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SUMMARY 

A study was undertaken to evaluate sintering as a potential cause of duct blockage for a 

submerged arc furnace applied in silicomanganese production. Within the broader aim of the 

study, four research questions were of principal interest. The research questions were as 

follows: 

Á Is there a potential for dust to sinter in the off-gas duct? 

Á If so, what mechanism of sintering is applicable, under the given conditions? 

Á Does the firing temperature have an effect on sinter formation and the compressive strength 

of the dust, given a fixed PSD? 

Á Does PSD have an effect on sinter formation and the compressive strength of the dust, 

given a fixed firing temperature? 

In order to address the aforementioned research questions, several plant-based, laboratory-

based, and desktop-based activities were undertaken. The activities were divided into five 

chronological stages as follows:  

Á Stage 1: Smelter based activities ï entailed the collection of dust samples from the three 

streams in the baghouse and the measurement of the furnace duct temperatures. From this 

exercise, a total of 505 kg of dust across the three streams was collected. The duct 

temperature was found to vary between 6001300°C. 

Á Stage 2: Laboratory dust samples preparations ï entailed sample preparation, and PSD and 

chemical characterisation of each dust stream.  

Á Stage 3: Laboratory pellet-pressing and firing tests ï entailed the pressing of pellets at a 

pressure of 5 MPa pressure, followed by oven drying, and then firing in a muffle furnace 

at  600 1300°C (the measured duct temperature) in an air atmosphere. For each temperature 

and dust stream, forty one pellets were fired. 

Á Stage 4: Fired dust examination: the fired pellets were examined for sintering using 

observations of their: physical appearance, compressive strength, bulk chemistry, bulk 

phase chemical composition. 

Á Stage 5: Chemical thermodynamic evaluation: thermodynamic calculations were 

performed using FactSageTM, to determine the amount of liquid formed from bulk mixtures, 

as well phases that were observed to have sintered together. 

Following the testwork, the following research outcomes were found: 

Á There was sound evidence of sintering in the off-gas duct of the smelter in question.  

Á  Both solid- and liquid-state sintering were observed. The former was more localised  

observed only in some areas in the sample and most prominent at firing temperatures of 

600 900ÁC. The latter was observed between 600 1100ÁC; it was prevalent at 1100ÁC 

where long networks of sintered materials were observed.  

Á  The firing temperature was found to have an effect on sinter formation and the compressive 

strength.   

Á The PSD was also found to have an effect on sinter formation and the compressive strength 

of the formed sinters. 
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1 INTRODUCTION 

The section introduces the project by providing the background to the project; the problem 

statement - formulated in-line with the identified problem; the four key research questions that 
this study aims to address; the aims and as well as the corresponding objectives of the study; 
At the end of this section, a dissertation outline that highlights the main emphasis of each 

chapter, is given. 

1.1 Background 

During a two-day furnace off-gas duct excavation (from the 19th to 20th July 2018) at a 
silicomanganese-producing (SiMn) smelter in South Africa, it was observed that a large section 

of the off-gas duct had been heavily blocked by what appeared to be dust forming part of the 
off-gas stream. Following engagements with operational personnel at the smelter about this 
observation, it surfaced that blockages in the ducts were a regular, though undesirab le 

occurrence. Until that point, neither the mechanism of blockages, nor the solution to this 
problem were fully understood. Figure 1 shows two pictures of the blocked duct taken during 

the excavation. 

  

Figure 1: Top view photographic image showing blocked section of the off-gas duct (the two 

photographs were taken on the 19 July 2018, i.e., the first day of the excavation)  
(D = diameter) 

The information provided by the engineering personnel, who are amongst other things tasked 
with managing the off-gas ducts, revealed that typically the smelter reacts to duct blockages in 
two ways: 

Á Approach 1:óShort shutdownsô ï The first approach is to employ external contractors 
during 8-hour shutdowns, about every 2 to 3 months, to clear as much as they can. The 

difficulty with this approach, apart from other challenges, is that there is limited time for 
the activity. Furthermore the furnace is normally too hot, and therefore unsafe, to enable 

complete clearance of the blockages. According to the engineering personnel, this type of 
intervention is very often ineffective. 

Á Approach 2: óLong shutdownsô ï The second approach is to employ external contractors 

during the yearly planned 10-to-21-day shutdown to clear the blockage completely. 

The problem with both of the aforementioned blockage clearance approaches is that they 
adversely affect certain spheres of operation, during normal production and during annual 



   

 

2 
 

shutdowns. The affected spheres of operation, as discussed with the operating and engineer ing 
personnel, are summarised in Table 1. 

Table 1: Spheres of operation adversely affected by duct blockages during normal smelting 

operations and during blockage clearance on shutdowns 

During normal smelting operations During blockage clearance on shutdowns 

Operations Maintenance cost 

Health Time  

Safety Infrastructure (refractory and duct shell) 

Environment Safety 

Operating cost  

 

Given that smelter personnel do not fully understand the mechanism of blockage (although 

from experience and general smelting consensus dust settling followed by sintering is 
suspected), no working solution to the problem has been devised. 

To this end, it is proposed that an investigation be conducted to study the cause of dust 
blockages, specifically evaluating for this dissertation the possibility of sintering as a cause of 

blockages in the ducts (sintering was identified as it seemed most plausible based on the 
information gathered from smelter personnel). Outside of sintering, intense foaming has been 
documented in literature as a possible cause of duct blockage for open bath furnaces (Jordan, 

2011). However, since a submerged arc furnace technology utilising a semi-open roof is in 
view in this dissertation, and the fact that the production superintendent did not report any 

incident of foaming up to the ducts, this possibility was discounted. Furthermore, it was 
acknowledge that the duct design may have contribute to the observed duct blockages; 
however, because blockages were observed in different areas around the duct (areas had 

different designs), its effect was unlikely to be a sufficient condition. As a result, both foaming 
and duct design were discounted as part of the scope of this dissertation. 

In broad terms, sintering may occur either when solids interact to form new compounds (i.e., 
solid-state sintering with no melting taking place), or as a result of partial liquid formation, 

which causes individual particles to agglomerate (i.e., liquid-state sintering where some form 
of melting takes place) (German, 1996; Leriche et al., 2017). In some textbooks, viscous 

sintering is also mentioned whereby a viscous (glassy) phase under capillary forces induces 
sintering (Rahaman, 2003), usually in silicate systems (Kingery et al., 1960). For the purpose 
of this study, a clear distinction between liquid-phase and viscous-phase sintering will not be 

made as this will require additional assessments that go beyond the scope of the study. Instead, 
sintering will be evaluated with respect to the two general categories, solid state and liquid 

state. 

It should also be noted that according to smelter personnel such a study has never been 

undertaken at the smelter; thus, the information gathered will be invaluable, either in 
eliminating sintering as an explanation for the observed duct blockages, or in validat ing 
sintering, at least in part, as a contributor to the observed duct blockages. The information 

gathered from this investigation is expected to go a long way in facilitating the thinking around 
designing a future solution that will have beneficial consequences, such as reducing the risks 

to the safety and health of workers, eliminating risks to the environmental, protecting the 
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refractory and shell from damage, saving on time spent unblocking the duct, and ultimate ly 
saving on smelter maintenance costs. 

To this end then, the duct blockage will be examined by making observations of the blockages 

inside the ducts during shutdown periods (i.e., smelter based work). Also, laboratory-scale 
controlled tests will be conducted in such a way as to simulate the conditions in the duct to see 
if sintering occurs.  

1.2 Problem statement 

The smelter in question is important in that it is the largest producer of SiMn in Africa 

(Steenkamp et al., 2018). Its process entails smelting of various manganese-bearing ore types 
in the presence of reductants and fluxes to produce a saleable SiMn alloy product. The business 

model follows a low-margin, high-volume approach (Steenkamp et al., 2018). This means that 
typically the SiMn alloy market price is very close to the production cost, and hence 
maximisation of profit depends strongly on the units of SiMn produced daily, weighed against 

the production cost. For this reason, the smelter aims to maximise furnace availability (i.e., 
with limited breakdowns and process complications), whilst minimising the costs related to 

furnace repairs and maintenance in order to maintain good and sustainable profit margins. 

For a substantial period of time, the smelter has been experiencing recurring furnace off-gas-

duct blockages. The problem is caused by dust in the off-gas stream. A blockage triggers a 
series of other problems both during furnace operation and during shutdown. These problems 

have an adverse effect on safety, health, the environment, furnace up-time, refractory and shell 
integrity, furnace availability, operations, and ultimately profit maximisation. The smelter is 
thus seeking a solution to the problem, but acknowledges that a proper understanding of the 

cause is a crucial fundamental first step in formulating a viable solution. 

Several personnel at the smelter have proposed explanations for the likely cause of duct 

blockages (all without empirical evidence to back up their claims); interestingly, all of them 
implicated sintering of dust to some degree. Whilst the cause, and therefore explanation, is 

inferred from the observation of blockage, the cause as premise has not been confirmed 
empirically, and thus no informed solution has been proffered to date. The proposed 
investigation will focuses on evaluating dust sintering as a possible cause of duct blockage. 

Sintering can be influenced by a host of factors such as temperature, particle size distribut ion 
(PSD), residence time, gas flow rate, and gas composition (Kingery, W.D. et al., 1960; 

Rahaman, 2003); but for the purposes of this study, only the effects of temperature and PSD 
will be examined. As mentioned by the aforementioned citations, this can be done by keeping 
all the other factors constant throughout the investigation. Several ordinary assumptions, which 

are explained later, were made in the process. 
 

It is believed that the information gained from this investigation will be invaluable in 
establishing or disproving sintering as a contributor to duct blockages under the given 
conditions. The study will also provide valuable insights into the type of sintering observed 

(i.e., whether liquid- or solid-state sintering occurs), if sintering is established as a cause. In the 
long run, this study will provide a foundation for the future development of solutions that 

address the problem of duct blockages more comprehensively. This foundation could provide 
significant benefits not only to the smelter in question, but also to other pyrometallurgica l 
processes that experience similar difficulties. 
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1.3 Research questions 

This study is structured to answer the following questions: 

Á Is there a potential for dust to sinter in the off-gas duct? 

Á If so, what mechanism of sintering would be applicable under the given conditions - i.e., 
solid- or liquid-state sintering? 

Á Given a fixed PSD, does the firing temperature have an effect on sinter formation as well 

as the compressive strength of the dust? (Note, the definition of PSD in this project is based 
on the inherent difference in absolute particle sizes of the three dust streams. For example, 

a coarse PSD means that the dust is made out of predominantly coarse particles) 
Á Given a fixed firing temperature, does PSD have an effect on sinter formation and the 

compressive strength of the dust? 

1.4 Research aims  

The aim of the project is two-fold: 

(1) To establish if the dust produced at a SiMn smelter does in fact sinter. 

(2) To explore the thesis that dust sintering may be contributing significantly to observed duct 
blockages. 

1.5 Research objectives 

Pursuant on these aims, the study has several objectives: 

Á To determine the maximum and minimum duct temperatures by optical pyrometry and 
thermocouple measurements. These temperatures are used for the laboratory firing tests. 

Á To collect plant-based dust samples from each of the streams for use in the laboratory tests 
Á To determine for each stream the phase-chemical composition of the sampled dust. This is 

done by means of inductively coupled Plasma ï optical emission spectrometry (ICP-OES), 

carrier-gas hot extraction (LECO), Inductively Coupled Plasma ï Mass Spectrometry (ICP-
MS), X-ray diffractometry (XRD), and Scanning Electron Microscopy combined with 

Energy Dispersive Spectroscopy (SEM-EDS). These analytical techniques are used to 
describe the dust samples, which can then be compared with the fired samples as part of 
the sintering evaluation. 

Á To measure by sieve analysis the PSD of the dust samples. This helps differentiate the dust 
streams according to particle size. The streams are classified as fine, intermediate, or coarse 

size. 
Á To determine the mechanism of sintering in those instances where sintering is observed. 

Sintering is assessed mainly by SEM-EDS. Micrographs generated by SEM are evaluated 

for solid-state and liquid-state sintering. EDS point analyses on SEM micrographs, along 
with equilibrium thermodynamics calculations in FactSage help in assessing whether 

observed sintered phases are liquid or solid at the firing temperature. This in turn helps in 
classifying the sintering observed. XRD supplements SEM by identifying the phases 
associated with sintering. 

Á To determine the effect of a change in firing temperature on sinter formation and sinter 
strength for dusts of similar PSD. This is determined qualitatively by SEM micrographs 

and quantitatively by compression strength tests. 
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To determine the effect of PSD on sinter formation and strength at comparable temperatures. 
Similar to the effect of temperature, SEM and compression strength tests are used to determine 

this effect. 

1.6 Dissertation outline 

This dissertation is structured as follows: 

¶ Chapter 1 introduces the project by contextualising it and arguing the need for a study of 
this nature. 

¶ Chapter 2 provides a review of the literature covering the major themes relevant to this 
study. 

