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The macroscopic properties of alloys are determined by their microstructure formed during
solidification. In this study, we used the Friedel spherical periodic oscillation of electron density
to characterize the nanoscale microstructure and accurately calculate the composition formula
for the face-centered cubic alloy as [A—B;,]C; using Cowley parameters. Our analysis of various
binary alloys shows that the obtained composition formulas align with those observed in grade
alloys. This method holds promise for optimizing properties across diverse alloy systems.

1. Introduction

The determination of composition ranges for industrial alloys is primarily accomplished
through extensive empirical experimentation, necessitating substantial human and material
resources. To streamline the alloy development process, researchers have long been exploring
the interrelationship among composition, microstructure, and alloy properties. X-ray
spectroscopy, in conjunction with Fourier transform technology, is utilized for the analysis of
internal atomic local structures in substances.!) Neutron diffraction techniques are employed to
examine the magnetic domain structure and thermal stress of materials,® while transmission
electron microscopy (TEM) and scanning electron microscopy (SEM) are used to observe the
precipitated phase and element distribution in alloys.®)

The exceptional properties of alloys are derived from their stable microstructure, often
characterized by the face-centered cubic (FCC) lattice structure at elevated temperatures,*®
which represents the thermodynamically favored phase for numerous industrial alloys. The
stability of an alloy is primarily dictated by the atomic interactions within this stable phase.
However, accurately determining the atomic cluster structure information of the high-
temperature stable phase for multicomponent alloys under current experimental conditions
remains a significant challenge. This limitation impedes the study of alloy properties from an
analytical chemical composition perspective and hinders rational knowledge of alloy
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composition design and modification. Therefore, modeling the chemical structure of solid
solution alloys serves as a universal foundation for alloy composition design.

The majority of alloys utilized in industrial applications are predominantly based on the
austenite y phase,®!) with secondary phase particles dispersed using various processing
techniques to enhance the irregularity and atomic energy within the atomic arrangement of an
alloy. This serves to impede dislocation movement within the alloy, thereby increasing its
strength while also improving its toughness and plasticity.®>!% In single-phase solid solution
alloys, the internal stress field is generated by lattice distortion resulting from atomic size
mismatch, thereby hindering dislocation glide and enhancing the mechanical properties of the
alloys. However, despite maintaining the crystal structure of the solvent in the long range, the
distribution of solute atoms in solid solutions is irregular.') Understanding the distribution of
solute atoms and their interaction mechanism with solvent atoms is crucial for establishing a
comprehensive chemical structure model of solid solutions.

The macroscopic properties of a material are primarily dictated by the atomic interactions
within its microstructure. These interactions, particularly those occurring between nearest-
neighbor atoms, play a pivotal role in shaping the material’s behavior. Extensive research has
shown that short-range order in FCC solid solution alloys exerts marked effects on deformation
microstructure and associated mechanical behavior.(!213 On the basis of the classical solid
solution theory, the nearest-neighbor atomic interaction model suggests that in a binary solid
solution, when the exchange energy W of the nearest-neighbor atoms is less than 0 (W < 0), the
segregation of similar atoms occurs. Conversely, when W > 0, the segregation of unlike atoms is
observed. This implies that there will be numerous clusters of short-range-ordered (SRO)
structures present in the alloys,) such as solute and solvent clusters, and solvated solute clusters
(SSCs) as depicted in Fig. 1.

The clusters exhibit specific magic number characteristics!>-18) and relatively stable atomic
structures. The highest stability among the three types of cluster is observed only in SSCs,
attributed to the difference in electronegativity between solvent and solute atoms. Researchers
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Fig. 1. (Color online) Three types of cluster in alloys.
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discovered a high abundance of SSCs in the alloys, with their number density and volume
fraction surpassing those of the precipitated phase.(!23 In single-phase solid solutions, solute
atoms typically exist in the substrate as a solid solution. The increase in alloy strength primarily
stems from lattice volume mismatch and the pinning of elastic mismatch dislocations caused by
solid solution atoms, known as solid-solution strengthening.?") In the context of an alloy
containing a precipitated phase, the precipitated phase particles act as pinning sites, impeding
dislocation movement. However, nano-precipitated phase particles with a crystalline structure
exhibit strong interaction with the substrate, leading to significant stress and strain concentration
around the precipitated phase. When there is a deformation imbalance between the precipitated
phase and the substrate, micropores are formed and crack propagation is accelerated, ultimately
reducing the ductility and fracture toughness of the alloy.?>—24)

