
DOCTORA L  T H E S I S

Parisa Sem
sari Parapari   E

fficient m
ineral liberation – M

ultidim
ensional investigation of m

echanical stress and ore texture

Efficient mineral liberation – 
Multidimensional investigation of 
mechanical stress and ore texture

Parisa Semsari Parapari

Mineral Processing



 

 

 

 

Efficient mineral liberation – 

Multidimensional investigation of mechanical 

stress and ore texture 

 

 

Parisa Semsari Parapari 

 

 

 

 

 

Doctoral thesis in Mineral Processing 

Division of Minerals and Metallurgical Engineering 

Luleå University of Technology 

SE-971 87 LULEÅ 

Sweden 

 

 

December 2021 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 



i 

 

Abstract 

Within mineral comminution, the product properties (such as particle size distribution and 

mineral liberation characteristics) along with process efficiency are affected by material 

related and process environment factors. Understanding and optimizing these factors leads 

to designing and developing an energy-efficient process with a specified product. A better 

understanding of interactions between comminution environments and ore properties is the 

fundamental approach to improve the breakage process. This could lead to achieving a 

desired product particle size and liberation with the least energy consumption. It can even 

be used for designing new or improving the performance of comminution machines. In this 

doctoral thesis, breakage fundamentals are analyzed and set against the principles of 

various comminution machines: (i) Loading mechanism is defined as the physical action 

that is applied to a particle or several particles to introduce mechanical stress. (ii) The 

resulting pattern of the particle failure is referred to as breakage mechanism. (iii) The 

breakage mode defines the particle breakage and its dependence on ore texture and mineral 

liberation. 

To date, most of the research has addressed fragmentation and energy consumption within 

the comminution system. While optimizing these two factors is used as the approach to 

have an efficient process, improving mineral liberation is the other approach. In this regard, 

promoting the breakage mode to preferential in phase and phase boundary breakage could 

help to increase the liberation degree. According to the literature, mechanical stress is one 

of the factors controlling mineral liberation. While mechanical stresses are related to the 

comminution environment, ore texture is related to the particle's inherent characteristics. 

The thesis aims to identify ore textural micro-features and combine them with micro-static 

and micro-dynamic processes as the key to achieve the most efficient process in terms of 

mineral liberation, fracture energy, and particle fragmentation. 

In the first stage of the work, iron oxide ore from the Malmberget mine in northern Sweden 

was used and various ore textures were characterized on micro-level to attain the qualitative 

and quantitative features. These features were not only used for distinguishing textures but 

were also used later for data interpretation. In the second stage, two distinct ore textures 

were selected to investigate single particle breakage through four‐dimensional deformation 

and two‐dimensional crack quantification. The former method determines the breakage 

mode by quantifying internal deformation and strain in a three-dimensional volume of in-

situ X-ray computed micro-tomography measurements. In the latter method, two-

dimensional scanning electron microscopy - backscattered electron was used to quantify 

cracks based on the type of breakage mode. In addition, X-ray computed micro-tomography 

three-dimensional imaging was used in order to track the propagated cracks in the third 

dimension. Moreover, magnetite grains cracks were studied qualitatively based on optical 

microscopy images in order to identify and characterize the propagated cracks. In the third 

stage, particle bed of three hematite and three magnetite ore textures was fragmented at two 

displacement rates. The attained data in terms of breakage mode, liberation distribution, 
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fragmented particles, and fracture energy were compared and their relation to micro-

processes and micro-ore features were evaluated. In the fourth stage, multivariate data 

analysis was applied for finding and predicting patterns in mineral liberation, fracture 

energy, and fragmentation connected to ore texture features and displacement rate. 

Moreover, a comparison of ore textural features was also done to find the strongest factors. 

Finally, the optimal conditions to have the lowest fracture energy and highest liberation 

were investigated. 

 

Keywords: Loading mechanism; Ore texture; Breakage mode; Fracture energy; 

Fragmentation; Breakage mechanism; Statistical analysis; 3D Deformation; Crack 

quantification 
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Thesis structure 

The thesis is organized in two main parts. The first part (Part I) consists of five chapters 

including a summary of the most relevant work and key findings of this PhD thesis. The 

second part (Part II) consists of the four appended papers produced during this study. 

 

Part I is structured as follows: 

Chapter 1 gives the background information of the research project and frames the current 

study in terms of aim, research questions, and objectives. 

Chapter 2 reviews the extensive literature on the breakage process in different comminution 

machines. 

Chapter 3 focuses on the characteristics of the identified ore textures, the analysis methods 

to retrieve those, the developed experimental procedure, and methods used for the breakage 

and liberation quantification. 

Chapter 4 discusses the most significant results and investigates how the micro-ore textural 

and process features are linked to fracture energy, fragmentation, and mineral liberation. 

Chapter 5 summarizes the key findings of the thesis project, answers the research questions, 

and provides recommendations for future work. 
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Chapter 1 – Introduction 

1.1  Background 

Comminution is a sequence of fragmentation steps that are used to progressively reduce 

the particle size. In mineral processing, the goal is often to liberate the mineral of interest. 

A mineral liberates when it is physically freed from other minerals. The size reduction and 

liberation are prerequisites for the subsequent separation processes in order to recover the 

mineral of interest. The extent to which the particles are liberated has a direct influence on 

the performance of the entire beneficiation process. Thus, it is essential to have sufficient 

mineral liberation in order to maximize grade and recovery in the concentrate. While 

mineral liberation is one important factor in the mineral processing, the energy efficiency 

of the comminution process is the other one. Comminution is known as an energy-intensive 

process, which in the mineral raw material sector accounts for 50% of energy consumption 

of a mine site, equivalent to 4% of the world-generated electricity (Jeswiet and Szekeres, 

2016). Gross energy consumption of comminution can go even higher due to the depletion 

of high-grade ores, which drives the mining industry to explore and extract low-grade and 

complex ores more. This trend has two consequences for the mineral industry; first to 

process larger tonnages and second to grind to finer sizes for liberating minerals 

(Fuerstenau, 1995). Therefore, comminution efficiency becomes even more important than 

it was before. Inefficiency in comminution leads either to an insufficient liberation (lack of 

resource efficiency) or to overgrinding (lack of energy efficiency). Moreover, in some 

mineral processing plants, comminution demands water (Chelgani et al., 2019) which poses 

additional challenges particularly in arid areas. Therefore, there is no doubt that mineral 

industry faces major challenges in comminution. 

The strategies toward an efficient ore comminution are first to avoid comminution where 

possible and second to use more efficient and suitable comminution technology (Reichert 

et al., 2015). Consequently, an appropriate selection of the comminution machine for a 

certain ore type leads to a desired product with the least energy consumption. Currently, 

the selection criteria is based on the feed characterization (Yokoyama and Inoue, 2007), 

final product specification (Chelgani et al., 2019), available operational system (Mohd et 

al., 2017), and energy efficiency of the machines (Chen et al., 2014). While having a proper 

selection is important, King (1993) pointed out that a fundamental understanding of the 

breakage process shall be considered in the design of new comminution machines, which 

ultimately improves industrial comminution processes. He proposed that recognizing the 

link between the micro-processes and the particulate system dynamics is critical for 

understanding the breakage process (King, 1994, 1993). Moreover, Bradshaw (2014) 

suggested ‘process mineralogy’ as a bridge between ore processing and geology. She 

highlighted that the textural study of the ore would help to design and modify the process 

flowsheet. 
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Indeed, it is not feasible to consider all the ore textural features; however, the dominant 

ones can be used as an indicator for the ore. A reasonable approach to tackle this issue is to 

study the ore texture in a quantitative manner (Lamberg, 2011). Therefore, the two 

strategies for optimizing size reduction units that shall be further investigated are (i) 

optimizing the available comminution technology with respect to the ore and its properties, 

i.e. ore texture, and (ii) introducing the ore textural features into the design procedure for 

new comminution machines. These strategies require a better understanding of 

comminution by analyzing breakage fundamentals and linking the ore micro-features with 

process micro-dynamic and micro-static events. 

In comminution, loading mechanism, breakage mechanism, and breakage mode are the 

parameters that control particle breakage. Loading mechanism initiate the particle breakage 

in the comminution process by applying mechanical stresses. Breakage mechanisms are 

influenced by the loading mechanism along with the comminution environment and 

material properties (Hogg and Cho, 2000; Little et al., 2016) where it eventually impacts 

on the type, shape and size of particles (Kelly and Spottiswood, 1982; King, 2012). 

