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a b s t r a c t 

In-depth understanding of grain boundaries (GBs) in multi-principal element alloys (MPEAs) is considered 

significant for designing MPEAs by GB engineering. This work explores the nanoscale GB structure and 

migration mechanism in MPEAs using atomic simulations. The GB-roughening transformation is observed 

as the mixing entropy increases, and the effect of entropy is confirmed by thermodynamic analysis. The 

entropy-induced transition of GB migration is proved: 1) the “concentrated shuffling mechanism” controls 

the migration of ordered GBs in low-entropy systems, leading to the obviously stepwise migration; 2) the 

“dispersed shuffling mechanism” dominates the migration of disordered GBs in high-entropy systems, 

resulting in the continuous migration manner. 

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

The grain boundary (GB) movements, such as GB sliding and 

migration, play an important role in the microstructure evolu- 

tion and macroscale property of materials [ 1 , 2 ]. To date, lots 

of researchers have been devoted to understanding the mech- 

anism of the GB migration (GBM) [3–7] . Several mechanisms 

have been proposed, such as the shuffling mechanism [6] , the 

disconnection-mediated mechanism [4] and the secondary-GB- 

dislocations-step mechanism [7] . For instance, in-situ transmission 

electron microscopy experiments show that the stress-induced 

GBMs and capillary-induced GBMs in Au films are controlled 

by the secondary-GB-dislocations-step mechanism and the shuf- 

fling mechanism, respectively [ 6 , 7 ]. A recent experiment shows 

that the shear-coupled GBM in bicrystal Au is realized by the 

disconnection-mediated mechanism [4] . Most of the migration 

mechanisms proposed so far are based on the studies of traditional 

metallic materials, which usually contain only one principal ele- 

ment. 

In sharp contrast to traditional alloys, the multi-principal ele- 

ment alloys (MPEAs) comprise several elements mixed in an equal 

or near-equal atomic fraction. MPEAs attract extensive research in- 

terest in the field of engineering materials due to their outstanding 

mechanical properties [ 8 , 9 ], which attribute to their unique charac- 

teristics, such as the concentration waves [10] and chemical short- 

range order (SRO) [11] . These characteristics also have a great in- 
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fluence on the microstructures [12–14] . Recent research activities 

suggest that GBs in Ni 43.9 Co 22.4 Fe 8.8 Al 10.7 Ti 11.7 B 2.5 and CuNiCoFe 

MPEAs exhibit complex structures and motion patterns [ 12 , 13 ], 

which are hardly detected in conventional alloys. Up to now, the 

motion of GBs in MPEAs is still studied rarely. Motivated by this, 

the present study addresses the GB structure and migration mech- 

anism in MPEAs with different mixing entropies. Using atomic sim- 

ulations (Section 1 in Supplemental Materials), the disordered GBs 

and changed migration mechanisms are observed in high-entropy 

MPEAs. Thermodynamics analysis further confirms the effect of 

mixing entropy on the GB morphology. 

Following the Boltzmann’s hypothesis, the mixing entropy, 

�S mix , of an N-element equimolar alloy changing from an ele- 

mental to a random-solution state can be calculated from �S mix = 

R ln N, where R is the gas constant. Accordingly, the metal/binary, 

ternary, and quaternary/quinary samples are respectively classified 

as low-, medium-, and high-entropy systems. Here, it should be 

note that the term “mixing entropy” used in this paper refers to 

the mixing configurational entropy of the global system produced 

by mixing multiple elements. The considered entropy change refers 

to the change in the entropy of one-element system ( �S mix = 0 ×
R ) to five-principal system ( �S mix = 1 . 61 × R ). Because the element 

distributions in the bulk and GB are identical, the mixing entropy 

between GB and the entire system have negligible differences. 

The atomic configurations of the GB in different sam ples are 

shown in Figs. 1 and 2 . To describe the static and dynamic GB 

structures, both GBs before and during migration are displayed. 

