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ABSTRACT

Mineral raw materials are solid chemical compounds used in a wide range of
industrial processes and end-uses being fundamental to our modern society.
Mineral materials, such as oxides, silicates and carbonates, are present in nature,
and many of these compounds are also industrially synthesized. Typically, mineral
materials are imported in Europe and transported for long distances, resulting in
high greenhouse gas emissions. Additionally, in some cases, suitable primary raw
material reserves are dwindling and concentrated in certain countries which causes
supply problems and price fluctuations. Simultaneously, European industry
produces huge and ever-increasing amounts of mineral materials as side streams,
which in many cases end up as waste. Side streams from mining processes present
the highest proportion of solid mineral residues produced by industry worldwide,
with tens of thousands million tons produced annually. Utilization of mineral side
streams as secondary raw materials complements the circular economy by closing
the material loops, which enables the replacement of imported feedstock and
reduces the environmental impact of processes and products.

In recent years, scattered reports on the utilization of mine tailings have
indicated their application in civil engineering purposes and as sources of critical
metals. In general, the mining industry side streams are still largely viewed as a
waste rather than as a resource. This thesis concentrates on the utilization of
mineral side streams as raw materials for structures in less studied application field:
high temperature ceramic materials. The main objective of this thesis was to
increase understanding of the potential and limiting factors for the utilization of
mineral side streams in added value ceramic materials with high thermal resistance.
To reach this goal, the study focused on investigating, how the variation in mineral
side stream composition due to natural impurities influences the formation of
ceramic material microstructure and achieved properties in comparison to pure raw
material counterparts. Additionally, it was of interest whether it is possible to tailor
the mineral side stream composition by mixing different secondary raw material

streams. Ceramic structures based on two typical high temperature compounds,



mullite (3A105-2810) and magnesium aluminate spinel (MgALOy), were targeted
in synthesis experiments.

As a conclusion, it was observed that in the case of side stream based ceramic
materials, the achieved properties rather than chemical composition dictated their
usability. The properties’ characterization proved that utilization of mineral side
streams in ceramic materials show properties comparable with and in some cases
even better as compared to pure raw material counterparts. For example, magnesite
rich mine tailings together with aluminum anodizing process side stream resulted in
glass-bonded magnesium aluminate spinel ceramic coatings with electrical
insulation capability at the same level compared to pure magnesium aluminate
spinel coatings. Additionally, abrasive wear test results revealed considerably lower
wear rate for these glass-bonded coatings than for the pure raw material coatings.
Thus, formation of amorphous phase compensated the inferior effect of impurities
but also limited the maximum operating temperatures. As an overall conclusion,
investigated mineral side streams could potentially substitute pure raw materials in
ceramic materials taking into account their maximum operating temperatures due
to the softening point of the amorphous phase. The properties of mineral side
stream based ceramic materials presented in this thesis set a basis for material
property databank creation. This kind of databank, including materials composition
and volume information about the side streams, can be used as a starting point for

the designing new side stream based materials.
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TIVISTELMA

Mineraaliset raaka-aineet ovat kiinteitd kemiallisia yhdisteitd, joita kiytetdin laajasti
eri teollisuuden aloilla ja kiyttokohteissa. Mineraalisia materiaaleja, esimerkiksi
oksideja, silikaatteja ja karbonaatteja, esiintyy luonnossa, mutta niitd voidaan my6s
valmistaa teollisesti. Tyypillisesti mineraalisia materiaaleja tuodaan Eurooppaan
jopa toiselta puolelta maapalloa, jolloin kuljetusten aiheuttamat kasvihuonepaistot
ovat suuret. Lisdksi joidenkin mineraalisten materiaalien kohdalla sopivat
primddriset raaka-ainevarannot hupenevat maapallolla ja keskittyvit tiettyithin
maihin, mikd aiheuttaa raaka-aineiden saatavuusongelmia seki hinnanvaihteluita.
Samanaikaisesti eurooppalainen teollisuus tuottaa valtavat mdairit mineraalista
materiaalia sivuvirtana, ja niistd suurin osa padtyy jitteeksi kuormittamaan
ympiristdd. Kaivosjitteet muodostavat suurimman osuuden  teollisuuden
tuottamista jdtteistdi maailmanlaajuisesti: vuosittain kaivosjitettd syntyy kymmenid
tuhansia miljoonia tonneja. Tdmin vuoksi mineraaliset sivuvirrat nihdddn yhtend
kiinnostavimpana materiaalivirtana, joka tulisi saada uudelleen kiertoon ja
hyotykayttoon. Tamad mahdollistaisi maahantuotujen mineraalisten materiaalien
korvaamisen ja primdiristen raaka-ainevarantojen turvaamisen pienentien samalla
prosessien ja tuotteiden ymparistévaikutuksia.

Kaivosjitteiden — hyodyntimisen  tutkimus on  péddasiassa  keskittynyt
maanrakennussovelluksiin, jossa niiden uudelleenkdyttbarvo on suhteellisen
alhainen, mutta kuitenkin vakiintunut. Tdstd huolimatta kaivosjitteet mielletidn
edelleen suurelta osin jitteeksi, eikd niiden arvoa raaka-aineena tunnisteta. Tassid
viitoskirjassa tutkimus keskittyi mineraalisten sivuvirtojen hyddyntimiseen
korkeamman jalostusasteen sovelluksissa, korkean limpétilan keraamimateriaalien
raaka-aineena. Tyon pédtavoitteena oli tutkia ja lisiti ymmarrystd mineraalisten
sivuvirtojen hyotykayton mahdollisuuksista sekd rajoitteista tilli uudella ja
vihemmin tutkitulla sovellusalueella. Tavoitteen saavuttamiseksi tutkimuksessa
keskityttiin sithen, kuinka mineraalisten sivuvirtojen epdpuhtauksia sisiltivi
koostumus ja rakenne vaikuttavat syntyvien keraamisten materiaalien
mikrorakenteeseen sekd sitd kautta saavutettuthin ominaisuuksiin verrattuna

vastaaviin primdirisistd raaka-aineista valmistettuihin materiaaleihin. Lisédksi
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selvitettiin mahdollisuutta sivuvirtojen koostumuksen raitilointiin yhdistimalla eri
virtoja keskenddn. TyoOssd keskityttiin tavoittelemaan kahta tyypillisti korkean
limpotilan keraamiyhdistettd, mulliittia (3A1203-28i02) ja magnesium aluminaatti
spinellid (MgAlOy).

Ty6ssd esitettyjen tulosten perusteella tarkastellut mineraaliset sivuvirrat
soveltuvat ~ korvaamaan  puhtaita  raaka-aineita  korkean  limpdtilan
keraamisovelluksissa. Sivuvirtojen tapauksessa niiden hy6dynnettivyys perustuu
saavutettuithin ominaisuuksiin koostumuksen sijasta. Sivuvirroista valmistetuilla
keraamimateriaaleilla saavutetut ominaisuudet olivat suurelta osin vastaavalla tasolla
ja joidenkin ominaisuuksien osalta jopa parempia kuin vastaavilla puhtaista raaka-
aineista valmistetuilla materiaaleilla. Esimerkiksi yhdistimilld kaivosteollisuuden
tuottamaa magnesiittirikasta sivuvirtaa alumiinin anodisointiprosessista syntyvin
sivavirran  kanssa  valmistettiin  lasia  sisdltdvid keraamipinnoitteita, joiden
sihkoneristavyys oli samaa luokkaa kuin puhtaista raaka-aineista valmistetuilla
pinnoitteilla. Lisdksi sekunddiriraaka-ainepohjaisten pinnoitteiden abrasiivinen
kulumiskestdvyys osoittautui paremmaksi kuin vastaavilla puhtaista raaka-aineista
valmistetulla pinnoitteilla. Muodostuvien mikrorakenteiden tutkiminen loi pohjaa
saavutettujen ominaisuuserojen ymmirtimiselle. Tdssd viitoskirjassa esitetyt
sivavirtapohjaisten ~ keraamimateriaalien =~ ominaisuudet  toimivat  pohjana
tietopankille, jota voidaan jatkotutkimuksissa hyodyntdd sivuvirtapohjaisten

materiaalien suunnittelussa.
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17 INTRODUCTION

Mineral raw materials are solid chemical compounds used in wide range of
industrial processes and end-uses being fundamental to our modern society.
Mineral materials, such as oxides, silicates and carbonates, are present in nature,
and many of these compounds are also industrially synthesized. Mineral raw
materials are usually grouped into industrial minerals, metallic minerals and
construction minerals based on their different characteristics and their intended use
[1]. Industrial minerals are defined as minerals mined or processed, either from
natural sources or synthetically processed, for the value of their non-metallurgical
properties [2]. Metallic minerals, on the other hand, yield metals or metallic
substances. Construction minerals are defined as minerals used by the construction
such as aggregates [1].

Earth’s crust contains abundantly different kind of minerals raw materials
resources and reserves. However, they are geographically unevenly distributed and
economic issues constraint the exploitation of small and lower-grade deposits. In
most cases, mineral materials are imported in Europe and transported for long
distances resulting in high greenhouse gas emissions [3]. For example, for bauxite
the largest producers are Australia (29%), China (18%), Brazil (13%) and Indonesia
(12%). Within the EU, bauxite is mined in Greece (0.8% of global total), Hungary,
France and Croatia (< 0.1% each). Europe is then highly dependent on the import
of bauxite [4]. Bauxite is mainly used for aluminum production but it is also an
important mineral for refractory ceramic and cement production [4]. Additionally,
certain mineral raw materials are considered as “critical raw materials” because they
are economically important and have a high risk with their supply. One example of
critical raw material is magnesium (Mg). The supply of Mg for the EU industry
entirely relies on imports from China and there is no extraction of magnesium nor
processing of pure magnesium in the EU [5]. Magnesite (MgCO3) mineral can be
used to produce magnesium metal and magnesia/magnesium oxide (MgO) which
is an important raw material for ceramic industry. China dominates also the global
magnesite supply (64%) and EU represents about 12% of the global magnesite
extraction. In EU, all magnesite is used for magnesia processing. [4, 5].



At the same time, European industry produces huge and increasing amounts of
mineral side streams that end up as waste status or landfill. [6] Residue generated
from mining industry presents the highest proportion of solid residue produced by
industry, with approximately world annual production of 20 000-25 000 Mt [6]. In
Finland, the mining sector produces ca 35—40 Mt of mine tailings as residue each
year [7]. Another example is steel industry: globally 1.6 Gt of steel was produced
creating 250 Mt of slag as residue (2014) [8]. Additionally, in most cases the
amount of slag is higher than the actual product. For example, ferrochrome (FeCr)
slag, the residue generated from stainless steel production, amounted 1.1-1.6 t / t
FeCr depending on feed materials [9].

In order to decrease environmental impacts, inefficient use of natural resources
and dependency on resources from outside of Europe, there exists increasing
pressure to move from linear to circular economy in EU [10][11][12]. The main
idea in circular economy ideology is that the value of materials and products is kept
as high as possible for as long as possible helping to minimize the need for the
input of new raw material and energy together with minimization of waste
generation (Figure 1) [10][11]. The benefits of 'the inner circle' approaches (reuse,
repair, redistribution, refurbishment and remanufacturing) are higher than for 'the
outer circle' (recycling, energy recovery), because of the losses during collection
and processing [10].

As a concrete action towards a more circular economy, the European
Commission published its Circular Economy Action Plan in 2015 identifying
supporting actions for circular economy [13]. That action plan has been just
recently updated, on March 2020 [14]. The action plan includes the mix of
voluntary initiatives and regulatory actions, being a concrete operational plan to
‘closing the loop’ of product life cycles by resource-efficient raw materials
management, reuse of components and recycling of waste or by-products into
secondary raw materials, bringing benefits for both the environment and the
economy. However, regardless of the initiatives and pressures towards circular
economy, the Platform for Accelerating the Circular Economy (PACE) has just
recently, in 2019, published The Circularity Gap Report [15] telling that our global
economy is currently only 9% circular. From the total material inputs of 92.8 Gt
only 8.4 Gt of materials are coming from cycled resources and rests are coming
from primarily extracted resources. Mineral materials cover 41% of all global
resource inputs. Thus, there is a high motivation towards greater circularity and
due to the huge volumes, ‘closing the loop’ of mineral raw materials will have a

huge impact.
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Figure 1. Conceptual principle of circular economy for materials and energy, figure adapted from
(10]

In recent years, the utilization of mineral side streams has mainly concentrated
on civil engineering purposes in high-volume solutions. Mineral side streams
generated from ore processing in mining industry, are typically utilized for civil
engineering purposes at the mining site [16]. For steel slags, the situation is better
and they are mainly utilized for cement production or concrete addition or as
aggregate in road construction in some cases [17]. However, the utilization rate
depends highly on slag type. The utilization of mineral side streams as raw
materials for higher value solutions for specialized ceramic industry, more
specifically, for high temperature ceramic applications, has received far less
attention in research community so far.

This thesis is a compilation dissertation based on five scientific publications in
the area of the utilization of secondary raw materials, mineral side streams, in high
temperature stable ceramic compounds for added value, which enables the
replacement of imported feedstock and reduces the environmental impact of
processes and products. Ceramic structures based on two typical high temperature
compounds, mullite (3A1205-28102) and magnesium aluminate spinel (MgAlLOy),
were targeted in synthesis experiments. In mineral side streams selection, the

criteria was to concentrate on such compositions that hold potential to be used as



raw materials in thermally stable ceramic compounds. The first part of this
dissertation (Chapter 2) comprises a short theoretic background of the investigated
mineral side stream materials, their volumes and properties and state of the art of
their current utilization. The second part (Chapter 3) concentrated to ceramic
compositions aimed for as high temperature ceramic materials, mullite and
magnesium aluminate spinel, their typical raw materials, processing methods,
properties and effect of impurities on their properties. The aim and scheme of this
thesis, including the research questions stated, are presented in Chapter 4. The
experimental procedures to characterize the mineral side streams, their processing
to ceramic materials, formed microstructures and properties evaluation are
presented in Chapter 5. The most important results obtained are collected from the
publications and presented and discussed in Chapter 6. Finally, the concluding
remarks are stated in Chapter 7.



2 SECONDARY RAW MATERIALS (RESIDUES)

Generally, waste streams can be divided into two main categories: material streams
(for example metals, glass, plastics, textiles, etc.) and product streams (for example
electronic waste, end-of-life vehicles, construction and demolition waste, etc.)[18].
The Waste Framework Directive for the EU 2008/98/EC [19] sets the basics for
waste management and the recycling targets. In 2013, the 7th Environment Action
Programme [20] set the following priority objectives for waste policy in the EU,

simultaneously forming targets for circular economy adaptation too:
- To reduce the amount of waste generated,;
- To maximize recycling and re-use;
- To limit incineration to non-recyclable materials;
- To phase out landfilling of non-recyclable and non-recoverable waste;

- To ensure full implementation of the waste policy targets in all Member
States.

The waste hierarchy establishes a priority order in waste management starting from
prevention, reuse, recycling and ending to energy recovery [13]. Landfilling is
considered as the least preferred option being divided into three categories:
landfills for hazardous waste, landfills for non-hazardous waste, and landfills for
inert waste [21]. Thus, waste management is setting the basis for circular economy
adaption by determining how successfully the waste hierarchy is put into practice.
In circular economy, reusable and recyclable materials are returning back into the
economy as "secondary raw materials" to be used in manufacturing processes
substituting virgin, primary raw materials [13][22]. Through industrial symbiosis,
waste or by-products of one industry stakeholder or sector can become inputs for
another industrial operator [13]. In ideal case, secondary raw materials, i.e., residues

must be traded and shipped in equal ways to primary raw materials [22].



The use of secondary raw materials shows a number of advantages, including
increased security of supply, reduced material and energy use, reduced impacts on
the climate and the environment, and reduced manufacturing costs [22]. However,
the use of secondary raw materials faces also a number of challenges. One of the
main challenges to the use of secondary raw materials is uncertainty about their
quality and the lack of EU-wide standards. Uncertainty about the quality of
secondary raw materials can relate to variation in their composition (chemical or
mineralogical) as compared to primary raw materials with constant composition.
Additionally, there can exist variation also in residue stream itself when
accumulating and stored as heaps, i.e., between the surface and the interior. The
quality uncertainty can also relate to residues non-desirable physical state, e.g. in
slurry state or big lumps, which implies post-processing. Another issue in the use
of secondary raw materials is the potential presence of undesirable elements or
harmful species in material streams [13] [22]. For this reason, a lot of effort is put
to improve the tracking of chemicals in products and to boost non-toxic material
cycles [22]. Additionally, in order to provide secondary raw material operators
more certainty, more harmonized rules to determine secondary raw material
classification as either waste, product or by-product need to be established [13].
For example, the legal status of ferrous slags has been discussed worldwide for
more than 25 years. In 2012, EUROSLAG published a Position Paper [17] on the
status of ferrous slags. The main outcome was that ferrous slag could be grouped
into two categories: as a by-product already in the liquid state, directly after its
manufacture, with or without processing steps, or it is first considered as waste, but
turns to a product/secondary raw material after the specific recovery measures.

In this study, three types of mineral material side streams generated by industry
were investigated: mine tailings generated by mineral processing at mining sites,
ferrous slag generated by steel making processes in metallurgical industry and
aluminum anodizing process side streams generated by aluminum profile
manufacturing industry.

2.1 Mine tailings

Mining is defined as the extraction of material from the ground in order to recover
one or more component of the mined material [6]. Mineral processing or

beneficiation refer to actions to physically separate and concentrate the ore



minerals [6]. Metallurgical extraction covers actions, which aims to destroy the
crystallographic bonds in the ore mineral in order to recover the targeted elements
or compounds [6]. At mining sites, mining is always associated with some mineral
processing, e.g., crushing, grinding, separation by different means (gravity,
magnetic or electrostatic forces) and flotation. Sometimes it is also accompanied by
metallurgical extraction of elements already at the mining site. All three mining
industry operations: mining, mineral processing and metallurgical extraction
produce residues. Residues generated from the mining industry could be defined as
solid, liquid and gaseous by-products of mining, mineral processing, and
metallurgical extraction [6]. From the viewpoint of circular economy, they can be
classified as residues from solid mining, residues from processing and metallurgical
extraction and residues from mine waters. Schematic presentation of product and
residues streams at a metal mine are presented in Figure 2. Mining residues should
be carefully managed and stored, often accumulating as heaps and bonds at mining
sites [6].
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Figure 2. Schematic presentation of the product and residue streams at a metal mine, adapted from

[6]

Mineral processing of metal ores as well as industrial mineral deposits involves size
reduction and separation of the individual minerals. In mineral processing, the

blocks of rock ore which could be up to a meter in diameter scale are made



smaller, down to a few millimeters or microns in diameter, first by crushing and
then by grinding and milling [6]. The aim in size reduction is to break down the ore
so that the targeted ore minerals are liberated from residue phases. Consequently,
the products generated by ore or industrial mineral processing are a concentrate
and a residue, known as mine tailings [6]. The tailings consist of the fine-grained
residue, typically between 1-600 pm in diameter, from which most of the valuable
minerals have been removed. What is retained in the mine tailings is the minerals,
such as silicates, oxides, hydroxides, carbonates, and sulphides [6][23]. Most of the
mined material ends up as mine tailings and the extracted elements represent only a
small fraction of the whole ore mass. Indeed, mine tailings represent the most
voluminous industrial residue produced annually worldwide approximately 20 000—
25 000 Mt [6]. Such amounts of tailings occupy large areas of land and cause costly
construction and maintenance activities as well as increased environmental load
[16][24]. Mine tailings may also contain hazardous substances, such as heavy
metals, acids and residues of process chemicals, therefore they require monitoring,
treatment, and secure disposal [6]. However, many mine tailings do not contain or
release contaminants, and are called as inert mine tailings.

The increasing volume of inert mine tailings has encouraged research into their
utilization potential. There is great diversity of applied mining and mineral
processing methods and additionally there exist compositional differences in the
mined ore. For these reasons, every mine produces its own unique residues [6][23].
Thus, the utilization of mine tailings is dependent on their chemical and
mineralogical characteristics, particle size and physical form (dry, slurry) [6].

Reuse of mine tailings may be defined as the new use of the mine tailings as
such, in its original form, without any reprocessing. Typically, in this case, mine
tailings are used a civil engineering purposes at the mining site [16]. Recycling, on
the other hand, makes use of the included raw materials, that is, uses the mine
tailings as feedstock and converts it into a new valuable material, product or
application with reprocessing. During reprocessing, the material is used for
producing new valuable products such as recovered minerals and metals
[6][23]]25]. Several publications may be found about the reprocessing of mine
tailings into bricks for construction and building industry based on the
geopolymerization technology, e.g. [26][27][28][29][30], and into glass-ceramics and
glass- and rock-wool fibre in [31]. Additionally, metal recovery from tailings has
attracted research effort, e.g., in [32][33][34][35](36]. However, still most mines
around the world use conventional tailings disposal approach, storing them into

tailing dams in impoundments [16] or in a slurry form [23].



2.2  Ferrous slag

Major part of metallurgical side streams are different kind of slags. Ferrous slag is
generated as a side stream of iron and steel making processes in metallurgical
industry. Depending on the production process, different types of slags are
formed. Overall, the following types of slag families can be identified [17]:
-blast furnace slag, either as granulated blast furnace slag (GBS) or air-
cooled blast furnace slag (ABS)
-basic oxygen furnace slag or converter slag (BOS)
-electric arc furnace slag from carbon steel production (EAF C) or electric
arc furnace slag from stainless/ alloy steel production (EAF S)
-secondary metallurgical slag (SMS)

Usually, granulated blast furnace slag and air-cooled blast furnace slag are
summarized as “blast furnace slag” or “ferrous metallurgy slag” because they are
manufactured during the production of iron. Basic oxygen furnace slag, converter
slag, electric arc furnace slag and secondary metallurgical slag are summarized as
“steel slags” or “steel making slags”. Steel slags are formed in steelmaking
processes: converter slag is formed during the conversion of liquid iron into steel,
electric arc furnace slags from melting (steel scrap, reduced iron) in an electric arc
furnace. The chemical composition of ferrous slag varies from source to source but
primarily they consist of calcium oxide (CaO), magnesium oxide (MgO), silicon
oxide (S5i02), and iron oxide (FeO) [37][38].

Globally 1.6 Gt of steel was produced creating 250 Mt of slag as residue (2014)
[8]. About 24.6 Mt of blast furnace slag was generated in Europe (2016) [39]. Most
European countries have the utilization rate for blast furnace slag about 100%
[17]139]. About 80% of the generated blast furnace slag is used as a component in
cement production or as concrete addition and the rest is used as aggregate in road
construction [39]. About 18.4 Mt of steel making slag was generated in Europe
(2016) from which about 57% was basic oxygen furnace slag , 25% was electric arc
furnace slag from carbon steel production (EAF C) and 7% was electric arc
furnace slag from stainless/ alloy steel production (EAF S) [39]. 14.2 Mt of the
produced steel slag was utilized, about 46% as aggregates for road construction
[39]. Stll about 14 % of steel slag goes for landfill as final deposit [17].
Ferrochrome slag is one example of electric arc furnace slag from stainless steel

production. High-carbon ferrochrome (HCFeCr) is the most common alloying



material used for stainless steel production. Overall, 1.1-1.6 t ferrochrome slag was
formed per each FeCr t, depending on feed materials [9].

Numerous studies are available about FeCr slag utilization in road and civil
construction purposes, like as coarse aggregate in concrete applications and
pavement layers, e.g., [40][41][42][43][44], and as partial substitution of fine
aggregate sand in concrete, e.g., [45][46]. New possibilities for FeCr slag utilization
are continuously searched for, especially for fine aggregates. For example in
concrete, aggregates makes 70% of its volume being the principal component
material in concrete production. Typically, the aggregate could be classified as
coarse aggregate with 4.75 mm particle size or more and fine aggregate with 4.75
mm particle size or less [46].

2.3 Aluminum anodizing process side stream

Aluminum anodizing is an electrochemical process in which an oxide film is
formed on the aluminum alloy to provide hardness and corrosion resistance. The
anodizing process is composed of several pre- and post-treatment steps: rinsing,
etching, desmutting, anodizing, possible coloring, and sealing [47]. Acid and basic
bath streams are generated from the cleaning steps following the anodizing
process. These bath streams contain mainly sulfuric acid (H2SOs), sodium
hydroxide (NaOH), and aluminum (Al). Typically, these acid and basic residue
streams are mixed as a neutralization step, where a solid phase is precipitated. The
solid precipitate, a side stream from anodizing process, is predominantly composed
of aluminum hydroxide (Al(OH)s) possibly accompanied by a small amount of
aluminum sulfate (Al>2(SO4)3) in water (up to 85wt.%). Regardless of the origin, Al,
sulphur (S), and sodium (Na) or calcium (Ca) are the main chemical elements in
solid side stream from aluminum anodizing process.[48]

Aluminum hydroxide-based side stream from aluminum anodizing process is
usually disposed in landfills [48]. In the recent work of Souza et al. (2019) [48], the
potential applications of Al anodizing residues were reviewed. Alumina (Al2O3) is
an important raw material used in a wide range of industrial segments, because of
its advantageous properties, such as inertness, hardness, temperature resistance,
and electrical resistance. For that reason, many works have explored the possibility
of obtaining alumina from anodizing process side stream by using a calcination
step. Another approach to utilize anodizing process residue is by exploring the uses
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of its main compound, aluminum hydroxide, as such. It was suggested by of Souza
et al. (2019) [48] that one opportunity of utilization is thermal dehydration at the
temperatures below 800°C to produce an activated alumina, which can then be
used as a drying agent, adsorbent, catalyst, and catalysts carrier. Several studies of
aluminum rich residues similar to aluminum anodizing side streams have examined
the material to be utilized in wastewater treatments as coagulants and adsorbents,
like in municipal wastewater treatment [49] and phosphorus adsorption [50][51].
Another potential application reported for aluminum anodizing process side
streams is the production of hydraulic binders and chemically bonded ceramics
[48]. Aluminum anodizing side streams together with other residues have also been
reported in the production of hydraulic binders [52] and for geopolymer synthesis
[53][54]. There exist also studies [55][56][57] about utilization of aluminum
anodizing residues in refractory ceramics based on cordierite (Mg, Fe)2Al;SisO1s)
and mullite phases revealing that aluminum anodizing side stream material is
potential feedstock material when compared with commercial primary raw

materials.
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3 CERAMICS

Ceramics are inorganic non-metallic materials typically characterized by their high
strength, texture, longevity, chemical inertness and electrical resistance. Their most
distinguishing feature is that they generally can withstand very high temperatures.
Ceramics are a very diverse group of products and ceramics sector could be
divided as sub-sectors e.g. to tableware and ornamentalware, sanitaryware, technical
ceramics, vitreous clay pipes, expanded clay products, refractory products, wall and
floor tiles and bricks and roof tiles [58]. The EU ceramics industry accounts for
27.8 billion euros in production value [59]. Dependency on imported raw materials
concerns the especially the refractories sub-sector, where certain non-EU countries
correspond to 90% of the raw materials production resulting in high greenhouse
gas emissions from transport [59]. The European refractory industry produces 5.5
Mt of refractory ceramics annually, with the value of 3.6 billion euros [60].

Refractory ceramics are ceramic materials that withstand a variety of harsh
conditions, including high temperatures, corrosive liquids and gases, abrasive wear
as well as mechanical and thermal stresses [61]. They are necessary to all high-
temperature processes in the production of metals, cement, glass and ceramics as
lining materials for furnaces, kilns, incinerators and reactors. Refractories are
mostly (70%) used in basic metal industries [58]. There exist several methods to
classify refractory materials, for example, based on their chemical composition
(acid, basic), method of implementation (shaped, unshaped/monolithic), and
porosity level (porous, dense) [62]. Refractory materials are mainly based on six
oxides: SiO2, Al,O3, MgO, CaO, chromium oxide (Cr203), zirconium oxide (ZrO»)
and some of their combined minerals [63].

A huge variety of refractory materials exists, designed and manufactured to
meet the temperature and process requirements of each application. In some
applications, resistance to corrosion and abrasion may be the most important
selection criteria, while in other cases the melting temperature and thermal
conductivity are the key properties for a refractory material. The high strength of a
refractory material is generally an indication of materials suitability for use in

construction applications. Low thermal conductivity is particularly important for
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insulating refractories, where thermal gradients between hot and cold surfaces
dictate the use of a refractory material. In applications where solid particle impacts
are common, such as fluidized-bed systems, erosion resistance is one of the most
important characteristics of refractories. Prior to refractory materials use in the
application, the most important properties (physical, thermal, chemical) need to be
defined at room temperature and at operation temperature, to validate their
suitability. The high-temperature performance of refractory materials, is directly
related to the texture and richness of mineral refractories, such as magnesium
minerals. The major properties of the refractory materials are closely connected to
their mineralogical composition and, therefore, the different phases formed need
to be identified and microstructures evaluated. [62][64]

Bauxite and magnesite present examples of imported mineral raw materials for
industrially synthesized mullite and magnesium aluminate spinel refractory
ceramics [3]. Bauxite is a heterogeneous material composed primarily of aluminum
minerals with varying quantities of iron oxides and its supply is dominated by
Australia, China and Brazil [4]. Magnesite, the mineral magnesium carbonate is
mainly used for magnesium oxide or magnesia processing. On average between
2010 and 2014, net imports of magnesia were of 540 000 tons and China is the
main country supplying magnesia [5]. Additionally, within the last years, there has
been a significant increase in raw material prices, thus for refractory industry, the
need to secure the availability of raw materials at competitive prices has created a
strong incentive for the alternatives to substitute imported primary raw materials

[60] [63].

3.1 Mullite

Mullite is the only stable intermediate phase in the Al2O3—S8iO; system (Figure 3) at
atmospheric pressure [65][66][67]. The high thermal stability of mullite makes it a
superior ceramic material in high-temperature refractory applications and mullite
based refractories represent one of the main groups of acid refractories [65][68].
The wide technical applicability of mullite ceramics results from their excellent
properties, such as high thermal stability and good thermal insulation capability,
low density and thermal expansion [69].
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Figure 3. Phase diagram of the system Al203-SiO2, adapted from [65]

Different processing routes for mullite refractory ceramics have been suggested in
literature [62]: °C

- Mullite processing from clays when mullite is obtained by reaction between
alumina and silica. Kaolinite (Al:Si2Os(OH)4), is commonly used clay
mineral for mullite synthesis [70][71].

- Mullite processing from bauxite and sillimanite (ALSiOs) containing

minerals.
- Advanced processing routes, e.g. sol-gel, precipitation and hydrolysis.

Starting raw materials, environmental conditions and the applied synthesis and
production routes significantly influence the mullite formation, development of the
mullite crystals and achieved properties [69]. Mullite crystals, which are grown from
melt, are typically acicular or columnar. The dimensions of mullite grains produced
by reaction sintering typically range between 1 pm and 100 pm, with the crystal
morphologies between acicular and equiaxed. Aluminosilicate refractories
performance can be significantly affected by impurities, mainly alkalis and iron.
The high temperature behavior of a refractory material is strongly dependent on

the mineralogical composition and in particular, the amount and the nature of the
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amorphous phase which influences the properties. The presence of impurities
contributes to the formation of an amorphous phase and the viscosity of this
amorphous phase is decreased by the presence of impurities, particularly alkalis,
such as potassium oxide (K20) and sodium oxide (Na2O), and is thus responsible
for lowering the softening point of the material. [68]

Recently, also some industrial residues rich in alumina are shown to be useful
raw materials in the processing of mullite. Choo et al. (2019) [72] presented a
review article about the preparation of mullite ceramics utilizing industrial residues,
including aluminum anodizing process residues [73][74][75] and coal fly ash from
coal combustion process [76][77], as starting materials. When aluminum anodizing
process residue was combined with common commercial ceramic raw materials,
such as kaolinite [73] [74], the best performing compositions had properties that
indicated potential for aluminum anodizing process residue use as a component of
low grade refractory and/or electrical insulating bodies [73]. However, the
impurities prevented their use at high temperatures [74]. When aluminum
anodizing process residue was combined with waste glass, mullite-based glass
ceramics were produced [75]. During sintering of the mixture consisting of natural
bauxite and fly ash, the bauxite-derived alumina dissolved into liquid glass phase.
Glass phase was formed from the melted fly ash due to different metal oxide
impurities [77]. Bouchetou et al. (2005) [78] studied mullite growth from fired
andalusite (Al2038102) grains during heating, where andalusite was converted into
mullite and silica-rich glass phase. The presence of impurities, iron and alkalis, in
andalusite increased the amount of the liquid phase. Bouchetou et al. (2005)
concluded that the presence of a liquid phase influences the behavior of fired
andalusite grains under thermal shocks. During the mullitization, the liquid phase
heals initial cracks of the andalusite grains when the mullite-glass composite stays
uncracked. Thus, the formation of this specific microstructure leads to an excellent

thermal shock resistance in comparison with monocrystalline mullite.

3.2  Magnesium aluminate spinel

Magnesium aluminate spinel is another excellent refractory oxide having good
physical, chemical, and thermal properties: a high melting point (2135°C),
resistance against chemical attack and very good thermal characteristics both at

ambient and elevated temperatures, thus it is used typically in refractory ceramic
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applications [79] [80]. Due to their particular combination of resistance to steel-
making slag corrosion, thermal shock resistance and excellent hot strength
magnesium aluminate spinel ceramics are typically used in steel-making as lining
materials for furnaces [81]. Additionally, MgAl,O4 has a wide range of applications
in structural, chemical, optical and electrical industries [82]. MgALOy is the only
compound in the binary system MgO-ALOs (Figure 4). A stoichiometric spinel
presents a molar ration of 1 MgO to 1 AlOs3 [83].
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Figure 4. Phase diagram of the system MgO-Al.O3, adapted from [83]

The most popular method in the commercial production of MgALOy is the
conventional solid state reaction of Mg- and Al-bearing precursors, such as oxides,
hydroxides and carbonates [82]. During synthesis, solid-state reactions between the
grains of starting materials happen, being highly dependent on the size of the used
powders [72]. The two main routes for refractory MgAlO4 production are
sintering and fusion. For sintered spinel, synthesis occurs in a shaft kiln, whereas
for fused spinel it takes place in an electric arc furnace. Very fine and reactive raw
materials are needed for spinel synthesis due to the solid state reactions which are
kinetically difficult.[81][83]

The impurities commonly detected in refractory MgAl,O4 raw materials, such as
dead-burnt magnesia, are SiOz, CaO, FeO, AlOs and boron oxide (B2O3). These
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impurities could react with MgO or each other, leading to the formation of new
phases, for example Ca-Mg-silicate phases. High SiO2 amount could lead to
monticellite (CaMgSiO4) and forsterite (MgxSiO4) formation. When the SiO»
content increases, the initial melting temperature of MgO particles decreases.
Generally, certain mineralizers could be employed for MgAbOy4 synthesis to
accelerate the phase formation and densification. One type of mineralizers lowers
the spinel formation temperature, while the other type reduces the sintering
temperature. However, mineralizers certainly restrict MgAl,O4 applications to
lower temperatures. [82][83][84]

Most refractory grade MgAl,O4 are made of a combination of high-purity
synthetic aluminum oxide and chemical-grade magnesium oxide. Some
publications have reported the synthesis of MgAlLOy utilizing residue streams
concentrating on aluminum dross use, e.g. [85] and [86]. In [87] magnesia-alumina
spinel-corundum composite was prepared from residue slide plate and residue
magnesia carbon brick and in [88] using chromium slag as a component in
synthetic MgAL Oy spinel material.

