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Blast furnace hearth refractory and coke ash mineral interactions

Abstract

In the blast furnace hearth the calcium aluminate by-products of coke dissolution can react with the
hearth refractories. Reactions between these coke ash minerals and the aluminosilicate and alumina-
carbon hearth refractories may result in increased refractory wear reducing the blast furnace campaign
life. Hence improved understanding of these interactions may have implications for the campaign life of
the blast furnace hearth refractory materials. The interactions between the coke ash minerals and
aluminosilicate hearth refractory have been assessed by heating samples of calcium aluminates (CA, CA2
& CA6) coupled with aluminosilicate refractory to temperatures representative of the blast furnace hearth
(1450 degrees C to 1550 degrees C) in an inert atmosphere over a range of reaction times (4 - 24 hours).
It was found that there was significant reaction between the refractory, CA and CA2 but little reaction with
the CA6. The reaction layers formed at the interface between the couples were found to consist of CA2,
CA®b, corundum, plagioclase and melilite. The formation of a layer with these phases is likely to cause
refractory wear due to reduced mechanical strength at highest operating temperatures and by spalling
induced by volume changes and changes in thermal expansion characteristics. From assessment of the
kinetics of the system it was found that the aluminosilicate refractory followed the linear rate law for
reactions with CA and CA2. Given the lack of reaction of the refractory with CA6 little comment can be
made on the kinetics other than they are slow.
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ABSTRACT

In the blast furnace hearth the calcium aluminat@ioducts
of coke dissolution can react with the hearth tfdes.

ash formed during the dissolution of coke in ir@oke is
composed of carbon and up to 15 mass% oxides g@pab
dissolution of the carbon from the coke into liquidn can
leave an oxide layer at the coke-iron interfaceze@ithat this

Reactions between these coke ash minerals and tlxide material in feed coke is approximately 50 $PASSIQ,

aluminosilicate and alumina-carbon hearth refragsomay
result in increased refractory wear reducing thastofurnace

this layer was expected to be siliceous. Howevegnestudies
by Chapman et al [2 -5] have found that coke aslomprised

campaign life. Hence improved understanding of eheslargely of calcium aluminates.

interactions may have implications for the campdifgnof the
blast furnace hearth refractory materials.

The
aluminosilicate hearth refractory have been asdedsg

heating samples of calcium aluminates (CA, CA2 &GTA
coupled with aluminosilicate refractory to tempearas

representative of the blast furnace hearth (14536°C550°C)

in an inert atmosphere over a range of reactioedi@ - 24

hours).

It was found that there was significant reactiotmleen the
refractory, CA and CAZ2 but little reaction with tliA6. The
reaction layers formed at the interface between cihaples
were found to consist of CA2, CA6, corundum, platase
and melilite. The formation of a layer with theskapes is
likely to cause refractory wear due to reduced raaital
strength at highest operating temperatures and paylirsy
induced by volume changes and changes in thernpainsion
characteristics.

From assessment of the kinetics of the system & fwand
that the aluminosilicate refractory followed thedar rate law
for reactions with CA and CA2. Given the lack e&ction of
the refractory with CA6 little comment can be maate the
kinetics other than they are slow.

Keywords: blast furnace; hearth; refractory; coke ash;
calcium aluminates, aluminosilicate; refractory wear; CA

l. INTRODUCTION

Typically blast furnace hearth refractories aremrily
composed of micropore carbon refractory protectedalgers
of aluminosilicate and alumina—carbon refractoggeshown in
Figure 1 [1]. These refractory materials may resith coke

interactions between the coke ash minerals andij
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Figure 1. Number 5 blast furance Port Kembla hearth refrgadesign [1].

In the hearth, below the iron-slag interface, thiserial is not
dissolved in the slag and is therefore able toleseth the

hearth refractories. In this situation it may bpeoted that the
calcium aluminate coke dissolution products cowdct with

the aluminosilicate and alumina-carbon hearth otdrées.

These reactions may promote hearth wear and retieddast
furnace campaign life. Understanding the nature tloé

calcium aluminate refractory reactions are impdriérblast

furnace hearth refractory life is to be optimis€taracterising
and understanding these reactions is the subjehtso$tudy.