¶ Chapter 3 outlines the sampling and test procedure followed, both at the smelter and in the 
laboratory, to investigate the problem. 

¶ Chapter 4 presents and discusses the findings of the entire project. 

¶ Key findings that relate specifically to the research questions are discussed further in 

Chapter 5. 

¶ Chapter 6 draws conclusions and offers recommendations after evaluation of the findings. 
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2 LITERATURE REVIEW 

This section discusses the major themes that are most relevant to this dissertation. The bulk of 

the literature review was gathered by evaluating the available literature. A small portion of the 
literature e.g. smelter layout and the negative impacts of duct blockage on smelter operations, 

was gathered directly from the smelter personnel during numerous visits as well as email 
interactions over a period of two years. The main themes that are covered in the literature 
review are as follows: 

Á Smelter overview 

Á Sintering overview 
Á Manganese furnace-dust characterisation  
Á Chemical thermodynamics evaluations 

Á Sampling and statistics 

2.1 Smelter overview 

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

2.1.1 General overview of the smelter 

The smelter in question applies open submerged arc furnace technology for the production of 

SiMn (Steenkamp et al., 2018). The process entails charging into the furnace cold mixtures of 
several manganese ores, carbon reductants, and fluxes. The products are a SiMn alloy, slag, 

and dust-laden off-gas. 

The off-gas passes through three stages of dust recovery (see Figure 2). There are three units 

in total. They are arranged such that the coarse dust, labelled stream 1, is recovered first (by 
the spark trap), the intermediately sized dust (stream 2) is recovered next by two cyclones, and 

the fine dust (stream 3) is finally recovered by the baghouse and collected in the silo. According 
to smelter personnel, the reason for this arrangement is that potential damage, caused by impact 
and abrasion when coarse and intermediate dust comes into contact with downstream units, is 

reduced. Damage to the bag filters stationed in the baghouse compartments is particular ly 
severe. Figure 3 shows photographs of some of the actual units appearing in Figure 2. It should 

be noted that all dust samples used for laboratory test work were collected directly from these 
units over a period of three months. The procedure followed is discussed in section 3.1.1 and 
Appendix A. 
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Figure 2: Schematic representation of smelter-dust treatment after smelting 

 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 3: A collage of photographic images taken at the smelter showing some of the units in 

figure 2: (a) ducts showing diagonal and vertical connections, (b) the spark trap with 
collection bin for collecting dust from stream 1, (c) trombones for cooling dust laden off-gas, 

(d) cyclone for collecting dust from stream 2, (e) the silos where fine dust collects from 

stream 3, and (f) the temporary storage of stream 3 dust. All dimensions expressed in metres. 
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2.1.2 Duct blockage 

According to engineering personnel, during furnace operation the vertical and diagonal 

sections of the off-gas ducts tend gradually to be blocked by dust in the off-gas. If left 
unchecked, the accumulation results in complete blockage of the ducts. Besides the sintering 

of dust as a possible mechanism, foaming could be another possible cause of duct blockages. 
This mechanism is encountered in ilmenite smelters. There, typically, the slag may foam so 
severely that molten material is pushed into the ducts where it solidifies, thereby blocking the 

duct (Jordan, 2011). This occurs in open-bath, closed-roof furnaces where the foamed material 
channels directly into the ducts. With the smelter in question, though, blockages from foaming 

are unlikely as the roof is semi-openði.e., it does not seal to the sidewalls, and thus foam 
cannot channel directly into the ductsðand any tendency to foaming is dampened by a solid 
burden of 1ï2 m sitting on top of the slag (Steenkamp et al., 2018). Thus, we can rule out the 

possibility of foaming as a possible mechanism of duct blockages. 

Table 2 and Table 3 summarizes several adverse consequences of duct blockages, 
consequences highlighted by smelter engineering personnel and the production manager. These 
consequences manifest during normal smelting operation and during maintenance and furnace 

shutdowns. 

As for clearing a blockage, during either short or long shutdowns, the smelter employs external 

contractors to do the work. They typically use a combination of pressurised water and 
jackhammers to remove mechanically the build-ups (Engineering Superintendent, pers. 

comm.). 

Table 2: Adverse consequences of duct blockages (according to smelter engineering  

personnel and the production manager) 

Consequences of blockages during normal smelting operations 

Factor affected Comments 

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

that the entire furnace building is covered in dust, which requires sweeping. 

Health 

ü Increases workersô exposure to dust, especially those working near the 

furnace bed. This may lead to an ailment known as manganism. 

ü During periods of high wind the airborne dust can be blown to nearby 

communities.  Dust poses a health risk when inhaled. 

Safety 
ü Dust can obscure the vision of personnel working near the furnace bed  

(e.g., during rabbling). 

Environment 
ü Dust is a pollutant when borne by air or water. This pollution can be marked 

in the vicinity of the smelter. 

Finance 

ü These restrictions on and consequences of operation will affect production, 

and thus revenue, adversely. 

ü The impact affects both variable and fixed costs. 
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Table 3: Adverse consequences of duct blockagesðcontinued 

Consequences during blockage clearance on shutdowns 

Factors affected Comments 

Finance 
ü Maintenance costs rise as external contractors are hired to clear the 

blockage. 

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

consuming to remove. This translates into losses in production. 

Wear and tear 
ü The processes of putting scaffolding in place and clearing the blockage  

tend to damage the refractory in the off-gas duct. 

Safety 

ü The process of removing a blockage places a contractorôs safety at risk,  

as often a blockage is unstable, and shovelling and jackhammering  

is often required. 

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

 

2.2 Sintering overview 

This overview describes the basic concepts in sintering, as well as some of the nature of 
sintering and related phenomena.  

2.2.1 Sintering basics 

Sintering is a phenomenon encountered in many instances where materials are heated to high 
temperatures. In simple terms it can be defined as a process whereby materials, usually in 

contact with each other, agglomerate when heated to an appropriate temperature (Kuczynski et 
al., 1967). According to Kuczynski et al. (1967) agglomeration is usually accompanied by a 

decrease in material porosity, an increase in the bulk density of the material, a rounding of 
sharp edges, and a decrease in particle surface area as particles aggregate. As expected, the 
more sintered the material, the more apparent these observations will be. In the current study, 

physical properties such as the particle porosity, bulk density, particle shape, and surface area 
will not be used to describe the degree of sintering. However, general comments on the degree 

of friability of agglomerated material ï will be made, as well as measurements of the 
shrinkage/expansion of materialðwill be conducted. These, along with other physical features 
of the samples as observed under SEM, will provide useful insights into the degree of sintering 

in those instances where it is observed. 

2.2.2 Mechanisms of sintering 

In broad terms, mechanisms of sintering fall into two categories, namely, solid state and liquid 
state (German, 1996). This classification excludes other complex and rare variations of 

sintering, such as vapour and vitrification sintering (German, 1996). In solid-state sintering, 
heat is applied below the melting temperature of all the solids involved, and thus no liquid is 

formed that induces agglomeration (Leriche et al., 2017). In this case bonds between particles 
form due to solid-solid interactions. On the other hand, liquid-state sintering occurs through 
the formation of a liquid phase that acts as a binder between solid particles. In both mechanisms 

increased sintering progressively leads to an increase in particle size, and can usually be seen 
under SEM. The growth in particle size is concomitant with agglomeration. Particle boundaries 

distort over time (Leriche et al., 2017). Figure 4 illustrates this point schematically. Figure 5 
illustrates the difference in mechanism between solid-state and liquid-state sintering. Figure 6 
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shows the external physical appearances of manganese dust, first as an unsintered, pressed 
pellet, then after sintering for 15 minutes at 1200°C; the third image shows a fragment of the 

sintered pellet. It is clear, and reported by numerous sources, that sintering can cause changes 
that are visible to the naked eye (Shen, 2009). Among these are changes in the dimensions of 

a sample, e.g., volume, height, and diameter. The shrinkage or expansion of a sample at a 
specific firing temperature can be determined from these changes (Bendaoudi et al., 2018; 
Quijorna et al., 2014; Romero et al., 2008) These three sources also report that expansion is 

usually the result of either phase transformations on sintering or bubble formations caused by 
gases (i.e., a bloating effect), whereas shrinkage results from liquid formation and/or 

densification of the material. Figure 7 shows a SEM micrograph depicting the microstructura l 
appearance of a well sintered sewage sludge sample. One can see that the structure of the 
sample after sintering was both well-bonded i.e. good particle to particle attachment and 

porous.  

 

Figure 4: Sintering producing changes that result in grain size growth (Leriche et al., 2017) 

  
(a)  (b)  

Figure 5: Schematic representation of (a) solid-state sintering, and (b) liquid-state sintering 

(Shimonosono et al., 2014) 

 

Figure 6: Photographs showing (a) an unsintered pellet, (b) a sintered pellet after 15 min  

at 1200°C, and (c) a fragment of sample b (after Shen, 2009) 
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For both solid- and liquid-state sintering, a number of parameters have a bearing on sintering, 
its mechanism and progression. These parameters include particle size, PSD, temperature, 

material composition, gas composition, applied pressure, and residence time (Kingery, W.D. 
et al., 1960; Rahaman, 2003). As a rule, in order to evaluate accurately the effect of any one 

parameter on sintering all other parameters must be kept constant. For that reason, in this study 
parameters such as gas composition, residence time, and applied hydraulic-press pressure are 
kept constant so that the effect of temperature and PSD on sintering can be determined. The 

following section describes how these parameters affect sintering. 

 

 

Figure 7: SEM micrograph showing the typical appearance of well sintered  
ash from sewage sludge (Cheeseman et al., 2003) 

 

2.2.3 Sintering of manganese ores 

Manganese ore fines along with coke/coal, dust/sludge, and in some cases fluxes and/or other 
additives are generally mixed together and then agglomerated by sintering to produce a lumpy 

and porous product. The sintering temperature varies with the type of manganese ore being 
processed. For example, Malan et al. (2004), who sought to optimise manganese sinter plants 

process parameters and design, quoted a sintering temperature of 950°C and higher. Riku 
(2001) in demonstration of the operation of the then new Outokumpu steel-belt pelletising-

sintering process, stipulated a sintering temperature of at least 900°C depending on the type of 
ore. In a review of the sintering process as applied to manganese ores, Gordon et al. (2018) 

gives a temperature of between 800 and 900°C. 

Given that manganese ores are sintered at these temperatures, sintering is a possibility in cases 

where the duct temperature is in this range. 

2.2.4 Relationship between sintering and compressive strength 

The compressive strength of a material is defined as the measure of the materialôs resistance to 
disintegration under a crushing load (Hsiao et al., 1995). To measure the compressive strength 

a standard compression test is used. ISO 4700 was developed for iron ores, but has been applied 
to other materials. In this work, the ISO 4700 method can be applied to measure ï 
quantitatively, the strength of the manganese dust after high temperature firing.  



   

 

12 
 

A less conventional measurement of the sinter strength, which was developed by Kobayashi et 
al. (2014), may be used to provide qualitative indications of the strength of the fired manganese 

dust; it uses a sintering index scale based on the response of a sintered sample to a blow by a 
hammer. The degree of sintering is reported on a scale of 1 to 5, with 5 indicating a very well-

sintered sample ï very resistant to disintegration. 

A relationship exists between the sintering progression of a sample, and its compressive 

strength (Bendaoudi et al., 2018; German, 1996). In general, as sintering is accompanied by a 
decrease in material porosity and an increase in particle sizeði.e., an increase in material 

densificationðthe more sintered a material, the higher its compressive strength will be 
(German, 1996; Kingery, W.D. et al., 1960; Leriche et al., 2017; Rahaman, 2003). This is so 
because densification stops crack propagation by filling the air gaps with material of higher 

compressive strength (Bendaoudi et al., 2018; German, 1996; Leriche et al., 2017; Quijorna et 
al., 2014). Figure 8 illustrates how sintering generally decreases the volume of pores whilst 

increasing the size of the particles in a sample. 

The relationship between sinter formation and compressive strength is useful in the current 

research in that it gives an indication of the degree of sintering with change in temperature and 
PSD. This serves as a valuable complement to the microstructural analysis conducted by SEM-
EDS. It should be noted that despite the usefulness of compressive strength as a measure of 

sintering, the technique must be used in conjunction with a microstructural analysis technique 
ï in this instance SEM-EDS, in order to confirm the presence of sintering. This is because 

factors not considered might affect the compressive strength or in rare instances a sample might 
show a decrease in compressive strength with an increase in sintering. 

