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Abstract

Applications of chromium vary widely (refractories, chemicals and metallurgical); howbeegreatest
benefit of chomium is its ability to improve the corrosion resistance, strength and hardness of steel.
South Africa possesses approximately 75% of the viable global chromite reseryess amdesult
dominates the ferrochrome market with production in exceSsoflion mega tonnes per yeamaking

it an industry of extreme importance to the South African economy

Submerged arc ferroalloy production furnaces mainly use Soderberg eleétmelebaking continuous
electrods thatareproducedn situ during furnaceoperation. Electrode breialgs may affect a furnace in

a number of ways depending on the nature and location of the break. Low furnace power input, abnormal
charging and tapping conditions, as well as loss of production are among the more common negative
implications associated with electrode breaks. The successful operation of Soderberg electrodes is
dependent on two main factors: high quality electrode paste and effective electrode management
procedures. This study focused on electrode paste quality.

The raw materials utded in the production of Soderberg electrode paste consists of calcined anthracite
mixed with a tar pitch binder. In this studlge focus was on the developmentarf expemental
procedureto measure the dimensional changes oftedde paste raw materials as a function of
temperature by means of thermomechanical analysis (TMA). Three uncalcined anthracite (Zululand
chips, Zululand duff, and Tendele duff) and two tar pitch samples (low and high softening point pitches,
i.e. LSP ad HSP) were obtained from a local paste produdelectrode graphite samples were also

obtained from a local preaked electrode supplier.

The experimental procedure for both the anthracite and tar pitches consisted of two phases: sample
preparation andMA measurements. During the sample preparation procedure for the tar pitches, the
two tar pitches were heat treated in order to prevent softening in the TMA (preventing possibly damage

the instrument), where after pellets were pressed for TMA measurerbet anthracite samples were




calcined at 1200, 1300 and 14Q0in the anthracite sample preparation phase. TMA sample pellets of

calcined and uncalcined anthracite were pressed using only water as a binder.

TMA was performed on pellets produced frore tieattreated tar pitch samples, uncalcined and calcined
anthracite samples, as well as core drilled pellets of thégked electrode graphite. The dimensional
changes of these pellets were measured, as a function of temperature, through threeveonsating
(room temperature to 1300) and cooling (130 to approximately 10@) cycles under a N
atmosphere.

A significant shrinkage (> 12%) for both the LSP and HSP tar pitches occurred during the first TMA
heating cycle. During the second anddHieating cycles of the LSP and HSP tar pitches, dimensional
changes were approximately 2%. This indicates that substantial structural reordering of the carbonaceous
binder takes place during the first heating cycle. TMA results obtained for all tereeltined anthracite
samples investigated indicated thermal dimensional changes of less than 1%. The anthracite samples
calcined at the highest experimdntalcination temperature (14U0) prior to TMA analysis had the
smallest dimensional changes. Flwonfirmed that higher calcination temperatures result in a higher
level of structural ordering and dimensional stabilionsidering the combined calcined anthracite and

tar pitches TMA results, the importance of the initial baking of a Soderbergoelecit temperatures
exceeding thedking isotherm temperature (£5 becomes apparenthe dimensionabehaviourof the

tar pitch binder and the calcined anthracite differ dramatically, making the -fmwigd electrode very
susceptible to breakage. €nstructural reordering of the pitch had taken place, thermal dimensional
behavioursof the materials are much more similar, significantly redudhwe risk ofthermal shock

induced electrode breakages.

In contrast to the relatively small dimensional mfpas measured for the calcined anthracite samples, the
shrinkages measured for the uncalcined samples during the first TMA heating/cooling cycle were
substantial (B%). This indicates the importance of the anthracite calcination process, before the
electode paste is formulated. Improperly calcined anthracite present in electrode paste would result in
additional dimensional shrinkage that would have to be accommodated in the baking of a new electrode
section. Considering the large shrinkage of the it@hghat already takes place, it is unlikely that a

strong enough electrode would be formed if this occurs. From the résalé® beame apparent that the




anthracite with the highest fixed carbon and lowest ash contents exhibited the smallesgjesithimkay
in situ TMA calcination. High fixed carbon, low ash type anthracites taereforeless prone to

dimensional instabilities in Soderberg electrodes, as a result of poor calcination.

The dimensional changes observed in the calcined anthracites/erg similar to those observed for the
electrode graphite samples. The expansions/shrinkages observed in the graphite samples were mostly less
than 0.5% whereas the expansions/shrinkages observed in the various calcined anthracites were
approximately0.6 to 0.9%. The difference in the magnitude of the dimenslwetaviourbetween the

calcined anthracites and the graphite can be attributed to the fact that the graphite had already undergone

maximum structural ordering (having been-peked at 300).

Keywords: electrode managemenglectrode pasteferrochrome production, Soderberg electrode(s),

thermomechanical analysis
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Opsomming

Chroom het heelwat verskillende alledaagse toepassings (vuurvaste materiale, chemitsdggiese
toepassings).Die grootste industriéle voordeel is die vermoé van chroom om metale se weerstand teen
korrosie te versterk, asook om metale te versterk en harder te maakfiswddeskik tans oor ongeveer

75% van die wéreld se ontginbare chromietreserwes Mdeier in die produksie van ferrochroamdie

wéreld metNJaarlikse ferrochroonproduksiesyfer van ongeve®miljoen megaton

Soderbereelektrodes word meestal iferroallooroonde gebruik en hierdie elektrodes word kontinu
binnein die oond tydens pduksievervaardig NElektrodebreuk kan die produksieoond Mfaantal
maniere affekteemfhangende van die aard en die posisie waar die breuk plaasvind. Die mees algemene
negatiewe impakte wat veroorsaak word deur elektrodebreuke sluit in: lae oonskti@giabnormale

laai en dreineringstoestande, sowelNgerlies in produksie. Die suksesvolle bestuur van Soderberg
elektrodes is hoofsaaklik afhanklik van twee faktoamlikdie gebruik van hoé kwaliteit elektrodepasta

en effektiewe elektrodebestprosedures. In hierdie studie is die fokus geplaas op die kwaliteit van
elektrodepasta.

