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Abstract. The author examines the key mechanisms for the removal of non-metallic inclusions during electroslag remelting (ESR) emphasizing
the importance of three reaction zones: a liquid film at the end of the electrode, droplets of electrode metal, and a liquid bath in the mold.
The analysis is based on the application of the Stokes formula to estimate the rate of inclusions floating, where particle size plays a crucial
role. The enlargement of inclusions contributes to their more efficient removal, while liquid inclusions float faster than solid ones due to their
lower viscosity. An important factor is the shape of inclusions, which affects the rate of their removal, as well as convective flows in the metal
contributing to the enlargement and removal of inclusions to the metal-slag interface. Experimental data demonstrate that the main refining
occurs in the area of the liquid film at the end of the electrode, where up to 80 % of the inclusions turn into slag. Purification of metal droplets
in slag is less effective, but its role increases with a decrease in droplet size and an increase in the time of interaction with the slag. The results
confirm that a decrease in the melting rate of the electrode contributes to the formation of a thin film and improves the quality of the metal in
terms of the content of non-metallic inclusions. It is noted that providing a metal bath that is not deep and uniform in height makes it possible
to create an axial crystal structure and eliminates blocking the inclusions floating. The solution to this problem is based on the well-tested
technology in the laboratory with rotating consumable electrode. The control of the centrifugal forces that arise in this case makes it possible to
comprehensively solve the problem of reducing the concentration of non-metallic inclusions of 10 um or less, while maintaining all the advan-
tages of electroslag technology.
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AHHOmMayus. ABTOp paccMaTpuUBaeT KJIIOUEBbIE MEXaHU3MBbl yaleHHs HEMETaJUIMYeCKUX BKIIOUEHMH IpH dMeKTpoluakoBoM neperiase (D1LIT),
MOAYEPKUBAsl Ba)KHOCTh TPEX PEAKIMOHHBIX 30H: *KMJKOHW IJIEHKH Ha TOpIE IEKTPOAA, Karesb 3IEKTPOJHOrO MeTallla W KHUIKOW BaHHBI
B KpUCTaJuIM3aTope. AHaIM3 OCHOBAaH Ha mpuMeHeHHH (opmynbl CTOKca Ul OLEHKH CKOPOCTH BCIUIBIBAHMS BKIIFOUEHHMH, T/Ie pa3Mep 4acTHIl
UTPaeT PEIIAoIIyI0 POJib. YKPYITHEHUE BKIIOUCHHUH ClIOCOOCTBYET UX Oostee 3pGEeKTHBHOMY yIAICHUIO, IPH STOM )KUJIKUE BKIIOUCHHUS BCILUTBIBAIOT
ObICTpee TBEPIIBbIX M3-3a MEHBIIEH BA3KOCTU. BaxkHbIM (hakTopoMm siBiseTcs: hopma BKIFOUCHHH, BIMSIONAs HA CKOPOCTh UX YNAJICHUS, a TaKKe
KOHBEKTHBHBIE ITOTOKH B METaJlle, CIIOCOOCTBYIOIINE YKPYITHEHUIO U BBIBEICHUIO BKJIIOUEHHH K MOBEPXHOCTH pa3jiesia MeTasll— LK. DKCIie-
PHMEHTAJIbHBIE JAHHBIE IEMOHCTPUPYIOT, YTO OCHOBHOE pa)MHUPOBAHME IPOMCXOIUT B 30HE JKHIKOW IJIGHKH Ha TOpIe 31eKTposa, riae 1o 80 %
BKJIIOUEHHUH nepexoauT B Hulak. OuuileHne Kaneib MeTalia B Iulake MeHee d(EeKTUBHO, HO ero pojb BO3PACTACT IPHU YMEHBIICHUH pa3Mepa
Karneidb U yBEIWYEHHUM BPEMEHM B3aUMOJCHCTBHSA CO HIIAKOM. Pe3ynbTaThl MOATBEPKAAIOT, YTO CHIDKEHHE CKOPOCTH IUIABJICHUS 3JIEKTpoJa
CrocoOCTBYeT 00pPa30BaHMIO TOHKOM IUICHKU M YIYy4IICHUIO KauecTBa MeTalla MO COACPIKAHMIO HEMETAIUINYECKUX BKIOUeHUH. OTMEUeHO, YTOo
obecrieueHne HENTyOOKOH, paBHOMEPHOI! 110 BBICOTE METAJUINYECKOI BaHHBI MTO3BOJISICT CO3/JaTh OCEBYIO KPHUCTAIIMIECKYIO CTPYKTYPY M HCKIIIO-
yaeT OJIOKMPOBAaHHE BCILIbIBAHUS BKIIIOUeHUI. Pemenne paccMaTprBaeMoil 3aja4i 0CHOBaHO Ha XOPOLIO arnpoOMpOBaHHOMN B 1a00PAaTOPHBIX yCIIO-
BUSIX TE€XHOJOTHM C BPAIIEHUEM PACXOAYEMOIr0 3JIEKTPoJa. YIpaBlIeHHE BO3HUKAIOIMMHU B 3TOM CIIydae LEHTPOOSKHBIMU CHUIIAMHU I103BOJISET
KOMIUICKCHO pellaTh 3aa4y CHIKEHHs! KOHIIEHTPALMU HeMEeTALIMYeCKUX BKIIIOUeHUH pasMepoM 10 MKM U MeHee, IIpU 9TOM COXpaHsis BCe Ipeu-
MYIIECTBA MNEKTPOIIIAKOBONH TEXHOIOTUH.

