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ABSTRACT 

The use of iron ore concentrate has become of interest as the demand for higher grade sinter feed is 

increasing. The fine nature of the concentrate however raises concerns as it can affect permeability 

during sintering which could have a drastic impact on sinter productivity. In this study the use of iron ore 

concentrate and micropellets as sinter feed was evaluated. Five mixtures containing different proportions 

of iron ore concentrate and micropellets, together with iron ore fines, were prepared. These mixtures 

were agglomerated through pilot scale sinter pot tests, followed by measuring the sinter strength, 

reduction disintegration and reducibility. Samples of the produced sinters were also subjected to X-ray 

Fluorescence (XRF), X-ray Diffraction (XRD) and Scanning Electron Microscopy – Energy Dispersive 

Spectroscopy (SEM-EDS) analyses for mineralogical analysis, and Micro focus X-ray tomography for 

granule and sinter structure analysis.   

Granulation and permeability tests revealed that the mixture containing 0% micropellets – 40% 

concentrate showed superiority in material transfer efficiency of just over 95% while the mixture 

containing 30% micropellets – 10% concentrate showed superiority in permeability of over 38 Japanese 

Permeability Units. Micro focus X-ray tomography analysis on the wet granules revealed three main 

layering mechanisms namely; auto layering, coalescence and adhesion of micropellets. Auto layering 

was observed for all mixtures, coalescence was observed for the 0% micropellet – 40% concentrate 

mixture and the adhesion of micropellets was observed on the 40% micropellet – 0% concentrate 

mixture. Auto layering was slightly more extensive in the 0% micropellet – 40% concentrate, however it 

remained fairly similar across the other sinter mixtures.  

X-ray diffraction analysis (XRD) revealed an increase in hematite as micropellet content increased. The

analysis also revealed high total SFCA content for the 0% micropellet – 40% concentrate sample, which 

decreased as micropellet content increased. This was mainly associated with a decrease in reactivity. 

Optical microscopy revealed significant precipitation of secondary hematite, magnetite and columnar 

SFCA in the mixtures containing more concentrate, compared to those containing more micropellets. It 

also revealed a pronounced presence of acicular SFCA in the micropellet-rich mixtures. SEM analysis 

revealed the presence of hematite, magnetite, columnar SFCA, acicular SFCA-I, larnite and a glassy 

phase. Scanning electron microscopy (SEM) using energy dispersive spectrometry (EDS) revealed 

similar phase compositions across the different sinter mixtures. This was mainly associated to similar 

chemical compositions of the starting mixtures. Analysis of the sinter structure particles through MF-XRT 

revealed that sinters produced from the base case, 0% micropellet – 40% concentrate and 20% 

micropellet – 20% concentrate appeared denser than the 10% micropellet – 30% concentrate and 30% 

micropellet – 10% concentrate. Micropellets were seldom detected in the sinters produced. However, 
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micropellets that were individually subjected to a sinter process consisted of an unreacted hematite-

silica core surrounded by a Fe-rich rim.  

It was further determined that the introduction of iron ore concentrate and micropellets to the sinter feed 

did not significantly impact sinter strength and reducibility as similar tumble indices (TI) and reducibility 

indices (RI) were observed. A variation in reduction disintegration index (RDI) was however seen with 

micropellet-rich sinters showing a higher degree of degradation compared to concentrate-rich sinters 

(increasing RDI-3.5 mm and RDI-0.5 mm). It would therefore be viable to rather use iron ore concentrate as 

sinter feed as it has a lower production cost compared to micropellets and produces less fines on 

reduction.  

 
 
Keywords: sintering, concentrate, micropellets, granulation, permeability, mineralogy, microstructure 
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Chapter 1 
Introduction 

 
Iron ore is still a key component in the production of steel, currently over 70% of steel produced comes from iron 

ore (Poveromo, 2010, 2018). The availability of high-grade iron ore is however depleting and the use of 

concentrate is on the rise. Since iron ore concentrate comes from complex beneficiation processes, it is very 

fine and cannot be used directly in the blast furnace due to permeability and clogging concerns (Pal et al., 2013; 

Pettersson, 2015). It is therefore necessary to agglomerate the fine ore prior to addition into the blast furnace. 

Sintering and pelletization are typical methods during which iron ore is agglomerated, however pelletization has 

been the most practical method to agglomerate iron ore concentrate due to its ultra-fine nature (Eisele and 

Kawatra, 2010; Mbele, 2012; Mežibrický and Goettgens, 2019). 

 

Iron ore micropellets are produced by balling a mixture of iron ore concentrates and binders to form -5+1 mm 

spherical particles. Similar to the pelletization process, binders are also used to ensure satisfactory green 

strength. Also similar to the pelletization process, it is required that the feed particle size distribution be such that 

80% of the material passes 200 mesh (74 microns) and have a minimum surface area of 900 cm2/g (Roshan et 

al., 2018). In South Africa the advancement of iron ore beneficiation technology has allowed for the upgrading 

of the previously discarded slime leading to the production of a hematite concentrate (Mbele, 2012).  

 

Despite a coarser particle size distribution compared to the iron ore concentrate, the top size of iron ore 

micropellets is still lower than the bottom size of iron ore generally accepted in the blast furnace. A significant 

amount of work is therefore being undertaken to assess the viability of utilizing iron ore micropellets as feed to 

the sinter making process together with the existing iron ore fines (Pal et al., 2013; Nyembwe et al., 2016b). 

 

The aim of this work was focused on assessing the viability of utilizing mixtures of Northern Cape iron ore 

concentrate and micropellets as feed for sinter making. This was done by analyzing the green sinter bed, sinter 

mineralogy, sinter properties as well as sinter structure.  
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Chapter 2 
Literature Review 

 
 
2.1 Overview on the application of iron ore concentrate and micropellets in sinter making 
 
The role of ultrafine material (< 200 µm) during the granulation of iron sinter mixtures is known to lead to quasi-

particle formation. The ultrafine materials that adhere to the coarse particles also assist in the attachment of the 

quasi-particles to each other (Fernández-González et al., 2017b). The introduction of ultrafine material such as 

iron ore concentrate depends on a number of factors such as moisture as well as granulation time (Lwamba, 

2007; Fernández-González et al., 2017b). Mixtures with too high ultrafine contents are however known to have 

a drastic impact on sinter bed permeability.   

 

The impact of the introduction of ultrafine materials in granulation and sinter making has been noted by a few 

authors; Fan et al., (2013) reported that the addition of ultrafine iron ore improves the sintering conditions by 

increasing reaction surface area which in turn improves sinter quality. Fernández-González et al., (2017a) also 

established that the addition of ultrafine material during granulation improves overall strength of the sinter bed; 

the ultrafine material tends to cement the particles together when moisture is driven off during sintering. Hsieh, 

(2017) however noticed both degradation and an improvement in sintering conditions resulting from the addition 

of iron ore concentrates. It was seen that fine (-20 µm) concentrate improved sinter bed permeability as well as 

productivity while a coarse (+40 µm) concentrate showed an opposite effect. Work conducted by Nyembwe et 

al., (2016a) however showed a slight decrease in sinter bed permeability as a result of the addition of iron ore 

concentrate (-100 µm; Nyembwe et al., (2016b)). From a mineralogical perspective, Fröhlichová et al., (2018) 

noted that the addition of iron ore concentrate to sinter did not change the resulting mineralogy however changed 

slightly the respective phase quantities.   

 

Although iron ore concentrate was introduced in its fine form in some cases, some authors studied the viability 

of the introduction of green micropellets to the sinter feed. Nyembwe et al., (2016a) studied the introduction of 

iron ore micropellets to the sinter mixture and noted a slight decrease in permeability compared to the base 

case. Roshan et al., (2018) also studied the effect of iron ore micropellets on sinter permeability, the study also 

observed the behavior of micropellets under different moisture conditions. Pal et al., (2013) studied the viability 

of lime and coke fines addition to the production of micropellets. The micropellets were subjected to carbon 

dioxide treatment and it was noted that such treatment and pre-conditioning led to slight improvements in 

Abrasion Index as well as sinter yield. The process of micropellet production has allowed an increased use of 

ultrafine material in the sintering process with some authors reporting an increase of 30% in ultrafine use (Pal, 

2016). Umadevi et al., (2011) observed the effect of iron ore particle size on sinter quality. It was found from 

their study that the alumina content of the finer size particles was relatively higher compared to coarser size 

particles.  
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In this study the comparison of mixtures containing iron ore concentrate and micropellets is based only on 

particle size as all size fractions had the same chemical composition. 

 

2.2 Iron ore sintering   
 
The sintering process is based on treating a mix layer of iron ore fines, return fines and fluxes in the presence 

of coke breeze to the action of a burner placed on the surface of the layer. In this way, heating takes place from 

the top to the bottom section (Fernández-González et al., 2017a). The mix layer rests over a strand system and 

an exhaust system allows the whole thickness to reach a high enough temperature for the partial melting of the 

mix which eventually facilitates agglomeration. In the Dwight-Loyd system, the sintering grate consists of a 

continuous chain formed by the union of a series of pallet cars that make the sinter strand as shown in Figure 1.  

 
 

 

Figure 1: Typical material flowsheet during the sintering process (Lu, 2015). 
 
During sinter production, a continuous chain of pallets passes below a feed hopper where coarse sinter particles 

are initially charged to form a grid layer. The introduction of the coarse sinter particles is then followed by the 

introduction of the granulated sinter mixture. A sinter bed therefore consists of a layer of coarse grid layer as 

well as green quasi-particles. 

 

The pallet car passes below an ignition hood where the combustible material ignites at the surface of the bed. 

The bed is also subjected to a downdraught suction through the load. The pallet car continues moving forward 

and combustion progresses in the direction of gas flow. Combustion does not happen simultaneously through 

the entire thickness of the bed however; it happens as a horizontal layer that moves vertically across the bed. In 

the region above the combustion zone, a hot sintered product heats the air that passes through this layer. In this 

way, pre-heated air reaches the combustion area. The heat of the air/gases previously heated is absorbed in 
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these cold sections, causing preheating of the load and evaporation of the water. High temperatures that cause 

partial melting are thereby reached, and the sintering process takes place.  

 

The thermal efficiency is caused by heat accumulation in a layer of the load called the sintering zone or flame 

front. The flame front progresses at 10-30 mm/min toward the sintering grate (Fernández-González et al., 

2017a). In a bed height of 500-600 mm the process would take about 25 minutes.  

 

Once the end of the strand is reached, the sintered material is discharged and subjected to cooling, crushing 

and screening. The obtained product can be divided into three size classes;  

• Return fines which range in particle size from 0 – 5 mm 

• Grid layer material ranging from 5 to 20 mm  

• Blast furnace feed > 20 mm 

 

Return fines are unavoidably formed during the sintering process, and are recycled back into the sintering 

process, making up 30% to 40% of the iron bearing materials  (Fernández-González et al., 2017a). According 

to the literature, return fines from the sintering process assimilate better than blast furnace fines due to lower 

high Ca-ferrite phases (Fernández-González et al., 2017a).     

 

Four zones can be identified across the bed height (Fernández-González et al., 2017a); 

• Cold and wet zone: This is the zone of the sinter bed with a temperature lower than 100 ºC. This area is 

formed by the mix to be sintered, with the upper layer saturated in water/water vapour. 

• Drying zone: Sinter area with temperatures between 100 ºC and 500 ºC. The vaporization of the free 

moisture of the mix and subsequent dehydration of hydroxides take place.  

• Reaction zone: This zone reaches a maximum of 1250 to 1480 ºC. It includes the zone of the sinter bed 

with a temperature ranging from 500 (coke ignition beginning) to 900 ºC (cooling). The main processes 

that happen in this zone are coke combustion (exothermal), carbonates decomposition (endothermal), 

solid phase reactions, reduction and re-oxidation of iron oxides and reaction and formation of the 

sintered mass.  

• Cooling zone: This zone is found immediately after the reaction zone. Cooling and recrystallization of 

the sintered product takes place. There is a superficial zone where the sinter layer is more brittle than 

the rest of the sinter bed. 
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2.3 Sinter parameters 
 
Careful control of the sintering process is essential in ensuring that sinters of acceptable quality are produced. 

This is beneficial for the blast furnace as well as the sinter plant in terms of productivity.  

 

2.3.1 Granulation 
 
The key purpose of granulation is to produce a mixture of a coarse narrow grain size distribution. According to 

Figure 2, a narrow coarse size distribution gives rise to a high void fraction which in turn increases permeability. 

Bed void fraction is also a function of packing density. It is also important that the granules maintain their strength 

and roundness on the sinter bed. A drop in packing density may result from the destruction of the granules and 

can cause a significant drop in permeability (Geerdes et al., 2009).  

 

 

Figure 2: Relationship between bed void fraction and particle size distribution, Vl refers to large 
particles and Vs refers to small particles (Geerdes et al., 2009). 
  
The addition of water is also important during granulation as it is known to facilitate layering through capillary 

action as shown in Figure 3 (Fernández-González et al., 2017b). It is also dependent on factors such as ore 

porosity, particle size distribution of the mixture as well as reactivity of the limestone if added. It was reported 

that ores with high porosity have high moisture saturation limits which in turn make them require more water 

before achieving optimum permeability (see Figure 4) (Lu, 2015).  
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Figure 3: Quasi-particle forming as a result of granulation (Fernández-González et al., 2017b). 
 

 

Figure 4: Influence of moisture saturation on optimum moisture required in a mixture, high porosity 
ores have high moisture saturation (Lu, 2015). 
 