Similar to the previous work [3] , the static low-entropy sample 
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Fig. 1. (a–e). Snapshots of the GB structure before (0ns) and during (2ns) migration, showing the degree of GB roughness. (f and g) Atomic details of GB planes of NiCo (2ns) 

and FeNiCrCoCu (0ns) samples, showing the details of a rough GB. The blue arrows mark the convex parts of the GB plane, while the yellow arrows mark the corresponding 

concave parts of the same plane. All atoms are colored according to their heights relative to the average GB position. (For interpretation of the references to color in this 

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

Fig. 2. Magnification of the GB structures in different sam ples before (0 ns, a1–

e1) and during (2 ns, a2–e2) migration. Established GB structure units are indicated 

by red lines. The atoms are colored according to the common neighbor analysis 

parameter: green are FCC atoms and white are unknown atoms. (For interpretation 

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

version of this article.). 

exhibits a smooth GB structure ( Fig. 1 (a1–b1)) with repeating 

structure units ( Fig. 2 (a1–b1)). Although similar kite-shaped struc- 

ture units are also observed in static medium- and high-entropy 

MPEAs ( Fig. 2 (c1–e1)), GB planes of these samples are rough 

( Fig. 1 (c1–e1)): some segregation-like atom groups appear on 

GB planes. A similar configurational change of microstructure in 

MPEAs is also observed in the previous literature [14] . Looking 

closely at these GB planes, it can be found that each convex part 

of these GB planes corresponds to a concave part of the same po- 

sition on the back of the GB ( Fig. 1 (f and g)). This means that the 

morphologies of these GBs have indeed changed, rather than sim- 

ply absorbing atoms to GBs. This trend may be connected to SRO 

or concentration waves (Supplemental Fig. S5), which influence the 

local stress field [15] , and then affects GB structures. 

For the static GBs presented in Fig. 2 (a1–e1), the kite-shaped 

units are obvious, and the structure units for all samples are iden- 

tical. But for dynamic cases, both the morphologies and charac- 

teristic structure units of GBs change greatly with the entropy, 

which can be obviously observed from Fig. 1 (a2) to (e2). The quan- 

titative results of GB roughness further confirm that the GBs in 

high-entropy samples are rougher than those in low- and medium- 

entropy samples (Supplemental Fig. S6). The GB structure units are 

no longer identical for all MPEA samples ( Fig. 2 (a2–e2)). On one 

hand, the shapes of some structure units are distorted, especially 

in high-entropy samples. Other structure units are totally disor- 

dered, and thereby cannot be outlined by lines. This feature is a 

direct evidence of the structural change of GBs. On the other hand, 

these structure units are not in the same Y coordinate, which di- 

rectly influences the morphology of GB planes. 

Compared to the GBs that are composed of regularly arranged 

structural units in low-entropy samples, the GBs in medium- 

and high-entropy samples are obviously more chaotic, as ev- 

idenced by the distorted or even disordered structural units 

( Fig. 2 (a2–e2)). In other words, the GBs in low-entropy samples are 

smooth/ordered, while the GBs in medium/high-entropy systems 

are rough/disordered. These findings indicate a mixing entropy- 

induced GB roughening transformation, since mixing entropy is 

one of the most intuitive thermodynamic state variables caused by 

multiple elements mixing. From a deeper perspective, the random 

distribution of different elements should be the root cause of the 

GB roughening. In this case, it is reasonable to attribute the GB 

roughening transformation to atomic-scale concentration waves or 

SRO [ 10 , 11 ]. However, both concentration waves and SRO are hard 

to be accurately quantified, which makes it difficult to distinguish 

the studied samples based on them. More importantly, the mixing 

entropy is adequate to describe the random distribution of differ- 

ent elements, which is exactly the underlying reason of both con- 

centration waves and SRO. The role of entropy on the GB roughen- 

ing will be further verified by a subsequent thermodynamic analy- 

sis. 

Similar GB structural transformation has been observed in 

both simulations and experiments (Section 3 in Supplemental 

Materials). According to previous studies [ 16 , 17 ], the roughening 

transition occurs when the temperature rises to the roughen- 

ing temperature. In these systems, an increase in temperature 
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always accompanies by an increase in thermal entropy. So, it is 

hard to distinguish the role of temperature and entropy. Other 

research shows that the GB with a low relative solute excess 

remains ordered until it reaches a high global impurity element 

concentration, and then abruptly transforms into a disordered GB 

[ 18 , 19 ]. Combining these studies, the present work suggests that 

the entropy may be the underlying physical mechanism for the 

GB transformation from the order state in low-entropy systems to 

disordered state in high-entropy systems. 

In order to further confirm the effect of mixing entropy on GB 

roughening, the thermodynamic stability of the rough GB in MPEA 

systems is discussed (Section 4 in Supplemental Materials). The in- 

terface between the GB and bulk phases can be regarded as being 

composed of many small interface pieces (Supplemental Fig. S2(a)). 

