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Cover picture: The image depicts the lower section of a RH degasser, a secondary metallurgical unit used in steel plants. In the RH degassing 
process, snorkels are submerged into liquid steel contained in the casting ladle. Argon gas is purged through the inlet snorkel, creating a suction 
effect that draws liquid steel into the lower vessel of the RH degasser, where a vacuum is applied. The steel treated in the lower vessel flows back to 
the ladle through the outlet snorkel, creating a continuous steel circulation between the ladle and the RH degasser. The strong negative pressure 
(vacuum) within the RH degasser facilitates various metallurgical processes that enhance steel quality, with the key process steps including degassing, 
decarburisation, deoxidation, and alloying under vacuum. Rail steel, flat steel for the automotive industry, and steel plates for shipbuilding are just a 
few examples of products that benefit from the RH degasser. Prefabricated snorkels, which RHI MAGNESITA manufactures ready for use and delivers 
to our globally operating customers, are essential components of the RH degasser.

Bulletin
The Journal of Refractory Innovations

2024

Published by RHI Magnesita GmbH, Vienna, Austria
Chief Editor Thomas Prietl

Executive Editors Celio Carvalho Cavalcante, Thomas Drnek, Christoph Eglsäer, Celso Freitas,  
Alexander Leitner, Ravikumar Periyasamy, Stefan Postrach, Peter Steinkellner,  
Karl-Michael Zettl 

Raw Materials Expert Matheus Naves Moraes
Technical Proofreader Clare McFarlane

Lingual Proofreader Clare McFarlane
Project Manager Michaela Hall

Design and Typesetting Universal Druckerei GmbH, Leoben, Austria

Contact Michaela Hall
RHI Magnesita GmbH, Technology Center
Magnesitstrasse 2
8700 Leoben, Austria

E-mail bulletin@rhimagnesita.com
Phone +43 50213 5300

Website rhimagnesita.com
LinkedIn https://www.linkedin.com/company/rhi-magnesita

The products, processes, technologies, or tradenames in the Bulletin may be the subject of intellectual 
property rights held by RHI Magnesita N.V., its affiliates, or other companies.
The texts, photographs and graphic design contained in this publication are protected by copyright. Unless 
indicated otherwise, the related rights of use, especially the rights of reproduction, dissemination, provision 
and editing, are held exclusively by RHI Magnesita N.V. Usage of this publication shall only be permitted 
for personal information purposes. Any type of use going beyond that, especially reproduction, editing, 
other usage or commercial use is subject to explicit prior written approval by RHI Magnesita N.V.

http://www.rhimagnesita.com
https://www.linkedin.com/company/rhi-magnesita


3Bulletin  –  2024

Worldwide

Green Taphole Clay for Blast 
Furnace Applications
RHI Magnesita continues to strengthen its market 
position for blast furnace taphole clay. The well-
established, resin-bonded, and environmentally 
friendly SEVEN TAP taphole clay product range 
contains the lowest polyaromatic hydrocarbon levels 
in industry. SEVEN TAP provides customers with 
clear benefits in terms of operator health and 
reductions in emissions from casting operations, 
compared to conventional tar-bonded taphole clay. 
Across all European regions, several integrated steel 
plants are either in the trial phase or already 
established with SEVEN TAP. During field trials, 
close collaboration with customer engineering and 
production teams enables the product performance 
characteristics to be optimised.

South America

RHI Magnesita Invests  
in a New Rotary Kiln 
RHI Magnesita's new rotary kiln, the largest in the 
company's operations around the globe, has been in 
operation in Brumado (Brazil) since the first half of 
2024. The commissioning began in May, when the 
ignition tests were initiated. Throughout the year, 
crucial adjustments have been made to the plant's 
exhaust and feeder systems. The team continues 
working to optimise operation of the new production 
line, although the new sinter, an even more optimised 
and eco-friendly raw material, is already being 
produced. Additionally, new sinters are under 
evaluation, with tests scheduled to take place in the 
coming months. 

The investment will strengthen RHI Magnesita's 
position as one of the world's largest producers of 
refractory raw materials. Furthermore, it enhances 
vertical integration, ensures final product quality and 
supply security for customers, while reinforcing a 
local-for-local approach and, at the same time, 
supports supply of RHI Magnesita’s operations on a 
global scale. The new kiln technology will extend the 
Pedra Preta mine’s lifespan from 27 to 60 years, 
ensuring the long-term viability of the Brumado plant. 
The kiln has an annual production capacity of 
140000 tonnes, increasing productivity by 25%. The 
start-up is being phased to ensure the system’s 
operational safety and well-being of those involved. 
Over 2 million man-hours have been worked on the 
project without any lost-time accidents, including both 
direct employees and contractors.  
 

RHI Magnesita
     Worldwide
  news

Worldwide

Successful Implementation 
and Expansion of FAST TO 
CAST Tundish Lining Mixes 
Beginning in mid-2023 and continuing through most 
of 2024, RHI Magnesita successfully trialled and 
implemented the FAST TO CAST (ANKERTUN FTC) 
tundish lining mixes at several steel casters. This 
proprietary technology delivers performance 
comparable to traditional spray mixes. The FAST TO 
CAST mixes have reduced material consumption by 
approximately 15% per tundish and decrease the 
heat required to eliminate moisture by ≥50%. The 
benefits of this mix have been successfully 
demonstrated at several of North America’s largest 
integrated slab casters. Additional benefits include 
reducing the required dry-out time by as much as  
4 hours and effectively eliminating the dry-out step, 
enabling the tundish to go straight to preheating.  
This technology reduces the time a tundish needs  
to be under a heat source, thereby contributing to 
CO2 emission reductions. It also aligns with 
RHI Magnesita’s unwavering commitment to 
decarbonisation by lowering natural gas consumption 
as well as containing a minimum of 10% circular raw 
materials. The FAST TO CAST mixes are part of 
RHI Magnesita’s contribution to reducing the carbon 
footprint of steelmaking. 
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Europe

Successful Training for the 
Nonferrous Metals Industry 
RHI Magnesita is pleased to announce the 
successful completion of the first organised Training 
Center for the Nonferrous Metals Industry, held from 
October 21–24, 2024. Customers from key 
nonferrous metal industries attended the training to 
learn the latest strategies and enhance their 
knowledge of refractory products and best installation 
practices. The training also focused on design 
solutions for various nonferrous metal furnaces, 
common installation challenges, and other critical 
aspects of the refractory world. The programme, 
conducted at the Technology Center Leoben 
(Austria), included both theoretical and practical 
sessions as well as a visit to the Radenthein plant on 
the first day. The course was divided into four 
modules: Refractory Fundamentals, Advanced 
Refractory Applications, Troubleshooting and Design 
Optimisation, and Operational Excellence.

The course provided participants with a unique 
opportunity to gain hands-on experience through 
practical sessions designed to enhance 
understanding and skill development. Additionally, 
attendees had the chance to interact with 
RHI Magnesita’s experts from various departments, 
including Supervision, Technical Marketing, 
Engineering, Projects and Design, Process 
Technology, R&D, and Mineralogy. The programme 
also facilitated networking with industry partners, 
enabling participants to engage with professionals 
from various nonferrous metal fields and countries, 
fostering knowledge sharing and collaboration. 
Twenty participants from companies including  
Rio Tinto Kennecott, Boliden, KCM, and Ecobat 
attended this long-awaited training course. The 
positive and enthusiastic feedback from participants 
was highly encouraging and two additional training 
sessions are planned for 2025, scheduled for May 
12–15 and October 27–30. Please contact  
installationservices@rhimagnesita.com for more 
information about these upcoming events.

Europe

4PRO Installation Service at 
Wöllner
In October, RHI Magnesita carried out the repair of a 
sodium silicate furnace with a melting surface of 
22 m2 at our long-term customer Wöllner (Germany). 
The order comprised renewal of the entire furnace, 
namely the basin side walls, superstructure 
(excluding burner wall), doghouse (including 
doghouse corners and doghouse cover) as well as 
the complete insulation. The side walls were 
designed as a monolithic cast-in-place (CIP). All the 
required refractory materials, except the fused cast 
products, were supplied by RHI Magnesita. This 
included magnesia bricks for the superstructure as 
well as fireclay, sillimanite and mullite grades for the 
tuckstone and doghouse. The order was executed as 
a full-service package (4PRO) for the customer, 
which meant that, in addition to the refractory 
materials, RHI Magnesita also provided refractory 
installation with supervision, heat-up support with 
joint sealing, and the addition of tank and chamber 
insulation.

The work was carried out very professionally and 
quickly, so that after only 9 days the construction was 
completed, one day earlier than planned. The 
customer was highly satisfied with the quality of the 
work and the entire team’s professionalism. We 
would like to congratulate our customer and joint 
team for the good collaboration, including the 
excellent result, and are looking forward to future 
projects as we further develop the 4PRO activities.

Europe

Successful Implementation 
of BOF Gas Purging Solution 
Supports CO2 Emission 
Reductions 
RHI Magnesita's green and smart solution for a  
more sustainable BOF operation was successfully 
commissioned at a customer using a two-BOF vessel 
parallel operation in Western Europe. In the first 
campaign, not only were metallurgical results and 
process safety improved compared to the standard 
system, but significant cost savings and CO2 
reductions across the individual greenhouse gas 
emission scopes were also achieved. Due to the very 
impressive results obtained during the initial 
campaigns, the customer has already equipped the 
second converter with this system as well.
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Europe

Record-Breaking Recycling 
Rates in Europe 
We are thrilled to announce that our recycling efforts 
in the European region have reached unprecedented 
levels. For the first time, we achieved a remarkable 
recycling rate of over 20% in September and 18% 
year-to-date, thanks to the joint venture MIRECO and 
operational initiatives across all product groups within 
RHI Magnesita. For example, the recycling rate in 
basic mixes has been increased by 2% compared to 
2023. Major contributors to this success include the 
implementation of tundish mixes with more than 10% 
circular raw materials and a portfolio of high-recycling 
gunning mixes containing between 20% and 100% 
circular raw materials. Furthermore, the launch of 
new ANKERHARTH brands, featuring 10% recycled 
content, has also enhanced sustainability efforts.

These achievements are not only about meeting 
RHI Magnesita’s goals—they reflect the broader 
commitment to responsible waste management and 
environmental stewardship. Together, RHI Magnesita 
and MIRECO are making a positive impact on the 
environment, by leading the green change in 
refractories.
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A letter 
 from our 
editor

Yours sincerely
Thomas Prietl
Head of Global R&D and Innovation
RHI Magnesita
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The steel industry is undergoing a profound transformation as it embraces 
more sustainable practices, moving towards what many call “green steel”. 
Today's refractory industry is at a critical juncture: It must respond to the 
demands of greener steel, cement, glass, and nonferrous metals production 
while managing the environmental impact of its own materials and processes. 
The manufacture and disposal of refractories has traditionally involved 
energy-intensive processes and nonrenewable materials, but new 
developments are pointing the way to sustainable, high-performance 
refractory solutions. One area where refractory development is gaining traction 
is in the sourcing of sustainable raw materials. For decades, refractories have 
been primarily produced from nonrenewable resources such as bauxite and 
magnesite. However, an increasing focus on circularity has led manufacturers 
to explore more sustainable, often locally sourced, and recycled alternatives. 
Spent refractories, which were previously discarded as waste, can now be 
reprocessed and reintroduced into production cycles, reducing dependency on 
virgin raw materials and mitigating the environmental impact of mining. For 
example, new technologies, like automated sensor-based sorting, enable the 
efficient separation and repurposing of used refractory materials, which can 
then be reintegrated into new products without significant performance loss. 
This closed-loop approach not only conserves natural resources but also 
reduces waste generation, aligning the industry with circular economy 
principles.

High-tech coating technologies, improved bonding agents, and hybrid 
composites have emerged as promising solutions, providing enhanced 
durability and chemical resistance. Longer-lasting refractories mean fewer 
resources are consumed and metallurgical production processes face less 
downtime, both of which contribute to improved efficiency and reduced 
environmental impact.

A key pillar of the green steel revolution is the shift toward hydrogen-based 
direct reduction. Refractories that can withstand the unique demands of 
hydrogen reducing environments—such as increased resistance to hydrogen 
and compatibility with hydrogen atmospheres—are essential for this transition. 
Our researchers are developing refractories tailored specifically for hydrogen-
based processes, ensuring that these materials will continue to play a 
supportive role in the green steel ecosystem. The path towards green steel  
is challenging, but by investing in sustainable raw materials, energy-efficient 
production, product durability, and hydrogen-compatible refractories, 
RHI Magnesita can not only keep pace but also lead the way. 

This shared journey towards sustainability is not just about reducing 
emissions; it is about reimagining the industry, securing a healthier planet, and 
preparing for the future. By fostering a spirit of innovation and collaboration, 
the refractories industry will continue to be an indispensable partner in the 
transformation of steel, building a more sustainable tomorrow.

Thank you for joining us on this journey into the world of refractories.
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  One area where refractory 
development is gaining traction 
is in the sourcing of sustainable 
raw materials. For decades, 
refractories have been primarily 
produced from nonrenewable 
resources such as bauxite and 
magnesite. However, an 
increasing focus on circularity 
has led manufacturers to explore 
more sustainable, often locally 
sourced, and recycled 
alternatives.  
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Erick J. Estrada Ospino, Daniela Gavagnin, Uxia Dieguez, Miriam Schnalzger and Stefan Postrach

Decarbonisation and the Impact of 
Hydrogen on Refractory Linings in the 
Iron and Steel Industry
Global efforts towards decarbonisation have recently gained support from various industries. One of the most 
feasible paths to reduce carbon emissions is by implementing hydrogen as a fuel and/or a process gas. The 
refractory industry plays an important role in this initiative, being integral in many different applications and 
production processes. The most significant impact is likely to be seen in the steel industry, where anticipated 
changes in current production technologies could affect both operations and the performance of refractory linings. 
Different wear mechanisms are expected in direct reduced iron units due to the increased hydrogen content and 
additionally the electric arc furnace will also experience changes due to the increased use of sponge iron over scrap.

Introduction

Decarbonisation presents challenges to most of the high-
temperature industries. Multiple companies have planned 
different initiatives, and hydrogen is undoubtedly a key pillar 
towards limiting carbon emissions. This is especially crucial 
in steelmaking, as this industry alone contributes up to 9% 
of global greenhouse gas emissions [1]. Therefore, efforts 
are currently underway to bring these figures down, 
including efficiency optimisation and adapting current 
production processes. For example, alternatives include 
investing in new direct reduced iron (DRI) units to target 
emission reductions when compared to the blast furnace 
(BF) route. Electric arc furnaces (EAFs) are well-established 
technologies that nowadays are predominantly charged with 
only scrap. However, the increased hydrogen atmospheres 
in DRI units may not only impact the lining performance, but 
in addition the higher use of DRI in the EAF can lead to 
changes related to the electrical and chemical energy 
demands, hot heel, and slag operation, which will directly 
affect the refractory lining selection. 

Hydrogen Production and its Use in Iron and 
Steelmaking

In recent years, the world has seen diverse initiatives 
promoting emission and energy consumption reductions. 
Many countries and companies worldwide are striving to 
achieve shared energy and climate goals within the next 
decade, with the main industry sectors considering various 
alternatives, such as continuous improvement, process 
enhancements, and carbon capture, among other 
possibilities. The use of hydrogen as a fuel and a process 
gas is one of the most important trends for reducing CO2 
emissions in a relatively short time.

Hydrogen can be produced in various ways, resulting in a 
colour-based classification system, typically divided into 
main colours and others (Table I). The main colours of 
hydrogen production are: (1) Green, (2) Grey/brown/black, 
and (3) Blue. The first group highlights hydrogen sources 
such as biomass, biomethane, and all alternative routes of 
water electrolysis using renewable energy (e.g., solar, wind, 

Bulletin  –  2024  –  pp. 9–15

Table I. 
The hydrogen colour spectrum [2]. Abbreviations include carbon footprint (CFP) and carbon dioxide equivalent per kg of hydrogen 
(CO2e/kg(H2)).
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and hydroelectric) that avoid using or generating any 
greenhouse gases. The second group includes all processes 
based on hydrocarbons, which generate CO2 that is 
afterwards released into the atmosphere. The third group 
encompasses the same processes as the second but 
includes carbon capture and storage at the end of the 
production chain. From these main groups, additional 
colours such as pink, turquoise, and brown are derived, 
representing other possible routes to produce hydrogen. 
Each of these methods impacts emissions and energy 
consumption in different ways [3]. 

Recent global statistics show that hydrogen production has 
been increasing in the last years. For example, in 2022, total 
hydrogen production was about 95 million tonnes, 3% higher 
than the previous year. Currently, most production is 
performed using fossil fuels, as the majority of low-emission 
hydrogen production processes are still projects under 
development or at the feasibility study stage. In total, these 
low-emission plants accounted for only 0.7% of overall 
worldwide production in 2022. Nevertheless, a significant 
increase of up to 30% is already planned by 2030 [4]. In 
most industries, once hydrogen has been produced, it can 
be used either as fuel or a process gas. Different impacts  
on the refractory lining are expected, as there is a main 
difference between both cases, which relates to the direct 
contact of refractory materials with hydrogen gas.

One of the main planned developments in the iron and 
steelmaking industry is the increased use of hydrogen in 
DRI units, upstream of the EAF or electric smelting furnace/
BOF routes (Figure 1). Although current DRI technologies 
already use a gas mixture based on H2 and CO, efforts are 
underway to develop an even cleaner process where the 
use of carbon can be reduced and substituted by up to 
100% hydrogen. Wear mechanisms in the refractory linings 
may change in these DRI units, as well as in the subsequent 
EAF, where part of the scrap may be substituted by DRI.

Hydrogen as a Process Gas in DRI Units 

For over 70 years, various DRI technologies have been 
developed around the globe as an alternative to the BF 
route. With these technologies, the reduction of oxidised iron 
ore occurs in a gaseous environment using a mixture of 
reducing gases, usually based on H2 and/or CO. These 
processes achieve a very high level of metallisation of the 
iron ore, which is then used in steelmaking shops.

Global DRI production was 127.36 million tonnes in 2022 [6]. 
This represents about 7% of the steel production during that 
year, which totalled 1885 million tonnes worldwide [7]. 
Although the impact of DRI on the industry is currently still 
low, it is expected that the installed capacity will increase 
significantly in the coming years due to recent net-zero 
emission initiatives.

The state-of-the-art DRI process typically uses a H2/CO gas 
ratio of about 1.6 on average, operating at temperatures 
around 900 °C. The partial pressures can vary depending on 
the technology, and in some cases this ratio may even rise 
to nearly 3.9 [8]. This is due to the use of natural gas as the 
main feedstock for the reformation stage, to prepare the gas 
mixture used as a reductant. Although current DRI 
technologies still produce some CO2 in their off-gases, these 
processes potentially reduce CO2 emissions by 38–61% 
compared to the standard BF route [9].

Decarbonising the steel industry may require several 
different actions from most of the important players in this 
market segment. For example, in the ironmaking stage 
carbon capture, BF enhancements, and/or the 
implementation of DRI units are feasible solutions  
to reduce emissions effectively. 

Figure 1. 
Two options for green steelmaking using direct reduction: EAF plant based on hot and/or cold DRI (HDRI/CDRI) and a DRI unit 
combined with a continuous electric smelting furnace, followed by the BOF process [5].
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The main DRI original equipment manufacturers (OEMs) are 
also developing new processes that are targeting 100% 
hydrogen-based units. These emerging technologies may 
require updated refractory concepts, as changes to the 
process parameters, which in most cases affect the gas 
composition, could lead to more aggressive wear 
mechanisms in the refractory lining, primarily caused  
by the enriched hydrogen atmosphere.

Only a few investigations have been conducted to analyse 
the behaviour of different refractory materials in pure 
hydrogen atmospheres [10] and the different methods and 
types of furnaces used led to various results that in some 
cases were contradictory. However, overall it has been 
confirmed that one of the oxides contained in refractory 
materials, namely SiO2, reacts very easily with H2. The 
resulting silica loss is a phenomenon where hydrogen reacts 
with the refractory material, reducing the brick or castable, 
causing a detrimental effect on the properties of the 
refractory lining. This reaction is primarily driven by 
temperature and pressure, occurring more rapidly at  
higher temperatures. In contrast, the opposite behaviour is 
observed for pressure, where higher pressures somehow 
slow down the same reaction [10,11]. 

Thermodynamic modelling can be used to calculate the 
weight loss of SiO2 and SiO2-containing refractory raw 
materials (e.g., mullite) due to the reduction of SiO2 by  
pure hydrogen at increasing temperatures (Table II). This 
reaction accelerates in cases where either the SiO2 content 
is higher, the temperature is higher, or the partial pressure  
is lower. These observations also align with studies of  
SiO2-containing refractory brick samples exposed to the 
same atmospheres and temperature conditions [12].

One of the main challenges that refractory producers and 
OEMs are now facing is understanding the possible impacts 
of changes in operating conditions that increase the 
hydrogen content. However, recent laboratory studies 
provided an insight into the reduction mechanism of silica-
containing refractories [11]: First, the glassy phase, prone to 
react with hydrogen, forms SiO gas; second, SiO2 is reduced 
in the mullite phase; and third, secondary alumina forms 
over time when an Al2O3/SiO2 ratio higher than 2.6 is 
reached (Figure 2).

The conclusions from these studies were substantiated by 
postmortem analyses performed on refractory bricks taken 
from state-of-the-art DRI units after years in operation. A 
representative microstructure of a sample recovered from 
the reduction zone showed that the glassy phase had been 

Table II. 
Results of thermodynamic calculations to determine weight 
loss of SiO2 and mullite samples (100 g) in a hydrogen 
atmosphere (8064 g H2 at 1 bar) at various temperatures, after 
reaching equilibrium conditions. 

Figure 2. 
Reduction mechanism of a silica-containing refractory matrix in a hydrogen atmosphere. (a) typical silica-containing refractory 
matrix, (b) preferential reduction of glassy phase due to the formation of SiO gas, (c) SiO2 loss from the mullite phase resulting in 
the formation of secondary alumina, and (d) complete replacement of the mullite phase by secondary alumina.

Glassy phase

Rod-shaped mullite phase Start of secondary 
alumina formation

(a) (c)(b) (d)



Bulletin  –  2024 12

attacked by the reducing gas mix on the outer most part of 
the hot face (Figure 3 delineated by red dots), while the 
mullite network remained intact and was not affected by 
reduction (Figure 3 highlighted by red arrows).

In general, refractory linings in DRI shaft furnaces withstand 
current process conditions for several years. However, the 
anticipated increase in hydrogen content will necessitate 
refractory lining enhancements, such as increased Al2O3 
contents, which reduces SiO2 weight loss but also impacts 
other important factors, such as the heat transfer coefficient, 
overall refractory lining weight, and its costs. Many 
investigations are currently underway to test various types of 
refractory materials against different hydrogen-reducing 
atmospheres at different temperatures and partial pressures 
[11]. These activities can be performed at RHI Magnesita’s 
Technology Center Leoben (Austria), supporting decision-
makers by providing specific insights in this regard. So far, 

preliminary results have shown that the reduction wear 
mechanism is expected to change slightly compared to 
current technologies and may impact widely used refractory 
products. Furthermore, these investigations will continue, as 
refractory producers are committed to supporting major 
OEMs understand the potential effects on refractory 
products and their properties due to long-term operation with 
new process parameters, while maintaining cost 
competitiveness in any future greenfield projects. 

RHI Magnesita offers worldwide production capacity, 
including customisable refractory linings tailored to each 
customer’s specific needs. For DRI applications, a wide 
variety of refractory bricks and castables are available for 
the different equipment within these units. A combination of 
well-known brands, such as MAXIAL, RESISTAL, DURITAL, 
COMPRIT, DIDURIT, and LEGRIT, positions RHI Magnesita 
as a reliable partner for this growing application.