1. EXPERIMENTAL

The interactions between coke ash and blast furheegth
refractories were investigated using an alumincesid
refractory and various synthetic coke ash reactiooples.
These reaction couples were heated under a highty pur
(99.99%) argon atmosphere at temperatures repetisenbf
the blast furnace hearth using the experimentafigamration
outlined in Figure 2. The argon was passed thraaggarite,



drierite and then copper turnings at 300°C prioentering the

furnace.
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Figure 2. Gas Scrubbing and high temperature furnace expetahgetup

schematic

The aluminosilicate refractory was tested with eadhthe
calcium aluminates ((CaO.&);, CaO.2A}0; and

length of the layer 90 times and the average redoas the
layer thickness.

Figure 4. Image Analysis of Aluminosilicste CA reaction coeighowing a
leyer thickness measurement..

A. Materials Preparation

Representative samples of the aluminosilicate heart
refractory and synthetic coke ash compositions (B&0;,
Ca0.2A}0; and Ca0.6AI0;) were used in this study. The use
of synthesised calcium aluminates eliminates theabgity
typical of industrial coke ash compositions and sgha
dispersions allowing for much better control of the
compositions of the reactants improving the expernital
reliability. The method used by Chapman [2] to sl the
single phase calcium aluminates was used for thify/s

In a study by Drain [6] the aluminosilicate refiagt was
characterised by taking a number of samples frofierdnt
locations in the refractory brick as shown in Feyd:. It was
found that the microstructure was independent efbsition
within the refractory brick. No large defects ariations in

Ca0.6A}L0,) for reaction times of 4, 8, 12, 18 and 24 hours amicrostructure (e.g. laminations) were observedughout the

1500°C. Each reaction couple was also tested foouts at
1450°C, 1500°C, 1530°C and 1550°C (with the exoeptf
CA at 1550°C and CA6 at 1530°C). After testing saenples
were cooled in the furnace at 5°C fhin

The reaction couples were then mounted and secti@ase
shown in Figure 3. The interfaces of these reactionples
and any reaction products were characterised usiagning
(SEM)

electron microscopy and

spectroscopy (EDS).

a)‘:; L > > A

Refractory Samp
Figure 3. Cold mounted and sectioned reaction couple for S&dlysis

The thinkness of the reaction layer at the refrgeaduminate
interface was measured using image analysis. Ampbeaof a
measurement is given in
measurement of the reaction layer thickness udirgirhage
analysis software. This measurement was repeatedsathe

energy dispersive a

Figure 4. shows an example

material. The refractory was found to consist ofiliteuand
corundum phases (Table I).
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Figure 5. a) Aluminosilicate core samples b) sample posit@nsample
microstructure.



TABLE 1. ALUMINOSILICATE REFRACTORY EDS SPOT AND AREA

ANALYSIS RESULTS

i Al 503 SIOZ FeO "
EDS Position (Mass%) | (Mass%)| (Mass%) Identified Phase
66.7 31.7 1.6 Mullite
94.0 6.0 Corundum

The surface of each material was polished to aehiv

surface roughness of less than 3um.

Ill.  RESULTS AND DISCUSSIONS

For each of the reaction couples tested SEM mieggws were

produced as shown in Figure 6.

Selected EDS elemental maps are given in FiguEDB spot
analysis compositions at the points indicated guFé 6 were
used to identify the phases at the interface in reeection
couples. These are given in Table Il and Il

The reaction phases identified via EDS spot armlygere
compared with those predicted by the phase stabiiitigrams
(Figure 8) produced from the MTDATA thermodynamic
modelling software [7]. Not all the phases predictey
MTdata were observed in the reaction couples. Thisiost
likely a kinetic effect and not surprising as tteuples were
not expected to be at equilibrium.
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Figure 6. Scanning electron micrographs produced for eaattign couple tested. A) The temperature serie®-1450°C, B) Time series 4 — 24 hours.
Numbered spots represent spot analysis pointsel$amat 200 pm.



TABLE II.

