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ABSTRACT

This paper discusses technical and economic trierfuigh
alumina raw materials and refractories in the gasyears.
The typical data of various high alumina materiate
presented and discussed for selected steel appfisat
This also provides a basis for the consideratiorranf
material substitutions in other applications.

INTRODUCTION

High alumina refractories in the iron and steelustdy
were thoroughly discussed in 1990 by authors from
Europe, Japan, and America [1-3]. Many changes have
taken place over the past 20 years for technical an
economic reasons.

Technically, the ongoing development of steel poaay
technology required improved high alumina refragtor
materials e.g. in steel ladle linings but it is reulely
limited to this application. The trend towards hegipurity
materials has already been discussed by the authors
1990 and the development in the past 20 years toagg
them to be right. In general, for many refractortbs
trend is still ongoing. New high alumina raw madésiand
refractories have been developed and become stimitar
the industry, e.g. alumina-rich synthetic spinehtaining
purging plugs for steel ladles. The standard Ilining
materials for steel ladles since 1990 have bedaceg by
new and better performing materials which are blétéor
the more demanding application conditions of today.
However, the economic reasons for change in thige
have been almost as important as the technicabmeas
especially when considering the availability anitipg of
the Chinese high alumina raw materials, bauxite and
brown fused alumina over the past 2/3 years (figgre

In the 1990s, low priced bauxite from China repthother
alumina materials in some applications, e.g. arsit@u
mullite, and in some cases even chamotte basedialate

It was then relatively easy for the refractory digsp to
sell new refractories with higher alumina contemtheir
customers, because the general perception wasititetr
alumina content automatically meant higher perforcea

In that time the global refractory industry becamey
dependent from Chinese bauxite and brown fusediabum
The situation has changed dramatically in the pewst
years and especially since 2007 (figure 1). Thidue to
the overall development in China. The tremendouosvir

of steel production in China significantly incredsthe
internal demand for refractories and raw materidlse
Chinese policy has changed from supporting raw rzédte
export to discouraging it [5]. Bauxite and browrsdd
alumina exports from China have been limited inunod

by export licenses and are now subject to taxesfess
This has resulted in steep price increases in thddw
market. Conversely refractory product exports frGhina
are not subject to such limitations [6].
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Fig. 1: Price development of high alumina refragtcaw
materials 2003 - 2009 [4]
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The global refractory industry is now challenged to
establish alternatives both from availability arisoafrom

a strategic point of view. The world economic &ién
2009 has eased the situation only temporarily. Jéreeral
challenge is expected to remain as discussionsglthie
UNITECR conference in October’09 in Brazil and the
recent development in 2010 clearly proved.

Alternative alumino-silicate high alumina materiaisuld
face a revival in applications where previouslyythead
been partly replaced by bauxite. Because of trepgbeice
rises of brown fused alumina and bauxite, synthetic
alumina based raw materials are now much more
competitive in applications using these raw makgria

It is important to be aware of the inherent diffeses
between the various high alumina raw materials when
considering a substitution in a particular applmat The
overall alumina content of a refractory productoise
aspect but this alone is not sufficient to assdss t
performance under various application conditionschs
questions have for example been discussed redenthe
refractory committee of the German Steel InstitiEnh.

This paper reviews the use of high alumina refréesoin
selected steel applications taking into accounhrieal
changes over the past 20 years. The applicatiods an
material data discussed will also provide a bagistlie
consideration of raw material substitution in other
applications.

HIGH ALUMINA RAW MATERIALS

Typical data of high alumina raw materials are give
table 1.

Andalusite (A}SiOs) is one of the few minerals which can
be used in refractories without pre-firing. It tsforms to
mullite and cristobalite in the temperature ramgenf 1200

to 1500 °C, accompanied by a volume increase ofdxt

3 and 6 % (theoretically 3.7 %).

The other two minerals from the Sillimanite group,
Kyanite and Sillimanite, also transform but showwigher
volume increase. Therefore they need to be prd-fire
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Tab. 1: Typical data of high alumina raw materfalsrefractories

. Mulcoa Mulcoa . Brown Fused i Tabular Sinter Spinels il
A ST 60 70 RIS Alumina Plet Alumina | AR78/AR90 | (dense
Alumina CA6)
Al,0; % 56-59 60 70 85 - 90 94 -97 99.5 99.6 >99 90
i i (Al,03+MgO)
Si0, % 38-40 35.8 25.6 5-10 08-15 0.02 0.01 0.08 0.9
TiO, % 0.2-0.5 2.4 3 3-4 15-25 0.01 0 0 0
Fe,0; % 0.8-1.5 1.2 1.2 1-2 0.15-0.5 0.08 0.04 0.1 0.1
Alkaline % 0.1-0.3 0.2 0.2 0.4-0.8 0.4-0.6 0.03 0.02 0.2 (Ca0) 9.0
Earths
Alkalies % 0.2-0.8 0.2 0.15 0.2-0.8 0.2-0.4 0.3 0.33 0.12 0.15
Bulk Density | g/cm3 3.1 2.78 2.89 3.1-34 3.8-3.9 35-3.9 355 3.3/3.4 3.0
Apparent % 5.7 6.2 10-15% 15 0-9 15 1.8 8.5
Porosity
Water
Absorption % 3-5% 0.4 0-3 0.5 0.5 2.7
before being used as an aggregate in refractories. Brown fused alumina (BFA) is produced from low iron