Figure 3. 
Scanning electron micrograph of a postmortem refractory brick taken from the reduction zone of a DRI shaft furnace. The glassy 
phase was lost on the outer most part of the hot face (above red dotted line) leaving the residual mullite network (red arrows) [13].
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Refractories for DRI Charged EAFs

Once the high-grade DRI has been produced, it is delivered 
to the steel shop in either pellet or briquette form, cold or 
hot, and charged into the EAF through its roof. In general, 
use of DRI in the EAF offers advantages, such as controlling 
residual elements like Cu or Mo, and tends to reduce 
nitrogen levels in crude steel. This enables the production of 
high-quality steel grades, which are currently produced 
mainly through the BF-BOF route. However, its use presents 
many challenges for the furnace operation, including higher 
electrical energy consumption, higher slag volumes, and 
longer tap-to-tap times compared to a standard EAF 
charged with 100% scrap. The main reason for these 
changes is related to the DRI chemical and physical 
properties. Two of the most important parameters affecting 
the furnace operation are the degree of metallisation, 
defined as the level of metallic iron in the pellet, and the 
gangue content, which is mainly formed from acidic oxides 
such as SiO2 and Al2O3 (Table III). 

The expected variances in EAF process conditions may 
directly affect the refractory consumption in the steel shop. 
For example, an increased SiO2 content in the DRI would 

require more lime to reach the optimal basicity, while also 
necessitating more electrical energy to melt the additional 
slag formers. Additional studies have shown that if the EAF 
charging mix contains more than 20% DRI, there may be a 
negative impact on productivity, refractory lifetime, power-on 
time, consumables, and energy consumption [14]. 
Furthermore, the need for high-performance refractory lining 
grades and maintenance mixes may also increase [15]. 

Usually, for cases of increased DRI charge ratios in the EAF, 
some basic requirements must be fulfilled:

• Focus on health and safety in the work environment for 
refractory personnel.

• Stable, balanced lining wear behaviour during the 
campaign, targeting an optimum refractory consumption.

• Minimum downtimes due to maintenance. 
• Sustainable refractory lining concepts, with a reduced 

product carbon footprint.
• Circular economy concepts that avoid landfilling.

To support customers in these and other areas, 
RHI Magnesita offers a range of refractory solutions  
for the EAF (Table IV).

Table III. 
EAF refractory wear caused by DRI input [14,15].
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Table IV. 
RHI Magnesita’s refractory solutions for the EAF. Abbreviations include computational fluid dynamics (CFD).
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Conclusion

Currently, the future of the steel industry is very dynamic, 
with activities focused on diverse decarbonisation initiatives 
to tackle carbon emission reductions from various 
perspectives. From the ironmaking stages all the way down 
to the cast houses, key stakeholders are working on 
developing cleaner processes to achieve global 
environmental goals. The use of hydrogen offers potential 
solutions to this issue, whether as a fuel or a process gas.  
It is very likely that refractory linings will need to be 
reviewed, especially when hydrogen is used as a process 
gas, since this significant change in the operational 

parameters may impact refractory performance. Therefore, 
RHI Magnesita is conducting multiple analyses to simulate 
the possible effects of various hydrogen-reducing 
atmospheres at different temperatures, with the target of 
designing tailored refractory solutions for hydrogen-enriched 
DRI units. Furthermore, an increased use of DRI in EAFs is 
also expected, and while variations in operation are 
anticipated, there is significant potential for improvement by 
selecting the right refractory lining concept. As a global 
leader in this field, RHI Magnesita is committed to 
supporting customers with state-of-the-art refractory 
solutions, specialised process know-how, and a network of 
worldwide production sites and technology centres.
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Case Studies of High-Recycling 
Containing Magnesia-Carbon Bricks  
in High-Performance Steelmaking 
Applications
In order to drive sustainability and contribute to ongoing global green steel transformation initiatives, RHI Magnesita 
has developed tempered magnesia-carbon (MgO-C) bricks with a circular (i.e., recycled) raw material content of up 
to 30%, showing comparable results to standard high-performance wear lining refractories. This study provides 
detailed practical examples of such material in use in steel ladle and electric arc furnace applications. 

Introduction

The steel industry is globally entering the so-called green 
steel transformation. Steel producers worldwide are seeking 
to reduce scope 1 emissions basically by transitioning 
primary steelmaking from the blast furnace route to electrical 
steelmaking, with the electric arc furnace (EAF) steelmaking 
route being combined with hydrogen-based direct reduction. 
New technical possibilities to reduce CO2 emissions are 
being explored all over the steelmaking industry worldwide. 
Hence, scope 3 emissions are also becoming increasingly 
important and steel producers are examining the carbon 
footprint associated with refractory materials, for example 
tempered MgO-C bricks. Additionally, scrap originating from 
spent refractory material is causing steel producers issues 
with regards to landfilling, undesired storage, and logistics 
costs, as well as potential taxes related to governmental 
regulations for waste disposal [1,2]. Of course, refractory 
producers like RHI Magnesita are also looking to reduce 
scope 1 emissions [3,4].

The raw materials in MgO-C bricks are responsible for up to 
90% of the total carbon footprint of the final product. That is 
why, for refractory producers, a major lever to reduce their 
own scope 1 emissions and contribute to steel producers’ 
efforts in lowering costs and scope 3 emissions is using 

circular raw materials in tempered MgO-C bricks at 
significant amounts of 30% or more. The literature contains 
many investigations about this type of material, showing 
positive results [2,5–7]. In addition to the already existing 
circular raw material containing products for low-wear area 
applications, RHI Magnesita has developed a new type of 
product with comparable results to standard high-
performance wear lining MgO-C refractories. This study 
provides detailed practical examples of this material’s use in 
steel ladle and EAF applications.

High-Performance, Tempered MgO-C Refractories 
Containing Circular Raw Material

Since 2020, RHI Magnesita has globally developed more 
than 50 tempered MgO-C products containing ≥20% circular 
raw material for use in steelmaking applications. These 
products are successfully used in basic oxygen furnaces 
(BOFs), EAFs, and steel refining ladles in both high- and 
low-wear areas. The design of these tempered MgO-C 
products with high amounts of circular raw material requires 
tight quality control of incoming spent refractory materials 
and expertise regarding the required processing steps 
(Figure 1) [5,7].

Figure 1. 
Processing steps required to reuse spent refractories in MgO-C products [8].

Dismantling Stabilisation Crushing and sieving UtilisationSorting and cleaning
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The chemistries of typical circular raw materials used in 
MgO-C bricks are shown in Table I. These are just 
examples, demonstrating that there is not one single type, 
but various types of circular raw material available. This is 
due to different originating applications (e.g., EAF, BOF, and 
steel ladle), multiple refractory suppliers, variable presorting 
in the steel plants, as well as diverse sorting, cleaning, and 
stabilisation measures in place at different circular raw 
material suppliers.

The production of MgO-C products with elevated circular 
raw material content also requires adaptions to the recipe 
design, as well as the refractory production process itself, to 

achieve the necessary physical and chemical properties of 
the final product. Figure 2 shows the typical microstructure 
of a tempered MgO-C brick with high circular raw material 
content (Circular-MgO-C) and a standard product without 
circular material. As can be seen in Figure 2, the matrix of 
the Circular-MgO-C shows no significant differences to the 
standard grade at higher magnification. The graphite is 
homogenously distributed in both cases and the matrix filling 
degree is mid to high. Furthermore, both materials contain 
the same fused magnesia quality, namely type 97% MgO. At 
lower magnification, small agglomerations of alumina-based 
material surrounded by antioxidants can be detected in the 
Circular-MgO-C (Figure 3).

Table I. 
Typical chemistry examples of circular raw materials used in MgO-C brick grades.

Figure 2. 
Microstructure examples of (a) standard MgO-C and (b) typical Circular-MgO-C bricks.

Figure 3. 
Microstructure of a Circular-MgO-C brick with an alumina-
based particle (1) and antioxidants (2).

(a) (b)

11

22

22
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Case Studies

Case 1: 200-tonne steel ladle slag zone lined with 
Circular-MgO-C bricks containing 30% circular material 

Circular-MgO-C was tested against standard MgO-C bricks 
in the slag zone of a 200-tonne steel ladle. Both materials 
had a total carbon content of 14% and no additional 
antioxidants. The raw material basis of both products was 
the same, namely fused magnesia type 97% MgO with a 
lime to silica ratio of 1:1. In the Circular-MgO-C bricks, 30% 
of the fused magnesia component was replaced with circular 
raw material. Table II provides a comparison of the chemical 
and physical properties of both brick types. Clearly, the Al2O3 
content of the Circular-MgO-C was elevated and although 
the physical properties after tempering showed a slight 

deterioration compared to the standard material, after coking 
the values were comparable. The product carbon footprint 
was calculated according to ISO 14067 [9].

The steel plant operates two 190-tonne BOFs and a ladle 
furnace, as well as one billet caster. The product portfolio 
consists mainly of structural steel, with the share between 
Al-killed and Si-killed steel being approximately 70% and 
30%, respectively. Table III shows typical examples of 
Al-killed and Si-killed steel ladle slags from this plant, which 
can be highly aggressive against basic refractories.

In Figure 4 the slag zone area (layer 29–41), where the 
standard MgO-C and Circular-MgO-C bricks were tested, is 
indicated in orange. The barrel and bottom were lined with 
alumina-magnesia-carbon (AMC) bricks. The slag zone 
lining was designed with MK8 and MK9 mini key shapes, 
with a thickness of 203.2 mm and 228.6 mm, respectively.

In total three sets of the Circular-MgO-C bricks were tested 
and the results compared to standard MgO-C material. The 

Table III. 
Examples of typical ladle slag compositions during the trial period for case study 1.

Table II. 
Chemical and physical properties of the standard MgO-C and 
Circular-MgO-C bricks, with the same raw material basis, tested 
in the steel ladle slag zone. Abbreviations include tonne of CO2 
equivalent per tonne of product (t CO2e/t product).

Figure 4. 
200-tonne steel ladle lined with 14% carbon-containing MgO-C 
in the slag zone.

Slag zone area 
used for the trial
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target lifetime of the ladles running in this plant is 75 heats, 
which was achieved by the ladles equipped with the 
Circular-MgO-C. Figure 5 shows a comparison between the 
standard and Circular-MgO-C bricks at 73 and 75 heats, 
respectively.

There was no difference in maintenance schedules for the 
standard and Circular-MgO-C lined steel ladles. The 
average wear rate of the Circular-MgO-C was 2.07 mm/heat, 
compared to 2.02 mm/heat for the standard bricks. This very 
minor difference in performance, combined with a 9% cost 
decrease and 24% CO2 equivalent reduction, led to the 
decision to completely replace the standard slag zone 
material with Circular-MgO-C.

Case 2: 340-tonne steel ladle slag zone (upper and lower 
part) lined with two types of Circular-MgO-C bricks 
containing 20% circular material 

Two Circular-MgO-C brick grades were tested in 340-tonne 
steel ladles against standard MgO-C materials. At this steel 
plant the steel ladle slag zone is separated into high- and 
low-wear areas. For the high-wear area bricks, a fused 
magnesia type with 98% MgO was used while for the low-
wear area a fused magnesia type with 97% MgO was 
selected. The corresponding Circular-MgO-C in both areas 
had the same fused magnesia basis. The total carbon 
content of all the materials was 12%.  

Table IV and Table V provide a comparison of the two 
Circular-MgO-C brick grades with the equivalent standard 
MgO-C materials for the high- and low-wear areas of the 
steel ladle slag zone. As in the material comparison 
described for case 1, differences between the standard and 
Circular-MgO-C bricks were mainly the Al2O3 content and 
physical properties after tempering. However, the typical 
coked values for both the high- and low-wear area 

Circular-MgO-C materials were similar to the standard 
materials, and for the low-wear area the density of the 
Circular-MgO-C material was even higher than the standard 
MgO-C. The carbon footprint reduction was 37% and 13% 
for the high- and low-wear area Circular-MgO-C materials, 
respectively.

Figure 5. 
(a) standard bricks at 73 heats and (b) Circular-MgO-C bricks at 
75 heats in the slag zone of a 200-tonne steel ladle.

(a) (b)

Table IV. 
Chemical and physical properties of the standard MgO-C and 
Circular-MgO-C bricks, with the same raw material basis, tested 
in the high-wear area of the steel ladle slag zone. Abbreviations 
include tonne of CO2 equivalent per tonne of product  
(t CO2e/t product).

Table V. 
Chemical and physical properties of the standard MgO-C and 
Circular-MgO-C bricks, with the same raw material basis, tested 
in the low-wear area of the steel ladle slag zone. Abbreviations 
include tonne of CO2 equivalent per tonne of product (t CO2e/t 
product).
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This steel plant operates two 340-tonne BOFs, two ladle 
treatment stations, one aluminothermal heating station (on 
average 50% of the total heats per ladle), two RH degassers 
(on average 50% of the total heats per ladle), and two 
continuous casters. The plant produces construction and 
automotive steel, as well as steel for domestic appliances, 
agribusiness, and the energy sector. The steel is 100% 
Al-killed and Table VI shows the chemistry of a typical steel 
ladle slag. 

During the trials it was possible to directly compare the 
Circular-MgO-C and standard bricks in the same lining 
(Figure 6). As can be seen in Figure 6, the standard 
materials were installed on the right-hand side from layer 
12–19 for the low-wear area, indicated in yellow (152 mm 
lining thickness), and layer 20–27 for the high-wear area, 
denoted by purple (152 mm and 178 mm lining thickness), in 
180° of the ladle lining. On the opposite side of the standard 
material, a 180° panel of the Circular-MgO-C materials was 
installed in the high-wear area, marked blue, and the low-
wear area, indicated in green. In total 3 trials were 
conducted with the circular material, and in the 3rd trial the 
entire slag zone (360°) was lined with Circular-MgO-C.

Figure 7 shows a direct comparison of the Circular-MgO-C 
and the standard MgO-C materials during a ladle campaign. 
As can be seen, the Circular-MgO-C behaved in a similar 
manner to the standard MgO-C. The target lifetime at this 

Table VI. 
Example of a typical ladle slag composition during the trial period for case study 2.

360° standard MgO-C material

360° tempered high-alumina material

28 28
27 27

23 23
22 22

20 20
19 19

12 12
11 11

10 10

Panel 180° Circular 
MgO-C material for 

high-wear area

Panel 180° standard 
MgO-C material for 

high-wear area

Panel 180° Circular 
MgO-C material for 

low-wear area

Panel 180° standard 
MgO-C material for 

low-wear area

Figure 6. 
Steel ladle lining setup to directly compare the Circular-MgO-C 
and standard MgO-C bricks.

Figure 7. 
Steel ladle campaign showing the slag zone (high- and low-
wear areas) lined with Circular-MgO-C on the left-hand side and 
the standard MgO-C on the right-hand side of the blue bar.

1st heat

54th heat

99th heat

17th heat

63rd heat

113th heat
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steel plant is 120 heats for the steel ladles, which was 
achieved by the Circular-MgO-C bricks. Figure 8 shows a 
typical tear out profile of the slag zone lined with Circular-
MgO-C bricks.

The average wear rates of the standard and  
Circular-MgO-C materials in the high-wear area were  
1.04 and 1.05 mm/heat, respectively. For the low-wear  
area, the average wear rate for the standard material was 
0.55 mm/heat, while the Circular-MgO-C in this area 
achieved on average 0.64 mm/heat. Since the target was 
120 heats and a minimum safety thickness of 40 mm is 
demanded, the requirements were achieved with the 
Circular-MgO-C. With regards to gunning maintenance, the 
ladles lined with circular material in the slag zone had a 
specific consumption of 0.30 kg/tonnesteel while the historical 
specific consumption was 0.28 kg/tonnesteel. The 
combination of both Circular-MgO-C bricks reduced the 
carbon footprint of the steel ladle slag zone by 26%. The 
plant has shifted to operating 25% of the steel ladle slag 
zones with Circular-MgO-C. 

Case 3: 35-tonne EAF slag zone lined with Circular-
MgO-C bricks containing 30% circular material 

In the third case study, Circular-MgO-C based on a fused 
magnesia type with 97% MgO was tested in the slag zone of 
a 35-tonne EAF. The standard MgO-C material had the 
same fused magnesia basis. Both materials had a total 
carbon content of 10%. Table VII provides a comparison of 
the Circular-MgO-C and standard MgO-C materials, with 
regards to their chemistry and physical properties. The 
comparison in Table VII shows that in this case the 
differences between the standard MgO-C and Circular-
MgO-C bricks were significant, not only regarding the Al2O3 
content, but especially the bulk density and porosity. Unlike 
in the other 2 cases presented, the coked values of the 
Circular-MgO-C and the standard MgO-C material were not 
on a comparable level. 

Figure 8. 
Typical tear-out profile of a Circular-MgO-C slag zone. 

Table VII. 
Chemical and physical properties of the standard MgO-C and 
Circular-MgO-C bricks, with the same raw material basis, tested 
in the EAF slag zone. Abbreviations include tonne of CO2 
equivalent per tonne of product (t CO2e/t product).
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This steel plant is mainly producing stainless steel. The steel 
plant has two 35-tonne EAFs, one 90-tonne argon oxygen 
decarburization (AOD) converter, one 80-tonne oxygen 
blowing furnace (OBF), one 80-tonne hot metal treatment 
station, one 90-tonne ladle furnace, two 80-tonne vacuum 
oxygen decarburization (VOD) units, and two continuous 
casters. The EAF in this steel plant melts scrap, including 
ferrochrome, and feeds the AOD and OBF with this so-called 
premelt. A typical EAF slag composition at this plant is 
shown in Table VIII.

The Circular-MgO-C bricks were installed in the EAF slag 
zone (350 mm lining thickness), entirely replacing the 
standard MgO-C material in this area. Figure 9 shows this 
EAF slag zone in a light blue colour. In total three trial 
campaigns were run with the Circular-MgO-C material and 
after each campaign the remaining brick thickness was 
measured during the wrecking (Figure 10). The minimum 
lifetime requirement at this EAF plant is 600 heats and the 
Circular-MgO-C containing vessels achieved on average 
680 heats. The wear rate of the standard MgO-C material 
was on average 0.17 mm/heat, whereas the Circular-MgO-C 
material achieved an average of 0.19 mm/heat. 
Furthermore, the gunning maintenance for the 3 trial 
campaigns was not increased. By using the Circular-MgO-C 
material, the carbon footprint of the slag zone was reduced 
by 19% and the steel plant has already switched one EAF 
entirely to the Circular-MgO-C bricks in the slag zone.

Table VIII. 
Example of a typical EAF slag composition during the trial period for case study 3.

Figure 9. 
35-tonne EAF refractory lining design with the Circular-MgO-C bricks in the slag zone indicated with a light blue colour.

Figure 10. 
(a–b) dismantling the EAF refractory lining and (c–e) wear rate 
measurements of the slag zone Circular-MgO-C bricks.

(a)

(b)

(c)

(d)

(e)
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Summary and Conclusion

In this article, three different case studies have been 
presented where standard MgO-C was replaced by Circular-
MgO-C bricks in high-wear areas. The trials covered 
different steel plants and applications (i.e., EAF and steel 
ladle), including Al- and Si-killed steels. In all cases, the 
Circular-MgO-C material significantly reduced the carbon 
footprint while achieving comparable wear rates to the 
standard material, even in highly aggressive environments. 
Furthermore, the Circular-MgO-C has replaced the 
corresponding standard MgO-C materials for regular 
production. The global success of these new types of high-
performance Circular-MgO-C bricks is mirrored in the 
development of shipments (Figure 11). From 2020 to the 
end of 2023, the volumes sold have steadily increased and 
the share of total global sales for these high-performance 
Circular-MgO-C will reach 20% in 2024. It is expected that 
this trend will further accelerate globally, with the increasing 
need to reduce CO2 emissions, avoid landfilling, and 
additional costs for storage and logistics of spent refractory 
materials.

In conclusion, the trials described in this article demonstrate 
that MgO-C bricks based on circular raw materials are 
suitable for high-wear areas and aggressive environments. 
Furthermore, even with a circular raw material content of up 
to 30%, the latest generation of Circular-MgO-C bricks 
developed by RHI Magnesita achieves performance 
comparable to standard MgO-C material, along with 
significant CO2 savings. 

Figure 11. 
Increased global sales of high-performance Circular-MgO-C 
bricks since 2020 (solid line) and the average share of total 
global sales (dotted line).
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Luca Folco and Alan Kranjc

Steel Ladle Lining Management:  
A Comparison Between Different 
Maintenance Technologies to Increase 
Performance, Reduce Refractory 
Consumption and Waste Disposal of 
Used Materials
Optimum management of steel ladles plays a crucial role for efficient and sustainable steel production. Regarding 
ladle wear linings, steelmakers typically have two main approaches. The most common is a fully bricked lining, 
offering advantages such as slag and high-temperature resistance, along with reliable campaign lifetimes. An 
alternative, which has demonstrated many benefits in recent years, is monolithic technology based on alumina 
spinel. However, whichever lining concept is used, performance can be further improved with intermediate repairs 
of high-wear areas using shotcrete. This article presents results collected over multiple years at different 
steelworks, all of which benefited from this type of repair method. For example, savings in the quantity of 
refractories used were observed, as well as reductions in waste and CO2 emissions. 

Introduction

Over many years, ample proof has accumulated that zoning 
different areas of the steel ladle with specific refractory 
materials is the most effective and safe approach to optimise 
service life. Currently, steelmakers generally rely on one of 
two concepts for the ladle refractory wear lining. While the 
majority trust bricks, which provide good high-temperature 
resistance, excellent slag protection, easy heat up, and 
reliable service life, others have already switched to 
monolithic solutions based on alumina spinel, with high 
thermal stability, good hot strength, excellent resistance to 
thermal spalling, as well as low carbon pickup and 
decreased thermal conductivity, which are important for the 
production of ultra low carbon steels and energy saving, 
respectively. However, since both concepts see uneven 
refractory wear in different zones, repair of these regions 
with sprayable materials has emerged as a solution to 
increase the number of heats before complete relining is 
required.

Comparison of Two Standard Lining Concepts 

Steel ladles play a critical role in steel production, serving as 
vessels for transporting and refining steel through various 
stages of secondary metallurgy. The refractory lining of 
these ladles is subjected to chemical, thermal, and 
mechanical wear. For these reasons, it is essential to 
carefully select the type of refractories, installation 
technique, and maintenance to provide as long a service life 
as possible. Due to the wide-ranging requirements, there is 
no one-size-fits-all solution. Steel shop managers need to 
balance different parameters, such as durability, balanced 
performance, low consumption, resistance to slag attack, 
safety, ease of installation, quick heating up, capacity 
optimisation, insulation properties, flexibility, and cost 

effectiveness. Finding the best compromise among these 
complex requirements is a continuous challenge. While 
MgO-C bricks have long been favoured for the ladle wear 
lining, due to their high-temperature resistance and reliable 
service life, the steel industry is increasingly recognising the 
potential of alumina spinel monolithic refractories. For 
example, research conducted over two decades ago 
revealed that these monolithic products not only compete 
with traditional lining materials, but also offer additional 
benefits, such as increased ladle capacity and reduced 
thermal losses [1].

Recent reports and articles have further supported these 
findings, highlighting the advantages of alumina spinel 
monolithic refractories [2–5]. Lower operating costs and 
improved consistency in the steel carbon content, make 
these refractories appealing to steelmakers seeking 
enhanced efficiency and higher quality steel production. 
Furthermore, transitioning from MgO-C bricks to alumina 
spinel monolithic refractories can contribute to a reduction in 
CO2 emissions, both during refractory production and 
operation, making them an environmentally sustainable 
choice. Another advantage of monolithic refractories is their 
ability to minimise waste generation by enabling targeted 
repairs instead of complete demolition and relining, thereby 
optimising resource utilisation in the steelmaking process.

Introduction to Cyclic Shotcrete Repair

A previous article presented at the 63rd International 
Colloquium on Refractories showcased an innovative cyclic 
shotcrete repair technique for steel ladle management [6]. 
The following summary provides an overview of the repair 
cycle and calculations for long-term analysis after multiple 
years in use. Cyclic shotcrete repair involves applying 
protective layers of monolithic castable onto an existing brick 



Bulletin  –  2024 25

lining in a repetitive manner. By combining the advantages 
of monolithic and brick linings, this method offers a flexible 
and reliable solution for ladle lining repair.

