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1. Introduction 

 Mineral processing and importance of texture 

Mineral processing is known for many decades and researchers have done many efforts to develop it over 

time. Comminution is one of the most important parts of the mineral processing chain, but also the most 

energy-demanding. Between 30 to 70 % of the mining operation costs are related to ore comminution 

(Wills & Finch, 2016). In comminution, the objective is to reduce the size and liberate the valuable minerals 

from the gangue minerals to be separated in further downstream processing steps. Usually, particle size 

and particle grades are the parameters of interest. For effective concentration and for increasing the 

quality of the final concentrate, complex mineral particles must break into the different simpler mineral 

phases so they can be enriched in downstream processing.  

When grinding is the subject of research, the fundamental relations for characterizing comminution 

behavior need to be discussed. Parameters like grindability, work indices, and reduction ratio as well as 

modelling approaches like population balance models are the most relevant ones, which are obtained 

experimentally.  

Another important definition in comminution process design is mineral liberation. The size at which most 

of the valuable minerals get liberated from the gangue determines the degree of comminution. If minerals 

are not liberated, either valuable mineral may end up in the tailings (loss in recovery) or the gangue 

minerals go to the concentrate, which will decrease the final product quality (loss in grade).  

By combining mineral liberation information with the comminution parameters, the optimal conditions 

can be examined a priori. However, there remains a challenge since mineral composition and texture 

information (e.g. the mineral grain size) have not been sufficiently used to investigate and optimize the 

comminution process. From a mineral processing and geometallurgical point of view, it is the topic of 

interest to investigate the relationship between mineral texture, grindability, and breakage rate. It has 

been reported that the operational conditions affects mineral liberation (Apling & Bwalya, 1997; Garcia, 

Lin, & Miller, 2009; Hoşten & Özbay, 1998; Xu, Dhawan, Lin, & Miller, 2013). 

Hamid and co-workers (2018), found that using high pressure grinding rolls (HPGR) in combination with 

ball mill grinding decreased the particle size distribution of materials and therefore, liberation of minerals 

increased (Hamid et al., 2018). Apling and Bwalya (1997) have found that using different crushing and 

grinding routes, will increase the mineral liberation significantly at even coarser particle size distribution 

(Apling & Bwalya, 1997). 

Despite these findings, other investigations have shown that the liberation improvement does not depend 

on the comminution machine (Andreatidis, 1995; Manlapig, Drinkwater, Munro, Johnson, & Watsford, 

1985; Vizcarra, Wightman, Johnson, & Manlapig, 2010). Andreatidis found that the liberation is 

independent of the ore texture (Andreatidis, 1995). On the other hand, Bérubé and Marchand found that 

liberation depends on the textural characteristics of minerals and can vary within the same ore body 

(Bérubé & Marchand, 1984).  
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All in all, there are different factors affecting on mineral liberation including grinding conditions and 

material properties. In this thesis, the effects of mineral texture on mineral liberation are investigated.  

 

 Background and objectives 

From the geometallurgical point of view, it is the topic of interest to investigate the relationship between 

mineral texture, grindability, and the breakage rate. The term ‘ore texture’ can be defined in several 

different ways depending on the context of its uses.  

Different textural parameters such as grain size and grain shape, crystallinity, grain boundary relations, 

grain orientations, fractures, veinlets etc. influence the processing of ores. But mineral grain size and the 

bonding between the mineral grains are the main features that influence ore breakage and mineral 

liberation (Petruk, 2000). Understanding the process mineralogy of an ore is a key parameter in 

developing a process flowsheet or optimizing an existing plant. If the ore is more complex or has multiple 

ore textures, this understanding becomes more essential in order to manage the variable parameters 

through blending or optimization of processing parameters. 

Various attempts have been made to classify ore textures considering the ore’s influence on further 

processing characteristics. Butcher (2010) used the grain size distribution of minerals and categorized 

them within rocks as equigranular or inequigranular. If mineral phases have grains of almost similar size, 

they are equigranular and if the grains have a broader size distribution, they are inequigranular. The effect 

of equigranularity on designing a processing flowsheet could result in the selection of different grinding 

and separation equipment in comminution circuits (Alan Butcher, 2010). 

The influence of rock texture on mineral processing behavior has been recognized as an important  factor 

by many authors (Becker, Brough, Reid, Smith, & Bradshaw, 2008; Bojcevski, 2004; Pirard et al., 2008; 

Triffett & Bradshaw, 2008; VAN HINSBERG, 2008). Bonnici and co-workers (2008), discussed the 

implications of textures in mineral processing and used tools of quantitative mineralogy to understand 

the metallurgical behavior of the ore(Bonnici, Hunt, Walters, Berry, & Collett, 2008).  

Particle texture has an important effect on both concentrate grade and recovery. In fact, mineralogy and 

texture will define the theoretical grade-recovery curve for a feed. Theoretical grade-recovery curves 

generated based on the mineralogy and texture can indicate the maximum achievable grade and recovery 

for a given feed ore at a defined operating point. In practice, the grade-recovery curve (Figure 1) could be 

a result of changing in feed texture consequently liberation or the operating conditions of the process. 

The theoretical grade-recovery curve sets a fundamental limit that no matter whether the plant conditions 

(like reagents, pH etc.) change, the grade-recovery cannot improve beyond this curve. This limitation is 

due to the mineralogy of the feed ore and particularly related to liberation and exposed surface area, i.e. 

by increasing the mineral liberation, the grade-recovery curve can be improved (Cropp, Goodall, & 

Bradshaw, 2013).  

Particles with only valuable minerals and complex (locked) particles can increase the grade and recovery 

respectively (Figure 1, left side). If the grade or the recovery is less than the theoretical, then operational 

conditions may be changed to improve this (right side).  
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Figure 1 Left: ore texture defines the theoretical grade recovery curve. Right: Theoretically, 
grade/recovery cannot go above this curve. If grade/recovery is below the theoretical curve (1), 

operational condition must be changed. For achieving the grade/recovery above this curve (2), liberation 
or mineral free surface should be increased.(Cropp et al., 2013) 

Cropp and co-workers (2013) listed the mineralogical condition that affect copper grade-recovery. Factors 

like fine-grained copper minerals, locked copper composite minerals, and surface coated valuable 

minerals are directly related to the texture of particles. Fine-grained minerals have lower probability of 

bubble-particle collision and can therefore end up in the tailings. Locked composite minerals have the 

same chance to go either to the concentrate or the tailing while valuable minerals coated with gangue 

can go to the tailing and cause decrease in mineral recovery. (Cropp et al., 2013).  

The breakage process of a particle depends on its nature and the type of applying the load (Errol G Kelly 

& Spottiswood, 1982). For an ore particle, the texture of the particle appears to be the important part. On 

the other hand, the way the load is applied determines the breakage mechanism within an ore (Errol G 

Kelly & Spottiswood, 1982). Tøgersen and co-workers (Tøgersen, Kleiv, Steinar Ellefmo, & Aasly, 2018), 

found a relation between mineralogy, texture and surface hardness and used these parameters to 

evaluate the grindability. According to them (for that specific mineral samples), when the grain size 

increases, surface hardness decreases and grindability increases. Mwanga and co-workers (A. Mwanga, 

Parian, Lamberg, & Rosenkranz, 2017) reported that when the particle size reaches the grain size of the 

main mineral, the particle breakage rate decreases. In fact, further breakage after this size does not 

increase the mineral liberation. Various authors have recognized the relationship between grain size and 

mineral liberation (Craig, Vaughan, & Hagni, 1981; Gaspar & Pinto, 1991; Jones, 1987) which underlines 
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the important role of mineral grains. To conclude this section, the literature identifies the relation 

between the rate of particle breakage and the process for particle fragmentation during breakage to 

texture and breakage mechanism. 

This study aims to investigating whether there are any relationships between textural parameters of 

mineral ores like grain size and mineral association with ore grindability and mineral breakage. The 

hypothesis of this study is that variation in mineral grain size can affect the grinding properties of the ore. 

For this purpose, different ores have been chosen to be tested.  

At first, samples were categorized in three different grain sizes based on visual appearance. Using cutting 

tools, sections of rocks were prepared and investigated under optical microscope. Samples were 

categorized in fine, medium and coarse grain sizes ranges. Using a jaw crusher and laboratory screens, all 

samples were crushed and sieved to reach a initial particle size below 3.35 millimeters. Breakage rate and 

grindability were estimated using laboratorial grinding tests. In order to study the variation of grinding 

parameters with particle size, all samples were tested using narrow feed size distributions. 

For the breakage rate, first order kinetics were applied. Using Austin’s breakage model, different 

parameters of breakage model were extracted. These parameters could be machine dependent and/or 

material dependent.  

For investigating textural parameters, SEM images were taken. Using image analysis tools mineral 

liberation and association were calculated. Mineral associations as a textural parameter were considered 

to have some effect on breakage mechanism and grindability. Therefore, the relationship between 

mineral associations and grindability has been studied. 

For the rate of breakage modeling, it was assumed that first order kinetics are an appropriate model for 

all samples. Using Austin’s model that was fitted to data, model parameters were extracted. Variation of 

these parameters was then investigated through different samples.  
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2. Review of comminution theory 

Ore materials break with different patterns when they are subjected to mechanical stress. Depending on 

the ore type, grades of minerals, size of crystals and associations between the minerals, the ore can have 

different progeny particles after breakage. Not only the type of progeny particles varies but also the mass 

distribution of these particles can be different. The main breakage patterns with their progeny 

distributions are described in following chapter.  

 Breakage patterns in comminution 

When the ore is subjected to stress, depending on material characteristics and the type, magnitude and 

rate of stress, different breakage mechanisms may occur. Main breakage patterns are categorized into 

three categories: Shattering, cleavage, and attrition (Herbst & Fuerstenau, 1980; R. Peter King, 2012; 

Tavares & King, 1998) . 

2.1.1 Shattering 

This fracture mechanism happens when rapid compressive stress or impact is applied (Ozcan & Benzer, 

2013). The process is unselective, and the product will be in a wide range of sizes (Figure 2). The 

occurrence of multiple fracture processes will cause that progeny particles are subject to further 

breakage. The shattering process consists of not just one fracture step, but a series of steps. In these steps, 

the parent particle is fractured, and this is followed by the sequential fracturing of successive generations 

of daughter fragments until all the energy available for fracture is dissipated. These successive fractures 

take place in very rapid succession and, on the macro time scale, they appear to be one event. Shattering 

is the most common mode of fracture that occurs in industrial autogenous, rod and ball mills (R. Peter 

King, 2012). 

