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 The composition design of sealing alloys still inevitably relies on the trial-and-error method, 
leading to the unnecessary waste of time and materials. The main goal of this study is to 
introduce an electronic structure model, named the nearest-neighbor two-shell (NNTS) model, 
to guide the composition design of the face-centered cubic (fcc) solid solution alloy. The chemical 
structure formula of the model is [X–Y12]Z2, where X, Y, and Z are the composited atomics in the 
alloy. The atomic structure of the model is developed by comparing with the Friedel sphere 
periodic electronic resonance structure. We applied the proposed model to analyze various iron–
nickel (Fe–Ni) binary and ternary alloys, and the obtained results were consistent with those 
calculated using the Cowley parameters. The discovery of the model is conducive to gaining a 
deeper understanding of the composition distribution of alloys and also provides a new way to 
design the alloy composition.

1. Introduction

 Recently, various vacuum devices have been widely used in various fields, such as micro-
electro-mechanical systems (MEMS),(1) solar vacuum tubes,(2) and vacuum glass.(3) To improve 
the strength, antipollution performance, and service life of the vacuum devices, it is necessary to 
apply some sealing techniques to construct a vacuum chamber. The technology consisting of 
sealing materials and sealing techniques is the core in the preparation of vacuum devices. For 
example, nanomaterial graphene with a single-atom thickness is used to achieve high sealing 
performance in MEMS,(4) glass is sealed with organic compounds at low sealing temperatures,(3) 

and various types of sealing glass with good chemical compatibility are sealed with tempered 
glass.(5) Because the metal sealing material has a low melting point and excellent corrosion and 
oxidation resistances, it is the preferred material for sealing glass. Indium alloy is used to seal 
glass edges at a low temperature of 220 ℃,(6) silver paste is used to seal tempered glass at 450 ℃ 
for 10 min,(7) and aluminum and glass are reliably sealed at 400 ℃ using anodic bonding 
technology.(8)
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 Iron–nickel (Fe–Ni) alloys have high strength, high thermal conductivity, and even no 
magnetism. Below the temperature of 500 ℃, the most outstanding advantage is that Fe–Ni 
alloys have a stable thermal-expansion coefficient that is very close to that of glass. Therefore, 
Fe–Ni alloys are the suitable sealing materials to be used with glass. However, the composition 
range of Fe–Ni sealing alloys is 42 to 54 wt.% nickel and is far from the 36 wt.% of the alloy with 
the lowest thermal-expansion coefficient. The selection rules for the nickel content in Fe–Ni 
alloys are not yet clearly indicated in the literature. 
 Excellent properties of alloys are governed by stable structures, which originate from short-
range ordered structures.(9–13) Mechanical properties such as strength,(14) fracture toughness,(15) 
and the functional properties of expansion(16) and corrosion resistance(17) are all related to the 
short-range ordered structure of an alloy. Therefore, there are many studies on short-range 
ordered structures, especially the nearest-neighbor two-shell (NNTS) model, which will be 
proposed herein. For example, the average concentration,(18) spin wave,(19) and ordering 
transition temperature(20) are all evaluated by applying the NNTS model. The computed results 
are more consistent with the experimental values than those obtained by only applying the 
nearest-neighbor first-shell atomic model. 
 Motivated by the correlation between the NNTS structure and the properties of alloys, there 
is an urgent need to establish the NNTS model to analyze the composition of the alloys and then 
to achieve an effective method for designing the alloys. The novelty and contribution of this 
work are the development of the NNTS electronic structure model and the assignment of the 
chemical structural formula (CSF), so as to avoid unnecessary material waste and shorten the 
time duration for alloy design in the traditional alloy development. 
 The rest of this paper is organized as follows. In Sect. 2, the distribution of the first and 
second nearest-neighbor atoms is obtained by analyzing the three ordered phases of Fe–Ni 
alloys. Then, the probability distribution of the first and second neighbor atoms of Fe–Ni alloys 
is calculated by using the short-range ordered Cowley parameters. The composition of Fe–Ni 
alloys is analyzed using the ideal cluster or bi-cluster formula. In Sect. 3, the most stable short-
range ordered structure model, the 2–2 model, is found by comparing the calculated models 
from the Friedel spherical periodic resonance structure. In Sect. 4, the compositions of 
commonly used Fe–Ni binary and ternary sealing alloys are analyzed using the 2–2 model. 
Finally, some concluding remarks are provided.

