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Abstract 

Titania slag is a feedstock to the pigment industry, which in turn provides titania pigment to 
producers of everyday products like paper, cosmetics and toothpaste.  Titania slag is the 
primary product of the pyrometallurgical process of ilmenite smelting – the other products being 
iron and CO gas.  Titania slag is typically tapped from the furnace into blocks of approximately 
20 tons.  After cooling these blocks are crushed and milled to size fractions suitable for the 
processes of the pigment producers.  These processes are broadly grouped into two types of 
technology: the chloride route (during which titania slag is reacted with chlorine and 
subsequently re-oxidised thereby removing the impurities) and the sulphate route (in this 
process the titania slag is purified after dissolving the slag in sulphuric acid).  Due to the nature 
of these two processes, several specifications are imposed on the quality of the titania slags.   

The fluidised-bed technology used in the chloride process limits the size distribution of the slag 
to between 106 µm and 850 µm.  Ilmenite smelting industries consequently crush and mill the 
titania slag to below 850 µm.  The fraction below 106 µm is then sold to the sulphate market.  
Since the coarser chloride grade product is the more valuable product, slag producers 
continuously strive to improve the ratio between the coarser and finer fractions.   

This study reports on parameters which influence the particle size distribution of titania slags 
and therefore the split between the coarser (more valuable) and finer (less valuable) products.  
Pilot-scale slag ingots were used to identify chemical and process variables which influence the 
yield of coarser material. The microstructure of as-cast and milled slag was examined, and 
indicated a role of silicate phases in the crushing behaviour.  Industrial-scale slag ingots were 
used to test whether the roles of tapping rate and water cooling (as identified from the pilot-
scale ingots) also applied under industrial conditions.  A numerical method was applied to 
estimate the thermal conductivity of the solidified slag (from measurements on pilot-scale 
ingots), and to predict the cooling and solidification behaviour of industrial-scale ingots. 

The study concludes that the chemical composition and cooling conditions of the slag block 
play central roles in the final particle size distribution of the slag. 

Key words:  titania slag; pseudobrookite; solidification; ilmenite smelting 
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1.1 TiO2 pigment feedstock 
Titanium dioxide (TiO2) is used as pigment in amongst others paints, coatings, plastics, paper, 
inks, foods, toothpaste and cosmetics due to its brightness, high refractive index, whiteness, 
opacity and resistance to discolouration under ultraviolet light1. 

The value chain of the titanium dioxide (TiO2) pigment industry starts with the mining of a group 
of minerals collectively referred to as heavy minerals.  This group of minerals includes ilmenite 
(FeTiO3), zircon (ZrSiO4), rutile (TiO2), leucoxene (a weathered form of ilmenite) and monazite 
((Ce, La, Pr, Nd, Th, Y)PO4).  When of sufficiently high grade, ilmenite can be used directly as 
feedstock in the TiO2 pigment manufacturing processes.  Alternatively, it can be upgraded to 
feedstock quality through reduction in rotary kilns to manufacture synthetic rutile, or reductive 
smelting in electric arc furnaces to produce TiO2 slag.   

The required feedstock quality (TiO2 content and impurity level of individual oxides) depends on 
the pigment manufacturing process: chloride process or sulphate process.  With the chloride 
process the feedstock is converted from TiO2 to TiCl4 in a fluidised bed after which the TiCl4 is 
oxidised back into a pure TiO2 crystal which is further surface treated to yield a pigment with 
the desired properties2.  During the sulphate process, the feedstock is dissolved in sulphuric 
acid before controlled crystallisation of the titanium units to yield TiO2 pigment2.  Due to the 
different processing routes, the chemical specifications differ for the two products. 

The two pigment manufacturing processes furthermore impose a specification on the particle 
size distribution of the feedstock.  The fluidised bed technology used in the chloride process 
necessitates an upper and lower limit on the particle size distribution (in some instances also a 
d50 constraint).  This is the origin of the very specific particle size range specification of -850 µm 
+106 µm for feedstock intended for the chloride route.  The sulphate process requires a large 
surface area and feedstock is milled to very fine particle sizes.  The -106 µm fraction is 
therefore sold as feedstock in the sulphate process market.  

At Exxaro KZN Sands, TiO2 slag produced via reductive smelting of ilmenite is crushed and 
milled to -850 µm.  The milled slag is classified into the coarser -850 µm +106 µm fraction 
intended as feedstock in the chloride pigment manufacturing processes and referred to as 
“chloride slag”.  The finer -106 µm fraction is sold as feedstock for the sulphate pigment 
manufacturing route, and is referred to as “sulphate slag” or “fine slag”.  However, since 
chloride slag has a higher market value than fine slag, a primary key performance indicator of 
plant production is the ratio of chloride to fine slag; a high ratio indicates that size reduction of 
the slag to below -850 µm is achieved, while avoiding formation of -106 µm material. 

1.2 The origin of Exxaro KZN Sands 

During the mid 1990’s Iscor (then a steel producer and mining company) identified the 
opportunity to invest in the heavy minerals industry.  The Iscor Heavy Minerals project (IHM 
Heavy Minerals) commenced with a feasibility study flowing into an engineering and design 
phase.  These started in 1996 and concluded in 2000 with Board approval of phase 1 of the 
project – Hillendale Mine and the Mineral Beneficiation Plant.  Construction of the two Smelters 
and Slag Processing Plant – phase 2 – was subsequently announced in August 2001.  
Commissioning of the Smelters commenced during the last quarter of 2003 followed by that of 
the Slag Processing Plant in March 2004. 
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Due to the reducing conditions in ilmenite smelting titanium units and some of the impurities are 
partially reduced to report to the metal phase.  The maximum limits of impurities in both the 
slag and iron are fixed in supplier-customer contractual agreements. 

The smelting and reduction processes are conducted within a crucible of a solidified, high 
titanium content slag (known as the freeze lining), contained within the furnace refractory walls.  
This freeze lining protects the magnesia refractory from chemical attack by the slag (chemical 
attack will not only reduce the refractory life, but will also contaminate the slag). 

The slag has a lower density than the iron and separation of the two liquid products occurs 
within the furnace.  Slag and iron are tapped periodically from separate sets of tapholes located 
around the circumference of the furnace – the slag tapholes are at a higher elevation than 
those of the iron.  Slag is tapped into 20 t steel pots and cooled for several hours within these 
pots before being tipped out.  These blocks are subsequently transported to the block yard 
where they are cooled under water sprays for a number of days.  They are then crushed, milled 
and classified according to particle size into the chloride and fine slag products.  A block flow 
diagram of the Slag Processing Plant is given in Figure 1 . 

