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Abstract
In order to identify amethod allowing for a fast solute assessmentwithout lengthy ab initio
calculations, we analyze correlations and anti-correlation between the I1 stacking fault energies (I1
SFEs), whichwere shown to be related to themacroscopic ductility inMg alloys, andfivematerial
parameters of 18 different elemental solutes. Our analysis reveals that the atomic volumeV of pure
solutes, their electronegativity ν and bulkmodulusB are either linearly or logarithmically related to
the I1 SFE. Comparing the impact of solutes with that of yttrium (that increases the ductility inMg)we
propose a single numerical quantity (called yttrium similarity index, YSI) that is based on these inter-
relations. Subsequently, we evaluate this newfigure ofmerit for 76 elements from the periodic table of
elements in search for solutes reducing the I1 SFE. Limiting ourselves first to binaryMg alloys, we
hardlyfind any alternative solutes providing similar I SFE1 reduction as that due to rare-earth (RE)
additions. Therefore, we extended our search to ternaryMg alloys. Assuming that the physical
properties of solute combinations can be represented by their average values, 2850 solute
combinations were checked and 133 solute pairs (not including any RE elements)have been found to
have a YSI larger than 0.85. Quantum-mechanical calculations have been subsequently performed for
11 solute pairs with YSIs higher than 0.95 and theywere all found to reduce the I SFE1 in excellent
agreementwith the predictions based on the YSI.

1. Introduction

Magnesium alloys are promising structuralmaterials due to their lowweight and high specific strength [1].
However, their broader industrial applications are hindered by their low formability at ambient temperatures.
The low room-temperature formability is believed to be caused by an insufficient number of active deformation
modes (vonMises criterion) and is also partly associatedwith the highly anisotropic hexagonal close-packed
(hcp) structure ofMg alloys.

It is known that the room temperature ductility of pureMg can be significantly improved by alloyingwith a
small amount of yttriumor other rare-earth (RE) elements [2–5]. Recent investigations have shown that the
enhanced ductility inMg-Y alloys is accompanied by an increased density of non-basal dislocationswhich are
supposed to nucleate from I1 stacking faults [5]. This connection between the I1 stacking faults and non-basal
dislocations has been analyzed byAgnew et al [6] and it has been concluded that the reaction is energetically
conceivable for awide range of fault geometries. Our previous study of this phenomenon combined quantum-
mechanical (so-called ab initio) calculations with state-of-the-artmicrostructure characterizationmethods and
resulted in a scale-bridging connection between themacroscopic ductility and atomic-scale I1 stacking fault
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energies (SFEs).We showed that the reduction of the I1 SFE can be used as an indicator of an increased ductility
inMg alloys and, therefore, as a guiding parameter for designing newductileMg alloys [7].

Since RE elements are expensive due to environmental and health-risk issues related to theirmining and
production, it is desirable to identify alternative(s) solutes that ductilizeMg similarly as RE elements do. In our
previous study [8], we selected 18 elements from the periodic table that crystallize in their pure formunder
ambient conditions in either hcp or double hcp (dhcp) structure. Thenwe performed ab initio calculations of
the I1 SFEs of binaryMg alloys containing these elements in solute solutions.We found that all RE elements
reduce the I1 SFEwhile all other non-RE elements studied increase the I1 SFE. As RE elements are known to
increase the ductility inMg, we connect the fact that (i)RE elements reduce the I1 SFEwith (ii) the enhanced
ductility inMg alloys. Our proposed scale-bridging linkwas confirmed experimentally for fourMg alloys
containing selectedRE elements (Tb,Dy, Er andHo).

Our approach is complementary to other scale-bridging explanations of ductility inMg alloys. To name a
few examples, Yasi and co-workers [9] simulated the core structures of basal and prismatic dislocations by the
flexible boundary conditionmethod and later developed differentmodels to calculate the critical resolved shear
stresses of basal dislocations [10] and cross-slip stresses of prismatic screw dislocations [11] inMg alloys. As a
result of these studies, low concentrations of yttriumwere predicted to significantly reduce the cross-slip stress
inMg-alloys, which indicates an improved ductility of thematerial in agreement with our previous findings. As
another example, Shin et al [12] applied a previously developed orbital-free density functional theory (DFT)
method to dislocation core structures and subsequently calculated also Peierls stresses [13] in pureMg. The
present work extends the connection between the I1 stacking fault and the ductility into the realmof theory-
guided rapid alloy prototyping.

SFEs are among the keymaterials properties affecting themacroscopicmechanical behavior ofmetallic
alloys (see, e.g., [14]). The I1, I2 as well as unstable stacking faults have been intensively studied inMg [15–20].
Their simulation by quantum-mechanicalmethods is, however, computationally rather demanding due to the
large number of atoms that need to be treated on a quantum-mechanical level. A faster approach, which does not
require the use of an explicit ab initio SFEmethodology, would be desirable for a rapid alloy design and quick
selection of solutes. Therefore, in this workwe systematically study correlations between SFEs inMg alloys and
properties of elemental solutes that are known and tabulated. Specifically, we analyze the relations between the I1
SFE inMg-X binaries andfive different physical quantities of pure solutes: (i) their atomic volume, (ii) atomic
number, (iii) I1 SFE, (iv) electronegativity, and (v) the bulkmodulus.We also analyzed the volume per atom in

XMg15 alloys. Aswe find the atomic volume, electronegativity and the bulkmodulus of elemental solutes clearly
related to the I1 SFE inMg-X binaries, we propose a single numerical parameter containing these relations and
suggest that this newfigure ofmerit can be used as an indicator of SFE changes, and thus the ductility, inMg
alloys. The application of this new figure ofmerit for ternaryMg alloys is presented in the last section.