Soderbereelektrodepasta word geproduseer deur gekalsineerde antrasitdaadbinder te vermeng. In
hierdie studie isNJeksperimentele metode ontwikkel om digndnsionele veranderinge van die rou
materiale wat gebruik word in die vervaardiging van elektrodepastdé¥aaksie van temperatuur te
bepaal deur van termomeganiese analise (TMA) gebruik te maak. Drie ongekalsineerde antrasiet
monsters (Zululand antrasklippies, fyn Zululand en Tendedtmtrasiet) en twee teer monsters (lae en

hoé sagwordende pikke d.i. LSP en HSP) is verkry vawhidlaaslike pastaproduseerder. Grafiet

elektrodemonstelis ook bekom vanalplaaslike verskaffer.

Die eksperimentele mede wat uitgevoer is vir beide die te@n antrasietmonsters het bestaanN.it
voorbereidingsen NITMA-fase. Gedurende die monstervoorbereidingsfase van die teermonsters, is tere
aanvanklik behandel deur verhitting ararsagting in die TMA te voorkom wanoontlik die instrument

kan beskadig. Na hierdie behandeling van die taerepilietiies gedruk. Die antrasietmonsters is
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gekalsineer by 1200, 1300 en 1400tydens die monstervoorbereidingsfase. TMA pilletjies van
gekalsineerde en ongekalsineerde asigt is gedruk deur slegs van water as bindingsmiddel gebruik te

maak.

TMA-analises is uitgevoer op al die gedrugiltetjies, sowel as disilindriesemonsters wat vanuit die
grafietelektrodes geboor is. Die dimensionele veranderinge in bogenoenmd#ensois bepaal asJ
funksie van temperatuur tydens drie opeenvolgende verhittifkgenertemperatuur na 13W0) en
verkoelingsiklusse (130C na ongeveer 10Q) in NNy-atmosfeer.

Beduidende krimping (>12%) vir beide die LSP en HSP tere is tydensrdie @dMA verhittingssiklus
waargeneem Gedurende die tweede en derde siklusse is dimensionele veranderings van slegs ongeveer
2% waargeneem. Dit dui daarop dat daar aansienlike strukturele herordering van die koolstofmateriaal
plaasvind tydens die eersteerhittingssiklus. Die TMAresultate van al drie die gekalsineerde
antrasietmonsters het dimensionele veranderings van minder as 1% getoon. Die antrasiete wat by die
hoogste eksperimentelkalsineringstemperatuur (14@@) gekalsineer is, het die kleiestimensionele
veranderings getoon. Dit bevestig dat hoér kalsineringstempehhha@r mate van strukturele ordering

en dimensionele stabiliteit tot gevolg het. Die gekombineerde -fééAltate van die gekalsineerde
antrasiet en die teerbinders dui dp Helangrikheid van die aanvanklike bakproses (by temperature hoér

as die 47%C bakisoterm) van Soderbesgektrodes. Die dimensionele gedrag van die twee materiale
verskil drasties wat die nuwgevormde elektrode meer vatbaar vir brewkaak Sodra stukturele
herordering in beide materigi¢aasgevid het, word die dimensionele gedrag baie meer dieselfde wat die

risiko vanN&lektrodebreuk as gevolg van termiese skokke noemenswaardig verminder.

Die dimensionele verandering wat gemeet is tydens die eerste-SIRA vir die ongekalsineerde
antrasiet was ongeveer886, wat beduidend verskil van die gemete waardes vir dialgiekerde
antrasiet. Hierdie beklemtoon die belangrikheid van die kalsineringsproses voor die saamvoeging van die
elektrodepasta. Antrasiet wat nie behoorlik gekalsineer j&aielei tot addisionele krimping tydens die

bak vanNhuwe elektrodeseksiéndien die aansienlike krimping van die teerbinders in ag geneem word,

is dit onwaarskynlik dat die elektrode sterk genoeg sal wees indien hierdie addisionele krimping sou
plaasvind. Die resultate dui ook daarop dat die antrasiete met die hoogsteovtsttef en die laagste

asinhoud die minste krimping veroorsaak tydens TFkédsinering. Hiervan kan afgelei word dat
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antrasiet meNhoé koolstof en lae asinhoud sal lei tot minder dimensionele onstabiliteit in Soderberg

elektrodesindien onvolledige kalsinering plaasgevind.het

Die dimensionele veranderings waargeneem vir die gekalsineerde antrasiet was soortgelyk aan die
waarnemmgs vir die grafiet monsters. Die krimpings/uitsettings in die grafietmonsters was hoofsaaklik
minder as 0.5% vergeleke met die krimpings/uitsettings in die verskeie gekalsineerde antrasiete van
ongeveer 0.48.9%. Die verskil in die groottes van die dims@®nele veranderinge in die twee materiale is
toegeskryf aan die feit dat grafiet reeds maksimum strukturele ordering bereik tydens die

vervaardigingsproses van die grafidektrodes waar die elektrodes teen 3@Qebak word.

