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a b s t r a c t 

Mechanical behavior of alloys is influenced by segregation of solute atoms, which affects deformation 

mechanisms, such as slip and twinning. In this study, we report on an atomic-scale investigation into 

room temperature, deformation-induced solute segregation in a Mg-Y alloy. High concentrations of Y 

were observed at the dislocation cores. In addition, we found that { 10 ̄1 2 } twins were bounded by coher- 

ent twin boundaries and basal-prismatic facets, which contained periodic segregation of Y-rich columns 

and nano-sized Y-rich clusters, respectively. The observed segregation arrangement was energetically at- 

tributed to the fact that it minimizes the overall lattice distortion and is kinetically assisted by the dy- 

namic interaction between solute atoms and crystallographic defects and the slip-twin interaction during 

plastic deformation. Moreover, segregated Y atoms exert a pinning effect and lead to anisotropy on the 

mobility of twin boundaries. This finding offers a potentially new alloy design path to control the me- 

chanical response of Mg alloys. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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The discovery of new materials to meet the ever-changing in- 

ustrial demands is often achieved through alloying. In the past 

ew decades, this effort has been extensively applied to Mg, which 

olds significant potential for lightweight structural applications. 

ecause of its hexagonal close packed crystal structure, Mg has 

nherent plastic anisotropy, typically leading to insufficient room 

emperature formability. The active slip modes in Mg are largely 

onfined to its close-packed basal planes, without easy slip systems 

o accommodate deformation in the < c > direction [1–6] . { 10 ̄1 2 }
winning can be activated to accommodate strain along < c > -axis 

ension, making it an important deformation mechanism in Mg in 

ddition to dislocation slip [7–9] . It has been well documented that 

he addition of alloying elements, particularly dilute concentrations 

f rare earth elements, such as Y [10–15] or Ce [ 16 , 17 ], can dramat-

cally weaken the crystallographic texture and simultaneously im- 

rove the formability and strength of Mg. Such an effect has been 

ttributed to the influence of solute atoms on the flow stresses 

nd relative activities of different slip and twinning modes. Elu- 

idating the fundamental mechanisms by which alloying elements 
∗ Corresponding author: University of California, Irvine, 544 Engineer Tower, 
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ffect slip and twinning is critical for the design of new advanced 

g alloys. 

One important question concerns the spatial distribution of al- 

oying elements. Most studies modeling solute strengthening in 

g include assumptions that the alloying addition stay in solu- 

ion and are randomly distributed in dilute alloys without con- 

idering the potential for rearrangement during plastic deforma- 

ion [18–20] , although the diffusion of solute atoms to the elastic 

train field of dislocations, a phenomenon known as strain aging, 

as been reported in a wide range of material systems [21–23] . 

esides dislocations, high-angle annular dark-field scanning trans- 

ission electron microscopy (HAADF-STEM) results have demon- 

trated that solute atoms, e.g., Gd, Ag, Zn and Al, can segregate on 

oherent twin boundaries (CTBs) in Mg alloys after annealing [24–

8] . Such segregation increases the thermal stability and hinders 

he motion of CTBs [ 24 , 27 ]. However, compared to solute segrega-

ion observed after annealing, deformation-induced TB segregation 

t room temperature [29] and its impact on the mechanical behav- 

or and microstructural evolution of Mg alloys have not been ex- 

lored. Moreover, both experimental [30–32] and simulation [31–

6] studies have demonstrated the potential importance of basal- 

rismatic (BP) facets on { 10 ̄1 2 } twin boundaries (TBs) during twin 

rowth; however, segregation of solute atoms to such facets and 

ts impact on the energetics associated with { 10 ̄1 2 } TB migration 

https://doi.org/10.1016/j.scriptamat.2021.114375
http://www.ScienceDirect.com
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ave not been investigated. To address this lack of understanding, 

e report on the segregation of solute atoms to dislocations and 

aceted { 10 ̄1 2 } TBs, composed of CTBs and BP facets, in a Mg-Y bi- 

ary alloy that has been deformed at room temperature without 

ubsequent annealing. High-resolution STEM and atomistic mod- 

ling were combined to investigate the distribution and pinning 

ffects of segregated Y atoms, shedding light on a mechanism by 

hich alloying affect the subsequent mechanical behavior of Mg. 

