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a b s t r a c t 

Mg grain boundary (GB) segregation and GB diffusion can impact the processing and properties of Al-Mg 

alloys. Yet, Mg GB diffusion in Al has not been measured experimentally or predicted by simulations. We 

apply atomistic computer simulations to predict the amount and the free energy of Mg GB segregation, 

and the impact of segregation on GB diffusion of both alloy components. At low temperatures, Mg atoms 

segregated to a tilt GB form clusters with highly anisotropic shapes. Mg diffuses in Al GBs slower than Al 

itself, and both components diffuse slowly in comparison with Al GB self-diffusion. Thus, Mg segregation 

significantly reduces the rate of mass transport along GBs in Al-Mg alloys. The reduced atomic mobility 

can be responsible for the improved stability of the microstructure at elevated temperatures. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Al-Mg alloys constitute an important class of lightweight struc- 

ural materials that find numerous automotive, marine and mili- 

ary applications [1] . Mg improves many mechanical properties of 

l, such as tensile and fatigue strength, ductility, and weldability 

1–4] , while maintaining a high strength to weight ratio and a rel- 

tively low production cost. Progress in designing more advanced 

l-Mg alloys requires further improvements in the fundamental 

nowledge of the Mg effect on the microstructure and properties. 

Previous experimental and modeling studies have shown that 

g segregates to Al grain boundaries (GBs), modifying their ther- 

odynamic and kinetic properties [3–10] . Mg segregation was 

ound to increase both the strength and ductility of Al, as well as 

hermal stability of the grains [3,4,8,10] . The stability improvement 

s attributed to a combination of the thermodynamic reduction in 

he GB free energy and the pinning of GBs by solute atoms due 

o the solute drag effect. It should be emphasized that the solute 

rag process is controlled by diffusion of the solute atoms in the 

B region [11–15] . Diffusion must be fast enough to move the seg- 

egation atmosphere along with the moving boundary. If diffusion 

s too slow and/or the GB motion too fast, the boundary breaks 

way from the segregation atmosphere and the drag force abruptly 

rops [11,14] . On the other hand, fast GB diffusion promotes coars- 

ning of the microstructure by accelerating the mass transport of 

he alloy components. A detailed understanding of the GB diffusion 
∗ Corresponding author. 
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rocess and its relationship with solute segregation is a prerequi- 

ite for rational design of Al-Mg alloys. 

When the Al matrix is supersaturated with Mg, the excess Mg 

toms diffuse toward and then along GBs and precipitate in the 

orm of the Al 3 Mg 2 phase and/or possibly other, metastable com- 

ounds [4,16,17] . Such precipitates usually have a detrimental ef- 

ect by causing, for example, corrosion cracking and other undesir- 

ble consequences [18] . The GB precipitation process depends on 

he level of GB segregation and the rate of Mg GB diffusion. 

Surprisingly, while Al GB diffusion in Mg has been measured 

19,20] , to the best of our knowledge, Mg GB diffusion coefficients 

n Al or Al-Mg alloys have not been measured experimentally or 

redicted by simulations. The only paper known to us [21] con- 

ains highly indirect estimates of the triple product sδD ( s being 

 segregation parameter, δ the GB width, and D the GB diffusion 

oefficient) 1 based on electromigration experiments in thin films 

t one temperature. These measurements do not provide a com- 

lete or reliable quantitative information on Mg GB diffusion coef- 

cients. 

In this paper, we report on detailed atomistic computer simu- 

ations of GB segregation and GB diffusion in the Al-Mg system, 

ocusing on a particular Al-5.5at.%Mg composition relevant to in- 

ustrial alloys. Two representative GBs were selected, a high-angle 

ilt GB composed of closely spaced structural units, and a low- 

ngle twist GB composed of discrete dislocations. The latter case 

ssentially probes the dislocation segregation effect and the dis- 
1 The units of sδD were not given in [21] , but it was later suggested [22] , based 

n previous papers of these authors, that they could be cm 
3 s −1 . 

https://doi.org/10.1016/j.actamat.2020.10.029
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2020.10.029&domain=pdf
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ocation pipe diffusion. In addition to computing some of the key 

haracteristics of Mg GB segregation over a range of temperatures, 

he simulations reveal some interesting features of the segregation, 

uch as the formation of Mg clusters in the high-angle GB and the 

endency of the clusters to have highly elongated shapes reminis- 

ent of linear atomic chains. The diffusion coefficients and Arrhe- 

ius parameters have been computed for GB diffusion of both Al 

nd Mg, and are compared with Al GB self-diffusion as well as dif- 

usion of both components in liquid alloys. 