Sleutelwoorde: elektrodebstuur, elektrodepasta, ferrochroomproduksie, Soderetektrode(s),

termomeganiese analise
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Chapter 1: Introduction

1.1. Project motivation

1.1.1. Project background

Chromium, as a metal, was first isolated in 1798 but was only put toaregse twenty years later in
pigments for wallpaper manufacturing. During the™ 2@ntury chromium became increasingly
important as an alloying element with the development of the world steel industry. Applications of
chromium carbroadlybe divided ito three areas: Metallurgical applications, chemical applications and
refractories. The majority of chromium (approximately?®lLis, however applied for metallurgical end
usegMoisane, 2007)

The greatest benefit of chromm to the metallurgical industry is its ability to improve corrosion
resistance, strength and hardneksteel Chromium is an irreplaceable component in stainless steel and

it is therefore the leading endgse for chromiun{fMoisane, 2007) Almost three quarters of the globally
produced chromium is in the form of various grades of ferrochromium. Customer requirements often
dictate the production specifications for ferrochromium, which is graded according to carbon and chrome
content(Ringdalen, 1999)

Located in the Bushveld complex, South Africa possesses approximately 75% of the global chromite
reserves. As a resulSouth Africa dominates the world ferrochrome markéth ferrochrome
producton, which isclose to5 million mega tonnes per year. The stainless steel production industry
consumes approximately 90% of the global ferrochrome produced. South Africa mainly produces charge
chrome, which is preferred to high carbon ferrochrome irptbduction of stainless steel. As a result
more than 40%f the ferrochromaitilisedby the global stainless steel industry is South African produced
ferrochromgRuffini, 2006)

The safe and profitable production of ferromimium is dependent on five general process aspects:

Metallurgical control, charging of the furnace, tapping the furnace, energy input and specific energy




consumption, and electrode management. Of the alpewtioned process aspectslectrode

managemeris perhaps the most important process management é§Bpekes, 2011; Roos, 2010)

The most vital part of any electric reduction furnace is the electrode system. Ferroalloy production
furnaces mainly use Soderbeelectrodes a seltbaking continuous electrodeat is producedn situ

during furnace operation. Cylindrical casings are filled with electrode,palsteh isthen baked as the
electrode is slipped through the contact st{bess/aer & Tveit, 1983)

Electrode breaks may affect a furnace in a number of ways depending on the nature and location of the
break. Electrode breaks in the vicinity of the furnace roof are particularly dangerous as this is close to the
weak, unbakedant of the electrode column. Abnormal furnace power, charging and tapping conditions
and loss of production are among ttmenmonnegative implications on furnace operation associated with
electrode breaks. A broken electrode will continue to impact we@iabn furnace operation until a new
electrode is slipped and bakgard et al,, 1995)

The successful operation of Soderberg electrodes is dependent on two main factors: High quality
electrode paste, and highly effective@lode management procedu(Bay et al, 2007) A variety of

aspects are involved in the electrode management procéualtings study however the focuswill be on
electrode paste quality. An experimental procedure wdll developed in order to determine the
dimensionabehaviourof electrode paste materials under thermal conditions similar to those found during
everyday furnace operation. This will be done in order to obtain an accurate impression of the expansion
and shinkage of electrode paste during the baking of a Soderberg electrode. The developed experimental
procedurs will enable paste producers to perform better quality control on electrode paste by selecting

raw materials with similar thermal expansion projgsrt

1.1.2. Previous sudies

Numerous studies regarding temperature distribution in Soderberg electrodes and the effect of thermal
stresses on Soderberg electrodes have been published in open ljteea@ateulation of thermal stresses

in Soderberg electrodgInnvaer & Olsen1980), Operational parameters for Soderberg electrodes from




calculations, measurements and plant experience (Inevadr, 1985. However, as far as the author
could establishresearch published in open literature regarding dimensatw@age in the raw materials
used to produce Soderberg electrodes is very limited. Inevaat (1985) mentiored that thermal
stresses accumulate inside the baked part of the electrode during the decent into thebiutaaee
eventually released probably due to structuraeordering during the graptlstition process Arnesenret

al. (1979) briefly mentiored that electrode paste shrinks during baking. The magnitude of the
dimensional changes that take place during bakig however not quantified

1.1.3. Industrial significance

Successful completion of this project will benefit the ferrochromium industry, as well as other smelting
industries using Soderberg electrodes, in a number of ways. The developed experimental procedure could
be implemented bpaste producers in order to perform better quality control on the raw materiat® used
produceelectrode paste. Measuring the dimensional changes of the raw materials beforehand will enable
paste producers to select materials witbre compatiblehermaldimensionalproperties which would

reduce the risk of breaking an electrode due to thermal stresses.

The study will also benefit the industry on plant level. As was mentioned previously, electrode
management is probably the most important daily focéhtpat any ferrochrome smelter (Par. 1.1.1).
Information on the dimensionddehaviourof raw materials (i.e. paste and calcinedheacite) in the
electrode columns during the baking of the electrodes will be of significant value in the prevention of

electrode breaks due to thermal stresses.

1.2. Project objectives

Three main objectives have been identified for this project:

1. The development of an experimental procedure to determine the dimensional changes of
electrode paste raw materials by means of thermoamécalanalysis

2. Applying the developed procedure towards determining the dimensional changes in tar and
calcined anthracite as a function of temperature.

3. Interpretation of the practical implications of the developed procedure and obtained results on

eledrode management with particukaferenceo the ferrochrome industry.




1.3. Scope of thanvestigation

In order to achieve the objectives set for this proteetfollowing was done:

1. Charactesation of the obtained tar pitch and anthracite sampl€ke anhracite samplesvere
chemicallyanalysed (proximate and ultimate analysis) and additionally, the melting points of the
tar pitches were accurately determined.

2. An experimental method was designed in order to determine the thermal dimensional changes of
the samples obtained. This included a sample preparation proceduresudrsgquent
thermomechanical analygisMA).

3. The thermal dimensional changes of-preated tar pitch, calcined and uncalcined anthraage
well as prebaked electrode graphiteere measred as a function of temperature.

