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ARTICLE INFO ABSTRACT

Keywords: Solute segregation at low-angle grain boundaries (LAGBs) critically affects the microstructure and mechanical
Atom probe tomography properties of magnesium (Mg) alloys. In modern alloys containing multiple substitutional elements, under-
Atomistic simulation standing solute-solute interactions at microstructural defects becomes essential for alloy design. This study
Grain boundary

investigates the co-segregation mechanisms of calcium (Ca), zinc (Zn), and aluminum (Al) at a LAGB in a dilute
Mg-0.23A1-1.00Zn-0.38Ca (AZX010) alloy by combining atomic-scale experimental and modeling techniques.
Three-dimensional atom probe tomography (3D-APT) revealed significant segregation of Ca, Zn, and Al at
the LAGB, with Ca forming linear segregation patterns along dislocation arrays characteristic of the LAGB.
Clustering analysis showed increased Ca-Ca pairs at the boundary, indicating synergistic solute interactions.
Atomistic simulations and elastic dipole calculations demonstrated that larger Ca atoms prefer tensile regions
around dislocations, while smaller Zn and Al atoms favor compressive areas. These simulations also found
that Ca-Ca co-segregation near dislocation cores is energetically more favorable than other solute pairings,
explaining the enhanced Ca clustering observed experimentally. Thermodynamic modeling incorporating
calculated segregation energies and solute-solute interactions accurately predicted solute concentrations at
the LAGB, aligning with experimental data. The findings emphasize the importance of solute interactions
at dislocation cores in Mg alloys, offering insights for improving mechanical performance through targeted
alloying and grain boundary engineering.

Co-segregation
Magnesium alloy

1. Introduction by several orders of magnitude [3,4]. Lowering the energy state of the
GB network through solute segregation reduces the driving force for

Modern metallic alloys are typically composed of multiple alloying capillary-driven grain growth during processing [5].
elements that enhance desired material properties such as strength, Beyond thermodynamic stabilization, segregated solute atoms

within the GB region exhibit a kinetic effect on the movement of
GBs, known as solute drag [6,7]. This effect, influenced by solute
diffusivity, retards the mobility of migrating boundaries [8] and can
be strategically utilized to control the grain size distribution and
texture [9,10]. In this context, recent studies have highlighted that GB
solute segregation is influenced by the local GB structure, resulting in
a non-uniform distribution of solutes across different boundaries [11].

toughness, ductility, and corrosion resistance. While these alloying
elements play a crucial role in improving performance, they also intro-
duce complex microstructural interactions across various length scales.
Understanding these interactions, particularly at interfaces, is essential
for the design and optimization of advanced structural materials with
greater strength and ductility [1]. Grain boundaries (GBs), as regions

of high lattice disruption, a'ct as therrrTodynamically favorable sinks This variability leads to differing GB mobilities, which in turn facilitates
for solute atoms due to their higher Gibbs free energy compared to the selective growth of specific texture components [12,13]. In certain

the bulk [2]. Consequently, the concentration of solutes at GBs can cases, solute segregation significantly alters the structural and chemical
significantly exceed their solubility within the grain interior, sometimes
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state of GBs, facilitating the formation of GB secondary phases [14]
that further stabilize a fine grain size and enhance material properties
through similar kinetic mechanisms like Zener pinning [15].

While most segregation studies have traditionally focused on binary
systems, recent research has shifted towards modern multi-component
materials [16-20]. The presence of multiple alloying elements can
significantly alter the GB segregation behavior, rendering the atomistic
mechanisms at interfaces a complex and challenging topic to investi-
gate [21]. Although solute segregation has been well established to
enhance GB cohesion and bonding strength [22,23] or induce structural
and chemical transitions, resulting in GB-stabilized phases known as
complexions [24] or defect phases [25], the study of interactions
involving multiple solute species at interfaces remains relatively un-
explored. For lightweight materials such as magnesium (Mg) alloys,
dilute alloying with specific substitutional solute elements of larger and
smaller atomic radii than Mg has been found to extend their utility
by improving ductility and yield strength while mitigating mechanical
anisotropy [26-28]. In previous research on dilute systems like Mg—
Gd-Zn, Mg-Ca—Zn, Mg-Al-Zn-Ca and Mg-Al-Zn-Ca-Y, it was observed
that co-added solutes, particularly Zn, can influence and/or compete
with the segregation tendencies of the other solute species to GB
sites [28-31]. This was evident for elements like Gd and Ca with large
atomic sizes. The effect of co-added solutes on segregation, known as
synergistic co-segregation, has been recognized in these studies as a
beneficial feature for generating unique textures that respond favor-
ably to applied plastic deformation [9,12,26]. Deeper insights into the
synergistic nature of co-segregation have revealed that solute clustering
and redistribution at GBs depend not only on minimizing elastic strain
energy but also on the chemical binding strength with vacancies or
co-existing solutes [32,33].

To gain comprehensive insights into the structure and chemistry of
GBs with segregated solutes, it is essential to obtain precise and statisti-
cally significant experimental data at the atomic scale. Recent advances
in characterization techniques, such as aberration-corrected scanning
transmission electron microscopy (STEM) [34], transmission Kikuchi
diffraction (TKD) [35], and atom probe tomography (APT) [36], have
enabled detailed studies of atomic-scale chemical segregation and
the crystallography associated with GBs. Utilizing atomic-resolution
energy-dispersive X-ray spectroscopy (EDS) at low electron voltages to
minimize beam damage, Zhao et al. [17] uncovered a co-segregation
pattern characterized by an alternating distribution of large Nd and
small Ag atoms fully occupying the {1011} and {1012} twin bound-
aries in a Mg-Nd-Ag alloy. First-principles calculations indicated that
this segregation pattern strengthens the twin boundary by enhancing
bonding, thereby affecting its migration mechanism.

