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Abstract 

Low-alloyed magnesium (Mg) alloys have emerged as one of the most promising candidates for lightweight materials. However, their 
further application potential has been hampered by limitations such as low strength, poor plasticity at room temperature, and unsatisfactory 
formability. To address these challenges, grain refinement and grain structure control have been identified as crucial factors to achieving high 
performance in low-alloyed Mg alloys. An effective way for regulating grain structure is through grain boundary (GB) segregation. This 
review presents a comprehensive summary of the distribution criteria of segregated atoms and the effects of solute segregation on grain size 
and growth in Mg alloys. The analysis encompasses both single element segregation and multi-element co-segregation behavior, considering 
coherent interfaces and incoherent interfaces. Furthermore, we introduce the high mechanical performance low-alloyed wrought Mg alloys that 
utilize GB segregation and analyze the potential impact mechanisms through which GB segregation influences materials properties. Drawing 
upon these studies, we propose strategies for the design of high mechanical performance Mg alloys with desirable properties, including 
high strength, excellent ductility, and good formability, achieved through the implementation of GB segregation. The findings of this review 

contribute to advancing the understanding of grain boundary engineering in Mg alloys and provide valuable insights for future alloy design 
and optimization. 
© 2024 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-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Low-alloyed magnesium (Mg) alloys have emerged as one
f the most promising candidates for high-performance Mg al-
oys due to their lower density and cost as compared to other
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aterials [1–4] . The addition of low-content alloying elements
 ≤ 5 wt%) in these alloys can offer advantages such as avoid-
nce of large eutectic phases and reduced thermal processing
emperature, facilitating large-scale production and contribut-
ng to energy-saving and emission reduction [5–9] . However,
he hexagonal close-packed structure of Mg alloys presents
hallenges such as low plasticity and poor formability at room
emperature (RT) [10–12] . Moreover, low-alloyed Mg alloys
ace greater challenges in achieving high absolute strength
nd thermal stability compared with high-alloyed Mg alloys. 

Extensive research efforts have been dedicated to devel-
ping high mechanical performance low-alloyed Mg alloys
 5 , 13–16 ]. Certain common characteristics and rules can be
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ummarized through a review of the literature. Firstly, un-
ike common high-strength Mg-Gd/Y alloys via high alloy-
ng, achieving high strength in low-alloyed Mg alloys cannot
ely solely on precipitation strengthening. The precipitation
trengthening increment in Mg-Gd/Y alloys can reach as high
s 143 MPa [ 17 , 18 ], while the strengthening effect resulting
rom precipitation is generally challenging to exceed 50 MPa
n the Mg alloys with relatively low alloying content. For ex-
mple, Bian et al. [19] improved the yield strength (YS) of
g-1.3Al-0.8Zn-0.7Mn-0.5Ca (wt%) alloy from 177 MPa to

38 MPa by a 170 °C bake-hardening treatment, and the
ake hardenability of this alloy is only about 40 MPa. How-
ver, there are some exceptions, such as Mn-containing Mg
lloys that exhibit relatively high precipitation strengthening
ffects due to the dispersed distribution of refractory particles
5] . Nonetheless, this approach is limited by strict alloying
equirements and harsh processing techniques. 

Secondly, introducing fine-grained (about 5 μm and below)
r heterogeneous-grained structure (such as bimodal structure
nd gradient structure) is one of the key factors in obtaining
igh mechanical performance low-alloyed Mg alloys [ 11 , 20–
7 ]. Mg alloys exhibit more significant fine-grained strength-
ning effects as compared to Al alloys, mainly due to their
igher k values (Hall-Petch slope) [ 28 , 29 ]. For instance, the k
alue of pure Mg (average grain size: ≥ 2 μm) is 280 ∼300
Pa μm1/2 [ 30 , 31 ], while that of pure Al (average grain size:
1 μm) is 25 ∼70 MPa μm1/2 [32] . This strong fine-grain

trengthening effect provides the opportunities for the design
f high-strength low-alloyed Mg alloys. Additionally, the in-
roduction of some special-grained structure (such as bimodal
rain structure) has shown potential for simultaneously im-
roving the strength and ductility in Mg alloys [ 23 , 33 ]. For
xample, previous studies by Wang and colleagues have suc-
essfully implemented bimodal grain structure into several
g alloys (such as AZ91 and Mg-8Al-2Sn-1Zn (wt%) alloys)

y hard plate rolling, resulting in excellent strength-ductility
ombination [34–37] . 

Lastly, dislocations not only contribute to strengthening
ffect, but also play a role in plastic deformation of Mg al-
oys. The strengthening increment caused by dislocations ( σ d )
ould be proportional to the principal square root of the dis-

ocation density ( ρ) [38] : 

d = MαGb
√ 

ρ (1)

here M is the Taylor factor, α is a constant (0.2), G is the
hear modulus of Mg (about 16.8 GPa), and b is the Burgers
ector of the gliding (about 0.32 nm). Dislocation strength-
ning is a crucial method for enhancing the strength of low-
lloyed Mg alloys. Pan et al. [5] prepared a high-strength
ow-alloy Mg-1.0Ca-1.0Al-0.2Zn-0.1Mn (wt%) alloy through
ow-speed hot extrusion, where the strengthening increment
aused by dislocations is about 115 MPa. However, an exces-
ive dislocation density would lead to the dramatic reduction
n plasticity at RT emphasizing the importance of appropriate
islocation configuration for the design of high mechanical
erformance Mg alloys suitable for engineering applications. 
It is evident that if both dislocation configuration and grain
tructure can be controlled simultaneously, high mechanical
erformance Mg alloys have the opportunity to be designed.
rain boundary (GB) segregation has garnered significant at-

ention in recent years as an effective strategy for regulating
icrostructures of low-alloyed Mg alloys [39] . However, stud-

es on solute segregation have primarily focused on nano-scale
tructural characterization (such as distribution of segregated
toms) [ 40 , 41 ], with limited connection to microstructures and
acroscopic mechanical properties. In this work, we not only

ummarize the distribution criteria of segregated atoms but
lso examine the effects of solute segregation on the grain
ize and growth of Mg alloys. The analysis encompasses both
ingle element segregation and multi-element co-segregation
ehavior, considering at coherent interfaces and incoherent in-
erfaces. Moreover, we propose strategies for designing high
echanical performance Mg alloys with superior properties,

ncluding high strength, excellent ductility, and good forma-
ility, through GB segregation. The review aims to provide
aluable guidance for the design of high mechanical perfor-
ance low-alloyed Mg alloys. 