4. The generated data was interpreted and the industrial relevance of thewasimt®estigated.

This dissertation is divided into the following chapters:

1. Chapter 1: A brief introduction to the projeptoject backgrowhand motivation.

2. Chapter 2. An irdepth literature study of the ferrochrome production industry and current
technology with particulareferenceto Soderberg electrode paste production and electrode
management.

3. Chapter 3: A detailed discussion of the slmweparation procedures, experimental procedures
and raw material charactsation.

4. Chapter 4: Discussion of the generated results and the investigation of the industrial relevance
thereof.

5. Chapter 5Evaluationof the study and recommendations for faetoesearch.




Chapter 2: Literature survey

This chapter is dedicated to andapth literature study on the various aspects of ferrochrome production
with a particular reference to electrode paste productiomsitu Soderbergelectrode production and
electrode manageent.

2.1. Importance of the South African ferrochrome industry

Chromite, the only natural commerdjalviable source of chromiumis a key raw material in the
ferrochromium production proces€hromiteis a complex mineral varying widely in compositiomhe
chromitespinelconsiss of magnesium, aluminium, iron and chromium in various proportions depending
on the deposi{fKumar et al, 2010) Chromite is classified according to its emsk i.e. metallurgical
grade, chemical gde or refractory grad@gu & Willis, 1987) Metallurgical grade chromite, used in
ferrochrome production in South Africa, typically contains 43 to 45%0Cwith a 1.5:1 to 1.6:1

chromium to iron ratigCrameret al, 2004)

South Africa holds a key position in the world ferroalloys industry, due to an abundance of natural
resources, as well ashistory of relatively low electricity costs. The chromite reserves in the Bushveld
complex constitte approximately 75% of the global chromite resources, which is mainly used in the
production of high carbon or charge ferrochro(Reiffini, 2006) 7 a high carbon ferrochrome that is
relatively inexpensive and has rélaly loose specification@Ringdalen, 1999)

Ferrochrome is added to steel in order to improve the corrosion and oxidation resistance. The steel
industry utilises high carbon or charge ferrochrome for the production aflesai steel and currently
consumesapproximately90% of the ferrochrome produced worldwi¢Ruffini, 2006) South Africa
currently produces approximately 40% of the annual world ferrochrome, making the ferrochrosiiy indu

a vital contributor to the South African econorfi§umar et al, 2010) Figure 21 shows the annual

world ferrochrome production contributions for 2009.
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Figure 2-1: Annual world charge chrome production 2009ICDA, 2010)

Combined, the South African ferrochrome producers have a production capacity offamiltisin tons
per yeay which is to be increased by expansion projects currently in progress. TFabéhd®vs the

production capaciis of the various ferrochrome producers in South Affdomes, 2011; Beukes al,
2011)




Table 2-1: Adapted production capacity of SA FeCr producerqJones, 2011Beukeset al, 2011)

Plant Locality Production capacity
(ton/year)
ASA Metals Dilokong Burgersfort 360000
Assmang Chrome Machadodorp 300 000
Ferrometals Witbank 550 000
Hernic Ferrochrome Brits 420000
International FerréMetals RustenbureBrits 267 000
Middelburg Ferrochrome Middelburg 285 000
Mogale Alloys Krugersdorp 130 000
Tata Ferrochrome Richardsbay 135 000
Tubatse Ferrochrome Steelpoort 360 000
Xstrata Lydenburg Lydenburg 400 000
XstrataMerafeBoshoek RustenburegsunCity 240 000
XstrataMerafe Lion Steelpoort 364000*
Xstrata Rustenburg Rustenburg 430000
Xstrata Wonderkop RustenbureBrits 545 000
TOTAL 4786 000

Production capacities of these facilities in the original referencélones, 2011yvere updated by
Beukes et al. (2011}kince it did not consider relatively recent capacity enlargement projects
*  An expansion project for this facility is currently underway and will double its current

capacity

The fact that South Africa is the largest fernarhe producer in the world, and the eimsreasing
production capacities of the South African ferrochrome producers, clearly esgshtédes importance of

this particular industry in South Africa.




2.2. Ferrochrome production

A generalised process flow diagrawhich indicates the most common process steps utilised by the SA
ferrochrome producers, is shown in Figuf2.2

CO (g) flare
A
(Lum OreChi s/ Reductants Fluxes
Py, =hip (Char, Coke, (Quartz, Limestone,
. Pebles, Fines, . .
Metallurgical grade Recycle, etc.) Anthracite and Magnesite and
and other fine ores yele, ete. Coal) Dolomite)
1. Grinding/Milling 5. Batching
(Wet or dry)
CO (9)
2. Pelletizing 6. Preheating
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11. Wet scrubbing
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Figure 2-2: Flow diagram, indicating most common process steps utilized for FeCr production in S@eukeset al,

2010; RiekkolaVanhanen, 1999)



The South African ferrochrome producers currently use four relativelydeéhed process combinations
(Beukeset al, 2010)

A. Conventional semtlosed funace operation. This technology is currently the oldest applied in
South Africa, but still accounts for a substantial fractiorthefoverall productionGerdiga &
Russ, 2007) Coarse (lumpy and chips/pebble ores) and dimes can be smelted in this type of
operation without increasing the sizes of the fine ores by means of an agglomeration process.
Even though the direct feeding of fine ores into submerged arc ferrochrome production furnaces
is said to cause dangerouswiouts or bed turnover®iekkolaVanhanen, 1999) significant
amount of fine ores are in fact fed into some South African-streed furnaceéBeukeset al,

2010)

With reference to the press flow diagram indicated in Figure22the process steps followed are
5, 7, 8, 9 and 10. Steps4lwould also be included in the case where sdosed furnaces
consume pelleted feed South African semclosed furnaces are mostly operated on anslail

with a basicity factor (BF) smaller than 1. Equatieh @efines the basicity factor (BF):

