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WELCOME

~The Carbon Challenge: Steps and Leaps to master the Future” is our motto
at the UNITECR over the three days in Frankfurt — and for the coming years as
we drive the transformation of our industry forward.

During these days we will hear how the specialists want to further develop the
path to CO, neutrality of our high-temperature industry, learn how we can
reduce CO, emissions in the process and also give impetus to our customers.
At UNITECR, experts, researchers and professionals from all over the world will
come together to expand knowledge and find solutions to the challenges fa-
cing the industries.

An important aspect is the recycling economy to conserve limited resources
and reduce the ecological footprint in the refractory industry. Regional value
chains with close cooperation between suppliers, users and other stakeholders
involved are essential. And there are already good examples of this.

There will be a leap in knowledge after this conference, which will be of enor-
mous importance to all of us. We hope that you will experience inspiring pre-
sentations, exciting discussions and valuable networking opportunities during
the conference. The UNITECR conference is known for its high-profile speakers
and poster sessions. New are five panel debates on special topics that we have
developed especially for this conference. Experience the exchange of opinions
live and join the discussion.

Use this opportunity to expand your knowledge, exchange ideas with colleagu-
es from the industry and discover new cooperation opportunities. We are con-
fident that this conference will provide you with valuable insights and impulses
for your work and research.

Prof. Dr. Christos G. Aneziris, as Vice-President of UNITECR 2023 and Chair of the
Scientific Committee, and his team have ensured high quality and diversity.
More than 250 papers will be presented in lectures or posters.

We both look forward to seeing you. Once again, welcome to the UNITECR Con-
ference 2023. We wish you an inspiring and successful event.

We would like to thank all speakers, participants, exhibitors and organisers who
have contributed to this event.

Dr. Andus Buhr
President UNITECR 2023
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DATA-BASED CARBON FOOTPRINT OF IMERYS SPECIALTY
MINERALS FOR REFRACTORIES

S. Ranaivoharilala, N. Bunt, C. Wéhrmeyer
Imerys, Paris, France

ABSTRACT

Refractory raw materials are the major contributor to the carbon
footprint of unshaped refractories while for fired refractory bricks
the firing process adds to the total carbon footprint. Significant
energy and CO, emissions savings can be achieved by using
monolithic refractories instead of fired bricks and a careful
selection of raw materials can further reduce the total carbon
footprint of refractory products. This paper will explain in detail the
boundaries for the quantification of the CO, equivalents of Imerys
specialty minerals for refractories. The analysis leads to
product-specific scientific data-based CO, equivalents that allows a
transparent calculation of the footprint of refractory products
formulated with Imerys raw materials. This paper will concentrate
on some Imerys specialty minerals and highlight the impact of
different contributors on their carbon footprint, including the
energy sources. Thanks to its effort to turn to low-emission energy
supply, Imerys is capable of providing sustainable solutions and
fulfilling its purpose to contribute to the decarbonization of the
refractory value chain.

INTRODUCTION

As part of its sustainability commitment, Imerys strives to develop
minerals and expertise that deliver innovative, market-driven and
sustainable solutions to society. For a few years now, a thorough
assessment has been performed with the goal of understanding and
further improving the sustainability profile of Imerys’ existing and
new solutions, including the specialty minerals manufactured for
the refractory industry. First, this paper will detail the assessment
methodology developed by Imerys, with a focus on the production
step impact. Second, the evaluation outcomes of various minerals
manufactured by Imerys, including chamotte, andalusite and white
fused alumina, will be examined in view of the different carbon
footprint contributors, namely the energy consumption. Advancing
the sustainability goals of the refractory industry and their
downstream users is one way Imerys is leading the challenge of
caring for the planet through climate change mitigation by
providing sustainable mineral solutions.

IMERYS PORTFOLIO SUSTAINABILITY ASSESSMENT
Sustainability is anchored within Imerys activities, in a continuous
improvement and long-term  value creation approach.
SustainAgility®, the program that structures sustainability within
the Group, has been implemented based on the 2030 Agenda for
Sustainable Development and major international framework
agreements [1]. Delivering sustainable and high-quality solutions to
its customers is one of the key ambitions of Imerys. SustainAgility
Solutions Assessment (SSA) is the Group’s methodology that
screens and measures the sustainability of its portfolio and supports
the development of its new solutions. Duly considering the World
Business Council for Sustainable Development (WBCSD)
guidelines for Portfolio Sustainability Assessments (PSA), it
establishes a scientific, strong and reliable framework that
considers the whole product’s life cycle. The methodology results
in a sustainability score, built on two specific factors called
“Sustainable Value Creation”, which is the balance between the
economic value created and the environmental impact measured
during the manufacturing stage, and ‘“Market Alignment” which
evaluates the sustainability benefits or challenges of the product in
a specified application [2].

IMERYS PRODUCT CRADLE-TO-GATE LIFE CYCLE
ASSESSMENT

Life cycle assessment (LCA) is a technique used to identify,
calculate and analyze the environmental and social impacts of a
product or service over its life cycle. It takes into account the raw
material production, acquisition, transformation, energy production,
as well as the finished product use and end-of-life treatment. There
are various manners to perform an LCA, including the conceptual,
simplified or detailed approach. However, not all of the existing
methods meet the ISO Standards. A conceptual LCA is the easiest
technique as it only considers a limited qualitative inventory and
results in qualitative findings focusing on the biggest impact
contributors. A simplified LCA uses generic and standard data, and
looks at the potential and/or most important life cycle stages and/or
impacts. Conceptual and simplified LCAs are mainly used
internally in order to support decision making, and their external
use is meaningful provided that ISO Standards requirements are
met. A detailed LCA is the more advanced approach and embeds a
defined goal and scope, life cycle inventory or LCI (quantification
of the inputs and outputs), life cycle inventory analysis or LCIA
(understanding the importance of the impacts) and results
interpretation (leading to the conclusions and recommendations)

[3104].

Goal and scope

LCA is an integral part of Imerys’ portfolio sustainability
assessment. It has been used by the Group for many years, while
ensuring continuous improvement, as a key instrument to measure
and optimize the carbon footprint of its solutions [5]. As part of its
SSA program, Imerys follows a detailed LCA approach and
carefully aligns with the ISO 14040 and 1044 Standards on LCA
“principles and framework” and “requirements and guidelines”
respectively. This paper will look into the cradle-to-gate or
manufacturing phase of the mineral, evaluated from the resource
extraction and transformation (“cradle”) until Imerys’ gate (“gate”),
meaning before the delivery step to the customer.

Inventory: data collection

The cradle-to-gate system is modeled as exhaustively as possible
with:

— primary data mainly: from Imerys quarries and factories’
monitoring and measuring systems, which are the consumption and
emission information related to the minerals extraction and
transformation, and the packaging process,

— and secondary data: from external sources providing standard
consumables and energy production and combustion data, as well
as any other information not available at Imerys’ level. The Group’s
main source of data is the ecoinvent database which is a repository
that provides datasets on specific processes and their corresponding
resource consumptions, emissions, products and wastes. The
ecoinvent database covers multiple sectors globally and regionally
and each dataset also contains LCIA results based on various
assessment methods and impact categories [6]. The data,
represented as input and output flows in the cradle-to-gate system
are the:

— resources consumption (natural resources, consumables,
energy),

— consumption of space (land occupation and transformation),

— production (products, coproducts, byproducts),

— wastes (mineral and process),

— emissions (to the air, water and soil).
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Imerys also tracks energy-related indicators including: primary,
non-renewable, renewable, fuel and feedstock energy.

Inventory analysis: carbon footprint

Imerys calculates and monitors a whole set of environmental and
social impact indicators selected based on their relevance to the
Group’s activities, using a specific LCA tool. This paper will focus
on the carbon footprint which evaluates the climate change impact
by measuring the total amount of greenhouse gas (GHG) emissions
generated by an individual, organization, event, service or product,
over a 100-year time horizon. GHG emissions include carbon
dioxide (CO,), which is the reference gas, methane (CH,), nitrous
oxide (N,O) and fluorinated gas (F-gases). Carbon footprint is
expressed in CO, equivalents (CO,eq) and is categorized into:

— scope 1: direct emissions from the company’s factory, which
are mainly the emissions from the fuels combustion or the carbon
content of the raw materials,

— scope 2: indirect emissions from purchased energy sources,
such as electricity or steam,

— scope 3: all the remaining indirect emissions from the whole
value chain, including the raw materials upstream transportation or
finished products downstream transportation, for instance.

Cut-off rules, exclusions, allocations

A cut-off criteria determines the quantity of flows or the
environmental importance assigned to a process or system that is
excluded. Imerys takes into account all the available inputs and
outputs, allowing a cut-off ratio greater than 99% based on a mass
criterion. Some stages are excluded from the life cycle inventory
because of their irrelevant or insignificant impact: capital
equipment, closing and rehabilitation of quarries, impacts of human
activities onsite. Allocation procedure, which is the repartition of
the inputs and outputs to the different products, is avoided as much
as possible by using the dataset associated with each product. When
needed, physical allocation - in contrast to economic allocation - is
applied.

CARBON FOOTPRINT OF SOME IMERYS MINERALS
Product carbon footprint will consequently depend on the overall
assessment approach, implying the assumptions, modeling and
calculation methods. However, it is also impacted by the different
transformation processes involved and the types and quantities of
resources used, these latters being also dependent on diverse factors
such as the geographical zone. According to ISO Standards, in
order to ensure comparability of results, it is imperative to
determine a functional unit defined as a quantified performance of a
product system for use, which will be a reference to which the
inputs and outputs are related [3]. For monolithic refractories, the
carbon footprint will mainly be influenced by the choice of the raw
materials which are the aggregates, binders and additives. The raw
materials carbon footprint will be based on the extraction,
production and transportation methods. Furthermore, the footprint
will also be impacted by the energy sources and quantities required
by the processes, such as blending and drying. For bricks, the
carbon footprint will also be linked to the raw materials and
manufacturing techniques, which involve the shaping and
high-temperature firing of products made from formulations
containing the refractory minerals. This paper will focus on the raw
materials, as illustrated by some minerals manufactured by Imerys.

Chamotte - France

Manufacturing description

Chamotte is a calcined clay with a high proportion of alumina used
in refractory applications as it resists extreme temperatures,
operating conditions and corrosive environment. This section will
focus on one of the Imerys’ chamotte grades produced in France.
The kaolinitic clay is extracted from Imerys quarries and
transported by truck to the Imerys plant located 20 km away. The
extracted clay is shredded, using electricity, and calcined in rotary

kilns between 1400°C and 1600°C, using electricity, fuel oil,
biomass and biogas (both from waste) (Figure 1).

Fig. 1: Imerys Chamotte manufacturing process.

o oy ity
] |
s Chamwesrs o

1

Data sources and results

For this system, 2020 primary data from Imerys plant and
secondary data from the ecoinvent library were used. This chamotte
grade has a carbon footprint of 251 kg CO2eq / ton. All the impact
comes from the energy production and use, and the calcination step
is the highest contributor (Table 1).

Tab. 1: Carbon footprint breakdown in the manufacturing of the
Imerys chamotte (France).

Impact Extraction | Transport | Shredding | Calcination
contributor

Electricity 0.1% - - 0.9%
Diesel 8.5% 1.3% 21.3% -
Fuel oil - - - 56.1%
Biogas - - - 9.9%
Biomass - - - 1.9%
Total 8.6% 1.3% 21.3% 68.8%

In the calcination step, the energy contribution of each source is as
follows: biogas (40%), biomass (19%), fuels (37%), electricity
(4%). Consequently, the usage of biogas and biomass has a
substantial impact on the total carbon footprint of this chamotte.
Using these renewable sources translates into a reduction of the
total product carbon footprint of almost 50%, compared to a system
operating solely with the fuel. As part of Imerys’ target to mitigate
climate change, a replacement of fossil fuels with biomass or
low-emission energy sources is a key priority. This will have an
impact on the Group’s activities emissions but also the carbon
footprint of its products. We should thus expect an improvement of
Imerys chamottes’ carbon footprint, which is already relatively low.

Andalusite - France

Manufacturing description

Andalusite is a rock-forming aluminosilicate mineral with a high
alumina content used in the production of refractories. Imerys
andalusite minerals are ideal solutions for fired and unfired
refractory bricks and monolithics, thanks to their outstanding creep
and high thermal shock resistance, as well as resistance to chemical
attack, slag and metal penetration. This section will focus on one of
one of the Imerys’ andalusite grades called Kerphalite™ mined and
treated in France. Kerphalite™ is a unique product due the
separation processes involved in the beneficiation of this mineral.
The andalusite ore is extracted from an open pit with a blasting
process using explosives and transferred to the treatment plant
located one kilometer away. The plant mainly uses electricity and
natural gas as energy sources. Coproducts composed of fine dust
emissions are introduced back into the production process,
improving the mineral resource recovery. The ore is crushed, milled
and beneficiated through a refining process composed of a
classification with magnetic, densimetric and electrostatic
separations to remove impurities. The purified product is then
further dried, milled and packaged (Figure 2).
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Fig. 2: Imerys milled Kerphalite™ manufacturing process.
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Data sources and results

For this system, 2021 primary data from Imerys plant and
secondary data from the ecoinvent library were used. This milled
Kerphalite™ has a carbon footprint of 312 kg CO2eq / ton. Almost
80% of the carbon footprint comes from the energy production and
use. The biggest impact contributor is the natural gas used in the
process (Table 2).

Tab. 2: Carbon footprint breakdown in the manufacturing of the

Data sources and results

For this system, 2021 primary data from Imerys plant and
secondary data from the ecoinvent library were used. This standard
white fused alumina grade has a carbon footprint of 1113 kg
CO2eq / ton. Alumina feedstock production and supply to Imerys
represent more than 80% of the total impact.

Tab. 3: Carbon footprint breakdown in the manufacturing of the
Imerys standard white fused alumina (Austria).

Impact contributor Raw material Fusion to
packaging
Calcined alumina 82.4% -
Graphite 0.6% 1.0%
Raw materials supply. 7.7% -
Electricity (hydro) - 6.9%
Diesel - 0.3%
Packaging materials - 1.1%
Total 90.7% 9.3%

The calcined alumina production has been modeled using
information from the literature [8]. Fossil fuels production and
combustion are the biggest carbon footprint contributors in the
calcined alumina manufacturing (Table 4).

Imerys milled Kerphalite™ (France). Tab. 4: Carbon footprint breakdown in the manufacturing of the
Impact Extraction | Crushingto | Refining to Other calcined alumina (Europe) [8].

contributor separations | packaging Impact contributor Raw material Processing
Electricity 0.4% 5.0% 1.5% 1.1% Bauxite 3.2% -
Diesel 10.8% - - 2.1% Heavy fuel oil - 32.9%
Natural gas - 52.1% 3.1% 3.5% Natural gas - 33.1%
Explosives 6.3% - - - Coal - 23.8%
Lime 7.8% - - 1.0% Electricity - 6.8%
Chemicals - 0.4% - 3.1% Diesel - 0.2%
Packaging - - 1.8% - Total 3.2% 96.8%
Total 25.3% 57.5% 6.4% 10.8%

Electricity accounts for more than 20% of the energy consumption
in the system. However, its impact is limited by the emission factor
of the French grid mix, which is among the lowest in Europe and
worldwide [7]. The replacement of natural gas with a low-emission
energy source would further reduce the carbon footprint of this
andalusite grade.

White fused alumina - Austria

Imerys is the world’s largest producer of fused alumina. Fused
aluminas are used in different industries including refractories,
thanks to their great resistance to shocks, as well as thermal and
chemical stability. The manufacturing process of this white fused
alumina model includes the production and supply of calcined
alumina (90% sourced from Europe), as well as graphite electrodes
from China used in the electric arc furnace. The calcined alumina is
smelted by electrothermal fusion in the furnace at temperatures of
around 2000°C, before being crushed, milled, sieved, blended and
packed (Figure 3).

Fig. 3: Imerys white fused alumina manufacturing process.
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The impact of the fusion and processing of the white fused alumina
is highly reduced thanks to the usage of hydroelectric power in this
Imerys Austrian plant, accounting for more than 99% of the energy
used in the process. Consequently, the white fused alumina carbon
footprint is impacted by the calcined alumina production and
origin, but it may also differ more or less significantly based on the
electricity used in the furnace, which depends on the factory
location and thus its power sourcing. For instance, China’s
electricity emission factor ranges between 250 and 950 g CO2eq /
kWh according to the region [9], which is around five to more than
20 times higher than the average of the European grids. A
simulation has been performed with the same system and energy
ratio but replacing the Austrian electricity model with a Chinese
model (State Grid Corporation of China - SGCC) [6]. The results
showed that a white fused alumina produced with this Chinese
electricity model has a carbon footprint of around 6000 kg CO2eq /
ton, which is more than five times higher than the one produced in
the Imerys’ Austrian factory.

CONCLUSION AND OUTLOOK

Product carbon footprint is influenced by multiple factors including
the LCA method, raw materials origin or energy sources used in the
processes. We could particularly see the role played by energy
throughout the life cycle. It is important to note that carrying out
product carbon footprint comparison is only valid if a functional
unit has been clearly defined. As the downstream industries or
customers to the refractory industry push forward to decarbonize,
the contribution the refractory industry brings to this
decarbonization will be assisted by the ability of raw material
suppliers to provide high-quality low-carbon footprint solutions.
Imerys is well positioned to help the downstream actors like the
iron and steel, aluminum, cement, glass and the hydrocarbon
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processing industries achieve their sustainability goals and help
reduce their overall greenhouse gas emissions. These sustainability
goals will continue to help us minimize the negative impact of
manmade climate change on the planet. Unlocking the sustainable
potential of minerals in a responsible way, using science-based
targets and methodologies, choosing renewable energy sources like
solar, hydropower and biomass, and last but not least developing
new innovative products and processes targeting higher efficiency
in production and during use in refractories for the high
temperature industries will allow Imerys to assist its customers in
reaching sustainability targets and helping to preserve the planet.
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SINTERING AND THERMO-MECHANICAL CHARACTERIZATION
OF A NOVEL REFRACTORY GRADE BAUXITE
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Bautek Minerais, Caldas, Brazil
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Universidade Federal de Sao Carlos, Sdao Carlos, Brazil

ABSTRACT

The global market for refractory grade bauxite (RGB) has been
supplied by few players located in China and Guyana, mostly
because of the chemical and mineralogical restrict specifications
required for this class of material. When considering the
mineralogical phases of the refractory grade bauxite, the main
phases present higher content of corundum, tialite and mullite.
Recently, a new Brazilian bauxite mine, located in Barro Alto,
State of Goias, is capable of producing bauxite with higher Al.O3,
low Fe2O3 and lower TiO: contents, than those available in the
market. Herein, the present work focuses on the processing of the
Brazilian RGB highlighting 2 main fronts: i) Improving the
sintering of the bauxite to be able to attain the benchmark
properties for bulk density and apparent porosity, approximately
3,2 g/cm® and 9% respectively; ii) Comparing it with the global
benchmarks (Guyanese and Chinese Refractory Grade Bauxite) in
terms of chemical and mineralogical composition, and mechanical
performance. Preliminary results so far, have shown that the
Brazilian RGB develops only the mineralogical phases corundum
and mullite, without the presence of tialite, with a density of ~3,3
g/cm® and an apparent porosity lower than 10%, showing to be a
promising candidate for refractory applications.

INTRODUCTION

Bauxites are widely used as a source of aluminum and alumina in
global production, with this market accounting for a significant
portion of global production. However, bauxite has various other
applications known as non-metallurgical applications. Among the
non-metallurgical applications, the main use is as a refractory
aggregate, which accounts for two-thirds of global production
(excluding production for metallurgy)[1]. In the application as a
refractory aggregate, bauxites are used in high-alumina refractories
and can be part of the composition of shaped and monolithic
refractories|[2].

With refractory bauxite production controlled only by producers
located in China and the Guianas [1], there is a need for new
providers to achieve greater diversification and availability of the
product globally. In recent years, due to several factors, production
in the main producing country has been significantly reduced,
which directly impacts the entire production chain. Therefore, the
present study introduces a new source of material produced from
the gibbsite ore in the region of Barro Alto, Goias state, Brazil [3].

Bauxite can have two mineralogical sources, diaspore, predominant
in China, and gibbsite, predominant in tropical regions such as the
Guianas, India, and Brazil, and also, the contaminants that directly
influence the properties of the final product, it is necessary to
conduct a comprehensive analysis from the characterization of raw
materials, the appropriate mineral processing, which greatly impact
the quality of the final product [4], to the formation of the industrial
sintered aggregate.

Refractory bauxites on the other hand, are specified to have low
levels of contaminants, including iron oxides, titanium, alkali and
alkaline earth minerals. This is due to the lower refractoriness
found in bauxites with few impurities compared to the pure Al2O3-
SiO; system [5], where even small contamination of titanium and
iron significantly reduces the refractoriness of the material.

Typically, refractory bauxites have high refractoriness (~1840°C),
but their refractoriness is reduced under load (1450-1550°C) due to
impurities such as TiO2 and Fe2O3, responsible for forming a liquid
phase at these temperatures.

Secondary thermal expansion is another phenomenon that
decreases the mechanical properties of refractories made from
bauxites. Bauxites from specific regions in China have low
secondary thermal expansion due to their low impurity content and
unique phase change behavior in diaspore bauxites. In contrast,
South American raw materials, mostly gibbsitic, exhibit a more
significant occurrence of this phenomenon, making it harder to be
used in high-alumina refractories applications, particularly when
combined with refractory clays.[6]-[8]

Previous work on literature evaluated the impact of aggregate
particle size in a refractory with 70% alumina composition. Fine
bauxite fractions and coarse fractions, as well as fine and coarse
alpha alumina, were analyzed. The study found that the use of fine
fractions reduces the initial temperature of secondary volume
increase. This is attributed to the easier dissolution of smaller
bauxite particles, which accelerates the mullite formation process
and volumetric expansion compared to coarser fractions of the
same bauxite. The study also examined the influence of impurities
present in bauxite compared to a refractory made with alpha
alumina. It was observed that the behavior of the refractory
resembled that of the bauxite in terms of secondary expansion only

when contaminants like Fe203 and TiO2 were included. [7], [9]

Caballero et al. [4] conducted a study to examine the influence of
processing on the mechanical properties of bauxites, comparing
South American and Chinese bauxites. Three processing methods
were considered: direct sintering, grinding followed by pressing
and sintering, and calcination followed by grinding, pressing, and
sintering. Figure 1 shows the results that samples subjected to more
complex processing had better mechanical properties, when
compared to no processing ones. The maximum strength of South
American bauxites, with no previous calcinantion (RBS and BSP)
was significantly affected by the higher hydroxyl content compared
to Chinese bauxites (RBC and BCP). The samples with the
complete processing (BSPP and BCPP) were the ones with the
better performance.
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Figure 1: Stress-strain curves at 1550°C for a constant load rate of
8,3 x 107 m/s. a) China samples b) South America Samples[4]
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The stress-strain curves revealed different behaviors for Chinese
and South American bauxites. South American bauxites exhibited a
toughening mechanism due to the presence of a needle-like mullite
skeleton, which deflected cracks and increased toughness. Chinese
bauxites, on the other hand, showed a brittle behavior due to the
presence of alpha alumina. The tougher behavior of South
American bauxites resulted from the more pronounced precipitation
of secondary mullite, facilitated by the greater dissolution of
unstable alpha alumina grains during sintering. In contrast, Chinese
bauxites had more stable alpha alumina grains, therefore not been
able to form as much secondary mullite.

Given the restrictions on high impurity levels and the available
chemistry in the Barro Alto — GO bauxite deposit, a better
understanding of the influence of iron oxide in refractory bauxite
compositions is necessary. It has been observed that mullite and
corundum have some susceptibility to enter solid solution with
Fe203 by substituting AI** cations with Fe3*, Herein, Caballero and
Aza [10] studied the influence of increasing iron content on the
high-temperature mechanical properties of refractory bauxites.
Analyzing the mineralogical composition of the samples, was
observed that the addition of iron results in a considerable reduction
in mullite content. It can be concluded that the addition of iron
leads to the deterioration of refractory properties due to lower
mullite formation and increased liquid phase formation.

The solubility of TiO2 and Fe2Os oxides, studied by Caballero and
De Aza [11], [12], was analyzed in refractory bauxite compositions
containing approximately 80% AlO; at different temperatures
(1450 to 1700°C). The results of the solid solution concentrations
of each mineralogical phase were analyzed using EDS. The
solubility limit of each compound was determined for the main
mineralogies present in refractory bauxite: corundum, mullite, and
tialite. It can be observed that Fe2Os exhibits solubility in all three
major phases present in refractory bauxites. However, as the
temperature increases, Fe;O3 tends to reduce its solubility in all
compounds, reaching almost no solubility for tialite and mullite
phases at 1700°C and 2% in weight for corundum.[7]

Considering the influence of alkalis on the composition and
behavior of refractory bauxites, the study by Zhong et al. [13]
analyzed that for every 1% of K20 present, there was a 7% increase
in the glassy phase, a reduction of 15-20% in mullite content, and
an increase of 8-13% of the corundum content. Therefore, with the
addition of KO, the crack deflection mechanism generated by the
presence of intragranular mullite around alumina grains is reduced.
Based on the analysis of the quaternary phase diagram Al1203-SiO»-
Fe203-TiOy, it has been determined that while alkali and alkaline-
earth oxides do not affect the phase relationship and crystallization
sequence, their presence significantly influences the liquid
formation temperature and its concentration at various
temperatures.

In conclusion, two studies analyzed the production of refractory-
grade bauxite using a blend of Brazilian gibbsite sources with low
TiO2 content, similar to the ore present in this study. The South
American bauxite exhibited thermomechanical properties similar to
the standard product from Guyana and superior to the standard
Chinese product. Considering the chemistry of the produced
Brazilian bauxite, it had a high Fe203 content (+4.5%) and a
relatively low TiO2 content (-1.5%). As a result, it predominantly
generated Gibbsite and Mullite phases, with a lower formation of
Hematite.[14], [15]

The present study will focus on the processing, characterization,
and thermomechanical analysis of refractory-grade bauxite,
exclusively using the Barro Alto - GO bauxite source. The
production method will encompass the entire ideal ceramic
processing, including initial thermal treatment, grinding,

briquetting, and sintering. Additionally, after the thermal treatment
of the gibbsitic ore, a magnetic separation process will be applied to
achieve a higher-grade product with AI203 content above 90%,
controlled Fe203 below 3.0%, and TiO2 content below 0.5%.
These unique characteristics are specific to the RGB developed in
this study.

MATERIALS AND METHODS

For the preparation of bauxite samples from Barro Alto, Goias,
their initial step involved calcination at 1200°C in a rotary furnace.
This process followed the recommended procedure [5], which
includes a necessary thermal treatment prior to sintering. After
calcination, the samples were subjected to magnetic separation to
reduce the Fe2O3 content. The magnetically separated product was
then ground to sizes of 0.150 mm and 0.075 mm and pressed at
pressures of 40, and 80 MPa using a uniaxial press. The pressed
bodies were fired in a static electric furnace at 1600°C, with a dwell
time of 3 hours and a heating rate of 5°C/min. The sintered bodies
were subsequently measured for apparent density and porosity in
accordance with the ABNT NBR 8592 standard. X-ray diffraction
analysis were conducted on the sintered gibbsitic bauxite samples
from Barro Alto (BAUTEK R-90), along with the market bauxite
samples (from Guiana and China). This analysis was performed
using an Empyrean X-ray diffractometer equipped with a position-
sensitive detector. The identification of crystalline phases was
carried out by comparing the sample diffractogram with the PDF2
and ICSD databases from the International Centre for Diffraction
Data. Quantification of the phases was carried out using the
Rietveld method, employing crystal structures from the ICSD.

Benchmark refractory grade bauxite samples were obtained from
two global suppliers, one from the Guianas (South America) and
the other from China, both with reported Al2O3 contents above
88%. XRF analysis was performed on fused pellets using
Panalytical equipment to confirm the composition of the market
samples and the product made from the Barro Alto ore.
Thermodynamic simulation was conducted using the FactSage
software to evaluate the microstructural composition at different
temperatures based on the oxide contents of each sample.

RESULTS AND DISCUSSION

Table 1 depicts the results of the XRF analysis of the three samples,
the bauxite from Barro Alto mine is described as BAUTEK R-90,
the guianese bauxite is the BX GUIANA and the chinese one is the
BX CHINA.

Table 1: XRF Analysis of the three analyzed samples.
Sample AlOs | FexOs3 | SiO2 | TiO2 | K20
[%] | [%] | [%] | [%] | [%]
BAUTEK R-90 | 93.00 2,54 3,04| 0,39] 0,01
BX GUIANA 89,70 1,57| 4,84| 347| 0,10
BX CHINA 86,70 2,01 ] 4,62| 3,48]| 0,26

Based on the XRF data provided in the table above, thermodynamic
analyses were conducted to evaluate the possible phases present
and the presence of a liquid phase at the proposed sintering
temperature in this study.

Analyzing the data presented in Table 2 and
Figure 2, it was observed that among the three bauxite samples,
BAUTEK R-90 showed a lower formation of liquid at 1600°C and
higher viscosity compared to BX CHINA and BX GUIANA,
despite having a higher Fe2O3 content.

Additionally, from the analysis of
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Figure 2, only corundum and mullite phases are detected in the
BAUTEK R-90 sample. As observed, there is no presence of
phases containing Fe203, as it tends to form solid solutions with the
presented phases and high temperature [11], [12]. On the other

Table 2: Liquid phase analysis of the three samples at 1600°C

hand, the benchmark samples showed the presence of the same two Sample Temperature | Liquid Phase | Viscosity
phases as well as some phases containing TiO2, predominantly [°C] [wt%] [mPa.s]
tialite. BAUTEK R-90 1600 2,1 449
BX GUIANA 1600 2,7 175
o = BX CHINA 1600 13,4 249
o o R
el e The presence of only corundum and mullite phases in BAUTEK R-
u —f~ 7 o o LT 90 indicates a lower formation of liquid phase at 1600°C, as seen in
an - Table 2, compared to the other two samples, and a higher
refractoriness for its composition compared to the others. To
= confirm the data obtained from thermodynamic simulation, X-ray
BAUTEK R-90 diffraction analysis was performed, and the quantification of phases
— was carried out using the Rietveld refinment method and
comparing to them crystal structures from the ICSD.
g The phase composition of the analyzed bauxites, as shown in Table
= 3 and Erro! Fonte de referéncia nao encontrada. , confirms the
% thermodynamic simulation previously conducted based on the XRF
T measurements. The BAUTEK R-90 sample exhibited only
b corundum and mullite phases. On the other hand, the Chinese and
— Guiana bauxites, due to their higher content of TiO2, showed a
lower concentration of these phases and the formation of tialite.
| BXCHINA
Illl.l.l.nl.l HU‘E 1334 LB B 1L FLL= ]
Temperature [°C]

Figure 2:FactSage analysis of the three analyzed samples
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Figure 3: XRD Analysis of the three samples. a) BAUTEK R-90; b) BX GUIANA, c) BX CHINA
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Table 3: XRD Analysis of the three samples

T BAUTEK BX BX
P R-90 GUIANA | CHINA
Corundum
ICDD 01-071-1123 86,00 72,00 83,00
ICDD 98-002-8304 14,00 12,00 8,00
Tialite
ICDD 98-008-5054 - 16,00 8,00
Hematite
ICDD 98-007-0038 ) ) 1,00
Rutile
ICDD 01-076-0319 - - pp

Figure 4 presents the apparent densities in relation to the
established process variables (particle size and pressing pressure).
It is observed that the variation in particle size did not result in a
significant change in the density of the fired body. For a pressing
pressure of 80 MPa, there was a density variation from 3.32 g/cm?
for particle size of 0.150 mm to 3.36 g/cm? for particle size of 0.075
mm. On the other hand, it can be observed that the variation in
pressing force had a significant influence on the sintering of the
BAUTEK R-90 refractory bauxite, with the density varying from
3.07 g/cm?® to 3.36 g/cm? for the product ground below 0.075 mm.

Apparent Density g/cm
P

01
Milling Size(mm)

Figure 4: Processing variables analysis for the sintering of the
BAUTEK R-90

CONCLUSIONS AND NEXT STEPS

The results demonstrate that the refractory bauxite produced from
Barro Alto ore exhibits a unique characteristic of not containing
TiOz in its composition, unlike the Chinese and Guianese bauxites.
It was also observed that for proper sintering, where the physical
properties of the sintered product meet market standards, a
processing route consisted of calcination, grinding, and pressing of
the body is necessary before sintering with best results being

attained under 0.150 mm of grinding size and 80 MPa of
compaction pressure, exhibiting a promising rout for processing of
this class of bauxites.
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ALMATIS MISSION NEUTRAL REPRESENTS OUR SUSTAINABLE
COMMITMENT TO THE REFRACTORY RAW MATERIALS INDUSTRY

Charles Compson
Almatis, Inc, Leetsdale, PA, USA

Andreas Buhr, Hans-Leo Grof, Admir Skula
Almatis GmbH, Ludwigshafen, DE

ABSTRACT

There is increasing focus on carbon accounting and product carbon footprint throughout the value chain from mined materials to consumer
goods. Pressure comes from legislators, financiers, end-users, customers and filters down through all supply chain partners. If the European
steel & refractory market is to succeed in carbon reduction transformation, a key component will be transparency and understanding within
that value chain. As a crucial alumina raw material supplier within that value chain, Almatis will provide a breakdown of the key
components that impact our product carbon footprint and the role of Scopes 1,2 & 3 in determining a roadmap for the future. We will further
outline our sustainability ambition, target commitments, strategic initiatives and areas of concern over the coming decade.

SUSTAINABILITY INITIATIVE

In September 2015, As part of the “2030 Agenda for Sustainable Development,” the United Nations /7 Sustainable Development Goals and
their combined 169 associated targets were announced. [1,2] This was stated as “a decision of great historic significance” and a “charter for
people and plant in the twenty-first century”, and a “...call-for-action for global governments, Parliaments, international institutions, local
authorities, civil society, business & the private sector, the scientific and academic community - and all people.”

seviiommer GLIALS

Figure 1: 17 UN Sustainable Development Goals (SDGs)

At COP 21 in Paris, On December 12, 2015, the Paris Agreement on climate change was signed by 196 participants. [3] More than 70% of
the world economies have now pledged their commitment to this binding international treaty. The treaty, as written ““...aims to strengthen the
global response to the threat of climate change, in the context of sustainable development and efforts to eradicate poverty, including by:
e Holding the increase in global average temperature to well below 2°C above pre-industrial levels and pursue efforts to limit the
temperature increase to 1.5°C. This level is now commonly referred to as the Science Based Targets Initiative (SBTi)
e Increasing the ability to adapt to the adverse impacts of climate change and foster climate resilience and low greenhouse gas
emissions in a manner that does not threaten food production
e  Making finance flows consistent with a pathway towards low greenhouse gas emissions and climate-resilient development.”

