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ABSTRACT

Due to the presence of multiple elements consisting of a range of atomic
radii, local lattice distortion (LLD) is commonly observed in concentrated (and high
entropy) alloys. However, since these elements also have diverse
electronegativities, recent works show that atoms can have a range of atomic
charges. In this work, using density functional theory (DFT), we investigate
electronic charge distribution in face centered cubic (FCC) Ni-based alloys and
find significant charge-density distortion in HEAs. Specifically, Cr atoms have large
charge density distortion that results in a wide range of bond lengths, atomic
charges, and electronic density of states in Cr-containing alloys. The charge
distortion impacts the stacking fault energies (SFEs) as a wide range of SFEs are
observed in Cr-containing alloys (e.g., NiCr, NiFeCr and NiCoCr), which are
otherwise narrow and converged in non-Cr containing alloys such as NiFe, NiCo
and NiFeCo. These observations provide insights into the role of local charge
distortion towards local lattice distortion in HEAs and illustrate the effect of charge

distortion on the mechanical properties of the alloys.
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CHAPTER ONE: INTRODUCTION
1.1 Background

Traditionally, alloys consist of one primary base element and smaller
concentrations of other alloying elements to improve material performance [1]. This
method, while effective, is hindered by its limited compositional space and leaves
little to no knowledge about alloys containing three or more main components [6].
The expectation was that multicomponent alloys would form intermetallic
compounds with complex microstructures, resulting in brittleness, processing
difficulties, and challenges in characterization analysis [7]. However, in the early
21st century it was discovered that single-solid solution phases could be obtained
from structures with multiple principal elements at near-equimolar ratios [7,8]. This
new strategy for designing alloys shifted the focus toward more chemically
complex materials that exhibit unique properties [9].

Originally, these new alloys were called “high entropy alloys” (HEAs) due to
their high configurational entropy from randomly mixing multiple elements in high
concentrations [1]. This configurational entropy can be expressed as:

AScons = RINN (1)
where R is the gas constant (8.31 J/K mol), and N is the total number of different
elements [10]. As shown in Figure 1, the configurational entropy of mixing of an
alloy is equivalent to an ideal gas and this value will be maximized in an equiatomic

composition [1].
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Figure 1. Contour plot of the ASmix for a ternary
alloy system. The blue corners represent the
design space of conventional alloys while the red-
center indicates the “high-entropy region.” [1]

HEAs are also defined by four core effects based on their kinetics,
thermodynamics, and atomic structure which influence the development of the
microstructure. One such effect is the high entropy effect which states that the high
configurational entropy of HEAs reduces the Gibbs free energy of the single solid
phase solution, making it more stable compared to intermetallic phases [2].
However, recent studies have shown that a large number of multiphase alloys
(containing intermetallic compounds and metallic glasses) were created using the
methodology proposed in Egn. 1 [9]. Upon further investigation by other research
groups, it was determined that the configurational entropy mixing is not the sole
contributor responsible for the unique material properties and atomic structure of

these alloys [1]. The continuous examination of just one of these core effects



demonstrates that these exceptional alloys have their own unique mechanisms
that drive their own design. Since the initial proposal of the four core effects by Yeh
et al. [7], numerous studies have continuously analyzed and refined these
concepts. This ongoing research includes providing evidence that supports,
challenges, or builds upon the high entropy effect, sluggish diffusion effect, severe
lattice distortion, and cocktail effect [11]. For the scope of this work, we will focus
on the severe lattice distortion core effect caused by the chemical complexity of

HEAs.

1.2 Local Lattice Distortion

The chemical randomness in HEAs, characterized by the random
distribution of elements on the crystal lattice, leads to a wide variety of distinct
nearest-neighbor (NN) environments. Additionally, the disparity among the atomic
radii of the elements leads to the displacement of atoms from their ideal lattice
sites creating bond length variations. The NN environment and atomic radii
collectively lead to a distorted lattice, as shown in Figure 2. This phenomenon is
known as local lattice distortion (LLD), which has been observed both
experimentally and computationally [12—-14]. These localized distortions interact
elastically with dislocations moving through the lattice, resulting in solid solution
strengthening [2,15]. Mo et al. [16] observed that increasing the Hf content in a
NbMoTaWHfx alloy leads to a simultaneous increase in both compressive strength
and failure strain up to Hfo.92. The study by Mo et al. [16] also highlights that this

same concentration of Hf exhibited one of the highest mean absolute atomic



displacements (MAAD), which is another common way to measure LLD. A similar
study by Liu et al. [17] demonstrated increasing the LLD resulted in a monotonic
increase in both yield strength and microhardness. Notably, NiCoMnCr and

NiCoCr exhibited particularly high yield strengths.

Figure 2. Local lattice distortion in
HEAs. [2]

In fact, several studies have suggested that the severity of the LLD present
in HEA alloys significantly contribute to its unique properties [3,18—-20]. One way
to quantify the atomic distortion is to use a statistical mechanics method known as
mean-square atomic displacement (MSAD) which measures how far an atom
deviates from its initial position. Okamoto et al. [3] calculated MSAD the elements
encompassing the CrMnFeCoNi HEA (Cantor alloy) structure using DFT. Their
results found that Cr and Mn exhibit the largest MSAD in the quaternary and
quinary alloys as illustrated in Figure 3. These results agree with those found by

Oh et al. [21] where Cr and Mn demonstrate the largest fluctuations in local bond



distortion consistently in theoretical and experimental data. It was reasoned that

the large atomic size mismatch of the alloy components is the main contributor to
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Figure 3. MSAD of each of the constituent elements. (a) Quinary CrMnFeCoNi

HEA, and (b) five different quaternary equiatomic alloys derived by first-principles
total-energy calculations for SQSs with the 5x5x4 and 4x4x4 FCC supercells,
respectively. [3]
the severe lattice distortion observed in these alloys. However, studies have shown
that the atomic size mismatch is not enough to accurately predict the LLD, and
other factors need to be considered [4,19,22].

