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Abstract

The I; intrinsic stacking fault energy (I; SFE) serves as an alloy design parameter for ductilizing Mg alloys. In view of this effect we
have conducted quantum-mechanical calculations for Mg;sX solid-solution crystals (X = Dy, Er, Gd, Ho, Lu, Sc, Tb, Tm, Nd, Pr, Be,
Ti, Zr, Zn, Tc, Re, Co, Ru, Os, T1). We find that Y, Sc and all studied lanthanides reduce the I; SFE and render hexagonal closed-packed
(hep) and double hep phases thermodynamically, structurally and elastically similar. Synthesis, experimental testing and characterization
of some of the predicted key alloys (Mg-3Ho, Mg—3Er, Mg-3Tb, Mg-3Dy) indeed confirm reduced I; SFEs and significantly improved
room-temperature ductility by up to 4-5 times relative to pure Mg, a finding that is attributed to the higher activity of non-basal

dislocation slip.

© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Magnesium-based alloys are attractive for structural
applications owing to their low mass density, good cast-
ability and efficient recyclability [1,2]. However, wider
application of sheet Mg is hindered by its poor room-
temperature formability, which is caused by pronounced
basal slip and a strong basal-type texture [3]. It was
observed that alloying Y and/or certain rare earth (RE)
elements such as Ce can have positive effects on structural
Mg alloys. Among these effects are texture weakening (e.g.
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[4-19], and an increase in room-temperature ductility (e.g.
[4,5,19-25,11,26,27]).

Many phenomenological studies have been performed
on the influence of RE addition on Mg texture formation
[4-19]. While pure Mg and conventional Mg alloy sheets
typically show a strong basal texture [5-7], Mg-RE alloys
have a weaker basal-type texture which is characterized
by the broadening of the basal poles towards the sheet roll-
ing direction (RD), leading to the so-called r-type texture
[5,8,9] or towards the transverse direction (e.g. [5]). Extru-
sion of Mg-RE alloys leads to the formation of a weak
(11-21) fibre texture [9-11,19], which is also referred to
as a RE texture component [6,12]. The texture weakening
effect was attributed to grain boundary pinning at Mg-
RE precipitates [11,13] and to local lattice rotations around
the precipitates [14]. Additionally, it was shown that
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recrystallization nuclei at local deformation bands in Mg-Y
and Mg-RE alloys have more random orientations than
those formed more remotely from local deformation bands
[15,16]. Talal et al. [4] studied the role of RE addition on
the texture and deformation behaviour of Mg alloys and
concluded from their experimental results that deformation
mechanisms other than just basal (a) slip and tensile twin-
ning were most likely active. Other studies [17,21] reported
more intense activity of compression/secondary twinning
[17,21] and non-basal dislocation slip [21,22,24,25] in RE-
containing alloys, when compared to conventional Mg
alloys and the formation of homogeneously distributed
deformation or shear bands [17,20,21,28].

None of these studies addressed the underlying RE-
induced plasticity mechanisms which are, hence, not fully
understood yet. More specifically, the origin of the benefi-
cial Y and RE solid-solution effects on the ductilization of
Mg remains unresolved.

Atomistic studies using density functional theory (DFT)
and molecular dynamics (MD) calculations aiming at clar-
ifying the influence of solutes on the mechanical response
of Mg alloys have been performed for 5 = [2 1 1 0] basal
dislocations and basal I, stacking faults [29]. The DFT
results were used as input parameters to the Fleischer
solid-solution strengthening model [29-31]. These results
suggest that solutes increasing the I, stacking fault energy
(SFE) lead to improved cross-slip probability of basal dis-
locations onto prismatic planes and, thus, improve ductility
[29]. Chen and Boyle [32] performed ab initio calculations
of the elastic moduli and electronic bonding character of
binary Mg-Al, Mg-Zn and Mg-Y (7.143 at.%) to evaluate
solid-solution strengthening. Using the Cauchy pressures
as an indicator of the bonding character, the Mg-Y alloy
revealed the highest bond strengths in this study [32]. It
was suggested that Y enhances the brittleness of Mg, which
contradicts the experimental observations. In conclusion,
no explanation for the RE/Y ductilization was identified.

In a previous study we reported that single-phase solid-
solution Mg-3 wt.% Y alloys show an increase in room-
temperature ductility by about 5 times compared to pure
Mg, while maintaining a comparable strength and work
hardening [21]. Through transmission electron microscopy
(TEM) combined with scanning electron microscopy elec-
tron backscatter diffraction (SEM-EBSD) slip trace analy-
sis of active dislocations [51] it was shown that the ductility
increase is related to higher activities of non-basal disloca-
tion slip providing a (c)-deformation component in Mg-Y.
Using combined TEM and ab initio methods, this
enhanced activity of (¢ + a) dislocations was correlated
with a decreased I, intrinsic stacking fault energy (SFE)
(sessile intrinsic stacking fault; ABABACAC stacking) [33].

The identification and quantification of the key parameter
I, SFE as a pathway towards the design of ductile Mg solid-
solution alloys thus provides a systematic approach to iden-
tify further favourable alloying elements. In this study we

use and evaluate the parameter I; SFE of Mg—X solid-solu-
tion alloys as a basis for a theory-guided alloy design
approach for creating more ductile Mg alloys. The predictions
are compared to corresponding experiments on materials syn-
thesized by liquid metallurgy and subsequent hot rolling.

