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The uppersidewallof a typical PGM smeltes lined with synthetic gphite at the heface.
Coppermwaffle coolers located behind the graphite extract the heat away from the refractory.
Thesufficientcoolingprovided bythe cooledcopperwaffle coolers causethe process

material to freeze at ¢hhotface of the graphite, forming a protective skull (frebzmg).

The protective skull retards tipenetration of the process melt and gases through the graphite
block. It is desired to extend the graphite block to thefdm of the lower sidavall butthe
interaction between graphite and matte is not well understood.

The principal aim of this work was to determine the prominent wear mechanism of graphite
when in contact with a PGM furnace melt (slag and matte). Wettability tests and crucible tests
were done at temperatures from 8@o 1550°C to determine the effect temperature has on

the interaction between graphite gardmary PGM matteThe contact time was varied from

1 hour to 5 days, to determine the effect of exposure time on the weapbitg by the
primaryPGM matte Penetratiomndgraphite dissolution were used as a measure of the
compatibility of graphite with thequid PGM matte



The melting behaviour of pusailfides (CuS, FeSandNisSy) wasassessedhe observed

melting tempeatures were in agreement with the published figures.

Wettability of graphite byuresulfides (CuS, FeSandNis:S,), synthetic matte and industrial
PGM-furnace matte was determined using a sessile drop method. The interfacial
contactangle between grapkiand all samples was >90°; therefore graphite is poorly wetted
by all the tested materia¢gsccept FeSreactive wetting was observed between FeS and

graphite

Synthetic matte did not penetrate through the graphite undéeadsted conditionslhe
formation ofthe Fe-Ni alloy through thenetallizationof (Fe Ni)S increased with operating
temperature and contact time-Realloy dissolved up to 3. mass percemarba, whereas

the sulfide phaseadissolvedup t00.03mass percerdgarbon

The industrialmattesampleshad silicates and oxide impurities. During the exposure of
industrial matte to graphite, the impurities interacted with the matte and graphite, this lead to
high consumption of graphite. The silicates were extracteduifide phase accordg the

following reaction
[M]SiOs+ (Fe,Ni ) S HFedigSY+ [M]S + 3CO

This reaction caused severe wear of graphite owing to the formation of thasife
forward reaction was favoured by high temperat8réfides in their pure state were not
corrosive towards graphit@he erosion of graphitat theslag/gas interface increased with

exposure time.

Penetration of industrial matte was observed only during the initial stages of melting, the
penetration ceasexs the contact time increasddhe pentation of industrial matte through
graphite was driven biyre foaming of matte and the excess ga&ssure thabrced the liquid
matte through the pores of the graphite wall.

The crucible was cooled from one end to determine if the frozen s&ulthfiorm on the
graphitematte interface. The matte formed a frozen skull at temperdtales 900°C.
Penetration of matte was not observed where the frekadhhad formed but at temperatures
above 900C matte penetration occurr@thd no skull was observed the graphite surface.



The ndustrialPGM-slag did not wet graphite, the contact angle between graphite and slag
samplesvas greater than 90°. The industrial PGMg was exposed to graphite using
crucible test method?hysical penetration of slag throutjie graphitevall was observed.

Slag penetration was attributed to #h@g foaming and gas generated during melting, excess

gas pressure forced the slag into the graphite pores.

Matte and slag were exposed in one graphite crucible to simulate thedayloaitmaterial in
the industrial setugerosion of graphite was observed at the mslig interface. Graphite
thickness of up to 1.1m was consumed after 12 hours of exposure.

The prominent wear mechanism of graphite was the sulfidation of siliéaltesjed bythe
dissolutionof graphite in a metal and finally tipdysicalpenetration of graphite bypatte and
slag.The silicates and oxides warere reactive and corrosive towards graphite than the
matte 6ulfides). Cooledgraphite is currently usedainst slag in industrial application;
cooledgraphite has performed well at thlagzone Since the slag is more corrosive towards
graphite than matte, it is envisaged that cogeaphite carbe used againstraattelayerif

sufficient cooling is applie

Microporecarbon was tested against matte for comparative reasons, to determine if
microporecarbon can odperform graphite. Microporearbon reacted with both synthetic matte
and industrial matte. Aulfide phase formed in the refractory matrix and ghlumina and silicon
compounds in the refractory dissolved into the matte. Micropore carbon cannot be used in
contact with matte since it has poor resistance towards chemical attack by matte.
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Chapterl Introduction

1 I ntroducti on

1.1 Platinum group metals (PGMs)

T h e woeselvesdfdatinum group metals/elements (PGMre estimated at 100 million
kilograms, of which over 8perceni s cont ained in South Africads
[Jungeetal. 2015]. Summary of the PGMs reserves by country is showalite1-1

[Jewelletal. 2015]. PGMsare a groupf six elements namely; iridium, osmium, platinum,

palladium, rhodium and ruthenium [Glaisttal. 201(J. PGMs together with gold and silver are
classified as noble metals because of thein lsorrosion and oxidation resistance

[Glaisteretal. 201Q Xiaoetal. 2004]. PGMs are used in a number of industrial processes and
commercial applications, such as; automotives, jewellery, electronics, dentistry and investments
amongst others [Jewadtal. 2015, Jone2005].

Tablel-1: Worldd BGMs reserves [Jewell et al. 2015]

Country PGM reserves (kg)
United states 900 000

Canada 310 000

Russia 1100 000

South Africa 63000 000

Other countries 800 MO

World total (rounded) 66000 000

The principal sources of PGMs aelfideand arsenide minerals such as Ri&4S, (PtPgS,

RuS, PdSb and elemental ruthenium [Xietal. 2004].Noble metals together with cobalt (Co),
copper (Cu), iron (Fe) amickel (Ni) belong to the class of transition metals in the periodic table
[Jones2005]. GeologicallyPGMsassociate with base metallfides such as chalcopyrite

(CuFeS), millerite (NiS), pentlandite (F&i)9Ss, pyrite (Fe$) and pyrrhotite (FexS)

[Xiaoetal. 2004, Jone4999]. Gangue minerals associated with PGM containing minerals are
feldspar, biotite, plagioclase and pyrox¢henesl999].To liberate the PGMich minerals from
gangue mineraldie PGM ore is crushed and millpdor to concentradn processes
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Chapterl Introduction

[Habashi2002]. The milled PGMore is treated using gravity sepamatand flotatiorio produce
asulfiderich PGM concentrate [Jon2605, Mudd2012]. To separate the PGHich sulfides
from the gangue minerals, smelting is udRectangulasix-in-line or circular threeslectrode
electricfurnaces are typical in tfeGM industry[Jones1999]. During smeltingf the PGM
containing concentratevo liquid phases ofidtinct relative densities forna, lighter
fayalitic-fosteritic (Mg, F€2SiOs) slag and a denser matidatte isrich iniron-coppetnickel

sulfidesand it serves as a collector for PGNgldell etal. 19849.

Due to high operating temperatures (13600 >1600°C) [Eksteern2011] associated with PGM
smelting the smelter has to bedd with refractories at tHet-face To prolong the service life

of the refractories, sufficient cooling of the refractories is required atllddaceof the

refractory wall. Copper waffle coolers are typically usadhecold-faceof the refractorie to
extract heat away from thefractories McDougall2012]. Due to high operating temperature
and corrosiveness of the PGidntainingmelt, failure of thecoppe waffle coolers has been
experienced in PGM smeltarsthe uppesidewallregion[Thethwayo201(. Failure ofcopper
waffle coolers causes explosions, loss of produciimaicosts associated with furnaebuild

The failure of coppewaffle coolers was preceded by the consumption of conventional refractory
bricks (MgQ-CrOy) thatwereused to érm the furnace liningTo prevent the occurrences of
copperwaffle cooler failuresconventional bricks have been replaced by the graphite blocks in
recent designef PGM smelter refractory walls.r@phite blocks are only applied at the-fexte
upper sidwall (against the concentrate and ghegzong. Graphite block$iaveincreased the
service life of the coppewvaffle coolers[Thethwayo201(. It is desired to extend the graphite
blocks to the lowesidewallof the PGM smelter refractory wall againsétmatte zone. There is
virtually no data published on the behaviour of graphite when it is in contact with liquid PGM

matte.

1.2 Aimsof study

Owing to high infiltration of furnace melt in the stagptte tidal zone (with graphite lined
smelters), the refraaty lining of the lower side wall has to be redesigned such that the refractory

material at the heftace has high resistance towards melt penetration. It is envisaged that using
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Chapterl Introduction

carbonbased refractory at the hfzice of the matte zone (lower sidell) will improve the

service life of the furnace lining PGM smelters

The behaviour of graphite when in contact with liquid PGM matte has not been covered in the
literature. Theobjectives of this work are the following:

o Determine the most prominent refragtavear mechanism wheselecteccarbonbased
refractories are in contact with liquid PGMrnace melt at typical furnace operating
temperaturedn this context; prominent wear mechanism of a refractory is a wear
mechanism thatauses the most degradatitissolution/penettéon or erosion of a
refractory.

o Determine the compatibility of carbdrased refractories (graphite and micropore carbon)
with PGM melt (matte andlgag).

1.2.1 Approach

The research question for this studpssfollows:

A Wich is the most prainent refractory wear mechanism when carbased refractories are
exposed to a |liquid PGM furnace melt?090

The research question is subdivided ihtguestions:

1. "Does aelt@matdanaslagjwet gr aphite?09

2. fiwhat is the most prominent wear mechanisrgraphite when graphite is exposed to a
liquid PGM melt (matteand slay ? 0

3. ADoes matte form a protective frozen skull when graphite is cooled suffiGeatly

4. ADoes a micropore carbon perform better th
To address theesearch questions walbility tests andrucibletestswereperformed.

Wettability of graphite by matte and slags investigately determining the contact angle

between a refractory substrate and a molten droplet.
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Crucible tests were executed to detimrthe compatibility oprimaryPGM mattewith the
carbonaceous refractory. Refractories tested wesghgeand micropore carbon. Graphite was
exposedo synthetid® GM matte, industrialPGM matte and industridGM slag Themicropore
carbonwasexposedo synthetic and industrial matte.

The interaction betwedherefractoryand theprimary matte and slagasassessed by

measuring théollowing:

0 Theextentof matteand slagoenetratiorthrough a refractory
o Thedissolutionof arefractoryby thematte(change in liquid composition)

o0 Thedegree of erosioaf a refractoryat thematteslag interface

1.2.2 Rationale and significance

The outcome of this work provides data on possible wear mecheoiigarbonrbased

refractories when they are expose@mimary PG/ matte and slagSuch data enables the
smelter designsto make informed decisions as to which refractory is most compatitiiea
process. Such information preveirtgplementatiorof refractories thaareincompatible with the
melt; thisleads to prentare failures otherefractory wall and subsequdosses of production
andincurredcosts associated withirnace rebuilt. Based on the outcome of this study the current
designs of PGM smelter refractory wall can be improved in aaftesttive way. Thelata orthe
behaviour of tested refractories and melt tadthe body of knowledge since there is no data
available on the opditerature thaaddresses this topithe study of théehaviourof industrial

PGM matte provides answers to ffteenomenon thatre already observed in the smelters such

as the deposition of matte species oncibid-faceof the refractory.
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Theintroductory informationaims motivation, approach, relevanc
andsignificance of the studgre discussed in this section.

In this sectiorthedescrption ofthe PGM ore, PGM smelting
process, challenges associated wh#hsmelting oPGMsandthe
design of aypical PGM smelter sidewalre given

Literature review contains the description of the refractories test
the refractory wear mechanismsdrefractorytesting methods.
Previous work on the interaction of carbon watlifides and
silicatesis discussedThe sulfidation of silicas in the presence of
carbon is also discussdebaming phenomenon of meiss
discussed.

Description of the analytical techniques usedlifiercharacterisatiol
of materials iggiven in this sectionTheproperties of thenaterids
usedfor the test work (refractorieBGM matte and slag) are
described. The apparatus used for the lab work, (coal ash fusio
furnace and a vertical tube furnace) are described. Experimentze
proceduregor all the tests donareoutlined.

Results for wettability tests and crucible tests of graphite expos!
to matte and slagre reportedThe interaction of graphite with
synthetic matte, industrial matte and industrial slag is reported.
effect of cooling graphite when exposed to indakmatte is
reportedn this section

The interaction betweesmmicropore carbon anehatte (synthetic
andindustria) is reported in this section

Results A and B are discussed in this sectiloa results are
compared wh the literature discussed in Section 3.

The findingsfrom this workare summarised in this section. The
recommended actions based on the findings are discussed in tt
section.

The list of thebibliography used in this worls givenin this
section.

The postmortem analysis o usedgraphite block is in
AppendixA.

The procedurandresults for he synthesis of a CukA, S phase
arein Appendix B

The matte penetration tests done on a CARdoe are reported in
Appendix C



Chapter2 Background

2 Background

2.1 The PGM ore

In South Africathe PGM ore is mined in the western and eastern limb dukbveld Igneous

Complex[Eksteen2011].Within the Bushveld Igneous Complex, the Merensky reef, Platreef

and Upper Grou (UG2) reef are exploited for platinum production [Junge et al. 2015, Amplats

annual report 2013, Forrestal. 2006]. Merensky and Platreef have similar chemical and

mineral composition [Nel2004, Jone8005]. These reefs typically have fairly low tents of

total sulfides. UG2 differ from the two reefs, in that it has low nickel and copper content, and a

large amount of Fe@D4 (> 30massperceny [Xiao etal. 2004]. The C1Oz content in the

Merensky and Platreef can be less thamakspercenfNell 2004].A typical mineralogy of the

Merensky and UG2 from the western limtsisownin Table2-1 (extract from EksteeB011).
Table2-1: Sulfideand gangue mineralogy tife Merenskyandthe UG2 concentrates

[Eksteen 2011]
Western UG2 Western Merensky

Amphibole/tremolite/actinolite 2.3 4.1
Biotite/phlogopite 0.8 0.5
Cgrbonates and other minor 0.4 03
minerals

Chalcopyrite 1.7 9.1
Chlorite 1.7 0.4
Chromite spinel 4.1 0.6
Clinopyroxene 6.1 6.1
Magnetite spinel 0.3 0.2
Olivine 0.2 0.1
Orthopyroxene 50.3 35.4
Other sulfides 0.3 0.8
Pentlandite 3.6 15.1
Plagioclase/anorthite 5.4 4.6
Pyrite 0.9 0.9
Pyrrhotite 0.8 16.7
Quartz 0.4 0.5
Serpentine 2.6 0.1
Talc 16.7 2.7
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2.2 PGM ore processing: an overview

Typical process route for treating PGM ore is showhigure2-1, [Habashi2002, Haye2003],

with the approximate PGM grade in each process (extracted from Jones 1999).

The PGM ore is initially crustieand milled to liberate the valuable minerals [Habasl].
The milled PGMore is treated using gravity separators and flotation cells to produce a
sulfide-rich PGM concentrate [Jon@905, Mudd2012].

Comminution
Milling / gravity separation
Fines ~5 g/t PGM

v

Tails < I Flotation |

Concentrate ~100- 400 g/t PGM

v

Smelting
Electric furnaces

|
Furnace matte ~ 640 - 2500 g/t PGM

v

Air > Converting
Fagghte f_ Pierce-Smith or Ausmelt
2 |
Converter matte 2100 - 6000 g/t PGM

Mined ore —

Slag <

Cu, Ni (—| Base Metals Refinery |

| Precious metals Refinery |

99.9 - 99.95 % PGM

Figure2-1: Typical processlow diagram fora PGM-ore procesng [Jones 1999]
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Typical composition of UG2 and Merenshkgtation concentrate is shown ifable2-2
[extracted from Liddeletal. 1986]. The UG2 concentrate hakigher chrome content when
compared t@ Merenskyconcentrat@as seen iTable2-2. TheUG2 concentratalso has

higher PGM content than the Merensky concentrate.

After the flotation step e PGM concentrate from the flotatioells is dried and smelted to

separate thsulfides from the silicates. After smeltintie furnace matte is treated in converters

to remove iron and sonwllfur by oxidation.lron is removed as fayalitic slag andulfuris

removed asulfur dioxide [Jores2005]. The converter matte is treatedhabase metals

refinery (BMR) to remove the copper, nickel and cobidie PGM concentratéom the BMR is

treated in the precious metals refinery where PGMs are separated into final products. The current

work focuses on the PGlMdre smelting process.

Table2-2: Typical composition othe Merensky andhe UG2 concentrate
[Liddell etal. 1984
Al203 CaO Cr203 Cu FeO MgO Ni S SiO2 PGM (g/t)
Merensky 16 22 03 21 223 182 32 9 414 100-250
UuG2 50 24 29 08 126 21.0 1.7 3.6 44.0 300-600

2.3 PGM ore gnelting

Smelting is ehigh-temperaturgrocess step where tkalfides (valuable minerals) are separated
from the silicates (gangue mineral§he anergy requird for meling the concentrate is provided

by Joule heating when an electric current is passed through the redegijldabashi2002].

Graphiteelectrodes are used for electrical connections between the power supply and the bath.
Graphite electrodes aneserted into the resistidieathsuch that when a current is applied
through the electrodes, thermal energy is generated [2008s Habash2002].

The feed ports are openings in the roof of the smelter through Wi&&GM concentrate is
introduced imo the smelter. The concentrate forms a thick bed (+4®) on top of the molten
bath. The heat generated in the resistive bath causes the concentrate bed to melt gradually
[Eksteen2011].
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The operating temperature of the smelter attmeentratezonecan range from 60€C to

900°C [Eksteenretal. 201]. The liquidus temperature of base meitafides associated with
PGMs is 850C to 875°C, whereas that of the corresponding silicates is approximately°C350
[Eksteeretal. 2011]. Thesulfides in a PG concentrate start melting at the concentrate bed

sincethetemperature at theoncentratezonecan exceed the liquidus temperature ofdhkides.

The silicate minerals melt when they reach the molten bath (concesiagtmterface)The
silicates ad sulfides are immiscible; upon melting they form two separate layers. The molten
silicates and oxides form a slag layer while the PGM contasutfgles settle to form the matte
layer[Eksteeretal. 2011}

The specific gravity of matte ranges from th&.6, that of slag ranges from 2.8 to 3.8
[Habashi2002, Jone2005]. Owing to the difference in specific gravities of matte and slag, the
slag forms a top layer. Matte being denser than slag falls through the slag layer and settles
underneath the slalylatte consists dbase metasulfides (cobalt, copper, iron and nickeljatte
serves as a collector for the PGMayes2003, Joneg005]

Operating temperature of matte and slag varies with the composition of the concentrate
[Eksteen2011]. Typical smeér operating temperature for materies from1380°C to 1600°C
andthat of slag varies frorh500°C to 1680°C [Eksteen2011].

The molten slag and matte are tapped out of the smelter through-th@dasituated at the
endwalls of the furnaceAfter tapping the matte can either be fed directly to the converters as
tapped or it can be granulated before the conversion step, mattgetmestries with the

producers.

2.3.1 Industrial PGM -furnace matte

Anglo AmericanPlatinum (Amplats), Impal®latinum (Implat$, and Lonmin are three major
producers of PGMs in South Africa [Ry2014]. Typical compositions of matte from selected
smelters are shown ifable2-3. Matte from different smelters seems to have comparable
amounts of major congments (Cu, Fe, Ni arfd). The slight difference is that the amount of iron

in Amplats matte is slightly higher than the iron in a Lonmin matsble2-3).
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Table2-3: Typical chemial composition of industrial matte from selected smelt®isss
perceny [Jones 1999]

Co Cr Cu Fe Ni S
Amplats-Waterval 0.5 0.5 9.0 41.0 17.0 27.0
Lonmin-Merensky/UG2 0.5 0.2 9.7 37.0 17.0 28.0
Lonmin-UG2 0.5 0.3 9.8 35.0 17.0 28.0

2.3.2 Industrial PGM -fur nace slag

Gangue minerals associated with PGM containing minerals are feldspar, biotite, plagioclase and
pyroxene ([CaNgAl 1.2Siz-20g) [Jonesl999]. During smeltinghesegangueminerals form a

slag thais a silicaterich liquid phaseTypical composibn of the PGMfurnace slag from

different smelters is shown Fable2-4 [extracted from Jones999]. The oxide compounds in
Amplats and LonmifMerensky slag are comparable, Lonru2 slag has higher &bs, CaO

and MgO, its Fe@ontent is significantly lower when compared to the slag from Amplats and

Lonmin-Merensky ore.

Table2-4: Typical chemical composition of industrial slag from different sme(taeess
perceny
Al203 CaO Co Cr203 Cu FeO MgO Ni S SiO2
Amplats-Waterval 33 64 01 08 0.1 31.0 150 0.2 0.5 46.0
Lonmin-Merensky 20 98 01 12 0.1 28.0 19.0 0.2 0.0 440
Lonmin-UG2 39 130 00 24 01 92 220 0.1 0.0 47.0

2.3.3 Challenges associated witsmelting high chromite concentrate

South African PGM producers generally process a Merensky concentrateawaigble;

otherwise the Merensky and UG2 concentrates are blended together to achieve the required feed
composition for the smelter. In recent years, the depletioredfigtrensky reef has forced the

PGM producers to mine the U&reef thathas up to 6@ercentthromite As a consequence, the
flotation concentratdnas higler chrome content than tldaromeamount that the smelters are
designed to handlén reducing condibns the operating temperature limitset solubility of

Cr.03in a typical slagAt 1450°C to 1650°C the solubility of CsOs in slag is limited to
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1.8 mass percenids suchthe smelters have battled with numerous challenges owing to the
treatment of digh chrome concentraf€oetzee2006] The challenges associated with high

chrome feed to the smelter are the following:

Formation of chromite spinels which are insoluble in §izaetzee2004

1 Chromite spinels have high melting points as such theyaserthe liquidus temperature of
the slag and they lower the fluidity of the slag [Coe2@@6]

1 The operating temperature must be increased, as a consequena alidemperature of
the constituents (slag and matte) increases [Ek&@Eh, Hundermarkt al. 2011]

1 When the matte temperature is above the liquidus temperature of the sladifiegzéhe
matte dissolves the freefiaing, this leads to corrosion of the refractories by corrosive
matte and slafEksteen2011, Hundermarktal. 2011]

1 Thereare FeO based spinels and CrO based spinels, the proportiermaod EEr in the
spinel may varyas such there are spinels thatve a higher densithan the matte and the
spinels that are slightly lighter than matpinels which are denser than mattle on the
hearth, the accumulation of spinels on the hearth reduce the volume of the furnace
[Eksteen2011, Hundermarktal. 2011]

T Spinels with intermediate d-mattsinterfgce,thsr m a
leads to the entrainment of math slag, [EksteeB011, Hundermarktal. 2011]

1 High chrome decreases electrical conductivity of the bath, this leads to electrical control
problems in the furnace [Coetz2@06]

1 High chrome levels affect the matte temperatures during conversion stép, ma
temperatures above 13%6 has beembservedthis causes damage to the refractory
lining. Cold dope (revert) is normally used to lower the temperature of the matte during
conversion [Coetze006, Eksteeetal. 2011]

A number of approaches have bé&srestigated to deal with the chrome problem. The following

actions have eased chromite problem in the smelters:

1 Deep electrode immersion and operating at high power densities causes sufficient mixing
which keeps the solids in suspension [Eks@@hl, Lddelletal. 2012] High power
densitiesncreases the operating temperature whidbversely affect the refractory life
[Coetzee2004
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1 Some producers stopped feeding the converter slag to the furnaces since the converter slag
has high chrome content [Coe&2006, Hundermarktal. 2011]

1 The flux addition in the furnace was discontinued, lower CaO levels increased the
solubility of the chromite in the slag [CoetZ2@06, Hundermarktal. 2011]

1 The control of furnace inputs and control of furnace paramg@ieveer, furnace
availability) is essential in controlling chrome content [Coe2@E6]

1 Selective reduction, improvéise solubility of chromium in the slag [Nelsenal. 2005 in
Hundermarketal. 2011]

1 Tapping out the intermediate layer intentionallafBesetal. 2006]
Decreasing the chromium input to the smelters [Hunderetak2011]
Another innovation able to manage chrenah ores is the ConRoast process. This process
involves removing and capturirsglfur from the concentrate prior to smetiim a DCGarc
furnace. Roasting a concentrate makes smelting more environmentally friendly; it also
enables furnaces to accept any proportion of chromite, resulting in more efficient and
costeffective platinum production [Jonesal. 2011]. The CoRoastprocess is a radical

departure from current practice, this process is not considered in this thesis.

2.4 PGM smelter

The smelting process is carried outlternating currentelectrical furnaces. Circular€ectrode
or rectangular 6n-line electrodefurnaces are used for PGM smelting [Ekstetal. 2011,
Joneg2005] A schematic diagram of a typical PGM smelter is showfignre2-2 (a) cross
section of a &lectrode circular furnace, (bgctangula6-in-line electroddurnace éxtracted
from King 1975).

A typical PGM snelter has a hearth, lower sidgl (matte zone), upper sidall (slagzoneand
feedtoncentratezong and a freeboard (roof) [McDougatal. 2012]. The roof typically has
electrode ports, view ports and feedtpof he electrode ports are where the electrodes enter the
furnace.View ports are uskduring smelter visual inspectis. Feed poris where the feed pipes

enterthe smelter.
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The concentrate, slag and matte layers are annotated as sugira®?-2. The hearth is the base
of the smelter. The matte tdyole is placed above the hearth level while the sladptdgis
placed just above the mateyel; tap holesare indicated as launder kingure2-2(b) [King 1975]

Electrode

%
1

Refractory —

Concentrate layer

T
Il

2 N GO
(

Slag layer »
Slag layer
Matte layer > y Metal layer
¥ || ITTTT H ‘ =‘ ‘ ~,,‘/>VS|”1~' launder
Hearth i, ro e A (LT

mnnnne | - Hearth

Figure2-2: a) Typical circular &lectrode, b) rectangularib-line electrode mattsmelting
furnace the important features of the smelter are annotated in the diajdterg975]

2.5 Sidewall lining design of a typical PGM smelter

In a smelterlining is a system comprising of a shell, cooling medium, refractories and the
process itself [Duncanson et al. 200Bheinsulating concept arttie freezelining concept are
refractory lining concepts #t are adopted in industr¥he insulating concept applies the mass
versus time principlehe refractory is corroded over timand theprimary purposés to protect
the furnace shelllhe refractory material with less than @€rcentcarbon content is esidered
insulating [Duncansoatal. 2004].In conventional designs aftypicalPGM-smelter, an
insulating lining concept is adoptadthe design of a refractonyall.

