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Abstract

In dilute magnesium (Mg) alloys, solute effects were proven crucial for microstructure and tex-
ture development rendering a deep understanding of solute-solute and solute-defect interactions
indispensable for property predictions and alloy design. This dissertation aimed at clarifying
the underlying factors contributing to the formation of texture components deviating from the
common basal texture in ternary magnesium-rare earth (RE) -zinc (Zn) alloys. The main focus
was on understanding the role of solute-defect interactions and resulting synergistic solute ef-
fects. A multi-scale characterization involving classical electron backscatter diffraction (EBSD)
analysis, mechanical testing, and atom probe tomography (APT) was adopted to establish mi-
crostructure correlations concerning atomic scale segregation phenomena, slip activation and
arising material properties.

Binary and ternary dilute Mg-Gd-(Zn), Mg-Er-(Zn) and Mg-Ca-(Zn) alloy sheets were inves-
tigated subsequent to rolling deformation and various heat treatments. The results confirmed
the formation of a unique #40° transverse direction (TD) recrystallization texture in ternary
Mg-RE-Zn alloys. A texture transition from an RD to an TD dominated texture was found
to take place during the early stages of recrystallization. To understand texture selection dur-
ing recrystallization, further investigations on nucleation and early nucleus growth during static
recrystallization were carried out. An as-cast Mg-Gd-Zn sample was subjected to uniaxial com-
pression at 200°C up to 40% strain and subsequently cut into two mirroring sample halves of
which one was annealed for 60 min. Classical and quasi-in-situ EBSD analysis proved the im-
portance of specific nucleation sites, especially compression-tension double twins, to the final
texture. Quasi-insitu EBSD investigations revealed selective growth of off-basal texture com-
ponents, which would ultimately dominate the resulting recrystallization texture. Combined
solute effects and their dependence on the solute ratio, were explored by comparing solute seg-
regation and texture formation of three Mg-Gd-Zn alloys, with varying Gd:Zn ratios of 2:1, 1;1
and 1:2. A low Gd:Zn ratio led to higher solute segregation and a more pronounced TD texture.
Solute clusters with a ratio of approximately 0.33 were found in all alloys indicating that the
formation of effective solute clusters may require a high Zn concentration. These results prove

that alterations of the solute ratio rather than the absolute solute concentration govern segrega-
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tion and texture formation.

A possible replaceability of RE solutes by Ca, was addressed by EBSD investigations, atom
probe tomography and ab initio calculations of binary and ternary Mg-Gd-(Zn) and Mg-Ca-
(Zn) alloys. Texture investigations showed similar off-basal texture trends in Mg-Ca alloys
compared to RE containing alloys. However, significant combined solute effects were observed
in ternary RE containing alloys, e.g. Mg-Gd-Zn, rather than the counterpart Ca alloy. Ab initio
calculations of binding energies revealed preferential Ca-Zn binding compared to Ca-Zn. Addi-
tionally, solute-vacancy binding was investigated to estimate the behaviour of solutes in vacancy
rich regions, e.g. grain boundaries, and revealed that solute-vacancy binding is preferential for
Ca rather than Gd, which may explain the off-basal texture trends emerging in binary Mg-Ca.
In terms of mechanical properties, Mg-Er-Zn and Mg-Gd-Zn both exhibited an enhancement in
the yield strength, strain hardening capability, and failure ductility compared to binary alloy sys-
tems. EBSD-assisted slip trace analysis at 5% strain showed promoted non-basal slip in ternary
alloys compared to the binary counterpart alloy. Alterations of the Gd:Zn ratio lead to further
enhancements of non basal slip activation for lower Gd:Zn ratios. Additionally, a RD/TD yield
stress anisotropy, equally scaling with the Gd:Zn ratio, was observed and attributed to an in-
creased activation of twinning under strain in TD. To explore alternative deformation modes
in Mg-Ca alloys synchroshear in Mg,Ca Laves phases was investigated by classical atomistic
simulation and ab initio calculations. It was proven that synchro-shear is energetically favorable

and therefore the main mechanism for dislocation motion on the basal plane.



Zusammenfassung

In Magnesiumlegierungen haben sich die Auswirkungen geloster Legierungselementen als ent-
scheidend fiir die Entwicklung von Mikrostruktur und Textur erwiesen, so dass ein tiefes Ver-
standnis der Wechselwirkungen zwischen geldsten Elementen und Gitterfehlern fiir die Vorher-
sage von Eigenschaften und das Legierungsdesign unerldsslich ist. Ziel dieser Studie war es,
die zugrundeliegenden Faktoren zu kldren, die dazu beitragen, dass die Texturkomponenten
in terndren Magnesium (Mg)-seltenen Erden (SE)-Zinc (Zn)-Legierungen von der iiblichen
Basaltextur abweichen. Der Fokus lag dabei auf dem Verstidndnis der Wechselwirkungen zwis-
chen gelosten Elementen und Gitterfehlern, sowie synergistischen Effekten der geldsten Ele-
menten untereinander. Es wurde ein kombinierter Ansatz aus klassischer Elektronenriickstreu-
beugung (EBSD), mechanischer Priifung und Atomsondentomographie gewéhlt, um Mikrostruk-
turentwicklung ausgehend von Korngrenzseigerungsphinomenen auf atomarer Ebene und Ver-
setzungsgleiten, bis hin zu den endgiiltigen Materialeigenschaften zu untersuchen.

Binére und ternidre Mg-Gd-(Zn)-, Mg-Er-(Zn)- und Mg-Ca-(Zn)-Walzbleche wurden nach Ab-
schluss verschiedener Wirmebehandlungen untersucht. Die Ergebnisse bestitigten die Bil-
dung einer einzigartigen +40° Kippung zur Querrichtung (QR) in der Rekristallisationstextur
von terndren Mg-SE-Zn -Legierungen. Es wurde festgestellt, dass in den frithen Stadien der
Rekristallisation ein Texturiibergang von einer Waltz- zu einer Querrichtungs-dominierten Tex-
tur stattfindet. Um die Texturauswahl wihrend der Rekristallisation zu verstehen, wurden weit-
ere Untersuchungen zur Keimbildung und zum frithen Keimwachs-tum wihrend der statischen
Rekristallisation durchgefiihrt. Eine Mg-Gd-Zn-Probe im Gusszustand wurde bei 200°C einer
uniaxialen Kompression bis zu 40% Dehnung unterzogen und anschlieend in zwei spiegel-
bildliche Probenhilften geschnitten, von denen eine 60 Minuten lang gegliiht wurde. Klassische
und Quasi-Insitu-EBSD-Analysen belegten die Bedeutung spezifischer Keimbildungsstellen,
insbesondere Druck-Zug-Doppelzwillinge, fiir die endgiiltige Textur. Quasi-Insitu-EBSD-Unter-
suchungen ergaben ein selektives Wachs-tum von nicht-basalen-Texturkomponenten, die letz-
tendlich die resultierende Rekristal-lisationstextur dominieren. Die kombinierten Effekte der
gelosten Legierungselemente und ihre Abhédngigkeit von ihrem Ausgangsverhiltnis in der Legier-

ung wurden durch den Vergleich der Korngrenzseigerung der Legierungselemente und der
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Texturbildung in drei Mg-Gd-Zn-Legierungen mit unterschiedlichen Gd:Zn-Verhiltnissen, 2:1,
I;1 und 1:2, untersucht. Ein niedriges Gd:Zn-Verhiltnis fiihrte zu einer stirkeren Korngrenz-
seigerung der gelosten Stoffe und einer ausgeprigteren QR-Textur. In allen Legierungen wur-
den Cluster mit einem Verhiltnis von etwa 0,33 gefunden, was darauf hindeutet, dass fiir die
Bildung effektiver Cluster eine hohe Zn-Konzentration erforderlich ist. Diese Ergebnisse bele-
gen, dass eher Anderungen des Elementverhiltnisses als ihre absolute Konzentration Korngren-
zseigerung und Texturbildung bestimmen.

Was die mechanischen Eigenschaften betrifft, zeigten Mg-Er-Zn und Mg-Gd-Zn im Vergle-
ich zu den entsprechenden biniren Legierungen, eine verbesserte Streckgrenze, die Fihigkeit
zur Kaltverfestigung und eine hohe Bruchduktilitit. EBSD-gestiitzte Gleitlinienanalyse nach
5 % Dehnung zeigte ein erhohtes nichtbasales Gleiten in den ternidren Legierungen im Vergle-
ich zu biniren Legierungen. Anderungen des Gd:Zn-Verhiltnisses fiihren zu einer weiteren
Verstiarkung der Aktivierung des nichtbasalen Gleitens bei niedrig-eren Gd:Zn-Verhiltnissen.
Dariiber hinaus wurde eine Anisotropie der FlieBspannung zwischen Spannung in Waltz- (WR)
und Querrichtung (QR) beobachtet, die gleichermallen mit dem Gd:Zn-Verhiltnis skaliert und
auf eine verstirkte Aktivierung der Zwillingsbildung unter Belastung in TD zurtickgefiihrt wird.
Die Ersetzbarkeit von seltenen Erden durch Ca wurde durch EBSD-Untersuchungen, Atom-
sondentomographie und ab initio-Berechnungen von binédren und terndren Mg-Gd-(Zn)- und
Mg-Ca-(Zn)-Legierungen untersucht. Die Texturuntersuchungen ergaben, dass die Mg-Ca-
Legierung im Vergleich zu den SE-haltigen Legierungen eine dhnliche Ab-weichung von der
Basaltextur aufweist. Allerdings wurden bei SE- und Zn-haltigen Legierungen signifikante
synergistische Legierungselementeffekte beobachtet, nicht jedoch in der entsprechenden Ca-
Legierung. Ab-initio-Berechnungen der Bindungsenergien ergaben eine bevorzugte Gd-Zn
Bindung im Vergleich zu Ca-Zn. Zusitzlich wurde die Bindungsenergie zwischen Legierungse-
lement und Leerstellen untersucht, um das Verhalten von Legierungselementen in Bereichen mit
vielen Leerstellen, z. B. an Korngrenzen, abzuschitzen und es zeigte sich, dass Ca gegeniiber
Gd bevorzugt wird, was die abwei-chenden Texturtendenzen bei bindirem Mg-Ca erklidren konnte.
Zur Erforschung alternativer Verformungsmodi in Mg-Ca-Legierungen wurde der Synchro-
Shear Mechanismus in Mg;Ca-Laves-Phasen untersucht. Durch klassische atomistische Sim-
ulationen und ab initio Berechnungen wurde nachgewiesen, dass Synchro-Shear energetisch

giinstig und daher der Hauptmechanismus fiir die Versetzungsbewegung auf der Basalebene ist.
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Chapter 1
Motivation and Objectives

A growing demand for highly efficient materials, leads to the necessity of a deep knowledge
of the mechanisms underlying microstructural alterations. Especially the role of solutes, their
combined effects and interaction with deformation modes and intrinsic boundaries need to be
rendered predictable. This knowledge would enable an advanced control over alloying con-
centrations and the resulting properties and is key to informed alloy design. Despite enhanced
research efforts, the complexity of industrial alloy systems, as well as the multitude of physical
mechanisms involving solute interactions impede a precise prediction of solute effects to the
date [51, 52, 61, 74, 76].

Dilute magnesium alloys have the capacity for significant modifications of their properties de-
pending on the chosen alloying system. Although magnesium alloys hold the potential to meet
industrial requirements for weight and energy efficiency, the limited low-temperature formabil-
ity of conventional magnesium alloys impedes their broad application. Amongst the common
alloying elements, rare-earth elements have proven to trigger unique sheet texture alterations,
as well as enable the activation of non basal slip and enhance superior mechanical properties
[4, 11, 12, 16, 30, 33, 51, 58, 65, 69, 71]. However, the effective solute concentrations and
their ratios necessary to enhance RE-specific material properties are yet to be determined and
synergistic effects of RE and Zn are far from being fully understood. A main concern to the use
of RE additions is their limited occurrence and high cost. Extensive research towards identify-
ing viable alternatives deemed Ca a prominent candidate, given its similar atomic size, which is
suspected to trigger comparable segregation behavior [20, 85]. However, given the sensitivity

of distinct texture components to the solute type, further research is required.

Besides solute effects, the influence of precipitates impacts the mechanical properties. Notably,
laves phases are important precipitates in Mg-Ca alloys. Within these phases, a unique basal

slip mechanism, ’synchroshear”, was observed and suspected to be the main mechanism for
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4 CHAPTER 1. MOTIVATION AND OBJECTIVES

dislocation motion on the basal plane [22, 46, 79].

This dissertation will extend the current state of knowledge by examining synergies between
multiple solute species, namely Er/Gd/Ca and Zn, their interactions with defects and influence
on the formation of RE induced texture components in dilute Mg-RE-Zn alloys, by using a
multi-scale approach connecting solute segregation revealed by atom probe tomography (APT)
to microstructural observations and the resulting macroscopic properties. Additionally, this
work briefly explores the synchro shear mechanism by means of classical atomistic simulation
and ab initio calculations.

The main research objectives are outlined below, with corresponding publications referenced in

parentheses.

1. Estimating the potential of Er/Gd in modifying the sheet texture upon rolling and anneal-

ing (publication 1 + 2).

2. Unraveling the mechanisms for texture selection during recrystallization and grain growth

and how it is connected to grain boundary motion and stability (publication 1 + 2 + 3).

3. Quantifying solute effects by estimating the required solute ratio and concentration to

trigger RE induced alterations of the alloy properties (publication 2).

4. Identifying the influence of different solute species (RE and non -RE) on texture and
solute segregation to clarify the texture modification potential of Ca, compared to RE
additions (publication 4).

5. Establishing a basic understanding of the impact of solutes on the active slip mechanisms

and the resulting mechanical properties (publication 1 + 2 + 5).

Fig. 1.1 depicts the employed research strategy for the objectives described above, showcasing
the key findings and the interplay between macroscopic observations, their microscopic origin,

and underlying atomic-scale mechanisms.
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Figure 1.1: Schematic research strategy including a brief summary of used methods and find-
ings.




Chapter 2

Materials and Methods

This chapter includes a brief overview of experimental details and investigated the materials. It
includes sample preparation, electron microscopy, X-Ray diffraction, atom probe tomography,

mechanical testing and computational methods.

2.1 Materials

Tab. 4.1 gives an overview of the solute concentration in atom percent of all investigated binary
and ternary Mg-RE/Ca-(Zn) alloys. For a general comparison of microstructure evolution and
mechanical properties of binary and ternary Mg-RE-(Zn) alloys, Mg-Er-(Zn) was used (see
[57]). The influence of the atomic RE:Zn ratio was studied at the example of Mg-Gd-(Zn) 2:1,
1:1 and 1:2 (see [56]). Additionally, the segregation potential and synergistic effects of RE-
Zn additions, compared to non-RE solutes was estimated by an investigation of segregation in
Mg-Gd-(Zn) compared to Mg-Ca-(Zn) (see [55]).

Table 2.1: Investigated binary and ternary alloys with the corresponding solute concentration in
atom percentage and peer review publications 1 [57], 2 [56], 3 [54] and 4 [55].

Ga (at %) Dy (at %) Er(at%) Ca(at%) Zn (at%) Paper

MgGd 0.142 - - - - 2&4
MgEr - - 0.140 - - 1
MgCa - - - 0.152 - 4
MgGdZn 2:1 0.150 - - - 0.086 2
MgGdZn 1:1 0.148 - - - 0.165 2
MgGdZn 1:2  0.073 - - - 0.165  2,3&4
MgErZn - - 0.140 - 0.400 1
MgCaZn - - - 0.152 0400 4

The cast material was melted in an induction furnace under an Ar/CO, gas atmosphere and

6
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homogenized at 460° up to 960 min, subsequently the composition was measured by ICP/OES.
Rolling sheets of a dimension of 60x40x40 mm3 were hot rolled at 400° for 10 rolling passes

and one additional rolling pass was performed at 200° to increase the stored deformation energy.

2.2 Experimental Methods

Samples of the dimension of 10x12x1 mm3 were cut from the rolling sheet and annealed in an
Heraeus RL200E air furnace for long annealing times and in a sand bath furnace for all anneal-
ing treatments shorter than 5 minutes. All samples were mechanically ground to the sample
mid-plane and subsequently polished with diamond suspension to 0.25 um. Samples assorted
for EBSD measurements or light microscopy were additionally electro-polished. For EBSD, a
Struers AC-2 solution was used at -20 C and 20 V for 120 s. In the case of light microscopy,
the samples were electro-polished for 40 min in 5:3 ethanol H3PO3 at 2 V and etched in an
acetic picral solution. XRD measurements for the characterization of the macro texture were
done using a Brukers D8 advance diffractometer. Six incomplete pole figures were measured,
{1010}, {0002}, {1011}, {1011}, {1012}, {1013} and {1110}, from those, full pole figures
and orientation distribution functions (ODFs) were calculated using the texture analyses tool-
box MTEX [35]. EBSD measurements were done with a step size depending on the grain size
and varying from 0.5 to 1.5 um using a HKL-Nordlys II EBSD detector and a focused ion beam
Helios 600i operating at 20 V. The analysis of the EBSD raw data was done using the MTEX
toolbox [35]. The recrystallization kinetics was calculated from measurements of the Vickers

hardness during interrupted annealing treatments at 370 °C up to 5000 s.

Atom probe tomography (APT) was performed to analyse the spatial distribution of solute el-
ements in the vicinity of a grain boundary (see Fig. 2.1 d). For this purpose, atom probe tips
were prepared by Transmission Kikuchi diffraction (TKD)-assisted tip milling. A site specific
wedge-shaped region containing a grain boundary, previously marked and protected from con-
tamination by platinum deposition, was cut free and lifted out using an Ga+ ion beam. The
region of interest was sliced and mounted on Si posts and subsequently multi-step milling was
performed under decreasing ion beam currents (0.43 nA to 40 pA) and tip radii (1.5 to 0.1 wm)
(see Fig. 2.1 a, b). To insure the presence of grain boundary before subsequent APT measure-
ments and to characterise the grain orientations milling was assisted by TKD (see Fig. 2.1 c).
For the APT measurements, a LEAP 4000X HR Cameca Instrument equipped with an ultra-
violet laser with a wavelength of 355 nm operating at -30°C was used at a constant evaporation
rate of 0.5 %.
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Figure 2.1: Scheme of APT-tip preparation. (a) SE image of a selected grain boundary marked
by a protective platinum layer. (b) Schematic image of a wedge-shaped lift out with marked
slices and a side view of the Si posts with mounted and milled tips. (c) Exemplary, IPF map
from TKD measurements of the APT tip during milling and SE image of a final APT tip. (d)
Top view of Gd solute (marked in blue) segregation at a grain boundary measured by APT

Uniaxial stress-strain curves were obtained from tensile tests in rolling (RD) and transverse di-
rection (TD) of dog-bone-shaped samples with gauge dimensions of 5 x 1.5 x 0.8 mm?3 annealed
at 400°C for 3600 s using a ZWICK tension compression machine under a constant strain rate of
2x1074. Each test was done three times to ensure repeatability. The active deformation modes
were determined by slip trace analysis of interrupted tensile samples strained up to 5 %. Slip
lines were observed on high resolution SE images and the corresponding slip plane was deter-
mined by a comparison to the grains orientation from IPF-EBSD maps using a semi-automatic
Matlab code [26].

2.3 Computational methods (publication 5)

The Vienna Ab-initio Simulation Package (VASP) with the projector augmented wave method
(PAW), was used for first-principle calculations [15, 43, 44]. The electron configurations em-
ployed were 3s3p4s for Ca and 6p2s(2slp) for Mg(Al). To determine an appropriate energy
cut-off and k-mesh, a convergence analysis was carried out. A cut-off energy of 550 eV and a
k-mesh of 21x21x21 were selected. For molecular dynamics calculations, the quickmin algo-
rithm [14, 72] as implemented in LAMMPS was used. The interatomic forces were approxi-
mated using the MEAM potential developed by Kim et al. [41].



Chapter 3
Fundamentals

The following chapter serves as an overview of the relevant concepts of materials physics for
the research presented in this work. It covers basic deformation modes and textures of hexag-
onal materials, annealing phenomena, e.g. recrystallization and grain growth, and fundamental

concepts of solute boundary interactions.

3.1 Deformation of Magnesium and its Alloys

The mechanisms acting during deformation, namely the active slip systems, are crucial for the
potential stress accommodation and the resulting stress state, hence the mechanical response
of the material during further processing. Additionally, the deformed state is fundamental to
the development of the microstructure formed during subsequent annealing, as it determines
location, orientation and growth potential of the formed recrystallization nuclei. In hexagonal
metals, such as Magnesium (Mg), dislocation slip occurs mainly on four slip planes, basal
(0002), prismatic (1010), pyramidal I (1011) and pyramidal II (1122). Except for pyramidal
II, the common slip direction lies in the basal plane along the a direction (1120). Contrary
to slip systems along (a) direction, pyramidal II slip, (1123) ((c +a) ), has a component in ¢
direction [47]. These slip systems are depicted in Fig. 3.1 a.

Table 3.1: Typical slip systems in hexagonal crystals depending on the c/a ratio at the example
of Zinc, Magnesium and Titanium [82].

c/a  Principle slip system Secondary slip system Other slip systems

Zn 1.856 Basal Pyramidal II Prismatic
Mg 1.624 Basal Prismatic Pyramidal 1T + 1
Ti 1.588 Prismatic Basal Pyramidal II + 1

However, due to its low critical resolved shear stress only basal slip is activated in conventional

9
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Figure 3.1: (a) Typical slip planes in hexagonal crystals, e. g. Magnesium. (b) Dependence of
the critical resolved shear stress 7, from the temperature for the slip systems shown in (a) and
tensile twinning, reprinted from [4].

Magnesium and its alloys at low temperature (see Fig. 3.1 b). For hexagonal materials with a
c/a ratio smaller than 1.63 non-basal slip mechanisms can be activated more easily compared to
ideal hexagonal closed packed hcp material. Tab. 3.1 shows typical slip systems in hexagonal
materials depending on the c/a ratio [82].

Next to basal slip, {1012} (1011), tensile twinning is one of the main deformation mechanisms
in pure Mg and its alloys, due to its low critical resolved shear stress, compared to non-basal slip
or compression twinning. Tensile twinning leads to a 86° rotation and compression twinning to
a 56° rotation around the (1012) axis. As twinning leads to a shape change, the external force
direction and the crystal structure need to favour this shape change for twinning to occur. Is
the c/a ratio larger than 1.73 compression, and for a c/a < 1.73 tension twinning is favoured.

During rolling, a common processing technique, basal slip leads to an alignment of the c- axis
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with the compression direction. As the available slip mechanisms at ambient temperatures are
mainly limited to basal slip, a accommodation of stress along the c-axis is not possible. This

causes a brittle behaviour of common magnesium alloys during forming.

Additional to classical slip systems and twinning a novel basal slip mechanism was observed in
Laves phases and suspected to be the main deformation mechanism on the basal plane [22, 46,
79]. The so called ’synchroshear” is a simultaneous motion of two partial dislocations on the
basal plan with burgers vectors along 1/3 (1010) resulting in a total burgers vector (b) of 1/3
(1120) [17, 32, 45].

3.2 Recovery and Recrystallization

During annealing of the deformed microstructure, two main mechanisms will determine the
resulting microstructure, recovery and recrystallization. While recovery retains and restores
properties of the preexisting microstructure, recrystallization describes the formation of a new
microstructure. Recovery consists of the annihilation of dislocations and their arrangement
into structures of lower energies. Fig. 3.2 shows a schematic illustration of the stages involved.
During annealing of the deformed dislocation rich microstructure, a cell structure will be formed
out of cell walls of tangled dislocations. Annihilation and ordering of dislocations into small

angle grain boundaries will subsequently result in the formation of subgrains [27, 40].

(c) (d)
Figure 3.2: Scheme of recovery and its stages: (a) tangled dislocations; (b) Cell formation; (c)
dislocation annihilation; (d) subgrain formation. Adapted from [40].

The term recrystallisation, more precisely primary recrystallisation, refers to the formation of

a new microstructure by nucleation and growth of newly formed microstructural units called
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recrystallisation nuclei possessing high angle grain boundaries and a significantly lower elastic
energy compared to the surrounding matrix. The resulting gradient in elastic energy between
the nuclei and the surrounding deformed microstructure leads to a driving force (P) expressed
in Eq. 3.1 enabling the growth of the recrystallised nuclei, thereby consuming the remaining
deformation matrix and reducing the overall elastic energy of the microstructure. In Eq. 3.1 b

represents the burgers vector of the dislocations, p their density and G the shear modulus.

P= %prz (3.1)

For nucleation to occur three main criteria have to be met. The elastic energy from deformation
needs to be high enough to allow a sufficient driving force for the recrystallization nuclei to
grow. This is called the mechanical criterion. As the high curvature and surface energy of the
nuclei will favor their shrinkage, next to a sufficient driving force they will need a minimum
size allowing growth. This is referred to as the thermodynamic instability criterion. Nuclei of
a viable size are expected to be preexisting in the deformed microstructure, exemplary as sub-
grains, contrary to classical nuclei formation by thermal fluctuations as it occurs during phase
transformation. This is assumed due to the relatively low activation energy for recrystallisation
and the high surface energy of high angle grain boundaries (HAGBs) [40]. Finally, the kinetic
instability criterion states that, the boundaries of the nuclei have to be mobile which is only the

case for high angle grain boundaries.

Nucleation at existing HAGBs, inhomogenities or particles is therefore favorable [27]. After
the current state of the art, it is evident that the nuclei orientations are already existent in the
deformed matrix. They depend on the nucleation sites, which are crucial for the subsequent
annealing texture. Preexisting subgrains at grain boundaries may arise from strain induced
grain boundary migration (SIBM), during which grain boundary bulging leads to a region with
reduced dislocation density behind the grain boundary. At other nucleation sites HAGBs are
formed by rapid recovery. This process requires orientation gradients in the deformed matrix
making areas around particles or deformation inhomogenities, such as shear bands, ideal nucle-

ation sites [40].

The recrystallization kinetics can be approximated by a theory developed by Johnson, Mehl,
Avrami and Kolmogorov [2, 3, 27, 40] assuming randomly distributed nucleation sites. After the
Jonson-Mehl-Avrami-Kolmogorov (JMAK) equation, where N represents the nucleation and G
the growth rate, q represents a time constant and fg the recrystallization time, the recrystallized
volume fraction as a function of time t can be expressed (see Eq. 3.2). At g, X is defined to be
equal to 0.63.
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Under the assumption that grains grow isotropic into the matrix without contact to each other

and nucleation occurs homogeneously, the Avrami exponent n is expected to be 4. In the case of
site saturated nucleation, during which nucleation occurs rapidly at the start of recrystallization,

the Avrami exponent will be 3.
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Figure 3.3: Shematic curves of (a) hardness and (b) recrystallized volume fraction during re-
crystallization. (c¢) In(-In(1-X)) over In(t) plot for the determination of the Avrami exponent n.

