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In the present paper, we have studied atomic structure of Fe-N and Fe—C austenitic
alloys. High precision ab-initio calculation was utilized for calculation of the pair poten-
tials of interatomic interactions N-N and C—C in the FCC Fe lattice. These potentials were
used for Monte Carlo modeling of the short range order in Fe—N and Fe—C systems. It was
discovered that in the FCC Fe lattice, nitrogen atoms might be partially ordered. In this
case, atomic structure of nitrogenous austenite is characterized by availability of FegN
phase with the short range order over N atoms located in the third coordination sphere.
The calculations have shown that, contrary to nitrogen, carbon atoms in iron FCC lattice
repulse and settle at maximum possible distances from each other.

B paGore TeopeTMuecKU HCCIELOBAHO ATOMHOE CTPOEHHE a30THUCTOTO W YIJIEPOIUCTOTO
aycTeHUTOB. BbicokoTouHbIM ab-initio merogom FLAPW paccuuTaHbl napHble ITOTEHIIUAJBI
MeXKaTOMHOT'O B3aMMOAEeHCTBUA a30T-a30T U yriaepoxa-yriepon B I'LIK pemretke xenesa. OTu
TMOTEeHIINAaJbl UCIOJb30BaHbl A Moute-Kapiao MomenupoBaHUs OJIUMKHEr0O MOPAJKA B CHUCTe-
max Fe-N u Fe-C. Vcranosieno, uro B T'IlK pemrerke kesesa aroMbl a30Ta MOI'YT OBITH
YACTUYHO YIIOPALOUEHBI. B 9TOM ciiyyae aToMHas CTPYKTypa a30TUCTOTO ayCTEHUTA XapaKTe-
pusyerca Hammuuem Gasel FegN ¢ 6mmxHIM mOpAZKOM IO aTOMaM a30Ta, KOTODPEIH pacmoa-
raercsi B TPeTbell KOOpAMHAIMOHHOII cdepe. Pacuersl mmokasaju, 4TO B OTJIMYHE OT a30Ta
arombl yriuepoga B I'IIK pemierke Kesieda OTTAJIKMBAIOTCSA M PACIOJATaOTCS HA MaKCHMAaJb-
HO BO3BMOJKHBIX PACCTOSSHUAX APYT OT Apyra.

© 2011 — STC "Institute for Single Crystals”