%0600 + %0 "M
%0,

0'0=
In some casesemiclosed furnaces may be operated at a Bolvever this is less common
and usually implemented on a temporary basis in order to compensate for refractorythiaings
are in poor condition, or ifrdhanced sulphur removing capacity by the slag is req(idedkeset
al., 2010) Higher calcium and magnesium in the feed materials result in the formation of higher

concentrations o€aSQ andMgSG0;, which are retained in #éhslag, hence lowering the presence

of sulphur in the ferrochromium met@eukes, 2011)




B. Closed furnace operation, usually utilising oxidative sintered pelletised @agdtec, 2008)i.e.
the Ouotec process, as indicated in Figur8.2This process was first implemented in Tornio,
Finland in 1968 at the Outokumpu ferrochrome plant. The Qutotec process is currently the most
popular ferrochrome production technology applied in South Africa andtilised by the
majority of green and brown field expansions during the last dec&iecess steps usually
include steps 1, 2, 3, 4, 5, 7, 8, 9 and 11, with or without 6. In all green field ferrochrome
developmentsthe pelletsing and sintering (step® and 3) sections were combined with closed
furnaces. However, pellsting and sintering sections have also been constructed at plants where
the pelletsed feed is utilised by conventional setiosed furnaces. These furnaces are usually
operated on aracid slag (BF<1). Presentlyhis technology is utilised by at least seven

ferrochrome smelters in South Afri@utokumpu, 2004; Outotec, 2008; Beukesl, 2011)

THE OUTOKUMPU PROCESS
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Figure 2-3: Outotec/Outokumpu processflow sheet(Naiker & Riley, 2006)
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C. Premus Technology: This involves closed furnace operation withedreeed pellesed feed.
The process steps include steps 1, 2, 3, 4,5, 7, 8, 9, 11 and are graphically represented in Figures
2-4 and 25. ThePremus technology differs substantially from the Outotec technology due to the
fact that the pelleted feed consists of preduced pellets that are mostly fed hot, directly after

pre-reduction, into the furnac€Botha, 2003; Naiker, 2007)

This technology provides high metallic oxide recoveries using low cost reductants and
significantly reduces electrical energy consumptibiaiker & Riley, 2008; Roos, 2010)The
furnaces are closed and operate on a basic slag (BF>1). At present, two SA FeCr smelter plants

use this procegBeukeset al, 2010)

A

Figure 2-4: Premusprocessflow sheeti pelletising and pre-reduction (Naiker & Riley 2006)
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Figure 2-5: Premusprocessflow sheeti smelting process(Naiker & Riley 2006)

D. DC arc furnace operatiofCurr, 2009; Dentoret al, 2004) Feed material for this type of
operation can consist exclusively of fineaterial. Three such furnaces are currently in routine
commercial operation for ferrochrome production in South Africa and typicallgeutilibasic
slag regime (BF>1). High specific energy consumption is the biggest disadvantage of this
process optionhut high chromium recovery is achieved. Process steps include 5, 7 (with a DC,
instead of a submerged arc furnace), 8, 9 and 11. Drying (process step 6) might also be included
(Beukeset al, 2010)

Traditionally, high carlon ferrochrome is produced by reducing chromite wii#is a carbon reductai

large three phase submerged arc furnaces (usually having a capacity of between 1Maig. 50
Typically, the furnace diameterarein excess of 1@n (Ringdalen, 1999) During the smelting process,

the electrical furnace is charged with chrome ore, a carbon reducing agent, and a flux (usually quartz
and/or limestone and maggite). These materials react with each other and produce two prodagts: s

and liquid ferrochromgDowning, 1975) Raw materials are fed to the furnace by loading the furnace
feed bins, and are transported through feeding chutes by means of gravity to the furnacéBeteas,

2011) Figure 26 shows a drawing of a submerged arc furnace. Feeding chutes are gotddcalad

the electrode columns are silver.
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Figure 2-6: Rendering of a submerged arc furnacéBateman Engineering, 201)

In conventional submerged arc furnaces, current is conducted to the furnace charge by means of three
selfbaking Soderberg electrodésat heat the furnace burden to temperatures where the slag becomes
liquid and ore reduction takes place. Reactiangas phase reduction iof situ generated CO can also

take place in the burden, prior to molten zone in the furnace. Liquid slag andamegatiodically

tapped from the furnace and CO gas leaves the furnace as (ffiggdalen, 1999)

The profitable and safe production of ferrochrome is dependent on five general production aspects:
i) metallurgicalcontrol, ii) furnace charging, iijapping the furnace, i)ower input and specific energy
consumptionandv) electroge management. The abewentioned aspects will briefly be discussed in
paragraphs 2.2.1 to 2.2.5, with ard@pth discussion on the aspects of electrode management and paste
production further in the literature study.
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2.3. Pillars of ferrochrome production

2.3.1. Metallurgical control

The production of ferrochrome is a pyrometallurgical process, during which chromite istoammacally

reduced to chromium. The main reaction is:
Oi,053+ 30 © 2061 + 300

The reduction of iron oxides and a small amount of silica also take place simultan@iekkola
Vanhanen, 1999)

The furnaceis charged with a mixture of chromite in the form of lumpy oreblges, chip ore, pre
reducedpellets, sintered pellets or metallurgical grade ore, carbon reductants andHaxkes, 2011)
The charge mixture may either be cold,-peated or preeduced(Riekkola-Vanhanen, 1999) Coke is
normally used as a carbothermic reducing ad&imgdalen, 1999)however, other carbon reducing
agents such as char, coal and anthracite may also bgReekks,2011) Fluxing materials include
quartzite, bauxite, olivine, dolomite, limestone, majeeand calcite(RiekkolaVanhanen, 1999)
Figure2-7 indicates the basic inputs and outputs for a ferrochrome production furnace.