 

 

Figure 2 Fracture mechanism of the particles, shatter (R. Peter King, 2012) 

A shattering mechanism can occur with high loading rates under tensile conditions. In this situation, the 

crack velocity reaches a maximum, i.e. by splitting into two branches, the energy can be dissipated. The 

crack bifurcation happens again and again (E. G. Kelly & Spottiswood, 1990). This situation can be 

envisaged under either pure impact conditions or compressive stresses. 
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2.1.2 Cleavage 

Cleavage happens when the original solid has several preferred planes along which fracture is likely to 

occur. In the single particle fracture situation, this mechanism of fracture will produce several relatively 

large fragments that reflect the grain size of the mother particle with much finer particles that originate 

at the points where the stress is applied (Figure 3). The product particle size distribution is relatively 

narrow but will often be bimodal or even multi-modal (E. G. Kelly & Spottiswood, 1990). 

 

 

Figure 3 Fracture mechanism of the particles, cleavage(R. Peter King, 2012) 

Kelly and Spotswood (1990) used the energy rate applied to a particle for cleavage description. If the 

energy is slowly applied to a single (relatively large) particle, then primary fracture can occur just after the 

weakest flaw is overloaded. The resulting fracture will cause unloading of the product particles, and the 

size distribution will be a few particles of size close to that of the original one. Such a fracture is best 

described as the cleavage. 

2.1.3 Attrition  

Attrition is favorable to happen when the particle is large, and the stresses are not large enough to cause 

a fracture. This often happens in autogenous mills where big particles are used as grinding media. In 

attrition, there is a process called the birth process in which the size of the parent particle hardly changes, 

but the process generates several particles that are much smaller than the parent size. Basically, the 

parent particle moves across the size class to the size class below. This behavior is reflected in the 

population balance models for AG mills (R. Peter King, 2012). 

 

 

Figure 4 Fracture mechanism of the particles , attrition(R. Peter King, 2012) 
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2.1.4 Particle size distribution after breakage 

In attrition, the particle size density distribution for the daughter particles shows a distinct peak at the 

small sizes, which is well separated from the peak generated by the residual parent particles. The two 

peaks are separated by a range of sizes that contains nearly no particles. In the case of cleavage, there are 

also two peaks, one at medium size particles and one at near parent size particles, which are close to each 

other. In the case of shattering, there is no distinguishable peak in particle sizes. All particle sizes have the 

same chance to happen. The particle size distributions for the different breakage mechanisms are shown 

in Figure 5. 

 

 

Figure 5 Particle size distribution for all breakage mechanisms (R. Peter King, 2012) 

 Ore texture in particles 

The term ‘texture’ has a wide usage not just in the fields of geology and mineral processing. The Cambridge 

University dictionary (2019) defines it as “the visual or tactile surface characteristics and appearance of 

something”. Texture in geology is defined as the smaller feature of a rock which relates to the size, shape 

and arrangement of its constituent elements (Vink, 1997).  In the field of mineral processing, minerals and 

their textures are classified based on the attributes that are likely to affect the processes of liberation, 

flotation and ultimately the recovery of the mineral phase of interest (Bojcevski, 2004).Mineral processors 

and metallurgists have different definitions of texture.  
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In geometallurgy, the definition of ore texture refers to volume, grain size, shape and association of each 

mineral in the ore. Micro texture, meso texture, and macro textures are used for different scale features 

like mineral inclusions in grain, hand specimen sizes and larger scales respectively (Parian, Mwanga, 

Lamberg, & Rosenkranz, 2018).  

Mariano and co-workers categorizes properties like size and shape of the mineral grains, grain bonding 

and the nature of the grain interfaces, orientation, and recrystallization and formation of secondary 

minerals for ore texture (Mariano, Evans, & Manlapig, 2016). Bérubé and Marchand (1984), summarized 

the main characteristics that influence ore breakage and liberation of minerals, such as the grain size 

distribution, bonding between grains and mechanical properties of the minerals (Bérubé & Marchand, 

1984). 

2.2.1 Ore texture measurement in particles 

For measuring ore texture, polished thin sections, polished slabs, or drill cores can be used depending on 

the required scale and details of samples. Common methods in this field are optical microscopy, scanning 

electron microscopy (SEM), hyperspectral imaging, and X-ray diffraction mapping. After generating the 

mineral map and calculating the parameters of interest, image analysis tools are applied in order to 

measure and quantify ore texture attributes.  

2.2.2 Grain Size  

In ore texture, grain size refers to the size of distinct regions with the same mineral phase. Determining 

the size of each mineral phase will give a size distribution and an estimation of the relative size of mineral 

grains.   

2.2.3 Mineral liberation  

Recovery of particles in mineral processing is based on their physical or surface-chemical properties. A 

mineral is called completely liberated if there is only one type of mineral in the particle. Non-selectivity of 

the comminution processes has made mineral liberation unpredictable. In comminution, there is a natural 

tendency towards liberation with decreasing particle size and if the particle is made from just one mineral 

species, it can act as a single mineral. Obviously, this will occur more frequently in smaller particle sizes 

and if the particle is larger than the mineral grains in the ore, this is unlikely to happen (R. Peter King, 

2012). 

2.2.4 Mineral associations and Association Index Matrix (AIM) 

Breakage of rock material is a complex phenomenon that has several effects on the liberation of minerals. 

Mechanical forces are usually used to break the bonds of the mineral matrix of composite particles into 

mineral phases. During comminution, the breakage of mineral particles can occur either along the grain 

boundaries or across the grains. These phenomena influence mineral liberation and have been 

categorized as random and non-random or preferential breakages. When breakage and cracking occur 

more frequently in one mineral, it is often called preferential breakage. On the opposite, when breakage 

and cracking are not favored by any mineral or boundary region, it is called random breakage (Parian et 

al., 2018). 
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The minerals that are associated with a target mineral will have a direct impact on that mineral’s liberation 

potential (Becker et al., 2008; Bojcevski, 2004). The association of minerals can be estimated based on the 

proportion of minerals in the particles. However, using the proportions of minerals for the intact ore 

texture only gives mineral grades of texture. Therefore, a different method should be used to calculate 

the interfacial surface area between minerals in the intact ore texture or particle as an indication of 

association (Parian et al., 2018). 

There have been several studies in order to quantify mineral associations through visual observations 

using optical microscopy. One study done by Vaughan & Kyin used refractive ore characterization based 

on a pyrite, arsenic or antimony association which has implications for the cyanidation of the ores 

(Vaughan & Kyin, 2004). A method called Association Indicator Matrix (AIM) established based on the co-

occurrence matrix was introduced to quantify the mineral association of ore texture and related progeny 

particles (Parian et al., 2018). The Association Indicator Matrix can be used as a standard for measuring 

ore texture parameters such as breakage behavior. It can be used for characterizing the breakage behavior 

of particles and estimating the associations of minerals based on the interfacial boundaries of the particle. 

Equation 1 shows the Association Index Matrix definition for two mineral species A and B (Parian et al., 

2018). 

𝐴𝐼𝐴𝐵 =
𝑆ℎ𝑎𝑟𝑒𝑑 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑜𝑓 𝐴 𝑎𝑛𝑑 𝐵

𝑡ℎ𝑒 𝑒𝑛𝑡𝑖𝑟𝑒 𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝐴
 

Equation 1 

 

Figure 6 shows how the association Index changes when different types of breakage occur. A and B are 

two different minerals and C is the free space (background). In the first row, the breakage happens in the 

boundary of two minerals, so the association of mineral A and B together decreases and both minerals 

have a 100% association with the background, so it means they are fully liberated. In the second row, 

breakage happens in mineral B, so in the smaller part, the association between A and B is zero. The degree 

of liberation for mineral B is increased, but it does not change for mineral A. For the third row, the 

breakage happens in both minerals A and B. None of the minerals is fully liberated and association would 

remain unchanged. 

 

Figure 6 Changes in Association Index after different types of breakage (Parian et al., 2018) 
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 Evaluation of material response to grinding 

2.3.1 Grindability  

Grindability is defined as the amount of material less than a specific size that has been produced in a 

grinding stage divided by the net specific energy (energy used for grinding multiplied by the mechanical 

efficiency of grinding device) used in that grinding stage. For grindability calculations, either 75 or 106 µm 

sieves can be considered as the control sieve. In this study, the GCT mill (geometallurgical comminution 

test mill) was used for grinding experiments (Abdul Mwanga, Rosenkranz, & Lamberg, 2017). Using 

Equation 2, the grindability for different ores is calculated: 

 

𝐺𝑟𝑖𝑛𝑑𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑖𝑛𝑒𝑟 𝑡ℎ𝑎𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑠𝑖𝑧𝑒, 𝑘𝑔 −  𝐹𝑒𝑒𝑑  𝑓𝑖𝑛𝑒𝑟 𝑡ℎ𝑎𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑠𝑖𝑧𝑒, 𝑘𝑔

𝑁𝑒𝑡 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦
 Equation 2 

 

 

2.3.2 Bond work index 

The amount of energy required to reduce the size of one ton of minerals from a given feed size to a 

specified product size is a material property that needs to be determined for each ore deposit. Among 

different methods and standard procedures for measuring this required energy, the Bond  method is 

a prevalent one (Bond, 1961). Long processing time and the significant sample mass (about 10 kg) 

requirement, are the main issues with the standard Bond method when doing geometallurgical 

testing (Abdul Mwanga et al., 2017). A schematic procedure of the standard Bond test is shown is 

shown in Figure 7. 

 

 

Figure 7 Schematic flow sheet of the Bond ball mill work index test (Abdul Mwanga, Lamberg, & 
Rosenkranz, 2015) 

Several researchers tried to modify the Bond method or generate a simpler method (Berry & Bruce, 

1966; Kapur, 1970; Karra, 1981; Kojovic & Walters, 2012; Kosick & Bennett, 1999; Magdalinović, 1989; 

Nematollahi, 1994; Niitti, 1970; Tüzün, 2001; Vatandoost, 2010; Yap, 1982). Using the 

Geometallurgical Comminution Test (GCT) (Abdul-rahaman Mwanga, 2016), the Bond work index can 

be estimated with good precision. Low sample requirement, easy and simple test procedure and less 
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time consumption are the main advantages of GCT test. The test can be done with only 220 grams of 

material and the total time of each tests would be less than 3 hours. Compared to the Bond standard 

test, which consumes about 10 kg of materials and takes several hours, the GCT test would be more 

considerable for a large number of samples. Especially In early stages of exploration and feasibility 

study when less material is accessible, GCT test can provide easy and reliable information.  

