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Abstract. The authors propose a simple theory of thermodynamic properties of liquid nitrogen solutions in alloys of the Fe—Ni—Cr and Fe—Ni—Mo
systems. This theory is analogous to the theory for liquid nitrogen solutions in binary alloys of the Fe—Cr and Fe—Ni systems proposed previously
by the authors in 2019 and 2021. The theory is based on lattice model of ternary liquid solutions of the Fe—Ni—Cr and Fe—Ni—Mo systems.
The model assumes a FCC lattice. Atoms of Fe, Ni, Cr and Mo are deposed in the sites of the lattice. Nitrogen atoms are located in octahedral
interstices. The 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. It is supposed that the liquid solutions in the Fe—Ni—Cr
and Fe—Ni—Mo systems are perfect. Within the framework of the proposed theory, the relation is obtained that expresses the Wagner interaction
coefficient between nitrogen and chromium in liquid nickel-based alloys £ (Ni). The right-hand part of the appropriate formula is a function of the
Wagner interaction coefficients between nitrogen and chromium &/(Fe) and between nitrogen and nickel en(Fe) in liquid iron-based alloys. A similar
relation is obtained for the Wagner interaction coefficient between nitrogen and molybdenum in liquid nickel-based alloys £}°(Ni). According to the
first of these formulas, the value e{{(Ni) =—21,9 at a temperature of 1873 K is calculated. This corresponds to the value of the Langenberg interaction
coefficient e{'(Ni) = —0,108, which coincides with experimental estimate. According to the second formula, the value eM°(Ni) = —14,3 is calculated
at a temperature 1873 K. This corresponds to the value of the Langenberg interaction coefficient e (Ni) =—0,036, which is in satisfactory agreement
with the experimental estimate e}°(Ni) = —15,1; eS'(Ni) =—0,038.
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AHHomayus. TlpeanoxeHa nMpocTas TEOpUsi TEPMOTUHAMHUYECKIX CBOMCTB JKHIKUX PacTBOPOB a3ora B ciuiaBax cucteM Fe—Ni—Cr u Fe—Ni—Mo,
KOTOpasi aHAJIOTMYHa TEOPUH JJIsl )KUJIKUX PacTBOPOB a30Ta B OMHApHBIX crutaBax cucteM Fe—Cr u Fe—Ni, npeacraBnenHoil aBropamu paHee
(2019 —2021). Teopust ocHOBaHa Ha PELICTOYHON MOJEIN TPEXKOMIIOHEHTHBIX XUAKUX pacTBopoB Fe—Ni—Cr u Fe—Ni—Mo. IIpeamnonaraercst
MopenbHast pererka tuna LK. B y3max 91oii pemeTku pacnonaraloTcst aToMbl jKelle3a, XpoMa, HUKEIsl K MOJIHO/IeHa. ATOMBI 230Ta PacIoararoTcs
B OKTadIPHYECKUX MEKIOY3IMAX. ATOM a30Ta B3aMMOJCHCTBYET JIMIIb C aTOMaMH METAJUIOB, HAXOISIIMMHCS B COCETHUX C OTUM aTOMOM
y351ax peuieTku. JT1o B3auMozeiicTBue naprHoe. [Ipemoaraetcst, 4To YHEPTUsl TOrO B3AaMMOJCHCTBHUSI HE 3aBUCHT HH OT COCTaBa CIUIABOB, HU
OT Temrepatypsl, U 4to xujakue pactBopel cucteM Fe—Ni—Cr u Fe—Ni—Mo sBIsOTCS COBEpLICHHBIMH. B pamMkax MpeioKeHHONH Teopuu
IPE/ICTABIICHO BBIPAKCHHE JUTSl BATHEPOBCKOTO TApaMeTpa B3aMMONCHCTBHS a30Ta C XPOMOM B JKHIKHX CIUTABaX HA OCHOBE HHKeNs &w(Ni).
[IpaBast yacTh COOTBETCTBYIOILEH (HOpMYIbI siBiIsIeTCs (QYHKIMEH BarHEPOBCKUX APaMETPOB B3aUMOJCHUCTBHS a30Ta C XPOMOM 8%’(Fe) U azoTa
¢ mukeneM ey (Fe) B JKHIKHX CIUIABaX HA OCHOBE JKeme3a. AHANOTHIHOE BBIPAKEHHE MOMyIEHO [T BATHEPOBCKOTO TAPAMETPA B3aHMOICHCTRISA
a30Ta ¢ MONMOJIEHOM B JKHIKHX CIIaBax Ha ocHobe Hukens gn°(Ni). ITo mepBoil u3 >TMX (OPMyJ PACCUMTAHO 3HAYEHUE eJ(Ni) =-21,9 mpu
temneparype 1873 K. DToMy COOTBETCTBYyeT 3HA4CHHE JIAHTCHOEPrOBCKOTO MapaMeTpa B3aUMOICHCTBHSA eﬁ’(Ni) =-0,108, 4ro coBmamgaer

