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Effects of calcium on planar fault energies in ternary magnesium alloys
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We are motivated by the need to design magnesium alloys that are free of rare-earth additions, but,
nevertheless, forgeable and free of strong basal texture. It has become recently clear that calcium is a promising
candidate to replace the economically strategic rare-earth elements. To this end, we focus on the planar faults that
typically bound partial glide dislocations of the hcp lattice. We have made first-principles calculations to examine
the generalized stacking fault energy (SFE) of the basal, first- and second-order pyramidal planes. We examine
the changes in fault energy and anisotropy for increasing alloy concentrations and the effect of low concentrations
of calcium. For the calculation of the SFEs from first principles, we use the non-self-consistent Harris-Foulkes
approximation to the local density functional theory. We demonstrate that while this approximation leads
to high computational efficiency, there is no significant loss of precision compared to the self-consistent
Hohenberg-Kohn functional. We go beyond all previous work in which the alloying element is assumed to
reside within the fault and instead address the more realistic situation in which the SFE is modified by the remote
presence of the impurity. This allows us to determine whether segregation is expected and we find that while
elements do segregate to the basal fault they do not to pyramidal faults. Nevertheless, in either case, the fault
energy is strongly modified by alloying. This argues that either a long-ranged electronic structure effect is in
play, or the fault energy modification is affected by the atomic size difference—particularly large in the case of
Ca. We find that Mg-Li-Ca and Mg-Zn-Ca alloys show a remarkable decrease in anisotropy, which is consistent
with their known high strength and formability. In favorable cases, this comes about by strengthening basal slip
rather than weakening nonbasal slip. The Ca contribution increases inversely with the atomic size of the alloying

element, allowing us to speculate that alloying effects are generally atomic size effects.
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I. INTRODUCTION

Magnesium-based alloys are widely used in the automo-
tive and aerospace industries due to their high strength and
light weight. It is known that Mg alloys suffer from low
tensile ductility, high plastic anisotropy, strong texture, and
low corrosion resistance. To tackle those problems, a small
percentage of rare earth is usually added in most commer-
cial alloys. Depending on the manufacturing process and
the composition of the alloy, addition of rare earths shows
enhancement in one or more properties such as improved
ductility, hardness, high-temperature strength and formability,
lower basal texture, and creep and corrosion resistance [1-10].
Reports indicate that the main reason of improvement is due
to the strong segregation of rare earths to dislocations and
grain boundaries [11-14]. Still, the underlying mechanism of
rare-earth enhancement of mechanical properties is not well
understood at the atomic level.

For economic reasons, of even greater importance is to
find alloying additions that are not strategic metals which
have the same beneficial properties as rare earths. A few
non-rare-earth elements such as lithium, zinc, and calcium
have been identified to strengthen the basal plane and in-
crease nonbasal activity [14—17], and generally improve the
mechanical properties of Mg alloys. In particular, Mg alloys
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with a low concentration of Ca have been found to enhance
mechanical properties similarly to rare earths, identifying
Ca as a potentially good rare-earth substitute. Depending
on the production method and the alloy concentration, Ca
in Mg alloys may improve strength, tensile ductility, stretch
formability and creep resistance, and lower the basal texture
[18-26].

It is rather clear that the heart of the problem of strong basal
texture development and plastic anisotropy is the tendency
for easy glide to occur only on the basal planes. This means
that in the absence of twinning (and observed twinning modes
in Mg offer an order of magnitude smaller shear than other
hcp metals) Von Mises’s criterion for general yield is not
met. After detailed atomic scale calculations, Curtin and co-
workers [27-29] have shown that glide on nonbasal planes
involves complex processes of constriction, cross-slip and
core transformations occurring on long timescales; and that
these processes, in particular cross slip, are very sensitive
to the presence of alloying elements. A key quantity is the
stacking fault energy on basal, prism, and pyramid planes.
An obvious goal in alloy design is to find combinations of
nonstrategic alloy elements that, partly through their effects
on stacking fault energies, can bring about a hardening of the
basal planes to slip while at the same time facilitating glide on
nonbasal planes.

In this study we focus on Mg alloys with Ca, Li, and
Zn additions, in order to bring out the large potential of
these alloys. While calculations of fault energies in binary
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[28,30-33] and a few ternary [31,34,35] Mg alloys already
exist, here we make four major contributions. (1) We extend
the range of compositions and SFE calculations of Mg-based
ternary alloys. (2) We consider the more realistic situation
that previously has not been done, in which the alloy ele-
ments are not positioned at the fault plane. This means that
we can understand the long-ranged effects of the alloying
elements on fault energies and at the same time calculate an
effective segregation energy. (3) We demonstrate the use of a
particularly efficient approximation in the density functional
theory, which accelerates calculations of large unit cells with
no significant loss of precision. (4) We attempt to separate
out electronic structure effects from size effects in the roles of
alloying elements in modifying fault energies.

