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CZ-611 37 Brno, Czech Republic

* Correspondence: andreas.leineweber@iww.tu-freiberg.de

Abstract: Although the general instability of the iron nitride γ′-Fe4N with respect to other phases
at high pressure is well established, the actual type of phase transitions and equilibrium conditions
of their occurrence are, as of yet, poorly investigated. In the present study, samples of γ′-Fe4N and
mixtures of α Fe and γ′-Fe4N powders have been heat-treated at temperatures between 250 and
1000 ◦C and pressures between 2 and 8 GPa in a multi-anvil press, in order to investigate phase
equilibria involving the γ′ phase. Samples heat-treated at high-pressure conditions, were quenched,
subsequently decompressed, and then analysed ex situ. Microstructure analysis is used to derive
implications on the phase transformations during the heat treatments. Further, it is confirmed that the
Fe–N phases in the target composition range are quenchable. Thus, phase proportions and chemical
composition of the phases, determined from ex situ X-ray diffraction data, allowed conclusions
about the phase equilibria at high-pressure conditions. Further, evidence for the low-temperature
eutectoid decomposition γ′ → α+ ε′ is presented for the first time. From the observed equilibria, a
P–T projection of the univariant equilibria in the Fe-rich portion of the Fe–N system is derived, which
features a quadruple point at 5 GPa and 375 ◦C, above which γ′-Fe4N is thermodynamically unstable.
The experimental work is supplemented by ab initio calculations in order to discuss the relative phase
stability and energy landscape in the Fe–N system, from the ground state to conditions accessible in
the multi-anvil experiments. It is concluded that γ′-Fe4N, which is unstable with respect to other
phases at 0 K (at any pressure), has to be entropically stabilised in order to occur as stable phase
in the system. In view of the frequently reported metastable retention of the γ′ phase during room
temperature compression experiments, energetic and kinetic aspects of the polymorphic transition
γ′ 
 ε′ are discussed.

Keywords: iron nitride; high pressure; phase stability; phase transitions; phase diagrams;
phase equilibria

1. Introduction

The large body of research devoted to the Fe–N system is mainly motivated by its high
technological relevance in the field of surface treatment of iron and steel parts [1]. Although
studies covering microstructure evolution and mechanical properties of nitrided surface
layers predominate, there has been, and still exists, a growing interest in the fundamental
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physical properties of Fe-based nitride phases. This can be attributed to the peculiar
magnetic properties of the iron nitrides contrasting the magnetism of the allotropes of pure
Fe. The Fe–N system offers a unique opportunity to study phase stability of the various
allotropes of Fe (α-bcc, γ-fcc, and ε-hcp) being subject to modified stability by the presence
of interstitial atoms. In contrast to the Fe–C system, the Fe–N system is ideal for such
studies due to the existence of structural similarity between the terminal solid solutions
and the interstitial compounds. The structures of Fe–N phases up to the composition of
Fe2N can be understood to be composed of a fully occupied bcc, fcc, or hcp sublattice of Fe
atoms with N on octahedral sites. In the terminal solid solution phases α-Fe(N) with bcc Fe
arrangement and γ-Fe(N) with fcc Fe arrangement, the N atoms are distributed randomly
over the interstitial sublattice. The same can be expected for a potential ε-Fe(N) solid
solution of the hcp high-pressure modification ε-Fe. In contrast to this, the nitride phases
γ′-Fe4N and ε′-Fe3N1+x show long-range order of N on the interstitial sublattice [2–5].
Crystallographic information on the phases relevant for this work is listed in Table 1.
Throughout this text, Greek letters with prime symbols, e.g., γ′ and ε′, will be used to refer
to nitride phases with a potentially long-range ordered arrangement of N atoms, and plain
Greek symbols to refer to terminal solid solution phases α, γ, and ε. In the case of the ε′

nitride phase, this is not common practice [6], but it helps to establish consistent labelling
of the relevant phases.

Table 1. Relevant phases studied in the present paper and their crystallographic models considered in the course of phase
identification and lattice parameter determination. For the models used in the DFT calculations, see Table 2.

Phase Identifier Fe Basis
Structure Space Group Fe Atoms per

Employed Unit Cell
Lattice Parameters of the

Employed Unit Cell
Reference for

Structure Model

α/α-Fe(N) bcc Im3m 2 aα = abcc [6]
γ/γ-Fe(N) fcc Fm3m 4 aγ = afcc [6]
γ′/γ′-Fe4N fcc Pm3m 4 aγ ′ = afcc [2]

ε′/ε′-Fe3N1+x
a hcp P6322 6 aε ′ = 31/2 ahcp, cε ′ = chcp [4,5]

a Using the prime notation to indicate the state of order, the differently ordered hcp-based ζ-nitride (ζ-Fe2N; not regarded as relevant for
this work) might be referred to as ε”. For the sake of brevity, we will refer to the ε′ nitride of composition Fe3N0.75 as ε′-Fe4N.

At atmospheric pressure, the formation of N-rich phases, such as the nitride phases
γ′ and ε′, is typically accomplished by gaseous nitriding (using a NH3 + H2 mixture),
salt bath nitriding, or plasma nitriding processes. All processes impose a high N activity
on Fe, which is multiple orders of magnitude higher than the N activity provided by N2
gas at atmospheric pressure. This in turn means that Fe nitrides are generally metastable
with respect to decomposition into Fe and N2 at the nitriding temperatures. Currently
accepted thermodynamic databases [7,8] represent the metastable phase equilibria in the
Fe–N system with a topology similar to that shown in Figure 1. It is generally accepted
that the γ′ phase transforms to ε′ by a congruent reaction ε′ 
 γ′ (c1) and that there are
at least two more eutectoid reactions, ε′ 
 γ+ γ′ (e1) and γ
 α+ γ′ (e2). In contrast,
information on the low-temperature eutectoid decomposition γ′ 
 α+ ε′ (e3) is more
vague, due to its expectedly low equilibrium temperature [9,10]. Throughout this text the
notation α
 β will be used to refer to a univariant equilibrium reaction of a phase α
which is stable at high temperatures to a phase βwhich is stable at low temperatures. A
reaction equation β→ α indicates a specific direction of the reaction, e.g., in a pressure-
induced phase transformation of the phase β being stable at low pressure to the phase α
stable at high pressure.
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Figure 1. Phase diagram of the Fe-rich part of the Fe−N system calculated for ambient pressure 
conditions using the Thermo-Calc software [11] employing the database provided by Göhring et 
al. [7]. See text for an explanation of designations c1 and e1…3. 
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the high-pressure allotropic transformations of Fe have been subject of numerous 
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research on iron nitrides has been triggered by their peculiar volume-dependent magnetic 
properties. This can best be exemplified for the γ-Fe(N) and γ′-Fe4N phases. Incorporation 
of N atoms in the octahedral sites of γ-Fe leads to a volume increase and the stabilisation 
of the γ solid solution to temperatures much lower than the allotropic transformation γ ⇌α. The ferromagnetic γ′ phase has a molar volume which is by 20% higher than that of 
pure γ-Fe, and is about 4.3% higher than a hypothetical paramagnetic γ-Fe(N) of similar 
composition. This renders γ′-Fe4N the ideal prototype to study the volume dependence of 
magnetic properties of both binary and ternary transition metal nitrides [18–21]. 

Further, a series of works with background in the field of geosciences cover the 
stability of Fe nitrides at high-pressure conditions [22–25]. It has been shown implicitly by 
Minobe et al. [25] that the γ′ phase can be retained upon compression to 99 GPa. This 
metastable retention upon RT compression has occasionally been interpreted to indicate 
that the γ′ phase is thermodynamically stable at RT and high-pressure conditions [24,26]. 
In contrast, it has been shown in several other works that a phase transition γᇱ → ε′ can 
be induced upon annealing at T > 900 °C at a pressure in the GPa range [23,27], and that 
moderate heating at 400 °C at 20–30 GPa could induce a transition γᇱ → γ + ε′ [23]. It 
should be noted that the potential existence of a γᇱ → ε′  transition at high pressure 
already becomes evident from Figure 1 as a congruent reaction εᇱ ⇌ γᇱ or, in general, an 
extension of the ε′ region to N contents below Fe4N is already present in the system at 
atmospheric pressure. 

Despite the numerous works on the compression behaviour of Fe–N phases, 
including the study of phase transitions [25,27,28] and high-pressure synthesis of novel 
Fe nitrides [29–31] (mostly of higher N contents than relevant for the present work), only 
a small number of works have actually tried to derive any data on the phase equilibria 
present in the system at elevated pressure. In our previous work [32] phase equilibrium 
data of the Fe–N system at 13 GPa have been determined. Further, it was found that the 
iron nitride γ′-Fe4N decomposes into low-N γ solid solution and high-N ε′ nitride if heat-
treated between 400–600 °C at 13 GPa, whereas at T ≥ 700 °C a transformation into 
ε′-Fe3N0.75 takes place. By means of Clapeyron-slope estimations it has been shown that, 
with increasing pressure, the phase region of the γ′ nitride is continuously constricted 
from both low- and high-temperature sides, and could likely disappear at P < 8 GPa [32].  

Somewhat before our experimental study at 13 GPa, Breton et al. [24] published an 
alternative P−T projection of phase equilibria in the Fe–N system covering the pressure 

Figure 1. Phase diagram of the Fe-rich part of the Fe–N system calculated for ambient pressure
conditions using the Thermo-Calc software [11] employing the database provided by Göhring
et al. [7]. See text for an explanation of designations c1 and e1 . . . 3.

Due to the high relevance of Fe and Fe-based alloys to the field of materials science, the
high-pressure allotropic transformations of Fe have been subject of numerous experiment-
based [12–14] and theory-based studies [15–17]. The first high-pressure research on iron
nitrides has been triggered by their peculiar volume-dependent magnetic properties. This
can best be exemplified for the γ-Fe(N) and γ′-Fe4N phases. Incorporation of N atoms
in the octahedral sites of γ-Fe leads to a volume increase and the stabilisation of the γ
solid solution to temperatures much lower than the allotropic transformation γ
 α . The
ferromagnetic γ′ phase has a molar volume which is by 20% higher than that of pure γ-Fe,
and is about 4.3% higher than a hypothetical paramagnetic γ-Fe(N) of similar composition.
This renders γ′-Fe4N the ideal prototype to study the volume dependence of magnetic
properties of both binary and ternary transition metal nitrides [18–21].

Further, a series of works with background in the field of geosciences cover the stability
of Fe nitrides at high-pressure conditions [22–25]. It has been shown implicitly by Minobe
et al. [25] that the γ′ phase can be retained upon compression to 99 GPa. This metastable
retention upon RT compression has occasionally been interpreted to indicate that the γ′

phase is thermodynamically stable at RT and high-pressure conditions [24,26]. In contrast,
it has been shown in several other works that a phase transition γ′ → ε′ can be induced
upon annealing at T > 900 ◦C at a pressure in the GPa range [23,27], and that moderate
heating at 400 ◦C at 20–30 GPa could induce a transition γ′ → γ+ ε′ [23]. It should be
noted that the potential existence of a γ′ → ε′ transition at high pressure already becomes
evident from Figure 1 as a congruent reaction ε′ 
 γ′ or, in general, an extension of the ε′

region to N contents below Fe4N is already present in the system at atmospheric pressure.
Despite the numerous works on the compression behaviour of Fe–N phases, in-

cluding the study of phase transitions [25,27,28] and high-pressure synthesis of novel Fe
nitrides [29–31] (mostly of higher N contents than relevant for the present work), only
a small number of works have actually tried to derive any data on the phase equilibria
present in the system at elevated pressure. In our previous work [32] phase equilibrium
data of the Fe–N system at 13 GPa have been determined. Further, it was found that
the iron nitride γ′-Fe4N decomposes into low-N γ solid solution and high-N ε′ nitride if
heat-treated between 400–600 ◦C at 13 GPa, whereas at T ≥ 700 ◦C a transformation into
ε′-Fe3N0.75 takes place. By means of Clapeyron-slope estimations it has been shown that,
with increasing pressure, the phase region of the γ′ nitride is continuously constricted from
both low- and high-temperature sides, and could likely disappear at P < 8 GPa [32].

Somewhat before our experimental study at 13 GPa, Breton et al. [24] published an al-
ternative P–T projection of phase equilibria in the Fe–N system covering the pressure range
of 15–60 GPa and temperature range of 300–1600 K. The derived P–T projection shows



Materials 2021, 14, 3963 4 of 27

an invariant point involving γ′-Fe4N at 41 GPa and 1000 K and implies thermodynamic
stability (or re-appearance) of the γ′-Fe4N up to 56 GPa at 300 K, apparently contradict-
ing experimental results at high pressure [23,32] and currently accepted thermodynamic
models of the system at atmospheric pressure [7,8].

Controversy concerning the phase equilibria in the Fe–N system at elevated pressure
exists mainly as, presently, no phase equilibrium data in the pressure range relevant for
the pressure-induced disappearance of the γ′ phase exists. In our own and other previous
works experiments have been conducted at pressures [23,32] or temperatures [27] far higher
than the conditions anticipated for thermodynamic stability of the γ′ phase [32].

In the present study, a more detailed experimental investigation of the pressure
induced disappearance of the γ′-Fe4N has been conducted in the relevant pressure and
temperature range, i.e., at P ≤ 8 GPa and T < 700 ◦C. The obtained data are cast into phase
diagrams used to derive a more definite, experiment-based P–T projection of the univariant
equilibria in the Fe–N system up to a composition of Fe3N. Employing ab initio calculations
and literature data, thermodynamic aspects of the stability of the Fe–N phases with respect
to pressure and temperature are discussed, with special emphasis on the γ′-Fe4N phase.