Recent DFT calculations have further revealed that due to the range of
electronegativities of various alloying elements, different atoms of a given element
experience different amounts of charge transfers that cause variations in their
atomic radii [23]. The DFT calculations also suggest that the atomic displacement
is closely linked to the charge transfer. For example, it has been shown that the
elements that gain electrons have smaller atomic displacements and vice versa

[24]. Thus, there is an emerging understanding that the atomic radius and charge

transfer collectively lead to LLD. Tong et al. [19] demonstrate the effect of charge



transfer and how it alters the atomic radius of the constituent elements. This
reduces the atomic size mismatch and stabilizes the energetically unfavorable
severe LLD. A similar study by Oh et al. [4] made a direct relation between the
charge transfer and the atomic displacement of an individual atom. As shown in
Figure 4, elements with positive Bader charges have large atomic displacements
whereas elements with negative Bader charges exhibit small atomic

displacements.

Cr¢Mn ~Fe " Co ~ANi

£
w

o o
S 4o 2 i
- o N o

Atomic displacement (A)

o
o
a

0 0.5 1
Bader charge, Pgader (e)

Figure 4. Atomic displacement versus Bader
charge (positive: losing electrons) relation. [4]

1.3 Stacking Fault Energy
Recent studies have demonstrated that certain FCC HEAs, like NiCoCr,
have a strong preference for the hexagonal-close-pack (HCP) structure at lower

temperatures suggesting that the creation of stacking faults is energetically



favorable [25-28]. Stacking faults are generated when perfect dislocations
dissociate into partial dislocations to reduce the elastic strain energy
corresponding to Frank’s Rule [29]. These defects disrupt the regular stacking
sequence of atomic planes within the crystal lattice. Two main types of stacking
fault exist: intrinsic and extrinsic. Intrinsic stacking faults disrupt the atomic
arrangement by removing one atomic layer, creating a single break in the stacking
sequence [29]. In contrast, extrinsic stacking faults introduce an extra layer,
causing two disruptions in the sequence [29].

The introduction of a stacking fault results in a higher energy state
compared to the perfect crystal. This energy difference per unit area is known as
the stacking fault energy (SFE). Additionally, SFE measures the energy cost for
shearing one atomic plane with respect to another, directly linking it to how a
material deforms. Understanding SFE becomes crucial in HEAs, as the interplay
between alloying elements and SFE significantly influences the competing
deformation mechanisms. Low SFE is known to promote the formation of
deformation twins leading to materials that exhibit excellent mechanical properties.
For instance, Liu et al. [30] reported that among the alloys they studied, NiCoCr
had the lowest SFE and exhibited the best combination of strength and ductility at
room temperature. Due to the random presence of multiple elements, a range of
defect energies are observed in each HEA due to lack of chemical symmetry in
contrast to a rather unique (or narrow) value in a pure or dilute alloy. This significant

difference can be attributed to several factors, including the complex interplay of



atomic sizes and electronic interactions within HEAs. The distribution of charge
density, which we will discuss further in the next section, plays a crucial role in

large SFE variations observed in various HEAs including NiCoCr.

1.4 Charge Transfer

Although charge transfer is normally quantified as a scalar value (e.g., via
Bader segmentation in DFT), the spatial distribution of the electronic charge,
especially its asymmetric distribution, emerges as an important parameter in the
chemically random environments. This asymmetric distribution leads to localized
distortions in the charge density, a phenomenon we refer to as local charge
distortion (LCD). The charge distortion has been used to explain many properties
including SFEs in alloys [31]. Zhao et al. [31] investigated the relationship between
the local atomic arrangement and the SFE of concentrated solid-solution alloys by
characterizing the charge density redistribution at bond critical points [31]. These
bond critical points represent regions of high electron density between bonded
atoms and are shown to influence the local variation in SFE. It has been postulated
that large variations in SFEs can be attributed to the asymmetric charge
distribution that could impose resistance to planar shearing in specific
crystallographic directions [32—36]. Generally, denser charge density is associated
with stronger bonding and a non-spherical distribution will hinder the shear
deformation causing larger SFE [32]. Shang et al. [32] observe this in Ni-based
super alloys where structures that exhibited an asymmetrical distribution of charge

density after undergoing shear deformation had higher SFEs. Charge distortion



has also been used to explain unintuitive vacancy diffusion in metals [37] where,
unintuitively, larger atoms have lower migration barriers due to easier charge
reorientation at the saddle point. In addition, charge distribution is often used as a
descriptor to probe surface/catalytic properties [38—40]. Previous work by Arora et
al. [41,42] indicates an enhanced asymmetric charge distribution around Cr atoms
in binary and ternary Ni-based model alloys compared to other elements. The
underlying reason is likely the partially filled d-shell electron of Cr granting greater
electronic deformation flexibility [43]. Zhao et al. [43] demonstrates that this
enhanced flexibility induces larger variations of Cr point-defect energies compared

to Ni and Co.