We present results for the stable stacking fault energies
(ysf) of three ternary alloys, Mg-Li-Ca, Mg-Zn-Ca, and Mg-
Y-Ca, in four different concentrations each. We make high-
efficiency density functional theory (DFT) calculations to
study the SFEs along the three major glide planes for Mg, the
basal, and first- (I) and second- (II) order pyramidal planes.
In Sec. III, we analyze our results in four subsections: (1)
the effect of increasing alloying element concentration (Li,
Zn, or Y) in the alloy. (2) The change in the anisotropy of
mechanical properties based on the ratio of the pyramidal over
basal stable SFEs. (3) The effect of proximity of Ca to the
fault on the SFEs. (4) The basal-plane contribution of Ca in
the three ternary alloys by comparing with calculations for
binary alloys without Ca.

II. HIGH EFFICIENCY NON
SELF-CONSISTENT CALCULATIONS

Efficiency for DFT calculations is very important, espe-
cially for large or nonequilibrium systems which are highly
computationally demanding. In our total-energy calculations,
we employ the so-called non-self-consistent (sc) Harris-
Foulkes (HF) approximation. In the sc limit, the functional
of Harris [36] and Foulkes [37] is identical to the Hohenberg-
Kohn functional [38,39]. However, the former is a functional
only of a trial input electron density and, moreover, the
HF functional evaluated for a trial input density is correct
to second order in the difference between the trial and sc
charge densities. With a choice of neutral overlapping atomic
densities, the non-sc approximation has been frequently inves-
tigated [40—-46] and found to produce accurate total energies
for bulk and surface systems. By calculating total energy and
interatomic forces in the HF approximation, we avoid the need
for lengthy sc iterations.

The stacking faults are translation defects, which can be
constructed notionally by making an infinite cut parallel to a
crystallographic plane and displacing the crystal on one side
of the cut with respect to the other by a translation sT. T lies in
the direction of the stacking fault and s is a number between 0
and 1. Hence the most efficient way of studying planar faults is
by using the supercell model to create a single-fault cell with
homogeneous shear boundary conditions (HSBC). In HSBC,
the crystal is displaced by sT but the atoms are fixed to their
initial positions. The stacking-fault is created at the interface
of the supercell with its periodic image, at the fault plane. With
the single-fault cell, we need a smaller supercell along the
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FIG. 1. The left figure shows the homogeneous shear boundary
conditions we use for the construction of planar faults. Najz is the
initial supercell vector, noncoplanar to the stacking fault surface. Na’3
is the final supercell vector translated by sT, where s takes a value be-
tween 0 and 1. The dashed lines represent the periodic images of the
supercell in the direction perpendicular to the stacking fault plane.
This method allows us to use fewer N layers and boost efficiency in
our calculations. The right figure represents the basal configuration
of the tLi4 alloy. The black solid lines describe a supercell without a
stacking fault and the blue dashed lines a supercell with a stacking
fault. The red rectangles show the planar fault. A, B, and C express
the stacking sequence of the planes in the direction perpendicular to
the stacking fault plane. The stacking sequence for a supercell with
a stacking fault is ... ABABCACA.... The silver spheres represent the
Mg atoms, the blue the Li atoms, and the red is the Ca atom. In this
case, the Ca atom is placed at the stacking fault (interface). The SQS
method is used for allocating the Li atoms in the supercell.

direction normal to the stacking-fault (y) surface (N layers)
than in the double-fault cell [or “slab” model (2N layers)],
which is often described in literature. We apply discrete shear
parallel to the y surface, in the direction of the stacking
fault, and allow atomic relaxation only along the direction
perpendicular to it. This type of relaxation, along the direction
perpendicular to the y surface was initially described by Vitek
[47]. We show a typical HSBC construction in Fig. 1(a). We
apply periodic boundary conditions in all directions.

In all our calculations, the stacking fault plane is defined by
a; and a,. a3 is either exactly, or very nearly, perpendicular to
the y surface. ay, a,, and a3 are the lattice vectors of the unit
cell and vary depending on the studied stacking fault plane.
The unit cell with stacking fault has unit vectors a;, a;, and
aj, where aj = a3 + sT, while the atom positions are kept the
same as in the cell without a stacking fault. We calculate the
SFE of each plane, as the total energy difference of a supercell
with a stacking fault and a supercell without a stacking fault
divided by the stacking fault area.

In Fig. 1(b), we visualize a typical supercell for calcula-
tions of the SFE. This supercell depicts the basal configuration
of tLis alloy, as described in Table 1. The silver spheres
represent Mg atoms, the blue Li atoms and the red a Ca atom.
The black solid lines represent the supercell box without a
stacking fault and the blue dashed lines the supercell box
with a stacking fault. The red rectangles represent the y
surface. The letters A and B show the stacking sequence of the
supercell without a stacking fault. For the case with stacking
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TABLE 1. Various compositions of the studied Mg-Li/Zn/Y-Ca
alloys. In order are the reference name for each alloy (the subscript
shows the number of Li/Zn/Y atoms in a 128-atom configuration),
the atomic and weight percentage.

