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Abstract 

 

Grain boundary (GB) and surface segregation have been studied by computer simulations in the so-

called Cantor alloy: Co20Ni20Cr20Fe20Mn20. Monte Carlo, molecular dynamics, as well as lattice statics 

methods, using second nearest-neighbor modified embedded atom method potentials, have been 

applied sequentially in order to equilibrate the alloy. Simulations of GB segregation showed that Cr 

segregates most strongly, and is accompanied by weak Mn segregation. In contrast, in the case of 

surface segregation, Mn segregates most strongly to the outermost surface atom plane. However, 

when adsorption is measured as the integrated excess of the components over a 4-atom layer region 

adjacent to the surface, Cr again emerges as the dominant segregant. A mass balance model has also 

been applied to the results of the segregation behavior, in order to estimate the potential for depletion 

of the bulk alloy composition due to segregation at GBs. It is found that significant depletion of bulk 

composition can occur if the alloy grain size falls below about 100 nm.  

 

 

I. INTRODUCTION 

 Alloys consisting of five or more components in equiatomic proportions have recently 

attracted significant attention [1,2]. They have often been referred to as High Entropy Alloys (HEA) 

[3] because their configurational entropy (or entropy of mixing) is maximized when all the 

components are present at the same atom fraction. Originally, the high configurational entropy was 

considered to favor the formation of random solid solutions, rather than possibly brittle intermetallic 

phases, thereby promising to achieve more attractive mechanical properties. However, an increasing 

number of recent studies, in which experiments and calculations have been combined, tend to show 

that the enthalpy of mixing also plays a major role in stabilizing single phases in these 

multicomponent alloys. In addition, it has been shown that reliable modeling of the structure and the 

thermodynamics of complex alloys is required in order to understand their special properties [4]. 
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 The principal objective of this paper is to investigate interfacial segregation (adsorption) 

phenomena, with particular emphasis on grain boundary (GB) segregation, while also taking a more 

cursory look at surface segregation. Interfacial segregation effects may potentially be interesting from 

at least two perspectives: (a) the most detailed previous studies of segregation in multicomponent 

systems [5-8] have generally been limited to ternary alloy systems and it might therefore be 

interesting to determine whether any new phenomena arise with increasing numbers of components, 

and (b) in polycrystalline thin films of small grain size, it is conceivable that strong grain boundary 

segregation of one (or more) components could sufficiently deplete the segregating species from the 

"bulk" of the film, that it might lead to the formation of new bulk phases.  

 We have chosen the so-called Cantor alloy, Co20Ni20Cr20Fe20Mn20, for this study, because it 

has received significant experimental investigation (see for example [9-15]). In particular, Li et al. [9] 

have reported on atom probe investigations of this alloy, produced by combinatorial experimental 

procedures, which have identified elements that segregate to GBs at low temperatures. In addition, a 

consistent set of “second nearest-neighbor modified embedded atom method” (2NN MEAM) 

potentials for this particular combination of elements has recently become available [16] thereby 

making the Cantor alloy a convenient example for study by atomistic computer simulation. 

 This paper provides a first investigation of interfaces in complex polycrystalline alloys, which 

will undoubtedly contribute to improved understanding of their interesting behavior. 

 

II. COMPUTATIONAL APPROACH 

 Modeling was conducted by a combination of Monte Carlo (MC), molecular dynamics (MD) 

and lattice statics (LS) types of simulations, employing the LAMMPS code [17-19] in conjunction 

with 2NN MEAM potentials [16]. These MEAM potentials have extended the applicability of the 

widely used embedded atom method (EAM) potentials, beyond FCC metallic systems, to other crystal 

structures commonly encountered in metals and alloys. 

 The computation cell for modeling of surface segregation consisted of 4000 atoms of the five 

components randomly distributed on FCC crystal sites, arranged in the shape of a cube, with periodic 

boundary conditions in the x- and y-directions, and terminated by two (001) surfaces normal to the z-

direction (see Fig. 1a).  

 The modeling of GB segregation was performed on computation cells consisting of 8320 

randomly distributed atoms of the five species arranged in the shape of a rectangular parallelepiped, 

and occupying FCC crystal sites. Periodic boundary conditions were applied along all three axes. Two 

GBs lying perpendicular to the z-axis were located at ~ 0.25 and 0.75 of the z-dimension (see Fig. 

