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Methods of Improving the Induction Crucible Melting Furnaces
Lining Life and Monitoring its Condition

Introduction. One of the ways to reduce greenhouse gas emissions to combat climate change is to implement

electrometallurgical steelmaking processes, including induction furnace melting. However, the short lifespan of the
furnace lining is a significant limitation of this method. Induction steelmaking units are efficient for melting small volumes
of high-quality steels, but their linings undergo significant wear due to thermal, mechanical, and corrosive impacts.

Methods. The study includes an analysis of scientific and technical literature on induction furnace linings and practical
experience from metallurgical enterprises such as "Zaporizhzhia Foundry and Mechanical Plant” LLC. The methodology
involves systematizing methods for extending the lifespan of the furnace lining and monitoring its condition. This includes
using high-quality materials, cooling systems, automated temperature control systems, and regular maintenance.

Results. The research found that the lifespan of the furnace lining can be extended by optimizing lining materials,
using cooling systems, and implementing automated control systems. Practical examples of using induction furnaces
in metallurgical enterprises demonstrate the effectiveness of the proposed methods. Specifically, the use of graphite
coatings and oxide ceramic materials significantly improves the lining's resistance to high temperatures and chemical
wear.

Discussion. The scientific novelty of the work lies in the systematization and classification of methods to extend the
lifespan of induction furnace linings. The practical significance of the study is in the potential application of the results to
predict lining wear and schedule maintenance work. The proposed methods can be used to improve the reliability and
efficiency of induction furnaces in high-quality steel production.

Kmoyosi cnoBa: crucible failure; electrometallurgy; induction furnace; lining wear;, methods of lining state control;

service life; steel melting.

ntroduction. One of the ways to reduce greenhouse

gas emissions to combat climate change while

implementing the steel industry decarbonisation

strategy is to switch to electrometallurgical steelmaking
processes, including induction furnace melting [1; 2].
The limitations of induction melting that hinder the
transition to induction furnace melting include the short
life of their lining. Induction steelmaking units feature
significant performance and have been successfully
used to smelt relatively small volumes (from 5 kg to 60
tonnes) of high-quality steels both in industrial (foundries)
and laboratory environments. The technical literature
describes the technologies for smelting high-alloy heat-
resistant steels [3—5], construction and low-carbon steels
[6-8], non-ferrous metals [9; 10], and special-purpose

alloys [11; 12] in induction furnaces.

The purpose of this research is to systematise the
methods of increasing the service life and controlling
the state of induction melting furnace linings, which
contributes to better anticipation of crucible wear and
scheduling of repairs, maintenances and consumables.

In the process of systemic analysis of the problem, it
is proposed to solve the following actual research tasks:

- analyze and summarize existing technologies
and materials used for induction furnace linings;

- identify and classify the primary causes of
crucible failure in induction steelmaking furnaces;

- evaluate and systematize methods forincreasing
the service life of induction furnace linings based on
practical experiences and literature analysis;
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- develop recommendations for monitoring and
controlling the state of induction furnace linings to
enhance operational efficiency and safety.

Analysis of the latest research and publications

An induction crucible furnace features a similarity
to the operating principle of a transformer, where the
primary winding is an inductor, and the secondary winding
is the material in the crucible placed in the centre of the
inductor, powered by a high-frequency alternator. Due to
this design, the metal melted by the Foucault currents is
subject to radial forces directed towards the centre of the
molten metal pool [13; 14]. These forces cause the liquid
metal to be forced up and down along the vertical axis
of the crucible, which promotes electrodynamic mixing
of the metal layers, thus ensuring chemical homogeneity
of the melt and flotation of non-metallic impurities. Active
circulation of liquid metal is beneficial for the chemical
homogeneity of the metals being melted but negatively
affects the lining life of induction furnaces. The lining
is located between the liquid metal and the inductor
(Fig. 1), and obviously, the thicker the furnace lining
(or thickening due to growths), the lower the magnetic
flux penetrates the metal and the lower the efficiency
of electricity use during melting, so the lining thickness
has certain limitations [15; 16]. The general design of an
induction melting furnace is shown in Fig. 1.