1. Introduction

Most of the researchers attribute the
unique physical properties of Fe-N
austenite to peculiarities of the short range
order in this alloy. It is presumed that
short range order in Fe-N and Fe-C
austenitic alloys is essentially different,
and, in its own turn, it defines the differ-
ence in important physical properties like
strength, plasticity and others. To describe
the short range order and obtain statistical
and thermodynamic characteristics of Fe—N
and Fe—C austenite, it is necessary to obtain
N-N and C-C interaction energies. In the
pioneering papers, dedicated to such stud-
ies, the semi-phenomenoclogical approaches
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based upon experimental data (for instance,
temperature-concentration dependence of
thermodynamic activity of the austenite in-
terstitials [1]) were used. The undertaken
investigations [2 — 4] employed first order
quasi-chemical approximation. First coordi-
nation sphere interactions evaluated lead to
a conclusion that C—C interaction has repul-
sion with energy of w; = 0.083 eV [2] or
wy = 0.04 eV [3] for Fe—C alloy. Similar es-
timations for N—N interaction energies were
obtained for Fe-N alloy — w; = 0.04 eV [4]
or wy =0.02 eV [3]. It is possible to see
that interaction energies absolute values
differ significantly according to different
authors. Obviously, this difference leads to
different distribution of interstitials in the
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alloy. The possibility to study in more detail
the parameters of the interatomic interac-
tion is provided by Mossbauer spectroscopy
[6—-9]. Interatomic interaction energies C-C
and N-N in the two coordination spheres
were estimated with help of Monte-Carlo
modeling [6-9]. Monte-Carlo modeling al-
lows obtaining the distribution of the inter-
stitial atoms detected by Mossbauer spec-
troscopy. The disadvantage of this approach
is that, as a rule, it is possible to obtain the
interaction only for +two coordination
spheres. Authors of the most papers dedi-
cated to the short range order study in ni-
trogenous austenite [5, 6, 8] concluded that
nitrogen atoms are distributed according to
Fe,sN non-stoichiometric composition. Re-
cently [10], the energies of formation for
C-C and C-V (V-vacancy) pairs were ob-
tained from the thermodynamic activity
data analysis with the use of quasi-chemical
approximation (QCA) of the statistical me-
chanies. The values of these energies were
used in further Monte-Carlo modeling of the
different Fe-C austenite concentrations.
Obtained distributions of the atoms C and
vacancies V were compared with known de-
compositions of Mossbauer spectra. Model-
ing results are in a good agreement with
FegC,_, model proposed in [7]. Three types
of iron atoms are distinguished in the frame
of this model: Fe,; — iron atom with one
carbon atom as a closest neighbor in the
first coordination sphere, Feg, — iron atom
with n carbon atoms only in the second co-
ordination sphere and Feyy; — iron atom,
which does not contain carbon atoms in the
two primary coordination spheres. It will be
shown later, that our results are in a good
correspondence with FegC,_, model. N-N
atoms interaction was described in [11] with
the help of Lennard-Jones pair potential
with parameters obtained in the frame of
quasi-harmonic approximation. Disadvan-
tage of this approach is related to the sup-
position about an adequacy of the harmonic
approximation and difficulties with obtain-
ing the information about electrochemical
interaction potentials. Still, the values of
the pair interaction energies were obtained
for six coordination spheres (w; = 0.11,
wy = 0.07, wg =-0.06, w,=10.01, wyg=
0.03, wg = 0.02). As a result, the obtained
decomposition up to 7" sphere indicates the
formation of non-stoichiometric y—FegN,
phase, which is not observed experimen-
tally. Therefore, until now, there is no clear
common opinion about the distribution of
nitrogen and carbon atoms in FCC iron lat-
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tice. Moreover, theoretical ab-initio short-
range order modeling studies in these alloys
are almost non-existent. So, the present
paper is dedicated to the cluster decomposi-
tion [12] theoretical investigation of Fe-N
and Fe-C austenites.

2. Results and discussion

The essence of an approach used in the
present investigation is the following. The
energy of any atomic configuration in the
crystal lattice of the binary alloy, where
every site is occupied by A or B atom, is
possible to write in the form of the expan-

sion E = ZVO(PO(, where summation is done

on all clusters. V, — effective cluster inter-
actions. P, — product of the s; = (+1) val-
ues, where index i runs about on the nodes
of cluster. Cluster decomposition is the P,
basis expansion and it represents the gener-
alization of the Ising model. V, — structur-
ally independent parameters, which are
needed to be defined. An effectiveness of
the cluster decomposition application is
based upon the fact that, as a rule, it is
possible to do with clusters of small dimen-
sion like, for instance, of 2, 3 or 4. In the
present paper the pair approximation was
used: clusters possess dimension of 2. En-
ergy values for these clusters might be ob-
tained from ab-initio calculations of the
electronic structure for the set of the model
ordered structures. Total energies of such
structures together with known parameters
give linear set of equations, which the un-
known interaction values are found from.
To solve this task, the high precision ab-ini-
tio FLAPW method (Wien2k package [13])
was used in the present paper. Exchange-
correlation potential was calculated in the
frame of gradient approximation (GGA) in
accordance with Purdue-Burke-Ernzerhof
model [14]. The number of k-points in the
first Brillouin zone is 1000. The number of
plane waves per atom in a basic set was
equal to 160. This made it possible to en-
sure the precision for the total energy cal-
culation of 0.001 eV. Calculations of the
total energies of the ordered crystal struc-
tures were carried out taking into account
full structural optimization, which includes
lattice parameters and the unit cell atomic
positions optimization.

