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Abstract

Ferrovanadiumcan be produced in a DC arc furnace by reduds@: by means of a
aluminothermc reaction. \Anadiumrecoveryis decreasedy the formation of vanadion
oxides within the slag, along witferrovanadiumdroplet entrainment in the slag. High
refractory wear ratesncrease the operational cosf the process, which is mainly a result of
the high operating temperature (slag temperature ofRi 6 / 0 | ytRilityAbgt@ery LIt
the slag and the refractory.

The effect of slag composition on tlextent ofrefractory wear was investigated by heating
slags of different MgO content$ 2 ™ yinntieeacdntact with magnesia refractory. The
chemicalinteraction between tle slag and refractory was invagited, along with the
dimensional change of piece of refractorywhich was reacted with slaip determine the
extent of slagefractory interaction.

Changing the slag composition to favoam increase iwvanadiumrecoveryand implementing

a two stage melting processere bothinvestigated The (CaO+MgO): 28k ratio was varied

to alter the amount of spinel (Mg&Ds) that formsin the slagn orderto establish the effect

of spinel formationon vanadium recoveryThe two stge process included adding excess
aluminium to the first stage to increase®4 reduction and adding E€sto the second stage
to produce a ferrovanadium product with an aluminium content below 1.5 wt%.

The slagefractory test results indicated that thextent of refractorywearcan be decreased

by increasing the MgO content of the slag in contact with the MgO refractory. The results also
indicated that refractory wear was driven by the formation of M@AJ which is the product

of a chemical reaction beteen the slag and the refractory.

The amount of spinel formed with a change in (CaO+Mg@)s Adtio did not influence the
vanadium recovery. The change in (CaO+MgQp:Ahktio of the slag did influencehe
vanadium recovery due to the effect it has thre activity coefficient of ¥0s. The vanadium
recovery decreased linearly from 75 wt% to 25 wt% as the (CaO+Mgyrakio increased

from 0.30 to 1.43.The vanadium recovery was also strongly influenced by the calculated slag
volume, with the metal reovery decreasing with an increase in slag volume.

A two stage process was simulated whereby excess aluminium was added in the first stage to
increase vanadium recovery and hematite was added in the second stage to decrease the
aluminium content of the farovanadium.The two stage process test®ne on a laboratory
scaleindicated that it is possible to increase the overall vanadigooveryby increasing the
aluminium used to reduce the>@s, followed by the addition of E&s to produce a metal
product with an aluminium content below 1\61%. The optimum aluminium addition for the

first stage was determined to be 3% excess, which resulted in a vanadium recovery of
73.9wt%. The vanadium recovery of the two stage process waswi2e which is higher

than the 71.4wvt% obtained for the single stage process. The use eDeid however
decrease the vanadium content of the metal from 68.6 wt% to 68%.

Keywords Ferrovanadiumyanadiumrecovery MgOrefractory wear, pinel formation,
MgALOs, Ca(AlV)20s
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Chapter 1 Introduction

1.1 Introduction

The extraction of vanadium has become increasingly important in recent years, due to its
increased use in high strength lealloy steel (HSLA) (Katsumataakt 1991) as well as the
advances made in vanadium flow battery technology (Joerisset,e2004). Vanadium is
mostly addedto HSLA steel in the form of ferrovanadiymhich can be producethrough

the aluminothermic reduction 0¥-0s. The reduction process occurs in the presenceaf
which then alloys with the vanadium to form ferrovanadiu®everal ch#nges exist
surrounding the ferrovanadiunproduction process,ppartly due to the extremely high
2LISNF Ay 3 GSYLISNI GdZNBE o0 NBdzyR Hmnng/ 0@

The high operating temperature complicates replicating the process at lab scale and therefore
very little research habeen done to enhance the understandingtioé different technical
aspectf the system Relatively high vanadiunecoveries are obtained in industrigut with
increasing operating costs, nieids of further increasing the vanadiuracovery are being
investigated. The high operating temperature also results in addmumber of refractory
materialsbeingsuitable for use in the furnac&ypically magnesia based refractories are vysed
but extremely high wear rates are currently observed, iaddto the operating cost of
ferrovanadiumproduction.

1.2 Process hckground

The process descriptiaat follows is goopular method of producing ferrovanadiufrom
titaniferous magnetite. Other processing methods do exist, but the processing method
explained is the method used by the plant concerned with this propahadium is present

in titaniferous magnetite due tothe substitution of iron(llly vanadium(llljn the spinel
structure(Sandford and Breitenstein, 195The ore is crushed and separated using magnetic
separation. The concentrate rigsasted ina kiln, together with sodium carbonate asddium
sulphate resulting in theformation of water soluble sodium metavanadatEhe product is
leached using water, producingnampure pregnant solutionThe pregnant solution is
brought into contact with ammonim sulphateto form ammonium metavanadateThe
ammonum metavanadate is reduced ¥0Oz and ammoniagby means of calcination within a
reactor (Sandford and Breitenstein, 1951)

Metallic vanadium is produced by aluminothermic reduction of th€:\in a direct current

arc furnaceThe raw materialshat are fed to the furnace ar&0s, aluminium, CaGandiron.
Thealuminiumacts as a reductant to reduce théOzand in turn is oxidised t&L0s. CaOis

added as a fluxing agent to assist in slag formation. The slag consft©0and CaOand

reactSa I S YLISNI (stpeire tAetmetal )amd slageateppedl. Tharon alloys

with the produced vanadium and therewith reduces the melting point of the vanadium from
Mpmn 6 /6/l20 avkAoOK A& Ay §)Kpicdl @mMiverclFeovanSdiiME DI y | F
grades are shown imablel.1, of which the 80% ferrovanadium product is the typical end

product of the described process.



Tablel.1: Commercial ferrovanadium grades typically praced(Gupta, 1992)

Composition (Mass %)
Product type V C N Al Si P S Mn
50-60% ferrovanadium |50-60 0.2 max 2max [1max [0.05max|0.05max
70-80% ferrovanadium |70-80 1max [2.5max |0.05max|0.10 max
80% ferrovanadium 77-83 0.5 max 0.5 max [1.25 max|0.05 max|0.05 max|0.05 max
Carvan 82-86 10.5-14.5 0.1 max |0.1 max |0.05 max|0.10 max
Ferrovanadium carbide |[70-73 10-12 0.5 max |0.05 max|0.05 max|0.05 max
Ferrovan 42 min  |0.85 max 7 max 4.5 max
Nitrovan 78-82 10-12 6 min 0.1 max [0.1 max [0.05 max|0.05 max|0.05 max

The metal and slag atapped into a ladle andllowed to cool in the ladle for 13 hours, after
which the ladle is tilted over, to remove both the solid metal and slag. Upon vahimm

the ladle the slageparates from the metal (hforce during removal results in a crack forming
between the metal and the slag). The metal is moved to a cooling bay, where it is quenched
and a sample taken for analysis once the metal has cooled to room temperature. The slag
goes to the slag crushingaion, where it is crushed ggked in bags and sol8lag containing

a high concentration dferrovanadiumis also crushed anthen recycled by adding it to the
bags containing steel scrap, which is fed to fimmace for the following melt.

The refractoies inside the furnace consistiigObrick below the tap holdyigO-carbonbrick
above the tap holewhile the roof of the furnace is lined with alumina silicate brididgG
based éttling material is used to increase the lifespan of the refractories jinadit to
sections of the refractory lining whemeverewear is evident. A monolithic alumina silicate
refractory is used to line the ladle.

1.3 Project background

In order to obtain a highanadiumrecovery in theerrovanadiumproduction process, the
equilibrium for the reactionV>0s + 2Alz 2V +AbOz; must be manipulated to favour
vanadium formation Increasing th@luminium concentration will resulin vanadium
formation being more favourable, thus increasing tfeadiumrecovery. hcreasing the
aluminium content does however increase tluminiumcontent of the metal, resulting in
aferrovanadiumcomposition which does not meet the specification requirements
(aluminium content less than 1.5 wt%)

A two stage processhereby excess aluminiura addel in the first stage to increase
vanadium recovery and hematitaditionin the second stage to decrease the aluminium
content of the ferrovanadiuncan possibly increase the overall vanadium recovery of the
process The two stage process can therefore e&se the overall vanadium recovery, but
still produce a ferrovanadium product with an aluminium content belowilt%.

Sinel (MgAbOs) formation in the slags a sourcef vanadiumlosses to the slag as
described irthe literature (Vermaak and Pistoriu2000). Aluminium (l1is replaced by
vanadium(lll)resulting invanadiumresiding in the slag rather than reacting waluminium
and separating to the metal. Reducing the amount of spinel that forms in the slag will
reduce the ability of the slag to kbvanadium(lll)resulting in an increasa vanadium
recovery. Changing the spinel content of the slag entails changing the slag composition,



which will resul in slag volume change§he amount oALOz in the slag cannot be altered,
due to the aluminim requirement of the reduction reaction. The slag volume will therefore
be dependent on the amount dfilgOand CaOadded when altering théMgO+CaQ: ALOz

ratio of the slagThe change in slag composition will also result in a chafigiee phases

that arepresent in the slag.

Refractory wear is majorconcern in industry, as aggressive refractory wear results in high
operating costs. Refractory wear in this instance is due to a combination of the high

2LISNF Ay 3 GSYLISNI (dzNBE  ocenatible witlh thelrefréttoniek S af | 3
used (mainlyMgObricks). Saturating the slag withe main component of the refractory

(MgOin this instance) can significantly reduce the rate of refractory wear and therefore

reduce the operating costs of the process.

1.4 Project aim
The project aim is divided into three parts:

1. Highlight the importance of havingMgOsaturated slag for this process.

2. Determineif there is a relation betweeranadiumrecovery and the amount of spinel
phase present in the slag.

3. Determinethe feasibility of a two stage process (in termsahadiumrecovery).

The points of interest that were identified as the scope of the investigation were the high
refractory wear rate of theMgOrefractories in industrythe effect of spinel formation on #
vanadiumrecoveryandthe possibility of increasing theanadiumrecovery by implementing

a two stage melting process

The rate of refractory weaniindustry is excessiyavhich increases the operational cost of
producingferrovanadium A refractory lilng is chosen based on the operating temperature

of a furnace, as well as considering the compatibility between the refractory and the slag. Due
02 GKS KAIK 2LISNI Ay I maghesihlade rgfaaNdies are tNPodly R H
viable option.Theuse ofMgOrefractories require that the slag contains a certain amount of
MgOin order to achieve slagefractory compatibility. The effect dflgOaddition to the slag

on the refractory wear rate will therefore be investigated.

Previous work done by Verrak and Pistorius (2000) indicated thainadiumis lost to the

slag in the form o#-0;s, due to the ability of % to substitute At*in the spinel (MgAD,)
structure. The amount of spinel phase which is present in the slag will therefore affect the
vanadum recovery. It might therefore be beneficial to design the slag composition in such a
way as to limit the amount of spinel phase which forms. The investigation therefore aims to
determine if there is a relation between theanadiumrecovery and the amounof spinel
phase which forms during thierrovanadiumproduction process.

Vanadiumis recovered irthe ferrovanadiumby reactingv>-Oz with aluminiumin order to
producevanadiumand AbOs. Thevanadiumrecovery is therefore affected by the amount of
alumniuml RRSR (2 (G0KS NBIFOGA2Yy | OO0O2NRAy3a G2 [ S [/
equation\V>Oz + 2Ak 2V +AbQs). Increasing thé\l: V>Os ratio in the reaction will only

affect thevanadiumrecovery up tahe point whereV-Oz becomes the limiting reagent



when considering the thermodynamics of the reaction. Adding exalessiniumto the
reaction might increase the reaction kinetics in such a way as to increasaniaeium
recovery.The two stage process entails that excess aluminiusdded in the firsstage
whereafter the formed slag is removedfter which iron oxide is added the second stage
to reduce the aluminium content of the metal from the first stage. This will increase the
vanadium recovery as well as produce a metal product with an alumicontent below
1.5wt%.

Additionally, tests were done to determine which phases should be present at room
temperature in the slag. These tests were not initially conceived, but after the results
obtained from the various slags, the need for determinting Alkemade triangles of the slag
compositions arose. An additional aim of the investigation was therefore to determine the
effect of VoOs present in the slag on thélkemade triangles of théigO-CaGALOs phase
diagram.

1.5Hypothesis

1. The rate of refratory wear will decrease if the slag is saturatedvigQ.

2. Thevanadiumrecovery of the single stage process can be increased by decreasing
the spinel content of the slag.

3. Thevanadiumrecoveryin a two stage processill increase with an increase in
excessaluminiumadded to the reaction in the first stage.

4. Itis possible to reduce th@luminiumcontent ofthe ferrovanadiumby reacting the
metal with FeGsz in the second stage of the two stage process.



Chapter 2 Literature review

2.1 Sources of vanadium
Varadium is the 2% most abundatSt SYSy i Ay (i&fBundirt mbafe kh&ansb0 O NHza ( 3
different minerals and is spread at a mean concentration of 150 g/t (Habashi, 2002a).
Vanadium is not present in nature in its pure state, but occurs in combinatibrvarious
elements Vanadum is found imminerals such as carnoti® i 6| hi 0i §,xoscoalite i ol i h
(K(\#*, Al, Mg)AIS3O10(OHY), patronite (VS), vanadiferous clays. Vanadium is also hosted
within titaniferous magnetite, siltstone and uraniferous sandstone deposits. Some deposits
of crude oil also contain vanadium inet form of organic complexes. Coal, shale and tar
sands may also contain some vanadium. The largest source of vanadium is the titaniferous
magnetite deposits found in South Africa, China, Russia and Australia (Moskalyk and
Alfantzi, 2003).

2.2 Iron-vanadium phase diagram

The steel industry is thiargestconsumer of vanadium anganadium igherefore often
produced in the form of ferrovanadium. Adding iron to vanadium reduces the temperature
required to melt the vanadium present as well as thedency of he vanadium to oxides
(Figure2.1, Gasik 2013).
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Figure2.1: Binary phase diagram of thigon-vanadiumsystem indicating the change of the
melting point of vanadium with the addition of ion (Gasik, 2013).

Vanadium has a high melting point of 1910 °C (Gasik, 2013) and therefore requires a
significant amount of energy to mel&n ironvanadium solid solution constituted of 80 %



vanadium (typical composition &érrovanadium will be completéy molten at a tempeature
of 1730°CVanadium alsmxidises easily to higher oxidation stat€¢®*, \#*, V** and \**) at
elevated temperatures in the presencemfygen (Gasik, 2013).