The tapped pig iron is re-carburised and desulphurised and cast into 7 kg pigs for use in among 
others, the automotive industry. 

static grizzly

hydraulic hammer

primary cooling yard

block yard

jaw crusher

dryer

mill

screens (1mm)

air classifiers
screen (50 mm)

day bin

classifier bin

mill bin
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Figure 1 Block diagram depicting the process flow of the Exxaro KZN Sands Slag Processing 
Plant. 

The layout of the Exxaro KZN Sands furnace and metal treatment buildings, slag block yard 
and slag processing plant is shown in Figure 2.   
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Figure 2 Aerial photograph of the furnace and metal treatment building (upper left hand 
corner) and slag processing building (lower right hand corner).  The block yard is located 

between these two buildings. 

1.4 Problem statement 

The relatively young process of titania slag production and the closed nature of the industry led 
the present situation where little information regarding the characteristics of titania slags is 
available in the open literature.  Although useful information was published from research work 
conducted by the Canadian QIT research laboratories during the 1970s, these slags contained 
approximately 70% TiO2 whereas titania slags produced by South-African producers typically 
contain around 85% TiO2.  From the available information, this difference is composition was 
expected to have a considerable influence on the slag properties and behaviour.  Only fairly 
recently was more information published regarding the properties of these relatively higher 
grade titania slags.  These publications focused on mineralogy of the solid phases, 
decrepitation behaviour and in some instances even included smelting behaviour, and are 
summarised later in this section.   

During the ilmenite smelting campaigns conducted by IHM Heavy Minerals (as the forerunner 
of Exxaro KZN Sands was known at the time), it became evident that the final particle size of 
the slag is a strong function of the cooling environment.  This initiated various studies into 
decrepitation behaviour (discussed below).  It soon became evident, however, that the final 
slag product size distribution was the consequence of parameters other than just decrepitation. 

This study therefore focused on testing the hypothesis that various aspects of the cooling 
environment influence the particle size distribution of the final product.  This was in contrast 
with the general concept of the time (prevalent within IHM Heavy Minerals) that crushing and 
milling are the primary factors determining the particle size distribution.      
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General mineralogy of titania slags 

The ilmenite smelting process9,10 and slag structure4,11,12 have been reviewed recently, and 
hence only a brief summary is given here (based on these references), focusing on the factors 
which can affect the phases which are present in the slag (since these phases are expected to 
influence the crushing behaviour of the solidified slag). 

The most striking feature of the solidified slag is that it largely consists of a single phase, which 
is a solid solution which follows M3O5 stoichiometry.4  This phase can be viewed as a solid 
solution of the end members FeTi2O5, Ti3O5, MnTi2O5, MgTi2O5, Cr2TiO5, Al2TiO5 and V2TiO5, 
and incorporates all or nearly all of the iron, titanium, manganese, magnesium, aluminium and 
vanadium which are present in the product.  The major elements which are not incorporated in 
the M3O5 ("pseudobrookite" or "karrooite") solid solution are silicon and calcium; these report 
as separate silicate phases (both crystalline and glassy), which also contain aluminium, and 
some titanium (all of these in the form of oxides).  The silicate phases are present between the 
M3O5 grains, and appear to form during the latest stages of solidification.  Some rutile (TiO2) is 
generally present in the solidified slag, also at the positions of final solidification.  This is in 
agreement with the predicted solidification behaviour of the slag, as reviewed below. 

The tendency of SiO2 and CaO to form separate silicate phases between the M3O5 grains may 
well contribute to the crushing behaviour of the slag; this possibility was studied in this project. 

The reason why the slag composition remains close to M3O5 stoichiometry is not clear; 
suggested reasons include chemical equilibrium13 (of the reaction FeO+Ti2O3=Fe+2TiO2), and 
phase equilibrium10 (involving transient solidification and remelting, driven by the temperature 
difference between the slag and the metal).  The main reason for this uncertainty is that the 
calculated activities in the liquid slag and solid phases are based on extrapolations from the 
binary systems14 (mainly FeO-TiO2 and Ti2O3-TiO2), measurements of sub-solidus equilibria,15 
and a few measurements involving melts in the FeO-TiO2-Ti2O3 system.16  The available data 
as evaluated in references 14 and 15 have been incorporated in the FactSage database.17 
Given the limited and uncertain experimental data, it is not surprising that predicted phase 
equilibria differ. For example, the "Multi-Phase Equilibrium" (MPE) package of the CSIRO18 
appears to predict a much wider liquidus-solidus gap than FactSage predicts; a cell model 
predicts a smaller liquidus region at temperatures of 1500°C, 1600°C and 1700°C (hence 
higher melting points overall) than does FactSage.19 

While it is realised that there are uncertainties in the reaction and phase equilibria as predicted 
by FactSage, this package was used to provide much of fundamental thermodynamic data 
which were used in this work, since the package was the most comprehensive and convenient 
data source available to the author. 

Reactions during solidification 

Figure 3 gives a calculated pseudo-binary section through the FeO-Ti2O3-TiO2 system, at a 
constant mole fraction of FeO; the section was calculated using FactSage, suppressing the 
Magnéli phases.20  As mentioned before, the slag compositions are close to M3O5, but solidified 
slags contain a small but significant fraction of rutile.4  The presence of rutile indicates that the 
slag contains more TiO2 (and hence less Ti2O3) than M3O5 stoichiometry would require; that is, 
the slag composition lies between M3O5 stoichiometry and point A on the diagram (there is no 
evidence that the slag composition lies beyond point A, which would imply rutile forming as 
primary phase upon solidification, and the presence of a large fraction of rutile in the solidified 
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slag.)  The implication of the presence of rutile in the solidified slag is hence that the titanium in 
the slag is less strongly reduced (containing more TiO2 and less Ti2O3) than M3O5 stoichiometry 
would require.  One way in which this can arise, is for the slag to conform to M3O5 
stoichiometry within the furnace (whether for reasons of chemical equilibrium or phase 
equilibrium, as discussed above), but that some of the Ti2O3 can be oxidised to TiO2 during 
tapping, when the slag stream is exposed to air.  This is certainly thermodynamically possible, 
since the calculated partial pressure of oxygen for equilibrium between TiO2 and Ti2O3 in the 
slag is approximately 10-9 atm,21 much lower than the partial pressure of oxygen in air. 

The possibility that oxidation of slag during tapping can change the crushing behaviour of the 
slag (by changing the solidified microstructure, mainly by increasing the volume fraction of rutile 
in the structure) is one which was investigated in this work. 