1b), with the z-direction running parallel to the [001] crystallographic direction and consisting of 40 

(002) planes. The GBs were constructed by rotating the central segment of the computation cell 
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clockwise about the z-axis by an angle of 11.31º, and rotating the other two segments of the cell 

counterclockwise by the same angle, to produce two "pseudo Σ13" GBs. 

 

 
 

 FIG. 1. Schematic of the computational cells; (a) a cube with two {100} surfaces, S1 and S2, 
and (b) a three segment rectangular parallelepiped with 2 <100> twist GBs, GB1 and GB2. 
 

 It is useful to explain what we mean by pseudo Σ13 GBs. Let us recall that a FCC crystal may 

be viewed as consisting of two types of {100} planes stacked in ABAB… sequence. In a given 

crystal, the A and B planes normal to the [001] axis are related by a translation along either the [100] 

or the [010] direction by a distance of half a lattice constant. A conventional Σ13 coincidence site 

lattice (CSL) GB may be created between 2 crystals terminated on {100} FCC planes, and requires 

that both planes be either A-type or B-type {100} planes, such that upon twisting one crystal by 

22.62° with respect to the other about a <100> type direction, one site in 13 on one GB terminating 

plane will have in-plane (x,y) coordinates that coincide with those of a corresponding site on the 

opposite terminating plane. The interface structure of this type of GB is shown in Fig. 2a for a case 

where 2 crystals terminated on their (001) A-planes have been twisted about their common [001] 

normal. In Fig. 2b, we have formed the GB by a relative angular twist of 22.62° of one crystal 

terminated by a (001) A-type plane with respect to another (second) crystal terminated by a (001) B-

type plane. The result is that there are no coincident atom sites on the terminating planes. However, it 

is still possible to apply periodic boundary conditions in the x and y directions, something that is not 

possible for general non-CSL GBs. Finally, Fig. 2c shows the results of relaxing (i.e. equilibrating by 

LS) the GB structure of Fig. 2b in the Cantor alloy (the different components are not identified in Fig. 

2c), and illustrates that the GB no longer displays any obvious periodicities.  

 It has been shown previously that a systematic removal of atoms from a GB plays an 

important role in identifying the GB configurations of minimum energy [20]. Thus, in order to ensure 

that the GBs are in compositional equilibrium with their surroundings (something that is necessary in 

the study of an equilibrium phenomenon such as interfacial segregation) GBs with closely spaced 

atoms residing at coincident sites would likely require the removal of many atoms in order to reach 

their lowest interfacial energy. This could tend to make CSL GBs atypical as they might display 

relatively more free volume than general high angle GBs. However, we have computed the energy of 

the pseudo Σ13 GB used here, as a function the number of high energy atoms removed and find that 

the minimum energy GB is obtained when no atoms are removed from the boundary region. 
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 FIG. 2. Superposition of the two terminating (001) GB planes colored orange (large symbols) 
and black (small symbols), respectively, for (a) a conventional Σ13 GB, where the blue square 
identifies the interfacial unit cell with corners on coincident sites; (b) a “pseudo Σ13” GB; here no 
coincidences are present, but the structure is periodic and the blue square shows that the interfacial 
unit cell is of the same size as that of Fig. (a); and (c) a “pseudo Σ13” GB with the 5 Cantor alloy 
components distributed randomly on the two terminating GB planes, shown after relaxation by LS; in 
this case no obvious structural periodicity is observed, although periodic boundary conditions still 
apply. 
 

 GB segregation was computed at four temperatures, from 1000 K to 1300 K at 100 K 

intervals, whereas surface segregation was only calculated at 1100 K. 1000 K was selected as the 

lowest temperature for simulations as there is evidence to suggest that the FCC phase in the cantor 

alloy becomes unstable below that temperature [21,22]. As a first step in all calculations, the 

computation cells, consisting of equal numbers of atoms of the five species distributed at random, 

were relaxed by LS. The cells were then subjected to a certain number of cycles, each of which 

included MC, MD and LS modeling, in sequence. For the MC segment of the cycle, a canonical 

simulation was used, in which only randomly selected atom exchanges within the computation cell 

were allowed, so as to maintain a fixed average overall equiatomic composition. This approach allows 

investigation of possible changes in bulk composition resulting from the segregation of certain species 

to either type of interface. The MC segment of the computations involved 45,000 attempted MC 

swaps of each possible pair of components. The percentage of successful attempted MC swaps was 