Therefore, investigating the connection between mechanical stress and breakage 

mechanism leads to better understanding of particle fragmentation and energy consumption 

of the comminution process. The intermediate term, breakage mode is used to show the 

dependency of breakage to ore texture and mineral liberation. Random breakage, i.e. 

breakage independent of ore texture, has a slight contribution to mineral liberation, at least 

in coarse size fractions. On the other hand, non-random breakage, i.e. breakage preferential 

in phase or in phase boundary, significantly increases the liberation of the fractured phase 

(King and Schneider, 1998). Comparatively, the contribution of phase boundary (or grain 

boundary) breakage to liberation is higher than preferential phase breakage. While King 

and Schneider (1998) suggested that the breakage mode is mainly controlled by the ore 

texture, other studies highlighted the influence of the loading and breakage mechanisms on 

breakage mode (Celik and Oner, 2006; Garcia et al., 2009; Roufail, 2011; Xu et al., 2013). 

This could be due to the interactions of micro-dynamic processes and ore micro-features. 

Therefore, identifying and understanding the breakage mode in comminution systems and 

its relation to ore texture and operating conditions is the major step towards improving 

mineral liberation. 

1.2  Aim and objectives  

This work aims at improving the performance of comminution process technologies by 

identifying and integrating process and ore related factors at the micro-level. To reach this 

goal, three important aspects of the comminution process, namely mineral liberation, 

fracture energy, and particle fragmentation need to be investigated based on ore texture and 

process-related factors. In this regard, the improvements in particle breakage not only may 

affect the energy consumption but also affect the performance of downstream processes. 

Therefore, considering mineral liberation together with fracture energy and particle 

fragmentation and understanding their relationship with ore texture features and process 
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related factors are the crucial steps for optimizing the comminution process. However, for 

reaching to this point a more fundamental investigation of what is happening on micro-

level is necessary and suitable test protocols need to be developed that allow a quantitative 

evaluation. 

Accordingly, the following research questions have been derived that are addressed in this 

thesis: 

1. What are the relevant process and ore-related parameters affecting particle breakage 

and mineral liberation in ore comminution? 

2. What test protocols are needed to analyze breakage and liberation and to investigate 

the interrelation between process and ore-related parameters? 

3. How can ore properties and process parameters be aligned to improve mineral 

liberation and energy efficiency for a certain ore? 

 

The approach followed in this PhD project in order to answer the above research questions 

comprises the objectives:  

 Reviewing the literature of ore texture breakage fundamentals and highlighting the 

process and ore features in comminution. 

 Developing methods to analyze the breakage mode in (i) single particle and (ii) 

particle bed environment. 

 Characterizing ore texture deformation under varying mechanical stress and 

quantifying resulting cracks. 

 Investigating the breakage mode and liberation utilizing the interactions of 

displacement rate and ore texture in single particle and particle bed breakage. 

 Evaluating the comminution efficiency in terms of fracture energy, mineral 

liberation, and particle fragmentation in different ore textures. 

 Identifying and characterizing suitable ore samples with textural variations in order 

to implement all the above objectives. 

 

To achieve these, the following steps were defined and undertaken in this study, resulting 

in four scientific papers A-D (Figure 1): 

 Screening the literature on breakage fundamentals, which ranges across the 

spectrum of time and researchers to define (Paper A): 

o Classification of comminution areas in mineral processing where breakage 

fundamentals have been used for improving process understanding. 

o Analysis of process-related factors and ore textural breakage behavior on 

the product properties of the comminution process. 

 Developing methods based on micro-processes of a single ore texture particle 

breakage for (Paper B): 
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o Implementation of multidimensional deformation characterization and two-

dimensional crack quantification and characterization. 

o Analysis of displacement rate and micro-ore textural features as controlling 

parameters for breakage mode. 

 Investigating the effects of displacement rate and ore texture variation on particle 

bed breakage by (Paper C and D): 

o Classification and characterization of particle ore textures in terms of grain 

size, mineral association, and mineral grades. 

o Application of particle bed breakage to integrate ore and process 

characteristics. 

o Application of a statistical approach to uncover the relation between micro-

ore texture and process related factors in the comminution process i.e. 

mineral liberation, particle fragmentation, and fracture energy. 
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Chapter 2 - Fundamentals of ore breakage 

In the following, breakage fundamentals and their terminology are introduced including 

loading mechanism, breakage mechanism, and breakage mode. In order to have a clear 

understanding of the breakage process, the breakage behavior of materials and their 

characteristics under loading and the theories behind the breakage process are discussed in 

brief. In addition, the mechanisms for improving minerals liberation, fracture energy, and 

fragmentation are introduced. A brief summary of the chapter is given in the end. 

2.1  Loading mechanism 

The loading mechanism is defined as the action of physical quantities, either force or 

momentum, which are applied to a single particle or several particles in order to introduce 

mechanical stress (Andreatidis, 1995; Mütze and Husemann, 2008; Rumpf, 1965). These 

physical quantities have a relative direction (Andreatidis, 1995) and rate (Mütze and 

Husemann, 2008) compared to particle motion. The range of direction and rates define the 

type of loading mechanism. In this work the loading mechanism is defined with respect to 

the loading type, loading rate, and the effective physical quantity. Generally based on the 

loading direction, there are three types of loading including compression, impact, and shear 

in comminution machines (Figure 2). Tensile stress affects the breakage process indirectly 

as an effect of compression or impact loading (Wills and Atkinson, 1993). 

 

Figure 2. Loading mechanisms in a comminution environment 

A compression loading mechanism has a slow loading rate and occurs if a particle is pressed 

between two media, two tools or media and the comminution machine (Evertsson, 2000). 

The impact loading mechanism according to the definition provided by Kelly and 

Spottiswood (1982), is the rapid type of the loading mechanism. In the case of impact 
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loading mechanism, the blades of the comminution machine or accelerated media, e.g. 

hammer mill, hit a particle. The strike loading mechanism is also another type of fast 

loading mechanism. In comminution machines like tumbling mills, the loading rate is 

controlled by the falling height of the grinding media and gravity (Wang et al., 2012). Two 

mechanisms are taking place under the effect of the gravity force. The first mechanism 

occurs when a particle falls and hits the comminution machine’s internal surface (impact 

loading mechanism). In the second mechanism, another particle or media, for instance, the 

grinding balls in a tumbling mill, falls onto a particle (strike loading mechanism). 

The last loading type in a communion environment is shear. Shear loading results in wear 

and shear stress, which generates the attrition loading mechanism. This loading mechanism 

includes two states; (i) the particle is nipped between two media or the surfaces of other 

particles, (ii) side collision of two particles as they pass by each other. Attrition has been 

occasionally referred to as particle friction between two other particles or media. Abrasion 

is used interchangeably with attrition but the definition denotes particles rubbing each other 

(Lynch, 2015). By definition, attrition is the act of wearing or grinding down by physical 

quantities e.g. friction (Cleary and Morrison, 2016; Inoue and Okaya, 1996). Overall, 

variations of loading mechanisms occur in each comminution machine; however, each 

machine has one or several dominant ones (Evertsson, 2000; Frances et al., 2001; Hogg 

and Cho, 2000; Schubert and Tomas, 2007). Moreover, some loading mechanisms may 

occur mostly in crushing rather than grinding and vice versa (Frances et al., 2001; Mütze 

and Husemann, 2008). 

2.2  Factors affecting ore breakage behavior 

For all materials, the particle breakage begins with crack initiations and propagations. 

Overall, failure occurs when the applied stress and work are sufficient to break the bonds 

that hold atoms together. In order to break the atomic bond, a tensile force is required for 

increasing the separation distance from the equilibrium value; this force must exceed the 

cohesive force to sever the bond completely. However, the experimental work done on 

brittle material revealed that the fracture strengths are usually three to four times or even 

more below this value. This is due to inherent flaws (micro-defects or micro-cracks) in 

these materials (Anderson, 2012). Based on the definition provided by Simmons and 

Richter (1976), micro-cracks in rocks are openings where one or two of their dimensions 

are significantly smaller than the third. They added that in 2D micro-cracks, one dimension 

is significantly smaller and the crack aspect ratio, i.e. the width to length ratio, must be less 

than 10-2 (usually 10-3 - 10-5). Furthermore, the length of the micro-crack is typically less 

than 100 µm. 

Rocks as geological materials mostly show brittle breakage behavior and commonly 

contain micro-cracks (Kranz, 1983; Simmons and Richter, 1976). The micro-cracks are 

categorized into two groups i.e. natural and stress-induced ones (Nur and Simmons, 1970). 

Natural micro-cracks are formed under high pressure and temperature during geological 

events and stress-induced micro-cracks are formed due to man-made mechanical operation 
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(Nur and Simmons, 1970). Natural and stress-induced micro-cracks are the source of 

localized stress as the material undergoes mechanical stresses. In the cases where the 

material has natural micro-cracks, the stress is accumulated in crack tips and fracture occurs 

due to the connection of many micro-cracks (Kranz, 1983). By increasing the stress level, 

meso-cracks are formed due to the activating and growing of micro-cracks. Finally, the 

development of fast macro-crack propagation is occurring, which causes the sample failure 

(Figure 3). 