2.3 Oxidation states of vanadium

Vanadium has various oxidation statekwhich, \V?*, \#* and \** are the most common
oxidation states although V* can also be formedThe oxidation state of vanadium is
dependent on the oxygemartial pressure and the temperature of the surroundings. A
predominance diagram of oxygerartial pressure versus temperature is used to determine
the oxidation state that will & present at differentoxygen pressureand temperature
(Figure2.2). Vermaak and Pistorius (2000) indicated tNa©s is present inndustrial AbOs-
CaO basedlags, and thereforat a temperature of 2113 K (184Cthe tapping temperature

in the ferrovanadium industry) the oxygeartial pressure will be between 0and 10? atm.
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Figure2.2: Predominance digram indicating the regions where the various oxidation
states of vanadium are dominant as a function @ and temperature (K) (Kbaschewski
et al, 1992).

2.4 Factors influencing the equilibriundistribution of vanadium between
the metal and $ag

The tapping temperature during the ferrovanadium production process is approximately
1840 °C (metal temperature), which is required because of the high melting point of



ferrovanadium (Vermaak and Pistorius, 2000). The high temperature also aids Hratsap
process of metal droplets entrained in the slag after the furnace content is tapped into a ladle.
Metal entrainment in the slag is one of the factors resulting in vanadium loss to the slag
(Vermaak and Pistorius, 2000).

Vanadium is also lost to treéag due to unreduced vanadium oxides reporting to the slag. Test
work done on vanadium losses to the slag (Vermaak and Pistorius, 2000) indicate that losses
up to 5%(masspercentV>0zin the slagarecommon. The slag basicity has a strong influence

on the vanadium losses (in the form of vanadium oxides) to the slag.sohdified slag
consists mainly df1gO.A¥Os (MA), CaO.A0; (CA) andCa0.2A0; (CA). The primary phase

(MA spinel) contains most dhe -0z content of the slag. Research done by Warak and
Pistorius (2000) indicated that the primary spinel phase containeth@8olar basis) of the

V>0z content of the slag.

2.5 Activity coefficient of\V>0Os

The activity coefficiendf V203 asa function of theCaOALOs molar ratio can be determined
by fixing the vanadim and oxygen activitie§ his principle was used axperimental work
done by Vermaak and Pistorius (2000@rmaak and Pistorius (200&)ntrolled thevanadium
activity coefficientby using a pure vanadium crucibind the activity 6 oxygen by using a
suitable fixed gas mixture. Slagsntainingdifferent CaOALOz molar ratios (also containing
Vo031 & a@fSA e then@nélted invanadium cruciblgat constant oxygepartial pressure
(Vermaak and Pistorius, 2000). The followingcten was the basis used to determine the
V203 activity.

2V +3HO=V,03+3 H @
By usinghe Gibbs free energy of the reaction and knowing the temperature at which the

reaction occurs, the equilibrium constant of equmati 1 was determined (Vermaak and
Pistorius, 2000):
A zp
—_— @
Azb
The molefraction of V.Oz presentin the slag wa ddermined using SENEDX analysis
(Vermaak and Pistorius, 2000he activity coefficient o203 was determinedfrom the
equation:
A

A ®
f 8

2.5.1Effect of basicity on vanadium losses to the slag

Research indicate@{/ermaak and Pistorius, 20Q0@gt there isa strong dependency between

the activity coefficieniof V20; and the slag basicitfCaO/AOs) | (1 m {Figure23). The

V-0; activity coefficient decreases sharply fromCaOALGs ratio of 0.6 to 0.9but only a

small decrease is associated with slags with basicity ratios higher than 0.9. The open triangle
in Figure2.3 representsa sample reacted at 1650 °C, from which it is evident that the activity
coefficiert is not very strongly dependent on temperature within this range (1650°C to
1700°C) (Vermaak and Pistorius, 2000).
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Figure2.3: Relationship between the activity coefficient 0f.0s/ activity of Al.Oz and the
CaOALOs molar ratio. The dashed line represents tests done at 1700°C (Vermaak and
Pistorius, 2000) and the solid lineests done between 1600°C and 1650°C (Rein and
Chipman, 1963 ¢ KS 2 LISy GNRAFy3IES Aa | G§Sad NHzy I d

The mass percentagd V>0s present in the slag or vanadium (as an oxide) reporting to the
slag(per tonne offerrovanadiumproduced, can be predicted using theectivity coefficients
givenin Figure2.3. An aluminium actiwit of 0.0003 wasised which was obtained bysing

the Raoultian lawto obtain the aluminium activity coefficien0.02) and the aluminium
content in industrial ferrovanadiun<1.5 wt% aluminium)A vanadium activity of 0.7 was
used, which is based on the ferrovanadiunmgmsition (70%vanadium).

Vanadium oxide losses to the slag increases sharply as the molar r&@E®8i.Os increases
from 0.7 to 1, which is due to the decrease tbk V.03 activity coefficient within the
mentioned molar ratio range. A decrease in tin@ss percentag®-0Oz in the slag at higher
basicity values (molar ratios of 1 to 1.8) is the resulthef AbOs activity decreasing as the
basicity increases. A variation exists betwelea .0z % and mass of vanadium in the slag



per tonneof ferrovanadum produced due to an increase tihe amount of slag formed as the
basicity increases (therefore the variation of the dashed and solid line at 1800° C)iguom

2.3 and Figure2.4 it is evident that a small decrease lrasicity (from a molar ratio of 1) will

yield a higher recovery of vanadium to the metal. Aspects such as viscosity should also be
considered, as lowe€aOALOs ratios will result in an increase in visdgsand therefore
influencethe kinetics of metaklag separation negative(yermaak and Pistorius, 2000)
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Figure2.4: Vanadium losses to the slag due to the slag basicity, presented as both
percentageV.0s in the slag and massanadiumin the slag per tonne oferrovanadium
produced (Vermaak and Pistorius, 2000).

The addition oMgOto the ferrovanadiumproduction process results in an increase/#®s
losses to the slag asMgO-AbCs (a spineitype) phase formsAkbGs in the spnel structure is
easily substitutedoy V>0s. High alumina contents in the slag reduces the extenAleDs
substitution and thereforeeducesV-0Os loss to the slagHigure2.5). TheV20s lossesto the
slag is alsceduced by decreasing thdgOcontent of the slag (Vermaak and Pistorius, 2000).
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the AlbOs content isvaried (Vermaak and Pistorius, 2000

2.6 Metal droplet entrainment
In the base metal industry, copper losses through entrainment dferia the slag accounts
for 25to 75% of the total copper losses to the slag (Minto and Davenport, 1973). Reasons for
matte entrainment in the slag whichagy be relevant tderrovanadiumproduction includes:

1 Fine dispersion of precipitated matte from the slag in regions where large
temperature gradients exist in the furnace (Barnett and Jeffes, 1977).

1 Introduction of matte in the slag by mixing (electromagoeields in the DC arc
furnace).

1 Matte from the lower part of the furnace rising upwards to the slag during tapping,
which is the result of shear stress between the slag and the matte.

1 High slag viscosity decreasing matte settling.

Attachment of matte tosolid phases.

1 Matte spheres within the slabeing toosmall to settle downwards (Lioand ce
workers, 2003)

=a

The settling of entrained matte in the slag is important and is influenced by factors such as
the matte properties (e.g. viscosity, interfacial sson and composition), matte droplet size,
slag layer depth and the probability of coalescence of entrained droplets (Floyd and Mackay,
1981). Larger droplets settle faster than smaller droplets and thinner slag layers result in
shorter settling distancefor entrained matte droplets. Stirring of slags and decreasing the
slag viscosity are possible solutions for increasing the settling rate.

In a study done by Bellemans &t (2017) is was found thatopper losses due to metal
entrainment in the slag accowl for 65%80% of the total copper losses in the copper
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production process. Copper losses to the slag are dependent on the slag viscosity, fluid motion
of the slag, residence time, solid particles in the slag that entrap metal droplets, SO
generation in bhe slag, hovthe furnace is operated anchatte-slag separation.

The copper losses to the slag are due to inadeqdatantationof the metal droplets. Metal
RNRLX SG &aSaddftAy3a G§KNRdIzZAK {sEqbatich Beéllémar@lewf., 6 S
2017)

P
w»

3 8 m m G o)
w{

T O= settling rate (m/s)

Ois the radius of the droplet (m)

T m and m are the densitiesof the droplets and the surrounding phase
respectively (kg/r).

1 Cis the gravitatioml constant (m/3)

1 t isthe viscosity of the slag (Pa.s)

=

{ ( 2 §euation is valid for laminar flow conditiorm®d whererigid spheresare present.
Laminar flow icharacterised by a low Reynolds number. Laminar flow is usually present for
liquid dropletsmoving through an immiscible medium. Where very low metal viscosities are
LINBaSyid O2YLJI NB Reqguation has ® bescorieciier du b iterakite€dsions
gAOKAY (KS R egRdtiin $ain Hebcorfediedl bySuaing the HadamBybczinski
equation(Bellemans eal.,2017)
g5 FIM 5)
ot
T Ymis the density difference between the sphere and the fluid.

The work done by Bellemans at (2017) indicated that droplets with a size smaller than

0.1mm behaved like rigid spheres, with their velocities béin§ & ONRA 6 S Seqdation.{ 121 S a
The velocity of droplets larger than 0.1 mm was described by the HadaRdrdzinski

equation.

Bellemans etl. (2017) stateéhat fast decantation can be achieved by:

91 Having a high density difference between the metal areldlag.

1 Having large metal droplets present, which has a favourable outcome on the surface
energy between the metal droplets and the slag.

1 Having a slag with as low a slag viscosity as possible by changing the slag composition.
The viscosity of the slague also be influenced by the fraction of solid particles, which
is described by the EinsteRoscoe model equatiofBellemans etl.,2017)

s s p AE ©)

| ' @A &O02 & rpdrticle Riskurel(®as) f A lj dzA R

' 0= liquidviscosity (Pa.s)

f A = the inverseof the maximum fraction of solid particlethat the liquid can
accommodate as the viscosity moves towards infinity.

=a
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1 A& fraction solidpresent in the slag
§ T = geometrical particle shape constant.
1 For spherical mongizedpatrticles a and n have values of 1.35 and 2.5 respectively.

Metal droplets can also be retained on the mestdg interface due to the surface tension
that exists between the slag and the metal. A critical radius exists where metal droplets with
a radius arger than the critical radius will cross the mesédg boundary, whereas smaller
droplets will float above the metadlag boundary. The critical radius can be determined using
the equation by Poggi &tl. (1969):
2 TL 8 @)
o &

1 R =critical radius of sphere (m)

1 ¢ = surface tension (N/m)

T ° I RSy3&rade o613kY

1 g =standard gravityfm/s?)

2.6.1Metal droplet attachment to spinel phase

Metal-slag separation is mostly dependent on thermodynamic lams are therefore
influenced by factors such as composition, atmosphere and tempergBettemans etl.,
2017) According to Bellemans at. (2017) metal recovery is also influenced by interaction
between the solid particles in the slag and the metabplets present in the slag. Metal
droplets attach to solid phases in the slag, inhibiting the settling of the droplet and thereby
increasing metal losses tugh metal droplet entrainment.

Bellemans etal. (2017) investigated the interaction between theirsggd phase and metal
droplets Tests were done where metal droplets were introduced either at random or by
supersaturation of the liquid. The two situations correspond to two different scenarios:

W The metal droplets and slag phase formed separately.

() The metal droplets formed due to the presence of the slag phase (spinodal
initialization).

The two different scenarios did not have any effect on the metal attachment, as in both
scenarios metal droplets attached to the solid particles present in the slagbgervation

was also made that in some instances the spinel phase grows on the etigepré-existing
metallic dropletstherefore the metallic droplets act as sites for initiation and growth of the
spinel phase.

The test work by Bellemans at (2017)also considered the influence of motion of the solid
particles (spinel phase) in the slag on the amount of metal that attaches to the solid particles.
These tests were conducted in naretting andlow wetting conditions.The low wetting and
non-wetting canditions were determined according to the parameigin the formula:

— .0 8
Q ?oow ®)
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T "Q « isthe bulk contribution of the solid phase to the total Gibbs fraergy

1 0 is the steepness of the parabola (Fjmwhere the parabola is th&ibbs energies as
a function of the molar fraction of metal.

1  is a model parameter indicating the minimum of the parabola

Nonwetting conditions are wherao= 0.5and low wetting conditions whereo = 0.6
Inducing movement of the particles only influenced the metal attachment fofdivavetting
conditions, but not for the notwetting conditions. The amount of metal attachmgjm the
instance of wetting contibns)increased when movement of the particles were induced.

2.6.2Viscosity
The viscosity of 8aGALOs slag is explained in terms of polymer formation, which is a result
of bridging between compounds througi@ns. Tetrahedral Sidforms a networkhrough
bridging of G ions(Seetharaman, Mukai and du Sichen, 20®i in the absence of Si§
amphoteric compounds such #4.0s may act as a network former. The result of network
formation betweenAkQs (in the form of Al@) structures is an inease of the viscosity of the
slag.CaQn turn modifies the formed networks by breaking the chains and thereby decreasing
the viscosity of the slag (Silva, 2012).

