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Abstract

The aim of the study presented here was to investigate the potential for chemical wear of carbon-
based refractory materials in a silicomanganese furnace tap-hole. In the study, three research
guestions were addressed:

1. Is chemical reaction between refractory and slag or refractory and metal a potential wear
mechanism?

2. Is the choice in carbon-based refractory material important from a tap-hole refractory life
perspective?

3. What are the implications for the life of the tap-hole in a SiMn furnace?

To study the potential for chemical wear, thermodynamic calculations were conducted to determine
the potential for the formation of SiC and SiMn at 1600°C through reduction of SiO, and MnO and
dissolution of C (and subsequent reaction with Si) in metal. The thermodynamic calculations were
based on published [1] metal and slag composition and carbon. Cup test experiments based on
synthetic slag and graphite proved SiC formation conclusively, but not SiMn formation.

To study the effect of the choice in carbon-based refractory material, two types of refractory
materials — carbon block and ramming paste — available commercially and industrial slag were
sourced, prepared and characterised. Wettability studies proved the formation of SiC at 1588°C with
slag being wetting towards refractory in an argon atmosphere and non-wetting in a CO-atmosphere.
Under wetting conditions, the wetting angle of slag on carbon block was slightly higher (50°) at
holding temperature compared to that of ramming paste (30°). Under non-wetting conditions the
angles were 160° and 150° respectively. Cup test experiments based on industrial slag and carbon-
based refractory material proved both SiC and SiMn formation at 1600°C conclusively and confirmed
the wetting behaviour of slag towards refractory at larger scale.

To study the implications for the life of the tap-hole in a SiMn furnace, the tap-hole of a 48 MVA
SiMn furnace was excavated and profiled. The wear predicted by thermodynamic modelling was
supported by mass flow calculations.

It was concluded that chemical reaction between carbon-based refractory materials and slag and
metal is one of the mechanisms responsible for wear in the tap-hole of a silicomanganese furnace.
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1 Introduction

1.1 Manganese and its compounds

Manganese is the 12" most abundant element in the Earth’s crust, with an average concentration of
0.1 per cent. It is the 4™ most abundant metal in commercial use. In nature, manganese is found in
the form of oxides, carbonates, and silicates [1-3]. Manganese was recognized and isolated as a
separate chemical element in 1774 by Carl Wilhelm Scheele and Johan Gottlieb Gahn [2]. The
Spartans, in ancient Greece, utilized manganese in their steel weapons to give superior strength. The
Romans and Egyptians utilized manganese compounds to remove or add colour to their glass during
glassmaking [1], as is still done today [3]. The Chinese utilized it in glazes to give their pottery an
aubergine colour [4]. The first commercial use of manganese during the industrial revolution was as
the laboratory reagent, KMnOQ,, which was produced for the first time by Johann Glauber in 1659 [5].
MnO, was utilized in the manufacture of chlorine in the mid-18™ century [2].

1.2 Brief history of manganese ferroalloy production

As commodity, large scale consumption of manganese started when Sir Henry Bessemer introduced
manganese as deoxidizing agent in the eponymous steelmaking process he developed in 1855. He
added spiegeleisen after the oxygen blow to remove oxygen from the steel and add manganese and
carbon. This was done as pig iron (produced in blast furnaces) contained high levels (10-20 per cent)
of manganese. The idea was patented by Robert Mushet. In 1866 Siemens patented the use of
ferromanganese in steelmaking to control the levels of sulphur and phosphorus. This paved the way
not only for modern steelmaking, but also for the modern production of manganese ferroalloys [1].

Commercial production of ferromanganese containing 65 per cent Mn, started in France in 1875,
using blast furnace technology [6]. From 1890 ferromanganese could also be produced by SAF [6],
but for the first half of the 20th century all ferromanganese was produced in blast furnaces [1]. Blast
furnaces use 4-6 times as much coke per ton of ferromanganese as do SAFs, so due to the high cost
and scarcity of coke, and the relative high capital investment required to build a blast furnace,
electric arc furnaces started to replace blast furnace technology in the second half of the 20th
century. By 2005 approximately three-quarters of the world production was by SAF and the
remainder by blast furnace [1].

1.3 Commercial grades of manganese ferroalloy and their applications

Manganese ferroalloys produced commercially can be divided into the following four categories [1],
which are listed together with their typical chemical compositions in the Table 1: HCFeMn, refined
ferromanganese (MCFeMn), SiMn and LCSiMn [7], [8].
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Table 1: Categories of manganese ferroalloys produced internationally and their typical chemical
composition (balance Fe) [7], [8].
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Mn Si C max P max S max

(%) (%) (%) (%) (%)
HCFeMn —grade A and B 74.0-82.0 1.2 7.5 0.35 0.050
MCFeMn —grade Ato D 80.0-85.0 0.35-1.5 1.5 0.30 0.020
LCFeMn —grade A and B 80.0-90.0 2.0-7.0 0.75 0.30 0.020
SiMn — grade A 65.0-68.0 | 18.5-21.0 1.5 0.20 0.040
SiMn — grade B 65.0-68.0 | 16.0-185 2.0 0.20 0.040
SiMn —grade C 65.0-68.0 | 12.5-16.0 3.0 0.20 0.040

Ninety per cent of the manganese ferroalloys produced is utilized in steelmaking [1] where
manganese is added to steel in order to:

e  Deoxidize the steel i.e. remove oxygen from the steel as MnO, although silicon and aluminium
are stronger deoxidizers. Silicon deoxidizes steel and manganese enhances the effect of silicon
deoxidation by forming stable manganese silicates and aluminates [1].

e React with sulphur to form MnS instead of FeS. At hot rolling temperatures of 900°C to 1100°C
steel becomes brittle due to the formation of liquid FeS on grain boundaries. The phenomenon
is referred to as ‘hot shortness’. MnS remains solid at hot rolling temperatures [9].

e Influence the strength, toughness and hardness of the steel [1].

The graph in Figure 4 reflects the world’s real unit consumption of manganese ferroalloys in

kilograms per metric ton of steel from 2001 — 2010 [10].
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Figure 4: World real unit consumption of manganese ferroalloys, 2001 — 2010 [10]-[12].

For the five years 2006 — 2010, manganese ferroalloy consumption was in the order of 10 kg Mn per
ton of steel. It is said that SiMn is preferred over HCFeMn and FeSi as an additive in steelmaking, as a
cleaner steel is produced more readily due to the formation of liquid manganese silicates as opposed
to solid SiO, [1]. The trend is reflected in Figure 4 in the rise in consumption of SiMn and decrease in
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consumption of HCFeMn over the 10 year period investigated (2001 — 2010). The refined grades,
refined FeMn and LCFeSi, are utilized in steels with low carbon specifications [1].

Other applications of manganese include:

Electrolytic manganese metal utilized primarily in alloys of aluminium and copper where it
improves the corrosion resistance of aluminium [1].

KMnO, utilized as disinfectant, deodorant and as bleaching and analytical reagent [2];

MnSO, utilized as fertiliser, especially in citrus production, and as reducing agent in the
manufacture of paint and varnish driers [2];

MnO utilized as raw material in the production of manganous salts, additive in fertilizers and
reagent in textile printing [2];

MnCl, utilized as catalyst in the chlorination of organic compounds and as an additive to animal
feed [2]; and

MnO, utilized in dry cell batteries, as chemical oxidant in organic synthesis and as raw material
in the production of chemical grade manganous oxide [2].

1.4 Industrial production of manganese ferroalloys

To produce manganese ferroalloys, a carbothermic reduction process is followed in which
manganese-bearing minerals are reduced by solid carbon reductants producing alloy, slag and off-
gas [1], [13]. From a slag chemistry perspective, three distinct processes are in operation one
producing HCFeMn, the other SiMn and the third having HCFeMn production integrated with SiMn
production (Figure 5).

Ore —» _ —» HCFeMnslag ----:
Reductant —» SAF smelting — HCFeMn alloy

— SiMnslag

Ore —»| SAF smelting — SiMn alloy

Reductant ——»

Figure 5: Production methods for HCFeMn and SiMn alloy. Three distinct processes are in operation

one producing HCFeMn, the other SiMn and the third having HCFeMn production integrated with

SiMn production (indicated by dotted line).

The typical slag compositions and tapping temperatures are summarized in Table 2 [1] with Bs
defined in Equation 1. The most significant differences between the two processes producing
HCFeMn are the MnO content (40% vs. 15%) and the Bs (1.7 vs. 1.2).

Equation 1: Definition of Bs

B — CaO +MgO +MnO
° ALO, +SiO,
3
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Table 2: Typical chemical composition (percentage by mass) and process temperature of slag tapped
from the furnace during the production of manganese ferroalloys [1].

SiO, | Al,O; | MnO | MgO | CaO Bs Process temperature
HCFeMn 24 21 15 5 35 1.2 1400 — 1450°C
HCFeMn (integrated) 24 13 40 6 17 1.7 1400 —450°C
SiMn 45 16 9 9 21 0.6 1500 - 1600°C

In the integrated process the slag to metal mass ratio for SiMn production is typically 1.2 and the tap
temperature 1600°C. In the other SiMn production process the slag to metal ratio is typically 0.8 and
tapping temperature 1350°C — 1450°C [14]. The temperature range reported by Gous et al [14] is
significantly lower than the calculated process temperature of 1600°C required for SiMn production.
A temperature of 1600°C is required to produce SiMn containing 17.0% Si in equilibrium with slag
with SiO,-activity of 0.2 [1]. SiO,-activity of 0.2 is typical for slag from SiMn production. Furthermore
a difference between tapping temperature and process temperature of 50 — 100°C is typical of plant
operations [1]. The likely reason for the temperatures reported by Gous et al [14] being too low is
the presence of fume generated during tapping and/or calibration of the pyrometers [15].

In Table 3 the typical distribution of feed into a SAF producing SiMn according to the ore-based route
is compared to that of the integrated route. Apart from the price of ore, the two other main cost
drivers for the production of manganese ferroalloys, are the price of reductant and the price of
electricity [1].

Table 3: Typical distribution of feed into a SAF producing SiMn according to the ore-based route or
integrated route [1], [14] (per cent by mass).

Ore-based Integrated route
[ 25 -
Reductant Coa
Coke - 11
. . Quartz 14 13
Primary Si-source -
Si-metal sculls - 4
HCFeMn slag - 40
Lumpy ore 36 12
Metal fi -SiM 2 -
Primary Mn-Source €la’fines - >IVin
Metal fines - HCFeMn - 7
Ore briquettes 6 -
Sintered ore 18 -
Dolomi - 3
Other olomite
Remelts - 11
Total 100 100

SAFs utilized for the production of SiMn are typically circular with three Séderberg electrodes in an
equilateral arrangement. The furnaces can be open, semi-open or closed, depending on the
environmental regulations of each specific country. The furnaces can be stationary or rotating.
Typically production furnaces carry loads of 15 — 45 MW, and at this size the furnaces are always
stationary. In southern Africa the installed capacities range from 6 MVA to 81 MVA (estimated as 4.4
MW and 50 MW) [16].
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The SAF designs can be open (see Figure 6), closed or semi-closed. A closed furnace has a sealed roof
with no or very little air ingress and the furnace off-gases are therefore not combusted. The roof of
an open furnace is not sealed and furnace off-gas is combusted on top of the furnace bed. A semi-
open furnace is similar to an open furnace, but with doors installed between the furnace rim and
roof to reduce air ingress and heat losses. The conversion between HCFeMn and SiMn production is
fairly easy from a furnace design perspective [17], although optimal operating performance will be
achieved only in a custom-designed furnace.

Figure 6: Example of an open furnace utilized to produce SiMn being fed through a feed chute in the
roof [16].

1.5 Lining designs installed in industrial-scale SAFs producing SiMn
1.5.1 Lining design principles
When designing a furnace lining, two design principles could be followed [17]-[20]:

1. Design a lining to minimize energy losses from the furnace (insulating lining or external
insulation); or

2. Design a lining to protect the hot face of the refractory from chemical wear by freezing a layer of
refractory material onto the hot face of the lining (conductive lining or self-forming insulation).

The steady state heat transfer principles of each type of lining are illustrated in Figure 7 [19], [21],
[22].

In an insulating lining, heat is transferred from the liquid process materials to the furnace shell
through the principles of convection (curved arrows) and conduction (straight arrows). The steel
shell is primarily protected by layers of refractory material with a high resistance to heat flux (q1) in
the form of low thermal conductivity. The high resistance to heat flux prevents heat from reaching
the steel shell. Although the refractory is in direct contact with liquid slag it can be protected to
some extent against slag attack by ensuring that the slag is saturated in components present in the
hot face refractory. In an insulating lining design the refractory installation is permanent. A
combination of blocks, bricks and monolithic materials is utilized in the design and for manganese
5
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ferroalloys the materials typically consist of MgO, Al,O; or SiO, with a layer of carbon-based material
on the hot face. The refractory is contained by a steel shell which could be cooled by water or air or
not cooled at all [17].
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Figure 7: Steady state heat transfer principles on which a) insulating and b) conductive lining designs
are based.

In a conductive lining, furnace conditions are manipulated to ensure that a layer of slag, metal or
raw materials or combinations thereof are frozen onto the hot face of the refractory. From a heat
transfer perspective the frozen layer of process materials forms a boundary condition: Its melting
point does not change (or remains fairly constant). As long as the layer of material is present on the
refractory hot face, the heat flux to the steel shell (q2) will equal that of the heat flux from the
process (ql) i.e. g1 = g2. This layer of process material therefore not only protects the steel shell
from high temperatures (as is the case for the insulating lining), but also reduces the hot face
temperature of the refractory thereby protecting it from alkali or slag attack. In a conductive lining
design some parts of the refractory installation is permanent and others sacrificial. In manganese
ferroalloys these designs are based on combinations of carbon and graphite materials which require
a sacrificial material on the hot face under the oxidizing conditions that prevail during furnace start-
up. Typically MgO or Al,O; materials are utilized as sacrificial lining material. The refractory is
contained by a steel shell cooled by water in the upper sections and air in the hearth area [19], [23].

In the next section an application of both types of lining design philosophies are discussed.
1.5.2 Examples of lining designs applied in SiMn production

The first example is that of a lining designed according to the insulating design principle (Figure 8)
discussed in a paper by Brun [17]. The lining was installed in 1968 in a furnace in Norway and lasted
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until 1970. No form of sidewall cooling was installed. It is an example of an insulating lining installed
with the intention to produce both SiMn and HCFeMn [17].

o= |

? Z
v
Y

B Fire clay Carbon paste
74 Magnesite Quartz

Figure 8: Insulating lining installed for SiMn and HCFeMn production, no cooling [17].

The hearth consisted of a quartz layer with carbon paste tamped on top. Sidewalls in the lower
hearth area consisted of a steel shell with a thin layer of electrode paste (75 — 80% calcined
anthracite a 15 — 20% tar binder) followed by a double layer of fireclay brick. The hot face of the
fireclay brick was in contact with the quartz. Sidewalls in the upper hearth area consisted of a steel
shell with a thin layer of electrode paste followed by a single layer of magnesia brick. The hot face of
the magnesia brick was in contact with quartz or tamped carbon. The electrode paste was installed
to allow for slag to freeze when breaking through the tamped carbon paste. Sidewalls in the bath
area consisted of a steel shell with a thin layer of electrode paste followed by a single layer of
magnesia brick. The hot face of the magnesia brick was in contact with the tamped carbon. Sidewalls
in the freeboard area consisted of a steel shell with a thin layer of electrode paste followed by a
single layer of fireclay brick.

The tap-hole refractory material was not stated specifically, but based on discussions of another
design in the paper by Brun [17], it is assumed that the tap-hole consisted of carbon blocks with
permanent hole surrounded by magnesia.

The second example is that of a lining designed according to the conductive design principle (Figure
9). Although the case under investigation was that of a lining installed in a furnace producing
HCFeMn, the supplier of the technology claims that the design is installed in SiMn production
furnaces as well. In this conductive lining the furnace hearth was cooled by blowing air over the
surface of the steel shell. The sidewalls were cooled by thin film water cooling [23].

The lining (Figure 9) in the hearth consisted of the steel shell, covered by a levelling castable,
covered by a ceramic brick, then graphite blocks, then a thick layer of carbon blocks and then again a
layer of carbon bricks [23]. For the whole length of the side wall the steel shell was in contact with a
graphite tile layer. In the various zones of the side wall — hearth, bath and free board — the
subsequent material layers differed. In the lower hearth area the graphite tile was in contact with
carbon rammable. In the middle hearth area the graphite tile was covered by carbon brick followed
by a layer of carbon rammable. In the bath area the graphite tile was in contact with carbon brick

7
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and a sacrificial ceramic brick. In the free board area the graphite tile was covered by a ceramic brick
only.

The tap-hole consisted of a carbon tap-block with graphite sleeve and carbon mickey — see Figure 9

(b).

Graphite tiles
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Figure 9: (a) Conductive lining installed for HCFeMn production, with forced air cooling on the hearth
and thin film cooling on the side walls with (b) the tap-hole design [23].

In summary, tapblocks in SiMn production typically consist of carbon-based material with no specific
cooling of the tapblocks as is typically done in the production of platinum group metals or ferronickel
[24], [25].

1.6 The tap-hole

In SiMn production slag and metal are tapped intermittently from the smelter either through a single
tap-hole or two bi-level tap-holes. Small-scale (6MVA) to medium-scale (48MVA) smelters will
typically have two, single level tap-holes where metal and slag are tapped from the same tap-hole.
Large-scale (75 — 81MVA) smelters will typically have four bi-level tap-holes, where slag is tapped
from two higher level tap-holes and metal from two lower level tap-holes.

1.6.1 Tap-hole operating practice

For small-scale (6MVA) to medium-scale (48MVA) smelters taps will be alternated between the two
tap-holes (if this tap is through tap-hole #1 the next tap will be through tap-hole #2). For large-scale
(75 — 81MVA) smelters slag taps are alternated between slag tap-holes and metal taps between
metal tap-holes [26]. For a medium-scale smelter the tap duration is typically 20 minutes and varies
between 20 and 40 minutes. The tap-to-tap time is typically 2 hours (10 — 11 taps per 24 hours). The
slag tapping temperature is typically 1600°C. The tap-hole is typically closed with ceramic clay after a
tap to prevent liquid metal and slag from leaking from the furnace between taps. To open the tap-
hole, a specialized drill is utilized and to close it, a mudgun with tap-hole clay. Should it be required,
oxygen lancing is utilized to open the tap-hole when impossible to open with a drill. Oxygen lancing

8
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is to be avoided as much as possible as the lancing process is fairly uncontrolled and could lead to
excessive damage to refractory [24].

The purpose of reconstructive tap-hole clay is not only to plug the tap-hole at the end of the tap, but
also to reconstruct the sidewall by forming a ‘mushroom’ of clay protecting the sidewall from slag
and metal wear [27]-[29].

1.6.2 Tap-hole maintenance practice

For the tap-holes on a typical medium-scale smelter two types of maintenance practices exist:
Scheduled maintenance and breakdown maintenance. Scheduled maintenance consists of tap-hole
repair conducted with electrode paste. The electrode paste is heated in an oven and plugged into
the tap-hole using a mudgun. The tap-hole/mudgun interface is also repaired to ensure proper
connection between the mudgun and the tap-hole when plugging the tap-hole with clay. Once the
tap-hole is repaired, the electrode paste is left to cure by heating it with an external heat source
AND by tapping two taps through the other tap-hole. Breakdown maintenance is practiced in the
case of a burn-through. A large section of damaged refractory, metal and slag is removed to a depth
of 70 — 75 cm (preferably within the boundaries provided by the copper coolers) until undamaged
refractory is reached where the cold ramming paste could tie-in. The area is boxed in and the cold
ramming paste is rammed into position and cured. A tap-hole is then drilled through the paste using
the tapping drill i.e. no spacer is utilised to form a tap-hole during ramming [30].

1.7 Research problem and questions

A commercial producer of SiMn — producing SiMn using the integrated process — found that tap-
holes built from cold ramming paste during breakdown maintenance wore at a higher rate than the
tapblock installed with the initial lining. In both instances the refractory materials were carbon-
based. The producer wanted to obtain a better understanding of the cause of wear [30]. The goal of
the study presented here was to determine to what extent chemical reaction between slag and
refractory materials could be responsible for the wear observed. To reach the goal, the following
research questions were addressed in the thesis:

Question 1: When exposing carbon-based refractory material (ramming paste and carbon block) to
SiMn slag or metal in the tap-hole, is chemical reaction between refractory and slag or refractory
and metal a potential wear mechanism?

Question 2: Is the choice in carbon-based refractory material important from a tap-hole refractory
life perspective?

Question 3: Having obtained answers to Question 1 and Question 2, what are the implications for
the life of the tap-hole in a SiMn furnace?

1.8 Overview of chapters

The three research questions are addressed in the following chapters:

Chapter 2: A review of literature was conducted to obtain a better understanding of carbothermic
SiMn reduction process, carbon-based refractory materials in general, wear mechanisms applicable
to refractory materials and ways in which these wear mechanisms are studied. The chapter
concludes with a review of the first research question.

Chapter 3: Thermodynamic calculations were conducted as a first test of the argument that chemical
reaction between refractory and slag or refractory and metal is a potential wear mechanism for
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carbon-based refractory material in the tap-hole. The chapter concludes with a statement on the
requirement for experimental validation of these thermodynamic calculations.

Chapter 4: Laboratory scale tests were conducted to support the results of the thermodynamic
calculations conducted in Chapter 3. Synthetic SiMn slag and pure graphite were used as materials
and an induction furnace as heat source. The chapter concludes with an introduction to the second
research question which will be addressed in Chapter 5, Chapter 6 and Chapter 7 through further
laboratory-scale experiments based on industrial SiMn slag and two commercial grades of refractory
material: Carbon block and ramming paste.

Chapter 5: Preparation and characterisation of the industrial SiMn slag and two commercial grades
of refractory material are discussed and thermodynamic calculations repeated based on the
chemical analysis obtained. The chapter concludes with a review of the second research question in
terms of the results obtained for the industrial SiMn slag and two commercial grades of refractory
material, and introduces the first set of laboratory-scale experiments: Wettability tests.

Chapter 6: Wettability tests were conducted in which the wettability of the two commercial grades
of refractory material by industrial (and in some instances synthetic) SiMn slag in both Ar-gas and
CO-gas atmospheres at 1592°C were quantified. The chapter concludes with a review of both first
and second research questions and an introduction to the second set of laboratory-scale
experiments: Cup tests.

Chapter 7: Cup tests were conducted in which the potential for chemical reaction between, and
infiltration by, industrial SiMn slag and the two commercial grades of refractory material were
investigated at 1400°C, 1500°C and 1600°C. The chapter concludes with a review of both first and
second research questions and an introduction to the third research question to be addressed in
Chapter 8 through the presentation of results of the excavation of the tap-hole of a 48 MVA SiMn
furnace.

Chapter 8: The excavation of the tap-hole of a 48 MVA SiMn furnace was reported and observations
interpreted through thermodynamic and mass transfer calculations.

Chapter 9: In the final chapter, the three research questions and their arguments are reviewed;
conclusions and recommendations for further investigations made.

10
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2 Literature review

2.1 Introduction

Chapter 1 introduced SiMn as alloy and SAF as the technology applied in the production of SiMn.
Carbon-based refractory materials were introduced as tap-hole refractory material as was the need
for improved understanding of tap-hole wear. Chapter 1 concluded by stating the purpose of the
study (to determine to what extent chemical reaction between slag and refractory materials would
be responsible for tap-hole refractory wear) and introducing three research questions.

Chapter 2 reports on the literature study conducted to obtain a better understanding of
carbothermic SiMn reduction process, carbon-based refractory materials in general, wear
mechanisms applicable to refractory materials and ways in which these wear mechanisms are
studied. The chapter concludes with a review of the first research question and an introduction to
Chapter 3.

2.2 Carbothermic SiMn production process

2.2.1 Process overview

Figure 10 contains a typical cross-section of a SAF utilized to produce SiMn. Ore containing
manganese and silicon oxides (Table 3) and carbon-based reductant are fed from the top of the
furnace. The electrode tips are submerged in a burden of material and energy is transferred from
the electrodes to the process through micro-arcing across a coke bed that floats on top of the
molten metal bath [31].

Figure 10: Layout of a SAF utilized in the production of SiMn [32].

The SiMn production process in a SAF can be divided into the following four zones with typical
temperature ranges indicated in brackets [1]:
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1. Zone 1: Drying, calcination and heating (25°C — 192°C) with the potential chemical reactions
including low temperature reduction of MnO, to Mn,0s.

2. Zone 2: Gas reduction (192°C — 730°C) with the potential chemical reactions including the gas
reduction of Mn,0; and Fe,0;, decomposition of dolomite, precipitation of soot and reversal of
alkali reduction.

3. Zone 3: Direct reduction (730°C — 1100°C) with the potential chemical reactions including the gas
reduction of Mn;0, and Fe;0, with the Boudouard reaction (C + CO, & 2CO) running
simultaneously.

4. Zone 4: Smelt reduction (1100°C — 1650°C) with the potential chemical reactions including
melting of iron, dissolution of MnO and SiO, into the slag with partial reduction to form liquid
metal, dissolution of carbon into the metal and reduction of K,CO; to K(g). The metal, slag and
carbon are said to approach chemical equilibrium at these temperatures

Slag and metal are tapped typically at 1600°C. In the tables below the typical compositions of alloy
(Table 4), slag (Table 5) and off-gas (Table 6) are stated [1].

Table 4: Typical composition of tapped SiMn alloy in mass per cent [1].

%Mn | %Si | %C | %Fe
68 20 | 2 10

Table 5: Typical composition of tapped SiMn slag in mass per cent [1].

%MnO | %Si0, | %Al,0; | %Ca0 | %MgO | %FeO
9 45 16 21 9 0

Table 6: Typical composition of off gas in per cent by volume [1].

%H, | %CO | %CO, | %N, | %0,
41 | 68.7 | 126 |14.2| 04

2.2.2 Structure of carbon

In nature elemental carbon is found in the form of diamonds, graphite and coal. Graphite and coal
are utilized in refractory applications [33], [34]. For carbon-based refractory materials the ideal
graphite or coal deposit should produce material with a low inorganic material content at a high
yield [33].

The distinction between graphite and coal is made based on the differences in their crystal structure
[33]. Carbon atoms in graphite are located in a hexagonal arrangement - Figure 11. Each carbon
atom in graphite is linked by three covalent bonds within an aromatic layer in two dimensions.
However the linkage between different aromatic layers is governed by the Van der Waals force. The
linkage in this dimension is so weak that it could be easily broken by an external force [33], [35].

Carbon atoms in coal are located in a three-dimensional (3-D) network bonding the carbon atoms in
coal in a highly complex structure (considered amorphous [33]) compared to that in graphite. The
lamellae in coals containing up to 85% carbon are connected by crosslinks and are randomly
orientated. The only way to free carbon atoms from coal is to break the 3-D connection formed by
the strong bonds [35].
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Figure 11: Hexagonal arrangement of carbon in graphite [36].

A measure of the degree of crystallinity of the coal is the average thickness of the stacks of aromatic
layers (crystallites) [37]; this average thickness (L.) can be measured by using the peak broadening
effect in XRD measurements [38]. The size of L. can be defined by an XRD technique by use of
Scherrer’s equation (Equation 2), where L. is the dimension of the stack of parallel layers normal to
the layer (in angstroms), A is the wavelength of the incident X-ray (in angstroms), B is the angular
width at half-maximum intensity of the [002] peak (in radians) and 65 is the Bragg angle of the [002]
peak (in degrees).

Equation 2: Scherrer’s equation
=(0.9\)/ (B cos 8g)

Although coal is generally recognized as non-crystalline it is considered to have some carbon atoms
arranged in small clusters resembling the graphite structure i.e. it will report an L. value [35]. One of
the main differences between the graphite and coal structures is in their crystallite size and,
therefore, the degree of ordering in carbon atom arrangement.

2.2.3 Carbon reactivity studies

Given that chemical reaction between carbon-based refractory and slag is the focus of this study, the
main results of previous work on such reactions are briefly summarised.

Safarian and co-workers [39], [40] studied the reactivity of MnO-bearing slags towards different
types of graphite. They found that slag reactivity of graphite is mainly dependent on temperature
and graphite properties are in the lower order of importance. In another study, Safarian and co-
workers [41] found that the MnO reduction rate from HCFeMn slag is higher for charcoal than for
cokes, in general, and that the reduction rate for industrial cokes is higher than it is for the cokes
produced from single coals. In contrast studies on the kinetics of FeO and MnO reduction from
HCFeMn slag found that reduction by coke is faster than by charcoal and much faster than by
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graphite [42]-[44]. Sun and co-workers [44] also found that an increase in the ‘ash’ (non-
carbonacous material) content of the substrate resulted in a reduction in the contact angle between
MnO-bearing slags and coke.

Sahajwalla and co-workers [35], [45], [46] studied the dissolution rate of different carbonaceous
materials in iron-based hot metal. They found that the more crystalline coals or chars exhibited
more rapid dissolution because the complex three-dimensional bonds in poorly ordered coal are
more difficult to break.

CO,- and SiO-reactivity tests on the other hand indicate that more crystalline carbonaceous
materials exhibits lower reactivity with gas species [37].

In the CO,-reactivity test the carbonaceous material (typically blast furnace coke) in a packed bed
containing 200 g of 20 mm-diameter particles is exposed to flowing CO, at 1100°C for 2 hours. After
reaction the percentage mass lost (by the Boudouard reaction) is quoted as the ‘coke reactivity
index’ (CRI). The extent of size degradation is quantified as the percentage of the remaining coke
(after reaction and tumbling) which is larger than 10 mm and is quoted as the ‘coke strength after
reaction’ (CSR). The CRI and CSR values are generally inversely related, indicating that the loss of
strength in this test is a direct result of reaction [37].

In the SiO-reactivity test the carbonaceous material reacts with SiO-gas at 1650°C. When a
carbonaceous reductant reacts with SiO, solid silicon carbide and CO-gas form. This silicon carbide
eventually blocks the reaction surface. The rapidity of the onset of surface blockage can be used as
an indication of reactivity with respect to SiO where the onset of blockage is indicated by a decrease
in the concentration of CO in the off-gas [38].

2.2.4 Wettability tests

In their studies on the reactivity of slag on carbonaceous substrates, Safarian and co-workers [43]
and Sun and co-workers [44] made extensive use of the sessile drop technique. The sessile drop
technique is one of the techniques available to wettability studies [47], [48]. Wettability studies are
based on capillary action of a liquid on a solid substrate in a gaseous atmosphere and the material
property applicable is surface tension.

Surface tension (y) is the energy required to break through the surface of a droplet of liquid or
disrupt it and spread it out as a film. To put it differently: Surface tension is the measure of the
‘toughness’ of the ‘skin’ of a liquid [49]. On a molecular level surface tension is described
qualitatively as when liquid behaves as though it has a ‘skin’ because of a net inward force of
attraction on the molecules on the surface — see Figure 12. The liquid molecules at the surface
experience a large attractive, intermolecular' force from liquid molecules below the surface layer
and weak attractive, intermolecular force from gas molecules. The liquid molecules below the
surface layer interact with all the liquid molecules around them. The net inward force of attraction
(cohesive force) on the molecules on the surface is the surface tension. The surface tension causes
the surface to contract. In the absence of other forces, the liquid would form a sphere as this shape
minimizes surface area. Quantitatively surface tension is expressed as a force in the surface plane
per unit length with SI units of N.m™ [49]-[52]. Interfacial tension is generally taken to refer to the
related surface tension between two condensed phases.

1 . . . .
Intermolecular forces between molecules: Dipole-dipole, ion-dipole, Van der Waals; Intramolecular forces
within a molecule: lonic, covalent, metallic.
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Surface molecule

Liquid phase

Typical molecule in liquid

Figure 12: Intermolecular forces acting on molecule at surface of liquid vs. intermolecular forces
acting on molecule within a liquid after Kotz and Purcell [49].

Capillary action is related to surface tension [49].

Capillarity is defined as the elevation or depression of a liquid in a narrow solid tube where capillary
stems from the tubes being ‘hairlike’ [50] — see Figure 13.

-~ Gas phase -

= ... Solid phase ... T
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. Liquid phase -,
”’:' \\“
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e

(a) (b)

Figure 13: Surface tension forces on a liquid in a capillary tube where (a) is the capillary action in
elevation and (b) the capillary action in depression after [50].