The refractorymaterials used in a typical PGM smelter wall diffem the roof tathe hearth
[McDougall etal. 2012].In the conventional desighuamninasilicatebased refractory bricks are
used at the freebogrohagnesiachromium bricksaareused at théot-faceof the upper sidevall,
lower sidewall and the heartiVatercooled coppewaffle coolers are used at theld-faceof
the uppesidewallto extract the heatway from the refractorigdcDougall etal. 2012]

A
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2.5.1 Challenges with the conventional lining design (Mg@CrOx brick)

Previously MgOx«-CrOx bricks were commonly used duet hotface in front of the coppevaffle
coolers to provide insulation for the coppeffle coolers.This conventional lining design had
short falls; the refractory brick at thetfaceof the uppesside wall had low resistance to
chemical attack by ligid matte and slagAs suchthe refractories used in PGM smelters had a
short life spanfThethwayo201(d. Theinsulating lining (MgQ-CrOx bricks) performed poorly
when used in gh operating temperatures associated with high chrome content of the smelter
feed Thesmelter designers are shifting to the application of the freeze lining concept in PGM

smelter refractory wall design [Thethwa201d.

2.5.2 The freeze lining concept

Thefreeze lining refers to a system in which the lining has an ability to freez@dloess

mat erials and form a prhotfaeeofthe refeactomyc cr et i on fAsKk
[Duncansoretal. 2004]. Theformation of a frozen skull at tHet-faceof a refractory is a

function of the refractory temperature and the solidus temperdttire process material. The
composition and thickness of the skull primarily depend on the process temperature and the rate
at which the refractory can extract the heat away fronhdiséace[Duncansoretal. 2004]. If

the temperature at thmt-faceof the refractory idbelow the freezing poirdf theprocess

material, the process material begins to freeze formprgtective skull. If the temperature at
thehot-faceof the refractory i@bove the solidus temperature of the frozen sthél protective

skull starts melting and its thickness decreaesicansoretal. 2004. For the frozen skull to be
stable thénot-facetemperature must be sufficiently below the solidus temperature of one or more
of the process materials. The stable frozen skull protieetsefractory and provides an insulating
layer to maintain low temperatures. If refractory temperatures are kept low, refractory wear is

prevented. The temperature dependency of the protective skull is summarised below;
Thot < Tmelt solidus the melt frezes on the refractory surface forming a protective skull

Thot > Tmat solidus the protective skull melts
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For the protective layer to be stable there shouklifieient heat transfer from thieot-faceto
the cooling systenThermal resistare throughhe lining should béow for theheat transfer
through the refractory to kmfficient[Duncansoretal. 2004. Thefollowing conditiors must be
met in a true freeze lining systefduncansoretal. 2004].

1 Robust cooling system
1 Refractory naterials with hgh thermal conductivity

1 Intimate contact between the cooling system and the refractory

Robust cooling is essential safficiently extractthe heat from thénot-facesuch that the heface
temperature is maintained below tlgpiidustemperature of thaifnace contents
[Duncansoretal. 2004]. G@pper waffle coolers are used at twéd-faceof the recent designs of
the refractory wall of the PGM smelter. Coppeaffle coolers provide cooling of the refractory,
such that a frozen skull forms at thet-face of the lining. The frozen skull prevents refractory
wear by hot furnace contents [McDouggilhl. 2012].

Carbonbased materials (such as graphitéfer low thermal resistanatue to their relatively
high thermal conductivity [Duncans@bal. 2004]. Theyhave high refractoriness, moderate
thermal expansion and high resistance towards chéatteak in reducing conditions
[Tomalaetal. 2007].In this contextcarbonbased materialefer to materials withb20 mass

percentcarbon Puncansoretal. 2004].

2.5.3 The aurrent design of a PGM smelter refractory wall (graphite block)

Graphite has replacalle MgOx-CrOx bricks in recent refractory wall designs of PGM smelters.
A schematic diagram of a refractemall cross section is shown Figure2-3, this is a current
design Graphite is used at thmt-faceuppersidewallof therefractory wall of thesmelteras
shownin Figure2-3. Graphite is in ontact with cooled copper waffle alers. Copper waffle
coolas havea base aninobs that protruden bothsides of the baseA typical matte zone
refractory wall has copper plate cooler in contact with thgOx-CrOx brick [McDougall et al.

2012],other smelters haverammableor acastablan the hotface of tle lower sidewall.

Graphite has performed very well at the upgdewallof the refractory wall of the smeltek

graphite block used inarticular smelter was assessed after 6 months in operation
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[Thethwayo2010d. The gaphite block was analysed frofrettop (feed level) to the bottom
(slagmatte interface). BSE images of the graphitefaceat the concentratslag interface and

attheslagmatte interface are shownhigure2-4 andFigure 2-5 respetively.

At the graphitehot-face the melt penetration was i@ 1 mm into the graphite wallThe melt
penetration deptbf 1 mm after six months exposure is considered minimal since it is notsalwa
possible to maintain the hédce temperatureelow tre solidus temperature of the méit.the
spaces between the graphite blg¢ke melt penetration was 4p the coldface of the graphite
block [Thethwayd01(Q.

In cooled refractorieghere is a temperature gradient from lioéfaceto thecold-faceof the

refractory. Liquid penetrant freezes when the refractory wall temperature falls below the solidus
temperature of the penetrant. Liquid solidification creates a protective skull that causes the liquid
penetration to cease [Carnigétal. 1992, Leectal. 1999 and Janssatal. 2004]. Therefore, in

the refractory irFigure2-4 andFigure 2-5 the formation of the frozen skull was due to the

efficient cooling of the lining which caused the melfreezeat thehot-face
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Figure2-3: A crosssection of theurrent design of RGM smelter refractoryall: the
cold-faceis lined with copper waffle coolers at the uppgdevall and copper plate cooler at
the matte zondhe hotface has graphite at the upgstdenall and MgQ-CrOx brick at the
matte zone [McDougall et al. 2012]
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Graphite

900 pm

Figure2-4: Graphitelined refractory wall o PGM smelteiafter 6 months iserviceat the
hotface of the uppesidewall(concentrateslag interface)on the left is thdSE image
where a frozen skull and graphite are annotated, on the right is a schémeatizsitions of

the sampleare annotated hef€hethwayo201q

+—graphite—

graphite block bottom surface

Figure 2-5: Graphitelined refractory wall of the PGM smelter after 6 months in setdbe
hot-face(slagmatte zone) BSE imagéhe frozen skull and graphite are annotated
[Thethwayo201q
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2.5.3.1 The formation of afrozen skull at the hot-faceof the graphite

To determine the mechanism of skull formation the elemental compasitibafrozen skull
(Figure2-4 andFigure 2-5) was acquired usinglectronprobemicro analyserEPMA). The
constituents of the frozeskull would differentiate whether the frozen skull formed as a result of
the interaction of graphite witthe melt (reduction) or deposition of the melt due to the surface
temperature of the graphite [Thetttyo201J. The composition of the frozen skull is
summarised iMable2-5 [extracted from Thethway®01(.

Sulfide phases were abundant in the frozen skull at tldesteg zoneKigure2-4). Both slag
andsulfidephasesvere detected in the frozen skull at the sizatte zoneKigure 2-5). Metal
phases were not detected in the frozen skull [Theth8¢f. Thefrozen skullconstitutedhe
melt that solidified due to the surtatemperature of the graphite that was lower thasdhdus
temperature of the melfthe composition and thickness of the skull (at the surface of graphite)
varied with the depth of the refractory lining from g@ncentrateone(Figure2-4) to the matte
zone(Figure 2-5). The skull at theoncentratezone was thin1 mm) andat the base of the

slagmatteinterfacethe skull was thicker~2 mm) [Thethwayo201(Q.

The composition and thidess of the izen skull dependn the hofface temperature of the
refractory [Duncansoatal. 2004]. Theeforethe mechanism of the skull formation was a

function of the temperature of the graphite-famte and the composition of the melt.

Table2-5: Composition of the frozen skull Figure2-4 andFigure 2-5, EPMA analysis

(massperceny
Ca Cr Cu Fe Mg Ni S Si O Stoichiometry
- - - 250 - 28.0 470 - - (Fe,Ni)S
- - 220 320 - 1.0 450 - - (CuFesS
- - 455 9.5 - - 450 - - CuFeS
79 13 - 11.8 16.6 - - 33.8 28.6 (Mg, Fe,Ca)SiOy
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Base metasulfides start melting at the concentrate bed since the concentrate bed temperatures
canexceed the liquidus temperature (80 of the base metallfides [Eksteer2011].The
highest projected temperatuattheconcentrateoneis about 900C [Eksteen2011].

The liquidus temperature of the silicates is about T&@epending on the coropition
[Eksteen2011],therefore the silicates remain solid at to@centratezone The silicates start

melting at the slagone where th operating temperature is highigb50°C) [Eksteen2011].

A temperature gradient exists from the concentrated#tktelectrodéps and from the

electrode tigto the hearthThe critical temperatures at different points in the PGM smelter are
shown inFigure2-6. In Figure2-6, T1, T- and Tz are the operating tguerdures adifferent

levels inside the smelteF; is at he concentrate leverl, is atthetip of the electrodeandTzis
atthe matte layer. il Tm and Tc areestimated temperatures of the refractory willis the
hotfacetemperature, & is thegraphitecopper interfacéeemperatureand Tcis the temperature

at thecold-faceof the coppewaffle cooler.

The temperature of the graphite Hiate increases fronmé¢ concentratezoneto theslagzone At
theconcentrateone the hot-facetemperaturés below the solidus temperature of the silicate
phases. At thelagzone the hotfacetemperatures abovethe solidus temperature ofatte as

such matte phases will remain liquid at the graphitefaceof the slagzone In contrast, the
hot-face tempeatureof the slagzonemay be lower than the slag solidus temperature, therefore

when slag comes in contact with the graphiieface itwould solidify.

The proposed mechanism of skull formation in the graphite surface is summarised below;
Th1 < Tsulfice solidus Sulfide solidifies
Th2 > T sulfidesolidus Sulfide melts

Tha< Tslag solidusSlag solidifies

4

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Quef® YUNIBESITHI YA PRETORIA 20



Chapter2 Background

Figure2-6: Critical temperatures in a typical PGM smelters ©perating temperature at the

corcentratezone T, = temperature at the tip of the electrodes (glage), & = temperature

at the matte layer,nFF hotfacetemperature, & = temperature at graphit®oler interface,
Tc = cold-facetemperature

2.5.3.2 Wear of graphite at the slagmatte interface

In cooled refractories there isteeptemperature gradient from thetfaceto thecold-faceof
the refractory [Carnigli@tal. 1992,Leeetal. 1999 and Janssatal. 2004]. The heat flux
through the furnace lining can be estimated fEguationl. Heat flux is the sam#arougheach
component, therefore it can be used to calculate temperature drop in each component
[Duncansoretal. 2004].

¥

n Equationl
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q = rate ofheattransfer(W), k = thermal conduetity (W.m1.K™?), A = area of heat transfer
(m?), & = temperature difference across a thermal sy$k = distance of heat transfém),

I’k = thermal resistance iR

Thetemperature at the graphitepper interface (d_1 and Tn_» in Figure2-6), was estimated

using Equatiorl. The pararaters used for the calculation igehe following,

keu = 360W.mL.k?, thicknesof copper= 3.5¢cm, kyaphie= 150W.m1.k?, thickness of
graphite= 16 cm.

The assumptias for this calculation were the following: tbeld-facetemperature is 40C and

the heat flux is at steady state. The estimated interface temperatures were agFaloe2-6];
At Th_1=900°C, Tm_1=112°C
At Th 2=153°C, Tm 2= 166°C

Based on the calculated values of the graptotgper interface temperature, the surface of the
copperwaffle cooler can be as hot as 18Bat theslagzone It has been reported that at
temperatures above 10Q copper can be severatgrroded bysulfur[Thethwayo201d. This
indicates that when treulfur vapour andulfide gases get in contact with the surface of the
copper, chemical reactions between the copjadfle coolers and the process gas will occur.

Proposed mechanisms fagher wear of graphite at the statptte interface are outlined below:

o High temperature at the slagne maksthe environment conducive for reduction reactions
between graphite and furnace melt

o The slag and matte lewamoveup and down during tapping. iBrarea is therefore exposed
to significant mechanical turbulence which can lead to refractory erosion
[McDougalletal. 2012]

0 Matte and slag have different chemical and thermal properties, for this rdestozen
skull inthe tidalzone may not form atable thickness as it is constantly exposed to these
phasesEksteen discussiéhe solubility of oxides (CrO and FeO) in the matte
[Eksteen2011]. If thee is a composition gradient between fitezen skulland the meltand
if the melt is not in equilibum with the frozen skull, thozen skullcan be dissolved by the
melt[Eksteen2011].
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0 The slags typically at a higher temperature than the solidus temperature of the frozen skull,

in such a case the frozen skull will be dissolved by the melt.

2.5.3.3 Future design of the PGM smelter refractory wall

Due to the challenges observed with the current refractory lining design, it is desired to extend

the graphite blocks to the matte layer as showFignre2-7.

If graphite is compalble with the liquid PGM matte, graphite will be used as a refractory at the
hotface of the matte zone refractory walhe copperwaffle coolers will be used at the

cold-facefrom the uppesidewall to the lower sidewadls drawn irFigure2-7.

copper waffle coolers

graphuts (base and knobs)

B

graphite I copper waffle coolers

|
“a I j// (base and knobs)

Figure2-7: A crosssection of the PGM smelter refractemgall: future designgraphite will
belined atthe hotface uppessidewall and lowesidewall;watercooledcopper waffle
coolerswill belined at thecold-face uppessidewall and lowesidewall.
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2.6 Summary

The backgroundectionentailed the description of the PGM ore, typical compositions of the
PGM concentrate from various producers and an overview of the PGM ore processing. The
smelting of PGMs, the layout of the smelter, the liquid smelting products and challenges
associated with processing high chromite ore were discussed.

The focus of the current work is to determine the wear mechanisms of -&abenh refractories

when in corct withaliquid PGM matte and slag. Tloballenges associated with the

conventional refractory wall design haveen discussed he application of graphite on the

upper sidewall of the PGM smelter has been successful, it is desired to extend the lgraqghite

to the lower sidewall of the PGM furnace refractory wall. The next section will review the
literature on the selected refractories, the refractory testing methods, the properties of the matte
and slagtheinteraction of carbon with sulfides andicates as well aghe melt foaming

phenomenon.

A
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S Literature

Application of graphite as a refractory in PGM smelters is a recent development. As such the
open literature has limited data on the behaviour of cablased refractories when in contact
with a PGM melt (matte and slag). Hence, the focus of the current work was to study the
behaviourof graphite and micropore carbamen in contact witla liquid PGM melt (matte and

slag).
The lterature review covers thHellowing topics:

o Refractories; the dmition of refractories, the manufacturing processes of the refractories
tested in this work, the refractory wear mechanighesprevention of refractory wear
usingcooling, and the refractonyear testing methods

o Factors affecting matte flow rate tlugh a graphite tapole;the work done on this topic
was reviewed with an aim of determining the parameters for the current work.

o Phase relations ithe CuFe-S and FeNi-S systemthe phase transformation in the
Cu-Fe-Ni-S systemwas reviewedince the mite samples used in the current wark
composed of th€u-Fe-S and FeNi-S compounds

o0 The nteraction of carbon with sulfides; the previous work done omtkeaction of
iron-nickel sulfidewith carbornwas reviewed since solubility of carbon in mattaswone
of the research questions in the current whld literature was found on the interaction
of carbon with irorcopper sulfidebut there is one reference to the solubility of carbon in
a CuFe melt and the effect of carbon solubility in the wettgbdf carbon by a melt.

0 The nteraction of sliides with silicates in the presence of carbomrevious work done
on the sulfidesilicate carbon system vgadiscusseth this sectionThis topicwas
relevantto the current work because the graphite was eeghts matte (sulfides) and slag
(silicates), therefore the interaction between the sulfide and silictite presence of
carbon had tde understood.

o0 Interaction of sulfides with gas bubbléisis section reviewed the conditions under which
compound drps form and the effect of matte entrainment in gas bubblesielease of
process gas veaexpected during the exposure of matte to graphite, this topic was
reviewed to understand what would happen whige matte came in contact with the gas.
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0 Melt foaming this section reviewed tlmnditions thatause a melt to foam. Since slag
and matte were in contact with graphftemation ofa CO gaswas envisagetence

studying the possibility of slag/matte foaming.

3.1 Refractories

Refractories are structural masds thatcanresist destructive forces at high temperatures.
Refractories typically have high melting point in order to withstand high temperatures during
application. Refractories can be classified as a¢ai. SiQ), basic(e.g. CaO/MgQ, or

amphoteic (e.g Al203 or Cr0s3). Amphotericrefractoriescan react with either an acid or a base.
Graphite does not fallnder any of theseategoriesit is a neutral refractory; it is chemically
stable in contact with both acids and bases [Hal21].

Graphte is one of the most refractory substances known, but it oxidizes at high temperatures
is extensively used in metallurgical furnaces where oxidation can be confktdleashi2002].
Graphite has a high thermal conductivity; it is not easily wetyeahdtte, and it can withstand

high operating temperatures under reducing conditions [McDoeigll2012].

3.1.1 Carbon-based refractories

The carborbased refractories tested in this work incllidgtruded porous graphite (SG),
isostatically pressed (densgpphite (HG) and a micropore carbon (MPC). The aim of
comparing these refractoriass to identify the material most compatible with the liquid PGM

furnace melt.

Criteria used to select these refractories were based on the performance of similaisroaeztia
in industry. SG graphite is used at tiw-faceof recently designed refractory linings in PGM
smeltersatthe upper sidewall [Thethway91d. HG graphite wa tested for comparative
reasons. Micropore carbon is used in steel making blast furaadaeshas improved the service
life of these furnaces [Nittet al. 2008]. The an of testinga micropore carbon w&ato determine
whether it will resist the liquid PGM matte thereby improving the integrity of the lining of the
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PGM smelter. Typical manugeuring processes and properties of graphite and micropore carbon

are discussed in turn.

3.1.2 Synthetic (moulded) graphite

Synthetic graphite is carbon material that has been treated at temperatures ab6@e P70

raw materials used in making synthetic dnigg are fillers, binders, impregnators and additives.

Fillers are materials such as coke, recycled graphite, natural graphite and carbon black. They
serve as aggregate in the synthetic graphite structure. Binders consolidate the aggregate particles.
Coalttar pitch and petroleum pitch are typical binders used in making synthetic graphite

[Pierson1993]. Typical production flow diagram farmoulded graphite is shown Figure3-1.

3.1.2.1 Manufacturing of a synthetic graphite

Fillers and Inders are milled ttherequired particle sizes after which they are mixed and
blended at typically 1760C. The mixture is cooled to about 125 and moulded to shape. Three
forming techniquesised for moulding graphite are; extrusion, compression asthtso

pressing. Following forming, the binder is carbonized by heating the shapes to temperatures of
up to 120C°C in an inert atmosphere, this process is called carbonization. During carbonization,
the product becomes porous due to the loss of volasitenmal. To achieve the required porosity
and quality the product is impregnated with etzalpitch or polymers in a highressure

autoclave. Impregnation and carbonization are repeated until the required properties are met. The
products are treated attperatures of up to 300C in resistance or induction furnaces to

convert the carbon to a graphitic structure. Graphitization increases the thermal and electrical
conductivity of the material and the resistance to thermal shock and chemical attack. During
graphitization puffing may occur, a condition in which the shaped graphite expands due to the
release of volatile species. Puffing causes cracks and other structural defects [R@83ohhe
properties of the final product are influenced by the forn@efnique. Extrusion produces a
nortuniform, anisotropic, lowcost material. Isostatic pressing produces a material with more

uniform isotropic structure and fewer defgd&gerson1993].
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The extruded (low grade) graphaad an isostatically pressedghigrade) graphiterere
graphite types tegtlen this work In this report he extruded graphiie denoted as SG and the

isostatically pressed graphite is dencastiG.

Coke Coal - tar pitch
\—r Mixer «—‘
l | Extrusion
Moulding presses » |C0mpression ‘
I B
Bakng - 1200°C Isostatic pressing
(Carbonization)

Re - baking ¥
Impregnator |[«— Coal - tar pitch

Graphitization furnace
3000°C

Machining

Figure3-1: Typical production process flow diagram fax mouldedgraphite [Pierson 1993]

3.1.3 Micropore carbon (MPC)

Carbon blocks have been used in blast furnace lining since theemury [Nittaet al. 2008].
Micropore carbon is earborbasedmaterial thais characterised by low pasity, high
resistance to metal corrosion and high thermal conductivity. Micropore carbongrasechthe

service life of irorproducing blast furnaces [Nit&t al. 2008].

Micropore carbonwas tested in this work to determine whether it can improveehéce life of
the refractory lining of the PGM producing smelters as it has performed well in gie bla
furnaces. Comparative testsrea@lone taletermine whether the MPC would perfobetter than

the graphite.
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3.1.3.1 Manufacturing of a micropore carbon

The orginal carbon block used in blast furnaces consisted of roasted anthracite and artificial
graphiteflakes thatvere bonded with tar [Nittatal. 2008, Tomalatal. 2007]. Roasted

anthracite forms the aggregate of btheck; artificial graphite scraps oftakes are added to

improve the thermal conductivity and the resistance of the block against alkali attack
[Tomalaetal. 2007, Cheretal. 2017. Additives such as alumina compounds and fine ground
silicon are added to the carbon block recipe to improegtbperties of the block

[Nitta etal. 2008, Tomalatal. 2007]. Alumina is resistant to acidic slag and mechanical wear.
Addition of alumina improves the resistance of the block to erosion and dissolution by the liquid
metal[Tomalaetal. 2007]. Addition of elemental silicon in the carbon block mixture leads to the
formation of silicon carbide (SiC) by the reactions between silicon and carbon. SiC forms during
the baking of the mixture. Formation of SiC reduces the pore diameter of the block thus
improving the microporous structure of the block [Netal. 2008, Tomalatal. 2007,

Chenetal. 2010. Reduction of pore diameter increases the resistance of the block to penetration
by a liquid metal [Nittaetal. 2008].

A typical manufacturing process itfe MPC refractoryinvolves premixing, shaping and curing
of thecomponents at 200 for 10hours. The cured samplegatin an alumina crucibland
thenembedded in graphitéhe sample ibaked at 1400C for 3 hours at an air atmosphere
[Chenetal. 20140.

3.1.4 Refractory wear mechanisms

Compatibility of a refractory witlaliquid is defined as aability of arefractory to rest

penetration ochemical attacklissolution by diquid [Leeetal. 2004]. The best refractory
shouldhavea low solubility inaliquid melt, a high resistance to chemical attack aridgh
resistance tpenetration byhe liquid melt it is exposed t&Vear of a refractory material by a
liquid can proceed through chemical attack and mechanical or physical wear. Chemical wear
involves a combination of different mechanisms, such as penetration, dissolution

[Lee etal. 2004] and oxidatiofmeduction reactions [Riga®D11]. Mechanical or physical wear
involves erosion [Leetal. 2004, Mills2011}
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3.1.4.1 Refractory penetration

Any liquid canpenetrate a refractory if the liquid is highly fluid and there are openings (pores or
cracks) orthe refractory surfaces. Penetratioradifjuid is dependent on the amount and size of
surface pores (apparent porosity) as well as the preséocacks. The corrosive liquid can only
penetrate through a pore or a crack if the size of the pore or crack is larger than that of the
minimum droplet size of the slag or glass at temperature (consideration of surface energies). The
higher the temperaturthe lowerthe viscosity of the liquid antthe lower will be the minimum

size droplet. Therefore higher temperature increthseshance of penetration [Sarkar 2017].

Physical penetration occurs when a strictly-magiting liquid is forced into the pores a solid
by external forcesuch as gravityPhysicalpenetrations affected byhe hydrostatic pressure
andtheviscosity of the liquid [Rigau@011, Leectal. 2004, Janssoetal. 2004].

Physicalpenetratiorof a iquid can be quantified by usirtge expressin in Equatior? [Lee et
al. 2004 Janssoretal. 2004] Chemical penetration is when there is dissolution and physical

penetration taking pladéee et al. 2004Janssoretal. 2004]

0 Equation2

whered= penet r at i osurfaceeepsiomdhdliguid (N.m{), d = pore diametgm),
d=contact angl e tfieAquid (Pals), = timd (SLieecesal. 2004, o f
Janssoretal. 2004]

3.1.4.1.1 Factors that affect the penetration ¢ a liquid through the refractory

Penetration of a refractory laiquid is affected by the porosity (pore size), wetting, viscosity,
surface tension, contact time, temperaturetheadomposition of the liquid [Leetal. 1999,
Janssoretal. 2004, Silvaetal. 2005,Carnigliaetal. 1993. Factors affecting penetration are

discussedn turn

a) Porosity
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Porosity is a measure of the effective pore volume in the refractory into which the liquid can
penetrate. The porosity of a refractory is expressed aérage percentage of pore volume in
the total refractory volum@&he resistance of a refractory to penetration by liquids is improved
by reducing the open porosity of the refract@@arnigliaetal. 1992] If the microstructure of

the refractory has opgaints, cracks or gaps the liquid invasion can be very rapid and to the full
extent of the refractory wall. If the refractory has connected pores the liquid invasion can be
rapid but it occurs progressively. If the refractory is chemically bonded or &aix nthe liquid
invasion is moderate and progressive, it leads to debonding of the refractory

[Carnigliaetal. 1992

b) Wetting

Wetting is characterized by a contact angle between a solid refractory and a liquid. A contact
angle of <90° isregardedaswett g and a contact awegtlitelnnwghdi.c h i s

generalanincrease in temperature will increase wettab[lBhoi et al. 2008, Yuan et al. 2013

Sundstrénet al.2008hasstudied the effect of matte composition on the wettability of
refractores by matte. They concluded thia¢ ttontact angle between a matte and a substrate
(refractory) increases witlnincrease in NiS; concentrationwhereasigh FeSdecreases the
wettingangle between thmatteand the substrat@herefore wetting is not ¥@ured by high
NizS while high FeSfavoursthe wetting of the refractory by a maf&undstrémet al 2008].
Effectof CuxS on wetting was not reported in literatufée effect of dissolved carbon on
wettability of carbon by a melt was discussed\ishenko et al. 1974, the increase in dissolved

carbon increases the wetting angle between the carbon and the melt.

Reactive wetting isvhere there areeactions at the solidiquid interface, dissolution of the solid

into the liquid or formation of a new comyad. The contact angle in such a system varies

between two characteristic contact angles, the initial contact angle between the liquid and the
unreacted substrate, as well as the final contact angle between the liquid and the reaction product
[Eustathopouds 2015]

For nonwettingliquids, infiltration is achieved by applying a sufficiently high pressure to
overcome the capillary pressuksguation3 is the expressioto calculate theapillary pressure

for nonwetting liquids In Equationd is the expresion for differential pressure between the
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capillary pressure and the applied pressure. If the liquid infiltration is limited by viscous friction

an expression in Equatidnis used to calculatineinfiltration distance Eustathopoulos 2015].

