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a b s t r a c t 

High-entropy alloys (HEAs) are known to have four core effects leading to superior properties over tra- 

ditional alloys. In this paper, we investigate an additional core effect, local atomic configuration, due to 

inherent variations of local chemical composition at the nanoscale. The stacking fault and twin formation 

energies of Al x CoCrFeNi HEAs, calculated with density functional theory methods, show large variations 

and even negative energies due ro the local atomic configurations. A design principle is proposed to pre- 

dict the mechanical properties of the HEAs. The effect of temperature on stacking fault energy is also 

determined, which is consistent with experimental results. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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High-entropy alloys (HEAs), which contain at least four com-

onents without major elements, have become one of the most

opular metallic materials in the past twenty years owing to thier

xcellent mechanical properties, good high-temperature stability

nd high resistance to wear and corrosion [1–5] . Generally, these

utstanding properties can be attributed to four core effects,

amely high-entropy, severe-lattice-distortion, sluggish diffusion 

nd cocktail [3 , 4] . From the viewpoint of thermodynamics, the

ompetition between enthalpy and entropy determines the phase

tability. The large configurational entropy resulting from the

ultiple components stabilizes the solid solution without the

ormation of intermetallic compounds. Therefore, the high-entropy

nsures the higher propensity to maintain single-phase struc-

ures. Other major advantages of HEAs are the high strength and

ardness, and such good mechanical properties stem from the

evere-lattice-distortion effect. The movement of dislocation is

indered by the distorted lattice due to the difference in size

or multiple components. The cocktail effect states that there are

utual interactions between components. For instance, strong B2

hase is formed in Al x CoCrFeNi. For the sluggish diffusion effect,

sai et al. [6] employed the quasi-chemical model and successfully

emonstrated that the diffusion and phase transformation rate

ecreased with increasing the number of components in the HEA.

n other words, the migration of atoms or vacancies was hindered

ue to the higher fluctuation of lattice potential energy resulted
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rom significant variations of the nearest neighboring bonding

uring the atomic migration. They derived that the fluctuation of

attice potential energy was related to the probability of atomic

onfiguration (entropy) and cohesive energy. 

In addition to the four core effects, there is an inherent vari-

tion of local chemical composition in HEAs, which may play

n important role in determining their mechanical behaviors.

hile HEAs form a single phase (e.g., FCC or BCC) structure, the

ocal chemical composition varies significantly at the nanoscale,

esulting in nanoscale cluster-like structures or local atomic con-

gurations (LACs). These locally existing clusters would strongly

ffect the movement of dislocation and twin formation, conse-

uently enhancing the mechanical properties of the HEAs. In the

resent work, the LACs in HEAs were systemematically investi-

ated as an independent effect with the density functional theory

DFT) calculations. Al x CoCrFeNi HEA was chosen as a model alloy,

wing to its outstanding mechanical properties and the dual-phase

haracteristic, allowing more possible strengthening mechanisms

o be applied [7–11] . We demonstrated that the effect of the LACs

n Al x CoCrFeNi HEA could lead to not only negative stacking fault

nergy (SFE) and negative twin formation energy (TFE), but also

otable fluctuations in SFE and TFE in local regions. Through the

alculations of the SFEs for different LACs, a design principle was

eveloped to predict the HEAs with high mechanical properties.

he effect of temperature on SFE was also determined, which was

onsistent with experimental results. 

DFT calculations were performed by the Vienna Ab inito Simu-

ation Package (VASP version 5.4.1) [12–14] based on a plane-wave
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Fig. 1. Inherent chemical composition variations in Al 0.1 CoCrFeNi HEA. Standard deviation (STDEV) of the composition as functions of (a) the number of principal elements, 

and (b) cluster size in the HEA. 
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pseudopotential approach and the Projector Augmented Wave

(PAW) method [15 , 16] was implemented. The generalization gra-

dient approximation (GGA) option, Perdew-Burk-Ernzerhof (PBE)