. Methodology 

Atomic interactions in the Al-Mg system were modeled using 

he Finnis-Sinclair potential developed by Mendelev et al. [23] . The 

otential provides an accurate description of the Al-rich part of the 

hase diagram and predicts the melting temperatures of Al and Mg 

o be 926 K [24] and 914 K [25] , respectively, in good agreement

ith experimental data (934 and 922 K, respectively). The software 

ackage LAMMPS (Large-scale Atomic/Molecular Massively Parallel 

imulator) [26] was utilized to conduct molecular statics, molecu- 

ar dynamics (MD), and Monte Carlo (MC) simulations. Visualiza- 

ion and structural analysis were performed using the OVITO soft- 

are [27] . 

The high-angle GB studied here was the symmetrical tilt 

17(530)[001] GB with the misorientation angle of 61 . 93 ◦. The 
arameter � is the reciprocal density of coincident sites, [001] 

s the tilt axis, and (530) is the GB plane. This boundary was 

reated by aligning the crystallographic plane (530) parallel to 

he x − y plane of the Cartesian coordinate system and rotat- 

ng the upper half of the simulation block ( z > 0 ) by 180 ◦ about

he z-axis. The low-angle GB was the �3601(001) twist bound- 

ry with the misorientation angle of 1 . 91 ◦. In this case, the GB
lane is (001) and the two lattices are rotated relative to each 

ther about the common [001] axis. The simulation blocks had 

pproximately square cross-sections parallel to the GB plane. The 

lock dimensions in the x, y and z directions were, respectively, 

1 . 79 × 11 . 73 × 23 . 67 nm 
3 ( 1 . 97 × 10 5 atoms) for the high-angle

B and 24 . 27 × 24 . 27 × 48 . 56 nm 
3 ( 1 . 72 × 10 6 atoms) for the low-

ngle GB. Periodic boundary conditions were imposed in all three 

irections. 

The initial GB structures were optimized by the γ -surface 

ethod [28–30] . In this method, one grain is translated relative 

o the other by small increments parallel to the GB plane. After 

ach increment, the total energy is minimized with respect to local 

tomic displacements and rigid translations of the grains normal 

o the GB plane (but not parallel to it). The minimized GB energy 

s plotted as a function of the translation vector, producing a so- 

alled γ -surface. The translation vector corresponding to the deep- 

st energy minimum on the γ -surface is identified, and the total 

nergy is further minimized by allowing arbitrary atomic displace- 

ents in all three directions staring from this translational state. 

he GB structure obtained is considered the closest approximation 

f the ground state of the boundary. 

To create a thermodynamically equilibrium distribution of Mg 

toms in the Al-5.5at.%Mg alloy, the hybrid MC/MD algorithm 

31] was implemented in the semi-grand canonical NPT ensem- 

le (fixed total number of atoms N, fixed temperature T , and zero 

ressure P ). Every MC step was followed by 250 MD steps with the 

ntegration time step of 2 fs. The imposed chemical potential dif- 

erence between Al and Mg was adjusted to produce the desired 

hemical composition inside the grains. The simulation tempera- 

ure varied between 350 K and 926 K. 

GB diffusion was studied by NPT MD simulations in the temper- 

ture range from 400 K to 926 K using the GBs pre-equilibrated by 

he MC/MD procedure. During the MD runs, the GB position could 

lightly vary due to thermal fluctuations. To account for such vari- 
597 
tions, the instantaneous GB position was tracked by finding the 