The crucible ofaninductionfurnace (see Fig. 1)ismade
by packing or lining it with refractory material (bricks).
The crucible is directly located inside the inductor, which
is a water-cooled copper tube coil with a certain number
of turns. The packed crucible made of refractory powder
material is fixed in casing and installed on bottom plate
(foundation) made of refractory concrete. The melted
metal is released through spout as the furnace along
with the casing rotates relative to bearing axis [16]. Due
to the physical aspects of heat generation directly in the
metal, the increase in the melting temperature is limited
mainly by the resistance of the melting crucible itself.
The crucible is made of refractory material, which may
include ceramics, graphite, or fire clay-graphite [17-19].
Water cooling and temperature control systems are used
to increase thermal resistance and reduce thermal stress
on the crucible [20; 21].
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The melting points of steel grades produced in
induction furnaces determine the use of three types of
crucible linings: (a) acidic, (b) basic, and (c) neutral.
Acidic (a) lining involves refractories made of silicon
oxide (90...98 % Si02), boric acid (1...1.5 %) and a small
amount of metal oxides such as Al203, Fe203, MnO, etc.
The service life of crucibles made of acid lining is 80...100
melts. Basic (b) lining is mainly made of magnesite (up to
85 % MgO), liquid glass with impurities of oxides such as
CaO0, SiO2, etc. The life of such crucibles decreases with
increasing furnace volume and amounts to 20...50 melts.
Neutral (c) linings are made of Al203-based materials
with magnesite additives. The service life of such a lining
is higher than that of the two previous options [16; 22].

The authors [23; 24] also point out the wide possibilities
for their automation using controllers and the high
environmental friendliness of the units as advantages
of induction crucible furnaces, while the problem of low
lining life is also mentioned as a disadvantage. According
to the authors [16; 25], monitoring the lining wear in an
automated manner constitutes a vital part of maintenance,
ensuring the efficiency and reliability of equipment and
the safety of the melting process. Given the above, the
relevant scientific and practical task involves analysing
production experience in increasing the lining life and
developing recommendations to improve the efficiency
of lining wear monitoring in an induction crucible melting
furnace.

Materials and methods

Induction steel melting furnaces are widely used in the
steelmaking industry, in glass production, and in waste
processing. Given the prospects and the objective need
for the development of electrometallurgical technologies,
the scope and volume of their use will grow. For example,
"Zaporizhzhia Foundry and Mechanical Plant" LLC
has installed induction steel melting furnaces made by
EGES (Turkey); the furnace complex includes induction
furnaces with 3 ton and 1 ton crucibles capacity. In Fig. 2
shows the 3-ton furnace in operation, and Fig. 3 — during
casting process. The technical characteristics of the
furnace equipment are given in Table 1.

The main causes of crucible failure in an induction
steelmaking furnace include the following:

m Layout (a) and appearance (b) of a typical induction crucible melting furnace
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m The melting process in a 3-ton induction furnace (manufactured by EGES, Turkey): (a) general view of the

furnace; (b) the crucible is covered to prevent temperature loss and metal emissions from the working space; (c) the furnace

working space after metal release

a

c

M The casting process at the 3-ton induction steel melting furnace (manufactured by EGES, Turkey): (a) discharge
from the furnace into a ladle; (b) slag removal from the metal mirror; (c) casting process into moulds

- Thermal stress. During the steel melting process,
the crucible undergoes significant heating and cooling.
The heating and cooling cycles cause thermal stresses
in the crucible material, which leads to damage and wear.

- Mechanical impact. When charge and scrap are
loaded, impacts occur as they fall on the lining. The steel-
melting process is accompanied by mechanical impacts,
such as the intense movement of metal in the crucible.
This also causes damage and wear to the crucible.

- Corrosion (erosion). Certain steel components
or additives used during the melting process can be
corrosive to the crucible material, causing it to wear
away.

- Uneven heating. If the heat is not evenly distributed
over the crucible during the melting process, thermal
stresses also occur, which can cause the lining to crack.

- Contact with metal. Direct contact with the unmolten
metal (at the beginning of the melting process) and the
melt during the melting process causes mechanical wear
of the lining due to friction.

Fig. 4 shows the process of lining repair packing
for the crucible of 3-ton capacity induction furnace at
"Zaporizhzhia Foundry and Mechanical Plant" LLC.