Molar ratio (TiO2) / [(TiO2) + (FeO) + (Ti2O3)]

Molar ratio (FeO) / [(TiO2) + (FeO) + (Ti2O3)] = 0.13

liquid slag

liquid + rutile

M
3O

5liquid slag +
Fe° (liquid)

M3O5 + rutile

liq.+M3O5

M3O5 + Fe°(liquid)

M3O5 + Fe°(solid)

liq.+
M3O5

liquid +
rutile +
M3O5

liq. slag + M3O5
+ Fe° (liquid)

A

 

Figure 3 Calculated partial pseudobinary section through the FeO-Ti2O3-TiO2 system, at 
an FeO mole fraction of 0.13.20  

Reactions after solidification 

Changes in microstructure can occur through phase transformations below the solidus 
temperature.  One possible reaction is the decomposition of M3O5 into rutile and metallic iron; 
M3O5 tends to undergo this reaction below approximately 1100°C (depending on 
composition).15  However, this reaction is generally not observed in solidified slags during 
practical cooling, and the M3O5 structure persists (metastably) down to room temperature.  A 
small degree of oxidation of slag can trigger this transformation of M3O5 to rutile (or anatase) 
and metallic iron, though.22  If such a transformation does occur, it could influence crushing, but 
there is no evidence from any of the microstructural studies on these slags that this 
decomposition reaction normally occurs to any significant extent. 
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What is expected to play a significant role is the formation of the "M6O11" phase by low-
temperature oxidation (that is, at 400°C or below).7,23  As indicated by its stoichiometry, 
formation of M6O11 involves only a small degree of oxidation of M3O5, yet it has been shown to 
cause severe decrepitation of the material:  the solidified slag breaks up into small flakelike 
particles.5,6  Suppression of this low-temperature oxidation reaction is one of the main reasons 
why water cooling is applied to the surfaces of the slag blocks in the "block yard" of the plant.  
Possible effects of low-temperature oxidation were hence also studied in this project. 

Higher-temperature oxidation reactions lead to different reaction products, and can also give 
substantial changes in the microstructure.6  However, such reaction products are not evident in 
the slag microstructures.  Such higher-temperature oxidation of the slag (typically in the 
temperature range 900-1100°C) was hence not expected to be relevant to this project; such 
oxidation reactions play a central role in processes which upgrade solidified slags to higher-
TiO2 products, though.12,24 

1.5 Research approach 

Based on the background information (as summarised above), the investigation into the 
influence of the cooling environment on the final particle size distribution was conducted in 
three parts: 

Part 1 was conducted on pilot scale; given the flexibility of a pilot plant this afforded the 
opportunity to investigate the effects of several cooling methods.  Although this work touched 
on the decrepitation behaviour of titania slags, the primary objective of this part was to 
determine whether a correlation exists between the cooling environment and cooling history, 
and the particle size distribution of the slag blocks which remain intact after cooling – in other 
words that portion of the block which appears to be untouched by decrepitation. 

Part 2 built on the information obtained in Part 1.  Part 2 sought to test the influence of those 
parameters (as identified in Part 1 as factors determining the crushing behaviour of the slag) 
which can be manipulated at the industrial scale plant of Exxaro KZN Sands. 

Part 3 was a logical follow-up on the preceding parts, in predicting cooling.  Since temperature 
is a predominant driver in the processes and factors influencing the slag particle size 
distribution, knowledge of the temperature profiles along the slag block surface and within the 
slag block over time is essential to understanding the problem, and to enabling the formulation 
of potential improvements in titania slag processing.  Part 3 therefore describes the 
construction and results obtained from a finite element model of a cooling slag block.  The 
predictions by this model provide insight into the temperature-time profiles of a slag block.   
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2 Part 1: Pilot Plant Trials 
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Subsequent to complete cooling, the block yield was calculated for each block by dividing the 
final remaining block mass by its original tapped mass.  Higher block yields indicate less 
material losses due to decrepitation, and hence a more successful cooling method. 

Table 1 Summary of the cooling methods used during the pilot plant trials of Campaign 9. 
Cooling method %FeO %TiO2 Block 

mass (kg) 
Block 

yield (%) 
Tap 

number 
7.83 90.18 1,021 37.5 38 

10.39 87.49 1,281 33.6 51 
11.46 85.99 1,420 42.3 64 

Air cooling 

9.38 88.03 1,097 10.8 59† 
9.74 88.29 622 91.3 49 
9.83 88.03 1,091 96.2 50 
9.60 88.52 1,535 95.9 48 

Water cooling 

9.78 87.57 1,557 97.9 60 
9.46 88.82 929 92.4 36 

11.99 85.66 1,017 96.2 42‡ 
9.49 88.17 1,099 91.0 37 

Intermittent water cooling 

10.56 87.01 1,471 90.3 61 
1 hr 10.22 87.66 986 45.2 46 
2 hrs 10.13 87.78 1,029 50.1 52 
3 hrs 11.06 86.53 1,069 74.5 47 
5 hrs 10.99 86.85 1,133 91.7 45 
8 hrs 10.42 87.43 1,062 92.9 43 
16 hrs 10.17 87.09 1,131 96.2 58 

Submerged 
cooling 

Repeat  10.71 87.27 1,498 95.2 65 
Uncovered block 10.72 87.06 1,275 nd 62 Pot cooled  
Covered block 11.47 86.29 855 nd 44 

2.2.2 Results  

The surface temperatures of the air cooled blocks over time are shown in Figure 7.  The 
average block yield of the air cooled blocks which were placed on grid and tray stands was 
38% (Table 1).  Since the particle size distribution of decrepitated material is 80% - 90% below 
100 µm (refer to Part 2), 50% to 56% of the original mass of these blocks is therefore 
immediately classed as the lower valued fine slag, even before any further crushing or milling 
has been applied.   

                                                       

† Block was placed on solid concrete flooring; decrepitated material hence accumulated around and on the block 
surface. 
‡The surface temperatures of this block were recorded with both a handheld pyrometer and thermographic 
camera. 
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Figure 5 Grid and tray stand on which slag 

blocks were placed to cool 
Figure 6 Slag block under water cooling 

during Campaign 9 
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Figure 7 Average surface temperature of slag blocks cooled in air. 

In contrast with the other three air cooled blocks, tap 59 was tipped onto a solid concrete floor 
to cool.  Decrepitated material did not fall off and away from the surface of this block through 
the grid, but accumulated on and around the block surface.  Between hours 15 and 50 
(counting from the time of tipping), the outer layer (5 – 20 mm) of the decrepitated material was 
periodically removed at a small localised area and the temperature of the newly exposed 
surface was measured.  These subsurface temperatures, shown as the broken line in Figure 8, 
were up to 120 ºC higher than the original surface temperatures.  An example of the 
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decrepitated flakes which formed on this block is shown in Figure 9.  These flakes were flimsy 
and broke up into a powder on further handing.  The yield of block 59 was 10.8%, and although 
intact when compared to the decrepitated surface layer, the core was too weak to withstand 
further handling required for crushing and/or milling.   
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Figure 8 Average surface and subsurface temperatures of tap 59 (isolating block). 