3.2.1  Thermally sprayed magnesium aluminate spinel coatings

One application for magnesium aluminate spinel is in ceramic coatings. Thermally
sprayed MgALOs coatings are used in harsh high-temperature environments and
electrical insulation applications, where insulating materials with poorer thermal
stability, such as polymers, cannot be used [89][90].

Thermal spraying is defined as the group of coating processes to apply metallic
or non-metallic coatings, where thermal energy is generated by chemical
(combustion) or electrical (plasma or arc) methods to melt and accelerate fine
dispersions of patticles or droplets to high speeds (50-1000 m/s). Processes are
grouped into flame spray, electric arc spray and plasma arc spray depending on
energy sources to be used heating the coating material. The heated particles are
accelerated toward substrate by process gases or atomization jets. The achieved
high particle temperatures and speeds result in significant droplet deformation on
impact at a surface, producing thin layers or lamellae that are called as “splats,”
which conform and adhere to the substrate surface (Figure 5). Individual splats are
generally thin, approximately from 1 to 20 um, and each metal droplet cools at a
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very high rate >10°0 K/s to form uniform, fine-grained, polycrystalline coating.
[91]]92]
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Figure 5. Thermal spray process, adapted from [91]

Ceramics are particularly suited to thermal spraying with atmospheric plasma
spraying (APS). In a plasma spray gun, a direct current (DC) power is used for the
generation of plasma. Energy is transferred into plasma-forming gases until the
energy level is sufficient to ionize the gas. The ionized gas returns to
atoms/molecules by recombining when a high amount of energy is released. The
gas expands forming an extremely hot and high-velocity gas jet. The powder is
injected radially to the plasma jet where the particles of the powder melt and are
accelerated. The coating is formed when the melted and accelerated powder
particles impact into the substrate surface. [92][93]

The materials used as feed materials in thermal spraying are powders, rods or
wires. The powders are injected into a jet or a flame as a suspension in a carrier gas
or in a liquid. The industrial methods of powder manufacturing depend mainly on
the types of materials used. One of the most versatile powder preparation method
is spray drying, also suitable to MgAl,O4 powder preparation. Organic binder holds
together any kind of small material particulates, forming spherical agglomerates.
First, a slurry containing finely dispersed precursors, organic binder and water is
feed to spray drier. The pump feeds the slurry into an atomizer and the atomized
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slurry is then dried in the stream of gas, as the moisture contained in droplets
evaporates during flight in the chamber. The gas is then cleaned out in the cyclone
and recycled back to the heater, while the solid agglomerated particles can be
collected in the powder collector.[92]
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4 THE AIMAND SCHEME OF THE THESIS

This thesis concentrates on the utilization of mineral side streams as raw materials
for structures in less studied application field: high temperature ceramic materials.
In mineral side streams selection, the criteria were to concentrate on such
compositions that hold potential to be used as raw materials in thermally stable
ceramic compounds. Typically, industrially manufactured pure mineral raw
materials for ceramic materials are either enriched or purified, thus homogenous in
composition and structure. In contrast to this, side stream mineral raw materials
are typically mixtures of multiple minerals and have variation in composition and
structure. In order to substitute pure mineral raw materials with secondary mineral
side streams in added value ceramic materials, it is important to investigate and
understand thoroughly, how the variation in mineral side stream composition due
to natural impurities influences the formation of ceramic material microstructure
and achieved properties in comparison to pure raw material counterparts. Thus,
the main research questions in this thesis are the following:

1. Is the targeted high temperature stable ceramic material structure
possible to be achieved using the investigated mineral side stream
materials and their mixtures: mine tailings from mining industry
processes, side stream from aluminum anodizing process and ferrous
slag from steel making processes?

2. How the variation in composition and structure in investigated mineral
side stream based materials influences the formed ceramic material
structure and achieved properties in comparison to pure raw material
products?

3. What is the potential for mineral side streams materials utilization and

what factors limit the use in comparison to pure raw materials?

In order to answer these questions, the effects of variation in mineral side
streams composition on the structure and properties of the synthesized ceramics
need to be fully investigated and understood. Figure 6 shows the flow chart of the
publications I-V, the aimed properties for the side streams based ceramics (with
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corresponding color-coding to publications) and the aimed knowledge created in

this thesis.
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Figure 6. Flow diagram of the publications (left), aimed properties with color-coding to publications
(bottom) and the aimed knowledge (right)

In this work, ceramic structures based on two typical high temperature ceramic
compounds, mullite and magnesium aluminate spinel, were targeted in synthesis
experiments using industrial side streams. Additionally, it was investigated, if it was
possible to tailor the mineral side stream composition by mixing different streams.
The research work started with mullite synthesis and reaction sintering experiments
using commercial, high purity kaolinite (ALSiO5(OH)s), and commercial
aluminum oxide hydroxide (AIO(OH)) as raw materials [Publication I]. The
thermal behavior and chemical reactions as well as the formed phase- and
microstructures were investigated, generating the basis for mullite formation
understanding. The obtained results raised a question if mullite synthesis is possible
utilizing mine tailings rich in alumina (Al2O3) and silica (S8iO2) as raw materials.
This was studied in [Publication II] by utilizing quartz and alkali feldspar rich
mine tailings as raw materials for mullite synthesis and reaction sintering

experiments. The objective was to investigate and especially to increase the
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understanding of the effect of chemical and mineralogical composition of mine
tailings on the mullite formation.

Possibilities of utilizing magnesite (MgCO3) rich mine tailings in MgAlOq
synthesis and reaction sintering experiments were investigated in [Publication ITI].
As alumina source in the spinel synthesis, mineral side stream from aluminum
anodizing process, rich in aluminum hydroxide (AI(OH)3), was studied. The results
obtained in [Publication III] were promising for the feasibility of magnesite rich
mining tailings together with aluminum hydroxide rich side stream from anodizing
process as raw material in MgAlO4 ceramics. This raised a question if in addition
to high temperature resistance also comparable mechanical properties could be
achieved, because magnesium aluminate spinel often finds use in thermally-sprayed
ceramic coatings for high-temperature environments where good electrical
insulation is needed. In [Publication IV], this was studied by depositing thermally
sprayed MgAlO4 ceramic coatings utilizing magnesite rich mining tailings together
with aluminum hydroxide rich side stream as raw materials for thermal spray
powder preparation. The effect of elements other than magnesium and aluminum
in mine tailings mineralogy on the resulting coatings was investigated and the
electrical insulating properties and wear performance of the secondary and primary
coatings were examined and correlated to their microstructures.

High thermal temperature resistance combined with mechanical resistance in
side streams based ceramics was also studied in [Publication V] where
ferrochrome (FeCr) slag utilization as aggregate in refractory ceramics was
investigated. The main components of the FeCr slag are SiO2, MgO and AlOs,
thus compositionally it holds potential as aggregate material for refractories.
Refractory castable specimens were prepared using ferrochrome slag as an
aggregate and commercial calcium aluminate cement as a binder. The effect of
FeCr slag on the properties of refractory castable specimens was investigated and
compared with commercial refractory castable material targeted for similar
applications with requirements of thermal and mechanical stability.

This thesis will summarize the main findings of the attached five scientific
publications and combine the information gained in each article into a coherent
entity. The scientific novelty of the work arises from created knowledge and
increased understanding of the behavior of mineral side streams as raw material in
high temperature stable ceramic materials. This thesis focuses solely on the
technical feasibility of side stream materials in ceramic applications. Issues related
to environmental, economic and legislation aspects of secondary raw materials use
are not within the scope of this thesis.
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The main scientific goals of this work are:

e Gain knowledge of the feasibility of mineral side streams as raw materials

for ceramics if high temperature stable ceramic compounds are targeted.
e Increase understanding about the mineral side streams composition on the
formed ceramic material microstructures and achieved properties against

those of corresponding pure materials.

e Create understanding of the limiting factors for mineral side streams

utilization when high thermal resistance is needed.
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5 EXPERIMENTAL PROCEDURE

This chapter describes the experimental procedures used in the thesis. Firstly, the
investigated mineral side stream raw materials are introduced along with the pure
raw material references. Secondly, the experimental preparation of ceramic
materials from the raw materials is introduced, aiming for reaction-sintered mullite
ceramics, thermal sprayed magnesium aluminate spinel ceramic coatings and
refractory castable ceramics. Lastly, the characterization methods are introduced

for the microstructure and properties investigations.

5.1 Raw materials

In mineral side streams selection, the criteria were to focus on compositions, which
hold potential to be used as raw materials in high-temperature ceramic compounds.
For this reason, this thesis concentrates on the utilization of the following types of
mineral side streams: quartz and alkali feldspar rich mine tailings (dominant oxides
AlLO; and SiO), magnesite rich mine tailings (dominant carbonate MgCO3),
aluminum hydroxide rich aluminum anodizing process side stream (dominant
hydroxide Al(OHs)) and ferrochrome slag (dominant oxides SiOz, AlOs and
MgO).

Quartz and alkali feldspar rich mine tailings could be called as felsic mine
tailings [94]. From the composition point of view, with alumina source addition,
the felsic mine tailings: molybdenum ore tailings FMT1 [95], gold ore tailings
FMT?2 [96] and quartz ore tailings FMT3 [97] hold potential as starting materials
for mullite compositions and were investigated in Publication I1. Compositions of
major elements in feldspars can be expressed in terms of three endmembers:
potassium feldspar (KAISi30s), albite (NaAlSi30s) and anorthite (CaALSOs).

The talc ore mine tailings MgMT1 is rich in magnesite >80% but contained also
other minerals, such as talc (Mg3Si4O10(OH)»), chlorite (Mg,Fe)3(S1,Al1)4O10), and
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dolomite (CaMg(COs)2) [98]. From the composition point of view, with alumina
source addition MgMT1 holds potential as starting material for magnesium
aluminate spinel compositions, investigated in Publication IIT and Publication
IV. As alumina source, a side stream from aluminum anodizing process, aluminum
hydroxide precipitate, which consists mainly of gibbsite, AI(OH)3 was studied.

The main components of the FeCr slag are SiO2, AlO3; and MgO, and it also
includes Cr203, Fe203 and CaO [9]. Thus from the composition point of view, it
holds potential as aggregate material for refractory castables, investigated in
Publication V.

Table 1 presents the chemical composition of studied side streams, FMT1,
FMT2, FMT3, MgMT1 and FeCrSlag as oxides, measured by X-ray fluorescence
spectrometry (XRF) method. For the XRF measurement, samples were ground to
particle size below 10 um and pressed into powder pellets. When chemical
composition is represented as oxides, the proportion of the volatile compounds
(e.g. carbon dioxide from carbonate and water from hydrates) is missing. Table 2

shows side streams compositions converted to elemental compositions.

Chemical composition of the studied side stream materials as oxides (wt.%).

Side SiO; AlLO3 MgO | Fe;O;3 | CaO | Cr203 | Na;O | K;O | Publication
stream

FMT1 73.2 11.1 4.84 2.93 1.95 - 3.45 1.51 11
FMT2 57.3 14.3 3.14 5.03 5.36 - 3.91 4.66 11
FMT3 89.8 5.16 0.11 0.57 0.04 - 0.11 1.20 11
MgMT1 | 10.1 0.61 38.5 8.20 0.80 - - - LIV
FeCrSlag | 30 26 23 4 2 8 - - N
Table 2. Elemental composition of studied side stream materials (wt.%).

Side o Si Al | Mg | Fe | Ca | Cr S Na | K | Publication
stream

FMT1 48.8 | 34.2 | 5.87 | 2.92 | 2.05 | 1.39 - - 2.56 | 1.25 11

FMT2 434 | 26.7 | 7.57 | 1.89 | 3.52 | 3.83 - - 2.90 | 3.87 11

FMT3 514 | 419 | 2.73 | 0.07 | 0.40 | 0.03 - - 0.08 | 1.00 11
MgMT1 23.7 | 471 | 032 | 23.2 | 5.74 | 0.57 - - - - LIV
Al(OH); | 62.2 | 0.18 | 27.8 | 0.04 | 0.07 | 0.11 - 3.82 | 0.78 | 0.05 111, IV
precipitate

FrCrSlag | 41.7 | 140 | 13.8 | 139 | 2.80 | 1.43 | 547 - - - N

25




Table 3 provides a summary of the investigated mine tailings in terms of the most
important minerals included in them as wt%. Mineralogical characterization was
performed by Geological Survey of Finland (GTK) in Academy of Finland
CeraTail project and all the details of performing mineralogical analysis is described
in [94]. Mineralogical analyses included the identification and quantification as
wt.% of mineral phases. The mineral composition was analyzed with scanning
electron microscopy (FESEM) together with elemental composition analyses
(EDS). The mineral identification was based on matching the numerical elemental
composition converted from EDS spectra to GTK’s internal mineral database.
Approximately 5-10% of analyses were categorized as unclassified, which included
mixed analyses of different mineral phases. Amorphous content was not detected.
Magnesite detected in MgMT1 was not stoichiometric MgCO3 but had a varying
amount of iron substituting Mg in the lattice, being likely breunnerite rather than
pure magnesite, more detailed studied in [99]. There exists a series of solid
solutions between MgCOs and siderite, FeCO3, and iron carbonate content in
magnesite could lie between 0 and 5%. If iron carbonate content falls within the

range between 5% and 30%, the mineral is called breunnerite [100].

Table 3. Main minerals of the side streams included in the thesis (wt.%), determined by
Geological survey of Finland [Publications II, lll, V]
Mineral Mineral FMT1 | FMT2 | FMT3 | MgMT1
group
Quartz Quartz, SiO; 40 11 64 -
Alkali Albite, NaAlSi;Og 23 31 - -
feldspars Andesine, (Ca,Na)AlSi:Og 12 3 - -
K-feldspar, KAISi3Og 6 15 - -
K-micas Biotite, 6 20 - -
K(Mg,Fe)s3(ALFe)Si3O10(OH,F),
Muscovite, KAl(SisAl)O10(OH,F)» 3 2 27 -
Clay Kaolinite, Alx(Si2Os)(OH)4 - - 4 -
minerals
Carbonate Calcite, CaCOs3 - 6 -
minerals Magnesite, MgCO3 - - - 80
Dolomite, CaMg(CO3)2 - - - 2
Mg-Fe Talc, Mg3514010(OH), - - -
silicates Chlorite, (Mg,Fe)3S1,Al)4O10 - - - 5
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A side stream from aluminum anodizing process, aluminum hydroxide precipitate
consists mainly of gibbsite, AI(OH); [48]. The mineralogy of FeCr slag was
characterized in detail by Makkonen and Tanskanen (2005) [101] suggesting the
common phases in the slag are Fe-Mg-Cr-Al-spinels, forsterite (Mg2SiOy),
magnesium silicates and metal iron (Fe) as droplets. FeCr slag was also detailed
characterized by Karhu et al. (2017) [102] and (2018) [103]. With fast cooling rates,
the slag is not totally crystalline, with amorphous phase being solidified between
the grains. The amount of amorphous phase depends on the cooling rate, being
typically between 60-70% in FeCr slag [101].

In Publications I and II, the 3:2 mullite (3A1,03'2Si02) composition was
aimed for in synthesis experiments. As a reference, a stoichiometric 3:2 mullite was
prepared using commercially available high-purity kaolinite (Al2Si2Os(OH)4) and
aluminum oxide hydroxide (AIO(OH)). In Publications III and IV, the magnesium
aluminate spinel (MgALO4) composition was aimed for when the reference was
prepared using commercially available high-purity magnesium oxide (MgO) and
aluminum oxide hydroxide. In Publication V, the properties were compared to
those of a commercial refractory castable as the reference material. In castable
formulation, commercially available calcium aluminate cement was used. Calcium
aluminate cements are typically used as refractory castables because of their good
refractory properties in comparison with Portland cements. When heating, the
reactive components of the Portland cement, are liberated and can absorb moisture
from the atmosphere upon cooling, causing expansion and deterioration of the
refractory component. Calcium aluminates are not so susceptible to this
phenomenon and can be used to form monolithic castables and refractory cements
[79]. Table 4 shows the details of the commercial reference materials used as

benchmarks.
Table 4. Details of the commercial raw materials
Raw material Provider Specifications Publication
Kaolinite, ALLSi»Os5(OH)4 Merck high purity 1,11
Aluminum oxide Sasol Germany 99.99% purity L IL II0, IV
hydroxide AIO(OH) GmbH
Magnesium oxide, MgO Inframat 99.9% purity 11, IV
Calcium aluminate Kerneos Secar 71 \%
cement
Refractory castable Calderys Calde Flow LF50A Vv
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5.2 Ceramic materials preparation

The mine tailings side streams used in Publications II, IIT and IV were received
in powder form, having particle size distributions (PSD) shown in Table 5. The
aluminum anodizing process side stream precipitate was received as sediments after
filter pressing with 80 wt.% moisture. In Publication V, the ferrochrome slag fine
aggregates 0-4 mm were used. For the particle size analysis, ageregates 0-4mm were
sieved through 2 mm screen. Approx. 40 wt.% of aggregates were above 2 mm.
Particle size and its distribution for under 2 mm sieved fraction was shown in
Table 5. All particle size analyses were determined using laser diffractometer
(Malvern Mastersizer).

Table 5. Particle sizes as um of the as received side streams
Side stream d10 [um] d50[um] | d90[um] | Publication
FMT1 100 264 467 11
FMT?2 25.6 80.8 187 11
FMT3 26.7 108 276 11
MgMT1 10.7 102 213 LIV
AI(OH); precipitate 0.37 1.76 4.04 11,1V
FeCrSlag 411 1230 2410 \

Mine tailing side streams were first ground by jet milling into the particle size
below 10 um, in order to increase the reactivity and ensure the mixing of
ingredients in Publications II, III and IV. In Publication II, the correct Al:Si
ratio for mullite composition was balanced by adding commercially available
AIO(OH), details were shown in Table 4. The targeted amount of AIO(OH)
additions was calculated based on the chemical composition analysis of mining
tailings presented in Table 1. Powder mixtures were prepared by ball milling in an
attrition mill for 30 min in air atmosphere. In Publications I and II, as a
reference, a stoichiometric 3:2 mullite sample was prepared using commercially
available high purity kaolinite (51.8 wt.%) and aluminum oxide hydroxide (42.8
wt.%), raw materials details were presented in Table 4. In Publications III and V,
the correct 1:2 Mg to Al molar ratio for MgAlO4 composition was balanced by
adding aluminum anodizing side stream AI(OH)s precipitate, which chemical
composition was presented in Table 2. Reference MgAlO4 spinel powder was
prepared using commercially available pure MgO and AIO(OH) powders as raw
materials, details presented in Table 4. In Publication V recipe formulation,
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particle packing optimization was made using an Elkem Materials Mixture Analyser
Software (EMMA). Particle packing of refractory castables covers the selection of
right size distribution and amount of particles of particular size [104]. The particle
size distribution is selected to fill up the voids between large particles with smaller
ones and thus to increase the particle packing density. Particle size distribution
optimization was based on packing models and curves developed by Andreassen
[105]. The optimization curves were combined in such a way that the total particle
size distribution of the mixture was closest to an optimum curve with the
distribution coefficient (q) value of 0.30.

Table 6 summarizes the main studied mineral side streams based ceramic
material formulations. All the supporting formulations studied may be found in
Publications II, ITI, IV and V.

Table 6. Main studied mineral side streams based ceramic material formulations (wt.%).
[Publications II, llI, IV,V]
Raw FMT1_ FMT2_ FMT3_ MgMT1_ | FeCrSlag_ | Publicati-
material ceramic ceramic ceramic ceramic castable on
FMT1 33.6 - - - - 11
FMT?2 - 40.4 - - - 1T
FMT3 - - 28.8 - - 11
MegMT1 - - - 35.0 - 111, IV
Al(OH); - - - 65.0 - 111, IV
precipitate
AlIO(OH) 66.4 59.6 71.2 - - 11
FeCr slag - - - - 81.8 \
Secar71 - - - - 18.2 \Y
5.21  Reaction-sintering experiments

For mullite reaction-sintering experiments, in Publication II, the attrition-milled
powders were uniaxially compressed into green pellets of the size of 20 mm X3
mm using approximately 25 MPa pressure. Heat treatment of green pellets was
made in an ENTECH chamber furnace in air atmosphere and ambient air

pressure. The heating rate was 3.3°C/min up to 1300 °C, with 3 h holding time at
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the maximum temperature before cooling to room temperature at the rate of 5
°C/min.

For MgALO4 reaction-sintering experiments, in Publication III, powder
mixtures were also uniaxially compressed into green pellets of the size of 20 mmX3
mm using approximately 25 MPa pressure. Green-state pellets were heat treated in
an ENTECH chamber furnace in air atmosphere and ambient air pressure at the
maximum temperatures of 1000°C, 1100°C, 1200°C, 1300°C, 1400°C and 1500°C.
The heating rate was 3.3°C/min up maximum temperatures, with 3 h holding time
at the maximum temperature before cooling to room temperature at the rate of
5°C/min.

5.2.2  Powder preparation for thermal spray and coatings deposition

In order to prepare agglomerated powders suitable for thermal spraying in
Publication IV, water-based ceramic powder suspensions were prepared from raw
material mixtures by bead milling for 15 minutes. 2 wt.% addition of Dispex A as
dispersing agent was used. Before spray drying, an organic binder, polyethylene
glycol (PEG) was added to suspensions at the concentration of 2%. Suspensions
were dried with an industrial-scale spray dryer Niro Atomizer to produce
agglomerated powders. Spray-dried powders were reaction sintered in an
ENTECH air chamber furnace at ambient air atmosphere and pressure at the
temperatures between 1075°C and 1150°C.

Atmospheric plasma spraying (APS) technique was used for the deposition of
coatings in Publication IV. Coatings were sprayed with an APSProPlasma gun
using argon/ hydrogen (Ar/H>) plasma gas mixture. Spray distance was constant,
110 mm. Coatings with the average thickness of 225-300 um were deposited on
grain-blasted carbon steel substrates. The plasma gun was robot-manipulated with

51 m/min surface speed and 3 mm increments.

5.2.3  Refractory castables preparation

In Publication V, the refractory castable specimens were prepared according to
the standard EN 196-1 [1006]. A standard steel mould with the size of 40 mm x 40
mm x 160 mm was used for mixed compositions. Specimens were first cured for
24h in the moulds in a curing cabinet with relative humidity (RH)>95% at room
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temperature. Then the specimens were removed from the molds and left for
another 24h in the curing cabinet in a plastic bag at room temperature. After that,
specimens were moved to drying oven and kept there for 7 hours at 105°C. The
dried specimens were then sintered in air atmosphere by slowly heating them to
540°C and kept at this temperature for 3 hours, then heated to 1200°C and kept
there for another 3 hours.

53 Characterization

This chapter introduces the main characterization techniques used in this thesis.

5.3.1  Microstructure

Microstructural analysis in all Publications I-V covered the determination of
phase structure and the overall microstructure with compositional analysis of the
microstructural details. For side streams compositional and mineralogical
characterization was described details already in Section 3.1. Raw materials in this
thesis.

Phase structure analyses of the materials, in all Publications I-V, were
performed using X-ray diffractometry (XRD, Empyrean, PANalytical B.V. device,
ALMELO) and a CuKa radiation source, and analysed using HighScore Plus
software with ICDD database. The XRD was operated at 45 kV and 40 mA with
the scanning rate of 3° 20/min. Microstructural and compositional investigations
of the materials were conducted by field emission scanning electron microscopy
(FESEM, Zeiss ULTRAplus) together with energy-dispersive spectrometry (EDS).
For microstructural analyses, metallographic cross sections were prepared by
casting the cut sections of specimens in Epofix cold setting resin under reduced
pressure. The casts were then ground, polished and carbon coated for electrical
conductivity. For imaging, secondary electron (SE) detector or angle selective
backscattered electron (AsB) detector was used. In Publication IV, in addition to
the visual inspection of particle size distribution, these were determined for the
powders with a laser diffractometer (Malvern Mastersizer). Additionally in
Publication IV, an electron backscatter diffraction (EBSD) system (Oxford
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Instruments), Symmetry EBSD detector based integrated into FESEM was
employed for crystal structure analysis. The cross-sectional EBSD samples were
prepared by moulding the sections of specimens in epoxy, followed by grinding
and polishing down to the final finish by colloidal silica suspension (0.04 um).
After the final polishing, the samples were removed from epoxy. In Publication
IV, after the dry abrasion wear tests, the surfaces and cross sections of the worn
surfaces were investigated. The cross sections were prepared with focused ion
beam SEM (FIBSEM, Zeiss Crossbeam 540) first by depositing a platinum (Pt)
protection layer on top of the region of interest and then using gallium (Ga) ions to
mill the cross section under the Pt covering layer. Prior to FIBSEM studies, the
samples were carbon coated to avoid the sample charging during the milling

process.

5.3.2  Structural integrity and strength

In Publications II and V, apparent solid density, bulk density and open porosity
were investigated according to Archimedes principle following the ISO18754
standard [107]. In Publication II, compressive strength values were determined
using an INSTRON testing system according to the standard ISO 20504:2006
[108]. Rectangular samples with the dimensions of 15 mm X 40 mm were
employed in the compression tests, with the used compression speed being 1
mm/min. In Publication V, cold crushing strength of the specimens was tested
based on the standard EN 196-1 using uniaxial strength tester [106]. The
compression tests were cartied out at the constant load rate of 2.4 kN/s as
indicated in the standard. For high temperature mechanical tests in Publication V,
cubic samples were prepared from sintered castables. To obtain the desired sample
size (10 mm x 10 mm x 10 mm), a diamond saw with a blade thickness of 0.5 mm
was used using a slow cutting speed. The tests were done under argon atmosphere
at 1200°C, with the initial pinchload of -0.05 kN and the heating rate of 10°C/min.
Once the target temperature was reached, compression was performed at the
displacement rate of 0.2 mm/min. All the measurements were done in a furnace
using an INSTRON testing system frame with a 4 MPa loading cell.
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5.3.3 Thermal behavior

In all Publications I-V, in order to understand the differences in behavior
between the compositions, the thermal behavior of raw materials and raw material
mixtures was studied using thermogravimetric analysis (TGA, Netzsch STA449 F1
Jupiter) in differential scanning calorimetry (DSC) and thermogravimetry (T'G)
modes. A qualitative mass spectrometer (QMS, Netzsch QMS 403 D Aeolos)
coupled directly to the TG device exhaust was used for evolved gas analysis.

In Publications I and II, the thermal expansion and sintering shrinkage
behaviors were studied using horizontal pushrod dilatometers (Adamel Lhomargy
DI- 24 and Netzsch DIL 402 Expedis). In Publication V, the thermal expansion
coefficient o for the specimens was measured by dilatometry using a Netzsch
Dilatometer DIL 402C. Additionally, in Publication V| specific heat capacity and
thermal conductivity of materials were measured by laser flash analysis (LFA 457
Microflash, Netzsch) in argon atmosphere using the samples size of 10 mm x 10
mm x 2 mm. Samples were prepared by a hollow drill and measured in the

temperature range from 21°C up to 1000°C.

5.34  Electrical insulation

In Publication IV, the electric insulation properties of the coating samples were
measured using a breakdown voltage method. Breakdown voltage electrode areas
(©=11 mm) and silver electrodes (()=11 mm) were painted on the coating surface
as described in [109]. Silver paint penetration into the coating has been studied
from cross-sectional images taken by optical microscopy, and it has been observed
that the utilized silver paint does not penetrate into the coating [109]. After
painting the electrodes, the samples were first dried at 120°C for 2 h, followed by
conditioning in a climate room at 20°C/RH 20% for at least 12 h before the
measurements. The breakdown measurements were performed in the climate room
at 20°C/RH 20%. In the breakdown tests, a stainless steel rod electrode (@=11
mm, edge rounding 1 mm), was placed on the top of a coating surface while the
steel substrate of the sample acted as the other electrode. Direct current (DC)
breakdown voltage measurements were performed by utilizing linearly increased
DC voltage (ramp rate of 100 V/s throughout the test) [109]. The voltage source
control and data recording were performed using a LabVIEW-based software
[109]. The voltage source was Spellman SL.1200 (Umax=20 kV) and the voltage
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level was measured using a resistive voltage divider (Spellman HVD-100-1, divider
ratio 10000:1) [109]. Dielectric breakdown strength (DBS) of the coatings was
calculated by dividing the breakdown voltage by the corresponding coating
thickness at the painted electrode (¥=11 mm) location. Seven measurements were

performed per each coating.

5.3.5  Wear resistance

In Publication IV, sand abrasion tests by a rubber wheel tester were performed
using quartz sand with the particle size of 0.32 mm and the feed of 350 g/min
based on the ASTMGOG5 standard (procedure D, modified) [110]. A static contact
force of 45 N against the rubber wheel, 233 mm in diameter, was used. Prior to the
wear tests, the surfaces of samples were ground with a P1200 grinding disk to
eliminate the effect of as-sprayed surface quality. Two samples per coating were
tested and their mass loss was measured at four time intervals (5, 10, 20 and 30
min) to ensure the linear wear performance during rubber wheel abrasion tests.
Hardness of the coatings was measured with a hardness tester (DuraScan 20
Struers) and a Vickers intender in order to evaluate how the hardness correlates to

wear resistance.
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6 RESULTS AND DISCUSSION

This chapter summarizes the most important results of this thesis, presented in
detail in the attached five publications. First, the thermal behavior of studied
mineral side stream materials are analyzed through thermogravimetric analyses in
order to investigate the raw materials response to the heat treatment and gain
understanding of their phase transformations and chemical reactions. For
comparison, mullite and magnesium aluminate spinel syntheses are also studied
using corresponding pure raw materials in order to support the evaluation of phase
transformations and reactions during the heat treatments.

After that, the success of targeted structure (mullite, magnesium aluminate
spinel and refractory castable) formation is evaluated based on the XRD, FESEM
and EDS studies. The factors influencing the formed structure during the heat-
treatments are discussed, aiming to understand the reasons behind the different
behaviors.

The last part concentrates on presenting the summary of the achieved
properties of mineral side stream based ceramic materials. Achieved properties are
compared to references prepared using pure raw materials. As a summary,
utilization potential of studied mineral side stream materials as high-temperature
ceramic raw material are evaluated and the limiting factors for utilization are

discussed.

6.1 Thermal behavior analyses and response to heat-
treatments

This chapter evaluates the thermal behavior of studied mineral side stream
materials and their response to the heat treatments. Focus is on phase
transformations and reactions occurring during the heat treatment. For

comparison, also thermal behavior of pure raw materials is evaluated.
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In Publications I and II, the mullite composition was aimed for in synthesis and
reaction sintering experiments. As a reference, a stoichiometric 3:2 mullite sample
was prepared using commercially available high purity kaolinite and aluminum
oxide hydroxide. Behavior of pure raw material mixture during heat-treatment was
studied in detail in Publication I. TG/DSC measurement cutves of the pure raw
material mixture are presented in (Figure 7).
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Figure 7. TG/DSC curves of the mixture of kaolinite and aluminium oxide hydroxide [Publication I]

DSC curve revealed the first transformation peak at 498°C combined to over 10%
weight loss in TG curve, being related to the dehydratation reactions of kaolinite
into metakaolin, as suggested earlier by Yung-Feng et al. [71] (Equation 1), and of
aluminum oxide hydroxide, AIO(OH), into alumina (Equation 2):

ALOs - 2810, - 2H20— ALOs - 25102+2H20 )

2AI0(OH) — ALOs + HO @)
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At 999°C, DSC curve revealed an exothermic peak. It was likely related to the
reorganization of the metakaolin into the Al-Si spinel, Si3Al4O12, and amorphous
silica (SiO2) phases, as presented by Yung-Feng et al. [71] (Equation 3):

2(A1203 . ZSiOQ) — Si3A1;012 + SiO» (3)

At 1211°C, mullite formation was started according to the reaction presented by
Yung-Feng et al. [71], resulting in mullite 3A1O3:2Si02 and amorphous silica
phases (Equation 4):

38isAL O, — 2(3ALO; - 28i05) + 580, )

Because of the higher silica content in kaolinite than in mullite, the addition of
alumina was needed to synthesize stoichiometric mullite. Thus, aluminum oxide
hydroxide was added to recipe to balance the aluminum amount. An aluminum
oxide resulting from (Equation 2) reacted with extra silicon oxide forming a mullite
phase structure (Equation 5):

3ALO; + 28i0, — (3ALO; - 2Si05) )

Above 495°C, any notable weigh loss was not more observed in TG curve that
supports that DSC curve observations were connected to solid state phase
transformations and reactions. Thus, the following total reaction (Equation 6) was
assumed to take place during reaction sintering of powder mixture of kaolinite and

aluminum oxide hydroxide:

ALO;3 - 280, - 2H,0 + 4AIO(OH) — 3ALO; - 28i0, + 4H,O  (6)

In Publication II, the mullite synthesis was studied utilizing quartz and feldspar
rich mine tailings FMT1, FMT2 and FMT3 balanced with aluminum oxide
hydroxide additions. DSC measurement curves for mine tailings (FMT1, FMT2
and I'MT3) and their mixtures balanced with AIO(OH) (FMT1_ceramic,
FMT?2_ceramic and FMT3_ceramic) are presented in Figure 8. Figure 9 shows the
corresponding TG curves.
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Figure 8. DSC curves of mine tailings (FMT1, FMT2 and FMT3) and their ceramic mixtures
balanced with AIO(OH) [Publication II]

For all mine tailings FMT1, FMT2 and FMT3, the first phase transformation
occurred above 574°C, as a small endothermic peak for all three tailing samples
was detected in DSC curves (Figure 8), being the most visible in highest quartz
content containing FMT3. No notable weight change was related to this phase
transformation in TG curves (Figure 9), based on which the peak could be
associated with quartz alfa-beta phase transition, described in literature [111]. For
FMT2 weight loss was detected approximately at 750°C relating to peak in DSC
curve, most probable due to calcite decomposition. Similarly, for FMT3 weight loss
was detected approximately at 880°C relating to peak in DSC curve, most probable

due to dehydratation of muscovite.
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Figure 9. TG curves of mine tailings (FMT1, FMT2, FMT3) and their ceramic mixtures with AIO(OH)
[Publication Il]

In high-alkali content mine tailings FMT1 and FMT2, a liquid phase was formed.
DSC curves (Figure 8) showed for FMT1 and FMT?2 a slope decline starting above
900°C and featuring a clear peak approximately at 1176°C for FMT2 and about
30°C higher temperature for FMT1. This transformation was related to the
formation of a liquid phase, i.e., melting of FMT1 and FMT2. For FMT3 behavior
was not detected. For FMT2 the decline in the DSC curve slope was steeper as
compared to that for FMT1, most probably referring to a higher liquid phase
amount. A quite large variation in the melting temperatures of feldspar minerals is
shown in literature, for example, for albite, of which FMT1 contains 21% and
FMT2 31%, the following melting temperatures have been suggested: between
1105°C and 1145°C [112], 1134°C [113] and 1180°C [114]. The compressed pellets
of mine tailings were visually examined after the reaction sintering experiments at
1300°C/3 h in Publication II. The compressed pellets of FMT1 and FMT2 had
melted completely, losing their shape in the heat treatment due to melting, which
supports the observations in DSC curves of the liquid phase formations. For the
pellet of FMT3, any melting was observed, but the specimen was clearly fractured
during the heat treatment. The DSC curves (Figure 8) for mine tailings mixtures
balanced with AIO(OH) additions (FMT1_ceramic, FMT2 ceramic and
FMT3_ceramic) all contained phase transformation peak at approximately 486°C,
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connected with a significant weight loss by approximately 10% in TG curves
(Figure 9). This transformation was associated with dehydratation reaction of
aluminum oxide hydroxide, AIO(OH), into alumina (Equation 2). A liquid phase
was suggested to form in mining tailings FMT1 and FMT2 above 1000°C. Similar
transformations were observed also in FMT1_ceramic, FMT2_ceramic mixtures as
response to heat-treatment but approximately 50°C lower temperatures than for
pure mine tailings FMT1 and FMT2. One explanation for this difference could be
that SiO2 in mine tailings started to react with Al,Os Then alkali content in the
remaining mine tailings increased, decreasing the melting temperature in the
mixtures

In Publications III and IV, the magnesium aluminate spinel composition was
aimed for when the reference was prepared using commercially available high-
purity magnesium oxide and aluminum oxide hydroxide. For the reference mixture,
TG/DSC/QMS curves are presented in Figure 10.
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Figure 10. TG/DSC/QMS curves of the mixture of MgO and AIO(OH) [Publication 1V]

At 367°C, the dehydration of magnesium hydroxide Mg(OH)2 (Equation 7)

occurred, suggested also by Yoshida et al. [115] at corresponding temperatures:
Mg(OH)2 — MgO + H.O (7)
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Magnesium hydroxide was likely formed from the raw material, MgO, by the
reaction with water during the spray-drying step. Above 500°C, the dehydration of
aluminum oxide hydroxide, AIO(OH), (Equation 2) occurred, similar values for
dehydration temperatures was presented also by Wilson [116]. After completion of
the dehydration of aluminum oxide hydroxide, the reaction between ALO3 and
MgO was possible, resulting in MgALO4 formation (Equation 8). An exothermic
peak detected at 1099 °C in DSC cutve was probably related to this spinel
formation. Magnesium aluminate spinel formation has been reported to be a heat

releasing reaction with similar temperatures [117].
ALOs + MgO — MgAle4 (8)
In Figure 11, TG/DSC/QMS curves are presented for magnesite rich mine tailings

(MgMT1) mixture balanced with AI(OH)s precipitate from aluminum anodizing
process, studied in Publication IV.
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Figure 11. TG/DSC/QMS curves of magnesite rich mine tailings (MgMT1) ceramic mixture with
Al(OH)s precipitate [Publication V]
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According to the observations in TG/DSC/QMS curves (Figure 11) for the
mixture of magnesite rich mine tailings (MgMT1) and Al(OH)s precipitate, the
following reactions were likely during the heat treatment. Below 500°C, Al(OH);
dehydration occurred, as suggested eatlier by Zivkovi¢ and Dobovisek [118]
(Equation 9, Equation 10):

2AI(OH); — 2AI00H + 2H,0 )

2AI00H + H,0 — ALO; + 2H,0 (10)

It is suggested that both reactions proceeded in the diffusion region, the first
(Equation 9) up to the temperature of 253°C and the second (Equation 10) up to
427°C in TG curves. Vusikhis et al. [100] reported that carbonates begun to
dissociate in the temperature range of 500-584°C. They explained the presence of
two separate peaks in the DSC curve by the following reactions, forming besides
MgO the spinel MgFe,O4 (Equation 11, Equation 12):

(Mg1Fe,)CO3 = Mgi1Fe,)O +CO;, (11)

2(Mg1Fe)O + 0.5x02=(2-3x)MgO + xMgFe,O4 (12)

The transformation observed above 800°C was probably associated with the
decomposition of hydrated magnesium silicates that were present as impurities in
the mine tailings sample. Eventually at 1108°C, an exothermic peak was detected,
probably related to the formation of magnesium aluminate spinel by the reaction
between magnesium oxide formed from mine tailings sample magnesite and
aluminum oxide formed from Al(OH); precipitate.

