https://doi.org/10.15407 /ufm.22.04.531

V.Z. TURKEVYCH"*, Yu.Yu. RUMIANTSEVA " #¥,

1.0. HNATENKO *** 1,0. HLADKYI?, and Yu.l. SADOVA'

V. Bakul Institute for Superhard Materials of the N.A.S. of Ukraine,
2 Avtozavodska Str., UA-04114 Kyiv, Ukraine

2 National Technical University of Ukraine ‘Igor Sikorsky Kyiv Polytechnic Institute’,
37 Prosp. Peremohy, UA-03056 Kyiv, Ukraine

*vturk@ism.kiev.ua, **yrumuanceva@gmail.com, *** gnatenko i@ukr.net

THERMODYNAMIC CALCULATION OF Fe—N
AND Fe-Ga MELTING DIAGRAMS
AT PRESSURES FROM 0.1 MPa TO 7 GPa

This paper presents results of melting-diagrams’ calculations for the Fe—N and
Fe—Ga systems at atmospheric pressure (0.1 MPa) and at high pressures (3, 5 and
7 GPa). Thermodynamic calculations are performed within the models of phenom-
enological thermodynamics. As shown, the increase of pressure results in destabi-
lization of high-temperature b.c.c.-Fe modification in Fe—N system and stabiliza-
tion of Fe,N equilibrium with the liquid phase. In Fe—Ga system, the intermetallic
compounds Fe,Ga, Fe,Ga;, Fe,Ga,, and FeGa, retain their stability up to pressure of
7 GPa. The stabilization of Fe,N equilibrium with the liquid phase at high pressures
indicates that the Fe,N can be a competing phase in the gallium-nitride crystalliza-
tion from the Fe—Ga—N system melt.

Keywords: Fe—N and Fe—Ga diagrams, high pressures, thermodynamic calculations,
ThermoCalc.

1. Introduction: Background
of the Problem and Motivation of the Study

The effects of nitrogen on the properties of iron alloys are variable and
depend on many factors, such as nitrogen concentration, presence, alloy
composition and other factors [1]. The negative effects of nitrogen are
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well known, and dominantly appears when its concentration in metal
above the solubility limit in solid metal. This creates conditions for
nitrogen to be released from the solid solution. The nitrogen deposition
from such a solution, during the metal ageing, reduces the plasticity
and strength of steel [2].

On the other hand, nitrogen is sometimes a useful alloying element.
For instance, by nitrogen doping, can be amplified some steel’s func-
tional properties (if it is necessary). Nitrated steel having a layer of
¢-phase on the surface, corrosion resistant in water and in atmospheric
conditions has an increased hardness [3]. A new class of high-strength
nitrogen-alloyed steel resistant to corrosion has recently been devel-
oped. Due to the difference in the interaction of carbon and nitrogen
atoms with iron atoms, steel has unique physicochemical and operation-
al properties (high strength, plasticity, absolute corrosion resistance,
nebulosity). Nitrogen steels are well welded and technologically sound
in both the metallurgical and shipbuilding industries, hence, that their
research and development remains interesting from both engineering
and a scientific point of view [4].

Interest in the high-pressure phases of iron nitride as potential phases
of the Earth’s nucleus and mantle is due to their discovery in ultra-deep
diamonds [5] and the elevated nitrogen concentrations in some iron me-
teorites. Equally interesting is the persistence of iron nitride in relation
to carbides under conditions of excess nitrogen and carbon [6], which
suggests the possibility of carbon nitrogen being displaced from iron
compounds. Iron nitrides, y-Fe,N and y'-FeN, along with the metastable
phase a-Fe,(N,, are also known to be of greatest interest to researchers
today, e.g., due to discovery of giant ferromagnetism of o-Fe,;N, phase
[7] (see also recent review [8] and references therein). This heightened
interest has naturally yielded results: iron alloys are known to be widely
used to crystallize diamonds under high pressure and temperature con-
ditions [9]. In addition, there has been recent research into the crystal-
lization of other substances (e.g., the crystallization of wide-area semi-
conductor materials as gallium nitride) under extreme high pressures
and temperatures and using the same alloys [10].