The starting material is a pre-rolled and fully recrystallized 

ingle-phase Mg-3 wt.% Y (Mg-3Y) alloy, provided by Helmholtz- 

entrum Geetchacht, Germany. The alloys were cast with high- 

urity Mg and pure Y, as described in previous studies using sim- 

lar materials [ 37 , 38 ]. The sample was sectioned into 4 × 4 × 6

m cuboids and quasi-statically compressed at room tempera- 

ure along the rolling direction (RD) to ∼2% plastic strain. Energy 

ispersive X-ray spectroscopy (EDS) and electron backscattered 

iffraction (EBSD) were performed using a Tescan GAIA3 scan- 

ing electron microscope, equipped with an Oxford AZtecEnergy 

dvanced EDS System and an AztecHKL NordlysMax2 EBSD sys- 

em. EDS of the starting material (Fig. S1(a)) estimates the weight 

ercent of Y is approximately 3 wt.%, which is consistent with 

ts nominal composition. EBSD maps show the starting material 

 Fig. 1 (a)) has equiaxed grains with an average size of ∼26 μm 
ig. 1. Grain orientation maps of the Mg-3Y sample (a) before compression and (b) after ∼
DF-STEM image of a { 10 ̄1 2 } twin boundary. Inset is the corresponding fast Fourier transf

f the same region as (a) showing the segregation of Y at the twin boundary. 

2 
nd is free of twins, while profuse newly formed lenticular-shaped 

 10 ̄1 2 } twins were observed after compression ( Fig. 1 (b)), with a 

win area fraction of ∼9.2%. To prepare specimens for STEM ob- 

ervation, the compressed Mg-3Y was sectioned parallel to the 

D, mechanically-polished and chemically-etched by a Nital solu- 

ion. The thin foils were ion milled to electron transparency at 

ryogenic temperature. A double aberration-corrected JEOL JEM- 

RM300F TEM operated at 300 kV was used for microstructure 

nd chemical analyses. For HAADF-STEM imaging, a 35 pA probe 

urrent and 6 cm camera length were used, with the inner and 

uter collection angles being 106 and 180 mrad, respectively. 

Fig. S1(b) shows a representative HAADF-STEM image of the un- 

eformed Mg-3Y sample. No Y-rich nanoclusters exist in the start- 

ng material. Fig. 1 (c) shows an annular dark field (ADF)-STEM im- 

ge of a representative TB in the deformed Mg-3Y. The inset in 

he figure is the corresponding fast Fourier transform image show- 

ng the { 10 ̄1 2 } twin-matrix orientation relationship. The STEM-EDS 

ap using K lines signals of Mg and Y ( Fig. 1 (d)) for the same re-

ion as Fig. 1 (c) shows the enrichment of Y along the { 10 ̄1 2 } TB. 
Atomic-resolution HAADF-STEM images in Fig. 2 show the de- 

ailed microstructure of deformation-induced Y segregation in Mg- 

Y at dislocations and along { 10 ̄1 2 } TBs. Fig. 2 (a) along a < 1 ̄2 10 > 

one axis shows a low-angle tilt boundary formed by an array 
2% plastic compressive strain, at room temperature, along the rolling direction. (c) 

orm image showing the { 10 ̄1 2 } twin-matrix orientation relationship. (d) STEM-EDS 



X. Wang, Y. Hu, K. Yu et al. Scripta Materialia 209 (2022) 114375 

Fig. 2. Y segregation at atomic resolution in the Mg-3Y after deformation at room temperature. (a) HAADF-STEM image of Y segregation at the tensile regions of < a > -type 

dislocation cores along a low-angle prismatic tilt boundary. (b) STEM-EDS of the same region as (a). (c) HAADF-STEM image of Y segregation at a { 10 ̄1 2 } coherent twin 

boundary segment. The schematic image in (d) shows the atomic positions of Y-rich columns on the tensile sites along the { 10 ̄1 2 } coherent twin boundary. (e) HAADF-STEM 

