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a b s t r a c t 

Faceted grain boundaries exhibit unusual segregation and migration tendencies. To gain a deeper un- 

derstanding of how solute atoms interact with faceted interfacial structures during migration, this study 

probes the migration behavior of a faceted �11 boundary in Cu doped with Ag atoms. The solutes are 

found to segregate to the facet with more free volume and strongly reduce boundary velocity in one 

migration direction, but not the other, due to the presence of a directionally-dependent motion mech- 

anism that can escape solute pinning and therefore speed up migration. Hence, a new mechanism of 

chemically-induced anisotropy in grain boundary mobility is uncovered by these simulations. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Grain boundary segregation engineering has proven to be a 

owerful means of microstructural and material property manipu- 

ation [1] . Faceted grain boundaries are a promising subset of inter- 

aces to potentially utilize in segregation engineering due to their 

omplex, yet highly ordered structures, which classically consist of 

 low energy plane, a high energy plane, and facet junctions. All 

hree structures have been shown to be preferred sites of impu- 

ity and dopant segregation [2–4] . In addition, Peter et al. [5] have 

hown that segregation can even induce nano-faceting in initially 

at boundaries. A study of how dopants modulate the dynamic 

ehavior of faceted boundaries is of great fundamental and tech- 

ical importance, especially given recent discoveries of their un- 

sual motion mechanisms and mobility trends [6–8] . In particu- 

ar, faceted �11 boundaries offer a unique opportunity to explore 

oth segregation and migration, given their highly unusual geom- 

try and special properties that have captured the attention of re- 

earchers for decades [9–14] . In this work, the segregation and mi- 

ration behavior of a faceted �11 boundary is studied with atom- 

stic modeling techniques, using Cu as the matrix element and Ag 

s the solute. 

All atomistic simulations were run using the LAMMPS software 

ackage [15] with visualization and post-processing conducted us- 

ng the OVITO software [16] . Molecular dynamics (MD) simula- 

ions were run in the NPT ensemble with an integration timestep 

f 1 fs and at zero pressure. To create the faceted sample, a 
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icrystal-generating algorithm created by Tschopp et al. [17] was 

sed with an embedded-atom method interatomic potential de- 

igned for the Cu-Ag system [18] . This alloy was selected because 

g has been shown to segregate the boundary [19] . Initial testing 

onfirmed that pure Cu �11 boundaries also facet with this poten- 

ial, matching simulations of the boundaries with dedicated pure 

u potentials [ 13 , 20 ]. After selecting a cell size that fits fully peri-

dic boundary conditions for a given bicrystal orientation, the two 

rains are shifted relative to each other in small increments. The 

ell with the lowest grain boundary energy (averaged over the two 

oundaries in each bicrystal sample) is then chosen and replicated 

o create the simulation cell, with dimensions of 180 x 381 x 36.5 
˚
 ( X, Y, Z respectively) and ~20 0,0 0 0 atoms. To relax the bound-

ries, a random velocity is assigned to atoms to initialize temper- 

ture and the cell is then ramped to the target temperature over 

pproximately 20 ps, to be annealed for a further 100 ps. 

Two periodically-repeating units of the faceted �11 bound- 

ry studied here, with a boundary plane inclination angle, β , at 

5.8 º, are shown in Fig. 1 (a). Atoms are colored by their local 

rystal orientation using the Common Neighbor Analysis method 

n OVITO [16] (green atoms are face-centered cubic (FCC), red 

toms are hexagonal close-packed (HCP), and white atoms have 

o identifiable crystal structure). The ascending plane (left-to-right 

n the positive X-direction) is a facet oriented along the sym- 

etric boundary plane (SBP) of �11 ( β = 0 º). As shown in a 

chematic overlayed onto one facet period in Fig. 1 (b), the SBP is 

haracterized by a chain of diamond-shaped structural units (out- 

ined in black). The descending plane linking each symmetric facet 

orresponds to an incommensurate boundary plane (IBP) oriented 

https://doi.org/10.1016/j.scriptamat.2020.113643
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Fig. 1. (a) The faceted �11 boundary in pure Cu at 300 K, where the black ar- 

rows indicate the facet nodes. The ascending dotted line shows the facet oriented 

along the symmetric boundary plane (SBP), and the descending dashed line the 

faceted oriented along the {111} A /{001} B incommensurate boundary plane (IBP). (b) 

