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CONFIDENTIAL

SUMMARY

A study was undertaken to evaluate sintering as a potential cause of duct blockage for a
submerged arc furnace applied in siicomanganese produtighin the broader aim of the

study four research questions were of principal interest. The researchompiegere as
follows:

A Isthere a potential for dust to sinter in the gdls duct?

A If so, what mechanis of sintering isapplicable, under the given conditions?

A Does the fring temperature have an effect on sinter formatiorthasdmpressie strength
of the dust, gven a fixedPSD?

A Does PSD have an effect on sinfermation and thecompressivestrength of the dust,
given afixed fring temperature?

In order to ddressthe aforementionedresearch questions, several plased, laboratory
based, and degip-based activities were undertaken. The activities were divided into five
chronological stages as follows:

A Stage 1: Smelter based activitié#sentailed the colledion of dust samples from thifree
streams in the baghousendthe measurement of thernace duct temperatures. From this
exercise a total of 505 kg of dust across the three streams was coledibd duct
temperature was found to vary between GEDCC.

A Stage 2: Laboratory dust samplespameationsi entailed samplepreparation andPSDand
chemical characterisatioof each dust stream

A Stage 3: Laboratorpeletpressing andiring testsi entailed the pressing of pelets at
pressure ob MPa pressure, followed hyven drying, and then fring in a muffle furnace
at 600 130CC (the measured duct temperatume)anair atmosphereFor each temperature
andduststream, forty one pellets were fired.

A Stage 4: Fird dust examination: the fred pelets were examined for sintering using
observations of theirphysical appearance&eompressive strength, bulk chemistry bulk
phase chemical composition

A Stage 5: Chemical hermodynamic evaluaton thermodynamic calculations were
performed using FactSadé to determine thamount of liquid formed from bulk mixtures
as well phases thaivere observed to have sintered together.

Following the testwork, the following research outcomes were found:

A There was sound evidence of sintering in thega§ duct of the smelter in question
A Both solid and liquidstate sintering were observed. Theo r me r was more |

observed only in some areas in the sample
600 900AC. The | atter was observed between
where long networks of sintered materials were observed.

A The firing temperature was found to have an effect on sinter formatiothescoimpressive
strength

A The PSD was also found to have an effect on sinter formation and the compressive strength
of the formed sinters.
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1 INTRODUCTION

The section introduces the project by providing the backgroanthet projectthe problem
statement- formulated inline with the identified problemthe four key research questions that
this study aims to addresbe aims and as well as the corresponding objectives of the; study
At the end of thissection, a dissertation outlinéhat highlights the main emphasis of each
chapter,is given.

1.1 Background

During a twoeday furnace offyas duct excavation (from the 19th to 20th July 2018) at a
siicomanganes@roducing (SiMn) smelter in South Africait wasobserved that a large section

of the off-gas duct had been heavily blocked by what appeared to beodustgf part ofthe

off-gas stream. Following engagements with operational personnel at the smelter about this
observation, it surfaced that blockages the ducts were a regular, though undsdsie
occurrence. Until that point, neither the mechanism of blockager the solution to this
problem were fully understoodrigure 1 shows twopictures of the blocked duct taken during

the excavation.

’1'.\\‘ 5 . ¢

_ ctory:lﬁféd |
duct sidewall

i\:'. S
: Dust blo@kage
Dust blockage e : inside duct
inside duct : e 3

o LNV R “‘m
g AL oL oS @v""
e " A

Figure 1: Top view photographic image showing blogdlsection of the offjas duct (he two
photographs were taken on the 19 July 2018 the first day of the excavatipn
(D = diameter)
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The information provided by the engineering persommdlp areamongst other things tasked
with managingthe offgas ducts, revealed that typically the smelter reacts to duct blockages
two ways

A Approachl : 6 Shor t isTheufistdappvaachds to employ external contractors
during 8hour shutdowns, about every 2 to 3 months, to clear as much as they can. The
difficulty with this approach, apart from other chalenges, is that there is limited time for
the activity. Furthermore the furnaceis normally too hot, and therefore unsafe, to enable
complete clearance dfié blockages. According to thegneering personnethis type of
intervention isvery often ineffective.

A Approach 226 L o n g s hiulbedezomd apgdroach is to employ external contractors
during the yearly planned 1i0-21-day shutdown to clear the blockagempletely

The problem with bottof the aforementioned blockage clearance approaches ighéhat
adversly affect certain spheres dbperation duing normal production andduring annual



shutdowns. The affectesbheres of operatiores discussed with the operatidmnd engineering

personnel, are summarised Tiable 1.

Tablel: Spheres of operatioadversely affected by duct blockages during normal smelting

operations and during blockage clearance on shutdowns

During normal smelting operations

During blockage clearance on shutdowns

Operations Maintenance cost

Health Time

Safety Infrastructure (refractory and duct shell)
Environment Safety

Operating cost

Given that smelter personnel do not fulnderstandthe mechanism of blockage (atthough
from experience and generamelting consensus dust setting followed by sintering is
suspected), no working solution t@throblem has been devised.

To this end,it is proposed that an investigation be conducted to studycdluseof dust
blockags, specifically evaluating for thiglissertation the possibility of sintering as a cause of
blockags in the ducts(sintering was identified as it seemed mpdiusible based on the
information gathered from smelter personn€)utside of sintering, intense foaming has been
documentedin literature as a possible cause of duct blockage for open bath furnaces (Jordan,
2011). However, sincea submerged arc furnace technologsiising a semiopen roof is in
view in this dissertation, and the fact that the production superintendetid not repor any
incident of foaming up to the ducts, this possibiity was discountagthermore, it was
acknowledge that theduct designmay have contribute to the observed duct blocksige
however, because blockages were observed in different areas around théachas had
different designs), iteffect was unlikely to be a sufficient conditioAs a result, botlfoaming
and duct designvere discounted as partthe scope of th dissertation.

In broad terms, sintering may occur either when solids interactrrto fiew compoundsi.€.,
solid-state sintering with no melting taking placer as aresult of partial liquid formation
which caugsindividual particles to agglomerate.e(, liquid-state sinteringwhere some form

of melting takes plage(German, 1996; Leriche et al., 201 some textbooks, viscous
sintering isalso mentioned whereby a viscous (glassy) phase under capilary forces induces
sintering (Rahaman, 2003usually in siicate system&ingery et al., 1960)For the purpose

of this study aclear distinction between liquigphase and viscoyshase sinteringwill not be
madeas thiswil require additional assessments that go beyond the scope of thelrstehd,
gntering wil be evaluatedwith respect to the twgeneral categ@s, solid stateand liquid

state.

It should also be noted that according stoelter personnel such a study has never been
undertaken at the smelter; thus the information gathered wil be invaluable, either in
elminating sintering as an explanation for the observed duct blockages, or in validating
sintering, at least in part, ascantributor to te observed duct blockages. The information
gathered from this investigation is expectedjda long way in facilitating the thinking around
designing a future solution that whave beneficial consequencessuch as reducinghe risks

to the safety and healthof workers, elminaing risks tothe environmental, proteng the



refractory and shelfrom damage, sang on time spent unblocking the duct, and utimately
saung on smelter maintenance costs.

To this end then, the duct blockagel bie examined bynaking observations of thd@ockages
inside the ducts during shutdown periods (i.e., smelter based work). Also, labsicadbey
controlled testsvil be conductedn such a way as to simulate the condtions in the duct to see
if sintering occurs.

1.2 Problem statement

The smelter in question is important in that it is the largest producer of SiMn in Africa
(Steenkamp et al.,, 2018js process entails smelting of various mangahesging ore types

in the presence of reductants and fluxes to produce a saleable SiMn alloy prbdimisiness
model folows a lowmargin, highvolume approaclSteenkamp et al.,, 2018)his means that
typically the SiMn alloy market price is very close to the production cost, and hence
maximisation of profit depends strongly on the units of SiMn produced daily, weighed against
the production cost. For this reasdine smelter aims to maximisdurnace avaiability (e.,

with limited breakdowns and process complicatipnshist minimising the costs related to
furnace repairs and maintenangeorder to maintaingoodand sstainable profit margins.

For a substantial period of time, the smelter has been experienciagingedurnace ofigas
duct blockages. The problem is caused by aushe offgas streamA blockage triggers a
series of other problems both durifigrnace operatiorand during shutdown. Thes@roblems
have an adverse effect eafety, healththe envionment, furnace upime, refractory and shell
integrity, furnace avaiability, operationgnd utimately proft maximisation. The smelter is
thus seeking a solution to the probjebut acknowledgesthat a proper understanding of the
cause isacrucial fundamentalfirst stepin formulating a viable solution.

Several personneht the smelter have proposed explanations for the likely cause of duct
blockages (all withoutempirical evidenceto back up their claims); interestingly, all of them
implicated sinering of dustto some degree. Whilsthe cause, and therefoexplanation is

inferred from the observation of blockage, the cause as premise has not been confirmed
empirically and thus noinformed solution has beenproffered to date The proposed
investgation wil focuseson evaluating dust sintering as a possible cause of duct blockage.
Sintering can be influenced by a host of factors such as temperature, particle size distribution
(PSD), residence time, gas flow ratmd gas composition (Kingery, W.D. et al, 1960;
Rahaman, 2003)ut for the purposeof this study only the effecs of temperatureand PSD

wil be examined As mentioned by the aforementioned citations, this catiobeby keeping

all the other factors constant throughdb¢ investigation. Severakdinary assumptionswhich

are explained latemwere made in the process.

It is believed that the information gained from ith investigation wil be invaluable in
establishing or disproving sintering as a contributor to duct blockagender the given
conditons The study will also provide valuable insights into ttgpe of sintaing observed
(.e., whetherliquid- or solidstate sinteringoccurg, if sintering is established as a causethe

long run this study wil provide a foundation fothe future development of solutisnthat

addresshe problem ofduct blockage more comrehensively This foundation couldprovide

significant benefitsnot only to the smelter inquestion but also to other pyrometallurgical
processes that experiensimilar difficulties.



1.3 Research questions
This study is structured to answer the followingesfions:

A Is there a potential for dust to sinter in thegafs duc?

A If so, what mechanismof sintering would be applicableunder the given conditions i.e.,
solid- or liquid-state sintering

A Given afixed PSD,aksthe fring temperaturehave an effect on sinter formation as well
as the compressive strengtifithe dus? (Note,the definition of PSIn this projectis based
on the inherent difference #@bsoluteparticle sizesof the three dust streamBor example,
a coarse PSD means thia¢ dust is made out of predominantly coarse paiticles

A Given a fixed fring temperature, ods PSDhave an effect on sinter formation and the
compresse strength of the dudt

1.4 Research aims

The aim of the project is twibld:

(1) To establish if the dust praded at a SiMn smelter does in fact sinter
(2) To explore the thesis that dust sintering may be contributing significantly to observed duct
blockages.

1.5 Research objectives
Pursuantonthese aims, the study has several objectives:

A To determine the maximum and minimum duct temperatures by optical pyrometry and
thermocouple measurements. These temperaanessed for the laboratory fring tests

A To colect plantbaseddustsamples fromeachof the streamsfor use inthe laboratory dsts

A To determinefor each strearthe phasechemical compositiorof the sampled dustrhis is
done by means afiductively coupled Plasma optical emission spectrometry(ICP-OES),
carriergas hot extraction (LECO)nductively Coupled PlasmaMass Spectmetry (CP-
MS), X-ray difractometry (XRD), and Scanning Electron Microscgpcombined with
Energy Dispersive Spectroscop@HEM-EDS). These analytical techniques anased to
describe the dust sampleswhich can then be comparedith the fred samples as paf
the sintering evaluation.

A Tomeasure by sieve analyske PSD of the dustamples This hels differentiat the dust
streamsaccording tgarticle size The streams are classifiebfine, intermediate, aroarse
size.

A To determine the mechanism of sintering in thisséanceswhere sintering is observed.
Sintering is assessedhainly by SEM-EDS. Micrographs generated bySEM areevaluated
for solid-state and liquid-state sintering EDS pint analyseson SEM micrographsalong
with equilibrium thermodynamics calculations in FactSagehelp in assessing whether
observed sintered phasa=eliquid or sold at the firing temperature. This in turn helps in
classifying the sintering observe®RD supplemerg SEM by identifying the phases
associated with sintering.

A To determine the effect @f change in firing temperature on sinter formation asiiter
strength for dusts of similar PSD. Ths determined qualtatively bySEM micrograp hs
and quantitatively by compression strengtbtde



To determine the effect of PSD on sinter formation and strength at comparable temperatures.
Similar to the effect of temperatur§EM andcompression strengttests areised tadetermine
this effect.

1.6 Dissertation outline

This dissertation is structuteas follows:

1
1

= =4

Chapter 1 introduces the project by contextualising it aagding the need for atudy of
this nature

Chapter 2provides a reviewof the literature covering the major themes relevant to this
study

Chapter 3 outlines theampling and tegirocedurefollowed, both at the smelter and the
laboratory to investigate the problem

Chapter 4 presenand discussethe findings of the entire pject

Key findings that relatespecifically to the research questions are discudsghber in
Chapter5.