330 © L. A. Bol'shov, S. K. Korneichuk, E. L. Bol’shova, 2023


https://doi.org/10.17073/0368-0797-2023-3-330-336
mailto:korn62%40mail.ru?subject=
mailto:korn62%40mail.ru?subject=
https://fermet.misis.ru/index.php/jour/search/?subject=thermodynamics
https://fermet.misis.ru/index.php/jour/search/?subject=solutions
https://fermet.misis.ru/index.php/jour/search/?subject=nitrogen
https://fermet.misis.ru/index.php/jour/search/?subject=iron
https://fermet.misis.ru/index.php/jour/search/?subject=nickel
https://fermet.misis.ru/index.php/jour/search/?subject=chromium
https://fermet.misis.ru/index.php/jour/search/?subject=molybdenum
https://fermet.misis.ru/index.php/jour/search/?subject=activity coefficient
https://fermet.misis.ru/index.php/jour/search/?subject=Wagner interaction coefficient
https://fermet.misis.ru/index.php/jour/search/?subject=Langenberg interaction coefficient
https://fermet.misis.ru/index.php/jour/search/?subject=Langenberg interaction coefficient
https://doi.org/10.17073/0368-0797-2023-3-330-336
mailto:korn62%40mail.ru?subject=
mailto:korn62%40mail.ru?subject=

I1ZVESTIYA. FERROUS METALLURGY. 2023;66(3):330-336.
Bol’shov L.A., Korneichuk S.K., etc. Wagner interaction coefficients of nitrogen with chromium and molibdenum in liquid nickel-based alloys

C DKCHEPHMEHTAJIBHON olleHKOW. [1o BTopoit 3 opMys pacCyMTaHO 3HAYCHHE S%O(Ni) =-14,3 npu temneparype 1873 K. Dtomy coorBeTcTBYET
3HAUCHUE JIAHTCHOEPTOBCKOTO IMapamMeTpa B3auMOJICHCTBHS eﬁ‘(Ni) =-0,036, 9TO YIOBIETBOPUTENHHO COMIACYETCS C DKCIEPUMEHTAIBHOMN

onenkoit eM°(Ni) = —15,1; e (Ni) = —0,038.
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Nichrome, the heat-resistant alloy, and chromium stain-
less steel were invented at the beginning of the 20™ century,
signifying that the addition of chromium as an alloying ele-
ment in substantial concentrations to iron and nickel pas-
sivates the surface of the resulting alloy at normal and high
temperatures. Industrial-scale production of nickel-based
heat-resistant alloys commenced in the mid-20" century.
These alloys are composed of several alloying elements,
with chromium being the primary one. Additionally, these
alloys typically have a molybdenum content of a few per-
cent.

Molybdenum plays a vital role in the production of
corrosion-resistant, nickel-based alloys. Roughly a cen-
tury ago, corrosion-resistant alloys like Hastelloy A4
(Ni—20 % Mo) and Hastelloy B (Ni—30 % Mo) were
developed, with modern grades of Hastelloy featuring up
to 30 % Mo. The nitrogen content has a significant impact
on the properties of heat-resistant and corrosion-resistant
nickel-based alloys.