 

Figure 9 Example of decrepitated material showing the flake-like structure which captures air 
to form an isolating layer round the block when left to accumulate. 

The surface temperatures of the water cooled blocks over time are shown in Figure 10.  The 
average yield for these blocks was 93% (Table 1).  The surface temperatures of the 
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intermittently water cooled blocks are shown in Figure 11.  The average block yield for these 
was 95% (Table 1).  Clearly the block yields of the water cooled blocks, were markedly higher 
than those of the air cooled blocks, for both continuous and intermittent water cooling. 
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Figure 10 Average surface temperature of blocks cooled continuously with water. 
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Figure 11 Average surface temperature of blocks cooled intermittently with water. 

The measured surface temperatures of the blocks submerged in water are shown in Figure 12.  
The surface temperatures of these blocks were taken directly after being tipped out of the pots, 
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temperatures promotes further decrepitation (by the oxidation reaction) which allows 
progressively deeper air ingress, which in turn results in decrepitation deeper below the 
surface.  The weakness of the block core is indicative that this process – although not fully 
complete - progressed into the centre of the block.  In the case of the three blocks which were 
placed on grids, the decrepitated material was removed from the block surface by falling under 
gravity through the grid.  This prevented build-up of a substantial isolating layer, hence allowing 
a steeper subsurface temperature gradient with less air ingress, effectively limiting 
decrepitation. 

The effect of surface temperature is illustrated by the series of submerged cooled blocks:  the 
yields of blocks which were initially water-cooled by submersion for 3 hours and for 5 hours 
were 74.5% and 91.7% respectively.  The maximum surface temperatures of these blocks were 
234 ˚C (3 hours submersion) and 181 ˚C (5 hours submersion).  It therefore appears that 
decrepitation is notably reduced at surface temperatures below around 200 ˚C.  Decrepitation 
furthermore seems to be largely suppressed at surface temperatures lower than 100 ˚C to 
80 ˚C:  the maximum surface temperature of the block submerged for 8 hours was 144 ˚C, in 
comparison with 58 ˚C of the block submerged for 16 hours.  The corresponding block yields 
were 92.9% (8 hours submerged) vs. 96.2% (16 hours submerged).  This is supported by the 
surface temperatures of the intermittently water cooled blocks as shown in Figure 11: the 
highest block yield was from tap 42 with surface temperatures which were consistently below 
60 ˚C from 10 hours after tipping and onwards. 

The good block yields of the intermittently water cooled blocks despite surface temperatures in 
the temperature range where decrepitation typically occurs during the initial 10 hours of 
cooling, is interpreted as an indication of the kinetic component of the decrepitation 
mechanism; that is, the time spent within the temperature range for decrepitation is also 
important. 

The inclined surfaces of the blocks cooled in the pots showed no indication of any 
decrepitation: the mould coating§ was still clearly visible on the whole of these surfaces.  
Varying extents of decrepitation did occur on the horizontal (upper) surfaces of these blocks, 
however.  The block yields of these blocks could unfortunately not be determined accurately 
since, after standing for a prolonged period in the pot, these blocks were stuck in the pots and 
broke into several pieces when they were eventually were removed from the pots. 

Decrepitation can thus be eliminated or at least be reduced through: 

1. removing air from the surface when the surface is at elevated temperatures 

2. reducing the surface temperature to below 200 ˚C, but preferably even lower 
temperatures. 

3. limiting the period when the surface is exposed to air when at elevated temperatures. 

Block losses of continuously water cooled blocks occurred predominantly as 2 - 10 mm thick 
crusts peeling from the surface.  The appearance of these crusts does not fit in with the 

                                                       

§ A water based slurry containing alumina powder is sprayed on the inside of the pots before every tap to reduce 
the occurance of blocks sticking to the pot surface. 
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definition or mechanism of decrepitation.  The fact that the block yield for the smallest block 
(622 kg vs. 1,091 – 1,557 kg) was lowest within the continuously water cooled group (91.3% 
vs. an average of 96.7%) indicates that the origin of this “peeling” effect is likely to also be 
surface driven. 

No significant correlation between slag composition and block yield was obvious.  However, 
since the chemistry range within the various cooling method groups was narrow (Table 1), this 
does not rule out the possibility that differences in chemistry might affect block yield.  However, 
for the range tested, if chemistry does play a role, it is overshadowed by the effect of the 
cooling method. 
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2.3 Crushing and Milling 

2.3.1 Experimental procedure 

Out of the blocks discussed in section 2.2 eleven blocks were selected when proceeding with 
the crushing and milling trials.  Details of these blocks are shown in Table 2.  A hydraulic press 
was used to break each individual block down to -200 mm lumps.  Each block was individually 
further crushed down to initially -50 mm particles and then -20 mm particles utilising the Exxaro 
R&D pilot scale primary and secondary jaw crusher facilities.  A 50 kg sample was riffled from 
the -20 mm product and passed through a roll crusher producing a -2 mm product. The roll 
diameter of this crusher was 300 mm and had a length of 200 mm.  The crusher was driven by 
a 2.2 kW motor which resulted in a rotating speed of 638 rpm.  The roll crusher product was 
passed over a series of screens following the Canadian Standard Sieve Series25 between 
1400 µm and 75 µm.  The +850 µm fraction was circulated back through the roll mill three 
more times, each time conducting a screen analysis on the product and separating out the 
+850 µm fraction.  This procedure gave four sieve analyses in total for each block. 

The breaking and crushing procedure described above (and shown in Figure 13) was accepted 
at the time as not representative of the material flow or the comminution equipment of the 
industrial scale slag processing plant (which was still being designed and engineered at the 
time).  Hence, the absolute values of the particle size distributions obtained from these trials 
were not treated as representative of those experienced on the industrial scale plant.  However, 
since all eleven blocks were broken and crushed according to the same procedure, the value of 
the test work lies in the comparative conclusions which can be drawn.   

Table 2 Blocks produced during campaign 9 which were used for the crushing trials. 
Cooling method Tap number Block yield (%) 
Air cooling 64 42.3 

36 92.4 
37 91.0 

Water & air cooling 

42 96.2 
49 91.3 Water cooling 
60 97.9 

3 hours 47 74.5 
8 hours 43 92.9 

Submersion 
cooling 

repeatedly 65 95.2 
Pot cooling - covered 44 - 
Pot cooling - open 62 - 
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Figure 13 Block diagram showing the breaking and crushing procedure of the Campaign 9 
blocks. 

