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Figure 1.6 Final ground state predictions for hep and bee Mg-Li. The

hep energies are shifted relative to bee energies. Note that there is no hep

phase predicted other than pure Mg and the two-phase region extending

to 2/3 Mg. The structures B2 and C11b are also shown from left to right.
in the low temperature region [42]. Numerical problems also arise when one
attempts to model the system around the critical temperature (i.e., due to
critical slowing). In general, the behavior of systems containing many interac-
tions is not well understood, and MC convergence times often make the task
of modeling the system nearly intractable.

The CEs we constructed for Mg-Li utilized large numbers of figures in or-
der to provide accurate energy predictions across the concentration range. As
a result, however, Monte Carlo simulations involving these complex Hamil-
tonians present significant numerical difficulties. If determining the critical
temperature is to be computationally feasible, it is necessary to simplify the
complex CE to one that involves fewer interactions.

Although the simplified CE is certainly incapable of predicting the behav-
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ior of ordering as accurately as one containing many figures, by ensuring the
proper ground states and energies are predicted, sufficiently accurate conclu-
sions may be made. Further, rather than a detailed study of the nature of
the transition, it was our primary interest to determine generally where the
order-disorder transitions occur in order to guide experimental attempts to

realize the ordered phases.

For the above reasons, a 5-term CE on the bcc lattice was constructed for
the purposes of conducting finite temperature MC simulations. The statistical
analysis conducted on many CEs provided the criteria by which we were able to
narrow the selection of between many 5-term CEs. Specifically it was required
that the 5-term CE predicted ground states at 1/3 1/2 and 2/3 magnesium
with structure types, Cl11,, B2, and C11,, respectively, and that predicted
energies were comparable to those computed using first-principles methods. In
the 5-term CE, predicted energies differed from DFT calculations on average
less than 5meV (roughly an order of magnitude smaller than input energies).

Canonical Monte Carlo simulations were performed using the 5-term CE
on a 30 x 30 x 30 bcc lattice with periodic boundary conditions. Equilibration
times were between 5 x 10 and 15 x 10° MC steps. The temperature was
decreased uniformly in decrements of 10 K initially from 2000 K to 50 K.
Transitions were identified by calculating the specific heat, using the usual
statistical relation involving the mean square deviation of the energy from the
mean value [42],

C

on =<E*> - <E>’= — (1.4)

k32
Fig. 1.7 displays the configurational specific heat of the three predicted ordered

phases.
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Transition temperatures were estimated by identifying the ‘divergence’ in
the heat capacity; the structure types C11, exhibit transitions at approxi-
mately 190 K and 210 K for 1/3 and 2/3 Mg respectively. Simulations at 50
%, B2, exhibited more resistance to equilibration and required many more flips
per MC time. Nevertheless, the transition was identified to be between 300
and 450 K by pair correlation values. Comparison of pair correlation values
of the MC cell with the CE predicted ground state structures reveals good
agreement after the transition. At 50 % the correlation values approach those
of the expected B2 structure gradually over the temperature region shown
(Fig. 1.7), suggesting that although the system was not fully equilibrated an
order-disorder transition had occurred.

The range of transition temperatures predicted by the MC simulations is
generally supported by the results of sonic measurements for low temperature
Mg-Li alloys: In the work of Barrett and Trautz [12], the onset of spontaneous
structural transitions were measured by recording audible clicks, the result of
the rapid shearing motions that accompany the transition. For materials con-
taining a large percentage of Mg content, few audible clicks were heard, and
the specific nature of the partial ordering was not identifiable by diffraction
techniques. However, the onset of spontaneous ordering for alloys containing
greater than 20 atomic % Mg were determined by noting the temperature at

which the first clicks were heard and was estimated between 140K and 200K.

1.5 Conclusion

In conclusion, the CE method predicts bee ordered phases at several concen-

trations including one which may be well suited for structural applications,
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C11,. With the exception of pure Mg, hcp phases were found to be higher in
energy than bce ground states across the concentration range. Order-disorder
transition temperatures, predicted by MC simulations, have been reported for
the three bce ordered structures between 200 and 400K.

The predicted low temperature transitions of the Mg-Li bee ordered phases
possibly explain why they have evaded experimental observation despite a rel-
atively large amount of investigation in the system. Additionally, developing
methods to experimentally realize the Mg-Li ordered phases is likely to require
significant effort due in particular to the low temperatures of the transitions
and possible kinetic limitations.

However, the bulk low temperature phases should not be ruled out, even at
high-temperature. Size-induced stabilization present at the nanoscale [43,44]
may promote stability at higher temperature for nano-dispersed precipitates.
Although the mechanical properties would not modify the solid-solution Mg-Li
appreciably, the overall effect in thermal and electric transport can be dra-
matic, as it has been shown for nano-precipitates in semiconducting materi-
als [45-47]. Thus, the enhanced structural properties of alloys containing even
small amounts of ordering provide a significant incentive in this regard. Fur-
thermore, low temperature ordering has the inherent advantage of increased
stability at higher temperatures possibly allowing for practical application of

the ordered alloys if initially realized.
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Figure 1.7 Specific heat C, of Mg-Li ordered phases with temperature

increased in increments of 10K. Formation enthalpy is overlaid including
the scale indicated on the left.



16 Chapter 1 Ordered magnesium-lithium alloys: First-principles predictions




Chapter 2

Predictions of the PtgsTi phase

in unexpected systems

2.1 Introduction

Binary ordered phases with high stoichiometric ratio compositions (7:1 and
higher) are rare [32,33]. Despite the rarity of phases with stoichiometry far
from 1:1, however, there is considerable interest in identifying their existence.
Beyond the fundamental scientific motivation to characterize the complete
ground states of binary systems, it is well known that even small amounts of
an alloying agent may result in dramatic material enhancements when ordering
occurs (e.g., strength [48,49]). To illustrate this point, consider the case of
order-induced hardening in platinum-copper (Pt-Cu) [50]. The addition of 14
at. % Cu in Pt can result in the formation of ordered domains of the type
A;B [51], increasing the hardness in some instances by more than double that
of untreated specimens.

Of the few high-stoichiometry phases, the AgB phase (Pearson symbol

17
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tI18 and Space Group I4/mmm [52]) is of particular interest—it forms in
systems containing elements from the transition metal group and has potential
applications in catalysis, high-temperature electrodes, and jewelry. It was first
reported by Pietrokowsky in 1965 in Pt-Ti (hence prototype PtsTi [53]) [54]
and has since been found in 11 metallic systems. In order of discovery they are
PtsTi [54], PtgZr [55], NigNb [56], NigTa [57], NigV [58], PdsW [59], PdsV [60],
PtsV [52], NigMo [61], PdgsMo [62], and PtgCr [63].

Systems found to exhibit the AgB phase are limited to combinations of
the transition metals—specifically to group 10 alloyed with group 4-6 (I1U-
PAC nomenclature) elements—indicating a correlation between the localized
unfilled d-orbitals and formation of the 8:1 phase. Further, one notes that the
elemental phase of the concentration rich element is face centered cubic (fcc)
in every case, as expected because AgB is a fcc derivative superstructure.

With these general observations in mind, it was natural to explore the
group 9 fcc elements, Rh and Ir, alloyed with group 4-6 elements, as candidate
systems. Experimental and theoretical [64] investigation of AgB has largely
been limited to group 10 elements as the concentration rich constituent, per-
haps due to their similarity to platinum and implications of the Pettifor-type
structure map [65].

A structure map of the Pettifor type is shown in Fig. 2.2(a). Known AgB
phases and likely stable phases are indicated in the diagram and summarized
by Ardell [60]. When the candidates are compared with the results of high-
throughput calculations (see Methods section), however, several phases (Rh-W,
Rh-Mo, Ir-W, Pt-Hf) not included in the Pettifor map are predicted thermo-
dynamically stable (Fig. 2.2). Scandium phases (PdgSc and PtgSc) were also

found (although not shown in the figure), the existence of which is indeed
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Figure 2.1 Projections of the AgB phase along (001) and (100).

Atoms sit on fcc lattice sites, with large circles indicating atoms in
the plane of the pages and small circles suggesting a displacement
a/2 perpendicular to the plane. The bct unit cell is indicated by the
dashed lines. A non-primitive face centered tetragonal cell is outlined
by the perimeter.

O

surprising in this light, as the Mendeleev number of Sc is smaller than all the

rare earths, none of which have been shown to form the AgB phase.

