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The experimental Mossbauer spectra of nitrogen and carbon austenites have been
treated theoretically. A new method was used based on the self-organization principles.
Expansion The experimental spectra have been expanded into the components. The parame-
ters of hyperfine interactions in the nitrogen and carbon austenites have been calculated
done. To interpret the measurement results, the ab-initio FLAPW calculations of elec-
tronic structure and hyperfine interactions have been performed for the Fe;,A3;(A=C,N)
ordered structure that simulates nitrogen and carbonic austenite. It is shown that a low
intensity doublet in the spectrum of nitrogen austenite is not caused by "dumbbells”
N-Fe—-N configurations, but instead can be referred to the Fe atoms including one N atom
in the first coordination sphere. It has been found that a similar doublet exists in the
carbon austenite spectra as well. The differences in MOssbauer spectra of the nitrogen and
carbon austenites are caused only by the difference in their electric field gradient and
isomer shift values.

ITpoBemena oOpaboTKa sKcIepruMeHTaJIbHEIX Mécc0ayospOBCKUX CIEKTPOB YIJIEPOAMCTOrO U
a30THCTOr0 ayCTeHHUTOB. VICIIOJB30BAH HOBBIM METOJ HA OCHOBE MPUHIIMIIOB CAMOOPraHM3a-
uuu. IIpoBemeHo pasioKeHUe 9KCIePUMEHTAJbHBIX CIEKTPOB HA KOMIIOHEHTHI. PaccumTaHbl
mapamMerpsl CBEPXTOHKMX B3aHMMOAEHCTBUII B yIrJepOAUMCTOM M a30THCTOM ayCTeHuTax. s
HHTEPIPeTAN dKCIEePHMEHTAJLHBIX Pe3yabTaroB, ab-initio meromom FLAPW, mnposezena
cepus PACUYETOB 9JE€KTPOHHOIO CTPOEHUS U I1aPaMETPOB CBEPXTOHKOI'O B3AMMOLEHMCTBUS B
yHopagoueHHO# cTpyKType Fes;Asz(A = CN), Mozenupyromieil yriaepogucTeIii ¥ asOTHCTHIH
aycteHUTHl. IToKkasaHo, YTO MaJIOMHTEHCUBHAA AyOJeTHas JUHUSA, COLepPIKaIasgcAd B CIIEKTPe
a430THCTOr'0 ayCTEHNUTa, He CBA3aHa C CYIeCTBOBAHMEM TaHTeJbHBIX KoHpurypammuit N—Fe—N,
a obycJIoBJIeHa aToOMaMHU KeJjesa, COMepPIKallliMU OJWH aTOM as30Ta B IIePBOil KOOPAMHAIIMOH-
HO#l cdepe. YcCTaHOBJIEHO, UTO aHAJOTMYHAA OyOJeTHAS JUHUA CONEPMKUTCA U B CIEKTpe
yriepogucToro aycteHuta. Pasiauuusa B MéccOayspoOBCKUX CIEKTpax YIrJIEPOJUCTOrO U as30-
THUCTOTO ayCTEHUTA CBA3AHBI TOJHKO C PA3JUUYHLIMU BeJIMUNHAMU TPAIUEHTa 9JIeKTPUUECKOTO
HOJIA ¥ M30MEPHOTO CABUTA.

1. Introduction

© 2010 — STC "Institute for Single Crystals”

atoms. The main tool in those research

Nitrogen and oxygen are widely used as
alloying elements when obtaining austenitic
steels. In contrast to carbon steels, nitrided
ones exhibit unique strength properties and
corrosion resistance. Numerous studies were
done for gaining knowledge what kind of
changes occurring in the FCC Fe matrix due
to introduction of carbon and oxygen
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works is the MoOssbauer spectroscopy. Ma-
jority of researchers provide interpretation
of the experimental spectra of nitrogen
austenite being based on the model which
takes into consideration three types of Fe
atoms: Fey atoms that do not include nitro-
gen atoms if the first coordination sphere,
and Fe,- and Fe, atoms having in the first
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Fig. 1. Experimental MOssbauer spectrum of
Fe,oN austenite [7]. The results of spectrum
expansion into components obtained in this
work and by other researchers.

coordination sphere one and two nitrogen
atoms, respectively. In Fig. 1, shown are ex-
pansions of those spectra into elements
made by different researchers. In the carbon
austenite, there are only two components
related to Fey and Fe; atoms. Same results
are reported in most of publications (Fig.
2). There are numerous studies aimed at
investigations of a short range order and
parameters of hyperfine interactions in Fe—
C and Fe—N austenites [1-11]. At the same
time, different opinions exist on how to in-
terpret the available experimental data.

