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Abstract. Obtaining an ultra-low carbon content in steel at a level of less than 0.002 % is a critically important task of modern metallurgy, which
determines the quality of such high-tech products as electrical, superferritic and austenitic stainless steels. In the presented study, an in-depth
comprehensive analysis of the kinetics and mechanisms of decarburization of a metallic melt under conditions of a circulating vacuum unit
(CVA/RH process) was carried out. Five competing processes were studied in detail: desorption of gases from the melt surface, homogeneous
formation of carbon monoxide bubbles in metal volume, heterogeneous formation of bubbles on lining surface, diffusion of an inert carrier gas
into bubbles, and intense interaction of metal sprays with a vacuum medium. The dominant mechanism of carbon removal is the homogeneous
formation of {CO} bubbles in the melt depth, the efficiency of which is 25 times higher than the efficiency of bubble formation on the lining.
Microstructural and X-ray spectral analyses confirmed that nonmetallic inclusions (5 — 140 pm in size) are present in the non— deoxidized metal,
which can serve as active centers of {CO} bubble nucleation. Based on the industrial tests, optimization of technological parameters was proposed:
reduction of the inert gas flow rate to 80 m*h to increase the contact surface of the phases and the residence time of bubbles in the melt, strict
observance of the holding time before casting in the range of 20 — 30 min, as well as the mandatory use of carbon-free lining in the steel ladle to
minimize secondary carburization. The integrated application of these measures makes it possible to consistently achieve a target carbon content
of less than 0.002 %, which is confirmed by industrial practice.
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AnHomayus. TlomydeHne CBEPXHH3KOTO COAEpxkaHUs yriuepoaa B cranu Ha yposHe meHee 0,002 % siBisieTcst KpUTHUECKH BajKHOM 3ajaueil coBpe-

MEHHO METaJUTypIUH, ONIPEC/IAIOMEeH Ka9eCTBO TAKHX BEICOKOTEXHOIOTNYHBIX IPOLYKTOB, KaK ICKTPOTEXHIYECKHE, CynepheppUTHBIC U ayCTe-
HHUTHBIC HEP)KAaBCIOIINE CTANIH. B IpenCcTaBIeHHOM HCCIICNOBAaHUM IIPOBCICH YNIYONCHHBIH KOMIUICKCHBIH aHAIM3 KMHETUKH M MEXaHH3MOB
JiekapOOHU3AINH METAILTYECKOTO PacIlIaBa B YCIOBUSX IIUPKY/IIMOHHOTO BakyyMmHoro arperara (LIBA/RH-nponecc). JleTabHO H3y4YCHBI IATh
KOHKYPHPYIOILINX [POLECCOB: AeCOPOLIHS ra30B C MOBEPXHOCTHU paciuiaBa, TOMOTeHHOE 00pa3oBaHue My3bIpbKoB okcuaa yriepoaa {CO} B o0beme
MeTauia, reTeporeHHoe (OPMHUPOBAHUE MY3bIPHKOB HA TOBEPXHOCTH (yTepOBKH, AU(GQY3UsI HHEPTHOTO ra3a-HOCUTENSI B ITy3bIPbKH M UHTCH-
CHBHOE B3aUMOJCIHCTBHE METAIUINUECKUX OPBI3T ¢ BAKYyMHOW cpenoil. JIOMHHUPYIONIMM MEXaHU3MOM YIaJeHHs YIIepoa sSBISIETCS TOMOTEHHO®
obpasoBanue my3bipbkoB {CO} B m1yOuHe paciuiaBa, 5 ¢eKTHBHOCTh KOTOPOTro B 25 pa3 npesbimaeT 3GHeKTHBHOCTS GOPMUPOBAHUS Ty 3bIPHKOB
Ha (QyTepoBke. MUKPOCTPYKTYPHBIH M PEHTICHOCHEKTPAIbHBIN aHAIN3bI MOATBEPANIIN, YTO B HEPACKUCICHHOM METaJUle MPUCYTCTBYIOT HeMe-
TaJUTHYeCKHe BKIFOUeHUS (pasmepom 5 — 140 MKM), KOTOpbIE MOTYT CIIYXXHUTh aKTUBHBIMH IIEHTPaMH 3aposkaeHus my3bippkoB {CO}. Ha ocHoBe
MPOMBIILIEHHBIX MCIBITAHUH TIPEIOKEHA ONTHMHU3AIMs TEXHONOTHYECKUX MapaMeTPOB: CHIKEHHE PACX0/ia MHEPTHOTO Tasza 1o 80 M*/u s
YBEJIMYEHUS] OBEPXHOCTH KOHTAKTa (ha3 M BpeMEeHM NpeObIBaHMS My3bIPHKOB B pACIUIaBe, CTPOroe COOIOACHHE BPEMEHH BBIICPIKKU IMepes
pasnuBkoii B uatepsane 20 — 30 MUH, a Takke 00s3aTeIbHOE PUMEHEeHHE 0e3yrIepoIHON (yTEepOBKH B CTAJIEPA3IMBOYHOM KOBIIIC /TSI MUHUMH-
3aIlMM BTOPUYHOTO HayIIepOKUBaHUs. KOMIIEKCHOE NMPUMEHEHHE YTUX Mep MO3BOJISIET CTA0MIIBHO JIOCTHIATh LIEJIEBOTO COIEPIKaHus yriepoaa

