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a b s t r a c t 

We study the effect of solute segregation on pyramidal to basal transformation of 〈 c + a 〉 edge disloca- 

tions in a model Mg-Y alloy, using a hybrid Monte Carlo/Molecular Dynamics method. While a random 

solute distribution has no appreciable effect on this undesirable transition, a solute cloud around the dis- 

location slows and effectively prevents it in case of Mg-3 at % Y alloy. Comparing with the time scale 

required for diffusion of Y to the dislocation, suggests that segregation of Y and other fast diffusing ele- 

ments can be engineered to prohibit this glissile to sessile transition, and stabilize the pyramidal glide of 

〈 c + a 〉 dislocations. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Magnesium (Mg) is a light metal– 4.6 times lighter than con-

entional steels and 1.6 times lighter than aluminum (Al) [1] –

aking it suitable for use in automotive and aerospace applica-

ions in an effort to reduce weight and thereby enhancing fuel

fficiency [2–11] . However, Mg has a naturally low ductility and

racture toughness reducing its viability for structural applications.

The reduced ductility in Mg is caused by the fact that plastic

eformation in the 〈 c 〉 direction is carried by glissle 〈 c + a 〉 dis-

ocations on the pyramidal (py) II planes [12] . Even at room tem-

erature pyII 〈 c + a 〉 dislocations spontaneously transition into the

nergetically more favorable basal 〈 c + a 〉 dislocations [13] . These

ewly formed dislocations in the basal plane are sessile and cannot

ontribute to plastic flow at reasonable applied stresses. Delaying

r preventing the pyII to basal transition (PBT) is therefore crucial

o retaining the ductility of Mg. 

Experimental studies have shown an increase in the ductility of

he Mg-Y alloys, which is thought to be due to increased activity

f pyII 〈 c + a 〉 dislocations [14–17] . This increase was initially

ttributed to favorable solute-I 1 stacking fault interactions [16,18] ;

 theory which was later questioned [19] . Another theory sug-

ests, that the ductility enhancement from solute addition is

aused by an increase in pyII to pyI cross-slip of 〈 c + a 〉 screw

islocations as a competing process counteracting the effects

f PBT [20] . Moreover, it was recently shown that there is no
∗ Corresponding author. 
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ffect on the characteristic PBT time in a random Mg-Y solid

olution [21] compared to pure Mg samples [13] . 

The contrast between the findings of Ref. [21] , showing unaf-

ected PBT times in the Mg-Y, and experimental results showing

trongly increased pyII dislocation activity in similar samples

ustifies further investigation of 〈 c + a 〉 dislocations in Mg-Y alloys.

e used a similar methodology to the one used in Ref. [21] ,

ut instead of considering a random Mg-Y solid solution, we

onsider the possibility of solute segregation to the dislocations.

e obtain the thermodynamic equilibrium solute concentration

round the dislocation core via a Metropolis Monte-Carlo (MC)

lgorithm and show that pyII 〈 c + a 〉 dislocations can be stabi-

ized as a result of solute accumulation in the strain field of the

islocation. 

Atomistic simulations are performed with lammps [22] using a

g-Y modified embedded-atom method (MEAM) interatomic po-

ential [23] . The simulation cell dimensions are 31 nm × 2.3 nm

32 nm along x : [2 ̄1 ̄1 3] , y : [0 ̄1 10] and z : [2 ̄1 ̄1 ̄2 ] : direction respec-

ively. The dislocation line extends along the periodic y -direction.

he other two boundaries have open surfaces. Atoms closer than

.25 nm to the surface were fixed for all simulation. Three Mg-Y al-

oys are considered with Y concentrations of 0.33;1;3 at .%. At each

omposition, we created 300 different random configurations and

elected the lowest energy ones for further studies. This accounts

or the fact that dislocations in solid solutions tend to move to a

ocal solute configuration with lower energy. Each cell was slightly

escaled based on the temperature dependent lattice constant of

ach composition. 

