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N'* d',lts!.techniques have been developed to optimize continuous casting reJractory components. Theoverall obiective is, to increase cc proàuuivity'as *àu i, .rtr"t quatity uj 
"iírg 

optimized refractory
.from tundish to mold. Those techniquòs al.low to preúci'itea ona rrfr;;í;ó il"r*iràt interaaibn and, by
- thus, ste.el chemistry evolution as well as build up orà rorroíioi occurrence,specific fluido-dynamic models have also been devel;p;i ;" better take into aciount physical parametersat refractory interface and to optimÌze steel flow contíol. The CFD model can be coupled with refractory

chemical interaction to simulate steel chemical evolution.
These two dffirent approaches result in shape and maierial modificatroisi. They are completed bydedicated thermal s-tress analysis in order to improve tiir*"t shock resistanci. Those mechanicat FEAevaluations are taking into ac.count specffic méchanical b,ehavior tf ;fr*;;ry components as well as

high temperature evolution of their propriiur.
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The traditional approach of refractory component develop_
ment.based on empirical evaluation ij now showing clear l^i_
mitations in most demanding fields like steel contiiuous ca_

:!ing. lo improve the perfórmances of steel flow control,
Vesuvius. has developed with partners, new approaches in
order to better understand high temperature behavior of re_
fractory components.
One of the main objective was to precisely evaluate steel re_qu9t9.y interaction to determinè 

"orroéion 
mechanisms.

rms nas been achieved by coupling specific experimenta_
tion and thermo-dynamicai evalúatioln. 

^

So the only possible approach to corrosion is to determine
experimentally mass transfer from refractory to steel and to
extrapolate to continuous casting conditions.

Steeà and refnaetxrry {ntenaetí*n medc{
To precise the nature of chemical reactions, specific experi_
ments have been conducted:
For the first type of experiment, pure iron is melted in an in_
duction furnace with tailored allòys addition. A rotating re_
fractory sample is place in the meit and steel chemical óm_
position change are determine by steel sampling during the
experiment.
A second set of experiment consist to degassing evaluation
on refractory samples using a mass spectrometer at increa_
sing temperature.
For the djfferent type ofrefractory composition used in steel
casting the following major reaction hàve been determined
and quantified:
. Carbon dissolution C -+ C

This has been achi

A second objective has been to determine high temperature
mechanical behavior of refractory compon-ent which are
multiphasic composite products. The implèmentation of tho_
se specifics propertìes in FEA codes allows improved design
of components and evaluation of material chaiacteristics i-n_
fluence.
Finally the development of dedicated fluido dynamic codes
allows. the prediction of physical and chemicàl phenomena
occurring during steel continuous casting.
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The classical experimental evaluation of steel corrosion is
not.enough to determine refractory component. Standard ex_
perimentation are conducted witú hmiied amount of steel,
while in reality steel is continuously renewed at refractory
interface.
The second limitation faced today is that refractory irÌterface
is, in reality, controlled by variables like steel dissolved ele_
ments and steel inclusions. For instance, the volume of in_
clusion dyring continuous casting is comparable to the volu_
me of refractory components usèd so they have a strong in_
fluence on steel refractory reactivity.

. Magnesia reduction MgO + C -+ Mg(g) + CO(g)

. Zirconia reduction ZrOr+ 3C -+ ZrC + 2 CO(g)

. Oxides dissolution MxOy -+ xM + yO
The different reaction kinetics have been determined depen_
ding and steel grade, refractory composition and microstruc_
ture and physical parameters at refràctory interface (pressu_
re, temperature).
The results is a mathematical program which calculate the
flow rate of species passing fróm itre refractory interface to
the steel.

S**e& {netusisns and n*fraet*ry imt*r$are
Using commercially availablé thermodynamical software,
steel inclusion volume and type are determined based on to_
tal steel composition.
Secondly, the new formed of oxides at the interface from
r^E:t_qTgl_t"d_ components (Al, Mn, Si, Ti) is determine by
SEM EDAX observation.
New oxides precipitation at the interface is depending on
steel composition and new species coming frorn the reirac_
tory.
The new interface formed is reducing the reaction rate men_

. Silica reduction SiOr+C -+ SiO(g)+CO(g)
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Fig. 1 - Alumina inclusione agglometarion inside a continuous
alumina graphíte noule.