All this leads to the need for a better understanding of the iron-
gallium-nitrogen system both under atmospheric pressure and under ex-
treme high temperatures and pressures. These facts make it necessary to
construct a diagram ‘iron—gallium—nitrogen’ under extremal pressures
(greater than 1 GPa) also. However, in order to construct a ternary dia-
gram, it is necessary, first of all, to construct binary diagrams: Fe—Ga,
Fe—N, Ga—N. Since the authors have already made a phase diagram of
the Ga—N system in the first approximation in the previous work [11]
that this work is devoted to the construction of the diagrams Fe—Ga and
Fe—N. It is expected that this will advance the understanding of the Fe—
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Ga—N system behaviour. The authors hope, that the results will make
it possible to understand, which is necessary for effective GaN crystal-
lization under high temperatures and pressures. We also hope that this
will make it possible to not only grow high-quality single crystals by
optimizing the p—T-conditions of growing GaN crystals, as well as al-
low other researchers to solve their materials science problems, which
presented above.

2. Methods and Experiments

Analysis of the data published in [12, 13] showed that in the systems
‘iron—nitrogen’ and ‘iron—gallium’ there are low and high-temperature
modifications of iron with b.c.c. and h.c.p. structures, respectively.
However, when temperatures are reduced to some values, f.c.c.-iron
modification changes back to b.c.c. structure.

The model with two sublattices was used to describe the Gibbs free
energy dependence on the nitrogen concentration in b.c.c., f.c.c. and
h.c.p. iron. The isobar-isothermal potential of Fe,N is represented by
the energy formalism of compounds (CEF) [14]. The model of subregular
solutions was used to describe the dependence of Gibbs free energy on
the nitrogen concentration in liquid iron. The model parameters for cal-
culating the phase diagram of Fe—N and Fe—Ga systems at atmospheric
pressure are taken from [15].

High pressures cause an increase in free Gibbs energy for each phase

by an amount: )

[vitap, )
0
where V" is the molar volume of the phase with Ph. structure.
The bulk modules, their dependence on pressure, thermal expansion
coefficients (CTE), the molar volumes for the solids were taken from

Thermodynamic phases’ parameters in Fe—N and Fe—Ga systems [12, 13, 18—23]

Phase | Mol poume, | Bl ol | et dorbnive | o,
b.c.c.-Fe 7.05-10°¢ 158.8 5.16 73.0-10°¢
f.c.c.-Fe 7.00-10°¢ 158.8 5.16 73.0-10°¢
h.c.p.-Fe 8.15-10°¢ 129.9 5.3 22.9-10°¢
Liquid Fe 6.80-10°¢ 132.4 6.6 73.0-10°¢
Liquid Ga 11.85-10° 48.0 9.1 +114-10%-22-10%8-T
Fe,N 29.00-10°¢ 160.0 5.3 22.9-10°
Fe,Ga 30.50-10°¢ 172.0 6.6 52.8-10°
Fe,Ga, 87.99-10°¢ 172.0 6.6 52.8-10°
Fe,Ga, 58.51-10°¢ 172.0 6.6 52.8-10°
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Fig. 1. Phase diagrams of the Ga—N system at 0.1 GPa (a), 3 GPa (b), 5 GPa (¢), and
7 GPa (d)

the literature summarized in the publication [16]. The liquid phase vol-
ume was described in such a way as to minimize deviations from the
experimental data. Namely, it is necessary to minimize deviations of
the theoretical and experimental data for melting temperatures depend-
ence of h.c.p. iron and Fe,N on pressure (in [10] Fe,N was interpreted
as Fe,N).

The pressure dependence of free Gibbs energy is calculated in Mur-
naghan approximation [17]. Thermodynamic parameters affecting the
pressure term of Gibbs free energy for the phases of the Fe—N system
are presented in Table.