2. Theoretical and experimental methods

2.1. Theoretical alloy design guideline and simulation
procedure

Based on the observation that the chemical manipulation
of the I; SFE through solid-solution alloying can serve as a
guideline to ductilize Mg, we have chosen the following the-
oretical alloy design strategy: DFT calculations [34,35] were
applied to determine the intrinsic stacking fault (ISF) ener-
gies using the axial next-nearest-neighbour Ising (ANNNI)
model [36]. The ANNNI model represents an energetic
approximation of the crystal containing the type of stacking
faults studied here. The model employs energies of the
defect-free bulk crystals in conjunction with different stack-
ing sequences along one of the crystallographic axes of the
lattice. The approach has been successfully applied to study
stacking faults, e.g. in austenitic stainless steels [37], Fe-Mn
alloys [38] and Mg-Y alloys [33].

The ISF energy is defined as the energy difference among
crystals with and without an ISF defect, Eigr and E,
respectively, divided by the ISF area 4:

EISF _E
por - E B (1

Within the ANNNI model [37], both energies are
expanded into series:

E==>"> JuSiSin (2)

with the atomic layers i and i + n, characterized by the cor-
responding generalized spin-numbers S; and S, interact-
ing via the interaction parameters J,. For a hexagonal
close-packed (hcp) lattice, truncating the series after the
second expansion term (the second-order ANNNI approx-
imation), the following expression for the I; SFE (local
double hep (dhep) stacking), is obtained:

Esrpy — Eg =~ 4J, —2J1 = 2(Ednep — Enep) (3)

In this equation Esf; is the I; SFE, Ej is the energy of the
defect-free hep crystal, Eygp,, and Egpp, are the total ener-
gies of hep (...ABAB... stacking) and dhcp (double hcp:
...ABAC... stacking of the intrinsic I; stacking faults),
respectively. Consequently, the I; SFE depends only on
the energy difference between the hep and dhep stacking se-
quences (both with the hcp equilibrium volume) of Mg-Y
crystals (for further details see Ref. [33]).

The ab initio calculations of I; SFEs were performed for
a set of Mg-X alloys with solutes X crystallizing in a
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hexagonal structure including both lanthanides (X = Dy,
Er, Gd, Ho, Lu, Tb, Tm, Nd, Pr) and non-lanthanides
(X =S¢, Be, Ti, Zr, Zn, Tc, Re, Co, Ru, Os, Tl). Radioac-
tive elements were excluded. Also, the selection was limited
to those elements for which a reliable (i.e. ground state cor-
rectly predicting) projector augmented wave (PAW) poten-
tial exists in the Vienna Ab initio Simulation Package
(VASP) database. An impact of other solutes with non-
hexagonal structures on the materials properties of Mg
alloys is a topic of our future research.

In this work all DFT calculations were performed using
VASP [39-41] in conjunction with the PAW basis set [41]
and the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional [42]. The I; ISF energies were calcu-
lated (i) for pure Mg employing four-atom cells with a
36 x 36 x 12 Monkhorst-Pack k-point mesh, and (ii) for
Mg alloys containing 6.25 at.% selected solute atoms, i.e.
the stoichiometry Mg;sX (X = Dy, Er, Gd, Ho, Lu, Sc,
Tb, Tm, Nd, Pr, Be, Ti, Zr, Zn, Tc, Re, Co, Ru, Os, TI).
It should be noted that the stacking fault geometry is mod-
eled within the ANNNI model only indirectly, employing
the energetics of different (hcp and dhcp) stacking
sequences of hexagonal (0001) planes (see details in our
previous work [33]). Therefore, a layer-resolved local con-
centration of solutes exactly at the stacking fault cannot
be defined, but our recent study of generalized stacking
fault energies [43] showed that the impact of solutes on
the energetics of stacking faults decreases with increasing
distance from the plane of the fault. 16-atom 2 x 2 x 2
hep-based or 2 x 2 x 1 dhep-based supercells were used
in the calculations. The corresponding Monkhorst—Pack
k-point mesh was 10 x 10 x 16 for supercells containing
16 atoms. The cut-off energy E.,, was set to 350 eV. The
plane-wave basis set and the k-point meshes were carefully
tested and ensured an error of less than 1 meV per atom
when calculating stacking fault energies. Unless explicitly
stated, internal coordinates of atoms within the supercells
as well as the shape of the supercells were fully optimized.