[17] , was employed as the exchange-correlation function, and the

valence electrons for Al, Co, Cr, Fe and Ni were 3, 9, 6, 8 and 10,

respectively. The cut-off energy of plane waves was 400 eV and a

4 × 4 × 4 Monkhorst k-point grid [18] was used. The selection cri-

teria for both of the cut-off energy and k-point mesh were based

on the variation of the total energy converging to the order of

1 meV/atom. For our calculations, the boundaries were periodic

and the spin polarization was included. There were 144 atoms

with 5 species randomly assigned to the FCC lattice points and a

structure relaxation was performed in order to obtain the ground

state energies for different models. The energy tolerance was set

to 10 −4 eV between two successive electronic steps. All these set-

tings were applied to calculate the lattice constant, cohesive en-

ergy, vacancy energy, SFE and TFE, which are described in details

in Support Information. 

Al x CoCrFeNi HEAs ( x = 0, 0.1, 0.3 and 0.5) were generated by

randomly assigning principal elements in FCC lattice such that the

elements were distributed uniformly in the alloy. In spite of the

uniform distribution at the large scale, there is an inherent varia-

tion of chemical composition at the nanoscale, as shown in Fig. 1 .

These chemical composition variations or LACs increase with in-

creasing the number of principal elements ( Fig. 1 a), i.e., the en-

tropy. The variations in chemical composition reduce with increas-

ing the selected domain size. The large variations at the nanoscale

lead to an uneven distribution of principal elements. Each local do-

main could be considered as a cluster with different chemical com-

position and local atomic configuration. As shown in Fig. 1 b, the

size of the cluster with large difference of LACs is around 1–2 nm.

This pronounced composition fluctuation in the CrFeCoNiPd alloy

were observed experimentally and such fluctuation leads to new

strengthening mechanisms in HEAs [19] . Therefore, the LACs could

be considered as a new core effect in HEAs. 

According to the conclusions of Tsai et al. [6] , the fluctuation

of lattice potential energy was determined by the probability of

atomic configuration and the lattice potential energy. Therefore,

we calculated the lattice constant, and vacancy and cohesive en-

ergies for Al 0.1 CoCrFeNi. The lattice constants of the HEA (Fig. S1)

are in good agreement with the experimental results measured

at room temperature for x = 0, 0.1, 0.3 and 0.5. [8] . The vacancy

energies of the HEA and pure metals are comparable for Co, Fe

and Ni except for Al and Cr (Fig. S2b). The higher vacancy en-
rgy for Al in the HEA may be attributed to the local bonding

nvironments, or LACs. Basically, the bonding environments of Al

toms in HEAs are totally different from pure Al. In the HEA, Al

s surrounded by the transition metals with the unpaired electrons

rom d-orbitals, making the metallic bond with Al stronger than

hat in pure Al. Hence, more energy is needed to form an Al va-

ancy in the HEA. On the other hand, the low vacancy energy of

r in HEA is probably due to the fact that Cr is the only elemen-

al solid showing antiferromagnetic ordering at room temperature.

s shown in Fig. S3a, the average vacancy energy from the DFT

alculations is comparable to the energy calculated by the rule of

ixtures: E vac = f Al E Al + f Co E Co + f Cr E Cr + f Fe E Fe + f Ni E Ni , where f is

he molar fraction, E is the vacancy energy for pure metals calcu-

ated by DFT, and subscripts are the elements. Similar results were

btained for the cohesive energy (Fig. S3b). Such results demon-

trate that the lattice energy is not improved by the formation

f high-entropy system and hence the atomic configuration is the

nly reason contributing to the sluggish diffusion and structural

tability in Al x CoCrFeNi. Thus, the most critical issue about en-

ancing the structural stability is the atomic configuration, and the

AC, due to the inherent composition difference in the nanoscale

lusters, would strongly influence the mechanical properties of the

EAs. 

