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1 Introduction

As an output of WP2 dedicated to #fAAdyv ahsemdwilrdviawtleec t
resultof task 2.1 focusedmicrostructure investigations (by XRRIHTEM, EDS, EBSD) of the studied materials, ir
their different states (including coyrdsieraim heneasto build a better understanding efdtienships existing between
microstructure (and its evolution) and thermomechanicaldeaspérgddateithin othddeliverabé

2 FiredAluminaSpinel bricks

2.1 Technical information about the product

Alumingpinebricks are mainly used irstbel ladle liniggutside of tteag ling Aluminds used due to its high melting
pointand the addition of spinel (with a slightly higher meliiitigiploertjatrix is known to improve resistance to corrosior
andreduce the penetration of basic slag. Alumina spinel refractorieSeseticashiiey do not contribute to carbon pick
up by liquid steel during handling. Hence, this material can be used for steel grades with a highly regbdcted quan
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Alumina spinel bridksestigated in this repuatvepreviouslpeen prefired at temperatures exceéleeegplication
temperatur@hereforaosignificant microstructural evolutions are expected.

2.2 Initialcharacterisationfthe product

Themicrostructiofalumina spinel brick, has been descdbt[it] the details of which can be found itothiedosub
sections.

2.2.1 Densityporosity

Alumina spinel brick &aspen porosity of 19.7 %arapparent density of 3.01g/MBoth values Vebeen measured
using Archimedes principle.

2.2.2 Mineral phases

The alumina spinel beiohsists @ fine matrix @n sizén the scale téns of microns) and large inclusions (grain size uy
to3mm)Themt er i al 6 s twaantineral phasaknmna ansl magnesidm aluminate Bakiad, in to account

the excess of alumina and the extension of spinel solid solution at high temperature, the firing stage leads to ar
spinellarge inclusions of white fused alamiaiso preseAnalysis of the material-tgy>diffretion XRD), seeFigure

1, revealed th@esence of diaoyudaoite (KA als&knowras beta aluminis sodium contemiginatekontheBayer
processirfvolnig bauxite attack by caustic.soda)

V Corundum (A1203) —— alsp after thermal treatment
JCPDS No.00-043-1484 —— alsp before thermal treatment
% Spinel (MgA1204)
JCPDS No. 01-073-1959
O Tungsten carbide (WC)
JCPDS No. 00-051-0939
< Diaoyudaoite (NaAl11017)
JCPDS No. 01-079-2288

Intensity [a.u.]
o
O
—
Lr__
oy
<

A L J‘\JJ\J“\\MJ

| ! | ! | ! | ! | ! | ! |
10 20 30 40 50 60 70
Angle 26 [°]

Figurel: XRDpatternof fired alumina spinel brick before and after thermal treatment &€ 1500
with 1h dwell and“& of heating/cooling ra{é]
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2.2.3 Microstructure

The ricrostructure of this matesiabe describedageporouslumina inclusidiended byorous alumina spinel matrix
as presented Figure2.

SRR
Alumina
inclusi

P

Porous alumina
spinel matrix

Figure2: SEM micrograph of fired alumina spinel bi¢k.

2.3 Characterizatioafter heat treatment

Characterisation of the brick was carried dw@rafaditteatmehb00°C, 1h dwell and@minheating/cooling
2.3.1 Mineral phases
After thermal treatméme types aoletectethineral phasesmained the saimg the respective content varies slightly and a
significant change in spinel stoichismagpserved. Thid bedescribed in the following section.
2.3.2 Microstructure
Thequantitativeesults derived from the XRD analgfise and afteermal treaentare shown ifablel. A significant
increase in spinel is observed while the alumina content decreases.

Tablel: Quantitative results before and after thermal treatfhpnt.