In a study on the effect of co-segregation during annealing of a Mg—
Al-Zn-Ca-Y alloy, Pei et al. [29] emphasized that the type and strength
of segregation are crucial for restricting the preferential growth of
recrystallized grains with a basal texture. Thermodynamically, the
synergistic co-segregation of small Al and Zn atoms with large Ca atoms
is more effective than mono-segregation in restricting grain growth
because co-segregation results in a greater reduction in GB energy,
rendering the boundary less mobile.

While high-resolution experimental techniques provide remarkable
insights into interface segregation, numerous aspects remain elusive
and challenging to capture experimentally. To bridge these gaps, com-
plementary atomic-scale modeling, such as atomistic simulations and
density functional theory (DFT) calculations, can be employed to gain
a deeper understanding of the underlying processes and mechanisms
beyond experimental limitations. A recent review of computational
studies on solute segregation presented by Hu et al. [37] highlights
significant efforts to investigate substitutional GB segregation. These
efforts involve calculating the segregation energy of GB sites across
a broad compositional space, revealing a strong correlation between
segregation energy and site volume [38-40].
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Although numerous studies have explored GB solute segregation in
dilute binary solid solutions [41-44], related research has also extended
to concentrated solid solutions beyond the dilute limit, accounting
for solute-solute [45,46] or even multiple-solute interactions [21,47,
48]. Additionally, incorporating vibrational entropy contributions has
been shown to enhance predictions of GB segregation energy and
solute concentration at elevated temperatures [49,50]. In the context
of Mg alloys, most atomic-scale simulations using ab-initio or semi-
empirical approaches have traditionally focused on individual GBs,
particularly those with highly symmetric tilt configurations [38,39,
43,51]. However, to truly understand co-segregation behavior in real,
complex materials, it is necessary to consider a much larger number of
GB sites and their combinations. This approach demands significantly
more computational resources, especially when aiming for DFT-level
accuracy [49]. In this regard, Wagih et al. demonstrated that highly
symmetric tilt boundaries and low coincidence site lattice (CSL) GBs
do not accurately represent polycrystalline GB environments, resulting
in incorrect predictions of solute segregation behavior [52]. Building
on this understanding, Pei et al. employed APT-informed atomistic
simulations to investigate the critical phenomenon of inhomogeneous
segregation behavior of Nd at general GBs in as-extruded Mg-Mn-Nd
alloys [11]. Their findings revealed that this inhomogeneous segrega-
tion within the GB plane arises from local atomic arrangements rather
than macroscopic crystallographic characteristics.

The GB segregation energy spectrum and its local atomic environ-
ment have been extensively studied in randomly-textured face-centered
cubic (FCC) polycrystals. However, polycrystalline Mg, which often
exhibits a strong basal texture in conventional sheet alloys, has not
received the same level of attention until recently. Recent research by
the authors [48] has addressed this gap by calculating the segregation
energy spectrum for basal-textured Mg polycrystals, emphasizing con-
tributions from specific GB sites such as triple junctions. The study re-
vealed a distinct bi-modal distribution that significantly differs from the
conventional skew-normal distribution observed in randomly oriented
polycrystals.

In this study, solute co-segregation mechanisms at a LAGB in magne-
sium are investigated. The significance of examining solute segregation
at LAGBs lies in their prevalence as subgrain structures in deformed
materials and their distinct structural characteristics, which differ from
those of random high-angle grain boundaries (HAGBs) and highly
coherent GBs that have been more extensively studied. LAGBs are
characterized by discrete arrays of dislocations resulting from their
small misorientation angles (ranging from 5° to 15°), creating unique
sites for multiple solute atoms to co-segregate. This segregation notably
impacts local strain fields and dislocation mobility, thereby influencing
mechanical properties such as yield strength and ductility. By under-
standing how various solute species interact with different types of
GBs, namely LAGBs exhibiting solute-decorated dislocation cores, CSL
GBs with precise atomic alignment, or HAGBs with more disordered
structures, this research contributes to the development of a compre-
hensive understanding of how GB structure and characteristics affect
solute behavior.

2. Methods
2.1. Experiments

The material investigated in this study was a rare-earth free, lean
Mg-0.23A1-1.00Zn-0.38Ca (wt.%) alloy, designated as AZXO010, in its
as-extruded condition. Following gravity casting and a homogenization
treatment at 420 °C for 24 h, the alloy composition was characterized
using inductively coupled plasma-optical emission spectrometry (ICP-
OES). The alloy was then machined into extrusion billets with an initial
diameter of D, = 45 mm. Hot extrusion was carried out at 250 °C with
a speed of 1.0 mm/s, producing extruded bars with a final diameter of
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Fig. 1. Microstructure of as-extruded AZX010 alloy: (a) optical microscopic image; (b) EBSD map with IPF coloring with respect to the extrusion direction (ED).

D; =9.0 mm. This corresponded to an extrusion ratio of ~ 1 : 25 and
2
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The microstructure of the as-extruded sample, characterized using
optical microscopy and orientation microscopy via electron backscatter
diffraction (EBSD), consists of large elongated grains oriented along the
extrusion direction (ED) and small recrystallized grains with an average
grain size of 3.2 um, as depicted in Fig. 1. According to the inverse
pole figure (IPF) color coding, the deformed grains are aligned with the
[1010] axis parallel to ED, while the recrystallized grains exhibit ran-
dom orientations. This indicates a texture modification effect induced
by dynamic recrystallization (DRX) and metadynamic recrystallization
during hot extrusion and air cooling.