For estimating the Bond work index, at first GCT work index should be defined. The GCT index is 

obtained from the test using Equation 3 (Abdul Mwanga et al., 2017). 

𝑘 = 𝑊 ∙
√𝑥80𝑃

10
 

Equation 3 

 

where k is a constant in kWh/t, W is the grinding specific energy in kWh/t and x80,P the passing size of 80% 

of the product in µm. k divided by 10 is the GCT index. 

Using Equation 4, the Bond work index can be estimated. In Equation 4, λ is a geometric scaling factor 

between the GCT mill and the standard Bond ball mill which equals 2.65 and η is the GCT mill drive 

and engine efficiency which is 0.64 (Abdul Mwanga et al., 2017).  

 

𝑊𝑖,𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝐵𝑜𝑛𝑑 = 𝑊𝑖,𝐺𝐶𝑇. (
η

4 ∗ √λ
) Equation 4  

 

2.3.3 PSD by Rosin-Rammler distribution function 

The Bond formula requires the 80% passing particle size. For calculating P80, the RRSB distribution function 

of Rosin, Rammler, Sperling, and Bennet can be used. The approach was developed in 1933 when P. Rosin 

and E. Rammler used a mathematical expression to describe the PSD of materials prepared by grinding 

(Rosin, Rammler, & Sperling, 1933; Stoyan, 2013). The RRSB distribution is a powered exponential 

distribution. The initial RRSB distribution was: 

 

𝑅(𝑥) = 100exp (−𝑏𝑥𝑛) Equation 5 

 

where R(x) is the cumulative weight of particles larger than x (µm), b and n are coefficients (Gao, Zhang, 

Wei, & Yu, 2018; Rosin et al., 1933). The equation above can be rewritten as: 

 

log [ln
100

100 − 𝑃
] = −nlog 𝑏 + 𝑛 log 𝑋 

Equation 6 
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where P is the cumulative undersize (or passing) in percentage (P=100-R(x)), b and n are the same 

coefficients. So, a plot of ln[100/(100-P)] versus X on log-log axes gives a line of slope n, and b can be 

calculated from the intercept.  The Log-s can be replaced with Ln-s in the equation as well as in the axes 

of the plot. 

In this case, the values of P are the cumulative passing for each sieve and X is the size of the sieve’s 

aperture. The log-log values for P and log values for x are calculated for each bulk grinding test. After 

calculating log-log values of P for Y-axis and log values of X for X-axis, Rosin-Rammler PSD points have 

been plotted and linear regression function has been fitted. After calculating n and b by linear regression 

equations, these values have been used as coefficients of n and b. Using Equation 7, which is received 

from Equation 5 and Equation 6, the P80 are calculated.  The summary of the calculation for the fine grain 

hematite sample is shown in Table 1. Other samples are given in the appendix. 

 

𝑃80 = √(
− ln 0.2

𝑏
)

𝑛

 

Equation 7 

 

Table 1 summary of fine-grain hematite product PSD test 

 Screen Size (µm) Weight of material (g) %Retaining Cum %Pass X axis Y axis 

1680 0.42 0.19 99.81 7.43 1.83 

840 0.11 0.05 99.76 6.73 1.79 

425 0.96 0.44 99.32 6.05 1.61 

212 26.13 12.01 87.30 5.36 0.72 

106 87.47 40.21 47.10 4.66 -0.45 

75 34.14 15.69 31.40 4.32 -0.98 

< 75 68.32 31.40 0.00 - - 

Slope Sum  Intercept n b P80 (µm) 

0.95 217.55 -4.71 0.95 9.0E-03 236 

 

2.3.4 Size reduction ratio 

For crushers or grinding mills different relations between feed and discharge sizes can be formulated, 

referred to as the size reduction ratio (Metso, 2015). There are different definitions for the reduction ratio 

depending on representative size of the sample and the device. Normally, the size that 80 percent of 



13 
 

material is less than or D80 of feed and product are considered in calculating the reduction ratio, but D90 

and D50 also can be considered(R. Peter King, 2012).  

The reduction ratio in crushers can vary between 3 to 10 for the different types of crushers. For grinding 

machines, the reduction ratio is bigger. The reduction ratio in rod mills could be up to 10, in ball mills 

could be up to 100 and in case of autogenous mills it can reach up to 5000 (Metso, 2015). 

 

𝑅 =
𝑑80

𝐹

𝑑80
𝑃  

Equation 8 

  

 Population balance method 

The population balance method is a well-known modelling approach to describe the size reduction 

process by comminution. In the last 60 years, the method has been continuously developed (Anticoi et 

al., 2018; Austin, 1971; E. G. Kelly & Spottiswood, 1990).  

Based on the population balance approach, the particle size reduction consists of two basic components: 

the breakage event which is represented by the breakage rate function (denoted as S), and the result from 

breaking a particle represented by breakage distribution (denoted as B) (E. G. Kelly & Spottiswood, 1990). 

During comminution, material from coarser size fractions breaks down and goes to the finer size fractions. 

In fact, the amount of material in each size classes changes from different circumstances, i.e. coming from 

upper size classes and moving to size classes below. Therefore, at the same time material appearance 

(from upper size classes) and material disappearance (to size classes below) have to be described.  

The net rate of production of a specific size i material equals the sum rate of appearance from breakage 

of all larger sizes minus the rate of its disappearance by breakage (L. G. Austin, R. R. Klimpel, 1984). 

Equation 9 shows the population balance model for the case of batch grinding for a certain time t. In the 

population balance equation, the first term (negative) stands for the disappearance of material, which 

goes from the, i-th size class to the next size classes below and the second term stands for the appearance 

of material that come from size classes above.  

In Equation 9, Si(t) is the size discretized specific rate of breakage for the ith size interval that denotes the 

breakage rate per time, bij is the size discretized breakage function coefficient that represents the 

breakage distribution of fragments produced in each size class, mi(t) is the mass fraction of the material 

in each size interval i at any time t and W is the total mass of material to be ground: 

 

[𝑑𝑚𝑖(𝑡)𝑊]
𝑑𝑡

⁄ = −𝑆𝑖(𝑡)𝑊𝑚𝑖(𝑡) +  ∑ 𝑏𝑖𝑗

𝑖−1

𝑗=1,
𝑖>1

𝑆𝑗(𝑡)𝑊𝑚𝑗(𝑡)     
 

Equation 9  
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 Rate of breakage 

The rate of breakage can be directly determined from experimental data when grinding a narrow starting 

particle size in a batch ball mill. For the continuous mill, due to the complexity of the involving residence 

time distribution, this direct method cannot be applied.  

Instead, Austin (1984) used back-calculation as an indirect technique for calculating S and B from 

experimental data. The main advantage of this technique is the ability to use limited data and using all 

data simultaneously, besides applicability to full-scale data. Forcing data to fit in the proposed model even 

if some assumptions are not valid can be a major drawback of this approach (L. G. Austin, R. R. Klimpel, 

1984). 

Hinde (2009), defines the specific rate of breakage, Si,k as the statistical average of the fractional rate that 

particles of composition k are broken and leave the size class i. Since the rate of breakage is sensitive to 

mill geometry and operating condition, Herbst and Fuerstenau (1984) used the transformation to an 

energy normalized breakage rate.  

Mwanga (2017) used the Austin model for calculating the breakage rate function and used a laboratory 

mill to measure the parameters. In his work, the breakage rate function is calculated size by size based on 

grinding tests with narrow size fractions. Austin used Equation 10 to calculate the rate of breakage (L. G. 

Austin, R. R. Klimpel, 1984). 

 

𝑊𝑖(𝑡) = 𝑊𝑖(0) × exp (−𝑆𝑖 × 𝑡) Equation 10  

 

where the parameters are:  

Wi(0) = mass fraction at time zero (g) 

Wi(t) = mass fraction of size class i at time t (g) 

Si=Specific rate of breakage of size fraction i, in time-1 

 

 Specific rate of breakage 

The specific rate of breakage refers to the portion disappearing per time unit, while the term selection 

function is used in the case of single discrete fracture, e.g. in a crusher. Using the rate of breakage for 

different size fractions, it should be possible to fit a curve and estimate the model parameters. Mwanga 

(2017) used Equation 11 to find a link between mineralogical properties and the coefficients of the 

function. Using MATLAB software, the equation has been fitted on the experimental breakage rate data 

and parameters have been extracted. In this equation, S0 and µ are machine-dependent parameters (R. 

P. King, 2012). Initial fitting of the specific rate of breakage model with experimental data indicated that 

the µ value is approximately around 1 mm in all textural types and S0 has limited variation among the 

samples. Therefore, in the current work, the µ value has been kept constant as 1 and the S0 variation was 

kept between 0.2 and 0.6. λ and α parameters are assumed to be material dependent parameters (R. 

Peter King, 2012) and no limits were set for those. 
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In Equation 11, di is the particle size (mm), d0 is the reference particle size (1mm as suggested by Austin), 

Si is the specific rate of breakage of size fraction I, in time-1 , S0 and µ are machine and ore dependent 

parameters and λ and α are material dependent parameters of the model.  

 

𝑆𝑖 =
𝑆0. (

𝑑𝑖
𝑑0

)
𝛼

1 + (
𝑑𝑖
𝜇 )

𝜆
 

 

Equation 11  

  

 Breakage distribution function 

The concept of the breakage distribution function B can be defined as “the average size distribution 

resulting from the fracture of a single particle” (E. G. Kelly & Spottiswood, 1990). The result from this 

definition is that several particles must be broken to obtain the average distribution function. 

The primary breakage distribution function is defined as the mass fraction of species k that breaks for just 

one time, leaves the size class j and appears in size class i. One approach to determine the breakage 

distribution is using drop-weight tests on small rocks with narrow size ranges, but ambient conditions may 

not be the same as in pilot or production scale tests (Hinde & Kalala, 2009).  

In the breakage distribution function, normally shatter is the main mechanism of breakage for small 

particles, and cleavage is the main breakage mechanism for larger particles (Olejnik, 2012). There are 

several different mathematical formulations for breakage distribution. If the breakage distribution 

function is in depending on the size of the mother particles, it is called normalizable (Figure 9) and if it is 

depending on the mother particle, it is called non-normalizable (Figure 10). Equation 12 is for normalizable 

breakage distribution. 