During granulation three different classes of material interact namely coarse nuclei, intermediate particles and 

adhering fines. The granulation process is said to be efficient when the interaction of these particles leads to the 

formation of strong granules that can attach to each other. As the adhering fines layer around the nucleus particle 

they should also maximize the inter-granular contact in order to facilitate melt formation between the granules 

during sintering. Intermediate particles are typically classified as those ranging between 0.2 mm to 0.7 mm. They 

are reported to have a negative impact on the granulation process, this is because they are too small to act as 

nuclei and too big to act as adhering fines (Formoso et al., 2003; Lwamba and Garbers-Craig, 2008). The 

presence of ultrafine particles has also been reported to improve the granulation efficiency of certain ore 

mixtures. This is reported to be due to the formation of finely dispersed water bridges between the adhering fines 

and the nuclei (see Figure 5) (Fernández-González et al., 2017b). 
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Figure 5: Ultrafine dispersed water bridge formed between adhering fines and a nucleus (Fernández-
González et al., 2017b). 
 
Some studies also showed that the surface properties of the nuclei particles have an important effect on the 

layering ability of the adhering fines. It was found that as the contact angle between the ore particle and water 

decreases, the granulation efficiency increases. It was also found that nuclei with an angular orientation tends 

to facilitate layering better than nuclei with a spherical orientation, while nuclei with a high roughness improve 

the granulation efficiency (Mao et al., 2013).  

 

Improvement of granulation efficiency is also a matter of understanding the layering mechanisms taking place 

during granulation. Figure 6a) shows a schematic for the different layering mechanisms encountered during the 

granulation of mixtures containing iron ore concentrate and micropellets. Group I layering is referred to as auto 

layering and is shown in Figure 6a) and b). This mechanism is characterized by the larger particles maintaining 

their shape even when the adhering fines attach to the surface. Group II layering involves coalescence which is 

seen in Figure 6a) and c). This mechanism is characterized by the formation of spherical granules caused mainly 

by the addition of fine concentrate. Group III layering referred to as the adhesion of micropellets is shown in 

Figure 6a) and c). This occurs when micropellets coated with adhering fines attach to each other, upon further 

granulation the micropellets gets coated to form one single granule. It is however clear that the high sphericity 

of the micropellets does not provide sufficient contact area for the micropellets to attach sufficiently. Group IV 

layering referred to as two stage layering occurs when adhesion occurs between larger particles and small 

granules and is shown in Figure 6a) and d). Observing both groups III and IV layering mechanisms in Figure 6d) 

it becomes clear that there is insufficient adhering fines and these particles are most likely to disintegrate back 

into their constituent parts (Nyembwe et al., 2016b, 2017).  
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Figure 6: Different layering mechanisms resulting from the addition of different iron ore material in 
sinter mixtures a) schematic b) base case c) 20% concentrate d) 20% micropellets (Nyembwe et al., 
2016b).  
 

2.3.2 Permeability 
 
Permeability is an important parameter in sintering because the process highly depends on gas movement 

across the sinter bed. As previously mentioned, granulation is an important fundamental process which should 

be carefully controlled in order to ensure that maximum permeability is achieved.  

 

Optimum moisture is the level of moisture where permeability is maximum, and this is determined prior to the 

sintering process. Figure 7 is a typical graph used for selecting moisture for maximum permeability. The 

permeability for all the mixtures shown in Figure 7 is low at low moisture and this is followed by an increase in 

permeability until a maximum is reached (mostly at 5.5% moisture). High moisture addition also leads to a drop 

in permeability as a result of the formation of deformable granules (Venkataramana et al., 1999). It was however 

also discussed in the previous section that ore porosity influences how much moisture needs to be added to 

achieve maximum permeability. 

 

 

Figure 7: Relationship between moisture and permeability for sinter mixtures with different quantities 
of iron ore concentrate (Nyembwe et al., 2016a). 
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Mixtures containing iron ore concentrate and mixtures containing iron ore micropellets have been reported to 

show a decrease in permeability (Figure 8). This was a result of a reduction in mean granule size which caused 

a reduction in bed void fraction (Nyembwe et al., 2016b).  

 

 

Figure 8: Effect of concentrate and micropellet addition on maximum permeability (Nyembwe et al., 
2016a). 
 
 

2.3.3 Thermal densification 
 
Thermal densification occurs when the fluxes added and the fine iron ore react to form a low melting liquid 

(known as a melt) in the flame front. The melt continues to react with nearby iron ores on heating and solidifies 

during cooling to form a matrix bonding the unreacted ore particles together. During thermal densification, the 

effective porosity of the sinter bed decreases, while properties such as mechanical strength increase (Lu. 2015).  

 

The process of thermal densification occurs at the flame front through the following mechanisms (Lu, 2015): 

• Reordering of granules at the flame front – the first melt is subjected to capillary forces which pulls it into 

the pores and causes the unreacted particles to rearrange into a more favorable packing arrangement 

that allows for melt movement.  

• Assimilation and precipitation – the smaller reactive particles are assimilated preferentially when they 

are in contact with the melt to contribute to the final melt and the melt solidifies onto the unreacted larger 

particles, leading to densification. 

• Final densification – densification of the solid skeletal network, leading to melt movement from efficiently 

packed regions into pores.  

 

The efficiency of thermal densification is dependent on the bed packing which is mainly determined by 

granulation and the PSD.  
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The viscosity of the melt is also another important factor to consider and depends largely on the sintering 

temperature as well as the chemical composition of the melt. This becomes clear when observing Figure 9 

which shows a decrease in viscosity as temperature increases and an increase when the concentrations of 

various oxides such as SiO2, Al2O3 and MgO are increased (Lu et al., 2007).  

 

 

Figure 9: Relationship between melt viscosity and sintering temperature and chemical composition 
(Lu, 2015). 
 
 

2.3.4 Production rate 
 
The production rate of sintering is a great techno-economic indicator of the sintering process and is calculated 

according to Equation 1. The time factor in the equation is the time it takes for the sintering process to come to 

an end. This strongly depends on the sinter bed permeability. The bed is said to have fully sintered when the 

off gas temperature reaches a maximum value, as this suggests that the flame front has reached the bottom of 

the bed (Umadevi et al., 2010).  

𝑷 =  
𝒎𝒕𝒐𝒕𝒂𝒍− 𝒎−𝟓𝒎𝒎−(𝒎𝒈𝒓𝒊𝒅𝒊𝒏

−𝒎𝒈𝒓𝒊𝒅𝒐𝒖𝒕)

𝑨∗𝒕
      Equation 1 

Where  

 P = productivity (t/m2/day) 

 mtotal = total mass of sinter produced (t) 

 m-5mm = mass of the - 5 mm fraction (t) 

 mgridin = mass of grid layer added onto the strand (t) 

 mgridout = mass of grid layer recovered (t) 

 A = area of the grate (m2) 

 t = sintering time (day) 
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Since it normally takes longer for a flame front to move through a bed with low permeability under constant 

pressure, it takes longer to complete sintering, hence a lower production rate will be experienced. A flame front 

that is too fast can however be of detriment in terms of production rate as it will increase the amount of return 

fines (the -5 mm fraction). The melt must be given enough time to assimilate the relict material before the flame 

front passes so as to produce sinters with a higher strength.  

 

The mean size of the iron ore particles has also been reported to have an influence on the productivity and this 

is mainly due to the effect that mean size has on permeability (Umadevi et al., 2011). Figure 10 gives an 

indication of how the mean size affects the flame front speed and fines production. As it was observed in Figure 

2, large particles with a uniform distribution tend to have a higher void fraction. Higher void fractions suggest 

better passage of the flame front across the sinter bed. Fines production is primarily impacted by the ratio of 

nuclei to adhering fines. Low mean size suggests excess amounts of adhering fines which eventually lead to 

fines production. As the mean size increases, adhering fines decrease while coarser nuclei increase, large 

amounts of coarse particles would therefore result in less fines produced.  

 

Figure 10: Relationship between iron ore mean size and flame front speed as well as fines production 
(FFS = flame front speed), (Umadevi et al., 2011). 
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2.4 Sinter mineralogy and properties  
 
Sinter properties are mainly a function of the sintering parameters such as raw material selection, granulation 

and the sintering process itself (thermal stage) (Lu, 2015). This section discusses some of the important 

properties relating to sinter.  

 

2.4.1 Sinter mineralogy 
 
Iron ore sinter is a multi-phase material with a heterogeneous microstructure. Typically, the mineralogy of iron 

ore sinter comprises of hematite, magnetite, silico ferrites of calcium and aluminum (SFCAs) as well as silicates. 

Depending on process conditions, these phases can exist in different quantities as well as morphologies which 

will determine the microstructure which in turn determines the physical properties of the sinter (Yang and Davis, 

1999; Scarlett et al., 2004b). According to the literature, sinter structures comprise of the following; iron oxides 

(~40 – 70 vol%), ferrites such as SFCA (~ 20 – 50 vol%), silicates (~up to 10 vol%) and a glassy phase (~ up to 

10%). Factors that play a role in determining the quantities as well as structure of these sinter phases include 

chemical composition, mineralogy and partial arrangement (Scarlett et al., 2004a). 

 

2.4.1.1 Iron Oxides  

 
Hematite is generally the most abundant phase found in sinters. It exists in two forms viz. relict hematite 

(unreacted) and secondary hematite which could precipitate from the melt (Chaigneau, 1994). Relict hematite 

often appears dense (He2 in Figure 11) and its presence is influenced mainly by the particle size of the starting 

ores, as finer ores tend to react with melt faster than coarser ores. This often results in complete assimilation of 

fine ore particles and partial assimilation of coarser ore particles (Yang and Matthews, 1997). Secondary 

hematite is characterized by euhedral crystal shapes and relatively smooth grain boundaries (He3 in Figure 11) 

(Van den Berg and De Villiers, 2009). Magnetite-rich ores are not commonly used in sinter mixtures hence 

magnetite identified in sinters is mainly secondary magnetite. This magnetite forms as a result of hematite 

reduction under conditions of low oxygen partial pressure (Chaigneau, 1994). Secondary magnetite can also 

crystalize from Fe-rich melts during cooling (Kalenga and Garbers-Craig, 2010). The presence of Mg2+ ions in 

the melt can also lead to the formation of magnesio-spinels. Magnesio-spinels are often preferred as it is argued 

that they tend to decrease the temperature at which hematite reduces to magnetite (Panigrahy et al., 1984). 

Since it is difficult to distinguish between pure hematite and magnetite using scanning electron microscopy, the 

magnesio-spinel solid solution also enables for easy identification through energy dispersive spectrometry.  
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Figure 11: Optical micrographs depicting primary and secondary hematite observed by Hapugoda et 
al., (2016) (He2 = primary hematite; SF2 = SFCA; He3 = secondary hematite). 
 

2.4.1.2 Silico ferrites of calcium and aluminum 

 
SFCA is a major bonding phase found in iron ore sinters. It is a complex quaternary phase of CaO.2Fe2O3 solid 

solution with small amounts of Al2O3 and SiO2 (Patrick and Lovel, 2001; De Magalhaes and Brandao, 2003). 

SFCA phases form a series of solid solutions which can also contain M2+ ions (Mumme, 2003).  Considered as 

the main bonding phase in iron ore sintering, SFCA has been studied extensively in order to understand its role 

on sinter strength, reducibility and reduction disintegration (Mochon et al., 2014).  

 

Studies by Mumme, (2003) and Mumme et al., (1988) on synthetic SFCA prepared from Fe2O3, Al2O3, SiO2 and 

CaCO3 revealed a coexistence of homologue structures that can be represented by the formula M14 + 6nO20+8n 

with n = 0, 1 and M = Al, Ca, Si and Fe. Two different structures were observed namely; SFCA (M14O20) and 

SFCA-I (M20O28). Mumme, (2003) and Mumme et al., (1988) also suggested a third homologue structure SFCA-

II with the formula M34O48 with a unit cell volume almost similar to the sum of SFCA and SFCA-I unit cell volumes. 

Mumme, (2003) also reported the existence of another homologue structure (M26O36) with an XRD pattern similar 

to that of Ca5Si2(Fe, Al)18O36. It was then predicted that the structure is the next possible member of the series, 

corresponding to n = 2.  

 

Scarlett et al., (2004a) studied the microstructures SFCA phases based on their chemical compositions. The 

results revealed a coexistence of two main types of SFCA as shown in Figure 12. SFCA-I, which had high 

amounts of Fe and low Si, shows a platy morphology which may be acicular or needle-like in cross section. The 

morphology of SFCA with low amounts of Fe was columnar, blocky or lath shaped (Scarlett et al., 2004a).  

 

 

 

 

a b 
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Webster et al., (2012) studied SFCA formation mechanisms through in-situ X-ray diffraction using hematite, 

calcite, gibbsite and quartz as starting materials. The following reaction mechanism was suggested: 

• At 200 oC : Gibbsite decomposition starts to form alumina and water (Al(OH)3
 = Al2O3  + H2O) 

• At 600 oC : Calcite decomposition starts to form lime and carbon dioxide (CaCO3 = CaO + CO2) 

• At 750 oC : Lime and hematite react to form dicalcium ferrite (2CaO + Fe2O3 = 2CaO.Fe2O3) 

• At 950 oC : C2F reacts with Fe2O3 to form CF (2CaO.Fe2O3 + Fe2O3 = CaO.Fe2O3) 

• At 1000 oC : Formation of SFCA-I and SFCA begins. (CaO.Fe2O3 + Fe2O3 + SiO2 + Al2O3 = SFCA-I + 

SFCA) 

• Above 1200 oC : SFCA-I is consumed by the reaction with hematite and silica to form SFCA  

 

 
Figure 12: Electron backscatter images of a) SFCA-I and b) SFCA (S = SFCA; S-I = SFCA-I needles; M = 

magnetite; G = glass) (Scarlett et al., 2004). 