Pc= TW/ed cosd Equation3
&eP=Po-Pc Equationd
h?=r%( P}t 4 d Equation5

Where Ris capillary pressuréPa) P is applied pressur@a) rert is an effective pore radius
(m,d i s t he c,aisthesarface ,emsior akliquid AN m?), d is theviscosity ofa
liquid (Pa.s), is contacttime (s)andh is theinfiltration distance (m)The infiltration distance

(h) increases parabohdy with both time (t) and excess pressutagtathopoulos 2015]
c) Viscosity

Viscosity is the measflow,#istbefabilitylofea liquittaurésidtdé s r es i s
movement of one layer of molecules over another when stress is applied2Mills
Atkinson 2006].

The presence of solids in a melt increases its viscosity [Muller et al].20 Hlsemisolid melt,
the fraction solid decreases wihincrease in temperature [Atkins@006} the increase in

temperature decreases the viscosityl[bfet al. 2011].

Sundstronet al. 200&hasstudied the effect of composition and temperature on the viscosity of a
sulfide melt. They observed thasegosity is highly dependent on temperature and the
composition of the fluid. Viscositincreases with eécreasing temperatupSundstronet

al. 2008] For the CuS-NizS, system viscosity decreases wiinincrease in N¥S; up to90 mass
percent The viscosity of the FeSwS decreases with an increase in FeS till &8s percent
FeS.From 1190°C to 1250°C the viscosity of thisystemdecreasgwith increasingemperature
[Sundstronet al. 2008].

The viscosity of the FellizS; systemis an anomaly, at temperatutgsdow 1190°C it decreases

with anincrease in temperatyrieom 1190°C to 1210°C the visosity of the FeNiz:S,
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increases. From 125@ to 1500°C the viscosity of FeNisS, decreasefom 2.8x 10°to 2.2x
10° Pa.g[Sundstrémet al. 2008].

The viscosity of the slag depends on the basicity of the slag and the temperatu28Q&}id he
viscosity of SlagA and SlagL was estimated tbe 0.4 Pa.s, the estimatimbased on the work

of Eric [Eric 2004].Viscosity and surface tension are useful in the estimation of the penetration
depth of the liquid.

d) Surface tension

Surface tensiors the neasue of the energy required to break the intermolecular cohesion forces
acting on the surface of the fluiduan et al. 2013]Surfacetensionis referredconcerning forces
action on a gas/liquid interface. Interfadiehsionis referredwhen the forceare acting in the

interfacebetween immiscible liquids or a liquid and a solid interface [Ip et al. 1992].

Surface tension in the @&FeSNisS, system is sensitive to cqrasition Sundstrom

etal. 2008. Increase in sulfur content decreases the sutéaston of assulfide melt; sulfur has

been shown to have the greatest influence on the surface tension of théroickshtte
[Sundstromet al. 2008] Addition of Cu and Ni to the FeS melt lestd anincrease irthe surface
tensionof the melt increaang theiron content of a melt decreases surface tension. The addition
of up to 3.9masspercentoxygen has no effect on tearfacetension of the FeS melndrease in

metallization of asulfide meltincreasedts surface tensionJundstronetal. 200§.

The dependency die surface tensionf sulfides orthe temperature has been reported by
Sundstronet al.2008 The surface tension of G$ and that of FeS haamnegligible dependerc
on temperature, while that of & decreases linearly with increasiteggnperature from 1100
to 1300°C [Sundstronet al.2008, Hamuyuni et al. 2012].

At 1200°C, thesurface tension of G8, FeS and N&; is respectively 0.39, 0.326 and
0.494N.m! [Yan et al. 2000]Surface tension affects the corrosive interactiomaite or slag

with the refractory $undstronet al. 2008].

Interfacial tensioms a parameter that affects the interaction between immiscible liquids and
liquid-solid interaction. Interfacidensiongreatly affectthe phenomenon such as entrainment of
matte in slag and flotation of minerals with gas. If interfacial tension betaskg andamatte

is low, slag can bentrained in matte, if the interfacial tension is high bubbles may become
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entrapped in the metal phase resulting in defects in solidificatich as pore$Shndstromnet al.
2008].

There is a lack of datan interfacial tensions pertinetat the slagmatte systems produced in the
electric furnace, an indirect approach was adopted where interfacial tension was calculated using
the available wface tensionsHric 2004] The surface tension of the slag was calculated from

the expression in Equation 6, taken from Eric [R2004]. The surface tensiot)(of Amplats

slag (SlagA) and Lonmin slag (Slag) is respectively 0.39 k't and 0.4 Nm™2.

0 = m@d+@86Xsio+ 640Xal0: + 614Xca0+ 512XMgo Equation6

e) Contact time

The penetration of a liquid throughrefractory increases with increasing contact time. As the
penetration progresses the properties of the limagl change, e.g. if there is a temperature
gradient from the heftace to the coldace the penetrant may freeze when it gets to lower
temperatures and the penetration will stop even if the contact time is increased. Therefore the
penetration rate may chge with an increase in contact time [Carniglia el 882].

f) Temperature

Temperature affects the properties of the melt such as viseosisyrface tension amongst
others, temperature has an indirect influence onaléity through its influence on ¢
propertieof the melt Leeetal. 1999, Janssoetal. 2004, Silvaetal. 2005,Carniglia

etal. 1992. The higher the temperature the lower the viscosity of the liquidreatdgherthe
chanesof penetration [Sarkar 201Eee et al. 1999 Generally corrosion of the refractories by

a melt can be prevented if thmmperatureare kept low Duncansoret al.2004.
g) Composition of the melt

According to Vollmanret al. 2013, a high compositiggradient between the melt and the
refractory enhances massrséer between the refractory and thelt thatleads to the corrosion
of the refractory. In the current work, the refractory usedgvaghite thats neutral;therefore
the effect of the composition of liquid on its penetration through graphite shonkpbegible.
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3.1.4.2 Refractory dissolution

The simplest case of pure dissolution is to consider the solid reacting with a liquid to form a
product with new properties [Carnigkdial. 1992]. Dissolution of a refractory can lead to the
consumption of the refractpfJanssoretal. 2004].Dissolution of a refractoris a function of
temperature, composition (refractory and liquithw conditionsand liquid properties

(viscosity, density, diffusivity[Lee etal. 2004]. A refractory which is not readily wetted by a
given process liquid also tends to resist dissolution by that li@adhjgliaetal. 1992] The
effective liquidsolid wetting increases dissolution of the refractory by the wetting fluid
[Rigaud2011].

If the refractories have impurities or matrix peahey are more prone to chemical &ttag a
corrosive fluid. Chemicakttackmainly proceedshrough thematrix phase ograin boundary of

the refractory microstructure [Sark2017].

The factors affecting dissolution are similar to the factors afigg@netration, these have been
discussedn theparagraphs above. Flow conditions can be ignored since dynarsiwéestnot

done in the current work.

3.1.4.3 Erosion

Erosion of a refractory material by a liquid is associated with the motion of the liquid

[Janssao etal. 2004. It is caused by highielocity liquids and gases [Janssetal. 2004].
Refractories in industrial furnaces often exhibit an area of wear (deep groove) at the region
bet ween sl ag/ met al and s| ag/ g aiso naralisederdsianc e ,
at threephasecontacts ioftencaused by an intense bath motion due to Marangoni effect

[Mills 2011].

Marangoni convection is driven by the gradient in surface tensions p@il&]. Marangoni
effectinduces a flow from low to gh surface tension region, this flow resiftsavortex. The
upward flow is caused by the Marangoni effect, the backidanan flow happens when the
gravity force is higher than the Marangoni flow. The vortex flow causes gradual erosion of the
refractory athe slagine [Mills 2011].
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Vollmann et al. 2018ave done simulations to calculdte effect of Marangoni convectiorad
forced convection on refractory corrosionaafynamicsystem they used computational fluid
dynamicsfor theirsimulations Theyreported that at low Reynolds numbers the Marangoni
convections have a significant effect on the mass transfer between the refractory and the fluid,
whereas at high Reynolds numbers the effect of the Marangoni convection is negligible
[Vollmann et al. 2013

Vollmann et al. 2018ompared the simulation data to the experimental work where-séd®ed

slag was interacted with silidaased refractorylhesilica content of the slagas variedsuch

that the concentration gradient and surface tension grdmiemeen slag and refractory existed.
The rotation speed of the refractory mds varied [Vollmann et al. 2013t was observed that
there is a criticaelocity below which Marangoni effect is ascertained, above this critical speed
Marangoni convectionaes not havaneffect on mass transfer betwe@e melt andthe

refractory. The critical velocity increases witte decrease igoncentration and surface tension
gradients betweetie melt andtherefractory. For dynamic systems, above critical veloaitly

forced convection (rotation) has an effect on mass transfer between rgfeadanelt.

Vollmann et al. 2018oncluded thaMarangoni &ect hasthe highest influence where high
concentration andurface tension gradients exi$he groove at thithree phasecontact indicates
the contribution of Marangoni convection to corrosion. Forced convection is dominant at high

rotationalspeedsit is characterized by uniform corrosion [Vollmann et al. 2013]

In the current work, matte and slag were exposegtdphite simultaneously (in one crucible),
there was a threghase region slag/graphite/gas and slag/matte/graphite interface. Akighch
concentration gradients and surface tension gradients were expected at thgaeateaegions.

Hencethe discission of possible refractory wear at thpease regions.

3.1.5 Refractory-wear testing methods

Refractory wear testingiethodshave been discussed in literatubeifkl 1994 Leeetal. 1999.

The description of the different methods and the methods use@ wdhk are discussed turn:
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3.1.5.1 Dynamic methods

A dynamic testing methoid where the fluid moves relative to the refractory [eeal. 1999,

Dunkl 1994]. Types of gnamic testingnethodsare the following: otating furrace test, rotating
finger tesfDunkl 1994], and rotating slag test [Leeal. 1999]. The advantage of dynamic tests

is the ability to simulate flows of the melt relative to the refractibigllows evaluation of

refractory eosion. The draw back witthe dynamic methods ithat it is rdatively expensie,

the evaluation of the geometric profile is difficult (wear profile changes with the depth of liquid)
different flow velocities can be experienbeith the depth of the specimen, as such dynamic
tests have low reproducibility, [Toma¢hal. 2007, DunkI1994].

3.1.5.2 Static methods

The gatic methods where the motion of the fluid is not simulated [lezal. 1999, Dunkl1994].
Examples of static method tests are; crucible/cup/brick test, button or sessile drop,
dipping/immersion/finger/plateest and induction furnace. Static methods are simple,
economical and they have higthreproducibility tran the dynamic tests. The draw back with the
static method is that wear tife refractory due téhe motion of the fluid cannot be evaluated
[Lee etal. 1999, Dunkl1994].The static methods are discusseturn

3.1.5.2.1 Crucible/cup/brick test

A cored out refractory brick is filled with the test material and exposed at high temperature to
promote interaction. Refractory wear is evaluated by measuring the dhahgegeometry of
the cavity.Crucible test performed itne electrical furnace has the best reproducibility

[Dunkl 1994]. The advantages of this method are the following:

o ltis simple

o It has higler repeatabilitthan other methods

o Chemical wear and stctural spalling due to liquid penetration atehsification can be
evaluated [Leetal. 1999, Dunkl1994]

The daw back withthe crucible test is the following:
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o The emperature gradietittrough theaefractorywall cannot be achievethereforgit
doesnot fully resemble the typical industrial setup due to its isothermal nature.

o Rapid saturation dherefractory componds inthemelt is also a limitation
[Leeetal. 1999, Dunkl1994]

3.1.5.2.2 Button or sessile drop tests

Sessile drop method is the most usechoeffor determination of wettability. shaped material
is placed on a refractory substrate and heated to its melting temperature
[Eustathopoulogtal. 1999] The interfacial contact angle between the solid and the molten
droplet is an accepted measuravettability [Siddigietal. 2000]. A schematidlustration of the
sessile drop method and contact angle profiles are depidkegure3-2 (a and b), where a
contrast between the wetting system and thewetting system is illstrated (sketches taken
from [Eustathopoulostal. 1999). By definition when the interfacial angle (between the solid
and liquid) is <90°, the liquid wets the so{figure3-2a) and when the interfacial angle is >90°
the solidis nonwetted by the liquidFigure3-2b) [Eustathopoulostal. 1999

Siddigietal. 2000]

For indepth study of refractorwear it is initially required to understand the mechanism of
wetting whertherefractory material isn contact with the liquid [Luz et al. 2008]. Wetting can
be classified intghysical wetting or chemical wetting [Bhoi et al. 2008]. In physical wetting,
revesible physical forces, such aan der Waals and dispersion forces provide the attractive
energyrequired to wet the surface. In chemical wetting, the reaction occurring at thécotid
interface is responsible for wetting [Bhoi et al. 2008].

liquid droplet
i-solid substrate

Figure3-2: Schematic illustration of the solidjuid profiles (a) contact angle <90° (wetting
system), (b) contact angle >90° (rametting system) [Eustathopoulos et al. 1999]
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The main factors which influence wetting behaviour are surface tension, operating temperature,
liquid composition, roughness andface heterogeneity of the substrate, contact time, test
atmosphere as well as reactions between liquid and &oirkf al. 2008 Leeetal. 1999,

Wu etal. 2000] Surface tension is a function of temperature and composition of the iquid.

low surfacetensionenhances wetting-eeetal. 1999, Wuetal. 2004.

The surface of the substrate should be smooth, flat, horizontal and chemically homogenous to

prevent contact angle hysteresis (errors or variations in contact dngtetjpl. 2009.

Chemicalreactions between the solid substrate and liquid can lead to the dissolution of the
substrate into the droplet, or the formatioritef reaction products at theerfae

[Luz etal. 200§. Substrate dissolution and formation of interfacial product a¥fettability and
can change the value thfe contact angleljuz etal. 200§. If the reaction product is soluble in
the dropletjt will dissolve into the liquid melt [Leetal. 2004].

With anincrease ircontact time, evaporation of material resultsamniations in contact angle

and reduced droplet volumkyz etal. 2008. The fluctuation of the contact angle and the

changes of the size of the droplet have been discussed by Shenvemitkexs. They explained

that the formation and evolution of the ghsing the interaction causes the changes in the size

of the droplet and the contact angle. When gas generation exceeds escaping rate, the gas could
accumulate isidethe droplettausinghe droplet to inflate. Once the gas is released the droplet
contracs [Sheretal. 2009]

Volatile or gaseous products result in mass loss due to the evaporation of gaisa[L2@04].
Formation of gaseous products results in significant consumption of both the droplet and the
substrate. This may result in the formatmf a curvature at thdropletsubstraténterface

[Lee etal. 2004].

3.1.6 Prevention of refractory wear using cooling

Wear of refractories can be prevented if the temperature is kept low. If thecbkdemperature
is kept below the solidus temperature & fIrocess materials, the process materials freeze

forming a protective layer. Refractories are cooled to facilitate the formation of the protective
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layer at the heface. The protective layer prevents or retards the chemical attack of the refractory

by the process material [Duncansehal.2004].

In the current work a test was done where a graphite crucible was cooled, this was to test
whether a protective layer does form at thefaoe if the hoface temperature is below the

solidus temperature of timeelt.

3.1.7 Summary

The literature review on refractories covered the description of the refractories, the
manufacturing of the refractories used in this work, the wear mechanisms of refractories and the
refractories testing methods. The refractories uséasrwork were & graphite, HG graphite

and MPC These materials have not been used in contact with a PGMyraeibusly;hence the

aim of this work is to determine their behavior when in contact with a PGM melt. As such there

was virtually no data on thesbavior of these refractories when in taat withPGM melt.

The weamechanisms of refractories and the factors affecting the wear of refractories by the
melt havebeen covered in the literatuf@enetration, dissolution and erosion were the refractory
wear mechanismsliscussedin the current work all these mechanisms were observed, the
parameters deemed responsible for each mechanism are discussed under Section seven of this

report.

According to the literature presented in this sectamdrsaffectingthe refractory wear
mechanismsra thefollowing; theproperties of the melt such as viscosity, surface tension and
compositionithe properties of the refractory such as porosity and the compo#igonoperating
parametersuchas contact time and tempuire; as well as the wettability of the refractory by a
melt. In the current work it is discovered that in physical penetration contact time and operating
temperature have negligible effect on the penetration of liquid matte through the SG graphite,
extenal pressure has the most effectlmmextent of liquid matte penetration through the SG
graphite.Thethreephaseregion was the most eroded portion of the refractory when SG graphite
was exposed to industrialatte;this means that gradient in surfaeagion has a significant

impact on the erosion of graphite by a PGM melt.
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Refractory wear testing methods have been discussed in litettatthve.current work, crucible

tests and wettability tests were the testing methods selected to determine theeearisms of
carbonbased refractories by a PGM melt. The porosity of the refractory, the operating
temperature and the contact time were the parameters selected as variables in the current work.
The current work confirms the effect of porosibperatingemperaturend contact time on the

wear of graphite by a PGM melt.

No work has been published on the effect of cooling graphite when it is exposed to a PGM melt.
In this work it has been established that at static conditions a PGM matte can form faestable
lining.

The followingsectiondescribes the previous work done where a graphite block was used at

tap-hole in a PGM smelter. Thisork was included in order to understand the important
parameters when graphitein contactwith matte.

3.2 Factors affecting matte flow rate through a graphite block taphole

Snydersetal. 2006 hastesteda graphite brick in a matte taple After a number of tapthe
brick had a crack. Where more than one bricks were lined in tHeolapthe taghole was
enlargedwvhich necessitated replacement after few taps [Snydats2006]. On examination of
the graphite brickit was observed thaatte penetratdthe brick

Snyders and cavorkersmodelledthe tapping channel of a matte faple using a graphiterick.
They tested the effect dfie matte tajhole diameterthetemperature of the matte and the bath
level onthematte flowrate through a tapole. The findings from the model are listed below,
these findings were also tested in the plant and they correspmntiedmodel

[Snydersetal. 2006].

o0 No relationship was observed between tap rate (ton/min) and matte temperature, the
flowrate of matte out of a tapole did not vary with matte temperature.

o0 The hole diameter haalsignificant impact on the matte flowte, the matte flow rate
increased with the hole diameter.

o0 Themattetappingrate increased with increasing bath levels (matte and slag levels)
because of the increaseheadpressure.
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The findings from the work of Snyders andworkers give basis for kting the variables in
the currentwork. Although their work was based on using graphite brick in-adég findings

can still be applicable in this work in terms of the following:

The dfect of matte temperature on the liquid penetration of mattei¢iirthe graphite wall:
Matte temperature should not affect the flow rate of liquid matte through the graphitewall.
theirtest workthe matte penetrated the graphite brick, this means that the matte has the ability to

penetrate the graphite under certeonditions.

3.3 Phase relations in the CuFe-Ni-S system

PGMsassociate with base megallfides such as chalcopyrite (CuRgSnillerite (NiS),
pentlandite (FeNi)eSs, pyrite (Fe$) and pyrrhotite (FeS) [Xiaoetal. 2004, Jone4999].

The components dhesesulfides (Cu, Fe, Ni, S) can be described by two ternary systems,
namely;FeCu-S and FeNi-S. These systems have to be considénestudying the phase

transformations of theulfides as a function of temperature.

The CuFe-S and FeNi-S ternary gstems have been studied extensiy8harykhetal. 2012,
Raghavar2004] Phase relations in each of the ternary systems are discussed in turn using phase
diagrams. Phase diagrams typically depict the compositional information of condensed phases as

a furction of temperature.

3.3.1 Fe-Ni-S system

The condensephases in the FHi-S system at 4580C are presented in a phase diagram in
Figure3-3 [extracted froniVaughanretal. 1979. At low temperatures (from 85 to 400°C),
this systen is dominated by solid solutions namely; pentlandite solid solution, sadfite solid
solution and heazlewoodite solid soluti@tdrykhetal. 2012, RaghavaB004] For each solid
solution the atomic fractions of Fe, Ni and S vary significaripyakoa etal. 2001,
Fabrichnayaet al.2009.

A pentlandite isa Fe-Ni-S solidsolution thatakes a form (F&li1-z)e +Ss, its ideal composition is

(FexsNiss5)Se. There is a high pentlandite formnd a low pentlandite form. High pentlandite is
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stable between 86% and 584°C [Fleet 2006]. The low pentlandite is stable from 8C30

below 400°C, its composition limi are as follows [Fle&006]:

(F&s.95 Niz.07)Ss to (Fe.gNies55)Ss at 400°C

(Fes.s5MNi282)Se to (Fe.7dNis 45 Sg at 500°C, including (Fe.sNia.s5)Ss

Pentlandite is a metaich solid solution which is in equiliium with asulfur-rich monulfide
solid solution (mss) from 868 to 400°C. Mss is a continuous solid solution adfur atomic
fraction of 5Q it extends from pyrrhotite (£€S) to NixS with a typical formula of
(Fe&Ni1-z)S: +.iMss is stable from 110 to below 400°C [Fleet 2006 Starykhetal. 2012,
Raghavar2004.

Heazlewoodite (NS) is an end member of the heazlewoodite ssdidition thais stable up to
565°C. Heazlewoodite solid solution has a composition rarighe form (FeNi1-z)3 (&
[Fleet2006].In the NiS system shown iRigure3-4, NizS; transforms to NixS, solid solution
at 565°C [Kitakazeetal. 2011]. The Niz«S2 solid solution with 39.%&tomic percenof sulfur
starts forming a liquid at 78%C and is fully molten at 792C. A melting path for a typical Nb;
is highlighted with a dotted line iRigure3-4.

The loss okulfurby asulfidedrives the equilibrium ta metal FeNi phase field in the F8li-S
system [Vaughaetal. 1978].In Figure 33 it can be seen that below 50 atom percent sulfur
Fe,Ni is a stable phas&t 1200°C Fe-Ni alloy is a stable phase at low sulfur partial pressure
according to th&azawadiagram presented by Willis awd-workers[Willis et al. 2009] At
temperature around 625 °C, pentlandite, monosusiadiel solutionand irorrnickel alloy (taenite
and kamacite) coexisK|[takazeetal. 2011. Therefore the Fe,Ni alloy is expected ie thatte

samples.

Pyrrhotite (FexS) is a solid solution with sulfur varying from 50 to 55 atoms per 50 atoms of
iron. In the (FexS),x vary from 0 to 0.2Yaughanretal. 1978] The FeS phase diagram is
shown inFigure3-5, from 950°C to 1200°C the Fe1.xS solid solution dominate# typical
melting path for aKe.xS) is highlighted irFigure3-5.
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Figure3-5: Phase relations among condensed phases in the binary sys&ma felting
path for FexSis highlighted withadotted linelVaughanetal. 1978]

3.3.2 Cu-Fe-S system

The CuFeS ternary systent{gure3-6) has extensive fields of solid solutions including bornite
(CusFeS) solid solution at the G& corner, balcopyrite (intermediate solid solution) and
pyrrhotite (F@.xS) at the Fe&S end. Bornite is stable from 228 to 1100°C, chalcopyrite
(CuFe9) is stable up to 557C, and the intermediate solid solution (iss) extends from ¢34Fe

to Cu.1Fe S [Fleet 2006}

Vaughan and cavorkers have discussed the phase relations in th® stem irFigure3-7
[Vaughan et al. 1978]. In the €aisystem, &5 inverts to hexagonal chalcocite and
high-digenite solid solutiomt 103.5°C. A high-digenite solid solution has a composition
ranging from CuS to Cu 73S [Vaugharetal. 1978]. From 813C to 1105°C sulfur-rich
high-digenite is in equilibrium with aulfidemelt, CuS inverts to aulfidemelt at 1105C
[Vaughan etl. 1978]. The dotted line highlights the melting path for a typical,§3isuch as

used in the current work.
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Iron metal and copper liquid are stabl@pes athe metakich portion of the CtFe-S system at
1200°C. Copper and iron are immiscible hertbere isno CuFe alloy in the CtFe-S system
[Willis et al. 2009].

Fe

Figure3-6: Phase relations in the central portion of theF&s system at 408C (atomic
perceny; [bornite_bn, chalcocite_cc, chalgofie _cp, covellite_cv, digenite_dg, idaite_id,
pyrrhotite_po, pyrite_py, intermediate solid solution_iss]; [diagram extracted from Vaughan
et al. 1978]

Extensive solid solutions that exist in thefieS and CtFe-S systems cause the

non-stoichiometry ophases in the sulfide sampWith anincrease in temperatyrtne sulfide

phases undergo phase transformations, therefosittées in the PGM concentrate converts to

their hightemperature form before they are molten. Koutsoyiannis 2012 discussethtiuns

between vapour pressure and temperature. He stated that for any substance vapour pressure
increases with increasing temperature [Koutsoyiannis 2012]. Asthigchapour pressure of

matte species is expected to increase as the operating tampesabcreased abovee melting

point. Since our crucibles have appreciable porosity, the escape of the vaporised matte species is

envisaged.
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Figure3-7: Phase relations among condensed phases uHbinary systema typical
melting path of a C$ is highlighted with a dotted lirf§aughanetal. 1978]

3.3.3 FeSFeO-FexOs system

Dissolution of oxides in matte during smelting is a common occurrence; at high temperatures
FeO and CxO have significant solulity in a PGM furnacematte [Eksteeetal. 2011]. The
presence of impurities (e.g. FeO) in matte has been shown to alter matte properties such as
liquidus temperature. FelSeOFeOs phase diagram is shown kiigure 3-8 [extractel from
McLennanetal. 2000]. FeS melts at 119C as shown in the phase diagram. The melting
temperature of a 60/40 FeS/FeO (by mass) is’@1l the absence of impurities, FeS and FeO
liquids are miscible

This is an example of an oxide effect on pineperties of the sulfide; this phase diagram does not

describe the actual effect that the oxides will have in a particular matte sample
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3.4 Interaction of carbon with sulfides

Data on thenteraction betweeoarbon andulfidesis scarcen the open literatureSulfides are
not reduced by carbon, if any reductizappensCS is the product of the reduction
[Habashi2002]. Reductioreactions betweesulfides and car bon ar°es not

greater than zero at temperatures up to &5Bale etal. 2009.

Tsymbulov and cavorkers studied the solubility of carbon in iraitkel sulfide melt; they
varied Fe to Nratio, metal tesulfideratio and the operating temperatufbe ®lubility of
carbon as a function of the Ni contentiemelt at 1673 K is shown iRigure3-9. The
solubility of carbon as a function etilfurat 1673 K is shan in Figure3-10, whereFe:Ni ratio

is varied.These authors made the following observations: [Tsymbetlais 2001]

1 Carbon dissolution in matte dependentn thesulfur content of matte, metal content in a

sulfideand temperare

1 When thesulfur content ofthemelt is less than 2@asspercenthe lubility of carbon in
the melt decreases with increaagsulfur content if the sulfur content of melt is above

20 mass percerit does not affect the solubility of carbon in theltn

1 Carbon solubility decreasesttvinickel amount up to about 8asspercentiron dissolves

a greater amount of carbon than nickel
1 Melts of the system F8 separate intsulfideand metallic phases in the presence of carbon

1 The FeS separation depends the initial content of thsulfurin asulfide sulfur should be

between 1.94nd 28.7mass percent

Gabriel and cavorkers have evaluated theFReé-Ni system These authors reported that the
solubility of carbon inthe Fe-Ni system decreases with theriease of nickel up to about 80:20
Ni-Fe ratio [Gabriektal. 1987]. This observation is in agreement with the work of
Tsymbulovetal. 2001.
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Figure3-9: Solubility of carbon in FNi melts at 1673 K, aazding to Tysmbulov
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The aulfur content in a typical PGM matte sample is aarage of 2asspercentaccording to
the datdn Table2-3; therefore carbon solubilityy matteis notenvisagedo be a significant
wear mechanism of graphite. It is envisafiet the solubility of carbon will be minimal if the
sulfur content of the melt does not drop below 20 massentHowever in industrial
application it maybe tricky to maintain the required amount of sulfur since there is constant

tapping and gases @ off during operation.