During capillary action in elevation, a liquid surface rises in a solid tube without an external
differential pressure applied. For example, polar molecules in the liquid would be attracted by the
adhesive force caused by polar molecules in the solid. The adhesive force between the two different
substances compete with the cohesive force within the liquid and the force of gravity causing a
change in level until equilibrium is reached [49].

During capillary action in depression the liquid surface is depressed in the solid tube [50].

Equilibrium is described by the contact angle, 8, an angle formed at the solid-liquid-gas interface. For
capillary action in elevation 6 < 90° (wetting) and for capillary action in depression 6 > 90° (non-
wetting).
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The open porosity in refractory material can be seen as narrow solid tubes. If the liquid process
material (metal or slag) were to wet the refractory, the result would be capillary action in elevation.
An increase in the capillary action in elevation would cause an increase in the infiltration depth of
the liquid process material into the refractory and an increase in the liquid / solid interfacial area.

When dissolution of refractory into the liquid or chemical reaction between the refractory and the
liquid are applicable wear mechanisms, increasing the liquid / solid interfacial area would increase
the refractory wear rate [53].

In wettability tests the contact angle, 6, forms at the solid (S) — liquid (L) — gas (G) interface where
equilibrium is reached between the surface tensions at the solid / gas interface (ysg), liquid / solid
interface (y.s) and liquid / gas interface (y.g) and gravitational force expressed as weight (w) — see
Figure 14. The surface forces tends to minimise the free surface energy by forming a sphere and the
gravitational forces by flattening the drop [50], [52].

Liquid (L)

Gas (G) 9

vySG

YLG yLS 0 VLG

W
[\

(c)

Figure 14: Schematic of forces at equilibrium - respective surface tensions and weight - and their
relation to the contact angle with (a) non-wetting liquid — sessile drop — resting on a flat, horizontal
solid surface, (b) wetting liquid — sessile drop — resting on a flat, horizontal solid surface and (c)
wetting liquid on vertical solid surface after [52] —a,b —and [50] —c.

In non-reactive systems where mechanical equilibrium exists between a flat, undeformable,
perfectly smooth and chemically homogeneous solid surface in contact with a non-reactive liquid in
the presence of a vapour phase, Young’s equation [54] - Equation 3 - describes the relation between
the contact angle and the respective interfacial tensions.

Equation 3: Young’s equation

(VsG = Vis) = Vi cosB

When the contact angle is less than 90° the liquid wets the solid surface with complete wetting
occurring at 8 = 0°. When the contact angle is more than 90° the liquid behaves non-wetting towards
the solid surface. The transition angle therefore is 8 = 90° [50], [52], [53].

In non-reactive systems where mechanical equilibrium exists, the work of adhesion (W,) is defined
as the energy required to separate two contacting phases and was described by the Dupre equation
[53], [55] — see Equation 4.
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Equation 4: Dupre’s equation
W, = yi6 (1 + cos6)

When studying a liquid (in a gas atmosphere) in isolation, the two principal parameters affecting the
magnitude of surface tension are chemical composition of the phases and temperature [52]:

1. As the surface tension of a liquid depends on the relative strength of the intermolecular forces
acting on the liquid surface, the chemistry of the liquid — which determines the intermolecular
forces —is of importance. Components that preferentially absorb on the surface — surface active
components — can significantly lower the surface tension of the liquid. Surface active
components in liquid iron include S and O [52].

2. Usually the surface tension of liquid decreases with an increase in temperature [50], [52];
exceptions include:

a. Slag melts with high levels of SiO, where a rise in temperature cause the complex
molecular structures to dissociate, increase the number of unsatisfied molecular bonds
at the surface and therefore increases the surface energy.

b. Surface active components in molten iron i.e. O and S which desorb from the surface
layer as the temperature increases and therefore the surface energy increases.

Marangoni (convective) flow is induced at the free surface of a liquid when a surface tension
gradient exists along this surface. The relative strength of the flow is a function of the surface
tension gradient and the viscosity of the liquid. The surface tension gradient could either be caused
by a temperature or a chemical gradient at the surface. The resultant Marangoni flow is known as
thermocapillary or diffusocapillary respectively [52].

When studying a liquid in contact with a solid, factors affecting wettability — additional to the factors
affecting the magnitude of surface tension of a liquid phase — are intermolecular bonding (dispersion
forces), surface topography and porosity [53]:

1. Dispersion forces are weak attraction forces acting between atoms or molecules — the
intermolecular forces referred to in the definition of surface tension. These forces are dominant
in controlling the bond strength between a liquid in contact with a solid substrate when no
chemical interactions occur. Dispersion forces display a weak dependence on temperature
compared to chemical forces.

2. Surface topography plays a role in practical situations where the surface is not perfectly smooth
as assumed in the derivation of the Young’s equation (Equation 3) [53]. Surface roughness
affects wetting as follows: (a) the actual surface area is increased and (b) the triple line (contact
point between solid / liquid / gas) is pinned by the sharp edges [56]. The Wenzel equation [57] -
Equation 5 - gives a simple relation for the observed (apparent) contact angle 6z on a rough
surface and the angle 6, found on a perfectly smooth surface of the same solid. R (the surface
roughness factor) = 1 and is defined as the ratio of the true surface area to the geometric area
based on the assumption of a smooth surface. The equation predicts that the observed contact
angle for wetting systems will decrease with increase in R.

Equation 5: Wenzel’s equation
cos Bz = R cos Bs

3. Porosity of the solid medium plays a significant role in wetting systems, but not in non-wetting
systems. A significant decrease in contact angle was observed experimentally for an increase in
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porosity of 10% in a wetting system whilst porosity up to 35% were insignificant for non-wetting
systems [53].

In reactive systems the decrease in the free energy of the system drives the movement of the
wetting line. The relationship between the interfacial free energy (AG), the interfacial tension (y;)
between the three surface areas (solid / gas, liquid / gas, solid / liquid) and the changes in surface
area (dA;) at the interfaces caused by the movement of the wetting line was developed by Aksay and
co-workers [55], [58] — see Equation 6:

Equation 6: Aksay’s equation

AG = [ ys dAs + [s6 Vs6 dAsc t+ [16 Vi dALe

From the equation above, wetting will proceed when AG is negative and proceed until mechanical
equilibrium is reached, i.e. when AG is zero. AG is therefore the mechanical driving force for wetting.

In reactive systems intermolecular bonding (chemical forces) apply either when surface-active
components adsorb at the liquid / solid interface or when a chemical reaction occurs between the
liquid and solid. Initially the system will be in a non-equilibrium state [53], [59].

When adsorption is the chemical action that occurs, the rate of diffusion of surface active species to
the interface will determine the time to reach equilibrium. Diffusion is dependent on temperature.
When only chemical adsorption occurs, y.s is said to decrease with time in a monotonic manner,
decreasing 6. Throughout the period of spreading, measurements of 6 would yield non-equilibrium
values.

When chemical reactions occur between the liquid and solid, mass transfer across the two-phase
interface occurs to produce new solutions and / or compounds. With strong reactions, y (and
therefore 6) is said to go through a minimum before recovering to the final equilbrium value.
Reaction kinetics will determine the time to reach equilibrium and is therefore strongly dependent
on the temperature of the system. The final contact equilibrium angle will depend on the
equilibrium composition of the liquid and metal which will differ from that of the starting material.

The equilibrium contact angle, B¢, for a liquid on a solid substrate of heterogeneous composition can
be predicted from the wetting angles of the individual components included in the substrate, 6;, and
the volume fraction of each component, X;, using the particular version of the Cassie-Baxter law —an
analogue for the Wenzel equation (Equation 5) for rough surfaces — as defined in Equation 7 [57].

Equation 7: Cassie-Baxter law
cos B¢ = -1 + 2[X;(cos 6; +1)]

The sessile drop technique, in various variations, is applied in 90% of wettability studies at high
temperatures [56]. Another technique also applied is the wetting balance technique in which the
forces acting on a solid moving into and out of a liquid bath are continuously monitored during an
immersion-emersion cycle. For more details on the method, the reader is referred to [56]. As the
sessile drop technique was applied in this study it will be discussed in more detail, based on the
schematic illustration in Figure 15.
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Figure 15: Schematic illustration of a solid cylinder melting to form a sessile drop with an initial
contact angle of 120° and spreading over the substrate with time to achieve final equilibrium of 30°
[56].

The sessile drop technique can be applied to both inert and reactive systems. It consists essentially
of permitting a drop of liquid — 0.005 to 5 ml in volume — to spread over a horizontal solid substrate
until an equilibrium configuration is reached or the experiment terminated. One example is that of a
solid cylinder melting to form a sessile drop with an initial contact angle of 120° and spreading over
the substrate with time to achieve final equilibrium of 30° as indicated in Figure 15. This method is
considered the classic form of the sessile drop technique. When measuring the contact angle, 6,
small drops (with volume typically 0.01ml and spherical diameter 2mm) are used for which the
profiles are approximated by spherical caps [56].

When conducting a sessile drop experiment at high temperatures, the following five criteria have to
be met [56]:

1. Characterisation of materials in terms of composition — specifically surface active components —
surface roughness (in terms of roughness amplitude and asperity slope) and heterogeneity.

2. Flat horizontal surface with a tilt less than 1 — 2° which means that the liquid remains stable
(does not roll off substrate) upon melting.

3. Test chamber to control atmosphere either through flushing with a controlled gas composition
or through pulling a vacuum and subsequently back-flushing with gas.

4. Facility to heat the sample to a predetermined temperature and rate. Typically electrical
resistance heating elements are utilized which should be placed outside the test chamber to
prevent contamination through evaporation or desorption from their hot surfaces. Furthermore,
the melting of the liquid should be achieved in times that are short compared to those allowed
for subsequent spreading. This is true in particular when using liquids with wide melting ranges.
Heating rates should be fast through the temperature range to minimise premature wetting of a
substrate through the liquid phase from a partially molten drop.

5. Means of measuring the geometry and size of the sessile drop, often by recording images
through still or video camera in which case alignment of the camera and sample is important.

Information that can be derived from the sessile drop technique includes contact angles (8), liquid
surface energies and liquid density [56]:

1. Contact angles (6) formed at the solid-liquid-gas interface (Figure 13).
a. Test for consistency in contact angle measurements, 6, by measuring:
i. 0 on left hand and right hand sides of drop profile and compare; and
ii. Height (H) and radius of substrate contact area (R) to calculate 8 from spherical
cap relationships based on Equation 8; compare with measured angles:
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Equation 8: Contact angle from spherical cap data
tan (6.1/2) = H/R

b. Verify consistency in changes in geometry and dimensional characteristics during course
of experiment where:

i. A decrease in contact angle and drop height is mirrored by increase in radius of
contact area. If not, liquid has been lost by infiltration of substrate or
evaporation.

ii. Anincrease in contact angle not mirrored by decrease in radius indicates pinning
of advancing liquid front triple line.

c. For reactive systems, heating rates and temperature hold times should be controlled
well and it is important not only to record changes in contact angle with time but also
drop base radii.

d. For reactive systems, 8 is not the overall equilibrium wetting angle as the liquid phase
composition changes continuously, but the contact angle that is close to but slightly
different from equilibrium.

e. The error in contact angle measurements is typically 3°.

f. The smallest variations between measurements were +5° for Au on a monocrystalline
Al,O; substrate (nonwetting) and for a wetting case +5° (Si on a SiC single crystal).
Measurements are very sensitive to surface roughness and oxygen partial pressure of
the gaseous atmosphere with non-wetting systems being more sensitive to variations
than wetting.

2. Liquid surface energies which can be determined in cases where droplet size is several grams —
for details refer to [56].

3. Liquid density which can be determined when the initial mass is known and no significant loss in
mass occurred due to evaporation. If care is taken measurements have accuracy better than 1%.

2.3 Carbon-based refractory materials

2.3.1 Carbon in refractory materials

As enabling materials, refractories enabled the utilization of heat to make materials since the Bronze
Age [18]. In the production of metals through high temperature processing, refractories are the
materials that maintain sufficient physical and chemical stability at high temperatures to be utilized
for structural purposes [33]. Refractories are the materials utilized to build the structures that
contain pyrometallurgical processes.

Refractory materials are mainly based on 6 oxides — SiO,, Al,0;, MgO, Ca0, Cr,0; and ZrO, — and
carbon or combinations thereof [33], [60]. In refractory applications carbon is utilized either as
additive giving the refractory material specific properties or as main component participating in the
formation of the structure of the refractory component [61].

An example of carbon utilized as additive is found in fired carbon-containing magnesia bricks (<2%C)
[18], [61]. First the fired magnesia brick is formed by preparing a blend of magnesia materials, mixing
it with a binder (added to allow low temperature forming), shaping and firing to form a brick with a
ceramic bond [62]. To produce carbon-containing magnesia bricks, the fired magnesia bricks are
impregnated with pitch under vacuum and subsequently fired to fill pores with a carbon structure
[61].
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An example of carbon utilized as main component (in this example the binder phase) is found in
carbon-bonded magnesia bricks (<7%C) [18], [61]. To form carbon-bonded magnesia bricks magnesia
aggregate is mixed with pitch binder and subsequently shaped and fired.

In both of these applications carbon improves the corrosion resistance of the magnesia bricks to slag
by reducing slag infiltration depths from the cm range to the mm range [61]. Carbon is able to do
this due to its non-wetting nature towards slags [63].

In carbon-based refractory material carbon-based aggregate is mixed with carbon-based binder and
subsequently shaped and fired [33], [34]. In some applications, inorganic additives i.e. SiC or Al,O;
are added for specific property improvements [33], [34], [64], [65].

2.3.2 Different types of carbon-based refractory materials

In carbon-based refractory materials the carbon aggregate consists of a blend that could include
natural occurring graphite but mostly forms of coal that has been processed i.e. calcined anthracite,
calcined coal, calcined graphite, petroleum coke, carbon black and artificial graphite [33], [34].
Distinctions are made between gas calcined and electrically calcined materials [66]—-[68]. To form a
specific type of refractory, different types of aggregate materials are selected based on their specific
properties, mixed with a binder, shaped and fired. The binder material can be coal tar pitch (a by-
product from coke ovens), petroleum pitch or resin [33], [34], [64], [69]. The material mixture,
shaping and firing methods and firing temperature determine the type of carbon-based refractory
material produced. As an example calcined anthracite is selected for its good resistance to molten
iron (“resistance” refers to low dissolution rate compared to graphite [35]) and artificial graphite for
its high thermal conductivity [64], [70].

Cold ramming paste typically consists of electrically calcined anthracite as aggregate and coal tar
pitch as binder which carbonizes at 500°C but should be baked at 950°C after installation [71]. Due
to the nature of the calcination process with temperatures in the reactor ranging between 1200°C
and 3000°C, the electrically calcined anthracite contains 30 — 40% graphite where the calcination
temperature of gas calcined anthracite at 1200°C is too low for graphite formation [71].

No industry standard classifies the different grades of carbon-based refractory materials available,
unlike oxide-based refractories. Therefore the classification, description and application of carbon-
based refractory materials are manufacturer specific [72]. The different types of carbon refractory
material utilized in manganese ferroalloy furnace linings are electrode paste, carbon paste, carbon
bricks and blocks, micropore carbon bricks, graphite bricks and blocks, semi-graphite bricks and
semi-graphitized bricks.

Electrode paste [17], [23] is a monolithic (unshaped) refractory material that was utilized in earlier
SAF lining designs. Electrode paste typically consists of 75-80% coke or calcined anthracite aggregate
and 15-20% coal tar pitch binder[17], [73].

Carbon paste [17], [74] is also a monolithic refractory material. One material consisted of 84%
calcined anthracite aggregate with 16% tar binder [20]. Another of 75 — 80% coke or calcined
anthracite aggregate and 15 — 20% coal tar pitch binder [71]. A third of 50 — 70% anthracite and 15 —
25% graphite aggregate with a combination of 6 — 12% resin and 2 — 7% tar as binder phase and 1 —
5% Al,O; as additive [74].

Carbon bricks and blocks [23], [72] have as aggregate calcined anthracite, calcined coal, petroleum
coke or carbon black and as binder petroleum pitch or coal tar. Material is shaped by extrusion or

press moulding and baked at 800 — 1400°C to carbonise the binder [23], [72], [75]. Baking can take
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place in a conventional furnace or in special furnace with hydraulic ram and electrical current
passing through (hot pressing) [23], [76]. To reduce the porosity of carbon bricks or blocks, the fired
material is impregnated with binder material and refired [34], [72], [77]. Hot pressing is said to result
in a brick that is 100 times less permeable by gaseous alkalis or zinc and with a significantly higher
thermal conductivity than conventional carbon block [72].

Micropore carbon bricks [34], [66] have artificial graphite, electrical calcined graphite or gas calcined
graphite as aggregate and petroleum pitch, coal tar or resin as binder. Fujihara et al [78] found that
by replacing the coal tar pitch binder with a resin binder, the resistance of the carbon-based
refractory to dissolution in iron was increased. To strengthen the bond matrix, generate micro-
porosity or improve wear resistance properties, metallic Si, SiC, Al,Os, Ti or TiO, is added [34], [66].
It is especially the addition of metallic Si that produces the so-called micropore or super-micropore
carbon bricks [34]. In micropore carbon bricks 95-98% of the pores are below 1um [34].

Graphite bricks and blocks (and tiles) [23], [34], [66] are formed following the steps for carbon bricks
followed by an additional graphitizing step at 2400 — 3000°C. As with carbon bricks, the porosity of
graphite bricks is reduced by multiple impregnation with binder material and refiring cycles [72].

Semi-graphite bricks [23] have artificial graphite as aggregate and petroleum pitch or coal tar as
binder. Material is shaped by extrusion or moulding and baked at 800 — 1400°C to carbonise the
binder [23], [72]. Baking can take place in a conventional furnace or in a special furnace with
hydraulic ram and electrical current passing through (hot pressing) [23]. Porosity is reduced by
multiple impregnation with binder material and refiring cycles [72].

Semi-graphitized bricks [23], [72] are formed by following the steps for carbon bricks, with an
additional firing step at 1600 — 2200°C. The temperature range is high enough for some changes in
the crystal structure of the carbon to occur (changing physical and chemical properties) but below
the graphitization temperature [72]. Because both aggregate and binder phases are heat treated,
semi-graphitized bricks have higher thermal conductivity and resistance to chemical attack (alkali or
oxidation) than both carbon and semi-graphite bricks. The reason being that in carbon block, alkali
and zinc attack the binder phase first and semi-graphitized binder has a higher resistance to attack
[72].

2.3.3 Influence of thermal conductivity of carbon-based refractory
materials

One of the main parameters influenced by the differences in baking temperatures is the thermal
conductivity of the carbon-based refractory materials formed [72]. Table 7 summarises the thermal

conductivity of different types of carbon-based refractory materials at 1000°C as well as some of the
other types of refractory materials.
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Table 7: Thermal conductivity of different types of carbon refractory material against that of other
types of refractory materials at 1000°C.

k [W/mK] at 1000°C | Reference
Carbon paste 7-11 [71], [74]
Carbon bricks (conventional) 6-17 [34], [72]
Carbon bricks (hot pressed) 19 [72]
Micropore carbon bricks 6-12 [34]
Graphite bricks 35-80 [34], [72]
Semi-graphite bricks (conventional) 15-32 [34], [72]
Semi-graphite bricks (hot pressed) 32 [72]
Semi-graphitized bricks 32 [72]
Fireclay 1.1-15 [79]
Insulating fireclay 0.3-05 [79]
Magnesia bricks 22-4.2 [79]
MgO-C (20%) 14 [79]
Corundum bricks (98% Al,O3) 24-4 [79]
High alumina bricks (60% Al,O3) 1.4-1.7 [79]
Insulating high alumina (95% Al,Os3) 1.2 [79]
Insulating high alumina (60-75% Al,Os) 0.5-75 [79]
SiC with oxide bond 5 [79]
SiC with Si3N, sialon bond 8 [79]

To put the thermal conductivities listed in Table 7 in perspective, one has to revisit the lining design
principles discussed in 1.5.1. The impact of differences in thermal conductivity of the refractory
materials is illustrated through a one-dimensional radial heat transfer model for a circular SAF
depicted in Figure 16. The refractory layout was based on the conductive design principle (defined in
Figure 7b). The system consisted of a water-cooled steel shell lined with refractory material. Onto
the refractory material a layer of frozen slag had formed. The layer of frozen slag remained in
contact with liquid slag.

Sidewall
fractory|

Side wall cooling system

I i |

Figure 16: Conceptual refractory layout of the lining of a SAF based on the conductive design
principle — schematic after Matyas et al [31].
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The heat transfer model parameters were defined for the multi-layer cylindrical system in Figure 17.

It was assumed that for this system temperature was only a function of the radial distance and
independent of the axial distance. The system was therefore classified as one-dimensional [21].

The only space coordinate to be classified was the radius, r. In Figure 17, r is defined for each layer as
well as the notation identifying the temperature associated with each position.

It was further assumed that the system had reached steady state conditions and the thickness of the
freeze lining therefore remained constant.

As a final assumption the heat transfer mechanisms for the system were limited to convection and
conduction. Heat was transferred by conduction through the freeze-lining, the refractory material
and the steel shell. From the slag layer to the freeze-lining, and from the steel shell to the water,
heat was transferred through convection.

For conduction heat transfer, in a radial direction, Fourier’s law applies (Equation 9) [21]:
Equation 9: Fourier’s law

dT
=—-kA—
q dr

In Equation 9, g is the heat transfer rate (W); k is the thermal conductivity (W/mK); A is the area of
heat flow (m?); and dT/dr is the temperature gradient (K/m).

For convection heat transfer, Newton’s law of cooling applies (Equation 10) [21]:

Equation 10: Newton's law
q=hA[T,-T,)

In Equation 10, h is the convection heat transfer coefficient (W/m’K); T,, is the temperature at the
solid/liquid interface and T.. is the temperature of the bulk of the liquid.
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Figure 17: Definition of model parameters.

Integration of Equation 9 over a radial distance from r; to ry yields the heat transfer rate as a
function of the temperature difference across this radial distance in a cylinder (Equation 11).

Equation 11: Fourier’s law applied to the radial distance in a cylinder
— 2ﬂk(Ti _To)
In(r,/r;)

An analogy utilized to solve heat transfer problems, is that of Ohm’s law in electric-circuit theory
(Equation 12) [19], [80]:

Equation 12: Ohm’s law

In Equation 12, I is current, V is potential and R is resistance.

When comparing Equation 11 to Equation 12, it can be seen that g is analogous to /, T;— T, to V and
2rtk/In(ry/r;) to 1/R. Voermann et al [81] and Verscheure et al [80] demonstrated that once the
freeze lining has been established, the heat transfer rate through the furnace wall is determined by
convective heat transfer from the liquid slag to the hot face of the freeze lining under steady state
conditions. The hot face temperature of the freeze lining becomes a boundary condition for the
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system. Heat transferred from the hot liquid slag in the furnace to the cooling water for the design in
Figure 17 can therefore be expressed as the electrical analogue in Figure 18.
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Figure 18: Electrical analogue of the conceptual furnace slag line design in Figure 17.

Each of the conduction resistances (Rs, Rz and Rg) is given by Equation 13 (which is derived from
Equation 11); the two convection resistances are given by Equation 14 (from Equation 10); these
expressions are for a unit length of the cylindrical furnace wall.

Equation 13: Conductive resistance

i)
cond — 27Z'k

Equation 14: Convective resistance

RCOHV = L
27rh

From Figure 18, at steady state the heat transfer rate from the hot liquid slag to the hot face of the
freeze lining (q,; Equation 15) equals the heat transfer rate from the hot face of the freeze lining to
the cooling water (gr; Equation 16).

Equation 15: Heat transfer rate to lining by convection
— (TS—b _TF—i)
L
I:\)L
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Equation 16: Heat transfer rate through the lining

o = (TF—i _TW—b)
T R.+R;+R,+R,

Based on these equations, the required freeze lining resistance is calculated in Equation 17.

Equation 17: Freeze lining resistance

_ 1 (TF—i _TW—b) _
o Ty Rt R R

From an initial estimate of the freeze lining resistance, the freeze lining thickness was calculated
from Equation 17. An iterative procedure was followed, because the (unknown) thickness of the
freeze lining affects the slag / freeze contact area and hence the heat transfer rate from the furnace.
The assumed process conditions, material properties and furnace dimensions in Table 8 were
utilised in these calculations.

F

Table 8: Assumed SiMn process conditions, material properties and furnace dimensions utilised in
model, with sources of data indicated.

Symbol | Value Units Reference

Tw-b 303 K Estimate

Te 1573 K Estimate based on Muller and Steenkamp [82]
Tep 1923 K Estimate based on Olsen et al [1]

hw 2000 | Wm?K* Estimate based on Welty et al [83]

ks 45 wmK? Estimate based on Welty et al [83]

kg Varied | Wm™K* Table 7

ke 2 wmK? Estimate based on Steenkamp et al [84]
h. 75 Wm2K™* Estimate based on Duncanson and Toth [19]
ls-o 5.83 m Estimate

IReo 5.8 m Estimate based on Brun [17]

lRai 5.5 m Estimate based on Brun [17]

As the main aim of a conductive lining design is to protect the hot face of the refractory from
chemical wear by freezing a layer of refractory material onto the hot face of the lining, the effect of
thermal conductivity (kg) of different types of refractory material on freeze lining thickness are
summarised in Table 9. As the thermal conductivity of the refractory material decreases, the
thickness of the freeze lining decreases until no freeze lining forms. The thermal conductivity where
the freeze lining disappears (for the assumptions stated in Table 8) is 6.1785 Wm™K ™.

Table 9: Resultant freeze lining thickness for different types of refractory material calculated with
Equation 17 and based on the assumptions in Table 8.

ks [Wm™K™] Typical material Freeze lining thickness [mm]
80 Graphite 88
10 Carbon paste, bricks or micropore carbon 37
5 SiC 0
2 Magnesia 0
1 Insulating material 0
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For refractory layout based on the insulating design principle (defined in Figure 7a), no freeze lining
exists. Only one heat transfer equation applies (q, Equation 18). Again each of the conduction
resistances (Rs and Rg) is given by Equation 13 and the two convection resistances (R, and Ry) by
Equation 14.

Equation 18: Heat transfer rate through an insulating lining

q= (TS—b _TW—b)
R.+Rs +Rs + R,

As the main aim of an insulating design is to minimize heat losses from the furnace, the effect of
thermal conductivity (kg) of different types of refractory material on heat lost are summarised in
Table 10.

Table 10: Resultant heat loss for different types of refractory material calculated with Equation 18
and based on the assumptions in Table 8.

ks [Wm™K™] Typical material Q[W]
80 Graphite 3095 236
10 Carbon paste, bricks or micropore carbon 1282 665
5 SiC 768 405
2 Magnesia 348 832
1 Insulating material 182 630

For a typical furnace height of 6m [17], the heat loss for a lining design based on the insulating
principle will be 18.6MW for 80 Wm™K™, 7.7MW for 10 Wm™K* and 1.1MW for 1 Wm™K ™.

Heat losses calculated for a lining design based on the conductive principle is 0.89 MW for 80 Wm™'K"
' and 0.91 MW for 6.1785 Wm™K™. These heat losses results in typical heat loss of 5.4 MW for a
furnace 6m high.

The typical operating load for a SAF defined in Table 8 is 27 MW [17] and the SiMn process typically
requires 3 MW/ton SiMn produced [1]. Heat lost to the environment reduces the heat available to
the process and increases the cost of production.

Irrespective of the type of material, these calculations illustrate that carbon-based refractory
materials are heat conductors rather than insulators — see 1.5.1 [72]. Therefore, to protect these
linings from chemical attack, proper cooling to below critical attack temperature is required [72].
The importance of the cooling system (water, air or oil [85]) and contact between the conductive
refractory and water cooling system cannot be overemphasised [72], [86], [87].

2.4 Refractory wear mechanisms
2.4.1 Different types of refractory wear mechanisms

Refractory wear mechanisms reported in literature for SAFs producing manganese ferroalloys were
densification, spalling, erosion and corrosion.

Densification (infiltration) is caused by slag / metal infiltrating pores and / or reacting with refractory

[88].
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Spalling is caused by thermal stress caused by a high thermal gradient across a single refractory body
[88] as when refractory material on the hot face fractures and breaks away due to densification and
/ or thermal stress [89].

Erosion (abrasion) is caused by slag, metal and solid material abrading refractory [19], [88].

Corrosion (chemical wear) is caused when the system is not at equilibrium. Slag, metal or a flux will
dissolve the refractory components it is not saturated with and / or chemically react with them [88].
Corrosion always begins with the interaction of some minor (binder phase) or major (aggregate)
constituents of the refractories with the liquid slag or metal [69].

When investigating the potential for densification, corrosion or erosion as potential wear
mechanisms, knowing whether or not the slag or metal is fully liquid at the prevailing temperature is
important [69] as is the chemical composition of the liquid phase.

2.4.2 Development of carbon-based refractory materials in ironmaking

As more than 60% of all refractory materials are utilized in the iron and steel industry [18]
development of refractory materials is mainly driven by applications in this industry [33], [90]. This is
also the case for carbon-based refractory materials where developments are mainly driven by their
application in the blast furnace hearth [70]. It seems that even in ancient times (the advent of the
Iron Age was 2000BC), carbon-based refractory materials were utilized in the form of fine charcoal
mixed with clays in Europe, Japan and China [90]. During the Industrial Revolution (18" and 19"
century AC), the graphite crucible (presumably for blast furnace iron-making which commenced in
1709) was introduced in 1834 and carbon block in 1863 [90].

Nitta et al [70] gave an overview of the development of carbon blocks for blast furnace hearths at
Nippon Steel where carbon blocks have been utilized in blast furnace hearths since 1951 [90]
replacing fireclay bricks [91]. In the USA carbon-based refractories have been utilized in the hearth
since 1944 [92].

In Japan, stave cooling of blast furnaces utilized for iron making was introduced in 1967. The
intervention resulted in the hearth becoming the most critical part of the furnace determining the
life of the lining and driving the development of high durability carbon blocks [90] (also reported
elsewhere [93]). These developments extended the life of blast furnace linings from 5 years
producing 2 million tons of iron (fireclay brick hearth) to 10 years producing 30 million tons of iron
(carbon block hearth) [91] with actual refractory life of 15 years and predicted life of 25 years
reported by others [94].

Initial developments were aimed at preventing penetration of molten iron into the blocks and to
improve their corrosion resistance and thermal conductivity [70], [75]. Recent developments aimed
at achieving higher corrosion resistance by actively producing a protective layer at the surface of the
carbon block through contact with molten iron and slag [19], [75], [95].

In some hearth designs, a ceramic pad is installed on top of the carbon-based refractory material in
order to protect the material against wear [87]. Another technique utilized to protect the hearth
refractory is the addition of titanium-bearing ores (typically ilmenite) to the burden or through the
tuyeres to form a protective layer of titanium carbonitride on the furnace hearth [87].

2.4.3 Wear mechanisms in ironmaking blast furnace hearth

The mechanisms reported for the wear of carbon brick linings in the hearth floor and hearth sidewall
of blast furnaces producing iron are corrosion, densification, thermal stress related and erosion.
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Corrosion is caused by different chemical reactions including:

Attack by slag [72].

Oxidation of carbon by water vapour at temperatures above 400°C [33], [34], [72], [77].

Attack by metallic zinc and zinc oxide [77] which preferentially attacks the binder phase [87].
Alkali (K and Na) attack causing the brick to crack [72], [96], with preferential attack on the
binder phase at temperatures above 870°C [87].

5. Dissolution of carbon in pig iron [33], [70], [72], [77] at temperatures above 1100°C [87] with
graphite having a higher dissolution rate [72], [78]. It was found that the binder phase may
dissolve preferentially to the aggregate and once the binder phase dissolved, the aggregate
particles were carried away by molten iron [77], [78].

PwNPE

Densification is caused by infiltration of molten iron into pores [65], [70], [78].

Erosion is caused by liquid metal [65], [72].

Thermal stresses (which could potentially result in spalling) are attributed to:

1. Thermal stresses in the lining caused by incorrect compensation for differential thermal
expansion [33], [65], [87].

2. Temperature related wear includes large thermal loads; abrupt temperature fluctuations;
thermal shock and thermomechanical stresses [86], [87].

3. Seepage of liquid pig iron and slag into the refractories [86], [92].

4. CO-degradation where carbon is deposited in the brick (or joints between bricks) at
temperatures below 1000°C due to the Boudouard reaction where CO decompose to CO, and C
[72]. Iron (in the refractory) acts as catalyst for the reaction [69]. The wear mechanism is not
limited to carbon-based refractories but is observed in any CO-gas environment; an example in
hearth linings consisting of fireclay bricks reported by Van Vlack [97]. For this reason very low
iron contents of carbon-based refractories are required [72].