Experimentally, the recrystallized volume fraction can be determined from interrupted hardness
measurements during annealing, since due to the decreasing dislocation density the hardness is
gradually decreasing until a fully recrystallized state it reached. Fig. 3.3 (a) shows a schematic
development of hardness and (b) of the recrystallized volume fraction with proceeding anneal-
ing time. The slope of an In(-In(1-X)) over In(t) plot, schematically shown in Fig. 3.3 (c),
represents the Avrami exponent n, and can be used to compare the experimental results to theo-
retical expectations. The expected value of 4 or even 3 are rarely met, as the model assumptions
do not fully mimic the conditions in real materials, such as anisotropic growth and site specific
nucleation [27, 40].

Although recrystallization nuclei originate probably from subgrains formed during recovery,
recovery will reduce the driving force for recrystallization as it lowers the overall stored elastic
energy. Recrystallization and recovery are therefore competing mechanisms and their extend
depends on the materials properties, e. g. the stacking fault energy, as well as processing
parameters such as the annealing temperature [40]. As recrystallization requires prior nucleation
it needs an incubation time, while recovery occurs thermally activated and spontaneous. Hence
the extent of initial and ongoing recovery can hinder recrystallization, but once recrystallization

proceeds recovery will be limited.
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3.3 Grain Growth

Grain size evolution will impact the resulting texture and the mechanical properties, exemplary
by anisotropic growth of specific orientations. Additionally grain boundaries act as important
obstacle for dislocations. Grain growth occurs via the motion of grain boundaries, which de-
pends on the processing temperature and time, as well as diverse intrinsic influences, such as

dislocation densities, solute segregation and grain boundary characteristics [39, 40].

A simplified definition of the velocity v of a grain boundary states, that it is proportional to the
total pressure on the boundary from its driving forces by its mobility m, which is considered

to be a temperature dependant constant [39]. In the corresponding equation (Eq. 3.3), )} P
i=0
denotes the sum of all acting driving forces.

v=m-Y P, (3.3)

The most important driving force is the capillary driving force (F;), after which a boundary will
move towards the center of its curvature. This is expressed in Eq. 3.4, where R is the radius
of curvature and 7y the specific surface energy. Statistical observations show that large grains
surrounded by smaller neighbors will mostly have concave boundaries, while small grains will
have a limited number of neighbors and accordingly convex boundaries. Therefore the capillary

driving force will lead to a growth advantage of large grains [37, 39].

_ 2
R

P (3.4)

An additional driving force results from an uneven distribution of retained elastic energy from
deformation(P,;), which will lead to a motion of the boundary towards regions with higher dis-
location densities (see Eq. 3.1). Thereby, grains with a lower dislocation density consume
their neighbors and the overall elastic energy is reduced. Next to curvature and elastic energy
gradients, other factors can influence grain growth. Exemplary, precipitates or solute atoms
inhibit grain growth and exert a force opposed to the boundaries motion. Fig. 3.4 shows four
exemplary growth conditions illustrating the interaction of different driving forces and the re-
sulting force on the boundary. The dislocation densities p;, p3, p4 and ps are equal. Hence,
the corresponding sample cases will not be effected by a gradient of the elastic energy. Case (i)
shows uniquely the capillary driving force, (ii) shows both capillary and elastic energy driving
force acting in the same direction and therefore accelerating the shrinkage of the small convex
grain and case (iii) and (iv) include a solute drag force (P;) counteracting to the capillary driving
force. However in (iii) the solute drag force has the same magnitude as the capillary driving

force preventing the boundaries motion, while in (iv) the solute drag force is smaller and will
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therefore only reduce the resulting driving force, but not alter its direction.

Figure 3.4: Illustration of the main acting driving forces during grain growth at the example of
four different growth conditions. As py is equal to p3, p4 and ps the force of the elastic energy
gradient plays only a role in chase 2. (i) Capillary driving force (P;). (ii) P, and elastic energy
driving force (P,;) acting in the same direction and the resulting driving force (F;). (ii1) P. and
equally strong counteracting solute drag force (P). (iv) P. and weaker counteracting P and the
resulting P, in favor of P,.

In general grain growth occurs during annealing as the involved mechanisms require thermal
activation. The evolution of the mean grain diameter D can be expressed by Eq. 3.5. Here,
Dy denotes the initial grain diameter and D; the mean diameter at a given time t. The kinetic
growth constant K is temperature dependent and can be described by a simple Arrhenius ex-
pression,where Q is the activation energy for grain growth, k the Boltzmann constant, T the

temperature and K the kinetic growth constant at 0 K. (see Eq. 3.6).

D} —D? =Kt (3.5)
K:Ko‘exp<%) (3.6)

Next to a continuous increase of the mean grain diameter, grain growth can proceed discontin-
uously. This phenomena is called abnormal grain growth or secondary recrystallization and is
characterized by the excessive growth of a few grains possessing a growth advantage over there
neighbors. Previous works, amongst others by Hillert [37] show that abnormal grain growth
will occur when normal grain growth is inhibited or selective grains show a substantial growth
advantage. A simple size advantage will not lead to effective abnormal growth, as the capillary
driving force decreases continuously while the diameter increases.

Typically abnormal grain growth can occur in the presence of particles inhibiting normal grain
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growth. However, normal grain growth can also be inhibited by a strong texture annealed at
high temperatures, as several works on the cube texture in various materials show [21, 62]. A
strong texture leads to homogeneous orientations and low misorientations between neighboring
grains, hence lower grain boundary energies and mobility. In this environment few grains with
a different orientation would have grain boundaries with a high misorientation and mobility.

Accordingly, a growth advantage over there neighbors.

As the impact of solute atoms on the evolution of the microstructure is a central part of this
dissertation, solute segregation and the resulting drag force will be discussed detailed in the

following.

3.4 Solute Segregation and Drag Effects

The effect of solutes on grain boundary migration depends on several influence factors, such as
temperature, solubility, diffusivity and the grain boundary character. Solute atoms are expected
to have a different energy in the vicinity of a grain boundary compared to solutes within the ma-
trix, as the free volume and degree of order changes significantly at the grain boundary. Solute
atoms larger than the matrix atoms are therefore expected to segregate to the grain boundary as
they create a positive misfit energy within the matrix. Hence, by segregation of those solutes
to the grain boundary the total energy is reduced. The tendency to segregate can be quantified
by an empiric approach shown in Eq. 3.7 [53]. Where Xgp and Xj; represent the solute con-
centrations at the grain boundary and in the matrix, respectively, R the ideal gas constant, T the

temperature and AGy,, the segregation energy.

Xcp Xy AGieg
_ . 3.7
1— Xop <1—XM) ex”( RT S

A simplified but well established theory to describe solute boundary interactions is the Chan-

Liicke-Stiiwe model [48]. In general it can be noted that, there is a force between the solutes
and the boundary, leading to an increase or decrease of the solute concentration at the boundary
compared to the matrix. Eq. 3.8 shows the dependence of the solute concentration c at the grain
boundary for a static boundary from the interaction energy U and the temperature T, while k is

the Boltzmann constant and c( the solute concentration of the alloy [36, 40].

c:co-exp(—%> (3.8)

A moving grain boundary will leave the solute atoms behind creating an asymmetric concentra-
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tion profile and a drag force between the solutes and the grain boundary, inhibiting the bound-
aries motion. Fig. 3.5 (a) shows the interaction force around the grain boundary as well as the
resulting concentration profile for a static, as well as a moving grain boundary. At low veloci-
ties the drag force will have a strong impact on the boundaries motion, while at high velocities
the grain boundary is able to break free from its solute atmosphere and moves with a mobility
nearly unaffected by solutes. Eq. 3.9 shows the driving pressure P at the velocity regimes de-
scribes above. Where v denotes the velocity, m the mobility of a solute free grain boundary and
co the solute concentration in the alloy, while & and o’ are model constants. It has to be noted
that due to the simplifications made, the model is quantitatively not reliable. Exemplary, the
diffusivity at the grain boundary and inside the matrix is assumed to be equal, which leads to an
over estimation of the drag force. Additionally the solute-boundary interactions at intermediate

velocities are not predictable due to the complexity of influence factors.

low v regime (i) : P = v + acov
m

. PPN e
high v regime (i) : P = P + s 3.9

. y V o' cov
+ i) P=~ ¢ 2Or
(@ + (1) m + 1+ ao/v?

However, the presented approach can be used to describe the behaviour of a boundary effected
by solutes. The models predictions are illustrated in Fig. 3.5 (b). For a solute free grain
boundary the velocity and the driving pressure are expected to be proportional (see Ch. 3.3), at
low solute concentration this is only mildly changed towards lower velocities at higher driving
pressures. In the low velocity regime, driving pressure and velocity remain proportional but the
motion is inhibited. But, in an intermediate velocity range, a solute concentration large enough
for a significant drag force will lead to discontinuous velocity jumps, caused by a break free of
the boundary from its solute atmosphere. Accordingly, at a high velocity the boundary moves
free from its solute atmosphere showing the same proportionality as a grain boundary in a pure

system.
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Figure 3.5: a) top: Interaction force between solutes and the grain boundary in the vicinity
of the boundary. bottom: Concentration profile near the grain boundary in the case of a static
and a moving boundary (dotted line). b) Evolution of the velocity with the driving pressure for
different solute concentrations after the Chan-Liicke-Stiiwe model. Adapted from [39].

The concepts presented above approximate the behaviour of a solute loaded grain boundary.
However, to grasp the complexity of the problem multiple factors have to be considered, such
as ordering effects at the boundary and in its vicinity, different binding energies between solvent
and solutes, varying solubility at the grain boundary and in the matrix, as well as ternary effects

of multiple solute species.

3.5 The Crystallographic Texture

Most materials, including Mg, develop preferential orientations in the deformed matrix depend-
ing on the active slip mechanisms. The sum of all occurring orientations is called texture. The
resulting deformation texture will influence the orientation of nuclei and therefore the final tex-
ture of the material subsequent to annealing. A strong texture can lead to anisotropic material
properties, e. g. electric, magnetic and mechanical properties [1]. Texture is mostly represented
by pole figures, which show an orientation density distribution of all orientations on the area of
interest. A pole figure is equal to a sum of stereographic projections of multiple grains, but only
one crystal plane. It relates the crystal coordinate system to global sample coordinates, such
as the rolling, transverse direction and the sheet normal. The density of a specific orientation
on the pole figure is usually expressed by an intensity on a scale from 1, where 1 expresses a

random occurrence of the orientation.
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In hexagonal materials the deformation texture depends strongly on the activated slip system
which will depend on the c/a ratio of the material. Fig. 3.6 shows schematic 0002-pole figures

of hexagonal materials depending on the c/a ratio.

c/a = 0.633 c/a>0.633 c/a<0.633
e. g. Mg e.g. 7n e. g. Ti

n (n>1)
% TDQ
1
RD RD RD

Figure 3.6: Typical textures of hexagonal materials depending on their c/a ratio.

As mentioned above in the case of Magnesium, as well as all hexagonal metals with a c/a ra-
tio close to the ideal of the hexagonal close-packed (hcp) structure of 1.633, basal slip is the
main slip mechanism. This leads to an alignment of the basal poles with the sheet normal.
For smaller values of c/a, as in titanium, the basal poles will be rotated towards the transverse
direction (TD) and in the case of a larger c/a ratio, as in zinc, the basal poles will be rotated
towards the rolling direction (RD). The latter is a result of a combined occurrence of basal slip
and twinning [78, 82]. Subsequent annealing will lead to a recrystallization texture linked to the
one formed during deformation. As discussed in Ch. 3.2, the orientation of the recrystallization
nuclei will depend on the deformation texture. The nucleation texture will therefore depend
on the orientation of prominent nucleation sites and there expansion into the deformed matrix.
However, several other influence factors effecting nuclei growth can lead to a change in texture
during recrystallization. Selective growth of specific texture components by an uneven distri-
bution of stored elastic energy, grain boundary mobility or solute and particle drag effects, can
lead to significant changes of the recrystallization texture compared to the deformation texture
[82].

3.6 Molecular Dynamics

Molecular dynamics (MD) uses classical mechanics to calculate the motion of particles in a
system, obtaining atom positions and velocities by numerically solving Newton’s laws of mo-

tion. Here, the forces between particles are the gradient of the potential energy function. An



20 CHAPTER 3. FUNDAMENTALS

appropriate potential is chosen according to the bond type. For metallic systems mostly the em-
bedded atom potentials (EAM) and the modified EAM (MEAM) are used. The EAM potential
considers an embedding energy next to a pairwise interaction energy [18, 73]. MEAM poten-
tials additionally include angular forces [9]. To obtain the total energy of one atom all neighbors
in a certain cutt-off are considered and stored in a neighbor list. To reduce computational ef-
forts, this list is only renewed once the atom exceeds a predefined distance of motion. To solve
Newtons law of motion, implicit methods, the Verlet or the Velocity Algorithm are used [80].
While the Verlet Algortim has a lower error compared to the Velocity Verlet Algorithm, it does

not provide velocities.

3.7 Ab-initio Calculations

First principles calculations are employed to derive material properties based on interactions
between electrons and atom cores. These calculations are rooted in the principles of quantum
mechanics, which acknowledge the wave-particle duality of quantum-scale particles. Due to
this wave character, the exact position of the particles cannot be determined, but their position
probabilities can be known. The states of quantum mechanical systems are described by the
time-independent Schrodinger equation (see Eq. 2.3) [70], where the Hamilton operator H

represents all possible energy states of the system, y the wave function and E the the energy.
Hy=Ey (3.10)

To simplify the Schrédinger equation, the Born-Oppenheimer approximation is employed [60].
In this approximation, the nuclei move much slower than the electrons, allowing their kinetics
to be decoupled. The numerical cost of solving the Schrodinger equation, even with the Born-
Oppenheimer approximation, scales with (n3)V¢, where n represents the number of mesh points,
and Ne the number of electrons. Consequently, for complex or large systems directly solving
the Schrodinger equation is infeasible due to the substantial computational demands. To address
this limitation, Density Functional Theorem DFT is used. It replaces the wave functions with
an electron density, significantly reducing the computational complexity. DFT considers only
the ground state energy, which results from minimizing the Schrédinger equation. The only
unknown variable is the Hohnberg-Kohn functional, which describes the quantum mechanical
correlation between electrons. This functional is estimate by the iterative Kohn-Sham approach
[42]. Still calculations including all electrons would demand unreasonably high computational
efforts. Therefore, the electron density of electrons near the core is approximated by pseudo-
potentials [38]. Common tools to perform quantum mechanical calculations are exemplary the
Vienna Ab-Initio Package (VASP) [43, 44] or Quantum ESPRESSO [24, 25], they use pseudo-
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potential obtained by the projector augmented wave (PAW) method [15].



Chapter 4

State of the Art

This chapter will clarify the current gap of knowledge and summarize the state of research on

magnesium rare earth alloys relevant to the main research questions of this dissertation.

4.1 State of the Art and current Gap of Knowledge

As of late, tailoring materials properties by controlled solute additions has become crucial for
a broad application of light weight materials, such as Magnesium. A prediction of the impact
of solutes on deformation modes and microstructure evolution is the key to informed design
of next generation magnesium alloys. In this regard, increasing research efforts have been em-
ployed to deepen the understanding of solute-defect interactions [52, 61, 76].

Currently, the application of Magnesium alloys in lightweighting is hindered by a lack of forma-
bility. This is caused by the limited activation of non-basal slip systems at room temperature
and the resulting formation of a strong basal texture [23, 77]. As an increase of the processing
temperature would lead to high production costs, research aims at developing materials with
a weak texture and/or multiple active slip systems at lower temperatures. Although modern
processing routes can lead to more prominent properties [59], the most promising approach to
texture modification was found to be micro-alloying [30, 31, 65]. Common Magnesium alloys,
such as AZ31, have fare superior properties compared to pure Magnesium and are therefore
suitable for certain applications. However, they still develop a strong basal texture, as well as a
generally low formability [5, 75]. In this context, the addition of RE elements to industrial Mg
alloys, e.g. AZWX, was found to lead to enhanced texture softening and superior mechanical
properties [30, 65].

Although several alloy systems have been investigated, the fundamental physical mechanisms
causing property alterations remain unclear. To the date research focused mainly on two as-

pects, the alteration of texture by combined solute effects and the influence of solutes on active
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deformation modes. There is evidence that RE solutes impact both, texture and deformation
modes significantly and thereby modify the resulting alloy properties. A softer texture is al-
ready formed upon rolling and enhanced during subsequent annealing. At the completion of
recrystallization the texture has a clear off-basal trend and a low intensity [10, 12, 30, 57, 65,
84]. Various mechanisms triggering random nucleation, such as particle stimulated nucleation
(PSN), shear band nucleation (SBN) and deformation twin nucleation (DTN) have been sus-
pected to be the source of the RE-texture [63]. Although, those mechanisms were partially
observed in RE containing alloys, texture softening was also found to occur in dilute alloys and
to occur independent of any specific nucleation mechanism [10, 12, 57]. Furthermore, many
RE free alloys benefit from random nucleation caused by the mentioned mechanisms without
developing RE texture components [5, 50].

It is well known that RE solutes will segregate to grain boundaries due to there large size mis-
fit within the Mg matrix. Accordingly, RE-solutes will significantly influence grain boundary
mobility and energy during recrystallization and grain growth and thereby alter texture and mi-
crostructure evolution. Barrett et al. suggested that a homogenization of the grain boundary
energy caused by solute segregation, leads to a reduction of the mobility of highly mobile grain
boundaries, thereby annihilating the growth advantage of basal texture components. This may
enable the growth of off-basal texture components weakening the typical basal texture in Mg-
RE alloys [7, 8]. A specific feature of the RE-texture is a basal pole spread towards TD upon
annealing, this was found to be significantly enhanced by the addition of Zn [33, 56, 71].

It is suspected that the negative size misfit of Zn in the Mg matrix will lead to clustering with
RE atoms and subsequent co-segregation [8, 34, 64, 74]. Here, the magnified total solute con-
centration could be more efficient in terms of hindering the grain boundary motion. Synergistic
effects in Mg-Gd-Zn alloys and thereby the resulting solute segregation were found to depend
not only on the amount but also on the relative ratio of solutes in the material [56]. Additionally,
it was proposed that synergistic effects could alter the grain boundary energy and or structure
and thereby favor the observed texture formation [51, 56, 58]. In this regard, a recent ab-initio
study by Mahjoub at. al showed a dependence of the binding energy between RE solutes and Mg
atoms from the grain boundary character [51]. The observed anisotropic binning energy may
lead to anisotropic mobility and thereby influence the growth of specific texture components.
Next to anisotropic solute boundary interactions, segregation itself might be anisotropic. This
was recently observed in Mg-Mn-Nd [61] and other material systems (e. g. (Pt-Au) [6]). Ac-
cordingly, a growth advantage of specific grain boundaries and thereby TD-texture components,
is currently assumed to be caused by complex solute-boundary interactions possibly modifying
the grain boundary energy and mobility.

Additionally, RE elements were found to impact the mechanical properties significantly. A

higher yield and ultimate tensile strength are observed, as well as an enhanced formability [11,
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57, 63]. The current literature attributes this to a combination of the texture modifications de-
scribed above and immediate solute effects on the active deformation modes. The activation of
non-basal slip, including pyramidal II < ¢+ a > slip, was frequently observed in Mg-RE al-
loys [20-23] and in combination with Zn the activation of non-basal slip was further enhanced
[17,24]. In Mg-Y, the activation of < ¢+ a > slip was explained by changes in the stacking fault
energies after small additions of Y [68, 86]. Several studies attribute enhanced non-basal slip
to basal slip strengthening caused by the inhibition of basal slip by solute pinning in Mg-RE
alloys [66, 67, 83].

The addition of Zn further enhances the observed RE effects on the mechanical response [4, 11,
65, 71]. The activation of non basal slip modes was also promoted by Zn additions, indicat-
ing the importance of synergistic effects on mobile dislocations and thereby on slip activation
[56]. Additionally, Zn in combination with RE solutes, leads to a yield stress anisotropy in
rolling sheets depending on the testing direction exhibiting lower yield stresses under strain in
transverse direction (TD) [19, 29, 56]. Several studies observed not only an anisotropy of the
mechanical properties but additionally an anisotropy in tensile twin activation [19, 29, 56]. The
properties and stability of tensile twins, a mechanism crucial for local strain accommodation in
Mg alloys, were also found to be effected by combined RE and Zn segregation to twin bound-
aries [13, 49, 58, 81]. Namely, an enhanced activation of tensile twinning in ternary Mg-RE-Zn
alloys was observed (e. g. by Luo et. al [49]). Nie et al. showed that the Gd and Zn solutes at
twin boundaries alter their properties effecting twin activation and stability [58].

Nevertheless, a significant obstacle to the industrial application of RE solutes is their limited
availability and high cost. Extensive research efforts have been employed to find viable alterna-
tives, considering both texture and properties. Calcium (Ca) emerges as a prominent candidate
due to its similar atomic size, suggesting potential parallels in solute segregation and resulting
microstructural alterations. Indeed, comparable texture components and enhanced mechanical
performance have been observed [20, 85]. However, despite these observations, the topic re-
mains ambiguous, particularly in ternary alloys containing Zn, as texture trends show a high

sensitivity to the solute type.

The available literature reveals the importance of synergistic solute effects on the activation
of non-basal deformation modes, including twinning, as well as solute segregation to grain

boundaries, texture selection and the resulting materials properties.



Chapter 5
Key Insights and Scientific Contribution

The following will summarize the main investigations and findings of this dissertation, and

elaborate its scientific contribution to the ongoing research in the field.

5.1 Key Insights

As solute effects were proven crucial to the development of high performance magnesium al-
loys, attaining a deep understanding of solute interactions is the key to targeted alloy design.
Undertaking this pursuit, this dissertation aimed at unraveling the origin of specific texture
components and mechanical properties in ternary Mg-RE-Zn alloys, with regard to solute-grain
boundary interactions and resulting synergistic solute effects. A multi-scale approach featuring
classical EBSD analysis, mechanical testing, atom probe tomography and ab initio calculations
was employed to trace back microstructural features to the effect of solutes on grain boundaries
and slip activation.

Texture selection during recrystallization and following grain growth was investigated for Mg-
Gd-(Zn) and Mg-Gd-(Zn) alloy systems (publication 1+2). To assess their dependence on so-
lute ratios, three Mg-Gd-Zn alloys with varying Gd:Zn ratios of 2:1, 1;1 and 1:2 were examined
(publication 2). The investigation of texture selection during recrystallization was performed
by uniaxial compression, subsequent heat treatments and quasi-in-situ EBSD analysis, proving
both selective growth of off-basal texture components and the importance of specific nucle-
ation sites to the final texture (publication 3). Unique synergistic solute effects were identified
between Zn and RE compared to none RE solutes, by a combined approach of atom probe to-
mography and ab initio calculations of Mg-Ca-(Zn) and Mg-Gd-(Zn) (publication 4). Synchro
shear in C14 and C15 Mg,Ca laves phases was investigated by classical atomistic simulation
and ab initio calculations (publication 5).

The main findings of these investigations reveal a significant impact of solute-solute and solute-
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boundary interactions on texture formation and mechanical properties. They are summarized in

5 research articles, that effectively fulfill the set research objectives.

1. Estimating the potential of Er/Gd in modifying the sheet texture upon rolling and annealing
(publication 1+2).

The synergy of Zn and RE within dilute Mg-RE-Zn alloys was proven to be effective for sheet
texture modifications during annealing. A distinctive texture characterized by pronounced basal
pole peaks around +40° TD was observed in both, ternary Mg-Gd-Zn and Mg-Er-Zn, while the
corresponding binary alloys maintained a predominant RD spread from their rolling texture.
Both Mg-Gd-Zn and Mg-Er-Zn, exhibited selective growth during recrystallization and subse-
quent grain growth favoring, TD-tilted texture components. Synergistic effects were found to
be crucial in terms of providing TD orientated recrystallization nuclei, as binary alloys lacked
distinct TD texture tendencies (see Fig. 5.1 and 5.3) [56, 57].
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Figure 5.1: Graphical abstract showing the main findings on texture selection in Mg-Er-(Zn)
[57].

2. Unraveling the mechanisms for texture selection during recrystallization and grain growth

and how it is connected to grain boundary motion and stability (publication 1 + 2 + 3).
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In both investigated ternary alloy systems, Mg-Er-Zn and Mg-Gd-Zn, recrystallization nuclei
demonstrated selective growth behavior favoring TD-tilted texture components. This phenom-
ena likely originates from anisotropic solute-boundary interactions affecting the mobility during
the early stages of nuclei growth. The addition of Zn led to a notable transition in grain bound-
ary misorientation angle distribution, shifting from predominant angles of 40° in binary alloys
to angles exceeding 60° in ternary alloys. Hence, synergistic effects were proven evident in
Mg-RE-Zn alloys (see Fig. 5.1 and 5.3) [56, 57]. A comparative EBSD study of two halves of
one sample subjected to compression, one as deformed and the other post-annealing, revealed
that static recrystallization was closely linked to specific nucleation sites within the deforma-
tion microstructure. In that respect, double twins were found to be important nucleation sites
providing viable orientation components for the resulting recrystallization texture. Quasi-insitu
observations provided insights into growth selection of off-basal nuclei while neighboring basal

nuclei diminished, leading to an off-basal recrystallization texture (see Fig. 5.2) [54].
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Figure 5.2: Graphical abstract showing the main findings on selective nucleation and growth

in Mg-Gd-Zn [54].

3. Quantifying solute effects by estimating the required solute ratio and concentration to

trigger RE induced alterations of the alloy properties (publication 2)

Classical EBSD and atom probe tomography were applied to three Mg-Gd-Zn alloys with dis-

tinct Gd:Zn ratios (2:1, 1:1, and 1:2), exploring the sensitivity of synergistic effects to alloy
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composition variations. In Mg-Gd-Zn, notable trends were observed: As the Gd:Zn ratio de-
creased the basal pole spread towards the transverse direction became more pronounced. Addi-
tionally, the negative segregation energy, as well as the peak concentration at the grain boundary
increased. Thus, alterations of the solute ratio rather than the absolute solute concentration were
found to govern solute segregation and synergistic effects. Identified solute clusters in the ma-
trix consistently exhibited a Gd:Zn ratio of approximately 0.33, irrespective of the Gd:Zn ratios
in the original alloy compositions. Hence, the formation of stable clusters effective for grain
boundary co-segregation is likely to be linked to a high Zn concentration, potentially explaining

augmented segregation in alloys with a lower Gd:Zn ratio (see Fig. 5.3) [56].
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4. Identifying the influence of different solute species (RE and non RE) on texture and solute
segregation to clarify the texture modification potential of Ca, compared to RE additions

(publication 4).