Statistical analysis was used to identify parameters which played a significant role in 
determining the final particle size distribution of the slag (as opposed to accurately predicting 
the absolute extent of fines generation and/or the residual coarse fraction).  However, due to 
the limited number of blocks available, traditional statistical analysis could not be used.  
Statistical linear regression analyses were consequently applied to predict the relative rating of 
the blocks with regard to fines generation and residual coarse material**.  From these ratings, 
parameters significant to particle size were identified, with their relative importance.   

In order to test the validity of the relative importance of the statistically identified parameters, 
the actual relative rating of a block (in terms of fines generation and residual coarse mass) was 
compared with its rating as predicted by the regression coefficients.  The difference between 
these two sets of ratings was quantified with a root-mean-square error (rms error) - a low rms 
error hence indicating a close correspondence between the actual and predicted ratings of the 

                                                       

** The residual coarse fraction is indicative of a higher or lower mill circulating mass, which in turn implies a higher 
or lower probability of generating more fines.  This is termed “indirect” fines generation, in this study. 
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Figure 14 Correlation between FeO and Ti2O3 as analysed during the Campaign 9 trials. 
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Figure 15 Particle size distributions of 
material in the crushing & milling trials: (a) air 
cooled block; (b) intermittently water-cooled 
block, and (c) continuously water-cooled 
block.  Tap numbers are indicated in brackets 
in graph headings.  Numbers 1 to 4 indicate 
the change in size distribution following initial 
crushing (nr 1), and three subsequent steps of 
recirculating oversize (nr 2 to 4). 

2.3.2 Results  

The particle size distributions of the product during the four milling steps of the air cooled block 
are shown in Figure 15.  The -106 µm vs. +850 µm mass fractions have a linear log-log 
correlation (Figure 16).  The majority of the fines are generated in the first step of milling.  The 
absolute number of fines generated and residual coarse fraction shift slightly towards lower 
values from the second to the fourth milling steps. 
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Figure 16 -106µm vs. +850µm mass percentages of the Campaign 9 crushed blocks. 

2.3.2.1 Fines generation (-106 µm size fraction) 

The cumulative fines generated for each block, arranged from worst to best (least), are shown 
in Figure 17.  The intermittently water-cooled and air-cooled blocks cover the worst end of the 
graph, while the pot-cooled blocks and repeatedly submerged block yielded the smallest 
amount of fines. 

Statistical linear regression analysis on the total amount of -106 µm material generated during 
milling and several parameters generated the correlation coefficients as shown in Table 3.  (A 
complete list of all parameters which were tested for correlation is given in Appendix 5.2.  
These statistical results should be interpreted bearing in mind that only 11 blocks were used in 
the analysis.)  Significant improvements of the correlation coefficients were observed in some 
instances when omitting one or two blocks from the regression analysis.  This effect was 
interpreted as indicative of the presence of a dominant factor with regard to fines generation in 
the omitted block. 

The correlation coefficient between the fines generated and the (SiO2+Al2O3(glass)+CaO) content 
of the slag is 0.717.  This number increases to 0.774 and 0.787 when excluding water-cooled 
block 49 and intermittent water-cooled block 36.  Excluding both these blocks increased the 
value of the correlation coefficient to 0.836.  The positive sign of the correlation coefficient 
indicates a direct linear correlation between the (SiO2+Al2O3(glass)+CaO) content and fines 
generated.  The fines generated per block is shown in Figure 18 in order of increasing 
(SiO2+Al2O3(glass)+CaO).  The average fines generated appears to be lower for blocks with 
(SiO2+Al2O3(glass)+CaO) contents below 1.93% (the four blocks on the left in Figure 18) when 
compared with the average fines generated from the remainder of the blocks. 
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Figure 17 Mass percentage fines generated (-106 µm fraction) per milling step 1 to 4, shown 
per cooling method (tap numbers are shown in brackets), arranged from worst to least fines 

generation. 

Table 3 Correlation coefficients of parameters affecting the fines generation during crushing & 
milling. 

Variable Correlation coefficient 
(including all 11 

blocks) 

Best 
correlation 
coefficient 

Exclusions 

0.774 Water cooled (49) 
0.787 Intermittent water cooled (36) 

%SiO2+Al2O3(glass)+ 
CaO 

0.717 

0.836 water cooled (49) & 
intermittent water cooled (36) 

-0.733 Covered pot cooled (44) Tapping rate‡‡ -0.353 
-0.728 Intermittent water cooled (37) 

Block yield -0.280 -0.492 Intermittent water cooled (37) 
Equivalent %Ti2O3 0.109 0.367 Air cooled block (64) 

0.624 Intermittent water cooled (37) Specific surface area 
– cooled block 

0.278 
0.481 Covered pot cooled (44) 

Specific surface area 
– as tapped block 

0.051 0.256 Intermittent water cooled (37) 

                                                       

‡‡ The tapping rate was calculated by dividing the as tapped block mass (in kg) by the total tapping time (in 
minutes).  The total tapping time was calculated as the time difference between opening (observing the first slag 
flow) and closing of the taphole). 
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Figure 18 Mass percentage fines generated (-106 µm) ordered with increasing 
(%SiO2+Al2O3(glass)+CaO). 

Exclusion of the covered pot 44 and intermittently water-cooled pot 37 increases the correlation 
coefficient between the fines generated and the tapping rate from -0.353 to -0.733 and -0.728 
respectively.  The negative sign of the coefficient indicates an indirect correlation – higher 
tapping rates correlate with reduced fines generation.  The fines generation ordered with 
increasing tapping rate is shown in Figure 19.   
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Figure 19 Mass percentage -106µm generated shown against increasing tapping rate. 
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Correlation coefficients between the fines generated and the block yield and %Ti2O3 
respectively were low (Table 3).  Of potential value, however, is the sign of these correlation 
coefficients: an indirect correlation between the fines generated and the block yield indicates 
that good cooling method practices have a positive influence on reducing fines generation.  The 
maximum coefficient (obtained when excluding air cooled block 64) between %Ti2O3 and fines 
generation is positive.  However, its sign changes to negative when either intermittently water-
cooled block 37 or the covered pot block is excluded from the analysis, so the effect is not 
clear. 

The correlation coefficients between the fines generated and the two different specific block 
surface areas are also low – in particular that for the as-tapped block (Table 3).  However, the 
coefficient increases significantly – from 0.278 to 0.624 - for the cooled block when omitting the 
intermittently water-cooled block 37.  Of possible significance when considering the difference 
in correlation coefficients of the two specific surface areas is the time lapse of approximately 
four months between the blocks being tapped and their actual breaking, crushing and 
subsequent particle size determination. 