The shotcrete technique, known for its flexibility and ability 
to create refractory linings with similar technical features as 
traditional casting methods, is utilised in this application. A 
castable mix is sprayed at high pressure onto the surface, 
where it rapidly sets, allowing for targeted repairs without 
complete demolition and relining. A comparison between 
the typical brick lining cycle and the cycle with shotcrete 
repair reveals the advantages of shotcrete application 
(Table I). Without steel zone repair, the slag line can only be 
replaced once before complete relining becomes necessary. 
However, with shotcrete repair in the steel zone, the slag 
line can be changed multiple times before complete relining 
is required.

The shotcrete application extends the ladle campaign life, 
reduces specific consumption and costs, while maintaining 
the use of traditional brick linings. Specifically, wear occurs 
to the shotcrete layer, while the original bricks remain intact. 
This technology offers significant benefits, including 
prolonged ladle campaign life, easy visual wear control, and 
reduced refractory lining waste. As a result, it leads to 
substantial reductions in specific refractory consumption and 
operational costs without compromising the ladle availability, 
reliability, and safety.

Analysis of Long-Term Cyclic Shotcrete Repair

Shotcrete repair is a standard maintenance solution, applied 
in numerous steelworks (Figure 1). The increased number of 
ladles repaired in this way has led to optimised cleaning 
techniques, installation, and heating curves, resulting in 
more reliable ladle management. This section presents long-
term cyclic shotcrete repair results obtained from two 
steelworks. On average, the slag line bricks at Steelworks 1 
were replaced after approximately 40 heats. The ladle then 
continued to operate for another 40 heats. However, at 
around 82 heats, the bricks in the steel zone became too 
worn to complete another slag zone cycle, resulting in the 
complete demolition of the ladle. In the new campaign life 
cycle, the introduction of two shotcrete repairs in the steel 
zone and two slag zone brick replacements has extended 
the ladle's campaign life by 50% (Table II).

Table I. 
Comparison of a standard steel ladle life cycle and one with 
shotcrete repair.

Table II. 
Average steel ladle performance without and with shotcrete repair at Steelworks 1 and 2.

Figure 1. 
Shotcrete repaired steel ladle during operation.



Bulletin  –  2024 26

Typically, the slag line bricks in Steelworks 2 were replaced 
after approximately 60 heats and the ladle was operated for 
a further 40 heats. However, at approximately 100 heats, the 
steel zone bricks became very worn, resulting in complete 
wear lining demolition. In the new campaign life cycle, 
implementing two repairs in the steel zone and two slag 
zone brick replacements has increased the ladle's campaign 
to an average of 185 heats, representing a 85% increase 
(see Table II). Using this data, the specific refractory 
consumption for the steel ladle walls per tonne of produced 
steel was calculated (Tables III and IV).

Using the annual steel production figure of 3.5 million tonnes 
at Steelworks 2, the number of ladle wear linings required 
per year was calculated. This enabled the annual amount of 

refractories needed for the steel ladle wall to be estimated 
for the standard practice and with shotcrete repair, and from 
this figure the amount of refractory waste, considering the 
ladle is demolished when the bricks reach 30% of their 
original thickness. These numbers reflect significant savings 
in refractory costs, increased steel ladle availability, reduced 
refractory waste, and lower CO2 equivalent (CO2e) 
emissions coming from refractory production when shotcrete 
repair is used. The latter was calculated assuming average 
cradle-to-gate product carbon footprints [7] of 2.472 and 
1.344 tonne CO2e/tonnerefractory for the bricks and monolithic, 
respectively (Table V and VI).

Table III. 
Specific refractory consumption (kgrefractory/tonnesteel) for the ladle walls at Steelworks 1 without and with shotcrete repair. 

Table IV. 
Specific refractory consumption (kgrefractory/tonnesteel) for the ladle walls at Steelworks 2 without and with shotcrete repair.

Table VI. 
Yearly savings calculated for Steelworks 2 using shotcrete repair compared to the standard practice.

Table V. 
Calculated annual figures for the number of ladle wear linings, refractory tonnage for the ladle side wall, refractory waste, and 
CO2e emissions in Steelworks 2. The refractory production related CO2e emissions were calculated assuming average cradle-to-
gate product carbon footprints of 2.472 and 1.344 tonne CO2e/tonnerefractory for the bricks and monolithic, respectively. 
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New Installation Method—SHOTGUN

Shotcreting is a versatile monolithic application technique 
where a castable mix is sprayed onto a surface at high 
pressure, rapidly setting in place. It offers exceptional 
flexibility, allowing it to be used in various locations 
regardless of complex geometries. Crucially, shotcreting 
achieves refractory linings with comparable technical 
features to traditional vibrating casting methods, particularly 
in terms of mechanical parameters. However, shotcrete is 
typically not used for small repairs due to the higher 
equipment cost, longer preparation time, and increased 
cleaning requirements after installation. These limitations are 
easily overcome by larger steelworks where the number of 
steel ladles and the quantity of installed material are high, 
and top-of-the-line performance is expected. On the other 
hand, for smaller steel mills, these limitations can be a 
dealbreaker, hindering them from modernising their steel 
ladle management. To assist them in moving into the 
greener future, a new installation technique and material that 
enables utilisation of gunning machines to apply similarly 
performing material as shotcrete have been developed. A 
schematic of this SHOTGUN system, which includes a 
modified gunning machine, high-pressure water pump, 
compressed air source, accelerator pump, and a special 
SHOTGUN nozzle (Figure 2), is depicted in Figure 3 [8].

This system eliminates the need for a planetary mixer and 
shotcrete pump, which take up a lot of space and are costly, 
while also significantly reducing setup time and manpower. 
Since water is added at the nozzle, there is no need to clean 
the pipes, and no material is wasted that would normally 
remain in the mixer, pump, and pipes. As the existing 
shotcrete material (e.g., SEVEN SHOT 92 NR 08 Z) was not 
fully compatible with the new installation system, which 
requires a material that is dry pumpable without separation 
and can be wetted out in a short amount of time, the particle 
size distribution and additives were modified, giving rise to a 
new family of SEVEN SHOTGUN products.

A comparison of the SEVEN SHOT 92 NR 08 Z and 
SEVEN SHOTGUN 92 NR 08 Z physical properties shows 
that both have high cold crushing strength (CCS) values, 
especially at operating temperatures (Figure 4). 
Furthermore, the permanent linear change (PLC) is relatively 
constant for both products and far from the critical value of 
-1.5% (Figure 5). Although SEVEN SHOTGUN 92 NR 08 Z 
has slightly lower CCSs, the values are still sufficiently high, 
and the less negative PLC reduces the stress experienced 
by the material.

Figure 2. 
New SHOTGUN nozzle.

Figure 3. 
Schematic of SHOTGUN system.

Figure 4. 
Comparison of the CCS for SEVEN SHOT 92 NR 08 Z and 
SEVEN SHOTGUN 92 NR 08 Z. 

Figure 5. 
Comparison of the PLC for SEVEN SHOT 92 NR 08 Z and 
SEVEN SHOTGUN 92 NR 08 Z. 
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Industrial Trials of SHOTGUN at Steelworks 3

At Steelworks 3, a bottleneck during the standard campaign 
was wear in the ladle steel zone lining. The application of 
SEVEN SHOTGUN 92 NR 08 Z during replacement of the 
slag zone bricks extended the campaign until the bottom 
and slag zones became limiting factors for the steel ladle's 
life cycle. This has been confirmed in several steel ladle 
campaigns. With this solution, all zones reach their end of 
life at the same time, which is a crucial parameter in 
economical calculations for all refractory linings and 
significantly reduces the amount of wasted material.

Conclusion

Shotcrete repair has proven to be an effective solution to 
improve steel ladle performance. These repairs extend the 
ladle service life, reduce waste, and decrease refractory 
consumption per tonne of steel. As a result, operating costs 
are lowered, and the environmental impact is reduced. 
Furthermore, the repair process helps equalise the life 
cycles of different zones within the ladles, resulting in further 
refractory waste reductions. 

The introduction of the new SHOTGUN solution has made 
these benefits more accessible and easier to implement. 
Laboratory tests have shown only minimal reductions in 
physical values of the SEVEN SHOTGUN 92 NR 08 Z 
compared to the standard shotcrete material, ensuring high-
quality repairs and the feedback from initial field trials has 
been positive. It is expected that this solution will be 
particularly useful for smaller steel mills seeking to optimise 
their steel ladle performance. RHI Magnesita is confident 
that further industrial trials will establish SHOTGUN as a 
reliable installation technique, enabling steel producers to 
transition towards a greener and more efficient future.
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Green Steel Initiatives Supported by 
Enhanced Slag Engineering Using High-
Alumina Circular Metallurgical Additives
Desulphurisation in the steel ladle requires a reactive slag with high CaO dissolution. Conventional slag fluxing 
agents applied during this secondary metallurgical refining step include calcium aluminate additives and fluorspar 
to maximise the dissolved CaO. However, calcium aluminate additives can have a high carbon footprint due to their 
energy-intensive production process and the use of fluorspar is associated with both environmental concerns and 
refractory wear. Stahlwerk Thüringen (Germany) is committed to sustainability, with a green steel strategy that 
includes reducing resource use and implementing stepwise improvements in process efficiency. To support these 
initiatives, RHI Magnesita and MIRECO conducted an industrial feasibility study to determine if typical fluxes used 
during steel desulphurisation in the ladle could be replaced by a high-alumina circular metallurgical additive derived 
from recycled refractory material. This article describes the metallurgical consulting provided by RHI Magnesita 
during the trial series, as well as the e-tech slag engineering tools that were used for efficiency optimisation 
calculations and enabled an appropriate balance between desulphurisation rate, additive application, slag volume, 
and purging gas consumption to be determined. Furthermore, extensive steel and slag sampling was performed, 
and the chemical and mineralogical results enabled an in-depth evaluation of the metallurgical process during the 
sequential replacement of calcium aluminate and fluorspar with a cost-effective, low carbon footprint slag fluxing 
agent.

Introduction

Stahlwerk Thüringen (SWT) is a steel plant in Germany with 
an annual capacity of approximately 1 million tonnes of high-
quality steel. As part of CSN (Brazil), the steel plant 
comprises an electric arc furnace (EAF), ladle furnace (LF), 
four-strand beam-blank caster, and a rolling mill. It operates 
at 120 tonnes of steel per heat and an average of 24 heats a 
day. 100% scrap is charged in two buckets during each heat 
and the quality varies considerably, depending on availability 
and price. Slag forming agents such as lime and dololime 
are added during the meltdown phase via a hole in the EAF 
roof. The average tap-to-tap time is up to 50 minutes and the 
EAF is relined 4 times a year. During EAF tapping, 
deoxidisers and slag forming additives such as CaO, Al2O3-
containing materials, and CaF2 are added to form calcium 
aluminate and calcium aluminosilicate-based slags. The LF 
treatment lasts up to 40 minutes, during which time the 
metallurgical specifications of the steel are adjusted 
accordingly. Typically, SWT produces steel grades with a 
sulphur content not exceeding 300 ppm as well as low-
sulphur grades with <50 ppm of sulphur. 

Sustainability is key to SWT and their Green Steel Strategy 
includes three pillars: Energy, logistics, and efficiency [1]. For 
example, 100% of the plant’s electrical energy comes from 
renewable sources, rail transport is prioritised, and energy 
efficiency is continually improved. As a result, SWT Green 
Steel had a global warming potential of 335 kg CO2 
equivalent per tonne of steel (CO2e/tonnesteel) in 2024, 
according to their Environmental Product Declaration [2], 
making SWT one of the most sustainable steel plants in 
Europe [3]. 

In line with the steel plant’s strong commitment to reduce the 
carbon footprint of its products, improve efficiency, and 
mitigate environmental impact, several trials were conducted 

with the full support of RHI Magnesita and MIRECO. In the 
EAF, this resulted in replacing the standard slag former with 
a circular metallurgical additive to achieve financial savings 
and CO2 cradle-to-gate reductions per tonne of steel (i.e., 
~10 kg CO2e/tonnesteel), as well as determining areas for 
improvement that will increase the yield. Additionally, the 
secondary metallurgical process in the LF was evaluated 
and the following opportunities were identified:

• Replace the standard calcium aluminate additive with a 
low carbon footprint, high-alumina circular metallurgical 
additive.

• Eliminate the use of CaF2 because it can cause 
environmental issues related to slag leaching and is 
detrimental for the refractory lining. 

• Improve desulphurisation efficiency. 
• Reduce alloy addition.

This article provides an overview of secondary metallurgy in 
the LF, comparison of a high-alumina circular metallurgical 
additive and calcium aluminate flux, in addition to describing 
the trial program that resulted in a more sustainable LF 
process and cost savings for the plant.  

Secondary Metallurgy and Slag Forming Additives 

Secondary metallurgy is the steel production stage that 
starts with tapping the furnace into the ladle and continues 
until the ladle reaches the continuous casting platform. 
Within this period, the steel is refined and alloyed to achieve 
the targeted chemical composition and required casting 
temperature [4,5]. During the tapping phase, most steel 
grades are deoxidised with metallic aluminium, silicon, or 
both, forming Al2O3 and SiO2, depending on the chosen 
deoxidiser. However, these oxides must be counterbalanced 
with metallurgical additives to achieve the required 
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steelmaking slag properties (e.g., basicity and viscosity) and 
to avoid refractory wear. Typically, using the mixing force of 
the tapping stream, this process starts with the addition of 
CaO, and dololime if MgO is required, followed by various 
fluxing agents (e.g., CaAl2O4, Al2O3, FeSi, and CaF2), 
according to the targeted steel grade. 

Sulphur is undesirable in almost every steel grade because 
it makes steel extremely brittle and can cause transverse 
cracking during casting [6]. Low sulphur contents can be 
achieved by steel desulphurisation in the ladle when the 
steel is fully killed (i.e., deoxidised), according to [7]: 

3(CaO) + 3[S] + 2[Al] = 3(CaS) + (Al2O3) (1)

Where CaO is dissolved in the slag and Al and S are 
present in the liquid steel.

In addition to high CaO dissolution in the slag being critical, 
other conditions that favour sulphur removal include [7]:

• Low FeO and MnO levels in the slag.
• Low initial sulphur content in the slag.
• Moderate temperature.
• Intense mixing of the slag and steel by argon purging.

The two common criteria used to characterise the efficiency 
of sulphur removal are the sulphur distribution ratio between 
the slag and steel at equilibrium (LS) and the slag’s sulphide 
capacity (CS) [7]. The latter shows a good correlation with 
optical basicity over a wide range of slag compositions [8]. 

As CaO is the means by which sulphur is removed from 
steel in the ladle, liquid slags that are saturated with CaO 
are favourable for desulphurisation [7]. Depending on the 
specific slag chemistry, there are various approaches to 
increase CaO dissolution, including the addition of CaF2, 
B2O3, and Al2O3 [9]. However, due to considerable 
environmental concerns associated with CaF2, the limited 
use of B2O3 to boron-containing steel grades, and the 
detrimental impact of both these fluxes on basic refractory 
wear, the addition of Al2O3 in sufficient amounts (i.e., 
20–30%) is an established approach to dissolve CaO in the 
liquid portion of the slag [9]. 

High-Alumina Circular Metallurgical Additives 

The use of MIRECO’s circular metallurgical additives 
contributes to green steel production, as the carbon footprint 
of these materials, derived from recycled refractories, is 
significantly lower (i.e., 0.05 tonne CO2e/tonnemetallurgical additive) 
than that of standard slag formers [10]. Furthermore, these 
sustainable products are distinguished by their cost 
competitiveness, offering a price advantage of approximately 
10%. Within MIRECO’s portfolio of high-quality circular raw 
materials, there are several different high-alumina 
metallurgical additives that are an environmentally friendly 
alternatives to standard calcium aluminate and CaF2 flux 
materials (Table I). Furthermore, the chemistry of these 
products can be tailored to the customers’ specific 
metallurgical requirements, and they are available in various 
grain size distributions. TE 80 was selected as the most 
appropriate material for the SWT trials and therefore 
analytical investigations were performed on this material and 
the standard calcium aluminate additive used in the plant, 
providing a detailed comparison.

Comparison of TE 80 and a Calcium Aluminate Additive 

X-ray fluorescence (XRF), X-ray diffraction (XRD), 
mineralogical, and physical investigations of TE 80 and the 
standard calcium aluminate additive used at SWT were 
conducted at RHI Magnesita’s Technology Center Leoben 
(Austria), on different grain size fractions. As detailed in  
Table II, the chemical composition of TE 80 was ~79% Al2O3 
with the predominant Al-containing mineral phase comprising 
corundum. In addition, minor amounts of other Al-containing 
phases such as mullite, magnesia-alumina spinel, 
diaoyudaoite, anorthite, and andalusite were detected. The 
calcium aluminate additive had an Al2O3 content of ~64% and 
a higher CaO content compared to TE 80, with 4 mineral 
phases identified in the samples (i.e., calcium aluminate, 
grossite, magnesia-alumina spinel, and mayenite). Although 
corundum has a higher melting point than calcium aluminate, 
the good dissolution behaviour of TE 80 observed during the 
trials could be attributed in part due to its high specific 
surface area (3.59 m²/g), which was ten times greater than 
the standard additive (0.3 m²/g), as well as the SiO2 content 
that results in lower melting point phases. 

Table I. 
Examples of MIRECO’s high-alumina circular metallurgical additives, which can be adjusted to each customer’s specifications. 
Abbreviations include tonnes of CO2 equivalent per tonne of metallurgical additive (t CO2e/t). 
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Trial Setup

The first step of RHI Magnesita’s slag engineering consulting 
to optimise the application of circular metallurgical additives 
is fact-finding. At this stage, the customer’s standard 
operating procedure (SOP) is examined, improvement 
potentials are identified, and proposed operating procedures 
(POPs) are defined to achieve benefits within short-term 
trials [11]. As the literature and experiences in other steel 
plants had shown that it is feasible to use Al2O3 from various 
sources as a flux, the first POP at SWT completely replaced 
the calcium aluminate additive with TE 80 but retained the 
standard CaF2 addition, and slightly increased the CaO 
content to target the same CaO:Al2O3 in the final slag as the 
SOP. 

During this and subsequent trials, the additives were applied 
during the final third of the EAF tapping procedure. 
Immediately after tapping, the ladle was moved to the LF 
where electrodes were used to increase the temperature 
and inert gas purging (i.e., argon stirring) was started. This 
further melted the slag formers and alloys as well as 
increased the interaction between steel and slag. After 
approximately 5 minutes at the LF, a Celox measurement 
was conducted to track oxygen activity. Subsequently, steel 
and slag samples were taken to check the steel chemistry 
and examine the initial slag composition (e.g., Al2O3 content 
and TE 80 dissolution). During the trials certain LF treatment 
parameters were kept stable, such as the purging rate.  
10 minutes before sending the ladle to the caster another 
steel and slag sample were taken, enabling the steel sulphur 

Table II. 
Comparison of MIRECO’s TE 80 circular metallurgical additive and the standard calcium aluminate used at SWT. Abbreviations 
include magnesia alumina (MA). The mineral phase estimates are based on Rietveld refinement. 
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content to be determined and the slag evolution to be 
tracked. After sampling, CaSi wire injection was started and 
the ladle was sent to the caster. Since CaSi treatment 
serves as the last desulphurisation step, a steel sample was 
also taken at the tundish and the results were incorporated 
into the trial evaluation. Figure 1 provides a schematic 
overview of the secondary metallurgical process and the 
slag and steel sampling points during the trials. 

Trial Results 

Results of the first trial showed that an equivalent 
desulphurisation efficiency could be achieved when TE 80 
replaced the standard calcium aluminate additive. Therefore, 
further trials were conducted in which TE 80 completely 
replaced the calcium aluminate and the CaF2 was 
decreased to zero in a stepwise manner. Additional TE 80 
and CaO were added to maintain a similar slag CaO:Al2O3 
as the SOP. 

XRF and XRD investigations were performed on all the slag 
samples at the Technology Center Leoben. These analyses 
were evaluated in combination with heat report figures, steel 
chemistry results, and the Celox analysis to provide an 
in-depth picture of the desulphurisation efficiency, average 
treatment time, inert gas purging and power-on times, as 
well as the temperature at the beginning and end of the LF 
treatment. 

By observing the final slag composition and steel sulphur 
content, it was concluded that TE 80 dissolved appropriately 
in the slag and provided the necessary fluxing effect to 
achieve the same desulphurisation efficiency in the ladle as 
the calcium aluminate additive. Furthermore, the 

step-by-step elimination of CaF2 caused no significant 
change in the slag’s desulphurisation capacity. These 
outcomes demonstrated that it is technically feasible to 
replace the standard calcium aluminate with a circular 
metallurgical additive and that CaF2 can be completely 
avoided by using TE 80, even for low sulphur steel grade 
production. A total cost of ownership (TCO) calculation 
revealed that a six-digit annual saving in euros could be 
achieved by introducing TE 80 in the plant, as well as CO2 
cradle-to-gate reductions per tonne of steel (i.e., ~1 kg 
CO2e/tonnesteel), potential lining wear decrease, and the 
avoidance of ground water pollution from slag containing 
fluorine.

Having established the parameters to achieve cost savings 
at SWT using a low carbon footprint slag fluxing agent, the 
possibility for additional process improvements, including 
increasing the desulphurisation rate, became apparent after 
onsite fact-finding and slag modelling. As a result, SWT 
requested efficiency optimisation calculations to be 
performed, based on the eco-friendly process parameters, to 
determine the most appropriate balance between the 
desulphurisation rate, amount of additive application (e.g., 
CaO), slag disposal costs, and purging gas consumption. 
This was performed with the support of RHI Magnesita’s 
e-tech slag modelling tools described in the following 
sections. The resulting parameters significantly decreased 
the final sulphur content within the same treatment time, 
optimised the slag towards CaO saturation, and increased 
the inert gas purging rate. Although these conditions lead to 
increased costs regarding CaO use, slag disposal, and 
argon consumption, the TCO calculation indicated that an 
additional six-digit annual saving in euros could be achieved 
due to the decreased alloy requirement, bringing the 
combined potential savings to over €1 million per year.  

Figure 1. 
Schematic overview of the secondary metallurgical process and the slag and steel sampling points during the trials. 
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Desulphurisation Slag Modelling Tools

The e-tech platform is a collection of online slag modelling 
tools available in RHI Magnesita’s Customer Portal [12], the 
secure online environment enabling access to data including 
order tracking, refractory performance reports, scope 3 CO2 
emissions from consumed refractory products, and gunning 
consumption figures [13]. The e-tech tools used to determine 
potential process improvements in the LF at SWT were 
“Slag Optimisation” and “Kinetic Desulphurisation”.  

Slag Optimisation Tool

The Slag Optimisation tool (Figure 2) calculates refractory 
compatible, fluid slags for optimised desulphurisation at 
specific temperatures and is applicable to magnesia-carbon 
and doloma refractories. It is possible to select whether the 
calculated slag should be CaO saturated, MgO saturated, or 
dual saturated. The tool is based on published phase 
diagrams and utilises statistical and mathematical 
approaches to describe the liquidus phase relationships as a 
function of temperature and composition for basic slags 
compatible with basic refractories. The Slag Optimisation 
tool has been designed to work with most EAF, BOF, and 
ladle reducing slags and utilises the concept of optical 
basicity and its correlation with sulphide capacity to calculate 
the final sulphur content in the steel. The calculated final 
sulphur content represents a “best case” scenario since 
thermodynamic equilibrium conditions are assumed and no 
kinetics are included. Therefore, the calculated final steel 
sulphur content will be achieved with the defined slag 
chemistry when there is sufficient time for the reactions to 
reach equilibrium. One output of this tool—the sulphur 
distribution ratio at equilibrium—is an input parameter for the 
Kinetic Desulfurisation tool that considers aspects such as 
time, kinetics, and inert gas purging during the 
desulphurisation process. Figure 2 shows the input mask for 
the Slag Optimisation tool, which can be used for both single 
heats and multiple heats simultaneously.

