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ABSTRACT

In conventional pyrometallurgical reactors, aggrestquid
slags, salts and metals attack refractory matelgéalding to the
continuous dissolution. The presence of corrosiagss forced

convection, and high process temperatures in
pyrometallurgical reactors may lead to the rapigrddation of
the lining.

In the present study, a new methodology is beingldped
to enhance refractory life. The focus of the présardy is on the
detailed characterisation of the phase chemistrd atag
interactions with refractories. The systematic apph includes
the analysis of “as received” slag samples froml@r®e post-
mortem analysis of the end-of-life industrial ret@y samples,
isothermal laboratory slag/refractory interactiotests under
controlled conditions, and FactSage predictiorseSi-Mg-Cu-
Pb-Al-Ca-Zn-O system to identify the conditions famimum
refractory wear.

The dissolution of refractory into the slag canwsahrough
infiltration of liquid into refractory via pores, oatinuous
dissolution of the refractory components into feit phase and
“washing out” refractory grains (direct dissolutjpior through
formation of a new solid at the slag / refractarterface, closing
liquid pores and dissolution through slow solidtstdiffusion.
This study focuses on the modification of the sthgmistry to
prevent the direct dissolution of refractory comgmots into the
slag and also to block the pores with newly forreelid phases.
It has been shown that with accurate information tbe
slag/refractory phase equilibrium, self-healingaefory systems
can be designed and operated by modification of dlag
composition to obtain optimum slag/refractory conabions.

INTRODUCTION

In Kazzinc pyrometallurgical copper operation Is&Bnis
used for smelting of the sulfide concentrates,dhpand residues
to produce slag and matte; the matte phase is ceavinto
blister in Pierce-Smith (PS) reactor. Magnesia-ofite-based
refractories are used to provide resistance toos@mn/erosion
and to minimize the heat loss of reactors. Theiserife of the
reactor lining is determined by several variabtegh as, liquid
bath temperature, chemical composition on of tijeidi bath,
liquid properties (density, viscosity, and diffusyy and intensity
of bath agitation [1-5].

IsaSmelt and (PS) converter are operated underphaiess
temperatures and highly convective and chemicaligressive
baths that can lead to rapid degradation of thractdry materials
and possible unplanned shutdown. In the presedy stie effects
of chemistry and operational parameters have heasfigated
to propose strategies for increasing service lifethe PS
converter.

SYSTEMATIC APPROACH FOR CHARACTERISATION
OF SLAG/REFRACTORY INTERACTIONS

A systematic experimental approach for the Isagractory
interaction has been followed (see Figure 1) aimed
development of a self-healing refractory/slag pssceThe
approach is generic and may be used for
pyrometallurgical processes to investigate the ébalmefractory
degradation. The strategy is to ascertain microsiral and
compositional information on the slag/refractorytenactions
from possible industrial sources such as end-bfedubricks and
slag samples. Next, phase chemistry is investigatsihg
thermodynamic modelling followed by various expezital

the mo

techniques under laboratory conditions to confila possible
reasons and mechanisms of refractory degradatimm Fhis,
potential strategies are proposed through modifinaif the slag
composition, operational parameters and refradiggs to slow
down the refractory degradation. The self-healimgcpss of

thefractory/slag interaction is achieved throughf@tjnation of a

protective solid primary phase layer on the intgfdetween
refractory and molten slag and (2) blocking the egotby
formation of a secondary solid phase(s) stoppiegctntinuous
stream of infiltrated liquid slag into the refragtolmportantly,
the effects of proposed changes on the whole pspsesh as
financial performance and productivity of plantfosld be
investigated.

‘Fresh and post-mortem analysis of refractory bricks smelter#

‘Compositional measurements of well-quenched gamtples ‘

‘ Prediction of slag phase liquidus using Fact$age
2

—ﬁLaboratory—based refractory/slag experimenks

‘Analysis of reactions and phase equilibria ‘
v

—{ Identifying potential strategies for self—healinb
Figure 1. Systematic approach for refractory/stagstigation
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Figure 2. Isothermal equilibration approach forgaiefractory
investigation

METHODOLOGY OF EXPERIMENTS AND ANALYSIS

In the present study, isothermal equilibrium experits were
performed to measure the equilibria between slafyrafiactory
at various temperatures (Figure 2). The crushedgatefry grains
mixed with “as-received” slag from PS converter evplaced in
MgO crucibles. Assilica lid was placed as a crueitédp and glued
to inhibit the reactions between the furnace atrhesp and the
molten slag. The whole crucible was heated to H#01180 °C
using a tube furnace and equilibrated for 6h. Aftetesignated
time, the sample was quenched in to water. The lesnvere
sectioned, mounted in epoxy resin, and polished
metallographic examination and microanalysis. Etectprobe
>S(t-ray micro analysis (EPMA) was used to characteribe
microstructures and to measure the phase compusitidn
electron-probe X-ray micro-analyzer, Superprobe LUE@
trademark of Japan Electron Optics Ltd., Tokyo) B2EPMA
equipped with five wavelength dispersive X-ray detes was
used to determine the phase compositions. Apptepstandards
were selected and the ZAF corrections were madahg ssiftware
supplied by JOEL.
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RESULTSAND DISCUSSION
Characterization of New and Used IsaSmelt and PS
Converter Bricks