dependent on the chemical types of the pair of atoms selected for swapping, as well as on the 

temperature, and averaged from about 38% at 1000 K, to 54% at 1300 K. MC was followed by MD at 

the same temperature as MC, and involved 2 stages. The temperature was first gradually raised to the 

desired temperature over a period of about 12 picoseconds, and then equilibrated for about 12 more 

picoseconds to allow for positional equilibration. The final stage of each sequence involved LS 

relaxation at a temperature of 0 K. This is useful, as it allows an evaluation of the change in potential 

energy which results from the compositional redistribution that takes place during MC modeling. In 

our MD modeling we noticed no compositional redistribution of atoms on sites. The present MC-MD-
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LS cycles produced faster equilibration than other possible sequences. Ten such cycles were sufficient 

for equilibration at all temperatures. 

 

III. RESULTS 

A. Grain boundary segregation 

 Figure 3a is a typical result of the raw data obtained for the plane-by-plane composition 

profile along the z-direction (perpendicular to the GBs), after 10 computation cycles at a temperature 

of 1200 K. It is clear that Cr segregates strongly to the GBs, the locations of which are indicated by 

arrows in the figure. In the GB regions there is also a clear deficiency of Co, Fe and Ni, but Mn is 

present at a somewhat higher than its initial average bulk atom fraction of 20%. A central 10-atom-

layer region is indicated by a double arrow labeled “bulk composition”. This part of the profile was 

selected to compute the bulk composition, as the average atom fraction of all components over that 

region. The two GBs have been assumed to extend over a total of 7 atom-layers each, a region which 

covers essentially all of the composition excursion associated with the GBs. Figure 3b shows the same 

data after all regions outside the 7 atom-layer GB regions have been assigned the average bulk 

composition, and the compositions of each of the 7 atom-layers of the 2 GBs have been averaged. 

Note that the odd number of planes (7-layer width) that make up the composition excursion around 

the GB is related to the asymmetry of the pseudo Σ13 GB (a conventional Σ13 GB would presumably 

display a symmetric distribution of adsorbate as seen in [23]). 

 

 
 

 FIG. 3. Example of GB composition profile after equilibration at 1200 K. (a) Atom fraction 
profile of all components across the computation cell, calculated at each (002) plane. The location of 
the 2 GBs is indicated, as is the region over which the average bulk composition was computed. (b) 
Averaged composition profile, see text. 
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 Figures 3a and 3b also show that the Cr atom fraction profile, which is highest in the GB 

regions, is also the lowest in the region from which bulk concentration is computed, indicating bulk 

depletion of Cr due to its strong segregation to the GBs. Conversely, the components that are strongly 

repelled from the GB regions (Co and Fe) are those with the highest concentrations in the bulk region.  

 

 
 

 FIG. 4. (a) Plot of GB adsorption versus temperature for all 5 alloy components, where 
positive adsorption indicates excess and negative adsorption indicates deficiency of the component in 
relation to the average bulk composition. (b) Plot of the average bulk composition of all components 
as a function of temperature. 
 

 A summary of the results over the whole range of temperatures investigated is shown in Fig. 

4. Fig. 4a gives the GB adsorption, reported as the sum of the excess atom fraction of each 

component, in the 7 atom-layer GB region, above its average bulk atom fraction. Fig. 4b reports the 

corresponding change in average bulk composition. Fig. 4 confirms the trends displayed in Fig. 3 with 

respect to bulk concentration depletion or augmentation depending on GB segregation behavior.  Note 

also, that as temperature increases the GB segregation of Cr (the primary segregant) decreases. This 

reduces the degree of bulk depletion, so that the average bulk atom fraction of Cr increases with 

increasing temperature. For the particular conditions of these computations (i.e. the effective grain 

size of our computation cell) the Cr bulk atom fraction can drop as low as 0.05, i.e. one quarter of its 

value prior to segregation. 

 

B. Surface segregation 

 The averaged surface segregation profile obtained after equilibration at 1100 K is presented in 

Fig. 5. Several points are worthy of note. The element present at the highest concentration in the 

outermost surface atom layer is Mn. However, the surface-related composition excursion, which is 

about 4 atom-layers wide, does not vary monotonically, and the total adsorption (i.e. the integrated 
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surface excess over the bulk atom fraction computed from the 4 atom-layer surface region) is found to 

be larger for Cr (0.48 monolayers) than for Mn (0.28 monolayers). 