Chapter @rawsconclusios and offers recommendationafter evaluation of the findings



2 LITERATUREREVIEW

This section discusses the major themes that are most relevant to this dissertation. The bulk of
the literature review was gathered bgvaluating the available liter&e. A small portion of the
literature e.g. smelter layout and thegative impacts of duct blockage on smetiperations

was gathered directly from the smelter persormhaling numerous vists as well as email
interactions over a period of two yearslhe main themesthat are covered in thigerature

review areas follows:

A Smelter overview

A Sintering overview

A Manganes furnacedust characterisation
A Chemical hermodynamis evaluations

A Sampling ad statistics

2.

1 Smelter overview

The smelter overview looks atthe general description of the smelters SiMn production process,
as well as information related to duct blockage.

2.1.1 General overview of the smelter

The smelter in question apples open submergeduanace technologyior the production of
SiMn (Steenkamp et al., 2018)he process entails chargingto the furmce cold miXures of

severalmanganeseores carbon reductants, and fluxe$he products ara SiMn alloy, slag,
ard dustladen offgas

The off-gas passes throughree stages afust recovery(see Figure 2). There atleree units
in total They arearrang@d such that the coarse dugdbeled stream Is recovered first(by
the spark trap)the intermediaty sized dust(stream 2is recovered nexpy two cyclones and
the fine dust(stream Jis finally recoveredy thebaghouse and collected in the.siccording
to smelter personnel, the readonthis arrangements thatpotential damage, caused impact
and abrasiorwhen coarse and intermediate dust comes into contact with downstrégmsuni
reduced.Damage to the bag fiters stationed in tHeadgouse compartmentsis particularly
severe Figure 3 showsphotographsof some of theactualunits appearingin Figure 2. It should
be noted that all dust samples used for laboratorywtedt were collected directly frorthese
units over goeriod oftnree montk The procedure followed iscussed irsection 31.1 and
Appendix A
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2.1.2 Ductblockage

According to engineeing personnel, during furnace operation the vertical and diagonal
sections of the offjas ducts tendyradwally to be blocked by dustin the offgas. If left
uncheckegd the accumulationresults in complete blockagef the ducts.Besidesthe sintering

of dustas a possible mechanisnipaming could beanother possibleauseof duct blockags.
This mechanism igncountered inmenite smelters There, ypically, the slag may foam so
severely that molten material is pushed into the ducts where it saolidifiesely blocking the
duct (Jordan, 2011)This occurs inopenbath closedroof furnaces where the foamed material
channelsdirectly into the ducts. With the smelter question,though, blockages from foaming
are unikely asthe roof issemiope® i.e, it doesnot sealto the sidewalls,and thus foam
cannotchannel directly into the dudétsand any tendency to foaming is dampenedaltsgid
burden of 12 msitting on top ofthe slag(Steenkamp et al., 2018)hus we can rule out the
possibility offobaming as a possible mechanism of duct blockage

Table 2 and Table 3 summarizes several adverse consequencesduof blockags,
consequencekighlighted by smelteengineeringpersonnel anthe production manageiThese
consequences manifeduring normal smelting operaticemd during maintenance and furnace
shutdowns.

As for clearing a blockage during either short or long shutdownghe smettr employs external
cortractors to do the work. They typically use a combination of pressurised water and
jackhammers to removemechanically the buidups (Engineemg Superintendent pers.
comm).

Table2: Adverse consequencelsduct blockage(according to smelter engineering
personnel andhe production manager)

Consequences of blockages during normal smelting operations

Factor affected Comments

U It reduces the effectiveness of the baghouse. A secondary effect of this is

Operations that the entire furnace building is covered in dust, which requires sweeping.
U Increases workersbexposure to dust, especially those working near the
Health furnace bed. This may lead to an ailment known as manganism.
U During periods of high wind the airborne dust can be blown to nearby
communities. Dust poses a health risk when inhaled.
U Dust can obscure the vision of personnel working near the furnace bed
Safety . .
(e.g., during rabbling).
Environment U Dust is a pollutant when borne by air or water. This pollution can be marked

in the \icinity of the smelter.

U These restrictions on and consequences of operation will affect production,
Finance and thus revenue, adversely.

U The impact affects both variable and fixed costs.




Table3: Adverse consequences of duct block&gestinued

Consequences during blockage clearance on shutdowns

Factors affected | Comments

U Maintenance costs rise as external contractors are hired to clear the

Finance blockage.

U Blockages harden in some areas, which then become difficult and time

Time . . . ; .
consuming to remowve. This translates into losses in production.

U The processes of putting scaffolding in place and clearing the blockage

Wear and tear tend to damage the refractory in the off-gas duct.

U The process of removing ablockage pl aces a contracto
as often a blockage is unstable, and showelling and jackhammering
Safety is often required.

U The water used may trickle into the furnace and cause an eruption, which
can cause an electrode to break or damage to the refractory.

2.2 Sintering overview

This overview describesthe basic concepts in sintering, as wel as some ohdtere of
sintering and related phenomena.

2.2.1 Sintering basics

Sintering is a phenomen encountezd in many instances whereateria$ areheaed to high
temperatures In simple termst can bedefined asa process whereby materials, usually in
contact with each other, agglomerate when heateah tppropriatéemperature(Kuczynski et
al., 1967) According toKuczynski et al.(1967)agglomeration is usualy accompanied by a
decrease in aterial porosity, an increase the bulk density of the material, @unding of
sharp edges, and a decrease in particle surface apeatiales aggregateAs expected, the
more sintered the material, the more apparent these observaiol®. In the currentstudy,
physical properties such as tparticle porosity, bulk density, particle shape, and surface area
wil not beused to describthe degree osintering. Howevergeneral commententhe degree

of friability of agglomerated material 1 wil be made, as wel as measurements of the
shrinkageéxpansion of materdlwill be conducted These along with other physical features
of the samplesas obse/ed under SEMwiIl provide useful insightsnto the degree of sintering
in those instancesvhere it is observed.

2.2.2 Mechanisms of sintering

In broad terms, mechanisnof sintering fall into two categories namely, sold state and liquid
state (German, 1996) This classification excludesther complex and rare variation®f
sintering such as vapour and vitrification sinterii@erman, 1996)In solid-state sintering,
heat is applied below the melting temperature ofhell ol involved and thus no liquid is
formed that induces agglomeratidberiche et al., 2017)n this case bonds between particles
form due to solidsolid interztions. On theother hand liquid-state sintering occurs through
the formation ohliquid phasehat acts as a binder between sold partida$oth mechanisms
increasedsinteing progressivelyleads to arncrease imparticle size and can usuallyoe seen
under SEMThe growth in particle size soncomitant with agglomeration. Particle boundsirie
distort over time(Leriche et al., 2017)igure 4 ilustrates this pointschematically Figure 5
llustrates the differencein mechanismbetweensolid-state and liquiektate sintering. Figure 6
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showsthe external physical appearancesnmnganese dysfrst asan unsintered,pressed
pelet, then after sintering for 15 minutes at 1200°C; the third image shows a fragment of the
sintered peletlt is clear andreported by numerousourcesthat sintering can cause changes
that are visible to the naked effghen, 2009)Among these are changesthie dimensions of

a sample e.g, volume, height, and diameteiThe shrinkage or expansion afsample at a
specific fring temperaturecan be determined from these changBsndaoudi et al, 2018;
Quiorna et al., 2014; Romero et al., 2008gse three sources also report thqiaesion is
usually theresult d either phase transformati@non sinteringor bubble formations caudeby
gases (i.e., a bloating effect) whereas shrinkage esults from liquid formation and/or
densffication of the materialFigure 7 shows a SEMmnicrographdepicting the microstructural
appearance of a wel sintereskwage sludgesample. One can se¢hat the structure of the
sample after sintering was bottel-bonded ie.good particle to particle attachment and

porous.
% | 8_ | 8— | @-

Figure 4. Sintering producing changes that result in grain size grofludriche ¢ al., 2017)

Grain boundary m
area
. Neck
Grain 4—formed by
boundary Q / )mwd phase

(@)

Figure 5. Schematic representation (&) solid-state smterlngand(b) liquid-state sintering
(Shimonosono et al2014)

Figure 6: Photograpls showing(a) an unsintered pellet(b) a sintered pelletafter 15 min
at 1200°C, andc) a fragment osampleb (after Shen, 200p
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For both sold and liquidstate sintering, a number of parameters have a bearing on sintering

its mechanism angbrogression These parameters includ@article size, PSD temperature,
material composition, gas composition applied pressure, andsidencetime (Kingery, W.D.

et al., 1960; Rahaman, 2003 a rule, in order to evaluataccurately the effectf@ny one
parameter on sintering all other parameters must be kept constant. For that reason, in this study
parameters such as gas composition, residence time, and applied hymtesmdicpressure are

kept constant so that the effect of temperature and dtSéintering can be determined. The
following section describes how these parameters affect sintering.

Figure 7. SEM micrographshowingthetypical appearance of well sintered
ashfrom sewage sludg€heeseman et al., 2003)

2.2.3 Sintering of manganese ores

Manganese ore fines along with coke/coal, dust/sludge, and in somseficeese and/or other
additives are generally mixed together and thggiomerated by sinteringp producea lumpy
and porous produciThe sintering temperature varies wilhe type ofmanganeseore being
procesed. For example,Malan et al. (2004)who sought to optimise manganese sinter plants
process parameters and desigjuoteda sintering temperatureof 95C°C and higher Riku
(2001)in demonstration of theperation of thethen new Outokumpu stebélt pelletising
sintering processstipulated a stering temperature dt least900°C depending on the type of
ore In a review of the sintering process as appliednanganese ore§ordon et al. (2018)
gives atemperature of between 8@8d900°C.

Given that manganese ores are sintered esetempersures, sinteringis a possibility in cases
where the duct temperatuiis in this range.

2.2.4 Relationship between sintering and compressive strength

The compresge strength of a materiais defined as the measure of the mat@rsistance to
disintegration under a crushing loéidsiao et al., 1995)o measure the compressistrength
a standard compression testisedISO 4700 was developed for iromeg but has beemapplied
to other materigl In this work, he ISO 4700 method can be applied to measure
guantitatively, the strength of the manganese dust after high temperature firing.
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A less conventionameasurment of the sintestrergth, which was developed by Kobayashi et
al. (2014), may be used to providealtative indications of the strength of the fred manganese
dust; it usesa sintering index scale based on the responsesiofered sample ta blow by a
hammer The degree of sintering reportedon a scale of 10 5, with 5 indicating a very well
sintered samplé very resistan to disintegration

A relationship exist betweenthe sintering progressionof a sample and its compressie
strength (Bendaoudi et al., 2018; German, 1996)general,assintering isaccompaniedby a
decrease in material porosignd an increase inparticle sized i.e, anincrease in material
densificatio® the more sintered a materialthe higher its compressl strength wil be
(German, 1996; Kingery, W.D. et al,, 1960; Leriche et al., 2017; Rahaman,. Z083}s so
because densificatiostopscrack propagatiorby filing the air gaps with material of higher
compresse strength(Bendaoudi et al., 2018; German, 1996; Leriche et al.,, 2017; Quijorna et
al., 2014) Figure 8 ilustrates how sintering generally decreasesulame of poreswhilst
increasing the size dlfie particlesin a sample

The relationship between sinter formation and compvessirength is usefuin the current
researchn that it gives an indication of the degree of sintering with change in temperature and
PSD.This serves as a valuable complemett the microstructuralanalysis conducted WyEM-

EDS. It should be noted thatedpite the usefulnessof compresse strength as a measure of
sintering the techniquemust be used in conjunction widomicrostructural analysis technique

I in this instance SEMEDS, in order to confrm the presence of sintering. This is because
factorsnot considered mighaffect the compresge strengthor in rareinstances a sample might
show a decrease in compressstrength withanincreasein sintering

Increasing degree of sintering ————»

Figure 8: Conceptual sketcheshiowingthe general pore structure anparticle size
a sintering increasesintaing. There is a decrease in porosity and an increase
in particle size with sinteringGerman, 1996)

2.2.5 Relationship between firing temperature and compressive strength

Another relationship of interest is that between the fring temperature (otherwise known as the
baking or sintering temperature) and compressistrength of sinters As heating affects the
particle arrangement the firing temperatureis expected to have direct effect on the
compresske strength. Several authors have reported this relationship. (Shimonosono et al.,
2014)for example, notedan almost linearincreasein the compression strength with increase
temperaturefor siicon carbide ceramics(Hu and Wang, 2010jtudied the same phenomena
for yttria-stabilis&l zirconia ceramigs they, too,noticed the sameelationship but in their
study the compression strengihcreasedsignificantly with increasingtemperature. The same
observationswere madein the sintering of C&Cr-Mo/58S loglass porous nancomposite
sewage sludge ashndceramic bodies fim contaminated marine sedimer®ehaghani and
Ahmadian, 201%)in et al, 2006)(Romero et al., 2008)Several examples depicting the
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propotionaity betweensintering temperature and compiessstrength are showgraphically
in Figure 9. Where sintering is being evaluatetl,isi typical for fring test to be conducted in

amuffle furnace (Quijorna et al., 2014; Shen et al., 2007; Wang et al., 2013)
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Figure 9: Compressive strength as a function of firing temperature: (a) for ystaailised
zirconia ceramics at 1350550°C(Hu and Wang, 2010)b) for silicon carbide ceramics
hot-pressed at 140@900°C; in addition the increases in relative density and decrease in

specific surface area aralso showr(Shimonosono et al., 2014)

2.2.6 Relationship between the particle size, PSD and compressive strength

As far as the relationship between PSD and compressive strength goes, it is known that the

presence of coarse particles in a sampfssuming that they apresent as theverwhelming
dominant particle size in a sample with a very narrow PSibgreasethe void fraction of that

sample, i.e., increases the porosity of the saniple.i s i s

assuming

t hat

to fill the interparticular vals between the coarse particldhe increase in the porosity of any
material, decreases its compressive strer@trerall though, the largest bearifgctor in terms
of the compressive strength of a material in relation to the particular size, is theoivitie

distribution.