Name at% wt%

tLi, Mg-0.78Li-0.78Ca Mg-0.22Li-1.29Ca
tLi, Mg-1.56Li-0.78Ca Mg-0.45Li-1.30Ca
tLiy Mg-3.13Li-0.78Ca Mg-0.91Li-1.31Ca
tLi7 Mg-13.28Li-0.78Ca Mg-4.17Li-1.42Ca
tZn, Mg-0.78Zn-0.78Ca Mg-2.06Zn-1.27Ca
tZn, Mg-1.56Zn-0.78Ca Mg-4.07Zn-1.25Ca
tZn; Mg-2.34Zn-0.78Ca Mg-6.04Zn-1.23Ca
tZny, Mg-17.19Zn-0.78Ca Mg-35.69Zn-0.99Ca
tY, Mg-0.78Y-0.78Ca Mg-2.79Y-1.26Ca
tY, Mg-1.56Y-0.78Ca Mg-5.46Y-1.23Ca
tY; Mg-2.34Y-0.78Ca Mg-8.03Y-1.21Ca
tYs Mg-4.69Y-0.78Ca Mg-15.18Y-1.14Ca

fault, the supercell has ... ABAB... stacking sequence and its
periodic image ...CACA..., in the direction perpendicular to
the y surface. Therefore the stacking fault plane lies between
B and C layer and the stacking sequence is ...ABABCACA....
The first-order pyramidal plane is corrugated and defines
closely (narrow) and loosely (wide) spaced planes. For the
first-order pyramidal plane, we only consider stable SFE of
the widely spaced planes. Translation along the wide planes
is known to produce much lower SFE than in narrow planes,
hence it is more relevant to this study.

To examine the accuracy and efficiency of our non-sc cal-
culations we compare the basal-plane SFEs for a 24-atom Mg
supercell calculated with the non sc HF and sc HKS function-
als. We calculate the total energy with the full-potential linear
muffin-tin orbital (FP-LMTO) method as implemented in the
Questaal suite [48]. We use the PBE generalized gradient ap-
proximation (GGA) to calculate the exchange and correlation
potential. The 24-atom supercell size is ~/3a x a x 6¢ and the
Brillouin zone (BZ) is sampled by a large k-point mesh of
23 x 40 x 4, using the well known Monkhorst-Pack scheme.
For all our calculations we use a lattice constant a = 6.041 au
(3.197 A) and keep the ¢/a ratio fixed to ¢/a = 1.627.

We have thoroughly examined the effect of various com-
putational parameters, such as the supercell size, the number
of k points, the integration of the BZ, and energy and charge
density convergence criteria on the SFE. The effect of the
supercell size in the calculation of the SFE has been identified
and explored by Wang et al. [49], showing a large dependency.
Their results show a decrease in the SFE of ~27% of the initial
value as the supercell size doubles. We have tested the effect
of the number of atoms in the supercell (24, 28, and 32 atoms)
for the same planar fault and number of k points. The dif-
ference in basal stable stacking fault energy (y4¢) of a 24-atom
supercell (four basis atomsin 1 x 1 x 6 unit cell stacking) and
a 32-atom supercell (four basis atoms in 1 x 1 x 8 unit cell
stacking) is almost negligible (~1.2 mJ/m?). Moreover, for
the 24-atom supercell, we performed total energy calculations
for a set of different number of k points, from 6 to 48 for the x
and y direction and from 1 to 20 for the z direction. We found
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FIG. 2. SFEs of the basal plane for pure Mg calculated with the
non-sc approximation, compared with results from sc calculations.
The two different functionals predict comparable energies for the
same supercell. At low SFEs, the difference amounts only a few
mJ/m?, while it increases at higher SFEs, exhibiting an error of
10.3% at the second .

that a minimum of a 12 x 20 x 2 k-point mesh is needed for
convergence of less than 1 mJ/m? change in y;.

In Fig. 2, we present the SFEs along the [1100] direction
in the basal plane as calculated with the sc and the non-sc
approximations. The two approximations give comparable re-
sults, especially at low SFEs. The differences in the calculated
SFEs at the first unstable stacking fault (yysr) at 1/6[1100] is
2.4 mJ/m? (2.6%), the yy at 1/3[1100] is 1.6 mJ/m? (2.6%)
and the second Yy at 2/3[1100] is 48.2 mJ/m? (10.3%).
The increasing error for high SFEs is due to the overlap of
the atomic spheres (usually for overlap higher than 10% of
the internuclear distance), as constructed in the FP-LMTO
method. All calculations in the next section regard stable
stacking faults and we expect only a small deviation in our
results. The accuracy of the non-sc method is similar to that of
the sc method, which is considered as the standard method in
DFT calculations. In addition to the good agreement with the
sc method, the non-sc method achieves at least six times lower
computational cost for total energy calculations, efficiency
similar to that of previous reports [46].

III. RESULTS AND DISCUSSION

For the calculation of all SFEs for binary and ternary
Mg alloys, we use a 128-atom supercell. The supercell di-
mensions are 2\/§a X 4a x 4c for the basal plane, 2(c +
a) x 2a x ~12.2a for the first-order pyramidal plane, and
2(c +a) x 2+/3a x ~6.8a for the second-order pyramidal
plane. The pyramidal structures have been constructed follow-
ing Frank’s four-dimensional vectors method [50]. According
to this method, the a3 corresponds to az = cos(9)|a§| /lai],
where |a§ | = cos(0P)c/a; OP is the characteristic angle of the
pyramidal plane [tan(c/a)] and 0 is the angle of the projection
of a3 along a;. In our benchmark case of a 24-atom Mg
supercell, we need a minimum Kk-point mesh of 12 x 20 x 2
to achieve convergence in yg. In order to have the same
density of k points for the 128-atom supercells, we need to use
meshes of at least 6 x 5 x 3, 10 x 5x2,and 5 x 6 x 3 for
the basal, and first-order and second-order pyramidal planar
faults, respectively. For all our calculations, we use the non-sc
method, a very dense mesh of 10 x 10 x 10 k points and the
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TABLE II. Atomic percentage concentration of Li, Zn, or Y in
ternary and binary alloys at each layer of a basal configuration [see
Fig. 1(b)], as constructed by the SQS method. The first layer is at
the stacking fault (interface) and the third is closer to the middle of
the supercell. Basal (interface) and basal (remote) refer to the two
different configurations where the Ca atom is either at the stacking
fault or “remote” from it.