Andalusite has a low impurity level but high silicantent

of 38-40 %. The grains are Andalusite crystals hade
practically no open porosity. Andalusite is minadSouth
Africa (245,000 tpa), France (65,000 tpa), and €&hin
(small domestic use). New mining projects are ongan
Peru (plan 60,000 tpa [7]) and Mongolia. The global
Andalusite market shrunk from about 500,000 mtHa t
early 1990s to about 250,000 mt over the past hbsyadue

to replacement by low price bauxite from China [Saw,
andalusite capacity expansion projects are ongadmg
South Africa (+40 % to 350,000 mt) [9]. A new
Sillimanite source of 50,000 tpa in India is repdrt
recently [10].

Mulcoa 60 and 70 are fired products from Georgi8AU
They are based on kaolinitic clays which containxia
with alumina added. The overall Mulcoa capacity
including lower alumina grades is 625,000 tpa, antew
kiln with a capacity to produce 75,000 tpa was aduke
2009 [11]. High alumina chamotte (60 and 70 %)

are also produced in China. Synthetic alumina based
mullite products play only a niche role in refra@tg for
steel production.

Refractory grade bauxite is calcined bauxite and it
accounts for only 1-2 % of the globally mined baexi
because of the requirement for max. 2 %(JzeCorundum

is the main phase after calcination. The main nessuare
located in China and Guyana. Guyana has been ime€éi
ownership since 2007 giving total Chinese ownersifip
global refractory grade bauxite resources of a9t
[12]. A Brazilian source established in the 199@s heen
consumed.

Chinese and Guyanese bauxite have comparable aumin
titania, and iron oxide contents but differ in theontent

of alkalies and alkaline earths and therefore @irtullite
content. Chinese bauxite typically has a higher arhof
glassy phase and less mullite. This influenceshtrdness

at lower temperature and also the thermo-mechanical
behaviour. Guyana capacity is about 300,000 tpa, a
planned expansion of a 150,000mt is currently ofd ho
[13,14].

Global demand for Chinese bauxite in 2008 was abhdut
million tonnes but exports were limited to 940,00(056].
Apart form limited availability, declining qualitywith
regard to alumina content and density has worried
refractory producers worldwide.

calcined bauxite by fusion in an electric arc furmaat
temperatures above 2000 °C. Coke and iron borings a
added as reducing agents to lower the amount adiriitigs
(Si0,, TiO,, Fe0s,). Ferro silicon is obtained as a by-
product [15]. BFA has a higher density and a lower
amount of impurities when compared to bauxite. The
quality of BFA is also determined by proper selgttdf
material after cooling and crushing.

The total world market is reported to be about lioni
tonnes per year [16], but maybe as much as 1.25- 1.
million tonnes [6]. This is split between abrasiaed
refractory applications. China accounts for abaaif lof
global BFA supply [12]. Prices for BFA have beeroaib
half of that for synthetic alumina based aggregdites
tabular alumina and white fused alumina (WFA) fomg
years but due to the price surge since 2007, thgg how
moved much closer. Tabular alumina and WFA are
considered as alternatives [17]. As is in the cdd®muxite,
the quality of BFA ex China has somewhat deteraatat
over the past few years.

WFA is based upon synthetic alumina and as with BFA
is produced by fusion at temperatures above 2000’ h€
density of the product depends upon the coolinglitimms
and can vary considerably (table 1) between differe
processes. A high density can only be achievedldy s
cooling, fast cooling results in high open porosidye to
different cooling conditions throughout the fuseldds,
the homogeneity of the final product also depends o
proper selection of material after crushing. Thalteorld
market is reported to be about 500,000 mt, splitvben
abrasives and refractory [16].

Tabular alumina is a refractory aggregate produbgd
sintering at temperatures up to 1900 °C. The prigluc
process could be described as a ceramic processh whi
involves fine milling of a calcined alumina feedskoball
forming, drying, and sintering [18]. It leads tovery
homogeneous product with a characteristic microsire:
tabular alumina has large tablet shaped crystats svnall
internal closed pores. Because of these poreshiiie
density is lower than BFA or WFA products, but tigen
porosity is only 1.5 %. The global market for tadul
alumina is about 450,000 tpa, and Almatis provides
globally standardised specifications in all regifit].
Alumina rich spinels based upon synthetic alumind a
high purity magnesia feedstock were introduced hia t
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early 1990s specifically for alumina based refreetofor
steel applications [20,21]. Magnesia rich spinelsicl
were already being used in basic cement kiln brazksd
not provide the desired performance in these agipbics.
Spinel is produced either by sintering or fusinge®inter
process provides advantages for such non-stoichi@me
compositions due to the homogeneous process consliti
when compared to fusing (heterogeneous cooling) [22
Bauxite based fused spinels have a higher amofint o
impurities. This impacts the performance in demagdi
applications. The global spinel market is estimattd
70,000mt. This figures includes magnesia rich dpjne
sintered, and fused products.