 

𝐵𝑖,1 = 𝜑(
𝑑𝑖−1

𝑑1
)𝛼 + (1 − 𝜑)(

𝑑𝑖−1

𝑑1
)𝛽 

Equation 12 

 

Where,  di is the particle size, d1  is the initial particle size, φ is the intercept on the right- hand coordinate 

of the cumulative plot of Bi,1 versus d, α is the slope of the lower section of the cumulative distribution 

and β is another size distribution parameter (see Figure 8, illustrating its resolution into two components) 

(Austin, Shoji, & Bell, 1982; L. G. Austin, R. R. Klimpel, 1984).  

The breakage function can be numerically calculated when batch grinding experimental data is available. 

In this work, only the specific rate of breakage has been evaluated and experimental data has been used 

to find model parameters of Equation 11. 
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Figure 8 The breakage distribution function (E. G. Kelly & Spottiswood, 1990) 

 

 

Figure 9 normalizable breakage distribution function ((Lynch, Johnson, Manlapig, & Throne, 1996) 

 

Figure 10 Non-normalizable breakage distribution function ((Lynch et al., 1996) 
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3. Materials and methods 

The northern part of Sweden, the Norrbotten province, is an important mineralization area with several 

economic deposits (Figure 11). There are different deposits including epigenetic Cu-Au, stratiform Cu-Fe 

deposits, and iron. Some of these deposits are still in production, others either have been mined out or 

are under detailed economic and geological study to be mined (Lund, 2013). Samples from the 

Malmberget mine and the Aitik mine close to Gällivare were selected to perform textural classification 

and comminution tests. 

 

 

Figure 11 Simplified geological map of Norrbotten ore area with economic deposits (Lund, 2013) 

 Ore samples 

3.1.1 Malmberget Iron ore 

LKAB’s Malmberget (“the Ore Mountain") iron ore mine, located at Gällivare, 75 km from Kiruna, contains 

20 ore bodies spread over an underground area of about 5 by 2.5 km, of which 10 orebodies are currently 

being mined. Mining began in 1892 and since then over 350 Mt of ore have been mined. LKAB employs 

around 1,000 people at Malmberget, of whom 900 work in mining, processing, and administration. In 

2009, Malmberget produced around 4.3Mt of pellets out of LKAB’s total production of 17.7 Mt of iron-

ore products (LKAB 2009). 



18 
 

The Malmberget deposit consists of several hematite and magnetite ore bodies. The main minerals are 

magnetite and hematite and typical gangue minerals are apatite, amphibole-pyroxene, and quartz. In the 

massive ore a broad variation of mineral-texture relations can be identified (Lund, 2013). Both fine and 

coarse grain texture can be identified in the magnetite ore while the coarse grain is more common to 

hematite ore. 

Two sets of samples primarily from run-of-mine were provided by LKAB. The first batch was mainly a 

hematite sample and the second was magnetite. All samples from LKAB arrived in 200 liters steel barrels. 

All materials were small to big lumps with a size of between 1 to 3 kg. 

3.1.2 Aitik copper ore 

The Aitik mine, one of Europe’s largest open-pit copper mines, located 20 km east of the municipality of 

Gällivare, in the northernmost part of Sweden. Currently, the mine is in operation in two open pits, namely 

the Aitik main pit and the Salmijarvi pit. The larger Aitik mine has 3 km length, 1.1 km wide and 450 m 

deep while the smaller has 1 km length, 800 m width and 250 m depth. In 2016, the production was 36 

Mt of ore with 0.22% Cu, 0.11 g/t Au and 2.11 g/t Ag. Overall, 71,000 tons of copper, 2 tons of gold and 

57 tons of silver were recovered in 2016 (Boliden AB, 2016). 

The Aitik deposit is categorized as porphyry copper type. The main mineralogy contains feldspar biotite, 

amphibole, and quartz with finely disseminated chalcopyrite and specks of chalcopyrite, pyrite, and 

pyrrhotite (Wanhainen, Broman, Martinsson, & Magnor, 2012).  

Samples from Aitik were six drill cores. Lishchuk et al. (2018) did a detail study on these samples. They did 

detail mineralogy studies and Bond work index tests based on GCT mill on samples. The samples summary 

and detailed mineralogy are given in Table 2 and Table 3. 

Aitik samples can be categorized in three grain-size ranges; Fine, medium and coarse grain sizes. Samples 

from drill cores A16 and A18 were mixed and considered as fine. In this work, only fine and medium 

categories of Aitik samples were used (Lishchuk, Lund, & Koch, 2016; Tiu, 2017). 

 

Table 2 Summary of Aitik samples ((Lishchuk et al., 2016)) 

Sample Mineralogy Grain size Bond work index Grain size (µm) 

A11 Chalcopyrite, Pyrite, 

Feldspar, biotite, 

Quartz, Plagioclase, 

Amphibole 

Coarse 10.31 200-300 

A14 Medium 10.76 100-200 

A16 Fine 8.88 0-100 

A18 Fine 8.18 0-100 
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Table 3 Detail mineralogy of Aitik samples (Lishchuk et. al, 2018) 

Drill core number Quartz 

% 

Plagioclase 

% 

k-feldspar 

% 

Biotite 

% 

Amphibole 

% 

A11 10 44 15 27 4 

A14 14 34 17 27 8 

A16 5 48 3 35 9 

A18 4 40 13 23 20 

 

 Sample preparation and classification 

The samples were studied at different scales ranging from micro to macro-scale. The first run of mine 

samples was categorized by visual logging based on appearance and grain size. When using optical 

microscopy, the grain size distribution could be determined. Using Scanning Electron Microscopy, the 

mineral grains and mineral associations were established. The summary of the characterization procedure 

is depicted in Figure 12. 

 

 

Figure 12 Characterization in micro and macro scale 

All iron ore samples were categorized into three different grain size ranges (Table 4). Samples with the 

grain size below 400 µm were classified as a fine. Samples with a size range of 400 to 800 µm were named 
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medium grain size and sample with the size ranges of more than 800 µm were classified as coarse grain 

size. For hematite samples, using small hand magnet, samples with magnetite were separated, i.e. it can 

be said that hematite samples were almost free of magnetite (Lund, 2013). 

 

Table 4 Grain Size range of iron ore category 

Ore type Size range (µm) 

Fine 0- 400 

Medium 400 - 800 

Coarse 800 - 1200 

 

About 10 kg of each category were selected for crushing using jaw crusher and screened at-3.35 mm 

(Figure 14). Samples coarser than 3.35 mm were re-crushed. Using a sample splitter and a laboratory 

scale, all samples were divided into 600-700 grams in different bags. By following the same procedure for 

all categories, it was ensured that all the samples were representative. Figure 13 shows the sample 

preparation steps graphically.  

 

 

Figure 13 flowchart of experimental procedure 
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Figure 14 Jaw crusher and Ro-tap screen for sample preparation 

In case of dry sieving, fine materials could stick on to larger particles and cause an error for the mass 

fractions per size classes. To avoid this wet sieving could be used. As the grinding is already done dry, dry 

sieving of the material was favored. To evaluate how significant the potential error from dry sieving is 

compared to wet sieving, comparative sieving tests were done. 1 kg of fine-grained hematite sample was 

first dry sieved, then mixed again and sieved in a wet sieving analysis. The results showed no significant 

difference between wet and dry sieving (see Figure 15). This also was repeated for medium-grained 

hematite with a similar outcome. Therefore, dry sieving was considered safe for the size fraction 

separation and the particle size analyses. 

 

Figure 15 Wet and dry PSD for Hematite sample 
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The particle size distributions of the hematite ore, magnetite ore and chalcopyrite ore samples after 

crushing with classification based on grain size are shown in Figure 16, Figure 17 and Figure 18. In general, 

in the hematite case, medium and coarse-grained sample have similar particle size distribution and they 

are coarser than the fine-grained samples. In the case of magnetite ore and chalcopyrite ore, all the 

samples differ from each other. 

 

 

Figure 16 PSD for Hematite ore sample 

 

 

Figure 17 PSD for magnetite ore sample 
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Figure 18 PSD for chalcopyrite ore sample 

 Density of samples 

As different minerals are made of different elements, the density of minerals is differing. An ore is a 

mixture of different minerals and the amount of different minerals in the ore, determines the ore density, 

i.e. measuring the density is a way to define the amount of different minerals in the ore.  

The ore density could be measured with variety of techniques and tools. Gas pycnometry is recognized as 

one of the most reliable techniques for obtaining true, absolute and apparent volume and density of 

particles. This technique is non-destructive as it uses the gas displacement method to measure volume. 

Inert gases, such as helium or nitrogen, are used as the displacement medium. Density calculations using 

the gas displacement method are much more accurate and reproducible than the traditional Archimedes 

water displacement method. 

Here, the AccuPyc ii 1340 pycnometer was used to measure the sample densities. For each sample, the 

density has been measured 5 times. The average densities are shown in Table 5. The detailed results from 

the density measurements are given in Appendix 8. 

Table 5 Average density of samples 

Sample Average density (g/cm3) Deviation (g/cm3) 

Hematite fine-grain 3.87 0.001 

Hematite medium-grain 4.58 0.002 

Hematite coarse-grain 4.61 0.002 

Magnetite fine-grain 3.87 0.001 
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Magnetite medium-grain 4.38 0.002 

Magnetite coarse-grain 4.70 0.003 

Chalcopyrite fine-grain 2.89 0.001 

Chalcopyrite medium-grain 2.75 0.001 

 

 Grinding experiments 

After classifying the ore, grinding tests were performed using the GCT ball mill to determine the energy 

for size reduction and the grindability of the materials. In each test about, 220 - 225 grams of ore were 

used with a feed particle size smaller than 3.35 mm. The priority of this part of the lab work has been set 

on following and analyzing ball mill performance and energy consumption to determine the GCT index. 

First, the feed was weighed and sieved to obtain its particle size distribution (PSD). A set of sieves namely 

1680 µm, 840 µm, 425 µm, 212 µm, 106 µm, and 75 µm was used. The Ro-Tap sieving machine was set to 

perform the sieving for 10 minutes. 

