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Abstract

Addition of solutes such as lithium enhances ductility of hexagonal-close-packed (hcp) Magnesium (Mg).
However, the atomistic underpinning of Li addition on individual deformation mechanisms remain unclear
and is the focus of the present work. We compared the deformation mechanisms in nanocrystalline (NC) and
single crystal simulation systems of pure Mg and Mg-Li hcp alloys. Five deformation modes are observed
in the pure NC Mg with randomly oriented grains — one basal {0001} (1120), one pyramidal type-I {1011}
(1123), and three twinning slip systems {1012} (1011), {1013} (3032), and {1011} (1012). Distributing 10
at.% Li randomly to this NC Mg decreased its compressive yield strength by 14.5%. This also increases the
ductility by activating non-basal deformation modes and by reducing the plastic anisotropy. We benchmarked
these results by comparing the effect of Li addition on these deformation modes in Mg single crystals. Finally,
we present a formability parameter (F,) model based on unstable stacking fault energy, twin fault energy,
and nucleation stress for dislocations (7ys). Quantifying the changes in F), values for the Mg-Li alloys with
respect to pure Mg in single crystal simulations explain the decrease in compressive yield strength and change
in deformation mechanisms with Li additions. A sensitivity analysis study, comparing our CD-EAM results
with a MEAM potential, shows that the effects of Li on the single deformation mechanisms are potential
independent. Lastly, while results for Mg-10 at.% Li random alloy are presented here, similar conclusions
can be drawn for other compositions of this hcp Mg-Li alloy.
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1. Introduction

Multicomponent Mg-Li-X-X-X alloys, where
X=Al, Zn or Zr, are receiving renewed interest in
many aerospace, automobile, and structural appli-
cations because of their ultra-light weight and high
specific strength [1]. In addition, they have good
machinability, castability, thermal conductivity, and
recyclability. In comparison, the density of most
commonly used Al alloys and steels is about 1.5
and 5 times larger. The hcp Mg, however, has low
formability at room temperature because it has
less than five independent slip systems required
by the Von Mises criterion [2]. Only Basal (a)
slip is activated for pure Mg at room temperature,
which cannot accommodate deformation along (c)
direction. A high plastic anisotropy between basal
and non-basal deformation modes also impedes
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homogeneous deformation. Room temperature duc-
tility and formability of Mg can be enhanced by [3]:
(i) refining grain sizes by severe plastic deformation
or dynamic recrystallization, (ii) modifying texture
of sheet material, and (iii) adding solutes such as
Li. A fundamental understanding of deformation
mechanisms in simple binary NC Mg-Li alloys, which
are still largely unknown, can guide us in developing
stable and strong Mg-Li-X-X-X multicomponent
alloys.

Figure 1 shows the large plastic anisotropy between
the nucleation stresses for basal and non-basal slip
modes for bulk hcp systems. Basal slip is dominant
in coarse grains and a high plastic anisotropy is ob-
served because the nucleation stress for non-basal slip
is about hundred times higher than the basal slip.
This large plastic anisotropy cannot satisfy the homo-
geneous deformation condition required by the Von
Mises criterion, which gives rise to poor ductility and
formability in bulk Mg alloys. Nanometer grain sizes
[4] and alloying reduce this plastic anisotropy factor
to about two, and triggers all the slip systems. In
the present work, we will focus on the deformation
mechanisms of Li alloying effects at the nanometer
grain size in Mg.

Recently molecular dynamics (MD) was employed
to reveal the deformation mechanisms in Mg NC ma-
terials [5, 6, 7, 8, 9, 10, 11, 12]. Kim et al. [5, 6]
discuss the existence of basal and non-basal slip sys-
tems and twinning systems in the preferentially ori-
ented columnar grains in the NC Mg during creep.
They also studied the effect of grain size on deforma-
tion in randomly oriented 3-D NC Mg [7]. The recent
paper by Moitra [8] also discusses the effect of grain
size on the microstructural properties of pure Mg.
Pozuelo [12] et al. investigated how twins influence
deformation in Mg-Al alloys. Bhatia et al. discussed
the creep behavior in Mg-Y alloys [9]. Miyazawa et
al. showed the effects of segregated Al on twinning
mechanisms in Mg [10]. In addition, Reddy and Groh
[11] analyzed the effect of segregated Ca on the yield
surfaces of NC magnesium using a MgCa-MEAM po-
tential [13].

Our present work aims to study the strength and
deformation mechanisms in randomly oriented hcp
NC and single crystal Mg-Li alloys using MD simula-
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Figure 1: (Color online) A schematic diagram showing the magnitude of anisotropy in nucleation stresses of basal and non-basal
slip systems (7ng) in hep systems (adapted from [4]). The anisotropy reduces when grain size is reduced to nanoscale and/or

via alloying element additions.

tions. It focuses on the qualitative and quantitative
effects of Li addition in NC hcp Mg. The qualita-
tive effects such as nucleation of deformation modes,
and quantitative effects such as yield strength and
formability changes are analyzed. We develop a two-
parameter model that quantifies how the Li addition
influences the relative ease of activating each slip sys-
tem in a single crystal Mg. Nucleation stress for dis-
locations (Tyg) and fault energy (FE) of the disloca-
tions or twins obtained from our MD simulations are
used to determine the two parameters in our model.
The knowledge of the deformation processes in the
single crystal Mg-Li system is then used to explain
the effect of the Li addition in NC Mg.

The paper is organized as follows. Section 2
presents the simulation methodology. Section 3 re-
views the slip and twin systems in hep structure, and
provides their signature in the framework of the em-
pirical potential used in this study. Section 4 dis-
cusses the results on the mechanical behavior and
deformation mechanisms in NC Mg and Mg-Li al-
loys. Finally, section 5 summarizes how Li addition

affects individual slip systems and correlates them
with deformation processes in the NC Mg-Li alloy.

2. Simulation Methodology

Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS), a classical MD code, is used
for simulations [14]. Common neighbor analysis
(CNA) is used to identify the local crystal structure of
atoms as face centered cubic (fce), hep, and to locate
non-basal slip system or grain boundary atoms [15].
OVITO software is used for visualizing our simula-
tions by highlighting crystal defects after removing
thermal noise via a short minimization run [16].