A new dense high alumina aggregate based on calcium
hexaluminate was introduced in 2004 [23]. The pobdsi
sintered using the same process as tabular alurtina.
provides the same positive properties as the aalciu
hexaluminate phase which is formed at high tempegat
in cement bonded high purity castables, but ase pr
reacted aggregate it shows volume stability ovevide
temperature range. The combination of high refrawss
and low thermal conductivity provides a new altéine
for back linings in steel applications [24].

BLAST FURNACE RUNNERS

Low cement and ultra low cement castables with 548
Al,O3 and 5-25 % SiC are used for the wear lining in the
main trough. The specific refractory consumption is
between 0.3 and 0.6 kg/t hot metal. BFA is the most
common aggregate for these castables althoughatabul
alumina is also used in some cases.

The modern larger blast furnaces always have aehigh
specific refractory consumption when compared talln
furnaces. This is mainly due to higher erosion.yrhave
higher tapping temperatures and the dimension ef th
runner’s cross section is not increased in propoit the
tonnage of iron produced per minute. Tabular alanfias
been reported to provide advantages under such
demanding conditions [25].

The BFA price increases and quality issues hawtiean
increased interest in tabular alumina for this mmayibn
and industrial tests are ongoing. Table 2 shows a
comparison between a tabular and a BFA based lolva
cement vibration castable. Here, the matrix contjmosi
has been kept constant, and only the aggregatddes
exchanged. Both castables show comparable strelaggh
The higher density of the BFA aggregate (3.8 g/onmti¢n
compared to tabular (3.55 g/cm?3) shows in a 5-6iglhédr
density of the castable. The material demand forirg is
therefore 5-6 % lower when tabular is used as the
aggregate. This should also be considered when an
economic comparison is made between both concepts.
Figure 2 shows the test bars after firing at 1500rf air.

No differences can be found in oxidation of thet@lakes.
The BFA test bar shows molten spots at the sudaesto
local impurity peaks. The cut surfaces show somgelta
cracks in the BFA test bar but not in the tabukar b

Blast furnace runner castables are complex prodiftes
containing up to 20 constituents. The consisteaperties

of sintered aggregates provide an alternative toA BF
giving predictable and reliable performance.

Tab. 2: Data of test castables for BF runner — BRA tabular basis.
* Data critical due to melting phase formatiorsatface of test bars (Fig 2)

VIB VIB
TAB BFA
Coarse fraction Tabular T60/T64 % 50
(up to 10 mm) BFA % 50
T60/T64 0-1mm % 7
Fine fraction BFA 0-1mm % 7
SiCupto 1 mm % 20 20
Reactive Alumina E-SY 1000 % 15.2 15.2
Cement CA-270 % 2 2
Silica fume Elkem U971 % 1 1
Additives Carbon % 2.5 2.5
Antioxidants % 2.3 2.3
Dispersion + set control % 0.1115 0.1115
Water % 4.5 4.5
20C/ 24h MPa 2 2
110C/ 24h MPa 9 8
CMoR 1000C / 5h MPa 6 5
1500C / 5h MPa 11 5
20T / 24h MPa 15 16
ccs 110C / 24h MPa 56 54
1000<C / 5h MPa 55 44
1500C / 5h MPa 63 77
110C / 24h g/lcm?3 2.92 3.07
1500C / 5h g/lcm?3 2.8 2.89
110C/ 24h % +0 +0
PLC 1000 / 5h % -0.01 -0.25
1500C / 5h % +0.8 * +1.2*
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Fig. 2: BF runner test castable bars after firihd%00°C in air. Test bar surface (Tabular left BFA left down) and cut
surface. Locally occurring melting due to impunstia BFA, no difference in oxidation resistance

Tab. 3: Typical data of high alumina bricks [26]