2. Computationalmethodology

DFT [21, 22] calculations of I1 SFEswere carried out using the projector augmentedwave (PAW)method [23]
and electronic exchange-correlation effects were described by the generalized gradient approximation [24] as
implemented in theViennaAb-initio Simulation Package (VASP) [25, 26]. A cut-off planewave energy of
350 eVwas used for all calculations of XMg15 alloys and elemental solutes in 2× 2× 4 supercells. The Brillouin
zones were sampled using denseGamma-point-based 10× 10× 6 k-pointmeshes to ensure the convergence of
total energies within 1meVper atom. In order to keep a similar solute concentration of both solutes in ternary
Mg alloys, a 36-atom supercell 3× 3× 4 (Mg34-X1-X2) is applied, inwhich there are 34Mg atoms, one solute
X1 and one soluteX2. SoluteX1 is positioned at one corner of the supercell, and soluteX2 at its center (figure 1).
The advantage of doing this is that in this case a configuration is seeminglymost possible to keep the symmetry of
hcp, since our yttrium similarity index (YSI) is based on hcpMg alloys. The fact that two different solutes in
supercells visualized infigure 1 aremaximally separated reflectsminimum interactions among different solutes
thatwe expect in case of their dilute and low concentrations. The cut-off energy employed in computation of
ternaryMg alloys is the same as in binaryMg alloys, namely 350 eV, and the gamma based k-mesh is 7× 7× 6.
These parameters guarantee total energy accuracywithin 1meVper atom. The lattice parameters of pureMg are
employed in the calculation of ternaryMg alloys, which is a good approximation as proven by testing.

UsingDFT computed total energies, the I1 SFEswere predicted in the framework of an Isingmodel. In this
model, the total energyE of a sequence of hcp planes in a hcpmetal is decomposed into a series where the atomic
planes Si interact via interaction energies Ji

2

New J. Phys. 17 (2015) 093009 ZPei et al



E J S S , 1
i

N

n

N i

i i i n
1 1

( )åå= -
= =

-

+

where n is the number of the considered neighboring planes. In the axial next nearest neighbor Ising (ANNNI)
model [27, 28] only the next nearest neighbors are considered, therefore n2. TheANNNImodel then results
in the following expression for the I1SF:

E E E E2 , 2I SF 0 dhcp hcp1 ( ) ( )- » -

where E0 is the first termof the ANNNImodel (i.e., the energy of a perfect hcp crystal). Using this expression, the
SFE (defined as the energy divided by the areaA of the stacking fault plane) is equal to
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Thismodel has been successfully applied to differentmetals, such as fcc iron [29]. Hu et al [30] performed full-
potential augmented plane-wave calculations using theWIEN2K code [31] for hcp Ti and hcpRe and
demonstrated that the I1 SFEs from theANNNImodel agree with those from explicit supercell calculations.We
note that the use of the ANNNImodel ismore justified in case of stacking faults with nearly undistorted local
atomic geometries (such as the I1)when the SFE can be expressed in terms of interlayer interaction energies,
while different approaches are needed for generalized SFE calculations with highly distorted local atomic
geometries (see, e.g., [19, 20]).

Further, relative volumes changes due to alloying are defined as:

V X V X VMg Mg Mg16 415 15( ) ( ) ( ) ( )D = -

and the relative change of the SFE due to alloying as:

I X I X ISFE Mg SFE Mg SFE Mg . 51 15 1 15 1( ) ( ) ( ) ( )D = -

Here,Mg is taken as the reference ( V Mg 0( )D = and I SFE Mg 01 ( )D = ).

Figure 1. Schematic figure of supercells for hexagonal-close-packed (hcp) structure and double hcp (dhcp). In both hcp and dhcp
there are two symmetry-nonequivalent sites for solutesX1 andX2. For convenience of description in the following text, these
supercells are denoted as hcp-1, hcp-2, dhcp-1 and dhcp-2.
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The I1 SFEs of 18 differentMg alloys were calculated including 8 RE solutes (RE=Er,Ho, Lu, Sc, Tm,Nd, Pr,
Y) and 10 non-RE elements (non-RE=Co,Os, Tc, Tl, Be, Re, Ru, Ti, Zr andZn). As the appliedmethod based
on the ANNNImodel was validated particularly for hcp and dhcpmetals, lanthanideswith other crystal
structures (Ce, Pm, Sm, Eu, andYb)were not considered. Since the PAWpseudopotentials available in theVASP
database cannot correctly predict the ground state of Gd, Tb andDy, we have not considered them either.

3. Results and discussion

3.1. Five groups of relationships
3.1.1. Relation between I1D SFE ( XMg15 ) and volumes
First we analyzed the relation between the I1 SFE and the volume per atom in XMg15 alloys. Figure 2 shows the
computed I1D SFEs as a function of the relative atomic volumes of these alloys. Generally, the I1 SFE is lower
when the volume of the alloy is larger. This strong anti-correlation between I1D SFE ( XMg15 ) andΔV ( XMg15 )
can bemathematically expressed by a Pearson correlation coefficient r 0.97= - .Mg-RE alloys have a larger
atomic volume than pureMg, and thus they lower the I1 SFEwith respect to pureMg. The I1D SFE ( XMg15 )
values for elements of the lanthanide series are very close to each other, probably because they share a similar
electronic structure.Mg-Y deviates from this pronounced trend.When comparing Y and Sc,Mg-Y has a smaller
volume thanMg-Sc, but a lower I1D SFE ( XMg15 ) thanMg-Sc (that is 50%higher). One origin of this difference
may lie in their electronic structures. Scandium and yttriumbelong to the same group (IIIB group) as the
lanthanide series elements, but they are in different periods and, consequently, have different outer electron
shells. The electrons in these atomic shellsmay account for the differences in the I1 SFE. The relation between the
I1 SFE and the period numberwill be discussed in detail below.

Almost allMg-alloys containing non-RE solutes have negativeΔV ( XMg15 ) values and positive I1D SFE
( XMg15 ) values. The only exception is Tl; Mg Tl15 has a larger volume thanMg and also higher I1 SFE thanMg. As
the non-RE elements are fromdifferent groups and periods, they share hardly any similarity in their electronic
structures. Therefore the data points ofMg-non-RE alloys aremore scattered around the interpolating line.
Importantly, we can conclude that the volume per atom inMg alloys is strongly anti-correlatedwith its I1 SFE
and the atomic volume of alloys is a reliable indicator of the SFE changes. The question is if we can further
connect the volumetric changes in alloys with the atomic volume of pure solutes.