To demonstrate how the Slag Optimisation tool functions, 
the chemical analysis of a slag sample from the trials was 

input to generate a Slag Optimisation Report (Figure 3). The 
output showed that the slag would require an additional 
306 kg of CaO to have an optimum desulphurisation 
capacity. The data fields include:

• Initial slag: The chemical composition of the slag sample 
obtained from XRF analysis.

• Adjusted slag: Predicted slag composition if the 
recommended 306 kg of CaO are added.

• Desulphurisation results: The calculated slag basicity 
(CaO:SiO2), optical basicity, sulphide capacity, sulphur 
distribution ratio, and the final steel sulphur content 
(predicted for equilibrium conditions) of the initial and 
adjusted slag. 

Figure 2. 
e-Tech Slag Optimisation tool input mask [12].

Figure 3. 
Slag Optimisation Report generated using the chemical 
analysis obtained for a slag sample from the trials. 
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Kinetic Desulphurisation Tool

The Kinetic Desulphurisation tool calculates the steel 
sulphur content at equilibrium and predicts the 
desulphurisation rate for specific operational parameters. 
The model also enables comparison of two different cases 
(A and B) at three time points (I, II, and III), where the time 
and rate of inert gas purging, slag mass, sulphur distribution 
ratio, and initial steel sulphur content can be varied to 
evaluate the effect. The kinetic calculations are based on 
empirical correlations published in the literature [8] and 
although these correlations were derived from specific 
conditions and are not universally applicable, they still 
provide a useful estimate of the sulphur removal rate and  
its sensitivity to specific parameters. Figure 4a shows a 
comparison of the steel desulphurisation rates for the  
initial and adjusted slags generated by the Kinetic 
Desulphurisation tool and Figure 4b illustrates the impact  
of increasing the inert gas purging rate.

In summary, this tool can be used to decrease the LF 
treatment time, increase the desulphurisation rate, and 
evaluate the impact of CaO supersaturation. Furthermore, 
combining both tools is an excellent approach to achieve 
very low steel sulphur levels in the most time- and resource-
efficient manner.

Conclusion 

Currently, steelmaking accounts for over 7% of global 
greenhouse gas emissions, highlighting the urgent need to 
decarbonise this industry [14]. SWT is committed to green 
steel production, with multiple initiatives aimed at reducing 

the carbon footprint of its grades, including using renewable 
energy sources and continual efficiency improvements. To 
support these efforts, RHI Magnesita and MIRECO recently 
conducted industrial trials to determine if traditional fluxes 
used for steel desulphurisation in the ladle could be replaced 
by a high-alumina circular metallurgical additive made from 
recycled refractory material. Using the comprehensive 
metallurgical consulting provided by RHI Magnesita, the 
standard calcium aluminate and CaF2 were replaced by a 
circular metallurgical additive, generating both cost savings 
and a carbon footprint reduction. After the successful 
introduction of this flux material, efficiency optimisation 
calculations were conducted based on the newly defined 
eco-friendly process parameters. These calculations, 
performed with RHI Magnesita’s e-tech slag modelling tools, 
were focused on determining the optimal balance between 
the desulphurisation rate, additive use, slag disposal costs, 
and purging gas consumption. As a result, the final sulphur 
content could be reduced within the same treatment time 
and potential savings of over €1 million per year were 
estimated from introducing the circular metallurgical additive 
and reduced alloy costs.

MIRECO offers a comprehensive range of sustainable 
additives for the steel production process, facilitating the 
reintegration of used refractory products into the supply and 
value chain. In addition to direct sales, the “CERO Waste” 
service is also available, enabling customers to benefit from 
MIRECO’s expertise and implement closed-loop recycling to 
significantly decrease CO2 emissions [15]. The approach 
complies with the European Waste Framework Directive and 
focuses on optimising refractory collection, material sorting, 
and recycling to minimise landfill (Figure 5). 

Figure 4. 
Comparison of the steel desulphurisation rates calculated for the initial and adjusted slags using the Kinetic Desulphurisation tool 
using (a) the standard argon purging rate and (b) an increased argon purging rate. 
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Flexosphere Technology—Improved 
Flexibility and Corrosion Resistance of 
Fired Magnesia-Chromite Bricks
Flexospheres are a recent product development successfully implemented in fired magnesia-chromite bricks at 
RHI Magnesita. This technology focuses on inhibiting the corrosion mechanism and increasing flexibility of the 
refractory product. During development, the experimental investigations included chemical and physical analyses 
as well as standardised corrosion testing at RHI Magnesita’s Technology Center Leoben (Austria). The results 
showed that the Flexosphere technology not only improves corrosion resistance, but also contributes to the 
formation of a more flexible structure, which results in better thermal shock resistance. Furthermore, a RH degasser 
field trial validated the laboratory results, revealing a clear performance increase compared to the standard product. 
Thus, the outstanding properties achieved with the patented Flexospheres make this development suitable for 
applications under aggressive conditions, such as the tuyere area in copper furnaces or the RH degasser in the 
steel industry, by guaranteeing a significant quality improvement of the magnesia-chromite product. 

Fundamentals of Magnesia-Chromite Bricks 

Magnesia-chromite bricks (MgO-Cr2O3) are employed when 
resistance to hot erosion and thermal shock is necessary. 
Moreover, chromite acts as an excellent corrosion barrier 
against slags of different basicity and has a maximum hot 
modulus of rupture between 1000–1400 °C. Chromite has 
the generic formula (Mg,Fe)(Cr,Al,Fe)2O4 and belongs to the 
spinel group.

Chromite-containing basic bricks find their application in the 
iron and steel industry (mostly in RH degassers, AOD 
converters, and safety lining applications), as well as in the 
nonferrous metallurgy industry, cement rotary kilns, lime 
shaft kilns, furnaces for refractory production, and glass 
furnace regeneration chambers [1]. 

Thermomechanical degradation and corrosion are the main 
phenomena involved in refractory wear and directly influence 
the lining lifetime. Therefore, improving refractory corrosion 
resistance is of vital importance for the ferrous, nonferrous, 
cement, and glass industries. The main wear mechanism of 
magnesia-chromite bricks is crack formation due to thermal 
shock, followed by infiltration into the refractory structure, 
which subsequently leads to dissolution and corrosion of the 
refractory product as well as further crack formation [2].  

Optimisation of Magnesia-Chromite Bricks

The Flexosphere technology is based on the Spinosphere 
technology, which was first introduced by RHI Magnesita in 
magnesia spinel grades to maintain the flexibility of cement 
rotary kiln bricks without compromising the hot properties 
[3]. The principle of this innovation was later transferred  
to magnesia-chromite bricks and primarily targets 
enhancement of flexibility and corrosion resistance.

It is well known that MgO has a high thermal expansion and 
is characterised as a rather brittle material when compared 
to other refractory oxides. As MgO is one of the two main 
oxides in magnesia-chromite products, the Flexosphere 
technology was developed to improve absorption of thermal 
shock in aggressive environments. There are several 
methods to evaluate the thermal shock resistance of 
refractory materials, such as measurement of the dynamic 
Young’s modulus, the wedge splitting test, and the 
V-modulus. Figure 1 illustrates the Young’s modulus (E) for 
two different materials. Material A demonstrates higher 
stress than B under the same deformation conditions, which 
indicates material A has a higher Young’s modulus than B.
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Figure 1. 
Representation of the Young’s modulus (E) for different 
materials [4].
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The dynamic Young’s modulus is proportional to the 
compressive stress (σ) divided by a given axial strain or 
deformation (ε). Moreover, it can be measured with the 
ultrasonic method and further calculated as the density (ρ) 
multiplied by the square of the ultrasonic speed (v2), 
according to the equation below [4]: 

 (1)

Lower Young’s moduli are characteristic of materials with a 
better thermal shock behaviour and give an indication of a 
material’s flexibility.

The second competitive advantage of Flexospheres is the 
deceleration of slag penetration and subsequent corrosion  
of refractory magnesia-chromite bricks. There are several 
methods to assess the corrosion mechanisms of refractory 
samples, such as the crucible test, the rotary finger test,  
and the rotary slag test [2]. In the present study, dynamic 
corrosion wear experiments were conducted in a high 
frequency induction furnace (HF-IF) using the rotary finger 
test. 

Experimental Procedure

The initial investigations performed at RHI Magnesita’s 
Technology Center Leoben (Austria) included preparing and 
mixing the raw materials, followed by shaping and pressing 
bricks (Figure 2). The bricks were subsequently fired in one 
of RHI Magnesita’s tunnel kilns to ensure strong ceramic 
bonding of the raw materials before various chemical and 
physical properties, including the flexibility and corrosion 
resistance, were evaluated.

Higher Flexibility and Corrosion Resistance of 
Magnesia-Chromite Bricks

Based on different investigations, the final refractory product 
was designed to increase flexibility to a maximum, while at 
the same time guaranteeing optimum mechanical properties. 
Figure 3 illustrates the dynamic Young’s modulus of three 
specimens containing different amounts of Flexosphere (V1, 
V2, and V3) compared to the standard magnesia-chromite 
product, during a heat up and cool down cycle. The results 
show that the samples with the Flexosphere technology 
have a lower dynamic Young’s modulus than the standard 
product and, consequently, a higher flexibility to counteract 
thermal shock.  

Figure 2. 
Magnesia-chromite raw materials after (a) mixing and (b) brick pressing.

(a) (b)

Figure 3. 
Dynamic Young’s modulus of three specimens containing 
different amounts of Flexosphere compared to the standard 
magnesia-chromite product, during a heat up and cool down 
cycle.
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Another parameter to evaluate the flexibility of a product is 
the V-modulus, where a higher V-modulus indicates a more 
brittle material that is less stable against thermal shock. The 
Flexosphere-containing product showed lower V-modulus 
values indicating a higher capacity to absorb thermal 
fluctuations in comparison with the standard grade (Table I). 

To compare the corrosion resistance of specimens with the 
Flexosphere technology to standard magnesia-chromite 
material, rotary finger tests were conducted in a HF-IF. 
Figure 4 illustrates the experimental setup, where typically 
one to four refractory fingers are submerged and rotated in 
the corrosive medium (i.e., metal or slag), which is contained 
in a crucible surrounded by heating elements [5].

Figure 5 shows macroscopic images of the fingers after a 
corrosion test to compare the Flexosphere technology with 
the standard product. Based on the maximum flux line 
depth, these results confirmed that the Flexosphere-
containing refractory had a better performance than the 
standard sample due to minor slag infiltration into the 
refractory matrix and therefore a thicker unaltered refractory 
profile. The maximum flux line depth (di) is calculated as 
follows: 

 (2)

Where ti is the original finger thickness and tc is the finger 
thickness after the corrosion test.

Light microscopy was performed on the corrosion test 
samples and Figure 6 shows a discontinuous slag 
precipitation zone on the Flexosphere-containing sample 
surface (A), the penetration zone (B), and the matrix (C).

(a)

(b)

Table I. 
V-modulus of Flexosphere and standard magnesia-chromite 
products.

Figure 4. 
Schematic view of a rotary finger test to evaluate the refractory 
corrosion mechanism.

Figure 5. 
(a) Flexosphere-containing and (b) standard magnesia-chromite 
fingers after the corrosion resistance test, highlighting the 
maximum flux line depth (di).

Figure 6. 
Light micrograph of the Flexosphere-containing material after 
the corrosion resistance test showing a discontinuous slag 
precipitation zone on the sample surface (A), the penetration 
zone (B), and the matrix (C). 
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Field Trial—Successful Flexosphere Application in the 
Steel Industry 

A field trial in the lower vessel of a RH degasser confirmed 
and extended the results observed in the laboratory scale 
investigations. Magnesia-chromite bricks with the 
Flexosphere technology were installed as a panel in the 
lower vessel wear lining directly above one of the legs and 
the standard magnesia-chromite bricks were used to line an 
equivalent area above the other leg (Figure 7). Figure 8 
shows a schematic section of the RH degasser, where the 
refractory with the Flexospheres technology is represented 
in blue and the standard product is marked in yellow. As the 
lining above the up leg usually experiences higher stresses 
than that above the down leg, the steel direction was 
switched after each leg/snorkel campaign to guarantee a 
uniform distribution of the wear rate. Typically, one lower 
vessel wear lining campaign comprises two leg/snorkel 
campaigns at this customer.

During the trial, relative measurements of the lower vessel 
lining were performed after the first leg/snorkel run and 
indicated a 11% performance increase of the Flexosphere-
containing bricks compared to the standard magnesia-
chromite material. At the end of the lower vessel campaign, 
absolute brick measurements could be made as the lining 
was dismantled and revealed a 14% performance 
improvement with the new development. Overall, when 
variables such as measurement tolerances and swapping 
the up and down legs were taken into consideration, it was 
concluded that the Flexosphere material had an improved 
performance of 5–15% compared to the standard magnesia-
chromite bricks.

Conclusion

The holistic approach that combined laboratory 
investigations as well as a field trial at one of 
RHI Magnesita’s customers enabled the development of  
an innovative magnesia-chromite product. The Flexosphere 
technology improves the corrosion resistance and flexibility 
against thermal shock of magnesia-chromite bricks, resulting 
in a product suitable for applications under aggressive 
conditions such as the tuyere area in copper furnaces and 
the RH degasser used in the steel industry.

Figure 8. 
Section of the RH degasser lower vessel lining showing the 
magnesia-chromite Flexosphere product on the left (blue) and 
the standard magnesia-chromite bricks on the right (yellow). 

Figure 7. 
Standard magnesia-chromite bricks installed above the left leg and magnesia-chromite with the Flexosphere technology installed 
above the right leg in the RH degasser vessel.
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Enhancing Refractory Recycling:  
The Role of Automated Sensor-Based 
Sorting Systems
Elevating refractory recycling rates to unprecedented levels necessitates enhanced quality control. While manual 
sorting significantly contributes to improved material quality, it has reached its practical limitations and falls short 
in providing essential data for quality monitoring. The adoption of automated sensor-based sorting stands as a  
key driver in advancing recycling efficiency, enabling the processing of material fractions previously untapped. 
RHI Magnesita's activities, notably in the Horizon Europe ReSoURCE project, have established a robust foundation 
for the forthcoming implementation of automated sorting technology. This imminent advancement is anticipated to 
redefine standards in circular mineral quality. The article presents an overview of recent developments, addresses 
the ongoing challenges, and outlines the anticipated future of sorting technologies in the realm of refractory 
processing.

Introduction

RHI Magnesita is at the forefront of enhancing refractory 
recycling rates and has made significant progress to reach 
the 2025 target of 15% [1]. However, the adoption of 
advanced technologies [2], such as automated sensor-
based sorting technologies will ensure future continuous 
growth of the recycling business. This innovative approach 
exceeds the conventional manual sorting techniques by 
accurately analysing particles using advanced sensors, 
thereby enabling data-driven decisions regarding their 
potential reapplication. These advancements serve to 
invalidate the preconception that recycled materials are 
inferior, fostering greater trust and acceptance of circular 
materials in the future. By addressing challenges such as 
limited available feedstock, the traditional manual sorting of 
only larger particles without chemical insights, and a lack of 
comprehensive post-sorting data, automated sensor-based 
sorting stands as a pivotal solution. This article describes 
RHI Magnesita's pioneering developments in automated 
sensor-based sorting systems for recycling refractories, 
highlighting a significant advance toward resource 
sustainability. 

Development of an Automated Sensor-Based Sorting 
System

Automated sensor-based sorting provides multiple benefits 
over traditional manual methods [3–6]. Manual sorting is 
constrained by the physical limitations of human operators, 
who can only handle large particles (i.e., >80 mm) to 
maintain an economical throughput (Figure 1). This 
restriction inherently caps the volume of material that can be 
processed within a given time. In contrast, automated 
systems equipped with advanced sensors and rapid ejection 
mechanisms can process smaller particles ranging from 
5–80 mm, significantly expanding the accessible volume of 
source materials.

Furthermore, automated sorting provides detailed 
specifications of each particle. By utilising technologies such 
as laser-induced breakdown spectroscopy (LIBS) for 
elemental chemistry analysis and hyperspectral imaging 
(HSI) for mineral phase composition, the sorting process 
ensures a consistently high-quality output with valuable data 
that can be leveraged in future product developments. This 
reduces the incidence of downcycling, where materials are 

Figure 1. 
Overview of manual recycling processing steps.
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reused in lower value applications than originally intended, 
as well as the environmental implications and costs of 
landfilling.

The preliminary design of the mobile automated sensor-
based sorting equipment, capable of sorting up to  
10 tonnes/hour of spent refractories, is shown in Figure 2. 
The feedstock will be loaded into a hopper by a wheel-
loader. Subsequently, the particles will be automatically 
singularised, characterised by sensors, and sorted, 
depending on their characteristics, either by pick and place 
robots or an air ejection system at the end of the conveyor. 

The equipment design enables mobility and replication 
across different locations. As the cost of generating circular 
materials is substantially affected by transport distances, 
mobile sorting units will be used to achieve economic 
viability by minimising logistical expenses. 

ReSoURCE: A European Horizon Project

Automated sorting entails complex processes, necessitating 
a holistic approach that incorporates feedback loops due to 
upstream and downstream interdependencies. As achieving 
optimal outcomes requires collaborative efforts among 
various experts, the ReSoURCE (Refractory Sorting Using 

Revolutionizing Classification Equipment) Horizon Europe 
project was initiated [7]. The framework of this European 
programme provides an ideal setting to establish well-
defined development agreements, significantly accelerate 
progress, and provides substantial benefits to all partners 
involved. Within this collaborative environment, 
understanding across different technology sectors is 
enhanced, leading to the development of cutting-edge, tailor-
made solutions. Additionally, the involvement of academic 
institutions ensures that best practices are applied 
throughout all processes. Featuring a total budget of  
~€8.5 million, of which ~€7.0 million are funded by grants, 
enables the challenge to be tackled in an effective manner. 
Table I outlines the partners and their respective roles in the 
ReSoURCE project, illustrating the diverse contributions and 
expertise in this integrated initiative.

Sensor Combination

The integration of three distinct sensors in the equipment 
aims to redefine the standards for robust sorting (Figure 3). 
This multi-sensor approach not only increases the 
effectiveness of the sorting process but also enriches the 
data quality, paving the way for more sophisticated recycling 
operations.

Figure 2. 
Mobile automated sensor-based sorting equipment based on transportable 40-foot containers. 

Figure 3. 
Overview of the sensor combination to be used in the ReSoURCE equipment. Abbreviations include laser-induced breakdown 
spectroscopy (LIBS), artificial intelligence (AI), hyperspectral imaging (HSI), and region of interest (ROI). 
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Initially, a 3D camera plays a crucial role by pinpointing the 
exact location of each sample on the conveyor belt while 
also mapping the complete topology of the particle. This is 
vital for scanning fractured particles with irregular surfaces. 
The 3D camera helps identify the geometrically ideal regions 
on these uneven surfaces for conducting LIBS 
measurements. Optimally, the laser should hit the sample 
perpendicular to the test surface to ensure high accuracy 
and low noise levels. In addition, analysis of surface features 
on the fracture surfaces by the 3D camera contributes to the 
sorting process. For example, it can facilitate preliminary 
classification—either confirming the particle's suitability for 
recycling or excluding it. In some cases, it might even refine 
existing sorting classes, enhancing the overall efficiency and 
precision of the sorting system. 

Secondly, two HSI cameras play a critical role by capturing 
the spectral signature of each particle in the range of  
400–2500 nm. This technology extends far beyond 
traditional image analysis, enabling precise visualisation of 
optical features with a spatial resolution of 384 pixels for the 
first camera and 1800 for the second. By interpreting 
reflectance curves obtained from the HSI, it is possible to 
gather information about the bonding system and identify 
specific mineral phases. Such information is invaluable for 
enhancing quality monitoring in refractory recycling, as it 
provides crucial insights into the material's composition [8]. 

Moreover, HSI data is instrumental in assessing the mid-
scale homogeneity of samples—typically spanning a few 
centimetres. This capability is particularly significant because 
it helps mitigate a major limitation of LIBS, which can only 
analyse small spots on the material (i.e., tested volumes 
usually in the range of a few hundred µm³). In determining 
the material heterogeneity, HSI aids directing the LIBS to the 
most relevant regions for targeted analysis. It also plays a 
crucial role in detecting nonrefractory materials, such as 
attached process media like slag or clinker, that might be 
present on the sample. 

In summary, the broader imaging scope of HSI offers various 
advantages, including the ability to classify materials directly 
into specific sorting categories based on underlying models. 
By integrating these insights, HSI contributes to a more 
nuanced and effective sorting process, providing visual 
surface information as a basis for the subsequent selection 
of coordinates for the LIBS measurement.

Finally, LIBS measurements will be executed at optimal 
positions, as determined by the data from the 3D camera 
and HSI sensors (see Figure 3). LIBS plays a pivotal role by 
analysing the elemental chemistry of each particle [4,9]. This 
capability is fundamental for classifying materials based on 
their chemical composition, which is a primary specification 
that circular minerals must meet for recycling purposes.

Table I. 
ReSoURCE consortium members and their key roles in the project. Abbreviations include laser-induced breakdown spectroscopy 
(LIBS), artificial intelligence (AI), hyperspectral imaging (HSI), life cycle analysis (LCA), and techno-economic analysis (TEA).
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Due to its high sensitivity to nearly all elements in the 
periodic table, LIBS can be utilised to further refine the 
sorting process. It enables the establishment of new sorting 
classes with more precise elemental limits. Following each 
sorting campaign, LIBS not only categorises materials but 
can also provide quantitative data regarding the levels of 
specific elements within each particle (Figure 4). This 
information is crucial for targeted applications in products 
and can also provide the basis for blending strategies at 
later stages. Additionally, LIBS is particularly useful for 
identifying contamination gradients or harmful substances in 
used bricks. By targeting the precrushing and liberation of 
infiltrated zones, automated sorting can isolate material 
volumes requiring special treatment, thereby reducing them, 
leading to more economical processing costs.

All data collected from the three sensors will be continuously 
analysed to identify ways to streamline the sensor setup. 
Furthermore, using the information gained from this initial 
setup, the goal is to develop more cost-efficient equipment 
in the future, optimising both technological and economic 
aspects of the refractory recycling processes.

Advanced Sensor Setups Tailored to Refractory 
Applications 

Currently, sensor and analysis technologies available on the 
market do not fully meet the specific needs of refractory 
recycling. For instance, existing LIBS systems are 
predominantly optimised for sorting metal scrap. This 
presents a significant challenge for refractory materials, 
which typically feature a highly heterogeneous 
microstructure. Unlike metals, where representative volumes 
are only a few hundred micrometres cubed, coarse ceramic 
refractories have larger representative volumes, sometimes 
exceeding 5 mm in terms of the individual raw material 
components. This size difference means that a random 
sample may not accurately represent the total chemistry of 
the refractory product, as indicated in Figure 5.

Furthermore, refractories often possess contamination layers 
or nonrepresentative layers that can exceed 1 mm due to 
process media, dust, and oxidation effects. Therefore, 
efficiently sorting these particles requires a laser capable of 
quickly ablating any coating material before the 
measurement pulse analyses the sample. Furthermore, the 
precision in detecting certain elements is crucial as even 
minimal levels of contamination can severely impact 
refractory performance.

To address these challenges, the ReSoURCE project is 
developing a novel laser source in collaboration with 
InnoLas (Germany). This advanced technology achieves 
higher energy levels suitable for testing larger volumes and 
incorporates tailored pulse modulation to enable both 
cleaning and analysis pulses within short repetition times. 
The two new lasers being developed increase the maximum 
energy level from 150 mJ to up to 430 mJ as well as 

Figure 4. 
LIBS spectra showing the Fe peaks for three refractory samples, indicating the different Fe levels detected.

Figure 5. 
LIBS measurement spots on a 50 mm diameter test cylinder of 
a basic refractory brick. 
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increase the measurement rate up to 400 Hz, when used at 
lower energy levels. Additionally, a novel spectrometer 
design and novel optics developed by LSA GmbH 
(Germany) will enable higher resolution (in the range of 
50–150 pm), particularly for critical elements.