Type Fired bricks Carbon-bonded bricks
Chemical Andalusite Bauxite Corundum Spinel Andalusite Alumina Alumina | Alumag-carbon | Alumag- | Alumag-
Janalysis Carbon SiC Carbon | Carbon Alumina carbon carbon
[weight %] +Bauxite Alumina | Alumina
SiO, 37 11 4 0.1-1.0 36 9-11 <1 2-4 0.4 0.4
Al,O5 61 82 95 93 62 65 97 80 - 87 91 65
TiO, 0.3 3.6 <0.1 0.1 0.3 2.5 <0.1 1-2 <0.1 <0.1
Fe,03 1.0 1.6 0.3 0.1 1.0 1.5 0.1 05-1.0 0.2 0.2
CaO 0.2 0.3 0.1 0.1 0.3 <0.2 <0.1 <0.3 <0.2 <0.5
MgO <0.1 0.3 0.1 5.0 0.2 0.2 0.2 6-10 6-7 33
Na,O <0.1 0.1 0.3 0.1 0.1 0.2 0.3 <0.2 <0.4 <0.3
K,O 0.3 0.4 0.1 0.1 0.4 10-12 <0.1 <0.4 <0.1 <0.1
SiC - - - - - 5-10
Res. C* - - - - 5 5 5 6-8 6-8 6-8
X-ray* Andalusite | Corundum | Corundum | Corundum | Andalusit Corundum | Corundum Corundum Corundum | Corundum
Mullite minor: Mullite Spinel minor: Graphite Graphite Periclase Periclase | Periclase
Cristobal. Mullite Quartz SiC minor: Graphite Graphite | Graphite
Quartz Tialite Corundum minor: B3-Alumina minor: minor: minor:
Graphite Mullite Mullite B-Alumina | B-Alumina
Tialite Tialite
Bulk density 25 2.7 3.2 3.1-32 2.7 28-3.2 3.1 3.0-31 31-32 3.1
[g/cm®]
Open porosity 16 22 18 17-19 7-9 7-10 7-10 6-8 5-6 7
[%6]
Cold crushing 65 > 40 >50 75 75 90 - 110 80 40 - 80 40 - 80 40 - 80
Istrength [MPa]
HotCS [MPa] 11 5 23 n.d. 10 n.d. 5 n.d. n.d. 10
(Temp. CT) (1500) (1500) (1600) (1500) (1500) (1500)
Thermal cond.
[W/mK]
300 C 1.9 2.2 45 4.0 24 3-5 5.0 6 6 7
600 T 1.8 2.3 4.0 35 2.3 25-45 4.0 5 5 6
1000 C 1.7 2.4 3.5 3.0 2.2 2-4 3.5 4 4 5

*ICarbon additionally to 100 % sum of oxides; *ZX—ray: Corundum=a-Al,O3, B-Alumina=Na,O 11Al,03, Spinel=MgAl,0,, Mullite=3Al,052SiO»,
Andalusite=Al,SiOs, Tialite=Al,TiOs, Anorthite=CaAlSi,Os, Cristobalit=SiO,, Quartz=SiO,, Periclase=MgO, Graphite=C

Tab. 4: Data of high alumina castables [26,23]

Type Castables*
Chemical analysis Andalusite Bauxite Alumina Alumina Alumina Alumina Bonite (dense
[weight %] Spinel Spinel forming Spinel CAg)
Spinel forming

SiO, 36 - 38 8.5 0.1 0.1 1.0 <1.0 0.75
AlL,O5 58 - 61 85 98 92 93 90 91
TiO, <0.2 3 <0.1 <0.1 <0.1 <0.1 <0.1
Fe,O3 06-1 1.5 0.1 0.1 0.1 0.1 <0.1
CaO 1-2 1.0 1.4 1.5 <1.0 <1.0 8.2
MgO 0.2 0.2 <0.1 5.0 4.0 6.0 0.1
Na,O 0.1 0.1 0.3 0.3 0.3 0.1 0.1
K,O 0.2 0.2
X-ray* Andalusite minor: Corundum minor: | Corundum | Corundum Corundum Corundum  |Hibonite minor:

Quartz, Anorthite, Mullite, Tialite minor: Spinel Periclase minor:[ Spinel minor: |Corundum, CA,

Corundum, Cristobal. | Anorthite, Cristobal. | R-Alumina minor: R-Alumina R-Alumina,
3-Alumina Periclase

Bulk density [g/cm’] 25-27 2.8-29 3.0 2.9 2.95 3.1 2.85
Open porosity [%] 14-18 17 - 22 18 19 20 17 17
Cold crushing strength [MPa] 50 - 100 80 60 60 40 60 50
HotCS [MPa] (Temp. T) 2 — 14 (1400) 1 (1400) n.d. 28 (1600) 5 (1600) 7 (1600) n.d.
Thermal cond. [W/mK]
300 C 2.6 4.0 5.0 5.0 5.0 5.0 2.0
600 T 2.3 35 45 45 45 4.5 1.8
1000 € 2.2 3.0 35 35 35 3.5 1.7

*!Data of castables prefired 1000 <, 12 hrs; * 2X—ray: Corundum=a-Al,O3, Hibonite CAg=CaAl;,019, CA,=CaAl;07, R-Alumina=Na,O 11Al,03,
Spinel=MgAl,O,, Mullite=3Al,052Si0O,, Andalusite=Al,SiOs, Tialite=Al,TiOs, Anorthite=CaAlSi,Og, Cristobalite=SiO,, Quartz=SiO,, Periclase=MgO
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TORPEDO CARS AND HOT METAL

TRANSPORT

Various high alumina refractories are used forddipcars.
The required quality of which depends on the hotame
treatment. When no hot metal treatment is carriat o
fired bricks of andalusite and bauxite are the camm
linings, and the specific refractory consumptiorDig4-0.5
kg/t hot metal.