Schematic overlay showing important structural features of one facet period. The 

nodes coincide with Shockley partials emitted from the boundary. (c) The mean 

Voronoi volume as a function of X-position, showing the different volume contri- 

butions of each facet. The red dotted line indicates the mean for FCC atoms alone 

(11.975 Å 3 ). (d) The atomic hydrostatic stress, showing that the IBP facet has the 

highest tensile stresses (red), and the emitted stacking fault at the node contains 

the largest stress discontinuity (lacking a smooth gradient in color), characteristic 

of dislocation cores. The legend has been truncated to increase contrast. (For inter- 

pretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.) 
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long {111} A /{001} B . The IBP facets have a significant amount of 

xcess free volume compared to the SBP facets, due to the pres- 

nce of the {001} plane, as can be seen when looking at the mean

oronoi volume (averaged at each X-position) in Fig. 1 (c) (includ- 

ng FCC atoms). Emerging from each IBP facet are small structures 

arked by black arrows in Fig. 1 (a), which are Shockley partial 

islocations. This phenomenon is called grain boundary stacking 

ault emission, which is a common interfacial relaxation mecha- 

ism in low stacking fault energy materials such as Au and Cu, es- 

ecially in boundaries with large amounts of free volume [ 10 , 21–

3 ]. Their dislocation character can be observed in the hydrostatic 

tress field in Fig. 1 (d), which shows a tension-compression dis- 

ontinuity (lighter colors to dark blue, respectively) characteristic 

f dislocation cores. Because of their distinctive nature and impor- 

ant role in migration, we call the sites of Shockley emission facet 

odes and these sites can define the periodicity of the facet pat- 

ern. 

A hybrid Monte Carlo (MC)/MD algorithm was used to dope 

he pure Cu bicrystal with Ag. Before doping, fully-minimized pure 

amples were annealed as described above. Configurations of Ag 

toms corresponding to the target concentration were then sam- 

led by performing 1 MC step for every 100 MD steps. MC steps 

ere conducted using a variance-constrained semi-grand canonical 

nsemble [24] . The 20 ps-averaged change in the absolute value 

f the potential energy gradient was monitored until it reached 

 value less than 0.1 eV/ps, then run for 1 ns longer to generate
2 
ifferent (but energetically equivalent) configurations of the doped 

icrystals. 

Fig. 2 (a) contains a map of the free volume in and around the 

ure boundary from Fig. 1 , which corresponds well to the hydro- 

tatic stress data of Fig. 1 (d). The rows of Fig. 2 (b) show snapshots

f the boundary with increasing Ag concentrations at 300 K, with 

he boundary plane indicated by dashed lines to guide the eye. At 

his temperature, virtually no Ag atoms are left in the bulk, con- 

istent with the positive enthalpy of segregation for Ag in Cu [19] . 

s shown in the snapshot for 0.1 at.% Ag, atoms segregate first to 

he IBP facet, specifically to sites of highest positive free volume. 

hese are also generally the sites of the largest positive hydrostatic 

tresses, as shown in Fig. 1 (d). This is consistent with the fact that 

g atoms are larger than Cu atoms and therefore prefer to seg- 

egate to interfacial sites under tension. Though out of the scope 

f this study, one unique possibility for modulating the number 

nd strength of segregation sites in faceted boundaries is through 

ariation of β , which can lead to significant changes in the facet 

eriodicity and thus overall energy [ 13 , 20 ]. 