INPUT OuTPUT
Ore (Chromite) Ferrochrome
Slag
Reductants Slimes
Coke Gases
Coal "
Char SO, NO, CO,
Flux (Silica) 41 TSP  Water
Water v
Figure 2-7: Furnace inputs and outputs(Naiker & Riley, 2006)
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Materials are fed to the furnace according to a metallurgical balahigh is updated on a regular basis
with the current feed material analysis. Alteratiomghte metallurgical balance are made according to
current furnace conditions, as well as skl product(ferrochrome) analysis. The most important
variables of the produced ferrochrome are the silicon, chromium and carbon c¢Btarkss, 2011;
Roos, 2010Q)

Chrome ores used in the ferrochromium production process contaifosizigg oxides in addition to the
reducible chromium and iron oxideSeveralslag properties are important in order to obtainabreect

metal composition high chromium recovery and satisfactory furnace operatierg. a suitable slag
melting pointand a viscosity that enables easy tapping and good slag/metal separéRi@ikkola
Vanhanen, 1999) The $ag melting temperature can be regulated by means of control mechanisms such

as the slag basicity and slag visco$Bgukes, 2011)

Effective metallurgical control is of critical importance for the successful productiongbf quality
ferrochrome. Poor metallurgical control may result in a variety of negative implications on the process
such as low quality ferrochrome (high silicon content), large slag volumes, poor reduction of chromite ore
(low recovery), difficulty in taping the furnace due to a high slag viscosity and difficult electrode
managemeniBeukes, 2011; Roos, 2010)

2.3.2. Charging the furnace

Open, semtlosed and closed submerged arc furnace configurations are gurresgtl in the
ferrochromium production industr§RiekkolaVanhanen, 1999; Beukest al, 2010) Raw materials

(consisting of chromite ore materials, reductants and fluxes) are usually mixed outside of the furnace
which is then periodically or continuously charged into the furnace. Reduction reactions and metal
production proceed continuously even though the charge mix might be added periodically in certain
furnace configurationéThe EPRICentre for Materials Production, 1996frigure 28 indicates the cross

sectional placement of electrodes and raw material feed chutes ltdemis ed (i ndi cated as

closed submerged ferrochrome smelting furnaces.
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Figure 2-8: Open and closedsubmerged arc furnace configuration(Dall, 2008)

Uneven furnace charging (e.g. loading of certain feed chutes, while other are not fed) may result in lateral
mechanical stresses on the electrodes, which could ieseléctode break(s). The furnace feed chutes
should therefore be charged in an even sequential manner, as failure to do so will result in uneven
material distribution inside the furnafi@eukes, 2011; Roos, 2010)

2.3.3. Tapping the furnace

Apart from process gases, molten slag and metal are produced by the smelting process. However, these
materials cannot build up infinitely in the furnace and the furnace therefore has to be drained, or tapped as
the process is commonhgferred to. Tapping of a furnace may either occur at fixed time intervals, or

when a fixed quantity of electricity consumption has been regtiekkolaVanhanen, 1999)
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Slag and metadreremoved through a tap hdlea specially designed refractory inset in the furnace side
wall with a circular opening. The tap hole is usually opened by means of pneumatic or hydraulic drilling,
and/or oxygen lancing (indicated in Figur®® where after the furnace products are chanddtem the

tap hole to the tapping vessels as indicated in Figli@(RiekkolaVanhanen, 1999)

Figure 2-9: Oxygen lancing prior to tapping of the furnace(Oriel Resources Ltd, 2007)

Figure 2-10: Metal tap at SA Chrome (Bateman Engineering, 2011)
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A regular tapping cycle is imperative to the metallurgical health of the furnace. Irregularities in the
tapping cycle may result in a number of issues with the aperaf the furnace, such as carbon
deficiencythatmay impact negatively on electrode manager{Batikes, 2011; Roos, 2010)

2.3.4. Power input and specific energy consumption

Ferrochrome production is a very eneigiensive process, making energy perhaps the largest cost factor
(RiekkolaVanhanen, 1999; Hearn & Roos, 2004klectricity and fossil fuels are the main energy
sources in modern ferrochrome production processese cbhsumption of energy is affected by a
number of factors, including the raw material qualities;tpratment before smelting, as well as the

effective utilisation of reaction energies and latent heat from the pro¢esskkola-Vanhanen, 1999)

The power input of a furnace is the amounelafctricalpower received from the furnace transfor(agr
and directly impact®sn the productiorvolume of the furnacgBeukes, 2011; Dall, 2008)Three phase
submerged arc furnaces generally have a transformer capacity ranging ftoraQVA, but furnace
capacities of up to 108VA are also found(Ringdalen, 1999) The power output of the furnace
transformer is camolled by a tap changer. Burden conductivity function of the electrode lengths,
metallurgical control, tapping and charging of the furnaaean limit the power input to the furnace
(Beukes, 2011; Dall, 2008)

The specific energy consumption (MWh/ton) of a ferrochrome production furnace can be defined as the
amount of energy consumed by the furnace per ton ferrochrome prod@eddes, 2011; Dall, 2008)
Reaction energy d2.1to 2.3MWh is associated with the reduction of one ton of chromé dr@vever

the electrical energy consumed by the furnace will be much higher, depending on the chromite
composition, applied furnace technology and general operational conditidghe @irnace(Riekkola
Vanhanen, 1999) Practically, specific energy consumptions for ferrochrome furnaces in South Africa

range from approximately 2.4 to AMWh/ton ferrochroméBeukes, 2011)
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2.3.5. Electrode management