In Publication V, refractory castables utilizing ferrochrome slag as aggregates
were aimed for. TG/DSC measurement curves of the FeCr slag (in Figure 12)
revealed a notable phase transformation above 1200°C, probably related to liquid
slag phase formation, with increase in temperature increasing the content of the
liquid phase. In the study by Zelic” [40], the melting point of FeCr slag was
reported to fall in the temperature range of 1200-1400°C. In order to confirm the
liquid phase formation, which was observed in DSC curves for FeCr aggregates,
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sintered castable specimens were re-heated up to temperatures 1260°C and
1320°C. Reheating to 1320°C revealed clearly the melting of both slag aggregates
and the surrounding binder phases, which strengthens the observation that the
maximum service temperature should be kept below 1200°C.
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Figure 12. TG/DSC curves of FeCr slag in argon (a) and in air (b) [Publication V]



6.2  Success of synthesis experiments and formed
microstructures

In this section, the success of synthesis experiments utilizing studied mineral side
streams is reviewed and the formed ceramic material microstructures are
introduced. The reactions during the heat treatments are discussed, trying to
establish the factors that influence the formed microstructures.

6.2.1  Mullite synthesis

XRD, FESEM and EDS analyses in Publication IT suggested that the quartz and
alkali feldspar rich mine tailings (FMT1, FMT2, FMT3) balanced with AIO(OH)
additions and subjected to reaction sintering at 1300 °C for 3 h resulted in the
formation of following structures.

FMT1 (main minerals alkali feldspars 41%, quartz 40% and K-micas 9%)
containing mixtures with AIO(OH) yielded acicular mullite structure. FESEM
examination (Figure 13) revealed that the microstructure formed in reaction
sintering consisted of evenly distributed and networked needle-shaped crystals.
Networked needle-shaped crystals were surrounded by an amorphous phase (seen
as uniform areas between the networked needles).

According to EDS analyses together with XRD results (Figure 14) the
crystalline needle network was identified as the mullite phase (with Al/Si ratio
according to elemental analyses of the 3:1, corresponding to 3:2 mullite). Figure 13
revealed that microstructure also involved separate randomly distributed clusters of
nearly-equiaxed crystals. These were identified as the corundum phase according to
combined EDS and XRD analyses. Glass phase was aluminosilicate-based with
traces (~ 2 wt%) of Na, K and Ca. Porosity, seen in black contrast, was also
present. It was suggested that during the heat treatment of FMT1 containing
mixtures, the original minerals in the tailings, i.e. alkali feldspars and K-micas,
converted into a liquid form, ie., melted. Higher temperature increases the
solubility of quartz/silica to the melt, which subsequently enables the reaction of
silica with alumina (resulting from AIO(OH)) into mullite. Thus, mullite phase
crystallized from the aluminosilicate melt.
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Figure 13. SEM image, showing the microstructure formed in FMT1 containing mixture during
reaction sintering [Publication Il]
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Figure 14. XRD patterns for FMT1 and reaction sintered mixture of FMT1 balanced with AIO(OH)
additions [Publication II]

In FMT2 (main minerals alkali feldspars 49%, quartz 11%, K-micas 22% and
calcite 6%) containing mixtures with AIO(OH) mullite did not form. FESEM
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studies (Figure 15 (a)) revealed that the formed microstructure contained needle-
shaped crystals with the length of approximately 5-10 pwm, which were surrounded
by an amorphous phase. In FMT3 (main minerals quartz 64 %, K-micas 27% and
kaolinite 4%) containing mixtures with AIO(OH), only occasional single mullite
needles were identified. FESEM investigations (Figure 15 (b)) revealed that in the
case of FMT3, the developed microstructure consisted mainly of coarse grains.

Figure 15. SEM images, showing the microstructure formed in (a) FMT2 containing mixture during
reaction sintering and (b) FMT3 containing mixture during reaction sintering [Publication
]

According to EDS analyses for FMT2 containing mixtures balanced with
AlO(OH) additions, the crystal needles were identified as an Al-rich aluminosilicate
phase. According EDS combined to XRD analyses (Figurel6), randomly-
distributed crystal clusters appeared in occasional areas were identified as
corundum. In FMT2 containing mixtures, the aluminosilicate melt formed during
the heat treatment, similarly to FMT1 case. However, mullite was not formed
regardless of the correct AL:Si ratio, as it was not detected by any of the used
characterization methods. Original minerals in the FMT?2 tailings: alkali feldspars,
K-micas and quartz have melted and formed a new crystalline aluminosilicate
phase. One possibility for the development of this aluminosilicate phase was that
calcite reacted in the feldspar melt and crystallized into anorthite.
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Figure 16. XRD patterns for FMT2, and reaction-sintered mixture of FMT2 balanced with AIO(OH)
additions [Publication II]

According to EDS analyses supported by XRD analyses shown in (Figure 17) for
FMT?3 containing mixtures balanced with AIO(OH) additions, the coarse grains
were identified as quartz grains. Corundum crystals were identified between the
quartz grains and, to some extent, their clustering was observed. Also visible macro
cracks were observed in the structure. According to EDS analyses, only occasional
single mullite needles were identified, probably resulting from kaolinite heating. In
FMT3, aluminosilicate melt did not form and thus mullite was not crystallized from
the melt. The quartz was retained largely unreacted in the reaction sintering
experiments. It may be possible to facilitate the mullite formation with notably
higher sintering temperatures or longer times via solid-state reaction between
AlOs3 and SiO particles.
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Figure 17. XRD patterns for FMT3, and reaction sintered mixture of FMT3 balanced with AIO(OH)
additions [Publication II]

6.2.2  Spinel synthesis

Magnesium aluminate spinel formation capability utilizing magnesite rich mine
tailings was studied in reaction sintered specimens in Publication III and in

thermal sprayed ceramic coatings in Publication IV.

XRD, FESEM and EDS analyses in Publication III suggested that the
compacted mixture of pure raw materials MgO and AIO(OH) resulting from
reaction sintering at 1300 °C for 3 h featured a very fine structure of MgALO4
spinel crystals (Figure 18). The only difference between the applied six heat
treatments temperatures (10001500 °C) was the peak widths in XRD spectrum
(Figure 19), indicating that the crystal size increased with the increasing
temperature.
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Figure 18.

Intensity (a.u.)

Figure 19.

Reaction sintering of the mixture of pure raw material MgO and AIO(OH) resulted in very
fine MgAl204 microstructure [Publication Ill]
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XRD patterns for reaction sintered pieces of the mixture of pure raw material MgO and
AIO(OH) [Publication lll]

In the case of compacted mixture of magnesite mining tailings (MgMT1) balanced

with AI(OH)s precipitate additions and subjected to teaction sintering at 1300 °C

for 3 h, the formation of MgAlO4 spinel crystals surrounded by an amorphous

phase, seen in darker grey than the spinel phase, was evident (Figure 20) and

confirmed by XRD studies (Figure 21). Also another crystalline phase was
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observed in areas with a bright contrast, most likely the ferroan forsterite, (Mg,
Fe)2SiO4, phase. According to EDS analyses, it is challenging to draw any definite
conclusion about the compositional characteristics of small areas, due to their
microstructural complexity and fine crystal size compared to the electron beam
size.

Figure 20. Mixture of MgMT1 balanced with Al(OH)s precipitate resulted MgAl204 spinel crystals
surrounded by an amorphous phase [Publication Ili]
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Figure 21. XRD patterns for reaction sintered pieces of mixture of MgMT1 balanced with Al(OH)s
precipitate [Publication Ill]
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In Publication IV, XRD, FESEM and EDS analyses confirmed that agglomerated
MgAlO4  based powders can be synthesized by spray drying and subsequent
reaction sintering using magnesite rich mine tailings, MgMT1, and Al(OH)3
precipitate from aluminum anodizing process as raw materials. SEM examinations
of spray-dried particles (Figure 22) confirmed the results from laser diffraction
measurements that particle size distributions for agglomerated powders were with
d10 of approximately 10 um and d90 of 40 um, thus the powders were suitable for
APS spraying.

Figure 22. SEM images showing the powder morphology (left) and powder cross-section (right) for
synthesized powders utilizing MgMT1 and Al(OH)s precipitate as raw materials
[Publication IV]

XRD analyses (Figure 23) suggested that in the case of reference powder prepared
from commercial pure raw materials MgO and AIO(OH), atmospheric plasma
spraying resulted formation of MgAlO4 coating with the cubic MgAl,Oy spinel
phase as the only crystalline phase. In the case of powder prepared from the
mixture of mineral side streams, MgMT1 and Al(OH); precipitate, XRD pattern
reveal that atmospheric plasma spraying resulted in the formation of coating having
a partly amorphous phase and partly crystalline MgALOy4 structure.
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Figure 23. XRD patterns for APS sprayed coatings [Publication IV]

In the case of Reference coating, resulted microstructure was lamellar, typical for
APS spayed coatings (Figure 24). Indeed, the formation of coatings by APS
technique occurs by stacking the lamellae one by one, resulting from the impact,
flattening, and finally solidification of the colliding molten particles.

~

crystalline

Lo~

amorphous

o

Figure 24. SEM image showing the APS coating microstructure, pure MgAl2Ox spinel coating
[Publication IV]
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The lamellas were crystalline, but some inter-lamellar areas contained small
amounts of amorphous phase, confirmed by FESEM-EBSD investigations (Figure
25). Crystalline lamella thickness was in the order of 1 to 4 um, but amorphous
sections between the crystalline lamellas were only 1 um or less in thickness.

111
MgAI204

101

Figure 25. SEM mage and BC maps for the APS spayed coating, pure MgAl204 spinel coating
[Publication 1V]

In the case of powder prepared from the mixture of mineral side streams,
magnesite rich mine tailings MgMT1 and Al(OH)s precipitate from aluminum
anodizing process atmospheric plasma spraying resulted, according to FESEM
micrographs (Figure 20), to the formation of coating having a partly amorphous
and partly crystalline structure. The amorphous phase bound together the cluster
of separate MgAl,Oy crystals. Amorphous phase in the structure is seen as the
darker grey contrast in FESEM images. Crystalline phase was concentrated on
separate areas with a fine structure and seen in lighter grey contrast than the
amorphous phase in FESEM images. Coating also contained some lamellar areas,
which had a similar morphology to the reference coating. Due to the complex
shape and small thickness, it was not possible to reliably analyze and identify the
chemistry of the phases.
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Figure 26. SEM image showing APS sprayed coating microstructure; side streams based MgAl204
spinel coating [Publication IV]

6.2.3  Slag as aggregate in refractory castables

In Publication V, FESEM analyses revealed that in the case of commercial
refractory castable reference, the microstructure was typical refractory material
cross section, including aggregates and the surrounding binder phase (Figure 27).
The compatibility between the binder and the aggregates was good, as judged
based on continuous and dense binder/aggregate interface. This was likely the
result from a long development and surface optimization work for commercial

product.

~ aggregate

Figure 27. SEM image showing microstructure of the commercial refractory castable reference.
[Publication V]
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In the case of castable prepared using FeCr slag as aggregate and commercial
calcium aluminate cement as binder, the formed microstructure also showed a
typical refractory material cross section, including aggregates and the surrounding
binder phase (Figure 28). However, clear cracks at the binder-aggregate interfaces
were detected. The binder was evenly distributed between the aggregates of
different size fractions.

Figure 28. SEM image, showing the Microstructure of the FeCr slag based refractory castable.
[Publication V]

6.3  Properties of mineral side stream based ceramics

In this section, a summary of the achieved properties for mineral side stream based
ceramics is provided. Properties are compared to the corresponding property
values of pure references. Additionally, the potential for mineral side streams’
utilization as ceramic raw material as well as the limiting factors for utilization are
discussed.

Property requirements for ceramic materials for certain application are primarily
dictated by the maximum operating temperature, applied stress and operating
environment. The quartz and alkali feldspar rich mine tailings based ceramics are
intended for applications with high thermal resistance, such as refractory bricks or
protective layers. In order to obtain understanding of where the synthesized
materials could find use, their melting point, linear thermal expansion, compressive
strength and density were determined. The magnesite rich mine tailings based
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ceramic coatings are intended for high-temperature electrical insulation
applications. For the synthesized coatings, the values of dielectric breakdown
strengths were determined. Coatings hardness and abrasion wear resistance were
also determined to evaluate their use in harsh environments in addition to electrical
insulation. Ferrochrome slag are intended to be used as an aggregate material for
refractory castables e.g., insulating secondary layers or bottom zones in
metallurgical processes to substitute virgin refractories where both high-
temperature and mechanical resistance is needed. Thermo-physical and mechanical
properties of FeCr slag based castables were characterized comprehensively
including determining their cold crushing strength, density, porosity, linear thermal

expansion and thermal conductivity values.

6.3.1  Quartz and feldspar rich mine tailings based ceramics

Properties achieved for quartz and alkali feldspar rich mine tailings based ceramics
(FMT1_ceramic, FMT2_ceramic, FMT3_ceramic) are summarized in Table7. Here,
the 3:2 mullite (3A1203°25102) composition was aimed for synthesis and reaction
sintering experiments. Thus for comparison, properties for pure mullite as a
reference are included in a property summary table. Values for pure mullite are
gathered from several literature sources and from Publication II, in which
reference mullite was prepared using commercially available high purity kaolinite
(AlS1205(OH)) and aluminum oxide hydroxide (AIO(OH)) and the properties

were experimentally determined.
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Table 7.

ceramics in comparison to pure mullite [Publication 1]

Summary of properties determined for the quartz and feldspar rich mine tailings based

Property FMT1_ceramic | FMT2_ceramic | FMT3_ceramic | Mullite

Main chemical | FMT1: 33.6 FMT2: 40.4 FMT3: 28.8 ALSiOs(OH)4:
components AIO(OH): 66.4 AlO(OH): 59.6 AlO(OH): 71.2 51.8

[wt. %] FMT1: FMT2: alkali FMT3: AIO(OH): 48.2

alkali feldspars
41%, quartz 40%

feldspars 49%,
K-micas 22%,

quartz 64%
K-micas 27%

K-micas 9% quartz 11% kaolinite 4%
calcite 6%

Melting point | >1450 (*) ~1100 >1450 (%) 1850 [66]
[°C] 1830 [67]
Compressive 62 %17 65%20 55%21 61£6.7
strength 180 [66] (Bending)
[MPa] 200 [67] (Bending)
Linear thermal | 10.9 10.8 12.7 4.4 [66] 4.5]67]
expansion (20-1200°C) (20-1200°C) (20-1000°C) 45 -6.5[68]
[*¥10-6 1/K] (20-1400°C)
Density 2.7 0.02 3.0 £0.01 3.1 £0.01 3.1£0.01
[g/cm?3] 3.1 [60]

3.2 [67]

(*) dilatometer test results up to 1450°C

The quartz and alkali feldspar rich, i.e. felsic mine tailings based ceramics, are
intended for high-temperature applications, such as refractory bricks or protective
layers, thus the melting point/softening point sets the ultimate limit for maximum
service temperature for them. Characterization results showed that high alkali-
feldspar content caused pure mine tailings FMT1 (main minerals alkali feldspars
41%, quartz 40% and K-micas 9%) and FMT2 (main minerals alkali feldspars 49%,
K-micas 22%, quartz 11% and calcite 6%) to melt already above 1100°C. By
modifying the chemical composition of the FMT1 with aluminum oxide hydroxide
addition (FMT1_ceramic) and after reaction sintering microstructure that included
acicular mullite network surrounded by an amorphous phase was generated. The
formation of mullite network improves the thermal resistance and enable use at
higher temperatures of the formed ceramic materials when compared to pure mine
tailings that melt already above 1100°C. In order to prove the improved thermal
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resistance, the reaction-sintered specimens (FMT1_ceramic, FMT2_ceramic and
FMT?3_ceramic) were subjected to dilatometric measurements, which were
conducted up to 1450°C (Figure 29). During reheating FMT2_ceramic specimen,
where mullite structure was not formed, phase transformation still occurred, first
above 1100°C and second above 1300°C, most probably due to liquid phase
formation. Thus, the maximum operating temperature for FMT2_ceramic
materials is limited below 1100 °C. In contrast, the reheating of FMT1_ceramic
and FMT3_ceramic specimens introduced homogenous and linear thermal
expansion of the specimen. Thus for those materials, operating temperatures up to
1450 °C are possible. This is below the melting point for pure mullite presented in
literature [66] [67] but over 300°C higher than for pure mine tailings.
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Figure 29. Dilatometer measurement up to 1450°C for FMT1_ceramic, FMT2_ceramic and
FMT3_ceramic specimens [Publication Il]

The strength results in (Table 7) show that sufficient strength values (average 60.7
MPa £ 19.3) in the mine tailings based ceramic specimens were reached, being of
the same magnitude than for the 3:2 mullite reference (61.7 £6.7 MPa). However,
compressive strength values for mine tailings based ceramics were considerably
lower than bending strength values represented for the pure 3:2 mullite in the
literature. The quartz and feldspar rich mine tailings based ceramics are intended

for applications, such as refractory bricks or protective layers when the
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compressive strength is more informative than the bending strength. Nevertheless,
as is well known, the strength of ceramic materials depends on their microstructure
and particularly on flaws, like pores, cracks, defects or inclusions in the material.
These may act as the points of fracture and easily have an effect on strength values
[66]. The consequent range of strength values depends on the flaw distribution
parameters, and is the result of both processing and raw material powder
characteristics [66]. Linear thermal expansion values for quartz and feldspar rich
mine tailings based ceramic are higher (10.8 -12.7x106 1/K) than reported for pure
mullite (4.4 - 4.5x10-6 1/K) but more closer to values reported for glasses. Density
values are in the same order (2.7-3.1 g/cm?) than for the reference mullite sample
(3.1 g/cm?).

In the case of targeting mullite formation with quartz and feldspar rich mine
tailings, the limiting factor for their utilization is firstly the appropriate mineral
composition enabling mullite structure formation. It is suggested that only with the
particular mineralogical composition the mullite formation is possible regardless of
the correct Al:Si ratio in the mixture. One important factor in tailings’
mineralogical composition with respect to mullite formation is the amount of alkali
feldspars in relation to quartz. Also DSC results shown in (Figure 7) revealed that
melting temperatures decrease for the FMT1 and FMT2 mixtures balanced with
AIO(OH) additions. Too high alkali content in FMT2 (alkali feldspars 49%, quartz
11%, K-micas 22% and calcite 6%) resulted melt formation when SiO2 was not
able to react with alumina to form mullite. Excess amount of iron-rich mica
minerals may also prevent the mullite formation. For this approach, the
composition, i.e., the amount of alkalis, plays an important role. If the mullite
formation was successful, the second limiting factor for quartz and feldspar rich
mine tailings utilization is the softening point/melting point of the amorphous
phase surrounding the networked needle-shaped mullite grains in the ceramic
microstructure. Thus, the softening point/melting point of this amorphous phase
i.e. amount of alkalis defines the maximum operating temperature for quartz and
feldspar rich mullite based ceramics. In this study, thermal resistance up to
temperature of 1450°C was proved with dilatometer measurements. In future
work, the properties are planned to be studied up to higher temperatures.
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6.3.2  Magnesite rich mine tailings based ceramic coatings

Properties achieved for atmospheric plasma sprayed magnesite rich mine tailings
based ceramic coatings (MgMT1_ceramic coating) are collected in Table 8. For
magnesite rich mine tailings based ceramic coatings, the magnesium aluminate
spinel (MgAl2O4) composition was aimed for. The reference MgALO4 coating was
prepared using commercially available high purity magnesium oxide (MgO) and
aluminum oxide hydroxide (AIO(OH)) as thermal spray powder constituents.
Table 8 gathered results show that the values of dielectric breakdown strength
measured for MgMT1_ceramic coatings, 24 V/pm, are at the same level as those
for pure magnesium aluminate coatings, 23 V/um, and also close to the DC
breakdown strength values of alumina and spinel coatings reported in different
literature sources [119][120][109][121][122][123]. Hardness results reveal that the
hardness values for MgMT1_ceramic coatings (687150) are approximately 20%
lower than those for the Reference MgAlOs coatings (885%£63) from pure
commercial raw materials. Abrasive wear test results reveal considerably lower wear
rate for MgMT1_ceramic coating than for the pure MgAl>O4 coating counterparts.
These results suggest that the coating hardness is not the only decisive factor for
the abrasive wear resistance of the side stream based coatings. Reference MgAl,O4
coatings were worn through already after 5 min of test duration. When compared
to literature of abrasion wear resistance of plasma sprayed ceramic coatings, the
values are comparable: ref. [124] reported the weight losses of 156 mg after
abrasion wear test of the duration of 60 min for AlO; coatings, with
corresponding values reported also in refs. [125] and [126].
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Table 8. Summary of properties for the APS sprayed magnesite rich mine tailings based
ceramic coatings in comparison to pure MgAl204 coatings. [Publication 1V]

Property MgMT1_ceramic coating | Pure MgAl,O4 coating
Main chemical MgMT1: 35 MgO:25.1
components Al(OH)3: 65 AIO(OH):74.9
[wt. %] MgMT1:

magnesite 80%, talc 9.4%,

chlorite 4.9%
Dielectric breakdown 242+ 38 23t 1.5
strength [V/pm]
Hardness, 687£50 885163
HV 0.3kg
Weight loss | 5min 17£1.6 100+ 3.3
[mg] in 10min 33%3.5 worn trough
wear tests 20min 53%3.3 worn trough

30min 73%7.2 worn trough

Because abrasive wear tests revealed such a remarkable differences between the
mine tailings based MgMT1_ceramic coating and pure MgAlLO4 coating, the worn
surfaces were investigated after the abrasion wear tests using FESEM (Figure 30 (a-
b)). For the reference MgAl,O4 coatings the wear tracks featured a high surface
roughness. The large smooth area in the middle of (Figure 30 (a)) indicated the
material removal by a lamella-by-lamella mechanism. In the case of
MgMT1_ceramic coating (Figure 30 (b)), the wear surface was much smoother
than in the case of reference coating, indicating that material losses occurred
through the removal of only small fractions of the coating at a time and equally in

all areas of the coating,.
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Figure 30. Top-view images of the worn surfaces of coatings for (a) reference MgAl.O4 coatings and
(b) MgMT1_ceramic coating. [Publication IV]

The worn surfaces were investigated also in cross sections using FIBSEM
(Figure 31 (a-b)). For reference MgAl>O4 coating (Figure 31 (a)) the cracks were
often connected through the lamellar structure, which likely caused the removal of
large pieces of the coating when exposed to abrasive wear. This suggests that the
lamella boundaries may be the weak point of the material under abrasive wear. On
the contrary, in MgMT1_ceramic coating (Figure 31 (b)), there were also visible
cracks but these were not systematically connected, thus when exposed to abrasive

wear, material losses occurred only locally and mass losses were lower.

Tpm

Figure 31. FIBSEM images of the cross-sections of the worn surfaces of coatings (a) reference
MgAl204 coatings and (b) MgMT1_ceramic coating. [Publication IV]

The values of dielectric breakdown strength of these MgMT1_ceramic coatings
were at the same level as for pure MgAlO4 coating. Thus, these results suggest,
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that the electrical insulation capability of the atmospheric plasma sprayed MgAlO4
coatings was hardly affected by the compositional differences between magnesite-
rich mine tailings (magnesite 80%, talc 9.4%, chlorite 4.9%) as compared to pure
raw materials counterpart. Abrasive wear test results revealed considerably lower
wear rate for MgMT1_ceramic coating as compared to pure MgALO4
counterparts. However, hardness values for MgMT1_ceramic coatings were
approximately 20% lower than the reference MgAlO4 coatings. These results
suggested that the coating hardness is not the only decisive factor for the abrasive
wear resistance of the side stream based coatings. It was suggested, that the
different structure of the MgMT1_ceramic coatings in comparison to pure
MgAlLOy coatings, particularly the high degree of amorphous phase binding the
separate crystalline MgALO4 clusters together, can cause the higher abrasive wear
resistance of the coating by changing the wear mechanism. It seems to be possible
that inferior mechanical properties of impure MgALO4 spinel is compensated by
the introduction of glass phase in plasma spray coatings. These results suggest that
mineral side stream materials: magnesite rich mine tailings and AI(OH); precipitate
use as raw materials, can potentially substitute virgin raw materials in high-
temperature electrical insulation ceramic coating applications. However, in the case
of utilization of these side stream materials, the limiting factor for their utilization
is the softening point of amorphous phase found in the coatings microstructure.
The amorphous phase seems to be the origin of the better wear performance of
the mining tailing based coatings as comparison to the pure counterparts but at the
same time, it also limits the maximum utilization temperature for the side streams

based ceramic coatings.

6.3.3  Ferrochrome slag aggregate based refractories

Ferrochrome slag holds potential to be used as an aggregate material for refractory
castables e.g., insulating secondary layers or bottom zones in metallurgical
processes to substitute virgin refractories. Mechanical and thermo-physical
properties of FeCr slag based castables were characterized comprehensively
including determining their cold crushing strength, density and porosity, linear
expansion, thermal expansion coefficients and thermal conductivity values.
Properties achieved for ferrochrome slag aggregate based refractory ceramic
castables (FeCrSlag castable) are gathered in Table 9. For slag based refractory
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castables, the maximum slag utilization was aimed for but simultaneously
sustaining the good properties, comparable to those of virgin raw material
refractory products. Thus, the properties were compared to commercial refractory
castable as a reference.

Table 9. Summary of the achieved properties for FeCr slag based refractory castable in
comparison to commercial reference [Publication V]

Property FeCrSlag_castable | Commercial
reference

Cold crushing strength [MPa] 91£5.4 149£8.2

Compressive strength at 1200°C | 9.2£0.5 16£0.5

[MPa]

Apparent solid density [g/cm3] 2.92+0.03 2.78%0.01

Bulk density [g/cm3] 2.391+0.07 2.33+0.02

Open porosity [%] 17.33+1.28 16.1210.64

Thermal expansion coefficient ogrr. | 8.55x10¢ 6.80x10¢

1o0ec [1/K]

Thermal  diffusivity «RT-1000°C | 0.80-0.38 1.30-0.73

[mm?/s]

Thermal conductivity ART-1000°C | 1.34-0.92 2.41-2.11

[W/mK]

Specific heat CpRT-1000°C [J/g'K] 0.69-0.99 0.85-1.3

Maximum service temperature [°C] 1200 1500

According to Table 9 results, cold crushing strength values for FeCrslag_castable
are as high as 90 MPa. The cold compressive strength or cold crushing strength
(CCS) of a refractory material is an indication of its suitability for the use as
refractory, being a combined measure for the strength of the aggregate grains and
the bonding system [64]. Recorded strength values for FeCrSlag castable are
clearly below those recorded for the commercial refractory reference material, 149
MPa, but notably higher than the highest strength value, 60 MPa, reported in the
studies by Kumar et al. [127] [128] for experimental slag-utilizing castables.
Recorded strength values at 1200°C are one tenth of corresponding values at room

temperature, but show relatively a similar performance than in CCS values: 9.2£0.5
MPa for the FeCr slag based castable and 16.0£0.5 MPa for the commercial
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reference. Density and porosity values for FeCr slag based castable are comparable
to those of the commercial reference. These values are typical for the
aluminosilicate-based dense refractory castables used as structural components in
heat-treatment furnaces and kilns [64]. FeCtSlag_castable specimens exhibit linear
expansion and the recorded thermal expansion coefficient values (8.55:10-6 1/K)
being at approximately 20% higher level than those for the commercial reference
(6.80-10-6 1/K). FeCrSlag_castable specimens exhibit low thermal diffusivity (from
0.80 to 0.38 mm?/s) and conductivity (from 1.3 to 0.9 W/m-'K) values, which are
lower than those for the commercial reference (1.30-0.73 mm?2/s; 2.4-2.1 W/m'K).
Thermal conductivity values for the FeCr slag based castables are comparable to
values shown in literature for alumina-based insulating castables, with thermal
conductivity values of 1.2 W/ m-K at 200°C but having much lower density value
of 1.2 g/cm3 [64]. The liquid phase formation above 1200°C in FeCtSlag castable
specimens sets the maximum service temperature below 1200°C. This is lower than
for the studied commercial reference but comparable to, for instance, commercial
insulating castable products having the maximum temperature limit of 1100°C
[129].

As a summary, thermal insulation properties of the FeCrSlag castable
specimens were even better than those of commercial refractory reference,
showing thermal conductivity values as low as Arr-1000°c=1.3 - 0.9 W/m'K. Such a
good thermal insulation capability for FeCr slag based castables proved FeCr slag
suitability in the use as aggregate in refractory castables for insulation purposes.
Furthermore, simultaneously these FeCrSlag_castable have a sufficient strength (60
MPa) to be used in structural components. Typically, insulating refractory materials
are designed for low thermal conductivity and not for mechanical strength. The
majority of insulating castables are aluminosilicate-based or high-alumina castables,
having densities between 0.4-1.45 g/cm? and the corresponding porosities of 45-
85% [64]. Thus, typical insulating castables show much lower densities and higher
porosities than the castables designed for mechanical applications, because
generally when density increases and porosity decreases, thermal conductivity will
increase. Possible applications for this kind of novel slag-based refractory materials
are, e.g., insulating secondary layers or bottom zones in metallurgical process
equipment to substitute virgin refractories. A direct contact to molten metal must
be avoided (due to temperatures higher than the maximum service temperature of
the material), but they are applicable as, e.g. floorings typically exposed to only
occasional melt droplets. Indeed, the liquid phase formation at high temperatures is

the limiting factor for the use of FeCr slag based materials in structural
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applications, suggesting that maximum service temperature for these type of novel
FeCr slag based refractory material is 1200°C.
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7 CONCLUDING REMARKS

Minerals raw materials are abundant in Earth’s crust. However, they are
geographically unevenly distributed and economic and political issues constraint
the exploitation of small and low-grade deposits. For these reasons, mineral raw
materials are often imported in Europe and transported for long distances,
resulting in high greenhouse gas emissions particularly in the transportation phase.
Additionally, certain mineral raw materials, considered as “critical raw materials”
for EU, pose a risk of poor availability and price volatility because some countries
outside of the European Union dominate the markets. At the same time, European
industry produces large volumes of mineral side streams that end up as waste status
or landfill. E.g. side streams from mining processes present the highest proportion
of solid mineral residue produced by industry worldwide, with tens of thousands
million tons produced annually. Scattered reports on the utilization of mine tailings
have indicated their application in construction purposes and as sources for critical
metals. In general, the mine tailings are still largely viewed as a waste rather than as
a resource.

This thesis concentrates on the utilization of mineral side streams as raw
materials for structures in less studied application field: high temperature ceramic
materials. The main objective of this thesis was to increase understanding of the
potential and limiting factors for the utilization of mineral side streams in added
value ceramic materials with high thermal resistance. To reach this goal, the study
focused on investigating, how the variation in mineral side stream composition due
to natural impurities influences the formation of ceramic material microstructure
and achieved properties in comparison to pure raw material counterparts. Ceramic
structures based on two typical high temperature compounds, mullite
(3AL120528102) and magnesium aluminate spinel (MgAlLOy), were targeted in
synthesis experiments.
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7.1 Novel scientific conclusions

As a general conclusion, it was observed that in the case of mineral side stream
based ceramic materials, the achieved properties rather than chemical composition
dictated their usability. The properties’ characterization proved that utilization of
mineral side streams in ceramic materials show properties comparable with and in
some cases even better as compared to pure raw material counterparts. In many
applications, we consume unnecessarily pure raw materials, if comparable
properties can be reached also by utilizing side streams. Thus, the investigated
mineral side streams could potentially substitute pure raw materials in ceramic
materials taking into account their limitations for maximum operating
temperatures.

This thesis provides novel knowledge of the potential of mineral side streams as
raw materials for high temperature ceramic materials. The properties of mineral
side stream based ceramic materials presented in this thesis set a basis for material
property databank creation in future. This kind of databank, including materials
composition and volume information about the side streams, can be used as a
starting point for the designing new side stream based materials. Variations in side
streams compositions can change the ceramic structure and achieved properties.
The governing factors presented in this thesis apply in the specific cases presented.
Other influencing factors may exist and the variation in composition can also affect
the influencing factors. For these reasons, in future studies, it is crucial to
concentrate on developing tools to handle side stream materials compositional

variation in the material design and manufacturing processes.