When desulphurisation, dephosphorisation,
desiliconisation are carried out in the torpedo, dae
specific consumption increases to 0.9 kg/t h amtbara
bonded AJO;-C (AC) and A}Oz-SiC-C (ASC) bricks of
higher quality are used. These types of bricks alse
often used in the impact zone and slag line wherato
metal treatment is carried out in the ladle. Corple
AC/ASC linings can achieve a specific refractory
consumption below 0.2 kg/t and lining lifes of 3aye
when no hot metal treatment is applied. The highare

of the carbon bonded bricks and their higher thérma
conductivity needs to be taken into consideratmmaf full
economic evaluation.

The torpedo car application provides a good exarfgple
the discussion of general differences between ariel
and bauxite refractories. This might be helpful for
consideration of other applications as well. Tablghows
data of typical high alumina bricks. Bauxite maaésihave
higher alumina and lower silica contents but alsghér
impurities when compared to andalusite. The lovileras
content is an advantage for the slag resistancen \stag
basicity CaO:Si@is higher than 0.9 (fig 3), and also if the
slag contains higher amounts of MnO. Alumina-stkca
refractories form low melting Manganese silicatagds at
1100 to 1200 °C [28] when the MnO content in thegdk
above 6 % [27]. Manganese can accumulate in tlyeasid
reach contents even higher than in the steel fravarevit
originates.

The thermo-mechanical properties show a differéottipe.
Andalusite shows much better creep resistance fjg.
when compared to bauxite. Because of the impurities
bauxite, especially alkalies, a molten phase isnéat at
temperatures as low as 1100 °C [29]. This molteasph
decreases the creep resistance despite of on okigiabr
alumina content of bauxite. The different thermo-
mechanical behaviour also applies for low and ulna
cement castables as shown in extended investigaiai).

As a general rule it can be stated that a high pcree
resistance becomes even more important when the
residence time of iron or steel in a vessel in@eas
Andalusite is well known for its high thermal shock
resistance which is an advantage for use in vesstln
continuous use. For example hot metal ladles liwit
Andalusite can afford an intermediate cooling perio
without requiring additional heating in betweenrdcent
study has discussed the thermal shock resistance of
andalusite in detail [31].

When andalusite castables are used or andalusiksbr
fired only at temperatures between 1200 and 14Q0QH€
formation of mullite is not complete and the madkwwill
exhibit a volume increase during use at higher
temperatures. This can be helpful to close joimta lining

or keep them tight. For other applications, e.d. lhlast
stoves, where dimensional stability is mandatotyis t

and

effect must be avoided. Mulcoa 60 and 70 basedriakte
do not show this behaviour. They also often prolidter
thermo-mechanical properties when compared to bauxi
The density difference between andalusite and b&auxi
refractories is typically 8-10 %. Therefore the heg
material demand for bauxite based linings need$do
taken into consideration in economic comparisons of
lining concepts.
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Fig. 3: Resistance of andalusite and bauxite /rwmbum
bricks against slag with different CaO:Si@tio at 1520
°C/l4h[27]
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Fig. 4: Creep of andalusite and bauxite bricksetksinder
torpedo car application conditions; load 0.2 MPa,
temperature change between 1000 and 1500 °C [27]

STEEL LADLESAND PRE-CAST SHAPES

The steel ladle is the most dynamic area with ¢garthe
development of steel producing technology, “seconda
metallurgy”. Process modifications for the prodaootiof
new and improved steel qualities constantly chathge
requirements of the steel ladle lining. Therefdre steel
ladle linings must be adjusted to these new remerdgs
[26].

The steel academy, an institution of the GermarelSte
Institute VDEh, is regularly organising internatan
symposiums on steel ladle linings in Europe, whk)e-

12 European steel works present their ladle liningd
new developments [31]. The number of ladles withxita

or andalusite based refractories in the wear linhag
declined from eight to zero in the period 2000 @02

Why has that happened? In the 1990s, bauxite and
andalusite based linings were very common in aafdito
basic materials. In 1995, trials with low cemenstables
(tab. 4) in the Dortmund steel works, Germany have
shown that andalusite is no longer a suitable riztehen
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Steel ladles with Bauxite or Andalusite in
wear lining
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Fig. 5: Number of steel ladles with bauxite or dodite
based wear linings presented in international samam
steel ladle lining in Europe 2000 — 2008 [32]

the calcium aluminate steel ladle slag containsemban
30 % CaO. The average CaO:®84 (C/A) ratio increased
from 0.6 in 1993 to about 1 in 1995 for metalluediand
process reasons. The high silica content of anitaliex
to a strong reaction with the basic slag and camalaly
increased the wear. Andalusite containing castabidg

achieved about 50 heats when compared to about 130

heats with bauxite castables at that time [33].