The SSC characterized by a size intermediate between that of the solute atom and the
precipitated phase exhibits a dislocation-hindering effect that exceeds that of a single atom but
falls short of the impact of the precipitated phase. However, owing to its ability to achieve a high
density with a number density that is an order of magnitude higher than that of the precipitated
phase, its strengthening effect is significantly amplified. At the same time, it causes notably less
damage to the plastic toughness of the alloys compared with the precipitated phase.>>)
Nevertheless, establishing a strengthening model for SSCs poses significant challenges owing to
their nonuniform chemical composition and disordered structure.

Zhang et al.?%) and Li et al.?7) utilized the cluster-plus-glue-atoms model to elucidate the
ordered structure of adjacent two-shell atoms in an alloy and subsequently applied their findings
to analyze the chemical composition formula of FCC solid solution alloys. Although the alloy
composition derived from this model generally aligns with expected alloy-grade compositions,
further validation is essential to confirm the accuracy of this cluster-plus-glue-atoms model in
analyzing the chemical composition of FCC solid solution alloys owing to specific issues.

First, the chemical composition formula of the first nearest-neighbor shell atoms in the
obtained chemical formula is rounded to facilitate practical analysis and modeling. For example,
on the basis of Cowley parameters, the number of Cu atoms in the first nearest-neighbor shell of
the grade alloy CuggoZns; is approximated to 10. This rounding process simplifies and
approximates complex atomic arrangements for practical analysis and modeling purposes,
enhancing their feasibility for computational simulations and theoretical studies. Furthermore,
the distribution of the second nearest-neighbor shell atoms in the obtained alloy chemical
composition formula is determined through empirical equations utilizing atomic radius and the
number of atoms in the amorphous alloy structure. The studies have concluded that the quantity
of atoms within the elemental cluster is directly proportional to both the mean atomic density
and the cubic value of the radius of the sphere surrounding the first nearest-neighbor shell
polyhedron. However, owing to the lattice atom occupancy characteristics of FCC solid
solutions, there exists a distinct relationship between atom density in the alloys and their volume
occupied by atoms compared with amorphous alloys. Therefore, further analysis is required for
the research conclusions obtained from Refs. 26 and 27.

From the preceding analysis, there is still potential to improve the accuracy of FCC solid
solution alloy chemical composition analysis through the application of the cluster-plus-glue-
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atoms model. This study’s primary contribution lies in its investigation of FCC solid solution
alloys. Initially, we utilized the spherical period oscillation mechanism to elucidate electron
fluctuation behavior and determined the range of shielding solute impurities within FCC solid
solution alloys. Subsequently, by comparing with the lattice position of FCC solid solutions, we
identified the range of central atoms within two clusters in their nearest shell. Following this, we
selected optimal models for the first and second nearest-neighbor shell structures in FCC solid
solutions. Finally, atomic chemical composition formulas for subsequent neighboring shells in
FCC solid solution alloys were calculated using Cowley parameters specific to these adjacent
shells.

According to the analysis of the known Cowley parameters for grade alloys, it is evident that
the chemical composition formula derived in this study closely aligns with the composition of
the grade alloys. This alignment suggests that the chemical composition of an alley can be
attributed to a stable nearest-neighbor two-shell atomic structure. The novelty of this study is
that the presented findings lend support to the research approach and methodology for analyzing
and comprehending alloying chemical compositions from a cluster structure perspective.

The subsequent sections of this study are organized as follows. In Sect. 2, the number of
nearest-neighbor atomic shells is determined by analyzing the Friedel spherical periodic
oscillation (FSPO) of electron density, along with a detailed presentation of the configuration
and spatial arrangement of the atomic shells. In Sect. 3, we introduce and propose cluster models
for FCC solid solution alloys, presenting positional vector sets for the nearest-neighbor atomic
shells and identifying the most suitable cluster model, referred to as the 1-3 model. In Sect. 4, the
composition formulas for several binary solid solution alloys are verified using Cowley
parameters from previous works in conjunction with the proposed cluster model. Finally,
conclusions are provided.