2. Materials and Methods
2.1. DFT Calculations

The quantum-mechanical calculations were performed using the Vienna Ab initio Sim-
ulation Package (VASP) [33,34] that implements the density functional theory (DFT) [35,36].
Projector augmented wave (PAW) pseudopotentials [37,38] (Fe_pv: 3pd7s1 and N: s2p3)
were employed in the calculations. The plane wave cut-off energy amounted to 500 eV and
the product of the number of atoms and the number of k-points in the reciprocal space
was between 12,000 and 15,000. The exchange and correlation energy were treated within
the generalised gradient approximation (GGA) as parametrised by Perdew, Burke, and
Ernzerhof (PBE) [39]. Volumes and shapes of the supercells were relaxed in the calculations.
Relaxations were terminated when atomic forces smaller than 0.0005 eV/Å were obtained.
The resulting structures are shown in Figure 2 and respective crystallographic information
is given in Table 2.

Table 2. Model structures for and results of the DFT calculations including crystallographic informa-
tion on the employed model structures of relevant Fe–N phases with different N contents. Given
are relaxed lattice parameters and relationship to unit cells of the bcc, fcc, and hcp Fe allotropes,
energy, and volume differences per atom (Fe + N) with respect to a phase mixture α-Fe + ε′-Fe3N and
equilibrium pressures P0 for a potential γ′ → ε′ transition at 0 K, estimated according to Equation (3).

Model
Structure
for DFT

Space
Group

Fe/N Atoms
per Unit Cell Lattice Parameters ∆u a

[meV]
∆V a

[Å3]
µ b

[µB]

α-Fe Im3m 2/0 aα = 2.8315 Å = abcc 0 0 2.20

γ′-Fe4N Pm3m 4/1 aγ = 3.7877 Å = afcc +12.5 +0.53 2.48

ε′1-Fe4N P6122 24/6
aε′1 = 5.2541 Å = 2 ahcp,

+21.9 −0.03 1.97cε′1 = 12.8796 Å = 3chcp

ε′2-Fe4N F2dd 32/8

aε′2 = 5.2705 Å ≈ 2ahcp,

+20.0 −0.00 1.99bε′2 = 9.1055 ≈ 2 × 31/2ahcp,
cε′2 = 8.61456 = 2chcp

ε′3-Fe4N P6322 24/6
aε′3 = 2 × 31/2ahcp = 9.1409 Å,

+34.3 −0.00 2.02cε′3 = 4.2839 Å = chcp

ε′-Fe3N P6322 6/2
aε ′ = 4.6475 Å = 31/2ahcp,

0 0 2.04cε ′ = 4.3119 Å = chcp
a Energy/volume of formation from α + ε′-Fe3N corresponding to the vertical distance of the energy value from
the line connecting the energy values of α + ε′-Fe3N in Figure 3. Note that in Figure 3 energy of formation values
from α-Fe + N2 are shown. b Average magnetic moment per Fe atom.
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Figure 2. Illustration of the crystal structures relevant for the present work (see also Tables 1 and 2). “Bonds” highlight
the nearest neighbour N–Fe distances. The unit cells are outlined by blue dotted lines. (a) Crystal structures of the phases
given in Table 1 ignoring the disordered N sites in α/γ-Fe(N) and reflecting the ideal N ordering in γ′-Fe4N/ε′-Fe3N
(see also Table 2). (b,c) Different ε′1-, ε′2-, and ε′3-Fe4N model structures as listed in Table 2, showing the unit cell contents
augmented by further Fe atoms completing the octahedral environments of the depicted N atoms. The hexagonal c axes of
the underlying hcp structures are oriented vertically as also in the case of ε′-Fe3N. At the bottom of (b,c), single layers
of octahedral sites perpendicular to the c axis of the underlying hcp structure are shown for (b) ε′1-Fe4N (similar for
ε′2-Fe4N) and (c) ε′3-Fe4N, depicting the different types of distributions of the N atoms in these model structures. The “x”
in (c) marks the empty octahedral sites, which are additionally occupied in ε′-Fe3N showing the similarity between both
structures, while the N ordering in ε1

′- and ε2
′-Fe4N resembles that in γ′-Fe4N. Within a (001)hcp layer the N ordering

implies a doubling of the two-dimensional periodicity, as it is the case for the (111)fcc plane in the case of γ′-Fe4N. The
ε′2-Fe4N model structure seems to correspond to a hcp base Fe4C structure predicted recently to be stable in the Fe-C
system [40].

2.2. Starting Materials

Fe powder (Alfa Aesar, 99.9+% metals basis, particle size < 10 µm) has been gas
nitrided for 150 h at 510 ◦C in a flowing NH3/H2 gas mixture in a technical nitriding
furnace (Härterei Carl Gommann GmbH, Remscheid, Germany) to prepare single phase
γ′-Fe4N powder. To prepare samples with compositions of approximately 15 at%, some of
the γ′ powder was mixed with the same pure α-Fe powder as was used for the nitriding
process. Pure γ′ powder, as well as the α + γ′ powder mixture, were pre-compressed with a
hydraulic press into dense pellets of 3.0 mm diameter and 2.2–2.3 mm height. The pressed
powder pellets were sealed into CsCl capsules to avoid N-loss and oxygen contamination of
the samples during the high-pressure heat treatments. The capsules were die-forged from
water-free, annealed CsCl (Merck KGaA, 99.5% purity) to the final dimensions of 4.2 mm
outer diameter, 3.3–3.4 mm height (depending on the pressed powder pellet) and 0.5–
0.6 mm wall thickness. The entire sample storage, preparation, sealing, and mounting into
the octahedral pressure medium (see Section 2.3) was carried out in a glovebox operated
with an N2 gas atmosphere.

2.3. Multi-Anvil Experiments

Two different assembly geometries, namely 18/12 and 14/8 were employed in the
experiments (see Supplementary Materials for sketches). The first involves octahedral
pressure media with an edge length of 18.5–18.7 mm and WC-Co anvils with 12 mm edge
length truncations, and the second octahedra with 14.5–14.7 mm edge length and 8 mm
truncations, respectively. Assemblies of type 18/12 were used in experiments at 2 GPa,
whereas assemblies of type 14/8 were used for experiments at higher pressures.

Both the octahedral pressure media and the plugs above the sample capsule were
manufactured from monoclinic ZrO2 (Saint-Gobain; Le Pontet, France). ZrO2, which is
commonly used as thermal insulation sleeve in multi-anvil experiments allows for better
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thermal insulation than the commonly used MgO at the expense of a potentially reduced
maximum achievable pressure [41].

The central hole in the octahedra was lined with a Kanthal A1 foil with 65 µm thickness,
which served as resistive heater. The filled capsules placed in the centre position of the
lined bore hole. Type C thermocouples (W5%Re/W26%Re, ConceptAlloys, Inc., Whitmore
Lake, MI, USA) were used to record the temperature during annealing. The thermocouple
junction was held in position by an Al2O3 capillary tube with 1.2 mm diameter (Friatec
GmbH, Mannheim, Germany) which was positioned in a central hole in the ZrO2 plug
and in direct contact to the CsCl capsule. Special care was taken to ensure identical
thermocouple positions along the furnace in any of the experiments. Coils of bare copper
wire, 6–7 mm in length, were inserted ≈1 mm deep into the octahedron to allow for
mechanical protection along the 5 mm wide and 3.0–3.1 mm thick Micanite gaskets.

All experiments were conducted in a uniaxial hydraulic press (10 MN maximum ram
force) equipped with a Walker-type [42] multi-anvil module (both Voggenreiter Sonder-
maschinen GmbH, Mainleus, Germany) to generate quasi-hydrostatic pressure conditions.

Table 3 summarises the conditions of each multi-anvil experiment. The sample pres-
sure has been determined by comparison with calibration curves determined in additional
calibration experiments using the phase transitions of Bi [43,44] as well as ZrO2 [45] (see
Supplementary Materials and Reference [46] for more information on the calibration pro-
cedure). Heat treatments were started after the samples have been compressed to the
target pressure. The given temperatures are those directly measured by the thermocouple.
No corrections for the potential effects of pressure [47] or protective copper coils [48] on
the thermocouple electromotive force have been made. A more detailed error discussion
of temperature measurement is presented in Section 4.1. Some of the samples were ho-
mogenised at a higher temperature (T1 in Table 3) prior to the final annealing step. After
homogenisation, these samples were rapidly cooled to the final annealing temperature (T2
in Table 3) within 5–10 s. After the annealing was finished, all samples were quenched to
RT, by switching off the power supply. The cooling rate was sufficiently high to quench the
high-pressure state of the sample, e.g., in 14/8 cooling the sample from 1000 ◦C to 100 ◦C
is accomplished within 10 s and RT is reached after less than 4 min. After the samples
reached RT, decompression was initiated. The samples were recovered by breaking the
octahedral pressure medium in a vice and dissolving the CsCl capsule in water.

Table 3. Conditions of the high-pressure heat treatments—estimated sample pressure P, homogenisa-
tion temperature T1 and time t1, temperature of the final annealing step T2 and annealing time t2,
and initial phase composition and phases present after high-pressure heat treatment.

Sample ID P [GPa] T1 [◦C] t1 [h] T2 [◦C] t2 [h] Initial Phases Product Phases

2-400 2 900 1 400 4 α + γ′ α + γ′

2-500 2 – – 500 4 α + γ′ γ + γ′

2-550a 2 – – 550 4 α + γ′ γ + ε′

2-550b 2 – – 550 4 γ′ γ′ + ε′

2-600 2 – – 600 4 γ′ ε′

2-800 2 – – 800 1 α + γ′ γ + ε′

2-1000 2 – – 1000 0.25 α + γ′ ε′

3-400 3 – – 400 1 γ′ γ′ + ε′

4-250 4 – – 250 4 γ′ γ′ + (ε′)
4-300 4 – – 300 4 γ′ γ′ + ε′

4-400a 4 1000 1 400 4 α + γ′ α + γ′

4-400b 4 – – 400 4 γ′ γ′ + ε′

4-450 4 1000 0.5 450 4 α + γ′ γ + γ′ + ε′

4-500 4 – – 500 1 γ′ ε′

4-600 4 – – 600 1 α + γ′ γ + ε′

4-1000 4 – – 1000 1 α + γ′ ε′

4.5-400 4.5 1000 0.5 400 4 α + γ′ α + γ + γ′ + ε′

5-300 5 – – 300 4 γ′ α + γ′ + ε′

5-350 5 – – 350 4 γ′ α + γ + γ′ + ε′

5-400 5 – – 400 4 γ′ γ + ε′

6-400 6 – – 400 4 γ′ γ + ε′

8-400 8 – – 400 4 γ′ γ + ε′
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2.4. Sample Analysis

The chemical composition of the starting powders was analysed by means of carrier-
gas hot-extraction employing a Bruker G8 GALILEO analyser. Three individual measure-
ments were conducted in order to determine average N and O contents as well as their
uncertainties. The phase composition of the starting powders was validated by means of
XRD (see below).

For microscopic analysis, samples recovered from high-pressure heat treatments
were ground and polished along the longitudinal axis of the sample cylinder such that
microstructure inhomogeneity due to axial temperature gradients would be discernible. In
the final preparation step, the samples were vibration polished for 5 h employing a SiO2
polishing agent of 0.02 µm grade. Samples were cold embedded into epoxy resin to avoid
potential tempering of the quenched phases.

Microstructure analysis was conducted employing a JSM7800F scanning electron
microscope, which was equipped with a field-emission gun. The samples were analysed by
means of back scattered electron (BSE) imaging and electron backscatter diffraction (EBSD)
during which the microscope was operated at 20 kV. All EBSD datasets were evaluated
within the OIM Analysis™ 8 software.

A Bruker D8 ADVANCE diffractometer in Bragg–Brentano para-focusing geometry
was used for X-ray diffraction (XRD) analysis. The diffractometer was equipped with
a quartz crystal Johannsson incident beam monochromator enabling the use of CoKα1
(λ = 1.78897 Å) and a Lynxeye™ Si strip position-sensitive detector. Diffraction data were
collected in the angular range of 30–140◦. The acquired diffraction patterns were processed
by the Topas 5 software mostly in terms of Rietveld refinements. Only for samples 2-1000
and 4-1000, which showed strong texture, were lattice parameters determined by Paw-
ley fits. In the refinements Thompson-Cox-Hastings pseudo-Voigt profile functions were
employed to describe the Peak shapes. The background was described by a Chebyshev
polynomial. To treat systematic errors resulting from sample mounting, a specimen dis-
placement correction was included in the refinements. Lattice parameters reported here
are round to the closest multiple of 0.0001 Å, due to the low standard deviations calculated
during the refinements (typically below 5 × 10−5 Å).

3. Results
3.1. Analysis of DFT Calculations

The results of the DFT calculations of the model structures are given in Table 2 and
energies of formation and atomic volumes are shown in Figure 3. CIF files containing details
of the crystal structures of the ε′-Fe4N model structures are provided as Supplementary
Materials. Note that the structure data were processed using the FINDSYM software [49],
whereby standard settings of the space groups were employed, which in the case of ε2

′-
Fe4N deviate from the setting chosen in Table 2 to emphasise the relation between the
different superstructure unit cells.

Figure 3a illustrates that the energies of formation of all Fe4N model structures are
located above the line connecting the energies of formation of α-Fe and ε′-Fe3N, indicating
that Fe4N has a positive energy of formation with respect to α + ε′-Fe3N, as the distance
of energy value of the respective Fe4N structure corresponds to corresponding energy of
reaction (per atom). These values are included in Table 2, whereby the experimentally
known γ′-Fe4N structure is that of lowest energy. The atomic volumes shown in Figure 3b
show that all the ε′-Fe4N model structures have a significantly lower volume than γ′-Fe4N,
and fall on the line connecting α-Fe and ε′-Fe3N.
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3.2. Analysis of Starting Materials

Carrier gas hot extraction yielded a chemical composition of 5.97(10) wt% N and
0.48(1) wt% O (balance Fe), and thus 20.0 at% N for the pure γ′ powder. Note that the
oxygen content includes contributions from adsorbates on the powder particle surfaces.
XRD analysis indicated that no oxide phase is present in any of the two initial powders.
XRD analysis confirmed that the powder is indeed single-phase γ′ nitride with a lattice
parameter of 3.7987 Å. This value corresponds to a N content of 20.0 at% according to
Somers et al. [50], which agrees well with chemical analysis.