In this work, we have solved two main
tasks:

— the experimental MoOssbauer spectra of
Fe oC and Fe gN austenite have been proc-
essed to gather maximum reliable informa-
tion on the hyperfine interactions parameters;

— the hyperfine interaction parameters
in the ordered structures simulating Fe,oC
and FeqgN austenite have been calculated
using high-accuracy ab-initio method. Ex-
perimental and theoretical results are ana-
lyzed in detail.

2. Results and discussions

To attain the first task, we have used a
new method of experimental spectra proc-
essing [12] based on three main principles
of self-organisation [13]:

(i) synthesis of different variants of
mathematical models of experimental spec-
trum. This principle was used to define the
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Fig. 2. Experimental Mossbauer spectrum of
Fe,oC austenite [7]. The results of spectrum
expansion into components obtained in this
work and by other researchers.

model including an optimal number of reso-
nance lines. It is assumed that the spectrum
envelope curve can be presented as a super-
position of separate components represented
by Lorentz function. A deliberately large
number of components is chosen. While
searching the models containing decreasing
numbers of components, the selection crite-
ria tends to decrease, then reaches its mini-
mum and then starts growing. At such
searching, the minimum criterion value in-
dicates the model of optimal complexity,
which describes experimental spectra in
most reliable way. Thus, we propose the
method of mathematical modeling where the
model structure is defined automatically in
the course of calculation;

(ii) a uniform estimation of the average
risk value is used as the selection criterion
in the method [14]:

; — y)? (1)
1/2°

1 n
A = E 2
=1 [r(lnn —Inr + 1)—1nnj

n

where y; is the theoretical spectrum; 1}, ex-
perimental spectrum; m, the number of
Lorentz lines; n, the number of experimen-
tal points; r = 3m+1, the number of degrees
of freedom; 7, parameter of statistical sig-
nificance which regulates the number of
competitive models. While processing the
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Fig. 3. Dependence of the average risk crite-
rion on the number of singlet lines for the
experimental MOssbauer spectra of Fe,;C and
Fe,oN [7] alloys.

experimental spectra, it was found that
such parameter does not influence signifi-
cantly the value of an average risk crite-

rion. In this work, n = 0.05 value was used;
(iii) the principle of nonterminal deci-
sion. After the calculations are performed,
the several models are proposed to re-
searcher for the spectrum expansion into
elements which best describe experimental
spectrum. So, certain room for decision
making is offered to the researcher.
Experimental Mossbauer spectra of
FeioC and FeyN austenites [7] were

prosessed using the above method. At the
first stage, a set of competitive models for
the spectrum expansion into singlet lines
was obtained. In Fig. 8, the dotted line
shows how the average risk criterion value
depends on the number of singlet lines in
the experimental spectra models of the
carbon (Fig. 83a) and nitrogen (Fig. 3b)
austenites. For Fe,qC spectrum, the depend-
ence of the average risk criterion value on
different number of components shows
lower stability as compared to Fe,gN spec-
trum. This results from the number of ex-
perimental points in the spectrum. There
are 512 points for the carbon austenite
while 1024 for the nitrogen austenite. For
Fe oC spectrum, the minimum average risk
criterion corresponds to the set of eight sin-
glet line, while for Fe gN spectrum the
same corresponds to six singlet lines. At the
second stage of spectrum processing, we
have applied an algorithm of singlet lines
combination binding which resulted in suf-
ficient decrease of an average risk criterion
value. We have obtained the sets consisting
of both doublet and singlet lines. Depend-
ence of the average risk criterion on the
number of singlet lines for that set is
shown in Fig. 8 by solid line. In the insets
in Fig. 8, it is clear that for Fe 3C and
FeioN spectra the average risk criterion
value demonstrates a pronounced minimum
which corresponds to the set of seven sin-
glet lines. This set consists of one singlet
and three doublet lines. For Fe oC spec-
trum, the combination binding became the
reason for more stable behavior of the aver-
age risk criterion value and occurrence of a
well-defined minimum.