Kniouesule ca06a: padunnpoBanue, U1K, PaciuiaB, HOBEPXHOCTb, HEMETANIMYECKNE BKIIIOUSHHS], pPa3Mep BKIIIOUEHUH
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[ INTRODUCTION

Electroslag remelting (ESR) is a metallurgical process
with a pronounced refining effect. The large interfacial
area between liquid slag (flux) and molten metal, together
with intense mixing, promotes reactions in the slag—metal
system. With an appropriate choice of slag composition,
electrical parameters, and external effects, the nature and
direction of metallurgical reactions can be controlled. For
this reason, in the early stages of its development, ESR
was regarded primarily as a refining process. As ESR
technology advanced, considerable attention was also
paid to producing a sound crystal structure and increasing
ingot density; however, refining the metal from harmful
impurities during remelting remained the main prio-
rity [1; 2]. This approach led to numerous studies aimed
at improving the chemical cleanliness of electroslag
metal. As a result, various flux compositions were deve-
loped [3 — 5] to provide the maximum refining effect for
different classes of remelted steels. Practice has shown
that ESR is most effective in desulfurization and oxygen
removal. At the same time, because it is a high-tempera-
ture process, it is relatively ineffective in removing phos-
phorus and high-vapor-pressure impurities, including
low-melting elements, which pose a serious risk to high-
strength structural steels.

Throughout the history of ESR, various techniques
have been attempted to remove hydrogen and, to some
extent, tested to remove hydrogen and, to some extent,
nitrogen from the metal. These include purging the melt
with inert gases and gas—powder mixtures, as well as using
different electrical power supply schemes [6; 7 — 10].
The former approaches drew on extensive experience in
injection metallurgy, whereas the latter relied on expe-
rience from electrochemical production. Nevertheless,
the expected results were not fully achieved. In addi-
tion, in the conventional process, a substantial proportion
of sulfur is known to be removed into the open gas phase,
i.e., the atmosphere, as SO, [11]. When a protective gas
is used in the mold chamber, this process becomes more
difficult. Therefore, given the metallurgical production
capabilities available at that time, ESR was concluded
not to be an active degassing process for hydrogen and
nitrogen.

It is becoming increasingly clear that further improve-
ment in the quality of electroslag metal should primarily
be achieved by substantially reducing the concentra-
tion of non-metallic inclusions, especially those smaller
than 10 pm. At the same time, it is necessary to ensure

a uniform distribution of inclusions across the ingot
section while preserving a directional columnar crys-
tal structure, structural homogeneity, microcleanliness,
isotropic mechanical properties, and high ingot density.
These requirements must be met while reducing energy
consumption and without compromising the productivity
of electroslag metal production. It should be noted that
the refining effect of the electroslag process is greater
when the initial metal contains more impurities; in this
case, the degree of metal refining increases.