Various models have been considered for modelling of slag viscosities. Viscosity is melated t
the measurement of the resistance to motion wheslaear stresss applied to the liquid and
therefore entail the movement of layers of ions, molecules or atoms in a structure. The
bonding forces between these layers follow an Arrhenius type relatiotemperature is
varied (Silva, 2012). Viscosity is therefore determined through the following equation:

s 11ADE, ©

' AAa K@agpraldzaade
A is a preexponential coefficien{Pa.s)
Eais the activation energy regred (J/mole)
R is the universal gas constgddtk/mole)

T is the temperature in kelvin (K)

= =4 =4 4 2

Slag composition may vary with temperature however, complicating the nature of the phases
present in the slag, which resulted in another description of slag vigdog Urbain(Silva,
2012)

1 z4z A 2 (10)
s !z4 Q?—4

' Aa GK@agpraolOzaArde
A is a preexponential coefficien{Pa.s)
Eais the activation energy requirgd/mole)
R is the universal gas constddtk/mole)

T is the temperature in kelvi{K)

= 4 4 5 2
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The preence of silicates in slags often result in a slight curvature when using the Urbain
model, with an improved fit obtainable by using the Browstow relationgBigetharaman,
Mukai anddu Sichen, 2004):

5

o i | (11)
2y, 0 42

s |
' Aad (GK@agpraoO2arde
Agis an empirical constant
Bsis an empirical constant
T is the temperaturgK)
Gsis an empirical constant

= =4 =4 4

These models do not take chemical composition into consideration, which led to various
studies regardinghte incorporation of chemical composition in the computation of slag
viscosities. Urbain and other authors proposed the grouping of slag forming oxies in
modifier, amphoteric and glass forming groups in order to evaluate the effect of each group
separatdy (Silva, 2012) The preexponential constant and activation energy is then
determined by:

I ! ! 8 12)

% % %8 (13

Aw is thetotal of the individuapre-exponential constarg

Ao is the preexponential constant when chemical composition is not incorporated
A is the individual preexponential constant of each component

X is the mass fraction of component

Ev is thetotal of the individual activation energi€d/mole)

B is the activation energy when chemical composition is not incorporéiédole)

E is the individual activation energy value of each compor{éimole)

= =4 4 4 8 -2 A

The values obtained for A and\ i only valid for limited ranges of composition and
temperature(Silva, 2012)

2.6.2.1Slag composition variations

OELISNAYSyiGlFt 62N] R2yS o6& I NJKALROGS . SNBIAyY
addition ofMgOas a flux (together witlCaQ yields hgher vanadium recoverieduring FeV
productionthan if onlyCaO wasised. The increase in recovery (when addvgO©) was due

to the reduction of both the slag viscosity as well as the liquidus temperature of the slag. The
reduction of the slag viscosity selts in less time being required for slagtal separation,
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whereas the lower slag liquidus temperature results in a longer period of time over which the
metal droplets can separate from the slag.

The three different slags that were testdny Arkhipov atl. are given inTable2.1, slag 1 is
the result of a test where no flux was added, slag 2 is the result of a test Wla€deas added
and slag 3 is the result of a test where batlyO and CaOwere added.The testwork was
O2yRdzOGSR 0O wnnne/ YR GKS &af | Fhe@ulisdhows &
an increase ivanadiumyield with CaOaddition and a further increase with the addition of
MgOas well.

2N

Table2.1: ExperimentalWwork done by Arkhipov, Berezin and Shtengel'meier (1964),
where three different slag compositions and the resultimgnadiumyield were tested.

Slag Content in slag (%) Vanadiumyield (%)
SiG A0z CaO Ti® MgO Alloy Slag
1 0.07 86.90 2.2 0.35 1.41 92 8
2 0.11 84.46 6.6 0.37 0.98 96.5 3.5
3 0.22 80.16 6.37 0.32 4.73 99.2 0.8

The viscosities of the different slag compositions were also measured over the temperature
N} y3IS wmynne/ (2 inFigureaeThe visopsRy deciieasaskranpsyag 1 to slag
3, due to the decrease in &k content from slag 1 to slag Bin increase in slag basicity

(ratio of MgO and CaO to28k) resultsin a decrease in slag viscosity. Section 2.5.1 indicated
a general increase M losses in the form af20z with an increase in slag basicity, which is
contrary to theresultsobtained inTable2.1 where the V losses decreased with an increase

in slag basicity. The difference in results can be ascribed to two different mechanisms,
where the work in section 2.5.1 mfto only losses in the form ob8s formation and the

results in section 2.6.2.1 refer to losses in the form of both metal entrapment abgl V
formation. The overall increase in V recovery as the basicity incr@asestion 2.6.2.1

would be due to themetal entrapment decreasing due to a decrease in viscosity. The losses
due to 4Oz formation is not governedby viscosity, hence the difference in results between
section 2.5.1 and section 2.6.2.1.
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2.7 Refractory lining

Literature on refractory linings used in the ferrovanadium industry is limited. The work done
by Vermaak and Pistorius (2000) mentions tNagO refractories ae mostly used. The high
2LISNF GAy3 GSYLISNI GdzNB oG LI GSYLISNY GdzNB 2 F
(AkGs -rich slag) results in high refractory wear. The resulting slag from the process contains
11 wt%MgO, and as noMgO is added as a raw mateat, the MgO originates from the
refractory (Vermaak and Pistorius, 2000).

2.8 Interpretation of literature

The recovery of ferrovanadium in the aluminothermic process is influenced by several factors,
such as the melting temperature of the alloy, alummiadded, viscosity of the slag and the
phases present in the slag.

The melting temperature dferrovanadiumis very dependent on the percentagzanadium
present in the alloy ashe melting temperature increases witlkanadium content from
14706 / 6 | Gvaoadiupglt @& wmdmn wdnadiud) (Gask, /200827 &

Vanadium losses to the slagring ferrovanadium productioare considerable as indicated

in the literature (Vermaak and Pistorius, 2000). This is due to both metal droplet engainm
and unreduced vanadium oxides reporting to the slag. Vanadium oxide formation is mainly a
function of thecomposition andoasicity of the slag. The spinel phddgOQALOs; (MA) hosts
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the majority of theV-Q;s in the slag (Vermaak and Pistorius, 2000)jolvhis a result of %
substituting for Al*.

The pronouncedinfluence ofslagbasicity on the activitycoefficient of V>0s in the slag
presents an opportunity to reduceanadium losses to the slag. This can be achieved by
operating with slags ofCaO+ MgO): AkGs ratios in which the activity coefficient of®s is

high.

Using theMgO-CaOGAkLQOs ternary phase diagram, regions can be identified where the spinel
phase will not format temperature orupon cooling Figure2.7). Identifyingcompositional
regions where the spinel phase does not form provides an opportunity to reduce vanadium
losses to the slag, if the new phase(s) that form have a lower tendency to/@st

AlLO5

CORUNDUM.,
C00"6A1,03 ¢
O

Spinel forming regions

Regions with no
spinel formation

CcO

Figure2.7: Alkemadetriangles indicating the phases which will form at room temperature.

The work from Vermaak and Pistorius (2000) indicated a low amouvit®fin the slag at

low basicity ratios, which is the result of a h\®s activity coefficient at low basicity valae

Using low basicity values will however have adverse effects, such as a high viscosity which will
result in slow reaction rates and a high amount of metal droplets being entrained. Metal
droplets in the slag require both time and a net downward forceseparate from the slag.

The terminal velocity of the droplet will decrease as the viscosity increases due to increased
drag forces exerted on the dropléthe results from Vermaak and Pistorius (2000) do however
show that lowamounts of\>Os formation is ssible at higher basicity valueSg0 AbOz >

1.2). Higher basicity values will t#sin slags of lower viscosities, but with highgag
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volumes, which implies that the separation distance for metal droplets in the slag will
increase.

The question thiarises isfithe decrease in viscosityould offset the increase in slag volume.
The possibility of achieving less metal entrainment and a higher activity coefficigsDoih
the slag, is worth investigating, with the possibility that the benefit@athlthese factors can
outweigh the increased operational costs of adding more flux (in the form of lgi® and
CaQ.

The addition ofMgOto the process wouldlsodecrease the wear of thi1gO bricks. The
addition of a sufficient amount dflgOto the proess would saturate the slaghhgO, thereby
terminatingMgObrick dissolution into the slag. The suggested slag composition is shown in
Figure2.8. Within the suggested composition range the slag will be saturateédgO, and
spinel formationwill not occur.

CoAlOg—— /7| |
Ca0-2A1,0,

CaAlOss- LA N B * Avoid spinel
12Ca0-7AL 03¢ S B A s formation
Suggested slag \ : . * Ensure slagis
composition SCaOAO ARl ; saturated in MgO
» Slag volume will

increase

o E— ‘ — MO

Figure2.8Y H n p n ¢ / profectedl nko $hBlMOs-CaGMgO phase diagramindicating
where MgOslag saturation will occur.

Metal droplet entrainment can also contribute significantly towavdmadiumlosses to the
slag. Metal droplet entrainment is largely affedtby the droplet size and slag viscosity, as
SELJX | Ay SRs eguation{ Iti@oll& theefore be beneficial to obtain larger metal
droplets that settle faster than smaller droplets, which can be obtained by increasing the
metal droplet interaction withinthe slag. The droplet interaction can be increased by
decreasing the slag volume and dgcreasing the slag viscosity. A ldagsviscosityvill also
increase the droplet settling rate.
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2.9Conclusions

During ferrovanadiumproduction vanadium is lost tthe slag where it either reports to a
spinel phase or is entrained in the slag@sovanadiumdroplets. The activity 0¥-0z in the

slag is depeneht on the basicity of the slagefFovanadiumnclusions are dependent on both

the metal droplet sizeyis®sity of the slagas well as the distance the droplets have to travel

in order to separate from the slag (slag volume is therefore important) M@g@CaGALOs
ternary phase diagram can be used to determine a slag composition where spinel formation
is awided, which can result in a decreasevanadiumlosses to the slafjf the other phases
formed havea lowerV>0z capacity). Adding/igOas a raw material in order to achielgO
saturation of the slag willlso reduce the refractory wear
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Chapter 3:Prgect aim and &perimentaldesign

3.1 Design of experiments

3.1.1Response, factors and levels
Post mortem analysis done indicated that refractory wear is present due to insufficient
magnesia present in the slag. The first test type conducted thereforailedtthe magnesia
content being varied and thtwo factors chosen were where the slagsmaot satuated in
magnesia and where it vBasaturated, with the response being refractory wear.

From the literature study it was evident that spinel formation inflaea the recovery of
vanadium and therefore the spinel content was varied, with the response being vanadium
recovery.

Increasing vanadium recovery (response) by using a two stage process was also investigated,
with the aluminium added in the first stage airdn oxide being added in the second stage
being varied.

3.1.2Test types

1. Refractory war
Relation between spinel formation in the slag and vanadium recovery
3. Two stage smelting process

no

3.1.3 Factorsfor each test type
Test type 1Slag compositiovaried

Test type 2 Slag composition (variedluminiumadded to the reaction (constant)
Test type 3Slag composition (constangluminiumadded to the reactiorfvaried)

3.1.4Levelsfor each test type
Test type 1

Table3.1: Slagcompositions for the slagefractory interaction tests.

MgO (wt %) | AlOs (wt %) | CaO(wt %) | Designation

2 82 16 A

8 78 14 B
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Test type 2

Table3.2: Slag compositions for the tests where the effect of spinel formation in giag
on the vanadiumrecovery wasevaluated (varied).

MgO (wt %) | AlOs (wt %) | CaO(wt %) Designation
8 78 14 D
14 68 18 E
28 52 20 F
25 41 34 G

Table3.3: Aluminium content in the metal for the tests where the effect of spinel
formation in the slag orthe vanadiumrecoverywas evaluated (constant).

Aluminium | Designation
(wt %)
15 D,E,F,G

Test type 3

Table3.4: Slag composition for the two stage melting process teftsenstant)

MgO (wt %)

Al2Os (wt %)

CaO(wt %)

Designation

8

78

14

C

(varied).

Aluminium
(wt %)

Designation

15

C1

3.5

Cc2

5.5

C3

Table3.5: Aluminium content in the metal for the two stage melting process tests
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3.1.5Response
Test type 1Extent of refactory wear

Test type 2Vanadium recovery, spinel formation (alamnadiumcontentof spinel)
Test type 3Vanadium recovery

3.1.6 Measurement of responses

Test type 1 waanalysed using SEEDS analysis. The ext@ftchemical interaction witlthe
refractory wasdetermined by analysing predetermined regions of the refractory. €gens
analysed werat different distances from the slagfractory interface. The same regions

the two different tests were thewompared witheach other in order to detenine the extent

of refractory wear and slag penetration. Additionally, the extent of chemical interaction
betweenthe slag and the refractory was alanalysed and compared between samples.

The metalrecovery wasdetermined by separating the metal from thglag and then
determining the mass of metal recovered versus the expected metal mass that draudd
formed. Thevanadiumrecovery could then be determined knowing the composition of the
metal.

The metal formed férrovanadiun) was recovered by manuallerushing the metaslag
sample and then separating the metal droplets by hand. Mdmuushing (with a hammer)
allowed for the slag to be crushed, while the metal drople¢snaired intact as it had very

high hardnessThe metal droplets were round in sb@ which madehem easy to separate
from the slagpy hand Metal droplets were identified based on shape and hardness. Spherical
shapes were identified using the naked eye and also by tilting the sample holder, allowing any
spherical shapes to roll and thewith separate from the rest of the sample. The spherical
shapes were then pressed on with a hammer, if the piece broke then it was an indication it
was slag and not metdlletal droplets that werdoo small to identify and separate using this
method wasaccounted for as metal droplet entrainment in the slagis would result in an
under estimation of the metal recovery.

In order to determine the vanadium recovery as a function of spinel formation, both the
vanadium recovery and the spinel content in 8lag wasletermined. The vanadium recovery
was determined by hand separation of the metal droplets as described in the previous
paragraph concerning vanadium recovery. The spinel content of the slag was determined
using a combination of SEEDS analysis dnlmageJ. Using SHBDS analysis, low
magnification electron backscatter images could be taken in order to obtaidim&nsional
image showing the regions covered by the various phases. The area covered by the spinel
phase could then be determined usingetquantification function of ImageJ, where a phase
can be isolated using the greyscale threshold function, eladter the area of that phase
couldbe determined XRD analysis was also used to determine the spinel content of the slag
samples.
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3.1.7Randonisation

In order to decreast¢he effect of noise factorsthe order in which the tests were done was
randomised(Table3.6 and Table3.7). Randomising the tests also redudhs tendency for
biased analysis of the tests.

Table3.6: Number allocéion for the tests as defined imTable3.1, Table3.2 and Table3.4.

Test number Designated code

A

B

Ci+D

C2

C3

Q| N O O b W DN P

Table3.7: Random allocation of a run number to the various tests.

Test number Run number Designated code

A

B

C1+D

C3

0 N O O b~ W N P

2
1
4
3 C2
5
7
6
8
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3.1.8Blocking and controlling

The temperature and atmgdere inside the furnace was controlled in order to simulate
industrial conditionsThe temperature was controlleloly continuous measurement using a
pyrometer(the tempeaature was adjusted manuallgnd the atmosphere was controlled
using argon gaé LJdzNA $9®97%)NJ X

3.2 Experimental setup
3.2.1 Furnace setup

Induction heating was used to heat the samples to the required temperatuwey n. fihe/ 0
power was supplied using a 15 kW Ecoheat power supply. The temperature was measured
using & opticd pyrometer and the temperature was controlled by manually changing the
power input to the induction coil.