2.2 Methods

In the HT approach, previously unexpected ground states are found by a brute
force search— formation enthalpies are calculated for essentially every crystal
structure ever observed in binary metal systems as well as a large number

of enumerated derivative superstructures [67]. For this study, the calculations
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Figure 2.2 a.) A Pettifor-type structure map of the AgB phase in
the Rh, Ir, Ni, Pt and Pd systems. The concentration-rich elements

are listed horizontally. Both axes are labeled by increasing Mendeleev
number. Predictions given by Ardell [66] are labeled with a triangle
and experimentally observed systems are labeled with a cross. b.)
HT predictions are indicated by a star. Overlap with experiment
and predictions is complete (indicated by the shaded region). Our
predictions, however, are not limited to these results (e.g., Rh-W).
were performed using the AFLOW framework [25,28,34,68,69] based on ab ini-
tio calculations of the energies by the VASP software [70]. We used projector
augmented waves (PAW) pseudopotentials [23] and the exchange-correlation
functionals parameterized by Perdew, Burke and Ernzerhof [71] for the gen-
eralized gradient approximation (GGA). The energies were calculated at zero
temperature and pressure (thus energies and enthalpies coincide), with spin

polarization and without zero-point motion or lattice vibrations (zero-point

motion is negligible because we do not consider light elements). All crystal
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structures were fully relaxed (cell volume and shape, and atomic positions).
Numerical convergence to about ~ 1 meV /atom was ensured by a high energy
cutoff (30% higher than the highest energy cutoff for the pseudopotentials of
the components) and dense 6000 k-point Monkhorst-Pack meshes.

The high-throughput search included the 435 binary intermetallics that can
be made with transition metals (La included). For each system, the energies
of 200 crystal structures were calculated. In addition to the 176 configurations
described in [68], these included all the symmetrically-distinct hep-, bee-, fee-
based superstructures [67] with up to four atoms per cell, and the prototypes
A5, A6, A7, A8, A9, All, B20, C36, Dbyg, AlyZry, Al3Zry, CdTi, CuPtr,
CusTip, GaoHf, GayNi, GasPt;, GasTis, HgoPt, IT], InTh, LiB-MS1/2 |31,
72], NbNig(PtsTi), NiTiy, SeTl and V,Zns. The additional prototypes were
considered because they are common or related to noble metal alloys [32,33].
We did not consider lattice-superstructures with more than four atoms per
cell due to the fact that their number increases enormously It should also be
noted that systems exist which do not conserve the parents’ lattice (i.e. Hf-Ti,
Hf-Zr [34]).

This procedure gives reasonable results as shown in Ref. [68]. Here it was
shown that the probability of reproducing the correct ground-state, if well
defined, not ambiguous, and present in our list of prototypes is n¥ ~ 96.7%
( “reliability of the method”, Eq. (3) of Ref. [68]). There is no guarantee that
the true ground states of a system will be found among the common exper-
imentally observed structures or among small-unit-cell derivative structures.
However, even if it is impossible to rule out the existence of an unexpected
ground-state, this procedure (searching many enumerated derivative structures

and exhaustively exploring experimentally reported structures) is expected to
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give a reasonable balance between high-throughput speed and scientific accu-

racy to determine the presence of AgB phases.

2.3 Results and Discussion

Following the unexpected HT predictions shown in Fig. 2.2(b), the search for
systems exhibiting AgB was extended to all transition metals including lan-
thanum. The results of the HT search indicate thermodynamically stable and
metastable (described below) AgB phases in 59 systems. The phases are here
listed: AugZnf, CdgScl, CugNif, CugZn', HggLa, IrgOs', IrgRe, IrsRuf, IrgTc,
IrsWT, NbgOsf, NbgRh', NbgRuf, NbgTal, NigFe, NigMo'™, NigNb'*, NigTa*,
NigV*, NigW, PdgAlf, PdgFe, PdgHf, PdgMn, PdsMo*, PdgNb, PdgSc, PdgTa,
PdgTi, PdgV*, PdsW*, PdgZn, PdgZr, PtgAl', PtgCr*, PtgHf, PtgMn, PtgMo,
PtgNb, PtgRh', PtgSc, PtgTa, PtgTi*, PtgV*, PtgsW, PtgZr*, RhgMo, RhgW,
TagPd, TagPt, TagRh, VsCrf, VgFel, VgIrf, VgNif, ViPd, VgPt, VgRh, VgRul
(f=metastable, *=experimentally observed) (see fig 2.3). Thus, previously un-
suspected occurrences of the AgB phase are predicted in 36 systems. Some of
the components in the predicted systems come from unexpected places on the
periodic table (e.g., Hg-La) compared to the components in the experimentally
known 8:1 phases.

Systems in which the AgB structure is less than 3 meV above or below
the tieline defined by adjacent ground states are labeled metastable (indicated
by the blue tiles in Fig. 2.3). A definitive statement regarding the existence
of a T'= 0K ground state at 8:1 stoichiometry is difficult to make in these
instances. Energies on the order of several meV are small in comparison with

formation enthalpies of stable states in the systems studied and such small
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flucations may be due to systematic error in DFT calculations. Regardless of
these considerations, however, metastable states are often realizable at finite
temperature because of entropic stabilazation. Indeed, certain experimental
phases (e.g., NigMo) are found to be metastable by our quantum mechanical
calculations.

The case of Pt;Cu was introduced at the beginning as an example of ma-
terial improvement gained by ordering. More noteworthy, however, is the fact
that a well-studied system yielded a previously unobserved ordered phase. Pt-
Cu is a common jewelry alloy that has been investigated for decades and has
been used for more than a century. Despite this, the ordered phase was only
observed recently, after the appropriate sequence of annealing and cold work-
ing. Thus, one should not discount predicted phases merely because a system
is well studied (e.g., Cu-Zn, Cu-Ni). Phases with finite order-disorder tran-
sitions may go unnoticed for many reasons, not the least of which is the real
limitation imposed by kinetics. Several observed AgB phases (PdgW, PdgV,
and PdgMo), for example, have only been realized after the introduction of
excess vacancies by charged-particle irradiation [60].

Even so, since all HT quantum mechanical energy calculations were per-
formed at zero temperature, it is possible that some of the predicted AgB
phases will not be observed experimentally. That is, it may be difficult to
achieve thermal equilibriumin certain systems. The kinetics will be too slow
to observe ordering in reasonable time if the concentration of thermally in-
duced vacancies is too low.

To address this, it is desirable to leverage the synergy of an approach that
combines [34] HT with a model that can be extended to finite temperature

such as the cluster expansion (CE). Transition temperatures estimated by CE-
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Figure 2.3 The complete set of AgB phases predicted by HT cal-

culations. Elements are listed according to the Mendeleev num

ber

after Pettifor [65]. Many previously unsuspected candidate systems
are revealed, spanning the transition metals and La and Sc. “W-Co’
= W, Mo, Cr, Re, Tc, Mn, Fe, Ru, Os, and Co; No ground states at

composition AgB were found in this region.
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based Monte Carlo simulations give an estimate of the likelihood of observing
a transition experimentally.

We conducted a CE study, using the UNCLE [37,38] code, on the AgB
forming Rh-W system. The CE was constructed using the energies of struc-
tures with concentrations in the range 0-25 at. % W (Fig. 2.4). At higher W
concentration, HT results indicate that zero temperature ground states will
not form fcc derivative superstructures. Thus, the range of the CE was kept
within the limits indicated by the HT results. The validity of this reduction
is further shown by noting that the lowest energy predicted ground state is at
25 at. % W.

Quantum mechanical energies used in the construction of the CE were com-
puted on an equivalent k-point scheme to reduce systematic error. Rh and W
pseudopotentials incorporating the semi-core p electrons with an energy cut-
off of approximately 271 eV were used. Input energies, CE predictions, and
lowest-energy predictions of the ground state search (including fcc superstruc-
tures with up to 10 atoms per unit cell) are shown in Fig. 2.4. A canon-
ical Monte Carlo simulation using the Metropolis algorithm was performed
on a 20 x 20 x 20 unit cell with periodic boundary conditions. The results,
including the specific heat determined using the familiar statistical relation
ot = (E?) — (E)? are shown in Fig. 2.5.

CE-based MC modeling revealed an order-disorder transition temperature
between 900-1000 K in the Rh-W system at 8:1 stoichiometry. Experimental
Rh-W phase diagrams show the liquidus line near 2200 K at 11 at. % W. It is
then conceivable that the AgB phase could be produced after the introduction
of excess vacancies (via charged particle irradiation [60] or cold working [50]),

if not by spontaneous ordering alone.