https://doi.org/10.1016/j.scriptamat.2020.02.033
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Fig. 1. Averaged radial Yttrium concentration profile and atomic arrangement in for the MgY x samples. The average radial Y concentration of MC annealed samples is shown 

in (a) and those of the samples with a random atomic configuration in (b). Positive radii map to the compressive strain region of the dislocation, while negative radii 

extend into the tensile region ( cf. the inset in (a), where the concentration is calculated for the respective shaded region). The inset in (b) shows a magnification around the 

dislocation core. Atomic arrangement close to the 〈 c + a 〉 pyII dislocation core in the MC equilibrated Mg-Y sample (c) and its random counterpart (d). The Mg atoms are 

color coded based on their local structure type [25] ; hexagonal closest packing (HCP): blue, unstructured: yellow. All Y atoms are colored magenta. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Radial pair distribution function (PDF) for the segregated Mg-Y (a) and the 

random Mg-Y samples (b). Here we compare samples containing 3 at. % Y. For the 

MC sample we averaged 12 different atomic configurations, for the random one 

we averaged all 300 initially created arrangements. For comparison, the PDF of the 

three ordered intermetallic phases in the Mg-Y system are shown (c-e). For the C14 

phase with partial occupancy 200 different arrangements were averaged. Note, that 

for the B2 phase Mg-Mg and Y-Y PDF peaks overlap. All PDFs are normalized be- 

tween to 1. 
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The 〈 c + a 〉 dislocation is inserted on the pyII plane, assum-

ing isotropic elasticity [12] using atomsk [24] and periodic bound-

ary conditions along the dislocation line of 2.3 nm length. Atoms

closer than 1.25 nm to the free surfaces are fixed during annealing

and excluded from the MC trial moves. We compare three types of

atomic arrangements: pure Mg, random Mg-Y solid solutions (ran-

dom Mg-Y), and chemically equilibrated samples using a hybrid

Monte Carlo/Molecular dynamics (MC/MD) method (MC Mg-Y). For

each MC operation an atom swap in the canonical ensemble is at-

tempted on 10 % of the atoms. These MC swaps were performed

every 50 MD steps. We used a Nose-Hover thermostat during the

MD steps. 

The MC Mg-Y samples were chemically equilibrated for up to

40 ps using alternating MC and MD steps. Once the atomic config-

uration converge we proceed with only MD. 

All samples were annealed at 700 ◦K using MD for up to 5 ns or

until the PBT occurs. We found the transition time from sequential

snapshots post-processed [25] and visualized in ovito [26] . 

First, we quantify the excess Y concentration around the dislo-

cation core in the random and the MC equilibrated samples and

compare with the random Mg-Y results of Ref [21] . These concen-

trations are shown in Fig. 1 . Here, we average the Y concentra-

tion around the initial 〈 c + a 〉 dislocation in concentric semi circles

extending outwards. Positive radii go into the compressive region

of the dislocation strain field, while negative radii cover the ten-

sile side ( cf. inset Fig. 1 (a)). The concentration profiles are averaged

over 8 samples. 

Fig. 1 (a) shows the Y concentration in the MC equilibrated

samples. We can see that independent of the nominal bulk con-

centration a significant enrichment of Y in the tensile region of

the dislocation strain field. This is the expected due the positive

misfit volume [27] of Y in a Mg host lattice [23] . Similarly, the Y

concentrations is reduced in the compressive region around the

dislocation. Notably, all samples show Y concentrations higher

than the solubility limit at 700 ◦K of ≈ 3 at. % [28] in the vicinity

of the dislocation. The concentration profiles in the random Mg-Y

sample ( Fig. 1 (b)) shows similar trend, albeit with much smaller

concentration fluctuations around the dislocation core. The inset

in (b) shows the region close to the core in more detail. These

small deviations from the bulk concentration in the random

sample can be explained by the fact that we selected energetically

favorable random fluctuations around the dislocation during the

initialization stage. 

Fig. 1 (c) and (d) shows two snapshots of the dislocation –after

quenching to 0 ◦K – in the x Y = 3 at. % alloy after MC equilibration
nd in the random configuration respectively. Comparing the two

tructures, one can see that the MC steps lead to a Y enrichment,

n the core of the dislocation in addition to the tensile region of

ts strain field. To further quantify these changes, we compare the

adial pair distribution function (PDF) for the MC annealed sam-

le and its random counterpart ( Fig. 2 (a,b)). Comparison of these

DFs, before and after MC annealing, shows a strong decrease in

he nearest neighbor Y-Y bond count. Simultaneously, the Y-Y bond

ount at a distance of 5.7 Åincreases. 
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Fig. 3. Mean characteristic transition time from the 〈 c + a 〉 pyII dislocation to the 

〈 c + a 〉 basal dislocation as function of the Yttrium concentration (a). All samples 

were annealed for up to 5 ns (indicated by the dashed line). Reference data is taken 

from Refs. [13,21] . Note that the error bars are distorted due to the logarithmic y- 

axis and that the x-values are slightly shifted for improved readability. (b) gives the 

total number of samples that shows the 〈 c + a 〉 PBT. Only the samples that transi- 

tioned were included in the mean transition time given in (a). 