 

Figure 3. Fracture process of brittle material under stress – modified after Dyskin and 

Sahouryeh (1997) 

The mechanical properties of texture, its minerals, and micro-cracks influence the breakage 

behavior. Ore texture discrepancy, also referred as ore texture heterogeneity, can be 

categorized at nano-scale (Prasher, 1987) and micro-scale (Hamdi et al., 2015) levels. In 

this thesis, ore texture heterogeneity at the micro-scale has been studied due to its effect on 

rock strength and stress-induced fracture patterns (Figure 4). For instance, it was shown 

that the compressive strength of coarse-grained granite is roughly 10-20% less than for 

fine-grained granite (Martin and Stimpson, 1994). Some definitions of ore textural 

heterogeneity are fully recognized in mineral processing and process mineralogy. Weak 

grain boundaries e.g. mineral cleavage planes can be studied as a part of mineral 

heterogeneity. For instance, it was shown that in rock breakage behavior, the existence of 

biotite and feldspar changes the crack formation (Mahabadi et al., 2014; Nadan and 

Engelder, 2009). In addition, the physical properties of mineral types combined with 

mineral association show the evidence of natural micro-cracking (Nur and Simmons, 1970). 
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Figure 4. Ore texture description in a quantitative manner and its relation to ore texture 

heterogeneity (The dashed line boxes indicate the ore texture heterogeneity) 

2.3  Breakage mechanism 

With the application of loading mechanisms and mechanical stresses in the comminution 

machines, particles face energy transmission (Nematollahi, 2002; Wills and Atkinson, 

1993). The way a particle fails is referred as the ‘breakage mechanism’. Griffith, as quoted 

by Ozkahraman (2010) postulated that if the effective stress exceeds the local strength of 

the material, the particle starts to break. Understanding particle behavior under loading 

allows recognizing the mechanism behind the breakage and its relation to progeny particles 

(fragmentation) and energy consumption. The breakage mechanism is often described 

based on particle breakage pattern, product particle size distribution, or particle shape 

(Table 1) and is categorized into shattering, cleavage, chipping, and abrasion. 

Table 1. Breakage mechanisms in a comminution environment 

Feed particle Breakage pattern Product particles Breakage mechanism 

 

  

Shattering 

  

Cleavage 

 
 

Chipping 

 
 

Abrasion 
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Shattering occurs when the loading is perpendicular to the particle and the applied energy 

is a multiple of that required for the breakage. Therefore, the particle experiences a load 

higher than the particle strength and what is needed for single breakage (Kelly and 

Spottiswood, 1982). King (2012) expressed that shattering involves multiple breakage 

events, in fact, a series of steps that the product particles undergo in an immediate 

sequential of breakage. This process continues until all the energy is dissipated. 

Cleavage is the breakage along preferred material surfaces i.e. the cracks move along the 

cleavage planes in crystals (Wills and Atkinson, 1993). King (2012) describes cleavage as 

a type of breakage mechanism that generates several large particles along with fine particles 

that originate from the points of applied stress. In general, some agreements exist that the 

cleavage breakage mechanism occurs if the kinetic energy is enough to break the relative 

weak planes, e.g. cleavage planes of the particle (Hennart et al., 2009; Kelly and 

Spottiswood, 1982; King, 2012; Ye et al., 2010). 

Chipping occurs with particles with topographical properties or angular surfaces (Little et 

al., 2017; Unland, 2007; Vizcarra et al., 2011). If the applied load on an irregular particle 

is angular, rough corners can break off (Austin et al., 1986; Wills and Napier-Munn, 2005). 

Contrary to this, Fuerstenau and Han (2018) stated that the chipping breakage mechanism 

breaks off the sharp edges and corners without a specific direction of applying load. The 

particle size distribution in this breakage mechanism is bimodal and the size difference 

between the two peaks of size distribution is relatively small (Unland, 2007). 

Abrasion is caused by either the tangential load or insufficient energy of the applying load 

and the acting forces are parallel to the surface (Wills and Napier-Munn, 2005). Palaniandy 

et al. (2008) stated that abrasion is characterized by the formation of fines and no noticeable 

change in the feed particle mean size. The latter definition was used by Hogg (1999) for 

modeling breakage and Little et al. (2017) for investigating the particle shape after 

breakage. 

2.4  Breakage mode 

Breakage mode has been expressed as random and non-random which based on its type, it 

may affect mineral liberation. The breakage mode is random if it is independent of the 

texture. Oppositely, it is non-random breakage if it depends on the texture. King (2012) 

classified non-random breakage as selective breakage, differential breakage, preferential 

breakage, phase boundary breakage, liberation by detachment, and boundary region 

fracture. Recently, Little et al. (2016) suggested that the first three breakage modes should 

be categorized as preferential in phase breakage and the other three modes as phase 

boundary breakage (Figure 5). Preferential in phase breakage is used to refer to situations 

in which breakage more frequently occurs in one mineral. Phase boundary breakage is a 

type of breakage in which breakage is happening preferentially along boundaries rather 

than across the phases (King and Schneider, 1998). 
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Intact ore Random Preferential Phase boundary 

Figure 5. Intact ore texture and types of breakage mode. Red lines are representing 

fracture planes. 

Another approach for identifying the breakage mode is based on the initiated and 

propagated cracks (Baud et al., 2014; Brotóns et al., 2013; Eberhardt et al., 1999; Shea and 

Kronenberg, 1993). In this regard, identifying and quantifying cracks allow determining 

contributing factors to a certain breakage mode. This may lead to promoting the breakage 

mode to the preferential and phase boundary breakages where the liberation degree is 

higher. Ore texture characteristics combined with mechanical stresses are the factor that 

control particle breakage and eventually mineral liberation. Ore texture features, such as 

those summarized in Figure 4, may be used as indicators. For instance, certain mineral type 

and associations may indicate the presence of natural micro-cracks. The mineral type may 

also be used as a clue for weak grain boundaries. For instance, Mahabadi et al. (2014) 

showed the effect of biotite, due to its cleavage planes, on macro-crack formation and 

breakage. 

2.5  Summary 

 The particle breakage process has been classified according to loading 

mechanism, breakage mechanism, and breakage mode. 

 The loading mechanism is defined as the action of physical quantities, which 

are applied to a particle or several particles to introduce mechanical stress. In 

the current work, the loading mechanism is divided into four types including 

impact, strike, compression, and attrition. 

 The consequence of particle failure is the breakage mechanism, which is 

influenced by the loading mechanism and material properties. Shattering, 

cleavage, chipping, and abrasion are the most frequent terms that have been used 

for the type of breakage mechanisms. 

 The breakage mode defines the particle breakage in terms of being random or 

non-random. 

 A new aspect of ore texture was introduced as ore texture heterogeneity, which 

is a complex parameter in micro-level comprising mineral heterogeneity, 

geometrical heterogeneity, weak grain boundaries, and micro-cracks. 
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Chapter 3 - Materials and methodology 

This chapter starts by introducing material, characterization, and experimental procedures 

used for particle fragmentation. The materials were characterized at macro- and micro-scale 

and were utilized for different fracture studies, namely single particle and particle bed 

breakage. In each approach, instruments, equipment, and post processing steps were also 

described. Finally, a statistical analysis was applied on particle bed breakage data in order 

to find the correlations among ore texture, comminution environment, and comminution 

efficiency variables. 

3.1  Materials and characterization methods 

In this study, magnetite and hematite ore samples from the Malmberget ore deposit 

operated by Luossavaara-Kiirunavaara AB (LKAB) were selected. The ore has relatively 

simple textures, which allows investigating combined features of ore mineralogy and 

texture on the breakage process. Two sample sets were separately collected from the 

magnetite and hematite processing lines. The sampling was done by LKAB’s staff 

following the company’s sampling protocol. The collected samples were screened to 100-

150 mm and 120 kg of each sample set was prepared. The samples represent the ore textures 

and sample sizes, which are normally utilized in comminution. More information regarding 

the Malmberget plant process and flowsheet can be found in Öberg et al., (2008) and Tano 

et al., (1999). The sample preparation and characterization were performed at a macro- and 

micro-scale (Figure 6). 