Having the SFE inMg-alloys related to the atomic volume in these alloys, we further analyze the latter as a
function of the atomic volume of elemental solutes. Figure 3 shows the relation between the atomic volume of a
solute X and the average atomic volumeV of XMg15 alloys. It is worthmentioning thatDFTmethods usually
predict the lattice parameters very accurately with only very small deviations from experimental data. Here both
volumes are derived from ab initio calculations. The values follow a rather intuitive trend: when a larger atomX
is placed into a XMg15 supercell, the average atomic volume of the alloy increases.Most of the elements
considered follow this trend. The high Pearsons correlation coefficient r= 0.95 indicates a strong correlation
between the elemental volume and the alloy volume.Nevertheless, there are exceptions from this rule. For
example, elemental zirconium (Zr) is larger thanMg, but the atomic volume of Mg Zr15 is smaller than the

Figure 2.Relative change of the stacking fault energy I1D SFE of XMg15 as a function of the change of volume per atom in aMg-alloy

V XMg15( )D . The data-points can be divided into two groups by the atomic volume of pureMg (22.85 3Å ). All RE-elements increase
the volume of XMg15 alloys. Almost all non-RE elements reduce the XMg15 volumes, with Tl being an exception.
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volume of both pure Zr andMg. Another exception is Tl. The volume of Tl is 30% larger thanMg, butwhen
incorporated into theMgmatrix it changes less than 1%of the average volume of Mg15 Tl.We assume that
strong chemical bonds are formed betweenMg atoms and these solutes (e.g. Zr, Tl) and subsequent electron
transfers lead to this anomaly. In the non-RE group, Tc, Ru, Re andOs deviate slightly from this linear trend.
These four transitionmetals have approximately the same volume and all significantly reduce the atomic volume
of XMg15 (which is even smaller than that in Mg15 Be). The contracted volumes also indicate formation of strong
chemical bonds.

3.1.2. I1 SFEs in pure solutes andMg alloys
Figure 4 shows the relation between the I1SFEs in (i) XMg15 alloys and (ii) pure solutesX. The SFE of XMg15
increases slowlywith the SFE of pureX but a clear linear trend is not evident. Still, the increasing trend can be
interpreted such that if an I SF1 is energetically difficult to be generated in ametalX, so it is in the XMg15 alloy.
The points can befitted to a linear relation but the corresponding correlation coefficient, r= 0.67, is rather low.
The linearfit equation reads (unit in mJ m 2- )

XMg 0.061 0.015 X 12.96 2.45 . 615( ) ( ) ( ) ( ) ( )g g=  + 

Interestingly, the slope is 0.061± 0.015» 0.0625= 1/16, which is exactly the atomic concentration of element
X in XMg15 . However an approximation based on the fractional concentrations is only roughly indicative.
Among the studied elements, Re, Co, andTc possessmedium-level SFEs butwhen added into XMg15 supercells,

Figure 3.Relation betweenV ( XMg15 , per atom) and volumeV(X, per atom). The data-pointsmostly follow a linear trend: a larger
atomic volume ofX correlates with a larger averaged atomic volume of XMg15 .

Figure 4.Relation between the I1 SFE of XMg15 alloy and the I1 SFE of elementalX.
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the corresponding alloys have rather high SFEs ( 35» mJ m 2- ). In an oppositemanner, the SFE of rhenium is
significantly lower (5 mJ m 2- ) than that in Mg Re15 (35 mJ m 2- ).

The negative SFEs ofMg-X alloys (X=Nd, Pr) can be understood in such away that the I SF1 can form
energetically spontaneously, and there is no extra energy needed to obtain I SF1 in the alloys. In theANNNI
model, the I1 SFE is proportional to the term (Edhcp—Ehcp), i.e., the total energy difference between the phases
with hcp and dhcp stacking sequences.When I1 SFE is negative, E Edhcp hcp< , the alloy ismore energetically
stable in a dhcp structure than in the hcp one.

3.1.3. I1 SFEs and the atomic number of solutes
The lanthanide elements have similar affinities and chemical properties which is a result of similar atomic and
electronic structures, and they are often visualized in the periodic table of elements as a single element. Therefore
we have defined an average I1 SFE for the considered lanthanide elements. The I1 SFEs as a function of period are
shown infigure 5(a) and (b). The I1 SFEs of elemental RE and non-RE solutes decrease with increasing periodic
number, but the slope levels down for higher periodic numbers. A similar trend is predicted also for the
respective XMg15 (X=RE) alloys but with a smaller slope.

All tenMg-non-RE alloys considered, which belong to three different periods, are shown as function of
group number (see figure 5(c)). The I1 SFEs of XMg15 of these alloying elements increase whenmoving from
group IVB toVIIIB and decrease fromgroupVIIIB to IIIA (see the values for periods 4 and 6). Figure 5(d) shows
the I1 SFE offive RE elements and four non-RE elements in Period 6. FromPr toOs, the I1 SFE values increase
with the atomic number but then they decrease (see the data point for Tl). The increasing rate fromLu toOs is
higher compared to that fromPr to Lu.

If we do not collapse all lanthanides into a single data point but visualize them separately, the I1 SFEs of
lanthanides are shown in figure 6. The I1 SFE values grow as a function of the atomic numberwithin the
lanthanide series in case of both elemental solutes andMg-alloys containing them. The two trends in I1 SFEs as a
function of the atomic number (lanthanides andMg-alloys) are different and, therefore, they are individually
depicted infigures 6(a) and (b). The I SF1 energies in pure solutes grow in a concavemanner as a function of the
atomic number (figure 6(a))while for XMg15 alloys, the I1 SFE values first increase in a convexmanner and then
increase in a concavemanner for higher atomic numbers (figure 6(b)). Fortunately, both trends deviate from
linear trends only veryweakly and so correlations are not significantly reduced.