Fig. 1 - Deposito di Allumina in uno scaricatore paniera.

Fig. 2 - Stress behavior ofalumina graphite in tension and
compression.

Fig. 2 - Andamento degli sforzi di tensíone e compressione per
una miscela a base di Allumina-Grafite.

Fig. 3 - Tension behavior of alumina graphíte.

Fig. 3 - Comportamento in tensione di una miscela a base di
Allumina-grafite

tioned above. A glassy interface will progressively stop gas
transfer to steel and carbon dissolution.

ecanrcs{*fl ;xsd bu.[ld sip rnech;:}etisffit
A new local equilibrium is then established between new
precipitates and already existing inclusions in the steel flow.
Depending on refractory reactivity and inclusions modifica-
tion at interface, one can establish the stability of the steel

refractory interface based on the simple following principle:. When the new local equilibrium at refractory interface is
leading to increased liquid phase compared to the initial
content in steel oxides inclusions, the refractory interface
is eroding

. 'When the solid content of the interface is increasing com-
pared to the solid fraction is steel inclusions, an agglome-
ration, build up situation at the refractory interface. An
example of observed alumina build is shown at figure 1.

The consequences of corrosion and build are, for both, a re-
duction of casting time. So the optimization of the refractory
consists to obtain a stable interface for a given steel quality.
The thermo-chemical models developed to simulate refrac-
tory interaction and the evaluation of inclusions status de-
pending on steel quality allow a rational refractory choice.
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The mechanical behavior of refractory component is by far
more complex than generally admitted. This is mainly cau-
sed by the multiphasic nature of the component and the lar-
ge temperature range in use.
Refractory material behave like composite structure with
specific feature coming from the phase transformation oc-
curring at high temperatures.
The standard mechanical evaluation like 3 point bending or
sonic measurement of elasticity induce important approxi-
mation in thermal shock evaluation. The consequence is also
non-appropriate choices for product design.

fixample o{ mechanÍcaI properfies
Cold mechanical properties of standard alumina graphite
composite has been evaluated in tension and compression
mode.
The results presented in figure 2 and detailed in figure 3, are
typical for graphite containing material used in continuous
casting.
The important difference between tension and compression
are classical for ceramic but the relative important plasticity
observed is characteristic of biphasic composite.
One major consequence is that strength determined by 3
point bending strength is over estimated when compared to
tension strength which is the main failure mode.
The sonic determination of elasticity is only valid for limi-
ted strain while the real pseudo elasticity is much lower.
This leads to overestimated stress level caused by thermat
gradient. Finally the permanent strain occurring during ther-
mal loading needs to be taken into account for thermal cy-
cling.

Thenyx*-yn*s*"*affi ice g strc$s mrs{:!et$
Standard Finite ElementAnalysis (FEA) codes don't take in-
to account specific refractory properties. In order to overco-
me this problem Vesuvius is developing dedicated FEA tools
which takes into account refractory material specificity.
The commercially available basic code (Abaqus) is imple-
mented with subroutines which, incrementally, give a more
precise model of refractory thermal loading.
Those subroutine take in account phenomena as anelasticity,
creep deformation or phase change.
Model results are compared with sensitivity analysis and va-
lidation experimentation in order to ensure results validity.

Material and design developnrer:t
The thermal cycling of continuous casting refractory gene-
rates very different stress level during operating time. The
different stress evolution between transient heating and sta-
tionary working condition needs to be carefully analyzed
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GFig. 4 - Stress evaluation ofthin slab nozzle

Fig. 4 - Valutazíone degli sforzi termíci applicati su un o
scaricatore per brame sottili.