The results obtained in this thesis enable the following specific conclusions to be

drawn. More detailed revisit of research questions are presented in next section.

1. Quartz and alkali feldspar rich mine tailings have potential to be used as
raw materials for mullite-based ceramics intended for operating
temperatures up to 1450°C Mullite formation is possible with the
investigated sintering conditions (1300°C for 3 hours) if the aluminosilicate
melt is formed at suitable temperature range for mullite crystallization. Too
high alkali content can cause melt formation at too low temperatures.
Factors that affects the formation of aluminosilicate melt and its formation

temperature, and, accordingly, the mullite crystallization, are the amount of
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alkali feldspars in relation to quartz and the amount of Fe-containing
micas. For this approach, the composition, i.e., the amount of alkalis, plays
an important role. If mullite formation is successful, the formed
microstructure consists of acicular mullite network surrounded by
amorphous phase. The softening /melting point of this amorphous phase
defines the maximum operating temperature for ceramic material. It may
be possible to facilitate the mullite formation with notably higher sintering
temperatures or longer times than in this work via solid-state reaction but
that need to be solved in future studies.

Magnesite-rich mine tailings together with aluminum hydroxide precipitate
from aluminum anodizing process have potential as raw materials for
thermally sprayed MgALO4 spinel ceramic coatings, having equal level of
electrical insulation capability and a higher abrasive wear resistance than
pure MgALOs counterparts. The formed microstructure consists of a
partly amorphous structure, in which the amorphous phase binds together
the separate crystalline MgAlO4 clusters. The different structure in
comparison to pure MgAOy4 coatings, particularly the high degree of
amorphous phase can cause the higher abrasive wear resistance of the
coating by changing the wear mechanism. The softening /melting point of
this amorphous phase defines the maximum operating temperature and set
the limits for the utilization.

Ferrochrome slag proves to be a potential aggregate raw material for
refractory castables up to the temperature of 1200 °C, with comparable
physical and mechanical properties to the commercial reference. Thermal
insulation properties of the FeCr slag based specimens are even better than
for the commercial dense refractory reference, being at a comparable level
to commercial thermally insulating castables. The formed microstructure
showed a typical refractory material cross-section, where binder was evenly
distributed between the aggregates. The liquid phase formation in FeCr

slag is the limiting factor for their use as aggregate in refractory castables.
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7.2  Research questions revisited

Figure 32 show the summary of the main results of this thesis, presenting the main

causalities between side streams materials and the formed structures and reachable
properties.

Mullite synthesis Mullite synthesis MgAl O, spinel MgAlL O, spinel Refractory ceramics
utilizing pure raw utilizing mineral side synthesis utilizing coatings utilizing utilizing ferrochrome
materials streams mineral side streams mineral side streams slag as aggregate
Publication | Publication Il Publication 1ll Publication IV Publication V
Possibility for mullite synthesis Possibility for MgAl O, spinel Possibility for ferrochrome
utilizing quartz and alkali synthesis utilizing slag utilization as aggregate
feldspar rich mine tailings magnesite rich mine tailings and

Pl A in refractory ceramics
Al anodizing process side stream 2

Mullite synthesis possible Refractory castable preparation

possible with commercial calcium
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Figure 32. Summary of the main results of this thesis

1. Is the targeted in high temperature stable ceramic material structure possible to

achieve using investigated mineral side stream materials: inert mine tailings from mining

industry processes, side stream from aluminum anodizing process and ferrous slag from
steel mafking processes?
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Firstly, results presented in this thesis proved that mullite synthesis is possible
utilizing inert quartz and feldspar rich mine tailings from mining industry processes
as raw materials. The critical point for mullite synthesis seems to be the formation
of aluminosilicate melt. Here, the amount of alkali feldspars in relation to quartz
and the amount of Fe-containing micas seems to influence the formation of the
aluminosilicate melt and, accordingly, the mullite crystallization. For this approach,
the composition, i.e., the amount of alkalis, plays an important role. Without
formation of the aluminosilicate melt, mullite crystallization is not possible at the
investigated sintering conditions (1300°C for 3 hours). Mullite formation via solid-
state reaction at higher sintering temperatures or longer sintering times than in this
work needs to be solved in future studies.

Secondly, results presented in this thesis also proved, that MgAlLOs spinel
synthesis is possible utilizing inert magnesite rich mine tailings and aluminum
anodizing process side stream as raw materials. Ceramic coatings with the cubic
MgALOy spinel phase as the only crystalline phase were successfully prepared
using atmospheric plasma spraying for coating deposition.

Thirdly, results presented in this thesis prove, that FeCr slag, residues from
stainless steel production, can be utilized as aggregate in rectory ceramics.
Refractory castables were successfully prepared using FeCr slag as aggregates

together with commercial calcium aluminate cement as binder.

2. How the variation in composition and structure in investigated mineral side streams
influences the structure and properties of targeted high- temperature ceramic materials in

comparison to pure raw material products?

Firstly, when utilizing quartz and alkali feldspar rich mine tailings as a raw material,
the formed microstructure consists of acicular mullite network surrounded by
amorphous phase, if mullite synthesis is successful. Up to 1450°C operating
temperatures was proved in this thesis. Up to 1450°C operating temperatures lay
below the melting point for pure mullite ceramics being above 1800°C according
to literature [66] [67] but still sufficient for several high thermal resistance ceramic
applications such as protective layers. Compressive strength values achieved were
over 60 MPa being of the same magnitude than for the 3:2 mullite reference.
Secondly, when magnesite rich mine tailings and aluminum anodizing process
side stream were utilized as raw materials in thermal spray powder production,

atmospheric plasma spraying resulted in the formation of coatings having a partly
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amorphous structure in which the amorphous phase binds together the separate
crystalline MgALOy4 spinel clusters. The values of dielectric breakdown strength of
the coatings were at the same level, 24 V/pm, as for pure MgAl2O4 spinel coatings,
and close to DC breakdown strengths of alumina and spinel coatings reported in
literature, suggesting that the electrical insulation capability is hardly affected by the
impurities in raw materials. Abrasive wear test results revealed considerably lower
wear rate for the side stream based coatings as compared to pure MgALO4
counterparts. However, hardness values for the side stream based coatings were
approximately 20% lower than for the reference MgAlO4 coatings. Thus, the
coating hardness is not the only decisive factor for the abrasive wear resistance of
the side stream based coatings. The different structure in comparison to pure
MgAlLOy4 coatings, particularly the high degree of amorphous phase binding the
separate crystalline MgAlbO4 clusters together, can cause the higher abrasive wear
resistance of the coating by changing the wear mechanism. The investigations of
worn surfaces after abrasion tests reveal that the amorphous structure seems to be
more resistant to abrasive wear compared to lamellar structure. It seems to be
possible that inferior mechanical properties of impure MgALO4 spinel can be
compensated by the introduction of glass phase in plasma spray coatings.

Thirdly, when utilizing FeCr slag as an aggregate and commercial calcium
aluminate cement as a binder in refractory castables preparation, the formed
microstructure showed typical refractory material cross sections, including
aggregates and surrounding binder phases. Thermal insulation properties of the
FeCr slag based specimens were even better than those of commercial refractory
reference, showing thermal conductivity values as low as Arrio00°c=1.3 - 0.9
W/m-'K. Thermal insulation properties achieved for FeCr slag based castables were
comparable to commercial insulating castables, which typically have a lower density
and strength.

3. What is the potential for the utilization of mineral side streams and what factors limit
the use in comparison to pure raw materials?

Quartz and feldspar rich mine tailings offer potential raw material substitutes for
ceramics in certain refractory applications, such as protective layers, where
operating temperatures are below 1450°C. However, in future work, the properties
are planned to be studied to higher operating temperatures. The limiting factor for

quartz and feldspar rich mine tailings utilization is firstly the appropriate mineral
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composition that enables mullite structure development via aluminosilicate melt
formation. If mullite formation is successful, the softening /melting point of
amorphous phase formed in the structure defines the maximum operating
temperature of these kind of ceramic materials use.

Magnesite rich mining tailings and aluminum anodizing process side stream can
potentially substitute virgin raw materials in high-temperature electrical insulation
ceramic coating applications. Thermally sprayed MgAlbO4 ceramic coatings have an
equal level of electrical insulation capability and a higher abrasive wear resistance
than pure raw materials counterparts. However, the limiting factor for the
utilization of these side streams is the softening point/melting point of the
amorphous phase found in the coatings microstructure.

FeCr slag can be used to substitute commercial aggregates in in refractory
castables for thermal insulation purposes and simultaneously having sufficient
strength for structural components too. Possible applications for this kind of
refractory materials are, e.g., insulating secondary layers or bottom zones in
metallurgical process equipment A direct contact to molten metal must be avoided,
they are applicable to, e.g. floorings when exposed only to occasional melt droplets.
The liquid phase formation in FeCr slag aggregates is the limiting factor for their

use, limiting that the maximum service temperature below 1200°C.

7.3 Suggestions for future work

In order to reach true circular use of mineral raw materials and secure the markets
for secondary raw materials, the barriers related to secondary raw materials use
need to overcome. First of all, more harmonized rules need to be established by
clarifying the existing rules, when a secondary raw material is no longer legally
considered as waste and starts to be a by-product/product. Secondly, one of the
main obstacles to the use of secondary raw materials are the uncertainty of their
quality and the absence of EU-wide standards for secondary raw materials.
Uncertainty about secondary raw materials quality can relate to variation in their
composition (chemical or mineralogical) as compared to primary raw materials
with constant composition. Additionally, there can exist variation in residue stream
itself when accumulating and stored as heaps, i.e., between the surface and the
interior. Also, the quality uncertainty can relate to a residues non-desirable physical
state, e.g. in slurry state or big lumps, which implies post-processing. Another issue
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is the potential presence of undesirable elements or harmful species in material
streams. For these reason, it is essential in the future work to concentrate on
developing tools to handle this compositional variation in the material design
processes. In the case of pure raw materials, standards are based on their chemical
composition. For the side streams utilization, the achieved properties rather than
chemical composition of the raw materials dictate their usability. Thus, property-
based standards need to be developed for secondary raw materials. In addition,
methods to increase the traceability of chemicals of concerns need to be developed
in the future.

When designing a ceramic material for a certain application, care has to be taken
that the maximum temperature attainable in the system is lower than the softening
or melting temperature of the ceramic material constituents. In this thesis, the
formation of amorphous phase is detected to be the limiting factor for the use of
side stream based ceramic materials. In the future work, the stability of this
amorphous phase needs to be studied more thoroughly. In this thesis, generic
material properties of mineral side stream based ceramics is presented, but the
actual operating environment sets the final limits and requirements. In the future
work, more application-specific property characterization needs to be provided for
these side stream based materials.

In this thesis presented mineral side stream based ceramic materials properties
set basis for future material property databank creation However, as mentioned,
the mineral side streams can have a great variation in the composition. Thus, the
most essential in the future work is to concentrate on developing tools to handle
this variation in the material design processes. Thermodynamics is a promising
starting point for the development of such tools but also kinetics needs to be taken

into account.
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Abstract

Self-propagating high-temperature synthesis (SHS) is a widely known and extensively studied highly exothermic-
reaction-utilizing technique for making certain advanced composites and intermetallic compounds. However, only
few studies have been published about the SHS of pure aluminosilicate ceramics. In the current work, possibilities for
aluminosilicate ceramic synthesis and sintering requiring less energy based on the utilization of SHS in air was stud-
ied. Kaolinite powder and exothermically reactive metallic aluminium powder were used as raw materials. Thermo-
dynamic calculations for the possible reactions and reaction paths were performed to show the theoretical possibilities
for SHS utilization. The chemical reactions, thermal expansion behaviour and formed phase- and microstructures
after SHS were compared to the conventional reaction sintering of mullite. Results conclude that highly exothermic
reactions above 900 °C relating mainly to aluminium oxidation can ignite the SHS reaction in air atmosphere. After
initialization, the reaction proceeded in a self-sustaining manner through entire test pieces, resulting in the formation
of an Al,Oj; - Si phase structure. Thermodynamic calculations showed the total energy balance for mullite formation
from aluminium and kaolinite mixtures as highly exothermic in nature only if sufficient oxygen is available to com-
plete the reactions. However, future research is needed to fully utilize SHS in aluminosilicate ceramics processing.

Keywords: Aluminosilicate ceramics, self-propagating high-temperature synthesis, SHS, exothermic reactions, synthesis, sintering

1. Introduction

Ceramics processing, e.g. mullite reaction sintering, nor-
mally requires high temperatures and long processing
times that consume a lot of energy, increasing the cost of
the products and leading to a high environmental impact.
One process technology opportunity to lower processing
energy is to utilize the reaction heat released from exother-
mic ceramic compound reactions. A lower overall energy
consumption can then be achieved by producing part of
the heat internally in the process and utilizing this extra
heat in ceramic material processing and synthesis. One
widely known and extensively studied technique utiliz-
ing highly exothermic reactions is self-propagating high
temperature synthesis (SHS). SHS is based on a system’s
ability to react exothermally and proceed when ignited.
The high activation energy and high compound formation
enthalpy of the synthesis reaction is utilized to run a self-
sustained reaction; thus, once ignited, the reaction contin-
ues on its own 1,2, When the initial reagents are ignited,
they spontaneously transform into products and a reac-
tion front is formed that propagates through the reactants
in the form of a combustion wave. Owing to the exother-
mic heat of reaction and subsequent high temperature of
the reaction products, it is possible to combine the syn-
thesis and densification steps into one process. The SHS
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process is traditionally limited only to highly exothermic
reactions for making certain advanced composites and
intermetallic compounds 3:4.

Mullite is one example of an advanced aluminosili-
cate ceramic material for high-temperature applications
owing to its favourable properties such as high melting
point (1830 °C), moderate thermal expansion coefficient
(4.5%10-6 1/K), good resistance to thermal shock, good
chemical durability, excellent creep resistance and suf-
ficient mechanical strength 56, The stoichiometric 3:2
mullite (3A1,03 2Si0,) is the only thermodynamically
stable phase in the SiO, + Al,O3 system 7. Various start-
ing materials and preparation methods have been used to
prepare mullite ceramics. For the conventional fabrication
method, the solid-state reaction of high-purity Al,O3 and
Si0; (quartz), the mullitization temperature is as high as
1600 °C 8. Kaolinite powder is commonly used as a raw
material for mullite synthesis owing to its low cost, and
upon heating it reacts to form mullite and silica ?. There
are several studies on mullite reaction sintering, for exam-
plein the study by Chen ez al. 7, it was demonstrated that
mullite specimens can be prepared by reaction sintering of
mechanically mixed kaolinite and alumina powders.

Few studies have been published about the SHS synthesis
of mullite-based composites: zirconia-mullite/TiB, com-
posite 6, mullite/TiB, composite 8 and TaB/TaB,/mullite
composites 10. However, only few studies have been pub-
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lished about exothermic-assisted synthesis and sintering
of purealuminosilicate-based ceramics. In the recent study
by Esharghawi et al. 11, porous mullite-based bodies were
produced in flowing oxygen by means of SHS starting
from kaolin, Aland Mg powder mixtures. They found out
that the heat of the aluminium oxidation reaction in a pure
oxygen atmosphere could be used to ignite the SHS re-
action. A sufficient amount of oxygen was not obtained
using air. Pure mullite was not obtained, but in addition
to mullite, Si and Al in metallic phases, quartz, «-alumina
and MgAl,O, spinel were also present after SHS. In the
work by Podbolotov et al. 12, preparation of aluminosil-
icate coatings with a mullite weight content of 61-72 %
by means of SHS was studied using aluminium powder,
quartz sand and kaolinite clay as raw materials together
with different binders and additives. The exact composi-
tions and SHS synthesis steps were not exactly given in
the study. In the studies by Kazhikenova et al. 13 and by
Zharmenov et al. 1415, the theoretical principles behind
the SHS of refractory materials (magnesia, chromite-mag-
nesia, forsterite, dolomite and chamotte refractories) were
studied. Only theoretical calculations were reported and
pure aluminosilicate refractories were not considered in
these studies. A recently published study by Mansurov
et al. 16 reported the influence of mechanochemical treat-
ment of CaO-S10,-Al,0j5 system minerals used as com-
ponents in a mixture for SHS synthesis of ceramics. But
pure aluminosilicate ceramics were not considered in this
study either. There are also few studies presented by Bal-
mori-Ramirez et al. 17, Erharghawi et al. 18, Khabas et
al. 19 and Anggono et al. 20 where the aluminium powder
was successfully utilized as the raw material for mullite
powder synthesis, but the possibilities of SHS utilization
were not studied.

In the current work, the possibilities for energy savings
in pure aluminosilicate ceramic synthesis and sintering by
utilizing SHS were studied. Kaolinite and exothermical-
ly reactive aluminium powder were used as raw materials.
The aim of the study was to synthesize low-energy-inten-
sity pure aluminosilicate-based ceramic bodies by means
of SHS in air atmosphere, which has not been previously
reported. Air atmosphere enables a more economical and
sustainable option for synthesis atmosphere compared to
using pure oxygen. Thermodynamic calculations for the
possible reactions and reaction paths were performed be-
yond earlier publications in this field to show the theoret-
ical possibilities for SHS utilization in pure aluminosili-
cate ceramics processing. The thermal reactions, thermal
expansion and formed phase- and microstructures after
SHS were evaluated and compared to conventional reac-
tion sintering of mullite. The effects of kaolinite powder
heat-treatment and aluminium particle size on chemical
reactions that were not previously reported with these raw
material mixtures were also studied.

II. Experimental Procedure

(1) Starting materials

Commercially available kaolinite powder (Al,03-2Si0,
-2H,0 or Al,S1,05(OH),), aluminium oxide hydroxide
(AlO(OH, boehmite) powder and aluminium (Al) pow-
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der were used as raw materials. Kaolinite was provided by
Merck (average grain size < 6.68 um, high kaolin purity),
aluminium oxide hydroxide by Sasol Germany GmbH
(average grain size <0.77 um) and aluminium powder by
ECKA Granules (average grain sizes < 27 um and the same
air classified to 17 um, purity 99 %). Four mixtures were
prepared from the selected raw materials. Recipes were
calculated for stoichiometric 3:2 mullite synthesis; details
are presented in Table 1. The endothermic dehydration re-
action in kaolinite was assumed to consume the exother-
mic heat of the SHS reaction. In order to study this ef-
fect, in Mixture 2 kaolinite powder was first heat-treated
at850 °Cfor 30 min in order to decompose the aluminosil-
icate hydrate, kaolinite, to metakaolin (Al,Si,05). Raw
materials were mixed by means of high-energy attrition
milling for 10 min in argon atmosphere. A short milling
time was chosen in order to avoid any reactions during
milling.

Table 1: Test matrix for mullite synthesis experiments.

Mixture Raw material 1 wt% Raw material2 wt%
no

Aluminium 48.2
oxide hydroxide

1 Kaolinite powder 51.8

2 Heat-treated  67.3 Al powder 32.7
kaolinite powder (27 um)

3 Kaolinite powder 70.5 Al powder 29.5
(27 um)

4 Kaolinite powder 70.5 Al powder 29.5
(17 pm)

(2) Compaction and sintering

For mullite reaction sintering experiments, attrition-
milled mixtures were uniaxially cold pressed to pellets of
the size 20*3 mm using approximately 25 MPa pressure.
The pellets were then reaction-sintered in an ENTECH
air chamber furnace. Sintering was performed in air atmo-
sphere and in ambient air pressure with a heating rate of
3.3 °C/min up to 1600 °C. which was maintained for 1h
before cooling to room temperature with cooling rate of
5 °C/min.

For the SHS experiments, aluminium-containing attri-
tion-milled mixtures were packed in a steel mould with di-
ameter of 70 mm and with powder bed thickness of 25 mm.
The packing pressure of the powder mixtures was about
26 MPa. The steel mould was coated with 2 mm graphite
foil in order to reduce heat losses and facilitate mould re-
lease. A thermocouple was inserted into the powder bed to
a depth of about 3 mm from the upper surface to measure
the temperature during the process, and to indicate the re-
action front propagation. The powder bed with the mould
was preheated at 500 °C in a separate furnace in air atmo-
sphere. The mould was then quickly transferred from the
furnace and the preheated packed powder bed surface was
then ignited in air atmosphere from the top surface using
resistance heating.
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(3) Characterization techniques

The thermal behaviour and reaction paths of raw ma-
terials and attrition-milled powder mixtures were stud-
ied using thermogravimetric analysis (TGA, Netzsch
STA 449 F1 Jupiter) giving a simultaneous Differential
Scanning Calorimetry signal (DSC). Tests were conduct-
ed in air atmosphere with a temperature range from 40 °C
to 1400 °C with the heating rate of 10 °C/min. A qualitative
mass spectrometer (QMS, Netzsch QMS 403 D Aéolos)
coupled directly to the TGA device exhaust was used for
evolved gas analysis. The thermal expansion of uniaxially
pressed (5 kN) pellets with a diameter of 11.62 mm was
measured in air atmosphere with temperature range of
20 °C to 1550 °C using a horizontal pushrod dilatometer
(Adamel Lhomargy DI-24). Qualitative phase analyses
were performed for raw materials and final products by
using an X-ray diffractometer (XRD, Empyrean, PAN-
alytical B.V., ALMELO, Netherlands) with CuKo radia-
tion source, and analysed using HighScore Plus software.
Microstructures of the final sintered bodies were observed
using a scanning electron microscope (SEM, Jeol JSM
6360LV) equipped with electron-dispersive spectroscopy
(EDS). SEM investigations were conducted on polished
cross-sections coated with gold. Thermodynamic calcu-
lations for the possible reactions, reaction enthalpies and
adiabatic temperatures were performed using FactSage
thermochemical software with FToxid database.

III. Results and Discussion
(1) Characterization of starting materials

(a) Phase composition

XRD patterns of untreated kaolinite powder and kaoli-
nite powder after heat-treatment at 850 °C for 30 min
are presented in Fig.1. XRD patterns reveal that un-
treated kaolinite powder mainly consists of kaolinite
Al,03-2S510,2H,0 phase, alternatively presented as
AlLSi,05(OH),. The kaolinite powder heat-treated at
850 °C for 30 min. mainly showed aluminium silicate
Al,O3810, (AlSiO5) phase forming from kaolinite
caused by dehydration, i.e. water release.

«Kaolinite, Al,(Si,0,)(OH), (01-079-6476)  #Aluminium silicate (00-044-0102)
eHalloysite, Al,Si,0,(0OH),H,0 (00-029-1489) *Aluminium silicate (00-029-0084)

Intensity [a.u.]

kaolinite powder after
850°C for 30min

20 [degree]
Fig. 1: XRD patterns of kaolinite and heat-treated kaolinite pow-
ders.
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(b) Thermal bebaviour

Fig.2 shows the TGA/DSC/QMS-curve of kaolinite
powder. An endothermic peak relating to the dehydration
of the kaolinite into metakaolin phase can be seenat 510 °C
(T¢). This includes water release according to following
reaction, Eq. (1), presented by Yung-Feng et al. %:

Ale; . ZSIOZ . 2Hzo — A1203 . 25102 +2Hzo (1)
—— TG/weight loss curve

DSC curve
Evolved gas curve for amu 18 (H,0 release)

TG (%) DSC (mWimg) lon current (A)

T,2096°C - 5,00E-011
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) 05 L 4 50011
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Fig. 2: Thermal behaviour of kaolinite powder.

At 996 °C (T,), an exothermic peak related to the reor-
ganization of the metakaolin into the Al-Si-spinel phase,
Si3A140,, and amorphoussilica (SiO;) phase, can be seen
according to reaction Eq. (2) presented by Yung-Feng et
al. %

2(ALO; - 2810,) — Si3ALO4; +Si0, (2)

At 1211 °C (T}3), mullite formation is starting according
to the reaction in Eq. (3) presented by Yung-Feng et al. ?,
resulting in mullite 3A1,03-2510, and amorphous silica
phases:

3Si3A14012 — 2(3A1203 . 28102)+5SIOZ (3)

Because of the higher silica content in kaolinite than in
mullite, an addition of alumina is needed to synthesize
stoichiometric mullite. Eq. (4) presents a balanced reaction
with a stoichiometric amount of alumina:

Si3A14O1z + 55102 + 1OA1203 — (4)
4(3AL 05 - 2Si0;,)

Fig. 3 shows the TGA/DSC-curve of aluminium powder
(dsp =27 um). Solid-state aluminium oxidation can be seen
starting after 560 °C according to Eq. (5) and increase in
weight:

4A1+30,(g) — 2A1,0; (5)

This is followed by aluminium melting at 660 °C. An
exothermic peak is seen again at 996 °C, which could be
attributed to accelerated liquid-state aluminium oxida-
tion. The weight gain revealed that aluminium oxidation
continues at high temperatures from 660 °C up to upper
temperature limit of 1400 °C. After the accelerated ox-
idation after 1000 °C, oxidation continues with increas-
ing rate as a function of the temperature. Trunov ez al. 2!
showed that, in aluminium powder oxidation, four dis-
tinct stages could be observed in the temperature range
from 300 °C to 1500 °C. At the first stage, at tempera-
tures below about 550 °C there was slow oxidation. At
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about 550 °C, a transformation of amorphous alumina in-
to p-Al,O3 occurred, when the oxide layer thickness ex-
ceeded the critical thickness of amorphous alumina. The
density of the y - Al,O; was greater than that of amor-
phous alumina, thus the y-Al,O3 covered the aluminium
surface only partially. At the second stage in the tempera-
ture range, about 550 — 660 °C, the oxidation rate increases
rapidly until the y-Al,O3 coverage becomes multilayered
and continuous. At the third stage from about 650 °C to
1000-1100 °C, the oxidation rate continuously increased,
related to the growth of a continuous y-Al,O5 layer and
its partial transformations into the structurally similar ¢
- Al,O; polymorph. Finally, at the fourth oxidation stage
above 1100 °C, there was also increase of the oxidation
rate, related to the formation and growth of the a-Al,O;
oxide. All these four stages can be identified in Fig. 3.

T T T T T T
1304 L3
—— TG/Weight loss curve L2
1254 ——DSC curve
120 B
S Tisere T,=996°C 2
-0
» \ =
2 115 s
= L4+ E
ey
<) (@]
2 110 @
= 20
105
L-3
100 -4
~~
T,=660°C
95 5

T T T T T T -
200 400 600 800 1000 1200 1400

Temperature (°C)
Fig. 3: Thermal behaviour of aluminium powder.

(2) Characterization of milled mixtures

(a) Thermal bebaviour, phase structure evolution

Fig. 4 shows DSC-curves of the milled Mixtures 1-4.
For Mixture 1, which does not contain aluminium, the
DSC results show a first endothermic peak at 498 °C (T).
That peak could be the dehydration of the kaolinite into
the metakaolin according to presented Eq. (1) and also
dehydration of aluminium oxide hydroxide, AIO(OH),
according to following reaction (6):

2AI0(OH) — ALO; +H,O ©6)

Obviously, for Mixture 2 containing heat-treated kaoli-
nite, the kaolinite hydration reaction at 498 °C is miss-
ing. For Mixtures 3 and 4, the dehydration of the kaolin-
ite into the metakaolin is observed at 498 °C according to
Eq. (1). A different shape of the endothermic peak com-
pared to Mixture 1 can be seen, because aluminium ox-
ide hydroxide dehydration is missing. Aluminium-con-
taining Mixtures 2—4 show exothermic solid-state alu-
minium oxidation starting at about 580 °C (T,) according
to Eq. (5) and endothermic aluminium melting at 660 °C
(T3). Exothermic peaksare seen again at 953 °C (T 4) which
could be attributed to liquid-state aluminium oxidation.
DSC results suggest that with the decrease in the alumini-
um particle size (difference between Mixture 3 and 4) alu-
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minium oxidation accelerates, which seems obvious be-
cause of higher surfacearea. Forall Mixtures 1 —4, exother-
mic peaks observed at 993 °C (T's5) are probably caused
by the reorganization of the metakaolin into the Al-Si-
spinel phase according to Eq. (3). For aluminium-contain-
ing Mixtures 2 —4, an exothermic peak is observed again
at 1219 °C (T). For Mixture 2, which contains heat-treat-
ed kaolinite, the DSC signal stabilizes after the 1219 °C
peak. Contrary to untreated kaolinite-containing Mix-
tures 3 and 4, it seems that the reaction is not finished with-
in the measured temperature range. Contrary to the initial
assumption, the dehydration of kaolinite does not signifi-
cantly affect the heat balance of the reactions, as it occurs
before, i.e. at lower temperature than other (exothermic)
reactions. Thus, the kaolinite dehydration reaction occur-
ring in situ in Mixtures 3 and 4 may even enhance the reac-
tivity of the formed metakaolin phase.

T,=999°C

Mixture 1

~
T,=1219°C

“[Mixture 2

“IMixture 3

DSC [a.u.]

4 Mixture 4

T T T T T T
200 400 600 800 1000 1200

Temperature (°C)
Fig. 4: DSC results of milled mixtures, presented in Table 1.

Fig.5 shows TG-curves for the milled Mixtures 1-4.
Mixture 1 and aluminium-containing Mixtures3 and 4
show weight loss at about 498 °C (T) related to the de-
hydration reaction observed in the DSC curves. For Mix-
ture 2 that contained heat-treated kaolinite this reaction
is missing in the DSC curve and there is no weight loss
observed for that mixture at that temperature. For alu-
minium-containing mixtures, aluminium oxidation start-
ing approximately at 600 °C is seen as an increase in the
weight loss curve. Another increase in the weight loss
curve is observed after 900 °C and after 1200 °C relating
to aluminium oxidation. TG-curves support the observa-
tion in DSC curves that with finer aluminium particle size
(Mixture 4) the oxidation rate is quicker compared to Mix-
ture 3. DSC results suggest that for heat-treated kaolinite
oxidation stabilizes after 1219 °C. According to the TG-
curves, the oxidation degree seems to be a little higher for
heat-treated kaolinite powder in the temperature range
from 600 °C to 1000 °C. After 1000 °C, oxidation seems
to be higher for Mixtures 3 and 4 than for Mixture 2.

In their study !1, Esharghawi et al. have shown DTA
curves for a mixture containing calcined kaolinite (heat-
treated at 650 °C for 1 hour) and aluminium powder (av-
erage grain size <45 um). In our study, the DSC results
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in Fig. 4 are similar to their results related to aluminium
oxidation around 600 °C, aluminium melting at 660 °C
and above 900 °C observed two exothermic peaks relat-
ed to aluminium oxidation and the reorganization of the
metakaolin. In contrast to their results, in our study, DSC
results also reveal an exothermic peak at 1219 °C for Mix-
tures 2—4. This observed difference could be related to
the use of finer aluminium in our study (average grain size
<27 pm and < 17 um) which promotes aluminium oxida-
tion.

M09+ Mixture 1 ’
—=— Mixture 2
—— Mixture 3

105

—— Mixture 4

Weight loss (%)

T T T T T T 1
200 400 600 800 1000 1200 1400

Temperature (°C)
Fig. 5: TG-curves of the milled mixtures, presented in Table 1.

(a) Thermal expansion characteristics

The thermal expansion behaviour of the compressed ma-
terial from Mixtures 1 —4 is presented in Fig. 6. Mixture 1,
where aluminium oxide hydroxide AIO(OH) was used
as the source of aluminium instead of metallic Al, clear-
ly shows shrinkage that accelerates when the temperature
reaches 1000 °C. The first unique shrinkage step for this
mixture visible at 500 °C can be attributed to the dehydra-
tion of kaolinite into metakaolin, but more importantly to
the dehydration of AIO(OH). Significant sintering of the
aluminosilicate powder at 1000—1200 °C is quite evident,
followed by a step above 1250 °C most likely caused by a
combination of mullite formation and phase transforma-
tion of aluminium oxide into the a-phase.

0,05
- ",-“ ‘m““""““-m.
0,00
—=— Mixture 1
0057 o wixture 2
——Mixture 3
_o 010 —— Mixture 4
ER
-0,154
-0,20 4
'0125 T T T T T T T T T
-200 0 200 400 600 800 1000 1200 1400 1600

Temperature (°C)
Fig. 6: Dilatometric curves of milled mixtures, presented in Table 1.
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For mixtures containing metallic Al, despite showing
very little length variation overall, some of the events de-
scribed in the TG-curves and DCS results above are dis-
cernible in dilatometric curves as well. Mixtures 3 and 4
show a small dip above 540 °C followed by a sudden rise
at650—675 °C, the latter of which is also present for Mix-
ture 2 and is probably caused by melting of the aluminium.
Since Mixture 2 does not show clear events at 540 — 600 °C,
itis safe to assume that the previously mentioned dip start-
ing at 540 °C for Mixtures 3 and 4 is due to kaolinite dehy-
dration. Other minute variations between the behaviour
of Mixtures 2, 3 and 4 above 1000 °C are inconclusive.

All of the mixtures showed a minor shrinkage event be-
low 1000 °C, most likely caused by reorganization of
metakaolin into spinel phase. The large differences in the
dimensional change between mixtures that either do or do
not contain metallic Al, suggests that there is either a very
large difference in compressibility of these powders, or
that the powders containing Al do not densify in high tem-
peratures and thus exhibit no sintering shrinkage associat-
ed with more conventional ceramic powder mixtures.

(3) Phase and microstructure analysis of the sintered

bodies

(a) Phase structure analysis of reaction-sintered speci-
mens

Phase structure analysis of the final products after reac-
tion sintering of Mixtures 1 -4 is presented in Fig. 7. It was
observed that after reaction sintering there were differ-
ences in the specimen’s phase structure homogeneity be-
tween different mixtures. Reaction sintering of Mixture 1
and 2 resulted in uniform phase structure, but for Mixtures
3 and 4, there was a difference between the interior and
the surface phase structure. XRD patterns for test Mix-
tures 1 and 2 showed stoichiometric mullite as major phase
and minor aluminium oxide phase. XRD patterns for test
Mixtures 3 and 4 showed aluminium oxide in both the sur-
faces. For these mixtures, the specimen’s interiors showed
metallic silicon and aluminium phases in addition to alu-
minium oxide. These results suggest that mullite forma-
tion is possible by reaction sintering by using heat-treated
kaolinite and aluminium powder as raw materials. When
using untreated kaolinite and aluminium as starting ma-
terial, only very minor mullite peaks are detected and the
resulting final phase structure is aluminium oxide after re-
action sintering at 1600 °C for 1 h. It should be noted that
amorphous SiO, detection from XRD curves is challeng-
ing so probably the final phase structure in Mixtures 3 and
4 also contains amorphous SiO; It could be the assumed
that also in Mixtures 3 and 4 aluminium oxide and silicon
oxide will eventually react to form mullite, only if it is
kinetically possible. Additionally, after reaction sintering
kaolinite and aluminium mixtures, the formed specimen’s
phase structure is not homogenous and its interior showed
metallic silicon and residual aluminium phases.

(b) Phase structure analysis of SHS specimens

Preheated packed powder bed surfaces of Mixtures 2 -4
were ignited in air atmosphere from the top surface using
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resistance heating. The exothermic reaction detected in the
DSC results (in Fig. 4) at above 900 °C related to alumini-
um oxidation seems to ignite the SHS reaction for all alu-
minium-containing Mixtures 2 — 4. After initialization the
reaction proceeded in self-sustaining manner through the
entire test specimens from the top surface to the bottom.
The highest measured temperature of the specimens dur-
ing the SHS reaction was 1675 °C according to the ther-
mocouple. Thus, in comparison to an earlier publication
of Esharghawi e al. 11 where the SHS experiments were
performed in flowing oxygen, our experiment proves that
the SHS also succeeded in air atmosphere using similar raw
materials mixtures. An air atmosphere is a more econom-
ic and sustainable option for synthesis compared to using
pure oxygen.