Out of this Treaty, many new goals & targets, government regulations and initiatives have been born. At COP25 in 2019, the Climate
Ambition Alliance was announced. [4] This was another UN initiative, in an effort to “accelerate the necessary transformation to reach the
goals of the Paris Agreement and stabilize the global temperature rise to 1.5°C.” All members of the alliance committed to the same goal,”
achieving carbon neutrality by 2050.

ALMATIS MISSION NEUTRAL

Almatis’ commitment towards sustainability is our Mission Neutr4L. The mission is to provide the lowest delivered carbon footprint in the
alumina industry to our core markets and is our long-term ambition towards a sustainable raw material industry. We further envision to lead
the development & launch of lower carbon footprint products the advance a lower carbon economy.

Throughout Mission Neutr4L, we must impress short-term urgency within the context of a long-term outlook. It is essential that we align
with all business & industry partners to ensure progressive targets and transparent reporting. Sustainability must not be just a corporate
exercise, it is personal. Everyone must do their part to ensure that daily progress leads to lasting success. Our future generations depend on
it.

Mission Neutr4L has three key areas:
e NeutrAL Ambition — Our vision and roadmap towards a carbon neutral business that delivers products with the lowest carbon
footprint in the industry
e NeutrdL Commitment — Our strategic targets and initiatives to ensure that our business makes clear and determined progress in the
Material Topic areas that are critical to our stakeholders
e NeutrAL Transparency — Our assurance that all critical data will be independently certified and our promise to report progress
annually to stakeholders.
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Figure 2: Almatis Key Pillars of Mission Neutral Sustainability Strategy

SUSTAINABILITY STRATEGY
Since the end of 2021, Almatis has been steadily progressing towards a clearly articulated NeutrAL Ambition. Together With our carbon
accounting partner Okotec and independent auditor GiitCert, Almatis is certifying our corporate carbon footprint (CCF) and product carbon
footprint (PCF). With our sustainability strategy partner, DNV Business Assurance, Almatis is building a sustainability strategy and will
publish its first sustainability report.

Almatis program has been developed in alignment with global standards such as GRI (Global Reporting Initiative), SASB (Sustainable
Accounting Standards Board), and the GHG (Green House Gas) Protocol and establishing Corporate Carbon Footprint (CCF) and Product
Carbon Footprint (PCF) reporting. Together with our external partners, over the course of one year, Almatis developed a strategy and
roadmap for carbon reduction, established its first corporate and product carbon footprint calculations and successfully passed audit
verifications of our carbon accounting methodology and the carbon footprint of our European products.

From the 17 UN Sustainable Development Goals (SDG), seven were selected as being relevant for Almatis: #3 Good health and well-being,
#7 Affordable and green energy, #8 Decent work and economic growth, #9 Industry, innovation and infrastructure, #10 Reduced inequalities,
#12 Responsible consumption and production, #13 Climate action. After a base line study including the readiness analysis for Almatis, the
“materiality” analysis was done. Materiality means here the “material” so relevant topics for the company for establishing the sustainability
strategy and definition of targets and action plans. The global standards provide guidance for potential material topics, however, from these
big lists of potential topics, it must be narrowed down and focused on about 6 key material topics, which are now being addressed
appropriately in the strategy.

The result from internal and external evaluation is the materiality matrix, which enables the selection of those five resp. in our case six
material topics for Almatis: Occupational Health & Safety, Employer Attractiveness, Sustainable Supply Chain Management, Energy and
GHG Emissions, Environmental Performance, Innovation and R&D.

Mission NeutrdL: Making Commitments
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Figure 3: Material topics in relation to selected UN sustainable development goals

The proposed targets for each material area then are aligned with UNGC principles and specific SDGs and sub-SDG targets. Further, these
have to be linked directly to a corporate strategy, so that metrics and actions plans are not in conflict. At Almatis, sustainability strategy is a
part of our corporate strategy, embedded in all areas of the business. Examples of how this is outlined is given in figure 4.
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Respecting our People
Material Topic
Occupational Health & Safety

g e  Total recordable injury rate per
o 200,000hrs
E e  Lost work days per year
p= :
= Employer Attractiveness
< e  Turnover rate
E e Training hours completed
Respecting our Planet
Material Topic
Energy & GHG Emissions
e Implementation of renewable
energy
e  Reduction in Scope 1&2
emissions
Environmental Performance
e  Product life cycle assessments
complete
L[]
Respecting our business
Material Topic
Sustainable Supply Chain
e Scope 3 emission reductions
e  Supplier LCA assessments
completed
24

Innovation and R&D
e  New products with a sustainable
advantage
e  Alternative & Bio-based fuel
implementation

UN SDG’s

UNGC Principle

Principle 1

]

—"fill""I

Principle 6 ﬁ E
UNGC Principle UN SDG’s
Principl

rinciple 9
Prlnclple 8 E oo
UNGC Principle UN SDG’s
Principle 4 E
Principle 9

Figure 4: Examples of sustainability metrics as part of Almatis corporate strategic directions.

CARBON ACCOUNTING

Once the accounting methodology is established, all data must be compiled and evaluated for reporting specific material & packaging related
product carbon footprints. The data collection is quite complex and requires cooperation and establishing data that is either coming from
suppliers or else a reliable basis remains a huge challenge for determining an accurate and verifiable footprint calculation. GutCert audited
and validated the method first, and then audited and verified the product carbon footprint reports and results. Fig. 5 gives an example of
verified PCFs for Almatis sintered aggregate products and cement products. The carbon footprint of Almatis products is lower when
compared to public available figures for competitive white aggregates, which is a significant benefit to the general EU refractory industry

that has, up to now, been using significantly higher figures.

An example of NeutrAL Transparency in practice — the independently certified product carbon footprint values for

Ludwigshafen Aggregates and Rotterdam Cement.

Sintered Aggregate Carbon Footprint
(CO,e kg/ Mt)

T60/64

BSA 98

AR 90 AR78 MR 66

High Alumina Cement Carbon Footprint
(CO,e kg/ Mt)

1.753

1.439 1.402 1.430
1.206 1.216

CA-870

CA-25 CA-270 CA-14 CA-470 CA-880
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Figure 5: EU Product Carbon Footprint (PCF) examples

The carbon accounting methodology can be extrapolated and shared with other operations around the world and utilized for faster calculation
and therefore also audit and verification. This process is underway, with the target to have 95% of products verified by 2024.

PRODUCT INNOVATION WITH SUSTAINABLE ADVANTAGE

Future product & process developments must focus on having a sustainable advantage. Almatis is committed to future products having a
sustainable advantage in 1 of our 6 material topic areas outlined in figure 3. In recent years, the reduction of thermal losses in the steel
making process is continuously gaining momentum, and cyclical used vessels such as the steel ladle are of special interest. The heat which is
lost from the hot face during the empty stage in ladle cycling depends on the thermal properties of the ladle lining, which are the heat
capacity, related to the density, and the thermal conductivity. For alumina-spinel-based, carbon-free linings, the heat losses are 10-15K lower
when compared to magnesia-carbon bricks, which can save specific cost per tonne of steel in the magnitude of the refractories lining costs of
the ladle! Almatis is developing a lower density aggregate than tabular alumina which will further reduce such heat losses and also reduces
the weight of the refractory lining.

CA-SYNC cement was developed to overcome challenges in the production of pre-cast shapes with an inner core such as well blocks,
seating blocks, EAF delta sections, and others. Due to the inherent setting shrinkage taking place when the cement phases are hydrating, the
time window for removing the inner core is rather short, e.g. 20 min for regular 70% alumina cement whereas it is more than an hour for CA-
SYNC. If the core is removed too late, microcracks are induced which lead to macrocracks during drying and yield losses in production. CA-
SYNC helps to improve production efficiency and saving energy.

In China, the use of chromium oxide in purging plugs still is very common, though the synthetic chromium oxide is expensive and the
disposal of chromium containing refractories waste can become an issue as it is in many cases already in the rest of the world. Extended
investigations including thermal shock and slag resistance testing have proved that E-SY 88 reactive alumina can replace chromium oxide in
such formulations without compromising hot properties and slag resistance, and the thermal shock resistance is even improved.

Another example from outside the refractories industry is Almatis TR 150, a crystalline silica free polishing alumina as alternative to natural
based Tripoli for industrial polishing of aluminum and brass. Tripoli has been classified carcinogenic due to its crystalline silica content. TR
150 provides a safe alternative with equivalent or better performance than the crystalline silica counterpart and is a safe, sustainable solution
for the future.

CONCLUSION

Almatis’ mission is the be the chosen partner in alumina-based products and solutions. Almatis Mission NeutrAL means a long-term
ambition and commitment towards a sustainable future. Our target is to supply alumina products with the lowest delivered carbon footprint in
order to help advance our industry and the global community. We have achieved verified product carbon footprints for our European
sintered aggregate products and cements, and for most European calcined and reactive aluminas. These are just stepping stones in a path
toward understanding our carbon impact, stablishing the baseline of our product carbon footprint and the foundational structure behind our
sustainability strategy.
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MANAGING PERFORMANCE OF CALCINED ALUMINAS THROUGH
MANUFACTURING PROCESS MODIFICATIONS

Carl Zetterstrom, Jerome Contat, Paul Soler, Johnson Lee
Alteo, Gardanne, France

ABSTRACT

The characteristics of calcined alumina impact greatly on the
behaviour of refractory castables and the final refractory properties
in application. Calcined aluminas are typically described by a
chemical analysis, the specific surface (BET) and the particle size
distribution (PSD), and these in turn depend on the manufacturing
process.

Over the last century, Gardanne plant has been a major actor in the
world of alumina manufacturing using the Bayer process, which
consists in dissolving bauxite and precipitating an alumina hydrate.
In 2022, the Bayer process in Gardanne was partially closed, and
instead alumina hydrates are sourced on the market and used for the
manufacturing of Calcined Aluminas.

Following the modifications to the manufacturing process,
extensive work was done in order to ensure the quality and stability
of the products, independently of variations in the properties of the
alumina hydrates. Work was carried out to achieve the same quality
of calcined alumina in terms of chemistry, BET and PSD of the
alumina powder, while using alumina hydrates having varying
characteristics, and furthermore also evaluating the impact from the
calcined alumina on the behaviour of refractory castables.

INTRODUCTION

Alteo, located in Gardanne, France, is a prominent alumina
manufacturer with a rich history in the industry. For over a century,
the company has been at the forefront of producing high-quality
alumina and related products. With its roots dating back to 1894,
Alteo has consistently demonstrated its expertise and commitment
to excellence.

The company's journey began with the creation of the worlds first
industrial Bayer process, and a few years later was integrated with
the Pechiney industrial group.

Over time, the company expanded its operations, optimizing its
production processes and diversifying its product portfolio. Today,
Alteo is recognized as a leading global supplier of specialty
aluminas for the refractory market as well as a wide range of
industries such as technical ceramics, lithium-ion batteries and
abrasives.

The Gardanne plant has consistently invested in research and
development to enhance its product offerings and stay at the cutting
edge of alumina technology. The company has developed
innovative solutions and tailored products to meet the specific
needs and requirements of its diverse customer base. With a strong
emphasis on sustainability, Alteo has also made significant strides
in reducing its environmental impact and promoting responsible
practices throughout its operations.

Through its dedication to quality, innovation, and sustainability,
Alteo has earned a reputation for reliability and excellence in the
alumina industry. The company continues to evolve and adapt to
the changing market dynamics, driving forward the development of
new applications for alumina and supporting its customers' success
worldwide.

In 2022, as a logic step in Alteo’s continuous focus on specialty
aluminas, the Bayer process was replaced by external sources of
alumina hydrates. The purpose of this paper is to give some insight
into the vast program of testing and validation that was issued in
order to guarantee that our products would maintain the high
standards our customers have come to expect, and that defines our
brand.

MANUFACTURING OF ALUMINA

The Bayer Process

The initial step in manufacturing alumina for the purpose of
refractory materials always starts with the Bayer process. Alumina
hydrate is extracted from the mineral ore Bauxite in the Bayer
Process which involves a dissolution of bauxite in soda and
precipitation and drying of hydrates as a white crystalline powder.
One of the significant factors driving the global alumina hydrate
market is the ever-increasing demand for aluminium metal. The
construction sector also contributes to the demand for alumina
hydrate due to its use in fire-retardant materials, ceramics, and glass
manufacturing.

Calcination of alumina hydrate

The hydrate is calcined in a rotary furnace. In the first step of
calcination, de-hydration occurs transforming the hydrate into a
highly disorganized structure of pure alumina, during this step the
specific surface (BET) increases drastically to numbers above 300
m?/g. A schematic of the influence on BET during calcination is
represented in Fig [/. While temperature increases during the
calcination, and depending on the initial structure of the hydrate, its
particle size and the rate of decomposition, the alumina will morph
through different types of transition alumina before reaching the
most stable state which is the alpha-alumina crystal structure [1].
Starting from the alumina hydrate gibbsite, AI(OH)3, this usually
follows two routes: (a) gibbsite-boehmite-6-y-0-0-Al203 or (b)
gibbsite-y-k-a-Al2Os [1] [2]. The former is supposedly more
common, but both can happen simultaneously, and some different
parameters can be beneficial for one route or the other. While this
transformation goes on, the BET gradually decreases down to
below 1 m%g. The temperature required to transform the transition
alumina into alpha-alumina takes place above 1200°C, even if route
(b) is at a slightly lower temperature than (a). Nevertheless, it’s
possible to decrease this temperature significantly independently of
route, by use of additives, such as nucleation seeds (a-Al203, a-
Fe203) [3] [4] and mineralizers [5] [6]. Furthermore, after it is
formed, the alpha-alumina crystal will grow and typically reaches a
size of between 2 to 3 um in highly calcined products. This is
important because the crystal size will be a natural limit for the
particle size during milling. It can be mentioned here that for
transition alumina, the BET is mostly a measure of calcination
degree, while for hard calcined products the BET becomes a
measure mainly related to particle size.

Fig. 1: Impact of Calcination Temperature on BET

Termparyture

In commercial products, aluminas are referred to as “calcined” and
“reactive”. The distinction between these two words will be found
in the degree of calcination. Typically, products that are “hard”
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calcined, where the transformation to alpha-alumina is almost
complete, specific surface is very low and the crystal size is large
are what we call “calcined”. Reactive aluminas are made from a
combination of slightly higher BET, and particularly a smaller
crystal size which allows for smaller particle size. It’s the
combination of BET and particle size that make the product more
reactive.

Milling stage

The final stage in manufacturing of alumina for refractories
consists in the milling. Various processes exist including
continuous and batch processes, ball milling, air jet and wet
grinding. As mentioned, the alpha-alumina crystal size plays an
important role in the milling. In fact, the milling process consists in
breaking apart agglomerations of individual crystals, but its
virtually impossible to break the actual crystal. In highly calcined
products, the crystal size is typically in the range of 2 to 3 pm, and
most ground high calcined products will have a particle size
between 3 and 6 um.

MATERIALS AND METHODS

In the framework of finding a new raw material source, multiple
different sources of alumina hydrate, were obtained and evaluated.
Part of this work is presented in this paper. The hydrates are
evaluated as such for their chemical properties, granulometry and
morphology. The calcined products are characterized according to
their BET, crystal size (sd50R), particle size distribution (PSD) and
chemical composition. The applicative performance is evaluated by
the flow properties in concrete (standard recipe in Tab. 4) and
mechanical properties after firing. All externally sourced hydrates
(EH-1 to EH-10) are compared to the historical hydrate from the
internal Bayer process of Gardanne (AH). The chosen refractory
formula is a relatively pure recipe with minimal impurities added
from the aggregates. This way the maximum impact from chemical
impurities, particularly soda, from the calcined alumina is expected
to be observed.

RESULTS AND DISCUSSION

Characterisation of Hydrates
Tab. 1: Chemical Analysis of Alumina Hydrates

Hydrate H.0 1d50 Na2O tot | CaO | SiO; | Fex03

[%] [pm] [ppm] | [ppm] | [ppm] | [ppm]
AH 3,1 111 1000 105 | 35 95
EH-1 4 130 2800 40 90 75
EH-2 1,2 140 2300 130 | 60 105
EH-3 5 115 2100 20 60 80
EH-4 4,2 106 2300 130 | 50 100
EH-5 55 125 2350 240 | 35 40
EH-6 3,9 116 2300 115 | 75 185
EH-7 4,9 77 2100 105 | 165 | 125
EH-8 9.3 129 500 60 25 55
EH-9 13 80 1450 295 | 100 55
EH-10 5.8 122 2950 225 | 60 45

The main impurity of alumina hydrates is soda from the Bayer
process, and the measured content in most externally sourced
hydrates are higher than the historical Gardanne hydrate. This has
an impact on the calcination which is discussed later.

Fig. 2: Color variation of hydrates and Fe2O3 content in [ppm]
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Second important impurity to consider in Tab. 1 is the iron content.
Several applications of aluminas are sensitive to iron and it also has
an impact on the color/whiteness of the hydrate, turning it slightly
reddish. An example is given in Fig 2.

A third important factor is related to the PSD. Increased amounts of
small particles, (small 1d10), will impact the flow of the particles in
the furnace and it is believed to improve the alphanisation of the
alumina by promoting the route (b) of alphanisation.

Finally, the morphology of the hydrates was also investigated, and
they can be classified according to two typical cases: large crystals
in a blocky shape or agglomerates of small crystals in a mosaic type
of geometry. Only two hydrates are of the blocky type: AH and
EH-4, all other hydrates are mosaic type. This property was studied
in some depth. It will be shown later that the impact from the
morphology of hydrates on properties of “high” calcined aluminas
is low to insignificant. It can have a small influence on lower
calcined products, ie. reactive aluminas. To give an example, SEM
pictures of these differences are shown in Fig 3. However, for the
case of reactive aluminas in Gardanne, all hydrates independently
of origin, are dissolved and reprecipitated in the Bayer installations.
The resulting hydrate is identical to the historical product. This is
done primarily for the sake of chemical properties but
simultaneously eliminates any difference in morphology, whether it
has an influence or not.

Fig. 3: Hydrate Morphology, SEM x1000, bottom scale = 10um

Characterisation of Calcined Alumina
The target set in order to compare the different hydrates is to reach
the same BET compared to the historical hydrate AH.

Fig 4.: BET vs Temperature for different hydrates
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It is observed in Fig 4, that during the calcination of different
hydrates, the alphanisation takes place at higher temperature when
the soda content is higher. The variation is roughly up to 50°C
difference. The reason for this is thought to be that the soda ion is
relatively large and takes up a lot of space in the alumina crystal
structure, thereby physically obstructing movement of atoms into
other configurations, notably the alpha structure. Furthermore, this
variation in transformation temperature is mentioned in literature
[7] and can be observed via thermogravimetric analysis thanks to
an exothermic peak related to the alpha transformation. The
calcined alumina (C) properties are shown in Tab. 2 here below
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Tab 2: Hard Calcined Alumina properties from respective hydrate Morphology of hard calcined alumina
Calcined| d10 | dS0 | d90 | BET [sd50R|Na2O | CaO | SiO: [Fe20s Fig 6.: SEM pictures of hard calcined alumina at x500 and x5.000,
Hydrate bottom scale = 50um and 5um respectivel

[wm] | [um] | [pm] |[m?g]| [wm] |[ppm]|{ppm]|[ppmI|[ppm]
CAH 14 81 142 10,48 | 2.60 | 1950| 165 | 60 | 150
CEH-1 16 | 102 | 185 | 0,46 | 3.30 [4150| 105 | 175 | 130
CEH-2 17 | 100 | 181 | 0.49 | 2.80 |3450| 270 | 185 | 160
CEH-3 20 85 | 148 10,49 | 2.65 |3000| 70 | 125 | 115
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There is an additional impact from the soda, and/or from the higher
required calcination temperature, which is an increased crystal size
(sd50R). The variation is not insignificant but is still within a
normal range in comparison to historical production data over
longer periods. As a property of the calcined alumina, a larger
alpha crystal size is probably a positive attribute, however, it has a
negative impact on the milling time, as can be seen in Tab. 3.

Morphology of medium calcined alumina
Fig 5: SEM pictures of medium calcined hydrates at x1000 and
x20.000, bottom scales = 10um and [ um respectivel
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After “hard” calcination down to a BET of below 1m?/g, the initial
morphology of the hydrate is unrecognizable. Only the chemical
composition of the hydrate is of real importance.

Characterisation in Application

The calcined alumina obtained from each respective hydrate were
milled to Spm (Tab. 3) and used in the standard refractory self-flow
formula (Tab. 1) for evaluation of application performance.

Tab 3: Hard Calcined Milled Alumina properties

Calcined and| d10 ds0 doo Milling time

Milled -

Hydrate [wm] | [am] | [pm] [min]

CMAH 1,9 5 12,9 53

CMEH-1 2,2 5 11,5 150

EH-2 EH-3 CMEH-2 2 5 14,6 75

After calcination to a BET of 12m?/g, one can still distinguish the CMEH-3 2,12 5.1 13,2 55

morphology of the initial hydrate. It is most probably not of
importance and is definitely not visible in milled products.
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Tab. 4: Standard Refractory Formula for Application Tests

Raw Material Specification [%]
Tab Alumina 0-6 mm 80
CAC 70% Alumina 5
Calcined Alumina Various tested 6
Reactive Alumina PFR20 4
Reactive Alumina PFR 5
Dispersant PCE 0,2
Water 4.5

Fig 7 shows the flow properies of the concrete using the different
hard calcined and milled aluminas.

Fig 7: Flow measurement of standard formula
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There is no visible impact on flow between any of the aluminas.
The one property that is generally associated with flow behaviour is
the particle size distribution. In this case all aluminas have been
ground down to Spum and the flow is near identical. In other words,
we don’t see any influence from for example the soda content on
flow properties of castable.

Fig 8: Porosity and Density of standard formula
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Fig 9: CCS and MOR of standard formula after firing at 1600°C
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While we see some variations on porosity and density of the
obtained concrete slabs after casting. This variation is within what

we normally see in concretes. The one alumina that is somewhat
different is CMEH-1 where a lower porosity is obtained. We don’t
believe this is significant.

Lastly, cold crushing strength (CCS) and modulus of rupture
(MOR) was measured. All samples are very good and comparable
to each other. No significant difference can be attributed to the
calcined alumina. A slightly higher value for CMEH-1 is most
probably related to the higher density that was obtained with this
alumina in this specific series of test.

CONCLUSION

Various tests were carried out calcining and milling alumina
starting from several different sources of alumina hydrates. It was
observed that variations exist in both morphology and chemistry of
the hydrates.

The morphology of hydrates could be described as falling into two
different types, large crystals in blocky shape or small
agglomerated crystals. This morphology remains observable after
calcination to 12m?/g but becomes indistinguishable after “hard”
calcination to 1m?/g.

The behaviour of the hydrate during calcination varies depending
on the chemistry, specifically the soda content. With higher soda
content, the calcination temperature needs to be increased by up to
50°C depending on the % in order to obtain an equivalent specific
surface of the calcined alumina. Following the variations in
calcination temperature, and/or due to the chemical composition, a
varying alpha alumina crystal size is observed which impacts the
milling time in order to obtain iso D50 for aluminas calcined from
different hydrates.

Results were shown from three different hydrates that had been
calcined and milled to close to identical powder properties. The in-
application performance was equivalent for all products and in
comparison to historical calcined alumina from hydrates of the
Gardanne Bayer process.

Managing the performance of the final calcined alumina product
finally relies on the capacity and expertise to adapt the calcination
and milling processes according to the varying chemical properties
of the hydrates.

Any hydrate can be dissolved and reprecipitated, which allows for
making of a hydrate identical to historical Gardanne products in
terms of both chemistry and morphology, this is the case for all
current reactive aluminas in the portfolio for refractory products.
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ABSTRACT

Bauxite is an essential raw material for the refractory industry, but it
can only be used with sufficient raw material quality. For the
classification of bauxite as refractory grade, first of all the chemical
composition is crucial and especially the Fe2O3 content should be
<2 wt%. The global availability of suitable qualities will, however,
become increasingly problematic in the future, which is made clear
by the European Commission's classification of bauxite as a critical
raw material in 2020. Therefore, it is already of great importance to
develop strategies that make different bauxite raw materials, for
example those rich in iron, accessible for the refractory industry. In
this study, it is demonstrated that a beneficiation of iron-rich bauxite
raw materials can be carried out by an acid leaching process. For this
purpose, raw material grades of different chemical and mineralogical
composition are leached in hydrochloric acid and their Fe2O3; and
Al2O3 contents are compared before and after leaching. In addition,
the findings of powder X-ray diffraction measurements (PXRD) to
determine mineralogical composition before and after leaching are
used to draw conclusions about the leachability of various iron and
aluminum minerals in bauxite. These findings, in conjunction with
methodologies for determining optimal leaching conditions,
complete the understanding of the effectiveness of bauxite
processing using hydrochloric acid leaching.

INTRODUCTION

Bauxite is a residual or sedimentary rock in which the content of
aluminum, iron or titanium oxides and/or hydroxides is higher than
50 % by weight and the aluminum minerals dominate over the iron
and titanium minerals [1]. Because of its natural formation, bauxite
is not a clearly defined mineral of a particular composition. Different
bauxites exhibit large differences in both chemical and mineralogical
composition. Generally, a chemical composition of 50-80 wt-%
Al203, 0-10 wt-% SiO2, and 0-30 wt-% Fe20s3 is assumed [2], but
this is not binding. Especially the iron oxide content varies greatly
and influences various properties of the material. In terms of
mineralogical composition, the aluminum minerals commonly
identified in bauxite are gibbsite, boechmite, and diaspore [2-5].
These form the major phase. The iron-bearing minerals hematite,
goethite, maghemite, magnetite, ilmenite, or chamosite are often
present as minor phases. Other minerals are for example kaolinite, as
well as a variety of other iron- and aluminum-substituted silicates,
quartz, anatase, and rutile [4, 6, 7].

Depending on its composition, bauxite can be used for different
applications [3]. In the EU, for example, applications include
aluminum production at about 90 %, chemical production at about
2 %, use as an abrasive at about 2 %, use in the cement industry at
about 3 %, and use as a refractory at about 3 % [8].

The use of iron-rich bauxites is particularly problematic for the
refractory industry. Since too high iron contents in the raw material
have a strong negative influence on the refractoriness as well as the
CO resistance, only raw materials with low Fe2O3 (< 2 wt-%) can be
used. At the same time, the Al2O3 content in the raw material should
be as high as possible (about 80—85 wt-%) [9—13]. For this reason, it
is useful to process previously unusable raw materials by reducing
the Fe20s content [12, 13].

In the past, there have been several studies on the processing of
bauxites and other raw materials by using hydrometallurgical
processes [12, 13]. In particular, acid leaching with hydrochloric acid
has been shown to be a method with great potential [14—16]. In this
context, studies on the kinetics of the dissolution process of different
(pure) iron minerals or different iron minerals in bauxite have also

been carried out repeatedly [14-22]. However, the findings obtained
vary widely depending on the study and usually relate only to the
single mineral studied or to specific leaching conditions such as a
particular acid concentration or leaching temperature. In order to
specifically investigate the leachability of minerals present in
bauxites, different bauxite minerals were leached in this study and
their chemical and mineralogical compositions were compared
before and after leaching. The focus was on the iron and aluminum
minerals present as well as the Fe2O3 and Al2O3 contents before and
after leaching.

MATERIALS AND METHODS

Bauxite raw material

In this study, three different bauxites, Nal, IMF2 and IMC2 were
investigated. All three bauxites have different optical appearances
(especially color) and differed in their origin. Nal and IMF2 are
European bauxites, while IMC2 is a Chinese one.

Bauxite leaching

The leaching of the bauxites was carried out on a laboratory scale in
a three-neck round bottom flask with reflux condenser. The
temperature was set with a tempered oil bath and controlled with an
additional thermometer in the flask [23]. First, V=50 mL or
V =400 mL of hydrochloric acid (HCI) of the desired concentration
c¢(HCI) were added to the flask and heated to the leaching
temperature T with stirring. Once the temperature T was reached,
m = 10-20 g of bauxite corresponding to the desired solid-acid ratio
s/a of grain size GF was added and the leaching time t was started.
After completion of the leaching time t, the solid was separated from
the acid by a sieve and a centrifuge and was washed with
demineralized water to pH neutrality. Drying of the solid took place
at T =40 °C in a drying oven.

The factor settings used for leaching for each bauxite are shown in
Tab. 1. Selection of the factor settings was based on computerized
statistical design of experiments (DOE) after individual model
development and fitting for each bauxite. The detailed procedure is
explained in [23] and [24]. The settings used are the conditions at
which the lowest Fe2O3 content was obtained for the respective
bauxite by leaching.

Tab. 1: Factor settings of leaching experiments.

. C(HCI) s/a T t Grain fraction
BatxitcH T R T e (N min GF
mol/L g
Nal 11,69 100 90 300 2.36-3.35 mm
IMF2 12,00 100 90 180 <1.25 mm
IMC2 6,50 100 60 300 <1.25 mm

Chemical characterization

For the chemical characterization of the bauxites used, X-ray
fluorescence analyses were performed before and after leaching. The
X-ray fluorescence (XRF) analyses were performed quantitatively
on lithium tetraborate melt tablets in accordance with DIN EN ISO
12677. A Bruker wavelength dispersive spectrometer was used for
this purpose. For sample preparation, all samples were ground with
the Pulverisette 0 from the company Fritsch (mortar and ball made
of hardened stainless steel).
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Mineralogical characterization

Mineralogical characterization of the samples before and after acid
leaching was performed by X-ray powder diffraction (PXRD).
PXRD measurements were performed on a Bruker D§ ADVANCE
with Cu-Ko radiation and subsequently analyzed using
DIFFRAC.EVA V6.0 software, the Crystallography Open Database
[25], and the ICDD PDF-4+ 2022 database. Semi-quantitative
analysis was performed by Rietveld refinement using TOPAS V6
software. For preparation, the samples were also ground with the
Pulverisette 0.

RESULTS

Chemical characterization

The results of the chemical analyses of the three bauxite raw
materials used as well as the leached samples can be seen in Tab. 2,
Tab. 3 and Tab. 4. All percentages refer to the ignited substances.
The ALOs contents of all samples have increased due to acid
leaching, while the Fe2O3 contents have decreased significantly. In
the case of bauxite Nal, it is also noticeable that both the SiO2 and
TiO2 contents are significantly higher after leaching (?). In the case
of IMC2, the SiO2 content has also risen strongly as a result of the
leaching.

Tab. 2: Contents of the main components present in Nal in wt.-%
(based on the ignited substance).

LOI
(1,025 °C)
Nal[24] | 61.17 | 3.01 | 3127 | 3.83 24.56

Nal-HCI 81.87 6.39 1.41 9.52 28.30

component | ALO3 SiO2 | Fex03 | TiOz

Tab. 3: Contents of the main components present in IMF2 in wt.-%
(based on the ignited substance).

LOI
(1,025 °C)
IMF2[24] | 6430 | 5.02 | 2399 | 2.96 13.45

IMF2-HCI 87.23 5.97 2.66 3.50 14.21

component | AlLO3 SiO2 | Fex03 | TiO2

Tab. 4: Contents of the main components present in IMC2 in wt.-%
(based on the ignited substance).

LOI
(1,025 °C)
IMC2[24] | 61.90 | 554 | 2552 | 3.30 15.71

IMC2-HCI 82.05 9.17 2.52 4.57 13.60

component | AlLO3 SiO2 Fe203 TiO2

Mineralogical characterization

Fig. 1, Fig. 2 and Fig. 3 show the measured X-ray diffractograms of
the bauxites before and after leaching. The characteristic peaks of the
associated phases are marked respectively.

The X-ray diffraction pattern of Nal shows that goethite and
hematite are present as iron phases prior to leaching. The main Al
phase is gibbsite (y-Al(OH)3). This high proportion of gibbsite
causes the comparatively high loss on ignition (see Tab. 2). After
leaching, especially the peaks characteristic for hematite (a-Fe203)
are no longer visible and also the peaks assigned to goethite
(y-FeO(OH)) have lost considerably in intensity. This becomes
especially clear in the enlarged section in Fig. 1.
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Fig. 1: PXRD diffractogram of Nal before and after leaching.
According to [24].

From the X-ray diffractogram of IMF2 in Fig. 2, it is clear that this
bauxite contains diaspore (a-AlO(OH)) as the main mineral.
Furthermore, boehmite (y-AIO(OH)) is clearly identified as an
aluminum mineral present. The iron minerals are hematite, goethite
and ilmenite. After leaching, the intensity of the peaks characteristic
of hematite, goethite and ilmenite (FeTiO3) is much lower, so that
they can hardly be identified. Boehmite and anatase (TiO2)
associated peaks show a significantly higher intensity at the same
time. It is also noticeable that calcite (CaCOs3) present in the raw
material seems to be completely removed after leaching.
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Fig. 2: PXRD diffractogram of IMF2 before and after leaching.
According to [24].

The X-ray diffraction pattern in Fig. 3 shows a very complex mineral
composition of the bauxite IMC2. The main Al mineral is diaspore.
As iron minerals goethite, hematite and magnetite (Fe3O4) can be
identified in small amounts. Furthermore, iron occurs as a substituent
in small amounts in the numerous different silicates present, such as
epidote ((Ca2Alz,16Fe0,34)(Si04)3(OH)), yoderite ((Alz,s4Feo,16Mg)O2
(Si04)2), clinozoisite (CazAlo,79Fe0,21Al2[ O2(Si04)(S1207))),
chamosite  ((Mgs,036Fe4,964)Al2,724(S15,70A12,30020)(OH)16)  and
lizardite (Mg2,79Feo0,15A10,06)(Si1,84Alo,16)Os(OH)4). After leaching,
only minor changes can be seen in the X-ray diffractogram. The
intensity of the peak characteristic of the pure iron minerals goethite
and magnetite only decreased. Hematite can no longer be identified
after leaching. At the same time, the intensity of the peaks
characteristic of diaspore has increased significantly.
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Fig. 3: PXRD diffractogram of IMC2 before and after leaching.
According to [24].

DISCUSSION

The results of the chemical and mineralogical analyses of the three
bauxites investigated show overall that hardly any aluminum
minerals are dissolved during the leaching process. This is evident
from the higher intensities of the corresponding peaks in the X-ray
diffractograms and from the increased Al.O3 contents after leaching
in all three bauxites. Likewise, the results show that hematite in
particular is dissolved during the leaching process. Hematite was
identified in all of the bauxites examined prior to leaching, while it
was not detectable, or only in very small amounts, after leaching.
The goethite contents also appear to have decreased in all three
bauxites. However, larger proportions are still present here after
leaching compared to hematite.

It is remarkable that after leaching the lowest Fe2O3 content was
obtained at Nal although the Fe2Os3 content was highest there in the
raw material. The results of the X-ray powder diffraction indicate in
this context that this is due to the apparently good solubility of
hematite in hydrochloric acid. In the case of the bauxites IMF2 and
IMC2, in addition to hematite and goethite, ilmenite and magnetite
could be identified, respectively, which were also partially dissolved
by the hydrochloric acid but can still be detected after leaching. On
the other hand, especially IMC2 contains many Fe-substituted
silicates, whereby iron is incorporated firmly into foreign crystal
lattices. This iron can hardly be reached despite the optimal leaching
conditions and therefore remains in the bauxite even after leaching.
As a result, the Fe2O3 content is comparatively high even after
leaching, although hardly any characteristic peaks of the iron
minerals can be seen in the X-ray diffraction pattern.