2. Determination of Number of Nearest-neighbor Atomic Shells

The analysis of the alloy composition formula solely relied on the SSC model with the first
nearest-neighbor shell interaction, which failed to adequately elucidate the coexistence of
ordering and spinodal decomposition.?®) Consequently, there is a significant discrepancy
between the alloy properties calculated in Ref. 28 and the measured results.

The model proposed in Ref. 29 considers the interaction of the first and second nearest-
neighbor shell atoms to analyze the alloy composition formula. This model effectively elucidates
the coexistence of ordering and spinodal decomposition. Moreover, the calculated results derived
from this model, such as misalignment energy, magnetic susceptibility, ordering temperature,
and the frequency of the crystal lattice wave, are in line with experimental findings.?*3% When
investigating the properties of alloys, especially long-range disordered solid solution alloys, it is
crucial to analyze the atomic structure of the second nearest-neighbor shell. This is due to the
weak Coulomb interaction between electrons and atoms, which predominantly affects the
nearest- and next-nearest-neighbor shell atoms. Understanding this arrangement is essential for
comprehending the material’s behavior.

Hiussler®) presented a rigorous computational approach for the model postulated in Ref. 29.
In solid solution alloys, the ingress of impurities (solute atoms) into the solvent atom substrate



Sensors and Materials, Vol. 36, No. 10 (2024) 4169

induces the polarization of the electron cloud surrounding the impurity charge, resulting in an
incomplete shielding effect on the overall system perturbation. The participating electrons
primarily reside on the Fermi surface.3) Owing to the diffraction effects of De Broglie material
waves from these electrons interacting with impurities, an oscillatory charge distribution
emerges around them, known as FSPO.GD The origin of this oscillation can be attributed to
discontinuous changes in occupied states on the Fermi surface. Consequently, electron
interaction is no longer simply governed by the Coulomb potential, but rather by an effective pair
potential in FSPO. The effective pair potential ¢(r) for the electrons is formed by
o(r) oc cos(2l€F -F+0)/ »*, where IEF represents the Fermi vector, 7 is the radial position vector to
solute atoms, and € denotes the phase shift angle.

The momentum exchange between electrons and atoms results in the resonance of the
scattered wave and the distributed wave of the atom, induced by electron oscillation. This
process leads to the formation of a pseudo-gap at the Fermi energy level, thereby lowering the
band structure energy ®;,,.; o, Of the entire system. Consequently, atoms are positioned within
the lowest energy gap, rencfering the alloy structure more stable. The band structure energy
Dpona so 18 defined by

g . = [[P(r)~Np(r)rdr, )

where p(r) is the particle density function at the distance » and a is a proportionality constant.
When the maximum value of the particle density function p(r) corresponds to the minimum
value of the effective pair potential function ¢(r), resulting in a minimized ®,,,,; ,, and the
lowest overall energy for the atomic system, a state of heightened stability is formed. Figure 2
shows the position of the troughs on ¢() located at distances r, = (1/4 + n)Ag,, n =1, 2, 3, ... from
the central atom, where A, represents the Friedel wavelength and »n denotes the n-th atomic
shell. When the effective pair potential function ¢(r) demonstrates the periodic and oscillatory
convergent distribution, FSPO is considered to emerge.

In this study, we performed an in-depth analysis of the composition formula of FCC solid
solution alloys, offering a novel insight into the morphological characteristics of individual
atomic shells within the FCC solid solution alloys. Furthermore, we defined their precise
positions within FSPO. Figure 2 shows the configuration and spatial arrangement of the first to
ninth atomic shells, as well as the 13th shell, with respect to the central atom at origin O. The
ordinate axis represents the effective pair of the potential function ¢(r) of the FSPO, while the
abscissa axis denotes the position 7 of each atomic shell from origin O.