In the first step of characterization, the textural classifications as defined by Lund (2013) 

were used for visual logging. In the Malmberget ore bodies, magnetite and hematite occur 

mostly together, often with porphyroblasts of one of the minerals in a matrix of the other 

(Bergman et al., 2001). Due to the variety of ore textures based on their geological features, 

the identified ore textures, in the second step, were categorized in two dimensions. First 

based on the dominated mineral, namely hematite and magnetite, and second based on the 

grain size of the dominant mineral. Therefore, the discriminated samples were cut, mold in 

resin, polished, and studied through reflected optical microscopy for the grain size 

quantification. The dominant mineral grain size distribution was attained by measuring a 

minimum of 200 grains. In the continuation, the samples were classified into fine-, 

medium-, and coarse-grained ore textures according to the 80% cumulative undersize of 

the dominant mineral grain size (d80). In the next steps of mineral characterization, two 

separate approaches were used following to the investigated methodology, which will be 

described in each section. 
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Figure 6. Schematic procedure of sample characterization and testing 

3.2  Analysis of crack formation 

A systematic analysis of the crack formation and propagation with respect to phase 

boundary, preferential and random breakage mode has been conducted. The approach was 

to analyze the breakage mode in single particle ore textures, which leads to optimizing the 

loading mechanism with respect to mineral liberation. In order to achieve this, a 

quantitative analysis of single ore texture particles was used. The identified ore textures 

were tested with compression loading at different displacement rates. Then quantitative 

analysis, including three‐dimensional deformation and two‐dimensional crack 

characterization and quantification was performed using X-ray computed micro-

tomography as well as optical and electron microscopy (Figure 7). 
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Figure 7. The schematic representation of workflow for single particle ore texture 

breakage 

3.2.1  Sample selection and characterization 

X-ray computed micro-tomography (XCT) is one of the techniques for scanning the 

internal features of an object in 3D. X-rays passing through the material are attenuated 

according to the differences in density and atomic composition of the internal phases. In 

order to generate a 3D image, the attenuated signals are reconstructed in virtual slices with 

gray levels of brightness (Kyle and Ketcham, 2015) and by stacking multiple sequential 

slices. The denser phases attenuate more and in the gray brightness of slices of the 

reconstructed images, the denser material occurs brighter. 

For XCT analysis, two magnetite ore textures were selected. The selection criteria were the 

mineral proportions and magnetite grain size. Samples contained both magnetite and 

gangue minerals with roughly equal proportions and scattered distributions. Moreover, 

since the magnetite ore may have hematite (Annersten, 1968), only those samples without 

hematite were selected. This is due to the similar density and effective atomic number of 

hematite and magnetite, which results in similar attenuation number (Berger et al., 2010). 

Therefore, the two minerals would be detected with the same gray level in XCT images 

even though having different physical properties. Furthermore, a proper selection of the 

grain size had to be done. Too fine grain sizes may not be distinguished at the selected 

resolution and a misinterpretation of the grain characteristics occur due to the partial 

volume artifact (Johns et al., 1993; Wang et al., 2017). In addition, the sample will have a 

high particle strength, which may not deform evenly at high loading intensities (Hatzor and 

Palchik, 1997). On the other hand, a too coarse grain size may not have enough grains for 

XCT studies. Furthermore, samples with coarse grains will likely break only along the grain 

boundaries (Eberhardt et al., 1999). Hence, samples of two textures were selected according 

to these criteria, named as (A) and (B). In order to identify the minerals present in the 

selected textures, scanning electron microscope - energy dispersive spectrometer (SEM-

EDS) analysis was done (Table 2). 
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Table 2. Selected samples for XCT with their grain size and mineralogy. 

Sample Visual logging d80 Mineralogy 

(A) 

 

700 µm 
Magnetite, apatite, actinolite, chlorite, 

quartz, biotite 

(B) 

 

950 µm 
Magnetite, apatite, actinolite, chlorite, 

calcite 

3.2.2  Deformation measurements 

Micro-cracks are one of the micro-scale ore texture heterogeneities, which affect ore 

breakage. Depending on its size, a micro-crack may be undetectable due to the resolution 

limit of the measuring techniques. In this case, measuring the deformation around micro-

cracks is an alternative way to investigate a material failure. 3D measuring techniques can 

be used in order to measure the internal structural deformation of the material (Maire and 

Withers, 2014). One of the methods to quantify internal deformation and strain in a 3D 

volume is Digital Volume Correlation (DVC) which is a non-destructive method based on 

a theory developed for Digital Image Correlation (DIC) (Bay et al., 1999). DIC is an optical 

experimental method, which measures the displacement and strain field in two dimensions 

using digital image processing and numerical computing (Larsson et al., 2018; Pan et al., 

2009). DVC technique allows tracking the non-destructive evolution or deformation of a 

material by time-lapse 3D imaging at different stress levels (Yu et al., 2016). The 

deformation tests can be conducted in both ex-situ and in-situ XCT environments. Due to 

the brittle behavior of ores, utilizing ex-situ loading may deactivate micro-cracks when the 

loading is removed. Therefore, facilitating in-situ loading averts the micro-cracks 

deactivation.  

3.2.3  Modified Brazilian test 

After the ore textures were classified and selected, samples were prepared for a modified 

Brazilian test. The Brazilian test setup was used for the following reasons: 

 It is a method with indirect measurements of tensile strength and is widely utilized 

to study the fracture behavior of brittle materials (Yuan et al., 2018). In this test, the 

test specimens are right circular cylinders (Bieniawski and Hawkes, 1978). 

 Due to the small surface sharing of the particle and platen, the friction force is less 

effective. Friction causes the apparent compressive strength to vary inside the 

sample (Obert et al., 1946). 
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 Due to less irregularity on the cylindrical specimen surface, the applied stress does 

not accumulate on a specific part (Prasher, 1987). 

 The cylindrical shape samples allow the full scan field utilizing XCT circular fields 

of view (Ketcham and Carlson, 2001). 

Accordingly, a small-scale Brazilian test procedure and apparatus fitting the XCT chamber 

were designed for studying the structural deformation. A cylindrical core was drilled out of 

the characterized samples. Due to sample size and resolution restrictions of the XCT, the 

core had same height and diameter, 7 mm. The sample was handled carefully to minimize 

the stress-induced micro-cracks during the preparation procedure. The samples were then 

polished with a polishing wheel to have parallel planes at the end faces of the core with a 

smooth edge. 

For conducting the in-situ Brazilian test, an apparatus with a suitable sample holder was 

needed. Criteria for selecting the proper sample holder material were to have a (i) light 

density with (ii) low plastic behavior. Steel material is often recommended to prevent the 

plastic deformation inside the apparatus (Bieniawski and Hawkes, 1978). However, the X-

ray signal attenuation of steel is high. Therefore, an aluminum apparatus was selected with 

a density of 2.7 g/cc and a good strength to weight ratio (Figure 8). 

 

Figure 8. Brazilian test apparatus 

3.2.4  In-situ loading with XCT 

The 3D scanning was carried out using a Zeiss Xradia 510 Versa 3D microscope system. 

A CCD (charge-coupled-device) detector was used which included an image intensifier. 

To have comparable scan results, the scanning parameters (Table 3) were kept constant for 

each scan. 
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Table 3. XCT scanning parameters 

Parameter Value 

Voltage 140 kV 

Power 10 W 

Current 71.5 µA 

Exposure time 1 s 

Binning number 2 

Spatial resolution (voxel size in the reconstructed slice) 20 × 20 × 20 µm3 

Field of view 20 mm × 20 mm 

Number of projections 1201 

Scanning time 4 – 4.5 h 

An in-situ loading device (CT5000, Deben Ltd, UK) was used with the Brazilian apparatus 

and the XCT. The quasi-static compression loading mechanism was applied at two 

displacement rates (0.1 and 1 mm/min) at room temperature. The temperature was 

controlled during the process to prevent a temperature effect on particle deformation. 

Normal loads of 30 N, 500 N and the load at the breakage point were used for all textural 

types and displacement rates. In each step, the ore texture sample was loaded to the before-

mentioned force and scanned while the force remained constant (Figure 9). DVC 

measurements were performed on the XCT datasets using the LaVision DVC software. The 

local correlation algorithm in LaVision is a Fast Fourier Transform cross-correlation, which 

correlates the sub-volumes independently as a discrete function of gray levels (Davis, 8.4, 

LaVision GmbH, Göttingen, Germany). 
 

 

Figure 9. Schematic drawing of applied loading with the DVC measurements 

superimposed on the XCT scanned particle 
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3.2.5  Crack quantification and characterization 

In order to evaluate the effect of mineralogy on the characteristic of cracks, 2D images i.e. 

SEM-EDS and optical microscopy images were used. The magnification and resolution in 

optical microscopy images were 20X and 1 µm respectively. 2D images were tracked in 

the 3D image of the core and selected slices were compared. 