A recently developed Mg-Li interatomic potential
[17], based on the concentration dependent embed-
ded atom method (CD-EAM) formalism [18], was
used in this study. This potential was created from
pure elemental interatomic potentials for Li and Mg
[19, 20], respectively. For pure Li EAM potential,
predicted values of lattice constants, cohesive energy,
vacancy formation energy, melting point, and elas-
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Figure 2: (Color online) (a) The nanocrystalline (NC) system, containing eleven grains, used in our simulations is shown.
Atoms are colored by the identity of the grain they belong to. Arrows show the uniaxial compression direction. (b) The grain
size distribution in our NC sample is shown with average grain size being 12.91nm.

tic constants are in good agreement with literature.
The pure Mg EAM potential also reproduces the lit-
erature values of lattice constants, cohesive energy,
melting points, and elastic constants [20]. Yasi et
al. and Groh et al. [21, 22] found this potential
in good agreement with first principles calculations
for stacking fault energies (SFE) of basal and pris-
matic slip systems. Nogaret et al. and Ghazisaeidi et
al. [23, 24] showed that this potential reproduces the
stacking fault energy for pyramidal type I slip system
but the core structure differs from density functional
theory (DFT) results. They also discussed that Mg
potential does not possess a stable stacking fault for
the pyramidal type II slip system while ab inito and
another Mg EAM potential [25] do. Although it was
accepted that dislocation activity on the pyramidal
IT slip system was the main deformation mode to ac-
commodate deformation along the (¢) axis [26, 27],
recent experimental analysis revealed pyramidal T as
the dominant slip mode in Mg single crystal under
compression along the (c) axis. The pure Mg poten-
tial used in this study describes five independent slip
systems, satisfying the Von Mises criterion. There-
fore, we believe that this potential can be used to
model the deformation of NC magnesium. However,
to validate the reliability of our CD-EAM Mg-Li po-
tentials results, we compare the results of nucleation

stresses (7ng) for different deformation modes in sin-
gle crystals with recently published modified embed-
ded atom method (MEAM) Mg-Li potential [28]. In
addition, and unlike in the crystal plasticity work of
Agnew et al. [29, 30], non-basal deformations re-
sulting from Li addition can be characterized in our
atomistic simulations without making prior assump-
tions.

The Mg-Li CD-EAM cross-potential was fitted to
experimental variation of lattice constants and heat
of mixing. It reproduces composition dependent lat-
tice and elastic constants, heat of mixing, basal SFE,
and the experimental Mg-Li phase diagram. These
properties are perhaps the most relevant ones for our
deformation studies. In the present paper we show an
increase in the pyramidal type I SFE with Li addi-
tion, in agreement with a recent first principles study
[31].

Figure 2 schematically shows the NC Mg system,
containing eleven randomly oriented grains and gen-
eral grain boundaries, used in our simulations. The
grains are generated randomly inside the nanocrys-
talline (NC) simulation system. The grains are grown
from randomly chosen nucleation points inside the
dimensions of the NC system in random crystallo-
graphic orientations. The grains grow until they
reach within a cutoff distance of 0.5A from each



other. This construction methodology of NC sys-
tem gives randomly oriented grains with general grain
boundaries, which has been observed experimentally.
The average diameter of each grain, calculated by
multiplying the number of atoms in a grain by atomic
volume, is ~13nm. We chose this grain size to com-
pare our results with the recent work of Moitra et
al., which uses the same pure Mg potential as here
[8]. They showed that nanocrystalline grains greater
than 10nm diameter deform primarily via disloca-
tion glide, whereas samples with smaller grains pri-
marily exhibit grain boundary sliding and cracking.
The grain size in the present work is therefore large
enough to deform mainly by dislocation nucleation.

The NC simulation cell is 231x248x234A° and has
580964 atoms. Periodic boundary conditions are used
in all directions. The NC is annealed at 300K for
100ps using the time step At=1fs. A Berendsen baro-
stat is used to maintain zero external pressure, and
the temperature is fixed at 300K by rescaling the ve-
locities of the atoms. This allows the rearrangement
of atoms at grain boundaries and reduces the inter-
granular stresses to less than 10MPa. For the Mg-Li
alloys, the Li atoms replace randomly selected Mg
atoms and the structure is annealed as mentioned
above. We present the results for Mg-10 at.%Li sys-
tem in this work. The simulation methodology for
single crystals properties (Trss nuct and SFE) are de-
scribed in the discussion section.

The NC system is uniaxially compressed in the Z
direction at a strain rate of 1085~ and at 300K. Uni-
axial compression along the X and Y directions also
give qualitatively similar results, which suggests the
population of grain boundary orientations used are
large enough to address the Li addition effects on
deformation mechanisms. These uniaxial compres-
sion tests allowed us to analyze the effect of Li addi-
tion in Mg on deformation mechanisms and strength
variation. For Mg-Li alloys, we used three different
configurations of random distributions of Li atoms
for each composition. The deformation mechanisms
observed in these different configurations of loading
directions and Li distributions are similar, and the
yield strength values are within 1% of the average
values. Therefore, we only discuss results of com-

pression along Z direction for a representative Mg-10
at.% Li system.

Mg-10 at.%Li system, predicted by our CD-EAM
potential [17] as a hep solid solution at 300K in agree-
ment with experiments, was chosen as a reference sys-
tem to study the effect of Li. We also quantify the
yield strength variation as a function of Li compo-
sition and identify the underlying mechanism. Kim
et al. [5, 6] observed intergranular cracking for the
same EAM Mg potential [20] under tension at low
plastic strains (< 3%) because of the low twinning
and pyramidal (¢ + a) slip. So, to avoid intergranular
cracking, we study the deformation mechanisms un-
der compression instead of tension. In this work, we
use a NC system to sample a large diversity of stress
states that display most of the unit mechanisms of
plasticity in Mg-Li alloys. Therefore, we do not con-
sider the influence of other factors such as grain size,
number of grains, Li segregation at grain boundaries,
and strain rate on deformation modes.