The texture of binary Mg-Ca displayed a pole spread in both RD and TD, in contrast to Mg-
Gd, where a pronounced RD split was evident, but no significant TD texture component was
observed. Furthermore, ternary Mg-Gd-Zn exhibited a significant TD pole spread, while in
the corresponding Ca ternary alloy, Zn additions only led to small texture alterations. Atom
probe tomography revealed complementary trends in segregation. Within the binary systems,
Ca segregation exceeded that of Gd. The addition of Zn did not notably affect the segregation of
Ca, and Zn itself exhibited week segregation tendencies. However, in ternary Gd based alloys,
Zn significantly enhanced the segregation of Gd, alongside an intensified Zn segregation. Ab
initio calculations revealed higher binding energies between Ca and vacancies compared to Gd,
indicating a preference for Ca rather than Gd segregation to defect-rich regions, e.g., grain
boundaries, in binary alloys. Nevertheless, significant ternary effects were observed in Mg-Gd-
Zn compared to Mg-Ca-Zn, attributed to more favorable Gd-Zn binding compared to Ca-Zn
binding. Furthermore, X-vacancy binding, especially Gd-vacancy binding, exhibited sensitivity
to the volumetric strain state, favoring compressive strains and suggesting an inhomogeneous

segregation behavior (see Fig. 5.4) [55].
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5. Establishing a basic understanding of the impact of solutes on the active slip mechanisms

and the resulting mechanical properties (publication 1 + 2 + 5).

Regarding mechanical properties, the addition of Zn induced an enhancement in the yield
strength, strain hardening capability, and failure ductility compared to corresponding Mg-RE
binary alloys. EBSD-assisted slip trace analysis at 5% strain for Mg-Er and Mg-Er-Zn unrav-
eled promoted non-basal slip behavior in both binary and ternary alloys compared to classical
magnesium alloys. However, Zn additions further enhanced the activation of non-basal slip
while concurrently reducing the occurrence of basal slip [57]. Mg-Gd-Zn alloys with varying
Gd:Zn solute ratios, revealed that the magnitude of non basal relative to basal slip events in-
creased with a decreasing Gd:Zn solute ratio. Tensile testing of ternary Mg-Gd-Zn alloys in
both RD and TD revealed a planar anisotropy in yield stress, which increased for lower Gd:Zn
solute ratios. This RD/TD anisotropy was suspected to be correlated to texture dependant twin
activation. A comparative assessment of slip activation under strain in RD and TD for the same
alloy composition revealed a similar activation of common slip systems, but enhanced twinning
under strain in TD (see Fig. 5.3) [56]. In the chase of Mg,Ca laves phases, classical atom-
istic simulation and ab-initio calculations proved that synchro-shear is energetically favorable,

establishing it as the predominant deformation mechanism on the basal plane [28].

5.2 Scientific Contribution

The present dissertation confirmed the unique +40° transverse direction (TD) recrystallization
texture in Mg-Gd-Zn and, for the first time, in Mg-Er-Zn. This distinct texture transition was at-
tributed to the early stages of recrystallization (publication 1). An exploration of nucleation vs.
selective growth, proved the importance of both, distinct nucleation sites providing off-basal
nuclei and their selective growth, to the survival of off-basal texture components in the final
texture (publication 1+2+3). In this regard double twins were identified as effective nucleation
sites (publication 3). New insights on the role of the alloy composition in ternary Mg-RE-Zn
alloys, e.g. solute ratios, reveal that the solute ratio rather than the absolute solute concentra-
tions governs segregation and deformation modes. This research underscores the importance
of synergistic effects to the final material properties and reveals the possibility to control these
effects through solute ratios, offering a pathway towards tailored texture design (publication
2). Addressing the topic of RE substitution by Ca, beneficial texture alterations in Mg-Ca al-
loys were shown. However, synergistic solute effects were found predominantly effective in
RE containing alloys, compared to Mg-Ca-Zn. The underlying mechanisms were explored on
the atomic scale by atom probe tomography and ab initio calculations, identifying significant

differences in segregation behavior and binding energies of Ca and Gd (publication 4).
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The findings of this dissertation collectively emphasize the role of alloy composition and syner-
gistic effects in shaping recrystallization textures and mechanical properties, encouraging fur-

ther research towards targeted texture design and alloy development.



Chapter 6

Outlook

This thesis is a step towards understanding the connection between alloy composition, mi-
crostructure and resulting properties. However, the complexity of possible solute-defect in-
teractions demands further atomic scale investigations.

Solute additions have proven to alter texture greatly, by means of selective growth of specific
texture components favoring the activation of easy basal slip and hence enhance sheet forma-
bility. This is likely governed by solute-boundary interactions affecting the grain boundary
mobility during annealing treatments. Selective growth would require an anisotropic behaviour
of these interactions for different grain boundaries. Possible anisotropic segregation, as well as
anisotropic effects on the grain boundary mobility have to be studied systematically.

Although this study provides promising atom probe insights suitable to explore microstruc-
ture development, extensive atomic scale studies of isolated solute-defect interactions are still
needed.

It was shown that the magnitude of solute-boundary interactions depends strongly on synergistic
properties resulting from different alloying concentrations of rare earth and transition elements.
However, while synergistic effects can be presumed to have a strong influence on solute-defect
interactions and thereby on microstructure evolution, a comprehensive understanding of the un-
derlying mechanisms is yet to be achieved. As there are indications for the importance of the
electronic properties of the elements, further ab-initio studies are crucial.

In summery, there is a great need for experimental and computational atomic-scale studies of
solute-solute and solute-defect interactions to explore effective solute-combinations and their
effect on different grain boundaries and dislocations. Unless these mechanisms are not fully

understood, targeted alloy design will lack vital information.
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Abstract: Binary and ternary Mg-1%Er/Mg-1%Er-1%Zn alloys were rolled and subsequently sub-
jected to various heat treatments to study texture selection during recrystallization and following
grain growth. The results revealed favorable texture alterations in both alloys and the formation of a
unique +40° transvers direction (TD) recrystallization texture in the ternary alloy. While the binary
alloy underwent a continuous alteration of its texture and grain size throughout recrystallization
and grain growth, the ternary alloy showed a rapid rolling (RD) to transvers direction (TD) texture
transition occurring during early stages of recrystallization. Targeted electron back scatter diffraction
(EBSD) analysis of the recrystallized fraction unraveled a selective growth behavior of recrystalliza-
tion nuclei with TD tilted orientations that is likely attributed to solute drag effect on the mobility of
specific grain boundaries. Mg-1%Er-1%Zn additionally exhibited a stunning microstructural stability
during grain growth annealing. This was attributed to a fine dispersion of dense nanosized particles
in the matrix that impeded grain growth by Zener drag. The mechanical properties of both alloys
were determined by uniaxial tensile tests combined with EBSD assisted slip trace analysis at 5% ten-
sile strain to investigate non-basal slip behavior. Owing to synergic alloying effects on solid solution
strengthening and slip activation, as well as precipitation hardening, the ternary Mg-1%Er-1%Zn
alloy demonstrated a remarkable enhancement in the yield strength, strain hardening capability,
and failure ductility, compared with the Mg-1%Er alloy.

Keywords: magnesium-rare earth alloy; recrystallization; selective grain growth; texture

1. Introduction

As of late, there is an increasing trend for using magnesium alloys in the automotive
and aerospace industries owing to their excellent specific strength properties and light-
weighting potential. However, a broad technical application of wrought magnesium alloy
products still struggles with the difficulty to form at temperatures below 150 °C caused
by the formation of a sharp basal texture and limited activation of deformation modes
outside of the basal plane [1,2]. Great research efforts have been explored to not only alter
the sharp sheet texture but also to control its strength and evolution [2—4]. Magnesium rare
earth (RE) alloys have proven very useful in enhancing the cold formability and the work
hardening capability of conventional magnesium alloys. This has been attributed to the
development of a unique sheet annealing texture characterized by an off-basal pole spread
away from the normal direction of the sheet plane [4-7]. Numerous recrystallization and
growth mechanisms were explored in an attempt to unravel the underlying mechanisms
for the favorable texture development in magnesium rare earth alloys. These included
particle stimulated nucleation, deformation twin nucleation, and shear band nucleation
mechanisms, which are known to promote random orientations or off-basal orientations of
recrystallization nuclei [8]. However, since these mechanisms can also occur in magnesium
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alloys containing no RE elements [9-11], the research on the origin of the specific texture
selection in Mg-RE alloys is still ongoing.

Recent studies in that context looked into a connection between RE solutes and
oriented nucleation/growth during recrystallization, given that specific RE-textures have
been observed in dilute alloys in which the RE elements were mostly in solid solution.
It was also shown that the addition of zinc to Mg-RE alloys has proven to further weaken the
texture and augment its off-basal nature [12]. Hence, more studies are needed to investigate
the interaction of multiple solute species, particularly ones with largely different atomic
radii [12,13]. Additionally, it is essential to examine how different RE and non-RE solute-
boundary interactions impact the growth selection during texture evolution in Mg-RE and
Mg-RE-Zn alloys.

This study aims at understanding the formation of unique sheet textures and the
ensuing selection mechanisms in Er-containing magnesium alloys with and without the
presence of Zn. Reports on this alloy system with respect to deformation and recrystal-
lization textures are scarce in the literature. It is therefore important to illustrate the great
texture modification potential the present alloys have to offer. In particular, the formation
of a double-peak split texture in the transverse direction, similar to what is common for
hexagonal metals with c/a < 1.633, is a unique feature that is hardly seen in Mg alloys
subjected to rolling and annealing treatments. The discussion addresses the texture devel-
opment in both binary and ternary versions of the alloy during recrystallization and grain
growth under the influence of solutes and second phase precipitates.

2. Materials and Methods

Binary and ternary Mg-1%Er-(1%Zn) (wt %) alloys were melted in an induction
furnace under an Ar/CO; gas atmosphere and subsequently casted and homogenized at
420 °C for 960 min. The resulting microstructure is shown in Figure 1. Table 1 shows the
chemical composition measured by ICP/OES (IME RWTH University, Aachen, Germany).
Sheets of the dimension 60 x 40 x 4 mm? were hot rolled at 400 °C with multiple rolling
passes (eleven) and a final thickness reduction of 80%.

(b)

Figure 1. Micrographs of Mg-1%Er (a) and Mg-1%Er-1%Zn (b) after casting.

Table 1. Chemical composition in atomic and weight percentage of Mg-1%Er and Mg-1%Er-1%Zn.

Alloys Mg (wt %/at %) Er (wt %/at %) Zn (wt %/at %)
Mg-Er 99.04 99.86 0.96 0.14 /
Mg-Er-Zn 98.01 99.46 0.93 0.14 1.06 0.40

Annealing treatments at 350 °C and 400 °C were conducted in a Heraeus RL200E air
furnace (Heraeus Group, Hanau, Germany) for annealing times ranging from 5 to 1440 min
and in a sand bath furnace for annealing times smaller than 5 min.
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All samples were mechanically ground to the specimen mid-plane and polished with
a diamond suspension up to 0.25 um. For optical light microscopy (Leica microsystems,
Wetzlar, Germany), the samples were electro-polished for 40 min in a 5:3 ethanol H3PO3
solution at 2 V and etched in an acetic picral solution. Grain size measurements from
light microscopy images were performed by means of the linear intercept method. Tex-
ture measurements were conducted using a Bruker D8 advance diffractometer (Bruker,
Billerica, MA, USA) operating at 30 V and 25 mA. Six incomplete pole figures [{1010},
{0002}, {1011}, {1012}, {1110}, {1013 }] were measured, from which full pole figures
and orientation distribution functions (ODFs) were calculated with the texture analysis
toolbox MTEX (MTEX 5.3, Chemnitz, Germany) [14]. For selected samples intended for
electron backscatter diffraction (EBSD) analysis under the electron beam an alternative
electro-polishing procedure was employed using Lectro-Pol 5 in a Struers AC-2 solution at
a voltage of 25 V and —20 °C for 120 s. Microstructure analysis via EBSD was performed
using a LEO-1530 scanning electron microscope (Carl Zeiss Microscopy GmbH, Jena, Ger-
many) operating at 20 kV, equipped with a HKL-Nordlys II EBSD detector. The detection
step size varied according to the grain size in a range from 0.5 to 1.5 um. EBSD and X-Ray
diffraction (XRD) raw data were analyzed using the MTEX toolbox [14].

For the characterization of precipitates panorama back scatter electron (BSE)imaging
(50 images per specimen) was conducted under a magnification of 10,000x with a focused
ion beam Helios 600i (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a field
emission electron gun operating at 5 kV.

Recrystallization (RX) kinetics for both alloys were obtained by Vickers micro-hardness
measurements (HMV, Shimadzu, Nakagyo-ku, Kyoto, Japan) (load of 1 N) of specimens
subjected to interrupted annealing at 350 °C for durations up to 1000 s. For each annealing
condition, 15 indentations were used to determine the average hardness HV; at time step .
The recrystallized fraction was calculated by the common Equation (1), where H V15 and
HVfina denote the initial and final hardness values, respectively [15].

HViitian — HV}

X =
HViitial — vainal

)

The mechanical properties were determined by uniaxial tensile tests at room tempera-
ture conducted along the rolling direction on fully recrystallized samples of both alloys.
The tensile samples were carefully chosen to have a similar grain size in order to exclude
grain size effects on the yield strength response of the material. Dog-bone-shaped samples
with gauge dimensions of 5 x 1.5 x 0.8 mm? were cut out of the rolling sheets and subse-
quently annealed at 400 °C for 15 and 60 min for the binary and ternary alloys, respectively.
Tensile tests were conducted using a ZWICK tension-compression testing machine. Speci-
mens were strained under a constant strain rate of 2 x 10~ to failure. Each tensile test was
performed three times to ensure reproducibility and the average flow curve was considered
for the analysis. In order to determine the operating slip systems during uniaxial tension,
interrupted tensile tests were performed up to 5% strain on samples annealed at 400 °C for
60 min of both alloys. Subsequently, the slip systems were determined by comparison of
slip lines from secondary electron (SE) images obtained at 20 kV and the grain orientations
determined by EBSD of at least 120 grains each.

3. Results
3.1. Microstructure Evolution

Figure 2 shows the optical microstructures of rolled and annealed samples of the
binary and ternary Mg-1%Er-(1%Zn) alloys. The annealing temperature was 400 °C and
the annealing times were 15 and 360 min, respectively. The corresponding XRD textures,
presented in terms of (0002) pole figures, as well as the evolution of the average grain size
as a function of the annealing time are given in Figure 3. As it can be seen, both alloys
exhibited a common deformation microstructure characterized by deformed grains and
numerous deformation twins. The rolling texture of the binary alloy showed a typical basal
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component with a pole spread towards the rolling direction (RD) and moderate intensity.
On the other hand, the ternary alloy exhibited a weaker and much softer rolling texture
characterized by two off-basal components at +20° RD that bare a significant pole spread
in the transverse direction TD.

Rolled i 360 min

10x at 400 °C
1x at 200 °C
Total red. 80%

Mg-1w%Er-1w%Zn
Figure 2. Micrographs of Mg-1%Er and Mg-1%Er-1%Zn in the as-rolled state and upon annealing at
400 °C for 15 and 360 min. The images are taken from the rolling plane (mid-thickness).

Mg-1%Er (400 °C) :
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Figure 3. Texture evolution of binary and ternary (a,b) Mg-1%Er-(1%Zn) in the as rolled state and after annealing at 400 °C
for 15 and 360 min, as well as the corresponding evolution of the mean grain diameter over time (c).

During a subsequent heat treatment at 400 °C, the ternary alloy seemed to develop a
fine-grained annealing microstructure with a stable grain size (14 um) that was not liable
to additional grain growth at increased annealing durations (Figure 2). The corresponding
annealing texture witnessed a unique transition demonstrated by new off-basal components
appearing at £40° TD. This type of annealing texture after rolling is only common for
hcp metals like titanium [16], that have a lower c/a ratio than the ideal ratio of 1.633 for
close-packed structures, and can thus easily activate prismatic and pyramidal slip. As to
the binary alloy, it exhibited an initially stable grain size (16 um) up to an annealing time
of 60 min but underwent significant grain growth (60 um) after 360 min of annealing
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(Figure 3c). The texture of the binary Mg-1%Er alloy during early annealing conserved
the dominant pole split in RD seen in the deformation texture but was also significantly
weakened as a result of recrystallization (5.6 MRD — 2.3 MRD). With prolonged annealing
up to 360 min, the texture spread around the normal direction ND seemed to increase
during grain growth and the basal component in the center of the pole figure has vanished.
Given the interesting nature of the texture transition seen upon annealing of the Mg-
1%Zn-1%Er alloy, additional annealing experiments were carried out at a lower temperature
of 350 °C. The annealing durations were kept short—i.e., up to 15 min—in order to capture
the effect of early recrystallization stages on the texture transition. The results are shown
in Figure 4, which demonstrates how the £20° RD deformation texture transforms into a
£40° TD annealing texture accompanied by full recrystallization of the specimen. Figure 5
shows the distribution of the basal poles (or c-axes) with respect to the rolling and transvers
directions for the ternary (bottom) and binary alloy (top) along with their inverse pole
figure (IPF) maps at 400 °C/360 min. Based on the annealing durations, the data clearly
reveals that the texture established during recrystallization in the ternary alloy is preserved
during subsequent grain growth, as the orientation distribution relative to the TD and RD
remains virtually unchanged (Figure 5c). In case of the binary alloy, the total area fraction
of grains with a large TD pole spread increases significantly with the annealing duration,
whereas the area distribution of the RD spread remains almost constant (Figure 5b).

Figure 4. Texture evolution during recrystallization of Mg-1%Er-1%Zn annealed at 350 °C for 0, 5, 7,
and 15 min.

With respect to second phase precipitates in the microstructure, the ternary alloy was
found to exhibit a fine distribution of nano-scale precipitates and also larger ones that were
sometimes clustered together, as shown in Figure 6. Energy dispersive X-ray spectroscopy
(EDS) point analysis and elemental mapping were employed to investigate the chemical
composition of these large precipitates. The results revealed a particle composition with
a magnesium to zinc to erbium ratio of approximately 5:5:1. A similar zinc to erbium
ratio was previously reported for several hexagonal and icosahedral quasi-crystalline
(Mg, Zn), Er compounds [17,18].
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Figure 5. (a) EBSD ND-IPF maps of binary (top) and ternary Mg-1%Er-(1%Zn) (bottom) alloys annealed at 400 °C for 360 min;
(b,c) angle distribution profiles between the c-axis and the transverse and rolling directions for different annealing durations.
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Figure 6. EDS analysis of the Er-containing precipitates observed in the Mg-1%Er-1%Zn alloy.
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300

3.2. Mechanical Properties

Figure 7a shows the true stress-strain curves of the uniaxial tensile tests in RD, 45° and
TD for the investigated alloys annealed at 400 °C for 15 and 60 min, respectively. The sam-
ples of both alloys exhibited a similar annealing grain size (hence the different times) but
a drastically different texture (Figure 7b). As evident from the flow curves, the addition
of zinc leads to higher ductility, as well as an increase of the ultimate tensile strength,
which are indicative of an enhanced work hardening capability.

Stress (MPa)

T A e,
o o

\,
\

— Mg-1% E1-1% Zn
— Mg-1% Er

20
Strain (%)
(a) (b)

Figure 7. Uniaxial stress—strain response (a), optical micrographs and (0002) pole figures of Mg-1%Er annealed for 15 min

and Mg-1%Er-1%Zn annealed for 60 min at 400 °C (b). The grain size prior to the tensile test was in the range of 14 to 16 pm

for both samples.

4. Discussion

The present study revealed distinct differences in the microstructure evolution and
mechanical properties between a dilute Mg-1%Er alloy with and without the addition of
Zn. During annealing, both alloys developed a significant basal pole spread away from
the ND. For the ternary alloy, a titanium rolling texture with off-basal components at +40°
TD developed during recrystallization, and was retained during subsequent grain growth.
By contrast, the recrystallization texture of the binary alloy with off-basal peaks at +20°
RD was further modified with longer annealing resulting in a much larger grain size and
increased texture scatter. The stable grain size in the Mg-1%Er-1%Zn alloy in contrary to the
excessive growth in Mg-1%Er can be explained by the presence of a fine particle dispersion
and the resulting drag force (Zener drag). This is known to have a significant impeding
effect on the grain boundary motion and can therefore lead to a stable grain size [19,20].
Figure 8 shows a BSE image of the observed precipitates in Mg-1%Er-1%Zn after 60 min
of annealing at 400 °C and the corresponding particle size distribution. The precipitate
characteristics including particle size, volume fraction, and number density are listed
in Table 1.



Metals 2021, 11,171

8 of 14

Relative frequnec

0.1
Radius of Precipitations [pum] In(D)

(a) (b)

Figure 8. Particle size distribution after 60 min of annealing at 400°C visualized using a histogram with linear x-axis (a) and

— [¥9] . (o)} ~1 e
L L L ! L L

Relative frequency [%]

. 04
0.2 0.3 0.4 05 000510152025 3.0354.045

the corresponding grain size distribution obtained by optical microscopy (b).

The critical grain size according to classical Zener theory is given by Equation (2),
assuming that the radius of curvature equals the critical grain diameter [20].

D.= — (2)

The calculated critical grain size of 12 um, obtained by using the values in Table 2,
is similar to the measured grain size (13.28 um) under the same annealing conditions
(cf. Figure 8b). This supports the assumption made earlier that the fine precipitates stabilize
the recrystallization microstructure during annealing. Similarly, the absence of precipitates
in the binary alloy (Mg-1%Er) could explain the excessive growth rate observed after an
initial slow growth stage during the first 15 min of annealing (cf. Figure 3). The drag
force during this short stage is believed to be caused by solutes inhibiting the motion of
grain boundaries [21-23], which were obviously able to break free after 15 min annealing
time. Theoretical studies revealed that accelerated grain growth in a system under the
influence of solute pinning will occur when the average grain size becomes close to the
critical grain size for which the solute drag force and the capillary driving force are equal.
Such state allows the pinned boundaries with a slightly higher curvature than the average
to break free from their solute atmosphere, while the other boundaries remain pinned [24].
This seems to be in accordance with the observed growth behavior of the Mg-1%Er alloy
and the resulting growth of non-basal texture components (cf. Figure 5b) after a critical
grain size has been reached.

Table 2. Characteristics of the Er and Zn-containing precipitates in Mg-1%Er-1%Zn obtained by
means of statistical analysis of BSE images

Volume Fraction f: 0.0131
Average Particle Size r: 0.122 um (from dist. 0.1178)
Number density: 0.2246 1/um?

In the ternary alloy, the process of recrystallization was responsible for the RD — TD
transition of the basal pole spread seen in Figure 4, which can be contributed to either
oriented nucleation or selective nucleus growth. Selective growth of texture components
can be caused by anisotropic segregation behavior and/or an equalization of different grain
boundary mobilities annihilating a prior growth advantage of certain orientations, e.g.,
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of basal oriented grains as suggested by Barrett et al. [25]. Figure 9 presents EBSD maps
(ND-IPF) of the microstructure of the ternary alloy at 5 and 10 min annealing at 350 °C.
The orientation of recrystallized grains was evaluated separately from the orientation of the
overall microstructure in order to discern the effect of recrystallization on the development
of the +40° TD texture. For this, the common criterion of grain orientation spread (GOS)
was used, where recrystallized grains typically depicted GOS < 1°. The overall texture
revealed that the RD-tilted components were a feature of the deformation microstructure.
They did not exist in the recrystallization texture that was solely composed of the TD-tilted
components, readily after 5 min of annealing (Figure 9a). After completion of recrystal-
lization at 10 min of annealing, the RD-tilted components were no longer a feature of the
overall texture that was only dictated by the TD- recrystallization texture (cf. Figure 9b).

Overall Recrystallized fraction

-0.00063 RD

(0002)

Figure 9. EBSD IPF maps (with respect to ND) and their (0002) pole figures of Mg-1%Er-1%Zn annealed at 350 °C for 5 min
(a) and 10 min (b). The left column features the overall map data, and the right column only the recrystallized fraction with

GOS < 1°.

Additional grain size vs. texture analysis of the recrystallized structure in Figure 9b
(400 °C/10 min) revealed that the £40° TD texture in the ternary alloy intensifies during
recrystallization growth of the nuclei. A similar effect was not observed in the binary
system (Figure 10b), as no significant size dependence of texture during recrystallization
was found. While there was a progressive texture change in the binary alloy during
annealing, which involved both recrystallization and grain growth, the texture change
in the counterpart ternary alloy was much more rapid, and in that regard, limited to
recrystallization. As the drag force exerted by particles of a given size and volume fraction
is too small to match the capillary driving force of grains significantly smaller than the
critical grain size D, particle pinning should only play a minor role during recrystallization
and early grain growth. Accordingly, selective growth at the recrystallization stage is likely
to be governed by solutes. In comparison to the binary alloy, specific boundaries in the
ternary alloy seem to break free from their solute atmosphere much sooner enabling texture
selection readily during recrystallization. This may be a result of a lower solute content
due to the large amount of fine Er/Zn-rich precipitates, whereas in the binary alloy the Er
content is fully dissolved in the matrix.
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Figure 10. Grain size distributions from EBSD measurements of Mg-1%Er annealed at 400 °C for 4 min (a) and Mg-1%Er-
1%Zn annealed at 350 °C for 10 min (b) along with the orientation distribution of the c-axis with respect to TD for small and
large recrystallized grains. The threshold used in each case was the average grain size obtained from EBSD.

The observed recrystallization kinetics of the two alloys further indicates a difference
in the drag force during recrystallization. Figure 11 shows the recrystallized volume
fraction as a function of annealing time and the corresponding JMAK (Johnson-Mehl-
Avrami-Kolmogorow) fit for both Mg-1%Er and Mg-1%Er-1%Zn alloys. A Comparison of
the recrystallization curves reveals a quicker recrystallization in the ternary alloy (~210 s)
compared to the counterpart binary alloy (~500 s). Additionally, the initial stage (linear
portion of the curve) until the onset of stable nuclei growth is extended in Mg-1%Er
compared to the other alloy, indicating a longer incubation time in the first. As the
incubation time is related to reduced boundary mobility, a stronger solute drag effect in
Mg-1%Er may cause a longer incubation period.

Mg-1%Er-1%Zn exhibited an elevated yield strength, strain hardening capability, and
failure ductility. The elevated yield stress is partially caused by precipitation harden-
ing, which contributed by approximately 5 MPa to the 20 MPa offset (approximation by
Orowan). Furthermore, the addition of zinc might have magnified the impact of solid solu-
tion strengthening by means of synergetic solute effects. To investigate the role of texture
and microstructure in the activation of deformation modes during tension, EBSD-assisted
slip trace analysis of at least 120 grains per strained sample was employed in the current
study. A slip trace appears as a straight line as a result of the intersection of an active slip
plane with the free surface. Figure 12 shows the frequency of slip traces corresponding
to the active slip systems during 5% tension in RD, for the binary and ternary alloys.
Additionally, the frequency of twinning was evaluated by a visual investigation of each
grain. Basal, pyramidal I and <c + a> pyramidal II, as well as {1012} tensile twining were
detected with almost equal shares of approximately 22% in the ternary system. In the
binary alloy, basal slip prevailed with about 64%, while all other slip systems accounted
for less than 20% of the overall observed slip traces. A large contribution of basal slip to
deformation could justify the lower yield point in the flow curve of the Mg-1%kEr alloy.
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Figure 11. (a) Recrystallization kinetics of binary and ternary Mg-1%Er-(1%Zn) annealed at 350 °C and the corresponding
Avrami exponents (b).