 

2.4.1.3 Silicates  

 
The silicate phases in sinter typically include a crystalline calcium silicate and a non-crystalline slag phase. The 

slag phase is formed by partial melting of fluxes, which is facilitated by low basicity and excessive sintering 

temperatures (typically over 1300 oC). The non-crystalline slag phase is glassy and results from the solidification 

of the silicate melt with higher viscosity. Although the slag phase normally appears in small capillary fillings 

between the crystalline phases, instances where melt viscosity is too low or sintering temperature is too high, it 

can be seen to cover larger areas (Figure 13a). Dicalcium silicate (Ca2SiO4) also called larnite is the most 

common crystalline calcium silicate found in iron ore sinter (labeled L in Figure 13b). Similar to the slag phase, 

it usually exists in small capillary fillings between other micro-constituents (Hapugoda et al., 2016). Larnite has 

been reported to be a potential contributor the loss of strength in iron ore sinter if β-Ca2SiO4 to γ-Ca2SiO4 

transformation takes place during cooling (Patrick and Lovel, 2001). Larnite is also know to incorporate a wide 

variety of impurities such as phosphorous in industrial sinters which can be detrimental to steel quality (Mežibrick 

and Goettgens, 2019; Patrick and Lovel, 2001). 

 

S 

S-I 

a b 
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Figure 13: Optical micrographs of iron ore sinter depicting a) a glassy phase and b) larnite phase (GL = 
glass; Mt = magnetite; SF2 = SFCA; L = larnite) (Hapugoda et al., 2016). 
 
 

2.4.2 Sinter strength 
 
Sinter cold strength is an important factor in determining the overall sinter quality. Iron ore sinter must have 

enough strength to withstand handling and transportation between the sinter plant and the blast furnace. For 

sinter to be regarded as having sufficient strength, it has to have a minimum of 70 mass% retained after tumbling 

on the 6.3 mm sieve, this is known as the Tumble Index (TI) (Bhagat et al., 2006).  

 

According to the literature, sinter strength is highly dependent on the ability of the individual phases to resist 

cracking and crack propagation. Dense phases such as primary hematite, magnetite and SFCA are known to 

provide fracture toughness, while SFCA-I (acicular SFCA) with a porous microstructure is generally desired for 

the prevention of crack propagation (Chaigneau, 1994; Husslage et al., 1999; Zi-wei et al., 2006). Umadevi et 

al., (2011) who studied the relationship between the mass% of the SFCA and sinter strength noticed a 

considerable increase in strength as the SFCA content increased ( Figure 14). Zi-wei et al. (2006) on the 

other hand examined how mixtures of different mineral compositions and microstructures impact crack 

resistance. It was noticed from the study that SFCA-I played a dominant role in improving crack resistance. 

Whilst cracks were propagated at loads of 245 mN for structures of SFCA (columnar SFCA), magnetite and 

silicates, it took a minimum of 490 mN for crack propagation for structures of SFCA-I. It was also reported that 

for finer a SFCA microstructure, loads can be increased to 1960 mN before a crack can propagate (Zi-wei et al. 

2006).   
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 Figure 14: Influence of SFCA on tumble index (Umadevi et al., 2011). 
 
 

2.4.3 Reduction disintegration  
 
The reduction disintegration index is measured to assess the ability of sinter to maintain strength in the upper 

part of the furnace as reduction starts to progress. The breakdown of sinters at the top part of the furnace would 

have a deleterious effect on the furnace permeability. 

 
The primary cause of reduction disintegration in sinter is the transformation of iron oxide from hexagonal 

hematite to cubic magnetite. This transformation is accompanied by a significant change in volume and lattice 

distortion. Internal stresses can be generated by the volume change, which would result in propagation of cracks 

and fragmentation of the sinter particle. Reduction disintegration was also reported to be facilitated by a large 

presence of skeletal rhombohedral hematite, SFCA (columnar SFCA) as well as a glassy phase (Husslage et 

al., 1999). Similar to cold strength, the presence of phases with a porous microstructure such as SFCA-I assists 

in absorbing such stresses, hence preventing disintegration. Fan et al., (2013) reported that the addition of an 

ultrafine concentrate (produced from a high-pressure grinding roll step) facilitated the stabilization of SFCA-I 

which assisted in improving reduction disintegration. The stabilization of magnetite during sintering was also 

seen to improve the disintegration resistance and reduce coke consumption in the blast furnace (Van den Berg 

and De Villiers, 2009).  

 
 

2.4.4 Reducibility  
 
The reducibility is a measure of how well a reducing gas enters the core of the sinter particle. It is largely 

determined by the porosity and mineral composition of the sinter cake (Higuchi et al., 2006). Several authors 

reported that the morphology of SFCA structure plays an important role in determining sinter reducibility. It is 

argued that the fine porosity found in SFCA-I provides a reaction area of contact between reducing gas and solid 

particles (Husslage et al., 1999; Zi-Wei et al., 2006; Higuchi et al., 2006). According to a study by Hida et al., 
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(1983), sinter reducibility is directly related to the internal pore volume and surface area of the ore.  Umadevi et 

al. (2011) argued that, high concentrations of relict hematite and low magnetite contents improve sinter 

reducibility. Kalenga and Garbers-Craig, (2010) also found that increasing MgO contents led to a decrease in 

reducibility as MgO stabilizes spinel formation (Figure 15).      

 

 

Figure 15: MgO addition on sinter RI, sample 1 is dolomite and sample 2 is fused magnesia (Kalenga 
and Garbers-Craig, 2010). 
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Chapter 3 
Experimental procedure 

 

The objectives of this study were: 

1. To study the granulation behavior and mechanisms of mixtures containing both concentrate and 

micropellets. 

2. To measure moisture levels at which the mixtures achieve maximum permeability.  

3. To evaluate the properties of sinters produced from the mixtures containing concentrate and 

micropellets. 

4. To analyze the mineralogical and microstructural differences in mixtures containing the different 

proportions of concentrate and micropellets. 

 
The tests related to granulation and sintering were conducted at Anglo American Value-In-Use pilot plant in 

Pretoria West; X-ray micro-tomography analysis was conducted at the Nuclear Energy Corporation of South 

Africa and mineralogical studies were conducted at the University of Pretoria.  

 
3.1 Preparation of raw materials  
 
The raw materials used for this study included two types of standard Northern Cape iron ore fines (A and B), 

iron ore concentrate, iron ore micropellets (prepared from the concentrate and starch), Suprachem coke, burnt 

lime and dolomite. The chemical compositions and particle size distributions of the raw materials are shown in 

Table 1 and Figure 16, while the particle size distributions of the sinter mixtures before granulation are given in 

Table 2: Particle size distributions of sinter mixtures before granulation (in wt%).Table 2. Iron ore micropellets 

were prepared from the concentrate hence they had similar chemical compositions. The ultrafine nature of the 

concentrate with respect to the rest of the material can be seen in Figure 16. Table 2 shows that as micropellets 

increase in the sinter mixture, there was a considerable decrease in the -0.5 mm fraction. There was also an 

increase in the +1 mm fraction.   

Table 1: Chemical compositions of the raw materials. 

Material  Fe(tot) FeO Fe2O3 K2O Na2O CaO MgO MnO Al2O3 SiO2 

NC1 fines A  63,8 0,27 91,81 0,15 0,01 0,00 0,02 0,26 2,45 5,02 

NC1 fines B 65,2 0,27 93,86 0,21 0,07 0,17 0,02 0,05 1,20 4,14 

Concentrate 66,3 0,10 95,64 0,21 0,01 0,11 0,03 0,05 1,34 2,50 

Micropellets 66,3 0,00 95,79 0,21 0,01 0,11 0,03 0,00 1,34 2,51 

RF2 58,7 2,03 79,87 0,22 0,03 9,05 2,81 0,25 1,67 4,07 

Coke ash 1,35 0,93 9,54 1,43 0,71 5,27 1,97 0,22 23,97 55,95 

Calcined Dolomite  0,49 0,73 0,44 0,55 0,00 94,61 2,05 1,08 0,27 0,27 

Doloma 0.97 0.0 2.59 0.04 0.00 56.03 37.48 1.56 0.19 2.12 

1 Northern Cape fines. 
2 Return fines, produced from sinters containing no concentrate nor micropellets. 
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Figure 16: Particle size distribution of the starting raw materials. 

Table 2: Particle size distributions of sinter mixtures before granulation (in wt%). 

Size (mm) BC 0% MP 10% MP 20% MP 30% MP 40% MP 

+4  29,63 19,29 21,97 24,67 27,36 30,04 

-4 + 3.35 7,74 5,29 6,17 7,05 7,93 8,81 

-3.35 + 2 23,89 16,66 18,97 21,29 23,60 25,92 

-2 + 1 18,14 12,96 13,83 14,70 15,58 16,45 

-1 + 0.5 6,99 4,86 4,86 4,86 4,86 4,86 

-0.5 13.60 40.95 33.60 26.22 18.86 11.51 

 
 
The raw materials were used to make up sinter mixtures with varying amounts of iron ore concentrate and iron 

ore micropellets, the respective mass ratios and sample names are given in Table 3. The total composition of 

each mixture is shown in Table 4. The return fines used in each of the mixtures were individually prepared by 

burning ‘dummy’ sinters of the same composition but without the addition of any concentrate or micropellets.   

Table 3: Ore ratios for each sinter composition 

Ore BC 0% MP 10% MP 20% MP 30% MP 40% MP 

NC fines A  50 30 30 30 30 30 

 NC fines B  50 30 30 30 30 30 

Concentrate 0 40 30 20 10 0 

Micropellets 0 0 10 20 30 40 

Total 100 100 100 100 100 100 

 
 
 
 
 

0,00

20,00

40,00

60,00

80,00

100,00

120,00

0,01 0,1 1 10 100

%
P

as
si

n
g

Size (mm)

NC A Fines

NC B Fines

Micropellets

Concentrate

Dolomite

Lime

Coke

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

20 

Table 4: Total composition of each sinter mixture without moisture. 

Material BC 0% MP 10% MP 20% MP 30% MP 40% MP 

NC fines A  24.37 15.98 16.03 15.61 15.50 15.12 

 NC fines B 24.37 15.98 16.03 15.61 15.50 15.12 

Concentrate 0.00 21.24 15.98 10.38 5.15 0.00 

Micropellets 0.00 0.00 5.33 10.38 15.46 20.10 

RF 32.73 27.87 27.38 29.52 30.01 31.73 

Coke 4.31 4.59 4.61 4.49 4.46 4.35 

Lime  7.19 5.81 5.83 5.68 5.64 5.50 

Dolomite 8.02 8.54 8.57 8.35 8.29 8.08 

BC = Base Case  
MP = Micropellets 
RF = Return Fines  

 
3.2 Granulation 
 
Granulation is carried out to produce a narrow particle size distribution which in turn improves permeability and 

productivity of the sinter plant. For each sinter mixture, 30 kg samples of varying moisture contents were 

prepared and fed into a 500 mm x 400 mm pilot granulation drum (Figure 17). The 30 kg samples were then 

mixed in the drum rotating at 20 rpm. Prior to starting up the drum, the required water was added in order to 

facilitate quasi-particle formation. Granulation was carried out for 2 minutes after which the material was 

discharged into a tray where it was sampled for permeability testing. Mixtures with a maximum permeability were 

also sampled for granule size distribution measurements.  

 

 

Figure 17: Pilot granulation drum (500 x 400) used at Anglo American VIU.  
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3.2.1 Permeability – Moisture tests and granule size distribution  
 
Permeability was measured for the 4% to 6% moisture range at 0.5% increments. For the base case mixture 

however, permeability was measured from 3.25% as maximum permeability was not seen in the 4 – 6% moisture 

range. A similar approach was followed for the 10% MP mixture where 5.25% moisture was tested in order to 

determine the peak in permeability. The granulated mixtures were randomly charged into a permeameter (Figure 

18) to create a 535 mm bed. A venturi system was then sealed securely on top of the permeameter. The 

permeameter consists of a 1 mm screen which serves as a support for the bed. The bottom of the permeameter 

was connected to a suction fan which consisted of a manual valve to control pressure across the bed. Air was 

drawn across the bed at 1000 mmH2O suction pressure and pressure was measured in the venturi, above and 

below the bed. The pressure in the venturi was used to calculate the flow rate (Q) which was then used to 

calculate permeability from Equation 2. Permeability was reported in JPU.   

 

 

Figure 18: Experimental setup for the measuring of JPU (Nyembwe et al,.2016). 
 
 

𝑱𝑷𝑼 =
𝑸

𝑨
(

𝑯

∆𝑷
)

𝟎.𝟔

 Equation 2 

 

Where 

JPU = Japanese Permeability Unit  

Q = air flow rate (m3/min) 

A = cross sectional area (m2) 

H = water level (mm) 

∆P = Pressure drop across the bed (mmH2O)  
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Grain size distribution (GSD) was measured using the wet granulated sample from the permeability tests. For 

each sample, a wet subsample of 1 kg was randomly collected from the granulated mixture for GSD 

measurement. The screen sizes used for the analysis were 4, 2, 1 and 0,5 mm respectively and only mixtures 

with optimum moisture (maximum permeability) were analysed.  The results from the GSD were used to calculate 

the mean sizes of the granules (D), material transfer (S) and fines elimination efficiency (Ex) using the following 

equations:  

𝑫 =  
𝟏𝟎𝟎

(∑
𝒙𝒊
𝒅𝒊

)
           Equation 3 

𝑺 = (% < 𝑿 𝒎𝒎)𝑩𝑮 − (% < 𝑿 𝒎𝒎)𝑨𝑮      Equation 4 

𝑬𝑿 =  𝟏𝟎𝟎 ∗  
𝑺

𝑺′
         Equation 5 

  
Where 

D = mean granule size (mm) 

xi = mass % of granules of size fraction di 

di = screen aperture (mm), mean granule diameter of size fraction i 

S = material transfer (%) 

S’ = (% < X mm)BG 

Ex = material transfer efficiency (%) 

(% < X mm)BG = mass fraction less than X mm before granulation  

(% < X mm)AG = mass fraction less than X mm after granulation  

X = screen size at which there is neither loss nor gain (mm)  
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3.3 Sinter production 
 
The sintering process was conducted on a pilot scale set up similar to that shown in Figure 19. In this study, the 

samples with optimized moisture content for maximum permeability were chosen for sinter pot testing.  