2. Determination of Nearest Two-shell Atomic Compositions

2.1 Nearest two-shell atomic distributions

 Referring to the literature,(21) the phase diagram of Fe–Ni alloys is shown in Table 1. We have 
found that there are three ordered phases with highly stable structures, Fe3Ni, FeNi, and FeNi3, 
easily formed at low temperatures.(21) The two nearest-neighbor cluster formulas for the order 
phases of Fe–Ni alloys are analyzed below.
(1) In the ordered phase of Fe3Ni(L12), the first nearest neighbor centered on an Fe atom is 

composed of 12 nickel atoms and the second nearest neighbor is composed of six iron atoms. 
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In the former case, the first neighbor is Ni8Fe4 and the second neighbor is composed of six Ni 
atoms. 

(2) In the ordered phase of FeNi(L10), the first neighbor centered on a Ni atom is Fe8Ni4, and the 
second neighbor is composed of six Ni atoms. Otherwise, the first neighbor centered on an Fe 
atom is Ni8Fe4 and the second neighbor is composed of six Fe atoms. 

(3) In the ordered phase of FeNi3(L12), the positions of the nearest shell atoms are opposite to 
those of Fe and Ni atoms in the ordered phase of Fe3Ni. That is, the Fe atoms are replaced by 
Ni atoms and Ni atoms are changed to Fe atoms in Fe3Ni (L12).

Remark 1
 In the face-centered cubic (fcc) lattice of the L12 structure, the face center is occupied by a 
type-A atom and the vertex is occupied by a type-B atom. The L10 structure comprises an 
alternating stack of atomic surfaces consisting of only A atoms and only B atoms along the 
[0 0 1] direction in the fcc lattice.(22)

Remark 2
 In Table 1, at.% is the abbreviation for the atomic percentage of Ni in Fe–Ni alloys. Each of 
the three ordered phases of Fe–Ni alloys similarly show the property that the first shell tends to 
be composed of dissimilar atoms and the second shell tends to be composed of atoms of the same 
type in the central atom of the ordered phase. This means that the attraction between dissimilar 
atoms is greater than that between atoms of the same type. When dissimilar atoms are arranged 
as close neighbors to each other, an Fe–Ni alloy has the lowest energy and the most stable 

Table 1
(Color online) Two nearest-neighbor cluster formulas for the ordered phase of Fe–Ni alloys.
Component 
Ni at.%* Ordered phase Centered around Ni atom (white sphere) Centered around Fe atom (blue sphere)

25 Fe2Ni Ni–Ni8Fe4–Ni6 Fe–Ni12–Fe6

50 FeNi Ni–Fe8Ni4–Ni6 Fe–Ni8Fe4–Fe6

75 FeNi3 Ni–Fe12–Ni6 Fe–Fe8Ni4–Fe6
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structure owing to the strong binding force between the atoms. In Ref. 23, it is pointed out that 
the chemical short-range ordered structure is determined by the magnitude and sign of mixing 
enthalpy. When the sign of mixing enthalpy is negative, heterogeneous atoms tend to be close 
neighbors, and when the sign is positive, homogeneous atoms tend to be close neighbors.
 As an example, in single-phase fcc Fe–Ni alloys, the mixing enthalpy of Fe–Ni alloys with a 
Ni content exceeding 25 at.% is ΔHFe–Ni = 0 to 9.6 KJ/mol.(23) The dissimilar atoms, Fe and Ni 
atoms, tend to be close to each other with a negative sign of mixing enthalpy. In this case, atoms 
of the same type, Fe and Fe or Ni and Ni atoms, appear as the second nearest atoms. Then, the 
attraction between dissimilar atoms in Fe–Ni alloys is greater than that between atoms of the 
same type. This is further proven later.

2.2	 Ideal	chemical	composition	formula	(CCF)	defined	by	Cowley	parameters

 The short-range ordered structure of solid solution alloys is characterized by Cowley 
parameters.(24) Assuming that two types of atom, type-U and type-V, are found in the solution of 
an alloy, the Cowley parameter is defined by α = 1 − PU/XU, where PU is the distributed 
probability of the type-U atom around the central type-V atom in the solid solution alloy and XU 
is the molar fraction of the type-U atom. When α = 0, the type-U and type-V atoms have a 
disorderly distribution. Otherwise, in the case of α < 0, the type-U and type-V atoms are 
heterogeneous neighbors and are segregated neighbors in the case of α > 0.(24)

 The distribution of atoms in the two nearest shells for an Fe–Ni alloy can be calculated by 
applying the Cowley parameters. The typical sequence of procedures and results provided in 
Ref. 25 are summarized.
(1) For the Fe46.5Ni53.5 (at.%) alloy with the fcc single phase, the two sets of Cowley parameters 

are α110 = −0.07665; α200 = 0.06463 and α110= −0.1396; α200 = 0.10073, which are obtained by 
neutron diffraction experiments and Monte Carlo simulations.(25) 

(2) If the Ni atom is taken to be the central atom V, the mole fraction of U atoms (Fe atoms) is 
XU = 46.5%; then, the probability of Fe atoms being around the Ni atom is found to be 
PU = (1 − α)XU = (1 + 0.07665) * 46.5% = 50% by substituting α110 = −0.07665. That is, the 
composition of the 12 nearest shell atoms is Fe6Ni6. 