Figure 5.The I SF1 energies as functions of the period number (a,b), the group number (c) and the atomic number (d).
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3.1.4. I1 SFEs and electronegativity
The I1 SFEs computed for different binaryMg alloys as a function of the electronegativity of the individual
alloying elements are depicted in figure 7. The data for the electronegativity have been taken for all solutes
considered (bothRE and others) from [32]. Even though some local trend (e.g. the four elements around 1.6
electronegativity) is seen, globally the values of I1 SFE in XMg15 increase with increasing electronegativity of
elemental solutes. The data points seem to be strongly correlated and the corresponding Pearsons correlation
coefficient, r= 0.95, is very high. The electronegativity is an excellent linear indicator of SFE changes induced by
alloying.

3.1.5. I1 SFEs and bulkmodulus
Figure 8 shows the relation between the I SF1 energies in XMg15 alloys and the value of the bulkmodulus of
solute elements. The bulkmoduli are calculated for allmetals considered at their ground state structure, i.e. dhcp
crystals in the case of Pr andNd and hcp crystals for all other consideredmetals. The I SF1 energies in XMg15
alloys clearly growwith the bulkmodulus computed for the elemental solutes but the trend visible infigure 8 is
not a simple linear function.We propose a logarithmic relation between both quantities, as it seems tofit better
and gives a rather high correlation coefficient r= 0.90. In linearfitting, this coefficient is 0.87. The bulkmodulus
is thus a good logarithmic indicator of I1 SFE changes upon alloying.

Figure 6. I1 SFE in (a) XMg15 alloys (X=RE elements) and (b) elemental Sc,Y and lanthanides as function of the atomic number of
elementX .

Figure 7.Relation between the I1 SFE in XMg15 alloys and the electronegativity of different solute elementsX.
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3.2. YSI of binaryMg alloys
Wehave studied five separate dependencies between the I1 SFEs ofMg alloys on the one hand and various
materials characteristics of elemental solutes on the other.Wefind that three of thempossess strong correlations
or anti-correlations with the I SF1 energies, specifically, (i) the atomic volume; (ii) electronegativity; and (iii) the
bulkmodulus. The corresponding Pearsons correlation coefficients are−0.97, 0.95 and 0.90, respectively.
Interestingly, the I SF1 energies are found to be (anti-) correlated to (i) the volume, i.e., a structural characteristic,
(ii) the electronegativity which is an electronic structures property, and (iii) the bulkmodulus, one of the elastic
parameters. Similarmutual (anti-) correlationswere previously found also in other systems. For example, in the
case of body-centered-cubic Fe-Ti alloys, their thermodynamic stability (expressed in terms of their formation
energies)were found to be strongly related to their density of state at the Fermi level (an electronic structure
characteristics). Furthermore, each of these properties (the formation energy and the density of states)were
found to be strongly (anti-) correlated with the polycrystalline Youngsmodulus of these alloys [33]. Other (anti-)
correlations between the thermodynamic stability and elastic parameters were found in face-centered-cubic
alloys e.g. Ni-W [34] orNi nitrides [35]. Apparently, such relations between the atomic-scale electronic structure
parameters andmacro-scale properties are rather independent on the actual crystal structure andmaterial
system.

A comparison of the above discussed parameters is presented infigure 9, where all elements are sorted
according to their (a) atomic radius, (b) electronegativity and (c) bulkmodulus. Fromfigure 9 it is evident that all
elements which reduce the I1 SFE inMg (lanthanides, Y, Sc) have (i) large atomic radii of184 pm (Mg: 145
pm), (ii) electronegativity values close to the that ofMg (1.1–1.3) and (iii) bulkmoduli close toMg, i.e. 32-56GPa
(see our recent paper [8] for further details). Amore detailed analysis of these parameters shows that Sc, which
onlymoderately reduces the I1 SFE inMg, fulfills all three criteria but its values are a bit away from those of Y and
the lanthanides. Additionally, it was revealed that none of the other elements (i.e. others than lanthanides, Y and
Sc) fulfills all three criteria.

Having all these above discussed findings we see that there are three critically important parameters of
solutes (the atomic volume, electronegativity, and the bulkmodulus) that should be considered. As it is rather
inconvenient to simultaneously considermultiple criteria, we below attempt to provide a single evaluation
factor integrating all three parameters. Due to the fact that we aim at ductility improvements, we use yttrium as a
reference belowbecause it is known to improve the ductility ofMg alloys [2, 4, 5]. Belowwe thus compare
properties of other solutes with those known for Y. Based on the above summarized relationswe define anYSI, a
newnumerical indicator which combines the atomic volume, electronegativity and the bulkmodulus.We
define the YSI as follows

w v v w w B BYSI 1 , 7i v i Y i Y B i Y
2 2 2( ) ( )( ) ( )n n= - - + - + -n

where i=H, Li, Be, ...Bi. The quantities v, ν andB represent the atomic volume, electronegativity and the bulk
modulus of an element, respectively, andwv, wn andwB are theweights of the three components. Their values are
determined by the slopes of their linear fitting equations and normalized by setting themaximal YSIi as 1. Under
these conditions, (wv, wn ,wB)= (1.887, 1.777, 0.511). The three components enter this equation normalized by
the largest values of the selected 76 elements from the periodic table of elements, namely the atomic volume of

Figure 8.Relation between the I1 SFE ( XMg15 ) and the bulkmodulus of elementX.
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Cs (117Å3), the electronegativity of F (3.98), and the bulkmodulus ofOs (462GPa). As the reference, the atomic
volume, electronegativity and bulkmodulus of yttrium are 33Å3, 1.22 and 41GPa. The YSI parameter defines a
specificmetric or ‘distance’ between an element and yttrium in a property space. The larger YSI is, themore
similar it is to yttrium. It should be noted that the YSI is introduced as a concentration-independent
quantifier because it compares only concentration-independentmaterials characteristics of elemental
solutes with corresponding values that are known for pure yttrium. The fact thatmost of I SF1 energies discussed
in our studywere computed for one specific solute concentration (6.25 at.%) is therefore of only limited
importance.

