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Abstract. The authors propose a simple theory of thermodynamic properties of liquid nitrogen solutions in alloys of the Fe—Ni and Fe—Cr systems.
The theory is analogous to the theory of these systems proposed previously by the authors in 2019 and 2021. It is based on lattice model of the Fe—Ni
and Fe—Cr solutions. The model assumes a FCC lattice. At the sites of this lattice are the atoms of iron, nickel and chromium. Nitrogen atoms are
located in octahedral interstices. Nitrogen atom interacts only with the metal atoms located in the lattice sites neighboring to it. This interaction is
pairwise. It is assumed that the energy of this interaction depends neither on composition nor on temperature and the liquid solutions of Fe—Ni and
Fe—Cr systems are perfect. For an infinitely nitrogen-diluted solution of this element in the Fe—; alloy (j = Ni, Cr), a rational nitrogen activity coeffi-
cient ¥, is determined. Next, we considered the expansion of the function InyY, at a constant temperature in a series in powers of the argument ¢
where ¢, is the concentration of the j component, expressed in mole fractions. The coefficient J, in the term of the n™ degree of this expansion is
called the thermodynamic ™ order interaction coefficient of nitrogen with j element in liquid steel. In this case, J, = g/, is called Wagner interac-
tion coefficient, J, = p{, — the second order interaction coefficient. Within the framework of the presented theory the simplest relationship between

. . . \2
the interaction coefficients py; and &, was found. The formula looks like: p{, = % (a{\,) . To verity this formula, experimental data on the solubility

of nitrogen in liquid alloys of the Fe—Ni and Fe—Cr systems at a temperature of 1873 K, obtained by Satir-Kolorz and Feichtinger (1991) were
used. From these data follows: eX = 2.6; el =-10.2; pgi =0.8; p = 6.3. The theoretical values calculated using the above formula are as follows:
pN'=0.56; p = 8.67. Bearing in mind the significant uncertainty in the experimental determination of the second order interaction coefficient
of nitrogen with alloying elements in iron-based binary alloys, the correspondence between the theoretical and experimental results should be
considered satisfactory.
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AnHomayus. [pennoxeHa mpocrtasi TEOPHsi TEPMOJMHAMHYESCKIX CBOMCTB KHIKUX PACTBOPOB a30Ta B OuHapHbIX criaBax cucteM Fe—Niu Fe—Cr,
KOTOpas aHaJOTMYHA TEOPUH, MpeUIoKeHHON aBTopamu panee (2019 —2021). JlaHHas Teopusi OCHOBaHA Ha PEIIETOYHON MOJENU PacTBOPOB
Fe—Ni uFe—Cr. Ilpeanonaraercs monenpHast perierka tuna ['T[K, B y3/max KOTOpO# pacronaratoTcsi aTOMbI JKelle3a, HUKEIsl U Xpoma. ATOMBI
a30Ta PacloaralTcs B OKTa3IPUUECKHX MEKI0Y3IHUAX. ATOM a30Ta B3aUMOAEIHCTBYET JIUIIb C aTOMaMU METAJUIOB, HAXOSALIUMHCS B COCETHUX
C 9TUM aTOMOM Y3J1aX PEeIIeTKH, 1 9TO B3auMozeiicTBue napuoe. [Ipeanonaraercs, 4To SHEPrHs TOTO B3aUMOICHCTBHS HE 3aBUCHT HU OT COCTaBa
CIUIaBa, HU OT TEMIIEpaTypsl, U xuakue pacTBopsl cucreM Fe—Ni u Fe—Cr sBisiorcst coBepuieHHbIMU. [ GECKOHEYHO pa30aBICHHOTO IO
a30Ty pacTBOpa 3TOro 3nemMeHTa B ciiaBe Fe—; (j = Ni, Cr) paccmarpuBaeTcs paiioHa bHbINA KO3()(UIIMEHT aKTUBHOCTH a30Ta y%. JHanee ananu-
3upyercst pasnokenne GyHKIEK Inyy IpH MOCTOSHHOM TeMIepaType B Psijl 110 CTCIICHSM apryMeHTa ¢;, TIE ¢; — KOHLCHTPAIHs KOMIIOHCHTA /,
BBIP@KEHHas B MOMBHBIX K0JIX. Koo dpuupeHt J, B uiene n-i CTENeHN 5TOT0 PasnoKeHus Ha3bIBACTCs TEPMOAMHAMUIECKIM ITapAaMETPOM B3aH-
MOJIEHCTBHS 71-TO TIOPSA/IKA a30Ta C DIEMEHTOM j B xkujKol cranu. [Ipu oToM J| = &) Ha3bIBAETCS BATHEPOBCKUM MIaPaMETPOM B3aUMOMIEHCTBHS,
aJ,= p{, — mapaMeTpoM B3aMMOJIEHCTBHS BTOPOTO TMOPS/IKA. B paMKax MpeacTaBleHHON TEOPHH HaiileHa IPOCTast CBA3b MEKIy MapamMeTpamMu
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B3auMozeiCTBIs Py U &f. Dopmyna UMeeT BUL Py =05

