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ABSTRACT

Controlled disordering of substitutional and interstitial site occupation at high pressure can lead to important changes in the structural and
physical properties of iron–nickel nitrides. Despite important progress that has been achieved, structural characterization of ternary Fe–Ni–N
compounds remains an open problem owing to the considerable technical challenges faced by current synthetic and structural approaches for
fabrication of bulk ternary nitrides. Here, iron–nickel nitride samples are synthesized as spherical-like bulk materials through a novel high-
pressure solid-state metathesis reaction. By employing a wide array of techniques, namely, neutron powder diffraction, Rietveld refinement
methods combined with synchrotron radiation angle-dispersive x-ray diffraction, scanning electron microscopy/energy dispersive x-ray
spectroscopy, and transmission electron microscopy, we demonstrate that high-temperature and high-pressure confinement conditions fa-
vor substitutional and interstitial site disordering in ternary iron–nickel nitrides. In addition, the effects of interstitial nitrogen atoms and
disorderly substituted nickel atoms on the elastic properties of the materials are discussed.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0040041

I. INTRODUCTION

Iron and nickel are the most important components of the inner
core of the Earth, with recent reports indicating that at 364 GPa and
5000–6000 K, the maximum nitrogen content in the inner core can
vary from 2.0 to 3.2 wt. %.1–5 The study of iron–nickel alloys and
iron–nickel nitrides has been an important focus of experimental and
computational research over the past few decades.6–10 Iron–nickel
alloys also have considerable potential for materials applications,
owing to their high magnetoconductivities and low coefficients of
thermal expansion.11,12 Iron-based nitrides have been considered
important candidates for use as corrosion-proof layers on steel and for
magnetic data storage systems, thanks to their significant thermal
stability and suitable magnetic properties.13–15 The ordering of
substitutional and interstitial site occupation at high pressures can
lead to fundamental changes in structural phase relationships and in
the properties of iron–nickel nitrides. The structural properties of
iron–nickel nitrides are of considerable interest for a wide range of
researchers, especially those in materials science, chemistry, physics,
and earth science.

In iron-based nitrides, nitrogen atoms enter the lattice to form
interstitial solid solutions, such as γ-Fe4N and ε-Fe3N. The crystal
structures of γ-Fe4N and ε-Fe3N derive from the face-centered cubic
(fcc) γ-Fe structure and the hexagonal close-packed (hcp) ε-Fe
structure, respectively.16,17 In the ideal binary nitride γ-Fe4N
(Pm-3m), Fe atoms occupy both the Wyckoff 3c and 1a sites [Fig.
1(a)], but in the case of the ternary nitride γ-Fe3NiN (Pm-3m), Fe and
Ni atoms occupy the Wyckoff 3c and 1a sites, respectively,18,19 with
the N atom occupying the 1b site [Fig. 1(b)]. In analogy with the
aforementioned case, in the iron–nickel alloy γ-FeNi3 (Pm-3m), the Fe
and Ni atoms tend to occupy the Wyckoff 1a and 3c sites, respectively,
with the interstitial 1b site remaining vacant [Fig. 1(c)]. In the standard
structure of ε-Fe3N (P6322), each iron atomat the 6g site coordinateswith
two nearest-neighbor nitrogen atoms at the 2c positions [the only
available position for N atoms: see Fig. 1(d)]. Interestingly, Leineweber
et al.17 suggestedpossible occupancyof the2b site by theNatoms together
with absence of occupancy for the 2d site. This was explained on the basis
of N–N repulsive forces as being due to the minimized configurational
entropy probed by time-of-flight (TOF) neutron diffraction.17Our recent
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neutron powder diffraction (NPD) study of nitrogen-rich ε-Fe3N and
ε-Fe2.322Co0.678N0.888 nitrides has shown that nitrogen atoms may enter
the higher-entropy interstitial 2b and 2d sites, and the Co and Fe atoms
could disorderly occupy the cation 6g site at high temperature and high
pressure (HTHP).20 The conditions for the formation of substitutional
solid solutions in metals can be described by the Hume-Rothery rules.