The steelworks in IJmuiden, The Netherlands reploite
2001 the substitution of andalusite bricks by MgO/C
bricks and subsequently by fired spinel bricks 324,
This was driven by the introduction of the direripsplant
(DSP). This new process required a calcium treatroén
the steel and a change in slag composition towards
higher C/A ratio. The estimated lifetime of the ahcite
brick decreased by up to 70 % with 20 % DSP heats
treated in the ladle and 90 — 95 % with 100 % D8&&
This would have meant a lining life of only 4-8 t®a

Figure 6 shows an induction furnace slag test perad
with materials used in steel ladle back linings.eTiest
conditions are summarised in table 5. The andalusitk
was almost completely worn after 2 hours and hagar
rate of 12 mm/h. The bauxite brick has a lower wede

of 4.6 mm/h but shows a deep infiltration of thdcitam
alumina slag (C/A ratio 1.08).

Meanwhile, bauxite materials have reached theiit lim
wear linings in steel ladles because of the follmpfiactors:
increase of tapping temperatures and residence ¢ifme
steel in the ladle, more aggressive slag compositand
steel treatment conditions, higher demands on steel
cleanliness and thermo-dynamic stability of theaetbry
lining (avoid a re-oxidation of steel). Bauxite midals
show increased slag penetration and wear, andodileir
silica and glassy phase contents, they are subtept
reaction with e.g. aluminium killed steel grades.

Today, andalusite and bauxite materials are maisgd as

a back lining but not as a wear lining. The regentl
developed dense calcium hexaluminate, bonite, desvi
an interesting alternative for back lining applioas. The
thermal conductivity is lower when compared to an
andalusite brick (1.7 vs. 2.0 W/mK at 1000 °C). Heg
resistance is better when compared to a bauxitd Iffig.

6, wear rate 3.2 mm/h) [24]. The creep resistanck80

°C is also better when compared to bauxite (fig. 7)

Tab. 5: Induction furnace slag tests at DIFK, Bonn,

Germany; test conditions for wear lining (AluMagGan
bricks and spinel castables) and back up liningenweds
(Fired bricks and dense calcium hexaluminate cbstab

Fired bricks &

AMC Spinel Bonite

bricks castables castable
T/h 1650/ 3 1650/ 2 1600/ 2

15 kg 18 kg 15 kg
Steel ST 52 ST 37 ST 52
Slag 1 kg 1 kg 0.75 kg
C/A
ratio 1.08 1.08 1.08
wt %
CaO 40 40 41.5
Al,O3 37 37 38.5
SiO; 5 5 5
MgO 5 5 5
FeO 3 3 6
MnO 4 4 4
CaF, 6 6

BONITE

usite

Fig. 6: Induction furnace slag test at 1600 °C IA 2nd
CaO:ALO; ratio = 1.08. Bricks of Andalusite, Bauxite,
Forsterite vs. Bonite (dense gAastable [24]

A reduction of back lining thickness is often dedirto
increase the steel capacity of the ladle. Sti#, shfety and
thermal insulation features of the back lining mbst
maintained.

The standard materials for wear linings to meet the
demands of modern steel making are synthetic almin
based castables (tab. 4) or bricks, alumina-magnesi
carbon (AMC) bricks (tab. 3), or basic bricks (magia-
carbon, or doloma) which are also the standardsfag
lines. Ladle lining concepts are discussed in Hetaia
previous paper [26].
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Fig. 7: Creep resistance of dense calcium hexalat®jn
Bonite, based castable after pre-firing at 1500 5t
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With the development of high performance low- aftcau
low cement castables, monolithic ladle linings have
become increasingly important in steel ladles. Tike of
synthetic alumina based castables combined with a
relining technique is a widespread technology today
Voest Alpine Stahl Linz, Austria and Ruukki Rahe,
Finland, reported very low specific refractory
consumptions of 0.43 kg/t and 0.73 kg/t resp. foe t
bottom and side wall of steel ladle when applyihgs t
technology [32]. The castables are spinel contgingither
by addition of pre-reacted spinel or magnesia foined
formation in situ or a combination of the two.
Figure 8 shows the induction furnace slag testittérent
spinel castables:
e spinel containing low cement castable (SP LCC),
e spinel containing plus spinel forming ultra low cemh
castable (SP-SF ULCCQC),
e spinel containing plus spinel forming no cement
castable (SP-SF NCC),
« spinel forming castable (SF ULCC).
The test conditions are given in table 5. Here igaic
fluoride (Cak) was added to the calcium aluminate slag to
give more severe test conditions. The wear ratelbf
castables tested was between 6.9 and 8.5 mm/htahd a
same level as for AMC bricks, with a comparable
magnesia content of about 5 to 6 %, tested undesdme
conditions (fig 9). Castables with spinel formatmowed
a slightly lower wear rate but higher infiltratidiepth. The
NCC castable shows the highest wear rate but lowest
infiltration depth. The overall best slag resismneas
achieved with a combination of spinel and spineiiiog
(SP-SF ULCC).