Figure 12. (a) Distribution of slip traces corresponding to the active slip systems in Mg-1%Er and Mg-1%Er-1%Zn during
tension to 5% strain. The initial condition of the sample corresponded to annealing at 400 °C for 60 min. (b) Exemplary SE
images of one grain exhibiting the morphology of slip traces with overlaid possible slip systems obtained from EBSD for
the determination of the active slip system. (c¢) Schmid factor distribution calculated from the initial texture of the grains,

Relative frequency (%)

This is because basal slip, even in rare-earth containing Mg alloys, requires a much lower
critical resolved shear stress (CRSS) than non-basal slip [26]. The observed enhanced slip
activity on non-basal slip planes in the strained Mg-1%Er-1%Zn sample can be attributed
to both a favorable texture and a change of the CRSS ratio between basal and non-basal slip,
evoked by the present Zn and Er solutes. The relatively low contribution of prismatic slip
to deformation might be attributed to the investigated low strain of 5% being insufficient
to activate cross-slip of basal screw dislocations onto the prismatic plane [27,28].
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Figure 12 also shows the distribution of Schmid factors (SF) of both alloys with respect
to the applied external stress corresponding to different slip traces detected. Generally,
non-basal slip (particularly pyramidal) seems to be the main plasticity carrier in both alloys.
It also seems to comply principally well with the Schmid law, i.e., corresponding slip
traces are preferentially detected in grains with the highest SF, and their frequency drops
consecutively with decreasing SE. In the binary alloy, it is evident that the activation of basal
slip in grains with a very low SF deviates from the Schmid behavior. This is likely due to the
naturally low CRSS of basal slip but also to local stress concentrations at grain boundaries
that could cause non-Schmid activation of different slip modes. Another important finding
from the SF distribution in Figure 12 is the large difference in the contribution of basal vs.
non-basal slip to deformation between the two alloys. In the Mg-Er sample at SF = 0.5, non-
basal slip (including prismatic and both <a> and <c + a> pyramidal slip) was ~2-3 times
more active than basal slip. In contrast, the level of contribution of these slip modes to
deformation at SF = 0.5 in the Mg-1%Er-1%Zn sample was more comparable. Both types
of pyramidal slip were still preferential with a frequency ratio of ~1.2-1.5 to basal slip.
Prismatic slip was no longer favorable compared to basal slip (frequency ratio of ~0.7).

The present findings certainly highlight the effect of solutes on the deformation behav-
ior, particularly the non-basal slip behavior. There are also indications of solute-induced
basal slip strengthening in the current alloys in accordance with previous experimental and
computational reports [29-31]. The addition of Zn that alters the substitutional solute chem-
istry of the Mg-1%Er alloy would obviously lead to complex interaction of solute species
within the matrix. From energetic perspectives, Zn and Er can cluster in the lattice to relieve
the misfit strains arising from the solute size mismatch. They would also cosegregate to
defects in the microstructure, and can be hence expected to have a stronger interaction
with grain boundaries and dislocations leading to strikingly different slip system activation
during deformation and boundary migration characteristics during annealing. This is
indeed demonstrated in the current work by the unique texture development upon rolling
and upon annealing of the Mg-1%Er-1%Zn alloy.

5. Conclusions

1. The combination of Zn and Er in a dilute substitutional Mg-1%Er-1%Zn alloy (wt %)
led to unique sheet texture development upon rolling and subsequent annealing
characterized by pronounced basal pole peaks at +40° TD. This type of sheet texture
is only common for hcp metals with ¢/a < 1.633, such as titanium but was nevertheless
observed in the current study.

2. The same texture was not observed in a binary version of the alloy, i.e., Mg-1%Er
subjected to similar processing, which suggests that synergetic effects of multiple
solute species, in this case Zn/Er, are crucial in terms of providing the +40°TD
orientations for recrystallization nuclei during deformation and their selective growth
during subsequent annealing.

3. Mg-1%Er-1%Zn alloy obtained a stable final texture (=40° TD) and grain size (<20 um)
upon completion of static recrystallization. By contrast, the binary Mg-1%Er alloy
revealed a continuous modification of its microstructure throughout the annealing
process suggesting an important role of grain growth following recrystallization.

4. The microstructural stability of the ternary alloy during longer annealing durations
originates from a fine dispersion of dense nanosized particles in the matrix that were
found to impede grain growth by Zener drag.

5. Recrystallization nuclei demonstrated selective growth behavior favoring TD-tilted
texture components, which was the main mechanism for the £20° RD — +40° TD
texture transition taking place during recrystallization of the deformed Mg-1%Er-
1%Zn alloy. This was likely influenced by solute drag on specific boundaries during
early recrystallization.
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6.  With respect to the mechanical properties in tension, the addition of zinc, the present
precipitates, solute strengthening effects and a favorable soft texture led to a re-
markable enhancement in the yield strength, strain hardening capability, and failure
ductility as compared with the binary Mg-1%Er alloy.

7.  EBSD-assisted slip trace analysis at 5% strain unraveled promoted non-basal slip
behavior and obvious basal slip strengthening owing to solute/dislocation interaction
that requires extended advanced experimental and computational efforts to better
understand the interaction of multiple solute species and solute strengthening.
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ABSTRACT

Synergistic effects of rare earth elements (RE) and Zn have a major impact on the properties of ternary Mg-RE-Zn alloys. This study illuminates their dependence on
the solute ratio by comparing texture evolution, solute segregation, and active deformation modes of three Mg-Gd-Zn alloys with a varying Gd:Zn ratio of 2:1, 1:1 and
1:2. A low Gd:Zn ratio led to a texture featuring a pronounced TD-tilted basal pole spread alongside a magnified solute segregation at grain boundaries, indicating a
significant impact of solute-boundary interactions on RE-texture formation. Atom probe tomography revealed major alterations of the segregation energy of both Gd
and Zn, depending mainly on the solute ratio rather than the absolute solute concentration. Additionally, the alloy with the smallest Gd:Zn ratio, i.e. Gd:Zn = 1:2,
showed the highest direction dependent anisotropy of the yield stress under tensile strain, which was attributed to a magnified anisotropy of twinning depending on
the Gd:Zn ratio. EBSD assisted slip trace analysis showed that the occurrence of non-basal slip systems could be increased by reducing the Gd:Zn ratio. Synergistic
solute effects were found to be crucial for the activation of non-basal slip, solute segregation, as well as the formation of RE-texture components and proven to be

highly sensitive to the solute ratio.

1. Introduction

Informed materials design relies on precise microstructural pre-
dictions, which require a deep understanding of texture formation and
its underlying mechanism. As of late, increasing research efforts have
been employed to tailor materials properties by influencing deformation
modes and grain boundary properties [1-4]. Many material systems
form specific texture components upon thermomechanical processing as
a result of deformation, recrystallization and grain growth processes [5,
6]. In the case of magnesium alloys, formation of sharp basal-type tex-
tures during primary fabrication processes limits the formability of
magnesium sheets and extrusions at low temperatures, which leads to
high production costs if processing is to be carried out at elevated
temperatures. This is mainly attributed to limited activity of non-basal
slip modes at low temperatures [7,8]. Additionally, anisotropic grain
boundary (GB) energy and mobility are assumed to lead to an intensi-
fication of the basal texture [5]. For example, the low energy and high
mobility of 30° 0001 grain boundaries were found to further sharpen the
texture during recrystallization [5,9].

One of the most prominent methods to weaken the basal texture in
magnesium alloys, and thereby enhance cold formability, is by intelli-
gent micro-alloying [10-12]. In particular, alloys containing rare earth
(RE) elements show remarkable alterations of the sheet texture, char-
acterized by an off-basal pole spread, and superior mechanical
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properties [10,11]. Former research focused mainly on mechanisms able
to promote randomly orientated recrystallization nuclei, such as defor-
mation twinning, shear banding and particle stimulated nucleation [13].
However, those mechanisms were frequently observed in non-RE alloys
[14-16] and RE-texture components already emerge in dilute alloys
with very small solute concentrations [17-19]. This raises the interest in
solute-defect interactions and their impact on deformation modes and
grain boundary motion, as they may be the key to unravelling the origin
of the RE-texture.

In terms of deformation mechanisms, RE elements were found to
promote the activation of non-basal slip, including pyramidal II ¢ + a
slip, possibly by basal slip strengthening [20-23]. This can be further
enhanced by combined additions of RE and Zn [17,24] Additionally, a
modified behavior in the activation of tensile twinning as a mechanism
for local strain accommodation in Mg-RE-Zn alloys was observed
frequently in prior research [25,26]. Results from Nie et al. show that
solute segregation of Gd and Zn to twin boundaries will alter their
properties affecting twin activation and stability in ternary Mg-RE-Zn
alloys [27] What has been so far established is that RE-solutes prefer-
entially segregate to grain boundaries due to their large size misfit
within the Mg-matrix, and therefore influence the grain boundary
mobility [13,28-31]. Prior studies explored a connection between
RE-solute segregation and selective growth of specific orientations
during recrystallization and subsequent grain growth [9,17,18]. The
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effects of RE solutes on grain boundaries discussed in the available
literature include solute drag effects, as well as energetic and structural
alteration of the grain boundary character by solutes [17,27,29,32,33].

The combination of RE-elements with other solute species, namely
Zn, leads to further texture softening, which was attributed to co-
segregation. Particularly, the prevalence of uncommon sheet texture
components tilted towards the transvers direction was found to be
specific for Mg-RE-Zn alloys compared to binary Mg-RE alloys [17,18,
27,34,35]. However, the underlying synergistic effects are far from
being sufficiently understood and the ideal solid solution composition to
maximize their efficiency has not been yet systematically studied. A
fundamental understanding of the joined impact of solutes of different
species on grain boundary mobility is a key requirement to control the
microstructure and texture and might therefore be the gateway to
informed design of next generation Mg sheet alloys.

The importance of the active deformation modes alongside with the
grain boundary properties for microstructural evolution is undeniable,
yet the impact of combined solute effects on those is not sufficiently
characterized in the current state of the art. This study aims at under-
standing the synergistic effects in lean Mg-Gd-Zn alloys on microstruc-
ture evolution and mechanical properties by performing a systematic
comparison of texture evolution, solute segregation behavior, and the
active deformation modes as a function of varying Gd:Zn ratios in the
alloy composition.

2. Experimental

Binary Mg-Gd and three Mg-Gd-Zn alloys with varying Gd:Zn ratios
of 2:1, 1:1 and 1:2 were chosen for the study. For future reference, the Zn
fraction with respect to the total solute concentration calculated after
Eq. (2.1)was used as a parameter for comparison and distinction (see
Tab 1).

Czn
D= 2. (Eq. 2.1)

The chemical composition of the investigated alloys was measured
by ICP/OES and summarized in Table 1. All alloys were melted under an
Ar/CO4 gas atmosphere in an induction furnace, casted into a pre-heated
copper mold and homogenized at 460 °C for 960 min.

Sheets of the dimensions 60 x 40 x 4 mm® were hot rolled at 400 °C
up to a thickness reduction of 80% with multiple rolling passes. Only the
final rolling pass was performed at 200 °C to refine the microstructure.
Subsequently, rectangular samples (10 x 12 x 1 mm®) were cut from the
rolled sheets and subjected to annealing heat treatments at 400 °C in a
Heraeus RL200E air furnace for prolonged annealing (60 and 1440 min),
and in a sand bath furnace for recrystallization experiments at 370 °C of
shorter times (10-5000 s). The initial sample preparation was done by
mechanical grinding to the sample mid-plane and subsequent polishing
with a diamond suspension up to 0.25 pm. Samples assorted for EBSD
measurements were additionally electro-polished for 120 s at a voltage
of 25 V and —20 °C using a Lectro-Pol 5 in a Struers AC-2 solution. For
optical light microscopy, samples were electro-polished in a 5:3 ethanol
H3POg solution for 40 min at 2 V and subsequently etched in an acetic
picral solution. Texture characterization was conducted by XRD mea-
surements of six incomplete pole figures [{1010}, {0002}, {1011},
{1012}, {1110}, {1013}] using a Bruker D8 advance diffractometer.

Table 1
Chemical composition in atomic percentage of Mg-Gd and the three Mg-Gd-Zn
alloys.

Alloys Gd (at %) Zn (at %) Gd:Zn Rel. Zn (%)
Mg-x%Gd 0.142 / / 0
Mg-x%Gd-y%Zn 0.15 0.086 2:1(1.74:1) 36
Mg-x%Gd-y%Zn 0.148 0.165 1:1 (1:1.15) 53

Mg-x%Gd-y%Zn 0.073 0.165 1:2 (1:2.26) 69
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Full pole figures and orientation distribution functions (ODFs) were
calculated with the texture analysis toolbox MTEX [36]. EBSD mea-
surement were performed using a focused ion beam Helios 600i oper-
ating at 20 kV equipped with an HKL-Nordlys II EBSD detector. The
detection step size varied depending on the grain size in a range from 0.5
to 1.5 pm. The raw data from EBSD measurements were analyzed using
the texture analysis toolbox MTEX [36].

Recrystallization (RX) kinetics were determined by the measurement
of the Vickers micro-hardness during interrupted annealing at 370 °C up
to an annealing time of 5000 s. The average micro-hardness HV, for a
time step t was calculated from 15 indentations for each time step. Eq.
(2.1) was used to calculate the recrystallized fraction from previously
determined hardness values. HVjyyiq and HVj,q denote the initial and
final hardness, respectively [37].

HVipisia — HV,

X = el 7 2T
HVinitial - Hvﬂual

(Eq. 2.2)

The evaluation of three-dimensional element distribution in the vi-
cinity of grain boundaries was conducted by atom probe tomography
using a LEAP 4000X HR Cameca Instrument operating at —30 °C
equipped with an ultra-violet laser with a wavelength of 355 nm
maintaining a constant evaporation rate of 0.5%. The applied pulse
energy was 30 pJ and the repetition rate 125 kHz. Prior site-specific
atom probe tip preparation, schematically shown in Fig. 1, was per-
formed by Transmission Kikuchi diffraction (TKD)-assisted tip milling
using a Ga + ion source. Grain boundaries were selected by SE/BSE-
imaging and prior EBSD mapping and marked with a protective plat-
inum layer (Fig. 1 a, b). A wedge-shaped lift out containing the grain
boundary was sliced and mounted on silicon posts with a diameter of 2
pm. APT tips were subsequently milled in several steps with decreasing
milling radii (from 1.5 to 0.1 pm) and beam currents (from 0.43 nA to
40 pA) assisted by TKD to ensure the presence of a boundary and confirm
the orientation of the adjacent grains (Fig. 1 ¢, d). Samples assorted for
APT were subjected to 60 min of annealing at 400 °C beforehand.

The mechanical properties of ternary Mg-Gd-Zn were determined by
uniaxial tensile tests and EBSD-assisted slip trace analysis. Dog-bone-
shaped samples with gauge dimensions of 5 mm x 1.5 mm x 0.8 mm
were annealed at 400 °C for 3600 s for all three ternary alloys. Uniaxial
tensile tests were conducted at room temperature up to failure using a
ZWICK tension-compression testing machine under a constant strain
rate of 2x10~*. Tensile tests for each alloy were performed along the
rolling direction (RD) and in transvers direction (TD) on fully recrys-
tallized samples. To ensure reproducibility, each tensile test was per-
formed three times and the average flow curve was considered for the
analysis. For the analysis of the active slip systems, interrupted tensile
tests were performed up to 5% strain on all ternary alloys in RD as well
as for Mg-Gd-Zn 1:2 in TD, as this alloy showed a pronounced RD-TD
anisotropy. The slip systems were determined for each alloy by a com-
parison of slip lines from SE images of at least 80 grains and the corre-
sponding grain orientation from EBSD IPF maps.

3. Results
3.1. Microstructure evolution

Fig. 2 shows optical micrographs of all three analyzed ternary Mg-
Gd-Zn alloys in the as cast state, after rolling and subsequent anneal-
ing for 1440 min at 400 °C, respectively. Despite a different Gd:Zn ratio,
the microstructure evolution as shown by the optical micrographs
appeared to be alike. The rolling microstructures exhibited numerous
deformation twins that could act as potential nucleation sites for
recrystallization [38]. The final microstructures after 24 h of annealing
were relatively homogeneous and the grain size was found to be 77.8
pm, 72.5 pm and 76.2 pm for Mg-Gd-Zn 2:1, 1; 1 and 1:2, respectively.
Apart from a few irregularly distributed micro-scale precipitates, no
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Fig. 1. Schematic image of APT-tip preparation. (a) IPF image from EBSD of the grains adjacent to the selected grain boundary. (b) SE image of the grain boundary
covered by a protective platinum layer. The white boxes mark the region for the Ga-ion beam cutting step. (¢) IPF map from TKD measurements of the APT tip during

milling. (d) SE image of the final APT tip.
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Fig. 2. Optical micrographs of Mg-x at. % Gd-y at. % Zn with a Gd:Zn ratio of 2:1 (a), 1:1 (b) and 1:2 (c) respectively. The as cast state (top row), rolled (middle row),

and annealed at 400 °C for 1440 min (bottom row).

obvious precipitation was observed in all investigated alloys. Thus, the
impact of precipitates on microstructure evolution could be neglected in
the scope of this study.

The rolling texture of binary and all ternary Mg-Gd-Zn alloys shown
in Fig. 3 exhibited a basal pole split towards the rolling direction.
However, in addition to the predominant pole split in rolling direction,
the ternary alloys showed a slight spread towards the transverse direc-
tion. During subsequent annealing for 60 min at 400 °C, the binary alloy
underwent a significant texture weakening but maintained a pro-
nounced spread of the basal poles towards RD, whereas the ternary Mg-
Gd-Zn alloys with their different Gd:Zn ratios revealed a more signifi-
cant qualitative alteration of the deformation texture. This can be

characterized by an off-basal pole distribution about the normal direc-
tion. Depending on the alloy composition, this off-basal orientation
distribution was seen to either form a ring of almost uniform pole den-
sities (Gd:Zn ratio of 2:1) or a clear double peak texture with TD-tilted
poles at approx. +40° and almost no remaining RD tilted components
(Gd:Zn ratio of 1:2). For the intermediate case with a Gd:Zn ratio of 1:1,
the tendency of developing a TD split with increasing relative Zn amount
was evident.

This unique TD-tilted annealing texture was formed already upon
recrystallization. To analyze the recrystallization kinetics, the recrys-
tallized volume fraction was calculated from the Vickers hardness as a
function of the annealing time. The evolution of the Vickers hardness
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Fig. 3. Texture of binary Mg- 0.14 at. % Gd and Mg-x at. % Gd- y at. % Zn with a Gd: Zn ratio of 2:1, 1:2 and 2:1 respectively, after rolling (top) and upon 60 min of
annealing at 400 °C (bottom). The marked area in each annealing pole guides the eye of how the texture character is changing as a function of the relative Zn fraction

with respect to the overall solute concentration.

with the annealing time was similar for all alloys, however the absolute
hardness values of the alloy with Gd:Zn = 1:1 were significantly larger in
comparison to the other alloys. This is probably caused by the larger
absolute solute concentration and the resulting solid solution strength-
ening effect [39].

Fig. 4 exhibits the recrystallized volume fraction as a function of the
annealing time for all three ternary alloys annealed at 370 °C, along with
the corresponding JMAK fit and (0002)-pole figures for a recrystallized
volume fraction X of 0%, 50% and 100%. The texture of the partially
recrystallized samples (at X = 50%) already shows an increasing TD
spread depending on the alloy composition. The final textures corre-
sponding to full recrystallization were similar to the ones shown in Fig. 3
for a longer annealing time. The incubation time, identified by the
intersection between the x-axis and an extension of the linear fraction of
the curve (here tangential lines), before the onset of stable nuclei growth

was found to be at least 2 times larger in Mg-Gd-Zn 1:2 compared to the
other two alloys. This indicates a stronger solute drag effect, as the in-
cubation time is associated with the retardation of recrystallization by
solute drag. Fig. 4 (a) additionally shows the linear fit of In(-In(1-X))
over the annealing time and the resulting Avrami-exponents. Mg-Gd-
Zn 1:1 and 1:2 show two different growth regimes as they could be well
fit by two lines.

To examine the influence of alloy composition on the grain size
distribution, EBSD analysis of the investigated alloys was carried out
after 60 min of annealing at 400 °C. The results are presented in Fig. 5 in
terms of inverse pole figure (IPF) maps with respect to the sheet normal
direction (ND) and log normal grain size distributions. Noteworthy is
that the Zn-containing alloys have a broader spectrum of grain orien-
tations and that the Mg-Gd-Zn 1:1 alloy shows the finest grain size.
Correspondingly, its size distribution is characterized by the highest
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Fig. 4. Texture evolution during recrystallization of Mg-x at. % Gd-y at. % Zn with a varying Gd:Zn ratio of 2:1 (red), 1:1 (blue) and 2:1 (violet), respectively and the
corresponding Avrami exponents (top left corner) (a). The texture is represented by means of (0002)-pole figures obtained for 0, 50 and 100% recrystallized volume
fraction (b). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. IPF-ND maps from EBSD data after 60 min of annealing at 400 C of Mg-Gd, Mg-Gd-Zn 2:1, 1:1 and 1:2 (a), as well as the corresponding grain size distributions

fitted with log normal (b).

frequency peak at small grain diameter and the shortest tail at large
grain diameter. This is possibly caused by the higher absolute solute
content in that alloy.

Additionally, a significant difference in the character of grain
boundary distribution caused by the addition of Zn. Fig. 6 shows the
distribution of the grain boundary misorientation angle for the investi-
gated alloys in comparison with the theoretical Mackenzie distribution
for a perfectly random polycrystal.

The binary alloy exhibited a frequency peak around 30°-40°, which
is a common feature in conventional Mg alloys without RE additions [5].
All of the ternary alloys, on the other hand, showed a broader angle
distribution, featuring an obvious increase of grain boundaries with
higher angles. Additionally, the grain boundary distribution in the
ternary alloys was remarkably similar to the theoretical random distri-
bution, which indicates that there were no preferences for particular
misorientation relationships between neighboring crystals.

3.2. Solute segregation to grain boundaries

The observed large fraction of high angle grain boundaries at 60° and
higher (cf. Fig. 6 (b)) is specific to the Zn containing alloys and therefore

a further investigation to evaluate the influence of Zn additions on the
microstructure is required. For this purpose, one high angle grain
boundary with an angle between 80 and 90° for each alloy was analyzed
regarding the chemical composition by means of atom probe tomogra-
phy. A cylindrical volume with a z-axis perpendicular to the grain
boundary plane was selected for each tip and the element concentration
within the cylinder along its z-axis was evaluated. The results are pre-
sented in Fig. 7. The figure shows the spatial distribution of the present
elements from a side view of the grain boundary plane, the corre-
sponding grains and their orientation, as well as the elemental concen-
tration of Mg (light blue), Gd (green) and Zn (grey) as a function of the
distance from the grain boundary for each alloy, respectively. Binary
Mg-Gd (Fig. 7 (a)) exhibits the smallest solute concentration at the
boundary, approx. 0.5 at %, compared to the ternary alloys (Fig. 7
(b-d)). In the case of the ternary alloys the concentration of Zn increases
with a decreasing Gd:Zn ratio, hence Mg-Gd-Zn 2:1 exhibits the smallest
Zn concentration at the boundary and Mg-Gd-Zn 1:2 the largest. The Gd
concentration at the boundary behaves similarly, i.e. it increases grad-
ually for binary Mg-Gd, ternary Mg-Gd-Zn 2:1 and 1:1. Interestingly, the
Mg-Gd-Zn 1:2 and Mg-Gd-Zn 1:1 boundaries had a very similar Gd
content, which will be addressed in the discussion section.
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Fig. 6. (0002) pole figures of binary Mg-Gd and ternary Mg-Gd-Zn with a Gd:Zn ratio of 2:1 (a) and the grain boundary misorientation distribution of Mg-Gd and
three Mg-Gd-Zn alloys with varying Gd:Zn ratio (b) after 60 min of annealing at 400 °C obtained from EBSD.
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Fig. 7. Atomic reconstruction of a high angle grain boundary from atom probe tomography. The corresponding initial grains and their orientations are presented in
terms of ND-IPF coloring and (0002) pole figures. The elemental distribution profiles were obtained in the region of interest (dashed rectangle) across the grain
boundary of Mg-Gd (a) and Mg-Gd-Zn with a Gd:Zn ratio of 2:1 (b), 1:1 (c¢) and 1:2 (d). The given Gd/Zn ratios in the concentration profiles correspond to the peak

concentrations of both solute elements at the grain boundary.
3.3. Mechanical properties

Fig. 8 (a) shows the uniaxial stress-strain response of all three Mg-Gd-
Zn alloys (annealed at 400 °C for 60 min) loaded in tension in the rolling
(RD) and transvers directions (TD), respectively. Table 2 provides a
summary of the tensile properties of all investigated ternary Mg-Gd-Zn
alloys. The stress-strain behavior of a binary Mg-Gd alloy under
similar testing conditions can be found in a previous publication [10].
All three alloys exhibited a similar initial grain size, which helps exclude
the role of grain size in any observed differences in the yield strength.
Depending on the testing direction, the yield strength (YS) was seen to
vary, demonstrating planar anisotropy. In the RD, the YS was similar for

all alloys, however a slight increase of the yield stress with a decreasing
Gd:Zn ratio could be observed (see Table 2). Whereas in the TD, it
dropped by ~20-~45 MPa for the alloy with the highest relative Zn
content. The strain hardening capability and maximum tensile elonga-
tion were higher in the TD. The largest maximum tensile strain was also
found in Mg-Gd-Zn 1:2 strained in the TD, followed by 1:1 and 2:1,
which showed a smaller degree of anisotropy.

To understand the different deformation behavior of the present
ternary alloys, EBSD-assisted slip trace analysis was employed. Slip
traces formed by the intersection of the slip plane and the sample surface
usually appear as straight lines, and can be thus linked to a slip system
by acquiring the grain orientation from the EBSD data [40].
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Fig. 8. (a) Stress-strain response in uniaxial tension along RD and TD of Mg-Gd-Zn with different Gd:Zn ratios (1:1, 1:1, 1:2) annealed for 60 min at 400 °C. (b)
Distribution of the active slip systems from slip trace analysis (Fig. 9) of Mg-Gd-Zn alloys strained in RD.