The averagé&e:Ni ratio of a typical PGM matte is 55:45, at low sulfur contents the melt can
dissolveup to3 masspercentcarbon according to the datakigure3-9.

No published work was found on Copfulfur-Carbon systentiowever Nizhenko et al. 1974
studiedthe solubility of carbon in liquid iron and iron base melts as well as the effect of

dissolved carbon in the wettability of carbon by the tested melts. It was observed that the carbon
content of he melt affects the wetting angle of the carbon by the melt. From 0 mass percent to
3.7 mass percent carbon, the wetting angle increase from 40° to 100°. A carbonfea/es

carbon while a carbon saturated-E&l does not wet carbon in all proporsari Cu:Fe. Carbon

is nonwetted by copper, if copper in increased in aféwalloy the wetting angle between the

alloy and the carbon increases [Nizhenko et al. 1974].

3.5 The lubility of carbon in the FeNi-Si

The formation of (FeNi)Si has been reported Schiepers and eaorkers [Schieperst

al. 1993]; they studied the interaction of iraickel alloy with SiC at 850C. These authors
observed that an irenickel alloy interacts with SiC to form (FeNBi solid solution and a
carbon precipitate.

In thecurrent work, silica and silicon carbide were constituents of the MPC refrattasefore

interactions between melt species and refractory material had to be understood.

Chen et al. 20156as studied the solubility of carbon in the FeS8lialloy. It wasshown that

carbon solubility in the FeNi alloy decreases with an increase in Ni/Fe ratio at constant Si
content. At variable Si contents the carbon solubility decrease with increase in Si content in the
FeNiSi alloy [Chen et al. 2015].
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In the current wdk, the formation of a FeN®i in the matte may alter the dissolution of the

carbon in the matte where matte is exposed to MPC refractory.

3.6 Interaction of silicates withsulfides in the presence of carbon

Carbon is used as a reductant in the treatmemiany oxide compoundsut notfor sulfides.

Carbon has high affinity for oxygen, when an oxide is in contact with the carbon at suitable
temperatures, the carbon will reduce the oxide to a lower oxidation state or to a metal
[Habashi2002]. Althoughtheinteraction of graphite with oxide compounds has been studied, no
data is published on the interaction of graphite with a typical PGM furnac& blagGM

furnace slag consists ofisates, iron and chrome oxideh&dataavailablein open literature

coverstheinteractionof silicateswith thesulfides in the presence of a reductant.

The interaction between silicates andfides in redeing conditions has been studieyl
Lenheretal. 2013.Silicates such as CaSFeSiQ, MgSiO: and MnSiQ can be sulficsed in
reducing andulfurous environment [Lenhetal. 2013]. Sulfidation of silicates forms
monasulfides (CaS, FeS, MgS and MnS) accordiodgquation7 [Lenheretal. 2013,

Fleetetal. 1987]. These morsulfides are soluble in eadther;they form conplex
solid-solutions(Mg, Fe, Mn, Ca)S or (Fe, Mg, Mn, C&]Fleetetal. 1987, Shimizietal. 2002].
The ®lubility of eachsulfidein the (Fe, Mg, Mn, Ca)S soksblution increases with temperature
(from 600°C to 1000°C) [Skinneretal. 1971, Vaugharetal. 1978]. The Mgrich solidsolution

is called niningeriteand therron-rich solid-solution is called keilite, their average composition is
shown inTable3-1. The idealformula for keilite is FeS, it ha83.53mass percerfte and
36.47mass percer$ [Shimizuetal. 2002].

Table3-1: Average composition of niningerite and keilite

Phase Composition Reference
Niningerite  (Fen.1s, MQo.s6, MNo.14, Cav.007 Cl0.009S Skinner et al1971
Keilite (Fen.s5 Mdo.32, Mno.os, Cao.o4 Cro.03 ZNo.0o3 Tio.000)S Shimizu et al. 2002

Fleet and cavorkers Fleetetal. 1987] nvestigated the formation of thisoncsulfide
solid-solution (Fe, Mg, Mn, Ca)S. Thegacted MgSiOs with FeNFmonaufide at 1200°C in a
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graphite cruciblethe contact time wagdaysto 9 days; experiments were performed in an
evacuated silica tube. The quenched reaction products had MgS, ME8NDSIi, FeNi, and
exsolved lamellae of (k8)S. They proposed the réam in Equation7 asthe mechanism for the
sulfidation of silicateswhere M could be Ca, Fe, Mg or Mn.

MSiOs(s) + .S+ C Yo+ BI$ ©OCO Equation7

Sulfidation of silicates is favoured by high temperathrgh sulfurand low fugacity of oxygen
and CO [Lenheetal. 2013, Fleettal. 1987]. Sulfidation of silicates starts at 1200
[Fleetetal. 1987], the current experiments were done at 2&5@nd therefor¢he operating

temperature was favourable for the conversibsilicates tcsulfides.

Monosulfides suchas [(Fe Ni)S] serve as a source siflfur whensulfides are in contact with the
silicates [Lenheetal. 2013, Fleeetal. 1987].Sulfuris provided by the metallization of Fdéi-S
to Fe, Ni according to Eqtian 8 [Lenheretal. 2013}

(FeENixSs( s) Y 9Fe®i (s) + 4S Equation8

In the currentvork sulfides (matte) and silicates (slaglereexposed to carbon (graphite),

therefore the reactions outlined in Equati@rts 8areenvisaged.

3.7 Interaction of sulfides with gas bubbles

Evolution of process gases occurs during the meltirsgiidiies [Eksteen 2011], as suchis

vital to understand how moltesulfides behave in relation to the gas ph&sdfides have been
reported taattach themselves to the gas bubbles during smelting [He&261:8]). The attachment

of gas bubbles to thaulfides is attributed to the surface tension. When minerals are entirely
wetted by the solution, there is no place for attachment of gas bubbléssdrapounds (such as
sulfides) are poorly wetted by the solution there are spaces for the attachment of gas bubbles
which cause them to rise to the surface [Her21@i3]. The ability of the gas bubbles to pick up
matte droplets is dependent on the s@f@nsion of the matte, slag and the mslidg interfacial
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tension. The matte droplet can either form a film around the gas bubble or an attachment on the

gas bubble upon contacplét al. 1992].

The morphology of the compound draquifideand vapourflepends on the ratio of the surface
tension between the immiscible fluiddetal or matte film will be stable on a gas bubble and the
slag phase oglwhen the spreading and ti&tion coefficients are negativielotation takes place

when the spreading anlbtation coefficiens are negative. When the spreadaagfficientis

negative and the flotation coefficient is higher than zero, dispersion of matte or metal droplets is
expectedThe expression for the spreading coefficient is in Equ&idime expressn for the

flotation coefficient is in EquatiohO[lp etal. 1997.

r_ r_ r_ Equation9

Equationl10

Thetermsint hese equati ons ggdAsrslagswsface ténaiai¥,gismattesuifaoen s ,

tensionand™¥s is mattdslaginterfacialtension

Filming is whena film of melt forms around the gas buhb#otationis whenmelt droplets
attach to the gas bulgbDispersionis when anelt droplet detachesdm the bubble
[Ip etal. 1993.

In the current work a typicahyout of an industrial smelter waimulated whermatte andlag
were filled in the same crucibl&ince the matte had oxide impurities thectiess between the
oxides and graphite would possibly form a gas. As discussed, matte has an affinity for gas
therefore attachment of matte to gas bubbles was expected.

3.8 Melt foaming

The gases produced during the reduction reactions cause slag fo@in@mgduction reaction

initiated by direct contact of slag with the graphite surface produces CO gas, which spreads into
the molten bath causing foaming [Bhoi et al. 2008hen gas generation exceeds escaping rate,
the gas could accumulate inside the kijoausing the liquid to inflate [Shenal. 2009.
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The low interfacial tension between slag and metal causes gas bubbles to be entrapped in the
metal phase resulting in the formation of pores upon solidificaBandstronet al. 2008].

Kdrner et al20(® have also observed that when a melt is mixed with gas bubbles, the melt
become highly porous when it solidifies [Kérner et28l05].

The following enhances slag foamirgas generation, high viscosity, high interfacial/surface
tensions and the presemufesolids Bhoi et al. 2006K6rner et al2005]

In thecurrent work, slag and matteevein contact withgraphite;the chemical reaction between
graphite and slag was envigal where CO would form. The faation of CO could lead tmelt

foamingas discused above

3.9 Summary

In the literature review the discussed topics were the refractories, previous work done on a
graphite block used in a matte thple, CuFe-S and NiFe-S systems, interaction of graphite
with selected sulfides, interaction of graphitéhwFeNSi and the interaction @f meltwith gas
bubblesThe data on the interaction of graphite with a C8F&ystem was not available in the

open literature.

The refractory section included the description of the refractories, the manufacturingeédhe
refractories, wear mechanisms of refractories, factors affecting wear of refracgodés

refractorywear testing methods.

The work done on a graphibdock used at a mattap-hole highlighted thg@parameters thatould

affect matte interactiowith graphite.The effect of the tajwvhole diameter, bath levels and matte
temperature was discussed. In the current work the effect of head pressure on matte penetration
is estimated, the effect of temperature and contact time on liquid ma#eatienis also

studied.

The phase transformations on the S and NiFe-S system$iave beenliscussedn
literature This section brought understanding of the phases most likely to be detected on the
matte samples after exposure if chemical interaction waphate did not occuiThe effect of

carbon addition on the phase relations has not been reported in literature, as such the
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sulfide-carbon phase diagrams are not discussed in this work. The effect of other impurities such
as oxides (Si@ Cr.0s3, etc.) onsulfide phase relations has not been reported in open literature.
Due to a broad scope of the current work and limited resources, it was not possible study the
effect of carbon and other impurities on the phase relations in Hie@Qu+S system. It is

however a consideration for future work to study the effect of impurities on sulfide phase

relations.

The melting temperature of binary phasesx@WLKS and FgS) and the condensed phases (at
low temperatures) were discussed. In the current work the megdtimgeratures and the change
of composition of the sulfides with increase in temperature were confirmed to be similar to the

properties reported in the literature.

The effect of FeO on the FeS was briefly discussed, FeO addition of up to 40 mass percent
lowers the melting temperature of FeS from 1190 °C to 910 °C. In the current work, the matte
samples used had minute amounts of oxide impurities, slightly lower melting temperatures were

observed for contaminated matte.

Work done on thenteraction of grphite with FeNiS discussed the effect of sulfamd Fe:Ni

ratio on the dissolution of graphite this sulfide meltAt sulfur content less than 20 weight

percent carbon solubility decrease with an increase in sulfur content. Carbon solubility decreases
with increasing nickel content up to 80 mass percent. In the current work effect of sulfur content
on the solubility of carbon in a sulfide melt is confirm&te carbon content of a ¢ke alloy

affects the wettability of a carbon by the alloy, the incréasepper increases the wetting angle
when CuFe is in contact with a carbon. The effects of dissolved carbon on the wetting behaviour
of a melt is vital in understanding the changes in the contact angle with contact time or with
exposure temperature. Th#ect of dissolved carbon implies that during the exposure the
wettability of a refractory may change as the carbon content of the melt change even if other

parameters (melt composition) remain constant.

Work reportednthe interaction of FeNbi with g-aphite discussed the effect of Fe/Ni ratio on
the solubility of graphite by this silicid&n increase in Ni decreases the solubility of carbon in a
silicide at constant Si. At variable Si, carbon solubility decreases with an increase in Si content.
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In the current workhe FeNiSi formed during the interaction of matte with the MPC refractory,

the effect of melt composition on carbon solubility was not studied.

The interaction of silicates with sulfides in reducing conditions have been discussedturditera
In the presence of carbon silicates can be sulfidised to sulfides witlasdQCO as the products
of the reaction. In the current work the matte waistaminated with some oxide asiticate
phasesthe findings of this work confirms the sulfidatiohsilicates as discussed in the

literature.

The review of the interaction of matte with gas highlighted the effect of interfacial tensions on
the gas/matte interaction. The mechanical loss of matte through bubble entrainment was also
discussedin the curent significantwearof the graphite was observed at theeephaseregion
that confirms the significance of surface tension gradient on the wear of a reftgctongelt.
The surface tension of matte and slag are calculated using published equiaganserfacial

tension between the melt and the graphite is not quantified in the current work.

The phenomenon of melt foaming has been discussed in literature. Melt foaming is affected by
the amount of gas released during the reactions in the prdeessterfaciatensionbetween

fluids and the properties of a melt (i.e. viscosity). In the current work melt foaming is observed
during the melting stages of the ore, pure matte does not foam while matte with oxide and

silicate impurities has high foamébyi in the presence of graphite.

The aim of theurrentwork was to determine theompatibilitybetweerncarbonbased
refractoriesvith a PGM meltUsingcarbonbasedefractoriesagainst a PGM melt is a recent
development, hence the literature is scarcéhes subject. The findings of the current work
contains the possible wear mechanisms when selected daabed refractories are in contact
with a typical PGM melt in static conditionshéreare still gap®n the effect of carbon on the
properties of miée speciesince this work focusson the overall behaviour of matte and slag
when in contact witlygraphiteand a micropore carboRurther work should concentrate on
determining the effect of carbon on the phase relations in tHee®li-S system, as wehs the

effect of different oxides and silicates on the properties of matte.
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4 Materi als and met hods

This chapter describes the techniques and materials used to study the interaetibordiased
refractorieswith a typical PGMmatte anch PGMslag The analytical techniquassed in this

work are described in the first section. The discussed techniques were used to determine the
compositions and properties mfaterialsprior to exposure and after the experiments. The
properties and composition of thegterials are discussed in teecond section, the materials
discussed are refractories (graphite and MPC), industrial PGM matte, synthetic matte and
industrial PGM slag. The apparatus used to carry out the simulations and the experiments are
discussed in #athird section, the apparatus are these; FactSage, coal ash fusion furnace and a
vertical tube furnace. The experimerdakign angbrocedures are described in the fourth section
of this chapterThefollowing proceduresre discussedyettability testscrucible tests

performedo determinghe prominent wear mechanism of graphite by a PGM matte and slag, as
well as crucible testgerformed to determingge prominent wear mechanism of MPCaible by

a PGM matte.

4.1 Characterization Techniques

Prior to analgis a sample had to be prepared accortiintpe specifiegreparatiormethodgor
the specifidechniqueFor powder analysis the samples were milled torh@rior to analyses.
For polished sections, samples were mounted in a resin and polishediGspap&r, for final
polishing an MDBnap from size 3im to 1 um was usedThe analytical techniques used for

characterization of materials digted below, theidescrption follows.

Carbon andulfur analyser

Electon probe micro analyser (EPMA)

Inductively Coupled Plasma Opticahttssion Spectrometr{lfCP-OES)
OpticalmicroscopgOM)

Scaming ElectronMicroscope(SEM)

X-Ray powder diffraction (XRD)

= =4 4 A A -
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1 X-Ray fluorescence (XRF)
1 X-Ray Micro tomography (XRM)

4.1.1 Carbon and sulfur analyser

The amounts of carbon asdlfurin the samples were determined using LECO-40S8 for
carbon and S@44DR forsulfur). The sampled finely ground to less than 1on before
analysis.The powder samplis heatedo 1350°C in an oxygen environmerttie resulting gas is
analysed bwn infrared detectiogystem thagives the totasulfuror carbon in the gas
[Kowalenko2001].

4.1.2 Electron Probe Micro Analyser (EPMA)

The EPMA used for analyses in this work was a Cameca SXl8@ical EPMA is fitted with a
Wavelengthdispersive speabscopy (WDSYetector thammeasureshe wavelengths of the

X-rays emitted by the specimen. EPMA determine®tdmental ompositionof the phases in

the sample [Goldstein et al. 2003he polishedsample wasoated with carbon to ensure good
conductivity The microprobe used was calibrated and optimised to analyse slag and matte,
specific databases were created for matte and for a slag. The microprobe could calculate the
stoichiometric oxygen for a specific phase and therefore could detect differesétaition

states of the oxide phases.

Two setups were created for the current work, one for sulfide analysis and another for the oxide
analysisThe following calibration of elements were done: O o004l Na on jadeite, Mg on

olivine, Al on almandine, Sin diopside, K on orthoclase, Ca on wollastonite and Co and Cu on
pure elements, S and Fe were calibrated on pyrite, Cr, Mn and Ni were calibrated on pure
elements. For oxides the calibrations were done as follows; S on Celestine, @DgrMDron
rhodonte, Fe on hematite and Ni on NiQhe pure elements, AD3, Cr-Os and NiO were

synthetic, the other minerals were natural materials.

The oxygen analysis depends on the calibration gdAIThe oxygen content was calculated by

stoichiometry based on tli@llowing assumptions: (Al was present as*ACa as C4, Co as
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Co?*, Cr as Ct, Cu as Cty, Fe as F&, K as K, Mg as Md@*, Mn as Mi?*, Na as N4 Ni as
Ni?*, S as & and Si as 31 (and O as ®); i.e., we assumed that the cations and S were present
as AbOgz, CaO, CoO, GO3, CwO, FeO, KO, MgO, MnO, NaO, NiO, SQ@, and SiQ.

4.1.3 Inductively coupled plasmaoptical emission spectrometry(ICP-OES)

ICP-OES analses specimen in a liquid state usiagized argon plasma interactwith the
solute at highegmperaturesThe wavelength of the photonsleased by the analyi®used to
identify the elementfHou et al. 2000]A finely ground powder (<1im) sample was submitted
for ICP.ICP-OES was used to determine the quantitative elemental compositionnoétieals.
Varian Vista Pro was the equipment used forahalysisit is fitted with the ICP expert

software.

4.1.4 Optical microscope(OM)

An optical microscope was usealacquiremagnifiedimages of the samplesd to estimate the
pore distribution in thgraphite blockOlympusmicroscope was used for the analysis. # ha
stream essentialgl.3 softwarefor image analysis. A camersfitted into the microscope to

allow image capturing.

4.1.5 Scanning ElectronMicroscope (SEM)

SEM (Jeol JSM300 and SEM580Qyas used for sample characterisation in this wditke

basics of how SEM works adetailed in the work of Goldstein and-a@rkers

[Goldsteinetal. 2003]. Theenergy dispersive spectrometry (EDS), backscattered electron
imaging (BSE) and Xay mapping aréhe SEM detectors used to analyse materials. EDS
measures thimtensity or amount ofnergy of Xrays emitted by a specimen

[Goldsteinetal. 2003] EDSwas used to determine the elemental composition of the samples.
BSE wa used for distinguishing diffemephases in a sample and obtairfgj-resolution

compositional maps of a sample.
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X-ray mapping was used to determine the concentration stitfide phases in the refractory
wall after exposurel'he samplsewere mounted in a resiand polished to an Bknap size of

1 um. The polished sample wasated with carbon to ensure good conductivity.

4.1.6 X-Ray powder diffraction (XRD)

XRD is primarily used for phase idendi&tion of crystalline materidLoubseretal. 2008] The

equipment used for XRD analysissva a P ANal yt i c a ldiffracbofeter thahaBr o pow
an Xo0Celerator detector, variabl e -KdU vreardgieantcieo n
The machine was operated atk35 50mAand25°C. X6 Pert Hi ghscore plus
for phase identification. Quantification was done using the Autoquamwaoé (BGMN®

program). Theguantitative analysigifasspercentage of phase) was estimated using the
reference intensity method i nwasusedtoXiédPnenet Hi gh
the crystalline phases present in thaterials usedA finely ground powder (<1im) sample

was prepared for XRRnalysis

4.1.7 X-Ray fluorescence spectroscop{XRF)

XRF was used to determine the bulk chemical composition of the safipé&eXRF machine
usedwas an ARL 9400XP Wavelength dispersive X$piectrometelit has a rhodium tube, a
scintillation detectoand the analysing crysté@everal crystals are used, (lithium fluoride,
Ammonium dihydrogen phosphate, pentaerythritol, etc.) depending on the mgitiadé the
element to be analysefl.finely ground powder (<1fim) was mixed with a binder amtessed
into a briquette The pressed briquettegre dried at 108C to remove moisture prior to

analyses. WinXRF and UniQuant softwavere used for data rection.

4.1.8 X-Ray computed micro tomography KRM)

Tomography is m X-ray imaging technique that allows for a three dimensional image of the
interior of a sample to be creatgetchametal. 2001, Holleretal. 2014]. During tomography
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analysis, the sample [daced between the-ray source and the detector. The sangpietated
andilluminated in different directions, for each direction a projection of the attenuation
coefficients is measured. A computerized reconstruction of the sample is then carried out
[Dhawanetal. 2012] Tomography image is called a slice or a tomogram. The gray levels in a
computed tomography slice corresponteay attenuation [Ketchamt al. 2001]. X-Ray

attenuabn is primarily a function of Xay energydensity andhe atomic rumber of the

material being analysed. Photoelectric adsorption and Crompton scattering are the dominant
attenuation mechanisms. Photoelectric adsorption is dominant atriayvenergies

(50-100keV), it is proportional t&Z; Z is the atomic number of tlegom in the attenuating

material. Crompton scattering is dominant at ghay energies (5200 MeV), it is

proportionalto Z (atomic number of the atom in the attenuating material) [Ketaian2001].
Imaging depends on the density and atomic compasif the imaged material

[Ketchametal. 2001]. Digital geometry processing is used to generate a three dimensional image
of an object from a large series of two dimensional radiography images taken around a single
axis of rotation [Holleetal. 2014].While a 2D image only gives one plane of the specimen at a
time, in a 3D image thill view of the specimen iattainablethis is the advantage of using the
XRM techniqueFor XRM analysis the specimen was analysed as is, the parameters used were

100 kV photon energy and W beam energy.
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4.2 Materials

Thepropertieof the materials are discussed in this sect@arborbased refractories (graphite
and MPC) carbon pastendustrialmatte, synthetic matte and industrial staig discusseth

turn.

4.2.1 Carbon-based refractories

The carborbased refractories tested in this work include synthetic graphite (extruded and
isostatically pressed) and a micropore carbon (MRyiterion used to select these refractories
wasbased on the performance of demimaterialaused in industry. SGL carbon was a supplier
for all the refractory materials used.

4.2.1.1 Synthetic graphite

An isostatically pressed graphite (HG) and extruded grafB¢ were thgraphite materials
testedn this work Properties othesegraphite specimes(HG and SG) are summarized in
Table4-1; the propertieef MPC are also included ifiable4-1 for comparative reasonsG

graphite was o& higher quality thanhe SG graphitedG graphite wa a denseisostatically

pressed material characterized by high thermal conductivity, low porosity, low permeability and
considerably higher casthe reason for testingraphitematerials with different qualities was to
determine whether the quality of graphiteeaffitsresistance towards wear by liquid PGM melt
(matte and slag)

The manufacturing router HG and SG graphite diffgrthe starting materials for producing HG
graphite are finer in particle size and have low levels of impurities compared to timg star
materials for the SG graphit€he HG graphite was isostatically pressed while the SG graphite
was extruded. These differences affect the properties of the final product such as porosity,
permeability and thermal conductivit4s such the porositied 6IG andSG graphite were

15 percentand 24percentrespectively.
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Apparent porosity and permeabiliby graphite specimewere measured kg refractorytesting
company callecCermalabthey usedEN9934 standard for porosity measurement and 1ISO5017
standad for permeability measuremeitoresize distribution was determined by optical

microscopeOther properties imable4-1wer e extracted from the supp

The microstructure of thgraphite sample@HG andSG) is shown in the opticahicroscope
images inFigure4-1 a) and b)SG graphite is porousith an average pore diameter of |20

and minorcracks thaare theartefactsof the production process. Due to high porqsi§s
graphitehashigher permeabilitycompared to the HG graphif€able4-1). The microstructure of
HG and SG graphite concur with the properties of these materib#bla4-1, HG graphite

seem dense and has finer pocempared to the SG graphite.

The chemical analyses of the graphite samples are sholiabie4-2. The impurities in the SG

graphite were mostly Ca and Fe compounds a#/shin the chemical analysis frable4-2.
According to the supplier b6s @.8maaspescénthetthe SG gr a
iron content detected by IGFPable4-2) in SG graphite was Ofassperent Impurities and

additives detected in the HG graphite are listet@ahle4-2.

Table4-1: Physical and thermal properties of HG and SG graphite

Property Units *HG *SG *MPC
Apparentdensity [g.cnT?] 1.72 1.62 1.7
Apparentporosity [%0] 15 24 15

** Apparentporosity [%0] 15.4 19.9 12.2

** Permeability [cm?] 3.7x10'? 9.1x10'°  1.4x10%
Proportion of por e%] 44 70 70
Proportion of por e%] 1 5 4
*Averagepore size [um] 13 20 12
Thermal conductivity (30C) [W.KLtm1 180 150 17
E:z%e;%c(;(jg of linear thermal expansion [um.KLml  #2.0x10° 1 %10° 2 &x10°
Iron content [%0] 0.1 0.5 0.1
Production process - Isostatic pressExtrusion  Extrusion

*HG: Isostatically pressetigh gradegraphite; SG:extrudedstandard gradegraphite MPC:
micropore carbon,

** Perfamed by Cermalab using 1ISO5017 @BN9934, *thermal expansion in K
*Average pore s&of the refractory determined usiogtical microscope
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Table4-2: Impurities in HG and SGrgphite types, measured by KTES and LECO

Masspercent C S Al Si Ca Cr Fe Ni Cu Zn
SG-graphite 983 0.05 0.1 0.1 05 <005 08 01 01 <0.05
HG-graphite 995 003 01 00 01 01 01 <005 01 01

500 pym
[~ s0m |

Figure4-1: Microstructure of graphiteamplesa) HG graphite, b) SG graphite; images by
opticalmicroscope
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4.2.1.2 Micropore carbon (MPC)

MPC had similar properties to the HG graphite, it leader porosity, high densityand low

permeability, however MPC had the lowest thermal conditgtiof 17 W/K1.m. MPC was

extruded during manufacturingjhe properties of the micropore carlsampleare shown in

Table4-1. Cermalab performedhé permeability and appanteporosity measurements using ISO
standards 1ISO5017 ariEN9934. An optical microscope was used to determine the pore size
distribution.All the otherMPC properties infable4-lwer e extracted from the

sheet.