For concentrations above 0.1 at.% Ag, it is clear that the IBP 

acets are the preferred sites of segregation, with SBP facets only 

eing occupied after the IBP facets have been saturated. This 

rend reflects known relationships between grain boundary energy 

nisotropy and segregation [25] and can also be explained by the 

ositive enthalpy of mixing of Ag in Cu, which promotes cluster- 

ng of Ag atoms. Interestingly, at 2.0 at.-% Ag there remain sites of 

ow or no solute occupation (black arrows) at the regions on the 

ompressive side of the partial dislocation stress field (dark blue in 

ig. 2 (a)). The range of behaviors observed in this boundary under- 

cores the need for nuanced models of interfacial segregation. For 

xample, faceted boundaries such as these present a clear exam- 

le of a case where a single segregation energy for Cu-Ag or even 

or �11 itself is not an adequate description. In the context of a 

olycrystal, the influence of topologically complex boundaries like 

hese faceted interfaces could be best captured by treating segre- 

ation energy as a spectrum, rather than an average, as explored 

n recent works by Wagih and Schuh [ 26 , 27 ]. 

Fig. 2 (c) shows changes in segregation while varying tempera- 

ure for the 0.5 at.% Ag sample, with this concentration chosen as 

t appears to be near the Ag-saturation limit of IBP facets, making 

he effect of changes in temperature clearer to observe. The rows 

f Fig. 2 (c) present atomic snapshots with local Ag composition 

long the Y-direction shown to the left and along the X-direction 

o the right. All spatial composition plots show an average taken 

ver 100 snapshots from different MD steps of energetically equiv- 

lent configurations. The data show that dissolution of clustered Ag 

toms begins above 500 K. At and below this temperature, samples 

ave peak concentrations of ~20 at.% in the Y-direction, at the grain 

oundary, and peak concentrations of ~10 at.% in the X-direction, 

long the IBP facets. An increase in temperature to 700 K begins 

issolution of clustered Ag atoms, which reduces the peak in the 

-direction to approximately 11.5 at.% and the IBP facet peaks in 

he X-direction from approximately 9 at.% to 5 at.% Ag. At 900 K 

nd higher, the Y-axis peak has dropped to under 2.5 at.% Ag and 

he X-axis peak is only slightly enriched (0.7-1.2 at.% Ag) above the 

ulk composition of ~0.4 at.% Ag. Mobility studies are run on the 

nal configuration at 1085 K, outlined in black. 

As demonstrated in Fig. 2 , the complex topology of faceted 

oundaries determines their segregation patterns. For the same 

eason, their migration differs significantly from that of flat bound- 

ries [6–8] . Each plane or defect in a faceted boundary may 

hus have its own unique response to the presence of dopant 

toms, whether initially segregated or encountered during migra- 

ion through the bulk crystal. With these two situations in mind, 

he specimen with 0.5 at.% Ag at 1085 K (corresponding to a ho- 

ologous temperature of 0.8) was ultimately chosen for mobil- 
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Fig. 2. (a) Faceted �11 boundary at 300 K, colored by free volume, where the dashed lines indicate the boundary position. (b) Atomic images at 300 K with increasing Ag 

concentration from 0.5 at.% to 2.0 at.% Ag. The sites of largest negative free volume remain relatively free of Ag for 1.0 and 2.0 at.% (black arrows). (c) The effect of increasing 

temperature for a constant concentration of 0.5 at.% Ag, with spatial composition plots for the Y-direction shown to the left of each snapshot and for the X-direction to the 

right for each. The final configuration chosen for the mobility studies at 1085 K is outlined in black. 
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Fig. 3. (a, b) Mean boundary displacement as a function of time for Type A (red) 

and Type B (blue) migration for 10 runs each. The two curves of the pure bound- 

aries in (a) overlap, while those in (b) are distinctly different from one another, 

indicating directionally-anisotropic mobility for the doped samples. (c, d) Examples 

of disordered clusters that form during node migration. (e) Example of a strongly- 

pinned facet node before migration, where the dashed black line in Grain A is a 

fiducial marker oriented along the IBP. (f) Application of the Type B ADF for 100 ps 

does not result in any node migration. (g) Application of the Type A ADF migrates 

this segment significantly in 30 ps and also forms a Lomer-Cotrell lock (purple ar- 

row). 
ty studies. As can be seen in the bottom panels of Fig. 2 (c), this

onfiguration allows for slight boundary segregation (to influence 

tructure) without excessive boundary pinning (which could ren- 

er the interface immobile). Mobility studies were performed using 

he ECO artificial driving force (ADF) code by Ulomek et al. [28] . 

