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Abstract

The recycling of metal waste and scrap is an essential component of a circular economy, which is predicated
on the principles of reducing waste and consumption of resources through the reuse and recycling of materials.
However, it is not always possible to process the metal while maintaining its chemical composition and
producing high-quality ingots without complicating the technological process and incurring excessive costs.
From this point of view, electroslag remelting can be an effective technology for recycling alloyed steel and
nickel alloys to produce a high-quality material with reduced environmental impact and minimized toxic
emissions. Modern two-circuit ESR technology with a current supplying mould significantly reduces the
requirements for the geometry of the consumable electrode and greatly improves the ability to control the
thermal processes taking place in the slag and metal bath. The research conducted has demonstrated the
ability to effectively recycle various types of metal scrap, from used small tools to nickel alloy fragments, while
preserving their chemical composition and producing quality ingots. The experiments also showed significant
potential for processing metal chips and other similar metal wastes with production of quality ingots. The
presentation reviews the technological aspects and the results of a series of studies on the recycling of various
types of alloy steel and nickel alloy waste and scrap using the current supplying mould and two-circuit
electroslag remelting technology.
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1. INTRODUCTION

The emerging concept of the circular economy is encouraging the steel industry to innovate in the use of man-
made metal waste to achieve the ambitious goal of "zero waste" [1] and ensure production competitiveness.
This improves the environmental sustainability of production by saving primary raw materials and rationalizing
the use of resources [2-4]. The recycling of alloy steel scrap in Europe is considered an integral part of the
circular economy and green metallurgy, as the production of alloy steels consumes a large amount of energy
and mineral resources for the production of ferro-alloys. Returning alloy scrap to the metallurgical cycle can
significantly reduce both energy and resource costs [5].

Steel and nickel alloys have an extremely high potential for repeated recycling and return to the production
cycle [6]. Typically, alloy steel and nickel alloy scrap is melted in electric arc or induction furnaces [7]. With
this, it is important to minimize the loss of valuable alloying components, but it is difficult to ensure in electric
arc melting [8]. Induction furnaces offer better retention of alloy impurities and lower overall metal losses due
to oxidation [7]. However, it is difficult to realize the refining capabilities of the slag in induction melting and
thus refine the metal from unwanted impurities and non-metallic inclusions. An additional problem with the
traditional alloyed waste processing route is the difficulty in producing high quality ingots which have a high
degree of physical and chemical homogeneity, as well as the loss of some metal during trimming and casting
losses.


mailto:y.kostetsky@paton.kiev.ua
https://doi.org/10.37904/metal.2025.5069

JE. w -
ME AL

2025 May 21 - 23, 2025, Brno, Czech Republic, EU

Itis possible to improve the quality of cast metal by using electroslag remelting (ESR) technology [7,9,10]. The
ESR process ensures metal purification from large non-metallic inclusions, homogenization of chemical
composition, improvement of metal microstructure and macrostructure, and production of dense ingots without
internal pores and shrinkage cavities. At the same time, the chemical composition of the alloy does not change
significantly [9,10]. Electroslag remelting is widely used in industry to produce high quality ingots for critical
applications from high alloy steels and nickel alloys [9].

However, the incorporation of electroslag remelting technology into the traditional recycling chain adds cost,
which in many cases limits the feasibility of its application. To reduce end-to-end production costs, single-stage
recycling processes based on electroslag technology have been proposed, using non-consumable electrodes
and crucible electroslag melting [11,12]. In the former, fine scrap is fed into the gap between the mould wall
and the electrode. Under certain conditions, it is possible to use a consumable electrode with the same
chemical composition as the fine scrap. However, this process has obvious limitations with respect to the size
of the scrap fragments. Crucible electroslag melting offers more flexibility in terms of the shape of the scrap to
be melted, but the metal collected in the crucible must still be poured into a mold. As a result, it is not possible
to ensure the quality of such ingots at the level of ESR ingots.