. Interface segregation behavior of Mg alloys 

.1. Segregation sites and segregation level 

Solute segregation mainly occurs in GBs and fully coher-
nt twin boundaries (TBs) [40–43] . At present, many elements
such as Ag, Al, Bi, Ca, Mn, Zn) have been proven to ex-
ibit certain segregation effects in Mg alloys under specific
ondition. The segregation sites of solute element is closely
elated to the radius of the atoms [ 44 , 45 ]. The atomic radius
f Mg is about 1.6 Å. Fig. 1 shows the atomic radius mis-
atch values between common alloying atoms and Mg atom

2] . The Ag, Al, Be, Cd, Ga, Ge, Li, Mn, Sb, Si, Sn, Ti,
nd Zn atoms show smaller atomic radius than Mg atom ra-
ius, while the Ca, Pb, In, Tl, and rare earth (RE, such as
e, Dy, Er, Gd, Ho, Lu, Nd, Sc, Sm, Y, Yb) atoms have

arger atomic radius than Mg atom radius. If the radius of the
egregated atom is greater/less than that of Mg, it is called
 “large’’/“small’’ atom. The “large’’ atoms tend to occupy
he “extension position’’, while the “small’’ atoms tend to
ccupy the “contraction position’’. For example, Xiao et al.
46–48] have reported the interface segregation behavior of

g-Ag alloy. As a conventional rule, Ag, as a “small’’ atom,
s more likely to occupy the contraction position of the local
train field. Wang et al. [49] found that Y atoms (“large’’
tom) segregate to the extension sites at {10–12} coherent
winning boundary (TB) segment. 

Of course, there are also unusual phenomena in some Mg
lloys. For example, He et al. [40] reported an unusual solute
egregation phenomenon in the Mg-0.4Bi (at%) alloy ( Fig. 2 ).
he Bi atoms with a larger radius (1.7 Å) unexpectedly seg-

egate to compression sites of {10–11} fully coherent TBs in-
tead of the extension or compression sites of {10–12} fully
oherent TBs. This segregation is not dominated by tradi-
ional elastic strain minimization but by chemical bonding (in-
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Fig. 1. The atomic radius mismatch values between alloying atoms and Mg atom [2] . 

Fig. 2. (a) Periodic segregation of Bi atoms in{10–11} coherent TB. (b,c) (11–20) plane contour maps of DECD of Bi atoms segregated in {10–11} CTB 

[40] . (Reprinted from Nat. Commun. 12, Unusual solute segregation phenomenon in coherent twin boundaries, 722, Copyright 2022, open access.) 
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luding coordination and solute electronic configuration). As
hown in Fig. 2 (b,c), the contour maps of differential electron
harge density (DECD) indicate that more valence electrons
ould be trapped when Bi segregate to the compression site.
Calculating the cohesive energy ( Ecoh ) and segregation en-

rgy ( Eseg ) of the interface is a more direct means to evaluate
he segregation tendency. In terms of twinning, Ecoh , which
s used to evaluate the stability of TBs, can be calculated as
 44 , 49 , 50 ]: 

coh =
[ 
ET B (Mgn−m 

Xm 

) − (n − m) EMg 
atom 

− mEX 
atom 

] 
(2) 

here ETB 

(Mgn-m 

Xm 

) is the total energy of a cell with the
aceted TB and m segregated X atoms, Eatom 

Mg and Eatom 

X 

re the energies of isolated Mg and solute atom X. A negative
alue of Ecoh is more conducive to the stability of TB segre-
ation. Eseg , which is defined as the reduction in total system
nergy when solute atoms segregate to TB, can be calculated
s [ 44 , 50–52 ]: 

seg = 

{
[ET B (MgN−m 

Xm 

) − ET B (MgN )] 

− m[Ematrix (MgM−1 X ) − Ematrix (MgM 

)]
}
/m (3) 
here ETB 

(MgN 

) is the total energy of a pure Mg super-cell
ontaining TB, Ematrix (MgM-1 X) is the total energy of a TB-
ree cell with (M-1) Mg atoms and 1 segregated atom, and
matrix (MgM 

) is the energy of a pure Mg super-cell with M Mg
toms. Ju et al. [53] analyzed the Ecoh and TB Eseg for var-
ous alloying elements in Mg, and found that Eseg decreases
pproximately linearly as the atomic size difference between
g atom and solute atoms increases ( Fig. 3 a,b), while solute

toms with higher electronegativity than Mg tend to occupy
ompression positions ( Fig. 3 c). Taking all factors into con-
ideration, the segregated atoms with smaller atomic radius
han Pb (1.75 Å) tend to occupy the compression sites, while
olute atoms with larger atomic radius than Pb tend to segre-
ate at the extension sites. 

Compared with single element segregation, multi-
omponent segregation system is a more extensive and com-
on system. Mg-Ca-Zn alloys [ 54 , 55 ], Mg-Mn-Nd alloys

 41 , 56 ], Mg-RE-Zn alloys [ 57 , 58 ] and Mg-RE-Ag alloys [59–
1] are the common ternary alloy systems with higher seg-
egation level. These segregation systems are all systems in
hich “large’’ atoms and “small’’ atoms exist at the same

ime, and the atomic arrangement is often more complex. Still
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Fig. 3. Relationships between the atomic radius and (a) Eseg of {10–12} TB or (b) Eseg of {10–11} TB. (c) Relationship between the electronegativity of 
alloying elements and Eseg of {10–12} TB [53] . (Reprinted from J. Mater. Res. Technol. 24, First-principles study on the segregation behavior of solute atoms 
at {10–12} and {10–11} twin boundaries of Mg, 8563, Copyright 2023, open access.) 

Fig. 4. Alternating distribution of Nd and Ag columns in a (10–12) TB [59] . Atomic-resolution (a-e) [−12–10] and (f-j) [−1011] HAADF-STEM image and 
corresponding atomic-resolution EDS maps. Dashed circles in (b-e) indicate extension sites. (k) Schematic diagram showing arrangement of Nd and Ag atoms 
within a (10–12) TB. Blue and red arrows indicate [−12–10] and [−1011] directions, respectively. Segregation layer viewed along (l) [−12–10] and (m) 
[−1011]. Simulated (n) [−12–10] and (o) [−1011] HAADF-STEM images, respectively. (Reprinted from Nat. Commun. 10, Direct observation and impact 
of co-segregated atoms in magnesium having multiple alloying elements, 3243, Copyright 2019, open access.) 
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aking coherent TBs as an example, Zhao et al. [59] directly
bserved the alternating distribution of Nd and Ag atoms
n the TBs of the Mg-2.10Nd-3.01Ag-0.34Zr (wt%) alloys
 Fig. 4 ). Nd atoms, as the “large’’ atom, occupy the exten-
ion sites, while Ag atoms segregate to extension sites as
he the “small’’ atom. Nie et al. [44] also reported an un-
sual segregation mode in {10–12} TB of Mg-Gd-Zn alloy,
nd found that Zn atoms would occupy the compressed sites
t the {10–12} TB in the Mg-Zn binary alloy, while both
n and Gd atoms would segregate to the extension sites of