image showing Y-rich clusters formed at a faceted { 10 ̄1 2 } twin boundary containing basal-prismatic facets. (f) Size distribution of Y-rich clusters on basal-prismatic facets. 
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f dislocations. The Burgers circuit for these dislocations yields a 

urgers vector that appears to be 1/2 < 10 ̄1 0 > which is most likely 

he projection of 1/3 < 11 ̄2 0 > , the Burgers vector of the most com-

on basal dislocations in Mg alloys [1–6] . Less than 10 layers of 

righter atomic columns are observed on the side of basal dislo- 

ation cores that experience tensile strain, suggesting the segre- 

ation of a heavier element, i.e., Y, at the dislocation cores. The 

TEM-EDS map in Fig. 2 (b) confirms Y segregation at the disloca- 

ion cores. While basal dislocations are shown here, we note that 

 segregation may occur near other dislocations as well, includ- 

ng those whose Burgers vectors contain a < c > component. Diffu- 

ion of Y atoms with larger metallic radius than Mg [39] towards 
3 
islocations is thermodynamically driven by the volume misfit of 

he Y atoms and stress field created by the dislocations. This phe- 

omenon is expected to hinder the motion of dislocations, which 

ould influence the strength and texture evolution in Mg alloys. 

High-resolution STEM analysis shows that the { 10 ̄1 2 } TBs in the 
D compressed Mg-3Y often have serrated morphologies, contain- 

ng both CTB segments and BP facets. Fig. 2 (c) shows a typical 

 10 ̄1 2 } CTB, with a single layer of alternating brighter and darker 

olumns. The brighter columns along the { 10 ̄1 2 } CTB, which are Y- 

ich, are located on the sites with larger volumes than that in the 

erfect Mg crystal, while darker columns are at the adjacent sites 

ith smaller volumes, as schematically illustrated in the figure in 
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Fig. 3. (a) The atomic structure of the faceted twin boundary. Basal planes on both sides of the faceted twin boundary are marked using black dashed lines. (b) The 

distribution of Y segregation energy at sites near the interface, and (c) the distribution of atomic hydrostatic stress for the same region. In (b) and (c), the coherent twin 

boundaries and the basal-prismatic facet are marked using black dashed lines. 

F

p

o

i

[

{
(

c

r

a

r  

n

f

f

t

g

T

A

[

b  

s  

a

t

a

t

a

f

p  

w

�

�

w  

a  

t  

M  

p

d

d

r

i

s

a

w

T

i

g

d

a

r

c

f

d

t

(  

o

(  

0

m

Y  

s

W

b

l

i

s

a

b  

l

[

p

s

g

s

t

o

m

m

i

t  

s

s

t

ig. 2 (d). Although such segregation has not been previously re- 

orted in Mg alloys deformed at room temperature, the presence 

f periodic Y segregation patterns along CTBs in the current study 

s consistent with that reported in deformed and annealed Mg-Gd 

24] , Mg-Zn [24] , and Mg-Ag [28] alloys. Moreover, along a serrated 

 10 ̄1 2 } TB shown in Fig. 2 (e) that contains { 10 ̄1 2 } CTB segments 

marked by red lines) and BP facets (marked by blue lines), Y-rich 

lusters were observed on the BP facets. The diameters of the Y- 

ich clusters on BP facets were measured from HAADF-STEM im- 

ges taken along the < 11 ̄2 0 > zone axis. The sizes of these clusters 

ange from less than 1 nm to ∼4 nm, with an average size of 2

m. Compared to segregation of solute atoms to CTBs, there are far 

ewer reports about segregation and clustering on BP facets. In the 

ollowing, we assess the segregation tendency of a single Y atom 

o lattice sites near the BP facet with molecular statics and investi- 

ate the importance of this phenomenon on migration of a faceted 

B using molecular dynamics (MD) simulation. 