Calculations have shown that in the FCC
iron lattice pair potentials for nitrogen-ni-
trogen (N-N) interatomic interaction depend
essentially upon nitrogen concentration. In
this work two sets of pair potentials of N-N
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Table 1. Coefficients of the set of equations ¢;, total energies of the model structures E and pair
potentials of atomic interactions of the nitrogen atoms v; (eV) for Fe,N nitride

Type of n Ay Ay ¢ Cq Ccg cy E,
structures
FegN, 1 1 0 0 1/2 1 1/2 -35007.361
2 1 0 1/2 1/2 0 1/2 -35007.293
Fe sNg 3 0 1 0 1/24 0 7/12 —34820.995
Fes,N, 4 0 1 0 1/4 0 1/4 -34821.009
5 0 1 0 3/16 0 3/8 —34820.992
6 0 1 0 0 0 3/4 -34820.998
7 0 1 0 0 3/8 0 —34820.995
8 0 1 3/16 0 0 0 -34820.963
9 0 1 1/16 0 1/8 0 —34820.986
E, E, U, v2 vg v,
-35007.368 | —34820.998 | 0.169 | —0.022 0.014 0.004

Table 2. Coefficients of the set of equations c;, total energies of the model structures E and pair
potentials of atomic interactions of the nitrogen atoms v; (eV) for FeAj yg05 (A = N, C) alloys

Type of n Ay ¢ Cy cg Cy Cy ENn ECn
structures
Fes,A, 1 1 1/32 0 0 2/32 |—-34727.814|-34699.455
2 1 0 0 0 0 —-34727.817|-34699.460
3 1 0 0 1/16 0 —34727.818|-34699.458
4 1 0 0 0 1/8 0 —34727.813|-34699.453
Fe, Az 5 1 0 1/48 0 0 0 —34727.810|-34699.453
6 1 0 0 2/48 2/48 2/48 |—-34727.817|-34699.457
E, Uy Uy Ug Uy Uy
N-N 1 |-34727.817| 0.131 0.298 | -0.013 | 0.030 | —-0.024
c-C 2 |-34699.460| 0.177 0.338 | 0.028 | 0.056 | —0.007

interaction (one, which describes short
range order in Fe4N nitride, and another
one — for FeNgggo5 austenite) have been
calculated. One set of C—C pair potentials
was also calculated for FeCg ggo5 austenite.

To define first set of potentials, the total
energies of two ordered FegN, structures, six
FesoN, structures and one FeygNg structure
have been calculated. According to Fe-N
phase diagram [8] the formation of Fe,N ni-
tride in FCC iron matrix is possible in 12.5—
25 at.% concentration range. Stoichiometry
of the chosen model structures corresponds
to this concentration interval. All calcula-
tions were carried out in spin-polarized fer-
romagnetic approach in order to describe or-
dering in the nitride, which is ferromag-
netic itself. Calculation results for pair
potentials and corresponding coefficients in
the total energy equations for all structures
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E=A4Ey + AE; + Zcivi are given in
Table 1. To define the set of potentials of
the FeAg ggo5 (A = N, C) austenites, total en-
ergies of the five ordered FesyA, (A =N, C)
structures and two FeygA3(A =N, C) ones
were calculated. As these austenites are
paramagnetic, calcul ations were carried out
in non-spin-polarized approximation. Calcu-
lated pair potentials and corresponding co-
efficients in the total energy equations for

all structures E =A0E0+20ivi are pre-

sented in Table 2. Two sets of pair poten-
tials for nitride and nitrogenous austenite
are essentially different. In the case of ni-
tride, nitrogen atoms attraction is observed
in the second coordination sphere, while in
the case of austenite — in the third one,
which must lead to fundamentally different
short range order in these materials. Poten-
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Fig. 1. a) Concentration dependences of the
number of different iron atoms in FeN, (x =
0.05, 0.1, 0.15) alloy and Fe,N nitride; b)
Temperature dependences of the number of
different iron atoms in FeNg , alloy.

tials for nitrogenous and carbon austenite
are also different. The C—C interaction is
characterized by repulsion in the third coor-
dination sphere.