The structure and properties of iron-based nitrides can be
significantly affected by disordered interstitial N atoms and sub-
stitutional Co atoms. To the best of our knowledge, up to now, there
have been only a few reports of detailed structural property studies
of ternary iron-based nitrides. Despite important progress, the
cation occupancy in ternary iron–nickel nitrides at high pressure
remains poorly understood. A detailed investigation of the struc-
tural properties of iron–nickel nitrides is therefore needed, in order
to shed light on the dynamics of cation occupancy at high pressure.

The preparation of metal nitrides is particularly challenging under
ambient conditions, owing to difficulties in incorporating nitrogen into
the metal lattice, given the thermodynamically disadvantageous condi-
tions under ambient pressure. Instead, a high-pressure enclosing envi-
ronment is thermodynamically beneficial for both the reactivity of
nitrogen and the stability of the nitrides. Bulk single-crystalline ε-Fe3N
phases have been synthesized by Niewa et al.21 using microcrystalline
ε-Fe3N1+x as starting material at 15 GPa and 1327 °C. Guo et al.22 have
further shown that Co or Ni atoms can occupy Fe sites in ε-Fe2CoN or
ε-Fe2NiNphases, synthesized frommixturesof ζ-Fe2NandCo(orNi) at 5
GPa and 1200 °C. High-pressure solid-state metathesis (HPSSM) reac-
tions provide a useful synthetic method for fabrication of metal-based
nitrides.20,23 Metal oxides, such as Fe2O3, Co2O3, NiO, LiNiO2, LiGaO2,
KGaO2, NaReO4, Na2MoO4, and K2OsO4, are used as precursors in
HPSSM reaction routes for the production of spherical bulk iron-based
nitride samples, such as ε-Fe3N1+x and γ-Fe4Nx.

24–29

The principal motivation for this study is the synthesis of bulk
ternary iron–nickel nitrides under HTHP conditions and further
investigation and explanation of the disordering of substitutional and
interstitial site occupancy, with the aim of obtaining better

understanding of the structural properties of iron–nickel nitrides at
high pressure.

II. EXPERIMENTAL DETAILS

A. High-pressure synthesis

Iron–nickel nitrides were synthesized using an HPSSM reaction
in which Fe2O3, NiO, and hBN were used as reaction precursors. The
reactions are as follows:

3Fe2O3 + 2NiO + 2BN→ FexNiyN + B2O3 +N2↑, (1)

8Fe2O3 + 6NiO + 20BN→ FeNi3N + 3Fe3NiN + 2Fe3N
+ 10B2O3 + 7N2↑. (2)

The nominal composition of the starting mixtures is Fe2O3:NiO:
BN � 3:2:2, and x and y can be varied in the ideal reaction (1). Reaction
(2) is the actual reaction under the experimental pressure of 5 GPa and
for T ≈ 1673 K. The high-pressure synthesis experiments were per-
formed on a cubic large-volume press (DS6314 MN, China). The
precursors were mixed at different molar ratios and precompacted
into a cylinder of radius 4 mm and height 8 mm (in the HPSSM
experiments). The sample was sealed in a cylindrical capsule made of
hBN and was then packed in a pyrophyllite high-pressure cell. The
high-pressure cell was then heated to 1400–1600 °C under 5 GPa
pressure held for 5–20 min. The temperature was then reduced, while
the pressure was relieved to ambient conditions. The resulting metallic
spherical bulk samples of diameter ∼5 mmwere harvested in the high-
pressure cell after the high-pressure synthesis experiments. The
byproduct boron oxide (mostly distributed around the sample) could
be easily removed by washing.