2.2. Synthesis, processing, and experimental characterization

The alloys Mg-3 wt.% X (X =Ho, Er, Tb, Dy) were
chosen as example materials to confront the ab initio pre-
dictions with corresponding mechanical data obtained on
real materials. For this purpose, these alloys were melted
and solidified in an induction furnace under Ar pressure
(15 bar) in a steel crucible. Homogenization annealing to
obtain single-phase (hcp) solid-solution alloys was per-
formed at 500 °C for 10 h under Ar atmosphere. Alloys
were then hot rolled at 450 °C from a thickness of 30 mm
to 50% engineering thickness reduction with thickness
reductions of 12-15% per pass. A recrystallization anneal-
ing was performed for 15 min at 400 °C to obtain 35-45 um
grain sizes and a basal-type crystallographic texture. Ten-
sile and compression tests were performed on a Roell/
Zwick universal testing machine at room temperature with
an initial strain rate of 107> s~!. For compression tests,

cylinders with a diameter of 5.0 mm and a height of
10.0 mm were cut by spark erosion. Tensile samples with
a width of 4 mm and a gauge length of 20 mm were pre-
pared and tested according to DIN 50125. The extension
direction was parallel to the former RD. Cold rolling of
15 mm thick sheets was performed on a laboratory rolling
mill to a total thickness reduction of 40% with §-10%
thickness reduction steps per pass. Samples for microstruc-
ture characterization were taken after each 10% reduction
step. SEM and SEM-EBSD were performed in a field-emis-
sion gun electron microscope (Zeiss XB1540, operated at
15kV). The SEM-EBSD measurements were conducted
on longitudinal RD-normal direction (ND) sections, and
the samples were prepared by mechanical polishing
followed by electrolytic polishing using AC2 soft solution
(90 s at 30 V, —25 °C). TEM observations were performed
on a CM20 microscope equipped with a LaBg filament at
200 kV. TEM specimens were prepared from longitudinal
RD-ND sections. Discs 3 mm in diameter of were cut
using spark erosion; these discs were mechanically ground
to 130-150 pm thickness and then electropolished (Struers
Tenupol) until perforation using a solution of 3 vol.%
perchloric acid in ethanol (12.5V, —30 °C).

3. Results
3.1. Theoretical results

The computed I; ISF energies for the different binary
alloys are summarized in Table 1 and Fig. 1. In this study
we have focused specifically on solutes crystallizing in the
hep structure but a corresponding study on other solutes
is under way. We find that alloying reduces the I; ISF ener-
gies (relative to the value for pure Mg) only in case of the
lanthanides and for Y and Sc. All other non-lanthanides
increase the I; ISF energies compared with that of pure
Mg (20-50 mJ m~2).

Table 1

DFT computed values of the I; SFE in Mg;sX crystals (X = Dy, Er, Gd,
Ho, Lu, Sc, Tb, Tm, Nd, Pr, Y, Be, Ti, Zr, Zn, Tc, Re, Co, Ru, Os, Tl) and
the computed values for pure Mg.

Element Atomic I; SFE Element Atomic I, SFE
no. (mJ m~?) no. (mJm™?)

Sc 21 16.16 Be 4, TA 2348

Pr 59 —1.65 Ti 22, IVB 2444

Nd 60 0.25 Zr 40, IVB  22.18

Gd 64 5.20 Tc 43, VIIB  36.19

Tb 65 6.17 Re 75, VIIB  35.35

Dy 66 7.06 Co 27, 37.64
VIIIB

Ho 67 7.82 Ru 44, 40.50
VIIIB

Er 68 8.45 Os 76, 38.54
VIIIB

Tm 69 8.96 Zn 30, IIB 20.98

Lu 71 9.75 Tl 81, IIIA  22.09

Y 39 8.52
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Fig. 1. DFT computed values of the I, ISF energies in Mg;sX crystals
(X =Dy, Er, Gd, Ho, Lu, Sc, Tb, Tm, Nd, Pr, Y, Be, Ti, Zr, Zn, Tc, Re,
Co, Ru, Os, Tl) with respect to the value for pure Mg.

3.2. Experimental results

The grain sizes and textures of the synthesized Mg-RE
alloys were controlled to be similar and, hence, comparable
to the results obtained on pure Mg and Mg-3Y in a previ-
ous study [22]. The recrystallized samples show a c-type
texture without pole splitting and grain sizes of
~40 + 5 pm.

The mechanical testing of these new alloys (solid-
solution Mg-RE alloys with predicted reduced I; SFE;
see Fig. 1) showed indeed significantly improved room-
temperature ductilities. Fig. 2 illustrates the tensile and
compressive stress—strain curves of the new alloys and of
pure Mg for comparison. Cold rolling of the new samples
was performed and total thickness reductions of more than
40% were obtained with steps of 8-10% reduction per pass;
the initial sheet thickness amounted to 15 mm. Fig. 3 shows
the macrostructure of the new alloys after each cold-rolling
pass. The images reveal that these new Mg-RE alloys could
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be cold rolled very well (using rather severe reductions per
pass) without forming any side cracks. In comparison, pure
Mg has already completely fractured along macroscopic
shear bands after as little as 20% cold rolling (Fig. 3a).

The deformation microstructures and crystallographic
textures were measured after each 10% thickness reduction
pass using SEM-EBSD. The corresponding SEM-EBSD
analyses are given in Fig. 4 in terms of inverse pole figure
(IPF) and nearest-neighbour kernel average misorientation
(KAM) maps. KAM maps are used in the microstructure
analysis as a measure of the dislocation density, which
quantifies the local lattice curvature and is retrieved
directly from the EBSD maps.