As illustrated in Fig. 2, at 5 = 5.251F,, the oscillatory pattern of the effective pair potential
function ¢(r) becomes less discernible and tends to be flat, indicating that the atoms in this
region are approaching a state of reduced perturbation by the central solute atom. In fact, beyond
the midpoint between r, and rs, the region is electrically neutral, effectively shielding impurity
charge oscillations. This position is formally defined as the truncation radius r,,,, calculated as
(r4 + r5)/2 = 4.75A,. The 13th shell atom of the FCC solid solution resides at » = 4.511,, whereas
the 14th shell atom is positioned at » = 4.844f,. Consequently, only 13 atomic shells exist within
the truncation range of FSPO.
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Fig. 2. (Color online) Positions of atomic shells in FSPO.

3. Cluster Models of FCC Solid Solution Alloys

If it is located at origin O, a cluster Q is designated as the central cluster. As depicted in Fig.
2, the stable position for the other independent cluster, which is referred to as cluster I1, should
be within the troughs of r, 75, 73, and 4. Given that position | represents the shell atomic
location of cluster 2, no other clusters can coexist at this specific site. The reason is described as
follows. If cluster IT was to occupy position 75, there would be an interaction and sharing of shell
atoms between clusters I1 and Q leading to a disruption of their composition and structure.
Consequently, it is precluding the existence of two independent clusters. Therefore, the most
stable position for the nearest-neighbor cluster I closest to the central cluster Q is at ;. Cluster
I1, with the seventh shell atom as its core atom, demonstrates the closest spatial proximity and
the highest thermodynamic stability to cluster Q, thereby classifying it as the nearest-neighbor
cluster.(?

Hong et al. documented a comprehensive analysis of all models in FCC solid solution alloys,
comparing these models with the positions of the nearest-neighbor clusters.*?) The most suitable
model for the shell position structure of FCC solid solution alloy clusters that satisfies FSPO can
be obtained. For ease of analysis and comparison, the vector sets of the shell atoms of clusters in
FCC solid solution alloys are defined below.

The defined coordinate system has its origin at atom O, with coordinates O(0, 0, 0) as
illustrated in Fig. 3. At this position, there exists a central cluster Q. From the shape and position
of the atomic shell depicted in Fig. 2, there are 12 atoms on the first shell of cluster Q representing
the first nearest-neighbor shells of atom O as P; to Py,. P, is positioned at the center of the
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Fig. 3. (Color online) Atomic occupancy of FCC alloys.

surface with coordinates (1/2, 0, —1/2), and its position vector should be [1/2, 0, —1/2] if the lattice

constant is assumed to be 1. The position coordinates for the remaining 11 atoms are listed in

Table 1. The set of position vectors for P; to P, follows the solid-state physics equivalent crystal

direction expression method,? defined as P < +1/2, +1/2, 0 >.

Similarly, six atoms form the second nearest-neighbor shell with atom O from Q; to Qg; their
position coordinates and vector sets are also listed in Table 1. Assuming that a prion called M
lies in the third nearest-neighbor shell with coordinates (1, 1/2, 1/2) and another called N lies in
the fourth nearest-neighbor shell with coordinates (0, —1, —1), their corresponding sets of position
vectors are M < 1, +1/2, £1/2 > and N <=, £1, 0 >.

The coordination of representative atoms in the Sth to 9th atomic shells from the central atom
O is as follows: R(3/2, 0, 1/2), S(1, 1, 1), T(3/2, 1/2, 1), U(2, 0, 0), and X(3/2, 0, 3/2). The vector
sets corresponding to these atomic shells are also detailed in Table 2. To determine the position
of the nearest-neighbor cluster model within the atomic shell that may generate FSPO in the FCC
solid solution, we analyzed the 18 potential cluster models of the FCC solid solution based on
Ref. 32 in this study. Six suitable candidate cluster models are presented in Table 3. Moreover,
each individual atomic shell is conceptualized as a sphere with varying radius. The spatial
arrangement of additional clusters centered on cluster (2 within the same sphere and the number
of clusters present at this specific location are also shown in Table 2 for each potential FCC
cluster model.