he {10–12} TB in the Mg-Gd-Zn alloy ( Fig. 5 ). In addi-
ion, the calculation method for the segregation energy of TB
o-segregation of multiple elements was proposed to more
ccurate assessment of segregation locations [44] , and the re-
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Fig. 5. HAADF-STEM images and schematic illustrations showing {10–12} TBs in the (a–c) Mg-1.9Zn (at%) alloy and (d–f) Mg-1.0Gd-0.4Zn-0.2Zr (at%) 
alloy [44] . (Reprinted from Science 340, Periodic segregation of solute atoms in fully coherent twin boundaries, 958, Copyright 2013, open access). 
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Fig. 6. Atomic-scale HAADF-STEM images showing segregation of solutes 
in four types of linear tilt GBs viewed along the < 11–20 > tilt axis [62] . (a) 
Asymmetric tilt GBs-type 1 (tilt angles θ1 = 51 ° and θ2 = 79 °); (b) asym- 
metric tilt GBs-type 2 (tilt angles θ1 = 116 ° and θ2 = 17 °); (c) symmetric 
tilt GBs-type 3 (tilt angles θ1 = 20.5 ° and θ2 = 20 °); (d) symmetric tilt 
GBs-type 4 (tilt angles θ1 = 51 ° and θ2 = 49 °). (Reprinted from Nano 
Lett. 21, Nonsymmetrical segregation of solutes in periodic misfit disloca- 
tions separated tilt grain boundaries, 2870, Copyright 2021 form American 
Chemical Society). 

i  

(  

a  
uction in the total energy per unit TB area ( EA 

) and per unit
olume of the super-cell ( EV 

) can be calculated as: 

A = CT B 
sol × n × Eseg 

a × b 

(4) 

V = CT B 
sol × n × Eseg 

a × b × c 
= EA 

c 
(5) 

here a, b, c are the dimensions of super-cell, and n is the
umber of atoms in specific column. 

The TBs belong to coherent interfaces, the segregation
ites of solute atoms are generally relatively simple, while
he segregation behavior of atoms at the GBs is often more
omplex and unpredictable. Xie et al. [62] reported the non-
ymmetrical segregation of solutes in periodic misfit dislo-
ations separated tilt GBs in the Mg-2Nd-1Mn (wt%) alloy,
nd confirmed that elastic strain minimization promotes non-
ymmetrical segregation of solutes in four types of linear tilt
Bs to generate ordered interfacial superstructures ( Fig. 6 ).
his also indicates that the periodic distribution of interface
egregation is not limited to highly symmetrical coherent in-
erfaces (such as TBs), but widely exists in various types of
Bs. It is worth noting that the complex GBs structure corre-

ponds to a variety of segregation types, which also suggests
he more possibility of increasing the level of GB segregation
ompared to TB segregation. In addition, the segregation lev-
ls of high-angle GBs are often different [ 63 , 64 ]. Zhao et al.
64] observed the different high-angle GBs have different GB
egregation levels. Therefore, the determination of GB segre-
ation level requires counting multiple GBs to give statistical
esults [ 65 , 66 ]. 

Currently, studies have confirmed that multiple co-
egregation on GBs can effectively improve the segregation
evel. Zeng et al. [54] compared the GB segregation behav-
or of cold-rolled Mg-0.3Zn-0.1Ca, Mg-0.4Zn and Mg-0.1Ca
at%) alloys, and found that the co-segregation effect of Zn
nd Ca is significantly better than that of single element segre-
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ation. In addition, the ternary co-segregation phenomenon in
g alloys has also been reported from time to time. Pei et al.

67] analyzed the co-segregation phenomenon of Mg-3Al-
Zn-0.4Mn-0.3Ca (wt%, AZMX3100) alloys with or without
olution treatment before rolling. The AZMX3100 alloy with-
ut solution treatment exhibits stronger Al, Ca, and Zn GB co-
egregation. From an energy perspective, the co-segregation
f the “small’’ atoms of Al and Zn and the “large’’ atoms of
a (the large and small atoms are relative to the Mg atom)
ould be more effective in limiting grain growth than the

egregation of the atoms alone, because it helps to greatly
educe GB energy and reduce the fluidity of GBs. Our study
lso found a co-segregation of Zn, Ca and Sm, and the segre-
ation effect is significantly stronger than the co-segregation
f Zn and Ca [68] . This is related to the elastic strain mini-
ization caused by size mismatch between solute atoms and
g atoms. On the one hand, due to the complexity of ele-
ental components and GB structures, it is very difficult to

irectly observe the segregation behavior/sites of GBs. The
omparison of these GB segregation levels generally relies
n the 3D-APT and TEM-EDS results [ 69–71 , 56 , 72 ]. On the
ther hand, it is precisely the complex structure of GBs that
rovides more possibilities for increasing the level of GB seg-
egation. 

Based on GB equilibrium model, several researchers have
evoted great efforts to evaluate GB segregation behavior via
sing molecular dynamics (MD) simulations or density func-
ional theory (DFT) [ 73–76 , 39 , 77 ]. Langmuir-McLean segre-
ation isotherm is a common model for studying single el-
ment segregation, and the relevant equation is as follows
78–82] : 

i 
GB =

ci 
0 exp

(
Eseg 

kB T 

)

1 − ci 
0 + ci 

0 exp
(

Eseg 

kB T 

) (6) 

here ci 
GB 

is the GB-riched equilibrium concentration, kB 

is
he Boltzmann constant, and ci 

0 is the initial concentration of
egregated element in the bulk matrix. Based on the model,
oju et al. [78] revealed the segregation level and free energy
f Mg GB segregation in Al-Mg alloys by MD, and also
bserved a tendency for forming clusters in high-angle GBs,
ndicating a more complex and peculiar segregation feature of
Bs. Guttmann and McLean proposed [83–85] the Guttmann
odel of GB segregation for multi-component systems, and

erived the following segregation equation: 

ci 
GB 

c1 
GB 

= ci 
0 

c1 
0 

exp

⎛ 

⎜ ⎝ 

−
Eseg(i→ 1) , 0 − 2α1 

ii c
i 
GB +

∑ 

j =2...N; j � =1 
α2 

i j c
j 
GB 

RT 

⎞ 

⎟ ⎠ 

(7) 

here αii 
1 is the interaction between the 1-st and i th ele-

ents, and αij 
2 denotes the relative interaction between i th

nd j -th elements. If these two interaction constant is 0, the
q. (7) could be transformed into Eq. (6) . 