Embrittlement of material on the hot side of the brick and subsequent loss of cooling capacity is a
wear pattern reported by several authors [65], [70], [78], [98]. Fujihara et al [78] attributed the
formation of the brittle layer to a combination of infiltration of molten iron into pores with
preferential dissolution of the binder phase into the iron, zinc and alkali attack and thermal stresses
created due to the restriction of thermal expansion.

2.4.4 Role of additives in carbon-based refractory material

The development of carbon-based refractory materials was driven by the need to address the wear
mechanisms described in section 2.4.3. Selection of aggregate or binder materials and differences in
production methods were described in section 2.3.2. The role of additives is discussed here in more
details.

Si, SiC, Al, Al,O3, Ti and TiO, are typically added to carbon refractories to strengthen the bond matrix,
to generate micro-porosity and improve wear resistance properties [34].

In carbon-based ramming paste, Si is added to the matrix to react with carbon from the binder or
aggregate to produce a SiC binder phase in situ [99]. In carbon block, Si is added to form Si-O-N
whiskers in the pores during baking, reducing pore size and creating microporosity [64]. Chen et al
[100] found that the amount of SiC increased with increase in temperature when baking carbon
block containing metallic silicon (8% by mass) in the temperature range 1000°C — 1600°C with
temperature of formation having a significant effect on the morphology of the SiC formed and
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subsequently, total porosity and density. Addition of multi-walled carbon nanotubes (up to 5% by
mass) in combination with metallic silicon (8% by mass) increased thermal conductivity and reduced
porosity by forming SiC [101].

SiC is added as finely dispersed material to increase the packing density of the refractory (decreasing
porosity) and to increase resistance of the blocks to abrasive wear [65], [77]. SiC is also added to
increase thermal conductivity [87].

SiO, is added to create preferential sites for alkali attack to occur under controlled conditions [72],
[87] resulting in less damage due to the swelling associated with alkali attack of inorganic
components [33], [96].

Al,O; is added for its resistance to acid slag [64], [75] and to increase the resistance of the binder
phase to dissolution into iron by strengthening the bond matrix [75], [77], [78].

Ti is added to increase the viscosity of molten iron by forming TiN and TiC at the refractory / slag
interface [64], [75]. When TiC formation led to micro-crack formation in the refractory, TiC rather
than Ti was added [64], [75].

Al is added to form Al,C; and AIN to increase thermal conductivity and reduce the mean diameter of
open pores [102], [103] and, when added with SiO,, result in total conversion of SiO, to SiC [65].

2.4.5 Refractory wear mechanisms in manganese ferroalloy furnaces

In SAFs producing manganese ferroalloys, examples were found of densification where alkali attack
of alumina brick resulted in subsequent volume increase [17] and where metal penetrated open
pores [66]. Examples of corrosion found were alkali attack of carbon tamping paste [17], oxidation by
water leakages [66], metal attack of carbon refractory [66] and slag attack of carbon paste and tar
dolomite brick [17].

2.5 Studying refractory wear mechanisms

To obtain an idea of the wear mechanisms involved, ideally samples of refractory material that has
been in service in the furnace should be investigated. These samples would have experienced the
history of the lining in all its complexity [36]. The samples are obtained during the furnace dig out
and the investigation that follows is referred to as the “post mortem” after the medical examination
of cadavers [36], [90]. Sugita [64] attributes the first investigation of this kind to a study conducted
by Le Chatelier in 1917 on refractory materials from an open hearth furnace roof. Van Vlack
reported on a study conducted on refractory samples obtained from a blast furnace utilized for iron-
making [97].

When samples from the actual furnace are not available, laboratory-scale experiments are
conducted to simulate specific conditions in a furnace and investigate the refractory wear
mechanisms [36], [79]. Limitations of these tests are that the true service conditions cannot be
simulated and the validity of statements made about the performance of the material is limited to
the range of test conditions applied [36], [69], [79]. These techniques are therefore most suitable for
product comparisons rather than predicting actual performance in a furnace, but as Chesters [36]
said when discussing the merits of selecting a suitable refractory material for a specific application
based on laboratory tests “...the assessor is likely to be right 8 or 9 times out of 10. This is preferable
to guessing...”
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2.5.1 Laboratory-scale experiments

Baxendale [104] defines three functional areas of laboratory tests available to study refractory
materials: characterisation (datasheet properties), service-related properties and design data. For
the current investigation the laboratory test methods of interest were limited to those applied to
refractory characterisation and simulation of chemical wear, more specifically with regards to
refractory resistance to slag [36], [104].

Refractory characterisation tests available include chemical analysis, mineralogical analysis,
microscopic examination, bulk density and apparent porosity, true density and true porosity and
pore size distribution [104].

Chemical analysis qualifies and quantifies the bulk chemical composition of the refractory materials
[36], [104]. The most commonly utilized method is X-ray fluorescence (XRF) [79], [104]. The
technique is based on the phenomenon that each element fluoresces characteristically when
exposed to X-rays [104], [105]. The technique is not viable for elements low in the periodic table
(fluorine downwards) for which other techniques i.e. wet chemistry and inductively coupled plasma
(ICP) analysis could be applied [104], [105]. In coal analysis, the ultimate [106] analysis technique is
applied to obtain bulk chemistry. In the ultimate analysis the bulk carbon, sulphur, nitrogen and
hydrogen contents of the samples are determined experimentally [107], [108] and the oxygen
content calculated by difference.

Mineralogical analysis qualifies and quantifies the bulk phase chemistry of the refractory materials
[36], [104]. The most commonly utilized method is X-ray diffraction (XRD) applied in combination
with the Rietveld technique [79], [104]. The technique is based on the diffraction of incident X-rays
along crystallographic planes and is described by Bragg’s formulation of X-ray diffraction [104],
[109]. In coal analysis, the proximate [110] analysis technique is applied. In the proximate analysis
the inherent moisture [111], volatile matter [112] and ash [113] contents are determined
experimentally and fixed carbon content calculated by difference. Inherent moisture is the
percentage loss in weight of 1 gram of air-dried sample after drying to a constant weight at 105°C
(typically for 90 minutes). Volatile matter is determined by the percentage loss in weight of 1 gram
of sample heated for 7 minutes at 900°C in the absence of air, less the percentage inherent
moisture. Ash is determined by the percentage weight remaining of 1 gram of slowly heated coal
after complete combustion in a ventilated muffle furnace at 815°C. The heating schedule is from
room temperature to 500°C in 60 min, held at 500°C for 30 min, then raised to 815°C over a period
of 30 min and held there for 60 min. The fixed carbon content is calculated by difference to 100%.

Microscopic examination is conducted to obtain an improved understanding of the microstructural
properties of a sample [104]. It includes the study of polished sections using hand lenses, reflected
light microscopes, optical microscopes or a scanning electron microscopes (SEM) [79], [104]. The
resolution of an optical microscope is typically larger than 0.5 um (5.0 x 10 cm) and of a SEM in the
range 20 — 30 A (2.0 — 3.0 x 107 cm). A SEM could therefore be utilised to study mineral structures
not visible through optical microscopy [36]. When energy dispersive X-ray spectroscopy (EDS) is
added to the SEM investigation, the chemistry of specific particles and therefore their mineralogy
could be determined from polished sections [79].

Bulk density is the ratio of the mass of the refractory material to its bulk volume. Apparent porosity
is the ratio of the volume of the open pores of the refractory material to the bulk volume. The
Archimedean evacuation method is applied to determine both [104]. True density is the ratio of the
mass of the refractory material to its true volume. True porosity is the ratio of the total volume of
open and sealed pores to the bulk volume. The pycnometer method is applied to determine both
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[104]. Pore size distribution gives an indication of the size distribution of the open pores and is
determined by mercury intrusion porosimetry [104].

Tests for chemical wear are often described as static or dynamic in nature [104], [114]. The crucible
(cup) test [36], [104], [115], [116] is an example of a static test that is commonly applied. According
to DIN specification (1065) a 44mm diameter hole is drilled 35mm deep into a block of refractory 80
x 80 mm by 65mm high; filled with 50g slag and heated to a given temperature for a stated time.
When the sample is cooled down, it is sectioned and the extent of the reaction with slag is
determined. Additional work required includes microscopy of polished sections of the slag /
refractory interface. The rotating finger test [104], [114] is an example of a dynamic test in which a
finger of refractory material is rotated in a stationary liquid bath.

To support actual plant trials and laboratory tests, fundamental studies based on thermodynamics
(phase diagrams [90] or calculations using software i.e. FACTSage [100], [102], [117]) are conducted.

2.5.2 Thermodynamic calculations

In thermodynamics the change in Gibbs function can be utilized as a criterion to determine whether
or not a chemical reaction can occur. The equations applied in Chapter 3 were derived from first
principles [118] and summarised below.

For the general reaction aA + bB = dD + eE involving solutions (i.e. non-standard conditions) the
change in Gibbs’ function (AG) is given by Equation 19 or Equation 20.

Equation 19: Change in Gibbs’ function #1
AG = ZAGprogucts — ZAGreqgents = dGp + eGe — aly — bGp

Equation 20: Change in Gibbs’ function #2
Q
AG = RTIn(—
n()

Where Q is referred to as the reaction quotient which for a reaction at equilibrium (AG = 0) becomes
K, the equilibrium constant. Q is defined in Equation 21 with a' the activity of the species
participating in the reaction.

Equation 21: Reaction quotient

ap? X ag®
Q=—"—%

a,®* X agh

From Equation 20, when:

e Q/K=1,AG =0 the reaction is at equilibrium
e (Q/K<1,AG<0 and driving force for the forward reaction does exist
e Q/K>1,AG >0 and driving force for the forward reaction does not exist

In order to apply Equation 19 or Equation 20 to a specific chemical reaction, the standard states
which will be adopted in the calculations have to be selected and the activities of the species relative
to these standard states, have to be obtained ([68]). For gases behaving ideally, a; = P; (the partial
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pressure of the gas). For liquid and solid states a; is related to the concentration according to
Equation 22 ([68]):

Equation 22: Activity
a; = viN;

In Equation 22 concentration is expressed as mol fraction (N;) and y; is the activity coefficient. For the
SiMn system under investigation, activity data for slag was derived from FACTSage and for the alloy
from either FACTSage [117] or the interaction parameters derived by Li & Morris [119].

2.6 Conclusion

The first research question posed was: when exposing carbon-based refractory material (ramming
paste and carbon block) to SiMn slag or metal in the tap-hole, is chemical reaction
between refractory and slag or refractory and metal a potential wear mechanism?

Carbon block and ramming paste are two of several types of carbon-based refractory materials for
which both aggregate and binder phase are carbonaceous. The main driver for the development of
carbon-based refractories is the application in blast furnaces utilized for iron-making and associated
wear mechanisms. Wear mechanisms include thermal stress related wear, densification, erosion or
corrosion (chemical reaction). Chemical reactions include slag attack and dissolution of carbon into
iron. Developments included the optimisation of the selection of aggregate material such as
anthracite or graphite; selection of binder phase such as resin or coal tar; manufacturing processes
and addition of inorganic additives such as Al,O; or Si. Developments were primarily aimed at
changing the material porosity either through changing the manufacturing process or by adding
inorganic additives.

In SiMn production, chemical reaction between refractory and slag is one of the potential wear
mechanisms applicable to the carbon-based refractory materials. Industrial examples of slag and
metal attack of carbon refractories were reported [17] implying that the slag, metal and carbon
refractories were not at chemical equilibrium. From a process perspective slag, metal and carbon
were said to be at chemical equilibrium inside the furnace at process temperatures of 1650°C [1]
implying that slag, metal and carbon refractories should be at chemical equilibrium in the tap-hole.
To clarify these contradicting statements and improve the understanding of the potential for
chemical reaction between refractory and slag or refractory and metal, Chapter 3 reports on the
theoretical equilibrium for the system studied through thermodynamic calculations, one of the
methods available to study refractory wear mechanisms.
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3 Potential for chemical reaction - Part A (calculations)

3.1 Introduction

In Chapter 2 the SiMn production process and carbon-based refractory materials were discussed.
From literature on slag, metal and carbon interactions it was concluded that slag, metal and carbon
in the SAF are at chemical equilibrium and therefore slag, metal and carbon refractories in the tap-
hole should also be at chemical equilibrium. However, literature on refractory wear in SiMn furnaces
stated that it is not the case.

To obtain a better understanding of chemical equilibrium in the tap-hole, thermodynamic
calculations were conducted with FACTSage 6.4. Chapter 3 reports on the results, concludes with a
review of the first research question and an introduction to Chapter 4.

3.2 Method

To obtain a first understanding of the system under investigation, the equilibrium phase
distributions of slag and of metal were calculated as functions of temperature at 1 atmosphere
pressure. The Equilib model in FACTSage 6.4 was applied.

The slag calculations were based on the published [1] chemical composition stated in Table 11. To
enable the calculation to converge, a small amount of argon was included in the calculation to allow
formation of a small fraction of trivalent manganese in the slag. The FToxid and FACTPS databases
were selected. The temperature range and intervals were specified as 1550°C — 1650°C at 25°C
intervals. Default gas, liquids and solids were selected as pure species. Duplicates were suppressed
with data from the FToxid database having preference to that of the FACTPS database. As solution
species liquid slag (SLAGA) was selected with possible two-phase immiscibility and all other solution
species as potential phases, except for the spinel and monoxide options for which ASpinel and
AMonoxide only were selected. Normal equilibrium was calculated. The results reported were the
mass of each phase present and the mass of each component per phase, all as functions of
temperature.

Table 11: Published [1] relative masses of slag species (a repeat of Table 5) and argon utilised in
thermodynamic calculations conducted in FACTSage 6.4.

MnO | SiO, | CaO | MgO | ALO; Ar
9 45 | 21 9 16 | 0.00001

To calculate the liquidus temperature of the slag, the same method was applied except for the
temperature range selected as 1000 — 1550°C at 25°C intervals and transitions and normal
equilibrium calculated. Activities of slag components were found with FactSage, using liquid
reference states in all cases.

For the metal calculations the chemical composition stated in Table 12 was utilised. For the metal
calculations the FSstel and FACTPS databases were selected. The temperature range and intervals
were specified as 1550 — 1650°C at 25°C intervals. Default gas, liquids and solids were selected as
pure species. Duplicates were suppressed with data from the FSstel database having preference to
that of the FACTPS database. As solution species liquid metal (LIQU) was selected with possible two-
phase immiscibility and all other solution species as potential stable phases excluding diamond.
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Normal equilibrium was calculated. The results reported were the mass of each phase present and
the mass of each component per phase, all as functions of temperature.

Table 12: Published [1] metal composition (a repeat of Table 4) utilised in thermodynamic
calculations conducted in FACTSage 6.4, and using the interaction parameters of Li and Morris [119].

Mn Si Fe C
68 20 | 10 | 2

Activity data for metal components were calculated in FACTSage, and also utilising the interaction
parameters of Li and Morris [119].

The equilibrium phase distribution of the reaction products upon equilibration of equal masses
(100g, in the calculations) of slag or metal with refractory was calculated as a function of
temperature (1550 — 1650°C at 25°C intervals), using the Equilib module in FACTSage 6.4. In these
preliminary calculations, the refractory was assumed to be 100% graphite, with no ash-forming
components or additives.

In these calculations, the total pressure was taken to be 1 atm. This means that gas could only form
as stable product if the sum of the partial pressures of gas species would equal 1 atm. This is seen as
reasonable, since reaction between slag and refractory could practically only proceed if CO (or CO-
rich) bubbles could nucleate (with an internal pressure slightly higher than 1 atm).

For the refractory / slag interaction the FToxid, FSstel and FACTPS databases were selected. The
composition of the slag stated in Table 11 was applied. The calculation converged without the
addition of any argon. Default gas, liquids and solids were selected as pure species. Duplicates were
suppressed with data from the FToxid database having first priority followed by FSstel and then the
FACTPS databases. As solution species, liquid slag (SLAGA) and liquid metal (LIQU) were selected as
possible phases with possible 2-phase immiscibility. Normal equilibrium was calculated.

For the refractory / metal interaction the FSstel and FACTPS databases were selected. The
composition of the metal was as stated in Table 12. Default gas, liquids and solids were selected as
pure species. Duplicates were suppressed with data from the FSstel database having priority over
the FACTPS database. Liquid metal (LIQU) was selected as possible phase with 2-phase immiscibility.
Normal equilibrium was calculated.

To calculate the carbon solubility as a function of Si-content and temperature at a fixed Mn:Fe ratio,
the Equilib model in FACTSage 6.4 was applied. The FSstel and FACTPS databases were selected.
Equilibrium calculations were conducted for metal with a Mn:Fe ratio of 6.8; the chemical
composition of the metal was manipulated as follows:

e Mn:6.8g

e Fe:lg

e Si: Specified variable ranging between 0.0 and 4.0g
C: Calculated variable (for saturation)

The equilibrium conditions specified were:

e Temperature: From 1500 to 1650°C at 50°C intervals
e Pressure: 1 atmosphere
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Default solids were selected as pure species. Duplicates were suppressed with data from the FSstel
database having preference to that of the FACTPS database. As solution species liquid metal (LIQU)
was selected and all other solutions as dormant (metastable) phases.

A similar procedure was followed for metal with a Mn:Fe ratio of 5.1 except that the temperature
was fixed at 1600°C (for comparison with literature data).

The equilibrium constant, K, for each balanced reaction was calculated at 1600°C using the Reaction
module of FACTSage 6.4. The FACTPS database was selected. The standard reference state for each
component is listed in Table 13.

Table 13: Standard reference states applied in the calculation of the AG° for each chemical reaction
in FACTSage 6.4.

Component MnO SiO, C Mn Si Cco SiC
Reference state Liquid Liquid | Solid-1 graphite | Liquid Liquid Gas Solid-1

The reaction quotient, Q, was either calculated from activity data generated in FACTSage 6.4 for the
composition of slag (Table 11) and of metal (Table 12) or from activity data for metal components
based on the interaction parameters of Li and Morris [119].

3.3 Results

The equilibrium phase distribution as a function of temperature is shown for slag only (Figure 19a),
for metal only (Figure 19b), for slag and carbon (Figure 21a) and for metal and carbon (Figure 21b) in
the temperature range 1550 to 1650°C. Figure 20 contains the equilibrium phase distribution of the
slag in the temperature range 1000 to 1550°C.

The chemical compositions of the different phases as a function of temperature (1550°C — 1650°C)
are indicated for the slag phase in Table 14, metal phase in Table 15 and gas phase in Table 16.

The activities of components as a function of temperature are indicated for the slag phase in Table
17 and metal phase in Table 18.
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Figure 19: Equilibrium phase distribution of unreacted (a) slag and (b) metal as a function of
temperature. The slag composition was given in Table 11 and metal composition in Table 12.

37

© University of Pretoria



100

80 -

60 -

slag
40 -

Mass percentage

20 4 Pyroxene

< wollastol\ite
0 T T 1 T

1000 1100 1200 1300 1400 1500

Temperature (°C)

Figure 20: Equilibrium phase distribution of slag with composition in Table 11.
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Figure 21: Equilibrium phase distribution as a function of temperature, when reacting graphite
(representing refractory) with an equal mass of (a) slag and (b) metal. Slag composition as in Table
11; metal composition as in Table 12.

3.4 Discussion

Based on the published [1] slag composition, the slag is fully liquid in the temperature range under
investigation (Figure 19a). The calculated liquidus temperature of the slag is 1235°C with anorthite
(CAS,) the primary phase (Figure 20).

Slag will react with graphite to form solid SiC, liquid metal and a gas phase (Figure 22a). Except for
MgO at higher temperature, the only slag components participating in the reduction reactions are
MnO and SiO,. For the slag with initial composition stated in Table 11 both MnO and SiO, contents
of the equilibrated slag decrease with increase in temperature (Table 14c). Reduction of MnO to Mn
reporting to the metal phase would commence at 1593°C and to the gas phase at 1600°C. The Mn
reporting to both metal phase (Table 15d) and gas phase (Table 16)) increases with an increase in
temperature. These changes are illustrated by the mole balance for Mn reported in Table 19.
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Reduction of SiO, to Si reporting to the metal phase (Table 15d) would commence at 1593°C.
Reduction of SiO, to SiO in the gas phase (Table 16) and the formation of solid SiC would commence
at 1600°C. These changes are illustrated by the mole balance for Mn reported in Table 20.

Upon formation of the metal phase (starting at 1593°C), C would report to the gas phase as CO
(Table 16) and dissolve into the metal phase that formed (Table 15d). Upon the formation of the SiC
phase (starting at 1600°C), C would also report to the SiC phase. These changes are illustrated by the
mole balance for Mn reported in Table 21. In Figure 22b, the predicted equilibrium phases and
participating components are summarised for the slag / graphite reaction.

(a) 100 (b)
Legend
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Figure 22: (a) Equilibrium phase distribution as a function of temperature (repeat of Figure 21a),
when reacting graphite (representing refractory) with an equal mass of slag (composition as in Table
11). (b) Graphical representations of potential equilibrium phases and participating components per

phase when slag equilibrates with graphite in the temperature range 1550°C to 1650°C.
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Table 14: Chemical composition of the slag phase (percentage by mass): As published [1] (a), and as calculated for (b) slag only at equilibrium and (c) slag at
equilibrium with graphite.

T %MnO %Si0, %A1,05 %Ca0 %MgO
(°C) a b c a b c a b c a b c a b c
1550 9.0 9.0 9.0 45.0 45.0 45.0 16.0 16.0 16.0 21.0 21.0 21.0 9.0 9.0 9.0
1575 9.0 9.0 9.0 45.0 45.0 45.0 16.0 16.0 16.0 21.0 21.0 21.0 9.0 9.0 9.0
1600 9.0 9.0 7.2 45.0 45.0 44.4 16.0 16.0 16.8 21.0 21.0 22.1 9.0 9.0 9.5
1625 9.0 9.0 4.9 45.0 45.0 41.3 16.0 16.0 18.7 21.0 21.0 24.6 9.0 9.0 10.5
1650 9.0 9.0 3.3 45.0 45.0 38.7 16.0 16.0 20.2 21.0 21.0 26.5 9.0 9.0 11.3

Table 15: Chemical composition of the metal phase (percentage by mass): As published [1] (a), and as calculated in FACTSage for (b) metal only, (c) metal
equilibrated with graphite and (d) slag equilibrated with graphite.

T %Fe %C %Mn %Si
(°C) a b c d a b c d a b c d a b c d
1550 | 100 | 103 | 105 | 0.0 | 20 | 1.2 | 19 | 2.2 | 680 | 69.9 | 713 | 81.1 | 20.0 | 186 | 163 | 16.8
1575 10.0 10.2 10.5 0.0 2.0 1.3 2.0 23 68.0 69.7 71.1 81.1 20.0 18.8 16.4 16.7

1600 10.0 10.2 10.4 0.0 2.0 14 2.1 2.0 68.0 69.5 70.9 79.8 20.0 18.9 16.6 18.1
1625 10.0 10.2 10.4 0.0 2.0 1.5 2.2 2.1 68.0 69.3 70.7 79.6 20.0 19.1 16.8 18.3
1650 10.0 10.2 10.4 0.0 2.0 1.6 2.2 2.1 68.0 69.1 70.4 79.3 20.0 19.2 17.0 18.6
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equilibrated with graphite.

T(°C) co | Mg si0 Mn
1550 No gas
1575 No gas
1600 98.0% 0.1% 0.7% 1.2%
1625 97.6% 0.2% 0.8% 1.5%
1650 97.0% 0.4% 0.8% 1.8%

T[°C] SiO, MnO Al,0, Ca0 MgO

1550 0.214 0.021 | 0.00663 | 0.000516 | 0.00942
1575 0.212 0.022 | 0.00663 | 0.000588 | 0.00957
1600 0.211 0.023 | 0.00663 | 0.000667 | 0.00972
1625 0.209 0.025 | 0.00662 | 0.000754 | 0.00986
1650 0.208 0.026 | 0.00661 | 0.000851 | 0.01000

Table 16: Calculated chemical composition of the gas phase (volume per cent when total pressure is 1 atmosphere) for the gas formed when slag

Table 17: Activity of slag components (liquid reference state) as functions of temperature (calculated with FACTSage 6.4) for slag analysis in Table 11.

Table 18: Activity of metal components as functions of temperature (calculated with FACTSage 6.4 or using the model based on the interaction parameters
of Li and Morris) for metal composition in Table 12. Reference states: Graphite for carbon; pure liquids for all others.

¢0) FACTSage 6.4 Li & Morris
aMn_FS aSi_FS | aC_FS | aFe_FS | aMn_LM | aSi_LM | aC_LM
1550 0.202 0.042 0.757 0.03 0.172 0.031 0.685
1575 0.199 0.046 | 0.765 0.03 0.175 0.032 0.628
1600 0.197 0.051 0.773 0.03 0.178 0.033 0.576
1625 0.195 0.056 | 0.781 0.03 0.18 0.034 0.53
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1650 | 0193 | 0061 | 0.790 | 0.03 0.183 | 0.035 | 0.489 |
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Table 19: Mole balance for Mn when 100g of slag (composition Table 11) is equilibrated with 100g
graphite in the temperature range 1550°C to 1650°C.

ouT
GAS Metal Slag Total
1550 | 0.127 | 0.000 0.000 0.127 | 0.127
1575 | 0.127 | 0.000 | 0.000 | 0.127 | 0.127
1593 | 0.127 | 0.000 | 0.016 | 0.742 | 0.127
1600 | 0.127 | 0.002 | 0.029 | 0.096 | 0.127
1625 | 0.127 | 0.006 | 0.062 | 0.059 | 0.127
1650 | 0.127 | 0.010 | 0.080 | 0.037 | 0.127

T(°C) IN

Table 20: Mole balance for Si when 100g of slag (composition Table 11) is equilibrated with 100g
graphite in the temperature range 1550°C to 1650°C.

ouT
GAS Metal Slag SiC Total
1550 | 0.749 | 0.000 | 0.000 | 0.749 | 0.000 | 0.749
1575 | 0.749 | 0.000 | 0.000 | 0.749 | 0.000 | 0.749
1593 | 0.749 | 0.000 | 0.007 | 0.742 | 0.000 | 0.749
1600 | 0.749 | 0.001 | 0.013 | 0.701 | 0.034 | 0.749
1625 | 0.749 | 0.003 | 0.028 | 0.586 | 0.132 | 0.749
1650 | 0.749 | 0.005 | 0.036 | 0.510 | 0.198 | 0.749

T(°C) IN

Table 21: Mole balance for C when 100g of slag (composition Table 11) is equilibrated with 100g
graphite in the temperature range 1550°C to 1650°C.

ouT
GAS Metal C SiC TOTAL
1550 | 8.326 | 0.000 | 0.000 | 8.326 | 0.000 | 8.326
1575 | 8.326 | 0.000 | 0.000 | 8.326 | 0.000 | 8.326
1593 | 8.326 | 0.031 | 0.002 | 8.162 | 0.034 | 8.326
1600 | 8.326 | 0.125 | 0.003 | 8.163 | 0.034 | 8.326
1625 | 8.326 | 0.392 | 0.007 | 7.795 | 0.132 | 8.326
1650 | 8.326 | 0.565 | 0.010 | 7.553 | 0.198 | 8.326

T(°C) IN

Based on the published [1] metal composition, the metal is saturated in SiC, and as temperature
increases the solubility of SiC increases (Figure 19b). This is in agreement with the saturation phase
expected for metal containing more than 16-18% Si published by Olsen et al [1].

In Figure 23 the saturation lines calculated in FACTSage for a Mn:Fe ratio of 6.8 at 1500, 1550, 1600
and 1650°C are shown. The points of double saturation, where metal is saturated in both C and SiC,
the zones of single saturation, where metal is saturated in either C or SiC, and the zone where metal
is unsaturated in C and SiC, are indicated.
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Figure 23: Calculated carbon solubility in Mn-Fe-Si-C alloys with a fixed Mn:Fe ratio of 6.8 at 1500°C

- 1650°C.

The phase rule can be utilized to analyse the multi-phase system presented in Figure 23 — see results
in Table 22. The phase rule is defined in Equation 23 ([120]):

Where:

e F: Degrees of freedom.

e C: Number of components; in Figure 23 it is 3: Si, C, Mn:Fe ratio (fixed).

e P: Number of phases; in Figure 23 it could be liquid metal, graphite and SiC.

e R: Number of restrictions such as fixed temperature and pressure; the lines in Figure 23 are for
conditions that are isothermal (1500°C, 1550°C, 1600°C or 1650°C) and isobaric (1 atmosphere
pressure), hence R = 2.

Equation 23: Phase rule [120]

F=C—-P+2-R

Table 22: Application of the phase rule to Figure 23 and the consequences thereof.

Condition

C

P

R

F

Comment

Double saturation

3

3

2

0

No degree of freedom; for each temperature there is only
one metal composition where double saturation occurs

Single saturation

One degree of freedom which means that for a fixed
temperature and Mn:Fe ratio, either the Si or the C content
could vary while maintaining saturation (of graphite or SiC)
in the liquid metal.

No saturation

Two degrees of freedom which means that for a fixed
Mn:Fe ratio temperature, the Si and the C content could be
varied independently with only liquid metal present.
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In Figure 24 the saturation lines calculated in FACTSage at 1600°C for a Mn:Fe ratio of 5.1, 6.8 and
Mn only were constructed together with data redrawn from Olsen et al [1] for HCFeMn with a Mn:Fe
ratio of 5.1 at 1600°C.

==== 1600°CMn:Fe 6.8  ===== 1600°C Mn:Fe 5.1
= === 1600°C Mn:Fe 5.1 - Olsen 2007 = = = == 1600°C Mn
x Published x Eq@1600°C_metal
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Figure 24: Calculated carbon solubility in Mn-Fe-Si-C alloys with different Mn:Fe ratios at 1500°C —
1650°C. Apart from the data from Olsen et al [1] the data was calculated in FACTSage 6.4 as part of
this study. Crosses indicate the published [1] metal composition (purple) and equilibrium metal
compositions calculated at 1600°C for metal only (grey), metal in contact with graphite (black) and
metal produced when slag is in contact with graphite (green) - for the analyses refer to Table 15.

Also indicated in Figure 24 are the published [1] metal composition and the equilibrium metal
compositions calculated at 1600°C for metal only, metal in contact with graphite and metal
produced when slag is in contact with graphite. For the different metal compositions refer to Table
15.

In Figure 24 the published [1] metal analysis (purple cross) is not at equilibrium at 1600°C. The
apparent supersaturation with silicon and carbon might be attributed to a number of causes,
including the ones discussed below.

Possibility 1: the carbon content of the metal composition might be incorrect. Olsen et al [1] also
reported metal compositions with 67%Mn, 17.5%Si and 1.5%C or 1.7%C, the difference being iron.
Metal compositions with lower carbon contents approach the equilibrium lines for 1550°C (1.5%C)
and 1600°C (1.7%C) with the metal potentially saturated in SiC but still not in C — refer to Figure 25.
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Figure 25. Calculated carbon solubility in Mn-Fe-Si-C alloys with a fixed Mn:Fe ratio of 6.8 at 1500°C
—1650°C. The purple cross indicates the published [1] metal composition - refer to Table 15 for
analysis. The blue cross is for metal containing 17.5%Si and 1.5%C and the yellow cross for metal

containing 17.5%Si and 1.7%C.

Possibility 2: The solution models might not apply to ferroalloys as the database (FSstel) was
developed for steelmaking. In Figure 26 there is a 20% offset in carbon content for dual saturation
and only 2% for silicon when comparing the carbon solubility lines calculated in FACTSage to those
published by Olsen et al [1]. In both instances though the published [1] metal composition would be
unsaturated in C and saturated in SiC.
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Figure 26: Calculated carbon solubility in Mn-Fe-Si-C alloys with a fixed Mn:Fe ratio of 5.1 at 1600°C
as calculated in FACTSage 6.4 and as reconstructed from Olsen et al [1]. The purple cross indicates
the published [1] metal composition - refer to Table 15 for analysis.

Possibility 3: The tapped metal temperature might be even higher than 1650°C with the metal being
quenched during sampling. At higher temperatures, the published [1] metal composition will
approach levels of unsaturation in both SiC and C. Quenching would prevent the SiC from
precipitating from the sample during cooling and therefore result in metal with a higher carbon
analysis.

Possibility 4: Upon sampling the metal might contain entrained SiC (and / or carbon) resulting in
metal analysis indicating higher silicon or carbon contents.