Regression analysis including the glass phase content (SiO2+Al2O3(glass)+CaO) and tapping rate 
only resulted in an rms error between the actual and predicted relative ratings of the blocks of 
2.5 and a coefficient of determination (r2) of 0.53.  Including the %Ti2O3, block yield and specific 
surface area after cooling into the regression analysis reduced the rms error to 1.4, with a 
coefficient of determination (r2) at 77.2% indicating that the fines generation of between 8 and 9 
of the 11 blocks could be explained by the five block attributes (SiO2+Al2O3(glass)+CaO), tapping 
rate, block yield, equivalent %Ti2O3 and specific surface area after cooling – in this order of 
importance.  A comparison of the worst to best relative position of the actual and regression 
results is shown in Table 4.   

Table 4 Comparison of the experimental worst to best ranking and that predicted by the 
regression model when including the (SiO2+Al2O3(glass)+CaO), tapping rate, block yield, specific 

surface area after cooling and equivalent %Ti2O3. 
Cooling method and block number Experimental 

rating 
Regression 
model rating 

Deviation in 
relative rating 

air cooling 64 10 9 -1 
water & air cooling 36 8 8 0 
water & air cooling 37 11 11 0 
water & air cooling 42 9 7 -2 
water cooling 49 5 5 0 
water cooling 60 4 4 0 
submersion cooling - 3hrs 47 7 10 3 
submersion cooling - 8hrs 43 6 6 0 
submersion cooling – repeatedly 65 2 2 0 
pot cooling – open 62 3 1 -2 
pot cooling - covered 44 1 3 2 
Root-mean-square (rms) error 1.4 

2.3.2.2 Residual coarse material (+850 µm size fraction) 

The residual coarse mass (after four milling passes) is shown in Figure 20, arranged in order 
from worst (highest) to lowest.  A larger amount of residual coarse material is viewed as 
undesirable, since such material would circulate to be recrushed, in the industrial plant.  Such 
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circulation is expected to increase the proportion of fine material; this is termed "indirect fines 
generation" in this work, in contrast with "direct fines generation", which refers to the fine 
material which forms during initial crushing.  The order of blocks in Figure 20 differs 
substantially from that in Figure 17 (which is the corresponding graph for the fines generated).  
It therefore appears that the parameters influencing fines generation differ from those 
influencing the residual coarse mass, and/or the relative importance of the parameters differs 
for the two size fractions. 

The correlation coefficients between the residual coarse mass and six potential parameters are 
shown in Table 5 (a complete list of all parameters considered is shown in Appendix 5.2).   

The specific surface area of the cooled block has a significant correlation coefficient of 0.846 
which increases to 0.915 when air-cooled block 64 is omitted.  The positive sign of the 
coefficient indicates a tendency for more residual coarse mass with increasing specific surface 
area.  The residual coarse fractions arranged in order of increasing specific surface area of the 
cooled blocks are shown in Figure 21.  The increase in the correlation coefficient between the 
specific surface area of the tapped block and the residual coarse mass with the exclusion of the 
air-cooled block 64, is more likely due to the interdependency between the two different surface 
areas. 
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Figure 20 Mass percentage residual coarse fraction (+850µm) ordered from worst to best. 
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Table 5 Correlation coefficients of independent variables affecting the residual coarse 
fractions during crushing.  The best correlation coefficients were obtained by excluding the 

blocks named in the right hand column. 
Variable Correlation 

coefficient (all 11 
blocks analysed) 

Best correlation 
coefficient 

Exclusions 

Specific surface area – 
cooled block 

0.846 0.915 Air cooled (64) 

Specific surface area – as 
tapped block 

0.242 0.901 Air cooled (64) 

-0.924 Water cooled (49) Block yield -0.807 
-0.866 Open pot cooled (62) 
0.666 Water & air cooled (37) %SiO2+Al2O3(glass)+CaO 0.591 
0.634 Covered pot cooled (44) 

Tapping rate -0.415 -0.539 Water & air cooled (36) 
Equivalent %Ti2O3 -0.263 -0.488 Water cooled (49) 
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Figure 21 Residual coarse fractions arranged in order of increasing specific surface area of 
the blocks – after cooling. 

The cooling method as quantified by the block yield has a correlation coefficient of -0.807 with 
the residual coarse fraction.  Omitting water-cooled block 49 and the open-pot-cooled block 62, 
the coefficient increases to -0.924 and -0.866 respectively.  The negative sign of the coefficient 
indicates and indirect correlation - less residual coarse mass is associated with higher block 
yields.  The residual coarse fraction from each block arranged in order of increasing block yield 
is shown in Figure 22. 

The correlation coefficients between the residual coarse mass and the three parameters: glass 
phase, tapping rate and %Ti2O3, showed lower and insignificant values – even when omitting 
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seemingly outlying blocks.  The residual coarse fractions arranged in order of increasing 
parameter are shown in Figure 23, Figure 24 & Figure 25.  
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Figure 22 Residual +850 µm with increasing block mass yield. 
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Figure 23 Residual coarse fraction arranged in order of increasing (SiO2+Al2O3(glass)+CaO). 
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Figure 24 Residual coarse fraction arranged in order of increasing tapping rate. 
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Figure 25 Residual coarse fraction arranged in order of increasing equivalent Ti2O3. 

Similar to the parameter testing with fines generation, the actual relative order of the blocks 
with regard to residual coarse mass was compared with that predicted by the regression 
analysis.  Including only the specific surface area after cooling and the block yield in the 
regression analysis resulted in an rms error of 1.7.  (The coefficient of determination of the 
regression analysis r2, was 0.860; hence explaining the residual coarse mass for 86% of the 
blocks – between 9 to 10 of the 11 blocks.)  Although the best improvement in the coefficient of 
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2.3.3.3 Block surface area 

The oxidation hypothesis is supported by the inclusion of the specific surface area after cooling, 
and the cooling method, amongst the important parameters for both fines generation and 
residual coarse fractions: further oxidation is expected to occur during the cooling period while 
the surface is still at relatively high temperatures.  The significant difference between the 
correlation coefficients of the specific surfaces of the as “tapped surface” and the “after cooling 
surface”, combined with the four-month time lapse between the tapping and breaking activities 
suggests the possibility that oxidation at low temperatures (< 200 °C) may also affect fines 
generation.  This was studied further, and the results are reported in section 3.7.   

The influence of the three parameters, slag mineralogy, tapping rate and block surface area, is 
discussed further in Part 2 of this document. 
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3 Part 2: Plant Trials 
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3.1  Background 

From Part 1 parameters affecting the generation of fines (-106µm fraction) appear to be the 
amount of silicates (SiO2+Al2O3(glass)+CaO) in the slag, tapping rate, the cooling method (block 
yield), specific surface area after cooling and the equivalent %Ti2O3.  Similarly the residual 
coarse material (+850µm fraction) appears to depend primarily on specific surface area after 
cooling, and on block yield.  The objective of the plant (industrial) trials was therefore to test 
these observations from the pilot-plant trials with regard to the effects of the tapping rate, 
cooling method and slag composition.  A further objective of the plant trials was to gain further 
insight into the mechanism(s) driving final slag product particle size distributions. 