 

 

Figure 19 the GCT mill 

Grinding has been done using the GCT lab mill (CAPCO lab-scale batch ball mill with a set of 22 stainless 

steel balls). The ball charge weighted 1,281.6 g and was of a set of different sizes. The material was put in 

the ball mill alongside with the balls to start the grinding. The ball mill was operated with a speed of 114 

rpm, which was adjusted before starting the experiment with the help of a digital tachometer. The speed 

remained unaltered until the end of the grinding processes. Overall, 25 minutes of the grinding process 

has been performed with four intermediate stops to check the weight of each size fraction using the same 

sieving technique described above. The process was stopped at exactly 2, 5, 10 and 17 minutes. At each 
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stop, the material has been removed from the ball mill, separated from the balls and sieved for 10 minutes 

(Abdul Mwanga et al., 2017). 

Table 6 Summary of all grinding tests 

GCT ball mill Media charge Material charge 

Internal 

diameter 

(mm) 

Volume 

(liters) 

Speed 

(RPM) 

Media type Number Total 

mass (kg) 

Bulk 

density 

(g/cm3) 

Total 

material 

weight (g) 

115 1.4 114 Stainless 

steel ball 

22 1.4 According 

to Table 5 

220-225 

 

During the grinding, the energy consumption was recorded before and after each grinding step using an 

energy-meter for the latter calculation of grindability.  

It must be mentioned that before and after each action, all used tools and equipment have been carefully 

cleaned with compressed air and paper towels to avoid contamination and uncertainties coming from 

machinery. The screens, balls, brushes, ball mill were cleaned with compressed air, whereas stainless steel 

balls were cleaned using clean paper towels. This action was performed to minimize possible 

contamination and the overweighting of materials. 

3.4.1 Grinding tests using narrow size fractions 

For calculating the breakage rate, grinding tests were done using narrow size fractions. For preparing the 

materials with narrow size fractions, about 5 kg of each sample were sieved using the Ro-tap machine. 

About 600 grams of materials were sieved at a time and the fractionated material was collected in 

separated bags. The size fractions are shown in Table 7 and grinding conditions are according to Table 6.  

Table 7 Size fractions for GCT tests 

Size fractions 

(µm) 

1680-3350 

840-1680 

425-840 

212-425 

106-212 

75-106 

-75 
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3.4.2 Grinding tests with bulk samples 

After doing the grinding tests with narrow size fractions, the same test was done using bulk samples. For 

each of the material types, about 225 grams of material was separated by means of a laboratory riffle 

splitter and a scale. At first, the particle size distribution was measured using the set of sieves and Ro-tap. 

Then the same procedure of grinding was applied to the bulk samples. Grinding conditions were the same 

as for the narrow size grinding tests as mentioned in Table 6. 

 

 Mineralogical analyses 

Mineralogy of the samples was investigated at different scales and using different tools. At the beginning, 

categorizing of samples was done based on visual appearance and size using a conventional magnifying 

glass Samples were separated by hands depending on their grain size. Using an electric saw, samples were 

cut in half in order to check the grains inside the rocks. In addition, the presence of magnetite grains in 

the hematite samples were checked with a hand magnet.  

By using optical microscopy, grain size and grain boundaries were identified, and the categorization was 

verified. The minimum and maximum of the grain size in each ore category was measured and the average 

grain size was considered for further references.  

For using of optical microscope, thin sections of magnetite samples were prepared. Then in thin section 

images, all grains were counted. For calculating grain’s diameter, if the grain is rounded, the average 

diameter is measured. If the grain has 2 different dimensions, the smallest length is considered as the 

grain diameter, so the dimension can be compared to the sieving. Also, some specifications are considered 

for counting the grains. An altered crystal was counted as one grain unless the alteration products were 

visually dominating. Inter-grown mineral faces which occur in same crystal were counted as one. Also, 

Small inclusions in grains were not counted.   

In all samples, the dominant minerals are considered for calculating the grain size. Dominant mineral in 

magnetite ore, is magnetite. In hematite ore, hematite is considered as dominant minerals and in 

chalcopyrite ore, silicates and alumina-silicates are considered as dominant minerals.  Figure 20, shows 

the grain diameters in magnetite thin section.  

For hematite samples, visual logging of samples used for grain size measurement. Samples are categorized 

in in three different categories, then mineral grains diameters are measured by eye sorting. Hematite 

samples are shown in Figure 21.  

For chalcopyrite samples, grain measurement is done by visual logging (Figure 22). For copper samples, 

mineralogical analysis was done by Lishchuk and co-workers (Lishchuk et al., 2016). Different categories 

of copper samples are shown in Table 2.  
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Figure 20 The grain size of dominant mineral 

 

 

Figure 21visual logging of hematite samples 
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Figure 22visual logging of copper ore from Aitik mine 

 

After the grinding tests, products from all tests, were prepared for Scanning Electron Microscopy. First, 

epoxy sections of all samples were prepared. Polishing all epoxy samples was done using an automated  

polishing machine. The SEM images were generated and, by using image processing tools, liberation and 

mineral association of the samples were studied.  
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Unfortunately, during the last month of the thesis, SEM machine was under maintenance for a while. So, 

in the limited time available, only SEM images of the magnetite and hematite samples were taken to 

study. Even though all the epoxies were ready, the chalcopyrite SEM images could not be provided.   
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4. Results and discussions 

 Results from optical microscopy 

For categorizing magnetite grain size, average of the grain size distribution was calculated using the optical 

microscopy. Average grain size of magnetite samples is shown in Table 8. Microscopy images of magnetite 

samples are shown in  Figure 23 to Figure 25. 

Table 8 average grain size of different samples 

category D80 (µm) 

Magnetite Hematite Chalcopyrite 

Fine 175 175 50 

medium 615 615 150 

coarse 1000 1000 250 

Average size of hematite samples is assumed to be the same as magnetite samples and since the source 

of ores are the same, this assumption can be correct. For chalcopyrite samples, the range of sample 

categories are mentioned in the literature. For average of chalcopyrite samples, size of high and down 

threshold of categories are considered. The average of all samples is mentioned in Table 8. 

 

Figure 23 epoxy block of fine-grain magnetite 
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Figure 24 epoxy block of medium-grain magnetite 

 

Figure 25 epoxy block of coarse-grain magnetite 
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 Grinding tests with bulk samples 

Particle size analysis was the way to quantify the size distribution of particulate materials. In this work, 

the PSD analysis of samples before and after grinding were compared to quantify the grinding effect.  

Particle size distribution (PSD) for feed and final product of the bulk samples grinding for the three 

different ore samples are shown in Figure 26, Figure 27 and Figure 28. In general, Fine-grain samples have 

both finer feed and product compared to medium and coarse-grain size samples. Grinding conditions were 

the same as the conditions summarized in Table 6.  

For the hematite samples (Figure 26), medium and coarse grain-size samples are more similar in their feed 

and product PSD. For the fine sample it is much more different in size. Fine-grain sample is finer than 

medium and course -grain.  The size that a specific percent of material is less than that is used to compare 

the PSD of different samples.  

 

Figure 26 PSD for feed and product of Hematite ore 

In magnetite samples (Figure 27), fine, medium and coarse grain-size samples are completely different in 

feed and products. The difference in PSD graph for fine and medium-gain size is almost the same as the 

difference between medium and coarse-grain size.  

In addition, for the chalcopyrite sample, the difference in fine and medium grain-size feed is considerable, 

but the size distributions for products (after 25 minutes of grinding) are more similar.  
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Figure 27 PSD for feed and product of Magnetite ore 

 

 

Figure 28 PSD for feed and product of Chalcopyrite ore 
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The reduction ratio was calculated for the change of the D80 in the GCT mill. The data and results are 

summarized in Table 9. For the hematite and magnetite samples, the reduction ratio is in the range of 3 

to 5, but for chalcopyrite samples, the reduction ratio is higher. The reduction ratio for fine-grain sample 

is 5.36 and for medium-grain size sample, the reduction ratio is about 10. This corresponds with the result 

that copper samples also showed higher grindability compared to the other samples. 

Table 9 Grindability, BWI and Reduction ratio 

Sample Name F80 (µm) P80(µm) Grindability total 

(kg<75µ/kwh net) 

Reduction ratio 

Fine-grain Hematite 1059.7 236.1 3.37 4.49 

Medium-grain Hematite 1480.8 413.3 2.94 3.58 

Coarse-grain Hematite 1693.8 442.5 3.21 3.83 

Fine-grain Magnetite 1188.8 228.3 3.64 5.21 

Medium-grain Magnetite 1511.5 304.9 3.79 4.96 

Coarse-grain Magnetite 1666.0 391.2 3.40 4.26 

Fine-grain Chalcopyrite 1114.5 207.9 3.56 5.36 

Medium-grain Chalcopyrite 2239.2 226.7 4.04 9.88 

 

 

Figure 29 grindability and reduction ratio graph 

Figure 29 shows the relation between grindability and reduction ratio. Samples with high reduction ratio 

also have higher grindability. Almost all data were in the same range, except for the medium grain 

chalcopyrite (the red point), which was higher. For medium-grain chalcopyrite the grindability is in the 
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same range as for other samples (between 3 and 4), but the reduction ratio is much higher than the other 

samples (about 10). 

 

 Grindability of classified samples 

Grindability for different feeds in different narrow size fractions was calculated from the test results. The 

target size for the grindability test was 75 microns. The graphs for different samples are given in Figure 30 

to Figure 37.  

As the material feed size increases, the grindability increases. In almost all samples, a size fraction of +1680 

had the highest grindability. The fine material that is produced from coarser size fractions was the most, 

which implies that for coarser size fractions the breakage mechanism is likely to be shattering. When the 

size of the material decreases, the breakage mechanism changes, and it possibly becomes a combination 

of cleavage and shattering.  

In finer size fractions, the grindability increases again. For example, in fine-grain hematite, a size fraction 

of +106 µm has higher grindability than +212 µm. The reason for this phenomenon could be the grain size 

itself. When material reaches the grain size, more energy is required to break the crystal structures, so 

with the same amount of energy less particles would break and the grindability decreases. For particles 

between 75 to 106 microns, apparently a lot of energy is needed to break the grain size. Since the 75 

microns is the control sieve in these tests and materials are already near the size of the control sieve, so 

with a little abrasion, the  particles can pass the sieve apertures and lots of particles can leave the size 

fraction. Therefore, the grindability for this size fraction increases.  