 

Figure 8: Conceptual sketches showing the general pore structure and particle size  
a sintering increases sintering. There is a decrease in porosity and an increase  

in particle size with sintering (German, 1996) 

 

2.2.5 Relationship between firing temperature and compressive strength 

Another relationship of interest is that between the firing temperature (otherwise known as the 
baking or sintering temperature) and compressive strength of sinters. As heating affects the 

particle arrangement, the firing temperature is expected to have a direct effect on the 
compressive strength. Several authors have reported on this relationship. (Shimonosono et al., 
2014) for example, noted an almost linear increase in the compression strength with increase 

temperature for silicon carbide ceramics. (Hu and Wang, 2010) studied the same phenomena 
for yttria-stabilised zirconia ceramics; they, too, noticed the same relationship, but in their 

study the compression strength increased significantly with increasing temperature. The same 
observations were made in the sintering of Co-Cr-Mo/58S bioglass porous nano-composite, 
sewage sludge ash, and ceramic bodies from contaminated marine sediments (Dehaghani and 

Ahmadian, 2015)(Lin et al., 2006) (Romero et al., 2008). Several examples depicting the 
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proportionality between sintering temperature and compressive strength are shown graphica lly 
in Figure 9. Where sintering is being evaluated, it is typical for firing tests to be conducted in 

a muffle furnace (Quijorna et al., 2014; Shen et al., 2007; Wang et al., 2013). 

 
(a) 

 
(b) 

Figure 9: Compressive strength as a function of firing temperature: (a) for yttria-stabilised 

zirconia ceramics at 1350ï1550°C (Hu and Wang, 2010); (b) for silicon carbide ceramics 
hot-pressed at 1400ï1900°C; in addition the increases in relative density and decrease in 

specific surface area are also shown (Shimonosono et al., 2014)  

 

2.2.6 Relationship between the particle size, PSD and compressive strength 

As far as the relationship between PSD and compressive strength goes, it is known that the 
presence of coarse particles in a sample, assuming that they are present as the overwhelming 
dominant particle size in a sample with a very narrow PSD,  increase the void fraction of that 

sample, i.e., increases the porosity of the sample. This is assuming that thereôs little to no fines 
to fill the interparticular voids between the coarse particles. The increase in the porosity of any 

material, decreases its compressive strength. Overall though, the largest bearing factor in terms 
of the compressive strength of a material in relation to the particular size, is the width of the 
distribution.  

As for the relationship between absolute particle size and compressive strength, smaller 

particles generally have a higher compressive strength when compacted for sintering. This is 
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the case when compared to the same material compositionally and otherwise, but with larger 
particles. This was for example observed in the sintering behaviour of several materials e.g. 

refractory aggregates, 316 stainless steel, and metal powders (Park et al., 2013; Robertson and 
Schaffer, 2009; Varela et al., 1990). Figure 10 (a) depicts graphically one of those examples 

where the compression strength of titanium powder (represented here by the sintering density), 
increased with decreasing particle size (Robertson and Schaffer, 2009). The reason for the 
higher strength in cases of small particle sizes is that they pack much more densely than larger 

particles and will thus have a lower fraction of pores and increased particle to particle contact 
area (thus lower activation energy), compared to coarser particles compressed at the same 

pressure (Park et al., 2013). To summarise this a commonly accepted relationship is that that 
the higher the porosity of a material, or the larger the pore sizes; the lower will be the 
corresponding compressive strength (Dehaghani and Ahmadian, 2015; German, 1996; Hu and 

Wang, 2010; Rahaman, 2003; Romero et al., 2008). The rest of Figure 10, that is, (b-d), depicts 
graphically, several relationships between porosity, pore and particle size, temperature and 

compressive strength. 

The implication of these observations is that, under similar firing conditions, the finest-s ized 

material (stream 3), will have a higher compressive strength than the coarser dust (stream 1). 
This assumes that stream 1 is predominantly composed of coarse particles ï with very few fine 

particles; and stream 3 is made of predominantly fine particles ï with very few coarse particles. 
Furthermore, the compressive strength is expected to increase with an increase in firing 
temperature. 

  
(a) (b) 

 
(c) 
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(d) 

Figure 10: The effects of: (a) fired titanium powder particle size on the  

sintered density of titanium powder (Robertson and Schaffer, 2009); (b) temperature on the 
open porosity of ceramic bodies from contaminated marine sediments(Romero et al., 2008); 

(c)  true porosity of the compressive strength of Co-Cr-Mo/58S bioglass porous nano-
composites (Dehaghani and Ahmadian, 2015); (d) porosity and pore size on the compressive 

strength of yttria-stabilised zirconia ceramics(Hu and Wang, 2010) 

2.2.7 Other parameters affecting sintering 

Three other parametersðsintering time, sintering atmosphere, and heating rateðalso have an 

effect on sintering. The following comments concerning them were drawn from literature: 

Á Sintering time. An increase in sintering time usually results in an increase in the extent of 

sintering in a material, as well as an increase in the compressive strength of that material. 
This increase however is not indefinite and reaches a peak at some point depending on the 

material being processed (Dehaghani and Ahmadian, 2015; Lin et al., 2006). Most sintering 
tests ran for 0 to 4 hours (Hu and Wang, 2010; Liu, 2017; Shimonosono et al., 2014)  

Á Sintering atmosphere. There is no standard effect of the composition of the atmosphere on 

sintering, although the gas atmosphere does play a role in sintering. Some of the factors 
that determine the relationship are the: composition of the gas, the inherent formation of 

gases (such as CO2 when CaCO3 dissociates in carbonate-rich ores), gas flow rate, solid 
material type, and the permeability of the solid to gas (Budin et al., 2017; German, 1996; 
Wang et al., 2001). Composition includes no gas at allða vacuum, in other words (German, 

1996). Since a natural air atmosphere would be used in this project (as is the case in the 
open/semi-open SAF where air ingress is a reality), it is expected that any carbon contained 
in the dust would be combusted, whilst the oxidation state of MnOx and FeOx species would 

also be impacted (Makino et al., 2013; Suarez et al., 2008; Zaki et al., 1997). The specific 
impact of carbon combustion and MnOx-FeOx oxidation, on sintering, will not be examined 

as it is beyond the scope of this dissertation.  
Á Sintering heating rate. As shown by (Chu et al., 1991; Stanciu et al., 2001), the heating rate 

has an effect on the sintering progression as well. Generally a decrease in heating rate 

results in increased sintering. 

For the purposes of this study, these parameters are kept constantðor near enough for those 
that cannot be tightly controlledðin order to isolate the parameters that are in focus in the 
study, viz., temperature and PSD. Figure 11 demonstrates the effects of sintering time, 

atmosphere, and heating rate on a material. 
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(a) (b) 

 
(c) 

Figure 11: The effects of: (a) sintering time on the compressive strength of alumina foam 

ceramics (Liu et al., 2017); (b) atmosphere on the densification (measured using bulk 
density) of sintered tungsten carbide (Budin et al., 2017); and (c) heating rate on the 

densification (measured by density) of zinc-oxide powder (Chu et al., 1991)  

2.3 Manganese furnace-dust characterisation 

This section looks at what has been published on typical characterisation methods, and at the 

results of previous exercises in characterisation, especially at different manganese operations. 

2.3.1 Background of manganese furnace dust 

In the industry manganese dust refers to dust emanating from the off-gas of a high-carbon 
ferromanganese (HCFeMn), a SiMn, or a ferromanganese (FeMn) furnace. The dust is 
channelled either to the baghouse through ducts and stacks (for a dry off-gas treatment process) 

(Steenkamp et al., 2018), or to wet scrubbers to produce a sludge (for wet processes) (Gaal et 
al., 2010). Depending on the individual preference of each smelter, along with the 

environmental laws under that jurisdiction, the dust produced may be re-treated either for the 
recovery of valuables contained in the dust (Martins et al., 2008), or for the removal of 
impurities in the dust, prior to discarding it according to appropriate environmental waste 

regulations. Owing to the growing worldwide interest in waste valorisation, partly due to the 
depletion of natural resources and partly due to increasingly stringent environmenta l 

legislation, most smelters have characterised their off-gas dust with a view to possibly 
implementing a treatment process. The typical methods of characterisation and the findings for 
off-gas dust from SiMn, HCFeMn, and FeMn production are described in the following 

sections. 
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2.3.2 Particle size distribution 

PSD describes the fractions of particlesðforemost by volume, and if density is uniform, by 

massðresiding in intervals of size (Ujam and Enebe., 2013). There are different techniques for 
determining PSD, for example, screening using sieves (dry screening up to 38 µm particles, 

and wet screening below this size), Malvern Mastersize analyser (particles up to 0.02 µm) 
(Rawle., 2015). Of these techniques, the screening by sieves, which collects material, dry or 
wet, on a series of sieves of progressively finer aperture, is commonly employed for analysing 

furnace dust. This is especially so for electric arc furnace (EAF) dust (Xia., 1997). Typical 
measurements of the PSD of dust from silicomanganese, ferrosilicon, and ferromanganese 

operations are summarised in Table 4. In addition to the PSDs of dust from these operations, 
the PSD of dust from other non-manganese operations is included in the same table for 
comparison. From the table it can be seen that the majority of furnace dust, regardless of the 

operations from which it stems from, was fine-sized. It would be interesting to compare the 
PSD of the dust gathered from the smelter in question with those of other silicomanganese 

operations in Table 4; this would give further insights into the reasons behind the fineness of 
the dust particles-whether itôs a result of the silicomanganese smelting process itself, or 
practises within each smelter. 

Although a Malvern Mastersize analyser may be best for analysing very fine material e.g. those 

with d50 less than 10 µm, for the purpose of this study, screening using sieves technique is 
adequate, since only a general characterisation of the dust streams to coarse, intermediate, and 
fine PSD was sought.   

Table 4: PSDs of EAF dust from several operations 

Source of dust Size fraction (µm) Reference 

FeMn, SiMn, and FeSi 

SAF sludge (FeMn and SiMn) d50 = 1ï4  (Gaal et al., 2010a) 

SAF (FeMn and FeSi) 
0.1ï10 (20ï30%); 10ï40  

(25-35%); 40ï80 (10ï-40%); 
above 80 (20ï40%) 

(Vaish, 1994) 

EAF (SiMn and FeMn) 90% < 2.83 (Kadkhodabeigi et al., 2015) 

FeMn 80% < 45 (Kadkhodabeigi et al., 2015) 

Different steels and ferrochrome (FeCr) 

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

FeCr converter 10% > 9.94 (Omran and Fabritius, 2017) 

EAF stainless steel 10% > 9.83 (Omran and Fabritius, 2017) 

EAF carbon steel 10% > 9.2 (Omran and Fabritius, 2017) 

 

2.3.3 Chemical composition 

In various manganese and silicomanganese dust investigations observed in literature, the 

analysis of the chemical composition has always been one of the standard characterisat ion 
methods (Gaal et al., 2010a; Rama Murthy et al., 2018; Shen et al., 2007; Zhong et al., 2018) 
The chemical species typically analysed are Mn, Fe, Si, Al, Mg, Ca, Na, Zn, K, and P (Gaal et 

al., 2010a; Rama Murthy et al., 2018; Shen et al., 2007; Zhong et al., 2018). The non-metall ic 
elements typically analysed are C, B, and S (Gaal et al., 2010a; Rama Murthy et al., 2018; Shen 
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et al., 2007). At times, especially when evaluating the environmental impact of waste, the 
oxides of or elements As, Cd, and Hg are also analysed (Gaal et al., 2010a). The techniques 

commonly used are X-ray florescence spectrometry (XRF), carrier gas hot extraction (LECO), 
and the two analyses associated with inductively coupled plasma (ICP-OES and ICP-MS) 

(Peng et al., 2008; Shen et al., 2007; Zhong et al., 2018). Of the techniques, XRF is favoured 
least because it is a semi-quantitative analysis and may not give exact accurate compositions. 
The elements listed in this section, except those analysed for environmental impact studies, are 

analysed in this study in order to evaluate the phase chemistry of the dust. This is especially 
important as the composition of dust plays a central role in sintering (Rahaman, 2003). Table 

5 summarises chemical compositions of dust obtained from manganese and silicomanganese 
operations. Chemical compositions labelled ñAò and ñBò are reported in the literature and 
relate to the smelter that is the subject of this dissertation. It was unclear however which dust 

stream and which furnace were sampled.  