Site-specific preparation of an APT tip lifted out from a deformed
region in Fig. 1 was performed by a coordinated process of focused ion
beam (FIB) milling and TKD in a FEI Helios 600i dual-beam electron
microscope to ensure a precise position of the examined LAGB within
the APT tip. Details of this method can be found in [11]. The elemental
distributions of solute atoms in the vicinity of the measured LAGB
were characterized by 3D-APT in a Local Electrode Atom Probe 4000X
HR from Cameca using laser-pulsing mode at a temperature of 30 K.
Reconstruction of the evaporated tips was performed using the software
package IVAS 3.8.2.

To evaluate the clustering tendency of solute elements in the APT
reconstructed sample, we performed a cluster analysis implemented in
OVITO [53] using a cutoff distance of 5 A. The solute clusters contain-
ing more than one atom and their compositions were characterized for
the GB region and in the matrix.

a logarithmic strain of 3.22, calculated by In (

2.2. Density functional theory calculations

The binding energies of solute pairs in the Mg matrix were calcu-
lated using DFT. The calculations followed the methodology outlined
in [32] using the Quantum ESPRESSO package [54], employing the
projector augmented wave (PAW) method [55,56] and the Perdew-—
Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) [57]
for the exchange-correlation functional. A kinetic energy cutoff of 40
Ry was set for wave functions, while a cutoff of 280 Ry was used
for charge densities and potentials. Electronic self-consistency was
achieved with a convergence threshold of 10~8 Ry. Structural relax-
ations were conducted using the Broyden-Fletcher—Goldfarb-Shanno
(BFGS) relaxation scheme [58], with energy and force convergence
thresholds set at 10~* a.u. and 2 x 10~* a.u., respectively. The or-
thorhombic simulation cells comprised 5 x 3 x 3 unit cells with 180
atoms using a 4 x 4 x 4 k-point mesh. Solute-solute binding energies
were calculated using the following equations:

AEPH = (EF + Ey) - (B} + E}), e8]
where Ey, is the energy of the Mg matrix, E/ and E; are the energies
of the Mg matrix containing I and J solutes, respectively, and Eé”

is the energy of the Mg matrix with a solute pair of I and J atoms.
Here, a negative binding energy AE]I;’:I'; indicates an attractive solute
interaction, i.e. favorable binding.

2.3. Atomistic simulations

Atomistic simulations were performed using the open-source MD
software package LAMMPS [59], employing modified embedded atom
method (MEAM) potentials for Mg—Ca-Zn [60], Mg—Ca-Al, and Mg-
Zn-Al [61] with identical pair interactions. The potential properties of
pure Mg, including elastic constants, stacking fault energies, and GB
energies, agree well with the experimental and ab-initio values [38].
Additionally, per-site segregation energies of Ca, Zn and Al solutes at
X7 21.8° {1230}<0001> GB, {1011} and {1012} twin boundaries
aligned well with the ab-initio calculations [38]. The binding energies
of solute pairs in the Mg matrix were computed using the same 5 x 3 x 3
unit cells as in DFT calculations.

The atomistic configuration of the symmetric tilt LAGB was con-
structed using Atomsk [63], informed by experimentally determined
crystallographic orientations of the grains and GB plane normal to the
y-axis. The simulation setup is illustrated in Fig. 2. The orientation
was obtained through TKD grain mapping and reconstructed APT tip
(shown in Fig. 3). Microscopic degrees of freedom of the LAGB were
explored by performing rigid body shift and structural relaxation nor-
mal to the GB plane with a force tolerance of 10~% eV/A using the
FIRE algorithm [64,65]. A 2D cylindrical region with a diameter of
18.4 nm and a dimension of 2.4 nm in the periodic direction was cut
out in the fully relaxed sample to investigate the segregation behavior
at the dislocation array, as shown in Fig. 2b-c. The outermost layers
of the cylindrical surface, with a thickness of 1.2 nm (equivalent to
twice the interatomic potential cutoff), were constrained in the x and
y directions. Periodic boundary conditions were applied along the
dislocation line in the z-direction. The boundary effect on calculated
per-site segregation energy was found to be negligible, being less than
0.1 meV. Atomistic configurations were visualized using OVITO.

The per-site segregation energy AE,; at 0 K for substituting a
matrix atom with a solute atom at site i was calculated as:

AEgq; = (EEB — Egp) — (E]i, - Ey), 2

where El"J is the energy of the Mg matrix with one host atom replaced
by a solute atom, Egg is the energy of a system with a GB, and E is
the energy of the system with a solute atom occupying a GB site or a
site in the dislocation core region. In the above-mentioned definition,
a more negative value means a higher tendency for segregation.