The strongly increased SiO2 and TiO:z contents in Nal after leaching
additionally indicate that significant portions of gibbsite were
dissolved by the acid leaching. This could additionally indicate that
gibbsite bauxites are overall more attacked than diasporic bauxites
during the leaching process. As a result, iron components trapped in
the bauxite or present as a substituent would also be better removed,
resulting in a lower Fe2O3 content after leaching.

CONCLUSIONS

Chemical and mineralogical analyses of different bauxites before
and after acid leaching were used to investigate the influence of the
bauxite composition on the leaching result.

It was observed that hematite in particular can be well dissolved from
the bauxite by the acid. Iron constituents that are incorporated as
substituents in the crystal lattice of other minerals, in contrast, can
hardly be dissolved by the acid. The results have further shown that
gibbsite bauxites can be leached better than diasporic bauxites due to

the lower resistance of gibbsite to hydrochloric acid. This means that
lower Fe2O3 contents can be obtained by leaching at optimum
parameters. At the same time, however, the SiO2 and TiO> content in
the raw material increases due to the dissolution process of gibbsite.
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ABSTRACT

A previously not commercially used dolomite mine in Hochfilzen,
Austria has recently been developed to produce high-quality dead
burnt dolomite for basic refractory bricks and mixes. The extremely
high purity of dolomite from this mining site normally demands a
2-step process and profound raw material research has been
undertaken to provide a simplified process. Main target was to
produce high-purity high-density dead burnt dolomite in a single-
step rotary kiln process. In extensive laboratory and industrial
trials, the kiln parameters and sintering additives were optimised
and the suitability for brick and mixes production was confirmed
and yielded products which at a minimum display similar physical
properties and superior chemical composition when compared to
the current standard raw material from shaft kiln processes.
This paper summarizes the journey of raw material development
and gives some insights about the implementation in refractory
production. In addition, some performance related details of the
resulting refractory products will be provided.

INTRODUCTION

Doloma-based refractory bricks for high-quality stainless-steel
production have been used with great success for many decades
now [1,2]. The main base raw material for such products, the
mineral dolomite (CaMg(COs3)2) which is converted to doloma (or
sintered dolomite/doloma  sinter/dead burned dolomite =
CaO+MgO) during raw material production has mainly been
formed from calcite deposits by diagenetic processes in the upper
earth’s strati [3,4]. It is abundantly available in large quantities,
refractory application, however, has special requirements strongly
narrowing down the useful part for high-temperature applications.
The scarcity of appropriate carbonatic rock deposits and the
developments in production technology of doloma-based raw
materials as well as recent spikes in energy prices have influenced
the search for new raw material sources in terms of ecological and
economical aspects. Deposits which formerly had not been
utilizable are now gaining importance and their exploitation has
been made possible only by new developments in the field of raw
mineral mining and refractory aggregate production. In this
proceeding the economic utilization of a formerly unused dolomite
mine in central Europe is summarised covering all steps from raw
material development and production to refractory goods
manufacturing and field application.

RAW MATERIAL DEVELOPMENT

From lab to plant

Dolomite raw material from a mine situated in the west of Austria
was subjected to extensive investigations in terms of sinterability,
densification and the potential use of appropriate additives
supporting an economically viable firing process. The mine
formerly had not been commercially exploited for refractory raw
material production as the extremely high purity of its carbonate
rocks prevented sufficiently high densification without using
excessive amounts of energy. By explorative drillings on site the
high quality of the dolomite stone was re-confirmed along with a
predicted lifetime for the mine exceeding 50 years.

First attempts to make use of this mine dating back to the 80ies of
last century led to the conclusion that an expensive 2-step process
of dolomite calcining in a low-temperature shaft kiln followed by
briquetting and re-firing in a high temperature shaft kiln would

have been needed to provide dense and well sintered dead burned
doloma (DBD).

30 years later, however, the approach was revived, and a
multinational team of research and production experts started to
design experiments investigating into a cost-efficient one-step
approach by making use of new insights gained from other raw
material research areas. Target of these lab trials was to provide
sintered dolomite with a density of at least 3.15 to 3.20 g/cm?® and
an overall flux level between 1.7 and 2.2% in the final raw material
which is an excellent starting point for high-quality refractory
products. Direct comparison with the former standard doloma raw
material coming from a shaft kiln process was done to benchmark
the resulting refractory material [5].

The tests clearly showed potential of designing a single-step
process in a modern rotary kiln by using additives which can
promote sintering of dolomite-based minerals [6,7]. These
successful trials subsequently paved the way for first scale up tests
in already existing rotary kilns to confirm the findings. Raw stone
from the mine was sized to a grain size dimensionally
corresponding to the needs of final dead burned dolomite. By doing
so, the efforts for crushing grains down to the size needed for
refractory formulations can be minimised. Results from the
laboratory trials could be validated and the resulting doloma raw
material showed higher density than the former raw material from
shaft kilns while the impurity level could be kept below other
commercially used raw materials (table 1).

Table 1: Density and impurity levels of doloma raw materials from
old shaft kiln process and new rotary kiln process. Taken from [5].
New source | Old source

AlLOs % 0.4 0.4
SiO2 % 0.2 0.8
Fe203 % 0.9 0.7

Bulk density | g/em®| 3.20-3.25 3.18

Notably, the SiO: content of the resulting sinter dolomite was
exceptionally low and, considering the low alumina level, a very
low share of low melting phases was expected for the final product.
Iron oxide was mainly found inside the periclase crystals and only
small amounts of well-dispersed interstitial phases were found in
mineralogical investigations. Periclase crystals had an average size
of 10-15 um which is in the range of other doloma raw materials

[Fig. 1].

Fig. 1: Microstructure of sinter dolomite showing well distributed
interstitial phases (red square) and small amounts of iron-
containing phases (red arrow). Reprinted from [5] with permission.
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Due to the switch from shaft kiln to the rotary kiln process another
benefit could be realised: The dense outer layer of doloma grains
beholds a clear advantage for hydration resistance, one of the major
drawbacks of lime-containing refractory materials [Fig. 2].

Fig. 2: Polished section of a doloma grain from the new rotary kiln
process showing a dense outer layer and low porosity on the inside.

Black spots represent pores. Reprinted with permission [5].

The higher iron content as compared to the former shaft kiln
material had another effect on the final material by giving it a much
darker colour as depicted in figure 3 where macrographs of both
materials are shown next to each other.

Fig. 3: Doloma grains from the new rotary kiln process [left] and
the former shaft kiln process [right] showing darker colour due to
higher iron oxide levels. Reprinted from [5] with permission.

Comparative hydration tests which were done on both, the new and
the former doloma raw material, showed significant improvement
of hydration resistance for the rotary kiln material due to the higher
density and the lower surface porosity providing a protective layer
against water attack (table 2 and [8]).

Table 2: Hydration susceptibility of rotary and shaft kiln doloma
tested under autoclave conditions of 120 °C with 100% RH and a
ressure of 1.6 bar. Taken from [5].

Shaft kiln Rotary kiln doloma
doloma uncrushed crushed
crushed and and sieved | and sieved
sieved 1-5 mm 1-5 mm 1-5 mm
Weight gain | % 2.5 0.9 1.2
Hydration
susceptibility | % 16.7 2.1 5.1

Based on the very successful and promising outcome of the lab and
plant trial sets, a significant investment into a new raw material
centre including mining, automatic transportation from the mine to
the sinter plant and a new state-of-the-art rotary kiln was approved.
The construction works for the rotary kiln were completed in 2021
and raw material production was started right away. Raw material
transportation from sinter plant to brick production plants was
switched from predominant truck delivery to train transfer resulting
in improved energy and CO: efficiency.

IMPLEMENTATION OF NEW DOLOMA RAW MATERIAL
IN BRICK PRODUCTION

From mine to refractory bricks-Testing of the new raw
material in production environment

Preceded by successful large scale raw material production trials
and thorough lab testing of the resulting doloma raw material, brick
production trials were initiated to learn more about the material’s
behaviour in a brick production environment. The higher iron
content of the new rotary kiln material was identified as a potential
risk of higher shrinkage during the firing step. This was supported
by former trials done with another doloma-based raw material with
a similar Fe2Os3 content in which severe deformation and tilting of
the brick columns on the tunnel kiln car were observed [Fig. 4].

Fig. 4: Severely deformed bricks on kiln car due to high iron levels
in raw material. Reprinted from [5] with permission.

Precautions to prevent kiln blockage by falling bricks were taken
by a pyramid-like setting of the bricks produced with the new
doloma raw material [Fig. 5].

Fig. 5: Pyramid-like setting pattern to prevent bricks from falling
and blockage of tunnel kiln. Reprinted from [5] with permission.

However, the bricks did not show excessive shrinkage or
deformation after firing and the switch from one material to the
other could be done in a rather uncomplicated and straight-forward
manner. Before full implementation, extended production testing
for fired as well as unfired (tempered) refractory bricks was done.

Property evaluation of fired refractory bricks

Thorough investigation of mineralogical features and physical hot
properties showed at least similar, in many cases even superior
properties for density, porosity and cold crushing strength when the
new rotary kiln material-based bricks were compared to the ones
produced with the former shaft kiln doloma raw material. All
relevant data are shown in tables 3 and 4.
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Table 3: Typical chemical composition of fired doloma bricks
produced with former shaft kiln sinter doloma and with newly
developed rotary kiln material. Taken from [5].

Product type Fired Fired Fired Fired
(shaped) doloma | doloma | magdol | magdol
Type of raw Rotary | 1. kiln [Rotary kiln| Shaft kiln
X kiln
material doloma | doloma | doloma
doloma
Chemical analyses Wt.% Wt.% Wt.% Wt.%
MgO 40.1 40.2 56.5 57.7
AlLO3 0.37 0.56 0.28 0.41
SiO2 0.22 0.91 0.32 0.79
CaO 58.3 57.7 42.0 40.4
MnO 0.11 0.09 0.10 0.09
Fe203 0.86 0.54 0.75 0.57

Table 4: Typical physical properties of fired doloma bricks
produced with former shaft kiln sinter doloma and with newly
developed rotary kiln material. Taken from [5].

Physical test results

Test method |Unit

Bulk density |g/cm? 3.01 3.00 3.02 3.00
Apparent |y, o0l s 12.0 11.7 12.2
porosity

Cold crushing|) 80 70 70 60

strength

HMOR @

1400 °C MPa 2.3 2.3 1.9 1.7
HMOR @

1500 °C MPa 1.6 1.8 1.6 1.7
CMOR @ RT|MPa 193 145 17.0 9.5

Special emphasis was put on to the thermomechanical behaviour
which was determined by means of creep-in-compression tests
carried out at 1500 °C with an applied load of 0.2 MPa. Figure 6
clearly illustrates the advantage of the new raw material showing

significant reduction in load-related deformation at high
temperatures.
L] (]

L L hange & %%

Hiolding time im h

m g bt Fwch g (e ok inen L Sobosia

] gt doome b peelnsod ek st ki b

i e
Fig. 6: Creep-in-compression tests of refractory brick samples
produced with rotary kiln material (green) and shaft kiln material

(blue).

Low silica levels in doloma-based refractory bricks are generally
seen as a benefit, especially when it comes to resistance against
silica-based slags which are predominantly used in AOD converter
processes. To provide evidence for this assumption, finger shaped
brick samples produced with the newly developed and samples
with the former shaft kiln-based doloma raw material were
subjected to slag corrosion tests in an induction furnace employing
an aggressive synthetic silica-rich AOD slag with a low C/S ratio of
~1.2. Testing temperature was kept at 1650 °C for a test duration of
3 h. Results showed superior slag resistance of the rotary kiln-based
brick samples, mainly due to the raw material’s lower silica content
but also due to higher bulk density and lower porosity [Fig. 7 and
table 3]. The samples on the right-hand side had a significantly
higher remaining thickness. Quantitative measurement of thickness
was prevented due to complete disintegration by phase change of
dicalcium silicate during sample cooling.

Shaft ko Goloma

baick '-..:.Ill'l -
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Fig. 7: Finger-shaped slag testing samples after slag corrosion
tests. Brick samples prepared with shaft kiln doloma material (left)
and rotary kiln doloma having higher bulk density and lower silica
levels (right).

Property evaluation of tempered refractory bricks

Benefits coming from higher density, lower porosity and improved
hydration resistance showed even more benefit of the newly
developed rotary kiln doloma material. It is assumed that higher
hydration resistance of raw material has significant influence on the
overall properties. Comparative properties of resin bonded straight
doloma bricks are summarised in tables 5 and 6.

Table 5: Typical chemical composition of tempered doloma bricks
produced with former shaft kiln sinter doloma and with newly
developed rotary kiln material. Taken from [5].

Type of product Tempered resin Tempered resin
(brick) bonded bonded
Type of raw material | Rotary kiln doloma | Shaft kiln doloma
Chemical analyses Wt.% Wt.%
MgO 42.0 41.8
ALO3 0.4 0.5

SiO2 0.3 0.7

CaO 56.4 56.4
MnO 0.1 0.1
Fe203 0.8 0.4

Total carbon content 4.8 5.5
Residual carbon content 3.1 3.2
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Table 6: Typical properties of tempered resin bonded doloma
bricks produced with former shaft kiln sinter doloma and with
newly developed rotary kiln material. Taken from [5].

Physical test results

Test method (Unit

Bulk density g/cm? 2.95 2.86
Apparent porosity Vol% 3.9 5.6
Cold crushing strength |MPa 100 87

oo Vo[ 128 148
ol cting st v | 0 S

HMOR @ 1400 °C MPa 2.8 39
HMOR @ 1500 °C MPa 3.1 2.7
CMOR @ RT MPa 21.0 17.4

LARGE SCALE RAW MATERIAL PRODUCTION,
ENERGY & ADDITIVE OPTIMIZATION

Production of doloma with the new rotary kiln in Austria made a
good development in 2022 and sustainably stabilised in 2023. The
quality of DBD could be kept on high levels regarding all relevant
parameters. Like many other fields, the energy crisis also hit the
refractory industry in 2022/2023, especially in highly energy-
intensive processes like raw material production requiring
temperatures above 2000 °C. With all this in mind, considerations
were made to look for more cost-effective sintering additives than
the ones used so far. Obviously, the target was to keep the high
quality of the product at the same levels. A screening of possible
alternatives provided among others a recycling material from
refractory products. The selected materials were evaluated for
sintering simulation tests in a lab rotary kiln.

The results with recycling material addition looked promising
enough to initiate a large-scale trial in the sinter plant. One of the
additive silos was filled with the new recycling material and a
smooth overlapping switch from the standard material to the new
one was made using the dosing conveyor belts. Regular analysis of
the dolomite sinter chemistry and bulk density safeguarded the
quality of the product.

This first large-scale trial lasted only for a few days and the
influence of dust recycling back into the kiln feed with possible
aggregation of certain compounds could not be evaluated. Density
levels, however, were well above the target [Fig.8] and chemical
composition was still very good.

Vg bl domsily i g om
F
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!

Fig. 8: Grain bulk density of doloma before, during (ved square)
and after trial.

Therefore, a longer trial was scheduled lasting for around one
month. This trial confirmed the good results from the first one and,
most importantly, did not show any negative effects coming from
kiln dust recycling. Since then, the production has been switched to
the new recycling material-based additive providing benefits for the
cost of sinter dolomite.

CONCLUSIONS

A high-quality supply of sintered dolomite has recently been set up
in Western Austria by making use of a high-quality dolomite mine
through implementing a newly designed one-step rotary kiln
process using sintering additives. Raw material and process
development were started with extensive lab trials followed by
scale-up trials and thorough testing of raw materials in lab and
production plant environment. Since the start of the sinter plant,
several optimization steps have led to improved energy efficiency
and cost structure by introduction of new additives, recycled
materials, and side-products. Main benefits of the rotary kiln
process and the resulting doloma raw material over the former shaft
kiln process and material are:

1. Cost-efficient and highly flexible single-step process
allowing for changes in fuel as well as dosing of different
additives and recycled materials.

2. Higher density of dolomite sinter and very low surface
porosity significantly improving hydration resistance.

3. Extremely low silica content and overall low flux level in
final doloma.

4. Improved density and porosity of bricks produced with
rotary kiln doloma.

5. Improved slag resistance of bricks produced with the new
raw material as compared to bricks produced with the
former shaft kiln raw material.

By implementing this new process, the future supply of high-
quality doloma and doloma-based refractory products from Europe
has been secured for the next decades to come. Continuous
improvements of feeding raw materials and fuel usage will lead to
higher energy and mining efficiency at the same time keeping the
good performance level of the final products.
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DESIGNING ECO-FRIENDLY ALTERNATIVE TO THE
MAGNESIA-CHROMITE AGGREGATES

0. H. Borges, F.G. Coury, D.N.F. Muche, V.C. Pandolfelli
Federal University of Sao Carlos, Graduate Program in Materials Science and Engineering, Sao Carlos-SP, Brazil.

ABSTRACT

Due to its outstanding thermomechanical and corrosive
performance, electrofused magnesia-chromite aggregates (EMCA)
have been consistently applied to refractory compositions since the
beginning of the 20" century. Notwithstanding the performance of
refractories containing this raw material, the rising environmental
and safety concerns have been driving the replacement of chrome-
containing compositions by greener alternatives as this type of
refractory can generate a highly toxic by-product (Cr®),
suppressing landfilling and recycling. However, finding eco-
friendly and affordable alternatives to EMCA remains a challenge.
Firstly, there is a lack of understanding of the mechanisms that give
rise to its good performance and, secondly, conventional
formulation criteria can hardly account for the microstructure
complexity of this raw material. In this work, multiple electron-
microscope-based techniques, such as EBSD and EDS, were used
to assess EMCA microstructural features and a mechanism to
explain their generation was proposed. Based on the latter and with
the aid of thermodynamic calculations, the concepts of designing
compositionally complex ceramics were applied to find eco-
friendly alternatives to EMCA. From the 154 simulated systems,
the 4 most promising compositions were experimentally produced
and characterized at a laboratory scale. Although kinetics aspects
still must be addressed, Cr-free EMCA mimetized microstructures
were obtained, highlighting that this design approach can be used to
support the development of novel raw-material that can better
merge performance, cost and eco-friendliness.

INTRODUCTION

The search for refractory systems capable of withstanding the
complex solicitations (e.g. thermal shock, corrosion, erosion) is a
constant demand in high-temperature industries!. To address such a
scenario, refractories containing electrofused magnesia-chromium
aggregates (EMCA) have been broadly applied since the 1960s!. In
these systems, which fit into the compositionally complex ceramic
classification!, the predominant phases are periclase and a solid
solution based on a complex spinel obtained by combining different
types of spinel structures (AB20s-type phases, in which A
represents a divalent cation and B a trivalent one)?. This complex
structure results in excellent resistance to corrosion and slag
penetration®. Additionally, although the literature does not report in
detail the driving force for this phenomenon, the high number of
preferentially oriented microcracks formed on the EMCA
microstructure gives rise to a material with good flexibility and
thermal shock damage resistance.

Besides its outstanding corrosion and thermal shock damage
resistance, EMCA has received little attention from the scientific
community in recent decades, which can be attributed to its toxicity
(mainly due to the formation of hexavalent chromium). Thus,
greater efforts have been made to study safer systems, especially
based on MgAlQO4, as alternatives to replace EMCA, but
equivalent performance in applications such as in RH degassers has
not yet been achieved®. Consequently, there is a lack of
understanding of the mechanisms that lead to EMCA properties,
especially related to its high thermal shock damage resistance.
Aiming at understanding the mechanism that leads to their features,
multiple techniques were used in this work to assess the
microstructure of commercially-available EMCA. Based on that
and using thermodynamic calculations (CALPHAD), the concepts
of designing compositionally complex ceramics* were applied to
find eco-friendly alternatives to this chromium-containing raw
material. Some of the most promising compositions were then
processed by electrofusion in lab-scale arc furnace equipment and
their resulting microstructures were analysed.

EXPERIMENTAL PROCEDURE

Microstructural — characterization was firstly conducted for
commercially-available electrofused magnesia-chromium
aggregates (FMCR 18-20, dso = 3 mm, Chenglong, Liaoyang,
China). The as-received samples were embedded in a polymeric
resin, cut to expose their sectioned surface, ground using SiC-based
sandpaper, and polished in AutoMet (model Phoenix Beta, Buchler,
USA) using polycrystalline diamond paste with particle sizes
ranging from 15 um to 0.25 um (MetaDi Medium Concentration,
Buehler, USA). The diamond-polished samples had their
microstructure assessed by backscattered electrons imaging (BSE)
coupled with energy-dispersive X-ray spectroscopy (EDS) on a
scanning electron microscope device (Inspect S50, Thermo Fisher
Scientific, USA). To avoid charging artefacts, the latter analysis
was conducted on golden-coated surfaces (Balzers SCD 004, Bal-
Tec, Switzerland). The crystallographic orientation of the EMCA
phases was assessed by electron backscattered diffraction technique
(30 kV, Inspect S50, FEI, USA). Thermodynamic calculations were
carried out in Equilib module of FactSage software (FToxid and
FactPS databases, version 6.4, CRCT, Canada) using the EMCA
chemical composition (X-ray fluorescence, MagiX PRO, Malvern
Panalytical, UK) to assess its solidification path.

Aiming at finding eco-friendly alternatives to the chromium-
containing material, the same thermodynamic approach was used to
assess the solidification path of binary, ternary or quaternary spinel
systems (available in the aforementioned database) together with
66.4 wt% of MgO, giving rise to 154 distinct systems. This MgO
content was selected because it is the same as that presented by the
reference material (EMCA). To allow a better comparison among
the simulated systems, they were ranked considering 5 key
indicators, which will be presented later in this work. This ranking
showed four systems with similar features to those presented by
EMCA, thus, they were selected as the most promising and
experimentally processed in a lab-scale arc melter (MAM-I,
Edmund Buehler, Germany). To enable their electrofusion in this
equipment, the raw materials presented in Tab. 1 were dispersed in
a ball-milling with alumina balls for 2h and moulded into small (~
1 cm?®) uniaxially-pressed (~ 60 MPa) pieces, avoiding powder
aspersion during electric arc opening.

Tab. 1: Composition of the four selected electrofused systems in a
lab-scale arc melter.

.. MgO FeO F6203 A1203 NiO Ni203
Composition

wt%
1 69.54 5.59 24.87 - - -
2 66.40 11.27 8.35 5.33 - 8.65
3 71.12 421 18.70 5.97 - -
4 70.01 3.22 14.30 9.13 334 -

These pressed pieces were placed inside the electric arc melter and
the melting process took place for ~ 90 seconds. Compared with the
industrial electrofusion process, the lab-scale equipment imposes
distinct processing conditions, such as much higher cooling rates
(the samples cool down within seconds). Therefore, to bring them
closer to the thermodynamic equilibrium, the as-fused samples
were annealed for Sh at 1500 °C in a conventional electric heated
furnace (Lindberg/Blue M, Thermo Fisher Scientific, USA). After
that, the microstructure of the annealed samples was assessed by
BSE/EDS and XRD (D8 Focus, Bruker, Germany).

EXPERIMENTAL PROCEDURE

Firstly, the microstructure of the commercially-available EMCA
was analysed by BSE coupled with EDS (see Fig.1), highlighting
that the aggregate is formed by a magnesium-oxide matrix
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containing nodular precipitates with oxygen, magnesium,
chromium, aluminium and iron as its main elements. Using the
CALPHAD-based FactSage software, the mean composition of the
two distinct regions was used as input for the thermodynamic
calculation. The result indicated that the EMCA should be
comprised of a complex spinel solid solution (spinel®S) with the
chemical formula (Mgo.s6sFe0.135)(Al0.099Cro.877F €0.024)204,
surrounded by a periclase solid solution [(Mgo.991Cro.006F€0.003)O]
matrix. XRD analysis (not presented here) attested the formation of
both phases, in line with previously reported works. Additionally,
image analysis software was used to measure the mean diameter of
the spinel precipitates, which was 15 +2 pm.

Although the mineralogical composition and the microstructure of
EMCA have already been reported in the literature, the mechanism
that leads to the cracking behaviour seen in the microscopy (Fig.1)
remains unclear. Thus, microcrack generation due to thermal
expansion mismatch between distinct ceramic phases during the
cooling process was considered. By using the approach proposed
by Luchini et al.’ and considering the properties of the spinel®S and
periclase extracted from the literature (further information on these
calculi is described in®), the minimum precipitate diameter (dc) to
generate microcracking in this system was calculated as 2.3 pm. As
the average spinel size measured in the EMCA (15 + 2 pm) is
considerably bigger than this value, microcracking due to thermal
expansion mismatch is, indeed, expected. However, although the
thermal expansion mismatch accounted for the highly cracked
microstructure of the EMCA, it does not explain their crack
orientation pattern, which plays a key role in the outstanding
flexibility of this raw material. To assess the mechanism that leads
to this oriented microcracking, EBSD analyses were conducted.

»
.l

Fig. 1: Morphology and elementary mapping of the EMCA
microstructure assessed by scanning electron microscopy coupled
to energy dispersive spectroscopy. Extracted from [6] with Elsevier
permission (n® 5573751435544).

Due to the unevenness of the surface, generated by the distinct
hardness between the spinel and periclase (Hvickers's typically
varying from 5.3 GPa to 8.6 GPa and 12 GPa to 16 GPa,
respectively), no Kikuchi lines were detected for the former,
however, the analysis could be conducted for the MgO matrix.
Evaluating the obtained results (displayed in Fig. 2), the formation

of distinct MgO grains inside the aggregates was attested, giving
rise to intergranular flaws, likely generated by solidification
defects, at their interfaces (marked as F). Besides them, oriented
cracks were observed within the MgO grains (marked as C). The
post-processing software was used to determine their relative
orientation, revealing a good fit with the {110} family of
crystallographic planes, which are the MgO slip planes, whereas
{100} are the cleavage ones. Additionally, the intersection among
the oriented microcracks formed triangular slits (marked as S).
These two features — cracks on slip planes instead of cleavage
planes and the formation of triangular cracks — are in agreement
with the cracking mechanism proposed by Zener and further
described by Stroh’. According to these authors, crack nuclei are
induced by a pile-up of edge dislocations that are halted at an
obstacle, such as precipitates. In the case of MgO, non-
homogeneous deformations (as those generated by thermal
expansion mismatch) induce the pile-up of edge dislocations,
resulting in crack nucleation at the {110} family of planes and
triangular slits at the crack intersection, similar to what was
observed for the EMCAS,

_ ..‘ vt P h . i
Fig. 2: Microstructure of EMCA assessed by EBSD. The colours
indicate the MgO orientation. Intergranular flaws, oriented cracks
and triangular slits are highlighted as F, C and S, respectively.
Extracted from [6] with Elsevier permission (n° 5573751435544).

Therefore, the microcrack orientation pattern established in the
EMCA - and that gives rise to their flexibility — is attributed to the
Zener-Stroh crack mechanism triggered by the stress generated due
to the thermal expansion mismatch between the MgO and the
complex spinel. Thus, the properties and geometry of the spinel
precipitates play a key role in promoting such a structure as it will
affect, (a) the thermal-induced stress level and, (b), act as
dislocation barriers. At first sight, all these features seem to be
feasible to obtain in a nontoxic and simpler system, such as a
magnesia-rich MgO-Al2O3; composition. However, previous works
showed that instead of spinel precipitates in a MgO matrix, this
system presents the formation of periclase and spinel grains
separately, ~which halts attaining preferentially oriented
microcracks. Thus, to understand the role played by the chromite
mineral on the formation of its microstructure, the solidification
path of the EMCA and MgO-ALOs system were assessed by
thermodynamics calculations carried out in the FactSage software.
The solidification seen in Fig. 3 explains the distribution of phases
in the EMCA (Fig.1), pointing out that the chromium addition plays
a key role by enabling the formation of a MgOSS at high
temperatures, which exsolves a spinel®S as the material cools down.

The results discussed so far pointed out the mechanism and key
features responsible for the formation of the EMCA microstructure
and, consequently, good thermomechanical properties. To do this, a
system capable of forming a broad solid solution with MgO at high
temperature, but exsolving a second phase presenting a lower
thermal expansion coefficient, as internal precipitates with mean
size higher than the critical value to induce fracture by thermal
expansion mismatch is required to trigger the Zener-Stroh cracking
mechanism, leading to highly oriented microcrack formation. This
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intricate set of features explains why finding other compositions to
replace the EMCA is so difficult, especially using the traditional
selection paradigm. Therefore, the compositionally complex
ceramic (CCC) selection approach was used to assess promising
alternatives that could mimetize the EMCA but without containing
chromium addition. The validated systems of FactSage 6.4 gave
rise to a total of 154 compositions, which were ranked by taking 5
key indicators into account: (i) the periclase decay step; (ii) whether
any gas was predicted to be generated up to 2800 °C; (iii) the
solidification interval; (iv) the Ao between the periclase and the
spinel formed; and (v) the temperature of the first liquid formation.
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Fig. 3: EMCA (a) and M-A (b) solidification path assessed by
FactSage. The drawings (c) presented a schematic representation of
the microstructure at different temperatures. Extracted from [6]
with Elsevier permission (n° 5573751435544).

According to these indicators and considering the reference values,
4 systems stood out as promising compositions to mimetize EMCA,
as depicted in Tab. 2 (the values for all the 154 evaluated systems
can be checked in®). At first, it is worth noticing that no Zn-
containing system was selected, which is attributed to the high
partial pressure of this element, resulting in gas formation at
temperatures close to 2400 °C. Secondly, all selected compositions
presented Fe additions, which was observed to display a similar
role of Cr, also presenting a high solubility in periclase at high
temperatures and able to exsolve a spinel structure during cooling.

Tab. 2: Indicator values for the EMCA and the four most promising
compositions to mimetize it.

Composition ~ MgO Gas Solidification ~ Aa First
decay  formation interval (%) liquid
(Wt%) (°O) formation
9]
EMCA 40.4 No 450 429 2200
1 38.6 No 525 67.3 2200
2 34.0 No 550 37.8 2125
3 36.4 No 575 38.2 2100
4 345 No 550 38.2 2100

Although this computer-based selection method is valuable to guide
the search for alternative eco-friendly compositions to replace the
EMCA without performance losses, it must be experimentally
validated to check its accuracy. Therefore, compositions 1 to 4
were processed in a laboratory-scale arc melter, which allows the
production of small electrofused pieces (~ 1 cm?®). Due to the
processing conditions imposed by this equipment (especially high
cooling rates), which are distinct from the industrial ones, the as-
fused samples were annealed for 5 h at 1500 °C to bring them
closer to the thermodynamic equilibrium. Aiming at assessing the
mineralogical phases for each system, annealed samples were

grounded and the resulting powder was analyzed by XRD. Fig. 4
shows the X-ray diffractogram, highlighting the regions of 20 next
to 35.5 © and 43 °, where the most intense spinel and periclase peaks
are located, respectively. By indexing the profiles, one can notice
that just these two phases were identified, as the content of
contaminants was lower. The highlighted peaks show significant
changes for the spinel phase, remaining quite constant for periclase.
This trend was expected as the systems were designed to present
distinct spinel®S compositions, whereas the periclase matrix is very
similar, and is almost fully comprised by MgO. Moreover,
quantitative mineralogical content indicated that all samples
presented spinel content ranging from 34 wt% to 36 wt%, which is
quite close to the values estimated using EDS data collected in the
internal region of the grains of compositions 1 to 4 (see Fig. 5),
especially considering the inherent uncertainty related to these
experimental techniques.

2T 7
L
oA, ol R (R S A B R Rl R
s
| i P - Pericliss
] 5~ Sl
| _Ewsca & e, LI 4
_| p g 1 :
‘.|| il
5 N |
|| ] 1
el 18 i .!_-___JL ==l
| e i)
d ]
| M- & a'-...-a"-L-.i—. e
| .
2tk LA i a
= gy b B E. il
1 e [——
FUCA,
EiACA,
: £ > rEa i
_.|I: 1 1
i £
e - Es
B3 - -1 &3
I T CE

S P T i P S = S i " =a - »y

Fig. 4: X-ray profile of the EMCA and compositions 1 to 4 after the
annealing treatment. Extracted from [6] with Elsevier permission
(n°® 5573751435544).

However, the XRD analyses does not provide information
regarding phase distribution and the presence of minor
contaminating phases, thus the compositions were further analyzed
by SEM in the BSE coupled with energy dispersive X-ray
spectrometry (EDS), depicted in Fig. 5. Comparing the general
morphological aspects similar trends could be observed for the four
compositions:

(i) Solidification defects were detected in the samples, which are
assigned to the high solidification interval (> 500 °C) present by
all compositions and the high cooling rates imposed by the lab-
scale arc melter. In the industrial process, the compositions are
produced in a block geometry that is subsequently broken and
milled to give rise to the aggregates, which usually withdraws
such solidification defects from the final microstructure.

(i) The microstructures presented some contamination mainly
located at the periclase grain boundaries. The lighter color in
the image indicates the presence of heavier elements in these
regions, which were identified as calcium and tungsten that
originated from the MgO raw material and the W-based
electrode used in the melting process, respectively.

(ii1)) All compositions underwent the formation of a periclase matrix
with spinel precipitates. The EDS data coupled with
thermodynamic calculations were used to assess the phase
content of some selected regions showing that the grains are
formed by ~ 40 wt% of spinel and ~ 60 wt% of periclase.
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Fig. 5: Backscattered electron images of compositions 1, 2, 3 and 4.
Extracted from [6] with Elsevier permission (n°® 5573751435544).

However, obtaining a microstructure with MgO grains with spinel
precipitates is a required but not sufficient condition to achieve a
highly flexible material mimetizing the EMCA. Taking a closer
look at the microstructure of compositions 1 to 4, the distinct
morphology of the second phase stood out. For composition 1, a
needle-like spinel structure was observed, whereas, for the other,
nodular-like geometries were detected. Their sizes were assessed
using image processing software (Imagel, version 1.53t), which
pointed out 0.9 um, 1.4 pm and 2.5 pm as the mean equivalent
diameter of the precipitates in compositions 2, 3 and 4,
respectively. Not coincidentally, composition 4 presented the
highest number of cracks, as bigger precipitates lead to higher
stresses on the periclase matrix. Nevertheless, even for composition
4, the mean spinel size was considerably below the 15 pm
presented by commercially produced EMCA, resulting in less crack
generation than expected. In this sense, it is worth highlighting that
the thermodynamic approach used in this analysis does not take
kinetics into account. Thus, the larger spinel size observed in the
EMCA (see Fig. 1) could be attributed to the much lower cooling
rates applied in the industrial manufacturing of this raw material
(electrofused blocks usually take close to 7 days to completely cool
down) compared to that imposed by the laboratory-scale arc melter.
To address such issues and understand whether the selection

method should also consider the temperature of spinel formation or
if this variable could be neglected for industrially produced
aggregates, electrofusing these compositions in larger scales would
be needed and its on course.