The three selected characteristics of 76 elements from the periodic table of elements are together with their
computed YSI values summarized in table 1. For the lanthanide series (fromCe to Lu), the YSI values are very
large and close to each other. By using the YSI we can identify the lanthanide elements as themost similar
elements to yttrium (see table 2). Thatmatches the above discussed I1 SFEswhich are low forMg-RE binaries.
The non-RE elements with the highest YSI values (0.84–0.86) areNa, Ca, Zr, Tl, and Li. Judging from their YSI
valueswhich are very close toMg (0.84), these non-RE elements do not guarantee a reduction of the I1 SFE inMg
alloys since ourmodel is based on an approximation of three (anti-)correlations. Calciumwas found to decrease
the elongation ofMg up to a concentration of 3wt% [37]. Salahshoor et al performed amore dense set of
experiments on samples with 0–4.0wt%ofCa [38]. They found that Ca could increase the elongation ofMg by
4% for an alloying content of up to» 0.5wt%but decreases the elongation for higher concentrations. There are,

Figure 9. Selected 76 elements from the periodic table sorted by their (a) atomic radius, (b) electronegativity and (c) bulkmodulus
[32]; the lanthanides, Y and Sc have (i) large atomic radii of 184 pm (Mg: 145 pm), (ii) electronegativity values close to the that ofMg
(1.1–1.3) and (iii) bulkmoduli close toMg (32–56GPa); none of the other elements have all three parameters in the same range; the
elements whichwere considered in the present study and calculated to increase the I1 SFE are shown by yellow circles. The pink dash-
line circles the lanthanide series and Sc, Y.
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unfortunately, no experimental data forMg-Na alloys available. The solubility ofNa inMg is very low (seeMg-
Na phase diagram), thereforeNa is not a promising solute of interest. Zirconiumhas a too low solubility inMg,
hence it is used as a grain refiner [39]. No data forMg-Tl alloys are available. Li is a well-known solute that can
improve the ductility ofMg [40–43] by enhanced activity of c aá + ñdislocations [43], which is consistent with
our prediction.

There are no bulkmodulus data available forH,N,O, F,Ga, Tc and In. The bulkmodulus term in the YSI
determination is then ignored by setting Bi=BY= 41GPa.However, it was found that these (mostly interstitial

Table 1.Parameters characterizing solute elements (‘El.’), the electronegativity ν (by Pauling scale), bulk
modulusB and atomic volumeV (as taken from [32] and [36]), together with the computed yttrium similarity
index (YSI) values. It is noted that usually interstitial elements (such asH, B, C,N,Oor F) are here treated as
substitutional.

El. ν B V YSI El. ν B V YSI

(GPa) (Å3) (GPa) (Å3)

H 2.2 41 1.19 0.504 Ru 2.2 220 13.60 0.514

Li 0.98 11 21.50 0.837 Rh 2.28 380 13.70 0.328

Be 1.57 130 8.09 0.657 Pd 2.2 180 14.70 0.553

B 2.04 320 7.30 0.406 Ag 1.93 100 17.10 0.684

C 2.55 33 8.83 0.472 Cd 1.69 42 21.60 0.793

N 3.04 41 1.40 0.287 In 1.78 41 26.10 0.796

O 3.44 41 0.89 0.167 Sn 1.96 58 27.00 0.741

F 3.98 41 0.59 0.001 Sb 2.05 42 30.20 0.720

Na 0.93 6.3 39.50 0.866 Te 2.1 65 34.00 0.703

Al 1.61 76 16.60 0.761 I 2.66 7.7 42.70 0.502

Si 1.9 100 20.00 0.711 Cs 0.79 1.6 117.00 0.000

P 2.19 11 28.20 0.667 Ba 0.89 9.6 65.00 0.607

S 2.58 7.7 27.20 0.537 La 1.1 28 37.50 0.931

Cl 3.16 1.1 3.94 0.264 Ce 1.12 22 34.80 0.951

K 0.82 3.1 75.90 0.478 Pr 1.13 29 35.30 0.956

Ca 1 17 43.00 0.858 Nd 1.14 32 34.20 0.967

Sc 1.36 57 25.00 0.892 Sm 1.17 38 34.00 0.979

Ti 1.54 110 17.60 0.765 Eu 1.2 8.3 48.10 0.816

V 1.63 160 13.80 0.679 Gd 1.2 38 33.10 0.992

Cr 1.66 160 12.10 0.660 Tb 1.2 38.7 32.10 0.987

Mn 1.55 120 12.20 0.706 Dy 1.22 41 31.60 0.983

Fe 1.83 170 11.80 0.621 Ho 1.23 40 31.20 0.978

Co 1.88 180 11.00 0.598 Er 1.24 44 30.60 0.971

Ni 1.91 180 10.90 0.592 Tm 1.25 45 30.10 0.964

Cu 1.9 140 11.80 0.630 Yb 1.1 31 43.80 0.867

Zn 1.65 70 15.20 0.743 Lu 1.27 48 29.50 0.955

Ga 1.81 41 19.60 0.748 Hf 1.3 110 22.30 0.833

Ge 2.01 75 22.70 0.704 Ta 1.5 200 18.10 0.684

As 2.18 22 21.70 0.651 W 2.36 310 15.90 0.401

Se 2.55 8.3 27.20 0.547 Re 1.9 370 14.70 0.403

Br 2.96 1.9 42.50 0.404 Os 2.2 462 14.00 0.237

Rb 0.82 2.5 92.70 0.287 Ir 2.2 320 14.20 0.415

Sr 0.95 41 55.30 0.724 Pt 2.28 230 15.40 0.496

Y 1.22 41 33.00 1.000 Au 2.54 220 17.00 0.446

Zr 1.33 91.1 23.30 0.857 Hg 2 25 24.60 0.720

Nb 1.6 170 18.00 0.705 Tl 1.62 43 28.70 0.857

Mo 2.16 230 15.50 0.524 Pb 2.33 46 30.40 0.627

Tc 1.9 41 14.20 0.683 Bi 2.02 31 35.50 0.730

Table 2. Statistical data of YSI values. Yttriumhas themaximum
value of the YSI andCs theminimumone.