To quantify the cracks, 2D SEM-BSE images were analyzed in MATLAB. High-resolution 

2D images were acquired by a Zeiss Sigma 300 VP SEM with a resolution of 20 μm per 

pixel and a field of view of about 7 × 7 mm per image. A summary of the image analysis 

in MATLAB is given below: 

1. Gray level SEM-BSE images were binarized for discriminating cracks (binarized 

cracks, Figure 10).  

2. Morphological processing was applied to the crack binary images. Thinning 

processing was used in order to “skeletonize” the cracks and was iterated until 

reaching pixel width (morphed cracks, Figure 10). Topological properties (number 

of holes and connections) were conserved in this process (Lam et al., 1992; Pratt, 

2001). 

3. By combination of the cracks’ binary image and SEM-BSE image, the crack width 

and surrounding phases were calculated and recorded. This was done by plotting a 

perpendicular line to the skeletonize crack direction and extend this line until 

reaching the mineral phases. 

   
SEM-BSE image Binarized cracks Morphed cracks 

Figure 10. Image analysis steps for 2D crack quantification on an example SEM-BSE 

image. 

3.3  Ore texture fragmentation and mineral liberation 

While mineral liberation is one important aspect of the comminution process, the fracture 

energy and fragmentation are the others. Therefore, the combined effects of particle textural 

properties and process operational conditions on particles fragmentation were investigated. 

To achieve this, a particle bed was used, since other types of particle breakage may occur 

in the comminution system rather than single particle. The classified ore texture samples 

were tested with compression loading at different displacement rates followed by 

liberation, fragmentation, and fracture energy analyses (Figure 11). 
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Figure 11. The schematic representation of workflow for particle bed breakage 

3.3.1  Sample selection and characterization 

The characterized ore textures samples (i.e. fine-, medium-, and coarse-grained hematite 

and magnetite ore textures) were used in the experiments. In order to prepare material for 

experiments and further characterization, the samples were crushed in a laboratory jaw 

crusher until all the particles passed the 3.35 mm control sieve. One of the advantages of 

using crushed samples for experiments is that the particles represent the actual irregular 

shapes as received from crushing and grinding in comminution machines. Another 

advantage is that the number of particles being tested for particle bed breakage is sufficient. 

The fragmented product was sized to receive a fraction of +1.68 -3.35 mm to be used for 

fragmentation tests. The mono-sized samples belonging to each classified group were then 

homogenized and split into one representative sample for performing the mineralogical 

analysis. 

The classified ore textures samples were analyzed in terms of modal mineralogy and 

mineral associations by using SEM-BSE. Mineral identification in BSE images was done 

via post-analysis utilizing the information from SEM-EDS and X-ray powder diffraction 

(XRD) data. For XRD analysis, samples were ground using a ring mill to reach a d80 of 20 

µm. The sample powder was used for backfilling the holders with an opening of 26 mm in 

diameter. Mineral identification and quantification were done using the HighScore Plus 

Version 4 software package and the ICSD database. The background correction, scale 

factors, unit cells, preferred orientations, and profile variables were included in the Rietveld 
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refinement quantification. The identified minerals by SEM-EDS and XRD analyses were 

compared and validated. 

3.3.2  Fragmentation tests 

The compression loading mechanism experiments were performed using a universal 

electro-mechanical loading machine (Dartec M1000/RE). The machine is intended for the 

mechanical testing of materials in smaller entities. For performing the tests, a special steel 

apparatus with a low plastic deformation (Bieniawski and Hawkes, 1978) was designed 

(Figure 12). This apparatus can hold the crushed mono size feed material during the 

experimental procedure, which minimizes the spatial distribution of fragments. This allows 

particles to undergo the mechanical stresses. Moreover, a flat-flat geometry (flat head and 

flat holder) maximizes the material captured during the experiments. The arrangement of 

particles in the holder represents a particle bed breakage process (Schönert, 1996). The 

height could vary due to material bulk density, but the maximum height was 1.4 cm. 

  

Apparatus holder Apparatus head 

Figure 12. Test apparatus geometrical dimensions used for compression loading test 

In preliminary tests, loading intensities of 50 and 100 kN at displacement rates of 0.001 

and 0.1 mm/s were applied. Comparing the fragmentation results, 50 kN was selected for 

the experimental procedure due to the reasonable test time and the sufficient fragmented 

particle populations. Moreover, the energy level was not controlled during the experiments 

to allow easier control of the applied stress rate on particle fragmentation and the resulting 

size distribution. 

Each experimental setting was repeated three times. The fragmented particles of each 

experiment were collected and sized into +0.840-1.68 mm, +0.425-0.840 mm, +0.212-

0.425 mm, and -0.212 mm fractions. The mass of each size fraction was weighed and then 

each fraction correspondent to each repeated test was mixed. A representative sample from 

each mixture used for mineral liberation analysis in size fractions. Preliminarily liberation 

analysis revealed that <0.425 mm was the critical size at which magnetite and hematite 

particles were fully liberated. Therefore, the size fractions >0.425 mm were selected, i.e. 

+0.425-0.85 mm and +0.85-1.68 mm, to track the liberation changes. An unconventional 

resin mount size of 50 mm diameter was used to allow analyzing enough particles. 
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3.3.3  Image acquisition and processing 

To perform liberation analysis, an in-house mineral liberation analysis package was used 

(Parian et al. 2018). The package processes the SEM-BSE image of the whole sample and 

the set of minerals associated with each gray level and then provides bulk mineralogy, 

mineral association, and mineral liberation distribution. It uses image-processing sequences 

including phase discrimination, object separation, feature extractions to provide numerical 

ore textural features and liberation. Morphological processes in the packages include 

particle discrimination from epoxy background followed by separating touching particles 

and correcting particle edges. Then each particle is analyzed in terms of minerals, geometric 

features of each grain and the whole particle, and finally associations between the minerals. 

The collected data of all particles is extractable as a graph or data sheet. 

The full image of samples was created by stitching SEM-BSE field images by the built-in 

software Mineralogic. Minerals relating to specific gray levels in the SEM-BSE image were 

recognized by EDS analysis of the phases at that gray level. The in-house package was 

chosen over built-in Mineralogic software of the SEM due to its flexibility and significantly 

faster analysis time for the large epoxy samples. It has to be mentioned that due to the 

similar backscatter gray level and chemical composition of hematite and magnetite, it is 

difficult to distinguish them in an SEM (Fandrich et al., 2007; Gomes et al., 2013). 

Therefore, any trace or minor amount of hematite in magnetite samples classified as 

magnetite and vice versa. It is also not uncommon to find martite in the magnetite and 

hematite ore bodies of the Malmberget deposit (Lund, 2013). Martite is a hematite 

pseudomorph which is formed after magnetite under conditions of increasing oxygen 

(Totten and Colas, 2016). 

3.4  Ore texture breakage statistical modeling 

Ore texture and process related factors may interact and change the output of a 

comminution process. Therefore, their relationship and interaction are important for the 

process outcome such as mineral liberation, fracture energy, and fragmentation. Statistical 

analysis methods such as probability value, multiple linear regression, and multivariate data 

analysis (MVDA) allow finding correlations between multiple variables. In particular, the 

MVDA technique has been used in multivariable mineral processing systems for 

correlation and prediction purposes (Oghazi et al., 2009; Pourghahramani et al., 2008; Zeng 

and Forssberg, 1995). In this thesis, MVDA was used to find and predict how patterns in 

mineral liberation, fracture energy, and fragmentation are connected to ore texture 

characteristics and displacement rate. Moreover, a comparison of ore textural features was 

also done to find the most influential factors. MVDA allows the variables to be explained, 

expressed, and reduced dimensionally into latent variables or principal components (PCs) 

(Jackson, 2005). Therefore, the importance and contribution of each variable in the 

breakage process will be revealed by PCs. A strong aspect of MVDA is that it works with 

many variables and limited observations (Eriksson et al., 2013) which is the case in this 

investigation. Principal component analysis (PCA) and projections to latent structures 
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(PLS) are the projection methods in which the measured variables are modeled as a linear 

combination of PCs. Generally, the score and loading plots are two paired and 

superimposable and one plot follows the same directions as the other one. PLS is a 

regression extension of PCA and it was used here as a mathematical tool for relation 

recognition. While PCA solely works with X-variables, PLS links predictor variables X 

and response variables Y (Godoy et al., 2014). PCA and PLS analyses were performed 

using SIMCA ver. 16 (Umetrics, 2020). 

