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Abstract. The article presents a study of the influence of gas elements (oxygen, hydrogen and nitrogen) during metal
processing with a mixture of gases (argon, nitrogen) on the macrostructure of the metal after cooling. One of the most
common methods of ladle processing of steel is the process of blowing metal with inert gases and its vacuuming. A
mathematical model has been developed that allows us to consider the process of gas removal and calculate the quanti-
tative indicators of the removal of dissolved gases from the metal during its processing. Taking into account the thermo-
dynamic and kinetic features of the dissolution of gases in the metal during blowing metal in the ladle with inert gases and
during vacuuming allowed us to clarify the physicochemical processes of gas behavior in the metal, which will lead to the
possibility of developing a new technology of ladle processing of metal using mixtures of inert gases.
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AHomauis. Y cmammi npedcmasneHo O0CiOXeHHS 8rugy 2a3o8ux efieMeHmis (KUCHI0, 800HI0 ma azomy) ri0 Jyac
06pobKu Memary cymiluwio 2a3sie (ap2oH, a30m) Ha MakpoCmpyKmypy memarty fnicrsi 0xonodxeHHsi. OOHUM 3 Halnowu-
peHiwux memodie Ko8wo8oi 06pobku cmari € npouec NpPodysaHHs Memary iHepmMHUMU 2a3amu ma (020 8aKyyMy8aHHsI.
Po3pobneHo mamemamuyHy Modersib, sika 003807151 PO32/IsTHYMU fpouec sudarneHHs 2asie ma pospaxyeamu KinbKicHi
OKa3HUKU eudasieHHs1 pPO34YUHEeHUX 2a3ie 3 Mmemarty rid yac lioeo 06pobKu. BpaxysaHHs mepMoOUHaMiyHUX ma KiHemu-
YHUX ocobnugocmeli PO34UHEHHS 2a3ig y Memarti nid Jyac npodysaHHsI Memarsly 8 KO8Wi iHepmHUMU 2asamu ma nio yac
8aKyyMysaHHs1 038011UIT0 YMOYHUMU ¢hi3UKO-XiMiYHI poyecu rnosediHKuU ea3sie y Memarti, uo rnpudsede 00 MOXIu8ocmi

pO3pobKU HOBOI mexHoo2ii Koswosoi 06pPObKU Memarly 3 BUKOPUCMAaHHAM cymiwel iHepmHux easis.
Knroyoei crioea: memar, 2a3oea cymiwl, a3om, 800€Hb, KUCEHb, MakpoCmpyKmypa, KisWoego-i4oea ycmaHoskKa.

Introduction.

The influence of gaseous elements on the for-
mation of the macrostructure of metals during cooling
is a key aspect of modern metallurgy and metal pro-
cessing technologies. For metallurgical enterprises of
Ukraine, an urgent task is to develop a technology for
ladle metal processing using cheap gas mixtures that
allow reducing the cost of metal. The use of a mixture
of gases with an increased nitrogen content will reduce
the cost of ladle processing of ordinary steels, low-car-
bon and steels with an increased nitrogen content.
Control of parameters related to the dissolution and re-
moval of gases in liquid metal and metal that is being
cooled allows optimizing the properties of metal prod-
ucts for various industrial applications. Due to the ex-
pansion of technological capabilities of production, the
stability of the composition increases and the quality of
the produced steel improves. The use of ladle furnace
units and vacuum metal processing allows significantly
reducing the content of impurities in steel and obtaining
narrow limits of element content. However, despite un-
deniable achievements in ensuring reproducible qual-
ity of metal smelted with modern out-of-furnace pro-
cessing schemes, there are issues that can only be re-
solved on the basis of compatible modeling processes
and active industrial experimentation.

Literature analysis.

Non-furnace metal processing is a key stage of
modern metallurgy, which allows you to regulate the
chemical composition and improve the quality of the fi-
nal metal product. It is aimed at improving the chemical
composition, cleaning from non-metallic inclusions,
gases, macro- and microstructural improvement. One
of the directions is the use of mixtures of technical
gases, in particular argon and nitrogen, which are used
as a working medium during mixing and cooling of the
metal.

