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The results of the authors’ own experimental studies on the Fe - N system, its standard state, binary alloys of
iron with chromium, molybdenum, manganese, nickel, vanadium, silicon and carbon, as well as ternary alloys
with chromium, have made it possible to work out the whole required complex of parameters of nitrogen inte-
raction in liquid iron alloys, including the self-interaction parameters of nitrogen-nitrogen and nitro-

gen-alloying elements.
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Univerzalni obrazac za izracun topljivosti dusika u teku¢im dusikom legiranim celicima. Dana su
autorova osobna prakti¢na istrazivanja u sustavu Fe — N, u standardnom stanju, binarnim sustavima Zeljeza sa
kromom, molibdenom, manganom, niklom, vanadijem, silicijem i ugljikom, kao i u ternernom sustavu sa kro-
mom. Rezultati omogucuju rad izvan niza propisanih parametara medureakcije dusika u teku¢im legiranim zel-
jezima, ukljucujuci i vlastite medureakcijske parametre dusik — dusik i dusik — legiraju¢i elementi.

Kljucne rijeci: celik legiran duSikom, topivost, visoki tlak, termodinamika

INTRODUCTION

In the production of micro-nitrogen steels and nitro-
gen steels, out of the three thermodynamic factors, i.e.
chemical composition, temperature and pressure, only
the first two are utilized. Focusing the attention on the
third factor, which is associated with the construction of
specialized equipment in order to operate at elevated
and high pressures, has created conditions for extending
the scope of the “old” concept of upgrading steel with
nitrogen. More important, however, is the possibility of
producing entirely new steels with a unique combina-
tion of properties by using the pressure steelmaking pro-
cess. These new steels with higher — compared to
P, = 0,1 MPa — nitrogen contents have been called
high-nitrogen steels, in the international nomenclature
being denoted with the symbol HNS (High Nitrogen
Steels) [1]. The application of nitrogen as an alloying el-
ement has been known in metallurgy for a long time;
however, this application become widespread in the
early 80s of the past century. Since 1988, high-nitrogen
steels have been the subject of a dozen or so interna-
tional and national scientific conferences. The publica-
tions show that the number of registered steel grades is
already a 3-digit number.
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Studies from recent years have shown that, at high
contents of nitrogen, its dissolution in liquid iron alloys
should not be considered as following Sieverts’ law,
which was assumed previously; it is necessary to take
into account the nitrogen-nitrogen self-interaction that
occurs in it. This fact required the introduction of new
self-interaction parameters in order to describe the ac-
tivity of nitrogen in metal.

The main objective of the present work is to present
the authors’ own thermodynamic model and to compare
the results of calculation of nitrogen solubility in liquid
steels of different types using the model in question,
with calculation results obtained using data reported by
other authors.

MEASUREMENT OF NITROGEN
SOLUBILITY IN LIQUID METALS

Making use of the experience gained from the appli-
cation of the magnetic field levitation melting (LM)
method for the examination of nitrogen solubility in
metals in numerous scientific centres, as well as results
provided in relevant literature, a specialized measuring
stand was built at the Czestochowa University of Tech-
nology. Its detailed description is provided in work [2],
and its upgraded version enabling the digital recording
of measurement monitoring is described in work [3].
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THERMODYNAMIC BASES

The phenomenon of dissolution of two-atom mole-
cules of gaseous nitrogen in liquid metal, under the as-
sumption of thermodynamic equilibrium between nitro-
gen in the gaseous phase and in the solution, has been
described in detail, e.g. in the author’s works [4].

Taking the concentrations in wt. percents, and as-
suming the standard state according to Henry’s law (and
limiting the discussion to the interaction parameters of
the 2nd order), then for the solutions Fe-N-X, the loga-
rithm of the activity coefficient f, can be expressed by
the following polynomial:

lgfy, =el - [%N]+el”  [%X]+r" [%N]
+r (%X + N - [%N ] [%X ]
If we assume that:
EM =e™ + 7™M [%N]+r" - [%N] [%X] (2)
at a constant temperature and a constant concentration
of the component X in the Fe-N-X alloy, the activity and

the solubility of nitrogen depend exclusively on its con-
centration, and we can write

[YoN]

(N)

The self-interaction parameter e,

(1

Ig = ngN(Fe) - lngsX) - E/E/N) : [%N] 3)

must be deter-

mined from the measurements of the Fe-N system, and
the mixed self-interaction parameter "’ from the

measurements of the Fe-X-N system. However, as is
shown in detail in work [5], the self-interaction parame-

ter "’ could be neglected in calculation. Meanwhile,

the relevant literature has for many years provided data
related to the parameter e\, being determined based on

the results of studies on Fe-X-N type systems or
multicomponet alloys. In this case, this is not a thermo-
dynamic quantity, but only an experimental coefficient
that corresponds to the chemical composition of an alloy
examined and the conditions in which it was deter-
mined.

