.

The final model parameters are stored in computerized databases. Once the Gibbs energies of all

the constituent subsystems have been assessed, those data can be combined to predict phase

equilibriums in higher-order systems.




4.2 First-Principles Method

4,21 Fundamentals

Theoretically, an exact treatment of solids can be obtained by solving the following many-body
Schrodinger equation involving both the nuclei and the electrons:

HY(R, Ry, - Ry i, By 7y) = EY(R, Ry Ry oy 7y ) (15)

where R; s are the nuclei coordinates, 7 s are the electron coordinates, H is the Hamiltonian

operator, E is the total energy of the system, NV is the total number of nuclei, and # is the total
number of electrons in the system.

However, although theoretically exact, it is impossible to solve Eq. (15) because of its many-
body nature and the limits of current computing power. In fact, the only system that can be
solved analytically is the single-electron hydrogen atom. In general, the Schrodinger equation
has to be solved numerically through a series of approximations. In the following sections,
several levels of approximations will be briefly introduced.

4.2.1.1 Born-Oppenheimer approximation

Because the nuclei are much heavier than the electrons, it can be assumed that the electrons are

always in instantaneous ground state with the nuclei. In other words, we can fix the positions of
the nuclei and only solve the many-body Schrodinger equation for the electrons as shown in Eq.
(16) below.

HY (7, By 7y) = (i, BTy (16)

Because the nuclei are “frozen,” they contribute to only an external potential for the electrons.

4.21.2 Density functional theory

Even after the simplification by the Born-Oppenheimer approximation, the Schrodinger equation
in essence is still a many-body problem because of the interactions between electrons; each
electron will interact with every other electron in the system. Most modern electronic
calculations for solids are based on the density functional theory (DFT) proposed by Kohn and
Sham [20]. According to DFT, the total energy of a system can be uniquely defined by the
electron charge density (i.e., £ = E[p(#)] ). The original many-electron Schrodinger equation is

then converted into a set of one-electron Schrédinger equations, one for each electron in the
system, as shown in Eq, (17) below.

B n* v2 er N Z; e

v, R 2 1 o) A ORI L)

- 47g, 1:1‘;7 _ﬁl‘ 4re, |17 —F'|

e

The exchange correlation potential Vy.-[p(7")] is given by the functional derivative shown in Eq.

(18).
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Vielp(P)]= LE)(C[P(’7)] (18)

G

Nevertheless, the exact form of the exchange correlation energy E y[p(7)] is unknown. The most

widely used approximation is the so-called local density approximation (LDA), which assumes
that the exchange correlation energy E . [p(7)] is only a function of the local charge density in

the form of

Exclp(]=[p(Fle xc[p()d’7 (19)

where &,.[p(7)] is the exchange-correlation energy of homogeneous electron gas of the same

charge density. LDA is expected to work well for systems with a slowly varying charge density,
but surprisingly, LDA works quite well for realistic systems as well.

One significant limitation of LDA is its over-binding of solids; lattice parameters are usually
under predicted, while cohesive energies are usually over predicted. In an effort to rectify the
inaccuracies of LDA, the generalized gradient approximation (GGA) was introduced. GGA is a
natural improvement on LDA because it considers not only the local charge density, but also its
gradient. The lattice parameters calculated by GGA generally agree noticeably better with
experiments than LDA. It is worth noting here that there is only one LDA exchange correlation
functional (i.e., the one by Ceperley and Alder [21]). Nevertheless, many versions of GGA exist
because of the freedom in how the gradient term is incorporated in the exchange correlation
energy.

The actual first-principles total energy calculations are performed in a self-consistent cycle. We
first “guess” the initial charge density function. By solving Eq. (17), a new charge density is
obtained. This loop is repeated until the new charge density (or the new total energy) does not
differ much from the old one (i.e., the iteration has converged). In practice, the nuclei also need
to be relaxed into their equilibrium positions such that the quantum-mechanical forces acting on
each of them vanish. Such structural relaxations are usually performed using a conjugate-
gradient or a quasi-Newton scheme. The final obtained total energies can be used to extract the
formation enthalpies of stable, metastable, or even unstable structures at T = 0 K using the
following equation:

AH(A4_By) = E(4_,B,) ~ (1-x)E(A) - xE(B) (20)

where Es are the first-principles calculated total energies of structure A4,_,.B, and pure elements
A and B, each fully relaxed to their equilibrium (zero-pressure) geometries, respectively.

4.2.2 Treating Disordered Alloys via Special Quasirandom Structures

Because first-principles DFT calculations rely on the construction of cells with periodic
boundary conditions, the calculations are fairly straightforward for perfectly ordered
stoichiometric compounds. However, the situation is more complicated when treating disordered
alloys.

11



One way to treat random 4;_,B, solid solutions would be to directly construct a large super cell

and randomly decorate the host lattice with A and B atoms. Such an approach would necessarily
require very large super cells to adequately mimic the statistics of the random alloys. Because
density-functional methods are computationally constrained by the number of atoms that one can
treat, this brute-force approach could be computationally prohibitive. The concept of SQSs
proposed by Zunger et al. [22-24] aims to overcome the limitations of mean-field theories, but
without the prohibitive computational cost associated with directly constructing large super cells
with random occupancy of atoms. SQSs are specially designed small-unit-cell periodic structures
with only a few (approximately 2 to 32) atoms per unit cell that closely mimic the most relevant,
near-neighbor pair and multisite correlation functions of the random substitutional alloys.
Because the SQS approach is not a mean-field one, a distribution of distinct local environments
is maintained, the average of which corresponds to the random alloy. Thus, a single DFT
calculation of an SQS can reveal many important alloy properties (e.g., equilibrium bond
lengths, charge transfer, formation enthalpies) that depend on the existence of those distinct local
environments. Furthermore, because the SQS approach is geared toward relatively small unit
cells, essentially any DFT method can be applied to this approach that is capable of accurately
capturing the effects of atomic relaxation.

The SQS approach has been used extensively to study the enthalpies of formation, bond length
distributions, density of states, band gaps, and optical properties in semiconductor alloys [22-24].
It has also been used to investigate the local lattice relaxations in size-mismatched transition
metal alloys [25-28] and to predict the formation enthalpies of aluminum-based fcc alloys [29].
However, to date, most applications of the SQS methodology have been for systems in which the
substitutional alloy problem is fcc-based (e.g., fcc-based metals, zinc-blend-based
semiconductors, or rock-salt-based oxides). Jiang et al. [30] developed SQSs for binary bee
alloys at compositions x =0.25, 0.50, and 0.75, respectively. Because these SQSs are quite
general, they can be applied to any binary bcc solutions.

12



5. First-Principles Calculations

Enthalpy of mixing in solid solutions is typically not available, particularly for binary systems
with intermediate phases or a miscibility gap, where solubility ranges are usually rather limited.
The corresponding interaction parameters in those solution phases have large uncertainties. In
the present work, enthalpies of mixing of bce phases in the Ca-Li, Ca-Na, Li-Na, and K-Na
systems were predicted by first-principles calculations. For the purpose of validation, the
enthalpy of formation of KNa, was also calculated and compared with experimental data.

First-principles calculations were performed using the Blochl’s projector-augmented-wave
approach [31, 32] as implemented in the highly-efficient Vienna Ab-initio Simulation Package
[33, 34]. The generalized gradient approximation [35] was adopted in the present study. The -
point meshes for Brillouin-zone sampling were constructed using the Monkhorst—Pack scheme
[36], and the total number of k-points times the total number of atoms per unit cell was at least
6000.

The present study used the 16-atom bce SQSs developed by Jiang et al. [30]. The researchers
fully relaxed the unit cell volume and all the internal atomic positions of the SQSs in their

calculations.

The enthalpies of mixing in bce of an A-B system are calculated as follows:

AHbCC (Al_xBx) — Ebcc (Al_xBx) _ (1 _ x)EbCC (A) — beCC' (B) , (21)

where x is the molar fraction of B being at 0.25, 0.50, and 0.75, respectively, and Es are the total
energies of the bcc-SQS, bee-4, and bee-B at 0 K, each relaxed to their equilibrium geometries to
minimize their total energies, respectively. All the bce-SQS results are shown in Table 5.1 and
Fig. 5.1.

The enthalpy of formation of the compound KNaj is calculated as follows:
A H* = E(KNay) - E™(K) - 2E"(Na), (22)

where Es are the total energies of KNa,, bce-K and bee-Na at 0 K, each relaxed to their
equilibrium geometries to minimize their total energies, respectively.
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Table 5.1. The results of first-principles calculations compared to experimental data in the K-Na system

Energy

Lattice Constant (A)

Enthalpy (J/mol of atom) Experimental
Phase Composition Total Energy ]
(ev/atom) Calculated Experimental Calculated Value Reference
Value Reference
K 100 at. % K -1.0384 0 — — 5.271 5.328 (298 K) [37]
Na 100 at. % Na -1.3165 — — 4.197 4.2820 = 0.0005 [38]
(293 K)
KNay 66.7 at. % Na -1.2238 -699 -606.68 [39] a=17.39%4 a=7.50 [40]
c=12.083 c=12.31
Bcc 25 at. % Na -1.1589 1786 — — 5.026 — —
(K-Na)

50 at. % Na -1.1464 2994 — — 4.763 — —
75 at. % Na -1.1525 2408 — — 4.508 — —
Bcc 25 at. % Na 3020 — — — —
(Ca-Na) 50 at. % Na 4943 — — — —
75 at. % Na 4367 — — — —
Bcc 25 at. % Li 3376 — — — —
(Ca-Li) 50 at. % Li 5395 — — — —
75 at. % Li 4948 — — — —
Bcc 25 at. % Na 3765 — — — —
(Li-Na) 50 at. % Na 4726 — — — —
75 at. % Na 3016 — — — —
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Fig. 5.1. Results via first-principles calculations about the bcc solution phases.
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6. Development of the Thermodynamic Database of the Al-Ca-Li-Mg-
Na System

6.1 Experimental Data and Previous Modeling

There are 15 binary subsystems in the Al-Ca-K-Li-Mg-Na system. Six of them were modeled by
others, including the Al-Ca system modeling by Ozturk et al. [41], the Al-Mg system modeled by
Liang et al. [42], the Ca-Li system modeled by Grobner et al. [43], the Ca-Mg system done by
Zhong in the researchers’ group, and the Al-Li and Mg-Li systems taken from COST2 database.
All these subsystems are accepted in the present work. Five of them associated with Na (i.e., Al-
Na, Ca-Na, K-Na, Li-Na, and Mg-Na) are modeled in the present work. The other four
associated with K (i.e., Al-K, Ca-K, Li-K, and Mg-K) are for future work.