1.5 Motivation

Motivated by these observations, in this work, we examine LCD in Ni-based
binary and ternary alloys in Ni-Fe-Co-Cr compositional space using DFT
calculations. This thesis examines the relationship between electronic distortion
and variations in SFE in both dilute and concentrated metallic alloys. Specifically,
we show that (1) LLD and charge distortion are correlated, (2) there is much higher
LCD around Cr atoms compared to other elements, (3) the presence of Cr causes
much larger LLD, and (4) the larger LCD and LLD result in larger variations of
SFEs. Based on these results, we propose that the amount of charge distortion is
an important factor that affects the LLD and hence SFE. The alloys with symmetric
charge distribution exhibit a narrow range of SFE in contrast to a larger variation

in Cr-containing alloys.



CHAPTER TWO

CHAPTER TWO: METHODOLOGY

2.1 DFT Calculations

Density functional theory (DFT) is used to calculate both the charge density
distribution and the SFE values for dilute and concentrated Ni-based alloys. The
DFT calculations are performed using Vienna ab initio simulation package (VASP)
code [44-46]. The full potential frozen-core project-augmented wave (PAW) is
used to describe the electron-ion interactions along with the generalized gradient
approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) exchange correlation
functional [47]. Figure 5a, 5b, and 5c displays the FCC supercells with a total of
108 atoms distributed on nine atomic layers. Figure 5a shows the ‘dilute’ structure
containing only six alloying elements added only on the 5th layer. Figure 5b shows
another dilute structure containing two different alloying elements, three atoms of
each element in the 5th layer. Finally, Figure 5c is a concentrated special
quasirandom structure (SQS) containing equiatomic ternary composition with
alloying elements in all nine layers. The nine layers are parallel to the (111) plane
and a 6 A vacuum is applied to prevent the interaction between the top and bottom
layers. The SQS structures are generated using the Alloy Theoretic Automated
Toolkit (ATAT) software [48]. The Brillouin zone sampling is employed by the
Monkhorst-Pack method with a 6 x 6 x 1 k-point mesh. A plane wave energy cutoff
of 350 eV is set, with total energy convergence within 1 x 10~* eV and internal

atomic position forces relaxed to less than 1 x 1072 eV. The Methfessel-Paxton

10



method is implemented using a smearing width of 0.1 eV. Collinear spin-polarized
calculations are performed with a ferromagnetic (FM) configuration. All atoms are
initialized with a magnetic moment of LL. Both the dilute and SQS structures share
this initial setup, but the magnetic moment of Cr exhibits a contrasting behavior
once the final magnetic order has been determined. Upon relaxation, in dilute
alloys, Cr adopts a FM alignment, deviating from its characteristic
antiferromagnetic (AFM) behavior observed in the SQS structures. This shift in
magnetic order is likely driven by the strong influence of the surrounding FM Ni
atoms, which have high concentration compared to the Cr atoms that are sparsely
distributed on the 5th layer of the dilute structure. Our findings agree with the
observations of Niu et al. [25], who noted a strong influence of neighboring
elements on Cr magnetic moments within NiCoCr and NiCoFeMnCr structures.
Additionally, the final magnetic moment distributions for the SQS structures are
also in good agreement with those obtained using established DFT methods
[25,49-52]. This agreement includes the expected positive moments for Ni, Co,

and Fe, while Cr exhibits a distribution of both positive and negative moments.

11



(111)
M0 oI—»(ni)

Figure 5. Supercells used for calculations of intrinsic SFEs in (a) dilute binaries (b)
dilute ternaries, and (c) concentrated SQS ternary structures. Silver represents Ni
host atoms while the orange and purple atoms are representative of the different
alloying elements (Co, Fe, or Cr). In (a) and (b), alloying elements are added in the
5th layer only. See text for details.

2.2 Stacking fault energy

Goyal et al. [5] illustrate the two primary deformation mechanisms prevalent
in FCC metals in Figure 6A and 6B. Figure 6A illustrates a simple slip deformation
where layer A moves over to layer C along (110). In the case of Figure 6B, directly
moving the atoms from layer A over to layer C has a high energy penalty. To
overcome this steep energy barrier, the layer A atoms shift first to the positions
within layer B, followed by a final shift to layer C. This creates a stacking fault

region that is described by the Burgers vector equation:

Y110 = 21 + Lz 2
2 [110] = ¢ [121] + ¢ [211] @

12



where %[110] is the Burgers vector for the full dislocation and %[izi] and %[211]

represent the Burgers vectors corresponding to the Shockley partial dislocations.
A slab deformation approach is used to generate an intrinsic (ISF) along
{111}[112] for each supercell. The first four layers (from bottom to top) are fixed in
their original position while the remaining layers are displaced in the [112] direction
creating an ISF along the 5" layer. Additionally, this leads to a change in the
stacking sequence from ABCABCABC to ABCACABCA.

The initial bulk structure is first relaxed to fully optimize the atomic positions,
cell shape, and cell volume of the supercell. Then, a vacuum is applied to both the
perfect (non-sheared) and sheared structures for further relaxation, while
constraining the cell shape volume. The SFE is then calculated using Eq. (2),

Eshearea — E t
ESFE — sheare ASF perfec (2)

where Egpegreqa @nd Eperrece are the energies for the perfect and sheared

supercells, and Agy is the cross-sectional area of the ISF. For the dilute structures,
the host atoms on the 5" layer are substituted with various alloying atoms to
calculate SFE using a standard method in literature [5,32,53,54]. In concentrated
SQS structures, the SFE is calculated individually for each of the nine layers.
Preliminary testing in pure Ni resulted in a calculated intrinsic SFE of 136.94
mJ/m?, which is in good agreement with previous DFT results [32,55]. The
calculated SFEs for concentrated ternary alloys in this study also fall within the

range of values reported in prior literature [26,27].