20 10
W Penetration
18 1o
—&—wear rate
16 T 1l
gu T =
= £
12 6 £
2 =
E 10 5 %
= £
T 8 4 3
g ]
o 6 3 E
4t 2
2T 1
0 t 0

SP SF SP-SF SP-SF-NC

Fig. 8: Induction furnace slag test at 1650 °C A 2nd
CaO:AbO; ratio = 1.08 (+ Caj}. Spinel (SP) and Spinel
forming (SF) castables and combinations thereofOMg
contents between 4.5 and 6.3 %, open porosity @ 26
between 15.3 and 17.7 % [35]

All castables with spinel formation contain minen@unts
of silica fume which is required to achieve the idbzb
working time during installation and to overcome
excessive volume expansion during the formatiospirfiel
in situ. A small amount of silica fume has a comsible
impact on the thermomechanical properties of tietatde
as shown in figure 10. The hot modulus of ruptiH®oR)
of a tabular alumina based castable at 1500 °Gcigased
from 17 MPa to 23 MPa when 25 % alumina rich spinel

AR 78 is added to the fine fraction. The castaldlesdnot
show a compression up to 1700 °C. If a part ofsihieel

is replaced by magnesia and alumina to form spimsitu

and silica fume is added, the material shows strong
compression in RuL, and the HMoR decreases to Pa.M
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Fig. 9: Induction furnace slag test at 1650 °C IA 2nd
CaO:AbO; ratio = 1.08 (+ Cafy. Resin bonded
AluMagCarbon bricks with high and low MgO content.
Permanent linear change is considerable higher Righ
MgO content

Refractoriness under Load 0.2 MPa, prefired 1000 T
1,50 7
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forming
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Fig. 10: Refractoriness under load (RulL) of tabidad
spinel self flowing castables (samples pre-fire@A0C / 5
h)

This is in line with the theory. The CaO-MgO,8k-SiO,
phase diagram evaluation shows that the temperature
onset of melting decreases from above 1820 °C i0p S
free formulations to below 1400 °C for Si@ontaining
formulations [30].

However, which concept is the best depends upon the
application. In steel ladle bottoms and especidty
purging plugs and well blocks, the volumetric dliapi
under high temperature and pressure is most importa
High erosion resistance is also important. Spinel
containing castables have become the standardhisr t
application and provide the best performance [36].

The requirements in steel ladle side walls areedffit.
Every steel ladle shell shows some deformation eetw
transport, residence, and treatment - the “watekéi
effect. Here it is an advantage if the lining i$ absolutely
rigid but shows the ability for stress relaxatian avoid
stress peaks which may lead to cracking.
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The volume expansion due to the in situ spinel fdirom
can close joints at the surface, practically theesaffect
as with andalusite materials in other applications.
Therefore castables with spinel formation provide
advantages in ladle side walls, and the combinatibn
spinel containing and forming can be consideredbibst
solution here.

The situation is different with fired spinel bricks the
ladle side wall. The steelworks in IJmuiden, The
Netherlands reported that a fired spinel brick witH%o
SiO, achieved only 40 % of the life achieved with achri
with 0.1 % SiQ [34]. This also shows that fired bricks
behave totally differently to monolithic linings e
develop their properties during use depending uihen
temperature profile in the lining.

AluMagCarbon (AMC) bricks combine the advantages of
alumina and spinel with those of carbon containing
refractories. Carbon reduces the wettability ofaetories
and therefore the infiltration of slag and metaheThigh
thermal shock resistance of high-alumina refraegwhen
compared to basic refractories is further improusd
carbon due to its inherent high thermal condugtivit

AMC bricks contain free magnesia which forms spiatl
the hot surface of the bricks where carbon is bliroet.
The volume increase due to the spinel formatiorsedo
joints at the surface and reduces the slag intittna The
magnesia content can range from 5 — 6 % up to 386
the high contents result in a very high volume éase
during use (permanent linear change 3 % and migre9)t
This creates very high stress in a lining. Thereforicks
with lower magnesia content have become the stdndar
Figure 9 shows the induction furnace slag test utie
same conditions used for the spinel castables.tdihdar
alumina based bricks show the best slag resistance.

In ladle side walls, BFA based AMC bricks are nadliyna
used, sometimes with addition of bauxite. Highepamnis

of bauxite reduce the performance of the brickss Tias
been reported by Arcelor-Mittal Steel Gent, Belgi[88].
These bricks are also often used in the bottom ¢ingiea.
Here, tabular alumina provides better performanternw
compared to BFA. Corus Steel IJmuiden, The Nethdda
reported a lining life reduction of 50 % when tadul
alumina was replaced by BFA [32]. Tabular alumina
provides the most consistent rate of spinel foromaiin
AMC bricks during thermal cycling and a higher gree
resistance. The better performance of tabular alami
based AMC bricks with regard to spinel formatiordan
slag resistance was also reported by Bose [37].

TUNDISHES

High alumina materials are used for the permariaimd

of tundishes, and a basic wear lining is appliethatfront.
These tundishes are cooled down to exchange the wea
lining after each use. In hot cycle tundishes ahami
materials are used as the wear lining. Andalusitd a
bauxite materials in the permanent lining are most
common for tundishes with basic wear lining andutab

or WFA materials for tundishes with alumina wearrg.
Andalusite provides advantages due to the highntaker
shock resistance. The slag resistance is less tergor
unless the basic wear lining gets damaged andrg ceer
slag from the steel ladle can get in contact.