There are 20 ternary subsystems in the Al-Ca-K-Li-Mg-Na system. Only one of them, the Al-
Mg-Ca ternary system, has experimental information and was modeled by others in the
researchers’ group. The ternary interactions are not considered in others ternary systems.

In this section, all available experimental data of the binary systems (Al-Na, Ca-Na, K-Na, Li-Na
and Mg-Na) in the literature are critically reviewed, including both phase-equilibrium and
thermochemical data.

6.1.1  Al-Na System

Available phase-equilibrium experimental works of the Al-Na binary system were focused on the
aluminum-rich region. Great efforts were made to investigate the solubility of sodium in liquid
aluminum.

Heycock and Neville [44] investigated the lowering of the freezing point of sodium by addition
of many other metals and found that aluminum and sodium do not mix. Mathewson [45] found
thermal arrests at temperatures indistinguishable from the melting point of the pure aluminum
and sodium. The temperatures of invariant reactions were first determined to be 930 K and 370.5
K. However, the results were affected by the low purity of aluminum (99.7% aluminum).
Scheuer [46] measured the solubility of sodium in liquid aluminum by heating aluminum with an
excess of sodium under hydrogen until equilibrium was attained, followed by quenching the melt
and determining the sodium content of the aluminum -rich layer. The solubility of sodium was
pointed out to be 0.10 at. % at 973 K, 0.115 at. % at 1023 K, and 0.128 at. % at 1073 K. As a
result of hydrogen contamination, the results are rather uncertain, as pointed out by Murray [47].

Fink, Willey, and Stumpf [48] determined the boundary of the liquid miscibility gap by a method
similar to that of Scheuer [46] except under argon instead of hydrogen. They determined the
monotectic temperature and the hypo-monotectic liquidus using both direct and differential
thermal analysis techniques. Their results show that the monotectic reaction is at 932 K, with the
liquid composition being 0.18 at. % sodium, and the solubility of sodium in liquid aluminum
decreases slightly with increasing temperature. They also found the maximum solubility of
sodium in solid aluminum to be less than 0.003 at. % using electrical resistivity measurement
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and metallographic examination. However, their results about the retrograde solubility of sodium
in liquid aluminum seem unreasonable.

Ransley and Neufeld [49] redetermined the boundary of the liquid miscibility gap and the solid
solubility of sodium in aluminum. They immersed high-purity aluminum (aluminum >99.99 at.
%) into liquid sodium and let it get saturated (up to 650 h) in a stout mild-steel bomb. Afterwards
the specimens were removed from the furnace and allowed to cool freely in air. The amount of
sodium dissolved in aluminum was investigated by chemical analysis. The solid solubility of
sodium in aluminum was found to be approximately 0.002 at. % in the range of 923-933 K. The
monotectic composition was found to be 0.14 at. % sodium at 932 K, and the solubility of
sodium in liquid aluminum increased smoothly with increasing temperature. Their results were
given higher weight in the present work because they avoided the drawbacks of the previous
works [45, 46, 48].

More recently, Hansen, Tuset, and Haarberg [50] determined the maximum solubility of sodium
in solid aluminum using electromotive force (EMF) measurements and quenching experiments.
Their results showed the composition of saturated sodium in liquid aluminum to be 1.348 at. %
at 1023 K, 0.7639 at. % at 1073 K, and 0.6610 at. % at 1123 K, which are more than ten times
higher than the values reported previously [46, 48, 49]. Furthermore, their results indicated that
Al-Na exhibits a large retrograde solubility. Hansen, Tuset, and Haarberg derived an equation
based on Fick’s law by assuming that saturation is controlled by diffusion of sodium into liquid
aluminum. According to their calculated results from their derived equation, Hansen, Tuset, and
Haarberg concluded that saturation was probably never reached in previous attempts [46, 48, 49]
to determine the solubility of sodium in liquid aluminum.

The controversial work of Hansen, Tuset, and Haarberg [50] was criticized by Motzfeldt [51]
and Kaptay [52]. Motzfeldt suggested that the reactions between sodium and sapphire crucible
(Al,03) may have caused the odd results of Hansen. Kaptay considered the reactions between
Al(g) and NaF(s) to exist in Hansen’s EMF experiments based on his thermodynamic
calculations. But Hansen, Tuset, and Haarberg [53, 54] stood by their results.

To further investigate this issue, Fellner, Korenko, and Danielik [55] carried out experiments at
temperatures of 1023 and 1233 K by depositing sodium into molten aluminum cathode by the
electrolysis of the molten mixture of 26.4% NaF+73.6% NaCl. Their results did not confirm the
high values of sodium solubility in liquid aluminum published by Hansen, Tuset, and Haarberg
[50]. Further, Fellner et al. [56] achieved saturated solubility of sodium in liquid aluminum at
983, 1023, 1073, 1173 and 1233 K using the same method. Their results are close to the previous
results [46, 48, 49].

Hansen is currently conducting new experiments [57]. In his new experimental process, he has
realized that his EMF results were caused by a side-reaction between sodium and sapphire and
that the true solubility of sodium in liquid aluminum is close to that determined by the previous
studies [46, 48, 49]. The results from his quenching experiment might have been caused by
sodium inclusion [57].

All thermochemical investigations on the Al-Na system concentrated on measuring the activity
and activity coefficient of sodium in aluminum. Mitchell and Samis [58] determined the
distribution of sodium by quenching samples and subsequent chemical analysis. They found that
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the activity coefficient of sodium strongly increases with the sodium content between 0 and
85ppm. Dewing [59] determined the sodium content of aluminum in equilibrium with NaF(s)
and Na3AlF4(s) over a temperature range from 952 to 1149 K by measuring the vapor pressure of
sodium over a mixture of aluminum, sodium fluorite, and cryolite by a gas transference method.
The activity coefficient of sodium in liquid aluminum was expressed as follows:

Lﬁ”ﬂ — 8290+ 3.737T, (23)

ny

where y,, is the Henry’s activity coefficient of sodium and 7, is the molarity of liquid
aluminum.

Later, Dewing [60] measured the sodium content in liquid aluminum in contact with NaF-AlF3
melts at 1293 and 1353 K using the same method. Brisley and Fray [61] determined the sodium
activity in molten super-purity aluminum (at. % aluminum = 99.99), commercial-purity
aluminum (at. % aluminum = 99.41), and aluminum alloys LM6 using a sodium B-alumina
electrolyte at 998 K. They found that sodium in liquid super-purity aluminum obeys Henry’s law
between 1 and 50ppm with ,v,, = 222 ~ 355 which is in agreement with the value obtained by

Dewing [60] and Ransley and Neufeld [49]. Yao and Fray [62] investigated the activity of
sodium in liquid aluminum with 0.5% impurities using a sodium probe based on Nasicon
(Na3Zr,S1,-PO,) and air-sintered Nag 75C00O; solid solution electrode at 1023, 1068, and 1098 K.
They found that the activity coefficient of sodium strongly depends on the sodium concentration
near the melting point of aluminum and that Henry’s law is obeyed at higher temperatures. Sun
and Yang [63], who also used sodium B-alumina sensors, measured the activities of sodium in
liquid aluminum with 0.11% silicon at 1000 K and found y,, increases from 0.16 to 22 with

increasing the sodium concentration from 1 to 150 ppm. Henry’s law was obeyed when the
sodium contents were less than 0.04 % in the liquid aluminum. Dubreuil and Pelton [64]
measured the potentials of a sodium B-alumina sensor immersed in liquid aluminum with 1 to

100 ppm sodium at 983 to 1023 K. Hansen, Tuset, and Haarberg [50] measured the activity data
on sodium in liquid Al-Na alloys by a coulometric titration technique using a galvanic cell
employing CaF; as a solid electrolyte at 1023, 1073, and 1123 K. They found that the activities
exhibit strong negative deviation from Henry’s law. This behavior was explained by formation of
sodium clusters in the liquid. Their results are not used in this work because of the errors
discussed above.

Given that the solubility of sodium in aluminum is fairly low and activities of sodium in liquid
aluminum are very sensitive to the purity of aluminum, only partial works of Brisley and Fray
[61] in molten super-purity aluminum (at. % aluminum = 99.99) and Dewing [60] were used in
the evaluation of model parameters in the present work.

Based on the experimental data in earlier studies [46, 48, 49], Murray [47] determined the
thermodynamic model parameters of the Al-Na system. The liquid was treated as a regular
solution with excess entropy, and the fcc phase was treated as a Henrian solution. The
assessment results resulted in good agreement with the solubility of sodium in liquid aluminum
available at that time. However, thermochemical experimental data were not considered.
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6.1.2 Ca-Na System

The Ca-Na system was first studied by Metzger [65], who observed an upper and a lower layer in
a solidified alloy. Because of the difficulty of separating the two immiscible liquid phases,
Lorenz and Winzer [66, 67] and Rinck [68] used the reaction Ca +2NaCl = CaCl, +2Na at

various temperatures to indirectly determine the miscibility gap. At the same time, they
investigated the liquidus and monotectic reaction using thermal analysis. However, Lorenz and
Winzer [66, 67] reported an incorrect melting temperature of pure calcium as a result of nitride
contamination, while the value of Rinck [68] is more reliable. No thermochemical data have
been reported in the literature.