The compositionof the phasesf theMPC was determined by XRD. The XRD detected the
following phases ithe MPC sample carbon, alumina, silicon and silicon carbide. The XRD

analysis is shown ifable4-3.

The XRD analysis confirntethe presence of alumina and silicon based compounds in the
micropore carbon. The data from the supplier indicatethieaadditives add up 2 mass
percentwhereas the additives detected by XRD apda#8 masspercent The size of théIPC
sanple tesed is relatively smallvhen compared to the size of the industrial sample, this could be
responsible for thdiscrepancyn the contents of the MPC sample analy$zitferent methods

used to determine tr@mount ofadditivesin the sample content couldsalcausadiscrepancies

Aluminosilicate compounds and silicon compounds were detectdtelBPMA as the major
components of the matrix in thPC samplethe summary of theEMA analysis is shown in
Table4-4.

Table4-3: Micropore carbon, XRD quantitative analysis

Phase Mass %
Carbon *C 52
Alumina Al203 27
Silicon carbide SiC 14
Silicon Si 7

*The total carbon in the sample can be higher than the 52% detected by XRD, if icattien
sample is not crystalline XRD would not be able to detect it. This would affect the fraction of 1
other compounds in the sample
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The microstructure of a micropore carbon sample was assesseadmsptgal microscope. The
arrangement of the aggpate particles, matrix and poiegsheMPC areseen inthe MPCimage

in Figure4-2. SEM elemental mapping was used to determine the elemental distribution of the
materials in thaviIPC block. The BSE image and tieray maps are shown Figure4-3.

Figure4-3a is the BSE imag&;igure4-3b is the Al Xray map andrigure4-3c is the Si Xray

map.

Table4-4: EPMA analysis of the materials aimicroporecarbonblock (atom %)

Si SiOx (Si, Al)xSiOy
Si 100.0 35.7 11.9
Al 0.0 0.0 28.6
O 0.0 64.3 59.5

Themicropore carbon consisted carbon, elemental silicon plus Al and Si compounds based on
the X-ray maps irFigure4-3b and c. The bright phaseskigure4-3a) mostly consisted of Si,

while the greyphases consisted @in A-Si compound. The unidentified dark grey phases are
carbon thaforms part of the aggregate and the matrix material offR€ refractory.Cu, Fe, Ni

and S were not detected in & C block. No other elements could be identified e tMPC
refractory.The SEM used couldhot detect carbon and oxygen, Si and Ata§scould originate

from compounds containirgiC, SiO or Alz0.. The SEM and the XRD analysis are in
agreement, th®IPC sampleconsisted of carbon as the aggregate matesialedl as Al and Si

compounds as the matrix ihe MPC structure.
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Figure4-3: Micropore carbon samp(eefore exposurep) BSEimage, b) Al xray map, c)
Si x-ray map

4.2.1.3 Carbon paste

Carbon paste was used to seal the gap between the crucible andh\iS-ltd. arbon paste was
acquired from Graftech South Africa. The contentthefpaste were in a powder and a liquid
form. The composition of the paste is showif able4-5, this data was acquired from the
supplier. To prepare the paste the powder and liquid was weighed in a EH)i@ pbwder to

liquid. The mixturewas stirred for 45ninutes after Wwich it was setasidefor 30 minutes, before
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application the mixturgvasstirred for 30minutes. After application the pastescured first at
100°C for 4 hours and then at 12@ for 6 hours.

Table4-5: Composition of the carbon paste

Contents Mass%
Carbon black 25
Methenamine 2
Graphite 57
Phenolic resin 14
Petroleum 2

4.2.2 Industrial PGM matte

Amplats, Implats, and Lonmin are three major producers ®i$i@ South Africa [Ryar2014].

Amplats is the largest primary platinum producer inviloeld; it has three PGM smelters
namely;Mortimer, Polokwane and Waterval [Hundermatlal. 2011]. Theindustrialmatte

samples studied in this work were acquired frismplatsand Lonmin, Implats sample was not

acquired. Two sampsavere acquired from Amplad§Vatervalsmelter(Matte-A) and

Polokwane smeltgMatte-P), the third sampl&was acquired from Lonminso
(Matte-L).

The acquired matte samples werestied and milled to lessthan1¥im t o ensur e homo
of the sample. After milling the matte was split and sampled for chemical anBlysigation
wasnotdone on the matte samples, they were tested as received.

Matte was subjected to EPMA, ICP, LECO, XRD, XRF and SEM to deteiitsicbemical and
phase composition. For EPMA and SEM analyses the matte samples were sectioned and polished

as received

4.2.2.1 Amplats-Waterval matte (Matte-A)

AmplatsWaterval smelter treats a blend\Mérensky,UG2 and Platreef concentrate

[Hundermarketal. 2011]. The matte from this smelter is granulated after tapping. Matte
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granulation involves tapping a hot matte into cold running water such that the matte is quenched
from tapping temperature to below 100. Granulated matte therefore may have high

tempeature phases and fine crystal structures compared to a slow cooled matted Btatiple

was a composite of a numbertaps;as such the tapping temperature could not be attained.

XRD quantitative analysis of Mat# is shownin Table4-6. Matte A had pentlandite,

pyrrhotite, troilite and an oxide phase {6¢) of up totenmasspercent A typical matte can

dissolve between one and nine mass percent oxygen [Eksteen 2011], therefore the presence of an
oxide in the matte is highlyossible The oxide phases in industrial furnace matte could result

from slag entrainment in matte, poor separation between the slag anchigatsolubility of

slag phases in matter thesolubility of a refractory into the mattihese argypical phéxomenon

during the PGMmatte smelting process [Ekstestral. 20117].

The compositionof the phasesf Matte A was estimated from EPMAnalysis;summary of
analysis is shown iffable4-7. Pyrrhotite solid solution, momsalfide solid solution, high
pentlandite, haezlewoodite solid solution and an Kiealloy were major phases in Matfe It

has been discussed in Section 3.3 that pentlandite and haezlewoodite are solid solutions see
Figure3-3 andFigure3-4. The metal to sulfur ratio of a high pentlandite can vary from a metal
rich (FeNip»Ss.93to (FeNi)9Sg [Kitakaze et al. 201J1 Similarly heazlewoodite is a solid solution,

its metal to sulfur ratio varies [Fleet 2006].

The Fe,Nalloy coexist with pentlandite, haezlewoodite and monosulfide solid solution at low
temperatures in a A¥i-S system [Kitakaze et al. 201 Hndrews et al2010reported lhe

presence on alloy(Cu-Fe-Ni) in the PGM furnace matt¢herefore the detecticof an alloy in

the matte is not an anomaMatte-A was granulated upon tapping, therefore the final matte may

have high temperature phases sith@=matte waguenchedndnot slow cooled.

Coppersulfides were not detected in the sample, however coppsipresent in all the
iron-nickel sulfide phases as seenTable4-7. Thesulfide phases detected by XRD were
confirmed by the EPMAnalysis Iron-chrome oxide and silicates of Al, Ca, Fe, Mg and Na
were detected in the oxide rarities in MatteA according to th&PMA analysis summary of
oxide analysis ishownin Table4-8.
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Oxide phases reported Trable4-8 are typical crystalline phases, they possibly originated from
refradory material thatlissolved in the matte during operation. Typical PGM smelter refractory
for hearth and lowesidewallis MgO-FeO-Cr20s brick. Matte has an ability to sulfidise the
chromite, solubility of a chromite in matte increases with increasiegatipg temperatur®ue

the ability of matte to disdve oxides, matte can carry oxygen between refractory brick and slag
[Eksteen 2011]Oxidic chromium spinel is another impurity detected in the Matsample.
According to Kwatar2006, some chromiumsgbolves in matte during smelting, it is generally
present in matte as both dissolved CrS and as precipitated oxidic and sulfidic chromium spinel
phases [Kwatard006].Since the spinel in Table8does not have Mg and Al it is an indication

that this spael was formed due to the oxidation of €¥8&S.

Matte has a significant solubility for oxygetntgpical operating temperatures of a PGM smelter,
[Eksteen 2011]. FeO is fully miscible in FeS in all proportions in the absence of other

components [Eksteen 20], therefore Fe@n slag can dissolve in matte.

The dissolution of FeO in FeS significantly lowers the melting temperature of FeS frorfC1190
to 940°C depending on the fraction of FeO in Fé&yUre3-8) [Raghavar2004. As such, the
behaviour of contaminated matte is expected to deviate from that afydfides. It should be
noted that the FeBeO phase diagram quoted is a mere example of the oxide effect on the
sulfides, it does not represent the behaviour of all tHeleldompounds when contaminated by
the oxide.The presence of oxides in the Maesample made it difficult to accurately determine
the amount of oxygen dissolved in mafialle4-8).

The silicates are typically amorphous mateinence XRD could not detect the silicate phases,
instead XRD only detected the3der phase as an impurity in the matte. The layout of the oxides

in the matte is shown in the optical microscope imagé&sgare4-4 and BSE imaggin

Figure4-5. From these images it seentbdt some of the oxide impurities were intertwined with
matte phases while other oxides were liberated from the matte pBegagtion of oxides from

matte would be a challenge becaassimple density separation technique would not be ideal to
separate the impurities from the matte. The possible purification for matte wouldniedtine

such that the oxides form a slag layer and matte settles below the slag. Purification of matte was
not attempted in this work since the aim was to detegrthe behaviour of matte as is,

re-melting matte would alter the properties and the behaviour of matte.
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Matte-A had significant impurities in the form of oxides and silicates, as such it was emvisage
that the behaviour of Mati& would be affected by the impuritiels is a challenge to evaluate

the behaviour of matte with these oxides since these oxides alter the properties of matte.

Table4-6: XRD quantitative analyses of Matt& (massperceny

Phase Formula Wt% 3-0 er
Magnetite FesOq 9.76 0.69
Pentlandite  (Fe,Ni)s.oS& 56.33  1.11
Pyrrhotite FerSs 15.25 1.29
Troilite FeS 18.66 1.62

Table4-7: EPMA analyses of theulfidephases in Matté sample (nass perceit

Formula S Cu Fe Ni Co
(FeNi).7Ss 315 7.8 36.7 229 1.1
(FeNiCu»eS,  29.0 6.1 47.0 17.2 0.7
(Fe,Ni)S 35.9 2.7 485 125 0.4
FeNi 0.1 4.4 485 43.7 3.3
FeS 359 3.2 548 5.8 0.5

(FeNiCu)osS  33.9 9.2 520 4.6 0.3

Table4-8: EPMA analyses of the oxide phases in Mdtténass perceint

Wt.-% Si O Fe Cr Al Ca Mg Na Ni
(Fe,Mg, Ca, Al)SkOs 307 448 112 08 31 4 41 12 -
(Al, Si)1.202 26.1 495 - - 244 - - - -
(Mg, Fe)SiQ 260 447 76 10 24 21 161 - -
(Ca,Na)(Si,Al)40s 234 455 05 - 173 113 - 20 -
FeSiOs 14.1 309 49 - - - - - 6
FeCpO4 - 26.9 23.2 46.7 - - - - 32
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Figure4-4: Oxide inclusions irthe Matte-A sample matte and oxides are annotated in the
images, the background is the resipticalmicroscopemages

resin
!

10/30/2013 |spot| WD [dwell |

Figure4-5: Oxide impurities in Matté\ sample, BSEmages matte and oxides are
annotagd in the images, light phasa® matte, grey phases are oxides, the background is the
resin
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4.2.2.2 Amplats-Polokwane matte (MatteP)

An industrial matte with undetectable amounts of oxides was acquired from AiRplatsvane
smelter AmplatsPolokwane smelter primarily treats Platreef concentrate, after tapping the
Polokwane matte is cast and crushed. The major differences fromAatte¢ MatteP are the
concentratéypeand the treatment after tappifighe concatrate usedo produce Matté\ was a
blend of Merensky, G2 and Platreef, while Matté was produced frona Platreefconcentrate
[Hundermark et al. 2011Matte-A was granulated while Mattieé was castMatte-P and MatteA
weresubjected to XRF to determitieeir chemcal compositionthe XRF analysis are in
Table4-9.

Matte-P had minute amounts of And Siimpuritieswhen compared to Mat&, Al was
0.6 mass percerdand Si was 0.2Znasspercent Thechromecontent in MatteA and MatteP was
1.1 masspercent The amount ofthromein Matte P gave a clue that there might be a chromite in
Matte-P such as detected in Mate Matte-P was used as a purer form of industrial matte since
it had minimal amounts of silicate impurities.
Table4-9: XRF analysis oMatte-A and MatteP (massperceny
Al Co Cr Cu Fe Mg Ni S Si Total

MatteA 0.8 0.7 1.1 10.7 447 16 16.5 20.9 3.0 100.0
MatteP 0.6 0.7 1.1 12.3 420 0.0 17.5 25.7 0.2 100.0

4.2.2.3 Lonmin matte (Matte-L)

MatteL was acquired f rfurnace thdugses d bbendmi UGR @and Meoensky
ore as a feed material. The tapping temperature of Mattgied from 1390C to 1450°C.
During operation the Lonmin matigtapped into ladles and transpdrte thePierce Smith
converters for the conversion of matte. The received sample was asspopie thatvas taken

duringfurnacetapping.

Matte-L was sijected to XRD to determine tlmempositionof its phasesquantitative analyses
are shown imable4-10. Pentlandite, troilite and born#gigenite solid solutiomvere major
phases detected by XRD in MattgFe-Ni alloy was detected as a minor phaseNralloy is
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expected in the slow cooled matte since at456e-Ni alloy is in equilibrium with pentlandite

and monaulfide solid solution as seen Figure3-3 (Fe-Ni-S phase diagram).

Matte-L was subjected to EPMA to determithe chemicalcompositionof the phasesunmary
of EPMA analysis is iTable4-11. A metalrich pentandite, troilite and a bornitdigenite solid
solution were detected as major phases constituting Mafthe metal to sulfur ratio of a
high-form pentlandite can vary fro a metal rich (Fe,NgBs.93to (Fe,Ni»Sg [Kitakaze et

al. 2011] hence the formulas calculatedTiable4-11 variesslightly from the ideal formulas.
Bornite and digenite coexist as a solid solution in theSGystenas discussd by
Vaugharetal. 1978 hence the formula ifable4-11 deviates from the ideal formula, the-Su

phase diagram is iRigure3-7.

A metallic phase (Fe, Ni) was not detectedBBMA; this could be attbuted to the low
concentration of (Fe, Ni) alloy in the matte. An oxide phase &=Lwas detected by EPMA in
Matte-L; this phase was not detected by the XRD. Jiliéde phases detected by XRD and

EPMA in MatteL were comparable

Table4-10: XRD quantitative analyses of Matte(mass percent)

Phase Formula Mass percent 3-0 er
Awaruite Ni, Fe 2.0 0.3
Bornite CusFeS 8.3 1.2
Pentlandite (FeNipSs 55.7 1.1
Troilite FeS 34.0 0.9

Table4-11: EPMA analyses aheMatte-L sample(mass perceit
Phase Formula S Cu Ni Fe Cr O
Bornite-digenite (Cu,Fe)xS, 22.4 68.2 06 8.8 - -
Pentlandite (FeNixSy 327 41 21.0 422 - -
Troilite FeS 365 26 2.7 582 - -
Chromite (FeCpxO - - - 25.0 43.0 26.0

4.2.3 Synthetic matte (Matte-S)

A synthetic matte was prepared in the laboratsing pure sulfide powderk was necessary to

test the behaviour of the synthetic matte sincéhalindustrial mae sampledad traces of kg
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phases and otheompounds thajeologicallyassociatevith the PGMs The startingmixture for

preparing MatteS was calculated based on the published composition of a typical industrial
matte.Sulfide powders acquired from Sigrfddrich were used fomaking synthetic matt&he

mass fractions of thetarting mixtureareshown inTable4-12. Cobalt was not included in the

MatteSmi xt ure since itds a .ThepudyandXRRanaysisai t he PG
sulfide powders ee shown inTable4-13. The composition of the pumailfides are discussdd

turn:

4.2.3.1 Composition of thesulfide powders

Thesulfide purity values given iTable4-13were extracted fromtreuppl i er 6s data s

phases detected by the XRD analysis are also includeabile4-13.

Coppersulfide powder consisted of a mixture of Quphases with Cu:S ratio ranging from 1:1 to
2:1.Iron sulfide powder was of low purity (technical grade); the cost of acquiring the pure iron
sulfidewas uneconomicdor this project As such, the starting iraulfide had 83mass
percent-eS, 9mass percerfte and 8nass perceriteQ Nickel sulfide powder consistedf@

mixture of NiS phases with varying phase compositions (Ni:S katr@edfrom 1:1 to 3:2).

4.2.3.2 Synthesis of MatteS

Thesulfide powderswvere weighed according to tpeoportionsin Table4-12; thesulfide

mixture was loaded intan alumina crucible. The alumina crucible was further enclosed in a
sealable steel crucible to minimize loss of gases to the atmosphere. The specimen was heated for
1 hour at 1100C in a verticaltube electric furnace. The moltemattewas then slow cootkat

4 °C/min to 50°C. Matte'S was subjected to XRICP and LECQo determinghe composition

of the phaseand elemental compositioKRD quantitative analysis is shownTable4-14, ICP

and LECO analysis aggven inTable4-15.
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4.2.3.3 Analysis of Matte-S

Matte-S had (FeNBSs, FeS, CeFeS and (Fe Ni) alloy. Minor amounts of R4 were detected
by XRD in MatteS; the source of 4 was the technicajrade FeShatwas used as a starting
material. The elmental composition of Matt& by ICP and LECO is given ifable4-15.

Minute amount of carbon (0.08ass percepivas detected in Mat8 (LECO analysis) carbon

could originate from the impurities in the startswgfide powders.

Oxygen was measured by the titration method, it gives an indication of the dissolved oxygen in a
sample. The oxygen content in Mafievas up to 3 mass percenthis can be attributed to the

presence of iron oxide. Matt& was not purified before usewas tested as produced.

Table4-12: Mass fractions o$ulfide powdersfor Matte S synthesize

Compound (mass percenf
CwS 12
NizS 22
FeS 66
Table4-13: Purityand XRD analysis of as receivedlfide powders
Compound *Purity ( mass percent Phasedetected byXRD
CwS 99.99 CwS, CuS
NizS, 99.70 NixS
FeS 85.00 FeS,Fe,FeO

*Supplies specification

Table4-14: XRD quantitative analyses of Mai&

Phase Formula Mass % 30 er
Awaruite Ni, Fe 3.65 0.26
Bornite Cus.aFer 1S 8.29 0.99
Magnetite FesOq 6.59 0.63
Pentlandite (Fe,Ni)oSs 56.52 1.02
Troilite FeS 24.97 0.87

Table4-15: ICP and LECO analysis of Matte
Masspercent S Fe Ni Cu C O2
Synthetic matte 26.79 44.61 16.41 8.87 0.03 3.28
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4.2.4 XRF analysis of hdustrial and synthetic matte

Matte-A, Matte-L, Matte-P and MatteS were subjected to XRF to confirm the chemical
composition of all the matte samples, summarn¥XRF analysis is iTable4-16. The major
elements constituting matte are Co, Cu, Fe, Ni,Zrde other elemenis the matteare
inclusions.The composition of industrial matte presented@able4-16is comparable with the
published compositioriT@ble2-3). Al, Cr, Mg and Si are not presentTiable2-3, since these
are inclusions in industrial matt€he chemical compositions of the matte specimen ar

comparable in all matte samples, except the impurities in Matte

Matte-L, Matte-P and MatteS had averagsulfur content of 26nass percenwhile MatteA had
significantlylower sulfur content of 2Imass percenMatte-A also had significant amount$

Al, Cr, Mg, and Si. The presence of these elements in Mattenfirms the presence of the slag
phases in Matté as detected by EPMA analysighe sulfur content in MatteA could be diluted
by the presence dfieimpurities.

TheCr content of Matte. is slightly higher than that of Mat#& and MatteP. This confirms the
presence of chromite in Matteas detecteth the EPMAanalysig(Table4-11). Although the
sulfide content of matte was comparable, the behaviour or propeitihese matte types could
differ due to the presence of impurities in matte.

Table4-16. XRF analysis of industrial and synthetic matéenple{masso)
Al Co Cr Cu Fe Mg Ni S Si Total
MatteA 0.8 0.7 1.1 10.7 447 16 16.5 20.9 3.0 100.0
MatteL 0.5 0.6 1.7 9.3 448 0.0 15.7 27.3 0.1 100.0
MatteP 0.6 0.7 1.1 123 420 0.0 175 25.7 0.2 100.0
MatteS 0.5 0.3 0.1 11.1 458 0.1 16.8 25.1 0.2 100.0

Matte-A has the highest amount of impurities basedt® Si and Mg content. Cr in the industrial
matte samples is higher than the published values. This confirms the presemogidica
chromite phase in the matte samples. Al content is belmasspercentfor all matte types, in
Matte-S Al could be intusions from the alumina ccible used during the synthesisMatte-S.
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Matte-S hasminute amounts oAl, Co, Cr, Mg and Si as impurities, these elements could
originate from the technicairadeFeS which was used in the starting mixtaeg thetotal

amount of these impurities is belowl masspercent

The common impurity in industrial matte samples is Cr, Matidso has Mg an&i, Mg and Si
were not detected iMatte-L and MatteP. In this aspect Mattd might behave slightly different
from MatteL and MatteP.

Matte-S and industrial matte differs in that MaBehas negligible amounts of Cr, in this aspect

Matte-S might behave differently to industrial matte.

4.2.5 Industrial PGM slag

To study the interaction between graphite and the industrial slagasigges were acquired
from AmplatsWaterval(slagA) and Lonmin(slagL). The slag samples were analysed using
XRF to confirm the chemical composition of the samples, XRF analysis are presented in
Table4-17.

The published compdn of industrial slag Table2-4) and the XRF analysis of the industrial
slag are comparable. The major oxides in the slag are (in decreasing ordeFefiFeOs,
MgO, CaO, AbOs and CpOa.

The compounds in these two slaggdes arecomparablethere is no significant difference in

the composition.

Table4-17: XRF analysis of Slag\ and SlagL (mass¥)
Al203 CaO Cr203 CuO FexO3 K20 MgO SiOz2 SOz TiO2

SlagA 38 65 25 01 227 03 93 519 13 0.7
SlagL 30 89 27 02 252 03 87 479 19 0.2
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4.3 Apparatus

To studythe interaction between the carboased refractories and a liquid PGM n{atatte and
slag) the specimen had to be heated to typical operatmgeeratures of a PGM smeltéy.coal

ash fusion furnace and a vertical tube furnace were used as a heating source in this work. The
layout and the operating specifications of these furnaces are presented in this section.
Thermodynamic simulations of the od@ns were done usingactSage 7.8oftware The

apparatus are discussiedurn.

4.3.1 FactSage

FactSage is a thermochemisaltware thahas databases for pure compounds anddlutions;
FactSage has been described by Ba#t. 2009 The Fact(PSjlatalasecontains the data for

pure speciesAn FTmisc_miscellaneous database contdata forsulfides, metals and alloys.
Equilib is a module available to calculate the concentrations of chemical species when species
react to reach chemical equilibrium [Ba&tal. 2009]. The mentioned databases were used

during the simulations in this workactSage was usedeedict the stable phases at given

temperatures. The melting points of pure compounds were also deteusingBactSage.

The challenge encounteradgth FactSage was that the databases available have limited data on
PGM ores. There ialso aimitation on thedatabases that can be used simultane@uglgome

matte databaseannot be simultaneously used with the metal databases. But the matteaetataba
do not have the alloys such as§ealthough this phase is in equilibrium with thelfides

according to the phase diagrams. There is alsulime database that has dissolved carbon. Due
to these challenges the use of FactSage was limited an@t&cowdelling of the element
distribution when matte is in contact with carbon was not done. Although FactSage allows entry
of elements and compound to the databases, addition of alloy phaseSs{Feiis avoided

since the thermodynamic data for thesesplsas not known. It is recommended that a database
be added ofractSage thahcludes the metgdhases thare in equilibrium with theulfide at

the PGM operating temperatures. Such database will improve the accuracy of the simulations
done in FactSagespecially for PGM containingulfides.
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4.3.2 Coal Ash fusion furnace

Wettability tests were carried out in a Coal Ash Fusion (CAF) furnace using a sessile drop
method. A CAF furnace is a horizontal tulenace thats heated using silicon carbide heating
elenents. The furnace working tube is made of sintered alumina with an inside diameter of

80 mm. The work tube is fitted with stainless steel flanges at both ends. The gas inlet and outlet
ports are fitted on the flanges. The furnace temperature is cont@allietheasured using a

B-type thermocouple placed inside the furnace tube at the hot zone. The CAF furnace is rated at
1600°C. It is fitted with a digital camera to enable image captutingcamera is connected to a
computer thastores the imagdbat hare been capturedA schematic diagram of the CAF

experimental setip is shown irFigure4-6.

[ 4 ] (
1 Matte Clc
. ,& amera PQ
Thermocouple EaraphltesubsAtra . — 1™~
T Quartz window
N i Aluminatra B
Gas inle Aluminatube Yy Gas outle

Figure4-6: Schematic diagram of the Coal Ash fusion furnace setup

The CAF furnace wa usedecause it was equipped to recasgtting angle, melting point and
softening pointthe images captured were used to determine these propEnieisiterfacial
contact angle between the molten droplet and the substrateeeasired from thenagesihe

contact angle wassed to evaluate wettability.

4.3.3 Vertical tube furnace

Crucible tests were performed in an eleetficheatedrerticattube furnace. A schematic
diagram of the verticalube experimental seip is shown irFigure4-7. The furnace work tube
was a sintered 99 percentAl0z. It hada 65mm ID and 10Gnm hotzone. This furnace vga

heated externally using MaSieating elements. A thermocouple svpositionen the outer
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surface of the working tube approximateiythe centre of thbot zone. This thermocouple sva
connected to theontroller thatregulates the temperature of the furnace. Another thermocouple
(Stype [PtRh10/Pt]) wa inserted inside the wottkibe;this thermocouple detected the

temperature insidtéhe furnace.

4.3.3.1 Temperature profile

To determine the temperature profile of the work tube the furnace was heated € Ei@Dto
1600°C. The temperature was measured from the top lid to below the hot zone. Measurements
were taken every 1€m with Ocm keing the top of the lid. The resulting temperature profile is
shownin Figure4-8a. The hot zone was from @fn to 70cm from the lid. For get pointof

1000°C the operating temperature read 964to 966°C, ata set pointof 1600°C the working
temperature read 1558 to 1559°C at the hot zone.