The main limitation to using standard ESR technology to solve recycling problems is the need to use a
consumable electrode with geometric parameters that are unchanged along its length [13]. This is due to the
need to maintain process stability. Usually, custom made cast or deformed electrodes are used. It is clear that
it is difficult to implement a one-step recycling process based on classical ESR technology.

Electroslag remelting with two independent power circuits (ESR TC) using a current supplying mould [14,15]
(Figure 1) can significantly simplify the requirements for the geometry of the consumable electrode. In ESR
TC, current is supplied through two circuits: "consumable electrode - stool" and "current supplying mould -
stool". At a result, the periphery of the slag bath is heated by the current from the current supplying section of
the mould. This makes it possible to break the rigid dependence of the process temperature on the electrode
melting rate, to control the heat input into the slag and metal baths, and to distribute the power between the
circuits in a wide range of ratios [14]. The ESR TC has been successfully used to produce ingots of complex
steels, superalloys and titanium [16].

o

Figure 1 Schematic representation of the ESR in a current supplying mould with a two-circuit power supply
scheme (1 - consumable electrode; 2 - current supplying section of the mould; 3 - separating section of the
mould; 4 - forming section of the mould; 5,7 - power supply; 6 - ingot)

This paper presents the results of the research on the experimental testing of the ESR TC technology using a
current supplying mold to solve the problems of remelting various types of metal wastes of alloyed steels and
nickel alloys in the paradigm of the one-step recycling scheme to obtain a high quality ingot suitable for direct
further use in the production cycle.
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2, EQUIPMENT, MATERIALS AND METHODS

Experimental studies on the production of ingots of circular cross section were carried out in the Laboratory of
Electroslag Technologies of the E.O. Paton Electric Welding Institute (PWI) on the R-951 furnace using a
current supplying mould according to the scheme of ingot extraction from a short collar mould down. In order
to implement the two-circuit scheme, the furnace is equipped with two independent power supplies of 724 kVA
each (transformers type TSHP-10000/1 (A-622)), modernized for smooth regulation of the output voltage.

The electroslag remelting of the experimental ingots was carried out in a current supplying mould with a mold
section diameter of 180 mm. The mould was a sectional unit (Figure 1). The upper section of the mould serves
as a non-consumable electrode (2), and the lower section (4) ensures the formation of the surface of the ingot
to be melted. The separating section of the mould (3) acts as an insulator to prevent breakdown between the
current supplying section and the forming section. The design of the current supplying section ensures the
rotation of the slag bath in a horizontal plane [17,18]. The automatic process control system installed on the
furnace allows electroslag remelting in the current supplying mould in an automatic mode with both liquid and
solid start.

For experimental melts, consumable electrodes were made from scrap metal of the appropriate type (Figure
2).

Figure 2 General view of consumable electrodes formed from different types of metal scrap (a - tool steel
scrap; b - variable cross-section model electrode; c - nickel alloy scrap)

In order to study the recycling of P6MS5 tool steel scrap, electrodes were assembled from small used tools by
welding individual pieces into a single electrode (Figure 2a). Remelting of these electrodes was performed
under ANF-29 flux.

To simulate the remelting of waste rolls from continuous casting machines, a variable-section electrode with
sections of 150, 110, and 80 mm in diameter was used to simulate the remelting of real rolls without first cutting
off the necks (Figure 2b). With this electrode geometry, the filling factor was gradually changed from 0.69 to
0.37 and to 0.2 during remelting. To fix the current configuration of the molten metal bath during melting,
ferrous sulfide was introduced into the melting zone at certain intervals.

The electrodes for the remelting of scrap nickel alloy EP648 were formed from a 70 mm diameter cylindrical
cut, rejected due to shrinkage defects, and half rings of the same alloy (Figure 2¢). The individual fragments
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were welded together with minimal filler metal. The design of the electrode did not allow a high current to pass
through it. Therefore, the remelting was carried out using a quasi-passive electrode. That is, the main electrical
power was supplied to the mould and minimal power was supplied to the electrode. The remelting was carried
out under a flux consisting of 90% ANF-29 and 10% CaF2 with argon protection of the melting space.