A classic example where GB segregation of two solutes
an enhance each other is the segregation behavior of Ni and
b in Fe ( bcc ). Gutmann et al. [86–88] quantitatively ex-
lained that this segregation behavior is the result of attractive
nteractions between Ni and Sb atoms. However, the conclu-
ion is challenged by an experimental phenomenon, i.e., the
arieties of Sb concentration cannot affect Ni segregation [89–
2] . Relevant research ultimately proved that this is mainly
ue to the site competition between the trace impurities C and
i in the material. This also once again verified the Gutmann
odel. These studies provide a reference for understanding

he segregation behavior of multi-component alloys in Mg al-
oys, indicating that GB segregation of multi-component Mg
lloys needs to consider a variety of factors, including but not
imited to the following points. (a) Segregation tendency of
olute atoms. As mentioned before, size effect and electroneg-
tivity are one of the bases for interpretation of segregation
endency. In addition, the enthalpy of mixing ( �Hmix ) calcu-
ated by Miedema’s model between Mg atom and segregated
tom could also evaluate the segregation tendency, and the
egative values can be considered to have segregation ten-
ency. For example, we previously reported a Er segregation
n Mg alloys, and the �Hmix between Mg and Er atoms is −5
J mol−1 [12] . (b) The varieties of matrix composition caused
y chemical reactions (such as forming intermetallics during
asting, solid solution, and aging precipitation). When evalu-
ting GB segregation behavior, one should focus on the con-
ent of segregable solute atoms in the matrix rather than the
ominal composition. (c) Site competition of different segre-
ated elements. There is site competition among solute atoms
ith the similar nature during the segregation process. In ad-
ition to the site competition between C and Sb mentioned
bove [ 88 , 89 ], similar site competition phenomena also exist
n Mg alloys. The APT results of Pei et al. [67] show the
small” atoms (Al and Zn atoms) have peak values at the
ame position, indicating a site composition between Al and
n atoms. (d) Interaction of different elements. The �Hmix 

alues between different atoms can also be used to reveal co-
egregation effect. The �Hmix of Zn and Gd atoms is −31
J mol−1 , which is larger than those of other combinations
Mg-Zn: −4 kJ mol−1 and Mg-Gd: −6 kJ mol−1 ). There-
ore, these is a strong attraction between Zn and Gd atoms,
hich tends to cause Zn and Gd co-segregation preferentially

n Mg-Gd-Zn alloys [93–96] . 

.2. Effects of GB segregation on static recrystallization and 

rain growth 

In terms of Mg alloys, the role of the GB segregation is
ainly reflected in regulating the static recrystallization pro-

ess, grain growth and texture evolution during the annealing
rocess. GB segregation can effectively affect recrystalliza-
ion behavior and control grain growth [97] . On the one hand,
B segregation can inhibit the preferential growth of grains

nd weaken the texture. The solute drag pressure ( Pd ) can
e evaluated through the Cahne-Lückee-Stuwe (CLS) model
98–103] : 

d = αυXm 

1 + β2 υ2 
(8) 
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= 4(RT ) 2 δ

Vm 

Gseg D1 

(
1 

a3 − a 

)
(9) 

 = −RT 

G 

ln 

(
D1 

Dgb 

)
(10)

α

β2 
= 2Gseg Dgb 

Vm 

δa 

(
1 − D1 

Dgb 

)
(11) 

here v is the boundary velocity, Xm 

is the matrix concen-
ration , Vm 

is the molar volume, Gseg is the segregation free
nergy, Dl is the lattice diffusion coefficient, Dgb is the GB
iffusion coefficient [103–105] , δ is the width of the GB,
 is the universal gas constant and T is the absolute tem-
erature. In addition, experimental evidence can also confirm
he positive correlation between segregation content and drag
orce. For example, Zeng et al. [54] studied the static recrys-
allization behavior and texture evolution of cold-rolled Mg-
.3Zn-0.1Ca, Mg-0.4Zn, and Mg-0.1Ca (at%) alloys during
nnealing. Quasi- in-situ EBSD analysis of annealed samples
ound that in the early stage of the recrystallization process,
he initial grains of these three alloys show a relatively ran-
om orientation; however, as the recrystallized grains form
nd grow, the grains of all orientations in the ternary alloy
row uniformly and form a weaker texture, while preferential
rowth of recrystallized grains with specific orientations oc-
urs in these two binary alloys. At the same time, the average
rain size of the ternary alloy at each recrystallization stage is
maller than those of the binary alloys, and the grain size dis-
ribution is more concentrated. GB segregation are observed
n all three alloys, and Zn and Ca atoms in the Mg-Zn-Ca
lloy have a stronger segregation effect than Zn or Ca atoms
lone in the Mg-Zn/Ca alloys. This strong co-segregation sig-
ificantly reduces GB mobility during recrystallization and
rowth process by decreasing GB energy and enhancing so-
ute drag effects, inhibiting grain growth into preferable ori-
ntation (i.e., basal texture orientation) [ 106 , 107 ]. The well-
nown parabolic kinetic model is often used to evaluate the
rain growth kinetics [108–113] : 

n (k) = ln k0 − Q 

RT 
(12) 

here k is the kinetic parameter related to GB mobility, k0 

s the pre-exponential constant, and Q is the grain growth
ctivation energy. Hoseini-Athar et al. [ 114 , 115 ] compared the
ctivation energies of four Mg-Gd-Zn alloys, and found that
he Mg-2Gd-1Zn (wt%) alloy containing higher segregation
hows the highest Q (109 kJ/mol), indicating a lower mobility
f the GBs. 

On the other hand, higher GB segregation levels cloud still
imit the growth of some grains at higher annealing/thermal
rocessing temperatures (usually greater than 400 °C), form-
ng a grain structure with a mixture of abnormally large
rains and fine grains instead of all coarse grains. Basu et al.
116] compared the GB segregation levels of Mg-1Gd and

g-1Dy (wt%) alloys and found that Gd has a stronger GB
egregation tendency. The basal texture intensity of the Mg-
Gd alloy annealed at 623 K is 2.7 times that of random
istribution and its basal texture intensity is 4.3 times that of
andom distribution when annealed at 723 K, while the Mg-
Dy alloy with weaker segregation level does not show such
bvious texture difference. This phenomenon is caused by
he abnormal grain growth of strongly segregated Mg-1Gd al-
oy during high-temperature annealing. For the Mg-1Gd alloy,
nnealing at higher temperature is easy to overcome the hin-
rance of GB segregation, allowing certain grains with higher
B migration to grow preferentially. The preferential growth
f grains engulfs the surrounding small grains, which is a
pontaneous process of reduced free energy, and escapes the
ontrol of GB segregation, while the remaining small grains
re still controlled by segregation and grow slowly, conse-
uently resulting in the abnormal grain growth behavior and
he formation of non-uniform/heterogeneousgrained structure
117–124] . 