3. Slip Systems and Signatures of Deforma-
tion Modes in NC Mg and Mg-Li Alloys

Figure 3 shows the deformation modes available
in the hcp metals. The available slip systems in
hep crystal structures, and the three twinning modes
available to accommodate the plastic deformation
along (c) direction are shown in figure 3(a) and figure
3(b), respectively. Four independent slip systems are
active at room temperature — two basal slip systems
on {0001} slip plane, and two prismatic slip systems
on {1010} slip planes. These slip systems have Burg-
ers vectors along (a) (1120) direction. Although the
pyramidal type I and type II slip systems with Burg-
ers vector along (c + a) (1123) are available for defor-
mation, they are activated only at high temperature
or stresses. As pyramidal I and IT slip systems have
high nucleation barrier at room temperature, defor-
mation along the (¢) axis is accommodated by twin-
ning deformation at room temperature in Mg [32].
Experimentally, it was observed that addition of Li
activates pyramidal slip systems at low temperatures,
and increase the ductility via unknown mechanisms
[29, 33].



c(0001)
(1123)
{1122} (1011}
{1010}
as ““\
% - “| a,
~ {0001}
a,(1120) (a)

{1011}

(b)

Figure 3: (Color online) Deformation modes in the hcp metals are shown. (a) Basal plane {0001} (1120), Prismatic plane
{1010} (1120), Pyramidal plane type I {1011} (1123), and type II {1122} (1123) slip systems (b) tension twinning (TTW)
{1012} (1011), compression twinning (CTW1) {1013} (3032), and compression twinning (CTW2) {1011} (1012).

Five independent deformation modes are observed
in our NC compression simulations fulfilling the Von
Mises criterion for homogeneous deformation. These
slip systems are basal, pyramidal type I, and three
twinning systems. We will summarize the signatures
of individual deformation modes before discussing
the complex deformation mechanisms observed in our
simulations. Prismatic and pyramidal type II defor-
mation modes are absent because they do not form
a stable stacking fault for the pure Mg EAM poten-
tial and Mg-Li CD-EAM potential [17, 23], and are
therefore not discussed here.

3.1. Basal dislocations

A basal dislocation dissociates into two partials via
the reaction [34]:

1[2110] = £[1100] + £[1010].

Figure 4 illustrates the dissociation of a $[2110]
dislocation in two partials with Burgers vector of
type % (1100) separated by a 12 (ABABCAB) stack-
ing fault. The separation distance between the two
partials is in agreement with the prediction derived
from the linear elasticity.

3.2. Pyramidal type I dislocations
The dislocation core structure on the pyramidal I
slip system is controversial, and, over the years, sev-

eral dissociation rules were proposed [6, 35, 36, 37,
38, 39]. In this work we characterize the dislocation
signature on the pyramidal type I slip system in the
framework of Mg EAM potential of Sun et al. [20]
using the {1011} (1123) v surface as reported in fig-
ure 5(a). The pyramidal T v surface was calculated
by rigidly shearing two half blocks with surface de-
fined along the directions (1102) and (1120). The
general shape of the pyramidal I v surface calculated
in this work is in agreement with the work of Nor-
aget et al. [23]. As shown in figure 5(a), two stable
stacking faults noted F1 and F2 are defined. Using
the generalized stacking fault energy (GSFE) curve
obtained for Y = 0 and Y = 1 (1120) plotted in fig-
ure 5(b), the location of the stable stacking fault F1
and F2 are A (1102) and B (1102)+ £ (1120), respec-
tively, with A, B, and C equal to 0.2355, 0.3469, and
1/2, respectively. Therefore, the location of the sta-
ble stacking faults F1 and F2 characterized in this
work leads to a dissociation of the Burgers vector
% (2113) in three partials separated by two stacking
faults of magnitude F1 and F2, the Burgers vectors
of two of the partials being a fraction of (1102). Fault
F2 with lowest unstable SFE barrier to nucleate was
observed in the NC simulations reported in this study
whereas faults F1 was not observed due to its higher
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Figure 4: (Color online) A magnesium basal I2 stacking fault is shown here. Atoms are colored using CNA. Red and green
atoms respectively represent the hcp and fcc atoms. The X and Y are two partials %[1100} and %[1010]7 respectively.
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Figure 5: (Color online) (a) Stereographic and projection of the 7 surface revealing the presence of two stable stacking faults
F1 and F2 on the pyramidal I slip plane, and (b) GSFE curves obtained along the direction X = (1102) with Y = 0 and Y =
é (1120). The dashed arrow represents the Burgers vector % (2113), and the solid arrows represent the minimum energy path
to form this Burgers vector.



nucleation barrier. The dissociation rule obtained for
dislocation on the pyramidal I slip system character-
ized with the Mg-EAM potential is similar to the one
proposed by Bacon and Liang [37] for which A, B and
C are equal to %, %, and %, respectively.
3.83. Twins

The approach of Barrett et al. [40] is used to iden-
tify twins. First, we identify the basal plane across a
twin boundary and then calculate the misorientation
angle between the two mirror planes along (1120) or
(1100) directions across the twin boundary. Figure
6 shows three twins identified in our NC simulations
along with their misorientation angles. The tension
twin {1012} (1011) is characterized by an angle of
86 degrees between parent and new grain. Whereas
the two compression twins, {1013} (3032) and {1011}
(1012), are characterized by a misorientation angle
of 64 and 56 degrees, respectively. Hereafter we re-
fer to tension twinning {1012} as TTW, compression
twinning {1013} as CTW1, and compression twin-
ning {1011} as CTW2.

Table 1 summarizes various deformation modes,
their abbreviations used in the text, and notations
used in figures to guide the readers. Having estab-
lished the signatures of important defects in the hep
systems, we now present deformation in NC Mg and
Mg-Li alloy as a function of strain.

4. Deformation Mechanisms in NC Mg and
Mg-Li alloys

The compressive Von Mises stress-strain plots of
the NC Mg and Mg-10 at.% Li alloy at 300K are
shown in figure 7. The maximum stress point on
this graph is taken as the yield strength (Y). Thresh-
old strains at which different deformation modes ac-
tivate are also marked. Pure Mg yields at 0.91GPa
while Mg-10 at.% Li NC yields at 0.77GPa. This de-
crease in the Y value with the Li addition is the so-
called solid-solution softening and it occurs by chang-
ing relative activation energies of various deformation
modes[3]. The interplay between the strength and
ductility suggests that decrease in strength implies an
increase in compressive ductility with the addition of

Li. Note that our simulations did not quantify how
the Li addition affects ductility of Mg alloys.