B. Structural Characterization

The structural properties of the as-synthesized iron–nickel ni-
tride samples were investigated by microfocus x-ray diffraction

FIG. 1. Ideal crystal structures of (a) γ-Fe4N, (b) γ-Fe3NiN, (c) γ-FeNi3, and (d) ε-Fe3N. The blue and green balls represent Fe and Ni atoms, respectively, and the red ball the N
atom.
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(XRD) (Rigaku, RAPIDII-V/DW, Cu Kα). The quantitative accuracy
was estimated to not exceed 0.5%. The elemental distribution of the
samples was analyzed by high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) (JEOL-TEM,
Japan). The crystal structure was determined by selected area elec-
tron diffraction (SAED). The homogeneity of the iron–nickel nitrides
was measured by scanning electron microscopy (JSM-7000F field
emission SEM, JEOL), and the elemental composition was deter-
mined using energy dispersive x-ray spectroscopy (EDX) (INCA
E250, Oxford Instruments). A 5 nm thick osmium coating on the
surface of each sample was produced using an osmium coater (Neoc-
STB, Meiwafosis Co., Ltd.) before EDX measurement. FeS2, Ni, and
BN were used as the EDX standards for the quantification of Fe, Ni,
and N, respectively.30

An in situ high-pressure synchrotron angle-dispersive x-ray
diffraction (ADXRD) study was performed at ambient tempera-
ture on a symmetric type of diamond anvil cell (DAC) with 500 μm
culet anvils at the 4W2 high-pressure beamline of the Beijing Syn-
chrotron Radiation Facility (BSRF). Each iron–nickel nitride sample
together with a small ruby ball of approximately 10 μmwas placed in
the 120 μm chamber of a rhenium gasket for indentation to a
thickness of about 40 μm.

The ruby fluorescence technique was used to calibrate the
pressure, while methanol/ethanol 4:1 (by volume) was used as the
pressure-transmitting medium.31 For the ADXRD measurements, a
Si (111) monochromator was used to produce synchrotron radiation
x rays of wavelength 0.6199 Å. The ADXRD patterns of the samples
thus obtained were integrated using FIT2D software.32,33

Neutron powder diffraction (NPD) is an effective and exact
technique to accurately determine atomic occupancy. In this work, we
performed NPD experiments on the iron–nickel nitride samples at
room temperature using the Fenghuang neutron diffractometer at the
China Mianyang Research Reactor (CMRR) of the Institute of Nu-
clear Physics and Chemistry, China.32 The elemental neutron scat-
tering length parameters in the iron–nickel nitride samples are
b(Fe) � 0.954 3 10−12 cm, b(Ni) � 1.031 3 10−12 cm, and
b(N) � 0.9363 10−12 cm. A thin-walled copper chamber of diameter
6 mm was used to enclose the iron–nickel nitride samples (each
weighing approximately 3 g). The NPD data were collected in the
range of 2θ � 20°–140° in steps of 0.1° s−1 and at a wavelength
λ � 1.57 Å. The sampling time was 10 h, and the neutron flux at the
sample position was 2.84 3 106 n s−1 cm−2. The data were refined
using FullProf Suite Toolbar version 2.05 Rietveld refinement soft-
ware.34 For the refined NPD patterns of the iron–nickel nitrides, the
reliability factors were Rwp � 30.2% and χ2 � 2.09.

III. RESULTS AND DISCUSSION

Owing to the effects of the lower surface energy, the as-
synthesized nitride samples from the HPSSM reaction were spher-
ical in shape [Fig. 2(a)]. In the HPSSM reaction, nitrogen degassing
leads to formation of abundant cavities inside the iron–nickel nitride
samples, as shown in Fig. 2(b). Typical bone-shaped interdendrite
phases were also detected, together with elemental segregation
[Fig. 2(c)]. This effect is associated with dendritic segregation in
nickel-based superalloys, as a side-effect of solidification.35,36 The
different grayscale regions in the SEM image in Fig. 2(d) (marked asA,
B, and C) indicate different phases in the sample. In fact, although we

have conducted many high-pressure experiments in which the
pressure–temperature–composition–time parameters (P–T–x–t)
were varied, almost all the successful experiments resulted in
multiple-phase products.

The typical result of an HAADF-STEM acquisition is shown in
Fig. 3(a), while Fig. 3(b) shows SAED patterns of the iron–nickel
nitrides, containing phases A, B, andC corresponding to the three sets
of diffraction spots. Figure 3(c) is a schematic diagram of the SAED
pattern, with the diffraction spots corresponding to phasesA, B, andC
in red, blue, and green, respectively. The elemental distributions
within different nitride phases was investigated further. Typical el-
emental maps obtained from STEM-EDX measurements are shown
in Figs. 3(d)–3(f). Phase A has the highest Ni and lowest N content,
while phase C has the highest Fe and lowest Ni content. An identical
conclusion is obtained from a consideration of the dynamics of
dendrite segregation.