Table 5: Chemical compositions of dust from several manganese operations: 
AŸ SiMn operation, BŸ SiMn operation, CŸ FeMn operation,  

DŸ SiMn/FeMn operation, EŸ SiMn/FeMn operation, FŸ SiMn/FeMn operation,  

GŸ FeMn operation, and H & IŸ SiMn/FeMn operation (in mass %) 

 Operation 

Species AÀ BÀ C D E F G H I 

MnO 35.1 31.6 61.1 26.6 21ï45 34.8 42ï46 ð ð 

MnCO3 ð ð ð ð ð ð ð 40.0 75 

SiO2 36.3 38.8 7.4 22.4 ð 9.6 4ï8 25.0 5 

Fe2O3 1.4 1.2 6.7 1.2 ð 2.1 10ï12 1.0 2 

CaO 7.4 8.0 2.6 4.6 ð ð 8ï10 6.0 4 

MgO 6.8 7.3 3.8 3.1 ð ð ð ð ð 

Al2O3 4.0 3.6 4.1 3.9 ð ð 8ï12 3.0 2 

K2O 3.3 ð 3.6 22.0 ð 3.9 ð 6.0 4 

Na2O 1.6 ð 0.3 2.6 ð 0.9 ð ð ð 

ZnO 0.3 0.4 ð 2.1 0.1ï2 2.7 ð ð ð 

Cl 2.0 ð ð 1.7 ð ð ð ð ð 

SO3 1.8 ð ð 8.6 ð ð ð ð ð 

C ð ð 1.4 ð 9ï22 ð ð ð ð 

S ð ð 0.2 ð ð ð ð ð ð 

P ð ð 0.3 ð ð 0.04 ð ð ð 

Pb ð ð ð ð ð 0.35 ð ð ð 

LOI ð ð 6.9 ð ð ð ð ð ð 

Total 100.0 90.9 98.4 98.8 30ï69 54.4 72ï88 81.0 92.0 

Source (1) (2) (3) (4) (5) (6) (7) (8) (8) 

À Dust from the smelter that is the object of this study; ð not reported;  

Source (1) (Nkosi et al., 2011)(2) (Steenkamp et al., 2018); (3) (Rama Murthy et al., 2018);  
(4) Zhong et al., 2018; (5) Shen et al., 2007; (6) (Gaal et al., 2010a);  

(7) Vaish, 1994; (8) Riku, 2001 
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2.3.4 Phase-chemical composition 

A full characterization of any dust sample must include details of phase-chemical compositions 

(by XRD and SEM-EDS) and the microstructural features, such as particle size, particle 
shapeðangular particles typically indicate directly entrained raw dust; spherical particles are 

an indication of phases formed from liquid or condensed vapour (Guézennec et al., 2005)ð
and the associations of phases (by SEM-EDS). Literature reviewed for FeMn and SiMn dust 
showed that the techniques commonly employed for determining phase-chemical composition 

are XRD and SEM-EDS. Table 6 presents a summary of the typical phases encountered in 
SiMn and FeMn dust from different operations, phases identified by XRD. In addition to 

crystalline phases, (Ravary and Hunsbedt, 2013) also reported the presence of amorphous 
material in SiMn dust. One of those amorphous/semi-amorphous phases, as determined by a 
combination of XRD and SEM-RDS,  is silica (Groot et al., 2013; Ravary and Hunsbedt, 2013). 

It would be useful to confirm the presence and amount of silica. Another noteworthy study 
would be to investigate its effect on sintering. Table 7 summarises the phase-chemica l 

compositions of dust gathered from a previous study of the smelter in question. For reasons 
similar to those given for the bulk chemical composition, the phase-chemical compositions of 
dust examined in this study may differ from those examined in other studies. 

In the current research, XRD and SEM-EDS are crucial not only for the initial phase-chemica l 

characterisation of the sampled dust from the baghouse, but also for the evaluation of sintering 
in the fired sample products. In the case of the latter, these techniques provide a qualitat ive 
assessment of sintering. Figure 12 to Figure 16 and Table 8 show examples of qualitat ive 

changes recorded by SEM and XRD as a result of sintering. Each figure and table is explained 
briefly: 

Á The dust from a silicomanganese smelter (smelters A and B in Table 5) ï from the image 
the following is seen: angular and spherical phases, a variety of phases including alloy 

(white) and slag (dark amorphous phase); the PSD is broad (see backscattered-electron 
[BSE] micrograph Figure 12). 

Á Sintering observed in Waelz slag from EAF dust ï there is a clear progression of sintering 

with increasing temperature. This is especially clear in the test conducted at 1000°C and 
above (see Figure 13). 

Á Sintering observed in ceramic bodies from marine ceramics ï sintering is seen to increase 
with increasing temperature. This is striking in the glass-like structure (with strong bonds) 
of the sample treated at 1150°C (see Figure 14). 

Á Sintering observed for a Co-Cr-Mo/58S bioglass porous nano-composite ï there is a clear 
progression of sintering with temperature. This can be seen in the increased neck formation, 

which causes agglomeration as temperature increases (see Figure 15). 
Á A change in the particle size of manganese samples due to differences in sintering 

temperature (see Figure 16). 

Á Phase changes in manganese oxides as a result of sintering at 600ï1000°C. These ores are 
from West Sumatra (Table 8). 
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Table 6: Summary of the typical minerals and phases found in FeMn and SiMn furnace dust 
from several operations (Shen et al., 2007; Zhong et al., 2018)  

Main components Chemical formula Mineral name 

Mn-O 

Mn3O4 Hausmannite 

MnO2 Pyrolusite 

MnO Manganosite 

Mn-Si-O MnSiO3 Pyroxmangite 

Mn-CO2 MnCO3 Rhodochrosite 

Mn-Ca-CO2 (Ca,Mn)CO3 Manganoan calcite 

Si-O SiO2 Quartz 

K-Mn-O K2Mn4O8 Potassium permanganate 

K-S-O 

K2SO4 Arcanite 

K2S Potassium sulphite 

K2SO3 Dipotassium sulphite 

K-Cl KCl Sylvite 

 

Table 7: Phase-chemical compositions of silicomanganese dust gathered from the smelter  
in this study.  Phases identified by XRD (Nkosi et al., 2011) 

Chemical formula Mineral name (phase type) Phase dominance 

CaMgSi2O6 Diopside (slag phase) Major 

Mn7O8(SiO4) Braunite (ore mineral) Major 

MnFe2O4 Jacobsite (ore mineral) Major 

SiO2 Quartz (ore mineral) Major 

 

  

Figure 12: SEM BSE micrograph showing, left - micro-texture of EAF dust with (a) 

agglomerated phase, (b) spherical phase, (c) ultra-fine phases, and (d) irregularly  
shaped phase; and right - another section of the same dust sample with (a) homogenous alloy 

sphere corresponding to EAF dust, (b) homogeneous sphere of slag (silicate) composition 

(Nkosi et al., 2011) 
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 13: SEM secondary micrographs of Waelz slag fired at different temperatures (a) 

green body (unfired), (b) 850°C (incomplete sintering), (c) 900°C (incomplete sintering),  
(d) 950°C (incomplete sintering), (e) 1000°C (complete sintering), 

 and (f) 1050°C (complete sintering) (Quijorna et al., 2014) 

 

Figure 14: SEM BSE micrographs of compacts of Cuchia sediment fired at  
1000ï1125°C (Romero et al., 2008) 
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Figure 15: Example of sintering in a Co-Cr-Mo/58S bioglass porous nano-composite 
observed in SEM (secondary-electron images) for temperatures (a) 1100°C,  

(b) 1150°C, (c) 1200°C, and (d) 1250°C, all held at temperature  
for 3 hours (Dehaghani and Ahmadian, 2015) 

 

 

Figure 16: Changes in particle size of Mn-bearing phases with variation in  

temperature from 600 to 1000°C (Fauzi et al., 2018) 
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Table 8: Manganese oxide phases formed at different sintering temperatures. 
Non-Mn-bearing phases are excluded (Fauzi et al., 2018) 

Temperature 

(°C) 

Phases 

Pyrolusite Hausmannite Rhodonite Bixbyite Braunite Coesite 

 26 V ð ð ð ð V 

 600 ð ð V V V ð 

 700 ð V V V V ð 

 800 ð V V V V ð 

 900 ð V ð ð V ð 

 1000 ð V ð ð V ð 

 

2.4 Chemical thermodynamic evaluation 

FactSage is a thermochemical software and database package that can run a range of desktop-
based thermodynamic calculations, primarily those in pyrometallurgy (FactSage, 2007). It 

comprises several modules (these are the built-in channels where specific evaluations may be 
done), each with a unique feature that permits a specific evaluation. For example, the reaction 

module is used for evaluating single reactions; the predominance diagram module depicts the 
thermodynamically stable phases as a function of gas partial pressure; the phase diagram 
module for plots phase diagrams of interest. Of interest in this study is the equilibrium module, 

abbreviated to Equilib. The minimization of Gibbs free energy (coincident with equilibr ium) 
drives it. The programme gives details of the phases (both compounds and solutions) 

thermodynamically stable under the specified conditions (FactSage, 2007). 

For this study the equilibrium module is useful in that it sets out the effects of temperature on 

the formation of liquid and solid phases at equilibrium, phases induced by sintering. In addition 
to this, evaluations can be run to determine if the observed sintering of particles occurred 
through a solid or liquid mechanism. It does so by determining if the particles observed in the 

laboratory are solid or liquid at the firing temperature. This would otherwise be difficult and 
time-consuming; the theory gives a ready, good approximation. 

It should be noted that since the thermodynamic evaluation does not account for reaction 
kinetics, FactSage does not evaluate the influence of PSD on sintering. Also, the programme 

assumes equilibrium, which is not always the case in reality, and thus discrepancies can exist 
between the practical observations and FactSage calculations (FactSage, 2007). The simple 

question that FactSage answers is whether the reaction is thermodynamically feasible or not 
(FactSage, 2007). 

2.5 Optical pyrometry 

An optical pyrometer measures the temperatures of surfaces. It does so by measuring the 
amount of thermal radiation released by incandescent bodies (Waidner and Burgess, 1905). 

One of the advantages a pyrometer has over thermocouples or resistance temperature detectors 
is that it can measure temperatures of objects from a distance without any physical contact 

between the object and the instrument or probe. Of importance in pyrometric measurements, 
however, is the calibration of the instrument, the setting of the specific emissivity of the object, 
and the setting of the correct distance relative to the measured object (Waidner and Burgess, 
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1905). One drawback of optical pyrometry is that dust can adversely affect the accuracy of 
measurements (Waidner and Burgess, 1905). 

2.6 Sampling and statistics 

Sampling is critical to accurate measurements. This section reviews general principles of 
sampling and the statistical treatment of measurements.  

2.6.1 General principles of sampling 

Sampling in metallurgical processes is a process whereby a portion of material is extracted 
from its wholeði.e., lot (Gy, 1979). The portion of material that is obtained from the lot is 

called a sample. A good or true sample in the technical sense is one that is collected in such a 
way that it represents (within acceptable levels of bias and precision) the lot in its physical and 

chemical characteristics (Dominy et al., 2018; Institution of Mining and Metallurgy (Great 
Britain) and The Institution Of Mining And Metallurgy, 1973; Keith, 1996; Smith and James, 
1981). Samples that do not conform to the criterion give misleading, potentially damaging 

information about a population (Williams, 1978). According to Institution of Mining and 
Metallurgy (1973) and (Smith and James, 1981) no sample ever fully represents the lot in all 

respects. However, a number of sampling quality assurance tools can be applied to ensure that 
the sample characteristics are as representative of the lot characteristics as possible (Keith, 
1996). Nine sample quality assurance procedures are listed below. 

1. Adhere to sample protocol without fail (Keith, 1996) 

2. Ensure that the sampler is suitably trained (Keith, 1996) 
3. Protect collected samples from contamination (Institution of Mining and Metallurgy 

(Great Britain) and The Institution Of Mining And Metallurgy, 1973; Keith, 1996)  

4. Set in place a good system for identifying samples (Keith, 1996) 
5. Pre-plan your sampling procedure; ensure that it does not change (Keith, 1996) 

6. Apply calibrations, especially for automated samplers (Keith, 1996) 
7. Consider the size of a sample in light of the application (Smith and James, 1981; 

Williams, 1978). Williams (1978) reported that samples are typically <1% of a lot, and 

almost always <5% of a lot. 
8. Collect many samples in instances where operations fluctuate significantly (Institution of 

Mining and Metallurgy, 1973) 
9. Sample lots as randomly as possible (Williams, 1978) 

In addition to these quality assurance procedures, (Gy, 1979) recommended that samples be 
selected systematically and randomly; it is by far the most common of selection schemes as it 
is nearly always reproducible. The recommendation was followed in this study. Sampling 

formed a key part in the project; it was used at several stagesðin the collecting of off-gas dust 
from the smelter, in sub-sampling of the dust in the laboratory for subsequent analysis and test 

work, and in collecting the products of firing. 

The collecting of samples by manual shovelling as well as homogenising the samples by sheet 

mixing are acceptable practices especially when gathering samples from large industr ia l 
processes (Institution of Mining and Metallurgy, 1973).  

2.6.2 Statistical calculations 

According to (Miller and Freund, 1976), statistical calculations can be run on any set of 

gathered numerical data, including those in the field of engineering (into which metallurgica l 
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smelters fall), in order to analyse, interpret, and draw valid conclusions from the data. In the 
context of smelters, the data sets convey different information, e.g., chemical composition, 

mass, or power input. In this work two statistical tools were applied-the mean and the standard 
deviation. These properties are important in that they reduce a property to a number and what 

the variation is about that number. They were used to compare results throughout the 
investigation.  

The definitions of the mean and standard deviation along with an explanations of where the 
formula was used, is shown in Table 9. The formulae that apply to both the mean and standard 

deviation are shown in Table 10. For ease in performing the calculations the functions provided 
by the Microsoft Excel 2013 package were used.  