 

 
 

 FIG. 5. Averaged composition profile, for an assumed 4-atom layer surface region, obtained 
for surface segregation after equilibration at a temperature of 1100 K. 
 

 

IV. DISCUSSION 

A. Driving forces for interfacial segregation 

 The basic forces that drive a given component to segregate to an interface are similar whether 

a system consists of two or more components. As was proposed some time ago [24], there are three 

terms that tend to drive interfacial segregation of a given component to an interface: (a) an interfacial 

energy term and (b) an alloy interaction term, both of which were suggested by Defay and Prigogine 

[25] for segregation to a liquid surface, and (c) an elastic solute strain energy term identified for 

interfaces in solids by McLean [26] as the strain energy associated with a solute atom in the bulk far 

from the interface that is relieved at the interface. All three of those terms were eventually combined 

into a single regular solution framework [24]. The relationship between the atom fraction of segregant 

in the interface, xi, and its bulk atom fraction, xb, in a 2-component (A-B) system may be expressed as 

[24,27] 

   
௫೔ଵି௫೔ ൌ ௫್ଵି௫್ exp ቀെ ୼ுೞ೐೒ோ் ቁ ؠ    ௫್ଵି௫್  (1)    ܭ

 

where the enthalpy of segregation, ΔΗseg, is the driving force for segregation to the interface, R is the 

gas constant, T is the absolute temperature, and K is generally referred to as the interfacial enrichment 



 8

factor. Eq. 1 merely provides a relationship between interfacial and bulk composition, without 

accounting for the mass balance constraints that would arise as a consequence of the current canonical 

MC modeling. ΔΗseg is the quantity that may be written as the sum of the driving forces for 

segregation:  

  Δܪ௦௘௚ ൌ ሺߛ஻ െ ߗ஺ሻߛ ൅ 2߱஺஻ൣݖ௟൫ݔ௕ െ ௜൯ݔ ൅ ௕ݔ௩൫ݖ െ 0.5൯൧ െ  ଶ   (2)ݎሻΔܯሺܨ

 

where the first term is the interfacial energy term in which the ߛ௜ are the interfacial energies of the ith 

components and ߗ is the molar area; the second term is the alloy interaction term which contains the 

regular solution constant, ߱஺஻ (proportional to the enthalpy of mixing of the binary AB alloy), and  ݖ௟ 
and ݖ௩ which are the numbers of bonds of an atom to neighbors that lie either within the same atom 

plane or in adjacent planes, respectively; and the third term is the elastic solute strain energy which 

consists of a function of elastic moduli, F(M), and Δr, the difference in atomic radii between the 

segregating species and the bulk component. 

 Important differences are known to exist between interfacial segregation in 2-component 

systems versus systems with 3 or more components. Three-component systems display such effects as 

co-segregation and site competition, which were identified in the early work of segregation in ternary 

systems [5]. Site competition is a phenomenon in which two components that both display an 

attraction to the interface, but a mutually repulsive alloy interaction, will compete to occupy interface 

sites, with the component having the stronger affinity for the interface eventually driving the second 

component away. In contrast, co-segregation occurs when the segregation of the component that has a 

weaker interaction with the interface is also attracted to the component most strongly attracted to the 

interface; this type of combination enhances the interfacial segregation of the component with the 

weaker attraction to the interface (see for example [28,29]). Co-segregation tends to occur in systems 

with pairs of components that display either long or short-range ordering tendencies, whereas site 

competition, which requires pairs of components that display repulsive interactions, occurs in the 

presence of components that exhibit a tendency to cluster [24].   

 Although site competition and co-segregation phenomena were first identified in ternary alloy 

systems there is no reason why these phenomena need to be restricted to 3-component systems. For 

example, co-segregation is often characterized by oscillatory composition profiles in the near-

interface segregated region, as displayed here for example by Cr and Ni in Fig. 5. 

 Another interesting observation pointed out above is the qualitative difference between the 

composition profiles of a pseudo Σ13 GB and a {100} surface. The surface segregation profile of Fig. 

5 shows that Mn is the element with the highest concentration at the outermost surface layer, whereas 

the GB segregation profile of Fig. 3b is dominated by Cr segregation. Whether a component is present 

in excess at an interface is determined by the sign of the sum of the three terms that make up ΔΗseg  in 

Eq. 2, with a net negative sign of ΔΗseg  being favorable for segregation. In the case of segregation in a 
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2-component system, the probability of a sign change in ΔΗseg  between GB and surface segregation is 

rather small. But the results of Figs. 3b and 5 indicate that when multiple components are present, the 

interplay between the factors that enter into ΔΗseg may lead to unexpected results, as explained at 

greater length below.   

