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a b s t r a c t

It has been shown that heterogeneity at themicro-structure level can effectively enhance the strength and
ductility of materials. Here we demonstrate via density-functional theory calculations that high entropy
alloys (HEAs) exhibit atomic level heterogeneity in bond length and stacking fault energy (SFE) which
could lead toHEAs’ excellent hardenability and deformability. The bond length of HEA FeCoNiCrCu follows
a Gaussian distribution, in contrast to the single-valued SFE and bond length in conventional crystalline
counterparts. Its SFEs also fall into awide span,which could introduce sequential anddispersednucleation
of different plastic sources includingphase transformation, deformation twinning, anddislocations, giving
rise to their exceptionally high hardenability and ductility. The atomic level heterogeneity in HEAs further
gives rise to solid solution strengthening during dislocation motion. The concept of making atomic level
heterogeneity can also be utilized in other metallic alloys for better hardenability and ductility.
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1. Introduction

Among possible routines to evade strength–ductility trade-
off in metallic materials, [1–3] microstructure heterogenization
is broadly employed. For example, tuning grains with bi-modal
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size distribution in crystalline metals is capable of increasing their
tensile ductility of crystalline metals [4]. Multi-phase alloys, such
as dual-phase steels, are another type of model case to demon-
strate the effectiveness ofmicrostructure heterogenization for bet-
ter strength and ductility [3,5,6]. By adding dispersed crystalline
phase in monolithic metallic glasses, researchers found the frac-
ture toughness could be significantly increased [6]. More recently,
heterogeneous microstructures with gradient has also been ex-
plored [2,7,8], which show a synergetic effect in realizing bet-
ter strength and ductility. In parallel to synthesize materials with
heterogeneous microstructures, there is a long-standing trend of
adding some fraction of dissolution atoms in metals to improve
their performance. This strategy, as we will demonstrate via HEAs,
is essentially to tune the intrinsic properties to be heterogeneous.

Unlike conventional alloys, HEAs are composed of multiple
principal elements with nearly equal concentrations [9]. The mix-
ture of principal elements leads to server lattice distortion thereby
giving high strength and exceptional performance at elevated tem-
perature [9–12]. Due to the random distribution of atoms of differ-
ent size, the interfacial properties of HEAs are heterogeneous, in
contrast to their conventional single valued counterparts. One of
the most significant parameters governs the plastic deformation
mechanism is the stacking fault energy: (1) Stacking fault energy
influences the competition between partial dislocation nucleation
and full dislocation as [13] the critical resolved shear stress for dis-
location nucleation is proportional to the SFE [14]. Combiningwith
grain size or twin spacing, SFE plays a central role in determin-
ing the strength of nanostructured materials [14–17]. (2) Stacking
fault energy is associated with brittle–ductile transition in crys-
talline materials [18,19] as the nucleation of dislocations versus
twins is related to crack tip blunting or cleavage. (3) Stacking fault
energy relates to phase transformation. It has been generally rec-
ognized that low intrinsic stacking fault energy γsf favors the γ
(face-centered cubic, FCC phase) to ε (hexagonal close-packed, HCP
phase) transformation [20,21]. Because of the alloying of atoms
of different size in HEAs, the lattice size varies correspondingly,
which leads to the variation in SFEs as well. Hence it is desired to
have a comprehensive understanding about the lattice size distri-
bution of HEAs and SFEs, which could be the origin of their superb
mechanical properties. Since HEAs are primarily composed of sin-
gle phase like FCC or body-centered cubic (BCC) other than inter-
metallic compounds, we investigate the SFE of HEAs in a relatively
traditional way [22]. We examine how the huge disorder in atomic
scale in HEAs leads to a distributed SFE other than a converged
value in pure metals. In addition, we explore other atomic level
heterogeneity like bond structure and charge-density distribution.