Given the chemical complexity of refractories, AI-based 
algorithms are being employed to enhance the accuracy and 
efficiency of data analysis. This cutting-edge approach not 
only improves sorting accuracy but also ensures that 
recycled materials meet stringent quality standards.

Calibration—The Key to Robust Sorting

The current sorting classes used in recycling operations 
often feature broad specifications. This is partly due to 
limitations in the precision of existing sorting technologies 
but can also result from a deliberate choice to accommodate 
the infrastructure capabilities at recycling plants. As a result, 
a wide variety of products, and consequently an even 
greater diversity of raw materials, are grouped into each 

sorting class. This diversity poses significant challenges in 
calibrating the sorting machinery effectively.

For the LIBS technology, an initial calibration step involves 
using a variety of raw materials to pinpoint individual peak 
positions in the spectrum. So far, just in the ReSoURCE 
project more than 20 primary raw materials and 100 circular 
mineral samples have been tested, analysed, and 
categorised. These identified peaks will be crucial for later 
stages, where they will help differentiate between various 
recycling classes. Furthermore, the precision of these 
measurements was remarkably high, with an average 
classification accuracy of far more than 90% being achieved 
for all investigated product types (Table II).

To classify materials based on spectral data gathered with 
the HSI, models such as pixel class majority are being 
trained and applied on the samples. To establish a solid 
ground truth within the project, absorption spectra of over 
350 crushed circular mineral samples, raw materials, and 
possible impurities (e.g., slag and clinker) have been 
recorded. The first results show a promising average 
classification accuracy of the HSI data (Table III).

The effectiveness of these spectral features, proven by  
their high accuracy, has also been applied to the 
classification of circular minerals. An initial outline of this 
application demonstrates the potential for enhancing the 
precision and efficiency of sorting practices in refractory 
recycling, paving the way for more tailored and effective 
recycling processes.

Table III. 
Example of a confusion matrix based on the pixel class majority of different product types determined by HSI, showing only a 
minimum number of the samples were incorrectly classified (red shading) even with the nonoptimised model. 

Table II. 
Classification accuracy of different product types by LIBS.
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Conclusion

The advancements in automated sensor-based sorting 
technologies are set to revolutionise refractory recycling. 
These systems go beyond replicating manual sorting by 
significantly enhancing precision and efficiency. The ability to 
specifically target materials that require treatment ensures 
economic benefits, particularly when refractory producers 
provide direct input on sorting criteria. Moreover, extensive 
data collection and subsequent big data analysis are 
instrumental as they not only facilitate streamlining 
equipment features but also lay the foundation for future 
technological developments. In addition, this strategic 
approach ensures that only necessary material treatments 
are applied, optimising both resource usage and economic 
outcomes in the refractory industry.
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Roland Krischanitz, Peter Steinkellner and Martin Geith

Advancing Sustainable Practices in 
Refractories for the Cement Industry
The refractory industry plays a pivotal role in various high-temperature industrial processes, such as cement and 
nonferrous metal production, steelmaking, and glass manufacturing. As environmental concerns intensify, there  
is a growing imperative to adopt sustainable practices within the refractory industry. For example, in recent years 
RHI Magnesita started to develop recycling options for magnesia spinel bricks used for lining cement rotary kilns, 
resulting in a quite extensive low carbon (LC) product portfolio, the ANKRAL LC-Series. The most recently released 
product, ANKRAL RS-LC, has the highest recycling content implemented so far (i.e., up to 50%), which lowers the 
carbon footprint by close to 50% compared to the standard product. This paper describes three case studies with 
products from the LC-Series, highlighting the latest results of ANKRAL RS-LC. The ANKRAL LC-Series contributes 
to the growing body of knowledge supporting integration of recycled materials in critical industrial processes, 
promoting a circular economy, and aligning with global efforts to reduce CO2 emissions.

Introduction

RHI Magnesita set the goal to reduce 15% of its scope  
1, 2, and 3 emissions by 2025 [1] and aspires to becoming 
CO2 neutral in the future. To achieve this ambitious target,  
a commitment was made in 2019 to invest €50 million in 
new and emerging technologies aimed at reducing CO2 
emissions across various processes. In addition to 
substantial investments, RHI Magnesita was also the first to 
display the carbon footprint of refractory products on its 
technical data sheets [2], enabling benchmarking of different 
concepts according to their carbon footprint. Based on this 
information, customers can now incorporate sustainable 
aspects into their product decision-making. 

The use of recycled materials to substitute primary raw 
materials plays a central role in carbon footprint reduction. 
Furthermore, products that require basic refractory raw 
materials can benefit significantly in this context because 
compared to many other refractory materials, basic raw 
materials have a substantial carbon footprint. This is 
attributed to the fact that basic raw materials are mostly 
derived from carbonates and to transform them into 
refractory oxides they need to be calcined, during which a 
significant amount of geogenic CO2 is released. This 
process occurs at temperatures of up to 1000 °C and 
requires substantial fuel input, causing further greenhouse 
gas (GHG) emissions. Additionally, to produce refractory 
materials with high density and stability at elevated 
temperatures, an additional step is necessary, which can 
involve either a sintering or melting process. Sintering 
requires temperatures of up to 2000 °C, while melting takes 
place at temperatures above 2800 °C. 

Depending on the type of kilns and fuel used, CO2-specific 
emissions can range from around 1.4–5.2 tonne of CO2 
equivalent per tonne of raw material (t CO2e/t) [3]. However, 
other approaches for producing sintered or fused magnesia 
do not result in a lower carbon footprint, as the complex 
production process (e.g., wet route) of seawater or brine-
based magnesia types results in the same level of GHG 
emissions compared to magnesite-based ones [3]. As a 
vertically integrated company, the production of sintered 
magnesia and dead burned magnesia, as well as dead 

burned doloma is responsible for around 85% of 
RHI Magnesita’s scope 1 CO2 emissions [3]. On the one 
hand, this is due to the scarcity of alternative primary raw 
materials available in the market that can serve as 
substitutes and on the other hand it highlights that using 
recycled materials within a circular economy is essential. 

Refractory products, when in use, are exposed to various 
wear mechanisms, making the reprocessing process 
extremely complex in most cases [4]. This complexity is 
particularly evident in the cement industry, where over the 
past few decades the use of alternative fuels has 
significantly increased infiltration of alkali salts into the 
refractory lining. The concept of fuel switching, which 
involves transitioning from conventional fossil fuels to 
alternative fuels with improved CO2 ratings, varies globally. 
While Central Europe has made significant progress with 
substitution rates of up to 100%, other regions like China, 
Africa, and the Middle East are still relatively early in this 
transition. Nevertheless, RHI Magnesita has managed to 
develop a product portfolio with a reduced carbon footprint, 
the ANKRAL LC-Series, based on recycled bricks from 
cement rotary kilns.

From Spent Refractories to Circular Raw Materials 

At the end of their lifespan, worn out refractory bricks were 
typically disposed of or landfilled, potentially incurring 
additional costs for operators. However, these materials are 
a valuable source of raw materials, which can be 
repurposed to create new refractory products. Removing 
used bricks from the kiln involves standard procedures and 
machinery, without any additional steps. Before debricking, 
any coatings or build-ups on the lining should be removed. 
Depending on the type of magnesia (e.g., low or high iron 
content) and flexibiliser (e.g., spinel or hercynite), the bricks 
are separated onsite into predefined categories to control 
the chemical characteristics of the subsequently generated 
circular raw materials. A well-defined sourcing concept, as 
well as an adequate reconditioning process, is key to 
guarantee excellent and stable product properties [5].

Once the material has arrived at a recycling hub, the 
conversion from spent refractories to circular raw material 
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begins. This process consists of several sorting and 
classification steps and starts with chemical analysis to 
verify the nature and type of collected material. After manual 
sorting (Figure 1), where any foreign objects (e.g., steel 
anchors and wood) are also removed, the material is 
subjected to a patented cleaning process in which the 
largest share of unavoidable alkali salt infiltrations from the 
cement process are removed. This treatment requires a 
certain effort in terms of energy and time; however, it is 
essential to achieve the desired product properties. After 
crushing the material, the new circular raw material is used 
to produce ANKRAL LC-Series bricks.

One of RHI Magnesita’s priorities is developing fully 
automated identification and separation of used materials, 
including sensors specifically designed to meet the 
challenges of refractory recycling (see page 41). Currently, 
pilot equipment is being implemented in Austria that will 
completely change the status quo of spent refractory sorting 
[4]. 

Innovative Low-Carbon Series

With the ANKRAL LC-Series, RHI Magnesita has 
successfully implemented the principles of a circular 
economy in the production of magnesia spinel bricks for the 
cement industry. The LC-Series (low carbon) incorporates 
up to 50% recycled materials. Designed with a significantly 
reduced carbon footprint, these products aim to assist 
cement producers in lowering emissions within their supply 
chain while maintaining technical specifications. To meet the 
growing demand for sustainable refractories, RHI Magnesita 
offers a range of LC products, including ANKRAL Q1-LC, 
ANKRAL R8-LC, ANKRAL Q2-LC, ANKRAL RC-LC, and 
ANKRAL ZE AF-LC. The different products of the LC-Series 
have been widely used globally in central burning and 
transition zones under various operational conditions since 
their market launch in 2020. During this time, the series has 
gained recognition as a well-known brand, particularly in 
Europe.

The primary goal in creating the ANKRAL LC-series was to 
incorporate circular raw materials, thereby reducing the 
carbon footprint, while ensuring that product properties 
remained uncompromised. Although the technical data sheet 
values for conventional ANKRAL bricks and their 
corresponding LC-Series counterparts may not be identical, 
both can be effectively used in the same applications and 
achieve the same level of performance. Rigorous laboratory 
tests, combined with meticulous sourcing and raw material 
processing, guarantee consistent performance even under 
demanding conditions, which has been proven in numerous 
applications.

The latest development in the field of sustainable products is 
ANKRAL RS-LC, where the circular raw material content has 
been increased up to a remarkable 50%. Despite this high 
recycling rate, a product with outstanding properties was 
developed. The brick has an exceptional refractoriness 
under load (RuL T0,5 > 1700 °C), which is comparable to 
products based on primary raw materials (Figure 2). 
Additionally, due to sophisticated processing methods, the 
brick exhibits a remarkably low content of secondary 
phases, providing excellent resistance against 
chemothermal wear. The positive results of this development 
have already been confirmed in practical applications.

Figure 1. 
Manual sorting at a recycling hub, which will be fully 
automated in the future. 

Figure 2. 
Technical data sheet of ANKRAL RS-LC. 
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Case Study A—ANKRAL ZE AF-LC

Plant A operates a precalciner kiln (Ø 3.8 m x 59 m long) 
with a capacity of approximately 1900 tonnes per day (tpd) 
in Central Europe and an alternative fuel (AF) rate of beyond 
90% (including plastics and sewage sludge). ANKRAL ZE 
AF-LC was installed in January 2022 between 15 m and 
17 m in the upper part of the central burning zone (CBZ), 
where high thermal load in combination with occasional 
clinker melt infiltration and coating loss are the typical wear 
mechanisms. After completing a full campaign of one year, 
the lining was inspected again in January 2023. This 
revealed a very uniform wear and a residual thickness of 
170–180 mm (Figure 3). At the next opportunity to enter the 
kiln in January 2024, the lining showed a similar 
appearance, with a residual thickness of 140–160 mm. By 
mid-2024, at the time of writing this article, the bricks were 
already in their third campaign, with high expectations for 
completing a third year. The results of this successful trial 
confirm ANKRAL ZE AF LC’s full equivalency to any other 
iron-rich CBZ brick on the market.

Case Study B—ANKRAL Q1-LC

The kiln at Plant B (precalciner, Ø 4.0 m x 60 m long with a 
capacity of 2200 tpd) is another example of a European kiln 
running with substitution rates close to 100% (e.g., refuse-
derived fuels, solvents, and biomass). ANKRAL Q1-LC was 
installed in the lower transition zone (LTZ) between 6.4 m 
and 8.4 m, followed by ANKRAL Q1 between 8.4 m and 
10 m. In previous campaigns, this area was lined completely 
with the conventional ANKRAL Q1, achieving lifetimes of 
one year despite high chemothermal load and proximity to 
the tyre. After one full year in operation, the Lining 
Evaluation Scan (LES) showed a residual thickness of  
140–170 mm and rather uniform wear in the installation area 
of the LC-series bricks (Figures 4 and 5). The corresponding 
standard brick performance was largely the same, 
confirming that the product development goal of not 
compromising the product properties by adding circular raw 
material was fully met. Based on these results, the operator 
decided to enlarge the installation area of ANKRAL Q1-LC in 
future campaigns.

Case Study C—ANKRAL RS-LC

The plant for case study C is operating a modern  
precalciner kiln (Ø 5.2 m x 77 m with a capacity of 
approximately 6000 tpd) in Southern Europe. It is using a fuel 
mix consisting of coal/pet coke and residue derived fuel (i.e., 
sewage sludge and tyre chips), reaching AF rates of more 
than 60%. The refractory lining of this kiln is exposed to high 
chemothermal stress and increased mechanical load from 
the centre tyre and in the outlet area. In addition, the lining is 
affected by frequent kiln stops. 

Figure 3. 
ANKRAL ZE AF-LC in the CBZ between 15 m and 17 m, (a) 
before and (b) after a one-year campaign.

Figure 4. 
ANKRAL Q1-LC in the LTZ, lined between 6.4 m and 8.4 m, after 
one year in operation.

(a) (b)

Figure 5. 
Installation of ANKRAL Q1-LC (6.4 m–8.4 m) and ANKRAL Q1 
(8.4 m–10 m) after one year in operation.
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In March 2023, ANKRAL RS-LC was installed in the remote 
upper transition zone of this kiln between 40.5 m and 45.5 m 
(Figure 6). A LES in September of the same year (after 
approximately 6 months of service) revealed that the brick 
was in perfect condition, showing no signs of wear and still 
having the original thickness (Figure 7). Another inspection 
in January 2024, which again included LES, basically 

showed the same results (Figure 8). Both lining evaluation 
scans performed by RHI Magnesita in September 2023 and 
January 2024 showed that the lining area of ANKRAL RS-LC 
was in perfect condition, without any spalling and with 
uniform residual thicknesses beyond 200 mm from the 
original 220 mm (Figure 9).

Figure 6. 
Installation of ANKRAL RS-LC between 40.5 m–45.4 m.

Figure 7. 
ANKRAL RS-LC in September 2023 after 6 months in operation, 
showing original residual thicknesses without prewear areas. 

Figure 8. 
Image taken during a further inspection in January 2024, 
showing the ANKRAL RS-LC lining area with no significant 
wear (LES image).

Figure 9. 
Lining evaluation scans in (a) September 2023 and (b) January 
2024. 

(a)

(b)
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Sustainable Refractories 

The product portfolio of the ANKRAL LC-Series includes 
products designed to address the challenges of modern 
clinker production across all relevant kiln sections that 
require magnesia spinel bricks. The focus of further 
developments is to optimise the sourcing, preparation, and 
production process to incorporate even higher amounts of 
circular raw materials [4], reduce the carbon footprint, and 
contribute to a sustainable refractory industry. The priority 
focus for R&D is on a fully automated identification and 
separation of recycled materials. Currently, RHI Magnesita is 
developing pilot equipment that is being implemented in 
Austria and will completely change the status quo of spent 
refractory sorting.
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Figure 10. 
Inspection of the ANKRAL RS-LC lining area in April 2024, 
showing no significant wear.

Another opportunity to inspect the lining arose in April 2024, 
during a further kiln stoppage. At this time, the ANKRAL 
RS-LC had been in service for more than 12 months and still 
did not show signs of massive wear (Figure 10). After the 
first year of service, the customer confirmed that the bricks 
were still in satisfactory condition and is very confident that 
they will remain in operation for at least another year.

Return to Content

https://www.rhimagnesita.com/wp-content/uploads/2024/04/rhim-sustainability-report-2023-final-2.pdf
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Microstructural Design Optimisation  
of Magnesia-Chromite Bricks for  
RH Degassers: Determining an Optimal 
Balance Between Thermal Shock and 
Corrosion Resistance
Magnesia-chromite bricks are widely used in RH degassers due to their outstanding corrosion and abrasion 
resistance in critical environments. Among the different types of magnesia-chromite bricks, rebonded bricks, 
characterised by a high fused magnesia-chromite (FMC) content, are particularly preferred in snorkel and  
throat areas of RH degassers. However, rebonded bricks exhibit lower thermal shock resistance compared to  
direct-bonded bricks (i.e., based on sintered magnesia and chrome ore). To address this limitation, semi-rebonded 
bricks have emerged as a potential solution to fulfil these constraints. While the literature has explored the 
characteristics of these three distinct classes of magnesia-chromite bricks, only a limited number of studies have 
evaluated the microstructural effects on physical, thermomechanical, and corrosion resistance properties. 
Therefore, this study aimed to determine the optimal amount of FMC grains to achieve a suitable balance between 
the required properties. Experimental tests were conducted to assess the impact of increasing amounts of fused 
grain on the most influential properties of magnesia-chromite bricks. The findings indicated that an optimal quantity 
of fused grains could be identified, where the physical and thermomechanical properties were improved without 
compromising corrosion and abrasion resistance, and that these properties could be further enhanced by 
optimising the grain size distribution (GSD). This study highlights the importance of microstructural differences in 
formulation design and the selection of appropriate raw materials and GSD to achieve comparable properties to 
rebonded bricks without influencing essential application requirements.

Introduction

Magnesia-chromite refractories are widely used in  
various industries due to their exceptional thermal stability, 
minimal thermal expansion, and resistance to thermal shock. 
They are particularly favoured in applications such as 
RH degassers, rotary cement kilns, and nonferrous copper 
converters [1]. Compared to magnesia-based counterparts, 
they offer superior thermal shock resistance and corrosion 
resistance to acidic and basic slags, especially fayalitic slags 
[1–3]. To improve slag penetration resistance, it is crucial to 
densify the bricks, reduce apparent porosity, while 
maintaining thermal shock resistance. This can be achieved 
through microstructure design, focusing on fostering direct 
bonding between the refractory grains, including secondary 
spinel phases and fused magnesia-chromite (FMC), along 
with a carefully tailored grain size distribution (GSD).

The principal constituents of magnesia-chromite bricks, 
customised to specific applications, include sintered 
magnesia, fused magnesia, chrome ore, and FMC. These 
raw material compositions facilitate categorising magnesia-
chromite bricks into three discrete classes: Direct-bonded, 
semi-rebonded, and rebonded. Each classification presents 
distinct advantages and constraints, requiring detailed 
alignment with the specific requisites of the intended 
application. Notably, direct-bonded bricks exhibit superior 
thermal shock resistance, but comparatively inferior 
corrosion resistance compared to rebonded bricks, with the 
semi-rebonded class filling an intermediate position within 
this range. 

In direct-bonded bricks, the bonding mechanisms between 
sintered magnesia and chrome ore grains are determined by 
temperature-driven reactions during the firing process. At 
1500 °C, a liquid phase forms around the chrome ore grains, 
subsequently infiltrating the adjacent magnesia matrix, 
enabling diffusion of Fe2O3, Cr2O3, and Al2O3 from the 
chrome ore into the magnesia at 1670 °C. Finally, at 
1750 °C, complete dissolution of the chrome ore occurs, 
precipitating spinel-like exsolution phases within the MgO 
structure [4]. This behaviour is beneficial for thermal shock 
resistance owing to the microcracking induced by 
interdiffusion of chrome ore components into the magnesia 
matrix. 

In the context of RH degassers, magnesia-chromite bricks 
primarily comprise FMC and are typically classified as 
rebonded bricks. The main bonding process occurs during 
the FMC electrofusion process, followed by firing the bricks 
at temperatures exceeding 1700 °C to form rebonded 
refractories. The FMC consists mainly of periclase and a 
solid solution spinel [(Fe,Mg)(Fe,Al,Cr)2O4], resulting from 
the fusion of various spinel structures (AB2O4-type phases), 
where A represents a divalent cation and B a trivalent one 
[5–7]. This complex structure, characterised by interstices 
and vacancies, enables the formation of solid solutions with 
broad solubility ranges and ionic radii ranging from 0.44–
1.00 Å [5,8]. Consequently, these bricks exhibit excellent 
resistance to corrosion and slag infiltration. Additionally, 
preferentially oriented microcracks within the FMC grains 
enhance the material's flexibility and resistance to thermal 
shock damage. The FMC features a periclase matrix with 

Bulletin  –  2024  –  pp. 52–59



Bulletin  –  2024 53

embedded spinel precipitates, typically around 15 μm in 
size, exhibiting a consistent pattern with {110} planes as 
revealed by electron backscatter diffraction, aligning with the 
Zener-Stroh crack mechanism [9]. Figure 1 provides a visual 
representation of the FMC parameters described. 

The semi-rebonded classification of magnesia-chromite 
bricks involves combining FMC with the microcracking 
phenomena promoted by the direct-bonded behaviour that 
occurs between sintered magnesia and chrome ore grains 
during the firing process. This unique combination has 
emerged as a promising approach to impart the necessary 
properties crucial for certain applications. The primary 
objective of the investigations presented in this paper were 
to determine the optimal amount of FMC grains necessary to 
achieve a balanced equilibrium between thermal shock 
resistance and corrosion resistance, while maintaining the 
physical and thermomechanical integrity of the material. 

Additionally, a secondary aim of the study was to evaluate a 
new GSD to enhance the microstructure achieved with the 
optimal amount of FMC. 

Materials and Methods

Laboratory magnesia-chromite bricks were formulated 
utilising Alfred’s model incorporating a customised particle 
size distribution coefficient tailored to the FMC content in the 
semi-rebonded formulation under investigation. Additionally, 
a novel GSD was developed and assessed to enhance the 
key properties of these materials during application. A 
spectrum of compositions ranging from low to high FMC 
content was systematically explored (Table I). To ensure 
comparison across all FMC compositions and mitigate any 
potential interference during firing, uniform binder systems 
and sintering additives were incorporated across all 
compositions. 

Figure 1. 
Morphology and elemental mapping of the FMC microstructure assessed by scanning electron microscopy coupled with energy 
dispersive spectroscopy [9].

Table I. 
Compositions evaluated during the semi-rebonded magnesia-chromite brick development.
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All formulations were homogenised in roller mixers and 
hydraulic presses were used to shape 160 x 85 x 63 mm3 
bricks that were subsequently fired at temperatures above 
1700 °C in an industrial tunnel kiln. Bulk density and 
apparent porosity were determined using a liquid immersion 
method in water, according to the ABNT NBR 6220 
standard. Cold modulus of rupture was evaluated using a 
KRATOS KE (3 tonnes) and cold crushing strength was 
carried out with a KRATOS ECC (Brazil) using a 100 kN 
load cell (JIS, R-2206, Brazil) on cylindrical 50 x 50 mm3 
specimens. Hot modulus of rupture was carried out on bars 
(152 x 25 x 25 mm3) placed in an electric furnace with a 
continuous sample feeding system coupled to a mechanical 
press (KRATOS K500/2000, Brazil). The permeability test 
was conducted according to ASTM C577 and abrasion 
resistance was measured following ASTM C704. 
Microstructure analysis by optical microscopy was carried 
out using a Carl Zeiss microscope (AXIO-Imager model). 
The thermal shock resistance test was conducted on  
152 x 25 x 25 mm3 bars using a water-cooled copper plate. 
The decrease of elastic modulus was followed for 5 thermal 
shock cycles (ΔT = 700 °C) (ABNT NBR 13202) utilising 
ultrasound equipment (Emodumeter, James Instruments, 
USA). Based on the ultrasound velocity and density of each 
sample, the elastic modulus was calculated as well as the 
residual elastic modulus at the end of 5 cycles. Additionally, 
the residual modulus of rupture was measured after the  
5th cycle. The corrosion tests were performed at 1700 °C in 
an induction furnace, using steel and fayalitic slag added 
every 30 minutes for 5 hours, and 8 samples were evaluated 
simultaneously.