Argon is widely used due to its inert properties: it
does not react with metal or slag and promotes degas-
sing and mixing. However, due to the high cost of ar-
gon, metallurgical enterprises often use it in a mixture
with nitrogen.

According to studies [1,2], the introduction of a con-
trolled amount of nitrogen into argon allows you to re-
duce gas costs while maintaining the efficiency of mix-
ing and degassing. However, excessive saturation with
nitrogen can lead to an increase in the nitrogen content
in the metal, which is undesirable for low-carbon and
structural steels.

The use of an argon-nitrogen mixture has shown
positive results in the production of ordinary steels [3]
and nitride-forming steels. [4] note that when alloying
with titanium or aluminum, a moderate presence of
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nitrogen can be useful, since nitrides are formed, which
increase the tensile strength of the steel, but the au-
thors of [3] found out that it is necessary to clearly se-
lect the amount of alloying elements to avoid disconti-
nuity of the workpiece. At the same time, [5] empha-
sizes that in the production of bearing or spring steel, it
is important to avoid excessive nitriding, since this re-
duces the viscosity of the metal. In such cases, it is
recommended to maintain the nitrogen content no
higher than 0.008%.

Optimization of the composition of the gas mixture
and its supply mode is an urgent task. The authors [6,
7] showed that when using an Ar-N, mixture with a
variable concentration (from 5% to 30% N,), the de-
gassing efficiency remains high up to the level of 20%
N,, after which the level of dissolved nitrogen in the
steel increases noticeably. It was also found that under
conditions of low-temperature out-of-furnace pro-
cessing (1500-1570 °C), especially under vacuum, the
addition of nitrogen has almost no effect on the overall
level of gas saturation of the metal, while under atmos-
pheric conditions precise adjustment of the parameters
is necessary [8].

Among the impurities that have a significant effect
on the properties of the metal, gaseous ones — nitro-
gen and hydrogen — occupy a special place. Their ex-
cessive presence can cause brittleness, porosity, re-
duced plasticity and other defects.

Nitrogen enters the metal mainly from the atmos-
phere or from process gases during melting and pour-
ing. Excessive nitrogen concentration in steel leads to
the appearance of “aging” of the metal, a decrease in
impact strength and problems during deformation
forming. According to research [9,10], effective re-
moval of nitrogen is possible when using vacuum arc
treatment or an inert atmosphere (argon), as well as
using modifiers that form stable compounds with nitro-
gen. Hydrogen in liquid metal causes the appearance
of pores in the cast metal, the development of “flocs”
and contributes to brittleness. It enters the metal from
moisture, oils and other sources. According to [11, 12],
the most effective degassing methods are argon treat-
ment with bubbling, vacuum degassing and the use of
powder additives that promote bubble coagulation.

The main difficulties in removing nitrogen and hy-
drogen are associated with the thermodynamics and
kinetics of the dissolution and removal processes,
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because nitrogen requires a very low partial concen-
tration for the degassing process to be effective, and
hydrogen has the ability to easily redistribute between
the metal and slag. The degree of turbulence in the
metal bath, temperature, and slag composition also
play an important role.

Therefore, the main task for non-furnace steel pro-
cessing is to be able to predict the ratio of argon and
nitrogen in the gas mixture under different processing
schemes (at atmospheric pressure (ladle-furnace) or
under pressure (vacuum machine) for different steel
grades, taking into account their cooling and operating
conditions for further development of ladle metal pro-
cessing technology using inert purge gas mixtures,
which allow reducing the cost of metal and obtaining
high-quality steel.

Among the current research areas are the use of
combined methods (vacuum + argon), intelligent de-
gassing process control systems, as well as mathe-
matical modeling of the behavior of gases in liquid
metal.

Materials and methods.

When modeling the metal production process, a
complex model was used, the algorithm of which in-
cludes an assessment of metal degassing indicators at
atmospheric pressure, analysis of the behavior of CO
bubbles and dissolved gases (hydrogen, nitrogen and
oxygen) during metal treatment with inert gases and
their mixtures, vacuum, as well as gas evolution during
metal cooling [13,14]. The created model allows pre-
dicting the results taking into account the chemical
composition of the metal and selecting the gas mixture
that will be used to purge the metal in the ladle during
post-furnace treatment.