eak of the potential energy (averaged over thin layers parallel to 

he GB plane) as a function the z coordinate normal to the bound- 

ry. The GB position was identified with the center of the peak, 

hile the GB width δ was estimated from the peak width. Based 

n these estimates, the GB core region was defined as the layer 

entered at the peak and having the width of δ = 1 nm for the 

igh-angle GB and δ = 1 . 5 nm for the low-angle GB. The mean- 

quare displacements, 
〈
x 2 

〉
and 〈 y 2 〉 , of both Al and Mg atoms par-

llel to the GB plane were computed as functions of time. The cal- 

ulations extended over a time period �t ranging from 0.03 ns 

o 120 ns, depending on the temperature. The GB diffusion co- 

fficients of both species were extracted from the Einstein rela- 

ions D x = 

〈
x 2 

〉
/ 2�t and D y = 〈 y 2 〉 / 2�t , respectively. For compar-

son, similar calculations here performed for Al self-diffusion in 

oth GBs. In this case, the pure Al boundary was equilibrated by 

 2 ns MD run before computing the mean-square displacements. 

or the low-angle GB, the symmetry dictates that D x and D y must 

e equal. Accordingly, the diffusion coefficients reported for this 

oundary were averaged over both directions. 

For further comparison, the same methodology was applied to 

ompute the diffusion coefficients of Al and Mg in the liquid Al- 

.5at.%Mg alloy at temperatures close to the solid-liquid coexis- 

ence (solidus) line. The simulation block had the dimensions of 

1 . 73 × 11 . 73 × 11 . 73 nm 
3 ( ∼ 10 5 atoms) and was equilibrated by

n MD run for a few ns prior to diffusion calculations. 

. Results and analysis 

.1. Grain boundary structures and energies 

The excess energy of the equilibrated high-angle �17 GB was 

ound to be 488 mJ m 
−2 . The 0 K structure of this boundary con-

ists of identical kite-shape structural units arranged in a zigzag ar- 

ay as shown in Fig. 1 a. The rows of these structural units running

arallel to the tilt axis (normal to the page) can be interpreted as 

n array of closely spaced edge dislocations forming the GB core. 

n identical zigzag arrangement of the kite-shape units in this GB 

as earlier found in Cu [15,32–34] and Ni [35] , suggesting that this 

tomic structure is common to FCC metals. 

The low-angle �3601 GB has a smaller energy of 127 mJ m 
−2 

nd consists of a square network of discrete dislocations ( Fig. 1 b). 

s expected from the dislocation theory of GBs [36] , the disloca- 

ion lines are parallel to the 〈 110 〉 directions and have the Burgers 
ectors of b = 

1 
2 〈 110 〉 . Furthermore, the Frank formula [36] predicts 

hat the distance between parallel GB dislocations in the network 

ust be approximately | b | /θ, where θ is the twist angle. Exam- 

nation of the GB structure reveals that this prediction is indeed 

ollowed very closely. 

.2. Grain boundary segregation 

Mg was found to segregate to both GBs at all temperatures 

tudied. The images in Fig. 2 illustrate the equilibrium distribu- 

ions of the Mg atoms along with the atomic disorder of the GB 

tructures at the temperature of 700 K. 

Equilibrium segregation profiles were computed by averaging 

he atomic fraction of Mg over thin layers parallel to the GB on ei- 

her side of its current position. The composition profiles displayed 

n Fig. 3 were averaged over multiple snapshots during the MD/MC 

imulations after thermodynamic equilibration. The following fea- 

ures of the segregation profiles are noted: 

• Mg segregates to the high-angle GB much stronger than to the 

low-angle GB. 

• The height of the segregation peak increases with decreasing 

temperature, reaching about 21 at.%Mg in the high-angle GB 
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Fig. 1. Structures of the GBs studied in this work. (a) Symmetrical tilt 

�17(530)[001] GB composed of kite-shape structural units. The structure is pro- 

jected along the [001] tilt axis normal to the page. The GB plane is horizontal. The 

open and filled circles represent atoms located in alternating (002) planes parallel 

to the page. The structural units are outlined by dotted lines. (b) Top view of the 

�3601(001) twist GB composed of 1 
2 〈 110 〉 edge dislocations. The { 001 } GB plane 

is parallel to the page. The dislocations are visualized by the bond-order analysis 

using OVITO [27] . The perfect-lattice atoms are removed for clarity. 
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Fig. 2. GB structure at the temperature of 700 K. (a) Symmetrical tilt 

�17(530)[001] GB. (b) �3601(001) twist GB. The grain orientations are the same 

as in Fig. 1 . The green color represents the most distorted Al atoms with the 

centrosymmetry parameter above a threshold value. The red color represents Mg 

atoms. The images have been generated using OVITO [27] . 
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and about 7 at.%Mg in the low-angle GB at the lowest temper- 

ature tested. 