13



The lengths of the lattice vectors a, b, and ¢ of the orthorhombic cell are

ao\/3/2, ay/V2, and ayV3 where a, is the lattice parameter of the FCC structure.
The supercell is constructed with an initial lattice parameter of 3.52 A, consistent
with prior research [56,57]. Relaxation of the FCC unit cell converged to an
average lattice constant of 3.514 A, which falls within the range reported in
previous studies [26,56—59]. Additionally, the converged average lattice constants
for the NiFeCo, NiCoCr and NiFeCr concentrated alloys were found to be 3.547,
3.520, and 3.549 A which are consistent with existing literature [26,60]. Multiple
atomic configurations of both dilute structures (Figure 5a and 5b) are modeled to
capture statistical variations. We recognize that the limited configurations do not
encompass all possible configurations. However, they enable us to study the
qualitative effect of Cr, which is the main goal of this work. We also acknowledge
that magnetic fluctuations could possibly impact the observed SFE ranges, and
our configurations may not capture a complete range of SFEs as this range can

be very wide, observed in previous works [26,27,61].
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Figure 6. A. The geometry of the orthorhombic computational cell
with three lattice vectors parallel to the [112], [110], and [111]
directions of the conventional FCC cubic unit cell. Atoms within this
cell occupy the {111} close packed planes with ABC stacking along
[111]. B. Schematic showing atoms in the A layer sliding over the

atoms in C layer along the perfect dislocation % [110], which splits into

two Shockley partial dislocations % [211] + %[TZT]. Atoms in the A, B
and C layers are shown in grey, blue and red, respectively. [5]

2.3 Image processing of charge distortion

A key limitation identified by Arora et al. [42] is the qualitative nature of 2D
contour plots used to visualize charge density distribution. This study utilizes image
processing tools to quantify charge distortion, enabling a more objective and
standardized comparison of data across different studies. The analysis of the
charge distribution is performed by collecting charge density data from the
CHGCAR file after full relaxation of the supercell. The data encompasses all layers

normal to the (111) direction. For the dilute structures, we focus on the data from
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the 5™ layer to examine the charge distribution variations around the embedded
alloying elements. In concentrated structures, all nine layers are analyzed. After
data collection, contour plots are generated to visualize the charge density
distribution within a chosen layer. Previous work in our group has used this
technique to predict SFE using a convolutional neural network (CNN) model with
charge density as a main descriptor [41,42]. In this work, we quantify the charge
distortion via image processing.

The charge density images are prepared using a code from the sisl Python
module [62]. The 800 x 500 pixel images display the distribution of charge at the
center and surrounding an atom, as shown in Figure 7a and 7b. These images are
processed using the open-source platform ImageJ/Fiji [63]. The software has been
used to obtain quantitative data from images in other fields such as biology and
medicine. For example, leveraging the functionality of ImageJ/Fiji, Pijuan et al. [64]
assessed cell migration behavior to facilitate physiological and cellular
characterization. It has also been utilized in materials science applications to
analyze particles of varying sizes. For example, Boley et al. [65] use ImageJ to
characterize the particle sizes of mechanically sintered Ga-In nanoparticles. In this
study, we employ ImageJ/Fiji to quantify the charge distribution of the atoms to
capture geometric changes that occur due to variations in LCD.

The images are first converted to an 8-bit grayscale with 256 levels of
intensity. A threshold range is then set to separate the background area from the

particle region. To capture the edges of the black region in Figure 7, the threshold
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is manually set to exclude the red-yellow halo surrounding the completely visible
atom in the middle of the image. Then, the ImageJ/Fiji’'s particle analysis package
is used to compute the area of the concentrated charge that captures an accurate
representation of the geometric variation occurring for each atom. The comparison
of Figure 7a and 7b depicts the contrasting geometries that can occur in these
alloys and highlights the extent of LCD. Figure 7c and 7d show an example of the

processed image that is used to capture the area of the atoms. As shown later, a

correlated to LLD.

(a)

significant difference in the atomic area is observed for different elements, that is
(b)

O O

Figure 7. Preprocessed charge density images of (a) Ni and (b) Cr in a dilute NiCr
alloy produced with sisl. (c) and (d) represent the converted grayscale images of
Ni and Cr, respectively. These images are used to analyze the atomic charge and
distortion, and to calculate the atomic area.
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CHAPTER THREE: RESULTS

This study explores a variety of FCC crystal structures with different levels
of chemical complexity. The dilute binary structures are used to confirm that
significant LCD is specific to Cr-containing alloys. Additionally, in these binary
dilute alloys, the arrangement of the non-Cr elements has no significant effect on
the SFE variation. Dilute ternaries are employed to investigate the same concepts
as the binary alloys. However, these ternaries introduce another alloying element
to the structure to explore how even with additional chemical complexity, Cr-
containing alloys exhibit the largest variations in bond length, Bader charge, and
SFE. Finally, Concentrated alloys are analyzed to determine if the trends observed
in dilute alloys persist. The expectation is that the Cr-containing alloys will exhibit

the largest variations in LCD and SFE.