The stress-strain graphs in figure 7 show the same
qualitative response for pure Mg and Mg-10 at.% Li
compositions. Three distinct deformation stages are
evident—(i) A linear elastic stress-strain region up to
2.75% strain. The NC sample is elastic in this region
and no plastic deformation modes were evident in the
bulk grains. (ii) Region with reduced hardening that
extends up to 5% strain for pure Mg and 3.5% strain
for Mg-10 at.% Li. Defects nucleate in this region
and the yield strength point Y is observed here. (iii)
Region with decreasing stress wherein twins nucleate
and complex dislocation interaction processes occur.

Figure 8 shows the microstructural evolution for
Mg-0 at.% Li (left) and Mg-10 at.% Li (right) at
increasing strains. Microstructures are analyzed by
taking multiple representative slices in the NC sam-
ple at various strains. Slices are taken at the same lo-
cation for both compositions to compare deformation
mechanisms. CNA is used to identify and color atoms
according to their local structural environment. The
hep atoms in the bulk are colored red, fec (green)
atoms lie in basal stacking fault region, and disor-
dered region (grey) atoms can be grain boundary,
twin boundary, or pyramidal type I atoms. The cap-
ital letters represent different deformation modes —
A is basal stacking fault, B pyramidal, C TTW, D
CTWI1, and E CTW2. These notations are also sum-
marized in table 1. The smaller figures on the ex-
treme right show the magnified view of the deforma-
tion mode in the regions marked by circle or ellipse.
Arrows in the figure 8(e-h) show the direction of prop-
agation of twinned regions and boundaries. Shaded
areas blue, green, and yellow show the TTW, CTW1,
and CTW2 twinned grain areas, respectively.

Figure 8(a-b) show stress-strain curve for the NC
sample with linear elastic behavior until 2.75% strain
where basal dislocations first nucleate. Once nu-
cleated, basal dislocations are the only deformation
mode present at smaller strains for both Mg-0 at.%
Li and Mg-10 at.% Li. The stress-strain plot shows
a non-linear behavior after this point until yield
strength is achieved. The dislocation nucleation be-
low the yield strength point is triggered by high
grain boundary stresses. Basal dislocation regions



Figure 6: (Color online) Twinning systems observed in our NC Mg-Li simulations. Atoms are colored using CNA. Twin
boundary atoms are colored grey color. hcp atoms in the parent and twinned grains are colored red and green atoms have fcc
stacking. Black lines indicate the (a) directions in a basal plane in twinned grains. The angle between black lines are specific to
the type of twin. Shaded areas show twinned grains, which are mirror images of parent grains. (a) Tension twin TTW {1012}
(1011) with 869 angle. (b) Compressive twin CTW1 {1013} (3032) with 64° angle. (c) Compressive twin CTW2 {1011} (1102)
with 569 angle.

Table 1: Deformation modes observed in our NC simulations, and the abbreviations and notations used are summarized.

Deformation mode Abbreviation Plane and direction Notation*
Basal plane basal plane {0001} (1120) A
Pyramidal type I pyramidal type I {1011} (1123) B
Tension twinning TTW {1012} (1011) C
Compression twinning CTW1 {1013} (3032) D
Compression twinning CTW2 {1011} (1012) E

* These Notations are used in figure 8.
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Figure 7: Compressive stress-strain response of NC Mg and Mg-10 at.% Li alloy at 300K. The yield strength (Y) decreases
with Li addition in Mg. Nucleation points for various deformation modes are also marked.

circled in figure 8(a-b) are smaller for Mg-10 at.% Li
compared to Mg-0 at.% Li system. Similar relative
amount of basal dislocation activity is seen in the en-
tire 3D samples for Mg-0 at.% Li and Mg-10 at.%
Li. The total strain of ~2.75% required to nucleate
dislocations matches a previous study of Mg using
columnar NC [5], and it is about one order of magni-
tude larger than the experimental values. The higher
elastic strains likely result of initial defect free NC
grains, high strain rates, and relatively smaller grain
sizes used in MD simulations.

Figure 8(c-d) show that pyramidal type I stacking
faults (B) nucleate in both compositions at 3% strain.
Note the larger area of pyramidal dislocation activ-
ity in marked region of Mg-10 at.% Li system. This
is also observed in the entire sample. It indicates
solid solution softening for pyramidal dislocations
with Li addition and lowers Von Mises stress. Thus,
in the early stages of plasticity (< 3%strain), basal
and pyramidal type I dislocations nucleate at grain
boundaries and dominate deformation processes.

Figure 8(e-f) shows that TTW nucleates at the in-
tersection of grain boundaries and pyramidal dislo-
cations at 3.5% and 4.75% strain for pure Mg and
Mg-10 at.% Li respectively. Yield strength is reached

with the nucleation of TTW, and stress drops beyond
this point for both compositions. TTW activity in
Mg-10 at.% Li is larger than Mg-0 at.% Li as indi-
cated by the presence of two TTW twins in the for-
mer compared to one in the latter. In addition, TTW
grows thicker in Mg-10 at.% Li at the same strain %,
as shown by larger arrows and bigger shaded areas.
The same trend is observed throughout the sample
indicating that Li solutes promote the nucleation and
propagation of TTW.

Figure 8(g-h) shows the nucleation of {1013}
CTW1 at 6% strain from the grain boundary of a
tensile twinned (TTW) grain. Thus, TTW likely aids
the nucleation of CTW1. As shown by the arrows
in this figure, CTW1 propagates shorter distance in
Mg-10 at.% Li. At this high strain level, basal slip
and TTW activity is also pronounced. Mg-10 at.% Li
shows a smaller basal stacking fault area and prop-
agation as compared to Mg-0 at.% Li in figure 8(g-
h). TTW nucleates in two grains in Mg-10 at.% Li
whereas only in one grain in Mg-0 at.% Li, and a
similar trend is seen in the entire NC sample.