• At high temperatures approaching the melting point of the al- 

loy ( > 850 K), the segregation profile of the high-angle GB sig- 

nificantly broadens, suggesting that the boundary undergoes a 

premelting transformation. 

At temperatures between 860 and 870 K, the premelted high- 

ngle GB was observed to extend across the entire simulation 

lock, transforming it into the bulk liquid phase. Based on this ob- 

ervation, the solidus temperature of the alloy was estimated to be 

65 ± 5 K. This estimate compares well with the equilibrium phase 

iagram obtained by independent calculations in [23] . The low- 

ngle GB did not premelt and could be readily overheated above 

he solidus temperature, keeping the dislocation network intact al- 

eit with highly disordered dislocation cores. 

The amount of segregation was quantified by computing the ex- 

ess number of Mg atoms per unit GB area at a fixed total number

f atoms: 

 N Mg ] = N Mg − N 

N 
′ 
Mg 

N 
′ . (1) 

ere, N Mg and N 
′ 
Mg 

are the numbers of Mg atoms in two regions 

ith and without the GB, respectively, and N and N 
′ are the total 

umbers of Al and Mg atoms in the respective regions. These re- 

ions were chosen to have the same cross-sectional area parallel to 

he GB, and the excess [ N Mg ] was normalized by this area. Accord- 

ngly, the units of [ N Mg ] reported here are the number of excess 
598 
g atoms per nanometer squared. The average value and standard 

eviation of [ N Mg ] were obtained by averaging over multiple snap- 

hots generated during the MC/MD simulations. Fig. 4 shows the 

mount of Mg segregation as a function of temperature. As ex- 

ected from the segregation profiles (cf. Fig. 3 ), [ N Mg ] decreases 

ith increasing temperature and is much higher for the high-angle 

B than for the low-angle GB. 

An alternative measure of the Mg segregation is the atomic 

raction c GB of Mg atoms in the GB computed by averaging over 

 layer of the Gaussian width centered at the concentration peak 

cf. Fig. 3 ). The GB concentrations obtained are expected to follow 
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(a)

(b)

Fig. 3. Mg segregation profiles in (a) �17(530)[001] tilt GB and (b) �3601(001) 

twist GB at several temperatures. The alloy composition is Al-5.5at.%Mg. 

Table 1 

Segregation free energy and the fraction of available segregation sites 

extracted from the simulation results. The last column reports the R 2 

coefficient of determination characterizing the qualify of fit by the 

Langmuir-McLean model in Eq. (2) . 

Grain boundary F s (eV) α R 2 

�17(530)[001] t tilt −0 . 281 ± 0 . 004 0 . 166 ± 0 . 001 98 . 39% 

�3601(001) twist −0 . 014 ± 0 . 001 0 . 891 ± 0 . 021 93 . 88% 
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Fig. 4. Mg segregation in the Al-5.5at.%Mg alloy as a function of temperature for 

the (a) �17(530)[001] tilt GB and (b) �3601(001) twist GB. The error bars repre- 

sent one standard deviation from averaging over multiple snapshots. 
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he modified Langmuir-McLean segregation isotherm [37] 

c GB 
α − c GB 

= 

c 

1 − c 
exp 

(
− F s 

kT 

)
. (2) 

