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1. Introduction

neorecent years demand loe clean metals hag increased rapidly, The
prowing demand Tar Bigh metals gurite and cleanliness reguires better
control, and therefore a boelle |_|r1(||_'r:,l,';|1r1|;'.§;, of the interactions of
refractary with slag and the metal phase in sleelmaking. Refractories,
as linings of ladles and wndishes, cannot avaid contact with malton
steel and r|».1f.’,- Thoe steraction of refractories with their strroundings
in high temperature industrics remains ome of the major challenges,
The materials st nol only tolerate high temperature but alse withstand
mechanical stresses; as well as resist attack: by lopuids such as molten
metal and slags.
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The most sienificant trend in refractories technology in
the last two decades has been the ever increasing use
of monolithic or unshaped) refractories such as
castables which now, in many countries, account lor
mtir than 50% of total praduction due to thelr quicker
and cheaper installation, and properties approaching
thase of shaped (brick) refraclonies, Magnesia castables
arie unshaped refractorics commaoenly used in
stecimaking far the maintenance of lundishes.
Therelore, o fundamental understanding ol the
clissalutivn Behaviour of magnesia castabiles into molten
slag s Imparant in steclmaking.

Many researchers have conducted experimental
investizations of penetration and corrasion of magne-
sla castalles by stags, These studies showed that the
rale e sleg penetration moreases with increasing pore
rachius,” ALD and Fe concentration in the stag ' test
temperature; and with decreasing slag basiciey (€5
raliul” 't as g result of the high capability of dissolving
magnesia in the slag ' * Malnar et gl have studied the
interaction of maolten silicate and {erritic-calcium slags
with magnesite refractories. They suggest that slags of
the system Fe(d-Fe O3 -Cald penelrate more readily
beneath the surace af the refractories than the silicate
slags, bl shovw leawver chemical aggressivitg. The effed
of the slag type on penetration and corrosion resistance
of high purity sintered and tused magnesia has been
reprartedd by Zhang et el Some rescarchers have shown
hal reaction between Cal) in the slag and ALO in the
castable makes low-melting caleium aluminates, while
reaction Between CaQ in slag and ALY in brick resulls
i Lhie formation ol spinel al the slas/erain interface?
Ae a rosult, Mgl bricks have higher slag resistance than
Mgl castables” The penctration and corrosion
e haristrs of magnesi castables by silicale shags was
ivistigated 2 Firsthy, the slag, as a single liguid phase
nenetrated the castable via the apen pores; secandly,
the penetrating slag reacted with the surrounding Mga;
and. nirally, the 1ons le:g: Caqand Fel trom the slag
penetrated more deeply via o diftusion processes. Yo
et al stowested Lhat the pesetration rate ol slag inlo the
refractory is related to the corvasion rate.'" Studies
reported inthe erature have shown that interactions
befween slag and refractory materials are dependen|
o both the slag compasition and the tvpe af refractiony
material

The corrvsicn of o refractory isa very camplex
phenamenon invalving not only chemical wear
learrasion] but also phvsicalimechanical wear (such as
erosionsiirasion)  processes, which may ao
synergistically. Corrosion of the lining material in cantact
with slag is uswally desenboed an the hasis of the
willowing phenvmens: dissolution, which isa chemical
process by which the refractary materials are
comtinuously dissobved, and penetration, by which the
slay penetrates into the refractony and causes erosion,
which is the abrasion process of (he refraclory material
expasced 1o slag movement

Thiere exisl many repors o the cormsion of magnesia
refraclories by various slags™ " 0 Y and studies have
beon done tooinvestigate metaliMegD) refractory

interactions in steelmaking."™ Despite these studies,
the penetration and corrosion mechanism of commercial
magnesia castables by caloium aluminale slags have not
yet been studied. In the present wark, a synthetie
calvium aluminate slag system has heen ased tooonere-
dieca commiercial magnesia mix refractory for various
temperatures and times. The [nvestigation |s
winlthwhile, because corrosion of these materals usaally
orours 10 contact with .~:~_.:'|'|L|'|v.lin:_' slag thal carried over
from the ladle, and there are il some obscure points
cancerning the relevant paramelers which may inflluence
this. prohlem that generally dominates the rofractory
life,

2. Experimental details

The corrosion of commercial magnesa retractary by
cileium aluminale slag was sludicd using a stalic
crucible carrosion 1est, with a fixed amoont (50g) of
posveler slag placed inecach crucinle: Table 1 shrws the
chemical compasition of the magnesia mis. The slag
mixtures of fixed composition were prapared by
weighing 173,162 reagent grade calcium carbonate
Cal) | and 157.57g aluminum hydroxide (ANCGH;
weel-mixing them with ethanol 10 an alumira ball mill
1or 3 hoand drving at 120 70 wor 24 h.