Different thermodynamic characteristics
of nitride and austenitic FeNgggo5 alloy
were calculated in the broad temperature
interval by Monte-Carlo method using two
sets of the obtained potentials. Changes in
nitrogen atomic positions were carried out
with the hopping probabilities according to
Metropolis. A cell with 243 atomic positions
was used. Temperature step was 100 K with
fixed nitrogen concentration. Short range
order calculation was conducted with the
decrease of temperature. Equilibrium con-
figuration of the previous calculation was
used as a starting one. Phase transforma-
tion points were found from the maximum
location on the heat capacity versus tem-
perature curve. Short range order modeling
in FeN, alloy with primary set of potentials
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Fig. 2. Temperature dependences of the num-
ber of different iron atoms in a) FeNg g5, b)
FeCy pe25 alloys.

was conducted for concentrations x = 0.05,
0.10, 0.15, 0.25. Fig. 1 shows concentration
dependencies of the number of different
type iron atoms in alloy at temperature
T =800 K. As it can be seen at x = 0.25
nitrogen concentration (Fe4N nitride), only
atoms Fe,—180° (Fe, atom possesses nitro-
gen atoms, which are under the angle 180°)
and atoms Fey exist. It is an evidence of
Fey4N nitride phase formation. Calculations
have shown that this phase forms at 800 K,
which correlates with the experimental
value of the nitride formation temperature
(923 K). Further, Monte-Carlo modeling of
the short range order in austenitic alloys
with smaller nitrogen concentrations was
carried out with the help of the same inter-
action pair potentials. Calculations have
also shown that at 800 K iron atoms of dif-
ferent kinds exist in these alloys. For in-
stance, there are two kindes atoms: atom
Fe,, which possesses one nitrogen atom, and
atom Fe,, which possesses two nitrogen
atoms under the angle 90°. However, during
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the modeling for alloys of all x = 0.05,
0.10, 0.15 concentrations starting from cer-
tain temperature, which decreases with the
decrease of nitrogen concentration, the or-
dering takes place, which is characteristic
for nitride formation. It contradicts the ex-
perimental data, as it is well-known that in
the austenitic alloys no nitride formation is
observed at such nitrogen concentrations.
Thus, the set of potentials given in Table 1
does not describe the short range order in
austenite alloy correctly.

For Monte-Carlo modeling of the short
range order in nitrogenous and carbon
austenites the pair potentials were used.
The potentials were obtained with the help
of model structures Fez,A, and FeyghAs
(A=N, C), which are actually modeling
FeAq gg25(A = N, C) alloys. Calculations have
shown that in the case of nitrogenous
austenite no Fe,N nitride formation is ob-
served at the temperature decrease. Fig. 2
shows the results of the short range order
modeling in FeAg ggo5(A = N, C) alloys. The
temperature dependence of the number of
iron atoms of different type (Fe14, Fe15‘12
and Fep) was calculated too. Fe14 atoms pos-
sess one impurity atom and 4 iron atoms in
the first coordination sphere. Correspond-
ingly, Fe15‘12 atoms possess from 5 to
12 iron atoms of Fe, type. For the FeNg gg05
nitrogenous austenite the increase in num-
ber of Fe15‘12 atoms with the decrease of
temperature (Fig. 2a) is an evidence of the
partial ordering of the nitrogen atoms in
the FCC iron lattice. For FeCj ggp5 carbon
austenite (Fig. 2b), starting from 400 K the
sharp decrease of the amount of Fe15‘12
atoms is observed, that is an evidence of
carbon atoms disordering in the FCC iron
lattice. Analysis of the results has shown
that nitrogen atoms are situated mainly in
the third coordination sphere in respect to
each other, while carbon atoms — in the 5th
and 60 coordination spheres. It means that,
in the case of nitrogenous austenite with
the temperature decrease, FegN octahedra,
consisting of Fe, atoms, unite but do not
possess common iron atoms. In the case of
carbon austenite the carbon atoms are dis-
tributed at the maximal distance from each
other. Actually, the phase of FegN
stoichiometry with the short range order of
the nitrogen atoms in the third coordination
sphere is formed in the FCC iron lattice of
the nitrogenous austenite. The obtained re-
sults lead to the conclusion that in this case
it is impossible to form the long range order
over nitrogen atoms. Fe,* atoms are situ-
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Fig. 3. a) Structure Fe;ygNgy, simulating the
nitrogen atoms distribution in the third coor-
dination sphere of FCC iron lattice. b) Struc-
ture Fe,;,C,, simulating the nitrogen atoms
distribution in the sixth coordination sphere
of FCC iron lattice.