The mathematical model is described by the main
equations:

removal of dissolved oxygen is carried out due to
the decarburization reaction

[€] = [0] = {CO}, (1)

hydrogen and nitrogen — by releasing it in the form

of molecules that form gas bubbles
[H] = S H,. 2)
1

[N] ==N,. 3)

2
oxygen and carbon transfer equations in metal

oxygen in metal

- 2 2
ot HM ox

carbon in metal
ICY(x,7) D, 3°[Cl(x,7) v
ot H., 0x ¢
where [O] and [C] are the concentrations of oxygen
and carbon in the metal, kg/m3; Dy - s the effective
(turbulent) diffusion coefficient in the metal, m?/s; Hy -
the thickness of the metal layer, m; gu - he source term

that takes into account the possibility of blowing oxy-
gen into the metal during the vacuum process,

12 ¢ H

M

®)

kg/(m?s); Vc - is the source term describing the oxy-
gen and carbon consumption for the reaction (carbon
oxidation rate), kg/(m?3-s); x - he dimensionless coordi-
nate; 7 - the time, s.

The carbon oxidation rate will be

Ve=Kv f(S) [Cl(x,7) {[Ol(x,7) - [Ol(x,7)} , (6)

69



where Ky - rate constant of carbon oxidation reac-
tion for large-scale level; f(S) - the function depending
on the surface area of bubbles as they float.

In turn, the frequency of bubble formation is related
to the number of active centers of their nucleation and
the frequency of formation on one active center v =
ven, where vg - frequency of bubble formation at one
active site, 1/s; n - amount of active centers, 1/m2.

The mass transfer process in the metal occurs at
the metal-bubble interface. The flows of nitrogen, hy-
drogen, and oxygen with carbon required for the for-
mation of CO and argon bubbles can be represented
by the following expressions:

Jn = Bu(IN] = [N]),  (7)
Ju = Bu([H] = [H];),  (8)
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Jeo = 1,75([0] = [0],). (9)
Masses of nitrogen, hydrogen and CO diffusing into
the volume of the bubble

my = [ By (IN] = [N],)Sydz,  (10)
my = [y Ba([H] = [H])Sudz,  (11)
Mco = 1,75 [§ Bo([0] = [0])Socdr,  (12)
where [ [ - bubble rise time. The total mass of
gases removed in argon bubbles is obtained in this
case by multiplying by the frequency of their for-
mation — (] p, concentrations of substances expressed
in kg /m3.
The surface area of a bubble is determined by its

volume.
__ 1000m RT

28 Pmax—PmMIHMX

|4

, (13)

where P =P +p gH +p gH +20/r-maximum pressure, Pa.

The partial pressures of individual gases in
bubbles are described by the expression
(mi/M;)P
Pt = Somgy (14

where M ; - molecular mass of the gas, P - total
pressure, equal to the sum of all pressures acting on
the bubble, taking into account the height of the metal
layer - h when the bubble rises.

When cooling the metal, the equations describe the
processes of the metal cooling rate, the thickness of
the solid metal crust, and the speed of the bubble
movement in height.

Objectives of this work.

One of the main tasks of extra-furnace treatment is
to reduce the content of dissolved gases in steel - ox-
ygen, hydrogen, nitrogen. Argon is most often used as
an agent that assimilates gases from steel and mixes
it during vacuuming and averaging blowing.

The advantages of argon are the lack of interaction
with the metal and the low partial pressure of oxygen,
hydrogen, nitrogen, which ensures their effective

Table 1 - Total gas content in the pilot melt

removal. The content of argon in the air is low, which
predetermines the high cost of its production in oxygen
shops, where large quantities of nitrogen are formed
along the way, the cost of which is four times less.