Atomistic simulations were conducted using the Large-scale 

tomic/Molecular Massively Parallel Simulator (LAMMPS) package 

40] and an embedded-atom method (EAM) potential developed 

y Sheng et al. [41] . An atomic snapshot of the simulation cell is

hown in Fig. S2(d). A faceted TB with the length of a BP facet of

pproximately 1.63 nm was formed in the box, which is close to 

he experimental average of 2 nm (detailed information for gener- 

ting the interface can be found in Section S2). To initiate TB mo- 

ion, constant shear strain was applied globally by displacing all 

toms in the simulation cell. Additional simulation details can be 

ound in Section S3. An enlarged view of the faceted boundary is 

resented in Fig. 3 (a). One Mg atom in the vicinity of the BP facet

as replaced by one Y atom at a time, and the segregation energy, 

E seg , was calculated as Eq 1 : 

E seg = ( E T win ( M g n −1 Y 1 ) − E T win ( M g n ) ) − 1 

· ( E Bulk ( M g n −1 Y 1 ) − E Bulk ( M g n ) ) (1) 

here E Twin (Mg n-1 Y 1 ) is the energy of a cell with the faceted TB

nd one segregated Y atom, E Twin (Mg n ) is the energy of a cell with

he faceted TB and without Y atoms, E Bulk (Mg n-1 Y 1 ) is the energy of

g single crystal with one Y atom, and E Bulk (Mg n ) is the energy of

ure Mg single crystal. A negative value of segregation energy in- 

icates a preference for segregation, while a positive value predicts 

epletion. A comparison of our calculated segregation energy with 

eported density functional theory (DFT) calculations can be found 

n Section S4. According to Fig. 3 (b), lattice sites that have the 

trongest preference for Y segregation are periodically patterned 
4 
long the CTBs and clustered adjacent to the BP facet, which agrees 

ell with our HAADF-STEM results in Fig. 2 (c and e). 

To understand the origin of Y segregation on faceted { 10 ̄1 2 } 
Bs, the atomic hydrostatic stress of the same region is presented 

n Fig. 3 (c). The magnitude of hydrostatic stress measures the de- 

ree of lattice distortion, with positive values indicating sites un- 

er tension. Obvious correlations between Fig. 3 (b) and Fig. 3 (c) 

re found: (1) the alternating sites on the CTBs that prefer Y seg- 

egation and depletion match exactly with those under tension and 

ompression, respectively, and (2) a collection of sites near the BP 

acet that exhibit preference for Y segregation are also sites un- 

er apparent tension. These sites are under tension due to the lat- 

ice mismatch because the repeating unit of the basal lattice in Mg 

 

√ 

3 a , where a is the < 11 ̄2 0 > lattice parameter of Mg, with a value

f 0.320 nm [42] ) is slightly larger than that of the prismatic lattice 

 c , where c is the < 0 0 01 > lattice parameter of Mg, with a value of

.520 nm [42] ). Therefore, at a BP facet, the prismatic lattice re- 

ains under tension to match the basal lattice. Since the radius of 

 (1.8 Å) is larger than that of Mg (1.6 Å) [39] , the occupation of

ites under tension by Y atoms can reduce the lattice distortion. 

e acknowledge that additional defects, such as dislocations, can 

e nucleated to relax the local stress along a BP facet, which may 

ead to different structures of Y segregation, but this is not explic- 

tly treated here. 

For Y to segregate to TBs, a sufficient mobility of the dopant 

pecies is necessary. The lattice diffusion coefficient for Y in Mg 

t room temperature is on the order of 10 −28 m 
2 /s, as calculated 

y D = D 0 exp(-Q/RT), where R is the gas constant, T is the abso-

ute temperature, and D 0 = 8 × 10 −6 m 
2 /s and Q = 126.7 kJ/mol 

43] . In view of the low diffusivity, solute diffusion at room tem- 

erature could be enhanced by the dynamic interaction between 

olute atoms and crystallographic defects, i.e., TBs and dislocations, 

enerated during deformation. As predicted by our simulation re- 

ults, Y segregation at the extension sites along CTBs and adjacent 

o the BP facets is energetically favorable. Similarly, the strain field 

f dislocation cores could drive Y segregation to dislocations. The 

oving TBs and the gliding dislocations may act as sinks that accu- 

ulate and carry the solute atoms. When a basal < a > dislocation 

nteracts with a {10-12} twin boundary, it will lead to the forma- 

ion of a BP facet [ 36 , 44 ] and, at the same time, could transport

olute atoms to the BP facet along the twin boundary. This is con- 

istent with the STEM observation of Y enrichment at BP facets. 