Table 2

Tensile properties of ternary Mg-Gd-Zn alloys.
Alloy/Gd: Yield Stress R, (MPa) Fracture elongation A (%)
Z

" RD s.d. TD s.d. RD s.d. TD s.d.

2:1 92.04 0.71 71,00 0.61 37.16 480 35.00 0.40
1:1 95.14 1.56 7383 070 3438 087 37.28 0.93
1:2 98.51 1.22  60.92 0.93 29.91 1.15 38.85 0.78

Uniform elongation Ag (%) Ultimate Tensile strength (MPa)

RD s.d. TD s.d. RD s.d. TD s.d.

23.50 0.35 30.45 0.64 162.12 1.07 217.66 2.71
25.15 0.83 31.15 0.57 218.08 1.50 228.66 3.05
21.50 0.35 34.55 0.57 226.14 1.70 248.04 1.22

Deformation twinning was analyzed separately by visual evaluation of
each grain. Fig. 9 presents examples of such analysis, where basal, py-
ramidal I and pyramidal II slip activities were identified by correlating
the traces in the SE images with the theoretical slip traces based on the
grain orientation. Regions that showed twinning were highlighted by a
white circle. For the present analysis, at least 80 grains per alloy were
evaluated and the relative frequency of grains that showed slip traces
corresponding to a specific slip system was calculated.

Fig. 8 (b) shows the relative frequency of the observed active slip
systems, i.e. basal, prismatic, pyramidal I, ¢ + a pyramidal II and twin-
ning for uniaxial tensile deformation in RD up to a strain of 5%.
Although basal slip was found to be dominant in all alloys, the addition
of Zn seems to lead to an enhanced activation of non-basal slip, while the

(b)

frequency of grains that deform by basal slip decreased. The frequency
of prismatic as well as pyramidal I and c + a pyramidal II slip was found
to gradually increase with an increasing rel. Zn solute concentration.

4. Discussion
4.1. Synergistic effects on solute segregation and cluster formation

Combined addition of Gd and Zn solutes was found to lead to the
development of a preferentially TD-oriented texture evident upon
annealing at 400 °C for 60 min (Fig. 3, bottom row). This type of texture
has been already reported in several studies investigating the micro-
structure development of rolled and annealed Mg-Zn-RE alloys,
including similar Mg-Gd-Zn alloy systems [10,16,17,19,41]. What is
however still an open question is how the synergistic effect of the
co-alloying elements, Zn and Gd, can trigger such a strong texture
modification, where we not only see a difference between the binary and
the ternary alloy but also between different Gd/Zn concentration ratios.
The texture obviously shifts from a spread of the basal pole towards the
RD in the binary alloy to a pole spread towards the TD with almost no
remaining RD and ND components in the case of the ternary composi-
tion. Moreover, with increasing relative Zn fraction, i.e. in the Mg-Gd-Zn
1:2 alloy, the TD spread becomes more prominent.

Fig. 10 (a) shows the relative area fraction of grains with close ori-
entations to ND, TD and RD, respectively, as a function of relative Zn
fraction. The corresponding grains were assigned according to the angle
between their c-axis and the respective direction. ND grains were
defined by a tilt angle between the c-axis and ND smaller than 40°, TD

Pyramidal II

Fig. 9. Examples of the EBSD-assisted slip trace analysis carried out in the study. Slip lines of basal (red) (a), pyramidal I (green) (b) and pyramidal II (yellow) (c)
slip. Twinned regions are highlighted by a white circle. Additionally, all theoretical slip lines according to the grain orientation from EBSD are shown in the upper
right corner of each image. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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and RD grains by an angle larger than 60° from ND towards TD or RD.
Additionally, the chosen TD- and RD-oriented grains were allowed a
scatter of +20° in the RD or TD. An example of corresponding (0002)-
pole figures illustrating the orientation of the ND, TD and RD grains of
Mg-Gd-Zn 1:2 is shown in the upper part of Fig. 10 (a). The fraction of
grains with an ND orientation decreases significantly at the expense of
off-basal texture components with the addition of Zn as it can be seen
from Fig. 10 (a). Even a small relative Zn fraction, e.g., 36%, leads to the
decrease of ND oriented grains and an increase of both RD and TD ori-
ented grains. However, a further increase of the rel. Zn fraction in Mg-
Gd-Zn 1:2 shows that ND grains will decrease preferentially at the
expense of TD rather than RD oriented grains. It is therefore evident that
not only the amount of Zn, but also the Gd:Zn ratio plays a key role in the
grain growth characteristics, and therefore the texture evolution. The
grain size distribution after 60 min of annealing at 400C shows no sig-
nificant difference in grain size, accordingly solute drag might cause
anisotropic grain growth of TD texture components at early growth
stages, while it did not significantly affect the grain size after long term
annealing.

The grain boundary misorientation distribution in Fig. 6 showed that
the addition of Zn (regardless of Gd:Zn ratio) shifts the frequency peaks
towards larger angles (i.e. the distribution becomes similar to the
Mackenzie distribution). By examining the grain boundary misorienta-
tion distribution for the different orientation groups, ND, TD and RD, for
binary Mg-Gd (Fig. 10 b upper part) it becomes clear that the peak
around 30-40° originates from the ND grains, while the TD and RD
grains tend to exhibit higher misorientation angles with their neighbors
and show a distribution close to the theoretical case of a random poly-
crystal. The small misorientation angles found for ND grains hint at
similar orientation between neighboring grains. Accordingly, ND grains
might exist in a preferentially oriented ND neighborhood, as their
misorientation is further away from the theoretical distribution. Those
small misorientation angles are commonly observed in Mg alloys and
attributed to the low energy and high mobility of 30° 0001 grain
boundaries, which are suggested to cause a sharp basal texture upon
recrystallization [42].

By comparison, the distribution of grain boundary misorientation
angles in the ternary Mg-Gd-Zn 1:2 alloy (Fig. 10) shows an evident
decrease in area fraction for ND-oriented grains, which were not
showing frequency peaks at 30° but rather at 55°. Another significant
trend in the distribution after the addition of Zn is the increase of area

fraction for TD-oriented grains at large misorientation angles between
60° and 90°. Accordingly non-basal grains (whether TD or RD-oriented)
are the main reason for the occurrence of large misorientation angles
after the addition of Zn. This is likely a result of a modified grain
boundary migration behavior due to solute pinning and solute
segregation.

A large size misfit between solute atoms and matrix atoms, e.g. in the
case of Mg and Gd, introduces elastic strain that is accommodated by
solute segregation to grain boundaries. Zn atoms create a negative size
misfit and tend to co-segregate alongside the Gd solutes to minimize the
overall elastic energy. Next to the size misfit solutes-solute and solute-
matrix binding energies will play a key role during segregation. To
quantify the extent of segregation, the segregation energy AG, was
calculated after the Langmuir-McLean adsorption model using Eq. (4.1),
where X), represents the solute concentration within the matrix and X¢p
at the grain boundary [43].

XgB Xu \, AG, e,
_ soxp( — 4G Eq. 4.1
—x, (I*XM> exp( RT) (Eq. 4.1)

Fig. 11 (b) shows the segregation energy as a function of the rel. Zn
fraction. X, was calculated from the matrix concentration within the
cylindric region of interest (see Fig. 7) expanding from + 10 nm to £ 5
nm away from the grain boundary. The negative segregation energy of
the ternary alloys increased for Gd as well as for Zn, in the case of Gd
from 11 kJ/mol to 16 kJ/mol. The binary alloy shows approximately the
same segregation energy as the ternary alloy with a rel. Zn fraction of
36%, but a further increase of the rel. Zn fraction led to a significant
magnification of segregation. The Gd solutes of the alloy with the
highest rel. Zn fraction (69%) show a very high negative segregation
energy despite the fact that the Gd concentration within the alloy was
smaller compared to the other two ternary alloys. This suggests that co-
segregation might be crucial for the development of the microstructure
since it governs the segregation behavior. The amount of Gd solutes that
participate in segregation, and therefore has an impact on microstruc-
ture evolution does not mainly depend on the Gd concentration within
the alloy, but its combination with other alloying elements, namely Zn.
This is in accordance with the texture observations made before, as the
preference for TD oriented components emerged mainly in the alloy
with the highest relative Zn fraction compared to the others.

As co-segregation appears to be more or less effective depending on
the Gd to Zn ratio of the alloy composition, it becomes important to
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examine the characteristics of the existing solute clusters within the
matrix. Solute clusters were analyzed using the IVAS, Cameca software
and only first order clusters with a minimum size of 4 solute atoms and a
distance to the nearest-neighbor within the cluster (dpax) of 1.25 nm
were considered. Fig. 12 (a-c) show the detected solute clusters in all
measured ternary Mg-Gd-Zn APT tips, 2:1, 1:1 and 1:2, respectively.
Additionally, a cuboid region of interest was selected and highlighted.
Its precise dimensions are given below each tip. Gd-Zn, Zn-Zn and a
limited number of Gd-Gd clusters were detected. Zn-Zn clusters were
most frequent in Mg-Gd-Zn 1:2, they represented 43% of all clusters. On
the other hand, they were the least frequent in Mg-Gd-Zn 2:1 (18% of all
clusters). Gd-Gd clusters were only found in Mg-Gd-Zn 2:1. This could
be attributed to the low Zn concentration in this alloy. The formation of
Gd-Zn clusters is probably preferential compared to Gd-Gd clusters,
therefore there formation will be limited if there is a sufficient amount of
Zn. Table 3 summarizes the results of the solute cluster analysis
including the number frequency, density, size and cluster composition
(for Gd-Zn clusters). To quantify the composition and size of clusters
with respect to their Gd:Zn ratio, the Gd-Zn clusters within the marked
region were further analyzed. Fig. 12 (d) shows the Gd:Zn ratio of the
clusters as a function of the cluster size. The horizontal lines indicate the
median Gd:Zn ratio and the vertical ones the median cluster size. Fig. 12
(e) shows the distribution of the Gd:Zn ratio of the clusters. The present
solute clusters of all three alloys have a similar size and composition.
The median Gd:Zn ratios vary between 0.33 and 0.55 and are signifi-
cantly smaller than 1 in all alloys. Although Mg-Gd-Zn 2:1 has the largest
Gd:Zn ratio (0.55) within the clusters compared to the other alloys, it is
still far from the Gd:Zn ratio of 2 of the original alloy compositions.

The cluster distributions show a frequency peak around a Gd:Zn ratio
of 0.33 for all alloys, hence the formed clusters come close to the
nominal ratio of 0.5 in the Mg-Gd-Zn 1:2 alloy. Nearly 70% of all Gd-Zn
clusters in Mg-Gd-Zn 1:2 exhibited a ratio of 0.33, while it was only 34%
in Mg-Gd-Zn 2:1. The latter exhibited a second Gd:Zn ratio peak of 24%
around 1:1. This ratio was found by Nie et al. for metastable phases
during precipitation in an Mg-Gd-Zn-Zr alloy of similar Gd/Zn compo-
sition [44]. Assuming that co-segregation to grain boundaries occurs via
the segregation of solute clusters of a Gd:Zn ratio of 0.33, an alloy with a
high rel. Zn fraction is crucial for the formation of clusters and following
GB segregation. The low Gd:Zn ratio in Mg-Gd-Zn 1:2 might enable the
formation of more 1:3 Gd-Zn clusters, that will segregate to the
boundaries. This would explain the higher negative segregation energy
in Mg-Gd-Zn 1:2 (see Fig. 11).

Mg-Gd-Zn 1:2 exhibited the largest tendency for TD tilted texture
components, as well as the highest segregation at grain boundaries. Both
were found to be consistent the high relative Zn fraction of the alloy,
demonstrating the influence of synergistic effects of combined solute
additions on grain boundary segregation and texture evolution. To
explain the favorable growth of TD-tilted texture components and the
prevalence of specific grain boundary misorientation angles, anisotropic
grain boundary properties and in particular boundary mobility need to
be considered. In this regard, Barrett et al. suggested that solute segre-
gation can lead to homogenization of the grain boundary energy, as well
as a reduction of the mobility of highly mobile grain boundaries, sup-
pressing the growth advantage of basal texture components, and thereby
enabling nucleation and growth of new orientations [9,29]. This hy-
pothesis helps explain the disappearance of the rolling basal texture

Table 3
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components during annealing, but the reason for the observed pro-
nounced TD preference remains unclear. A recent theoretical study
showed by means of ab-initio simulations that the binding energy be-
tween RE solutes and Mg atoms varies significantly with the grain
boundary character [32]. This will most probably result in an aniso-
tropic mobility, affecting the stability of specific grain boundaries, thus
influencing texture evolution during recrystallization and grain growth.
Additionally, not only the effect of solutes on specific boundaries but
segregation itself might be anisotropic, as it was recently proven to be in
Mg-Mn-Nd [45] and other material systems (e. g. (Pt-Au) [46]).
Accordingly, selective growth of TD tilted texture components is
assumed to be caused by a growth advantage of specific grain bound-
aries due to alterations in their energy and mobility, induced by complex
solute-boundary interactions. While a clear understanding of the nature
of these anisotropic effects needs further experimental and theoretical
investigation, it was shown in the present study that they are likely to be
manipulated by the synergistic properties resulting from different
co-alloying concentration. This became clear as small alterations of the
Gd:Zn contents were able to trigger RE-texture effects of different ex-
tents. Considering the importance of the atomic solute ratio compared to
the absolute solute concentrations shown in this work, the influence of
clustering on solute-boundary interaction appears to be crucial for the
development of a synergistic alloy design concept tailored towards
desirable TD-type textures for enhanced formability.

4.2. Connection between active deformation modes and the yield stress
anisotropy

An anisotropy of the yield point between strain in RD and TD was
observed from tensile tests. This anisotropy is most likely linked to the
alloy composition as it deviates significantly amongst the analyzed al-
loys. Although all analyzed alloys contain different total solute con-
centrations, as well as different relative concentrations of Gd and Zn
(see. Table 1), the yield strength in the rolling direction of all alloys is
similar (see Fig. 8). This indicates that the effect of solid solution
strengthening on the yield point is limited. Changes of the deformation
behavior may be attributed to the previously observed texture modifi-
cations and/or solute effect on the activation of the available deforma-
tion modes. Accordingly, the reason for the observed anisotropy needs
further investigation.

EBSD-assisted slip trace analysis revealed a connection between non
basal slip and Zn additions (cf. Fig. 9). Table 4 shows the basal to non-
basal slip ratio for all detected non-basal slip systems and twinning. It
is worth noticing that this ratio increases with an increasing rel. Zn

Table 4

Non-basal to basal ratio of activated slip systems obtained from slip trace
analysis in Mg-Gd-Zn 2:1, 1:1 and 1:2 strained in RD and TD (only 1:2). The
deformation modes considered are prismatic, pyramidal I and II as well as
twinning (manual detection).

Alloy/Gd:Zn Basal: Pris. Basal: Pyr. I Basal: Pyr. II Basal: Twin.
2:1 RD 1:0.08 1:0.31 1:0.55 1:0.39
1:1RD 1:0.11 1:0.38 1:0.66 1:0.34
1:2RD 1:0.32 1:0.68 1:0.88 1:0.40
1:2TD 1:0.22 1:0.78 1:0.78 1:1

Characteristics of present Gd-Zn, Gd-Gd and Zn-Zn solute clusters in the investigated Mg-Gd-Zn alloys obtained from solute cluster analysis by means of APT data

mining using the commercial software IVAS, Cameca.

Gd-Zn Gd-Gd Zn-Zn
Alloy/Gd:Z
oy/ n Size [atom] Count Ratio Density [nm '] Size [atom] Count Density [nm '] Size [atom] Count Density [nm ']
2:1 5 89 0.55 33.107° 5 6 2.2107° 5 19 7.0107°
1:1 6 93 0.5 69-107° - - - 5 34 25.107°
1:2 6 66 0.33 36-107° - - - 5 51 28.107°
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fraction for all non-basal slip systems, especially for pyramidal II c+ a
slip. This coincides with the previously observed increase of the yield
stress with an increasing rel. Zn fraction (see Table 2). A larger activa-
tion of non-basal slip may elevate the flow stress as non-basal slip sys-
tems are known to have a significantly larger CRSS compared to basal
slip [47]. By contrast, the ratio twinning: basal slip remained approxi-
mately constant. A markedly low occurrence of prismatic slip was
observed, which can be rationalized by the relatively low applied strain
of 5%, as higher strains are needed to enable cross slip of basal dislo-
cations to the prismatic plane [48,49]. The large fraction of basal slip
traces in all the samples is correlated to the low critical resolved shear
stress (CRSS) of basal slip, commonly known to be significantly lower
than the CRSS for non-basal slip modes [50]. In the present case, a
higher activation of non-basal slip modes, including c+ a slip is to be
expected due to the presence of Gd, as it is commonly the case for Mg-RE
alloys vs. conventional RE-free alloys, e.g. AZ31 [22]. It is further
reasonable to assume that this effect is further enhanced in the current
alloys due to the co-presence of Zn [24,51]. In fact, this is clearly
demonstrated by the enhanced activation of non-basal slip in alloys
containing a higher relative Zn fraction, which could be caused by a
change in the relative CRSS ratio between basal and non-basal slip. Prior
studies suggested basal slip strengthening by RE solute pinning of basal a
dislocations as a possible mechanism [52,53]. Next to the inhibition of
dislocations solute segregation to grain boundaries could hinder the
emission of dislocations from the boundary [54]. Accordingly, syner-
gistic effects of RE and Zn can be reasonably presumed to have a stronger
interaction with mobile dislocations, and hence play a more prominent
role in slip system activity as compared to individual RE additions.
Despite the observed deviations in slip system activation during
straining in RD (Table 4), the yield point in that direction (unlike in TD)
was only marginally affected by the Gd:Zn ratio of the alloy composition
(Fig. 8a). To further characterize the anisotropic mechanical response in
TD, slip trace analysis at 5% strain in TD was performed for the Mg-Gd-
Zn 1:2 alloy exhibiting the largest anisotropy. Fig. 13 (b) presents the
corresponding relative frequencies of the different active slip systems
and Table 4 contains the basal to non-basal slip ratio for Mg-Gd-Zn 1:2
for both strain paths in RD and TD. The results show that slip activation
of all considered slip systems in TD was similar to that in RD. However,
the activation of twinning was found to increase significantly in the TD
sample compared to the RD. The basal to twinning ratio changed from
1:0.4 under strain in RD to 1:1 under strain in TD. Hence, in the case of
strain in TD twinning was as frequent as basal slip. To investigate this
further, tensile specimens of all three ternary alloys were strained up to
25% in RD and TD and analyzed via EBSD. Fig. 14 shows the resulting
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IPF maps and the corresponding pole figures of Mg-Gd-Zn 2:1 (a), 1:1 (b)
and 1:2 (c), as well as the corresponding distribution of the grain
boundary misorientation angles, the positions of twin boundaries of
{1011} compression (56°) and {1012} tension (86°), as well as
{1011} — {1012} double twinning (37.5°) are marked in red, blue, and
magenta, respectively.

As evident by the RD tension texture (Fig. 14 a, b, c upper part), the
TD-spread of the basal poles of the initial textures was further enhanced
during tension in RD, while a transition from a TD dominated texture to
a slightly off-basal ring texture was formed under straining in TD.

Fig. 15 shows the starting (a) and final texture after 20% straining in
TD (c), as well as a theoretical (0002) pole figures (b) illustrating
whether the observed texture transition is a result of tension (TT) or
compression twinning (CT). The orientations resulting from a rotation of
the basal plane around 2110 by 56° (CT) and 86° (TT), respectively are
in accordance with the experimental texture components arising upon
25% tensile strain in TD. Hence, the high activity of twinning, particu-
larly compression twinning, leads to a shift of peak density in TD to a
favorable one in RD during tension in TD. Additionally, the samples
strained in TD of all alloys show an overall higher fraction of grain
boundaries with misorientations corresponding to twinning (Fig. 14).
This is also in accordance with the enhanced twinning after 5% of strain
in TD compared to RD observed via slip trace analysis. In the literature,
some studies (e.g. by Luo et al. [55]) reported similar findings of
enhanced deformation twinning activity in a ternary Mg-2Zn-0.8Gd
alloy and pointed out its importance with respect to formability.

All three alloys show a similar increase of compression twinning
under uniaxial strain in TD compared to strain in RD. The fraction of
grain boundaries with a misorientation angle of 56° increased from
approximately 7 to 15%. Tensile twinning increased in both Mg-Gd-Zn
2:1 and 1:2, while it remained constant in Mg-Gd-Zn 1:1. However,
the change in tensile twinning in Mg-Gd-Zn 1:2 was significantly larger
compared to Mg-Gd-Zn 2:1. The magnitude of anisotropy in tensile twin
activation in Mg-Gd-Zn 1:2, compared to the alloys with a lower relative
Zn fraction, matches the yield stress anisotropy shown in Fig. 13 (a).
Both, the observed anisotropy in twinning activation, as well as the
resulting anisotropy in mechanical properties are in accordance with
previous studies indicating enhanced twinning under strain in TD [56,
57]. The enhanced activation of twinning could originate from the pri-
ory observed texture modifications, however all alloys show similar
texture components while the amount of tensile twins under strain in TD
was enhanced significantly. This suggests a combination of texture and
immediate solute effects as the underlying mechanisms for a change of
the deformation modes. Accordingly, the synergistic influence of Zn and
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Fig. 13. (a) Yield strength obtained from the corresponding stress-strain curves in RD, TD and 45° sheet directions as a function of the relative Zn fraction. (b)
Distribution of the active slip systems extracted from slip trace analysis of Mg-Gd-Zn with the ratio 1:2 during uniaxial-tension up to 5% strain in RD and TD. All

samples were initially subjected to annealing at 400 °C for 60 min.
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Fig. 14. IPF-ND maps from EBSD data of Mg-Gd-Zn 2:1 (a), 1:1 (b) and 1:2 (c) collected after 25% tensile strain in RD (upper row) and TD (lower row) with the
corresponding distributions of the grain boundary misorientation angles. The misorientation angles of compression (56°), tension (86°) and double twin boundaries
(37.5°) are indicated in red, blue, and magenta respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Gd on twin activation was found to be a central mechanism in terms of
planar yield stress anisotropy. Segregation of Gd and Zn to twin
boundaries was previously found to influence the mobility and enhance
the stability of twin boundaries [27]. This suggests a high impact of the
aforementioned synergistic solute effects on twinning. The activation of
non-basal deformation modes, as well as twinning, did not solely depend
on the amount and type of solute species but was shown to be strongly
linked to their relative ratio in the material.

5.

Conclusions

. Addition of different relative Zn content to a dilute Mg-Gd sheet

alloy led to a significant texture modification favoring off-basal
texture components. With increasing relative Zn fraction there was
a clear preference for a unique basal pole spread towards the trans-
verse direction. This suggests a significant impact of synergistic so-
lute effects on the microstructure evolution and the resulting texture.

. A shift in the grain boundary misorientation angle distribution from

30° to 40° (in a Mg-Gd alloy) towards larger angles was observed in
all the investigated Mg-Gd-Zn alloys leading to a distribution close to
the Mackenzie distribution of a random polycrystal. Special analysis
of the boundary distribution data based on individual assessment of
ND, RD and TD-oriented grains revealed that a random distribution
originates from the non-basal texture components.

. Atom probe tomography of Mg-Gd and the three Mg-Gd-Zn alloys

with a different relative Zn solute fraction showed that solute
segregation is controlled by the ratio of Gd to Zn solute concentration

12

in the matrix. The negative segregation energy, as well as the peak
concentration at the grain boundary were found to increase with an
increasing relative Zn solute fraction. The absolute amount of Gd
concentration was of little importance in this case.

. Identified solute clusters from the APT data revealed a frequent so-

lute composition of Gd:Zn equal to 0.33 in all three ternary alloys
despite different nominal Gd:Zn ratios of the original alloy compo-
sition. Accordingly, the formation of stable clusters capable of grain
boundary co-segregation is likely to require a higher Zn concentra-
tion. This would explain the enhanced segregation in alloys with a
large relative Zn solute fraction.

. Uniaxial tensile tests of the ternary Mg-Gd-Zn alloys in both RD and

TD directions revealed a planar anisotropy of the yield stress. The
magnitude of this anisotropy was found to be correlated to the Gd:Zn
solute ratio, particularly in straining along the TD.

. EBSD-assisted slip trace analysis of 5% strained Mg-Gd-Zn samples in

RD revealed enhanced activation of non-basal slip accompanied by a
relative decrease of basal slip events. This was particularly the case
for the Mg-Gd-Zn 1:2 alloy with the highest relative Zn fraction. A
comparison of active slip systems under strain in RD and TD in this
alloy revealed similar activation of all common slip systems in
magnesium. The fraction of grains exhibiting twinning was however
doubled for straining in TD, which was also confirmed by grain
boundary distribution data from EBSD. This is likely the reason for
the observed RD/TD anisotropy of the yield stress.
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Fig. 15. (a) Starting texture of Mg-Gd-Zn 1:2 annealed at 400 °C for 60 min
prior to tensile tests and (c) final texture after 25% of strain in TD. Charac-
teristic TD-texture component of the initial state (yellow circle) and possible
orientations after tension (TT, top) and compression twinning (CT, bottom)
with a basal plane rotation around 1120 (marked by stars), 1210 (marked by
rectangle) and 2110, which lead to orientations that can be found in the texture
after tensile deformation (red circle) (b). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)
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ABSTRACT

One of the main material properties altered by rare earth additions in magnesium
alloys is texture, which can be specifically adjusted to enhance ductility and form-
ability. The current study aims at illuminating the texture selection process in a
Mg-0.073at%Gd-0.165at%Zn alloy by investigating recrystallization nucleation
and early nucleus growth during static recrystallization. An as-cast sample of the
investigated alloy was deformed in uniaxial compression at 200 °C till 40% strain
and was then cut into two halves for subsequent microstructure characterization
via ex situ and quasi in situ EBSD investigations. In order to gain insights into
the evolution of texture during recrystallization, the contributions from dynamic
and static recrystallization were initially separated and the origin of the non-
basal orientation of recrystallization nuclei was traced back to several potential
nucleation sites within the deformed matrix. Considering the significant role of
double-twin band recrystallization in determining the recrystallization texture,
this type of recrystallization nucleation was further investigated via quasi-in situ
EBSD on a deformed sample, annealed at 400 °C for different annealing times.
With progressive annealing, a noticeable trend was observed, in which the basal
nuclei gradually diminished and eventually vanished from the annealed micro-
structure. In contrast, the off-basal nuclei exhibited continuous growth, ultimately
becoming the dominant contributors to the recrystallization texture. The study
therefore emphasizes the importance of particular nucleation sites that generate
favorably oriented off-basal nuclei, which over the course of recrystallization
outcompete the neighboring basal-oriented nuclei in terms of growth and thereby
dominate the recrystallization texture.
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Introduction

Texture is one of the main properties governing
formability in magnesium alloys. Accordingly, the
study of texture formation might be the key to the
design of highly formable magnesium alloys [1]. In
common magnesium alloys, the hexagonal crystal
structure and therefore limited activation of non-
basal slip lead to a strong basal texture rendering
the material incapable of accommodating stresses
out of the basal plane, i.e., along the c-axis [2, 3]. In
that respect, it was found that magnesium-rare earth
alloys are especially suitable to produce soft and
weak textures through fine tuning of the alloy chem-
istry and processing parameters [4]. Binary Mg-RE
alloys readily show major texture improvements
characterized by weaker intensities and off-basal
components in the rolling direction. New develop-
ments of ternary Mg—RE-Zn systems showed that
respective alloys develop even more favorable tex-
tures with a characteristic spread of the basal poles
in the transverse direction. Moreover, these alloys
show a finer recrystallized grain size and a higher
strength making them great candidates for sheet
forming operations [5-13].