It can be said, If the control sieve was lower, for example about 38 microns, the grindability graph for +75-

106 microns would be the lowest. The grindability rate of the bulk material is somewhere between fine 

and coarse-grained material. 
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Figure 30 Cumulative grindability of fine-grain hematite 

 

Figure 31 Cumulative grindability of medium-grain hematite 
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Figure 32 Cumulative grindability of coarse-grain hematite 

 

 

Figure 33 Cumulative grindability of fine-grain magnetite 
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Figure 34 Cumulative grindability of medium-grain magnetite 

 

 

Figure 35 Cumulative grindability of coarse-grain magnetite 
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Figure 36 Cumulative grindability of fine-grain Chalcopyrite 

 

 

Figure 37 Cumulative grindability of Medium-grain Chalcopyrite 

Comparing the relative grindability of all samples, it can be stated that for most of the samples, the fine-

grained materials have a higher grindability than medium and coarse-grain materials. For example, in the 
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hematite fine-grain case, the highest grindability reaches to 45 kg of smaller 75 µm per kWh net, but for 

the medium and coarse grain sizes, it reaches to 30. Also, for magnetite samples, the highest grindability 

of fine-grain samples reaches to 45, but in medium it reaches to 40 and for coarse-grain, it reaches to 30 

(75 microns size fraction is excepted, since the target size is 75 micron). For chalcopyrite as well, the 

highest grindability in fine-grain reaches to 55, while the highest grindability for medium-grain size 

reaches to 45. The relative grindability of the different samples are shown in Table 10. 

Table 10 relative grindability for different samples 

Size fraction (µm) Chalcopyrite ore Hematite ore Magnetite ore 

1680 fine > medium fine>coarse>medium fine>medium>coarse 

840 fine > medium fine>coarse>medium fine>medium>coarse 

425 fine > medium medium>fine>coarse fine>medium>coarse 

212 medium >fine   coarse>fine>medium medium>fine>coarse 

106 medium >fine   medium>coarse>fine fine>medium>coarse 

 

This might be explained by the crystallinity of the grains. When minerals are forming, if they cool down 

slowly, they will form larger and more complete crystals. Larger and less defected crystal structures are 

stronger and require much more energy to break them into small particles. 

 Bond work indices of classified samples 

After measuring the energy used in the grinding tests and calculating the D80 of feed and product using 

the equations given in section 2.3.2, the Bond work index for all samples were estimated. Therefore, at 

first, using energy and D80 of feed and product, the GCT work index was calculated and then the Bond 

work index was estimated. The results are given in Table 11. 

Table 11 Estimated Bond Work Index based on GCT test 

Sample Name Bond Work index (kWh/t) 

Fine-grain Hematite 9.75 

Medium-grain Hematite 13.82 

Coarse-grain Hematite 14.27 

Fine-grain Magnetite 10.22 

Medium-grain Magnetite 10.98 

Coarse-grain Magnetite 12.49 

Fine-grain Chalcopyrite 8.41 
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Medium-grain Chalcopyrite 9.56 

 

 

Figure 38 Bond work index and grain size relationship 

The relationship between the grain size and the Bond work index for hematite and magnetite  and 

chalcopyrite are shown in Figure 38. For all samples, as the grain size increases, the Bond work index 

increases. The R2 for magnetite samples is closer to 1, so the linear regression fits the data better. For 

chalcopyrite, only 2 samples were available, i.e. the R2 equals to 1. 

 

 Association and liberation distribution after grinding 

4.5.1 Liberation distribution 

After the acquisition of SEM images and doing MATLAB-based image processing (as described in Parian et 

al., 2018), the particle liberation and mineral association have been calculated. The liberation degree for 

the mineral of interest can be calculated by Equation 13 (Parian et al., 2018). 

𝐿𝐷% = 100 ∗
𝐴 (𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑓𝑢𝑙𝑙𝑦 𝑙𝑖𝑏𝑒𝑟𝑎𝑡𝑒𝑑 𝑔𝑟𝑎𝑖𝑛𝑠)

𝐵 (𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑎𝑙𝑙 𝑔𝑟𝑎𝑖𝑛𝑠) 
 

 

Equation 13 

 

Cumulative liberation distributions of mineral particles for the hematite and magnetite ore samples are 

shown in Figure 39 and Figure 40. For all samples, as the size of material is reduced, more particles get 
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liberated. Based on the definition used here, a particle is liberated when 95 percent of the particles are 

free and do not have contact with other minerals. For both hematite and magnetite fine-grained samples, 

most of the material in size fraction of +1680 µm was not liberated, they are interlocked with gangue 

minerals. For medium and coarse samples, roughly more particles are liberated than in the case of fine 

samples. I.e. as in larger grain sizes, more particles get liberated. For all hematite and magnetite samples, 

more than 80 percent of the material in size fractions of +106-212 and +212-420 is liberated. It is due to 

the grain size of these samples that this is mainly in this range. 
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Figure 39 Liberation for different size fractions in Hematite 
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Figure 40 Liberation for different size fractions in Magnetite 
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Figure 41 to Figure 44 shows the graph for liberation and grain size in different size fractions. In all size 

fractions, when the average grain size increases, the liberation of samples increases. For example, in 

Figure 41, the liberation of fine grain (hematite and magnetite) with the average grain size of 175 microns, 

are less than 10 percent. As the grain size increases, the liberation increases and for the coarse-grain 

sample with the average grain size of 1000 microns, about 60 and 70 percent of particles are liberated for 

magnetite and hematite respectively.  

 

 

Figure 41 Liberation and grain size (+1.68-3.35 mm) 

 

Figure 42 Liberation and grain size (+0.84-1.68 mm) 
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Figure 42 shows the liberation and grain size for size fraction between 840 and 1680 microns. Like previous 

size fraction, for hematite samples, as the average grain size increases, the liberation of particles 

increases. For magnetite samples, overall liberation increases, but for average grain size of 615 microns, 

it slightly decreases, but the overall trend is increasing. Unfortunately, the epoxy for coarse-grain hematite 

was broke after preparation and the sample was not available.  

 

Figure 43 Liberation and grain size (+0.425-0.84 mm) 

 

Figure 44 Liberation and grain size (+0.212-0.425 mm) 
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Figure 43 shows the liberation and the grain size for particles between 425 and 840 microns. In this size 

fraction also, the liberation increases while the grain size increases. For fine grain size with the average of 

175 microns, about 50 and 70 percent of particles are liberated in magnetite and hematite respectively. 

As the grain size increases, the liberated particles increase, and it reaches to around 80 and 90 percent 

for hematite and magnetite respectively. Also, for Figure 44 which shows the liberation and grain size 

relation for particles between 212 and 425 microns, the increasing of liberation with increasing grain is 

true.  

 

4.5.2 Mineral association 

SEM images after image analysis for magnetite fine-grain samples are shown in Figure 45 to Figure 48. 

The orange color is used for hematite and magnetite. Blue is used for quartz and feldspar, and green and 

yellow are used for amphibole and apatite, respectively.  Magnetite is a brittle mineral and when it breaks, 

sharp and not cornered edges are visible. Furthermore, the magnetite in the ore sample from Malmberget 

is mainly with apatite and, since magnetite is more brittle than apatite, most of the breakage happens in 

magnetite grains.  

For the size fraction +1680 microns (Figure 45), most of the particles are not liberated. Some coarse 

magnetite particles are fully liberated, but most of particles are interlocked with gangue minerals.  

In the size fraction of +840-1680 microns, there are still some interlocked particles as shown in Figure 46. 

Magnetite particles are mostly interlocked with quartz and amphibole. In the size fraction +420-840 

microns (compare Figure 47), magnetite is mainly interlocked with apatite.  

Most of particles in size fraction +212-425 microns are liberate (Figure 48), but there are still some gangue 

particles which are interlocked with small magnetite. If the breakage continues to liberate these particles, 

more fine would be produced.  

In addition, the mineral association has been studied from SEM images. For magnetite and hematite ores, 

the association of magnetite and hematite with apatite is shown in Figure 49 and Figure 50. The 

association of magnetite-apatite decreases when the size of particles decreases, but the association 

between apatite-magnetite does not decrease. This means that breakage does not happen at the exact 

border of two grains. Most of the breakage happens within the magnetite grains. Due to this 

phenomenon, for larger particles, magnetite grains have rounded shape and mostly do not have sharp 

edges, but as the particle breaks and the size decreases, more grains have sharp edges. This is the same 

for the hematite-apatite association. Most of the breakage happens inside hematite grains. 
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Figure 45 analyzed image of fine-grain magnetite +1680-3.35 µm 

 

 

Figure 46 analyzed image of fine-grain magnetite +840-1680 µm 
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Figure 47 analyzed image of fine-grain magnetite +425-840 µm 

 

 

Figure 48 analyzed image of fine-grain magnetite +212-420 µm 
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Figure 49 Association of hematite and apatite in hematite ore 
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Figure 50 Association of magnetite and apatite in magnetite ore 
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4.5.3 Specific rate of breakage 

The breakage rate for all different feeds was calculated using Equation 10. Using Equation 11 and applying 

curve-fitting tools in MATLAB software, a curve has been received for each data set. During fitting of the 

model parameters, machine-dependent parameters (S0 and µ) were kept constant or with very little room 

for variation. For each feed category, the model parameters were extracted and are shown in Table 12.  

Table 12 selection function parameters for different feed 
 

Hematite Magnetite Chalcopyrite  

parameters Fine  Medium Coarse Fine Medium Coarse Fine Medium 

S0 0.44 0.18 0.19 0.41 0.39 0.31 0.42 0.41 

α 1.57 0.98 0.90 1.15 1.16 1.18 1.15 1.22 

µ 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

λ 3.60 2.35 2.65 3.10 3.16 3.00 3.22 3.35 

R2 0.99 0.98 0.96 0.99 0.99 0.99 0.94 0.97 

 

The general trend for the model parameters supports the results of the breakage rate tests. Fine-grain 

hematite and magnetite samples have higher values for S0 and λ compared to the rest in their category. 

Average grain size and the material dependent model parameters show the same trend. The trends for 

magnetite and hematite are quite different. Figure 51 shows the relationship between average grain size 

and the model parameters alpha and lambda for magnetite and hematite. As the grain size increases, the 

alpha value for hematite ore decreases, but it is almost constant for the magnetite ore. As the grain size 

increases, lambda for hematite decreases, but the trend for magnetite almost constant.  So, as the grain 

size increases, both alpha and lambda are decreasing for hematite, but they are constant for magnetite. 