ated on the surface of this phase. As it can
be seen in Fig. 2a, the number of these
atoms decreases sharply starting at the tem-
perature of formation of the short range
order over nitrogen and formation of the
phase with FegN stoichiometry. For the
carbon austenite with the temperature de-
crease, the number of Fe14 iron atoms in-
creases (Fig. 2b), which might help to ex-
plain smaller solubility of carbon atoms
(9 at. %) comparing to nitrogen (10.5 at. %)
in the FCC iron matrix. It has to be noted
that the number of Fey atoms does not de-
pend upon temperature.

The results of this Monte-Carlo modeling
allow singling out the fragment of FCC lat-
tice, which demonstrates the distribution of
nitrogen atoms in the third coordination
sphere. Fig. 3a represents the scheme of
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Fe gsNg structure, which might be a good
model for the nitrogenous austenite. Fe,
atoms are marked with the dark color
around each nitrogen atom. These atoms
form FegN octahedra in the the FCC lattice.
Fig. 8b shows Fe3,C, structure, which ap-
peared to be energy favorable amongst all
calculated structures. In this structure
carbon atoms are situated in the 6" coordi-
nation sphere. It corresponds to FegC,_,
model proposed in [7] and might be a good
model for the calculation of the hyperfine
interactions.

3. Conclusions

In current study it was revealed that ni-
trogen atoms in the nitrogenous austenite
can be partially ordered. In this case, its
atomic structure is characterized by the
presence of FegN phase with the short range
order over the atoms of nitrogen, which are
located in the third coordination sphere.

The calculations have shown that, con-
trary to nitrogen, carbon atoms in iron FCC
lattice repulse and settle at maximum possi-
ble distances from each other.
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Ab-initio MmomenOBaHHA OJIMKHBOTO IMOPIIKY
B aycreHiTHHX cmiaaBax Fe—-N i Fe-C

A.M. Tumowesécovruii, C.O0.A610n06coKUll

VY po6oTi TeopeTHUHO AOCHiIKeHO aTOMHY OyJZOBY a30THCTOTO Ta BYIJIEIeBOTO ayCTEeHiTiB.
Bucokorounum ab-initio metomom FLAPW pospaxoBaHo mnapHi moreHmiaau MikaToMHOI
B3aeMogii asor-asor i Byriens-Byriens B I'IIK rparmi samisa. Ili moTeHIianu BUKOPUCTAHO
nia MonTe-Kapso mogenoBanHa Gam:KHBOTO nopsaaky y cucremi Fe—N ta Fe—C. Beranosae-
HO, mo B I'lIK rparui saxisa aromu asoTy MOMKYTb OyTH YACTKOBO BIIOPALKOBAHi. ¥ IbOMY
BUIATKY ATOMHA CTPYKTYDPa a30THCTOTO AyCTeHITy XapaKTepuayeTbcs HasBHicTO dasm FegN
3 ONMMIKHIM IOPSAKOM 3a aToMaMu a30Ty, SIKMUA PO3TAIIOBYETHCS y TPETii KOoOoOpAuHAIINHIiNA
cepi. Pospaxynku nokasanu, 0 Ha Bigminy Bixm asory aromu Byraemio B 'K rparmi
3aJIisa BiAIITOBXYIOTHLCS 1 PO3TAIIOBYIOTHCS HA MAaKCHMAJIBLHO MOMKJIMBHUX BiICTaHAX OIUH Bif

OJHOT'O.
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