X at% per layer (X = Li, Zn, Y)

Basal (interface) Basal (remote)

Alloy 18t 2nd 2 3rd 1t znd > 3rd
tLi; 0.00 0.00 0.78 0.00 0.00 0.78
tLi, 1.56 0.00 0.00 0.00 1.56 0.00
tLiy 0.78 0.00 2.34 0.78 0.78 1.56
tLi; 3.13 4.69 547 3.13 4.69 5.47
tZn, 0.78 0.00 0.00 0.00 0.00 0.78
tZn, 1.56 0.00 0.00 0.78 0.78 0.00
tZns 2.34 0.00 0.00 1.56 0.78 0.00
tZny, 7.81 4.69 4.69 391 5.47 7.81
tY, 0.00 0.00 0.78 0.00 0.00 0.78
tY, 0.00 0.78 0.78 0.78 0.00 0.78
tYs 0.00 1.56 0.78 0.78 0.00 1.56
tYs 0.00 1.56 3.13 1.56 0.00 3.13

PBE generalized gradient approximation (GGA) to calculate
the exchange and correlation potential.

We present the alloys we use for our calculations in Table 1.
We study four different alloy compositions for three ternary
alloys, Mg-Li-Ca, Mg-Zn-Ca, and Mg-Y-Ca; three low and
one high (near or above the solubility limit) concentration al-
loying element alloys. The subscript in the alloy names shows
the number of atoms of Li, Zn, or Y in the 128-atom supercell.
The solubility of Ca in Mg is limited (<1 at% [51,52]) thus
we only use one Ca atom in the supercell. The remaining
concentration is Mg. Regardless of the concentration in the
alloy, we keep the c/a ratio fixed to that of pure Mg.

We create two different configurations for each alloy.
One where we place the Ca atom at the SF (“interface”)
and another where Ca is at the middle of the supercell
(perpendicular to the planar fault) and hence “remote” from
the fault. For the allocation of the second alloying element
in the supercell, we use the special quasi-random-structure
(SQS) approach [53] (Fig. 1). In this way, the procedure for
constructing our “interface” and “remote” supercells is first
to place the Ca atoms by hand, either at the fault plane, or in
a “remote” site, and subsequently place the ternary elements
according to the SQS prescription. We show the alloying
element distribution, depending on the Ca position (“inter-
face” or “remote”), at each layer of a basal configuration in
Table II.

In Table III, we present results for the stable stacking fault
energies for pure Mg, binary Mg-0.78Ca at% (designated
as bCa), and all ternary Mg alloys, for the two different
configurations and the basal and pyramidal planes. In addition
to the standard relaxation method, we include results from
calculations of the SFE with full atomic relaxation (FAR). A
similar method, more suitable for the construction of the y
surface, was initially proposed by Morris [60]. In this method,

both in- and out-of-plane atomic relaxation is permitted. Cal-
culations with full atomic relaxation exhibit both qualitative
and quantitative differences from the Vitek relaxation method
[47], where only out-of-plane relaxation [27] is allowed.
Qualitatively, the SFE of the pyramidal planes is predicted at a
different lattice vector; it is located at ~36% instead of ~44%
of the lattice vector, as predicted with the Vitek relaxation
method for the pyramidal-I plane and at ~54% instead of
~33% of the lattice vector for the pyramidal-II plane, as also
noted by Yin [27]. The basal plane yq is at the same lattice
vector with either method, as expected from symmetry.

Experimental measurement of SFE exhibits larger uncer-
tainty than DFT calculations. In Ref. [59], the experimental
basal SFEs for Mg hugely vary from ~50 to 280 mJ/m?,
depending on the experimental method and on the crystal
type (single or polycrystal). Those values are much larger
than theoretical predictions, which also strongly depend on
the method and computational parameters. The variation in
DFT calculations in the literature for pure Mg can be seen
in Table III. Pyramidal plane SFEs for Mg have not been
measured experimentally.

A. Concentration

We start our analysis by examining Table III. This table
expands the results we have previously published [61] by pre-
senting additional results firstly for Mg-Y-Ca alloys, secondly
for the pyramidal-II plane for all three ternary alloys, and
thirdly results for calculations with full atomic relaxation for
the “remote” case. In this section, we focus our analysis on
the “remote” case where the Ca atom is far from the stacking
fault. All results are grouped and visualized in Fig. 3, showing
the trends in the change of the SFE as the alloying element
concentration increases.

For the Mg-Li-Ca alloys (tLi alloys), we observe a sharp
increase in the basal SFE with increasing concentration of Li,
reaching a value twice as large as in pure Mg for the saturated
alloy. On the contrary, the SFEs in both pyramidal planes are
lower than those of pure Mg (apart from tLis) and are reduced
with increasing Li concentration. The change in the SFE of
the tLiy, alloy comparing to pure Mg is 100%, —13%, and
—21% for the basal, pyramidal I and II planes, respectively.

