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Abstract 

A sparsely introduced basal intrinsic 2-type stacking fault (I2 -SF) with a dense segregation of clusters (cluster-arranged layer; CAL) in 
α-Mg exerts a sufficient strengthening effect with a reduced content of additive elements. Moreover, the dynamic nucleation and growth of 
CALs during deformation largely improves the creep resistance. This paper analyzes the cosegregation behaviors of yttrium (Y) and zinc (Zn) 
atoms at an I2 -SF in bulk and at basal edge dislocations using density functional theory calculations. We also study the modification of the 
generalized stacking-fault energy (GSFE) curves associated with the cosegregation. The segregation energies of Y and Zn atoms in the I2 -SF 

are relatively small during the initial segregation of a cluster, but increases stepwise as the cluster grows. After introducing Y and Zn atoms 
in the I2 -SF in an energetically stable order, we obtain an L12 -type cluster resembling that reported in the literature. Small structural changes 
driven by vacancy diffusion produce an exact L12 -type cluster. Meanwhile, the core of the Shockley partial dislocation generates sufficient 
segregation energy for cluster nucleation. Migration of the Shockley partial dislocation and expansion of the I2 -SF part are observed at a 
specific cluster size. The migration is triggered by a large modification of the GSFE curve and destabilization of the hexagonal close-packed 
stacking (hcp) by the segregated atoms. At this point, the cluster has reached sufficient size and continues to follow the growth in the I2 -SF 

part. According to our findings, the CAL at elevated temperature is formed through repeated synchronized behavior of cluster nucleation 
at the Shockley partial dislocation, dislocation migration triggered by the destabilized hcp stacking, and following of cluster growth in the 
I2 -SF part of the dislocation. 
© 2025 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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layer. 
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. Introduction 

Owing to their excellent strength-to-weight ratios, magne-
ium (Mg) and its alloys have been extensively studied, and
heir use is expected to expand in various engineering fields,
specially in the transportation fields [ 1 ]. However, as a struc-
ural material, the advantage of Mg to other lightweight met-
Abbreviations: CAL, Cluster-arranged layer; fcc, Face-centered cubic; 
SFE, generalized stacking-fault energy; hcp, Hexagonal close packing; 

1 -SF, intrinsic 1-type stacking fault; I2 -SF, intrinsic 2-type stacking fault; 
PSO, long-period stacking ordered; SF, Stacking fault. 
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ls and alloys, especially with high-strength aluminum alloys,
s insufficient. Sophisticated control of the microstructure with
arious phases and regions of different grain sizes, textures, or
efect concentrations is considered to enhance the mechanical
roperties of Mg-alloys. 

One unique and promising phase found in Mg-alloys is
he long-period stacking-ordered (LPSO) phase, which pos-
esses a synchronized stacking-and-segregation structure. An
PSO-phase Mg alloy, first developed by Kawamura et al.

hrough rapidly solidified powder metallurgy, exhibits notably
igh strength and ductility [ 2 ]. Additive elements, typically
inc (Zn) and yttrium (Y), form L12 -type clusters in peri-
dically introduced intrinsic 2-type stacking faults (I2 -SFs)
 3–5 ]. The detailed formation mechanisms of the LPSO phase
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
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nd cluster structures have been analyzed through atomistic
imulations [ 6 ], density functional theory (DFT) calculations
 7 ], and experimental observations [ 8 ]. The LPSO phase ef-
ectively improves the strengths of bimodal and multimodal

g-alloys [ 9–13 ]. However, the LPSO phase requires rela-
ively high contents of expensive additives such as Y and late
anthanide elements (Gd, Tb, Dy, Ho, Er, and Tm) [ 14 ]. 

Sparsely formed stacking faults (SFs) with dense segrega-
ion of clusters, which correspond to a single I2 -SF in the
PSO phase, have been recently identified in α-Mg in dilute
lloy systems. These sparsely introduced structures, called
luster-arranged layers (CALs), provide sufficient strengthen-
ng with reduced amounts of expensive additive elements [ 15–
7 ]. He et al. [ 18 ] reported the dense bismuth (Bi) segregation
t the intrinsic 1-type SF (I1 -SF) in the α-Mg phase of Mg–
i alloys and discussed the strengthening effect by the segre-
ation. Mineta et al. [ 19 ] reported the dynamic formation of
ALs (called plate-like LPSOs in their paper) in recrystallized
-Mg during a creep test of annealed multimodal Mg–Y–Zn
lloy. They also reported the enhanced formation of CALs in
lloys annealed at higher temperatures, especially at 793 K,
long with increased creep resistance accompanied by kink-
and formation. Although Mineta et al. predicted that CALs
orm through basal dislocation motions, the detailed mecha-
isms must be clarified for effectively introducing CALs as
trengthening agents in dilute Mg-alloys. 