he growth of Grain A at the expense of Grain B (boundary motion 

n the negative Y-direction in all snapshots) is called Type A migra- 

ion, and its opposite is called Type B migration. For each configu- 

ation, 10 unique simulations were run for at least 150 ps using an 

dded energy value of 25 meV/atom. Doped samples used identi- 

al starting configurations, but unique velocity seeds, for Type A/B 

otion to understand the influence of solutes on directional migra- 

ion. Because some boundaries exhibited an initial lag time before 

igrating (especially Type B), all measurements were taken after 

oundaries had moved at least 3 Å, which is then chosen to rep- 

esent t = 0 ps. Boundary motion was tracked by first lightly min- 

mizing the bicrystal to remove thermal noise, then locating the 

ean position of non-crystalline (i.e. grain boundary) atoms. 

The resulting average trajectories of the pure and doped sam- 

les are shown in Figs. 3 (a) and (b), respectively. The colored re- 

ions surrounding each curve shows the standard deviation ac- 

ounting for the 10 different runs. Mobility, M , is calculated from 

hese trajectories using the formula M = v/P , where v is velocity 

nd P is the driving force. The pure samples have similar trajec- 

ories for Type A (red) and Type B (blue) migration, with average 

obilities of 29.2 m •s/GPa and 32.3 m •s/GPa, respectively. In con- 

rast, the doped Type A/B samples have distinctly different trajec- 

ories from each other. Compared to the pure Type B boundary, 

he doped Type B mobility is significantly slower at 12.5 m •s/GPa. 

he doped Type A mobility, measured at 30.5 m •s/GPa, is approx- 

mately the same as that of the pure boundaries, but 2.4 times 

aster than the doped Type B migration. Although the larger stan- 

ard deviation in the doped Type A-migrating boundaries com- 
3 
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Fig. 4. (a) The average disordered cluster sizes measured during migration. The pure Type A/B and the doped Type A sizes are very similar to one another, while the clusters 

in the doped Type B sample are considerably smaller. (b) The average number of disordered clusters counted per node during migration, where a systematic difference 

between Type A/B counts in both pure and doped boundaries is observed. 
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ared to the pure Type A indicates that they too are affected by 

opants, only the doped Type B-migrating ones appear to be sys- 

ematically affected. 

The significant difference between Type A/B migration means 

hat the doped bicrystals are an example of directionally-anisotropic 

obility , or boundary mobilities that vary with the direction of 

otion. This behavior has been observed in faceted �11 bound- 

ries in pure Cu and Ni with different grain boundary plane orien- 

ations [ 20 , 29 ]. It was found that both Type A/B-driven boundaries

igrate via a series of transformations at nodes and facets. One of 

hese transformations involves the dissociation of atomic columns 

t the node into a mobile clump of atoms, called disordered clus- 

ers. Their migration resembles the string-like collective motion re- 

orted by Zhang and coworkers [30-32] . An example of two such 

lusters undergoing migration is shown in Figs. 3 (c) and (d). In 

ddition, another migration mechanism called slip plane shuffling 

SPS) can operate simultaneously during Type A motion, which in- 

olves structural transformations of the IBP facets [29] . The addi- 

ional migration pathways available due to SPS can lead to larger 

ype A mobilities over Type B, and thus directionally-anisotropic 

obility. A more detailed treatment of each mechanism and a dis- 

ussion of how they compete across multiple bicrystal configura- 

ions in pure materials can be found in Refs. [ 20 , 29 ]. 