Table 9: Summary of statistical tools used in the current study and  
where they were used (Sykes et al., 2016) 

Statistical tool Definition Where? 

Mean 
A measure of central tendency; refers to the 

average value out of a group of numbers 

Dust composition and 

compressive-strength test 
results 

Standard deviation 

A measure of data spread, specifically how 

much variation there is within a group of values, 

i.e., variation from mean 

Dust composition and 

compressive-strength test 

results 

 

Table 10: Formulae used for statistical tools in this investigation (Sykes et al., 2016) 

Statistical tool Formula 

Mean 
 = ễX/N 

where  = mean, ễX = sum of all scores, and N = total number of scores 

Standard deviation s= ễ(x- )
2
/(nï1) 

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

As the project scope falls into segmentsðwork undertaken at the smelter, test work in the 

laboratory, and desktop studiesðthis section is conveniently divided into five stages as set out 
in ñflowsheetò form (Figure 17). Except for stage 5, which was conducted concurrently with 

stage 3, the stages follow each other in chronological order. The steps detailing each task, the 
apparatus and instruments employed, and other relevant details pertaining that stage are now 
discussed. 

 

 

Figure 17: Flowsheet showing the five stages of the investigation 

3.1 Stage 1: Smelter-based work 

Stage 1 presents both the experimental procedures and some preliminary results obtained 
during the smelter-based work. This work was essentially divided into two parts. Part 1 entailed 

the collection of dust samples at the bag-house of the smelter. Part 2 entailed the development 
and subsequent measurement of the furnace duct temperatures.  

3.1.1 Collection of dust samples 

Dust samples from the smelter furnace bag-house were collected during normal furnace 

operation. They were collected from the three dust streams shown in Figure 18. (A more 

Stage 1

ÅSmelter-based work

ÅCollection of dust samples

ÅTemperature measurements and data gathering

Stage 2

ÅLaboratory dust-sample preparations

ÅPreparation of the samples collected at the smelter (blending, splitting, 
characterisation)

Stage 3

ÅLaboratory pellet-pressing and firing tests

ÅMethod development

ÅPellet pressing, firing tests, and product handling

Stage 4

ÅFired-product examination (for sintering)

ÅPhysical strength measurements

ÅPhase-chemical composition measurements

Stage 5

ÅDesktop thermodynamic evaluation

ÅFactSage thermodynamic calculations to evaluate sintering
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detailed diagrammatic image of Figure 18 appears in Figure 2.) Care was taken in collecting 
the samples to ensure that they would be representative of the entire stream, especially as the 

subsequent laboratory sintering tests would use these samples. Care was also taken by for 
example wearing the dust mask ï at all times during sampling - to minimise inhaling the 

hazardous dust. Other precautions taken were wearing flame retardant overalls, hard-hat, ear 
plugs, gloves, washing hands before eating, and showering immediately after plant visits. Also, 
on a yearly basis, Mintek also monitors the metallic- levels (including Mn) content of our blood 

stream.  

To promote sample representability, a systematic approach to sampling was undertaken. This 
entailed, first, collecting the samples over a three-month period (from November 2018 to 
January 2019). In these three months, a total of five visits were made to the smelter; each visit 

lasting two days. This totalled ten days spent at the smelter collecting samples. Secondly, on 
each visit, samples were collected between 8 am and 4 pm at two-hourly intervals. Table 11 

summarises the details of the daily sample collection schedule followed in each visit.  A closed 
scoop was used to draw at random multiple-grab samples around the streamðbetween 0.8 kg 
and 5 kg of sample per interval. This sample, which was still hot as it emanated from the 

furnace, was temporarily stored in a metal drum, and then later transferred to a sealed and 
labelled plastic bag. Figure 19 shows photographs taken during sampling. At the end of three 

months, a total of 136 kg, 299 kg, and 70 kg of dust samples from streams 1, 2, and 3, 
respectively, were collectedðthat is, about 505 kg of dust over the three streams. 

Details of the exact sample sizes collected from each stream, and the total sample size collected 
over the three months are reported in Appendix A (Table 29). 

 

 

Figure 18: Schematic diagram of sampling points at the smelter  
(Sample = stream) 

 

Table 11: Details of the daily sample collection schedule for a single visit 

Time  8 amÀ 10 am 12 pm 2 pm 4 pm 

Day 1 S1, S2, S3 S1, S2, S3 S1, S2, S3 S1, S2, S3 S1, S2, S3 

Day 2 S1, S2, S3 S1, S2, S3 S1, S2, S3 S1, S2, S3 S1, S2, S3 

S stands for stream sample 
À effectively covered the sample between 5 pm and 7 am 
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(a) Step 1 to step 3 

  
(b) (c) 

Figure 19: Photographs taken during sampling: (a) steps 1ï3 of sampling in the cyclone bin, 
step 1 ï opening of bin, step 2 ï entrance into bin, and step 3 ï sampling inside the bin; (b) 

sampling of stream 3 from silo discharge; and (c) bagged samples after sampling with 
 bucket where samples are stored, book for records, and the scoop used for sampling 

3.1.2  Temperature measurements and data gathering 

The values of temperatures typically encountered in the vertical ducts where blockages 
commonly occur were required in order to select the temperatures that would be used in the 

laboratory tests for evaluating the potential of dust sintering. Unfortunately, these ducts did not 
have any thermocouples placed on their inner surfaces where blockages typically occur. The 
dust-laden off-gas temperature was not measured directly. Instead, the only installed 

thermocouple in these zones was one used to measure the water-cooled shell temperature. An 
alternative strategy had to be devised to get an estimate of typical duct temperatures during 

operations.  

The first option explored was having multiple thermocouples across the duct cross-section. 

However, after consultation with the smelter manager and production superintendent, the cost 
of such an exercise (included in the costs would be repairs to a damaged steel structure caused 

by drilling into shell to insert thermocouples), along with fears that the inserted thermocoup les 
could be damaged by dust-laden off-gas and so not work. Thus the option was discarded. A 
more feasible option, and the one pursued, was to estimate likely temperatures in the duct from, 

measurements of what would be maximum and minimum temperatures at extremities - in the 
duct. The closest measured point to the hottest zone of the duct, was the ófurnace bedô. At the 
other end, the coldest part of the duct was the cap i.e., at the top of the duct. Fortunately, the 

smelter had an existing thermocouple that measured continuously the dust-laden off-gas 
temperature in that section. To illustrate the approach, Figure 20-c shows the positions of the 

thermocouples (i.e., the shell and duct-cap thermocouple), and the position of the furnace bed 
relative to the duct where the maximum duct temperature was measured. It is fair to assume 
that the dust leaving the furnace bed would be at the highest temperature; its temperature would 
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steadily decrease up the length of the duct, reaching a minimum where the duct cap 
thermocouple is positioned.  

  
(a) (b) 

 
(c) 

Figure 20: Photographs of (a) the hot furnace bed during operations (max temperature), and 

(b) the position of the duct cap thermocouple (min temperature). Schematic diagram showing 
(c) the positions of maximum and minimum temperature measurements (values, expressed in 

metres, denote close approximates based on engineering drawings) 

The procedure used for collecting typical temperature data on the furnace bed and cap-end of 
the duct was as follows: 

Á For the furnace bed (maximum temperature): A calibrated optical pyrometry (a 

Minolta/Land Cyclops 52 Infrared Thermometer) set at an emissivity of 0.7 ∑ (as there was 

generally no visible dust in the furnace bed the value was an appropriate setting) and a 
distance of infinity (to cover for the distance of 7 meters to the furnace bed). As with the 

physical samples, measurements were taken from 8 am to 4 pm over four days in January 
2019 (This period covered every variation experienced in operation from furnace feeding 

rate changes to tapping.) Each time, four readings were captured from the same position, 
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but at different areas on the furnace bed. The record of the temperature readings over the 
four days is summarised in Table 12. The readings vary generally between 1000 and 

1300°C. On a few occasions temperatures dropped below or above this range. The, highest 
temperature was 1375°C. 

Á For the duct cap (minimum temperature): The production superintendent at the smelter 
provided a graph of temperatures in the duct cap (where a K-type thermocouple is installed) 
over a period of five days. The data covered both the temperatures observed during normal 

furnace operations and the temperatures observed after a shutdown. The graph is shown in 
Figure 21. The temperature was typically above 500°C and below 750°C. 

Based on observation of the duct cap and furnace bed temperatures, the minimum and 
maximum temperatures selected for the laboratory sintering tests were 600 and 1300°C. 

Temperatures below 600°C are expected not to promote sintering i.e., an effect at lower 
temperatures should not differ significantly from an effect at 600°C. The maximum of 1300°C 

is lower than the peak of 1375°C. As the furnace bed is about 3 m away from the duct lower 
end, it is unlikely that actual temperatures in the duct will ever exceed this value.  

Table 12: Temperature measurements of the furnace bed by pyrometry over four days (hottest 
zone) 

  08 January 2019 

 Reading (°C) 

Time 1 2 3 4 

8 am - - - - 

10 am 996 1136 1236 1177 

12 pm 1221 1045 1290 1287 

2 pm 1375 1263 1154 1281 

4 pm 1115 1217 1089 1257 

09 January 2019 

 Reading (°C) 

Time 1 2 3 4 

8 am 1288 1142 1296 1277 

10 am 1167 1058 1260 1214 

12 pm 1120 1125 1100 1118 

2 pm 1205 1141 1183 1068 

4 pm 1226 1175 1255 1300 

21 January 2019 

 Reading (°C) 

Time 1 2 3 4 

8 am 1061 1240 1154 1134 

10 am 936 933 1236 1272 

12 pm 1249 1283 1367 1230 

2 pm 1173 1271 1212 1167 

4 pm 1112 861 1153 1162 

22 January 2019 
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 Reading (°C) 

Time 1 2 3 4 

8 am 1118 1130 1135 1114 

10 am 1218 1243 1201 1266 

12 pm 1235 1243 1328 1225 

2 pm 1115 1253 1270 1099 

4 pm - - - - 

- No measurement taken 

 

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

16 July 2018) 

3.2 Stage 2: Laboratory dust-sample preparation 

The aim of this stage of the procedure, was to prepare the samples of smelter dust physica lly 
through drying, blending, and splitting for characterisation and sintering. Blending and splitting 
were particularly important for ensuring that a sample is homogenous from the onset. The entire 

flowsheet adopted in stage 2, including the sub-samples obtained throughout the process, is 
shown in Figure 22. Each stream was treated separately to avoid cross-contamination between 

streams.  

The nature of the work undertaken at each stage is explained in this section.  
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Figure 22: Complete flowsheet of stage 2 (bags represent the bags shown in Figure 19 filled 
will sample) 

3.2.1 Drying 

The dust samples (from streams 1-3) were first dried in an oven (Wirsam Scientific, model 220, 

one used for all oven drying in the project) in batches of 1-10 kg at 110°C for 24 hours. The 
drying condition were based on the American Society for Testing and Materials (ASTM C136). 
The mass loss due to the removal of non-crystalline moisture fell below 0.5% for all streams. 

Appendix B (Table 30) gives the exact mass losses recorded for each batch dried.   

Each stream of dried material was then blended by laying it on a clean floor, then mixing it 
with a shovel i.e., the application of sheet mixing (Institution of Mining and Metallurgy , 1973). 
Blending was considered complete once the sample appeared homogenous to the naked eye. 

The photographs in Figure 23 show the blending process. 

  

Figure 23: Photographs taken during manual blending of stream 1 dust: left ïsample poured 

across the floor and right ï shovel blending  

3.2.2 Splitting 

In order to promote further homogeneity within each dust stream, the bulk samples were taken 
through a rigorous sample splitting procedure. The steps are outlined in bullet points below. 
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Á Step 1: Automated splitting of sample using a ólargeô rotating sample splitter 
(manufactured in-house at Mintek) ï The splitter divided the sample into 20 sub-samples. 

Seventeen of the sub-samples were bagged and then stored for future use. One of the three 
remaining samples was taken for the PSD analysis. Whilst the other 2 sub-samples were 

taken for additional splitting. It was observed during the splitting of stream 3 that the sample 
tended to agglomerate into spherically shaped balls.  

Á Step 2: Automated splitting of sample using a ómediumô 2407002 Kendrion rotating sample 

splitter ï The 2 sub-samples obtained from large splitting, were then further split into 6 
sub-samples. 5 of those 6 sub-samples were also bagged and stored along with the init ia l 

17 samples, whilst the 1 sample was taken for further splitting using the small rotating 
sample splitter.  

Á Step 3: Automated splitting of sample using a ósmallô Fritsch Laborette 24 rotating sample 

splitterï The 1 sample was then further split into a further 10 sub-samples, each weighing 
around 200 g for sample 1 and 3, and around 420 g for sample 2. Of those 10 sub-samples, 

7 were bagged and stored along with others, while the remaining 3 were taken separately 
for bulk chemical analysis, bulk phase chemical composition, and specific phase chemica l 
composition. These methods are described in detail in section 3.2.4 to 3.2.6.  