 

 

Figure 19: Sinter pot test schematic (Chen et al., 2011). 
 
The sinter pot test was carried out twice for every sinter mixture and the average of the properties was taken. 

Raw materials were fed into a mixing drum according to their respective ratios as shown in Table 1. The raw 

materials were then mixed for 1 minute without moisture and 1 minute with moisture. After mixing the material 

was transferred into a granulation drum of 500 mm diameter and 1000 mm height and granulated for 2 minutes 

after which it was discharged onto a conveyor belt which fed the granulated mixture into the sinter pot. A round 

sinter pot was used in this study due to its small capacity of 80 kg, internal diameter of 320 mm and 550 mm in 

height. The pot consisted of a grid layer which was made up of +16 mm sinter material, 50 mm in height; the 

granulated bed was therefore 500 mm in height (Figure 19).  

 

The sintering process was initiated by igniting the surface of the bed to 1050 ºC at a 500 mmH2O pressure for 

approximately 60 seconds after which the sintering pressure was set to 1000 mmH2O. When the thermocouple 

at the bottom of the bed reported the maximum temperature, the sintering process was stopped as this 

suggested that the flame front has passed through the bed. The sinter cake was then left to cool to 25 oC at 800 

mmH2O, which was followed by crushing, screening, tumbling and metallurgical property testing.  

 

3.3.1 Sinter strength test 
 
Sinter strength was measured following the ISO 3271:2015 test procedure. At the completion of the sintering 

process, the sinter cake was cooled in the sinter pot and thereafter crushed. The sinter cake was dropped three 

times, charged into a rotating drum where it was rotated for 80 revolutions and thereafter discharged onto 

vibrating screens starting from 40 mm to 5 mm and sieved for 3.5 minutes. After the screening process, a 15 kg 

sample was prepared from the -40 mm to +10 mm sinter fraction for the tumbling drum. This 15 kg sample was 

5
5
0
 m

m
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charged into the drum, rotated for 200 revolutions, followed by screening with screens having the following 

aperture sizes; 10mm, 6.3 mm and 0.5 mm. The mass fractions were used to calculate the Tumble Index 

according to Equation 6.  

𝑻𝑰 = (
𝒎𝟏

𝒎𝟎
) ∗ 𝟏𝟎𝟎        Equation 6 

 
Where; 

mo = mass of the sample weighed and placed in the drum in kg 

m1 = mass of 6.3 mm oversize in kg 

 

3.3.2 Metallurgical properties 
 
The -12.5 mm + 10 mm size fraction of each sinter was split and weighed to 2 kg in preparation of the reduction 

disintegration (RDI) and reducibility (RI) tests. Each test was carried out twice per sinter composition. 

 

3.3.2.1  RDI test 

RDI was determined by performing a static reduction test on the -12.5 mm +10 mm sample at a temperature of 

500 oC in an atmosphere consisting of 20% CO2, 20% CO, 2% H2 and 58% N2 as per ISO 4696-1:2015 standard. 

After one hour the test sample was cooled to a temperature below 100 oC and tumbled in a tumbling drum for 

300 revolutions at 25 rpm. The sample was then screened through 6.3, 3.5 and 0.5 mm sieves respectively. 

Equations 7 to 9 were used to calculate the RDI’s for the respective size fractions. 

 

𝑹𝑫𝑰−𝟔.𝟑 = (𝟏 − (
𝒎𝟏

𝒎𝟎
)) ∗ 𝟏𝟎𝟎      Equation 7 

𝑹𝑫𝑰−𝟑.𝟓 = (
𝒎𝟎−(𝒎𝟏+𝒎𝟐)

𝒎𝟎
) ∗ 𝟏𝟎𝟎      Equation 8 

𝑹𝑫𝑰−𝟎.𝟓 = (
𝒎𝟎−(𝒎𝟏+𝒎𝟐+𝒎𝟑)

𝒎𝟎
) ∗ 𝟏𝟎𝟎      Equation 9  

 

where: 

mo  = mass of sample after reduction before tumbling (in grams) 

m1   = mass of 6.3 mm oversize (in grams) 

m2  = mass of 3.5 mm oversize (in grams) 

m3  = mass of 0.5 mm oversize (in grams). 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

25 

3.3.2.2  RI test 

The -12.5 mm +10 mm sample was also subjected to an isothermal reduction at a fixed temperature of 950 oC 

under 40% CO and 60% N2 atmosphere as per ISO 4696:2015 standard. The final mass after reduction was 

measured against the initial mass and Equation 10 was used to calculate the Reducibility Index.  

𝑹𝑰(%/𝒎𝒊𝒏) = (
𝒎𝟎−𝒎𝟏

𝒎𝟎∗∆𝒕
) ∗ 𝟏𝟎𝟎      Equation 10 

mo = initial sample mass (g)  

m1 = final sample mass (g) 

∆t = reduction time (min) 

3.4 Micro-Focus X-ray Micro-Tomography (MF-XRT) 
 
Micro-XRT was conducted on the granulated particles to observe the number of adhering fines attaching to the 

nuclei as the different quantities of concentrate and micropellets were added to the raw material mixture. It was 

also conducted on the micropellets after granulation to observe whether they maintain their integrity after 

sintering. The sinter particles (-25 +16 mm) were also analyzed through micro-XRT to observe the structure of 

the micropellets in the produced sinter.  

 
The tests were conducted using the Nikon XT H 225L system at the Nuclear Energy Corporation of South Africa. 

The lead lined cabinet is fitted with an X-ray source, rotating stage, a scintillator screen and a CCD (charge-

coupled-device). During the scan, X-rays transmitted from the rotating sample hit the scintillator screen which 

converts the X-ray pattern into visible light images which are then projected on to the CCD. Due to the rotating 

nature of the stage during the scan, multiple 2D images were formed and were stacked together using CT Pro 

3D software to reconstruct a 3D structure. The 3D structures were then analyzed using VG-Studio 3.2 for 

granulation mechanisms, integrity of the micropellets and sinter morphology.    

 

 

Figure 20: Nikon XTH 225L assembly used MF-XRT at NECSA MIXRAD facility (Hoffman and De Beer, 
2012). 
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3.5 Mineralogical Analysis 
 
Mineralogical studies were conducted on crushed sinter samples from the -40 mm + 10 mm size fraction which 

were previously used for tumble index testing. The material was crushed to -2 mm, split and respective samples 

were collected for different micro analytical tests. The -12.5 mm + 10 mm size fraction used for metallurgical 

testing was also collected for SEM-EDS analysis 

   

3.5.1 X-ray Fluorescence Spectrometry 
 
X-ray fluorescence spectrometry utilizes the concept of transitioning electrons from different energy states. The 

classical atomic model described by Neils Bohr is shown in Figure 21, where the innermost shell is the K-shell, 

which is followed by the L-shell consisting of three sub-shells. The M-shell, which is the outermost shell, consists 

of 5 sub-shells (Figure 21). The analysis for elements in iron ore sinter by X-ray fluorescence is enabled by the 

behavior of atoms when they interact with radiation. When materials are excited with high-energy, short 

wavelength radiation such as X-rays, they can become ionized. If the radiation energy is sufficient to dislodge a 

tightly held inner electron (in the K-orbital), the atom becomes unstable and gets expelled from the inner shell 

(Brouwer, 2010). An electron from the outer shell then replaces the missing electron. When this happens, energy 

is released as a result of the decreased binding energy of the electron in the inner orbital compared with an outer 

one. Energy of the emitted photon is lower than that of the incoming X-ray and is known as the characteristic X-

ray. Since the energy of the emitted X-ray is specific to a transition between specific electron orbitals in every 

element, X-ray fluorescence can be used to detect quantities of elements in a sample (Fitton, 1997). 

 

In X-ray fluorescence spectrometry, an X-ray tube is used to irradiate the chemical elements in the sample, 

causing them to release energy as a result of the transition of electrons to lower, vacant energy states. The 

released energies are then captured using a detector which provides the information onto a computer (Figure 

22). In this study samples were taken from the – 40 mm + 10 mm size fractions and pulverized for XRF analysis. 

The pulverized samples were submitted to UIS Analytical Services which utilized the Thermo Scientific ARL 

Advant’X Pro instrument.    
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Figure 21: Bohr's atomic model showing different energy states of an atom (Brouwer, 2010). 
 

 

Figure 22: Operating principle of an XRF spectrometer (Garba et al., 2013). 
 
 
 

3.5.2 X-ray Diffraction  
 
X-ray powder diffraction (XRD) is an analytical technique used primarily for the identification of crystalline phases 

in a sample and can also provide information on unit cell dimensions. The analysis is normally carried out on 

milled samples (-10 µm) in order to achieve random crystallographic orientations (Bish and Post, 1989). It is 

based on using a monochromatic beam of X-rays to radiate a sample with an X-ray source and a detector making 

variable angles on a typically flat sample. The interaction of the incident rays with the sample produces 

constructive interference (and a diffracted ray) when conditions satisfy Bragg's Law (Equation 11). Figure  shows 

a schematic diagram of the most common setup used in modern XRD machines (named Bragg-Brentano 

geometry). The X-ray beam from the X-ray source (cathode ray tube) is directed onto a flat sample while both 

the source and detector rotate towards 90o. The machine consists of a set of slits to keep the beams focused on 

the sample. The detector records and processes the X-ray signal and converts it to a count rate which is then 
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fed to a computer monitor. Results of X-ray diffraction analysis show peaks as a function of diffraction angles 

(called diffraction patterns) typically ranging from 5o to 75o (Lu, 2015). The value of d in Equation 11 is unique 

for most crystalline minerals and phases, as it represents the spacing between parallel planes in a crystal (Figure 

24).  

𝒏𝝀 = 𝟐𝒅𝒔𝒊𝒏𝜽          Equation 11 
 
Where 

n = integer 

λ = wavelength of the X-ray source 

d = spacing between the planes in the atomic lattice  

θ = angle between the X-ray source and the crystalline planes (see Figure 25) 

 

The instrument used in this study was a PANalytical X’Pert Pro diffractometer fitted with an X’Celerator detector 

and CuKα radiation with a Fe filter located at the Geology Department, University of Pretoria. Rietveld refinement 

was carried out using Autoquan software for quantitative analyses of the sinter phases. For qualitative analysis, 

Highscore software was used.   

 

 

Figure 23: Basic operation of an XRD instrument (Lu, 2015). 
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Figure 24: Diffraction of a monochromatic x-ray beam by a single crystal. 
 
 

3.5.3 Scanning Electron Microscope Analysis 
 
A scanning electron microscope was used to study the microstructures and phase compositions of the produced 

sinters. This microscope utilizes a beam of high energy electrons to form an image. When the surface of the 

sample and electrons interact, they give rise to a variety of signals from which the morphology, chemical 

composition and crystal structure can be observed. The types of signals obtained from the interaction of the 

sample surface and the beam of electrons include secondary electrons (SE), backscattered electrons (BSE) and 

characteristic X-rays (Sharma et al., 2018).  

 

Samples collected from the -12.5 + 10 mm size fraction (also used for RI and RDI tests) were sampled for 

analysis through SEM and optical microscopy. The samples were also crushed to -2 mm in order to ensure that 

the analysis is representative. The crushed particles were resin mounted, polished and gold coated for SEM and 

reflected light microscope analysis. SEM analysis was conducted at the Industrial Minerals and Metals Research 

Institute (IMMRI) at the University of Pretoria using a JEOL JSM – IT300 InterScope instrument (Figure 25). 

Energy dispersive spectrometry (EDS) was used to determine the chemical compositions of the phases in the 

sinter. 
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Figure 25: Scanning electron microscope at the IMMRI, University of Pretoria. 
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Chapter 4 
Results 

 
4.1 Granulation  
 
Granulation is an important part of sinter mix preparation. The important parameters considered during this 

process were moisture content and granule size distribution. This is because both moisture and granule size 

distribution play an important role in the strength of quasi-particles and permeability of the bed respectively.  

 

4.1.1 Correlation between moisture addition and permeability 
 
The moisture - permeability relationships investigated in this study are reported in Figure 26. Three permeability 

measurements were taken for every mixture of specific moisture content and the plot in Figure 26 represents 

the averages. The moisture levels were varied from 4% to 6% in 0.5% increments, except for the base case 

mixture where the moisture level was varied between 2.5 and 6%.  

 

 

Figure 26: The effect of moisture on permeability of mixtures containing micropellets and concentrate 
(Data based on three permeability tests). 
 
 
Permeability increased for all sinter mixtures with increasing moisture content until a certain percentage after 

which further addition caused a decrease in permeability (Figure 27). Most of the sinter mixtures reached their 

maximum permeability at 5% moisture with exceptions being the base case as well as the mixture containing 

10% MP. The maximum permeabilities of both base case and the 10% MP sample were found at 3.50% and 

5.25% respectively. The maximum permeability as a function of sinter mixture is plotted in Figure 27. According 

to this figure, increasing micropellet content while reducing the concentrate content leads to an increase in 

maximum bed permeability. The 30% MP mixture showed superior permeability with the pure mixtures, as well 
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as the base case mixture showing rather low permeability values. The absence of error bars for some of the 

data points (e.g. base case sample) was due to little variability in the data.    

 

 

Figure 27: Maximum permeability as a function of micropellets to concentrate ratio. 

 
There seems to be an increase in maximum permeability when the ratio of micropellets to concentrate was 

increased from 10% MP to 30% MP as seen in Figure 27. The 0% MP mixture shows the second highest 

permeability after the 30% MP mixture which is also higher than the mixture containing 40% MP. Nyembwe et 

al., (2016a) compared the maximum permeability values of 0% MP and 40% MP mixtures and found that of the 

40% MP to be higher. In this study however, with micropellets prepared from corn starch and Acronal (compared 

to those prepared with bentonite as in the case of Nyembwe et al., (2016a)) the reverse effect was observed 

where the maximum permeability of the 40% MP mixture is slightly lower than that of the 0% MP mixture. This 

was presumably due to the large spherical particles formed from the concentrate during granulation. The 

relatively large granules shown in Figure 28(left) were due to the increased coalescence and contributed to the 

slightly higher permeability in the 0% MP mixture.  