The solute concentration at GBs is estimated based on its direct
link to the per-site segregation energy, as expressed in the spectral
segregation model of the Langmuir-McLean isotherm and its White-
Coghlan site-based extension [66,67]. For an infinitesimally dilute solid
solution, this is represented by:

1-X AEge \\ "'
XGBJ=<1+ Xbbexp<—k;;§’>) , 3)
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Fig. 2. Atomistic configuration of the symmetric tilt LAGB with a misorientation of 1° along the [I102] rotation axis on the (1120) GB plane. (a) Slab setup
(110.3 x 68.0 x 2.4 nm?) of the symmetric tilt LAGB with periodic boundary conditions in x and z directions. (b) The relaxed symmetric tilt LAGB, consisting
of an array of edge dislocations with identical core structures and a spacing of 18.4 nm. Atoms are colored according to the common neighbor analysis [62],
with white indicating atoms at dislocation cores and red for those in the matrix. (c¢) Schematic of the cylindrical setup (¢=18.4 nm, /,=2.4 nm) used for solute
segregation calculation at the dislocation, featuring semi-fixed boundary conditions (constrained in x and y directions) at outermost layers with a thickness of
1.2 nm. (d) Hydrostatic stress map illustrating the stress fields around the dislocation core region, where blue and red regions represent compressive and tensile
stress fields of the edge dislocation, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

where Xj, is the bulk solute concentration, and Xgg; is the solute
concentration at a specific GB site i. This formulation facilitates the
calculation of the weighted average solute concentration at GBs (X¢p),
given by:

Xgp = z F Xgp,» G

where F; is the fraction of GB sites associated with Xgp;. The advan-
tage of this approach is that it directly correlates theoretical predic-
tions from atomic-scale modeling with experimentally measured solute
concentrations at GBs through 3D-APT.

3. Results
3.1. 3D-APT characterization of solute segregation to LAGB

For a high-resolution crystallographic analysis of the investigated
LAGB, Fig. 3a presents a TKD map of the APT specimen prior to the
last annular milling step. To illustrate the lattice distortion within the
deformed grain, the IPF color key in the map was limited to a 5° devi-
ation from the average orientation across the entire map. The position
of the final needle-shaped volume containing the LAGB is depicted in
Fig. 3a, located within 200 nm from the apex. The grain orientations
derived from TKD revealed a GB misorientation of 1.08° along [T 1 05],
with the GB plane being (1 120). Fig. 3b presents elemental distribution
maps for Mg, Ca, Zn and Al atoms within the reconstructed APT tip,
indicating solute enrichment of Ca, Zn and Al atoms at the observed
LAGB. The morphology of segregated solute regions associated with the
LAGB is distinctly visible from a top view of the tip, as illustrated in
Fig. 3d. This view reveals parallel linear solute decorations (1.0 at.%
Ca iso-surfaces) in the X-Y plane running perpendicular to the major
axis of an analyzed cylindrical volume.

The crystallographic analysis shown in Fig. 3c reveals that regions
where Ca has segregated lie on the pyramidal (1101) plane. Fig. 3e
provides concentration profiles (at %) of Ca, Zn and Al across these

parallel segregated regions within a 30 nm-diameter cylindrical volume
outlined in Fig. 3d. The segregation pattern observed in Fig. 3d is
interpreted as representing an array of Read-Shockley dislocations
lying on the LAGB plane [68]. The quantitative concentration profiles,
particularly of Ca, suggest that the segregated region is about 3 nm
wide and indicate a spacing of 18.7 + 0.2 nm between dislocations, as
shown in Fig. 3e. The derived misorientation angle from TKD aligns
well with the theoretical value determined from the Frank-Bilby for-
mulation [69,70], based on the Burgers vector (b = 0.32 nm) and the
distance between edge dislocations in a pure tilt GB:

0 = 2 arcsin (%) =098 +0.2° 5)

Additionally, it is evident that there are variations in segregation levels
at each dislocation position within the array plane. These variations
might be attributed to defects of atomic dimensions, such as kinks or
jogs along the dislocation line.

The average peak concentrations of Ca, Zn, and Al within the dislo-
cation array are listed in Table 1. The measured Ca, Zn, and Al average
peak concentrations at the LAGB were 1.29, 1.10, and 0.70 at.%,
respectively. Notably, Ca atoms demonstrated a significantly stronger
segregation potential with a segregation ratio of 12.56, whereas Zn and
Al exhibited similar potentials with segregation ratios of approximately
4.05 and 4.65, respectively. This result is further illustrated in the
isosurface maps shown in Fig. 4a-c, where thresholds were set at
isoconcentrations of 1.0 at.% for Ca, 1.2 at.% for Zn and 0.8 at.% for
Al

3.2. Cross-scale modeling: Mono-segregation to dislocation array in LAGB

To gain helpful insights into the atomistic mechanisms of solute
clustering and segregation at the LAGB, atomistic simulations for dis-
location arrays with experimentally informed characteristics were per-
formed.

Fig. 5a-c shows the distribution of per-site segregation energy AE.,
of segregated Ca, Zn and Al solutes to a model edge dislocation. As
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Fig. 3. Chemical analysis of the LAGB in the APT specimen of deformed AZX010 Mg alloy. (a) TKD grain map of the APT specimen, with the IPF color key
restricted to a 5° deviation from the average orientation. (b) Elemental distribution maps for Mg, Al, Ca and Zn within the reconstructed volume, highlighting
solute segregation at the LAGB in the outlined region. (c) Corresponding grain orientation viewed from the top of the tip and the {1101} plane traces calculated
based on Euler angles obtained from TKD. (d) 1.0 at.% Ca isosurface (X-Y plane) within the region of interest marked in (b), indicating parallel segregation
patterns along line defects in the LAGB. (e) Solute concentration profiles (at.%) across the segregated regions, measured within a cylindrical volume 30 nm in
diameter. The profiles reveal periodic segregation with an approximate spacing of 19 nm.

Table 1

Solute concentrations of Ca, Zn and Al within the LAGB obtained from the concentration profiles in Fig.
3d. The positions 1-4 denote the periodic locations along the boundary that are intersected with the array
dislocations. Peak concentrations denote the maximum solute concentration measured at the dislocation. Baseline
concentrations denote the concentration level away from the peaks, i.e. in the absence of dislocations. SD:

Standard deviation.