Carrier gas hot extraction analysis of the α + γ′ powder mixture resulted in 4.30(8)
wt% N and 0.41(3) wt% O. This corresponds to an N molar fraction of 15.1 at%. XRD
analysis revealed that the powder mixture is composed of 29.5 wt% (26.2 at%) α-Fe with
a = 2.8669 Å, and 70.5 wt% (73.8 at%) γ′-Fe4N with a = 3.7989 Å. The average N content
calculated from the results of XRD analysis is 14.8 at%, which again is in good agreement
with chemical analysis.

3.3. Analysis of Phase Constitution and Microstructures of Quenched Samples

Table 4 summarises the primary results from XRD analysis. Fitted XRD patterns and
raw data of all samples are provided in the Supplementary Materials. Most of the samples
previously heat-treated at high pressure consist of two phases. If the high-pressure high-
temperature equilibrium has been successfully retained, such two-phase states correspond
to a favourable outcome for phase equilibrium studies in a binary system. Only a few
samples are composed of more than two phases. For samples 5-300 and 5-350, this could be
ascribed to the low temperatures and insufficient time for equilibration. On the other hand,
there are the multi-phase samples 4-450 and 4.5-400 that were heat-treated at T ≥ 400 ◦C,
i.e., at temperatures which in other experiments proved to be sufficiently high for equi-
libration within 4 h. Reasons for the occurrence of three- and four-phase assemblages
are discussed more closely in view of the derived phase diagrams in Section 3.4 and P–T
projection in Section 4.1.
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Table 4. Primary data obtained from XRD analysis—weight fractions w of the phases, lattice parameters a and c, and
volumes per Fe atom VFe are given for the α and γ solid solution phases as well as the nitride phases γ′ and ε′.

ID

α γ γ′ ε′

w a VFe w a VFe w a VFe w a c VFe
[wt%] [Å] [Å3] [wt%] [Å] [Å3] [wt%] [Å] [Å3] [wt%] [Å] [Å] [Å3]

2-400 30.1 2.8687 11.80 69.9 3.7968 13.68
2-500 40.4 3.6443 12.10 59.6 3.7912 13.62
2-550a 34.4 3.6521 12.18 65.6 4.5912 4.3342 13.19
2-550b 18.8 3.7920 13.63 81.2 4.6283 4.3555 13.47
2-600 100 4.6271 4.3554 13.46
2-800 8.9 3.6542 12.20 91.1 4.5573 4.3019 12.90
2-1000 100 4.5500 4.2959 12.84
3-400 84.0 3.7967 13.68 16.0 4.6685 4.3715 13.75

4-250 a 100 3.7999 13.72
4-300 93.6 3.7984 13.70 6.4 4.6832 4.3802 13.87
4-400a 26.3 2.8688 11.81 73.7 3.7948 13.66
4-400b 79.3 3.7957 13.67 20.7 4.6504 4.3654 13.63
4-450 37.8 3.6459 12.12 30.0 3.7916 13.63 32.2 4.6056 4.3456 13.30
4-500 100.0 4.6254 4.3546 13.45
4-600 28.6 3.6527 12.18 71.4 4.5814 4.3274 13.11
4-1000 100.0 4.5492 4.2949 12.83
4.5-400 23.2 2.8679 11.79 8.0 3.6474 12.13 44.7 3.7941 13.65 24.1 4.6430 4.3595 13.56
5-300 7.1 2.8692 11.81 55.1 3.7967 13.68 37.8 4.6724 4.3763 13.79
5-350 5.9 2.8686 11.80 3.0 3.6456 12.11 22.8 3.7946 13.66 68.3 4.6503 4.3661 13.63
5-400 10.6 3.6470 12.13 89.4 4.6420 4.3627 13.57
6-400 15.0 3.6468 12.13 85.0 4.6475 4.3658 13.61
8-400 21.4 3.6440 12.10 78.6 4.6591 4.3706 13.69

a Only one faint reflection of the ε′ phase is visible and was therefore neglected in refinement.

Figure 4 shows BSE micrographs alongside EBSD phase maps of polished cross
sections of selected samples, each representing a unique microstructure recovered after
quenching/decompressing from high-pressure/high-temperature to atmospheric condi-
tions. The micrographs are considered to be representative of the entire respective sample
as no major spatial variations of the microstructures were observed across a given sam-
ple’s cross section. With the exception of sample 4.5-400, shown in Figure 4g,h, which
exhibits a large number of planar interfaces, none of the samples showed microstructure
features that would be indicative of diffusionless phase transformations, which might have
occurred during quenching or decompression. Such phase transitions generally involve
mechanisms, which result in microstructures with high defect density and occasionally
very small grain sizes of the product phase. In XRD patterns, this typically manifests in
strongly broadened (due to involved defects) or even split XRD reflections (if symmetry
is reduced) of the product phase. A prominent example is the martensitic transforma-
tion fcc γ-Fe(N)→ bct α′-Fe(N), which was not observed in any of the samples. In fact,
the N content determined for the γ-Fe(N), which formed in some of the samples (see
Table 5), is larger than 8.2 at%, and is thus high enough to facilitate metastable retention
of the γ-Fe(N) at RT and atmospheric pressure [51]. It can generally be concluded that
Fe–N phases, in the composition region Fe–Fe3N having a N content of 8–9 at%, can be
quenched/decompressed from high-pressure/high-temperature conditions.
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Table 5. Phase constitution data: N contents in terms of molar fractions xN determined from
the unit cell volumes of the phases indicated above (see text for details), N contents xN of the
ε′ phase calculated by means of Equation (2), N contents xN,LR calculated by means of the lever
rule in Equation (1) and total average N contents of the samples calculated from N contents and
phase fractions.

Sample ID
α γ γ′ ε′ Average

xN [at%] xN [at%] xN [at%] xN [at%] xN,LR [at%] xN [at%]

2-400 0.3 19.9 14.7
2-500 9.2 19.5 15.5
2-550a 10.1 18.0 17.7 15.4
2-550b 19.5 20.5 20.4
2-600 20.5 20.2 20.5
2-800 10.3 15.4 15.6 14.9
2-1000 14.8 15.2 14.8
3-400 19.9 23.2 20.4
4-250 20.1 20.1
4-300 20.0 24.3 20.3
4-400a 0.3 19.7 15.2
4-400b 19.8 22.0 20.3
4-450 9.4 19.5 19.1 15.7
4-500 20.4 20.2 20.4
4-600 10.2 17.3 17.1 15.3
4-1000 14.8 15.2 14.8
4.5-400 0.2 9.5 19.7 21.4 15.4
5-300 0.4 19.9 23.6 20.2
5-350 0.3 9.3 19.7 22.0 20.1
5-400 9.5 21.5 21.3 20.3
6-400 9.5 21.9 21.9 20.2
8-400 9.1 22.6 22.9 20.0

The microstructures of samples 8-400 and 4-400b shown in Figure 4a–d have in com-
mon that they were generated from pure γ′ powder. The phases in these microstructures are
composed of phases having fcc and hcp Fe sublattices, i.e., γ + ε′ and γ′ + ε′, respectively.
It should be noted that the fcc-based γ and γ′ phases cannot be distinguished by means
of EBSD analysis, as the superstructure bands of the ordered γ′ phase were indiscernible,
and the employed indexing software did not account for Kikuchi bandwidths. However,
the two phases be easily distinguished by means of XRD analysis: In the XRD pattern of
sample 4-400b, superstructure reflections of the γ′ phase are clearly visible (see Supplemen-
tary Materials) and, in addition, the fundamental reflections of the γ′ phase are shifted to
significantly lower diffraction angles due to its larger lattice parameter as compared to γ. In
some of the samples, e.g., sample 2-500, containing the γ′ phase, superstructure reflections
are not visible in the XRD patterns. However, the markedly large lattice parameter and
narrow homogeneity range still suffice for unambiguous identification of the γ′ phase.

In both microstructures shown in Figure 4a–d, an orientation relationship
{111}γ/γ′ ‖ {0001}ε′ ,

〈
110

〉
γ/γ′ ‖

〈
1010

〉
ε′ is frequently observed. The same observation

was made in our previous study [32] and other works [52,53] that investigated iron carboni-
tride materials. This orientation relationship is equivalent to the so-called Shoji–Nishiyama
(SN) [54] orientation relationship {111}fcc ‖ {0001}hcp,

〈
110

〉
fcc ‖

〈
1120

〉
hcp, if a hcp unit

cell is adopted for the Fe atoms in the ε′ nitride. Aside from this, the microstructures are
characterised by small, globular grains.



Materials 2021, 14, 3963 11 of 27Materials 2021, 14, x FOR PEER REVIEW 11 of 27 
 

 

 
Figure 4. BSE micrographs and EBSD phase maps of samples heat-treated at different pressures and temperatures 
indicated by the sample notation on the right, e.g., 8-400 meaning 8 GPa and 400 °C. The phases present in the samples as 
determined by XRD are given below the sample designation. The coloured legend refers to the EBSD phase map. Grain 
boundaries exhibiting special orientation relationships (Shoji–Nishiyama (SN), Kurdjumov–Sachs (KS) and Nishiyama–
Wassermann (NW)) are coloured as indicated to the right of the respective figure. (a) BSE micrographs in 8 GPa and 400 
°C at 1 µm scale; (b) EBSD phase maps in 8 GPa and 400 °C at 1 µm scale; (c) BSE micrographs in 4 GPa and 400 °C at 2 

Figure 4. BSE micrographs and EBSD phase maps of samples heat-treated at different pressures and
temperatures indicated by the sample notation on the right, e.g., 8-400 meaning 8 GPa and 400 ◦C.
The phases present in the samples as determined by XRD are given below the sample designation.
The coloured legend refers to the EBSD phase map. Grain boundaries exhibiting special orientation
relationships (Shoji–Nishiyama (SN), Kurdjumov–Sachs (KS) and Nishiyama–Wassermann (NW))
are coloured as indicated to the right of the respective figure.
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It should be noted that the formation of γ′ + ε′ phase equilibria from the γ′ initial
powder, as observed for sample 4-400b, was unexpected at first. However, the formation of
a γ′ + ε′ equilibria from single-phase γ′ samples is quite reasonable: Vacancy formation
on the otherwise perfectly ordered N sublattice of γ′ increases configurational entropy
and reduces molar volume, and it is thus likely that the γ′ phase adopts an equilibrium
N content ≤20 at% at both elevated temperature and pressure. This is supported by the
determined lattice parameters (as low as 3.7912 Å, see Table 4), which are smaller for γ′

in equilibrium with ε′ than for the γ′ in the initial powder. Further, it is evident that the
lattice parameter of the γ′ phase in equilibrium with ε′ decreases with increasing pressure
at constant temperature. Oxide formation, which also could cause local enrichment in
N and thus ε′ nitride formation in the vicinity of oxide particles, is excluded here as no
indication of iron oxide could be seen in the diffraction patterns of any of the γ′ samples.

The samples 4-400 and 4.5-400 shown in Figure 4e–h have both been subjected to a
two-step heat treatment. Starting from the initial α + γ′ mixture, the samples were heated
up to 1000 ◦C for 0.5–1 h before they were rapidly cooled to 400 ◦C and annealed for a
further 4 h. It has been shown for samples 2-1000 and 4-1000 (see Table 4) that the heat
treatment for 0.25 and 1 h at 1000 ◦C results in the formation of single-phase ε′ nitride
and thus facilitates homogenisation. As a result of the initial homogenisation step, the
microstructures of the respective samples are more coarse-grained than of samples heat-
treated at 400 ◦C only, and need to be interpreted to be the result of a phase transformation
starting from the ε′ phase.

The microstructure of sample 4-400a shown in Figure 4e,f is composed of α + γ′ as
also implied by XRD analysis. The microstructure clearly shows two different morpholo-
gies of the α phase which are reminiscent of morphologies of ferrite (α solid solution) in
hypo-eutectoid Fe–C alloys [55]. The first corresponds to allotriomorphic ferrite, i.e., α
grains which form seams around former ε′ grains (cf. γ-Fe(C) in Fe–C) and the second
to intragranular ferrite in the interior of former ε′ grains. A striking feature of the mi-
crostructure in Figure 4e,f is the parallel arrangement of the intragranular ferrite plates.
The γ′ grains are frequently intersected by Σ3 twin boundaries. Most of the intragranular
ferrite plates exhibit {110} planes that are parallel to the {111} Σ3 twin plane of the γ′

phase. In particular, orientation relationships that are near Kurdjumov–Sachs (KS) or near
Nishiyama–Wassermann (NW) and intermediate were observed (more detailed investiga-
tion was beyond the scope of the present work). Three to six orientation variants of the
α phase were observed per γ′ grain. The apparent dominance of α plates with {110}α
parallel with one particular {111}γ′ is likely the result of bcc nucleation from the ε′ nitride,
which formed during the initial 1000 ◦C heat treatment. Due to the hcp-like arrangement
of Fe atoms, grains of ε′ exhibit only one set of close-packed planes that can be involved
in the displacive hcp→ bcc transformation of the Fe sublattice, which is in accordance
with the observed orientation relationship. The ε′, having an average N content of 15 at%
after the homogenisation treatment, most likely transformed into γ′ upon N partitioning
between α and surrounding ε′ again involving a diffusional-displacive transformation. A
high number of Σ3 twin boundaries remain as a trace of the hcp → fcc transformation.
Another explanation for the low number of bcc variants could be a variant selection due
to the presence of non-hydrostatic stress. Similar microstructures have been observed for
Widmanstätten ferrite in hypo-eutectoid steels which were heat-treated under uniaxial
compression [56]. Non-hydrostatic stresses are likely to occur in high-pressure experiments
with solid pressure media and represent a potential cause of a varying number of variants
per γ′ grain.