(3) By replacing XU = 46.5% with α200 = 0.06463, the probability of an Fe atom appearing in the 
second shell, which is centered on the Ni atom, is PU = (1 − α)XU = (1 − 0.06463) * 46.5% = 43.5%. 
That is, the composition is Fe0.87Ni1.13 for the six atoms in the second shell. It is concluded 
that the nearest-neighbor shell atoms with Ni atom at the center are arranged as Ni–Fe6Ni6–
Fe0.87Ni1.13, where only two effective atoms in the second shell participate in the electron 
cloud resonance of the central atom. 

(4) Optimizing the formula of Ni–Fe6Ni6–Fe0.87Ni1.13 using the integer ratio of atoms, 
Ni–Fe7Ni5–Ni2 is derived with the Ni atom at the center. Otherwise, if the Fe atom is taken as 
the center, the distribution of the nearest two-shell atoms becomes Fe–Ni8Fe4–Fe2. The 
chemical composition of the alloy is 53.3 at.% Ni, which is basically consistent with the 
composition of the alloy, and the deviation is −0.2%. This means that the composition of the 
Fe–Ni alloy can be resolved by applying the model of atoms in the two nearest shells. The 
feasibility of this model has also been verified in another Fe–Ni alloy.
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 The feasibility of the aforementioned procedures has also been verified for various 
components for Fe–Ni alloys in previous work.(26–30) The evaluated results are shown in Table 2. 
As seen in Table 2, when the range of Ni contents is between 30.2 and 77.5 at.%, the 12 atoms in 
the first shell centered on Ni are distributed between Fe8.58Ni3.42 and Fe3.01Ni8.93 according to the 
results of evaluations using the Cowley parameters. Ideally, the atoms in the second shell and the 
central atom should be of the same type, Ni.
 By adjusting all the atoms in the second shell as Ni atoms, the ideal CCF of all alloys is 
obtained. The deviation of the Ni component ratio from the alloy component is not more than 
0.3%. However, in the ideal CCF of the shell, the drawback is that the alloy cannot be resolved 
using the integer formula, except for the alloy with 53.5 at.% Ni.
 To mitigate the aforementioned drawback of the ideal CCF, each Fe–Ni alloy listed in Table 2 
is further analyzed utilizing the double cluster model. The following key points are revealed in 
this work: 
(1) When the content of Ni is 30.2 at.%, there are two types of nearest-neighbor shell cluster, 

namely, [Ni–Ni8Fe4] with the central Ni atom and [Fe–Fe12] centered on an Fe atom. The two 
clusters originate from the ordered phase Fe3Ni and the pure Fe atoms, respectively. 
Otherwise, the cluster form [Ni–Ni8Fe4]Fe2 in this component does not satisfy the second 
nearest-neighbor order owing to the Fe-rich composition. There are not enough Ni atoms to 
form the second nearest-neighbor order with the central atom. 

(2) When the content of Ni is 36.8 at.%, there are two types of nearest-neighbor shell cluster, 
[Ni–Fe8Ni4] and [Fe–Fe8Ni4], which originate from the ordered phases FeNi and FeNi3. The 
second-shell atoms form the second nearest-neighbor order with the central Ni and Fe atoms, 
respectively. The double clusters are [Ni–Fe8Ni4]Ni2 and [Fe–Fe8Ni4]Fe2, respectively.

(3) When the content of Ni is 75–77.5 at.%, there are two types of nearest-neighbor shell cluster, 
[Fe–Ni8Fe4] and [Ni–Ni12], which belong to the ordered phase FeNi and the pure Ni atoms. 
The second-shell atoms form the second nearest-neighbor order with the central Fe and Ni 
atoms, respectively. The double clusters are [Fe–Ni8Fe4]Fe2 and [Ni–Ni12]Ni2, respectively.