Position Ca Zn Al

Peak Baseline Peak Baseline Peak Baseline
#1 1.43 0.14 1.27 0.22 0.59 0.16
#2 1.92 0.11 0.95 0.30 0.76 0.15
#3 0.78 0.06 1.02 0.22 0.68 0.14
# 4 1.02 0.10 1.14 0.34 0.76 0.15
Mean 1.29 0.10 1.10 0.27 0.70 0.15
SD 0.39 0.02 0.11 0.05 0.06 0.005
Segregation ratio (Peak/Baseline) 12.90 4.07 4.67

depicted in Fig. 2d, Ca solutes exhibit a preference for segregation in
the tensile stress field. Conversely, Zn and Al solutes tend to segregate
in the compressive stress field. Accordingly, all AEy, spectra in Fig.
5d exhibit a bimodal distribution, reflecting the distinct segregation
preferences between tensile and compressive stress fields. The AEg,
distribution for Ca displays a broader peak compared to those of Zn
and Al solutes. This difference becomes more apparent when AEg, is
plotted against the distance from the dislocation core, as shown in Fig.
Se. The AEg, values for Ca consistently remain higher in the tensile
stress field compared to AEg, values for Zn and Al in the compressive
stress field. Near the dislocation core, Al shows a slightly stronger
segregation tendency than Zn, as evidenced by its more negative AE.,

values. The simulation results on mono-segregation align well with the
experimental observation of solute enrichment at the LAGB, where Ca
exhibits a segregation ratio twice that of Zn and Al.

In addition to the segregation energy computed by atomistic simu-
lations, permanent elastic dipole tensors offer valuable insights into the
observed mono-segregation behavior within elasticity theory. Elastic
dipole calculations, employed as a framework for modeling point de-
fects, correspond to the first moment of the distribution of point forces
imposed by a solute atom on its surrounding atoms, reflecting size
and shape effects [71-77]. These tensors can be determined through
molecular statics simulations based on the residual stress tensor of a
bulk lattice containing a single solute [76,78]. The permanent elastic
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1.0 at% Ca

dipole tensors Pg of a single Ca, Zn, and Al solute atom in substitution
in the Mg lattice were computed and are presented as follows in the
frame X || [7704], Y || [1120], Z || [1102]:

319 0 003
CainMg: Pi=| 0 318 0 [(eV)
003 0 324
-170 0 -0.03
ZninMg: Pi=| 0 -169 0 [(eV)
-003 0 -174
-163 0 009
AlinMg: Pi=| 0 -168 0 [(eV)
-1.52

The solute segr%ggtion preferences observed in atomistic simula-
tions align well with the elastic dipole values. Both Al and Zn exhibit
negative principal values that are similar in magnitude, consistent with
their comparable segregation field amplitudes in Mg. This consistency
extends to Ca, which displays a stronger segregation field intensity with
an opposite sign. The elastic dipole values of Ca are indeed positive
and higher in magnitude compared to Al and Zn. Additionally, elastic
dipole tensors enable the calculation of the interaction energy between
a solute atom and the strain field ¢;; generated by crystalline defects
such as dislocations [72,76,79], using:

E™(x) = —Pye;;(x) 6

The strain field around the dislocation is computed through molec-
ular statics simulations and subsequently interpolated onto a regular
grid [78,80]. Fig. 5 then illustrates the interaction energy fields of Ca,
Zn and Al solutes as they interact with the dislocation, demonstrat-
ing good accuracy of the interaction energy model in capturing the
mono-segregation behavior of studied solutes.

3.3. Atomic-scale modeling: Co-segregation to dislocation array in LAGB

In the investigated quaternary alloy system, solute-solute interac-
tions give rise to distinct segregation behaviors for various solute pairs.
Fig. 6 schematically summarizes the relevant energy states (£) and cor-
responding energy differences (4E) associated with various segregation
scenarios. Four configurations are considered: (i) Two isolated solute
atoms (I and J) in the bulk corresponding to an energy state EI’J; (i)
a solute pair (I-J) in the bulk (E%)‘J ); (iii) two separate solutes (I and J)

at the GB (E(I,;;); and (iv) a solute pair (I-J) at the GB (E(I;'%) [81,82].

ot ]

e bRy

T
7\

Vi

1.2 at% Zn

Fig. 4. 3D reconstructions of the isosurfaces in the GB region for Ca (a), Zn (b) and Al (c).
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0.8 at% Al

Atomistic simulations were conducted to quantify how these in-
teraction scenarios influence segregation energies for different solute
combinations within a 6 nm radius of the dislocation core. One segrega-
tion scenario considers a mono-segregation process of individual solute
atoms segregating from the bulk to form a solute pair at adjacent sites
of the LAGB. The associated energy is defined by Eq. (7):

AER = (ES) - Egp) — (B - Ey). %)

seg

A negative value of AE;;’ indicates that pairing at the LAGB is ener-
getically preferred over pairing in the bulk.

As illustrated in Fig. 7a, Ca-Zn and Ca-Al pairs predominantly
exhibit negative AE;;’ values with narrow distributions, signifying
favorable segregation and clustering at the dislocation core region of
the LAGB. In contrast, Ca—Ca pairs display mainly positive AEggg values
with a bi-modal distribution. Similarly, Zn-Zn, Al-Zn, and Al-Al pairs
also exhibit bi-modal distributions skewed towards the positive side
of the distribution indicative of antisegregation. Fig. 7b shows how
AEé'ng’ varies as a function of distance to the dislocation core, providing
important insights into spatial segregation tendencies of different solute
pairs. For Ca—Ca pairs, segregation is generally unfavorable near the
dislocation core. However, in a narrow region extending approximately
8 Afrom the core, where the tensile stress field is strongest, the segrega-
tion energy becomes negative, indicating favorable Ca-Ca segregation.
Other Ca-containing pairs such as Ca—Zn and Ca-Al also demonstrate
enhanced segregation within this tensile zone. Conversely, Zn-Zn-, Al-
Zn-, and Al-Al-containing pairs preferentially segregate into regions
characterized by compressive stress near the core.