menee 0,002 %, 4To NOATBEPKACHO MPOMBIIIIEHHON MPaKTUKOM.

Kniouesule c108a: nyupKyISIIMOHHBIN BAKYyyMaTOp, YJIBTPAHH3KOE COAEpKaHKe yIeposa, 1eKapOoHU3alus, Ty3bIpbKH, (DyTepoBKa, KMCIOPOL, CTallb
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YIABTPAHU3KOTO COACP)KAHUS yriaepoga mpu o0paboTke MeTaiia B LUPKYISIHMOHHOM Bakyymarope. Mzsecmus 6y306. Yepnas memannypeus.
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B INTRODUCTION

Modern requirements for steel quality, especially
for electrical and special grades, necessitate reducing
the carbon content to ultra-low values (<0.002 %). In cir-
culation vacuum degassers, this process is complicated
by many interrelated factors, including reaction kinetics,
melt hydrodynamics, and lining properties [1 — 5].

] MATERIALS AND METHODS

The studies were carried out on industrial RH-process
units using:

— microstructural analysis of metal samples;

— X-ray microanalysis of inclusions;

— theoretical calculations of phase interaction areas;
— industrial trials with variation of process parame-

ters [6].
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[ RESULTS AND DISCUSSION

The present work analyzes the following mechanisms
of carbon removal under reduced pressure in a circulation
vacuum degasser (shown in Fig. 1) [1 —3; 7; 8]:

1 — desorption of gases from the melt surface;

2 — formation of {CO}bubbles in the melt depth;

3 — formation of {CO}bubbles on the lining surface;

4 — diffusion of the inert gas supplied through the inlet
snorkel into the bubbles;

5 —interaction of metal sprays with the vacuum
medium in the vacuum chamber.

Mechanisms /, 4, and 5 operate in the diffusion mode
and depend on the area of interaction between the melt
and the gas medium, whereas mechanisms 3 and 4 depend
on the number of formed {CO} bubbles [9; 10].

Theoretical calculations showed that the interaction area
for mechanisms 4, /, and 5 is 60, 6, and 1 m?, respectively.
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Fig. 1. Gas removal mechanisms in a circulation vacuum degasser

Puc. 1. MexaHU3MbI yaajieHus ra30B B IUPKYISIITUOHHOM BaKyyMaTope

Thus, the main mechanism of carbon removal in the diffu-
sion mode through {CO}formation is mechanism 4.

The rate of carbon removal from the melt by mecha-
nisms 2 and 3 depends on the concentrations of oxygen
and carbon in the metal, on the contact area between
the lining and the melt (mechanism 3), and on the volume
of treated metal (mechanism 2). Theoretical calcula-
tions show that, under identical technological parameters
of melt treatment, mechanism 2 is 25 times more efficient
than mechanism 3.

However, for an objective assessment of carbon
removal through formation of {CO} bubbles (mecha-
nism 2), it is necessary to consider the conditions and pos-
sibility of their formation [8; 11]. Formation of gas bubb-
les in the melt depth is possible in the presence of various
microinhomogeneities or on the surface of microparticles
in the melt. To determine the presence of microparticles
in the melt, a metal sample was taken from the converter
heat during temperature measurement, before the deoxi-
dation/alloying operation. For this purpose, an immersion

Fig. 2. Sample for investigation of non-metallic inclusions

Puc. 2. O6pa3ser Aisi KCCISOBAHNS HEMETAITMYECKUX BKITFOUCHHI

sampler was used, from which the deoxidizing element
had been removed in advance. After polishing of the test
sample, a microstructural analysis was performed to iden-
tify nonmetallic inclusions in it, shown in Fig. 2 [5].

The study results revealed the presence of nonmetallic
inclusions of various sizes, from 5 to 140 um (Fig. 3) [5].
In addition, the elemental composition of the nonmetal-
lic inclusions identified in the sample was determined by
X-ray microanalysis using a Quanta Inspect S200 scan-
ning electron microscope equipped with a Trident-XM4
system. The results are shown in Fig. 4 [5].