 According to the above discussion, it is concluded that the double cluster model with an 
integer ratio of Fe and Ni atoms is suitable for analyzing all of the real Fe–Ni alloys shown in 
Table 2. Furthermore, the analyzed results are also consistent with the results of calculations 
using the Cowley parameters of the various Fe–Ni alloys. In the double cluster model, the first 
nearest-neighbor atom arrangement is derived from three types of relatively stable ordered phase 
with the pure Fe, pure Ni, and Fe–Ni alloys. The second nearest neighbor and the central atom 
are basically of the same type, which satisfies the ideal atomic distribution. This is further proof 
that all of the Fe–Ni alloys can be resolved by the double cluster model with two atoms in the 
second nearest-neighbor shell. That is, 15 atoms in the range of the nearest-neighbor atoms are 
participating in the resonance. 
 In the fcc atomic lattice structure, there are 6 atoms in the second nearest neighbor. However, 
the resonance of the first nearest-neighbor cluster with stronger relative force can only drive two 
atoms in the second nearest neighbor to participate in the resonance. This is deduced from the 
spherical period theory as follows.
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3	 Electronic	Model	Analysis	of	Fe–Ni	Alloys	with	Constant	Expansion

3.1	 Spherical	periodic	electronic	resonant	range	in	fcc	solid	solution	alloys

 When the short range of fcc solid solution alloys participating in the Friedel spherical periodic 
resonance is determined, the numbers of first nearest-neighbor clusters and second nearest-
neighbor atoms that are packed between these clusters within the resonant range are evaluated. 
In this section, the resonant range of stable short-range ordered structures is obtained. Then, the 
chemical structure formula of the model is concluded to be [X–Y12]Z2, where X, Y, and Z are the 
composited atoms in the alloy.
 There is an inheritance of the short-range ordered structure among liquid metals, amorphous 
alloys, and the ordered solid solutions.(31) On the basis of the principle of structural stability 
corresponding to the lowest energy, whether in amorphous or solid solution alloys, the 
distribution of electrons is consistent. 
 Häussler verified that when the maximum atomic distribution corresponds to the minimum 
effective pair potential energy in molten or amorphous alloys, the energy possessed by the 
energy band structure is minimal.(32) This causes the entire system to have the lowest energy and 
the most stable structure. 
 When there are defects such as impurities or solute atoms in the bulk alloy, to obtain electric 
neutrality, the electrons are rearranged to shield the bulk alloy from the effect of impurity 
charges. The distribution of electronic density centered on the impurities exhibits the form of 
long-range attenuation resonance. This resonance only exists within the range of a few atoms.
 The oscillation of the electronic density around the ionic atom, which is an impurity atom as 
stated above, is called Friedel oscillation (FO). This oscillation forces the electrons to be located 
at different concentric spheres centered on the ion atom.(32)

 FO is a result of the resonance of electrons and atoms in the gap position with the lowest 
energy and the most stable structure. For the fcc solid solution alloys, the key point is to 
determine the range or number of atoms involved in FO.
 The effective pair potential energy ϕeff (r) for the electrons at distance r from the central ion 
atom is(32)

 ( ) ( ) 32 ,cos /eff Fr k r rφ Θ+∝  (1)

where kF is the Fermi radius of the distribution of electrons in the wave vector space and Θ is the 
phase offset. Experiments show that the phase offset is Θ = π/2 in the liquid metals and 
amorphous alloys with short- or medium-range orders.(32) 
 In real space, the band structure energy Ubs is given as 

 ( ) ( ) 21 ,bs effU rg r r dr φ∝  −  ∫  (2)

when the effective pair potential energy ϕeff (r) of the electrons is at the local minimum, i.e., 
when the atomic density g(r) is at the local minimum, Ubs is minimum. This indicates that the 
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ion is bound by FO at the local minima of ϕeff (r). The stable phase is formed when metal phase 
transition occurs.(32)

 The position of the local minimum for ϕeff (r) is obtained as

 ( )1/ 4 , 1,2, ,n Frr n nλ= + =   (3)

where λFr = 2π/2kF is the Friedel wavelength(32) and rn is the position of the nth-shell neighbor 
atoms around the central ion atom.
 Compared with the structure of liquid alloys, the solid solutions have the same stable 
structure as FO for the local-range atoms. Truncated octahedral clusters (TOCs) are located not 
only at the points of the sphere determined by FO but also at the points of the lattice determined 
by the fcc structure, as shown in Fig. 1.
 Figure 1 shows the distribution of the nearest two shell atoms. The TOC is formed by the first 
nearest atoms, and the yellow atoms are the second nearest atoms of the central atom of the 
TOC. If the central atom of one TOC, which is the big red atom in Fig. 1, is located at the origin, 
then its shell atoms are located at a distance of r1 = 1.25λFr from the origin. The central atoms of 
the TOCs adjacent to the TOC at the origin, which are the big blue atoms in Fig. 1, are located at 
a distance of r3 = 3.25λFr, and their nearest atoms are located at a distance of r2 = 2.25λFr or from 
the origin.
 The red curve for the effective pair potential energy of the electrons, ϕeff (r), is also shown in 
Fig. 1. It tends to zero with increasing distance rn(λFr). This means that the short-range ordered 
structure determined from FO is reduced to zero when r exceeds r4 = 4.25λFr.