For conventional metals and alloys, SFE has been demonstrated

s an effective indicator to determine the mechanical properties.

or instance, copper and steels with low SFE exhibit twinning-

nduced plasticity (TWIP) during deformation [20 , 21] . TWIP steel

hows huge elongation and high fracture toughness due to the

ccurrence of mechanical twinning hindering the dislocations and

ncreasing the strain hardening rate. Similarly, SFE and TFE are re-

orted that they are likely to be two of the most influential factors

n HEAs [22–24] . For HEAs, the SFE and TFE not only depend on the

omponents, but also are very sensitive to LACs. The SFE and TFE

ere calculated using the models shown in Fig. 2 a and b, repec-

ively. Fig. 2 c and d shows the wide distribution of SFE and TFE for

l x CoCrFeNi ranging from negative to positive values for different

tomic distributions (i.e., different LACs) with the same chemical

omposition. Thus, the LAC has enormous influence on the SFE and

FE for HEAs. In addition to the wide range of energy distributions,

here is an increasing trend of SFE and TFE as a function of the

mount of Al ( Fig. 2 c and d). The increasing energy competes with

he precipitation strengthening because the propensity of twinning

ecreases as more Al is added. Therefore, it is possible to find the

est composition with satisfying toughness and strength. 
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Fig. 2. (a) A perfect model (left) and a model containing 3 stacking faults (right). The periodic boundary condition is maintained by introducing three layers of stacking 

faults and the dash lines refer to the atomic arrangements changed by stacking faults. (b) A perfect model (left) and a model containing two twins (right). The periodic 

boundary condition is maintained and two twins are separated by an equal distance with 6-plane displacements. The dash lines represent the atomic arrangements of twin 

structure. Wide distribution of (c) SFEs and (d) TFEs for Al x CoCrFeNi due to different local atomic configurations. The yellow band represents the general trend of increasing 

SFE or TFE with increasing the amount of Al. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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The negative SFE is attributed to the HCP structure in the HEA

aving lower free energy than the FCC structure for a specific LAC.

ecause of the composition variations in local areas, HCP may be

ore stable than FCC in some domains and the FCC-to-HCP trans-

ormation should be spontaneous once it is triggered. The effect

f LAC on SFE distribution was determined and Fig. 3 (a)–(f) show

he SFE and elemental distributions for Al 0.1 CoCrFeNi. As shown in

ig. 3 (a), some peaks and valleys are formed in a region that is

nly about 31 nm 
2 . The highest SFE is 46.09 (mJ/m 

2 ) while the

owest one is −79.78 (mJ/m 
2 ). The result demonstrates that SFE

an have extreme changes at the nanoscale for the alloys with var-

ous components and such variations are induced by the chemical

ompositions variation or LAC. The extreme SFE variations could

esult in the local dissociation of dislocation in the areas with low

r negative SFE. This prediction has been proved by the experi-

ental results on dislocations in HEAs. It was observed in in-situ

EM straining experiments that some dislocations dissociated into

eading and trailing partials due to the pronounced fluctuation of

hemical composition [19] . It was argued that this dislocation dis-

ocation can only occur when SFE is extremely low or negative.

his provides a direct evidence that SFE and dislocation motion are

ignificantly influenced by the LACs. 
To analyze the effect of LAC on SFE in a more specific way,

he variations of the constituent elements for Al 0.1 CoCrFeNi at the

anoscale were collected and the elemental distributions were pre-

ented in the same region as in the SFE distribution. According to

he SFE and composition distributions in Fig. 3 b–f, Al and Ni gen-

rally show positive correlations with SFE (Higher concentration of

l and Ni results in higher SFE, and vice versa) although SFE is

imultaneously affected by all of the constituent elements. How-

ver, the local region with low Co concentration has more or less

oorespondence with the region where there are SFE peaks. More

etailed correlation coefficients regarding the SFE and the amounts

f elements will be discussed later. 