Irrespective of the reasons for the higher carbon content of published [1] metal analysis (purple
cross in Figure 24), the equilibrated metal is clearly only saturated in SiC and not in C. By implication
this means that the metal tapped from the furnace is only saturated in SiC and not in C. This fact is
illustrated in Figure 24 by the data point calculated for metal at 1600°C (grey cross) and confirmed
by calculated carbon activity of the metal in the temperature range 1500 — 1650°C ranging between
0.76 and 0.79 (FACTSage 6.4) or 0.69 and 0.49 (Li & Morris).

Therefore, when metal with the published [1] metal analysis (Table 12) is brought into contact with
graphite at constant temperature and pressure, it will drive to the dual saturation point by dissolving
carbon and precipitating SiC to adjust the metal composition in terms of C and Si along the C-
solubility line. In Figure 24 this will be from the grey cross to black cross along the black dotted lines.
The concept is illustrated conceptually in Figure 27.
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Figure 27: (a) Equilibrium phase distribution as a function of temperature (repeat of Figure 21 b),
when reacting graphite (representing refractory) with an equal mass of metal (composition as in
Table 12). (b) Graphical representations of potential equilibrium phases and participating
components per phase when metal equilibrates with graphite in the temperature range 1550°C to
1650°C.

It is expected that metal produced in the coke bed would be saturated in both carbon and SiC,
similar to the calculation for initially SiC-saturated metal equilibrated with carbon. One of the
potential reasons for metal not being saturated in carbon after being tapped from the furnace could
be that during tapping the metal is separated from the carbon source (coke bed) and is in contact
with slag that might not be fully equilibrated with carbon. Further reaction of slag with metal could
result in metal not being saturated in C and potentially not in SiC — see Table 23.

In Table 23, the ac and agc are reported as an indication of the potential of carbon dissolution and
SiC formation. In reality SiC is a compound which does not exist as a dissolved component in metal. A
SiC activity less than 1 indicates that the metal is not saturated with SiC.

Table 23: Activity of carbon and SiC at 1600°C (calculated with FACTSage 6.4; solid reference states)
for metal equilibrated with slag with published [1] composition (Table 14 (a)), at a slag / metal mass
ratio of 1.2.

ac asic
Published [1] slag | 0.88 | 0.81

Another reason could potentially be the effect of lancing, but lancing does not form part of this
study.

3.5 Conclusion

The first research question posed was: When exposing carbon-based refractory material (ramming
paste and carbon block) to SiMn slag or metal in the tap-hole, is chemical reaction
between refractory and slag or refractory and metal a potential wear mechanism?

Thermodynamic calculations indicated that the reactions most likely responsible for wear in the tap-
hole are the reduction of SiO, to produce SiC or alloyed Si and MnO producing alloyed Mn — see
Table 24 — and the dissolution of carbon in metal up to the point of dual saturation —in both carbon
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and SiC. Depending on the model applied in calculating the activities of the metal components, the
production of both SiC and alloyed Si and alloyed Mn should be possible at 1600°C ([119]) or SiC and
alloyed Mn should form, but not alloyed Si ([117]). In addition, the metal — formed either by the slag
reactions or present as tapped metal — would be saturated in SiC but not in C, and would therefore
tend to dissolve carbon and further precipitate SiC to reduce the Si content until dual saturation is
reached (Figure 24).

Table 24: Reactions most likely to be responsible for wear in the tap-hole; equilibrium constants, K,
calculated with FACTSage 6.4. The activity data utilized to calculate the reaction quotient, Q, was
taken from Table 17 and Table 18. The values are for a typical tapping temperature of 1600°C.

Reaction K K' 1600°c FACTSage 1600°c Q/K Li & Morris 16000c | Q/K
Si0, +3C=SiC+2CO 1/asio, 51 asip, = 0.211 0.9 - -
SIOZ +2C=Si+2C0O aSi/aSIOZ 0.2 dsi = 0.051 1.2 dsi = 0.033 0.8
MnO+C & Mn+CO amn/amno 13 amno = 0.023 amn =0.178
0.7 0.6
awn = 0.197

" The reference condition for Si0,, MnO, Si and Mn were the liquid phase, for SiC the solid phase, for C solid graphite and for CO the pure
gasat1latm.

To validate the predictions and clarify the potential for formation of Mn or SiMn, laboratory scale
experiments were conducted. The experiments were based on a synthetic, five component slag as
source of SiO, and MnO and pure graphite as source of carbon. Chapter 4 reports on these
experiments.

49

© University of Pretoria



4 Potential for chemical reaction - Part B (laboratory experiments)

4.1 Introduction

As reported in Chapter 3, thermodynamic calculations indicated that the slag reactions most likely
responsible for wear in the tap-hole are the reduction of SiO, to produce SiC and potentially alloyed
Si, and of MnO to produce alloyed Mn (Table 24). The metal reactions would also result in the
dissolution of carbon in the metal to reach the point of dual saturation (in both carbon and SiC -
Figure 24).

Two models of activity data are available for the calculation of activities in the metal system: A
model by Li and Morris [119] and the Equilib model in FACTSage [117] based on the FSstel database.
According to the model by Li and Morris, the production of both alloyed Si and alloyed Mn is
possible at 1600°C (Table 24). According to FACTSage, SiC and alloyed Mn should form, but not
alloyed Si.

To test the predictions and clarify the potential for formation of Mn or SiMn laboratory scale
experiments were conducted. Chapter 4 reports the results, and concludes with a review of the first
research question and an introduction to Chapter 5.

4.2 Method

In Table 25 the results of the thermodynamic calculations are summarised. At 1550°C none of the
reactions should be possible and at 1650°C all reactions could occur (Q/K < 1; AG < 0) and in
addition, the metal formed in the slag reactions would tend to dissolve carbon and produce SiC until
dual saturation in both C and SiC is reached.

Table 25: Q/K ratios at different temperatures for reactions most likely to be responsible for wear in
the tap-hole. (Equilibrium constants, K, calculated with FACTSage 6.4; activity data utilized to
calculate the reaction quotient, Q, calculated with FACTSage 6.4 for the slag, and both FACTSage 6.4
and the model by Li & Morris for metal).

1550°C 1600°C 1650°C
Reaction Quie Quig Quig
QFactsage/K Morris/K QFactsage/K Morris/K QFactsage/K Morris/K
SiO, +3C = SiC+2CO 2.4 - 0.9 - 0.3 -
Si0, +2C=Si+2C0O 3.3 2.5 1.2 0.8 0.3 0.3
MnO +C = Mn +CO 1.2 1.0 0.7 0.6 0.4 0.4

It was therefore decided to conduct the experiments in which pure graphite crucibles were exposed
to a synthetic, five component slag at 1550°C or 1650°C. Based on previous experiments — some of
them conducted by Mglnas [116] — 4 hours was selected as a suitable duration and it was decided to
conduct experiments in an argon atmosphere. The synthetic slag was prepared by melting pure
minerals sourced from Sigma Aldrich as listed in Table 26.

The minerals were weighed and mixed by hand. The mixture was homogenised by splitting into 10
sub-samples using a 3-way splitter and recombining the sub-samples into one sample. The
homogenisation step was repeated three times. The minerals were melted in a ‘50kg’ induction
furnace at Mintek — see Figure 28. A custom-made graphite crucible (acting at the same time as the
susceptor) was ordered from Graftech — see dimensions in Figure 29. A protective atmosphere was
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created by covering the crucible with a mineral wool blanket and blowing argon through a pipe with
the outlet placed below the surface.

The melting temperature for the slag was calculated in FACTSage 6.4 as 1217°C - Figure 30 - using
the method described in paragraph 3.2 and the chemical composition in Table 26. For control
purposes the target temperature was selected at 100°C above the melting temperature of the slag.
Temperature was measured with a type R thermocouple placed below the slag surface and
protected by both an alumina and a graphite sheath. The temperature was controlled by manually
changing the power input to the furnace. After melting, the slag was poured into a graphite slag pot
and allowed to solidify and cool - Figure 31.

Table 26: Pure mineral blend on which synthetic slag was based.

Component | Mass [kg] | % Mass | Grade
MnO 0.9 10.6 Manganese (Il) oxide -60 mesh 99% pure
SiO, 3.8 447 Quartz powder +230 mesh
Al, O3 1.3 15.3 Aluminium oxide extra pure
Cao 2.1 24.7 Calcium oxide fine powder extra pure
MgO 0.4 4.7 Magnesium oxide light extra pure
Total 8.5 100

Figure 28: Experimental setup for the preparation of the synthetic slag sample at Mintek with (a) the
‘50kg’ induction furnace, (b) the blend of raw materials, (c) the graphite crucible / susceptor, (d)
refractory sand, (e) graphite thermocouple sheath immersed in the slag, (f) alumina thermocouple
sheath, (g) type R thermocouple extension wire and (h) mineral wool cover.
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Figure 29: Dimensions of the graphite crucible utilized to prepare the synthetic slag.
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Figure 30: Equilibrium phase distribution of synthetic slag based on pure mineral blend in Table 26.

Figure 31: Synthetic slag being prepared at Mintek being (a) cast from the induction furnace into a
graphite slag pot and (b) allowed to cool in the slag pot.
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Once cooled, the slag was manually broken out of the slag pot using a hammer and chisel. The
crushed slag was milled with stainless steel balls in a Normand Electrical ball mill, pulverised in a
tungsten carbide sample holder in a swing mill and sieved to -425um. The sieved sample was split
into sub-samples and subsequently into sub-sub samples using a 10-way rotary splitter.

One of the representative, sub-sub samples of slag was characterised as follows:

1. Bulk chemical composition was determined by wet chemical methods at an in-house laboratory
at a South African producer of SiMn with ISO 9001:2000 accreditation:
e |CP: FeO, Ca0, MgO, Al,03
e Gravimetry: SiO,
e Titration: MnO

2. Bulk phases were determined by XRD. The relative phase amounts (weight %) were estimated
using the Rietveld method. When quantifying the amorphous content of the slag, twenty per
cent Si was added (as a standard).

3. Compositions of specific phases were determined by:
e Preparing polished sections and sputter coating these with gold
e Microanalysis with FEGSEM-EDS at 15 kV (point analyses)

The following instruments were utilized for analytical purposes:

e XRD: PANalytical X'Pert Pro powder diffractometer with X'Celerator detector and variable
divergence- and receiving slits with Mn filtered Fe-Ka radiation. Phases were identified with
X'Pert Highscore plus software.

e FEGSEM EDS: ZEISS LEO 1525 FEGSEM with EDS conducted with an Oxford INCA Energy System.

A schematic of the experimental setup for reaction of the slag is indicated in Figure 32 and of the
crucible design in Figure 33. The design, procurement, installation and commissioning of the
experimental setup (including the high frequency induction power supply) formed part of the scope
of the study.

Power was supplied by an Ambrell Ecoheat ES high frequency induction power supply. Temperature
was measured with type B and R thermocouples wired through a four bore alumina sleeve (M)
allowing for the hot junctions to be positioned at the same level. The type B thermocouple was
utilized for control with readings logged manually. The type R thermocouple was utilized as the
reference thermocouple with temperature readings logged automatically. The temperature was
controlled by manually changing the voltage set point on the induction furnace control panel. Due to
the aggressive nature of the slag towards the alumina, measurement of the temperature in the slag
itself was not possible.

Bubble alumina was added to the graphite susceptor for two reasons: 1) to support the small
graphite crucible filled with slag and 2) to act as heat sink ensuring that the temperature measured
by the thermocouple represents the temperature of the slag.

In each experiment a small graphite crucible was filled with a 5g representative synthetic slag
sample. The crucible was placed in a graphite susceptor with graphite lid supported by bubble
alumina (J). The graphite lid (G) had two 10mm ports - inlets for the alumina thermocouple sheath
(C) and alumina sleeve (D) utilized to blow 99.998% argon gas onto the surface of the lid — and five
6mm ventilation holes (F) for gasses formed to escape. The induction coil was cast in coil grout
(I).The graphite susceptor was supported by bubble alumina. The top of the graphite susceptor was
aligned with the top of the induction coil grout.
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Figure 32: Experimental setup for pure component experiments.
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Figure 33: Design of crucibles utilised in cup test experiments with (a) graphite crucible — a in Figure
32 — and (b) graphite susceptor with lid — G and H in Figure 32. All measurements in mm.
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To control the atmosphere, the experimental setup was contained in a stainless steel shell — L — with
stainless steel lid. The lid had inlet ports for the thermocouple sheath and argon supply and an
outlet port for the off gases (A). Joints were sealed using gaskets cut from high temperature silicone
and high temperature O-rings.

To improve insulation a precast refractory cylinder — K — and refractory lid were positioned in the
steel shell. The gaps between the steel shell and refractory cylinder and between the refractory
cylinder and induction coil were filled with bubble alumina. The susceptor lid was covered by three
layers of 30mm thick, high temperature refractory blanket — E — (Rath Altra Mat 80) with openings
for the thermocouple sheath and argon sleeve.

The experimental procedure was as follows:

1. Prepare crucible (a)
a. Weighslag
b. Fill small graphite crucible
2. Assemble large graphite crucible
3. Assemble thermocouple: type R + type B in a four-bore alumina sleeve
4. Assemble furnace
Replace contaminated alumina bubbles
Install crucible surrounded by alumina bubbles
Install 3 layers of kaowool
Install refractory lid
Install alumina thermocouple sheath
Install alumina thermocouple sleeve: first allow the thermocouple hot junction to touch
the bottom of the sleeve and then pull it up + 10mm. Hold in place mechanically.
Install argon
Install lid
Tighten all screws
. Install off gas
5. Run test
a. Run water
Flush chamber with argon for 20 min at a high flow rate (1.552 litres/minute)
Reduce argon flow rate (0.517 litres/minute)
Power on
Heat to 1550°C or 1650°C by manually adjusting the target voltage set-point (145V or
150V respectively).
f.  Hold for 4 hours at temperature by manually adjusting the voltage set point. During the
holding period the control temperature readings ranged between the set-point +5°C.
6. End test
a. Switch off power
b. Switch off argon
c. Keep water running
7. Open furnace immediately after ending test (top of crucible turned black within minutes)
a. Remove off gas
Remove thermocouple sleeve
Remove thermocouple sheath
Remove argon
Loosen all screws

SO oo oTo

Poogo

© oo
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f. Remove lid

g. Remove refractory lid

h. Remove 3 layers of kaowool
8. Allow furnace to cool overnight
9. Remove samples
10. Label samples

Once the samples were removed a post mortem investigation was conducted as follows:

1. Cutsamples

a. Cast samplesin epoxy

b. Slice samples lengthwise

c. Cut off top section not of interest and discard
2. Prepare polished sections

a. Laysamples face down in sample holder

b. Fill with resin

c. Draw vacuum

d. Allow to setin drying oven at 50°C overnight
e. Grind

f.  Polish

g. Clean

h. Keep in desiccator
3. Study polished sections
a. Light optical microscope (LOM)
b. FEGSEM —samples coated with Au or Pt

Equilibrium phase distribution of the slag as a function of temperature, the equilibrium constants of
the slag reactions with carbon and activities of participating components were calculated with
FACTSage 6.4. These calculations were based on the actual bulk chemical analysis of the slag (Table

27).
4.3 Results

The bulk chemical composition of the slag is given in Table 27.

Table 27: Bulk chemical composition of synthetic slag samples determined by wet chemistry
methods (average percentage by weight and standard deviation of three samples per material).

MnO | SiO, | CaO | MgO | Al,0O3
Average | 11.3 443 | 23.8 | 5.2 15.5
StDev 0.3 0.2 0.1 0.1 0.1

The predicted phase distribution is shown in Figure 34a and an SEM BSE image of the synthetic slag
in Figure 34b. The average and standard deviation of 10 SEM EDS analyses of the amorphous slag
phase is given in Table 28. As expected, the EDS analyses are similar to the bulk slag composition.
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Figure 34: (a) Equilibrium phase distribution of synthetic slag based on the bulk chemical
composition, as calculated with FACTSage 6.4. (b) SEM BSE image of synthetic slag (scale bar 20 um)
with (i) amorphous slag phase only.

Table 28: Composition of amorphous slag phase (i) in synthetic slag — average of 10 EDS point
analyses.

MnO | SiO, | Ca0 | MgO | Al,O;
Average | 10 47 22 5 16
StDev 0.2 0.3 0.2 0.1 0.1

The XRD results confirmed the fact that only amorphous (glass) phase was present in the synthetic
slag - Figure 35.
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Figure 35: X-ray diffraction pattern of synthetic slag (no Si-standard).
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Figure 36 and Table 29 respectively. The standard deviations of both silicon and manganese are high
and a larger sample size will improve the results, but the analysis as is was considered suitable for
the study.

Figure 36: SEM BSE micrograph of metal accumulation at the slag / refractory interface of the sample
prepared at 1550°C. The sample bottom and sidewalls magnified 300 times (scale bar 100 um) in (a)
and 1800 times (scale bar 10 um) in (b). The phases present were (i) slag, (ii) metal and (iii) graphite.

Table 29: Analysis of metal phase (weight per cent) of metal accumulation at the slag / refractory
interface of the sample prepared at 1550°C determined as average of EDS point analysis of 4 metal
particles at 15 kV.

Weight per cent [%]
Si Mn Fe | Cr | Ni
Average 156 | 63.1|174 |25 |14
StDev 57 | 63|03 (04|07

SEM BSE micrographs and SEM EDS results for the experiment conducted at 1650°C are reported in
Figure 37, Figure 38 and Table 30 respectively. The modelled and measured EDS spectra for the SiC
phase (found in the reacted sample) are presented in Figure 39.
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Figure 37: SEM BSE micrograph of metal accumulation at the slag / refractory interface of the sample
prepared at 1650°C. The sample bottom and sidewalls magnified 300 times (scale bar 100 um) in (a)
and 1800 times (scale bar 10 um) in (b). The phases present were (i) slag, (ii) metal, (iii) graphite and
(iv) SiC. Note that the SiC did not form a protective layer at the slag / refractory interface but
detached from the graphite.

L ol Mag= 200K X EHT = 15 00 kV WD= 14mm

Figure 38: SEM BSE micrograph of metal accumulation at the slag / refractory interface of the sample
prepared at 1650°C (scale bar 10 um; enlarged view of Figure 37). The phases present were (i) slag,
(ii) metal, (iii) graphite and (iv) SiC. Note that the SiC did not form as a protective layer at the slag /

refractory interface, but detached upon formation.

Table 30: Analysis of metal phase (weight per cent) of metal accumulation at the slag / refractory
interface of the sample prepared at 1650°C determined as average of EDS point analysis of 3 metal
particles at 15 kV.

Weight per cent [%)]
Si Mn Fe Cr Ni
Average | 20.2 | 714 | 6.8 | 1.1 | 0.7
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Figure 39: Modelled (SiC synthetic) vs. measured (SiC 1 — SiC 5) EDS spectra at 15 kV of the SiC phase
identified in Figure 37. The sample was coated with platinum.

4.4 Discussion

According to the bulk chemical composition of the synthetic slag, the planned slag composition was
reached. EDS analysis indicated the composition of the amorphous slag phase to be slightly lower in
CaO0 and higher in SiO, but if this were due to undissolved material, their contents were below the
detection limit (1 — 2%) of the XRD.

Metal phases containing Si and Mn formed in both experiments (1550°C and 1650°C) and SiC formed
in the high temperature experiment but not in the low temperature experiment. The SiC that formed
did not form a solid layer — a potentially protective in situ refractory material [18] — at the slag /
refractory interface, but detached from the interface. Some of the SiC particles were attached to
metal droplets but whether these SiC particles formed during slag / refractory interaction or metal /
refractory interaction (reaching the point of SiC saturation) remains unanswered.

The metal phases were contaminated by Fe-Cr-Ni, most probably originating from the balls utilized
to mill the slag. To estimate the effect of the contamination on the potential for the reduction
reactions to occur, additional thermodynamic calculations were conducted in FACTSage 6.4. The
calculations were based on 100g slag with composition in Table 29, 100g graphite and 0.5 gand 5.0 g
of steel contaminant with composition in Table 31 (estimated from metal analyses in Table 29 and
Table 30).

Table 31: Chemical composition of steel contaminant.

Weight per cent [%)]
Si Mn Fe Cr Ni
0 0 81.7 11.7 6.6
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Calculations were conducted in the Equilib module with the FToxid, FSstel and FACTPS databases
selected. As pure species gases, liquids and solids were selected. As solution species only liquid
metal (LIQU) and liquid slag (SLAGA) were selected. Results were presented in Figure 40.
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Figure 40: Equilibrium phase distribution as functions of temperature when synthetic slag
(composition in Table 28) equilibrates with graphite, and (a) no steel contaminant added, (b) 0.5g

steel contaminant added and (c) 5.0g steel contaminant added.

From the results in Figure 40a and Figure 40b although the presence of 0.5g steel contaminant
would allow for the reduction of Mn to occur at temperatures even lower than 1450°C, the effect on
the extent of formation of Mn, Si and SiC is insignificant.

From the results in Figure 40a and Figure 40b although the presence of 0.5g steel contaminant
would allow for the reduction of Mn to occur at temperatures even lower than 1450°C, the effect on
the extent of formation of Mn, Si and SiC is insignificant.

Similarly, the presence of 5g steel contaminant would have allowed for the reduction of both Mn
and Si to occur at temperatures even lower than 1450°C. The temperature at which SiC can form is

raised slightly (1581°C — 1584°C) and the amount of SiC formed at 1650°C reduces slightly from 11.1g
t0 9.8g.

Table 32 contains a summary of the predicted potential for the reaction products to form and
whether or not these products were observed in either of the experiments.

Table 32: Summary of the predicted potential for the reaction products to form and the presence of
actual reaction products formed.

© University of Pretoria

1550°C 1650°C
Reaction Prediction | Actual | Prediction | Actual
Si0, +3C=SiC+2CO No No Yes Yes
Si0, + 2C = Si +2CO No Yes Yes Yes
MnO +C= Mn + CO No Yes Yes Yes
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4.5 Conclusion

The first research question was: When exposing carbon-based refractory material (ramming paste
and carbon block) to SiMn slag or metal in the tap-hole, is chemical reaction between refractory and
slag or refractory and metal a potential wear mechanism?

Based on the work conducted in Chapter 3 and Chapter 4, this question can be answered as follows:

Chemical reaction between carbon-based refractory material and slag (and metal) is possible at
tapping temperatures. The reduction of SiO, in the slag by carbon in the refractory to form SiC as
reaction product was demonstrated, but formation of Si and Mn could not be proven conclusively
due to the presence of steel contaminants in the synthetic slag.

Since chemical reaction between refractory and slag was proven to be a potential wear mechanism,
the second research question was raised - Is the choice in carbon-based refractory material
important from a tap-hole refractory life perspective?

In order to answer the question, further experimental work was required. The first step was to
source, prepare and characterise industrial grade carbon-based refractory material and industrial
SiMn slag as described in Chapter 5.
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5 Importance of choice in refractory - Part A (characterisation of
materials)

5.1 Introduction

In Chapter 3 and Chapter 4, the potential for chemical reaction between refractory and slag or
refractory and metal as wear mechanism in the tap-hole was investigated. The formation of SiC as
reaction product was demonstrated conclusively but not the formation of metal.

To study the impact that the choice in carbon-based refractory material would have on tap-hole
refractory life, commercially available carbon block and carbon-based cold ramming paste and
industrial slag from a SAF based on the integrated process were sourced, prepared and
characterised. Chapter 5 reports on the results and concludes with a review of the second research
guestion and an introduction to Chapter 6.

5.2 Method

Industrial slag was supplied by an international SiMn producer that produces HCFeMn and SiMn
according to the integrated process. At the plant the slag is tapped into ladles and then cast onto
slag beds. Once cooled the slag is collected by front end loader. The sample utilized in the
experiments was collected by hand from the slag bed.

The as-received slag was milled with stainless steel balls in a Normand Electrical ball mill, pulverised
in a tungsten carbide sample holder in a swing mill and sieved to -425um. The sieved sample was
split into sub-samples and subsequently into sub-sub samples using a 10-way rotary splitter.

The bulk chemical composition of three representative samples was determined by wet chemistry
methods. The composition of phases and phase distribution were determined by X-ray diffraction,
SEM (scanning electron microscopy) and FEGSEM (field emission gun scanning electron microscopy)
with EDS (energy dispersive spectroscopy) at 15 kV as area analysis.

Two different types of refractory materials were utilized in the slag / refractory interaction
experiments:

1. Carbon block
2. Cold ramming paste

Both materials consisted of carbon-based aggregate and a matrix consisting of a carbon-based
binder with inorganic additives added intentionally to the binder phase of the carbon block. In the
text, the combination of small carbon-based aggregate and binder phase is referred to as ‘matrix’. In
Figure 41 these main microstructural phases were presented schematically.

A large, unused carbon block sample (not previously installed in a SAF) was received from the project
sponsor. No history of the sample was provided. Cold ramming paste samples were supplied by the
material supplier both in granular form - as usually supplied to clients as a rammable - and rammed
and fired on pilot scale under controlled conditions (950°C) that simulate plant installation. After
firing samples (50mm diameter, 50mm height) were core-drilled from the pre-fired ramming paste.

Refractory material samples received were analysed using proximate analysis techniques to
determine the inherent moisture, ash and volatile matter and calculating the fixed carbon content
by difference. Refractory material samples received were also analysed using ultimate analysis
techniques which measures the bulk carbon, sulphur, nitrogen and hydrogen contents of the
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samples and then calculate the oxygen content by difference. As a bulk analysis technique, the
organic and inorganic components (associated with the ‘ash’ phase after combustion) of the
refractory are included in the ultimate analysis.

_..--- Large aggregate

-~ Small aggregate -

Binder phase containing

B S = Matrix
" bulk of porosity

Typically 5 mm

- Large pores

Figure 41: Schematic drawing showing the main microstructural features of carbon block and
ramming paste: Large and small carbon-based aggregate, binder phase, air gaps and matrix.

The chemical composition of the ash phase was determined by ICP. As-received materials were
submitted for XRD (X-ray diffraction). The relative phase amounts (weight %) were estimated using
the Rietveld method and L. (graphite crystallite size) calculated [38].

The porosity of 3 samples each of carbon block, ramming paste aggregate and ramming paste matrix
were determined by X-ray tomography. One of the prebaked ramming paste samples was sliced to
3mm thickness from which samples of the aggregate and matrix were broken by hand.

For X-ray tomography, the Nikon XTH 225 ST micro-focus system at the MIXRAD facility situated at
the South African Nuclear Energy Corporation (NECSA) was utilized. Scans were conducted at 100 kV
and 100 pAand a 0.25 mm Cu filter was applied to obtain better transmission and X-ray
characteristics to minimize artifacts. The number of projections was 1000 with an exposure of 25
frames per projection which resulted in scan times of approximately an hour. These scanning
parameters resulted in volume elements with dimensions ranging from 6.2 — 7.3 um which
constitute a spatial resolution ranging from 238.3 — 405.2 um>.

Each dataset generated was analysed using VGStudio software associated with the instrument [121].
To calculate the porosity of a material type, a rectangular volume was selected from within the
scanned sample. The volume of this triangle was known (V;). The volume of each pore in the
material (Vp) was determined by differences in grey-scale between the air in the pores and the
different material types in the sample. The grey-scale intensity associated with a material type was a
function of the density of the material. The total porosity (P;) was then calculated from this data —
Equation 24.
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Equation 24: Total porosity (Py)
PT = ZVP/VT x 100

To obtain an idea of the pore size distribution the assumption was made that each pore volume was
cubic in shape and the equivalent pore size (EPS) defined as the length of one of the sides of the
cube — Equation 25. The results were presented as the cumulative pore volume as a function of EPS.

Equation 25: Equivalent pore size (EPS)
EPS=V,"

For microscopy, polished sections were prepared of the carbon block, the granular ramming paste
and the pre-fired ramming paste. These were studied using FEGSEM EDS. The samples were
mounted in Struers EpoFix with 6% iodoform (CHI;) added in powdered form to improve contrast
between pores filled with resin and carbon materials in the refractory [122], [123]. To calculate the
amount of iodoform to be added, the method of calculating the average atomic number (ANF) per
phase described by Straszheim et al [123] was utilised. The ANF for a specific phase is the sum of the
product of the mass fraction of each element and its atomic number — see Equation 26.

Equation 26: Average atomic number (ANF)
ANF = 5..," (mass fraction); x (atomic number);

In selecting the amount of iodoform to be added, care had to be taken to increase the average
atomic number (ANF) of the resin to more than that of the carbon, but less than that of the mineral
phases identified by XRD (corundum — Al,0;, moissanite — SiC, and quartz — SiO,). The results
obtained for a 6% CHI; sample are presented in Table 33.

Table 33: Results of ANF calculations to determine the amount of iodoform to be added to resin to
improve contrast between resin and carbon without negatively influencing contrast between resin
and inorganic phases present in the refractory samples.

Elements H| C|O/|Al|Si I
Atomic mass 1 (12|16 |27 |28 | 127
Atomic number 1|6 |8 |13|14]| 53
Material Composition (atomic.ratios) Composition (mass frac.tion) ANE
H|C| O/|AI]|Si I H C| O | Al |Si I
Carbon ol1|0|0]|O 0 0 |10| O 0 0 0 | 6.0
Epoxy - - - -] - - 0.1 (07]02| 0 0 0 | 6.0
CHl; 111000 3 0 0 0 0 0 |1.0|514
Al,O, 0|03 ]21]0 0 0 0 |05(05] 0 0 | 10.6
SiO, Oo(0|2|0]1 0 0 0 |05] 0 |05 0 |10.8
Si Oo|l0|0|O0]1 0 0 0 0 0 |1.0| 0 |14.0
SiC oOo(1|0|0]1 0 0 |03| 0 0 |07 0 | 116
6%CHI3-Epoxy 0.1 |0.7]0.2]0.0 0.1| 8.8
The preparation procedure was as follows:
1) Place sample in sample holder.
2) Add resin to measuring cup.
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3) Weigh iodoform.

4) Add iodoform to resin and stir gently for 1 minute. Small gas bubbles associated with the
powder cause the liquid to appear cloudy.

5) Add hardener.

6) Place sample in sample holder in a vacuum chamber and position cup containing iodoform resin
in tilting unit.

7) Draw vacuum just to the point where resin starts to form bubbles. Close the valve to maintain
vacuum at this specific pressure. Do not continue to draw vacuum deeper.

8) Cast resin onto sample.

9) Immediately break vacuum and remove sample.

10) Allow resin to set overnight at room temperature.

5.3 Results

The bulk chemical composition of the as-received industrial slag is given in Table 34.

Table 34: Bulk chemical composition of as-received industrial slag samples determined by wet
chemistry methods (average percentage by weight and standard deviation of three samples per

material).
MnO FeO Sio, CaO MgO Al, O3 Total
Average 7.5 0.1 45.3 23.5 71 16.5 100.0
StDev 0.2 0.1 0.5 0.4 0.02 0.1

SEM BSE images of the as-received industrial slag are presented in Figure 42 to Figure 44.

WD -}—1 20 um )

10.0

SIS _XLTIF

Figure 42: SEM BSE image of as-received industrial slag with (a) amorphous slag phase, (b) SiC phase,
(c) metal phase and (d) MnS. Scale bar indicates 20 um.
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Figure 43: SEM BSE image of as-received industrial slag with (a) amorphous slag phase and (b)
secondary slag phase. Scale bar indicates 100 um.

o

f——— 500 pm

L.TIF

Figure 44: SEM BSE image of as-received industrial slag with (a) amorphous slag phase containing
finely dispersed SiMn metal and MnS droplets — see Figure 42 —, (b) large metal particles, (c) SiC and
(d) amorphous slag phase containing secondary slag phase — see Figure 43. Scale bar indicates 500
pm.
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The modelled and measured EDS spectra for the SiC phase present in the as-received industrial slag
as identified in Figure 42 are presented in Figure 45; the measured EDS spectra correspond to that
expected for pure SiC.
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Figure 45: Spectra of EDS point analysis of 5 different SiC particles compared against the simulated
spectra for SiC at the same conditions (point analysis, 15 kV).

The normalised composition of the amorphous slag and secondary slag phase — Figure 43 — as
determined by SEM EDS is presented in Table 35 and simplified to a five component system in Table
36.

Table 35: Normalised elemental analysis of slag phases (weight per cent) determined as average of
five EDS point analysis per phase at 15 kV.