Based on the experimental data of Rinck [68], Pelton [69] evaluated the thermodynamic model
parameters of the Ca-Na system. The calculated Ca-Na phase diagram reproduced the
experimental data in the liquid miscibility gap very well, but no mutual solubilities were
assumed between the solid calcium and sodium phases.

6.1.3 K-Na System

The K-Na binary system was investigated several times using the freezing-point method [70-75].
In these works, the liquidus as well as temperatures and compositions of the eutectic and
peritectic reactions were established, and the intermetallic compound KNa, was identified.
However, the solubilities of the bce phases in one another were indicated to be zero. Moreover,
their results lacked accuracy without chemicals of high purity, inert atmosphere protection, and
thermometry with high accuracy [76].

Further studies were carried out by MacDonald, Pearson, and Towle [77] using electrical
resistance measurements and by Rimai and Bloembergen [78] using nuclear magnetic resonance.
Their results showed the existence of bec solid solution.

Ott et al. [76] investigated the K-Na phase diagram using a freezing-point apparatus and a
cryogenic calorimeter. The melting points of the pure metals, the liquidus, and the limits of
solubility in the solution regions were determined with a high precision (£0.1 K). No
intermetallic compounds other than KNa, were found. The temperature and compositions for the
eutectic and peritectic reactions were obtained as 260.53 K, 31.9 at. % sodium and 280.07 K,
59.8 at. % sodium, respectively.

The crystal structure of KNa, was determined by Laves and Wallbaum [40] using x-ray
diffraction. Krier, Craig, and Wallace [79] measured the isobaric heat capacity of KNa, between
12 and 320 K and the temperature of the eutectic point and the incongruent melting point of
KNaj; using calorimetry. The formation enthalpy of KNa, was estimated to be —1802.04 J/mol at
280 K by Hultgren et al. [39].

The enthalpy of mixing in the liquid was measured by Joannis [70], Bichowsky and Rossini [80],
Kawakami [81], and McKisson and Bromley [82] using rough calorimetric measurements. Their
results are not used in this work because of poor accuracy and the large scatters in their results.
Yokokawa and Kleppa [83] determined the enthalpy of liquid mixing at 384 &+ 2 K with accurate
reaction calorimetry. Their results are used in the present work.
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The literature is rich with experimental data on the activities of sodium and potassium in liquid.
The activities of sodium and potassium in the liquid at 384 K were investigated by Cafasso,
Khanna, and Feder [84] using vapor-phase absorption spectrophotometry of atomic resonance
lines. Kagan [85] measured the activities of potassium in the liquid at 400 K using an effusion
method. Lokshin and Ignatov [86] investigated the activity of potassium in liquid using EMF at
520 K. The investigations of the above authors indicate that activities of sodium and potassium
show positive deviation from Raoult’s law. Lantratov [87] measured the activity of potassium in
liquid using EMF at 723 and 773 K. However, Lantratov’s results, which are not used in the
present work, are unreliable because of the reaction between molten alkali metals and silicic acid
glass, which was used as an elecyrolyte in the experiments [88]. All activity data are later
compared with calculated values.

6.1.4 Li-Na System

The Li-Na system has been investigated many times using different techniques, especially in the
vicinity of the consolute point. The miscibility gap was investigated by Schurmann and Parks
[89]; Feistma et al. [90]; Down, Hubberstey, and Pulman [91, 92]; and Endo et al. [93] using the
electrical resistivity measurement technique; by Kandan, Faxon, and Keller [94] using the
density measurement technique; and by Wu and Brumberger [95] using light microscopy, X-ray,
and neutron-scattering techniques. As shown in the Table 6.1, their results were very close to
each other. No thermochemical data have been reported in the literature.

Bale [96] reviewed available experimental data in the literature and made a qualitative
thermodynamic analysis of the system assuming zero solubility in the bee phases. The phase
boundary of the liquid miscibility gap was represented by an analytical function of the
temperature and the mole fraction of sodium based on the experimental data summarized by
Feistma et al. [90]. Pelton [97] further thermodynamically modeled the liquid phase of the
system based on Bale’s review [96]. The solid solubility values at the monotectic and eutectic
temperatures were estimated by applying Raoult’s law. However, the calculated phase diagram
differs from experimental data near the consolute point of the miscibility gap (see Fig. 6.5).
Furthermore, no model parameters of solid solution phases were given.

6.1.5 Mg-Na System

Mathewson [45] determined the solubility of sodium in liquid magnesium as 2 at. % at the
monotectic temperature of 911 K by thermal analysis. An almost identical value was found by
Lantratov [87]—2.1 at. % and 911 K. However, both of these researchers used glass containers,
which usually react with sodium and magnesium and affect the results. Klemm and Kunze [98]
used an iron crucible and measured the solubility of magnesium in liquid sodium by weight-loss
and chemical-analysis techniques. No intermetallic phases were detected by X-ray investigations
in this binary system.

Lantratov [87] measured the activities of sodium and magnesium in liquid using the EMF
method at 973 K over the entire concentration range. The activities of sodium and magnesium
exhibit very large positive deviation from Raoult’s law as a result of phase separation.
Rosenkilde, Arnesen, and Wallevik [7] measured the concentration of sodium in liquid
magnesium in equilibrium with NaCl-MgCl, melts of different compositions and temperatures
from 923 to 1063 K at very low sodium concentrations.
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Based on the experimental data in the literature [87, 98], Pelton [99] made a qualitative
thermodynamic analysis of the Mg-Na system and used the van’t Hoff equation to analyze the
liquid miscibility gap. No models or thermochemical data were considered.

6.2 Ternary Systems

Because of the lack of experimental data in all the ternary systems, the thermodynamic
description of the ternary systems was predicted by combining the thermodynamic description of
the corresponding three sub-binary systems. The Ca-Li-Na ternary system was investigated to
study the characteristics of the ternary liquid miscibility gap. The Al-Mg-Na ternary system was
investigated to further study the effect of sodium on high-temperature embrittlement of Al-Mg
alloys.

6.3 Model Parameter Evaluation

All model parameters were evaluated using the Parrot module in Thermo-Calc [100]. This
program is able to accept various kinds of experimental data in one operation. It works by
minimizing an error of sum, with each of the selected data given a certain weight. The weight
was chosen and adjusted based on the data uncertainties given in the original publications and on
the authors’ judgment by examining all experimental data simultaneously. All thermodynamic
calculations were carried out using Thermo-Calc.

The complete and self-consistent thermodynamic descriptions for the Al-Na, Ca-Na, K-Na, Li-
Na, and Mg-Na binary systems thus obtained are listed in Table 6.1. The reference state of the
Gibbs energy of individual phases is the so-called SER state (i.e., the enthalpies of the pure
elements in their stable states at 298.15 K and 1 bar).

The parameter evaluation procedure in the Al-Na system started with the miscibility gap in the
liquid phase with the selected experimental data on the solubility of sodium in liquid aluminum
and the activities of sodium in liquid aluminum. The thermodynamic parameters of the fcc and
bce phases were then evaluated. Given there is an hep phase in the Mg-Na binary system, the
thermodynamic parameter of the metastable hcp phase was set to a large positive value so it did
not become stable in the system. Many iterations were necessary to reproduce all experimental
data. Finally, the model parameters of all phases were simultaneously adjusted with all
experimental data included.

In the Ca-Na system, the parameters of the liquid phase were taken from Pelton [69]. The
thermodynamic parameters of the bcec phase were evaluated using the experimental liquid
boundary data and the monotectic temperature and composition of the liquid phase. The
parameters of the fcc phase were arbitrary because of the lack of data. The thermodynamic
parameter of the metastable hcp phase, which will be present when magnesium is added in future
work, was set to an arbitrary positive value so it did not become stable in the system.

The evaluation of model parameters in the K-Na system started with the liquid phase, followed
by the bee-phase miscibility gap and the intermetallic compound KNa, using the experimental-
phase boundary data and thermodynamic data. Because the experimental data by Ott et al. [76]

are more reliable than others [70-75, 77, 78], more weight was given to the former data than the
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latter. In the evaluation process, the enthalpies of mixing in bee from first-principles calculations
were considered as experimental data. Finally, all the model parameters were refined by
simultaneous optimization of all the experimental and first-principles data.

The evaluation of model parameters in the Li-Na system started with the liquid miscibility gap
followed by the bce-phase miscibility gap. Special attention was paid to the composition and
temperature of the consolute point in the liquid miscibility gap to ensure the rational shape of the
miscibility gap because it was not well reproduced by Pelton [97]. The thermodynamic
parameters of the metastable fcc and hcp phases were set to an arbitrary positive value so they
did not become stable in system. The miscibility gap in the liquid phase requires a positive

1" ;; va . The consolute point of the liquid miscibility gap is lithium-rich; therefore, parameter
'L"; na is positive. The parameter *L™; v, and the temperature dependence of the parameter

°L™1; . are added to better reproduce the phase-equilibrium data. The parameter L’ vq is also
positive because of the miscibility gap in the bee phase.

The evaluation procedure in the Mg-Na system started with the liquid miscibility gap, followed
by the bee and hep phases. The activities of sodium in liquid magnesium were used at the same
time. Given there is an fcc phase in the Mg-Na binary system, the thermodynamic parameters of
the metastable fcc phase were set to a large positive value so they did not become stable in the
system. Finally, the model parameters of all phases were simultaneously adjusted with all
experimental data included.