ALUMINOSILICATE REFRACTORY TEMPERATURE SERIES REACTION COUPBS EDS SPOT ANALYSIS RESULTS AT 4 HOURS REACTION TIME

UNITS = MASS%. NOTE: ONLY THE 1450°C,1500°CAND 1550°CDATA IS SHOWN

n

Spot 1450°C 1500°C 1550°C
No. [ AlL,O; | Cao | SO, Phase | AIO; | CaO | SiO; Phase | AJO; | CaO | SiQ, | Phase
Hibonite
1 64.6 | 35.4 CA 77.2 15.4 7.4 (CaAl,Ox)
g L2 633 | 46| 321 Mullite CA not tested at 1550°C
3 64.5 35.5 CA
4 67.5 1.75 30.8 Mullite
~ 1 78.8 | 21.2 CA2 779 2212 CA2 91.6 8.4 CAB
S| 2| er9 12.0| Corundum| 100 Agg;ga 75.2 24.8| Mullite
3 67.0 32.9 Mullite 78.01 22.( CA2
g 1 90.7 9.3 CA6 76.7 23.3 Mullite Graip 90.4 9.p €A
2 73.8 26.2| Mullite Grain| 91.0 9.0 CA6 731 26.9 ulMe
TABLE lIl. ALUMINOSILICATE REFRACTORY TIME SERIES REACTION COUPLEEDS SPOT ANALYSIS RESULTS ATL500°CREACTION TEMPERATURE
Spot 4 Hours 8 Hours 12 Hours
No. | Al,O3 CaO SiG, Phase AJO; CaO SiG Phase AJO; | CaO | SIO Phase
1 77.2 154 7.4 Hibonite 65.3 34.7 CA 63.5| 36.5 CA
2 | 633 46 | 321  Mulite 73.8 26.2 GCAZ’. 768 | 59 | 17.3| Corundun
< rossite
o 3 64.5 35.53 CA 38.2 225 39.3 Gehlenite (Melilite)] 71.3 28.7 Mullite
4 67.5 1.8 30.8 Mullite 83.4 11.3 5.3 Corundum 788 1.22 CA2
5 65.4 331 1.6 Mullite 79.0 21.0. CA2
1 77.9 22.1 CA2 57.8 42.2 Mullite 7818 21 CA2
o 2 | 100 A'gg;ga 91.9 8.2 CA6 89.0] 24| 84 Corundy
© 1 3| 671 329  Mulite 778 | 222 CA2 6181 1211 241, A2/
4 75.55| 24.4 Mullite
5 70.73| 29.3 Mullite
g 1 76.7 23.3| Mullite Grain 93.3 6.7 CAG6 / corundum 8.8 0.4 31.4 Mullite
O 2 91.0 9.0 CA6 91.2 8.8 CAG6 / corundum 89/5 8 2.@orundum
3 77.1 23.0 Mullite
Spot 18 Hours 24 Hours
No. Al,03 CaO | SIG Phase AO3 CaO SiO Phase
1 67.8 32.2 CA 100.0 Corundum
2 67.8 32.2 CA 37.7 18.3 44.0 Anorthite (plagiocjase
S| 3| 795 | 205 CA2 803| 196 0.1 onal
4 100.0 corundum 66.8 33.1 0.1 CA
5 67.8 32.2 Mullite
1 79.5 20.5 CA2 91.4 7.8 0.8 Corundum / CA6
DY 2 92.3 7.7 CA6 100.0 0.0 Corundum
o 3 92.3 7.7 CA6 100.0 0.0 Corundum
4 100.00 Corundum 59.5 1.2 39.3 Mullite
5 75.6 24.4 Mullite 74.8 0.9 24.3 Mullite
1 914 8.6 CA6 75 25 Mullite
g 2 100 Corundum 42.1 16.9 41.0 Corundum
3 100 Corundum 85.4 10.6 4.0 Corundum
4 73.7 26.3 Mullite 72.3 0.1 27.6 Mullite
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Figure 7. Energy dispersive spectroscopy analysis of SEMagraph of the aluminosilicate — CA reaction cowgdter heating for 4 hours at 1500°C.
Scalebar =100 pm.
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Figure 8. Phase stability diagrams showing the mass of phasesent at different aluminosilicate CAx massosfor the reaction temperatures
1450°C- 1550°C using the MTDatat [7].