The test crucibles were prepared by drilling a hole 170
i diameter x 7 om deep cug oot out o high alumina
lirick ane then lining them it 20me thickness) with
the magnesia castable powder mised with 10 st of
water, By patching, 1 this case, there s a4 condilion
the same as the situation of  magnesia castable powder
mixed lining an high alumina brick working layer of
tundishies which are vsed in the Mobarakeh Steel Plant,
A schematic fizure of he crucible s shown in Fig,
The slag was melted in a P crocilble at 1630 °C for 3 b
and castable crucibles were heated at 1200 °C lar the

1

Table 1. Cheonial compeosition of castable

Oxide MgO Ca0 SiO, Fe,0, ALO, K.O Na,0

Masste 95,32 1.53 243 011 .08 0,10 .43

Magnes:a Castable
flining layer=2em)
High Alumina
(warking layer)

Figure 1. Schemanc daure of coucibly
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Mo gy L0k CiiaVert 200 and the absenvation
al et e s performied on polished faces using
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Rerayspectroscopne (LECT 3800 The apparent porosity
and dlematy wiere determined according o A8TWC 20-
#7. The pore size distribution was determined by a
MCRCLry porasametier doconding e DIN EN 997

1. Experimental results
11 Characterization of refractony and slag
The appatent parasity, bulk density and the average

pore radius of the samples after drving were §:4%,
A0 and D15 Lm, respectivedy

KED patterns of magresa castable and sinthesized slag
are! shuvwn in Fiizss 2 and 3 rospectively. The main phase
of thie castabli samiphe 5820 periclase. I addition 1o
e M main peak, weak peaks also exdst In the
NRI: pattern which are attzibuted 1o monticellite
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Mayemte s the main phase ol the slag sample In Fig, 3,
which matches with the XRD pattern in FOF 90413
reteronce cand with chemical formula of [,_:,,ql_,-‘iIHU_‘_‘,
e addition e the main phase. other wiab peaks are
ak ptsenaed which are atributed to calciom aluminium

ICaCApOSIO) i, Thie S8 patics o the used magresa  Prae (3CA0.ALO, with melting point 1900 €, which z

; Nt rratities with the SRD patterns in PIF 8-0005 and - ]
canlaltle was lees than 10 According to teferences, (495 reterence cards =
mcnbicellite S0 tarsterite J‘;t?_'l.J SET v and E-
agEnesiomder e (Mo Fe 0 would be expected n b2 Microstructure and phases '
aebdition 1o penclase ungder these conditions.! E
Flowvevern, eray diftraction i ates only the PR T A backscaltered] electzon imape of the fred S IIATET -:
ol rmontaeelbite sebule torsterire and MAEAES umere e cakslable. mucrostructune Baetare F:ll'rlt'l.rnlll-tfll'l 1w whiewery int L
conn ol thie sclentibed Fig: d. It was observod that o grain bodndary: phase B
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fhiase aned (h hrght phase in the fred magnesia castable
TGt eform ponetralion

fadle 2 Plesnental amialyéis of seenndary phises i the fircd

MENNEsa Castalyz
Element My Ca sl

Mol 1547 13.76 14.24

welted the Mpd grains, Fig, 508 shows the typical
elemental analysis pattern of the secondary phase amaong
the penclase paricles, and the mean of the results s
showert in Tabile 520 10 is shown by Xeray diffraction as
well that the main grain baundary phase is hased on
monticellite, Manticellite is the most undesirable phase
Because ot its low melting point (1488 “C) which
decreases 1he refractoriness of the product= 2! The
thatas in Table 2 confinm that these phases have similar
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Figiree B, Relalion betveen penetration time (o) and
thivkness of penetrated slagicm) i the sastable crocibie 3t ()
1450 °C and fhy 1ed0 50

stachiomelric compoesitions of monticellite accompany-
ing forsterdte, This could be due to dissalution of some
fiyrsterite in monticellite and vice versa™, Apart fram
Mz and monticellite, there 15 a bright phase present
in Ihe micrastructure, Fig. Sih) shows the typical
elemental analysis pattern of this phase. According to
references, ' this phase could he magnesiumierrite
imelting point, 1750 901 with hugher atomic noember 1o
appear as a lump pocket due o low solubility of this
phase i manticellite,