From the 18 potential cluster models of the FCC solid solution proposed by Hong et al.®?
note that clusters can potentially exist from the 5th atomic shell to the 11th atomic shell.
However, owing to specific constraints and considerations, it has been noted that the locations of
clusters surrounding the centered cluster Q are restricted to shells 5 to 9.

1. When the cluster is located at the 10th atomic shell and beyond, the interatomic distances
within the shell exceed the truncation radius r,,,, of FSPO, leading to the positional instability
of its constituent atoms.

2. Positioned at the fourth atomic shell < =1, 1, 0 >, the cluster shares this location with the
central cluster Q as depicted in Fig. 4(a). As it approaches closer to the central cluster €, for
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Table 1
Coordinates of atoms and vector sets of the first and second shells.
First shell Second shell
Pi(-1/2, 1/2, 0) P»(0, 1/2, 1/2) Qi(0, 1, 0)
P3(0, 1/2, -1/2) P4(1/2, 1/2, 0) Q2(-1,0,0)
. Ps(-1/2,0, 1/2) Ps(—1/2, 0, —1/2) Q3(0,0,1)
Coordinates of atoms P(1/2, 0, 1/2) Pg(1/2, 0,-1/2) Q4(0, 0, -1)
Po(-1/2,-1/2, 0) P10(0, —1/2, 1/2) Qs(1, 0, 0)
P11(0,-1/2,-1/2) P12(1/2,-1/2, 0) Qe(0, -1, 0)
Vector set P<#£1/2,%1/2,0> Q<+1,0,0>
Table 2
(Color online) Comparison of FCC alloy cluster locations with FSPO locations.
Model
Shell No. Vector set B 2 3 12 I 3
5 R <+3/2,£1/2,0> 6 6 — 4 4 _
6 S <41, 41, +1 > — — 8 — — 2
7 T <£3/2, +1, £1/2 > 6 2 — 4 — 6
8 U<+2,0,0> — — 6 — 2 —
9 X <£3/2,+3/2,0> — 2 — 2 6 6
(Average distance of atoms with respect to center)/Ar, 3.052 3.090 3266 3.192 3397 3.463
Deviation of mean distance with respect to 73 (%) 6.1 4.9 0.5 1.8 4.5 6.6
Coordination number 12 10 14 10 12 14

‘—" denotes the non-existence of clusters within the corresponding shell in Table 2.

Table 3
(Color online) Atomic arrangements of candidate cluster models.

Model No.

(32)

Cluster arrangement

Model No.

Cluster arrangement

example, at a position such as the third atomic shell < +£1, £1/2, £1/2 > shown in Fig. 4(b), an

increased number of shared atoms between them results in the disruption of their composition

and structure.

Hence, the nearest-neighbor clusters satisfying FSPO are expected to be positioned within the
Sth to 9th shell atoms, with corresponding vector sets including <+3/2, +£1/2, 0 >, <=1, £1, +1 >,
<4£3/2, 1, £1/2 >, <42, 0, 0 >, and <+3/2, £3/2, 0 >, respectively.
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Fig. 4. (Color online) Arrangement and symmetry of the 1-3 model. (a) Two adjacent clusters share one shell atom,
(b) two adjacent clusters share four shell atoms, (c) outside coordination of central cluster, (d) fourth symmetry, and
(e) hexagonal symmetry.

In Fig. 2, we examine the region of trough (the pink region) at the position 5 in the effective
pair potential function ¢(r), where the left and right distances constitute the width range of 4r,/2.
There are only three cases of vector sets for the nearest-neighbor cluster falling within this
region, namely, the sixth atomic shell <=1, £1, £1 >, the seventh atomic shell <+3/2, £1, £1/2 >,
and the eighth atomic shell < =£2, 0, 0 >, Consequently, it can be inferred from Table 2 that the
most suitable cluster model satisfying FSPO is confined to the 1-3 model. The rationale for this
analysis is detailed below.

1. As per the findings from Fig. 2 and Table 2, it is evident that the first and second atomic
shells in the 1-3 cluster model are positioned within the trough at ;. The average distance of
all 14 cluster atoms in these two shells relative to the central cluster Q2 measures at 3.2664,.,
demonstrating a minimal variance from r3 = 3.251,.