CONCLUSIONS

In this work, multiple electron-microscope-based techniques were
used to assess EMCA microstructural features. BSE coupled with
EDS highlighted that the aggregate comprises a magnesium-oxide
matrix containing nodular-like precipitates. The mean size of the
precipitated spinel was measured as 15 = 2 pm, which is above the
critical diameter to induce microcracking due to thermal expansion
mismatch in this system. However, such cracking is not randomly
distributed and EBSD was used to assess its pattern, unveiling a
good fit with the {110} family of crystallographic planes.
Therefore, the microcrack orientation pattern in the EMCA could
be attributed to the Zener-Stroh crack mechanism triggered by the
stress generated due to the thermal expansion mismatch between
the MgO and the complex spinel. Based on this mechanism and
with the aid of thermodynamic calculations, the concepts of
designing compositionally complex ceramics were applied to find
eco-friendly EMCA alternatives. From the 154 simulated systems,
the four most promising compositions were experimentally
produced using a laboratory-scale arc melter and characterized by
XRD and BSE/EDS. Although kinetics aspects still must be
addressed, Cr-free EMCA-inspired microstructures were obtained,
highlighting that this design approach can be used to support the
development of novel raw-material that can better merge
performance, cost and eco-friendliness.
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ABSTRACT

The verticalization of refractory producers, with sustainable
exploitation of mineral reserves, and the development of
alternatives for Chinese raw materials are important topics for the
industry. RHI Magnesita is investing in a new rotary kiln on its
Brazilian plant, located in Brumado, and more than a cost-reduction
target, the optimization of its magnesite reserves and the production
of value-added products were prioritized. Therefore, novel high-
quality DBMs were developed with characteristics to supply steel,
cement, and glass refractories. The research focused on an
innovative production process, strengthening RHI Magnesita
vertical integration and delivering to the market sustainable
products. This article explores the DBMs development process,
including lab, pilot and industrial trials, as the refractory trials for
the selected product lines. Finally, the reference DBMs are
compared to the new portfolio according to product properties and
sustainability impact.

INTRODUCTION

The dead burned magnesia (DBM) is one of the most important raw
materials for refractory production. Bricks and monolithics based
on this refractory aggregate are produced for steel, cement, glass,
non-ferrous metals, and other key industries [1].

Nevertheless, each application has a different wear mechanism and
the DBM characteristics directly influence the performance of the
final product.

For steel applications, the DBM needs different features according
to the application. Some examples are relative high grain bulk
density (GBD) and low thermal conductivity for the safety lining of
different vessels, high purity, GBD and periclase crystal size in
ladle and electric arc furnace (EAF) bricks, right amount of fluxes
for a good sinterability and low corrosion in EAF mixes, low cost,
chemical compatibility and correct particle size distribution (PSD)
for repair mixes and, finally, low-cost, compatible chemistry,
necessary porosity and PSD for tundish mixes [2,3,4].

For cement, especially in the burning zone, high GBD, controlled
lime to silica ratio (C/S) and high purity are desired, avoiding
chrome oxide addition to the DBM aiming to increase GBD [5,6].
Finally, in glass application, low iron content, high GBD, low C/S
(<1), particularly due to a low CaO content, and high purity are
desired for high performance [7,8].

RHI Magnesita, out of its plant in Brumado (Brazil), produces two
DBM grades. The M30B is a high-purity and high-GBD DBM for
brick applications, produced in double step firing being sintered in
a pressurized shaft kiln in temperatures surpassing 2200°C. The
M10, in turn, is a medium grade and intermediate density DBM
mainly used for mixes but with brick applications, produced in
single step firing using a conventional shaft kiln at 1850°C. This
paper describes the development process of new qualities especially
linked to a new rotary kiln being installed in this Brazilian plant

9.

NEW GRADES DESIGN

The development of the new DBMs for Brumado plant was
motivated by the investment on a state-of-the-art rotary kiln, with a
process specifically designed to take advantage on the two
magnesite mines (figure 1) being operated at this site and other
deposits on the vicinity with mining rights granted to RHI
Magnesita.

The new DBMs were designed to reduce the stripping ratio,
increase the process yield and use ores that couldn’t be used due to
operational restrictions from the shaft kilns and technical constrains
from the current specs. These features lead to a more sustainable
process, increasing the life of mine (LOM), reducing landfilling,
and improving the cost-competitiveness of the complete site
operation.

The development process was divided in three steps. First the
differences in kiln technology and how the exploit the upsides of
the new rotary kiln are explored. Secondly, the characteristics
expected of new DBMs for each application is described. Finally,
the process design features, and properties of the new raw materials
are detailed.

Fig. 1: Pedra Preta (left) and Pomba (right) mines from RHI
Magnesita in Brumado-BR.

DIFFERENCES ON KILN TECHNOLOGY

The conventional shaft kiln technology (as the one used to sinter
M10 in Brumado, figure 2) in comparison to a rotary kiln (new kiln
being installed in the same plant) has the advantage of a low
specific energy consumption and a more flexible control on the
residence time, normally capable of operating with longer retention
period. Nevertheless, it has strong limitation on the particle size to
be fed and for ores prone to decrepitation (breaking down inside of
the kiln), since the gas permeability is utterly important for a proper
operation in this case which the kiln is almost fully filled with
material [9].

Fig. 2: Vertical shaft kilns from RHI Magnesita in Brumado-BR.

The rotary kiln (figure 3 presents the rotary kiln operated by RHI
Magnesita in Turkey to produce DBM), in turn, operates with a low
filling rate and the gas is transported above the material. This
characteristic gives more flexibility for the feedstock, allowing
finer particles to be fed and the ore breakage inside of the kiln does
not have a strong impact on the operation parameters.

The downside of the rotary kiln is the less efficient heat transfer
and higher thermal dissipation, increasing the specific energy
consumption compared to the shaft kiln. However, the total cost is
reduced, as the productivity is higher, workforce is reduced and

UNITECR 2023 - 27™ - 29™ SEPTEMBER 2023 - FRANKFURT, GERMANY



alternative fuels can be applied (gas, liquid and solid). Another
point of attention for the rotary kiln is the dedusting system
capacity and dust return to the process. With finer material being
fed and the breakage of original feedstock due to decrepitation and
the tumbling effect of rotary kiln, the dust load can be as high as
30% of the feed rate (even higher in some cases). Hence, a robust
dedusting system to handle this load combined to a proper system
and strategy for recirculation is necessary to increase productive
and improve energy efficiency.

Fig. 3: Rotary kiln from RHI Magnesita in Eskisehir-TR.

Therefore, the new rotary kiln in Brumado open new possibilities
for feedstocks never explored due to technology restrictions and
alternative DBMs started to be explored to be supplied to different
market applications.

NEW DBMs AND TARGETED APPLICATIONS

The new DBMs were developed to improve the deposit utilization
and increase the value generation. The first DBM described is an
intermediate grade and density, targeting to combine high
decrepitation ores and accommodate higher silica and iron oxide
for steel application. Secondly, a higher grade DBM was developed
for EAF hearth construction mixes, with increased density and
controlled silica content. Finally, a high grade DBM with low iron
content and low C/S for glass and cement applications is detailed.

DBM M9

The DBM M9 was designed to combine different ore sources to
maximize the mine utilization and increase the life of mine, without
loosing performance on target applications. The main modification
compared to the M10 is a slightly higher SiO2 and Fe2O3 content,
keeping the same density and particle size for refractory
application. With this modification, combined to others
debottlenecking provided by the rotary kiln technology, the
estimated LOM for Pedra Preta was increased from 47 years to
more than 120 years, considering the current geology dataset.
Figure 4 illustrates the increase on ore recovery due to the
modifications (consequence of DBM M9 and the other DBM:s,
combined to the kiln characteristics.)

Fig. 4: Increase in ore recovery due to technology and product
design.

This intermediate grade was designed to be supplied to repair
mixes, tundish mixes and EAF mixes, for ramp construction and
hearth repair. For these markets a cost-competitive alternative is
necessary, but the right chemistry must be achieved, not too pure

that would hinder a quick sintering on the application and
controlled fluxes to prevent early wear. Additionally, the process
must be able to generate both coarse fractions (>2mm) for the EAF
products and fines (<Imm) for repair and tundish mixes without
excessive chemistry segregation.

Finally, the density should not be high for these applications since a
certain reactivity is still desired for the quick sintering and,
especially for tundish and EAF hearth repair, lower thermal
conductivity is desired. Nevertheless, if the GBD is too low and the
material is still not stable, high shrinkage might be observed,
leading to cracks formation reducing the thermomechanical
stability and increasing infiltration. Therefore, the right balance on
properties must be achieved. Figure 5 show trials successfully
carried out with this new DBM concept, with similar application
behaviour, specific consumption, and operational time.

Fig. 5: DBM M9 applied to EAF wall hot repair mix (left) and
tundish work lining (right) on RHI Magnesita products.

DBM M2S5F

The DBM M25F was developed to be used in EAF hearth
construction, replacing the top-grade DBM (M30B) that is
normally combined to high-lime and iron-rich DBMs to improve
sinterability. The two key aspects for this application are keeping
the SiO2 content low (combined a high MgO grade), to prevent
corrosion by slag in the EAF cycles, and provide a proper sintering
of the hearth, more intense in the upper portion to generate
mechanical strength but gradually decreasing for the lower portions
to accommodate the impact of the kiln feeding material and reduce
the temperature on the anode (due to the lower thermal conductivity
of the mix). Figure 6 exemplify the lab trials carried out to evaluate
the application of this DBM on EAF heart mixes, checking for
linear change (PLC) and crushing strength (CCS) upon different
firing temperatures. The results were very similar to the reference
and field trials will be carried out as soon as the volume necessary
is available for industrial utilization.
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Fig. 6: Tested properties of M25F applied to EAF hearth mix.

DBM M25S

For glass application, the low iron content is necessary to avoid
inclusions on the desired product, while the forsterite present as a
secondary phase is important for sulphate attack resistance.
Additionally, a good creep behaviour is key for a long-lasting
product. Finally, complex shapes are necessary for the kilns and a
controlled expansion upon firing, still in the refractory production,
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is necessary to reduce the scrap generation, keep production costs
and quality under control.

The M25S was designed to cope with these demands, the silica
content balanced to generate the necessary forsterite and reduce the
thermal expansion that would be observed for a top-grade DBM
being applied in the same product. Figure 7 exhibits glass bricks
successfully produced with M25S and shipped to customers and its
microstructural analysis with the M25S grain highlighted.

Fig. 7: Glass checker brick produced with M25S and its
microstructure.

Another application being studied for M25S is cement bricks for
the intermediate zone, exposed to a lower temperature as an
opportunity to replace top-grade DBM without loss on
performance. With the same objective, this DBM is being tested for
magnesia-chrome bricks for non-ferrous metals applications and for
tundish furniture in steel production.

DBM PRODUCTION PROCESS DEVELOPMENT

In order to achieve the targeted properties on the DBM and produce
a cost competitive high-grade DBM from a macro-crystalline
magnesite in a rotary kiln, an innovative process was developed.
This process was designed combining different stages of pre-
processing, binders, and sintering additives. For each DBM,
different pre-processing set-ups were tested combined to sintering
trials at different temperature levels, assess the feasibility to be
produced in a rotary kiln. The sintering trials were carried out first
in a batch furnace and, for selected conditions, using a pilot rotary
kiln, both present at RHI Magnesita R&D Centre in Brazil. Figure
9 shows the batch and pilot rotary kilns used for the trials.

Fig. 8: Batch (left) and pilot rotary (right) kilns at RHI Magnesita
R&D Centre Brazil.

The main challenges faced in the process development were to
achieve the grain bulk density necessary for brick application and
preserving the coarse fraction after the tumbling effect promoted in
the rotary kiln.

Initially, the sintering process was explored, evaluating alternative
process parameters combined to firing temperature to achieve the
grain bulk density goal. Figure 9 illustrate the development steps
for the M9, M25S and M25F according to the adjustments.

To evaluate the particle size after the rotary kiln, trials were carried
out in the pilot device and the product of was compared to the
M30B, the reference for coarse grain generation. In this analysis,
two assessments were carried out after the binders and sintering
additives were optimized.

First, the particle of the kiln product (run of kiln — ROK) without
processing compared to the reference, also without processing. In
the second step, both samples were crushed and their PSD were
compared after processing. Figure 10 presents the results for the
M25 DBM class compared to M30B for ROK and after crushing.
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Fig. 9: Grain bulk density evolution according to parameter set-up
on batch sintering trials.

| wmn baed P

R L T

Fig. 10: Particle size distribution of new DBM class compared to
reference.

Despite having a finer particle size distribution after the kiln
processing, the M25 class DBM has a very similar PSD after a
single crushing stage, within the coarse size fraction generation
range for brick application.

Considering the firing results and process alternatives evaluated, an
innovative plant design could be stablished combining the desired
specs for each DBM to a cost-effective processing route.

PORTFOLIO CHARACTERISTICS

Table 1 is elaborated to compare the different DBMs developed
with the regular products, giving an overview of the new portfolio
to be produced out of Brumado.

Tab. 1: New DBM portfolio and properties

DBM M9 M10 M25F M25S M30
GBD + + ++ ++ +++
MgO + + ++ ++ +++
Si02 ++ + + ++ -
Fe203 ++ ++ + - -
CaO - - - + +
C/s - - - - +

Considering this new portfolio, and the state-of-start technology
rotary kiln being implemented, the Brumado DBM production in
Brazil is prepared to supply competitive amd high-performance
refractory raw materials for a wide varity of applications,
reafirming the importance of this plant for the global supply and
improving its sustainability for the long-term.

CONCLUSIONS
Taking advantage on the RHI Magnesita knowledge on the full
production chain of refractories, new dead burned magnesia grades

UNITECR 2023 - 27™ - 29™ SEPTEMBER 2023 - FRANKFURT, GERMANY




were developed to increase the value and sustainability of its
Brumado plant in Brazil.

The new DBMs were designed to have the desired characteristics of
each targeted market, in steel, glass and cement industries. To
achieve the properties, trials were carried out in lab, pilot and
industrial scale, evaluating the process design and impact on
downstream processes.

For all new DBMs, M9, M25F and M25S, the desired chemical and
physical properties could be achieved. Combined to this results,
refractory trials were successfully carried out, in some cases even
considering customer application.

With this new portfolio, RHI Magnesita strengthen its backward
integration and Brumado plant improve its cost-competitiveness
and sustainability, expanding the pool of applications and potential
customers for the high-quality DBMs produced at this site.
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ABSTRACT

High-grade magnesite raw ore for DBM97 production became rare
in China after a frenzy of mining for over 30 years. But the demand
for high-purity sintered magnesia grows in high temperature indus-
tries that accompanies volatile components. Some attempts have
been made for the purification and densification from the flotation
of low-grade natural magnesite, flash calcination in suspension
calciner, and sintering in extraordinarily high temperature shaft
kiln. In this work, a novel eco-friendly approach is developed,
based on a pilot plant with the capacity of 40 t/d, to calcine natural
magnesite grading as low as 40% MgO, to carry out three levels of
watering treatments removing Si-, Fe- and Ca- components and
hydrating MgO (gaining >90% Mg(OH).), to calcine magnesium
hydroxide for active MgO in suspension calciner, and finally to
burn high purity magnesia to high densification. MgO hydration
process is highlighted with the pivotal parameters of hydrating
duration and temperature. The calcined caustic magnesia obtained
has high activity of < 20 s with citric acid. Dead burnt magnesia
reaches the purity of > 97.5% MgO and the bulk density of > 3.4
g/cm?, from low grade natural magnesite, in industrial potential.

1. INTRODUCTION

A plentiful resource of natural magnesite deposits lies in the north-
east of China, with 3,115 million tonnes and 26% of global reserves
[1,2], where various grades of refractory magnesia have been dom-
inantly supplying the global demand of high temperature industries
[3]. After high grades of magnesite are merely mined and tradition-
al manufacturing processes of magnesia are performed for over 30
years, critical technologies of magnesite calcination and purifica-
tion are being developed, as well as sintering approaches to the
magnesia densification [4,5].

In order to remove more than 50% CO, from magnesite, light
calcination must be firstly made in the magnesia manufacturing
process, which produces caustic calcined magnesia (CCM). As the
most widely used technology (China), about 1500 reverberatory
furnaces are being run in Liaoning province with the production
capacity of over 10 million tonnes CCM per year. This is a typical
fixed bed calcination reactor, in which the calcination occurs at a
temperature in the range from 1,000 °C to 1,300 °C. Only large size
magnesite lumps in 30-80 mm are adopted to allow gas flow from
bottom to top in reverberatory furnace and to ensure the combus-
tion space for fuel gas and the transportation channels for emitted
gases, which makes the calcinating time elongated up to 3—5 h and
a low production capacity of maximumly 30 tonnes per day. A
mass of small-size magnesite generated during mining are aban-
doned. On the other hand, over-burning on lump surface and insuf-
ficient-burning in the inner core occur, resulting in unstable quality
and low activity of CCM. In general, the drawbacks of reverberato-
ry furnace are high energy consumption, bad feedstock adaptability,
long reaction time, unsteady CCM quality, low CCM activity and
severe environmental pollution [6,7]. Due to the reducing availabil-
ity of high-grade magnesite, dozens of flotation magnesite lines
have been built in last 10 years to upgrade low-grade magnesite
fines. A flash calcining technology is developed as suspension
calciner for calcining floated magnesite powders.

As a traditional manufacturing route, lumps of magnesite are cal-
cined in a reverberatory furnace to produce caustic calcined magne-
sia, and CCM briquettes are sintered in a shaft kiln to produce dead
burnt magnesia (DBM97). Mainly due to low activity of CCM from

reverberatory furnace, the bulk density of DBM97 is in the range
between 3.24 and 3.30 g/cm®. The purified magnesite powders after
floating can be calcined in multiple hearth furnace for CCM pro-
duction and the DBM98 briquettes have the optimal bulk density of
3.36 g/cm®. While floated magnesite is calcined in a suspension
calciner, the bulk density of DBM98 can reach 3.42 g/cm?® [8]. In
these cases, all high purity magnesia briquettes have to be sintered
at ultra-high temperature of 1,950-2,100 °C in shaft kiln. Addition-
ally, impurity of iron-component is hardly removed in the flotation
process if iron ions enter MgO lattice.

The most common beneficiations are carried out by dense-media
separation, magnetic route and flotation process. The potential
pollution exists during flotation process of magnesite purification
because a lot of chemicals are used. There are no appropriate solu-
tions to deal with 20-30% tailings of magnesite floatation. In some
deposits of magnesite ore, the impurities are strongly bound to the
crystalline structure, for instance, Fe ions in MgO crystals. An eco-
friendly approach has been developed for purification and densifi-
cation, firstly to calcine low grade magnesite, then to hydrate CCM
for separating the suspension of magnesium hydroxide from Ca?*
and precipitating Al-, Fe- and Si-components. After de-watering of
magnesium hydroxide suspension, the paste of magnesium hydrox-
ide is dried and calcined in the system of suspension calciner to
have secondary CCM, which is sintered at various temperatures for
densification.

2. EXPERIMENTAL PROCEDURE
Low grades of magnesite ore are used as raw material for purifica-

tion. Their chemical analyses are listed in Table 1.

Tab. 1: Chemical analyses of magnesite ore used for purification

Magnesite MgO ALO;  FeO;  CaO SiO2 LOI

sample wt% wt% wt% wt% wt% wt%
No. 1 81.43 0.67 2.17 9.15 6.57 49.50
No. 86.74 0.57 1.80 4.82 6.07 48.96

2

3 83.28 0.69 1.78 8.26 6.07 47.05
No. 4 89.10 0.50 1.30 3.47 5.08 48.55

5 88.97 0.55 1.30 3.50 4.68 48.02

The flow chart from raw magnesite ore, calcining, hydrating and
purifying, secondary calcining to sintering is shown in Figure 1.
Raw magnesite ore is crushed and ground to 90% below 200 mesh.

1) Magnesite calcination: Magnesite powders are fed to the sus-
pension calciner by 1.6 t/h, to have 0.7 t/h primary CCM.

2) First stage hydration: primary CCM is put into a water tank
with agitating vane. After 1 hour, suspension solution of MgO
and magnesium hydroxide is generated. Undecomposed mag-
nesite, grains and contamination are removed from suspension
solution by precipitation.

3) Second stage hydration: Suspension solution overflows from
first tank to second tank with heating instrument and stirrers.
The temperature of suspension solution is adjusted according
to increasing solution quantity. Entire hydration is completed
in this stage, which takes 2 hours at the temperature of 90—
100 °C. The impurities of SiO, and Fe,O3 are precipitated to
reduce their contents on the levels of SiO, < 0.15% and Fe,Os3
<0.25%.
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4) Chlorination stage: magnesium hydration solution flows to
third tank and remains certain temperature of 90-100 °C. By
adding hydrochloric acid and/or MgCl,, CaO is solved in the
solution for separation. Finally, at least 90% Mg (OH); is ac-
quired in the solution.

5) Calcining magnesium hydroxide powders: After de-watering,

magnesium hydroxide powders are calcined in a suspension
calciner, to produce secondary CCM.

6) Briquetting and sintering: Secondary CCM briquettes are
sintered at the temperatures of 1,400°C, 1,500°C and 1,600°C
for 5 hours in maffle furnace, 1,650°C, 1,700°C and 1,750°C
for 5 hours in tunnel kiln.

( Magnesite ore

Magnesite
Mining & Crushing &
L Transportation Grinding

Magnesite 1st Hydration
Suspension 2nd Hydration
Calcination 3rd Chlorination

1

D.B.MgO
97.5% MgO &
3.43 g/cm3

C.C.MgO
Briquetting &
Dead burning

.

N

Mg-hydroxide
Suspension
Calcination

Mg-hydroxide
De-watering &
Primary drying

Fig. 1: Flow chart of magnesia purification and densification

3. RESULTS AND DISCUSSION

3.1 Flash decomposition in suspension calciner

The flow chart of magnesite calcination is shown in Figure 2. Mag-
nesite powders with the size of < 200 mesh are fed into dryer to
mix with hot exhausted gas for removal of free water. The material
is reversely flowed with hot gas to heat up itself and finally sepa-
rated by multiple stage cyclones. The airstream and solid materials
are in reverse flow. After calcinating, CCM powders are cooled and
separated also by multiple stage cyclones, from the top of which the
exhausted gas is expelled. CCM falls down to storage tank.

The concentrates paste is dried at 450 °C by reversely flowing hot
gas coming from the calciner. The dried concentrates (the moisture
<1%) are separated in three stages cyclones, and then fed into the

lower portion of the suspension calciner. The magnesite concen-
trates are calcined at the temperature of 680—850 °C in the flowing
movement from the bottom to the top, with hot gas, which takes
about 3 seconds. Again, caustic calcined magnesia is separated by
three-stage cyclones and then stored in silos with eco-friendly
production. Natural gas is consumed in 1,950-2,100 m’/h, com-
busted with air of 40,000 m?/h and later cooled with air of 50,000
m3/h. It is a new generation of the magnesite calciner with some
preferred characteristics. 1) Instantaneously calcining magnesite
with the homogeneous mixture of solid and gas, as well as the large
specific surface for dissociation; 2) Continuous operation, ensuring
stable activity of CCM; 3) Entirely closed system under negative
pressure and multiple stages separation, being eco-friendly, high
productivity.
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Fig. 2: Flow chart of suspension calcination process

The illustration and principle of suspension calciner are displayed
in Figure 3, where the temperature and pressure are graphed. Fuel
is completely combusted to yield high temperature gas (up to 1,400
°C), which is drawn into cyclone accelerator to mix with preheated
magnesite powder. The particle size is smaller than 200 mesh. The
large particles mostly receive radiation transfer heat because of
high centrifugal force in spiral motion, while the small particles
have more convection transfer heat. Therefore, due to high specific

surface area, the particles in swirl movement are exposed to radiate
heat and transfer heat within calciner. Flowed with hot gas in con-
jugate movement of 7-12 seconds, and moved in a route of 80-130
m, magnesite particles complete overall decomposition in the fol-
lowing equation, by absorbing radiate energy.

MgCO; — MgO + CO,
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Fig. 3: lllustration and principle of suspension calciner

The calciner is operated under the negative pressure between —90
Pa and —150 Pa. The loss on ignition is controlled with the limit of
2% for primary CCM.

After hydration and purification, most of primary CCM have been
transformed to magnesium hydroxide, which needs to be calcined
in suspension calciner again. Eventually, secondary CCM is ob-
tained, according to the following equation.

Mg(OH)z — MgO +H,O
The physical and chemical properties of secondary caustic calcin-

ing magnesia are listed in Table 2. Compared to the chemical com-
position in Table 1, secondary CCM have been significantly puri-

fied, which upgrades low grades of natural magnesite for manufac-
turing high grade of sintered refractory magnesia.

Tab. 2: Physical and chemical properties of secondary CCM
N MgO ALO; FexO; CaO Si02  Size*  Ac**
o wt% wt% wt% wt% wt% pm S

1Se 97.68 0.15 0.19 1.39 0.59  28.30 15
2Se 96.57 0.15 0.19 1.46 0.55 29.55 17
*Particle size, Dog; **Activity: Reaction time with citric acid.

3.2 Purification in hydration process
After grinding and calcining raw ore of magnesite, primary CCM is
purified in three stages, as shown in Figure 4.
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Fig. 4: Hydration and chlorination of primary CCM for purification

In the first tank, primary CCM is in hydrating process to form a
suspension of magnesium hydroxide and to precipitate undecom-
posed magnesite and contamination at room temperature. While the
suspension is moved to the second tank, most of CCM would com-
plete hydration at 90100 °C.

MgO + H,O — Mg(OH),

Most of Si- and Fe- components are precipitated on the bottom of
the second tank. When the suspension is drawn to the third tank,
hydrochloric acid and/or MgCl, are fed to react with Ca(OH), to
form CaCl; in the solution. The following reactions take place in
the third tank. In this way, CaO content is reduced in the suspen-
sion of magnesium hydroxide.

Mg(OH), + HCl — MgCl, + H,0

MgCl, + Ca(OH), — Mg(OH), + CaCl,
Ca(OH), + HCl — CaCl, + H,0

The chemical compositions of magnesium hydroxide from the
second tank and from the third tank are listed in Table 3, which
proves the approaches of purification are really functional.
The suspension of magnesium hydroxide, out of the third tank, is
de-watered to have the paste, which is dried and calcined in the
suspension calciner for secondary caustic calcined magnesia.

2

Tab. 3: Chemical analyses of magnesium hydroxide powder
MgO AlLO3;  FexO3 CaO SiO2 LOI

wt% wt% wt% wt% wt% wt%
Hydrating 67.00 0.08 0.04 4.00 0.20 28.30

Chlorinating ~ 68.88 0.06 0.12 0.86 0.33 29.55

Treatment
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3.3 Sintering of CCM

Low-grade magnesite is firstly calcined in a suspension calciner
and the acquired caustic magnesia is hydrated to precipitate the
impurities of Al,O3 and Fe;O3 from magnesium hydroxide suspen-
sion solution. The chlorination is then carried out to dissolve
Ca(OH), to CaCl, to reduce CaO content. After de-watering, mag-
nesium hydroxide is calcined in the suspension calciner to produce
secondary caustic magnesia.

A commercial CCM is collected for sintering comparison, which is
made by magnesite flotation and calcination process. Its composi-
tions are 97.75% MgO, 1.44% CaO, 0.48% Fe;0s, 0.33% SiO».
Both CCM powders are compacted and sintered in a muffle furnace
(1,400 °C, 1,500 °C, 1,600 °C) and a tunnel kiln (1,650 °C, 1,700
°C, 1,750 °C). Apparent porosity and bulk density of magnesia are
displayed in Figures 5 and 6, as a function of sintering temperature.
The process of calcination, hydration and chlorination, secondary
calcination and sintering is called as 3-step firing. The flotation,
calcination and sintering route is named as 2-step firing. It can be
seen in Figure 5 that the apparent porosity is near linear reduction
and down to < 2% by 3-step firing, and decreased at lower tempera-
ture and on the same level (near 10%) at higher temperature by 2-
step firing.
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Fig. 5: Apparent porosity of magnesia as a function
of sintering temperature

As shown in Figure 6, the influence of sintering temperature on
densification is more significate by three-step firing than 2-step
firing. By hydrating and 3-step firing process, the magnesia density
reaches 3.43 g/cm? after sintering at 1,750 °C, but the bulk density
of magnesia directly from magnesite maximally attains the density
of around 3 g/cm?. It is the similar results to previous lab experi-
ment [4].

It is hard to densify magnesia directly from natural magnesite. Only
possibility is to sinter magnesia at the temperature range of 1,950—
2,100 °C in a shaft kiln. Through hydration beneficiation process, it
is possible to sinter and to densify magnesia at ordinarily high
temperature of 1,750 °C.
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44
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NN
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-
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Sintering temperature, °C

Fig. 6: Bulk density of magnesia as a function
of sintering temperature

4. CONCLUSION

An eco-friendly approach is developed to purify low-grade magne-
site by hydrating primary calcined magnesia and precipitating
impurities of Ca-, Fe- and Al-components. The resulted magnesium
hydroxide powders are calcined again to acquire secondary cal-
cined magnesia, which is compacted and sintered at various tem-
peratures (1,400 °C—1,750 °C). By hydrating caustic calcined mag-
nesia for precipitating impurities and firing in three steps, high
purity and density of DBM97.5 have been produced at the ordinari-
ly high temperature.
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ENHANCED PERFORMANCE OF FREE CAO IMPURITY CONTAINING
MAGNESIA WITH AL,0,-TIO, COMPOSITE POWDER

Yibiao Xu*, Yawei Li, Zhenzhen Li
The State Key Laboratory of Refractories and Metallurgy, Wuhan University of Science and Technology, Wuhan, PR China

ABSTRACT

Free CaO impurity containing magnesia has intrinsic
shortcomings of poor resistance to hydration and thermal shock.
Here, a novel approach, the introduction of Al,O3-TiO, composite
powder, is proposed to enhance the performances of such magnesia
in this work. The results showed that with increasing the composite
powder, CaTiO; and Mg, Aly;.TiyO,4 phases were sequentially
formed at MgO grain boundaries, which affected the microstructure
and properties of the specimens. the addition of Al,05-TiO,
enhanced the MgO grains growth and conversion of free CaO to
CaTiO;, and therefore weight gain rate of the specimens after
hydration test reduced from 0.212 % to 0.097 % with increasing
Al,O;3-TiO, from 0 wt% to 7 wt%. The formed intergranular
CaTiO; and Mg AlyTiiO, phases reduced the thermal
expansion coefficient and induced the crack deflection, which thus
siginificantly improved the thermal shock resistance the specimens.

INTRODUCTION

Magnesia is a refractory raw material widely used in industrial
metallurgical furnaces owing to its high refractoriness and excellent
corrosion resistance to basic slag [1]. In China, magnesia produced
by cryptocrystalline magnesite usually exhibits high chemical
stability and excellent thermo-mechanical properties due to the
infinitesimal SiO, and Fe,O; impurities. However, this kind of
magnesia shows low hydration resistance due to the presence of
free CaO [2]. Besides, magnesia raw material has intrinsic
shortcoming of poor thermal shock resistance (TSR),which would
shorten service life of the magnesia based refractories [3]. To
improve TSR of the magnesia, several researches have been carried
out in recent years. Zou et al. [4] prepared magnesia aggregates
with the introduction of nanosized Al,O;. They found that the
formation of MgAl,0,4 phase reduced the pore size and enhanced
the ceramic bonding, thus improving TSR of the magnesia
aggregates. Our previous work introduced ZrO, to high purity
magnesia and found that ZrO, grains would distribute at the MgO
grain boundaries and perform pinning effect, which caused the
crack deflection and therefore enhanced the TSR [5]. More recently,
Zhao et al [6] reported that the introduction of Al,TiOs as second
phase in the magnesia matrix could effectively reduce the thermal
expansion coefficient and thus improved the residual bending
strength of the magnesia after three thermal cycles.

Based on the above work, it was expected that for the free
CaO containing magnesia, the performance could be enhanced by
the combination of Al,O; and TiO,. For one hand, the
thermodynamic calculations presented in Fig. 1 demonstrated that
free CaO would preferentially react with TiO, forming high
melting point phase CaTiO3 (2000°C), which could eliminate the
free CaO and effectively improve the hydration resistance [7]. On
the other hand, MgAl,O, and Al,TiOs may be generated in the
magnesia at elevated temperature, contributing to the superior TSR
of such material [4, 6]. Therefore, in order to fully utilize the
advantages of Al,O; and TiO,, micro-sized Al,05-TiO, composite
powder was added into free CaO containing magnesia in the
present work and its effects on sintering behavior, phase
compositions, microstructure, hydration resistance, and TSR of
such refractory raw material were studied in detail.

Fig. 1 Gibbs free energies for reactions of MgO-CaO-Al,05-TiO,

EXPERIMENTAL

The raw materials are light burned magnesia powder (Ds¢=
15.1 pm, MgO > 96.06 wt%; 0.97wt% CaO, 0.05 wt% SiO,, 0.07
wt% Fe,O3) and reagent grade Al,O;-TiO, composite powder
consisting of 50 mol% Al,O; and 50 mol% TiO,. The specimens
with various amounts of composite powder (0, 1, 3, 5, 7 wt%) were
ball-milled for 6 h and named as MAT0, MAT1, MAT3, MATS5
and MATY7, respectively. Subsequently, the mixtures were dried,
screened, and pressed into specimens with dimensions of
®50mm*20mm under 100 MPa. Finally, all these specimens were
sintered at 1600 °C for 3 h in an electric furnace in air.

The bulk density and apparent porosity were measured by
Archimedes’s Principle. The phase composition and microstructure
were determined by X-ray diffraction (XRD, X’Pert Pro, Philips,
Netherlands) and scanning electron microscope (SEM, Nova 400
NanoSEM, FEI Company, USA), respectively. The thermal
expansion of the specimens was tested in Ar atmosphere by a
thermal dilatometer (Anter Corp., Pittsburgh, PA). The flexural
strength (3 mmx4 mm %34 mm) before and after thermal shock
tests (AT=1100°C, oil quenching) was evaluated by three-point
bending method [5]. During hydration resistance, specimens with
size of ®20 mmx10mm were put in an autoclave and heated till the
pressure reached 0.14 MPa at 134 °C. After maintaining for 3 h, the
specimens were dried in an oven at 110 °C. The percentage weight
gains were used to characterize the hydration resistance [8].