The micrographs of sample 4.5-400 shown in Figure 4g,h are most indicative of the
displacive nature of the phase transformations in the Fe–N system. This sample exhibits
a microstructure with straight-line phase boundaries between the fcc-like γ′ and hcp-
like ε′, a feature which was only observed in samples that have been homogenised in
the ε′ phase region in the first annealing step. Again, an SN orientation relationship is
commonly observed at these phase boundaries, and the fcc grains are intersected by Σ3
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twin boundaries. According to XRD, sample 4.5-400 is mainly composed of the three
phases α, γ′, and ε′, as well as minor amounts of γ solid solution (see Table 4). In the
EBSD analysis α, ε′, and fcc-type phases γ/γ′ could be identified. The α phase grains
predominantly exhibit a morphology that is comparable with allotriomorphic ferrite in
hypo-eutectoid steels. In contrast to sample 4-400, only few acicular shaped α grains can
be seen in the ex-ε′ grain interiors (see Figure 4g). In view of the high phase fraction of γ′

in this sample determined in XRD analysis (see Table 4), it is concluded that most of the
grains sharing planar interfaces with the ε′ phase correspond to the γ′ phase.

Figure 4i,j shows the microstructure of sample 5-350. As shown by XRD, the sample is
composed of four phases (see Table 4), which have formed from single-phase γ′ during a
4 h heat treatment at 5 GPa and 350 ◦C. In contrast to sample 4.5-400, sample 5-350 has not
been homogenised at 1000 ◦C, as the initial powder was already composed of homogeneous
γ′ nitride. The microstructure of sample 5-350 is characterised by globular grains and only
a small number of planar phase boundaries between ε′ and γ-type phases. Again, ε′ + γ/γ′

phase boundaries exhibit the typical SN orientation relationship. It is further important to
note that this is the sample of the lowest temperature in which the γ terminal solid solution
phase has formed. Due to the single-step heat treatment, the γ phase present in the sample
cannot be a remainder of a high-temperature annealing step in which, due to the presence
of a γ + ε′ two-phase region, minor amounts of γ could potentially have formed. Instead,
the presence of small amounts of γ solid solution points to its stabilisation from 592 ◦C at
atmospheric pressure [7] to ≥ 350 ◦C at 5 GPa. A detailed discussion of the reasons for the
occurrence of three or four phases is presented in Section 4.1, taking the evolution of phase
equilibria with increasing pressure into account.

In order to determine the equilibrium N contents xN of the phases, the following
relationships of unit cell volume or lattice parameters on N content were employed: For
the α terminal solid solution, unit cell volume data of quenched N-supersaturated α′

solid solution (martensite), extrapolated to N-free α-Fe were adopted [57]. For the γ solid
solution phase, volume data of quenched N-austenite were used [57]. The lattice parameter
data published by Somers et al. [50] were employed for the determination of the N content
of γ′ nitride. The resulting N contents are given in Table 5.

N contents of the ε′ phase were initially calculated from the experimentally determined
unit-cell volumes using the reported lattice parameters a and c of quenched ε′ nitrides [58].
This, however, led to unexpectedly small N contents of 11.5 and 11.4 at% (cf. Figure 5)
for samples 2-1000 and 4-1000, respectively. This would imply that these samples have
lost significant amounts of N during heat treatment. However, composition analysis of
several other samples by means of phase composition and lattice parameters confirmed
that, typically, no N loss had occurred during the high-pressure heat treatments. In sample
4-400a, for example, the phases α + γ′ formed in the same proportions as were present
in the initial powder. This sample had been homogenised for 1 h at 1000 ◦C prior to the
4 h 400 ◦C step, making it comparable to sample 4-1000 which was heat-treated for 1 h at
1000 ◦C. Calculating the average N content of sample 4-400a from the XRD phase fractions
and the N contents of the phases α and γ′ (which can also be approximated to 0 and 20 at%,
respectively), a value of 15.2 at% was obtained, which is consistent with the N content
of the initial powder mixture. Another example is sample 2-600, where a transformation
γ′ → ε′ was realised. The product, supposedly ε′-Fe4N, has a unit cell volume of 80.76 Å3,
which agrees well with literature data for ε′-Fe4N typically ranging from 80.53 Å3 [59]
to 81.40 Å3 [60]. In our previous work [32], an almost identical value of 80.80 Å3 has
been obtained for ε′-Fe4N, which had formed during a heat treatment for 1 h at 13 GPa
and 880 ◦C. This shows that samples heat-treated at quite different P–T conditions yield
crystallographic data, which comply with the preservation of the average N content of the
samples. Thus, it is concluded that previously reported volume–composition relationships
for the ε′ phase typically derived for compositions Fe3N0.75 . . . 1.5 should not be employed
to estimate N contents of ε′ nitride with N contents smaller than 20 at% N.
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Instead, an alternative volume–composition relationship has been derived, in order to
determine a consistent set of N contents for any of the ε′ phases in the entire composition
range required. Having ruled out the potential N loss during heat treatments, the XRD
data of the dual-phase γ + ε′ and single-phase ε′ samples were used to derive such a
relationship. The N content of single-phase ε′ samples was taken as the N content of the
initial powders determined from chemical analysis whereas the N content of the ε′ phase
of two-phase samples was calculated utilising the lever rule

wε
′

N = wγN +
(
wN − wγN

)
/wε

′
, (1)

where wN is the total N mass fraction of the initial powders, wε
′

N and wγN are the mass
fractions of N in the ε′ and γ phases, respectively, and wε

′
is the mass fraction of the ε′

phase as determined in XRD analysis. The resulting data are listed in Table 5 and shown
in Figure 5 alongside various literature data. It can be seen that the volumes of ε′ nitride
with yN < 0.2 deviate markedly from the relationship derived by Liapina et al. [58] for
quenched high-N ε nitrides. Instead, the data seem to be described appropriately by a
second-degree polynomial, which extrapolates to the atomic volume of pure ε-Fe
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Sample ID 
α  γ  γ′  ε′  Average 

xN [at%]  xN [at%]  xN [at%]  xN [at%]  xN,LR [at%]  xN [at%] 

2‐400  0.3    19.9      14.7 

2‐500    9.2  19.5      15.5 
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3
= 11.22(2) + 10.49(15) yN − 7.01(26) y2

N, (2)

where VFe is the volume per Fe atom and yN is the N atomic fraction, i.e., the number of N
atoms per Fe atom.
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More detailed considerations on the physical origin of the nonlinear composition
dependence of the volumes of ε-Fe(N) and ε′ iron nitrides on N content will be reported in
a subsequent paper. Equation (2) has been used to determine the N contents of the ε′ phase
which are listed in Table 5, and were used to construct the phase diagrams presented in
Section 3.4.

Similar to sample 4-400a discussed earlier, average N contents of any of the other
samples have been calculated from the N contents determined from lattice parameters
and phase fractions to check the results for consistency. As a result, average N contents of
20.0–20.5 at% were calculated for samples that started from a pure γ′ powder, and values
of 14.7–15.7 at% N were obtained for samples starting from a α + γ′ powder mixture.
These values agree well with the average N contents of the initial powders, indicating the
consistency of XRD phase fractions and N contents of the phases, and proving the validity
of the approach.

3.4. Phase Equilibria in the Fe-Rich Part of Fe–N System at High Pressure

According to the results presented so far, interpretation of the experimental phase
composition data in terms of phase equilibria attained at the high-pressure heat treatment
conditions is considered appropriate: All samples were rapidly quenched to RT, and
successively decompressed, which ensured that both phase composition and N content
of the phases were retained. Evidently, phase formation and N diffusion is typically
sufficiently fast at T ≥ 400 ◦C to allow attaining an equilibrium state within 4 h of heat
treatment. In addition, microstructure analysis showed no indications of martensitic
transformations and thus confirms that the studied phases are quenchable. Hence, the
constitution data given in Table 5 were used to construct partial isobaric temperature–
composition (T–x) diagrams for pressures 2 and 4 GPa (see Figure 6) as well as an isothermal
pressure–composition diagram at 400 ◦C (see Figure 7).

3.4.1. Isobaric Sections at 2 GPa and 4 GPa

Figure 6a shows a partial temperature–composition diagram of the Fe–N system
at 2 GPa. The data suggest that the congruent reaction ε′ 
 γ′ (c1) is still persistent
at this pressure. This detail is in contrast to the estimated P–T projection of our earlier
work [32]. Two equilibria γ + ε′ and γ′ + ε′ formed in samples 2-550a and 2-550b from
starting powders containing 15 and 20 at% N, respectively. The ε′ phase in these two
samples exhibits clear differences in the lattice parameters (see Table 4), such that the
γ′ + ε′ equilibrium is constituted by ε′ with larger lattice parameters, and thus higher
N content. The fact that these two distinct equilibria were formed at 550 ◦C, and that
single-phase ε′ was obtained at 600 ◦C for sample 2-600, indicates that reaction c1 is shifted
from 691 ◦C at atmospheric pressure [7] to a temperature between 550 and 600 ◦C at 2 GPa.
Further, it can be concluded that the eutectoid reaction ε′ 
 γ+ γ′ (e1) is located between
550 and 500 ◦C, as in sample 2-500 a dual-phase equilibrium of γ + γ′ was formed. Sample
2-400 is composed of α + γ′, which indicates that the eutectoid reaction γ
 α+ γ′ (e2)
must be located between 400 and 500 ◦C at 2 GPa, i.e., much lower than anticipated in our
previous work [32].

The phase equilibria assessed for 4 GPa are depicted in Figure 6b. In contrast to the
situation at 2 GPa, the ε′ phase boundary of the γ + ε′ region at high temperature is shifted
towards higher N contents. As a result, the N contents of the γ′ phase and the ε′ phase are
virtually identical at 4 GPa and 450 ◦C, and sample 4-450, apart from the γ phase, contains
both γ′ and ε′ nitride phases in substantial quantities. It is assumed that the conditions
of the high-pressure heat treatment were very close to the coincidence of reactions c1 and
e2. That coincidence would result in the emergence of a new reaction, γ+ ε′ 
 γ′ (p1),
as already predicted in our previous work [32]. Equal N contents of the ε′ and γ′ phases,
however, render reaction p1 compositionally degenerate, i.e., it cannot be distinguished
from c1 or e1. An alternative explanation could be that the time of the heat treatment did
not suffice for full equilibration in this sample. This option is excluded as, for other samples
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heat-treated at 400 ◦C, it could be shown without any doubt that a two-phase assemblage
can be formed within 4 h of heat treatment. The potential occurrence of a diffusionless
transformation ε′ → γ′ during quenching/decompression is also considered unlikely as
the ε′ phase has proven to be quenchable for various compositions in many other samples
(e.g., 4-500 and 4-1000).
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Due to its narrow homogeneity range, the phase region of the γ′ phase has been displayed as thick solid line.

In contrast to sample 4-450, the interpretation of the other equilibria formed at 4 GPa
is more straightforward: In sample 4-400a, i.e., at 4 GPa and 400◦C, an α + γ′ equilibrium
has formed. This shows that reaction e2 is located between 400 and 450 ◦C, and that p1
and e2 are very close to one another. A single-phase γ′ sample was heat-treated at similar
conditions in experiment 4-400b, which resulted in the formation of a γ′ + ε′ equilibrium.
The lattice parameter of the γ′ phase (a = 3.7957 Å) indicates that it attained a slightly lower
equilibrium N molar fraction as compared to the γ′ initial powder (a = 3.7987 Å), which ex-
plains the formation of a small amount of additional ε′ phase in this sample. Similar results
are obtained for sample 4-300 and in sample 4-250, where only very faint reflections of an
additional phase, most likely ε′ are visible in the XRD pattern (see Supplementary Materials).

3.4.2. Isothermal Section at 400 ◦C

Figure 7 shows an isothermal P–x diagram constructed from all phase constitution
data determined from samples heat-treated at 400 ◦C. In our previous study [32] the
decomposition of γ′ into γ + ε′ at 13 GPa and 400 ◦C has been observed. The N contents
of γ and ε′ phase at 13 GPa (also included in Figure 7) are in good agreement with the
trend of the present data. It can be seen that the γ + ε′ equilibrium, which results from the
retraction of the γ′ phase region below the 400 ◦C plane, occurs already at a pressure as low
as 5 GPa. The γ′ + ε′ equilibria observed at 3 and 4 GPa were formed from single phase γ′

samples. The highest pressure at which the γ′ phase was still observed at 400 ◦C is 4.5 GPa.
At these conditions all four phases α, γ, γ′, and ε′ have formed. Due to the presence of four
phases in sample 4.5-400, with only minor amounts of the γ solid solution, the transition
pressure of the reaction γ
 α+ γ′ (e2) reaction cannot be determined unambiguously.
However, it can be concluded that the intersection of reaction e2 with the 400◦C plane
occurs between 4 and 5 GPa. The formation of γ′ phase at 4.5 GPa and its decomposition
at 5 GPa into γ + ε′ indicates that the reaction γ+ ε′ 
 γ′ (p1) intersects with the 400 ◦C
plane between 4.5 and 5 GPa. This, in turn, implies that the γ′ phase could still be stable at
T < 400 ◦C at 5 GPa, as will be discussed more closely in Section 4.1. Note that in contrast
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to sample 4-450, the ε′ phase now has an N content which is clearly different from that of
the γ′ phase, demonstrating the peritectoid character of the reaction.
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Figure 7. Pressure–composition diagram of the phase equilibria at 400 ◦C. Data at 1.01 × 10−5 GPa
are calculated from a thermodynamic database [7] setting the N2 gas phase dormant. The two data
points at 13 GPa are taken from our previous work [32].