Laboratory Trial Results 

To assess the impact of different levels of FMC and the two 
GSDs on bulk density and apparent porosity, 3 samples of 
each magnesia-chromite brick composition were tested. 
Based on the results obtained, it was apparent that 
increasing the FMC content led to an overall rise in bulk 
density, coupled with a decline in apparent porosity for both 
GSDs examined (Figure 2). Furthermore, alongside the 
benefits of increasing the high-grade raw material content on 
these properties, the new GSD emerged as a pivotal factor 
for increasing bulk density and decreasing porosity, apart 
from at the lowest level of FMC addition. 

To visually examine the different brick compositions, optical 
microscopy was performed and micrographs of compositions 
featuring the standard GSD are provided in Figure 3. The 
images clearly demonstrate how each composition’s 
microstructure changes with the addition of higher FMC 
levels; most notably the porosity decreases, leading to 
improved densification. 

Figure 2. 
Bulk density (BD) and apparent porosity (AP) of the different 
magnesia-chromite brick compositions with increasing 
amounts of FMC and two GSDs. The lines between the AP 
values are for visual guidance. 

400 µm400 µm

400 µm400 µm

400 µm400 µm

Figure 3. 
Comparative microstructural evaluation of fired magnesia-
chromite bricks with different FMC content and the standard 
GSD. The images (a–f) correspond to the increased addition of 
FMC as detailed in Table I. FMC (1), sintered magnesia (2), and 
chromite (3) are indicated.
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In order to explore the influence of FMC content and GSD 
on cold mechanical properties, the cold crushing strength 
and cold modulus of rupture were measured for 3 samples 
of each magnesia-chromite brick composition. The results 
presented in Figure 4 show that both properties increased 
with FMC content for both GSDs. However, regarding the 
cold crushing strength, discernible differences in values 
between the two GSD only emerged from composition D 
onwards, with the magnitude of difference increasing with 
FMC content. In summary, it appeared that the novel GSD 
effectively optimised microstructural packing, resulting in 
highly favourable outcomes for practical applications when 
combined with higher amounts of FMC. In contrast, a similar 
trend was not observed for the cold modulus of rupture. 
Although at the lowest FMC content no distinction was 
observed between the GSDs, for all other compositions the 
standard distribution exhibited a higher cold modulus of 
rupture compared to the new GSD.

To assess the influence of FMC addition and GSD on 
thermomechanical properties, the hot modulus of rupture 
test was conducted on 3 samples of each brick composition 
at test temperatures of 1250 °C, 1400 °C, and 1485 °C 
(Figure 5). At 1250 °C, the hot modulus of rupture showed 
an upward trend with the increasing addition of FMC, 
irrespective of the GSD, indicating incorporation of FMC had 
a beneficial effect on this thermomechanical property, while 
the GSD did not significantly influence the obtained values. 
With an elevation of the test temperature to 1400 °C, the hot 
modulus of rupture was lower than at 1250 °C, but also rose 
with increasing amounts of FMC, in a similar manner for 
both GSDs, until a certain content was reached (i.e., 
composition D), whereupon this upward trend stabilised. It is 
established that at 1400 °C, liquid phase formation 
originating from in situ generated silicate minerals (e.g., 
monticellite and merwinite) is more prevalent in the 
material's microstructure, which would account for the 
observations. At a testing temperature of 1485 °C all the 
samples showed the lowest hot modulus of rupture, with 
similar values irrespective of FMC content and GSD. 

The microcracking effect induced by direct-bonding  
reactions within the magnesia-chromite brick matrix is an 
approach to enhance thermal shock resistance, when 
appropriately balanced against corrosion by slag and molten 
metal. To examine the influence of FMC content and GSD 
on thermal shock behaviour, 3 samples of each magnesia-
chromite brick composition were heated to 725 °C, held for 
30 minutes, and rapidly cooled to room temperature. After 
each thermal cycle, the elastic modulus was determined and 
after 5 cycles the residual elastic modulus was calculated. In 
addition, the cold modulus of rupture was measured at the 
end of the 5 cycles and the residual cold modulus of rupture 
determined. The residual elastic modulus results (Figure 6) 

Figure 4. 
Cold crushing strength (CCS) and cold modulus of rupture 
(CMOR) of the different magnesia-chromite brick compositions 
with increasing amounts of FMC and two GSDs. The lines 
connecting the CMOR values are for visual guidance. 

Figure 6. 
Residual elastic modulus (EM) and residual cold modulus of 
rupture (CMOR) of the different magnesia-chromite brick 
compositions with increasing amounts of FMC and two GSDs 
after 5 thermal shock cycles (i.e., 725 ºC to room temperature). 
The lines connecting the residual CMOR values are for visual 
guidance. 

Figure 5. 
Hot modulus of rupture (HMOR) of the different magnesia-
chromite brick compositions with increasing amounts of FMC 
and two GSDs, tested at 1250 °C, 1400 °C, and 1485 °C. The 
bars correspond to the standard GSD at the three test 
temperatures and the squares, triangles, and circles to the new 
GSD at 1250 °C, 1400 °C, and 1485 °C, respectively. The lines 
connecting the HMOR values of the new GSD are for visual 
guidance. 
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indicate that increasing the FMC content was not detrimental 
to the thermal shock behaviour and that the new GSD 
positively impacted this property. However, the residual cold 
modulus of rupture showed a decreasing trend with 
increased FMC addition, which was more pronounced with 
the standard GSD. 

Having determined that the thermal shock resistance was  
not detrimentally affected in materials featuring high FMC 
levels corresponding to direct-bonded compositions, it was 
essential to evaluate the impact of FMC addition on other 
pertinent properties, notably corrosion resistance. However,  
a critical aspect to enhancing this essential property entails 
understanding the material’s permeability and abrasion 
characteristics, which in conjunction with chemical corrosion 
are key factors contributing to the compromised performance 
of magnesia-chromite bricks. Figure 7 shows the permeability 
and abrasion values obtained for 3 samples of each 
magnesia-chromite brick composition, indicating the 
permeability slightly decreased with FMC addition, 
irrespective of the GSD, and that abrasion was notably  
lower for both GSDs with increasing FMC content.

The final analyses performed on all the different magnesia-
chromite brick compositions were corrosion tests conducted 
at 1700 °C for 5 hours with steel and fayalitic slag. It is 
important to mention that it was not possible to evaluate all 
12 brick compositions simultaneously due to the experimental 
setup; however, multiple tests were conducted and wear in 
both the steel and slag zones was assessed. The results 
presented in Figure 8 show that in both the slag and steel 
zones, typically an increased FMC content positively 
influenced the corrosion resistance, with a significant benefit 
observed for the new GSD in the slag zone.

Plant Implementation Results

Following the culmination of research and development 
activities aimed at creating a new magnesia-chromite grade 
endowed with optimal properties and an engineered 

microstructure, composition D was selected for plant trials. 
One-tonne mixes of both the standard and new GSD were 
processed in an industrial mixer, pressed into RH degasser 
throat shapes, and fired according to standard plant 
procedures. Subsequently, the properties of five bricks for 
each GSD were determined and the results compared to 
those of the laboratory-produced bricks (Table II). In the 

Figure 7. 
Permeability and abrasion of the different magnesia-chromite 
brick compositions with increasing amounts of FMC and two 
GSDs. The lines connecting the abrasion values are for visual 
guidance. 

Figure 8. 
Corrosion of the different magnesia-chromite brick 
compositions with increasing amounts of FMC and two GSDs 
observed in the slag and steel zones after 5 hours at 1700 °C in 
an induction furnace. The bars correspond to corrosion of the 
standard GSD in the slag and steel zones and the triangles and 
squares to corrosion of the new GSD in the slag and steel 
zones, respectively. The lines connecting the corrosion percent 
of the new GSD are for visual guidance.
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Comparison of the results obtained for laboratory and plant 
trial bricks produced using composition D with either the 
standard or new grain size distribution (GSD).
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majority of cases, properties of the plant trial bricks were 
either equivalent or better than the laboratory-produced 
bricks, with the only notable exceptions related to the hot 
modulus of rupture. Furthermore, properties of the plant trial 
bricks with the new GSD were typically better than the 
standard GSD. Microscopy was also performed and showed 
that bricks produced in the plant with the new GSD had a 
dense microstructure (Figure 9). Consequently, composition D 
featuring the new GSD (i.e., RADEX TB016) was selected for 
field trials in the throat area of RH degassers at six Brazilian 
customers.

Customer Trial Results

Currently, only one of the six Brazilian customers has 
completed field trials with the developed material. In this 
case, the initial test was carried out in the outlet throat 
(down leg) of the RH degasser. Throughout this campaign, 
which ran for 78 heats and ended based on the customer’s 
program, the field trial was documented in detail, as shown 
in Figures 10–12. Given that the outlet throat typically 
experiences lower stresses than the inlet throat (up leg), 
conducting a field trial in the less demanding region was an 

Figure 9. 
Microstructural evaluation of RADEX TB016, a fired magnesia-chromite brick produced during the plant trial (i.e., composition D) 
with the new GSD. The images (a–c) show a dense microstructure and FMC (1), sintered magnesia (2), and chromite (3) are 
indicated.

(a)

(a)

11

22

11

33

(b)

11

(b)

33

(c)

223

400 µm 400 µm 200 µm

Figure 10. 
RH degasser showing (a) installation of RADEX TB016 in the outlet throat and a standard magnesia-chromite grade in the inlet 
throat and (b) completed installation. 
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appropriate first step to evaluate the new grade. During the 
trial, the RADEX TB016 exhibited minimal wear with residual 
thicknesses ranging from 225 mm (initial brick dimension) to 
190 mm. Furthermore, the RADEX TB016 bricks showed 
significantly less wear compared to the standard magnesia-
chromite bricks from another supplier used to line this area. 
Figure 11 shows the visual appearance of the outlet throat 
lined with RADEX TB016 during the campaign. The 

calculated wear rate of RADEX TB016 was 0.385 mm/hour, 
indicating a potential throat lifetime of up to 415 heats  
with this new grade, while maintaining a minimum safety 
thickness of 60 mm. Following the initial field trial, 
RADEX TB016 was successfully implemented in the inlet 
throat for a campaign of 104 heats, which ended according 
to the customer-defined process. 

(a)

(a) (c)(b) (d)

(b)

Figure 11. 
Images of the RH degasser outlet throat region lined with the RADEX TB016 at (a) 22 heats, (b) 34 heats, (c) 52 heats, and  
(d) 78 heats during the campaign.

Figure 12. 
(a) lining disassembly of the outlet throat region lined with RADEX TB016 enabling measurement of (b) the residual brick 
thicknesses that ranged from 190–195 mm.
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Conclusion

Magnesia-chromite bricks, incorporating increasing amounts 
of FMC as a substitute for sintered magnesia and chrome 
ore, were produced on a laboratory scale and 
comprehensively evaluated. In addition, the impact of two 
distinct GSDs on the various magnesia-chromite brick 
compositions was also assessed. The results indicated that 
regarding essential properties for magnesia-chromite brick 
applications, the addition of FMC enhanced these 
properties, underscoring the importance of rebonded 
magnesia-chromite bricks for various demanding 
applications. Furthermore, the other parameter investigated 
in this study demonstrated the potential for property 
enhancement not only through high-quality raw materials but 
also by optimising the GSD. Following extensive 
comparative analysis of numerous compositions during the 
developmental phase, composition D was chosen for plant 
trials with both the standard and new GSD. Although most of 
the properties measured for the bricks produced with both 
GSDs in the plant were better than the laboratory-scale 
equivalent, particularly notable improvements were observed 
with the new GSD. Consequently, composition D featuring 
the new GSD (i.e., RADEX TB016) was selected for field 
trials at six Brazilian steel plants in the RH degasser. 
Recently, trials at one customer were completed and 
showed excellent performance of RADEX TB016 in the 
outlet and inlet throats, with the potential to increase the 
RH degasser’s lifetime. In conclusion, the newly developed 
magnesia-chromite grade, RADEX TB016, further extends 
RHI Magnesita’s portfolio of high-performance refractory 
grades for RH degassers.

Return to Content
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Clean Steel Casting Technology
Refractories and flow control systems for clean steel casting are technology drivers because the demands on steel 
cleanliness are permanently increasing. Clogging and nonmetallic inclusions in steel not only contribute to 
additional costs but also have an impact on the continuous casting process due to product downgrades and 
increased scrap rates. Since low pressures and high turbulence during liquid steel transfer from the ladle to the 
mould create sources of potential contaminations, special solutions to minimise nonmetallic inclusion formation are 
required as well as efficient ways to remove them. This starts in the ladle with specialised purging plugs for 
improved inclusion flotation and ends in the continuous casting mould with modelling to optimise liquid steel flow. 
Furthermore, in between these two process steps there are refractory systems in the RHI Magnesita product 
portfolio that can contribute to maintaining high cleanliness of the liquid steel on its journey from a batch process 
in the ladle to the continuous casting operation in the mould. 

Introduction

The term “clean steel” is commonly used to describe steels 
with low levels of soluble elements (e.g., sulphur, 
phosphorous, nitrogen, oxygen, and hydrogen), residual 
elements (e.g., copper, lead, zinc, and magnesium), and 
above all to define steels with a low frequency of failure due 
to defects related to nonmetallic inclusions [1]. Both clogging 
and nonmetallic inclusions affect steel cleanliness and plant 
productivity in a negative way and in many cases these 
phenomena are interconnected. For example, clogging in 
the casting channel affects flow performance and reduces 
sequence length, while inclusions in the final product can 
lead to higher scrap rates or downgrading the cast steel. 
This not only has a negative impact on the conversion costs 
(Figure 1) but additional resources and energy are required 
when the steel must be reproduced due to high scrap rates. 
A fully integrated steel plant generates approximately two 
tonnes of CO2 (scope 1 and 2) per tonne of steel [2] and in 
regions with carbon pricing schemes the cost of these 
emissions is expected to increase, further exemplifying  
why the yield improvement of prime quality steel is so 
important.

Product Portfolio from the Ladle to the Mould

At the continuous caster, a sequence of ladles is poured  
into the tundish and converted into a continuous process. 
The liquid steel is then distributed to one or more strands 
where it solidifies in the mould. As shown in Figure 2, 
RHI Magnesita can offer all refractory consumables and flow 
control systems in the complete continuous casting domain.

Clogging and nonmetallic inclusions can form due to contact 
of the liquid steel with air, refractories, and slag; therefore, 
controlling these side reactions is key to casting clean 
steels. As low pressure and high liquid steel turbulence 
accelerate contact reactions (Figure 3), areas of low 
pressure need special solutions to protect the liquid steel 
from detrimental air ingress into the casting channel. This 
can be achieved by adopting innovative sealing, shrouding, 
and inert gas shielding approaches. On the other hand, high 
levels of turbulence can lead to unwanted refractory erosion 
and slag emulsification, which can be minimised by reducing 
and dissipating the turbulence using flow modifiers in the 
tundish and specially designed subentry nozzles for the 
mould.

Figure 1. 
Clogging and nonmetallic inclusions: Influencing factors on total conversion costs.
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Figure 2. 
Product portfolio from the ladle to the mould. 

Figure 3. 
Potential sources of steel contamination.

Systems and advanced technologies
• Argon management
• Gas purging closing system
• Slide gate mechanics
• Slag detection
• Stopper and mould level control
• Tundish gates and monotube changer

Refractories
• Inert gas purging plugs
• Well filler sand
• Slide gate plates and metering nozzles
• Tundish lining and functional products 
• Ladle shrouds, stoppers, and casting nozzles
• Mould powder and fluxes
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Ladle Operation

A key to clean steel casting is steel cleanliness in the ladle, 
which requires the temperature and nonmetallic inclusion 
load in the melt to be accurately controlled and every ladle 
in the casting sequence to be as reproducible as possible. 
This can be effectively achieved using inert gas purging with 
hybrid plugs [3], a technology that generates both the high 
gas flow rates required for rapid metallurgical treatment and 
melt homogenisation as well as fine bubbling for inclusion 
flotation while avoiding reoxidation at the meniscus. Using 
water modelling experiments it has been possible to 
determine the relationship between gas flow rates and 
bubble size for different inert gas purging plugs and visualise 
the high number of bubbles generated by hybrid plugs 
(Figure 4).  

The main features and benefits of hybrid plugs are:

• Multicomponent plug combining random and directional 
porosity.

• Excellent flow rate adjustability. 
• High volume of fine bubbles at low flow rates.
• 100% opening rate.

• Integrated safety indicator.
• Low service costs.
• Supports continuous and discontinuous operations as well 

as high ladle bottom lifetimes. 

An important challenge with inert gas purging is to control 
the bubble size distribution at low argon flow rates. 
Especially at the beginning of the gas purging process, a 
dense slag cover on the steel bath surface makes it very 
difficult for the operator to define the correct flow rate. 
Furthermore, if gas purging is excessive the formation of an 
open eye on the steel surface can create issues with 
unwanted reoxidation and the formation of nonmetallic 
inclusions.

To address this issue, RHI Magnesita has been investigating 
the vibrational patterns of different inert gas plugs as an 
approach to characterise gas purging behaviour. This is 
achieved by installing an acceleration sensor on the outer 
gas pipe of the purging plug and online analysis of the 
vibration signals using special fast Fourier transformation 
algorithms to generate the relative bubble size (i.e., bubble 
index) (Figure 5). The aim of this technology is that the 
bubble index will indicate to the operator the actual purging 

Figure 4. 
Hybrid purging plug performance visualised using water modelling experiments. (a) relationship between bubble size, bubble 
number, and gas flow rate and (b) comparison of a hybrid and slot plug.

Figure 5. 
Technological approach to characterise inert gas purging plug behaviour. 
(a) acceleration sensor on the outer purging plug gas pipe and (b) online 
analysis of the vibration signals.
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performance, even when the liquid steel surface is not 
visible during the purging process [4]. This technology will 
help to improve the consistency of inert gas purging control, 
also under different purging plug wear conditions. The main 
characteristics of this technology include:

• An acceleration sensor mounted on the purging plug  
gas pipe.

• The signal is digitised and converted into a frequency 
spectrum.

• An algorithm transforms the frequency spectrum into a 
bubble index.   

• The relative bubble size distribution can be visualised.
• Purging plug performance can be optimised.

Ladle to Tundish Transfer

With steel transfer from the ladle to the tundish, a batch 
operation becomes a continuous process. To maintain an 
almost constant steel level in the tundish, a slide gate 
mounted on the ladle bottom controls the quantity of liquid 
steel flowing through the ladle shroud into the tundish. Due 
to the negative pressure below the throttling of the ladle gate 
system, a strong pressure drop occurs in the steel stream 
[5]. 

A typical setup for the new automation-ready gate is shown 
in Figure 6 [6,7]. This INTERSTOP SX ladle gate system 
provides not only excellent operational performance, but an 

improved cost benefit compared to other gate systems. 
Furthermore, the system can be upgraded at any time with 
various technical features including:

• Electromagnetic slag detection system (EMLI) to minimise 
ladle slag carryover.

• Casting cylinder with automation-ready media couplers.
• Robotic handling system for safe ladle gate operations.
• Shielded shroud connection (SSC) systems to minimise 

air aspiration into the casting channel.
• Advanced automatic tundish level control (TLC) for 

smooth operation.

Furthermore, as refractories such as ladle slide gate plates 
must resist extremely high thermal shocks due to cold starts, 
RHI Magnesita offers a wide range of high-performance 
grades that are appropriate for different gate systems and 
plate sizes [8].

The main purpose of a ladle shroud is to avoid steel 
oxidation during its transfer from the ladle into the tundish. 
High turbulences in the casting channel, which are created 
by high ferrostatic pressure and severe slide gate throttling 
practise, require special refractory solutions. In order to 
avoid erosion and potential holing in the steel impingement 
area of the ladle shroud, a high erosion resistant inner liner 
is required. Such a reinforcement liner concept is often 
necessary for big slab caster reverse taper or bell shrouds.

INTERSTOP SX Ladle Gate

Advanced automatic tundish 
level control (TLC) Shielded shroud connection (SSC) 

system—fully sealed and  monitored 
connection 

Robotic handling of the 
casting cylinder for safe and 

reliable connections

Casting cylinder with 
integrated media coupling

EMLI ladle slag detection—
controlled slag carryover from 

the ladle to tundish

Figure 6. 
New automation-ready INTERSTOP SX ladle gate system.
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When opening the steel flow with a new ladle, an immersed 
opening ensures avoiding reoxidation of the steel stream. In 
addition, it reduces the risk of tundish cover powder 
emulsifiaction. Such shrouds, due to their longer shape and 
bigger exit diameters (to avoid blow-back), are approximately 
50% heavier than standard shrouds (Figure 7). 

Thermomechanical stresses, which can result from the ladle 
shroud contact to the collector nozzle, need special 
refractories reinforced with metal cans to ensure safe and 
reliable operation with minimal nitrogen pickup [9]. Typical 
shrouds with a reinforced throat and inner liner are shown in 
Figure 7. The key features and benefits of high-performance 
ladle shrouds include:

• Immersed opening possible for bell and reverse  
taper shrouds.

• Very good thermal shock resistance for cold starts.
• Resistance against high manipulator upthrust forces.
• Metal can support.
• Argon shielding possible.
• Less transition slabs.
• Outstanding oxidation resistance in the throat for  

oxygen lancing.
• Wear-resistant liner.
• Slagline reinforcement possible.

In addition to the above-mentioned topics, sealing and inert 
gas shielding at the ladle shroud connection to the collector 
nozzle are important [10]. Although different design solutions 
for sealing and shielding are available to ensure stable and 
safe operation, during process improvements sealing must 
be regarded as the first priority and shielding as the second.

Tundish Operation

When steel flows through the ladle shroud into the tundish, 
the turbulent kinetic energy needs to be dissipated to avoid 
refractory wear and the direction of steel flow must be 
optimised to improve residence time and inclusion flotation. 
Furthermore, the steel flow needs to be controlled to feed all 
strands with the same steel quality and temperature. 
Simulation tools like water modelling in combination with 
computational fluid dynamics enable different TUNFLOW 
impact pots to be designed for the required tundish 
geometry and throughput (Figure 8). These shapes need to 
be customised to achieve maximum performance and the 
lowest conversion costs during tundish operation [11,12]. In 
summary, the advantages of TUNFLOW impact pots are: 

• Designed to the customer’s requirements using  
state-of-the-art simulation technologies.

• Barriers to eliminate kinetic energy.
• Design to promote plug flow.
• Support the flotation of nonmetallic inclusions by 

enhancing residence time and flow direction.
• High anti-splash properties.
• Reduced slag emulsification.
• Less surface turbulence and reoxidation.
• Cold start capabilities.

Figure 7. 
High-performance ladle shrouds.

Figure 8. 
(a) computational fluid dynamics to examine tracer concentration in the tundish and (b) TUNFLOW designs.
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Additional refractory advances in the tundish area include 
energy-saving lining technologies that reduce the CO2 
footprint due to a decreased gas consumption for heat-up 
procedures, such as sol-bonded mixes for the permanent 
lining and cold-setting (i.e., self-hardening) wear lining  
mixes (see page 68). Besides the environmental and energy 
saving benefits, the self-hardening mixes (e.g., ANKERTUN 
SH) result in faster relining and better availability of the 
tundish fleet [13,14]. 

In addition to TUNFLOW impact pots and tundish lining 
using energy-saving mixes, thermodynamic simulations 
(e.g., FactSage) can be used to optimise steel/refractory/
tundish slag interactions for minimum steel contamination. 
As a result of combining all these approaches, the overall 
cost per tonne of cast steel can be reduced.

INTERSTOP’s new slide gate systems for tundish operation 
incorporate sealed housing and inert gas purging to avoid 
air ingress at the junction between the plates. This 
development not only results in improved steel cleanliness, 
less clogging, and increased sequence length, but also 
widens the product portfolio [15]. Furthermore, for slab 
casters an integrated monotube changer provides additional 
safety and the possibility for long sequence casting. Very 
important features to achieve stable mould level 
performance are (Figure 9):

• Accurate regulation of the cylinder and slide gate.
• Advanced mould level control system and sensors.
• Controlled argon feeding for the gate system and casting 

channel.
• Wear-resistant refractory shrouding system.