As for the relationship betweeabsolute particle size and compressive strength, smaller

particles generaly have a higher compressive strength when compacted for sintering. This is
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the case when compared to the same material caimpaly and otherwisebut with larger
particles This was for exampleobserved in the sintegn behaviour of several materiaé.g.
refractory aggregates, 316 stainless steel,nagtdl powdergPark et al., 2013; Robertson and
Schaffer, 2009Yyarela et al., 1990)Figure 10 (a) depictsgraphicadly one of those examples
where the compression strength of titanium powder (represented here by the sireesity),d
increased withdecreasing particle siz€Robertson and Schaffer, 2009he reason for th
higher strength in cases of small particle sigethatthey pack much more densely than larger
particles andwill thus have a lower fraction of porasdincreasedparticle to particle contact
area(thus lower activation energy)compared to coarsrarticles compressedtthe same
pressure(Park et al., 2013)To summarise this a commonly accepted relationship istlibat
the higher the porosityof a materigl or the larger the pore sizesthe lower wil be the
corresponding compressive strengibehaghani and Ahmadian, 2015; German, 1996; Hu and
Wang, 2010; Rahamar2003; Romero et al., 20Q8)he rest ofigure 10, that is,(b-d), depicts
graphically several relationshipdetweenporosity, pore and particle size, temperaturae an
compresse strength.

The implcation of these observations that under similar firing conditionsthe finestsized
material étream 3)wil have a higha compressive strengtthanthe coarsedust (stream 1)
This assumeghat stream Iis predominantly composed of coarse partidlegith very few fine
particles; and stream 3 is made of predominantly fine pariicleth very few coarse particles.
Furthermore the compressive strength is expected to increase amtincreag in firing
temperature
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Figure 10: The effects of(a) fired titanium powdeparticle sizeon the

sintered density of titanium powd@obertson and Schaffer, 200€)) temperature on the
openporosityof ceramic bodies from contaminated marine sedinfRotaero et al., 2008)

(c) true porosityof the compressive strengtli Co-Cr-Mo/58S bioglass porous nano

compositegDehaghani and Ahmadian, 201%Jl) porosity and pore size on tlkempressive

strengthof yttria-stabilised zirconia cerami@€u and Wang, 2010)

2.2.7 Other parameters affecting sintering

Three other parametei® sintering time sintering atmosphereand heating ratd also have an
effect onsinteing. The folowing comments concerning thewere drawn from literature

A

Sintering timeAn increase insintering time usually results in an increase the extent of
sintering in a material, as well an increase ithe compresge strength of thaimaterial

This increase dwever is not indefinite andkaches a peak at some point depending on the
material being processéBehaghani and Ahmadian, PB; Lin et al., 2006)Most sintering
testsran for 0 to 4 hours(Hu and Wang, 2010; Liu, 2017; Shimonosono et al., 2014)
Sintering atmospher@here is no standard effeof the composition of thatmosphereon
sintering although the gas atmospherdoesplay a rolein sintering Some of the factors
that determine the relationship are :tr@omposition of the gas,the inherent formation of
gases (such &0, when CaCQ@dissociates in carbonateh ore$, gas flow rate solid
material typeand the permeability of the sold gas(Budn et al., 2017; German, 1996;
Wang et al., 2001 omposition includes no gas adath vacuum, in other word&erman,
1996) Since a natural air atmosphere would be used in this project (as is the case in the
operisemiopen SAF where air igress isa reality, it is expected thaany carboncontained

in thedustwould becombusted whilst the oxidation state dfinOx and FeQspecies would
also bempacted (Makino et al.,, 2013; Suarezt al., 2008; Zaki et al., 1997he specific
impact of carbon combustion and Ma®eCx oxidation, on sintering, wil not be examined
as it is beyond the scope of this dissertation.

Sintering heating ratéAs shown by(Chu et al., 1991; 8hciu et al., 2001 the leating rate

has @& effect onthe sintering progressionaswel. Generaly a decrease in heating rate
results in increased sintering.

For the purpose of this study, these parameterarekept constad or near enoughor those
that cannot bdightly controlled in order to isolatethe parameters that are in focusthe
study viz., temperature and PSDrigure 11 demonstrates the effsctof sintering time,
atmosphere, and heating rate on a material.

15



-9

w

(MPa)

N2-H2

W Vacuum

Density (g/cm3)

Compression strength

2 3 4 5 6 7 8

Time (hours) 1300 1400

Temperature (°C)

(@) (b)

1-0

Relative Density
° < o
3 o )

o
o

o
(]

] 1 1 I 1 1
500 700 S00 1100

Temperature (*C)

(©

Figure 11: Theeffecs of (a) sintering timeon the compressive strength of alumina foam
ceramics(Liu et al, 2017) (b) atmospheren the densification (measured using bulk
density) ofsinteredtungsten carbid¢Budin et al., 2017)and (c) heating raten the

densification(measured by density) of ziogide powder(Chu et al., 1991)

2.3 Manganese furnace-dust characterisation

This section looks atvhat has been publishedn typical characterisation metls, and at the
results of previous exercises ircharacterisationespeciallyatdifferent manganese operations.

2.3.1 Background of manganese furnace dust

In the industry ranganese dust refers to dust emanating from thgasffof a higicarbon
ferromangaese (HCFeMn),a SiMn, or a ferromanganese (FeMn) furnace. eTHust is
channelledeither to the baghouse through ducts and stacks (for afidgas treatment process)
(Steenkamp et al., 201,&)r to wet scrubbes to produce a sludgéor wet processg@qGaal et
al, 2010. Depending onthe indvidual preference oktach smelter along wih the
environmental lawsinderthat jurisdiction, the dugtroducedmay be retreatedeither for the
recovery of valables contained in the du@tlartins et al, 2008)or for the removal of
impurities in the dust, priorto discarding it according to appropriatenvironmental waste
regulations. Owing to the growingworldwide interest in waste valorisatiprpartly due tothe
depletion of natural resourcesand partly due toincreasingly stringent environmental
legislation most smelters have characterised theirga dustwith a view to possibly
implementing atreatment proces3he typicalmethods otharacterisation arttie findings for
off-gas dust fromSiMn, HCFeMn, and FeMrmproduction are describedn the following
sections
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2.3.2 Particle size distribution

PSD describesthe fractions of particled forenost by volume, and if density is uniform, by
mas$® residing in intervals o$ize (Ujam and Enebe.2013) There are ifferent techniques for

determining PSD for example, screening using sievely(screening up to 3@m patrticles,
and wet screening below th&ze, Malvern Mastersize analysdparticles up to 0.02um)
(Rawle, 2015) Of thesetechniques the screening bysieves, which collects material,dry or

wet, on a series of sievesf progressivelyfiner apertureis commonly employed foanalysing

furnace dustThis is especially so for electric arc furnace (EAF) dugKia., 1997) Typical

measurements ahe PSD of dust from silicomanganese ferrosiicon, and ferromanganese

operationsare summarised inrable 4. In addition to the PSB of dust fromtheseoperations
the PSD ofdust from other normanganese operations is included in #ametable for

comparison From the table it can be seen that the majority of furnace dust, regardless of the
operations from which it stems from, was fBieed. It would beinteresting to compare the
PSD of the dust gathered from the smelter in questitih those ofother siicomanganese
operatios in Table 4; this would give further insiggs into the reasons behind timeness of

the dust particksvyh et her
practises within each smeler.

it os a

resul t of

t he

silico

Although a MalvernMastersizeanalyser may be best for analysing very fine material e.g. those

with dso less than 1@m, for the purpose of this studgcreeningusing sieves techniques

adequatesince only a general characterisation of the dtistamsto coarse, intermediate, and

fine PSDwas sought.

Table4: PSDs of EAF dust fronseveraloperations

Source of dust

Size fraction (um)

Reference

FeMn, SiMn, and FeSi

SAF sludge (FeMn and SiMn)

dso = 1i 4

(Gaal et al., 2010a)

SAF (FeMn and FeSi)

0.1V 10 (207 30%); 10i 40
(25-35%); 40i 80 (1071 -40%);
above 80 (207 40%)

(Vaish, 1994)

EAF (SiMn and FeMn)

90% < 2.83

(Kadkhodabeigi et al., 2015)

FeMn

80% < 45

(Kadkhodabeigi et al., 2015)

Different steels and ferrochrome (

FeCr)

EAF steelmaking 5% > 19 (Machado et al., 2006)

FeCr conwerter 10% > 9.94 (Omran and Fabiritius, 2017)
EAF stainless steel 10% > 9.83 (Omran and Fabritius, 2017)
EAF carbon steel 10% > 9.2 (Omran and Fabiritius, 2017)

2.3.3 Chemical composition

In various manganese and silicomanganese dust investigabibssrved in literature the

analysis of the chemical compositiomas always ben one of the standard characterisation
methods(Gaal et al., 2010a; Rama Murthy et al., 2018; Shen et al., 200ig Zt al., 2018)
The chemical specidypically analysed are Mn, Fe, Si, Al, Mg, Ca, Na, Zn, K, an@@G®al et

a., 201Gy Rama Murthy et al., 2018; Shen et al., 2007; Zhong et al., Z0i8honmetallic

elementstypically analysed are C, B, and(Gaal et al., 2010a; Rama Murthy et al., 2018; Shen
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et al, 2007) At times, especialy when evaluating the environmental impactaste, the
oxides of or elements As, Cd, and Hg are also analy§8dal et al., 2010a)lhe techniques
commonly usedare X-ray florescencespectrometry(XRF), carrier gas hot extraction_LECO),
and the two analyses associated witlductively coupled plasmaICP-OES and ICPMS)
(Peng et al., 2008; Shen et al., 2007; Zhong et al., 2Qf&he techniques XRF is favoured
least becaust is a semiquantitative analysis dmmay notgive exactaccuratecompositions.
The elementdisted in this sectignexceptthose analysedor environmental impacstudies are
analysed in this study in order to evaluate phasechemistry of the dust. This is especially
important as the composition afustplays a central role isintering (Rahaman, 2003)able
5 summarises chemical compositions of dust oletifrom manganese and siicomanganese
operations. Chemical compositios labelled i A6  a nate rdp@ted in thdterature and
relate tothe smelterthat is the subject dhis dissertation It was unclear however which dust
stream andvhich furnace were sampled

Table5: Chemical compositianof dust from severahanganese operations:
AY SiMn operationBY SiMn operationCY FeMn operation,
DY SiMn/FeMn operation, ¥ SiMn/FeMn operation, ¥ SiMn/FeMn operation,
GY FeMn operationand H& 1Y SiMn/FeMn operation(in mass %)

Operation

Species AA BA C D E F G H |
MnO 35.1 31.6 61.1 26.6 21i45 | 34.8 | 42i46 3 3
MnCOs 3 3 d 3 3 d 3 40.0 75
SiO2 36.3 38.8 7.4 22.4 ] 9.6 4i8 25.0 5
Fe203 1.4 1.2 6.7 1.2 ) 2.1 10i 12 1.0 2
CaO 7.4 8.0 2.6 4.6 ) ) 8i 10 6.0 4
MgO 6.8 7.3 3.8 3.1 k) ) 3 K} )
Al203 4.0 3.6 4.1 3.9 ) 3 8i 12 3.0 2
K20 3.3 ] 3.6 22.0 K) 3.9 d 6.0 4
Naz20 1.6 ] 0.3 2.6 3 0.9 3 G} K]
ZnoO 0.3 0.4 ) 2.1 0.1i 2 2.7 ] ) )
Cl 2.0 ) ) 1.7 ) ) 8 ) )
SOs3 1.8 ) ) 8.6 ) ) 3 K} )
C 3 3 1.4 3 9i 22 3 d 3 3