The elemental composition was determined by EDS, and the
outcome of the refined NPD and XRD patterns is shown in Table I.
For all three phases, neither NPD nor EDX detected boron and
oxygen elements, which is consistent with the results of our previous
studies of HPSSM reactions.20,23–25,37,38 Determination of elemental
compositions by different methods can yield different outcomes
owing to the working principles of the particular method. For ex-
ample, EDX determines elements according to their different char-
acteristic x-ray emissions, XRD is based on interactions between
x rays and electrons, and NPD is based on neutron and nuclear
interactions. The analytical scales also differ between these methods:
micro-focused XRD measurements cover a few tens of micrometers,
and EDX analysis is effective within the order of a micrometer, while
NPD requires a significantly larger sample volume. Therefore, the
differences in chemical composition determined by the various

FIG. 2. (a) Typical reaction product from an HPSSM experiments. (b) In the
reactions, nitrogen degassing leads to abundant cavities. (c) and (d) SEM images of
typical iron-nickel nitride samples.
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methods may be caused by the different sizes of the area analyzed.
Taking into account that theNPDmethod ismore reliable for samples
that contain neighboring elements (such as Fe and Ni) and light
elements (such as N), in this work the ratios of atomic composition
were determined from the NPD results alone.39–41

According to the Hume-Rothery rules, when the difference in
atomic size between two elements is greater than 15%, it is difficult for
them to form a substitutional solid solution.40Owing to the atomic-size
difference δ{Fe, Ni} � 18.25%> 15%, therefore, it is difficult to form pure
phases of iron–nickel nitrides by employingNi as a substitute for Fe.On
the other hand, because themixing enthalpy reflects the atomic binding
energy, themixing enthalpy and atomic-size differencewere selected in
order to study the law of phase formation of iron–nickel nitrides. The
segregation phenomenon can be explained by the enthalpy of mixing
between the principal elements. The mixing enthalpies values are as
follows: ΔHmix

{Fe,N} � −87 kJ/mol, ΔHmix
{Ni,N} � −69 kJ/mol, and

ΔHmix
{Fe,Ni} � −2 kJ/mol.42 Since Fe shows a higher negative enthalpy

whenmixedwithNi, it is partially attracted to the dendrite region by the
Ni component. By contrast, N exhibits lower negative enthalpy with Fe
and Ni, and thus it is repelled from the dendrite region.

The micro-focused XRD patterns of iron–nickel nitrides col-
lected under ambient conditions (Fig. 4) were analyzed using the

Rietveld refinement method. This yielded three nitride phases with
reliability factors Rwp � 22.5% and χ2 � 0.74. The refined lattice
constants are listed in Table II, and it can be seen that no obvious
lattice distortion was found in the present experiments. According to
the structural and compositional analysis, the bone-shaped inter-
dendrite phase is mainly of γ-FeNi3 type, which is recorded as phase
A, while the dendrite matrix is composed of Fe, Ni, and N, and this is
recorded as phase B (γ-Fe4N type) and phase C (ε-Fe3N type). These
phases correspond to the areas marked A, B, and C in Fig. 2(d). The
existence of three N-bearing compounds was further confirmed by
XRD, and this is consistent with our observations from SEM.

To gain a better understanding of the produced materials, the
compressibility parameter was investigated. The synchrotron radi-
ation diffraction data indicate that the iron–nickel nitride samples are
stable in the pressure range 0–25 GPa (at room temperature). As the
pressure is increased, the positions of all the diffraction peaks of the
iron–nickel nitrides are found to shift toward larger 2θ values This
observation highlights a pressure-induced decrease in the d spacing,
and therefore a decrease in the unit-cell volume. The pressure evo-
lution of the unit-cell parameters of phases A, B, and C are shown in
Fig. 5. The pressure–volume curves for phases A, B and C were fitted
with a third-order Birch–Murnaghan equation of state (EOS)

FIG. 3. (a) HAADF-STEM image of an iron–nickel nitride. (b) The corresponding SAED pattern, where the spots corresponding to phases A, B, and C are represented in red, blue,
and green, respectively. (c) Schematic diagram of the SAED pattern, with each color corresponding to a crystal structure. (d)–(f) Corresponding STEM-EDX elemental maps
showing the distributions of Fe, Ni, and N, respectively, with A, B, and C representing γ-FeNi3-type, γ-Fe4N-type, and ε-Fe3N-type nitrides, respectively.