All these components can be assembled according to the 
special needs and requirements.

Argon Purged Stoppers for Slab Casting

Argon purged stoppers are widely used for casting Al-killed 
steel grades to minimise nonmetallic inclusions precipitating 
on the casting nozzle inner surface. However, as 
nonhomogeneous argon bubble injection has been shown to 
result in severe mould level fluctuations and contribute to 
surface defects, the Slot Hole Plug (SHP) stopper nose 
design was developed (Figure 10) [16,17]. In addition to 
reducing sliver defects on the slab surface, the SHP stopper 
technology results in a stable gas feed and fine bubble 
distribution to capture inclusions whenever they flow into the 
casting channel. This even distribution of fine bubbles 
reduces mould level perturbations caused by unwanted 
bubble bursting effects on the steel meniscus in the mould 
and flow pattern changes from bubbly- to slug-flow can also 
be minimised with improved argon purging strategies. Ultra 
low carbon (ULC) steel grades have been shown to benefit 
the most from using the SHP argon stopper technology.

Figure 9. 
Sealed tundish slide gates for billet, bloom, and slab casters.

INTERSTOP STG33 
for beam blank and 

slab

INTERSTOP STG13 
for billet and bloom 

Advanced automatic mould 
level control (MLC) Modular Inert gas control system 

for precise flow regulation and 
monitoring

Slab casting—integrated 
monotube changer for 

extended sequences and 
precise mould flows

Precise regulation due to 
play-free connection of the 

cylinder to slide gate

Argon bath principle for fully 
sealed steel flow
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High-Performance Refractories for Anticlogging

In addition to the aforementioned high-performance systems 
and refractories available from RHI Magnesita for clean steel 
applications, clogging in the casting channel can be further 
minimised by:

• Combining argon purged refractories. For example, using 
the direct purging mononozzle technology in combination 
with an argon purged stopper (Figure 11) [18].

• Incorporating special liners with anticlogging properties in 
the inner bore of casting nozzles (Figure 12) [19,20].

Conclusion

The formation of nonmetallic inclusions and refractory 
clogging during steelmaking have detrimental effects on 
steel cleanliness and conversion costs. Therefore, 
RHI Magnesita has developed a comprehensive portfolio of 
flow control systems and refractories for clean steel casting.  
Using state-of-the-art equipment, a range of products has 
been designed showing excellent thermomechanical 
properties and corrosion resistance required for demanding 

Figure 10. 
Comparison of a standard and SHP stopper for argon purging. 

Figure 11. 
(a) direct purging mononozzle and (b) combining an argon purged stopper and the direct purging mononozzle technology.

Figure 12. 
Cut products showing an anticloggging inner liner in the bore.

(a) (b)

Standard SHP stopper

Ring slot at the nose

Homogeneous argon 
bubble population in the 
casting nozzle
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applications. In addition, optimising numerous operational 
parameters in the continuous casting process can also 
contribute to steel cleanliness and less clogging, such as 
improving the refractory preheat cycle, product installation, 
casting nozzle design [21–23], and sealing the gas feeding 
lines [10]. Overall, an optimum result can only be achieved 
by trying to address all influencing factors summarised in 
this article [24]. Factfinding plays a key role in identifying the 
highest potentials for improvement in the process chain from 
the ladle to the mould. Furthermore, customising solutions 
available in RHI Magnesita's portfolio can contribute to 
metallurgical and process advances, leading to a more 
efficient operation that includes energy savings and a 
reduced CO2 footprint.
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Sustainable Tundish Lining—Reducing 
Energy Consumption and CO2 Emissions 
While Achieving Cost Savings
As the most relined vessel in a steel plant, the tundish can be very time-consuming and work-intensive regarding 
lining frequence, drying, and preheating. Therefore, when it comes to the modern tundish lining, it is important to 
supply refractory products that are cost-efficient, time saving, as well as sustainable. In this regard, the combination 
of sol-bonded permanent linings and cold-setting wear linings are state-of-the-art for tundish applications because 
these refractories not only enable a reduction of the CO2 footprint and energy consumption, but also the possibility 
of faster lining installation requiring less manpower. Additional environmental benefits are also possible by 
switching the primary raw materials to a more local source or even substituting a proportion with recycled 
materials. This paper provides a description of RHI Magnesita’s sustainable tundish lining recommendations, 
including case studies that exemplify the achievable savings that support green steel production.

Introduction

With respect to sustainability and cost efficiency, CO2 
emission reduction, energy consumption as well as CO2 
emission allowance and energy costs are becoming 
increasingly more important, with both the steel and 
refractory industries challenged to achieve change. This 
article focuses on the tundish, as the most relined unit in the 
steel plant, to demonstrate how RHI Magnesita products 
decrease energy consumption and CO2 emissions and how 
this translates into cost benefits for the customer.

In continuous casting, the tundish serves as a reservoir for 
distributing molten steel to the moulds while also fulfilling 
essential metallurgical functions. The vessel comprises a 
steel shell and anchors, with an insulation layer, permanent 
lining, and wear lining (Figure 1). In this article refractories 
for the permanent lining are described that highlight the 

multiple advantages of using sol-bonded castables for this 
application, including energy savings. Furthermore, the 
various wear lining approaches are reviewed with a focus on 
cold-setting (i.e., self-hardening) mixes, which also provide 
benefits including reduced CO2 emissions through a 
decreased gas requirement and increased tundish 
availability. 

To quantify the savings that can be achieved by adopting 
sol-bonded and cold-setting mixes, trials were conducted in 
various steel plants to determine the gas and CO2 emission 
allowance costs per tonne of installed refractory mix. 
Prompted by the substantial natural gas price increases that 
started in 2021, the case studies presented in this article 
using 2024 gas and CO2 emission allowance costs clearly 
demonstrate the advantages of using sol-bonded and  
cold-setting mixes. 

Figure 1. 
Schematic of the various layers in a tundish, detailing different options for the insulation, permanent lining, and wear lining.
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Tundish Permanent Lining

Typically known as the permanent or safety lining, this 
refractory layer is the last defence to prevent a breakout of 
liquid steel through the tundish steel shell; therefore, the aim 
is to minimise any wear and keep it in operation for as long 
as possible. Ideally, and with appropriate maintenance 
practices, the lifetime can be extended to years. Currently, 
the most commonly used refractories for the permanent 
lining are hydraulically bonded low cement castables (LCC), 
which are mainly composed of mullite-rich raw materials or 
bauxite. 

For a standard LCC, 7% water is added during mixing and 
the castable is applied using a template equipped with 
vibrators. During processing the water reacts with calcium 
aluminate phases to form hydrates, which result in the 
necessary bonding and the template can be removed after 
dimensional stability has been reached (~24 hours). For safe 
operation and to prevent a vapour burst the added water 
must then be removed. Since the undried cement-bonded 
castable is dense and has low gas permeability, the first 
heat up must be performed very carefully and slowly so 
initially the physically bonded water can evaporate, followed 
by release of the chemically bonded water with increasing 
temperature [1]. For a 150 mm thick permanent lining, this 
time- and energy-consuming drying can take ~55 hours, with 
a stepwise temperature increase to 600–700 °C (Figure 2a). 

Renowned for their easy and fast heat-up procedure,  
sol-bonded mixes are a sustainable alternative for the 
permanent lining. Processed in a similar manner to LCCs, 
the binder is added during the mixing procedure in the form 
of a liquid sol (i.e., DIVASIL) that contains nano-sized silica 
particles [1]. As with LCCs, sol-bonded castables can be 
applied using a template equipped with vibrators, although 
free-flowing and gunnable versions are also available for 
additional flexibility. After setting, water in the sol-bonded 
mix is not chemically bonded and as a result the main water 
component in the gel structure is easily removed at very low 
temperatures. A comparison of the vaporisation rates for a 
sol-bonded mix and a LCC is shown in Figure 3. This 
thermogravimetric analysis clearly shows that the sol-
bonded mix reaches zero vaporisation at 100–110 °C while 
the LCC does not release all the water until 450 °C. In 
addition, the pore size distribution of sol-bonded castables 
results in a high permeability even at low temperatures, 
which further facilitates dehydration. As a result, the drying 
time of a 150 mm thick sol-bonded lining can be reduced to 
~20 hours (see Figure 2b), increasing tundish availability 
and decreasing gas demand. There is also an option to 
avoid any gas consumption by using alternative heat 
sources such as electric drying. 

Figure 2. 
Recommended drying procedure for a 150 mm thick (a) LCC 
and (b) sol-bonded mix. The temperatures refer to the tundish 
chamber (e.g., castable surface). 

Figure 3. 
Vaporisation rates of a sol-bonded mix and LCC determined 
using thermogravimetric analysis [1]. 
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In summary, the main advantages of sol-bonded mixes 
include:

• Fast and easy heat-up procedure.
• Decreased gas demand for drying and the associated CO2 

emission reductions.
• Option for drying with green electricity.
• Increased tundish availability.
• Various application methods (i.e., vibrating, self-flowing, 

and gunning mixes).
• Longer shelf life than LCCs as the dry mix does not 

contain binder.
• Reduced sensitivity to incorrect dosing of the mixing liquid.
• Higher refractoriness compared to equivalent LCCs.
• Longer operational lifetime than LCCs. 

There is a wide range of sol-bonded mixes available from 
RHI Magnesita and the positive experiences regarding 
performance, installation, and handling over the years have 
resulted in their increasing application in diverse areas by 
multiple industries (e.g., steel, cement, and nonferrous). 
Table I details the chemical composition and main raw 
materials of three sol-bonded castables recommended for 
the tundish permanent lining.

Tundish Wear Lining

To withstand casting sequences that can be over 100 hours, 
the alumina silica based permanent lining is protected by a 
sacrificial basic refractory wear lining. Unlike the permanent 
lining, the wear lining is directly exposed to various chemical 
and thermomechanical wear mechanisms during steel 
casting (e.g., from slags and cover powders). Consequently, 
it must be removed after use (via deskulling or tilting) and 

replaced. Over the last decades, three main technologies 
have become the industrial standard for wear lining 
applications, namely: 

• Slurry gunning mixes.
• Dry-setting mixes.
• Cold-setting mixes.

As the most conventional type of wear lining, slurry gunning 
mixes require ~20–35% water content to reach a pumpable 
consistency. After continuous water addition, the wet mix is 
conveyed to a collecting hopper and then pumped through a 
hose to the nozzle. Compressed air, injected directly at the 
front end of the spraying nozzle, propels the mix towards the 
target area (e.g., tundish wall). Characterised by their broad 
flexibility in terms of the desired lining thickness, slurry 
gunning mixes are still the primary tundish wear lining mix 
type used in most steel plants. Due to the relatively high 
water addition, a drying process is crucial prior to steel 
casting, which can take place at a controlled drying station 
in ~3–5 hours. To decrease or even eliminate this drying 
step, RHI Magnesita developed the FAST TO CAST gunning 
mixes [2].

Dry-setting and cold-setting mixes are widely used 
alternatives to slurry gunning mixes. For dry-setting mixes, 
the dry mix is filled into a gap between the template and the 
permanent lining. During curing at 200–300 °C, the organic 
or inorganic binders are thermally activated and result in a 
stable wear lining after ~1–2 hours of total preparation. In 
contrast, cold-setting mixes are applied via a continuous 
mixing machine, for example the ANKERTUN CS machine 
shown in Figure 4, whereby the addition of 1–3% water 
initiates a chemical cold-setting reaction. Simultaneously, the 

Table I. 
Examples of sol-bonded castables for the tundish permanent lining.

Figure 4. 
ANKERTUN CS machine. 
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mix is filled into a gap between a vibratable template and the 
permanent lining. After approximately 30–60 minutes the mix 
hardens without further actions, such as temperature 
treatment. After template removal, a cold-setting lining can be 
used directly for steel casting as the added water is already 
at a reasonably low level. Since no drying or preheating 
cycles must be applied to cold-setting tundish linings, the 
total gas consumption and associated CO2 emissions can be 
reduced to a bare minimum. 

Cold-setting mixes can be defined as mixes that set or 
harden at room temperature without any external heat, as a 
result of starting a chemical reaction during the mixing 
process. Typically, this is achieved by using either a two-
component binder system based on the well-known reaction 
of liquid sodium silicate with a hardener or the patent 
protected self-hardening (SH) system where only minimal 
water is required to activate binding. For the wear lining case 
study examples in this article, the focus is on ANKERTUN SH 
mixes as they represent an environmentally friendly,  
state-of-the-art tundish lining solution where the liquid 
additive is free of chemicals. 

The SH binder consists of a solid acid component, in 
combination with a solid inorganic basic material. This SH 
binder is mixed with the desired refractory raw materials 
(e.g., sintered magnesia and olivine) in a dry state before 

delivery to the customer. During application at the customer 
and due to the slight water addition, the SH binder forms a 
metal-organic complex leading to the formation of binder 
bridges with the refractory material. At this stage the water is 
in a nonchemically bonded form and can easily evaporate 
from the lining at ambient temperature [3]. The chemical 
composition and main raw materials in commonly used 
ANKERTUN SH wear lining grades are detailed in Table II.

Principally, the benefits that can be achieved by using 
ANKERTUN SH mixes and the ANKERTUN CS machine 
are:

• Minimised total lining time compared to other 
technologies.

• Setting without an external heat supply.
• Reduced energy consumption and the associated  

CO2 emissions.
• Increased tundish availability.
• Easy application and working conditions.
• Minimal material waste.
• Minimal cleaning effort due to the machine’s automatic 

cleaning mode.
• Nontoxic, phenol and silica free binding agents.
• Only water required—no storage and handling of other 

liquids.
• Cold start practice possible.

Table II. 
Examples of ANKERTUN SH mixes recommended for the tundish wear lining. 
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Tundish Lining Case Studies—Combining Cost 
Efficiency and Sustainability 

Gas costs and CO2 emission allowance prices

In 2021, natural gas prices increased dramatically due to 
various reasons such as the Ukraine war [4]. As this energy 
source is primarily used to dry tundish linings and preheat 
the vessel, the case studies described in this section were 
initiated to accurately determine the financial benefits that 
can be achieved using sol-bonded and cold-setting 
ANKERTUN SH mixes. Despite the recent decline in gas 
prices, for example in Europe (Figure 5), the studies clearly 
show the cost savings that can be achieved per tonne of 
installed refractory with these lining technologies as well as 
the reduced susceptibility to future fuel price volatilities. 
Additionally, as approximately 2 kg of CO2 are emitted for 
every cubic metre of gas consumed [5], the reduced gas 
consumption also has a positive environmental impact as 
well as an economic advantage in regions with carbon 
pricing schemes. As the European Union Emission Trading 
System (EU ETS) is the world’s first and largest carbon 
market [6], the EU CO2 emission allowance price was used 
to calculate the monetary implications. Although this 
allowance price has fluctuated during the last years 
(Figure 6), since the EU ETS is based on a “cap and trade” 

principle, CO2 allowance costs are predicted to increase 
over time and become even more relevant regarding these 
types of cost calculations. For the studies, April 2024  
natural gas and CO2 allowance prices of €26.2/MWh and 
€61.1/tonne CO2, respectively, were used. 

Permanent lining comparison

For the permanent lining case study, three customers were 
selected to compare the costs associated with drying either 
LCC or sol-bonded linings. The maximum drying 
temperature and time, tundish capacity, as well as the 
amount of mix per lining at each customer are provided in 
Table III. In the case of customer C, a direct comparison 
could be made as the lining technology was recently 
changed from LCC to sol-bonded mixes. Regarding gas 
consumption, it is important to state that the equipment for 
tundish lining is often on the same gas loop as the ladle 
preheating stands or other gas consuming equipment. 
Therefore, the gas consumption for the lining drying was 
measured indirectly and it was necessary to make certain 
assumptions for any missing customer data, including 
whether the equipment was new or old as well as the 
tundish dimensions and lining thickness. Using this 
approach, figures for the specific gas consumption  
(m3/tonnerefractory) to dry the permanent lining were 

Table III. 
Details of the permanent lining type, maximum drying temperature and time, tundish capacity, and amount of installed refractory 
for the three customers. 

Figure 5. 
Natural gas price (€/MWh) development in Europe (Netherlands) 
[7].

Figure 6. 
CO2 emission allowance price (€/tonne CO2) development in 
Europe [8].

2016 2018 2020 2022 2024 2016 2018 2020 2022 2024

350

300

250

200

150

100

50

0

120

100

80

60

40

20

0

Na
tur

al 
ga

s p
ric

e 
[€/

MW
h]

CO
2 e

mi
ss

ion
 a

llo
wa

nc
e 

pr
ice

 [€
/to

nn
e 

CO
2]

Year Year



Bulletin  –  2024 73

determined that show sol-bonded mixes required 
significantly lower amounts of gas (Figure 7). For example, a 
gas saving of 70% was achieved at customer C by changing 
from LCCs to sol-bonded mixes and there is the possibility 
to further decrease this by optimising the drying curve, as 
illustrated by customer B. In this case, after improving the 
drying schedule at customer B, an 86% lower specific gas 
consumption was achieved compared to customer A using 
LCCs, although the amount of mix installed per lining was 
similar.

To determine the financial implications, the emitted CO2, as 
well as the gas and CO2 emission allowance costs per tonne 
of installed refractory were calculated from the specific gas 
consumption (Table IV). A value of 0.0105 MWh/m3 was 
used to convert the gas consumption (m3) to MWh. These 
results indicate that ~€45/tonnerefractory can be saved by 

changing the permanent lining from a LCC to a sol-bonded 
mix (Figure 8), as well as a time saving of 60 hours in the 
case of customer C. 

Wear lining comparison

In the wear lining case study, the focus was on  
comparing traditional slurry gunning with the cold-setting 
ANKERTUN SH mixes. Two of the customers selected were 
also part of the permanent lining evaluation, while the third 
customer D provided a direct comparison of the lining 
technologies as both mix types are used in this steel plant. 
Details of the wear lining type, maximum drying temperature, 
maximum preheat temperature, tundish capacity, and 
amount of installed refractory for the three customers are 
given in Table V. The gas consumption for drying the slurry 
gunning wear linings and preheating the tundishes was 

Table IV. 
Specific gas consumption, emitted CO2, as well as the specific gas and CO2 emission allowance costs (€/tonnerefractory) at the 
different customers. 

Table V. 
Details of the wear lining type, maximum drying temperature, maximum preheat temperature, tundish capacity, and amount of 
installed refractory at the different customers. 

Figure 7. 
Specific gas consumption (m3/tonnerefractory) required to dry 
LCCs and sol-bonded (SOL) permanent linings at the different 
customers. 

Figure 8. 
Comparison of the specific gas and CO2 emission allowance 
costs (€/tonnerefractory) resulting from drying LCCs and sol-
bonded (SOL) permanent linings at the different customers.
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directly measured as it was possible to ensure that no other 
equipment on the same gas line was concurrently in 
operation. Figure 9 shows that a >40% specific gas 
consumption saving was achieved with the ANKERTUN SH 
mixes, as no lining drying step was required and the 
preheating time was slightly shorter than for slurry gunning 
mixes. Following calculation of the emitted CO2, and gas 
and CO2 emission allowance costs per tonne of refractory 
(Table VI), potential savings ranging from €40/tonnerefractory 
up to €90/tonnerefractory were determined for ANKERTUN SH 
mixes, depending on the specific preheat practice 
(Figure 10). Furthermore, since it is possible to use the 
ANKERTUN SH mixes with a cold start practice at the 
caster, the specific gas consumption and financial savings 
can be considerably more.

In conclusion, the case studies show that sol-bonded and 
ANKERTUN SH mixes can significantly reduce the specific 
gas consumption required in the tundish area for drying  
and preheating, thereby providing both financial and 
environmental benefits. Furthermore, since certain steps 
during the tundish turnaround cycle are shorter or can be 
eliminated, tundish availability is also increased by using 
these refractory technologies. For example, comparison of 
typical time schedules for slurry gunning and ANKERTUN 
SH mixes, from wear lining installation to transfer to the 
casting platform, show that 210 minutes can be saved using 
ANKERTUN SH mixes (Table VII), with additional time 
savings possible from implementing a cold start practice.

Table VI. 
Specific gas consumption, emitted CO2, as well as the specific gas and CO2 emission allowance costs (€/tonnerefractory) at the 
different customers. 

Table VII. 
Time schedule comparison of slurry gunning and ANKERTUN SH mixes from wear lining installation to crane transfer to the caster [9].

Figure 9. 
Specific gas consumption (m3/tonnerefractory) required to dry and 
preheat tundishes lined with slurry gunning (SG) mixes and 
ANKERTUN SH mixes at the different customers.

Figure 10. 
Comparison of the specific gas and CO2 emission allowance 
costs (€/tonnerefractory) resulting from drying and preheating 
tundishes lined with slurry gunning (SG) and ANKERTUN SH 
mixes at the different customers. 
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Tundish Mixes—Additional Decarbonisation Initiatives  

Greenhouse gas (GHG) emissions, such as CO2, are 
subdivided into three categories [10]:

• Scope 1: Direct emissions of an organisation (e.g., fuel 
combustion).

• Scope 2: Indirect emissions of an organisation directly 
associated with the provision of energy (e.g., emissions 
from a coal electricity power plant).

• Scope 3: Indirect emissions upstream or downstream of 
an organisation (e.g., purchased raw materials and third-
party transport).

In the case of sol-bonded and ANKERTUN SH mixes, the 
decreased natural gas consumption directly impacts scope 1 
emissions at the steel plant. However, there are additional 
decarbonisation initiatives that enable scope 3 emissions to 
be tracked and decreased.  

Product carbon footprint and recycling

In line with RHI Magnesita’s corporate climate strategy, it 
was decided to create 100% transparency regarding the 
GHGs emitted during refractory production. Therefore, the 
product carbon footprint (PCF) of our products is calculated 
in accordance with the principles of ISO 14067 and 
disclosed on the technical data sheets (Figure 11). The PCF 
covers all GHG emissions from upstream sources and the 
direct manufacturing of a product (i.e., cradle-to-gate) [10], 
enabling customers to make purchasing decisions based on 
this sustainability criterion. Furthermore, RHI Magnesita is 
committed to reducing the GHG intensity of its products by 
becoming more circular and using recycled raw materials. 
This has resulted in the tundish mix portfolio including 
grades that contain appropriate amounts of circular raw 
materials, which have a decreased PCF while maintaining 
the required performance. 

Local-for-local

With a global network of 47 main production sites, 
RHI Magnesita follows a local-for-local strategy by using 
production facilities located as close as possible to the 
customer. This translates into scope 3 benefits, as third-
party transport to the customer can be minimised. In 
addition, by operating our own raw material production sites 
across several continents, the uncertainties and volatility of 

raw material supply and price fluctuations can be mitigated. 
However, when considering raw materials for tundish wear 
mixes, local raw material sources can differ from standard 
raw materials available on the world market (Table VIII). To 
establish the most cost efficient and sustainable usage at 
the customer, the local raw material compositions must be 
considered and the grades optimised for individual customer 
applications. This might lead to rethinking well-known 
standard concepts based on Chinese raw material sources, 
opening up the possibility to use high-quality local raw 
materials with slightly different chemical compositions and 
colours.

Figure 11. 
Technical data sheet detailing the product carbon footprint.

Table VIII. 
Comparison of the chemical composition of different locally produced RHI Magnesita magnesia raw materials with Chinese dead 
burned magnesia (DBM) available on the world market. 
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Conclusion

RHI Magnesita is committed to sustainability, which includes 
developing decarbonisation initiatives for our customers [11]. 
This article presents case studies that demonstrate CO2 
emission reductions and cost savings can be achieved in the 
tundish area by adopting permanent and wear lining 
technologies that require less drying and preheating. For 
example, by changing the permanent lining refractory at a 
customer from a LCC to a sol-bonded mix, the drying time 
was reduced by 60 hours and the natural gas consumption 
was decreased by 70%. At current gas prices this translates 
to a financial saving of ~€30/tonnerefractory. However, in 2022, 
when the average gas price in the Netherlands was  
€133.5/MWh (see Figure 5), this would have equated to a 
saving of ~€160/tonnerefractory. Furthermore, in regions with 
carbon pricing schemes, additional costs savings can be 
achieved due to the corresponding decrease in CO2 
emissions, which at a current allowance price of €61.1/tonne 
CO2 equates to a further ~€14/tonnerefractory for the customers 
using sol-bonded mixes.  