26

Chapter 2 Predictions of the Pts'Ti phase in unexpected systems

E; [meV/atom]

0§, ' ' - - - .
@ %)
-100 } ® ® -
® ® )
: ® @
-200 | 0.0 o @
AgB O & ®
5.
-300 | .
_400 . . . 1 . . . 1 . . . 1 . . . 1 . . . 1 .
0 5 10 15 20 25
W (at. °/o)

Figure 2.4 CE input energies calclated from first principles (red, large

circles) with cluster expansion predictions (blue, stars). The blue tie
line connects the stable structures after a ground state search. For
clarity, the ground state search enthalpies are not shown except for
the stable states, the vertices of the convex hull (blue line). The
stable state at x=11 at. % W is the 8:1 structure. Input structures
with concentrations between 0-25 at. % W were selected because the
applicability of an fcc CE approach was established by HT within this
range.
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Figure 2.5 Canonical Monte Carlo results at 11 at. % W in Rh-

W. Configurational specific heat is overlaid with finite temperature
formation enthalpy. The transition is estimated between 900-1000 K.

2.4 Conclusions

In conclusion, using the high-throughput method the AgB phase was found in
59 systems, 48 of which are yet unobserved. By verifying experiment and pre-
vious predictions while also offering additional predictions, our results demon-
strate the power of the HT approach in a dramatic fashion. Although it is
possible that some of the predicted phases may not be observed experimen-
tally due to kinetic limitations, a CE extension to finite temperatures illus-
trates that the investigation is not merely academic. In the system Rh-W
the transition was predicted high enough to be realized experimentally. Fur-

ther investigation is required to determine the extent to which the remaining
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predicted phases may be seen experimentally.



Chapter 3

Binary magnesium alloys from

first principles

3.1 Introduction

The importance of materials in modern society is difficult to overstate and
continues to grow as twenty-first century challenges emerge. Concern over
human energy consumption and environmental impact has become urgent in
recent years, even making a striking entrance into the public discourse. Par-
alleling this, the desire for highly efficient materials tailored to specific appli-
cations has increased. A great deal of effort has focused on material weight
and strength. Light yet durable materials are needed in the automotive and
aerospace industries, two sectors that are jointly responsible for the largest
source of anthropogenic pollutants and a significant portion of global energy
consumption.

Magnesium (Mg) alloys are among the lightest structural materials and are

used in a variety of applications (not only in automotive and aerospace man-

29
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ufacturing but also, for example, in electronic device manufacturing). Over
the past decade Mg consumption has increased dramatically due in large part
to an impetus in the automotive industry for lighter, more energy efficient
vehicles. This has been accompanied by an increase of Mg research, and al-
though undeniable progress has been made toward the understanding of the
thermodynamic behavior of Mg alloys (see for example Ref. [73] and [74]) much
remains to be done.

In improving or designing alloys, materials scientists rely on the thermo-
dynamic information in published phase diagrams. This information is found
directly through published phase diagrams and modeling databases such as
Calphad.However, thermodynamic data for even common alloys is sometimes
incomplete. This is due, at least in part, to the difficulty of achieving thermo-
dynamic equilibrium at low temperatures. First-principles methods provide a
powerful tool in this arena and can be used to complete our understanding of
the low temperature thermodynamics of alloys.

First-principles methods have long been recognized as a viable approach to
the study of materials and have already been applied to a number of systems.
Accurate formation enthalpy predictions at zero temperature require only de-
tails of the crystal structure and composition; and although calculations of
this sort are slow compared to very fast models such as Cluster Expansion,
they are not limited to derivative superstructures of a parent lattice. In a
high-throughput (HT) approach, searches over many crystallographic types can
be made, thereby introducing the possibility of finding surprising new (even
off-lattice) predictions. Ground state predictions made in this manner are typ-
ically in very good agreement with experimental results as shown recently by

Curtarolo et al [68] and described in Methods.
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Using our HT framework AFLOW, we have explored the full composition
ranges of 39 Mg-X binary systems at zero temperature. In nearly one third
of the cases, our calculations are entirely consistent with published phase di-
agrams. That is, the ordered phases shown in the phase diagram coincide
exactly with the low temperature ground state predictions of HT approach.
In a little more than a third, the differences between the DFT results and
phase diagrams are relatively minor (though the differences may still indicate
new opportunities for alloy design). Finally, the remaining cases either have
no published phase diagrams, or the phase diagram information and calculated
ground states differ significantly.

The remainder of the paper progresses as follows. After a discussion of
the HT methodology and library, systems in which no ab initio compounds
were predicted are reported. Following this, compound forming systems are
reported and discussed individually. These are presented in alphabetical or-
der with tables summarizing data related to each. Plots showing formation
enthalpy versus atomic percent Mg for each system are also included. Finally,
summarizing tables composed of all systems’ data and crystallographic infor-

mation for certain prototypes included in the study are given in the Appendix.

3.2 Methodology and high-throughput library

In the high-throughput approach, the ground state behavior of a binary system
is studied by the results of a brute force search— formation enthalpies are
calculated for essentially every crystal structure ever observed in binary metal
systems as well as a large number of enumerated derivative superstructures

[67]. This procedure gives reasonable results as shown in Ref. [68] where it
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was shown that the probability of reproducing the correct ground state, if well
defined, not ambiguous, and present in our list of prototypes is 5 ~ 96.7%
( “reliability of the method”, Eq. (3) of Ref. [68]).

It must be mentioned that there is no guarantee that the true ground
states of a system will be found among the common experimentally observed
structures or among small-unit-cell derivative structures. However, even if it
is impossible to rule out the existence of an unexpected ground state, this
procedure (searching many enumerated derivative structures and exhaustively
exploring experimentally reported structures) is expected to give a reasonable
balance between high-throughput speed and scientific accuracy to determine
the T'= 0 K ground states of Mg-X systems.

Calculations were performed using the AFLOW framework [25,28,34,68,69]
based on ab initio calculations of the energies by the VASP software [70].
We used projector augmented waves (PAW) pseudopotentials [23] and the
exchange-correlation functionals parameterized by Perdew, Burke and Ernzer-
hof [71] for the generalized gradient approximation (GGA). The energies were
calculated at zero temperature and pressure (thus energies and enthalpies co-
incide), with spin polarization and without zero-point motion or lattice vi-
brations (zero-point motion is negligible because we do not consider light
elements). All crystal structures were fully relaxed (cell volume and shape,
and atomic positions). Numerical convergence to about ~ 1 meV/atom was
ensured by a high energy cutoff (30% higher than the highest energy cut-
off for the pseudopotentials of the components) and dense 6000-8000 k-point
Monkhorst-Pack meshes.

The energies of more than 200 crystal structures were calculated for each of

the Mg-X systems studied. In addition to the 176 configurations described in
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[68], these included all the symmetrically-distinct hep-, bee-, fee-based super-
structures [67] with up to four atoms per cell, and the prototypes A5, A6, A7,
A8, A9, Al1, B20, C36, D519, AlyZry, Al3Zry, CdTi, CuPt;, CusTiy, GagHf,
GayNi, GasPts, GayTis, HgoPt, ITL, InTh, LiB-MS1/2 [31,72], NbNig(PtsTi),
NiTis, SeTl and V,4Zns. The additional prototypes were considered because
they are common or related to noble metal alloys [32,33]. We did not consider
lattice-superstructures with more than four atoms per cell due to the fact that
their number increases enormously

The solute atoms considered in this study are the following: Ag, Al, Au,
Ca, Cd, Cu, Fe, Ga, Ge, Hf, Hg, In, Ir, K, La, Li, Mo, Na, Nb, Os, Pb, Pd,
Pt, Rb, Re, Rh, Ru, Sc, Si, Sn, Sr, Ta, Tc, Ti, V, W, Y, Zn, Zr. To out
knowledge, this constitutes the largest unified study of Mg alloys. Most of the
transition metals and several other alloys of industrial importance (X=Al, Ca,

Ge, K, Pb, Si, Sn, Y) are included.

3.3 Phase-separating systems

The following systems produced no compounds: Fe-Mg, Mg-Mo, Mg-Nb, Mg-
Os, Mg-Re, Mg-Ta, Mg-Ti, Mg-V, and Mg-W. Systems shown to be phase
separating by all positive ab intio enthalpy calculations were in every case also
reported to be phase separating experimentally. The converse, however, was
not always true. Several systems previously believed to be phase separating
produced thermodynamically stable compounds. These systems are included

in what follows.
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3.4 Alloys with ab initio compounds

Although the system tables are intended to be more or less self-explanatory a
few clarifying details are in order: System tables include all low-temperature
experimental and T'=0K ab initio ground states. The compounds are re-
ported in order of increasing Mg content, with concentration given in column
I, experimental results given in column II, and ab initio results given in col-
umn III. Relative enthalpies are given in instances of a) very close competing
(in energy) phases, b) when experimental phases are many meV /atom above
the ab initio ground state, or ¢) an ab initio ground state does not exist. In
non-compound forming systems with ab initio ground states, the formation
enthalpy (AH) is given relative to zero. In systems without assessed phase
diagrams, experimental results are indicated by a dash (—) when compared
to ab initio results. Experimental phases with unit cell sizes too large to com-
pute with ab initio methods are indicated by three asterisks (***). If the the
experimental compound is undetermined, this is noted by wunknown. Struc-
tures marked with an asterisk (e.g., BeyZn-65%) are relaxed lattice-derived
prototypes and are described in the Structure Tables in the Appendix.