Average YSI 0.66

MaximumYSI 1

MinimumYSI 0

Top ten elements Y,Gd, Tb,Dy, Sm,Ho, Er, Nd, Tm, Pr

Lowest ten elements Cs, F, O,Os, Cl, N, Rb, Rh,W, Re

Top five of non-RE Na, Ca, Zr, Tl, Li
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elements that are here treated as substitutional) possess rather lowYSI values, i.e. low similarity to Y (see table 2)
andwe do not expect them to reduce the energy of I SF1 by substitutingMg atoms.

We show the relation between the I1SFE andYSI for 18Mg alloys infigure 10. The SF energies decrease with
increasing YSI. At lowYSI values the I1 SFE decreases slowly, then the falling slope of the I1SFE increases and
finally the I1SFE drops rather sharply for high YSI values. This relation can befitted to an exponential function as

42.11 1 exp 4 YSI 1 mJ m 82( )( { ( )}) ( )g = - - -

which is characterized by a high Pearson correlation coefficient r= 0.93. The exponential character of the trend
infigure 10 is partly due to the logarithmic relation between the bulkmoduli and the I1 SFEs. In our definition of
the YSI, we use linear functions (concept of distances in a generalized space ofmaterials properties of elements).
By using this exponential functionwe can easilyfind the lowest values of the YSI parameter that leads to a
reduction of the I1 SFE inMg alloys (comparedwith elementalMg). This critical value is associatedwith the I1
SFE of pureMg (19.47 mJ m 2- ), and the threshold value of YSI is 0.84 1 1 4 ln 2( )» - . Infigure 10. Therefore,
the elements which can possibly reduce I1SFEs are expected to have the YSI values above 0.84 and the I1SFE
lower than 19.47 mJ m 2- . For elements with YSI0.84, their locations in the properties space are shown in
figure 11 (some elementswith YSI smaller than 0.84 are also shown).

Our findings can be interpreted as sever fundamental limitations in any search for alternative solutes
ductilizingmagnesium (there is only a single non-RE element, Li, having a YSI0.84). Consequently, alloy-
design strategies should be rather focused onmulti-component alloying concepts (e.g., ternary or quaternary
Mg-alloys) that can potentially provide a necessary reduction of the I1SFE as yttriumby combiningmore than
one solute. In order to pave this way, we below extend our searching space of solutes frombinaries to ternaries
and demonstrate the performance of our screening and searchmethod.

3.3. YSI and I1 SFE of ternaryMg alloys
3.3.1. Extending the concept of YSI to ternaries
TheYSI concept introduced above (see equation (7) is based on comparing selectedmaterials properties of
individual solutes to correspondingmaterials properties in yttriumwith the aim to identify individual solutes. In
case ofMg-based ternaries containing two different solutes at once, wewould like to assign a single numerical
evaluator to a pair of solutes, each of themhaving different elementalmaterials properties.

In order to extend the YSI concept tomulti-component alloys, we propose to use solute-ratio weighted
averages ofmaterials parameters of individual solutes, i.e., averages ofmaterials properties of both individual
participating solutes in case of two solutes with an equal atomic-percent amount (see the cases discussed below).
In the ternary case we then re-write the YSI formula for a single solute (equation (7)) and extend the YSI concept
to ternaryMg alloys as follows

w v v w w B B i jYSI 1 , . 9ij v ij Y ij Y B ij Y
2 2 2( ) ( )( ) ( )n n= - - + - + - ¹n

i j, =H, Li, Be, ...Bi, using averagedmaterials parameters, the atomic volume v v v 2ij i j( )= + , the bulk
modulus B B B 2ij i j( )= + , and the electronegativity 2ij i j( )n n n= + , weighted by the sameweightswv,we

Figure 10.Relationship between SFE andYSIwith the horizontal border line indicating the I1 stacking fault energy value in pureMg.
Elements decreasing the I1 stacking fault energy inMg alloys are in the part with a greenish background.
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Figure 11. Selected elements with YSI values 0.84 projected onto planewith different property pairs: (a) atomic volume and
electronegativity; (b) atomic volume and bulkmodulus; and (c) electronegativity and bulkmodulus.Whenever datapoint symbols
and their legends overlap, an inset shows a suitablemagnification.
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andwB as in equation (7). The total number of solutes pairs (containing twodifferent solutes) is
76 76 2 76 2850´ - = .

Applying equation (9), the YSI values of all 2850 combinationswere calculated. Since our aim is to identify
solute pair that consists of non-RE elements but is also able to reduce the I1 SFE like yttrium, the RE elements are
excluded fromour discussion of results below.

No non-RE candidates possess YSI above 0.98. The statistical data of thematrix are listed in table 3. There are
133 non-RE solute pairs witha YSI larger than 0.85. These solute candidates alongwith their YSI are listed in
table 4 ordered according to their YSI value from the lowest to the highest one. The last 11 solute pairs in table 4
have YSI values larger than 0.95. Except (Sr,Zn), ten of these pairs contain either Ca,Na or Al. Among these ten
pairs, five solute pairs contain Ca, three includeNa and two contain Al.

3.3.2. Ab initio computed SFEs inMg-based ternaries
In order to test the reliability of the above predictions of solute pairs based on the YSI, we belowdetermine the I1
SFEs for 11 promising solute pairs from theANNNImodel. To do so, quantum-mechanical calculations have
been performed for supercells with two non-equivalent configurations of two solutes in both hcp and dhcp
supercells (shown infigure 1). The solutes are located so as tomaximize theirmutual distances within the
supercells. The chosen arrangementsminimize theirmutual interactions as expected in case of low and dilute
concentrations.Minimum interactions between solute atoms are also in linewith our proposed extension of the

Table 3.The statistic data of YSI values com-
puted forMg-based ternaries. Since our aim is
to find non-RE solute pair that have highYSI,
only data for pairs that do not contain RE ele-
ments are listed.

YSI No. of combinations

0.85 value<0.95 122

0.95 value<0.98 11

0.98 value 0

Table 4.Yttrium similarity index (YSI) for 133 non-RE solute pairs with YSI larger than 0.85. Among them11 solute
combinations possess YSI larger than 0.95.