« Mullite (01-079-1456) ASilicon (04-006-4528)
+ Aluminium oxide (04-015-8996) ~ *Aluminium (04-003-2966)

.

Mixture 4_surface

Intensity [a.u.]

l Mixture 3_interior

Mixture 3_surface

Mixture 2

T LM—ML_J\M/\_J A Mixture 1

T T T T T T T T T T T 1
15 20 25 30 35 40 45 50 55 60 65 70 75
20 [degree]

Fig.7: XRD curves for reaction sintered mixtures, presented in
Table 1.

Fig. 8 shows the XRD patterns of final test pieces after
SHS. For all test Mixtures 2 -4, the resulting phase struc-
ture after SHS was aluminium oxide and metallic silicon.
Also small metallic aluminium peaks were seen for kaoli-
nite-powder-containing Mixtures 3 and 4. The difference
between the aluminium particle size in Mixtures 3 and 4
was attributed to the amount of metallic aluminium: with
finer aluminium particle size the metallic aluminium peak
intensities were smaller. It could therefore be suggested
that with finer aluminium particle size the aluminium oxi-
dation is more effective, and less metallic aluminium is left
unreacted. For heat-treated kaolinite containing test Mix-
ture 2, it seems that metallic aluminium has reacted with
metallic silicon, because aluminium silicon peaks are visi-
ble in the XRD pattern.

Esharghawi et al. 11 have reported in their study the sig-
nificant phases as being mullite, quartz, «-alumina and sil-
icon metal with traces of aluminium metal after SHS ex-
periments in flowing oxygen. Thus, flowing oxygen and
air atmosphere seem to result in different phase structures
after SHS, because mullite and quartz peaks are not visible
after SHS in air. This could result from there being more
oxygen available for the reaction to be completed.

Comparison to other previous publications in this field
is not unequivocal because similar raw material combi-
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nations do not exist in other publications. Podbolotov
et al. 12 have reported a mullite phase structure together
with potassium aluminosilicate, corundum and microcline
when 85 % kaolin and 15 % aluminium were used as raw
materials together with potassium water glass (potassium
metasilicate) as binder and different additives such as boric
acid and sodium silicon fluoride.

* Al,O;, Aluminium oxide (04-015-8996) & AI,0,, Aluminium oxide (01-078-5519)

N " 273
* 8, Silicon (03-065-1060) % Aluminium Silicon (04-003-7125)
_o Al, Aluminium (01-072-3440)

I k
|
S

Mixture 4
«

Intensity [a.u.]

Mixture 3

. . - Mixture 2

.y

45 50 55 60 65 70
26 [degree]

Fig.8: XRD patterns after SHS for milled mixtures, presented in
Table 1.

Inorder to confirm the reactions leading to the formation
of mullite, SHS test pieces were post-treated at 1600 °C for
1 h. The XRD results after that post-treatment are shown
in Fig. 9. After this post-treatment, all pieces correspond-
ing to the test Mixtures 2 —4 resulted in a mullite and alu-
minium oxide phase structure.

* Mullite (01-079-1456)
. o Aluminium oxide (04-015-8609)

A ¢ Mixture 4

Intensity [a.u.]

] Mixture 3

- Mixture 2

15 20 25 30 35 40 45 50 55 60 65 70
20 [degree]
Fig. 9: XRD patterns of post-treated SHS pieces.

The difference between tthe reaction sintering and SHS
results indicate thatitis possible to affect the reaction path
by employing SHS. Fast ignition of the reactions results
in different phases than with slow heating. Bigger speci-
men sizes in the SHS test results in lower heat losses which
make the SHS reaction possible but also change the reac-
tions and the end result.
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(c) Microstructural analysis of reaction-sintered speci-
mens

The SEM micrographs in Fig. 10 (a-d) show the mi-
crostructure cross-sections after reaction sintering exper-
iments for (a) Mixture 1 of kaolinite and aluminium oxide
hydroxide (b) Mixture 2 of heat-treated kaolinite and alu-
minium (27 um) (c) Mixture 3 of kaolinite and aluminium
(27 um) and (d) Mixture4 of kaolinite and aluminium
(17 pum). The micrographs reveal much higher porosity
in the aluminium-containing Mixtures 2, 3, and 4 than in
Mixture 1 containing aluminium oxide hydroxide as the
aluminium source. These micrographs support the differ-
ences in sinterability between these mixtures as detected
in the dilatometer curves. For Mixture 1 the dilatometer
curve showed first densification and then the reactions.
For the aluminium-containing mixtures, the reactions
dominated and the densification phase was absent, result-
ing in a more porous microstructure.

(d) Microstructural analysis of SHS specimens

Fig. 11 (a-b) shows the SEM micrographs of alumini-
um (dsq =27 m)-containing mixtures with (a) heat-treat-
ed (Mixture 2) and (b) untreated (Mixture 3) kaolinite af-
ter SHS. The microstructures seemed to be quite similar
and a high fraction of porosity was observed. Two differ-
ent phase areas were seen: denser areas of few tens of mi-
crometres and finer particles with porosity. According to
EDS analysis the denser areas are silicon rich and the finer
particles are, on the contrary, aluminium oxide rich areas.
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(4) Thermodynamic calculations

Thermodynamic calculations for the possible reactions
and reaction paths were performed beyond earlier publi-
cations in this field to show the theoretical possibilities for
SHS utilization in pure aluminosilicate ceramics process-
ing. Thermodynamic calculations for the possible reac-
tions, reaction enthalpies and adiabatic temperatures were
performed using FactSage thermochemical software with
FToxid database.

(a) Reaction sintering experiments

Reaction sintering of the powder Mixture 1 of kaolinite
and aluminium oxide hydroxide, resulted in mullite phase
structure formation, thus the following reactions were as-
sumed:

A1203 . ZSIOZ . 2H20 -

After 495 °C: Al,O5-28i0, + 2H,0 M
2AI0(0OH) - ALO; + H,0 (6

. 2(Al,03 - 2810,) —
After 999 °C: Si3Al40]2 + SIO2 (2)

3Si3A14012 d

After 1211°C: 530100, - 25105) + 5810, @)

Aluminium oxide resulting in Eq. (6) could react with
silicon oxide resulting from Eq. (2) forming a mullite phase
structure according to Eq. (7):

Fig. 10: SEM images of cross-sections of reaction-sintered specimens: (a) Mixture 1 (b) Mixture 2 (c) Mixture 3 and (d) Mixture 4 with 500x

magnification.
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Thus, the following total reaction was assumed to take
place during reaction sintering of powder Mixture 1 of
kaolin and aluminium oxide hydroxide:

3A1203 . 25102 + 4H20

Fig. 11: SEM images of cross-sections after SHS for (a) Mixture 2
and (b) Mixture 3 with 500x magnification.

Table 2 summarizes the calculated reaction enthalpies for
presented reactions for Mixture 1. The conclusion from
this is that the mullite formation of the kaolinite and alu-
minium oxide hydroxide mixture is endothermic in nature
and thus external heatis required. For the reactions (2) and
(3), thermodynamic data was not available in the database
used.

Table 2: Calculated reaction enthalpies for assumed reac-
tions during reaction sintering of Mixture 1.

Reaction Reaction enthalpy, AH [k]]
) +191
(©) +25
@) +29
8) +115

In order to the define the reaction routes for aluminium-
containing mixtures, all the Mixtures 1 —4 were heat-treat-
ed at 1100 and 1300 °C. Fig. 12 (a-d) shows XRD curves
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after 1100 °C, 1300 °C and 1600 °C for (a) Mixture 1,
(b) Mixture 2, (c) Mixture 3 and (d) Mixture 4. Mixture 1
showed aluminium silicate and aluminium oxide phase at
1100 °C, and at 1300 °C mullite phase in addition to alu-
minium oxide phase, which supported the above-suggest-
ed reaction paths for Mixture 1.

According to Fig. 12 XRD, patterns at 1100 °C for Mix-
ture 2, which contain heat-treated kaolinite and alumini-
um, showed aluminium oxide phase structure containing
also metallic silicon and aluminium phases. This observa-
tion suggests that aluminium reduces SiO; to metallic sil-
icon according to Eq. (9):

4A1 + 3510, — 35i + 2A1,0, ©)

Perhaps it could also be possible that aluminium reduces
SiO, from metakaolin as well, according to Eq. (10):

According to Fig. 12, at 1300 °C the XRD pattern for
Mixture 2 already showed mullite peaks in addition to
aluminium oxide phase. There were still metallic silicon
peaks, but the metallic aluminium peaks had disappeared,
so it could be concluded that the aluminium was fully ox-
idized. At 1600 °C the metallic silicon peaks disappeared
and the phase structure consisted of mullite and alumini-
um oxide phases. Thus, after 1300 °C it was assumed that
metallic silicon can further oxidize to silicon oxide accord-
ingto (11):

Si+ O,(g) = SiO, (11)

The formed silicon oxide can then react with aluminium
oxide in the structure to finally form mullite according to
Eq.(7):

The total reaction route during the reaction sintering of
Mixture 2 could be suggested to be the following:

After 953 °C: 4Al +30,(g) = 2A1,05(s) (5)
After 996 °C: Z(S‘?:ﬁg islos%? @)
4AL 43510, — 351 + 2ALO;  (9)

After 1219 °C: Si+ 0, SO, (11)
38i5AL,0 1, — 26ALO; - 25i0,) + 550,  (3)
3ALO; + 2510, - (3AL,0; - 25i0,) @)

According to Fig.12, at 1100 °C for Mixtures 3 and
4, which contain kaolinite, the XRD patterns show alu-
minium oxide phase structure involving also metallic sili-
con and aluminium. For these mixtures at 1300 °C metal-
lic silicon and aluminium peaks were still visible in ad-
dition to aluminium oxide as a major phase. Unlike for
metakaolin-containing Mixture 2, there were no mullite
peaks at 1300 °C but the peaks of 0- Al,O3 appeared. At
1600 °C, all the metallic silicon and aluminium peaks dis-
appeared and the major phase was aluminium oxide while
very minor mullite peaks started to appear. The total re-
action route during the reaction sintering of Mixture 3
and 4 could be suggested to be similar to that for Mix-
ture 2, although in Mixtures 3 and 4 there was also kaoli-
nite dehydration that occurs according to Equation (1) af-
ter 495 °C. But it could be detected that during the reac-
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tion sintering mixture of kaolinite and aluminium, mul-
lite formation seems to be much slower than is the case
when metakaolin and aluminium are used. This could be
due to the differences in reactivity between kaolinite and
metakaolin. One possibility is that the kaolinite dehydra-
tion reaction occurring . situ may enhance the reactivity
of the formed metakaolin phase and thus it could also be
possible thataluminium reduces SiO, from metakaolin ac-
cording to Equation (10) in Mixtures 3 and 4 too. It could
also be assumed that in Mixtures 3 and 4 aluminium ox-
ide and silicon oxide will eventually react to form mullite,
provided thatitis kinetically possible. Mechanical proper-
ties of metakaolin could be also different to those of kaoli-
nite and because of that grinding and mixing during attri-
tion milling could be more efficient in the case of the heat-
treated kaolinite. It could be also possible that kaolinite de-
hydrates in the attritor mill to some extent, hindering the
mixing process.

Table3 summarizes the calculated reaction enthalpies
and adiabatic temperatures for presented reactions for
Mixtures 2 —4. For the reactions (2) and (3), the thermo-
dynamic data was not available in the database used. For
Mixture 2, the endothermic dehydration reaction (1) was
missing. The aluminium oxidation reaction (5), the alu-
minium-reducing silicon oxide to metallic silicon reaction
(9) and the further oxidizing of silicon (11) are all exother-
mic reactions. The kaolinite dehydration (1) and mullite

* Mullite (01-079-1456) +Aluminium Silicate (00-038-0471)

@ #Aluminium oxide (04-015-8996) +Aluminium oxide (00-011-0517)
EE ;
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> o
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2 |
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formation reactions (7) are only endothermic reactions
requiring external energy. According to these thermody-
namic calculations, the reaction energy balance for mul-
lite formation from aluminium and kaolinite mixtures is
highly exothermic in nature only if sufficient oxygen is
available for the reactions to be completed.

Table 3: Calculated reaction enthalpies for assumed reac-
tions during reaction sintering of Mixtures 2 -4, present-

ed in Table 1.

Reaction  Reaction enthalpy, AH [k]] T4 [°C]
1) +191 -
®) -3351 9439
o) 619 1902
(11) -960 -
7) +29 -

In the study by Podbolotov et al. 12, aluminium powder,
quartz sand and kaolin were used as raw materials for mix-
tures. They have suggested similar chemical processes cor-
responding to our Egs. (7), (9) and (11). In their study, the
reaction enthalpies and adiabatic temperatures for the pre-
sented reactions were missing.
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El
S,
2
i
c
2o
£
T T T T T T T T
15 20 25 30 35 40 45 50 55 60 65 70
20 [degree]
*Aluminium oxide (04-015-8609) AAluminium (01-072-3440)
(d) +Silicon (04-014-8844) « Mullite (01-079-1456)
_oAluminium oxide (00-011-0517) «
N
E .
S,
2
£ )
g . :
= = Lk JU- 1600°C
o
b.
w 1300°C
W -
1100°C
T T T T T T T T T

20 (degree)

Fig. 12: XRD results after 1100 °C, 1300 °C and 1600 °C for (a) Mixture 1 (b) Mixture 2 (c) Mixture 3 and (d) Mixture 4.
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(b) SHS experiments

As the results in Table 3 show, the aluminium oxidation
is a highly exothermic reaction only if sufficient oxygen is
available for the reaction. In addition, the aluminium-re-
ducing silicon oxide to metallic silicon reaction is exother-
mic as is the further oxidizing of silicon. The kaolinite de-
hydration and mullite formation reactions are only en-
dothermic, requiring external energy. The dehydration of
kaolinite does not significantly affect the heat balance of
the reactions as it occurs before, i.e. ata lower temperature
than other (exothermic) reactions. The energy balance in
the total reactions indicates the release of energy, thus in
energy terms there is great potential for aluminosilicate-
based ceramic synthesis when aluminium is used as a raw
material. Theoretically, the saving in heating energy could
be as high as 70 % if the furnace temperature could be de-
creased from 1600 °C to 900 °C.

However, the resulting SHS materials from Mixtures
2-4 were inhomogeneous and porous, with inadequate
mechanical properties. Reasons for this could relate to the
inadequate densification mechanism related, for example,
to the absence of clear liquid phase. In addition, the spec-
imens were not densified by pressing after SHS. Future
research is needed to enable the full utilization of SHS to
obtain solid pieces with acceptable mechanical properties.
One possibility is to add oxidizing raw materials to pro-
vide sufficient oxygen for the reactions to be completed.

After post-treatment of the SHS specimens, the XRD
results show a mullite- and aluminium-oxide-containing
phase structure. Thus, the following reactions are assumed
to have taken place during the post-treatment:

After SHS and post-treatment, all the aluminium-con-
taining mixtures showed a mullite and aluminium oxide
phase structure. After reaction sintering of kaolinite and
aluminium, the mixtures showed mainly aluminium ox-
ide phase structure. In addition, the formed phase struc-
ture was heterogeneous and the specimen’s interior also
showed metallic silicon and aluminium phases. Thus, it
seems that mullite is formed quicker after SHS thanin con-
ventional reaction sintering if aluminium and untreated
kaolinite are used as raw materials.

IV. Conclusions

In the current work, the possibilities were studied for
saving energy in pure aluminosilicate-based ceramic syn-
thesis and sintering based on the use of SHS in air at-
mosphere. Kaolinite powder, aluminium oxide hydroxide
and exothermically reactive aluminium powder were used
as raw materials. Four mixtures were prepared from the se-
lected raw materials for the stoichiometric 3:2 mullite syn-
thesis. The thermal reactions and formed phase- and mi-
crostructures were compared to the conventional reaction
sintering of mullite. The role of the alumina source, the
effect of kaolinite heat-treatment and aluminium particle
size were studied. The endothermic dehydration reaction
in kaolinite was assumed to consume the exothermic heat
of the SHS reaction. To study this, in one mixture kaoli-
nite powder was first heat-treated at 850 °C for 30 min in
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order to effect decomposition of the aluminosilicate hy-
drate, kaolinite, to metakaolin. All the mixtures were pre-
pared by means of attrition milling in argon atmosphere.

Reaction sintering of the kaolinite and aluminium oxide
hydroxide mixture resulted in mullite ceramic pieces. Re-
action sintering of the heat-treated kaolinite, metakaolin,
and aluminium powder also resulted in mullite ceramic
pieces. But reaction sintering of the untreated kaolinite
and aluminium powder mixture resulted in aluminium-
and silicon oxide phase structures and only minor mul-
lite phase was detected. Additionally, after reaction sin-
tering of the kaolinite and aluminium mixture, the phase
structures of the formed pieces were not homogeneous
and their interiors showed metallic silicon and residual
aluminium phases. This could result from the differences
in reactivity between kaolinite and heat-treated kaolinite.
One possibility is that the kaolinite dehydration reaction
occurring iz situ may enhance the reactivity of the formed
metakaolin phase and thus it could be possible that alu-
minium reduces SiO, from metakaolin as well, which af-
fects the reaction rate. Dilatometer results showed huge
differences in the thermal expansion behaviour and sinter-
ability between aluminium oxide hydroxide and alumini-
um powder as the alumina source. Aluminium oxide hy-
droxide clearly showed shrinkage and significant sinter-
ing, but the mixtures containing metallic Al showed very
little variation in length overall. The large differences in di-
mensional change between mixtures that either do or do
not contain metallic Al suggest that there is either a very
large difference in the compressibility of these powders or
that the powders containing Al do notdensify in high tem-
peratures and thus do not exhibit the sintering shrinkage
associated with more conventional ceramic powder mix-
tures. It should be also noted that the particle size of the
aluminium oxide hydroxide is much smaller than for alu-
minium, which promotes sinterability.

On the basis of the thermal behaviour analysis and ther-
modynamic calculations performed, it is apparent that
mullite formation from kaolinite and aluminium oxide hy-
droxide as the alumina source is endothermic in nature,
thus external energy is needed. When exothermically re-
active raw material is used, i.e. aluminium powder, the
DSC results reveal a highly exothermic reaction starting
above 900 °C. This reaction, which is related to alumini-
um oxidation, ignited the SHS reaction and after initial-
ization the reaction proceeded in a self-sustaining manner
through entire test pieces in air atmosphere. The highest
recorded temperature during SHS reaction was 1675 °C.
According to thermodynamic calculations, in addition to
the aluminium oxidation reaction, the aluminium-reduc-
ing silicon oxide to metallic silicon reaction and the fur-
ther oxidization of silicon are exothermic. Thus, the total
energy balance for mullite formation from aluminium and
kaolinite mixtures is highly exothermic in nature only if
sufficient oxygen is available for the reactions to be com-
pleted. SHS resultsin Al,O; - Si phase structure formation
in the test pieces. The difference between the reaction sin-
tering and SHS results indicate that it is possible to affect
the reaction path by employing SHS. Contrary to the first
assumption, the dehydration of kaolinite does not signif-
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icantly affect the heat balance of the reactions as it occurs
before, i.e. at lower temperature than other (exothermic)
reactions. Thus, this affects the total energy balance, but
not the SHS reaction itself or reaction sintering. Fast igni-
tion of the reactions results in different phases than with
slow heating. Bigger specimen sizes in the SHS tests not
only make the SHS reaction possible owing to lower heat
losses but also changes the reactions and the end-result.
Theoretically, the saving in heating energy could be as high
as about 70 % if the furnace temperature could be reduced
from 1600 °C to 900 °C. Thus, in energy terms, potential
exists for utilizing SHS in aluminosilicate-based ceramic
synthesis. However, the resulting SHS materials were in-
homogeneous, porous and did not exhibit acceptable me-
chanical properties, so future research is needed to prop-
erly utilize SHS. One possibility is to add oxidizing raw
materials in order to provide sufficient oxygen for the re-
actions to be completed.
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ARTICLE INFO ABSTRACT

Keywords: This paper presents studies on the utilization of aluminosilicate-based mining tailings as raw materials for
Mining tailings mullite-based ceramics. Based on the 3:2 stoichiometric composition, mullite was synthesised by reactive sin-
Utilization tering with a series of powder mixtures with alumina additions. X-ray diffractometry and scanning electron
Mullite

microscopy analyses revealed that, at the specific mineralogical composition, mullite structure formed sur-
rounded by an amorphous glass phase in reaction-sintered powder mixtures. Results demonstrated that the
chemical and mineralogical composition of mining tailings do have an effect on mullite formation possibilities
and, only with the particular mineralogical composition, the mullite formation is possible regardless of the
correct Al:Si ratio in tailings. Physical and mechanical properties of the formed ceramics were defined, showing
comparable values to 3:2 mullite reference. Mullite structure formation enables a better thermal resistance up to
above 1450 °C of the formed tailings-based ceramics compared to other aluminosilicates, reflecting their utili-

Refractory ceramics
Reaction sintering

zation potential for refractory ceramic applications.

1. Introduction

Mining tailings are major waste materials from ore processing. In
current practice, tailings are transported in a slurry form and stored in
impoundments [1]. This causes occupation of large areas of land, costly
construction and maintenance activities, potential environmental and
ecological risks, e.g. acid mine drainage, and loss of energy and valu-
able raw materials [2]. In the path towards circular economy, mining
tailings are one key resource to be put into reuse and recycling, because
of large volumes, environmental impact and need for the efficient ex-
ploitation of natural resources [3]. The valorisation of secondary raw
materials reduces the risk of poor resource availability while simulta-
neously decreasing the amount of waste and providing cost-effective
reactants for processes [4]. Development of high-value material solu-
tions from secondary raw materials besides high-volume solutions, such
as utilization in earth construction, enhances the economic viability of
secondary raw materials utilization along with environmental benefits
[5].
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Mullite, 3A1,03-2Si0,, is one of the most important aluminosilicate
refractory ceramic materials for high-temperature applications such as
for refractory bricks, kiln furnitures or protective coatings [6-8]. Mul-
lite is the only stable crystalline aluminosilicate phase in the
Si0,-Al;05 binary system, shown detailed in study of Klug et al. [9].
Mullite has a special combination of properties, such as low density
(~ 3.2 g/cm®), high melting point (~ 1830 °C) and a low coefficient of
thermal expansion (~ 4.5%10° K) [6]. During the recent years, plenty
of research effort has been put on aluminosilicate containing waste
utilization in the manufacturing of mullite-based ceramics. In the stu-
dies of Alves et al. [5,10], mullite-based ceramics were prepared by
reaction sintering of mixtures containing kaolin clay and kaolin waste.
The results showed that the samples derived at 1500 °C from formula-
tions containing kaolin waste were composed of acicular mullite and
glass phases. In the studies of Dong et al. [11-13], mullite ceramics
were prepared from the mixtures of natural bauxite and industrial
waste fly ash. It was suggested that below 1300 °C cristobalite reacted
with alumina to form secondary mullite. At higher temperatures,
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bauxite-derived alumina dissolved into a liquid glassy phase, which was
formed from the melted fly ash under the action of different metal oxide
impurities. In the study of Jung et al. [14], mullite ceramics were
manufactured from appropriate mixtures of coal fly ash and Al,O3
powder by reaction sintering at 1500 °C. Vieira et al. [15], reported
mullite preparation from a mixture of wastes with high contents of si-
lica and aluminium hydroxide: wastes from slate rocks and aluminium
sludge from the physicochemical treatment of the wastewaters.

Existing studies suggest the potential of utilizing aluminosilicate-
based waste in mullite formation, but further research is needed to fully
understand the effects of waste materials composition, particularly the
role of impurities, on mullite formation. This paper will provide an
insight into the use of aluminosilicate-based mining tailings in mullite
synthesis and bridge the most fundamental gaps in the present under-
standing. Felsic mining tailings (FMT) are side flows rich in quartz and
alkali feldspars and, in terms of chemical composition, the dominant
oxides are silica (SiO,) followed by alumina (Al,O3) [16]. From the
composition point of view, with alumina source addition, the felsic
mining tailings hold potential as starting materials for mullite-based
ceramics. In the present study, beyond to earlier publications in this
field, the utilization of selected felsic mining tailings as raw materials
for mullite-based ceramics is examined. The underlying research hy-
pothesis is that, by modifying the raw material chemistry, it is possible
to generate mullite-based ceramics from felsic mining tailings. The
motivation for the work is that the formation of mullite structure in
ceramic materials enables better high-temperature properties compared
to other aluminosilicates. The objective in this paper is to investigate
and especially to increase the understanding of the effect of chemical
and mineralogical composition of felsic-mining tailings on the mullite
formation.

2. Experimental procedure
2.1. Mining tailings

Three Finnish felsic mining tailings were selected for investigation:
Molybdenum ore tailings [17], FMT1, Gold ore tailings [18], FMT2, and
Quartz ore tailings [19], FMT3. The samples do not represent the whole
mining tailings area of their origin, but only the shallow tailings at one
sampling point. Surface of the tailing dumpling may differ from the
overall composition of the tailing deposit. Table 1 shows the miner-
alogical analyses of the three mining tailings. Mineralogical char-
acterization included the identification and quantification of mineral
phases with scanning electron microscopy (SEM) together with ele-
mental analyses. Table 2 presents the total concentrations of oxides
(calculated as oxides) in the tailings, measured with X-ray fluorescence
spectrometry (XRF) method. The more detailed explanation of miner-
alogical analyses, geochemical analyses and sampling procedure are
described elsewhere [16]. The mining tailings were selected on the
basis of notable differences in quartz and feldspar contents in order to
investigate the effects of mineralogy on the mullite formation.

Table 1
Main minerals of the tailing samples (% total area).
Mineral group Mineral FMT1 FMT2 FMT3
Quartz Quartz, SiO, 40 11 64
Alkali feldspars Albite, NaAlSizOg 23 31 -
Andesine (Ca,Na)Al,Si,Og 12 3 -
K-feldspar, KAISi;Og 6 15 -
K-micas Biotite, K(Mg,Fe)3(AlFe) 6 20 -
8i3010(OH,F)>
Muscovite, KAl,(SizAl) 3 2 27
010(0H,F),
Clay minerals Kaolinite, Aly(Si;0s5)(OH), - - 4
Carbonate Calcite, CaCO3 - 6 -
minerals
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Table 2
Chemical composition of the mining tailing samples. Total oxide concentrations
measured with XRF method [16].

Sample Si0, Al,03 Si/Al molar Fe,0; MgO CaO KO Na,O
code ratio

FMT1 73.2 111 5.6 2.93 4.84 195 151 345
FMT2 57.3 143 3.4 5.03 3.14 536 4.66 391
FMT3 89.8 5.16 14.8 0.57 0.11 0.04 1.2 0.11

Mineralogical analysis of FMT1 showed the quartz content of 40% was
about in balance to the sum of feldspars (albite, andesine, K-feldspar).
For FMT2, the quartz content was only 11% and the sum of feldspars
was much higher, 49%. FMT2 also contained calcite, which was absent
or at trace levels in FMT1 and FMT3. The FMT3 differed from FMT1 and
FMT2 with its high quartz content, missing alkali feldspars and the
presence of kaolinite.

Table 2 shows the total concentrations of phases in the three types
of mining tailings. A more detailed explanation of analyses is described
elsewhere [16]. In all three mining tailings, SiO, was the dominant
oxide phase, followed by Al,O3;, with the overall variation in Si/Al
molar ratio being between 3.4 (FMT2) and 14.8 (FMT3). FMT2 con-
tained the greatest share of impurity oxides among the studied mining
tailings: CaO, Fe,03, K20 Na,O and MgO (~ 22%), whereas the lowest
impurity content was detected for FMT3 (~ 2%).

2.2. Sample preparation

Aiming at mullite, each mining tailings was mixed with additional
alumina source. Recipes shown in Table 3 for reaction sintering ex-
periments were formulated in order to reach the composition of 3:2
mullite (3A1,05-2Si0,). The correct Al:Si ratio for mullite composition
was balanced by adding commercially available boehmite (aluminium
oxide hydroxide, AIO(OH)) powder (provided by Sasol Germany GmbH,
average grain size < 0.77 um) to tailings FMT1, FMT2, FMT3 and the
reference sample of kaolinite. Commercial boehmite was used in this
study in order to define the behavior differences between the three
tailing samples. The portions of boehmite addition were calculated
according to chemical composition analysis of mining tailings shown in
Table 2. In total, four powder mixtures (one corresponding to stoi-
chiometric mullite composition, three with non-stoichiometric compo-
sitions) were formulated for each type of mining tailing by varying the
boehmite amount in order to study raw materials composition effects
on the formed ceramic structure, Table 3. As a reference, a stoichio-
metric 3:2 mullite sample was prepared using commercially available
kaolinite powder (Al,032S10,2H,0 or Al,Si,05(OH),)) and aluminium
oxide hydroxide (boehmite) powder. Kaolinite was provided by Merck
(average grain size < 6.68 um, high kaolin purity).

The mining tailings were received in powder form, but they were
first ground by jet milling into the particle size below 10 um in order to
increase the reactivity. The mining tailings were studied as jet-milled
and mixed with the alumina source according to Table 3. Powder
mixtures were prepared by ball milling in an attrition mill for 30 min in
air atmosphere. The attrition-milled powders were then uniaxially
compressed into green pellets of the size of 20 x 3 mm using approxi-
mately 25 MPa pressure. Heat treatment of green pellets was performed
in an ENTECH air chamber furnace in air atmosphere and in ambient
air pressure. The heating rate was 3.3 °C/min up to 1300 °C with 3h
holding time at the maximum temperature before cooling to room
temperature at the rate of 5°C/min.

2.3. Characterization methods

All three types of mining tailings and all powder mixtures were
visually examined after the reaction sintering experiments. In order to



M. Karhu et al.

Ceramics International 45 (2019) 4840-4848

Table 3

Recipe formulations for reaction-sintered specimens (wt%).
Recipe code Stoichiometry FMT1 FMT2 FMT3 Kaolinite AlO(OH)
Sint01 stoichiometric 33.6 - - - 66.4
Sint02 non-stoichiometric 50.4 - - - 49.6
Sint03 non-stoichiometric 67.0 - - - 33.0
Sint04 non-stoichiometric 83.5 - - - 16.5
Sint05 stoichiometric - 40.4 - - 59.6
Sint06 non-stoichiometric - 55.4 - - 44.6
Sint07 non-stoichiometric - 70.5 - - 29.5
Sint08 non-stoichiometric - 85.2 - - 14.8
Sint09 stoichiometric - - 28.8 - 71.2
Sint10 non-stoichiometric - - 46.4 - 53.6
Sint11 non-stoichiometric - - 64.0 - 36.0
Sint12 non-stoichiometric - - 82.0 - 18.0
Reference stoichiometric - - - 51.8 48.2

understand the differences in behavior between the mining tailing
compositions, the thermal behavior of FMT1, FMT2, FMT3 and attri-
tion-milled powder mixtures of stoichiometric mullite composition
(Sint01, Sint05, Sint09) was studied using thermogravimetric analysis
(TGA, Netzsch STA449 F1 Jupiter) in Differential Scanning Calorimetry
(DSC) and thermogravimetry (TG) modes. The tests were conducted in
air atmosphere in a temperature range from 40 °C to 1300 °C at the
heating rate of 10 °C/min. In order to verify the differences in melting
behavior between the alkali feldspar-containing tailings FMT1 and
FMT2, additional heat treatments were carried out in the temperature
range of interest, selected based on DSC results.

The thermal expansion and sintering shrinkage behaviors of the
stoichiometric mullite powder mixtures (Sint01, Sint05, Sint09) were
studied using horizontal pushrod dilatometers (Adamel Lhomargy DI-
24 and Netzsch DIL 402 Expedis). The dilatometers require defined
specimen dimensions and geometry, limited by the inner dimensions of
the heating chambers, geometry of sample holders and maximum travel
of the pushrods. Here, the attrition-milled powder mixtures were uni-
axially pressed (5kN) into pellets with a diameter of 11.6 mm. The
dilatation was measured in air atmosphere within the temperature
range from 20 °C to 1450 °C and the heating rate of 5°C/min.

Microstructural analysis of mining tailings and reaction-sintered
powder mixtures covered the determination of phase structure and the
overall microstructure with compositional analysis of the micro-
structural details. Phase structure analyses of the materials were per-
formed using X-ray diffractometry (XRD, Empyrean, PANalytical B.V.
device, ALMELO) and CuKoa radiation source, and analysed using
HighScore Plus software with ICDD database. Microstructural and

Table 4
Visual observations results after the heat-treatments of the specimens.

compositional investigations of the materials were conducted with field
emission scanning electron microscopy (FESEM, Zeiss ULTRAplus mi-
croscope) and energy-dispersive spectrometry (EDS, INCA Energy 350
with INCAx-act silicon drift detector equipped in FESEM, Oxford
Instruments). For microstructural analyses, metallographic cross-sec-
tions were prepared by casting cut sections of specimens in Epofix cold
setting resin under reduced pressure. The casts were then ground, po-
lished and carbon coated for electrical conductivity. The polished cross-
sections were studied by angle-selective backscattered electron (AsB)
detector in order to maximize the compositional contrast.

Apparent solid density, bulk density and open porosity of reaction-
sintered Sint01, Sint05, Sint09, and the reference samples, all with
stoichiometric mullite composition, were investigated according to
Archimedes principle following the ISO18754 standard. Compressive
strength values were determined for the same materials than the den-
sity and porosity values. These were measured using an INSTRON
testing system according to the standard ISO 20504:2006. Rectangular
samples with dimensions of approximately 15mm X 40mm were
employed in the compression tests, with the used compression speed
being 1 mm/min.

3. Results and discussion
3.1. Thermal behavior
Compressed pellets of mining tailings (FMT1, FMT2 and FMT3) and

all powder mixtures (Sint01-Sint12) were visually examined after the
reaction sintering experiments. The observations made after the heat

Specimen Composition (wWt%) Observations after heat-treatment at 1300 °C/3 h
FMT1 Quartz Alkali feldspars K-micas Melted completely, loosing shape
40 41 9
FMT2 11 49 22 Melted completely, loosing shape
FMT3 64 - 27 Retained shape, no melting observed but clearly fractured
Sint01 FMT1 Boehmite Retained shape, no melting observed
33.6 66.4
Sint02 50.4 49.6 Retained shape, no melting observed
Sint03 67.0 33.0 Retained shape, no melting observed
Sint04 83.5 16.5 Retained shape, no melting observed
Sint05 FMT2 Boehmite Retained shape, no melting observed
40.4 59.6 Retained shape, no melting observed
Sint06 55.4 44.6 Retained shape, no melting observed
Sint07 70.5 29.5 Melting observed
Sint08 85.2 14.8 Melted completely, loosing shape
Sint09 FMT3 Boehmite Retained shape, no melting observed, but clearly fractured
28.8 71.2
Sint10 46.4 53.6 Retained shape, no melting observed
Sint11 64.0 36.0 Retained shape, no melting observed
Sint12 82.0 18.0 Retained shape, no melting observed
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Fig. 1. DSC curves for mining tailings FMT1, FMT2, FMT3 and recipes Sint01,
Sint05 and Sint09.

treatments of the specimens are summarized in Table 4. The com-
pressed pellets of pure FMT1 and FMT2 melted completely, losing their
shape in the heat-treatment due to melting. On the other hand, no
melting was observed for the pellet of FMT3, but the specimen was
clearly fractured during the heat treatment. High alkali-feldspar con-
tents of FMT1 and FMT?2 tailings compared to that of FMT3 probably
caused this difference. As mentioned earlier, feldspars contain alkali
metals, which decrease the melting temperature. In the work Raith
et al. [20] feldspars melting behavior was studied, that supported the
observations. All the FMT1 (Sint01-Sint04) and FMT3 (Sint09-Sint12)
containing mixtures balanced with boehmite additions retained their
shape during reaction sintering. Among the FMT2 containing powder
mixtures, only the mixtures (Sint05 and Sint06) with the highest
boehmite additions retained their shape during reaction sintering, thus
the mixtures Sint07 and Sint08 experienced melting during the heat
treatment.