A second key segregation scenario in accordance with Fig. 6 in-
volves pre-formed solute clusters in the bulk that segregate together
to adjacent GB sites in the LAGB. This process is described by Eq. (8)
through AEééJg” :

AEL) = (Eg;, — Egp) — (E} — Ey) (8)

seg

Negative AE;fg’ " values indicate that cluster formation at the GB is
favored relative to solute clusters in the bulk. Figs. 7c and d reveal
that all solute pair distributions of AE;{:” within 6 nm of the dislo-
cation core are centered around zero. However, Ca-Ca pairs display
broader distributions than other pairs while both Ca-Zn and Ca-Al pairs
exhibit narrow profiles. The remaining combinations maintain bimodal
characteristics similar to those observed previously. Consistently across
both scenarios, Ca-containing clusters, especially Ca-Ca, preferentially

co-segregate into tensile regions of the dislocation field as evidenced by
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Fig. 5. Mono-segregation behavior of (a) Ca, (b) Zn and (c) Al solutes at the dislocation. Upper row: Atomistic simulations; lower row: Interaction energy fields
between the solute modeled as an elastic dipole and the strain field of the dislocation. A negative value of AE,, indicates that segregation is energetically

€
favorable. (d) Distribution of AE,,, for Ca, Zn and Al solutes with data grouped into bins of 2 meV. (e) Statistics of AE

o as a function of distance to the center of

the dislocation core. Negative distances correspond to the tensile stress region, whereas positive distances indicate the compressive stress region. Data is divided

into bins of 2 A.
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Fig. 6. Schematic illustration of the relationships between energy states (E), segregation energies (4E,), co-segregation energies (4

(AE} ) for solutes I and J in bulk Mg and at the GB.
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correspond to the tensile stress region, whereas positive distances indicate the compressive stress region. The bin size in (a), (c) and (e) is 5 meV, and in (b),
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more negative AE;éJg’ " values. In contrast, Zn-Zn, Al-Zn, and Al-Al pairs
favor compressive zones close to dislocation cores.

Finally, we evaluate whether solute pair binding at the GB is en-
ergetically preferred over configurations where the solutes are widely
separated along distant GB sites. This is quantified by the binding
energy AE;}:’I’;’J, defined analogously to Eq. (1), where negative val-
ues indicate energetic preference for paired configurations along the
boundary. Figs. 7e and f present both the binding energy AE&E’J
distributions and its spatial variation within the dislocation core region.
These results reveal which solute pairs are most likely to remain bound
at the LAGB, providing insights into their relative stability and interac-
tion tendencies in this environment. For Ca—Ca pairs, binding energies
are generally positive near the dislocation but decrease, becoming less
positive, as they approach the core. In contrast, Ca-Zn and Ca-Al pairs
exhibit negative binding energies that become less negative nearer to

the core, indicating a weakening but still favorable tendency for pairing
in this region. Zn-Zn pairs behave similarly to Ca—Ca, i.e. their binding
energies remain positive but gradually diminish as they approach the
dislocation core.

4. Discussion

In this study, APT-informed atomistic simulations were utilized to
investigate solute segregation in a dilute AZX010 Mg alloy, specifically
focusing on the interactions between solutes and LAGBs at the disloca-
tion core level. APT was crucial for identifying compositionally distinct
domains within the investigated sample and clarifying their role in
accommodating solute atoms. This joint approach provides a chem-
ically resolved picture of the measured boundary and a mechanistic
explanation for the observed segregation behavior.
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4.1. Solute distribution and clustering at LAGB

Characterization of the reconstructed atom probe data revealed
linear segregation patterns along the boundary, corresponding to pe-
riodically arranged dislocation arrays decorated by solutes. The seg-
regation characteristics of solute atoms to the dislocation array are
dictated by its binding energy with dislocations, which depends on its
atomic size misfit relative to Mg. Al and Zn, both possessing negative
misfits, preferentially segregate to regions under compression within
the dislocation stress field. In contrast, Ca, with a positive misfit,
segregates to regions under tension. This trend is further supported by
elastic dipole calculations, from which positive and higher-magnitude
dipole values for Ca suggest a stronger interaction with tensile fields.
The observed bi-modal distribution of segregation energies (4Egg)
at the LAGB aligns well with recent findings in basal-textured Mg
polycrystals [48], highlighting the role of tilt LAGBs as critical sites
for inhomogeneous solute distributions.

Estimating GB solute concentrations using Eq. (3) requires careful
selection of appropriate segregation energies among the various scenar-
ios depicted in Fig. 6. At low solute concentrations, where solute-solute
interactions are negligible, mono-segregation of individual solutes is
typically considered most relevant. However, prior studies on similar
systems have shown that solute clustering in both the matrix and
at GBs can occur even at relatively low concentrations, leading to
co-segregation of clusters rather than isolated atoms [12,32].