Ag-Mg

Ab initio compounds vary slightly from experimental phases in the Ag-Mg
system. The compound AgsMg is reported to be CusAu-L1y while ab initio
calculations show Al3Zr-D0y3 to be the lowest energy state at T =0K. L1, and
D0y, are structurally similar to D0y3—the three differ by the periodicity of an
antiphase boundary, and are relatively close in energy at T =0K, according
to ab initio results.

Although there is experimental consensus regarding the structure of MgAg—
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CsCl-B2—ab initio results predict B2 slightly higher in energy than CuAu-L1,,
the predicted ground state. B2 is related to L1y by a simple distortion of the
unit cell, so a low temperature transformation martensitic type may occur.
The ab initio compound AgMg, with the NiTi, structure has not been found
experimentally. Two phases of unspecified crystallographic properties are re-
ported in experimental phase diagrams at compositions AgMgs and AgMg,
and could not be included in the HT database. Ab initio ground states are

not predicted at these compositions.
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Composition Experimental Ab initio
% Mg results results
25.0 AUCU3—L12 AngI‘—DOQg

MgAu3+x ~3.0 meV
Al3Ti-D0gg ~4.5 meV /atom
AuCus-L1y ~8.4 meV /atom

above D0g3

50.0 CsCl-B2 CsCl-B2

66.6 two-phase NiTi,

region

75.0 AgMgs unknown CusggoP-D0g;
NizSn-D0;g ~14.8 meV /atom
above D0qgy

80.0 AgMg, unknown two-phase region

fso ~29.1 meV /atom

above tie line

Table 1 The Ag-Mg system. (1) See Structure Tables for crystallo-
graphic description. Experimental data taken from [33,75-83].

Al-Mg

No simple compounds (few atoms in the unit cell) are reported to form in
the Al-Mg system. Two low-temperature compounds of complex structure are
reported: AljsMgi7, AlysMgog. Due to its complexity (>1000 atoms in the unit
cell), the AlisMgog structure was not included in the structure database. The
Al15sMg;7 structure was included, however the calculated formation enthalpy is

not low enough to be a thermodynamic minimum. The hcp-derived prototype,
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Figure 3.1 Ag-Mg convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

BeyZn-65 (See Structure Table), is the T=0K ab initio ground state and is
significantly lower in energy than all negative-enthalpy competitors. Ab initio

calculations give only a few additional results with negative enthalpy of for-

mation: C14, C15, and C36 (composition Al;Mg) and the Al;;Mg; structure.
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Composition Experimental Ab initio

% Mg results results
33.3 two-phase BeyZn-65*
region MgNi,-C36 ~590 meV /atom

MgZny-C14 ~591 meV /atom
CuyMg-C15 ~595 meV /atom
above BeyZn-65*

38.4 AlysMgog two-phase region

58.6 AlosMgy7 two-phase region
AljsMgy7 ~928 meV /atom

above tie line

66.6 two-phase BeyZn-65*

region

Table 2 The Al-Mg system. (f) See Structure Tables for crystallo-
graphic description. Experimental data taken from [33,84-107].
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Figure 3.2 Al-Mg convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.
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Au-Mg

There are several low-temperature experimental phases in the Au-Mg sys-

tem: Al3Zr-D0y3, CsCI-B2, AuMgy; and CusP-D0y;. Ab initio data confirms

the experimental phases and predicts an additional phase at composition

AusMgs. The high-temperature phase at composition AusMg is stable at
T=0 K.
Composition Experimental Ab initio
% Mg results results
16.6 solid HfPd;-141*f
solution
25.0 MgAus_, /MgAug,, MgAus_,/MgAus,
Al3Zr-D09s Al3Zr-D0s3 ~3.4 meV /atom
high-temperature above MgAus_,
50.0 CsCl1-B2 CsCl-B2/L1,
62.5 two-phase Sis Wi
region
66.6 AuMg, AuMg, /Co,Si-C37
above AuMg,
75.0 Cug.goP-D09y; Cug.goP-D09y;

Table 3 The Au-Mg system. (}) See Structure Tables for crystallo-
graphic description. Experimental data taken from [33,108-110].

Ca-Mg

Ca-Mg is a simple system having one intermetallic compound. The exper-

imental phase is found at composition CaMgs with the MgZn,-C14 structure.

Experimental phase diagrams show the phase melts congruently. Ab initio
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Figure 3.3 Au-Mg convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

calculations result in a single ground state at the same composition and with

the same structure.

Composition Experimental Ab initio

% Mg results results

66.6 MgZn,-C14 MgZn,-C14
MgNiy-C36 ~2.3 meV /atom
CuyMg-C15 ~4.2 meV /atom
above C14

Table 4 The Ca-Mg system. Experimental data taken from [33,111-
117).

Cd-Mg
Experimental phase diagrams show intermetallic compounds at composi-
tions CdsMg, CdMg, and CdMgs. Ab initio ground states are found at the

same compositions with identical structural properties.
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Figure 3.4 Ca-Mg convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

Composition Experimental Ab initio

% Mg results results
25.0 CdsMg CdsMg
50.0 AuCd-B19 AuCd-B19

AuCu-L1j ~8.7 meV /atom
above B19

Table 5 The Cd-Mg system. Experimental data taken from [33,118-
133].

Cu-Mg

Ab initio ground states in the Cu-Mg system agree with experiment. Ex-
perimental phase diagrams show intermetallic compounds at compositions
CusMg and CuMgs. The phases melt congruently. Given the agreement of
the T=0 K ab initio predictions, the finite temperature experimental phases

are likely stable from T =0 K to the melting temperatures.
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Figure 3.5 Cd-Mg convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

Composition Experimental Ab initio

% Mg results results

33.3 CuyMg-C15 Cup,Mg-C15
MgNip-C36 ~0.9 meV /atom
MgZny-C14 ~2.1 meV /atom
above C15

66.6 Al,Cu-C16 Al,Cu-C16

Table 6 The Cu-Mg system. Experimental data taken from [33,134—
138].

Ga-Mg

Ab initio compounds differ from observed experimental ground states in
the Ga-Mg system. The ab initio ground state BeyZn-65* was included in
the HT database because it is a relaxed simple hcp-derived superstructure
(see Structure Tables). The phase was first predicted in the system Be-Zn

[139]. Nearest-in-energy phases are many meV above BesZn-65* providing
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Figure 3.6 Cu-Mg convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

convincing evidence for thermodynamic stability of the BeyZn-65* phase at

finite temperature.



Chapter 3 Binary magnesium alloys from first principles

Composition Experimental Ab initio
% Mg results results
28.5 MgoGas SG #139  two-phase region

Mgy Gas ~118.0 meV /atom

above tie line

33.3 MgGay SG #55 BeyZn-65*T
MgGay ~141.2 meV /atom

above BeyZn-65*

66.6 MgoGa SG#190  BeyZn-65*
MgGay ~139.1 meV /atom
above BeyZn-65

71.4 MgsGag SG #72  two-phase region
MgsGag ~247.9 meV /atom

above tie line

Table 7 The Ga-Mg system. (f) See Structure Tables for crystallo-
graphic description. Experimental data taken from [33,140-144].
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Figure 3.7 Ga-Mg convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.
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Ge-Mg

A single ab initio ground state is predicted in the Ge-Mg system at com-
position GesMg, in agreement with experimental phase diagrams. However,
the crystal structure of the ab initio phase BesZn-65* (see Structure Tables)
differs from the experimental phase (CaFs). The BeyZn-65* phase is ~300

meV /atom lower than CaFy, the next-lowest in energy phase.

Composition Experimental Ab initio

% Mg results results

66.6 CalFy Be,Zn-65*t
CaFy ~292.4 meV /atom
above BeyZn-65

Table 8 The Ge-Mg system. (f) See Structure Tables for crystallo-
graphic description. Experimental data taken from [33,145-148].
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Figure 3.8 Ge-Mg convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

Hf-Mg
The Hf-Mg system has been investigated by Levy, Hart and Curtarolo [149].
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For completeness the data will also be reported here.