6.4 Results and Discussions

6.4.1 Al-Na System
The calculated phase diagram using the present thermodynamic description of the Al-Na system
is shown in Fig. 6.1. A much more positive interaction parameter in the liquid phase than that of

Murray [47], OLZ’}’ o » Das been obtained in the present work because the most recent data show

lower solubility of sodium in liquid aluminum, as reported in the literature [56] (see Fig. 6.2).
Fig. 6.2 gives the enlarged view of the Al-rich part of the calculated phase diagram in

comparison with previous work by Murray [47] (dashed lines) and all the available experimental
data. The relative standard deviations, calculated using the formula in Eq. (24) below, are

included in each figure caption.
] @af x —xe Y
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where xf“’ is the calculated result, x;™ is the experimental datum, and #» is the number of

experimental data. The calculation reveals that the calculated phase diagram shows an excellent
agreement with all the experimental data, especially the recent results. However, the work by
Murray [47] fits only part of the experimental data and does not agree with the most recent data
by Fellner et al. [56]. The invariant reactions in Al-Na system are listed with the experimental
data included and show good agreement. Fig.6.3 shows the calculated activities of sodium in
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liquid aluminum at 998, 1293, and 1353 K, respectively, in comparison with experimental data.
It shows that the activities of sodium in liquid have a large temperature dependence. The
calculated values do not fit the experimental data very well at 1353 K, at which point the
concentration of sodium is beyond 0.03 at. %. Dewing [101] pointed out that quenching might
well have been inadequate in these experimental data.

6.4.2 Ca-Na System

The phase diagram calculated using these parameters is shown in Fig. 6.4, with the experimental
data superimposed. It shows that the most of the experimental liquidus data are well reproduced.
The invariant reactions in the Ca-Na system listed in Table 6.2 are identical to the experimental
data.

6.4.3 Li-Na System

Fig. 6.5 shows the calculated phase diagram using the present thermodynamic description in
comparison with that of Pelton [97] and experimental data. It is seen that the present calculation
better reproduces the experimental data. The invariant equilibriums and consolute point in Li-Na
system are listed in Table 6.2 along with the experimental data.

6.4.4 K-Na System

The calculated K-Na phase diagram is shown in Fig. 6.6, with the experimental data
superimposed. Fig. 6.7 and 6.8 depict the activities in the liquid and the calculated enthalpy of
mixing in the liquid, respectively, compared to the experimental data. The calculated enthalpy of
mixing in the bee phase at 298 K is shown in Fig. 6.9 in comparison with the results from first-
principles calculations. The calculated temperatures and compositions of the invariant reactions
are listed in Table 6.2 along with the experimental data.

6.4.5 Mg-Na System

The calculated phase diagram using the present thermodynamic description is presented in Fig.
6.10 and shows excellent agreement in comparison with the experimental data. Fig.6.11 provides
a magnified view of the sodium-rich part of the calculated phase diagram. The invariant
equilibrium in the Mg-Na system is listed in Table 6.2 along with the experimental data. As
shown in this table, very good agreement is obtained. Fig. 6.12 shows the calculated activity of
sodium and magnesium in liquid at 973 K along with the experimental data. Good agreement has
been obtained except for the activity of sodium in the liquid miscibility gap, in which the
experimental data are almost equal to unity and seem unreasonable.

6.4.6 Ca-Li System

The Ca-Li system was modeled by Grobner et al. [43] carefully. Their results are in good
agreement with experimental data and are accepted in the present work. The calculated phase
diagram is shown in Fig. 6.13.
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6.4.7 Al-Mg System

The Al-Mg system was modeled by Liang et al. [42] carefully. Their results are in good
agreement with experimental data and are accepted in the present work. The calculated phase
diagram is shown in Fig.6.14.

6.4.8 Ca-Li-Na System

The calculated liquidus projection of the Ca-Li-Na ternary system is presented in Fig. 6.15, and
the primary phases forming from the liquid phase during solidification are shown. The dotted
lines are isotherms, with the numbers indicating the temperature in degree Kelvin. The figure
shows that the liquid miscibility gap at high temperatures in the Ca-Na system smoothly
connects to the liquid miscibility gap at low temperatures in the Li-Na system. Fig. 6.16, 6.17,
and 6.18 show the liquidus projection of the sodium-rich corner. This corner is complex because
of several narrow phase regions. The invariant equilibriums in the liquidus projection are listed
in Table 6.3. As a result of the liquid miscibility gap, the invariant reactions involving both
liquid phases appear twice on the liquidus projection. Although they have the same temperatures,
the same compositions, and the same phases, as shown in Table 6.3, the reaction types and the
directions are different [93].

Fig. 6.19 and 6.20 show the calculated isothermal sections at 900 and 510 K. The former shows
the shape of the liquid miscibility gap, while the latter shows the binary compound CaLi, region.
Fig. 6.21, 6.22, and 6.23 show the calculated isopleth sections of the Ca-Li-Na system at the
condition of x, = x,,, x,, = x,,, and x;, = x,,, respectively. The calculations in the ternary

system are complex because of the miscibility gaps involving three bce phases and two liquid
phases [100].

6.5 Summary

The binary Al-Na, Ca-Na, Li-Na, K-Na, and Mg-Na systems were modeled by computational
thermodynamics using the CALPHAD method. Self-consistent thermodynamic parameters of the
binary systems were obtained.

Combined with the Ca-Li and Al-Mg system modeling from the literature, the phase
equilibriums of the Ca-Li-Na and Al-Mg-Na systems were calculated. Isothermal and isopleth

sections of the ternary system and the projection of the liquidus surface have been presented.

This database development paves the way for investigation of the impurity effects on processing
of aluminum alloys through understanding phase stability under various processing conditions.
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Table 6.1. Thermodynamic parameters of the Al-Na, Ca-Na, Li-Na, K-Na, and Mg-Na systems in standard
international units

System Phase Model Parameter Value (J/mol)
0, liq 773708 + 20.277T
liquid (Al, Na) AlNa
g ’ 1,liq 745869
Al,Na
Al-Na bce (Al, Na) 0, bee 20000
Al,Na
fcc (Al, Na) 0, foc 78765
Al,Na
hcp (Al, Na) 0, hep 20000
Al,Na
0, lig 28896 — 8.35T
liquid (Ca, Na) Ca.Na
a ’ 1,liq -33-7.03T
Ca,Na
Ca-Na bcc (Ca, Na) oLgcc 56258 — 39.401T
a,Na
fcc (Ca, Na) 0, foc 30000
Ca,Na
hcp (Ca, Na) 0, hep 15000
Ca,Na
0, liq 10684
liquid (Li, Na) LNa
q ) 1, liq 3896 — 5.539T
Li,Na
i bcc Li, Na 2 li 1580
Li-Na (L, Na) L e
fcc (Li, Na) OL[Z?,(I;Va 16000
hcp (Li, Na) 0 Lchi?Na 20000
0, lig 2916 — 0.517T
- K:Na
liquid (K, Na) n 766 + 1.044T
K:Na
0L?<c-lc\l 11445 - 10.037T
bce (K, Na) e
K-Na 1Lti)<c:?Va —1595 — 2.336T
fcc (K, Na) 0, bee 15000
K,Na
hcp (K, Na) 0 L;nga 15000
KNaz (Kh(Na)z GKNe: OGP 12°GP 1949 + 3.866T
0,liq 25975
liquid (Mg, Na) V. Na
q 9 1, liq 4370
Mg,Na
Mg-Na bcc (Mg, Na) OLtI\)ACgC,Na 30000
f
fcc (Mg, Na) OLI\%E,Na 20000
hc Mg, Na 0 h 37566
p (Mg, Na) LA e
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Table 6.2. Invariant reactions and consolute points in Al-Na, Ca-Na, Li-Na, K-Na, and Mg-Na

System Reaction Reference Tem;:z%ature Concentration of Na in at. %
gas — liquid1+ liquid2 Present work 1157 100 0.238 100
Present work 932 0.14 0.002 100
I L Experiment [45] 930 — — —
liquid = fec(Al) +liquid2 2 iment [48] 932 0.18 <0.003 —
Al-Na Experiment [49] 932 0.14 0.002 —
Present work 371 99.99 7.03 x 107° 100
_— Experiment [45] 371 — — —
llquid2 = fec(Al) +boe(Na) g ecent work 1157 100 0.238 100
Present work 932 0.14 0.002 100
liquid1 — bec(Ca) + liquid2 ~ Present work 983.9 221 10.2 95.9
Experiment [68] 983 + 10 0.221 — 95.9
Ca-Na  bce(Ca) — fee(Ca)+ liquid2  Present work 707.3 0.563 0.363 99.5
liquid2 — fcc(Ca)+bcc(Na)  Present work 370.9 99.998 5.180 x 107° 99.999
Consolute point Present work 1470.3 71.275
Present work 280.053 59.3 99.3 66.7
Experiment [71] 280.03 59.95 — 66.7
Experiment [73] 280.05 58 — 66.7
Experiment [74] 280.05 — — —
liquid = bcec(Na) + KNay Experiment [75] 279.75 — — —
Experiment [76] 280.07 £ 0.05 59.8 99.2 66.7
Experiment [77] 280.5+1 60 97 66.7
Experiment [79] 280.058 + — — —
K-Na 0.001
Present work 261.17 30.33 4.3 66.7
Experiment [71] 260.65 33.36 — 66.7
Experiment [73] 260.55 — — —
liquid + bee(K) = KNaj, Experiment [75] 260.65 — — —
Experiment [76] 260.53 £ 0.05 31.9 4.6 66.7
Experiment [77] 261 £ 1 334 4.5 66.7
Experiment [79] 260.51 £ 0.01 — — —
Present work 4445 3.4 1.2 90.0
Experiment [90] 443 3.4 — 90.2
liquid1 — bece(Li) + liquid2 Experiment [94] 443 + 1 3.4 — 87.87
Experiment [102] 444 34 — 91.6
Present work 360.2 96.5 0.5 99.5
Experiment [91, 92] 365.3 97.0 — —
liquid2 — bee(Li)+ bcc(Na)  Experiment [103] 366.5 96.3 — —
Li-Na Experiment [102] 365.4 96.3 — —
Present work 581.5 33
Experiment [89] 577 +2 362
Experiment [90] 576.4 35.7
consolute point Experiment [91, 92] 578 37
Experiment [93] 578 37
Experiment [94] 579 +1 35
Experiment [95] 580 34
gas — liquid1+ liquid2 Present work 1159 84.07 5.93 88.58
gas — liquid2 Present work 1157 97.016
Present work 910 2.10 0.033 92.70
Experiment [45] 911 20+ — —
Mg-Na liquid1 — hcp(Mg ) + liquid2 0.1
Experiment [87] 911 21 — 98.6
Experiment [98] 910 1.6 — 92.7
Present work 371 99.98 415x10"  100.00
liquid2 — hep(Mg ) + bcec(Na) Experiment [45] 371 — — —
Experiment [98] 371 — — —
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Table 6.3. Invariant reactions in the Ca-Li-Na liquidus projection