The deformation microstructures of the new alloys are
characterized by a homogeneous strain distribution with
small and localized deformation bands homogeneously dis-
tributed in the microstructure. These deformation bands
are visible in the KAM maps as regions of higher misorien-
tation in Fig. 4; they are formed either within single grains
or at the boundary of two grains. With increasing rolling
deformation the number and misorientation of these local
deformation bands as well as the average in-grain misorien-
tation patterning is increasing.

Similar deformation microstructures were observed in
the ductile Mg-3Y alloy [21]. In contrast, pure Mg deforms
via strain localization and early cracking along these local-
ized regions (macro shear bands) [21].

Compared to the very intense shear banding observed in
pure Mg [21], the deformation microstructure in the pres-
ently synthesized Mg-RE alloys is characterized by a high
deformation band density as well as smaller local misorien-
tation and smaller local strains associated with each band.
This leads to an altogether more homogeneous deforma-
tion microstructure of the new materials. Deformation
bands do not become critical enough to cause early failure
when the material is cold formed.

Observation and identification of dislocations on 4%
deformed (cold rolled, i.e. compression) material was
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Fig. 2. Tensile (a) and compressive (b) stress—strain curves of the new Mg-3RE (RE = Er, Dy, Tb, Ho) alloys and pure Mg; the initial strain rate

amounted 1073571,
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Fig. 3. Optical photographs of (a) 20% cold-rolled pure Mg and (b)—(e) cold-rolled Mg—3RE (RE = Er, Dy, Tb, Ho) after each 10% thickness reduction;
the new Mg-RE alloys could be very easily cold rolled without forming any side cracks; pure Mg has already completely fractured along macroscopic

shear bands after 20% cold rolling.

i

Mg-3Dy, 40 % CR

Mg-3Er, 40 % CR

Mg-3Tb, 40 % CR

1010

0001 2110

g_-. s
Mg-3Ho, 40 % CR

Fig. 4. Inverse pole figure (IPF) and kernel average misorientation (KAM) maps of cold-rolled microstructures of Mg—3RE (RE = Er, Dy, Tb, Ho) after
40% cold rolling; the deformation microstructures are characterized by a homogeneous strain distribution with small and local deformation bands

homogeneously distributed in the microstructure.

performed applying the g - b = 0 (where g is the diffraction
vector) criterion in the TEM. For each alloy dislocation
observation in several two-beam conditions, g=0002,
g=hki0 (g=11-20 or g=-2110) and g=hkil
(g=11-22,g=1-21-20rg=10-11), was performed.
According to the g - b =0 criterion dislocations with a {c)
component are visible under g=0002 and g =hkil and
invisible under g =hki0, while dislocations with an (a)
component are visible under g =hki0 and g =hkil and

invisible under g =0002. Fig. 5 shows TEM dark-field
images of g=0002 and g=hki0 (g=11-20 and
g=-2110) two-beam conditions of the new alloys,
respectively. As described above, all dislocations which
are visible in both micrographs have both (@) and (¢) com-
ponents. It is evident from the micrographs that in all new
alloys, as well as basal (¢) dislocations, pyramidal (¢ + a)
dislocations are observed. Additionally, prismatic (a) dislo-
cations were found in Mg-3Dy and Mg-3Ho.
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Fig. 5. TEM dark-field images of dislocations in 4% cold-rolled Mg-3RE (RE = Er, Dy, Tb, Ho); for the identification of the type of dislocations two
different two-beam conditions, g =0002, g =xxx0 (g=11-20 or g=—2110), are shown here; the analysis reveals a substantial number of pyramidal
dislocations. For each alloy the same area is shown under different two-beam conditions; for orientation, red arrows are shown pointing to the same
positions in the micrographs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. TEM micrographs of I; ISFs in slightly (1%) cold-deformed Mg-3RE (RE = Er (b), Dy (c), Tb (d), Ho (a)). For each alloy the same area is shown

under different two-beam conditions.

Additionally, a higher (compared to pure Mg) density of
I, ISFs was observed in recrystallized and then slightly
(~1%) deformed specimens of the alloys Mg-3Er, Mg-
3Tb, Mg-3Ho and Mg-3Dy. Burgers vector (b) analysis
according to the g - b criterion of the bounding partial dis-
locations was performed. Selected TEM micrographs of I,
stacking faults are presented in Fig. 6 for the Mg-RE
alloys. From the observed high (compared to pure Mg)
density and widths of the observed I; stacking faults, it is
clear that the I; ISF energies are reduced compared to pure
Mg in all four alloys studied.

4. Discussion

In this work we aim at achieving a better understanding
of the origins of the ductilization effect of a set of Mg alloys
from an atomistic and electronic standpoint and we limit
ourselves to Mg solid solutions blended with a set of 21 ele-
ments that crystallize in hcp structures. A subsequent study
of other solutes that do not crystallizing in hcp structures

will follow. A representative subset of these ab initio pre-
dicted materials was actually synthesized, processed, and
mechanically and microstructurally characterized. The
respective alloying elements where selected based on two
criteria: (i) the I; SFE is expected to be decreased by alloy-
ing; (ii) the alloying element should have relatively high
(>1 at.%) solid solubility in Mg.