It is important to note that the α + γ′ equilibria at 2 and 4 GPa formed from α + γ′

powder mixtures after having been homogenised for 1 h in the ε′ phase region at high
temperature. This means that those samples were subject to a series of phase transi-
tions α+ γ′ → ε′ → α+ γ′ , which proves that γ′-Fe4N can be reversibly formed at high-
pressure/high-temperature conditions from a phase (ε′) which has a lower molar volume.
This indicates that γ′ is very likely thermodynamically stable at 4 GPa and 400 ◦C, and that
the actual phase equilibria are not obscured by metastable retention of low-volume phases.

3.4.3. Low-Temperature Eutectoid Decomposition of γ′-Fe4N

In our previous work [32] it has been calculated that the equilibrium temperature T0
of the eutectoid decomposition reaction γ′ 
 α+ ε′ (e3) will rise with increasing pressure,
irrespective of its actual value of T0 at atmospheric pressure. Due to these expectations, a se-
ries of low-temperature heat treatments were conducted in order to find direct experimental
evidence for the eutectoid decomposition reaction e3.

In samples 4-250 and 4-300, the γ′ phase is still retained, and only minor amounts of
additional ε′ phase have formed. This is in accordance with the γ′ + ε′ equilibrium, which
has been observed for other conditions, too (e.g., samples 3-400 and 4-400). In contrast to
sample 4-300, sample 5-300 contains both the α and the ε′ phase alongside the γ′ nitride.
This indicates that a partial transformation γ′ → α+ ε′ has been realised. It is thus evident
that reaction e3 is located above 300 ◦C at 5 GPa and below 300◦C at 4 GPa. Due to absence
of the α phase in sample 4-250, it is supposed that reaction e3 is located below 250 ◦C at
4 GPa, although it remains arguable whether the transformation is just kinetically impeded,
resulting in the metastable retention of the γ′ phase.

The fact that sample 5-300 still contains γ′ phase alongside α + ε′ is considered to be a
result of incomplete transformation due to the low transformation rate at that temperature.
For sample 5-350, this explanation is not satisfactory as four phases have formed at an
even higher temperature. On contrary, at 5 GPa and 400 ◦C only (sample 5-400) only the
two-phase equilibrium γ + ε′ is observed. It is thus supposed that the heat-treatment
conditions of sample 5-350 might be close to a four-phase equilibrium, as will be discussed
more closely in the following.
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4. Discussion
4.1. Evolution of the Phase Equilibria in the Fe–N System Subjected to High Pressure

In this section, the phase equilibrium data presented above will be used to derive a
reaction path for the pressure induced disappearance of the γ′ phase, which will represent
the experimental basis for the discussion of the pressure dependent phase stability in the
Fe-rich part of the Fe–N system up to a pressure of 8 GPa.

Figure 8 shows a projection of the univariant equilibria in the system Fe–Fe3N into
the P–T plane. Solid lines show the evolution of equilibria corresponding to the con-
gruent reaction ε′ 
 γ′ (c1), the eutectoid reactions ε′ 
 γ+ γ′ (e1), γ
 α+ γ′ (e2),
γ′ 
 α+ ε′ (e3), γ
 α+ ε′ (e4), and a peritectoid reaction γ+ ε′ 
 γ′ (p1). The P–T
projection additionally features a singular point S and a quadruple point Q, which will be
discussed in more detail in the following.
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Figure 8. P–T projection of the univariant equilibria in the Fe-rich part of the Fe–N system, derived
from experimental equilibrium data. Triangles facing up or down show experimental data of products
and reactants, respectively, diamonds indicate conditions in which four phases were present, and
plus signs indicate the conditions of three-phase equilibria presented in Figures 6 and 7. Data at
1 × 10−4 GPa were calculated from the thermodynamic database of Göhring et al. [7]. Lines show the
pressure-dependent evolution of the univariant equilibria in the system. The dashed line shows the
equilibrium conditions for allotropic transition α
 γ calculated with the database of Lu et al. [68].
The labels indicate the phases participating in the respective univariant equilibria. Phase labels
written above and below the line represent phases stable at temperatures higher and lower than
indicated by the univariant line.

The data obtained from heat treatments at 2 GPa clearly show that both reactions c1
and e1 persist at this pressure. Based on sample 4-450, in which γ′ and ε′ phases of nearly
identical N content coexist with the γ solid solution, it is concluded that the reactions
c1 and e1 coincide at approximately 4 GPa and 450 ◦C. Due to the presence of only two
phases with equal composition (instead of three phases), the ε′ + γ′ equilibrium of c1
is singular. The univariant line of this singular equilibrium ends asymptotically in the
point S (close to 4 GPa and 450 ◦C) and the three-phase line of γ + ε′ + γ′ continues to
higher pressures [69]. At the point S there is a transition of the γ + ε′ + γ′ equilibrium
from a eutectoid ε′ 
 γ+ γ′ (e1) at P < 4 GPa to a peritectoid type ε′ + γ
 γ′ (p1) at
P > 4 GPa. Further, the γ + γ′ + ε′ equilibrium is compositionally degenerate at that point.
In view of Figure 1, it is obvious that coincidence of reactions c1 and e1 must lead to
compositional degeneracy for e1/p1, as the formerly compositionally distinct state points
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of the ε′ phases in c1 and e1 will then be identical and coincide with that of the γ′ phase.
This, in turn, imposes the constraint of identical Clapeyron slopes dT/dP of c1/e1/p1 in
the P–T projection at the point of intersection.

As has been stated earlier, samples 4.5-400 and 5-350 are composed of four phases. A
possible explanation for the coexistence of four phases could be the existence of tempera-
ture and pressure gradients in the high-pressure cell. However, microscopic analysis of
multiple different locations in these samples did not reveal any marked variation in the
microstructure, implying that large temperature or pressure gradients in the sample are not
the leading cause of the presence of four phases. At this point, it should be mentioned that
for sample 4.5-400 phase composition did vary slightly in XRD measurements between top,
bottom, and the polishing plane, but reflections due to any of the four phases were visible
in all the measurements. Another explanation for the occurrence of four phases could be
the presence of local equilibria, resulting from the transformation of two distinct phases in
a formerly inhomogeneous sample. This interpretation is also excluded as the α phase has
common interfaces with both γ′ and ε′ in the two samples.

According to Gibbs’ phase rule, four phases can coexist in equilibrium in a binary
system at a quadruple point at a specific pressure and temperature, but it is rather unlikely
that the exact conditions for coexistence are met during an experiment. Instead, it is
supposed that the P–T conditions chosen for the treatments of the two samples, are close
to a quadruple point in the Fe–N system (see Figure 8) leading to a situation where all
four phases (especially γ′ and ε′) have a low difference in Gibbs energy, and thus coexist
metastably. In other words, any of the univariant equilibria p1, e2, and e3 are very close
to one another in the pressure range 4.5–5 GPa and temperature range 400–350 ◦C. It is
expected that a quadruple point Q exists within the given P–T range. In the simplest
case shown in Figure 8, reactions p1, e2, and e3 would coincide in the quadruple point
leaving a new eutectoid reaction γ
 α+ ε′ (e4) on the high-pressure side of Q. Reaction
e4 was already predicted in our previous work [32] and is considered the only reasonable
univariant reaction involving α, γ, and ε′, as γ-Fe is the high temperature allotrope of Fe.
No further attempt to verify the existence of reaction e4 has been made in the current study.

The coincidence of reactions p1, e2, and e3 in an invariant point results in the disap-
pearance of the γ′ phase from the system at a pressure above that point. Alternatively,
there are two other conceivable scenarios for the disappearance of the γ′ phase at high
pressure: (i) constriction of the γ′ phase region in the γ + ε′ region (at temperature above
point Q) or (ii) constriction of the γ′ region in the α + ε′ region (at temperatures below
Q). Scenario (i) has already been discussed in our previous paper [32] but is now, given
the experimental data presented here, considered unlikely. Scenario (ii) requires another
peritectoid reaction α+ ε′ 
 γ′ (p2) originating from the quadruple point with p1, e2,
and e4. With increasing pressure reaction, p2 is shifted towards lower temperatures and,
together with e3, results in the constriction of the γ′ phase region. The constriction of the γ′

region by two α + γ′ + ε′ equilibria with opposite signs of the Clapeyron slopes requires the
existence of a second singular point with infinite slope dT/dP. In view of the steep slope of
reaction e3 close to point Q in Figure 8 scenario (ii) appears more reasonable. However, a
slope dT/dP = ∆V/∆S→ ∞ implies ∆S→ 0, a thermodynamic coincidence that cannot be
excluded but is considered rather unlikely.

The different scenarios for the disappearance of the γ′ phase are expected to occur
in such a small P–T window, which, within the limits of experimental error, renders their
distinction difficult. The data at 2 GPa indicate that reactions c1, e1, and e2 are shifted
towards low temperatures to an unexpected extent. In our previous work a Clapeyron
slope of −25 K/GPa has been estimated for the univariant line of e2. In contrast, a value
of −45 K/GPa is obtained using the experimental data of the present study. It should
be mentioned that the Clapeyron slope calculations are quite sensitive to the somewhat
ambiguous thermal expansion behaviour of the ferromagnetic nitride phases. The γ′

nitride, for example, is expected to show an Invar-like thermal expansion behaviour [70],
typically resulting in a higher thermal expansion coefficient at temperatures above the Curie
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temperature. However, there exists no data of the thermal expansion coefficient above its
Curie point. Hence, the volume of that phase used in our previous calculations [32] could
be underestimated by extrapolation of the thermal expansion to high temperatures.

The main uncertainty, however, should be attributed to temperature measurement
errors which arise due to thermal gradients in the pressure cells. The CsCl, which has been
used as a capsule material in this study, has a low thermal conductivity compared to the
other parts in the pressure cell. The resulting thermal gradient along the capsule wall can
lead to an offset such that the temperatures read from the thermocouple are generally lower
than the actual temperatures in the samples. Using the software provided by Hernlund
et al. [71] we estimate that the temperature data reported here can indeed be in the order
of 10–15% lower than the actual sample temperatures for the two geometries applied.
However, it should be noted that this offset is systematic and, therefore, should not affect
the general trend of the data, if care is taken to keep experimental conditions comparable.
This is supported by the smooth trends in the phase boundary data shown in Figure 7.

In the current study, pressure estimation has been limited to the determination of
external pressure calibration curves at RT, which represents another source of error. During
heating, the pressure in the sample can increase due to suppression of its thermal expansion
and, at the same time, pressure can be reduced by the decrease in flow strength of the pres-
sure medium and gaskets. If the second contribution is neglected and heating is assumed
to be fully isochoric, the thermal pressure can be estimated according to ∆Pth = αK∆T,
where the volume thermal expansion coefficient α and bulk modulus K are assumed to be
constant in pressure and temperature. Using α = 143× 10−6 K−1 [72] and K = 16.7 GPa [73]
for CsCl, and α = 22.9 × 10−6 K−1 [50] and K = 156 GPa [60] for γ′-Fe4N, thermal pressure
coefficients of 2.39 × 10−3 and 3.57 × 10−3 GPa/K are obtained assuming that the sample
is composed entirely of CsCl or Fe4N, respectively. This results in an average thermal
pressure ∆Pth ≈ 1.1 GPa at 375 ◦C, which is considered to be an upper estimate of the
pressure error.

Taking into account the present experimental data and the errors discussed above,
it is concluded that the γ′-Fe4N phase vanishes from the Fe–N system at a pressure of
5.0+1.1
−0.5 GPa and a temperature of 375+56

−25
◦C.

4.2. Discussion of the P–T-Dependent Phase Stability

In this section, the phase stability of phases relevant for the Fe-rich portion of the
Fe–N system will be discussed, taking into account literature data and results present DFT
calculations on the temperature-dependent phase stability in the condensed Fe–N system
at atmospheric pressure. The stability trend reflected at atmospheric pressure will then be
extended to the high-pressure situation.

Low-temperature stability of Fe–N phases has been covered already much earlier by
many other works. A good overview is given by du Marchie van Voorthuysen et al. [10].
In the following, only those works that are considered most relevant, will be summarised.
Malinov et al. [9] conducted extensive low-temperature heat treatments of samples of
different N content and phase composition. In that work, the γ′ phase has formed at
any of the investigated temperatures between 100 and 200 ◦C. It has been concluded
that γ′-Fe4N is a stable phase at temperatures as low as 100 ◦C at atmospheric pressure.
To our knowledge, the most recent publication devoted to the eutectoid decomposition
reaction γ′ 
 α+ ε′ (e3) is represented by Reference [10]. In that work, a low-temperature
extension of the Fe–N phase diagram has been approached by investigation of phase
formation during a special low-temperature nitriding process. Thereby, a temperature
of 214 ◦C for the α + γ′ + ε′ equilibrium at atmospheric pressure has been estimated
from extrapolations of phase boundary data. However, neither of the two works (and
References therein) reported a decomposition of the γ′ phase into α + ε′. Thus, the partial
transformation γ′ → α+ ε′ observed in the present work (sample 5-300) represents the
first direct observation of this reaction.
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The instability of γ′-Fe4N with respect to α + ε′ at ambient pressure and sufficiently
low temperature is well reflected by first-principles calculations taking the ε′-Fe3N model
structure as representative for the non-stoichiometric ε′ phase, as pointed out previ-
ously [27,74], and is also reflected by the present calculations (see Figure 3). It has
been pointed out by Leineweber et al. [74] that specific thermodynamic properties of
the three phases γ′, α, and ε′ have to be present such that the Gibbs energy of the reaction
γ′ 
 α+ ε′ (e3) can change its sign from negative to positive upon increasing temperature.
It was proposed that this is caused by different amounts of vibrational entropy acquired by
the different phases at T > 0 K [74], i.e., already at low temperatures, γ′-Fe4N has a higher
(e.g., vibrational) heat capacity as compared to α-Fe + ε′-Fe3N.