Microscopic phenomena can be effectively analyzed
hrough large-scale spatiotemporal atomistic simulations
 20 , 21 ]. However, the analyses of multi-element systems are
estricted by the limitations in the interatomic potentials. Im-
lementing large-scale DFT calculations, we investigate the
osegregation behaviors of Y and Zn atoms at an I2 -SF in
ulk and in basal edge dislocations consisting of two Shock-
ey partial dislocations and an I2 -SF part. We also evaluate the
odification of the generalized stacking-fault energy (GSFE)

urves caused by cluster segregation. Integrating these results,
e clarify that CAL formation is driven by the synchronized
ehaviors of the dislocation motions and cosegregation. 

. Analysis method 

.1. Density functional theory 

DFT calculations were performed using the Vienna Ab
nitio Simulation Package [ 22 ]. We employed the projector
ugmented-wave method with the Perdew–Burke–Ernzerhof
eneralized gradient approximation as the exchange-
orrelation function [ 23 , 24 ], and the Monkhorst–Pack scheme
 25 ] for k-point sampling. The number of k-points in each
alculation is stated in Subsections 2.2 and 2.4 . The cutoff
nergy was set to 360 eV. All simulations were performed
n a supercell with periodic boundary conditions in all direc-
ions. The atomic positions were fully relaxed under a force
olerance of 0.01 eV/Å unless otherwise stated. These settings
re based on previous studies [ 26 , 27 ]. To ensure a stress of 2
Pa at the most at the initial state, we removed the normal

tress along each axis by updating the cell size and main-
aining fixed angles between the cell vectors. However, if a
arge SF plane (or long straight dislocation) is isolated in a
ulk hexagonal close-packed (hcp) structure, the expansion
r shrinkage along the directions parallel to the SF (or dis-
ocation line) is constrained by the surrounding lattice. To
ccount for this scenario, the cell size was not relaxed in the
F model doped with Y and Zn atoms ( Subsection 2.2 ) or in

he dislocation models ( Subsection 2.4 ). 

.2. Cosegregation behavior at the stacking fault 

To analyze the cosegregation behavior of the Y and Zn
toms at the I2 -SF, we sequentially substituted a Y or Zn
tom in the most energetically stable order. The simulation
odels and evaluation procedures are described below. 
1) In the bulk-hcp model ( Fig. 1 a), 48 Mg atoms were

rranged in four atomic layers along [0001] (12 atoms per
ayer). In the SF model ( Fig. 1 b), 216 Mg atoms were ar-
anged in 18 atomic layers along [0001] (12 atoms per layer).
he x -, y -, and z -axes in both models were set parallel to

101̄ 0 ] , [1̄ 21̄ 0 ] , and [0001], respectively. The slab (or film)
ith an I2 -SF was isolated by an approximately 2.3-nm thick
acuum layer ( Fig. 1 b; note that the periodic boundary condi-
ion was applied in all directions). The I2 -SF, which comprises
wo face-centered cubic (fcc) stacking layers [ 28 ], was located
t the center of the slab. Fig. 1 c shows the atomic positions
n the A, B, and C-stacking layers. DFT calculations of the
ulk-hcp and SF models were performed on 5 × 5 × 7 and
 × 5 × 1 k-point meshes, respectively. After relaxation, the
nergies of the bulk-hcp and SF models were Ehcp = −72.30
V and ESF 0 = −317 . 87 eV, respectively. 

2) The atomic positions and cell lengths were fully relaxed
fter replacing one Mg atom in the bulk-hcp model by a
 or Zn atom. The energies of the bulk-hcp with one Y

nd one Zn atom ( Ex 
hcp ; x = Y or Zn ) were then calculated as

Y 

hcp = −77 . 29 eV and EZn 
hcp = −71 . 93 eV, respectively. 

3) Similar to step 2), the energy of the SF model with
ne Y or Zn was calculated around the I2 -SF. As this energy
epends on the position of the substitution atom, the substi-
ution site was varied among the middle eight layers (two fcc
ayers, the upper three hcp layers, and the lower three hcp
ayers) ( Fig. 1 b). The segregation energy ( �Exi 

seg 1 
), which is

quivalent to the trapping energy [ 29 ], was calculated as 

Exi 
se g1 

= −
{ (

Exi 
SF0 

+ Ehcp 
) −

(
ESF0 + Ex 

hcp 

)} 

, (1) 

here Exi 
SF 0 

is the energy of the SF model with element x
t site i . If Exi 

SF 0 
is large and positive, element x is strongly

ound to the SF. Finally, the segregation site, segregation ele-
ent, and segregation energy (�Ese g1 ) of the first segregation
ere determined from the structure with the largest segrega-

ion energy, i.e., �Ese g1 = max (�Exi 
se g1 

) . The energy of the
F model after the first segregation is denoted by ESF1 . 