The most vital part of an electric reduction furnace is considered to be the electrode system. In contrast to
the prebaked electrode alternatives available in the industry, Soderberg electrodes are baked during
furnace operation. Ettrode paste is added to a cylindrical steel electrode cadiigh is then baked as

the electrode is slipped through the contact shbesveer & Tveit, 1983) Figure 211 shows the
electrode system of an open comnfigtion submerged arc furna@ateman Engineering, 2011)

Feeding Chutes

ol

I’lih.‘.l 4

Furnace Crucible

- -
e -

Figure 2-11: Electrode system of an open configuration submerged arc furna¢gBateman Engineering, 2011)

Good electrode performands dependent on the electrode paste quality, reliability of the electrode
equipment and correct electrode operatigmveer & Tveit, 1983) However, the electrodes are
periodically exposed to severe conditions inditke furnace including high currents, high temperatures,
thermal stresses (due to temperature variations), irregular slipping, as well as chemical and mechanical
wear. Inability to withstand the aforementioned conditions will cause problems with theddsthat

potentially may result in an electrode bréadffecting the whole furnace operati@innveer, 1989)
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2.4. Aspects of electrode management

The electrode system is responsible for the conducting of electrical energth&dornace transformer
to the smelting zone inside the furngéesphaug & Innveer, 1997)Two general types of electrodes are
used in industrial metal smelting applications -pa&ed electrodes and continuous-&alking eéctrodes
(Soderberg electrodes)

Prebaked electrodes are mainly used in smelting applicati@tsequire particularly high product purity

and where the ash content of an amorphous carbon electrode will be too highké&teslectrodes are
produced bystamping, pressing or extruding a mixture of calcined anthracite or coke and tar pitch into
moulds, which is then subsequentigked at temperatures form 1069 3000C, depending on the
application(GrafTech International, 2011)Continuous selbaking electrodes (Soderberg electrodes) are
frequented to prbaked electrodes due to the additional costs involved in the production-bélkee
electrodes(Habashi & Toromanoff, 1989) Utili sation of pre-baked electrodes also implies regular
furnace shutdowns to attach additional lengths ofyalesd electrodes, to the ones currently in operation.
Continuous setbaking electrodes systems do not require such shutdowns, since electrode extensions are
made in operatiorfBeukes, 2011)

Continuous seifbaking electrodes consist of a cylindrical steel casing extending from a platform located
above the furnace, down into the furnace interior. The electrode casing serves akl domthe
electrode and is filled with a carbon electrode paste (consisting of tar pitch binder mixed with calcined
anthracite or coke). Lower down in the casitig electrode paste is baked into a solid carbon electrode
by heat from the furnace and etiécal current passing through the cagiHgbashi & Toromanoff, 1989)

Figure 212 shows a cylindrical steel electrode casing as viewed from the top of the electrode column.
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Figure 2-12: Cylindrical steel Soderberg elctrode casing(Nelson & Prins, 2004)

The electrode paste added to the top of the electrode casing starts to soften, and fills out the electrode
casing at approximately 5@ 100°C (Arnesenet al, 1979) At a temperature of approximately

400to 500°C (commonly referred to as the baking zqrie¢ electrode paste is baked into a solid carbon
electrode with adequate mechanical streffigihveeret al, 1985)

The mechanical strength and electricainductivity of the electrode increase as the baking process
progresses. Initiallyduring the softening of the electrode paste and the early stages of the baking
process, electrical energy is conducted by the steel electrode casing and the caskigfipsoximately

90C°C the electrode reaches a high mechanical strength, and the almost isolating carbon paste is baked
into a carbon electrode able to conduct the full electrical cuffapthaug & Innvaer, 1997)Figure 213

shows a schematic representation of the electrode column. Relevant electrode temperatures are also
indicated.

21



Electrode 1s
shipped as 1t
1s burned
away

D Electrode paste

¢— Electrode casing

V)
r‘/ ....... \1
200°C <«+—— Softpaste
Liquid level «e—
q - \I Baking zone
475 °C
<+— Contact clamps
Furnace roof o
 ————————— |

1200 °C [T~ Baked electrode

“s.Je—— Casing melted off

\_/\_:-\./V—' ,\’/\/—%V/\_/ v

Furnace charge

2500°

Figure 2-13: Schematic representation of the Soderberg electrod®all, 2008)

2.4.1. Qualities of a good electrode

Good dectrical conductivity, high mechanical strength and thermal stress resistance are the most
important properties of a baked Soderberg electrode. The highest possible degree of electrical
conductivity is required of a baked electrode. Immediate cdivitycafter baking is dependent on the
compactness of the electrode (electrical conductivity is reduced by porosity) and the degree of
graphitsation the anthracite has obtained during the caliwin process. The initial conductivity of the
electrode ismproved as the temperature increases further down in the electrode, due to the fact that

additional graphisation occurgAsphaug & Innveer, 1997)
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Mechanical strength is of extreme importance in order to avoid and pedeetrtobde breakéAsphaug &

Innveer, 1997) The mechanical strength of an electrode is temperature dep@ridigmet al, 1986)and

is increased by baking of the electrddephaug & Innveer, 1997)Initially, during the baking process

thermal stresses accumulate inside the electrode, but are largely released further on by structural changes
that take place as the baking of the electrode completes at higher temgsenatthe lower part of the
electrodgInnveeret al, 1985)

The mechanical strength of an electrode is also affected by the elasticity of the electrode. Low binder
content along with low calcined anthracite or coke fines content improves theityladtihe electrodé

reducing its mechanical strength. A low elasticity, however, makes the electrode more vulnerable to hard
breaks resulting from thermal stresses. The electrode paste quality is therefore critical in order to produce
an electrode ohigh mechanical strength with adequate thermal stress resigfasygieaug & Innveer,

1997)