The wear lining case studies show that by changing the 
lining method from slurry gunning to cold-setting 
ANKERTUN SH mixes it is possible to achieve gas costs 
savings of ~40–55% per tonne of installed refractory, with 
additional financial benefits in the same range due to 
reduced CO2 emission allowance costs. Furthermore, even 
higher savings are possible by optimising the preheating 
schedule or using a cold start practice. Using the figures 
determined for customer D, who is currently using both wear 
lining technologies in parallel, it was calculated that annual 
gas and CO2 emission allowance savings of €53655 and 
€23817, respectively, can be achieved using the 
ANKERTUN SH mix, considering 3.5 tonnes of mix per 
lining and 500 lining per year, with additional process 
efficiency improvements due to the decreased time between 
wear lining installation and transfer to the casting platform. 
In addition, there are supplementary approaches customers 
can take to reduce their CO2 footprint related to the tundish, 
which include taking advantage of lining mixes that contain 
recycled materials and have a reduced carbon footprint as 
well as the local-for-local strategy using our high-quality raw 
materials.

Return to Content
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Development and Application of a 
Computational Fluid Dynamics Model to 
Study Slag Freeze Lining
Freeze lining (FL), a protective layer of solidified slag, holds significant economic value in industrial processes. It 
protects furnaces and refractory linings from corrosive molten slag and acts as a thermal barrier to minimise energy 
consumption. To improve our understanding of FL formation, an international collaboration was established. It 
united academic researchers from the Universities of Leoben (Austria) and Leuven (Belgium) with industry partners 
RHI Magnesita and Aurubis-Beerse. This collaborative effort has led to the development of a novel computational 
fluid dynamics (CFD) model capable of simulating FL formation across various applications. Extensive validation 
confirmed the model’s robustness and versatility. This model provides a solid foundation for further fundamental 
research on FL formation and paves the way for more efficient and cost-effective industrial processes.

Figure 1. 
(a) schematic of finger experiment, (b) simulation results 
showing the slag solid fraction distribution, indicating the FL 
shape (dark red) development over time, and (c) comparison of 
the experimental results and simulation results of the FL 
thickness development over immersion time.

Introduction

In the high-temperature world of pyrometallurgy, furnaces 
often rely on a self-forming protective layer called freeze 
lining (FL). FL technology has proven successful in various 
industrial processes, including copper, lead, and ilmenite 
smelting, zinc fuming, aluminium production (Hall-Heroult 
process), and in steelmaking [1–7]. However, despite its 
proven industrial importance, the mechanisms governing FL 
formation are not fully understood. While laboratory 
experiments have provided valuable insights into FL 
microstructure development and growth characteristics, 
current models haven't been able to comprehensively 
capture these findings. To bridge this gap, a collaborative 
research project was undertaken to develop a computational 
fluid dynamics (CFD) model framework capable of 
simulating FL formation based on prevalent knowledge. The 
model was validated against a laboratory experiment (i.e., 
finger experiment) and industrial processes (i.e., electric 
smelting furnace and slag fuming furnace).

Model Validation Through Finger Tests

To analyse FL formation under controlled conditions, a 
laboratory experiment, also known as the finger experiment, 
was conducted at KU Leuven (Figure 1a). This experiment 
involved introducing a gas-cooled probe into a slag bath, 
inducing FL formation that grew outward from the probe's 
surface over time. The crucible containing the slag could be 
set to static (natural convection) or rotating (forced 
convection) conditions. During the experiment, the slag bath 
temperature before and during probe immersion, FL 
thickness over time, and heat fluxes were monitored. The 
CFD results of the equivalent experimental setup are 
illustrated in Figure 1b and depict the simulated solid fraction 
distribution (fs) at three different moments during immersion 
of the probe into the slag and the FL shape evolution over 
time. The colour gradient varies from dark blue for the 
molten slag (also set as transparent in the outer regions), 
transitioning to a mushy zone (partially solidified slag), and 
ending with dark red for fully solidified slag (FL). Figure 1c 
compares the evolution of the measured FL thickness with 
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the simulation results and demonstrates a good quantitative 
agreement. This validation confirmed the model's accuracy 
in a controlled environment.
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Industrial Application

Electric smelting furnace

This case represents an industrial electric smelting furnace 
for the smelting of nickel matte. The furnace is equipped 
with six electrodes. A schematic of the cross-sectional view 
of the furnace (through one of the electrodes) is shown in 
Figure 2. During operation, the electrical energy for smelting 
the feed is generated by joule heating as the electric current 
passes between the carbon electrodes and the molten slag 
bath. After the furnace is charged with the feed, the process 
produces both slag and a denser nickel-rich layer called 
matte, which settles at the bottom due to its higher density. 
The furnace walls incorporate a cooling system (e.g., water-
cooled panels) that promotes the FL formation on the interior 
surface of the furnace/refractory.

A crucial aspect of modelling the electric smelting furnace 
involves establishing a valid global energy balance within 
the furnace. This balance must consider all relevant heat 
transfer mechanisms occurring during the smelting process. 
To capture these mechanisms, several energy source terms 
were incorporated. These terms account for the input power 
from the electrodes, heat generated from matte production, 
heat dissipated by the cooling system, heat dissipated by 
the presence of the feed, and latent heat released during FL 
formation.

Figure 3 presents the simulation results obtained after 
reaching a steady state. This means that a thermal balance 
was achieved in the system. Due to symmetry in the 
furnace, only one section containing half of one electrode is 
considered in the model. Figures 3a–3c show the 
temperature distribution in the section considered, the 
temperature distribution in a 2D plane intersecting the 
electrode, and the velocity distribution in a similar 2D plane. 
The inset in Figure 3a highlights the FL layer formed on the 
water-cooled wall (black vertical rendering), while the 
horizontal black rendering corresponds to the solid feed. 
Figure 3b confirms that the slag temperature is higher closer 
to the electrode and decreases with distance. This provides 
the driving force for natural convection in the molten slag. 
Figure 3c shows an anticlockwise flow pattern in the slag 
region driven by joule heating. The maximum velocity is 
approximately 0.05 m/s. These results agree with the plant 
data reported [9]. The vertical black structure illustrated in 
the inset of Figure 3a confirms the presence of a FL layer on 
the water-cooled wall. The results go beyond validating FL 
formation; they demonstrate the successful integration of 
key physical phenomena into the model's framework.  

(a)

(b) (c)
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Freeze lining Slag

Matte

FeedCooling 
system

Figure 2. 
Cross-sectional view of the electric smelting furnace for 
smelting nickel matte. The freeze lining location is highlighted.

Figure 3. 
Steady-state simulation results of (a) temperature distribution in a section of the domain with an inset showing black rendering 
corresponding to the FL layer on the water-cooled wall predicted by the model and the feed, (b) temperature distribution with 
isotherms in a 2D plane intersecting the electrode, and (c) velocity distribution with velocity vectors in a 2D plane intersecting the 
electrode [8]. 
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The simulations revealed a critical dependence of the FL 
layer on heat transfer terms. Notably, variations in feed size 
were clearly associated with different FL thicknesses. 
Therefore, an accurate estimation of the thermal effect of the 
feed is critical and must be considered in the global energy 
balance calculations of the furnace.

Fuming furnace

Aurubis-Beerse operates a zinc recovery process called slag 
fuming (Figure 4). This innovative technique recycles zinc 
from various industrial waste materials by relying on 

submerged plasma torches for a carbon-free energy source. 
Three of these torches transform compressed air into high-
temperature plasma. This plasma is then injected into the 
molten slag bath, along with a mixture of natural gas and 
pulverised coal. This gaseous mixture acts as a heat source, 
stirring force, and reducing agent in the fuming process. 
These zinc fumes are then captured in a baghouse after 
exiting the furnace. To protect the furnace and its refractory 
linings from the corrosive molten slag, water-cooled jackets 
are employed around the furnace to promote FL formation. 
Crucially, industrial data provided by Aurubis-Beerse played 
a key role in setting up and validating the model. Since the 
furnace design is symmetrical, only one-third of it needs to 
be considered in the model.

The flow dynamics observed during the slag fuming process 
are shown in Figure 5a. The blue iso-surface, representing 
the slag/gas interface, illustrates the splashing motion of the 
molten slag across the freeboard. The splashing events are 
caused by the interaction between the hot gas plumes 
(created upon injection through the submerged plasma 
torches) and the molten slag bath. Four coloured 
streamlines illustrate the complex slag flow pattern, which is 
driven by the hot gas injection, plume motion, and their 
interactions with the splashing events. Arrows on each 
streamline indicate the flow direction. Notably, the 
streamlines reach most regions of the 3D domain, which 
confirm the chaotic flow behaviour in the slag bath. 

Figure 5b shows the dynamic interplay between splashing 
and solidification of the FL layer. It captures a moment just 
after a previously splashed molten slag layer has solidified 
in the upper right side of the freeboard. This is confirmed by 
the solid fraction (fs) colour contour in cyan (which means 
that it is partially solidified at this moment) and is highlighted 
in the inset of Figure 5b. This solidification is driven by the 
heat transfer from the existing, cooler FL layer on the 

Figure 4. 
Schematic of the batch-type, plasma-driven slag fuming 
furnace. 

Figure 5. 
(a) slag splashing and flow dynamics in the slag bath at t = 180.1 seconds. The blue iso-surface depicts the slag/gas interface. The 
coloured streamlines illustrate the flow patterns. (b) splashing and FL formation in the freeboard at t = 173.9 seconds. The iso-
surface colour contour shows the solid fraction (fs). The inset provides a magnified view of the impact region where splashed slag 
solidifies. 
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freeboard wall. In contrast, the upper left side of the 
freeboard shows a fresh splashing event where the slag 
remains molten (dark blue iso-surface). Figure 6a and 6b 
show the simulation results of the FL distribution on the 
reactor wall, and variation of the FL thickness along the 
reactor height for three angles (φ): 0°, 22°, and 45°.

In the industrial furnace operated by Aurubis-Beerse, the 
average measured FL thickness was 3 cm. In the slag bath 
region (height range between 0 and 2 m in Figure 6b), the 
simulation results show good agreement with industrial data, 
particularly in regions farther from the submerged plasma 
torches (φ = 22° and 45°). When φ = 0°, the FL thickness is 
underestimated because of the simplification made in 
modelling the submerged plasma torches’ inlet (to reduce 
computational cost). In the freeboard region (height range 
between 2 and 5.5 m in Figure 6b), the simulation results 
align reasonably well with the industrial data in the regions 
where enough splashing events have occurred. However, in 
regions with fewer splashing events, the model 
underestimates FL formation. Splashing is more frequent 
near the centreline of the furnace (φ = 0°) and reduces as 
the distance from the centre increases (higher φ values), as 
observed in Figures 6a and 6b. To achieve a complete FL 
layer across the entire freeboard surface, industrial furnaces 
typically employ a special operation regime that was not 
included in the simulation. 

Conclusion

Predicting FL formation remains a significant challenge due 
to the complex interplay of physical and chemical processes. 
Modelling offers a powerful tool to unravel these 
mechanisms. This paper explores the results of a 
collaborative effort between academia and industry, aiming 
to develop a comprehensive CFD model for simulating FL 
formation. The positive agreement between simulations and 
experimental/industrial data validates the model's accuracy 
and the success of the collaboration: Academia's theoretical 
expertise combined effectively with industry's real-world 
knowledge. However, the current model needs further 
development. Future work should include incorporating new 
fundamental knowledge of FL formation kinetics, its 
response to thermal and compositional fluctuations, and 
modelling the mobile phase (microstructure) observed in 
some experiments. Additionally, validation in a wider range 
of industrial applications will enhance the model’s 
robustness.
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Figure 6. 
(a) FL distribution across the reactor wall and (b) FL thickness variation along the reactor height for three azimuthal angles (φ): 
45°, 22°, 0°. The 0° azimuthal angle corresponds to the vertical plane intersecting the centre of the submerged plasma torches. The 
average measured FL thickness in the industrial furnace operated by Aurubis-Beerse was 3 cm. 
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Deformation and Wear Analytics in 
Reheating Furnaces Using 3D Laser 
Measurement Technology
Reheating furnaces are essential in steel rolling mills to thermally treat blooms, billets, and slabs before subsequent 
processing. This paper describes the use of portable terrestrial lasers to investigate deformation and refractory 
wear in these furnaces. Over a period of 2 years, multiple measurements were conducted at Tata Steel in IJmuiden 
(the Netherlands) to evaluate the time requirement for reality capture of the refractory lining, with respect to 
scanning resolution and personnel demand. A comparison of the scanned used lining with a theoretical model 
created from the original furnace dimensions is also described in this article. The potential for time savings using 
this technology in combination with visualisation tools further substantiate the benefits of RHI Magnesita’s 
digitalisation services for the steel industry. 

Introduction

Over the last years, 3D laser scanning technology for wear 
analytics has been applied at several vessel types within 
steel plants by RHI Magnesita. The scanning of different 
lining conditions in the cold state, performed by on site 
personnel within a few minutes, followed by automated 
analytics on a web-based cloud architecture has now 
reached a mature state for ladles and RH degasser vessels. 
While the developments for electric arc furnaces (EAF) and 
argon oxygen decarburization (AOD) vessels as well as 
blast furnace runners and nonferrous vessels are about to 
reach the step of full implementation, stationary equipment 
with larger geometric dimensions (e.g., reheating furnaces) 
requires a slightly different approach. 
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The operation of reheating furnaces at Tata Steel 
Netherlands’ hot strip mill is crucial for producing high-quality 
steel products. However, these furnaces are exposed to high 
temperatures and stresses that can cause deformation and 
damage to the refractory lining materials over time. This can 
affect furnace performance and efficiency, as well as have 
safety and environmental impacts at the plant. Therefore, it 
is important to regularly monitor and maintain the furnace 
condition to prevent any potential failures or breakdowns.

One powerful method to evaluate the status of reheating 
furnaces is using 3D scanning technology. This approach 
captures the geometry and dimensions of furnace 
components with high accuracy and resolution. The 3D scan 
data can then be analysed and compared with design 

(a)

(c)

(b)

(d)

Figure 1. 
(a) RHI Magnesita’s Customer Portal for scan analysis and visualisation, (b) ladle fleet management overview, (c) 3D rotatable 
views, and (d) 2D wall plot. 
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specifications or previous scans to detect any deviations or 
changes in the furnace structure. This can help create a 
predictive maintenance plan, optimise operation, and 
increase the furnace lifespan.

Laser Scanning Procedure and Visualisation

Currently, RHI Magnesita is using portable terrestrial lasers 
to measure the status of ladle refractory linings under cold 
conditions [1]. The laser is positioned scan-by-scan around 
the vessel to capture both the refractory surface as well as 
the ladle steel shell. The latter is mandatory to ensure 
reference points for the exact alignment of a created point 
cloud with previous ones of the same vessel. 

By scanning different lining states, such as the permanent 
(safety) lining and the wear lining before and after operation, 
the residual brick lengths and amount of wear can be 
determined within minutes by uploading and analysing the 
scans using RHI Magnesita’s web-based interface. As 
shown in Figure 1, the scans can be accessed via the 
RHI Magnesita Customer Portal (Figure 1a), where a fleet 
management overview (Figure 1b) can be found. Additional 
visualisation tools include 3D rotatable views (Figure 1c) as 
well as 2D wall and bottom plots (Figure 1d), with the option 
to extract data to MS Excel.

Complete vessel scanning can be performed in minutes, 
depending on the number of scans required to capture the 

entire lining and reference points, which is related to  
the vessel or furnace size. For example, approximately  
4–5 scanning positions are required per vessel (e.g., ladle)  
or furnace (e.g., EAF) to encompass every critical area 
(Figure 2). Depending on the 3D scanning equipment, it can 
take about 15 minutes in total to complete all the 
measurements. In addition, it requires about 45 minutes to 
combine the scans into a single point cloud and visualise the 
results.  While the reality capture of the aforementioned 
vessels takes place during liquid steel production, the 
following sections focus on 3D scanning a much larger, 
stationary furnace used for solid steel treatment in the hot 
strip mill.

Reheating Furnaces

After the continuous casting process, semi-finished products 
like slabs are typically taken to separate areas within the 
steel plant for cooling and storage. Before the hot rolling 
process, these semis must be reheated to the required 
temperature, which is typically performed in pusher-type or 
walking-beam furnaces, known as reheating furnaces.  
Figure 2 illustrates the major differences in the number of 
scanning positions (marked as red dots) used to image 
ladles, EAFs, and reheating furnaces. Notably, it takes  
only a few scanning positions for a full 3D ladle lining  
scan (Figure 2a) and even larger vessels such as EAFs 
(Figure 2b).  However, this number can be more than 10 
times higher for stationary equipment, such as a walking-
beam furnace (Figures 2c and 2d). 

(a)

(c)

(b)

(d)

Figure 2. 
Overview of scanning positions (red dots) for different vessels and furnaces. (a) ladle, (b) EAF, and (c–d) walking-beam furnace. 
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Tata Steel and RHI Magnesita share a common interest in 
optimising refractory performance in reheating furnaces, 
where the reality capture of the lining using 3D scanners is 
one approach to realise improvements. Following the recent 
acquisition of Seven Refractories, RHI Magnesita has 
strengthened its expertise in the area of reheating furnaces 
and the established laser measuring process perfectly 
complements Seven Refractories’ product portfolio related to 
reheating furnaces. In addition to their expertise in solutions 
comprising refractory engineering, project management, 
energy saving systems, material deliveries, and installations, 
Seven Refractories can now also support the customer, for 
example, with wear measurements in the bottom of pusher 
furnaces. This enables very precise measurements to be 
obtained for the evaluation of new refractory developments 
related to material grades.

Over the past years during maintenance stops, multiple 3D 
scans were performed at Tata Steel’s hot strip mill. In one 
case, a feasibility study was conducted by RHI Magnesita 
with the aim of reducing scanning duration while maintaining 
the scan quality at a sufficiently high level because it is 
necessary to keep the scanning duration inside the furnaces 
to a minimum, thereby avoiding time losses during 
production. Although precise details of how the scanning 
time inside reheating furnaces was minimised will not be 
covered in this article, another aspect of the feasibility study 
to assess both the potentials and limitations of this 
technology, as well as the general applicability to improve 
refractory and maintenance performance, will be described.

Currently, the most common approach for scan comparison 
is to create a reference to compare with the scan of interest, 
for example the permanent lining with the wear lining or an 
unused versus used lining. However, because of the long 
duration between maintenance stops for reheating furnaces, 
and thereby the time between scans, the first results of the 
joint evaluation presented in the next section are based on 
using a theoretical model as the reference. 

Evaluation and Comparisons

The first 3D scans of the reheating furnace at the hot strip mill 
were completed in 2022. The scans covered various parts of 
the furnace, such as the walls, roof, floor, skids, hot riders, and 
burners. The scan-to-scan registration step during the manual 
post-processing was performed using commercial software, 
whereby the combined cloud was cleaned of any moving 
objects as well as regions of no interest like the furnace 
bottom/floor. The scan resolution and accuracy affect the file 
size used for data analyses and there is a large difference 
between the full scans of reheating furnaces and ladles. For 
example, when the registration step of a reheating furnace is 
completed, the resulting file size can range from 5–50 GB, 
whereas for ladles it is only 100–250 MB. Therefore, the 
resulting file of the reheating furnace was further processed 
and evaluated in another locally installed commercial software. 

During the first discussions between Tata Steel and 
RHI Magnesita, the following topics were selected for 
investigation: 

• Alignment of the roof tiles and walls.
• Skid levelness.
• Options for an optical lining status check. 

The point cloud data and the associated images were 
processed in appropriate software to produce functional 
deliverables. Comparable to the web application described 
earlier in this article, a colour-coded evaluation is also possible 
with this software. The applied method enables local 
deviations to be detected quickly when comparing the actual 
scan and a theoretical ideal model. One example of the 
comparative results for roof tile alignment is illustrated in 
Figure 3, where it can be seen that the roof has a yellow 
colour over most of its surface, indicating that it is mainly flat. 
The majority of the measured values were within the range of 
-10 to +20 mm (91.4%) and the outer sides of the roof had 
values between 0 and -5 mm (17.5%). 

Figure 3. 
Deviation of tile positions in the middle roof section compared to an ideal reference model. 
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The highest roof tile area was located on the perimeter in 
the middle zone where it varied between -15 and -20 mm 
(0.5%), while the lowest roof tiles were located in the central 
part of the roof in the middle region, closer to the 
recuperative zone where they varied from +25 to +30 mm 
(0.8%). The vertical distance between the highest and 
lowest roof tiles in the middle zone of the roof was 
approximately 50 mm.

Whereas roof and wall sections are considered stationary 
objects, half of the skids are moving during operation to 
transport the semis through the furnace and can thus be in 
slightly different positions at the maintenance stop. 
Therefore, the moving and fixed skids were evaluated 
separately with tailor-made references. Figure 4 provides a 
magnification of a fixed skid section to underline the 
necessity for different benchmarks during the investigation. 
Furthermore, while the local deformation of the roof (see 
Figure 3) within a centimetre range might have low influence 
on the semi reheating quality, a deformation or misalignment 

Figure 5. 
HDR panoramic image of the reheating furnace interior showing (a) lining damage and (b) insulation material partially obscuring 
the view of a skid.

of the skids can lead to semi deformation and subsequent 
issues in the hot rolling mill. As depicted in Figure 4b, the 
deviation of a small skid section was detected in the 
millimetre range, confirming the need to check the status of 
the skids before putting the furnace back in operation. 

When scanning the furnace lining, the applied lasers can 
also capture high density resolution (HDR) panorama 
images and provide each point of the cloud with a red, 
green, and blue (RGB) value. Therefore, an additional 
benefit of this technology is the panoramic image enables 
optical inspection without any additional manual or drone-
based visit, reducing workload in the furnace. Figure 5 
provides an example of a panoramic view generated using a 
freeware viewer. This makes documentation of the lining 
sustainable and trackable compared to previous, locally 
captured images that lacked detailed information about 
image position or depth, namely the differentiation between 
bearing and wear. 

Figure 4. 
(a) 3D scan comparison to a reference model of multiple skids and (b) deformation clearly detectable in a skid. 
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The use of 3D scanning technology is a valuable tool for 
predictive maintenance, providing a safe and efficient 
approach for equipment inspection. By creating a digital 
model of the furnaces, 3D scanning enables personnel to 
identify and prioritise areas that are most in need of 
maintenance and plan the actions accordingly. By constantly 
monitoring and comparing furnace conditions, it becomes 
possible to identify and predict potential issues, enabling 
proactive maintenance to be performed. Furthermore, by 
detecting potential maintenance topics before they occur, 
predictive maintenance using 3D scanning helps to minimise 
downtime, as repairs can be scheduled in advance.

Conclusion

Over the last years, open communication between  
Tata Steel and RHI Magnesita has led to a better 
understanding of the reality capture potential for reheating 
furnaces. Currently, data evaluation is performed manually 
using stand-alone software on local computers. However,  
all the findings are being used as the basis for developing 
web-based visualisation to provide a more efficient and 
automatised report generation. The 3D scan technology can 
rapidly capture and compare the geometry and dimensions 
of furnace components with high accuracy and resolution, 
thereby helping to create a predictive maintenance plan that 
can optimise the performance and lifespan of a furnace. 
Follow-up data assessment will focus on evaluating the two 
real scans performed during maintenance stops of the 
reheating furnaces after the furnaces were in operation for 
about a year. This will open up the potential to start 
determining the refractory performance per region and 
provide the basis for a tailor-made balanced lining within the 
furnace. 
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