Fig. 1. (Color online) Spherical periodic short-range ordered structure.
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 In three-dimensional space, a TOC has a strong interaction with its adjacent TOC. Electronic 
resonance is achieved through momentum exchange between the electrons and the ions within 
the range of FO.(32) 
 When one layer of atoms slides relative to its neighbor layer of atoms, the slip is significantly 
resisted by the FO structure. That is, the FO structure is sufficiently stable to prevent further 
sliding. Therefore, the resistance to plastic deformation increases the strength as well as the 
hardness of the alloys.
 There are a few packed atoms (PAs) between adjacent TOCs. The number of PAs, n, within 
the FO range depends on the number of clusters in this range and the size of this range. The 
structure of the TOCs and PAs is expressed by the chemical formula [X–Y12]–Zn, where [X–Y12] 
is the cluster formed by the central atom of the nearest shell. X is the central atom of the TOC, 
Y12 are the 12 nearest atoms in the structure of a truncated octahedron, and Zn (n is an integer) 
are the second shell Z atoms.

3.2	 First	and	second	nearest-neighbor	atomic	models	in	fcc	solid	solution	alloys

 In fcc solid solutions, the key point in determining the chemical formula is the location of the 
TOCs, which are located at the positions determined by the FO and fcc lattice structures. 
 In this study, one position for TOCs in the fcc alloy is introduced in Fig. 2. In Fig. 2(a), the fcc 
lattice structure, lattice constant a, and TOCs are depicted. In Fig. 2(b), the parallelepiped, one 

(a) (b)

(c) (d)

Fig. 2. (Color online) Structural models of clusters for fcc alloys.
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TOC’s unit cell formed by eight TOCs, which is called the unicell of a TOC (UCTOC), is shown. 
Its CSF is [X–Y12]Z2. The ratio of the number of TOCs to that of PAs is 1:2. In Fig. 2(c), a 
midrange structure through outward growth from the unicell is called the super unicell of a TOC 
(SUCTOC) and has the quadrilateral axis symmetry. Figure 2(d) shows the structure in Fig. 2(c) 
from another perspective. It has the hexagonal axis symmetry. 
 In Fig. 2(a), for the fcc alloy, the distance between the shell atoms on the TOC and the origin 
is r1 = 1.25λFr. Moreover, 1 2 0.707r a a= ≈ , where a is the fcc lattice constant. The central 
atom of the TOC closest to the origin is located at r3, which, in accordance with Eq. (3), is 
evaluated as

 1
3

1 13 133 1.838 .
4 4 1.25 5 2Fr

r ar aλ = + = × = × ≈ 
 

 (4)

Eighteen different types of unicell model are evaluated for the fcc solid solution using Matlab.(33) 

Their CSF is expressed as [X–Y12] –Zn, where n is the number of PAs.
 When n = 2, that is, the TOC:PA ratio is 2, the model is called 2–2 and is shown in Fig. 2(b). 
One TOC is at O(0,0,0) and there are three TOCS at ( )1 3, 1,0

2
A = − −


, ( )1 2,2, 2
2

B = − −


, and 

( )1 0, 1, 3
2

C = − −


. The parallelepiped unicell is composed of these four TOCs as the basic vector, 
as shown in Fig. 2(b). The polyhedral structure is obtained by growing the unicell outward in a 
planar periodic sequence, as shown in Fig. 2(c). There are four TOCs in the first nearest shell. 
Their central point P is at a distance of 1.581a from the central TOC at point M. There are eight 
TOCs in the second nearest shell. Then, their central point Q is at a distance of 1.8701a from 
point M.
 The average distance between the central point P or Q of the 12 TOCs and point M is obtained 
as 