A number of preceding studies have addressed the duc-
tilization and softening effects associated with crystallo-
graphic  textures, primary static and dynamic
recrystallization, solid solution and precipitation strength-
ening and deformation characteristics of Y and/or RE
alloying on Mg alloys [4-29]. Nevertheless, a more funda-
mental understanding of the atomic-scale interaction of Y
and RE elements with the Mg matrix and the resulting
effects on the macroscopic properties remains incomplete.
Moreover, it is not clear why Y and lanthanides have very
similar effects on the macroscopic mechanical behaviour of
Mg when rendered into solid-solution alloys. Based on
their electronic structure (within the lanthanide series the
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4f electronic orbital is filled (n — 2 elements)) the lantha-
nides are known to have special properties, both in elemen-
tal form and as alloying elements in many systems [44,45].
This is, however, not the case for Y and Sc: both elements
are n — | transition metals having no 4f electrons. This
means that a clear common electronic property spectrum
of Y and Sc on the one hand and the RE elements on
the other hand, which influence so drastically the bulk
properties of Mg towards an enhanced macroscopic ductil-
ity, has not been identified so far.

In a previous study, we showed by a combination of
TEM measurements and ab initio calculations that the duc-
tility increase in Mg-Y alloys is caused by an increased
activity of (c+a) dislocation slip [21]. This facilitated
activation of out-of-basal-plane shear modes through the
addition of Y to Mg is correlated to a significantly
decreased I; SFE [33]. Here, the I; SFE is decreasing with
increasing Y concentration. In line with previous work on
this problem [33] we propose that this reduction of the I,
SFE can be used as a guiding parameter (among others)
connected with the ductility increase in the Mg-Y system
acting as follows: the enhanced ductility is caused by a high
activity of pyramidal (¢ + a) dislocations as slip modes out
of the basal plane. The nucleation of (¢ + a) dislocations is
the critical step in providing out-of-basal-plane shear. This
is associated with I; stacking faults: the sessile I; stacking
faults, whose energy decreases with Y alloying, is bound
by pyramidal partial dislocation. This dislocation arrange-
ment enables the formation of dislocation structures on
pyramidal planes. In line with the nucleation source config-
uration studied by Yoo et al. [46] we suggest that I; stack-
ing faults act as heterogeneous nucleation sources for
pyramidal (c+ a) dislocations. Consequently, following
our proposal, the observed (TEM) and calculated (DFT)
reduced I; SFE through the addition of Y could cause
the formation of stable I; stacking faults in Mg-Y alloys,
and hence provide sources for (c+ a) dislocations. The
reduced SFE leads then to a higher probability of forma-
tion of SFI; nucleation sources and therefore higher
ductility.

Therefore, we now used the I; SFE of Mg—X solid solu-
tions more systematically as a guiding parameter for the
design of a general class of ductile Mg alloys. An important
aspect of this ab initio driven alloy design strategy is the
opportunity to connect a macroscopic material property
such as ductility and the underlying dislocation substruc-
ture directly with an atomic-scale quantity such as the I;
stacking fault which is accessible to quantum mechanical
predictions [33,47-50]. Based on ab initio predictions of
these I; ISF energies, promising alloys, i.e. those character-
ized by a reduced I, SFE, were produced, homogenized,
rolled, mechanically tested and characterized in terms of
their microstructure, deformation mechanisms and I
SFE. In this study we experimentally confirm that alloys
with theoretically predicted decreased I; SFE indeed pos-
sess significantly enhanced room-temperature ductility
and experimentally observed decreased I; ISF energies.

4.1. Effects of structural, energetic, and elastic contributions
to the I; SFE

The current predictions (Fig. 1, Table 1) show decreas-
ing I; ISF energies for Mg;5sX where the solutes X are Y,
Sc and all the lanthanides considered in our theoretical
study. The ANNNI model provides detailed insights into
I; SFE and their alloy dependence: within the ANNNI
model, the I; SFE is (for a given chemical composition)
expressed as the energy difference between the ground state
energy of the bulk dhcp structure and the bulk hep struc-
ture (both at the equilibrium volume of the hcp structure).
The I; SFE would be zero in the case that both phases are
structurally (volume per atom, c¢/a ratio), elastically (bulk
modulus) and energetically (minimum of the energy vs. vol-
ume curve) equal.

In the following we discuss the impact of different sol-
utes on the main parameters that determine the I; SFE
(thermodynamically, structurally, energetically) for both
hcp and dhep structures.

4.2. Mg-lanthanides, Mg—Y, Mg—Sc solid solutions

The predicted structural, elastic and thermodynamic
parameters of hcp and dhcp structures as well as the respec-
tive differences of these parameters between the hcp and
dhcep structures for Mg with solutes of the lanthanide ser-
ies, Y and Sc are summarized in Table 2 and visualized
in Fig. 7. As shown in Fig. 7a, all studied lanthanide solutes
have the same effect of reducing the difference between the
total energies of hcp and dhep structures as the most ele-
mentary contribution to the reduction of the I; SFE.
Fig. 7b clearly shows how strongly (~80%) the differences
in the ¢/a ratios of hep and dhep structures are reduced
in Mg;sX compounds (e.g. c/fa=1.584 for hcp vs.
c/a=1.590 for dhcp in the case of Ho additions) with
respect to pure Mg (c/a = 1.645 for hcp vs. c/a=1.589
for dhep). Also, the absolute values of the ¢/a ratio for both
structure types, hcp and dhep, are significantly reduced
with respect to pure hcp Mg. The reduction is nearly iden-
tical for all studied lanthanides. The relative differences in
the volume per atom (see Fig. 7c) of the two structures
are significantly decreased for all studied lanthanide solutes
with negative values for the early lanthanides. Most
notably, the solutes Y, Tb, Dy, Ho, Er and Tm render
the volume per atom of Mg;sX crystals nearly identical
in both hcp and dhep structures.