K} 3 0.2 3 3 3 d K} 3
P G} ) 0.3 K} ) 0.04 d G} K]
Pb ) ) ) ) ) 0.35 ] ) )
LOI K} ) 6.9 ) ) ) & ) 3
Total 100.0 | 90.9 98.4 98.8 30169 | 54.4 72188 | 81.0 92.0
Source @ @) 3 4 ®) (6) () @ @

ADust from the smeltethat is the object of this stud® not reported

Source 1) (Nkosi et al., 2011p) (Steenkamp et al., 2018B) (Rama Murthy et al., 2018)
(4) Zhong et al., 201.85) Shen et al., 20Q76) (Gaal et al., 2010a)
(7) Vaish, 1994(8) Riku, 2001
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2.3.4 Phase-chemical composition

A full characterization of any dust sample must inclutitails ofphasechemical compositios
(by XRD and SEMEDS) and the microstructural featuressuch asparticle size, particle
shap@ angular particles typically indicate directly entrained raw dysspherical particlesare

an indication of phases formeitom liquid or condensed vapoyGuézennec et al., 20@D)
and the associations of phagby SEM-EDS). Literature reviewed for FeMn and SiMndust
showed that the techniquesmmonly employed for determining phasechemical composition
are XRD and SEMEDS. Table 6 presents a summa of the typical phasesencounteredin
SiMn and FeMn dust from different operatipnghasesidentified by XRD. In addition to
crystalline phases(Ravary and Hunsbedt, 201380 reported the presence of amorphous
material in SiMn dust. One of those amorphous/seatnorphous phases, as deteed by a
combination of XRD and SENRDS, is silica (Groot et al., 2013; Ravary and Hunsbedt, 2013)
It would be useful to confrm the presence and amount of siica. Another noteworthy study
would be to investigate its effect aintering. Table 7 summarises thephasechemical
compositios of dust gathered frona previous study othe smelter in questionFor reasons
similar to those given fothe bulk chemical compositiorthe phasechemical compositio of
dustexamined in this studymay differ from those examined in other studies

In the current researcXRD and SEMEDS arecrucial not onlyfor the initial phasechemical
characterisatiorof the sampled dust from theaghousg but alsofor the evaluation of sintering

in the fired sampleproducts In the case of the latter, g& techniquesprovide aqualitative
assessment of sinteringzigure 12 to Figure 16 and Table 8 show examples of qualtative
changes recorded by SEM and XRD as a result of sintering. Each figure and table is explained
briefly:

A The dust from a siicomanganese smeltem¢ltes A and B inTable 5) i from the image
the following is seen: angular and spherical phasegriety ofphases including alloy
(white) and slag (dark amorphous phagsbg PSD isbroad (see backscattereglectron
[BSH micrograph Figure 12).

A Sintering observed in Waelz slag from EAF dushere isa clear progression of sintering
with increasing temperature. This is especialigar in the test conducted 4000°C and
above(seeFigure 13).

A Sintering observed in ceramic bosliEom marine ceramics sintering is seerto increase
with increasing temperature. Thss striking in the glasdike structure (with strong bonds)
of the sampletreated at 1150°CseeFigure 14).

A Sintering observed for @o-Cr-Mo/58S bioglass porous namompositei there isa clear
progression of sintering with temperature. Td@ beseen in the increased neck formation
which causesgglomerationas temperature increaséseeFigure 15).

A A change inthe particle size of manganese samples duediierences insintering
temperature(seeFigure 16).

A Phase changeils manganese oxides as a resuft of sinteam@0G 1000°C. Theseoresare
from West SumatrgTable 8).
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Table6: Summary of the typical minerasid phasefound inFeMn and SiMriurnace dust
from severaloperationgShen et al., 2007; Zhong et al., 2018)

Main components Chemical formula Mineral name
Mn30a4 Hausmannite
Mn-O MnO2 Pyrolusite
MnO Manganosite
Mn-Si-O MnSiOsz Pyroxmangite
Mn-COz2 MnCO3 Rhodochrosite
Mn-Ca-COz2 (Ca,Mn)CO3 Manganoan calcite
Si-O SiO2 Quartz
K-Mn-O K2Mn4Os Potassium permanganate
K2S0a4 Arcanite
K-S-O K2S Potassium sulphite
K2S0O3 Dipotassium sulphite
K-CI KCI Syhite

Table7: Phasechemical compositiaof silicomanganese dust gathered from sheelter
in this study Phases identified by XRDIkosi et al., 2011)

Chemical formula

Mineral name (phase type)

Phase dominance

CaMgSi20e
Mn70s8(SiO4)
MnFe204
SiO2

Diopside (slag phase)
Braunite (ore mineral)
Jacobsite (ore mineral)
Quartz (ore mineral)

Major
Major
Major

Major

g W

iSum * -

Figure 122 SEMBSE micrograplshowing left - micro-textureof EAF dust with{(a)
agglomerated phasé)) spherical phasé€g) ultra-fine phasesand(d) irregularly
shaped phaseand right- another section of the same dsamplewith (a) homogenoualloy
sphere corresponding to EAF du@t) homogeneous spheséslag (silicate) composition

(Nkosi et al., 2011)
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Figure 13: SEMsecondary micrographsf Waelz slag fired adlifferent temperatures Ja
green bodyunfired) (b) 85C°C (incomplete sintering)c) 900°C(incomplete sintering)
(d) 950°C(incomplete sintering)(e) 1000°C(complete sintering)
and (f) 1050°C(complete sinteringfQuijorna et al., 2014)

“ ' S -« ky &
"°&.-,"’-' "‘.\l' . s . 7 r..__."'b." o b Was A

o > aa i

Figure 14: SEMBSEmicrographsof compacts oCuchia sediment fired at
1000 1125°C(Romero et al., 2008)
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Figure 15: Example of sintering in a GEr-Mo/58S bioglass porous namomposite
observedn SEM(secondanelectron images)or temperaturs (a) 1100°C,
(b) 1150°C,(c) 1200°C, andd) 1250°C, allheld at temperature
for 3 hours(Dehaghani and Ahmadian, 2015)
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Figure 16: Changes irparticle size ofMn-bearing phaseswith variationin
temperature from 600 to 1080 (Fauzi et al., 2018)
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Table8: Manganese oxide phases fornadlifferentsintering temperature
Non-Mn-bearing phasesare excludeqFauzi et al., 2018)

Temperature Phases

(*C) Pyrolusite [Hausmannite| Rhodonite Bixbyite Braunite Coesite
26 Y o} o} 0 0 Vv
600 o} o} V V Vv 0
700 o} \Y, V V Vv 0
800 o} V V V Vv 0
900 o} \Y o} 0 V 0

1000 o} Y o} 0 vV 0

2.4 Chemical thermodynamic evaluation

FactSage is a thermochemical software and database pdbiiagan run sange ofdesktop
based thermodynamic calculationpgrimarily those inpyrometallury (FactSage, 2007)it
compriss several modulegthese are the buih channels where specific evaluatons may be
done) eachwith aunique featurethat permits @pecific evaluation For example, the reaction
module is usedor evaluating single reactions the predominance diagram module depitte
thermodynamically stable phases as a fonctof gas partial pressurehe phase diagram
module forplots phase diagrams of interest. Of interest in $higlyis the equibrium module
abbreviated tdequilib. The minimization ofGibbs free energycoincident with equilibrium)
drives it The programmegives detais of the phases (both compounds and solutions)
thermodynamically stablender the specified conditoréactSage, 2007)

For this studythe equibrium module is useful in thdt sets outhe effects of temperature on
the formation ofiquid and sold phaseat equilibrium, phases induced digtering In addition

to this evaluations can bmun to determineif the observed sintering of particlesccurred

through asolid or liquid mechanismlit does sdy determining if the particles observedthe

laboratory aresold or liquid at the fring temperature. This would otherwisedificult and

time-consuming the theory gives a ready, goagproxination

It should be noted thasince the thermodynamic evaluation does not accountrdarction
kinetics, FactSage does not evaludte influence ofPSD on sintering.Also, the programme
assume equiibrium, which is not always the caigereality, and tlus discrepancies can exist
between the practical observatomand FactSage calculatior§actSage, 2007)he simple
guestion that FactSage anssvés whether the reactionis thermodynamically feasibler not
(FactSage, 2007)

2.5 Optical pyrometry

An optical pyrometermeasures théemperature of surfaces.It does so by measuringhe
amount of thermal radiatiomeleased by incandescent bod@¥aidner and Burgess, 1905)
One of the advantages a pyromatasover thermocoupke or resistance temperature detectors
is that it can measure temmptures of objects from a distanceithout any physical contact
between the object and tliestrument or probheOf importance in pyromeatr measurements
however, is thecalibration of the instrument, trsetting of the specifiemissivity of the object,
and the setting of the corredistance relative to the measured obj@@aidner and Burgess,
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1905) One drawback of optical pyrometry is thdiist can adversely affect tlaecuracyof
measurementgWaidner and Burgess, 1905

2.6 Sampling and statistics

Sampling is critical to accurate measurements. Fhistion reviews general principles of
sampling and thestatistical treatment aheasurements.

2.6.1 General principles of sampling

Sampling in metallurgical process&sa process whereby a portion of material is extracted
from its whol® i.e., lot (Gy, 1979) The portion of material that is obtained from the lot is
caled a sample. A good or true sample in the technical sense is one tfatisct in such a
way that it representévithin acceptable levels of bias and precisiding lot in its physical and
chemical characteristic¢Dominy et al., 2018; Institution of Mining and Metalurgy (Great
Britain) and The Institution Of Mining And Metallurgy, 1973; Keith, 1996; Smith and James,
1981) Samples that doot conform to thecriterion give misleading potentially damaging
information about a population (Wilams, 1978) According to Institution of Mining ad
Metallurgy @973)and (Smith and James, 198ty sample ever fullyrepresents the lot in all
respects. However, a nunibef sampling quality assurancéools can be appliedo ensure that
the sample chacteristics areas representative f ¢he lot characteristicsas possible(Keith,
1996) Nine sample quality assuranpeoceduresare lsted below.

1. Adhere to ample protocoWithout fail (Keith, 1996)

2. Ensure that theasnpler is suitably trained (Keith, 1996)

3. Protect olected samplesfrom contamination(Institution of Mining and Metalurgy
(Great Britain) and The Institution Of Mining And Metallurgy, 1973; Keith, 1996)

4. Setin placea good systenfor identifying samples(Keith, 1996)

5. Preplanyour sampling procedureensure that it does not changeeith, 1996)

6. Apply calbratiors, especially for automated samplgiiseith, 1996)

7. Consider theige ofasample in light of the applicatio(Gmith and James, 1981,
Wiliams, 1978) Wiliams (1978)reported that samples are typically <1%addt, and
almost always <5% dd lot.

8. Collect many sampledn instances where operations fluctuate significarfbhgtitution of
Mining and Metallurgy 1973)

9. Sample lots as randomigs possible(Wiliams, 1978)

In additon to thee qualty assurancerocedures(Gy, 1979)recommendedthat samples be
selectedsystematially and randomly; iis by far the most common of selection scherasst

is nearly always reproducible. Té recommadation was folowed in this study. Sampling
formed a key paih the project it was usedatseveral stagésin the collecting 6off-gas dust

from the smelterjn subsampling of the dust in the laboratory for subsequent analysis and test
work, andin collecting the products difing.

The ollecting of sampls by manual shovelling as well as homogenising the samples by sheet
mixing are acceptable pramts especially when gathering samples from large industrial
processeginstitution of Mining and Metalurgy, 1973)

2.6.2 Statistical calculations

According to(Miller and Freund, 1976)statistical calculationscan be runon any set of
gatherednumerical data, including those in the field of engineger{nto which metallurgical
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smelters fall, in order to analyse, interpret, and draw valid concludions the dataln the
context of smeltersthe data setsconvey different information e.g, chemical composition,
mass,or power input In this work twostatistical tools were applieithe mean and the standard
deviation. These properties are important in that tieeljuce a property to a number and what
the variation is about that numbefhey were used to compareesults throughout the
investigation.

The definitions of the mean and standard deviation along withegolanatios of where the
formula was used, ishown inTable 9. The formulae that apply to both the mean and standard
deviation are shown ifable10. For ease in penfming the calculations the functions provided
by the Microsoft Excel 2013 package were used.

Table9: Summary of statistical tools used in the current study and
where they were us€8ykes et al., 20)6

Statistical tool Definition Where?