Composition Experimental  Ab initio

% Mg results results
50.0 non-compound CdTi ~5.9 meV /atom
forming below AH=0

Table 9 The Hf-Mg system.

meV/atom

-8t CdTi

0 20 40 60 80 100
Hf Atomic Percent Magnesium Mg

Figure 3.9 Hf-Mg convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

Hg-Myg

Several line compounds have been identified by experiment in the Hg-Mg
system. In large part, these are verified by HT quantum mechanical calcula-
tions. The unidentified phase at composition HgsMgs is not supported by HT
results and could not be evaluated directly because the structure is unknown.
Whether a phase is stable at T =0(K) at this composition or not is unclear
as only a limited number of structures with the appropriate composition exist
in the database. The phase at composition MgsHg is not thermodynamically

stable at T =0(K) according to ab initio data. The lowest energy ab initio
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phase at this composition is not the experimental phase.

Composition Experimental Ab initio

% Mg results results

33.3 MoSiy-C11, SisTh-C, ~2.0 meV /atom
above tie line
Co0,5i-C37 ~21.4 meV /atom
Cl11p ~22.0 meV/atom
above C,.

50.0 CsCl1-B2 CsCl-B2/L1,
NiTi ~1.7 meV/atom
above B2

62.5 Mnj5Siz-D8g Mnj5Siz-D8g

66.6 Co,S8i-C37 Co,Si-C37
Feo,P-C22 ~3.9 meV /atom

71.4 MgsHgo unknown  two-phase region

75.0 MgsHg two-phase region

D09 ~3.8 meV /atom
above tie line

MgzHg ~28.5 meV /atom
above D0qg

Table 10 The Hg-Mg system. Experimental data taken from [33,

150-152].

In-Mg

The ab initio ground states in the In-Mg system differ significantly from

experimental phases. The T =0(K) formation enthalpy of the experimental
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Figure 3.10 Hg-Mg convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

phases is not low enough in most cases to result in thermodynamic stability.
At those compositions where experimental phases are also found, ab initio
ground states are predicted at compositions InMg, InMgs, and InMgz. How-
ever, the structural properties of the predicted phases do not always agree with
experiment. In particular, the experimental phase at composition InMgs, ~5
meV above the ab initio ground state, undergoes a symmetry raising to space
group P63/mmec #194. An additional phase is predicted at composition InzMg
with the Si;Th-C,. structure; no experimental phase is reported at this con-

centration.
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Composition Experimental Ab initio

% Mg results results

25.0 CuszAu-L1, two-phase region
L1y ~9.0 meV/atom
above tie line

33.3 two-phase Si, Th-C.

region GagHf ~14.5 meV /atom
above C,

50.0 AuCu-L1, AuCu-L1,

66.6 InMg, GaoHf metastable
FeyP-Cos ~4.5 meV /atom
above GagHf

71.4 GasMg; two-phase region
GagMgs ~7.8 meV /atom
above tie line

75.0 InMgs InMgs

Table 11 The In-Mg system. Experimental data taken from [33,153~

159].

Ir-Mg

Although Ir is rare and costly, it is possessed of remarkable physical and

chemical properties [160]. Ironically, the very same properties that make it a

material of practical interest (high melting point, resistance to corrosion, etc.)

are responsible for the little that is known about its alloys.

Ir-Mg is no exception, and experimental phase diagrams for this system

are not complete. Data is especially sparse at low temperatures because of the
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Figure 3.11 In-Mg convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

high melting point (data is only reported to ~850K). Experimental Ir-rich
phases are nonexistent, the most Ir-rich phase found at composition Mgslr.
Here again, the remarkable properties of Ir—in particular, its great stability—
are to blame.

Ab initio predictions are then quite interesting. In summary, two Ir-rich
phases are found: the fcc derived Ca;Ge structure at composition Ir;Mg and
an hep-derived prototype [139], RegRu-124. An fec derived structure with
A,Bs stacking along [311] is thermodynamically stable at composition IrMg.
We are able to report with less certainty the Mg-rich phases. The experimental
phase Mgy4Ir; was not evaluated with first-principles because of the large unit
cell size. Also, the structural details of the reported phase at composition
IrMg, are not known. Nevertheless, the ab initio phase at composition IrMgs

confirms the experimental phase.
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Composition Experimental Ab initio

% Mg results results

12.5 — Ca,Ge

25.0 — ResRu-124*1
CdPt3 ~62.3 meV /atom
above ResRu-124*

50.0 — 177

75.0 CusP-D0y; Cu3P-D0y;

80.0 Mgylr unknown two-phase region
MoNiy-D1, ~65.0 meV /atom
above tie line.

86.2 Mg lr; o

Table 12 The Ir-Mg system. (f) See Structure Tables for crystallo-
graphic description. Experimental data taken from [33,161].
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Figure 3.12 Ir-Mg convex hull. Ground states are labeled by the

prototype and the Struckturbericht designation, if one exists.

K-Mg
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No experimental compounds have been found in the K-Mg system. With
one exception, ab initio formation enthalpies are positive. An ab initio com-

pound is found at composition KMgs.

Composition Experimental  Ab initio

% Mg results results
75.0 non-compound 731
forming

Table 13 The K-Mg system. () See Structure Tables for crystallo-
graphic description. Experimental data taken from [162].
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Figure 3.13 K-Mg convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

La-Mg

Ab initio predictions confirm experimental phases at composition LaMg
and LaMgs. There is no structural data for the experimental phase at com-
position LaMgi, and an ab initio energy could not be obtained. The phase
with the ThyNi;7 structure has positive formation enthalpy. No La-rich phases

have been observed experimentally. An ab initio phase is found at composition

La71\/[g.
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Composition Experimental Ab initio

% Mg results results

12.5 two-phase Ca;Ge
region

50.0 CsCl1-B2 CsCl-B2

NiTi ~4.4 meV /atom

above B2

75.0 AlFes-D03 AlFes-D05
NizSn-D0;g ~42.3 meV /atom

above DOs.
N895 Tthi17 Th2N117
~92.3 LaMgio unknown two-phase region

Table 14 The La-Mg System. Experimental data taken from [33,
163-168].
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Figure 3.14 La-Mg convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

Li-Mg
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The authors have reported ab initio data on the Li-Mg system previ-
ously [169]. No intermetallic compounds have been found by experiment. The
authors’ cluster expansion analysis (Ibid.) suggests that the phases may be

cryogenic.

Composition Experimental Ab initio

% Mg results results

20.0 solid solution MoNiy-D1,
33.3 solid solution C49/C11,
50.0 solid solution B2/MoTi*
66.6 solid solution MoSiy-C11,

C49 (ZrSip) ~6.2 meV/atom
above C11,

Table 15 The Li-Mg system. Experimental data taken from [33,170-
179].
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Figure 3.15 Li-Mg convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

Mg-Pb
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Experimental phase diagrams indicate a single intermetallic compound at
composition MgsPb with the flourite structure, CaFy. Ab initio calculations

reveal additional phases at compositions MgPbs and Mgs;Pb.

Composition Experimental Ab initio

% Mg results results

16.6 two-phase Hf;Pb-f63*1
region

66.6 CaF, two-phase reigion

CaFy ~7.3 meV/atom

above tieline

75.0 two-phase AuCuz-L1,
region Co3V ~2.4 meV/atom
above L1sy

Table 16 The Mg-Pb System. (}) See Structure Tables for crystallo-
graphic description. Experimental data taken from [33,180-187].
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Figure 3.16 Mg-Pb convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.
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Mg-Pd

Experimental phase diagrams show ~20 at.% Mg solid solubility in Pd.
No Pd-rich intermetallic compounds have been found. The Pd-rich ab initio
compounds at compositions MgPd3, and MgPd, are possibly cryogenic. Re-
gardless, it is unlikely (because the set of AB structures in the HT database
is large and diverse) that at least one phase in this region is not stable.

Two experimental phases have been identified at composition MgPd (in-
dicated in Table 17): CuTi forms slightly off stoichiometry at composition
MgpoPd; ; and is the only intermediate phase to melt congruently. The CsCl
phase forms stoichiometrically and undergoes a peritectic decomposition at
~970 K. Crystallographic data is not available for the phases at compositions
Mg,Pd and MggsPdy4. The lack of ab initio ground states is inconclusive here

as we were unable to evaluate the formation enthalpies for these phases.
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Composition Experimental Ab initio
% Mg results results
12.5 two-phase Ca;Ge
region
20.0 two-phase MoNis-D1,
region
25.0 two-phase Al3Zr-D093
region Al3Ti-D0gy ~8.2 meV /atom
above D0ys3
33.3 two-phase CoySi-C37
region
37.5 two-phase GaszPts
region
50.0 CsCl-B2 & CuTi AuCu-L1,/CsCl-B2
CuTi-B11 ~230.2 meV /atom
above L1j
66.6 two-phase NiTiy/Al,Cu-C16
region
~T71.4 CoyAls CoyAls
75.0 IrAl3-D0;g Cug 8o P-D0gy
80.0 Mg, Pd unknown two-phase region
MoNis-D1, ~53.9 meV /atom
above tie line
~85.7 MggsPdyiy unknown two-phase region

Table 17 The Mg-Pd system. Experimental data taken from [33,188].