To clarify this point, we performed a statistical nearest-neighbor
analysis of APT data to quantify differences in solute clustering ten-
dencies between the matrix and GB region. The analysis focused on

pairs and small clusters (up to three atoms) within a cutoff distance of
5 A. The GB region was defined as cylindrical volumes along segregated
dislocation lines with a 6 nm radius, while the matrix comprised areas
beyond 10 nm from these lines. The results shown in Fig. 8 reveal
distinct patterns in clustering behavior. In the matrix, Zn-Zn pairs are
most prevalent among all solute pairs, followed by Ca-Zn and Al-Zn
pairs, whereas Ca—Ca pairs are least frequent. Near the GB, however,
there is a marked increase in Ca-Ca pair fractions from 7% in the
matrix to 12.4% at the GB. Other Ca-containing pairs also become more
common near the GB. For example, Ca-Zn pairs rise from 24% to 34%.
In contrast, Al-Zn, Zn-Zn, and Al-Al pair frequencies decrease within
the GB region.

For larger clusters (triplets), Al-Zn-Zn and Ca-Zn-Zn dominate in
the matrix alongside Zn-Zn-Zn clusters. At the GB there is a dramatic
enrichment of Ca-containing triplets: notably, Ca-Ca-Ca clusters in-
crease from just 1.2% in the matrix to 14.7% at the GB; Ca-Ca-Zn
clusters also rise significantly from 10.4% to 23.5%, while Ca—Zn-Zn re-
main prominent near both regions. Conversely, Al- and Zn-rich triplets
such as Al-Zn-Zn decrease sharply near the GB (from 19.6% down to
5.9%).

These observations highlight important synergistic interactions
among solutes at LAGBs, most notably the strong attraction of Ca for Zn
and Al, which foster increased occurrence of mixed pairs/triplets such
as Ca-Zn or Ca-Ca—-Zn near the LAGB compared to bulk regions. Such
trends point to cooperative co-segregation preferences into specific
configurations favored by local chemical environment and binding
energetics. Strikingly, both simple and more complex Ca-rich clusters
are substantially enriched at the GB compared to their distribution in
the bulk, which is also corroborated by experimental APT data.

Whether solute atoms segregate as individuals or exhibit a strong
clustering tendency, as observed in the post-processed APT data in Fig.
8 depends on several factors, with binding energy playing a particularly
influential role. In this context, the binding energies between various
solute pairs at dislocations within the ternary systems Mg-Al-Ca, Mg—
Al-Zn and Mg-Zn-Ca was modeled using atomistic simulations. The
analysis was restricted to solute pairs separated by first nearest neigh-
bor distances. Notably, the calculated binding energies were found to
be in strong agreement with those obtained from DFT calculations,
as depicted in Fig. 9. While the data indicate that Ca clusters are
energetically unfavorable in the bulk, corroborated by their sparse
presence in Fig. 8, their abundance increases dramatically at the GB,
being approximately 2- (Ca-pairs) and 12-fold (Ca-triplets) higher than
those observed in the bulk, respectively. This substantial enrichment
can be attributed to the favorable energetic landscape for clustering
at the GB. More negative AE;J” values suggest that solute pairs are
energetically favored at the GB over the bulk, whereas less positive
values of AE;?I’;'J indicate an increased propensity for solutes to remain
clustered rather than dispersed at the GB.
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4.2. Thermodynamic modeling of solute segregation at LAGB

With increasing overall solute concentration, it would be reason-
able to anticipate that synergistic co-segregation effects and clustering
tendencies become even more pronounced. Nevertheless, given the
relatively low measured bulk concentrations (0.167 at.% for Al, 0.174
at.% for Ca and 0.333 at.% for Zn, the observed segregation behavior
can largely be explained by a mono-segregation scenario as described
by Eq. (2) and illustrated in Figs. 5d and e. Importantly, the spectra of
AE, provide a qualitative reflection of the segregation levels measured
via APT and effectively capture key features of solute distribution under
these conditions.

For quantitative prediction of GB solute compositions beyond clas-
sical mono-segregation cases, three thermodynamic models were con-
sidered: McLean’s model (no solute interactions), Fowler’s model (in-
corporating identical-solute pair interactions), and Guttmann’s model
(accounting for all pairwise interactions including cross-species effects
relevant beyond dilute limits) [83-85]. The Guttmann approach ex-
tends the Langmuir-McLean theory via an additional pair-interaction
term (4EP2"), expressed as:

seg,i
pair __ I-M y 1 I-M 1
AEseg.i =-2 (‘QGB Xop — ‘Qb Xb)
Ty J Ty d (C)]
+ 2 (R X5 -7 X)),
1#J

which allows explicit treatment of co-segregation phenomena espe-
cially when local concentration exceeds dilute limits or when signifi-
cant cluster formation occurs. The interaction parameter Q' of solutes
I and J at the sites i and j, respectively, depends on the coordination
number Z of site i and the differences in bonding energies of solute
pairs:

1
Q9 =Lz,0
2 ()

10
where o = AE™ — (AEM + AE™) /2.

The interaction coefficient 27 represents the net interaction be-
tween solutes I and J with respect to their interactions with the matrix
element M:

QW = ol _ oM _ oM an

The first term in Eq. (9) represents the Fowler interaction, which only
considers I-I or J-J interactions. Recalling (2), the effective segregation
energy becomes:

AEST = AE,, + AEP"

seg,i seg.t seg.i

(12)

The predictions from all three thermodynamic models using AE,;
and AESeef;i were directly compared with experimentally determined
solute concentrations obtained via APT within dislocation core regions
defined by a radius of 6 nm across four distinct regions of interest
outlined in Fig. 10a. The influence of pair interactions on predicted
concentrations was found minimal, as illustrated in Fig. 10b. The slight
differences among model predictions likely stem from the overall low
system concentrations. The overall agreement between predicted and
experimental values was reasonable, with the notable exception that
Al concentration tends to be overestimated by all models.