Composition of Li and Ca in at. %

R . Class Temperature
eaction K

(K) Phase 1 Phase 2 Phase 3 Phase 4
liquid1 + +liquid2 + bec(Ca) — fee(Ca) I 648.4 40.843  55.467 3553 2915 7.767  0.919 5960 0.938
liquid2 + bee(Ca) — fec(Ca) + liquid 114 648.4 3.553 2915 7.767 0.919 5.960 0.938 40.843 55.467
liquid1 — fce(Ca) + CalLi, + liquid2 l4 503.3 56.827 41.870 9.418 90.507 66.667  33.333 3.853 0.0346
liquid2 + liquid1— fcc(Ca) + Calli, I, 503.3 3.853 0.0346 56.827 41.870 9.418 90.507 66.667 33.333
liquid1 — bee(Li) + Cali, + liquid?2 P 415.0 92.035 6.343 98.335 1.401 66.667  33.333 7.090 6.270 x 107
liquid?2 + liquid1— bee(Li) + Cali, I3 415.0 7.090 6.270 x 107 92.035 6.343 98.335 1.401 66.667 33.333
liquid2 + fec(Ca) — bec(Na) + Cali, 14 368.5 0.689 6.932 x 107 2.658 97.337 0.121 9.946 x 107 66.667 33.333
liquid2 + CaLi, — bcc(Na) + bee(Li) s 359.7 3525 3.720x 107° 66.667 33.333 0.496 3.053 x 107° 50.054 8.722 x 107
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Fig. 6.2. Enlarged view of Fig. 6.1 at the aluminum-rich side in
comparison with previous work by Murray [47] (dashed lines) and
the experimental data o by Scheuer [46]; A by Fink, Willey, and
Stumpf [48]; o by Ransley and Neufeld. [49]; ¢ by Hansen, Tusset,
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Fig. 6.3. Calculated activity of sodium in liquid in comparison with the experimental data [ at 1293 K and A
at 1353 K by Dewing [60] and e at 998 K by Brisley and Fray [61] (c = 5.42%).
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Fig. 6.6. Calculated K-Na phase diagram in comparison with the experimental data A [71],1 [73],0 [75], ®
[76], and < [77] (o = 3.71%).

30



1.0 .
094 ¢, L
0.8+ K Na B
0.7 - B
1]
Z 0.6 . -
X
> 0.5 T=384K . T=384K ~
= T=400K T=400K
g 041 * .
0.3 -
Q,
Na O384K D A00K
0.2+ K @384K A400K W520K B
0.1 /r=s0x T=520K- |
O I I I [
0 0.2 0.4 0.6 0.8 1.0
K

Mole Fraction, Na

Fig. 6.7. Calculated activity of potassium and sodium in liquid in comparison with the experimental data O
@ [84], A A[85], and H[86] (c =9.28%).

800

700 ~

600

500

400 ~

Enthalpy of Liquid Mixing, J/mol

T=384K

K

Fig. 6.8. Calculated enthalpy of mixing in the liquid phase at 384 K in comparison with the experimental data

0.2

|
0.4

|
0.6

0.8

Mole Fraction, Na

©[83] (o = 4.43%).

31

1.0
Na



T=298K

Enthalpy of Bcc Mixing, J/mol

0 | | I |
0 0.2 0.4 0.6 0.8 1.0

K Mole Fraction, Na

Fig. 6.9. Calculated enthalpy of mixing in the bcc phase at 298 K in comparison with the results from first-
principles calculations @ (c = 7.75%).

1600 . J l J
1400 - Gas -
Gas + Liquid 1
1200 ! -
~ _
- Liquid 1 iquid 1 + Liqui
9 1000 | Liguid 1 + Liguid 2 \ N
2 Y FaY P A A
S - hop(Mg)
o 800 Liquid 2
&
kZ
600 -
400 1 o = e A b AAdM
" bcc(Na) )_:
200 I

I I T
0 0.2 0.4 0.6 0.8 1.0
Mg Mole Fraction, Na Na

Fig. 6.10. Calculated Mg-Na phase diagram in comparison with the experimental data O by Mathewson [45],
A by Lantratov [87], and A by Klemm and Kunze [98] (¢ = 1.32%).

32



1159.0 : ‘ ‘
Gas+Liguid1

1158.5 -

Liquid2
+

1158.0 Gas Gas =

1157.5 4 —
Liquid1
Liquid2
1157.0 -

Temperature, K

1156.5 + Liquid2 B

1156.0 1 T T
0.80 0.85 0.90 0.95 1.00

Mg Mole Fraction, Na Na

Fig. 6.11. Magnified view of Fig. 6.10 at the sodium-rich side in the Mg-Na system.

1.0 v : ' o
0.9 1 =
0.8 1 -
0.7 =

c o
o o
I |

Activity

a'iq a:?g —

Na

o o
w
| I

T

©c ©
-
| 1
Ay
T T

T=973K

o

| I
0.2 0.4 0.6 0.8 1.0
Mg Mole Fraction, Na Na

Fig. 6.12. Calculated activities of sodium and magnesium in liquid at 973 K in comparison with the

experimental data O (aj{,‘fl )and e (ajl‘;qg ) by Lantratov [87] (c = 10.5%).

o

33



1200 : '
1100 -
1000 ~ =

900 -

Liquid

800 -

bee(Ca)
700 -\A .
600 - \ \ -
5 O O n fcc N
400+ _ bcc(Li)j_

Temperature, K

300 - 3 i
200 ] I ] I
0 0.2 0.4 0.6 0.8 1.0
Ca Mole Fraction, Li Li

Fig. 6.13. Calculated Ca-Li phase diagram using the thermodynamic parameters by Grobner et al. [43].

1000 : : :

900 » _
Liquid

800 B

700 — Hep L

600 el |B -

Temperature, K

500 -

400 -

300 T | | |
0 0.2 0.4 0.6 0.8 1.0

Mg Mole Fraction, Al Al
Fig. 6.14. Calculated Al-Mg phase diagram [42].

34



Liquid 1 + Liquid 2

' 7 7 e :
@ Na 0 02 04 06 08 " 10U
Mole Fraction in Liquid, Li

Fig. 6.15. Liquidus projection to the composition triangle in the Ca-Li-Na system with isotherms (dotted
lines) superimposed along with their temperatures.

é;-‘é\
&
@ Liquid 1 +Liquid 2
(9)
Ay
5
0X fcc(Ca) ﬁcal'-h _ y
A Na O 0.05 0.10 0.15 Li

Mole Fraction in Liquid, Li

Fig. 6.16. Sodium-rich corner of the liquidus projection with very low mole fractions of Ca on the y-axis.

35



. Liquid 1 +Liquid 2
O IS SN N N
é@§ Na O 0.05 0.10 0.15 Li
Mole Fraction in Liquid, Li

Fig. 6.17. Sodium-rich corner of the liquidus projection with one order lower mole fractions of Ca on the y-
axis than that in Fig. 6.16.

Liquid 1 +Liquid 2
0% ~ 7~ X
A Na O 0.05 0.10 0.15 Li
Mole Fraction in Liquid, Li

Fig. 6.18. Sodium-rich corner of the liquidus projection with three order lower mole fractions of Ca on the y-
axis than that in Fig. 6.16.

36



- - -

/ /Liq/uid/i +boc .(/ a)-

Liquid

A

7~ ™ ~ 7AY

A\ Na© 02 04 06 08 10
Mole Fraction, Li

Fig. 6.19. Calculated isothermal section of the Ca-Li-Na system at 900 K.

A

f A m— - 7AN Li
@ NaOL 0.4 0.6 0.8 1.0
Mole Fraction, Li

Fig. 6.20. Calculated isothermal section of the Ca-Li-Na system at 510 K.