 ( )
1

1.8701 8 1.581 4 12 1.774 ,1 n

k
k

R a aR a
n =

= = × + × =∑  (5)

where Rk is the position of the kth cluster and n is the total number of clusters. Then, the 
deviation between R̅ and the third position of FO, r3 ≈ 1.838a, is Δ = |r3 − R̅ | = 0.064a. The 
lattice constant of iron is a = 2.86 × 10−10 min an iron-based alloy. Then, the deviation is 
Δ = 1.83 × 10−11 m. The ratio of the deviation Δ to the radius of the iron atom, rFe = 1.241 × 10−10, 
is Δ/rFe = 0.147.
 There are three layers of atoms within the distance of r3, so the deviation Δ is the difference 
shared by three atoms. The average deviated distance of each atom from their original position is 
0.07rFe. This is close to the amplitude of the thermal vibration of the atom on the lattice position, 
indicating that the atoms do not truly deviate from the original lattice positions but merely 
undergo thermal motion at their original positions. The 2–2 model provides the exact range for 
r3 in the fcc solid solution in accordance with the theorical value r3 = 3.25λFr determined using 
the FO structure. The model also has high symmetry, as shown in Figs. 2(c) and 2(d).
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 The deviation Δ and volume density ρ for the 18 different types of model reported in Ref. 33 
are evaluated by the aforementioned calculation procedure and shown in Fig. 3. The volume 
density is defined as

 ( ) 3Number of atoms in , the cut shell cutrρ =  (6)

where rcut = r3 is the radius of the cut shell, as shown in Fig. 1. In Fig. 3, it is observed that there 
are five suitable candidate models, that is, 2–2, 3–1, 4–2, 5–5, and 6–3, with relatively small 
deviation Δ = −0.0639, 0.0086, −0.0531, −0.0398, −0.0398 and high volume density ρ = 26.57, 
21.99, 24.74, 21.38, 22.9 values, respectively. This means that the thermal vibrations of the atoms 
within the FO structure all occur near the lattice positions in these five atomic models.
 Because metal bonds have no directivity or saturation, the atoms in fcc alloys tend to be 
arranged with higher bulk density ρ values. The atomic volume density is higher and the 
potential energy of the alloy is lower. They lead to a more stable alloy structure. The 2–2 model 
has the highest bulk density ρ and a petty deviation Δ among the 18 models reported in Ref. 33, 
as shown in Fig. 3. This means that the structure of the 2–2 SUCTOCs has the excellent stability 
to meet the conditions of both FO and the highest bulk density. The CSF of the structure is 
expressed as [X–Y12] –Z2, where 2 is the number of PAs. This formula can be verified by the 
explanation of Fe–Ni alloy grades in the next section.

4	 Electronic	 Model	 Analysis	 of	 Fe–Ni-based	 Constant-expansion	 Alloy	 and	
Discussion

 Because their coefficient of thermal expansion matches that of many sealing materials, Fe–Ni 
alloys are often used as sealing materials. The Ni content of these alloys ranges from 42 to 54 
wt.%. The common characteristics of these alloys are good plasticity, electrical and thermal 

Fig. 3. (Color online) Deviation Δ and volume density ρ values of atomic models.
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conductivity, and processability. In addition, the key point is that these materials remain in the 
original γ phase during storage and working.(34) They do not undergo phase transition, which 
means that their stability is extremely high. 
 In the following, the 2–2 model with the analysis steps introduced in Sect. 3 is applied to 
analyze the Fe–Ni-based constant-expansion alloys. The results are listed in Table 3, where the 
wt.% is the abbreviation for the weight percentage of Ni in Fe–Ni alloys. The Fe–Ni alloys listed 
in Table 3 can be analyzed using the formula [X–Y12]Z2 of the 2–2 model. The chemical 
compositions of the elements in the formula are basically consistent with those specified by the 
manufacturer. From the results in Table 3, the following is concluded.
(1) The composition of 42–54 Ni wt.% Fe–Ni sealing alloys was analyzed using [X–Y12]Z2, 

where Y is the combination of Fe and Ni atoms and Z is the Fe or Ni atom. The total number 
of atoms was 15. The composition formula for these binary alloys was in the range of Ni6Fe9 
to Ni8Fe7. 

(I) Two components were analyzed using the single cluster model. The CSFs were [Ni–
Fe8Ni4]Ni2 (47.9 wt.%) and [Fe–Ni8Fe4]Fe2 (54.5 wt.%). 

(II) Three components were analyzed using the double cluster model. The CSFs were [Fe–
Ni8Fe4]Fe2 + [Fe–Fe8Ni4]Fe2 (41.2 wt.%), [Fe–Ni8Fe4]Fe2 + [Ni–Ni4Fe8]Fe2 (44.6 wt.%), 
and [Fe–Ni8Fe4]Fe2 + [Ni–Fe8Ni4]Ni2(51.3 wt.%).

Table 3
Cluster formulas and properties of Fe–Ni alloys.