The data shown in Figs. 3 and 4 indicate that the compo-
sition of the nonmetallic inclusions corresponds to the com-
position of the slag formed in the converter, that is, even
in non-deoxidized metal (before treatment in the vacuum
chamber), nonmetallic inclusions are present that can serve
as the basis for the formation of {CO} bubbles.

Thus, it was established that the main mechanisms
of carbon removal in a circulation vacuum degasser
are the formation of {CO} bubbles in the melt (mecha-
nism 2) [12—14] and the diffusion mode (mecha-
nism 4) [15; 16].

When considering the process of carbon removal from
the metal, it is necessary to take into account the input
of this element from the lining. To achieve an ultra-low
carbon content in steel (less than 0.002 %), it is advisable
to intensify the degassing mechanisms and reduce carbon
input from refractory materials.

100 um
—

Fig. 3. View of nonmetallic inclusions

Puc. 3. Buj HeMETaUIMYECKUX BKJIIOYEHUM
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Fig. 4. Composition of a non-metallic inclusion

Puc. 4. IIpo6a 1 cocTaB HEMETATUYECKOTO BKIFOYCHUS

Mechanism 2 of carbon removal (formation of {CO}
bubbles in the depth of the melt) can be intensified by
increasing the number of inhomogeneities in the melt,
which is achieved by preliminary deoxidation of over-
oxidized metal with aluminum before vacuum treatment.
For example, at one plant the deoxidation operation using
aluminum is permitted to achieve an oxygen concentra-
tion of 400 ppm before decarburization in a circulation
vacuum degasser. According to theoretical calculations,
the optimal values of carbon and oxygen concentration
in the melt before vacuum treatment are: [C] = 0.043 %,
i.e., [O] =576.87 ppm.

The rational gas flow rate in the inlet snorkel
of the circulation vacuum degasser depends on the state
of the lining. In vacuum chambers (140 — 170 t), a large
amount of gas is supplied to intensify decarburization
processes, which may lead to an increase in bubble size
and a decrease in decarburization efficiency [17 — 19].

For example, at one metallurgical plant, a mode
of deep decarburization of the melt in an RH vacuum
degasser was developed. To increase the contact surface
between the metal and the gas phase, the transport gas
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Fig. 5. Final carbon content vs metal holding time before casting

Puc. 5. 3aBUCUMOCTb KOHEYHOT'O COJIEPKAHUS YIIIEPOJa OT BpeMEHU
BBIJIEPAKKH METaJljla epe]l pa3aIuBKOH
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flow rate was reduced from 140 to 80 m?/h, which made
it possible to achieve a carbon content of 0.003 % and
lower in the finished steel [7].

Another factor affecting the carbon content is the hold-
ing time of the metal before casting. The optimal holding
time before casting is 20 — 30 min, taking into account
all related operations such as crane handling, sampling,
measurements, and others. An increase in this time may
lead to a rise in carbon content, whereas a shorter holding
time may result in unstable parameters during continuous
casting, as illustrated in Fig. 5.

Carbon content is also influenced by other factors,
including the operability of the ejectors and the degree
of their wear. Regular inspection of the ejectors and
assessment of their condition are necessary, since this
directly affects the system’s ability to reach low pressure.
In practice, it has been observed that the faster the pres-
sure drops below 100 Pa, the higher the probability
of effective carbon removal and of achieving a carbon
content below 0.002 % in steel.

An important factor is the cleanliness of the off-
gas system. The presence of contamination in the form
of slag-metal deposits in the gas duct system, particularly
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0.0030
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content, %

0.0020

Residual carbon
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0.0010 T 1 1 1 1 1
1 11 21 31 41 51 61

Number of vacuum chamber replacements

Fig. 6. Change in carbon content over the time after repair/cleaning
of gas duct

Puc. 6. I3mMenenne cofepkanus yriepoaa B MeTajuie
C TeYCHHEM BPEMEHH OCIIe PEMOHTA/OYHCTKU ra30Xxo/a
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in the gas duct elbow, prevents the system from reach-
ing low pressure and, as a consequence, hinders carbon
removal (Fig. 6).

The final carbon content can also be affected by the lin-
ing [18; 20]. In this case, the residual carbon content
depends on the amount of carbon dissolved from the lin-
ing of the steel ladle. Studies have shown that replacing
carbon-containing refractory materials with carbon-free
or low-carbon materials in the bottom area and lower part
of the ladle walls significantly reduces the overall rate
of carbon dissolution from the lining (by 60 %) [7].

[ ConcLusions

The main mechanisms of metal decarburization in
a circulation vacuum degasser are the formation of {CO}
bubbles in the melt volume and purging with inert gas.
The key technological parameters are a gas flow rate
of 80 m*/h and a holding time of 20 — 30 min.

The use of carbon-free lining significantly reduces
carbon input into the melt.
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