Na | Mg Al Si S K Ca Mn | Ba | Total
Amorphous slag phase | 0.1 | 7.7 |16.5|38.2| 0.5 | 1.1 |323| 2.1 | 1.6 | 100.0

Stdev 02| 02 |03 |05|01|01] 06| 03]0.2
Secondary slag phase - 12,5 | 179 | 37.8| 0.5 - 1283 3.1 - 1100.0
Stdev - 12.8 | 18.1|37.9| 0.2 - 03 | 04 -

Table 36: Composition of slag phases simplified to five component system and normalised (weight
per cent) — based on EDS analysis in Table 35.

MgO | Al,O; | SiO, | CaO | MnO | Total
Amorphous slag phase 7 18 47 | 26 2 100
Secondary slag phase 11 21 47 | 18 2 100

The normalised composition of the metal phase — identified in Figure 42 and Figure 46 — as
determined by SEM EDS is presented in Table 37.
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Table 37: Analysis of metal phases (weight per cent) determined as average of eight EDS point
analysis for the large particles — see Figure 46 — and five for small particles — see Figure 42 —at 15 kV.

Mass per cent Moles
Si Mn Fe Si Mn Fe Mn:Si
Large 37.4 58.8 3.9 1.33 1.07 0.07 1.24
Stdev 0.4 0.5 0.5 0.01 0.01 0.01 0.02
Small 19.3 78.5 2.2 0.69 1.43 0.04 0.49
Stdev 3.8 4.0 1.2 0.14 0.07 0.02 0.12

} Mag= 150X EHT = 15.00 kV WD= 11mm Signal A = RBSD

Figure 46: SEM BSE image of as-received industrial slag with large metal particles (marked “a”) of
which the average chemical composition is reported in Table 37. Scale bar indicates 100 um.

The XRD pattern of the as-received industrial slag is presented in Figure 47. Markers in Figure 47
indicate the significant peaks for phases considered based on SEM BSE microscopy and EDS analysis
and confirmed by matching their predicted diffraction pattern in terms of positions and peak
intensities [109]. Phases considered, but which did not match, were Anorthite, MnsSi and Ferrite.
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Figure 47: XRD pattern of the slag sample with markers indicating the significant peaks for crystalline
phases identified.

The composition of the refractory material is presented in Table 38 and the bulk composition of the
ash phase (combustion product that formed when combusting the refractory material at 815°C in
air) in Table 39.

Table 38: Bulk chemical composition of the refractory material.

Dry basis Air-dried
Ash Vols Fix-C Moisture | Total S
Carbon block 22.7 0.2 77.0 0.1 0.12
Pre-fired ramming paste 6.3 1 92.6 0.1 0.25

Table 39: Bulk chemical composition of the ash phase prepared by combusting the refractory
material at 815°C in air.

SiO, | AlLO; | TiO, | CaO | MgO | FeO | Total
Carbon block 58.2 | 385 | 0.2 | 04 | 0.2 | 2.5 | 100
Pre-fired ramming paste | 56.9 | 313 | 1.5 | 13 | 1.2 | 7.8 | 100

The SEM BSE images of the refractory material are presented in Figure 48 and Figure 49 at higher
magnification.
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Figure 48: SEM backscattered electron image of (i) carbon block and (ii) pre-fired ramming paste
mounted in resin containing 5% iodoform with (a) carbon aggregate and (b) matrix. Scale bar
indicates 200 um.

Figure 49: SEM BSE image of (i) carbon block and (ii) pre-fired ramming paste mounted in resin
containing 5% iodoform with (a) carbon aggregate, (b) corundum, (c) SiC, (d) iodoform impregnated
resin and (e) (Si, Al, K, Na, Fe)-containing minerals. Scale bar indicates 20 um.

The XRD pattern of the pre-fired ramming paste is presented in Figure 50 and Figure 51. Markers
indicate the significant peaks for phases considered based on SEM BSE microscopy and EDS analysis
and confirmed by matching their predicted diffraction pattern in terms of positions and peak
intensities [109]. Phases considered but which did not match were corundum, moissanite 3C, TiC,
ferrite and Al,Cs.
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Figure 50: XRD pattern of the ramming paste refractory sample with markers indicating the
significant peaks for phases identified. For identification of the high intensity peak see Figure 51.
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Figure 51: XRD pattern of the ramming paste refractory sample with markers identifying the high
intensity peak.

The XRD pattern of the carbon block is presented in Figure 52 and Figure 53. Markers indicate the
significant peaks for phases considered based on SEM BSE microscopy and EDS analysis and
confirmed by matching their predicted diffraction pattern in terms of positions and peak intensities
[109]. Phases considered but which did not match were silicon, moissanite 6H and quartz.
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Figure 52: XRD pattern of the carbon block refractory sample with markers indicating the significant
peaks for phases identified. For identification of the high intensity peak see Figure 53.
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Figure 53: XRD pattern of the carbon block refractory sample with markers identifying the high
intensity peak.

In Table 40 the crystallite size and inter planar distance of the refractory materials derived from the
XRD results in Figure 51 and Figure 53 are presented.

Table 40: Crystalite size L. and inter planar distance (dqo,) of the refractory material and components
derived from XRD.

Lc [A] doo2 [A]
Carbon block 430 3.4
Pre-fired ramming paste 201 3.4
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The data produced by XRT was manipulated to calculate the total porosity — presented in Table 41 —
and cumulative porosity as a function of equivalent pore size is presented in Figure 54 to Figure 56
together with examples of the micrographs generated by XRT. XRT measures the porosity in terms of
volume. The equivalent pore size was derived from the measured volume. Round symbols indicate
the size of largest pore or series of connected pores i.e. is indicative of open porosity. Full lines
indicate the size of the small pores and are indicative of closed porosity. Dashed lines indicate which

&
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round symbol is associated with which set of small pores.

Table 41: Total porosity per refractory sample determined by XRT.

Ramming paste Ramming paste aggregate | Carbon block
matrix
a 26.1 13.7 7.6
b 17.7 204 11.2
C 22.7 17.2 13.8
Average 22.2 17.1 10.9
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Figure 54: Pore size distribution of three samples of ramming paste aggregate and an example of
XRT micrographs defining the volume of material on which one of the measurements were based.
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Figure 55: Pore size distribution of three samples of pre-fired ramming paste matrix and an example
of XRT micrographs defining the volume of material on which one of the measurements were based.
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Figure 56: Pore size distribution of three samples of carbon block and an example of XRT
micrographs defining the volume of material on which one of the measurements were based.

In Figure 57 the micrographs generated for the two refractory materials and pure graphite by XRT
are compared to those generated by SEM BSE. The XRT samples were not mounted and the SEM EDS
samples were mounted in iodoform-containing resin and polished.

Figure 57: Mlcrographs obtained for pref|red rammmg paste W|th (|)XRT images and (ii) SEM BSE
image at 10kV of (a) aggregate and (b) matrix; for carbon block with (iii) XRT image and (iv) SEM BSE
image at 15kV. Scale bar indicates 200 um in (ii) and 200 pm in (iv).
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5.4 Discussion

The industrial slag consisted primarily of an amorphous slag phase but also contained moissanite
(SiC), alabandite (MnS) and intermetallic phases (SiMn, MnsSi; and Mn;C;) — see Figure 42. The
composition of the SiC phase was confirmed by comparing the measured EDS spectra with the EDS
spectra predicted for SiC for a polished section coated with gold (Figure 45).

A secondary, apparently crystalline slag phase was identified by SEM BSE in some of the slag
particles (Figure 43) and EDS (Table 35). The chemical composition of the secondary slag phase
(taken from Table 36 but simplified to 20%Al,0; — 10%MgO — 45%Si0, — 25%Ca0) was projected
onto the quaternary oxide phase diagram for the 20%AIl,0; — CaO — MgO — SiO, slag system in Figure
58. In Figure 58 the composition of the secondary slag phase fell into the anorthite primary phase
field but cannot be pure anorthite (CaAl,Si,Og) as it contained a significant proportion of MgO (in
general, plagioclase minerals are not expected to have a MgO content this high [124]), nor was
anorthite detected by X-ray diffraction.
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Figure 58: Quaternary oxide phase diagram for the 20%Al,0; — CaO — MgO —SiO, slag system ([125])
with the composition of the secondary slag phase (simplified to 20%Al,0; — 10%MgO0 — 45%Si0, —
25%Ca0) indicated as a red dot.

Equilibrium phase distributions of both the amorphous slag phase and the secondary slag phase
(compositions in Table 36) were calculated in FACTSage 6.4 in an attempt to identify the secondary
slag phase. The results are presented in Figure 59. The first phase to precipitate upon steady state
cooling in both instances was anorthite (CaAl,Si,Os), followed by pyroxene (and olivine in the case of
the secondary slag phase). Since anorthite was not found by X-ray diffraction, a calculation was also
performed, with anorthite formation suppressed; the results in Figure 59 (iii) show that the
dominant phase after solidification would then be pyroxene. Given the approximate correspondence
between the composition of this secondary phase and that of pyroxene, and the correspondence
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between the diffraction peaks of augite and diopside and the measured diffraction patterns, the
secondary slag phase is probably a pyroxene.
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Figure 59: Equilibrium phase distribution (percentage by mass) of (i) the amorphous slag phase and

(ii) the secondary slag phase based on the bulk chemical composition; calculated with FACTSage 6.4.

In (iii) the predicted equilibrium phases are shown for the composition of the secondary slag phase,
if anorthite formation is suppressed.

According to the calculations in FACTSage 6.4 (Figure 59) the slag would be fully liquid in the
temperature range 1400 — 1600°C as the melting points of the slag phases were 1313°C and 1340°C
respectively. The temperature range 1400 — 1600°C is important as it was the temperature range
over which the laboratory-scale experiments were conducted.

The proximate analysis of the as-received carbon block indicated that the ash yield is similar to that
of micropore brick (20%) and significantly higher than that of other carbon bricks (<12%) [76]. The
ash yield of the ramming paste is typical of carbon refractories [76]. In the fired state the volatile
matter released and moisture contents were similar. The calculated fixed carbon content of the
ramming paste was higher than that of the carbon block due to the significantly lower ash yield from
the ramming paste.

The crystalline phases identified in the carbon block were graphite (C), moissanite (SiC) and
corundum (Al,O3). The graphite was present both as large aggregate particles and in the matrix or
binder phase. The corundum was present as discrete particles in the matrix and SiC finely dispersed
throughout the matrix; these were probably added to the bond matrix to generate micro-porosity or
improve the wear resistance properties of the refractory material [34], [66]. The carbon itself was
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primarily present as amorphous carbon with low graphite content. The crystallite size (L.) was more
than twice that of the ramming paste.

The crystalline phases identified in the pre-fired ramming paste sample were graphite (C),
moissanite (SiC), quartz (SiO,), cementite (Fes;C) and mullite (3Al,052Si0,). The graphite was present
both as large aggregate particles and in the matrix or binder phase. None of the other components
were added intentionally by the manufacturer and were therefore most probably products of
calcination of the inorganic materials present in the anthracite. Slightly more than 50% of the carbon
was present as graphite.

The equilibrium phase distribution of the carbon block and the pre-fired ramming paste were
calculated in FACTSage 6.4 using the Equilib model. Mass balance calculations, based on the fixed
carbon and ash contents reported in Table 38 and analyses of the ash (combustion product) in Table
39, were conducted to estimate the chemical composition of the carbon block and pre-fired
ramming paste utilized in these calculations. Although presented as SiO, in the ash analysis, from the
XRD results Si would rather be present as SiC in the carbon block (Figure 52) and as a combination of
SiC and SiO, in the ramming paste (Figure 50) and was therefore taken as 100% Si for carbon block
and approximated as 50:50% Si:SiO, (molar basis) for ramming paste (Table 42).

Table 42: Chemical composition (percentage by mass) of the carbon block and pre-fired ramming
paste utilized to calculate the equilibrium phase distribution of both. The compositions were derived
from the proximate and ash analyses in Table 38 and Table 39 and adjusted for Si and SiO, contents

based on XRD analyses in Figure 50 and Figure 52.

C Si Si0, | AlLO; | TiO, | CaO | MgO | FeO Total
Carbon block 85.55 | 3.91 - 9.71 | 0.05 | 0.10 | 0.05 | 0.63 | 100.00

Pre-fired
ramming paste

9454 | 0.86 | 1.83 | 2.01 | 0.10 | 0.08 | 0.08 | 0.50 | 100.00

For these FactSage calculations, the FToxid, FSStel and FACTPS databases were selected. The
temperature range was 1400 — 1600°C with 100°C intervals. Default gas and solids were selected as
pure species. Duplicates were suppressed with data from the FToxid database having preference to
that of the FSStel database followed by the FACTPS database. As solution species liquid slag (SLAGA),
orthopyroxene, Aorthopyroxene, LowClinopyroxene, Awollastonite, a’Ca,Si0,, aCa,Si0,, melilite,
cordierite, liquid metal (LIQU), Aspinel, Amonoxide, Aclinopyroxene, Aolivine, mullite and corundum
were selected as possible stable phases. Liquid slag was forced to remain a single phase, if present.
The results reported are the mass percentage of each phase present — see Figure 60.

The equilibrium calculations predicted the formation of both metal and slag phases in both
refractory materials in the temperature range under investigation. In the carbon block — Figure 60a —
the slag and metal phases formed upon melting of the spinel, mullite and anorthite phases present
at lower temperatures with very little gas formation. In the ramming paste — Figure 60b — the slag
and metal phases were present from below 1400°C. The slag volume increased initially due to the
dissolution of cordierite, but decreased significantly upon the formation of a metal phase at 1525°C
and SiC at 1575°C due to the reduction of SiO,.

The calculated equilibrium phase distributions when reacting 100g slag with 100g ramming paste
and 100g slag with 100g carbon block (using the slag composition in Table 34 and refractory
compositions in Table 42) are presented in Figure 61.
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When exposing carbon block to slag the spinel, mullite and anorthite as well as the corundum
phases present in the refractory would tend to dissolve in the slag, as shown by comparing Figure
61a to Figure 60a. Compared with equilibration of the refractory only, in contact with slag slightly
more metal formed when slag reacted with carbon and / or SiC.

Similarly, when exposing ramming paste to slag the cordierite, mullite and corundum phases present
in the refractory would tend to dissolve in the slag (see Figure 61b and Figure 60b), with slightly

more metal formed for reaction with the slag, and also SiC formation by reduction (see significant
gas formation above 1589°C).
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Figure 60: Equilibrium phase distribution (percentage by mass) of (a) the carbon block and (b) the
pre-fired ramming paste based on the chemical compositions in Table 42; calculated with FACTSage
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Figure 61: Equilibrium phase distribution when reacting 100g industrial slag with 100g of (a) carbon
block and (b) 100g prebaked ramming paste at different temperatures. (Slag composition as given in
Table 34 and refractory compositions as in Table 42).

The porosity of the carbon block is half that of the ramming paste and the porosity of the ramming
paste matrix slightly higher than that of the ramming paste aggregate. For both the carbon block and
the ramming paste, open porosity forms a significant part of the total porosity. For carbon block of
the total porosity of 11% on average, 6 — 7% of the pores are open and connected (reported as one
long pore) — see Figure 56. For ramming paste aggregate with total porosity of 17% on average, the
number is 7 — 12% (Figure 54) and for ramming paste matrix with total porosity of 22% on average,
the number is 19 — 21% (Figure 55).
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5.5 Conclusion

The second research question posed was: Is the choice in carbon-based refractory material
important from a tap-hole refractory life perspective?

Before investigating the reaction between an industrial slag and industrial carbon refractory
materials, the materials have been characterized. As the reaction products expected from slag /
refractory interactions were SiC and metal, the fact that the industrial slag sourced to conduct these
experiments contained both had to be taken into account. The industrial SiMn slag consisted
primarily of an amorphous slag phase, but also contained SiC, MnS and intermetallic phases
including SiMn — present as large discrete particles as well as small droplets in the slag. A minor
crystalline secondary slag phase was observed and tentatively identified as pyroxene. As the melting
points of the amorphous slag phase and the secondary slag phase were predicted as 1313°C and
1340°C respectively, the slag would be fully liquid at the temperature range under investigation
(1400°C - 1600°C).

Both refractory materials consisted of large carbon-based aggregate particles and a carbon binder
phase containing smaller carbon-based aggregate particles. The carbon block had both Al,0; and SiC
particles added intentionally. The ramming paste contained inorganic phases too but these were not
added intentionally and rather were calcination products formed during calcination of the
anthracite. At the temperature range under investigation (1400°C — 1600°C) thermodynamic
calculations predicted the presence of a slag and a metal phase upon melting of the inorganic phases
present in both refractory materials. The porosity of the carbon block is half that of the ramming
paste and the porosity of the ramming paste matrix slightly higher than that of the ramming paste
aggregate.

Over the temperature range under investigation (1400°C — 1600°C) thermodynamic calculations
predicted the dissolution of corundum in the slag when reacting carbon block with industrial slag. An
increase in metal formation (compared with equilibration of the refractory only) was predicted for
reaction of both carbon block and ramming paste with industrial slag. SiC formation in the ramming
paste reaction was predicted for temperatures higher than 1589°C. The initial SiC concentration was
decreased initially upon the carbon block reaction but as the temperature increased further SiC
formation was predicted.

To test the thermodynamic predictions and study the influence of refractory properties two sets of
laboratory-scale experiments were planned: Wettability tests and cup tests. Chapter 6 reports on
the first of the two types of experiments: Wettability tests.
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6 Importance of choice in refractory- Part B (wettability tests)

6.1 Introduction

Chapter 5 reported on the characterisation of commercially available carbon block and carbon-based
cold ramming paste and industrial slag to be utilized in a study of the impact that the choice in
carbon-based refractory material would have on tap-hole refractory life.

Chapter 6 reports on wettability tests conducted to study the importance of the choice in refractory
material on tap-hole refractory life, and conclude with a review of the first and second research
guestions and an introduction to Chapter 7.

6.2 Method

The wettability tests were conducted with two goals in mind:

1. Confirm the potential for the chemical reaction to occur between the refractory materials and
slag.
2. Study wettability of slag on refractory as it may affect infiltration.

The experimental conditions are summarised in Table 43.

Table 43: Experimental conditions of wettability tests.

Slag Refractories Temp;fcrfture Atmosphere [Trlanne]
1 | Synthetic Ramming paste matrix 1592 Argon 25
2 | Industrial Carbon block 1592 Argon 25
3 | Industrial Ramming paste matrix 1592 Argon 25
4 | Industrial | Ramming paste aggregate 1592 Argon 25
5 | Industrial Ramming paste matrix 1592 Cco 25
6 | Industrial | Ramming paste aggregate 1592 Cco 25
7 | Industrial Carbon block 1592 Cco 25

The sessile drop test was utilised in the wettability study. See Figure 62 for sketch of experimental
setup.

o graphite
sessile drop radiftion shield
pyrometer RRREET 1------
....... [ AmATaTane
substrate graphite
element

vacuum chamber
Figure 62: Sketch of the wettability furnace and experimental setup [39].

The experimental setup consisted of a graphite tube positioned horizontally inside a high-
temperature furnace. All heated furnace parts, including the element and heat shields, were
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constructed of graphite, allowing for flexibility in heating and cooling rates. The atmosphere could
be regulated as either vacuum, inert gas (Ar) or reducing gas (CO).

The maximum temperature of the furnace was 2673 K (2400 °C). Temperature was measured using a
KELLER PZ40 two-color pyrometer operating from 1173 K and focused on the edge of the graphite
sample holder and a type C thermocouple installed inside the furnace just above the sample. A fire-
wire digital video camera with a telecentric lens was utilized to record images of the sample.

A Cambridge Sensotec Rapidox 2100 (with accuracy from 10 — 17 ppm to 100 pct O,) was employed
to measure continually the partial pressure of oxygen in the gas outlet during the experiments. The
furnace was designed to study the contact angle and the interaction between a small liquid sample
and a substrate with the maximum size of 10 mm in diameter and 2 — 5 mm in height.

The powdered slag was pressed into small pellets using a press and die. To ensure that the liquid
drop remained on top of the substrate without touching the edges, the typical slag sample volume
was 0.013ml.

Scientific-grade argon gas (6.0), with 99.9999 pct Ar, was purified by an Alltec gas purifier combined
with a Hydro Purge Il type. This technology has the ability to remove moisture, oxygen and
hydrocarbons. The content of water and oxygen in the outlet was stated to be < 1 ppb. Afterward,
the argon gas ran through a furnace with Mg turnings at a temperature of 673 K (400 °C), which
further reduced the oxygen content. The purified argon, at a flow rate of 500 ml/min, was utilized as
the inlet gas to the vacuum chamber. The experiments were carried out at a pressure of 1
atmosphere. At the melting point of the slag, the oxygen activities ranged between 10™"" bar and 10~
" par.

A detailed description of the experimental setup with photographs and equipment supplier details
was supplied by Ciftja et al ([47]).

Validation of the temperature measurements were done using pure iron on a pure aluminia
substrate in an argon atmosphere. The melting point of pure iron is 1535°C. As pure iron was non-
wetting on pure alumina, liquid iron formed a ball at 1535+1°C. When the liquid iron ball formed, the
temperature readings on the type C thermocouple and the pyrometer were logged and the offset
between the temperature readings and the melting point calculated. Assuming linearity, the actual
temperature at the liquid / solid interface was controlled by controlling the temperature reading on
the type C thermocouple.

The following experimental procedure applied:

e Draw vacuum

e Flush with UN1006 argon at a flow rate of 500 ml/min until pO, measurement on gas outlet
reads less than 500ppm

e Heat furnace to 950°C at a rate of 300°C/h

e Then heat furnace to 1510°C at a rate of 50°C/h

e Then heat furnace to balling temperature at a rate of 5°C/h

e Terminate experiment on balling of iron which occurs within 1°C

The results are reported in Figure 63. At the melting point, the pyrometer reading had a -14°C offset
and the type C thermocouple a +47°C offset. As the temperature readings increased linearly and in
parallel with time, it was assumed that the offsets were the same at all temperatures. The
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Figure 63: Results of temperature validation experiment indicating offset of pyrometer

measurement 14°C below and of type-C thermocouple 47°C above melting point of pure iron

(1535°C).

Polished sections were prepared of one each of the following experiments:

the

1. Synthetic slag on ramming paste matrix (defined in Figure 41) in Ar to study the interface for

evidence of SiC and SiMn reaction products.

2. Industrial slag on graphite, carbon block, ramming paste matrix and ramming paste aggregate in

Ar to study the refractory for evidence of infiltration.

To prepare the polished sections a method similar to the one described by Ciftja [47] was applied —
see Figure 64. The samples were first mounted in resin and then cut in half. The cutting plane passed
through the middle of the substrate and slag droplet. The observation plane was ground with SiC
grinding paper and polished with diamond paste. Afterwards the samples were cleaned with soap

and water, ethanol and hot air.

Resin

Slag

é7 o
Substrate -\o“Q
N?"
oo*

Figure 64: Sketch of sample preparation for wetting experiments analysis (after Ciftja et al., 2010).

The samples were studied using LOM and SEM EDS.
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6.3 Results

For each experiment wetting angles (6) were measured on images at:

1. 30 second intervals between the balling temperature of the slag and the holding temperature.
2. 5 minute intervals at the holding temperature with three measurements taken 10 seconds apart
after each 5 minute interval.

For each image the wetting angles were measured on both sides. Measurements were done on
images printed on paper using a ruler, pencil and protractor. First the baseline was drawn — line a-a
in Figure 65a — followed by the two tangents b-b and c-c. Then the macroscopic contact angle (as
defined in [56]) between a-a and b-b or a-a and c-c was measured using the protractor.

In most instances 6 between a-a and b-b differed from 6 between a-a and c-c. This was especially
true in cases where a second phase (or droplet) formed that prevented the liquid from moving freely
— see Figure 65b. Once a dataset was compiled a selection was made on whether the set of wetting
angles measured between a-a and b-b or the set of wetting angles measured between a-a and c-c
would be utilized for further analysis based on the dataset with the least secondary phase
interference.

2" phase formation

e,

1504°C c 1588°C

Figure 65: Wetting angle — 8 — of synthetic slag on ramming paste matrix substrate in an argon
atmosphere as measured in (a) non-wetting conditions and (b) wetting conditions.

Figure 66 contains a plot of a dataset of wetting angles as a function of time and temperature. The
dataset was compiled for wetting angles measured between lines a-a and c-c for of synthetic slag on
ramming paste matrix substrate in an argon atmosphere.

To construct the plot, the temperature as a function of time was calculated based on the heating
schedule. The wetting angles were then matched to a specific temperature during the heating period
and to a specific time interval during the holding period. Temperature correction was taken into
account.

To determine the random variation in the wetting angle measurements, two sets of data were
prepared for the experiment where synthetic slag was melted on a ramming paste matrix substrate
in an argon atmosphere. One set of data was prepared for non-wetting conditions and the images
were selected from the balling temperature onwards. The other set of data was prepared for
wetting conditions and the images were selected at the end of the experiment during the cooling
down period.
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Each set consisted of thirty images of which 20 were a time series taken at 1 second intervals and 10
were repeats of a single image, 5 the image as taken and 5 the same image flipped horizontally.
Image numbers were randomised before measurements were conducted. The results are presented
in Table 44.
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Figure 66: Wetting angle — 8 — of synthetic slag on ramming paste matrix substrate in an argon
atmosphere as a function of time and temperature. The holding temperature was 1588°C.

Table 44: Repeatability of wetting angle measurements on left-hand and right-hand side on time
series of 20 consecutive images and 10 repeats of a single image taken under wetting and non-
wetting conditions. The dataset was taken from the experiment conducted with synthetic slag on
ramming paste matrix substrate in an argon atmosphere. The holding temperature was 1588°C.

Wetting Non-wetting
Time series Repeat Time series Repeat
0, B 0, B 0, O 0, B

Average | 36.8 | 34.2 | 354 | 335 | 1446 | 145.2 | 1455 | 1458
STDev 4.2 2.2 2.7 2.7 1.6 2.2 2.0 1.8

To determine the repeatability of the experimental conditions, the wetting angle measurements (6)
of the two experiments conducted in duplicate were compared:

1. Industrial slag on ramming paste aggregate substrate in Ar-gas with holding temperature at
1588°C.
2. Industrial slag on ramming paste matrix substrate in Ar-gas with holding temperature at 1588°C.

Figure 67 is a plot of the wetting angles measured at the holding temperature (i.e. time 0 was when
the actual holding temperature was reached) at the same time intervals for each set of experiments
i.e. the X-axis is the wetting angle for the first set of experiments and the Y-axis the second set. The
ideal condition is when the wetting angle measured in the first experiment is exactly the same as the
wetting angle measured in the second experiment.
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Figure 67: Comparison between wetting angles of two duplicate tests. The standard deviation
boundaries are based on the largest value of standard deviation (6) calculated under wetting
conditions — see Table 44.

The balling temperature is the temperature at which the slag formed a sphere. Figure 68 shows the
equilibrium phase chemical composition of the slag as a function of temperature as calculated in
FACTSage 6.4. The bulk chemical composition of the synthetic slag in Table 27 was applied.
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Figure 68: Balling (melting) temperatures of synthetic slag on different substrates in argon plotted
on the equilibrium phase distribution of synthetic slag (percentage by mass) based on the chemical
compositions in Table 27 determined in FACTSage 6.4.

Unlike with pure iron, melting of the slag occurred gradually. To illustrate the phenomenon of

gradual melting, a selection of recorded images is shown in Table 45. These images were recorded

for synthetic slag on a ramming paste matrix substrate in an argon atmosphere during the period

where the heating rate of the sample was 300°C/h. The powdered slag (-106u) was initially pressed

into a cylindrical pellet — see image at 855°C in Table 45 — and placed onto the refractory substrate.
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At 915°C the first signs of melting or sintering were noted at the right-hand corner of the interface
between the slag pellet and refractory substrate. As the temperature increased all four corners of
the sample rounded (see image at 953°C). Taken into account the position of the type C
thermocouple - positioned above the sample - the measured temperature at which all four corners
rounded correlated approximately with the calculated solidus temperature of the slag. Between 953
and 1163°C no significant changes in the shape of the sample were observed. From 1173°C onwards
melting proceeded rapidly with the final ball forming within seconds at 1181°C. The images from
1173°C to 1181°C included a reference height which was utilized to determine to what extent the
height of the slag sample decreased during the final stages of melting and reaction.
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Table 45: Series of recorded images as a function of temperature and time for the synthetic slag on ramming paste matrix substrate in an argon atmosphere
when the heating rate was 300°C. The holding temperature was 1588°C.
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During the remainder of the heating period, the wetting angle changed from non-wetting (>90°) to
wetting (<90°) and remained wetting for the duration of the holding period - see Figure 66. To
illustrate the phenomenon a selection of recorded images is shown in Table 46, again for the same
experiment i.e. synthetic slag on a ramming paste matrix substrate in an argon atmosphere.

Table 46: Series of recorded images as a function of temperature and time for the synthetic slag on
ramming paste matrix substrate in an argon atmosphere. The holding temperature was 1588°C.

1481°C

I 1553°C I
' 1588°C l

0 min

' 1588°C '
15 min

1488°C
I 1561°C I
' 1588°C I

5 min

1588°C
20 min

1504°C
' 1579°C l

' 1588°C '
10 min

1588°C
25 min

In Figure 69 the data points associated with some of these images are superimposed on the data
from Figure 66. Open symbols represent images in Table 46 taken during the heat-up phase and red
symbols, images taken at holding temperature at 5 minute intervals. As mentioned before, at each 5
minute interval the wetting angle was measured on three images taken 10 seconds apart. The red
symbols with red borders represent the first of each of these three images.
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Figure 69: Wetting angle — 8 — of synthetic slag on ramming paste matrix substrate in an argon

atmosphere as a function of time and temperature. Open symbols represent images in Table 46

taken during heat-up phase and red symbols images taken at holding temperature at 5 minute
intervals. The holding temperature was 1588°C.

Between the balling temperature of 1181°C and 1481°C — the remainder of the time period where
the heating rate was 300°C/h — the wetting angle remained non-wetting ranging between 137° and
151°. As the temperature increased at a rate of 50°C/h, the wetting angle decreased reaching the
change-over point of 90° at the start of the holding period. During the first 5 minutes of the holding
period the wetting angle reduced further but remained wetting ranging between 40 and 80°.

The change in droplet size, which can be observed in Table 46, was either due to gas formation
(increase in volume) or release (subsequent decrease in volume) or due to infiltration of the liquid
into the refractory material, or both.

To quantify the change in droplet size, the assumption was made that the volume of the liquid
droplet could be represented by a spherical cap [39], [56]. The volume of the spherical cap (V.,,) that
remained above the refractory substrate was calculated using Equation 27 [126]. The parameters
applied in Equation 27 are defined in Figure 70a for wetting conditions and Figure 70b for non-
wetting conditions.

As no scale was available to convert measurements to actual values, the volume of the slag at balling
temperature was selected as reference volume (V.¢) and all other measurements expressed in
relation to this volume as the ratio V,/V,e.

Equation 27: Volume of the spherical cap [126]

Veap = % TT h (33% + h7)
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Figure 70: Definitions of parameters applied in volume calculations of droplets under (a) wetting and
(b) non-wetting conditions.

Circles and straight lines were fitted to images in Microsoft PowerPoint and measurements
conducted in Imagel using the ‘straight’ tool and Analyse > Measure function. Calculations were
done in Microsoft Excel.

To determine the repeatability of the volume measurements, two datasets were prepared for the
experiment for synthetic slag on a ramming paste matrix substrate in an argon atmosphere. A set of
samples prepared for non-wetting conditions was selected from the balling temperature onwards.
The set of samples prepared for wetting conditions was selected from the images taken at the end of
the experiment during the cooling down period.

Each set consisted of thirty images of which 20 were consecutive (1 second time interval) and 10
were repeats of a single image, 5 as taken and 5 the same image flipped horizontally (mirror image).
Image numbers were randomised and measurements conducted. The results are presented in Table
47.

Table 47: Repeatability of volume ratio on time series of 20 consecutive images and 10 repeats of a
single image taken under wetting and non-wetting conditions. The dataset was taken from the
experiment conducted with synthetic slag on ramming paste matrix substrate in an argon
atmosphere. The holding temperature was 1588°C.

Wetting Non-wetting

Consecutive | Single | Consecutive | Single
Average | 1.01 1.04 1.01 1.01
STDev 0.03 0.04 0.01 0.02

The volume ratio was calculated for the dataset in Table 46. The results are presented in Figure 71
(as numerical values stated next to the corresponding contact angle); V,/V.¢ < 1 represents a
reduction in volume and V,/V.¢> 1 an increase in volume. The largest volume change occurred
during the transition period. During the holding period, a decrease in volume occurs without any
significant change in wetting angle.