TABLE I. Elemental compositions of the three phases as determined by EDS, NPD, and XRD.

Phase A (γ-FeNi3 type) Phase B (γ-Fe4N type) Phase C (ϵ-Fe3N type)

EDS FeNi2.94N0.02 Fe2.87Ni1.27N Fe2.33Ni0.72N
XRD FeNi3.15N0.06 Fe3.06Ni1.02N Fe1.70Ni1.29N
NPD FeNi3.21N0.08 Fe2.94Ni1.08N Fe1.58Ni1.42N
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where B0 and B ′
0 are the isothermal bulk modulus and its first de-

rivative at zero pressure, and V is the unit-cell volume. The zero-
pressure volume V0 was determined by micro-focused XRD at am-
bient pressure. Since the methanol–ethanol mixture solidifies above
approximately 10 GPa at ambient temperature, only data at pressure
below 10 GPa were selected when performing EOS fitting. The values
of the bulkmodulus extracted in this work for phases A, B, andCwere
235(13) GPa, 222(1) GPa, and 171(1) GPa, respectively. The ex-
perimental values of B0 are listed in Table III, together with other
values extracted from previous works for comparison. Interestingly,
the bulk moduli of phases A and B show a significant increase. This
increase in bulk modulus can be explained by the addition of

interstitial nitrogen atoms, which leads to the formation of partial
covalent bonds that strengthen the mechanical properties. Thus,
nitrogen modification alters the mechanical properties of iron–nickel
alloys. Specifically, the atomic radius of N differs greatly from those of
Fe andNi.Under high pressure, N atoms are small enough to enter the
three-dimensional metal lattice interstitially, leading to lattice ex-
pansion. The distance between Fe/Ni atoms and N atoms in phase A
was found to be 2.535 Å, and that in phase B was 2.636 Å. In addition,
nitrogen is highly electronegative, which allows it to capture electrons
from metals. This results in a positive charge on the metal atoms.
Finally, the interatomic distance of the metals is expanded owing to
the repulsion force between them. TheB0 value of phase C obtained in
our experiment is consistent with previous observations. The reason
why phase C is similar to the phase reported previously is that the all-
interstitial sites (2c, 2b, 2d) are the sites available for N atoms at high
pressures within the hexagonal structure. The changes in elastic
properties of iron–nickel nitrides are mainly due to cation disorder
substitution and interstitial nitrogen.

FIG. 4. Rietveld refinement (red line) applied to micro-focused XRD patterns
acquired from iron–nickel nitride samples.

TABLE II. Space group, lattice parameters a and c, and unit-cell volume V of the three phases for iron–nickel nitrides and
reference phases.

Phase Space group a (Å) c (Å) V (Å3) Reference

A (γ-FeNi3 type)
FeNi3.21N0.08 Pm3m 3.571(9) . . . 45.572(2) This work
FeNi3 Pm3m 3.564 . . . 45.270(2) 43
B (γ-Fe4N type)
Fe2.94Ni1.08N Pm3m 3.773(1) . . . 53.711(2) This work
Fe4N Pm3m 3.7972(1) . . . 54.5 42
Fe3NiN Pm3m 3.775(1) 53.80 44
C (ε-Fe3N type)
Fe1.58Ni1.42N P6322 4.687(1) 4.387(2) 83.472(3) This work
Fe3N P6322 4.660(6) 4.337(5) 81.595(9) 20

FIG. 5. Plots of normalized unit-cell volume vs pressure for iron–nickel nitrides. The
inset shows Rietveld refinement patterns from synchrotron radiation ADXRD of
iron–nickel-based nitride powder under a pressure of 1.87 GPa.
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The Rietveld refinements of NPD patterns acquired from the
iron–nickel nitrides are shown in Fig. 6(a). In the NPD refinements,
phases A, B, and C and copper were considered. From the refined
NPD patterns, copper makes little contribution to the diffraction.