ere, c is the alloy composition (atomic fraction of Mg), k is Boltz- 

ann’s constant, F s is the segregation free energy per atom, and 

is the fraction of GB sites filled by Mg atoms when the segre- 

ation is fully saturated. F s represents the difference between the 

ree energies of Mg atoms inside the GB and in the grain inte- 

iors. For both GBs, the temperature dependence of c GB could be 

tted by equation (2) reasonably well, see Fig. 5 , with the values 

f F s and α listed in Table 1 . For the low-angle GB, the quality of

t is somewhat lower because c is significantly closer to c. The 
GB 

599 
egative values of F s indicate that the interaction between the Mg 

toms and the GBs is attractive. The absolute values of F s are also 

eaningful and consistent with previous reports. For example, Mg 

egregation energies in Al �5 [001] tilt and twist GBs were found 

o be −0 . 50 eV and −0 . 20 eV, respectively [6] . A more recent first-

rinciples study of the Al �5 [001] tilt boundary reports the Mg 

egregation energy of −0 . 3 eV [38] . For the Al �11 [311] tilt GB,

rst-principles calculations predict the Mg segregation energies of 

0 . 02 eV, −0 . 070 eV and −0 . 185 eV for three different GB sites

7] . It should be noted that the calculations in [6] utilized a differ-

nt interatomic potential, and that the values reported in the lit- 

rature represent the segregation energy, not free energy. The free 

nergy obtained here additionally includes the effects of the vi- 

rational and configurational entropies. Furthermore, GB structures 

ypically exhibit a diverse set of atomic environments, and thus a 

ide spectrum of segregation energies. The values of F s reported in 

able 1 should be interpreted as representative (effective) values. 

he saturation parameter α is understood as the fraction of the GB 

ites with the largest magnitude of F s . Given these uncertainties, 

e consider our results to be in reasonable agreement with the 

iterature and consistent with the physical meaning of segregation 

arameters. 

A peculiar segregation feature was found in the high-angle GB. 

hile most of the Mg atoms were distributed in the GB in a ran- 

om manner, a tendency to form Mg clusters was observed, es- 

ecially at low temperatures. Cluster analysis was performed on 
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(a)

(b)

Fig. 5. Mg atomic fraction in the (a) �17(530)[001] tilt GB and (b) �3601(001) 

twist GB as a function of temperature. The points represent simulation results while 

the curves were obtained by fitting the Langmuir-McLean model in Eq. (2) . 

Fig. 6. Mg clusters in the �17(530)[0 01] tilt GB at 40 0 K. The GB plane is parallel 

to the page. Only clusters containing 10 or more atoms are shown for clarity. 
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Fig. 7. Size and shape of Mg clusters in the �17(530)[001] tilt GB at selected tem- 

peratures. (a) Size distribution. The vertical axis gives the number of clusters of a 

given size in the simulation block averaged over multiple snapshots. (b) Eccentricity 

of the clusters, given by Eq. (3) , plotted as a function of the cluster size. 
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tatically relaxed snapshots using the OVITO software [27] . An ex- 

mple of clusters is shown in Fig. 6 . To reveal the clustering effect

ore clearly, only clusters containing 10 or more atoms are visual- 

zed. Fig. 7 a shows the cluster size distribution at different temper- 

tures (size being defined as the number of atoms in the cluster). 

nly clusters containing 6 or more atoms are included in the dis- 

ribution. Since such clusters constitute a tiny fraction of the entire 
600 
luster population in the GB, their contribution would be nearly 

nvisible if smaller clusters were included in the distribution. At 

ost temperatures, it was not unusual to see clusters containing 

0 or more atoms. In fact, even clusters containing 30 to 40 atoms 

ere occasionally seen at low temperatures. It should be empha- 

ized that the clusters discussed here are not a static feature of 

he GB structure. Instead, they behave as dynamic objects that ran- 

omly form and dissolve during MD simulations, constantly chang- 

ng their size, shape and location by exchanging Mg atoms with 

ach other and with the bulk solution. The clustering of segregated 

toms is a clear sign of attractive solute-solute interactions inside 

he GB core. 

It should also be noted that the clusters shapes are significantly 

longated along the tilt axis. This elongation was quantified by the 

ccentricity parameter 

 = 

√ 

1 − 1 

2 

(
l y 

l x 

)2 

− 1 

2 

(
l z 

l x 

)2 

, (3) 

here l x represents the cluster dimension along the tilt direction, 

nd l y and l z are the respective dimensions in the two perpen- 

icular directions. The eccentricity was calculated only when the 

imension along the tilt axis was longer than in the perpendicu- 

ar directions, and was assigned a zero value otherwise. As evident 

rom Fig. 7 b, the cluster elongation tends to increase (larger e ) with 
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Table 2 

The activation energy E and pre-exponential factor D 0 for GB diffusion in pure Al and in the Al-Mg alloy. 