Specification
Range of 

specification 
Ni wt.%*

Chemical formula
Component 

formula for 15 
atoms

Ni wt.% in 
chemical 
formula

Bi-cluster chemical formula
Ni wt.% in 

bicluster chemical 
formula

Ni42 41.5–42.5 [Fe–Ni6Fe6]Fe2 Fe9Ni6 41.2
[Fe–Ni8Fe4]Fe2

[Fe–Fe8Ni4]Fe2
41.2

Ni43 42.5–43.5 [Fe–Ni6.27Fe5.73]Fe2 Fe8.73Ni6.27 43
[Fe–Ni8Fe4]Fe2

[Fe–Fe8Ni4]Fe1.5Ni0.5
42.9

Ni45 44.5–45.5 [Fe–Ni6.57Fe5.43]Fe2 Fe8.43Ni6.57 45
[Fe–Ni8Fe4]Fe2

[Ni–Ni4Fe8]Fe2
44.6

Ni48 47–48 [Ni–Fe8Ni4]Ni2 Fe8Ni7 47.9 —
Ni50

Ni52

49.5–50.5
51.5–52.5

[Fe–Ni7.31Fe4.69]Fe2

[Fe–Ni7.61Fe4.39]Fe2

Fe7.69Ni7.31

Fe7.39Ni7.61

50
52

[Fe–Ni8Fe4]Fe2

[Ni–Fe8Ni4]Ni2
51.3

Ni54 53.5–54.5 [Fe–Ni8Fe4]Fe2 Fe7Ni8 54.5 —

Ni42Cr6

41.5–42.5
5.5–6.3

rem
[Cr–Ni6Fe6]Fe2 —

Ni: 41.4
Cr: 6.1
Fe: rem

[Fe–Fe8Ni4]Cr2

[Fe–Ni8Fe4]Fe2

Ni: 41.4
Cr: 6.1
Fe: rem

Ni47Cr5

46–48
5–6
rem

[Ni–(Fe7Cr)Ni4]Ni2 —
Ni: 48.1
Cr: 6.1
Fe: rem

—

Ni29Co18

28.5–29.5
16.8–17.8

rem
[Co–Fe8.5(Co1.5Ni2)]Ni2 —

Ni: 27.4
Co: 17.2
Fe: rem

[Fe–Fe8Ni4]Ni2

[Co–Co4Fe8]Ni2

Ni: 27.4
Co: 17.2
Fe: rem

Ni33Co14

32.5–34
13.6–14.8

rem
[Ni–Fe8Ni4]Co2 —

Ni: 34.2
Co: 13.7
Fe: rem

—

Ni29Co20

28.5–29.5
19.5–20.5

rem
[Co–Fe8Ni4]Co2 —

Ni: 27.4
Co: 20.6
Fe: rem

—
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(III) There was another component that could not be resolved into an integer ratio cluster 
expression. Its two-cluster CSFs were [Fe–Ni8Fe4]Fe2 + [Fe–Fe8Ni4]Fe1.5Ni0.5.

(IV) There were three types of TOC in the first neighbor clusters for all Fe–Ni sealing 
alloys, namely, [Fe–Ni8Fe4], [Ni–Fe8Ni4], and [Fe–Fe8Ni4], which were derived from 
the ordered phases of FeNi and FeNi3, as shown in Table 1.

(V) The number of atoms in the second shell of the structural formulas was 2 in all cases. It 
was proven that the 2–2 model has the highest compactness of the fcc solid solution.

(2) For the analysis of the ternary Fe–Ni sealing alloys, the results are summarized for the 
nickel–chromium–iron alloys with Ni42Cr6 and Ni47Cr5 in sequence.

(I) The CSFs were [Fe–Fe8Ni4]Cr2 + [Fe–Ni8Fe4]Fe2 and [Ni–(Fe7Cr)Ni4]Ni2.
(II) The double-cluster CSF of the Ni42Cr6 alloy, [Fe–Fe8Ni4]Cr2 + [Fe–Ni8Fe4]Fe2, was 

obtained by replacing the second shell atom in the first CSF of [Fe–Fe8Ni4]Fe2 + [Fe–
Ni8Fe4]Fe2 with a Cr atom in the first CSF of [Fe–Fe8Ni4]Fe2.

(III) Similarly, the CSF of the Ni47Cr5 alloy, [Ni–(Fe7Cr)Ni4]Ni2, was obtained by replacing 
an Fe atom in the nearest-neighbor shell of [Ni–Fe8Ni4]Ni2 in the CSF of the Ni–48 
alloy with a Cr atom.

(IV) The above results are consistent with the mixing enthalpy of the alloys, wherein 
ΔHFe–Ni = −2 KJ/mol, ΔHCr–Ni = −7 KJ/mol, and ΔHFe–Cr = −1 KJ/mol.(35) The mixing 
enthalpy reflects the dispersion and mixing degree of atoms in the system, and the 
absolute values of the mixing enthalpy of Fe and Cr atoms are the smallest. This means 
that these two atoms have the least force and can be substituted.