Figure 8(i) shows that {1011} CTW2 nucleates in-
side a grain in Mg-0 at.% Li from TTW at 6.75%
strain. CTW2 activity hardens with the Li addition.

10



Figure 8: The deformation mechanisms in the NC Mg (left figures) and Mg-10 at.% Li (right figures) are shown as a function of
increasing strains. Atoms are colored using CNA — red is hep, green is fec, and grey is disordered (at grain/twin boundaries and
pyramidal dislocation cores). A is basal stacking fault, B pyramidal type I dislocations, C is TTW, D is CTW1, and E is CTW2.
Arrow indicates the propagation direction of a twin boundary. Blue, green, and yellow shaded regions are TTW, CTW1, and
CTW2 respectively. Inset shows the magnified view of the deformation mode inside marked circle or ellipses in figures in left
and central columns. (a-b) At 2.75% strain: basal partials nucleate (c-d) At 3% strain: pyramidal I partials nucleate (e-f) At
4.75% strain: TTW nucleation from pyramidal type I dislocation is shown (g-h) At 6% strain: CTW1 nucleates inside grain
due to tensile twinning (i-j) At 6.75% strain: CTW2 nucleates from tensile twinning.
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For Mg-10 at.% Li, Figure 8(j) shows that CTW2
activity is suppressed because the TTW boundary is
thicker and it propagates faster than in Mg-0 at.%
Li. Less basal and more TTW activity is also seen in
Mg-10 at.% Li alloys (figure 8(i-j)).

It is now clear that the presence of TTW, CTW1,
and CTW2, at high strains and high plasticity re-
gions provides additional deformation mechanisms.
If we subtract the initial 2.75% elastic strain, the nu-
cleation of TTW at low plastic strains (2.25%) from
the grain boundaries, and CTW1 or CTW2 nucle-
ation at high strains inside Mg grains or at grain
boundaries matches the previous study of columnar
Mg NC by Kim et al. [5] as well as some experiments
[41, 42, 43, 44]. At strains greater than 5.5%, we
observed some atoms in the regions of hcp, pyrami-
dal dislocations, or twin boundaries transform to a
distorted bcc phase because the hep to bee relative
structural energy is 50% lower for the Mg potential
used in this study compared to literature values [20].
Our Mg-Li CD-EAM potential calculations show that
hep-bee transformation energy lowers by 60% when
10 at.% Li is added to Mg. These transformations
occur at high strains (> 5.5%) and are beyond the
scope of the present work.

Now, we quantify the contribution of each defor-
mation mode to the total plasticity by calculating
the fraction of atoms in each deformation mode, the
so-called relative activity R, defined as [29],

Atoms(One deformation mode) (1)
Atoms(All deformation modes)

Where the numerator is the number of atoms in an
individual deformation mode such as basal, pyrami-
dal dislocations, TTW, or CTW, and the denomina-
tor is the total number of atoms in all deformation
modes. For basal stacking fault, we counted the total
number of fcc atoms identified by the CNA. However,
it is difficult to count the atoms in pyramidal type I
slip system directly because CNA identifies pyrami-
dal and grain boundary atoms as disordered. So the
atoms in pyramidal type I slip system were manu-
ally identified by comparing the atomic structure in
NC deformation simulations to that shown in figure
5(c). For twins, we first identify the hep atoms in the
twinned region based on the orientation of the initial

R =
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grain and then count the number of the hcp atoms in
the twinned area for the twinning mode under con-
sideration. The comparison of R calculated at same
strain values will help determine the dominant defor-
mation mode(s) in Mg-0 at.% Li and Mg-10 at.% Li
as a function of strain.

Figure 9(a-b) shows the relative activity, R, for
both compositions as a function of strain. Sub-figures
(a) and (b) are grouped according to hardening (basal
and CTWs) or softening (pyramidal and TTW) of
deformation modes with Li addition. Mg-10 at.%
Li NC samples show less basal and CTW activity,
and more pyramidal and TTW activity. Basal slip
dominates the initial stages of plasticity in the pure
Mg, while pyramidal slip accommodates most of the
deformation in the Mg-10 at.% Li alloy. Thus, the
easier nucleation of pyramidal dislocations as indi-
cated by their higher activity enhances the plasticity
in Mg-Li alloys and also causes the observed solid
solution softening. Twinning occurs at high strains
(> 4%). With increase in strain, activity R of basal
and pyramidal slip systems also rapidly decrease. For
both the compositions, TTW becomes the major de-
formation mode above 4% strain. The decrease in
the hardening rate after yielding coincides with TTW
nucleation and growth. CTW makes negligible con-
tribution above 6% strain. The Li addition increases
TTW activity and further reduces the CTW activity.

The increase in (¢ + a) activity with the Li addition
is consistent with previous experimental and simula-
tion studies of Agnew et al. [29, 26, 30] and Ando et
al. [45]. Other experiments have suggested a qual-
itative increase in (c+ a) activity with Li addition
[33, 26], but quantitative insights came only in year
2001 from the combined experimental and texture
simulations study of Agnew et al. [29]. Here, we
have successfully implemented the approach of Ag-
new et al. to atomistically quantify the enhancement
of (¢ + a) pyramidal slip due to Li addition. To our
best knowledge, this is the first such attempt to atom-
istically calculate activity and study the effect of Li
addition on slip.
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Figure 9: (Color online) The contribution of each deformation mode to total deformation (relative activity R) is plotted as a
function of strain and Li addition. PD refers to pyramidal type I dislocations. The dominant deformation modes at low and
high strains are demarcated by a vertical solid black line at 4.3% strain. (a) Basal and CTW1/CTW2 modes show less activity
with the Li addition, which suggests that they harden. Inset shows a magnified view at high strains. (b) Pyramidal and TTW
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relatively small for both compositions.
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5. Discussion

To understand the reduction of basal and CTW
activities and the concomitant enhancement of pyra-
midal type I and TTW activities in Mg-Li alloys, we
analyzed these deformation modes individually in Mg
single crystals. We calculate the nucleation stress
for dislocations (7ng) and fault energy (FE) in sin-
gle crystal pure Mg and Mg-Li alloys separately for
each deformation mode observed above in NC sys-
tems. Energies of stacking faults in basal and pyra-
midal dislocations, and twin faults in TTW, CTW1
and CTW2 are analyzed. Our goal is to understand
how these parameters influence deformation behav-
ior in pure Mg and Mg-Li NC alloys. Finally, results
on the reduction in plastic anisotropy and increase in
plasticity with Li addition is presented.