Although there is a large variation in SFE due to LACs, it is ex-

ected that it will become smaller with increasing the domain size,

nd the SFE eventually converges to a certain value. To test the

onvergence, we built a series of models of Al 0.1 CoCrFeNi HEA with

ifferent sizes. For the models larger than the size with 144 atoms,

hey were built by repeatedly staking the model with 144 atoms.

ig. S4a shows the SFE as a function of the domain size. With in-

reasing the number of atoms in the models, the SFE gradually

onverges to −9.12 mJ/m 
2 , and the standard deviation of the SFE

ramatically decreases as well (Fig. S4b). For Al 0.1 CoCrFeNi HEA,
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Fig. 3. (a) SFE distribution showing intensive collection of peaks and valleys within a small area. The unit distance is selected to 1.4 nm, because there are three layers of 

stacking faults within a model and the area of three stacking faults is 1.96 nm 
2 . The elemental distributions for (b) Al, (c) Co, (d) Cr, (e) Fe and (f) Ni. The distributions of Al 

and Ni have somewhat positive correlations with SFE distribution while Co distribution shows more of less negative correlation with SFE. 
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the convergent domain size is about 2 nm (~600 atoms), which is

consistent with the domain size of LACs ( Fig. 1 b). 

Since the composition in stacking fault area mainly determines

the SFE of HEAs, we have calculated the free energy for both FCC

and HCP structures. The calculation results ( Fig. 4 a) confirm the

hypothesis that the HCP is more stable than FCC in some areas,

leading to the negative SFE. We further calculated the SFE with the

results for HCP and FCC by assuming there were two HCP layers

embedded in the FCC structure. As shown in Fig. 4 b, the calculated

SFE agrees well with the DFT calculations. Thus, an alternative and

convenient way to evaluate average SFE is to calculate the free en-

ergy of HCP and FCC structures independently. 

Since the SFE is closely related to the local chemical compo-

sitions or LACs, it is possible to use these variations with limited

calculations to predict the HEA with low SFE. We have randomly

generated 16 models with different atomic distributions and de-

termined their SFEs and the correspending chemical composition

in stacking faults for Al 0.1 CoCrFeNi. Assuming that the relationship

between the SFE and the chemical composition in stacking faults is

linear, the SFE for different compositions can be predicted by the

equation: 

SFE = a Al x Al + a Co x Co + a Cr x Cr + a Fe x Fe + a Ni x Ni (1)

where a i is the SFE coefficient for species i and x i is the molar

fraction of species i in a stacking fault. The coefficients were deter-

mined from the DFT results and the final equation to evaluate the

SFE was derived as: 

SFE = 200 . 3 x Al − 102 . 54 x Co − 128 . 64 x Cr + 47 . 27 x Fe + 133 . 45 x Ni 

(2)

According to Eq. (2) , Al, Fe and Ni raise the SFE in Al x CoCrFeNi,

while Co and Cr suppress it. This conclusion is not only consistent

with the Al trend presented in Fig. 2 c and d, but also agrees with

previous works done by Zaddach et al. [24] and Patriarca et al.

[25] . They found that the SFE depended on the concentration of

Co, Cr and Ni in FeNiCoCrMn HEA, which was similar to what we

predicted. To further validate Eq. (2) , the compositions in Table
1 were substituted into Eq. (2) , yielding an average SFE of −7.66

mJ/m 
2 ), which was in good agreement with the average value cal-

ulated by DFT ( −9.12 mJ/m 
2 ). Moreover, Eq. (2) was verified by

sing the bulk composition rather than the stacking fault composi-

ion. Table S2 shows the evaluated SFEs and the average SFEs cal-

ulated by DFT for Al x CoCrFeNi. The predictions based on Eq. (2 )

re reasonably good compared to DFT results. This provides a con-

enient way to design and screen the HEAs with the improved me-

hanical properties. It is worth noticing that the estimate accuracy

f the equation could be improved by using higher order polyno-

ials, but it needs much more DFT data to obtain the coefficients.

he current linear relationship ( Eq. (2) ) is good enough to iden-

ify the potential HEAs within a certain composition range (e.g.,

etween 15% and 35%), as discussed below. 