Fig. 1 shows DSC curves and Fig. 2 TG curves for pure mining
tailings FMT1, FMT2 and FMT3 and the stoichiometric mullite powder
mixtures with boehmite (recipes Sint01, Sint05 and Sint09). For pure
tailings, the first phase transformation occurred at 574 °C as a small
endothermic peak for all three tailing samples. No notable weight
change was related to this phase transformation, based on which the
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Fig. 2. TG curves for mining tailings FMT1, FMT2, FMT3, and selected recipes
Sint01, Sint05 and Sint09.
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peak could be associated with quartz alfa-beta phase transition, de-
scribed by Christidis [21]. With increase in temperature, the DSC curve
of FMT2 contained an endothermic peak at approximately 741°C
(Fig. 1), connected with weight change by 2.5% in TG curve (Fig. 2).
This transformation was probably related to calcite phase decomposi-
tion, because FMT2 includes calcite (according to the mineralogy
analysis, Table 2). Both FMT1 and FMT2 curves involved also a peak at
approximately at 1176 °C for FMT1 and at slightly (about 20 °C) higher
temperature for FMT2, relating most probably to the appearance of the
liquid phase for both tailings. The DSC curve for FMT3 further included
a transformation peak at 820 °C (Fig. 1), likely relating to quartz to
cristobalite transformation as temperature increases [22].

The curves for powder mixtures with boehmite additions (Sint01,
Sint05 and Sint09) all contained the first phase transformation peak at
approximately 486 °C (Fig. 1) connected with a significant weight
change by approximately 10% in TG curve (Fig. 2). This transformation
was associated with the boehmite dehydraoxylation (dehydration and
simultaneous alumina formation). For powder mixture Sint05, an en-
dothermic peak in a DSC curve appeared at approximately the same
temperature than for pure FMT2 tailing and was likely associated with
the calcite decomposition process on the basis of the slight further
weight loss during the reaction. For the powder mixture Sint 09, the
DSC curve included an exothermic peak at slightly above 1200 °C,
which could indicate the kaolinite transformation to mullite, as earlier
reported by MacKenzie et al. [23].

A liquid phase formed most easily in the presence of high-alkali
content mining tailings FMT1 and FMT2. DSC curves (Fig. 1) showed
for FMT1 and FMT2 a slope decline starting above 900 °C and featuring
a clear peak approximately at 1176 °C for FMT2 and about 30 °C higher
temperature for FMT1. FMT3 did not show a similar trend, which could
(together with Fig. 1) indicate this transformation was related to the
formation of a liquid phase, i.e., melting of FMT1 and FMT2. For FMT2
the decline in the DSC curve slope was steeper as compared to that for
FMT1, which could refer to a higher liquid phase amount. Literature
shows quite large variation in the melting temperatures of feldspar
minerals. For example, for albite, of which FMT1 contains 21% and
FMT2 31%, Natrovsky et al. [24] reported the melting temperatures
between 1105 and 1145 °C, Johnson & McCauleyn [25] demonstrated
the melting temperature of 1134 °C and Sokolaf &Vodova [26] showed
melting not until 1180 °C. In order to verify the differences in melting
behaviors between FMT1 and FMT2, samples were extra heat treated at
the temperature range of interest (1000°C —1150°C). Fig. 3 shows
compressed FMT1 and FMT2 pellets after heat treatment at three
temperatures; 1000 °C, 1100 °C and 1150 °C for 1 h. Figure shows that
in FMT2, the liquid phase formed already between 1000 °C and 1100 °C,
while in FMT1 the liquid phase formation started at somewhat higher
temperatures, between 1100 °C and 1150 °C.

The thermal expansion behavior of the compressed powder mixtures
(Sint01, Sint05, Sint09), in the form of dilatometric curves, is presented
in Fig. 4. The first shrinkage step for all test materials was visible at
500 °C and was attributed to the dehydration of boehmite, as mentioned
also in the context of DSC curves. The second, sintering-derived and
thus more significant shrinkage of all FMT mixtures (Sint01, Sint05 and
Sint09) occurred above 1100 °C. Since all of the compressed powder
mixtures showed clear evidence of sintering, these results promote the
use of the sintering temperature of at least 1300 °C for producing dense
matter by reaction sintering of raw material mixtures discussed in this
paper.

3.2. Phase structure analysis

XRD patterns for FMT1, FMT1 after heat treatment, and FMT1 based
reaction-sintered powder mixtures (Sint01-Sint04) are shown in Fig. 5.
The XRD curve for FMT1 powder was characterized by peaks related to
quartz, biotite/muscovite and albite phases, consistent with the mi-
neralogy presented in Table 1. FMT1 was completely melted during the
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Fig. 3. Precompressed tailings FMT1 pellets after heat treatments at (a) 1000 °C for 1 h, (b) 1100 °C for 1 h, (c) 1150 °C for 1 h, and FMT2 after heat-treatments at (d)

1000 °C for 1 h, (e) 1100 °C for 1 h, and (f) 1150 °C for 1 h.
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Fig. 4. Dilatometric curves of the mixtures Sint01, Sint05 and Sint09.

heat treatment and, therefore it was crushed in a ball mill before the
XRD measurements. The XRD pattern collected for the crushed powder
FMT1 after heat treatment showed no peaks of crystalline phases.
Hump detected in the curve at low 20 values may result from the fine
structure or even amorphous phase.

All reaction-sintered powder mixtures (FMT1 balanced with boeh-
mite, Table 3) were clearly crystalline and involved mullite as the main
crystalline phase. XRD patterns involved also corundum peaks, which
indicates some unreacted (dehydrated) boehmite. This finding was
further justified by the fact that corundum peak intensities decreased
when the boehmite amount in the mixtures decreased. A broad hump
between 15° and 30° in XRD patterns indicated the presence of amor-
phous phase in all reaction-sintered powder mixtures, being most evi-
dent in Sint04 curve. According to XRD patterns, the mullite peak
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Bt+Mu= Biotite, Muscovite (04-011-6849)
Q= Quartz, SiO, (04-007-0522)
A= Albite (04-017-1022)

M= Mullite (04-016-1588)
C= Corundum,a-Al,0, (01-073-6190)
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Fig. 5. XRD patterns of jet-milled FMT1, heat-treated FMT1 and reaction-sin-
tered pieces Sint01-Sint04.

intensities decreased and the amorphous phase amounts increased with
increase in mining tailings content in the powder mixture recipe. No
high-intensity peaks related to the phases identified in the pure tailings:
quartz, biotite/muscovite and albite, were seen in XRD spectra for the
reaction-sintered mixtures. This is a sign that reaction sintering has
been successful.

XRD patterns for FMT2, heat-treated FMT2, and reaction-sintered
powder mixture specimens Sint05-Sint08 are shown in Fig. 6. In the
XRD pattern for FMT2, analysis identified peaks associated with quartz,
albite, biotite/muscovite and calcite, in agreement with mineralogical
analysis (Table 1). FMT2 was completely melted in the heat treatment,
and for that reason, the melted FMT2 sample was crushed in a ball mill
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Fig. 6. XRD patterns for jet-milled FMT2, heat-treated FMT2 and reaction-
sintered pieces Sint05-Sint08.

into powder form for the XRD measurements. Small corundum peaks
detected in the XRD spectrum for melted FMT2 sample were probably
due to the contamination from alumina substrate when removing the
melted sample.

Conversely to reaction-sintered FMT1 containing mixtures, XRD
spectra for FMT2 based powder mixtures (Sint05-Sint08) did not in-
volve mullite peaks after reaction sintering experiments. However,
peaks related to at least one crystalline phase could be detected in
addition to corundum phase in the XRD patterns for reaction-sintered
specimens. Sokolar and Vodova [26] suggested in their study that so-
dium-calcium-containing mineral mixture (simulating oligoclase)
transformed into the combination of a major phase of anorthite and a
minor phase of albite when heated above 1275 °C. Also here, anorthite
could be suggested as the crystalline phase as a result of andesine
transformation or reaction between calcite and albite. A broad hump
between 15° and 30° in XRD patterns indicated the presence of an
amorphous phase in the reaction-sintered specimens. In addition, for
FMT2 containing powder mixtures, no marks from the phases identified
in pure FMT2 remained in the sintered mixtures: the peaks related to
quartz, albite, biotite/muscovite and calcite had disappeared from the
XRD spectra.

XRD patterns for FMT3, heat-treated FMT3 and reaction-sintered
powder mixtures containing FMT3 (Sint09-Sint12) are shown in Fig. 7.
The XRD curve for FMT3 contained quartz and muscovite peaks,
equally to mineralogical analysis (Table 1). After heat treatment, XRD
pattern for FMT3 involved cristobalite peaks and some small peaks
related to quartz. Also minor mullite peaks were seen in the XRD curve
for the heat-treated mining tailing sample, most probably due to mus-
covite reaction (all muscovite peaks were disappeared after the heat
treatment). Aasly [22] has shown that the quartz phase transforms into
cristobalite at high temperatures, thus evidently this transformation has
occurred here. In addition, XRD analyses for reaction-sintered powder
mixtures with boehmite additions revealed cristobalite peaks, the in-
tensities of which decreased with increase in boehmite amount. XRD
patterns for reaction-sintered powder mixtures also included quartz
peaks, indicating that also unreacted quartz was retained in reaction-
sintered specimens. The curves also contained peaks associated with
mullite and corundum. Corundum peaks were the highest for the
mixture of the highest boehmite addition, thus unreacted corundum
was retained in the structure. No amorphous hump was detected in the
XRD spectra for FMT3 based samples due to the absence of glass for-
mers, like alkali fluxes.
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M= Mullite (04-016-1586)
C= Corundum,a-AL,O, (04-008-3293)
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Q= Quartz, SiO, (04-007-0522)
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Fig. 7. XRD patterns for jet-milled FMT3, heat-treated FMT3 and reaction-
sintered pieces Sint09-Sint12.

3.3. Microstructure analysis

FESEM micrographs of reaction-sintered powder mixture specimens
(a) Sint01, (b) Sint02, (c) Sint03 and (d) Sint04 consisting of FMT1 with
boehmite additions are shown in Fig. 8. FESEM images revealed that
the microstructures formed in reaction sintering consisted of evenly
distributed and networked needle-shaped crystals surrounded by an
amorphous glass phase (seen as uniform areas between the networked
needles). Microstructure also involved separate randomly distributed
clusters of nearly equiaxed crystals. Porosity, seen in black contrast,
was also present in most cases, particularly in Sint01.

EDS analyses together with XRD results enabled to identify the
crystalline needle network as the mullite phase (with Al/Si ionic ratio of
the 3:1 corresponding to 3:2 mullite). Separate clusters of equiaxed
crystals were identified as the corundum phase. Crystalline phases were
surrounded by an amorphous aluminosilicate glass phase with traces
(~ 2wt%) of Na, K and Ca. According to EDS analyses, it is challenging
to draw any definite conclusion about the Fe distribution, due to
complexity of microstructural details and fine crystal size compared to
electron beam size and analysis spot dimension exceeding the crystal
detail size. According to EDS analyses, Fe was present in the amorphous
phase but traces of it were detected also in the mullite needles. FMT1
contained 6% biotite, which is a Fe-rich mineral, which could partly
explain the presence of Fe in the mullite needles. Microstructural
images support the observations based on the XRD curves that the
amount of amorphous phase increased with decrease in the amount of
boehmite.

XRD, SEM and EDS analyses suggested that, during the reaction
sintering of FMT1 containing mixtures, Sint01, Sint02, Sint03 and
Sint04, the original minerals included in FMT1, i.e., alkali feldspars and
K-micas, converted into liquid form. Higher temperature increased the
solubility of silica to the melt, which enabled silica reaction with alu-
mina (resulting from boehmite). Mullite phase then crystallized from
the aluminosilicate melt. According to Schneider et al. [6], mullite
crystals that have grown from aluminosilicate melt usually display
acicular (needle-shaped) morphology, which also supports this as-
sumption.

Fig. 9 shows FESEM micrographs of reaction-sintered powder mix-
ture specimens of (a) Sint05 consisting of FMT2 and (b) Sint09 con-
sisting of FMT3 with boehmite additions. The microstructure formed
from FMT2 containing powder mixture (Fig. 9a) contained needle-
shaped crystals with the length of approximately 5-10 um and sur-
rounded by an amorphous phase. In addition, here, randomly dis-
tributed crystal clusters appeared in occasional areas; these were
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Fig. 8. FESEM images (AsB) of the cross-sections of at 1300 °C for 3 h reaction-sintered (a) Sint01, (b) Sint02, (c) Sint03, and (d) Sint04 specimens.

identified as corundum according to combined EDS and XRD analyses.
According to EDS analyses, the crystal needles were identified as an Al-
rich aluminosilicate phase. One possibility is that calcite is reacting in
feldspar melt and crystallized into anorthite as suggested in XRD re-
sults.

As a conclusion, it seems that also in the case of FMT2, the original
phases of albite, biotite, K-feldspar and quartz did melt and formed a
new aluminosilicate crystalline phase. For some reason, mullite was not
detected after the reaction sintering process regardless of the correct
Al:Si ratio in the Sint05 mixture. Sint05 contains FMT2, in which the
amount of impurities was the highest among the studied mining tailings
(FMT1, FMT2, FMT3).

FESEM examinations, Fig. 9(b), revealed that Sint09 specimen that
contains FMT3 with boehmite addition had a microstructure consisting
mainly of coarse grains. There were also visible macro cracks in the
structure. According to EDS analyses, the coarse grains were identified
as quartz grains, which is supported by XRD analyses. Corundum
crystals were identified between the quartz grains and, to some extent,
their clustering was observed. Occasional single mullite needles were
identified according to EDS analyses, probably resulting from kaolinite
heating. These results suggest for FMT3 with low alkali content and
high silica content that much of the quartz phase was retained un-
reacted in the reaction sintering experiments. It could be possible to
facilitate mullite formation with notably higher sintering temperatures.
For example, the mullitization temperature for the solid-state reaction
between Al,O3 and SiO, particles can be higher than 1650 °C for the
completion of the reaction.

Presented results showed that mullite crystallizes from aluminosi-
licate melt in alkali-feldspar- and quartz-containing tailing, FMT1,
mixed with boehmite. However, mullite does not form in the mixtures
of FMT2 bearing higher alkali-feldspar and lower quartz content as
compared to FMT1. According to the received results, it is suggested
that only with a particular mineralogical composition the mullite for-
mation is possible regardless of the correct Al:Si ratio. It seems that one
important factor in mining tailing mineralogical composition for the
following mullite formation is the amount of alkali feldspars in relation
to quartz. Mineralogical analysis for FMT1 (Tables 1, 2) shows that the
quartz content was about equal to the sum of alkali feldspars. For
FMT2, the quartz content was only 11% and the alkali feldspars content
was relatively much higher. Another mineralogical difference between
the studied mining tailings FMT1 and FMT2 was the Fe-containing
micas. In FMT2, the amount of mica was relatively much higher (20%
compared to 6% in FMT1).

In the study by Sokolar and Vodova [26] it was shown that the
melting of feldspars is dependent on many factors, such as the rate of
heating and the content of alkali oxides. For the melting of feldspars,
not just the total content of feldspar components are important, but also
the ratio between potassium and sodium feldspars (i.e. between K,O
and Na,0). At the appropriate ratio, low-melting eutectics may appear,
with a melting temperature substantially lower than the melting tem-
perature of pure feldspars. Results presented here suggest that one ex-
planation for the differences for mullite crystallization between the
three felsic tailings with different mineralogical compositions could
relate to differences in the melting temperatures of FMT1 and FMT2.

Fig. 9. FESEM images (AsB) of cross-sections of at 1300 °C for 3 h reaction-sintered (a) Sint05, and (b) Sint09 specimens.
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Table 5
Apparent density, bulk density and open porosity values of the studied speci-
mens and reference.

Recipe code Apparent solid Bulk density (g/ ~ Open porosity

density (g/cm®) cm?) (%)
Sint01_1300C/3h 2.7 = 0.02 2.6 = 0.05 6.1 = 1.12
Sint05.1300C/3h 3.0 = 0.004 2.9 = 0.005 2.4 = 0.06
Sint09_1300C/3h 3.1 = 0.007 2.4 = 0.02 24 * 0.71
Reference 3.1 = 0.001 2.3 = 0.02 25 + 0.51

Results indicate that mullite crystallization in aluminosilicate melt is
possible if the crystallization temperature for mullite is high enough.
For this approach, the composition plays an important role, i.e., the
amount of alkalis.

3.4. Structural integrity and strenght

Table 5 summarizes apparent density, bulk density and open por-
osity values for the reaction-sintered powder mixture specimens Sint01,
Sint05, Sint09 and the stoichiometric 3:2 mullite used as a reference.
Results are average values determined for three parallel samples. The
results showed that open porosity was much lower for the specimen
Sint01 containing FMT1 and Sint05 containing FMT2 that are rich in
alkali feldspars compared to Sint09 containing FMT3 that does not
contain alkalis. The formed liquid phase clearly promoted the densifi-
cation of the structure. No clear trends were detected between density
values and the specimen composition.

Fig. 10 shows the compressive strength values for the reaction-sin-
tered specimens containing FMT1 (Sint01), FMT2 (Sint05), FMT3
(Sint09) and for the reference. Results are average values of five mea-
surements. The results disclosed that the strength values (> 60 MPa) of
the mining tailing containing specimens were of the same magnitude
than for the reference. As porosity results, Table 5, revealed, the formed
liquid phase (Sint01 and Sint05) promoted the densification of the
specimens, which had a slight positive effect on strength values. Thus,
the highest overall strength values were obtained for sample Sint05,
with the powder mixtures with the lowest open porosity. Conversely,
the lowest strength values were detected for Sint09, being characterized
by the highest open porosity. However, the strength values of Sint09
and the reference were still at sufficient level despite of the high por-
osity in these specimens. The most significant difference between the
mining tailing based samples and the reference was the extent of scatter
in the strength values: in the case of all mining tailings based samples
(Sint01, Sint05, Sint09), the scatter was approximately 2-3 times that
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Fig. 10. Compressive strength values at 1300 °C for 3 h reaction-sintered spe-
cimens.
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in the case of the reference sample. Magnitude of the scatter in strength
values was higher than the scatter reported in the works of Alves et al.
[5] and Dong et al. [12]. They both reported flexural strength values.
This was probably because of a great structural heterogeneity between
local areas in the reaction-sintered mining tailing samples, particularly
concerning the distribution of the amorphous glass phase.

3.5. Mullite formation and thermal resistance

Characterization results showed that high alkali-feldspar content
caused pure FMT1 to melt already above 1100 °C (Fig. 3). By modifying
the chemical composition of the mining tailing with boehmite addition
it was possible to generate microstructure that included acicular mullite
network surrounded by amorphous glass phase. According to the re-
search hypothesis, the formation of mullite would improve the thermal
resistance and enable use at higher temperatures of the formed ceramic
materials.

In order to prove the improved thermal resistance of the samples
containing mullite structure, the reaction-sintered Sint01, Sint05 and
Sint09 pellets from the first dilatometer measurements were subjected
again to dilatometer measurements, which were conducted at 1450 °C.
The results, Fig. 11, show a clear difference between Sint01, which
contains the mullite structure, and Sint05, where mullite structure was
not formed. During reheating Sint05, a clear transformation still oc-
curred, first after 1100 °C and second after 1300 °C, most probably due
to liquid phase formation. In contrast, reheating Sint01 and Sint09 in-
troduced homogenous and linear expansion of the specimen. Small
shrinkage occurred after 1300 °C, what indicated that the sintering
observed in the previous measurements had not been complete. In the
forthcoming works, the optimal reaction sintering time and tempera-
ture will be studied in more detail. In addition, the high temperature
properties of the mullite containing specimens will be studied more
thoroughly in order to establish their applicability for refractory uses.

4. Conclusions

The results of the presented study enable the following conclusions:

—

. High alkali-feldspar contents cause molybdenum ore tailings
(FMT1) and gold ore tailings (FMT2) to melt already slightly above
1100 °C. Therefore, these tailings as such are not suitable for re-
fractory applications requiring thermal resistance up to higher
temperatures.

. XRD, FESEM and EDS analyses suggest that, by reaction sintering at
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Fig. 11. Dilatometric curves of reheating of the reaction-sintered Sint01,
Sint05, and Sint09 pellets.
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1300 °C for 3h with boehmite, molybdenum ore tailings (FMT1)
containing powder mixtures yield acicular mullite structure sur-
rounded by amorphous glass phase. During the heat treatment, the
original minerals in the tailings: alkali feldspars and K-micas, con-
vert into a liquid form. Higher temperature increases the solubility
of silica to the melt, which subsequently enable silica reaction with
alumina (resulting from boehmite) into mullite. Thus, mullite phase
crystallizes from the aluminosilicate melt.

. Mullite does not form in the mixtures of gold ore tailings (FMT2),

having the highest amount of alkali-feldspars among the three
mining tailings, although the aluminosilicate melt forms, similarly
to molybdenum ore mining tailing case. According to the results, it
is suggested that only with the particular mineralogical composition
the mullite formation is possible regardless of the correct Al:Si ratio.
One important factor in tailing mineralogical composition with re-
spect to mullite formation is the amount of alkali feldspars in rela-
tion to quartz. Excess amount of iron-rich mica minerals may also
prevent the mullite formation.

. In quartz ore tailings (FMT3), aluminosilicate melt does not form

and mullite is thus not crystallized from the melt. Reaction-sintered
specimens were clearly fractured. For FMT3 with low alkali content
and high silica content, the quartz retained largely unreacted in the
reaction sintering experiments. It may be possible to facilitate the
mullite formation with notably higher sintering temperatures via
solid-state reaction between Al,O3 and SiO, particles.

. Porosity is much lower in reaction-sintered specimens containing

molybdenum ore tailings (< 6%) and gold ore tailings as compared
to the quartz ore tailings (24%). The liquid phase that form in the
two former systems in the presence of boehmite promote the den-
sification of the structure. Molybdenum ore tailings and gold ore
tailings containing specimens show compressive strength values
(> 60 MPa) comparable to the corresponding values for the re-
ference, yet with a greater scatter.

. Mullite network formation enables better thermal resistance up

to > 1450 °C for the formed ceramic materials as compared to other
aluminosilicate phases in the samples, showing potential to be used
for refractory ceramic applications.
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Abstract. In this paper, we present results of a study about the possibilities of utilizing talc ore mining tailings as a refractory raw
material aiming at magnesium aluminate MgAl,O, spinel composition. The mine tailings are rich in magnesite but contain also
other minerals such as talc, chlorite, dolomite, and iron sulphides. As alumina source for spinel synthesis, we studied also another
secondary raw material, an aluminium hydroxide precipitate, a by-product generated from the pickling process of aluminium
anodizing. The goal of this paper is to study and compare a pure Mg—Al-O system and the corresponding Mg—Al-O system with
some impurities. The formed phase and microstructures were examined by XRD, FESEM, and EDS studies. The thermal

behaviour was studied using thermogravimetric analysis.

Key words: mining tailings, refractory ceramics, magnesium aluminate spinel, value from waste.

1. INTRODUCTION

Magnesium aluminate (MgAl,O,), spinel is the only
intermediate compound in the phase diagram of the
system MgO-Al,O; [1]. It is an excellent refractory
oxide having useful physical, chemical, and thermal
properties: a high melting point (2135 °C), excellent
resistance against chemical attack, and very good thermal
characteristics both at ambient and elevated temperatures.
Due to these desirable properties, MgAl,O, spinel has
a wide range of applications in the structural, chemical,
optical, and electrical industries [2,3]. As a refractory
material, MgAl,O, spinel has applications in the form of
sintered ceramics or coatings, e.g. for surfacing furnace
parts. In particular, porous MgAl,O,4 spinel ceramic
is used as a thermally insulating material at high tem-
peratures for the steel-making industry [4]. Due to

' Corresponding author, marjaana.karhu@vtt.fi

its high melting point and high chemical inertness,
MgALOy, spinel has also been used to replace traditional
chromite-based refractories in cement rotary kilns and
steel ladles [5].

Calcination of magnesite (MgCOs3) is the principal
route by which magnesia (MgO) is formed for the use
as a refractory ceramic raw material [6]. In Europe,
magnesite is extremely scarce and in high demand, thus
it was included in the 2014 EU ‘Critical Raw Materials’
list [7]. China, North Korea, and Russia account for
65% of the global magnesite reserves with China being
the largest magnesite producer [8]. In the path towards
resource efficiency, mining tailings are a key resource
to take advantage of considering their large volumes,
environmental impact, and the need for the efficient
exploitation of natural resources [9].

In this paper, we discuss possibilities of utilizing
mine tailings from talc ore mining as a refractory raw
material aiming at magnesium aluminate (MgAl,O,)



spinel composition. The main goal of the research was
to examine the possibility of utilizing mining tailings
containing impurities as low-cost, but presumably non-
ideal, raw materials in an effective way. Mine tailings
from talc ore mines are rich in magnesite (70-80%).
Other minerals are 10-15% talc, 5-10% chlorite, 2—10%
dolomite, and 0.5—1% iron sulphides [10]. As the alumina
source for spinel synthesis, we used another secondary
raw material, an aluminium hydroxide precipitate, a
by-product generated from the pickling process of
aluminium anodizing. As a reference, a stoichiometric
MgAlL O, spinel was synthesized by using commercially
available MgO and AIO(OH) powders. The goal was
to compare a pure Mg—Al-O system and an analogous
Mg-Al-O system with some impurities (Si*", Fe*" cations)
present. The formed phase and microstructures were
examined by X-ray diffraction (XRD), field emission
scanning electron microscopy (FESEM), and energy
dispersive spectroscopy (EDS) studies. The ultimate
aim of the research was to examine the possibility of
utilizing impurity containing mining tailings as eco-
nomical but presumably non-ideal raw materials in an
effective way.

2. EXPERIMENTAL PROCEDURE

2.1. Raw materials

The raw materials selected for the investigation were
mining tailings from a talc ore mine and aluminium
hydroxide precipitate, a by-product generated from the
pickling process of aluminium anodizing. The mining
tailings sample was taken from one point of a temporary
storage pile; therefore, it is not necessarily representative
of the whole mining tailings area of its origin as the
mineralogy, grain size, and chemistry of tailings may
vary in different parts of the deposit. Table 1 shows
the mineralogical composition of the talc ore tailings.
Mineralogical characterization included the identification
and quantification of mineral phases with scanning
electron microscopy (SEM) together with elemental
analyses. Table 2 presents the total concentrations of
cations (calculated as oxides) in the tailings sample,
measured with X-ray fluorescence spectrometry (XRF).

Table 1. Main identified minerals in the talc ore tailings sample
(% of total volume)

Mineral l Content, vol%
Magnesite, MgCO; 80.4
Talc, Mg3Si40,4(OH), 9.4
Chlorite, (Mg,Fe)sAl(Si;A1)O,o(OH)g 4.9

Dolomite, CaMg(CO;), 1.8
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Table 2. Chemical composition of the talc ore tailings sample
as revealed by XRF

| MgO [ siO, | Fe,05 | ALO;
385 101 816 061

Tailings content, %

The more detailed explanation of the mineralogical
analyses, geochemical analyses, and sampling procedure
is presented in [11].

As the alumina source, aluminium hydroxide pre-
cipitate, a by-product generated from the pickling process
of aluminium anodizing, consisting mainly of gibbsite
(aluminium oxide trihydroxide, AI(OH);) with traces of
Na,SO,4, was used. As a reference, pure magnesium
aluminate MgAl,O,4 spinel was prepared using com-
mercially available powders of MgO and boehmite
(aluminium oxide hydroxide, AIO(OH)), average grain
size <0.77 um. The MgO powder was provided by
Inframat and the boehmite powder, by Sasol Germany
GmbH.

2.2. Synthesis experiments

Experimental powder mixtures were prepared aiming at
magnesium aluminate (MgAl,O4) spinel composition.
Recipes shown in Table 3 were formulated with 1:2
Mg to Al molar ratio. The talc ore tailings were received
in powder form, but the powder was first ground by jet
milling into the particle size below 10 pm in order to
increase its reactivity and ensure a good mixing of the
ingredients. Ceramic powder suspensions (water-based)
were prepared from raw material mixtures by bead milling
for 15 min. Suspensions were dried with an industrial
scale spray dryer Niro Atomizer to produce agglomerated
powders. Agglomerated powders were uniaxially com-
pressed into green pellets of 20 mm x 3 mm using
approximately 25 MPa pressure. Green state pellets were
heat treated in an ENTECH air chamber furnace in
ambient air atmosphere and pressure. The powders were
heat treated at six different temperatures: 1000, 1100,
1200, 1300, 1400, and 1500 °C. The heating rate was
3.3 °C/min up to the maximum temperature. After 3 hours
of holding time, the mixtures were cooled to room tem-
perature at the rate of 5 °C/min.

Table 3. Test matrix recipes for the spinel experiments (wt%)

Recipe MgO AlO Talc ore Aluminium
code (OH) tailings hydroxide
precipitate
Recipel 25.1 74.9 0 0
Recipe2 0 0 35 65
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2.3. Characterization methods

The thermal behaviour of agglomerated powders was
studied using thermogravimetric analysis (TG, Netzsch
STA449 F1 Jupiter) giving a simultaneous differential
scanning calorimetry (DSC) signal. The tests were
conducted in air atmosphere in a temperature range
from 40 to 1500 °C with the heating rate of 10 °C/min.
The phase structure was analysed for agglomerated
powders and heat-treated pellets by using an X-ray
diffractometer (XRD, Empyrean, PANalytical B.V.,
ALMELO, Netherlands) with a CuKa radiation source,
and analysed using HighScore Plus software with ICDD
database. The XRD was operated at 45 kV and 40 mA
with a scanning rate of 3° 26/min. Compressed pellets
were characterized after heat treatments.

For microstructural analyses, metallographic cross-
sections were prepared by casting cut sections of speci-
mens in Epofix cold setting resin under reduced pressure.
The casts were then ground, polished, and carbon coated
for electrical conductivity. Microstructural and com-
positional investigations of the materials were conducted
with FESEM (Zeiss ULTRAplus microscope) and EDS
and operating on a Noran NSS software. The polished
cross-sections were studied by SEM using an angle-
selective backscattered electron (AsB) detector in order
to maximize the compositional contrast.

3. RESULTS AND DISCUSSION
3.1. Agglomerated powders

The TG and DSC curves of agglomerated powders for
the two recipes are presented in Fig. 1. For Recipel
powder (Fig. 1a), the DSC curve showed an endothermic
peak centred at 382 °C and accounting for approximately
12% of the initial weight loss in the TG curve. This was
probably caused by the dehydration of magnesium
hydroxide, which was formed by the reaction with the
spray drying water. Prior to that transformation, evapor-
ation of water occurred (below 290 °C). The second
endothermic peak, at 504 °C in the DSC curve, accounted
for approximately 10% of the weight loss in the TG
curve and was attributed to boehmite dehydraoxylation.
The exothermic peak at 1012 °C was most probably
related to the spinel crystallization. No weight change
was related to this phase transformation. For Recipe2
(Fig. 1b), approximately 36% weight loss was observed
already below 600 °C, most likely due to the decom-
position of AI(OH); and MgCO;. The peak at 853 °C is
related to the weight loss of approximately 7%; these
findings could be connected to the decomposing of talc.
The DSC curve showed also transformation above
1200 °C, with no accompanying weight change in the
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Fig. 1. Thermogravimetric (TG) and differential scanning
calorimetry (DSC) curves for agglomerated powders: (a) Recipel
and (b) Recipe2.

TG curve. Thus, above 1200 °C the peaks can most
likely be attributed to the solid—solid phase trans-
formations.

3.2. Sintered pellets

Figure 2 illustrates the phase structure evolution for
compressed pellets of both recipes after heat treatments
at 1000-1500 °C. For Recipel pellets, the MgALO, spinel
phase was the only crystalline phase at all temperatures.
The only difference between the applied six tempera-
tures was the peaks widths, indicating that the crystal
size increased with the increasing temperature. For
Recipe2 compressed pellets, the MgAl,O, spinel phase
was the main crystalline phase at all temperatures, but
also minor peaks related to the ferroan forsterite phase,
(Mg, Fe),Si0,4, were detected at all temperatures. The
peaks of forsterite were of lower intensity at higher
temperatures. Peak widths, indicating the crystal size,
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Fig. 2. XRD patterns for powder pellets heat treated at different temperatures: (a) Recipel and (b) Recipe2.

were smaller at high temperatures. Additionally, the
XRD spectra related to heat-treated pellets of Recipe2
showed a slight increase in the overall intensity of the
curve at low 20 values; thus the presence of an amorphous
phase was possible.

Figure 3 shows FESEM images of pellets treated
at 1300 °C. Recipel produced a very fine structure of
MgAlL,O4 spinel crystals. Recipe2 introduced MgAl,O4
spinel crystals surrounded by an amorphous phase, seen in
darker grey than the spinel phase. Also another crystalline

Fig. 3. FESEM images of cross-sections of pellets treated at 1300 °C (a,b) Recipel and (c,d) Recipe 2.
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phase was observed in areas with a bright contrast,
most likely it was the ferroan forsterite, (Mg, Fe),SiO,,
phase. According to EDS analyses, it is challenging to
draw any definite conclusion about the compositional
details, due to their microstructural complexity and
fine crystal size compared to the electron beam size.
Nevertheless, these characterization results suggest that
Fe*' cations were concentrated on crystal phases, most
likely to the ferroan forsterite, (Mg, Fe),Si0O,, phase.
Partly Si*" cations were also included in the forsterite
phase and partly in the amorphous phase. Porosity, seen
in black contrast, was also present in both samples,
particularly in Recipe2. The more porous structure in
Recipe2 pellets evolved due to a relatively higher fraction
of evaporating phases (inducing weight losses) consistent
with observations on TG/DSC curves (Fig. 1).