The flexibility of parameters needs to be understood in context of the plant constraints: the 
(SiO2+Al2O3(glass)+CaO) is a function of the orebody and to a limited extent of the upstream 
beneficiation processes.  The specific surface area of the block is a function of the block shape 
and mass.  These two parameters are determined by the slag pot shape and capacity – 
therefore this is not a controllable variable within the logistics of the existing plant either, at 
least not without extensive capital re-investment.  The slag Ti2O3 content is a function of the 
required %TiO2 set by market specifications and the ilmenite quality fed (and the ilmenite 
quality in turn is a function of upstream beneficiation and the orebody).  Of the above variables 
tapping rate, and to an extent the cooling method and ilmenite quality, are thus the only 
controllable (or partially controllable) parameters within the capabilities of the existing plant 
design. 

3.2 Block selection 

Four blocks were selected for the plant trials – two blocks from the same tap having individual 
tapping rates of 3.63 t/min and 3.70 t/min respectively, and two more blocks from another tap, 
having relatively low tapping rates of 0.96 t/min and 1.29 t/min respectively.  (Typical tapping 
rates on the industrial plant vary from 0.5 t/min to 4 t/min).  Selecting the four blocks from two 
taps enabled a narrower spread in the compositional differences between the four blocks.  The 
compositions and tapping rates of the four blocks are shown in Table 7.  The %Ti2O3 was 
calculated from the correlation shown in Figure 26.  The linear equation on the left hand side of 
Figure 26 is derived from the plant data, while the right hand side equation represents the pilot 
plant data. 

Following tapping, the four blocks were initially left to cool in the pots, with natural air cooling 
only.  After this primary cooling period of 17 to 19 hours, the blocks were tipped out of the pots, 
transported to the block yard and water cooled with spray water.  After 3 days the water sprays 
of lane 1 (L1 blocks) were closed and the block surface temperatures were recorded using a 
manual optical pyrometer (see results in Figure 27).  In lane 2 (L2 blocks) the water sprays 
were left on for the full 10 days.  Unfortunately, due to windy conditions, water was occasionally 
sprayed from lane 2 over into lane 1, causing the lane 1 blocks to receive limited cooling water, 
while the side of the lane 2 blocks (facing the oncoming wind) lost its water cooling. 
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Table 7 Details of the four blocks selected for the plant trials. 
Block 
number 

Tapping 
rate 
(ton/min) 

%FeO  
(equivalent 
%FeO) 

Equivalent 
%TiO2 

%Ti2O3 
(calculated) 
(equivalent 
%Ti2O3, 
calculated) 

%(SiO2+ 
Al2O3(glass)+ 
CaO) 

Cooling 
method 
(wc: water 
cooling; ac: 
air cooling) 

L1R9 3.64 9.90 
(13.43) 

86.42 30.68 
(32.16) 

1.638 3 days wc 
7 days ac 

L2R9 3.70 10.04 
(13.58) 

86.17 30.45 
(31.92) 

1.643 10 days wc 

L1R11 0.96 10.35 
(13.92) 

86.43 29.95 
(31.44) 

1.678 3 days wc 
7 days ac 

L2R11 1.29 10.45 
(14.01) 

86.31 29.78 
(31.28) 

1.671 10 days wc 

 

y = -1.6276x + 46.465
R2 = 0.7214y = -1.658x + 47.099

R2 = 0.9133

15.0

20.0

25.0

30.0

35.0

40.0

5.0 10.0 15.0 20.0

%FeO

%
T

i2
O

3

%Ti2O3 (pilot plant, analysed) %Ti2O3 (plant trials, analysed)

Linear (%Ti2O3 (pilot plant, analysed)) Linear (%Ti2O3 (plant trials, analysed))
 

Figure 26 Correlation between %FeO and %Ti2O3 for pilot plant slags (solid squares and 
line; equation on right hand side) and plant slags (open circles and dotted line; equation on left 

hand side). 
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Figure 27 Average surface temperature of blocks L1R9 and L1R11 after closure of the 
cooling water. 

 

Figure 28 Photograph of an industrial-size block showing fine decrepitated material and 
large chunks breaking off from the block corners.  As an indication of scale, the bottom 

diameter of the block is approximately 1.8 to 2 m. 

During the 10 days of cooling, limited decrepitation occurred with all four blocks.  In addition, 
relatively large chunks – from 10 mm up to 400 mm – broke off from the block corners.  Both 
these two types of block yard remains are visible in Figure 28.  After 10 days of cooling, the 
intact part of all four blocks was broken individually with the hydraulic hammer.  The -400 mm 
fraction passed through the static grizzly to the jaw crusher with a closed side setting of 
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-45 mm.  The jaw crusher product was passed over a 50 mm screen with the oversize fraction 
being circulated back to the jaw crusher.  The undersize (and day bin feed) was sampled with a 
hammer sampler and sent to the Exxaro Research and Development laboratories for further 
testwork.  Care was taken to run the equipment clean between processing the four blocks.  
(Refer to Figure 1 for a block diagram of the Slag Plant process flow).  The particle size 
distributions of the block yard remains and jaw crusher product for the four blocks are shown in 
Figure 29 and Figure 31 respectively.   

Since no mass measurement facility exists between the block yard and the first point of entry 
into the Slag Plant (static grizzly), no mass measurement of the blocks was done at this point. 
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Figure 29 Particle size distribution of the block yard remains – decrepitated material and 
coarser broken-off sections. 

3.3 Tumbling tests 

Tumbling tests were used to determine the tendency of the slag to break down due to abrasion 
between slag particles.  This form of breakdown typically occurs during materials handling – 
mainly at transfer points and mass movement within bins of the plant. 

Particle breakdown during materials handling within the plant is not problematic in itself; 
however, when this breakdown increases the fines fraction (-106 µm) of the slag, it reduces the 
ratio of higher vs. lower value product produced from the plant.  On the other hand, any coarse 
material (+850 µm) resisting breakdown (either during handling, crushing or milling according to 
the process (Figure 1), increases the need for higher circulating loads which in turn increases 
the opportunity for indirect fines generation.   

A sample with good tumbling characteristics will therefore show some breakdown, but the size 
distribution would tend to stabilise after a certain degree of tumbling, with little further 
breakdown.  The fines generated at this point must ideally be as low as possible.  Good 
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tumbling characteristics will furthermore be seen where the coarse material breaks down to 
below 850 µm within the very first material handling steps. 