37



Temperature, K

1500 ' . '
1200 — B
Liquid 1 +Liquid 2
900 — -
bee(Ca) + Liguid
Liquid 1 + Liquid 2 + bce(Ca
600 - -
7L fcc(Ca) + Liquid Liquid 1 + Liquid 2 + fcc (Ca)
foo(Ca) + Cali2 Liquid + fcc(Ca) +CaLi2  fec (Ca) + Liquid
3 O 0 bce(Ma) + fec(Ca) + Cali2 bce(Na)
T T T T
0 0.2 0.4 0.6 0.8 1.0
(Ca + Li) Mole Fraction, Na Na

Fig. 6.21. Calculated isopleth section (x¢, = xj)-

38



1500 . . '
1200 - —
¢ Liquid
o
>
b
S 900 -
a
E Liquid 1 + Liquid 2
© L+bee(C
I_
600 _ L1+L2 +bece(Ca) -
L+ fec(Ch) \ L1 + L2 + fce(Ca)
Liquid + CaLi2
. ‘ L1+ L2 +Cali2 '
Liquid + CaLi2 + fcc(Ca) Liquid + CaLi2 + boe(Li) ‘\“BCC{Ln]
L+ b"c(Na)*’{ Liquid + CaLi2 + bee(Na) CaLi2 + bee(Na) + bee(Li)
300 T T T T
A 0 0.2 0.4 0.6 0.8 1.0
(Ca + Na) Mole Fraction, Li Li

Fig. 6.22. Calculated isopleth section (X¢; = XN3 )-

39



Liquid 1 + Liguid 2

L1+L2+bcc(Ca)

Temperature, K
~J
o
S
|

600 -
L1+L2+ aLi/ L1+L2+fcc(Ca) /
500 - L+fec(Ca) |
L+CalLis

400 Liquid+CaLip+cc(Ca) -
300 _|-rCatiztbest la) | | |

@ 0 0.2 0.4 0.6 0.8 1.0

(Li + Na) Mole Fraction, Ca Ca

Fig. 6.23. Calculated isopleth section (x; = xy; )-

40



7. Thermodynamic Investigation of Sodium-Induced High-
Temperature Embrittlement in Al-Mg Alloys

7.1 Introduction

Due to good formability, AI-Mg alloys are widely used in the automotive and aircraft industries.
However, they suffer from poor hot rolling characteristics. Sodium is a common undesired
impurity element in Al-Mg alloys of commercial grades. In spite of being present in trace
amounts, sodium leads to HTE at 473 to 673 K as a result of intergranular fracturing and
formation of cracks during the hot-rolling process [2, 3].

Ransley and Talbot [104] first investigated the embrittlement of Al-Mg-Si alloys by sodium and
suggested that hot ductility is severely impaired with a sodium content higher than 20 ppm. In
the reaction of NaAiSi+2Mg — Al + Mg, Si + Na 4, ,a ternary compound, NaAlSi, was considered

to be involved, resulting in free sodium in the form of atoms. The embrittlement is related to the
adsorption of free sodium on internal surfaces generated in plastic flow and consequent
modification of the growth of grain boundary cavities. Otsuka and Horiuchi [105] investigated
the dependence of the hot ductility of Al-Mg alloys on temperature, strain rate, grain size and
composition using the tensile test and found that the hot ductility trough shifts to higher
temperatures with increasing strain rate and decreases with increasing grain size and bulk
magnesium concentrations. However, the sodium content was not determined. Talbot and
Granger [2] studied the effects of sodium and bismuth on HTE in Al-5Mg-0.15S1 (wt %) and
commercial Al-5Mg alloys by the use of a hydrogen absorption technique. They found that the
solubility of sodium in Al-Mg alloys was about 5 ppm and that the excess sodium was in the
form of free sodium atoms. However, Okada and Kanno’s results [106], obtained in Al-5Mg and
Al-5Mg-0.04Y alloys in the temperature range of 473 to 673 K, indicated that HTE was related
to both hydrogen and sodium concentrations [100]. A concentration of 0.1 ppm of sodium was
high enough to cause HTE.

Horikawa, Kuramoto, and Kanno [3, 11] examined the effect of sodium on HTE by measuring
the reduction of area during tensile testing of specimens of a high-purity Al-5Mg alloy
containing 0.01 to 1.8 ppm of sodium. The trace sodium content was detected by glow discharge
mass spectrometry. They reported that the HTE disappeared completely when the sodium
content was lower than 0.01 ppm. The trace sodium was assumed to segregate to the grain
boundaries in the form of free sodium atoms and to reduce the grain boundary strength, although
no sodium was detected on the intergranular fracture surface by auger electron spectroscopy
(AES). However, Lynch [8] suggested that HTE is the result of the formation of low-melting-
point sodium-rich phases or particles that precipitate at the grain boundaries of the alloys.

Despite numerous previous investigations, the mechanisms of sodium on HTE in Al-Mg alloys
are still controversial [8, 9], partly because the trace amount of sodium cannot be detected, even
by AES [11]. In the present work, efforts have been made to understand the mechanism and to
reveal the correlations between HTE, phase formation, temperature, and composition by the use
of thermodynamic modeling.

41



7.2 Phase Diagrams and Phase Evolution

To investigate the mechanism of sodium-induced HTE in Al-Mg alloys, it is very important to
understand the correlations between HTE, phase relation, temperature, and constitution in Al-Mg
alloys. These correlations can be explained through an understanding of the thermodynamics of
the Al-Mg-Na system.

The thermodynamic database of the Al-Mg-Na system was developed by the present authors
using the CALPHAD approach [107]. In the CALPHAD thermodynamic modeling, the Gibbs
energies of individual phases are modeled through the coupling of phase diagrams and
thermochemistry, and the model parameters are collected in thermodynamic databases. Models
for the Gibbs energy of binary and ternary phases are primarily based on the crystal structure of
the phases. The Gibbs energies of individual phases are expressed as a function of composition
and temperature that can reveal the phase relations and phase compositions. In the present study,
Thermo-Calc [100] was used for free-energy minimization, and the Al-Mg-Na database [107]
was used for phase description.

Fig. 7.1 shows the calculated isopleth section of Al-5Mg alloys with respect to the sodium
content. Note that the sodium content is plotted in the logarithmic scale because of its low
values. There is a liquid miscibility gap in this system that originated from the Al-Na and Mg-Na
systems, denoted by liquid-1 (aluminum-rich) and liquid-2 (sodium-rich). There is a two-phase
region (liquid-2+fcc) between 524 and 853 K at fairly low sodium concentrations. The
temperature and the sodium concentration range in this two-phase region coincide with the
temperature and the sodium concentration zones in which HTE occurs, as will be shown later.

Further calculations were carried out to determine the relationship between the temperature and
phase fractions for an Al-5Mg alloy containing 1.8 ppm of sodium. Fig. 7.2 shows phase
evolution during cooling of the alloy. Upon cooling, the fcc phase begins to form at 908 K from
the liquid-1 phase. Solidification is complete at 853 K, and the phase fraction of the fcc phase
reaches 100%. When the fcc phase is cooled to 723 K, another liquid phase (liquid-2 phase)
forms. The amount of the liquid-2 phase increases with decreasing temperature and can be as
high as 2.1 x 10 mole fraction. This liquid-2 phase transforms to a bcc phase at 371 K. Fig. 7.3
shows the sodium content in the liquid-2 phase as a function of temperature, depicting that the
liquid-2 phase is highly sodium-rich, and the sodium content increases with decreasing
temperature.

Figs 7.2 and 7.3 indicate that sodium is completely dissolved in the aluminum-rich fcc phase in
the temperature range of 723 to 853 K after solidification. As the temperature decreases, the
highly sodium-rich liquid-2 phase forms from the solid fcc grains, most likely along grain
boundaries or in other defect regions. Then, the liquid-2 phase transforms to the sodium-rich bee
phase at a low temperature.
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7.3 Mechanism of Sodium-Induced HTE

The mechanism of sodium-induced HTE in AI-Mg alloys remains controversial. Talbot and
Granger [2]; Ransley and Talbot [104]; and Horikawa, Kuramoto, and Kanno [3, 11] attributed
HTE to primarily segregation of sodium atoms to grain boundaries, although no sodium was
detected on intergranular fracture surfaces. Horikawa, Kuramoto, and Kanno [9] indicated that
there is no possibility of forming enough sodium-rich particles or sodium-rich phases to cause
HTE in view of the trace amount of sodium. Lynch [8] concluded that sodium-rich particles
rather than sodium atoms at grain boundaries induce HTE in comparison to the case in Al-Li
alloys [12, 13]. In this section, the mechanism of sodium-induced HTE is explained by
describing the correlations between HTE, phase relation, temperature, and constitution in AI-Mg
alloys.

Fig 7.4 shows the comparison between the calculated phase relations for the current study and
the experimental data from the literature [3]. The calculated relationship between the temperature
and the phase fraction for Al-5SMg-Na alloys under equilibrium conditions is shown in Fig.
7.4(a). The effect of trace sodium on the hot ductility of Al-5SMg alloys at different temperatures
from the literature [3] is shown in Fig. 7.4(b), where the reduction of area is defined as the
percentage decrease in the cross-sectional area of a tensile specimen caused by wasting or
necking of the specimen. It is expressed as a percentage of the original area of the test piece and
is a measure of ductility. In Fig. 7.4(a), it is evident that the sodium content significantly affects
the formation temperature and the amount of liquid-2. With increasing sodium content in Al-
5Mg-Na alloys, the amount of liquid-2 and its formation temperature increase. However, the
temperature of transformation from the liquid-2 phase to the bce phase does not change. The
temperature is approximately equal to the melting temperature of pure sodium (371 K).

The ductility troughs in the temperature range of 400 to 700 K shown in Fig. 7.4(b) can be
explained using the data from Fig. 7.4(a). The troughs start at about 700 K, at which point the
liquid-2 phase starts to form. From 700 to 600 K, as the amount of liquid-2 increases, the
reduction of area decreases. At about 550 K, the amount of liquid-2 reaches the maximum, and
the reduction of area reaches the minimum. At temperatures lower than 524 K, the £ (AlsMg,)

phase forms and partially blocks the liquid-2’s access to grain boundaries. At about 380 K, the
liquid-2 phase completely transforms to bcc, and hot ductility recovers almost completely.

To illustrate the mechanism of HTE caused by sodium, hot ductility and the amount of the
liquid-2 phase in Al-5Mg alloys at 573 K are plotted as a function of the sodium content in Fig.
7.5. One can see that with more liquid-2 phase, the HTE becomes more severe. When the sodium
content is 0.01 ppm, the mole fraction of the liquid-2 phase is almost equal to zero and hardly
affects the ductility of the alloy at elevated temperatures. This result is consistent with the
experimental investigations performed by Horikawa, Kuramoto, and Kanno [3, 11].