More than 60 years ago, Schenck H. et al. [1] and
Humbert J. et al. [2] conducted experiments to examine
the solubility of nitrogen in liquid nickel and its alloys.
Ongoing research [3] continues to explore similar studies,
necessitating a theoretical explanation based on thermody-
namic theory. Such an explanation is vital for estimating
the solubility of nitrogen in liquid nickel-based alloys and
assessing the potential formation of nitrides in these alloys.
This study specifically focuses on the thermodynamics
of nitrogen solutions in Fe—Ni—Cr and Fe—Ni—Mo liquid
alloys, aiming to determine Wagner interaction coefficients
between nitrogen and chromium and nitrogen and molyb-
denum in nickel-based liquid alloys based on these coef-
ficients in iron-based liquid alloys.

A. Stomakhin was among the pioneering Soviet
researchers who investigated the solubility of nitrogen in
liquid nickel and nickel-based alloys. This paper is dedi-
cated to honoring the memory of this exeptional researcher
and educator.

We start with the Fe—Ni—Cr alloy and denote the con-
centrations of the solution components Fe—Ni—Cr—N, as
Cres Cni» Coy and ¢y, respectively, using mole fractions. The
fundamental concept explored in this study is the thermo-
dynamic activity of nitrogen within the solution, denoted as

ay.. The notion of thermodynamic activity was first intro-

duced by Lewis in 1907. In the context of nitrogen solu-
tions, the Lewis definition implies the following equation:

ay = exp[HNR_THN J,

where 7' represents the absolute temperature, R is the univer-
sal gas constant, sigPiﬁes the chemical potential of nitro-
gen in the solution, [y denotes the chemical potential of
nitrogen at the standard state and temperature 7. The stan-
dard state chosen to align with the unit of measurement
(UoM) employed for expressing the nitrogen concentra-
tion in the solution. For this study, the py value is assumed
to be constant. The simplest approach is to assume iy = 0,
leading to the following definition:

ay :exp(%j. (1)

This definition, introduced by Guggenheim in the
1930s [4], represent the absolute activity (1). The abso-
lute activity, when 7'= const, is a dimensionless function
depending on the composition of the solution. Its accuracy
extends to a certain number of decimal places, determined
by an arbitrary constant. Importantly, it remains unaffected
by the representation of solution component concentrations
and the choice of the standard state. In this study, the acti-
vity of nitrogen is determined according to equation (1).

The activity coefficient of nitrogen is determined
using the standard equation yy = N These coefficients

N

were referred to as “rational activity coefficients” by Robin-
sonR. etal. [5]. Considering that y,, — y;, atcy — 0, y; rep-
resents the rational activity coefficient of nitrogen in an
infinitely dilute solution. For Fe—Ni—Cr—N alloys, where
Cre— 1 andoT = const, it is more convenierolt to express the
coefficient yy as a function of ¢, and ¢ : vy = Yn(Cys Ccp)-
Let us determine the Wagner interaction coefficients [6] that
describe the interaction between nitrogen and alloying ele-
ments in iron-based liquid alloys:

Oln Y;\I (cNi; CCr)

sgi(Fe) = "
Ni

at ¢, — 1;
31111(;\1 (cNi; CCr)

ey (Fe) = ~
Cr

atcp, — 1.
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Fe—Ni—Cr—N alloys at ¢; — 1 and T = const it is
more convenient to express the coefficient yy as a func-
tion of ¢, and ¢ : vy = vy (Cg» ¢¢,)- Then the Ni—Cr
Wagner interaction coefficient in nickel-based liquid
alloys is defined as

a 11'1 ’Y;\I (cFe 5 CCr)

Cr :
ex (Ni) =
N oce,

atey, — 1
or

Olnyy (1= ep —Cois i)

oce,

ex (Fe) =

atey, — 1. (2)

In practical metallurgical production, the concentra-
tions of solution components are commonly expressed
as wt. %. Therefore, we denote the concentrations of the
Fe—Ni—Cr—N solution components as [% Fe], [% Ni],
[% Cr] and [% N], respectively. In this context, we will
refer to the activity coefficient of nitrogen in the liquid

’. Let

solution f = “the wt. % activity coefficient’

[%0 NI
Yy — S at [% N] — 0. fy is the wt. % the activity coef-
ficient of nitrogen in an infinitely dilute nitrogen solution.
Our objective now is to determine the Langenberg inter-
action coefficient for the nitrogen and alloying elements
interaction in iron-based liquid alloys [7]:

dlg /x (1% Nil; [% Cr])

- at [% Fe] — 100;
0[% Ni]

ey (Fe) =

alng([% NiJ; [% Cr])
0[% Cr]

e’ (Fe) = at [% Fe] — 100.