This could be due to material properties of minerals. Since these 2 parameters are material dependent, it 

can be said they are related to mineral itself. 

The relationship between density and material dependent parameters is shown in Figure 52. Hematite 

and magnetite are showing different behavior with increasing the density. For hematite, as the density 

increases, alpha and lambda decreases, but for magnetite alpha and lambda are almost constant while 

density increases. Also, for chalcopyrite sample, it is more similar to hematite, while the grain size 

increases, both alpha and lambda value increase. The trend lines that describe the relationship between 

grain size and density and material dependent parameters are summarized in Table 13 (g refers to the 

grain size and d refers to the density). 

Table 13 equation for relationship between grain size/density and material dependent parameters 

  α vs. grain size 
  

λ vs. density 
  

hematite 
  

α = -0.0008 g + 1.642 λ = -0.0012 g + 3.5776 α = -0.514 d + 3.3023 λ = -0.89 d + 6.5935 

R² = 0.86 R² = 0.57 R² = 0.99 R² = 0.94 
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magnetite 
  

α = 4E-05 g + 1.1418 λ = -0.0001 g + 3.1554 α = 0.0346 d + 1.0139 λ = -0.0983 d + 3.5109 

R² = 0.95 R² = 0.35 R² = 0.90 R² = 0.26 

chalcopyrite α = 0.0007 g + 1.115 λ = 0.0012 g + 3.1615 α = -0.5 d + 2.595 λ = -0.8786 d + 5.7621 

R² = 1 R² = 1 R² = 1 R² = 1 

 

 

Figure 51 grain size and material dependent parameters relationship 
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Figure 52 Density and material dependent parameters relationship 

Relationship between the ore density and material dependent values are shown in  Figure 52. As the 

density increases, alpha value increases for a all samples, except for hematite which is slightly increasing. 

For lambda value, it has increasing trend with increasing of sample density.  

4.5.4 Specific rate of breakage modeling 

Using the model parameters extracted from Equation 11, the graphs for the specific rate of breakage are 

created. The graphs are shown with the calculated and experimental values in Figure 53, Figure 54 and 

Figure 55.   
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For the hematite ore, the rate of breakage in the fine-grained sample is higher than the other two grain 

sizes. This indicates that the fine-grain hematite reduces size at a faster rate compared to medium and 

coarse-grain size. For coarser grain sizes, since the crystals had time to form, the crystal structures have 

less defects and it may be more resistance to grinding, so he breakage rate is lower.  

 

Figure 53 Specific rate of breakage for Hematite ore 

 

Figure 54 Specific rate of breakage for Magnetite ore 
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In case of magnetite, the coarse grain-size sample has a lower breakage rate compared to the fine and 

medium grainsized samples. Medium and coarse grain size models are perfectly fitted on the data, but 

fine grain size data modeling shows larger deviations. For the chalcopyrite samples, fine and medium grain 

size samples have almost the same breakage rate. The models are not perfectly fitted on breakage data. 

 

 

Figure 55 Specific rate of breakage for Chalcopyrite ore 

4.5.5 Discussion of errors 

Potential errors in this works can originate from several sources. First, sample classification based on the 

mineral grain size is not a perfect practice. Categorizing is done by visual sorting. In addition to the energy-

meter precision, weighing-scale precision can also contribute to the total error. 

The other source of errors would be the mill itself. Because of the shape and form of the mill cap, after 

each time that materials must be moved out of the mill, about one or less than one gram of material has 

been left inside the mill. After each step, the mill gets cleaned using compressed air and the dust gets 

ventilated. For each experiment, about 3-5 grams of materials is lost cumulatively. 5 grams of materials 

in total of 225 gram is about 2 percent which is considerable and may cause significant error in final 

calculation.  

The large intervals of the size classes were another source of errors. The geometric ratio between the 

upper and lower bounds of the size classes was more than square root of 2. In addition, in all grinding 

tests, the last sieve size class was 75 microns. It would have been better to additionally use size classes 

less than 75 microns like 53 or 38 microns in grinding tests. 
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Another source of error oud be due to homogeneity of materials. Despite of synthetic materials, minerals 

are inhomogeneous. Therefore, differences in mineral rains and crystals could be a source of error.  
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5. Conclusion and future work 

After studying comminution parameters like grindability and rate of breakage as well as textural 

parameters like grain size and mineral association, it can be said that there is some correlation between 

these parameters. categorizing the samples by visual sorting is not a perfect way, so the particle size 

distribution of samples is repeated for several times and all of them were similar. Differences in PSD is a 

proof that visual sorting was done all right.   

Comparing breakage rate and grindability between all the samples, it is found that fine-grained material 

has a relatively higher breakage rate and higher grindability compared to medium-grain and coarse-grain 

materials for both iron and copper ore. Since the amount of material less than 75 microns is considered 

for calculating grindability, it can be said that fine-grain material is producing more fines compared to 

medium and coarse-grained samples. One reason for this phenomenon could be the crystal size of 

minerals. Medium and coarse-grain size minerals with more perfect crystallization are more resistant to 

grinding than fine-grain minerals.   

Comparing the rate of breakage for each sample, as the particle size increases, the rate of the breakage 

increases and, after reaching a maximum, then decreases again. It can be said that in small particle size, 

grains already reach the liberation size and almost all the minerals are fully liberated. In addition, below 

this size, more energy is needed to break the grains. Furthermore, it can be said that at larger grain sizes, 

the particles are too big to be ground between the grinding balls and the energy of the ball mill is not 

enough to break the particles.  

Using the breakage rate of samples and Austin equation, the selection function model is fitted on data 

and model parameters are extracted. In the modeling, machine dependent parameters were considered 

in a constant range (for this type of mill and operating conditions) and material dependent parameters 

fluctuated. Comparing the model parameters for all samples, there is a slight correlation between grain 

size and material dependent parameters. For fine-grain size samples, parameters are higher than for 

medium and grain size samples, but more tests need to be done.  

Relation between mineral liberation and grain size is investigated. when the grain size of minerals 

increases, mineral liberation at a specific size range, increases. It means, coarser grain size minerals can 

be liberated in bigger size fractions, so, less grinding effort is needed to liberate coarser grain size minerals. 

This fact can be used to create grinding circuit in mineral processing plants. If in early stages, coarser grain 

size minerals can be separated from finer grain size, minerals can be liberated with less energy 

consumption. Of course, for using this idea, all economical and technical aspects should be considered. 

In this study, grain size and mineral association were considered as textural parameters. Grade also can 

be considered as a textural parameter. Grades of iron samples are measured indirectly by density, but for 

copper samples, since there were so many gangue minerals, the indirect measurement of grades were 

not possible. 

In June and July, when we had planned to do the SEM imaging, because of unplanned maintenance, SEM 

machine of Lulea university of technology were unavailable, therefore the SEM images of copper samples 

could not be prepared. Accordingly, image processing and calculations were done only for iron samples. 
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Association between minerals within the different size fractions indicates that iron oxide minerals break 

preferentially in the samples. The textural association study also shows that separation of magnetite from 

apatite by breakage is challenging since the apatite grains are less likely to break in coarser size fractions. 

Since the images for chalcopyrite were not available, the association between copper sample are not 

measured.  

In this thesis, chalcopyrite ore from Aitik mine was studied, but due to lack of time, only fine and coarse-

grain size samples were investigated. For future study, it will be necessary if medium-grain size sample 

were also compared.  

In addition, it would be interesting to compare additional samples from other ore types too. It is 

recommended doing this study on different ores from other mines in Sweden and other parts of the world 

and not just copper and iron ore. 
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6. Sustainable mining 

 Raw material value chain 

The string of collaborative players, who work together to satisfy market demands for specific products or 

services, is called value chain. The intent of the value chain is to increase the value of a product or service. 

In mineral processing of metal ores, the input is the Run of Mine (ROM) ore and the product is final 

concentrate, which should be delivered to the smelter company. In this step, the aim is to deliver proper 

product in both quantity and quality to the smelter.  

The run of mine that enters the processing plant had low grade and big particles as several centimeters. 

First, it should be crushed and grind, so the minerals get ready to be enriched in further processing steps. 

Crushing and grinding or in general term comminution is a low efficiency and energy consuming process. 

Therefore, decreasing the amount of energy used in comminution can be a way to decrease the cost of 

the process and increase the profit of the industry. In other word, decreasing the cost of production will 

increase the value added to the product. 

 

 Energy usage in the mining industry 

The mineral industry is responsible for more than 38% of total industrial energy use and 11% of total final 

energy consumption(Guilbaud, 2016). This energy consumption is set to double by 2050 compared to 

2009 standards if no policy measures are taken. At the same time, the mining sector is coming under 

significant pressure to decrease the amount of energy consumed and greenhouse gases emitted.  

About 25 percent of all energy consumption in Europe is in industry. Table 14 shows the perspective on 

the possible, sectoral Business-As-Usual (BAU) energy consumption trends through 2050 in European 

Union(Chan & Kantamaneni, 2015). Iron and steel, Non-metallic minerals and Non-ferrous metals are 

considered as mining activities. 

 

Table 14 Projection of final energy consumption through 2050 ((Chan & Kantamaneni, 2015)) 

year 2015 2020 2025 2030 2035 2040 2045 2050 

Iron and steel  63,100 64,500 65,900 67,500 69,500 71,300 72,100 72,800 

Non-ferrous 
metals 

9,500 9,100 8,900 8,600 8,400 8,200 8,000 7,800 

Chemicals 56,700 59,900 63,100 66,400 69,600 72,900 76,400 80,000 

Non-metallic 
minerals 

37,500 37,400 37,100 36,900 36,700 36,500 36,300 36,100 

Paper and pulp 40,800 39,600 38,400 37,200 36,200 35,000 34,000 32,900 

Food, drink and 
tobacco 

28,700 27,900 27,100 26,300 25,600 24,900 24,200 23,500 

Machinery 20,300 20,100 19,900 19,800 19,600 19,400 19,200 19,100 

Petroleum 
refinery 

45,700 46,000 44,100 42,500 40,900 39,400 38,000 36,700 

All numbers in the table are in kTOE (Thousand tons of oil equivalent) 
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Figure 56 shows the trend of energy consumption through 2050. According to the figure, the energy 

consumption of iron and steel industry will increase over 15 percent through next 2 decades. Even though 

energy usage of non-ferrous metal and non-metallic minerals remain constant, the total energy usage of 

mineral sector will increase(Chan & Kantamaneni, 2015). 