Monolithic permanent linings were successfully
introduced in the 1990s [38,39] and have become the
standard. Initially vibration castables were used the
introduction of the monolithic technology. Subsemufiye
self flowing castables have proved advantageous wit
regard to easy and failure free installations. $eliving
castables contain a higher amount of matrix finad a
therefore also matrix aluminas to achieve the ddsir
rheology. The addition of matrix aluminas also lzas
effect on the hot properties of the castables. reigld
shows the position of two andalusite castablesénphase
diagram CaO-AlO;-Si0,. The composition of the
castables is in the triangle Mullite-Anorthite-Golsalite.
Accordingly the theoretical onset of melting isl&45 °C.
The low hot crushing strength (HCS) of 1 MPa atQ.30

of castable 1 (without matrix aluminas) is in liwéh the
theory.

However, castable 2 with matrix aluminas shows &HE
11 MPa at that temperature. This can be explainethd®
change in the composition of the total matrix fimke to
the addition of matrix aluminas. When only the rxatr
fines below 0.12 mm are considered, the matrixastable

1 still remains in the same triangle. However, thatrix
composition of castable 2 moves to another triangle
(Mullite-Anorthite-Corundum), which has a higher
temperature of onset of melting (1512 °C). The aff@mn
also be seen clearly in the creep resistance imrdig2
[30].

A i
Sy Mayanit
HiBonit

Andalusite HCs 1500
Castable 1 (1 mra)
Castable 2 (11 MPa)

1\ 0 Matrix fines

=0.12mm
A._Eg.-

Fig. 11: Matrix composition of Andalusite based low
cement castables with and without addition of finatrix
aluminas in the phase diagram CaQSIO, [40].
Castable 2 with matrix aluminas, castable 1 withbl@S

= hot crushing strength
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Fig. 12: Creep resistance of Andalusite based lement
castables at 1500 °C. Castable 2 with matrix alamin
(HCS at 1500 °C: 11 MPa), castable 1 without (HCS
MPa) [30]

The previous example shows how important the
composition of the refractory matrix can be for therall
behaviour of the material. The development of wusio
reactive aluminas, including spinel containing @®dhas
enabled significant performance improvements fothbo
castable and brick applications. When considering a
substitution of a higher alumina aggregate (BFAXita)

with lower alumina aggregates (andalusite, Mulcoa,
chamotte), special attention should be given tontiagrix
fines. In many cases, the new material may proenxn
better properties than the original one.

CONCLUSION

Alumino-silicate materials, andalusite and Mulcdd7®,
can replace bauxite in applications where slagciigsis

not too high (C/S ratio below 0.9 or C/A ratio b&l6.6),
and Manganese content of the slag is below 6 %y The
often provide better thermo-mechanical propertieshsas
hot strength, refractoriness under load, creepstasie,
and thermal shock resistance. Bauxite and alunilitai®
materials have reached their technical limit asrdieangs

in steel ladles in Europe. It can be expected they will
also be replaced in other regions by either syitthet
alumina based materials or basic refractories.

Synthetic alumina refractories such as those bagpedh
tabular alumina have become even more competitive
against BFA because of the steep price increases fr
China. They have proved their performance by vewy |
specific refractory consumption and lower cost taek
ladle applications for more than 15 years. Theyioi®an
economic alternative to BFA in runner castables, &M
bricks, and foundry applications. The global refoag
industry needs alternatives to Chinese sourced raw
materials and new developments of high alumina
aggregates are being considered. An example isistied

by Schénwelski [41].

Spinel containing alumina refractories have became
standard material over the past 20 years. Depenging

the application, either pre-formed or in situ fongispinel
can be preferable. A combination of both concepts
provides the best slag resistance in steel ladle wsiall
applications. Functional refractories such as mggilugs
show the best performance with pre-formed alumioha r
spinel.

When considering the substitution of high alumina
aggregates in refractory product formulations, dgns
differences between the aggregates must be taken in
account. The ratio of aggregate to matrix finesnges, as
does the material demand for filling a defined vodu
This is also technically important for all presggdducts.

A simple focus on the particle size distribution thie
aggregate sizes alone is not sufficient. Lower ithens
aggregates provide an economic advantage by lower
material consumption, unless the lower density is
accompanied by high open porosity.

The technical development in steel making is camirsly
ongoing and drives the growing demand for better
performing and more cost effective alumina refreem
High purity synthetic alumina based raw materialsvjule

the potential for these future demands. This ndly on
applies for applications in wear linings, but atsoback
linings as shown by the new development of dense
calcium hexaluminate, Bonite.

The matrix fines play an important role in the penfiance

of refractories. Matrix aluminas and especially new
reactive aluminas have an important share in the
development of new high performance refractoriesrov
the past 20 years. The development focus in matrix
aluminas has been widened recently from pure partic
packing aspects and low water demand in castabledso
include workability aspects as well. Easy mixingl aasy
placement are very important to avoid on site itattan
failure. New products such as the E-SY aluminasyige
that desired behaviour.
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