The main components in the typical microstructiura fsesh
magnesia-chromite brick are large fused grainsiclase plus
secondary chromite, 2-4mm diameter), primary chten®9.4
wt% CrOs, 18.9% MgO, 9.8% FeO, 11.7% 28k) and pores
(Figure 3.a)

The post-mortem analysis of the PS converter usetk b

(Figure 3.b) indicates that the brick is fully ibfated by the liquid
phases (slag, white metal and metallic copper) megathat
channels/pores were not blocked by formation ot phases
such spinel or forsterite. As a result, refractoould be dissolved
continuously into the slag phase.
However, a relatively thick layer of spinel phasenied at the
interface between IsaSmelt brick and liquid slagt telowed
down the chemical dissolution of refractory intoe thslag
phase(Figure 3.c). Also, infiltration depth of slagto the
refractory is shallow indicating formation of a eadary solid
phases including spinel and forsterite [(Fe, 3] blocking
the pores.

(@) PS converter

(b) PS converter used brick
Fresh brick

; Inﬁltrated hqmd

gt S A

Figure 3- Back-scattered electron micrographs iaistg the
microstructures of (a) fresh magnesia-chromite khri@) PS
converter used brick taken from beneath the tuysrd (c)
IsaSmelt used brick taken from slag/matte areaedrpgriclase
grain (FG), and primary chromite (PC) [6].

Industrial Slag Samples from IsaSmelt and PS Converter

The as-received slag samples were characteriz&&Ebyand
EPMA to ensure that the bulk composition of theustdal slag
in the used brick and the laboratory tests wereesgmtative of
the PS converter and IsaSmelt operations. The @sasenblage
of PS converter samples consists of liquid slag ansll
proportion of the spinel phase (see Figure 4)shaBmelt plant
samples, entrained matte and spinel are the typlades within
the liquid slag (see Figure 4).

Thermodynamic M odelling

To interpret the various mechanisms of refractasgaution
(i.e. direct and indirect) into slag, the thermoayic calculations
for the Fe-Si-Mg-Cu-Pb-Al-Ca-Zn-O system were undeste
using the FactSage program [7] in conjunction wité private

and IsaSmelt respectively). The Fe/si@ios of slag vs MgO in
slag for the PS converter and IsaSmelt industrilg s
compositions along with the FactSage outcomesrg7ijlastrated
in Figure 5.
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Figure 4. Typical back-scattered electron microgsaf well-
quenched PS converter and IsaSmelt slag samples.

Isothermal L aboratory Static Experimentswith |saSmelt and
PS Converter and Bricks

To further investigate the chemical wear mechanishs
refractory materials, the isothermal static experite were
performed immersing a magnesia-chromite refractiogers in
the liquid industrial slags of IsaSmelt and PS euter that
contained in MgO crucible at temperatures of 11Z@nd 1220
°C respectively. After a designated time, the sasplvere
quenched into water, sectioned and analyzed witM S#d
EPMA [6].
As can be seen from Figure 6.a, the infiltratiorptdeof PS
converter slag into the brick is significant andpmotective layer
of solid phases i.e. spinel or forsterite was fatraethe interface
between refractory and liquid slag. This is comsistwith the
post-mortem analysis of the PS converter used [fFigure 3.b).

Figure 6.b indicates the formation of a spinel [(E&, Zn,
Mg)O.(Fe, Al, Cr)Os] layer at the refractory/slag interface. Pores
and potential liquid channels were blocked by tirenfation of a
secondary phases i.e. spinel forsterite [(FeZSigk]. This
observation is consistent with the post-mortem yamiglof the
IsaSmelt used brick (Figure 3.c).
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Figure 5. Liquidus presented as MgO vs FefSi@io in slag

ant samples, thermodynamics calculations in FEKHICuU-Pb-
Al-Ca-Zn-O system by FactSage [7], and isothermiabdatory

ﬁxpenments in (&) PS converter and, (b) IsaSrég¢lpfocesses.
iquid slag (L)

PYROSEARCH database for condensed phases (slag, ,spirﬂ%
wistite, olivine, melilite, and pyroxene) at theefil temperature
(1220 and 1170C in PS converter and IsaSmelt respectively) an
fixed oxygen partial pressures (1@nd 16 atm in PS converter
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Figure 6- Back-scattered electron micrographs iaistg the
microstructure of laboratory experiments with (& €nverter
slag and refractory brick at 1220 °C/6h immersioneti and(b)

IsaSmelt slag and brick at 1170 °C/6h immersion tand,.
Primary chromite (PC), liquid slag (LS), fused gréitG), and
spinel (Sp) [6].