Solutes YSI Solutes YSI Solutes YSI Solutes YSI Solutes YSI

Fe,K 0.851 Te,Ca 0.872 Bi,Li 0.888 Sr,Cr 0.903 Sr,Be 0.928

Ba,Ge 0.852 Zr,Li 0.873 Sb,Ca 0.888 Sb,Na 0.904 Tc,Sr 0.929

Sb,Sr 0.852 Ba,Si 0.873 Ba,H 0.888 V,Ca 0.904 Zn,Na 0.930

Zn,K 0.853 Sr,Co 0.874 Nb,Sr 0.890 Ge,Ca 0.904 Ga,Na 0.930

Cu,K 0.857 Tl,Zr 0.875 Cr,Na 0.890 Ba,Cr 0.905 Ga,Ca 0.932

Cr,K 0.857 Fe,Na 0.875 Ta,Ca 0.891 Tc,Ca 0.905 Sr,Ti 0.932

Cd,Li 0.859 P,Na 0.875 Sr,Li 0.891 Ag,Sr 0.906 Sr,Mn 0.937

Pb,Na 0.859 Ba,Nb 0.875 Ba,Fe 0.891 Ag,Ca 0.907 In,Ca 0.938

Ta,Ba 0.860 Ba,Cd 0.875 Te,Na 0.892 Hf,Sr 0.908 Ba,Be 0.939

Ni,Na 0.861 Sn,Sr 0.876 Ta,Na 0.892 Ag,Na 0.908 Al,Na 0.939

Ni,Ca 0.862 Bi,Ca 0.876 Tl,Sr 0.893 Hg,Na 0.908 Ti,Na 0.941

Co,Na 0.864 Te,Li 0.876 Na,Li 0.894 Ba,Al 0.909 Zn,Ca 0.942

Ca,Na 0.864 Fe,Ca 0.877 Bi,Na 0.894 Mn,Na 0.909 In,Na 0.947

Hf,Li 0.864 As,Na 0.877 Cr,Ca 0.896 Nb,Ca 0.910 Hf,Na 0.949

Ca,P 0.864 In,Li 0.877 Sr,Cu 0.897 Sn,Ca 0.910 Ti,Ca 0.950

Ba,Zr 0.864 K,H 0.880 Ca,Be 0.897 Nb,Na 0.910 Cd,Na 0.951

Co,Ca 0.865 Ba,Ga 0.881 In,Sr 0.898 Ca,Li 0.912 Sr,Al 0.952

Hf,Ba 0.866 Hg,Sr 0.881 Ba,V 0.898 Zr,Sr 0.913 Ca,Al 0.952

Mn,K 0.867 Cu,Na 0.881 Tc,Na 0.899 Ge,Na 0.913 Tl,Ca 0.952

Sr,As 0.867 Ba,Ni 0.882 Ba,Ti 0.899 Ba,Zn 0.915 Cd,Ca 0.954

Sn,Li 0.867 Cu,Ca 0.884 Ba,Cu 0.899 Ca,Si 0.916 Sr,Zn 0.956

Sb,Li 0.869 Na,Be 0.884 V,Na 0.899 Mn,Ca 0.922 Hf,Ca 0.958

Sr,H 0.869 Ba,Co 0.884 Hg,Ca 0.901 Si,Na 0.922 Zr,Na 0.962

Tl,Hf 0.869 Sr,Fe 0.885 Ba,Tc 0.901 Sn,Na 0.923 Tl,Na 0.966

Ta,Sr 0.870 Ba,Ag 0.885 Tl,Li 0.901 Ba,Mn 0.925 Zr,Ca 0.973

As,Ca 0.871 Sr,Ge 0.885 Sr,Si 0.901 Sr,Ga 0.925

Sr,Ni 0.871 K,Be 0.887 Sr,V 0.903 Cd,Sr 0.928
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YSI to ternaries and higher-component alloys whenwe usematerials properties of individual solutes (see
equation (9)).

For the four supercells we denote the total energies as Ehcp 1- , Ehcp 2- , Edhcp 1- and Edhcp 2- . Due to the fact
that the I SF1 energies are computedwithin the ANNNImodel as the difference between energies of the hcp and
dhcp structures, there are four I SF1 energies considered. These I SF1 energies are summarized in table 5 and
noted as ‘1-1’, ‘1-2’, ‘2-1’, and ‘2-2’when, e.g., ‘1-2’means that the I1 SFE is computed from the energy difference
of Edhcp 1- and Ehcp 2- . The ‘2-2’ I SF1 energy is negative in case of the (Zr,Ca), i.e., the energy of the (Zr,Ca) pair in
case of the dhcp-2 supercell is even lower than that in case of the hcp-2 supercell, and that would indicate that the
stacking faults would form very easily, in fact spontaneously, if allowed by surrounding crystalmatrix in this
particular case.

AtT= 0K, the solutes choose their lattice position so as tominimize the energies (both in dhcp and hcp
crystals) and the corresponding computed values of I1 SFE are in table 5 in the ‘min.’ column (these I1 SFE values
are the smallest values among ‘1-1’, ‘1-2’, ‘2-1’ and ‘2-2’ combinations for each considered solutes pair). Atfinite
temperatures, the solutes have non-zero probabilities to occupy also other positions, not only those that
minimize the energy. As an estimate for the finite-temperature values of the I SF1 energies, we assume an equal
probability for all crystal sites and compute an average value of the four I1 SFEs and list them in table 5 in the
columnmarked ‘average’.We expect real values somewhere between theminimumvalue of the I1 SFE and the
average one. Therefore, we sort the solute pairs so that if both theminimumand averaged values are smaller than
19.47 mJ m 2- (the value found in the elementalMg), the corresponding solute pair is considered as ‘very
promising’with respect to the reduction of the I1 SFE inMg ternaries. If only one of these two quantities is
smaller than 19.47 mJ m 2- , the solute combination is considered as ‘promising’ to reduce I1 SFE. Lastly, if both
quantities are larger than 19.47 mJ m 2- , the candidate pair is evaluated as ‘not promising’ to reduce I1 SFE.