5.1. Unstable Stacking fault and twin fault energy
(USFE and UTFE) in Mg-Li single crystals

Unstable stacking fault energy (USFE) and unsta-
ble twin fault energy (UTFE) values quantify the bar-
riers to nucleate those two planar faults on a particu-
lar plane, their dissociation width, and stability. So,
these energies provide a convenient probe to under-
stand the effect of Li addition on atomistic deforma-
tion processes in single crystal Mg and NC Mg-Li
alloys. We used the methodology of Yasi et al. [21]
and Noagaret et al. [23] to calculate basal and pyra-
midal type I SFE respectively. For TFE calculations,
we use the approach of Wang et al. and Yuasa et al.
[46, 47, 48]. Ghazisaeidi et al. [49] used the same Mg
potential as in this work and found that tension twin
(TTW) on {1012} plane is stable for 8 layer thickness
lamella. We, therefore, used 8 layer twin lamella. For
Mg-Li alloys, calculations are done by randomly dis-
tributing the Li atoms in simulation cell. The SFE
variation for the different random distributions of Li
is less than 2m.J/m?, so the error bars are not shown
in the figures.

Figure 10(a-b) shows the SFE as a function of
the Li concentration for basal and pyramidal dislo-
cations. For pyramidal type I dislocations, only fault
F1is observed in the NC system (see figure 5(a)) and
we discuss only its USFE here. The SFE surfaces for
pure Mg match with those determined by Yasi et al.

14

[21] for basal plane and with Nogaret et al. [23] for
pyramidal type I. The USFE for basal plane increases
by ~40mJ/m? and for pyramidal type I dislocation
by ~20mJ/m? with 10 at.% Li addition. The larger
increase in USFE for basal plane compared to pyra-
midal plane correlates well with the lower activity
of basal dislocations observed in NC Mg-10 at.% Li
alloys. Although the USFE for pyramidal fault in-
creases, the increase in USFE for basal plane is twice
as large as pyramidal. Therefore, the pyramidal sys-
tem accommodates a larger fraction of deformation
than the basal slip system in the Mg-Li alloys rela-
tive to pure Mg. Note that, basal and pyramidal slip
systems are the dominant mechanisms in pure Mg
and Mg-10 at.% Li alloys, respectively, below 3.75%
strain as seen in figures 9(a-b). No other deformation
modes are active below 3.75% strain and therefore
this larger increase of USFE for basal slip as com-
pared to pyramidal slip system plays a role in the
observed activities of these slip systems. In addition,
in the next sub-section 5.3, we will examine how the
combined effect of basal and pyramidal USFE im-
proves the formability of NC Mg-Li.

Figure 10(c-e) shows the TFE surfaces for TTW,
CTWI1, and CTW2 respectively. Point (i) shown in
these figures corresponds to the stable stacking fault,
which is the starting point to calculate the TFE. The
layers above the stacking fault are then displaced to
generate the TFE [46, 48]. The UTFE is the barrier
to nucleate a stable twin fault and it occurs at point
(ii). Note that a combination of shear and atomic
shuffle creates twins in the hcp Mg and Mg-Li alloys.
This mechanism of twin formation differs from that
for fcc materials wherein twins form by pure shear
[50]. As seen in figures 10(c-e), the UTFE for TTW
decreases with the Li addition and increases for both
types of CTW, which is consistent with the higher
TTW activity and smaller CTW activity in NC Mg-
Lisamples. Thus, the single crystal USFE and UTFE
curves satisfactorily explain the effect of Li on defor-
mation mechanisms in NC simulations.

5.2. Nucleation stress for deformation modes in sin-
gle crystals

The stress to nucleate dislocations of different

types discussed earlier measures the relative ease of



Lo ——Mg-0%Li —Mg-0%Li -
1 o 160 =TS
%‘ == Mg-10%Li 'E == Mg-10%Li ’1’ \\\\
S 120 PUTTIN =120 s =
£ g N £ JRe
- .~ . -
$ 80 I ~- ¢ s0 5
M o
?n s ?a 7
2 40 // E 40 ,l
w 0 Z Basal w 0 Pyramidal type |
0.1 0.2 0.3 0.4 0 0.05 0.1 0.15
(1120) fractional displacement (a) (1102) fractional displacement (b)
1000 — V- i -
Mg-0%Li SFE/TFE / 1600 ——Mg-0%Li SFE/TFE
£ goo { ~~ Me-10%LISFE/TFE Jy - —-Mg-10%Li SFE/TFE
= A & 1200 -
£ 4 \ E "\
< 600 - h b\ e PELS [/
[ Cai N A /
5 3 < 800 - /
= 400 . § \ i
5 (i) = " U]
< ; & 400 / S=
& 200 (i) g -2
TTW W 1 CTw1
0 T T 0 T T
0.5 1 0 0.2 0.4
(1101) fractional displacement (c) (3032) fractional displacement (d)
350 7 ——Mg-0%Li SFE/TFE _
. Vg
, 280 | == Meg-10%Li SFE/TFE, S
£ / A)
B / N
2 210 | /
© e~e :
2 140 Py, 2 (ii)
< /,
> /, .
g’ 70 {1 4 (i)
S CTW2
0 T T T ]
0 0.1 0.2 0.3 0.4
(1102) fractional displacement (e)
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their nucleation. The increase in nucleation stress as
a function of Li concentration indicates the presence
of solid solution hardening, and vice-versa.