Before thermal After thermal

Crystalline phase treatment treatment Difference
[Weight %]
Corundum (Al203) 77.4 72.3 -5.1
Spinel (MgAI204) 22.0 27.3 +5.3
Diaoyudaoite (NaAl11017) 0.4 0.4 0.0
Tungsten carbide (WC) 0.3 0.1 -0.2

The spinel content increasegbpsoximateBQbo, while the alumina content decreasgprbyimatebo. One possible
explanation of tbisange could be a counter diffusiéraotlAWg cations, which seek to reach an equilibrium, as suggeste
i n  Wagner @pThisndffosiora couldserplain the observed increase of spinel content, which would, most |
lead to a change in stoichiometiy consequentge spinel beconmreher imluminauring thermal treatment

2.4 Characterization after corrosion

2.4.1 Slag corpositions considered in this work
After consultation with -Bagel, the following model slag compoEélied (vere considered for corrosiamgtesti
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Table2: Composition of the different types of slag used for corrosion tests.
wt. % Standard 10SiQ@  10MnO

ALOs 41.4 38.9 37.3
CaO 51.8 48.6 46.6
SIQ 4.1 10.0 3.7
MgO 0.6 0.6 0.6
FeOs 2.1 1.9 1.9
MnO 0.0 0.0 10.0
Basicity (C/S) 12.6 4.9 12.6

2.4.2 Desciption of experimental protocol

The test performed for the corrosion of-apimghhrick &contact test. For thimtactest, pellsbf slag (several grams)
wereprepared with a press, the pedetthenputontop of small piexaf brick. The ensemibubs thenfired at different
temperatusavithdifferentwelitimes.

2.4.3 Mineral phases

Figure3a shows the XRD pattern of altgpinabefore corrosiolumina/kOs) and alumingh spinel (Mg\bO,) are

the major phaseresent in the-corroded alumisginel bricodiumaluminatéNaAkLOs4) and dica(SiQ) can be seen
asminor componeinghe pattern

Figuredb illustrates the XRD patittatuminapinel sampédter the corrosion test with standaatl 58fC after 10 and
30hours Corundum and spinel are still presbgbattern which afreconstitutive compaosiotithe samplMoreover
severahew phasdgcalcium moraduminatéCA (CALOy)), calcium diluminatéCA (CaAlDy), andccalcium hexauminate
(CAs (CaAlDw)) have been formedte formation of these phasebeaattributed to theneral corrosion mechanism of

aluminapinel in contact veittalumina rich slag containing CaO and&i@rding to the literd®jréhe corrosion process
begins with the infiltration of CaO and subsequent réaétionshidh leads to:

CaO + AD:4 Ca0.AD; ( +AbOs) 4 CaO.2A0:( + AbOs) 4 Ca0.6A0;
Furthermore, Si€an react with géllowintghe reactidmelow
SiQ + Ca0.640:4 2Ca0.AD:.SiQ or CaO.AD:.SiQ

The slag composition contariaR@Mr?t, which the spinel in the refractory can trap, in cationwiliartceattice
structurgvhich leads dieformation. CaO and. 8@ponents in the slag accelerate this reactionpfiageGsthe stable
phase of reacted CA angv@ith AD; which may formsitu.CA formation is associaied volumetric expansion at the
surface of alumina grains and these additional calcium aluncaateckdyeessome local porosity. Thanks to these twe
aspects, alumigeains arén some waprotected frofurthemfiltratiobyslag
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Figure3: XRD pattern ain AFMA brick(a) uncorroded sampléb)corrodedwith standardslag

2.4.4 Microstructure

In order to examine the depth of infiltration after, Etqguoelamows clearly, at a macroscopidhevielterfadsetween

the initial state of the material and the area whichihgl¢raeehtiheslag.The depth of infiltration depends ongthe sla
used. The sample corrodeddsfandard slagigureta), has been infiltrated three times more than the sample corrodec
the 10Sigslag Figuredb). However vitss not possible to determinate the infiltration in the sample corroded by the 1.

slag as the slag flowed out of the sample.
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Standard: 14582 for. 1h 10Si@: 1450C for 1h

&) i EHT= 20005V w.u VPBSD!  Dwte: 12002018
‘J’. wo=192mm  FF Pholo No. = 548

e EHT=20004V  SignelA=VPBSD1  Dater 12.Jun 2019
gy — Wp~ 189mm  FF-08 Photova = 360

a) b)

Figure4: SEM micrographs of the interface of the contact test samples corroded@far4Btusing
a) the standard slamdb) the 10Sig>lag.
In order to examine kbealmicrostructure evolutdier corrosionther observations have been carried out at largel
magnificatidiigures). For all the samplebtained, thabservedicrosticture waesimilarAs an exampleitithe slag
10 MnQCAcrystalgan be observed surrounded by a calcium aluminate (silicate) magnesium mixture.
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Figure5: a)formation of Cfand CAdue to theorrosionof aluminaspinel brick byl0 MnGlag
b)generabchema of the reaction betweei®Adndslags rich in CaO