Consider one representative interface piece sandwiched between 

the GB and bulk phases (Supplemental Fig. S2(b)). The free energy, 

�F rough , due to the convexity of the rough boundary can be esti- 

mated as: 

�F rough ≈ �H rough − T �S rough 

= N 

∗k B T ( αC A C B + C A ln C A + C B ln C B ) (1) 

where α is a quantity related to the binding energy of atom pairs, 

A-A, B-B, and A-B. The dependence of the free energy, �F rough , 

on the concentration, C A , shows that, when α ≤ 2 , �F rough is min- 

imized at C A = 50% (Supplemental Fig. S2(a)). It indicates that 

the rough interface is stable, when elements A and B atoms are 

equimolar. The value of α can be estimated as [20] : 

α ≈
(

δ∗

δ

)
�H m 

R T m 

(2) 

where �H m 

≈ RT is the latent heat of melting for metallic mate- 

rials [20] . For FCC alloys, the nearest neighbor, δ, for each atom is 

12, and the maximum value of δ∗ is 24 (the number of the third 

neighbor atoms in a FCC lattice). Therefore, α is always smaller 

than 2 for FCC alloys. It represents that the rough interface pieces 

in an equimolar A-B system is thermodynamically stable. Further- 

more, the present theoretical model verifies that the rough in- 

terface is due to the mixing of equimolar atoms. Therefore, for 

any given interface, the possibility of roughness increases with the 

component numbers of an equimolar atomic system. This finding is 

consistent with the simulation results, i.e., GB roughness is highest 

in high-entropy samples. 

Fig. 3 displays the change of the GB position with the simula- 

tion time. Note that the GB migration is driven by the mechan- 

ical shearing and the shrink-wrapped boundary condition is ap- 

plied in Y direction (Section 1 in Supplemental Materials). For the 

pure metal sample in Fig. 3 (a), the entire stick-slip GBM event is 

repeated for the duration of the simulation. Such a regular step- 

wise migration is also observed in other pure metals, such as alu- 

minium [21] . However, the state of the GBM in MPEA samples 

changes greatly ( Fig. 3 (b–e)). The stick-slip characteristic for the 

MPEA samples is not obvious, compared with the pure metal. Take 

the quinary sample in Fig. 3 (e) as an example, although the GB 

still stagnates at some positions for a while (e.g., 0.9ns-1.0ns), the 

stick-slip behaviour is rarely captured during the whole simulation. 

Most of the time, the GB in the quinary sample moves continu- 

ously. The comparison from Fig. 3 (a) to (e) reveals that the fre- 

quency of the stick-slip event decreases with the increasing mixing 

entropy. This finding suggests a possible change in the migration 

mechanism due to the mixing entropy. Previous research revealed 

that the rough boundary moves continuously so that its position 

is linear with time, while the smooth boundary moves in a step- 

wise manner, characterized by sudden motion events interspersed 

with static periods of varying durations [ 16 , 17 ]. This phenomenon 

further verifies a transformation from the smooth GB to rough GB 

as the mixing entropy increases, which agrees with the result ob- 

tained from Figs. 1 and 2 . 

The atomic-scale mechanisms of the coupled GB motion are de- 

termined by examining multiple snapshots stored during the sim- 

ulations along with the relevant parts of atomic trajectories. Two 

different types of mechanisms are found, corresponding to the 

stepwise and continuous GBM. Fig. 4 (a) shows the dynamic GBM 

in a pure copper, where the initial GB with perfect structure units 

is smooth ( Fig. 4 (a1)). Under a sufficient strain, one GB-atom group 

first shuffles locally on the boundary plane ( Fig. 4 (a2)). This atom 

group then spreads laterally on the GB plane, raising the position 

of more parts of the GB ( Fig. 4 (a3)). Eventually, the shuffling ac- 

tion traverses the whole GB, thus completing a one-step migration 

of the GB ( Fig. 4 (a4)). Here, the “one-step migration” represents 

the movement of a GB from its current position to a new posi- 

tion. This GBM process in the elemental sample is exactly the pro- 

cedure described by the classic shuffling mechanism [6] , which is 

commonly used to describe the migration of high-angle GBs in tra- 

ditional metallic materials. 

Looking closely at the one-step migration of the quinary sample 

in Fig. 4 (c), another migration mechanism can be found. In con- 

trast with the pure metal, the migration in the quinary sample al- 

ways begins with a rough GB, as presented in Fig. 4 (c1). When the 

local shear stress around the GB accumulates and increases, the 

roughness of the GB increases ( Fig. 4 (c1–c3)). The GB roughening, 

in fact, is caused by the dispersed shuffling of atoms across the 

GB, which is enhanced by the increased shear strain. With more 

atoms shuffling events taking place, the position of a GB gradu- 

ally increases, and finally realizes the one-step GBM. Essentially, 

such a migration mechanism can be also viewed as a “shuffling 

mechanism”. 