For each deformation mode, we chose the single
crystal orientation that maximized its Schmid fac-
tor. To mimic the effect of grain boundaries present
in NC simulations, we introduced lenticular cracks
and free surfaces in single crystal Mg and Mg-Li al-
loys. This promotes heterogeneous nucleation sites
for basal and pyramidal dislocations when systems
are loaded under tension. The simulation system has
free boundary conditions along the tensile direction
and periodic boundaries along the two orthogonal di-
rections. Lenticular cracks are not used in our twin-
ning deformation simulations. For twins nucleation
studies, free surfaces are used in all the directions,
again to replicate the heterogeneous nucleation sites
and grain boundary effect in NC simulations. Sim-
ulations are tensile strain controlled, with top and
bottom few atomic layers held at fixed strain. To
ensure consistency, we used same orientations and
boundary conditions for deformations to analyze the
effect of Li addition on deformation of Mg. We do
not present the results for compression deformations
here as the stress required to nucleate the dislocation
is approximately three to four times higher than in
tensile deformations and in NC simulations.

The supercell contains 20¥60*60 unit cells along
the X, Y and Z direction respectively. The orienta-
tions used for each deformation mode are shown in
the figure 11, and tensile loading is along the Z di-
rection. These calculations are done at 100K. Each
simulation system is first annealed at 100K for 100ps
using the 1fs time step to reduce the surface stress to
below 5MPa. Berendsen barostat is used to control
the pressure along periodic boundaries and temper-
ature of atoms is maintained at 100K by explicitly
rescaling the velocities of the atoms. For Mg-Li al-
loys, Li atoms are substituted at random positions
and the structure is annealed at 100K. Three ran-
dom distributions of Li atoms are used for Mg-Li al-
loys simulations and nucleation stress for each sample
is within 1% of the average value.

Figure 11 plots the stress-strain curves and snap-
shots of the dislocation nucleation for each deforma-
tion mode. The dislocations nucleate at point N and
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the corresponding stress is the yield strength of a
given sample. Below this point, all samples are elas-
tic. Snapshots show various deformation modes at
point N. For CTW2, full prismatic dislocations nu-
cleate at point N because Schmid factor for prismatic
dislocation is higher than CTW2. CTW2 nucleate
when stress starts to drop, and the corresponding
nucleation points are shown in figure 11(g). Ori-
entation that promote nucleation of only CTW2 at
yield strength point could not be established. We
also do not report results for CTW1 in single crys-
tal as we could not find an orientation that nucleates
only CTW1.

Our simulations show that nucleation stress in-
creases for basal and CTW2 mechanisms with Li ad-
dition, which means these deformation modes show
solid solution hardening. This hardening is consis-
tent with the reduced presence of these modes in
Mg-Li NC materials. The nucleation stress for pyra-
midal type I and TTW decreases with Li addition.
This suggests their increased activity in NC materi-
als with Li addition and explains the observed soft-
ening. Yoshinaga et al. [51] observed similar qual-
itative trends experimentally for basal and pyrami-
dal dislocations. They found solid solution hardening
for basal planes and softening for pyramidal planes,
which matches our results. Agnew et al. [29, 26] also
found an increased activity of (¢ + a) pyramidal dislo-
cations and decreased activity for basal dislocations
with Li addition in texture simulations. Therefore,
these insights on how Li affects nucleation of various
deformation modes in single crystal Mg will help us
understand deformation response of the NC system.

5.83. Reduction in plastic anisotropy with Li addition

Mg has poor formability because its deformation
is dominated by (a) basal slip. The nucleation stress
for basal and non-basal dislocations in micrometer
grains differ by a factor of hundred. As stated ear-
lier, we will investigate the effect of the solute ele-
ment (Li) addition on plastic anisotropy of NC Mg.
We have shown that the Li addition hardens basal
and CTW modes, and softens pyramidal and TTW
modes. This suggests a decrease in plastic anisotropy
between basal and non-basal slip systems.
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We explain this observation by correlating how re-
solved nucleation stress (ryg) for a particular de-
formation mode and unstable stacking fault energy
(USFE) vary with Li addition. Figure 12 plots 7ng
calculated using the equation:

(2)

Here, onucieation 18 the nucleation stress for a
particular tensile deformation mode (the point N
marked in figure 11) and m is the Schmid factor cal-
culated from the orientation between the loading and
slip directions. The work by Tschopp et al. [52] dis-
cusses the effect of the Schmid factor and normal fac-
tor of resolved shear stress on dislocation nucleation
in fcc materials. Here we propose a plastic anisotropy
criterion based on Schmid factor (see equation 2),
which resolves the applied stress in the slip direc-
tion so that the nucleation stresses for different slip
systems in the hcp structure can be normalized and
meaningfully compared in one scale as shown in fig-
ure 12.

Pure Mg shows the lowest value of 7ng for basal
slip. This explains the dominance of the basal slip
system in the pure Mg. The prismatic dislocations in
this orientation have a slightly larger Schmid factor
of 0.43 than the 0.41 value of the CTW2 system. This
leads to the nucleation of prismatic dislocations be-
fore CTW2. CTW2 activity occurs only after stresses
are relieved by prismatic dislocation nucleation. Note
that 7yg values for CTW2 should be taken only as a
guidance and not as an exact value. The 7ng values
for pyramidal and TTW modes are higher than for
basal slip. The observed differences between the 7n g
values for basal and non-basal slip explains the origin
of factor of two in anisotropy for NC Mg.

For Mg-10 at.% Li, Ty increases for basal slip and
CTW2, and decreases for pyramidal slip and TTW.
This change with Li addition decreases the differ-
ence in nucleation stress between basal and non-basal
modes, and reduces plastic anisotropy. It explains the
dominance of pyramidal slip at low strains. Similarly,
the decrease of Ty for TTW explains its higher ac-
tivity at high strains.

As mentioned in the introduction, we verify the
reliability of our nucleation stress 7y g results for dif-

TNS = Onucleation * 1
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ferent deformation modes with a MEAM Mg-Li po-
tential [28]. Figure 12(b) shows the 7yg values from
MEAM Mg-Li potential increases for basal slip sys-
tem and decreases for all other non-basal deformation
modes of Mg-10 at.% Li alloy. The relative decrease
for the 7yg values between basal and non-basal slip
systems indicates a decrease in plastic anisotropy. Al-
though the quantitative values differ slightly for CD-
EAM and MEAM Mg-Li potentials, they both pre-
dict a decrease in the plastic anisotropy. The trends
for individual deformation modes match qualitatively
for CD-EAM and MEAM potential except for CTW2.
This disagreement for CTW2 is because for CD-EAM
Mg-Li potential CTW2 nucleates after prismatic dis-
locations are nucleated as discussed in the previous
paragraph. Thus, this comparison supports our re-
sults using CD-EAM Mg-Li potential.