In the reaction zone, the small alumina grains have reacted with the slag fordomdetieCldig alumina aggregates
layer of G/as formed surrounded by a layes. 0h@fphenomenismueto the diffusion of2Gans from the slag to the
alumina aggregates as shoWigimesh. It can be notice thatfdneedCA layer is not homogeneous around the alumina
grains. It seems that the amount fafr@&d in the 3 samples is differe@modhesfformedCA appears to be highest in

the sample corroded using the 10MnO slagamesthehe sample corroded using the standard slag. The amount forr
in the samples corroded using the $RgiG intermediate.

Behind the areadimectcontact with slabe microstructure of the brick is simiofdoticks heat treated at the same
temperature. The new formed phasesn(C84 act as a protective layer and prevent the dissolution of coarse alur
grains. The critical point iswHmegn the slagfiltrates inside the sample, not only do chemical reactions proceed, but,
result of density differences, so does volume expansion. These density variatifes efgpepstaliographic structures,
with different lattice paraméteusit is essential to have an optimum volume expanstmrrdsiorgin order to avoid any
thermomechanical problems during applitagioteanperature (to be confirmed later by thermomechanical tests).

3 Resin badedAluminaCarbon bricks

3.1 Technicainformation about the product

Magnesiaarbon bricks are mainly used in the slag linenakstgegjuipmenMagnesia is used in the brick due to its high
melting point and its good corrosion resistance against basic slag, inlsigeivalsad. The carbon matrix, due to its
antiwetting properties, slows down the corrosion of the bricks by preventing the wetting of the brick by slag. Howe\
makes the brick sensitive to oxiddtéignesiaarborbricksnvestigated in thipad, have previously been prefiettiert
lowtemperaturgsisuallypelowl000°C just to obtain pyrolytic carbon matrix fraddediduring processimggrefore

the application temperature in steel making can induce significant meeagtroctirahould be noted thee t
investigatdaricks contain no antioxedant

3.2 Characterization in the initial state

3.2.1 Densityporosity

The density and porosity of the DbrickdandPBotTheiprositd u s
distribution obtained by mercury porqsism@tegenteth Figures, shows that the pore distribution is multimodal with th
majority of the pobesng smalbetween 0.5 angi).
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Mercury porosimetry of MgO-C bricks
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Figure6: Distribution of the porosityithinthe Mg@&C brick(obtainedoy Hgporosimetry.
3.2.2 Mineral phases

Thecompositioof the brick is predominantly magneS§ianaaidly in thgraphitéormandsome calcium silicate impurities,
seeTables.

Table3: Composition of MgO brick.

wt. %
MgO 96.9
Mineral part ';',283 8':
102 o
90 %
° Ca0 1.9
Fe20s3 0.3
Carbon matrix part
100

10 %

The diffractogravhasreceived MgO brickspresented Figure7, show the maimystallinphasegpresenarePericlase
and Graphit®ther forms of carbon can be preserddamtiiehut they could not be identified by XRD.
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Figure7: XRD patternf asreceived Mg@ bricks.
3.2.3 Microstructure

SEM observatgwfa MgQOC briclarepresented Figure8. The magnesia carbarkbrare mainly composed of big and fine
fusedbig monocrystallgrain or sintere¢bigpolycrystalliggain magnesia grains. The matrix is composed of two types
carbon: graphite goydolyticarbororiginatinfjom the resin. Some calpiagnesiusilicate impuriteemmon in the raw
materials of magneai@ also present.

“Sintered

Fused
- MgO

GHI 19 Mar 2019 FF-08-950 20.00 kV

a) b)

Figure8: SEMobservation®f asreceived Mg@ bricks. a) overview of the sampleabonin the matrix

3.3 Characterization after corrosion

3.3.1 Description of experimengabtocol

For the corrosion test g brickstwo kirglof test were performed. The contatirtegtich the amount of slag is low
compared to the amount of brick and the dipfongvtésh the amount of slag is large abimplaeeamount of brick.