CALCULATION METHODOLOGY

In their publication [4], the author present the final
version of the thermodynamic model for the calculation
of nitrogen solubility in liquid multi-component iron al-
loys under the conditions of change in gaseous phase ni-
trogen pressure from 0.1 to 4.0 MPa and in temperature
from 1873K to 2173K, with a possibility for extrapola-
tion. The model includes a temperature relationship of
the equilibrium constant K, , temperature relation-

ships of the interaction parameters e|’ and r\*’, and

temperature relationships of the self-interaction param-

eters e, r**) and ¢, For this calculation, the

equation has the following form:
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In literature concerning in particular HNS steels, the
proposals by Satir-Kolorz et al [6], Medovar et al [7] and
initially by Stein, Menzel [8] are often used. In works [6]
and [7], one self-interaction parameter of the first order,

e ](VN )”_is used, which is determined, in the first case, at a

temperature of 1973K (,e("'7=0.13), and in the other
case, at a temperature of 2073K (,.e!"’=0.044). Work

[8], on the other hand, actually omits the nitro-

gen-nitrogen interaction and, besides, only considers the

interaction parameters of the first order, e,

0.350
g Siwka [4]

Z0300| ==°°-" Satir-Kolorz [6]  © .. e
R03001 ____ Stein I : i

----- Medovar  [7] /

0.250

0.200

0.150

0.100

0.050

0.000 : : : : : :
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

\IPNZ/bar%

Figure 1. Solubility of nitrogen in iron at T=1873 K

Figure 1 shows curves representing variations in ni-
trogen solubility in liquid iron as a function of gaseous
phase nitrogen pressure up to 4 MPa at a metal tempera-
ture of 1873K.

As is indicated by the position of the curves, the
maximum absolute difference in nitrogen solubility val-
ues increases with increasing pressure (P from 0,1 to
4,0 MPa) from 87 to 547 ppm.

The curves plotted based on the results of works
[6-8] are rectilinear (i.e. the law of the square root of
gaseous phase nitrogen partial pressure is satisfied
here). The curve determined based on the results of the
authors’ own studies [2] deviates negatively from the
rectilinearity, which means a self-limiting of nitrogen
solubility by the nitrogen dissolved in the liquid iron.
This deviation becomes increasingly apparent with in-
creasing nitrogen content, which is quite understand-
able. On this basis the author [2] have found that the
self-interaction parameter e’ can be described by the

following temperature relationship:

386
e](\,N) =7—0158 (5)
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Figure 2. Deviation of nitrogen solubility in liquid Fe - Cr
alloy - author’s own data [4].

The increase in liquid iron temperature from 1873K
to 2073K results in the decrease of the parameter e’

from 0,048 to 0,028.

In turn, Figure 2 represents the results of calculation
of nitrogen solubility in the liquid Fe-Cr alloy at a tem-
perature of 1873K and an analogous change in gaseous
phase nitrogen pressure, i.e. up to 4 MPa.

This deviation, as is marked in Figure 2, can be de-
scribed in a given case with the value of the nitrogen ac-
tivity coefficient, according to Equation (1). However, in
the case of an alloy of iron with chromium, the
self-interaction parameter """ should additionally be

included. The identical procedure should be followed
when calculating the solubility of nitrogen in HNS steels.

In order to demonstrate the universal nature of the
developed model of nitrogen solubility, calculation
results related to application alloys, corresponding to
nitrogen-alloyed steels, are presented in Figures 3 to 6.

In the first case, the calculation concerns the most
common high-strength austenitic HNS steel of the
Cr18Mn18 type, called “supra austenite”. For a contrast,
the subsequent figure shows calculation results for a
high corrosion-resistant steel of the Cr24Ni20Mn7Mo7
type, whose chemical composition is more complex.

As can be seen from Figure 3, the position of the ni-
trogen solubility curves indicates considerable differ-
ences between the results of calculation based on litera-
ture data and those based on the authors’ own data.
These differences grow with increasing gaseous phase
nitrogen pressures and, as a result, with increasing nitro-
gen content of the steel types tested.

While for steel Cr18Mn18 the curves determined on
the basis of literature data lie clearly above the curve
corresponding to our thermodynamic model, for steel
Cr24Ni20Mn7Mo7 the curve based on the data reported
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Figure 3. Solubility of nitrogen in a Cr18Mn18 type auste-
nitic steel at T=1873 K
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Figure 4. Solubility of nitrogen in a Cr18Mn18 type auste-
nitic steel at T=2073 K

in [6] practically coincides with our curve in the entire
range of variation of nitrogen content.