2. Calculation details

All our calculations were fulfilled by using the Vienna ab initio
simulation package (VASP) [23,24] based on density functional
theory (DFT). Projector augmented wave (PAW) pseudopotentials
and the Perdew–Wang 1991 [25] chosen for exchange and
correlation interaction in the generalized gradient approximation
(GGA)were used in VASP calculations. The FCC high entropy alloys’
models were illustrated in Fig. 3(a): The supercell containing 6-
layers stacking along {111} plane, and there are 16 atoms in each
layer. In practical calculations, we employed a supercell with 12
layers. The lengths of x-, y- and z-direction in one supercell box
are about 8.5 Å, 10 Åand 12 Å, respectively. The Brillouin zone is
sampled by a 4×4×3Monkhorst and Pack grid for all calculations
of HEAs. And the cutoff energy was set to 400 ev. We relaxed all
the similar supercells’ total energy to the precision of 0.01 meV.
The distributions of different atom-pairs for both the first nearest
neighbors and the second nearest neighbors are then extracted
from the equilibrated samples.
The intrinsic stacking fault energy we calculated is defined as
Eisf = (Efault − Eperfect)/A, where Efault and Eperfect are the free
energy of the perfect structure and the structure contained one-
layer fault, respectively, and A is the area of one layer. To validate
the effectiveness of the method, we firstly did a benchmark test
and calculated the SFE of pure copper. The SFE of Cu along the {111}
plane is 39 mJ/m2, in good agreement with the value reported in
literature (41 mJ/m2, [26]). Now we start to investigate the SFE
of HEA FeCoNiCrCu, which is believed to be FCC phase at room
temperature [27,28]. It has 5 types of atoms and the numbers
of each type were set as 38, 39, 38, 38, and 39 for Fe, Co, Ni,
Cr, Cu, in turn. We specify atom types at different positions with
random numbers and generated 10 random models. To obtain the
structure with one layer fault, we produced a rigid displacement
between two adjacent layers, and the magnitude equals to that of
the Burgers vector bp = 1/6 ⟨112⟩, as illustrated in Fig. 3(a) and (b).

3. Results and discussion

3.1. The Gaussian distribution of lattice size

The distributed SFE in HEAs ought to be connected with
the structure of atoms. To shed light on this, we analyze bond
lengths of the HEAs at equilibrium. The averaged bond lengths
of different atom-pairs in the two systems are summarized in
Fig. 1. Fig. 1(a)–(c) show the distributions of bond lengths of the
first nearest neighbors of the types of atom-pair Fe–Fe, Fe–Cr,
Cr–Cr, respectively. If counting the bond length of the first nearest
neighbors, it follows the Gaussian distribution

g(x) =
1

√
2πδ2

e−
(x−Λ)2

2δ2 ,

where x represents the bond length variable,Λ and δ2 are themean
and the variance of the bond length distribution.We see in Fig. 1(d)
that a mean of Λ = 2.517 Å and a variance of δ2

= 0.00176 Å2

could match the DFT results well. The bond length distributions
of the second nearest neighbors of atom-pair types Fe–Fe, Fe–Cr,
Cr–Cr are shown in Fig. 1(e)–(g), respectively, and the bond-
length distribution of all the second nearest neighbors is shown in
Fig. 1(g). Bond lengths of the second nearest neighbors also follow
Gaussian distribution, with Λ = 3.558 Å and δ2

= 0.003 Å2. In
Table 1, we list the corresponding mean bond length, the variance,
and the standard deviation of bond length for different atom pairs.
It seems that the scattering of different bond types could be well
represented by the Gaussian distribution.

The fluctuation in bond length due to element mixture in
HEAs could be well demonstrated from the radial distribution
function. We show in Fig. 2 the radial distribution of FeCoNiCrCu
and other typical metals with different structures. As well known,
atoms in regular crystalline materials like face-centered cubic
metals are ordered. Their neighboring atoms could be found at
characteristic distances, which lead to single-valued peaks in the
radial distribution function seen in Fig. 2(b) and (c) for FCC iron
and BCC iron, respectively. For atoms in HEAs, while they are also
regarded as ordered and dense, their spacing is not single-valued
and falls in a distribution. Consequently, their neighboring atoms
are placed with an averaged characteristic distance which falls in
a certain range. Such features give rise to a smooth distribution at
each characteristic distance seen in Fig. 2(a). For highly disordered
and usually less dense materials like metallic glasses, atoms are
placed irregularly. We could essentially find their neighbors at any
approximate distances. This nature leads to a smooth variation in
radial distribution, as shown in Fig. 2(d).