Analysis of Reactions and Phase Equilibria

Liquidus presented as MgO concentration as a fomabif
Fe/SiQ in slag indicates that the slag phase in the PSearter
plant slag samples (having MgO concentration feas 0.1 wt
%) is located in the fully liquid area (Figure 5.m)the isothermal
static laboratory experiments, the slag was sadrawith
approximately 4 wt% MgO (see Figure 5.a). The ayerzalue
of the Fe/SiQratios in the plant samples and the static laboyat
experiment are close. The results from post-morgralysis,
well-quenched plant samples and the laboratoryindstate that
the PS converter slag is far away from any of prinpoase fields
of the main slag-refractory forming phases duet MgO and
Fe/SiQ. It appears that slag chemistry and brick qudpiyres,
cracks, etc.) are the main degradation reason be@aain bonds
(mainly MgO components) are gradually dissolved the liquid
slag resulting in washing out the grains (mainlyimary
chromite) into the bath area (see Figure 6.a). Tass direct
dissolution of refractory may be turned into thediiact
dissolution by modification of operational conditfo such as
temperature and fluxing strategy.

Concentration of MgO in the IsaSmelt plant slag dampre
between 1 to 1.5 wt pct vs Fe/Si@tios having values of 0.7-
0.85 (see Figure 5.b). Formation of the protecsipmel layer at
the interface between refractory and slag in pogenoanalysis
and isothermal static lab experiments are becdesbquid slag
phase is located close to the liquidus - the liesvben the fully
liquid and the liquid in equilibrium with spinelgs Figure 5.b).
Compared to the PS converter brick, the indirecsaligion of
the IsaSmelt refractory into the slag phase slodedn the
refractory degradation.

Identification of Potential Strategies for Self-Healing and
Experimental Actions

It appears that the degradation rate of IsaSmetk bs
significantly lower than that of the PS convertoedo different
mechanisms of refractory dissolution. To increaseservice life
of the PS converter, fluxing strategy and the dipamal
conditions may be modified to turn the direct megbia of
refractory dissolutions into the indirect. In theegent study, the

equilibration approach to confirm the thermodynamiadeling
trends.

In addition to the unreacted brick grains showFRigure 7.a,
the phase assemblage at 122D equilibration experiment
consists of liquid slag, forsterite and a thin lagespinel 1 um)
formed at the interface between slag and primargrofte grains.
The present experimental trend plotted from théhimonal static
and equilibration laboratory experiments are défer from
FactSage predictions (see Figure 5.a). ComparedattSkge
predictions [7], the highest solubility of MgO ifag to form
forsterite primary phase is approximately 2.5 wiSwér for a
given Fe/SiQ measured in the present experimental study.
addition, it appears that the spinel phase formeve¢r Fe/SiQ
ratio in slag for the fixed MgO in the present istigation (see
Figure 5.a). The difference between FactSage giieds [7] and
experimental results is due to a number of reasomsst
important believed to be impurities in the indudtri
slag/refractories that were not taken into account
thermodynamic modelling.

Similar phase assemblage is observed at 1@8&Xperiment
having liquid slag, forsterite, and thicker spiteyer &4 pum)
formed due to reaction between the primary chropiitase and
liquid slag (Figure 7.b).

In addition, proportion of the newly formed phasesliquid
slag, forsterite and spinel was calculated usingrleule. It
appeared that proportions of liquid slag, forsteaibd spinel did
not change significantly by decreasing temperdiom 1220°C
to 1180°C for the given Fe/Sigand MgO in slag (Figure 8). As
a result, it may be suggested to decrease opeshtEmperature
of PS converter without the risk of solid accumialiat This might
increase the probability of the pore blockage bigtirite and
formation of the spinel layer on the interface. hethe
compositions of liquid slag at 122C to 1180°C did not alter
significantly (Figure 8).
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Figure 7: Back-scattered electron micrographs ofcBtSverter
slag and the crushed magnesia-chromite brick &naikd at 6h
at (a) 1220C and (b) 1180C.

effect of temperature on the phase assemblage at th

refractory/slag interface was investigated usingthisrmal
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Figure 8. Projected MgO-SiFeO ternary diagram &(Oz) =
107 atm for the Fe-Si-Mg-Cu-Pb-Al-Ca-Zn-O system.

CONCLUSSION

A systematic experimental approach was used tacteize
refractory/slag  interactions.  The  approach includes
microstructural and compositional analysis of thesH/used
industrial refractory, slag samples taken from s$emng/ and
isothermal laboratory experiments followed by thedynamic
modelling. From this information, strategies are
proposed/hypothesized and are experimentally tesied
laboratory to confirm information on the phase clstm of
slag/refractory interactions. From this informatitime strategies
are proposed to decrease the chemical wear ofctefya
materials. Compared to the IsaSmelt, the refraaegradation
in the PS converter process appeared to be morificant.
Phase analysis of the PS converter samples (usxd ¢lag plant
samples, and isothermal static and equilibratiopegrments)
confirmed that the dissolution mechanism of refsacinto the
slag is direct for the current operational condisiosuch as
temperature and fluxing. Potential solution suceseasing the
operational temperature and fluxing strategy i.edffication of
MgO Fe/SiQ was suggested.
This study demonstrates a systematic approach tohsdered
to the design of refractory systems through funddaie
understanding of the slag/refractory interaction @aontrol of
slag composition.
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