The hot zone temperature had an offset of abgetrdent this was because the working
temperature was measured at the centre of the work tube whereas the control thermocouple was
situated next to the elements (outside the work tube). The sample stand was pladeat $heh t

bottom of the specimen wat 70cm from the lid of the work tube

4.3.3.2 Oxygen measurements

The worktube wa sealed with waterooled brass caps d@oth ends. The brass cap haal

gas outlet port and a thermocouple port through which the working thermocouple and
SIRO_C700+ oxygen probetid The oxygen probe was occasionally used to determine the
amount of oxygen in the furnace. Oxygen could potentially conshengraiphite specimen at the
operating temperatures since graphite is prone to oxidation. Oxygen was kept minimal by
purging the furnace with purified argon gas. Argon was passed through zirconium turnings at
300°C for purification. The gas inlet port was the bottom brassap. Purified egon was
continuously purged through the furnace to ensure inert working environment and to prevent the
oxidation of the working crucibléd sample stand made of alumina was fitted inside the work
tube, such that the satepgevelwas at the furnace hot zone.
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The oxygen partial pressure was measured inside the funtakdubebeforethe specimen was

inserted. The graph with the measlosygen isshownin Figure4-8b.

It was observed that witkib argon purge the oxygen inside the worktube was 0.18 atmospheres
around 850 °C. When the work tube was purged with attg®iexygen drops to 0.0009

atmospheres. It is envisaged that the amount of oxygen drops when the specimen is inserted to
the worktubesince the specimen contains graphite and was enclosed in a graphite crucible.
Reducing conditions are envisaged when graphite is present since the available oxygen will react
with carbon and form Co or G@epending on the temperature.

Thermocouple ———
Argon purge outlet —
Cooled brass cap —»

Alumina tube —

Graphite crucible —

Specimen =~ ——

Sample stand

Cooled brass cap
Argon purge inlet ——»

Figure4-7: Schematic illustration of the static crucible testige{vertical tube furnace)
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Figure4-8: a) Temperature profile of a vertical tube furnalooxygen measurement inside
the worktube without the specimeng @ading with argon and without argon is annotated
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4.4 Experimental procedures

To study the wear mechanism of cardmased refractories bymimary PG/ matte and slag
wettability tests andrucibletests were performedhis section entails thgrocedures used to
prepare the specimen, the experinaédesignsandthe procedures used to prepare the sample

for analysis.

4.4.1 Wettability test measurements

The objective of the wetting tests was to deterntiednterfacial contact angle between the
refractory (solid substrate) and the molseitfide droplet. A sessile drop configuration was

adopted for these tests. In a sessile drop method, the material is piefzagepellet, a pellet is

placed on the suate of the flat, smooth, solid substrate [latal. 2008,

Eustathopoulostal. 1999, Leeetal. 2004]. The specimen is heated to the melting temperature
and the interfacial contact angle between the molten droplet and the solid substrate is measured
[Eugathopoulostal. 1999].

When the pellet is heatele temperature at which the pebédrtsdeforming is called the
deformation temperature. The hemisphere temperature is the temperature where the pellet is
deformed to the point where it assumes a Bpherical shape. The fluid temperature is the
temperature at which the pellet flattens out to a pancake shape [FR&&§kin this work the
hemisphere temperature is taken as the fluid temperature since the pellets never got to a point

where they flatteout.

4.4.1.1 Experimental procedure

Sulfidepowder samples were formed into cylindrical pellets using a press and die. During
pelletizing a powder sample was weighed into the mould and a hydraulic press was used to
compress the powder unto a pellet. A typicalgieNlas 10nm diameter and & mm in height.

A typical specimen setup is depictedrigure4-9; a pellet was placed on a graphite blegth
these dimension0 mm x 20mm x 5mm). The specimen was placed in an alumina toay

containment.
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A CAF furnace was used for the wettability te$igy(re4-6). The specimen was pushed into the

hot zone of the furnace at the beginning of the test. The furnace temperature was then raised to
1350°C at 7°C/minute. The furnace was continuously purged with high purity argon in order to
maintain inert atmosphere inside the furnace. The furnace camera was set to capture an image of
the specimen every°Z starting from 650C, the last image was taken at 138) when

paossible. A video of the specimen was recorded continuously during the experiments. The
deformation and hemispherical temperatures of the pellet were recorded manually using the
video and captured images. The melting temperature, volume and shape of lgtendnepused

to assess the melting behavioutlod matte andhe puresulfides.

pellet

Graphite

—

alumina tray

Figure4-9: Wettability specimefayout showinga pressed pellet, a graphite substrate and the
alumina tray

Graphite wetthility was determined by direct measurementhefinterfacial contact angle

between the molten material and the graphite block. Contact angles between graphite and the
molten droplet were determined from images captured by the camera during the experiment
Thecontact angle consideredasthe angle formed immediatehfter the droplet was fully

molten, this was done to minimise errors associated with long contactimeontact angle
betweerthe substrate anthedroplet was measured manually on prihtmages using a

protractor. For each image the contact angle was meksitgoth sides, the contact angles
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reportedwverethe average of the angles from both ends of the droplet. After melting, the

specimen was cooled under argon after which it was debjéc SEM for analysis.

4.4.1.2 Experimental design

Thewettability test conditions aummarized iMable4-18. All the tested materials (pure
sulfides, matte and slag) were heated to 1350The initial tests were done to observe the
meltingbehaviouy wetting angle and theehaviourof the molten droplet with increasing
temperatureAll the tests were repeated twice to confirm the meltieaviour Other tests were
repeatecht lower final temperatur®r two reasonsto study the mehanism of droplet inflation
and to heat the droplet such that it does not fallref substrateMatte-A was repeated at 9T&
and at 1000C. MatteP was repeated at 94Q. MatteL was repeated at 103C.

Table4-18: Wettability tests conditions
Final temperature (°C) Repeat 1(°C) Repeat 2(°C)

NisS, 1350 - -
CwS 1350 - -
FeS 1350 - -
Matte-S 1350 - -
Matte-L 1350 1030 -
Matte-A 1350 915 1000
Matte-P 1350 940 -
Slag A 1350 - -
Slag L 1350 - -

4.4.2 Prominent wear mechanism of graphite by a PGM mel{matte and slag)

A vertical tube furnace was used for static crucible tests (refractory exposyrghetic and
industrial matteas well as industriadlag and for melting the synthetic matteruCible tests were
performed to assess the resistance of cabased refractories to chemiedtack(penetration
and dissolutiopnby a PGM matte. Refractories were received as rectangular blocksroh20

20mm x80 mm. To create a crucible, these blsakere cored out using a frm drill bit. The
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dimensions of the crucible were the following, 10 mm inside diam@&@enm depth an8 mm

thickness.

The matte samples were milled to fine powder and weighed into the cruciblendte was
filled to the topedge of therucible;the mass of the matte would vary slightly from one crucible
to the nextA typical mass of matte in a filled crucible was betwsevengramsandninegrams

Themattefilled crucible was closed with a lid of the same gradgerialas the crucible.

A carbon paste was applied between the crucible and the lid to ensure a tightesgalste was
applied at the area where the lid contactsctieible;the lid and the crucible were pressed

together for a tight seal, to ensure thatéhere no spaces between the lid and the crucible. The
estimated final thickness of the paste (between the lid and the crucible) was less than 1 mm. The

paste was cured at 120 °C before the specimen was exposed.

The graphitematte specimen was enclosediigraphite crucible to prevent contamination of the
specimen and to capture any material that might penetrate through the inner crucible. A typical
crucible specimen is shown kigure4-10. Figure4-10a) shows the specimen layoutrthe
experiments used foefradory exposure to mattd he specimen layout for graphite exposure to
PGM melt (matte and slag shown inFigure4-10b), the matteoccupiecthe bottom of the

crucibleand the slag was filled from the centre to the top of the crucible.
a) b)

crucible lid
carbon paste

crucible lid
carbon paste

slag

matte matte

inner crucible inner crucible
outer crucible outer crucible

Figure4-10: Refractorymatte specimen before exposwaga matte only seatp; b)
graphiteslag/matte specimethe layout of inner ahouter crucible is shown, the filling level
and a layout of matte and slag is shown
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The gecimen was loaded into the furngEeyure4-7) and placed on top of the sample stand
(hot-zone) a steel wirevas used to drop the sampbethe sample stand@he furnace was heated
to temperature at ZC/minute. The furnace was held at operating temperature for a specified
duration. When the contact time had lapsed the furnace was slow cooled to bé©at50

4 °C/minute. The specimen wasmoved from the furnace using the steel wire. Each specimen
was weighed before and after the experiment. The cooled savgresut axially, mounted in
resin and polished for analysis. A portion of the solidified sample (matte) was milled for ICP,
LECOand XRD analysis to determine the elemental composition and compadittmmphases

in the samplesSamples weranalysedisingICP for elemental composition, LECIOr carbon

andsulfurandXRD for crystalline phases.

4.4.2.1 Graphite dissolution by Matte-S

Matte-S was exposed to graphite to stulgsolubility of graphite in Matt&s. The variables
were operating temperature and contact tifine solubility of graphite in matte was studied by
determining the change in the carbon contétihe matte after exposa. Matte residue was
analysed using LECO to determine the amount of carbon in mitdoss of matte was also
monitored since the loss of matte affedteel composition of the residual mafiée operating
parameters are summarisedieble4-19.

4.4.2.1.1 Effect of tenperature

The operating temperatuveas varied froml150°C, 1350 °Cto 1550°C, this temperature range
was selected based on the liquidus temperature of matté@@and typical matte tapping
temperature which ranges inol1380°C to 160(°C [Eksteer2011].From MatteS synthesist

was observed that Matt& was only molten above 1100 hence the low operating temperature
for MatteS was 1150C. The operating temperature was limited to 156Qo prolong the
service lie of the furnace work tube and the thermocouglks.midtemperature (1350 °C)

experiments were repeated five times to determine repeatability of the experiments.
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Table4-19: Effect of temperature and daict time on the dissolution of carbon by M&fte

Matte type Variable Levels Response 1 Response 2
Matte-S Temperature (°C)|1150, 1350, 155 %C in matte % matte loss
Matte-S Contact time (days 1,3,5 %C in matte % matte losg

4.4.2.1.2 Effect of contact time

The specimens were heated to 13680and reacted for either 1, 3 or 5 days. In industrial
applications the refractory is expected to last for years but running laboratory experiments for
extended periods is not economical since the operating equipmentssigned to be in

operation for long periods of time. Varying contact time from 1 to 5 daysan indication of

the effect of time whether the interaction between the refractory and melt is enhanced with time
or if the interaction is not a function obntact timeThe midcontact time (3 days) experiments
were repeated 5 times to determine the repeatability of the experiments.

4.4.2.2 Penetration of Matte-S through graphite

The cegree of penetratioof Matte-S throughthe SG graphite was studied by monitoritig loss
of matte (comparing the starting mass of matte with the mass of the residual matte). The
variables were the operating temperature and the contact time. The summary of operating

conditionsis shown inTable4-20.
4.4.2.2.1 Effect oftemperatur@and contact time

The operating temperature was 1280 1350°C and 155C0C. The selection of the low
temperature 11580C was based on the melting temperature of M&ttehich was 1100C. The
temperature was varied in order to determine tfeetof increasing temperature on the
penetration of Matt& through graphitelessrun at 1150C and 1550°C were repeated 3
times, the tests run at 1350 were repeated 5 times.

The contact time was varied from 1, 3 tddys;the contact time was viad in order to

determine the effect of exposure time on the penetration of {8atieough graphitel he tests
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run at 1dayand at 5 days were repeated 3 times, the testfor 3 days were repeated 5 tsne

determine repeatability.

Table4-20: Effect of temperature and contact time on M&tpenetration through graphite

Matte type Variable Levels Repeat Response
MatteS | Temperature (°C)| 115Q *1350, 1550 3 % matte loss
MatteS | Contact time (days 1,*3,5 3 % matte loss

*Themid points (1350C and 3 days) were repeated 5 times

4.4.2.3 Penetration of liquid industrial matte through graphite

Degree of pnetration of liquid industrial matte through graphite was studied by determining the
amount of liquid m#e that was collected outside the crucible after exposure. The variables were
the grade of graphite, the operating temperature and the contact time. The tested matte types
were MatteA, Matte-L and MatteP.

4.4.2.3.1 Effect of graphite grade

Matte-A, Matte-L and Mdte-P were expasdto SG and HG graphite at 1000 for a contact
time of 12hours. Each test was repeatetih@s. The summary of operating parameters is shown
in Table4-21.

4.4.2.3.2 Effect of temperature

Matte-A, Matte-L and MatteP weae exposed to SG graphite at a temperature range frofC300
to 1450°C for a contact time of hour. Each test was repeated 3 times. The summary of
operating conditions shown inTable4-22. The response was the amount of lgjmatte that

was collected outde the crucible after exposure.
4.4.2.3.3 Effect of contact time

Matte-A and Mattel were exposed to SG graphite at 1480or 1, 3, 6, 9 and 1Bours. Each
test was repeated 3 times. The summary of operating condgisingwn inTable4-23. The
response was the amount of liquid matte that was collected outside the crucible after exposure.
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Table4-21: Effect of graphite grade on tldegree of penetratiauf li quid industrial matte
through graphite
Matte type | Variable (graphite type Temperature (°C|Contact time (hourgRepeat

Matte-A G
Matte-L 1000 12 3
Matte-P SG

Table4-22: Effect of temperature on penetaat of liquid industrial matte through SG

graphite
Matte type Variable Contacttime |Repeat{ Responses
Temperature (°C) (hours)
800
Matte-A 900 Liquid matte
Matte L 1000 ! 3 gnetration
Matte-P 1250 P
1450
Table4-23: Effect of contact time on penetration of liquid industrial matte through SG
graphite
Matte type Variable Temperature (°C)Repeat Responses
Contact time (hours
1
Matte-A g 1450 3 Liquid matte
Matte-L 9 penetration
12

4.4.2.3.4 Effect of matte level

The industrial matte was exposed to SG gra@titel 50°C for 1 hour to detanine the influence
of the level of matte on the penetration of liquid matte through grapmioee crucible, matte
was filled to havolume capacitywhile another crucible wdgled to capacity(to the top edge)

with matte.The response was the amount of matte collected outside the crucible after exposure.
4.4.2.3.5 Collection of a gas condensate for verification of gas composition

During the current experiments, a gas condensate atat@hin the cooled portion of the
furnace worktube. The workube used was sealed with wateoled brass caps as shown
Figure4-7.
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The offgas pipe was connected to the top brass cap. During the exposure of the industrial ma
to graphite an accretion accumulated at the toprd®f the work tube and around the cooled
brass cap. The temperature of the work tube at the top was estimated tc’6eTli®

temperature of the cooled brass was %25The off gas duct was cooléal ~0°C using ice, this

was done to trap the gaseous species that could conderf&g at 0

Samples of gas condensate were collected after each run wihestriad matte was exposed to
SGgraphite. A composite gas condensate (for a number of runs) wgseshasing SEMEDS
to determine the elemental composition of the gas condeAsedadensate at 100 was
collected on the workube,acondensate at 2% was collected on the cooled brassd a

condensate at @ was collected on the cooled afs dict.

4.4.2.4 Graphite dissolution by industrial matte

Industrial matte was exposed to graphite to determinddgeeeof dissolution of graphite by
liquid matte. The variables were the graplgitade;the response was the carbon content in

matte.
4.4.2.4.1 Effect of gaphite grade

Matte-A, Matte-L. and MatteP were exposed to SG and HG graphite at 2@0f@r a contact
time of 12hours. The amount of carbontime matteresidue was determineHach test was
repeated 3 time3.he summary of conditions is fable4-24.

Table4-24: Effect of graphite grade on the dissolution of graphite

Matte type Variable Temperature (°C Contact time |Repeat{ Responses
(graphite type) (hours)
Matte-A HG
Matte-L 1000 12 3  |% Cin matte
SG
Matte-P
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4.4.2.5 Interaction of industrial melt (slag/matte) with graphite

The industrial matte and slag were exposed to graphite simultaneously (in one crucible) to study
the behaviour of these materials towards graphite. The operatipgtature was 145 and
the contact time was IBurs, this test was repeated 3 timiése response was the depth of
penetration of the melt anlbde erosion of graphiteThe summary of conditions is Fable4-25.

Table4-25: Interaction of industrial melt (slag/matte) with graphite
Melt |Contact time (houry Temperature (°C)Repeat Response

SlagA/ 12 1450 3 Graphite wear
Matte-A

4.4.2.6 The effect of coolingthe graphite on thebehaviour of liquid industrial matte

A test was done where the graphite crucible was camiexhe side to simulate the layout of a
cooled refractory in industry. This was done to determine if cooling graphite will improve its
resistance to penetration Bynelt and to determine if the matte can form a frozen skull if the

temperature of theefractory is below the solidus temperature of the matte.

A crucible test was designed such that the top portion of the crucible is water cooled while the
bottom part of therucible was at the operating temperature. A vertical tube furnace was used as
asource oheat the hot zone of the furnace svat the middle of the work tuladout 70cm

from the top lid The hotzone of the furnace wgal0cm long, the bottom 10 cm difé crucible

was within the hot zone. A watepoledcoppercoolingfinger was attached to the lid of the

crucible, to maintain the top portion of the crucible cold.

Thegraphitecrucible had 60nm outside diameter, 26m inside diameter and a depth of

250mm. The matte was filled to 230m to avoid the penetration of matte during melting.

A graphite crucible with Matté was heated to 135, its lid was maintained at ~70C using

a copper cooling fingeA thermocouple was positioned at the lid of thectble to measure the

lid temperature. A temperature gradient was established between the bottom of the crucible and
the cooled lid (top of the crucible). The temperature of the crucible (from the lid to the bottom)

was estimated using the temperaturdilgof the furnace aprojectedn Figure4-8.
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The estimated average temperature of the hot zone of the furnace was€1203

After 1-hourexposure thepecimen wasooledandsectionedaxially. Sampleswveretakenevery
10 cmfrom the top to the bottom of the crucible. Polished sections were analysed using the
SEM. The operating conditions are summarisedable4-26.

Table4-26: The effect of cooling grapie on thebehaviourof industrial matte
Melt |Contact time (houry Temperature (°C]Repeat Response

Matte-A 1 1350 1 Skull formation

4.4.3 Prominent wear mechanism of a micropore carbon by a PGM matte

To determine the wear mechanism of MPC by matte, syotied industrial matte were

exposed to MPC. The temperature was varied from 1336 1450°C at a contact time of

12 hours. Each test was repeated 3 times. The responses were the change in the composition of
the melt and the change in the structurehefrefractory (chemical composition and layotit)e

sunmary oftheoperating parametersstown inTable4-27.

Table4-27. Wear mechanism of micropore carbon by a PGM matte

Melt Cortact time Temperature | Repeats Response
(hours) (°C)
Matte-S, 12 1350 3 Change in chemical compositic
Matte-A of the melt and the refractory
Matte-S, 12 1450 3 Change in chemical compositic
Matte-A of the melt and the refractory

4.5 Summary: Materials and methods

In this section the description of the analytical techniques, materials and apparatus was
discussed. The analytical techniques included the carbon and sulfur analyser, EPNDEICP
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OM, SEM, XRD, XRF and XRM. Theroperties of theefractoreswere discussed, the
refractories used wetbe HG graphite, SG graphite, carbon paste and the MPC.

The compositiorand the process history of the following matte samples were discussed,
Matte-A, Matte-L, Matte-P andMatte-S. The composition of Sla§y and SlagL was also given.

The apparatus discussed were FactSage, CAF furnagevaniital tube furnace. The
experimental procedures and experimental design for wettability tests and crucible tests were

discussed in this section.
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5 ResuvAWesargrmpdhi te byeHdtmRGMemand sl ¢

The main objective of this work was to determine the most prominent wear mechanism when
carbonbased refractories are in contact vatlquid PGM matte and PGM slag. To achieve

this objective wettability tests anducible tests were performed. The materials, apparatus,
experimental procedures and experimental designs for the experimenbebkawd#iscussad
Chapter 4. This chapter has part A of tesults thatre wettability tests anctucible test$or
graphiteexposure to matte and sldderesults for thenteraction of matte with MPC are

reported in the followinghapter thats part B of the results.

ResultsA reports the outcome of the wettability test and crucible tests of graphite exposure to

matte and slg.

0 Wettability of graphite byuresulfides (CuS, FeS and N&), industrial matte, industrial
slag and synthetic maite
Wettability was the initial step in understanding the possible wear mechanism of SG graphite
when it is exposetb sulfides, synthéc matte,industrial PGM matte and industrial PGIg.
The response was the contact angle betileegraphitesubstrateand the molten droplet.
Wettability tests addressdiok first research question thatsvancernedvith determining the

wettability d SG graphite byhe selected materials.

o0 Wear mechanisms of graphite by (synthetic matte, industrial matte and industrial slag);
Crucible tests were performéd further understand the interaction between graphite &V
matte (industrial and synthetimatte). The interaction between graphite and a PGM matte was
investigated to determine the compatibility of graphite with the PGM matte. The responses were
depth of liquid penetration and the degree of dissolution of graphite (carbon) in the melt as well
as the erosion of graphis the slag/matte interfacéhe effect of operating temperature and the

contact time on graphimnelt interaction is presented.

The findings from the crucibleests addressdtie second research question thas concerned
with determining the prominent wear mechanism of graphite by a PGMmegite and slag)
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o Effect of cooling the graphite on theehaviourof liquid industrial mattg
Graphite cruciblevas cooled on one side to determine whether matié&dorm a frozen
protective layer if it is sufficiently cooled. This test addressed the third research question that

dealt with prevention of liquid matte penetration.

5.1 Wettability of SG graphite

Wetting behaviour of pursulfides (CuS, N&Se and FeS), industrial matte, indual slagand
synthetic mattés presented in this section. The contact angle between the graphite and the

molten droplet of the tested materials is reported.

5.1.1 Wettability of graphite by pure sulfides
The recorded wetting angle, deformation temperaturdtadelting temperature of the pure
sulfides are shown iTable5-1. The melting temperatures determined by Fact@egetPS)

[Bale etal. 2009]and those published in the literature are showraiole5-1 for comparison.

Table5-1: Contact angle, deforming and melting temperaturesiifities

Material Cont act Melting temperature (°C)
) Deforming Melting FactSage (FactPS  **Published data
NizS 107 £5 790 800 789 781
CwS 108 +2 1000 1110 1130 1125
FeS *130+ 3 1100 1180 1190 1195

*this is the contact angle between the bulk dropldttaa materiahdsortedat the surface of thgraphite
**Habashi 2002

The recorded contact angles between graphite andspliides (CuS and NiS;) were greater
than 90? The variation of the contact angle between graphite andsegfothe droplet wadess

thanfive percent

The interfacial contact angle greater than 90° indicatesvatting behaviour; therefore graphite
was poorly wetted by pursulfides (CuS and NiS).
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

FeS droplet waadsorledon the graphite surface however the bulk drojaehed an angle with
theadsorted material. The angle between FeS andaitieorked material was also greater
than90°.

A crosssection of the graphitEeS specimen (BSE image) is showrrigure5-1. The profile of

the specimen at ttgraphiteFeS interface is distinct, theSdropletis not in direct contact with

the graphiteandthe bulk material (FeS droplet) makes contact with the penetrated material. The
elemental compositioaf the FeS droplas shown inTable5-2. The composition of the FeS

droplet and thadsorled materialis similar therefore it is not conclusive whether dlasorled

sulfideis the same compound as theik&, in the bulk droplet.

Reactive wetting occurred between FeS and graphied on the profile of the final wetting
angle.The droplet intersects the peraged material at an angle of@3this indicates

nonwetting behaviour between penetrated material and the bulk droplet. Based on this contact
angle it is plausible that é¢hcomposition of thadsorlked material is different from that of the

bulk droplet otherwise these materials would wet each other.

FeS adsorbed graphite-FeS
on the graphite interface

Figure5-1. FeSdroplet on the S&graphitesubstrate after wettability teat 1180°C, BSE
i mage (d i s,tleadsonad Fes artd tha init@ll gephiteoplet interface is
annotated
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

It is not conclusive whether FeS wets graphite or not, a different method of wettability testing
should be used to verify the wettabilitygrfaphte byFeS.A high purity FeS powder must be
used for wetting testshe FeS powder used for these tesis a technical grade which had

purity of 85 mass percerithe presence of the impurities might have played a role in the

behaviour of the FeS droplet

Quantitative analysis of the FeS droplet were not performed since some mateadbsudesd
on the graphite surface, it was not possible to remove the droplet off the graphite. Therefore the

amount of metdic iron and oxide was not quantified.

Table5-2: EDS analysis of the FeS droplet in Figufé Bnass perceit
El emebul k bri gl

Fe 6 2 99. 6
Cu 0 0. 2
S 37.9 0

Ni 0.1 0. 2

5.1.2 The melting behaviour of pure sulfides

The deformation and melting temperatsifor tested sulfide pellets were recorded during

wettability tests, the results are reported in this section.

5.1.2.1 Cu2S

The deformation and meltigjagef a CwS pelletare shown in the images kigure5-2. CbS
starteddeformingat 1000°C, the droplet seemed molten atlQPC. The melting ofCw.S was

very sluggish, the deformation and melting temperatures vi€r&Clapart.

The CuS droplet was analysed using SEBDS analysis are ihable5-3. Two phaes were
identified by SEM on th€wSresidue, both phases wetexS, one phase has about one mass
percent Fe while another phase had no feemtallic Cu or reduced phases were detected at the
interface of the Ci4b residueand the graphite. It seemedthihere were no reactions between

graphite andhe Cw.S droplet
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

droplet

graphite

1000 °C

a) 1100 °C 1110 °C 1120 °C
10 mm

CuwS droplet

b) Dropletgraphite interfaci

Figure5-2: a) CwS pellet on a graphite substrat@AF furnace images from 75C to
1120°C, b) BSE image of the C8 droplet after gxosure
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

Table5-3: EDS analysis of the G8 droplet after exposure gpaphite att120°C (mass

perceny
Elements Phase 1l Phase 2
Fe 1. 14 0. 2
Cu 75. ¢ 78.(
S 22. 7 21. ¢
N i 0.0 0.0

5.1.2.2 FeS

The FeS pellestated deforming at 1000 °C, it seenmdltenat 1180°C, images of the FeS
pellet during melting are shown Figure5-3. The FeSellet melted gradually; the softening
and melting temperature@@0 °C to 1180°C) was180 °C apart.