Changes in volume were also associated with large variations in wetting angle observed during the
holding period. The phenomenon is illustrated in Table 48 with images taken 10 seconds apart, 15
minutes into the holding period. The diameter of the base of the spherical cap (2a) remained
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constant but as the gas formed the height of the spherical cap (h) increased resulting in an increase
in volume and with an associated change in wetting angle.
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Figure 71: V,/V,; of images in Table 46 (numerical values) superimposed on the measured contact
angles (as plotted in Figure 69), for the synthetic slag on a ramming paste matrix substrate in an
argon atmosphere with the holding temperature at 1588°C.

Table 48: Dependency of wetting angle on change in volume caused by gas formation at 15 minutes
into the holding period for the synthetic slag on ramming paste matrix substrate in an argon
atmosphere. The holding temperature was 1588°C. Images were taken 10 seconds apart.

Vis/Vis = 1.00 Visioo/Vis = 1.33

Visi10/Vis = 1.15

In order to quantify the effect at a higher time resolution - considering 1 second intervals between
images — the volume ratio was calculated for periods of 30 seconds each at 5, 15 and 25 minutes into
the holding period. The results are presented in Figure 72.

Between time intervals, the average volume size decreased significantly with increase in time, an
indication of the extent to which the slag infiltrated the refractory material. The average size of the
volume ratio was 1.01 at 5 minutes, 0.68 at 15 minutes and 0.30 at 25 minutes. The range of the
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volume ratio too decreased with increase in time with the range being 0.79 — 1.34 (A0.55) at 5
minutes, 0.50 — 0.89 (A0.39) at 15 minutes and 0.28 — 0.32 (A0.04) at 25 minutes, an indication of
the decrease in gas bubble formation rate.
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Figure 72: Calculated volume ratio (V,/V,e) of synthetic slag on ramming paste matrix substrate in an
argon atmosphere at 5, 15 and 25 minutes into the holding period. Calculations were done at 1
second intervals for 30 seconds at each holding period. Red lines represent calculated average

volume ratio over each 30 second time period. The holding temperature was 1588°C.

It is proposed that the source of the gas formed in the experiment was the reduction product
(primarily CO-gas) of slag reacting with refractory material, as discussed in Chapter 3 and Chapter 4,
and that this reaction was the main cause for wetting of the carbon refractory by the slag (reactive
wetting).

In line with the proposed role of reaction, SEM investigation of the sample revealed SiC formation
(reduction according to Equation 28) — see Figure 73 and Figure 74 — but not of metal formation.

Equation 28: Formation of SiC through SiO, reduction
Si0, +3C=SiC+2C0O

The idea that the reduction reaction was responsible for the gas formation and wetting behaviour of
the slag towards the refractory was further illustrated by wettability experiments conducted with
industrial slag on different substrates (carbon block, ramming paste aggregate and ramming paste
matrix) in a 1-atm CO atmosphere. The assumption was that the CO atmosphere would tend to
suppress gas evolution (Equation 28) according to Le Chatelier’s principle, if the source of the gas
formed in the experiment were the reduction product (primarily CO-gas) of slag reacting with
refractory material. If reaction were suppressed, wetting conditions would remain non-wetting if the
reaction were the main cause of wetting of the refractories by the slag. The results of experimental
tests of this idea are presented in Figure 75.
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Figure 73: SEM BSE micrograph and EDS elemental maps for Si, Ca and Al determined at 15kV for
synthetic slag on ramming paste matrix substrate in an argon atmosphere with (a) refractory
aggregate, (b) reaction product and (c) refractory matrix infiltrated by slag. The holding temperature
was 1588°C.

C

0.10 110 210 3.10 410 510 6.10 710 8.10 9.10 keV

Figure 74: Measured EDS spectrum (15kV) of Si-rich layer in Figure 73. The Si-rich layer formed at the
interface between synthetic slag and an aggregate particle present in the ramming paste matrix. The
experiment was conducted with synthetic slag on ramming paste matrix substrate in an argon
atmosphere. The holding temperature was 1588°C.
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Figure 75: Wetting angle — 8 — as functions of time, for industrial slag on different substrates (carbon
block, ramming paste aggregate and ramming paste matrix substrates) in either Ar or CO
atmospheres. The holding temperature was 1588°C.

From Figure 75, the three experiments conducted in an Ar-gas atmosphere all followed the same
trend (similar to that of the synthetic slag on ramming paste matrix) even though the refractory
substrates differed significantly in terms of composition and porosity. Initially the slag was non-
wetting towards the refractory substrate but as the temperature increased the wetting angle
decreased significantly, maintaining fairly constant wetting conditions during the holding period.

The experiments conducted in the CO-gas atmosphere also followed the same trend, but one that
was significantly different from that of the experiments conducted in the Ar-gas atmosphere:

1. The balling temperatures of the slag in the experiments conducted in CO-gas were significantly
higher than that of the experiments conducted in Ar-gas. (The balling temperature is indicated
by the temperature at the time when the first measured contact angle is plotted.)

2. The conditions remained non-wetting for the duration of all the experiments conducted in CO-
gas.

Figure 76 contains the equilibrium phase distribution of the slag as a function of temperature as
calculated with FACTSage 6.4. The bulk chemical composition of the industrial slag in Table 34 was
applied.
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Figure 76: Range of balling (melting) temperatures of industrial slag for wettability tests conducted
in argon gas on different types of refractory substrates plot, superimposed on the equilibrium phase
distribution of industrial slag (percentage by mass), calculated for the chemical compositions in
Table 34 using FACTSage 6.4. The balling temperature of the slag in CO-gas (not indicated on graph)
ranged between 1563°C and 1576°C.

Differences in slag volume during wetting tests were examined at a higher time resolution (1 second
intervals between images) for periods of 30 seconds each at 5, 15 and 25 minutes into the holding
period for industrial slag on ramming paste matrix substrates in Ar-gas or CO-gas. The resulting
volume ratios are presented as functions of time in Figure 77a for Ar-gas and Figure 77b for CO-gas.
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Figure 77: Calculated volume ratio of industrial slag droplet on ramming paste matrix substrate in
(a) an Ar-gas atmosphere and (b) a CO-gas atmosphere at 5, 15 and 25 minutes into the holding
period. Calculations were done at 1 second intervals for 30 seconds at each holding period. Red lines
represent calculated average volume ratio over each 30-second periods.
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As with the synthetic slag on ramming paste matrix in Ar-gas, the average volume ratio decreased
significantly with time between holding periods, for reaction of industrial slag with ramming matrix
in Ar: The average volume ratio was 0.87 at 5 minutes, 0.68 at 15 minutes and 0.47 at 25 minutes.
The range of fluctuations in the volume ratio over each 30-second period also decreased with time;
the range was 0.72 — 0.94 (width of range 0.22) at 5 minutes, 0.62 — 0.72 (width of range 0.10) at 15
minutes and 0.41 — 0.51 (width range 0.10) at 25 minutes.

In contrast, in CO-gas the average volume ratio changed far less between holding periods. The
average volume ratio was 0.99 at 5 minutes, 1.06 at 15 minutes and 1.09 at 25 minutes. However,
the range of volume fluctuations was no smaller than in Ar, and — at least for the run examined —
remained approximately constant with time; the range was 0.91 — 1.09 (width of range 0.17) at 5
minutes, and 0.98 — 1.13 (width of range 0.15) at 15 minutes; after 25 minutes a gas bubble collapse
occurred during the 30-second period studied, increasing the range to 0.91 — 1.38 (width of range
0.47).

It is considered that the extent of infiltration was a consequence of the wetting behaviour caused by
chemical reaction. The maximum infiltration depth per experiment is reported in Table 49; the
micrographs on which the infiltration depth measurements were made are presented in Figure 78 to
Figure 80.

Table 49: Summary of the maximum depth — measured in Figure 78 to Figure 80 — to which industrial
slag infiltrated into the refractory samples. The holding temperature was 1592°C and atmosphere

argon gas.
Solid phase Infiltration depth [mm]
Carbon block 2.7
Ramming paste aggregate 0.4
Ramming paste matrix 1.0
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Figure 78: Stitched (a) LOM and (b) SEM BSE micrographs of (i) carbon block exposed to (ii) industrial slag at 1592°C in an argon atmosphere with (iii)
infiltration of the slag into the carbon block. Scale bars indicate 1mm on (a) and 100 um on (b). Maximum infiltration depth reported in Table 49 indicated
by yellow line on (b).
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Figure 79: Stitched (a) LOM and (b) SEM BSE micrographs of (i) ramming paste aggregate exposed to (ii) industrial slag at 1592°C in an argon atmosphere
with infiltration of slag into the (iii) ramming paste aggregate and (iv) ramming paste matrix. Scale bars indicate 1mm on (a) and 100 um on (b). Maximum
infiltration depth reported in Table 49 indicated by yellow line on (b).
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Figure 80: Stitched (a) LOM and (b) SEM BSE micrographs of (i) ramming paste matrix exposed to (ii) industrial slag at 1592°C in an argon atmosphere with
(iii) metal droplets and (iv) infiltration of slag into the ramming paste matrix. Scale bars indicate 1mm in (a) and 100 pum in (b). Maximum infiltration depth
reported in Table 49 indicated by yellow line in (b).
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6.4 Discussion

To confirm, on a microscopic level, the potential for chemical reaction to occur in the system where
the reaction products were potentially SiC and metal, synthetic slag was utilized as liquid medium,
rather than industrial slag which already contained SiC and metal (as illustrated in Figure 42).

According to thermodynamic calculations the solidus temperature of the synthetic slag was 1070°C
and the liquidus temperature 1217°C - Figure 68. The balling temperatures of the synthetic slag
ranged between 1181°C and 1207°C, correlating well with the calculated slag liquidus temperature.

Initially, after melting, the liquid synthetic slag did not wet the ramming paste matrix - Figure 66. As
the temperature increased to the holding temperature, the wetting angle changed from non-wetting
(approximately 150°) to wetting (approximately 60°) and remained wetting for the duration of the
experiment - Figure 69. The volume ratio of slag reduced from 1.0 at the balling temperature to 0.27
towards the end of the experiment - Figure 71 — showing significant slag infiltration into the
substrate.

During the change from non-wetting to wetting, significant slag droplet volume fluctuations
occurred with the volume ratio ranging between 0.95 and 1.85 (Figure 71). These volume
fluctuations are attributed to gas (CO) evolution from the occurrence of one or both of the chemical
reaction(s) identified in Chapter 3 and Chapter 4: The reduction of SiO, in the slag to form SiC and
the formation of metal through the reduction of SiO, and MnO in the slag. Evidence of SiC formation
was found — see Figure 73 and Figure 74 — but not of metal.

The idea that chemical reaction with the substrate occurred and contributed to wetting was further
supported by experiments conducted with industrial slag as liquid medium and two different
atmospheres: 100%Ar-gas or 100%CO-gas. As solid substrates carbon block, ramming paste
aggregate and ramming paste matrix were utilised. In Figure 75 the experiments conducted in Ar-gas
were all wetting at the holding temperature of 1588°C and the experiments conducted in CO-gas
were all non-wetting. The initial idea was that all three potential reduction reactions listed in Table
32 would be suppressed (according to Le Chatelier’s principle) in the presence of CO-gas, and would
be promoted by the absence of CO-gas.

Although the experiments conducted demonstrated that chemical reaction between slag and
refractory in CO-gas atmosphere was much less than in Ar-gas (supported by both volume changes
and wetting angle measurements), the simple view of the presence of CO-gas suppressing all
reactions is not supported by the experimental observations. Under argon, gas evolution was
observed, and it seems reasonable to assume that the gas that formed was CO. This means that
reaction between slag and carbon could nucleate CO bubbles at the reaction temperature;
nucleation would require a CO pressure slightly above the ambient pressure of 1 atm (in line with
the equilibrium calculations). While such a bubble was growing, the atmosphere at the reaction
interface would have been 1 atm CO, no different from the atmosphere supplied externally in
experiments performed under CO. Indeed, in both cases (for experiments performed under Ar and
under CO) volume fluctuations indicating CO evolution occurred. It hence appears that maintaining a
CO atmosphere did not suppress reduction of SiO,, but rather changed the site of the reaction —
from the slag-substrate interface (under Ar), to the slag-gas interface (under CO). This suggestion is
supported by the absence of infiltration (and observation of non-wetting behaviour) in experiments
under CO (indicating an absence of reactive wetting of the substrate), and by observation of
deposited carbon on the slag surface for experiments under CO (as shown below, see discussion
around Equation 29) — demonstrating that the CO atmosphere was a source of elemental carbon
(which would have been able to react with the slag).
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The idea that the chemical reaction was responsible for the increased wetting of the refractory
substrates is further supported by the observation that nonreactive slags are generally non-wetting
towards graphite in an argon atmosphere [63]. For ramming paste one would therefore expect the
slag to behave in a non-wetting fashion in the absence of reactions; in fact, wetting was observed in
the experiments (Figure 75).

Because the refractory materials are not pure carbon, but also contain phases which are wetted by
slag — such as alumina and silicon carbide in the carbon block — it is necessary to evaluate whether
the presence of these phases could have caused wetting even in the absence of chemical reactions.
To estimate these effects, the Cassey-Baxter law for wetting of a heterogeneous surface — Equation
7 — was applied; the input data and result are presented in Table 50. The phase distribution of the
carbon block was estimated from the proximate analysis in Table 38, assuming that of the 20% of the
ash-yielding components half was corundum and half SiC. To a first approximation, these were taken
to correspond to volume fractions of 0.1 each (a slight overestimate, since the densities of alumina
and SiC are larger than that of graphite). The wetting angle of slag on each phase was sourced from
literature [48], [63]. The literature values are for an atmosphere of argon gas (as in the experiments),
but the slag compositions - Table 51 - and temperatures varied. The calculated equilibrium contact
angle of slag on the mixture (95°) is therefore only a first estimate, but does support the suggestion
that, in the absence of chemical reaction, carbon block would not to be wetted by the slag.
Experimental observation of wetting (Figure 75) supports the suggestion that reaction occurred.

Table 50: Calculated equilibrium contact angle (8¢) for slag on carbon block based on published [48],
[63] wettability data for slags on different substrates and the carbon block phase distribution
estimated from Table 38.

HOldmg eslag on substrate
Solid substrate Slag temperature ) Reference ¢, | Reference
(K] ° radians
Graphite A 1673 110 | 1.920 Figure 8 in [63] 0.8
SiC B 1873 20 | 0.349 Figure 8 in [48] 0.1 | Table 38
Corundum A 1473 10 | 0.175 Figure 6 in [63] 0.1 | Table 38
cos B¢ -0.081
B¢ 95 | 1.652

Table 51: Published [48], [63] compositions of slags utilized to measure wettability of graphite and
corundum (A) and SiC (B).

Slag | CaO | Si0, | MnO | TiO, | FeO | Total | Reference
A 55 | 45 - - - 100 [63]
B - 38.7 | 44.3 11.4 5.6 100 [48]

According to thermodynamic calculations the solidus temperature of the industrial slag was 903°C
and the liquidus temperature 1256°C - Figure 76. The balling temperatures of the industrial slag — for
experiments conducted in Ar-gas — ranged between 1207°C and 1220°C again correlating well with
the calculated liquidus temperature of the slag. The balling temperature in CO-gas ranged between
1563°C and 1576°C, significantly higher temperatures than the liquidus temperature of the slag.

One potential explanation for the significantly higher balling temperature could be carbon
depositing from the CO-gas [69] according to Equation 29 hindering slag agglomeration. In refractory
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materials the presence of Fe / FeO [69] and Mn-bearing spinels [128] acts as catalyst for carbon
formation according to Equation 29; it hence seems reasonable to assume that carbon deposition
could have occurred on the surface of the slag, which is rich in manganese oxide. It also seems
reasonable to assume that such deposited carbon could have hindered slag agglomeration (balling):
In mould fluxes (for continuous casting) carbon is added intentionally to control the melting rate by
hindering slag agglomeration [129], [130].

Equation 29: Deposition of carbon from CO-gas [69]
2CO0 & C+CO,

To test this idea, the carbon content at the surface of milled industrial slag (not exposed to a CO
atmosphere) was compared to that on an industrial slag ball formed on carbon block substrate in the
wettability experiment conducted in CO-gas. SEM EDS analysis technique was applied. Area analysis
of each sample was conducted at 5kV in triplicate (using the low acceleration voltage to emphasise
the K, peak of carbon). For SEM-EDS, the samples were mounted next to each other on a stub and
coated with gold (20 — 30nm). To monitor beam stability Si was utilized as quant optimisation
element. Examples of EDS spectra are presented in Figure 81, demonstrating a significant increase in
the surface carbon content of the slag from the wettability test, and supporting the proposed
mechanism by which the CO atmosphere suppressed reaction of slag with, and wetting of, the
refractory.

Slag02

Ball02

T T T T
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Full Scale 546 cts Cursor: 2.033 (2 cts) ke

TTTT T T T

Figure 81: Measured EDS spectra (area analysis at 5kV) of powdered industrial slag (Slag02) and
industrial slag ball formed in wettability study performed in CO-gas (Ball02). Note the much larger C
peak in the latter case.

Since both infiltration of slag into the refractory and wetting of the refractory by the slag appear to
be driven by slag-refractory reaction, it appears reasonable to expect a relationship between
infiltration depth and wetting. Ciftja et al [47] found such a relationship when studying the
wettability of molten solar grade silicon on different grades of dense graphite; see Figure 82a for
data from that study showing the correlation between final wetting angle and infiltration depth.
However, in the present study — see Figure 82b — no clear correlation was found: Even with a higher
wetting angle than on ramming paste matrix, slag penetrated significantly deeper into the carbon
block.
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Figure 82: Correlation between wetting angle and maximum infiltration depth as measured by (a)
Ciftja et al [47] for molten solar grade silicon on different grades of graphite and (b) for the study
presented here for industrial slag on commercial refractories in Ar-gas atmosphere 15 minutes into
the holding time at 1588°C. In (b) solid diamond represents ramming paste aggregate, solid triangle
represents ramming paste matrix and open circle represents carbon block. For infiltration depths in
(b) refer to Table 49 and for wetting angles to Figure 75.

Potential explanations for this behaviour include differences between the different carbon-based
refractories with respect to porosity, average pore size and in the amounts of slag taken up by the
refractory (as indicated by the decreased change in slag droplet volume).

In Figure 83 possible relationships between maximum infiltration depth and the following variables
are tested: (a) percentage total porosity (Table 41), (b) average open equivalent pore size (Figure 54
to Figure 56) and (c) final volume ratio (of the slag droplet). Based on these plots an apparent
correlation was found, where the infiltration depth increased with increase in average open
equivalent pore size as measured by XRT. Ciftja et al [47] did find a similar correlation for infiltration
of solar grade silicon into different grades of graphite (with porosity measured by MIP).
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Figure 83: Correlation between maximum infiltration depth - Figure 75 - and (a) total porosity - Table
41 -, (b) average open equivalent pore size - Figure 54 to Figure 56 - and (c) final volume ratio. Solid
diamond represents ramming paste aggregate, solid triangle represents ramming paste matrix and

open circle represents carbon block. Data presented for wetting angle at 15 minutes into the holding

time at 1588°C for industrial slag on commercial refractories in Ar-gas atmosphere.
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6.5 Conclusion

The first research question posed was: When exposing carbon-based refractory material (ramming
paste and carbon block) to SiMn slag or metal in the tap-hole, is chemical reaction
between refractory and slag or refractory and metal a potential wear mechanism?

The results of the wettability tests confirm the conclusions in Chapter 3 and Chapter 4: Chemical
reaction between carbon-based refractory material and slag (and metal) is possible at tapping
temperatures. In the wettability tests reduction of SiO, in the slag by carbon in the refractory to
form SiC as reaction product was demonstrated, but no evidence was found of the formation of
metal.

The second research question posed was: Is the choice in carbon-based refractory material
important from a tap-hole refractory life perspective?

From a measured wetting angle perspective the choice in refractory material was insignificant with
all materials being wetted by slag at the holding temperature. From literature it was expected that
the slag would be non-wetting towards the refractory in the absence of chemical reaction, but all
experiments conducted in Ar-gas showed wetting. The slag was non-wetting towards all materials in
CO-gas. These results support the idea that the chemical reaction between the slag and the
refractory is the main origin of wetting, with little effect of differences in the carbon-based
refractory material.

From an infiltration (and porosity) perspective the choice in refractory material was significant with
carbon block being more deeply infiltrated by slag than ramming paste aggregate or matrix. Deeper
infiltration would lead to a larger slag / refractory surface area and therefore more potential for the
chemical reactions to occur. Based on this observation, one might expect the carbon block to have a
higher wear rate than the ramming paste; this contradicts plant observations.

As wettability studies were conducted on very small samples of slag and refractory components, cup
tests were conducted to study slag / refractory interactions. The purpose of these tests was to
further investigate the potential for chemical reactions to occur and the potential for slag infiltration
in the refractory. Chapter 7 therefore reports on the second of the two types of laboratory-scale
experiments: Cup tests.
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7 Importance of choice in refractory- Part C (cup tests)

7.1 Introduction

As reported in Chapter 6, wettability tests confirmed that chemical reaction occurs between
industrial slag and both ramming paste and carbon block refractories. Results indicated that these
chemical reactions are the main origin of wetting, with little effect of differences in the carbon-
based refractory material. Results also indicated a possible effect of the type of refractory material
on infiltration, with carbon block being infiltrated deeper than ramming paste.

In the wettability tests the sample sizes were very small with slag volume rather than type of
refractory material potentially influencing the infiltration results. In order to verify the observations
made in the wettability tests, larger scale laboratory cup tests were conducted. These tests utilised
larger slag sample sizes which should allow for the study of infiltration without any limitations posed
by insufficient slag availability. The tests also allow for the study of wettability between industrial
slag and carbon block or ramming paste on a larger scale and further verification of the potential for
chemical reaction between slag and refractory.

Chapter 7 reports on the results of these tests. The sourcing, preparation and characterisation of the
industrial slag and characterisation of the commercial carbon-based refractory materials applied in
the laboratory-scale cup tests were described in Chapter 5. Chapter 7 concludes with a review of the
first and second research questions, an introduction to the third research question and an
introduction to Chapter 8.

7.2 Method

The cup test experiments were a continuation of work conducted by a Norwegian exchange student
at the University of Pretoria in 2011 [116] where it was found that industrial SiMn slag reacted with
ramming paste in cup tests conducted in the temperature range 1400 — 1600°C, with evidence found
of SiC formation [116]. The earlier experiments [116] had been conducted in a vertical tube furnace.
For the experiments presented here, an induction furnace setup was utilised - Figure 84.
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Figure 84: Experimental apparatus utilised in cup tests.

106

© University of Pretoria



uuuuuuuuuuuuuuuuuuuuuuu
< UNIVERSITY OF PRETORIA
Q=P YUNIBESITHI YA PRETORIA

The carbon block was machined into crucibles with OD (outer diameter) 65 mm, ID (inner diameter)
25 mm, EH (external height) 70 mm and IH (internal height) 45 mm — see Figure 85. Cold ramming
paste crucibles required an outer shell machined from graphite with OD 65 mm, ID 55 mm, EH 70
mm and IH 60 mm. Ramming paste was rammed by hand around a spacer creating a cavity with ID
25 mm and IH 45 mm. Rammed crucibles were placed in steel cans with a layer of carbon powder,
covered with refractory paper and carbon powder, heated in a muffle furnace to 950°C at a rate of
40°C per hour and baked for 30 minutes. The furnace was switched off and cooled to room
temperature. The ID of each crucible was measured using callipers.

7Z
7z
7z
7z
7z
7z
7Z

‘ i . ,T’////A
T

Carbon block Graphite = Ramming paste

Figure 85: Design of crucibles utilised in cup test experiments with (a) carbon block crucible and (b)
ramming paste crucible with graphite shell - all measurements in mm.

A crucible with its cavity filled to the top with slag (40 — 45g) was placed in a high-frequency
induction furnace, heated to 1400°C, 1500°C or 1600°C in 1 hour, held at temperature for 4 hours
and cooled in the furnace to room temperature. The experiments were conducted in argon which
was purified by flowing the argon through a column containing zirconium turnings at 300°C. Once
the furnace was sealed, the chamber was flushed with argon at a flow rate of 1.8 I/min for 40
minutes. Once the temperature ramp-up started the argon flow rate was reduced to 0.7 I/min. The
chamber volume was 0.074 m>. Argon was added to prevent the graphite crucible from oxidising and
act as carier gas for any CO-rich process gas formed during slag / refractory interaction. The slag /
refractory interface studied in the post mortem was not affected by the argon.

Cooled samples were removed from the furnace and filled with resin to keep the process material in
position. Once the resin cured, the samples were sliced in half. One half was utilized for sampling
and preparation of polished sections and the other for wear profile measurements. After testing in
contact with slag (crucible tests), no significant change in the internal diameter of any of the samples
could be determined by visual inspection or measurement using the calliper method applied by
Mglnads [116]. Both chemical wear and infiltration had to be studied at microscopic level and
therefore polished sections were studied by LOM, SEM, FEGSEM and EDS.
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7.3 Results

For comparative purposes photographs of the sectioned samples are presented in Table 52.

Table 52: Sectioned cup test samples where (a) industrial SiMn slag was held for 4 hours in cups
made of (b) industrial grade ramming paste, rammed into (c) graphite crucibles and then prebaked,
or (d) carbon block at three different holding temperatures. To ensure slag remain in place during
cutting, cups were filled with (e) resin which was allowed to cure prior to sectioning.

Ramming paste Carbon block
1400°C :

1500°C

1600°C

Due to the smooth surface finish of the carbon block the wetting angle could be measured in a
macro-scale as illustrated in Figure 86.
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Figure 86: Sectioned (a) carbon block crucible exposed to (b) industrial slag at (i) 1500°C and (ii)
1600°C for 4 hours in an argon atmosphere. The cavity was filled with (c) resin after cooling to keep
slag intact during cutting. Wetting angles were measured as described in Chapter 6.

The depth of infiltration in each refractory material, tested at different temperatures, was
determined from stitched LOM images, examples of which can be seen in Figure 87 and Figure 88 (i).
Results are reported in Table 53. The depth of infiltration was not uniform over the whole slag-
crucible contact region (as is evident in Figure 87 and Figure 88) and the results in Table 53 are for
the maximum depth observed in the samples analysed. In both materials infiltration occurred
mainly in the matrix.

Table 53: Maximum depth of infiltration (mm) of industrial slag into refractory as measured on
stitched LOM images.

Temperature | Carbon block | Ramming paste
1600°C 4.0 3.7
1500°C 0.5 0.8
1400°C - -
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Figure 87: Stitched LOM-image of carbon block reacted with industrial SiMn slag at 1600°C for 4
hours. The red line is the boundary indicating the extent of infiltration of slag into the refractory with
(a) slag, (b) reaction zone, (c) aggregate and (d) unreacted refractory. Yellow arrow indicates depth
of infiltration. Scale bar indicates 2mm.

Figure 88: (i) LOM and (ii) SEM BSE image of ramming paste in contact with industrial slag at 1600°C
for 4 hours with (a) slag, (b) reaction zone, (c) aggregate and (d) unreacted refractory. Yellow lines
indicate depths of infiltration. The position of (ii) is indicated in the rectangle in (i). Scale bars
indicate (i) 1mm and (ii) 100 micron.
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SEM backscattered electron images of the carbon block exposed to industrial slag at 1600°C are
presented in Figure 89 and Figure 90 to illustrate the phase changes that occurred.

Figure 89: SEM backscattered electron image of slag-refractory interface for carbon block exposed to
industrial slag at 1600°C for 4 hours in a crucible test with (a) aggregate, (b) matrix, (c) SiC, (d) slag
and (e) metal. Scale bar indicate 15 micron.

Mag= 1.00KX EHT = 15.00 kV WD= 12mm  Signal A=RBSD

Figure 90: SEM Backscattered electron image of ramming paste exposed to industrial slag at 1600°C
for 4 hours in a crucible test with (a) aggregate, (b) remnants of matrix, (c) SiC, (d) slag, (e) metal and
(f) reaction zones. Scale bar indicate 10 micron.

As discussed in Chapter 5 the phases identified in the as-received sample were carbon aggregate,
carbon matrix, SiC and corundum (Figure 48 and Figure 52). All of these phases remained to some

extent after reaction, with the exception of corundum (which dissolved in the slag). In addition,
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solidified slag containing metal droplets were present after the cup tests and silicon carbide was
evident in the slag near the unreacted aggregate (Figure 89). It is not clear whether these are
products of reaction, or simply pre-existing silicon carbide from slag or refractory. Similar features
were observed in ramming paste after cup tests (Figure 90) of ramming paste after exposure to
industrial slag at 1600°C. As discussed in Chapter 5 the phases identified in the as-received pre-fired
ramming paste were carbon aggregate, carbon matrix, moissanite (SiC), quartz, cementite and
mullite (Figure 48 and Figure 50). The phases identified in the post-mortem sample were slag, SiC,
metal, carbon matrix and carbon aggregate with a distinct reaction zone.

7.4 Discussion

In the cup tests, wetting of both carbon block and ramming paste refractories was observed at
1600°C but not at 1400°C or 1500°C (compare the slag / refractory / gas interface for each
experiment in Table 52 to the definitions of wettability in Figure 13a or Figure 14c). Equilibrium
calculations (refer Figure 21 and Figure 61) indicate that 1600°C is just above the minimum
temperature required for chemical reaction between slag and carbon. This implies that at 1600°C
wettability of the refractory by slag will be that of a reactive system and at 1400°C or 1500°C that of
a non-reactive system (for definitions of reactive and non-reactive systems see paragraph 2.2.4).

Wetting angles (=150°) measured for carbon block exposed to industrial slag for 4 hours at 1500°C in
the cup test — Figure 86a — were higher than the 110° reported by Shen et al [63] for slag produced
by welding flux on graphite at 1400°C (Table 50 and Table 51), but still non-wetting.

The wetting angles (=40°) measured for carbon block exposed to industrial slag for 4 hours at 1600°C
in the cup test — Figure 86b — were very similar to the wetting angles (=50°) measured after 25
minutes at 1592°C in the wettability tests (Figure 75). The results in Figure 86 therefore support the
idea of reactive wetting occurring at 1600°C and non-wetting at 1500°C.

A similar observation can be made from the infiltration results (Table 53): The strong effect of
temperature is evident with substantial infiltration only occurring at the highest test temperature
(1600°C), with the absence of any obvious effect of material type evident. Observation of significant
infiltration at 1600°C hence also supports the suggestion that wettability and therefore infiltration of
the refractory by the slag is dependent on chemical reaction between the slag and carbon refractory.

While the depth of infiltration decreased significantly with decrease in temperature, the maximum
depth of infiltration at each temperature was similar for the two materials (Table 53). This
observation differs from the wettability results where the maximum depth of infiltration in the
carbon block was 2.7 times that of the ramming paste (Table 49). The results support the idea that
limited slag volume affected the extent of infiltration in the wettability tests.

At 1600°C, for both the carbon block and ramming paste, the depth of infiltration varied significantly
across the sample surface both in the wettability tests and the cup tests. However, in both material
types it was evident that slag infiltration occurred mainly in the matrix (defined in Figure 41);
compare Figure 78 — Figure 80, Figure 87 and Figure 88.

The infiltration of the matrix rather than the aggregate by the slag is probably because most of the
porosity is associated with the matrix, with the total porosity of the matrix being 22.2% by volume
compared to 17.1% by volume for the aggregate as reported in Table 41 (also compare porosity
results for ramming paste aggregate and matrix Figure 54 and Figure 55). More pores will result in a
larger surface area available for reaction with slag, resulting in increased wetting, resulting in
increased infiltration. The dependence of maximum infiltration at 1600°C on porosity and pore size
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for ramming paste and carbon block was demonstrated in Figure 91. Total porosity of ramming paste
based on volume average of aggregate and matrix and pore size on weighted average. Mass ratio of
20/80 matrix/aggregate and bulk density of 1.8 g/cm® was assumed.
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Figure 91: Correlation between maximum infiltration depth - Table 53 - and (a) total porosity - Table
41 - and (b) average open equivalent pore size - Figure 54 to Figure 56. Solid circle represents
ramming paste and open circle represents carbon block. Total porosity of ramming paste based on
volume average of aggregate and matrix and pore size on weighted average. Mass ratio of 20/80
matrix/aggregate and bulk density of 1.8 g/cm?® was assumed.