The time dependency for the formation of the vagiphases found to be time dependant. Each of these phases anly
predicted by the phase stability diagrams (Figyrevaés tested observed at longer reaction times e.g. 8 hoursnieglilite and

by comparing phases formed at different reactiores with 24 hours for plagioclase.

the equilibrium phases predicted in Figure 8. Isvi@und that

some phases take a significant amount of time tmm.fdhe The formation of some phases was also found to be
formation of CA6, melilite, plagioclase and corundwere all  temperature dependent. The formation of CA2 andliteein



particular was found to be temperature dependenth) tvere
4 hours above 1530°C
temperature. However each of these phases weretaedo
be thermodynamically stable at lower temperatuneBigure
8. This is most likely due the higher reaction saté higher
temperatures. The rate of reaction for most highptrature
refractory reaction processes follow simple kiretichere the
rate is in part proportional to a rate constar8]k [This k may
be representative of mass transfer or chemicatiogacontrol
kinetics. Temperature effects on k can be predidtedhe

only observed after

Arrhenius equation (1) [8].

k= kbe[_%}

(1) (8]

where k is a pre-exponential constant, Q an activatiorrggne

R is the gas constant and T the thermodynamic texhpe.

From equation 1 it can be seen that k has an expahe
relationship with temperature, whereby increasemgperature

increases k and hence increases the rate of reactio

In reviewing Figure 8 it can be seen that for h# treaction
couple systems studied there is the potentialifpid phase
formation, particularly in the higher CaO calciuhurainates
and high temperature reaction couples. Given tlaetian

analysis is post experiment at ambient temperatooekquid

reactiolmxide was observed directly. Indirect evidence imfuit

formation could be local densification of the réactcouple,
pore penetration by the liquid, curvature of phaf®sed
and/ or the surrounding pores and compositions hafses
representative of what would be expected of a digati the
experimental temperature. There is some evidendbesk in
Figure 6. There are rounded or curved pores tlagtindicate
that a liquid has been present. Though this isdefihitive as
such pores can be caused by solid state reactainctuses
volume change. There are also compositions cornelpg to
phases of what might be expected to have beerui laxide
(plagioclase and melilite in Table Ill) at the erp®ental
temperature.

The liquid oxide phase, as predicted by MTdata @ a
composition of approximately 35 mass% iG2 mass%

solidify to form melilite and plagioclase. Sincethathese
were identified in Table Il this indicates a ligubxide phase
may have been present at the experimental temperatu

A. Aluminosilicate Refractory Reaction Kinetics

Reaction layer thickness measurements were takémg us
image analysis of the micrographs in Figure 6.
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Figure 9: Aluminosilicate — Calcium aluminate réaetcouples thickness of reaction layer by timee Sblid line represents the best fit to the respecate law

being tested.

Al,O3; and 33 mass% CaO. This composition could readily



These data were used to test for linear, parabaltid
logarithmic kinetic behaviour (equations 2 — 4 exgjvely)
[9, 10] between the aluminosilicate refractory atacium
aluminates and are given in Figure 9.

It can be seen from Table IV that the mullite thekexpansion
coefficient is significantly different to the reawnt product
phases (6x1BK compared to 1.6x10K and 26x10/K). This

difference will increase the susceptibility of tredractories to

x =k, t+ A (2)[9, 10] degradation by thermal spalling when exposed tolicyc
2 _ o temperatures.
x*=2k,,t+B (3) [9, 10] P
x = kg logt +C 4)[9, 10]
TABLE V. UNIT CELL VOLUME, DENSITY AND THERMAL EXPANSION
where  x = reaction layer thickness COEFFICENT OFCOKE ASH AND HEARTH REFRACTORY MINERALS[11 - 16]
k = respective rate constant Phase Unit Cell Volume Density a
t =time (A% (glcn?) (10%K)
A, B & C are constants CA (CaO.ALO,) 1069.4 2.92 ~26
The R values were used as the discriminating parameter [ CA2 (Ca0.2 MOy 2917 29 A
deciding best fit in Figure 9. Thng/aIues of 0.9454 and CA6 (Ca0.6 AIO;) 588.1 3.77 21
0.9396 for the CA and CAZ2 reaction couples indisa good
fit of the experimental data to the regression forethe linear Corundum (AJO,) 84.9 3.99 19
rate law (equation 4) [9, 10]. The CAG6 reaction pes had .
. . v . . Plagioclase (CaO. 1.6-
poor fits to the logarithmic, linear and parabohte laws with A?zo3,25i(i) 697.64 2.76 2138
R? values of 0.672, 0.682 and 0.687 respectively. fitnar fit Melilite (2CaO. 999,05 508 s
is most likely due to the very small reaction lagbserved and Al205.Si0y) ' ' '
small data set cgused by the reaction layer omiyifg at the Mullite (3 Al;05.2Si0,) 169.7 308317 -6
longer reaction times.