3. Results and Discussion

Thus, using data from Table 1, after simulating system’s behaviour us-
ing the ThermoCalc software package [24], the results were obtained,
shown in Fig. 1 and Fig. 2.
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Fig. 2. Phase diagrams of the Fe-N system at 0.1 GPa (a), 3 GPa (b), 5 GPa (¢), and

7 GPa (d)

The graphs show that the Fe—N phase diagram undergoes next sig-
nificant changes upon application of pressure:
. the high-temperature modification of b.c.c. iron and the solid-

solution nitrogen with iron (h.c.p.-Fe—N) are destabilized;

. the temperature range of Fe,N existence expands significantly;

. the equilibrium of Fe,N with the liquid phase is stabilized by the
peritectic reaction: Fe,N 2 f.c.c.-iron + liquid.

The topology of the Fe—Ga phase diagram changes insignificantly
when pressures are superimposed. Fe,Ga, Fe,Ga;, Fe,Ga, and FeGa, in-
termetallic compounds remain stable at pressures up to 7 GPa.

4. Conclusions

The intermetallic compounds Fe,Ga, Fe,Ga,, Fe,Ga, and FeGa, retain
their stability at pressures up to 7 GPa. The stabilization of the equilib-
rium of Fe,N with the liquid phase at high pressures indicates that Fe,N
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can be a competing phase in the GaN crystallization from the melt of
the Fe—Ga—N system. A similar effect takes place in Fe—Co—C and Fe—
Ni-C systems, where cementite is a competing phase of diamond crys-
tallization from solution in the melt [25]. To clarify the situation and
possible optimization of the crystallization process of gallium nitride,
it is necessary to construct a phase diagram of the Fe—Ga—N system at
pressures of 6—7 GPa.
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1.0. I'namenko?, 1.0. I'nadxuit?, FO.H. Cadosa’

'TgcTuTyT HaaTBepAux marepianis im. B.M. Barkyaa HAH Vkpaiun,
ByJ. ABTO3aBoaChbKAa, 2, 04114 Kuis, YKpaina

?Hanionansuuil TexHiunuil yHiBepcurer YKpainu «KuiBecbKuil mositexHiunmit
imcturyt imeHi Iropa Cikopcbroro», mpocuext Ilepemorn,
37, 03056 Kuis, Ykpaina

TEPMOIUHAMIYHUY POBPAXYHOK JIIATPAM TOIIJIEHHS
Fe—N i Fe—Ga 3SA THCRIB BIJ 0,1 MIla 1O 7 I'lla

B merxax mopmeseit (heHOMEHOJIOTIUHOI TEPMOAMHAMIKN BUKOHAHO PO3PaxXyHOK (aso-
Bux giarpam cucteMm Fe—N i Fe—Ga s3a armocdepuoro tucky (0,1 MIla) Ta 3a BuCOKuX
TuckiB (3, 5 i 7 I'lla). IlokasaHo, 1110 MiABUINEHHS TUCKY IIPU3BOAUTD M0 AecTabigisa-
il Bucoxkoremneparypuoi moaudikaiii OI[K-Fe B cucremi Fe—N i crabinmisarii pisao-
Baru Fe N i3 pigkoro (asoro. B cucremi Fe—Ga inrepmerarinu Fe,Ga, Fe,Ga,, Fe,Ga,
ra FeGa, s0epirators cBoI0 crabinbHicTs 3a TuCKiB mo 7 I'lla. Crabinisamia pisHOBarm
Fe,N 3 pizkoio (asoio 3a BUCOKMX THCKiB BKasye Ha Te, mo Fe,N mMoxke OyTu KOHKY-
pyBaIbHOIO (hasoio 3a Kpucramisarii mirpuay Iamiio 8 posromy cucremu Fe—Ga—N.

Kurouosi cioBa: Fe—N, Fe—Ga, Bucoki Tucku, Tepmomunamiuni pospaxyuku, Ther-
moCalc.
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