3.1 Charge density distortion in dilute binary alloys

The charge density distributions of the 5™ layer corresponding to Figure 5a
in ten different supercells are shown in Figure 8. The corresponding SFEs
calculated at the 5™ layer in all supercells are shown in Table 1. Note that each
supercell consists of six atoms of an alloying element (i.e., either Co, Fe, or Cr) in
the 5 layer while the remaining atoms are all Ni. The only difference among the
supercells is the arrangement of the alloying atoms during the initial setup to the
DFT calculation. It is observed that all ten configurations in both NiCo and NiFe
alloys display symmetrical charge distributions suggesting minimal LCD as shown

in Figure 8a and 8b, respectively. In addition, there is an almost negligible
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difference in the charge distribution between Ni and Co atoms, and there is subtle
difference between Ni and Fe atoms. This uniform distribution sharply contrasts
with NiCr alloys in Figure 8c, which display significant variations in charge density
at three different levels: across ten configurations, between Ni and Cr atoms of a
given configuration, and among Cr atoms of the same configuration. For example,
the charge densities of configurations C2, C4, C6, C7, C8, C9 and C10 have larger
variations whereas that in configurations C1, C3 and C5 show little to no variation.
The configurations with high variation exhibit pronounced distortion around Cr
atoms, indicative of larger LCD. In contrast, Ni atoms experience minimal
distortion. While some Cr atoms appear circular (such as in C1 and C3), others
exhibit an elliptical or even a quadrilateral geometry (such as in C6 and C9). Such
wide variations and differences among the alloying elements are not observed in
NiCo and NiFe. These results indicate that there is significant LCD around Cr

atoms.
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Figure 8. Charge density distribution in binary dilute alloys namely, (a) NiCo, (b)

NiFe, and (c) NiCr. Each of the ten configurations have a total of six alloying atoms
placed in the 5th layer. Unlabeled atoms are Ni. A higher charge distortion is

observed in NiCr compared to NiFe and NiCo.



Table 1. SFE values for all ten configurations of NiCo, NiFe, and NiCr dilute binary
alloys.

Configuration NiCo (mJ/m?) NiFe (mJ/m?) NiCr (mJ/m?)
C1 94.313 76.48 3.927
C2 96.625 73.657 56.003
C3 93.969 79.164 -16.859
C4 96.764 73.603 40.78
C5 95.981 75.556 62.243
C6 96.693 73.488 40.752
Cc7 94.756 72.357 26.717
C8 95.426 73.122 50.745
C9 96.64 70.678 51.763
C10 94.178 76.108 21.415

Interestingly, it is noted that there is a correlation between the LCD and SFE
variation. While the SFE variation in NiCo and NiFe is small, i.e., with a standard
deviation (o) of £1.1 mJ/m?, NiCr exhibits a significantly larger spread with a ¢ of
+24 mJ/m? as shown in Table 1. The effect of LCD is further observed in the DOS
of the alloying elements in each supercell, as shown in Figure 9. In NiCo, among
all ten configurations, there is very little variation of the Co DOS at the Fermi level,
as shown in Figure 9a, and there is minor variation among the Fe atoms, as shown
in Figure 9b. Figure 9c, however, illustrates the diverse profiles of the Cr DOS in
NiCr, reaffirming the larger charge density distortion. These results indicate that
the configurational placement of alloying element is not the main cause of
variations in the SFEs. Instead, the observed variations are attributed to the

differences in charge density distribution.
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Figure 9. Projected DOS for (a) Fe and (b) Co atoms in NiFeCo, (c) Co and (d) Cr
atoms in NiCoCr, and (e) Fe and (f) Cr atoms in NiFeCr in eight different
configurations. The Fermi level is set to 0 eV for each alloy.

The LCD around Cr is also evidenced in the valence charge of the atoms
quantified by Bader charge. Figure 10 shows the Bader charge distribution of all
Co, Fe and Cr atoms among all ten configurations plotted against their respective
SFEs. Due to the lowest electronegativity of Cr, it loses the largest amount of
charge. The charge lost by Co and Fe atoms is relatively smaller, and because Co
has higher electronegativity than Fe, they lose smaller charge than Fe atoms. In
all alloys, the Ni atoms gain charge due to their highest electronegativity, as shown
in Figure 10. The distribution of the Bader charges of the alloying elements
illustrates charge distortion; while the Bader charges of Co and Fe atoms are
similar and clustered, that of the Cr atoms is scattered, illustrating the variability of
charge distribution around Cr atoms. The wider distribution of Ni Bader charges is

only in NiCr structure and is due to the Bader charge distribution of the Cr atoms.
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Figure 10. Bader charge of each atom in the ten supercells each of NiCo,
NiFe and NiCr in Figure 1a. The corresponding SFEs of each supercell are
also shown. Wide SFE and Bader charge variation in NiCr is observed
compared to the NiFe and NiCo.

It is further observed that there is a correlation between LCD and LLD.
Figure 11 shows the bond length distribution of all possible bonds in the three
alloys. Figure 11a, 11b and 11c¢ show Ni-Ni, Ni-X and X-X bond lengths in the three
alloys, respectively, where X denotes Co, Fe or Cr. In NiCo and NiFe, a smaller
variation among Ni-Ni bond lengths is observed; the ¢ of the variation is less than
0.007 A, in Figure 11a. The o is relatively higher in NiCr, i.e., 0.015 A. In Figure
11b, the Ni-X bond length variation increases consistently in all three alloys
compared to the corresponding Ni-Ni bonds. The variation is highest in Ni-Cr
followed by Ni-Co and Ni-Fe. However, the X-X variation shows the most dramatic
difference, as shown in Figure 11c. The Cr-Cr bonds have a very large variation

(c = 0.079 A) compared to Co-Co and Fe-Fe bond lengths (c = 0.014 A and ¢ =

23



0.027 A, respectively). These results reinforce the observation that Cr has much
larger distortion in its NN environment compared to Co and Fe. In addition,
collectively, Figure 9 and 10 indicate that LCD and LLD are likely corelated.