In this study, the observations are the compression tests with the abbreviations representing 

ore type (M as magnetite and H as hematite), textural type (C as coarse-grained, M as 

medium-grained, and F as fine-grained ore textures), and displacement rate (0.001 and 0.1 

mm/s), respectively. For instance, M-C-0.1 stands for coarse-grained magnetite ore texture 

compressed at 0.1 mm/s displacement rate. To investigate the effect of ore textural features 

and displacement rate on fracture energy, fragmented particles, and mineral liberation by 

composition and by surface, PLS was used. In PLS models, ore textural features such as 

grain size, mineral grades, and their association in feed were considered as explanatory 

variables. Fracture energy, fragmented particles, liberation by composition and by surface 

were considered as response variables. The complete identification codes for variables are 

given in Table 4. 

Mineral liberation by composition is often not sufficient for recovering valuable minerals 

in downstream processes such as flotation or leaching. In these processes, liberation by 

surface is more relevant. Therefore, mineral liberation by surface was also included in the 

response data. Table 5 schematically presents the importance of the particle texture and the 

method for evaluating mineral liberation. In this table, particles have similar size, shape, 

and composition but different texture. Particles having similar liberation by composition 

do not necessarily have the same liberation by surface (number 2 and 3 in Table 5). 
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Table 4. The abbreviation and explanation of variables 

Variables Variable description 

x50 Median grain size (µm) 

d80 80% cumulative undersize grain size (µm) 

IO Iron oxide mineral (hematite or magnetite) grade 

(wt. %) 

Apt Apatite grade (wt. %) 

Qtz+Fsp Quartz plus feldspar grade (wt. %) 

Oth Minerals with strong cleavage planes including 

biotite, chlorite, amphibole, and pyroxene (wt. %) 

DR Displacement rate (mm/s) 

Qtz+Fsp_IO, IO_Qtz+Fsp, 

Apt_IO, IO_Apt, Oth_IO, 

IO_Oth 

Association of first mineral with second mineral in 

the feed sample separated by underscore (%) 

Re1.68 Retained mass (wt. %) on +1.68-3.35 (mm) size 

fraction. 

Re0.84 Retained mass (wt. %) on +0.84 -1.68 (mm) size 

fraction. 

Re0.425 Retained mass (wt. %) on +0.425 -0.84 (mm) size 

fraction. 

Re0.212 Retained mass (wt. %) on +0.212 -0.425 (mm) size 

fraction. 

Re0 Retained mass (wt. %) on pan. 

Energy Fracture energy (kWh/t) 

L90 Iron oxide mineral liberation degree by composition 

in product particles (counted as >90 wt.% of iron 

oxide) 

L90(S) Iron oxide mineral liberation degree by surface in 

product particles (counted as >90 % wt.% of iron 

oxide mineral in the exposed surface of a particle) 

 

Table 5. Differences between liberation by surface and by composition and the extent of 

liberation for recoverability in each separation processes (Jones, 1987) 

The possibility of dark mineral to be recovered in the separation process. 

Particle texture 

  
1 

 
2 

 
3 

Flotation Recoverable Not recoverable Not recoverable 

Density separation Recoverable Recoverable Recoverable 

Leaching Recoverable Not recoverable Not recoverable 
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Chapter 4 - Results and discussion 

Following the methodic approach taken in this study, first micro-crack deformations under 

the mechanical stresses were quantified and characterized for single particles. In the next, 

as the particles can also break in a more complicated system, the results for fragmentation, 

fracture energy, and breakage mode of a particle bed were investigated. In addition, results 

of minerals association as an indicator for tracking of mineral liberation were introduced 

for feature investigations. Finally, a statistical analysis for the results of particle bed 

breakage was done in order to find correlations and possible improvements in 

comminution. For the convenience of the reader, the conclusion of each sub-chapter is 

given right after it. 

4.1  Crack formation analysis 

4.1.1  Maximum principal strain variations 

In a brittle material such as rock, maximum principal strain indicates maximum principal 

stress. Maximum principal stress is a suitable measure of assessing damage initiation 

(Meisels et al., 2015; Toifl et al., 2015) and is determined at an angle where the shear stress 

is zero. While shear stress is the reason for ductile material failure, in brittle material failure 

it is the normal stress. 

For measuring the strains and deformations, the assumption was that micro-cracks are 

equally distributed without any specific orientation. Table 6 shows some examples of the 

maximum principal strain for 500 N in the samples. According to this example, in both 

textural types and displacement rates, at 500 N, both tensile and compressive strains were 

observed. The strain distribution in brittle material before its failure was consistent with 

measurements obtained in previous studies (Melenka and Carey, 2015; Wu et al., 2019). It 

seems that this type of strain distribution before material failure is due to the crack closure 

stage of rock breakage (Peng et al., 2015). As the applying force was increased up to the 

breakage point of the particle, the maximum principal strain was mostly tensile as expected 

(Mahabadi et al., 2014; Wills and Atkinson, 1993) (Table 7). 

In order to compare the effect of displacement rate and textural type on strain type and its 

distribution, sections of the 3D images of the core were used (Table 6). By increasing the 

displacement rate, the magnitude of tensile strain drastically increased in texture (A). This 

drastic strain difference may have been related to a higher deformation of inherent micro-

cracks under the same time circumstances. In addition, it was shown that the failure of a 

brittle material under compression involves many micro-cracks. However, in the tensile 

case, the failure occurred with only a few micro-cracks (Kaplan, 1963). Thus, the 

probability of particle failure increased in locations where the tensile strain was 

accumulated. In this study, the micro-cracks, which are involved in particle failure under 

tensile stress, are named “effective micro-cracks”. As a result of higher tensile strain, the 

deformation may occur faster. This finding is consistent with that of Koch (2017) who 

pointed out that if the speed of crack propagation is slow enough, the tip of the crack can 
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adapt accordingly with the upcoming grains. However, if the crack propagation occurs 

rapidly, the adaption will not occur, resulting in crack propagation independent of the 

medium ahead of the tip. It is possible, therefore, that the incremental increase of effective 

micro-cracks combined with the theory of the less micro-crack adaption and selectivity 

with a higher crack inducing rate cause random breakage mode. Thus, the probability for 

random breakage mode is higher than for the non-random breakage mode (i.e. phase 

boundary breakage and preferential breakage) when increasing the loading displacement 

rate. This finding is similar to a study that was set up to determine the effect of displacement 

rate on phase boundary breakage and a potential increase of phase boundary breakage and 

liberation to be achieved at slower displacement rates (Garcia et al., 2009). 

Table 6. Some examples of strain mapping and cross-correlation section of 3D. In the 

scale bar, negative values indicate compressive strain, 0-0.001 have roughly no 

deformation. Positive values indicate tensile strain. DR stands for displacement rate. 

Sample 
DR 

(mm/min) 
Strain mapping 

Scale 

bar 

(A) 

0.1 

   

 

1 

   

(B) 

0.1 

   

1 

   

In the ore texture (A), the loading rate influenced deformation, but no significant difference 

was seen in the texture (B) where deformation was high in both displacement rates (Table 

6). Therefore, in texture (B), the inducing rate of “effective micro-cracks” was high and the 

crack propagation would be random. A possible explanation is that the crystalline structure 

of the texture (B) had more natural micro-cracks, which have a potential for meso-crack 

and ultimately macro-crack formation and propagation. These findings support that the ore 

texture nature and loading mechanism impact minerals breakage mode and liberation.  
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Table 7. Ore texture failure at the failure point - strain ranging from -0.16 (compression) 

to +0.16 (tensile). 

Sample code (A) (B) 

DR (mm/min) 0.1 1 0.1 1 

Material failure 

    

 

4.1.2  Crack characterization 

From the SEM analysis of texture (A), it was observed that some quartz grains were covered 

by biotite (Figure 13). This phenomenon is due to the ionic thermal reaction when the rock 

is forming according to the reaction of quartz with water and elements such as potassium, 

iron, magnesium, aluminum (Yardley, 1977). From this reaction, new biotite grains in the 

matrix may form or enlarge the existing grains. In terms of crack propagation, cracks were 

diverted into the biotite grain rather than passing through the quartz (Figure 13 (h)). This 

might be due to the cleavage planes of biotite, which deviate the cracks. This type of crack 

formation is attributed to the splitting along cleavage planes and corresponds with kinked 

structures in deformed biotite, which are a sign of weak planes heterogeneity (Wilson and 

Bell, 1979). On the other hand, in the cases where quartz had no biotite around (Figure 13 

and (g)), cracks passed through the quartz. More examples of the SEM and optical 

microscopy images of the failed texture (A) at 0.1 mm/min displacement rate are given in 

Figure 14. The observation of magnetite failure in optical microscopy images showed that 

the cracks were propagating into magnetite grains rather than along the grain boundaries. 