3.2.3 Particle size distribution 

Screening was done so that the observed differences in streams PSD could be quantified. The 
PSD was determined using a MD-440 Pascall Engineering Ltd. vibrating screen. For stream 1 
and 2, dry screening was undertaken. This entailed the usage of eleven screens (chosen based 

on preliminary screen test results), with screen mesh sizes ranging from 38 to 1000 microns 
(see Table 13 for exact sizes). Each screening run was conducting using 500 g of sample, for a 
total duration of 15 minutes. The same procedure was applied for stream stream 3, however, 

after the observation of continues balling of the sample during dry screening, wet vibrating 
screening was undertaken instead. Since preliminary results showed that stream 3 was 

extremely fine in comparison to stream 1 and 2, only a 38 micron screen was used to conduct 
the screening analysis. The results of the analysis was recorded as mass fractions (%) gathered 
from each screen size. Figure 24 shows a photograph image taken for stream 1 after screening. 

From this figure, the size distribution of the sample can be seen.  

Table 13: Selected screen sizes used to screen dust samples (sizes in microns) 

Stream 1 2 3 

M
e
s
h

 s
iz

e
 

1000 1000 

 38 

850 850 

600 600 

425 425 

300 300 

212 212 

150 150 

106 106 

75 75 

53 53 

38 38 
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(a) 

  
(b) (c) 

Figure 24: Photographs showing (a) PSD for stream 1, (b) +1000 um fraction, and (c) + 212 
um fraction 

3.2.4 Bulk chemical composition 

The bulk chemical composition of each stream was determined using a Thermo Fisher 
Scientific iCAP 7600 ICP-OES Analyser (for analysis of typical ferromanganese base metal), 

a CS 744 LECO and CS 230 LECO instrument (for carbon and sulphur), a Spectrophotometer 
(for phosphorus), an Atomic Absorption Spectroscopy (for oxides of potassium and sodium), 

and ICP-MS (for boron).  

ICP-OES analysis was conducted by fusing a known mass of the sample using a strong 

oxidizing agent, that is, sodium peroxide. The now fused material was then digested in 
HCl/HNO3 acid, before assaying using the instrument. Carbon and Sulphur were analysed by 
oxidising both species in a combustion furnace, their reaction products, that is, CO2 and SO2, 

were then detected by an infrared detector. Phosphorus analysis was conducted by fusing the 
sample with a combination of sodium peroxide and sodium carbonate. The product of fusion 

was then leached in water. Ferrous iron was then added to precipitate P. The precipitate was 
then dissolved and complexed with an ammonium molybdate/vanadate reagent, forming a 
yellow complex. The complex was then extracted into a methyl iso-butyl ketone, and the P in 

the extract analysed spectrophotometrically.  
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With the Atomic Absorption Spectroscopy method, the sample was aspirated into a flame using 
a nebuliser. The emitted beam was received by the monochromator, which accepted and 

transmitted radiation at the specified wavelength and travelled into the detector. The detector 
then measured the intensity of the beam, producing a corresponding reading matching the 

intensity. With the ICP-MS technique, the sample was initially digested in a strong acid. The 
now liquid sample was then turned into fine mist by the nebuliser. The mist was then 
transported by inert argon gas into the plasma, where, it was ionised and then measurements of 

boron determined.  

3.2.5 Bulk phase chemical composition 

The bulk phase chemical composition of each stream was carried out on a finely pulver ised 
sample by semi-quantitative XRD analysis, using a Bruker D8 advance Diffractometer 

(pulverisation was conducted using a TS250 vibratory disc mill in all instances). The 

instrument was run from 0 to 80° 2Ū, at a wavelength of Co K-alpha 1.7902 Å. The 

fluorescence was avoided by using filters. This method made use of the net intensity of the 
main peaks of the phases, with identification of the phases based on the crystal structure of 
crystalline phases which occurred in amounts of >3 mass%. Since a semi-quantita t ive 

methodology was adopted, the percentage of species reported was only relative, as it did not 
factor in the fraction of amorphous phases.  

3.2.6 Specific phase chemical composition 

Specific phase chemical composition of each stream was determined by SEM-EDS, using a 

Zeiss Evo MA15 SEM equipped with Bruker X-Flash detector, and an Energy Dispersive X-
Ray Spectrometer. Prior to analysis, the as-sampled dust was first resin impregnated, then 

grounded and polished, and finally carbon coated before being analysed on SEM. The exact 
details of the preparation steps, excluding the pre-treatment i.e. step 1, as it was not applied in 
this case, are described in detail later in section 3.4.5. 

SEM measurements were done at 20 kV, with backscattered electron micrographs generated to 
illustrate the microscopic appearance of each as-sampled dust stream. Elemental maps were 

also generated by measuring the characteristic X-Ray intensity of chemical elements relative 
to their lateral position. Variations in X-ray intensity indicated the relative concentration of the 

specific element across the recorded field of view. One or more maps were recorded 
simultaneously using image brightness intensity as a function of the local relative concentration 
of the elements present. These images guided the selection of points for EDS microanalysis.  

The chemical composition of selected points in each of the streams were determined by EDS 

microanalysis. Oxygen, in phases where it was present, was calculated by stoichiometry. Since 
EDS did not measure carbon, the results were normalised. It should be noted though that carbon 
was mainly present as distinct black grains, and thus, apart from it being in solution in the alloy 

phase, it was unlikely to have been present in other phases.  

3.3 Stage 3: Laboratory pellet-pressing and firing tests   

Stage 3 covers firstly, the development of the pellet press and firing method. After that, the 
exact methods and steps undertaken to make pressed pellets as well fire the pellets for sintering 

evaluation are discussed in details.   
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3.3.1 Method development  

Prior to the actual laboratory pellet formation by pellet-pressing and the subsequent firing tests, 

the methodologies for these activities had to be developed and fine-tuned, such that standard 
and non-biased procedures could be developed and then used for the actual testwork. In this 

section, the pellet-pressing and firing procedure are discussed under three main headings: 

Á Reason why the method had to be developed. 

Á The procedure undertaken in developing the method. 
Á The outcome of the method development. 

Pellet-pressing method development 

Reasons why method had to be developed ï Several reasons necessitated the development of 
this method. The reasons are as follows:  

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

(Wang et al., 2001).  
2. Since formation of pressed pellets relies on the application of a force on the material to 

compact it into shape (in this case a cylindrical shape), the force applied should be suffic ient 

to promote the formation of pellets without compromising the PSD of the material. This is 
vital especially since PSD is one of the investigated parameters in this study. 

3. To ensure that the formed pellets donôt self-disintegrate before firing such that any 
disintegration observed would be as a result of the firing.  

4. To determine the compressive strength sensitivity to the pellet height. Previous work done 

on pellets has shown that it is extremely difficult to ensure the same pellet height even 
within the same stream of sample. Hence, initial palletisation followed by compressive tests 
would give an indication of the pellets compressive strength sensitivity to height changes.  

5. To obtain the best preparation method, taking into account the % water added to pellets, 
hydraulic press pellet applied pressure, and drying period (number of days). 

The procedure undertaken in developing the method ï The steps undertaken for the formation 
of pellets were as follows. Samples of between 200 g and 400 g, for each stream, were weighed 

using a Mettler Toledo MS3002S weighing balance, and then placed in containers. Water of 
various amounts i.e. 0%, 2%, 5%, and 10% (calculated as a percentage of the sample mass), 

were added into the sample and the two manually mixed using a spatula, until a consistent 
appearance was achieved. Pellets were then made using an OTC-P58 hydraulic press (discussed 
in detail in section 3.3.2) by inserting a sub-sample into a cylindrical mould, and then pressing 

the sub-samples into cylindrically shaped pellets at different pressures i.e. 3.5 MPa, 5 MPa, 7.5 
MPa, and 10 MPa. The formed pellets were then oven dried at a temperature of 105°C for 

different time spans i.e. 1 day, 2 days, and 4 days. After drying, some pellets were selected for 
compressive strength tests. Table 14 shows a summary of the parameters applied to each stream 
during pellet formation.  
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Table 14: Summary of the parameters used during pellet formation as part of the method 
development (all pellets had a diameter of 30.9 mm) 

Stream Mass of pellet#  Water* Pressure @ Drying (No of days) 

1 37-40 0, 2, 5, 10 3.5, 5, 7.5, 10 1, 2, 4 

2 30-38 0, 2, 5, 10 3.5, 5, 7.5, 10 1, 2, 4 

3 24-28 0, 2, 5, 10 3.5, 5, 7.5, 10 1, 2, 4 

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

Outcome of the pellet formation method development ï Table 15 summarises the results 

obtained of the examined parameters for the pellet method development. From Table 15, it can 
be seen that the best combination of water, pressure, and oven drying time was 5%, 5 MPa, and 
1 day respectively. Reasons for this was because water additions below 5% and below 5 MPa 

pellet pressure yielded weak pellets. The drying time on the other hand was found to have no 
effect on pellet formation.  

To examine if the selected 5 MPa pressure did not compromise on the PSD of the pellets, pellets 
were prepared at different pressing pressures and then studied microscopically, from prepared 

polished sections (methodology for preparing all polished sections prior to SEM-EDS analysis 
discussed later). The PSD of these pellets under the SEM microscope was compared to the PSD 

of the original as-sampled dust. Results showing comparison between the as-sampled dust PSD 
and dust pressed at 5 MPa are shown in Figure 25. From the image, it is clear that a pressure 
of 5 MPa did not compromise on the PSD of any of the dust streams. Although some of the 

images appear to be different, this is a visual illusion and is only as a result of the compacted 
nature of the pressed pellets. Further evidence of this is shown in SEM images of pellets pressed 

at other pressures in Figure 61 of Appendix C. It was thus concluded that 5 MPa was the best 
pressure as it ensured both the formation of stable pellets, and as well as maintained the origina l 
PSD of the pellets.  

Also evaluated in the pellet formation method development, was the effect of pellet height 
(whilst keeping the pellet diameter the same throughout, as standardised by the mould) on the 

compressive strength of the material. Figure 26 shows the results of that study. From the results 
it was clear that there was no correlation i.e. within a dust stream, between the pellet height 

and its corresponding compressive strength. In fact, the results obtained where within the same 
range regardless of the changes in height. Thus, pellets of the same stream with different 
heights (within the specified range in this study), can be used with full confidence in that the 

compressive strength will be similar (i.e. an insignificant effect within an acceptable standard 
deviation). 

Table 15: Summary of the best outcomes for the pellet formation method development 

Water Pressure Drying time 

% Formed Comment MPa Formed Comment Days Formed Comment 

0 S1, S2 (No) 

5% best 

3.5 S1 (No) 

5 MPa 

best 

1@ Yes 

1 day 

drying 

2 S1 (No) 5# Yes 2 Yes 

5* Yes 7.5 Yes 4 Yes 

10 Yes 10 Yes   

*  5% water was the lowest amount of water that promoted pellet formation (without pellet 
disintegration); # 5 MPa was the lowest pressure that promoted pellet formation (without 



   

 

38 
 

changing PSD of streams as shown in Figure 25); @ 1 day drying was the most optimal 
drying time as it yielded the same mass loss as 2 and 4 days drying.  

 

  
(a) Stream 1 (As-sampled) (b) Stream 1 (5 MPa pellet) 

  
(c) Stream 2 (As-sampled) (d) Stream 2 (5 MPa pellet) 

  
(e) Stream 3 (As-sampled) (f) Stream 3 (5 MPa pellet) 

Figure 25: SEM BSE micrographs comparing the PSD of as-sampled dust with the dust 
compressed at 5 MPa 
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Figure 26: Graph showing benign effect of changing pellet height (for the same pellet 
diameters) on the compressive strength for all the dust streams (Average: stream 1 = 21.7, 

stream 2 = 11.2, and stream 3 = 4560.7; standard deviation: stream 1 = 6.6, stream 2 = 2.3, 
and stream 3 = 631.4; all in newtonôs (N))  

Firing tests method development 

Reasons why method had to be developed ï Several reasons necessitated the development of 

this method. The reasons are as follows:   

1. It was important that the pellets were subjected to a similar temperature. Muffle furnaces 

are notorious for having a steep temperature gradient across the muffle furnace. Thus to 
avoid this, a temperature profile across the muffle furnace had to be performed.  

2. To determine the length of the muffle furnace hot zone such that the correct number of 
pellets could be treated on every run bearing this limitation.  

3. To determine the length of hot zone such that the positioning of the tray carrying the pellets 

could be known. 
4. To establish the heating profile of the furnace i.e. if the set heating rate conformed to the 

actual heating rate.  
5. To examine whether the program temperature, the furnace temperature (measured by the 

furnace thermocouple), and data logger (connected to an external thermocouple with the 

tip placed to touch the back end of the muffle furnace), were in agreement. 

The procedure undertaken in developing the method ï A muffle furnace (discussed in detail in 
section 3.3.3) was used for all the firing tests. Since the main considerations were heating rate 
validation and the temperature gradient across the length of the furnace, two procedures are 

described.  