4. CONCLUSIONS

The results from this research suggest that synthesis
of magnesium aluminate MgAl,O, spinel is possible
using secondary raw material sources, such as mining
tailings from talc ore mining and a by-product from
the aluminium anodizing process. Mine tailings from
a talc ore mine are rich in magnesite but contain also
other minerals such as talc, chlorite, dolomite, and iron
sulphides. According to the results, both Si*" and Fe**
cations could be included in the crystalline forsterite
phase. Additionally, presence of Si** cations induced the
formation of an amorphous phase. Future work will
concentrate on a more detailed characterization of the
properties of the secondary raw material-based spinel
ceramics.
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Magnesiidirikka kaevandusjiitme kui rasksulava keraamika tooraine kasutamine —
mikrostruktuuri- ja termoanaliiiis

Marjaana Karhu, Juha Lagerbom, Soili Solismaa ja Elina Huttunen-Saarivirta

On uuritud talgimaagi kaevandusjadtmete kasutamise voimalusi toorainena magneesiumaluminaadi valmistamiseks.
Kaevandusjadde on magnesiidirikas, kuid sisaldab ka teisi materjale, nagu talk, kloriit, dolomiit ja raudsulfiid. Alu-
miiniumoksiidi allikana uuriti ka teisest tooret alumiiniumhiidroksiidi kui sadestist alumiiniumi anodeerimise
kaasproduktina. T66 eesmérgiks on uurida ja vorrelda puhast Mg-Al-O ning mdningaid lisandeid sisaldavaid Mg-Al-O
siisteeme. Moodustunud faase ja mikrostruktuure uuriti XRD-, FESEM- ning EDS-meetodiga. Termilist kditumist
uuriti termograafilise analiiiisi meetodit kasutades. Uuriti lisandeid sisaldavate kaevandusjdétmete kasutamist kui
6konoomset, kuid eeldatavalt mitteideaalset toorainet efektiivsel teel. T66 tulemusena selgitati, et magneesium-
aluminaadi MgAl,Oy siintees on voimalik, kasutades teisese toorme ressursse.
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ARTICLE INFO ABSTRACT

Keywords:
MgAl,O, spinel
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Circular economy
Thermal spray
Ceramic coating

Magnesium aluminate, MgAl,O4, spinel powders for thermal spraying, were synthesized from secondary raw
materials by spray drying and subsequent reaction sintering. Talc ore mining tailings and aluminium hydroxide
precipitate from aluminium anodizing process were studied. A stoichiometric MgAl,O4 spinel coating was
prepared as a reference using pure raw materials. Atmospheric plasma spraying resulted in the formation of
ceramic coatings. Microstructural investigations revealed that the reference coatings exhibited crystalline la-
mellar microstructure of MgAl,O,4 but secondary coatings contained amorphous areas between the crystalline
MgAl,Oy, clusters. Abrasive wear test results revealed considerably lower wear rate for secondary coatings. It is
suggested that the different structure of coatings, particularly the high degree of amorphous phase between the
isolated crystalline MgAl,O4 clusters caused the higher abrasive wear resistance by changing the wear me-
chanism. The dielectric breakdown strength of the secondary coatings were at the same level, 24 V/um, as

compared to reference coating, 23 V/um.

1. Introduction

Magnesium aluminate spinel, MgAl,O,4, is the only intermediate
compound in the MgO-Al,O3 system [1]. It is a refractory oxide having
useful physical, chemical and thermal properties, such as a high melting
point (2135 °C), excellent resistance against chemical attack and very
good thermal characteristics, both at ambient and elevated tempera-
tures. Due to these desirable properties, sintered MgAl,O, spinel has a
wide range of applications in structural, chemical, optical, and elec-
trical industries, for example as a high-performance refractory material
[2]. Magnesium aluminate spinel is also used in thermally sprayed
ceramic coatings for harsh high-temperature environments and in
electrical insulating applications where normal insulating materials,
such as polymers, cannot be used [3,4]. It has been shown that mag-
nesium aluminate spinel is stable during the thermal spraying process
[5] and the only phase determined in the resulting coatings, as cubic
MgAl,O4 [6]. Additionally to the good electrical insulation properties of
spinel coatings [7-10], the coatings have been reported to exhibit good
mechanical properties [11].

Calcination of magnesite, MgCO3, is the principal route to produce

* Corresponding author.
E-mail address: marjaana. karhu@vtt.fi (M. Karhu).
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magnesium oxide, MgO, for the use as a ceramic raw material [12].
China, North Korea, and Russia account for 65% of global magnesite
reserves, with China being the largest magnesite producer. For these
reasons, magnesite was included in the 2014 EU “Critical Raw Mate-
rials” list [13,14]. Simultaneously, as the consequence of the growth of
mining and mineral processing industry, large volumes of mining
wastes are being produced. Mining waste typically refers to an un-
wanted mining by-product but may still contain valuable constituents
[15]. Mining tailings consist of fine-grained (1-600 pm) ground-up rock
residue after minerals of value have been extracted from mined ore. The
physical and chemical characteristics of mining tailings vary con-
siderably with ore type [16]. Overall, mining tailings are seen as one
potential resource to be utilized on the way towards circular economy
and resource efficiency [17].

In this paper, the sample of talc ore mining tailings was studied.
Talc ore mining tailings are rich in magnesite [18] and then can be seen
as potential ceramic raw material source. This paper investigates the
feasibility of talc ore mining tailings as raw material source for ther-
mally sprayed ceramic coatings. Here, MgAl,O,4 spinel composition was
aimed for. Because the sample of mining tailings does not contain
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aluminium enough for spinel composition, another secondary raw
material, precipitate of aluminium hydroxide, AI(OH)3, a by-product
generated by aluminium anodizing process was studied. As a research
hypothesis, agglomerated MgAl,O,4 spinel-based powders, ideal for
thermal spraying, could be synthesized by spray drying and subsequent
reaction sintering using these secondary Mg and Al sources as raw
materials. In order to investigate and establish a direct comparison in
powders and resulting coatings, a stoichiometric MgAl,O4 spinel
coating was prepared using commercially available primary raw ma-
terials. The sample of talc ore mining tailings was rich in magne-
site > 80% but contained also other minerals, such as talc, chlorite,
dolomite and iron sulphide [18].The effect of constituents other than
Mg and Al in mining tailings mineralogy on the resulting coatings was
investigated as the main research question in this study. Finally, the
properties and wear performance of the secondary and primary coat-
ings were examined and correlated to their microstructures.

2. Experimental procedure
2.1. Raw materials

The mining tailings sample (101 bucket) from talc ore mine was
taken from one point of the temporary storage pile. However, it should
be noted that there exist to some extend quality variation for the entire
mining tailings area as the mineralogy, grain size and chemistry of the
tailings may vary in different parts of deposit due to differences in the
original ore composition and separation during storage. Table 1 shows
the mineralogical analysis of the used talc ore tailings sample pre-
senting the main identified minerals. Mineralogical characterization
included the identification and quantification of mineral phases with
scanning electron microscopy (SEM) together with elemental analyses
by energy-dispersive spectrometry (EDS). The more detailed explana-
tion of mineralogical analysis, chemical composition analysis, geo-
chemical analysis and sampling procedure are described elsewhere
[19]. Ismailov et al. [20] have shown that magnesite in the talc ore
tailings was not stoichiometric MgCO3 but had a varying amount of iron
substituting magnesium in the lattice. Indeed, there exists a series of
solid solutions between MgCO3 and siderite, FeCO5 [21]. Iron carbo-
nate content in magnesite could lie between 0 and 5%. If iron carbonate
content increases to the level between 5% and 30%, mineral is then
called breunnerite [21].

Table 2 presents the total concentration of cations (calculated as
oxides) in the tailings sample, measured with X-ray fluorescence spec-
trometry (XRF). Loss of ignition (LOI) value presents the loss in weight
after being heated to 1000 °C.

Because the sample of talc ore tailings does not contain enough
aluminium for synthesizing magnesium aluminate, MgAl,Oy,4, spinel,
another secondary raw material, an aluminium hydroxide precipitate, a
by-product from aluminium anodizing process, was studied as alumina
source. The precipitate composed mainly of gibbsite, aluminium oxide
trihydroxide AI(OH); and the elemental composition is shown in
Table 3.

As a reference, pure magnesium aluminate MgAl,0O, spinel powder
was prepared using commercially available MgO (99.9% purity) and
boehmite, aluminium oxide hydroxide, AIO(OH) (99.99% purity)

Table 1
The main identified minerals of the talc ore tailings sample (% total
volume).
Mineral Sample vol%
Magnesite, MgCO3 80.0
Talc, MgsSi4O10(0OH), 9.4
Chlorite, (Mg,Fe)3(Si, AD4010 4.9
Dolomite, CaMg(CO3)» 1.8
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Table 2
Chemical composition of the talc ore tailings sample (wt.%).
MgO Si0, Fe,03 CaO Al,O03 LOI
Talc ore tailings sample 385 10.1 8.2 0.8 0.61 42.7
Table 3
Elemental composition of aluminium hydroxide precipitate (wt.%).
o Al H S Na
Al oxide pr itate 62.2 27.8 3.9 3.8 0.8

Table 4
Test matrix compositions for the spinel powder synthesis experiments (wt. %).
Recipe code MgO AlO(OH) Talc ore By-product
(commercial) (commercial) tailings Al(OH);
sample (secondary)
(secondary)
Reference 25.1 74.9 - -
SC30 16.8 50.0 11.7 21.7
SC60 8.40 25.0 23.4 43.4
SC100 - - 35.0 65.0

powders as raw materials. MgO powder was provided by Inframat and
AlO(OH) powder was provided by Sasol Germany GmbH.

2.2. Powder preparation

Four experimental powder mixtures were prepared aiming at the
synthesis of magnesium aluminate, MgAl,O,, spinel. Mixtures shown in
Table 4 were formulated with 1:2 Mg to Al molar ratio. Reference
powder represents the reference composition, MgAl,O,4 spinel powder,
prepared using commercially available pure MgO and AIO(OH), as raw
materials. SC100 powder represents the secondary MgAl,O4 powder
composition, prepared using 100% only secondary raw materials, talc
ore tailings sample and anodizing by-product aluminium hydroxide, Al
(OH)3. SC30 powder and SC60 powder represent compositional points
between the composition of Reference and Secondary100 powders,
prepared using both commercial and secondary sources of raw mate-
rials, approximately 30% secondary raw materials in SC30 powder and
approximately 60% in SC60 powder.

The talc ore mining tailings sample was received in powder form
having 90% (D90) of particle size below 140 um. For powder mixture
compositions, it was first ground by jet milling into the particle size
below 10 um in order to increase the reactivity and ensure mixing of the
ingredients. Secondary alumina source had the particle size of 6.70 ym
(D90). The average grain size of commercial reference MgO was below
1 um, while that of AIO(OH) powder was below 0.77 um, thus there was
notable difference in the particle sizes of the raw material powders. In
order to prepare agglomerated powders suitable for atmospheric
plasma spraying, water-based ceramic powder suspensions (2% Dispex
A) were prepared from raw material mixtures by bead milling for
15min. Before spray drying, an organic binder polyethylene glycol,
PEG, 2%, was added to suspensions. Suspensions were dried with an
industrial- scale spray dryer Niro Atomizer to produce agglomerated
powders. Spray-dried powders were reaction-sintered in an ENTECH air
chamber furnace in ambient air atmosphere and pressure at the tem-
peratures between 1075 °C and 1150 °C.

2.3. Coating deposition
Atmospheric plasma spraying (APS) technique was used for the

deposition of coatings. In a plasma spray gun, a direct current (DC)
power is used for the generation of plasma. Energy is transferred into
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Table 5

Main spray parameters.
Parameter Value
Plasma gas mixtures Ar/H, (I/min) 43/12
Arc current (A) 600
Voltage (V) 76
Plasma power (kW) 45.4

plasma-forming gases until the energy level is sufficient to ionize the
gas. When the ionized gas returns back to atoms/molecules by re-
combining, a high amount of energy is released. The gas expands in the
atmosphere and forms an extremely hot and high-velocity gas jet. The
powder is injected radially to the plasma jet where the particles of the
powder melt and get accelerated. The coating is formed when the
melted and accelerated powder particles impact onto the substrate
surface [22].

In this study, coatings were sprayed with an APS ProPlasma gun
(Saint Gobain, 6.5HighPower- mm nozzle) using argon/ hydrogen (Ar/
H,) plasma gas mixture. Spray distance was constant at 110 mm. The
main spray parameters are summarized in Table 5. Coatings with the
thickness range of 225-300 pm were deposited on grain-blasted carbon
steel substrates. The plasma gun was robot-manipulated with 51 m/min
surface speed and 3 mm increments.

2.4. Characterization techniques

Phase structure analyses were performed for both synthesized
powders and deposited coatings using X-ray diffractometry (XRD,
Empyrean, PANalytical B.V. device, ALMELO) and CuK, radiation
source, and analysed using HighScore Plus software with ICDD data-
base. The XRD was operated at 45 kV and 40 mA with the scanning rate
of 3° 206/min. Microstructures were investigated for both synthesized
powders and deposited coatings with scanning electron microscope
(SEM, Jeol JSM 6360 L V) and field emission scanning electron micro-
scope (FESEM, Zeiss ULTRAplus) together with energy-dispersive
spectrometer (EDS, Oxford Instruments, XMax" silicon drift detector).
For imaging, secondary electron (SE) detector or angle selective back-
scattered electron (AsB) detector was used. For microstructural ana-
lyses, metallographic cross sections were prepared by casting cut sec-
tions of the specimens in Epofix cold setting resin under reduced
pressure. The casts were then ground, polished and carbon coated for
electrical conductivity. Electron backscatter diffraction (EBSD) system
(Oxford Instruments, Symmetry EBSD detector based on CMOS tech-
nology with AZtecHKL software) integrated into FESEM was employed
for crystal structure analysis. The cross-sectional EBSD samples were
prepared by moulding the sections of specimens to epoxy followed by
grinding and polishing down to the final finish by colloidal silica sus-
pension (0.04 um). After the final polishing, the samples were removed
from epoxy.

The thermal behaviour of agglomerated powders was studied using
thermogravimetric analysis (TG, Netzsch STA449 F1 Jupiter) giving a
simultaneous differential scanning calorimetry (DSC) signal in order to
investigate the differences in raw materials behaviour during the heat
treating process. The tests were conducted in air atmosphere in a
temperature range from 40 to 1200 °C with the heating rate of 10 °C/
min. The final temperature was maintained for 1h before cooling the
powders to the room temperature. A qualitative mass spectrometer
(QMS, Netzsch QMS 403 D Aeolos) coupled directly to the TG device
exhaust was used for evolved gas analysis.

The physical properties of synthesized powders were investigated.
Particle size distributions for the powders were determined with laser
diffractometer (Malvern Mastersizer). In addition, apparent densities of
the powders were measured using hall flow tester 25 ml cup test.

Electric insulation properties of the coating samples were measured
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using breakdown voltage method. Prior to the measurements, coating
thicknesses were measured with a magnetic measuring device
(Elcometer 456B) from the electrode contact points. Breakdown voltage
electrode areas (@ = 11 mm) and silver electrodes (@ = 11 mm) were
painted on the coating surface as described in [9]. Silver paint pene-
tration into the coating has been studied from cross-sectional images
taken by optical microscope, and it has been observed that the utilized
silver paint does not penetrate into the coating [9]. After painting the
electrodes, the samples were first dried at 120 °C for two hours, fol-
lowed by conditioning in a climate room at 20 °C/RH 20% for at least
12h before the measurements. The breakdown measurements were
performed in the climate room at 20 °C/RH 20%. In the breakdown
tests, a stainless steel rod electrode (@ = 11 mm, edge rounding 1 mm),
was placed on the top of a coating surface while the steel substrate of
the sample acted as the other electrode. DC breakdown voltage mea-
surements were performed by utilizing linearly increased DC voltage
(ramp rate of 100 V/s throughout the test) [9]. The voltage source
control and data recording was performed using a LabVIEW-based
software [9]. The voltage source was Spellman SL1200 (Umax = 20 kV)
and the voltage level was measured using a resistive voltage divider
(Spellman HVD-100-1, divider ratio 10,000:1) [9]. Dielectric break-
down strength (DBS) of a coating was calculated by dividing the
breakdown voltage by the corresponding coating thickness at the
painted electrode (@ = 11 mm) location. Seven measurements were
performed per each coating.

Hardness of the coatings was measured with hardness tester
(DuraScan 20 Struers) and a Vickers intender. Sand abrasion tests by a
rubber wheel tester were performed using quartz sand with the particle
size of 0.32mm and the feed of 350 g/min. A static contact force of
45N against the rubber wheel, 233 mm in diameter, was used. Prior to
the wear tests, the surfaces of samples were ground with a
P1200 grinding disk to eliminate the effect of as-sprayed surface
quality. Two samples per coating were tested and their mass loss was
measured at four time intervals (5, 10, 20, and 30 min) to ensure the
linear wear performance during rubber wheel abrasion tests. After the
tests, the surfaces and cross sections of the worn surfaces were in-
vestigated with SEM. The cross sections were prepared with focused ion
beam SEM (FIBSEM, Zeiss Crossbeam 540) first by depositing a pla-
tinum (Pt) protection layer on top of the region of interest and then
using gallium (Ga) ions to mill the cross-section under the Pt covering
layer. Prior to FIBSEM studies, the samples were carbon-coated to avoid
the sample charging during the milling process.

3. Results and discussion
3.1. Powder characterization

3.1.1. Microstructure

Fig. 1 shows X-ray diffraction (XRD) patterns for the synthesized
powders. As identified by XRD patterns, all synthesized powders re-
vealed MgAl,O, spinel as the main crystalline phase. Thus, the synth-
esis of MgAl,O, spinel was successful for all the powder mixtures shown
in Table 3. For Reference powder, and the intermediate compositions,
SC30 and SC60 powders, MgAl,O, spinel peaks were the only peaks
observed for crystalline phases. Nevertheless, XRD pattern for 100%
secondary composition powder, SC100, showed additionally to the
peaks related to the spinel phase minor unidentified peaks at the 2theta
values of 28°, 33° and 61°. Thus, only the most impure SC100 powder
introduced extra peaks in addition to MgAl,O, spinel peaks in the XRD
curve. Probably these minor crystalline phases were also present in
SC30 and SC60 powders, but their amounts were too low to be detected
by XRD. Vusikhis et al. [21] suggested that in the case of ferroan
magnesite, during the decarbonisation of magnesite, both MgO and
spinel MgFe,04 were formed. Thus, it is likely that powders synthesized
from mining tailings sample: SC30, SC60 and SC100, contained
MgFe,0, phase in addition to the MgAl,O,4 phase. Spinel MgFe,0, is
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Fig. 1. XRD patterns for synthesized powders Reference, SC30, SC60 and
SC100.

also known as magnesioferrite. XRD patterns for MgAl,O,4 and MgFe,04
are almost identical, thus according to XRD data it is hard to draw any
conclusions about the presence of MgFe,Oy, in the synthesized powders.
One possibility is also that there is some dissolution between MgAl,O4
and MgFe,04

Talc ore mining tailings sample contains also silicate minerals as
impurities, thus it was assumed that traces of these silicate minerals
could also be found in secondary raw material containing powders. As
mentioned, XRD pattern for SC100 powder contained minor uni-
dentified peaks at the 2theta values of 28°, 33° and 61°. Another pos-
sible explanation for these unidentified peaks is that they were related
to some complex silicates formed from the elements which were not
dissolved into the MgAl,O, spinel. Fig. 1, XRD patterns, revealed also
that differences in the widths of MgAl,O4 peaks exist. This indicates
that there were differences in crystal sizes between the 100% secondary
SC100 powder and the remaining three powders: Reference, SC30 and
SC60. SC100 powder had the most narrow peaks, indicating a relatively
more coarse crystal size than the other powders.

Fig. 2 (a—d) shows the surface morphology and Fig. 3 (a—d) the
cross-sectional images of the synthesized powders. Figures revealed
clear differences in the primary particle size of agglomerated powders.
Agglomerates of Reference powder were formed of very fine-grained
particles evenly distributed all through the agglomerates. In turn,
SC100 powder consisted of much larger primary particles which were
essentially dense but formed a coarse agglomerate skeleton. FESEM-
EDS analyses revealed that SC100 contained also the traces of Si
(~2wt.%) and Fe (~3wt.%), which support the two explanations
given for extra peaks in the XRD curve. Similarly, the traces of Si and Fe
were detected for also other secondary raw materials containing pow-
ders SC30 and SC60. However, according EDS analyses, it is challenging
to draw any definite conclusion about Si and Fe distribution because of
the complexity of microstructural details, fine crystal size as compared
to electron beam size and analysis spot dimension exceeding the crystal
detail size. Structurally, powders SC30 and SC60 were closer to Re-
ference powder than 100% secondary powder SC100, with essentially a
small primary particle size (consistent with XRD data). Nevertheless,
SC30 powder (Fig. 3b) contained slightly larger pores than Reference
and SC60 powders but the difference of SC30 compared to SC60 and
Reference powder is quite marginal. This is resulting most probably
from the poorer powder processing rather than the chemical composi-
tion in SC30 powder. All the studied powder mixtures were processed
with similar processing parameters. As mentioned, there was notable
difference in the particle sizes, dispersion and chemistry of the raw
material powders.
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3.1.2. Thermal behaviour

Thermal behaviour of the agglomerated powders was studied using
TG/DSC/QMS in order to investigate the raw materials response to the
heat-treatment step aiming at synthesizing MgAl,O, powders. Fig. 4
presents the TG/DSC/QMS curves for agglomerated powders in the case
of (a) Reference powder (b) SC30 powder (c) SC60 powder and (d)
SC100 powder.

In the case of Reference powder, the powder mixture consisted only
commercial pure starting materials, MgO and AIO(OH). DSC curves for
Reference powder in Fig. 4 (a) revealed an exothermic peak at 367 °C,
relating to the dehydration of magnesium hydroxide Mg(OH), which
introduced water evaporation, detected in evolved gas curve and ac-
counting for approximately 13% weight loss in TG curve (Eq. 1).
Magnesium hydroxide was likely formed from starting material source
in the powder mixture, MgO, by the reaction with water during the
spray-drying step. Another exothermic peak was seen approximately at
500 °C, relating to the dehydration of another starting material in the
powder mixture, aluminium oxide hydroxide, AIO(OH). This transfor-
mation accounts for approximately 9% weight loss in TG curve due to
water release, as indicated by evolved gas curve (Eq. 2) resulting for-
mation of Al,Os. Similar values for dehydration temperatures have
been presented in literature for Mg(OH), [23] and for AIO(OH) [24].
Prior to these reactions, evaporation of water occurred, relating to the
removal of moisture from agglomerated powders. Additionally, at the
peak temperature of 361 °C, evaporation of carbon dioxide, CO,, was
detected relating to the removal of the organic binder used in spray
drying. Similar CO, release at approximately the same temperature
range was detected in all powder mixtures relating to removal of the
organic binder. After completion of the dehydration of aluminium oxide
hydroxide (at 500 °C), the reaction between Al,0; and MgO was pos-
sible, resulting in MgAl,O, formation (Eq. 3). An exothermic peak de-
tected at 1099 °C was probably related to the spinel evolution. Mag-
nesium aluminate spinel formation has been reported to be a heat
releasing reaction [25].

Mg (OH), » MgO + H,O @
2AI00H — ALO; + H,0 (2)
AbLO; + MgO — MgAbLO, 3)

In the case of SC100 powder, the powder mixture consisted only
impure starting materials, talc ore mining tailings sample and sec-
ondary Al(OH); precipitate. The TG/DSC/QMS curves shown in Fig. 4
(d) revealed transformations as response to the heat-treatment for these
impure raw materials showing different behaviour than the pure raw
materials in the case of Reference powder shown in Fig. 4 (a). Below
500 °C, the TG curve in Fig. 4 (d) revealed already 25% weight loss
related to transformations in DSC curve, most probably relating to
starting material in the powder mixture, AI(OH); precipitate, dehy-
dration. Zivkovi¢ and Dobovisek [26] have studied the aluminium hy-
droxide dehydration and they suggest it proceeds according to the
following mechanisms (Egs. 4 and 5):

2Al(OH); — 2AI00H + 2H,0 (€))

5)

They suggested that both reactions proceed in the diffusion region,
the first (Reaction 4) up to the temperature of 253 °C and the second
(Reaction 5) up to 427 °C. Thus based on the water evaporation de-
tected in evolved gas curve it could be confirmed that 25% weight loss
in Fig. 4 (d) below 500 °C was related to these Al(OH)3 dehydration
reactions resulting in the formation of Al,O3.

According to mineralogical analysis, the talc ore mining tailings
sample was composed 80% of magnesite MgCOs, about 9.4% of talc
Mg3Si4010(OH), and about 4.9% of chlorite (Mg,Fe);(Si, Al)4010. As
mentioned in raw material section, the magnesite in talc ore tailings
was not stoichiometric MgCO5; but has a varying amount of iron

24l00H + H,0 — ALO; + 2H,0
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Fig. 2. SEM (SE) images showing the powder morphology for powders (a) Reference (b) SC30 (c) SC60 and (d) SC100.

substituting Mg in the lattice, being likely breunnerite rather than pure
magnesite. Vusikhis et al. [21] have studied the kinetic features dec-
arbonisation of breunnerite, the magnesite mineral where iron carbo-
nate content lies between 5% and 30%. They suggested that carbonates
begun to dissociate in a temperature range of 500-584°C. They

(a)

detected two endothermic transformations in the DSC curve (beginning
above 584 °C, with the maxima at 664 °C and 710 °C), connected with
the release of CO,. They explained the presence of two separate peaks
in the DSC curve by the following reactions, forming besides MgO the
spinel MgFe,04 (Eq.6):

Fig. 3. Cross-sectional FESEM (AsB) images for powders (a) Reference (b) SC30 (c) SC60 and (d) SC100.
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Fig. 4. TG/DSC/QMS curves for (a) Reference powder (b) SC30 powder (c) SC60 powder and (d) SC100 powder.

(Mg, _, Fe,)CO; = (Mg, _, Fe,)O + CO,,2(Mg,_ Fe,)O

+ 0.5x0, = (2 — 3x)MgO + xMgFe, O, 6)

Similarly to observations by Vusikhis et al. [21], DSC curve for
SC100 powder in Fig. 4 (d) revealed two transformations, related to the
peaks in CO, evaporation curve at the temperatures of 579°C and
726 °C. These transformations could thus be linked with ferrous mag-
nesite decarbonisation (Reaction 6) being present in the talc ore mining
tailings sample. SC100 powder showed weight losses again above
800 °C, connected with water evaporation in evolved gas curve. This
transformation was most probably associated with the decomposition of
hydrated magnesium silicates that were present as impurities in the
mining tailings sample. Eventually at 1108 °C, an exothermic peak was
detected, probably related to the formation of magnesium aluminate
spinel by the reaction between magnesium oxide formed from tailings
sample magnesite and aluminium oxide formed from AI(OH); pre-
cipitate. Thus the main reaction between the starting materials was
taken place between the alumina Al,O3 formed from Al(OH); pre-
cipitate and the MgO formed from the tailings sample magnesite MgCO3
resulting in MgAl,O, phase formation. The impurities were most
probably concentrated in spinel MgFe,O4 phase as suggested by Vusi-
khis et al. [21] and the magnesium silicates phases as residues.

In the case of SC30 and SC60 powders, the powder mixtures con-
sisted both commercial and secondary sources of starting materials,
approximately 30% secondary raw materials in SC30 powder and ap-
proximately 60% in SC60 powder. For that reason, TG/DSC/QMS
curves for SC30 powder in Fig. 4 (b) and SC60 powder in Fig. 4 (c)
disclosed transformations related to the dehydration of pure Mg(OH),
and AIO(OH) similarly than for the Reference in Fig. 4 (a). Additionally
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also transformations related to impure raw materials, talc ore mining
tailings sample and secondary Al(OH); precipitate were detected si-
milarly than for the SC100 powder in Fig. 4 (d). However, as a differ-
ence, decarbonization temperatures of magnesite MgCO3; were lower
for powder mixtures, SC30 and SC60, with pure raw materials present
as compared to only 100% secondary raw materials containing SC100
powder.

3.1.3. Physical characteristics

Table 6 presents particle size distributions for agglomerated pow-
ders, measured with laser diffractometer. Along with the particle size
distributions, the density values measured with hall flow tester are
given. Particle size distributions for all agglomerated powders were
relatively similar with d10 of approximately 10 pm and d90 of 40 um,
thus all were suitable for APS spraying. In density values, a clear dif-
ference was detected between the powders. Only secondary raw ma-
terials containing powder SC100 featured almost double density values
as compared to others powders. This was mostly due to the coarser
primary particle size, as disclosed by SEM studies, resulting in a better

Table 6
Characteristics of the synthesized (heat treated) powders.

Powder code Particle size distribution d10-d90  Apparent density [g/

[um] cm’]
Reference 11.9 - 44.8 0.52 = 0.01
SC30 7.1-37.4 0.43 = 0.02
SC60 12.0 - 45.0 0.40 = 0.02
SC100 9.9 -42.6 0.86 = 0.03
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Fig. 5. XRD patterns of the APS coatings Reference, SC30, SC60 and SC100.

packing. Conversely, very fine particles of MgO and AlO(OH) caused
loose packing of the remaining powders (Reference, SC30 and SC60).
However, as the density of the spinel is from 3.5 to 4.0 g/cm?®, all
powder density values indicate high porosity level in the powder ag-
glomerates. This is also supported by SEM studies.

3.2. Coating characterization

3.2.1. Microstructure

Fig. 5 shows the XRD patterns for APS sprayed coatings. For all
coatings, only cubic MgAl,O4 spinel phase was observed as the crys-
talline phase. XRD pattern revealed that secondary raw material con-
taining coating SC100 coating and SC60 coating were partly amor-
phous. The intensities of crystalline spinel peaks were highest for
Reference coating and the peak intensities decreased with increase in
the relative amount of secondary raw materials (i.e., impurity content
in raw materials). Similarly, spinel peaks shifted from the original 20
position following the same order. The intensity decrease was probably
due to both increased amount of amorphous phase and less perfect
structure of the crystalline phase. Similarly, the shifting of XRD peaks
was likely the result of impure composition, i.e., distortion of the lattice
due to atomic size discrepancy. The unidentified small peaks that were
detected in the XRD pattern for only secondary raw material containing
SC100 powder (Fig. 1 d) were not any more visible in the pattern for the
corresponding coating. Explanations for this are that this unidentified
phase disappeared by dissolution to the spinel phase or to the amor-
phous glass phase in the coating. This dissolution may also be re-
sponsible to the spinel peak shifting. As the plasma spraying process
involves the presence of melt, which is not present in powder synthesis,
this kind of dissolution is plausible.

Fig. 6 shows cross-sectional FESEM images of the APS sprayed
coatings for (a—c) Reference, (d-f) SC30, (g—j) SC60 and (i-k) SC100.
The Reference was characterized by a lamellar microstructure typical of
APS deposited coatings. Indeed, the formation of coatings by APS
technique occurs by stacking the lamellae one by one, resulting from
the impact, flattening, and finally solidification of the colliding molten
particles [27]. The lamellas were crystalline, but some inter-lamellar
areas contained a small amounts of amorphous phase. Crystalline la-
mella thickness was in the order of 1 to 4 um, but amorphous sections
between the crystalline lamellas were only 1 um or less in thickness.
Coating SC30 (Fig. 6 (d-f)) featured similar lamellar microstructure of
the crystalline phase, but the amorphous sections between the lamellas
were essentially thicker and more frequent. Microstructures of coatings
SC60 (Fig. 6 (g—j)) and SC100 ((Fig. 6 (i-k)) revealed the presence of
high amount of the amorphous phase. Based on FESEM investigations,
SC100 coating had the highest amount of amorphous phase in the
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structure (seen as the darker grey contrast in FESEM images), which
was already observed in XRD pattern for the coating (Fig. 5). Crystalline
phase was concentrated on separate areas with a fine structure and seen
in lighter grey contrast than the amorphous phase in FESEM images.
SC100 coating also contained some lamellar areas, which had a similar
morphology as in Reference coating. Due to the complex shape and
small thinness, it was not possible to reliably analyze and identify the
chemistry of the phases.

The porosity values of studied APS coatings were defined by image
analysis in Fig. 6 shown FESEM micrographs using ImageJ software.
The average porosity values defined were the following: for Reference
coating 4.9 *= 1.0%, for SC30 coating 6.8 + 1.0%, for SC60 coating
6.3 = 0.6% and for SC100 coating 3.5 + 0.4%. As detected in FESEM
images of the Reference coating in Fig. 6 (a-c) the lamellas were
crystalline, but some inter-lamellar areas contained small amounts of
amorphous phase. This was confirmed by FESEM-EBSD investigations
shown in Fig. 7. In the EBSD results, a band contrast (BC) map re-
presents the quality of the Kikuchi diffraction pattern for each mea-
surement pixel. In the BC map, bright signifies that the pattern quality
is good, it can be indexed and crystal orientation can be determined.
Black/dark grey signifies that the pattern cannot be indexed for ex-
ample due to amorphous material. Here, also the nonconductive sample
complicates the indexing especially in the edges of the crystalline la-
mellas. The colours in the inverse pole figure (IPF) maps (Z direction)
correspond to the crystallographic orientations of MgAl,04 parallel to
the observed plane as indicated by the coloured stereographic triangle,
i.e. an IPF colouring key.

3.2.2. Properties and performance

Table 7 presents the values of dielectric breakdown strengths for the
studied coatings. Results revealed that breakdown strength values for
all coatings, Reference, SC30, SC60 and SC100 were at the comparable
level, at about 20 V/um, considering the deviation in the results. The
reported values are close to the DC breakdown strengths values of
alumina and spinel coatings reported in literature [7-10,28,29].

According to results presented, the direct relation between the raw
material chemical composition and the resulting breakdown strength
values cannot be established. The thermal sprayed coatings manu-
factured using MgAl,04 powder synthesized from secondary sources,
talc ore tailings sample and Al(OH)3 precipitate show similar level of
breakdown strength values than coatings manufactured using MgAl,O4
powder synthesized from pure MgO and AIO(OH) sources. The elec-
trical insulation capability was not decreased by the presence of im-
purities in raw materials. However, the deviation in the breakdown
strength values was higher for secondary raw material based coatings.
Also, for SC60 coating, slightly lower breakdown strength values than
for the remaining three coatings were recorded. Most probable ex-
planation for these lower breakdown strength values could be resulted
from the higher amount of defects and porosity level in the coating as
shown in SC60 coating microstructure in Fig. 6 (gj).

Table 8 shows both the hardness values of the coatings and the
results from their rubber wheel abrasive wear tests. Hardness results
revealed that all the coatings that included secondary raw materials:
SC30 coating, SC60 coating and SC100 coating were characterized by
the hardness values approximately 20% lower than the Reference
coating with pure commercial raw materials. Surprisingly, the differ-
ences between the three secondary raw materials containing coatings
were only negligible, thus independent of the relative amount of sec-
ondary raw materials in the composition. These results suggest that the
thermal sprayed coatings manufactured using MgAl,04 powder syn-
thesized from pure MgO and AIO(OH) resulted in higher hardness value
and impurities in chemical composition of the starting materials de-
crease the hardness value.

In abrasive wear tests, the specimens of Reference coating, SC30
coating and SC60 coating were worn through already after 5 min test
duration. The weight losses after 5 min test duration for the Reference
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Fig. 7. BC map and inverse pole figure (IPF) map superimposed on the BC map collected from Reference coating. The colours in the IPF maps correspond to the
orientations parallel to the observed plane as indicated by the IPF colouring key.

Table 7 coating and SC60 coating specimens were approximately 100 mg taking
Dielectric breakdown strength values for the coatings. into account the deviation in the results. The weight loss for SC30
Coating code Dielectric breakdown strength (V/jm) coating specimen after 5min test duration was higher than for
Reference coating and SC60 coating specimens. The most probable

Reference 230 = 1.5 reason for that is resulting from the higher porosity level detected for
:ggg f:? * ;‘1‘ SC30 powder due to poorer processing, discussed in Powder
SC100 22 % 3.8 Characterization section. On the contrary, the wear rate was con-

siderably lower for 100% secondary raw material based SC100 coating
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Table 8
Hardness of and wear test results for the coatings.