4.3. Implications for grain boundary engineering

Overall, the findings in this paper emphasize that microstructural
defects such as LAGBs serve as preferential sites for both mono-
segregation and cooperative multi-solute segregation. These processes
can significantly influence material behavior through defect chemistry
modification. Specifically, the segregation of solute atoms like Ca,
Al, and Zn at dislocations induces delocalization of core regions by
expanding them over a broader area via local structural and chemical
reordering. This reduces lattice distortions and weakens defect-defect
interactions, which can fundamentally alter mechanical responses such

10
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as slip activation, ductility enhancement, GB mobility, and ultimately
processing-structure-property relationships.

The observed tendency of Ca, Al and Zn to (co-)segregate along
dislocation arrays at LAGB is consistent with our earlier study on
AXZ310 magnesium alloy [28,29]. In that work, modification of a
commercial AZ31 alloy with the addition of 0.3 wt.% Ca produced a
thermally stable weak texture and a fine grain size, which together led
to high strain hardening capability, enhanced ductility, and reduced
plastic anisotropy. Building on that framework, the present atomistic
analysis provides a mechanistic explanation for how Ca addition pro-
motes texture weakening: synergistic solute segregation and clustering
introduce a solute-drag effect that slows boundary migration during
annealing, thereby impeding grain growth and stabilizing non-basal
orientations.

A key outcome of this study is the explicit thermodynamic rationale
underlying these effects. The calculated segregation and co-segregation
energies reveal that Ca-containing pairs, while energetically unfavor-
able in the bulk, become markedly stabilized at LAGBs. This explains
the strong solute enrichment seen in APT. This energetic picture com-
plements our earlier findings on selective texture development con-
trolled by solute-GB interactions, where solute segregation effectively
pins GBs against coarsening and migration. Basu et al. [4] demon-
strated that enhanced GB segregation (e.g. Gd > Dy) promotes selective
growth of non-basal grains and improves room-temperature ductility,
highlighting how solute drag can qualitatively modify texture evolution
pathways. Similarly, Pei et al. [29] and Mouhib et al. [32] demon-
strated that texture selection in Mg alloys depends strongly on the
synergistic binding behavior of solute elements at GBs, for instance,
co-adding Y to AZX310 amplifies Ca-driven GB co-segregation with Al
and Zn.

Taken together with our previous work [28,29], the present results
advocate for a GB engineering strategy for Mg alloys that leverages
atomistically informed control of solute segregation. By strategically
tuning solute selection and concentration ratios, it becomes possible to
design GB chemistries that promote weak textures, fine and thermally
stable microstructures, and superior mechanical properties, paving the
way for next-generation, low-cost, and lightweight structural materials.

5. Conclusions

By coupling three-dimensional atom probe tomography with atom-
istic and thermodynamic modeling, the study delivers a chemically
resolved and mechanism-based picture of how cooperative interac-
tions between different substitutional solute species modulate both
the magnitude and distribution of solute segregation at a representa-
tive low-angle grain boundary in a technologically relevant AZX010
magnesium alloy. The experimental results reveal an array of Ca-
rich linear segregation zones that coincide with the tensile region of
edge-dislocation cores, whereas Zn and Al preferentially occupy the
complementary compressive regions. This highly ordered decoration on
both sides of the core explains the periodic chemistry observed along
the boundary plane.

Continuum elastic-dipole analysis revealed that large positive elastic
dipoles make Ca atoms the primary “anchors” for tensile sites, while the
smaller negative dipoles of Zn and Al stabilize the compressive sites.
This misfit-controlled partitioning was confirmed by molecular-statics
calculations, providing a multiscale rationalization of the experimental
data. Furthermore, atomistic simulations show that Ca—Ca, Ca—Zn and
Ca-Al pairs possess negative co-segregation energies, most pronounced
within 8 Aof the dislocation core. This suggests that the low-angle
boundary acts as a thermodynamic sink for Ca-rich pairs and larger
clusters, mirroring the cluster statistics extracted from the APT data.

From an application standpoint, targeted Ca additions, balanced
by a suitable amount of size-compensating solutes such as Zn or Al,
could be used to control defect chemistry, and thus delocalize dislo-
cation cores to enhance ductility, tune boundary mobility and texture
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Fig. 10. Comparison of experimentally measured and theoretically predicted solute concentration at the LAGB. (a) In-plane solute distribution visualized along
the dislocation array of the LAGB. (b) Solute concentration within 6 nm of the dislocation cores. Experimental bounds correspond to measurements from the
four dislocation core regions marked in (a). Theoretical predictions of the GB solute concentrations are based on the McLean, Fowler, and Guttmann models,
incorporating calculated segregation and solute-solute binding energies within 6 nm of the simulated dislocation core.

evolution through solute drag, and possibly stabilize fine recrystallized
microstructures during thermo-mechanical processing.

Thermodynamic models incorporating calculated segregation en-
ergy spectra and pair interaction terms reproduce the experimentally
measured Ca- and Zn-enrichment levels at the four probed dislocation
cores of the boundary, but they systematically overshoot the Al level.
The predictions for the three models, however, lie almost on top of
one another, differing by only a few tenths of an at.%. The small
spread implies that, for the present dilute bulk composition, the simple
McLean isotherm (despite neglecting explicit solute-solute interactions)
already captures the essential thermodynamics even when segregation
elevates local GB concentrations by an order of magnitude. Further
refinement of these models, including incorporation of entropy contri-
butions, appears necessary before they can reliably predict and guide
the optimization of interface chemistry in multi-component Mg alloys
based on synergistic solute interactions.
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