Despite extensive research efforts in that field, par-
ticular details of how new texture components nucle-
ate during deformation or early recrystallization and
come to dominate during growth remain elusive [6,
10, 14, 15]. From segregation studies, RE solute is
known to segregate to grain boundaries and hence
affect their migration behavior during recrystallization
and grain growth [16-18]. This is thought to lead to the
development of RE-texture components through com-
petitive growth between basal and non-basal nuclei.
The role of nucleation remains in comparison harder
to elucidate due to the small scales considered. None-
theless, we can reasonably assume that favorable
nucleation conditions for RE orientations do exist since
they were seen to dominate the final recrystallization
texture. Common nucleation sites reported for mag-
nesium alloys are deformation twins, grain boundaries
and triple junctions, shear or deformation bands and
second phase particles [19]. The contribution of these
sites to the nuclei orientation is of crucial importance
for the survival of certain orientations during further
texture development in the course of nuclei growth.

Particularly, nucleation at {10T1} - {1012} double

twins and shear bands was found to generate

characteristic RE texture components during static
recrystallization of cold rolled Mg-RE alloys [20, 21].

Recent quasi-in situ electron backscatter diffraction
(EBSD) studies have provided useful insights into the
origin of RE texture formation by means of tracking the
evolution of microstructure during recrystallization.
Guan et al. analyzed the impact of double twins [21] and
shear bands on the recrystallization texture formation
[20] and reported that the resultant recrystallized grains
made the main contribution to the final texture develop-
ment. Interestingly, the authors have also reported that
concurrent events, such as precipitation, can intervene
with the competitive growth of basal and RE-oriented
grains, thereby decreasing the substance of the desired
RE components in the final texture [20]. Jiang et al. pro-
vided evidence of growth selection of RE orientations
in an extruded and subsequently annealed Mg-Zn-Gd
alloy depicting no significant amount of twins or shear
localization [22]. Encouraged by these reports, the cur-
rent study examines the influence of different nucleation
sites and early nucleus growth on the texture selection
during recrystallization in a Mg—Gd-Zn alloy.

Experimental

For this study, a ternary Mg—0.073at%Gd-0.165at%Zn
alloy was used. Its chemical composition was meas-
ured by optical emission spectrometry (ICP/OES). An
Ar/Co, gas atmosphere was applied when melting the
alloy, which was cast into a pre-heated copper mold
and homogenized at 460 °C for 960 min. Compression
tests of cylindrical samples with a diameter of 5 mm
and a height of 10 mm were conducted using a ZWICK
screw-driven, mechanical testing machine at tempera-
tures between room temperature (RT) and 400 °C and
at a constant strain rate of 2 x 107> s™. The imposed
deformation strains ranged between 0.1 and 0.8. Subse-
quently, the samples were cooled by Water quenching.
The deformation conditions are summarized in Table 1.

Subsequent to compression, the samples were cut
in half along the compression direction (cf. Fig. 1)
and subjected to metallographic preparation using
mechanical grinding and polishing with an etha-
nol-based diamond suspension up to 0.25 um. For
panoramic optical microscopy, the samples were
electro-polished in an 5:3 ethanol/H;PO, solution and
subsequently etched in an acetic picral solution. Mul-
tiple overlapping micrographs were taken per sample
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Table 1 The investigated deformation conditions in the current
work (marked by x). The sample selected for the quasi-in situ
EBSD was deformed at 200 °C for 40%

Def. (%)\T RT 200 400
(°O)

10 X - -
20 X X -
40 - Quasi-in situ X

EBSD

60 - - X
80 - - X

using a Leica/Leitz DMR light microscope equipped
with an Axiocam 305 camera and subsequently
stitched with Image Composite Editor (Microsoft).
For EBSD investigations, the respective sample was
additionally electro-polished for 120 s using a Lectro-
Pol 5 operating at 20 V and - 20 °C in a Struers AC2
solution.

EBSD measurements were conducted using a
focused ion beam Helios 600i equipped with a HKL-
Nordlys II EBSD detector operating at 20 kV and
2.7 nA. The resulting raw data were analyzed using
the texture analysis toolbox MTEX [23]. Quasi-in situ
EBSD experiments were done by interrupted heat
treatments at 370 °C up to 95 min in a tube furnace
under protective Ar atmosphere to minimize oxida-
tion. Between the annealing steps, the sample was
shortly polished using Struers OP-U suspension.
Micro-indents were used as markers for relocating the
same sampled area, using the x-,y-distance between

(a)
T T T T
——RT10%
208 1 ——RT20%
——200°C 20 % ]
= [——200°C 40 %
S 150 £ 40 %
> —400°C 40 %
% ——1400°C 60 % |
ﬁ 100 ———400°C 80 % -
[72]
50 - _
0 : . : :
0 20 40 60 80
Strain (%)

the intend and the initial EBSD area. No data cleaning
procedure was used on the EBSD data.

Results

Figure 1a shows the stress—strain curves after com-
pression at different temperatures (see Table 1). Sam-
ples compressed at 400 °C are characterized by a
steady plastic flow at low stresses of ~ 25 MPa. On the
contrary, samples compressed at RT exhibited rapid
work hardening and early fracture. Both of these con-
ditions were deemed unsuitable for further annealing
experiments demanding the right amount of stored
deformation energy in order to track early nucleus
growth in the mapped sample. This was obtained in
the sample compressed at 200 °C up to 40% strain.
Despite the somewhat elevated temperature, the sam-
ple at that deformation condition still cracked due to
retarded dynamic recrystallization and lack of multi-
ple slip systems. The work softening after the peak in
the respective flow curve is associated with the macro-
scopic cracking of the sample, evident in Fig. 2.

In accordance with Fig. 1b, the chosen sample
(200 °C/40%) was cut in two halves along the com-
pression direction (CD) that were characterized fur-
ther by panoramic optical microscopy, EBSD and
XRD, as shown in Fig. 2. The investigated microstruc-
ture in Fig. 2a revealed numerous twins that were yet
unrecrystallized. This changed in the other half of
the sample (half 2), which was annealed at 400 °C for
60 min to initiate static recrystallization. To determine

(b)
CD

Half 1 Half 2

—> D D+A

CD: Compression direction
D: Deformation 200 °C / 40 %
A: Annealing 400 °C/60 min

Figure 1 a Stress—strain response during compression tests at RT, 200 °C and 400 °C for deformation degrees ranging from 10 to 80%.

b Schematic image of the cylindrical compression sample and the mirroring sample halves with their processing details.
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Figure 2 Panoramic opti-

(a)

cal micrographs of the
entire compression sample, l
obtained in the mid-plane

parallel to the compression CD
direction CD: a deformed

at 200 °C to 40%, b subse-
quently annealed at 400 °C
for 60 min. EBSD data show
CD-IPF maps of the sampled
areas (in the deformed and
recrystallized state) and
corresponding textures. The
original dataset was rotated
by 90° about the x-axis in
MTEX, aligning the CD per-
pendicular to the plane of the
page. The texture intensity is
represented in terms of multi-
ples of a random distribution
(m.r.d.).

the orientation of the recrystallized grains and evalu-
ate their nucleation mechanism, EBSD was done on
both the deformed and the subsequently annealed
halves of the sample. The selected EBSD areas were
mirroring each other, as outlined in Fig. 2, in order
to allow a correlation between the deformed and
recrystallized microstructures. In addition to inverse
pole figure (IPF) maps with respect to CD, the cor-
responding (0002), (1010) and (10?2) pole figures are
also presented in Fig. 2. The provided IPF color key
is applicable to all subsequent IPF maps. Hence, it is
only presented once.

The left side of the CD-IPF of the deformed sam-
ple exhibited a high twin density (region 3), which
subsequent to annealing underwent extensive recrys-
tallization visible on the right side of the counterpart
CD-IPF of Fig. 2b. Another feature in the deformed
microstructure is a large grain with thin bands (region
2) that were liable to recrystallization nucleation and
growth during annealing (Fig. 2b). As shown later in
Fig. 4, those recrystallized bands are associated with
double twins as they exhibited a characteristic misori-
entation relationship with the matrix. Further, recrys-
tallization after annealing was seen at high angle grain

1047

(b) Deformed + Annealed

16

boundaries separating the three big grains (regions)
in the deformed microstructure. The right side of the
deformed map (region 1), featuring one large matrix
grain free from inner grain boundaries or obvious
stress accumulations, remained free of recrystalliza-
tion. The pole figures of the deformed and recrystal-
lized microstructures do not show large qualitative
differences in the overall texture since recrystallization
was not advanced.

To further characterize the twinning activity seen in
region 3 of the deformed state, Fig. 3 presents a CD-IPF
map of a higher resolution (Fig. 3b), obtained from the
outlined area of interest in the original map (Fig. 3a).
The microstructure of the selected area reveals profuse
twinning of several twin variants, as well as limited
dynamic recrystallization in the grain boundary region
(cf. Fig. 5). The misorientation angle distribution exhibits
a distinct peak around 86° +4° revealing that the

observed twins were mostly { 10T2} tension twins (TT).
Additional peaks around 56° +4° and 37.5° + 4° might
be related to some { 1011 } compression (CT) and com-

pression—tension double twins (DT) (Fig. 3c). The defor-
mation texture was found to be a characteristic basal

@ Springer
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Figure 3 a CD-IPF map
after 40% of compression at
200 °C and corresponding
grain boundary angle misori-
entation distribution (b), as
well as texture from (0002),
and (1210) pole figures.

() 37544 564

9

] Mater Sci (2024) 59:1044-1055

81 P

S 11

20 40

-

(1210) 16

60 80

Grain Boundary Misorientation Angle (°)

86+4°

S6+4° double twins

4 EBSD
{IOTI} - {IOTZ} double-twin bands in the deformed micro-

structure (a) and their role as a nucleation site for recrystalliza-
tion in an annealed sample (370 °C/5 min) (b). TT1-3 in (a) refer

Figure CD-IPF  maps  showcasing  the
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(b)

— 8640 (1210):4° 555
56+4° (1210)x4° 8%
37.5£4° (1210)24°

Compression-tension
double twins

to three different variants of { IOTZ} tension twins. Due to the

coarse grain structure in the deformed and annealed samples,

local orientation gradients within individual grains are clearly
visible.
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Figure 5 Selected area

from the CD-IPF map of the
deformed sample presented
in Fig. 3b featuring a dynami-
cally recrystallized region
outlined in blue (b), which

is characterized by means

of grain orientation spread
(GOS) < 1° (c) and corre-
sponding (0002) pole figures
for the whole map shown in
a (d) and the dynamically
recrystallized region depicted
in b (e), respectively.

texture, with a slight tilt of basal poles (+ 10°) about the
compression direction (Fig. 3d).

Figure 4 shows two IPF map examples showcasing the
thin bands observed in the deformed microstructure,
which were seen to recrystallize during annealing. As
evident from the misorientation analysis of twins and
their parent matrix, the thin bands in the microstructure
correspond to compression-tension double twins of the

type { 1011 } - { 1012 } that exhibits a characteristic mis-

orientation of 37.5° (1210) with the parent matrix. These
twins are also evident in the IPF map in Fig. 4b, which
shows a different region of the microstructure after a
short annealing at 370 °C for 5 min. These parameters
were chosen carefully to obtain evidence of the onset of
recrystallization in these particular nucleation sites. The
region shown in Fig. 4b is utilized later for the quasi-in
situ annealing experiments presented in Fig. 8 to gain
insights into the selective growth behavior exhibited by
the off-basal oriented nuclei. The labeled twins TT1-3 cor-
respond to tension twin variants examined later in Fig. 7
in relation to recrystallization nucleation in that region.

Discussion

To understand the development of texture during
early stages of recrystallization, the contributions
from dynamic and static recrystallization have to
be separated and assigned to the different poten-
tial nucleation sites present in the microstructure
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@  (0002)

16

Shared texture
component 8

(e) Y

New DRX
component

(grain boundaries, tension twins, and double-twin
bands). The deformed area from the compression test
at 200 °C up to 40% strain showed limited dynamic
recrystallization near the grain boundaries (GB). One
example is shown in Fig. 5a, b featuring a selected
area of few recrystallized grains, detected using a
grain orientation spread criterion (GOS < 1) (Fig. 3c).
The lack of sufficient number of DRX grains in the
map does not allow for sound correlations to be
made. However, it can be seen by the single orienta-
tions of these grains and their corresponding (0002)
pole figure that some of them developed a new tex-
ture component located at 60° from the compression
direction (Fig. 5e). It is also visible that the rest of the
DRX grains share a similar texture component (30°
from CD) with the deformed matrix (Fig. 5d, e).
Retardation of dynamic recrystallization at 200 °C
is caused by the segregation of RE solute atoms to
grain boundaries leading to solute drag [24]. This
intended effect is beneficial for further static recrys-
tallization because a sufficient amount of deforma-
tion will still be retained in the deformed micro-
structure. Indeed, as will be shown later, static
recrystallization is crucial for the formation of soft,
off-basal texture components. Figure 6 shows the
distribution of the basal poles with respect to the
CD for the uniquely deformed (red) and the subse-
quently annealed sample half (blue), along with their
corresponding (0002) pole figures, as obtained from
EBSD. After deformation, the distribution of basal

@ Springer
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poles shows a close alignment with the CD (sharp
basal texture) but with annealing, the spread of basal
poles about the CD shifts to higher angles, leading to
a much weaker texture. Similar orientation distribu-
tions with large tilt angles from the principal loading
axis have been previously observed in heat treated
Mg-RE-Zn alloys [5, 25], but their formation from a
deformation basal texture is still unclear.

To trace back the development of the non-basal
recrystallization nuclei from the deformation basal
texture, the recrystallized grains from the EBSD map
in Fig. 2b were carefully analyzed in connection to
their original matrix site. The analysis is shown in
Fig. 7, which features the isolated subset of recrystal-
lized grains (GOS <1°) and individual (0002) pole fig-
ures of different portions of the recrystallization
microstructure. The three sets of pole figures shown
in Fig. 7(b) (i-iii) correspond to recrystallized grains at
different nucleation sites in the deformed microstruc-
ture (cf. Fig. 2a): (i) Large-angle GB between matrix
regions 1 and 2 (red rectangle), (ii) parallel recrystal-
lized double-twin bands in region 2 (blue rectangle),

and (iii) { 10T2} twinned region (black rectangle). For
establishing a connection with the deformation texture

components, the average orientation of the parent
matrix is provided in each pole figure. For (i), this

30 (0002) T T (0002) — T ]
~ 95 | 400°C / 1
g\i 25 ] ( Q \ 60 min \\
> \ ‘ ‘ 4
2" 20 / \ " | ]
5 T \\\-/// \\\ /// 1
= CD — ==
g 15- mem Deformed |
L: | mmm Deformed + Annealed
2 10
= ]

o)
&7 5

O o -

0 20 40 60 80
Basal pole tilt (°)

Figure 6 Angle distribution between the c-axis and the com-
pression direction obtained from EBSD data of the deformed
(200 °C/40%) and annealed sample. Low angles indicate close
alignment of basal poles with the compression axis, i.e., a basal
orientation. The insets in the figure show the corresponding
(0002) pole figures of the deformed (outlined in red) and the
recrystallized regions (blue) after 60 min of annealing at 400 °C.

@ Springer

information is given in terms of the average orienta-
tion of the two adjacent grains M1 and M2, for (ii) in
terms of the average orientation of grain M2 and that
of the double twins (DT), and for (iii) in terms of the

orientation of three {10T2} twin variants (cf. Fig. 4)

labeled TT1, TT2, and TT3. The superposition of all
(0002) pole figure sets produces the final (0002) pole
figure for the total recrystallized IPF map, shown in
Fig. 7c. The texture components in that pole figure are
outlined on the basis of their origin, whether stem-
ming from nucleation (i) at the grain boundary, (ii)
within the recrystallized double-twin bands, or (iii)
within the heavily tensile twinned region. The latter is
quite difficult to assess because of the large heteroge-
neity of that region in the deformed state. Hence,
recrystallization in region (iii) is not only restricted to
nucleation in the twin interior but also to other nuclea-
tion sites, including twin-twin interfaces, twin—-GB
intersections, and other grain boundary segments.
This leads to multiple texture components in the cor-
responding (0002) pole figure that partially overlaps
with components from the other regions (i) and (ii)
(Fig. 7).

From the sharpest recrystallization texture compo-
nent in Fig. 7b-i, the orientation of recrystallized grains
at the GB lies close to the orientation of the deformed
parent matrix M1 and M2. For the tensile twinned
region 3 (cf. Fig. 2), the sharpest components in the
pole figures (Fig. 7b-iii) do not overlap with each other
nor with the displayed orientations of the three twin
variants. They show basal poles with a 30° tilt from
the CD and are believed to stem from a combination
of several nucleation sites seen in region (iii). With
respect to recrystallization within the parallel double-
twin bands, corresponding recrystallization nuclei
revealed clear off-basal components at 60° and 90°
from the CD (Fig. 7b-ii). As evident, both pole figures
in Fig. 7a-ii exhibit virtually the same recrystallization
texture, which seems to be quite reproducible for this
nucleation site. Also visible is that this off-basal texture
differs markedly from the original deformation basal
texture depicted in Fig. 6. This follows the trend of
texture alteration observed in Mg—-RE-Zn alloys after
hot-rolling and recrystallization annealing [6, 26]. The
individual analysis of orientation relationships shown
in Fig. 7a, b for different nucleation sites helps clarify
how the final, net texture shown in Fig. 7c emerges
from the competition among growing nuclei of types
(i-iii) during commencing recrystallization.
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Figure 7 a IPF subset map (a)
of the recrystallized frac- :
tion (GOS < 1) reproduced
from the IPF map shown

in Fig. 2b. The marked
regions (i)—(iii) correspond to
recrystallization nucleation at
a grain boundary (i), within
deformation bands (ii), and
within a heavily-twinned
region (iii). These regions

are analyzed individually

by means of their (0002)

pole figures (b) (i)-(iii). The
texture components in the
total (0002) pole figure in (c)
can be traced back to their
nucleation mechanism by
correlating the respective
orientations between (b) and

().

Given the important contribution of double-twin
band recrystallization to the final recrystallization tex-
ture, this type of recrystallization nucleation was fur-
ther investigated via quasi-in situ EBSD on a deformed
sample, annealed at 400° for different annealing
times between 600 and 5700 s (95 min). The results
are shown in Fig. 8 in terms of IPF maps relative to
CD and corresponding (0002) pole figures. It is noted
that the observation of microstructure evolution at a
free surface might be affected by the reaction of grain
boundaries below the surface, leading to lower aver-
age grain boundary mobility during nucleus growth.
While this might have an influence on the growth rate
of recrystallizing grains, it is less likely that it biases
the evolution of texture in comparison with bulk
recrystallization.

The orientations of recrystallized grains (GOS <1°)
inside the deformation band for different anneal-
ing times are presented in Fig. 8g and h by means of
discrete and contour pole figures, respectively. The
grains used for the analysis were selected manually to
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1. Grain boundary
1. RXed double-twin bands
1.  Tensile twinned matrix

eliminate artifacts. The relatively high texture intensity
in the contour pole figures is mainly due to the small
number of GOS <1° grains investigated. The initial
texture of the recrystallization nuclei after 5 min of
annealing at 370 °C shows both, basal and off-basal
orientations. With increasing annealing time, the off-
basal orientation is further strengthened, while the
basal orientation weakens and eventually disappear.
It should be noted that the resulting main texture com-
ponent after 85 min annealing time resembles the main
texture components observed during ex situ recrystal-
lization of the double-twin bands (see Fig. 7ii). The
importance of this nucleation site for the formation
of favorable recrystallization texture components
is therefore its ability to provide off-basal oriented
nuclei capable of eclipsing basal orientations during
growth. This is shown in Fig. 9 on the basis of three
selected off-basal nuclei G1, G2, and G3 that grow on
the expense of basal-oriented neighboring grains.
Figure 9 presents three examples highlight-
ing the favorable growth behavior of off-basal
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No. grains:

(h)
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CD —»

Figure 8 Quasi-in situ CD-IPF maps of a region of interest
(ROI) used to track early nuclei growth in a deformation band
as a function of annealing time (a—f). The corresponding texture

recrystallization nuclei. These examples were repro-
duced from the quasi-in situ EBSD data shown in
Fig. 8. The presented cases show the off-basal nuclei
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evolution of the GOS < 1° grains inside the deformation band is
shown in terms of (0002) discrete (g) and contour pole figures

(h).

G1, G2, and G3 that initially coexist with basal-ori-
ented neighbors of a comparable size. With progres-
sive annealing, it can be observed how the basal nuclei
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Figure 9 Examples of off-
basal recrystallization nuclei
G1, G2, and G3 that dem-
onstrate a selective growth
behavior at the expense

of shrinking, neighboring
basal nuclei (white circles).
This behavior explains the
strengthening of the off-basal
texture component shown in
Fig. 7g.

85 min /
- 370°C +
%> 10 min /

. 400 °C

85 min /
370°C+
10 min /
400 °C

(marked by white circles) gradually shrink and disap-
pear from the annealed microstructure, whereas the
off-basal nuclei grow to dominate the recrystalliza-
tion texture (cf. Figs. 7 and 8). The competitive growth
behavior between the basal and off-basal nuclei in the
deformation bands is currently suspected to be gov-
erned by anisotropic solute segregation and result-
ing drag effect on the boundary migration [5, 16, 27,
28]. Solute co-segregation of both Gd and Zn to grain
boundaries is to be expected, for which experimental
evidence was found in previous TEM and APT studies
[5, 16]. Furthermore, recent research utilizing atom-
istic simulations has shown that segregation to grain
boundaries is of inhomogeneous nature and depends
on the local atomic arrangements within the bounda-
ries [16]. While a comprehensive understanding of
anisotropic GB segregation is yet to be achieved, its
effect on boundary mobility and thus on the forma-
tion of favorable RE textures is evident. This study
demonstrates the importance of particular nucleation
sites in providing off-basal nuclei that prevail during

85 min /
370°C+
10 min /
| 400 °C

incipient nucleus growth of static recrystallization at
the expense of basal-oriented neighbors.

Summary and conclusions

The current study aimed at establishing a correla-
tion between the deformation microstructure, recrys-
tallization nucleation, and texture selection during
nucleus growth in a Mg-0.073at%Gd-0.165at%Zn
alloy. For this, an as-cast sample was deformed in
uniaxial compression at 200 °C till 40% and then cut
along the compression direction into two halves. One
sample half was kept as is and the other half was
annealed at 400 °C for 60 min for comparative EBSD
microstructure characterization of the same area.
Additionally, quasi-in situ EBSD characterization
was conducted on a selected area of interest featur-
ing preferential recrystallization within a double-
twin band. The following main conclusions can be
drawn from the results:
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1. Dynamic recrystallization in the 40% deformed
sample in uniaxial compression at 200 °C was
restricted due to the alloy composition containing
low concentrations of Gd and Zn. This was ben-
eficial for further static recrystallization because a
sufficient amount of deformation was still retained
in the deformed microstructure. Texture analysis
of the few dynamically RX grains revealed good
potential for altering the deformation texture by
forming new off-basal components.

2. Comparative EBSD microstructure characteriza-
tion of the same area in the deformed and
deformed + annealed samples revealed that static
recrystallization after annealing at 400 °C for
60 min was related to specific nucleation sites in
the deformation microstructure. For clarity, these
sites were assigned to separate regions that
included thin double-twin bands and profuse
{ lOTZ} twining.

3. (0002) pole figures of the deformed and recrystal-
lized counterpart regions revealed a strong quali-
tative modification of the sharp basal texture
developed during uniaxial deformation. The
altered recrystallization texture was composed of
several off-basal components that could be tracked
through site-specific EBSD analysis to recrystalli-

zation within { 1012 } - { 1011 } double-twin bands
and recrystallization within a { 1012 } heavily-

twinned region with numerous twin-parent inter-
faces and twin-twin intersections.

4. The influential role of double-twin recrystalliza-
tion in dictating the recrystallization texture was
closely examined via a combination of sequential
annealing at 400 °C up to 95 min and quasi-in situ
EBSD mapping. With progressive annealing, the
development of texture and microstructure dis-
played a selective growth behavior, where the
basal nuclei diminished and eventually disap-
peared from the microstructure, and simultane-
ously the off-basal nuclei grew to dominate the
recrystallization texture.
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ARTICLE INFO ABSTRACT

Keywords:

This study advances our understanding of how chemical binding and solute distribution impact grain boundary
segregation behavior and subsequent annealing texture modification in lean Mg-X-Zn alloys (X = RE or Ca).
Notably, differences in Ca and Gd solute behavior at grain boundaries were revealed, where Ca exhibited
stronger binding to vacancy sites than Gd, resulting in elevated Ca segregation and an RD-TD-type texture. The
introduction of Zn showed significant synergistic effects on solute clustering, with Gd-Zn pairs forming more
favorably than Ca-Zn pairs, leading to a strong synergy between Zn and Gd. This promoted their co-segregation
and high concentration at the grain boundary, generating a unique TD-spread texture. In contrast, weaker
binding in Ca-Zn pairs did not affect Ca segregation but influenced Zn segregation, which underscores the
importance of solute binding behavior in alloy design concepts. Additionally, the combined atomic-scale ex-
periments and ab initio predictions provide strong evidence that selective texture development in Mg alloys is
tied to heterogeneous solute-boundary interactions, where the sensitivity of the binding energy to volumetric
strain affects solute segregation at grain boundaries, resulting in varying grain boundary mobilities and specific
texture component growth. It also emphasizes that solute behavior in clustering and segregation is influenced not

Solute segregation
Solute clustering

Solute binding energies
Ab initio calculations
Atom probe tomography
Texture evolution
Magnesium alloys

only by atomic size but also by chemical binding strength with vacancies or co-added Zn.

1. Introduction

The choice of alloying elements hinges upon the specific re-
quirements and performance criteria of a given application, where so-
lute additions have demonstrated a remarkable capability to
significantly enhance and modify the material properties. As such, they
have become indispensable to the design of cutting-edge materials.
Fundamental research in this area has shown that interactions between
solutes and defects play a pivotal role in shaping microstructure for-
mation and influencing the mechanical response of materials [1-3]. This
is particularly important in the context of lightweight materials like
magnesium (Mg), where dilute alloying with specific solute elements
extends the scope of their utility by improving their formability at low
temperatures [4].