The furnace setup is shovim Figure3.1. The furnace consisted of various refractory layers

in the form ofboth MgOand ALO:s refractories. The iduction coil was made up of a copper

coil which attached to the Ecoheat power supply. A quartz tube was used as a furnace shell
in order to obtain a gastighenvironment, which allowed faihe experiments to be

conduded in a controlled atmsphere. The quartz tube also hdee advantage of being
transparent and therefore the inside of the furnace was visible while the experiments were
conducted (the sample itself could not be seen, but the refractories around the sampl

could be inspectell

Steel plates were used to close the top and bottom of the furnace, with high temperature
rubber being used to obtain a gastight seal between the quartz tube and the steel plates.
The steel plates were designed to house the pyromatdder at the top and also allow for

a gas outlet at the bottom. The pyrometer holder housed the pyrometer and also had a gas
inlet whichwas situated below th@yrometer. The pyrometer holder design has the
advantage of having gas flowing away from theslef the pyrometer, which enhances the
view of the sample, ensuring accurate measurement of the temperature.

TheMgOrefractory in the centre of the funace also served as a stagamwhich the test
samples were placed. The test setup for the differezdts varied and is therefore explained
in3.2.2
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Pyrometer holder
Pyrometer
Ar inlet

Steel top plate
SiO, (Quartz) tube

Al,O; tube

Al,O; tube

Cu coil

Crucible position

QOOOO)
QIOOQO)

MgO refractory

Steel bottom plate
Ar outlet

Figure3.1: Induction furnace setup used to condudests AG.

Additional test work was done to support results obtained from test types 2 and 3. The tests
entailed synthesisig the slag cmpositions obtained from tests-B3, as the presence of

V>Os resulted in the formatio of phases not present on tidgO-CaGALOs phase diagram.

The synthesised slag mixtures were pelletized and placed insi@&@scrucible (used as a

sampe holder). The sample was reacted in a vertical tube furnace at a temperature of

Mnnane/ F2NJ un K2dzZNE Ay s@udBiBeNdrnace is SBwnK S lj dzA £ A
Figure3.2.
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GAS OUTLET
ALUMINIUM CAP
BRASS CONNECTOR

BRASS CLAMP
PYROPHYLLITE CAP

STEEL PLATE

REFERENCE LEVEL

ARRAY OF 14 SILICON
CARBIDE ELEMENTS

ALUMINA ROD

ALUMINA SAMPLE HOLDER
ALUMINA TUBE

K-WOOL INSULATION

ALUMINA TUBE

BRASS CONNECTOR

- GAS INLET

* QUENCHING FLASK

Figure3.2: Furnace setup for the additional tests done to determipiase relations in the
AlbOz-CaGMgO- V.05 system

3.2.2 Test setup

The setup for the slagefractory interaction tests is shown Figure3.3. Slag wagressed
into a molybdenuncrucible to fill a quarter of the crucible. A 15nvgOrefractory core
was drilled using a core drill, whigras then placed in the centre of the molybdenum
crucible on top of the slag. The remainder of the slag was then addie: tarea
surrounding theMgOcrucible in order to ensure that a large area of the refractory was in
contact with slag. The Mo crucibddsoserved as the suscepttierebyproducing the heat
required for the tests.
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MgO refractory

—t+— Slag

- Mo crucible

Figure3.3: Test setup for the slagefractory interaction tests.

The setup for the metadlag interaction tests is shown kigure3.4. A mixture of\20g,
aluminium, iron, MgOand CaOwas placed inside BlgOcrucible. ThevigOcrucible was
then placed in the centre of the gja of the furnace. A hollowolybdenumcylinder was
placed over theMgOcrucible (surrounding theutside of the crucible). The molybdenum
cylinder acted as a susceptor, producing heat in order to heatdbedample to the
required temperature.

Reagent mixture
MgO crucible

— Mo susceptor

Figure3.4: Test setup for the metaslag interaction tests.

3.2.3 Raw materials
The raw materials that were used for the experiments are:

MgCQ
CaCo
Al(OH}
V205
Aluminium
Iron

= =4 =4 4 4 2

The MgCg CaC®andAl(OH} were convertedto MgO, CaOGand ALOz respectively at

M 0 n foe3/hours ina muffle furnace befa being used in the experiment&:Os was
reduced toV-Oz at ¢ p nim an atmosphere containing 4% hydrogen and 96 % argoae
time at tempeature for theV>Os reduction reaction was 8 hours and theduction was
carried out ina retort furnace.The conversion of XDs to V.Os was confirmed using XRD
analysis.
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3.2.4 Experimental procedure

The test seples were prepared according to the compasis describedn Sction 3.1 The

test sample was placed inside the furnace with setup as explained in the&ions3.2.1

Furnace setupand3.2.2 Test setup. The @irnace was purged withr before he test

commenced and aonstant flow of Ar was supplied to the furnace throughout the t¢6t&

I/minjd ¢KS (dSad &l YL S& 6SNB KSFOGSR Fd Fy | @SN
FYyR Ifaz2 022t SR AlltestdwerbtondScted & a teraperdt@e ¥ nn 6/ ®
The holding time for the slagefractory interaction tests was 50 minutes and for the alet

slag interaction test& hours.

3.3Sampling

3.3.1 fagsamplesfrom a ferrovanadium smelter
Industrialslag was sampled by dipping a steel rod into the slag thhothe inspection hole.
Two samples were taken in order to obtain enough slag for the analysis. The samples were
taken from the top part of the slag and about 1 m from the linifiggo samples were ta
(samples1 and 2) in a similar manner.

3.3.2Postmortem refractoriessamplesfrom a ferrovanadium smelter

Refractory samples were takdrom the DC arc furnace beforewas relined. TwdgObricks
(one at the slag/refractorynterface and one at the etal/refractory interface) and avigO-C
brick(situated above the sldge and tap holeweretaken. The samples were then sectioned
in order to do an analysis of the profile of the bricks from the hot face to the cold Ténee.
layout of the refractory bdcks inside the DC arc furnace useda South African plam shown

in Figure3.5.
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MgO-C brick

Inspection hole

Tap hole

MgO brick

:q ® Sample locations

Figure3.5: Schematiadiagram of the lining design

3.4. Sampleanalysis

3.4.1XRF analysis
The sampms were milled in a tungstecarbide milling pot to achieve particles sizes belowb
The samples were dried at 140 mixed with PVA binder and pressed in an aluminium cup at a

pressure of 10 tons. XRF analysis was performed on a Thermo fisher ARN®efi - { SRRzSy (0 A | €
instrument,using OXSAS software.

3.4.2XRD analysis
The samples were prepared according to the standardized Panalytical backloading system, which
provides nearly random distribution of the particles.
The samples were analyzedusinga b £t @ i A OF f - Qt SNI t NP LI26RSNJ RA T
flteredCoY P NI RAFGA2Yy O0<ImMdTyd) 0d ¢KS YAy@tdgt 238 61 &
patteN)) FNBY (GKS L/ {5 RIGIOolFr&asS G2 G4KS YSIadaNBR RAT?
software.

The relative phase amounts (weight% of crystalline portion) were estimated using the Rietveld
method.
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3.4.3SEMEDS analysis

After the slagrefractory inteaction teststhe cruciblesvere sectioned througkhe length of

the sample, mounted in resigroundand polishelR2 gy (2 wmM>Y dzaAy 3 | LI2f
The polished sample was then coated with carbon using a carbater. The sample was

then analysed usingJeolJSMIT300L\scanning electron microsco 15kVfitted with an

Oxford XMax 50 EDS analysekreas tde analysed were identifiedyhere after an

electron backscatter image was taken of the area. The variousgsharesent in the area
wereidentified on the electra backscatter image, after which they were analysed using

EDS.

3.4.4Metal recovery
Metal re@mvery in he metalslag interaction tests were prepared by removing gO
cruciblefrom the metal and slagsing a diamond blade cutting machine. The sample was
then crushedby using a hammedown to a top size of 1 mm diameter. The metal droplet
did not breakand were separated from the slag using hand separation (the metal droplets
were round and could easily be identifieding the naked eyeMetal droplets that were
too small to be separated by hand were accounted for as metal droplets that were
entrained in the slagThemass of the metal droplstof each test was weighed (along with
the mass of slag) arttie vanadiummetal recovery was calculated

Themetal droplets and slag wedivided into two samplein order to conduct XRD and

SEMEDS analys. The SEM samples were pldae a plastic ring and a resin mixture was

added to the ring. After the resin had set, the sample was gramipolisheddownto

1> Y Tihe samples were then analysed using SHM analysi$he XRD samples were
pulverisedtop n >Y dzAAy 3 | LIz GSNARAASNE | FGSNI KA OK
to determine the amount oMgO-AbOz-CaO glassyhase present in each samplghe

samples were then submitted fguantitative XRD analysis.
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Chapter 4: Post mortem analysis afdustrial slag and refractory samples

4.1 Postmortem slag analysis

Postmortem slag samples were taken at the end of the melting cycle, just before tapping the
furnace content, in order to determine the composition of the slag as well as the phasestpresen
The sample was taken through an inspection hole with a sampling rod. Only a small part of the top
layer of slag could be sampled due to the size and position of the inspection hole.

4.1.1Analysis using £a0Al0s-MgOternary phase diagram
The expectedslagcomposition was calculated frothe reagent ratio used ithe industral
process (the addition of fetting material was not considered), whildet actual slag
compositionwasdetermined using SEMDS and XRD. Téeculatedslag composition as well
as the analysed slag composition are shawirigure4.1. Therewas a significant difference
between thecalculatedslag composition and the analysed slag composition. The analysed
slag contained 21.8 wt ¥gO, although MgO was not included in any of the raw material
except the fettlingmaterial (Table4.1). Theincrease inMgO contert can be explained by
examiningd K S H n H n saf theMpO2Ca @Ry sten({Figure4.2).

Al,05

CORUNDUM-/

Expected slag composition

Actual slag composition

CaO . - ] MgO

Figure4.l: Representation of the estimated and analysed slag compositions @a&®
AlOs-MgOternary phase diagram.
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Table4.1: Composition of the fettlig material used in the industrial process.

Compound | Amount (wt %)

CaO 7.9
Fels 1.6
MgO 76.0
SiQ 14
AkOs 12.2
V205 0.6

C 0.3

The change in afj composition from the expectedlag composition to the actual slag
composition is shown iRigure4.2 (then nH N6 / A & 2Ca@/S0CHMgCEYEtend) Khs

green lineindicatesthe expected path along which the composition change occurred. The

line emphasiesthe significant amount of MgO that dissolves into #lag.At a temperature
Ot2asS (2 wnnnel! 3 MEBn oddérkoBe shittditedzAVIYE AOs (if the & (1 272
starting composition is that of the estimated slag). The slag does not cavDinitially,

but because it is in contact witllgOrefractories, it will dissolve the refractory until the slag

is saturated witiMgO.AQOs. This explains the aggressive refractory wear observed.

Refractory wear can therefore be reduced by addihgOas a raw material.

- Slag composition
change CORUNDUM-.
Ca0-6A,05 ¢

AL,05

Call0 5

Expected slag
composition

L+MA

Actual slag

composition LEMArMEO

L+CaO

Refractory

c80 — I PgO

Figure4.2Y H nisotharm of the CaGAlL.Os-MgO system.
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The main concern witMgO addition as a raw material is that it results in the formation of
the MA spinel phase, which is the main reagonvanadiumlosses in the form o¥>0s (\2*
substitutesfor AF*). The slag Wihowever be constituted of a certain minimum amount of
MgO (enough to achieve saturation), irrespective of the amounMzgfO added. It would
therefore not be advisable to add led4gO (as a raw material) than would be required to
achieveMgOsaturation d the slag.

Using theMgO-CaOGALQOs ternary phase diagram, regions can be identified where the spinel
phase will not form upowrooling Figure2.7). Identifying regions where the spinel phase does
not form provides a opportunity to reduce vanadium losses to the slag, if the new phase(s)
that form have a lower tendency to hogOs.

4.1.2XRDanalysis
XRD analysis of the slag sampiedicated that the slag consistedf the phases @nel
(MgAbLOs), krotite (CaAdOs) and grossite CaAlkOy), while aglassyphasewasalso detected.
(Table4.2). The glassy phase was calculated by adding a predetermined amouribah8i
sample.The glassy phase containddigO, AlOs and CaO as detmined using SENMEDS
analysislt is importantto note that the spinelnd glass contains MgO despite no MgO being
added as a raw material. The MgO content of these phases is due to slag attack of the
magnesia based refractory.

Table4.2: XRD results of slag sample

Phase Stoichiometry | Quantity (wt %) 3- S NN
Spinel MgAbO4 57.6 0.90
Krotite CaAiOy 7.5 0.77
Grossite CaAlOCy 14.3 0.89
Glassy CaGMgO-ALOs 20.6 2.13

4.1.3SEMEDS analysis

SEMEDS analysis was done in ordewasify the phases identified by the XRD results. The
backscatterelectronimagein Figure4.3 and Figure4.4 correspondwith the observations
from the opticalanalysis|t is evdent that 3 crystallinephases wee present in the slag. Using
EDS analysiSSEMEDS results in thAppendixunder 1 Postmortem slaganalysi3, it was
confirmed thatMgOALOs (MA spinel) CaAlO, (krotite) and CaALOyr (grossite) were present.
TheMgO-ALO:-CaO glassyhase was also confirmaging SEMEDS analysi¥anadium was
present in the MgAD, (2.4 wt%) CaAOs (0.6 wt%) and Cadd; (0.5 wt%)phases, but no
vanadium was present in the Ca@gO-ALOs glassy phase.
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» Ca0-MgO-Al,O; based glass

> CaAl,0,

CaAl,0,

Figure4.3: Backscatter electron image of slag sample.

—+ CaAl,0,

-+ MgAl,0,

—+ Ca0-MgO-Al,O; based glass

Y |
50pm

Figure4.4: Bakscatter electron image of slag sample

The phases identified in the SHBDS aalysis can be confirmettheoreticallyby drawing an
Alkemade triangle around the composition locus on the @4gD-ALOs phase diagram (as
show inFigure4.5). The endpoints of theAlkemade triangle indicate whichhpses are
expected to be present after the slag has cooled down (equilibrium cooling) to room
temperature. The theoretically identified phases coincide with the M analysis (being
MgAbLQs, CaAlOs and CaAlDy). The CadMgO-ALOs based glass is preseirt the SEMEDS
analysis due to noequilibrium cooling conditions when the sample was takéne sample
was quenched in water)
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CORUNDUM
Co0-6A1,05

S=F) MgO'A|203

Ca0 MO

Figure4.5: Plot of the slag composition othe CaGMgO-AlOs ternary phase diagram.