For the Mg-Zn-Ca alloys (tZn alloys), we observe a dif-
ferent behavior. The basal SFE for low concentration alloys
(tZn;_3) is slightly higher than that of pure Mg (~12%) but it
remains in the same level as of pure Mg for the saturated alloy.
This highlights the behavior of Zn in Mg alloys, where Zn
does not contribute much in the basal SFE and Ca is the dom-
inant contributor in this case. We discuss the Ca contribution
extensively in Sec. III D. For both pyramidal planes, we ob-
serve a small decrease in the SFEs for the low-concentration
alloys and a sharp decrease for the saturated alloy (—42%
and —24% for the pyramidal planes, respectively). The Zn
contribution in the SFE for Mg-Zn-Ca alloys is higher in the
pyramidal planes than the basal plane, especially for high Zn
concentration.

In Mg-Y-Ca alloys (tY alloys), we observe a nonmonotonic
behavior in the change of the SFE as the Y concentration
increases. Basal SFEs for the tY alloys are higher than pure
Mg for low Y concentrations, regardless of the Ca position,
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TABLE III. Basal, pyramidal-I, and pyramidal-II stable SFEs of Mg, Mg-0.78Ca at% (designated below as bCa), and Mg ternary alloys, as
described in Table I, for the two different configurations “interface” and “remote.” Additionally, we include results from full atomic relaxation
(FAR) calculations for Mg, Mg-0.78Ca, and the pyramidal-II plane “remote” for all alloys. We calculate the SFE with the non-sc method based

on the HF approximation. All values are in mJ/m?.

Basal Pyramidal [ Pyramidal II
[1100] (0001) 1/3[1123] (1011) 1/3[1123] (1122)
Alloy Interface Remote Interface Remote Interface Remote (FAR)
Mg 32.12b 220.3¢ 246.0¢
MgfR 32.1° 158.8f 158.5¢
bCa 31.0° 40.3 2244 209.4 269.1 245.5
bCafAR 29.21 38.2 143.9 157.4
tLi, 30.1 36.9 248.0 203.5 284.9 226.6 (142.7)
tLi, 40.7 45.2 228.2 213.9 279.0 220.7 (140.3)
tLiy 30.5 45.3 241.6 192.5 264.3 251.8 (144.7)
tLiy; 50.7 64.1 261.7 189.8 231.9 192.5 (126.2)
tZn, 31.20 36.5 322.1 208.5 271.5 227.9 (143.8)
tZny 26.6 36.3 318.0 205.1 287.1 219.1 (131.0)
tZn; 28.0 36.0 317.3 202.3 278.2 218.4 (132.6)
tZny, 13.1 31.6 270.6 126.3 199.4 185.8 (100.9)
tY, 32.2 45.5 247.0 210.2 321.6 217.1 (142.1)
tY, 40.4 44.9 272.0 193.5 251.6 202.9 (132.5)
tYs 44.6 36.1 290.5 215.2 330.5 192.6 (113.6)
tYe 25.7 30.5 294.2 266.9 319.1 216.1 (132.5)

233.0 calculated with the sc method.

PLiterature: 44 [54], 36 [55], 34 [56], 33.8 [31], 37 [32], ~41 [34], 30.0 [57].

‘Literature: 180 [58].
dLiterature: 298 [32], 236 [58].

¢Literature: 34 [27], 30.0 (including cell shape and volume relaxation) [59].

TLiterature: 161 [27].
€Literature: 165 [27].
MLiterature: 21.8 [57].
iLiterature: 23.8 (including cell shape and volume relaxation) [59].
iLiterature: ~38 [34].

and they decrease to a value lower than pure Mg for the
saturated alloy tYg. Pyramidal SFEs exhibit opposite behav-
ior to basal-plane SFEs. The low Y concentration “remote”
pyramidal SFEs are lower than in pure Mg (2%-12% and
11%-21% decrease for pyramidal I and II, respectively) but
they become higher for the saturated alloys. The “interface”
pyramidal SFEs exhibit a linear increase, always higher than
in pure Mg, showing that Ca segregation in this category
of alloys is not favoured in the pyramidal planes. The tY;
“remote” pyramidal IT SFE is the lowest of all pyramidal SFEs
of tY alloys.

As expected, the SFEs from simulations with full atomic
relaxation are lower than those with only out-of-plane atomic
relaxation. The Mg pyramidal I and II full atomic relaxation
SFEs are reduced by ~28% and ~36%, respectively, com-
paring to only out-of-plane atomic relaxation. Interestingly
enough, the fully relaxed SFEs of Mg are the same for both
pyramidal planes. Calculations of the pyramidal-II “remote”
with full atomic relaxation SFEs for the ternary alloys show
a large reduction of 35% to 43%. All SFEs with full atomic
relaxation follow the same qualitative trends as the SFEs with
only out-of-plane atomic relaxation, hence similar conclu-
sions can be drawn.