Direction Al in pure Al Al in alloy Mg in alloy 

�17(530)[001] GB 

E (eV) ‖ tilt axis 0 . 73 ± 0 . 02 1 . 22 ± 0 . 05 1 . 52 ± 0 . 08 

⊥ tilt axis 0 . 83 ± 0 . 01 1 . 27 ± 0 . 03 1 . 54 ± 0 . 06 

D 0 (m 
2 /s) ‖ tilt axis (

3 . 33 +1 . 23 
−0 . 90 

)
× 10 −6 

(
2 . 60 +3 . 45 

−1 . 48 

)
× 10 −3 

(
8 . 48 +21 . 26 

−6 . 06 

)
× 10 −2 

⊥ tilt axis 
(
1 . 57 +0 . 34 

−0 . 28 

)
× 10 −5 

(
5 . 38 +3 . 60 

−2 . 16 

)
× 10 −3 

(
1 . 12 +1 . 99 

−0 . 72 

)
× 10 −1 

�3601(001) GB 

E (eV) ⊥ twist axis 0 . 66 ± 0 . 04 1 . 16 ± 0 . 09 1 . 18 ± 0 . 06 

D 0 (m 
2 /s) ⊥ twist axis 

(
1 . 33 +0 . 93 

−0 . 55 

)
× 10 −8 

(
1 . 27 +3 . 56 

−0 . 94 

)
× 10 −5 

(
1 . 47 +2 . 08 

−0 . 86 

)
× 10 −5 
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he cluster size and decrease with temperature. Large clusters con- 

aining 20 or more atoms looked almost like linear chains. 

.3. Grain boundary diffusion 

Fig. 8 shows representative 
〈
x 2 

〉
versus time plots whose slopes 

ere used for computing the GB diffusion coefficients. The plots 

re fairly linear as expected from the Einstein relation. The slopes 

f the plots indicate that Al GB self-diffusion is faster than Al GB 

iffusion in the alloy, which in turn is faster than Mg GB diffusion 

n the alloy. For the high-angle GB, this trend holds at all tem- 

eratures studied here. In the low-angle GB, Al and Mg diffuse at 

pproximately the same rate, and both are slower in comparison 

ith Al self-diffusion. 

The results of the diffusion calculations are summarized in the 

rrhenius diagram, log D versus 1 /T , shown in Fig. 9 . For the high-

ngle GB, the diffusion coefficients are reported separately for both 

irections, parallel and perpendicular to the tilt axis. Diffusion in 

he high-angle GB is several orders of magnitude faster than dif- 

usion in the low-angle GB at all temperatures. This behavior is 

ypical for metallic systems as reviewed in [39–41] . The diffusion 

oefficients closely follow the Arrhenius relation 

 = D 0 exp 

(
− E 

kT 

)
(4) 

t all temperatures below the solidus temperature. Note that Mg 

egregation reduces or even eliminates the diffusion anisotropy in 

he high-angle GB. In pure Al, diffusion along the tilt axis is faster 

han in the direction normal to the tilt axis. This trend is general 

nd was observed in both experiments and previous simulations, 
ig. 8. Mean-square atomic displacement normal to the tilt axis versus time in 

he �17(530)[001] GB at the temperature of 750 K. The lines represent GB self- 

iffusion in pure Al and GB diffusion of Al and Mg in the Al-5.5at.%Mg alloy. 

F

(

m

r

r
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or example in Cu and Cu-Ag alloys [29,32,42,43] . In the Al-Mg 

lloy, the anisotropy of Al GB diffusion is significantly smaller in 

omparison with that of self-diffusion in pure Al. Furthermore, GB 

iffusion of Mg is practically independent of the direction. 

Table 2 summarizes the activation energies E and pre- 

xponential factors D 0 obtained by fitting Eq. (4) to the simulation 

ata. For the low-angle GB, the diffusivity follows the Arrhenius 

elation even above the solidus temperature, which allowed us to 

nclude one extra point (900 K) into the fit. Note that the activa- 

ion energies follow the trend E Al-Al < E Al-Alloy < E Mg-Alloy , suggest- 

ng that the observed retardation of GB diffusion by Mg segrega- 

ion is primarily caused by increase in the activation energy. This 

s also evident from the converging behavior of the Arrhenius lines 

n Fig. 8 , leading to very similar diffusion coefficients of Al and Mg 

lose to the melting point. 