Elemental analsis of the metal inclusions was also done. A backscetéstronimage of a
metal droplet is shown iigure4.6. From the image it is evident that two phasee present

in the metal droplet The elemental analisindicatedthat the two phases present wetthe

" -ferrovanadium |y R -ferfovanadium phase® ¢ Kf&rovanadium phase hasa
composition of 65.1 wtwanadiunT on ®¢dp ¢ &> -erfovaradiuf phasks b
composition of 98.1 wt%anadium 1.9 wt% FeThe plase surrounding the metal droplet is
the MA spinel phase. It is also important to note that the spinel phase tasadiumcontent

of 2.2 atom %thus vanadium is present in the spinel phase. The vanadigmgdbstitutes

the AB*ion in the spinel strugire. Vanadium is therefore present in the formwanadium in

the metalinclusionsand \#*in the slag forming compounds.
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o-FeV

MgAl,O,

Figure4.6: Electron backscatter image of a metal droplet inclusion in the slag.

4.2 Postmortem refractory analysis

4.2.1XRF results
Refractory samples were takérom the sampledefractory bricks thatvere in service. The
profile acrossa magnesiarickwhich wasn contact with the slag was taken, which consisted
of 5 samples. The position of the sampiektive to the hot and cold face is shownHigure
4.7. There is also a change in colour of the refractory close to the hot face as sh&vwguiia

4.8.
Hot Face Cold Face

I |

Figure4.7: Positions from where thanagnesia briclsampleswere takenrelative to the
hot and cold face.
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Figure4.8: Image of the hot face of thenagnesiabrick.

TheMgO content across the brick is shownkigure4.9, with position1 being theabsolute
hot face and positio® being theabsolutecold face A sample was taken at the centre of each
section and analysed:heMgOprofile across the brick indicates that tigOcontent in the
brick decreases significantly from the cold face to the hot fadech indicated penetration
of the slag into the brick. The presence of CaO ap@sAlso indicates that slag penetration

occurred Figure4.10).

100.00
90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00

0.00

Wt percent (%)

MgOdistribution across magnesia brick

—0—MgO

3 4 5
Position in brick

Figure4.9: MgO profile from the hot face to the cold face of the brick.

The distribution of the two slag component0z; and CaOacross themagnesiabrick is
shown inFigure4.10. TheAkOs content is significantly higher at the hot face compared to the
cold face and the same is true f6aQ indicating that a high amount of slag penetrated into
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the refractories during the service life. The high amount of interaction prelsetween the

refractories and the slag is due to the slag being incompatible with the refractorieshi@ut
high operating temperaturés also a contributing factor).

AlLO; and CaQlistribution across magnesia brick
25.00

20.00
15.00

Al203
10.00

Wt percent (%)

CaoO

5.00

0.00
1 2 3 4 5
Position in brick

Figure4.10: Distribution of AlOs and CaOacross themagnesa refractory brick.

The distribution ofzanadiumand Fe across the brick was also analysed and yielded the results
shown inFigure4.11. Thevanadiumcontent is much higher at the hot face than at tbeld

face, imdicating thatvanadiumalso penetrate into the refractory together with the slag.
Vanadiummay also be present because of*Veplacing AY in the MgAOs structure.
Vanadiumcan also be hosted in other oxide phases and also go into solid solutioivigih
(explained in subsequent section3he form othe vanadiumpresent at the hot face of the
MgO brick cannot be determined from XRF results and require either XRDMiEBB

analysis. The change in ir@ontent from the hot face to the cold face of thierick is not
significant.
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Iron and vanadiundlistribution inmagnesiarick
1.00
0.90
0.80
__0.70
0.60

0.50
—o—\V203

Fe203

Wt percent (%

0.40
0.30
0.20
0.10

0.00 —e ®
1 2 3 4 5

Position in brick

Figure4.11: Distribution of vanadiumand ironacross theMgO brick.

Amagnesidrick was also taken from the hearth of the furnagéhere the metal is in contact
with the MgO lining (bottom location inFigure3.5). No significanthemicalinteraction or
penetrationwas observedn the bottom MgObrick as can be sean Table4.3. The samples
were taken from the centre d3 sections, which are shown kigure4.12.

Table4.3: XRF results of thigO brick sample taken from the hearth of the furnace

Position

Component 1 2 3 Brick specification
MgO (wt%) | 94.49 | 95.72| 95.77 96.5
AlLOs (Wt%) | 0.6 | 0.37 | 0.28 0.4
SiQWt%) | 1.25 | 1.11 | 1.2 0.6

CaO (Wt%) | 1.63 | 1.59 | 1.71 1.6

V20s (Wt%) | 0.01 | <0.01] <0.01 0

FeOs (Wt%) | 0.74 | 0.72 | 0.72 0.8

P.Os (Wt%) | 0.17 | 0.16 | 0.17 0
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Hot face
1
2
3

Cold Face

Figure4.12: Orientation of the samples relative to the hot face.

TheMgO-C refractory brickvas taken in order to investigate trelnemical wear of the bricks
above the tap holeThe MgQGC bricks used were antixidant free bricksVisual inspection
indicated that a layer had ¢g®sited onto the refractory. XRF analysis of the samples yielded
the results shownn Table4.4. The difference between the hot and cold face of MgO-C
brick is small, however, it can be noted that thiggOand CaOcontent has increased slightly
whereas the other components have decreased slightly.

The deposited layer shown Figure4.13 therefore consists mainly dlgO, SiQ, AbOs and
CaQresulting in the shift in coposition as stated above. The deposited layer can be a result
of the intensive mixing occurring inside the furnace, resulting in slag coming in contact with
bricks above the tap hol&he carbon content at the hot face is also lower than the cold face
dueto the oxidising atmosphere present whesw materiak areloaded into the furnace (the
furnace roof is opened wheraw materiak areloaded).

I .' — Deposited layer

- Deposited layer

Figure4.13: MgO-C refractory with deposited layer.
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Table4.4: XRF results of the hot and cold face of thigO-C brick.

MgO-C | MgO-C Brick
hot face | coldface | specification
MgO (wt%) | 90.59 89.57 97.2
ALOs (Wt%) | 1.57 2.55 0.1
SiQ (Wt%) | 3.34 4.16 0.6
CaO (wt%) | 2.38 2.18 15
V203 (Wt%) 0.02 0.01 0
FeOs (Wt%) | 1.00 1.13 0.6
P03 (Wt%) 0.21 0.17 0

4.2.2 XRD results

4.2.2.1MgObrick from the slag line
The XRD results of thdgObrick situated at the sidewall is shownTiable4.5. The
presence of mayenite (€#\h40s3) and spinel (MgADs) in sample 1 and sample 2 indicate
that slag penetrated into the refractory. Considering the SHNE results, it is evident that
sample 2 wasakenat the slagrefractory interface whereas sample 1 wakenfurther
away from the hot fae than sample 2. The XRD results for sasiplend 2 support the
SEMEDS results, as sample 2 contained a highernautnaf spinel and mayenite

Table4.5: XRD results of thélgObrick from the slag line.

Periclase | Spinel Mayenite
(MgO) % | (MgALOs) % | (Ca2Al140s3) %

sample 1 | 97.54 1.82 0.57

sample 2 | 73.69 23.03 2.82

sample 3 | 100.00

sample 4 | 100.00

sample 5 | 100.00

4.2.2.2MgO-C brick
The XRD results able4.6 indicate a @crease in the graphite content at the hot face of
the MgO-C brick. The decrease is presumdi#ythe result of the graphite oxidising at the
high operating temperatte. The presence of spineldicatesthat a small amount of slag
was present at the hot fae of the brickMonticellite (CaMgSif) is present due t&iQ and
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CaObeing present in the main raw material (magnesite) used for the production of-@1gO
bricks. The low CaO/Si@tio in the brick resultsithe formation of a small amount of
liquid atthe operating temperature, which solidifies in the form of monticellite upon
cooling

Table4.6: XRD results of thé1gO-C brick situated above the tap hole.

Periclase % Spinel %| Graphite %| Monticellite
(CaMgSi@ %

Hot 86.78 0.47 11.87 0.87
face

Cold 80.59 0.00 19.41

face

4.2.2.3MgObrick from the hearth of the furnace
The XRD analysis of the samples from the three regions dfigfi@brick situated at the
bottom of the furnace is shown ifiable4.7. The results indicated that no significant
interaction between the metal and the refractory had occurred, which is also supported by
the SEMEDS results.

Table4.7: XRD results of thélgObrick taken from the hearh of the furnace.

Periclase %

Sample 1 | 100

Sample 2 | 100

Sample 3 | 100

4.2.3SEMEDS analysis

The post mortemanalysis on theefractory bricksincluded SEMEDS analysis in order to
identify the phases present and also to obtain high magnification gesaof the
microstructures.

4.2.3.1MgObrick situated in theslag line
Thebrick sampled from the side wall was analysed by sectioning the brick and then analysing
the various areas of the brick. The locasai the varioussamples taken from the brickre
indicated inFigure4.14. The samples were taken in the centre of each region.



43

Hot Face Cold Face

I |

Figure4.14: Position of theMgO samples relative to the hot and cold face.

TheMgOcold face (sample maber 5) indicates that the main phase present in the brick is

MgQO. A small amount of another phase is present, which consists of a combinat®a(pf
MgOand SiQwas identified as monticellite

CaMgSiO,

250pum !

Figure4.15: Backscatteelectronimage of the cold face aihe MgObrick sampled from
the slag line
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MgO
CazMg(Si0,),
' 250pm !
Figure4.16: Backscatteelectronimageof sample 4 situated closer to the hot face than

sample 5.

TheMgOsample shown irFigure4.17 was situated relatively near the hot face (sample 3).
The analysis of the sample is similar to samples 4 and 5, with¢/i@phase being the main
phase present and an impurity pha@@aMg(SiQ)2) being present irsmall amounts.

Ca3Mg(Si0y),

' 500pm ’

Figure4.17:. Backscatteelectronimage of sample 3 situated near the refractory zone that
was affected by slag penetration.
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Sampls 1 and 2 were almost parallel to each other, with sampl&éa¥ing a different
appearance than sample 1t is evident fromFigure4.18that sample Zhad a microstructure
similar tothat of the solidified slag. &ractory materialdissolved in the slag, after which it
combined withAkQOs to form the MgAbOs spinel phaseSince the original slag contained no
MgO, high refractory wear occurretiie to the dissolution of MgO bri¢kto the slag and the
resulting formation oMgAbOa.

Metal inclusions werealso present in the slagample which were analysed as being
ferrovaradium CaAdOs and CaAlD; are constituted ofCaOand AkGs in different ratios,
which also originatedrom the slag.Slag refractory interaction took place and formed an
interfacial layerf MgAbO4s between the slag and refractory.

FeV

CaAl,0,

CaAl,0,

MgAl,O,

; 100um )

Figure4.18: Backscatter electron image of thgO hot face, situated at the slag
refractory interface, containing only slag (sample 2).

Another siteof sample 2hat was analysed is shownkingure4.19. The aalysis indicates that
some refractory is still present (because of the presendd@®d), but that a high amount of
slag is also present. Visual inspection suggests thas#meple containednore slagthan
refractory, which indicatedhat a highamount of refractory wear occurreddue to slag
dissolving the refractory. The smalnount ofMgO present indicatedthat very aggressive
refractory wear had occurred, which resultedthe eventual disintegration of the surface of
the brick in contact with the slagMetal inclusions are also present in the form of
ferrovanadium
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FeV

CappAly40s3
MgAl,O,

MgO

f 250pm 1

Figure4.19: Electron lackscatter electron image of th&#gO hot face on the refractory
side of the slagrefractory interface(sample 2)

The analysis of sample 1 shown inFigure4.20. The darkest phase present is tivgO
refractory and the slightly lighter phase is Mg (spinel). The small bright spheres are
metallic inclusions. The presence of the spinel phase suppbéshypothesis that slag
penetrates into the refractory. Visual inspection of thkectron backscatter image indicated
that slag dissolvedhe matrix of the refractory first. The reasofor the penetration
phenomenon wa a combination of the slag not begirsaturated inMgO and the matrix
dissolving before the aggregate grains. The matrix is constituted of finer grains and will
therefore dissolve faster into the slag.

Since the operating temperature exceeddr solidus temperaturef the matrixof the brick
0 My nahgh amount of liquid fanedin the matrix throughwhichthe slagcouldpenetrate
into the refractory Thepenetratingslag then reacteavith the MgOgrains to form MgADs,
resulting in further refractoy wear. The metal inclusions wepeesent due to a high metal
inclusion content irthe slag, which then penetrated inthe refractory with theliquid slag.
The Ca@igO-ALO; based slag that penetrated the refractory also form@d2Al40z3 upon
cooling. At the operating temperature the slagswsaturated with MgO and MgAb.
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Figure4.20: Electron lackscatter image oMgO sample near the hot face (sample 1).

4.2.3.1.1 Summary of SEMDS results
The SEMEDS analysis of the post mortevigO brick is summarised imable4.8. Slag(CaQ
AkQOs ¢ based)is present in sampkl and sample 2, which confirms that slag penetration
into the refractory bricloccurred Metal inclugons werealso present in the refractory, which
is the resultof metal inclusions being present ime penetrating slag. The presenoé
MgAbOs suggestedhat a reactionoccurredbetween the slag and the refractorilerwinite
(CaMg(SiQ)2) and monticellite (CaMgSiare impurity phases that are typically assoetht
with magnesia bricks.

Table4.8: Summary of the phases present in the post mortevigOtaken from the slag

line.
1 2 3 4 5
Hot face Cold face
Phases| § MgO 1 MgAbOs 1 MgO 1 MgO 1 MgO
1 MgAbOs T MgO T CaMg(SiQ). | CaMg(SiQ). |1 CaMgSi®
1 CaAhsOzz | CaAdOs ! CaMgSi® 1 CaMgSi® 1 CaMg(SiQ).
1 Ferrovana | CaAlO;
dium 1 Ferrovana
dium
1 CazAl4Os3
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4.2.3.2MgObrick from the hearthof the furnace
A MgO brick that was taken from the heartlof the furnace(that was in contact with the
metal) indicated thatMgO and small amounsg of merwinite and monticellite werepresent.
No evidence of metal penetratiocould be found.

Ca3Mg(Si0,),

) 500um L

Figure4.21: Backscatteelectronimage of thecold faceof the MgO brick that was
removed from the hearthof the furnace.