RESULTS AND DISCUSSION

Fig.2 exhibits the phase compositions of the specimens after
treated at 1600 °C. Only periclase phase could be found in
specimen MATO due to its low impurity content. In specimen
MAT]1, apart from periclase, CaTiO; compound could be detected.
With further increasing the amount of Al,03-TiO,, a composite
spinel phase identified as Mg;xAly(1.5TixO4 was generated, which
was a solid solution formed by interdiffusion between Mg,TiO4 and
MgAl,O4 [9]. Besides, as shown in Fig. 2b, the diffraction peaks of
the composite spinel shifted toward lower angles as the composite
powder amount increased, demonstrating that more Mg, TiO, with a
larger cell volume diffused into MgAl,0O, [10].
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Fig. 2 XRD patterns.of the specimens after firing at 1600°C
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SEM images of the specimens are shown in Fig. 3. For
specimen MATO, the MgO grain size was small and some pores
with a size of 2-6um could be found. Free CaO and tiny Ca,Fe,Os
could also be observed in the matrix, although they were not
detected in the XRD patterns. As for specimen MATI, the amounts
of free CaO and Ca,Fe,05 reduced dramatically, whereas CaTiO3
together with trace CaAl,0O, was generated at the boundaries. In the
specimens MAT3, MATS5 and MAT7, apart from periclase and
CaTiOs, Mg Aly4TixO,4 solid solution could be observed, whose
amount increased continuously with the Al,05-TiO, content.
Furthermore, as shown in Table 1, with increasing composite
powder content, the size of both MgO grains and pores in the
specimens showed an increase tendency. The mean MgO grain size
of specimens MATO to MAT7 was 20.3, 34.1, 38.8, 49.6 and 43.8
pum, respectively. Correspondingly, the mean pore size increased
from 1.2 um in specimen MATO to 6.4 um in specimen MAT?7.

It can be proposed that when 1 wt% Al,O5-TiO, was added to
magnesia, the CaO impurity firstly reacted with TiO, to form
CaTiOs3 and part of the residual CaO would then combine Al,O5 to
generate CaAl,O,. As the composite powder was 3 wt% or higher,
all free CaO transformed into CaTiO; phase, while the Al,O;
together with residual TiO, would react with MgO to produce
MgAL,O, and Mg,TiO, respectively, which in turn formed the
Mg, Aly1.TiyO4 solid solution. The above reactions promoted
mass transfer andMgO grain growth, whereas the pores were not
eliminated further due to their agglomeration and growth at the
MgO boundaries. Therefore, as shown in Table 1, the addition of
Al,03-TiO, had no obvious effect on the relative density.

Fig. 3 SEM micrographs of the specimens after firing at 1600°C

Table 1: Mean grain size, mean pore size and relative density

Index Grain size Pore size Apparent Relative
(um) (um) porosity (%)  density (%)
MATO 20.3 1.2 0.7 95.8
MATI1 34.1 32 0.6 94.9
MAT3 38.8 3.9 0.6 95.1
MATS 49.6 6.5 0.5 95.3
MAT7 43.8 6.4 0.5 95.6

Fig. 4a shows the flexural strength of the specimens and their
residual strength after thermal shock tests. As the Al,0;-TiO,
increased from 0 wt% to 7 wt%, the flexural strength decreased
constantly from 161.4 MPa to 106.8MPa. Since all specimens had
similar density, the reduction in flexural strength was probably
attributed to the coarsening of MgO grains and pore size [11].
However, after the thermal shock tests, compared with specimen
MATO, specimens with composite powder possessed both higher
residual flexural strength and residual flexural strength ratio (Fig.
4b), indicating the effective enhancement in TSR. Based on the
thermoelastic theory, TSR of the composites is closely related to
the thermal expansion coefficient. Fig. 5 revealed that specimens
with more composite powder obtained lower thermal expansion
coefficient. This was mainly because MgO (13.8x10°K) had
higher thermal expansion coefficient than that of CaTiO; (12.2x10
5/K), MgAl, 04 (7.8x10°%/K) and Mg, TiO, (10.1x10°%/K). As a result,
less surface thermal stress would be produced in the specimens
with higher composite powder, which contributed to improving the
TSR. Again, the crack propagation behavior is another key factor
affecting TSR [12]. As shown in Fig. 6, transgranular fracture
occurred when the specimen MATO was subjected to thermal stress.
However, for the specimens with composite powder, the CaTiO;
and Mg, Aly1TiyO4 phases induced the crack deflection and
intergranular fracture gradually became the main fracture mode.
The crack deflection could increase the crack path and absorb more
fracture energy, leading to the enhancement of the TSR [13].
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Fig. 6 Crack propagation in the specimens after thermal shock tests
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After the hydration test, the weight gain rate of the specimens
is shown in Fig. 7. It can be found that the weight gain rate
decreased from 0.212 % to 0.156 % when 1 wt% Al,O3-TiO, was
introduced, and further reduced to 0.107 % as the composite
powder increased to 3 wt%. With further increasing the composite
powder content, the weight gain rate of the specimens showed a
negligible change. Specimens MAT3, MATS and MAT?7 exhibited
an obvious improvement in hydration resistance, whose weight
gain rate was approximate half that of the pure MgO specimen.
XRD patterns of the specimens after the hydration test are shown in
Fig. 8. In specimen MATO, the characteristic diffraction peaks of
newly formed Ca(OH), hydrated products could be detected. As for
the specimens with composite powder, the diffraction peaks of the
Ca(OH), phase disappeared completely. Besides, the diffraction
peak intensity of Mg(OH), hydrated product decreased sharply
when the composite powder increased from 0 wt% to 3 wt% but
had a negligible change with further increasing the content of
composite powder. Fig. 9 presented the SEM image of the
specimens after the hydration test. For specimen without composite
powder, plenty of granular Ca(OH), and lamellar Mg(OH),
hydrated products were formed on the outer surface, demonstrating
the occurrence of serious hydration reactions. The hydration
processes preferentially occurred in the CaO grains, which resulted
in formation of cracks on the surface and sustained hydration of
CaO and MgO in the inner part of the specimen [7]. As 1 wt%
composite powder was added into the magnesia, obvious decrease
in the amount of both Ca(OH), and Mg(OH), could be found. As
for specimens MAT3, MATS and MAT?7, only a trace of Mg(OH),
hydrated product could be observed on their outer surface,
indicating the effective suppression of the hydration processes.
These XRD and SEM observations were entirely consistent with
the results of weight gain rate shown in Fig. 9.

Combining the hydration test results with the phase and
microstructure evolutions, the significant improvement in hydration
resistance by adding Al,O3-TiO, could be proposed. i) Due to the
increased MgO grain size and decreased grain boundaries, diffusion
channels for water vapor into the inner part of the specimens
declined, which retarded the hydration processes [14]. ii) The free
CaO transformed into high hydration resistant phase CaTiOj;,
eliminating the CaO hydration and effectively improving the
hydration resistance of the raw material [7].
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Fig. 7 Mass gain rate of the specimens after the hydration test
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Fig. 8 XRD patterns of the spécimens after the hydration test

Fig. 9 SEM images of the specimens after the hydration test

CONCLUSIONS

The effects of Al,0;-TiO, composite powder on the sintering
behavior, phase composition, microstructure, hydration resistance,
and TSR of free CaO containing magnesia were investigated in the
present study. The main conclusions can be drawn as follows:

(1) With increasing the composite powder, CaTiO; and
Mg Aly1TiyO4 phases were sequentially formed at MgO grain
boundaries, which promoted MgO grain growth but had little
effects on the density owing to the agglomeration of pores. Due to
the conversion of free CaO to CaTiO; and MgO grains growth,
hydration resistance of the specimens was improved effectively by
introducing the composite powder.

(2) The addition of Al,05-TiO, composite powder reduced the
flexural strength of the magnesia due to the coarsening of MgO
grains and increase of pore size. However, TSR of the specimens
improved gradually with the composite powder content attributing
to the reduction in thermal expansion coefficient and occurrence of
crack deflection.
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SHORT COMMUNICATIONS

THE PREPARATION OF ELECTRICAL-GRADE MAGNESIA FROM
MICROCRYSTALLINE MAGNESITE

Zhixun Li*, Xiaoli Tian, Runtang Feng,Tianqing Li
Puyang Refractories Group Co.,Ltd, Puyang, Henan 457100, PR China

ABSTRACT

The preparation of electrical grade magnesia from microcrystalline
magnesite in the Sichuan Tibet area is made by melting at 2800 C
in an electric arc furnace. Then broken and sorted according to
content from MgO. High-temperature electrical grade magnesia
powder was prepared by crushing, screening, iron removal,
modification, and other processes.After studying its properties. The
results show that the flow rate of the prepared high-temperature
electrical grade magnesia powder is 150 £ 20s/100g, compaction
density is 2.34 + 0.05g/cm®. In this process, the higher the MgO
content, the better the corresponding electrical performance.

The electrical grade magnesium oxide prepared based on 98.5%
MgO grade fused magnesia has a tube meter load of 12w/cm?, the
current is less than 0.30 mA, and the insulation withstand voltage
strength is greater than 2500v. The durability test show that the
leakage current of each electrical grade magnesium oxide decreases
slightly and tends to be stable with the extension of the test time.
The high-temperature electrical grade magnesia powder prepared
from Sichuan Tibet microcrystalline magnesite by electric melting
has excellent electrical properties and is attributed to the unique
ultra-low Fe;Os content characteristics of the microcrystalline
magnesite.

KEY WORDS: Microcrystalline magnesite, electrical-grade
magnesia,leakage current

INTRODUCTION

Magnesite is a main natural mineral raw material in the refractory
industry!-?. According to the different crystalline states, it is
generally divided into crystalline magnesite with complete cleavage
and amorphous magnesite with dense structure, high hardness and
colloidal forml®l. Magnesite in the Sichuan-Tibet area is called
microcrystalline magnesite because it has dense, fine, smooth, hard
and brittle texture, uniform ceramic-like macrostructure, typical
lattice constant and complete crystal morphology. It has the
characteristics of high purity and low iron content. Electrical grade
magnesium oxide is an electrically fused magnesium oxide
produced by melting Magnesite at high temperature in an electric
arc furnace. It is crushed and matched with different particle sizes
(mesh size) according to a certain proportion. It is directly or
modified and used in tubular electric heating elements as an
insulating medium for heat conduction at high temperatures. It has
excellent insulation performance and thermal conductivity®®l. The
application of electrical grade magnesium oxide is very wide. For
civil use, it is mainly applicable to high-grade stainless steel tubes
such as microwave oven tubes, Bread machine tubes, oven heating
tubes, and Ingley tubes. High-end products can also be used to
produce insulation materials in fields such as aviation, aerospace,
and nuclear powerl®. Relying on the high purity and low iron
properties of Sichuan-Tibet microcrystalline Magnesite, electrical
grade magnesia is prepared, and expect to obtain products with
superior electrical performance and high-cost performance.

1. EXPERIMENT

1.1 Experimental materials

The microcrystalline magnesite in the Sichuan-Tibet is fused in an
electric arc furnace at 2800~3000°C, and the resulting magnesium
oxide was FMO985, FM98, FM975, FM97 and FM965 after
breaking and sorting. The chemical composition is shown in Table
1. It can be seen that the microcrystalline magnesite has a high
purity and extremely low iron content.

Tab. 1: Chemical composition of the fused magnesium oxide and
magnesite

Chemical composition/%
Si02  ALO; FeO3 CaO  MgO  Loss

Magnesite  0.25  0.02 0.03 070 4725 51.72
FM985 035 0.01 0.03 1.04 9852 0.02
FM 98 0.39  0.03 005 135 98.14 0.03
FM975 043 0.03 0.06 2.05 9739 0.03
FM 97 0.69 0.04 007 271 9642 0.05
FM 965 1.01  0.05 008 276 96.06 0.03

1.2 Experimental method

High temperature electrical grade magnesium oxide powder were
obtained by crushing, screening, removing iron, and adding organic
silicon and silicate additives to FM985, FM98, FM975, FM97, and
FM965, respectively. Their physical and electrical properties were
detected.

1.3 Test method

Chemical composition analysis: This experiment uses the
PANalytical fluorescence spectrum analyzer produced by Panaco to
analyze the chemical composition of microcrystalline Magnesite
and fused magnesia in the Sichuan Tibet area.

Flow rate(F.R) and tap density (T.D): F.R and T.D refer to the
density measured with AP901122 tap densimeter made in the USA.
The method is to put 100g of magnesium oxide into a density meter
3 # Ford cup and measure the flow time and density.

Electrical performance: Electrician-grade magnesium oxide
samples are filled into electric heating tubes and made into standard
components. After heat treatment at 1050 C, they are lowered to
room temperature. Electrical properties such as thermal insulation
that withstand voltage strength and leakage current are tested under
the corresponding tube meter load.

2. RESULTS AND DISCUSSION

2.1 Effect of raw materials on physical and electrical properties

High-temperature electrical grade magnesium oxide powder was
prepared from raw materials with different magnesium contents and
standard components were prepared. After heat treatment at
1050 ‘C, the leakage current was tested at a tube meter load of
11w/cm? (with a detection time of 20 minutes). The physical
properties and leakage current of electrical-grade magnesium oxide
powder are shown in Fig. 1.
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From Fig.1 a and b, it can be seen that the high-temperature
electrical grade magnesium oxide prepared from raw materials with
different magnesium contents has a flow rate of 150+20s/100g and
a tap density of 2.34+0.05 g/cm?. Fig. 1 ¢ shows that at a tube meter
load of 11w/cm?, the leakage current increases with the decrease of
magnesium content in the raw material, indicating that the higher
the magnesium content, the better its electrical performance.

2.2 Impact of tube meter load on electrical performance

The high-temperature electrical grade magnesium oxide powder
prepared from FM985 was tested for its electrical performance
under different tube meter loads (with a detection time of 20
minutes) as shown in Fig .2.
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Fig.2 Impact of tube meter load on electrical performance :
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In Fig. 2, the electrical grade magnesium oxide powder prepared
with FM985 has an increase in tube meter load from 9w/cm? to
12w/cm?, the leakage current from 0.049mA to 0.291mA, a gradual
decrease in insulation withstand voltage strength from 3250V to
2520V, an increase in tube meter load from 12w/cm? to 13w/cm?, a
sharp increase in leakage current from 0.291mA to 0.558mA, and a
rapid decrease in insulation withstand voltage strength from 2520V
to 1350V. Therefore, the high-temperature electrical grade
magnesium oxide prepared with FM985 has a tube meter load of
less than 12w/cm?, a leakage current of no more than 0.3mA, and
an insulation withstand voltage strength of more than 2500V.
Higher tube meter load has potential safety risks.

2.3 Durability test

The standard component is made of electrical grade magnesium
oxide using FM985 as the raw material. As the tube meter load of
12w/cm? it is continuously tested for 10080 minutes, and the
leakage current value is recorded as shown in Fig. 3. a. The 0-60

m(inslte portion is enlarged, as shown in Fig. 3. b.
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Fig.3 FM985 Durability test:(a)for 10080min; (b)for 60min
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In Fig. 3. a, with the increases of testing time, the leakage current
of the standard components prepared with electrical grade
magnesium oxide gradually decreases and tends to stabilize. Fig.3.b
shows that the leakage current rapidly increased 2 minutes before
the test, reaching a maximum of 0.292mA in about 12 minutes, and
then stabilized.

The high temperature electric grade magnesia powder prepared by
electric melting of Sichuan-Tibet microcrystalline Magnesite has
excellent electrical properties, thanks to its microcrystalline
Magnesite with unique ultra-low Fe;O3 content. The characteristics
of low iron effectively reduce the leakage current during the use of
electric heating components and increase their withstand voltage
performance.

3. CONCLUSIONS

The flow rate of high-temperature electrical grade magnesia
powder prepared from Sichuan Tibet microcrystalline Magnesite is
150 + 20s/100g, and the compaction density is 2.34 = 0.05g/cm’.
The higher the content of magnesium oxide, the better the
corresponding electrical performance.

The electrical grade magnesium oxide prepared using FM985 has a
tube surface load of 12w/cm?, a current of less than 0.30 mA, and
an insulation withstand voltage strength greater than 2500v. As the
testing time prolongs, the leakage current slightly decreases and
tends to stabilize.

High temperature electrical grade magnesia powder prepared by
electrofusion of Sichuan-Tibet microcrystalline Magnesite has
excellent electrical properties and its attributed to the unique ultra-
low Fe2Os content characteristics of the microcrystalline magnesite.
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SHORT COMMUNICATIONS

EFFECT OF CALCINATED CONDITIONS ON THE PREPARATION OF HIGH-
LY ACTIVE MAGNESIUM OXIDE FROM MICROCRYSTALLINE MAGNESITE

XuePei, Wang!, Xiaoli TIAN!
1.Puyang Refractories Group Co., Ltd (PRCO), Puyang, 457100, PR China

ABSTRACT

The effect of magnesite, calcination time on the activity of
magnesia was studied using microcrystalline magnesite from Tibet
as raw material. The activity of magnesium oxide was determined
by iodine absorption value method. The chemical compositions,
phase compositions and microstructure of the magnesium oxide
with different iodine absorption value were analyzed by XRF, XRD
and SEM. The results indicated that the magnesium oxide obtained
the lower activity prepared at lower or higher -calcinated
temperature. When the particle size of the ore was 3-1 mm and the
calcinated temperature was 600 °C for 4 hours, the highly active
magnesium oxide with iodine absorption value up to 160 mg/g was
prepared successfully. The relationship between the crystal
morphology and the iodine absorption value of the magnesium
oxide prepared under different conditions was established.

KEY WORDS: High active; magnesium oxide; calcination time;
iodine absorption value

INTRODUCTION

In recent years, with the development of technology, the demand
for refractory materials in the steel and metallurgical industries has
been increasing [1-2].Microcrystalline magnesite is one of the raw
materials for refractory production and the main source of
magnesium. It has the advantages of high purity and less impurities.
Magnesium oxide (MgO) is an ionic compound belonging to the
cubic crystal system, Fm3m space group.The activity of
magnesium oxide refers to its ability to participate in chemical or
physical processes, which can be expressed by the iodine
absorption value (adsorption performance index). The greater the
activity of magnesium oxide, the greater the iodine absorption
value [3].When the iodine absorption value is 120-180 mg/g, it is
called highly active magnesium oxide, when the iodine absorption
value is 50 ~ 80 mg/g, it is medium active magnesium oxide, and
when the iodine absorption value is 19 ~ 43 mg/g, it is low active
magnesium oxide.Highly active magnesium oxide has the
characteristics of small grain size and large specific surface area,
which is conducive to promoting the solid-state reaction [4].As a
new type of adsorption material, it also has great application
prospects in wastewater treatment [5].In this work, the effect of
calcination time on the activity of magnesia was studied by iodine
adsorption method using Xizang microcrystalline magnesite as raw
material, in order to provide reference for the preparation of high
activity magnesia.

1. EXPERIMENTAL PART

1.1 Reagents and instruments

Experimental reagents include carbon tetrachloride, (AR, Tianjin
Fengchuan Chemical Reagent Technology Co., LTD.);lodine,
anhydrous ethanol (AR, Tianjin Yongda Chemical Reagent Co.,
LTD.);Potassium iodide (AR, Tianjin Kaitong Chemical Reagent
Co., LTD.);Sodium thiosulfate (AR, Tianjin Hengxing Chemical
Reagent Manufacturing Co., LTD.);Deionized water (homemade).

The phase composition of the sample was detected by PANalytical
X’ pert Pro diffractometer.The microstructure of the samples was
observed by JEOLJSM-6360 scanning electron microscope.Kang's
oscillator (Jintan Xicheng Xinrui Instrument Factory);The iodine

adsorption value was detected according to the national standard
HG/ T3928-2012 "Industrial Active Light magnesium Oxide".

1.2 Experiment
Preparation of magnesium oxide

The microcrystalline magnesite with particle size of 1-3 mm was
put into a Muff furnace, and the calcination time was set for
calcination after the temperature was raised to 600 °C.After cooling
to room temperature, the product is sifted 100 mesh after vibration
grinding and set aside.

Activity determination of magnesium oxide

Determination of iodine adsorption value: accurately weigh about 1
g sample, pour 50 mL iodide carbon tetrachloride (I-CCls) solution,
shock on the oscillator for 25 min, and then quickly move the
solution in the bottle to the stopper colorimetric tube, cover the
stopper tightly, and stand in the dark for more than 10 min until the
solution is clarified.Remove 10 mL of clear iodine-carbon
tetrachloride, place it in 250 mL conical bottle, add 20 mL
potassium iodide ethanol solution, and titrate with sodium
thiosulfate standard titration solution until colorless solution is the
end point.At the same time, a blank experiment was carried out
according to the following steps: Remove 10 mL iodide-carbon
tetrachloride solution, place it in 250 mL conical bottle, add 20 mL
potassium iodide ethanol solution, and titrate with sodium
thiosulfate standard titration solution until colorless solution was
the end point.

The iodine absorption value is measured by xi, and the value is
expressed in milligrams of iodine per gram of magnesium oxide

(mgl/gMgO), calculated according to formula (1) :

¥ :(Vz_vl)CM (1)
" m(10/50)

Formula:

Vi: The value of sodium thiosulfate standard titration solution
volume consumed by titration test solution, in milliliters (mL);

V2: The value of the volume of sodium thiosulfate standard titration
solution consumed by titrating the blank test solution, in milliliters
(mL);

c: The exact value of the concentration of sodium thiosulfate
standard titration solution, in moles per liter (mol/L) (¢=0.1 mol/L);
m: The value of the mass of the sample, in grams (g);

M: The number of moles of iodine in grams per mole (g/mol)
(M=126.9)

The arithmetic mean of the parallel determination results was taken
as the determination results, and the absolute difference between
the two parallel determination results was not more than 0.5 mg/g.

2. RESULTS AND DISCUSSION

2.1 Chemical composition and phase composition of highly
active magnesium oxide

The raw material used in the test is Xizang microcrystalline
magnesite, and its chemical composition after heat treatment with
different calcination time is shown in Table 1.1t can be seen that the
main component is MgO, which has high purity and belongs to
low-silicon and low-iron magnesite. With the extension of
calcination time, the content of MgO gradually increases and the
LOSS value gradually decreases.

Tab. 1: Chemical composition of highly active magnesium oxide
after different calcination time.
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Time | SiO; | AlOs; | Fe2O3 | TiO2 | CaO | MgO | Loss

1h 034 | 0.07 | 0.04 | 0.04 | 1.45 | 68.80 | 29.26

2h | 036 | 0.14 | 0.05 | 005 | 1.76 | 71.27 | 26.37

3h 034 | 0.15 | 0.03 | 0.04 | 1.57 | 7437 | 23.5

4h 0.25 | 0.03 | 0.03 | 0.06 | 1.86 | 89.59 | 8.18

Sh 032 | 0.08 | 0.04 | 0.06 | 2.04 | 90.43 | 7.03

6h | 051 | 0.19 | 0.04 | 0.02 | 2.23 | 93.49 | 3.52

Figure 1 shows the XRD patterns of active magnesia at different
calcination times. Compared with the standard PDF cards (45-0946
and 08-0479), it can be determined that the main crystal phases are
cubic crystal system MgO and trigonal rhombohedral system
MgCO;3, and a small amount of Ca impurities exist in the form of
dolomite CaMg(COs)2, which is consistent with the high purity
obtained by chemical analysis.With the extension of calcination
time, the diffraction peak intensity of MgO is stronger, the
diffraction peak intensity of MgCOs is lower, and the peak shape of
each peak tends to be sharp, indicating that magnesite is more fully
transformed into oxide, the crystallinity of magnesium oxide
gradually increases, and the structure becomes denser.
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Fig. 1: XRD patterns of MgO at different calcination time.

2.2 Microstructure of highly active magnesium oxide

Figure 2 shows the SEM spectrum of active magnesium oxide for 4
h calcination time. It can be seen from the graph that its
morphology is spheroidal, the average particle size of magnesium
oxide is about 38 nm, the maximum particle size is 55 nm, and the
minimum particle size is 25 nm. The distribution is relatively
uniform, the dispersion is good, and the agglomeration is small,
which promotes the activation of the lattice.

Fig. 2: SEM images of active MgO for calcination time 4h.

2.3 Influence of calcination time on LOSS

Figure 3 shows the relationship between different calcination time
and LOSS of active magnesium oxide. It can be observed that when
calcination time is lh, the LOSS value reaches 29.26 % at the
highest level, and gradually decreases with the extension of
calcination time. At 6 h, the LOSS value reaches the lowest level of
3.52 %, with the highest MgO content, indicating that calcination is
sufficient.
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Fig. 2: LOSS of active MgO at different calcination times

2.4 Effect of calcination time on iodine adsorption value

The activity of MgO increases with the extension of calcination
time. As shown in Figure 4, When calcination time reaches 4 h, the
activity of MgO product obtained from the calcination of magnesite
raw material is the highest, and the adsorption value of iodine is
160 mg/g. When calcination time exceeds 4 h, the activity of MgO
decreases with the extension of calcination time.This indicates that
the crystallization of the product is getting better and better, the
crystal shape tends to be complete, and the activity begins to
decrease.The activity of magnesium oxide also has a great
relationship with the defects on the crystal surface, the better the
crystallinity of the crystal, the more complete the crystal, the
smaller the surface defect, the lower the activity of magnesium
oxide[6].
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Fig. 4: Effects of calcination time on the lodine absorption value
activity of MgO

3. CONCLUSIONS

Using magnesite as raw material, it was calcined at 600 °C and held
for different time to prepare highly active magnesium oxide.
Taking iodine absorption value as sample activity target, when
holding time was 4 h, its distribution was more uniform, its
dispersion was better, and the highest iodine absorption value was
160 mg/g, meeting the requirement of highly active magnesium
oxide.
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TAILOR-MADE POLYCARBOXYLATE ETHERS TO IMPROVE PROPERTIES
OF CASTABLE MIX DESIGNS

Joachim Riedmiller, Alexander Ganss, BASF Construction Additives GmbH, 83308 Trostberg, Germany

ABSTRACT

For about 30 years polycarboxylate ethers (PCEs) are widely known
as a family of tailor-made dispersants for castables containing
calcium aluminate cement, reactive alumina, microsilica and
aggregates improving their water reduction, wetting, and setting. By
using these types of dispersants, the castables benefit from improved
properties such as reduced porosity, prolonged lifetime, increased
density, and strength combined with a significantly improved
workability [1].

We will show how specific PCEs in combination with adequate raw
materials interact and can be used to formulate custom tailored
castables according to specific requirements.

PCEs are highly valuable, essential ingredients to develop and
manufacture new, enhanced refractory materials.

DISPERSING MECHANISM

The general structure of a PCE could be described as a brush having
an anionic backbone containing carboxylic groups and several non-
ionic sidechains made of polyethylene glycol. As soon as such
molecules come closer to positively charged surfaces, such as
cement grains, they will adsorb on them due to the interaction with
the anionic part of the molecules and leave the outer particle sphere
covered with protruding non-ionic sidechains. This arrangement is
the basis for a superior dispersing power compared to purely
electrostatic dispersants, such as sodium tripolyphosphate or
polyacrylic acid (figure 1). The polymer side chains allow an
additional long-range repulsive interaction between the inorganic
surfaces according to an electrosteric dispersing mechanism leading
to a creamy rheology of well-dispersed particles in high solid
suspensions.

Fig. 1: Long-range electrosteric dispersing mechanism of PCE.

POLYMER SYNTHESIS

Beside the general dispersing mechanism, the advantage of PCEs lies
in the wide structural variety achieved by monomer selection,
synthetic route, and polymer design leading to optimized water
reduction, flowability, strength development, adjustment of set time

and wetting for refractory mix designs. Sometimes the combination
of several polymers or the addition of further additives provides
special features such as retardation or acceleration, slump retention
and robustness towards microsilica or hydrophobic particles.

One of the most common ways to synthesize PCE for refractory
applications is a copolymerization of performance-relevant mono-
mers, carboxylic acids and macromonomers containing the poly-
ethylene glycol side chain. Alternatively, it is possible to connect the
sidechain in a second step which is called grafting (figure 2).
Depending on the synthetic route, the PCEs differ in their polymer
structure and there are possibly restrictions for the application of
additional monomers.

. a-OH_?“(? — S,

Copolymerization Grafting

Fig. 2: PCE synthesis via different routes

Once a composition of monomers and a suitable synthetic route has
been selected, the systematic variation of three parameters finetunes
the further polymer properties (figure 3). The sidechain length of the
macromonomer influences for example retardation, robustness of
flow, slump retention and heat of hydration. Charge density affects
the affinity towards inorganic surfaces due to the adsorption speed
and therefore the wet-out time. The molecular weight is responsible
for the overall dispersing power which determines dosage efficiency.
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Fig. 3: Parameters providing structural variety of PCE

Modern PCE dispersants can be structurally optimized for
applications in the refractory and ceramic industry with monitored
purity in terms of their thermo-oxidative degradation.

BENEFITS OF TAYLORED PCEs FOR CASTABLE MIX
DESING

PCEs play a key role in the mix design of modern castables at a water
amount between 4-6 %. Only such a low water amount guarantees
the best castable performance with high mechanical strength, wear
and chemical resistance and optimal hot properties. Thereby the
workability of the material remains at a very high level. The
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combination of good workability and best performance of a modern
castable would not be achievable without a high-performance
dispersant.

SELECTED PCEs

Three different PCE structures were selected for testing in a castable:
a PCE with short sidechains (PCE-S), a PCE with medium sidechains
(PCE-M), and a PCE with long sidechains (PCE-L). The design of
the three different PCEs is optimized for the raw materials used in
the refractory application (molecular weight, charge density, spacer).

Pl

|| SRR

. e * te * s
PCE with short PCE with medium PCE with long
sidechains sldechains sidechalns

Fig. 4: Schematic molecular design of the used PCEs
TEST CASTABLE

A low cement vibration castable was selected for the test series. The
table below shows its composition:

Tab. 1: Castable composition
Raw material Type Amount

Tabular Alumina 0-6 mm 84 %

Alumina D50 =3.5um 12 %

High Alumina 70 % Al203 5%

cement

PCE var PCE-S or PCE-M 0.1 %
or PCE-L

Water 4.5 %

Three mixes were tested using the castable with the composition
given in Tab. 1. To reduce the water to 4.5% and still have a good
workability, each one of the three PCEs was added to the mix in an
amount of 0.1% by weight of dry mix.

TEST RESULTS FOR CASTABLE

Vibrational Flow

The vibrational flow was measured with a vibrational table and a
cone (100 mm x 70 mm x 50 mm).

With PCE-S a good flow 0f 21.9 cm after 5 minutes can be achieved.
After 60 minutes the flow is slightly increased (22.8 cm). PCE-M
has a moderately higher initial flow with 23.4 cm. After 60 minutes,
the flow drops to 21.4 cm. PCE-L has the largest initial flow with
25.2 cm. The drop in flow, is not as prominent as with PCE-M, with
less than 1 cm after 60 minutes.

The dosage efficiency of the PCE depends on the sidechain length of
the polyethylene glycol. The longer the sidechain the more dosage
efficient is the PCE. Shorter sidechains mean less dosage efficient.
On the contrary the less dosage efficiency leads to a better slump
retention over time.

An additional advantage of PCEs with shorter sidechains is the
robustness towards raw material fluctuations and water deviations
which is less prominent compared to the PCE with longer sidechains.

manal Thow |

Fig. 5: Vibrational flow of test castable with selected PCEs

Castable Setting and Strength Development

The setting behaviour was measured by the exothermal method
(EXO). Details of the method and the terminology were described
by Gierisch et al. [2].

The different PCEs influence the setting of the castable significantly.
In figure 6 the EXO1_ Start and EXO_ Max times are given in hours
and minutes. The PCE with long sidechains is the least retarding
PCE. The PCEs with medium and short sidechains show a
significantly stronger retardation. By choosing the right PCE, the
setting and therefore the workability time can be adjusted. In colder
environment, a less retarding PCE can be preferable, whereas in
warmer environments a more retarding PCE can be beneficial.
Furthermore, the maximum exothermal heat (EXO_Max) is also
strongly influenced by the selected PCE. The PCE with the long
sidechain shows the shortest EXO Max time. According to
Kockegey-Lorenz al. [1], the EXO Max time correlates with the
strength, which is necessary for demolding of the castable and
sufficient strength to transport pre-cast shapes. A shorter sidechain
corresponds with shorter demolding times, which is a big advantage
in handling of the hardened castable.

Ennthesrmgl measurement of bpat

L1 P
i I

Cold crushing strength (CCS) and cold modulus of rupture (CMoR)
were measured after 24h curing at 20°C. This is also commonly
referred to as green strength.

The CCS and the CMoR show a direct correlation to the length of
the sidechain of the PCE (Fig. 7). The longer the sidechain, the
higher the strength. The explanation is, that the PCE with longer
sidechains do not cover the surface of the cement as densely as
shorter sidechains, hence they hinder each other more and move the
PCEs further apart. As a result, the water can reach the surface in
shorter time. The hydration of the cement is therefore faster and leads

Fig. 6: Exothermal data of hydration
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to a better strength development due to the earlier formation of

hydration phases.
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Fig. 7: Cold crushing strength and cold modulus of rupture

PCE FOR HYDROPHOBIC RAW MATERIALS

Dispersing raw materials with a hydrophobic surface can be very
challenging. Materials with hydrophobic character are mainly
carbon-containing raw materials like silicon carbide or micronized
or flaky graphite. Further, metal oxides like for e.g., chromium
oxide. show a hydrophobic character of the surface. If some
percentages of e.g., carbon is incorporated in a castable, and a
standard dispersant is added, the typical spots of non-wetted and non-
dispersed particles occur, which are swimming on top of the mix
(Fig. 8). The application of a modified PCE dispersant can
significantly reduce this effect in carbon-containing mixes.
Introducing of long polyether sidechains and hydrophobic groups
into the backbone of polycarboxylate ether provide a more
hydrophobic character. Incorporating of such a product into a
castable mix will minimize mixing times and improve the wettability
of hydrophobic components. The component is better dispersed,
which leads to better overall performance. The effect of such a
special PCE design is shown in a castable with carbon black. No
unwetted and no undispersed particles can be observed with the
optimized PCE (Fig. 8).

Unwetted spots with a standard
PCE for refractory

Good wetting a with specially
designed PCE

Fig. 8: Left side: insufficient dispersion of carbon black. Right side:
homogeneous dispersion of carbon black

PCE FOR MICROSILICA CONTAINING CASTABLE

A common mix design of castable includes microsilica as a matrix
filler in an amount of 3-8%. Castable with these amounts of
microsilica cannot be dispersed well or at all with standard PCEs.
The reason is the PEG sidechains which interact with the surface of
the microsilica. This interaction leads to partial flocculation of the
particles and prevents a proper dispersion. Therefore, the flow is
reduced or even killed. With the design of a special PCE with very
short sidechains and special anchor groups, the problem can be
overcome.

In the mix design of the castable from Table 1, 5% of alumina was
replaced by microsilica Elkem 971 U. The water amount is kept
constant at 4.5%.

If the PCE-S is used in this castable, no vibrational flow is detectable
(Fig. 9). 10 cm vibrational flow means the diameter of the used cone.
With a specially designed PCE for microsilica (PCE-MS), a good

vibrational flow of 20.5 cm can be achieved. The flow at 60 minutes
is still at 19.8 cm. The workability and casting of the castable with
microsilica is therefore possible and easy.
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Fig. 9: Vibrational flow of microsilica containing castable with
selected PCEs

An acceptable mixing time of the refractory concrete is guaranteed
due to the wet-out time of 170 seconds. This is often critical with
microsilica-containing castable and is heavily influenced by the
used dispersant.

The dispersant has also a strong influence on the workability time
and the setting of the castable. The EXO1_Start corresponds to the
end of workability which is 80 min for PCE-MS. The EXO_Max is
with 20 hours and 10 minutes in the range that the castable can be
demolded after 24 hours.