These two aspects seem to be contradictory, but in fact,
he effect of solute segregation on grain growth is determined
y the level of GB segregation and annealing temperature.
n response to this problem, Lücke and Stüwe [99] pro-
osed the theory of impurity controlled GB motion in the
970s. Pei et al. [ 67 , 125–128 ] used it to explain the phe-
omenon of grain growth under segregation ( Fig. 7 ). They
repared an AZMX3100 alloy with a high level of Al/Zn/Ca
o-segregation, and annealed it at 350 °C and 450 °C for 4 h
o compare the grain growth under the two annealing modes.
t the lower annealing temperature of 350 °C, migration ki-
etics are thought to be controlled by solute diffusivity at
Bs, resulting in a low-rate drag migration. In contrast, the

ample annealed at 450 °C exhibits a modified growth mode
haracterized by a transition from a low rate of drag migra-
ion to a free migration mode with a higher growth rate. This
ransition, associated with a jump in migration velocity, only
pplies to unusually large grains surrounded by much smaller
rains, where the acting driving force at the boundary exceeds
 certain threshold enough to overcome solute resistance, so
hat the boundary can detach itself from solute pinning and

igrate rapidly. Further growth of these grains is always de-
ermined by the actual acting driving force, caused by local
rain size advantages. It is worth noting that although the
riving force for large grain migration increases at 450 °C,
he small grains are still pinned by the GB segregation at-

osphere to limit their growth. Some researchers have also
evealed this phenomenon from other perspectives. Kim et al.
129–132] found that the phase-field model can be used to
ccurately and quantitatively describe GB motion under GB
egregation conditions, and simulated the relationship between
rain growth and GB segregation in a two-dimensional poly-
rystalline system, thereby confirming that the solute resis-
ance effect can cause abnormal growth of grains. The initial
verage grain size also has a profound effect on the grain
rowth pattern. The smaller the average grain size, the higher
he density of abnormally grown grains. When the initial grain
ize exceeds the critical grain size, abnormal grain growth
ould not occur. 
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Fig. 7. Schematic drawing of the GB migration rate ( v ) vs. the driving force ( p ) illustrating two types of grain growth observed in Ref. [67] . (a) Solute 
drag-controlled migration during annealing at 350 °C giving rise to uniform grain growth at a low velocity. (b) Transition to rapid (free) migration exhibited 
by very large grains (region II), induced by raising the annealing temperature to 450 °C. (Reprinted from Acta Mater., 208, Grain boundary co-segregation in 
magnesium alloys with multiple substitutional elements, 116,749, Copyright 2021, with permission from Elsevier.) 
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. GB segregation strategy for designing low-alloyed Mg 

lloys with high plasticity 

Although the effect of GB segregation on plasticity in Mg
lloys is not fully understood, it is generally considered to be
ositively correlated. The beneficial effects of GB segregation
re mainly reflected in the following two aspects. Firstly, so-
ute segregation can facilitate the nucleation of non-basal dis-
ocations at GBs. Somekawa et al. [133–135] found that GBs
ith Y segregation have several prismatic < a > dislocations,

ndicating that such GBs composed of atomically ordered
teps become nucleation sites for non-basal dislocations. Our
roup [ 136 , 137 ] and Zhu et al. [138] also observed non-basal
islocations nucleating from GBs, and suggested that these
islocations are activated by GB segregation and local stress
elds. The specific activation mechanisms are complex and
ariable, which is related to GB characteristics, segregation
ehavior, etc. An activation model of < c + a > dislocations
n the tensile twinning boundaries containing Zn/Ca segre-
ation proposed by Basu et al. [ 139 , 140 ] could be used to
riefly explain the behavior ( Fig. 8 ). The Zn and Ca segre-
ation would effectively lower the overall stacking-fault en-
rgies in Mg [141] , which is beneficial to the formation of I1 

tacking fault ( 1 6 [20 2 3]). The I1 stacking fault can potentially
ct as a stable < c + a > dislocation-emission source, and the
 Y  
ollowing dislocation reaction occurs [ 142 , 143 ]: 

1 

6 

[202 3] → 1 

6 

[22 03 ] + 1 

3 

[2 113] (13)

The Burgers vector of sessile stair-rod dislocation
 

1 
6 [2 2 0 3 ]) is of the same nature as the bounding I1 partial
ut with an opposite sign. If the applied stress is sufficient,
 < c + a > dislocation loop moving in the pyramidal plane
ould be eventually generated ( Fig. 8 c). However, there is

urrently no more intuitive atomic-scale evidence confirm-
ng the inevitable relationship between segregated atoms and
islocation nucleation. In-situ HR-TEM observation at grain
oundaries is expected to be an effective way to track the
ormation of non-basal dislocation, and similar methods were
sed in the Refs. [144–146] . In addition, the geometric phase
nalysis (GPA) method could also be used to evaluate the lo-
al microscopic strain to assist the in-situ observation [147] . 

Secondly, segregation would effectively improve the cohe-
ion of GBs, thereby delaying fracture and improving plas-
icity. Nandy et al. [148] found that GB co-segregation of
l/Zn/Ca elements has obviously higher segregation level

han Ca single segregation, resulting in a decrease in the frac-
ion of GB de-cohesion from 27% to 6% under 5% strain.
ula et al. [149–151] introduced the segregation of Y/Gd

toms to the GBs, suppressing intergranular failure of Mg-
/Gd alloys. In the previous study, we compared Mg-Er
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Fig. 8. Detailed schematic of < c + a > slip generation from I1 stacking faults [139] . (Reprinted from Acta Mater., 229, Segregation-driven exceptional 
twin-boundary strengthening in lean Mg-Zn-Ca alloys, 117,746, Copyright 2022, with permission from Elsevier.) 

Table 1 
GB segregation content and elongation of several Mg alloys. 

Alloy composition (wt%) States GB segregation 
content (at%) 

Elongation (%) Refs. 

Mg-2Er (HT300) Extrusion + annealing (300 °C, 1 h) 2.2Er 47 [12] 
Mg-2Er (HT360) Extrusion + annealing (360 °C, 0.5 h) 0.5Er 36 
Mg-3Al-1Zn-1Mn-0.5Ca 
(AZMX3110) 

Twin-roll casting (TRC) process 
0.4Zn + 0.3Ca + 0.15Al 

17 [65] 

Mg-1Zn-0.3Ca Extrusion Pillars (diameter of 2 μm) 1.45Zn + 0.95Ca 22 [139] 
Pure Mg Extrusion Pillars (diameter of 2 μm) - 18 
Mg-0.1Ca Rolling (450 °C, reduction: 90%) 0.62Ca 25 [148] 
Mg-2Al-1Zn-0.1Ca 3.2Al + 1.8Zn + 0.4Ca 34 
Mg-1Zn (Z1) As-extrusion (400 °C, speed: 1 mm/s) low 18 [157] 
Mg-1Zn-0.3Ca 1.3Zn + 0.3Ca 22 
Mg-1Zn-0.3Nd 1.6Zn + 1.2Ce 22 
Mg-1Zn-0.3Ce (ZCe10) 4.0Zn + 1.0Ca 31 
Mg-1Zn-0.2Ce As-extrusion (450 °C, speed: 1 mm/s, 

ratio: 30) 
1.5Zn + 0.5Ce 48 [158] 

Mg-1Zn-0.2Ce-0.4Ca 3.3Zn + 2Ca + 0.5Ce 56 
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Fig. 9. A GB cohesion map of different segregation pairs [156] . Alloy pairs 
are placed upon the map according to the heat of mixing normalized by the 
melting temperature of the solvent and the ratio of the surface energy of the 
solute to the solvent. (Reprinted from Acta Mater. 95, Segregation-induced 
changes in grain boundary cohesion and embrittlement in binary alloys, 152, 
Copyright 2021, with permission from Elsevier.) 
lloys with different GB segregation levels and found that
igher GB segregation levels often correspond to lower frac-
ion of GB cracking under similar grain characteristics [12] . 