Results and discussion
Increasing crucible life requires a comprehensive

Table 1

Technical characteristics of EGES induction furnaces (Turkey), 1-ton and 3-ton crucible capacity

Furnace Electric converter Melting rate, kg/h Melting time, min

. Frequency, Cast iron at Steel at Cast iron at Steel at

Model Capacity, kg | Power, kW Hz 1450 °C 1600 °C 1450 °C 1600 °C
EGP 1000 SE 1000 600 1000 1137 1043 53 58
EGP 3000 SE 3000 1750 500 3305 3062 54 59
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M Lining of the induction furnace with a capacity of 3-ton (manufactured by EGES, Turkey): (a) working space of the
inductor for lining; (b) preparation of meconite for lining the furnace lining; (c) the process of lining the furnace bottom; (d) loading
the furnace lining machine into the furnace by crane; (e) loading the furnace for sintering

approach that includes both the selection of appropriate
materials and the proper management of the operation
process. The general methods and strategies used
to increase the lining life in industrial and laboratory
induction furnaces and identified through the analysis of
literature and practical experience are shown in Table 2.

It is recommended to choose the optimal solution
in consultation with manufacturers or metallurgical
equipment specialists.

Regular and comprehensive monitoring of the lining
allows for the timely detection of any changes in its state
and the avoidance of possible accidents or problems in
production. Based on practical experience and analysis
of information from the sources listed in Table 1, the
methods for monitoring the state of induction melting
furnace linings have been systematised. The results of
the systematisation are shown in Table 3.

It should be noted that the success of wear
control depends on systematic, accurate and timely
measurements and inspections.

Conclusions

The paper shows the advantages of induction steel
melting furnaces, i.e., better mixing of liquid metal
layers during the melting process, which allows the
production of a more homogeneous metal in terms of
chemical composition. It demonstrates the prospects of
using induction furnaces for smelting high-quality steels
and non-ferrous metals and their alloys. The authors

conducted a detailed review and systematisation of
methods for increasing the lining life of an induction
furnace crucible, and based on this, they formed a
classification of methods for controlling the lining wear,
including technical, organisational and monitoring
methods. The findings can be used in practice to
determine the overhaul intervals and the amount of the
consumables for repairing induction furnace linings.
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Table 2

Systematisation of methods for increasing the life of induction melting furnace linings

No.

Method for
increasing life

Core of the method

Appropriate
crucible material

Use of high-quality materials that have high heat resistance and strength and meet the
requirements of the specific process. Use of special materials, such as silicon carbide or
zirconium oxide, which may have improved thermal and chemical resistance [16; 26—29]

Thermal insulation

Ensuring effective thermal insulation of the lining to avoid heat loss, overheating and wear
under high temperatures. It is used to concentrate heat in the required areas. Thermal insulation
coatings are used to reduce heat loss and retain heat in the interior of the crucible. These
materials can help maintain constant temperatures and reduce energy

consumption [19; 28; 30; 31]

Cooling systems

Use of cooling systems to control the lining temperature and prevent overheating [16; 19; 30;
32]. The use of lining with laid ducts for water cooling, pumping and circulation of coolant
(water). Injection of a coolant (cold gas) into the crucible itself; use of additional active cooling
(e.g., Peltier elements [33; 34])

Temperature
monitoring and
automated control

Installation of temperature monitoring systems for continuous monitoring of operating parameters
and timely detection of anomalies in order to avoid drastic temperature changes that can lead to
thermal shock of the crucible. Maintaining a constant temperature regime and ensuring smooth
heating and cooling. Installation of thermocouples and sensors to continuously monitor the
temperature of the crucible and respond to any changes promptly. Use of automatic temperature
control systems that can regulate the supply of coolant or gas depending on the

need [24; 25; 35]

Optimisation of
melting processes
and crucible design

Analysis and optimisation of processes to reduce excessive hydrodynamic friction and thermal
impact on the lining. Study of melting hydrodynamics to identify areas where excessive friction
occurs. Use of computer simulations to analyse and improve hydrodynamic processes and
thermal models to determine heat distribution and identify areas of excessive thermal stress.
Changes to the shape and configuration of the lining to reduce friction resistance. Ensuring the
proper design of the crucible taking into account parameters such as wall thickness, shape and
dimensions. Mitigating the risk of thermal shock by selecting optimal design

parameters [26; 36; 37]

Expert assessment,
wear and
deformation
monitoring

Involvement of specialised experts to assess the state of the lining systematically and
identify any signs or risks of wear and tear. Visual inspections to identify any signs of wear
or deformation. Use of non-destructive testing methods (e.g., ultrasonic inspection) to detect
internal defects [13; 15; 16; 20-22; 25]