 Of the three principal factors mentioned above that enter into the enthalpy of segregation, the 

interfacial energy, which reflects the number of broken bonds of atoms in the interface, plays a larger 

role in the case of surface segregation than in GB segregation. This is because a large fraction of the 

broken bonds present on one side of a GB are reconnected to atoms on the other side of the GB, i.e. to 

atoms on the terminating plane of the opposite crystal. The resulting decrease in the number of broken 

bonds lowers the GB energy in comparison to the surface energy by about a factor of three. 

 Table 1 gives the (100) surface energies of all 5 pure components of the Cantor alloy, in the 

FCC structure, as computed by means of the present MEAM potentials at a temperature of 0 K. In 

addition, the table provides reported surface energies of the pure solid elements, at their melting 

points, as determined from the experimental liquid-vapor surface energies by the application of a 

semi-empirical scheme [30]. Both sets of values indicate that Mn displays the lowest surface energy, 

i.e. replacing any surface atom of the other 4 components by a Mn atom will decrease the surface 

energy. It is therefore not surprising that Mn is the majority segregating component at the very surface 

of the Cantor alloy.  

 

TABLE 1. Computed and reported surface energies (mJ.m-2) of the 5 Cantor alloy elements. 
 

 

 
aReference [30] 

 

 Another factor in the driving force for segregation is the strain energy associated with a given 

segregating atom in the bulk of the alloy due to size differences with the average matrix atom. Table 2 

provides the values of the atomic radii for the five elements of interest, as computed here in the FCC 

structure, as well as the averaged atomic radius of the Cantor alloy. Referring to Eq. 2, it can be seen 

that the elastic strain energy (computed under the assumption of linear elasticity) depends on the 

square of the radius difference between a given component and the averaged alloy radius. However, 

segregation experiments have shown [31,32] that the strain energy only obeys the linear elastic theory 

Elements Present 
computations 

Reported 
literature valuesa 

Co 

Ni 

Cr 

Fe 

Mn 

2117 

1938 

2122 

2371 

1600 

2218 

2080 

2006 

2123 

1298 
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for segregating atoms with radii that are larger than the matrix average, i.e. for elements that show a 

positive difference in the third column of Table 2. Thus the elastic strain energy contribution would 

tend to favor the segregation of Mn most strongly, with Cr being in second place.  

 
TABLE 2. Computed atomic radii of the 5 Cantor alloy elements as well as the averaged value for the 

Cantor alloy in the fcc structure. 
 

 

 

 Since two of the three driving forces for  interfacial segregation favor Mn, one must conclude 

that the greater segregation driving force displayed by Cr at GBs must come from the third term in the 

driving force, namely the “alloy interaction” term. That part of the driving force is not trivial to 

evaluate in a five component system because, as can be seen from Eq. 2, it depends on the regular 

solution constant in the case of a binary alloy. In a five component system, the single regular solution 

constant of Eq. 2 is replaced by a linear combination of 10 different ߱௜௝ (i,j, = 1,5, i≠j). Furthermore, 

each ߱௜௝ depends not only on the bond energy ߳௜௝ but also on ߳௜௜ and ௝߳௝, i.e. ߱௜௝ ൌ ߳௜௝ െ 0.5ሺ߳௜௜ ൅
௝߳௝ሻ. However, Figs. 3b and 5, which provide the composition profile across a segregated GB and 

surface, respectively, provide a clue as to the relative importance of these bond energies. The Mn 

interfacial excess in Fig. 5 extends to only a single atom layer, whereas the Cr excess at the GBs of 

Fig. 3b extends to 3 atom layers on either side of the GB. Thus, the part of the driving force that leads 

Cr excess to supercede the Mn excess at the (100) surface is apparently a stronger affinity of Cr for Cr 

than that of Mn for Mn. If that is the case, then once some Cr has segregated to an interface, more Cr 

tends to join, whereas Mn does not attract more Mn. This inference is supported by estimates we have 

made of the affinity of Cr for Cr and of Mn for Mn given below.  