4) By repeating step 3) for each of 13 substitution atoms,
he most stable site i and element x were determined at each
egregation. The segregation energy ( �Exi 

se gn 
) of the n th seg-
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Fig. 1. Atomic structures used in the cosegregation behavior analysis of Y and Zn at the intrinsic 2-type stacking fault (I2 -SF) in Mg: (a) bulk-hcp model 
and (b) SF model with an I2 -SF; (c) atomic positions in the A, B, and C-stacking layers shown in (b). 
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egation of element x at site i was calculated as 

Exi 
seg n 

= −
{ (

Exi 
SF n−1 

+ Ehcp 

)
−

(
ESFn−1 + Ex 

hcp 

)} 

. (2) 

The site i , element x , �Eseg n , and ESFn of the n th segrega-
ion were determined similarly to those of the first segrega-
ion. During actual segregation, the order and position can be
odified by the thermal effect [ 29 ]. However, direct treatment

sing a statistical mechanics-based method, such as Monte
arlo [ 6 ], infeasibly increases the calculation cost of DFT
r requires the development of reliable interatomic potentials.
e believe that the proposed method simulates statistically

lausible segregation behavior. 
The occupancy of the n th segregation was estimated using

he following Langmuir–McLean equation [ 30 ]: 

cn 

( 1 − cn ) 
= cx 

hcp 

1 − cx 
hcp 

exp 

(
�Ese gn 

kB 

T 

)
, (3) 

here cx 
hcp is the atomic fraction of element x assumed in

he bulk-hcp phase, x denotes Y or Zn, which segregates dur-
ng the n th segregation, and kB 

and T are the Boltzmann’s
onstant and temperature, respectively. Based on Ref [ 19 ],
e assumed cY 

hcp = 1 . 8 at.%, cZn 
hcp = 0. 5 at.%, and T = 523 K.

he concentrations correspond to the solute concentrations
n the recrystallized region after heat treatment at 793 K, at
hich the concentration was maximized and the CAL forma-

ion was most effective during the creep test at 523 K. As
xplained in Steps 3) and 4), the segregation position and
lement were determined by the segregation energy, not by
he occupancy given by Eq. (3) , which depends on the solute
oncentration. Deciding the element at each segregation in
erms of occupancy will minimally alter the obtained results
t the concentration difference between the Y and Zn atoms
n the present study. 

.3. Calculation of generalized stacking-fault energy 

The slip plane was set at the mid-plane of the SF (between
he A and C layers in Fig. 1 b). The upper part of the slab (9
tomic layers) was rigidly displaced along [101̄ 0 ] (the x -axis)
y �x = j × ( bpartial /20) where j = 0, 1, 2, ���, 20, and bpartial 

s the magnitude of the Burgers vector of the Shockley partial
islocation. The atomic structures along the y- and z -direction
ere then relaxed under the constraint along the x -direction. 
The GSFE at displacement �x was calculated as 

GSFE n ( �x) = ESFn ( �x) − ESFn ( 0) 

A 

, (4) 

here ESFn (�x ) is the energy of the slab model with n
egregation atoms at displacement �x. A denotes the cross-
ectional area parallel to the slip plane. Note that the GSFE
n this paper is defined for fcc stacking (the I2 -SF structure)
s a reference structure. 
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Fig. 2. Atomic structure (thick model) used in the cosegregation behavior analysis of Y and Zn at a basal edge dislocation in Mg. The red, green, blue, and 
gray dots represent atoms with hcp, fcc, body-centered cubic (bcc), and other local structures, respectively. Panel (a) demonstrates the thick dislocation model, 
(b) shows the first segregation position of Y, and (c) depicts the insertion positions of the second and subsequent segregation. Positions in the front and back 
layers are labeled 1–22 and 1′ –22′ , respectively. The first Y position in (b) corresponds to position 9′ in (c) (color online). 
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The unstable SF energy associated with the stacking
hange from fcc (I2 -SF) to hcp is defined as 

US Fn = max 

(
γGSF En ( �x ) 

) − γGSF En ( 0) . (5) 

During a transition from fcc-to-hcp stacking, the energy
hanges by �Efcc_to_hc pn = γGSF En (bpartial ) − γGSF En (0) . The
nstable SF energy associated with the stacking change from
he hcp is given by γ US Fn 

’ = γUS Fn − �Efcc _to _hc pn . 