3.3.1.1 Contact test

The exgrimental protocol for the coieat is identical to thedcribeth Sectio@.4.2However, for the corrosion of MgO
C, the samplege put im closedarbon crucible to generate a redtrtiogphere during the firing.
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3.3.1.2 Dipping test

For the dipping test, prismatic samples with the sidserZionl25 mnweae prepared from the briekeideedslag
(2kgwasintroduced in a carbon crucible wdsplaced in an induction furnade avittosd chamber, sdggure.

A

Gaz flow Gaz flow

I Thermocouple

AJojoe.lyay

=
m
=
Q0
a
-
(=)
=
<

juawa|a Suneay
juawa|a Suneay

Corrosive
medium

Figure9: Schema of the induction furnace used for the dipping test
First the sla@ee compositohable2) wasme | t ed wi t h t he f,oncethecsEagassmelied) thenb e r
chambewss closed, evacuatett filled with argon. Then, to avoid thermal shock when dipping them into the slag, th
of bricksvee lowered just above the slag for 10 minutes. After 10 minutes, the prisnesdidigpeplesthe slag for 1h.
When removed from the glagsamplaeseae left to cool down naturally. After cooling, crossvaecpoesared for SEM
EDS observation.

3.3.2 Mineral phases

After corrosion, the mineral phases present in the bricks are; MgO, graphite and metallic particles composed m
FeMn.

3.3.3 Microstructure
3.3.3.1 Contact test

The SEM micrographs, of the@/Aggnples, showing infiltration of different types of slag after the contact test are sl
Figure 10.
a) "dium ! 0 l»*»\..; : 1 )

& aluminate™ A 5 X silicate . S Y Calcium aluminium
X e : 3 - magnesium aluminate

Calcium
Calcium aluminium aluminate

magnesium silicate 1
5 2% ‘ 1 A >

FigurelQ Micrographs of MgOsamples from the contact test corroded at 1854y the different slags in oxidizing atmosphere
respectively using a) standard slag; b) 108#9; c) 10MnO slag.

For all samples, almost no carbon was oxidizezgfjufaesurface and roundihg a@lggregates, in all the sankpipséd

10, indicates tivgO aggregates were dissolved in the slag. Adodlittbealyrface of the bricks corroded by tsdtan

slag and the 10S8ag metallic particlase observambmprising Be For thesamples corroded using the 10Mn@eslag
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observethetalliparticles comprisé&efand MiThese particles redutim the carbothermal reduction of C withdvig@ foll
by the rexidation of the Mg gas formed during the former reaction. Maohésdetadisase given in the deliverable D2.2.

Some slag infiltration can be observed at the boundary of the MgO grain. Furthermore, the formatioasof an M
observed at the surface of the sample corroded using the 10MnC* €lagdtlB8H0. No significant differences were
observed between the sample corroded & aa8QL55TC.

3.3.3.2 Dipping test
The samples obtained using the dipping test aeslpnetaFigurel 1

Standrd 10SiQ 10MnO
1550 °C 1600 °C 1550 °C 1600 °C 1550 °C 1600 °C

Figurell Samplesesulting fronthe dipping tesat two different temperaturd$%0 °C and 1600)°C
forthe three considered types of slsiguidard10SiQand 10MnpD
Theeffect oforrosionnthe samplaseated widtandard slag and 10MnO stegigiblat both temperatures, no difference
in thdength or widttas observedhe sample corroded using the JA€8iCat 155 also showed no difference in edge
length, howevat,1600C, the sample lost about a thirdvidtits

SEMmicrographecordd, from a central section of the immerged part of thiestneglafacef the corroded samples

are showinFigurel2 Similarly, to the previous testwdggartially dissolved into the slag. Metallic particles of Fe, for t
sample corroded using the standard angsldifsiCand Fe and Mn, for the samples corroded by the 10MnO slag, cou
observed at the surface of the bricks. However, an MgO daybrsea®d at the interface of any of the samples at ar
temperature. In addition, some carbon was removed from the bricks either by being torn off by thkégsiegydas shown
or by being oxidized; thls enabled the infiltration of teheagsriples as showhigurel2a and-igurel 2o.
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Figurel2 Micrographs of MgO samples obtaidewith the dipping test
under an argon atmospheat,1600°Cfor 1h using a) standard slag; b) 18Si&y; ¢) 10MnO slag.
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https://www.youtube.com/watch?v=CimJI88c4fE



































