1000 °C 1100 °C

droplet

graphite

1180 °C 10 mm

Figure5-3: FeS pellet on a graphite substra@@\F furnace images from 83C to 1180 °C

5.1.2.3 Niz&

NisS, started deformingt 785°C and the droplet appeared fully moltervag °C, the
defamationand melting temperatures weféC apart. N¢S, progressive melting stages are

shown in the images Figure5-4.
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

No interfacial product was detected between graphite and #8g¢ ddoplet. The absence of any
interfacial poduct indicated that there was no significant reaction between graphite and the
droplet Three phases were identified usihg GEM the phasegaried in Ni:S ratioThe droplet
residuehada composition corresponding to heazlewoodite$yiand milllerte (NiS) the EDS
analysis is infable5-4. No metallic phase was detected in the residuewtigsan indication that

sulfurlosses by NiS; were minimal and reactions between®diand graphite were negligible.

droplet

< graphite

<— alumina tray

789 OC 10 mm

Figure5-4: Melting of NizS;, CAF furnace images fron80 °C to 792°C

Table5-4: EDS analysis of N&; droplet after exposure tgraphite a792 °C (mass percent)
El em Phsae Phas Phase?3

Fe 0.1 0 0. 4
S 25. 21. 13.
Ni 74. T78. 86

5.1.3 Wettability of graphite by a synthetic andan industrial PGM matte

The recorded wetting angléeformationtemperature and melting temperature for Métte
Matte-L, Matte-P and MatteS are shown ifable5-5. Graphite was poorly wettdal all the
tested matte samples, this was determined contact anglehich wasgreater than 90°.
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

TheMatte-A pellet rolled off the substrate before it walyfumolten. A residugemained orthe
substrate after the bulk dfatte-A had fallen off the substrate, this matenas named Matté\
residue.The MatteA residue did not wet the graphite, the contact angle between graphite and

the molten MatteA residuewas 120°.

Matte-A wettability test was repeated, the pellet size was decreased to 0.5 g to avoid the falling
of the pellet before it is fully molten. The Mattewetting angle of aepeatest was 147C,
therefore graphite was poorly wetted by Maite

Table5-5: Contact anglejeformingand melting temperatures of matt®plets on an
SG-graphite substrate

Material Cont act °) Temperature (°C)
Deformation Melting
Matte-S 113+3 920 1070
Matte-L 126 £ 7 950 1020
Matte P 13515 850 950
MatteA 147 £ 7 850 955
Matte-A residue 120+ 5 1260 1350

5.1.4 Melting behaviour of synthetic and industrial matte

The deformation and melting temperatures of the matte pellets were recorded during the
exposureMatte-S, MatteL, Matte-P and MatteA were the matte samples tested for graphite

wettability. The layout of the pellets and the composition of the residue are repotted

5.1.4.1 Matte-S

Matte-S startedleformingat 920°C and was molten at 107C; the imayes fromdeforming to
melting are depicted iRigure5-5. Matte S initially spread on the graphite surface before the
spherical droplet was formed. The volume of Md&teemained constant during and after

melting. The residue oMatte-S wasanalysed usinGEM, BSE image ishownin Figure5-6.

The MatteS droplet hd no apparent poreS§light penetration of Matt& into the graphite was
observedThe contact anglasgreaer than 99 in both the CAREmages and the SEMSE
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

images The composition of Matt& did not change during the contact with graphite, however;

an oxysulfide phasenvasobserved at the periphery of the Ma&alroplef EPMA analysis isn
Table5-6.

1000 °C

droplet
graphite

<«—alumina tray

Figure5-5: Matte S droplet orthe SGgraphitesubstrate (850C to 1100°C)

Table5-6: EPMA analysis of an oxgulfide at the periphergf the MatteS droplet after
exposure to S@raphite substrate at 1100 °C (atomic percent

Elements S Fe Cu O
Atomic percent 19.9 4151 31.82 6.77

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA 105



Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

Figure5-6: Matte S droplet orthe SGgraphitesubstrateBSE imageafter exposure to
1100°C

5.1.4.2 Matte-L

Matte-L starteddeforning at 950°C and it appeared molten at 102D, the images o& Matte-L
pelletduring meltingare depicted ifrigure5-7. The volume of the drdgt remained constant

during melting, after melting the size of the pellet started decreasing with increasing temperature.
The graphite substrate was analysed with SEBIE, matte species were not observed at the

surface of the graphite substraBSE imageas shown inFigure5-8.

The MattelL droplet inFigure5-8 was heated to 103 to study the state of the droplet just
after melting. The droplevas porous and slightlyflated the pores are annotatedrigure5-8.

Matte-L droplet was analysed witBPMA to determine the interaction between the droplet and

thegraphite. No detectable changes were observed on the compositiedobplet. Interfacial
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

products were not observed between the graphite and the IMaittgplet. Someoxide phase

weredetected in the Mattke droplet,the EPMA analysis isn Tade 5-7.

The abundantxide phase wagFeCrOa), other phases iffalde 5-7 were in minute amounts.
FeCrO4 wasalso the most abundant impurity in the Mditeample(Table4-10). The detection
of FeCpO4 in matte after exposure to graphite at 1030ndicates that at this temperature the
oxide wasot yet reduced by graphite. A BSE image of Matiroplet is shown ifrigure5-9,

FeCrO4 phase is observed scattered amongssulfede phases.

AL 10 mm

droplet

o

<« graphite
<« alumina tray

Figure5-7: Matte L droplet onthe SGgraphitesubstrate (8560C to 1270°C)
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

matte

2

graphite-matte interface

Figure5-8: Matte L dropletafter exposure t@030°C on theSG-graphite substrafd88SE
image

Tabe 5-7: EPMA analysis of the oxide phases in the Matdroplet residue exposed to
SG-graphite att030°C (atomic percent)
Al Ca Co Cr Cu Fe Mg Na Ni O Si

- - - 43. 0. .21. 2.7 - 0. 25. 0.1
0. ¢ - 0.:252 - 35. 0.1 - 6. 25. 0.1
2.¢ 2.1 - 1.CO0. 7.t15. 0. . 0. 44. 25.
17 11 - - - 0. ¢ - 1. 0. 44. 23.
0.¢£0.:20 0.:21 45 0.:0 3.'29. 14.
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

2.

12/10/2014 | det | mag |spot| WD

10:17:29 AM | DualBSD |1 614 x| 6.0 |11.4 mm| 30 ps

Figure5-9: MatteL BSE image after exgsure to S&@raphite substratat 1030°C, oxide
phases imatte are annotated

5.1.4.3 Matte P

Matte-P startedleformingat 880°C, it seemed fully molten at 95C. Inflation of the droplet
was observed during melting. Terposureof the Matte-P droplet was qgeated to determine the
possible causes of the inflation of the pellet. The pelleth@ased to 940C, BSE image of the
droplet isshownin Figure5-10.

Matte-P appeared porowdter exposure to graphite at 940. Matte P dropkt was analysed
usingSEM and EPMAto determine changes in the composition of M&t@uring melting, the
detailed BSE image shownin Figure5-11. (FeCpxO was the oxide phase detectecHBMA

Pt
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

in the MatteP droplet, theEPMA analysis isin Table5-8. Slicate phases were not detected in
the MatteP droplet

matte

12/9/2014 det |mag|spot|] WD | dwel
11:31:47 AM | DualBSD | 711 x| 6.0 [11.1 mm| 30 ps

Figure5-11. Matte-P BSE image after exposure t8 G-graphite substrate 840°C, BSE
image
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

Table5-8: EPMA analysis of the oxide phase in Ma&elroplet residuexposed to 940C
(mass perceit

Co Cr Fe Mg Ni @) Si
04 124 492 0.1 107 269 0.3
04 455 245 11 10 274 01

5.1.4.4 Matte-A

Thedeformationand melting images of Mati#& are shown irFigure5-12. Matte A startel
deformingat 850°C. Significant increase in the volume of the droplet was observed during
deformation ImageJ softwarevas used toneasurehe change in volume of Mat#e droplet, the

volume of the droplet increased B§ percent

The MatteA pellet rdled off the graphite block at 110C, before it was fully molten. The

droplet falling was gradual and the material seemed very sticky.

L 1050 °C * 10 mm
—_
! M «— droplet

graphite
«+ Al tray
Figure5-12: Matte-A droplet on graphite substrate (88D droplet déorming, 1050 °C_an
inflated droplet during melting, 1100 °C_a droplet during falling, 1250 °C_rebiefoee
melting, 1270 °C_residue during melting,350°C_a molten residye
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

A smallamountof material remained on top of the graphite after the bulkeofiiatte had fallen
off (Figure5-12, Matte A 1250°C). Matte A residue appeared molten at 1385 it formed a
contact angle of 120° withraphite.The Matte-A residue was analysed usingld&and EPMA.

A crosssecton of the MatteA residue is shown ikigure5-13 (BSE image), the composih of
the annotated phases isTiable5-9. The major phases in the Matteresidue were silicates of
FeCa, FeMg and the oxides of Cr arkek;these phases were similar to the stagurities
detected in the Matt& sample Table4-8). Minor amounts o$ulfide phases were detected in
the Matte-A residue, this indicatethat when the mattdroplet fell off the substrate, some matte

was trapped in the slagpurities.

Figure5-13: Matte-A residue BSE imagafter exposuréo SG-graphitesubstrateat 1350°C
a) crosssection, b) detail of thphases, composition of the annotated phas&$ idin
Table5-9
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

Table5-9: Composition of the Matté dropletresiduglmass percehby EPMA
Phase no. Al Ca Cr Cu Fe Mg Mn Ni Si S @)

1 - - 05 778 1.2 - - 0.2 - 200 -

2 - - - 28.8 349 - - 2.1 - 340 0.6
3 - - - 24 517 - - 7.8 - 370 0.6
4 - - 48.2 - 245 10 03 - 01 - 259
5 - - - - 73.0 - - - 03 - 267
6 - 0.4 1.0 - 457 56 0.6 - 153 - 314
7 20 143 0.6 - 234 0.7 05 - 218 - 36.9

Matte-A exposure was repeated in order to determine the mechanism for the expansion of the
matte during meltingTwo tests were done, opellet was heated @15 °C andanother pellet

was heated t€000°C. Droplets were analysed by SEMlatte A droplet at 915C is shown in
Figure5-14, theMatteA droplet at 1000C is shown inFigure5-15.

At 915°C, Matte A had evenly dispesed poresThe morphology of the droplet at 916 and
1000°C shows that withncrease itemperature the size of the pores increaBes.droplet

became inflated witthe increase itemperature

Figure5-14: Matte-A after exposure t&G-graphite substrate 81.5°C, BSE image
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

Figure5-15: Matte-A droplet after exposure ®G-graphite substrate 4000°C

A detail of MatteA droplet at 1000C is shown n a BSE image ifrigure5-16. The oxide
phases (slag) are observed in the matte, the oxides have not reacted suitfidéeeat this

temperature.
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

12/10/2014 det mag |spot| WD |dwell

Figure5-16. Matte-A detail afer exposure t&G-graphite att000°C, BSE image

5.1.5 Wettability of graphite by industrial PGM -slag

Amplats slag (Slag\) and Lonmin slag (Slag) wereeachmade into a pellet arekposed to a
graphite substratd he slag specimens wereated td350°C. Therecordedwvetting angles and

the melting temperatures are showT able5-10.

5.1.5.1 Wettability of graphite by Slag-A

SlagA melted at 1340C, the interfacial contact angle betweslag-A and gaphite was 145°,
this signifiednonwetting. BSE image afhe SlagA droplet is shown ifrigure5-17; only the
interface of graphite and slag is showrrigure5-17.

There was no interfacial product betweendhegphite and th&lag-A droplet; this signifiedhat
thegraphite did noteact with the slag at the interfadéhe composition of the slag phases did
not change during the exposure to graphite. The bright phases observed at the periphery of the

-
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

droplet ae sulfidephases thatereminor impuritiespresent in the slag sample. Slaglid not

penetrate through thgraphite;no slagwasdetected in the graphite substrate after exposure.

5.1.5.2 Wettability of graphite by Slag-L

SlagL melted at 1320C, the interfacl angle betweeS8lag-L and gaphite was 138°, this
signifiednonwettability. The droplet waanalysed usinGEM, BSE image is shown in
Figure5-18. Penetration of Slafj was not observed at the graphite surfaceinterfacial
products were observed at the grapBltgy interface. The composition 8iag-L remained

unchanged after exposure.

Table5-10: Melting temperature and wetting angle of Shkagnd SlagL
Melting temperature (°C) Wetting angle (°)
Slag- A 1340 145
Slag- L 1320 138

slag-graphite

interface

\

Figure5-17: SlagA dropletafter exposure t&G-graphitesubstrateat 1350°C, BSE image
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

.
.

’slag-graphite
inferface

.

Figure5-18: SlagL dropletafter exposure t8G-graphitesubstrateat 1350°C, BSE image

5.2 Graphite wear by Matte-S

Matte-S was exposed to graphite to studyittteractions betweethe graphiteandaliquid
Matte-S. Crucible tests were perimed where temperature and contact time were variesl.
responses wethe dissolution of graphite Matte-S and the penetration of Matf through the
graphite.Carbon content in matte indicated the extent of graphite dissaliiaite S

penetration wameasured by the matte loss and the detection of matte prills in the graphite wall.

5.2.1 Graphite dissolution by Matte-S

Dissolution of graphite in Matt8& was determined as a function of operating temperature and
contact time. The carbon content in matte wsesd as a measure of carbon dissolution. The
operating temperature was 1180 1350°C and 1550C at a constant time dfday. For the
effect of contact time the testere done at 155TC for 1 day, 3 days and 5 days.
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

5.2.1.1 Effect of temperature

Carbon cotentin matte elemental compositioof matte residuand totalmatte loss is shown in
Table5-11as a function of temperature, the cohtane wasl day. Carbon content in theatte
residuewas constant &.1 mass percerftom 1150°C to 1350°C, at 1550°C carbon content in
matteincreased to @3 mass percenthere was no linear correlation between exposure

temperature and graphite dissolution by M&te

The amount of matte loss increadsd0.6masspercentrom 1150°C to 1350°C, at1550°C the
matte lossncreasedo 11.3masspercentSimilar to carbon dissolution, the loss of matte was
notdirectly correlated to the exposure temperatiitee sulfur content in matte decreased with

increasing temperature.

Table5-11: Matte loss anélemental compositioof Matte-S as a function of temperature
afterexposure to Sgraphite forl day
Temperature °C % C in matte Matte loss (%) %Cu %Fe %N %S

0 0.03 0.0 8.9 446 164 301
1150 0.10 5.1 8.8 438 183 291
1350 0.10 5.7 106 443 178 273
1550 0.33 11.3 95 472 175 255

In Figure5-19there is data for the compositiortted Matte S residueafter exposurd SG-graphite
The mass percent elements, the carbon content of matte and the totatioegtis presented in the
graphas a function aemperature after 3 days exposure. Carbon dissalutiatteseemso be
correlated to matte loss. Sulfur and copper are the elements that @ffieattéhloss the most. From
1150°Cto 1350°C carbon solubility is almost constatt0.08 mass percebetweeri 350°C and
1550°C days there is significaimricreasén the rate of carbon dissolution in méitten 0.08mass
percent to 0.31 mass percéitite increase of canh solubility in matte between 1350 and1550 °C

can be attributed to the following:

1) The decrease of sulfur in the residual matte
2) The decrease of copper in the residual matte
3) The concentration of iron in the residual matte (the mestidue became enriched in iron due to

the loss of sulfur and copper in matte)

4
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)
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Figure5-19: Matteloss, elemental composition and carbon content of Matsidue after
exposure to S@raphite att150°C,1350°C, and 1550°€r 3 days

5.2.1.2 Effect of contacttime

Carbon content in matte increased with contact time, from 1 day to 5 days the carbon content
increasedrom 0.33 to 0.43nasspercent There was no linear correlation between the graphite
dissolution ad contact timeThe mattecompositionand total matte losas a function of contact

time are shown imable5-12.

Significant matte loss was observed, increasing froto PDmasspercentafter 1 and 5 days

expasure respectively. The elemental compositiothefesidual matte (by ICP) and its carbon
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

content (by LECO) is shown ihable5-12. Significant amount asulfurand copper were lost
during the exposure of Mat&to graphite according to the compositiortled matte residue in
Table5-12.

The composition of thi¥latte S sampleand thecomposition of théMatte S residue

(in Table5-12) were used to calculate teéemental fraction afnatte lossThe valusin
Table5-13includes the mass of elements retained in the Matesidue and the calculated mass
of theelements thasupposedlyeportedo the off-gas.Equations 11, 12 and 13 have the
expressions used to calculate the elemental account of egfEorted imable5-13.

O 0 whPO Qd WO0 W Equation11
O 0 wbhO M WOoOW Qi QQO6Q Equation12
—— PO Q& QOQQNE IQa Qa QRAWNOIVE &QI & QRO Q Equationl3

Where Eis the initial mass (grams) of the element in M&idx is the final mas (grams) of the
element retairein the MatteS residue, %#Hs the maspercentof the element iMatte-S, %k

is the masgercentof the element in Matt8 residue.

Copper andulfurwere the most prone tossesas seen ifable5-13. Owing to high losses of
sulfurand opper, the iron and nickel in the residue were concentrated as Sksdriab-12.
Copper losses increased from ~ 5 89 masgpercentafter respectively 1 and 5 days exposure.
Sulfurloss was ~2%nass percerdfter 1 day exposer it increased to ~4@ass percerdfter 5
days exposure. This translaté asulfurloss rateof 25 mass percerger day t8 mass percent
per day after 5 days exposufdelossrate ofsulfurdecreased witexposurdime, this could be

attributed tohe decreasing sulfur concentration in the residual Matte

Carbon dissolution is correlated to the sulfur loss by Matéecording to the data in
Figure5-23. Figure5-23is a plot of sulfur loss rate and carbon dissolution in Matés a
function of contact time, at 155C. Data inFigure5-23 was calculated based on the data in
Table5-12andTable5-13. The dissolution ratef carbon decreased from 0.@8ass percent)

per day to 0.09mass percehper day from respectively 1 day exposure to 5 days exposure at
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1550°C. Sulfur-loss rateper daydecreased from 2®hass percenb 8 mass percerdfter

respectively 1 day and 5 days exposure at 2850

Table5-12: Composition of MatteS after exposure t8G-graphite atl550°C for 1 day,
3 daysand 5days
Masspercen! Matte loss (%) Cu (%) Fe (%) Ni(%) S (%) C (%)

Matte-S - 8.9 44.6 16.4 30.1 0.03
1 day 11.3 9.5 47.2 17.5 25.5 0.33
3 days 17.0 9.6 48.4 19.2 22.4 0.38
5 days 20.1 7.7 51.1 19.3 21.5 0.43

Table5-13: Elementalaccounting for Matt&S exposed t&G-graphite att550°C

Cu Fe Ni S Total
Matte-Ssample (g) 0.89 4.46 1.64 3.01 10
Matte retained in gramy Exposure
1 day 0.84 4.21 1.55 2.26 8.87
3 days 0.80 4.09 1.55 1.86 8.3
5 days 0.62 4.08 1.54 1.74 7.99
Matte loss in grams
1 day 0.05 0.25 0.09 0.75 1.13
3 days 0.09 0.37 0.09 1.15 1.70
5 days 0.27 0.38 0.10 1.27 2.01
Element loss imass percen
1 day 5.32 5.53 5.35 24.86
3 days 10.47 8.25 5.36 38.23
5 days 29.98 8.46 5.97 42.13
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Figure5-20: Dissolution rate of carbon in Matt& and loss rate of sulfur by Matgeas a
function of contact time at 155@

5.2.2 Penetration of Matte-S through SG graphite

Theinterface betweeMatte-S and graphitevas analysedsingXRM andanoptical
microscopeThe specimen shown in the images-igure 5-21 were exposed to 15%C for5
days.Figure 5-21ais an XRMtomogramandFigure 5-21b is an opticalmicroscopemage The
crucible inFigure 5-21ahad a 1Gmm inside diameter while a cruciblekigure 5-21b hada

5 mm insidediameter; amaller cucible was used tdlaw detailedanalysis with amoptical

microscope

Matte-S formeda convex meniscus with graphite as seeRigure 5-21. Convex meniscus
signifies a norwetting behavioufEustathopoulogt al.1999]. This observation confirms the
finding from thewettability testdn which it was deduced thgtaphite is nofwetted by MatteS.
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5.2.2.1 Effect of temperature and contact time

Ligquid Matte-S didnot penetrate throughe SGgraphite at all tested conditioriacreasiry the
exposure timéfrom 1 to 5 daysand operating temperature (from 1T8Dto 1550°C) did not
affect theinteraction betweehquid Matte-S andthe SGgraphite A thin sulfur deficient
iron-copper oxysulfidelayerwasobservedt the interface betwadhegraphiteand the
Matte S. Thiswas anindicaion that therecould beinteraction betweehquid Matte-S andthe

graphite.The composition of the oxsgulfide layer is included imable5-14.

The specimemexposed at1%0 °C, 1350°C and 1550 C looked similay therefore operating
temperature did not have an effea the penetration of liquid &te- S through graphiteThe
example of the specimen after exposure is showRigure 5-21); this specimemvas exposed to
1550°C for 5days.

The MatteS residue appears dense, no apparent porosity is observed in thé& IvisidueA
detailed crossection of a graphitenatte interface is shown in a BSE imag&igure5-22.
Figure5-22ais the graphitanatteinterface that also shows a matte infiltratebedded im
graphite wall b) is thedetail of theMatteS infiltrate Globules of matte were observed in the
graphitewall up to 2mm from thegraphitemate interfaceThe EPMA analysis of the infiltrated
Matte-S is inTable5-14.

The nfiltrated matte consisted of stoichiometidfide phases and sulfur deficient irorcopper

oxy-sulfidelayer in contact with graphite.
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graphite

Figure 5-21: Cross section of the S@aphite crucible with solidified Mattg after reaction
at 1550°C for 5 days, a) XRM image, b) OM image

Table5-14: Analysis ¢ Matte-S embedded i8G-graphite after exposure to 1590 for
5 days (EPMA atone perceny

a b c, e
S 42 34. 20. 50.
Fe 34. 8.9 40. 42.
Cu 1.356. 32. 4.2
@) 6. 8
N i 21. 2. 4

-
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Figure5-22. Matte-S infiltration into the SGyraphite at 1550C for 5 days: a) Matt&__graphite interface with matte infiltrate in
graphite; b) detail of matte infiltrate (composition of annotated phage3able5-14)
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5.2.2.2 Analysis of Matte-S residueafter exposure to graphite at 1550 °C

BSE image of Matt& residue is ifrigure5-23, EDS analysis of the phases isTable5-15.
Threemajor phases were idtdired in the MatteS residue, these are annotated as 1, 2, 3
Figure5-23 and inTable5-15, solid solutions of these phases were also identified (annotated
with asteriskTable5-15. FeNi, (CuFe) S and(FeNixS were the phases detected in the M&tte

residue.The oxide impurities were not observed on the M&ttesidue.

Figure5-23. Matte'S residue after exposure$&-graphiteat 1550°C for 1 day, BSE image,
the compositions of thennotated phasesein Table5-15
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Table5-15: EDS analysis of Matt8 residue after exposure$6-graphite att550°C for
1 day (atonic perceny

Element 1 2 3 *1 2 2 *3 *3
Fe 13 73 38 387 358 603 404 431
S 31 0. 38 307 43 26 388 139
Ni 1. 24 19 49 572 351 15 382

Cu 53 2. 3. 257 27 2 58 4.8

ases ar e ss dleindbtsdl|l v
h e B S [Eigurema3g e

5.2.3 Mechanism of Matte-S loss tlrough SG graphite

Significant amount of Matt& could not be accounted for after exposuiteloss of MatteS
increased with exmure temperature and contact ti(meatte loss imMable5-11 andTable5-12).
The total matte loss was calculated based on the initial and final mass ofSVilttiere are two
possible mechanisms by whithatteS could be lost during exposure to graphite; deposition of
matte prills in the graphite wall and evaporation of matte species due to high tempefateires.
total matte loss ifable5-11andTable5-12 includes the mass of matte prillsthre graphite

wall and evaporated matte specidgchanisms for Matt& loss are expoundéd turn;

5.2.3.1 Matte-S infiltration into the graphite wall

It is evident fromFigure5-22 that iquid Matte S was transported from the bulk matte to the
graphite wall. This is one mechanism by which M&teould be lostrom the bulk matteMatte
prills in the graphite wall could not laecuratelyquantified since it was not possible to
mechanically sepata graplite fromthe Matte-S embedded in the graphite wall

5.2.3.2 Evaporation of Matte-S species

In the current study, gaseous species from thgasfprecipitated on the top watsoled brass
end cap Figure4-7). The temperaturefdahe brass cap was estimated to 25 °C, although this

condensate give an idea of the gas composition, it does not account for the gases that condense
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below 25 °CThe gas condensate wasalysed using XRD to determitiee compositionof the

phasesXRD quantitative analysis is shown ifable5-16.

The accretion consisted of a mixture of copijpen sulfidephases. The composition of the gas
condensate is in agreement with the analysis of the matte r¢$Smhie5-12 andTable5-13),

which indicated thasulfurand copper are tredlements thatontribute the most to matte loss.

Table5-16: XRD quantitéive analysis of the gas condensateduced during the exposure
of Matte-S to SGgraphite

Condensate mass percent 3 0 e
Bornite (CuFeS) 25.6 1.1
Chalcocite (CpS) 21.7 1.8
Mooihoekite (CyFeS1e) 20.6 1.7
Covellite (CuS) 18.3 1.2
Chalcopyrite(CuFeS) 13.8 1.4

5.2.3.3 FactSagesimulation of gas released duringsulfide smelting

TheMatte-S sample consisted of tiseilfides of copper, iron and nickel i.e. &S, FeS and
(Fe,Ni)oSg, as reported ifable4-14. The phase relains in thesesulfides are complex and are
constituted by extensive solid solutions as discussed in Section 3.3. FactSage was used to
estimate the amount and composition of gas that is released when each silfitesas

exposed to the operating temaieires with and without carbon. Equilib (FTmisc) database was

used for all the calculations.

The XRD analyse of Matte-Sin Table4-14 were used as basis for FactSage calculatibmes.
(Fe,Ni)eSg content inthe MatteS samplavas 57 mass percent which made it the naisindant
phaseit wasfollowed by FeSat 25 mass perceand copper containing sulfide was only about
eight mass percenthe dissociation offe,Ni)sSg was the only phase considered since it was
the abundant phasand bas#on the composition of the residue, FeNi alloy formed during the
exposure. The dissociation of other sulfide peagasnot considered at this stagecause the

most contributor to matte loss was sulfur and it is presumed that (k8s iélpagd sulfur
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during exposure. This is evinced by the formation of an allbgrefore the study of the

dissociation of the (Fe, Niys phase was deemed relevant to give estimated amount of sulfur that
the matte released during the exposure to graprepesence of the oxide impurities should

also be noted but oxides were not included in these calculations.

TheFactSageiseddid not have data for (Fe, NBs, insteadt hadNioSg and FeSs. NisSg was
usedas a substitute for (Fbli)eSs. The heating tempexare ranged from 108C to 1500°C. The
simulation was done for a closed system where it is assumdteigals is not escaping the
system, therefore the gas accumulates as the temperature is incfeadeactSage simulation
results for the dissociatiarf NigSg as a function of temperatuageshownin Table5-17. The

FactSage simulation is discussedurn:
a) FactSage simulation for a 10 gramy®$ifrom 100 °C to 1500 °C

NioSg dissociated to NBs and NiS as the temperature wasreased to 517C. The initial liquid

phase and gas phase formed at 1@Ghe liquid had NS, and the gas hathSS was the

abundant gas arntie S; fraction in the gas phase increased with increasing temperature. The gas
guantity as a function oéimperature is summarisedTiable5-17. The gas stream increased by

an average o#0.2 litres per 100C from 1000°C t01300 °C, from 1300 °C t500°C the gas
volume increased by 0.23 litres per 100 T@e dissciation of NpSg is summarised in

Equationl4.