In a number of cases, nitrogen blowing led to an
increase in its content in the metal, which in most cases
leads to deterioration in the properties of steel and is
unacceptable [15]. At the same time, there is infor-
mation about the successful use of such treatment [16,
17]. Therefore, to substantiate the possibility and as-
sess the limitations of the applicability of nitrogen in-
stead of argon, it is necessary to comprehensively as-
sess the physicochemical conditions of the main reac-
tions, which can be done using a mathematical model
of steel degassing during extra-furnace treatment, the
adaptation of which was carried out according to real
experimental data.

The adequacy of the complex model was checked
based on the results of experimental determinations of
the nitrogen content given in Table 1 using three
schemes for organizing extra-furnace treatment.

n__ Continuous
{ casting

Ladl & ss—g
EAF Furnace

Vacuum
degasser

nitrogen
content, ppm
Processing scheme
asor
EAF-LF-VD 70
EAF -VD- LF 69
EAF - LF 84

The initial data on the content of carbon (C=0.85%),
oxygen (0=0.005%), nitrogen (N=0.008% - ), hydro-
gen (H=0.0015%), the proportion of open surface of
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20%, argon purging (g — 0.2 m3/min), obtained a result
thatis in good agreement with the production data (Fig-
ure 1).



0,008 -

0,006
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o mamifacturing data
m modeling data
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Figure 1. Nitrogen content in steel production
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The error in calculating the mathematical model does not exceed 1%.
The model assessed the possibility of using nitrogen as a gas for blowing metal during ladle processing of
steel, as well as a mixture of nitrogen and argon (Figure 2).
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Figure 2. Change in nitrogen concentration in metal at different ratios of argon and nitrogen in the blowing
mixture: 1 - argon 0, nitrogen 0.2; 2 - argon 0.1, nitrogen 0.1; 3 - argon 0.2, nitrogen 0 m3/min.

Modeling has shown that during ladle metal pro-
cessing, in the first 4-6 minutes of blowing, when max-
imum removal of CO bubbles occurs, the nitrogen con-
tent in the metal decreases. Then, due to the presence
of an open blowing spot, nitrogen accumulates in the
metal, and when blowing with pure nitrogen and mix-
tures of argon and nitrogen, the nitrogen content in the
metal increases, the value of which depends on the
proportion of nitrogen in the mixture.

During vacuuming, the nitrogen content in the metal
depends little on the composition of the blowing mix-
ture and the metal can be blown even with pure nitro-
gen. During vacuuming, a decrease in the nitrogen
content against the initial one was achieved in all
cases, which indicates effective removal of gases dur-
ing processing.

A numerical experiment on a mathematical model
showed the possibility of using pure nitrogen as a blow-
ing gas during vacuuming, and when processing at the
LF, its mixture with argon in a ratio of 1:1

Results and discussion.

Experimental studies of steel that was melted in a
chipboard with an acceptable nitrogen content and
purged with pure nitrogen in a ladle-furnace installation
with subsequent cooling on a continuous casting ma-
chine were conducted, which showed that the concen-
tration of dissolved nitrogen increased in the metal,

which led to the production of a poor-quality workpiece
after its cooling. The macrostructure is presented in
Figure 3.

The thickness of the bubble-free zone was 1 mm,
and the radius of the pore for bubble formation was
about 0.5 mm, the maximum length of the gas pore
was 1.5 cm.. The conducted modeling studies showed
adequate results and are presented in Figure 4.

It was also found that the formation of the bubble
begins in the upper horizons of the crystallizer and con-
tinues at a depth of 1.2 m. At this depth, two processes
occur almost simultaneously: a decrease in the pres-
sure in the bubble relative to the partial and ferrostatic;
and an excess of the crystallization rate over the bub-
ble growth rate. With further cooling, the partial pres-
sure in the bubble becomes less than the partial pres-
sure over the metal, which leads to the cessation of
gas pore growth.

When studying the workpiece with an acceptable
nitrogen content during smelting in a chipboard and
during vacuum processing, purging with pure nitrogen,
no changes associated with the occurrence of the day
were detected in the macrostructures, which also con-
firms the model data.