D —
A measure of central tendency; refers to the ust composition and

Mean compressive-strength test
average value out of a group of numbers
results
A measure of data spread, specifically how Dust composition and
Standard dewviation much variation there is within a group of values,| compressive-strength test
i.e., variation from mean results

Tablel10: Formulae used for statistical tools in this investigati@ykes et al., 2016

Statistical tool Formula
0= éx/N
where 0§ = mean, &X = sum of all scores, and N = total number of scores

Mean

— X z\2 .\
Standard deviation | 5= €(x0)/ ()

where s = standard dewviation, x = single score, & = mean, n = population
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3 EXPERIMENTAL PROCEDURE

As the projectscopefalls into segmeng work undertaken at the smeltetest work in the

laboratory and desktop stud@sthis section is conveniently divided into five stagesetsout

in Alowsheed form (Figure 17). Except forstage Swhich was conducted concurrently with

stage 3the stagedollow each othein chronological orderThe steps detaiing each taske
apparatusand instrumentsemployed,and other relevant details pertaining that stagenow

discussed

Stage 1

Stage 2

Stage 3

Stage 4

Stage 5

N
A Smelterbased work
AColection of dust samples
ATemperature measurements and data gathering Py
N

AlLaboratory dustsample preparations
APreparation of the samples collected at the smelter (blending, spliting,
characterisation)

J
AlLaboratory pelletpressing and firing tests )

AMethod development
APelet pressing, firing tests, and product handling )

A Fired-product examination (for sintering)
APhysical strength measurements
APhasechemical composition measurements

ADesktop thermodynamic evaluation
AFactSage thermodynamic calculations to evaluate sintering

Figure 17: Flowsheet showing the five stages of the investigation

3.1 Stage 1. Smelter-based work

Stage 1 presents both the experimental procedamdssome prelminary results obtained
during the smeltebased work. Tie work was essentially divided into two par@art 1 entailed
the collection of dussamplesat the baghouse of the smelter. Part 2 entailed the development

and subsequent measuremethe furnace duct temperatuse

3.1.1 Collection of dust samples

Dust samples from the smelter furnace -bagse were colected during normal furnace

operation. The were colected from the thredust streams showrin Figure 18. (A more
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detailed diagrammatic image Bigure 18 appearsn Figure 2.) Care was taken in collecting
the sampledo ensure that they would lbepresentative of the entirgtream especially asthe
subsequentaboratory sintering testswould use these sampls. Care was also taken by for
example wearing the dust magkat all tmes during sampling to minimise inhaling the
hazardous dusOther precautions taken wenearing flame retardant overals, hdrdt, ear
plugs, gloves, washing hands before eating, stmolwering immediately after plant visits. Also,
on a yearly basis, Mintek also monitors the metddieels (including Mn) content of our blood
stream.

To promote sample representabilitg, systematic approach to sampling was undertaken. This
entailed, ifst, collecting the samplesver a threamonth period ffom November 20180
January 2019)n thesethree months, #otal of five visis were maddo the smelter; a&chvisit
lasting two days. This totalleden days spent at themelter collecting samples Secondly, on
each visit, sampleswere colectedbetween 8 am and pm at two-houty intervals. Table 11
summarises the details of the daily sample collection schéadoled ineach visit. A closed
scoopwas used to drawt random multiplegrab samples around the stréabetween0.8 kg
and 5 kg of sample perinterval This sample, which wastill hot as it emanated from the
furnace, was temporarilystoredin a metaldrum and then later transferred to a sealed and
labelled plastic badg-igure 19 shows photographtaken during samplingAt the end of three
monts, a total 0of136 kg, 299 kg, and 70 kg oflust samples fronstrears 1, 2, and 3
respectively werecollected that is,about 505 kg of dust over the three streams.

Details of the exact sample sizeollectedfrom each streamandthe total sample size collected
over the three montharereportedin Appendix A {Table 29).

Dust laden
off-gas
Sparktrap —» Trombone
[
v
Sample 1
Furnace Sample 2 4 Cyclone 1
Sample3 4———- Silo

Figure 18 Schematic diagram of samplipgints at the smelter
(Sample = stream)

Tablell: Details of the daily sample collection schedidea single visit

Time 8 amA 10 am 12 pm 2 pm 4 pm
Day 1 S1, S2, S3 S1, S2, S3 S1, S2, S3 S1, S2, S3 S1, S2, S3
Day 2 S1, S2, S3 S1, S2, S3 S1, S2, S3 S1, S2, S3 S1, S2, S3

S stands fostreamsample
Aeffectively covered thesample between 5 pm and 7 am
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(a) Step 1 to step 3

Figure 19: Photograplstaken during samplinga) stegs 1i 3 of sampling in the cyclone bin,
step 1i opening of bin, step 2entrance into bin, and stepi3sampling inside the bjn(b)
samplingof stream 3 from silo dischargand (c) bagged samples after sampling with
bucket where samples astored, book for reads, andthescoop used for sampling

3.1.2 Temperature measurements and data gathering

The values oftemperaturestypically encountered in the vertical ductshexe blockages
commonly occur were required in orderdelectthe temperatures that would be usedha
laboratorytests forevaluating the potentialof dust sintering.Unfortunately, theeducts did not
have any thermocougseplacedon ther inner surfaceswvhere blockages typicallypccur. The
dustladen offgas temperaturewas not measured directlylnstead, the onlyinstalled
thermocouple in these zonesms oneusedto measure the wat@ooled shell temperature. nA
alternative strategy haih be devised to get astimate of typical duct temperatures during
operations.

The first option explored walsaving multiple thermocouples across the durbsssection
However, after consultation with the dtee manager and production superintendent, the cost
of such arexercise(included in the costs would be regaio a damagedteel structure aused

by dilling into shell to insertthermocouples) along with fears thathe insertedthermocouples
could be damaged by dulitden offgas andso not work.Thus the option was discarded.
more feasible optigrand the one pursuedias toestimate likelytemperatres in the dudrom,
measurements of whatould bemaximum and minimum temperatar@t extremities- in the
duct. The closesimeasuredooint to the hottest zone ofthe dusta s t he 6 fAuthenac e
other end, the coldegtart of the duct was theap i.e, at the top of the duct. Fortuedy, the
smelter had an existing thermocouple that measwewtinuously the dustladen offgas
temperature irthat section. To ilustrate the approadfigure 20-c shows the positian of the
thermocouples (i.ethe shell and duatap thermocouple)andthe position of the furnace bed
relative to the ductvhere the maximum duct temperatunas measuredit is fair to assume
that the dust leaving the furnace bed would be at the highest tempetatteenperature would
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steadily decrease up the length of the duct, reaching a minimum wlirereluct cap
thermocouple igositioned

Duct cap - Min
D
temperature

2.1

32
Duct
24

45

— — — — - Decreasing temperature

Inside furnace Optical

pyrometry - Max
12 temperature

(€)
Figure 20: Photographs ofa) the hot furnace bed during operations (max temperakuaad
(b) the position of theluctcapthermocouple (min temperatur§chematic diagram showing
(c) the position®f maximum and minimum temperatoneasurenents(values expressed in
metres, denotelose approximates based on engineering drawings)

The procedure used for collecting typical temperature data on the furnace beapamd of
the ductwasas follows

A For the furnace bed (maximum temperaju A calbrated optical pyrometry &
Minolta/Land Cyclops 52 Infrared Thermometesgt at an emissivity @&.7 > (asthere was
generally no visible dust in the furnace bete value wasan appropriate settingand a
distance oinfinity (to cover for the distance @fmetersto the furnace bgdAs with the
physical samplesmeasurements were takieom 8 am to 4 pm over four days in January
2019(This period covered every variation experienced in operatmm furnace feeding
rate change to tapping Eachtime, four readings were capturdidm the same positign
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but atdifferent areas on the furnadeed The record of the temperature readings over the
four daysis summarised inTable 12. The reading vary generally between 1000 and
1300°C. Orafew occasions temperatsradroppedelow or above this rangeThe, highest
temperaturewas1375C.

A For the duct cap (minimum temperaturg@he production superintendent at the smelter
provideda graph otemperature in the duct cagwhere a&K-type thermocouple is installed)
over a period of five days. The data covered both the temperatures observed during normal
furnace operationgndthe emperatures observed afteshutdown. The grapls shownin
Figure 21. The temperature wagpically above 500°Gnd below 750°C.

Based on observation of the duct capd furnace bed temperatge the minimum and
maximum temperatuge selected for the laboratorgintering testswere 600 and 130C°C.

Temperatures belov600°C are expected not to promote sinterimg., an effect at lower
temperatureshould not differ significantlyfrom an effect at 600°CTrhe maximum of 1300°C
is lower than the peak of 1375°C. &% furnace bed is about 3amayfrom the duct lower
end it is unlikely that actual temperatures in the duct wil ever exceed this value.

Tablel2 Temperature measurements of the furnace bed by pyrometnfour dayghottest

zone)
08 January 2019
Reading (°C)
Time 1 2 3 4
8 am - - - -
10 am 996 1136 1236 1177
12 pm 1221 1045 1290 1287
2 pm 1375 1263 1154 1281
4 pm 1115 1217 1089 1257
09 January 2019
Reading (°C)
Time 1 2 3 4
8 am 1288 1142 1296 1277
10 am 1167 1058 1260 1214
12 pm 1120 1125 1100 1118
2 pm 1205 1141 1183 1068
4 pm 1226 1175 1255 1300
21 January 2019
Reading (°C)
Time 1 2 3 4
8 am 1061 1240 1154 1134
10 am 936 933 1236 1272
12 pm 1249 1283 1367 1230
2 pm 1173 1271 1212 1167
4 pm 1112 861 1153 1162
22 January 2019
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Reading (°C)
Time 1 2 3 4
8 am 1118 1130 1135 1114
10 am 1218 1243 1201 1266
12 pm 1235 1243 1328 1225
2 pm 1115 1253 1270 1099
4 pm
- No measurement taken
800
™ L]

G  ® -.-- ., ...... . o

=600 [ Y ¢ A

) ¢ ae® o *

| .

>

£400

3 . ¢

o . .

€200 *—During operation

A *— After furnace shutdown *ece

20 40 60

Time (hours)

80

100

Figure 21: Duct cap temperatures during operation and after furnace shutdown (12 Ji

16 July 2018)

3.2 Stage 2: Laboratory dust-sample preparation

The aim ofthis stageof the procedurewas to prepare theamples of smelter dust physically
through dying, blending,and splittingfor characterisatio and sintering Blending and splitting
were particularly important for ensuring tlegample ivomogenousrom the onsetThe entire
flowsheet adopted in stage iBcluding the sutsamples obtained throughout the preces
shown inFigure 22. Each stream was treatsdparatelyto avoid crossontamination between

streams.

The nature of the work undertaken atachstage isexplained in this section.
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Stage 1 Stage 2 Stage 3
splitting | 2 Pags  splitting (6 1bag splitting | 3 bags

Drying ——» Blending —»

(20 bags bags (10 bags
produced) produced) produced)
1 hag - I?SD‘_ _________ 1 5 bags — 7 bags -
analysis | stored for stored for
laboratory laboratory
17 bags — tests tests
storedfor 47T D
laboratory 1 bag —SEM-
tests EDS analysis‘
1 bag—XRD
analysis ~
Sample pulverised then 1 bag — Chemical

further splitinto 10 sub- +—— : s
A analysis
samples for analysis

Figure 22 Complete flowsheet of stagdliags represent the bags showririgure 19filled
will sample)

3.2.1 Drying

The dust sampledr¢m strears 1-3) were first driedn an oven(Wirsam Scientific model220,
oneused for all oven drying ithe projectin batches of 410 kgat 110 for 24 hours. The
drying condition werebased oithe American Society for Testing and MaterigdsSTM C136.
The mass loss due the removal of norcrystalline moisture fell below 0.5% for all streams.
Appendix B {Table 30) gives the exact mass losses recorded for each lohiet

Each stream of dried material wasrthielended by laying ibn a clean floorthen mixing it
with ashoveli.e, theapplication @dsheet mixing(Institution of Mining and Metalrgy , 1973)
Blending was considered complete once the sampf@earechomogenousto the naked eye.
The photographs ifrigure 23 show the blending process.

5 A

i G QA
Figure 23: Photograplstaken duringnanualblending of stream 1 dudeft i samplepoured
across the flooandright 1 shovel blending

3.2.2 Splitting

In order to promotdurther homogeneitywithin each dust stream, the bulk samples were taken
through a rigorous sample splitting procedure. The steps are outiined in bullet bedony.

32



A Step 1. Automated spliting of sample using d@arged rotating sample spltter
(manufactured #house at Mintek)i The splitter divided # samfe into 20 subsamples.
Seventer of the subsamples were bagged and then stored for future Quse .of the three
remaining samples was taken for the PSD analysis. Whistother 2 sulsampleswere
taken for additional splitting. It was observed during the splitting of stream 3 that the sample
tended to agglomerate into spherically shaped balls.

A Step2Automateds pl i tt i ng o MmedurdIMP7002 Kendsidrrotating sample
spliter i The 2 subsamples obtained from large splitting, were then further split into 6
subsamples. 5 of those 6 sglamples were also bagged atdred along with the initial
17 sanples, whist the 1 sample was taken forther splitting using the small rotating
sample splitter

A Step3 Aut omated spl i tstmafFgisaho fborstta Piptdtie samglé ng a
spitteii The 1 sample was then further spiit into a furthersdi®samples eachweighing
around 200 g for sample 1 and 3, and around 420 g for sampletbse 10 sulsamples,

7 were bagged and stored along with others, while the neigaBiwere taken separately
for bulk chemical analysjsbulk phase chemical coropiton andspeciic phase chemical
composition. These methods are described in detail in section 3.2.4 to 3.2.6.