(3) The results are summarized for the iron–nickel–cobalt alloys with Ni33Co14, Ni29Co20, and 
Ni29Co18 as follows.

(I) The CSFs of such alloys were [Ni–Fe8Ni4]Co2, [Co–Fe8Ni4]Co2, and [Fe–Fe8Ni4]Ni2 + 
[Co–Fe8]Co4Ni2, respectively. 

(II) The CSFs of the Ni33Co14 and Ni29Co20 alloys were obtained by replacing the Ni atom 
with the Co atom in the CSF of the Ni48 alloy, [Ni–Fe8Ni4]Ni2.

(III) The CSF of the Ni29Co18 alloy was obtained by replacing five Ni atoms with five Co 
atoms in the double-cluster CSF of [Fe–Fe8Ni4]Ni2 + [Co–Fe8]Co4Ni2.

(IV) The above CSFs are consistent with the mixing enthalpy of the alloys, 
wherein ΔHFe–Ni = −2 KJ/mol, ΔHCo–Ni = −0 KJ/mol, and ΔHFe–Co = −1 KJ/mol.(35) 

Because the mixing enthalpy of Co and Ni atoms is zero, the two atoms are 
interchangeable in structural formulas of the iron–nickel–cobalt alloys.

 In the aforementioned structural formulas of the Fe–Ni sealing alloys, the atoms in the first 
shell are different from the central atom, and the atoms in the second shell are of the same type 
as the central atom.
 The structural formula of the 2–2 model for the nearest two-shell atoms, which is obtained 
from the spherical periodic ordered model, is basically consistent with the relationship between 
the attractive and repulsive forces determined by the mixing enthalpy of atoms. In Table 3, the 
analyzed components of common Fe–Ni sealing alloys basically fall into the composition ranges 
of the alloys specified by the manufacturer. Only a few values for the alloys are slightly off, 
which are underlined. It is further proved that the 2–2 model developed from the spherical 
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periodic ordered model, which is described in Sect. 3, can be used to analyze all the Fe–Ni 
sealing alloys. 
 Because there is no long-range order in the disordered solid solution alloy, the short-range 
ordered structure only exists in a small range of FO. The heterogeneous clusters different from 
the TOCs, such as holes, dislocations, and interstitial sites, prevent the growth of the short-range 
ordered structure. Therefore, it is not easy to form the long-range ordered chemical structures of 
whole crystals. 
 The fcc alloy compositions obtained by similar procedures have been reported.(36–39) For 
example, the Cu–Ni–Si ternary alloys were analyzed by selecting the nearest-neighbor clusters 
from the precipitated and strengthened phases.(36,37) The number of second nearest-neighbor 
atoms was directly assigned the value of 1 or 3 without proposing any assignment principles. 
The binary copper alloy was analyzed by selecting the nearest-neighbor cluster from Cowley 
parameters and determining the number of second nearest-neighbor atoms from the empirical 
values of amorphous alloys and the density of the densest stacked crystal structure.(38,39) In this 
study, the determination and selection of the number of nearest second-shell atoms are based on 
the ordered phases, Cowley parameters, the maximum bulk density of atoms, and FO. Compared 
with the previously obtained results,(36–39) the proposed methods can enhance the reliability of 
the analysis of alloy compositions.

5. Conclusions

 In the study, the tools for analyzing metal alloys, such as Cowley parameters, FO, and the 
NNTS atomic model, were addressed. They were also applied to analyze Fe–Ni binary or even 
ternary sealing alloys successfully. The conclusions of the work are shown below.
(1) The chemical composition formula of the NNTS model was inferred from [X–Y12]Zn where n 

is an integer. X–Y12 is composed of the first nearest–neighbor shell atoms. The combinations 
Ni–Ni8Fe4, Fe–Ni12, Ni–Fe8Ni4, Fe–Ni8Fe4, Ni–Fe12, and Fe–Fe8Ni4 are included in X–Y12.

(2) Various Fe–Ni alloys with nickel contents in the range of 30 to 80 at.% were analyzed using 
one or two types of [X–Y12]Z2 model. The results were consistent with those calculated using 
Cowley parameters.

(3) Compared with the most stable structure of the alloy, it was pointed out that the 2–2 model is 
the most stable structure in the fcc solid solution. The atomic density of the 2–2 model is the 
highest in the short range of the Friedel spherical periodic resonance structure.

(4) Both Fe–Ni binary and ternary alloys were analyzed using two types of [X–Y12]Z2 model. Our 
results revealed an effective approach for the composition design of alloys.
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