3.3, Slag penetration into castable

The relationships between penetration lime and
thickness of penetrated slag in the castable crocible st
different lemperatures are shown in Fig. b, The curve
tar the temperature of 1450 °C was a parabolic cure;
wheress the curve representing data at the temperatu
reof TG00 'Cowas lincar (the correlation coefficient i
equal to 1) A plal of thickness of penetrated slag in
the castable crucible, h, sgainst v time for samples
P50 °C shownan Fig. 7) indicates a good linear
relationship, thus contirming the parabolic behaviaur,
The corrosion rate a1 1600 °C was faster than at the
lower temperature, since at this temperature, slag
penetrates throughout the whole magnesia castable
lining just after 4 hour and reaches the high alumina
brick working layer
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4. discussion
4/1. Penetration rate of slag

Twis distinel slopes indicate that the penetration of
magnesia castable with calcium aluminate slag could
i elivclated by different mechanisms it the twa
bepiperalures. The parabalic curve 15 a sign that the
penetration rale 3t 1450 0 s controlled by a diffusion
mechanism, |n this case the rate eguation could be g
follows;

HE=kY =k (1)

whert by s the slag penetration depth {em), tis tme
e and k' (omdsec ' and kolemeses T are rate constant
of penetratian. A plol of b against v nme, shawn in Fig:
7oindicates o good linear relationship and vields an
evierall rate constant of 00135 crsec

Capillaries, such as open pores and microcracks, are
the main channels of nitial slag penstration into 4
refractary, In this case, the penctration rate dhidr of
stag inta g capillary ¢an be exprissed by Poiseulle's

la-

th:
dle fufed (2)
ot Brphi

where ris the capillary radius, AP the capillary sucking
pressure and 1) s viscosity of the slag. The term AP &
expiressed b

AP = 2ycost P4l

where ¥ is the slag surface fension and 8 the wtting ar
contact angle, By eliminating AP from equation 123

¢orcosdd : vorpepsd
i et Sm Y- i

)
4 2n

fadh =
Comparison bebween equations (1) and 141 gives the
rate constant of penetration as follows:

-
[ ¥ cosid
Vo2

4.2. Slag viscosity and surface tension

Most madels for caleulating viscosity are based on
numerc adjustments starting from experimental data,

and they are rarely hased on the slag structure The
Urbain model estimates the viscosity of slags as a
tunction of chemical composition and mineralogical
nature* This model describes temperature dependence
of the slag viscosity (h) using the Weymann equation:”

i Ny -".-ul}=U.]_‘|"J]"cxp{@f—?l Y

where T is the absolute temperature, and P and (3 are
comstants obtained by the following equations':

Q= expl-116725 02635 {1
P=P+ PN+ PR+ PN (41
Po=138+399355e  44.0490 (91

Fo= 30481 1171505 12999780 (1a)
Po= 409429 + 23404860 3000207 1110

Po= 607619 1339276 +211. 16100 (12

N s the mole fraction of S0 in the slag and e is 1he
mole fraction of Cal+ MaDiCaD +MgO +AL O in the
sfag. In thes sludy, 15 0063 therefore slag viscosity
can be expressed by following eguation:

1145, .
— —l M} [13]
r

RONs m™ )= 3022 107 T expl
Phe viscosity values of the original slag at temperatures
of 1450 C and 160D °C are 1,33 and 0.53 MNelm
respectively, 1t was fuund that the viscasity of the liquid
phase decreased wilth increasing lemperature. Thus,
the rate constant of penetration increased accordingly.
The surface tension, v, of the slag was caleulated by
the (ollewing equation; !