In pure Al, the self-diffusivity in the high-angle GB was also 

omputed at two additional temperatures (900 and 914 K) lying 

bove the alloy solidus temperature but below the Al melting point 

926 K). At these temperatures, the boundary develops a highly 

isordered atomic structure similar to a liquid layer. Accordingly, 

he GB diffusion coefficient shows a significant upward deviation 

rom the Arrhenius behavior and approaches the self-diffusion co- 

fficient in liquid Al (see inset in Fig. 8 ). A similar behavior was

reviously observed in the same �17 GB in Cu [32] . It is interest- 

ng to note that Al diffuses in the liquid alloy somewhat slower 

han in pure Al, and Mg diffused even slower. This trend mimics 
ig. 9. Arrhenius diagram of GB diffusion coefficients (points) and their liner fits 

dashed lines). The square and circle symbols represent diffusion parallel and nor- 

al to the tilt axis, respectively, in the high-angle GB. The triangular symbols rep- 

esent diffusion in the low-angle GB. The inset is a zoom into the high-temperature 

egion showing diffusion in liquid Al and the liquid alloy (star symbols). 
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he similar behavior of GB diffusion, suggesting that the underly- 

ng cause is the nature of atomic interactions in the Al-Mg system 

ather than details of the GB structures. 

. Discussion 

Atomistic simulations of GB structure, solute segregation and 

B diffusion are computationally expensive and have only been 

reformed for a small number of GBs in a few binary systems. 

ystematic investigations covering a wide range of temperatures 

ll the way to the melting point are especially demanding. For 

his reason, only two GBs have been studied in the present work. 

s such, we selected two boundaries belonging to very different 

lasses: a low-angle GB, which essentially represents a dislocation 

etwork, and a high-angle GB with a structurally homogeneous 

ore. Although each boundary is characterized by specific set of 

rystallographic parameters, many of the conclusions of this work 

re generic and should be valid for all low-angle and all high-angle 

Bs, respectively. In particular, the fact that diffusion in the low- 

ngle GB is slower and is characterized by a larger activation en- 

rgy in comparison with the high-angle GB, is consistent with the 

xisting body of experimental data for many other alloy systems 

39] . The retardation of Al diffusion by the presence of Mg atoms 

as found in both low-angle and high-angle GBs, as well as in the 

ulk liquid phase, which strongly suggests that this is a generic ef- 

ect. It should also be noted that at most temperatures studied in 

his work, the high-angle GB was found to be structurally disor- 

ered. In fact, at high enough temperatures it becomes a liquid- 

ike layer. Under such conditions, the specific bicrystallography of 

his boundary is unimportant and it can be considered a “generic”

igh-angle GB. 

There are several findings in this paper whose explanation re- 

uires furthers research. One of them is the observation of the 

trongly elongated Mg clusters (atomic chains) in the high-angle 

B. We hypothesize that such clusters, as well as other possible 

hemical heterogeneities in segregated Al GBs, can serve as pre- 

ursors of Al-Mg intermetallic compounds during their nucleation 

n oversaturated alloys. The clustering trend also suggests that the 

B solution has a miscibility gap. While this line of inquiry was not 

ursued in this work, it seems quite possible that Al-Mg GBs can 

xhibit 2D phases and phase transformations among them [14,44] . 

urthermore, it is likely that the Mg clusters act as traps for dif- 

usion of Mg atoms, vacancies and interstitials. This would explain 

he relatively show GB diffusion rate of Mg. However, further work 

s required to better understand the underlying atomic mecha- 

isms. 

Although the GB diffusivities reported here cannot be compared 

ith experiments, the Mg GB segregation in Al has been stud- 

ed by several experimental techniques, including atom probe to- 

ography (APT). The experiments show that Mg strongly segre- 

ates to Al GBs in most cases [3–10] . However, deviation from 

his trend were also reported in the literature. For example, re- 

ent APT studies of Mg distribution after severe plastic deforma- 

ion [45,46] revealed Mg-depleted zones near GBs. These zones are 

xplained [45] by inhomogeneous nature of the deformation pro- 

ess, namely, by the interaction of Mg atoms with moving disloca- 

ions in micro-deformation bands in the deformed microstructure. 

his highly non-equilibrium effect does not contradict the obser- 

ation of equilibrium Mg segregation in this work as well as in 

revious reports. 