 Consider the Cr-Cr case. We have determined the percentage change in the number of Cr-Cr 

bonds that are present in the bulk of the Cantor alloy at 1200 K, compared with the number of Cr-Cr 

bonds that would be present in a random solid solution (at the observed bulk composition reported in 

Fig. 4b). That change is an increase of 48%. The computed value of the percentage difference in the 

number of Mn-Mn bonds between the equilibrated alloy at 1200 K and the random alloy is -4%. This 

clearly implies that greater numbers of additional Cr atoms are likely to congregate around a Cr 

Elements Computed 
atomic radii (nm) 

Difference in 
atomic radii (nm) 

relement-rCantor 
Co 

Ni 

Cr 

Fe 

Mn 

Cantor alloy 

0.1250 

0.1245 

0.1290 

0.1277 

0.1303 

0.1271 

-0.0021 

-0.0026 

0.0019 

0.0006 

0.0032 

-- 
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segregated interface than Mn atoms around a Mn segregated interface. Thus, although Mn segregation 

might benefit from more favorable surface energy and strain energy driving force terms, Cr appears to 

have a more favorable alloy interaction term. This term is a stronger contributory to the driving force 

for GB segregation than for surface segregation, because most of the bonds that are broken at a 

surface, are replaced by bonds from one GB terminating plane to the terminating plane on the other 

side of the GB. 

 

B. Bulk and interfacial component depletion due to interfacial segregation 

 A model was developed some time ago [33] to examine the effects of catalyst particle size on 

the relation between surface and bulk compositions that would result from surface segregation in 2-

component catalyst particles, under conditions of fixed overall composition. Interest in that issue 

stemmed from the possibility of using alloys containing modest bulk concentrations of a catalytically 

active component, and exploiting surface segregation to enrich the surface in costly catalytically 

active species. We have seen here that when a given component segregates to interfaces its bulk 

concentration can decrease (because of the imposed mass balance constraints), and as bulk 

concentration decreases, so will the interfacial concentration (by Eq. 1, which determines the relation 

between interfacial and bulk compositions). Thus, it was deemed important to identify the particle 

size at which some gain of surface active species would be retained. The model was tested against 

measurements of surface segregation in samples of a Ni-1at%Pd alloy prepared with several different 

particle sizes [33], and it correctly predicted that both surface and bulk concentrations of Pd would 

begin to decrease at particle sizes below about 100 nm. Although that model is not entirely suitable 

for evaluating the behavior of a 5-component alloy, we have applied it here to provide a rough 

estimate of the relationship between interfacial and bulk compositions and grain size in the Cantor 

alloy, under the following assumptions. 

1. The Cantor alloy is approximated by a Cr20X80 pseudo-binary alloy. 

2. The overall atom fraction of Cr is fixed at 0.2. We choose a temperature such that in the 

limit of an infinite grain size (i.e. a negligible fraction of interface sites) the atom fraction 

in the segregated GB is represented by xi = 0.5. Fixing xi also fixes ΔHseg/RT and K in Eq. 

1, which remain constant when the grain size changes.  

3. Grains are assumed to adopt a cubic shape bounded by GBs that all display the same 

segregation behavior. 

4. Any changes resulting from decrease in grain size are assumed to result from mass balance 

considerations (i.e. capillarity effects are ignored). 

For an average cubic grain of edge length r, the grain volume is V=r3, and its grain boundary area is 

A=3r2. This accounts for the fact that each GB is shared by two cubes and that each cube has 6 

neighbors. The volume of the GBs is taken to be AΔr, where the boundary width, Δr, is estimated to 
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be twice the average diameter of an atom in the Cantor alloy (0.508 nm). We also define the ratio, D, 

of the number of atomic GB sites to the total number of atomic sites in a grain as being approximately 

equal to their volume ratio:  

ܦ     ൌ ஺∆௥௏ ൌ ଷ௥మ∆௥௥య ൌ ଷ∆௥௥      (3) 

It is also useful to define a mass balance condition such that the sum of the numbers of atoms of 

segregant in the GB, plus those in the bulk, remains equal to the total number of atoms of the 

segregating species in the system. If the number of atoms is taken to be proportional to volume, then 

ݎ∆ܣ௜ݔ      ൅ ௕ሺܸݔ െ ሻݎ∆ܣ ൌ  ҧܸݔ

where ݔҧ is the average atom fraction of 0.2. Dividing through by V we have 

ܦ௜ݔ      ൅ ௕ሺ1ݔ െ ሻܦ െ ҧݔ ൌ 0     (4) 