3.3.1 Method 

In the first series of tests, five 15 kg sub-samples were riffled from the samples taken as 
described in section 3.2 and autogenously tumbled for 100, 200, 500, 1000 and 2000 
revolutions each.  The tumbling mill had an internal diameter of 1,000 mm and an internal 
length of 500 mm.  Two steel angle lifters were positioned 180˚ apart longitudinally on the 
inside of the drum.  The rotation speed of the drum was 25±1 rpm.  The particle size 
distribution for each sample was determined before and after each test utilising the Canadian 
Standard Sieve Series25 between 45 mm and 75 µm.  Figure 30 shows the feed and product 
size distributions for block L1R11 (slow tapping rate, 3 days water cooling); significant variance 
is apparent in the particle size distributions of the samples taken from each of the four blocks.   

The average particle size distribution for each block together with a 90% confidence interval for 
each size fraction is shown in Figure 31.  The particle size distributions of blocks L1R9 (higher 
tapping rate, 3 days water cooling) and L1R11 (low tapping rate, 3 days water cooling) differ 
significantly, with those of blocks L2R9 (higher tapping rate, 10 days water cooling) and L2R11 
(low tapping rate, 10 days water cooling) being very much the same.   
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Figure 30 Particle size distribution of the feed to and product material from the tumbling 
testwork done on block L1R11 (slow, 10 days). 
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Figure 31 Average particle size distribution of the four blocks (90% confidence intervals 
shown).  Triangles represent higher tapping rates, while circles represent lower tapping rates.  

Open symbols of 3 days water cooling; solid symbols for 10 days water cooling. 

3.3.2 Results 

The particle size distributions of the feed and tumble test products, shown as mass 
percentages retained, are given in Figure 32.  A general shift in the peaks of the particle size 
distribution occurs for all four blocks:  after 100 revolutions the +40 mm fraction is reduced 
considerably, with a substantial increase in the mass percentages for the -850 µm range.  After 
200 revolutions the peaks at the +850 µm and 300 µm size fractions increased at the expense 
of the +25 mm peak.  From 1000 revolutions onwards, the +25 mm peak continued to 
decrease.  However, the +850 µm peak now started to decrease, yielding an increase in the 
+600 to +106 µm range.  With regard to specifically fines generation (-106 µm) a notable 
increase occurred after 100 revolutions, and again after 2000 revolutions. 

Due to the variation in the feed particle size analyses, the fines (-106µm) generated with each 
test is shown in Figure 33 together with that present in the initial feed sample.  For blocks L1R9 
and L1R11 (both 3 days water cooling) the absolute -106µm fraction appears to stabilize at 
1000 revolutions.  The fines generated with block L2R9 (higher tapping rate, 10 days water 
cooling) appears to be a strong function of the amount of fines present in the feed sample.  The 
fines generated from block L2R11 (low tapping rate, 10 days water cooled) does not appear to 
stabilize, even after 2000 revolutions and is greater than that of any of the other blocks. 

In order to compensate for the variation in the particle size distributions of the feed material, the 
product-to-feed ratios of the fines are shown in Figure 34.  In this graph, a product-to-feed ratio 
of 1 would indicate no generation of additional fines during the test, while a product-to-feed 
ratio larger than 1 indicates that fines were generated in the tumble test.   

Already from 200 revolutions and onwards, the more slowly tapped blocks L1R11 and L2R11 
show more fines generation than the faster-tapped blocks L1R9 and L2R9.  At 2000 revolutions 
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the fines generated from block L1R11 (lower tapping rate, 3 days water cooled) is the most, 
with the least generated from block L2R9 (higher tapping rate, 10 days water cooled).  The 
second best performer in terms of fines generation is block L1R9 (fast tapping, 3 days water 
cooled), with block L2R11 (low tapping rate, 10 days water cooled) rated as third best 
performer. 
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Figure 32 Particle size distributions of the tumble test feed and products. 

For a given tapping rate, it is furthermore clear (Figure 34) that the blocks which were cooled 
for 10 days generated less fines during tumbling than those cooled under water for 3 days only. 

The residual coarse fraction present in the product, together with that present in the feed of 
each tumble test, is shown in Figure 35.  Similar to evaluation of fines generation, the variation 
in particle size distribution of the feed was compensated for by expressing the residual coarse 
in the feed relative to that in the product (Figure 36).  In this graph a ratio of 1 would indicate 
that the coarse material (+850 µm fraction) in the product is equal to that in the feed; hence no 
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breakdown.  A feed-to-product ratio larger than 1 indicates that the coarse material in the feed 
is more than that in the product - hence breakdown of the coarse fraction (+850 µm) did occur.   
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Figure 33 -106µm fraction (fines) generated with each tumbling test (solid markers).  The 
fines present in the feed are shown by the open markers. 
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Figure 34 Ratio of -106 µm in the product to that in the feed of the tumbling tests.  Circles 
denote low tapping rates and triangles high tapping rates.  Solid symbols denote 10 days of 

water cooling while open symbols represent 3 days of water cooling. 
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Figure 35 The +850 µm fraction (residual coarse) remaining after each tumbling test (solid 
symbols).  The coarse material present in the feed is shown by the open symbols. 

Breakdown of the coarse material occurred with all four blocks from 100 revolutions and 
continued to 2000 revolutions (Figure 36).  The initial breakdown (at 200 revolutions) is more 
for the faster-tapped blocks (L1R9 and L2R9) than for the more slowly tapped blocks.  With 
further tumbling the breakdown slows down for the faster-tapped blocks compared to that of the 
more slowly tapped blocks. 

The absolute values of the coarse material for all four blocks appears however to have 
stabilised from 1000 revolutions onwards between the four blocks (Table 8).  The higher level 
of breakdown as implied by Figure 36 is attributed to the difference in feed particle size 
distribution – especially that of the coarser block L1R11 (Figure 31). 
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3.4 Compression tests 

3.4.1 Method 

The objective with the compression tests was to simulate the milling action of the Loesche mill 
(Figure 37).  Similar to the Loesche mill, the experimental set-up used for the compression 
tests utilised in-bed compression breakage principles where27  

(i) The bed of particles shield a particle from secondary breakage (i.e. the further 
breakdown of particles which formed from the mother particle during primary 
breakage); 

(ii) The limited force applied limits secondary breakage, and  

(iii) The porosity of the bed allows particles and fragments to “hide” from the applied 
force. 
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Figure 37 Sketch of a typical Loesche mill28. 

The experimental compression equipment (Figure 38) consisted of a steel sample container 
with inner diameter of 140 mm.  Compression was applied in a vertical direction with an anvil 
pressing down into the sample container.  On compression the anvil travelled 20 mm from its 
starting position, recording distance and applied force (recorded in tons) against time 
(Figure 39(a)).  The compression force was calculated from the product of the “ton force” and 

 
 
 










































































































































































































