For Fe—Ni—Cr—N alloys at [% N] — 100 and 7' = const,
it is more convenient to express the coefficient f, as a
function of [% Fe] and [% Cr]: fN fN( % Fel, [% Cr)).
The N—Cr Langenberg interaction coefficient in nickel-
based liquid alloys is defined as follows:

01g fu (1% Fel: [% Cr])

Cr N
v (N = 0% Cr]

at [% Ni] — 100.

We will examine the relationship between the Wag-
ner &/(k) and Langenberg ¢/(k) interaction coefficients
in alloys based on the & component, where i, j represent
the dissolved components. Lupis C. et al. [8] derived
the exact ratio, considering the differential invariance of
the logarithm of the solution component activity concern-
ing different representations of the concentrations. The
ratio is given by:

A . A .
Ll (k) + ——L, 3)

&/ (k) =230,3
Ak Ak
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where 4, represents the atomic mass of the alloying com-
ponent j and 4, represents the atomic mass of the base
metal.

In the context of this study, component i refers to nitro-
gen, component j represents chromium or molybdenum,
and component k pertains to iron or nickel. The inverse
relationship to relation (3) is expressed as [9]:

_ A — A
A el (k) + ——L|. (4)
2303A 4,

¢/ (k) =

The primary objective of this study is to establish ana-
lytical relationships between the interaction coefficient
ev(Ni) and the e(Fe) and eY(Fe) coefficients and
between the interaction coefficient ey°(Ni) with the
eM°(Fe) and eN'(Fe) interaction coefficients. To achieve
this, we propose a straightforward model for nitrogen
solutions in Fe—Ni—Cr and Fe—Ni—Mo liquid alloys,
which serves as a generalization of the model for nitro-
gen solutions in binary Fe—Cr alloys presented in [10].
The theoretical framework employed in this study utilizes
the lattice model of Fe—Ni—Cr and Fe—Ni—Mo solu-
tions, where the lattice structure adheres to the face-cen-
tered cubic (FCC) arrangement. Iron, nickel, chromium,
and molybdenum atoms are situated at the lattice sites,
while nitrogen atoms occupy the octahedral interstices.
The interaction between nitrogen and metal atoms occurs
exclusively with the neighboring lattice sites, constitu-
ting a pair interaction. It is assumed that this interac-
tion energy remains invariant with respect to alloy com-
position or temperature. Furthermore, the Fe—Ni—Cr
and Fe—Ni—Mo liquid solutions are considered to be
ideal ternary solutions. We assume that the contribution
of positional entropy to the partial entropy of the solution
does not rely on the alloy composition or temperature.

A similar model, based on classical statistical mechan-
ics principles, is presented in [11; 12]. The model as
applied to the Fe—Cr—Ni—N system is reduced to

-5
o 1 ; .
T~ = {1 _g[gz (Fe)ey; + Sg (Fe)CCr:I} >

where O represents the number of FCC lattice sites adja-
cent to the octahedral interstices (8 = 6); yy is the nitrogen
activity coefficient in an infinitely diluted nitrogen solu-
tion normalized as follows: y, = 1 at cg. — 1. Therefore

1nyoN (1_cFe _cCr’ cCr) =

:—Sln{l—g[ {(Fe) (1 cFe—cCr)+8§f(Fe)ccr:|}. (5)

It follows from (2) and (5):

e\ (Fe) — &) (Fe)

Cr :
ex (Ni) =9 -
n (N 5 —eN'(Fe)
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The final equation is:

Cr gy Cr(Fe) eN (Fe)
ey (N1) =6 &Y (Fe) (6)

The definitions and models for the Fe—Ni—Mo—N
system are similar, leading to a final equation that is also
similar to equation (6):