With cation disorder taken into account, the reliability factors of the
refinements were found to be the lowest (Rwp � 30.2% and χ2 � 2.09).
The Rwp factor may be related to the nonstoichiometry, since the
nonstoichiometric ratios of transition metal nitrides have an impact

TABLE III. Experimental and calculated bulk modulus B0 and its first derivative B
′
0 at zero pressure for iron–nickel nitrides.

Phase Space group Methoda P (GPa) B0 B′
0 Reference

A (γ-FeNi3 type)
FeNi3.21N0.08 Pm3m DAC-SR 0–25 235(13) 4.0 This work
FeNi3 Pm3m DFT . . . 193.7 . . . 43
FeNi0.586 Pm3m DAC-SR 0–48 160(15) 4.0 45
B (γ-Fe4N type)
Fe2.94Ni1.08N Pm3m DAC-SR 0–25 222(1) 4.0 This work
Fe4N Pm3m DAC-SR 0–33 155.8(6) 4.23 46
Fe4N Pm3m DAC-SR 0–31 155(3) 4.0 47
Fe4N Pm3m DFT . . . 166 4.24 48
Fe4N Pm3m DFT . . . 191.8 . . . 49
C (ε-Fe3N type)
Fe1.58Ni1.42N P6322 DAC-SR 0–25 171(2) 5.7 This work
Fe2.333N P6322 DAC-SR 0–51 168 5.7 44
Fe2.727N P6322 DAC-SR 0–10 172(4) 5.7 21
Fe3.75N P6322 MA 0–31 162(3) 4.0 50
Fe3N P6322 DAC-SR 0.8–45.1 154(2) 4.0 24
Fe3N P6322 DFT . . . 214 . . . 21
Fe3N P6322 DFT . . . 170.9 . . . 51
Fe3N P6322 DFT . . . 191.5 . . . 52

aMA, multi-anvil press; DAC-SR, diamond anvil cell experiment in synchrotron radiation; DFT, density functional theory.

FIG. 6. (a) Rietveld-refined NPD patterns for iron–nickel nitrides. (b), (c), and (d) Crystal structures of three iron–nickel nitrides as determined fromNPD refinement, corresponding
to phases A, B, and C, respectively. For phases A and B, the Fe and Ni atoms simultaneously occupy the cation sites (3c and 1a), and the N atom occupies the 1b site. For phase C,
the Ni atoms partially substitute for Fe atoms at 6g sites, and the N atoms diffuse from 2c (red) to 2b (yellow) and 2d (brown) sites.
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on their structural stability.53 Figure 6(b) shows the crystal structure
of phase A. Ni atoms partially substitute for Fe atoms at 1a sites, and
Fe atoms partially substitute for Ni atoms at 3c sites. On the basis of
the NPD refinement results, the measured site occupancies of Fe/Ni
atoms for 3c and 1a sites are 0.198/0.801 and 0.750/0.248, respectively
(Table IV, phase A). A possible explanation for this is that the 1a sites
are occupied by Fe and the 3c sites by Ni in the ordered L12 structure,
with significant difference with respect to the ordered L12 structure
(L12 is defined as fcc-based, with different types of atoms at the eight
vertices and six face centers). In this work, the measured site occu-
pancies of Fe atoms for 3c and 1a sites were 0.198 and 0.750, re-
spectively, and the site occupancies of Ni atoms for 3c and 1a sites
were 0.801 and 0.248, respectively. Therefore, phase A should cor-
respond to the completely cation-disordered compound. Meanwhile,
the measured 1b site occupancy for N atoms is 0.061 (occ.1b � 0.061).
As a consequence, interstitial N atoms can still enter the γ-FeNi3-type
lattice and form interstitial solid solutions under high pressure.

Previous studies have shown that Ni substitution is beneficial to
1a sites in γ-Fe4N.