 

 

Figure 28: Granules for mixtures containing (left) 40% concentrate and (right) 40% micropellets. 
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4.1.2 Granule Size Distribution 
 
The general aim of granulation is to produce a narrow coarse size distribution in order to optimize airflow across 

the sinter bed. The coarsening of the sinter mixtures can be seen from Table 5 by comparing the size 

distributions before and after granulation. It can also be seen that mixtures containing high amounts of 

concentrate show a high amount of fines transfer across the size fractions.  

Table 5: Particle size distribution of the mixtures before and after granulation. 

  0% MP 10% MP 20% MP 30% MP 40% MP 

Size 
(mm) 

Mass % 
(BG) 

Mass % 
(AG) 

Mass % 
(BG) 

Mass % 
(AG) 

Mass % 
(BG) 

Mass % 
(AG) 

Mass % 
(BG) 

Mass % 
(AG) 

Mass % 
(BG) 

Mass % 
(AG) 

4 19,29 34,71 21,97 39,12 24,67 32,15 27,36 38,37 30,04 31,62 

2 21,95 39,2 25,14 44,13 31,53 40,87 31,53 38,59 34,73 39,48 

1 12,96 21,35 13,83 14,73 14,7 20,92 15,58 18,62 16,45 20,73 

0,5 4,86 4,62 4,86 1,95 4,86 5,95 4,86 4,13 4,86 7,12 

0,35 40,95 0,12 33,6 0,07 26,22 0,1 18,86 0,28 11,51 1,05 

BG = Before granulation 
AG = After granulation 

 
The mean granule sizes of the mixtures before and after granulation are shown in Figure 29. The 10% MP 

sample had the highest mean granule size after granulation. The increase in the micropellet content while 

decreasing the amount of concentrate led to a decrease in mean granule size. The mean granule size of the 

mixture that contained concentrate only was relatively lower, which suggests that the mixture was dominated by 

finer granules instead of the large lumps presented in Figure 28. The mean granule size of the 40% MP mixture 

was also low mainly due to a lack of adhering fines present in the mixture during granulation.  

 

  

Figure 29: Mean granule size before (D(BG)) and after (D(AG)) granulation as a function of micropellet 
and concentrate addition. 
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Material transfer curves for the different sinter mixtures are shown in Figure 30. These curves were plotted by 

calculating the difference in the mass fractions of the respective mixture before and after granulation with 

calculations shown in appendix A.1 Granulation Data. It can be seen that there was extensive transfer in material 

from the fines (-0.5 mm) fraction with over 40% loss of fines for the mixture containing 0% MP. The 10% MP 

coarse fraction shows the highest material gains followed closely by the 0% MP mixture. These gains can be 

attributed to the high amount of fine material available for granulation. The 40% MP reported the least gains 

especially on the highest size fraction of +4 mm which can also explain the low mean granule size shown in 

Figure 29. The 30% MP maintained a higher material gain for the largest size class despite having fewer fines 

than the 20% MP mixture.  

 
Material transfer plotted in mass percentage as a function of the micropellet to concentrate ratio was calculated 

according to Equation 4 and is shown in Figure 31. It can be seen that an increase in micropellet content while 

reducing the concentrate content led to a decrease in material transfer.  

 

 

Figure 30: Material gain/loss as a function of size class for the different sinter mixtures. 
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Figure 31: Material transfer (S) as a function of micropellet to concentrate ratio. 

 

4.1.3 Quasi-particle properties 
 
The role of micropellets in sinter mixtures is to not only act as large seed particles for granulation, but their shape 

and surface texture is also important. X-ray micro-tomography was conducted on the granulated material with 

the intention of determining the layering mechanisms involved during granulation. Nyembwe et al., (2016a) 

classified the layering mechanisms using mixtures that only contained either micropellets or concentrate. In this 

study however the mixtures contained both concentrate and micropellets.  

 

The layering mechanisms observed for the sinter mixtures with varying amounts of micropellets and concentrate 

are shown in Figure 32 - 38. Auto layering (group I) is a common layering mechanism in most of these mixtures. 

This is mainly due to the presence of nuclei particles and adhering fines other than micropellets and the 

concentrate. Auto layering is normally the main layering mechanism in most granulation scenarios. As expected, 

it was the primary layering mechanism in the base case as shown in Figure 32.  
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Figure 32: Base Case MF-XRT micrograph showing a group I layering mechanism. 
 
 

 

Figure 33: 0% MP MF-XRT micrograph showing a combination of group I and II layering mechanisms. 
 

Group I and II layering mechanisms can be observed from Figure 33. The group I layering mechanism is typical 

of that classified by Nyembwe et al., (2017) as the angular shaped nuclei provide surfaces of attachment for the 

adhering fines. As previously shown in Figure 28, the formation of the lumpy granules is mainly a result of group 

II layering of excess amounts of fines. During granulation, the lack of coarse particles has led to a pelletization 

phenomenon where some of the fines coagulated to form spherical lumps. According to Table 5, the amount of 

-0.5 mm particles was significant enough to allow for such phenomena to take place. The group II mechanism 

(Figure 33) also shows that during the pelletization process, other coarse particles could also be coalesced by 

the fine material.  
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Figure 34: 10% MP MF-XRT micrograph showing group I and II layering mechanism. 
 
Layering mechanisms observed when 10% micropellets were introduced and the amounts of concentrate 

decreased to 30% are shown in Figure 34. Based on the high material transfer of the 10% MP mixture in Figure 

30, it can be argued to that the coalescence mechanism (Group II) was also present during granulation. Figure 

35 (10% MP) shows a granule similar to that shown in Figure 28 for the 0% MP mixture, the formation of this 

lumpy granule was attributed to the pelletization effect associated with the group II mechanism. The lumpy 

granule also appeared to be smaller in this mixture as a result of the reduction in the quantity of the concentrate.   

 

 

Figure 35: Granules from the mixture containing 10% micropellets and 30% concentrate. 
 
When the micropellet content was increased to 20% and the concentrate decreased to 20%, the amount of 

available adhering fines was reduced. This can be seen from the group I mechanism in Figure 36 where the 

adhering layer appears thinner than the previously shown group I mechanisms.   
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Figure 36: 20% MP MF-XRT micrograph showing group I layering mechanism. 
 
The group I mechanism in Figure 37 (30% MP) is similar to that shown in Figure 36 with the thin layer of adhering 

fines around the coarse nuclei. In this case, the quantity of micropellets was increased to 30% and concentrate 

was decreased to 10%. The spherical nature of the micropellet in Figure 37 can be closely associated with the 

group II mechanism; this is mainly because the group II layering mechanism gives rise to pellets from fines 

without the use of coarse nuclei.   

 

 

Figure 37: 30% MP MF-XRT micrograph showing group I and II layering mechanism. 
 
When the concentrate was completely replaced with micropellets (40% MP) group III layering emerged (Figure 

38). This mechanism is described as the adhesion of micropellets, which presumably have been facilitated by 

the presence of a large quantity of micropellets and some fines. Although the 40% MP mixture contained the 

lowest amounts of adhering fines; the granule formed by the adhesion of micropellets is covered by some 

adhering fines. It can also be seen from Figure 38 that the contact between the micropellets is not through 

cementation by adhering fines.   
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Figure 38: 40% MP MF-XRT micrographs showing group I and group III. 
 

4.1.4 Role of Micropellets during granulation 
 
MF-XRT was also conducted individually on the micropellets in order to understand the external and internal 

changes during granulation. The internal structure of micropellets before granulation consists of cracks and 

porosity whilst they appear smooth and highly spherical externally (Figure 39). Such particles have been 

reported to not granulate well due to their low roughness and insufficient points of contact (Lu and Ishiyama, 

2016; Nyembwe et al., 2016a). Micropellets from the granulated mixture containing 30% MP were sampled in 

order to observe the internal and external structure of the micropellets after granulation. Some micropellets 

disintegrated during granulation as shown in Figure 40, however some maintained their shape. The micropellets 

disintegrated into smaller lumps and not into the fine concentrate from which it was formed. Although the 

micropellets proved to be relatively tough prior to granulation, they softened significantly during granulation as a 

result of the addition of water and may break due to forces imposed by the bed. The micropellet that remained 

intact during granulation seems to have picked up fines relatively well in what can be argued to be auto layering 

(Figure 40).     
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Figure 39: Tomogram of dry micropellets before granulation showing internal cracks and fine pores. 
 

 

Figure 40: Tomogram of wet micropellets after granulation with some disintegration (30% MP sample). 
 
The 30% MP mixture was also observed through MF – XRT to analyse the interaction of micropellets with the 

other raw materials. The mixture was collected off the granulation drum by means of a narrow tube of about 15 

mm. The 3D structure that was reconstructed for the mixture is shown in Figure 41 and the three cross sections 

in different planes are shown in Figure 41.  
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Figure 41: 3D image of the ‘simulated’ sinter bed. 
 
Segregation of micropellets can be seen from all planes in Figure 42, which is primarily due to the inability of 

micropellets to attach adhering fines during granulation. This could however have a positive effect on the mixture 

because it can allow formation of voids which would improve permeability. Two stage layering can also be seen 

from Figure 42 where the elliptical micropellet is attached to the ore particle through a layering of micro-fines. 

The deformed micropellets therefore seem to participate more in granulation through layering of fines, than the 

unaffected spherical micropellets. 

 

 

Figure 42: Isometric view of the 'simulated' granulated sinter mixture showing the relative positions of 
the micropellets. 
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4.1.5 Summary and discussion of granulation results  
 
A summary of the granulation results is tabulated in Table 6. From the table it can be observed that the material 

transfer efficiency (Ex) was relatively high for most of the mixtures (>90%), except for the BC and 30% MP 

samples. The low transfer efficiency for the 30% MP mixture is mainly due to insufficient amounts of adhering 

fines to facilitate attachment. It is however peculiar that the granulation efficiency of the 40% MP is higher than 

that of the 30% MP although there was no concentrate added into the mixture. This was presumably due to more 

water taken up by the micropellets leading to them becoming more deformed. This could have resulted in some 

picking up of adhering fines. Although there was more transference of material from the fine to the coarser size 

class, the amount of concentrate in the 30% MP mixture was not sufficient to maintain strong quasi-particles.    

Table 6: Granulation potentials of different mixtures containing micropellets and concentrate. 

 Max JPU Moisture* (%) X (mm) S (%) Ex (%) D (B.G) D (A.G) 

BC  30.00 3.5 0.85 16.72 81.2 1.37 2.37 

0% MP  35.37 5.0 0,5 40,82 99,68 0,79 2,3 

10% MP  33.80 5.25 0,85 36,44 94,77 0,9 2,65 

20% MP  34.59 5.0 0,5 25,03 95,45 1,04 2,22 

30% MP  38.68 5.0 0,55 19,3 81,36 1,25 2,39 

40% MP 34.59 5.0 0,45 10,46 90,9 1,54 2,07 

*:  At maximum permeability 

 
The average granule size is also important to consider: The addition of micropellets into the sinter mixtures has 

led to an increase in average size prior to granulation. After granulation however, the mixtures containing higher 

amounts of concentrate (30 and 40%) showed superior granule growth with relatively higher average granule 

sizes. It can also be seen from Table 6 that the material transfer efficiencies (Ex) are generally higher for the 

mixtures containing higher amounts of concentrate as compared to those containing higher micropellet contents.  

 

Permeability is the most important parameter to consider when choosing mixtures for industrial applications. 

From that standpoint, the mixture containing 30% MP shows the highest permeability compared to the mixtures 

containing higher amounts of concentrate. It has been reported that for a mixture to have superior granulation 

potential, it is to have a higher maximum permeability and material transfer efficiency at a lower optimum 

moisture (Lwamba and Garbers-Craig, 2008; Yang et al., 2018). The 30% MP mixture shows superiority when 

it comes to maximum permeability however the 0% MP mixture shows superiority from a material transfer 

efficiency perspective. Generally, the mixtures showed a higher granulation potential (high Ex and JPU) as 

compared to the base case mixture.  
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4.2 Chemical Composition  
 
The chemical compositions of the produced sinters are reported in Table 7. Although the basicity (%CaO/%SiO2) 

was initially set to 2.2, it varied from 2.10 to 2.44. This is mainly due to the variable amounts of return fines added 

in each sinter mixture. It can also be seen that although the proportions of micropellets and concentrate were 

varied, the chemical compositions of the samples remained similar. This is because of the similarity in chemical 

compositions between the micropellets and concentrate.   

Table 7: Sinter chemical composition determined by XRF. 

  FeO Fe2O3 SiO2 Al2O3 CaO MgO K2O MnO Total  CaO/SiO2 

BC 3.5 71.63 6.26 2.12 15.25 3.88 0.29 0.57 100.00 2.44 

0% MP 6.22 72.48 6.51 2.32 13.68 4.17 0.35 0.49 100.00 2.10 

10% MP 6.57 73.22 6.41 2.12 13.45 3.96 0.35 0.49 100.00 2.10 

20% MP 5.77 73.31 6.25 2.13 13.50 3.97 0.34 0.50 100.00 2.16 

30% MP 5.69 73.11 6.40 2.21 13.43 4.03 0.33 0.48 100.00 2.10 

40% MP 2.71 72.84 6.16 2.11 13.90 4.17 0.32 0.49 100.00 2.26 

 
 
4.3 Mineralogy of the produced sinters  
 
The results reported in this section were obtained through XRD, SEM and optical microscopy. In the case of 

observing the internal structure of the sinter particles MF-XRT was used for the analysis.  