 

 

Figure 56 Projection of final energy consumption in EU through 2050 

 

 Legislation to save energy in Europe 

By using energy more efficiently, Europeans can decrease their energy bills, reduce their reliance on 

external suppliers of oil and gas, and help protect the environment. In order to achieve these goals, energy 

efficiency needs to be improved throughout the full energy chain. Therefore, the European Union 

develops policies to push people, industries and governments towards more efficient energy use.  

In 2012, under the Energy Efficiency Directive 2012/27/EU, the EU set a 20% energy savings target by 2020 

(when compared to the projected use of energy in 2020) – this is roughly equivalent to turning off 400 

power stations (European commission report, 2018) . In December 2018, the Energy Efficiency Directive 

(EED) updated regulations and established a new target. By the new policy, EU energy efficiency target 

for 2030 should be at least 32.5% (European commission report, 2018). Base on the report, each EU 

members obliged to reach annual reduction of 1.5% in national energy sales (European commission 

report, 2018). Although these regulations would be applied to domestic and public energy users, industry 

as a part of society is obliged to save energy as possible. 
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For increasing efficiency and save energy, significant innovation is required on current and emerging 

technologies to release further industrial energy reduction potential. 

 

 Link to ore texture and geometallurgy 

Mining and mineral processing industry always faced constant challenges to become more efficient and 

comminution is one of the most inefficient parts of mineral processing. The comminution process, which 

includes both crushing and grinding, is one of the world’s most energy-intensive industrial processes and 

regarding low efficiency equipment, most of energy consumed in grinding would convert to 

heat(Gawenda & Foszcz, 2012). Comminution uses at least 4 percent of total global electricity production 

and it accounts, on average, for more than 50 percent of a mine’s energy consumption and 10 percent of 

total production costs(Jeswiet & Szekeres, 2016). 

Ore body complexity is a major problem towards efficiency increasing. This complexity is variation of ore 

types due to multiple mineralization events. The ore texture or the relationship between minerals 

presented in the ore is the key feature that can explain this variation.  

The ore texture has important effects on plant efficiency, grade and recovery, and operational economics. 

As today’s operating challenges are to reduce costs, improve recovery and produce a higher quality 

product, it is no longer good enough for operators to simply consider making decision on grade alone. The 

constantly increasing orebody complexity demands for more comprehensive information for operations 

decision making.  

This research was a fundamental study about comminution. Understanding breakage mechanisms and 

patterns will lead us to increase the efficiency of grinding devices and save more energy. From the 

technological point of view, it is possible to improve the grinding efficiency, but it needs more study and 

research. Green technology can save a lot of energy and, by saving energy, the production cost of raw 

materials will decrease. It means some reserves that are uneconomical to extract now, can be economical 

in the future. In addition, producing energy will have an effect on the environment, so by saving energy 

in mining activity, the environment can be benefited. Producing less energy (which by the way most of it 

is being produced by fossil fuels) can prevent global warming and global change. In addition, Government 

policies are always in favor of reducing energy usage and increasing the efficiency of a process. Especially 

in mining activity which has a lower efficiency compared to other industrial activities, governments and 

lawmakers always push mining companies towards more efficiency. 

Understanding the textural related parameters like grindability, breakage rate and liberation size of 

minerals, specific surface area of the target minerals, and the amount of fines that can be produced during 

comminution can be defined. These factors will have a major operational effect on the raw material 

production chain from mining strategy through to blending, processing, grade and recovery, and even 

tailings management 

By investigating new grinding technology, which comes from a better understanding of breakage 

mechanisms and comminution patterns, the future of mining activities could be change. Sustainable 

mining is a goal in which the European Union is pursuing. 
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8. Appendices 

 Particle size data 

 

 Screen Size (µm) Weight of material (g) %Retaining Cum %Pass X axis Y axis 

1680 3.18 1.46 98.54 7.43 1.44 

840 4.44 2.04 96.49 6.73 1.21 

425 15.88 7.31 89.19 6.05 0.80 

212 56.44 25.96 63.23 5.36 0.00 

106 58.56 26.94 36.29 4.66 -0.80 

75 23.03 10.59 25.69 4.32 -1.21 

< 75 55.85 25.69 0.00 - - 

Slope Sum  Intercept n b P80 (µm) 

0.89 217.38 -4.87 0.89 7.7E-03 413 

Appendix  1 summary of hematite medium-grain product PSD test 

 

 

 Screen Size (µm) Weight of material (g) %Retaining Cum %Pass X axis Y axis 

1680 6.31 2.89 97.11 7.43 1.27 

840 6.68 3.06 94.05 6.73 1.04 

425 16.01 7.34 86.71 6.05 0.70 

212 46.32 21.23 65.48 5.36 0.06 

106 55.93 25.63 39.85 4.66 -0.68 

75 24.31 11.14 28.71 4.32 -1.08 

< 75 62.66 28.71 0.00 - - 

Slope Sum  Intercept n b P80 (µm) 

0.77 218.22 -4.23 0.77 1.5E-02 443 

Appendix  2 summary of hematite coarse-grain product PSD test 
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 Screen Size (µm) Weight of material (g) %Retaining Cum %Pass X axis Y axis 

1680 1.49 0.68 99.32 7.43 1.61 

840 0.36 0.16 99.16 6.73 1.56 

425 0.66 0.30 98.86 6.05 1.50 

212 18.94 8.63 90.23 5.36 0.84 

106 81.26 37.03 53.20 4.66 -0.28 

75 38.23 17.42 35.78 4.32 -0.81 

< 75 78.51 35.78 0.00 - - 

Slope Sum  Intercept n b P80 (µm) 

0.80 219.45 -3.85 0.80 2.1E-02 228 

Appendix  3 summary of magnetite fine-grain product PSD test 

 

 

 Screen Size (µm) Weight of material (g) %Retaining Cum %Pass X axis Y axis 

1680 3.15 1.43 98.57 7.43 1.45 

840 0.84 0.38 98.19 6.73 1.39 

425 3.31 1.50 96.69 6.05 1.23 

212 39.36 17.86 78.83 5.36 0.44 

106 73.87 33.52 45.31 4.66 -0.51 

75 29.47 13.37 31.94 4.32 -0.96 

< 75 70.39 31.94 0.00 - - 

Slope Sum  Intercept n b P80 (µm) 

0.81 220.39 -4.16 0.81 1.6E-02 305 

Appendix  4 summary of magnetite medium-grain product PSD test 

 

  



69 
 

 

 

 Screen Size (µm) Weight of material (g) %Retaining Cum %Pass X axis Y axis 

1680 3.16 1.44 98.56 7.43 1.44 

840 2.54 1.16 97.40 6.73 1.29 

425 12.97 5.91 91.49 6.05 0.90 

212 57.95 26.40 65.09 5.36 0.05 

106 61.81 28.16 36.94 4.66 -0.77 

75 23.78 10.83 26.10 4.32 -1.20 

< 75 57.30 26.10 0.00 - - 

Slope Sum  Intercept n b P80 (µm) 

0.89 219.51 -4.86 0.89 7.7E-03 391 

Appendix  5 summary of magnetite coarse-grain product PSD test 

 

 

 Screen Size (µm) Weight of material (g) %Retaining Cum %Pass X axis Y axis 

1680 2.67 1.21 98.79 7.43 1.48 

840 0.49 0.22 98.56 6.73 1.45 

425 0.38 0.17 98.39 6.05 1.42 

212 6.83 3.10 95.29 5.36 1.12 

106 77.60 35.26 60.03 4.66 -0.09 

75 50.21 22.81 37.22 4.32 -0.76 

< 75 81.92 37.22 0.00 - - 

Slope Sum  Intercept n b P80 (µm) 

0.70 220.10 -3.24 0.70 3.9E-02 208 

Appendix  6 summary of chalcopyrite fine-grain product PSD test 
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 Screen Size (µm) Weight of material (g) %Retaining Cum %Pass X axis Y axis 

1680 2.67 1.23 98.77 7.43 1.48 

840 0.97 0.45 98.33 6.73 1.41 

425 1.30 0.60 97.73 6.05 1.33 

212 13.54 6.22 91.51 5.36 0.90 

106 73.08 33.57 57.94 4.66 -0.14 

75 42.36 19.46 38.48 4.32 -0.72 

< 75 83.76 38.48 0.00 - - 

Slope Sum  Intercept n b P80 (µm) 

0.70 217.68 -3.32 0.70 3.6E-02 227 

Appendix  7 summary of chalcopyrite medium-grain product PSD test 
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 Particle density data 

 

 

Appendix 8 density of sample measured by pycnometer 
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 Liberation and association data 

 

Appendix  9 Fine-grain hematite +1.68-3.35 mm 
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Appendix  10 Fine-grain hematite +0.840-1.68 mm 
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Appendix  11 Fine-grain hematite +0.425-0.840 mm 
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Appendix  12 Fine-grain hematite +0.212-0.425 mm 

 



80 
 

 

Appendix  13 Medium-grain hematite +1.68-3.35 mm 
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Appendix  14 Medium-grain hematite +0.840-1.68 mm 
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Appendix  15 Medium-grain hematite +0.425-0.840 mm 
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Appendix  16 Medium-grain hematite +0.212-0.425 mm 
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Appendix  17 Coarse-grain hematite +1.685-3.35 mm 
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Appendix  18 Coarse-grain hematite +0.425-0.840 mm 
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Appendix  19 Coarse-grain hematite +0.212-0.425 mm 
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Appendix  20 Fine-grain magnetite +1.685-3.35 mm 
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Appendix  21 Medium-grain magnetite +1.685-3.35 mm 
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Appendix  22 Coarse-grain magnetite +1.685-3.35 mm 
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Appendix  23 Fine-grain magnetite +0.84-1.68 mm 
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Appendix  24 Medium-grain magnetite +0.84-1.68 mm 
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Appendix  25 Fine-grain magnetite +0.425-0.840 mm 
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Appendix  26 Medium-grain magnetite +0.425-0.840 mm 
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Appendix  27 Coarse-grain magnetite +0.84-1.68 mm 
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Appendix  28 Medium-grain magnetite +0.212-0.425 mm 
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Appendix  29 Coarse-grain magnetite +0.212-0.425 mm 
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Appendix  30 Coarse-grain magnetite +0.84-1.68 mm 
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Appendix  31 Coarse-grain magnetite +0.425-0.840 mm 

 

 

 

 