.4. Segregation behavior at basal dislocation 

The segregation behaviors of the Y and Zn atoms near the
ore of the basal dislocation were analyzed in large atomic
odels with different thickness. The thin model is expected to

e less influenced by boundaries than the thick model, but the
ubstitution atoms are closely arranged along the dislocation
ine, and L12 -type clusters cannot form because their diameter
xceeds the model thickness. Therefore, the thin model was
sed to determine the segregation position of the first atom
n the dislocation core. Subsequent segregations around the
rst segregation position were then investigated in the thick
odel. 
The details of the thin model and the results are shown in

ppendix. The thick model with 1692 Mg atoms ( Fig. 2 a) was
wice as thick as the thin model (1.10 nm along the z -axis)
ut its width and height were reduced to 7.48 nm and 4.42
m, respectively. A vacuum layer ( ∼2.1 nm) was set above
nd below the slab. 1 × 1 × 5 k-point meshe was employed
or the thick model. An edge dislocation was introduced at the
enter of the slab, as described in Ref [ 31–33 ]. The structures
ere relaxed under the fixed motion of the boundary atoms
movement of the atoms in the top and bottom layers along
he y -axis as indicated in Fig. 2 a and Fig. A1). The crystal
tructure was analyzed using common neighbor analysis [ 34 ]
ncorporated in the OVITO-Open Visualization Tool [ 35 ]. The
asal dislocations in Figs. 2 and A1 exhibit an expanded core
tructure, in which the two fcc layers corresponding to I2 -
F are terminated by two Shockley partial dislocations. The

2 -SF is approximately 1.8-nm wide in both models. 
Fig. 2 b shows the first segregation atom (Y) obtained in

ppendix. The selected substitution positions in the thick
odel ( Fig. 2 c) were labeled 1 to 22. The two atoms over-

apped along the thickness direction. The first segregation
tom (Y) existed at position 9′ (see Appendix), where the
postrophe (′ ) denotes that the atom occupied the behind
ayer. The segregation energy was calculated similarly to
qs. (1) and (2) but the energy of the system with an SF
 Exi 

SFn−1 
and ESFn−1 ) was replaced with the energy of the sys-

em with a dislocation ( Exi 
di sn−1 

and Edi sn−1 ). 

. Results and discussion 

.1. Cosegregation behavior of Y and Zn at I2 -SF and 

ormation of an L12 -type cluster 

Fig. 3 shows the Y–Zn clusters at n = 3, 6, 8, and 13.
egregation was confirmed only in the I2 -SF (two fcc lay-
rs) and the neighboring hcp layers (immediately above and
elow the I2 -SF). Fig. 4 shows the positional order of the
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Fig. 3. Y–Zn clusters formed in I2 -SF: Structures with (a) n = 3, (b) 6, (c) 8, and (d) 13. Y and Zn atoms are represented by large (dark green) and small 
(dark purple) spheres, respectively (other atoms are not shown). Numbers indicate the order of atomic segregation and correspond to numbers in Fig. 4 (color 
online). 

Fig. 4. Positional ordering of Zn and Y around I2 -SF until the 13th segregation: positions of Zn and Y projected on (a) the x–y plane and (b) x–z plane. At 
sites 1 ©, 2 ©, and 3 ©, different atoms or vacancy occupied compared to the L12 -type cluster. Bold gray arrows in (a) and (b) show atomic migrations during 
segregation. 
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Table 1 
Segregation elements, segregation energies, and occupancies during the n th 
segregation at I2 -SF. 

n th segregation 1 2 3 4 5 6 7 

Element x Y Y Zn Zn Zn Y Y 

�Ese gn [eV] 0.05 0.14 0.17 0.20 0.21 0.29 0.38 
cn (523 K) 0.05 0.30 0.17 0.28 0.34 0.91 0.99 

8 9 10 11 12 13 

Zn Zn Y Y Y Y 

0.55 0.74 0.66 0.23 0.30 0.33 
1.00 1.00 1.00 0.76 0.93 0.97 
egregation, and Table 1 lists the segregation elements x , seg-
egation energies �Ese gn , and occupancies cn during the n th
egregation. 

During the first segregation ( n = 1), the Y atom possessed
he largest segregation energy (�Ese g1 = 0. 05 eV ) in the I2 -
F ( Table 1 ). In contrast, the Zn atom negligibly interacted
 ∼ 0. 1 eV) with the I2 -SF and was not segregated. From these
esults, Y was identified as the first segregation atom, and its
ccupancy was calculated as c1 = 0.05 from Eq. (3) . Once the
 atom has segregated at the I2 -SF, the Zn atom segregates

nd nucleation of the Y–Zn cluster begins. The segregation
nergy and occupancy increase stepwise throughout the fol-
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Table 2 
Structural changes and energy gains in the structure after the 13th segregation 
to form the L12 -type cluster with a central Mg atom. Positions at site 1 ©, 
2 ©, and 3 © are indicated in Fig. 4 b, and “Vac” denotes a vacancy. 

n = 13 (1) (2) (3) (4) (5) 

Site 1 © Vac Mg Mg Mg Vac Zn 
Site 2 © Y Y Y Vac Mg Mg 
Site 3 © Mg Mg Vac Y Y Y 

Energy gain �E [eV] – −0.60 −0.38 1.21 1.59 0.40 
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Fig. 5. Generalized stacking-fault energy curves for different numbers of 
segregation n (color online). 