Following the above explained evaluation, eight solute combinations, (Ti,Ca), (Sr,Al), (Tl,Ca), (Sr,Zn), (Hf,
Ca), (Zr,Na), (Tl,Na) and (Zr,Ca), are predicted to be very promisingwith respect to reducing the I1 SFE inMg
alloys. Three other solute pairs, (Cd,Na), (Ca,Al) and (Cd,Ca), are promising to reduce I1 SFE ofMg. As seen, no
solute pair was found ‘not promising’, i.e. unable to reduce the I1 SFE inMg alloys. Thatmeans an excellent
agreement between our YSI-based prediction and benchmarking I1 SFE quantum-mechanical calculations. The
SFEs discussed abovewere computed using lattice constants of pureMg (a 3.1886= Å, c a 1.6261= ). To
assess an error introduced by this way of calculating the energies, the lattice constants of one specific solute pair
(we chooseMg-(Al,Ca) as bothAl andCa are used as alloying elements inMg alloys)were fully optimized and
found equal to a 3.199= Å, c a 1.626= . The subsequent use of the optimized lattice constants in our
quantum-mechanical calculations resulted in the SFEs altered by only 0.7–0.8 mJ m 2- and the use of theMg
lattice constant is thus shown to be a good approximation.

Nevertheless, it should be noted that our approach based on the YSI does not includemore complex
thermodynamic aspects of ternary alloys that are related to e.g. ternary phase diagramswhere intermetallics and
other phases appear and influence, for example, the solubility of solute(s) or thermodynamic stability of ternary
alloys.We also note that an alternative solute evaluator was very recently published by Liu et al [44]which
considers also electronic-structure characteristics of individual solute pairs. This alternative approach can

Table 5.The ab initio computed I1 SFEs of ternaryMg alloys with solutes consisting of only non-RE elements with YSI
larger than 0.95. The I SF1 energies were computed using theANNNImodel from the four energies of hcp and dhcp
supercells depicted infigure 1. They are noted as ‘1-1’, ‘1-2’, ‘2-1’, and ‘2-2’when, e.g., ‘1-2’means the I1 SFE is
computed from the energy difference of Edhcp 1- and Ehcp 2- . The unit of the numbers is mJ m 2- . The last column
contains a verbal evaluation of the potential of listed solute pairs with respect to the reduction of I1 SFE inMg-based
ternaries.

Solutes YSI 1-1 1-2 2-1 2-2 Minimum Average Potential

Ti,Ca 0.950 26.9 16.4 17.8 7.3 7.3 17.1 Very promising

Cd,Na 0.951 18.2 21.1 20.0 23.3 18.2 20.7 Promising

Sr,Al 0.952 9.1 18.2 17.5 26.2 9.1 17.8 Very promising

Ca,Al 0.952 14.6 19.3 20.0 24.7 14.6 19.6 Promising

Ca,Ala 0.952 13.8 18.6 19.3 24.0 13.8 18.9 Very promising

Tl,Ca 0.952 15.6 18.9 16.7 20.0 15.6 17.8 Very promising

Cd,Ca 0.954 15.6 20.0 18.6 22.9 15.6 19.3 Promising

Sr,Zn 0.956 13.1 18.9 18.6 24.7 13.1 18.9 Very promising

Hf,Ca 0.958 31.3 15.6 17.1 1.5 1.5 16.4 Very promising

Zr,Na 0.962 24.7 16.0 17.5 8.7 8.7 16.7 Very promising

Tl,Na 0.966 17.5 19.3 17.8 19.3 17.5 18.6 Very promising

Zr,Ca 0.973 40.0 27.7 7.3 −5.1 −5.1 17.5 Very promising

a Computedwith the optimized lattice parameters a= 3.199Å, c/a= 1.626 (see the text for details).
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possibly better capture the thermodynamic complexity of solutes inMg alloys (see also the recent paper byCui
et al [45]). But, in order to do so, it requires quantum-mechanical calculations to be performed for each solute
combination and such proceduremay not be easily inverted, i.e. identify a solute combination for a given SFE
value. In contrast, the YSIwas purposely designed to avoid any direct ab initio calculations (albeit it isfirmly
based on our previous quantummechanical calculations) and itsmathematical backbone allows for an inverse
materials design. Another specific aspect is interstitial solutes, that typically compare poorly with yttriumusing
the YSI, and in case of themwe suggest the reader to check, for example, the recently published paper by Zhang
et al [46].

4. Conclusions

Wehave used quantum-mechanical calculations in order tofind relations between the I1 SFEs inMg alloys and
fundamental atomic properties of elemental solutes. Our analysis showed that the I1 SFE is (i) strongly anti-
correlated to the atomic volume (Pearson correlation coefficient r= –0.97), (ii) correlated to the
electronegativity (r= 0.95) and (iii) logarithmically related to the bulkmodulus (r= 0.90). Based on these
relations, we propose anYSI that combines all three criteria and rationalizes the complexity of prediction of the
I1 SFEs. As this newnumerical indicator reproduces the trends of quantum-mechanically computed SFEs for

XMg15 with 18 different solutes, we evaluate it for 76 elements from the periodic table of the elements.We have
found only one non-RE element, lithium, that we predict to reduce the I1 SFE. Seeing this limited options in the
case of binaryMg alloys, we continue in using the newly introduced YSI parameter in high-throughput theory-
guided rapid prototyping of new ternaryMg-alloys with increased ductility.

We extend our YSI analysis to ternaryMg alloys assuming that the physical properties of two solutes can be
represented by average values of their individualmaterials parameters (atomic volume, the electronegativity and
the bulkmodulus). Out of 2850 solute combinations computed, 133 solute pairs (not including anyRE
elements) possess a YSI value larger than 0.85 and 11 of themhave YSIs higher than 0.95. Subsequent quantum-
mechanical calculations of these 11 solute combinations resulted in lower I1 SFEs (comparedwith elementalMg)
in case of all of them.Our proposed YSI parameter thus proved to be 100%effective in identifying promising
solute candidates. Importantly, the newly introduced numerical quantifier allows the identification of themost
promising solutes in a very fastmanner andwithout computationally expensive and lengthy ab initio
calculations.
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