We quantify the reduction in plastic anisotropy
with the Li addition using a plastic anisotropy pa-
rameter xnys defined as

non—basal
NS

basal
NS

(3)

XNS =

Here, T]T\L,‘fgnfbasal is for the non-basal deformation
mode under consideration and 784 is the for basal
dislocations. These 7nyg values are extracted from
figure 12(a). The x parameter is phenomenologically
similar to the A parameter of by Yu et al. [4] defined
as A = Tg?%"sgbaml basal . While the A parameter
describes critical resolved shear stress for dislocation
motion, the x parameter describes the resolved nu-
cleation stress for different deformation modes.

Table 2, shows the y values quantifying the rela-
tive ease of nucleating different deformation modes
compared to the dominant basal slip in the hcp Mg.
The  value decreases by about 25% and 33% respec-
tively for pyramidal slip and TTW mode compared
to the basal slip. This decrease shows the reduction
of plastic anisotropy with Li addition in Mg-Li NC
alloys.

A second empirical criterion to explain the defor-
mation based on the unstable stacking fault energy
is from Moitra et al. [31]. They define a formabil-
ity parameter as the ratio of unstable stacking fault
energies and given by equation 4:
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Figure 12: (Color online) Dislocation nucleation stress (7nyg) for each deformation mode as a function of Li concentration is
presented for (a) our CD-EAM Mg-Li potential (b) MEAM Mg-Li potential [28]. Ty g is calculated using equation 2.

Table 2: The x values for pure Mg and Mg-10 at.% Li, and their decrease with the Li addition are shown. 7nyg values used

here are taken from figure 12.

X (At at.% Li) Pyramidal TTW CTW
X (Mg-0 at.% Li) 1.3 23 1.1
x (Mg-10 at.% Li) 1 15 11

% decrease in 24.2 32.9 0

(’stf)x

("/fsf)l\fg

(’le,fsf)X
(’stf)kfg

(4)

Xusf =

Here, 7,55 is unstable stacking fault energy, B and
P refer to basal and pyramidal stacking faults, re-
spectively, and X is Mg-10 at.% Li alloy concentra-
tion. The xyss parameter is calibrated by Moitra et
al. for different solute additions in Mg. They found
that an alloying addition increases the formability
when xys¢ >1. This criterion takes into account the
ratio of pyramidal to basal unstable stacking fault
energies in the Mg-Li alloys and pure Mg. Our CD-
EAM potential gives value of 1.3 for the Mg-10 at.%
Li alloy and therefore is expected to increase forma-
bility. However, Moitra et al. did not explain how the
ratio of unstable stacking fault energies is connected
to the formability of the materials.

In this work, we propose a new formability pa-
rameter derived from physical considerations of lat-
tice friction for dislocation motion. Note that the
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present work is based on the nucleation of disloca-
tions, and the preliminary results of lattice friction
are discussed. A criterion based on dislocation mo-
tion is beyond the scope of this work. As a first
approximation, we consider the lattice friction given
by a simple Peierls-Nabarro model in which disloca-
tions remain planar and the generalized stacking fault
energy is described by a sinusoidal function. Under
these assumptions, the lattice friction is proportional
to the exponential of (—Kb/v,s¢). Here K is the
shear modulus, b is the magnitude of the Burgers
vector, and +,sf is the unstable stacking fault energy
respectively. When written in terms of lattice fric-
tion, the formability parameter is proportional to the
difference of the inverse of the unstable stacking fault
energies. Therefore, the new formability parameter
(F,) is defined as:

p
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Here, B and P are respectively the basal and pyra-
midal slips. The F}, value of 9.2 for CD-EAM Mg-Li
potential is greater than 1. Moitra et al. [31] suggest
that F}, values larger than 1 increases formability. To
evaluate this criterion for these alloy systems, we used
the variation of K and b for Mg-Li system from the
CD-EAM Mg-Li potential and for Mg-Al system from
Liu et al. [53]. These inputs yield F, values of 17.4
and 11.3 for the two alloy systems, respectively. Be-
cause these values are greater than 1, we can argue
that CD-EAM Mg-Li potential correctly predicts a
qualitative increase in formability.

6. Conclusions

Our atomistic simulations systematically studied
the effect of Li addition on plasticity in NC Mg-Li
alloys. Li addition affects the activation of various
slip systems that cause deformation. Adding 10 at.%
Li reduces the plastic anisotropy by — (i) enhancing
(¢ + a) pyramidal slip and TTW, and (ii) reducing
the basal slip and CTW activity. The hardening and
softening is explained using the relative activity of
each mode in the NC, the fault energies, and 7y5 in
single crystals. The Li addition decreases compres-
sive yield strength and increases the plasticity via a
higher contribution of (¢ + a) pyramidal and TTW
activities. While basal and pyramidal type I disloca-
tions dominate the initial stages of plasticity, twins
nucleate at higher strains. The dissociation reactions
for pyramidal type I dislocations are also identified
for our CDEAM potential.

Single crystal parameters 7ns and unstable fault
energies are evaluated for each deformation mode.
The stacking fault energy increases more for basal
dislocations than for pyramidal type I dislocation
with Li addition. TTW fault energy decreases
whereas CTW1 and CTW2 fault energies increase
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with Li addition. Nucleation stress increases for basal
slip and CTW mechanisms, and decreases for pyrami-
dal slip and TTW mechanism. The fault energies and
nucleation stress, explain the lower basal/CTW and
larger pyramidal/TTW activities in Mg-Li NC sam-
ples. The 7y for different deformation modes from
CD-EAM Mg-Li potential were compared against val-
ues from a MEAM Mg-Li potential [28]. Both poten-
tials show a reduction in plastic anisotropy between
basal and non-basal slip systems for pure Mg and
Meg-10 at.% Li systems.

In summary, the Li addition increases the forma-
bility of NC Mg by reducing its plastic anisotropy.
This is caused by the increased (¢ + a) pyramidal slip
and TTW activity and reduced basal slip and CTW
activity.
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