3.2.3 Particle size distribution

Screening was done so that the observed differences in streams PSD could be qudreified.
PSD was determined usingMD-440Pascall Engineeringd.td. vibrating screen. For stream 1
and 2, dry screening was undertakdimis entailled the usage of elevecreens(chosen based

on preliminary screen test resultsyjth screen mesh sizes rangingprh 38 to 1000 microns
(seeTable 13for exat sizes). Eaclscreeningrun was conducting using 500 g of samyide, a

total durationof 15 minutes. The same procedure wapplied for streanstream 3however,
after the observation of continudsaling of the sample during dry screeninget vibrating
screening was undertakeninstead. Since preliminary results showed that stream 3 was
extremely fine in comparison to stredirand 2, only a 38 micron screen was used to conduct
the screening analysis. The results of the analysis was recorded as mass fractions (%) gathered
from each screen siz€igure 24 showsa photographimage taken for stream 1 after screening
From this figure, the size distribution ofthe sample can be seen

Tablel3: Selected screen sigasedto screen dust samplésizesin microns)

Stream 1 2 3
1000 1000
850 850
600 600
425 425
N 300 300
2 212 212 38
é 150 150
106 106
75 75
53 53
38 38
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Figure 24: Photograpls showing (a) PSD for stream 1, (b) +1000 um fraction, and (c) + 212
um fraction

3.2.4 Bulk chemical composition

The huk chemical composttionof each streamwas determined using a ThernBisher
Scienific ICAP 7600 ICROES Analyser (for analysis of typical fernmanganesebase meta))
aCS 744 LE® andCS 230 LECO instrumenffor carbon and sulphur), a Spectrophotometer
(for phosphorus), rmAtomic Absorption Spectroscopy(for oxides of potassium and sodium),
andICP-MS (for boron)

ICP-OES analysis was conducted by fusing a known mass of the sample using a strong
oxidizing agent, that is, sodium peroxide. The now fused material thess digested In
HCIVHNOz acid, before assaying using the instrume@arbon and Sulphur were analyskbyl
oxidising both species in a combustion furnace, their reaction products, that2ian€€SQ,

were then detected by an infrared detect®hosphorus analysis was conducted by fusing the
sample with a combination of sodium peroxide and sodium carbofaeproduct ofdsion

was then leached in watererffous ironwas thenadded to precipitate P. The precipttate was
then dissolved and complexed with an ammonium molybdate/vanadate reagent, formng a
yellow complex. The complex was then extracted into thyhaeso-butyl ketone, and the P in

the extract analysed spectrophotometrically.
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With the Atomic Absorption Spectroscopy method, the sampieaspiratedinto a flame using

a nebuliser. The emitedbeam wa received by the monochromator, ethiacceptedand
transmitted radiation at the specified wavelength aralvelled into the detector. The detector

then measuredhe intensity of the beanproducing a correspondingreading matching the
intensity With the ICRMS technique, the sample was initially digek in a strong acid. The

now liquid sample was theturned into fine mist by the nebulser. The mist was then
transported by inert argon gas into the plasma, where, it was ionised and then measurements of
boron determined.

3.2.5 Bulk phase chemical composition

The luk phase chemicatomposition of each streamwvas carried out orafinely pulverised

sample by semiquantitative XRD analysis using a Bruker D8 advance Diffractometer
(pulverisation was conducted using a TS250 vibratory disc mil in all instance®
instrument was run fronD to 80 20, at awavelength of Co K-alpha 1.7902 A. The
fluorescence was avoided by using fiterBhis method mde use of the net intensity of the

main peaks of the phases, with identification of the phases based on the crystal structure of
crystalline phaseswhich occurred in amounts of >3 mass%ince a senguantitative
methodology was adopted, the percentage e€iep reported was only relativasit did not

factor inthe fraction of amorphous phases.

3.2.6 Specific phase chemical composition

Specific phase chemicatomposition of each streamvas determined by SEM-EDS, using a

Zeiss Evo MA15 SEM equipped with BrukerBash detectorand an Energy Dispersive- X

Ray SpectrometerPrior to analysis, the esampled dust was first resin impregnated, then
grounded and polished, and finally carbon coated before being analysed on SEM. The exact
details of the preparation stegscluding the pretreatmenti.e. step las it was not applied in

this caseare described in detail later in sectdr.5.

SEM neasurements were doae20 kV, with backscattered electron micrographs generated to
llustrate themicroscopic appearancef each asampled dust streantlemental maps were

also generated by measuring the characteristiRa)l intensity of chemical elements relative

to their lateral posttion. Variations in-My intensity indicated the relative concentration of the
speciic dement across the recorded feld of view. One or more maps were recorded
simultaneously using image brightness intensity as a function of the local relative concentration
of the elements present. These images guided the selection of points fonidERxdysis.

The chemical composition of selected points in each of the streams were determined by EDS
microanalyss. Oxygen, in phases where itsvaresent, was calculated by stoichiometry. Since
EDS did not measure carbon, the results were normalissboud be noted though that carbon

was mainly present as distinct blagiains and thusapartirom it being in solution in the alloy
phase it was unlikely to havdeen preserih other phases.

3.3 Stage 3: Laboratory pellet-pressing and firing tests

Stage 3 covers firstly, the development of the pellet press and firing method. After that, the
exact methods and steps undertaken to make pressed pellets as well fre the pelets for sintering
evaluation are discussed in details.
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3.3.1 Method development

Prior to the actual laboratory peldérmation by pellet pressing and the subsequdribg tests
the methodologies for these activities had to be developed atidriee, such that standard
and norbiased procedures could Heveloped and then uséat the actual testwd. In this
section, the pellepressing and firing procedure are discussed under three main headings:

A Reason why the method had to be developed.
A The procedure undertaken in developing the method.
A The outcome of the method development.

Pellet-pressing method development

Reasons why method had to be develép8dveral reasons ressitated the development of
this method. The reasons are as follows:

1. Pellets are an effective way of analysing sintering behaviour, this has been demonstrated
by several authorg¢Quiorna et al., 2014)Adell et al., 2007)(Romero et al., 2008and
(Wang et al., 2001)

2. Since formation ofpressedpellets relieson the applicationof a force on the material to
compact it into shape (in this case a cylindrical shape)force applied should be sufficie nt
to promote thedormation ofpelles without compromisinghe PSD of the ntarial. This is
vital especially since PSD is one béinvestigatedparameters in this study.

3. To ensure thathe formed pelles don 0 delfdisintegrate before firing such that any
disintegrationobservedwould ke as a result of the firing.

4. To determine theompresse strength sensitivity to the pellet height. Previous work done
on pellets has shown that it is extremely difficult to ensure the same pellet height even
within the same stream of sample. Hence, initial palletisation folowecbiopresse tests
would give an indication of the pelletscompresse strength sesitivity to height changes.

5. To obtain the best preparation methdaking into accounthe % water added to pelets,
hydraulic press pelet applied pressure, dnghg period (number of days)

The proedure unddiaken in developing the methbdhe steps undertaken for the formation
of pelets were as followsSamples of between 200 g and 400 g, for each stwwareweighed
using a Mettler Toledo MS3002S weighing balaraed then placed incontaines. Water of
various amounts i.e. 0%, 2%, 5%, and 10% (calculated as a percentage of the sample mass),
were added into the sample and the twanually mixed using a spatula, untia consistent
appearance wachieved Pellets were then made using QTG P58hydraulic press (discuss

in detall in section 3.3.2) by inserting a ssmple into a cylindrical mould, and then pressing
the subsamples into cylindrically shape pellets at different pressures i.e. 3.5 MPa, 5 MPa, 7.5
MPa, and 10 MPa. The formed ptllewere then oven driedt a temperature of 105°C for
different time spans i.e. 1 day, 2 days, and 4 dafisr Alrying, somepellets were selected for
compresse strength testsTable 14shows a summary of the parameters appteebch stream
during pellet formation.
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Table 14: Summary of the parameters used during pellet formation as part of the method
development(al pelets had a diametesf 30.9mm)

Stream Mass of pellet# Water* Pressure @ Drying (No of days)
1 37-40 0,25 10 3.5,5, 75,10 1,24
2 30-38 0,25, 10 3.5,5, 75,10 1,24
3 24-28 0,25, 10 3.5,5, 75,10 1,24

#in gram (g) * in percentage (%)@ in mega pascal (MPa)

Outcome of the pellet formation method developnienable 15 summarise the results
obtainedof the examined parameteis the pellet metbd developmentFrom Table 15, it can

be seen that theest combinatioof water, pressure, ar@/endrying time was5%, 5 MPa, and

1 dayrespectively Reasons for this was because water additions belowrsPelow 5 MPa
pelet pressurgielded weak pelles. The drying time on the other hand was found to have no
effect on pellet formation.

To examine if the selected 5 MPa pressure did not compromise dPSieof the pelets, pelets
were prepared at differemiressingpressures and thestudied microscopally, from prepared
polished sectiongmethodology for preparing all polished sections prior to SHMS analysis
discussed later)The PSD of these pelletsxder theSEM microscope was compared to the PSD
of the original assampled dust. Resulshowing ©mparison between the-aampled dust PSD
and dust pressed at 5 MBee shown inFigure 25. From the imageit is clear thata pressure
of 5 MPa did not compromise dhe PSD of any ofhe dust streasn Athough some of the
images appear to be different, this is a visual ilusion and is only as a result of the compacted
nature of the pressed pellets. Further evidence of this is shown in SEM fiqogdlets pressed
at other pressuref Figure 61 of Appendix C. It was thus concluded th&tMPawas the best
pressure asénsured both the formation of stable pgletndas wellas maitained the original
PSD of the pellets.

Also evaluated in the pellet formation method developmeveds the effect of pellet height
(whilst keeping thepellet diameterthe same throughouts standardisedby the mould)on the
compressive strength of the materigigure 26 shows the results of that study. From the results
it was clear that there was no correlation i.e. within a dstam, between the pellet height
and its correspondingompressivestrength. In fact, the resultsbtained where within the same
range regardless of thehangesin height. Thus,pellets of the same stream with different
heights (within the specified range this study), anbe used with ful confidencen that the
compressivestrength will be similar (i.e. amsignificant effect within an acceptable standard
deviation).

Tablel5: Summary of the best outcomes for the p&llghation method development

Water Pressure Drying time
% Formed Comment MPa Formed Comment | Days | Formed [ Comment
0 | S1, S2(No) 35 S1 (No) 1@ Yes
2 S1 (No) 59 best 5# Yes 5 MPa 2 Yes 1 day
5* Yes 7.5 Yes best 4 Yes drying
10 Yes 10 Yes

* Koo water was the lowest amount of water that promoted pellet formation (without pellet
disintegration); # 5 MPa was the lowest pressure that promoted pellet formation (without
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changing PSD of streanas shown inFigure 25); @ 1 day drying was the most optimal
drying time as it yielded the same mass loss as 2 and 4 days drying.

»

| : =

(e) Stream - (A&mpled) | () Stream 3 (5 MPa pelet)

Figure 25: SEM BSE micrographsomparingthe PSD of assampled dust witthedust
compressed at 5 MPa
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Figure 26: Graph showing benign effect of changing pellet height (for the same pellet
diameters) on the compressive strenigthall the dust stream@verage: stream 1 = 21.7,
stream2 = 11.2 and stream 3 = 4560.7tandard de\ation: stream 1 = 6.6, stream 2 =2,
and stream 3 = 631.4; all in newt c

Firing tests method development

Reasons why method had to be develdp8dveral reasons necessitated the development of
this method The reasons are as follows:

1. It was important that the pellets were solge to a similar temperature. Muffle furnaces
are notorious for having a steep temperature gradient across the muffle furnace. Thus to
avoid this a temperature profle across the muffle furnace had to be pedorm

2. To determine the length of the muffle furnace hot zone such thatothect number of
pellets could béreated on every run bearing this limitation

3. To determine théength ofhot zone such that the positioning of the tray carrying the pellets
could be kown.

4. To establsh the heating profle of the furnace i.e. if the set heating rate conformed to the
actual heating rate.

5. To examine whether the program temperature, the furnace temperature (measured by the
furnace thermocouple), and data logger (connettedn external thermocouple with the
tip placed to touch the back end of the muffle furnagere in agreement.

The procedure undertaken in developing the methddnuffle furnace (discussed in detail in
section 3.3.3) was used for all the fring teSmcethe main consideratios were heating rate
validation andthe temperature gradient across the length of the furnace, two procedures are
described.