The main difference between the two migration processes for 

smooth and rough GBs lies in the formation location of shuf- 

fled atom groups. For smooth GBs, atoms shuffle concentratively 

to form a single atom group, which grows fast, as presented in 

Fig. 4 (a2–a3). However, for rough GBs, many small atom groups 

are dispersedly and gradually formed on the GB plane. Thus, it is 

reasonable to name the mechanism that dominates the smooth GB 

as the “concentrated shuffling mechanism”, and for rough GBs as 

the “dispersed shuffling mechanism”. 

The initial state of the smooth GB is always ordered, so that the 

atom group is hard to shuffle and the GBM would be stagnant for 

a while after reaching a new position, as shown in Fig. 3 a. Never- 

theless, the GB is always rough in MPEAs, which means that there 

are always some shuffled atoms on the GB plane. Such rough GBs 

may decrease the shuffling barrier of new atoms groups. In this 

context, the stagnant GB is hard to capture in Fig. 3 e. At the later 

stage of the one-step migration of rough GBs, the dispersed shuf- 

fling may transform into the concentrated shuffling, if enough dis- 

persed small atom groups generate closely and thereby forge into a 

larger atom group. Then, this process would enhance the one-step 

GBM. Evidence can be found via comparing the time consumption 

from Fig. 4 (c1) to (c2) and Fig. 4 (c3) to (c4), which are 0.08 ns and 

0.01 ns, respectively. 

Strictly speaking, the GBM in the studied samples is under 

the control of the competition between the concentrated and dis- 

persed shuffling mechanism, since there are both stepwise and 

continuous periods included in Fig. 3 (b–e). The migrations in the 

pure-metal sample, and the high-entropy sample are two extreme 

cases: 1) the former is totally controlled by the “concentrated shuf- 

fling mechanism”; 2) the latter is dominated by the “dispersed 

shuffling mechanism”. The GBM in the binary and ternary samples 

can be viewed as the combination of that in the pure-metal and 

high-entropy samples. This conclusion is proven by Fig. 3 (b and c), 

in which both the stepwise and continuous migration events are 

easily captured. 
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Fig. 3. The GB positions at different moments. The blue arrows mark the “stick-slip” migration events, where the GB position stagnates for a while. (For interpretation of 

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

Fig. 4. Details of the one-step GB-migration process for Cu, FeNiCo, and FeNiCrCoCu samples, showing the migration mechanisms for MPEAs with different mixing entropies. 

Previous studies suggest that GB roughening always causes a 

decrease in the migration barrier [ 16 , 17 ]. The functional relation 

between the entropy and migration barrier is an interesting issue, 

but it is hard to obtain just based on the present work that has 

only a small amount of data. The entropy-induced change in GBM 

barrier will also influence the microstructural evolution and me- 

chanical properties of materials. Logically, the grain growth can be 

easily activated due to the decrease in the intrinsic migration bar- 

rier. However, other factors, like the diffusion ability of specific ele- 

ments and the presence of SRO, have inevitable effects on the GBM 

and thereby the grain growth. Comprehensively, how entropy af- 

fects the grain growth behaviour in an actual MPEA needs further 

study. For nanocrystalline MPEAs, the decrease in the GBM barrier 

may be beneficial to the plastic deformation and the optimization 

of comprehensive mechanical properties [ 22 , 23 ]. This result pro- 

vides a new idea for the design of nanocrystalline materials with 

an excellent strength/toughness balance. 

In summary, the structures and migration mechanisms of 

GBs in MPEAs are studied, using molecular dynamics simu- 

lations. The results demonstrate a mixing entropy-induced GB 

transformation from the smooth/order state in low-entropy sys- 

tems to rough/disordered state in high-entropy systems. Equi- 

librium thermodynamics is applied to evaluate the stability 

of the rough GBs in MPEAs, and it uncovers the close rela- 

tionship between the GB roughening and mixing entropy. The 

smooth/ordered GBs in low-entropy samples move in a stepwise 

manner, while the rough/disordered GBs in high-entropy sam- 

ples migrate continuously. Combining with the atomic details of 

GB-migration processes, it reveals that the GB-migration mecha- 

nism would change from “concentrated shuffling mechanism” to 

“dispersed shuffling mechanism” with the increase mixing en- 

tropy of systems. These results lay a foundation for theoreti- 

cally modelling GBs and understanding GB-related phenomenon in 

MPEAs. 
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