¥ = .~..'r.~.-' Eo¥ ot oF

[N W 'u_.\:"l (th

In the ahove eguation,  is the maole fraction of a cation
of an uxide component, The male fraction of cations
in the original slag 1s 0.00, 054, 0.46 and 0.00 for
cations of Si, Al Ca and Mg respectively. Fois the
constant koown as the surface tension factor af 2 cation
of an esade compenent, This Gctar s 0,34 (034 (.47
and (L58 for cations of S, Al Caand Mg respectively!
Thesefisre, the surface tension, v of the ariginal slag
was caleulsed as 03998 Nim.

4.3, slag penetration phenomenon and associated
mechanism

Ihe average pore radius was abaut 15510 m and the
wiscosity of the oniginal slag at a temperature of 1450°C
i 133 Ns/m’or 13.3 Poise, also assuming B==<90" for
basic: slags, thus cos 8 =17 and the rate constanl gives:

||Er9‘93.-"\-rr|" -:1_5;|!3"1m

= ;
Vo 291330 Seen ™

= 1305107 m see™? = 0.015¢m, see |

There s a small difference between the caloulaied rate

E Tl st e s = Sl 2 0 000 -
=
L
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constanl and esperimental rate constant, The infiltration
rate s affected by the temperatare gradient in the
retractory. When the temperature decreases, the
visCosity increases, s in fact, the experomental rate
conyslant lerrepses,

Slag tomperature has a Lipe effect an the penefraticn
depth throuah s effect on 7. Clearly, what is missing
irom eeudtion (5% isoa lector describing the
micristruciure of @ refractory, although this can be
incorparated in the r o ferm, Fig. 8 shows the
backscattered electron image of the sefractory matrix
U lor b
hour along watly the tvpical elemental analvais pattern
ol the secandary phase among the periclase particles.

in the crucible, atter slag reaction al 1450

It e evidert that the main brighl colour phase s based
g caicium aluminate. Uwas observed that the Mgo
grain houndarties weod corrodesl by slag penetration,
e fmage in Fig. 8 also shows the degree to which
MaCy oraires wore iselated in the slag, I was conficmerd
by KELY analvsis that the corraded sample had calciom
aluminate phases co-existing with perichse, Figo @ shows
tho XRD pattern of the sample taken from the slag-
penetraled portion of the castable crucible, atter slag
reaction at 14500 € tor b hour The diffraction paltern
showed the presence ol periclase, mavenite and
dhidaleium wificate (PLH 3-0753)

Framyeguation (51 it can beseen thal ol higher lempe-
rature the penetration rale increases with decreasing
shg visvosily, 115 this relatian which means that on
first contacting thee kot surface lguid, slag penelrales
b capillary o seetting suction 10 depth b down open
prares ol tadivs 1 dependent in large pars on the tem-
petature of the refractary, As temperature decreases
away from the hot phase, slag vistosily increases so
the slag s loo visuous Lo penelrale further

As shewwrrin Dig b thi, a plob of the thickness of
penetrated slag inthe castabile crucible (h) against time
Bsocondl al o lemperature of 1600 7Cwas lineartbecause
Lhas corralation coefiicient s egual to 0,998
Examination of slag in the cormoded sample al 1600°C
b BRI has sheswrs the disselution of the reffactary
components i the slag, As apparent fram Fig, 10, the
NRIY patterns of slag in the sirface of the relracliny
alter g corrosion lest al TH00 E shos the existence of
buoth periclase (MO and spinel MpAl O (PDF 5-067 2
accompanying calcinm atuminate stag. In addition, the
ditfraction pattern also showesd the weak peaks thal
intlicate seblenne compound
r2CalnAl G 510 reter o

PRE card #43.07331: The )
eisteriCe ol silicate phase in L}
shap indicates that corrasion
ne the Mgty castable by

calcium aluminate slag was
relater] 1o the dissolution of
huth et and manticellite I
Ml Meta5ith o, In this

the mechanism s as 1 i

Cdst
wllows: Meld in the castabie
reacted with Al O 1o form

spinel and CMS in the

5

R st a bl
It

1

castahle imanly in the matrix! reacted with caleium
aluminate from the slag diffused o the castable, to
torm HCathAl Q50 imelling point, 1593 "0 and
thus dissolved in the sldg. The meling painloof
manticellile is 1488 “C, 5o it should b solid phase at