 

Major phases determined in this study include hematite, magnetite, silico-ferrites of calcium and aluminum, 

calcium silicates as well as glass. These phases were determined in various proportions depending on the 

quantity of micropellets and concentrate that was present. The melt that formed could not be successfully 

quantified by XRD analysis due to its amorphous nature. It was however chemically analyzed by SEM-EDS. The 

table of quantitative XRD analysis for the major phases is given in appendix A.2. 

 

4.3.1 XRD analysis 
 

4.3.1.1 Hematite 

 
Most of the hematite found in the sinters was mainly from the hematite ore, the NC fines A and NC fines B, which 

contained 92% and 94% hematite respectively and the concentrate which contains over 95% hematite. The 

presence of massive hematite is also due to the coarse nature of some of the ore particles obtained in the 

respective NC fines. Micropellets can also be a contributor of dense hematite in some mixtures. A massive 

hematite particle from the 0% MP sinter is shown in Figure 43. The presence of such a particle in the 0% MP 

mixture is only due to the presence of ore and not of the micropellets.  
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Figure 43: Reflected light micrograph of massive hematite particle from a 0% MP sinter particle. 
 
Not all the hematite in the sinter is the result of the addition of hematite-based raw materials, some hematite 

may have formed as a result of precipitation and oxidation of magnetite during cooling (Hapugoda et al., 2016).  

 

The amount of hematite in the produced sinters as a function of the concentrate : micropellet ratio is shown in 

Figure 44. It can be observed that the replacement of the fine concentrate with the coarse micropellet has led to 

an increase in the amount of hematite. This is mainly due to the reduction in reaction surface as the fine 

concentrate mixes better with the fluxes in comparison to the micropellets (Fan et al., 2013). 

 

 

Figure 44: Effect of micropellet to concentrate ratio on the presence of hematite in sinter. 
 
 

4.3.1.2 Magnetite   

 
Northern cape ores are high hematite containing ores, even the concentrate and micropellets were found to 

contain at least 95% hematite. The magnetite observed in the sinters therefore was the result of hematite 

reduction and precipitation from the melt during cooling. The respective proportions of magnetite in the sinters 

show a nearly opposite relationship to that shown for hematite (Figure 45 vs. Figure 44). The mixture containing 

10% MP contains the highest amount of magnetite followed by the 20% MP and 30% MP mixtures. The 40% 

MP sinter presented the lowest amounts of magnetite of the sinters that contained micropellets and concentrate. 
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This indicates that the fundamental difference in reactivity between mixtures containing the concentrate and 

micropellets as the contact between concentrate and coke facilitated the reduction.      

 

 

Figure 45: Effect of concentrate to micropellet ratio on the formation of magnetite. 
 
 

4.3.1.3 Silico-ferrite of calcium and aluminum (SFCA) 

 
The formation of silico-ferrites of calcium and aluminum has been observed as a function of the ratio between 

micropellets and concentrate (Figures 46 and 47). Industrial sinters typically contain two types of SFCAs namely 

SFCA and SFCA-I (Webster et al., 2014). The sinters produced in this study also contained these two SFCA 

phases.    

 

 

Figure 46: Effect of concentrate to micropellet ratio on the formation of columnar SFCA. 
 
The introduction of micropellets led to a decrease in the percentage of columnar SFCA as opposed to 

concentrate addition only (Figure 46). The highest amount of columnar SFCA was found in the 0% MP sinter 

while the 10% MP sinter had the lowest amount, which is however marginally lower than in the sinters containing 
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more micropellets than concentrate. The base case sinter also showed relatively high amounts of columnar 

SFCA, but less than that of the 0% MP sample.  

 

An increase can however be seen in the formation of acicular SFCA-I as micropellets replace the concentrate 

(Figure 47). It has been reported that the formation of acicular SFCA takes place during the heating stage 

however, most of the acicular SFCA crystallises into columnar SFCA and magnetite during the oxidising 

conditions of the cooling stages (Webster et al., 2012; Cai et al., 2018). This explains the existence of acicular 

SFCA in smaller quantities as compared to that of the columnar SFCA.  

 

 

Figure 47: Effect of concentrate and micropellet ratio on the formation of acicular SFCA-I. 
 
In general, SFCA, which is a primary bonding phase in iron ore sinter, formed in relatively large amounts for all 

the sinters produced. Total SFCA was the predominant phase for each sinter, with the base case sinter reporting 

the highest total amount of over 45 wt%. The 0% MP sinter had the second highest total amount of 41 wt% 

which was followed by the mixtures containing high amounts of micropellets (30% and 40% MP) both at just 

under 40 wt%, with the 10% MP sinter having the lowest total SFCA content of approximately 35 wt%.  

 

4.3.1.4 Larnite  

 
The XRD analysis of the larnite formed in the different sinters is plotted in Figure 48. It can be seen that not a 

significant quantity of larnite exists in the sinters with the highest amount being that of the base case at 6,78 

wt%. Low amounts of larnite are desirable as larnite is reported to have detrimental effects on sinter strength 

due to its transformation in crystal structure from the β-phase to the γ-phase (Cai et al., 2018). As in the case of 

acicular SFCA, the amount of larnite decreased significantly with the introduction of micropellets (from 10% MP 

to 40% MP) suggesting that as the amounts of fines decreased, reaction surface area also decreased as 

micropellets replaced the concentrate in the mixtures.  
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Figure 48: Effect of concentrate to micropellet ratio on the formation of larnite in sinter. 
 
 

4.3.2 Microstructure  
 
The sinter microstructures were observed using optical microscopy and SEM – EDS analysis.  

4.3.2.1 Optical Microscopy 

4.3.2.1.1 Base case, 0 – 40% MP sinters 

At high temperatures, the mixture of fine material attached to the nuclei particles melts and during cooling 

different mineral phases crystallizes out of the melt. Sinter quality is strongly dependent on the balance of the 

mineral phases that form during crystallization. The respective microstructures of the different sinters 

investigated are shown in Figure 49 - 54. The attachment between the relict particle and bonding phase in the 

base case sinter is shown in Figure 49a. It can be seen that the structure of the bonding phase along the relict 

particle consists mainly of SFCA and SFCA-I. The bonding phase structure, which shows a distribution of 

hematite particles and magnetite crystals suspended in a matrix comprising of a mixture of columnar and acicular 

SFCA, can also be seen in Figure 49b. The bonding phase in the 0% MP sinter (Figure 50a) is attached to an 

iron rich matrix, which is primarily composed of secondary hematite. This suggests that the fine hematite that 

was present in the mixture reduced to magnetite, which re-oxidized to form hematite. It also seems from the 

bonding structure that crystallization of these secondary iron oxides caused porosity along the rim of the relict 

material. The bonding structure in Figure 50b shows a distribution of the secondary phases suspended in a melt 

rich matrix. It can also be seen from Figure 50b that the SFCA phase in the bonding structure is primarily 

columnar as compared to the base case bonding structure. It can then be argued that the degree of material 

interaction in the 0% MP mixture was relatively higher than that of the base case mixture as a result of the 

presence of the high concentration of the fine iron ore concentrate (Debrincat et al., 2004; Mežibrický et al., 

2019). This led to sufficient fluxing between CaO and Fe2O3, facilitating melt formation. Attachment by SFCA-I 

can also be seen in Figure 51a for the 10% MP particle. The bonding phase in this instance is slightly denser 

than the base case with a wider distribution of porosity. The bonding phase structure shown in Figure 51b is 
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characterized primarily by acicular SFCA as well as magnetite particles. The attachment between the bonding 

phase and the relict particle in the 20% MP sinter differs slightly from the 10% MP mixture, however, it is similar 

to that of the base case. It can also be seen from Figure 52a that some reduction and re-oxidation took place as 

evidenced by the presence of secondary hematite along the rim of the nuclei particle. The bonding phase 

microstructure in Figure 52b is rather interesting showing a mixture of magnetite distributed across an 

SFCA/SFCA-I matrix. This behavior of crystallization of phases other than SFCA/SFCA-I was seen in the 0% 

MP and it can therefore be argued that there was a locally high amount of iron ore concentrate which facilitated 

this phenomenon. The attachment of the bonding phase to the relict particle in the 30% MP shows the same 

phenomenon as was reported for the 0% MP (Figure 53a). In this case however, the relict particle seems to 

have reduced slightly to form magnetite within the particle core. It can also be seen that not all the melt 

crystallized along the rim of the relict particle. The bonding phase structure shown in Figure 53b comprises of a 

fine network of acicular SFCA along the pore at the top right of the image. The sinter particle obtained from the 

40% MP (Figure 54Figure a) shows an attachment of a relict particle to an SFCA-I-rich bonding phase with some 

secondary hematite present. The bonding phase structure in Figure 54b consists primarily of an SFCA-I matrix 

and magnetite particles of small grain size. It can also be seen that there was a considerable lack of secondary 

hematite precipitation in the 30% and 40% MP sinter as compared to cases with relatively higher concentrate 

contents.  

 

 

Figure 49: Optical micrographs of the base case sinter. a) Attachment of bonding phase to the relict 
particle; b) Bonding phase structure. 
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Figure 50: Optical microstructure of the 0% MP sinter. a) Attachment of bonding phase to relict 
particle; b) Bonding phase structure. 
 

 

Figure 51: Optical microstructure of the 10% MP sinter. a) Attachment of bonding phase to relict 
particle; b) Bonding phase structure. 
 

 

Figure 52: Optical microstructure of the 20% MP sinter. a) Attachment of bonding phase to relict 
particle; b) Bonding phase structure. 
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Figure 53: Optical microstructure of the 30% MP sinter. a) Attachment of bonding phase to relict 
particle; b) Bonding phase structure. 
 

 

Figure 54: Optical microstructure of the 40% MP sinter. a) Attachment of bonding phase to relict 
particle; b) Bonding phase structure. 
 
 
4.3.2.1.2 Iron ore micropellet and concentrate interaction with the melt 
 
The microstructural contributions of iron ore concentrate and micropellets to the sinter microstructure were 

studied by observing the phase evolution before and after sintering. In the case of micropellets, raw micropellets 

were also fired using an infrared furnace without the addition of fluxes. This was done in order to assess whether 

the microstructural changes take place as a result of melt infiltration or not. The iron ore micropellets were 

prepared from iron ore concentrate and small additions of corn starch and Acronal® 296D acrylic (aqueous butyl 

acrylate-styrene copolymer dispersion) paint. The concentrate appears as a composite of fine hematite 

aggregates dispersed in a fine matrix (Figure 55a). Prior to firing, the micropellet consists of a fine hematite-

silica matrix and coarse hematite aggregates less than 200 microns in size (Figure 55b). The reflected light 

micrograph of the unreacted micropellet (Figure 55b) shows that there is some porosity present in the 

micropellets and this can potentially affect the reactivity of the micropellets. When the micropellets were fired in 

the infrared furnace, the matrix seems to have sintered slightly as it appears denser than the raw micropellet. 
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Figure 55c also shows the presence of skeletal hematite particles which would suggest that there was some 

reduction of hematite aggregates as well as some from the matrix. When the micropellet was coated with 

mixtures of iron ore fines, fluxes and coke, sintering took place along the rim of the micropellet whilst the core 

remained unreacted as shown in Figure 55d. This phenomenon is also reported in Figure 55 which shows a 

micropellet core surrounded by a fairly uniform rim. The fine pores in the rim suggest that there was no extensive 

melt formation around the micropellet during sintering. The dense nature of the rim also suggests that there was 

some reduction along the surface of the micropellet. The amount of reducing gas reaching the unreacted part of 

the micropellet however decreased as the film became thicker causing the core to remain unchanged. It can 

then be argued that similar to the coarse relict hematite particles, iron ore micropellets can only assimilate 

provided there are sufficient adhering fines to partially melt during sintering. The breaking down of micropellets 

during granulation however does also provide a mechanism by which they can be assimilated. Such breakdown 

however introduces fines which can negatively impact bed permeability.   

 

 

Figure 55: Optical micrographs of iron ore concentrate and micropellets. a) Concentrate; b) unreacted 
micropellet; c) fired micropellet; d) fired micropellet, which was coated with iron ore fines, fluxes and 
coke. 
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Figure 56: Iron ore micropellet obtained from the 20% MP sinter mixture showing a sintered layer and 
an unreacted core.  
  

 

4.3.2.2 SEM – EDS   

 
The electron backscatter images of the different sinters are shown in Figure 57 – 62 with the respective 

compositions of their major phases reported in Table 8 - 13. The base case microstructure is characterized by 

a large presence of hematite with patches of secondary phases as shown in Figure 57. The 0% MP sinter in 

Figure 58 is characterized by the presence of large magnetite and columnar SFCA crystals that have precipitated 

and grown from the melt during cooling as well as larnite. The crystals in this micrograph are relatively larger 

than the base case microstructure. The mineralogical makeup of the 10% MP sinter (Figure 59) is similar to that 

of the 0% MP sinter, with the exception of the secondary hematite having precipitated from the melt. In the melt 

surrounding the hematite crystal (labeled 1), there exists a lamella structure of hematite and larnite. This is 

presumably due to the fact that solubility of Fe ions in larnite decreases as it transforms from β to γ phase during 

cooling (Mulvaney, 1987). In the case of the 20% MP sinter shown in Figure 60, the SFCA appears more acicular 

rather than columnar as was seen in the case of 0% and 10% MP samples. The mixtures containing a higher 

amount of micropellets (i.e. 30% MP and 40% MP, Figure 61 and 62) are mainly characterized by more dendritic 

SFCA and less melt compared to the mixtures containing higher amounts of concentrate (i.e. 0% MP and 10% 

MP).  