Procedure 1: Heating rate ï A K-type thermocouple was placed through a thermocouple port 

on the door of the closed muffle furnace (purchased from AE furnaces, see photographic image 
labelled Figure 27 for visual appearance of set-up). The tip of the thermocouple was made to 

touch the back end of the furnace. The furnace heat-up was commenced at room temperature, 
at a heating rate of 10°C/minute using a CAHO P961 controller (i.e. the typical heating rate 
used for muffle furnace operations). Using this heating rate, three sets of tests were performed 

to a final temperature of 600°C, 700°C, and 800°C. The aim of these tests was to determine the 
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consistency of the heating rate over a number of different final temperatures. In order to 
evaluate the heating rate, temperature readings of the program temperature, furnace 

temperature, and data logger (the latter using an Agilent 34970A data acquisition unit), 
readings were recorded in 5 minute intervals. The data logger readings were from the K-type 

thermocouple installed through the port of the muffle furnace door. From the recordings, graphs 
depicting the profile were drawn. 

Procedure 2: Temperature gradient across the length of the furnace ï A temperature gradient 
measurement, conducted at each of the final temperatures above, commenced once the data 

logger temperature stabilised (i.e. about 10-15 minutes after reaching temperature). In this, the 
same K-type thermocouple connected to the data logger was used. Since the muffle furnace 
was 45 cm in length, it was decided that temperature recordings be taken every 5 minutes in 4 

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

furnace door). Based on physical observations of the interior of the muffle furnace, recordings 
at 5cm and 1 cm were considered too cold to be taken. From the results, a graph was then 
constructed to depict the temperature gradient across the length of the furnace. 

 

Figure 27: Photograph showing muffle furnace set-up during the method development 

Outcome of the firing method development ï The heating rate profiles for a targeted temperature 

of 600°C, 700°C, and 800°C are shown in Figure 28. From the graphs, it is clear that the set 
rate was achieved in all instance. One consistent discrepancy observed in all the graphs was 

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

such that the targeted temperature could be obtained. 

Figure 29 shows a graphical representation of the temperatures recorded across the length of 
the muffle furnace. From the graph, a consistent hot zone spanning 20 cm within a +5°C 
deviation, can be observed for all the temperatures. The result meant that the tray used to carry 

the pellets should be limited to a maximum of 20 cm from the back of the furnace to ensure 
that the pellets are subjected to the same temperature range.  
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(a) (b) 

 
(c) 

Figure 28: Graphs depicting the heating profiles for a targeted temperature of: (a) 600°C, 

(b) 700°C, and (c) 800°C. Heating rate of 10°C/min; DL = data logger thermocouple, PT = 
program temperature, and FT = furnace temperature. 

 

Figure 29: Temperature gradient across the length of the muffle furnace for a targeted 
temperature of 600, 700, and 800°C (The front of the muffle furnace was at 0 cm and the 

back was at 45 cm; the hot zone was between 25-45 cm for all temperatures) 

3.3.2 Pellet pressing 

After the method development stage, the actual test work commenced with the formation of 

pellets (i.e. pellet pressing). The step-by-step procedure followed for pressing the pellets, and 
the corresponding photographic images taken of the main utensils and equipment used during 
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this process, are described below. Since the same procedure was used, regardless of the type of 
stream treated, the procedure described applies in the same fashion for all streams. It should be 

noted that the pellets were formed using the bagged and stored sub-samples generated during 
large rotary splitting as discussed in section 3.3.2. The below steps are arranged 

chronologically. 

Step 1: Weighing and mixing 

Firstly, a sample was weighed using a Mettler PJ300 weighing balance. The weighed sample, 
typically between 200-800 g each, was then transferred to a 5 L bucket. Water amounting to 

5% by mass relative to the sample was also then weighed, and subsequently mixed with the 
sample. The actual amount of sample and water used for each mixture throughout the project 

is shown in the Appendix B section as Table 31. To promote consistent mixing of the sample 
and water, a spatula was used to stir the mixture together.   

Step 2: Pellet pressing 

Once the sample and water were well mixed (as indicated by a consistent appearance), a sub-
sample of mass indicated in Table 14, was withdrawn and transferred into a cylindrica l ly 
shaped steel mould. The same mould was used throughout the project and consisted of the 

following three main components namely, a bottom stopper (which ensured that the sample did 
not escape from the bottom of the mould during compaction), the main cylindrical section (had 

an internal diameter of 30.9 mm and gave the cylindrical shape of the pellets whilst ensuring 
that the starting pellet diameter was the same throughout), and a top stopper (ensured that 
sample did not escape from the top of the mould and allowed for hydraulic pressing of the 

pellet). Once the mould was packed with sample, it was placed on an OTC P58 hydraulic power 
unit (i.e. hydraulic press). Through the application of a downward force on the mould using the 
hydraulic press lever, wet pellets were formed at a pressure of 5 MPa. Photographic images of 

the hydraulic press along with other utensils used (e.g. the mould) are shown in Figure 30.  

  
(a) (b) 

Figure 30: Photographs depicting (a) the hydraulic press with various other components, 

and (b) close-up image of the mould)  

  



   

 

43 
 

Step 3: Drying of the pellets 

The formed pellets were then placed in already weighed fireclay trays (supplied by Engchem, 
with ID = 19.5 cm and breath of 10 cm). Fireclay trays were selected based on their capability 

to withstand, without degradation, temperatures greater than 1300°C. In each tray, ten wet 
pellets from stream 1, stream 2, and stream 3 sample, were placed. The tray, now carrying wet 
pellets subsequent to weighing, were placed in a laboratory drying oven, which was set at 

105°C, for 24 hours at this temperature. A photographic image depicting the wet pellets inside 
the fireclay trays prior to drying is shown in Figure 31. 

 

Figure 31: Fireclay tray carrying ten pellets prior to oven drying  

Step 4: Pellet storage in desiccator 

At the end of the 24 hour drying period, the tray was removed hot from the oven and then 

immediately stored in a desiccator. Throughout the project, the desiccator acted as an 
intermediate storage between drying and firing, as well as between firing and fired pellet 
product examination. The reasons for the usage of the desiccator was firstly to protect the 

pellets from rehydrating by placing them in an environment devoid of moisture, as well as 
keeping the pellets integrity prior to their examination. This is a common practise during 

sintering testwork (Lin et al., 2006). 

On average, the mass loss due to pellets drying was 4%. Actual batch by batch recordings of 

the mass loss due to drying of pellets is shown in the Appendix C as Table 32. 

3.3.3 Firing tests (Sintering) 

Firing tests entailed the treatment of pellets at high temperature. At this point, the fireclay tray 
carrying the dried pellets was taken out of the desiccator and loaded into a cold muffle furnace 

(same muffle furnace previously mentioned). Since the muffle furnace hot zone was already 
determined during the method development, careful attention was placed in all instances to 
align the tray in the hot zone (i.e. 25-45 cm zone from the front of the muffle furnace). The 

muffle furnace set-up, as pictured in photographic image labelled Figure 27, and schematic 
diagram labelled as Figure 32 consisted mainly of an outer steel shell (i.e. structure of the 

furnace), an inner lining of alumina refractory board (i.e. provides insulation), Kanthal silicon 
carbide elements (i.e. resistance elements for generating heat), a furnace control unit (i.e. where 
schedule is set-up), and an alumina refractory lined furnace door (i.e. provide door insulation). 

The furnace door had a small opening in the centre where an external K-type thermocoup le 
was inserted and externally connected to a data-logger (as seen in Figure 27). A 3-D and cross-
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sectional representation of the muffle furnace, showing the positioning of the aforementioned 
components inside the muffle furnace, is shown in Figure 32. 

 
(a) 

 
(b) 

Figure 32: Various depiction of the muffle furnace used for firing components: (a) 3-D view 
of slightly open furnace, and (b) Cross-sectional view showing the interior of the furnace (all 

dimensions in cm, with diameter of heating elements 1.4 cm) 

Once the muffle furnace set-up was complete, the furnace heating and cooling cycle was set on 

the furnace control unit. A standard heating and cooling rate of 10°C/min, as well as a residence 

time of 4 hours at temperature, was applied for all the tests. Tests were conducted in the 
prevailing air atmospheres (i.e. no gas was purged into the furnace but surrounding air induced 

an oxidising conditions as confirmed later in the bulk chemical composition of the fired 

sample), from 600 to 1300°C, in 100°C steps. For each stream at a certain temperature e.g. 

stream 1 at 600°C, a total of 41 pellets were fired. This amounted to 328 fired pellets for each 
stream across all the temperatures, and a total of 984 fired pellets over the entire project. 

Considering that a batch consisting of 10 pellets was treated on each muffle furnace run, a sum 
total of 99 runs (excluding failed runs due to load shedding etc.) were conducted over the entire 
project. Table 16 gives a summary of the firing tests matrix over the entire project.  

It should be noted that the mass of the tray loaded with pellets before and after firing was 

recorded in all instances, so that the average mass loss could be determined for every 
temperature. The mass loss observed were believed to be as a result of several contribut ions 
i.e. loss of mass of tray, loss of mass by additional drying, and loss of mass by possible sample 

vaporisation (of volatile species e.g. C). The latter would be analysed by comparing the 
chemical analysis before and after sintering. Also, excavating samples from the off-gas and 

analysing them for C-content (amongst others) will confirm the absence of C in sintered 
material, thus, ensuring the validity of the method.  A summary of the average mass loss for 
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each temperature is shown in Table 17. The complete table summarising the test by test mass 
loss as a result of firing throughout the project is shown in the Appendix section C as Table 33. 

Furthermore, graphical images showing the actual heating profile for each temperature are 
shown in the same appendix as Figure 60. The heating profiles exclude the 4 hours residence 

time at temperature, as well as the cooling cycle. 

Table 16: Summary of firing test matrix for the whole project 

 Pellet distribution for analysis 

Temperature (°C) Stream No of pellets fired Compression test SEM-EDS 

600 

1 41 40 1 

2 41 40 1 

3 41 40 1 

700 

1 41 40 1 

2 41 40 1 

3 41 40 1 

800 

1 41 40 1 

2 41 40 1 

3 41 40 1 

900 

1 41 40 1 

2 41 40 1 

3 41 40 1 

1000 

1 41 40 1 

2 41 40 1 

3 41 40 1 

1100 

1 41 40 1 

2 41 40 1 

3 41 40 1 

1200 

1 41 40 1 

2 41 40 1 

3 41 40 1 

1300 

1 41 40 1 

2 41 40 1 

3 41 40 1 

 

Table 17: Mass loss at each firing temperature as a percentage of the original mass 

Temperature (°C) Average mass loss (%) 

600 8 

700 8 

800 9 

900 9 
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1000 8 

1100 11 

1200 10 

1300 - 

- Could not determine due to pellet melting and subsequent leakage 

3.4 Stage 4: Fired dust product examination  

Stage 4 of the project was aimed at evaluating sintering of the fired pellets. This was principa lly 

done through several approaches, firstly by examining the physical observation of the pellet 
after firing. Secondly by examining the compressive strength of the pellets as a direct function 

of temperature. Thirdly, by analysing the pellets phase chemically through a combination of 
SEM-EDS and XRD. The adopted approach to analysing the pellets for sintering behaviour is 
typical of sintering investigations (Dehaghani and Ahmadian, 2015). The SEM-EDS analysis 

is particularly useful as an examination of sintering, since the microstructural features of the 
pellets can reveal distinct characteristics that point to sintering. XRD assists in the 

identification of phases that can also point to sintering (especially solid-state sintering). The 
procedures undertaken at this stage are discussed below. 

3.4.1 Physical appearance 

Physical appearance was analysed by describing the observed exterior of the pellets upon 

firing, as well as the measurement of the diameter of the pellet upon firing. For the latter, a 
digital Vernier caliper was used with diameter of the pellet determined by placing the pellet in 
the middle of the two caliper jaws i.e. the fixed and adjustable jaws. The adjustable jaw was 

then adjusted until both jaws touched the pellet. At this point the diameter of the pellet was 
presented in millimetres (mm) on the screen of the caliper. 

3.4.2 Compression tests 

For the evaluation of the compressive strength of the pellets, a calibrated 3366 Instron 

compressive strength instrument was used. The procedure applied to perform the compression 
strength test entailed, placing a single pellet in the middle of the bottom fixed steel plate. After 
this, an increasing compressive axial load was applied to the pellet by the top flexible steel 

plate which pressed against the pellet (pellet was literally sandwiched between the two plates), 
until a point where the pellet failed completely (i.e. pellet cracked from top to bottom). The 

maximum load achieved at the point of pellet failure (i.e. peak load in newtonôs (N)) was 
automatically logged onto the computer as the maximum compressive force of the pellet. 
Figure 33 shows a photographic image of the Instron instrument, as well other photographic 

image depicting the sequential steps taken to determine the compressive strength of the pellets. 
Generally the compressive strength is reported in MPa (calculated as force over area), however, 

since all the pellets had the same cross-sectional (749.9 mm2) area it was considered 
satisfactory to report the results in terms of force, in newton. 