450 °C but a liquid phase &t 1600 "¢ which would
dissehve guickly o the local slag. As @ result, it can bo

aQ L 10 1% o
Fnery el

Figre #. fal SEM micmigraph of slig-penetrated portion ol the
castabile crucible, after slag reaction at 1450 °C Jor & howr
and (b} X-ray spectriscopy of the inght phase
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Fimure 9 Parnal XRE patrern af coroded samples
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Fgure T Carrosan meehanishe of magnosia eefratony (ehat 145000 andtth) at

Moy ¢

cirr lueedd that swith increase of tempserdlure, dissolution
of retractory inte slag leads 1o a deviation of the
i chanism from cliffusion,

Dhssolution al retractory / slag interlaces 15 governed by
il chemical reaction (or solutiont at the interfeor, or
thr transport o diffusion) of reacting species through
thae liquicd boundary layern, Direct dissolution can be
reaction o interlace controlled when the diffusivine of
reaction prodocls is faster than the rate of chemical
reaction gt the interface. |y this casé the dissolution
pracess may b directly controlled by o reaction that s
uf first ardes with respect to a reactant species,
Uhissolution of the refractony components, making new
vpen chanmels leg, by cannecting some closed pores)
leads 10 further penetration. In this case, the sl as
lguidd phise, s driven inte the retractary by the
caprllanes. '

Dhssolution ol the refractory components in the slag
nol oy makes new open channels, but also changes
e local slag compositian, and therefore, the slag

small spinel gravns

3]

viscosity and surface tension.

Thu ;1p1}|i1:‘ﬂtin:1n of thie Urhain

mlel 1o estimate viscosity

confirms that when the slag
& basicity  increases,  as
dissolution of the #ald in slag
nenies, viscosily decreases
because MpO acts as &
modifier, ™  In addition,
according o equations (6-12),
thes comeentratios ol x"-.I_I.E'JIJ in
thee liguidl phase deceeased by
Assuming  Lhat spinol was
precipitated from the liquid
phase (as shown in Fig, 101 leading
to-an increase in the constant B Also,
the surtace tension of the liguid
phase increased doue o a decreaso
in the percentage of ALO having 2
szl surtace rension fagtor due o
the precipilation of spinel, and in
increase in the percentage of Mgl
bawing a large surface tension factor
due e dissolution of Mgl in the
liquidd phase. I the slap viscosity
lfé‘l. FEasty  or 51”1.-1(.'['?
i reases, then .!:':'nrr_llﬂg fis E_qu.ltmn
{5k it will accelerate the penctration.
From the above discussion, o s
congluded that the slag penetration
beshavicar charged with Increase in

tensinn

temperarure; L :1I.11-.; [_'UI'I'IF'.III‘:'."{i[u}I]
wa chunged by dssolution of Mgl
grains= in the slag. resulting in a
tecrense of vistosity and an increase
i surface tension, The overall
mechanism  is schematically
reprisscntect in Fig, 11,

3. Conclusions

Slag penetration studivs at 1450 ¢ sl 1600 70 warpe
varrieil out using the crucible method in order to
understand the mechamsm af reaction belween slag
and the refractary, and the influgnce of reaction tem-
preratire o0 slag penetration Nt magnesia relractarnes,
The following conclusions have been shown':

I} Penotration of magnesia cistable refractony by
calclem aluminate slag at 1450 O in o statie 1est
indicates the corrasion rate te be cantrolled by a ditfusion
mechanism. In thes case, capillaries; such asopen pores
and microcracks, are the main channels of initial slag
penetration inte the refractoey, In the penetration
process of the slag, calcium silicate was formed on the
surfaces of MeCh griing, and around them by reaction
between grain boundary and mayenite, as a main phase

of slag with a low melting point,

L As the test temperature increased, the carrosion
mechanism of the refractory by the slag changed, and

ol e LA -

Ifustiinld o

=2
[FE



the ponctralion rate at THOO ¢ was faster than at fower
lemperature, 10 this case, dissolution of {he refraciory

components i the slag sunported the penetration
| E i }

process, Conseduently, disselution of the refractory

components in the slag nat only makes new open

charmnels;, hut also changes the local slag Commpastticn,

resilting in a decrease of viscosite and an increase of
surtace tension of lhe stag: Accordingly, thev lead 1o

dn

norease e the pi_'rtf_'lr.!‘..iun rate
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