With Eq. (2 ), we are able to predict and determine the lowest

FE by adjusting the amount of the component for Al x CoCrFeNi.

f one wants to design an Al x CoCrFeNi HEA with high strength

ut low SFE (high toughness), the easiest way is to add more Al

nd alter the composition of the other four elements based on

q. (2 ). Take Al 0.5 CoCrFeNi for instance. Being an element of ma-

rix, the amount of these transition metals must be comparable

ith the amount of Al. Besides, according to Yeh’s definition [1 –

] , the amount of each component in HEAs should be lower than

5 at%. Thus, we set up a concentration between 15% and 35% for

he transition metals Co, Cr, Fe and Ni, and applied a linear pro-

ramming to determine the composition showing the lowest SFE

or x = 0.5. The optimized formula is Al 16 Co 34 Cr 50 Fe 22 Ni 22 and the

valuated SFE is −20.13 mJ/m 
2 , which is very low SFE compared to

l 0.5 CoCrFeNi. Again, to ensure that our equation is valid for vari-

us compositions, we calculated the SFEs for 5 models with differ-

nt atomic distributions and show that the average SFE calculated

y DFT for Al 16 Co 34 Cr 50 Fe 22 Ni 22 is −16.85 mJ/m 
2 , which is approx-

mate to the evaluated value. 

Temperature strongly affects the mechanical properties of met-

ls and alloys. It was observed that HEAs exhibited surprisingly

arge elongation at cryogenic temperature down to 77 K [26–28] .

tto et al. [28] proposed an idea indicating that the FCC-to-HCP
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Fig. 4. (a) The free energy of FCC and HCP calculated by DFT as a function of Al composition. (b) The SFE, calculated by DFT and the energy mixture of FCC and HCP (in 

Fig. 4 a), as a function of Al composition. 
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ransformation was more likely to occur at lower temperature and

he stacking fault and twinning process for a FCC-based HEA were

xactly completed by this transformation. Thus, the observation of

arge elongation at low temperature was able to prove that the

ormation of stacking faults and twins were facilitated by a low

emperature. In order to directly understand how much the tem-

erature can influence the SFE in HEA, we carried out the ab-

nitio molecular dynamics in VASP and used the Langevin thermo-

tat [29] and Parrinello and Rahman [30 , 31] method to generate

n NPT-ensemble. SFEs were derived at 300 K by using the models

or 0 K calculations (Fig. S5a and b). Since the temperature fluctu-

tion is severe for both perfect and stacking models, we selected a

emperature difference of 1 K as a tolerable value, causing merely

1.55mJ/m 
2 error in SFE based on the DFT results. The SFEs for

ifferent atomic configurations at room temperature for CoCrFeNi

re shown in Fig. S5d. As we can see, the SFE at 300 K shows

igher value than SFE at 0 K and the average increase in SFE is

.92 ± 6.02 mJ/m 
2 . The results are consistent with Otto’s specula-

ion stating that if the SFE increases with increasing temperature,
he propensity of TWIP is lowered. Our results confirm that the

FE has positive correlation with temperature and are able to ex-

lain the observed phenomenon of decreasing elongation at higher

emperature. 

In summary, we have calculated the cohesive, vacancy, stacking

ault and twin formation energies of Al x CoCrFeNi high-entropy al-

oys. Our results show that local atomic configuration plays a crit-

cal role in determining the mechanical behavior of the HEAs. The

tructural stability and low diffusivity are mainly caused by the

arge variations of atomic configurations in HEAs and the SFE and

FE were extremely sensitive to the local atomic configuration. The

xperimentally observed local dissociation of dislocation in HEAs

an be well explained by the LAC as a core effect. Negative SFE

riginates from the HCP structure having lower free energy than

CC structure at 0 K. Furthermore, the effect of temperature on SFE

as investigated and our findings suggested that there was a pos-

tive correlation between SFE and temperature. Thus, the FCC-to-

CP transformation is more likely to occur at cryogenic tempera-

ure and our results are consistent with the experimental results
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that elongation and tensile strength increase simultaneously for

HEAs at 77 K. An accurate equation for the evaluation of SFE was

derived by assuming the linear dependence between the SFE co-

efficients and the compositions. An AlCoCrFeNi HEA with desired

properties can be successfully designed by using such approach. 
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