Procedure 1: Heating rateA K-type thermocouple was placed through a thermocouple port
on the door bthe closed muffle furnac€purchased from AE furnacesge photographic image
labelled Figure 27 for visual appearance of sap). The tip of the thermocouple was made to
touch the back end of the furnackhe furnace healp wascommenced at room temperature,
a aheating rate of 10°C/mute using aCAHO P961controler (i.e. the typical heating rate
used for muffle furnace operationd)sing this heating rate, three sets of tests were performed
to a final temperature of 600°C, 700°C, and 8Q0FKke aim of thee tests was to determine the

39




consistency of the heating rate over a number of different final temperatures. In order to
evaluate the heating rate, temperature readings of the program temperature, furnace
temperature, andlata logger (the latter using an Agilent 34970A data acquistianit),
readingswere recorded in 5 minute interval$he data logger readings were from thetyide
thermocouple installed through the port of the muffle furnace diwom the recordings, goéis
depicting the profle werdrawn

Procedure 2: Temperatugradient across the length of the furndcé temperature gradient
measurement conductedat each of the final temperatures ahosemmenced once the data
logger temperature stabiised (i.e. aboutlBdminutes after reaching temperature). In this, the
same ktype thermocouple connected to the data logger was used. Since the muffle furnace
was 45 cm in length, it was decided thatgemature recordings be takewery 5 minutes id

cm interval. As such the temperature recordings were taken at 45 cm (i.e. back of muffle
furnace), 41 cm, 37 cm, 33 cm, 29 cm, 25 cm, 21 cm, 17 cm, 13 cm, and 9 cm (close to the
furnace door). Based on pioa observationsof the interior of the muffle furnacerecordings

at 5cm and 1 cm were considered too cold to be tdken the results, graph was then
constructedto depict the temperature gradient across the length of the furnace.

Muffle furnace

/

Figure 27: Photograph showingnuffle furnacesetup during themethod development

Outcome of théring method developmenthe heating rate profiles for atargeted temperature

of 600°C, 700°C, and 800°C are shownFigure 28. From the graphst is clear that the set

rate was achieved in all instance. Qumnsistentdiscrepancy okerved in all the graphs was

that beginning at around 250°C, the data loggenpterature was observed to be higher than
both the program and furnace temperaturbis necessitated an adjustment in the program
temperature (by different margins for each targeted temperature as highlighted in section 3.3.3)
such that the targeted temptrre could be obtained.

Figure 29shows a graphical representation of the temperatures recorded across the length of
the muffle furnace. From the graph, a consistert Zome spanning 20 cm within €5°C
deviation, can be observed for all the temperatures. The result meant that the tray used to carry
the pellets should be limited to a maximum of 20 cm from the back of the furnace to ensure
that the pellets are subjectealthe same temperature range.
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Figure 28 Graphs depicting thdeating profiles for a targeted temperature (@) 600°C,

(b) 700°C, andc) 800°C. Heatingate of10°C/min; DL = data logger thermocouple, BT
program temperatg, and FT = furnace temperature.
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Figure 29: Temperature gradient across the length of the muffle furnace for a targeted
temperature of 600, 700, and 800(The front of the muffle furnace was at 0 cm and the
back was at 45 cm; the hot zone was betweefb285m for all temperatures)

3.3.2 Pelletpressing

After the method development stage, the actual test work commenced with the formation of
pelets (i.e. pelet pressing). The stepstep procedurdollowed for pressing the pelletsand
the corresponding photographiziages takenof the main utensils and equipment used during
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this processaredescribed below. Since the same procedure was reggidless of théype of
stream treatedhe procedure described dipp in the same fashiorfor all streamslt should be
noted that the pellets were formed using the bagged and stores@drsples generated during
large rotary spliting as discussed in section 3.3[Re below stepsare arranged
chronologically.

Step 1: Weighing and mixing

Firstly, a samplewasweighed using a Mettler PJ300 wemly balance. The weighed sample,
typically between 20@00 g each, was then transferred to a 5 L bucket. Water amounting to
5% by mass relative to the sample was also then weighed, and subsequently mixed with the
sample. The actualamount ofsample and water used for each mixture throughthe project

is shown in the Apendix B section aslable 31. To promote consistent mixing of the sample

and water, a spatula was used to stir the mixture together.

Step 2: Pellet pressing

Once the sample and water were wel mixed (as indicated bgpsistent appearance), a-sub
sample of mass indicated ifable 14, was withdrawn and transferred into a cylindrically
shaped steel mouldThe samemould was used throbgut the projecand consisted of the
following three maincomponentsnamely, a bottom stopper (which ensured that the sample did
not escape from the bottom of the mould during compaction), the main cylindrical seatibn (

an internal diameter of 30rBm and gave the cyindrical shape of the pellets whist ensuring
that the starting pellet diameter was the same throughout), and a top stopper (ensured that
sample did not escape from the top of theuld and allowed for hydraulic pressing of the
pellet) Once the mould was packed with sample, it was placed on an OTC P58 hydraulic power
unit (i.e. hydraulic press). Through theplication ofa downward force on the mould using the
hydraulic press lever, wet pelets were formed at a pressure of SFV&agraphic images of

the hydraulic press along with other utensils used (e.g. the mould) are shBigarén30.

Hydraulic
press

Mould

Tray

(@) | (o)
Figure 30: Photographsiepicting(a) the hydraulic presswith various other components
and(b) closeup image of the ould)

42



Step 3: Drying of the pellets

The formed pellets were then placedaineady weighedireclay trays Gupplied by Engchem,

with ID = 19.5 cmand breath of 10 cmJireclay trays were selected basedtiweir capability

to withstand, without degradation temperaturesgreater thanl300°C. In each tray ten wet
pellets from stream 1, stream 2, and stream 3 sampéere placedThe tray now carryng wet

pelets subsequent to weighing,em placed in aaboratory drying oven which wasset at
105°C, for 24 hours at this temperature. A photographic image depicting the wet pellets inside
the fireclay trays prior to drying is shown kigure 31.

. SISO

Figure 31: Fireclay tray carrying ten pelletprior to ovendrying

Step 4: Pellet storage in desiccator

At the end of the 24 houdrying period, the tray was removed hot from the oven and then
immediately stored in a desiccator. Throughout the project, the desiccator acted as an
intermediate storage between drying and fring, as well as between fring eshdpfrlet
product examiation. The reasons for the usage of the desiccatorfirsihs to protect the

pelets from rehydratingby placing them in an environment devoid of moistuas, well as
keeping the pelles integrity prior to their examination This is a common practise dog
sintering testworkLin et al., 2006)

On average, he mass losslue to pelletsdrying was4%. Actual batch by batchrecordings of
the mass loss due to dryingf pellets is shown in the Apendix C asTable 32

3.3.3 Firing tests (Sintering)

Firing tests entailed the treatment of pellets at high temperature. At this theifiteclay tray
carrying the dried pellets wasken outof the desiccator and loaded into a cold muffle furnace
(same muffle furnace previously mentionedince the muffle furnace hot zone was already
determined during the method development, careful attenton was pla@ddinstances to
align the tray in the hot zone (i.e.-25 cm zone from the front of the muffle furnacahe
muffle furnace setip, as pictured in photographic image label&@ure 27, and schematic
diagram labelled aBigure 32 consisted mainly of an outer steel sh@lk. structure of the
furnace) an inner lining of alumina refractory boafice. provides insulation)Kanthal silicon
carbide elementgi.e. resistace elements for generating heatjurnace controlinit (i.e. where
schedule is saip), and an alumina refractory lined furnace dfer provide door insulation)
The furnace door had a small opening in the centre where an extettiypke Khermocouple
was inserted and extalty connected to a datagger (as seen Figure 27). A 3-D and cross
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sectionalrepresentation of the muffle furngacghowing thepositioning of the aforementio ned
components inside the muffle furnade shown inFigure 32

Heating / ////////////

AV VOV VNS Furnace
elementslg// - I/ door
g K-type
E5 PSS O thermocouple
Furnace ot Al e e 78]
thermocouple A //
“\\\\\\/\}})\\\\/\)\)\\\\\ Noos
4//// //
ory B

(b)

Figure 32 Various apiction of the muffle furnaaesed for firingcomponents(a) 3-D view
of slightly open furnace, and (b) Cressctional view showing the interior of the furngat
dimensions in cm, with diameter of heating elements 1.4 cm)

Once the muffle furnace sap was complete, thieirnace heating and coolingcycle wasset on

the furnace control unitA standard heating and cooling rate of@nin, as well as a residence
time of 4 hours at temperaturevas appled for all the tests. Tests were conducted in the
prevailing air atmospheres (i.e. no gas was purged into the fubntcgurrounding air induced
an oxidising conditons as confrmed lateér the bulk chemical composition of the fred
samplg, from 600 to 130%C, in 100°C steps. For each stream at a certeimperature e.g.
stream 1 at 60C, a total of 41 pellets were fredhis amounted to 328 fired pellets for each
stream across al the temperatures, and a total of 984 fred pelets over the entre project.
Considering that batch consisting ofO pekts was treatedn each muffle furnace rua sum
total of 99runs (excluding failedruns due to load shedding @taere conducted over the entire
project. Table 16 gives a summary of the firing tests matrix over ehéire project.

It should be noted that thenass of thetray loaded with pellets before and after firing was
recorded inall instances so that the averagemass losscould be determined for every
temperature The mass loss observed wérgieved to bes a result of several contributions
L.e. loss of mass of traypss of mass by additional drying, and loss of mass by possible sample
vaporisgion (of volatile species.g. Q. The latter would be analysed by comparing the
chemical analysis before and after sinteriddso, excavating samples from the-géis and
analysing them for @ontent (amongst others) wil confrm the absence of C irergit
material, thus, ensuring the validity of the methofl.summary of the average mass loss for
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each temperature is shownTiable 17. The complete table summarising the test by test mass
loss as a result of fring throughout the projecshown in the Apendix sectiorC asTable 33.
Furthermore, graphical images showing tlactual heating profile for eaclemperature are
shown inthe same appendix d&sgure 60. The heating profles exclude the 4 hours residence
time at temperature, as well as the cooling cycle.

Tablel6: Summary of firing test matrix for the whole project

Pellet distribution for analysis
Temperature (°C) Stream No of pellets fired Compression test SEM-EDS
1 41 40 1
600 2 41 40 1
3 41 40 1
1 41 40 1
700 2 41 40 1
3 41 40 1
1 41 40 1
800 2 41 40 1
3 41 40 1
1 41 40 1
900 2 41 40 1
3 41 40 1
1 41 40 1
1000 2 41 40 1
3 41 40 1
1 41 40 1
1100 2 41 40 1
3 41 40 1
1 41 40 1
1200 2 41 40 1
3 41 40 1
1 41 40 1
1300 2 41 40 1
3 41 40 1

Tablel7: Mass lossat each firing temperaturas a percentage of the original mass

Temperature (°C) Average mass loss (%)
600 8
700 8
800 9
900 9
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1000 8
1100 11
1200 10
1300

- Could not determine due to pellet melting and subsequent leakage

3.4 Stage 4: Fired dust product examination

Stage 4 of the project was aimed at evaluatimering of thefired pellets. Thiswas principally

done through severapproachesfirstly by examining the lpysical observation of the pellet
after fring. Secondly by examining thecompressivestrength othe pellets as a direct function

of temperature Thirdly, by analysing the pellets phase cherhcahrough a combination of
SEM-EDS and XRD.The adopted approach to analysing the pellets for sintering behaviour is
typical of sintering investigationgDehaghani and Ahmadian, 2013he SEMEDS analysis

is particularly useful as an examination of sintering, since the microstructural features of the
characteristics that point to sinterlBD assists in the
identification of phases that can also point to sintering (especially-statiel sintering). The

pelets can reveal distinct

procedures undertaken at this stage are discussed below.

3.4.1 Physical appearance

Physical appearance was analysed by describing the obsetesdrerf the pellets upon
fring, as well as the measurement of the diameter of the pellet upon fring. Foitehe dat
digital Vernier caliper was used with diameter of the pellet determined by placing theipellet
the middle of thewo caliper jaws ie. the fixed and adjustable jaws. The adjustable jaw was
then adjusted until both jaws touched fiellet. At this point the diameter of the pellet was
presented in milimetres (mm) on the screen of the caliper.