7.4 Suppression of Sodium-Induced HTE in Al-Mg Alloys

It is generally understood that sodium content has to be extremely low to completely suppress
HTE and avoid cracking. On the other hand, contamination with sodium is inevitable in the
normal manufacturing process of Al-Mg alloys. Because HTE is closely related to the liquid-2
phase formation, HTE can be suppressed by avoiding the liquid-2 phase formation in the alloy.
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We define the hot-rolling safe zone as the region on the phase diagram in which only the fcc
phase exists and the HTE sensitive zone as the one in which the liquid-2 phase exists.

Fig 7.6 is an enlarged view of Fig. 7.5. It shows the HTE sensitive and safe zones in a
temperature vs. sodium-content diagram of Al-5Mg-Na alloys. The hot-rolling safe zone is
bounded by the maximum hot-rolling temperature line and the dashed line shown in Fig. 7.6. The
HTE sensitive zone is bounded by the maximum temperature line at which the liquid-1 phase
transforms to fcc, the bee/liquid-2 transformation temperature line, and the dashed line. The
dashed line on Fig. 7.6 is also the boundary between the hot-rolling safe zone and the HTE
sensitive zone. In the hot-rolling safe zone at the left side of the dashed line, no liquid-2 phase
forms, and the single-phase fcc microstructure guarantees good hot-rolling characteristics. HTE
can be avoided when Al-5Mg-Na alloys are hot rolled in this zone. However, in the HTE
sensitive zone at the right side of the dashed line, the liquid-2 phase is most likely to occur at the
grain boundaries and reduces hot-rolling formability. For AI-5Mg-Na alloys containing different
sodium contents, the hot-rolling temperature should be chosen from above the dashed line to
suppress HTE and avoid cracking. For a given sodium content, there is a critical temperature
above which high-temperature cracking tends to occur during hot rolling. For instance, the
critical temperature of the Al-5Mg alloy containing 1 ppm sodium is 689 K. That is to say that
the hot-rolling temperature should be higher than 689 K to avoid HTE. If the sodium content
decreases to 0.1 ppm, the critical temperature decreases to 583 K. Therefore, the lower the
sodium content, the lower the critical temperature. As a result, hot rolling can be performed at
lower temperatures for alloys containing less sodium than those containing more sodium. The
maximum hot-rolling temperature is 853 K, above which the aluminum-rich liquid-1 phase and
fcc phase coexist (i.e., the Al-5Mg alloy begins to melt).

The boundaries that define the HTE zone shown in Fig. 7.6 include the critical hot-rolling
temperature (dashed line), the maximum hot-rolling temperature, and the maximum sodium
content. These boundaries can be affected by varying the magnesium content of the alloy.

The critical hot-rolling temperature is illustrated as the dashed line separating the hot-rolling safe
zone and the HTE sensitive zone in Fig. 7.6. Fig. 7.7 shows the relationship between the critical
hot-rolling temperature and the magnesium content of the alloy. With increasing magnesium
content, the hot-rolling safe zone becomes smaller in terms of the Na content. An expression for

the critical hot-rolling temperature, 7, in the range of magnesium content of 0.01 < w,, <0.10 is

given in Eq. (25) by the use of regression analysis:

10*
T(K)

=—1.27 - 1.91wyy, — (109 +1.19wy, ) In(wy, ), 25)

where wy, and w), are the weight fractions of sodium and magnesium. The logarithmic
relationship shown in Eq. (25) for the sodium content indicates the critical role of sodium in
HTE.

The maximum hot-rolling temperature, 7** | for magnesium content in the range of
0.01<w,, <0.10 can be expressed as shown in Eq. (26) below.

44



M (K) =931-152Twy, (26)

The maximum hot-rolling temperature is also the upper limit of the HTE zone shown in Fig. 7.6.
The line defined by Eq. (26) is illustrated in Fig.7.7. The liquid-1 phase forms in the alloy when
the temperature is higher than the maximum hot-rolling temperature.

The maximum sodium content shown in Fig. 7.6 is a critical composition point above which the
liquid-2 phase always forms at any hot-rolling temperatures. Therefore, HTE cannot be avoided

when the sodium content is higher than the maximum sodium content. The relationship between

the maximum sodium content, wﬁ,{f" , and the magnesium content is shown in Fig. 7.7 and can be

expressed by Eq. (27) below.
wie (ppm) =16.47 — 94.84w,,, (27)

Also, the maximum sodium content decreases with increasing magnesium content.

The curves in Fig. 7.7 are the calculated results using Egs. (25) to (27), respectively. The
symbols are the data points calculated using the Thermo-Calc software and Al-Mg-Na database.
It is clear that the results obtained using Egs. (25) and (27) agree well with the thermodynamic
simulation results . Thus, Egs. (25), (26), and (27) can be used to determine the critical hot-
rolling temperature, the maximum hot-rolling temperature, and the maximum sodium content.
The hot-rolling safe zone of the AlI-Mg-Na alloys can be defined using these boundary equations.

Fig 7.8 is a contour map of the critical hot-rolling temperature and the maximum sodium content
(dashed line) of Al-Mg-Na alloys with respect to magnesium and sodium contents. The contour
map can serve as a roadmap for Al-Mg alloys processing by enabling one to choose the proper
hot-rolling temperature according to various magnesium and sodium contents. To avoid cracking
formation during the hot-rolling operation, the rolling temperature has to be higher than the
critical hot-rolling temperature illustrated in Fig. 7.8.

7.5 Cracking Tendency of Al-Mg Alloys in the HTE Sensitive Zone

The hot-rolling safe zone was discussed in detail in Sect. 7.4. Ideally, the alloy should be hot
rolled in this zone to avoid cracking formation. In case the alloy has to be hot rolled at the
temperature range corresponding to that of the HTE sensitive zone, the cracking tendency, or the
extent of HTE, of the alloy can be altered by changing the hot-rolling temperature. The tendency
of cracking formation can be evaluated by the use of the mole fraction of the liquid-2 phase
because the reduction of area, a measure of ductility, decreases with increasing mole fraction of
the liquid-2 phase, as shown in Fig. 7.4.

Figure 7.9 shows the relationship between the mole fraction of the liquid-2 phase and the
processing temperature for Al-5Mg-Na alloys. There are two vertical lines on Fig. 7.9—one
representing the maximum hot-rolling temperature and the other the liquid-2/bcc transformation
temperature. Usually alloys are hot rolled at temperatures between these two temperatures. When
the temperature is higher than the maximum hot-rolling temperature, liquid-1 phase forms (see
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Fig. 7.1). Generally the mole fraction of the liquid-2 increases substantially with increasing
sodium content. As a result, the cracking tendency of the alloys also increases substantially with
increasing sodium content. However, the mole fraction of the liquid-2 phase decreases slightly
with increasing temperature in the temperature range between 371 K and about 650 K. At
temperatures higher than 650 K, the mole fraction decreases sharply with temperature. These
facts suggest that the cracking tendency is not sensitive to the processing temperature in the
temperature range of 371 to 650 K, but decreases with increasing processing temperature in the
temperature range of 650 to 853 K. For alloys containing less sodium, for instance 1 ppm, the
mole fraction of the liquid-2 phase decreases with increasing processing temperature, reaches
zero at 689 K, and remains at zero at temperatures between 689 and 853 K, which is the
temperature range of the hot-rolling safe zone of this alloy. For the alloy containing 5 wt %
magnesium and 11.35 ppm sodium, the mole fraction of the liquid-2 phase reaches zero only at
853 K, indicating an extremely small temperature range of the HTE zone when the sodium
content is close to 11.35 ppm. In cases in which an Al-5Mg-Na alloy contains more than 11.35
ppm sodium, liquid phases exist when the processing temperature is higher than 371 K, the
liquid-2/bcce transformation temperature. These alloys have to be processed at high temperatures
(but lower than 853 K) to reduce the cracking tendency during hot-rolling operations.

For a given mole fraction of the liquid-2 phase, the cracking tendency of the alloy is dependent
on the size of the fcc grains because the size of the liquid-2 phase film is dependent on the fcc
grain size. The liquid-2 phase usually occurs at the grain boundaries. Because the mole fraction
of the liquid-2 phase is so small, it is difficult to form a continuous liquid film at the grain
boundaries. For the ease of analysis, the authors assume that the liquid-2 phase occurs at the
grain boundaries as a continuous film. Thus, the thickness of the liquid film is a measure of
cracking tendency because it is proportional to the size of the discontinuous liquid phase at the
grain boundaries.

Assuming that the mole fraction of the liquid-2 phase is equal to its volume fraction and that the
grain boundaries are covered by a continuous layer of the liquid phase, the volume fraction of the
liquid-2 phase is given by the following equation:

Vi uid— 8S
liquid -2 g (28)

fliquid72 = = >
Vg + V,,-quid,z Vg + SSg

where V)4, is the volume of the liquid-2 phase, V, the volume of the fcc grains, S, the

surface area of the grains, and 8 the average thickness of the liquid-2 film. In three dimensions,
according to Tomkeieff’s theorem [108], the volume of the grains can be expressed as follows:

S,L
Ve ==5= (29)

where L is the average intercept length of grains, which is proportional to the grain size.

Using Eq. (29) in Eq. (28), we obtain Eq. (30) below.
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Thus, the thickness of the liquid-2 phase film can be calculated by the following equation,
8:0.25‘L'f.[[qu[d—29 (31)

where f};..:4-> 18 the mole fraction of the liquid-2 phase and is approximately equal to the sodium

content, as shown in Fig. 7.4(a). From Eq. (31), one can see that with increasing grain size, the
thickness of the liquid-2 phase film increases and HTE becomes more pronounced. As a result,
alloys with small grains tend to have improved HTE resistance.