  

A close similarity can be observed regarding the chemistry of hematite in the sinters. The hematite with the 

highest purity is that of the 40% MP sinter with the lowest Al2O3 content. The magnetite phase however also 

contains Mg2+ and Ca2+ in its spinel structure. In this case, a higher solubility of these ions was seen in the base 

case sinter which contained 11.23% MgO and 2.57% CaO. It can also be seen that the 40% MP also absorbed 

relatively higher amounts of MgO and CaO compared to the other sinters containing either micropellets or 
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concentrate. Despite appearing both columnar and needle-like, the SFCA phases have shown a relatively similar 

Fe-rich chemical composition. Iron oxide solubility into SFCA ranges from 64.95% (for the 20% MP) to 82.97% 

(for the 40% MP). Since K2O has a significant fluxing effect in sinter, it is typical that it would be found in the 

glassy phase. The melt in the base case sinter is characterized by its high FeO contents and presence of small 

amounts of K2O (0.5 mass%).  

 

 

Figure 57: Electron backscatter image showing the phase distribution of the base case sinter (1,2,3,4: 
Refer to Table 8).  

Table 8: Phase composition of the base case sinter (wt%). 

Material Fe-Oxide SiO2 Al2O3 K2O CaO MgO Formula 

Hematite* (1) 97.42 0.00 2.58 0.00 0.00 0.00 Fe2.09Al0.09O2.82 

Magnetite**(2) 84.03 0.00 0.00 0.00 2.57 11.23 Fe2.38Mg0.63Ca0.11O3.88 

SFCA* (3) 82.97 2.24 2.56 0.00 12.24 0.00 Fe11.48Ca2.43Si0.42Al0.56O19.11 

Larnite 0.00 36.81 0.00 0.00 63.19 0.00 Ca1.78Si0.97O4.25 

Glass** (4) 22.74 36.06 2.94 0.5 37.75 0.00 -- 

*Iron Oxide Species =  Fe2O3  
**Iron Oxide Species = FeO 
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Figure 58: Electron backscatter image showing the phase distribution of the 0% MP sinter (1,2,3,4: 
Refer to Table 9). 

Table 9: Phase composition of the 0% MP sinter (wt%). 

Material Fe-Oxide SiO2 Al2O3 K2O CaO MgO Formula 

Hematite* 95.43 0.00 4.57 0.00 0.00 0.00 Fe2.13Al0.17O2.71 

Magnetite** (1) 97.48 0.00 0.00 0.00 1.21 1.31 Fe3.02Mg0.08Ca0.05O3.84 

SFCA* (3) 71.35 8.67 4.86 0.00 15.12 0.00 Fe9.33Ca2.83Si1.53Al1.00O19.32 

Larnite (4) 0.00 37.16 0.00 0.00 62.84 0.00 Ca1.81Si1.00O4.19 

Glass** (2) 18.62 33.97 2.97 3.02 41.41 0.00 -- 

*Iron Oxide Species =  Fe2O3  
**Iron Oxide Species = FeO 

 

 

Figure 59: Electron backscatter image showing the phase distribution of the 10% MP sinter (1,2,3,4: 
Refer to Table 10). 
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Table 10: Phase composition of the 10% MP sinter (wt%). 

Material Fe-Oxide SiO2 Al2O3 K2O CaO MgO Formula 

Hematite* (1) 96.37 0.00 3.63 0.00 0.00 0.00 Fe2.00Al0.07O2.92 

Magnetite** (2) 94.85 0.00 0.00 0.00 2.07 3.08 Fe3.03Mg0.16Ca0.06O3.76 

SFCA* (3) 69.78 7.15 6.37 0.00 16.70 0.00 Fe8.18Ca2.80Si1.12Al1.16O20.75 

Larnite (4) 0.00 35.77 0.00 0.00 64.23 0.00 Ca1.73Si0.90O4.37 

Glass** (5) 18.31 43.88 4.21 2.05 29.94 1.62 -- 

*Iron Oxide Species =  Fe2O3  
**Iron Oxide Species = FeO 
 

 

 

Figure 60: Electron backscatter image showing the phase distribution of the 20% MP sinter (1,2,3: 
Refer to Table 11). 

Table 11: Phase composition of the 20% MP sinter (wt%). 

Material Fe-Oxide SiO2 Al2O3 K2O CaO MgO Formula 

Hematite* 97.69 0.00 2.31 0.00 0.00 0.00 Fe2.20Al0.08O2.72 

Magnetite** (1) 95.96 0.00 0.00 0.00 1.06 2.98 Fe2.73Mg0.49Ca0.04O3.75 

SFCA* (2) 64.95 10.44 5.34 0.00 19.27 0.00 Fe8.18Ca2.80Si1.12Al1.16O20.75 

Larnite 0.00 35.94 0.00 0.00 64.06 0.00 Ca1.82Si0.96O4.23 

Glass** (3) 14.63  36.67 7.11 1.43 37.40 1.97 -- 

*Iron Oxide Species =  Fe2O3  
**Iron Oxide Species = FeO 
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Figure 61: Electron backscatter image showing the phase distribution of the 30% MP sinter (1,2,3,4: 
Refer to Table 12). 

Table 12: Phase composition of the 30% MP sinter (wt %). 

Material Fe-Oxide SiO2 Al2O3 K2O CaO MgO Formula 

Hematite* (1) 98.82 0.00 1.18 0.00 0.00 0.00 Fe2.05Al0.04O2.91 

Magnetite** 93.93 0.00 0.00 0.00 0.00 6.07 Fe2.72Mg0.36O3.92 

SFCA* (2) 73.68 7.34 4.00 0.00 14.98 0.00 Fe9.78Ca2.85Si1.31Al0.84O19.23 

Larnite (3) 0.00 36.27 0.00 0.00 63.73 0.00 Ca2.06Si1.05O3.88 

Glass** (4) 17.51 38.98 3.54 3.79 35.54 0.63 -- 

*Iron Oxide Species =  Fe2O3  
**Iron Oxide Species = FeO 

 
 

 

Figure 62: Electron backscatter image showing the phase distribution of the 40% MP sinter (1,2,3,4: 
Refer to Table 13). 
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Table 13: Phase composition of the 40% MP sinter (wt%). 

Material Fe-Oxide SiO2 Al2O3 K2O CaO MgO Formula 

Hematite* 99.14 0.00 0.86 0.00 0.00 0.00 Fe1.97Al0.03O3.00 

Magnetite** (1) 91.44 0.00 0.00 0.00 2.09 6.47 Fe2.49Mg0.35Ca0.08O4.08 

SFCA* (2) 72.52 8.39 3.35 0.00 15.74 0.00 Fe8.39Ca2.60Si1.29Al0.60O21.13 

Larnite (3) 0.00 35.61 0.00 0.00 64.39 0.00 Ca1.88Si1.04O4.08 

Glass** (4) 17.99  38.51 2.50 2.24 38.76 0.00 -- 

*Iron Oxide Species =  Fe2O3  
**Iron Oxide Species = FeO 

 

4.3.2.3 Micro focus X-ray micro tomography  

 
The -25+16 mm sinter particles were observed through MF-XRT and the results are shown in Figure 63. It can 

be seen that the base case sinter and 0% MP sinter appear denser compared to the sinter containing 40% MP. 

The presence of the fine concentrate can be argued to have played a major role in facilitating the agglomeration 

of sinter as evidence also by dense regions of the 10, 20 and 30% MP sinters. The sinter containing 40% MP 

shows a significant number of open pores suggesting that during thermal densification there was less 

crystallization of phases out of the melt rather, crystallization of a porous phase (such as acicular SFCA). The 

base case sinter is also denser because it had slightly more adhering fines (-0.5 mm) than the 40% MP.  

 
 

 

Figure 63: Internal structures of the different sinter particles observed through tomography analysis a) 
Base Case; b) 0% MP; c) 10% MP; d) 20% MP; e) 30% MP; f) 40% MP. 
 

One aim of the MF-XRT analysis was to observe the interaction of micropellets with the bonding phases as well 

as other nuclei. It can be seen that most of the relict particles appearing on the tomograms of the sinter particles 

are mainly the ore particles and not micropellets (Figure 63). This is an important observation since the 

micropellets were added as spherical particles and it can be that they have been assimilated into the melt during 
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thermal densification. As it was previously explained in Figure 40, the addition of moisture during granulation led 

to some degradation of micropellets which caused them to breakdown in the sinter bed. The breakdown of the 

micropellets exposed them to be completely absorbed in the melt during sintering. This is because little to no 

micropellets were observed during SEM and optical microscopy analysis. Cracks in the micropellets (reported 

in Figure 39) might have also played a part in the assimilation of micropellets during thermal densification.  

 

4.4 Sinter Properties  
 
Sinter properties that were examined in this study were the production rate, tumble strength, reduction 

disintegration and reducibility.  

 

4.4.1 Production Rate  
 
The effect of the addition of micropellets and concentrate on the production rate can be seen in Figure 64. The 

data points plotted are average values of three sinter pot tests with one standard deviation calculated for the 

error bars (1σ). The base case samples showed lower sinter times compared to all the other sinters. It can be 

deduced that the variation of micropellet : concentrate ratio did not have a significant impact on the production 

rate. However, the production rate of the base case sinter is significantly higher than those of the mixtures of 

micropellets and concentrate.  

 
 

 

Figure 64: The influence of micropellet and concentrate addition on the production rate.  
 
The relation between production rate and permeability (Figure 27) was not observed. The granulated base case 

mixture had the lowest permeability but the highest production rate (Figure 64). Table A.8 in Appendix A.3 shows 

the significant decrease in production rate was mainly due to increase production time when micropellets and 

concentrate were introduced in the sinter mixtures. 
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4.4.2 Tumble Index  
 
The effect of iron ore concentrate and micropellet addition on the tumble index is shown in Figure 65. All the 

sinters had a tumble index that exceeded the minimum industry required value of 70%. The variation in tumble 

index between the six evaluated sinters is low. The tumble index dropped slightly with the addition of iron ore 

concentrate. The introduction of micropellets increased the average tumble index however this increase was 

also slight (0.5% higher than the base case). The highest average tumble index was that of the 20% MP sinter 

and it was only 1.1% more than the base case sinter. The 30% MP sample presented the sinter with the lowest 

tumble index which was however 0.5% less compared to the base case. Standard deviations of the tumble 

indices indicate that the introduction of iron ore concentrate and micropellets does not have a significant impact 

on sinter strength.  

 

 

Figure 65: The influence of micropellet and concentrate addition on tumble index. 
 
 

4.4.3 Reduction Disintegration Index 
 
The effect of iron ore concentrate and micropellet addition on the Reduction Disintegration Index is shown in 

Figure 66 - 68 for -6.3, -3.15 and -0.5 mm fractions respectively. The addition of iron ore concentrate and 

micropellets to the sinter mixture generally increased the amount of fines formed during reduction. The 0% MP 

sinter reported a -6.3 mm fraction of 32.1% which increased to 33.4% when the 10% MP was introduced. 

Increasing to 20% MP however resulted in the RDI dropping which continued up to the 40% MP sinter. The RDI-

6.3 mm for the 40% MP sinter was even slightly lower than that of the base case sinter. The sinters containing high 

amounts of concentrate (i.e. 0% MP and 10% MP) however reported lower amounts of -3.15 and -0.5 mm fines 

compared to both the base case and sinters containing more micropellets. All the sinters however, exceeded 

the industry required limits on the RDI-3.15 mm and RDI-0.5 mm. 
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Figure 66: Impact of micropellet and concentrate addition on -6.3 mm disintegration index. 

 

 

Figure 67: Impact of micropellet and concentrate addition on -3.15 mm disintegration index. 
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Figure 68: Impact of micropellet and concentrate addition on -0.5 mm disintegration index. 

 

4.4.4 Reducibility Index 
 
The effect of iron ore concentrate and micropellet addition on the reducibility of the sinter was also studied and 

the results are plotted in Figure 69. The RI of the sinters that contained concentrate and micropellets did not 

differ significantly from that of the base case sinter, with RI values ranging between 1.5 and 2 %min-1. It can be 

seen that the 0% MP sinter reported a slightly higher reducibility which however dropped when the 10% MP was 

introduced. The reducibility index increased with the addition of 20% MP followed by a decrease in the RI’s of 

the 30% and 40% MP sinters.  

 

 

Figure 69: The impact of micropellet and concentrate addition on the reducibility index.  
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Chapter 5 
Discussion of results 

5.1 Granulation 

The mean granule size before granulation increased when the quantity of micropellets was increased, as was 

expected. After granulation however it was found that the 10% MP mixture which contained 33.60 mass% 

particles in the -0.5 mm fraction prior to granulation resulted in the coarsest granules after granulation. The 

mixture that contained 40% MP had the lowest mean granule size after granulation despite being the coarsest 

prior to granulation. Together with a variation in material transfer and granule growth, there was some decrease 

in the thickness of adhering fines as micropellets replaced concentrate in the sinter mixtures. This means that 

auto layering was less extensive as the amount of concentrate decreased. Coalescence layering however, was 

relatively similar in both the 0% and 10% MP mixture. It does appear therefore that a significant quantity of 

concentrate must be present to provide material for coalescence to occur.     

  

5.2 Correlation between mineralogy and granulation  

In order to understand the effect of iron ore concentrate and micropellets addition on the mineralogy of the sinter, 

the particle size has to be taken into consideration. This is due to the fact that by varying the ratio between the 

concentrate and micropellets only varied the size of the iron ore source and not the chemical compositions of 

the starting mixtures, since the micropellets were produced from concentrate. The increase in hematite content 

and decrease in magnetite content with increasing amount of micropellets can be explained by the increase in 

mean particle size before granulation. This resulted in a decrease in surface contact between the coke, fluxes 

and hematite in the micropellets. Despite having the highest mean granule size, the 10% MP sinter had the 

highest amount of magnetite, lowest amounts of SFCA and SFCA-I, but also low amount of larnite. This was 

presumably due to the coalescence layering mechanism reported by Nyembwe et al., (2016b), which suggests 

that during granulation, a coagulation of fines from the concentrate in the presence of moisture would lead to 

the formation of granules without the presence of a core (Nyembwe et al., 2016b).  