CONCLUSIONS 61
Polycarboxylate ethers specially developed for the refractory
application play a key role in the design of a modern castable.
Without efficient dispersants it is not possible to reduce the water
content in castable to 4-5%. This lowest possible water content leads
to a high density, low porosity, high strength, and optimal hot
properties. A good workability and setting time are thereby obtained.
Without the optimization of the PCE structure, an adequate
performance in refractory applications would not be possible.

By choosing the appropriate PCE the desired properties of the
castable can be set. Wet-out time, flow retention, workability time at
different temperatures and strength development can be adjusted. In
addition, the choice of the dispersant depends on the type of raw
materials used and is the key to optimize the properties of the
castable.

All the various influencing factors must be understood to develop
and use the optimal dispersant for refractory applications.
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INNOVATIVE APPROACHES FOR ENERGY-INTENSIVE PRODUCTION
PROCESSES OF SHAPED REFRACTORY PRODUCTS FOR THE STEEL
INDUSTRY

Daniel Colle, Michael Dombrow, Lutz Reiflberg, Bastian Vesenberg
EKW GmbH, Eisenberg, Germany

Peter Schwalb
Hagenburger Feuerfeste Produkte GmbH, Griinstadt, Germany

ABSTRACT

An overview is provided of consistent use of resource-efficient raw
materials for the production of functional components for the
secondary steel metallurgy, e.g. ingot casting, pouring nozzles.

In recent years, the incorporation of regionally available raw
materials in particular into existing production processes has
proven to be promising, both from a technological and an economic
point of view. In this context, the product-specific carbon footprint
is of particular importance, which is also discussed in association
with its complexity in calculative considerations.
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ABSTRACT

The present study is part of the CESAREF (Concerted European
action on Sustainable Applications of REFractories) doctoral
network started in late 2022. The aim of the consortium is the
contribution to scientific breakthroughs inherent to refractories for
steel making sector thanks to transversal competences deriving
from academic and industrial realities. European green deal and
circular economy targets set by EU for 2025 are also related to the
massive consumption of refractory materials in the steel industry.
Operative lifetimes of refractories range from hours to several
months depending on their role. As a result of increasingly
tightened policies and disposal costs, and due to recent supply
chain shortages, end-of-life refractories recovery and recycling
practices are receiving great attention. Some of the core
requirements for sustainability and circularity are the reduction of
open-loop and down scaling strategies, to maintain refractory
materials value as long as possible, of the end-of-life materials.
Over the years application of numerical models has proved to be a
useful strategy for researchers facing in-use issues related to
refractory materials. In this study, different finite element models
(FEM) applied to end-use refractories are discussed to understand
their  suitability for potential recyclability prediction.
Thermomechanical characterization of prior- and post-use
materials allow to identify the critical issues related to numerical
models' development. The comparison between empirical results
and the appropriate numerical model allow us to identify suitable
pathways to improve refractories sustainability.

CONTEXT

There has always been an intricate connection between society's
evolution and raw materials. In fact, the common partitioning of
prehistoric periods occurs through the raw materials that enabled
progress: stone, bronze, and iron ages. Although advances in
materials and technologies have aided development and welfare
distribution, unfettered consumption and overexploitation of
resources remains a driver for conflicts, geopolitical tensions, and
environmental damage. Thus, we are looking for technological
solutions to ensure progress, and at the same time make our way
of life more sustainable by decoupling economic growth from
resources use.

The recent European Union directive regarding wastes introduced
a hierarchic strategy to be adopted for waste reduction and
circularity improvement.! The preference order established by the
directive is set as: prevention, re-use, recycle, recovery, disposal.
Furthermore, circular economy growth is one of the strategic
targets of EU’s Green Deal for ensuring raw materials’ solid
supply chains.?

One of the main sectors involved in the green transition is the iron
and steel industry, for which ambitious sustainability targets have
been set for 2050. Starting from the iron ore to get the final product
an energy intensive process is needed. World average data reports
CO:z emissions equal to 2 tons per ton of steel produced.® That is
why EU is strongly pushing steel producers towards more efficient
and lower energetically intensive production processes. Hence,
projects such as CESAREF (Concerted European actions on
Sustainable applications of REFractories) are put in place
receiving great attention from the academic and industrial sectors.
CESAREF is a big European consortium of universities and

companies acting together with the aim of training different
doctorate students on excellent science to create breakthroughs in
the field of refractory materials for the steel industry.

INTRODUCTION

Steel embodies a vast class of iron alloys containing carbon in the
range between 0.002 and 2.14 wt.%. Steel making occurs through
the casting process and nowadays the most used method is the
continuous casting, counting for more than the 96% of total steel
produced.’> A modern continuous casting system is composed by
three main parts: the ladle, the tundish, and the cooling zone

(figure 1). A ladle is a big reservoir of liquid steel (able to contain

from tens to several hundred tons of liquid steel) which is then

poured into the tundish. The tonnage of the ladle corresponds to
one heat, and the number of heats performed with one tundish
corresponds to one sequence. The tundish acts as reservoir of
molten steel and distributes the liquid metal into the multiple
casting molds where steel solidification starts. The tundish stores

a small amount of molten steel while dispensing part of this latter

elsewhere with general purpose to regulate flow and achieve a

steady output with intermittent inputs.

The tundish has the roles of molten steel distribution, buffering,

flow control, purification, and heat loss limitation. To nicely

exploit the above-mentioned functions many refractory materials
are used in the tundish:

e  refractories to control and homogenize the liquid metal flow
in the vessel (dams, wires, impact pads, purging plugs);

e refractories to enable the steel to move safely with no
oxidation limiting material and energy losses from one
reservoir to the following, these products can be submerged
entry shrouds (SES), submerged entry nozzles (SEN),
stoppers, and slide gates;

e refractories to separate and isolate the external steel shell
from the molten steel ensuring safety and energy savings,
these materials are called lining refractories.

LADI

TUNDISH .
Mrpe iy
TR T pod
We
L7 3
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SECONDANY
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Figure 1: elements in the continuous casting process for steel
production and some of the refractory parts used for the tundish.
Reproduced with the courtesy of Vesuvius plc.
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Commonly the lining refractories can be distinguished depending
on their position: the working lining is directly in contact with steel
and slag, the permanent lining, in between working and insulating
lining, is supposed to compensate stresses and to allow operations
safeness in case of working line failure; and insulating lining
reduces heat exchange between the previous linings and metallic
shell. Some of the above-mentioned refractories are highlighted in
figure 1 and various refractory products, grouped by their
applications, principal functions, main failure mechanisms,
average lifetimes, and some of the possible refractory composition
that are commonly used, are provided in table 1.

STRATEGY AND PERSPECTIVES

The thermo-mechanical behavior of most of the refractory
materials during operative conditions is complex and difficult to
determine and foreseen. The reasons behind are their nonlinear
responses to stimuli derived, in part, from heterogeneous nature
and harsh operative conditions. Due to that, reliable investigations
to improve refractory products lifetime require the combination of
experimental analysis and computational methods, such as finite
element analysis (FEA).*®

Additionally, to tackle waste production, the re-use and recycling
practices need to be fully exploited. In the former case, re-use, the
ageing of key thermomechanical properties of the refractories
during usage can be assessed and deployed, in combination with
the operative conditions severity, into an adapted Failure Modes,
Effects, and Criticality Analysis (FMECA). The purpose is to
obtain qualitative and quantitative reliable information on the
lifetime of the refractory product for a particular application.
Furthermore, end-of-life refractories recycling is another key step
related to sustainability. During spent material sorting,
compositional evaluation, sieving, and other pivotal steps, great
bottlenecks must still be overcome. On top of the technical
recycling passages, a proper algorithm able to predict profitability
has not been developed yet. Hence, this project will focus on the
adaptation of a Multi Criteria Decision Approach (MCDA) for
refractories sorting based on their intrinsic characteristics, to
define recycling convenience.

Experimental characterization and numerical modelling

Refractory materials are, for definition, supposed to resist high
temperatures, chemically aggressive conditions, and various
mechanical stresses. It is possible to discriminate between stress
and strain-controlled loads.® The first are the function of the
structure’s geometry and its density. The latter, strain-controlled
loads, can derive from thermal expansions, creep, or structural

constraints. They are function of the material’s properties, as for
example the thermal expansion coefficient, Young’s modulus,
Poisson’s ratio, thermal conduction, porosity, and others.*
Refractories for steel-making industry are primarily exposed to
thermal loads and, as a response, most of them undergo in
softening enhancing the plastic behavior at high temperatures. This
is the reason why a strong focus will be given in this project to the
key thermomechanical properties variation and elastoplastic laws
governing the materials behavior. In particular, attention will be
paid on the evolution of thermomechanical properties from prior
to after usage state. Identification of the pivotal properties and
simulation, through the proper yielding function, of the material
behavior, are crucial priorities to enhance the performance of the
products, hence tackling the prevention step of circularity.
Refractory materials for tundish linings will be at the center of the
research. For example, insulating boards composed mostly of
vermiculite will be investigated. Previous works, on the carbon
pick-up of similar material utilized in the ladle, identified the
thermal properties degradation triggering factors. Densification,
impurities diffusion, secondary phases formation, and permanent
shrinkage are expected phenomena that will be experimentally
assessed during this research’s post-mortem experimental
characterization.” These key properties are also related to the
operative conditions such as thermal enhanced diffusion,
compressive and shear stresses due to lining system’s architecture,
but also to the cyclical thermal gradients related to continuous
charge-discharge steps. Hence, it is possible to consider periodic
fatigue cycles and the proper finite element model is needed not
only to identify the magnitude and location of the critical loads
(thermal and mechanical), but also to further extrapolate their
impact on properties degradation.

Over the years, many yield functions have been developed to
explain the plastic behavior and consequent failure of various
material classes. The Mohr-Coulomb, Tresca, von Mises, and
Drucker-Prager are some of the most known criteria describing
specific materials’ yielding under particular conditions.®® These
above-cited yield laws show some critical drawbacks such as the
necessity to evaluate shear and tensile yielding stresses to define
ranges of applicability, the approximation to homogeneous
material’s properties, and the non-exhaustive behavior prediction
in certain regimes. For these reasons, over the years, several yield
criteria have been proposed. In particular, Bigoni D. and
Piccolroaz A. developed a modulable criterion for which is
possible to modify the yield function.' The model is based on a
phenomenological based yield criterion (the yield function is
directly obtained from interpolation of experimental data) valuable
in predicting the mechanical behavior also of ceramic materials

Table 1 : Overview of products, functions, properties, failure mechanisms, lifetime, and some of the compositions for tundish’s

refractories. #6714
APPLICATION PRINCIPAL FUNCTIONS MAIN FAILURE MECHANISMS LIFETIME COMMON COMPOSITION
. Ensure uniform liquid steel flow Corrosion Alumina-magnesia-carbon
o Dam/wire/multilayer filters and temperature distribution also Erosion 5-20 heats Alumina-silica-carbon
w2 preventing inclusion flow Thermal shock High purity alumina/magnesia
§ g Control molten steel from ladle Corrosion High alumina or magnesia
s ©° Impact pad impact and reduce inclusions Erosion 5-20 heats Alumina-magnesia spinel
@ spread Thermal shock Magnesia-chrome
—_ Submerged Entry Nozzle Feed molten steel from tundish to Corrosion Alumina-silica-carbon (body)
g (SEN) mold, suppress oxidation and Thermal shock 10-30 hours Magnesia-carbon (seat SEN)
= Submerged Entry Shroud nitrogen pickup, reduced heat loss Clogging Zirconia-graphite (sleeve SES)
3 (SES)
z Control liquid steel flow rate from Bore hole erosion High alumina/magnesia
2 Tundish slide gate tundish to molds Surface abrasion 5-10 heats Alumina-magnesia spinel
= Steel infiltration AZC (alumina-zirconia-carbon)
Contain molten steel ensuring Corrosion High purity alumina/magnesia
” Working line operations quality and safety Cracks propagation 5-20 heats Zirconia-carbon (slag line)
= Spalling Magnesia-Chrome
g Reduce the thermal diffusion in Permanent shrinkage/densification Vermiculite
— N . . . 20 heats - 1 . e
Insulating line steel shell and energy losses Tensile/compressive failure sequence Alumina-silica fibers
Working/safety lines failure Magnesium-silicate
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sensitive to pressure. The flexibility shown by the criterion is
appreciated in the field of refractories since, during their
processing and working conditions, many changes occur.

Fatigue and Failure Modes, Effects, and Criticality Analysis

Experimental and numerical modeling are not always sufficient for
failure prediction and materials’ behavior foreseen. Commonly,
lifetime evaluation is a complex practice in the field of refractories
used in continuous casting process due to their heterogeneous
nature, complex geometry, and strong variety of stresses to which
they are subjected. Additionally, the possible failure mechanisms
associated to a particular product in a specific application are not
due to a single parameter. Different failure mechanisms can be
observed for the same refractory application. Although in recent
years, the research on refractories has made great strides obtaining
strongly performant materials, few researchers have applied the
fatigue theory to refractory materials. This kind of analysis is
widely used in many engineering fields to predict the lifetime of
ductile materials such as metals. Examples are the Goodman-
Haigh and Gerber diagrams frequently adopted by structural
engineers in case of low- and high-cycle fatigue cases. Previous
studies on refractory materials have reported several mechanical
failure mechanisms under cyclic loadings. The identification of
preferential cracks propagation paths, damage saturation, cracks
coalescence and interlocking, and grains relocation mechanisms
are a result of fatigue inside the material.'! Furthermore, the
turning point has been the link of these individuated energy
dissipation mechanisms with the key thermomechanical properties
of the material to define the lifetime of the material.?

Failure Mode, Effects, and Criticality Analysis, FMECA, is a
strategy adopted in the last century to assess the operativity and
reliability of a product through inductive reasoning. Essentially,
the analysis consists in individuating the ways or modes in which
the product could fail, understand the consequences of such
failures on the products operativity and on the overall system, and
finally define criticality and severity levels for each of the
individuated failures and related effects.'3 The adaptation of this
approach could enable a more rigorous and statistic treatment of
failure analysis allowing the incorporation of fatigue in the
investigation. The frame of this strategy is to improve the
utilization of a product enhancing the re-use by identifying the
proper actions to reduce waste generation. In this context, it is
possible to perform both qualitative and quantitative analysis
because of the integration of significance measure through
criticality analysis. By generally adapting the quantitative
evaluation of each i-th failure mode, the related criticality number,
C;, can be defined as:!3

Ci = a;fAnt (1)

It is worth specifying each of the parameters composing the
equation. The failure mode ratio «; can be defined as the
probability (expressed in decimal fraction) that the product or a
part of it will fail in the i-type mode. It represents the diverse ways
a system or a part of it fails. This number is statistically derived
and is given as a percentage of the total observed failures. The
condition probability, 8, of operational failure represents the
probability that the identified failure mode will cause the product
failure due to the ageing or degradation of the key properties
related to the identified i-type failure mode. The component failure
rate A,, represents the number of particular n-parts of the product
which are subjected to the i-type failure mechanism. At last, t
corresponds to the total operational time the product has been
utilized.

Afterwards, a severity classification of the operational conditions
is built. To do so, the numerical modeling already performed will

assist the purpose. The outputs from Finite Element Analysis are
the maps of stresses, strains, pressures, and other parameters. From
these, is then possible to quantify operative conditions severity.
Comparing the output fields to the experimentally determined key
properties of the material prior usage, it is possible to classify the
severity in four categories: negligible, marginal, critical, and
catastrophic. Finally, the lifetime space (figure 2), including a
criticality function proper for the product in the specific
application, represents the link between severity conditions and
probability of occurrence, or criticality number, for each system’s
failure modes and parts. Four different levels can be thus defined
related to the fatigue and the lifetime of the material: i)
unacceptable criticality, the product is considered no more suitable
for that specific application, ii) high criticality, the product can be
considered in necessity of repair (at the specific n-part) before
further use, iii) and iv) moderate or low criticality, the product’s
resulting properties can be considered appropriate for an additional
life cycle, thus tackling re-use target.

Multi criteria approach for refractories recycling

As previously said, during steel production the smelted material
passes into several furnaces and vessels. Each of these containers
has its own type of refractories used for specific needs. Thus, at
first glance, the collection sorting and categorizing step is one of
the first bottlenecks for refractories waste recycling. An additional
blocking point in refractories recycling consists in the
crushing/pulverization of the materials to remove impurities or
better homogenize the end-of-life materials. But, besides these
steps, it is strictly necessary from an environmental point of view
and for energy and resources usage, to identify the convenience of
recycling. Thus, it is important also to distinguish recycling
practices. Indeed, two ways of recycling exist: closed-loop and
open-loop. In closed-loop recycling, the value of the waste is
considered not far from primary raw materials’ value. Hence, it is
possible to reprocess the materials and reintroduce them in the
same circle of production. Conversely, in open-loop recycling, the
operative conditions lead the material to a dramatic change
resulting in lower value with respect to the primary raw materials.
This latter case is common for all the refractories recycling
practices put into operation currently. In literature, many cases of
open-loop recycling can be found. Most of the postmortem
refractories are recycled in roadbeds, slag additives or
conditioners, aggregates for clinker and for the cement industry,
and as soil neutralizers and flowerbeds.'* It is evident that the
closed-loop recycling has the potential to hold end-use materials’
value and functionality constant. Furthermore, closed loop
recycling contributes in a significant way to the development of
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Figure 2: Criticality space representing the criticality number
and the severity relation defining refractory product’s lifetime.
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circular economy. That is why the development of more powerful
strategies may help in keeping up the value of the spent material
as much as possible. Since there is a wide variety of aspects to
consider, a multiple criteria decision analysis could be the key.
After processing, refractory materials can have, for example,
oxides and/or elemental impurities, steel residues, crystallographic
phases developed during the operations, structural instabilities,
morphological variations. Thus, it is necessary to assess the
additional properties and specifications for the end-of-life material
that can have an impact on further applications if inserted in a
specific refractory formulation. To distinguish between valuable
compositions in terms of purity, economic value, possible
resulting thermomechanical properties in a refractory product, or
other parameters, an interesting approach may be the adoption of
multi criteria decision approach (MCDA). This latter is a
strategical method to evaluate the best option or the set of more
convenient options in the framework of problems involving many
variables. In brief, the multi criteria problem can be
mathematically seen as the need of maximization for a global value
function, Uy @’ dependent on a marginal value function of the x-

component possessing a certain [ attribute, uq (o)’ and the relative
attribute weight, p;:
s
Uy = Z Pill(a) @)
=1

where d(g4,) corresponds to the evaluation vector of the x-

component with [-th attributed in the level g.

With this strategy, a study has been recently performed on the
feasibility of the application of a linear multicriteria decision
analysis coupled with an on/off criteria to sort spent refractories,
also in the frame of sustainable targets. !> The study proved the
good versatility of the method and the possibility of its adaptation
to end of life refractories case. Big rooms for improvement are still
needed and a proper adaptation to the case of recycling is
necessary but a glimpse of feasibility has been observed.

CONCLUSIONS

European Green Deal has set big technological and scientific
challenges for steel making sector to achieve sustainability,
circularity, and environmental impact requirements for 2050.
CESAREF consortium aims to help in creating breakthroughs in
the field of refractory materials for steel making transferrable also
to other sectors. For this research, focus will be put on the
refractory materials for the tundish linings. One of the possible
strategies to tackle the European challenges considering as
reference key steps, the waste hierarchy can be the identification
of the key properties to be assessed depending on the refractory
application requirements. The tested properties may be used as
inputs in numerical simulations to obtain a clear view of failure
and yielding phenomena occurring in refractories. Furthermore,
key properties aging, obtained from the comparison of pre- and
post-usage refractories, linked with fatigue theory could help
refractory producers in more rigorous evaluation of products
lifetime. The dependency of properties degradation, operational
conditions, and statistical information may be considered for an
adapted Failure Modes Effects and Criticality Analysis to obtain
reliable qualitative and quantitative investigations of the refractory
materials conditions. Moreover, a linear algorithm has been
proposed and further tests in that way will be presented soon to
optimize it for specific cases. Besides prevention and re-use, to
tackle recycling in literature, a large variety of cases have been
observed in the frame of open-loop recycling. Hence, big efforts
are needed to progress in closed-loop recycling. Many factors must

be considered to efficiently solve the recycling reliability problems
related to the spent refractory materials. To take forward this
bottleneck, a Multi Criteria Decision Analysis (MCDA) has been
proposed. This latter approach has recently proved to be efficient
for refractories wastes disposal in sustainable framework.
Therefore, it opened possibilities for its adaptation in the case of
reliable and predictive recyclability determination.
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ABSTRACT

Refractories based on MgO are the dominating lining materials for
vessels in steelmaking and refining plants. To preserve limited
resources and establish regional raw material supply chains,
alternative resources for graphite are required. Pellets from
sunflower seed hull and wood were converted into carbon and
added to a MgO-C batch. After hardening and carbonizing the
MgO-C samples, their phase composition, microstructure, cold
crushing strength, refractoriness under load, and oxidation
resistance were investigated. The addition of carbonized wood and
sunflower seed hull pellets reduced the CCS due to an
inhomogeneous microstructure. The RuL is at the same level as the
reference samples. The addition of carbonized biomass pellets has
in particular a positive effect on the oxidation resistance, resulting
in 30 % less carbon oxidation of wood pellet coke compared to
carbon black at 1600 °C.

INTRODUCTION

Refractories based on MgO and C are the dominating lining
materials in steel making and refining plants, like basic oxygen
furnaces (BOF), electric arc furnaces (EAF), and steel ladles [1].
The MgO and carbon raw materials are bonded by high carbon-
containing pitch or resin and may contain some metallic powder as
antioxidants to protect the carbon from oxidation. Due to the
carbon portion, MgO-C bricks possess excellent thermal shock
resistance by the increased thermal conductivity and reduced
thermal expansion as well as a microstructure-flexible binding
characteristic of the carbon bond. Carbon also reduces the slag
corrosion due to the non-wettability resulting in a reduced
interaction and infiltration depth. Furthermore, carbon serves as a
pressing aid during production, whereby the open porosity of
MgO-C bricks is greatly reduced in comparison to fired MgO
bricks. Hence, carbon plays a key role in the production of MgO-C
refractories. The refractory industry is by far the largest consumer
of natural graphite, accounting for approximately 46 % of global
consumption of 947,000 t in 2018 [2]. Natural flake graphite is
commonly used as a carbon carrier since it is the most stable
modification of carbon [3]. Due to the resulting low surface energy
of the flakes, their reaction potential is very low and is poorly
wetted by all kinds of liquids such as slags and molten metals. A
further advantage of graphite is its structural high oxidation
resistance [4]. Recent investigations showed an improvement in
MgO-C bricks by partially replacing flake graphite with expanded
graphite [5,6]. However, the expanded graphite has a high specific
surface, which limits the amount to less than 1 % without reducing
the oxidation resistance. Carbon black is another main carbon
source for refractories. However, carbon black is only limited used
in MgO-C due to its low primary particle size. The low particle size
increases the amount of liquid binder needed to be added to the
batch and has lower oxidation resistance, but enables an optimal
pore filling of the bricks resulting in higher corrosion resistance.
New types of MgO-C have been developed using nano carbon
black, especially for the production of MgO-C with low carbon
content. The nanometer carbon black favours the dispersion of
carbon particles, which filled the tiny spaces, pores, and gaps in the
matrix between the MgO particles and thus improves the properties
[7-9]. The predicted surge in demand for natural graphite by the
growing battery industry marks serious competition in raw material
supply for the refractory industry. But this can be a great
opportunity for the refractory industry to focus on alternative

carbon sources. In this regard, carbon black was partially replaced
by wood and sunflower seed hull pellet coke and the impact of the
carbonized biomass on the properties of MgO-C was investigated.
The use of biomasses, which are zero CO2 emission resources that
only release the amount of CO2 that was picked up during their
lifetime, as a carbon source in MgO-C refractories would support
the refractory industry in their effort in establishing regional raw
material supply chains, saving fossil raw materials, and reducing
the CO2 emission.

MATERIALS AND METHODS

Representative subsamples of the pellets were ground to particle
sizes below 200 um. During a long-term pyrolysis (carbonization)
at 750 °C for 2 h (heating rate of 10 K-min-1), the biomass raw
materials were thermally converted in the absence of air (nitrogen
atmosphere) to liquid products such as pyrolysis oils, which were
evaporated and had left the retort furnace, and solid secondary
products such as pyrolysis coke including ash. The latter can serve
as a carbon source in a refractory mixture. Next to MgO-C with the
carbonized wood and sunflower seed hull pellets, MgO-C with
carbon black and nano carbon black, respectively, were prepared as
reference materials. All compositions contain coarse flaky graphite
as a fixed carbon source. The compositions are displayed in table 1.

Tab. 1: Composition of the test specimen.

Composition (wt.-%)

Raw

material MgO- MgO- MgO-

MgO-C CB | " C WP | C SFSH

MgO 98

>4 mm 17.0 17.0 17.0 17.0

MgO 98

29.7 29.7 29.7 29.7
1-2 mm

MgO 98

343 343 343 343
0-1 mm

MgO 98

powder 16.8 16.8 16.8 16.8

Graphite

NFL 1.1 1.1 1.1 1.1

Carbon

black N991 L1 ) ) )

Nano CB
N-220

Wood
pellets - - 1.1 -
coke

Sunflower
seed hull
pellets
coke

Powder

. 1.5 1.5 1.5 1.5
resin

Liquid 15 15 15 15
resin

Hardener 0.3 0.3 0.3 0.3

The raw materials used for the preparation of the MgO-C samples
were the in-house produced wood (WP) and sunflower seed hull
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pellets (SFSH) cokes, magnesium oxide with a purity of 98 %
(QMAG, Parkhurst, Australia), flaky graphite NFL (Graphit
Kropfmithl AG, Hauzenberg, Germany), carbon black MT
Thermax N-991 Powder (Lehmann & Voss & Co.KG, Hamburg,
Germany), and nano carbon black N-220 (Penta Carbon GmbH,
Haltern am See, Germany). Liquid resin 9308-FL, powder resin
0235 DP, and hexamethylenetetramine hardener (all Hexion,
Duisburg, Germany) were used as binders. The liquid resin was
heated up to 70 °C in a temperature control unit and added to the
coarse MgO fractions. After mixing for 5 minutes, the MgO
powder, carbon sources, powder resin, and hardener were added
and mixed for another 5 minutes to achieve a homogeneous
distribution of the raw materials in the mixture. After the mixing
process, cylinder-shaped samples with a height of 50 mm and a
diameter of 50 mm were pressed with a uniaxial press and an
applied pressure of 120 MPa. After pressing, the samples were
hardened by a three steps thermal treatment with a maximum
temperature of 180 °C. Afterwards, the samples were placed in SiC
retorts, covered by petrol coke (0.2-2 mm, Miico, Essen,
Germany), and carbonized in an electrically heated furnace at 1000
°C for 5 h.

The density and open porosity of the carbonized samples have been
analysed according to EN 993-1 using toluol as the test medium.
The microstructure has been examined utilizing an SEM equipped
with EDS (Philips XL 30 ESEM FEG, Eindhoven, The
Netherlands). The phase composition of milled powders of the
samples after carbonization was performed by X-ray diffraction
analysis (XRD) using a PHILIPS diffractometer (CuKa-radiation,
K-alphal [°A] = 1,54060), whereas the evaluation and the portion
of phases were calculated by Rietveld refinement method using the
High-Score Plus 4.8 software (Malvern Panalytical B.V./NL). The
cold crushing strength (CCS) has been evaluated using the
TIRATest 2420 machine (TIRA, Schalkau, Germany) according to
EN 993-5 with a 100 kN load cell. The loading rate was 2 mm-min-
1 till a preload of 10 N and henceforward 1 N-mm2-s 1 till a
maximum load of 100 kN or a dF of 50 % (load drop after reaching
maximum load FH). The determination of the refractoriness under
load (RuL) was carried out according to DIN EN 993-8 up to
1600 °C with a constantly applied load of 0.2 MPa under an
oxidizing atmosphere with a heating rate of 10 K-min-1. One of the
main focuses of the work is the impact of biomass coke on the
oxidation resistance, as it has been found, that potassium causes an
increase in the Boudouard reaction rate in the temperature range of
800—1200 °C [10]. For the oxidation resistance test, the cylindrical
samples were placed in an electrically heated furnace (heating rate
of 10 K'min-1) under ambient conditions at 1600 °C with 2
minutes of dwell time. During the test run, the weight loss of the
samples was detected by a scale. Additionally, the samples were cut
into halves and the degree of oxidation (area of carbon combustion
Closs) was calculated by

Closs=(As-Ac) As1+100 % (1)

with the initial sample area As, and the area of carbon-containing
sample portion Ac, both detected using a digital light microscope
(VHX-2000 D, Keyence International, Mechelen, Belgium).

RESULTS AND DISCUSSION

Microstructure, phase composition, and physical properties of
MgO-C with different carbon raw materials

None of the applied carbon sources (carbonized wood and
sunflower seed hull pellets, carbon black, and nano carbon black)
showed a negative effect on the manufacturing of the MgO-C
samples. For instance, no differences in the mixing process,
sticking at the pressing tools, or sticking of petrol coke at the
samples could be observed. In the SEM, at low magnification, no
significant differences in the microstructure of the samples with
varying carbon sources could be detected. The microstructure
consists of coarse and fine MgO grains, flaky graphite, and a MgO-

and carbon-containing matrix. Differences in the homogenization
or a distinct pore-filling effect compared to the MgO-C reference
material could not be observed. Within the MgO grains, for
instance, monticellite (CaO-MgO-SiO2 — CMS) as a single impurity
and CMS enclosing a FeP-rich phase together with merwinite
(3Ca0-Mg0O-2Si0O2 — C3MS2) could be detected. The carbonized
wood pellet coke grains appear very porous, which results from the
loss of the volatile components of the biomass pellet.

Due to its comparatively low accuracy, no differences in the phase
composition of the MgO-C samples by the addition of different
carbon sources could be detected with the XRD method. The X-ray
diffraction spectra show intense peaks of MgO and carbon.
Secondary phases with a low peak intensity are calcium magnesium
silicate impurities of the MgO raw material such as monticellite,
merwinite and iron-containing phases. Potassium-containing phases
originating from the biomass coke ash could not be detected with
the XRD method and hence would represent a portion with an
amount of far below 1 wt.-%.

Fig. 1 Bulk density (black
squares) and  open
porosity (triangle) of the
. MgO-C  samples  after

. B carbonization at 1000 °C.

| Figure 1 displays the bulk
density and open porosity
of the MgO-C samples
B e after carbonization at
1000 °C. The reference
MgO-C material with
carbon black as a fine graphite source has a bulk density of 2,89
g-cm” and an open porosity of 16.8 %. The addition of nano carbon
black slightly reduces the density to 2.76 g-cm™ and increases the
porosity to 17.2 %. In contrast, with the addition of carbonized
wood and sunflower seed hull pellets, respectively, no significant
change in the density and porosity compared to the MgO-C
reference material is detectable. Hence, the amount of the added
porous wood pellets coke is too low to have a negative impact on
the porosity of the whole MgO-C sample. Additionally, the volatile
components of the cokes would have left the system through the
pore channels during the carbonization of the MgO-C samples
without generating additional porosity

Thermomechanical properties of MgO-C with different carbon
raw materials

Fig. 2: Cold crushing
strength of the MgO-C
. samples after
i carbonization at 1000 °C.

Figure 2 shows the cold
crushing strength of the
samples with different
carbon sources after the
carbonization at 1000 °C.

S L S

The reference MgO-C

sample with 1.1 wt.-%
carbon black addition has the highest CCS of 19.65 MPa. Even if
the addition of 1.1 wt.-% carbonized wood and sunflower seed hull
pellets doesn’t have a notable effect on the bulk density and open
porosity, a significant decrease in the cold crushing strength could
be detected. Here, a trend is notable, that the carbonized SFSH
pellets with a lower amount of carbon and higher amount of ash
result in an even lower CCS of 12.36 MPa compared to the
carbonized wood pellets (14.56 MPa). The lower CCS of sample
MgO-C _SFSH compared to the reference sample MgO-C CB
could be explained by the lower amount of carbon in the raw
material (approx. 96 wt.-% in carbon black vs. 85 wt.-% in the
carbonized SFSH), which is vital in the degree of the carbon-bond.
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However, this doesn’t explain the lower CCS of the sample MgO-
C_WP with the carbonized wood pellets with a similar carbon
content to carbon black. But the WP coke has a higher dso grain
size of 150 um compared to carbon black of 57 pm, which will
reduce their contribution to the bonding. The CCS of the sample
MgO-C nCB with nano carbon black addition queues with
7.64 MPa between the reference sample and the biomass-based
carbon sources.

Table 2 summarizes the results of the RuL testing. The MgO-C
samples with carbon black and nano carbon black haven’t shown
compression until the maximum test temperature of 1600 °C, which
underlines the very high refractoriness of MgO-based refractories.
As expected, the addition of 1.1 wt.-% wood pellet coke with an
ash content of 2.76 wt.-% slightly reduces the refractoriness,
whereby the maximum elongation has been reached at a
temperature of 1595 °C (Too). The first characteristic temperature of
the RuL testing (To1) of sample MgO-C_WP is above the maximum
testing temperature of 1600 °C, indicating still very good
refractoriness. Also as expected, the sunflower seed hull pellet coke
with a higher ash content of 10.45 wt.-%, which predominantly
contains potassium, has an impact on the refractoriness of MgO-C,
resulting in a maximum elongation at 1584 °C. But again, a Toi-
value could not be detected, which means that the softening doesn’t
occur suddenly but takes place over a longer range of increasing
temperature. With Toi-values above 1600 °C, the samples MgO-
C_ WP and MgO-C SFHS exhibited very good refractoriness.
Especially in the case of sample MgO-C_SFHS containing about
0.06 wt.-% K0, this is a positive finding. Hence, the biomass coke
won’t remarkably lower the maximum operating temperature of
MgO-C.

Tab. 2: Maximum elongation dLmax and its temperature (Too) of the
MgO-C samples after the RuL testing.

2.3-2.35 %. But taking the higher amount of fixed carbon into
account, the porous wood pellet coke has some advantages in
oxidation resistance compared to the sunflower seed hull pellet
coke. Furthermore, both samples with biomass coke had a higher
oxidation resistance than the reference sample MgO-C_CB, where
a mass loss of 2.75 % was detected. Next to the mass loss, the
oxidized area Cioss as an additional degree of oxidation resistance
was detected. After cutting the cylinders after the oxidation
resistance testing, no significant differences are visual. Table 3 lists
the area of carbon combustion calculated using Eq. 1 (mean value
of both cut cylinder halves) and additionally summarizes the
starting temperature of carbon oxidation and mass loss. Based on
the light microscope evaluation, sample MgO-C-nBC with nano
carbon black addition showed an oxidized area of 8.9 % and hence
the highest oxidation resistance. Sample MgO-C_WP containing
the coarse porous wood pellet coke exhibited an oxidized area of
10.8 %. The lowest oxidation resistance was identified at the
reference sample MgO-C_CB (15.0 %) and sample MgO-C_SFSH
(16.5 %).