Mo nri SMO(Fe)—s (Fe)
ey (Ni) =6 &N (Fo) (7)

To utilize equation (6), we also requlre the Wag-
ner interaction coeffcients SN ‘(Fe) and sN '(Fe) in iron-
based alloys. We have considered the most reliable
experimental studies on nitrogen solubility in Fe—Cr
liquid alloys that estimate of the Langenberg interac-
tion coefﬁment at 7=1873 K: e "(Fe) =-0.045 [13]
and e "(Fe) =-0.047 [14]. Another recommended value
is e{(Fe) =—0.046 as suggested by Linchevsky B.
et al. [15]. According to equation (3), this corresponds
to the Wagner interaction coefficient e (Fe) = —9.8.

Papers [14; 16] report the Langenberg interaction
coefficient eg'(Fe) =0.011. According to equation (3),
this value corresponds to e\ (Fe) = 2.6.

By substituting £y (Fe) =—9.8 and &) (Fe) = 2.6, into
the right-hand side of equation (6), we can obtain the ana-
lytical value of the N—Cr Wagner interaction coefficient in
liquid nickel-based alloys e5 (Ni) =—21.9 at 7= 1873 K.
According to equation (4), this Value corresponds to the
Langenberg interaction coefficient g (Ni) = —0.108. This
result is consistent with the experimental values reported
by Surovoy Yu. et al. [16].

Estimating the true interaction coefficient e "(Ni)
poses significant challenges. Here are some experimen-
tal values of this coefficient at 7= 1873 K obtained
from nitrogen solubility measurements in Ni—Cr melts:
-0.13 [2]; —0.11 (at T=1823K) [17]; —0.098 [18];
—0.108 [16]; —0.093 [19]; —0.0766 [20]; —0.0952 (at
T=1823 K) [21]. The arithmetic mean of these val-
ues is el (Ni)=-0.102. Monographs [15;22] suggest
eV(Ni)=—0.1at T=1873 K.

Previously, we presented an alternative theory [9] to
estimate the af,r (Ni) Wagner interaction coefficient. Let us
express Sievert’s law [23] for the solubility of nitrogen in
Fe—Cr liquid alloys as follows:

. P,
(%N =Ky [ =2
R

where P represents the partial pressure of the nitrogen gas
phase; P 1sthestandardpressure(P =1atm~0.101 MPa);
K is Slevert s law constant for the solubility of nitro-
gen in Ni—Cr liquid alloys. Let K (Ni) at ¢, =1

and Ky = K{(Cr) at ¢, = 1. According to the theory pre-
sented in [9]
. K\ (C
£CF(Ni) = 6| 1 - ¢ Hor Kn(CT) )
ANI K (Nl)

As mentioned in [9], equations (8) and (4) yield
the following N—-Cr Langenberg interaction coefficient
in liquid nickel alloys e{'(Ni) =—0.105 at 7= 1873 K.

Therefore according to [9], the interaction coef-
ficient e "(Ni) at T=1873 K is —0.105, and according
to the theory proposed in this paper, eN "(Ni) =-0.108.
These values are very close, considering the experimental
uncertainty. A similar conclusion is reached when com-
paring this result with the averaged experimental value
e (Ni) = —0.102.

It should be noted that theory [9] and equation (8) can-
not estimate the N—Mo Wagner interaction coefficients in
liquid nickel-based alloys due to the high melting point
of molybdenum (approximately 2888 K [24]).

To use equation (7) for estimating the e °(Ni) coeffi-
cient, we need to know the Wagner interaction coefficient
N°(Fe) in iron-based alloys. Here are the Langenberg
interaction coefficient values at 7= 1873 K, reported in
reputable studies on nitrogen solubility in Fe—Mo liquid
alloys: en°(Fe) =—0.011 [13] and ey°(Fe) =—0.013 [25].
The arithmetic mean of these values is eTZAO(Fe) =-0.012.
According to equation (3), this value corresponds to the
Wagner interaction coefficient sg"(Fe) =-5.5.