Recent studies have paid attention to the role of BP facets on 

he migration of { 10 ̄1 2 } TBs [31–36] . However, it is unclear how 
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Fig. 4. (a) A schematic of the simulation cell used for shear-driven migration of the faceted twin boundary. Atoms colored in dark blue are fixed during simulation, while 

atoms in the mobile region are colored according to their lattice orientation. The green arrow on the top shows the direction of the positive shear strain. The rectangle 

shown by the black dashed line marks the part of the boundary used to calculate the average boundary position. (b) Boundary position versus time for pure Mg and Mg-Y 

alloys deformed at ±8% shear strain. (c) Local atomic structure of the basal-prismatic facet from 0 to 2 ps for Mg-Y alloys deformed at ±8% shear strain, and pure Mg 

deformed at 8% shear strain. Black arrows show the individual twinning dislocations formed from the basal-prismatic facet. (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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egregation of solute atoms at BP facets affects TB mobility. For 

his purpose, the migration of faceted TBs with and without the 

resence of Y atoms was compared using MD simulations. To rep- 

esent the segregation phenomenon observed experimentally, mul- 

iple Y atoms were introduced into the simulation cell on lattice 

ites with larger volumes, which are the expanded sites on the 

TBs and sites adjacent to the BP facet (see Section S5). A Y-rich 

luster ∼2.5 nm in diameter was created at the BP facet, as shown 

n the schematic in Fig. 4 (a). The boundary position under con- 

tant applied shear strain is plotted against time in Fig. 4 (b). With 

he same shear strain, the faceted TB in Mg-Y moves slower than 

hat in pure Mg, which can be attributed to a solute drag effect of 

 atoms and clusters on the CTBs and BP facet. The segregated Y 
5 
toms retard the motion of the faceted TB under both positive and 

egative shear strain, corresponding to more difficult twinning and 

etwinning and enhanced twinning-related hardening. 

Moreover, unlike those for pure Mg, curves for the same 

mount of positive and negative shear strain are not symmetric 

bout the initial position for Mg-Y, signaling that Y atoms lead 

o an anisotropy in boundary mobility. Fig. 4 (c) shows the evolu- 

ion of atomic structure around the BP facet in pure Mg and Mg- 

. Under -8% strain, although the CTBs start to become defected, 

he faceted TB in Mg-Y does not move during the simulation time. 

n contrast, under + 8% strain, the TB unpins at the BP facet from 

he Y-rich cluster and starts to migrate downwards. For the down- 

ard migration, a minimum shear strain to unpin the TB from Y 
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olutes is ∼6%, corresponding to a stress barrier ∼1.43 GPa. In pure 

g, however, the BP facet is unstable and prefers to dissociate into 

hree easy-glide twinning dislocations, a type of interfacial dislo- 

ation with both a dislocation character and a step height, which 

ay explain why more highly serrated { 10 ̄1 2 } TBs are experimen- 

ally observed in Mg-Y alloys than those in pure Mg. These disso- 

iated steps move and migrate quickly. Therefore, the segregated Y 

toms on faceted TBs are expected to alter twinning-related hard- 

ning and plastic anisotropy, which affect the mechanical behavior 

nd microstructural evolution of Mg alloys. 

In summary, deformation-induced segregation of Y was ob- 

erved in a Mg-Y solid solution alloy after deformation at room 

emperature, without subsequent annealing. Atomic resolution 

AADF-STEM images show Y-rich columns at lattice dislocation 

ores, on the sites under tension along { 10 ̄1 2 } CTBs, and clustered 
djacent to BP facets. Atomistic simulations indicate that Y segre- 

ation on CTBs and BP facets is mainly driven by the local lattice 

istortion. Such Y segregation and clustering can hinder TB motion 

nd lead to anisotropic mobility of faceted TBs, which will affect 

winning-related hardening and plastic anisotropy. Our results sug- 

est that the mechanical behavior and microstructural evolution in 

g alloys can be strongly affected by deformation-induced solute 

egregation. 
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