Thus, the calculations have shown that
experimental Fe,yC and Fe gN MoOssbauer
spectra consist of the same set of compo-

Table. Results of the experimental spectra processing [7] and theoretical values of the isomeric
shift 8, quadrupole splitting A, line width T" in mm/s and relative fraction of iron atoms p (%)
for the model structures FCC-Fe;,A3(A = C,N). Isomeric shift is shown relative to a—Fe.

Fepoa Feqo0 Fe 100 Fepso
o A r p o A r p» o A I »p o A I p
Fe,,C | Expansion
into -0.11 0.00 0.28 24 |-0.07 0.66 0.28 48 |-0.07 0.76 0.28 4 |-0.01 0.05 0.28 24
components
Fe3ZC3 Theory -0.11 0.06 0.25 19 (-0.03 0.54 0.25 38|-0.04 0.81 0.25 18|-0.01 0.05 0.28 24
Fe,oN | Expansion
into -0.06 0.00 0.28 32| 0.06 0.45 0.28 42 0.30 0.47 0.23 6 (0.12 0.17 0.23 19
components
Fe32N3 Theory -0.06 0.10 0.25 19| 0.06 0.15 0.25 38 | 0.06 0.36 0.25 18 [0.06 0.07 0.25 25
186 Functional materials, 17, 2, 2010
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Fe,oC and Fe gN austenites.

nents, namely, three doublet and one singlet
lines. The results of experimental spectra
processing are shown in Table and Fig. 1
and Fig. 2. The results differ essentially
from those obtained by other researchers
(Fig. 1 and Fig. 2).

To provide a detailed interpretation of
experimental spectra, and clarify what kind
of Fe atoms contribute to Mdbssbauer spec-
tra as singlet and doublet lines, we have
calculated theoretically the atomic and elec-
tron configurations for two ordered struc-
tures simulating carbon and nitrogen
austenite. The alloying atoms are located in
the model structures at most large distances
from each other, which means their mutual
repulsion. In [15], to model the austenite by
the FegA (A =C,N) structures, we have
sucessfully used the FLAPW ab-initio
method realized in wien2k software [16]. In
this work, this ab-initio method was applied
as well. We have calculated electronic struc-
ture and parameters of hyperfine interac-
tions in the model structures of
Fe3oA3(A=C,N) stoichiometry. Such model
structure is shown in Fig. 4b. The structure
is construsted to include Fe atoms described
by the model of three coordination spheres.
In that approach, three Fe—N coordination
spheres are used, for example Fe1’0’0 atom
has one N atom in the first coordination
sphere. Model structure has stoichiometry
not exceeding max solubility of nitrogen in
austenite, 10.8 % (Feg;N) [7]. The ex-
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change-correlation potential was calculated
in the gradient approximation (GGA) ac-
cording to Perdue-Burke-Ernzerhof model
[17]. The atomic sphere radii were chosen to
be touching. Radius of nitrogen atom
sphere was 1.4 a.e. thus allowig us to put
the Fe atom sphere radius to 2.0 a.e. As
nitrogen is interstitial, a further increase of
Fe atom sphere radius results in decreasing
nitrogen sphere radius and lowered calcula-
tion accuracy. The accuracy of FLAPW
method results depends on the following
main parameters: the number of k-points in
the Brillouin zone, the number of LM-com-
ponents and Fourier coefficients in the ex-
pansion of electron density and potential, as
well as the number of the plane waves in
the intersphere region. We have used 160
plane waves per one atom in the basis set.
Inside of atomic sphere, the wave function
was expanded up to /,,,, = 12. Electron den-
sity and potential were expanded inside the
spheres by the crystal harmonics basis till
L,.,..= 6. The calculation was performed
for 200 k-points in Brillouin zone. The se-
lected parameters provided accuracy of a
total energy calculation at 0.1 mRy level.
3s- and 3p-states of Fe atom were consid-
ered as semicore by introducing “local orbi-
tals” therefor [18]. Implementation of the
local orbitals made basis set more flexible,
and increased calculations accuracy. As the
alloy under study is paramagnetic, all calcu-
lations were performed in non spin-polar-
ized approach.
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Fig. 5. Nearest neighborhood of iron atoms having interstitial atoms (A = C,N) in the first coordi-

nation sphere: (a) Fe1,0,0’ (b) Fe*1,0,0'