In fact, not all GB segregation is beneficial to plastic-
ty. GB embrittlement is an adverse effect of GB segrega-
ion, which is seldom mentioned in Mg alloys but has been
eported in other structural metals [152] . In general, if the
oundary cleavage becomes energetically conducive to dislo-
ation emission (or blunting mechanisms), these GBs show
mbrittlement [153] . The energetic barrier for cleavage is the
B cohesion energy ( EGBC 

) mentioned above, which can be
xpressed as [ 154 , 155 ]: 

GBC = 2γS − γGB (14) 

here γ S is the surface energy, and γ GB 

is the GB energy.
ased on the Eq. (14) , Gibson et al. [156] developed a model

or evaluating the effect of solute segregation on EGBC 

in
he binary alloys, and found that GB embrittlement would be
asily suppressed in the alloys with high EGBC 

( Fig. 9 ). GB
mbrittlement induced by segregation may also exist in Mg
lloys and needs further study. 

At present, several high-plasticity Mg alloys based on GB
egregation design have been reported, as listed in Table 1 .
t is obvious that in Mg alloys of similar state, the elonga-
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Fig. 10. True stress-strain curves of Mg-1Zn (Z1) and Mg-1Zn-0.3Ce 
(ZCe10) alloys, and GB segregation EDS maps of the ZCe10 alloy [157] . 
(Reprinted from Mater. Design 224, Influence of alloying element segrega- 
tion at grain boundary on the microstructure and mechanical properties of 
Mg-Zn alloy, 152, Copyright 2022, open access.) 
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ion of the alloy is approximately positively correlated with
he level of GB segregation. Qian et al. [ 157 , 158 ] devel-
ped several Mg-Zn alloys with different GB segregation lev-
ls, including Mg-1Zn (Z1), Mg-1Zn-0.3Ca, Mg-1Zn-0.3Ce
ZCe10), and Mg-1Zn-0.3Nd alloys ( Table 1 and Fig. 10 ).
ig. 10 shows that the ZCe10 alloy with strong Zn and Ce GB
o-segregation has a higher elongation than the Z1 alloy. In
he previous work [12] , we compared the high-plasticity Mg-
Er (wt%) alloys with similar grain sizes and different GB
egregation, and confirmed that the GB segregation is benefi-
ial to the improvement of plasticity at RT ( Fig. 11 ). In-situ
EM results show the HT360 alloy with lower GB segrega-

ion has obvious GB cracks, and the cracked GBs fraction of
ig. 11. (a) Stress-strain curves, (b,c) GB segregation, and (d–f) GB cracking 
eveloping a Mg alloy with ultrahigh room temperature ductility via grain bound
ith permission from Elsevier.) 
T360 alloy at different strain stages is significantly higher
han that of HT300 alloy. These studies all reflect the bene-
cial effect of GB segregation on plasticity, and some other
g alloys also have similar effects [159–161] , indicating an

ffective strategy to improve plasticity via GB segregation.
owever, it must also be admitted that there is currently no

lear intuitive evidence such as atomic scale observation for
his strategy, which is related to the complexity of the GB
tructure and the instability and inhomogeneity of GB segre-
ation. 

. GB segregation strategy for designing low-alloyed Mg 

lloys with high strength 

Not only plasticity at RT, but also the strength of low-
lloyed Mg alloys need to be further improved. GB segre-
ation can also be used to regulate or improve the strength
f Mg alloys, and the impact is generally divided into two
spects. (a) GB segregation shows certain dragging effect on
he dislocation motion, results in a positive deviation of k
alue and an additional strengthening [162–164] . Bobylev
t al. [165] proposed a model explaining enhanced strength of
ltrafine-grained alloys containing GB segregation. The τ seg
an be estimated based on the growing rectangular glide dis-
ocation loop as the formula [ 163 , 165–167 ]: 

seg = 2 

Lh 

max 

−L / 2<x1 <L / 2 

∫ h 

0 
dx3 

∫ 0 

−L/ 2 
σ23 (x1 , x2 , x3 ) dx2 (15) 

here L is the effective distance between the centers of neigh-
oring segregated atoms, h is the distance that the dislocation
oop grows in the direction parallel to the GB plane, and

23 is the segregation stress. However, compared with metals
uch as Cu and Fe, the hindrance effect of GB segregation
n Mg alloys is often smaller [ 159 , 160 ], indicating that the
irect increase in YS caused by such effect is very limited.
observation of Mg-2Er alloys [12] . (Reprinted from Int. J. Plasticity 162, 
ary segregation and activation of non-basal slips, 103,548, Copyright 2023, 

https://www.sciencedirect.com/journal/international-journal-of-plasticity
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Fig. 12. GB segregation and grain structure of (a) ZK60 and (b) ZKX600 alloys. (c) Stress-strain curves of ZK60 and ZKX600 alloys [170] . (Reprinted 
from Scripta Mater. 187, Factors affecting the grain refinement of extruded Mg-6Zn-0.5Zr alloy by Ca addition, 26,28, Copyright 2020, with permission from 

Elsevier.) 
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his is because it is difficult for Mg alloys to form ultra-fine
rains, and dislocation accumulation would significantly re-
uce the strengthening caused by GB segregation [165] . For
xample, Pan et al. [ 5 , 13 ] attributed the difference between
he predicted and experimental YS values to the hindering
ffect of GB segregation on dislocations. Overall, the incre-
ental contribution caused by the hindrance of GB segrega-

ion cannot currently be accurately assessed and is relatively
mall. This has also led to the fact that GB segregation of Mg
lloys is almost not considered when evaluating strengthen-
ng increment. (b) The excellent effect of GB segregation on
trength is mainly reflected in refining grains and inhibiting
rain growth during the thermal processing or annealing pro-
ess [ 168 , 169 ]. Based on the Hall-Petch relationship [ 28 , 30 ],
S ( σ ys ) is inversely proportional to average grain size: 

ys = σ0 + kd−1 / 2 (16) 

here σ 0 is the friction stress, k is the locking parameter,
nd d is the average grain size. The k values of Mg alloys
re mainly between 200 MPa( μm)1/2 and 300 MPa( μm)1/2 ,
hich is obviously higher than those of pure Al and Al alloys

30] . In other words, grain refinement can effectively improve
he yield strength of Mg alloys, indicating the significance
f refining grains or controlling grain growth in Mg alloys.
im et al. [170] compared the GB segregation, grain structure

nd mechanical properties of Mg-6Zn-0.5Zr (wt%, ZK60) and
g-6Zn-0.5Zr-0.2Ca (wt%, ZKX600) alloys, and found that

he strong Zn and Ca GB co-segregation results in finer grains
f ZKX600 alloy than that of ZK60 alloy (ZKX60 alloy: 1.6
m; ZK60 alloy: 4.2 μm) under the extrusion temperature of
50 °C. The YS increment caused by grain refinement from
.2 μm to 1.6 μm is about 67 MPa, which is very close
o experimental increment ( Fig. 12 ). In our previous study
68] , it was also found that the high segregation level would
e conducive to obtaining fine grains in the ZXM-Sm alloy
uring annealing, leading to a higher YS ( Fig. 13 ). 