Routine
maintenance and
repair

Perform routine maintenance of the lining to detect wear and tear and any defects promptly and
to ensure its durability. Scheduled repairs, refurbishment or replacement of the crucible [25; 38;
39]

Use of protective
coatings

Use of protective coatings that can reduce the impact of chemical reactions and wear on the
surface of the crucible [26; 27; 40; 41]. Graphite coatings protect the crucible from erosion
and oxidation at high temperatures (graphite is chemically resistant and can withstand high
temperatures, making it an effective material for crucible shielding). Ceramic coatings are used
to create a thermally and chemically resistant layer that protects the crucible from aggressive
environments (some types of ceramic coatings have high thermal shock resistance). Oxide
ceramic materials such as aluminium oxide or zirconium oxide serve to protect the crucible
from oxidation and aggressive reactions at high temperatures. Some manufacturers offer
special coatings designed to meet the specific requirements of metallurgical and induction
melting processes; these coatings can be optimised for specific operating conditions. Enamels
and ceramic coatings that have a low coefficient of friction can be used to reduce frictional
resistance and improve crucible performance

Electromagnetic
field control

Optimising the design and location of the crucible to reduce the impact of the electromagnetic
field on its life [42-46]. Transition to innovative solutions of electromagnetic cold crucible
(EMCC) [42-45], i.e. the use of a segmented water-cooled copper crucible for induction

melting in a vacuum or controlled atmosphere without the use of refractory materials. EMCCs
have started to be used in two types of industrial applications: (a) as batch crucibles for melt
preparation, and (b) as bottomless cylindrical moulds for continuous casting. The advantages of
EMCCs are: reduction of friction in the moulding system (minimisation of melt contact with the
crucible), i.e., a significant increase in crucible life, absence of contaminants and impurities in
the melt, creation of fluid flow conditions that can control grain structure and accelerate online
chemical treatment (high-quality castings), cycle time reduction [46]

36
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Table 3
Methods for monitoring the state of induction melting furnace linings
No Monitoring method Type of work by monitoring method
1 | Visual inspection Routine inspection of the lining for cracks, loose parts or any signs of mechanical damage.
Check for uniformity of lining wear and identification of possible unevenness that could
lead to loss of resistance
2 | Measuring the thickness Regular measurements of lining thicknesses to detect wear (a decrease in crucible wall
and geometrical parameters | thickness may indicate a need for replacement). Monitoring other geometric parameters
of the crucibles of the crucible (height, diameter) to detect deviations from standard values. The need to
use appropriate equipment for accurate measurements
3 | Thermal (thermal and Use of thermal imagers to detect possible areas of overheating or uneven heat generation,
visual) control which may indicate problems in the lining. Measuring the temperature on the lining surface
and in the area of contact with the molten metal during thermal parameters control
4 | Tracking of furnace Monitor performance parameters such as operating time, capacity and temperature to
performance parameters detect anomalies that may indicate problems with the lining. Sudden temperature changes
or overheating can lead to faster lining wear
5 | Non-destructive testing Use of non-destructive testing methods, such as ultrasonography or radiography, to
detect internal defects in the lining. Magnetic inspection methods can also be effective in
detecting cracks and defects in the lining structure
6 | Petrographic analysis of the | Sampling of the lining material for further petrographic analysis, which will allow detection
lining material composition of the structural changes in the material, determining the degree of ageing which affects
the strength and heat resistance
7 | Testing of lining material Measurement of the lining material elasticity properties to assess the degree of its ageing
properties and resistance. Strength testing of the lining to determine its mechanical properties and
fatigue life
8 | Vibration monitoring Installation of a vibration monitoring system to detect possible vibrations, shocks or other
anomalies that may affect the lining state
9 | Scheduled maintenance Setting up a regular routine maintenance schedule that includes inspection and monitoring
of the lining

<
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TOB « TEXHIYHWW YHIBEPCUTET «METIHBECT MOJIITEXHIKA»
(3anopixxs, YkpaiHa)

MeToam niaBULWEHHA CTIMKOCTI yTepiBKM iHAYKUINHMX TUreNbHUX NNaBUNbHUX NeYen Ta
KOHTPONH 1i cTaHy