The addition of rare earth elements (RE) to Mg alloys has proven to
be a highly effective strategy for altering the material’s texture and
enhancing its mechanical properties. Several related studies have
consistently reported enhanced ductility, increased yield strength,

* Corresponding authors.

mitigated anisotropic behavior, and softened annealing textures that
respond favorably to an applied strain, compared to common Mg alloys
[5-7]. It was established that the large size misfit of RE solutes within
the Mg matrix causes solute segregation to grain boundaries (GB)
influencing the GB energy and mobility. Combined addition of transition
elements, such as zinc (Zn) into Mg-RE alloys induces a negative lattice
misfit, giving rise to local solute clusters of Zn and RE atoms with
important co-segregation effects on the properties of grain boundaries
[8,9]. Numerous studies have demonstrated that the combination of RE
elements with Zn intensifies the rare earth effect on texture, resulting in
a unique split of basal poles into the transverse direction (TD) of rolled
alloy sheets [7,10-13]. In that respect, the available literature points to a
correlation between GB solute segregation and an orientation selection
process occurring during recrystallization nucleation and growth [9,14].
Proposed mechanisms behind this phenomenon include anisotropic so-
lute drag effects and alterations of the grain boundary structure and
properties by the segregated solutes [2,15-19]. A recent atom probe
tomography (APT) study on Mg-Gd-Zn alloys has unveiled that the
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synergistic effects of combined solute species on GB segregation and
texture selection are contingent not only on the type of solute atoms but
also on the relative atomic concentration ratio between them [20].

Given the limited availability and higher cost of RE elements, cal-
cium (Ca) frequently emerges as the preferred alloying element in Mg
alloys because it is more abundant and cost-effective. Owing to its
relatively large atomic size, it also tends to segregate to grain bound-
aries, and consequently produce qualitative changes of the texture
components [21,22]. However, its co-segregation behavior and associ-
ated GB drag effect in ternary alloys still lack clarity. As shown here, the
resulting annealing texture in an Mg-Zn-RE alloy diverges, to some
extent, from that in a counterpart Mg-Zn-Ca alloy, suggesting dissimilar
segregation behaviors. Given that the atomic radius of Ca is similar to
that of RE elements, the hypothesized disparity in the mechanistic fac-
tors governing texture development implies additional considerations
beyond the elastic energy effect due to solute size mismatch. Hence, the
present study endeavors to establish a better understanding of how so-
lute interactions within the microstructure correlate with the macro-
scopic behavior of the investigated materials. This is pursued through a
comprehensive approach that combines scale-bridging experiments and
ab initio calculations, designed to provide and connect insights into the
solute behavior and texture selection, spanning multiple scales of
observation.

2. Experiments and methods
2.1. Sample preparation

Binary and ternary Mg-Gd-(Zn) and Mg-Ca-(Zn) were investigated in
this study. Their chemical composition, measured by ICP/OES is given in
Table 1. The alloys were melted in an induction furnace under a pro-
tective Ar/CO- gas atmosphere and subsequently cast into a pre-heated
copper mold to be finally homogenized at 460 °C for 960 min.

Sheet samples of the dimensions 60 x 40 x 4 mm® were machined
out of the cast materials and hot rolled at 400 °C (nominal furnace
temperature) to 80 % thickness reduction in multiple passes. To refine
the microstructure, the final rolling pass was performed at a lower
temperature (200 °C). Smaller samples (10 x 12 x 1 mm?®) cut from the
rolled sheets were annealed at 400 °C for 60 min in a Heraeus RL200E
air furnace. Metallographic sample preparation involved mechanical
grinding and polishing of the mid-surface with a diamond suspension up
to 0.25 pm. Additionally, all samples were electro-polished in a Struers
AC-2 solution using a Lectro-Pol 5 operated at —20 °C and 25 V for 120 s.

2.2. Microstructure characterization

For macrotexture characterization, six incomplete pole figures
[{1010}, {0002}, {1011}, {1012}, {1110}, {1013}] were measured
using a Bruker D8 advance diffractometer. From these incomplete pole
figures, full pole figures and orientation distribution functions (ODFs)
were calculated using the texture analysis toolbox MTEX [23]. A dual
beam microscope Helios 600i equipped with a HKL-Nordlys II EBSD
detector operating at 20 kV was used for EBSD measurements. The used
step size varied between 0.5 and 1.5 pm depending on the grain size. The
MTEX toolbox was used to analyze the raw EBSD data.

Site-specific preparation of APT tips with general, high-anle grain
bounadries, identified through the EBSD measurements, was performed

Table 1

Chemical composition of the investigated binary and ternary alloys and their.
Alloys Gd (at%) Ca (at%) Zn (at%)
Mg-Gd 0.142 - -
Mg-Ca - 0.150 -
Mg-Gd-Zn 0.148 - 0.165
Mg-Ca-Zn - 0.150 0.395
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by a coordinated process of focused ion beam (FIB) milling and trans-
mission Kikuchi diffraction (TKD) to ensure a precise position of the GB
within the APT tips. The FIB sharpening of the tips was carried in several
steps with decreasing beam currents (from 0.43 nA to 40 pA) and milling
radii (from 1.5 to 0.1 nm). Subsequently, the elemental distributions of
solute atoms in the vicinity of the measured grain boundaries were
characterized by 3D APT using a Cameca LEAP 4000X HR in laser-
pulsing mode at 30 K. This involved an ultra-violet laser with wave-
length of 355 nm, pulse energy of 30 pJ and a pulse rate of 125 kHz
maintaining a constant evaporation rate of 0.5 %.

2.3. Local solute cluster analysis

To assess the local clustering tendency of multiple solute elements in
the reconstructed APT samples, a clustering ratio parameter R4_p is
utilized [24].This parameter compares the number of atoms of a
particular solute element within a specific cutoff distance r to the ex-
pected number of atoms of that element in a homogeneous distribution
within the same cutoff. Accordingly, the average number of B atoms
within a specific cutoff distance from an A site is calculated using the
following equation:

= >, Na-s(r)
Nyp(r)=—"2A—"=

1oa(r) = =
where Ny_g(r) is the number of B atoms surrounding an A site within r
(excluding a potential B atom on the A site) and Ny is the number of A
sites. Assuming a homogeneous distribution of B atoms throughout the
sample, the ideal number of B atoms within a volume with a cutoff
distance r can be calculated as:

4 Ny

NB,hnmu(r) = g”r v

From that, the clustering ratio R4_p is defined as:

Ry = aslr)
N&hﬂmo(r)

if Ry_p = 1, the distribution of B atoms surrounding the A site within a
cutoff distance r is considered homogeneous.

For the analysis, the reconstructed APT tips were divided into two
regions: a GB region with a thickness of 20 nm along the GB, and a bulk
region comprising the remaining part. To calculate the Ry_p values for
the GB and bulk regions, as well as for the entire tip, the data was
normalized using N pomo puik (), Which is obtained based on the number
of B atoms in the bulk region, Ng ., and the corresponding volume,

Vhuik-
2.4. Density functional theory (DFT) calculations

DFT calculations in the present work were done with the Quantum
ESPRESSO package [25] using the projector augmented wave (PAW)
[26,27] method and the Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation (GGA) [28] to the exchange-correlation func-
tional. The kinetic energy cutoff was 40 Ry for wave functions and 280
Ry for charge densities and potentials. The convergence threshold for
electronic self-consistency was 108 Ry. For RE solutes, 4f electrons
were treated as core electrons in the pseudopotentials. The
Broyden-Fletcher-Goldfarb-Shanno (BFGS) relaxation scheme was used
for structural relaxation [29]. The convergence thresholds of energy and
force are 107 a.u and 2 x 10~* a.u, respectively. The orthorhombic
simulation cells consisted of 4 x 2 x 2 unit cells (64 atoms) witha 6 x 6
% 6 k-point mesh and 5 x 3 x 3 unit cells (180 atoms) witha 4 x 4 x 4
k-point mesh. The solute-vacancy and solute-solute binding energies
were calculated by the following equations:

Byt = (i Eyu) — (Byii™ + B @1
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Ejud = (El))(ulk +El:(ulk) - (El))(Jky JrEbulk)a (2.2)
where Epy is the energy of the Mg matrix, E;°5*Y is the energy of the
Mg matrix containing one vacancy or a solute atom X or Y, E}3¢- X is the
energy of the Mg matrix containing a pair of vacancy and solute atom X,
and EX ;¥ is the energy of the Mg matrix containing a pair of solute atoms
X and Y. In the current calculations, a positive binding energy indicates
attraction, i.e. a favorable binding. The energies were calculated at O K.

3. Results
3.1. Annealing textures

The development of the annealing texture in the Gd-containing al-
loys reveals notable distinctions in comparison to the counterpart Ca-
containing alloys. Fig. 1 shows the (0002) pole figures of the exam-
ined binary and ternary Mg-Gd-(Zn) and Mg-Ca-(Zn) alloys after 80 %
rolling and subsequent recrystallization annealing at 400 °C for 60 min.
In case of the Gd-containing alloy there is a pronounced texture transi-
tion from an RD-split texture to a TD-split texture upon the addition of
Zn. However, this trend is less evident in the Mg-Ca and Mg-Ca-Zn al-
loys, where the spread of basal poles and associated maximum densities
are almost equal in the RD and TD directions.

3.2. Solute segregation

The spatial distribution of solute atoms at general, high-angle grain
boundaries was investigated by means of 3D APT measurements. An
overview of the grain boundary angles and axes is given in Table 2.

The reconstructed tips and solute concentration profiles across the
measured GB segments are displayed in Fig. 2 for the Mg-Gd-(Zn) and
Mg-Ca-(Zn) alloys, respectively. In the case of the Gd-containing alloys,
the boundary concentration of Gd in the binary alloy was relatively low
(Fig. 2¢) in comparison to the ternary alloy upon the introduction of Zn

Mg-Gd-Zn

<N 4

N
@R
\ ”k/ © yl./’, ‘, D 3
~==) |
/

1

Fig. 1. Comparison of the texture development in Mg-Gd-(Zn) and Mg-Ca-(Zn)
alloys upon annealing at 400 °C for 60 min. The color coding for the texture
intensities is displayed in terms of multiples of a random distribution. The
outlined areas in the (0002) pole figures denote the texture spread with respect
to the RD and TD directions.
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Table 2
Angles and Axes of the general, high angle grain boundaries in Mg-Ca-(Zn) and
Mg-Gd-(Zn) investigated by 3D APT.

Alloys Angle (°) Axis (hkil)
Mg-Gd 72.3 2311
Mg-Ca 66.6 1
Mg-Gd-Zn 79 5610
Mg-Ca-Zn 66.4 2

(Fig. 2d) (0.5 at.% vs. 1.5 at.%). Additionally, a significant amount of Zn
appears to co-segregate at the GB (1.6 at.%) (Fig. 2d). In the Ca-
containing alloys, the GB segregation behavior of Ca was similar in
both alloys (2.3 at.% in Mg-Ca vs. 1.9 at.% in Mg-Ca-Zn). Accordingly,
the addition of Zn did not seem to enhance the segregation behavior of
Ca. The boundary concentration of Zn was lower (0.8 at.%), compared to
the Mg-Gd-Zn alloy. The variations in the concentration profiles pre-
sented here are discussed later in terms of co-segregation effects and the
local atomic environment of the GBs involved, leading to heterogeneous
solute segregation phenomena.

3.3. Solute clustering

Whether solute atoms are arranged randomly in the solid solution or
exhibit specific spatial patterns due to clustering, this aspect can
significantly influence the material properties. In order to quantify the
measured solute distributions, we employed the clustering ratio R4 _p
parameter to detect possible solute clusters in the atom probe point
cloud data, and examine how the clustering tendency of RE and Ca
atoms is influenced by the addition of Zn in the ternary alloys. Fig. 3
shows the R4_p values in the binary and ternary alloys as a function of
the cut-off radius for the entire APT tip (solid lines), GB region (short-
dashed lines), and the bulk (long-dashed lines). As shown, the R4_p
values decrease with an increasing cut-off radius, eventually
approaching 1 in the bulk regions. This trend indicates a homogeneous
distribution when a sufficiently large space of the measured tips is
sampled. By comparison, the R4_p values for the GB region are consis-
tently higher than those for the bulk region, suggesting a more inho-
mogeneous distribution of solute atoms in the vicinity of grain
boundaries in general. Fig. 3a shows a comparison of the Gd-Gd vs. Ca-
Ca cluster distribution in the Mg-X system. Note that for the GB region,
the Rgq_ga value is higher than the Rcy_ca value within a distance r <
45 A corresponding to second nearest-neighbor (2NN) sites (lattice
constant a = 3.2 A). This suggests a less uniform distribution of Gd
compared to Ca solutes in the GB for short-range order. In the bulk re-
gion, the Rgq_gq value is higher than the R¢,_c, value for all distances.
Interestingly, with the addition of Zn (Fig. 3b), the clustering tendency
of Ca-Ca solutes in the GB region decreases dramatically, as compared to
the binary system. Accordingly, the Rgq_gq value for the GB region is
significantly higher than the Rc,_ca value for all the distances consid-
ered. As for clustering of Zn-Zn pairs in the ternary alloys, Rz,_z, in the
Mg-Gd-Zn alloy was higher than in the Mg-Ca-Zn alloy (Fig. 3c). For the
latter, the inhomogeneity of Zn solute distribution in the GB region is
comparable to that in the bulk, whereas in the Mg-Gd-Zn alloy, the
inclination of Zn-Zn pairs to cluster is more pronounced in the GB region
than in the bulk. In Fig. 3d, the plotted Rz, x ratio characterizes the
tendency for X solute species to cluster around Zn sites, indicating the
attraction of Zn solutes to X solutes. As evident, the Rz, g4 ratio notably
exceeds the Rz, _c, ratio for all the distances considered, particularly in
the GB region (cf. Fig. 3d). This suggests that clustering of Zn-Gd pairs is
more favorable than the clustering of Zn and Ca.

3.4. Solute binding

The binding energies of vacancy-X and Zn-X pairs in the Mg matrix
were computed using DFT calculations. The vacancy-X binding energy
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served as an estimate for the binding of solute X to a GB site with excess
free volume compared to the matrix. Meanwhile, the interaction of Zn
and X solutes in the ternary alloys was evaluated based on the Zn-X
binding energy within the Mg matrix. Fig. 4a shows examples of the
orthorhombic simulation cells containing X solute (e. g. Ca) and Zn, as
well as a vacancy and X solute (e. g. Gd). When the center feature, i.e. a
vacancy or a solute, is placed at the origin of the supercell, there are two
possible positions for a first nearest neighbor site. One is on the basal
plane with a pair distance of ap, and the second is on the prismatic plane
with a pair distance of 0.577ap; + 0.5¢o. Both possibilities were

considered when computing the binding energies, resulting in two
different energies for each case.

Table 3 summarizes the resulting binding energies for vacancy-X and
Zn-X pairs in the binary and ternary alloys. For the binary Mg-X alloys, it
was observed that Gd binding to a vacancy was notably less favorable
compared to Ca binding to a vacancy. This is evident from the negative
value of the vacancy-Gd binding energy, indicating that this binding is
energetically unfavorable. In the ternary Mg-X-Zn alloys, the binding
energies of Gd and Zn were larger than those of Ca and Zn. This high-
lights a stronger attraction between Gd-Zn pairs compared to Ca-Zn
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Table 3
Ab initio Zn-X and vacancy-X binding energies in 5 x 3 x 3 unit cells (180
atoms).

X Ejna " (V) EfnS (V)
Capasal 0.072 0.070
Capris. 0.097 0.080
Gdbasal —0.069 0.083
Gdpyis, —0.037 0.099

pairs. Notably, the energy associated with binding to a neighbor on the
basal plane is consistently less favorable for all cases compared to the
prismatic plane.

The volumetric strain-dependent binding energies for vacancy-X
pairs were also computed, as illustrated in Fig. 4b. The vacancy-X
pairs are energetically more favorable under compressive rather than
tensile strain, as evidenced by the linear decrease in binding energies
with strain. Interestingly, the binding energies of the vacancy-Ca pairs
remain positive even at the maximum tensile strain of 6 %, considered in
this work. In contrast, the binding energies of vacancy-Gd pairs appear
to be more sensitive to the volumetric strain, with the gradient of the
fitted linear function being 1.7 to 1.8 times higher than that of the

Acta Materialia 266 (2024) 119677

vacancy-Ca pairs. It is worth noting that the binding energy is antici-
pated to become positive for vacancy-Gd pairs on the prismatic plane
when the compressive strain exceeds 7 %.

4. Discussion

The findings presented in this study highlight important distinctions
in the clustering and chemical binding behavior of Ca and Gd in the
presence of grain boundaries. Synergistic ternary effects arising from the
co-addition of transition elements, such as Zn, were also observed to
modify the clustering and binding tendencies of solutes, as compared to
the binary systems. In prior DFT calculations [11,12,30,31], the segre-
gation preferences of Ca, Gd and Zn solutes in Mg {1011} and {1012}
twin boundaries, as well as £7 {1230}(0001)21.8° GBs, were investi-
gated. The per-site segregation energies for these solutes, along with
numerous other RE elements, were primarily governed by the minimi-
zation of elastic strain energy due to atomic size mismatch. Specifically,
Ca and Gd, with larger atomic radii than the Mg matrix, exhibit a
preference for segregating at extensive GB sites, while the smaller Zn
solute tends to segregate at compressive GB sites. In addition to the
elastic energy effect, the effect of chemical binding, encompassing co-
ordination environment and solute electronic configuration, can lead to
unusual solute segregation behavior in twin boundaries for specific el-
ements [12]. Notably, these seminal DFT calculations focused primarily
on a few GB sites within highly symmetric GB structures, offering only a
partial consideration of the broad local atomic environment spectrum.
However, it is acknowledged that highly symmetric GBs might not fully
capture the complexity of polycrystalline GB environments, potentially
leading to incorrect structure-property relationships [32]. To address
this limitation, the current work introduces the consideration of
solute-vacancy pairs as a scenario within the local atomic environment
space characterized by a significant excess of free volume. Similar
atomic configurations are commonly observed in various structural
units within high-angle symmetric GBs and more general GBs, particu-
larly when the conventional dislocation description falls short. The DFT
calculations in this work unveiled that the binding between vacancy
sites and Ca solute is energetically more favorable in comparison to Gd.
This trend aligns with the aforementioned DFT results on the Mg {1012}
twin boundary, where it was demonstrated that Ca is more energetically
favorable than Gd for segregation at the extensive site [30]. This
observation provides a possible explanation for the higher levels of Ca
segregation at the grain boundary in the Mg-Ca alloy and the compar-
atively less pronounced texture spread in the radial direction (RD)
compared to its Mg-Gd alloy counterpart. Moreover, it was found that
the binding energies between vacancies and Gd solute exhibit high
sensitivity to volumetric strain, which would cause an inhomogeneous
segregation pattern at GB sites, with analogous local atomic environ-
ment and excess free volume. This observation is consistent with the
clustering analysis of the APT point cloud data, which illustrate a less
uniform Gd solute distribution within a 2NN distance (cf. Fig. 3a). In this
context, the presence of an inhomogeneous solute distribution within
GBs is likely to influence their mobilities, subsequently impacting the
development of texture.

In the ternary alloys, the formation of Gd-Zn pairs proved to be more
favorable compared to Ca-Zn pairs. This preference led to a more pro-
nounced synergistic effect of Zn with Gd, consequently enhancing their
co-segregation behavior. This effectively explains the similarly high
concentration of both Gd and Zn at the GB (Fig. 2d), as well as their
pronounced clustering in the GB region (Fig. 3d). Conversely, Ca-Zn
pairs exhibited a lower binding energy, which does not seem to
strongly influence the individual segregation of Ca to the GB (Fig. 2g)
but rather affect the segregation of Zn (Fig. 2h). This observation
strongly suggests that the synergistic effect of combined alloying addi-
tions depends on their binding behavior. The more attractive the bind-
ing, the more effective their synergy in GB co-segregation and texture
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modification. For additional insights into the role of combined solute
addition in promoting the segregation levels, the segregation energy
AGseg in all four alloys was calculated after the Langmuir-McLean
adsorption model represented by Eq. (4.1) (Table 4). Xgp represents
the peak solute concentration at the grain boundary, and Xy the solute
concentration in the matrix [33]. Xy was obtained from the APT data
and represents an average of solute concentrations within a region
spanning from + 10 nm to + 5 nm from the grain boundary within the
specified region of interest in Fig. 2.

Xog [ Xu AG,
P () o

Fig. 5a and b depict a correlation between the peak concentration in
the GB and the segregation energy AG;, for both binary and ternary
alloys. The segregation energies corroborate the solute segregation
behavior indicated by the peak concentrations. For instance, in the case
of Mg-Gd-Zn, the negative segregation energies of both Gd and Zn are
approximately twice as high as those of Ca and Zn in the Mg-Ca-Zn alloy
. Conversely, in the binary alloys, the negative segregation energy of Ca
is higher than that of Gd (Fig. 5b).

The difference between the synergistic effect of Gd and Ca on Zn
segregation at the grain boundary can be effectively correlated with the
small, yet favorable difference in the binding energy of —0.019 eV be-
tween the Zn-Ca and Zn-Gd pairs. This was shown experimentally to
result in a significant enhancement in the peak concentration of Zn at
the boundary, increasing from 0.86 at.% to 1.56 at.%, due to the sub-
stitution of Ca with Gd. Taking the binding energy difference of —0.019
eV and the estimated Zn segregation energy of —0.059 eV in Mg-Ca-Zn,
in addition to the measured Zn bulk concentration of 0.313 at.%, a 38 %
enhancement in Zn GB concentration from 0.86 to 1.19 at.% was ach-
ieved by replacing Ca with Gd following the Langmuir-McLean model. It
is noted that the observed variations in the segregation behavior cannot
be solely attributed to co-segregation effects because the tendency for
segregation can also depend on the local atomistic details of the GBs
involved, and thus on their macroscopic character. The inherent disor-
der within grain boundaries encompasses a broad variety of local atomic
environments that for a given GB site can either attract or repulse solute
atoms to varying degrees [34,35].

The observed characteristics in solute-vacancy and solute-solute in-
teractions with respect to binding and segregation are likely to underlie
the distinct TD-spread tendency of the annealing texture observed in the
Mg-RE-Zn alloy. Notably, the “boost” in the segregation behavior of Gd
upon the addition of Zn, causes a pronounced shift of the orientation of
maximum intensity in the (0002) pole figure from the RD towards the
TD (Fig. 1). This aligns with the literature, which has previously pro-
posed a connection between the spread of texture poles and the

Table 4

Local chemical composition for the investigated alloys at the grain boundary
(GB) and in the matrix (M) measured by APT and the resulting segregation en-
ergy AGseg from Eq. (4.1).

Alloy Ca/Gd GB Zn GB Ca/Gd Zn M at AGyeg AGgeq
at (%) at (%) Mat (%) (%) (Gd/Ca) (Zn) (eV/
(ev/ atom)
atom)
Mg- 0.466 +/- - 0.0536 - —0.126 -
Gd 0.049 +/- 4/
0.004 0.00009
Mg- 1.516 1.575 0.145 0.159 —-0.137 —-0.134
Gd-  +/-0.093 +/- +/- +/- +/- +/-
Zn 0.064 0.007 0.005 0.00004 0.00003
Mg- 2.39 +/- - 0.163 - —0.158 -
Ca 0.145 +/- +/-
0.007 0.00001
Mg- 1.95 +/- 0.857 0.421 0.313 —0.090 —0.059
Ca- 0.051 +/- +/- +/- +/- +/-
Zn 0.034 0.005 0.004 0.00008 0.0003
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segregation of solutes [8,36-38]. However, the current data uniquely
reveals that the association between the formation of a TD-split texture
and the magnitude of segregation benefits largely from the strong Zn/Gd
solute synergy present in the Mg-Gd-Zn alloy. In this regard, it is
important to point out that despite a relatively high solute concentration
of Ca at the GB in the Mg-Ca-Zn alloy (2 at.%), the resulting annealing
texture does not exhibit a significant TD-spread feature akin to that
observed in the Mg-Gd-Zn alloy. This is likely due to the weaker
attraction between Zn and Ca atoms, resulting in a less pronounced
segregation of Zn to the grain boundaries.

The findings presented in this paper provide substantial evidence
supporting the notion that the preferential development of specific
texture components in Mg alloys is intricately connected to solute
segregation through heterogeneous solute-boundary interactions. The
reliance of binding energies on volumetric strains implies that solute
segregation at grain boundaries is influenced by the local grain bound-
ary structure. Consequently, a non-uniform GB solute distribution leads
to varying grain boundary mobilities among different boundaries,
facilitating the selective growth of specific texture components. These
results align with previous literature that has also proposed anisotropic
grain boundary segregation in diverse material systems, exemplary Mg-
Mn-Nd, Au-Pt and Fe-B-C [3,16,39].

In the design of wrought magnesium alloys, it is crucial to recognize
that achieving texture modification via the incorporation of RE/Ca and
Zn alone may not be effective unless there is a sufficient driving force for
co-segregation. In this context, the presence of a strong chemical
interaction between RE/Ca and Zn emerges as a pivotal factor. There-
fore, the segregation behavior and the redistribution of solutes are not
solely determined by the minimization of elastic strain energy but are
also heavily influenced by the strength of the chemical binding between
these elements. The latter aspect is in excellent agreement with a very
recent study that employed atomistic simulations to illustrate that solute
segregation or depletion in Mg-Al alloys is induced by vacancy clusters
[40].

5. Conclusions

The current study has contributed to a clearer understanding of the
impact of chemical binding and solute distribution on the segregation
behavior at grain boundaries, and the subsequent alteration of the
annealing texture in dilute Mg-X-Zn alloys (X= RE or Ca). The following
conclusions can be drawn:

1. This study reveals key differences in how Ca and Gd behave in the
presence of grain boundaries. DFT calculations showed that Ca binds
more favorably to sites with excess free volume than Gd, explaining
the higher Ca segregation at general grain boundaries and the
resulting RD-TD spread texture.

2. The addition of a transition element (Zn) had significant synergistic
effects on solute clustering and binding. Gd-Zn pairs formed more
favorably than Ca-Zn pairs, leading to a stronger synergistic effect
between Zn and Gd. This observation, in conjunction with the vari-
ations arising from different grain boundary characters, provides a
plausible explanation for the equally high concentrations of Gd and
Zn at the grain boundary, ultimately contributing to the observed
TD-spread texture.

3. In contrast, Ca-Zn pairs exhibited weaker binding, showing no in-
fluence on Ca segregation to the grain boundary but impacting Zn
segregation. In terms of alloy design, this highlights a crucial aspect
that the efficacy of alloying elements depends on the binding
behavior of co-added solutes. In other words, stronger binding could
enhance the synergy for grain boundary co-segregation and texture
modification.