Infiltration of the matrix rather than the aggregate by slag could also be due to differences in
wettability caused by differences in chemical reactivity between slag and the carbon present in the
matrix or aggregate.

Carbon in ramming paste and carbon block is present both as graphite and as microcrystalline or
amorphous carbon as indicated by the widening of the graphite peaks in the XRD patterns for both
materials in Figure 92. The size of the graphite crystallites (L.) derived from these same peaks is
significantly larger in carbon block than in ramming paste — see Table 40.

Carbon block
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Figure 92: High resolution XRD patterns — derived from Figure 51 and Figure 53 — of the ramming
paste and carbon block refractory samples at the graphite peak.
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XRD results therefore confirm that carbon is present as both graphite and amorphous carbon in both
carbon block and ramming paste and that the graphite crystallites in carbon block are larger than in
ramming paste, but does not indicate whether the graphite is present in the aggregate, the matrix or
both.

Based on the production methods for carbon block and ramming paste summarised in 2.2.2, the
graphite is more likely to be present in the electrically calcined anthracite aggregate than in the
binder phase found in the matrix. The carbonisation temperature for carbon block (800 — 1400°C)
and baking temperature for ramming paste (950°C) are too low for graphitisation of the carbon
present in the binder phase.

SEM backscattered images of both ramming paste (Figure 93) and carbon block (Figure 94) indicate
that the binder phase reacted extensively with the slag rather than the carbon aggregate. This is in
agreement with observations made in blast furnace ironmaking where alkali and zinc attack the
binder phase first [72] and molten iron preferentially dissolves the (coal tar pitch-based) binder
phase [78].

First indications therefore are that the slag:refractory reaction would involve preferential reaction of
the complex carbon structure rather than the crystalline graphite structure. Follow-up investigation
studying the reaction kinetics of the binder phase vs. the aggregate would be useful.

Figure 93: SEM BSE of ramming paste exposed to industrial slag at 1600°C for four hours.
Micrographs were taken from the side of the crucible and indicate the presence of both SiC and
SiMn reaction products. Scale bar indicate 100 micron.
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Figure 94: SEM BSE of carbon block exposed to industrial slag at 1600°C for four hours. Scale bar
indicate 20 micron.

The discussions above conclude that chemical reaction is an essential requirement for both
wettability and infiltration of slag into the refractory. To test whether such reactions occurred, the
refractory material exposed to the cup test was studied in detail. Scanning electron microscopy and
micro-analysis were utilized to investigate whether reaction products could be detected. A
significant complication is that both likely reaction products — silicon carbide and metal — were
present in the as-received industrial slags (before contact with the carbon refractories — see Figure
42, Figure 45 and Figure 47), and the ramming paste and carbon block also contained silicon carbide
before reaction (Figure 50 and Figure 52 respectively). As the SiC was added to the matrix of the
carbon block on purpose (Figure 49) and not to ramming paste [99] the slag:ramming paste sample
was studied in detail for evidence of both SiC and SiMn formation.
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Figure 95: Collage of SEM BSE micrographs indicating the presence of small metal droplets (bright
spots), smaller than 25 micron, both on the side of the crucible and at the bottom for the cup test
where ramming paste exposed to industrial slag at 1600°C for four hours. The area in the red
rectangle in enlarged in Figure 96. Scale bar indicates 100 micron.

After the cup test at 1600°C, metal droplets were evident in the slag close to the ramming paste
refractory both on the sides and bottom of the crucible as can be observed in Figure 95. The metal
droplet concentration was much higher than in the bulk of the slag — see Figure 96.
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Figure 96: SEM BSE micrographs indicating the presence of small metal droplets (bright spots)
concentrated near the ramming paste refractory as opposed to the bulk of the industrial slag on the
sidewall of the crucible for the cup test where ramming paste exposed to industrial slag at 1600°C
for four hours. Scale bar indicates 100 micron.

After the cup tests at 1600°C, SiC particles were evident in the slag close to the ramming paste
refractory both on the sides and bottom of the crucible - Figure 97.

Figure 97: SEM BSE micrographs indicating the presence of SiC (dark grey phase) concentrated in the
slag:refractory reaction zone both on the (a) side and at the (b) bottom of the crucible for ramming
paste exposed to industrial slag at 1600°C for four hours. Scale bar indicates 100 micron.

In an attempt to test whether the metal droplets at the slag / refractory interface could have
originated from the industrial slag or might have formed as reaction product, the metal droplets
from the test with ramming paste in contact with industrial slag at 1600°C for 4 hours were studied
in more detail: Droplet sizes were estimated by microscopy (size affects droplet settling rate), and
compositions were measured by microanalysis (since the Si:Mn ratio of metal formed by
slag:refractory reaction is expected to be different from that of the bulk ferroalloy). Converting the
chemical composition (percentage by mass) of metal analyses in Table 15 to molar ratios results in a
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predicted Si:Mn ratio of 0.58 for the published [1] metal composition, 0.53 for the published [1]
metal composition equilibrated at 1600° and 0.44 for metal that formed when reacting published [1]
SiMn slag with graphite. Therefore should metal droplets form due to slag:refractory reaction, the
Si:Mn molar ratio is expected to be lower than that of metal originating from the tapped slag.

The total depth of the slag in the cup tests was approximately 16 mm (see Figure 86). To compare
this depth with the distance that metal droplets could settle in SiMn slag at 1600°C in 4 hours, the
terminal velocity was calculated according to the Hadamard-Rybczynski expression [131] in Equation
30 with variables defined (with numerical values) in Table 54. The Hadamard-Rybczynski expression
applies to gravitational movement of fluid spheres through another fluid; flow within the fluid
sphere changes the flotation (or sinking) rate from that calculated with the Stokes equation (which
applies to solid spheres). The Hadamard-Rybczynski expression has been used previously to calculate
setting rates of metal or matte droplets, for example in the work of Warczok and Utigard [132].

Equation 30: Hadamard-Rybczynski expression [131]

_ grz(pmetal - pslag)
3.uslag

Ur

Table 54: Definition of variables applied in Equation 30 and values applied in calculations.

Variable Description Unit Value Reference
ur terminal velocity m/s - -
g gravity constant | m/s’ 9.81 [50]
r radius of droplet m - Figure 98 and Figure 99
Prmetal density of metal | kg/m? 4412 See estimate in Appendix C
Pslag density of slag kg/m? 2774 [82] — SiMn Slag A
Mslag slag viscosity kg/ms 0.74 [82] — SiMn Slag A

The apparent metal droplet sizes were determined for SEM-EDS micrographs in Figure 98 and Figure
99 using Imagel [133]. The true droplet diameters are larger than the section sizes (because of the
random way in which the polishing plane intersected droplets), but the observed diameters give a
first indication of possible droplet sizes.

The terminal velocity (ur) and settling distance (Az) for 4 hours were calculated for these droplet
diameters (dgoplet); see Table 55 for the results. From the results in Table 55 all particles with
diameters larger than approximately 25 micron would have settled the full depth of the slag (16 mm)
during 4 hours, to accumulate at slag / refractory interface at bottom of the crucible.

Table 55: Terminal velocity (ur) and settling distance after 4 hours (Az) for different metal droplet
diameters (dgropiet) in slag at 1600°C. Settling distance was derived from terminal velocity estimated
with the Hadamard-Rybczynski expression (Equation 30) and variables defined in Table 54.

daroplet micron 1.0 10.0 24.5 287.0 480.0
ur m/s 1.8E-09 | 1.8E-07 | 1.1E-06 | 1.5E-04 4.3E-04
Az mm 0.027 2.7 16.0 2193 6135

Droplets smaller than 10 microns would only have settled from a fraction of the slag depth. Such
small droplets were found both near the bottom of the crucible, and near the crucible wall; see
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Figure 95. Figure 95 and Figure 96 indicate that small droplets are much more prevalent close to the
crucible wall than in the bulk of the slag, indicating that these formed by chemical reaction.

10 Mag= 300X EHT=1000kv  WD= 13mm  SignalA=RBSD

Figure 98: SEM BSE images of ramming paste after contact with industrial slag at 1600°C for 4 hours
(region shown is slag near the lower interface with the refractory) indicating diameters of several
metal droplets; 300 times magnification. The numbers on the micrograph indicate the apparent
metal droplet diameters in micron. Scale bar indicates 100 micron.

10um

Mag= 250K X EHT = 10.00kV WD= 13mm  Signal A=RBSD

Figure 99: SEM BSE images of ramming paste after contact with industrial slag at 1600°C for 4 hours
(region shown is slag near the lower interface with the refractory) indicating diameters of several
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metal droplets; 2500 times magnification. The numbers on the micrograph indicate the apparent
metal droplet diameters in micron. Scale bar indicates 10 micron.

To quantify the prevalence of metal droplets image analysis was conducted in ImageJ [133] on the
micrograph in Figure 100. Two sections were identified: one at the slag:refractory interface (Figure
100a) and the other in the bulk slag (Figure 100b). The percentage area covered by metal droplets in
each image was 0.93% and 0.29% respectively, showing that droplets are much more prevalent close
to the refractory.

100um

Mag= 150 X EHT = 15.00 kV WD= 12mm Signal A = RBSD

Figure 100: Two sections in the SEM BSE micrograph from Figure 96 indicating the areas on which
image analyses were conducted to quantify the presence of small metal droplets (bright spots) (a)
concentrated near the refractory as opposed to the (b) bulk of the slag. Scale bar indicates 100
micron.

As mentioned earlier, the elemental analysis of the droplets could also give an indication of whether
the droplets formed during the cup tests, or were pre-existing droplets. The Si:Mn molar ratio for
metal present in the slag is expected to be 0.58 or 0.53 when equilibrated, and for metal formed
during slag:refractory reaction 0.44.

Since the large droplets were likely present before the cup tests, possible trends of composition with
size were investigated. Droplets were categorised as (see Figure 101):

1. Large droplets;

2. Droplets in the apparent size range 5 — 10 micron present in the bulk slag;

3. Droplets in the apparent size range 5 — 10 micron near the interface between slag and reaction
zone; and

4. Droplets along the rim of an aggregate particle.

Corresponding chemical compositions are reported in Table 56.

The compositions of droplets were determined as point analyses by SEM EDS at 10kV on ten
droplets per droplet category (except for the two large droplets a and b). To verify that analyses
were not influenced by slag, Ca was utilized as slag indicator. All analyses containing more than
1%Ca were deleted from the dataset where-after the analysis per droplet was normalised and the
averages and standard deviations calculated. The average Si:Mn molar ratio was calculated.
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I I Mag= 120X EHT = 10.00 kV WD= 13mm Signal A = RBSD

10pm

Mag= 250K X EHT = 10.00 kV WD= 13mm Signal A =RBSD

Figure 101: SEM BSE images of for ramming paste after contact with industrial slag at 1600°C for 4
hours, showing metal droplets size categories: (a,b) large, (c) apparent diameter of 5 — 10 micron in
slag, (d) apparent diameter of 5 — 10 micron at interface between slag and reaction zone and (e)
along rim of aggregate particle. Also indicated is (f) SiC. Scale bars indicate (i) 100 micron and (ii) 10
micron.
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Table 56: Composition of metal droplets (percentage by mass; carbon not analyzed) in ramming paste in contact with industrial slag at 1600°C for 4 hours.
Types of metal droplet were identified in Figure 101. Composition based on SEM-EDS point analysis conducted at 10 kV on ten droplets each per category
except for the two large droplets (a and b). Ca was utilized as slag-indicator and all analysis containing more than 1%Ca were deleted from dataset. Analysis
per droplet (percentage by mass) was normalised and the averages and standard deviations calculated. Normalised composition per droplet was converted
to number of moles in 100g and Si:Mn ratio calculated. Average and 95% confidence limits of Si:Mn ratio per droplet category were calculated.

Average Standard deviation Si:Mn molar ratio
Category . . (average, with 95%
%Si | %Mn | %Fe | %Total | %Si | %Mn | %Fe . .
confidence limits)
a | Large 21.8 | 71.8 | 6.4 | 100.0 - - - 0.59
b | Large 14.7 | 76.6 | 8.7 | 100.0 - - - 0.38
5 —10 micron in slag 194 | 76.6 | 4.0 | 100.0 4.4 6.7 2.7 0.51+0.29
5 — 10 micron at interface
d | between slag and reaction | 17.3 | 79.2 | 3.5 | 100.0 5.9 8.3 3.0 0.44+0.38
zone
e | Rim of aggregate particle 347 | 613 | 4.0 | 1000 | 149 | 136 | 7.2 1.23+£1.50
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The metal droplets analysed along the rim of an aggregate particle appeared to have a higher Si
content (but similar Mn:Fe ratios), but with a wide confidence interval. The higher Si-content could
either be attributed to the presence of reduced Si in the metal or due to SiC being analysed with the
metal droplet. Because the droplets along the aggregate particles were so small (apparent size
estimated as < 0.2 micron from micrograph in Figure 99), the electron interaction volume could have
extended beyond the metal to adjacent phases (such as silicon carbide).

To test this possibility, the depth of the X-ray range was calculated as 0.145 micron applying the
Anderson-Hasler expression (see Equation 31; variables defined in Table 57). It is therefore possible
to include Si from SiC present in the rim when analysing metal droplets formed in the rim.

Equation 31: Anderson-Hasler expression [134]

Table 57: Definition of variables applied in Equation 31 and values applied in calculations.

Variable Description Unit Value Reference
Ry Depth of X-ray production pum - -
Eo Instantaneous beam energy kv 10 -
E. Critical ionization energy of kv 0 Will calculate maximum depth

the shell (a function of the
element analysed)
o density of metal g/cm’® 4.4 See estimate in Appendix B

The results Table 56 show that the Si:Mn ratio of the largest metal droplet and the average of those
in the slag approached the Si:Mn ratio for tapped metal; the average Si:Mn ratio of the second
largest metal droplet and those at the slag:refractory interface approximated the predicted Si:Mn
ratio for metal formed during slag:refractory reaction. However, the uncertainty in the ratios is too
large for any conclusion about the provenance of the droplets based on their composition.

7.5 Conclusion

The first research question posed was: When exposing carbon-based refractory material (ramming
paste and carbon block) to SiMn slag or metal in the tap-hole, is chemical reaction
between refractory and slag or refractory and metal a potential wear mechanism?

The results of the cup tests confirmed that chemical reaction between carbon-based refractory
material and slag (and metal) was possible at tapping temperatures derived through wettability and
infiltration results which pointed to the need for chemical reaction to explain observations and study
of reaction products found. As for the experiments conducted in Chapter 4 and Chapter 6 evidence
was found for the reduction of SiO, in the slag by carbon in the refractory to form SiC. Evidence of
the reduction of SiO, and MnO by refractory to form SiMn was also found.

The second research question posed was: Is the choice in carbon-based refractory material
important from a tap-hole refractory life perspective?

The results of the cup tests did not agree with the observation made in the wettability tests —
Chapter 6 — that the choice in refractory material might influence the extent of infiltration of slag
into the refractory material. In the cup tests, where the slag volume did not limit the extent of
infiltration, the extent of infiltration was the same for carbon block and ramming paste. As with the
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wettability tests infiltration of slag occurred in the matrix rather than the aggregate in both the
carbon block and the ramming paste samples. The wetting angles for slag on carbon block at a larger
scale were similar to the angles measured in the small-scale wettability tests.

From the perspective of chemical wear and infiltration, the choice of carbon-based refractory
material — whether ramming paste or carbon block — is not important: the carbon in both materials
reacted with slag to form reaction products and slag infiltrated both materials to the same extent.
The differences in refractory life observed on the plant should therefore be attributed to other wear
mechanisms.

In Chapter 8 the third and final research question will be addressed: What are the implications for
the life of the tap-hole in a SiMn furnace? The question will be answered along the lines of a digout
of an industrial scale SiMn furnace.
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8 Implications for the life of the tap-hole in a SiMn furnace

8.1 Introduction

In Chapter 3 and Chapter 4, and Chapter 6 and Chapter 7, the potential for chemical reaction
between refractory and slag or refractory and metal as wear mechanism in the tap-hole was
demonstrated through thermodynamic modelling and laboratory-scale experiments. Evidence was
found of the formation of both SiC and SiMn as reaction products.

From the wettability results obtained in Chapter 6 the choice in refractory materials seemed to be
significant in terms of infiltration but not in terms of wettability or chemical reaction. In the larger-
scale cup tests, conducted in Chapter 7, no difference between the materials in terms of infiltration
could be identified either.

To address the third research question — what are the implications for the life of the tap-hole in a
SiMn furnace? — the tap-hole wear profile of an industrial scale furnace was studied during
excavation. As part of the introduction to Chapter 8 the lining design and life cycle and expected
wear profile will be discussed. Chapter 8 reports on observations made during the excavation and
thermodynamic calculations to improve the understanding of the wear profile observed. Chapter 8
concludes with an introduction to Chapter 9.

8.2 Background

The SiMn furnace under investigation had a power rating of 48 MVA and was excavated in April 2013
after being in operation for 10 years. Gous et al [14] reported on the methodology followed and
main observations made during the excavations. The purpose of the study presented here was to
report on the tap-hole wear profile in more detail and to report on a thermodynamic study
conducted to understand the potential for chemical reaction as wear mechanism in the tap-hole
area.

The SAF was of circular design with an open roof and outer diameter of 12 m. The furnace
containment system consisted of a refractory lining installed in a steel shell. The refractory design
from the hearth to the top of the sidewall is indicated in Figure 102. The compositions of the
refractory materials of interest are presented in Table 58.

In the hearth, fireclay (an aluminosilicate aggregate with alumina cement binder) was cast onto the
steel shell to level the floor. Five layers of super-duty fireclay bricks were installed as back lining,
with high-grade carbon ramming as working lining. In the lower sidewall, a single layer of super-duty
fireclay brick was installed as back lining with high-grade carbon ramming as working lining. As safety
lining, a low-grade carbon ramming was emplaced between the steel shell and the back lining. In the
upper sidewall, the lining design was similar to the lower sidewall but with the super-duty fireclay
brick layer forming both the working lining and the back lining, i.e. no high-grade carbon ramming
installed. The two, single-level tap-holes were built with SiC bricks supported by super-duty fireclay
bricks.

The original lining was installed in April 2003. In September 2007 the refractory was partially
demolished and rebuilt, including both tap-holes. Tap-hole A was partially repaired in March 2012
(the front two rows of SiC carbide bricks were replaced), but no repairs were done on tap-hole B.
Finally, the complete lining was demolished and rebuilt in April 2013. From the time of the partial
reline in September 2007, 7520 taps were made through tap-hole A and 1880 through tap-hole B.
During the final excavation, tap-hole B was studied in detail.
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Figure 102: SiMn lining design — drawing to scale.

Table 58: Composition and thermal conductivity of refractory materials as obtained from supplier
datasheets except where indicated differently.

Material maiz\:ilals coTr\r:jeurcmtiility Composition (weight %)
Fireclay — - 1.2W/mKat | SiO, | AlLO; | Fe;,053 | TiO, CaOo MgO Alks
brick 1000°C 536 | 420 | 15 | 16 | 015 | 03 0.85
Carbon Carbon 11 W/mK at | AlLO; | Anthracite Clay Graphite Resin Tar
ramming 1000°c 15 50-70 15 1525 | 612 | 27
— high-
grade
SiC — brick Silicon 15-20 W/mK SiC SisNg Fe,03 Al,O3 CaO
carbide at 1200°C 75 23.4 0.3 0.3 0.2
(nitride- [135]
bonded)
Silica and Al,O3 Sio, TiO, Fe,0;
Tap-hole alumina 1.3 W/mK at 19 79 0.5 0.8
clay (resin- 1000°C
bonded)

Owing to the single-level tap-hole design, slag and metal were tapped simultaneously at three-hour
intervals. Tapping duration varied between 30 and 45 minutes. The tap-hole was typically opened
with a drill and closed with a mudgun pushing clay into the tap-hole — see Table 58 for the clay
composition. In cases where problems were experienced with keeping the tap-hole open, oxygen
lancing was applied.

High steel shell temperatures (above 300°C and below 480°C) measured at the tap-hole area using
thermal imaging techniques (Figure 103) were the major factor leading to the switch-out of the
furnace for a total reline.
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Figure 103: Tap-hole area of SiMn furnace with (a) thermal image and (b) visible-light photograph of
section of steel shell on which thermal image was based. The maximum temperature of 480°C
(indicated) was measured at the tap-hole itself.

A typical tap size was 22 t of alloy and 17.6 t of slag. The tapping temperatures, as measured at the
tap-hole, varied between 1420 and 1520°C. Slag and metal were sampled at each tap. The slag
sample was taken with a metal rod in the launder and the metal sample in the metal ladle with
’lollipop—sample dipstick’. Slag and metal compositions were determined by powdered X-ray
fluorescence (XRF) analysis. Carbon content of metal samples was determined by combustion
analysis (LECO).

For the purpose of thermodynamic and kinetic calculations, the chemical compositions of slag and
metal were normalized per tap for the six-component slag system (MnQO, SiO,, MgO, Ca0, FeO, and
Al,0;) and four-component metal system (Mn, C, Si, and Fe). The average and standard deviation of
the normalized results calculated for a 4-month period (November 2012 to February 2013) are
reported in Table 59 and Table 60. To correct the slag composition for entrained metal, it was
assumed that all FeO in the slag was associated with entrained metal droplets with average
composition shown in Table 60. Mass balance calculations were conducted to correct the slag
composition for FeO, SiO,, and MnO, as reported in Table 59.

Since the formation of SiC as a product of the reaction between slag or metal and carbon-based
refractory material at tapping temperatures was demonstrated in laboratory-scale studies [116],
[136] and the reported tapping temperatures of 1420 to 1520°C were significantly lower than the
tapping temperatures reported for SiMn elsewhere [1], it was expected that SiC tap-blocks would
not show any significant chemical wear when placed in contact with SiMn metal or slag (however,
see the note later in this chapter regarding the likely difference between the measured tapping
temperatures and the actual temperature inside the furnace).

Another aspect contributing to the expected reduced wear of the tap-hole was the use of
reconstructive tap-hole clay (Table 58). The purpose of reconstructive tap-hole clay is not only to
plug the tap-hole at the end of the tap, but also to reconstruct the sidewall by forming a ‘mushroom’
of clay protecting the sidewall from slag and metal wear [24], [27]-[29]. Evidence of a mushroom in
the furnace was therefore expected.

Oxygen lancing was frequently applied in opening the tap-hole or to keep it open, potentially
contributing to increased wear of the tap-hole.

127

© University of Pretoria



The condition of the tap-hole area was therefore of keen interest to the team involved in the
investigation.

Table 59: Average and standard deviation of as-received slag analyses and slag composition
corrected for metal inclusions.

MnO SiO, MgO Cao FeO Al, O3 Total
Average (as-received) 13.3 46.0 6.0 25.3 0.5 5.9 97.0
Average (normalised) 13.7 47.4 6.2 26.1 0.5 6.1 100.0
Standard deviation 1.8 0.8 0.4 1.0 0.3 0.7 -
Corrected 11.9 48.3 6.4 27.1 0.0 6.3 -

Table 60: As-received metal composition.

Mn C Si Fe Total Mn:Fe
Average (as-received) 66.2 1.8 17.0 14.8 99.8
Average (normalised) 66.3 1.8 17.1 14.8 100.0 4.6
Standard deviation 0.5 0.2 0.8 0.6 -

8.3 Method

The top 2 m of the burden below sill level was dug out from the top of the furnace by manual labour.
Thereafter the furnace was dug out from the side, excavating a circular sector of 120° between
electrode 3 and electrode 1 (Gous et al., 2014). The centreline of electrode 1 was positioned in the
middle of the centrelines of tap-hole A and tap-hole B which were positioned 60° apart. For the
macro-scale investigation, photographs were taken of the refractory in-situ, using a CANON EQOS 30D
camera installed on a tripod and triggered by remote trigger. The camera settings for aperture and
shutter speed were adjusted manually based on the light meter readings on the camera. Lighting
was provided by free-standing floodlights, and no flash was utilized. The refractory thickness was
measured with a tape measure and / or laser measurement device. The original design drawing was
marked up with the measured wear profile (Figure 104). For more details on the methodology
followed during the excavation the reader is referred to the paper by Gous et al. [14].

8.4 Results

In Figure 104 the dimensions of the worn lining are superimposed onto the refractory design
drawing presented in Figure 102. The dimensions of the red-line drawing were obtained on a vertical
plane passing through the centre of the tap-hole.

As can be seen in Figure 104 and the series of photographs in Figure 105 to Figure 110, wear of the
tap-hole area was extensive. As indicated in Figure 104, more than 50% of the SiC brick was worn
away, with most of the wear occurring at the hot face of the sidewall. Wear of the SiC brick was
more extensive above the tap-hole than below. Furthermore, the carbon ramming above the SiC
brick was worn all the way to the top of the carbon. In plan view (not indicated), the wear pattern
was in the form of a channel 500 mm wide, with fairly straight sidewalls rather than funnel-shaped
as is typical of the wear pattern in open bath furnaces. The SiC brick and the carbon ramming paste
in the hearth in front of the tap-hole were worn away both below and above the tap-hole.
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Figure 104: Refractory design drawing with red line indicating the refractory hot face as determined
during excavation — drawing to scale.

Figure 105 shows a side view of the tap-hole region (compare Figure 104) with the high-grade
carbon ramming and SiC tap-hole extension (c) removed on the left-hand side exposing the super-
duty fireclay brick installed as back lining (a). On the right-hand side, the high-grade carbon ramming
(b) was left intact. The 500 mm wide slot worn into the high-grade carbon ramming and SiC all the
way from the tap-hole to the top of the ramming crucible is clearly visible (d). The slot was partially
filled with a slag / burden layer (d) that extended into the upper part of the worn tap-hole. The
lower part of the tap-hole was filled with mixed material containing metal (e). A clay mushroom,
which formed when clay forced through the tap-hole spread radially when coming in contact with
burden, was observed (f). Instead of the clay rebuilding the tap-hole by forming a new interface
between the refractory and slag / metal, the slag and metal channelled around the clay mushroom
before exiting the furnace through the worn tap-hole. Note that the mushroom was not in contact
with the tap-hole, as would be expected of a reconstructive tap-hole clay [24], [27]-[29].

Figure 106 and Figure 107 show the tap-hole area in close-up, making it easier to distinguish the
different zones, comprising super-duty fire-clay brick back lining (a), high-grade carbon ramming
crucible (b), SiC bricks utilized to build the tap-hole (c), slag with burden and / or coke bed material
present either in the worn channel (vertical section or upper (d)) or in the worn tap-hole (horizontal
section or lower (d)), mixed material containing metal (e), and tap-hole clay mushroom (f).

Figure 108 and Figure 109 show the interior of the tap-hole, illustrating the extent to which the SiC
brick in the tap-hole has worn away.

Figure 110 shows the tap-hole in perspective, with operating personnel standing on the steel shell /
fireclay castable of the furnace hearth. This photograph was taken at the stage of furnace excavation
as the photograph in Figure 109.
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Figure 105: View of tap-hole region with (a) super duty fire-clay bricks, (b) high grade carbon
ramming, (c) SiC bricks, (d) slag with burden and / or coke bed material, (e) mixed material
containing metal and (f) tap clay mushroom. (A) indicates the worn tap-hole filled with a slag-and-
coked bed top layer and (mainly metal bottom layer and (B) the worn channel 500 wide and partially
filled with slag with coke bed. The tap-hole (Figure 109) is to the left of (e) and lower (d).

Figure 106: Closer view of tap-hole B with (a) super duty fire-clay bricks, (b) high grade carbon
ramming, (c) SiC bricks, (d) slag with burden and / or coke bed material, (e) mixed material
containing metal and (f) tap clay mushroom.
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Figure 107: Closer view of zones in front of tap-hole B with (b) high grade carbon ramming, (c) SiC
bricks, (d) slag with burden and / or coke bed material, (e) mixed material containing metal and (f)
tap clay mushroom.

Figure 108: Going into tap-hole B with (c) SiC bricks, (d) slag with burden and / or coke bed material,
(e) mixed material containing metal and (f) tap clay mushroom infiltrated with slag.
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Figure 109: Tap-hole B with (c) SiC bricks, (d) slag with burden and / or coke bed material and (e)
mixed material containing metal.

Tap-hole B

Ph

Figure 110: Tap-hole B put into perspective. The operating personnel are standing on (g) the steel
shell / fireclay castable of the furnace hearth sampling the metal layer at the interface between the
(i) high grade carbon ramming and (j) burden. Also note the (h) five layers of super duty fireclay
bricks in the hearth.
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8.5 Discussions

The three main observations made during the excavation were as follows:

1. Contrary to expectations based on laboratory test work and the low reported tapping
temperature, the SiC brick in the tap-hole itself wore extensively. From laboratory-scale
experiments it was expected that the C-based refractory material would wear, but not the SiC-
based refractory material, as it was found that SiC formed as a product of the reaction between
SiMn slag and C-based refractory material at tapping temperatures [116], [136].

2. Above the tap-hole, not only did the SiC brick extension wear but so did the high-grade carbon
ramming. Wear took place in a channel 500 mm wide and extended to the top of the carbon
ramming. Again, wear of the SiC was not expected, but should the C-based refractory material
have come into contact with slag at tapping temperatures, reaction between slag and carbon
would have been possible [116], [136]. The fact that the channel extended to the top of the C-
based refractory material was unexpected. The channel may have been worn by gas formed
during lancing or evolved from the clay as reported for FeNi smelters [25].

3. A clay mushroom did form, but rather than being attached to the SiC brick reconstructing the
tap-hole, it was detached from the SiC brick, and metal and slag channelled around it.

8.5.1 Potential for chemical reaction between slag or metal and refractory

In order to investigate the potential for chemical reaction (corrosion) between slag or metal and
refractory as a mechanism contributing to the wear observed in the tap-hole area, thermodynamic
calculations were conducted in FACTSage 6.4 [117]. The Equilib model was utilized, and depending
on the type of calculation the FToxid and / or FSstel and FACTPS databases were selected. Default
gas, liquids, and solids were selected as pure species with duplicates suppressed with the order of
preference being the FToxid, FSstel, and then the FACTPS databases. As solution species, only liquid
slag (SLAGA) and liquid metal (LIQU) were selected where applicable.

In all calculations the temperature range was 1500 — 1700°C at 25°C intervals and at 1 atmosphere
pressure, although the ambient pressure at the plant is typically 0.85 atmosphere [137]. The
temperature range was selected based on the following criteria:

1. The process temperature required for the production of SiMn with 17.0% Si in equilibrium with
slag with a silica activity of 0.2 (typical of SiMn production) is calculated as 1600°C [1]

2. Actual tap temperatures measured at the plant ranged between 1420 and 1520°C. A difference
between tapping temperature and process temperature of 50 — 100°C is typical of plant
operations [1]

3. The actual temperature experienced by the hot face refractories would therefore have been
1600°C or more

4. A first indication of the effect of lancing on tap-hole wear was to be obtained (albeit not a
detailed investigation).

To obtain an initial understanding of the system under investigation, the equilibrium phase
distributions of both slag and the metal were calculated. The composition and databases associated
are stated in Table 61 for slag and Table 62 for metal. Initial conditions were not specified. For the
slag calculations, 0.00001 g of argon was added to enable the calculation to converge.
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Table 61: Material compositions applied in free energy minimization calculations where slag is
reacted with either C- or SiC-based refractory material (mass percentages).

Composition Slag Refractory
le] MnO Sio, Ca0 MgO Al,05 FeO C SiC
As-received 13.7 47.4 26.1 6.2 6.1 0.5 100 100
Corrected 11.9 48.2 27.1 6.4 6.3 0 100 100

Table 62: Material compositions (mass percentages) applied in free energy minimization calculations
where metal is reacted with either C- or SiC-based refractory material.

A Metal Refractory
m[z]“”t Mn C Si Fe C sic
66.3 1.8 17.1 14.8 100 100

The predicted equilibrium phase distributions, for both as-received slag not corrected for metal
entrainment and slag corrected for metal entrainment, are presented in Figure 111. In both
instances the slag would be fully liquid at the temperatures under investigation (1500 — 1700°C) with
the calculated melting point at 1260°C and 1274°C respectively. As the composition of liquid slag
phase was not changed by the presence of a second phase, the slag composition in Table 61 could
therefore be utilized ‘as is” in thermodynamic calculations to study the potential of chemical
reactions between slag and refractory.
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Figure 111: Equilibrium phase distribution of industrial slag based on compositions in Table 61 with
solid lines presenting slag corrected for metal entrainment and dotted lines not.