Fig. 4. Difference in the dislocation line energy basal 〈 c + a 〉 and the pyramidal 

II 〈 c + a 〉 dislocation configuration in the different sam ples. Only sam ples where 

the structural transition occurred are shown (cf. Fig. 3 (b)). The energy difference is 

averaged over a interval from ln ( r/r 0 ) = 0 . 35 to 1. Reference data is taken from Wu 

and Curtin [13,21] . 
Next, we analyze the possibility of new phase formation at

he dislocation core by comparing the PDF with those of three

rdered Mg-Y intermetallic phases: Mg 24 Y 5 (A12), MgY (B2), and

g 2 Y (C14). The respective PDF fingerprint of each phase is given

n Fig. 2 (c–e). While the increase in Y-Y bond counts around 5.7
˚ could indicate the formation of A12 or C14 phase, both would

lso lead to an increase in Y-Y bond counts in the first nearest-

eighbor shell. Since, we do not observe such an increase, the for-

ation of an intermetallic phase seems unlikely. The reduction of

-Y bonds in the nearest neighbor shell and the increase of Y-Y

ond counts in a distance of 5.7 Å, can instead be attributed to the

olute-solute interaction energy, predicted by this MEAM potential,

s shown in Ref. [23] . While DFT predicts the second neighbor so-

ute interactions to be strongly attractive, MEAM potential predicts

his interaction to be moderately repulsive. Therefore, the trends

bserved in the PDF of the segregated dislocation, can be an arti-

act of the use of this MEAM potential. 

Next, the simulation cells introduced in the previous section are

nnealed for up to 5 ns at 700 ◦K to measure the PBT time. Said

ime as function of Y concentration and annealing procedure is

iven in Fig. 3 (a) with reference data taken from Refs. [13,21] cor-

esponding to pure Mg and random Mg-Y alloys respectively. The

ashed horizontal line indicates the total annealing time. The PBT

as not observed in all cases during annealing. The number of

ransitioned samples is charted in Fig. 3 (b). 

As previously reported [13,21] the characteristic transition time

n the random Mg-Y samples is independent of the Y concentra-

ion. The same trend can be seen here. Note, that the scatter in

ur data is significantly larger compared to these references. This

s caused by the fact that we only annealed with one velocity ini-

ialization per sample. The chemically equilibrated MC Mg-Y sam-

les on the other hand show systematically longer transition times.

oreover, comparing the data shown in Fig. 3 (b) we can see that

he number of samples where the 〈 c + a 〉 pyII configuration re-

ained stable is substantially higher in the MC annealed samples

ompared to the random ones. 

These findings clearly show that the solute cloud forming

round the dislocation not only reduces the PBT transition but ef-

ectively prevents the transition in a number of cases. 

To determine the origin of this substantial stabilization we in-

estigated the thermodynamics of the transition in more detail.

ig. 4 shows the energy difference �E between the initial pyII

islocation configuration and the basal 〈 c + a 〉 dislocations after

he PBT. The inset schematically shows this energy difference.

ote, that we average the energy for ln ( r / r 0 ) values from 0.35 to

. The total dislocation energies were calculated as described in

efs. [13,21] . 

Naturally, we are limited by the subset of samples showing

he PBT during our simulations ( cf. Fig. 3 (b)). Nevertheless, a clear

rend can be established. While the random Mg-Y samples show a

onstant energy reduction following the PBT, the MC Mg-Y samples

how that this energy difference decreases substantially. The core

nergy reduction during the PBT is driving force for this transition.

herefore, reducing this energy difference leads to a more stable

yII 〈 c + a 〉 dislocation. Comparing our findings to Refs. [13,21] , we

an see that although our smaller number of samples leads to a

arger variance in �E , the values and trends appear to be quite

easonable. 

During the PBT of a solute-decorated dislocation, the dislo-

ation has to move away from the solute cloud, leading to an

nergetically unfavorable high Y concentration away from the dis-

ocation. This effect gets more pronounced as the Y concentration

ncreases ( cf. Fig. 1 ) explaining the trends of �E seen above. In

he random Mg-Y samples on the other hand, the initial and final

tomic environment for the PBT are self similar, therefore the
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energy difference associated to this transition becomes indepen-

dent of the Y concentration. 