3.2. Stacking fault energy of high entropy alloys

The stacking fault energies of FeCoNiCrCu from 52 independent
calculations are shown in Fig. 3(c). It is seen that SFE values of these
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Fig. 1. The histograms of bond length distribution of different pairs in FeCoNiCrCu and the fitted Gaussian distribution (dotted line). (a)–(d) The first nearest neighbor: (a)
Fe–Fe pair, (b) Fe–Cr pair, (c) Cr–Cr Pair, (d) All bond pairs. (e)–(h) The second nearest neighbor: (e) Fe–Fe pair, (f) Fe–Cr pair, (g) Cr–Cr Pair, (h) All bond pairs.
Fig. 2. The radial distribution function of metals of different structures. (a) High entropy alloy FeCoNiCrCu. For comparison, we also show the RDF of (b) face-centered cubic
Fe and (c) body-centered cubic Fe (c), as well as RDF of (d) a binary metallic glass Cu50Zr50 based on molecular dynamics model with 50000 Atoms.
Table 1
The mean (Λ), the variance (δ2), and the standard deviation (STD) of the bond length of different atom pairs.

The first nearest neighbor The second nearest neighbor
All Cr–Cr Fe–Cr Fe–Fe All Cr–Cr Fe–Cr Fe–Fe

Λ, (Å) 2.5170 2.5096 2.4933 2.5178 3.5585 3.5159 3.5609 3.5475
δ2 (Å2

) 0.00176 0.01197 0.00436 0.00171 0.00319 0.01027 0.00829 0.00380

STD 0.042 0.1094 0.0661 0.0414 0.0565 0.1014 0.0911 0.0617
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Fig. 3. Stacking fault Energy of FeCoNiCrCu: (a) and (b) A demonstration to show the initial sample and the generation of one layer fault by forced shift between two
neighboring layers. (c) The distribution of stacking fault energy from 52 calculations. (d) and (e) The SFEs of two samples with different distribution of Ni, Cu, and Co atoms
(solid atoms residing in the first layer, crossed atoms the second layer): (d) −22 mJ/m2; (e) 109 mJ/m2 . The SFE is sensitive to the non-uniform distribution of Ni, Cu, and
Co atoms: more Ni and Cu for higher SFEs and more Co for lower SFEs.
samples distribute in a wide range and could even be negative.
This distribution of SFEs seems to be strongly correlated with the
non-uniform distribution of Ni, Cu and Co atoms, as illustrated in
Fig. 3(d) and (g). The SFEs between two atomic planes with more
Ni and Cu (Fig. 3(e)) are much higher than those with less Ni or Cu
atoms (Fig. 3(d)); in contrast, less Co atoms lead to higher SFEs.
Since the SFE at atomic scale in HEAs is not single valued, the
distribution of SFEmay introduce the activation of different plastic
mechanisms. This feature is of great meaning for the strength and
ductility in these high entropy alloys.

Indeed, the significance of SFE in tuning the properties of
crystalline materials has been exemplified in the tunable perfor-
mance of Hadfield steels. It has been demonstrated that through
adjusting the atomic fraction of manganese of Fe–Mn austenitic
steels [20,21,29], one may control the activation of different types
of plastic sources. The essence is to use manganese to manipu-
late the SFE [20,29]. For FCC crystals of low SFE, say approximately
<20 mJ/m2, plasticity is primarily achieved by the γ (FCC phase)
to ε (HCP phase) transformation, accompanied with partial dislo-
cation gliding. When SFE falls within the range of 20–420 mJ/m2,
deformation twinning is dominant, in particular at the early stage
of plastic deformation [21]. For SFE higher than 420 mJ/m2, full
dislocations gliding plays the leading role. Deformation twinning
is known to promote tensile ductility and gives rise to enormous
strain hardening, while phase transformation helps for high yield
strength with intermediate hardening rate. The combined effects
lead to the superb hardenability and ductility in high manganese
steels. Given the similarity between FCC HEAswith Hadfield steels,
the distribution of SFE helps to realize the activation of several
plastic deformation mechanisms in one HEA, in contrast to one
primary plastic deformation in a Hadfield steel with a given man-
ganese fraction. The activation of multiple plastic deformation
mechanisms in HEAs could hence result in an excellent combina-
tion of hardening rate, ultimate strength and tensile ductility.