The unit cell of the model structure has

a monoclinic symmetry (space group No.3,

[19]) and contains 32 Fe atoms, of
which 20 are nonequivalent. For the model
structure, structural optimization corre-
sponding to its space group was done. Such
optimization included the determination of
equilibrium volume, equilibrium tetragonal
deformation and equilibrium positions of Fe
and N atoms in the unit cell.

Using the calculated equilibrium parame-
ters of the model structure lattice and posi-
tions of the atoms in the unit cell, we have
calculated the components of electric field
gradients (EFG) tensor as well as the elec-
tron structure on all Fe atoms nuclei. The
electric field gradients Vij were recalculated
to quadrupole splittings of nucleous levels
of Fe atoms in accordance with the formula
for paramagnetic case

Almm /5] = 52 QV,, =
Y

=1.041 - Q[b]V, [10211,2],

where ¢ is speed of light; Ey, the energy of
v quantums used by 9’Fe nuclei; @, the 5’Fe
nucleus quadrupole moment; 0.16b6 value
was used according to [20]. Electron density
p on nuclei was recalculated to isomeric
shift of nuclear levels & (relative to BCC Fe)
according to

& =alp - pgls

where pg is the density of electrons on Fe
atom nucleus in BCC lattice; «, calibration
constant characterizing the 3’Fe isotope nu-
cleus. As known values of calibration con-
stant hardly match with each other, we
have used —0.26a§ mm/s value obtained in
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[21]. This value correlates better with the
experimental data —0.36+0.03 [22] than -
0.22 value obtained before by Eriksson and
Svan [23].

The calculations have shown that on the
nuclei of Fe1 0,0 atoms having one intersti-
tial atom in the nearest neighborhood, the
largest electric field gradient occurs. In
Fig. 4, there are calculated values of quad-
rupole splittings and isomeric shifts on the
nuclei of the four Fe atom types in the
model structure FespA; (A = C,N).

Let us to compare the EFG formation on
Fe']ﬁoyo nuclei for the Fe32N3 and Fe32C3
structures. Fig. 4a and Table show that
quadrupole splitting on Fey 0,0 atom nucleus
in Fe;,Cs structure exceeds thrice the same
in FegyoN3 structure. In [15], the reasons for
so significant difference were defined. It is
shown that the total contribution from 2s-,
2p-electronic shells of alloying element to
EFG on the Fe1’0’0 atoms nuclei remains al-
most constant when going from nitrogen to
carbon. The main reason for higher EFG
value in carbon case is sufficiently different
distribution of 38d electron density on
Fe1’0’0, atoms containing nitrogen and carb-
on atoms in the nearest neighborhood.

The calculations have demonstrated that
in the FezpA3(A = C,N) model structure not
all Feq oo atoms forming octahedron around
the interstitial (Fig. 4b) are equivalent to
each other. There are certain Fe;g, and
Fe100 atoms with considerably different
electric field gradients appearing on their
nuclei (Table). This results from the differ-
ent atomic neigborhood in the first coordi-
nation sphere, which is shown in Fig. 5.
Fe1 0.0 and Fe*1 0.0 neigborhood differ suffi-
ciently. As a result, a higher electric field
gradient occurs on Fe*1’0’0 atoms nuclei.
These atoms may contribute to MoOssbauer

Functional materials, 17, 2, 2010



A.N.Timosheuvskii et al. /| Application of the ...

spectra as a low intensity doublet with a
large quadrupole splitting as it is shown in
Fig. 1 and Fig. 2. Small values of quadru-
pole splittings on the Fegqo, and Fegpsg
atoms nuclei in FesAz(A = C,N) structure
result from symmetrical neigborhood of
those atoms in the first coordination
sphere.