The relative difference of the bulk moduli of hcp and
dhcp structures (Fig. 7d) is reduced for all lanthanide sol-
utes, Sc and Y (compared with the value predicted for pure
Mg) with a minimum value for Gd and Tb.

Our theoretical study thus predicts and explains a signif-
icant reduction of the I; SFE (as the parameter linked to
macroscopic ductility of Mg-Y alloys) in the case of Y,
Sc and lanthanide additions in the form of solutes in Mg
alloys. Within the presented ab initio calculations the ori-
gin of this reduction is revealed to be a complex interplay
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Table 2

Ab initio calculated structural, elastic and thermodynamic parameters of hcp and dhep phases of Mg sX crystals, where X = lanthanide, Sc and Y. Listed
are total energy differences Eqnep — Encp (meV per ion) between Mg;sX crystals with dhep and hep stackings; volumes per atom V' (A3 per ion); bulk
moduli B (GPa) for both hcp and dhep crystals together with their relative ratios. Crystals of Mg;sX are described by the c¢/a ratios of hep structures (or
half these values in the case of dhcp structures).

Element Mg Sc Pr Nd Gd Tb Dy Ho Er Tm Lu Y
Atomic no. 12 21 59 60 64 65 66 67 68 69 71 39
Eanep - Ejpp (meV per ion) 5.4 4.5 -0.5 0.1 L.5 1.8 2.0 2.2 24 2.5 2.8 2.4
Vhep (Af per ion) 22.88 22.99 24.14 24.05 23.77 23.71 23.66 23.61 23.56 23.52 23.44 23.71
Vanep (A’ per ion) 22.94 23.01 24.09 24.01 23.75 23.70 23.65 23.61 23.56 23.52 23.45 23.70
(Vanep — Vaep) Viep (%0) 0.24 0.09 -0.22 —-0.18 -0.07 —0.05 —0.03 —-0.02 0.00 0.02 0.04 —-0.05
By, (GPa) 36.3 37.8 35.5 35.8 36.6 36.8 36.9 37.0 37.1 37.2 37.3 35.9
Bahep (GPa) 35.9 37.5 353 35.5 36.5 36.7 36.8 36.9 36.9 37.0 37.1 35.8
(Banep — Bhep)/ Bhep (%) ~1.04 072 —055 -091 -030 —030 039 -045 —052 —057 —0.51 —0.38
(c/a)heP 1.645 1.594 1.571 1.572 1.580 1.582 1.584 1.586 1.587 1.589 1.593 1.582
1/2(c/a)Gthp 1.589 1.602 1.577 1.578 1.587 1.588 1.590 1.592 1.593 1.595 1.599 1.587
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Fig. 7. Theoretically predicted differences of energetic, structural and elastic parameters of Mg;sX crystals with X belonging to the lanthanide series (see
also Table 2).

of these solutes acting in a number of manners on the inter-  lattice parameters. Specifically, the values of these parame-
nal materials characteristics, such as the volume per atom, ters in hcp and dhep stackings become very similar, in fact
the bulk modulus difference and the ¢/a ratio of hexagonal nearly identical. This conclusion generalizes our findings
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for Mg-Y alloys (for details, see Ref. [33]) to all Mg-RE
alloys.

Besides the effects that these three parameters have
directly on the change in the I; SFE, other more indirect
interactions apply through the direct effects of solutes on
dislocations and slip plane packing density. For instance,
the volume change per atom acts on the dislocations
through the size effect, which is in the analytical limit
referred to as the parelastic effect; the change in bulk mod-
ulus is referred to as the dielastic effect, and the change in
the c¢/a ratio affects the geometrical preference between
basal slip, pyramidal and prism slip, and mechanical twin-
ning. Hence, all these three parameters act simultaneously
on the activation of non-basal slip leading to macroscopic
ductilization. It is found that all the above-listed alloying
elements (Y, Sc and lanthanides) that are reducing the I
SFE in fact also reduce the differences between the corre-
sponding hcp and dhcep stacking heights regarding the stud-
ied thermodynamics, structural and elastic material
parameters.