(@) (b) (c)

== NiCo: Ni-Ni == NiCo: Ni-Co == NiCo: Co-Co
== NiFe: Ni-Ni = NiFe: Ni-Fe = NiFe: Fe-Fe
== NiCr: Ni-Ni == NiCr: Ni-Cr == NiCr: Cr-Cr

Probability density

22 2.4 26 2.2 24 26 22 24 26
Bond length [4] Bond length [4] Bond length [A]

Figure 11. Bond length distributions in NiCo, NiFe, and NiCr dilute-binary structures. The
bond lengths considered are the three 1NN bond types: (a) Ni-Ni, (b) Ni-X, (c) X-X, where
X is the respective alloying element, Fe, Co or Cr in each alloy. Ni-Cr has a much larger
bond length distribution, as observed in (c).

Even in very dilute structures, Cr has a profound effect on the charge-
density distribution and SFEs. DFT calculations are performed in supercells
containing only two alloying elements in the 5" layer. Two calculations for each
alloying element are performed, distinguished by the placement of the atoms as
the first nearest-neighbors (1NN) and third nearest-neighbors (3NN). The 3NN
configuration is presumed to nullify (or reduce) the Cr-Cr interaction, within the
constraints of the DFT supercell size. Among all three structures, the 3NN
configuration has a lower total energy than 1NN which indicates that it is the
preferred configuration. Minimal variation in both charge density and SFE is

observed in Co and Fe structures in both TNN or 3NN configurations as shown in

Figure 12a and 12b, respectively. However, the structures containing Cr show a
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significant difference in both local charge density and SFE. A higher charge density
is observed between the two Cr atoms in the 1NN configuration as shown in Figure
12c. The DOS also reflects the trend observed for the atomic arrangements.
Minimal variation is exhibited in the Co and Fe structures, while the Cr structures
display larger difference. These results demonstrate that, even in the most dilute
structures, the placement of Cr atoms can have a significant effect on its

surrounding charge-density landscape.
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Figure 12. Comparison of charge density, DOS and SFE between 1NN and 3NN
configurations in (a) NiCo, (b) NiFe, and (c) NiCr. Significantly higher variations for
all three quantities are observed in NiCr.

3.2 Charge density distortion in dilute ternary alloys

To understand the effect of Cr in the presence of other alloying elements,
three ternary alloys i.e., NiFeCo, NiCoCr, and NiFeCr are investigated. The
supercells resemble binary structures, with alloying elements solely in the 51" layer.
Three atoms of each alloying element are added, leading to a total of six alloying
atoms. The charge density distributions of NiFeCo, NiCoCr, and NiFeCr are shown
in Figure 13a, 13b and 13c, respectively. Consistent with previously discussed

results, minor charge distortion is observed in NiFeCo in Figure 13a. Figure 13b



shows larger variations in the charge density distributions in NiCoCr with severe
distortion around Cr-Cr bonds such as in configurations C1, C3 and C5. This
charge distortion and Cr correlation becomes evident during comparison between
NiFeCo and NiFeCr, as shown in Figure 13a and 13c, respectively. Although the
Ni and Fe atoms have the same atomic placements in both structures, the charge
density distributions are dissimilar. In NiFeCo, all eight configurations exhibit
similar charge density distributions regardless of the arrangement of Fe and Co
atoms. In contrast, the presence of Cr atoms in NiFeCr leads to larger LCD
compared to NiFeCo. The configurations with more Cr-Cr bonds seem to coincide
with larger LCD. This warrants further investigation pertaining to the influence of
Cr-Cr bond interaction. Interestingly, the LCD is not confined to the immediate
vicinity of Cr atoms indicating a more extensive spatial influence. The presence of
Cr atoms disrupts the symmetrical charge density distribution, leading to more
asymmetry around Ni and Fe atoms as well. The configurations C1, C3 and C5
display a particularly pronounced distortion. This increased distortion leads to a
notable increase in LCD in Ni and other alloying elements, which becomes more
evident in concentrated alloys presented later. Compared to non-Cr counterparts
like NiFeCo, alloys containing Cr exhibit larger variations in SFE, as shown in

Table 2.
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Figure 13. Charge density distributions in dilute ternary alloys: (a)

NiFeCo, (b) NiCoCr, and (c) NiFeCr. Even with the addition of multiple

alloying elements, alloys containing Cr display higher LCD. Areas in

green and blue indicate areas of high charge density.

27



Table 2. SFE values for all eight configurations of NiFeCo, NiCoCr, and NiFeCr
dilute ternary alloys.

Configuration NiFeCo (mJ/m?) NiCoCr (mJ/m?) NiFeCr (mJ/m?)
C1 85.992 77.023 68.118
C2 84.524 75.009 60.506
C3 81.922 62.505 52.527
C4 86.845 72.969 73.412
C5 85.155 72.803 -26.139
C6 87.664 41.417 -17.626
C7 84.595 71.828 48.171
C8 72.375 75.963 59.304

The DOS plots also show larger variation in Cr alloys, as shown in Figure
14. While little to moderate DOS variation occurs for Co and Fe atoms as observed
in Figure 14a, 14b, 14c and 14e, a much larger variation is observed for Cr atoms,
as shown in Figure 14d and 14f. This substantial DOS difference of Cr atoms
indicates the presence of charge density distortion due to Cr even in multi-

elemental alloys.
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Figure 15 illustrates the Bader charge and SFE in the three structures. As
demonstrated in binary compositions, the ternary compositions show larger Bader
charge variation in Cr containing compositions NiFeCr and NiCoCr, whereas little
variations are observed in NiFeCo. Similarly, there is greater SFE variation in the
Cr-containing structures. The bond length variations, as illustrated in Figure 16,
are likely a consequence of the observed charge distortions. For example, the Ni-