A backscatteelectronimage of the area between the hot face and cold face is shoWwigure

4.22. No evidence of metal penetration was present and the microstructure appears to be
fully intact. Therewas however a small number of bright inclusions present, which was
identified as being ZnS inclusions. Tgresence ofZnS may be a result of contamination
during polishing.
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nS

f 250pum '

Figure4.22: Backscatteelectronimage of theMgO brick removed from the heartlof the
furnace.

The SEMEDS analysis of the hot face (sample 1) indicated Mg was present together
with a small amount of MgO-CaGSiQ glassyphase. It is evident frorRigure 4.23that there
was no penetration of metal into the refractory. @lphases present at the hand cold &ces
were identical and indicatethat no metal penetration occurred at the bottom of the furnace
and therefore very little refractory wear occurred.
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Ca3Mg(Si0,),

f 500um 1

Figure 4.23. Backscatteelectronimage of the hot face of théigO brick that was removed
from the hearthof the furnace.

4.2.3.2.1 Summary of the SEEDS results
The SEMEDS analysis of the samples taken fromMuO brickthat was emovedfrom the
hearthof the furnace is summarised Trable4.9 (the positions from wherehe samplesvere
taken are shownn Figure4.12). No interaction was present beten the refractory and the
metal. ZnS was present in one polished sample, which is presumably not representative of
the hearth bricks. ZnS is not expected to be present in the brick.

Table4.9: Summary of the SENMEDS analysis of éeMgO brick situated atthe furnace

hearth.
1 2 3
Hot face Cold face
Phases T MgO 1 MgO 1T MgO
1 Glassyhase 1 ZnS 1 Glassyhase
(MgO-CaGSiQ (MgO-CaGSiQ
¢ based) ¢ based)

4.2.3.3MgO-C brick situated above the tap hole.

A MgO-C brick present above the tap leowas sampled in order to determine if any
interaction between the atmosphere and the bricd occurred. Both the hoand cold face
were analysed.
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Ca,Sio,

Figure4.24: Backscatteelectronimage of aMgO-C sample at the cold face ofié brick

TheMgO-C hot face containetMgAbOs, which isformed through the reaction of aluminium
that oxidised and MgO. The presence of s{agident from Figure 4.25) in the MgO-C
indicated that contact between lie slag and th&1gO-C brickhad occurred. The presence of
slagin the refractory is a result of the porosity of the brick allowing penetration of slag into
the brick, with the porosity being a result of graphite oxidatidheCaSiQ phase is formed
due to the impurities of CaO and Sifresent in the brick before being used in the furnace,
as evident by the brick specificationsTiable4.4. Although CaMgSids expected to form
during cooling, G&iQ is readily present at high temperatures when considering
compositions in the MgO region of the G&ID-MgO phase diagram. The presence ofSta
rather than CaMgSiJs due to high operating temperatures and rapid cooling ratEsantt
oxidants were identified ithe MgOC brick, which are usually present in the forrmudtallic
aluminiumor AkGs.
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Figure4.25: Backscatteelectronimage of theMgO-C hotface that contained a
precipitate on the surface.

The SEMEDS results of thelgO-C bick is summarised ifable4.10. The results indicate that
slag wa present at the hot face of the brick, penetrating into the brick. Visual inspection of
the sample idicated that slag was present #ie surface 6 the brick, supportingthe
suggestion that the brick véaexposed to slag. Oxidation of tb@bonresultedin the porosity

of the brick increasing, allowinfé¢ slago penetrateinto the brick.

Table4.10: Summary of the SENEDS esults of theMgO-C brick situated above the tap

hole.
MgO-C MgO-C
Hot face Cold face
Phases 1 MgO 1 MgO
1 CasSiQ 1 CasSia
1 MgAbOs
1 Fe

4.3 Conclusions

The slag analysis indicatdtht vanadiumlosses are due to bottanadium immetal inclusions

and \#*in the slag ilelated to the formation of the MA spinel phase in the slag). The slag also
contained 20.7 wt 9MgO, which originated from thé/igOlining. This was supported by the
analysis of théVigOrefractory in contact with the slag, which indicated that tiigOcontent
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in the hot facedecreasedvhen slag penetratethto the brick The reason for the difference
in MgOcontent between the hot face and cold face st the MgOrefractory dissolvednto
the slag in order to obtaiMgOsaturation of the slag. Agiificant amount ofAbOz and CaO
was present at the hot face of the brick, indicating that the glegetratedinto the brick.

In order to reduce refractory wear, sufficiekigOmust be added to obtain KlgOsaturated
slag. Thevanadiumlossescan be redaed by reducing the viscosity of the slag and also by
avoiding spinel formation. T can be obtained by changitite MgO and CaOcontentto a
slag compositioof AbOz = 40 wt%, MgO = 48t% and CaO = 20 wi%s shown irFigure2.8.
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Chapter 5: Experimental results

5.1 Slagrefractory interaction

5.1.1 Background
Slagrefractory interaction tests were done in order to determine the effect of slag
composition (by increasing theMgO content) on refractory wear in tk ferrovanadium
production process. Two slag compositions were prepared with composiioes inTable
3.1. The one slag sample was not saturate¥igO(Sample A), whereas the other slag sample
was saturated ifMMgO 6 { I YLIX S . 0Thelslag way plavex /ingide a molybdenum
crucible, in contact with ¢MgOrefractory (15mm diameter cylindegs indicatedn Figure
510 ¢KS G(GSaidia ¢6SNB 02y RdzOi SRples @exd apalysedrusiggdzi S &
SEMEDS analysis.
Numerous backscagt electron images were taken different locations on the sectioned
samples The different locations are indicatedfigure5.2. The locations arendicated in die
analysis by first mentioning the y position (top, centre, bottom), followed by the x position
(centre or side).

MgO refractory
—}— Slag

— Mo crucible

Figure5.1: Schematidiagramof the setup before the slagefractory tests were
conducted.

[C] Regions that were analysed

Figure5.2: Schematiadiagramof the sectioned cruciblevith indicated regions that were
analysed.
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5.1.2 Sample A
The initial composition of sample A is givemable3.1.

5.1.21 Refractory aalysis
The region at the togeentre that was analysed indicated that slag was present between the
MgOgrains of therefractory Figure5.3). The refractory region was well above the slag line,
indicating that the slg had wicked into the refractoryihe matrix binding the aggregate
grains have been replaced with slag to a large extent, which ireditiaat slag penetration
occurred with little difficulty.

Glass
MgO (2 wt%)-Ca0-Al, 04

! 250um Y

Figure5.3: Electron backscatteimage of the topcentre refractory region that was
analysed.

Two slag phases were preséentthe centrecentre region one constituted oMgQO, CaCand
AbQO;s (glassyphase) and the other constituted @@aOand ALOs (dendritically precipitated
CaAlOy). Theanalysed regioindicated tha slag penetration had occurred and the presence
of CaAdO; indicates that the slag is enriched in MgiheMgO grains were not affected by
the penetration, but the binding atrix had been replaced by slafrace amounts of aised
molybdenum was present in the slag. The molybdenum oxide was only present in th@LaAl
phase in quantitiesf less than 1 wt%. The presence of the molybdenum oxide is not indicated
in the work to follow, as it is only present in trace amounts amalgd not influence the slag
refractory interaction.
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Glass
MgO (2 wt%)-Ca0-Al,0,

CaAl,0,

MgO

. 100um .

Figure5.4: Electron backscatter image of the region analysed at the certteatre region
of the refractory.

The bottomcentre region that was analyseBigure5.5) indicated extensive infiltration of the
slag into the refractory. It is also evident that a reacti@d occurred between the slag and
the refractory to form MgAIDs. Most MgO grains werestill intact, but some grains have
disappeared as Mgé&QD, started to form (evident by the large regisof MgAbQOs).

Glass
MgO-Ca0-Al,04
CaAl,O,

MgAl,0,

! 100um >

Figure5.5: Electron backscatter image of the region analysed at the bottoentre of the
refractory.
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The bottomedge region of the refractory inditad aggressive interaction with the slag
(Figures.6). The slapad penetrated into the refractory, as well as reacted with the refractory
to form MgAbOs.. TheMgO grainsare rounced whereas the MgAD;, crystals ag cubic in
form.

The area covered bWigO (38.5% as analysed using imageJ) has reduced significantly
compared to the bottorrcentre region (52.8%). The mechanism of refractory wear is
penetration of the slag into the refractory, together with a reactionwetn the slag and the
refractory. CaAIO4 precipitated dendritically from the liquid matrix, but the sample consisted
of liquid, MgO and MgAD; at temperature.Molybdenumis also present, which originated
from the molybdenuncrucible used.

MgAl,0,

CaAl,0,

Glass

' 100um '

Figure5.6: Electron backscatter image of the region analysed at the bottexilge area of
the refractory.

5.1.22 Slag analysis
The bottomsideregion that was analysed contained four phaasavell as a small amount of
molybdenuminclusions Figure5.7). The slag phases present in the slag were MyAMgO,
CaAdOsand a glassgaGMgO-ALOs based slag matriphase. The Ca&l phase should not
haveformed when considering the starting composition ofetklag(Figure 538), as the slag
should containCaO AkQ:s ratios smaller or equal to 0.5. Ti@aO ALOs ratio of 1 indicated
that the liquid composition had shifted from the initial composition. The presenddgd
and MgAJO;s in the slag supports the remarks regarding slag penetration being present and
that a reaction occurred between the slag and the refractory.

The reason for the penetratios due to the high temperature of the slag, as well as the initial
slag not being saturated iMgO (by means of addinlylgOas a flux). The reaction of the slag
with the refractory is also due to the slag not being saturated@®. The slag forms MgAk

up to an extent where the slag is saturated in M@gAl but becaise ony a small amount of
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MgO was added as flux, slag saturation only occurred after a significant amoulviigGf
(originating from the refractoryjlissolved into the slag.

MgAl,0,

MgO

Glass
MgO-Ca0-Al,0,

CaAl,0,

¢ 100pum .

Figure5.7: Electron backscatter image of the analysed slagios.

Threelow magnification(60x) electron backscatteimages of the slag weraused to analyse
the composition of the slagrhe total composition of all three areas were analysed and the
average taken as the final slag compositidhe final slag compdgin is shownn Table 511.

The phasediagram (Figure 58) indicatesthe initial slag composition (A which is the
composition that should have been obtained had the slafyreacted with the refractory. The
phase diagram also indicates the actfiahl slagcomposition (4, as analysed after the test.
The change in composition is due to the slag not being saturat®ébi@ resulting inMgO
being dissolved into the slagg&ell as reacting with the slag).

The composition is expected to change along the line drawn froto #he MgO corner of
Figure 53. Thecomposition did change along this line as can be seen byhich is almost

on the line). The position ofiloes however indicate that the slag was at a temperature of
Mmpnne/ | YR ,gszhé total Slagegmpositon is on the 130@sotherm (although

the testswere done at a reading of y n nTermperdure calibratiorwas doneuptovt nn g /
by setting the power source at a certain power valu dhen measuring the temperature
using both the pyrometer and a type thermocouple. The teperature readings were similar
between the pyrometer and typ& thermocoupleind the pyometer was therefore deemed

to be accurate

The difference in actual and measured temperategan be ascribed to the fact that the
pyrometer reads the temperature at the top of the sample, whereas most of the heat is
generated at the bottom of the samplhich can result in a difference in the measured
temperature versus the actual temperature (at the lower section of the sample). The
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temperature gradient is a result of the shape of the susceptor (in this case the crucible), which

is closed at the bottongFigure3.3), resulting in more heat being generated at the bottom of
the sample.

Table 511: Initial slag composition (A andfinal composition(4Ay) of slag in ontact with

refractory sampe (Slag compositiorof slag A(Ar) in contact with aMgOrefractory core
based on three areas analysed at §0x

Slag Initial composition | Final composition
component (wt %) (wt %)

MgO 2 35

AkGOs 82 54.7

CaO 16 10.3

Ca0 . ‘ ; ” MgO

Figure 58: Ternary phase diagram indicating the chamen total composition of the initial
slag (A) versus the finaklag (A).
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5.1.3Sample B

5.1.3.1Refractory analysis
The analysis at the tepentre of the sample indicated that minimal slag penetration was
present Figure5.9). The slag that was present however was due to the slag being wicked into
the sample as the slag line was below the analysed refractory @hedMgOgrains were still
intact, but the binding matx had been replaced by slag to a large extent.

MgAl0,

Glass
MgO (4 wt %)-CaO-Al,04

f 50pm !

Figure5.9: Electron backscatter image of the tegentre of theMgOrefractory.

The centrecentre region that was analysed indicated that slag had penetrated into the
refractory Figure5.10). Thepresence of MgADs also suggests that a reaction occurred
between the slag and the refractory and tleéore refractory wearoccurred. At a
GSYLISNI GdzNB 2F wmynne/ &f Htds howevarkngpddbriRto @by a A a U
that the slag already containddgO, asMgOwas added as a flux, therefore the presence of
MgAbO4 is not necessarily only due to interaction with the refragto
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Glass
MgO (4.6 wt%)-CaO-Al, 04

LT — |
50um

Figure5.10: Electron backscatter image of the centaentre region of theMgOrefractory.

Analysing the bottorrtentre region of the refractory sample indicated that the slag had
penetrated into the refractory and that a redon had taken placeHgure5.11). Thearea
covered byMgOgrains were less than at the tegentre (68.1% versus 73@respectively),
which indicatedhat a reaction did take place to reduce the size ofMgOgrains. Comparing

the bottom-centre regions for slag B to slag A, it is evident that a larger area is still covered
by MgOfor the test of slag B (68.1%), which suggests that the extent of refractory wear is less
for the test of slag B than for slag A (348

MgAl,O,

MgO

CaAlL0,

Mo

Glass
MgO (4.5 wt%)-Ca0-Al, O,

100pm

Figure5.11: Electron backscatter image of the bottomwentre of theMgOrefractory.

The bottom edge region (slagfractory interface) that was analysed indicated that
significant penetration and reaction had taken place betw the slag and the refractory
(Figureb.12). MgOgrains were still present, but the slag covered most of the analysadireg
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(52.7% slagMgAbOs formed as a primary phasand also precipitated outpon coolingas is
expected from the initial slag compositionhe area covered gO(47.3%) is also less than
in the bottomcentre region (68.1%).

CaAl,0,

Glass
MgO (3.6 wt%)-Ca0-Al,04

S0pm
Figure5.12: Electron backscatter image of the bottom edge region of tkigOrefractory.