58

Chapter 3 Binary magnesium alloys from first principles

HCP

FCcC
-0.1p ]

-0.2}

-0.3f
-0.41

eV/atom

-0.5f

-0.6}

XK OMIOK X X X XX

Co_Si-C37

0.7} Gafh,
-0.8} LlOIBZ
0 20 40 60 80 100
Mg Atomic Percent Palladium Pd

Figure 3.17 Mg-Pd convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

Mg-Pt

The experimental ground states at compositions MgPt; and MggPt were
not evaluated with ab initio methods. The first, because the structure has
not been completely determined, the second, because the cell size is large,
exceeding 400 atoms in the unit cell. However, the ab initio ground state
Ca;Ge is at least somewhat consistent with the experimental phase MgPtr:
Ca;Ge is a doubling of the L1y structure when the 4b Wyckoff position is
replaced by a Ge atom and the experimental ground state MgPt; consists
of eight Lls-type cells. At compositions MgyPt and MgPt, ab initio ground
states exist where no experimental phases have been observed. MgPt, with the
GagHf structure is close to the tie line (~1.9 meV above the tie line between

adjacent ground states) and may be metastable.
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Composition Experimental Ab initio

% Mg results results

12.5 MgPt7* unknown Ca;Ge

25.0 AuCus-L1, AuCus-L1,

33.3 — GaoHf

50.0 FeSi-B20 AuCu-L1,
NiTi ~23.9 meV/atom
CsCl-B2 ~31.2 meV /atom
FeSi-B20 ~149.2 meV /atom
above L1,

66.6 — Al,Cu-C16
NiTiy ~10.7 meV/atom
above C16

75.0 NazAs-D0;g Cug g2 P-D09;y
Fe3C-D0y; ~12.0 meV /atom
NagAs-D0;g ~18.5 meV /atom
above CuggaP-D0y;

~85.7 MggsPt otk

Table 18 The Mg-Pt system. (a) This structure has been shown to
consist of eight Ll,-type cells [189]. Experimental data taken from

33].

Mg-Na

No intermetallic phases have been observed in the Mg-Na system. An ab

initio ground state is predicted at composition MgzNas with the Al3Zrsy struc-

ture. Additional compounds with negative formation enthalpy (not sufficiently
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Figure 3.18 Mg-Pt convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

negative to be ground states) are found at compositions MgNag, Mg,Nag, and

MggNaQ .

Composition Experimental — Ab initio

% Mg results results
60.0 non-compound — Al3Zry ~223.9 meV /atom
forming below AH=0

BisTez ~199.5 meV /atom
above Al3Zr

Table 19 The Mg-Na system. Experimental data taken from [33].

Mg-Rb

No intermetallic phases have been observed in the Mg-Rb system. An
ab initio ground state is predicted at composition MgzRb. The ground state
phase, also the only structure with calculated negative formation enthalpy, is

a simple bee-derived superstructure (see Structure Tables).
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Figure 3.19 Mg-Na convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

Composition Experimental — Ab initio

% Mg results results
75.0 non compound 73" ~396.2 meV /atom
forming below AH=0

BCu3Ti-DO, ~580.1 meV /atom
above 73

Table 20 The Mg-Rb System. (1) See Structure Tables for crystallo-
graphic description. Experimental data taken from [33].

Mg-Rh

Due to a large unit cell (more than 400 atoms) the experimental phase
Mgy, Rh7 was not evaluated using first principles. Although, the phase diagram
has not been determined in the Mg-Rh system, two additional experimental

phases have been observed—MgsRhy_, and MgRh. The non-stoichiometric

compound (prototype Al;Cos) was evaluated with first principles.
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Figure 3.20 Mg-Rb convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

Composition Experimental Ab initio

% Mg results results
12.5 — Ca;Ge
25.0 — ResRu-124*f

Al3Ti-D0sy ~30 meV /atom
above ResRu-124

50.0 CsCl-B2 CsCl-B2

66.6 — Hf, T1-6*1
NiTiy ~17.8 meV/atom
above Hf;T1-6*

~71.4 AI5COQ A15C02
75.0 - CllzggP-DOgl
~86.3 Mgy4Rh7; two-phase region

Table 21 The Mg-Rh System. (}) See Structure Tables for crystal-

lographic description. (b) Tetragonal distortion of By [149]. Experi-
mental data taken from [33].



3.4 Alloys with ab initio compounds

63

HCP

g
X
X x
X
X X é
— X X
g 0.2 § x § x %
< X x x
S & ¥ y Mg44Rh7]
o -0.3 "x x % § x 1
X
-0.4 % 21
X
. CsCl-B2
0 20 40 60 80 100
Rh Atomic Percent Magnesium Mg

Figure 3.21 Mg-Rh convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

Mg-Ru
Very little published data exists regarding the Mg-Ru system. The phase
diagram has not been determined. Two experimental intermetallic phases are

observed at compositions MgsRu, and MgssRh7. An ab initio ground state is

found at composition MgzRu.

Composition Experimental Ab initio

% Mg results results
60.0 MggRU.Q MggRUQ
~86.3 Mg44Rh7 o

Table 22 The Mg-Ru system.

Mg-Sc

Ab initio predictions for the Mg-Sc system differ somewhat from data re-
ported in experimental phase diagrams. A single intermetallic compound,
CsCl-B2, is reported while three ab initio phases exist. Additionally, the CsCl

phase is found to be higher in formation enthalpy at T=0K than the ab initio
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Figure 3.22 Mg-Ru convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

ground state CdTi. The two additional ab initio phases occur at compositions

MgScy and MgsSc.

Composition Experimental Ab initio

% Mg results results
33.3 two-phase SisZr-C49
region FCCppa1%-32 ~3.9 meV /atom
above C49
50.0 CsCl-B2 CdTi

CsCl-B2 ~5.9 meV/atom

above CdTi

75.0 two-phase NizSn-D0qg
region AuCus-L1y ~2.0 meV/atom

above D0qg

Table 23 The Mg-Sc system. Experimental data taken from [33,190].

Mg-5i
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Figure 3.23 Mg-Sc convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

Stability of the experimental compound at MgySi is not corroborated by
ab initio calculations. The BeyZn*-65 structure is found to have significantly

lower formation enthalpy and is a ground state at compositions MgySi and

Composition Experimental Ab initio

% Mg results results

33.3 two-phase BeyZn-65*1
region

66.6 CalF, BeyZn-65*

CaFy ~812 meV /atom
above BeyZn-65*

Table 24 The Mg-Si system. (f) See Structure Tables for crystallo-
graphic description. Experimental data taken from [33,191-197].

Mg-Sn

A single ab initio ground state is found in the Mg-Sn system and occurs at
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Figure 3.24 Mg-Si convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

the same composition as the experimental compound: MgoSn.

Composition Experimental Ab initio

% Mg results results

66.6 C&Fg C&FQ

Table 25 The Mg-Sn system. Experimental data taken from [33,198—
208].

X x T % . X X «
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Figure 3.25 Mg-Sn convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.
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Mg-Sr

Intermetallic compounds in the Mg-Sr system are only seen in the Mg-rich

region. Experimental phases form at compositions MgsSr, MgosSrg, MgsgSry,

and Mgy7Srs. Ab initio ground states verify experimental phases.

Composition Experimental Ab initio

% Mg results results

66.6 MgZny-C14  MgZny-Cl4
MgNiy-C36 ~1.9 meV /atom
above C14

~79.3 ThgMnog TheMnasg

~80.9 MgsgSrg ol

~89.5 ThoNiy7 ThoNiy;

Table 26 The Mg-Sr system. Experimental data taken from [33,209].
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Figure 3.26 Mg-Sr convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

Mg-Tc
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To our knowledge, no published phase data exists for the sytem Mg-Tc. Ab

initio compounds are predicted at compositions MgTcy, MgsTcy, and MgTec.

Composition Experimental — Ab initio

% Mg results results

33.3 non-compound MoSip-C11y, ~15.8 meV /atom
forming below AH=0

~42.9 non-compound CuyTiz ~20.2 meV /atom
forming below AH=0

50.0 non-compound CdTi ~22.4 meV /atom
forming below AH=0

Table 27 The Mg-Tc system.

meV/atom

0 20 40 60 80 100
Mg Atomic Percent Technetium Tc

Figure 3.27 Mg-Tc convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

Mg-Y
A rather surprising contradiction of the Mg-Y experimental phase diagrams
exists in the ab initio data. The ground state at composition MgYs is the C49

(ZrSiy) structure rather than the experimental phase C14 (MgZns). At T=0K
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C14 gives considerably higher formation enthalpy than the ab initio ground
state even giving a positive value. The stability of the C14 phase at higher

temperature may be due to finite temperature entropy effects (e.g, a phonon

mode softening).