The theoretical calculations correlate
well with the above results of the experi-
mental spectra processing. An ordered
structure presented in the work seems to
serve as a good model of nitrogen and carb-
on austenites. It follows from the studies
that MOssbauer spectra of Fe ;,C and FeqgN
austenites can be presented by the same set
of the components. This set consists of a
singlet line of iron atoms having symmetric
environment, the doublet with a small quad-
rupole splitting and two doublets with sig-
nificantly larger quadrupole splitting which
occurs on the Feqgo and Fe*1,o,o atoms nu-
clei. It is to note that theoretical results
that are based on the only model structure
are insufficient to describe comprehensively
the short range order and thermodynamic
properties of Fe-C and Fe-N austenites.
There is a need in a scrupulous study of a
short range order concentration and tem-
perature dependences based on the potential
of N-N and C-C interatomic interaction in
FCC Fe. Only such approach allows to study
in detail the contribution made by different
iron atoms into the MoOssbauer spectra of
austenite. Results of such studies will be
presented in our further publication.

3. Conclusion

Processing of experimental Mssbauer
spectra of FeoC and Fe gN austenites using
a new method has shown that those spectra
consist on the same set of the components,
namely one singlet and three doublets. In
those spectra, two doublets have been found
with a large quadrupole splitting (being
substantially larger for Fe,yC austenite)
and considerably different intensity. Theo-
retical calculations of the superfine interac-
tion parameters the Fe;;A; (A = C,N) model
structure correlate with the results of the
experimental spectra processing. It has been
shown that two doublets in the spectrum

Functional materials, 17, 2, 2010

can be related to the presence of Fe g and
Fe*1 0.0 atoms. The low intensity doublets
probably are not related to existence of
N-Fe,—N  dumbbell configurations but
rather occur due to the presence of Fe*1’0’0
atoms.
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3acToCyBaHHS METO/iB caMooOpraHisaiii
nasa inTepmnperanii MecOaypiBChKHX CIIEKTPiB ayCTeHITIB
Fe-N ta Fe-C

A.H.Tumoweécvrkuii, B.I.€Cpvomin, C.0.1610106CoKUL

ITpoBemeno 06pobKy eKcmepuMeHTaJbHUX MecOayepiBCbKUX CHEKTPiB BYIJIEIEBOTO Ta
a30THCTOTO aycTeHiTiB. BukopucraHo HOBU#I MeTOoJ Ha OCHOBI NPMHIUIIIB caMoopranisarii.
ITpoBeneHO POBKJIAL €KCIIePUMEHTAJLHUX CHEKTPiB Ha KoMIoHeHTH. O0UMCIIeHO MapaMeTpu
HaATOHKOI B3AaeMOJil y ByIJelleBOMYy Ta a30THCTOMY aycTeHitax. [nsa inTepnpertanil excre-
PUMEHTaJbHUX Pe3yJbTaTiB mpoBegeHo ab-initio merogom FLAPW cepiio pospaXyHKiB eJieK-
TpoHHOI Gyn0BM i mapaMerpiB HaZTOHKOI B3aeMoAii B yHopAAKoBaHiil cTPYKTYpPi FesAsz(A =
C,N), axa mopmesioe ByrieneBuil Ta asoructuil aycreditu. Iloxkasano, mio myGuaerHa Jidia 3
MaJIOI0 IHTEHCHUBHICTIO, SIKA MICTHTBCA y CIEKTPi a30THCTOro aycTeHiTy, He IOB’sg3aHa 3
icmyBamHAM raHrenpHHX KoHQ@irypamii N-Fe—-N, a oGymoBiena aromammu 3amisa, aki
MiCTATH OAMH aTOM as30Ty y IepIrili KoopauHAiiHi# chepi. Beramosiaeno, mio anasoriuna
nyOseTHa JiHIS IPUCYTHS TaKOMK y CIEeKTpPi Byrieresoro aycrexity. Bigminmicts Mecbay-
epiBCbKUX CIEKTPiB BYIJIEIIEBOI'O Ta A30THCTOrO AyCTEHITiB IOB’sg3aHa TiJIbKH 3 pisHUMMU
3HAUYEHHAMH I'DaJieHTa eJeKTPUYHOrO IIOJS Ta i30MEPHOTO 3CYBY.
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