5.1.3.2 Slag analysis
The bottomsideregion that was analysed indicated that the slag was mainly composed of
MgAbOs (Figure5.13). Smallamounts ofMgOwere present, which indicatihat the slag was
saturated inMgO. There is still considerable wear present as indicated in the bottentre
and bottomside regions.

= Mo
MgAl,O,

Glass
MgO (3.8 wt%)-Ca0-Al,0,

MgO

CaAlL0,

v 100pm L

Figure5.13: Electron backscatter image of the slag at a magnification of 70x.
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Threelow magnificationelectron backscattermages (70x)of the slag weraused to analyse
the composition of the slagrhe total composition of all three areas were analysed and the
average taken as the final slag compositidhe final slag composition is shownTiable5.12.
Hgure 514 indicatesthe change in composition of the slag (from tB B). The slag
compositionis changel along the line from Bowards theMgOcorner of the phase diagram,
as indicated irHgure 514.

The change irslagcompositionB is due to the slag not being saturated hhgO for an
2LISNF Ay 3 G§SYLISNI GdzNB 2 TMg@himagidissol@et! itd thevstag n 6 / =
(as well as reacting with thaag).

Table5.12: Initial composition (A) and the final composition (A of the slag in contact
with the refractory.

Slag Initial Final
component | composition| composition
(Wt%) (wt %)
MgO 8 32.3
AkLOs 78 56.2
CaO 14 11.5
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Hgure 514: Ternaryphase diagram indicating the change in composition of the expected
slag (B versus the actual slag (B

An indication of the difference in refractory wear for test specimens A and B was obtained by
investigatng the sectioned test specimenBigure5.15 and Fgure 5.16). Almost no slag is
present between the refractory core and crucible wall, as the slag was wicked into the
refractory, leaving only a small amount of slag as indicaBedth tests initially had refractory
cores with a height of 28 mm, therefore the change in heiglals assumed to givan
indication of the amount of refractory wear presetie to MgO dissolutioandliquid phase
formation.

Visual inspection of the refractory cores A and B also indicate a densified structure for test A
compared to test B, indicating that more liquid is present in test cofEh&.change in height

of the refractory core from test Arigure5.15) was more than the change in height for test B
(Fgure5.16), which therefore confirra the importance oMgOsaturation of the slagTest B

had a slag compositiotioser to theMgOsaturation composition comparet test A, which
resulted in a smaller change in height and therewith less refractory wear.
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MgO refractory core

28 mm

Slag

28 mm

Figure5.16: Section through test Bnfolybdenumcrucible withMgO core and slag).

5.2 Metal and vanadiunrecovery
5.2.1 Metal and vanadium recovery as a function of slag composition

The vanadiumrecovery as a function of slag compasi was tested by changing the slag
composition as shown inFigure517 My nne/ A a2 (i Mg®RAGAL@:yphaseK S
diagran). TheV>0s, aluminiumand ironadded remained constant, which resulted in a change
in slay volume as the composition was altered. Tharae in slag composition changgu
slag viscosity. A decrease in slag viscosityedlice the amount of metal retained in the slag
if the slag volume remains constariiut for these experimerst a decreasén slag viscosity
was also accompaniedith an increase in slag volume. The auass therefore to determine

if the decrease in slag viscosity offsets the increase in slag volume.
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The ferrovanadiummetal droplets were separated from the slag by hand,pesviously
discussedDroplets with a diameter smaller than 0.5 mm accounted for metal droplets that
were entrained in the slad.he separation method used will result in an under estimation of
the metal recoverySmall metal droplets have a slower settlingeréghan larger droplets as
SELX I Ay S Reqaation gettdri2.6 Metal droplet entrainment):

CNR Y {séoRdidh & R evident that a smaller droplet radius (r) decreases the settling
rate of the metal drplet, which results in an increase metal losses due to metal droplet
entrainment.

Metal and vanadiunnecoveryin this sectiorwas calculatedby usingthe following
equatiors:

- AGM AT 0A0Y x100 (14)

x100 (15)

Al,04

CORUNDUM-,
C00-6A,05 £ 7

CGAI’ZO(QK /, I
Al

Ca0-2A1,0, ’*D\ \

e R

CoAOs/ [H B B

12Ca0-7AL O+ T ST
” 7oA

Ca.ALO, / Bt

B N S

o / & &G
3Ce0-ALOsd ~t60)/ / & ///

Figure5.17: Slag composibns used to examine recovery as a function of slag composition.
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The metal recovery versus slag composition grédplgure5.18) indicated that the metal
recovery decreased as the slag compositiors whanged from compositionto G (with slag
composition Dhaving the lowest slag volume and highegcosity and slag compositi G
having the highest slag volume and lowespectedviscosity). The decrease in raktecovery
as the composition wachangedrbm composition D to Gdicatedthat the increase in slag
volume hada bigger influence on metal recovery than viscositye iflesrease in slag volume
resultedin the formation of a high amount ahetal droplets with a diameter smaller than 0.5
mm, resulting in a high amount of metal droplet entrainment in the slag.

The larger slag volume increastn settling distance for thenetal droplets, decreasing the
recovery of the metal droplets. The interaction bewve metal droplets(metal droplets
coalescinyjalso decreasedresulting in more small droplets that settlsloweras explained
by the relation between settling rat and doplet radius { (i 2 § &dafor). The slag
composition thatyielded the highest metal recovery walag composition D due to slag
composition Chavingthe lowest slag volume.

D E F G

Slag composition number

90
80

Metal recovery (%)
= N w N al (2] ~
o o o o o o (@]

o

Figure5.18: Metal recovery as a function of slag cguaosition. (I removed the heading in
the graph, as it is repeated in the heading of the Figure.)

The trend forthe vanadiumrecovery wa similar to the trend for the metakcovery(Figure

5.19). Thevanadiumrecovey reducedwith a change in slag composition from compositidn

to Gas a result of the increase in slag volume. The loss of vanadium can also be ascribed to
the formation of vanadium containing oxide phases such dke spinel phase and
Ca(AlL\5)20.
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Figure5.19: Vanadiumrecovery as a function of the slag composition.

The slag masses of the various slag compositions are shokigure5.20. Themass of the
slag increased with a factof 1.25 from slag D to slag G.
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Figure5.20: Slag mass of the various slag compositions.

The particle size distribution of the metal droplets is an indication of the efficiency of the
metal recovery of the process. In order totaim a good recovery efficiency, the size
distribution should show that a small amount of small metal particles are present and that
most of the droplets are large particles. The ideal situation would be to have one large metal
droplet.{ { 2 § e§untidon ndicates that a larger metal droplet radius will result in a faster
settling rate, resulting in an increase in recovery.

The size of the biggest dropletbtained from the tests decreased as the slag composition
was changed from slag composition D tal8gure5.21to Figure5.24). The amount of small
metal droplets also increasdrom slag composition D to (Figure5.21to Figure5.24). The
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particle size distribution indicatethat as theslag masgvolume)increased the particle size
distribution shiftedto smalker particle sizes. The amouwf metal droplets also increased,
which indicatel that the mntact between metal droplets werkess (due to the increased
distance between metal droplets).

The aerage siz€radiug of the particless also indicative of the probability of reanng the
metal droplets. Avigheraverage particleadiusimpliesa higher probability of recovering the
metal droplets The averaggarticle radiuswere 1.45mm, 1.05mm, 0.75mm and 0.6 mm
for slag compositiosD, E, F and f@spectively. The decrease in averageticleradiusas the
slagmassincreased indidesthat as the slag masscreased the probability of recoery the
metal droplets decreasedSlag cmposition Dtherefore hadthe highest probability of
recovering althe metal dropletghat formed.

Figure5.21: Metal dropletsrecovered from he test where slag composition @as used.
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Figure5.22: Metal droplets recovered fromte test where slag composition &as used.

Figure5.23: Metal droplets recovered fromlie test whee slag composition was used.
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Figure5.24: Metal droplets recovered fromhe test where slag composition @as used.

The mass distribution of the metal according to metal droplet size is showigure5.25.
The cunulative mass recovered increas&@dm slag compostion b slag ompostion Gup
to a metal droplet adius of 1.5 mm, which indicatdfat a larger amount of small droplets
exst as the slag volume increased

The trend reversd between metal droplet radiges of1.5 nm and 3.5 mm, which then
resultedin the cumulative mass ineasing from slag composition G to slag compositidorD
metal droplet sizes larger than 3.5 mithemass distribubn of the metal dropletsherefore
shifted towards larger particle sizes as the gt@omposition changed &dm G to D. This is
because thedecrease in volume will result in an increase in threbability of droplets
coalescingAn increase in slag viscosity is expected from composititm;which should
result in adecrease in particle settling rate from sample G to D, which would result in
decreasing droplet size from sample G to Ehaugh this was not the resu{Figure5.25).
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Figure5.25: Cumulative mass distribution of the metal droplets amtling to metal droplet
radius.

5.2.2Metal recovery as a function of spinel phase formation

The metal recovery as a function of the amountlo# spinel phaseresent(after coolhg to

room temperature)in the slag was also investigated. The slag composition was changed in
order to form slags with different amounts of spinel phase present. The phases present
analysedusing SEMEDS analysis and the amount of spinel phase ptesas determined
using Image(ea coverd by spinel phage

The expected phases fortestsDy R 9 G mynne/ | NB HekdgtmA R I Y R
tests F and G it is liquahd primary MgOTherefore the spinel phase present for tests D and

E wouldbe a primary phase, whereas it will be a secondary phase for tests F and G, formed

upon cooling.

Similar phases are presentsamples D and Eigure5.26 andFigureb.27). Thearea covered
by the spinelafter coolingin Figure5.27 (test E)is 15.4% (error of 6.9 %)which is less than
the 23.6% presen{error of 5.6 %)n Figure5.26 (test D).
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Ca,(ALV),04

Mg(Aly3,V7),0,+
MgO (6%V,0;, 94% MgO)
Mg(Alpg,Vo,)204

Ca0-MgO-Al,O; based glass

Figure5.26: Electron backscatter image of the slag formed in test D.

Mg(Alyg,Vo2),0,4

Ca,(Al,V),0s

Ca0-MgO0-Al,0; based glass

Mg(Alp3,Vo7),04+
MgO (6%V,0,, 94% MgO)

Figure5.27: Electron backscatter image of the slag formed in test E.

A metal dropét recovered fromtest E is shown ifigure5.28. The metal droplet had some
slag entrained inside the droplet. The composisohthe metal droplet was 70.5 wt% 28.8
wt% Fe and 0.7 wt%l. The composition of the metal from the baseline tBsind testE are
almost the same.
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Ca0-Mg0-Al,0; based glass

Ca,(Al,V),0s

Metal (FeV, Al)

e |
500pm

Figure5.28: Electron backscatter image of a metal droplet recovered from test E.

The phases present in the slag of tegFlgure5.29) are the same as the phasesgsent in
test E. The amount of each phase changedftest E to test F. The spirsgintent decreased
from 15.4% to 4 % and the Q@l,V).0s phase increased from 5.4 % to 1845 An increase in
the Ca(Al,V).0s phase will increase vanadium losses to #feg and is therefore detrimental
to metal recovery.

Mg(Alo3,V7),04+
MgO (6%V,05;, 94% MgO)
Ca0-MgO-Al,0O; based glass

Ca,(AlV),0,
Mg(Aly,Vo,)204

Figure5.29: Electron backscatter image of the slag formed in test F.

The metal composition of te$t(Figure5.30) was72 wt%V, 27.5wt% Fe and 0.5 wt %l. The
vanadium and aluminium content of the metal from test F was slightly lower than for test E.
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Metal (FeV, Al)

' 500um L

Figure5.30: Electron backscatter image of a metal droplet recovered from test F.

The composition of the sipof test G contained Q&I V).0s, Mg(Ab.3,Vo.7)20s, MgQs,
CaAl20s and aCaOGMgO-AbQOs based glassphase(Figure5.31). The same oxide phases,
Ca(Al, V)20s, Mg(Ab.3,Vo.7)20s and MgQs were also present in & F, but the phase Gal0s

was not present in test F. The spinel phase (Mg(¥d.2)204) is present in test F but not in

test G,which can be explained by plotting the slag compositions on a ternary phase diagram
(Figure5.32).

The slag compositions for tests E, F andr&shown irFigure5.32. The slag compositions E

and F are in the MgéDs-CaAlOs-MgO Alkemade triangle, which indicatetthat MgAbO;,

CaAIlOs and MgO(in this instance Ca&lis replaced by GEAILV)20s due to the presence of

vanadiumb gAff 0SS LINBaSyd |G HpisAh@sCaABOCMBOA A G A2 Y
Alkemade triangle which explains the presence ofAb&s. Although MgAIOs should not be

present, a fair amount of Mg(Al,M)s exsolved from the MgO, presumably due to cooling.

The Ca2Al4Os3phase is not present because of the presenceasfadium which results in

the formation of Ca(AlV)0s rather than CaAh4Ozs.

Metal inclusions were also present in the slag (metal inclusions in the slag were visible in all
the tests, butwere not alwayspresent n the electron backscatter images chosemeT
concentrationof Ca(Al,V)20s increased fronl0.6% to 28% of the surface area in tests E to

G.
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Metal (FeV)

Mg(Aly3,V07),04+
MgO (6%V,05, 94% MgO)
Ca0-MgO0-Al,0; based glass

Ca,(ALV),0;

Figure5.31: Electron backscatter image of the slag formeudtest G.
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Figure5.32: CaQ A0z -MgOternary phase diagram with slag compositions of tests E, F
and G andAlkemade trianglesprojected onto it

The composition of the metal in test G was 69 wv/%30.1 wt % Fe and 0.9 wt B& The
vanadiumcontentof the metal from test G islightly lower tharin the otherthree tests.
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Metal (FeV, Al)

’ 500pm ’

Figure5.33: Electron backscatter image of a metal droplet recovered from test F.

5.2.3XRD results versus SEBRDS results

Comparsons of the results obtained using XRD and -EE8 for the spinel arda(Al,\%)207
phases arshown inTable5.13and

Tableb.14. Thecomparison between the SERDS an®FD results correlate welllhe amount

of each phase present cannot be compared to the theoretical values because a ternary phase
diagram containingCa(Al,\%)07 would be required to determine such values. The values
obtained for the amount of spinel an@a(Al,\£).0; phases present can be accepted as
accurate due to the good correlation between the SEMIS and XRD resulihe area
analyses using ImageJ was conducted by analysing three areas of each sample at
magnifications between 100x and 150x

Table5.13: Comparisn of the amount of spinel present in the different slag samples
determined using XRD and SHEDS (in conjunction with ImageJ).