Linear reaction kinetics in refractory systems gcehien the
reaction layers have high porosity, cracking, spalor consist
of a liquid phase. These defects prevent the ma¢froduct)
layer from slowing the reaction kinetics. The CAdaBGA2
reaction couples were observed to form reactioeriaywith
high porosity at temperatures of 1500°C or gregfagure 6).
This reaction mechanism is consistent with phen@men
observed in the micrographs shown in Figure 6hls Figure
there is evidence of spalling and cracking of #émction layer
at reaction times >12 hours Also as previouslyudised there
is evidence that a liquid may have been presenthat
experimental temperature.

There is a general trend of increasing reactiomrldfickness
with greater C4 content of the calcium aluminate. This
indicates that G is playing a key role in the reaction kinetics.
Though not explored in this study, it may be expécthat
there would be a greater thermodynamic driving dofor
reaction or calcium transfer in the higher “Caalcium
aluminates.

B. Influence of Reaction Products Properties on Refnac

Degradation

The possible formation of the liquid oxide phaseyma
accelerate the rate of refractory loss via rema¥ahe liquid
phase and reduce wear resistance of the high ppmegjion
remaining at the refractory surface. Table IV jueg the unit
cell volume, density and thermal expansion coeffits of
selected solid phases observed to be preseneimetiction
layer.

Volume changes due to the formation of reactiordpets can

produce stresses and subsequent spalling of thactedfy
materials. There is also evidence of this in inurég6. The
increase in unit cell volume in the reaction layebetween
75% (formation of CA2 in the refractory) and 411fdrihation
of Plagioclase).

The calcium aluminates, plagioclase (Ca@AI2SiO,) and
melilite (2Ca0.A}0s.Si0,) all have lower liquidus
temperatures than the refractory phases (mullited an
corundum). The calcium aluminates soften betwee®0I5
and 1600°C, which is within the range of hearthgeratures
(1450°C - 1550°C). Therefore the reaction layetiksly to
have a lower resistance to mechanical wear andrdefion
than the refractories.

C. Refractory — Coke ash reaction kinetics in the blas
furnace hearth

The experimental methodology used for this stugyegents
the situation in the hearth in which coke ash com&scontact
with the hearth refractory without any molten irpresent at
the interface. Due to the non-wetting behaviouirof melts
with calcium aluminates [17] and aluminosilicates8][ the
absence of an iron melt at the interface is betldeebe a good
assumption for localised conditions within the hiearThe
molten iron in the blast furnace hearth also costgsi] up to
0.9% at 1550°C in some cases [19]. This [Si] mactavith
the calcium aluminates and refractory and assistth&
formation of low melting point phases such as palgise and
melilite. The experimental setup used did not satalthe
cyclical coke bed float/sink conditions that carcucin a blast
furnace hearth [20]. These cyclical conditions wouicrease



the removal rate of any reaction products via ligh flows or
coke bed movement and subsequently increase theratea

(6]
CONCLUSIONS

In a study of blast furnace heath aluminosilicatéractory
reactions with CA, CA2 and CA6 coke ash mineralsvats
found that the kinetics of the refractory reactisith the CA
and CA2 follow the linear rate law. This is typicdla material
that forms a non-protective reaction layer withhhigorosity
and forms liquid phase reaction products. Given limited
amount data obtained for the CA6- aluminosilicateptes and
the poor fit to the data obtained, little commesm be made on
its kinetic behavior other than the reaction wasvs|

[7]

(8]
9]

The rate of reaction was observed to be dependent o[10]
temperature and the CaO composition of the symtheike

ash. It was not clear whether a liquid formed dyirieaction of

the refractory- CAx couples. Thermodynamic analysis [11]
indicated this was possible and there was someorsicuctural
and composition evidence that indicated it may raoeurred. [12]
The combined effects of the volume and thermal esion
changes of the reaction products formed are likelincrease
the susceptibility of the blast furnace hearth aetiory to
spalling during furnace operation. This is sigréfit as spalling
releases fresh material for further reaction/deagfiad with the
coke ash.

(13]

(14]
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