The macrostructure of the metal workpiece during
processing with a mixture with argon in a ratio of 1:1
during out-of-furnace processing is shown in Figure 5.
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Figure 3. Macrostructure obtained as a result of metal treatment with nitrogen during out-of-furnace pro-

cessing

measurement units

1 - thickness of the hardened
crust, cm; 2 and 3 - change in the
rate of hardening and the rate of
bubble growth, mm/s

0 5 10 18

time, min

20 25

Figure 4. Model data of the formation of the bubble zone during cooling of the workpiece.
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When analyzing the macrostructure, discontinuities
in the solid workpiece were found, which are not asso-
ciated with an increase in the nitrogen content, since
for the formation of a nitrogen bubble during solidifica-

tion of the workpiece, the pressure in the bubble must
be greater than the sum of the partial pressure of
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Figure 5. Macrostructure of metal obtained as a
result of metal treatment with argon in a ratio of 1:1
during secondary metallurgy.

nitrogen in the atmosphere and the ferrostatic pres-
sure, and calculations showed that the maximum pos-
sible pressure under these conditions of melting and
pouring was about 80,000 Pa. Since the partial pres-
sure of nitrogen over the metal is significantly higher
than the maximum possible pressure in the bubble, a



gas bubble cannot be formed under these conditions.
With this pressure ratio, there is only the possibility of
nitrogen passing from the atmosphere to the liquid melt
during the process of pouring metal. However, for the
transition of nitrogen from the atmosphere to the metal,
the dissociation of nitrogen molecules into atoms is
necessary. This transition is possible at temperatures
above 2000 °C, and when pouring metal, the temper-
ature regime does not correspond to this value, there-
fore nitrogen does not pass from the atmosphere to the
metal during pouring. The pouring was carried out with-
out protection of the jet with a submerged pouring
glass under a protective slag, which reduces the pos-
sibility of nitrogen transition to the metal to a minimum.

In the absence of nitrogen in the purge gas, the ni-
trogen flow is constantly directed towards the bubble.
This circumstance is associated with the high pressure
of the metal column, which increases the partial pres-
sure of nitrogen in the gas bubbles.

Further studies on the change in the nitrogen con-
tent in the metal at different nitrogen flow rates in the
purge gas confirmed that the fraction of nitrogen re-
moval in the CO bubble at the beginning of the process
reaches 90% and as oxygen is removed from the
metal, it decreases to 40%. Due to this, the fraction of
removal through the surface increases accordingly.
The fraction of nitrogen removal by the argon bubble is
small - about 2 - 3%. Also, with an increase in the ni-
trogen content in the purge gas, it is interesting to see
how this nitrogen is distributed between the metal and
the bubbles. It was found that with an increase in the
proportion of nitrogen in the purge gas, practically over
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the entire height of the bubbles rising, the concentra-
tion of nitrogen in the metal, in equilibrium with the bub-
bles, is higher than the actual one. Therefore, there
must be a flow of nitrogen from the gas to the metal.
To solve this problem, the nitrogen balance from the
purge gas was calculated. From the balance, it was
found that in the overall balance by the end of the pro-
cess, about 10% of nitrogen enters the metal, but
about 40% is removed into CO bubbles and about 50%
is removed through the surface. With an increase in the
nitrogen content in the purge gas to 50%, the propor-
tion of nitrogen entering the metal increases to 20%.
With a further increase in the proportion of nitrogen in
the purge gas to 75 and to 100%, the proportion of ni-
trogen entering the metal increases to 40% and 60%,
respectively.

Conclusions.

Thus, the conducted studies have established that
during the process of extra-furnace treatment when
purging metal with nitrogen, the metal is saturated to
the maximum concentrations. When pouring metal, de-
viations in the behavior of nitrogen during solidification
are possible due to a decrease in temperature. Replac-
ing part of the argon with nitrogen in the purging gas
leads to a redistribution of the values and direction of
nitrogen flows from the metal to the bubbles of the
purging gas. The proportion of nitrogen coming from
the purging gas into the metal increases, but the tran-
sition of nitrogen from the metal to the CO bubbles and
through the surface remains sufficient to ensure a gen-
eral decrease in the concentration of nitrogen in the
metal.
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