Fig. 6. Unstable stacking-fault energy ( γ USF n ) and energy change associated 
with transition from face-centered cubic (fcc) stacking to hexagonal closest 
packing (hcp) stacking ( �Efcc _to _hc pn ) as a function of number of segregation 
n (color online). 
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(  
owing segregations, being relatively small ( ≤ 0.21 eV and
0.34, respectively) for 2 ≤ n ≤ 5 and much larger ( ≥ 0.3

V and > 0.9, respectively) for n ≥ 6 except for n = 11. The
nitial cluster growth ( n ≤ 5) is relatively slow because many
egregated atoms desorb. Later, cluster growth ( n ≥ 6) is ex-
ected to accelerate because the Zn or Y atoms diffusing to
he clusters are easily captured and the sites remain occupied
ith high probability. The initial segregation is markedly en-
anced by the dislocation core, as shown in Subsection 3.3 . 

When the Y and Zn atoms were sequentially introduced,
e confirmed that the stable position of the Y atom was usu-

lly unstable for the Zn atom and vice versa. Accordingly, a
ested structure of Y and Zn atoms resembling an L12 -type
luster was formed ( Figs. 3 and 4 a). The cluster structure at
 = 13 differed from the perfect L12 -type cluster reported in
he literature [ 4 , 5 , 7 ]. Specifically, site 1 © in Fig. 4 b was ini-
ially occupied by Y at n = 6 ( Fig. 3 b). During the subsequent
egregation, the Y atom gradually migrated to the center of
he Zn–Y cluster at site 2 © (gray bold arrows in Fig. 4 ; see
lso Fig. 3 b–d), leaving a vacancy at site 1 ©, which is occu-
ied by Zn in the L12 -type cluster. The Y atom now occupied
he interstitial site at the center 2 ©, which is occupied by Mg
n the L12 -type cluster ( Fig. 3 d). Site 3 ©, which should be
ccupied by Y, was retained by the Mg atom because the
egregation ceased at n = 13. 

During the 14th substitution, the Y atom was introduced at
ite 3 © with �Eseg 14 

= 0. 42 eV. However, the formed cluster
as Y9 –Zn5 , requiring the adsorption of a Y atom to form

n L12 -type cluster composed of eight Y atoms and six Zn
toms. Here, we considered several structural changes driven
y vacancy diffusion to convert the structure at n = 13 to the
12 -type cluster and calculated the energies of the interme-
iate structures. Table 2 presents an energetically and struc-
urally plausible process and the energy difference between
he new and existing structures. Throughout this process, 1)
he vacancy at site 1 © is filled with Mg; 2) the vacancy moves
o site 3 ©, 3) then to site 2 © (while the Y atom at site 2 ©
oves to site 3 ©), and 4) finally to site 1 © (while the Mg atom

t site 1 © moves to site 2 ©); finally, 5) a Zn atom arrives at
he vacant site 1 ©. The first and second structural changes
equire additional energies of 0.60 eV and 0.38 eV, respec-
ively, which are easily overcome at elevated temperatures
ven when considering the activation energy of the necessary
acancy migration (only ∼0.4 eV in Mg [ 36–38 ]). The latter
tructural changes confer a large energy benefit, forming an
12 -type cluster with an Mg atom at the central interstitial
ite. Other processes leading to an L12 -type cluster from the
tructure at n < 13 are expected. Some such processes may
e more energetically favorable than the current process. By
imply substituting Y and Zn atoms in a stable order at the
2 -SF and implementing atomic exchanges based on vacancy
iffusion, we formed an L12 -type cluster. As discussed in Ref
 7 ], any L12 -type cluster with an interstitial atom at the center
orms a vacancy, promoting structural change toward a stable
tructure. 

.2. Modification of the generalized stacking-fault energy 
ccompanied by cluster growth 

Fig. 5 shows the GSFE curves for different numbers
f segregations n . The profile of pure Mg ( n = 0) with
USF 

′ 
0 = 91 . 4 mJ /m2 and �Efcc _to _hc p0 = −38 . 16 mJ /m2 

grees with the literature [ 27 , 39 , 40 ]. The SF energies in the
cp structure with one Y atom on the slip plane ( n = 1)
 γUSF 

′ 
1 = 75 . 2 mJ /m2 and �Efcc _to _hc p1 = −17 . 8 mJ /m2 )

re also consistent with the reference values (74.7 mJ/m2 

nd −26.4 mJ/m2 [ 40 ]). Fig. 6 shows the unstable SF en-
rgy ( γ USF n ) and the energy change from fcc-to-hcp stacking
 �Efcc _to _hc pn ). The unstable SF energy slightly increases at
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Table 3 
Segregation elements, segregation positions, segregation energies, and occu- 
pancies at the n th segregation in a Shockley partial dislocation in the thick 
model. 