By comparing the grain images from optical microscopy with DVC measurements, a strong 

tensile strain was seen (Figure 13). This may partly be explained by the natural micro-

cracks inside the magnetite grain, which can be deformed under the stress. These micro-

cracks caused preferential breakage in the magnetite grains. Overall, these results indicate 

that micro-cracks, which are not visible with the current resolution, contributed to the 

failure of the sample. In Figure 14 (o), the micro-crack has propagated between apatite and 

quartz grains. This type of crack is referred to as “en passant” and may be due to the 

interaction of the stress fields around two approaching crack tips and locally applied stress 

(Kranz, 1979). 
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Figure 13. Strain, grain boundary, and SEM-BSE mapping illustration of texture (A)-0.1 

mm/min. Yellow color: grain boundaries. Purple color: Explained cases in the text. Strain 

color code as Table 6. 

In terms of breakage mechanism, closer inspection of the texture (A)-0.1 mm/min case 

showed that crack formation patterns in magnetite lead to the shattering breakage 

mechanism (Figure 14 (p)). Micro-indentation tests done on magnetite and quartz showed 

that these have roughly similar toughness (Middlemiss and King, 1996; Whitney et al., 

2007). However, Figure 13 (j) shows that there is no shattering breakage mechanism where 

quartz, apatite, and actinolite are accumulated. This observation may be explained by the 

fact that the magnetite phase has comparatively lower toughness due to its natural micro-

cracks. The natural micro-cracks in magnetite might be due to the recrystallization process 

of magnetite under the metamorphism process and random orientation of magnetite with 

anisotropic crystalline grains which causes intergranular stresses (geometrical and micro-

crack heterogeneity) (Bergman et al., 2001; Nur and Simmons, 1970). In addition to the 

metamorphism process and its pressure and temperature variation, due to the higher values 

of bulk moduli and thermal expansion coefficient of quartz in the magnetite matrix, natural 

micro-cracks can be formed in magnetite (micro-crack heterogeneity) (Nadan and 

Engelder, 2009; Nur and Simmons, 1970). Therefore, it can be concluded that, based on 

the material type in the compression zone, a shattering breakage mechanism may occur or 

not. 
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SEM-BSE image Optical microscopy image 

  

XCT-Prior slice XCT-Later slice 

Figure 14. Crack formation and distribution in texture (A) at displacement rate of 0.1 

mm/min. Red color: grain boundaries. (p) and (o) areas: propagated crack between apatite 

and quartz grains; shattering breakage mechanism in magnetite respectively.  

4.1.3  Crack quantification 

In total four minerals were selected according to the pixel value of the minerals including 

quartz, apatite, actinolite, and magnetite. The quantifications were done through three 

sections in textures A-0.1 (mm/min), A-1 (mm/min), B-1 (mm/min) and 2 sections in 

texture B-0.1 (mm/min). Quantification of minerals occurrence on both sides of the crack 

was done along the entire crack length with an average of the selected sections. The crack 

length inside each mineral and between two minerals was quantified and normalized by the 

total length of the cracks (Figure 15). The resolution restrictions hindered distinguishing 

rim shaped biotite around the quartz grains. In terms of loading rate, a remarkable change 

is seen in the cracks passing inside magnetite as well as apatite. While the relative crack 

length inside apatite in both textures increased with loading rate, the occurrence of the 

cracks inside magnetite decreased. It is known that magnetite and apatite are often highly 

associated together in this type of ore (Parian et al., 2018), therefore the cracks occurring 

in between magnetite and apatite or solely inside magnetite contribute most to the liberation 

of magnetite. Besides, the higher number of cracks in between actinolite and magnetite at 

slower loading rate contribute even more to higher magnetite liberation. The other notable 

differences were relative crack length in quartz and actinolite in texture (A) compared to 

texture (B). This could be explained by relatively large abundance of these phases in texture 

A (Table 8). 
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Figure 15. Phase boundary and preferential cracking quantification for each mineral along 

entire crack length. 

All in all, the cracks dominantly occurred in the magnetite phase. It is likely that the 

inherent micro-cracks and the large abundance of magnetite were the main reasons. In 

terms of breakage mode, the slower loading rate gave higher preferential breakage for 

magnetite while this was opposite for apatite. Phase boundary breakage between minerals, 

e.g. apatite and magnetite or quartz and magnetite, were not significantly different for the 

tested loading rates. Moreover, it was observed that the slower loading rate was more 

favorable for the liberation of magnetite.  

Table 8. Minerals volumetric grade in each texture 

Mineral 
Volumetric grade (%) 

Texture A Texture B 

Quartz 21.24 0.94 

Actinolite 8.64 2.16 

Apatite 3.81 6.45 

Magnetite 66.31 90.44 

4.1.4  Conclusions 

 The findings suggest that both ore texture and displacement rate may affect the 

breakage mode and liberation. 

 The density of crack formation in a specific mineral indicates the natural micro-

cracks within the mineral, which cause a preferential breakage mode. 

 Geological heterogeneity deformations within an ore texture affect the minerals’ 

natural micro-crack and alter breakage mechanism. 

 Weak planes and cleavages as in biotite cause a preferential breakage mode 

through its boundaries with other minerals. 
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 Geological deformation e.g. metamorphism causes geometrical and micro-crack 

heterogeneity. 

4.2  Particle bed breakage analysis 

4.2.1  Selected ore texture samples features 

Mineralogical characterization of the selected ore textures resulted in a two-dimensional 

classification based on the dominant iron oxide and its grain size (Table 9). No traces of 

hematite were found in the magnetite ore textures; however, small quantities of magnetite 

were present in the selected hematite ore textures. 

Table 9. Classified ore textures and their modal mineralogy 

 Fine-grained Medium-grained Coarse-grained 

 Mineral wt. % Mineral wt. % Mineral wt. % 

H
em

a
ti

te
 o

re
 t

ex
tu

re
s 

 

Hematite 37.9 Hematite 74.4 Hematite 85.3 

Albite 25.3 Quartz 8.5 Magnetite 4.4 

Quartz 23.6 Albite 4.8 Quartz 4.1 

Orthoclase 4.6 Magnetite 3.3 Clinochlore 3.6 

Apatite 3.5 Anorthoclase 3.1 Apatite 1.9 

Clinochlore 2.6 Clinochlore 3 Biotite <1 

Biotite 1.6 Apatite 1.5 Calcite <1 

Magnetite <1 Diopside <1 Hedenbergite <1 

Calcite <1 Pyrite <1   

  Tremolite <1   

  Calcite <1   

M
a

g
n

et
it

e 
o

re
 t

ex
tu

re
s 

Magnetite 34.0 Magnetite 45.1 Magnetite 73.8 

Albite 29.6 Albite 24.0 Actinolite 8.9 

Actinolite 18.6 Actinolite 8.9 Biotite 8.6 

Diopside 8.3 Tremolite 8.6 Orthoclase 6.6 

Quartz 6.2 Diopside 5.3 Apatite 2 

Biotite 1.8 Quartz 2.9 Pyrite <1 

Orthoclase 1.6 Orthoclase 2.1 Clinochlore <1 

Apatite <1 Apatite 1.9 Tremolite <1 

Pyrite <1 Biotite <1   

  Clinochlore <1   

  Pyrite <1   

Figure 16 presents a box chart for the grain size distribution of each ore texture based on 

their textural groups. Comparatively, hematite ore textures had wider grain size distribution 

in all three categories of grain sizes. In addition, the distance between the third quartile and 
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maximum grain size in hematite coarse-grained ore texture was larger. This could be due 

to large clusters of coarse-grained martite in this ore texture (Figure 17). 

  

Figure 16. Grain size versus grade for different textures 

 

Figure 17. Coarse-grained martite in hematite ore texture 

A co-occurrence matrix called Association Indicator Matrix (AIM) gives an indication for 

the abundance of an interphase surface area (Parian et al., 2018). In the current study, in 

order to simplify the mineralogical occurrences in the AIM, the minerals were indicated 

with their specific mineral group. For instance, albite and orthoclase were categorized as 

feldspar. Moreover, the minerals with less than 1% grade were not included. In an AIM, 

the non-diagonal values of the matrix are the association indicators. For instance, in Table 

10, apatite has 40.7% phase boundary association with hematite and 25.4% with 

biotite+chlorite. The analysis of selected magnetite and hematite ore textures in terms of 

association varied among the ore textures (Table 10). Both hematite and magnetite ore 

textures were highly associated with apatite even though the apatite grade was low (see 

Table 9). A positive correlation between magnetite_quartz+feldspar and quartz+feldspar 

grade (see Table 9) in magnetite ore textures was observed. 
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Table 10. Association between the minerals for the selected ore textures. 