B. Anisotropy

In Table IV, we have calculated the ratio of the pyramidal
over the basal stable SFEs. For pure Mg this value is 6.9
and 7.7 for pyramidal I and II planes respectively (and 4.9
for calculations with full atomic relaxation for both planes),
showing the large anisotropy. For the studied ternary alloys,
we have calculated this ratio for both “interface” and “remote”
configurations. In this section, we examine and discuss the
case where Ca is “remote” from the fault, as Ca segregation is
unfavourable in pyramidal planes as we observe in Table III.
Even though we calculate the anisotropy ratio only for stable
SFEs, we presume that it can be used as an indicator of
anisotropy in a large number of mechanical properties as-
sociated with both stable and unstable SFEs. A monotonic
behavior is usually observed in the change of the stable and
unstable basal SFEs in Mg alloys comparing to pure Mg
[30,31].

In Table IV, we see that the anisotropy for Mg-Li-Ca
alloys is lower than in pure Mg for any concentration for both
pyramidal planes. Especially for the saturated alloy tLip, the
anisotropy is greatly reduced to more than half of that of pure
Mg. If we compare with values of the SFE from Table III
we see that the reduction of anisotropy in this category of
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FIG. 3. Stable stacking fault energies of the three planar faults,
for Mg, Mg-0.78Ca at% (designated as bCa), and three ternary
alloys in four different concentrations (where X;_;_4 refers to the
increasing concentration tLi, tZn, and tY alloys, as i increases).
The upright triangles refer to the “remote” case and the stars to
simulations with full atomic relaxation (FAR).

alloys is due to the large increase of the basal SFEs rather than
the moderate decrease of the pyramidal SFEs. This makes
Mg-Li-Ca alloys suitable for applications where high strength
and lightweight alloys are required, as has also been reported
before [62] for a Mg-Li-Ca alloy similar to our tLi,, alloy.

As in Mg-Li-Ca alloys, the anisotropy of all Mg-Zn-Ca
alloys is lower than in pure Mg. The ratio " /332 remains
constant for the low concentration alloys (tZn;_3) and it
sharply reduces by 45% for the saturated alloy. The Zn con-
centration affects less the ¥ /B ratio. The reduction in
the anisotropy ratio for Mg-Zn-Ca alloys is mainly due to the
decrease of the pyramidal SFEs combined with the increase of
the basal SFEs. The large decrease of the anisotropy ratio for
the saturated alloy is due to the over 42% and 24% decrease
in pyramidal I and II SFEs, respectively, possibly inhibiting
the extent of easy glide. The large contribution of Zn could
potentially be exploited to tackle the large industrial issue of
low formability of Mg alloys.

Increase in anisotropy is observed in the Mg-Y-Ca alloys
as the Y concentration increases. In this case, low anisotropy

TABLE IV. Ratio of stable SFEs of the pyramidal I and II
planes over the basal plane. This ratio demonstrates the magnitude
of anisotropy between the three major slip planes in Mg alloys and
the effect of solid-solution. As in Table III, bCa refers to binary
Mg-0.78Ca at%. The values in parentheses refer to simulations with
full atomic relaxation (FAR).

PyrI/VB as PY"II/yBas
Alloy Interface Remote Interface Remote
Mg 6.9 (4.9) 7.7 (4.9)
bCa 72 52(3.8) 8.7 6.1 (4.1)
tLi, 8.2 5.5 9.5 6.1
tLi, 5.6 4.7 6.9 49
tLi4 7.9 42 8.7 55
tLi;7 52 3.0 4.6 3.0
tZn, 10.3 5.7 8.9 6.2
tZn, 11.9 5.7 10.8 5.7
tZn; 11.3 5.6 9.9 6.1
tZny, 20.6 4.0 152 59
tY| 7.7 4.6 10.0 4.8
tY, 6.7 4.3 6.2 45
tY; 6.5 6.0 7.4 53
tYs 11.4 8.7 12.4 7.1

is mainly observed for low Y concentration alloys and in
particular for the tY, alloy. The decrease of anisotropy in
Mg-Y-Ca alloys is due to the decrease of the pyramidal plane
SFEs. The anisotropy factor is higher for the saturated alloy
tYs. For all alloys, higher values of the anisotropy factor are
recorded when Ca is at the stacking fault.

C. Alloy design

Something that is often neglected to be examined is the
impact of the atomic-scale microstructure on alloy design,
which is generally only accessible through simulations. As
described earlier, for each alloy we have calculated two dif-
ferent configurations by distributing the Ca atom in a different
position. This expands the general approach of studying SFEs
of alloys, where usually only the case of the alloying element
being placed at the stacking fault is considered.

In this study, the effect of atomic-scale microstructure is
reflected in the value of the SFEs by comparing the “interface”
and “remote” SFEs of an alloy, as we demonstrate in Table II1.
For all alloys, we observe a rather generic trend in their SFEs.
For the basal plane, the “interface” SFEs are almost always
lower than the “remote” SFEs (exception is the tY3 alloy).
On the other hand, the pyramidal “interface” SFEs are always
higher than the “remote” SFEs. This shows the tendency of
alloying elements to segregate to the basal-plane stacking
fault. Segregation to grain boundaries has been observed ex-
perimentally for Mg-Li-Ca alloys [63] and Mg-Zn-Ca alloys
[64]. For slip along the pyramidal planes, we observe that
segregation of alloying elements to stacking faults is highly
unfavourable.