n th segregation (1) 2 3 4 5 6 7 8 9 

Element x (Y) Zn Zn Y Zn Y Zn Y Zn 
Position i 9′ 16′ 15′ 8′ 14 15 13 6 7 
�Ese gn [eV] 0.20 0.31 0.33 0.25 0.28 0.34 0.31 0.35 0.53 
cn (523 K) 0.65 0.83 0.88 0.83 0.73 0.97 0.84 0.98 1.00 
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Fig. 7. Comparisons of (a) segregation energy and (b) occupancy at I2 -SF 
in the bulk-hcp lattice and Shockley partial dislocation at different numbers 
of segregation n (color online). 
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he initial segregation ( n = 1 to 5) but decreases at n = 6.
nstable SF energy and hcp stacking energy ( �x / bpartial = 1)

re very similar at n = 6 ( Fig. 5 ). At n = 7, the energy at the
nitial local maximum position ( �x/bpartial ∼ 0. 5 ) decreases

ore than n = 6, and the local minimum at hcp stacking
 �x / bpartial = 1) disappears, markedly changing the shape of
he GSFE curve. At n ≥ 7, γUSF n and �Efcc _to _hc pn are equal
ecause the unstable (relative maximum) point in the transi-
ion disappears. 

The energy change from fcc-to-hcp stacking ( �Efcc _to _hc pn )
s initially negative, which implies that hcp stacking is more
table than fcc. Thereafter, �Efcc _to _hc pn monotonically in-
reases except at n = 6. At n = 2, when the energy change
rst becomes positive, fcc stacking (I2 -SF) is stabilized by
 small amount of segregated Y and Zn atoms. The energy
ifference greatly increases at n ≥ 8. Once the clusters are
ormed in the SF, the fcc-to-hcp stacking change becomes
uite difficult. 

.3. Segregation behavior around the Shockley partial 
islocation 

Table 3 summarizes the segregation energies evaluated in
he thick model and Fig. 7 plots the segregation energies
 Fig. 7 a) and occupancies of Y and Zn ( Fig. 7 b) at the I2 -SF
n the bulk-hcp lattice and dislocation core versus the num-
er of segregated atoms. Fig. 8 shows the atomic structures
 Fig. 8 a–c) and cluster structures together with the disloca-
ion core structures ( Fig. 8 d–f) during segregation. The crys-
al structures were visualized as described for Fig. 2 . The slip
lane and burgers vector in Fig. 8 d–f were analyzed using the
islocation extraction algorithm [ 41 ]. The thick model gave
he same segregation energy for the first segregation (Y atom
t position 9′ ) as the thin model (namely, 0.20 eV; Table A1 ).
nlike basal screw dislocation [ 39 ], basal edge dislocation did
ot cause obvious shrinkage of the core structure by Y. During
he initial segregation ( n ≤ 6), the segregation energy is higher
t the dislocation core than at the I2 -SF ( Fig. 7 a), increasing
he occupancy at the dislocation core ( Fig. 7 b). In contrast,
he segregation energy is smaller at the dislocation core than
t I2 -SF at n = 7, 8, and 9. The number of stable positions in
he core of the Shockley partial dislocation is probably limited
y the disordered structure and the small core size, which hin-
er the formation of an ordered structure. Table 3 and Fig. 2 c
onfirm a leftward movement of the segregation positions at
 = 7, 8, and 9. Here, we also confirm a leftward migration
f the dislocation core at n = 9 ( Fig. 8 c and 8 f). 
Fig. 9 schematizes the formation mechanism of a CAL
ia the synchronization between the segregation of atoms and
igration of the Shockley partial dislocation. The material
ust be maintained within the temperature range that suf-
ciently activates diffusion of the segregation atoms while
etaining a high occupancy of those atoms at the dislocation
ore (bottom-left panel of Fig. 9 ). A lower segregation en-
rgy reduces occupancy at the same temperature. Although
he temperature must then be reduced to allow formation, it
elays the atomic diffusion. In contrast, if the segregation
nergy is higher, the temperature can be raised to facilitate
iffusion. However, if the segregation energy is excessively
trong, the dislocation core may be pinned with a small num-
er of atoms. The Y and Zn atoms segregate at the Shockley
artial dislocation where the segregation energy is enhanced
 Fig. 7 a and b), nucleating the Y–Zn cluster (top-left panel of
ig. 9 ). However, the core contains a limited number of avail-
ble sites. When the cluster size reaches n ≥ 7, the dislocation
oves leftward by expanding the I2 -SF ( Fig. 8 c and 8 f and

he top-right panel of Fig. 9 ). Although the cluster structure
iffers between the segregation in the dislocation core and
he I2 -SF in bulk, similar changes are expected in their GSFE
urves. As shown in Fig. 5 , the hcp stacking ( �x / bpartial = 1)
s destabilized and the relative maximum corresponding to
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Fig. 8. Segregation behavior at the core of a Shockley partial dislocation for n = 3 (a), n = 6 (b), and n = 9 (c); results of the dislocation extraction algorithm 

at (d) n = 3 (e) n = 6 (f), and n = 9. Orange line or dots indicate the dislocation line with 1 / 3 〈1̄ 010 〉 . Large (dark green), medium (dark purple), and small 
(green) dots represent Y, Zn, and Mg atoms, respectively, where the size of Mg atom is reduced for visualization (color online). 