J J .
GOYi w 0P <O wy ob Y a YR Equation14

Table5-17: Gas quantities as a function of temperature for theimgedt 10 g of NéSg
(FactSage simulation)
Temperature (°C) Sz gas (grams) Gas volume (litres)

1000 0.03 0.05
1100 0.13 0.23
1200 0.22 0.42
1300 0.30 0.62
1400 0.39 0.83
1500 0.47 1.06
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b) FactSage simulation for a 10 gramy®i+ 10 gram carbon from D0°C to 1500 °C

The dissociation dNieSg in the presence of carbon was also simulated in FactSage. The aim was

to determine the effect of carbon on the amount of gas relegisedulfide

Adding carbon to the Nbs decreasethe temperature at which tigasandtheliquid formed
Without carbongagas andaliquid started forming at 1000C. With carbona liquid,S; and CS
gas started forming at 82C. This indicated that carbon reduces the solidus temperature of
NigSs. This meant that melting of péamdite contributes towards the penetration of matte
because matte penetrates around“@and in the presence of carbon a pentlandite liquid and
gas formed below 90TC. The reactiogipredicted by FactSage are summarised in Equagon

Summary of gas qntities predictedypFactSage simulation is shownTiable5-18.

J J .
OYi ™o w 0Qvi UQIY m™M6 w odQYa mOY'Q mYQ Equationl5

Theaddition of carbon increased thelumeamount ofthegas streamThe gas volume in

Table5-17 andthe gas volumén Table5-18 were compared, the calculated increment amou

of the gas volume (in percentageY&ble5-18. The gas volume increment is a percentage

increase in volume comparing the volume without carbofdisle5-17) and the gas volume

with carbon Table5-18). The gas increase is higher at lower temperatures (1000 °C), it

decreases from 12@&rcento 168percentfrom respectively 1000C to 1500°C. From

1000°C to 1100°C the percentage increment dropped fronpeetvely 1200 percent to

343percent, this is a significant drop which can cause drastic changes to the gas pressure. Based
on this calculation the effect of carbon on the gas volume is enormous, and it has the highest

impact at melting temperatures.

Therateincreaseof the gas volumas a function of temperatuneas~0.2 litres per 100 °C
between respectivel000 °C and 300 °C. FromL300°C to 1500°C this rate increased toZR
litres per 100 °CThisis a significant observation sinitas similarto atrend observed on the
values of MatteS loss between 130C and 1550C (Table5-11).
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Table5-18: Gas quantities for the0-gramNioSg + 10 gram C (FactSage simulatip) ard
CS are ingrams;gas volume increment is a percentage of gas volume increase comparing
the gas volume without carbon and with carbon

Temperature S CS Gas volume  Gas volume increnent
(49) 9) (9) (litres) (percent)
839 0.03 0.25 0.34 -
900 0.04 0.30 0.43 -
1000 0.05 0.38 0.60 1200
1100 0.06 0.46 0.79 343
1200 0.08 0.53 1.00 238
1300 0.10 0.61 1.23 198
1400 0.11 0.69 1.49 179
1500 0.14 0.77 1.78 168

5.2.3.4 Gas pressure calculation based on the gas quantity estimated with F8age

The pressurbuild-up inside the crucible due to the expansion of process gas was calculated

using the volume of the crucible and the universal gas law. The formation of high volumes of gas
is envisaged during melting of base metal sulfides [Eksteen 2011]. The vaporidanatte

species results to losses of matte to a gas phase. The increase of the volume of the gas inside the

crucible creates pressure that drives the gas to escape the crucible.

Dimensions of the crucible used for the experiments were the follo&wimgy radius, 66nm
depth and 3nm thickness. The volume of the empty crucible was calculated using Equation 16.

> w ‘17 Equation16
= =3.142 x 5x 60 mm
r = 4713 mm = 0.004713 litres

Thevolume of the empty crucible waslculated to b8.004713 litresAccording to the volume
of thegas estimated ifable5-17, a10 gram matte sample produde81 litresof gasat
1000°C. The estimation of volume was based o following assumptions:

0 Thegaswas only produced by the pis compound

o Mattehad22 mass percertlioSs
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The estimated gas volune&ceededhe cruciblevolumeby 233 percentTherefore pressure
build-up is inevitable inside the specimen during the disdiori ofsulfides. The calculated gas
pressure is summarisedTable5-19. The amount of gas used in the calculation is the number of
moles of sulfur which are released wher3is heated from 1008C to 1500°C (FactSage
simulation data iMable5-17). The wiversal gas law was used for the pressure calculations, the
expression is in Equation 17. The volume used in calculations is the cnalilnhee thatvas
calculatedcand found to be 0.004713 litres

PV=nxRxT Equationl7

where P is the pressure exerted by the gas on the vessel in Pascal, V is the volume of the vessel
in m3,n is the amount of gas in moles, R is the gas constaatila/gmole. Kelvin), T is the

temperature in Kelvin,

The effect of gases produced by side reactions has not been considered in the pressure
calculation, only the amount o 8leased during the melting NfsSg wasconsidered. The
oxide impurities preser the matte could react with carbon and form CO, such reactions would
increase the amount of gas inside ¢hgcible that would increase the pressure exdiyegas on
the crucible.

Table5-19: Calculated prssure of Sgas as a function of temperature for melting 10 gram of

NioSg (simulation by FactSage
T (°K)  Szamount (mol) Pressure (Pa) Pressure (atm)

1273 0.0005 1122822 11.08
1373 0.0020 4844100 47.81
1473 0.0034 8834750 87.19
1573 0.0047 13041849 128.71
1673 0.0061 18002730 177.67
1773 0.0073 22832012 225.33
R= 8.314 J/mol.k
Mm S = 64.132 g/ma
P= nR TNV
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5.3 Graphite wear by industrial matte

The compatibility of graphite with industrial matte wasgestigatedo determinghe prominent
wear mechanism of graphite by industrial mateng crucible testsThe variables wergraphite
grade, operating temperatumedacontact time. Theesponses were tliepth ofliquid matte
penetration, the dissolution of graphite and the chemitadaation between graphite and each
matte typelndustrial matte samples tested were Matidatte-P and Matte., all these matte
types behaved similarly when exposed to gitepds suchthe results presented here are

representativef all the matte sanigs unless specified.

5.3.1 Penetration of liquid industrial matte through graphite

The industrial matte was exposed to HG and SG graphite to determine which graphite has high
resistance to penetration by liquid industrial matte. The effect of temperaturerdact timne

was only tested on the SG graphite. The penetration path of the liquid matte was verified with
OM analysis and CAF tests. The gas condensateamalgsedo confirm that matte species are

lost to the offgas during the interaction. The effecttloé crucible volume was tested to

determine the mechanism behind liquid matte penetration.

5.3.1.1 Effect of graphite grade

Compatrative interaction tests were performed on HG and SG graphite crudiBlesas a
dense graphite (12percent porosifyand SGwvas aporous graphite (2gercentporosity).The

specimens were exposed to 10Q0for 12 hours.

Theliquid industrial matte penetrated the entire width ofSi&graphiteThe graphitanatte
specimen after exposuieshownin Figure5-24. A portion of the matte was collected outside
the crucible in a solid form (mattautsidecrucible inFigure5-24), another portion of the matte
remained inside the SG crucible after exposure (rnasiielue inFigure5-24). The presence of
the solid matte outside the crucible indicated #taemperaturéhe liquid industrial matte

penetrated through tH&G crucible.
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HG graphite was not penetrated by liquid industrial matte, matte was not obsatside 61G

crucible after exposure.

The matte loss of5 mass percemwas observed in both SG and HG specimens. This matte loss
was attributed to the evaporation of matte species similar to the matte loss observed when

Matte-S was exposed to SG graphiection5.2.3).

outer crucible

inner crucible

matte residue =

resin

matte outside . &
crucible

IIIIIH[HIII'TH[!I‘WPT

HT }
150 180 170 180 190 200

Figure5-24: SG-graphiteindustriatmatte specimen after exposurd @O0 °C, a picture
showing the crossection of specimen, a layout of the outer crucible, inner crucible and
matte resida after exposure

XRM was used to examine the wall of the HG and SG graphite after exposuresentgs(top
view) of the specimen is shown kigure5-25. Figure5-25a is the HG graphite specimen,
Figure5-25b is the SG graphite specimafter exposure to 1000 *Traces of matte were
observed in the SG graphitall, matte tracesonfirmed the penetration path of the liquid matte.
The HG graphite wall had no matte prills agxposurethis also confirmed that liquid matte

penetration did not occur through the walls of the HG graphite crucible
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Graphite crucible

b) Traces of matte infiltrate

Solidified matte
Graphite crucible

Figure5-25: Top view (crosssection) of gpostmortemgraphite crucible witlsolidified
industrial matte alG crucible, b) SG crucib)after exposure at 1000 °C
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5.3.1.2 Effect of temperature

Tests were conducted to determine the minimum temperature at which matte start penetrating
throughthe SGgraphiteas well as taletermine the &tct of temperature on the interactioin

matte with graphiteMatte loss as a function of temperature for M&tfdMatte-L and MatteP is
summarised iTable5-20. Matte-A, Matte-L and MatteP were exposed t8G graphitdor

1 haur.

At 800°C the mattérad sintered intsolid lumps The measured matte loss wesmass percent

this matte lossvas attributed to gadsrmationduring heating

Mattewas molterat 900°C, a portion ofliquid matte penetrated through the crucible @G 9C,
this was observed for all matte typ@&be penetratiorof liquid mattewas evinced by the

collection of solid matte outside tleeucibleafterexposureat 900°C. The slight difference in
average matte loss for Matte Matte-L and MatteP wasattributed to the slight difference in

the composition of the inclusions in these matte samples.

At 900°C the total matte loss by all matte types was @ spercent As the temperature
increased to 145%C the totd matte los increased by aboutmass perent It seemed that
increasingemperature@bove 900C did not have a significant effect on the amooiribtal
matteloss. Total matte losrefers to the mass difference between the starting matte and the matte

remaining inside the crucible after expasur

A proportion of matte was collected outside the crucible after expdbigenatte is reported as
(MOC) in Table5-21. The values of MOC iTable5-21 are the actual weighed masses, these
valuesarefor Matte-A, similar fractions were observed fvratteL and MatteP.

MOC was an average of Bass percerftom 900°C to 1450°C for all matte typesThe matte
that reported to the offas increased with exposure temperature frontol62 masspercent
from respectively 900C to 1450°C. Matte loss to the offjas was calculated based on the
starting mass and the mass of the residual matte (inside and outside the crucible).

The rate of offgas formation did not increase with temperature, the highegaefformation
rate was between 900 °C and 1000 °C where 2 mass percgasoffas reported. From 1000 °C
to 1450 °C this rate dropped to less than 2 mass percent per ID@°Qffgas formation rate is
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in agreementvith the FactSage simulation Trable5-17 the exception is that the FactSage rate
(gas volume) increased with temperature. In the presence of carbon the gas volume increment

was higher ameltingtemperatures and it dropped with increasing tempexatu

Table5-20: Total matte loss as a function of temperattoeMatte-A, Matte-L and MatteP
thatwas exposed to SGraphite for 1 hour

Temp (°C)  Matte-L (%) Matte-A (%) Matte-P (%)

800 0.72 1.3 1.2
900 50.7 50.5 49.7
1000 53.5 52.7 50.2
1250 57.3 55.0 52.0
1450 58.9 55.9 55.5

Table5-21: Total matte lossMOC and offgas (nass percepfor MatteA after1-hour

exposure
Temp (°C) Matte loss(%) MOC (%) Off-gas (%)
800 13 - 1.3
900 50.5 49.1 1.4
1000 52.7 49.4 3.3
1250 55.0 50.8 4.2
1450 55.9 49.7 6.2

5.3.1.3 Penetration path ofliquid Matte-A through SG graphite

GraphiteMatte-A specimen wasxamined usingkRM, SEM-BSEandOM to determindhe
penetration gth of the matte through SG graphiall. The layout of the matte was also studied
after exposure t800°C, 1250°C and 145CC.

5.3.1.3.1 Matte-A specimen exposed ®G graphiteat 900°C

The micrograpbkof thespecimen exposed 890 °C areshownin Figure5-26. Figure5-26a)is a
2D sideview, b) is a3D and c) is @op view. The matte seems molten and highly porous at

900°C. Thematte seemsusp@aded on the pores.
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c)

matte _7";?"’\
pores——pkt- & .
slag By * 4
infiltrate— -«

T
graphite —

5 mm

Figure5-26. Matte A specimerafter exposuréo SGGraphiteat 900°C for 1 hour, XRM imagesa) sideview, b) 3Dimage, c) top
view
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

Matte adherence to the graphite surface is apparent. Slag phases can be gsed digpe

matte. Traces of matte can be seen in the graphite weithime5-26a. The traces of matte are
dispersed throughout the depth of the crucible (from the top of the crucible to the bottom) as seen
in Figure5-26b. This indicates that matte penetration was not localised to certain areas in a

crucible.

In Figure5-26c traces of matte can be observed in the connected galesgraphite wall,
traces of matte are annotated as infiltrate. Based on the appearance of the traces of
solidified-mattein the walls of the crucible, it seem that connected pores present in the walls of

the graphite is where the matte penetrated thralig graphite.

The crosssection of the crucible poestortem is inFigure5-27 (optical microscope). The traces
of matte are prevalent on the graphite while image irFigure5-27 confirms that matte
peretrated through cracks and joingaresin the wall of the S&raphite

¥ inner side of the
crucible

traces of matte

graphite

200 pm

Figure5-27: SG-graphite crucible wall after exposurehtatteA at 900 °Cfor 1 hour OM
image
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

5.3.1.3.2 SGgraphiteMatte-A specimen exposed to 1250

The micrograph of a specimen after exposure at 2256 shown irFigure5-28 (Figure5-28ais

a 3D image an&igure5-28b is a 2D mage).In a3D imageit can be seen thatatte penetration

in the graphite occurred throughout theghtof the crucible (from the lid to the bottonThis
observation highlights that the penetration of matte was not localised to a certain area (@epth of
crucible).In a2D image a few spots of matte tesan the wall of the graphitae observeds

such if the analysis were basedrogure5-28b only, one might have concluded that the matte
penetrates through those twimannes wherehetraces oimatte can be seeA 3D image has

more detail of the specimen and allows accugatamination of the specimen

Traces of mattare observeth the walls ofthe graphite from the inner surface to the outer
surface of the crucibldatte residue i®bserved on the outer surface of the crucible as indicated
in Figure5-28 (annotated as MOCYhe mattepenetration path cadme traced back to the inside

of the cruciblevhen following theanattetraces from thenatteresidue inhe wall of the crucible.

This is a classic example of how the matte gets out of the graphite crucible.

Carbonpaste was applied between the lid andcttueible before exposure. In this afbatween

the lid and the crucibleho penetrationf matteis observedln contrasttraces of matte are
observedo penetratehtrough the lidThis indicates that application of the carbon paste was able
to inhibit the penetration of matbetween the crucible and the lithe paste is cured before the
experiment to ensure that it is set before expostieepaiste appeared dense when compared to

the crucible

At 1250°C a denseamatte layer has collected at the bottom of the crucible. This indicates that

with temperature the fluidity of matte increasedhitiayer of a slag phase could be observed

on top of the matte layer. This indicates that with temperature the immiscible phases segregated,
at 900°C the slag phases were obsergedtteredhroughout the mattas annotated in

Figure5-26. It is difficult to comment whether slag was fully molten or not at @D0ut at

1250°C the slag seem molteAt 1250°C athin layer of matte is attached to the graphite

surface from the crucible lid to the matte layer at the bottom. Theedieeof matte to the

graphite surface indicates some degree of wettittigchment of matte to the graphite surface
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

was also observed 800°C. The shape of the matte at the bottom of the cruckpife5-28)
was caused by aitling error, it was impossible to use an alternative image for analysis since the

access to XRM was limited.

“

graphite
«— Infiltrate

MOC D infiltrate

Figure5-28. SG-GraphiteMatte A specimen afteexposureat 1250°C for 1 hour images by
XRM, a) 3D imageof the specimen showing the matte residue, matte infiltrate and MOC
[MOC is matte that penetrated through the graphite], b) 2Dvigseof the specimen
showing the matte residue, matte infiltrate, slag layer, graphite and the graphite lid
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

5.3.1.3.3 Matte-A specimen exposed ®&G graphiteat 1450 °C

At 1450°C matte is fully molten as seen in the specimdfigare5-29. Matte is detached from
the graphite surface and the top part of the crucible has no matte attached tiatieessich as
observed at 908C and 1250C. The pores observed in matte at Eposurgemperaturesra
significantly decreased at 1430. Matte infiltrate isobserved in the crucible wall as annotated
in Figure5-29. A metal phase appeared below the matte layer at 2&5@t lower temperatures

metal was not observed.

_ e 1% a X ,”-"‘3“""" o | P
L Rel T TR e infiltrate
infiltrate —>% "+ 4 metal

Figure5-29: Matte-A specimen after exposute SGgraphiteat 1450°C for 1 hour a) XRM
3D image, b) XRM 2Dmage

5.3.1.4 Validation of penetration path of liquid Matte-A through SG graphite _ analyses

by CAF images

CAF tests were conductéd confirm the penetration trend of liquid industrial matte through

graphite. The S@raphiteindustrial matte specimesmas heateérom 800°C to 1060°C. The
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

detailed images of the CAEsts are reported in Appendix The CAF tests confirmed the

following:

0 The penetratin of industrial matte commencat~900°C,

o0 The matte leakage was through the side wall and lid of the cruciatee chd not leak
through the graphite paste seal (between the lid and the crucible),

o0 Thehydrostatigpressure dighot have significant effect on the penetration of matiatte
penetration was observéaoughouthe depth of the crucible,

o Liquid matte peetration did not increase with increasing operating temperature,

o Liquid matte penetratiowas driven by annternal gas pressurehen this pressure

subsidedhe penetration cease

5.3.1.5 The effect of contact timeon Matte-A penetration through SG-graphite

Matte-A wasexposed t&G-graphite © determine the effedf contact timeonthe penetration of
liquid industrial matte through S@raphite The operating temperature was 1450 °C, the contact
time was varied from 1, 3, 6, 9 and 12 hodise datan Figure5-30 containsthetotal matte

loss matte outside crucible (MOC) and the matte reporting to thgasffall in mass percent

Total matte loss was calculated based onrtii@l mass and the final mass of the specinfére
mass 6 MOC is theactual weighed mass of theatte that was collected outside the crucible
afterexposurethis matte penetratatirough thecrucible in a liquid fornduring exposurerhe

matte that could not be accounted for after exposure was taken asghs.dffe standard

deviation was less thanrass percerfor the values reported Figure5-30.

From 1 hour to 12 hours the total ambahmatte loss increased by rasspercentIncreasing

the contact time did n@nhance mé& penetration

Liquid matte penetration through the grapktes also ot affected by contact time. MOC was
46 masspercentafter 1 hourand 44mass percerdfter12 hours There wa a slight decrease on
the mass of MOC with increase in expostimee; this may be attributed to the evaporation of

MOC to the offgas.
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The evaporation of matte spectesoff-gaswas enhancely the increase in contact tintag
proportion of the offgas increased from masgpercentafter 1lhour to 2 mass percerdfter

12 hours exposure.
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Figure5-30: Total matte loss, MOC and effas as a function of contact time at 1480 for
Matte-A exposure to S@raphite

5.3.1.6 Analysis of the gas condensate produced during the gariments: Verification of

the FactSage simulations

The gas condensate was collealedng the exposure of S@raphite to industrial matte. It was
analysedd confirm that matte species are lost to theg#$. Theoff-gas produced during the
experiments was trapgeat 100°C, 25°C and 0°C. For each temperature one sample was
collected over a number of experiments because a very small amount of condensate was

collected for each experiment, a composite of a number of tests was used for the analysis.

Analyses othegascondensate are shownTiable5-22, Table 5-23 andTable5-24, for the
condensateampleat respectivelyl00°C, 25°C and 0°C.
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Three phases could be identified by the SEM in a 100 °C condensate sample, the annotation in
Table5-22 (phase 1 to 3) refers to the thygeasesThe condensate at 10@ consisted of the
copperiron basedufide compounds which had Al, Mg and Si elements, one compound had up
to 20atomic percensi, 13atomic percenfl and 7atomic percenig.

The condensate at 2& had three identifiable phases annotated phase 1, phase 2 and phase 3.
This condensatmosty consisted of elementallfurand a copper irosulfidecompound (with

Al, Mg andSi) similar to a phase detected at the gas condensed &100

At 0 °C the condensate mostly consisted of elemenitilirand the aluminium, magnesium and
copper basedulfidecompoundsFive phases could be identified, theg annotated phase 1 to 5
Table5-24.

It should be noted that the species that are in a gaseous state BElevei@ not captured in the
gas condensatersie the lowest temperature of the-géfs duct was 0C. Therefore the analyses
of the gas condensate presentetdable5-22to Table5-24 are merely an indication of the
species that reported to the-gfis. As such it was a challenge to accurately estimate the mass

balance of species after the exposure of industrial matte to graphite.

The quantification of the process gas was not possible owing to a lack ot gasirzaalysis.

Some matte was embedded in graphite as such accurate mass balance around the system could
not be attained. The chemical analysis of the graphite crucible post mortem was not helpful due
to the concentration effect. Due to the minute fraction ofematlusions compared to the

volume of graphite, accurate detection of matte species in graphite was not possible.
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Table5-22: The analysis of theomdensateollectedat ~100°C (SEM-EDS atonic perceny,
composite sample collected during exposure of industrial matte-gr&thite

Atom% Phase 1 Phase 2 Phase 3
Al 13.1 19.0 7.7
Cu 9.9 11.2 324
Fe 6.9 7.8 20.7
K 1.0 0.9 1.1
Mg 7.4 6.7 3.3
Ni 0.3 0.1 0.7
S 41.5 47.4 29.2
Si 20.3 6.8 4.8

Table 5-23: The analysis of the condensate colleced25°C (SEM-EDS atonic perceny,
compositesample collected during exposure of industrial matte teg&@hite

Atom (%) Phasel Phase?2 Phase 3
Al 16.2 9.1 0.5
Cl 0.4 0.1 0.1
Cu 12.0 3.3 2.0
Fe 7.6 2.6 1.3
K 1.4 0.8 0.3
Mg 7.4 2.9 0.7
Ni 0.2 0.1 0.1
S 39.2 71.3 91.2
Si 15.6 9.6 3.6

Table5-24: The analysis of the condensate collecied0°C, (SEM-EDS atonic perceny,
compositesample collected during exposure of industrial matte teg&@hite

Atomic percent Phasel Phase2 Phase3 Phase4 Phaseb5
Al 2.4 0.2 2.4 17.9 3.7
Cl - - 3.9 1.7 0.5
Cu 2.0 0.8 33.0 0.9 14.9
Fe 1.3 0.6 1.2 6.4 7.1
K - - 15 3.3 0.5
Mg 1.0 20.3 1.6 0 1.7
Ni 0.0 0.3 0.0 0.2 0.1
S 87.6 76.8 54.2 65.7 63.5
Si 5.7 1.1 2.2 3.9 7.9
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5.3.1.7 Effect of crucible volume on Matte-A penetration through SG graphite

To determine the effect of the matteamingon the matte penetration thrduthe SG graphite,
tests were conducted in which the level or volume of the matte in the graphite crucible was
varied.In one crucible theindustrial matteavas filledto capacity(to the top edgeps in
Figure4-10a; the other mucible was haHilled with matte.Matte-A, Matte-L and MatteP were
exposed to S@raphite.The specimen (filled and hdifled crucibles) were heated to 1190

and held for hour.

The crucibles that were hdifled with matte were not penetrated lyuid matte (no matte was
observed outside the crucible after exposure). The crucibles that were filled to full capacity were
penetrated by liquid matte. The penetrated matte was around$fercent as observed in

crucible tests performed at temperatifrom 90C°C to 145C°C.

5.3.1.8 Summary

The industrial matte penetrated through the SG graphite, but the HG graphite was not penetrated
by the industrial matte. The industrial matte was molten at 900 °C, belowrtigsrigture total

matte loss was fhass perag. At 900 °C liquid matte started penetrating through the SG

crucible. Temperature and contact time did not have an effect on the liquid matte penetration.
The average amount of liquid matte penetration was 50 mass percent at all the tested conditions.
An increase in temperature and contact tenkancedhe matte loss to the effas. The gas
condensate consisted of the species of matte such as copper, iron and sulfur. Other(@ements

Si, and Mg)from the oxide impurities reported to the-gfis

Liquid matte penetration was not observed where the matte occupied half the volume of the
crucible. Therefore the level to which the matte fills the crucible was the parameter ttiadaffe
the penetration of matte. The penetration of industrial matte wasvedsghernthe matte was

filled to the topedge of the cruciblehe penetration of industrial matte was not observed when

the matte was filled to half the volume of the crucible.
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5.3.2 Chemical interaction betweenSG graphite and Matte-A

Wear of graphite wanot observedfter exposure tmdustrial matte a00°C and1250°C.
Increasing the temperature to 14%Dresulted inchemical reactions between the graphatte
and the impurities in thimdustrialmatte.Matte segregated into three layers, a thetphase at
the bottom, aulfide phase and a slagjobule thatattached to the surface of the graphiiee
specimen shown iRigure5-31 wasexposed to 145€C for 1 hour to study the cheoal
interaction between graphite and industrial m&tmilar behaviour was observed for Mafte
Matte-L and MatteP. The slight difference was the composition of the gjkdpule, Mattel. and
Matte-P had less impurities and they had E€zias the aburght phase in the sleglobule.The

results in this section are specific to Makte

The oxide phases (impuritiethat were present in the Mattesamplereacted with the matte,
forming asulfidephase enriched in Al, Ca, Cr, Mg, and Bie sulfide phaseas annotatecs
matte inFigure5-31a. The residual oxidg@hasegslagin Figure5-31a) collected on top of the

sulfidelayer.

The detailed layout of the slagaphit interface is shown igure5-31. In Figure5-3lais a 2D
tomogramp is aBSE image and is a detail of graphitslag interfacdOM image).A metal
layer segregated belatve sulfide phase and settled thte base of the crucible (metal in
Figure5-31a).

The specimen was subjectedBBMA to determine thehemicalcomposition of the species in
the matte residue, metal and the oxides. BSE image of the matte residue is shigure32,

thecomposition otheannotated phases is summarisediable5-25.
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Chapters ResultsA: Wear ofgraphite by a PGM mlt (matteand slag)

Figure5-31: SGGraphiteMatte A specimen after 1 hour exposure at 145@) graphite with solidified matte (XRM image), b)
slaggraphite interface (BSE image), c) detailed siagphite interface (OM image)
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