2.4.2. Electrode breaks

Normally problems with the electrode system of a furnace can be avoidéalvduyrableoperating
conditions and usinguitable electrode equipment and high quality electrode materials. An electrode
breakage is the most serious problem that can be encountered with regard to electrode management
(Arnesenet al, 1979) Furnace operation ma limpacted in a number of ways depending on the nature

and location of the electrode break. Electrode breaks can cause abnormal furnace charging, drastically
reduced power input, altered tapping cycles and loss of production until the broken elecatestieresl

(Ordet al, 1995)

Electrode breaks can generally be classified into two main categories: Hard breaks and soft breaks (also
referred to as green breaks). A soft breakage is the more serious of the twarigp@gen though they

rarely occuy the effects are usually disastrous. Soft breaks occur when the baking zone (FiGyre 2
moves below the contact clamps. The steel casing of the electrode is unable to conduct the high amount
of electrical current andubsequently is partially burned away. This may cause the lower part of the

electrode to slip into the furnadeallowing volatiles and electrode paste to catch firmveer, 1992)
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This may even result in an explosion, doehe operating temperatures of the furnace and the volatile
content of the pasi@eukes, 2011)

Soft electrode breaks can be prevented by a thorough knowledge of the relationship between the slipping
rate and the electrodsurrenti the main parameters used to determine the position of the baking zone
(Asphaug & Innveer, 1997)Also, the temperature profile in the electrode paste, up to the baking zone, as
well as knowledge of the position dfe baking zone is critical in avoiding green bre@ksukes, 2011)

A lot of controversy, however, exists about the exact location of the baking zone. Nelson and Prins
(2004) and McDougalkt al (2004)locate the baking atherm at 458C, Innveeet al. (198) and Ordet

al. (1995) estimate the baking zorte be between 400 and 500, and Olseret al (1972)locate the

baking zone at approximately 5@ Other factors of influence include the slipping increments (a high
slipping rate may cause the baking zone to get tooilamcreasing the risk of a soft bregksphaug &

Innveer, 1997) electrode casing design and welding, surrounding heat conditions and the softening of the

electrode pasténnveer, 1989)

One of the most common electrode problems encountered in the operation of electric smelting furnaces is
hard breakage@innveer, 1989) Hard breakages occur when a baked part of ldwtrede breaks loose
(Innveer & Olsen, 1980) Thermal stresses on the electrodes are inevitable during unstable furnace
operation and shut dowiiswhich can frequently result in a hard break. Effective electrode management
procedures, as well as good quality control of electrode paste materials are extremely important in the
prevention of hard breakbnvaer, 1989) Figure 214 shows four different electrode hard break surfaces,

as well as typial causes. Figure-P5 shows a hard electrode break during furnace oper@ielson &

Prins, 2004)
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\_/ /
Figure 2-14: Schematic representation of four different hard electrode break surfaces and typical causes of hard

electrode breaks(Nelson & Prins, 2004)

Figure 2-15: A hard electrode break during furnace operation(Nelson & Prins, 2004)




2.5. Electrode paste production

Electrode paste consists of two basic matefiadalcined anthracite or coke, mixed with tar pitch binder.
Calcined anthracite is most commonly used for the productioSooferbergelectrode paste for the
ferrochromium industry in SoutAfrica; hence the use of coke is not further discussed. Geollggica
anthracite is a coal with a low volatile content. The anthracite is calcined in order to drive off the
volatiles and improve the initial conductivity of the electrode paste duringntbitu formation of the
Soderberg electrodédsphaug & Innveer, 1997)During the calcination process the anthracite is calcined
in a shaft furnace at temgures ranging from about 12603000C (Innvaer, 1989)

After calcination the anthracite is crushedl atreened to an adequate particle size distribution ranging
from less than 1mm to a maximum particle size of approximately 15mm. After crushing and s¢reening
the calcined anthracite is mixed with the tar pitch binder and cast into moulds. Pastex<y{higiee 2

16), with diameters ranging from 0.4m to 1m, are the most commonly produced proclweter
briquettes and blocks (FigurelZ) are also producdésphaug & Innveer, 1997)

Figure 2-16: Electrode pastecylinders (Dall, 2008)
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Figure 2-17: Electrode pastebriquettes (Dall, 2008)

The paste plasticity is the most important variatelgardingthe quality of the electrode paste and is
defined as the perntage by which the diameter of a small paste cylinder increases when heated under
standardied conditions. Electrode paste with high binder contend(86) has a high plasticityhat

makes the paste flow easily. On the other hahaly binder content](5-25%) results in a dry paste with

low plasticity (Asphaug & Innveer, 1997) Figure 218 shows the paste plasticity indicated on a paste
cylinder.
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Figure 2-18: Pasteplasticity indicated on theelectrode pastecylinder (Dall, 2008)

2.6. Electrode paste quality

The manipulation of a number of interrelated variables is involved with the manufacturing of Soderberg
electrodes(Stanko, 1972) Continuous monitoring of the glity of the electrode paste and the raw
materials are crucial in order to produce high quality electrodes. The electrical conductivity of the
calcined anthracite can be measured in the laboratory by means of semui@msti methods. Slump tests

are canmonly used in order to determine the plasticity of the electrode paste; however, in development
work more sophisticated viscometers will be used. In addition to everyday quality control procedures, the
electrical, mechanical and thermal properties of igpéest electrodes may also be determif&sphaug

& Innveer, 1997)

Similar electrode paste properties seem to be measured by paste prdthwever the methods differ.

In addition to measuring electrical conductivitydapaste plasticity, other properties such as breaking
strength, bending strength, thermal shock absorbance, resistivity, elasticity and liquefying temperature
can also be measuré8tanko, 1972; Dall, 2008)n general however, open access literature regarding

tests on electrode paste and raw materials is very limited.
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