1 \2
(8{\]) , Al €€ IMPOBEPKU OBLTM UCTIOJIb30BAHbI OKCIICPUMEHTAJIbHBIC JAaHHBIC I10

PacTBOPMMOCTH a30Ta B XkHUIKUX ciuiasax cucteM Fe—Niu Fe—Cr npu temneparype 1873 K, nony4enusie B pabore 3arup-Konopu u ®aiixrun-
repa (1991 r.). U3 3THX 1aHHBIX CliEIyeT: sz' =2,6; aﬁ’ =-10,2; pﬂi =0,8; pﬁ’ = 6,3. TeopeTuueckue 3HAYCHHS, PACCYUTAHHBIC 110 IPUBEICHHOMN
(dopmyiie, NoTyUHIIHCh CIIELYIOIUMU: pﬁi =0,56; py = 8,67. VMest BBUIY 3HAUUTETBHYIO DKCTIEPHMEHTATBHYIO HEOTPEIECHHOCTh JUTsl Mapa-
METPOB B3aUMOJIEHCTBUS pﬂi u pﬁ’, coracyue TEOPEeTHIECKUX Pe3yIbTaToOB C IKCIIEPUMEHTAILHBIMU ClIElyeT IPU3HATh YAO0BIETBOPUTEIbHBIM.

Kaloyesvle cs106a: TepMoIMHAMIKa, PACTBOP, a30T, XKEIe30, HUKENIb, XPOM, KO3(DOHUIMEHT aKTUBHOCTH, IapaMeTp B3aHMOACHUCTBHUA 71-TO HOPSKA,
BAarHepOBCKHUII IapaMeTp B3aMMOJIEHCTBHS, JIAHreHOeProBCKUii IapaMeTp B3auMoaeHCTBUS
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C HUKEJIEM M XPOMOM B XKUAKOH cTanu. Mzeecmus 6y306. Yepnas memannypeus. 2025;68(2):158-162.
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Nitrogen is an element that plays a significant role
in steel production [1]. In recent decades, special atten-
tion has been given to the production and application
of high-nitrogen steels [2; 3], as well as to the behavior
of nitrogen in various manufacturing processes [4 — 6].
The solubility of nitrogen in liquid steel is of primary
importance [7 — 10]. Research in this area aims to improve
the accuracy of solubility predictions and the potential for
nitride formation.

Let us consider the thermodynamics of nitrogen solu-
tions in liquid binary Fe—j alloys, where j represents
nickel and chromium. The concentrations of elements in
the Fe—j—N solution, expressed in mole fractions, will
be denoted as ¢, ¢ and ¢, respectively. In practical
metallurgy, these concentrations are typically expressed
as mass percentages and designated as [% Fe], [% ;] and
[% NI.

We will proceed from the concept of the abso-
lute [11] activity of nitrogen in the solution, denoted
as a. The rational activity coefficient will be represented
as vy (yy = ay/cy). The mass-percent activity coeffi-
cient of nitrogen will be denoted as £ (fy = a,/[% N]J).
The activity coefficients in an infinitely nitrogen-diluted
solution (¢, — 0; [% N] — 0) will be denoted as y% and
/3, respectively. These coefficients will be normalized
based on the condition: Y% — 1 as Cpe — 15 fl—1 as
[% Fe] — 100.

The fundamental concept of the phenomenological
thermodynamics of multicomponent dilute alloys was
introduced by Wagner [12]. Wagner’s idea was applied
to the calculation of nitrogen solubility in steel by Lan-
genberg [13]. A significant development of Wagner’s
approach was presented in [14]. According to this study,
within a certain convergence interval, the following
expansion holds

Iny$ = ZJnc;’, (1)
n=1

where J, is the rational n-th order interaction coefficient.
A similar expansion can be written.

g f2 = T %", @)

n=l1

where Z is the mass-percent n-th order interaction coef-
ficient.

For first- and second-order interaction coefficients,
there exist more specific notations [12 —14]: J, = el;
J,=pk; Jy=ek; J, =1y, where g and ¢ are the Wagner
and Langenberg interaction coefficients, respectively.

Next, we will limit our consideration to the condition
of constant temperature 7'= const.