3.4.2 Compression tests

For the evaluation of theeompressive stretiy of the pellets, a calbrate@®366 Instron
compressive strengtinstrumentwas usedThe procedureapplied to perform the compression
strength tesentailed placing a single pellet in the middle of the bottom fixed steel plate. After
this, an increasing compressivexial load was appliedo the pelletby the top fiexible steel
plate which presse@gainst the pellefpellet was literally sandwiched between the two plates)
untl a point where the pelidailed completely(i.e. pellet cracked from top to bottom)The

ma X i mum |l oad

achieved

at

t he

point(N)ovbs pell e

automatically logged ontehe computer as thenaximum compressive forceof the pellet.
Figure 33 showsa photographic image of thastron instrument, as wetither photographic
image depictingthe sequentialsteps taken to determine the compressive strength of the pellets.
Generally thecompressive strength is reported in MPa (calculated as force over area), however,
since all the pelets had theame crossectional (749.9 mn?) area it was considered

satisfactory to report the results in terms of fpicenewton

Experience from previau compressive strength measurements (of different materials) has
shown the tendency for fluctuations in the compressive strength results. Asitsues
considered wise to perform a number of repeats on the pellets fred under the same condtions,
to increase the statistical degree of confidence of the results. To this end then, a total of 40
repeat test¢chosen to improve accuracy of resulfey each temperature and stream number
e.g. stream 1 at 600°@ere conductedFrom the 40 results, both the meemmpressive load

as wel as the standard deviation were determined.
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Figure 33: Step by step compression strength test procedure showing, Instron instrument
components, step-Ishows fixed and flexible steel plate along with pellet placed in position
1, step 2 shows initial load applied on pellet, step Beak load applied on flet before
complete cracking, stepidcracked load with removed load, and stepdraphical

presentation of load wittriangle shape indicating peak load

3.4.3 Bulk chemical composition

The 40 pelets that hawhdergonecompressivestrength testingfor eachfiring temperature,
were mixed and then finely pulverised. From the mix a -smample was colected and then
submitted for bulk chemical compositioanalysis The same analytical techniques and steps

described in section 3.2.4, were usedtlfer analysis.
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3.4.4 Bulk phase chemical composition

From the same pulverised sample lot reported in section 3.4.4, another sample was colected
and taken for buk phase chemical gasition analysis using the XREemi quanttative
analysis technique. The same procedure &saibed in section 3.2.5, was used for this
analyses.

3.4.5 Specific phase chemical composition

The remaining fired pelekom the 41 fred pelletvas analysedor the specific phase chemical
composition usingthe SEMEDS technique in the exact fashion as ai&®d previously.
Analysis by SEMEDS centred on generating micrographs to obgbe/presence of sintering,
elemental maps to determine the distribution of elements and identify any sintering patterns
within the sample(e.g. particle to particle jointgjeck formations etg.pnd EDS point analysis

to determine the compositon of particles as part of the process to identify the sintering
mechanism.

Prior to analysis, each pellet for each fring temperature was taken through a five step
preparationprocess akighlighted below.

A Step 1 Pretreatment:The pellet wagnitially placed inside a 50 mm plasti@l. A mixture
of Akasel Aka-resinliquid epoxy and AkaselAka-cure slowhardener at a mixing ratio of
25:3 respectively, washen pouredorto the pellet To promoteimpregnation of the pelet
by resin, the vial was taken t@nN86KN.18KF LAB Laboportvacuum degassing unit for
about 10 minutes. To promote rapid hardeningf the resin, the vial wasubsequently
heatedin aLabcon 3138Mpressure \&sel set at 60°Cor about1 hour. The overall aim
of the pretreatment step was to secure the pellet prior to subsequent steps. This was
congdered crucial to ensure thany neck formationand teling material arrangeme nt
would not be distortegbrior tothe SEMEDS analysis.

A Step 2- Cutting and resin_treatmenfhe resin impregnated pellet was then strategically
cut into a thin slice(smaller section of the pelleepresenting a swbnit), in such that it
could be ftted into a round shaped mouldter placing it in the mould, a mixture of the
resin and hardenerasdescribed abovevas addedAtfter this, the sameimpregnation and
hardening process was folowed. The aim of 8isp was twofold: a) to obtain a smaller
section of the pellet for apals, and b) to further impregnate the pellet in resin such that
the next step of preparation could dsesily undertaken.

A Step 3 Grinding and polishingThe surface of the resin impregnated pellet was then taken
through muttiple grinding and polishingha@ses Grinding entailed firstly preyrinding the
impregnated pellet on a 220 grit rebionded diamond grinding disk. This was followed
by further grindingnow using a 600 grit resibonded diamond grinding disKhe overall
intention of grindingwas expse the surface of the pellet by grinding off the top layer of
the resin. Polishing wasdertaken using &truers PANW cloth 6 pm diamond polishing
suspension followed by aStruers MOL cloth 3im diamond polishing suspensjorand
then aStruers FLOC cldét 1 um diamond polishing suspensio®olishing wasaimed at
improving the visibility of the samplesunder SEM.

A Step 4- Carbon coating The polished sectisn weretaken to aPolaron E6300 vacuum
evaporator forcarbon coatingof its surface This was sdhat the sample surface would be
conductive for subsequeEM analysis.

A Step 5| SEM-EDS analysis:The final step was analysis of the prepared sectimeruthe
SEM-EDS. The same procedure as described in section 3.2.6, was used for this analyses
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3.5 Stage 5: Desktop equilibrium thermodynamic evaluation

Desktop equilibrium thermognamic calculations were conductegsing FactSadé! 7.3
software.All calculations wereconducted in the Equilibmodule Three databasewere selected

in all casesnamely, FT-oxide databaséor oxides solutions, including slgFactPS (which
covered all pure substancégluding gases, pure oxides, and pure elerertad the FSstel
database (a steel database that looks at all the species encountered in steelmakiage these
similar for the siicomanganese process). The uittdegrees Celsius), atm (atmosphere), J
(joules), g (gramswith a startihng mass of 100 g of the inputand L (litres) were alsasedin

al cases. Two mairequilibrium calculations were perforrde throughout this investigatign
these are described in bulet form below:

A Equiib calculation 1This entaled determining the amount of liquigh mass %Yormed
on fring each dust streanto a final temperature of 600 to 1300(in 100C steps). In
performing this calculation, the amampled dust bulk chemical analysis was used as the
input to FactSagelo simplify the calculations, all species analysed were assumed to be
presentin their most common form with K as2K, Na as NzO, Al as AbO3, Ca asCaO,
Fe as FeO, Mg as MgO, Mn as MnO, Si as>S&d C as C. To evaluate whether such a
assumption was reasonabln was varied to M#&f, Mn** and Mri*, whilst Fe was varied
to Fe&*and Fé*(at PQ of 0.17 atmand total pressure of 1 gtnThe variationin oxidation
states of Feand Mnroxides, showedho significant change iamount ofiquid formed (for
the most park2% changeas demonstrated ie example irFigure 34andTable 18). From
these calculations, a graph depicting the predicted equilbrium change in liquid formation,
with change in fring temperature was constructed.

A Equiibrium calculations 2:This entaied determining whether some of the particles
observed to have sintered together, where sold af li¢fs iquid calculatedand shownas
0 %), @t the fring temperature where the pellet was fred at. These calculations assisted
in classifying and then explaing whether the observed sintering of particles was by solid
or liquid state mechanisnUnike, Equilb calculation 1, where particle was observed to be
of acrystaline phasddentified by XRD and present in the datababe inputchemical
formula was nserted as such in FactSage.

1000 e Fez+ and Mn2+ §
90.0 |SFe3+and Mn3+ N
—g00 |MFe3+andMnd+ - §
g N
2 70.0 N
E N
£ 60.0 - §
5 50.0 N
g N
5 40.0 N
300 } §
20.0 N
10.0 N I\ N

NI NN N

600 700 800 900 1000 1100 1200 1300
Temperature (°C)
Figure 34: The effect of varying Fe and Mn oxidation on liquid formation (The example was
for a composition of: MNO/MiD:/MnQ; (12.6414.06/15.4%), FeO/FeOs (2.323.324),
Al203 (2.65%), Ca((3.50%), MgO (1.83%), SKJ66.55%), NaO (4.04%), and C and S
(both 0%) (Calculations performed using FactSage 7.3 softwaré®Q of 0.17atm)
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Table18: Corresponding table showing the liquid formed (in ma$s%oa function of
change in temperature and the Fe/Mn oxidation states

Temperature (°C) 600 | 700 | 800 | 900 [ 1000 | 1100 | 1200 | 1300
Fe/Mn oxidation state Liquid fraction (mass %)
Fe2*/Mn2* 134 | 171 | 194 [ 728 | 76.6 | 84.9 | 100.0 | 100.0
Fe3*/Mn3* 117 | 149 | 16.1 | 72.8 | 77.0 | 86.9 | 100.0 | 100.0
FeZ*/Mn** 11.7 | 149 | 161 | 72.8 | 77.0 | 86.9 | 100.0 | 100.0

3.6 Assumptions

For this project several assumptions were made especially in the design of the test matrix. The
assumptions as well as theespective justificationsare discussed iitable 19.

Tablel19: Assumptions and the justifications thereof made for this study

Assumption

Justification

Sub-samples collected from the whole are
representative

Careful attention was placed when sampling
material from whole.

Applied firing temperatures are in agreement
with duct temperatures

Careful measures applied to decide on the min
and max temperatures.

A prevailing air atmosphere is encountered in
the ducts of the furnace. Thus, the laboratory
tests are conducted in an air atmosphere.

Since the roof of the furnace is largely open,
air ingress is expected. This is further justified
by the observed combustion of CO gas on the
surface of the furnace bed. Also in SAF
ferrochrome producing processes, the off-gas
was reported to have about 90% air (European
Commission, 2010)

Although according to literature the sintering
time has a bearing on the degree of sintering
obsened. Four hours across the board is
sufficient for sintering to be observed in this
case.

Most literature cited sintering times lower than
four hours with success. A number of articles
stipulated four hours where discernible
sintering was observed.

Points chosen for assessment of localised
sintering are reasonable representative of the
whole sample.

Based on the premise of good sampling
techniques prior to firing test and selection of
variations of particle joints at each firing
temperature.

Composition input to FactSage is within
reasonable accuracy.

Careful was attention was placed when
analysing the as-sampled dust streams.
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4 RESULTS

The results are presented in a sequence ftliatvs closey the experimer procedure
followed: first theresults reling to sinteringin the smelteibased worlkare presented (section
4.1), then the rests conducted in the laborateegtiors 4.2 to 4.9.

4.1 Smelter duct observations

Some of the images taken duriagluct inspection for a short shutdowns peripdre shown in

Figure 35. Figure 35 (a) shows one of the portslong the diagonal sectipafter being opened.

As seen in the image, the duct contained dust material that had formed a hardiarksig

the port.Figure 35 (b), shows an image taken durirthe removalof the dust in the vertical
section the dust was not removed from the diagonally section as this actitycavaglered

unsaf@. Observationsmace during the dust removal was that in some ayélas dust was hard

and crusty, and thus <coul dnotinstdae Figdre 35(ch dge d
was takenafter the removal of the dukbm the port.Figure 35 (d), sfows a portion of the

interior of the duct with some hanging dust along duet, which may have resultecby
sintering. Figure 35 (e) shows the completely bloe#t duct during thdong shutdown.

Since the actual analysis of the dust observed along the duct was not conductednéingéyto
sampling and time constrainty whether the observed hanging dust was as a result of sintering
of material could not be confrmed. Indications, however, based on the hardness of the dust as
well as the crustiness in some places seemed to at least point to the possibility of sini@ring as
contributing mechanism to this.

duct sidewall

D=21m

Dust tglofkage
inside duct

"ol e) : Lot
Figure 35: Photograplstaken during the duct inspectiof@a) blocked port in diagonal
section,(b) clearing of blocked por{c) appearance of podfter clearance of dust material,

(d) appearance of duct inter through shining torch light, and (e) completely blocked duct
during long shutdown.
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4.2 As-sampled dust characterisation

Section 4.2presents the results of the characterisation of thgaapled dust prior to firing.
Presented in this section is the physical appearance, PSD arahjsishemical composition,
buk phase chemical compositoms wel asthe specific phase chemical cposition, for
stream 12, and 3.

4.2.1 Physical appearance

A photographic image showing the-sampled dust appearance for stregi@, and 3is shown

in Figure 36. Along with the image are pictures of the pressed pelidts its correspondingas
presseddiameter for each streamFrom the figure, a visible differencavas observed in the
colour (i.e. stream 1:grey with touches of blacland white stream 2grey, and streanB:
brown), as well as thgarticle size of the dust. The difference in PSD is quantified in section
4.2.2.

Figure 36: Photograph showinghysical appearancef stream 13 (stream 1: far left, stream
2: middle, and stream 3: far rightl= diameter ofpressedellef)

4.2.2 Particle size distribution

The particle size distributions per streaane presented ifrigure 37. From the figure, tiwas
observedthat stream 1 had the highest fraction of coarse particles (i.e. 70% of particles were
above 212 microns), followed by stream 2 with 13% of its particles eePb® microns. Stream

3 on the other hand had the highest proportions of fines, with 89% of particles below 38
microns.

Comparing these results with literature, stream 3, which had the finest particle size with 89%
of its particles passing 38 microns, sy resembled the PSD of SiMn dust reportedGaal

et al., 201p for a sludge producing SAF operatiore. a wet dust treatment process
Furthermore, even thougthe work done byNkosi et al., 20113lid not report on the PSD of

the dust for the exact same smelter in question here, judging from the SEM micrograp hs
reported earler inFigure 12, the relative fineness of the particles suggests ttiege are
representative of stream 3 dusteOwould expect that under the same firing temperature and
pressed pellet strength, sinteriiigpresent, would be most pronouncédstream 3 compared

to stream 1 and 2, due to a lower degree of-p#aticular poregRomero et al., 2008]Hu

and Wang, 2010)Dehaghani and Wmadian, 2015)and(German, 1996)
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