] MATERIALS AND METHODS

The electroslag process involves remelting consu-
mable electrodes, droplet transfer of electrode metal, and
sequential solidification in a water-cooled mold. Gradual
melting of the electrode in the refining medium, i.e., slag,
involves three interaction interfaces. During electrode
melting, a liquid metal film forms at the consumable
electrode tip, where it actively interacts with the refining
phase. This liquid metal film, which flows down the mel-
ting surface of the electrode, is the first reaction zone
and largely determines the removal of various impurities.
This zone is characterized by a high impurity concentra-
tion, a large interfacial area, low metal superheat above
the melting point, a flow pattern close to laminar flow, and
a short reaction time with the refining phase. The second
reaction zone is represented by the droplet, or droplets in
the case of a large-diameter electrode with several drop-
let-formation cones, passing through the layer of refining
slag. The third reaction zone is the liquid metal bath in
the mold, which is characterized by a longer interac-
tion time with the refining phase, significant superheat-
ing of the metal surface, and more intensive melt mix-
ing. Thus, conventional ESR includes two main reaction
zones: a low-temperature zone at the electrode tip and
a high-temperature zone in the bath. This should be taken
into account when considering chemical reactions. Unlike
conventional metallurgical units and processes, melting
and solidification of the entire metal volume do not occur
simultaneously but proceed sequentially in each reaction
zone. This sequence ensures high refining efficiency and
high ingot quality [12]. Each zone is an open reaction
system, in which liquid metal enters and leaves the zone
simultaneously while heterogeneous reactions occur
between the metal and the refining medium.

At each interface, the remelted metal can be refined
from non-metallic inclusions. However, the degree
of refining differs between interfaces. For example,
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the highest degree of refining is achieved at the liquid
metal film-slag interface on the melting surface
of the electrode. To make full use of the refining poten-
tial of ESR, it is necessary to identify the rate-controlling
stage of non-metallic inclusion removal and establish
the mechanism by which inclusions are removed.

According to a number of researchers, non-metallic
inclusion removal is determined primarily by their flota-
tion in the liquid metal bath, since the density of most
non-metallic inclusions is substantially lower than that
of liquid steel. Stokes’ law is commonly used for a quan-
titative assessment of the inclusion flotation rate [13].
According to Stokes’ law, inclusion size has the greatest
influence on the rate of inclusion removal. This is sup-
ported by the following considerations: within the tem-
perature range typical of steelmaking processes, the vis-
cosity of liquid metal changes by only 10 — 15 %, whereas
the density difference between inclusions and liquid steel
is 2 — 5 g/cm?. In contrast, the inclusion radius may vary
from 0.0001 to 1.0 mm. This clearly indicates the impor-
tance of inclusion coarsening. The commonly used
Stokes equation is applicable only to the removal of solid
spherical inclusions. For liquid inclusions, an additional
term must be introduced to account for their viscosity.
It has been established that, at the same particle size,
the flotation rate of a liquid inclusion is higher than that
of a solid one. This is the basis for the use of complex
deoxidizers in steelmaking: after their addition, low-
melting inclusions are formed, since liquid particles have
a much greater tendency to coalesce than solid particles.
Therefore, it is desirable to form inclusions with a mel-
ting temperature lower than that of the remelted metal.
To account for inclusion shape, a shape factor is intro-
duced into the Stokes equation. For example, alumina
inclusions float 4 — 8 times more slowly than silicate
inclusions of the same size. This is due to the irregular,
angular shape of alumina inclusions, whereas silicate
inclusions are typically spherical.

Under electroslag remelting conditions, where
the liquid metal bath exists for a relatively short time,
inclusions larger than 10 um can be removed by flotation.
For inclusions larger than 100 um, the controlling factor
is no longer the flotation rate but melt turbulence. In gene-
ral, convective flows in the liquid metal have a favorable
effect on non-metallic inclusions removal. As the inten-
sity of convective mixing increases, inclusions collide
more frequently, which promotes particle coarsening and
increases the probability that they will reach the metal—
slag interface. It should be noted, however, that inten-
sive bath mixing not associated with natural convec-
tion affects the removal of non-metallic inclusions and
gases differently, although the gas-removal mechanism is
largely similar to that of inclusion removal. Gas removal
is facilitated, whereas non-metallic inclusions flotation
may be impeded. In addition, efficient removal of gases
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dissolved in the metal during ESR is promoted by their
solubility in slag, which is almost an order of magnitude
higher than in liquid metal. Therefore, concentration-
driven diffusion involving rising gas bubbles may occur
at the metal bath—slag interface.