Based on these ab initio predictions four new representa-
tive alloys (Mg-3Tb, Mg-3Er, Mg-3Dy, Mg-3Ho) were
metallurgically synthesized, mechanically tested and char-
acterized. To reduce texture and grain size effects on the
deformation behaviour the basal texturing and average
grain sizes of the new alloys were controlled (see
Section 3.2). Mechanical testing in tension (Fig. 2a) and
compression (Fig. 2b) as well as cold rolling (Fig. 3) at room
temperature clearly showed drastically improved room-
temperature ductility of the new alloys under all these three
boundary conditions. Microstructure characterization
revealed homogeneous deformation and the activity of
non-basal ((¢c+a)) dislocations during deformation
[21,51] in conjunction with reduced I, ISF energies. Thus,
it was experimentally validated that the selected alloying
elements (Er, Tb, Dy, Ho) significantly decrease the I,
SFE as predicted via DFT and that this reduction in the
I, SFE is accompanied by an increased activity of pyrami-
dal (¢ + a) dislocation slip and improved room-temperature
ductility.

Table 3

4.3. Mg—non-lanthanides solid solutions

The calculated material parameters for non-lanthanide
solutes are summarized in Table 3 and displayed in
Fig. 8. It can be clearly seen that none of these solutes
has an impact on the properties of Mg;sX similar to that
caused by Y, Sc and the lanthanides. Most notably, the
total energy difference of the dhcp and hcp structures
(Edhep — Enep (meV per atom)) is not reduced for any of
the non-lanthanide solutes studied here. Some of these sol-
utes change one or more of these key characteristics simi-
larly to the lanthanide solutes but none of them is
predicted to change all of them. For example, Mg;sTc pos-
sesses nearly identical volume per atom for hcp and dhcp
structures and a similar difference between the hcp and
dhep bulk moduli (though opposite sign), but the energy
difference between hcp and dhcep structures of Mg;sTc is
very high and the c¢/a ratios are only moderately reduced
(when compared to the difference predicted for Mg). Zr
and TI alloying reduces some parameter differences and
increases others. In the case of Mg;5T1 the energy difference
between hcp and dhep structures is increased only weakly
with respect to the corresponding value in Mg. The bulk
moduli difference is reduced, the absolute values of the
c/a ratios are comparable to each other, and the difference
between the c/a ratios of dhcp and hep structures is
reduced in comparison to pure Mg. For Mg;sZr the energy
difference ratio is only slightly increased and the volumetric
difference is strongly reduced to nearly zero. The ¢/a ratios
of MgysZr hep and dhep structures are reduced, but the
bulk moduli difference ratio is increased.

Of the non-lanthanides with hexagonal structure studied
here, only a few, namely Zn, Zr, Ti and TI, are soluble in
Mg or possess a low-melting eutectic with Mg. The
room-temperature mechanical properties of three of these
Mg alloy systems (that are predicted to increase the I
SFE) have been studied before, namely Mg-Ti, Mg-Zr
and Mg-Zn [1,2,52-55,5,56-63]. Among these, Zr and Zn
are very common alloying elements of commercial Mg
alloys. Ai and Quan [52] tested the room-temperature

Ab initio calculated structural, elastic and thermodynamic parameters of hcp and dhcp phases of Mg sX crystals, where X = non-lanthanide elements.
Listed are total energy differences Eqncp — Encp (meV per ion) between Mg;sX crystals with dhep and hep stackings, and volumes per atom V (A? per ion)
and bulk moduli B (GPa) for both hcp and dhcp crystals together with their relative ratios. Crystals of Mg;sX are described by the c/a ratios of hcp

structures (or half these values in the case of dhcp structures).

Element Mg Be Ti Zr Tc Re Co Ru Os Zn Tl
Atomic no. and group 12, TIA  4,1TIA 22, IVB 40,IVB 43, VIIB 75, VIIB 27, VIIIB 44, VIIIB 76, VIIIB 30, IIB 81, IIIA
Ednep — Encp (meV per ion) 5.4 6.2 6.7 6.2 9.6 9.3 10.0 10.8 10.2 5.7 6.1
Vhep (A3 per ion) 22.85 21.87  22.29 22.73 21.39 21.33 21.46 21.31 21.13 22.26 23.04
Vhep (A3 per ion) 22.93 21.95 2231 22.73 21.40 21.37 21.45 21.34 21.16 22.33 23.11
(Vanep — Vaep) Viep (%0) 0.34 0.34 0.09 0.03 0.04 0.17 —0.05 0.16 0.13 0.31 0.30
Biep (GPa) 36.3 37.0 40.6 39.6 42.5 433 38.5 429 43.8 36.8 35.6
Bghep (GPa) 35.6 36.7 40.3 39.3 42.1 42.8 38.4 424 434 36.5 35.4
(Banep — Bnep)/ Bnep (%0) —1.95 -0.84 —-0.87 —0.89 —0.95 —1.18 —0.26 —1.18 -0.93 —0.87 —0.55
(c/a)heP 1.626 1.634  1.592 1.588 1.598 1.608 1.597 1.589 1.598 1.650 1.640
1/2(c/ayrep 1.645 1.636  1.604 1.597 1.616 1.625 1.609 1.609 1.618 1.648 1.648
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Fig. 8. Theoretically predicted differences of energetic, structural and elastic parameters of Mg;sX crystals with hcp and dhep stacking sequences with X

being non-lanthanide atoms (see also Table 3).