Ni bonds in NiFeCo have a relatively narrower distribution (and higher peak)

compared to the two Cr-containing compositions displayed in Figure 16a. Similarly,
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the Ni-Fe bonds have wider variation in NiFeCr compared to NiFeCo, as shown in
Figure 16b. Figure 16¢ shows that Ni-Cr bonds have larger distortion both in
NiFeCr and NiCoCr compared to Ni-Co bonds in NiFeCo. The distribution of Co-
Co and Fe-Fe bond lengths, shown in Figure 16d and 16e, exhibit smaller variation
compared to Cr-Cr bonds. The Co-Cr and Fe-Cr bonds in Figure 16f demonstrate
a larger distortion than Fe-Co bonds. These results are an initial indication that in
multi-elemental alloys, Cr could demonstrate wider ranges across all bond types.
We conclude that while the non-Cr compositions display moderate fluctuations due
to LLD caused by atomic radii differences, the larger distortions observed in Cr-
containing alloys are likely caused by the combined effect of LLD and LCD, and

the latter has a significant contribution to the overall distortion.
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Figure 15. Bader charge of each atom in the eight configurations in NiFeCo,
NiCoCr and NiFeCr with the corresponding supercell as shown in Figure 1b.
The corresponding SFEs of each supercell are also shown. Wide SFE and
Bader charge variation in NiFeCr and NiCoCr is observed compared NiFeCo.
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== NiCoCr: Ni-Ni == NiCoCr: Ni-Co == NiCoCr: Ni-Cr
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Bond length [4]

Figure 16. Bond length distribution for all dilute ternary alloys. Six 1NN bond types are
considered for all structures: (a) Ni-Ni, (b) Ni-X,, (c) Ni-X,, (d) X,-X;, (€) X,-X,, (f) X;-X,
where X, and X, represent the distinct alloying elements for each structure.

3.3 Charge density distortion in concentrated ternary alloys

Finally, the charge density distortion is analyzed in concentrated equiatomic
ternary alloys. The supercells consist of equal concentration of three elements in
all nine layers constructed in SQS. The trends of lattice and charge distortions not
only translate into SQS structures, i.e., the Cr containing alloys have larger bond
length, Bader charge and SFE variations, but the variations are also more
pronounced. The charge density distributions of all nine layers of each SQS
structure of NiFeCo, NiCoCr, and NiFeCr are shown in Figure 17-19, and the

corresponding SFEs are shown in Table 3. Smaller LCD is observed in Co and Fe
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atoms, as shown in Figure 17. In contrast, the NiCoCr and NiFeCr structures
demonstrate diverse charge distributions in each atomic layer and exhibit a wide
range of SFEs that lie in both positive and negative range of values. Such
variations in NiCoCr have been widely observed in previous DFT studies [26,27].
The LCD is more prevalent around Cr atoms and irregular shapes of Cr atoms are
observed in Figure 18 and 19.
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structure.
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Table 3. SFE values for all nine layers of NiFeCo, NiCoCr, and NiFeCr SQS
concentrated ternary alloys.

Layer NiFeCo (mJ/m?) NiCoCr (mJ/m?) NiFeCr (mJ/m?)
1 66.683 -64.289 12.344

2 104.397 70.18 176.292

3 77.941 36.39 80.34

4 52.0572 -43.927 -111.177

5 89.127 74.779 1.268

6 19.935 46.628 -7.319

7 52.978 -51.434 -62.919

8 42.859 -35.738 -57.039

9 85.868 -131.244 32.304

Due to higher concentration of the alloying elements, there is a wider
distribution of SFEs and Bader charges as demonstrated by Figure 20. Figure 21
shows a significant increase in bond-length variations compared to dilute ternaries
in Figure 16, especially in Cr-containing compositions. The effect of Cr on bond
length variation is evident in all bond lengths, especially in Cr-Cr bonds as shown
in Figure 21e. The increased concentration of alloying elements leads to a more
pronounced distortion which is reflected in the altered shape of the atom. The
irregular shapes of the atoms are quantified by image analysis using Fiji software
[63]. Specifically, the area occupied by the charge density of an atom, obtained
from the pixel occupancy, is calculated. Figure 22 shows the data for all alloys in
dilute-binary, dilute-ternary and concentrated-SQS structures. Due to higher
symmetry (and little distortion), Figure 22a shows a narrow distribution of atomic
areas of Ni and Co atoms. It is also observed that Co atoms are larger than Ni

atoms, which is consistent with their metallic radii. Similar narrower distribution is

34



observed in Ni and Fe atoms in Figure 22b. In contrast, a much wider distribution

is observed in Cr atoms in Ni-Cr alloy shown in Figure 22c, as expected based on

the above results.
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Figure 20. Comparison of SFE and Bader charge variations among
NiFeCo, NiCoCr and NiFeCr in the three SQS ternary alloys. The
SFEs were calculated for all nine layers in each supercell shown in

Figure 5c.
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Figure 21. Bond length distribution for all concentrated ternary alloys. Six 1NN
bond types are considered for all structures: (a) Ni-Ni, (b) Ni-X,, (c) Ni-X,, (d) X,-

X4, (€) X5-X,, (f) Xi-X, where X, and X, represent the distinct alloying elements for
each structure.