Coating code Hardness, HV  Weight loss [mg]

0.3kg
5min 10min 20min 30min
Reference 885 + 63 100 + 3.3 - - -
SC30 670 + 70 164 + 3.6 - - -
SC60 684 = 85 96 = 10 - - -
SC100 687 + 50 17 £ 16 33 £35 53 +33 73 +72

than all other studied coatings. For SC100 coating specimens the weight
loss detected after 5min test duration was 17 mg and after 30 min test
duration only 73 mg. Thus for SC100 coating specimens the weight loss
is lower after 30 min test duration than that all other studied coatings
specimens after 5 min test duration. Because only 100% secondary raw
material based SC100 coating resulted lower wear rate than all other
studied coatings, any evident relation between the wear results with the
starting composition cannot be given. It is suggested that the different
structure of the coatings, particularly the high degree of amorphous
phase binding the separate crystalline MgAl,O,4 clusters, causes the
higher abrasive wear resistance of the 100% secondary raw material
based coating by changing the wear mechanism. These results suggest
that the coating hardness was not the only decisive factor for the
abrasive wear resistance of the coating, as the hardest of the coatings
(Reference) had a wear performance comparable to that of lower-
hardness coatings (e.g., SC30). Conversely, the coating with the highest
wear resistance, SC100 coating, featured the same hardness as the two
coatings with much poorer wear resistance (SC30, SC60).

The worn surfaces were investigated after the abrasion wear tests
using FESEM (top views) in Fig. 8 (a) for the Reference and in Fig. 8 (b)
for the 100% secondary raw material based SC100 coating. The wear
morphologies of the coatings, Fig. 8, well reflected the results from the
wear tests. For the Reference coating the wear tracks featured high
surface roughness. The large smooth area in the middle of Fig. 8 (a)
indicates that a removal by lamella-by-lamella mechanism is likely. In
the case of SC100 coating in Fig. 8 (b), the wear surface was much
smoother than for Reference coating, indicating that material losses
occurred through the removal of only small fractions of the coating at a
time and equally in all areas of the coating.

The worn surfaces were investigated also using FIBSEM (cross-sec-
tional views) shown in Fig. 9 for (a-b) Reference coating and (c-d)
SC100 coating. For Reference coating Fig. 9 (a-b), the cracks were often
connected through the lamellar structure, which caused the removal of
large pieces of the coating when exposed to abrasive wear. This sug-
gests that the lamella boundaries may be the weak point of the material
under abrasive wear. On the contrary, in secondary raw material based
coating SC100 Fig. 9 (c—d) there were also visible cracks but these were
not systematically connected, thus when exposed to abrasive wear,

Journal of the European Ceramic Society 40 (2020) 4111-4121

material losses occurred only locally and mass losses were lower than
for Reference coating. As detected in the microstructure investigations
of APS sprayed coatings, SC100 coating was highly amorphous, with
crystalline spinel phase in the structure being concentrated on separate
clusters surrounded by the amorphous phase. The amorphous phase
binds the individual areas of the crystalline phase together thus there is
no typically a direct connection between the crystalline areas. In all
other coatings: Reference, SC30 and SC60, the crystalline phase forms
the lamellar structure though the coatings. FESEM-EBSD investigations
confirmed that in Reference coating, SC30 coating and SC60 coating,
the crystalline phase was evenly distributed all through the structure
but in SC100 coating, the crystalline phase was concentrated on sepa-
rate clusters surrounded by the amorphous phase. Thus according to
these results, the 100% secondary raw material based impurity-con-
taining amorphous coating (SC100) was more resistant to abrasive wear
as compared to pure MgAl,0,4 coating. The presented microstructural
results suggest that different structure of the coatings and the particu-
larly the presence of amorphous structure causes the different behavior
in abrasive wear test between the coatings by changing the mechanism
for wear.

4. Conclusions

The following main conclusion could be drawn from the results:

Agglomerated MgAl,O, spinel based powders for thermal spraying,
can be synthesized by spray drying and subsequent reaction sin-
tering using secondary Mg (talc ore mining tailings) and Al (alu-
minium hydroxide precipitate from aluminium anodizing process)
sources as raw materials.

Atmospheric plasma spraying results in the formation of MgAl,O4
spinel coatings with the cubic MgAl,O, spinel phase as only crys-
talline phase.

The Reference coating prepared from commercial pure raw mate-
rials exhibits a lamellar microstructure, typical for APS spayed
coatings.

Coatings prepared from only secondary raw materials have a partly
amorphous structure in which the amorphous phase binds together
the separate crystalline MgAl,04 clusters.

The values of dielectric breakdown strength for the secondary raw
material based coatings are at the same level, 24 V/um, compared to
pure magnesium aluminate coating, 23 V/um, and close to the DC
breakdown strengths of alumina and spinel coatings reported in
literature. Thus, the electrical insulation capability is hardly affected
by the impurities in raw materials.

Abrasive wear test results reveal considerably lower wear rate for
secondary raw materials MgAl,O, spinel based coating than for the
pure counterpart or the intermediate coating compositions. It is

L]

Fig. 8. FESEM (SE) images of the worn surfaces of coatings (a) Reference and (b) SC100.
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S

Fig. 9. FIBSEM (SE) images of the worn surfaces for (a-b) Reference coating and (c-d) SC100 coating. Reference coating (a-b) is prepared from commercial pure raw

materials and SC100 coating (c-d) using only secondary raw materials.

suggested that the different structure of the coatings, particularly
the high degree of amorphous phase binding the separate crystalline
MgAl,0, clusters, causes the higher abrasive wear resistance of the
secondary coating and changes the wear mechanism.

The investigations of worn surfaces after abrasion tests reveal that
the amorphous structure is more resistant to abrasive wear com-
pared to lamellar structure. It seems to be possible that inferior
mechanical properties of impure MgAl,O, spinel is compensated by
the introduction of glass phase in plasma spray coatings.

These secondary raw materials could potentially substitute virgin
raw materials in high-temperature electrical insulation ceramic
coating applications.
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Abstract

This paper reports the characteristics of ferrochrome slag and its feasibility as aggregate in refractories aiming to substitute
virgin refractory raw materials. Refractory castable specimens were formulated with ferrochrome slag as an aggregate and
commercial calcium aluminate cement as a binder. Objective was to prepare refractory specimens with a maximum slag
utilization but simultaneously to sustain good properties, comparable to those of virgin raw material refractory products.
Mechanical and thermo-physical properties of the cured, dried and sintered specimens were characterized. Cold crushing
strengths of best performing ferrochrome slag containing specimens were higher than 90 MPa and compressive strength
values measured at 1200 °C were over 9 MPa. Thermal insulation properties were even better than those of commercial
refractory reference, showing thermal conductivity values as low as Agp_;90.c= 1.3 —0.9 W/m K. The liquid phase formation
above 1200 °C limits the ferrochrome slag use for refractory applications. Results suggest ferrochrome slag’s feasibility as
an aggregate raw material for refractory materials up to temperatures of 1200 °C in air and up to temperatures of 700 °C in
acidic gaseous atmosphere. Possible applications for this kind of novel refractory materials are, e.g., insulating secondary
layers or bottom zones in metallurgical processes to substitute virgin refractories. A direct contact to molten metal must be
avoided, but they are applicable as, e.g. floorings when exposed only to occasional melt droplets.

Graphic Abstract
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Comparable strengths to commercial products CCS >90MPa
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slag use as aggregate in refractory castables by investigating
comprehensively refractory castables thermo-physical and
mechanical properties. To authors’ knowlewdge, there is a
lack of information of ferrochrome slag utilizing refractory
materials behaviour at elevated temperatures. For this rea-
son, mechanical and thermal properties of ferrochrome slag
based refractories were evaluates also at high temperatures,
resulting novel information about their high temperature
behaviour.

Introduction

Globally 1.6 Gt of steel was produced in 2014 creating 250
Mt of steel slag as residue [1]. Disposal of the slag is the
major issue for steel industry and the utilization of steel slags
has been under active research in many years [2]. Most of
the slag (50%) is used for road projects, sintering, iron mak-
ing and recycling within the steel plant [3]. High Carbon
Ferrochrome (HCFeCr) is the most common alloying mate-
rial used for the production of different grades of stainless
steel. World high carbon ferrochrome production was 6.0
Mt in 2005 and the generation of ferrochrome (FeCr) slag,
the residue generated from HCFeCr production, amounted
1.1-1.6 t/t FeCr depending on feed materials [4]. Numer-
ous studies are available in the literature about FeCr slag
utilization in road and civil construction purposes, such as
coarse aggregate in concrete applications and pavement
layers [5-9], partial substitution of fine aggregate sand in
concrete [10, 11] and raw material in bricks [12]. Kumar
et al. [13, 14] have reported FeCr slag use as aggregate in
refractory castables replacing partly commercial aggre-
gates use. They reported 50 wt% of slag use together with
35 wt% of calcined bauxite in [13] and 45 wt% of slag and
40 wt% of calcined bauxite use in [14]. Results for such
refractories disclosed compressive strengh values as high
as 60 MPa, indicating the potential for ferrochrome slag
use in refractory products. Thus, very limited studies exist
of FeCr slag feasibility in high temperature applications.
This study addresses FeCr slag use as aggregate in refrac-
tory castables by investigating comprehensively refractory
castables thermo-physical and mechanical properties. To
authors’ knowlewdge, there is a lack of information of fer-
rochrome slag utilizing refractory materials behaviour at
elevated temperatures. For this reason, mechanical and ther-
mal properties of ferrochrome slag based refractories were
evaluates also at high temperatures, resulting novel informa-
tion about their high temperature behaviour.

Refractories are ceramic materials that withstand a vari-
ety of harsh conditions, including high temperatures, cor-
rosive liquids and gases, abrasive wear, and mechanical and
thermal stresses [15]. They are indispensable to all high
temperature processes in the production of metals, cement,
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glass and ceramics as in lining materials for furnaces, kilns,
incinerators, and reactors. An enormous variety of refrac-
tories exists, designed to meet the temperature and process
requirements of each application. Refractory materials are
designed so that their properties will be appropriate for the
application [16]. Refractory industry is heavily dependent
on raw material imports and, within the last years, there
has been significant increase in material prices [17]. For
refractory industry, the need to secure the availability of raw
materials at competitive price has created a strong incentive
for exploration of alternative sources of raw materials to
substitute virgin raw materials [18] as well as to develop
recycling of spent refractories [19].

This paper reports the characteristics of ferrochrome slag
and its feasibility as aggregate in refractories aiming to sub-
stitute virgin raw materials. Refractory castable specimens
were formulated with ferrochrome slag as an aggregate and
commercial calcium aluminate cement as a binder. Objec-
tive in this study was to prepare refractory specimens with
a maximum slag utilization but simultaneously to sustain
good properties, comparable to those of virgin raw material
products. The testing of refractory properties, in most cases,
indicate the performance of a refractory in actual applica-
tion. Hence, appropriate testing of refractories for predict-
ing properties, closely simulative to their applications, is
of great importance [16]. As this study aimed to determine
the feasibility of ferrochrome slag to substitute the virgin
raw materials in refractories, the effect of slag on refractory
specimen properties was investigated and compared with
conventional, commercial reference material targeted for
similar applications. Mechanical and thermo-physical prop-
erties of the cured, dried and sintered specimens were char-
acterized in terms of cold crushing strength, bulk density,
porosity, thermal expansion, specific heat capacity and ther-
mal conductivity. Mechanical and thermal properties were
evaluated also at high temperatures. In addition, mechani-
cal properties were defined for FeCr slag based refractories
exposed to corrosive gaseous atmosphere.

Table 1 Approximate chemical composition of the raw materials (%)

FeCr slag EAF slag Secar71 Reference
SiO, 30 10 - 44.5
Al O4 26 29 70 52
MgO 23 7 - -
CaO 2 45 30 1.5
Cr,03 8 - - -
Fe, 05 4 2 0.1 0.5
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Materials and Experimental Procedures
Raw Materials

In this study, ferrochrome slag, originating from high car-
bon ferrochrome production, was used as aggregate and
commercially available calcium aluminate cement (Secar
71 provided by Kerneos) was used as a hydraulic binder
in refractory castable specimen formulation. Another steel
industry slag, electric arc furnace, EAF, slag originating
from carbon steel production was used as fine fraction for
castables. As a reference, commercial refractory castable
Calde Flow LF50A provided by Calderys was used. Table |
shows approximate chemical compositions of the raw mate-
rials, the total oxide concentrations measured with X-ray
fluorescence (XRF) method.

Particle packing optimization of refractory castables cov-
ers the selection of right size and amount of various particles
[20]. The particles size distribution is selected to fill up the
voids between large particles with smaller particles and thus
to increase the particle packing density. In this study, Elkem
Materials Mixture Analyser Software (EMMA) was used
for optimal particle packing calculations in order to formu-
late the optimal recipes with the right size and amount of
various particles using distribution coefficient (q) value of
0.30. Particle size distribution optimization was based on
packing models and curves developed by Andreassen [21].
The optimization curves were combined in such a way that
the total particle size distribution of the mixture is closest
to an optimum curve. In this study, maximum slag utili-
zation was targeted and the FeCr aggregate percentage of
81.8 wt% was kept constant throughout the study. The ratio
between cement and the aggregates was locked to 1:4.5 on
weight basis. The batch compositions listed in Table 2 were
formulated. The composition of Castablel was formulated
using only FeCr slag as aggregate and commercial cement
as binder. Castable2 was prepared using 0.15 wt% commer-
cial dispersant (provided by BASF, Castament [22]) in order
to evaluate the effect of dispersant use on aggregate binder
compatibility and hence strength values. BASF Castament
dispersants consisted of polymers based on polyethylene
glycol. They are developed to disperse calcium aluminate
cement particles and aggregates in order to improve the

Table 2 Batch composition of slag based specimens as wt%

Sample code FeCrslag EAF slag Secar71 Dispersant wi/c (g/g)

Castablel 81.8 - 18.2 No 0.51
Castable2 81.8 - 18.2 Yes 0.44
Castable3 81.8 1.8 16.4 No 0.51
Castable4 81.8 3.6 14.5 No 0.51

rheological properties of castables in refractory applications
[22]. In the compositions of Castable3 and Castable4, part
of the commercial cement (10% and 20%) was replaced by
fine EAF slag fraction. Water to cement ratio was experi-
mentally locked to 0.51 for Castablesl, 3 and 4 and to 0.44
for Castable?2.

Preparation of Refractory Castable Specimens

The FeCr slag fine aggregates 0—4 mm were selected for
study. At first, the FeCr slag was dried for 7 h at 105 °C and
sieved to the particle size below 4 mm. EAF slag was milled
by means of the disintegrator DESI 15/16 C to the parti-
cle size below 75 pm. Refractory castable specimens were
prepared according to standard EN 196-1 [23]. A standard
steel mould with the size of 40 x40 x 160 mm?® was used for
mixed compositions. Castable were perepared by mechani-
cal mixing and compacted in a mould using a standard jolt-
ing apparatus as described in standard. Specimens were first
cured for 24 h in the moulds in a curing cabinet (RH>95%)
at room temperature. Then the specimens were removed
from the mould and left for another 24 h in the curing cabi-
net in a plastic bag at room temperature. After that, speci-
mens were moved to drying oven for 7 h at 105 °C. The dried
specimens were then sintered in air atmosphere by slowly
heating them to 540 °C and kept at this temperature for 3 h,
then heated to 1200 °C and kept there for another 3 h.

Characterization Methods

FeCr slag was characterized by microstructural and com-
positional studies as well as thermal analyses to find out
its characteristics. Microstructural investigations were per-
formed using a field-emission scanning electron microscope
(FESEM Zeiss ULTRAplus) equipped with an energy dis-
persive spectrometer (EDS, INCA x-act silicon-drift detec-
tor (SDD), Oxford Instruments). The identification of crys-
talline phases was done by using an X-ray diffractometer
(XRD, Empyrean, PANanalytical B.V., ALMELO, Neth-
erlands) with Cu-Ka radiation source, and analysed using
HighScore Plus software. The thermal behaviour was studied
using thermogravimetric analysis (TGA, Netzsch STA 449
F1 Jupiter) giving also a simultaneous Differential Scanning
Calorimetry (DSC) signal. The measurements were made in
air and argon atmospheres at a heating rate of 10 °C/min.
In order to evaluate the strength behaviour for slag-based
refractory specimens, six specimens were prepared from
the Castablel composition mixture, and their compressive
strengths were recorded after chosen steps. The preparation
of six specimens took place on day 1. After 24 h of cur-
ing in the moulds placed in the curing cabinet, specimens
were removed from moulds and the compression test was
carried out for one of the six specimens, with the strength
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value being recorded as the 1-day compressive strength
(stepl). On day 2, five of the specimens were left in the cur-
ing cabinet in a plastic bag. One of the five specimen was
kept separately in the curing cabinet for the measurement of
7-day compressive strength (step2). On day 3, four remain-
ing specimens were moved to drying oven where they are
kept for 7 h at 105 °C. At the end of the day after drying,
one of the specimens was subjected to the determination of
compression strength at 105 °C (step3). On day 4, three of
the dried specimens were slowly heated to 540 °C and kept
at the temperature for 3 h. On day 5, one specimen from day
4 was heated to 1000 °C, the second specimen was heated
to 1200 °C, and the third specimen from day 4 was used for
the compression test at 540 °C (step4). On the next day, the
cooled specimens were subjected to compression strength
determination, and their strength values were recorded for
1000 °C (stepS) and for 1200 °C (step6).

The microstructural, physical, mechanical and thermal
properties of cured, dried and sintered refractory castable
specimens were characterized. Metallographic cross sections
were produced by casting the cut sections of specimens in
Epofix cold setting resin under low pressure. The castables
were then ground and polished. An OLYMPUS digital cam-
era was used for photographing of cross sections. The cross
sections were also analysed using FESEM, for which the
castables were carbon coated for electrical conductivity.
Apparent solid density, bulk density and open porosity of the
specimens were investigated according to Archimedes prin-
ciple following the ISO18754 standard. Thermal expansion
coefficient o for the specimens was measured by dilatometry
using a Netzsch Dilatometer DIL 402C. The used sample
size for the measurements was rectangular 25 mm X5 X5 or
cylindrical, 25 X 5 mm diameter, cut by a diamond saw, and
the heating rate was 5 °C/min. Specific heat capacity and
thermal conductivity were measured by laser flash analysis
(LFA 457 Microflash, Netzsch) in argon atmosphere for the
samples of the size 10x 10x2 mm®. Samples were prepared
by a hollow drill and measured in the temperature range
from 21 °C up to 1000 °C. Cold crushing strength of the
specimens was tested based on the standard EN 196-1 [23]
using uniaxial strength tester. The compression tests were
carried out at the constant load rate of 2.4 kN/s as indicated
in the standard. For high temperature mechanical tests, cubic
samples were prepared from sintered castables. To obtain
the desired sample size (10x 10x 10 mm?), a diamond saw
with a blade thickness of 0.5 mm was used using a slow cut-
ting speed. The tests were done under argon atmosphere at
1200 °C, with an initial pinchload of —0.05 kN and a heating
rate of 10 °C/min. Once the temperature was reached, com-
pression was performed at a displacement rate of 0.2 mm/
min. All the measurements were done in furnace using an
Instron frame with a 4 MPa loading cell. Exposure tests for
the samples of size 20X 20 x 2 4 mm® were performed in
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Fig. 1 XRD pattern for the ferrochrome slag

HCI/SO, gas mixture with 15% humidity at 700 °C tempera-
ture for 168 h, after which the strength values were recorded
for the exposed specimens.

Results and Discussion
Characterization of the FeCr Slag

Figure 1 presents X-ray diffraction (XRD) pattern for FeCr
slag. Spinel phases (chromian, ferroan) (Mg)(ALCr),0,
appeared as main crystalline peaks. Other identified phases
included forsterite Mg,SiO, and enstatite MgSiOs. Addition-
ally, the XRD spectra showed a slight increase in the overall
intensity of the curve at low 260 values which indicates the
presence of an amorphous phase.

Figure 2 shows FESEM (AsB) micrographs of the FeCr
slag cross section with two different magnifications. Micro-
structural examinations revealed clearly that microstructure
of the slag includes several crystalline phases surrounded
by an amorphous glassy phase. Elemental maps disclosed
that aluminium is concentrated, together with chromium
and magnesium, on larger separate quadrilateral-shaped
crystals, most likely spinel (Mg)(AlCr),0, phase. Mag-
nesium was concentrated on elongated needle-like crystals
together with silicon, most likely being forsterite, Mg,SiO,,
or enstatite, MgSiO; phases detected by XRD analyses. Iron
was detected in separate spots, seen in the brightest con-
trast in SEM images. Crystalline phases were surrounded by
silicon-rich amorphous glass phase, seen in darker contrast
in SEM images. The shape of the XRD curve supports the
presence of amorphous phase besides the crystalline phases.
The mineralogy of FeCr slag was characterized in detail by
Makkonen and Tanskanen [24] who have suggested similarly
that common phases in the slag are Fe-Mg—Cr—Al-spinels,
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Fig.2 FESEM images (AsB) of the cross-section of FeCr slag with different magnifications
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Fig.3 TG/DSC curves for FeCr slag a in argon and b in air

forsterite (Mg,Si0,4), Mg-silicates and metal droplets. With
fast cooling rates, the slag is not totally crystalline, with
amorphous glass phase being solidified between the grains.
The amount of amorphous glass phase depends on the cool-
ing rate being typically between 60 and 70% in FeCr slag
[24].

Figure 3 shows the TG/DSC measurement curves of
the FeCr slag measured in argon and air atmospheres. In
both atmospheres, an exothermic peak was detected in DSC
curves above 900 °C similarly than in the study Zelic [5].
Additionally, in air, the weight loss curve started to increase
slightly above 400 °C showing also a small exothermic peak
in the DSC curve. In air, the weight loss curve continued to
increase with increase in temperature, relating most probably
to metal iron droplets oxidation detected in microstructure
observations. In both atmospheres, peaks observed in DSC
curves above 1200 °C were probably related to liquid slag
phase formation, with temperature increases increasing the

(b) TG/DSC in air
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content of liquid phase. In the study by Zelic [5] FeCr slag
melting point was reported to fall in the temperature range of
1200-1400 °C. The liquid phase formation at high tempera-
tures restrains the use of FeCr slag-based materials for struc-
tural applications. Refractory systems should be designed in
such a way that the maximum temperature attainable in the
system is lower than the softening or melting temperature
of the refractory ingredients: the binder and the aggregates
[16]. Thus these results suggest that maximum service tem-
perature for these type of novel FeCr slag based refractory
material is 1200 °C.

Properties of the Sintered Refractory Specimens
Figure 4 shows macroscopic cross-sectional images of
sintered refractory castable specimens for (a) Reference

(b) Castablel (c) Castablel after reheating to 1260 °C and
(d) Castablel after reheating to 1320 °C. Images revealed
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Fig. 4 Macroscopic images of sintered refractory specimen cross sections a Reference, b Castablel, ¢ Castablel after reheating at 1260 °C and d

Castablel after reheating at 1320 °C

Fig.5 FESEM cross-sectional micrographs of sintered specimens a Reference, b Castable2

that both the Reference and Castablel specimens showed
typical refractory material cross-sections, including aggre-
gates and surrounding binder phases. Reheating tests for
sintered Castable!l specimens up to temperatures 1260 °C
and 1320 °C were made in order to investigate the liquid
phase formation which was observed in DSC curves for FeCr
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aggregates. Reheating to 1320 °C revealed clearly the melt-
ing of both slag aggregates and surrounding binder phases,
which strengthens the observation of maximum service tem-
perature in DSC curves.

Figure 5 shows FESEM images of sintered cross-sec-
tional specimens of (a) Reference and (b) Castable2. FESEM
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micrographs revealed that for the Reference, the compat-
ibility between the binder and the aggregates is good, as
charged based on the sharp phase interfaces in Fig. 5a. This
is likely a result from long development and surface optimi-
zation work for commercial product. For slag-based Casta-
ble2 specimen (Fig. 5b), clear cracks at the binder-aggregate
interfaces were detected. However, the binder was evenly
distributed between the aggregates of different size fractions.

Strength Development Curves

Figure 6 shows strength development curve for Castablel
composition mixture as a function of temperature. Ceramic
bonded or fired refractories are formed at high temperatures
using binders and a sintering process [19]. As observed at

1000 °C no ceramic bonding has not yet developed. At
1200 °C temperature, higher strength values suggested that
ceramic bonds have been formed and full strength of refrac-
tory castables has been achieved.

Cold Crushing Strengths

The cold compressive strength or cold crushing strength
(CCS) of a refractory material is an indication of its suit-
ability for the use as refractory. It is a combined measure for
the strength of the aggregate grains and the bonding system
[16]. CCS values recorded for sintered specimens are pre-
sented in Fig. 7. The results are average of four specimens. It
can be observed that the best performing slag-based Casta-
ble2 showed average CCS value of 91 MPa. Strength value
was clearly below the strength recorded for the commercial
refractory reference material, 149 MPa, but notably higher
than the highest strength value, 60 MPa, reported in the stud-
ies by Kumar et al. [13, 14] for FeCr slag-utilizing castables.
According to CCS values, the use of dispersant (in Casta-
ble2) increased the average compressive strength value from
79 (Castablel) to 91 MPa (Castable2). Commercial disper-
sant (BASF Castament) has been developed to disperse cal-
cium aluminate cement particles and aggregates in order to
improve the rheological properties of castables in refractory
applications [22]. The differences between the performance
of Castable2 and the Reference specimen may be explained
by the still poorer compatibility of the binder and aggre-
gate phases of Castable2, as evaluated based on the phase
interface appearance (Fig. 5) although the recorded strength
values as high as 91 MPa indicate that the strength of the
aggregate grains and also of the bonding system are at the
acceptable level. By further improving the binder-aggregate
compatibility with optimal additives, it can be assumed that

Compressive strenght at 1200°C [MPa]

6 -
44
0-

Castable 1 ~ Castable 2 Castable 3 Castable 4

Reference

Fig.8 Compressive strengths measured at 1200 °C
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Table 3 Apparent solid density, bulk density and open porosity of
refractory specimens

Sample code Apparent solid Bulk density (g/  Open porosity (%)
density (g/cm®) cm?)

Castablel 2.96+0.01 2.35+0.04 20.66+1.32

Castable2 2.92+0.03 2.39+0.07 17.33+£1.28

Castable3 2.97+0.03 2.36+0.05 20.57+0.77

Castable4 2.99+0.02 2.33+0.02 22.18+0.88

Reference 2.78£0.01 2.33+£0.02 16.12+0.64

even higher strength values may be reached. According to
CCS results, it seems that 10% cement replacement by fine
EAF slag (Castable3) is possible, still keeping almost the
same average strength level for the castables, 75 MPa vs. 79
for Castablel. The higher cement replacement (Castable4)
resulted in lower average strength value of 71 MPa.

In recent years, more importance has been given to
high-temperature strengths of refractories rather than cold
strength values, since refractories are used at elevated tem-
peratures [ 16]. Figure 8 shows the compressive strengths of
sintered slag based castables and the Reference measured at
the temperature of 1200 °C. Recorded strengths at 1200 °C
were one tenth of corresponding value measured at room
temperature. Also at 1200 °C the highest average strength
value for slag-based castable was obtained for Castable2,
9.2 MPa, followed by Castable 1 (6.0 MPa). Strength results
measured at 1200 °C revealed more clearly that cement
replacement by fine EAF slag decreased the strength val-
ues. 10% cement replacement by fine EAF slag (Castable3)
decreased the average compressive strength to 4.9 MPa
and 20% cement replacement (Castable4) even lower, to
3.1 MPa.

Apparent Solid Density, Bulk Density and Open Porosity

The values of apparent solid density, bulk density, and
open porosity for slag-based castables and the Reference
are shown in Table 3. The results are average of three sam-
ples. Typically, the values of density and porosity are used
to recommend the refractories for specific applications [16].
In general, the higher the density, the lower the porosity
and also, other physical properties, such as strength, are
typically related to the density and porosity values. Table 3
shows that bulk density values were of the same order for
slag-based castables and the commercial Reference, around
2.35 g/em?®. These values are typical for the alumino-sil-
icate-based, dense refractory castables used as structural
components in heat-treatment furnaces and kilns [16]. The
Castable2 showed a slightly higher density value of 2.39 g/
cm? but featured also the highest variation in the values,
which could partly explain the result. Nevertheless, for
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Fig.9 Thermal expansion of sintered specimens measured by dilato-
metry

the best performing (highest strength) slag-based castable,
Castable2, the open porosity value of 17.3% was of the same
order with the commercial Reference, 16.1%. For other slag-
based castables, the porosity values were approximately 20%
(Castablel and Castable3; or even higher (22% for Casta-
ble4). Thus by increasing the cement replacement with fine
EAF slag fraction, the porosity is increased and the density
values of the castable are lowered.

Thermal Expansion
Figure 9 shows the linear thermal expansion of sintered

specimens measured by dilatometry. Thermal expansion
coefficients, a, of the specimens were determined in the
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Fig. 10 Thermal diffusivity measured as function of temperature for
slag-based castables and Reference
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Fig.11 Thermal conductivity measured as function of temperature
for slag based castable and Reference

—a— Castable1, Cpgr.qgo0c= 0.85-1.15

< 16
o 7 Castable2, Cpgr.1o00c= 0.69-0.99
= 15| A Castabled, Cpgr.qponc= 0.74-0.92
3 Castabled, Cpgr.1p0c= 0.64-1.04
% 1,44 #— Reference, Cpgr.1g0oc= 0-85-1.3
3 134 e i
%]
»
1,24 e /\-
r e
1,14 _

00 / _
//
¢
0,8

0,74

T T T T T
0 200 400 600 800 1000
Temperature [°C]

Fig. 12 Specific heat capacity as function of temperature for slag-
based castables and the Reference

temperature interval from room temperature up to 1100 °C.
Most refractory materials expand when heated and thus,
when refractories are installed at room temperature, the
whole structure expands and tightens up when heated [16].
Figure 9 shows that all the FeCr slag-based specimens exhib-
ited linear expansion and the recorded thermal expansion
coefficient values were at the level comparable to those for
the Reference.

Specific Heat Capacity and Thermal Conductivity

Figures 10, 11 and 12 show thermal diffusivity, thermal
conductivity and specific heat capacity as a function of
temperature for the sintered specimens. In all cases, ther-
mal diffusivity values in Fig. 10 revealed a slight decrease

with increase in temperature. Slag-based castables featured
somewhat lower thermal diffusivity values as compared to
commercial Reference, for which the values ranging between
1.3 and 0.7 mm?/s were obtained. Among the slag-based
castables, the thermal diffusivity values closest to the com-
mercial reference were recorded for Castablel, ranging from
1.1 to 0.5 mm?/s. The thermal diffusivity values for the slag-
based Castable2 (with the best strength properties) showed
the lowest thermal diffusivity values, from 0.8 to 0.4 mm?/s.

Thermal conductivity is a measure of the refractory mate-
rials’ ability to conduct heat from the hot to the cold face
when it is exposed to high temperatures [16]. Low thermal
conductivity values implies good thermal insulation capabil-
ity for refractory materials. Typically when thermal insula-
tion is needed for refractory material, insulating refractory
materials are formulated for low relative thermal conductiv-
ity and not for strength resistance. The majority of insulat-
ing castables are alumino-silicate- based or high alumina
castables, having densities between 0.4 and 1.45 g/cm®
and corresponding porosities of 45-85%. Thus insulating
castables show much lower densities and higher porosities
than dense castables. Generally when density increases and
porosity decreases, thermal conductivity will increase [16].
Thermal conductivity values shown in Fig. 11 disclosed a
slight overall decrease in with a shift towards higher tem-
peratures. Slag-based Castable2 exhibited the lowest ther-
mal conductivity values, from 1.3 to 0.9 W/mK, which were
much lower than for the commercial Reference (2.4-2.1 W/
mK). However, all slag-based castables showed thermal
conductivity values lower than the Reference. Thermal
conductivity values of slag-based Castable2 are comparable
to values shown in literature for alumina based insulating
castables which show thermal conductivity value of 1.2 W/
mK at 200 °C but have much lower density value of 1.2 g/
cm? [16]. These results indicate a good thermal insulation
capability for FeCr slag based castables and their suitability
in the use as aggregate in refractory castables for insula-
tion purposes and simultaneously having sufficient strength
for structural component also. Lower thermal conductivity
values for FeCr slag compared with natural material granite
has been reported also by Niemelid and Kauppi [4] for civil
engineering and road construction uses.

The values of specific heat shown in Fig. 12 revealed a
slightly increasing values with rise in temperature. Similar
results were obtained for EAF slag reported in the literature
[25].

Exposure Tests for Corrosive Atmosphere
Corrosion resistance is one of the most important charac-

teristics of refractories, thus the test conditions have to be
designed so that they closely simulate the conditions that the
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refractories experience during the use [16]. Thermogravi-
metric analyses of the FeCr slag-based refractories indicate
that their maximum service temperature is 1200 °C. Thus
in common metallurgical processes that operate at tempera-
tures above 1200 °C, direct exposure to molten metal and
slag should be avoided. However, potential applications may
involve exposure to gaseous atmosphere, the temperature
of which is typically lower than that of liquid phases. For
that reason, corrosion tests were performed to predict the
behaviour of FeCr based castables in acidic gaseous atmos-
phere. During the test procedure, samples were exposed to
the gas mixture of 15% humidity and HCl/SO, at 700 °C
temperature for 168 h. With visual inspection, no corrosion
effects were seen on the surface of the test samples after the
exposure. Mechanical tests were performed for the exposed
corrosion samples in order to evaluate the effect of corrosive
atmosphere on mechanical properties. According to results,
corrosion exposure caused no effect on strength values—
neither for the slag-based castables nor for the commercial
reference. These investigations indicate that the resistance
to acidic gaseous atmosphere for FeCr slag based materials
is at least at comparable level to the commercial materials.

Conclusion

Refractory castable specimens were formulated using fer-
rochrome slag as an aggregate and commercial calcium alu-
minate cement as a binder. Mechanical and thermo-physical
properties of the cured, dried and sintered specimens were
characterized. The effect of FeCr slag on the properties of
refractory specimens was investigated and compared with
conventional, commercial reference material targeted for
similar applications. From the findings of the study, the fol-
lowing conclusions can be drawn:

e The liquid phase formation above 1200 °C limits the
FeCr slag use as aggregate in refractory castables, thus
the maximum service temperature for these novel slag-
based refractory materials is 1200 °C.

e Cold crushing strength value of FeCr slag-containing
specimens was as high as 91 MPa.

e FeCr slag-based specimens sustained their mechanical
strength also at high temperatures, with the mechanical
strength values at 1200 °C being as high as 9 MPa.

e Thermal properties of the FeCr slag based specimens
were even better than those of commercial refractory
reference, showing thermal conductivity values as low
as 1.3 W/m K.

e FeCr slag-based castables exhibited linear thermal expan-
sion and a low thermal expansion coefficients as low as
ORT_1100°c=8.6 X 107° /K.
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e FeCr slag-based castables were exposed to corrosive gas
mixture with 15% humidity and HCI/SO, at 700 °C for
168 h. With visual inspection, no corrosion effects were
seen on the surface of the test samples. Corrosion expo-
sure caused no effect on strength values.

Results suggested the feasibility of ferrochrome slag to
be used as an aggregate raw material for refractory materials
up to temperatures of 1200 °C in air and in acidic gaseous
atmosphere up to 700 °C to substitute virgin raw materials.
Possible applications for this kind of novel refractory materi-
als are, e.g., insulating secondary layers or bottom zones in
metallurgical processes up to 1200 °C. A direct contact to
molten metal in steel industry must be avoided, but they are
applicable as, e.g. floorings when exposed only to occasional
melt droplets.
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