 

According to Webster et al. SFCA-I can form prior to melt formation as a result of the reaction between Fe2O3, 

calcium ferrites and SiO2, and decompose upon melt formation into Fe2O3 and melt. Although upon cooling 

SFCA-I forms again, it is short lived as further reaction with the melt leads to the formation of SFCA (Webster et 

al., 2014). This is particularly important because the 0% MP sinter which has a relatively high mean granule size 

had the highest amount of SFCA. This suggests that the granules formed from this mixture were sufficiently 

fluxed to allow for melt formation and the cooling was sufficiently slow to allow for the crystallization of SFCA. 

Based on the increasing SFCA-I content as the micropellet content was increased, it can be argued that the 

degree of melt formation decreased. This can also be seen from the decrease in larnite which normally 
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precipitates from silica rich parts of the melt (Mulvaney and Survey, 2015; Hapugoda et al., 2016). Since SFCA-

I is mostly stable during the heating stage, those sinters containing high concentrations of SFCA-I suggest that 

not a large amount of melt remained.  

 

The sinter microstructure for the different sinter mixtures can be explained by considering the different layering 

mechanisms that took place during granulation. It can be said that the microstructure of sinter particles is highly 

dependent on the composition of the quasi-particles that packed the sinter bed. The microstructure of the base 

case sinter is a result of group I layering (auto layering) which was the only layering mechanism during 

granulation. In the case of the 0% MP sinter however, coalescence layering came into effect which resulted in 

iron ore concentrate rich quasi-particles. This explains the melt dispersion across the bonding phase structure. 

Despite coalescence in the 0% MP, fines rich in iron ore concentrate attached to coarse ore particles during auto 

layering which resulted in some secondary hematite precipitation along the ore particles. When the concentrate 

was still in relatively large quantities as in the case of the 10% MP sinter, there was still some slight precipitation 

of secondary hematite along the bonding phase structure attached to the ore particle. The presence of secondary 

hematite fragments in the case of the 20% MP bonding phase structure is quite peculiar since the amount of 

concentrate in the fines was lower than that of the 10% MP. The abrasion of micropellets and disintegration due 

to moisture during granulation are also a source of iron ore concentrate and this could have led to increased 

concentrate levels in some parts of the bed. Although the amount of fine concentrate was relatively lower in the 

30% MP sinter, auto layering resulted in extensive reaction between the melt and unreacted hematite. This is 

clear when considering the presence of secondary hematite, magnetite as well as melt together with the SFCA 

matrix.  

 

There was some auto layering on the micropellets during granulation. However, their smoothness and spherical 

shape make it difficult for some fine material to attach, which then resulted in less precipitation of phases such 

as SFCA/SFCA-I. The general reactivity of the micropellets in sinter mixtures is however masked by their 

disintegration during granulation. Tomographs of green micropellets show that deformed micropellets promoted 

auto layering, spherical micropellets however contributed less to the picking up of adhering fines.  Some 

micropellets were also identified to have broken off from the sinter particle all together. The inability to identify 

micropellets in the sinter micrographs (both SEM and light microscopy) also indicates that micropellets did not 

play an active role of acting as seeds for quasi-particle development. It can therefore be argued that micropellets 

cannot provide a potential seed for the growth of quasi-particles without modifying their surface properties or 

preventing them from disintegration during granulation and sintering.  

 

 

      

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

64 

5.3 Correlation between the mineralogy, properties and structure of the sinter  

 
Although the XRD results show slight variations in the amounts of crystalline phases formed in the different 

sinters, little difference in mechanical properties at room temperature was observed. The TI of sinters that contain 

concentrate, micropellets or a combination of concentrate and micropellets, are similar to the TI of the base case 

sinter. The change in measured sinter strengths (TI) does not correspond to the change in the SFCA content of 

the sinter. Optical micrographs also show that the bonding phase structures of the sinters containing higher 

quantities of micropellets consisted primarily of fine SFCA. However, they had similar tumble indexes as sinters 

with denser bonding phase structures. These TI’s can be explained by considering the fact that the sinters were 

of similar chemical composition and that MF-XRT revealed nearly similar geometries.   

 

The RI also remained fairly constant (at acceptable levels exceeding 1% / min) despite varying the concentrate 

and micropellet quantities. This indicates that the granule size distribution of the mixtures did not play a 

significant role in reduction. It can be reasoned that since the chemical compositions of the sinter mixtures were 

similar, their reducibility indices would be similar.   

 

RDI-3.5 mm and RDI-0.5 mm increased significantly for sinters prepared from micropellets and concentrate. There 

was also an abrupt increase in RDI-3.5 mm for the sinters which implies that sinters with higher proportions of 

micropellets tend to produce more fines compared to sinters containing higher proportions of concentrate. The 

RDI-0.5 mm also indicates a similar phenomenon. In general, mixtures with micropellets resulted in larger amounts 

of fines produced compared to the base case. The RDI-3.5 mm and RDI-0.5 mm also exceeded the acceptable limits 

of 30% and 5% respectively. It can be argued that with the increasing amounts of fines as micropellets and 

concentrate are added, there is somewhat a significant binding failure at or near the surface of the sinters. The 

decrease in the -6.3 mm fraction however also shows that although binding failure is there, the sinters have 

relatively sound structural integrity. Observing the increase in both -3.15 mm and -0.5 mm when micropellets 

are increase, it can also be argued that the binding for low micropellet sinters is more effectively and more 

localized. This would explain the peculiarity of the high -6.3 mm fraction for the 0% and 10% MP sinters.   
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Chapter 6 
Conclusions 

The main focus of this study was to assess the viability of utilizing iron ore concentrate and micropellets as sinter 

feed. Sinters were produced from mixtures containing different proportions of iron ore concentrate and 

micropellets. The micropellets were produced from the iron ore concentrate. The granulation properties of the 

sinter mixtures were evaluated, as well as the chemical, mineralogical, structural, strength and metallurgical 

properties of the produced sinters. From the study it was established that:  

• During granulation micropellets can deform, disintegrate or maintain their smooth and spherical nature. 

Those that deformed seem to have taken part in auto layering, those that disintegrated formed part of 

the fines and those that maintained their shape contributed little to the formation of quasi-particles.  

• Apart from auto layering (Gr I layering), two other granulation mechanisms were observed from the 

addition of iron ore concentrate and micropellets namely; coalescence (Gr II) and adhesion of 

micropellets (Gr IV). Coalescence was observed in the 10% MP mixture (containing 10% micropellets 

– 30% concentrate) and was associated with the pelletization of the concentrate during granulation. The 

adhesion of micropellets was observed in the 40% MP mixture (containing 40% micropellets – 0% 

concentrate). It was also determined that the micropellets did not act as nuclei during auto layering as 

most quasi-particles contained ore particle nuclei.   

• Material transfer efficiencies in excess of 94% was achieved during the granulation of the raw material 

mixtures that contained 0, 10 and 20% micropellets (40, 30 and 20% concentrate). 

• Although the 40% MP mixture contained the highest mean particle size before granulation, the 10% MP 

sample had the highest mean granule size after granulation.  

• Auto layering seem to have taken place in a fairly consistent manner across the sinter mixtures with the 

only exception of the 0% MP mixture which showed a thick layer of adhering fines attached to nuclei. 

Despite this, mixtures containing high concentrate quantities did show considerable quasi-particle 

growth.  

• The addition of iron ore concentrate and micropellets to the sinter mixture resulted in a considerable 

increase in permeability. Maximum permeability was achieved when 30% micropellets and 10 % 

concentrate was used in the granulation mixture (30% MP). 

• The hematite content in the sinter increased when the iron ore micropellets replaced the fine 

concentrate. This was attributed to a decrease in reaction surface area as the mean granule size of the 

sinter mixtures before granulation decreased.  The sinter produced from the mixture that contained the 

highest amounts of concentrate (0% MP) had the highest SFCA content as a result of a higher reactivity 

between the concentrate and fluxes. This is consistent with what has been reported by Fan et al., (2013). 

• The base case sinter as well as the 0 and 20% MP sinters appeared denser than the 10, 30 and 40% 

MP sinters as shown by tomography. Micropellets in any of the sinters could not be identified.   
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• The addition of iron ore concentrate and micropellets resulted in a significant drop in sinter production 

rates.  

• The addition of iron ore concentrate, micropellets and mixtures of concentrate and micropellets did not 

significantly affect sinter strength as the produced sinters had similar tumble indexes to the base case 

sinter. These values were however higher than the minimum Tumble Index specified by industry of 70%.  

• The introduction of iron ore concentrate and micropellets resulted in a general increase in the amount 

fines that form due to reduction degradation. It was seen that sinters containing high amounts of 

micropellets experienced a more severe degradation due to the inability of the micropellet to properly 

assimilate during sintering. Compared to industry standards, the sinters produced performed fairly 

poorly in terms RDI with all them showing over 5% fines (-0.5 mm) and over 30% fines for the -3.5 mm 

fraction.  

• Reducibility remained fairly consistent across all the sinters (incl. base case) and all of them were higher 

than industry specifications of 1%/min.   

• The addition of iron ore concentrate and micropellets resulted in a significant drop in production rate 

compared to the base case. The production rate also remained constant for the mixtures containing the 

concentrate and micropellets.  

 

From this study, it was observed and concluded that the role of micropellets in the sinter mixtures studied was 

similar to that of the fine iron ore concentrate. It would seem in this instance rather viable to only use iron ore 

concentrate as feed due to its lower production cost. For purposes of developing coarse sinter mixtures however, 

thorough considerations must be made into improving the integrity and surface characteristics of micropellets. 

This would include using binders that are more water phobic to prevent excessive wetting and disintegration of 

the green pellets. Since water plays an important role in the general quasi-particle formation, a careful balance 

would then be required to avoid preventing the micropellets from attaching to the rest of the mixture. Addition of 

lime can also be attempted in order to improve micropellet strength.   
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Appendix 

 
 
A.1 Granulation Data 
 
Calculations of gain/loss, material transfer and material transfer efficiency were carried out using the particle 
sizes distribution of the sinter mixtures. X was read off the gain/loss graphs. 
     

Table A1: Granulation data for the base case sinter mixture. 

Size (mm) Mass % (BG) Mass % (AG) %Gain/Loss 

4 29.63 34.43 4.80 

2 31.63 41.90 10.27 

1 18.14 19.79 1.65 

0.5 6.99 3.62 -3.37 

0.35 13.60 0.26 -13.35 

    

X  0.8 mm  

S  16.71 %  

EX 81.18 %  

 

Table A2: Granulation data for the 0% MP sinter mixture. 

Size (mm) Mass % (BG) Mass % (AG) %Gain/Loss 

4 19.29 34.71 15.42 

2 21.95 39.20 17.25 

1 12.96 21.35 8.39 

0.5 4.86 4.62 -0.24 

0.35 40.95 0.12 -40.82 

    

X  0.5 mm  

S  40.82 %  

EX 99.68 %  

 
  

Table A3: Granulation data for the 10% MP sinter mixture. 

Size (mm) Mass % (BG) Mass % (AG) %Gain/Loss 

4 21.97 39.12 17.15 

2 25.14 44.13 18.99 

1 13.83 14.73 0.90 

0.5 4.86 1.95 -2.91 

0.35 33.60 0.07 -33.53 

    

X  0.85 mm  

S  36.44 %  

EX 94.77 %  
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Table A4: Granulation data for the 20% MP sinter mixture. 

Size (mm) Mass % (BG) Mass % (AG) %Gain/Loss 

4 21.97 39.12 17.15 

2 25.14 44.13 18.99 

1 13.83 14.73 0.90 

0.5 4.86 1.95 -2.91 

0.35 33.60 0.07 -33.53 

    

X  0.50 mm  

S  25.03 %  

EX 95.45 %  

 

Table A5: Granulation data for the 30% MP sinter mixture. 

Size (mm) Mass % (BG) Mass % (AG) %Gain/Loss 

4 27.36 38.37 11.02 

2 31.53 38.59 7.05 

1 15.58 18.62 3.05 

0.5 4.86 4.13 -0.72 

0.35 18.86 0.28 -18.58 

    

X  0.55 mm  

S  19.30 %  

EX 81.36 %  

 

Table A6: Granulation data for the 40% MP sinter mixture. 

Size (mm) Mass % (BG) Mass % (AG) %Gain/Loss 

4 30.04 31.62 1.58 

2 34.73 39.48 4.75 

1 16.45 20.73 4.28 

0.5 4.86 7.12 2.26 

0.35 11.51 1.05 -10.46 

    

X  0.45 mm  

S  10.46 %  

EX 90.09 %  
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A.2 XRD Data 
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Table A7: Quantitative XRD analysis for the sinters produced. 

Mixture Hematite Magnetite SFCA SFCA-I Larnite Total 
Base case 30.70 (0.69) 17.08 (0.57) 35.48 (2.04) 9.96 (1.62) 6.78 (1.08) 100 

0% MP 22.77 (0.57) 29.84 (0.63) 37.71 (1.59) 3.44 (1.05) 6.24 (0.72) 100 

10% MP 22.14 (0.69) 38.34 (0.96) 30.07 (2.01) 5.33 (1.86) 4.12 (0.75) 100 

20% MP 25.38 (0.69) 32.81 (0.93) 32.65 (1.56) 4.38 (1.44) 4.77 (0.81) 100 

30% MP 24.89 (0.69) 31.73 (0.81) 32.99( 1.59) 6.32 (1.32) 4.07 (0.72) 100 

40% MP 30.37 (0.69) 25.40 (0.66) 31.87 (1.68) 7.92 (1.44) 4.44 (0.69) 100 

(x.xx) = 3 σ error  
 

A.3 Production Rate Data 
 

Table A8: Production rate data for the sinters produced. 

Sinter  Time  Std Dev Minus 5 (%) 

Base Case  20.90 2.19 32.79 

0% MP  27.87 1.06 34.61 

10% MP  28.53 1.00 31.68 

20% MP  30.16 1.97 33.05 

30% MP  28.35 0.48 32.87 

40% MP  27.30 0.90 36.24 
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