The influence of the SPS mechanism can be illustrated by a 

ode that is initially strongly pinned by dopant adsorption, shown 

n Fig. 3 (e). The black arrow indicates the node location, while 

he dashed black line shows the orientation of the IBP plane and 

lso acts as a fiducial marker in the following panels. As shown in 

ig. 3 (f), application of the Type B driving force for 100 ps does 

ot result in any node migration. In contrast, the Type A driv- 

ng force applied to the same structure ( Fig. 3 (g)) results in al-

ost immediate migration. By 30 ps, the node has successfully 

igrated several Å to the lower left corner, which has in the 

rocess lengthened the SBP facet and created two new stacking 

aults in Grain A. Incidentally, analysis of this defect and very sim- 

lar ones in pure boundaries with the Dislocation Analysis Algo- 

ithm in OVITO [33] reveals them to be Lomer-Cotrell locks, with 

wo stacking faults terminating in a sessile stair rod dislocation 

purple arrow). Such Lomer-Cotrell locks provide a feature which 

ill remain in the microstructure and provide a target for ex- 

erimental characterization in future work. Though this exact ex- 

mple comes from the starting configuration and would not al- 

er the measured Type B mobility, only add a lag time, it is in-

tructive for visualizing SPS and this same mechanism is observed 

o move the boundary past subsequent obstacles during Type A 

otion through the simulation cell. In contrast, nodes undergoing 
4 
ype B migration have only movement enabled by disordered clus- 

ers and are fully dependent on this mechanism for moving past 

bstacles. Because these mechanisms operate locally, and nodes 

igrate generally independently of each other, this observation 

uggests that chemically-induced directionally-anisotropic mobility 

hould operate similarly in many different contexts (i.e., in poly- 

rystalline systems and with variations in solute atom type and 

oncentration). 

To understand whether disordered cluster motion is affected by 

lloying, an algorithm for identifying and characterizing disordered 

lusters during migration was applied. The distribution of grain 

oundary atom potential energies and the OVITO Cluster Analy- 

is Algorithm [34] were used to identify and spatially sort mo- 

ile clusters (an example of a resulting identification was shown in 

ig. 3 (d)). The results of this analysis are presented in Fig. 4 , with

he data normalized into per node values. Starting with the average 

luster size data in Fig. 4 (a), disordered clusters during doped Type 

 motion are significantly smaller than those seen in the other 

hree configurations, which are almost identical to each other, mir- 

oring the mobility values from Figs. 3 (a) and (b). A look at the 

verage number of clusters per node in Fig. 4 (b) further under- 

cores the importance of disordered cluster size, rather than fre- 

uency, for migration. Interestingly, disordered cluster counts are 

ignificantly higher for doped boundaries in absolute terms, but 

oped Type A migration results in very similar mobilities to those 

f pure Type A/B-migrating boundaries. Therefore, cluster size is a 

ore important parameter for boundary mobility than the number 

f clusters formed. Taken together, these plots suggest that dopant 

toms act as sites of initial cluster nucleation (hence the higher 

verall counts in Fig. 4 (b)) but may also interrupt mechanisms 

hat would increase their size, for example, by interfering with the 

ransport of excess free volume within the cluster [ 31 , 32 , 35 ]. 

In summary, we have explored the effects of Ag segregation on 

he structure and migration of a faceted �11, β = 15.8 º bound- 

ry in Cu. It is shown that segregation to the facet with more free 

olume is preferred, with solute atoms remaining concentrated at 

hose sites even up to homologous temperatures of 0.8. Migration 

tudies at high temperature reveal that solute atoms strongly af- 

ect boundary velocity only in one motion direction, leading to 

irectionally-anisotropic mobility . This behavior arises from the op- 

ration of the SPS facet migration mechanism only possible dur- 

ng Type A motion, which allows migrating facets to escape solute 

inning. SPS also results in grain boundary migration-generated 

omer-Cotrell locks in both pure and doped boundaries. This study 

emonstrates that grain boundary segregation can lead to unex- 

ected migration behavior. 
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