As shown above, the accumulation of Y around the pyII 〈 c + a 〉
dislocation leads to a strong stabilization against the PBT. This re-

quires diffusional mass transport to the tensile strain side of the

dislocation. We compare the characteristic time t ∗ required for so-

lute cloud formation around the dislocation [27] with the PBT

transition time in the random alloy. The case of random alloy

serves as the lowest bound for the PBT transition time due to the

fact that even partial segregation of solutes in the intermediate

steps should increase the transition time. Curtin et. al. have intro-

duced the “cross-core” diffusion as the mechanism responsible for

solute segregation to dislocations [29] . This mechanism happens at

a faster rate than bulk diffusion due to a strong thermodynamic

driving force for solutes to migrate from the compressive to the

tensile side (or vice versa depending on the solute misfit volume),

during periods where dislocations are stopped by other obstacles.

The “cross-core” characteristic time t ∗ for solutes to accumulate in

the dislocation core is given by Curtin et al. [29] : 

 

∗ ∝ [ ν0 exp −(�H − �W/ 2) /k B T ] 
−1 

(1)

where �H is th activation enthalpy, ν0 is the attempt frequency,

k B is the Boltzmann constant, T is the temperature and �W is the

average solute-dislocation binding energy difference between ten-

sion/compression sides. 

Using the experimental activation energy for diffusion of Y in

Mg [30] of 1.02 eV and the maximum solute-dislocation bind-

ing energy (on one side) specific for the MEAM interatomic po-

tential (W = 563 meV) [23] and a generic attempt frequency of

ν0 = 10 12 Hz, we obtain a characteristic time of t ∗ = 1 . 98 × 10 −9 s

at T = 700 ◦K . This value is comparable to the transition times for

PBT in random Mg-Y alloys, at the same temperature, presented

in Fig. 3 . Therefore, a proper heat treatment prior to deformation

can facilitate the segregation of solutes to the pyII 〈 c + a 〉 disloca-

tions, which will subsequently defer the undesired PBT. Note that

in order to compare the characteristic times at all temperatures,

the activation energy for the PBT process is required. Obtaining the

energy barrier for this transformation requires extensive nudged-

elastic-band calculations that are beyond the scope of this paper. 

Moreover, segregation of solutes to dislocations can cause pin-

ning by the solute cloud, leading to an increased strength but also

brittleness of the alloy. Further analysis is required to compare the

cost of pinning the glide of mobile 〈 c + a 〉 on pyII planes with for-

mation of sessile basal configurations. This is out of scope for this

paper. 

Nevertheless, this work offers proof of concept for a chemically

inhomogeneous Mg-x alloy, where a fast diffusing alloying ele-

ment x can be used to stabilize the glissle pyII 〈 c + a 〉 dislocation

against transformation to the sessile basal 〈 c + a 〉 dislocation.

Other candidate alloying elements that behave similar to Y in

this regard include rare earth elements such as Gd and Ce due

to their fast diffusion and strong interaction with dislocation

cores caused by their large misfit volumes in Mg. Application of

segregation engineering to Mg alloys is particularly important

since the bulk solubility of most elements in Mg is rather low.

However, strategies to take advantage of segregation at defects

can lead to locally high concentration of solutes, thereby changing

deformation behavior in ways that smaller amounts of solutes,

based on bulk solubility limit, cannot achieve. 

We Investigated the effect of Y solute cloud formation around

the pyII 〈 c + a 〉 dislocation in Mg on its stability towards the tran-

sition to the basal 〈 c + a 〉 dislocation. 

Using a MC algorithm, we find substantial accumulation of Y

in the tensile strain region around the dislocation, accompanied

by a depletion in the compressive strain region. Annealing random

Mg-Y solid solutions and the samples containing the solute cloud
round the dislocation reveals a systematic increase in the pyII to

asal dislocation transition time. In the sample with the highest

 concentration, the dislocation reaction could be suppressed en-

irely. Detailed analysis revealed, that the presence of the Y so-

ute cloud around the initial pyII 〈 c + a 〉 dislocation reduces the

riving force for the dislocation transition and might even lead to

hemodynamically stable pyII dislocation. In addition, we showed

hat the characteristic time required for segregation of solutes to

islocations is comparable to the PBT transition time, suggesting

he feasibility of solute segregation engineering approaches prior

o deformation. 

Understanding the effects of the solute cloud on other mechan-

cal properties like ductility and brittleness requires further inves-

igation. Nevertheless, local chemical inhomogeneities can explain

he observed experimental stabilization of the pyII 〈 c + a 〉 disloca-

ion in Mg-x solid solutions and offers a new path to explore in

earch of ductile Mg for light weight applications. 
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