Composition Experimental Ab initio

% Mg results results

33.3 MgZn,-C14 SiyZr-C49
C14 ~384.4 meV /atom
above C49

50.0 CsCl-B2 CsCl1-B2

75.0 two-phase AlFes-D03

region NizSn-D0;g ~2.5 meV /atom

above D05

~82.8 Reyy Tis two-phase region

Reg Tis ~3.8 meV /atom

above tie line

Table 28 The Mg-Y system. Experimental data taken from [33,210-

216].

Mg-Zn

Ab initio data for the Mg-Zn system generally confirms low temperature
phases reported in experimental phase diagrams.
phase is found, however, at composition Mg,Zn, and there is no stable phase

at composition MgZn (unknown structure). The CrB-B33 structure is closest

to the tieline at this concentration (~8.0 meV /atom above).

An unobserved Mg-rich
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Figure 3.28 Mg-Y convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

Composition Experimental Ab initio

% Mg results results

~15.3 MgsZnyy MgsZnqq

33.3 MgZn,-C14 MgZn,-C14
~36.3 MgyZn7; two-phase region

Mg,Zn; ~11.8 meV /atom

above tie line

50.0 MgZn unknown two-phase region
BCr-B33 ~8.0 meV /atom

above tie line.

66.6 two-phase BeyZn-65*

region

Table 29 The Mg-Zn system. Experimental data taken from [33,217—
228].

Mg-Zr
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Figure 3.29 Mg-Zn convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

Experimental phase diagrams show the Mg-Zr system to be non-compound
forming. Two stable phases are predicted by ab initio calculations at compo-

sitions Mg3Zr, and MgZr.

Composition Experimental — Ab initio

% Mg results results

~42.9 non-compound  CuyTigz
forming

50.0 non-compound CdTi
forming

Table 30 The Mg-Zr system. (f) See Structure Tables for crystallo-
graphic description. Experimental data taken from [33,229,230].

3.5 Conclusion

An extensive study was carried out on many binary magnesium systems: Using

our HT framework AFLOW, we have explored the full composition ranges of
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Figure 3.30 Mg-Zr convex hull. Ground states are labeled by the
prototype and the Struckturbericht designation, if one exists.

39 Mg-X binary systems at T'=0K. Nearly one third of the calculations are
entirely consistent with published phase diagrams. That is, the ordered phases
shown in the phase diagram coincide exactly with the low temperature ground
state predictions of HT approach. In a little more two-thirds of cases, however,
the differences between the DFT results and phase diagrams are noteworthy,
suggesting new opportunities for alloy design.

On the level of individual phases, our study contrasts 71 experimental
compounds with ab initio results. Of these 71, 12 were not evaluated with
first principles due to either a large unit cell or undetermined structure. Ab
initio data confirms 34 of 59 exactly—that is, 34 are found to be T'=0 K ground
states (~60%). However, a simple evaluation of the data will reveal that many
more are close in energy (~10 meV) to tie lines, despite being too high to be
included on the convex hull. At finite temperature (the regime of experiment)
these phases are likely stabilized. When these additional phases are included
47 phases are found in agreement (~80%).

The considerable agreement between ab initio predictions and experimen-

tal phases is encouraging. It should be emphasized also that the existence of



3.5 Conclusion 73

contradictions does not necessarily indicate ab initio failure. Even so, if exper-
imental phases with unknown structure, solid solution or two-phase regions,
and the close-in-energy phases described above are excluded, direct contra-
diction occurs in only 6 systems (Table 31): Al-Mg, Ga-Mg, Ge-Mg, Mg-Pt,
Mg-Si, and Mg-Y. Topological changes to the convex hull are predicted in
even fewer systems (Al-Mg, Ga-Mg, Ge-Mg, Mg-Si) and are due exclusively to
the Be,Zn-65* phase. Systems believed to be phase-separating but for which

negative ab initio enthalpies were obtained are listed in Table 32.

System Expected phase(s) Ab initio phase(s)

Al—Mg A145Mg28/A112 Mgl? A12 Mg/AlMg2—362 ZH—65*

Ga-Mg  MgyGas/MgGay/ GasMg/GaMg,-BesZn-65*
Mg,Ga/MgsGas

Ge-Mg  CaF, GeMg,-BeyZn-65*

Mg-Pt FeSi-B20 AuCu-L1,

Mg-Si CakF, Mg, Si/MgSis-BesZn-65*

Mg-Y MgZn,-C14 SipZr-C49

Table 31 Instances of direct contradiction of experimental results by

ab initio calculations. Note that topological changes to the convex
hull occur only when the BeyZn-65* phase is predicted.
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System Composition Compound Enthalpy

(meV /atom)

Hf-Mg HfMg CdTi -5.9
K-Mg KMg; 731 -9.5
Mg-Na MgsNay Al3Zry -223.9
Mg-Rb MgsRb 731 -396.2
Mg-Tec MgTecs MoSi,-C11, -15.8

MgsTcy CuyTig -20.2

MgTec CdTi -22.4
Mg-Zr MgsZr, CuyTis -31.6

MgZr CdTi -31.3

Table 32 Phase separating systems with ab initio compounds. (7)
See Structure Tables for crystallographic description.

If one agrees, for the sake of argument, that ab initio data is correct even
in instances of clear experimental disagreement, reasons for the discrepancies
are not hard to imagine. Disagreement may certainly arise when experimental
data is incomplete or shallow. Deficiencies in the experimental characterization
of binary systems certainly exist due to the practical challenges associated
with mixing alloys (e.g., reactivity, immiscibility, kinetics etc.) and finite-
temperature entropy effects, but these are by no means exhaustive.

Whether it be the fault of ab initio calculations or experiment or neither,
however, the largely aimless task of finding ordered phases by experiment alone
is greatly focused by the data presented herein. The points of disagreement
should be viewed as suggestions of further investigation, both theoretical and

experimental as they offer the greatest potential for new alloy design.
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Appendix A

Cluster expansion methods

The genetic algorithm and leave one out cross validation provide a useful
framework for constructing a CE that accurately fits input data; furthermore,
a CE produced in this manner is capable of predicting the energy of structures
not included in the input set provided that the ‘physics’ of the input data
is representative of the entire system (although off-lattice structures are not
included in the configuration space, HT and experimental data suggest that
additional structures will not form in Mg-Li: Not only are the HT energies
higher than both HCP and bcee CE predicted structure energies, but the ma-
jority of HT ground state predictions are bee superstructures.)

By adding structures in under-fit regions to the input structure set, the
overall predictive capacity of the CE was improved. Low energy structures
without similar input structures as well as additional structures similar in
configuration to poorly predicted input structures were added to the input
set. Structures were added in this manner by comparing successive fits, so
that the final input data set was determined to ensure a broadly accurate

parameterization of configuration space [36]. A total of 85 bcc and 71 hep
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derived superstructures were ultimately used in the construction of the CEs.

The utility of the iterative process hints at the underlying physical work-
ings of the CE method. Input structures contribute to the CE via the addition
of ‘physics’ yet unaccounted for. Iteratively adding structures from regions of
poorly fit data, and from regions lacking input data, will then in principle lead
to a CE capable of making accurate predictions across configuration space.
Furthermore, given a set if interaction terms representative of the system, the
inclusion of additional input data should do little to alter the ground state
predictions of the CE constructed using these figures.

The durability of the fit, i.e., the immutability of ground state predictions
with the inclusion of new input data, was studied in the following manner. A
database containing the complete set of input structures was parsed into input
sets of increasing size; this was done several times with unique parsing, and
a CE was constructed for each input set. Ground state predictions made by
the CEs were compared for agreement, and frequently predicted ground state
concentrations formed a group of credible predictions.

For bee Mg-Li, a database containing the formation enthalpies of 85 input
structures were parsed into 39 groups of input structures 5 times. CEs were
constructed for each of the 39 groups yielding 39 predictions of the Mg-Li
ground states. The structures and associated concentrations predicted by fits
containing the entirety of the input data (A-E) are listed in Table 1. The fre-
quencies of prediction of ground states at each listed concentration are shown
in the second column. It is seen that the predictions made by CEs constructed
using the entire input set generally correspond to predictions made by the ma-
jority of fits.