On the simulation side, Mg GB segregation in nanocrystalline 

l-Mg was recently studied by the lattice Monte Carlo (LMC) 

ethod [3] . This method is different from the potential-based off- 

attice Monte Carlo simulations reported in this paper. In LMC sim- 

lations, the lattice remains rigid and the interaction parameters 

re fitted to experimental information within the regular solu- 
602 
ion approximation. GBs are defined as regions with modified val- 

es of the interaction parameters. Despite these differences, the 

MC results are consistent with our work. For example, the seg- 

egation isotherm at 200 ◦C and the alloy composition of about 

 at.%Mg ( Fig. 7 a in [3] ) predicts GB concentration of about 30

t.%Mg. Our simulations give the concentration of about 22 at.%Mg 

t 350 K ( Fig. 3 a). Furthermore, the interaction of Mg atoms with

Bs was recently studied by first-principles calculations [38] us- 

ng the �5 (201)[001] symmetrical tilt boundary as a model. The 

alculations confirm a negative segregation energy of Mg driving 

B segregation. At the temperature of 550 K, the peak Mg concen- 

ration in this boundary was found to be about 32 at.%Mg. Thus, 

alculations by different methods for different high-angle GBs in 

l predict the segregation levels of Mg consistent with the present 

ork. This agreement is reassuring and suggests that the results 

eported here reflect the generic nature of the Mg interaction with 

l GBs. 

. Conclusions 

We have studied GB segregation and GB diffusion in the Al- 

g system by atomistic computer simulations combining MD and 

C methods. A typical Al-5.5at.%Mg alloy and two representative 

high-angle and low-angle) GBs were chosen as models. The con- 

lusions can be summarized as follows: 

• In agreement with previous reports, Mg strongly segregates to 

high-angle GBs and, to a lesser extent, to low-angle GBs com- 

posed of dislocations. At low temperatures, such as 350 K, the 

local chemical composition in GBs can exceed 20 at.%Mg. 

• The amount of GB segregation increases with decreasing tem- 

perature. The effective free energy of GB segregation is esti- 

mated to be about −0 . 28 eV/atom for the high-angle GB stud- 

ied here and much smaller ( ∼ −0 . 01 eV/atom) for the low- 

angle GB. 

• Distribution of the segregated Mg atoms over a GB is highly 

non-uniform. In the high-angle tilt GB, the Mg atoms tend to 

form clusters containing 10 to 30 atoms, especially at low tem- 

peratures. Such clusters are elongated parallel to the tilt axis 

and are similar to linear atomic chains. 

• At high temperatures approaching the solidus line, the high- 

angle GB studied here exhibits a premelting behavior by devel- 

oping a highly disordered, liquid-like structure. By contrast, the 

low-angle GB does not premelt and can be overheated past the 

solidus line. While the individual dislocations do become dis- 

ordered, the dislocation network itself remains intact, demon- 

strating an extraordinary thermal stability. 

• Mg segregation strongly affects the rate of GB diffusion in Al- 

Mg alloys. Mg GB diffusion is slower than Al GB self-diffusion in 

pure Al. Furthermore, Mg segregation slows down the GB diffu- 

sion of Al itself. This diffusion retardation could be responsible 

for the microstructure stability in Al-Mg alloys. 

• The diffusion retardation effect caused by the Mg segregation is 

primarily due to the significant (about a factor of two) increase 

in the activation energy of GB diffusion ( Table 2 ). 

• Mg segregation reduces the anisotropy of GB diffusion. 

• Mg diffusion in high-angle GBs is several orders of magnitude 

faster than diffusion in low-angle GBs at the same temperature. 

In the absence of experimental data, the GB diffusion coeffi- 

ients obtained in this work can provide useful reference informa- 

ion for further investigations of Al-Mg alloys. GB diffusion coef- 

cients appear as input material parameters in many models de- 

cribing processes such precipitation aging, solute drag, and micro- 

reep to name a few. 
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