The condition for spontaneous transfer of non-metallic
inclusions reaching the metal—slag interface is expressed
as follows:

(Gm—incl - c;mfslag) = Gslagfincl’ (1)
where 6 . is the interfacial tension at the metal-inclu-
sion interface, J/m?; O slag is the interfacial tension
at the metal-slag interface, J/m?; O,jagincl is the interfacial

tension at the slag—inclusion interface, J/m?.

This condition is satisfied for most oxide systems.
The degree of non-metallic inclusions removal by flota-
tion during ESR is determined by two factors: the shape
and depth of the metal bath and the difference between
the solidification-front velocity and the inclusion flo-
tation velocity. At a low bath shape factor, with a low
mold filling ratio as a special case, crystals grow radially.
Under these conditions, non-metallic inclusions, as well
as gases, are likely to be captured by the arms of growing
dendrites.

With axial solidification, flotation and removal of non-
metallic inclusions and gases from the metal bath are
more likely. Therefore, to maximize the removal of non-
metallic inclusions from the metal, axial or radial—axial
solidification should be promoted. However, directional
axial solidification of the metal bath alone does not solve
all problems; the crystal growth rate is also important.
Therefore, the electroslag ingot build-up rate should be
considered, since non-metallic inclusions removal is
most effective at the lowest build-up rate. To some extent,
this requirement constrains process productivity in favor
of metal quality.

When using the Stokes equation, it should be taken
into account that it does not include physicochemi-
cal interactions of inclusions either with one another or
with liquid metal. These interactions substantially alter
the actual mechanism of metal refining from non-metallic
inclusions during ESR.

There is also a well-founded view that inclusion
removal occurs primarily in electrode metal droplets.
Early studies [14; 15] investigated the effect of metal
droplet motion through slag on non-metallic inclusions
removal, using ShKh15 and E1961 steel droplets in ANF-6
flux. It was established that the dependence of the degree
of purification C_/C where C is the amount of inclusions
in the initial metal and C is the amount of inclusions in
the droplet after passing through the slag layer, on droplet
size (r,), inclusion size (9, ), and droplet path length (/,)
is described by Eq. (2) [16]:
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in other words, the smaller the droplets, the more effec-
tively they are refined from inclusions. For example,
after slag treatment, droplets weighing 0.12 g contained
half as many inclusions as before treatment, whereas in
droplets weighing 1 g, the inclusion content decreased
by only 12 %. As the path length traveled by a droplet
in slag increases, the degree of refining also increases.
In addition, there is a clear relationship between droplet
size and the inclusion content in the initial metal and in
the metal after slag treatment. The larger and more nume-
rous the inclusions in the initial metal, the more intensive
the refining process.

As noted above, some non-metallic inclusions in steel
have an irregular shape, such as ellipsoidal or parallelepi-
ped-like particles, with one dimension exceeding another
by a factor of 1.5 — 2.0. Owing to convective flows inside
the droplet, inclusions rotate around their own axes and
reach the metal-slag interface with their larger face.
In addition, as a droplet moves through slag, the velocity
of its surface layers is 3/2 times higher than the velocity
of the droplet itself [16]. Taking these corrections into
account gives a coefficient of 3.4 in Eq. (2).

During ESR, the radius of detached droplets is approxi-
mately 0.005 m. The path traveled by droplets in slag,
equal to the distance from the tip of the consumable elect-
rode cone to the surface of the liquid metal in the mold
bath, is 0.10 — 0.12 m. Therefore, according to Eq. (2),
for inclusions 3.6-107 m in size, for example, and an ini-
tial non-metallic inclusions content of C = 0.6-1072 %,
the inclusion concentration decreases to C = 0.57-1072 %,
i.e., only slightly. It follows that the stage of metal refi-
ning from non-metallic inclusions associated with droplet
movement in flux is not decisive. Nevertheless, its role
increases with a substantial decrease Nevertheless, its
role increases substantially as droplet size decreases and
residence time in slag increases, including under external
effects.