Bcetyn. OgHuyM i3 criocobiB 3MEHLUEHHS] BUKUAIB MapHUKOBUX ra3iB A/ 60poTbOu 3i 3MIHOK KJliMaty € BrpOBaAXEHHS
eJ1IeKTPOMETAaJyPriviHVX MpoLeciB BUPOOHULTBA CTasli, BK/IOHYAI0YM r1aBKy B iHAYKUiViHUX nevyax. OaHak, KOPOTKU TepMiH
CNyXbu yTepyBaHHsI € 3Ha4YHUM OOMEXEHHSIM LibOro MeToAay. IHAyKUiviHi cTanennaBusibHi YCTaHOBKM €QEeKTUBHI A/1s
rnaB/IeHHs] HeBevkx 06 ’eMiB BUCOKOSIKICHUX CTasieli, oaHaK ix pyTepyBaHHs nianaeTbCcsl 3Ha4HOMY 3HOCY HEPE3 TEPMIHHI,
MexaHiqHi Ta KOPO3iviHI BrinBy.

MeTtoaun. [ocnigxeHHs1 OXOM/Iloe aHasi3 HaykoBOI Ta TEXHIYHOI niteparypu 3 Temu QyTepyBaHHS IHAYKUIHUX redYeu,
a TakoX MPakTUYHWIA AO0CBI4 METanypriviHux nigrnpuemMcTts, Takux sk TOB «3anopisbkuii nuBapHO-MexXaHidHn 3aBoa».
MeTogosnoris Bko4yae cuctemarmn3adito criocobiB 30i1bLLEHHS] TePMIHY C/yX6u yTepyBaHHS Ta METOLIB MOHITOPUHTY KOro
CTaHy, BKJ104aK04Y1 BUKOPUCTaHHSI BUCOKOSIKICHUX MarepiasiB, CUCTEM OXOJI0LXKEHHS, aBTOMaTtn30BaHNX CUCTEM KOHTPOJIO
TeMneparypu Ta PeryJsisipHoro 06¢/1yroByBaHHSI.

Pe3ynbratn. [ocnigkeHHs: BUSIBUJIO, LLO TEPMIH CayX6u ¢yTepyBaHHsS MOXe OyTu 30iIbLUEHO LLISIXOM OnTuMi3auii
marepianiB QyrTepyBaHHs, 3aCTOCYBAHHSI CUCTEM OXOJIOAXEHHSI Ta aBTOMAarM30BaHWX CUCTEM KOHTPOJIO. [lpakTuyHi
rpuKIaan BUKOPUCTAHHS IHOYKUIMHUX r1edevi Ha MeTaslypriviHuX rnigripuemMcTBax rnokasyrTb ePeKTUBHICTb 3arpOorioHOBaHUX
meToaiB. 3o0kpema, 3acToCyBaHHSI rpa@itoBux NOKPUTTIB Ta OKCUAHUX KepaMidHUX MatepiasiB 3Ha4yHO MoKpaLLye CTIiVKICTb
QyTepyBaHHSs 40O BUCOKMX TEMEPATyp Ta XiMiYHOro 3HOCY.

O6roBopeHHs. Haykosa HoB13Ha pobOTY NMoJIsirae B cuctematuaadii ta knacugikauii MeToniB 36i1bLLIEHHS TEPMIHY CITYX0u
QyTepyBaHHS iHAYKUiVIHUX nedyed. lNpakTnyHa 3HadyLyiCTb AOCIAXEHHS MOJSrae B MOX/INBOCTI 3aCTOCYBaHHS OTPUMAaHUX
pe3ynbTartiB 415 POrHo3yBaHHs 3HOCY yTepyBaHHS Ta MaaHyBaHHS PEMOHTHMX POOBIT. 3arnpornoHoBaHi MeToau MOXYTb OyTu
BUKOPUCTAaHI [/151 NOKPAaLLEeHHS! HaAiliHOCTI Ta e(PeKTUBHOCTI iHAYKUIVIHVX neYevi npy BUPOOHULTBI BUCOKOSIKICHOI cTaJli.

BUraBka cTasi; e/IeKTpoMeTasnyprisi; 3HOLLYBaHHSI QyTepiBKY, iHAYKUiViIHa Mi4; MeToan KOH-
TPOJIIO CTaHy QyTepiBKU; PYVHYBAHHS TUITISI; TEPMIH C/1YXO0U.
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