Finally, substituting Eq. 1 into Eq. 4, and eliminating xb, we obtain a quadratic equation in xi: 

ሺ1ܦ   െ ௜൯ଶݔሻ൫ܭ ൅ ሾܭܦ ൅ 1 െ ܦ െ ҧሺ1ݔ െ ௜ݔሻሿܭ െ ܭҧݔ ൌ 0.   (5) 

xi can be obtained by solving Eq. 5, and may then be used to compute the corresponding value of xb 

from Eq. 1. The resulting estimated variations of xi  and xb with grain size are displayed in Fig. 6, 

which indicates that the effects of grain size change on both the grain boundary and the bulk grain 

compositions become significant only for grain sizes below about 100 nm.  

 

 
 

 FIG. 6. Variation of Cr atom fraction in the GB (xi, curve in red with round symbols) and in 
the bulk of the grain (xb, curve in blue with square symbols) which results from mass balance 
considerations, plotted as a function of grain size. 
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C. Agreement with experiment 

 Li et al. [9] have reported composition profile measurements by atom probe tomography 

(APT) on Cantor alloy thin films that provide some information on GB segregation. The Cantor alloy, 

deposited on Si tips, and heat treated for 1 to 2 hours at temperatures ranging from 423 K to 623 K, 

was then gradually field evaporated and analyzed. Even after annealing at temperatures as low as 423 

K, the authors saw evidence of Ni and Mn segregated to the grain boundaries. By 573 K, Cr GB 

segregation was also identified. However, on reaching this temperature they also saw evidence for the 

formation of several new phases formed by decomposition of the Cantor alloy into a Cr-rich BCC 

phase, a Ni-rich L10 phase, a Cr-rich σ phase, and an Fe-rich B2 phase, each of which has its own 

composition which departs from the (average) bulk composition of the alloy. Thus, it is difficult to 

make quantitative comparisons between those observations and the present results obtained at much 

higher temperatures, although there is qualitative agreement on the segregation of Mn and Cr to the 

GBs. This indirect agreement is the only currently available support for the reliability of the 2NN 

MEAM potentials [16] for predicting interfacial behavior. 

 

D. impact on phase stability 

 Both modeling and experiment have shown that increasing Cr concentration beyond ~20% 

tends to stabilize the BCC phase, which will then coexist with the FCC phase above about 1000 K 

[14,15]. Thus, as Cr is depleted from the bulk by segregation at GBs or surfaces, the FCC alloy will 

tend to remain even more stable. It is also important to emphasize that the 7-layer thick Cr-rich GB 

region of Fig. 3 is not a phase but a segregated layer i.e. a complexion [34,35]. The significant 

segregation observed at a pseudo Σ13 GB will most likely also take place at other GBs, however the 

quantity segregated will vary from one GB to another since GB segregation is anisotropic [23]. The 

FCC Cr-rich regions located at the GBs could serve as seeds for the nucleation of Cr-rich σ phase 

precipitates, which have been reported to occur in the Cantor alloy after annealing for up to 1000 h or 

500 days at 973 K, respectively [21,22].   

 

V. SUMMARY 

 GB segregation has been studied in the Cantor alloy by computer simulation at temperatures 

ranging from 1000 K to 1300 K. In addition, a more cursory investigation of surface segregation has 

been performed at 1100 K. Although Mn segregates most strongly to the outermost surface layer in 

the case of surface segregation, presumably because Mn has the lowest surface energy of all of the 

Cantor alloy components, the calculated Cr adsorption integrated over 4 surface atomic layers is 

larger than that of Mn. Cr also displays the strongest adsorption at GBs. These results have been 

interpreted in terms of the three principal driving forces for interfacial segregation: interfacial energy, 

alloy interaction and elastic strain energy due to atom size differences. The driving forces for surface 
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segregation are different from those for GB segregation. While Mn surface segregation benefits from 

a favorable surface energy, and both Mn and Cr have elastic strain energies that favor interfacial 

segregation, Cr has a stronger alloy interaction. The present simulations have been conducted in a 

closed system, in order to assess whether interfacial segregation can deplete the bulk atom fraction of 

the segregating species, thereby leading to the possible formation of new phases. A simple model 

based on mass balance shows that significant bulk depletion of Cr can occur only if the grain size falls 

below 100 nm. 
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