GB segregation can significantly improve the stability of
ne grains and inhibit grain growth. Xiao et al. [46–48] intro-
uced ultra-fine grains with an average grain size of ∼100 nm
o the Mg-2.57Ag (wt%) alloy by cold rolling and subse-
uent annealing. This is because Ag clusters and segrega-
ion promote the formation of noncrystalline and inhibit their
rowth during the annealing process. Our team [68] system-
tically studied the relationship between the GB segregation
evel and the grain size during annealing in Mg-Zn-Mn-Ca
nd Mg-Zn-Mn-Ca-Sm alloys ( Fig. 14 ). The two as-extruded
lloys exhibit consistently similar grain sizes and grain dis-
ribution, indicating a similar driving force for grain growth.
fter annealing, these two alloys show significantly different
rain growth rates, i.e., the Mg-Zn-Mn-Ca alloy has greater
rowth rate ( Fig. 14 ). The Mg-Zn-Mn-Ca-Sm alloys show
igher segregation level than the Mg-Zn-Mn-Ca alloys due to
he Zn/Ca/Sm co-segregation, and correspondingly, its sup-
ression effect of grain growth is significantly better than
hat of the Sm-free alloys during annealing ( Fig. 14 ). Qian
t al. [158] found that micro Ca addition would increase the
n and Ca segregation level of GB in Mg-Zn-Ce alloy, and

he as-extruded Ca-containing alloys obtains finer grains than
s-extruded Mg-Zn-Ce alloys. 

The strength-plasticity trade-off is prevalent in metallic ma-
erials. The coordination of strength and plasticity is often
ifficult to achieve directly through simple processing, which
as extremely high requirements on the process. Take hot
xtrusion as an example, lower extrusion temperatures tend
o correspond to obtain low fraction of recrystallized grains
nd high dislocation density, leading to high strength and low
lasticity [171–174] . On the contrary, high extrusion temper-
tures often lead to high ductility and low strength. It’s easy
o think of a common way for designing the low-alloyed Mg
lloys with high strength-plasticity by low-temperature extru-
ion and subsequent annealing. However, the rapid growth
f grains during the annealing process would lead to a sig-
ificant decrease in strength, which is a potential problem
ith this method. In other words, if we could inhabit grain
rowth during annealing process, an effective strategy for
eveloping high-strength and high-plasticity Mg alloys can
e proposed. Based on the above analysis, we proposed an
ffective strategy for designing low-alloyed Mg alloys with
igh strength-plasticity via inhibiting grain growth through
ntroducing strong GB segregation. Following this strategy,
ur team [14] has successfully developed a new low-alloyed
g-2Sm-0.8Mn-0.6Ca-0.5Zn (wt%) alloy with high strength-
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Fig. 13. GB segregation and grain structure of (a,b) Mg-Zn-Mn-Ca (ZXM) and (c,d) Mg-Zn-Mn-Ca-Sm (ZXM-Sm) alloys [68] . (e) YS of these 
two alloys with different states. (Reprinted from Mater. Sci. Eng. A 831, Significantly enhanced grain boundary Zn and Ca co-segregation of 
dilute Mg alloy via trace Sm addition, 142,259, Copyright 2022, with permission from Elsevier.) 

Fig. 14. Grain structure and size distribution of (a,c,e,g) ZXM and (b,d,f,h) ZXM-Sm alloys: (a,b) as-extruded state; (c,d) annealing at 573 K (300 °C); (e,f) an- 
nealing at 613 K (340 °C); (g,h) annealing at 653 K (380 °C). (i) Average grain size and (j) grain growth rate of these two alloys annealed with different temper- 
atures [68] . (Reprinted from Mater. Sci. Eng. A 831, Significantly enhanced grain boundary Zn and Ca co-segregation of dilute Mg alloy via trace Sm addition, 
142,259, Copyright 2022, with permission from Elsevier.) 

d  

n  

s  

(  

h  

m  

a  

M  

g  

s
 

p  

T  

a  

i  

c  

s  

f  

l  

b  

a  

m  

l  

c

uctility via low-temperature extrusion and subsequent an-
ealing ( Fig. 15 ). The as-extruded alloy with bimodal grain
tructure and high-density dislocations exhibits high strength
YS: 453 MPa) and low elongation (3.2%). During annealing,
igh level of Zn/Ca/Sm GB co-segregation inhibits the move-
ent of high-angle GBs, while segregation-free dislocations

nd low-angle GBs would annihilate rapidly. Eventually, the
g alloy after properly annealing exhibits a completely fine-

rained structure (average grain size: 1.9 μm), obtaining high
trength (YS: 403 MPa) and high elongation (15.5%). 

The Fig. 16 shows the strength and elongation of some re-
orted high mechanical performance low-alloyed Mg alloys.
he area marked in red is the high-strength low-alloyed Mg
lloys containing obvious GB segregation, and the yellow area
s the high-plasticity low-alloyed Mg alloys containing signifi-
ant GB segregation. It can be seen that if the GB segregation
trategy can be rationally utilized, it is expected to success-
ully design high-strength/high-plasticity low-alloyed Mg al-
oys. The overall YS of high-strength Mg alloys developed
y GB segregation strategy is mostly higher than 300 MPa,
nd the elongation is mostly greater than 5%, which could
eet the most application needs. For high-plasticity Mg al-

oys designed by GB segregation strategies, the elongation
an mostly exceed 30%. 

https://www.sciencedirect.com/science/article/pii/S0921509321015239
https://www.sciencedirect.com/science/article/pii/S0921509321015239
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Fig. 15. Microstructure of Mg-2Sm-0.8Mn-0.6Ca-0.5Zn alloys (a) before and (b) after annealing at 350 °C for 15 min. (c) Mechanical properties of Mg- 
2Sm-0.8Mn-0.6Ca-0.5Zn alloys and other reported alloys [14] . (Reprinted from Scripta Mater. 209, Developing a low-alloyed fine-grained Mg alloy with high 
strength-ductility based on dislocation evolution and grain boundary segregation, 114,414, Copyright 2022, with permission from Elsevier.) 