Under this condition, from the invariance of the diffe-
rential of the logarithm of the activity coefficient, the fol-
lowing relationship was obtained [15]

. A A A
& = 230,3A—‘e{\1 +—, 3)

Fe Fe

where A4 is the atomic mass of iron, and Aj. is the atomic
mass of the alloying element j. Similarly, the following
relationship was derived [14]

;230,3
PN = 2
Fe

[10047] + 4, (A — A4,) el | +

2
+1(AF3—AJ] . 4)
20 A4,

To measure the thermodynamic parameters of nitro-
gen interaction with elementj in liquid steel, it is, in prin-
ciple, sufficient to experimentally study the dependence
of nitrogen solubility in a binary Fe—j alloy on the con-
centration of element j. The solubility of nitrogen in
liquid iron was first measured in 1938 [16]. Shortly there-
after, research on nitrogen solubility in liquid binary iron
alloys began [17]. The first-order thermodynamic interac-
tion parameters of nitrogen with alloying elements were
thoroughly investigated in studies [18 — 21]. The results
of the main stage of experimental research on these
parameters were summarized in a review article [22].
Such studies continue to this day [23].

Truncating the power series expansions (1) and (2)
while retaining only the linear terms does not allow for
an adequate description of the concentration dependence
of nitrogen solubility in liquid binary iron alloys for
a number of systems. Therefore, it is necessary to account
for at least the quadratic terms as well. The technical
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capabilities of experimental methods allow for the reliable
determination of second-order thermodynamic interac-
tion parameters of nitrogen with an alloying metal only in
specific cases. Therefore, a theoretical approach capable
of predicting these values would be useful for assessing
the reliability of the obtained experimental results.

In this study, we propose a simple model of nitrogen
solutions in liquid Fe—j (j = Ni, Cr) alloys that allows
expressing the second-order thermodynamic interaction
coefficient pf in terms of the Wagner interaction coeffi-
cient &f. The theory is based on a lattice model of Fe—;
solution. The model assumes a face-centered cubic (FCC)
lattice, where the lattice sites are occupied by iron atoms
and atoms of element j. Nitrogen atoms are located in
octahedral interstices. A nitrogen atom interacts only with
metal atoms occupying the neighboring lattice sites, and
this interaction is pairwise. It is assumed that the energy
of this interaction is independent of the alloy composition
and temperature. The liquid solutions in the Fe—; system
are considered ideal. Within the framework of the pro-
posed theory, we express the logarithm of the nitrogen
activity coefficient, Iny%, in an infinitely nitrogen-diluted
solution as a function of the concentration c;. In doing so,
we use the result obtained in studies [24; 25]:

Iny%, =—51n(1—%a{;cjj, 5)

where § is the number of FCC lattice sites surrounding
an octahedral interstice (o = 6).

Next, we use the logarithmic expansion
xn

n

In(1+x) =Y ()"
n=1
It follows that

In(1-x) = —iﬂ

n=1 1

(6)

The radius of convergence for these expansions is
equal to 1.

From expressions (5) and (6), we obtain

> 1

Iny, = SZ; (7)
n=1

j n
ENC;
d

Thus, for the n-th order interaction coefficient of nitro-
gen with element j, we have

or

7= e

n
n

. . .6
The radius of convergence of expansion (7) is m
ey
For the second-order interaction coefficient p{, = J, we
obtain
A R
J —_— e/
ph=7 () - (®)
As an experimental validation of equation (8), this
study utilizes the results of nitrogen solubility measure-
ments in liquid binary Fe—Ni and Fe—Cr alloys at a tem-
perature of 1873 K and partial nitrogen pressures P,
up to 100 bar [26]. A comparison between the theo-
retical predictions and experimental data is presented
in the Table. The results obtained in [26] appear to be
more reliable than the data reported in [7 — 10].

From the Table, it follows that the theoretical calcula-
tions based on equation (8) show satisfactory agreement
with the experimental data from [26].

[ ConcLusioNs

A model-based theory of structure and interatomic inter-
action has been applied to nitrogen solutions in liquid alloys
of the Fe—Ni and Fe—Cr systems.

Equation (8) has been derived, expressing the second-
order thermodynamic interaction coefficients py and py in
liquid steel in terms of the Wagner interaction coefficients
eN and ey in liquid iron-based alloys. The equation is given

_ \2
by p{ = % (8{\]) , where j =Ni, Cr.

Theoretical values of the second-order interaction
coefficients in liquid steel at 7= 1873 K were obtained:
px = 0.56 and pﬁ‘ =8.67, which show satisfactory agree-
ment with the experimental estimates: py =0.8 and
p< = 6.3, as reported in [26].

Thermodynamic interaction coefficients of nitrogen with nickel and chromium in liquid steel

TepmonHaMuYecKue NapaMeTpbl B3aUMOJeiicTBUS a30Ta ¢ HUKeJIeM H XPOMOM B KUAKOH cTaIn

) Experiment [26] Theory
/ el &l,, equation (3) | #J-10° | p{, equation (4) | pf, equation (8)
Ni | 0.110 2.6 3.5 0.8 0.56
Cr | -0.048 -10.2 35.0 6.3 8.67
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