Fig. 9. Schematic of the synchronized growth of Y–Zn cluster and migration of a Shockley partial dislocation (color online). 
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he unstable SF energy disappears at n = 7. This change in
he GSFE curve is the likely driving force of the dislocation

igration. A cluster of size n ≥ 7 possesses sufficient segrega-
ion energy for the subsequent segregation of Y and Zn atoms
 Fig. 7 a). Furthermore, the energy requirement of fcc-to-hcp
tacking largely increases at n ≥ 8 ( Fig. 6 ). The following
egregation and atom rearrangement is enhanced by the in-
reased vacancy concentration [ 7 ], leading to the formation
f LI2 -type clusters (bottom-right panel of Fig. 9 ). Repeats
f this synchronized behavior, i.e., nucleation of the cluster
t the core of the Shockley partial dislocation, destabilization
f hcp stacking, and subsequent growth in the SF, eventually
orming the CAL. One can reasonably expect that deforming
he structure (to create high-density dislocations), moderately
ncreasing the temperature (to enhance the diffusion of Y,
n, and vacancies without compromising their occupancy),
nd increasing the solute concentration (to enhance the oc-
upancy) will realize high-density CALs, aspresented in Ref
 19 ]. Furthermore, external stress likely assists the migration
f the leading partial dislocation and consequent expansion of
he I2 -SF, whereas the segregated clusters inhibit migration of
he trailing partial dislocation. 

The formation mechanism of LPSO phase has been exten-
ively investigated by many researchers, as referred in the in-
roduction [ 6–8 ]. In our proposed synchronized mechanisms,
he Shockley partial dislocation migrates when its core region
ecomes enriched with Y and Zn, resulting in the local shear.
dditionally, vacancy diffusion is essential for the formation
f L12 -clusters. Thus, the proposed mechanism exhibits sim-
larities to certain models for the formation of LPSO phase,
ncluding vacancy-mediated cluster formation [ 7 ] and the de-
elopment of Y/Zn enriched regions prior to shear transfor-
ation [ 8 ]. However, we emphasize that the formation mecha-

isms of the LPSO-phase and CAL are not necessarily iden-
ical. In the case of the LPSO phase, the inter-I2 -SF inter-
ctions significantly contribute to structural stabilization and
he realization of the periodic stacking sequences. In contrast,
AL formation relies solely on intra-plane interactions among

egregated atoms to stabilize the I2 -SF. While the structural
imilarities within the I2 -SF may suggest some commonal-
ty between the formation mechanisms of LPSO phases and
AL, the underlying processes are expected to diverge due to

hese fundamental differences. Accordingly, the alloy systems
hat promote CAL formation are also expected differ, to some
xtent, from those that promote the formation of LPSO phase.

. Conclusion 

Herein, we analyzed the cosegregation behaviors of Y and
n at the I2 -SF and the basal edge dislocation in Mg using
FT calculations. We also studied the modification of the
SFE curves accompanying cosegregation at the I2 -SF. Our

onclusions are summarized below. 

(1) Substituting Y and Zn in the I2 -SF in a stable order and
slightly modifying the atomic positions via vacancy dif-
fusion, we created an L12 -type cluster. The segregation
energy of Y or Zn at the nucleation of the cluster is
small and the growth rate can be limited by the desorp-
tion of the segregated atoms. During the latter stages
when the cluster has sufficiently grown ( n ≥ 7), the
segregation energy increases and the Y and Zn atoms
are captured in the I2 -SF. 

(2) The Shockley partial dislocation is a strong nucleation
site of the Y–Zn cluster. After segregation of several
atoms, the hcp stacking is destabilized (or the fcc stack-
ing is stabilized) and the partial dislocation migrates. At
this time, the cluster is sufficiently large to maintain its
growth in the I2 -SF. 

(3) The energy requirements of fcc-to-hcp stacking changes
greatly increase during the latter half stage of cluster
growth. The migration of terminating partial disloca-
tions toward the elimination of the SF are strictly pro-
hibited. 

(4) A CAL can be formed through the repeated synchro-
nized behavior of cluster nucleation at the Shockley par-
tial dislocation, dislocation motion (extension of I2 -SF),
and following of the cluster growth in the I2 -SF. 

We expect that other CAL-strengthened metallic systems
ill be found by analyzing the segregation energies of various

lements at the Shockley partial dislocation and the SFs and
y defining the processing temperature and necessary solute
oncentrations based on their interaction energies. These ma-
erials, which undergo kink strengthening, offer new avenues
or the development of Mg-alloys with both high strength and
uctility and/or high creep resistance for a range of applica-
ions. We also expect that the CAL formation along non-basal
lanes can be identified using a similar methodology as em-
loyed in this paper. 