Such a special character of the thermodynamics of γ′-Fe4N seems to be confirmed
by thermodynamic data predicted in a recent work using first-principles calculations [75].
In that work, vibrational thermodynamic and magnetic properties were worked out for
P = 0 GPa and T > 0 K for α-Fe, the nitrides α”-Fe16N2 and γ′-Fe4N where α”-Fe16N2 is
found stable against α and γ′ at T = 0 K. (Note that α”-Fe16N2 is not considered in the
present work but it is, in any case, metastable against α+ε′, as implied by the data listed in
Reference [76], although it was apparently not pointed out explicitly. In contrast to γ′-Fe4N,
there is no experimental evidence that α”-Fe16N2 gets stable against other nitride phase
at any pressure or temperature.) This situation changes with increasing temperature, i.e.,
the Gibbs energy of the reaction α′′ 
 α+ γ changes its sign from positive to negative.
Comparison of the heat capacity data provided by De Waele et al. [75] indeed imply a higher
heat capacity at low temperatures, and thus acquisition of higher entropy with increasing
temperature for the γ′ phase as compared to α and α”. The special vibrational behaviour
of γ′-Fe4N, which would definitely deserve more detailed attention, also explains the
stabilisation of γ′ against α + ε′ as encountered experimentally.

The first-principles calculations can also rationalise the increase in the temperature of
the reaction γ′ 
 α+ ε′ (e3) with increasing pressure: The larger volume of γ′-Fe4N as
compared to α + ε′, which is evident from Figure 3b, shows that γ′-Fe4N is continuously
destabilised with respect to α + ε′-Fe3N at high pressure. This means that, although it is
entropically stabilised against α + ε′ at low pressure, requiring the occurrence of a reaction
γ′ 
 α+ ε′ (e3), γ′-Fe4N will be destabilised as the pressure is increased, leading to a shift
of the equilibrium temperature of reaction e3 to higher temperature. This evolution was
already predicted in in our previous work [32] based on experimental crystallographic
data and is demonstrated here experimentally (see Section 4.1). According to the DFT
calculations and the current experimental data it is presently considered unlikely that γ′

becomes thermodynamically stable at any pressure at T ≤ 300 K. Many earlier works have
been devoted to studying the RT compression of γ′-Fe4N, and it has generally been found
that the γ′ phase is retained up to very high pressures. In view of the arguments presented
above, the persistence γ′ can only be understood to be the result of metastable retention.

The ε′1-, ε′2-, and ε′3-Fe4N model structures all have an energy higher than γ′-Fe4N,
hence they are also energetically uncompetitive against γ′-Fe4N at T = 0 K (see Figure 3a
and Table 2). The N ordering in ε′1 and ε′2 much more resembles that of γ′-Fe4N, whereas
the model structure of ε′3-Fe4N is derived from ε′-Fe3N (see Figure 2 for more information).
It is, however, to be noted that the experimentally observed superstructure reflections
of ε′ around the Fe4N composition are compatible [27] with a superstructure cell which
conforms with the unit cell of ε′3-Fe4N/ε′-Fe3N and is well established for ε′ nitrides of
higher N contents [3–5]. This suggests that ε′3-derived ordering might be entropically
stabilised against ε′1 and ε′2, in agreement with the relatively easy partial disordering in the
N partial structure in ε′ of higher N content [4,5]. Indeed, configurational entropy induced
by N disordering may also contribute to the stabilisation of ε′-Fe4N against γ′-Fe4N, as
indicated by the polymorphic reaction ε′ 
 γ′ (c1) at elevated temperatures (compare
Figures 1 and 6a). Additionally, at these high temperatures, ε′ has a lower volume than γ′,
as indicated by the negative slope of the univariant line of reaction c1 in Figure 8.
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All the hcp-based Fe4N model structures have a volume smaller than γ′-Fe4N (and
insignificantly smaller compared to the α + ε′-Fe3N mixture). This also implies a destabilisa-
tion of γ′-Fe4N against any of the considered ε′-Fe4N model structures. The energy–volume
characteristics of ε′-Fe4N as compared to γ′-Fe4N have been considered previously [27],
and led to the estimation of a theoretical transition pressure of 6 GPa via

P = − u(ε′-Fe4N)− u(γ′-Fe4N)

V(ε′-Fe4N)−V(γ′-Fe4N)
, (3)

where u and V are the energy and volume determined from DFT calculations. Thereby,
temperature effects and instability against α + ε′-Fe3N have been neglected. The model
structure considered in Reference [27] was described as Fe24N6 in Reference [3] with a
proposed P312 symmetry. That structure appears to correspond to the present ε′3-Fe4N
structure, for which compatibility with higher P6322 symmetry has been found (see Table 2).
For that structure, a transition pressure of 5.7 GPa is estimated in the present work (see
Table 2), which agrees well with the value of 6 GPa calculated by Niewa et al. [27]. In
agreement, with significantly lower energies than ε′3-Fe4N, the Fe4N model structures ε′1
and ε′2 yield lower transition pressures of 3.2 GPa and 2.9 GPa, respectively.

The calculated transition pressures suggest the feasibility of a low-temperature pressure-
induced polymorphic γ′ → ε′ transition, even if the product phase ε′-Fe4N has to be
metastable with respect to α + ε′-Fe3N. This is in contrast with the apparent high sta-
bility of γ′-Fe4N at pressures far exceeding 3 GPa. However, the information given in
the literature is somewhat conflicting: A partial γ′ → ε′ transformation at RT, starting
at P > 16 GPa has been reported by References [20,22,60], whereas full retention up to at
least 60 GPa has been reported in other works [21,24–26]. In view of the different pressure
media/experimental setups employed in these studies, it can be concluded in general that
non-hydrostatic stress promotes the transition, but full transition can hardly be achieved,
especially under quasi-hydrostatic conditions.

Sluggishness of the pressure-induced γ′ → ε′ transformation might be caused by the
presence of the nitrogen atoms in the octahedral sites. In contrast to naïve expectation, the
change of a fcc to a hcp stacking sequence in Fe4N cannot be achieved simply by slip of
Shockley partial dislocations, as this would move the interstitial atoms to tetrahedral sites.
An appropriate solution to this is so-called synchro-shear [77], where thermally activated
jumps of N atoms on appropriate interstitial sites will contribute to the slip and change
of the stacking sequence. Such diffusive N–N jumps are, however, expected to be very
sluggish at ambient temperature in close-packed cubic and hexagonal iron nitrides [9,78,79].
The involvement of a diffusional-displace mechanism in the γ′ 
 ε′ transition is also
evident from Figure 4g,h. In summary, it is concluded that the establishment of a true, new
equilibrium structure of ε′-Fe4N starting from γ′-Fe4N is unlikely to be possible merely by
increasing pressure at RT.

It is interesting to note that a (partial) structural transition of γ′ → ε′ can be achieved
during high-energy ball milling [80]. During ball milling, a large degree of shear defor-
mation is induced in the material. This is accompanied by grain size reduction to the
nanoscale and defect formation, both promoting N mobility. Foct et al. [81] have proposed
that simultaneous redistribution of N atoms and fcc→ hcp transformation of the Fe par-
tial structure facilitate the milling induced transition. Similarly, the γ′ → ε′ transition at
T ≤ 150 ◦C is promoted by an increase in atom mobility during Ne ion irradiation [82].
During irradiation, both ballistic jumps and point defect formation promote diffusion [83].

The discussion of phase stability in the Fe–N system at elevated pressure has thus far
been confined to pressures relevant for the present study. At pressures typically above
13 GPa at RT, the ε-Fe phase emerges [84]. Due to the α
 ε transition, the equilibrium
α + γ + ε′ (e4) has to transfer into a ε + γ + ε′ equilibrium involving at least one more
quadruple point and two more univariant equilibria. Due to the steep slope of the α + ε line,
the ε + γ + ε′ will potentially emerge within the pressure range of metastable coexistence
of α and ε during the pressure-induced α→ ε transition. It can be expected that this
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equilibrium will be present at temperatures much lower than the α + γ + ε triple point of
pure Fe such that only the high-temperature equilibria such asd γ + ε′ will be experimentally
accessible. Such two-phase equilibrium has been observed at T ≥ 400 ◦C in the pressure
range 20–30 GPa by Litasov et al. [23].

In accordance with the data of Litasov et al. [23], it is suggested that the ε′ phase
is stable up to at least 30 GPa. At higher pressures, new crystal structures involving N
atoms occupying interstitial sites within Fe trigonal prisms can be realised. As is the case
for Fe carbides, these structures generally have a markedly lower molar volume than the
Fe nitrides reported here. Minobe et al. [25] have shown that at a pressure of 62 GPa
a phase transformation of ε′-Fe7N3 can be induced upon heating. The obtained phase
β-Fe7N3 with space group P63mc is structurally related to Fe7C3 and is likely stable at
P ≥ 43 GPa. Further discussion of Fe nitrides with high N contents, such as NiAs-type
FeN [29], FeN2 [30] or FeN4 [31], and potential phase equilibria involving these phases is
beyond the scope of the present work. In any case, the present data show that the γ′ phase
is unlikely to occur in the Fe–N system at pressures exceeding 10 GPa, opposing the P–T
projection proposed by Breton et al. [24].

5. Conclusions

In the present work, an extensive experimental study of the influence of pressure on
phase equilibria in the Fe-rich part of the Fe–N system has been conducted. By imposing
pressure in the GPa range to Fe–N phases, decomposition into N depleted Fe and N2 gas is
effectively avoided, which allows the study of equilibria and stability of the condensed
phases in the system in a wide temperature range. The present results imply that the γ′

phase is thermodynamically stable within a confined P–T window, both with respect to
decomposition into Fe + N2 and with respect to transformation into other Fe–N phases. A
P–T projection of the univariant phase equilibria in the Fe–N system has been constructed,
which is consistent with the experimentally observed phase relations. Due to its high molar
volume, the temperature range of stability of γ′-Fe4N1−x constricts with increasing pressure,
resulting in its disappearance around 5.0+1.1

−0.5 GPa and 375+56
−25

◦C. After its disappearance,
the terminal solid solution phases of α-Fe, γ-Fe (and ε-Fe) and the ε′-Fe3N1+x nitride remain
the only stable phases in the system up to a composition of at least Fe3N.

Based on DFT calculations, existing literature data, and present experimental results,
phase stability in the Fe–N system has been discussed and can be summarised as follows:
The γ′ phase is unstable at T = 0 K with respect to decomposition into α-Fe + ε′-Fe3N at any
pressure. On the other hand, γ′-Fe4N is more stable than different model structures of hcp-
based ε′-Fe4N at 0 K. The lower molar volume of ε′-Fe4N, however, suggests the feasibility
of a pressure-induced polymorphic reaction to (metastable) ε′-Fe4N. The apparent stability
of γ′-Fe4N with respect to such transition is interpreted as metastable retention caused by
a kinetic barrier due to low N mobility during a synchro-shear transformation mechanism.

At elevated temperatures, γ′-Fe4N is entropically stabilised against α + ε′-Fe3N,
resulting in the emergence of the eutectoid γ′ 
 α+ ε′ . In the present study, a direct
decomposition γ′ → α+ ε′ has been observed for the first time. It is suggested that
vibrational contributions to entropy cause the stabilisation of γ′-Fe4N at intermediate
temperatures. At high temperatures, however, a congruent transformation γ′ 
 ε′ is
experimentally observed. This means that the entropy contribution to the Gibbs energy
of ε′-Fe4N, which is less stable than γ′-Fe4N at 0 K, needs to outgrow that of γ′-Fe4N.
In contrast to γ′-Fe4N, ε′-Fe4N has more structural degrees of freedom in terms of N
ordering/partial disordering. Therefore, it is suggested that configurational entropy may
play a crucial role in the stabilisation of ε′-Fe4N at elevated temperatures. At high pressure,
the volume-dependent energy terms outweigh the entropy terms, and the γ′ phase becomes
thermodynamically unstable at any temperature due to its high molar volume.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ma14143963/s1.

https://www.mdpi.com/article/10.3390/ma14143963/s1
https://www.mdpi.com/article/10.3390/ma14143963/s1


Materials 2021, 14, 3963 24 of 27

Author Contributions: Conceptualization, M.H.W. and A.L.; validation, M.H.W. and A.L.; for-
mal analysis, M.H.W., T.T.R. and A.L.; investigation, T.T.R., M.H.W., M.F. and M.V.; resources,
A.L. and M.F.; writing—original draft preparation, M.H.W. and A.L.; writing—review and editing,
A.L., M.H.W., T.T.R., M.F. and M.Š.; visualization, M.H.W. and A.L.; supervision, A.L.; and project
administration, M.H.W. and A.L. All authors have read and agreed to the published version of
the manuscript.

Funding: The German Research Foundation (DFG) and the Erich-Krüger-Foundation are acknowl-
edged for financial support of the Freiberg High Pressure Research Center lab facilities. M.F. and
M.V acknowledge the Czech Science Foundation for the financial support received under the Project
No. 20-08130S. Computational resources were partly provided by the Ministry of Education, Youth
and Sports of the Czech Republic under the Projects e-INFRA CZ (ID:90140) at the IT4Innovations
National Supercomputing Center and e-Infrastruktura CZ (e-INFRA LM2018140) at the MetaCen-
trum as well as CERIT Scientific Cloud, both provided within the program Projects of Large Research,
Development and Innovations Infrastructures. The APC was funded by the Publication Fund of the
TU Bergakademie Freiberg.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article or Supplementary Materials or
otherwise available upon reasonable request from the corresponding author A.L.