Let us substitute eM°(Fe) =—5.5 and &X' (Fe) = 2.6 in
equation (7). Then we obtain the analytical N—Mo inter-
action Wagner interaction coefficient in liquid nickel-
based alloys at 7= 1873 K: ex°(Ni) = —14.3. Equation (4)
yields the theoretical value of the Langenberg interaction
coefficient e °(Ni) = —0.036.

Let us consider the ey°(Ni) and eN°(Ni) interac-
tion coefficients at 7= 1873 K. Stomakhin A. et al. [17]
applied the Sievert method [23] to study the solubility
of nitrogen in Ni—Mo liquid alloys at 7= 1823 K. They
reported the experimental value of the Langenberg inter-
action coefficient ey °(Ni) = —0.04. According to equation
(3), the Wagner interaction coefficient 8¥°(Ni) =-15.9
at 7=1823 K.

In the study [9], we proposed an analytical equation to
convert the Wagner interaction coefficient for the interac-
tion between nitrogen and alloying metal from tempera-
ture 7, to temperature 7. For the en’ interaction coeffi-
cient and 6 = 6, this equation can be expressed as:

Ty
e (1) =6 1—[l—és¥"(%)y : ©)
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By substituting the values 7, = 1823 K, 7= 1873 K,
eN°(1823)=—15.9 into equation (9), we obtain
eN°(Ni)=—15.1 at T=1873 K. It corresponds to the
N—Mo Langenberg interaction coefficient in nickel-based
liquid alloys ey °(Ni) =—0.038 (equation (4)). The theo-
retical value ey °(Ni) = —0.036, (equation (7)) agrees well
with the experimental value [17].

With these analytical results, we can verify the experi-
ments. The most plausible N—Cr interaction coeffi-
cient in liquid nickel-based alloys is ey (Ni)=-0.108
at 7= 1873 K. This value was obtained by Surovoy Yu.
et al. [16] who measured the nitrogen solubility using the
Sievers method. This coincides with the conclusions pre-
sented in [9].

The most plausible N—Mo interaction coefficient in
liquid nickel-based alloys is e} °(Ni) = 0.04 at 7= 1823 K.
It was obtained by Stomakhin A. et al. [17] who mea-
sured the nitrogen solubility using the Sievers method.
If we convert this value by equation (9) to 7= 1873 K,
the result is e °(Ni) = —0.038.

The most plausible experimental values of the
Wagner interaction coefficients for nitrogen in liquid
nickel at 7=1873 K seem to be & (Ni)=-21.9;
eM°(Ni) =—15.1. The analytical values of these param-
eters are ey (Ni) = —21.9; eN°(Ni) = —14.3.

Itis indeed noteworthy that both chromium and molyb-
denum belong to the same group in the Periodic Table,
specifically group VI (chromium subgroup). Molybde-
num serves as the closest chemical analog to chromium.
This helps explain the applicability of the theoretical
model to both Fe—Ni—Cr—N and Fe—Ni—Mo—N sys-
tems.

Furthermore, it is important to highlight the continued
interest and research in the thermodynamics of nitrogen
solutions in pure Cr, Mn, Fe, and Ni metals and alloys
(refer to [3; 20; 21; 26 — 30].

[ ConcLusiOoNs

In our proposed analytical model of the structure
and interatomic interaction for nitrogen solutions in
Fe—Ni—Cr and Fe—Ni—Mo liquid alloys, we have
developed equations (6) and (7) to calculate the Wagner
interaction coefficients af,r(Ni) and g%”(Ni) for nitrogen
in nickel-based liquid alloys based on the correspond-
ing £\ (Fe) and eY°(Fe) coefficients in iron-based liquid
alloys.

We obtained analytical values for the nitrogen
interaction coefficients in liquid nickel-based alloys
at  T=1873K: e{(Ni)=-21.9; eN°(Ni)=-14.3;
e (Ni) = —0.108; ey °(Ni) = —0.036.

The most plausible experimental values for the nitro-
gen interaction coefficients in liquid nickel-based alloys
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at T=1873 K are: el (Ni)=-0.108; ey °(Ni) =—-0.038;
eV (Ni) =-21.9; eM°(Ni) = —15.1.
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