The conventional static framework (i.e., time-independent
FT) exhibits limitations in capturing the kinetics of ther-
ally activated processes in complex phenomena. We antic-

pate that leveraging time-dependent DFT or state-of-the-art
achine learning potentials will enable the elucidation of seg-

egation dynamics with unprecedented spatiotemporal resolu-
ion in the near future. 
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ppendix 

The thin model with 1608 Mg atoms ( Fig. A1 ) was con-
tructed with a small thickness (0.55 nm along the z -axis) and
Table A1 
Segregation energies of Zn and Y in the core of a basal edge dislocation in the 

Tensile side 

Position i 1 2 3 4 
�Exi 

se g1 [eV] Zn −0.06 −0.07 −0.06 −0.0
Y 0.19 0.20 0.20 0.20

Compressive side 

Position i 8 10 11 12 
�Exi 

se g1 [eV] Zn 0.17 0.18 0.17 0.16
Y −0.11 −0.12 −0.05 −0.0

ig. A1. Atomic structure (thin model) used to analyze the first segregation posi
ere visualized as described for Fig. 2 . Positions 1–8 and positions 9–17 in th

espectively. (color online). 
 relatively large width and height (10.68 nm and 5.98 nm
long the x - and y -axes, respectively). A vacuum layer ( ∼2.3
m) was set above and below the slab. 1 × 1 × 13 k-point
eshe was employed for the thin model. As the dislocation

ore is symmetric, the substitution positions of the first seg-
egation were limited to the left half of the dislocation core
 Fig. A1 , inset). The substitution positions labeled 1 to 8 and
 to 17 existed at the tensile and compressive sides of the
dge dislocation, respectively. 

Table A1 shows the segregation energies of the Zn and
 atoms in the basal dislocation core obtained from the thin
odel. The segregation energy of the Y atom is larger at the

ensile side (positions 1 to 8) and smaller (or negative) at the
ompressive side (9 to 17). Conversely, the segregation en-
rgy of the Zn atom is larger and smaller at the compressive
nd tensile sides, respectively. Furthermore, the energies of
oth atoms are maximized and minimized in the core of the
hockley partial dislocation (2, 10, and 11) and its neighbor-

ng positions (1, 3, 9, and 12). The absolute value decreases
thin model: Positions ( i = 1 − 17) are shown in Fig. 1 a (inset). 

5 6 7 8 
5 −0.04 −0.04 −0.03 −0.03 
 0.18 0.15 0.13 0.12 

13 14 15 16 17 
 0.15 0.13 0.06 0.04 0.03 
3 −0.02 −0.01 0.01 0.02 0.02 

tion of Y and Zn at a basal edge dislocation in Mg. The crystal structures 
e inset exist at the tensile and compressive sides of the edge dislocation, 
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s the position moves to the center of the two Shockley partial
islocations (8 and 17). This trend can be explained by the
arger and smaller atomic radii of the Y and Zn atoms, respec-
ively, than of the Mg atom (0.180 nm for Y, 0.134 nm for
n, and 0.160 nm for Mg [ 42 ]), allowing natural relaxation
f the local tensile and compressive strains, respectively. The
islocation core largely increases the first segregation ener-
ies of the Y and Zn atoms to 0.20 and 0.18 eV, respectively,
rom 0.05 and 0.01 eV, respectively, at I2 -SF in the bulk-hcp
attice ( Subsection 3.1 ). Meanwhile, the occupancy of the Y
tom increases from 0.05 at I2 -SF to 0.65 under the present
onditions. The dislocation core clearly functions as the nu-
leation site of the Y–Zn clusters. At the center position of
he two Shockley partial dislocations (8 or 17), the segrega-
ion energies of the Y and Zn atoms are 0.12 eV and 0.03 eV,
espectively, confirming a non-negligible stress effect in the
F part of the basal dislocation, especially during the initial
egregation of the Y atom (additional 0.07 eV to 0.05 eV in
2 -SF). The occupancy of the 0.12-eV Y atom ( i = 8, at
he midpoint of the SF part) was obtained as 0.21, indicating
hat the stress effect quadruples the occupancy during the first
egregation. The influence of the stress effect ( ∼0.07 eV dif-
erence in segregation energy) is expected to be small during
he later stage of cluster growth ( n ≥ 7), when the segrega-
ion energy is relatively large ( Table 1 ) and the occupancy is
lmost 1 even after modification. 

The segregation energy of Y was maximized ( ∼0.20 eV)
t several positions in the tensile side of the dislocation core.
ere, we selected position 2 of the Y atom as the first seg-

egation position because it is a Shockley partial dislocation
ite and corresponds to position 9 or 9′ in the thick model
 Fig. 2 b and c). 
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