Acknowledgments: We thank Markus Karlsohn for providing the nitride powders, Thilo Kreschel
for chemical analysis of the initial powders, and Stefan Martin for occasional support during SEM
operation. M.H.W. likes to thank Helge Schumann for advice concerning microstructure analysis of
sample 4-400a and Diane Hübgen for the mechanical/chemical preparation of the cross sections. A.L.
thanks Stefaan Cottenier for providing the original data of Reference [75]. We thank Marcus Schwarz
for assistance during multi-anvil calibration experiments and for providing calibration data of the
18/12 assembly type.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mittemeijer, E.J. Fundamentals of Nitriding and Nitrocarburizing. In Steel Heat Treating Fundamentals and Processes; Dossett, J.L.,

Totten, G.E., Eds.; ASM International: Materials Park, OH, USA, 2013; Volume 4A, pp. 619–646.
2. Jack, K.H. Binary and ternary interstitial alloys I. The iron-nitrogen system: The structures of Fe4N and Fe2N. Proc. R. Soc. Lond.

Ser. A Math. Phys. Sci. 1948, 195, 34–40. [CrossRef]
3. Jack, K.H. The iron–nitrogen system: The crystal structures of ε-phase iron nitrides. Acta Crystallogr. 1952, 5, 404–411. [CrossRef]
4. Leineweber, A.; Jacobs, H.; Hüning, F.; Lueken, H.; Schilder, H.; Kockelmann, W. ε-Fe3N: Magnetic structure, magnetization and

temperature dependent disorder of nitrogen. J. Alloys Compd. 1999, 288, 79–87. [CrossRef]
5. Leineweber, A.; Jacobs, H.; Hüning, F.; Lueken, H.; Kockelmann, W. Nitrogen ordering and ferromagnetic properties of ε-Fe3N1+x

(0.10 ≤ x ≤ 0.39) and ε-Fe3(N0.80C0.20)1.38. J. Alloys Compd. 2001, 316, 21–38. [CrossRef]
6. Wriedt, H.A.; Gokcen, N.A.; Nafziger, R.H. The Fe-N (Iron-Nitrogen) System. Bull. Alloy Phase Diagr. 1987, 8, 355–377. [CrossRef]
7. Göhring, H.; Fabrichnaya, O.; Leineweber, A.; Mittemeijer, E.J. Thermodynamics of the Fe-N and Fe-N-C Systems: The Fe-N and

Fe-N-C Phase Diagrams Revisited. Metall. Mater. Trans. A 2016, 47, 6173–6186. [CrossRef]
8. You, Z.; Paek, M.K.; Jung, I.H. Critical Evaluation and Optimization of the Fe-N, Mn-N and Fe-Mn-N Systems. J. Phase Equilibria

Diffus. 2018, 39, 650–677. [CrossRef]
9. Malinov, S.; Böttger, A.J.; Mittemeijer, E.J.; Pekelharing, M.I.; Somers, M.A.J. Phase transformations and phase equilibria in the

Fe-N system at temperatures below 573 K. Metall. Mater. Trans. A 2001, 32, 59–73. [CrossRef]
10. Du Marchie van Voorthuysen, E.H.; Boerma, D.O.; Chechenin, N.C. Low-temperature extension of the Lehrer diagram and the

iron-nitrogen phase diagram. Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 2002, 33, 2593–2598. [CrossRef]
11. Andersson, J.-O.; Helander, T.; Höglund, L.; Shi, P.; Sundman, B. Thermo-Calc & DICTRA, computational tools for materials

science. Calphad 2002, 26, 273–312. [CrossRef]
12. Dewaele, A.; Denoual, C.; Anzellini, S.; Occelli, F.; Mezouar, M.; Cordier, P.; Merkel, S.; Véron, M.; Rausch, E. Mechanism of the

α-ε phase transformation in iron. Phys. Rev. B 2015, 91, 174105. [CrossRef]
13. Dewaele, A.; Svitlyk, V.; Bottin, F.; Bouchet, J.; Jacobs, J. Iron under conditions close to the α-γ-ε triple point. Appl. Phys. Lett.

2018, 112. [CrossRef]
14. Ackermann, S.; Martin, S.; Schwarz, M.; Schimpf, C.; Kulawinski, D.; Lathe, C.; Henkel, S.; Rafaja, D.; Biemann, H.; Weidner,

A. Investigation of phase transformations in high-alloy austenitic TRIP steel under high pressure (up to 18 GPa) by in situ
synchrotron X-ray diffraction and scanning electron microscopy. Metall. Mater. Trans. A 2016, 47, 95–111. [CrossRef]

http://doi.org/10.1098/rspa.1948.0100
http://doi.org/10.1107/S0365110X52001258
http://doi.org/10.1016/S0925-8388(99)00150-4
http://doi.org/10.1016/S0925-8388(00)01435-3
http://doi.org/10.1007/BF02869273
http://doi.org/10.1007/s11661-016-3731-0
http://doi.org/10.1007/s11669-018-0666-8
http://doi.org/10.1007/s11661-001-0102-1
http://doi.org/10.1007/s11661-002-0380-2
http://doi.org/10.1016/S0364-5916(02)00037-8
http://doi.org/10.1103/PhysRevB.91.174105
http://doi.org/10.1063/1.5030192
http://doi.org/10.1007/s11661-015-3082-2


Materials 2021, 14, 3963 25 of 27

15. Dupé, B.; Amadon, B.; Pellegrini, Y.P.; Denoual, C. Mechanism for the α→ ε phase transition in iron. Phys. Rev. B Condens. Matter
Mater. Phys. 2013, 87, 1–5. [CrossRef]

16. Luu, H.-T.; Veiga, R.G.A.; Gunkelmann, N. Atomistic Study of the Role of Defects on α→ ε Phase Transformations in Iron under
Hydrostatic Compression. Metals 2019, 9, 1040. [CrossRef]

17. Mankovsky, S.; Polesya, S.; Ebert, H.; Bensch, W.; Mathon, O.; Pascarelli, S.; Minár, J. Pressure-induced bcc to hcp transition in Fe:
Magnetism-driven structure transformation. Phys. Rev. B Condens. Matter Mater. Phys. 2013, 88, 1–8. [CrossRef]

18. Lord, J.S.; Armitage, J.G.M.; Riedi, P.C.; Matar, S.F.; Demazeau, G. The volume dependence of the magnetization and NMR of
Fe4N and Mn4N. J. Phys. Condens. Matter 1994, 6, 1779–1790. [CrossRef]

19. Yang, C.L.; Abd-Elmeguid, M.M.; Micklitz, H.; Michels, G.; Otto, J.W.; Kong, Y.; Xue, D.S.; Li, F.S. Pressure effects on the electronic
properties and the magnetic ground state of γ′-Fe4N. J. Magn. Magn. Mater. 1995, 8853, 2–6. [CrossRef]

20. Ishimatsu, N.; Maruyama, H.; Kawamura, N.; Suzuki, M.; Ohishi, Y.; Ito, M.; Nasu, S.; Kawakami, T.; Shimomura, O. Pressure-
Induced Magnetic Transition in Fe4N Probed by Fe K-edge XMCD Measurement. J. Phys. Soc. Jpn. 2003, 72, 2372–2376.
[CrossRef]

21. Lv, M.; Liu, J.; Zhu, F.; Li, J.; Zhang, D.; Xiao, Y.; Dorfman, S.M. Spin Transitions and Compressibility of ε-Fe7N3 and γ′-Fe4N:
Implications for Iron Alloys in Terrestrial Planet Cores. J. Geophys. Res. Solid Earth 2020, 125, 1–15. [CrossRef]

22. Adler, J.F.; Williams, Q. A high-pressure X-ray diffraction study of iron nitrides: Implications for Earth’s core. J. Geophys. Res.
2005, 110, B01203. [CrossRef]

23. Litasov, K.D.; Shatskiy, A.; Ponomarev, D.S.; Gavryushkin, P.N. Equations of state of iron nitrides ε-Fe3Nx and γ-Fe4Ny to 30 GPa
and 1200 K and implication for nitrogen in the Earth’s core. J. Geophys. Res. Solid Earth 2017, 122, 3574–3584. [CrossRef]

24. Breton, H.; Komabayashi, T.; Thompson, S.; Potts, N.; McGuire, C.; Suehiro, S.; Anzellini, S.; Ohishi, Y. Static compression of Fe4N
to 77 GPa and its implications for nitrogen storage in the deep Earth. Am. Mineral. 2019, 104, 1781–1787. [CrossRef]

25. Minobe, S.; Nakajima, Y.; Hirose, K.; Ohishi, Y. Stability and compressibility of a new iron-nitride β-Fe7N3 to core pressures.
Geophys. Res. Lett. 2015, 42, 5206–5211. [CrossRef]

26. Zhuang, Y.; Su, X.; Salke, N.P.; Cui, Z.; Hu, Q.; Zhang, D.; Liu, J. The effect of nitrogen on the compressibility and conductivity of
iron at high pressure. Geosci. Front. 2020. [CrossRef]

27. Niewa, R.; Rau, D.; Wosylus, A.; Meier, K.; Wessel, M.; Hanfland, M.; Dronskowski, R.; Schwarz, U. High-pressure high-
temperature phase transition of γ′-Fe4N. J. Alloys Compd. 2009, 480, 76–80. [CrossRef]

28. Schwarz, U.; Wosylus, A.; Wessel, M.; Nskowski, R.D.; Hanfland, M.; Rau, D.; Niewa, R. High-pressure-high-temperature
behavior of ζ-Fe2N and phase transition to ε-Fe3N1.5. Eur. J. Inorg. Chem. 2009, 1634–1639. [CrossRef]

29. Clark, W.P.; Steinberg, S.; Dronskowski, R.; McCammon, C.; Kupenko, I.; Bykov, M.; Dubrovinsky, L.; Akselrud, L.G.; Schwarz,
U.; Niewa, R. High-Pressure NiAs-Type Modification of FeN. Angew. Chem. Int. Ed. 2017, 56, 7302–7306. [CrossRef]

30. Laniel, D.; Dewaele, A.; Garbarino, G. High Pressure and High Temperature Synthesis of the Iron Pernitride FeN2. Inorg. Chem.
2018, 6245–6251. [CrossRef] [PubMed]

31. Bykov, M.; Khandarkhaeva, S.; Fedotenko, T.; Sedmak, P.; Dubrovinskaia, N.; Dubrovinsky, L. Synthesis of FeN4 at 180 GPa and
its crystal structure from a submicron-sized grain. Acta Crystallogr. Sect. E Crystallogr. Commun. 2018, 74, 1392–1395. [CrossRef]

32. Wetzel, M.H.; Schwarz, M.R.; Leineweber, A. High-pressure high-temperature study of the pressure induced decomposition of
the iron nitride γ′-Fe4N. J. Alloys Compd. 2019, 801, 438–448. [CrossRef]

33. Kresse, G.; Hafner, J. Ab initio molecular dynamics for liquid metals. Phys. Rev. B 1993, 47, 558–561. [CrossRef]
34. Kresse, G.; Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys. Rev.

B 1996, 54, 11169–11186. [CrossRef]
35. Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Phys. Rev. 1964, 136, B864–B871. [CrossRef]
36. Kohn, W.; Sham, L.J. Self-Consistent Equations Including Exchange and Correlation Effects. Phys. Rev. 1965, 140, A1133–A1138.

[CrossRef]
37. Blöchl, P.E. Projector augmented-wave method. Phys. Rev. B 1994, 50, 17953–17979. [CrossRef] [PubMed]
38. Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 1999, 59, 1758–1775.

[CrossRef]
39. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865–3868.

[CrossRef] [PubMed]
40. Yuan, X.; Zhou, Y.; Huo, C.; Guo, W.; Yang, Y.; Li, Y.; Wen, X. Crystal Structure Prediction Approach to Explore the Iron Carbide

Phases: Novel Crystal Structures and Unexpected Magnetic Properties. J. Phys. Chem. C 2020, 124, 17244–17254. [CrossRef]
41. Shatskiy, A.; Katsura, T.; Litasov, K.D.; Shcherbakova, A.V.; Borzdov, Y.M.; Yamazaki, D.; Yoneda, A.; Ohtani, E.; Ito, E. High

pressure generation using scaled-up Kawai-cell. Phys. Earth Planet. Int. 2011, 189, 92–108. [CrossRef]
42. Walker, D.; Carpenter, M.A.; Hitch, C.M. Some simplifications to multianvil devices for high pressure experiments. Am. Mineral.

1990, 75, 1020–1028.
43. Rubie, D.C. Characterising the sample environment in multianvil high-pressure experiments. Phase Transit. 1999, 68, 431–451.