[ RESULTS AND DISCUSSION

To clarify the contribution of each interface to inclu-
sion removal, the following test was performed. During
melting, droplets were collected from beneath the elect-
rode using a thick-walled cup, and samples were taken
from the metal bath. As a result of rapid solidification
of the metal in the cup, all inclusions present in the liquid
metal at the time of sampling were retained in the solidi-
fied metal. After melting, samples were cut from the ingot
horizon corresponding to the liquid metal bath at the time
of cup sampling. Their inclusion content was compared
with that of the sample collected in the cup and with that
of the droplet. The data are presented in the table. As can
be seen from the results, the main inclusion removal
occurs before the metal droplets enter the mold, namely
from the liquid film at the electrode tip or from droplets
at the initial moment after their detachment from the elect-
rode. As shown above, inclusion removal from droplets
during their movement through slag is insignificant.
Therefore, it follows that the main interface responsible
for inclusion removal is the liquid metal film at the elect-
rode tip—slag interface. The authors of [17] recommend
carrying out ESR at the lowest possible electrode mel-
ting rate, which ensures the formation of a liquid metal
film of minimum thickness at the electrode tip. This is
supported by the data reported in [18], which show that
ESR of Kh16N15M36 stainless steel using ANF-1P flux
produced cleaner metal with a lower non-metallic inclu-
sions content than remelting with ANF-6 flux. This can
be attributed to the lower ingot build-up rate, the thin-
ner liquid metal film at the electrode tip, and the smaller
size of liquid metal droplets when ANF-1P flux is used.
Further research should focus on technology involving
a rotating consumable electrode, which has been well
tested under laboratory conditions [19; 20].

Thus, evaluation of the refining efficiency of ESR
with respect to non-metallic inclusions showed that
up to 80 % of inclusions are transferred to the slag from
the surface of the liquid metal film at the electrode tip,
whereas approximately 20 % are removed from electrode

Changes in the content of non-metallic inclusions at various stages of electroslag process

HN3meHenue cogepkaHusi HeMeTALIMYECKUX BKJIIOYEHUIT
HA Pa3JMYHBIX CTAHUAX YI1eKTPOLLIAKOBOIO Mpouecca

Area occupied by non-metallic inclusions, pm?,

Sampling site Numberiof by inclusion size, um

samples

10-25 3-10 1-3 Total
Electrode 560 730 1530 2820
Droplet 6 - 350 1050 1400
Bath 18 - 560 740 1300
Ingot 5 - 640 680 1320
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metal droplets during their passage through the slag and
by flotation from the liquid metal bath.

The efficiency of inclusion removal at this interface
depends directly on inclusion size in the liquid metal
film: the thinner the film, the more complete the refining,
primarily for inclusions whose size is comparable to or
exceeds the film thickness. The thickness of the liquid
metal film on the melting surface of the electrode is
not uniform; the film becomes thicker toward the axis
of the consumable electrode.

[ ConcLusions

The regions of the consumable electrode most con-
taminated with non-metallic inclusions are those sub-
jected to the least favorable refining conditions. There-
fore, it is necessary to reduce the thickness of the liquid
metal film on the melting surface of the consumable
electrode, especially in the areas with the highest con-
tamination, without further decreasing the already low
process productivity. The size of electrode metal droplets
should also be reduced, their contact time with the wor-
king flux should be increased, and droplets should be pre-
vented from entering the liquid bath along the ingot axis.
Creating conditions for a shallow metal bath of uniform
depth promotes the formation of an axial crystal struc-
ture and prevents obstruction of inclusion flotation. These
conditions can be achieved using technology involving
a rotating consumable electrode. Control of the resulting
centrifugal forces makes it possible to comprehensively
reduce the concentration of non-metallic inclusions
of 10 um or smaller while preserving all the advantages
of ESR technology.
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