2. In accordance with the principle of minimum energy, a more compact arrangement of
clusters leads to a lower Coulomb potential energy owing to the closer proximity of atoms to
the shared electron cloud, resulting in the increased stability of cluster binding. Table 2
reveals that the 1-3 cluster model exhibits a coordination number of 14,32 indicating its
highly dense packing as depicted in Fig. 4(c).

3. The 1-3 cluster model demonstrates the most homogeneous distribution of shells, resulting in
the minimal deviation percentage ratio relative to 73 = 3.251, for the average distance of all
atoms from the central cluster. Within this model, only two shell clusters are positioned at a
distance of 73 around the central cluster Q2. When considering the cluster as a unit, it becomes
apparent that the cluster with a vector set < +1, +1, +1 > containing eight atoms in the eighth
nearest-neighbor shell is one atom closer than r3, whereas the cluster with a vector set <+2, 0,
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0 > containing six atoms in the sixth nearest-neighbor shell is one atom farther than 3. This
configuration represents an optimal structure for clusters to satisfy both planar and spherical
periodic orders.

4. Using an aluminum-based alloy as a case study, with a lattice constant of o = 0.405 nm and
428 atoms within the FSPO range, we estimated the size of FSPO as 2.3 nm on the basis of
the position of the 15th atomic shell. According to the 1-3 model depicted in Fig. 4(d), an atom
situated at distance R from the central cluster Q is positioned in the 13th atomic shell,
characterized by a vector set of < +£1/2, 0, £5/2 >, The SSC is estimated to be 2.1 nm in size.
Similarly, an atom located at distance » from the central cluster Q resides in the 11th atomic
shell with a vector set of <+3/2, £3/2, 1 >, and its corresponding SSC has an estimated size
of 1.9 nm. Sun et al.(1 and Zhang et al.®¥ suggested that for aluminum-based alloys, the
SSCs should not exceed sizes of up to 2 nm. However, their failure to consider 16 outermost
atoms may lead to deviations in these estimations. Conversely, Song et al.®3>) argued that
sizes can range between 1 and 3 nm, further supporting our selection for truncation radius
within FSPO.

5. On the basis of the 1-3 model, it is observed that FCC solid solution alloys exhibit a high
degree of symmetry in their cluster arrangement. As depicted in Fig. 4(d), the alloys’ clusters
demonstrate quadratic axisymmetric properties, whereas Fig. 4(e) illustrates hexagonal
axisymmetric properties. The higher the symmetry of the cluster arrangement, the more
symmetrical the distribution of electron pairs around the central cluster at maximum angle,
resulting in larger bond angles between shared electrons and reduced electric repulsion
forces. This leads to a more stable overall alloy structure due to minimized steric hindrance
and enhanced electronic delocalization within the alloy clusters.

The stable cluster arrangement structure in the alloy can be likened to the molecular formula
of a compound, resulting in a corresponding chemical composition formula. It reflects the
spatial configuration and stoichiometry of atomic clusters within the alloy. In the FCC solid
solution alloy, the chemical composition formula for the 1-3 model is denoted as [A-B;,]C;.
Here, A represents the central atom of the cluster, as depicted in Fig. 4(c) showing all truncated
octahedrons, whereas B signifies the shell atom of the cluster, i.e., the first neighbor atoms
surrounding the central atom A with a quantity of 12, as shown in Fig. 4(c) for all shell atoms of
the truncated octahedron. C denotes the second nearest-neighbor atom surrounding the central
atom A with a quantity of 3, represented by all yellow atoms shown in Fig. 4(e).