The predicted equilibrium phase distribution of the as-received metal and chemical composition of
the metal phase as a function of temperature are presented in Figure 112. At temperatures below
1625°C the metal is saturated in SiC, as seen by the precipitation of SiC as a separate phase and the
lower Si and C contents of the liquid metal phase. As the temperature increases, the solubility of the
SiC in the metal increases to the point (above 1625°C) where the metal becomes unsaturated in SiC.
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Figure 112: Predicted (a) phase distribution of as-received metal and (b) chemical composition of
liquid metal phase as a function of temperature.

This is in agreement with the C solubility diagram for Si-Mn-Fe alloys presented in Figure 113 and
constructed from thermodynamic calculations conducted in FACTSage 6.4 [117]. Once the
temperature has increased to such an extent that the metal is unsaturated in SiC, the metal will
dissolve any SiC it comes into contact with, except for limitations posed by reaction kinetics [120].
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Figure 113: Calculated carbon solubility in Mn-Si-Fe alloys with fixed Mn:Fe ratio of 4.5 at 1500—
1700°C. The black cross indicates the composition of the alloy given in Table 62.

The possibility of reaction was assessed by calculating the equilibrium phase distribution of the
reaction products for the reaction of equal masses of slag and refractory as a function of
temperature. Equal masses of slag and refractory were assumed for convenience; in reality, the
refractories are exposed to large volumes of process materials (slag, metal) that are continuously
being replenished by fluid flow past the hot face and due to new process material being
continuously produced. This means that the effective ratio of process material to refractory material
is usually very large, which may affect refractory consumption. Estimates of the actual quantity of
slag participating in the reactions (based on mass transfer) are presented later. As the slag was fully
liquid in the temperature range under investigation, the composition in Table 61 could be utilized in
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calculations. For the metal, the composition in Table 62 was utilized. The fact that the metal was
already saturated in SiC (and unsaturated in C) was taken into account when interpreting the results
of the thermodynamic calculations. The refractory was assumed to consist of 100% C or 100% SiC.

The predicted equilibrium phase distributions when slag reacts with SiC or C refractories are
presented in Figure 114, and chemical distribution of the slag, metal, and gas phases in Figure 115.
The difference in phase distribution of slag not corrected for metal and slag corrected for metal was
insignificant. The remainder of the discussion will focus on slag corrected for metal only. This means

that the elements actively participating in slag / refractory interaction were considered as being Mn,
Si, O, and C (Fe excluded).

The reaction products for SiC-based refractory reacting with slag are metal and gas phases (Figure
114a). Metal formation is significant throughout the temperature range under investigation (1500°C
to 1700°C). Metal formation increases with increasing temperature from 1575°C, which is the
temperature at which gas formation also becomes significant. The formation of SiMn metal (Figure
114a) is associated with a decrease in the MnO content of the slag (Figure 115a), a decrease in SiC
(Figure 114a), and formation of a CO-rich gas phase (Figure 115c). Wear of the SiC-based refractory
therefore appears to have been due to the formation of a metal phase — through both the reduction
of MnO and the subsequent dissolution of SiC into the metal phase formed — and formation of a CO-
rich gas phase.

The reaction products for C-based refractory reacting with slag are metal, gas and SiC (Figure 114b).
Metal formation commences at 1525°C and SiC formation at 1575°C, with gas formation being
significant from 1550°C. The formation of SiMn metal (Figure 114b) and SiC is associated with
decreases in both MnO and SiO, contents of the slag (Figure 115a), a decrease in C (Figure 114b),
and formation of a CO-rich gas phase (Figure 115c). Wear of the C-based refractory therefore
appears to have been due to the formation of metal phase (through both the reduction of MnO and
SiO, and through subsequent dissolution of C into the metal phase formed), formation of a SiC-phase
through reduction of SiO, and formation of a CO-rich gas phase.
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Figure 114: Predicted phase distribution of 100g slag reacted with 100g of (a) SiC- and (b) C-based
refractory material as a function of temperature. Solid lines represent the borders for phase
distribution calculated from the as-received slag analysis and dotted lines calculated from the
corrected slag analysis.
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8.5.2 Refractory consumption

The predicted refractory consumption (X) is plotted as kilograms of refractory consumed (W, per
ton of slag or metal in Figure 116. Consumption was calculated as in Equation 32.

Equation 32: Refractory consumption calculation #1

Wref
= —— x 1000
100
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Figure 116: Calculated equilibrium consumption of (a) carbon and (b) SiC through reaction with
either slag or metal, where the mass of slag or metal is equal to that of the refractory. Equilibrium
calculations were conducted with FACTSage.

The highest wear predicted was for carbon-based refractory reacting with slag at temperatures
exceeding 1675°C, followed by SiC-based refractory reacting with slag. This is expected, as slag
reactions involve both chemical reaction and dissolution as discussed above, whereas metal reaction
involves only dissolution. Dissolution of SiC into metal (Figure 116b) occurs only once the metal
becomes unsaturated in SiC (Figure 112a and Figure 113), whereas the metal is already unsaturated
in C (Figure 113), with carbon potentially dissolving in metal throughout the temperature range
(Figure 116a).

When C-based refractory reacts with slag, if the SiC reaction product were to form an in-situ
refractory layer at the slag / refractory interface, the potential for refractory wear by chemical
reaction would be reduced [18]. However, experimental work has shown that SiC detaches from the
refractory rather than forming an in-situ protective layer [116], [136].

To put the results in Figure 116 into perspective, the actual refractory consumption was calculated
(Equation 33) over the lifetime of tap-hole B.

Equation 33: Refractory consumption calculation #2

X = 1000
T
The results are reported in Table 63. The mass of refractory worn was calculated from the wear
profile in Figure 104. The total amount of slag tapped through the tap-hole was calculated from
production figures (see Table 64).
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Table 63: Actual mass of C and SiC refractory worn as calculated from the wear profile in Figure 104.

High carbon ramming SiC
Assume vertical H 24 m Assume vertical H 9> m
rectangle w 0.5 m rectangle w 0.5 m
D 0.9 m D 0.7 m
Volume 1.08 m? Volume 0.2 m?
Density 1.8 t/m? Density 2.6 t/m3
Mass 1.944 t Mass 0.433 t
Total mass Ter | 2.377 t

Table 64: Total amount of slag tapped through the tap-hole estimated from actual production

figures.
Symbol Description Equation | Value | Unit
R Slag / alloy ratio 0.8
Size of a tap
Alloy 22 ton
S Slag RXA 17.6 ton
n Number of taps 1880
Ts Total amount of slag nxSs 33088 | ton

From Table 63 and Table 64 the actual refractory consumption relative to the total amount of slag
tapped through the tap-hole was calculated. The result obtained — 0.07 kg refractory per ton of slag
— was far lower (by a factor of ten thousand) than the predicted equilibrium consumption (around
70 kg refractory per ton of slag, depending on temperature) (see Figure 116).

A likely explanation for the significant difference is that not all slag that was tapped through the tap-
hole participated in chemical wear. According to the principles of fluid dynamics, velocity and
diffusion boundary layers develop near the wall inside a circular pipe (tap-hole) due to the effects of
viscosity. The boundary layers influence the heat and mass transfer in the pipe. In the case of slag /
refractory interaction in the tap-hole, only SiO, and MnO that diffuse through the boundary layer
would react with the refractory at the slag / refractory interface.

The amount of slag participating in the reaction was estimated from the mass transfer coefficient for
laminar flow inside a circular pipe, taking account of entrance effects [138] (see Table 65). The
transition from laminar to turbulent flow takes place at a Reynolds number (Re) of around 2300,
therefore the flow in the tap-hole was taken to be laminar, for slag tapping (see Re in Table 65).

The rate at which slag is transported across the boundary layer to react with the interior surface of
the tap-hole is simply given by the product of the mass transfer coefficient (kc), the inner area of the
tap-hole, and the slag density; the proportion of slag reacting is then given by Equation 34.

Equation 34: Slag available for reaction per ton of slag tapped.

ke XmXDpXLXpXtXx60
R ™= M
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Table 65: Calculation of mass transfer coefficient for silica for laminar flow inside a circular pipe.

Symbol Description Equation Value Unit References
t Duration of tap - 30 min -
M Size of tap - 17.6 tons Table 64
m Slag mass flow rate — X 60 35.2 t/h -

p Slag density - 2774 kg/m? [82]
i Volumetric slag fl t m x 1009 0.003525 ’
olumetric slag flow rate . m°/s -
" & 1 X 3600
Dy Inner diameter of the pipe - 0.1 m -
- B 2
u. Average vglouty over ’Fhe cross ol y DL 0.448791 m/s [138]
section of the pipe T 4
U Slag viscosity - 0.74 kg/ms [82]
DrU.
Re Reynolds number it 168 - [138]
u
b Effective |.:).Inalfy diffusivity of i 10 [139]
silicain slag
Sc Schmidt number D/(wp) 2.67x10’ - [138]
L Length of the pipe - 1 m -
Graetz number for mass m Dr 8
Gz transfer 1 X T X Re x Sc | 3.52x10 - [138]
Sh Sherwood number 1.65 X Gz /3 1166 - [138]
ici ShxD
k. Mass transfe.r. coefficient of 12 x 107 m/s [138]
silica Dy

The calculation (see details in Appendix C) indicates that the mass of slag reacting is approximately
0.01 kg per ton of slag tapped. Based on the estimate of 70 kg of refractory consumed per ton of slag
tapped (see Figure 116), the predicted refractory wear is 0.0007 kg per ton of slag tapped, two
orders of magnitude smaller than the observed wear. The conclusion is thus that mass transfer
effects in the tap-hole significantly limit the extent of reaction. It should be noted that wear by
metal was not considered in this calculation; the mass transfer coefficient for metal (with lower
viscosity and higher diffusivity) would be much higher than for slag.

8.6 Conclusions

The third research question posed was: What are the implications for the life of the tap-hole in a
SiMn furnace?

One of the reasons for the excavation and reline of the 48 MV SiMn furnace was the high shell
temperatures (300 — 480°C) in the vicinity of the tap-hole. Prior to the excavation, the SiC brick
utilized as tap-hole refractory (which should not react with slag) and the reconstructive tap-hole clay
utilized to form a mushroom attached to the refractory were expected to protect the tap-hole from
wear. However, the use of oxygen lancing should contribute to wear.

During the furnace excavation, it was found that the tap-hole area was one of two high refractory
wear areas; the other was the furnace hearth. It was found that the SiC brick in the tap-hole itself
wore extensively. Above the tap-hole, not only did the SiC brick extension wear but so did the high-
grade carbon ramming, with wear taking place unexpectedly in a channel 500 mm wide and
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extending to the top of the carbon ramming. A clay mushroom did form, but rather than being
attached to the SiC brick reconstructing the tap-hole, it was detached from the SiC brick with metal
and slag channelling around it.

Thermodynamic calculations predicted wear of both C- and SiC-based refractory through chemical
reaction with slag and dissolution in metal. The SiC-based refractory wore when metal and CO-rich
gas phases formed through the reduction of MnO in the slag and by the subsequent dissolution of
SiC to form a SiMn alloy saturated in C and SiC. The C-based refractory wore when metal, SiC, and
CO-rich gas phases formed through the reduction of MnO and SiO, in the slag and by the subsequent
dissolution of SiC and C to form a SiMn alloy saturated in C and SiC. The metal tapped from the
furnace was typically saturated in SiC but not in C, therefore C-based refractory would dissolve in the
metal and SiC-based refractory at temperatures where the metal becomes unsaturated in SiC. The
potential for chemical wear was therefore highest for C-based refractory material.

Furthermore, mass transfer calculations indicated that not all the slag tapped from the furnace was
available for participation in chemical reactions responsible for wear. Comparison with estimated
wear rates indicates that slag mass transfer was too slow to account for the observed wear.
Although chemical reaction between slag and refractory is a potential mechanism responsible for
refractory wear in the tap-hole, it appears not to be the only wear mechanism.

Further work to investigate flow conditions in the tap-hole region, and their possible effects on
wear, would be useful, as would investigations into the effect of lancing and tap-hole clay studies.

In Chapter 9 the three research questions and arguments will be revised and recommendations
made for future investigations.
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9 Final conclusions and recommendations for future research

The goal of the study presented here was to determine to what extent chemical reaction between
slag and refractory materials would be responsible for tap-hole refractory wear. The study was
structured to address three research questions:

Question 1: When exposing carbon-based refractory material (ramming paste and carbon block) to
SiMn slag or metal in the tap-hole, is chemical reaction between refractory and slag or refractory
and metal a potential wear mechanism?

Question 2: Is the choice in carbon-based refractory material important from a tap-hole refractory
life perspective?

Question 3: Having obtained answers to Question 1 and Question 2, what are the implications for
the life of the tap-hole in a SiMn furnace?

These three questions were addressed by combining thermodynamic calculations, different
laboratory scale experiments and the excavation of a tap-hole from an industrial scale furnace.

The answer to question 1 — when exposing carbon-based refractory material (ramming paste and
carbon block) to SiMn slag or metal in the tap-hole, is chemical reaction between refractory and slag
or refractory and metal a potential wear mechanism? — is yes.

Thermodynamic calculations indicated that the reactions most likely responsible for wear in the tap-
hole were the reduction of SiO, to produce SiC or alloyed Si, and of MnO producing alloyed Mn and
the dissolution of carbon in metal up to the point of dual saturation —in both carbon and SiC.

The formation of SiC as reaction product was demonstrated in three types of laboratory-scale
experiments in which (1) graphite was exposed to synthetic slag in a cup test, (2) ramming paste
matrix was exposed to synthetic slag in wettability tests and (3) ramming paste was exposed to
industrial slag in cup tests.

The formation of SiMn as reaction product was validated provisionally in the experiments where
graphite was exposed to synthetic slag and appeared to occur in a cup test where ramming paste
was exposed to industrial slag.

Based on published [63] data, slag should be non-wetting towards carbon block and ramming paste.
This was not found: both synthetic and industrial slag wetted both types of refractory materials.
Chemical reactions in reactive systems could cause non-wetting conditions to change to wetting
conditions. The potential for chemical reaction between refractory and slag being the cause of the
wetting behaviour was further confirmed by slag being non-wetting on all three substrates in CO-gas
atmospheres which appeared to suppress the chemical reaction between the refractory substrate
and slag.

The answer to question 2 — js the choice in carbon-based refractory material important from a tap-
hole refractory life perspective? — is no, when limited to the study of slag / refractory interactions
presented in this study.

To address the question industrial grade carbon-based refractory material and industrial SiMn slag
were sourced, prepared and characterised.

As the reaction products expected from slag / refractory interactions were SiC and SiMn, the fact
that the industrial slag sourced to conduct these experiments contained both had to be taken into
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account. The industrial SiMn slag consisted primarily of an amorphous slag phase, but also contained
SiC, MnS and intermetallic phases including SiMn. The slag was fully liquid at the temperature range
under investigation (1400°C — 1600°C).

Both refractory materials consisted of large carbon-based aggregate particles and a carbon binder
phase containing smaller carbon-based aggregate particles. The carbon block had both Al,0; and SiC
particles added intentionally. The ramming paste contained inorganic phases too but these were not
added intentionally and rather were calcination products formed during calcination of the
anthracite. At the temperature range under investigation (1400°C — 1600°C) thermodynamic
calculations predicted the presence of minor slag and metal phases upon melting of the inorganic
phases present in both refractory materials. The porosity of the carbon block was half that of the
ramming paste and the porosity of the ramming paste matrix slightly higher than that of the
ramming paste aggregate.

As with the pure species, thermodynamic calculations predicted the potential for reduction of SiO,
to form SiC and alloyed Si, and reduction of MnO to produce alloyed Mn, when reacting the
industrial slag with industrial grade refractory materials. Both phases were observed in wettability
tests and cup tests exposing refractory to industrial slag. The SiC formed did not attach to the carbon
forming a protective layer but rather detached into the slag phase potentially due to the wettability
of SiC towards slags. The carbon in both materials appeared to have reacted with slag to form SiC
and SiMn (although the presence of SiC and metal in unreacted slag causes some ambiguity) with
the binder phase being attacked preferentially to the aggregate. From a chemical reaction
perspective a difference between the two types of refractory materials could therefore not be
found.

Another aspect studied was the extent of infiltration of slag into the refractory; increased infiltration
would lead to increased surface area available for slag / refractory interaction. In wettability tests
the carbon block was infiltrated more deeply by slag than ramming paste aggregate or matrix, but in
cup tests where the amount of slag was significantly higher, no difference was found. In cup tests,
the extent of infiltration was the same for both materials as was the infiltration path: slag filled the
open pores in the matrix rather than filling aggregate particles. Slag appears to infiltrate both
materials to the same extent.

It was concluded that, for the two types of carbon-based refractory materials under investigation,
the choice of material would not influence chemical wear based on the results obtained from the
experimental methods (wettability test and crucible tests) utilized. The differences in refractory life
observed on the plant should therefore be attributed to wear mechanisms other than purely the
chemical wear observed by these two methods.

Question 3 — what are the implications for the life of the tap-hole in a SiMn furnace? — was
addressed in the context of an excavation of an industrial scale furnace where the tap-hole was
based on a combination of SiC bricks and carbon ramming paste.

According to thermodynamic calculations the predicted extent of chemical wear by slag was larger
for carbon-based refractory materials (than for SiC). If the SiC reaction product were to form an in
situ refractory layer at the slag / refractory interface, the potential for refractory wear by chemical
reaction would therefore be reduced — but the laboratory experiments did not show adherence of
the SiC product to the carbon refractory.

Preliminary consideration of mass transfer in the tap-hole indicated that, although chemical reaction
between slag and refractory is a potential mechanism responsible for refractory wear in the tap-
hole, it is not the only wear mechanism applicable.
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In the study presented here, thermodynamic calculations focussed on the formation of SiC from SiO,
irrespective of reaction paths. The experimental work that followed studied the slag/graphite
reaction, not metal/graphite reaction; that would be interesting future work.

The carbon block and ramming paste examined in this study contained a significant proportion of
inorganic components. The potential for these components to partially dissolve in slag and
contribute to wear would also be interesting future work.

As a next step in understanding the difference in wear observe between carbon block and ramming
paste the potential for erosion caused by slag or metal and solid material abrading refractory [19],
[88] in combination with chemical reaction should be investigated. Laboratory-scale techniques
available to investigate erosion in neutral gas atmospheres are rotary finger tests [66], [114].

Furthermore understanding the influence of mass and heat transfer on the temperature of the
refractory at the slag / refractory interface would improve understanding of the potential for
chemical reaction to contribute to the wear in the tap-hole.

As oxygen lancing of the tap-hole — initially to open it and during tap to keep it open —is applied on
most industrial scale furnaces the effect of lancing on tap-hole wear should be further investigated.
Lancing has the potential to change both chemistry and temperature in the tap-hole and to influence
the material flow. Excessive lancing is expected to be highly detrimental to tap-hole life.
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11 Appendix A: Summary of wettability results

11.1 Synthetic slag on ramming paste matrix in Ar-gas

Table 66: Synthetic slag on ramming paste matrix substrate in an argon atmosphere held at 1588°C.

Synthetic slag on ramming paste matrix substrate in an argon atmosphere held at 1588°C

1189 °C 1211°C 1234 °C

1256 °C 1279 °C 1301 °C

1323°C 1345°C 1368 °C

1391 °C 1413 °C 1436 °C
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Synthetic slag on ramming paste matrix substrate in an argon atmosphere held at 1588°C

1459 °C

1481 °C

1504 °C

1526 °C

1547 °C

1553 °C

1557 °C

1561 °C

1565 °C

1570 °C

1574 °C

1579 °C

1583 °C

1587 °C

1587 °C

1588 °C, t = 0 min

1588 °C, t =0 min 5 sec

1588 °C, t = 0 min 10 sec
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Synthetic slag on ramming paste matrix substrate in an argon atmosphere held at 1588°C

1588 °C, t =5 min

1588 °C, t =5 min 5 sec

1588 °C, t =5 min 10 sec

1588 °C, t = 10 min

1588 °C, t =10 min 5 sec

1588 °C, t =10 min 10 sec

1588 °C, t = 15 min

1588 °C, t =15 min 5 sec

1588 °C, t = 15 min 10 sec

1588 °C, t = 20 min

1588 °C, t =20 min 5 sec

1588 °C, t =20 min 10 sec

1588 °C, t = 25 min

1588 °C, t =25 min 5 sec

1588 °C, t =25 min 10 sec
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11.2 Industrial slag on ramming paste matrix in Ar-gas

UNIVERSITEIT VAN PRETORIA

Table 67: Industrial slag on ramming paste matrix substrate in an argon atmosphere held at 1588°C.

Industrial slag on ramming paste matrix substrate in an argon atmosphere held at 1588°C

1215 °C

1253 °C

1269 °C

1503 °C

1510 °C

1518 °C

1588 °C, t =0 min

1588 °C, t =0 min 5 sec

1588 °C, t = 0 min 10 sec

1588 °C, t =5 min

1588 °C, t =5 min 5 sec

1588 °C, t =5 min 10 sec

1588 °C, t = 10 min

1588 °C, t =10 min 5 sec

1588 °C, t = 10 min 10 sec
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Industrial slag on ramming paste matrix substrate in an argon atmosphere held at 1588°C

1588 °C, t = 15 min

1588 °C, t =15 min 5 sec

1588 °C, t =15 min 10 sec

1588 °C, t = 20 min

1588 °C, t =20 min 5 sec

1588 °C, t =20 min 10 sec

1588 °C, t = 25 min

1588 °C, t =25 min 5 sec

1588 °C, t =25 min 10 sec
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11.3 Industrial slag on ramming paste aggregate in Ar-gas

Table 68: Industrial slag on ramming paste aggregate substrate in an argon atmosphere held at

1588°C.

Industrial slag on ramming paste matrix aggregate in an argon atmosphere held at 1588°C

1211 °C

1263 °C

1279 °C

1513 °C

1520°C

1527 °C

1588 °C, t =0 min

1588 °C, t =0 min 5 sec

1588 °C, t = 0 min 10 sec

1588 °C, t =5 min

1588 °C, t =5 min 5 sec

1588 °C, t =5 min 10 sec

1588 °C, t = 10 min

1588 °C, t =10 min 5 sec

1588 °C, t = 10 min 10 sec
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Industrial slag on ramming paste matrix aggregate in an argon atmosphere held at 1588°C

1588 °C, t = 15 min

1588 °C, t =15 min 5 sec

1588 °C, t =15 min 10 sec

1588 °C, t = 20 min

1588 °C, t =20 min 5 sec

1588 °C, t =20 min 10 sec

1588 °C, t = 25 min

1588 °C, t =25 min 5 sec

1588 °C, t =25 min 10 sec
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11.4 Industrial slag on carbon block in Ar-gas

Table 69: Industrial slag on carbon block substrate in an argon atmosphere held at 1588°C.

Industrial slag on carbon block substrate in an argon atmosphere held at 1588°C

1220 °C

1222 °C

1228 °C

1462 °C

1470 °C

1477 °C

1580 °C

1581 °C

1583 °C

1588 °C, t =0 min

1588 °C, t =0 min 5 sec

1588 °C, t = 0 min 10 sec

1588 °C, t =5 min

1588 °C, t =5 min 5 sec

1588 °C, t =5 min 10 sec
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Industrial slag on carbon block substrate in an argon atmosphere held at 1588°C

1588 °C, t = 10 min

1588 °C, t =10 min 5 sec

1588 °C, t =10 min 10 sec

1588 °C, t = 15 min

1588 °C, t =15 min 5 sec

1588 °C, t = 15 min 10 sec
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11.5 Industrial slag on ramming paste matrix in CO-gas

Table 70: Industrial slag on ramming paste matrix substrate in a CO-gas atmosphere held at 1588°C.

Industrial slag on ramming paste matrix substrate in a CO-gas atmosphere held at 1588°C

1246 °C 1253 °C 1261 °C

1495 °C 1502 °C 1510 °C

1588 °C, t =0 min 1588 °C, t =0 min 5 sec 1588 °C, t = 0 min 10 sec

1588 °C, t =5 min 1588 °C, t =5 min 5 sec 1588 °C, t =5 min 10 sec

1588 °C, t = 10 min 1588 °C, t =10 min 5 sec 1588 °C, t = 10 min 10 sec

165

© University of Pretoria



Industrial slag on ramming paste matrix substrate in a CO-gas atmosphere held at 1588°C

1588 °C, t = 15 min

1588 °C, t =15 min 5 sec

1588 °C, t =15 min 10 sec

1588 °C, t = 20 min

1588 °C, t =20 min 5 sec

1588 °C, t =20 min 10 sec
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11.6 Industrial slag on ramming paste aggregate in CO-gas

Table 71: Industrial slag on ramming paste aggregate substrate in a CO-gas atmosphere held at

1588°C.

Industrial slag on ramming paste matrix aggregate in a CO-gas atmosphere held at 1588°C

1260 °C

1267 °C

1274 °C

1510 °C

1517 °C

1524 °C

1588 °C, t =0 min

1588 °C, t =0 min 5 sec

1588 °C, t = 0 min 10 sec

1588 °C, t =5 min

1588 °C, t =5 min 5 sec

1588 °C, t =5 min 10 sec

1588 °C, t = 10 min

1588 °C, t =10 min 5 sec

1588 °C, t = 10 min 10 sec
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Industrial slag on ramming paste matrix aggregate in a CO-gas atmosphere held at 1588°C

1588 °C, t = 15 min

1588 °C, t =15 min 5 sec

1588 °C, t =15 min 10 sec

1588 °C, t = 20 min

1588 °C, t =20 min 5 sec

1588 °C, t =20 min 10 sec

1588 °C, t = 25 min

1588 °C, t =25 min 5 sec

1588 °C, t =25 min 10 sec

168

© University of Pretoria




UNIVERSITEIT VAN PRETORIA

11.7 Industrial slag on carbon block in CO-gas

Table 72: Industrial slag on carbon block substrate in a CO-gas atmosphere held at 1588°C.

Industrial slag on carbon block substrate in a CO-gas atmosphere held at 1588°C

1579 °C

1582 °C

1585 °C

1588 °C, t =0 min

1588 °C, t =0 min 5 sec

1588 °C, t = 0 min 10 sec

1588 °C, t =5 min

1588 °C, t =5 min 5 sec

1588 °C, t =5 min 10 sec

1588 °C, t = 10 min

1588 °C, t =10 min 5 sec

1588 °C, t = 10 min 10 sec

1588 °C, t = 15 min

1588 °C, t = 15 min 5 sec

1588 °C, t = 15 min 10 sec
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Industrial slag on carbon block substrate in a CO-gas atmosphere held at 1588°C

1588 °C, t = 20 min

1588 °C, t =20 min 5 sec

1588 °C, t = 20 min 10 sec

1588 °C, t = 25 min

1588 °C, t =25 min 5 sec

1588 °C, t =25 min 10 sec
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12 Appendix B: Density calculations for liquid metal phase

The estimate of the density of the liquid metal phase was based on the assumptions that:

1. The total volume of the alloy is simply the sum of the volumes of pure Mn, Fe and Si. This
assumption is not entirely true as the molar volume of FeSi and SiMn alloys shows a strong
negative deviation (of up to 15%) from the ideal as indicated in Figure 117 [140]-[142];

(a) —Ideal e At1450°C © Deviation (p) —ldeal @ At1550°C o Deviation

. 15% 115 16%

g 8 2 - 14% §

< 105 - ‘ " § S 10.5 - 12% §

< - 10% & y

v ! ] =3 100% K]

5 9.5 f--==--r-- gn E 9.5 P - 80A> go

S 5% £ 8 Fo% £

= 85 9 = 85 - - 4% 3

8 =4 o -

§ L : : a é | | ) : - 2% &
75 © ‘ i o 0% 75 © ‘ ; ‘ ‘ o 0%
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Silicon mole-fraction of SiMn-alloy

00 02 04 06 08 10
Silicon mole-fraction in FeSi-alloy

Figure 117: Molar volume of (a) FeSi-alloy measured at 1450°C and (b) SiMn-alloy measured at
1550°C, with ideal relationship shown.

2. The density calculated as such is adjusted for carbon by assuming that the density decrease due
to the presence of 2%C in the alloy is the same as the factor by which the density of Fe-2%C is
lower than that of pure liquid Fe;

3. Composition of metal stated in Table 73.

Table 73: Metal composition applied in calculation of density of metal (pmetal)-

Mass %
Mn Si Fe C Total
4-component 68.0 20.0 10.0 2.0 100
3-component 69.4 20.4 10.2 0.0 100

The density of each pure metal component was calculated according to Equation 35.
Equation 35: density of pure liquid metal as a function of temperature (p(T)) [142], [143]

p(T) = a+b(T_Tmp)
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Table 74: Definition of variables applied in Equation 35 and densities calculated at 1600°C.

Variable Description Unit Mn Fe Reference Si Reference
Tip Melting point K 1525 1809 [142] 1683 [142]
a Density at kg/m3 5.95 6.98 [143] 2.524 [142]
melting point
b Change in kg/(m*.K) | -10.53 -5.72 [143] -3.487 [142]
density with x10™ x10™ x 10
change in
temperature

The density of the 3-component metal is calculated as shown in Table 75.

Table 75: Density of the 3-component metal.

Variable Description Unit Mn Si Fe Metal
m mass ton 69.4 20.4 10.2 100

p (1873) | Density at 1600°C | ton/m? 5.58 2.46 6.94 4.504
\Y volume m? 12.43 8.30 1.47 22.2

The decrease in density due to the presence of carbon (Table 76) was calculated by applying
Equation 36 where the density of liquid Fe-C alloys as a function of carbon content (percentage by

mass) and temperature (K) derived by [144] from experimental data in the ranges 0%C - 4%C and
1250°C - 1550°C.

Equation 36: Density of liquid Fe-C alloys as a function of carbon content and temperature [144]
p = (7.10 — 0.0732%C) — (8.28 — 0.874%C) x 10~ *(T — 1823)

Table 76: Density of liquid Fe-C alloys as a function of carbon content calculated according to

Equation 36.
T (K) [%C] p (g/cm?)
1823 0 7.10
1823 2 6.95
Density decrease due to 2%C (ratio) | 0.98 (dimensionless)

The resulting density of the 4-component metal was then calculated as 4412 kg/m? (4.504 x 0.98)
assuming that the ratio would be the same at 1550°C and 1600°C. The assumption appears
reasonable as the calculated ratio was the same at 1500°C and 1450°C.
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13 Appendix C: Calculation of mass transfer coefficient for silica for
laminar flow inside a circular pipe

The amount of slag participating in the reaction was estimated from fluid dynamics by calculating
the mass transfer coefficient for laminar flow inside a circular pipe [138] — see Table 65. The
transition from laminar to turbulent flow takes place at around Re = 2300 therefore the flow in the
pipe was taken to be laminar — see Re in Table 65.

The flux of silica (J) was calculated according to Equation 37 with Cg the concentration of SiO, in the
bulk of the slag and Cy, the concentration of SiO, at the slag/refractory interface.

Equation 37: Flux calculation.

ke

R

The difference in concentration (Cg - Cy) should be the difference between the actual SiO,
concentration and the equilibrium SiO, concentration for slag-SiC-CO equilibrium, but was here
taken to be the same as the bulk concentration (that is, the equilibrium concentration was taken to
be zero) to give an upper-bound estimate of the amount of slag that can react with the carbon
refractory.

The concentration of SiO, in the slag was calculated from the corrected slag composition as
indicated in Table 77.

Table 77: Calculating the concentration of SiO, in the slag.

Symbol Description Equation Value Unit References
%Si0, | Mass percent SiO; in slag - 48.3 - Table 59
p Slag density - 2774 kg/m? [82]
Msio2 | Molar mass of SiO, - 0.0600848 | kgmol -
Cosion Eﬁrkcgptgzt'sggo‘c Si0; in the % 22331 | mol/m? i

The rate of SiO, transfer (kg/h) was calculated from Equation 38. For the conditions listed in Table 64
and Table 77 the rate of SiO, transfer was calculated as 0.177 kg/h.

Equation 38: Rate of SiO, transfer through boundary layer (kg/h).
RateSiOZ = CBS'iOZ X kC XX DT X L X 3600 %X MSiOZ

The kilogram slag available for reaction (Mg) per ton of slag tapped was calculated from Equation 34
which on substitution for the conditions listed in Table 64 and Table 77 resulted in Mg calculated to
be 0.01 kg slag per ton of slag tapped.
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Equation 39: Amount of slag available for tap per ton of slag tapped.

ke XmXDp XLXpXt/60
R~ M
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