Experience from previous compressive strength measurements (of different materials) has 
shown the tendency for fluctuations in the compressive strength results. As such, it was 

considered wise to perform a number of repeats on the pellets fired under the same conditions, 
to increase the statistical degree of confidence of the results. To this end then, a total of 40 
repeat tests (chosen to improve accuracy of results) for each temperature and stream number 

e.g. stream 1 at 600°C, were conducted. From the 40 results, both the mean compressive load 
as well as the standard deviation were determined.   
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Figure 33: Step by step compression strength test procedure showing, Instron instrument 
components, step 1 - shows fixed and flexible steel plate along with pellet placed in position 

1, step 2 - shows initial load applied on pellet, step 3 - peak load applied on pellet before 
complete cracking, step 4 ï cracked load with removed load, and step 5 ï graphical 

presentation of load with triangle shape indicating peak load 

3.4.3 Bulk chemical composition 

The 40 pellets that had undergone compressive strength testing, for each firing temperature, 

were mixed and then finely pulverised. From the mix a sub-sample was collected and then 
submitted for bulk chemical composition analysis. The same analytical techniques and steps 
described in section 3.2.4, were used for the analysis.  
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3.4.4 Bulk phase chemical composition 

From the same pulverised sample lot reported in section 3.4.4, another sample was collected 

and taken for bulk phase chemical composition analysis using the XRD-semi quantitat ive 
analysis technique. The same procedure as described in section 3.2.5, was used for this 

analyses.  

3.4.5 Specific phase chemical composition 

The remaining fired pellet from the 41 fired pellet was analysed for the specific phase chemica l 
composition using the SEM-EDS technique in the exact fashion as described previously. 

Analysis by SEM-EDS centred on generating micrographs to observe the presence of sintering, 
elemental maps to determine the distribution of elements and identify any sintering patterns 
within the sample (e.g. particle to particle joints, neck formations etc.), and EDS point analysis 

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

Prior to analysis, each pellet for each firing temperature was taken through a five step 
preparation process as highlighted below.  

Á Step 1 - Pre-treatment: The pellet was initially placed inside a 50 mm plastic vial. A mixture 
of Akasel Aka-resin liquid epoxy and Akasel Aka-cure slow hardener, at a mixing ratio of 

25:3 respectively, was then poured onto the pellet. To promote impregnation of the pellet 
by resin, the vial was taken to an N86KN.18 KF LAB Laboport vacuum degassing unit for 

about 10 minutes. To promote rapid hardening of the resin, the vial was subsequent ly 
heated in a Labcon 3138M pressure vessel set at 60°C, for about 1 hour. The overall aim 
of the pre-treatment step was to secure the pellet prior to subsequent steps. This was 

considered crucial to ensure that any neck formation and telling material arrangement 
would not be distorted prior to the SEM-EDS analysis.  

Á Step 2 - Cutting and resin treatment: The resin impregnated pellet was then strategica lly 
cut into a thin slice (smaller section of the pellet representing a sub-unit), in such that it 
could be fitted into a round shaped mould. After placing it in the mould, a mixture of the 

resin and hardener, as described above, was added. After this, the same impregnation and 
hardening process was followed. The aim of this step was twofold: a) to obtain a smaller 

section of the pellet for analysis, and b) to further impregnate the pellet in resin such that 
the next step of preparation could be easily undertaken.  

Á Step 3 ï Grinding and polishing: The surface of the resin impregnated pellet was then taken 

through multiple grinding and polishing phases. Grinding entailed firstly pre-grinding the 
impregnated pellet on a 220 grit resin-bonded diamond grinding disk. This was followed 

by further grinding now using a 600 grit resin-bonded diamond grinding disk. The overall 
intention of grinding was expose the surface of the pellet by grinding off the top layer of 
the resin. Polishing was undertaken using a Struers PAN-W cloth 6 µm diamond polishing 

suspension, followed by a Struers MOL cloth 3 µm diamond polishing suspension, and 
then a Struers FLOC cloth 1 µm diamond polishing suspension. Polishing was aimed at 

improving the visibility of the samples under SEM. 
Á Step 4 - Carbon coating: The polished sections were taken to a Polaron E6300 vacuum 

evaporator for carbon coating of its surface. This was so that the sample surface would be 

conductive for subsequent SEM analysis.  
Á Step 5 ï SEM-EDS analysis: The final step was analysis of the prepared section under the 

SEM-EDS. The same procedure as described in section 3.2.6, was used for this analyses 
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3.5 Stage 5: Desktop equilibrium thermodynamic evaluation 

Desktop equilibrium thermodynamic calculations were conducted using FactSageTM 7.3 

software. All calculations were conducted in the Equilib module. Three databases were selected 
in all cases, namely, FT-oxide database (for oxides solutions, including slag), FactPS (which 

covered all pure substances including gases, pure oxides, and pure elements), and the FSstel 
database (a steel database that looks at all the species encountered in steelmaking, these are 

similar for the silicomanganese process). The units °C (degrees Celsius), atm (atmosphere), J 

(joules), g (grams, with a starting mass of 100 g of the inputs), and L (litres) were also used in 
all cases. Two main equilibrium calculations were performed throughout this investigat ion, 

these are described in bullet form below:   

Á Equilib calculation 1: This entailed determining the amount of liquid (in mass %) formed 

on firing each dust stream, to a final temperature of 600 to 1300°C (in 100°C steps). In 
performing this calculation, the as-sampled dust bulk chemical analysis was used as the 

input to FactSage. To simplify the calculations, all species analysed were assumed to be 
present in their most common form with K as K2O, Na as Na2O, Al as Al2O3, Ca as CaO, 

Fe as FeO, Mg as MgO, Mn as MnO, Si as SiO2, and C as C. To evaluate whether such an 
assumption was reasonable, Mn was varied to Mn2+, Mn3+ and Mn4+, whilst Fe was varied 
to Fe2+ and Fe3+ (at PO2 of 0.17 atm and total pressure of 1 atm). The variation in oxidation 

states of Fe- and Mn-oxides, showed no significant change in amount of liquid formed (for 
the most part <2% change as demonstrated in the example in Figure 34 and Table 18). From 

these calculations, a graph depicting the predicted equilibrium change in liquid formation, 
with change in firing temperature was constructed. 

Á Equilibrium calculations 2: This entailed determining whether some of the particles 

observed to have sintered together, where solid or liquid (% liquid calculated and shown as 
ó%Lô), at the firing temperature where the pellet was fired at. These calculations assisted 

in classifying and then explaining whether the observed sintering of particles was by solid 
or liquid state mechanism. Unlike, Equilib calculation 1, where particle was observed to be 
of a crystalline phase identified by XRD and present in the database, the input chemica l 

formula was inserted as such in FactSage.  

 

Figure 34: The effect of varying Fe and Mn oxidation on liquid formation (The example was 

for a composition of: MnO/Mn2O3/MnO2 (12.64/14.06/15.49%), FeO/Fe2O3 (2.32/3.32%), 
Al2O3 (2.65%), CaO (3.50%), MgO (1.83%), SiO2 (66.55%), Na2O (4.04%), and C and S 

(both 0%)) (Calculations performed using FactSage 7.3 software, at PO2 of 0.17 atm) 
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Table 18: Corresponding table showing the liquid formed (in mass %) as a function of 
change in temperature and the Fe/Mn oxidation states 

Temperature (°C) 600 700 800 900 1000 1100 1200 1300 

Fe/Mn oxidation state Liquid fraction (mass %) 

Fe2+/Mn2+ 13.4 17.1 19.4 72.8 76.6 84.9 100.0 100.0 

Fe3+/Mn3+ 11.7 14.9 16.1 72.8 77.0 86.9 100.0 100.0 

Fe2+/Mn4+ 11.7 14.9 16.1 72.8 77.0 86.9 100.0 100.0 

 

3.6 Assumptions 

For this project several assumptions were made especially in the design of the test matrix. The 

assumptions as well as their respective justifications, are discussed in Table 19. 

Table 19: Assumptions and the justifications thereof made for this study 

Assumption Justification 

Sub-samples collected from the whole are 

representative 

Careful attention was placed when sampling 

material from whole.  

Applied firing temperatures are in agreement 

with duct temperatures 

Careful measures applied to decide on the min 

and max temperatures. 

A prevailing air atmosphere is encountered in 

the ducts of the furnace. Thus, the laboratory 

tests are conducted in an air atmosphere. 

Since the roof of the furnace is largely open, 

air ingress is expected. This is further justified 

by the observed combustion of CO gas on the 

surface of the furnace bed. Also in SAF 

ferrochrome producing processes, the off-gas 

was reported to have about 90% air (European 

Commission, 2010)  

Although according to literature the sintering 

time has a bearing on the degree of sintering 

observed. Four hours across the board is 

sufficient for sintering to be observed in this 

case. 

Most literature cited sintering times lower than 

four hours with success. A number of articles 

stipulated four hours where discernible 

sintering was observed. 

Points chosen for assessment of localised 

sintering are reasonable representative of the 

whole sample. 

Based on the premise of good sampling 

techniques prior to firing test and selection of 

variations of particle joints at each firing 

temperature. 

Composition input to FactSage is within 

reasonable accuracy. 

Careful was attention was placed when 

analysing the as-sampled dust streams. 
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4 RESULTS 

The results are presented in a sequence that follows closely the experimental procedure 

followed: first the results relating to sintering in the smelter-based work are presented (section 
4.1), then the rests conducted in the laboratory (sections 4.2 to 4.5). 

4.1 Smelter duct observations 

Some of the images taken during a duct inspection, for a short shutdowns period, are shown in 

Figure 35. Figure 35 (a) shows one of the ports, along the diagonal section, after being opened. 
As seen in the image, the duct contained dust material that had formed a hard crust, blocking 

the port. Figure 35 (b), shows an image taken during the removal of the dust in the vertical 
section (the dust was not removed from the diagonally section as this activity was considered 
unsafe). Observations made during the dust removal was that in some areas, the dust was hard 

and crusty, and thus couldnôt be dislodged by hand. An axe was used instead. Figure 35 (c), 
was taken after the removal of the dust from the port. Figure 35 (d), shows a portion of the 

interior of the duct with some hanging dust along the duct, which may have resulted by 
sintering. Figure 35 (e) shows the completely blocked duct during the long shutdown.  

Since the actual analysis of the dust observed along the duct was not conducted (due to mainly 
sampling and time constraints), whether the observed hanging dust was as a result of sintering 

of material could not be confirmed. Indications, however, based on the hardness of the dust as 
well as the crustiness in some places seemed to at least point to the possibility of sintering as a 
contributing mechanism to this. 

 

Figure 35: Photographs taken during the duct inspection, (a) blocked port in diagonal 
section, (b) clearing of blocked port, (c) appearance of port after clearance of dust material,  

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

Section 4.2 presents the results of the characterisation of the as-sampled dust prior to firing. 

Presented in this section is the physical appearance, PSD analysis, bulk chemical composition, 
bulk phase chemical composition, as well as the specific phase chemical composition, for 

stream 1, 2, and 3. 

4.2.1 Physical appearance 

A photographic image showing the as-sampled dust appearance for stream 1, 2, and 3, is shown 
in Figure 36. Along with the image are pictures of the pressed pellets with its corresponding as 

pressed diameter for each stream. From the figure, a visible difference was observed in the 
colour (i.e. stream 1: grey with touches of black and white, stream 2: grey, and stream 3: 
brown), as well as the particle size of the dust. The difference in PSD is quantified in section 

4.2.2.  

   

Figure 36: Photograph showing physical appearance of stream 1-3 (stream 1: far left, stream 
2: middle, and stream 3: far right; d= diameter of pressed pellet) 

4.2.2 Particle size distribution 

The particle size distributions per stream, are presented in Figure 37. From the figure, it was 
observed that stream 1 had the highest fraction of coarse particles (i.e. 70% of particles were 

above 212 microns), followed by stream 2 with 13% of its particles above 212 microns. Stream 
3 on the other hand had the highest proportions of fines, with 89% of particles below 38 

microns.  

Comparing these results with literature, stream 3, which had the finest particle size with 89% 

of its particles passing 38 microns, closely resembled the PSD of SiMn dust reported by (Gaal 
et al., 2010) for a sludge producing SAF operation i.e. a wet dust treatment process. 
Furthermore, even though the work done by (Nkosi et al., 2011) did not report on the PSD of 

the dust for the exact same smelter in question here, judging from the SEM micrographs 
reported earlier in Figure 12, the relative fineness of the particles suggests that these are 

representative of stream 3 dust. One would expect that under the same firing temperature and 
pressed pellet strength, sintering if present, would be most pronounced in stream 3 compared 
to stream 1 and 2, due to a lower degree of inter-particular pores (Romero et al., 2008), (Hu 

and Wang, 2010), (Dehaghani and Ahmadian, 2015), and (German, 1996).  


























































































































