One cluster with three second nearest-neighbor atoms forms a cluster cell unit. The formation
of a nanoscale SSC is facilitated by stacking the cluster cell unit to the size of the truncation
radius determined by FSPO. The abundance of SSCs with the SRO structure in FCC solid
solution alloys has been demonstrated in multiple experimental studies, which show an increase
in local lattice distortion energy attributable to atoms with large size mismatches. This promotes
the rearrangement of local atoms with high chemical affinity and results in the formation of
relatively strong chemical bonds between atoms. The SRO structure of SSCs interacts with
dislocations to enhance the mechanical properties of an alloy, improving both strength and
plasticity simultaneously.
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4. Analysis of Cowley Parameters of FCC Solid Solution Alloy Model

To quantitatively comprehend the SRO distribution of solute atoms in binary solid solutions,
we utilize the SRO Cowley parameter y = 1 — P,/X, to represent this arrangement.®) Here, P,
denotes the probability of atom A surrounding atom B, and X, represents the mole fraction of
atom A. When A and B atoms are disordered, y < 0. When they are evenly distributed, y > 0. The
values of SRO Cowley parameters can be determined through experimental measurements or
computer simulations. These parameters result from a large number of statistical averages,
effectively addressing the issue of atom occupation on different shells in solid solution
alloys.(36-39)

In the analysis of Ni alloy, Schénfeld et al.37) conducted elastic neutron scattering
experiments on three samples of Ni-20 at% Cr alloy with initial concentrations placed at
different temperatures and aging times: 741 K for 480 h, 828 K for 320 h, and 937 K for 2.6 h.
The actual concentrations of the samples were determined to be Sample 1: Ni-21.3 at% Cr,
Sample 2: Ni-20.1 at% Cr, and Sample 3: Ni-20.6 at% Cr using X-ray fluorescence analysis,
where at% represents the atomic percentage of Ni in the alloy. Subsequently, the SRO Cowley
parameters of the three samples were obtained through a least-squares fitting procedure.®”) This
allowed for a comprehensive understanding of the microstructural evolution and phase
transformations in these alloys under different thermal conditions.

The Cowley parameters for the nearest-neighbor two-shell atoms in Sample 1 are
a0 = —0.1061 and a,n0 = 0.0891. According to the Cowley formula, the atomic arrangement of
the nearest-neighbor two-shell atoms centered on Ni can be calculated as [Ni—Nig;Cr;, g;]
Nij, 45Cry s3. When there are three atoms in the second shell, the chemical composition of the
alloy is determined to be 21.31%, which closely aligns with the actual alloy composition with a
deviation of only —0.04%. This indicates that employing the nearest-neighbor two-shell atomic
model enables the precise resolution of the composition formula for binary solid solution alloys.

The research methodology proposed by Schonfeld et al®”) can be corroborated in other
alloys. Table 4 shows the Cowley parameters of several binary solid solution alloys and the at%
values of component A in the composition formula. It is evident from the relative deviation in
Table 4 that the compositions of these chemical composition formulas, calculated using the first
and second nearest-neighbor Cowley parameters, are generally congruent with that of the alloy.
Only a few alloys exhibit slightly larger composition deviations, which may be attributed to
excessive lattice defects within the alloys’ internal structure and suboptimal atom distribution
during sample preparation processes.

The composition formula corresponding to the 1-3 model, [A—B,,]Cs, delineates the average
cluster structure of the nearest-neighbor shell atomic distribution. From the experimental
statistical averages of Cowley parameters, SRO structures are highly probable. However, various
factors such as the collision of adjacent grains during crystal growth or thermal stress from
volume changes during cooling can lead to vacancies and dislocations in the crystal lattice,
causing abrupt changes in atomic arrangement. To enhance the properties of an alloy for
practical applications, additional trace elements are incorporated into the alloy.

For instance, a small amount of carbon atoms may be added to improve resistance to
electrochemical corrosion by occupying interstitial sites within the crystal lattice. This further
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Table 4
Cluster composition formulas of FCC solid solution alloys.