[CrossRef]
44. Bundy, F.P. Phase Diagram of Bismuth to 130,000 kg/cm2, 500 ◦C. Phys. Rev. 1958, 110, 314–318. [CrossRef]

http://doi.org/10.1103/PhysRevB.87.024103
http://doi.org/10.3390/met9101040
http://doi.org/10.1103/PhysRevB.88.184108
http://doi.org/10.1088/0953-8984/6/9/019
http://doi.org/10.1016/0304-8853(95)00530-7
http://doi.org/10.1143/JPSJ.72.2372
http://doi.org/10.1029/2020JB020660
http://doi.org/10.1029/2004JB003103
http://doi.org/10.1002/2017JB014059
http://doi.org/10.2138/am-2019-7065
http://doi.org/10.1002/2015GL064496
http://doi.org/10.1016/j.gsf.2020.04.012
http://doi.org/10.1016/j.jallcom.2008.09.178
http://doi.org/10.1002/ejic.200801222
http://doi.org/10.1002/anie.201702440
http://doi.org/10.1021/acs.inorgchem.7b03272
http://www.ncbi.nlm.nih.gov/pubmed/29505253
http://doi.org/10.1107/S2056989018012161
http://doi.org/10.1016/j.jallcom.2019.06.078
http://doi.org/10.1103/PhysRevB.47.558
http://doi.org/10.1103/PhysRevB.54.11169
http://doi.org/10.1103/PhysRev.136.B864
http://doi.org/10.1103/PhysRev.140.A1133
http://doi.org/10.1103/PhysRevB.50.17953
http://www.ncbi.nlm.nih.gov/pubmed/9976227
http://doi.org/10.1103/PhysRevB.59.1758
http://doi.org/10.1103/PhysRevLett.77.3865
http://www.ncbi.nlm.nih.gov/pubmed/10062328
http://doi.org/10.1021/acs.jpcc.0c05129
http://doi.org/10.1016/j.pepi.2011.08.001
http://doi.org/10.1080/01411599908224526
http://doi.org/10.1103/PhysRev.110.314


Materials 2021, 14, 3963 26 of 27

45. Ohtaka, O.; Fukui, H.; Kunisada, T.; Fujisawa, T.; Funakoshi, K.; Utsumi, W.; Irifune, T.; Kuroda, K.; Kikegawa, T. Phase relations
and equations of state of ZrO2 under high temperature and high pressure. Phys. Rev. B Condens. Matter Mater. Phys. 2001, 63,
1741081–1741088. [CrossRef]

46. Schwarz, M.R. Multianvil calibration and education: A four probe method to measure the entire force-versus-pressure curve in a
single run—Performed as an interdisciplinary lab-course for students. J. Phys. Conf. Ser. 2010, 215. [CrossRef]

47. Nishihara, Y.; Doi, S.; Kakizawa, S.; Higo, Y.; Tange, Y. Effect of pressure on temperature measurements using WRe thermocouple
and its geophysical impact. Phys. Earth Planet. Int. 2020, 298, 106348. [CrossRef]

48. Nishihara, Y.; Matsukage, K.N.; Karato, S.I. Effects of metal protection coils on thermocouple EMF in multi-anvil high-pressure
experiments. Am. Mineral. 2006, 91, 111–114. [CrossRef]

49. Stokes, H.T.; Hatch, D.M. FINDSYM: Program for identifying the space-group symmetry of a crystal. J. Appl. Crystallogr. 2005, 38,
237–238. [CrossRef]

50. Somers, M.A.J.; Pers, N.M.; Schalkoord, D.; Mittemeijer, E.J. Dependence of the lattice parameter of γ′ iron nitride, Fe4N1−x, on
nitrogen content; Accuracy of the nitrogen absorption data. Metall. Trans. A 1989, 20, 1533–1539. [CrossRef]

51. Imai, Y.; Izumlyama, M.; Tsuchiya, M. Thermodynamic Study on the Transformation of Austenite into Martensite in Iron-High
Nitrogen and Iron-Carbon Binary System. Sci. Rep. Res. Inst. Tohoku Univ. Ser. A Phys. Chem. Metall. 1965, 17, 173–192.

52. Gerardin, D.; Morniroli, J.P.; Michel, H.; Gantois, M. Microstructural study of ε-iron-carbonitrides formed by a glow discharge
technique. J. Mater. Sci. 1981, 16, 159–169. [CrossRef]

53. Göhring, H.; Kante, S.; Leineweber, A.; Mittemeijer, E.J. Microstructural development and crystallographic properties of
decomposing Fe-N-C compound layers. Int. J. Mater. Res. 2016, 107, 203–216. [CrossRef]

54. Nishiyama, Z. Martensitic Transformation, 1st ed.; Academic Press: London, UK, 1978; ISBN 9780323148818.
55. Kral, M.V. Proeutectoid ferrite and cementite transformations in steels. In Phase Transformations in Steels; Pereloma, E., Edmonds,

D.V., Eds.; Woodhead Publishing Limited: Cambridge, UK, 2012; Volume 1, pp. 225–275. ISBN 9781845699703.
56. Yang, J.R.; Chang, L.C. The effect of stress on the Widmanstätten ferrite transformation. Mater. Sci. Eng. A 1997, 223, 158–167.

[CrossRef]
57. Cheng, L.; Böttger, A.; de Keijser, T.H.; Mittemeijer, E.J. Lattice parameters of iron-carbon and iron-nitrogen martensites and

austenites. Scr. Metall. Mater. 1990, 24, 509–514. [CrossRef]
58. Liapina, T.; Leineweber, A.; Mittemeijer, E.J.; Kockelmann, W. The lattice parameters of ε-iron nitrides: Lattice strains due to a

varying degree of nitrogen ordering. Acta Mater. 2004, 52, 173–180. [CrossRef]
59. Burdese, A. Structural Relations and Equilibria between the ε and ζ Phases of the System Iron-Nitrogen. Metall. Ital. 1957, 49,

195–199.
60. Guo, K.; Rau, D.; von Appen, J.; Prots, Y.; Schnelle, W.; Dronskowski, R.; Niewa, R.; Schwarz, U. High pressure high-temperature

behavior and magnetic properties of Fe4N: Experiment and theory. High Press. Res. 2013, 33, 684–696. [CrossRef]
61. Paranjpe, V.G.; Cohen, M.; Bever, M.B.; Floe, C.F. The iron-nitrogen system. J. Met. 1950, 2, 261–267. [CrossRef]
62. Bouchard, R.J.; Frederick, C.G.; Johnson, V. Preparation and properties of submicron hexagonal FexN, 2 < x < 3. J. Appl. Phys.

1974, 45, 4067–4070. [CrossRef]
63. Rauschenbach, B.; Kolitsch, A.; Hohmuth, K. Iron nitride phases formed by nitrogen ion implantation and thermal treatment.

Phys. Status Solidi 1983, 80, 471–482. [CrossRef]
64. Somers, M.A.J.; Kooi, B.J.; Maldzinski, L.; Mittemeijer, E.J.; Van Der Horst, A.A.; Van Der Kraan, A.M.; Van Der Pers, N.M.

Thermodynamics and long-range order of interstitials in an h.c.p. Lattice: Nitrogen in ε-Fe2N1−z. Acta Mater. 1997, 45, 2013–2025.
[CrossRef]

65. Dubrovinsky, L.S.; Saxena, S.K.; Tutti, F.; Rekhi, S.; LeBehan, T. In situ X-ray study of thermal expansion and phase transition of
iron at multimegabar pressure. Phys. Rev. Lett. 2000, 84, 1720–1723. [CrossRef]

66. Dewaele, A.; Loubeyre, P.; Occelli, F.; Mezouar, M.; Dorogokupets, P.I.; Torrent, M. Quasihydrostatic equation of state of Iron
above 2 Mbar. Phys. Rev. Lett. 2006, 97, 29–32. [CrossRef]

67. Boehler, R.; Santamaría-Pérez, D.; Errandonea, D.; Mezouar, M. Melting, density, and anisotropy of iron at core conditions: New
X-ray measurements to 150 GPa. J. Phys. Conf. Ser. 2008, 121, 022018. [CrossRef]

68. Lu, X.G.; Selleby, M.; Sundman, B. Implementation of a new model for pressure dependence of condensed phases in Thermo-Calc.
Calphad Comput. Coupling Phase Diagr. Thermochem. 2005, 29, 49–55. [CrossRef]

69. Hillert, M. Phase Equilibria, Phase Diagrams and Phase Transformations, 2nd ed.; Cambridge University Press: Cambridge, UK, 2007;
ISBN 9780511812781.

70. Acet, M.; Gehrmann, B.; Wassermann, E.F.; Bach, H.; Pepperhoff, W. Relevance of magnetic instabilities to the properties of
interstitial solid solutions and compounds of Fe. J. Magn. Magn. Mater. 2001, 232, 221–230. [CrossRef]

71. Hernlund, J.; Leinenweber, K.; Locke, D.; Tyburczy, J.A. A numerical model for steady-state temperature distributions in
solid-medium high-pressure cell assemblies. Am. Mineral. 2006, 91, 295–305. [CrossRef]

72. Wang, K.; Reeber, R.R. Thermal Expansion of Caesium Halides with the CsCl Structure. J. Appl. Crystallogr. 1995, 28, 306–313.
[CrossRef]

73. Köhler, U.; Johannsen, P.G.; Holzapfel, W.B. Equation-of-state data for CsCl-type alkali halides. J. Phys. Condens. Matter 1997, 9,
5581–5592. [CrossRef]

http://doi.org/10.1103/PhysRevB.63.174108
http://doi.org/10.1088/1742-6596/215/1/012193
http://doi.org/10.1016/j.pepi.2019.106348
http://doi.org/10.2138/am.2006.1883
http://doi.org/10.1107/S0021889804031528
http://doi.org/10.1007/BF02665509
http://doi.org/10.1007/BF00552070
http://doi.org/10.3139/146.111330
http://doi.org/10.1016/S0921-5093(96)10475-5
http://doi.org/10.1016/0956-716X(90)90192-J
http://doi.org/10.1016/j.actamat.2003.09.003
http://doi.org/10.1080/08957959.2013.809715
http://doi.org/10.1007/BF03398999
http://doi.org/10.1063/1.1663913
http://doi.org/10.1002/pssa.2210800209
http://doi.org/10.1016/S1359-6454(96)00307-2
http://doi.org/10.1103/PhysRevLett.84.1720
http://doi.org/10.1103/PhysRevLett.97.215504
http://doi.org/10.1088/1742-6596/121/2/022018
http://doi.org/10.1016/j.calphad.2005.04.001
http://doi.org/10.1016/S0304-8853(01)00249-9
http://doi.org/10.2138/am.2006.1938
http://doi.org/10.1107/S0021889894014895
http://doi.org/10.1088/0953-8984/9/26/007


Materials 2021, 14, 3963 27 of 27

74. Leineweber, A.; Hickel, T.; Azimi-Manavi, B.; Maisel, S.B. Crystal structures of Fe4C vs. Fe4N analysed by DFT calculations:
Fcc-based interstitial superstructures explored. Acta Mater. 2017, 140, 433–442. [CrossRef]

75. De Waele, S.; Lejaeghere, K.; Leunis, E.; Duprez, L.; Cottenier, S. A first-principles reassessment of the Fe-N phase diagram in the
low-nitrogen limit. J. Alloys Compd. 2019, 775, 758–768. [CrossRef]

76. Imai, Y.; Sohma, M.; Suemasu, T. Energetic stability and magnetic moment of tri-, tetra-, and octa-ferromagnetic element nitrides
predicted by first-principle calculations. J. Alloys Compd. 2014, 611, 440–445. [CrossRef]

77. Billingham, J.; Lewis, M.H. Dislocation mechanisms for the nucleation of transformations in vanadium carbide. Philos. Mag. J.
Theor. Exp. Appl. Phys. 1971, 24, 231–240. [CrossRef]

78. Leineweber, A. Mobility of nitrogen in ε-Fe3N below 150 ◦C: The activation energy for reordering. Acta Mater. 2007, 55, 6651–6658.
[CrossRef]

79. Liapina, T.; Leineweber, A.; Mittemeijer, E.J.; Knapp, M.; Baehtz, C.; Liu, Z.Q.; Mitsuishi, K.; Furuya, K. γ′-Fe4N formation in
decomposing ε-Fe3N: A powder diffraction study using synchrotron radiation. Z. Krist. Suppl. 2006, 2006, 449–454. [CrossRef]

80. Foct, J.; de Figueiredo, R.S. Mössbauer study of phase transformation induced by mechanosynthesis in Fe4N nitrides. Nanostruct.
Mater. 1994, 4, 685–697. [CrossRef]

81. Foct, J.; de Figueiredo, R.S.; Richard, O.; Morniroli, J.P. Mechanical Alloying of Interstitial Solid Solutions and Compounds. Mater.
Sci. Forum 1996, 225–227, 409–416. [CrossRef]

82. De Wit, L.; Weber, T.; Custer, J.S.; Saris, F.W. Thermodynamic stability of iron nitrides at temperatures below 350 ◦C. Phys. Rev.
Lett. 1994, 72, 3835–3838. [CrossRef]

83. Pochet, P.; Bellon, P.; Chaffron, L.; Martin, G. Phase Transformations under Ball Milling: Theory versus Experiment. Mater. Sci.
Forum 1996, 225–227, 207–216. [CrossRef]

84. Zarkevich, N.A.; Johnson, D.D. Coexistence pressure for a martensitic transformation from theory and experiment: Revisiting the
bcc-hcp transition of iron under pressure. Phys. Rev. B Condens. Matter Mater. Phys. 2015, 91, 1–9. [CrossRef]

http://doi.org/10.1016/j.actamat.2017.08.059
http://doi.org/10.1016/j.jallcom.2018.09.356
http://doi.org/10.1016/j.jallcom.2014.04.171
http://doi.org/10.1080/14786437108227383
http://doi.org/10.1016/j.actamat.2007.08.020
http://doi.org/10.1524/9783486992526-075
http://doi.org/10.1016/0965-9773(94)90021-3
http://doi.org/10.4028/www.scientific.net/MSF.225-227.409
http://doi.org/10.1103/PhysRevLett.72.3835
http://doi.org/10.4028/www.scientific.net/MSF.225-227.207
http://doi.org/10.1103/PhysRevB.91.174104

	Introduction 
	Materials and Methods 
	DFT Calculations 
	Starting Materials 
	Multi-Anvil Experiments 
	Sample Analysis 

	Results 
	Analysis of DFT Calculations 
	Analysis of Starting Materials 
	Analysis of Phase Constitution and Microstructures of Quenched Samples 
	Phase Equilibria in the Fe-Rich Part of Fe–N System at High Pressure 
	Isobaric Sections at 2 GPa and 4 GPa 
	Isothermal Section at 400 C 
	Low-Temperature Eutectoid Decomposition of '-Fe4N 


	Discussion 
	Evolution of the Phase Equilibria in the Fe–N System Subjected to High Pressure 
	Discussion of the P–T-Dependent Phase Stability 

	Conclusions 
	References