with appropriate products propertie s determination.
The effects on refractory matèrial and design are highly de_
pending on operafing conditions. In other riord, a,""fruóto.y
product can not be ranked in terms of thermal shock resi'_
stance but for one given thermal shock situation in a given
application.
Thermal stress situation have to be carefully analyzed in or_
der to determine the major cause of failure: material proper_
ties or design. The_ optimization of refractory component
consistency as steel casting efficiency are depéndingìn the
model accuracy.
An example of nozzle for thin slab caster is shown in figure
4. The view represent a quarter of the total pieces cut bfthe
2 symmetric planes.
The maximum stress is localize on the narrow face of the
nozzle where the thermal shock cracking is usually observed.
The analysis ofthe stress during the transient start up ofthe
cast show that the maximum stress is developed a cóuple of
minute after steel casting start and that the siress deveioped
during preheating in much lower.
As a consequence the increase of thickness of the insulation
layer (Thermacoat) has reduced significantly the stress level
and reduce the cracking tendency.

sYsgL rLsw esiqT&sr_ sp?sMxxexsN

In order to better understand steel flow characteristics du_
ring casting and steel flow consequences on refractory com_
ponents, specific fluido-dynamic models have been develo_
ped with dedicated features (Numeca International).
The main features investigated are for example:. Specific meshing refinement at refractory interface to cap_

ture physical parameters at refractory interface.. Thermal exchange between refractory and steel to better
evaluate temperature loss in steel as well as thermal gra_
dient in refractory

. Chemical interaction with refractory interface and conta_
mination diffusion in steel flow.

The mesh refinement capability is illustrated in figure 6 re_
presenting the steel flow regulation between a tunéish stop_
per and a submerged nozzle.
The noticeable high speed at the regulation area justify the
occurrence of severe corrosion phenomena at thislocadon
Secondly the extraction from ihe steel flow results of the
pressure at refractory surface (figure 7) explain the strong
degassing of refractory observed in this area.
Such CFD tools are now.routinely used, not only to improve
steel flow but also to optimize refractory designand compo-
sition.

Fig. 5 - Local stress on narrow face
Fig. 5 - Sforzo locale applicato sulle facce strette dí uno
scaricatore per brame sottili.

Fig. 6 - Calculated steel flow at stopper regulation point.

Fig. 6 - Flusso acciaio calcolaîo nella zona di regolazione del
tampone.

Fig. 7 - Pressure at refractory surface on tundish stopper.

Fig. 7 - Valutazione della pressione esercitata dall,acciaio sulla
punta di un tampone paniera.

e&NeL[,r59$h,

Increasing demands for steel quality and continuous casting
productivity require new approaches in terms of refractor!
components development. Advanced refractory design is
achieved by coupling dedicated thermo-chemicàl arrd iher-
mo-mechanical models with fluido-dynamic simulations.
When appropriate material behavior at operating temperatu-
res is experimentally demonstrated and validaled, models
results provide innovative solutions for refractory compo-
nents optimization. Those new approaches, combinea wittr
empirical field experience, are necessary to improve cuffent
and future steel continuous casting process.
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Nuovi strumenti di disegno sono stati sviluppati per ottimiz-
zare i refrattari di Colata Continua con l'obiettivo di au-
mentare la produttività della macchina e migliorare la qua-
lità del prodotto finito. Questi strumenti permettono di pre-
vedere la reazione chimica tra acciaio e refrattario e, da
que sta, I' evoluzione della c ompo s izione chimica dell' ac -
ciaio, il deposito di impurità, la corrosione.
Sono stati sviluppati dei modellifluidodinamici specifici per

meglio valutare i parametifisici dei reîrattari ed oîtimiua-
re il controllo del flusso acciaio. Il modello fluidodinamico
realiuato al compute4 accoppiato con lo studio dell'intera-
zione chimica tra accinio e refrattario, può essere utiliuato
p e r s imulare l' ev oluzíone chimic a de ll' ac c iai o.

Questi due dffirenti approcci, che portano a modifiche del-
la geometria e dei materiali, sono completati da un'analisi
degli sforzi termici realizzqta con il metodo degli Elementi
Finiti: questo permette di valutare le proprietù fisiche dei
refraXari all'aumentare della temperatura allo scopo di mi-
gliorare la resistenza dei materiali agli sbalzi termici.
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