The distribution widens in dilute ternaries in Cr-containing alloys as shown
in Figure 22e and 22f, compared to narrow distribution in NiFeCo as shown in
Figure 22d. Interestingly, there is almost no difference between the distributions of
binary and dilute ternary compositions as shown in Figure 22a, 22b and 22d. This
indicates that the substitution of Co and Fe atoms does not have a significant effect
on LCD. In contrast, a significant difference is observed between Cr-containing
alloys; the area distribution increases not only for Cr atoms, but also for Ni, Co and
Fe, as shown in Figure 22e and 22f compared to binary alloys. Finally, in the

concentrated SQS structures, the variations further increase in Cr-containing
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alloys, as shown in Figure 22h and 22i, in agreement with the above results. In
NiFeCo, the variations widen compared to binary counterparts as shown in Figure
224, but the widening is not as large as in NiFeCr. The LLD and LCD effects are
observed in the SFE values in Table 3; although, due to higher concentration of
alloying elements, the SFE variations are larger in all three alloys, but they are
significantly larger in Cr-containing NiCoCr and NiFeCr alloys illustrating the

additional contribution of LCD.
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Figure 22. Charge density areas of the atoms in (a) dilute binaries, (b) dilute
ternaries, and (c) SQS structures caused by LCD. Wider atomic area distributions
are observed in all Cr-containing alloys.
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CHAPTER FOUR: DISCUSSION

In this work, the effects of LCD in Ni-based alloys have been studied with
particular emphasis on its correlation to SFE variation using DFT calculations. In
previous studies, wide ranges of SFEs have been observed in HEAs using DFT
methods [27,66—68]. It has been established that this observation is due to the
extensive chemical disorder and unique nearest-neighbor environments often
found in these alloys. The new results in this work illustrate that the charge density
distortion can also have a significant impact on SFE. In NiCo, NiFe, and NiFeCo
structures, there are no notable differences in the LCD or SFE despite diverse
atomic configurations. Conversely, Cr-containing compositions have wider SFE
variations because they exhibit greater charge distortion. As postulated by Zhao
et al. [43], Cr has partially filled d-orbitals which allows the flexibility to transition
from t,, to e, electronic states that enable easier charge re-distribution. Such
redistribution is subdued in other elements. Larger variation of bond lengths and
Bader charges due to Cr compared to other elements have been observed that
support the findings in this work. Our results demonstrate that the SFE variations
that have been observed in previous works can be partly attributed to LCD, rather
than solely based on the nearest neighbor environment and LLD. In a previous
work in our group, charge density distribution was used as a descriptor for a

convolutional neural network (CNN) model to predict SFE in alloys [41,42]. The
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integration of ImageJ/Fiji processing tools provides detailed insights to the
understanding of the mechanisms governing charge and lattice distortion in alloys.

Short-range order (SRO) has been under intense scrutiny in HEA research.
Ding et al. [27] had had revealed that the SFE has a strong correlation with local
ordering. They showed that as the degree of SRO increases, the SFE is more likely
to converge to positive values in NiCoCr. Similar results are found experimentally
in NiCoCr by Zhang et al. [69] where higher SFE is observed in SRO structures.
In view of the results in this work, the charge density distortion in SRO vs non-SRO
structures and their effects on SFEs need to be probed, which will constitute our
future work. It is possible that a random distribution of Cr could lead to a more
pronounced asymmetrical charge distribution, potentially causing these SFE
fluctuations in non-SRO structures.

An additional layer of complexity emerges when considering the magnetic
interactions in these alloys. As demonstrated by Walsh et al. [70], high
concentrations of Cr can lead to a highly frustrated magnetic states due to the
antiferromagnetic nature of Cr. Despite collinear spin-polarized calculations
[25,49,70-72], the impact of disordered magnetic states in these alloys remains
an open question. For example, non-collinear calculations by Yu et al. [73]
revealed semi-collinear spin moment behavior for Co and Cr atoms in NiCoCr,
leading to differences in SFE between paramagnetic and ferromagnetic states.
Investigation of the NiFeMnCr structure by Li et al. [72] found that the spins are

frustrated due to competing magnetic interactions between the neighboring atoms.
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First NN atomic pairings tend to favor antiferromagnetic coupling, while second NN
coupling is predominantly ferromagnetic. As noted by Li et al. [72], collinear spin
coupling may not be able to accurately describe the magnetic ground state of these
types of alloys. Conversely, there have been various studies that have treated
NiCoCr as non-spin-polarized or non-magnetic [24,74]. These studies collectively
highlight the need to further understand the role of magnetic states on the atomic

structure and charge density distribution in HEAs.
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CHAPTER FIVE: CONCLUSION/FUTURE WORK

In conclusion, the DFT calculations show that there could be significant
charge density distortion around Cr atoms in Ni-based HEAs, compared to
relatively little distortion around other elements including Ni, Fe and Co.
Consequently, larger lattice distortion is observed in Cr-containing alloys, which
results in larger variations in SFEs. These results indicate that local charge
distortion may have a significant contribution to local lattice distortion in HEAs.

Future work will focus on the relationship between LCD and the generalized
stacking fault energy (GSFE) curve. The GSFE is a measure of the energy barrier
experienced when two adjacent planes undergo shear deformation along a specific
slip direction on a given slip plane [75]. This energy penalty incorporates both
stable and unstable stacking fault configurations, along with twin fault energies.
The GSFE curve, compared to a single SFE value, offers a more comprehensive
analysis of the energy landscape. This detailed information can be utilized for a
diverse range of ab-initio simulations including Peierls-Nabarro and phase-field
dislocation models, plastic deformation, crystal growth, phase transition, and twin-
twin interactions [75,76]. By applying the image processing techniques described
in the Methodology section to the GSFE curve, we could gain a more in-depth
analysis of how the asymmetric charge distribution influences the activation

energies for dislocation motion obtained from the curve.
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