Fig. 16. Scatter plot of strength vs. elongation of some reported high me- 
chanical performance low-alloyed Mg alloys [ 5 , 12–15 , 148 , 157 , 158 , 175–187 ]. 
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b  
. GB segregation strategy for designing low-alloyed Mg 

lloys with high formability 

Numerous efforts and attempts have been made in the past
ew years to overcome the bottleneck of low formability in

g alloys. GB segregation is an effective strategy for im-
roving the formability of Mg alloys at RT. On the one hand,
raditional Mg alloys are prone to develop strong basal tex-
ure during deformation (especially rolled or extruded sheets),
hich makes it difficult to adapt to deformation along the

hickness direction, leading to a poor RT formability. GB seg-
egation can effectively weaken basal texture and/or change
asal texture characteristics during thermal processing and
eat treatment, improving the formability at RT. For exam-
le, Trang et al. [65] proposed an alloy design concept for
igh-strength and high-formability Mg alloys, in which some
lloying elements are used to achieve precipitation strengthen-
ng while the other elements maximize GB segregation to reg-
late the texture. They developed a new Mg-3Al-1Zn-1Mn-
.5Ca (wt%) alloy with high Zn/Ca GB co-segregation level
y twin-roll casting process, showing weakened and splitted
asal texture along rolling direction. The co-segregation of Zn
nd Ca decreases GB energy and induces GB pinning effect
uring recrystallization and grain growth, thereby reducing the
B mobility and inhibiting grain growth into preferable ori-

ntation (i.e., basal texture orientation). This newly developed
lloy presents a high formability with Index Erichsen (I.E.)
alue of 8 mm, accompanied by a high YS of 219 MPa.
akata et al. [188–191] reported the effect of GB segrega-

ion on basal texture and formability of the AZ31 alloys, and
ound that the Mg alloy with stronger GB segregation of Al
nd Zn has a weakened split-texture along rolling direction,
mproving the I.E. values from 3 mm to 6.6 mm. Bian et al.
93] introduced trace Cu and Ca elements into pure Mg to
orm Cu and Ca GB co-segregation, weakening basal texture
rom 19.3 multiples of random distribution (mrd) to 3.1 mrd
nd remarkably improving I.E. values from 2.9 mm to 7.7 mm
 Fig. 17 ). Bian et al. [192] also proposed an effective method
or weakening basal texture by Zn GB segregation and high-
emperature final rolling process, activating more pyramidal
 c + a > slips and improving I.E. values from 4.1 mm to

.9 mm. 
On the other hand, introducing non-uniform/heterogeneous

rains into Mg alloys via GB segregation is also an effec-
ive method to improve the formability at RT. Kang et al.
193] systematically studied the relationship between forma-
ility and work hardening capacity/elongation, and found
hat high formability at RT is highly consistent with large
ork hardening capacity and high elongation. In other
ords, the methods that could simultaneously increase work
ardening and elongation have great potential to be used
o optimize formability at RT. Non-uniform/heterogeneous
rains/structure would produce the local strain, increasing
ack stress and work hardening [ 136 , 194–196 ], and mean-
hile, back stress would activate more non-basal slips and

mprove the elongation of failure at RT [194] . As mentioned
y Section 2.2 , GB segregation can contribute to the forma-
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Fig. 17. (a) Grain structure + basal texture and (b) GB segregation of pure Mg and Mg-0.03Cu-0.05Ca (wt%) alloy. (c) Correlation between the GB 

concentration of Cu or Ca, grain size, and texture intensity of Mg-xCu-0.1Ca (wt%) and Mg-0.03Cu-yCa (wt%) alloys. (d) Properties of pure Mg and 
Mg-0.03Cu-0.05Ca (wt%) alloy [93] . (Reprinted from Acta Mater., 241, Improving the mechanical and corrosion properties of pure magnesium by parts-per- 
million-level alloying, 118,393, Copyright 2022, with permission from Elsevier.) 
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ion of weakly textured heterogeneous grains under certain
ircumstances (such as high-temperature annealing and ther-
al deformation processes). In this cases, some GBs with suf-
cient velocity (such as some GBs with relatively low segre-
ation level or GBs of grains with initial large size) first break
way from drag caused by segregation [ 98 , 99 , 197 ], which
s conducive to formation of larger grains. Other GBs are
till loaded with developing solute atmosphere. During curva-
ure driven grain growth, these larger grains with supercritical
riving force would be able to overcome solute pinning and
xhibit rapid free growth [197–199] , leading to the formation
f a heterogeneous-grained structure. 

From the above two aspects, it can be inferred that ratio-
al use of GB segregation to promote the formation of both
wo microstructural features, i.e. weakened texture and het-
rogeneous structure, is expected to efficiently improve the
ormability at RT. Based on the strategy, Our team [200] suc-
essfully designed a new Mg-Sm alloy with high Zn/Sm/Ca
rain co-segregation, obtaining weakened-textured heteroge-
eous grains via high-temperature annealing process. The de-
eloped alloy shows high elongation and large work harden-
ng capacity, indicating a high formability at RT. 

. Summary and outlook 

GB segregation is an effective strategy for preparing high
echanical performance low-alloyed Mg alloys, which can

elp to make up for the disadvantages such as low strength,
oor plasticity and unsatisfactory formability at RT to a cer-
ain extent. The specific summary and outlook are as follows:

(1) The sites of the segregation atoms are related to the
atomic radius and electronegativity. The “large’’ atoms
tend to occupy the “extension position’’, while the
“small’’ atoms tend to occupy the “contraction posi-
tion’’. Solute atoms with higher electronegativity than
Mg tend to occupy “contraction position’’, while solute
atoms with lower electronegativity than Mg tend to oc-
cupy “extension position’’ positions. However, current
research is mainly focused on coherent interfaces (such
as TB), and there are few such studies on incoherent
interface segregation behavior as well as multi-element
co-segregation behavior. 

(2) Since GBs are incoherent interfaces and have high com-
plexity, GB segregation behavior is general more com-
plicated, and there are currently relatively few relevant
simulations and atomic scale evidence. It is precisely
because of the complex structural characteristics that it
is possible to improve the level of GB segregation and
optimize the segregation behavior. 

(3) GB segregation could increase GB cohesion and help
activate non-basal slip to a certain extent, ultimately
improving plasticity of Mg alloys at RT. There have
been studies on GB segregation-induced embrittlement
in other metals, but there are few related reports on
Mg alloys. Whether the characteristic and content of
segregation have adverse effects on the plasticity of Mg
alloys remains to be further studied. 

(4) GB segregation can inhibit grain growth during ther-
mal deformation or annealing, which is beneficial to
obtaining a fine-grained structure. For low-alloyed Mg
alloys with strong GB segregation, fine-grained struc-
ture and dislocation density/structure can be controlled
by annealing and other processes to obtain both high
strength and high plasticity. 

(5) Introduction of heterogeneous grains with weakened
texture through GB segregation is expected to efficiently
improve the formability of Mg alloys. On the one hand,
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the weakening of the basal texture caused by GB seg-
regation can reduce the plastic anisotropy, on the other
hand, heterogeneous grains, formed by controlling grain
growth due to GB segregation, would lead to large
working hardening capacity and high elongation. 
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