Slag sample SEMEDS (Image J| Standard | XRD Standard
(wt%) deviation | (wt%o) deviation

D 23.6 0.9 26.1 1.1

E 15.4 0.8 14.7 0.7

F 4.0 0.3 4.3 0.3

G 0.0 - 0.0 -
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Table5.14: Comparison of the amount a€a(Al,V2)207 present in the different slag
samplesdetermined using XRD and SHEHBEDS (in conjunction with ImageJ).

Slag sam[e SEMEDS Standard XRD Standard
(Image J) deviation (wWt%) deviation
(wWt%)

D 3.0 0.3 2.7 0.2

E 5.4 0.4 3.9 0.3

F 10.6 0.6 9.2 0.6

G 28.0 0.7 26.5 0.8

5.3The effect of adding excesduminiumto the recovery ofvanadium

5.3.1 Background
Metal-slag ineraction tests were done to determine the effect of changing the amount of
aluminiumadded on thevanadiumrecovery inthe ferrovanadiumproduction process. Three
tests were done, each with a different amountaéiminiumadded to the reagent mixture.
V203, iron, aluminiumand flux CaOand MgO) were crushed and mixed, whegdter the
mixture was added to MgOONHzOA 6t S® ¢ KS GSad alyYLXS g1 &
at thistemperature for 2 hours, wherafter the sample wamanuallycooled at & estimated
NI} &S 2 T toroonstémpefatuyelt was notable that the cooling rate for sample C2 was
higher than for sample C1 and C3The sample was then sectioned in order to do SHMS
analysis.

5.3.2XRD results

XRD analysis waerformed on the slag retrievedrable5.15) from the excessluminium

tests (CiC3) and lag compositn tests (BG). The slag analysdor tests C1 and C3 were
almost identical, but C2 indicated a variation in the amount of each component present. The
reason for the griation is due to the Mg&@aGALOs based glassy phasentent being higher

for C2 than for C1 and C3, which would be due to a higheling rate for test C2aé the
solidus temperatureof the slag remained the same, the glassy phasstent is dependent

on the cooling rate).

The cooling rate was controlled manually and althowgre was exercised to replicate the
cooling rate, some variation would have occurred between tests. The increased cooling rate
resulted in less time being available for thigO and Mg@l,V).Os to precipitate out of the

liquid before the solidus temperate was reached, which resulted in leddgO and
Mg(Al,V)04 being present and morigO-ALOs-CaO glassyhase being present.

Tests BG also showed a changeMgO-ALOs-CaO glassgontent, with theMgO-ALOs-CaO
glassycontent decreasing from 43 (with theexception of BE). In the case of testsG, it
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was not certain if theigO-ALOs-CaO glassgontent is due to the cooling rate or the solidus
temperature, because the presencewsnadiumchanges the slag system from t86aGMgO-
AbQsternary system to theuaternary CaagO-AbOs-V20z system A clear trend is however
present for the C4AIV).0s and Mg@l,V)20s phases. The G@LV).0Os phase increased as the
composition was changed from D to G and the M¥).0s content decreased as the
composition was ciinged from D to G. Mg{,V)-0Os was not present in test G, where £2&0s
formed instead of Mgl,V)20xs.

Table5.15: XRD results of the slag compositions for testsC3 and BG (wt. %)

Sample MgO Ca(ALV)20s | Mg(ALV).0s | CaAlLOs | Gassy phase
Cland D |20.6 2.7 26.1 0 50.6
C2 9.8 2.8 21.9 0 65.5
C3 20.9 1.4 29 0 48.7
E 16.5 3.9 14.7 0 64.9
42.2 9.2 4.3 0 44.3
G 36.0 26.5 0 4.1 33.4

A relationship btween the metal recovery with changing spinel content could not be
establisled, sincethe recovery decreased as thetal spinel content decreased. Thisthe
opposite of what should have been observed if there were to be a relationship between the
metal recovery and the spinebntent. A factor contributing to this phenomenon tke
increase in Mg&/-0z solid solution and G#AlLVYOs formation as the spinel content
decreases. The aforementioned phases contai@:Vtherewith decreasing the vanadium
recovery even thogh the spinel phase content decreas@tie increase in Mg®-0s solid
solution and C#AIl,VXOs formation as the composition is changed from D to G resuitted
higher 4Oz losses to the slag even though the spinel phesetent decreasedThe other
factor that contributes to this phenomenon is the increase in slagmnelas the composition

is changed from D to G.

5.3.3Sample C11.5 wt% AISEMEDS analysis

5.3.31 Metal analysis
The metal that had formed consisted of two phasas indicated inFigure 5.34. The
compositiors ofthe phasesvere determined as the average of three areas analysed on the
sample.The bright phase ferrovanadium(29.3wt% Fe, 70 wt%/, 0.7 wt% Aland the darker
phase isranadium(100%V). The totalcomposition of the metal wa28.6 wt% Fe, 71 wt%
and 0.4 wt %Al
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FeV

r 500pm 1

Figure5.34: Electron backscatter image of the metal that separated from the stdg
sample CXmagnification of 60%.

Figureb.35is a higher magnification image of theetal (Figure5.34), from which it is evident

that two phases were present in the metal, one consistingfesfovanadiumand one

consisting ofvanadium The crystal structure indicated thderrovanadiumformed asa

primary phase (evident by the presence of rouietrovanadiumnodules). The secondary

phases consisted of a combinationfefrovanadiumand vanadium The secondary phases

F2NY dzll2y O22f Ay3a 6KSY (GKS al YL S nsafon §NB (K S
" 0op ¢&: MCSIEY R ph gdnro \Vpdecordim@Sothd e\t phasétiagram
(Figureb.36).

The compositions obtained from the SENDS analysis of the two phagesesent in the metal

differs fomthe compositions reported in the iremanadiumphase diagram, with both phases

containing a highevanadiumcontent than was expected (the values obtained from ittoa-
vanadiumphase diagram).
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Figure5.35: Electron backsca#élr image of the metal that separated from the slaxj
sample CXmagnification of 300
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Figure5.36: Iron-vanadiumphase diagram indicating thequilibrium phasesthat are
expected to form froma liquid consisting of 26 wt% F&4 wt%V on cooling(Smith, 1984).

5.3.3.2 Slagmetal interface analysis
The slagmetal interface regiomf sample Cis shownin Figure5.37, from which it is evident
that an interfacial layer formed between th&ag and the metal. The interfacial layer also
contained a high concentration of small metal droplets. The slag contained Mg{A\L2)204,
Ca(AlLV)20s, MgQs Mg(Ab3,Vo.7)204 and a glassyCaGMgO-AbOs oxide phase. The slag
refractory interaction tetsindicated that the slag phases MgB4, CaAlOs and CaxAh4Oz3
were present. The slag phases present in the mslad interaction tests differ from the slag
phases in the slagefractory interaction tests due to the presencewainadium The presence
of vanadium resulted in the formation of Ca(ALV).0s instead of CaADs, as well as
substitution of \*into the APF*position of the MgAIOs phase to form Mg(Alss, Vo.12)204 and
Mg(Ab.3,Vo.7)20s. Vanadium present asV>0s also went into solid solutiorwith MgO (the
possibility of this is evident from the Mgédegion inFigure5.38)

The interfacial layer is constituted of a spinel structure andgD-V>0Os solid solution. The
spinel structure contained both % and AP* in the second cation position. The phase
contained more ¥ than AF*and acted as a barrier between the slag and the metal phases.
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FeV

Mg(Aly3,Vo7)204 +
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FeV
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Glass Ca0-MgO-Al, 04
Ca,(ALV),0¢

| —— |
500pum

Figure5.37: Electron backscatter image of the interface between the slag and the metal
sample Clrhagnification of 60X



85

| [ /] T ; —
Liqud  ~2020° l|
oo MgO ss + Lig. l' —
i |
|
I 87
| 1860° Q
| =
1800 H- | & B
| |
| |
| |
L | i
= | |
— | 11
| I
1600 H— 1 a
I I :
I l ‘
| V20sss | \
-: MgV :) ss : : MgV204 ss + MgO ss ‘\_
2V4
I \
o ‘
1400 : : N
|
|
i 3
> —
o
=
l | ' | ' I I l I
o 20 4 60 80 100
V203

MgO Wt % MgO

Figure5.38: MgO-V20s phase diagram with a plot of the localised cooling of the double
phase region (Cini, 1968

The interface between the metal and the slag is shawrder high magnificatioin Figure
5.39. The interfacial layer consisted of two oxide phasesl ahigh concentration of
ferrovanadiuminclusions. The two oxide phases were Mg§Ab.7)204+ and a MgO solid
solutionphase witha compositbn of 94%VigOand 6%V-0s.



86

FeV

Mg(Alg3,Vo.7),04
MgO (6%V,05, 94% MgO)
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Figure5.39: Electron backscatter image of the interface between the slag and the metal
sample CImagnification of 430k

The upper region of the slagigure5.40) contained only trace amounts dérrovanadium
metal droplets, indicating that good separation had taken place. The slag was constituted of
three oxides that containedanadium two of which were due to % substitutingfor AF*and

one phase wherdgOand -0z were in solid solution. Vanadium was therefore lost mainly
due to the abilityof the slag phase® accommodate % in their respective structures. The
presence of thévigO-V>0z solid solutiorphaseindicated thatit not only forms at the inteice
between the meal and the slag, but also fornpsrt of the phase chemistry of thelag. The

\@* containing spinel, Mg(Ab,Vo.7)20s, was however not present ithe upper region of the

slag.
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Mg(Aly g8, V0.12)204
MgO (2%V,05, 98% MgO)

Glass CaO-MgO-Al,04
FeV
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Figure5.40: Electron backscatteimage of hie upper region of the slag of sample C1
(magnification of 110%

The lower region of theslag Figure5.41) contained a larger amount dierrovanadium
inclusions compared to the upper region of the sleige MgOsolid solutionphasecontained
a higher concentration 0¥-Osz in the lowerregion of the slag.

Ca,(AlLV),0q

Glass CaO-MgO-Al, 0,

MgO (5%V,05, 95% MgO) +
Mg(Aly5,V57),04

Mg(Alg g8,V0.12)204

FeV

' 250um ]

Figure5.41: Electron backscatter image of éghbottom region of the slag of sample C1
(magnification of 110k

The MgO-V203 solid solution phase that precipitateg(Ab.3,Vo.7)20s crystals is visible in
Figure5.42. The MgO-V>0s solid solution phase hosted the Mg¢AM.7)20s phase, which
formed as small precipitatesvithin the hostingphase. The reason for both phases being
present is that the/>.0Os concentration ishigh, which results in aanadiumrich spinel phase
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precipitating out on coolingas indicated irrigure5.38. The total compositiorof the region
whereMgQssyand Mg\éOuss)are presentis plotted on the Mg©/>0z phase diagram ifigure
5.38.

Mg(Aly3,V07),04
MgO (5%V,05, 95% MgO)

Glass CaO-MgO-Al,04
Ca,(AlV),0s

1

50pum

Figure5.42: Electron backscatter imagef sample Cht a higher magnifiation of the
bottom region of theMgO solid solution phase containing ganadiumrich spinel phase.

5.3.3.3 Slagrefractory interaction
The interface between the slag and tigO crucible was analysedrigure 5.43) as it
represents the interaction of the slag with tivgOrefractory in industry. The slag consisted
mainly ofCaGALOs components, but also contained Mg®k and trace amounts dhe MgO
solid solutionphase In orderto obtain a better idea of whabcaurred at the interface of the
refractory, an image was analysed at a higher magnificaiayu(e5.44).
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MgO (2%V,0;, 98% MgO)
Ca,(AlV),0,
Glass CaO-MgO-Al,04

Mg(Alg gg,V0.12),04

MgO

Glass Ca0-SiO,-Al,04
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Figure5.43: Electron backscatter image of the skagfractory (MgO crucible) inteface.

The interaction between the slag and the refractory is evidarftigure5.44. The MgAIO,
spinel phase (containing®y formed on the surface of the refractory, as wellimshe pores
of the refractory Tte refractory region in contact with the slag also containé@s, which
was in solid solution witiMgO. Refratory wear occurs when the slafiffuses into the MgO
refractory and then reacts witthe MgOto form MgAbQa.

MgO dissolutioninto the slagwill occur untl the slag is saturated in Mg@hich highlights
the importance of adding enoughlgO to the slagin order to prevent refractory wear
MgAbOs has the ability to accommodate*Within its structure, resulting inanadiumlosses
to the slag.MgO can also take M0z into solid solution which resulted in further losses of
vanadium

Tests D to G indicated that the solid solution between MgO ad Mad vanadium contents
between 14 wt% an@0 wt%. The contribution of Mg&#0z solid solution to the toal loss of
vanadium as 30z were 35 %, 47 %, 75 % and 58 % for tests D, E, F and G respective. The
contribution was determined based on average vanadium content determined in each test
for the various phases, along with the phase composition of the slag.
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Mg(Aly g3,V0.12)204

MgO (2%V,05, 98% MgO)

Mg (Al g8,V0.12)204
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Figure5.44: Electron backscatter image of the skagucible interface at a magnification of
430x.

5.3.4Comparison between samples C1, C2 and C3

SEMEDS analysis was used to determine the slag phases that were present, as well as
determining the composition of the metal that had formed.

5.3.4.1Metal recovery as a function afluminium added
The amount oluminiumadded was varied in order to determine the effect of adding excess
aluminiumto the reaction on the amount of metaécovered. The excestuminiumadded
to the reaction should reside in the meiélt does not oxidise. The slag compositisas held
constant and should therefore contain the same slag phases (for all 3 tests that were done).

The phases thatormed in sanple Clare MgQs Mg(Ab.3,V0.7)204, Mg(Ab.g,Vo.2)204, Ca(Al,
V)20s anda CaGMgO-AbOs based glassghase(Figure5.45).
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Figure5.45: Electron backscatter image of the slag formedtine testof sample Clvhere
1.5wt% excessluminium was added

The composition of the metalf sample C1Higure5.45) was28.6 wt% Fe, 71 wt% and
0.4wt % Al. The expectedBluminium content was 1.5 wt %\l becatse 1.5 wt% excess
aluminium was added to the reaction. The difference in expected and adlushinium
content suggested that thaeluminium had reacted with other components in the furnace.
The probable reaction is the reaction betwealominiumand traceamounts of @present in
the furnace, with the @being present because of the constant flow of Aurity Arx
99.997% into the system.

Figure5.46: Electron backscatter image of the metal formed sample C2hat contained
slag in the centre of the metal drop.

































































































































































































