43 In this work, however, we have shown the
possibility of stabilizing a random alloy of Ni atoms on the 1a and 3c
sites, if configurational entropy is considered. In phase B [Fig. 6(c)],
Ni atoms partially substitute for Fe atoms at 3c sites, Fe atoms partially
substitute for Ni atoms at 1a sites, and the N atom occupies the 1b
position. The measured site occupancies of Fe/Ni atoms for 3c and 1a
sites are 0.543/0.455 and 0.378/0.621 (Table IV, phase B). It can be
seen here that the disorder of the cations leads to an increase in
entropy, with consequent significant improvements in structural
stability. Extra stability is also provided by the addition of interstitial
nitrogen into phases A and B as compared with the γ-Fe structure.

In addition, Fig. 6(d) shows that Ni atoms partially substitute for
Fe atoms at 6g sites, and all the voids (2c, 2b, and 2d sites) formed by
hcp-Fe may be occupied by N atoms in the N-rich phase C (ε-Fe3N
type). When these positions are completely occupied, the coordi-
nation number of each iron atom is equal to 6 (CN� 6). Themeasured
site occupancies of N atoms for 2c, 2b, and 2d sites are 0.552, 0.313,
and 0.133 according to the Rietveld-refined NPD pattern (Table IV,
phase C). As can be seen, themainN site is the 2c site, while the 2b and

2d positions can also be occupied.We denote Fe atomswithCN� 1, 2,
3, 4, 5, and 6 by Fe(1), Fe(2), Fe(3), Fe(4), Fe(5), and Fe(6), re-
spectively. It has been found that in ε-Fe3N1.098 (P6322 structure), the
probabilities of occurrence PFe(0), PFe(1), PFe(2), PFe(3), PFe(4), PFe(5),
and PFe(6) are 2.0%, 17.6%, 45.8%, 28.5%, 5.9%, 0.3%, and 0.004%,
respectively.18 We employ a similar notation for phase C, with, for
example, Fe/Ni(0) representing an Fe/Ni atomwhoseN-coordination
number (Fe/Ni by N) is 0. Then, PFe/Ni(0) ≈ 7.5% in phase C, since
PFe/Ni(0) � (1 − occ.2c)

2(1 − occ.2b)
2(1 − occ.2d)

2. The values of occ.2c,
occ.2b, and occ.2d are shown in Table IV (phase C). Similarly, PFe/Ni(1),
PFe/Ni(2), PFe/Ni(3), PFe/Ni(4), PFe/Ni(5), and PFe/Ni(6) are 27.1%, 36.1%,
22.1%, 6.4%, 0.8%, and 0.038%, respectively. Because PFe/Ni(0) > PFe(0)

and PFe/Ni(1) > PFe(1), the local magnetic moments of iron–nickel
nitrides are higher.

On the basis of the Hume-Rothery rules,54 it is challenging to
achieve substitution between Fe and Ni, owing to the difference in
atomic size being greater than 15%. In this work, however, Fe and Ni
atoms were substituted to form substitutional solid solutions despite
the atomic-size difference being as high as 18.25%. However, it can be
expected that changes in interatomic distances and interactions under
extreme HTHP conditions will lead to broadening of energy bands
and allow deep modification of bonding patterns and electronic
orbitals. HTHP confinement conditions favor substitutional and
interstitial site disordering in ternary iron–nickel nitrides.

IV. CONCLUSION

In summary, novel spherical bulk iron–nickel nitrides were
successfully synthesized through an HPSSM reaction under a pres-
sure of 5 GPa and a temperature of 1673 K. The structural properties
of the as-prepared samples were fully characterized by NPD, SEM,
HAADF-STEM, SAED,micro-focus XRD, and synchrotron radiation
ADXRD. The obtained spherical-like bulk samples were found to
include three N-bearing compounds (γ-FeNi3 type, γ-Fe4N type, and
ε-Fe3N type) owing to dendrite segregation of the nickel-based alloy.
The crystal structure and site occupation of each phase were analyzed
and discussed in detail. The Fe andNi atomswere found to occupy the
lattice positions in a disorderly manner. These significant elastic
properties can be attributed to the joint action of interstitial N atoms
and disorderly substituted Ni atoms.
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