The thickness of the liquid-2 phase calculated by the use of Eq. (31) seems to be extremely thin.
For example, with a typical grain size of 300 um [3, 11], the average thickness of the liquid film

is about 0.75 A according to Eq. (31) when Sliquia—2 =1ppm. At such a small liquid fraction, the

liquid film is not likely to be continuous. Instead, small pockets of thin liquid film may occur at
grain boundaries, however, they would be difficult to be detected by the use of AES.

7.6 Summary

A fundamental understanding of sodium-induced HTE in Al-Mg-Na alloys can be gained by
performing thermodynamic investigations. The results indicate that the liquid miscibility gap due
to sodium has an important effect on HTE. A liquid-2 phase forms from the solid fcc phase (most
likely at grain boundaries) during cooling, resulting in the occurrence of HTE. A comparison of
the thermodynamic simulation results from experimental measurements on the high-temperature
ductility of Al-5Mg-Na alloy shows that HTE occurs in the temperature range in which the
liquid-2 phase exists.

A hot-rolling safe zone is defined in which no liquid-2 phase will occur, and an HTE sensitive
zone is defined on the phase diagram where the liquid-2 phase forms. The hot-rolling safe zone
is within the temperature and composition ranges described using Eqs. (33) and (34):

10*
T(K)

=127~ 1.91wyy, — (1.09+ 119wy ) In(wy, ), (33)

T (K) =931-1527wy, , (34)

TMax

where T(K) is the critical hot-rolling temperature, and is the maximum hot-rolling

temperature. The hot-rolling safe zone lies on the left of the 7(K), and Wy, and wy, and the

HTE sensitive zone lie on the right side. HTE should not occur when the hot-rolling temperature
and the composition of the alloy fall in the safe zone. In the HTE sensitive zone, the tendency of
crack formation is proportional to the mole fraction of the liquid-2 phase and the size of the fcc

grains. The cracking tendency decreases with decreasing sodium content, increasing hot-rolling

T Max

temperature (in the temperature range between 371 and ), and decreasing grain size.
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8. Accomplishments

8.1 Patents
N/A

8.2 Publications and Presentations

8.2.1 Publications

1. Shengjun Zhang, Qingyou Han and Zi-Kui Liu. Fundamental understanding of Na-induced
high temperature embrittlement in AI-Mg alloys, Philo. Mag., Vol.87, 2007, 147-157.

2. Shengjun Zhang, Carl Brubaker, Chao Jiang, Mei Yang, Yu Zhong, Qingyou Han and Zi-Kui
Liu. A combined first-principles calculations and thermodynamic modeling of the F-K-Na
system, Mater. Sci. Eng. A, Vol.418, 2006, 161-171.

3. Shengjun Zhang, Qingyou Han and Zi-Kui Liu. Thermodynamic modeling of the Al-Mg-Na
system, J. Alloy. Compd., Vol.419, 2006, 91-97.

4. Shengjun Zhang, Dongwon Shin and Zi-Kui Liu. Thermodynamic modeling of the Ca-Li-Na
system, Calphad, Vol.27, 2003, 235-241.

8.2.2 Presentations

The presentations listed here are all given by S. Zhang. The results from this project are also presented
many times by Dr. Zi-Kui Liu in many invited presentations and teaching of Thermodynamics of
Materials to illustrate the principles and applications of computational thermodynamics.

1. S.Zhang, Q. Han, and Z.-. Liu ,“Thermodynamic Investigation of the Effect of Na on High-
Temperature Embrittlement of Al-Mg Alloys,” 2006 TMS Annual Meeting & Exhibition, San
Antonio, Texas, USA, March 12-16, 2006.

2. S.Zhang, Q. Han, and Z.-. Liu ,“Effects of Impurities in Aluminum Alloys Processing,” 2004 TMS
Annual Meeting & Exhibition, Charlotte, North Carolina, USA, March 14—18, 2004.

3. S.Zhang, and Z.-K. Liu “Thermodynamic Modeling of the Al-Mg-Na System,” 2004 TMS Annual
Meeting & Exhibition, Charlotte, North Carolina, USA, March 14-18, 2004.

4. S. Zhang, D. Shin, and Z.-K. Liu ,“Thermodynamic Modeling of the Ca-Li-Na System,”
International Conference on Phase Diagram Calculations and Computational Thermodynamics
(Calphad XXXII), La Malbaie, Québec, Canada, May 25-30, 2003.
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8.3 Technology Transfer

Intellectual property has been generated from this significant effort. A thermodynamic database
has been developed. The thermodynamic database covers aluminum alloys containing sodium,
calcium, magnesium, lithium, and potassium. Most of these elements are not included in
commercial thermodynamic database. The research team is interacting with ThermoCalc, Inc. on
licensing issues.

8.4 Education

The PhD study of Shengjun Zhang was supported by this project. Dr. Zhang’s PhD degree was
awarded in August 2006. He is currently a postdoctoral fellow in Northwestern University.
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9. Summary and Conclusions

Aluminum alloys are widely used in the automobile and aerospace industries as structural
materials because of their light weight, high strength, and good formability. However, they suffer
from the poor hot-rolling characteristics as a result of undesired impurities such as calcium,
lithium, potassium, and sodium. Although these elements have been identified as detrimental
impurities for the extruded aluminum alloys, no systematic theoretical research has been carried
out to investigate the behavior of these impurities during aluminum alloy processing. Moreover,
these four elements are not included in the existing commercial aluminum alloys databases.

In this study, the thermodynamics of the Al-Ca-Li-Mg-Na-K system were modeled using a
combined CALPHAD and first-principles approach. Each phase was described using the proper
thermodynamic model according to its crystal structure and physical properties. The enthalpies
of formation of phases were provided by first-principles method as complements to the
experimental data. SQSs were applied to model the substitutionally random alloys. Self-
consistent thermodynamic parameters were obtained.

Based on the developed database, a thermodynamic investigation was carried out to reveal the
correlations between HTE, phase relations, temperature, and sodium content of Al-Mg alloys in
this work. The HTE sensitivity and safe zones of the AI-Mg alloy in terms of temperature and
sodium content were determined. The effect of sodium on hot ductility loss was also studied. A
new method was presented that controls hot-rolling temperature to suppress HTE and avoid
cracking.

Energy and environmental benefits from the results of this project can accrue from reduced
rejection rates of the aluminum sheet and bar. The sheet and extruded bar quantities produced in
the United States during 2000 were 10,822 million and 4,546 million pounds. It is assumed that
50% of the sheet and 10% of the bar will be affected by the project’s results. With the current
process, the rejection rate of sheet and bar is estimated to be 5%. Assuming that at least half of
the 5% rejection of sheet and bar will be eliminated by using the results of this research and that
4% of the aluminum will be lost through dross (Al,O3) during remelting of the reject, full-scale
industrial implementation of the project results would lead to energy savings in excess of 6.2
trillion Btu per year and cost savings of $42.7 million by 2020.
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10. Recommendations

10.1 Database Development Associated with Potassium

Potassium is a very important impurity element in aluminum alloys. Although the potassium
content is lower than the sodium content, potassium is one of the alkali metals that cause
embrittlement in Al-Li alloys; however, the mechanism is still uncertain. The thermodynamic
database will be the basis for further investigations. The Al-K, Mg-K, Li-K, and Ca-K binary
systems can be modeled using CALPHAD combined with first-principles methods, as
demonstrated in the present work. The binary system associated with potassium are fairly simple
without intermetallic compounds and with liquid miscibility gaps. The solubility of potassium in
aluminum, magnesium, lithium, and potassium are very tiny. Because the experimental
information about these binary systems is very sparse, first-principles calculations become
increasingly important and can provide more information.

10.2 Thermodynamic Investigation of HTE of Al-Mg Alloys Caused by Calcium
and Lithium

Although the effect is much milder than that of sodium, small amounts of calcium and lithium
can bring about HTE in Al-Mg alloys. The mechanism is still uncertain. The databases of the Al-
Mg-Ca and Al-Mg-Li systems have been developed. Thermodynamic equilibrium calculations
show that no liquid is present in the temperature range of the HTE. Further investigations will be
carried out to analyze the mechanisms in the presence of sodium.

10.3 Thermodynamic Investigation of HTE of Al-Li Alloys Caused by Sodium and
Potassium

Being low-melting-point impurities, sodium and potassium in Al-Li alloys are shown to occur as
discrete lenticular particles along the grain boundaries. They were found to have little effect on
the toughness or ductility of high-purity aluminum. The detrimental effects exist only in alloys
containing amounts of lithium and magnesium. Thermodynamic investigations will be carried
out to reveal the correlations between HTE, phase relations, temperature, and contents of
impurities in the AI-Mg alloys with small amount of sodium and potassium.

10.4 Integration of Binary Impurity Data with the Commercial Aluminum
Databases

The commercial aluminum-based database (TTAI3, version 3.0, February 2000) was developed
by Thermotech Ltd. and presents a comprehensive database for aluminum alloys with a proven
track record. This database contains 15 elements (Al, B, C, Cr, Cu, Fe, Mg, Mn, Ni, Si, Sr, Ti, V,
Zn, and Zr) and more than 40 phases in aluminum alloys. It can be used for all major types of
commercial aluminum alloys, ranging from commercial pure aluminum to complex alloys such
as AA339.1, AA7075. This database has been widely and successfully used. However, the
important impurity elements such as calcium, lithium, sodium, and potassium are not included in
this database, and it cannot be used to solve the industry problems associated with these alkali
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and alkaline earth metals. The Al-Ca-Li-K-Mg-Na database created in the present work can be
integrated with TTAI3 to generate a database with 19 elements for understanding and improving
processing of commercial Al alloys.
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