3.3. Atomic level heterogeneous clustering

In addition to the bond structures, we also extract the charge
density in the HEA from our density functional theory calculations.
Fig. 4(a)–(b) show the charge density in FeCoNiCrCu in two repre-
sentative regions. In addition to the bond length distribution, there
is a trend to form tightly bound clusters: The pattern in Fig. 4(a)
shows a cluster composed of Co–Cr–Fe–Ni atoms. Atoms in the
Co–Cr–Ni cluster in Fig. 4(b) seem to be closer than other pairs
in terms of charge density. The information extracted from the
charge density in HEAs conforms to the corresponding distribu-
tion of bonds length. In addition to the bond-level heterogeneity,
the clusters composed of multiple atoms could promote heteroge-
neous plastic deformation mechanisms, which is beneficial to the
strengthening and toughening of HEAs.

4. Conclusion and discussion

It has been broadly accepted that stacking fault energy is a gov-
erning parameter for plasticity in crystalline materials, in particu-
lar at the nucleation stage of dislocations [13–15]. In this work, we
systematically investigate the stacking fault energy of the typical
HEA FeCoNiCrCu. It is found that the SFEs in the HEA are highly
fluctuating and statistical in nature, in contrast to single valued
SFEs in their crystalline counterparts. Since the SFE influences the
selection of primary plastic deformation mechanisms and subse-
quent interactions of substructures resulted from plastic deforma-
tion, it plays a critical role for the strength and ductility of alloys.
Traditionally, we promote strain hardening by introducing hetero-
geneity in texture distribution, grain size distribution, substruc-
tures like dislocation cells and deformation twins. The enormous
strain hardenability in HEAs is a combination of hardening mech-
anisms with heterogeneous stacking fault energies. The scattering
in SFE may supply multifold hardening mechanisms: (1) Disloca-
tion nucleation will gradually shift from interfaces with lower γisf
to higher ones as deformation proceeds, as the critical resistance
for partial dislocation nucleation is τc =

γisf
b +

Gb
3d [14]. (2) The pri-

mary plastic deformationmechanismmay switch as γisf influences
the competition among phase transformation, partial dislocation
gliding, deformation twinning, and complete dislocation motion
[20,21]. Increasing deformation will lead to the depletion of plas-
tic deformation in regions with low SFEs. Higher stress is then re-
quired in order to trigger possibly different plasticity mechanisms
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Fig. 4. Cross-sectional view to show charge density in high entropy alloy FeCoNiCrCu: (a) and (b) The charge density of two representative regions in FeCoNiCrCu to show
the clustering (surrounded by dotted lines) at atomistic level.
in regions of higher SFEs,which leads to the switch of primary plas-
tic deformation mechanisms. (3) The newly formed yet highly dis-
persedphase boundary, stacking faults, twin boundaries, anddislo-
cationwalls resulted from the distribution of SFEswould then sup-
ply additional hardening as deformation continues [14,16]. In view
of those, it is natural to see that heterogeneous SFE in HEAs would
give rise to extraordinary mechanical properties, like damage tol-
erance at nanoscale [30]. The fluctuation in SFEs in HEAs originates
from themixing of atoms of different size: Thatwas further verified
by investigation on the distribution of lattice size of the same atom-
pair in the HEA system shown in Fig. 1 and its radial distribution
function presented in Fig. 2. The lattice distortion resulted from
bond-length fluctuation gives rise to solid solution strengthening
mechanism. The atomic scale heterogeneity due to non-uniform
bond lengths in HEAs is equivalent to the local modulus mismatch
and size mismatch between solvent and solute atoms. They both
generate nanoscale heterogeneous stress field which introduces
additional resistance to gliding dislocations. The distribution na-
ture of SFE and lattice structures in HEAs revealed here paves the
way for an alternative design strategy to improve the strength and
ductility of crystalline metals by introducing intrinsic and atomic
level heterogeneity. Such features could be also used as input for
constitutive models [31,32] to capture the mechanical and defor-
mation behavior of HEAs.
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