4. The DFT predictions and experiments offer substantial evidence that
the selective formation of specific texture components in Mg alloys is
closely tied to heterogeneous solute-boundary interactions. The fact
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that the binding energy can be sensitive to the volumetric strain
suggests that solute segregation at grain boundaries is influenced by
the local grain boundary structure. Consequently, an uneven distri-
bution of solutes along grain boundaries results in varying grain
boundary mobilities, enabling the preferential growth of specific
texture components.

. Solute behavior regarding clustering and segregation is shaped not
only by the large atomic size of RE and Ca, and the resulting elastic
strain energy minimization, but also by the considerable impact of
the chemical binding strength, either with sites with excess free
volume or with co-added Zn in the ternary alloys.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

F.M., and T.A.S. are grateful for the financial support from the
German Research Foundation (DFG) (Grant Nr. AL1343/7-1). Z.X. and
T.A.S. acknowledge the financial support by the DFG (Grant Nr.
505716422). Z.X. and S.K.K. acknowledge the financial support by the
DFG through the SFB1394 Structural and Chemical Atomic Complexity —
From Defect Phase Diagrams to Material Properties, project ID
409476157. J.G. acknowledges funding from the French National
Research Agency (ANR), Grant ANR-21-CE08-0001 (ATOUUM) and
ANR-22-CE92-0058-01 (SILA). Simulations were performed with
computing resources granted by RWTH Aachen University under project
(p0020267).

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.actamat.2024.119677.

References
[1] J.J. Bhattacharyya, S.R. Agnew, G. Muralidharan, Texture enhancement during

grain growth of magnesium alloy AZ31B, Acta Mater. 86 (2015) 80-94.

R. Pei, et al., Solute drag-controlled grain growth in magnesium investigated by

quasi in-situ orientation mapping and level-set simulations, J. Magnes. Alloys 11

(2023) 2312-2325.

X. Zhou, et al., Atomic motifs govern the decoration of grain boundaries by

interstitial solutes, Nat. Commun. 14 (1) (2023) 3535.

C.D. Barrett, H. El Kadiri, R. Moser, Generalized interfacial fault energies, Int. J.

Solids Struct. 110-111 (2017) 106-112.

1. Basu, T. Al Samman, G. Gottstein, Recrystallization and grain growth related

texture and microstructure evolution in two rolled magnesium rare-earth alloys,

Mater. Sci. Forum 765 (2013) 527-531.

[2]

[3]
[4]
[5]

-

b)

-0
-0
-0
-0
-0

-0

Segregation energy [eV/atom]

-0.

06+ /n - |
A Ca

.08 1 g
s Gd il

.10 g

124 - |

-
151 E
e
171 ]
.19 T T T T

Acta Materialia 266 (2024) 119677

Mg-Gd Mg-Ca Mg-Gd-Zn Mg-Ca-Zn

Mg-Gd-Zn and Mg-Ca-Zn . (b) The corresponding GB segregation energy.

[6]

71

[8]

[91
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]

[19]

[20]

[21]
[22]
[23]

[24]

[25]

[26]
[27]
[28]
[29]
[30]
[31]
[32]

[33]

J.P. Hadorn, et al., Role of solute in the texture modification during hot
deformation of Mg-rare earth alloys, Metall. Mater. Trans. A 43 (4) (2011)
1347-1362.

F.Z. Mouhib, et al., Texture selection mechanisms during recrystallization and
grain growth of a magnesium-erbium-zinc alloy, Metals 11 (1) (2021).

J.F. Nie, et al., Solute segregation and precipitation in a creep-resistant Mg-Gd-Zn
alloy, Acta Mater. 56 (20) (2008) 6061-6076.

A. Imandoust, et al., A review on the effect of rare-earth elements on texture
evolution during processing of magnesium alloys, J. Mater. Sci. 52 (1) (2016) 1-29.
X.H. Shao, et al., Atomic-scale segregations at the deformation-induced
symmetrical boundary in an Mg-Zn-Y alloy, Acta Mater. 118 (2016) 177-186.
J.F. Nie, et al., Periodic segregation of solute atoms in fully coherent twin
boundaries, Science 340 (6135) (2013) 957-960.

C. He, et al., Unusual solute segregation phenomenon in coherent twin boundaries,
Nat. Commun. 12 (1) (2021) 722.

I. Basu, T. Al-Samman, Triggering rare earth texture modification in magnesium
alloys by addition of zinc and zirconium, Acta Mater. 67 (2014) 116-133.

D. Guan, et al., Exploring the mechanism of “Rare Earth” texture evolution in a
lean Mg-Zn-Ca alloy, Sci. Rep. 9 (2019) 7152.

R. Pei, et al., Grain boundary co-segregation in magnesium alloys with multiple
substitutional elements, Acta Mater. 208 (2021) 116749.

Pei, R., et al., Atomistic origin of the anisotropic grain boundary segregation in a
Mg-Mn-Nd alloy. Archived on arXiv, 2022.

M.I. Mendelev, D.J. Srolovitz, Co-segregation effects on boundary migration,
Interface Sci. 10 (2002) 191-199.

R. Mahjoub, N. Stanford, The electronic origins of the "rare earth" texture effect in
magnesium alloys, Sci. Rep. 11 (1) (2021) 14159.

C.D. Barrett, A. Imandoust, H. El Kadiri, The effect of rare earth element
segregation on grain boundary energy and mobility in magnesium and ensuing
texture weakening, Scr. Mater. 146 (2018) 46-50.

F. Moubhib, et al., Synergistic effects of solutes on active deformation modes, grain
boundary segregation and texture evolution in Mg-Gd-Zn alloys, Mater. Sci. Eng. A
847 (2022) 143348.

Y.Z. Du, et al., Effect of microalloying with Ca on the microstructure and
mechanical properties of Mg-6 mass%Zn alloys, Mater. Des. 98 (2016) 285-293.
Z.R. Zeng, et al., Effects of dilute additions of Zn and Ca on ductility of magnesium
alloy sheet, Mater. Sci. Eng. A 674 (2016) 459-471.

R. Hielscher, H. Schaeben, A novel pole figure inversion method: specification of
the MTEXalgorithm, J. Appl. Crystallogr. 41 (6) (2008) 1024-1037.

A. Tilocca, Structure and dynamics of bioactive phosphosilicate glasses and melts
from ab initio molecular dynamics simulations, Phys. Rev. B 76 (22) (2007)
224202,

P. Giannozzi, et al., Quantum Espresso: a modular and open-source software
project for quantum simulations of materials, J. Phys. Condens. Matter 21 (39)
(2009) 395502.

G. Kresse, D. Joubert, From ultrasoft pseudopotentials to the projector augmented-
wave method, Phys. Rev. B 59 (3) (1999) 1758-1775.

P.E. Blochl, Projector augmented-wave method, Phys. Rev. B 50 (24) (1994)
17953-17979.

J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made
simple, Phys. Rev. Lett. 77 (18) (1996) 3865-3868.

R. Fletcher, Practical Methods of Optimization, John Wiley & Sons, 2000.

Z. Huang, J.F. Nie, Interaction between hydrogen and solute atoms in {101 2}
twin boundary and its impact on boundary cohesion in magnesium, Acta Mater.
214 (2021) 1170009.

L. Huber, J. Rottler, M. Militzer, Atomistic simulations of the interaction of alloying
elements with grain boundaries in Mg, Acta Mater. 80 (2014) 194-204.

M. Wagih, C.A. Schuh, Viewpoint: can symmetric tilt grain boundaries represent
polycrystals? Scr. Mater. 237 (2023) 115716.

D. McLean, A. Maradudin, Grain boundaries in metals, Phys. Today 11 (7) (1958)
35-36.



F. Mouhib et al.

[34]

[35]
[36]

[37]

T. Nenninger, F. Sansoz, Local atomic environment analysis of short and long-range
solute-solute interactions in a symmetric tilt grain boundary, Scr. Mater. 222
(2023) 115045.

R. Pei, et al., Atomistic insights into the inhomogeneous nature of solute
segregation to grain boundaries in magnesium, Scr. Mater. 230 (2023) 115432.
F.Z. Mouhib, et al., Texture selection mechanisms during recrystallization and
grain growth of a magnesium-erbium-zinc alloy, Metals 11 (1) (2021) 171.

M.G. Jiang, et al., Correlation between dynamic recrystallization and formation of
rare earth texture in a Mg-Zn-Gd magnesium alloy during extrusion, Sci. Rep. 8 (1)
(2018) 16800.

[38]

[39]

[40]

Acta Materialia 266 (2024) 119677

M.G. Jiang, et al., Quasi-in-situ observing the rare earth texture evolution in an
extruded Mg-Zn-Gd alloy with bimodal microstructure, J. Magnes. Alloys 9 (2020)
1797-1805.

C.M. Barr, et al., The role of grain boundary character in solute segregation and
thermal stability of nanocrystalline Pt-Au, Nanoscale 13 (6) (2021) 3552-3563.
P.Yi, et al., The interplay between solute atoms and vacancy clusters in magnesium
alloys, Acta Mater. 249 (2023) 118805.



CHAPTER 7. PUBLICATIONS 95

7.5 Basal Slip in laves Phases: The synchroshear dislocation

J. Guenole!, F. Z. Mouhib!, L. Huber?, B. Grabowski!2 and S. Korte-Kerzel'. 'Institute of
Physical Metallurgy and Materials Physics, RWTH Aachen University, Germany
2Max-Planck-Institut fiir Eisenforschung GmbH, Max-Planck-Str. 1, D-40237 Diisseldorf,

Germany

Scripta Materialia 166 (2019). issn: 1359-6462.

The candidate carried out the preliminary molecular statics and ab initio calculations, and

participated in data analysis and the production of figures.

Online availability: https://doi.org/10.1016/j.scriptamat.2019.03.016.



Scripta Materialia 166 (2019) 134-138

journal homepage: www.elsevier.com/locate/scriptamat

Contents lists available at ScienceDirect

Scripta Materialia

Basal slip in laves phases: The synchroshear dislocation L)

Check for
updates

Julien Guénolé **, Fatim-Zahra Mouhib ?, Liam Huber ?, Blazej Grabowski °, Sandra Korte-Kerzel ?

@ Institute of Physical Metallurgy and Metal Physics, RWTH Aachen University, D-52056 Aachen, Germany

b Max-Planck-Institut fiir Eisenforschung GmbH, Max-Planck-Str. 1, D-40237 Diisseldorf, Germany

ARTICLE INFO ABSTRACT
Article history:
Received 4 February 2019

Received in revised form 11 March 2019
Accepted 12 March 2019
Available online xxxx

Two different mechanisms have been reported in previous ab initio studies to describe basal slip in complex in-
termetallic Laves phases: synchroshear and undulating slip. To date, no clear answer has been given on which is
the energetically favourable mechanism and whether either of them could effectively propagate as a dislocation.
Using classical atomistic simulations supported by ab initio calculations, the present work removes the ambiguity

and shows that the two mechanisms are, in fact, identical. Furthermore, we establish synchroshear as the mech-
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anism for propagating dislocations within the basal plane in Laves phases.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Laves phases are intermetallic compounds that form in many alloys
and can play a crucial role in their deformation [1,2]. Understanding the
intrinsic deformation behaviour of Laves phases is critical and many ac-
tivities have been initiated in that direction [3-12]. Laves phases can be
cubic (C15) or hexagonal (C14 and C36) layered structures with the ar-
chetypal chemical compositions of Cu,Mg, Zn,Mg and Ni,Mg. The lat-
tice consists of two structural units: a single layer formed of large
atoms and a triple layer mixing small and large atoms. For the hexago-
nal structures, these layers form the basal planes. In their pioneering
work, Hazzledine et al. [3,4] predicted basal-slip to occur via a
synchroshear mechanism [13] that reorganises the stacking of the lay-
ered structure by the motion of a synchroshockley dislocation within
the triple layer, that is the synchronous glide of two ordinary Shockleys
on adjacent parallel atomic planes. The Burgers vector of a
synchroshockley dislocation is bs = 1/3(1010) and the glide of two
synchroshockleys leads to the regular Burgers vector b ="/ 3<1120>
[3]. More details on the Laves phase crystallography can be found in
the references or in the Supplementary materials.

The first experimental observation of a basal dislocation core in a
Laves phase was reported by Chisholm et al. [5] in C14 Cr,Hf and was at-
tributed to a synchroshockley. Atomistic studies of the basal slip in C14
Cr,Nb have revealed two apparently different slip mechanisms. Based
on ab initio calculations, Vedmedenko et al. [ 7] reported the experimen-
tally observed synchroshear mechanism (SS), whereas Zhang et al. [8]
reported a new mechanism called undulating slip (US). SS is described
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as the synchronous glide of two partials in the basal plane without
any out-of-plane motion. Although no details on the dynamics of this
mechanism are known, its activation energy is significantly lower than
for classical crystallographic shear [7]. US also consists of the glide of
two partials in the basal plane, but is assumed to have a different Bur-
gers vector than SS and proceeds dynamically in three stages: 1) an elas-
tic motion (termed crystallographic slip in [8]), 2) a plastic motion
involving breaking of atomic bonds and atomic shuffling, and again
3) elastic motion/crystallographic slip. Note that the term “crystallo-
graphic slip” used in [8] can be seen as controversial since there is no
atomic sliding at this stage. So far, no study has attempted to differenti-
ate SS and US in any detail. In the present work, we address this point
and show that US is in fact not a new mechanism, but rather the same
as SS. This is accomplished using the nudge elastic band (NEB) approach
and classical atomistic simulations supported by ab initio calculations.
The NEB method enables the calculation of both the minimum en-
ergy path (MEP) and the associated activation energy (or energy barrier
Ep) of a mechanism [14-16]. NEB makes no assumption about the MEP
besides the initial guess for the path, for which we use a linear interpo-
lation of particle positions between an initial and a finale stable config-
uration. It is thus a well suited tool to assess unknown dislocation
mechanisms, as for nucleation [17] or core transformations [ 18]. Relying
on a recently developed interatomic potential [19], we study here basal
slip in the Laves phase. While NEB has been used previously to study
this effect with ab initio methods [7,8], these studies were limited to rel-
atively small system sizes and the partial slip only, i.e. the transforma-
tion of a triple layer from a C14 to a C15 stacking. This restricts the
degrees of freedom available for the system to use during slip. By
using a classical potential, we can investigate larger system sizes and
avoid imposing such constraints. The potential uses the modified
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embedded energy method (MEAM) framework to accurately describe
the mechanical properties of Mg-Ca compounds, in particular the C14
Mg,Ca Laves phase [19]. Additionally, we have validated bulk properties
of this phase against ab initio calculations performed with the Vienna
Ab-initio Simulation Package (VASP) using the projector augmented
wave method (See Supplementary materials).

Fig. 1a shows the generalized stacking fault energy (GSFE) for the
basal slip as calculated in this work with the MEAM potential. Slip direc-
tions (1120) and (1010) are indicated by red and blue solid lines, respec-
tively. The red and blue lines also correspond to the linearly interpolated
initial configurations for the NEB in the case of slip in (1120) and (1010)
directions, respectively. Note however that, while the GSFE contains the
energy path of the crystallographic slip mechanism as considered in the
NEB calculations, the calculation procedures are different. The GSFE is
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computed with the commonly used free boundary conditions in the di-
rection normal to the glide plane, whereas the NEB calculations employ
periodic boundary conditions in all directions. To ensure a constant
strain state throughout the NEB calculations, the initial configuration
has been elastically strained with a shear equivalent to a full Burgers vec-
tor such as to correspond to the plastic strain of the final configuration.
Thus, configuration A exhibits a higher energy than configuration B in all
computed NEB energy profiles (Figs. 1b, 2a, 3).

In order to assess the energy associated with mechanisms other than
pure crystallographic slip, we performed NEB minimizations to reduce
the force norms below 0.02 eV/A using the quickmin algorithm as im-
plemented in Lammps [16,20]. Due to the complexity of the system, it
was necessary to add a spring force perpendicular to the path to con-
verge the calculations, as proposed by Maras et al. [16]. The initial NEB
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Fig. 1. Basal slip in the C14 Mg,Ca Laves phase. (a) Generalized stacking fault energy (GSFE) surface obtain with the MEAM potential. Slip directions (1120) and (1010} are indicated with
red and blue arrows, respectively. Inset: detail of the layered structure. (b) Energy path for the full slip with two mechanisms: crystallographic slip (red curve) and synchroshear (blue
curve). The synchroshear is the minimum energy path. The overall change from reaction coordinate 0 to 1 corresponds to the full slip ! /3 (1120). Energy in eV per Mg,Ca unit. Mg,Ca
units divide the basal plane in areas formed of 2 Mg and 1 Ca, each belonging in a different sublayer of the triple layer. Snapshots of the corresponding mechanisms for (c) the
crystallographic slip and (d) the synchroshear. The upper (lower) boxes show the perpendicular (parallel) views of the basal plane. The boundary of the periodic simulation box is
indicated as a dashed box. The motion of the atoms from the previous snapshot are indicated with grey lines. Mg and Ca atoms are coloured in blue and red, respectively. (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. 2. Propagating basal slip in the C14 Mg,Ca Laves phase. (a) Energy path for the partial
slip with two mechanisms: crystallographic slip (red curve) and single synchroshear (red
and orange curves). The synchroshear is the minimum energy path, as obtained by NEB
with 48 and 177 intermediate images for the blue and orange curve, respectively. The
overall change from reaction coordinate 0 to 1 corresponds to the partial slip ! / 5(1 010).
Basal plane snapshots of the corresponding synchroshear mechanisms with (b) 48 and
(c) 177 NEB intermediate configurations. The inset numbers in black circles correspond
to the intermediate configurations in (a). The periodic simulation box consisting on two
Mg,Ca units is indicated as a dashed box. Units' areas are highlighted in yellow and red
transparent filling colour. The motion of the atoms from the previous snapshot are
indicated with grey lines. The crystallographic orientations are the same as in Fig. 1. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

configurations have been linearly interpolated between the two perfect
C14 Mg,Ca configurations labelled A and B (Fig. 1a, red line), consisting
of a fully periodic system of 1 x 2 x 20 unit cells (480 atoms) with the z-
axis normal to the basal plane. The computed MEP (Fig. 1b, blue line)
exhibits a profile with two maxima and an energy barrier lower than
for the crystallographic slip. The associated atomistic mechanism within
the triple layer is shown in Fig. 1d. The Ca atoms slip in (1010) directions
for each of the MEP peaks (configurations 1 and 3), corresponding to a
motion of the Mg atoms along (1100) directions. For each peak, the ab-
solute glide of the Ca atoms corresponds to ' /(1010), but the glide of
the top-layer Ca atoms relative to the bottom-layer Ca atoms corre-
sponds exactly to ! /;(1010). The total shear is ! /,(1120) as expected.
Simultaneously, the glide of the middle-layer Mg atoms is !/ 3<1OTO>.
Without any assumption on the mechanism beside the Burgers vector
of the full slip and that the linear interpolation lies in the same energy
well as the MEP, it is clear that the MEP of a full shear in the C14
Mg,Al structure corresponds exactly to two successive SSs [5,7].

Based on the above results and a re-interpretation of results from
Ref. [8], we can now identify US as the same mechanism as SS. First,
we focus on the energy barriers, Ej,. The E, computed in Ref. [8] for US
in C14 CryNb (0.28 eV/Cr,Nb) is nearly the same as the E, of SS in the
same system (0.29 eV/Cr,Nb) [7]. Further, the E, calculated for SS in
Ref. [8] (0.41 eV/Cr,Nb) is surprisingly close to the peak energy of the
unrelaxed SS (0.42 eV/CrNb) [7]. This indicates that the MEP attributed

in Ref. [8] to US is in fact the one of relaxed SS. Now we focus on the Bur-
gers vector. For US, the plastic motion of the intermediate atomic layer
was observed to be perpendicular to the slip direction, i.e., along (1120)
[8]. This motion thus seems to be incompatible with that of SS, which is
purely along (1010). However, the plastic motion for the US is preceded
and followed by a purely elastic motion. To evaluate the Burgers vector of
the slip, the full process including the elastic and plastic motion needs to
be considered. Hence, summing up the elastic motion with the plastic mo-
tion, the total motion of the intermediate layer is along the (1010) direction,
exactly as predicted for SS. We thus conclude that all features of US are al-
ready captured by the dynamics of SS and therefore US is not a new mech-
anism for basal slip in C14 structures.

To investigate the SS dynamics further, we studied slip in the (1010)
direction in greater detail. Fig. 2a shows the energy path of the crystal-
lographic slip as well as the MEP of the SS mechanism in the (1010) di-
rection. The SS MEP has been obtained by NEB, with the initial
configurations linearly interpolated between perfect and faulted C14
Mg,Ca configurations A and B, respectively. By faulted, we mean that
one of the triple layers of the C14 structure is in the C15 configuration,
i.e. it has been displaced according to the SS mechanism. As in our pre-
vious simulations, the initial configuration A has been strained and the
periodic simulation box consists of 1 x 2 x 20 units cells, i.e., two
Mg,Ca units in the basal plane (Fig. 2b,c dashed box).

The MEP*® and MEP!”? obtained with 48 and 177 intermediate con-
figurations, respectively, exhibit completely different profiles (Fig. 2a).
Using additional intermediate configurations enables the NEB minimi-
zation to find a lower energy transition mechanism. Thus the MEP!””
gives the most energetically favourable mechanism. The MEP*® and
MEP!77 consist of two and three maxima, respectively. This difference
originates from the atomistic mechanisms detailed in Fig. 2b,c. The
MEP*® exhibits a broad peak that corresponds to the atomic shuffling
of the Mg and Ca atoms, preceded and followed by purely elastic shear
(Fig. 2b). Meanwhile, the first maximum in the MEP'”” corresponds to
the shuffling of the Mg/Ca atoms in the first Mg,Ca unit (Fig. 2c, config-
uration 1). The second maximum is related to a purely elastic shear of
the entire system that occurs between configuration 2 and 3. The third
maximum is finally related to the shuffling of the Mg/Ca atoms in the
second Mg,Ca unit (Fig. 2c, configuration 5). In both cases, the overall
mechanism is a synchroshear.
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Fig. 3. Basal slip in the C14 Mg,Ca Laves phase in bulk systems of different periodic
dimension. Minimum energy path computed for a full slip by NEB with 48 (216) images
in thick (thin) solid lines. The overall change from reaction coordinate 0 to 1
corresponds to the full slip 1/3<1 120). Note that the blue thick curve is identical to that
in Fig. 1b. (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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In parallel, we have performed ab initio NEB calculations in a C14
Mg,Ca system of 1 x 2 x 2 unit cells (48 atoms). While significantly
more computationally expensive, this framework enables more accu-
rate calculations than semi-empirical potentials. We observe that the
MEP of the basal slip remains associated with SS, and that the associated
energy barrier is in good agreement with the MEAM potential (see
Section 3.3 and Movie 1 in Supplementary materials). These qualitative
and quantitative DFT calculations validate the results we obtained with
the MEAM potential.

It appears that SS as computed by NEB is a slip that is divided into
two phases: an atomic shuffling and an elastic straining. With sufficient
degrees of freedom (DoF), a lower energy path than collective SS can be
found, by inducing an asynchronous atomic shuffling of the different
C14 units within the basal plane. We confirmed this last statement by
studying larger systems, which intrinsically increase the DoF of the
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Fig. 4. Basal dislocation in C14 Mg,Ca Laves phase nano-pillars. (a) Activation energy and
minimum energy path for the nucleation of a dislocation in the basal plane. (b) Snapshot
of the 8 nm nano-pillar after full slip. Inset of the glide plane and surface steps. (c) Atomic
displacements and atomic shear strain of the triple-layer atoms involved in the slip
mechanism, for two intermediate configurations indicated in (a). Dislocation line and
dislocation motion indicated with dashed red line and red arrow, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

NEB process. Fig. 3 shows the MEP for a full-slip 1/3(1120) in the
basal plane of systems with 1 x 2 x 20 (480 atoms), 2 x 4 x 20 (1920
atoms) and 4 x 8 x 20 (7680 atoms) unit cells, resulting in 2, 8 and 32
Mg,Ca units in the basal plane, respectively. The smallest system is
identical to the one presented above (Fig. 1b). Note that varying the
number of NEB intermediate configurations increases the number of
local maxima in the MEP. This is related to the shuffling of individual
Mg-,Ca units, but does not alter the mechanism and does not change
the value of E, significantly (Fig. 3, and Supplementary materials). The
E, clearly decreases with the number of Mg,Ca units in the basal
plane, consistent with the asynchronous process described above. The
overall associated mechanism is always a double SS. The decrease of
Ej, originates in the details of the slip, in particular its irregularity (see
Movies 2 and 3 in Supplementary materials). Indeed, the motion of a
particular atom is required to initiate the slip but is unfavourable since
it increases the overall energy of the system. It is then more efficient
to initiate the motion on one part of the system, and then to propagate
it through the entire plane. This is the fundamental reason for disloca-
tions as plasticity carriers in crystalline materials [21] and therefore
confirms SS as a robust mechanism for dislocation propagation in bulk
C14 Mg,Ca.

To validate SS as the most probable mechanism for dislocation prop-
agation, we have performed NEB calculations of the slip in a compressed
nano-pillar (Fig. 4). The considered system was a cylinder with diame-
ters of 8 nm (40,470 atoms) cut out of a C14 Mg,Ca bulk phase. The pil-
lar axis was oriented along (1213) and strained by applying force fields
at each end. The initial configuration was a non-faulted pillar, strained
with a magnitude equivalent to a full slip, corresponding to an axial
stress of approximately 250 MPa. Note that the intrinsic local stress
was homogenous throughout the pillar (see Supplementary materials).
The final configuration was a nearly stress-free pillar that has under-
gone a full slip of 1 / 4(1 120) in the basal plane under maximum Schmid
factor (Fig. 4b). Our NEB calculations clearly show the nucleation of slip
from the surface, followed by its propagation via SS (Fig. 4c and Movie 4
in Supplementary materials). In particular, the first (Fig. 4c-1) and sec-
ond (Fig. 4c-2) synchroshockley dislocations propagate by both the typ-
ical atomic displacements of the SS mechanism described above and the
atomic von Mises shear strain [22,23,25]. The associated MEP exhibits a
characteristic two-maxima profile corresponding to two successive SS
(Fig. 3a). The details of the dislocation propagation remain unknown
and suggested mechanisms, such as the vacancy-aided kink propaga-
tion [24], need to be further investigated. Nonetheless, with this NEB ap-
proach on a nano-pillar, we demonstrated the motion of a basal
dislocation by SS.

The confirmation of the synchroshear mechanism in the present
work as the most favourable mechanism for basal slip in a Laves phase
is an important insight for future experimental and theoretical investi-
gations of plasticity in general complex intermetallics. The final valida-
tion of SS will require a direct comparison between nano-mechanical
experiments and nano-scale simulations at the experimental
temperature.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scriptamat.2019.03.016.
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