The hep Mg-Li system was treated similarly. Input data computed for 71
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input structures was parsed into 33 unique input sets 5 times. In contrast to
the bee case, however, several concentrations not predicted by CEs constructed
using the complete input data were found to have a high frequency of predic-

tion by the totality of fits. Thus, these are also included in the table (Table 2).

The potential ground state pool was significantly reduced by comparing
the predictions of many CEs. However, because the precision necessary to
distinguish small differences in structure energetics are not to be expected from
the finite CE, DF'T was used to directly compare the energies of the final group
of candidates. VASP was used to evaluate each of the candidate structures
listed in Tables 1 and 2 as well as candidate structures not necessarily predicted

by fits A-E but with significant frequency of occurrence.
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x (Mg) #/195(%) A B C D E

1/8 24 631 631

2/9 11 1134 1134 1134
1/3 66 10 125 10 10 10

3/8 27 404
2/5 59 45 45 45 45 48

4/9 21 938

1/2 97 19 19 19 19 19

4/7 27 191 191

2/3 92 77T 1T T 7

3/4 70 277 277 277 27T 277
7/9 32 1112 1112

4/5 70 54 54 54

5/6 18 62

7/8 52 593 593 593 436
8/9 63 1052

9/10 31 1145 1142 2309

Table 1 Columns A-E contain the predicted structures (numbered

in accordance with the enumeration algorithm) from five 85-input
generated fits for becec Mg-Li. The percentage occurrence of ground
states to the total number of fits (195) is given in the second column.
Except for 9/10 and 2/9 percent Mg ground states, the predictions
in A-E affirm the ground state predictions made by the majority of
total fits (195).
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x (Mg) #/165(%) A B C D E
1/8 33 333 333 318 333
1/7 36
1/6 72 3920 3920 3920 3920 3920
1/4 83
1/3 37
1/2 100 12 12 12 12
2/3 64
3/4 61 321 321 321 303
4/5 30
5/6 82 1491 1491 1491 1491 1491
6,7 38
7/8 18 319

Table 2 Hcp Mg-Li ground state predictions as in Table 1. Several fre-

quent predictions are not affirmed by full fits, and thus additional concen-
trations have been included.
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Chapter B Structure tables

Table 1 Crystallographic information for less-familiar prototypes aris-

ing in our study from [29,139,149]. Atomic positions and unit cell pa-
rameters are fully relaxed (indicated by ‘*’). Corresponding unrelaxed
structures are given in 3.

Compound BeyZn-65* HfsPb-f63* Hf5T1-6*
Lattice Orthorhombic Tetragonal Tetragonal
Space group Fmmm #69 P4/mmm #123 I4/mmm #139
Pearson symbol oF12 tP6 t16

Primitive vect.

SG option 2)

SG option 2)

( (
(a,b,c) (A) (3.780, 2.0978, 10.3) (3.203,3.203,13.944)  (4.422,4.422,7.385)
(a,3,y) (deg) (90,90,90) (90,90,90) (90,72.577,90)
Wyckoff (0,0,0.17832) 8i Bel (0,0,-0.1794) 2g Hf1 ~ (0,0,0.1746) 4e Hf1
positions (0,0,1) 4b Zn1 (1,1-0.3349) 20 H2  (0,0,2) 2b TI2

— (0,0,3) 1b Hf3 —

— (3.3,0) 1c Pbl —
AFLOW label “549” “477” “547”
Compound HfPd5-f137* ResRu-124* MosTi-81*
Lattice Orthorhombic Orthorhombic Orthorhombic
Space group Cmmm #65 Imm2 #44 Immm #71
Pearson symbol 0512 ol8 ol8

Primitive vect.

11.998,4.0663,14.0723)

9.005, 2.757, 4.775)

4.444,3.173,8.971)

90,90,90) 90,90,90) 90,90,90)
Wyckoff 0,0,0) 2a Hf1
positions 0.1663,0,3) 4h Pd1 0,1,%) 2b Re2 ,5,0) 2d Mo2

(
(
(
(
(0.3369,0,0) 4g Pd2
(3

0,4) 2¢ Pd3

(
(
(1,0,0) 4c Rel
(
(0,0

(

(

(0,0,0.2440) 4i Mol
(0

(

3,0,0) 2b Til

AFLOW label

“47977

((541”
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Table 2 Crystallographic data for unrelaxed prototypes reported in

Table 1.

Compound BesZn Hf;Pb Hf;TI
Superlattice bce fce fce

Lattice Orthorhombic  Tetragonal Tetragonal
Space group Fmmm #69 P4/mmm #123 I4/mmm#139
Pearson symbol  oF12 tP6 tI6
Primitive vect.

ap /a (0,1,2) (1/2,1/2,0) (3/2,0,-1/2)
az/a (-1/2,3/2,3/2)  (0,3,3) (3/2,0,1/2)
az/a (-1/2,-1/2,1/2)  (1/2,5/2,3) (-3/2,-1/2,0)
Atomic Positions

Al (0,0,0) (0,0,0) (2/3,2/3,0)
A2 (2/3,2/3,1/2) (0,1/6,0) (1/3,1/3,0)
A3 — (0,1/3,0) —

A4 — (0,1/2,0) —

A5 — (0,2/3,0) —

B1 (1/3,1/3,2/3) (0,5/6,0) (0,0,0)
AFLOW label “65” “f63” “6”
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Table 3 Additional crystallographic data for unrelaxed prototypes
reported in Table 1.

Compound MosTi HfPds ResRu
Superlattice bce hep hep

Lattice Orthorhombic ~ Orthorhombic Orthorhombic
Space group Immm #71 Cmmm #65 Imm?2 #44
Pearson symbol  ol8 0512 ol8

Primitive vect.

aj/a (3/2,1/2,-1/2)  (1/2,3/2,1) (1/2,-v/2/3,1.633)
as/a (1/2,3/2,1/2)  (0,3,3) (-1/2,1/2/3,1.633)
az/a (-1/2,-3/2,1/2)  (1/2,3/2,2) (-1/2,-v/2/3,-1.633)

Atomic Positions

Al (0,0,0) (0,0,0) (0,0,0)

A2 (1/43/4,1/2)  (0,1/6,0)-B1  (1/2,1/2,0)
A3 (1/2,1/2,0) (0,1/3,0)-B (1/12,3/4,1/3)
A4 — (0,1/2,0-B —3

A5 — (0,2/3,0-B4  —

B1 (3/4,1/4,1/2)  (0,5/6,0)-B5  (7/12,1/4,1/3)

AFLOW label “81” “f137” “124”
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Table 4 Crystallographic data for other unrelaxed bcc-, fce-, hep-

derived prototypes arising in our study.

Compound ABy ABj3 AsBs
Superlattice fce bce bce

Lattice Monoclinic  Monoclinic Orthorhombic
Space group C2/m #12  P2/m #10 Cmma #67
Pearson symbol  mS10 mP4 058
Primitive vect.

aj/a (1/2,1/2,0) (0,-2,0) (1/2,1/2,1/2)
az/a (0,5/2,5/2)  (-1,0,-1) (-1/2,-1/2,1/2)
as/a (1/2,1,3/2) (1/2,5/2-1/2) (2,-2,0)
Atomic Positions

Al (0,0,0) (0,0,0) (0,0,0)

A2 — — (1/2,1/2,3/4)
B1 (0,1/5,0) (3/4,1/2,0) (0,1/2,1/4)
B2 (0,2/5,0) (1/2,0,0) (1/2,1/2,1/4)
B3 (0,3/5,0) (1/4,1/2,0) —

B4 (0,4/5,0) — —

AFLOW label “f507 “73” “r1”
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Table 5 Additional crystallographic data for other unrelaxed bce-,

fce-, hep-derived prototypes arising in our study.

Compound AsBy AsBy AsBs
Superlattice fee fee bce

Lattice Monoclinic Tetragonal Orthorhombic
Space group C2/m #12 P4/nmm #129 Imma #72
Pearson symbolmS8 tP4 ol8 ol8
Primitive vect.

aj/a (-1/2,1,-1/2)  (0,-1/2,-1/2) (3/2,1/2,-1/2)
az/a (-1/2,1/2,-1) (0,-1/2,1/2) (1/2,3/2,1/2)
as/a (0,-2,2) (-2,0,0) (-1/2,-3/2,1/2)
Atomic Positions

Al (0,0,0) (0,0,0) (0,0,0)

A2 (0,0,3/4) (1/2,1/2,3/2)  (1/4,3/4,1/2)
B1 (0,0,1/4) (0,0,1/2) (1/2,1/2,0)
B2 (0,0,1/2) (1/2,1/2,1/4) (3/4,1/4,1/2)
B3 — —

B4 — —

AFLOW label “17” “14” “80”