We also conducted a study of remelting fine alloyed metal scrap in a current supplying mould without the use
of a consumable electrode. Under these conditions, the slag bath is heated only by supplying current through
the water-cooled current supplying section of the mould (Figure 1). The scrap was a small waste of medical
instruments made of X18H10 steel and similar. Melting began with the introduction of a slag bath of ANF-28
flux. The metal charge was added to the surface of the slag bath in portions. The melting process was visually
monitored.

Samples were cut from the control ingots to determine their internal quality, examine their macrostructure, and
perform chemical analysis.

3. RESULTS AND DISCUSSION

Experiments with remelting electrodes of tool steel scrap (Figure 2a) under different modes showed that the
configuration of the composite electrode directly affects the stability of the process and the quality of the
resulting ingot. It was found that the remelting of composite electrodes with irregular geometry should be
carried out with the main power (275%) supplied to the mould. In this way, the electrode can be melted evenly
and with constant productivity, and a high-quality ingot can be produced. The chemical composition of the
metal of the control ingot, weighing 129 kg, obtained from tool steel scrap, corresponded to the chemical
composition of P6M5 steel [19].

Remelting of the regular geometry variable cross section electrodes (Figure 2b) was conducted to determine
the conditions under which a stable depth and profile of the liquid metal bath is maintained throughout the
remelting process, resulting in a stable ingot metal quality along the length. Remelting performance was found
to be controlled by the power applied to the consumable electrode. The effect of the power in the mould circuit
on the remelting performance is not significant, but it has a strong influence on the shape of the liquid metal
bath. In order to maintain stable parameters of the liquid metal bath, it is necessary to run a process with
constant productivity and stable current density at the periphery of the slag bath [20].

Based on the results of remelting consumable electrodes from nickel alloy waste (Figure 2¢), it was determined
that the rational power distribution between the electrode and mould during the process is 1/3. With this, the
remelting rate averaged 80 kg/h. According to the developed modes, control ingots of 1.10 m and 1.25 m in
length were produced. The chemical composition of the metal after ESR was similar to that of the original
EP648 alloy (Table 1). The oxidation loss of the high activity elements Al and Ti did not exceed 0.1% and
0.15%, respectively, under the experimental conditions. The experimental ingots were transferred to
production, where they were forged into rings that successfully passed the control for compliance with current
industrial quality standards.

Table 1 Chemical composition of the metal after ESR of nickel alloy waste, wt%

Ni Cr Mo Nb Ti Fe w Al
52,87 33,66 2,30 1,44 0,96 0,58 4,96 0,67

The experiments on the remelting of small-pieces of alloyed metal waste in a current supplying mould using
an electrode-free scheme (Figure 3a) showed that in the absence of a central electrode in the slag bath, there
is a ring-wall heat generation character (Figure 3b). However, with the correct choice of remelting mode, the
temperature field of the slag bath inside the mould is effectively averaged due to mixing under the influence of
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the electromagnetic field. A special device can also be used to control the bath speed and changing the rotating
direction.

During the experiments, a melt rate of about 45 kg/h was achieved. The high quality of the ingot surface was
obtained at an input power of 175-200 kVA. After remelting, the steel contained 17-18% Cr, 9.0-9.3% Ni.

Figure 3 General view of the process of remelting of small-pieces of alloyed metal waste in a current
supplying mould (a) and the view of surface of the slag bath under wall heat generation (b)

4, CONCLUSION

Experimental studies have identified and demonstrated the possibility of recycling various types of metal waste
from alloyed steels and nickel alloys based on the technology of electroslag remelting using a current supplying
mould to obtain high quality ingots suitable for direct use in the production cycle of metal products.

The peculiarities and rational methods of remelting electrodes of variable section from alloyed steel and nickel
alloy waste were studied in a semi-industrial electroslag remelting plant. The technology of remelting of small-
pieces of alloyed metal waste in a current supplying mould according to the electrode-free scheme was tested
and the possibility of its application for recycling small medical instrument wastes was experimentally proved.
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