Tab. 3: Area of carbon combustion (Cioss), temperature of starting
carbon oxidation (Tox), and mass loss of the samples during heating
to 1600 °C.

Sample dLmax (%) Too (°C)
MgO-C CB >1.85 >1600
MgO-C nCB >1.79 >1600
MgO-C WP 0.983 1594.5
MgO-C SFSH 0.969 1583.5

Impact of carbon raw materials on the oxidation resistance of
MgO-C

Fig. 3: Mass loss of the

e samples during heating to
iy 1600 °C.
g [ e -

In figure 3, the mass loss
of the samples during
// heating to 1600 °C is

displayed, = which is
i equivalent to the loss of
o em e e cEe carbon and hence the
resistance against
oxidation. The starting
temperature of the oxidation of the carbon and its degree is
complex and strongly depends on the type and modification of the
carbon such as being present as crystalline graphite or in an
amorphous state, the grain size and the specific surface of the raw
material, the carbon-bond type, and the microstructure (porosity) of
the composite [11]. The oxidation of the porous wood pellet coke
(Sample MgO-C_WP) starts at a temperature of 418 °C, whereas
the sunflower seed hull pellet coke in sample MgO-C SFSH start
to oxidize at 447 °C, the carbon black in the reference sample
MgO-C_CB at 491 °C, and the nano carbon black in sample MgO-
C nBC at 520 °C, respectively. All samples exhibited a
comparatively high oxidation resistance indicated by not being
fully oxidized during the oxidation test. Sample MgO-C nCB with
nano carbon black showed not only the latest starting temperature
of oxidation but also the highest resistance against oxidation with a
total mass loss of 1.87 %. The biomass pellet cokes exhibited a
similar oxidation resistance with a mass loss in the range of

Sample Cioss (%) Tox (°C) Mass loss (%)
MgO-C CB 150+1.5 491 2.75
MgO-C nCB 89+1.5 520 1.87
MgO-C WP 10.8+1.0 418 2.35
MgO-C SFSH 16.5+ 1.6 447 2.30
CONCLUSIONS

The carbonization of wood pellets results in a porous coke with a
dso particle size of 150 pm, a carbon content of 94.78 wt.-% and
2.76 wt.-% of a SiO2, and CaO-rich ash. The sunflower seed hull
pellets coke is fine-grained with a dso of 57 pm and is composed of
84.92 wt.-% carbon and 10.46 wt.-% of ash containing approx. 50
wt.-% K20. The addition of 1.1 wt.-% of the alternative carbon
sources hadn’t influenced the manufacturing, the microstructure,
and the phase composition. Also, no significant change in the
density and porosity compared to the MgO-C reference material by
using carbonized wood and sunflower seed hull pellet coke could
be detected, whereas the nano carbon black slightly increases the
open porosity from 16.8 to 17.2 %. However, compared to carbon
black, the wood pellet and sunflower seed hull coke reduce the
CCS of MgO-C by 25 to 35 % due to higher particle size or lower
amount of carbon, respectively. As expected, the addition of
1.1 wt.-% wood pellet coke or sunflower seed hull pellet coke with
an ash content of 2.76 and 10.46 wt.-%, respectively, slightly
reduces the refractoriness, but with Toi-values above 1600 °C, both
samples surprisingly exhibited very good refractoriness. Especially
in the case of sample MgO-C_SFHS containing about 0.06 wt.-%
K20, this is a positive finding. Both biomass cokes start to oxidize
at lower temperatures than carbon black and nanometer carbon
black but exhibited still a comparatively high oxidation resistance.
Sample MgO-C-nBC with nano carbon black addition showed the
highest oxidation resistance. The lowest oxidation resistance was
identified at the reference sample MgO-C_CB and sample MgO-
C_SFSH. Thus, the results show, that for MgO-C with a low
amount of C, the carbon black could be replaced by biomass coke
without a significant reduction of the properties. An ideal biomass
coke for the refractory industry shouldn’t be porous and should
exhibit a particle size below 40 um, a high carbon content of more
than 95 wt.-% and a low ash content of less than 30 wt.-% with a
minor amount of alkalis. Biomass cokes which meet these
requirements will be appropriate to replace parts of the natural
graphite portion of a MgO-C batch, which would support the
refractory industry in their effort in establishing regional raw
material supply chains, saving fossil raw materials, and reducing
COz emission.
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SQUARING THE CIRCLE: CHALLENGES & OPPORTUNITIES IN RECYCLING
REFRACTORY MINERALS

Mike O‘Driscoll

IMFORMED, Epsom, United Kingdom

The strive towards the Circular Economy has boosted the evolu-
tion of recycling industrial waste, and spent refractories are no
exception. The drive for sustainability has increased the potential
of recycling refractory minerals as technical and economic chal-
lenges in their sourcing, processing, cost, and distribution receive
growing attention and solutions. While refractory recycling is not
new, it is now fast becoming a mainstream activity, even a neces-
sity, rather than its previous perception as an esoteric sideshow.
There are several drivers for recycling refractory minerals, among
which are overreliance on limited sources, increasing challenges
and costs in opening new mines, and logistics. The upshot is that
a new supply chain option of recycled refractory minerals is now

UNITECR 2023 - 27™ - 29™ SEPTEMBER 2023 - FRANKFURT, GERMANY

evolving to meet both market demand and environmental expec-
tations. At the same time it has also encouraged growth in a par-
allel sector developing and supplying technology and equipment
for refractory recyclers. Although there is much interest in recyc-
ling, it still remains a fledgling sector, with a small but expanding
group of pioneers, regional contrasts, and with many challenges.
Some big players are only just starting to get into action, while
many others are still assessing their strategic approach. Today’s
waste sources will be tomorrow’s new mineral resources, and the
refractory industry needs to make this happen. This paper will
outline the current status, the main players, and spotlight the key
challenges and opportunities in recycling refractory minerals.

SIVI4ILVIN MVHY |

7



1 RAW MATERIALS

72

LATEST ADVANCED DEVELOPMENTS IN THE IMPLEMENTATION
OF CIRCULAR ECONOMY STRATEGY IN THE REFRACTORY WASTE
MANAGEMENT

Aintzane Soto, David Maza, Miguel Angel Mangas, Sidenor Investigacion y Desarrollo S.A, Basauri, Spain.

ABSTRACT

The reinforcement of the environmental policies that started taking
place during last decades, has pushed steel producers to implement
Circular Economy criteria in their waste management. However, in
the case of refractory waste, a great part of it is still being dumped
into landfills, since the valorisation solutions developed for every
kind of refractory waste are not thoroughly implemented.

In Sidenor, the research work developed through internal
continuous improvement projects and the European LIFE SRefrAct
and RFCS E-CO-LadleBrick projects, has allowed to implement
systematically the Circular Economy 4R Model in the routine of the
refractory waste management. This approach includes advanced
solutions for every kind of refractory waste considering the
potential “Reduce”, “Reuse”, “Remanufacture” and “Recycle”
available alternatives.

On the one hand, several laser based technological equipment have
been tested in Sidenor’s plant in order to optimise the ladle life and
thus, “Reduce” the amount of refractory waste that is generated.
Commercial equipment allow to have information about the wear
rate in hot conditions and it can be joined with the process variables
in order to optimise and extend the life of the refractory lining.

On the other hand, for the different kind of refractory waste
generated in the meltshop, a number of innovative “Reuse”,
“Remanufacture” and “Recycle” applications have been identified
and implemented in the routine, taking into account the economic
and environmental benefits associated to them. A Decision
Algorithm has also been developed to assess the selection of the
best valorisation alternative in every case.

Keywords: refractory waste, bricks, Circular Economy, 4R Model,
laser, thickness, valorisation.

INTRODUCTION

The economic system known as Circular Economy that aims at
minimising waste, has been widely integrated and applied in the
steel sector, specifically in the valorisation of Electric Arc Furnace
(EAF) slag, EAF dust, Ladle Furnace (LF) slag or iron scale.
However, hardly any work has been developed in the management
of refractory waste, at least in a systematic and integral way.

Fig. 1: Teardown of the ladle in Sidenor

Considering the potential for valorisation of spent refractories (see
the waste condition in Fig. 1), in 2012 Sidenor meltshop
operational staff found a very unexplored and unexploited market.
At that moment, in Sidenor only the 7% of refractory waste was
valorised, while the rest was directly sent to landfill. This scenario
seemed to be similar in the rest of the steelworks, and prompted the

research of possible actions that could lead to increase the valorised
percentage.

This is how Sidenor started a continuous improvement initiative
with the aim of minimizing the refractory waste disposal in
landfills. At first, a working group involving staff from the
Steelworks and the Environmental and Purchasing departments was
created. At that time, from the total amount of refractory waste
generated (Fig. 2), the recoverable fraction corresponded to MgO-C
bricks and High Alumina waste (bricks and ladle consumables).
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Fig. 2: Refractory waste distribution

With the aim to increase the recoverable fraction, Sidenor initiated
in 2017 the local ISOVAL project (co-funded by IHOBE, the
Basque Government Environmental Department) valuing the waste
from the Isostatic refractory parts.

Considering that MgO masses (not recoverable so far) accounted
for almost half of the refractory waste generated in the steelworks,
Sidenor started in 2018 the coordination of the European project
SREFRACT LIFE Programme, where, in cooperation with
refractory manufacturers such as MAGNA or Refralia, developed
high value added refractory products incorporating a significant
amount of recycled refractory. It included solutions for the
Magnesia-Carbon and High Alumina waste (increasing the value
added with respect to the previous solutions), and for the Isostatic
scraps and Magnesia masses.

In parallel to this work, Sidenor also started in 2019 another
coordination work related to the European RFCS project E-CO-
LadleBrick, where, according to the 4R model, combined a
Reduction of the volume of Magnesia-Carbon waste by means of
monitoring the ladle refractory consumption with a laser developed
by Tecnalia (via remaining brick thickness optimisation), with new
processes for Reusing, Remanufacturing and Recycling the ladle
spent bricks. The final optimized application came from an expert
decision algorithm performed by the FGF and the LCA studies
done by the Danish company 2.0 LCA Consultants.

CIRCULAR ECONOMY IMPLEMENTATION

The main actions that were required to start implementing the
Circular Economy model in the refractory waste management in
Sidenor, are the following:

1) Adopt the 4R model: Reduce, Reuse, Remanufacture and
Recycle.
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2) Separate the waste directly in its points of generation:
through containers in a devoted colour, labelled with the
name of each type of waste for the small volumes, and a
bunker separated with walls and its corresponding
labelling for the large volumes.

3) Include all the partners in the value chain: refractory
manufacturers, external valorisation agents and steel
producers.

1R: Reduce

To reduce the amount of waste generated in the meltshop,
specifically in the case of MgO-C bricks from the ladles, the useful
life of the bricks must be extended as much as possible. To do so,
and always working on safe conditions, it is necessary to optimize
the consumption of refractory material during the processes
involved in the steelworks.

First, it is necessary to know the wear rate of the refractory lining
during its operation, at high temperature conditions. So far, the only
information available was the remaining refractory thickness
measured after the selective demolition of the ladles, in cold
conditions, and after the end of their useful life. The problem is that
this does not allow the life of the ladle to be extended or reduced
depending on the process conditions.

To monitor the remaining refractory thickness of the ladles during
the operation, in the E-CO-LadleBrick project, Tecnalia developed
a low cost 3D laser scanner. Due to some process limitations,
within the project, it was necessary to use a commercial equipment
to obtain a significant amount of immediate measurements (Fig. 3)
with which to make decisions. In the case of Sidenor, Ferrotron's
LaCam Mobile equipment was rented for 3 months.

Fig. 3: Ladle remaining thickness measurements with the Ferrotron
equipment

Thanks for the knowledge of the remaining thickness in every point
inside the ladle, heat by heat, it was possible to analyse the effect of
the secondary metallurgy operating variables on the wear, and thus
build a Machine Learning predictive model of refractory wear in
ladles.

2R: Reuse

Bearing in mind the environmental and economic impact of the
valorization of refractory waste, it is important to search for the
biggest amount of refractory waste to be internally reused (without
any processing operation on the waste involved).

As a usual practice, Magnesia-Carbon and Alumina spent bricks
obtained from the EAF and LF lining are separated and palletised
in a systematic way, and placed in a specific area inside the
meltshop for the pallets disposal.

MgO-C bricks are directly reused in application such as the EAF
Pre-Wall, the emergency ladle, the EAF wear lining reparation and
the upper rows or the slag pot lining. In the case of Alumina bricks,

they can be reused in the ladle tapping spout or in the lining of the
pits built for cooling or safety purposes in the meltshop.

3R: Remanufacture

This alternative requires a processing operation by an external
valorisation agent and the consequent return of the transformed
reclaimed refractory to be used again in the meltshop. For that
reason, the Purchasing department of Sidenor contacted and
negotiated with different waste companies to apply the necessary
processing of the material to be used in a new application.

As a remanufacture application can be highlighted the EAF breast
(Fig. 4), replacing the usual mixture material composed of dolomite
lime and magnesia masses, by a transformed Magnesia base new
recycled and more efficient refractory at lower cost. Other
alternatives could be the routes, the pavements, EBT filling,
backfiller in the ladles, the vacuum shield filling or slag formers
and conditioners.

U

Fig. 4: EAF Breast remanufactured refractory

4R: Recycle

Most of the refractory waste that could not be internally reused, or
remanufactured for a different use in the steelworks, was definitely
sent to an external valorisation agent that, after some
transformations, delivered the material to other companies (mainly
refractory manufacturers) in order to make a different product. This
is the case of the MgO-C in bulk (including the finest parts), the
alumina consumables, the isostatics and the MgO masses.

With MgO-C in bulk and with the MgO masses, a new gunning
product incorporating up to 70% of refractory waste was developed
and industrially employed in the EAF slag line gunning and in the
ladles top ring gunning. Other Magnesia base materials were also
produced for the EAF steepbank or the EAF breast.

In the case of Alumina waste and Isostatics, a new recycled
refractory concrete incorporating up to 65% of spent material was
produced. This new product is already implemented in the routine
in applications like the ladle lip, the ladle lip segments, the
Continuous Casting cooling chamber or the tundish lids.

CONCLUSIONS

The excellent and coordinated work performed in Sidenor during
the last 11 years in this field, has positioned our company as a
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world benchmark in the Refractory Waste Management, reaching
global refractory recovery levels over 95%.

In addition, all of the valorisation solutions that were developed
and summarized in this paper, are currently implemented in the
routine in the meltshop of Sidenor.

It was also demonstrated that the methodology applied required the
commitment of managers and employees in the adequacy of the
facilities and procedures in order to achieve a correct segregation of
the different refractory waste and the further employment of the
recycled products.

It was also of paramount importance to allocate more resources and
to bet on new ambitious research projects where, with the
collaboration of refractory experts, it could be possible to continue
investigating and exploring other non-recoverable fractions, like
some years ago happened with the MgO masses (successfully
recycled for the first time by Sidenor).
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ESTABLISHING CIRCULAR ECONOMY FOR REFRACTORIES IN CEMENT
APPLICATIONS BY ADVANCED RECYCLING TECHNOLOGIES

Sandra Ko6nigshofer, Martin Geith,
RHI Magnesita GmbH, Leoben, Austria.

ABSTRACT

RHI Magnesita is committed to sustainability and the establishment
of a circular economy for the refractory industry. However,
extending recycling strategies and the use of secondary raw
materials can be challenging due to the manifold of used products
in tailor-made lining concepts for various industries withstanding
tremendous conditions. Consequently, spent refractory bricks are
subjected to intensive material alteration and infiltration, matrix
conversion and microstructural changes. Further considering mixed
storage of different breakout materials, adhering impurities, and
adjacent lining materials, it becomes evident that sorting and
cleaning is crucial. Typically hand sorting is still the standard to
allocate spent refractory bricks into different secondary raw
material categories. This paper illustrates how the 3.5-year
ReSoURCE  (Refractory  Sorting  Using  Revolutionizing
Classification Equipment) project funded by the EU in June 2022,
led by RHI Magnesita, aims to innovate the full process chain of
refractory recycling by the development of an automated sorting
system with Al-supported multi sensor equipment as its core
technology. Focussing on the example of the recycling of spent
refractory bricks from cement rotary kilns, representative sampling,
material characterization and appropriate treatment will be
presented that allows RHI Magnesita to provide sustainable
products with significantly lower carbon footprint and to support
customers from cement industry in reducing CO2 emissions.

THE RESOURCE PROJECT

Establishing a circular economy for the refractory industry by
extending recycling and the use of secondary raw materials is
indispensable. The reuse of spent refractories by the refractory
producers is already a standard for selected product types of certain
industries with no significant level of contamination, and the
recycling business itself has continuously grown during the last
years. However, to further extend the use of, especially high-
quality, secondary raw materials and to develop innovative and
economic recycling technologies is challenging for different
reasons. One complication is that within a lining multiple refractory
product types with different chemistries are combined individually
for each customer to achieve the required performance. During
service the original installed refractories wear because of occurring
stresses or dissolve due to the harsh process conditions and
environments of the customer’s process. Besides, refractories are
subjected to material alteration and infiltration, matrix conversion
and microstructural changes. When considering the complex mix of
remaining materials, including impurities stuck to their surface and
materials nearby, it becomes clear that hand sorting often provides
the most effective method of processing these materials. However,
manual sorting is strongly dependent on the experience of trained
personnel, who classify the material based on visually recognizable
secondary characteristics such as colour or particle shape, and can
only be used for the sorting of the coarse particle size fraction of
spent refractory bricks (~ >80 mm). The finer parts (~ <80 mm),
currently manually unsortable, are either landfilled, used as
metallurgical additive or raw meal addition. Automated sorting per
se, potentially capable of determining also primary characteristics
such as chemistry, is a standard processing method for several
mining applications and conventional recycling branches (e.g.,
glass, plastics) already. However, reliable automated sorting
solutions for this intricate task of refractory recycling could not be
established so far. Hence, a multitude of proof-of-principle trials
have been performed by RHI Magnesita, confirming the need

for combining different sensor technologies as commercially
available sensor-based sorting solutions were not able to achieve
the required product qualities. Therefore, RHI Magnesita has
initiated the ReSoURCE project and applied for the Horizon
Europe funding program together with a team of globally leading
technology partners (LSA GmbH, Norsk Elektro Optikk AS,
Innolas Laser GmbH, Fraunhofer ILT, Montanuniversitdt Leoben,
SINTEF AS, CPI Centre for Process Innovation Ltd, Crowdhelix
Ltd.). The project with an overall budget of 8.5 million EUR was
funded by the European Union totalling 6 million EUR and aims to
revolutionize the entire process chain of refractory recycling by
introducing Al-supported multi-sensor sorting equipment as the
central technology. Combining laser-induced breakdown
spectroscopy, hyperspectral imaging and 3D object recognition
with optimized pre-processing, and automated ejection systems will
lay the foundation to set a new state-of-the-art for refractory
sorting. Besides allowing a fast integration in the present
established daily business, during this 3.5-year project a reliable
and robust sorting system will be developed that allows to handle
the entire particle size fractions by building two demonstrator units
to sort the breakout materials precisely. On top further possible
application areas for residues will be explored. ReSoURCE aims to
improve the current recycling situation by increasing the share of
recycled material reusable in refractories from 15 % to about 37.5
%, decreasing landfilling from 30 % to 5 % and enhancing
downcycling from 5 % to 7.5 %. Reaching these ambitious goals
will lead to massive annual CO2 reductions (up to 800 kilo tonnes),
energy savings (up to 760 GWh) and saving in landfill capacity (up
to 800 kilo tonnes) in the European Union (see Figure 1). The
continuous monitoring of the economic and ecologic benefits by
techno-economic analysis and life cycle assessment will ensure the
green and digital transformation of the refractory recycling value
chain. [1], [2]
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Fig. 1: Ambitious goals set in the ReSoURCE project [1].

RECYCLING OF SPENT REFRACTORY BRICKS FROM
CEMENT ROTARY KILNS

One of the first tasks in ReSoURCE, was the selection of
appropriate breakout materials as feedstock based on the evaluation
of the refractory market in terms of volumes, availability, and
lining compositions to determine materials having the highest
impact regarding environmental and economic benefits to be used
during the project. Here, spent cement rotary kilns bricks proved to
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be one of the most suitable choices with high potential for
refractory recycling as large quantities in sufficient quality are
readily accessible on an annual basis with a high number of
installed aggregates worldwide. This was also confirmed at on-site
visits of cement producers by evaluating the breakout procedure
during their winter repairs. Furthermore, sustainability and the
associated reduction of COz emissions play a key role in the cement
industry, and environmental friendly refractories will contribute to
decarbonize their supply chain and related scope 3 emissions. It is
well known that spent refractories from cement rotary kilns contain
substantial process-related contaminations, such as high levels of
Na, K, S or Cl originating from the clinker primary raw materials
[5] or the enhanced use of alternative fuels, especially in Europe.
The evaporation of related volatile phases in the burning zone of
the kiln in conjunction with the transport into cooler kiln areas
connected with the formation of recondensation products lead to
the formation of so-called alkali-sulphate-circles. Therefore, spent
cement rotary kiln bricks are infiltrated with alkali salts (-sulphates
and -chlorides), even penetrating the pore structure of the
refractories. To tackle these challenges that diminish quality, and to
enhance recycling practices to be able to offer sustainable solutions
to cement customers, RHIM has pioneered a patented treatment
method. [3], [4]

Representative sampling

An extensive material characterization is the foundation for the
development of innovative processing methods. For performing
such detailed investigations, representative samples of these
inhomogeneous breakout material streams are required. Spent
refractories can differ considerably from the originally produced
refractory material. For instance, they are subjected to intensive
material alteration and infiltration, which affects the chemical and
mineralogical composition and leads to matrix conversion and
microstructural changes from the hot to the cold face. Moreover,
after dismantling often large tonnages of mixed product types in
different size fractions and of a different degree of contamination
are stored together in outdoor material boxes without weather
protection. Consequently, all these circumstances effect the
reliability and validity of the analytical results of the samples for
quality control and material characterization purposes. Hence,
finding appropriate sampling procedures is a declared target of the
ReSoURCE team. To draw representative samples certain
instructions and standards exist that were evaluated to be applicable
for this special case of spent refractories. Sampling should be done
randomized and follows a probabilistic approach, so that every
grain has theoretically the same probability of becoming part of the
representative sample. The prerequisite for this is that the entire
quantity of the material to be sampled is accessible. Thus, the
entirety of the breakout material (in this case about 50 tons) was
spread out and a sampling scheme was created depending on the
size of the heap by dividing the grid area into subsections. Based on
data from initial inspection, the particle size of the spent bricks was
determined and the number of individual samples and their quantity
to take within the subsections was calculated. Before combining the
individual samples to one combined sample, several steps of
sample processing and splitting were performed for each sample.
The described sampling scheme and the sampled sections are
shown in Fig. 2. [6]
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Fig. 1: Sampling scheme (to) and sampled sections (bottom).

Chemical and mineralogical material characterization

The performed investigations and analyses for the chemical and
mineralogical characteristics proved, as expected, that the sampled
breakout material consists of different magnesia-spinel based
product types, typically installed in cement rotary kilns. The major
components of the combined sample are MgO >80 % and ALOs
~10 %, and the main mineral phases are periclase, and spinel. As
concerns the degree of infiltrated alkali salts the total amount of
Na20, K20, SOs; and Cl varied up to ~8 % in examined brick
sections of the hot, middle and the cold face. Tab. 1 gives an
overview about the chemical analysis of the combined sample,
taken from the cement rotary kiln breakout material. It is clearly
visible that additionally to the main refractory oxides infiltration by
alkali-sulphates and alkali-chlorides can be detected.

Tab. 1: Average analysis of cement rotary kiln recycling material
from representative sampling, 1) analysis by XRF, 2) elementary
analysis.

components [wt%]
MgO P 85.5
ALO3; D 8.6
CaO " 1.4
SiO2" 0.8
Fe03 V 1.8
MnO Y 0.07
LOI 3.8
Na 2 0.1
K? 2.0
S03 2 0.8
C1? 1.0

The chemical analysis was confirmed by detailed microscopic
investigations of polished sections by incident light and SEM,
showing besides magnesia and spinel as main mineral phases the
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presence of chloride- and sulphate-bearing reaction phases (alkali
salts) in Fig. 3-5, e.g., sylvite (KCl), calcium-langbeinite
(K2Cax(S04)3), arcanite (K2SOas), anhydrite (CaSOs4), aphthitalite
K3Na(SO04)2.

Fig. 3: Microscopical overview of a cement rotary kiln recycling
material: magnesia (1). spinel (2). alkali salt (3).

Fig. 4: Detail of cement rotary kiln recycling material by SEM:
periclase (1), spinel solid solutions (2), forsterite (3), calcium
sulphate (4) and calcium-langbeinite (5).

Fig. 5: Detail of cement rotary kiln recycling material by SEM:
periclase (1), spinel solid solutions (2), forsterite (3), sylvite (4)
and arcanite (5).

Hence, for the development of the ReSoURCE’s automated sorting
equipment, material characterization is of key importance for the
definition of sorting criteria and classes as well as for validating the
accuracy and performance of the sorting equipment.

Developed and patented treatment method [3]

As stated previously, usually spent cement rotary kiln bricks are
infiltrated with alkali salts and therefore exceed the specifications
as concerns the limit values for the contents of Na, K, Cl and S.
(see chem. analysis in Tab.l). Thus, these have been considered
unsuitable for the use as recycling materials in the past due to the
negative influence on the brick properties and related brick
production problems. For this reason, RHI Magnesita has
developed a patented treatment method to minimize the alkali salt
contamination of spent cement rotary kiln bricks and to enable the
reuse as recycling materials for high-quality brick brands. R&D
Leoben carried out comprehensive studies on spent bricks from
different European cements plants, showing a diverse degree of
contamination and included contaminants, with the result that a
treatment by washing was most promising as the vast majority of
contaminants, as described in the material characterization section
before, proved to show a good water solubility. Various lab trials
and parameter studies towards the development of an effective and
efficient washing procedure were conducted with crushed material.
The efficiency increased with decreasing particle size and improved
process execution. For the effectiveness the appropriate water
quantity and washing time, also considering the saturation limit of
water by adjusted process control, are decisive. Fig. 6 provides an
overview on the achieved alkali salt reduction, whereby an overall
reduction of ~70 % of all salts could be achieved. On closer
examination of the reduction of the individual constituents, it
revealed that the washing treatment was most efficient for chloride-
bearing phases and lower for sulphate-bearing phases explicable by
their lower water solubility.

L
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Fig. 6: Alkali salt reduction for the washing of five different spent
cement rotary kiln bricks (0-5 mm) [3].

The washed material and the untreated material were used for brick
production trials, applying the same recipe (20 % recycled material)
and process parameters (firing at 1,600 °C in a tunnel kiln), in
comparison to standard bricks only consisting of primary raw
materials. With increasing content of recycling material, also
problems during brick production could be observed (e.g., bricks
sticking together, evaporation of volatiles, crack formation) leading
to the defined value of 20% recycling content tested in these trial
series. Bulk density (BD), open porosity (OP), cold crushing
strength (CCS), and refractoriness under load (RuL) were measured
to assess the physical properties of the produced bricks. Tab. 2
shows that due to the application of the newly developed and
patented washing process, the physical properties could be
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improved compared to the untreated material, and also no problems
during brick production could be observed. Bricks containing
untreated recycling material showed a decrease of the BD, an
increase of the OP and reduced RuL (T0) compared to bricks
containing virgin raw material or washed material. This
enhancement is caused mainly by the reduction of volatile
substances and low melting phases. In comparison to the untreated
material, especially the RuL (TO) reached similar values to the
standard bricks. The CCS values of the bricks were within the usual
range of the standard production of this brand for all investigated
samples.

Tab. 2: physical brick properties comparing washed with untreated
material and standard bricks [3].

Recycled material BD (0) 4 CCS RuL TO
content [g/cm3] [%] [MPa] [°C]
virgin raw materials

(0%) 2.95 15.3 68 1,520
untreated material

(20%) 2.90 17.6 65 1,396
washed material

(20%) 2.93 16.2 77 1,502

ESTABLISHMENT OF A CIRCULAR ECONOMY - THE
ANKRAL LC SERIES

Circular economy will be one of the main drivers to significantly
reduce CO2 in the refractory industry, as the energy-intensive
primary raw material production has by far the highest impact on
the product's carbon footprint. The use of washed secondary raw
material in the ANKRAL LC (low carbon) series paves the way to
products with significantly lower COz footprint without
compromising technical requirements and specifications by the
partly substitution of primary raw materials, such as magnesia.
However, to establish circular economy and to ensure the high-
quality of recycled materials, customer collaboration is required, as
depicted in Fig. 7 RHI Magnesita actively assists cement plants
when breaking out the lining. Separate and dry storage of different
brick types after demolition is preferred to support manual sorting
and cleaning at RHI Magnesita’s recycling hubs before the recycled
materials are re-introduced to the brick production process. [4]
While the described solutions provide satisfactory results, the
projected strong growth of recycling demand in future makes it
inevitable to work on the next generation of recycling technologies.
Automated sensor supported sorting of various grain size fractions
will not only allow to increase the feedstock availability but will as
well indicate contamination levels required for further optimization
of the subsequent post-treatment.
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Fig. 7: The cement industry as example for the already established
circular economy approach of RHI Magnesita. [4]

CONCLUSIONS

There's no question that one of the biggest challenges the industry
faces today is decarbonization. RHI Magnesita is taking the
initiative to reduce CO: emissions to provide diverse customers
with sustainable products. The automated sensor-based sorting will
be pivotal in significantly boosting recycling volumes in the future,
all while maintaining the quality of secondary raw materials and
thereby also the performance of the recycling containing final
product.

Due to the enormous complexity of this task, RHI Magnesita has
established the ReSoURCE project, aiming to redefine the standard
for refractory sorting and leverage this new technology to benefit
related processes. Ensuring a consistent, representative sampled
supply of feedstock materials is critical for realizing these
innovative steps.

The significance of thorough R&D work becomes evident when
considering RHI Magnesita’s ANKRAL LC series. This is a prime
example of how one can achieve high-quality secondary raw
materials, which will be crucial in further enhancing the recycling
content in refractory products.
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ABSTRACT

Forced by economic, ecologic, or even legal causes, refractory
producers want to, need, or must increase the use of secondary raw
materials. It is unclear, however, how impurities which are being
carried over into refractory materials from secondary raw materials
influence the behavior of those refractory materials, either during the
processing state or during their use in high temperature
environments.

The research was carried out using a primary high alumina raw
material that was selectively spiked with typical elements found in
secondary raw materials. These artificially spiked raw materials were
processed into cement-free high alumina monolithics by 1:1
substitution of the corresponding high alumina matrix fraction in the
formulation. Regardless of the impurity, the rheology and setting
behavior of the developed model refractory castables showed a very
high degree of comparability with the reference material.
Comparable workability allowed the production of comparable test
pieces for hot wedge splitting tests. The effects on high temperature
fracture behavior observed in this study can therefore be attributed
solely to the impurities.

INTRODUCTION

The literature indicates that impurities, even at low concentrations,
have a significant effect on the thermal behavior of high alumina
monolithic materials [1, 2]. Due to the production process, iron,
titanium, and silicon are typically present in concentrations below
0.1 wt.-% (traces). Secondary high alumina raw materials are
expected to contain higher levels of impurities due to previous
industrial use. In particular, calcium is significantly enriched in
secondary raw materials, as Ca is a major component of
metallurgical slags.

A first attempt to assess the effect of sodium on high alumina
calcium aluminate cement-bonded refractories was made by Alex et
al. [1]. They found that monolithics spiked with up to 1 wt% Na by
the addition of sodium acetate show significant changes in the
thermal evolution of the calcium aluminate phases, causing
increased expansion of the materials, which significantly degraded
the properties of the castables. Méhmel [2] shows that considerably
higher impurity concentrations can actually improve the thermal
stability and thermo-mechanical properties of high alumina
monolithics, depending on whether the critical impurities are present
in the coarse grains or in the matrix.

However, due to a lack of publications that take a systematic
approach, it remains unclear how impurities from secondary raw
materials affect the high temperature performance of refractories. It
is not clear which processes cause changes in high temperature
performance.

Research method

The aim of this work is to spike cement-free monolithics with
impurities as found in recycled raw materials, but in a controlled
scientific procedure. During the previous use(s) of recycled high
alumina raw materials, impurities will either have formed mixed
oxides (e.g., hibonite in the presence of Ca), beta-alumina (in the

presence of Na) or if impurities are present in higher concentrations,
melt/glass phases. These reactions are therefore simulated in a
controlled laboratory environment by mixing pure fine primary
alumina (< 45 pm) with varying amounts of impurities (Na, Ti, Si,
Ca, and Fe in oxidic form up to 2 wt%), homogenizing and
pelletizing the mixtures and sintering them at 1600 °C. The sintering
temperature refers to the average process conditions during the steel
production. The sintered materials are then ground to a fraction of 0
to 45 pum, which is the typical open fine grain fraction in the matrix
composition.

The intention was to create precursors with as many different
mineralogical conditions as possible but making them involve a
substantial amount of work. FactSage® was used to determine the
critical amounts and mixtures of the impurities and to predict the
reactions that occur in this concentration range. The precursors then
substituted tabular alumina (0-45 pum) in the formulation of the
model refractory castable. The influence of these spiked precursors
on the working and setting properties (slump flow test and ultrasonic
velocity measurement) and high temperature behavior (wedge
splitting test) of the monolithics was systematically investigated.
Further thermomechanical investigations are the content of “Part II:
Influence on thermomechanical behavior” of this research topic [3].

EXPERIMENTAL SETUP AND SAMPLE TREATMENT
Spiked alumina raw materials (precursors)

Refractory materials consist of a large range of particle sizes.
Impurities are being enriched in the fine (matrix) fractions. The
matrix behaves differently compared to the coarse-grain fraction and
the matrix mainly controls the properties of a high performing
refractory material what is especially critical for monolithics where
the proportion of matrix is higher compared to shapes materials as
reported by Samanta et. al. [4]. Therefore, a matrix component
material was selected as basis material to be spiked with impurities.
A tabular alumina in the matrix fraction of 0-45 um (dso = 10 um)
was finally chosen, which is a typical open fine grain fraction in the
matrix composition. The spiked materials (precursors) consist of
98 wt% alumina (0-45 pm fraction) and 2 wt% of impure material
and were completely tailored in terms of the amount and type of the
introduced impurities. Na, Ti, Si, Ca, and Fe were identified as
common impurities. They were therefore selected for the present
investigation based on their importance and relevance to the research
objective.

The presence of impurities in the matrix increases the amount of the
liquid phase. FactSage® was used to determine the critical
concentration and mixing ratios of the oxidic components of the
before mentioned elements using ternary or four component systems
with alumina as the main component. The calculation was used to
find the ratio where the highest amount of liquid phase will be
formed when the temperature is above 1600 °C as the sintering
temperature of the precursors was set to 1600 °C to simulate an
application temperature to ensure the relevant phase transformations
comparable to secondary raw materials. The final precursor
formulations and measured dso values of the spiked materials thereof
are listed in Tab. 1.
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Tab. 1: Calculated composition (highest amount of liquid phase at
1600 °C) of selected five precursors; 98 wt% Al203; and 2 wt% in
total of two or three of the oxides of the selected impurities (Na20O,
TiOz, SiO2, CaO and Fe203) and their dso values measured by laser
granulometry.