Although a direct comparison cannot be made for all
alloys, with the guidance of Table II, we examine which of
the alloying elements (Ca or Li/Zn/Y) contribute more in the
change of the “interface” basal SFEs. We observe that the tLij,
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TABLE V. Basal stable SFEs of ternary and the associated binary
alloys (designated with a prefix “b”). Their atomic composition and
per layer distribution in the supercell are described in Tables I and II.
bCa is Mg-0.78Ca at%. The “interface” (Int.) and “remote” (Rem.)
refer to the Ca position in the supercell for the ternary alloys and
the corresponding configuration for their associated binary alloys.

yME =32.1 mJ/m?2. All values are in mJ/m?.

Ternary alloy Int. Rem. Binary alloy Int. Rem.

bCa 31.0 40.3
tLi, 30.1 36.9 bLi; 359 314
tLi, 40.7 45.2 bLi, 39.5 36.6
tLi4 30.5 453 bLi4 352 36.1
tLij7 50.7 64.1 bLi;; 51.1 69.0
tZn, 31.2 36.5 bZn, 31.8 31.9
tZn, 26.6 36.3 bZn, 315 315
tZn; 28.0 36.0 bZn; 31.7 31.2
tZny, 13.1 31.6 bZny, 13.1 24.7
tY, 322 45.5 bY, 38.7 41.1
tY, 40.4 44.9 bY, 44.1 37.0
tY; 44.6 36.1 bY; 41.6 36.5
tYe 25.7 30.5 bYe 384 28.7

tLi4, tLipy, and tY; alloys have the same atomic percentage
concentration of alloying elements at the first layer (stacking
fault) either when Ca is at the stacking fault or far from it.
For those alloys, Ca is the main contributor for lowering the
“interface” basal SFE. In the next paragraphs we present and
compare results for binary alloys. We will be able to discuss
the contribution of each element in the alloy, and in particular
of Ca, and their tendency to segregate.

D. Ca contribution

To understand the effect of Ca, we have calculated the
basal SFEs for binary Mg alloys without Ca and compared
them with results from our ternary alloys. For calculations in
binary alloys we have used the same configurations and solute
distribution as in ternary alloys (as described in Tables I and
II) and replaced the Ca atom with Mg. Therefore the “inter-
face” and “remote” binary configurations are inherited from
the ternary configurations as created with the SQS method
when Ca was present. The atomic percentage compositions of
binary alloys (using the ternary alloys’ notation with a prefix
“b”) are Mg-xLi, where x is 0.78, 1.56, 3.13, and 13.28 at%
(bLij 2.4,17); Mg-xZn alloys, where x is 0.78, 1.56, 2.34, and
17.19 at% (bZn; ».3.22); Mg-xY alloys, where x is 0.78, 1.56,
2.34, and 4.69 at% (bY1.2.3,6). We present the basal SFEs for
binary alloys in Table V.

We observe that binary Mg-xLi alloys increase the basal
SFEs compared to pure Mg. Similar qualitative results can
be found in the literature [30,59,65] for the “interface” case.
In comparison with the ternary alloys, the increase of the
basal SFEs for the binary alloys is smaller. The change in
the “remote” basal SFE of the binary alloys is of 15%-20%,
depending on the Li concentration, and it can be considered
as the Ca contribution in Mg-Li-Ca alloys. For the saturated
alloy, the Li atoms seem to dominate the contribution in basal
SFE.

The tendency of Ca to increase the “remote” basal SFE
is confirmed by our calculations for a low Ca concentration
binary Mg-0.78Ca at% alloy. The basal SFEs are 31.0 and
40.3 mJ/m? (29.2 and 38.2 for simulations with full atomic
relaxation) when the Ca atom is at the fault or “remote”
from it, respectively. The lower “interface” basal SFE (with
or without full atomic relaxation), compared with pure Mg,
agrees qualitatively with results in the literature [57,59]. To
our knowledge, there are no previous studies of Mg-Ca alloys
where the Ca atom is placed far from the stacking fault. The
lower “interface” basal SFE may also explain the tendency of
Ca to segregate in grain boundaries [64,66].

For the binary Mg-xZn alloys we observe that the SFEs
of the low Zn concentration alloys are similar to those of
pure Mg and only the saturated alloy reduces the basal SFE.
Qualitatively similar results can be found in the literature
[30,31,33,59,65]. Comparing with the ternary alloys, there is a
decrease of ~13% in the “remote” y;; for the low Zn concen-
tration binary alloys, which can be attributed to Ca absence.
The decrease is significantly larger for the saturated alloy.

Zn additions in nonbinary Mg alloys seem to have a
significant role in some key mechanical properties. Mg-Zn-
RE alloys, with solute Zn and low concentration of rare
earth, have been found to weaken the texture in the basal
plane [67,68], and have higher strength and improved ductility
[67,69,70]. Mg-Zn-Ca alloys are attractive due to their good
mechanical properties and biocompatibility [16,17,71]. It has
been found that specific concentrations of Zn and Ca lead to
low anisotropy, and have higher strength and formability than
other commercial alloys [72].