Component of  Cowley Component of

iy . o
Alloy A (at%) parameters () Composition formula A in formula Deviation (%)
(at%)
CrNi®D 213 o110 =—0.1061 [Ni-Nio 17Cr2.83]Ni2 42Cro s 2131 ~0.0004
@200 = 0.0891
CrNi®?) 20.1 1o :__0'099 [Ni-Nio 35Cr2.65]Ni2.01Cro.09 17.14 0.1474
az00 = 0.849
. a110=—0.0819 o .
CrNi®? 20.6 032120 — 0.0635 [Ni—Nig 33Cr2.67]Ni2.42Cro 58 20.33 0.0130
FeNi®® 50 o110 = ~0.13 Ni-Nis 22Fes 75-Nij 76Fe1 24 50.16 ~0.0031
a200 = 0.17
:(38) a110 =-0.19 . . . -
WNi 13 _ Nl—Nll()‘14W1,8()—N12'7W0<3 13.48 0.0369
anrn0 = 0.23
AuCu®® 25 #10==0.195 10 Cug arAus so]Cus a1 Aug s 26.09 —0.0434
00 = 0.215
AuCu®® 50 o0 ="0123 o o Aus 7] Cuy s7AU 43 51.04 ~0.0208
0200 = 0.048
AuCu®® 75 %110 =008 [Cu—Cuz28AU972]Cu; s2AU 1 72.14 0.0381
0200 = 0.19
AlCu®® 14.5 1o :__0'14 [Cu—Cuig.02Al105]Cu2 62Alo 38 14.79 ~0.0200
a200=10.12
FePd®® 25 o = ~0.14 Fe—Fes ssPd3 42-Fe2.46Pdo.s4 2475 0.01
az00=0.28
AuAg®® 50 1o ::0'08 [Ag—Aug.43Ags s2]Au40Ag) 52 49.78 0.0044
a200 = 0.01
AlAg®® 10 a0 =016y A lovAg oi]ALr 7AZ0 28 7.86 0.2143
200 = 0.08
aio=—0.13
MgAgt® 19 1o [Ag-Ago.4oMgs s8] Ag 5sMgo.42 18.74 0.0138
a200=0.26
ZnAg(sg) 50 e =__0'31 [Angg4‘14Zn7‘36]Ag1.9ozl’11_10 55.97 —0.1194
az00=0.27
(38) alo = -0.12 - B
InMg 12.5 B Mg-Mgjo.32In1 68—Mgo 7Ing 3 12.35 0.0119
az00=0.21
MoTiC® 50 o110 =—0.29 Ti-Tis 26M0774~Ti1 56Moy 44 57.38 ~0.1475
az00 = 0.04
ReCo®® 25 a0 =01 0 Cog grRes 33-Cop s9Rens: 24.66 0.0138
a200=0.18
AlFe®® 20 o~ 014 Fe—Feq 26Al274—Fes 36A10.64 21.11 ~0.0556
an00 = —0.07

impedes ordered structure growth and promotes the formation of disordered solid solutions over
long distances. The more homogeneous the alloy’s microstructure is with fewer defects, the
higher the performance it will exhibit. Therefore, various process treatments should be
conducted during alloy smelting to enhance both the quantity and uniformity of solid solution
clusters within the alloy.
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5. Conclusions

In this study, we employed the FSPO of electron density for nearest-neighbor two-shell atoms
to analyze the composition formula of FCC solid solution alloy. The key findings are as follows.
1. The analysis of the periodic oscillation distribution of electron density revealed that the

central atom of the nearest-neighbor cluster should be situated in the second potential trough

of FSPO, specifically at positions corresponding to the sixth, seventh, and eighth atomic
shells. The associated vector sets are < %1, 1, £1 >, <+£3/2, £1, £1/2 >, and <=+2, 0, 0 >.

2. The analysis focused on the 1-3 cluster arrangement model, which complies with the FSPO in
FCC solid solution alloys. The corresponding component structure formula is denoted as [A—
B;,]C5, where A represents the central atom, B denotes the first nearest-neighbor shell atom,
and C signifies the second nearest-neighbor shell atom. This model exhibits a cluster
coordination number of 14 and demonstrates the lowest relative mean deviation between the
mean distance of the atoms on the cluster shell and the distance r; of FSPO. Furthermore, the
model clusters demonstrate quadratic and hexagonal axisymmetric properties.

3. The Cowley parameters were employed to calculate the composition formula for two-shell
atoms in various alloy configurations’ nearest neighbors. The composition of this chemical
structure formula was found to be largely consistent with that observed in actual alloys.

4. The analytical method and process proposed in this study can also be extended to other alloy
systems, providing valuable theoretical support for developing new alloys and optimizing the
properties of existing ones.
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