(Component wt

2CS 2NS 2FC 2FCS 2TCS
IALO; 98 98 98 98 98
ICaO 1.0 - 0.7 0.7 0.9
Si0, 1.0 1.6 - 0.3 0.8
Na,O - 0.4 - - -
[Fe;Os - - 1.3 1.0 -
[TiO, - - - - 0.3
Sum 100 100 100 100 100
dso in pm 14.88 18.87 22.03 18.64 17.77
Castable design

The reference monolithic material (MHA-REF) chosen is a self-
flowing, cement-free (hydratable alumina bonded — Alphabond 300),
high alumina castable with a maximum grain size of 3 mm. The
formulation contains different types of alumina raw materials
supplied by Almatis GmbH, Germany. Using the prepared
precursors (Tab. 1), five corresponding spiked model castables were
developed by substituting the 0-45 mm pure tabular alumina grain
fraction 1:1 with one of the precursors (Tab. 2). Calculated on the
basis of the composition the resulting amount of impurities brought
in the castable by the precursor is 0.18 wt%. All castables were
mixed in an intensive mixer with the same water and dispersing agent
content.

Tab. 2: Recipes of the reference castable MHA-REF and the impure
formulations MHA-2CS, MHA-2NS, MHA-2FC, MHA-2FCS and
MHA-2TCS, where the TA fraction 0-45 um has been replaced by
the precursors 2CS, 2NS, 2FC, 2FCS and 2TCS.

Component MHA-REF MHA-*
wt% wt%
Tabular alumina (T60/64)
0.2-3 mm 57 57
0-0.2 mm 12 12
0-45 mm 9 -
Precursor (¥*2CS, 2NS, 2FC, 2FCS or 2TCS) ) 9
0-45 mm
Calcined alumina (CTC20) 10 10
Reactive alumina (RG4000) 7 7
Alphabond 300 5 5
Sum 100 100
Water 6.3 6.3
Disp. agent PCE (Castament FS60) 0.15 0.15

Analysis of working and setting properties

The rheological properties of the resulting self-flowing castables
were analyzed using the slump flow test. The use of a digital camera
during the measurement allows a time dependent (10 min)
investigation of the traditional slump flow test setup based on
ISO 1927-4 as reported by L. Klein and O. Krause [5].

The time-dependent curing and setting behavior of the different
refractory castables was investigated using ultrasonic velocity
measurements according to the IP8-measuring system of the
company UltraTest GmbH - Dr. Steinkamp & Biissenschiitt,
Germany. Curing conditions were 20 °C and 95 % relative humidity
for 48 hours.

Analysis of high temperature fracture behavior

The wedge splitting test (WST) was used to monitor and quantify the
stable fracture process of test specimens to assess the ability of the
castable to resist damage acc. to the description by Brochen et.al. [6].
1000 °C and 1250 °C were identified as the temperatures of interest
for the comparison of the materials investigated, as a drastic change
in the energy required to fracture this cement-free high alumina
castable is assessed between 1000 °C and 1250 °C.

RESULTS AND DISCUSSION

The rheological investigations showed a correlation between the end
of flow (stoppage time) and the slump flow diameter, confirming
that lower viscose mixtures show a higher flow rate if the PSD is
properly adjusted. There was only one exception. Mixture MHA-
2FC had the smallest final spread but took almost the longest. This
is probably due to the highest dso value of the corresponding
precursor 2FC (Tab. 1). The setting and curing behavior measured
by ultrasonic velocity is comparable for all castables and has no
technological influence on the preparation of the castable. These
results confirm the assumption that the ions are no longer water-
soluble and are already bound by the sintering process of the
precursors at 1600 °C. On the other hand, the addition of impurities
to the castables leads almost systematically to a deterioration in their
high temperature mechanical properties and a reduction in their
damage tolerance (ductility). A notable exception is the combination
of Fe and Ca (MHA-2FC), which appears to toughen the material
and increase its ductility. From the FactSage® calculations a
correlation with the expected formation of the lowest liquid phase
content at the test temperature of 1250 °C can be seen.

CONCLUSIONS

In the present work no significant effects of the systematically spiked
raw materials on the working properties and curing of the
investigated refractory castables were found. Due to the sintering of
the precursors at 1600 °C, all ions are bound and are no longer water-
soluble and therefore have no influence on the flow and setting
properties of the castables. The slight variations observed are most
likely due to the different particle size distributions of the precursors
which in turn have a significant influence on the flow behavior, as
can be clearly seen in the case of MHA-2FC. Nevertheless, the
workability and setting behavior were comparable to the pure high
alumina reference material.

The situation was different for the high temperature fracture behavior
where the addition of the precursors reduced the mechanical
properties and decreased the ductility of the material, as emphasized
by the results of the wedge splitting tests. The only exception was
the material containing the precursor with Fe and Ca (MHA-2FC),
which formed the least amount of liquid phase at the temperature
investigated and therefore toughened the material. From the results
it will be possible to obtain an indication of the mutual proportions
of impurities for which the deterioration of the high temperature
fracture behavior will not be critical.
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ABSTRACT

The present work investigated the effect of relatively small
additions of impurities originating in secondary raw materials on
the thermomechanical properties of alumina castables bonded with
active alumina. Castable compositions containing impurities for
testing were selected on the basis of predictions from
thermochemical calculations of their phase composition and the
formation of large amounts of liquid phase at the temperature of
1600 °C. Viscosity of the emerging liquid phase was also
calculated. The selected alumina castables with impurities from the
systems: Ca0O-SiOz. Na20O-SiO. Fe203-Ca0. Fex03-Ca0-SiO2 and
Ti02-CaO-SiO2 were tested for thermomechanical properties by
analysing the effect of impurities on refractoriness under load
(RUL) creep in compression (CiC) and resonant frequencies and
damping changes versus temperature (RFDA). Real composition of
tested material via high temperature X-ray diffraction (HT-XRD)
were verified. The obtained results indicate that impurities
introduced into the refractory castables in a total amount of 0,18
wt.% (2 % in the fraction 0-45 um) and in the most unfavourable
ratio from the point of view of phase equilibria have an observable
effect on the properties of the material at elevated temperature. The
obtained results show that in the case of introducing impurities into
the material with mutual proportions of shares limiting the
formation of the liquid phase. It will be possible to maintain the
thermomechanical properties of alumina castables at a satisfactory
level (compared to the pure one) from the industrial process
perspective in which it will be used. The obtained results shed new
light on the possibilities of the conscious use of secondary raw
materials in refractory monolithics technology.

INTRODUCTION

Due to the depletion of natural resources and an overall endeavour
to manage natural resources sustainably, there is a need to
increasingly use recycled materials. In the case of refractory
materials, which are used in various industries, the reuse of
refractory materials after decommissioning of worn refractory
linings as secondary raw materials is not easy. Refractory producers
face a classic and basic dilemma to have to select between high
purity, usually more expensive and less available raw materials that
are expected to promote high temperature performance, or lower
grad, less expensive raw materials, including secondary sources
(i.e. recycled materials) but deem to lead to lower refractoriness.
More broadly, refractory producers need reliable data on the
influence of impurities on the high temperature performance of
refractory products in order to develop formulations suitable for
specific applications with targeted refractoriness and tailored
admissible level of impurities, and hence promote the use of
recycled raw materials.

On the whole, refractory industry need to better understand of how
critical impurities (in terms of nature and concentration) affect the
thermomechanical stability at high temperature, and of how and
when a certain level of impurities will lead to malfunctions of the
refractories in use.

The aim of this work was therefore twofold. To determine how
critical impurities (in terms of nature, concentration and
interaction) affect the high temperature performance of refractories
and to better understand the high temperature performance of
refractories.

TESTED MATERIALS

For the needs of the project, synthetic materials (precursors)
imitating secondary raw materials with compositions, or more
precisely, mutual proportions of impurity oxides were produced
and sintered at 1600 °C. The compositions of the precursors were
chosen regarding their most , the most unfavourable from the point
of view of the temperature of formation of the liquid phase in the
material, its quantity and viscosity.

The selection of these compositions was based on thermochemical
calculations in the equilibrium state using FactSage program. Based
on these calculations, 5 precursors were prepared (compositions
listed in table 2), which were then introduced into the reference
material MHA-REF (chemical composition present Table 1). The
matrix fraction 0-45 pm (tabular alumina) with the amount of 9
wt.% was substituted 1:1 by the precursor material. The sum of
impurity oxides in these spiked alumina’s was 2 wt.% and resulted
in 0.18 wt.% relative to the whole castable formulation. The
castable design is described more detail in the Part I paper of the
research topic. The phase compositions of the reference material
and the precursors measured by X-ray diffractometry are presented
in table 3.

Tab. 1: Chemical composition of reference material MHA-REF.

Lol [%] 0.80
SiO» [%] [0.02
A1,O3 [%] 98.59
Fe:Os  [[%] [0.04
Tio,  [%] |<o.01
MnO [%] ]0.01
CaO [%]  |0.04
MgO [%] [0.02
Na.O [[%]  [0.21
K>0 [%] }<0.01
P>0s [%] |<0.01
SUM [%] ]99.74

Tab. 2: Composition of precursors with impurities.
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Tab. 3: Phase compositions of the reference material and the 5
recursors (XRD).

MHA-REF | Al;O3 (corundum), B-Al203, amorphous AlO3

2CS A1203 (corundum), B-Al203, CaAl12019
(hibonite), NaAlISiO4 (nepheline)

2NS AlO3 (corundum), B-Al203, NaAlSiO4
(nepheline), NaAlSiO4

2FC AO3 (corundum), B-AlO3, CaAl12019 (hibonite)

2FCS Al203 (corundum), 3-Al203, CaAl12019
(hibonite), NaAlSiO4 (nepheline)

2TCS Al20O3 (corundum), CaAli2019 (hibonite),
NaAlSiO4 (nepheline), CaTiOs (perovskite)

TESTING METHODS

Refractoriness under Load (RuL) and Creep in Compression
(CiC)

The high temperature performance of refractory products is
basically assessed using the testing standards EN ISO 1893:
Determination of refractoriness under load, and EN 993 - 9:
Determination of creep in compression. Both testing standards are
carried out with the same testing equipment and similar testing
procedure. A cylindrical refractory sample is subjected to a
constant load (0,2 MPa) while increasing the temperature
(5°C.min"") in air. The deformation (height) of the sample is
recorded continuously, usually with the differential method. For the
determination of refractoriness under load (RuL), the test is stopped
once a prescribed deformation is attained, typically 5% of its initial
length (To.5). For the determination of creep in compression (CiC),
once a specified temperature of the sample has been reached, the
temperature is maintained constant for a given time. The
deformation of the sample at this constant temperature over time is
then recorded. In both tests, temperatures corresponding to a
characteristic degree of deformation are identified from the
deformation against temperature/time curves.

In the present study, the testing conditions specified in the
standards were extended. Variable load conditions were selected
and applied on cylinders (¢35 x 50 mm) with an axial hole of ¢$12
mm. The measurements were performed in a NETZSCH 421
device heated by an electric furnace. For CiC measurements, the
test pieces were heated to Tos - 100 °C, Tos °C, Tos+ 100 °C at a
rate of 5 K/min and three different loading forces (0.2, 0.8 and 1.2
MPa).

Resonant Frequencies and Damping Analysis (RFDA)

The Impulse Excitation Technique (IET) was used for the non-
destructive determination of the elastic properties. The Young's
modulus was determined dynamically by resonance frequency and
damping analysis according to ASTM E1876-15, ISO 12680-1, EN
843-2. This method allows the frequency and damping parameters
of the vibration to be determined. Damping represents the
absorption and dissipation of energy by the material. Here, the
relationship between the change in modulus of elasticity in a
temperature range depending on their refractoriness under load,
based on the criterion Tos- 100 °C, has been determined.

The dimensions of the specimens were 25 x 35 x 150 mm, the
heating and cooling rate was set at 3 K/min and the specimens were
soaked at the maximum temperature for 2 hours to achieve an
equilibrium state in the material at the temperature T0.5 - 100 °C.
Each test was repeated twice.

Fracture energy

The fracture energy was measured using the three-point bending
method up to high temperature (Hot Modulus of Rupture / Netzsch
HMOR422) for prismatic test pieces (25 x 25 x 150 mm) with a
notch depth of 7 mm and a 0.5 mm width and a loading rate of 20
pm/min. The system’s deformation was corrected for all
measurements.

Creep in Compression (CiC) based on the Norton-Bailey
concept

The CiC was measured under variable load conditions in a
NETZSCH 421 device heated with by an electric furnace.

The test pieces were prepared in the shape of a cylinder of
dimensions ¢35 x 50 mm with an axial hole with a diameter of ¢12
mm. The test pieces were heated to Tos - 100 °C,. Tos °C,. Tos +
100 °C at a rate of 5 °C/min and three different loading forces (0.2,
0.8 and 1.2 MPa).

Scanning electron microscopy (SEM/EDS)

Microstructure analysis was performed using a TESCAN Mira 3
LMU electron microscope equipped with an Energy Dispersive
Spectrometer (EDS) from Oxford Instruments. Images were
collected using secondary electron (SE) and backscattered electron
(BSE) detectors. The measurements were carried out on the
samples coated with a 5 nm of Cr layer using a Quorum Q150T
instrument.

RESULTS AND DISCUSSION

The temperature of the appearance of the first drop of the liquid
phase for the investigated materials as well as the amount and
viscosity of the melt in the temperature range 1200 to 1300 °C are
given in Table 4. The formation of the liquid phase is one of the
reasons for the reduction of the refractoriness under the load, and
especially Tos, of the investigated materials. It was found that
during the first test all materials displayed significantly reduced
refractoriness under load (Table 5) compared to corundum
castables, even the reference material which contained no
impurities (fluxes) and consisted mainly of alumina (Table 1). The
repetition of the RuL measurements on the same test pieces showed
that the refractoriness under load, in each case, increased by up to
several hundred degrees after the second heating (table 5 and figure
1). This indicates that the amount of the liquid phase is not the only
and the main factor influencing the thermomechanical properties of
these materials. Reactive alumina and its sinterability play an
equally important role in this type of material.

Studies of the microstructure of the samples show that in order to
give the material high refractoriness, a bonded microstructure and
growth of alumina grains in the matrix must occur (Figure 2).
Loading the test piece which contain reactive alumina with 0.2
MPa (standard RuL tests) during the formation of the appropriate
microstructure in the castable is destructive to the material, and the
liquid phase appearing in the system at a certain temperature further
affects the deterioration of thermomechanical properties. The
influence of the phenomenon of the formation of the material
microstructure during the first firing is also evident in other studies
of the thermomechanical properties [1]. Figure 3 shows an example
of the temperature dependence of the changes in the flexural
vibration frequency and damping of the MHA-2TCS material
during heating and cooling to the temperature Tos -100 °C. The
observed changes with temperature, particularly visible in the
damping values, are most likely the result of changes occurring in
the microstructure of the material: sintering, crystal growth, melting
and crystallisation from the liquid phase, opening and closing of
microcracks. Different mechanisms of cracking during this process
are illustrated in figure 4. Table 6 shows the changes in the Young's
modulus obtained in the RFDA test performed to the temperature
To.5 -100 °C. The results also show that only the MHA-REF had a
higher Young's modulus after the test than at the beginning. It
decreased for the spiked materials. It was also found that spiked
materials had a twice as high Young's modulus after setting and
drying, proving that impurities introduced into the material also
play a role in the setting process of the castables.

The results of the determination of the fracture energy obtained by
the three-point bending method show that all the spiked materials
have inferior properties compared to the reference material at the
temperature of Tos (figure 5). Below this temperature, the
composition of the impurities may lead to improvement of the
thermomechanical  properties. Taking into account that

UNITECR 2023 - 27™ - 29™ SEPTEMBER 2023 - FRANKFURT, GERMANY

SIVI4ILVIN MVHY |

83



%2]
—
<
a4
L
—
<
=
=
<
a4

84

unfavourable combinations of compositions of impurities were
introduced into the tested materials in order to produce as much of
the liquid phase as possible at high temperature (eutectic
compositions), it is possible, that by moving the composition away
from the eutectic, the detrimental effects of impurities near the
working temperature will be much more limited.

Tab. 4: The temperature of the appearance of the liquid phase in
individual systems and its amount and viscosity.

First Viscosity of liquid phase
dl:t)‘p Amount
liquid of liquid
phase, phase, g
°C
1250 °C 1200°C 1250°C 1300 °C
MHA-REF 1249 0.1 - 3.1 1.6
MHA-2CS 1087 1.6 93.8 35.7 15.5
MHA-2NS 920 3.2 48879 | 13595 4917
MHA-2FC 1217 0.2 1.9 0.3 0.2
MHA-2FCS 1087 1.6 53.4 2.1 0.7
MHA-2TCS 1082 2.0 50.3 16.1 6.7

Tab. 5: Refractoriness under load after the first and the second
heating of the same samples.

To.5 °C To.s °C
First run Second run
MHA-REF 1410 >1700
MHA-2CS 1360 1390
MHA-2NS 1360 1630
MHA-2FC 1420 >1700
MHA-2FCS 1360 1600
MHA-2TCS 1370 1630
TR
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Fig. 1: Refractoriness under load after the first and the second
heating of the same samples; as an example: reference material
MHA-REF.

Fig. 2: Microstructure of the reference material with active
alumina in the matrix after drying at 100 °C (left) and bonded
microstructure after sintering at 1420 °C (right). Alumina grain
growth is clearly visible.
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Fig. 3: Temperature dependence of the frequency of flexural
vibrations and damping of the MHA-2TCS material.

Fig. 4: Different mechanisms of microcrack formation in MHA-
2FCS material with dominant cracks around the coarse alumina
grains at the matrix boundary (left) and MHA-REF material with
dominant cracks in the matrix (right).

Tab. 6: Changes in the Young's modulus measured by RFDA after
heating and cooling to the temperature To.5-100 °C and the results
of a subjective description of the micro-cracks formed at the testing
conditions.

E E SEM microcracks observation
modulus | odulus
in GPa |;
in GPa
before after Ty s Before test After RFDA
test -100 °C
MHA-REF 32 40 Invisible Numerous. mostly on
the grain/matrix
border
MHA-2CS 62 53 Numerous. at the Single long at the
grain/matrix interface | grain/matrix interface
and through the and single shorter
matrix itself. of through the matrix
various lengths itself
MHA-2NS 74 53 Numerous. at the Very numerous. on
grain/matrix interface | the grain/matrix
and through the border and through
matrix itself. of the matrix itself
various lengths
MHA-2FC 74 67 Numerous. at the Very numerous. at the
grain/matrix interface | grain/matrix interface
and through the and through the
matrix itself. of matrix itself. often
various lengths through numerous
spherical pores
MHA-2FCS 74 53 Single. short Moderately )
numerous. mainly at
the grain/matrix
interface and also
visible through the
grains themselves
MHA-2TCS 74 53 Nur'nerous: at the Numerous. main!y
grain/matrix interface | through the matrix.
and through the sporadically at the
matrix itself. of grain/matrix boundary
various lengths
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Fig. 5: Evolution of the specific fracture energy and bending force
before fracture as a function of the temperature (the maximum
temperature corresponds to To.s for each material).

Creep rate was also measured using a newly developed method
based on the Norton-Bailey concept and works [2, 3] to identify the
different stages of creep. The first two stages of creep described by
the Norton-Bailey theory were identified in these studies. Despite
the application of the maximum load allowed by the capabilities of
the testing equipment, i.e. 1.2 MPa, the third stage of creep of the
tested materials leading to their destruction was not observed
(figure 6). In some cases, when using a heavy load at T0.5 and T0.5
+100 °C, the tests had to be stopped due to excessive strain beyond
the measuring range of the device (figure 7). The fact that the
material has not failed up to this point is indicative of the extensive
thermoplastic properties of the material and is the most likely
explanation for the lack of a failure step for the material subjected
to mechanical stress.
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Fig. 6: Creep rate of MHA castables under load, 0.8 MPa at a
temperature of To.s.
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Fig. 7: Creep rate of MHA castables under load, 1.2 MPa at a
temperature of To.s.

CONCLUSIONS

The introduced impurities affect the mechanics of cracking and
facilitate the sintering of the tested materials at low temperature by
forming of small amounts of liquid phase. This also affects the
thermomechanical properties of the tested materials.

However, the active alumina binder plays an important role in the
sintering process allowing the material to sinter at low
temperatures. This has an impact on the sintering process of the
alumina castables tested. The material is in a viscoplastic state
during the sintering process.

The conclusion from these studies is that processes such as grain
growth in the material matrix and the formation of ceramic bonds,
which increase the thermomechanical strength of the tested
materials, do not keep up with the effects caused by the applied
load. This is a valuable clue that materials of this type, i.e. on active
bonding with alumina, should not be use in those applications
where there is a high mechanical load during initial heating.

The combination of impurities selected in these studies represent
the most unfavorable cases in terms of thermomechanical
properties due to liquid phase formation. However, the obtained
results show that it should be possible to deduce mutual proportions
of impurities for which the deterioration of thermomechanical
properties should not be critical.
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ABSTRACT

Recently, one of the main topics in refractory research is
eenvironmental issues related to waste treatment and resource
recycling, as is research in other industries. Especially, much
interest have focused on the recycling of MgO-C refractories. It can
be used as raw materials for refractories according to processing
methods, and their use is expanding. In the case of the MgO-C
refractory spent, the remaining Al and C must be treated for
recycling. Al remaining during the reuse process causes structural
collapse due to hydration and C weakens the bond of refractories.
In this study, the properties of MgO-C refractories with a new
recycled MgO-C raw material which shows better MgO purity and
physical properties compared to the existing recycled raw material
were investigated. From this research, we could obtain a high-
quality MgO-C refractories with same or similar corrosion
resistance and structural spalling resistance. In addition, by
applying the recycled MgO-C as a raw material in the MgO-C
refractory, it was possible to achieve the effect of reducing
manufacturing costs and virtuous cycle of resources at the same
time.

INTRODUCTION
In steelmaking processes, such as the blast furnace, electric
furnace, and ladle, high refractoriness is required, leading to the

predominant use of MgO-C refractory materials as the lining bricks.

However, over time, the surface of these refractory bricks gets
eroded and the residual amount decreases, resulting in a loss of
their refractory function. As a result, after a certain number of uses,
the bricks need to be replaced with new ones, thereby generating a
significant amount of waste refractory materials, which poses
environmental issues.['?] Many refractory companies are making
efforts to reuse waste refractory materials. To minimize waste,
recycling waste refractory materials is the most appropriate
approach. However, when using MgO-C refractory materials
without pre-treatment, issues such as cracking and damage occur
during refractory manufacturing. This limits the amount of material
that can be effectively recycled, resulting in only a small quantity
being reused, while the rest finds other applications. For instance,
waste refractory materials have been incorporated into slag in
steelmaking processes or included in the non-standard composition
of repair and reuse materials for refractory linings. However, such
usage is inherently limited, and there is still a need for separate
investment to manufacture new refractory bricks using fresh raw
materials. Waste MgO-C refractory can be produced as a raw
material by supplying high-temperature steam. The residual Al and
Al4C3 within the refractory materials are stabilized as Al>O3 under
high-temperature steam conditions, preventing structural collapse
when reusing them as refractory material. The treatment with steam
preserves the form of the refractory product.[’! This indicates that
areas where small-sized raw materials or carbon materials are
agglomerated remain intact, which can lead to a decrease in the
density and strength of the final product. Additionally, residual Al
and Al4Cs that have not fully reacted through steam treatment can
result in weakened bonding strength during subsequent refractory
manufacturing. These issues contribute to the limited usage

quantity of regenerated materials produced through steam treatment.

To address the issues with steam-treated waste MgO-C
regenerated materials, it is possible to remove carbon and unstable
metallic components. This removal ensures that the raw materials
do not cause cracking and structural collapse during MgO-C

refractory manufacturing and usage. Regenerated materials
produced through this method exhibit chemical stability, but they
suffer from the problem of non-uniform density and chemical
composition among individual particles. The inclusion of a matrix
in aggregate materials, leads to a reduced density and MgO purity
compared to MgO clinkers. Such non-uniformity among different
raw materials becomes a contributing factor to the degradation in
quality of refractories where regenerated materials are used.

In this study, carbon and metal oxides were removed from the
MgO-C refractory, resulting in the production of regenerated
material similar to new MgO feedstock. This regenerated material
maintains high purity and density, ensuring no degradation in the
quality of the refractory. As a result, the use of regenerated
materials in refractories is increased while achieving comparable
performance to that of fresh MgO-C refractories in actual furnace
applications.

EXPERIMENT
Experimental procedure

Characteristics of the raw materials for MgO-C refractories
manufacturing are as follows:

- Fused Magnesia MgO 97.5%(FM) in the grain size fractions
0-1, 1-3, and 3—5 mm

- Graphite, flakes, 298% carbon basis

- Alumium powder, >99%

- Phenilic Resin (Resol)

- MgO-C recycled Materials (RA, RB1, and RB2 in the
fractions 0-4 mm)

Phenolic resin was utilized as a binder in this study. The Fused
Magnesia(FM) and Recycled materials(RA, RB1 and RB2) can be
seen in Fig. 1. The recovered MgO-C is crushed and processed to
create refractory raw materials(Fig. 2).™ RA is produced through a
high-temperature steam treatment process. During this process, the
Al and Al4Cs present inside the raw materials are converted to
Al2Os3. Manufactured through the process, RB1 and RB2 do not
contain carbon components. Fig. 3 presents microscopic images of
the produced raw materials. Each sample was embedded in epoxy
resin, polished, and observed under a JSM-7610F scanning electron
microscope. The chemical compositions of the FM and three
recycled products were measured using S8 TIGER(Bruker). The
density of the materials was measured according to Archimedes'
principle, and the apparent porosity values were obtained using the
same measurement method. Table. 1 presents the measured values
for the characteristics of the raw materials. RA, as shown in Fig. 3,
has a similar structure to refractory materials, with fines and
graphite adhered to large aggregate particles. ¥} The binder that
existed between the raw materials is lost, and Al4C3 is converted to
AlOs, resulting in a decreased bond strength in the matrix portion.
RBI1 forms porosity by removing graphite in the fines and contains
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Fig. 1: The appearance of the raw materials a) FM b) RA c) RB1
d) RB2
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Fig. 2: A manufacturing process fbr recycled raw materials
utilizing spent MgO-C refractories
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AlO3 and SiO:2 derived from the antioxidant. RB2 has minimal
fines and is primarily composed of aggregates.

Fig. 3: The microscopic images of the produced raw materials.
a) FM b) RA ¢) RB1 d) RB2

Tab. 1: The measured values for the characteristics of the raw
material

Diemsity  Powosify Clenmcal comprsunion (%a)
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EBI 32 57 932 27 .3 -
RA2 144 29 963 1.4 7 -

Experimental method

Based on the mixture formula of the MgO-C currently being used,
a test blend was designed. Due to the inclusion of graphite in the
recycled raw material (RA), the graphite content was adjusted in
the mixture formula. The formula for manufacturing bricks, which
includes graphite, antioxidants, and binders, can be found in Table.
2.

The raw materials were mixed using a laboratory-scale Irich mixer.
Subsequently, they were manufactured by applying uniaxial
pressure in a 3200-ton press to obtain specimens with dimensions
of 800 x 50 x 50 cm'. The molded products were subjected to a

temperature treatment at 180°C for 24 hours in ambient air. After

curing and after coking, the bulk density of the specimens was
determined from the mass and geometric dimensions. The apparent
porosity values were also obtained by the last-mentioned
measurements. And CCS were conducted by subjecting cubic-
shaped specimens to uniaxial pressure.
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Tab. 2: Mixture formulations and resulting content of recycled
material
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A specially designed apparatus was devised for the evaluation of
corrosion resistance. The specimens were machined into disc
shapes and were rotated along the vertical axis, subjected to
chemical and physical corrosion by molten slag. After being

subjected to an hour-long test at 1650°C with a C/S ratio of 1 slag,

they were subsequently discharged from the rear. This process was
repeated 10 times over a duration of 10 hours(Fig. 4)
87

steel
Fig. 4: Schematic representation of the rotating corrosion test

RESULTS AND DISCUSSION
Lab test

Table. 3 shows the properties of MgO-C specimens after curing
and coking. An increase in the content of recycled raw materials
leads to a decrease in density. This trend is more pronounced in
specimens using RA and RB1 compared to RB2.

Tab. 3: The measured values for the mechanical properties after
curing(after coking)
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The decrease in density can be attributed to the increase in
porosity. Fig.3 shows that both RA and RB1 have a significant
amount of porosity within the raw material particles. This high
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porosity of these raw materials is maintained in the final product
even after the pressing, curing, and coking stages. Unlike sintered
refractories, MgO-C refractories primarily utilize FM raw materials,
with a low possibility of material consolidation occurring before
usage. The utilization of recycled raw materials with high porosity
can lead to a decrease in the compressive strength of refractories. (6]

Tab. 4: The measured values for the corrosion rate

Diesination
A H=1 A=} il =7 k1 =
orTasion e 079 RR 101 084 0ER  0OE] 0D
{ma'chi)
Cofrosiomrang endex LD 12 12§ 11085 11l 103 10

The results in Table. 4 demonstrate that the corrosion resistance
is enhanced when RB2 is applied compared to RA/RBI. The
corrosion on the refractory surface of the furnace occurs due to a
combination of chemical and physical factors. RB2, after
undergoing a purification process, achieves high purity and can
effectively suppress chemical corrosion even under conditions with
low alkalinity slag.[”! Additionally, the low porosity and
reinforcement of the matrix contribute to increased resistance
against mechanical erosion.

Field test

Fig.5 shows the appearance of MgO-C bricks containing RB2
after their use in Ladle equipment. The specimen exhibited similar
corrosion resistance to conventional MgO-C bricks. Even when
applied to MgO-C refractories containing a low amount of graphite
as a raw material, they showed comparable performance to the
conventional product. When RB2 was added to MgO-C for RH
applications at a 20% level, it was verified that excellent residual
performance was achieved with minimal spalling(Fig.6).

As described above, it has been confirmed that MgO-C bricks
utilizing refined recycled materials can be used for actual furnaces,
with the potential for further enhancement of their functionality in
the future.

“Convefitional MgO-C L Containing RB2

]
Fig. 5: The appearance after conducting a performance test of
MgO-C bricks containing RB2 in ladle equipment: the boundary
between conventional MgO-C bricks and RB2-containing MgO-C

bricks

¢ L = |
Fig. 6: The appearance after conducting a performance test of
MgO-C bricks containing RB2 in RH

CONCLUSIONS

The differences in processing methods for recycling MgO-C
refractory raw materials were investigated, and the resulting
substitutions were evaluated. Regenerated materials treated with
steam to remove reactivity were found to contain carbon, allowing

for a reduction in graphite addition. However, the high porosity of
the raw materials affected the final quality. Simply combusting
graphite to address this issue resulted in carbon removal but
exposed structural weaknesses in the raw material. When using
refined raw materials with removed graphite and increased
structural and chemical stability, there were no major issues in
replacing pure FM. Tests are being conducted to apply a higher
content of these materials and improve manufacturing yields.
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ABSTRACT

Recycling usage can bring several benefits including less
dependency of imported raw-materials, cost reduction and
proposition of a circular solution for the customers. Nevertheless,
the carbon footprint reduction has been the key driver for the
utilization ramp-up, fostering technical development of refractories
producers and the implementation of a sustainable portfolio for
refractory users. This paper presents an overview on the technical
challenges currently faced to boost recycling utilization rates, from
pre-sorting during dismantling, to refractory classes selection and
contaminants removal or stabilization, finally discussing on
preparation for product application.

INTRODUCTION

The contribution of refractory linings to steel and cement carbon
footprint is relatively small [1], being most of the efforts of those
industries linked to new production processes and carbon capture,
utilization and storage — CCUS (scope 1 emissions [2]) [3,4].
Nevertheless, once the novel processes are implemented, scope 3
emissions [2] will represent most of the emissions and refractories
would turn into one of the main contributors.

Therefore, some refractory consumers are already demanding
products with lower carbon footprint, quantifying its content, with
safe application and reduced environmental impact, including waste
management.

Recycling is a key strategy to cope with these market demands,
ensuring emissions reduction from raw material production and
closing the loop of by-products management. The raw material
aggregate represents from 70 to 90% of the refractory’s CO:
emissions [1]. Additionally, from the refractory producer
perspective, it is one of the shortest-term solutions to move ahead
with eco-friendly products, once changes in production process and
CCUS depends on technologies still under development, solutions
for legislation disputes, and a long time frame for implementation
[5,6,7].

Table 1 shows the carbon footprint of selected refractory raw
materials, representing the potential reduction on emission upon
their replacement [8].

Tab. 1: Refractory Raw Materials CO2 Footprint

Raw Material Estimated COz Footprint

(t/t)

Dead Burned Magnesia 1,5-1,9

Fused Magnesia 2,6-5,0
Chamotte 0,7
Silicon Carbide 5,8
Calcined Alumina 0,7
Tabular Alumina 2,9

Brown Fused Alumina 1,0-1,2

White Fused Alumina 1,0-1,3
Recycling <0,1

While carbon footprint reduction is an important benefit for
recycling utilization, there are other advantages both for refractory
consumers and producers. By using recycling, the raw material
supply chain can be simplified, reducing the dependency on

imported goods and the complexity and risks linked to it.
Moreover, closing the loop for the product life cycle reduces the
amount of residues to be disposed, leading to lower costs for
landfilling and waste management. Finally, refractory companies
with advanced recycling strategies can propose to customers full
circular contracts, a competitive advantage for a market demanding
environmentally sustainable products [8,9].

CHALLENGES FOR RECYCLING PROCESSING AND
UTILIZATION

The amount of recycling to be used in a refractory composition is
dependent on the proper dismantling and sorting at the source,
quality and selectivity of its processing, and the original raw
materials being replaced.

The recycling process until its final utilization back to refractories
can be separated in sub-processes for a better illustration. Firstly,
the dismantling at the refractory consumer (and spent refractory
generator) is carried out and an initial sorting per equipment being
relined may be performed, alongside magnetic separation and
screening to remove small particles normally contaminated with
impurities and difficult to process on the downstream processes.
The next step is the logistics to a recycling processing facility.
Inside the recycling processing facility, the sorting of different
material families is carried out for a more stable and proper
chemical and mineralogical composition. After the separation,
different beneficiation steps might be necessary, as carbides
hydration, salts solubilization and magnetic particles removal.
Finally, with the materials in proper quality and homogeneity, the
particles are comminuted and sized for the suitable addition on
refractory formulations, usually engineered to replace virgin raw
materials without impacting product performance.

The challenges of each process step are commented and illustrated,
while examples of solutions being explored by the industry are
presented.

Refractory Lining Dismantling

The refractory lining dismantling process a