By comparing the behaviour of the curves related to
the temperatures 1873K and 2073K and the calculated
values of [%N ], at pressures of 0,1 and 4,0 MPa it can
be found that the increase in liquid metal temperature re-
sults in a decrease in nitrogen solubility in the steels un-
der consideration.

This type of temperature effect is correct, as the pro-
cess of nitrogen dissolution in steels including elements,
such as chromium, manganese and molybdenum is an
exothermic process.

If we look at the curves determined by calculation
based on the data provided by work [8], we can see that
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Figure 5. Solubility of nitrogen in a high corro-
sion-resistant Cr24Ni20Mn7Mo7 type steel at
T=1873 K
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Figure 6. Solubility of nitrogen in a high corrosion-
resistant Cr24Ni20Mn7Mo7 type steel at
T=2073K

they are rectilinear and lie above the remaining curves.
On the basis of the current knowledge, they can be re-
garded as unreliable, because, as has been proven in sev-
eral works, it is necessary to allow for nitrogen-nitrogen
self-interaction in calculations, which has not been com-
plied with by the authors of work [8].

Moreover, in their proposal, as has been noted ear-
lier, the nitrogen activity coefficient is calculated by in-
cluding the first-order interaction parameters e ](VX ) only.

The significant differences between the nitrogen solu-
bility results obtained using our own formula and the
calculation results obtained based on works [6] and [7]
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can be explained by a different method of determining
the nitrogen activity coefficient used by the authors of
those works. Namely, in their works, the authors pro-
pose using the following polynomial for activity coeffi-
cient calculation:

lgfy = el [%N ]+ el [%X]+ " - [%X](6)

When comparing the polynomials expressed by
Equations (1) and (6) it is easy to notice that Equation
(6) contains fewer terms compared to Equation (1). The
most important difference stems from the lack of the
term 7" - [%N]-[%X] in Equation (6), which is a
substantive mistake from the point of view of the
phenomenological thermodynamics.

Admittedly, the omission of some terms in the Tay-
lor series expansion of a polynomial will be acceptable,
but only when the right to do so has been proved experi-
mentally. In this case, there is no such a right, as the sig-
nificance of the self-interaction between nitrogen and
nitrogen; nitrogen, nitrogen and component X, espe-
cially in steels containing chromium, manganese, mo-
lybdenum and vanadium, has been proved experimen-
tally in some works, including those by the authors of
the present work.

To quantitatively substantiate the differences in the
positions of the curves in Figures 3 to 6, the following
generalized equation is used, which is convenient in
terms of calculation:

lg[%N]eq + lngsN) = lg\lPNz - ngN(Fe) - 1ng$X) (7)

SUMMARY

The study has compared the results of calculation of
nitrogen solubility in liquid steels, where nitrogen is an
alloying element. In the calculations, model equations
were used, which are given in relevant literature and are
most often used by specialists in nitrogen-alloyed steels
(including High Nitrogen Steels), as well as a model
equation developed on the basis of the authors' experi-
mental measurements. As a basic assumption, it was de-
cided that the calculations would be related to a wide
range of nitrogen partial pressure and liquid metal tem-
perature, in order that the results could be utilized in in-
dustrial technologies. Namely, calculation results re-
lated to 0,1 MPa can yield information useful for devel-
oping assumptions for the melting of micro-nitrogen
steels and nitrogen steels, and concerning higher pres-
sures of melting high-nitrogen steels.

The substantially differing temperatures, i.e. 1873
and 2073K, have also relevance to melting technologies.
Indeed, at a temperature close to 1873K steels are
melted in induction furnaces (e.g. according to the Bul-
garian technology [9]) and in electric arc furnaces, while
at higher temperatures — in electroslag remelting instal-
lations, according to e.g. the German technology [10], as
well as in plasma installations. The most advanced tech-
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nology applied in industrial conditions is a process that
is commercially implemented in the Bohler works in
Austria [11].

Taking into account the findings of the present study,
its should be noted that the proper understanding of nitro-
gen solubility will make it possible, on the one hand, to
avoid the porous structure of the steel ingot and the exces-
sive consumption of ferroalloys (nitrogen carriers) in the
case of melting in steelmaking furnaces, and, on the other
hand, to determine the proper driving force of reaction of
liquid metal saturation in the case electroslag steel
remelting installations. The high gaseous phase nitrogen
pressure (up to 4 MPa) applied there is intended to create
avery large difference in nitrogen potentials in the two re-
action phases. This potential difference has a strong effect
on the rate, and thus the efficiency of the process.
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Nomenclature

experimental coefficient

thermodynamic equilibrium constant

pressure / MPa

temperature / K

alloying element

activity coefficient

inter- and self-interaction parameter of'the first order
inter- and self-interaction parameter of the

second order

self-interaction parameter of the third order

TN M N U X

~

Note: Language consultant: Czeslaw Grochowina, Czestochowa, Poland
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