mechanical properties of Mg alloyed with Ti in solid solu-
tion (powder metallurgical synthesis). They observed an
increase in the strength and at the same time a drop in
room temperature ductility through solid-solution alloying
of Ti. Zr is widely used as a grain-refining alloying element
in Mg alloys leading to an increase in strength but not in
ductility, but it should be mentioned that the solubility of
Zr is very low and the main effect of Zr on Mg lies in its
grain refinement effect obtained via grain boundary pin-
ning [2,53,56]. Zn is one of the most common alloying ele-
ments in commercial Mg alloys. Many effects are attributed
to it, such as precipitation strengthening when alloyed
together with Al, (e.g. [2,54]), hardening of the basal slip
and softening of the prismatic slip [57,58] and grain refining
[2,54,59-61]. Zn is known to cause a moderate increase in
ductility, yet it does not cause such a substantial improve-
ment in room-temperature ductility as observed for RE
(e.g. [2,62-64]). Studies on the slip systems active during
room-temperature deformation showed that only in

prismatically oriented grains non-basal dislocations (both
prismatic (a) and pyramidal (c+ a)) are observed (e.g.
[55,62]). The other orientations were found to deform
mainly by twinning and basal dislocation slip during
room-temperature deformation [55,62,63].

4.4. Main solid-solution effects on the ductilization of Mg
alloys

The classical solid-solution strengthening and hardening
models are based on the direct effects of the solute atom on
dislocations either via interaction of the stress field induced
by solute atoms with dislocations (solid solution strength-
ening) or via decreasing the energy barrier for cross-slip
of dislocations (solid solution softening) [30,31,64]. In the
present study a more indirect solid-solution effect is inves-
tigated, namely solid-solution alloying causing a reduction
of the I; SFE and, hence, facilitating the formation of I,
stacking faults. These I; stacking faults are supposed to
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act as nucleation source for non-basal dislocations at room
temperature.

Our analysis of the parameters determining the I; SFE
reveals that there is not one single explicit parameter that
exclusively controls this energy, but the effect is rather
due to the combination of thermodynamic, structural and
energetic (elastic energy) contributions. Here, we hypothe-
size that the thermodynamic contribution is represented by
the energy difference between the dhcp and hep structures
having their respective equilibrium volumes. Structurally,
energetically costly elastic strains would be induced in case
of significant structural mismatch between the hep and the
dhep phases. It is therefore advantageous if the dhep stack-
ing (I; stacking faults) has a similar volume per atom and a
similar c/a lattice parameter ratio as the hcp Mg matrix.
The bulk modulus determines how steeply the energy dif-
ference increases in the case of non-zero volumetric differ-
ence between the hcp and dhep structures. A lower value of
this elastic parameter for dhcp stacking therefore contrib-
utes to decreasing the I; SFE.

The fundamental atomistic parameters associated with
these structural, thermodynamic and energetic parts of
the I; SFE in solid-solution systems are related to (i) the
atomic radius, (ii) the electronegativity and (iii) the bulk
modulus difference of Mg and the solutes. Here, the atomic
radius determines the contributions of structure, electro-
negativity (both structural and thermodynamic), and bulk
modulus to the (elastic) energetic component of the I,
SFE. Analysis of these parameters shows that all elements
(lanthanides, Y, Sc) which reduce the I; SFE in Mg have (i)
large atomic radii of >184 pm (Mg: 145 pm), (ii) electro-
negativity values close to that of Mg (1.1-1.3) and (iii) bulk
moduli close to Mg (32-56 GPa). A more detailed analysis
of these parameters shows that Sc, which only moderately
reduces the I; SFE of Mg fulfils all three criteria but its val-
ues are a bit away from those of Y and the lanthanides. It is
revealed that none of the other elements (except lantha-
nides, Y and Sc) fulfils all three criteria.

5. Conclusions

We applied ab initio calculations to predict the I; SFE
of various MgX solid-solution alloys. The I; SFE is pro-
posed to be a suitable alloy design parameter to improve
the ductility of Mg alloys. Here sessile I; stacking faults
are proposed to act as continuous nucleation sources for
(¢ + a) dislocations [33]. Following the ab initio predic-
tions we produced and tested four new ductile binary
Mg-RE alloys.

From our complementary theoretical and experimental
study we conclude:

(i) The I; SFE and all thermodynamic, structural, and
elastic differences contributing to the value of this
energy are reduced for lanthanides and Y and Sc.
The dhcp structure (i.e. the structure of the I; stacking
faults) is effectively thermodynamically destabilized

with respect to the hcp phase, and it is thus made
structurally and elastically better matching the hcp
matrix surrounding the stacking fault.

(i1) Experimental testing and microstructural character-
ization of four new alloys (Mg-3Er, Mg-3Tb, Mg-
3Dy, Mg-3Ho) with predicted decreased I; SFE
was performed. All four alloys showed a significantly
increased room-temperature ductility, an increased
activity of non-basal (in particular (¢ + a) disloca-
tions) dislocation slip and an experimentally observed
decreased I, SFE.

(iii) All studied non-lanthanides excluding Y and Sc were
predicted to increase the I; SFE.

In conclusion, we demonstrate that combining mecha-
nism-oriented ab initio modeling with advanced experi-
mental  characterization  methods  facilitates  the
identification and understanding of critical microstructure
parameters as a basis for advanced materials design of
complex structural engineering materials.
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