More specifically Yuasa et al. [34] have studied the basal
SFEs of a ternary Mg-Zn-Ca alloy, similar to our tZn; alloy,
and the binary Mg-Zn and Mg-Ca alloys trying to explain
the high-stretch formability of Mg-Zn-Ca alloys. Their calcu-
lated basal SFEs are in good qualitative agreement with our
results, showing improved plastic anisotropy and justifying
the good formability. According to Zeng et al. [64], Ca and
Zn co-segregation is expected to reduce even more the grain
boundary energy than an individual Zn or Ca segregation.
Despite the small reduction, we do observe a reduced basal
“interface” SFEs for the tZn; 3, alloys comparing to Ca-free
binary bZn; 3 2, alloys.

The basal SFEs of binary Mg-Y alloys exhibit a qualita-
tively similar variation as in ternary Mg-Y-Ca alloys. Com-
paring the “remote” basal SFEs of binary and ternary alloys
we estimate the average change to be ~9% due to Ca contri-
bution. In contrast with the previous two studied binary alloys,
in this case the Ca contribution seems to be minor. The basal
SFE of low Y concentration binary Mg-Y alloys has been
extensively studied in the literature and compared against pure
Mg, showing a large reduction when Y is at the stacking
fault [30,31,33,57,59]. As we see in Table II, the Y-containing
alloys do not have any Y atoms at the stacking fault, thus we
cannot compare directly with our results. The “remote” tY; 3 ¢
and bY; 3¢ alloys contain Y atoms both at the stacking fault
and far from it. Those alloys exhibit reducing basal SFEs as
Y concentration increases, which is in accordance with the
literature.

Summarizing the previous results, we see that the Ca
contribution in the basal SFE strongly depends on the alloying
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elements in the system. The greater Ca contribution is ex-
hibited for the alloys, which contain small atomic radius Li
atoms, while the smallest is for the alloys with large atomic
radius Y atoms. Despite the small statistical sample, we do
observe a trend in the contribution of Ca which depends on
the atomic size of the other elements. We conclude that the
atomic level role of Ca in enhancing the properties of Mg
alloys is essentially due to an atomic size effect (or atomic
“misfit”). Similarly, it is the atomic size effect along with the
chemical bonding that are the main contribution mechanisms
of low concentration rare earths in Mg alloys during the solid-
solution strengthening process [14,73-76].

IV. CONCLUSIONS

We performed high-quality non-sc DFT calculations to
predict the stable stacking fault energies for three ternary
Mg alloys along the basal, pyramidal I and II planes. We
have showcased that the non-sc DFT calculations give an
accurate prediction of the 4 and also greatly improve the
computational efficiency. This allows us to examine a large
number of different concentration binary and ternary alloys
and also explore the prospects of the alloy design process by
testing two different configurations for each alloy. From the
study of the SFE along the three glide planes we are able to
conclude that:

(1) There is a direct effect of the alloying concentration
on the SFE which depends on the alloying element and
could either increase or decrease the value of stable stacking
fault energy. When Ca is “remote” from the stacking fault,
Mg-Li-Ca alloys exhibit greatly increased basal SFEs while
the saturated Mg-Zn-Ca alloy exhibits greatly reduced pyra-
midal SFEs. Additionally, all ternary alloys exhibit reduced
pyramidal SFEs comparing to pure Mg, apart from some
minor exceptions. Calculations with full atomic relaxation
(FAR) predict a lower value for all SFEs. Nevertheless, these
calculations show a similar qualitative dependency on the al-
loying concentration with only out-of-plane atomic relaxation
simulations. In contrast, the location of the minimum in the
SFE of (¢ + a) faults is shifted.

(2) We use the ¥ /B2 and 2™ /3B ratios to discuss
anisotropy in mechanical properties of Mg alloys. For all
Mg-Li-Ca and Mg-Zn-Ca alloys, the anisotropy is greatly

reduced when Ca is “remote” from the stacking fault, espe-
cially for the tLiy, alloy where the anisotropy is less than
half of pure Mg. We observe a similar reduction for the low
Y concentration Mg-Y-Ca alloys. The saturated alloy tYy is
the only alloy where anisotropy increases. By comparing the
anisotropy ratio and the mechanism, it is modified we have
identified that Mg-Li-Ca alloys can increase tensile strength,
hence reduce elongation, in the basal plane, and Mg-Zn-Ca
alloys can potentially increase formability.

(3) The use of the SQS method shows the impact of
atomic-scale microstructure on alloy design. The SFEs of
“interface” and “remote” binary alloys greatly vary despite the
same concentration of the alloying element. This highlights
the importance of examining thoroughly the microstructure
when studying alloy properties.

(4) The position of Ca in the supercell affects strongly
the SFE. For the studied ternary alloys we observe mainly
a decrease in the basal SFEs and always an increase in
the pyramidal SFEs when Ca is at the stacking fault. By
studying the two different positions of Ca, we can estimate
the tendency of the solutes to segregate to stacking faults or
grain boundaries. Segregation of solutes to stacking faults in
Mg alloys seems to be favorable at the basal plane but not at
the pyramidal planes.

(5) By comparing the change in the basal stable stacking
fault energy of ternary and binary alloys, we are able to
estimate the contribution of Ca. The average Ca contribution
on the basal SFEs of the ternary alloys in regard to the second
alloying element in the alloy, varies as follows: Li > Zn > Y.
This shows that the large atomic radius Ca atom dominates
the contribution when smaller atoms are present, showing an
apparent atomic radius size effect.
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