 Hematite ore textures Magnetite ore textures 
O

re
 t

ex
tu

re
 

Mineral group AIM (%) Mineral group AIM (%) 

F
in

e-
g

ra
in

ed
 Quartz+Feldspar 

[

− 59.5 7.4 33.0
71.5 − 6.7 21.8
33.9 25.4 − 40.7
54.8 30.5 14.8 −

] 

Quartz+Feldspar 

[

− 77.3 8.0 14.7
77.6 − 9.4 13.0
25.1 29.7 − 45.2
35.1 30.9 34.0 −

] 
Biotite+Chlorite 

Biotite+Amphibole+ 

Pyroxene 

Apatite Apatite 

Hematite Magnetite 

M
ed

iu
m

-g
ra

in
ed

 Quartz+Feldspar 

[

− 71.2 13.1 15.7
50.2 − 24.8 25.0
11.3 30.4 − 58.3
13.3 29.9 56.8 −

] 

Quartz+Feldspar 

[

− 78.9 9.9 11.2
67.4 − 19.4 13.2
16.6 38.2 − 45.2
20.9 29.0 50.1 −

] 

Chlorite Amphibole+Pyroxene 

Apatite Apatite 

Hematite Magnetite 

C
o

ar
se

-g
ra

in
ed

 

Quartz 

[

− 73.2 10.4 16.4
62.6 − 15.2 22.2
17.6 30.2 − 52.2
22.2 35.6 42.2 −

] 

Feldspar 

[

− 78.7 10.9 10.5
42.9 − 38.4 18.7
5.8 37.6 − 56.5
7.0 22.8 70.3 −

] 

Chlorite Biotite+Amphibole 

Apatite Apatite 

Hematite Magnetite 

4.2.2  Specific fracture energy 

The corresponding specific energy (Em) for loading the samples at a given displacement 

rate was measured from the area under the force-displacement curve (equation 1) by 

numerical integration of: 

 𝐸𝑚 =  
1

𝑚𝑝
∫ 𝐹𝑑𝜀

𝜀𝑝

0

 (1) 

where mp is the particle mass in kg, F is the applied compressive force in kN and Ɛp is the 

particle deformation at fracture. In this study, kWh/t was used as the unit for fracture energy 

since it is a common unit used for comminution energy. The specific energies for fracture 

are shown in Figure 18 with the error bars corresponding to the standard deviations with a 

95% confidence interval. In hematite and magnetite ore textures, by moving toward 

coarser-grain ore textures, the mean fracture energy was reduced at both displacement rates. 

This finding is in line with the work of other studies on linking rock type and fracture 

energy consumption such as Tavares and King (1998). The variation in fracture energy can 

be due to differences in grain size distributions, mineralogy, and mineral associations in 

the feed sample. Concerning grain size distributions, comparing the results of Figure 16 

show that coarser grain ore textures had higher iron oxide mineral grades. Therefore, it was 

relevant to compare the iron oxide grain size, as the dominant phase, in coarser grain ore 

textures with the fracture energy. In this regard, by moving toward coarser grain ore 

textures, the grain boundaries were lengthier which provided longer weakness paths for 
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growing cracks to propagate along (Eberhardt et al., 1999). This boundary increment 

reduces the fracture energies i.e., lower energies are needed to be loaded on the feed sample 

for fragmentation.  

Higher quantities of cleavage minerals i.e., feldspar, biotite, chlorite, and amphibole 

increased the fracture energy. These types of minerals show plastic deformation which is 

caused by translation gliding or twin gliding or through the movement of dislocations 

through a crystal (Seyfert, 1987). This is aligned with what is seen in fracture energies of 

finer grain ore textures (Figure 18) as a portion of input energy is spent on plastic 

deformation rather than fracture. Overall, two factors caused higher fracture energy in finer 

grained ore textures: a large mass of fine grain iron oxide with their short grain boundaries, 

and the occurrence of cleavage minerals with their plastic deformations. 

In terms of displacement rate and its relation to the fracture energy, the results are somewhat 

inconsistent. It has been reported that the difference in the displacement rate has no effect 

on the specific fracture energy of magnetite and silicate particles (Saeidi et al., 2017). In 

Figure 18, the mean specific fracture energies for fine-grained ore textures are similar in 

both displacement rates, whereas for the medium- and coarse-grained the mean specific 

fracture energy is lower at a higher displacement rate. On the other hand, comparison of 

the results of fracture energies with their standard deviations is somewhat counterintuitive. 

In this regard, hematite fine-grained, hematite medium-grained, and magnetite medium-

grained had larger variation of fracture energies at 0.1 mm/s compared to 0.001 mm/s. The 

observed large variations of fracture energies at 0.1 mm/s displacement rate could be 

attributed to a shorter loading time (i.e. 23 s) compared to 0.001 mm/s (i.e. 2184 s). The 

short loading time allows an unsteady displacement of particles for an efficient energy 

transfer. Interestingly, the unsteady condition was reduced toward coarser grained ore 

textures at 0.1 mm/s displacement rate. This could be due to lower quantities of minerals 

with cleavage surfaces (Table 9) to be deformed plastically under the stress. 

  

Figure 18. Specific fracture energies for samples compressed at 0.1 and 0.001 mm/s 

displacements rates. 
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4.2.3  Particle fragmentation  

In order to determine any significant differences in fragmented particles at 0.001 and 0.1 

mm/s displacement rates, an analysis of the selected size fractions was done. Figure 19 

depicts the fragmentation size distributions of the selected hematite and magnetite ore 

textures at the two displacements with the error bars corresponding to the standard 

deviations with a 95% confidence interval. The results show lower mean values of particle 

mass in the coarsest size (i.e. +1.68 -3.35 mm) for all the selected ore textures compressed 

at lower displacement rates, indicating higher fragmentation in the feed particle at 0.001 

mm/s. A possible explanation for this might be that a higher displacement rate causes lower 

energy-transfer efficiency to break the particles (Garcia et al., 2009; Ozcan and Benzer, 

2013) which results in a higher probability of energy losses. This is also visible by 

comparing data in Figure 18. The energy used to break the particles at 0.1 mm/s was lower 

which may have caused a lower energy-transfer to particles and lower fragmentation. This 

outcome is contrary to that of Saeidi et al. (2017) who found a coarser fragmentation of 

single-particle breakage resulting from compression (lower displacement rate) compared 

to impact (higher displacement rate). In their experimental setup, they used a single-particle 

sample in an unconfined environment. The authors indicated that at a lower displacement 

rate, the particles do not have enough time to stay in the breakage environment for 

experiencing re-breakage and particles could go outside the loading zone. In the current 

study, the particles underwent fragmentation in a confined particle bed and breakage was 

affected by energy transferred via the contact points between the particles in the 

compressed zone (Fuerstenau et al., 1996). 

The particle size distributions of the selected hematite ore textures indicate that for coarse-

grained hematite ore texture, the mass of +1.2 mm is greater than two other ore textures 

within confidence intervals, indicating that the fragmented particles were roughly in the 

size of the martite mineral grains (Figure 19). As was shown in Figure 16, for hematite 

coarse-grained, a fraction of the grain size distribution is coarser compared to the targeted 

particle size distribution. Moreover, grain fracture requires higher energy compared to 

boundary fracture (Wills and Napier-Munn, 2005). Figure 18 shows that coarse-grained 

hematite had lower fracture energy compared to other textures. Thus, the probability of 

boundary fracture may have been higher compared to grain boundary fracture in coarse-

grained hematite ore texture. For fine-grained hematite, the accumulation of particles was 

higher in the finer size fractions, considering the confidence intervals, indicating successive 

breakage events. This can be attributed to the higher fracture energy of fine-grained ore 

texture (Figure 18). 

The results of magnetite ore textures’ samples fragmentations are different from hematite 

ones. The results of particle fragmentation overlap with the confidence intervals in some 

size fractions. The coarse-grained magnetite shows higher fragmentation for particles 

coarser than ~ 1.26 mm compared to the other two ore textures, on average. However, the 

results of fracture energy in Figure 18 indicate that the coarse-grained texture had the same 
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or lower energy consumption compared to the medium- and fine-grained, respectively. 

Therefore, the higher fragmentation cannot be due to the fracture energy and this may be 

due to the high quantities of biotite (Table 9) as biotite reduces the local strength in the 

cleavage planes (Kranz, 1983; Lois-Morales et al., 2020). The fine-grained magnetite had 

more quartz (Table 9) and higher associations of magnetite and quartz (Figure 7). Quartz 

has a lower bulk modulus and higher thermal expansion coefficient compared to magnetite, 

which causes micro-cracks in the magnetite matrix during ore formation (Nur and 

Simmons, 1970). The crossing of micro-cracks under the stress generates finer particles, 

which can be seen in Figure 19. Therefore, the presence of both biotite and quartz may 

affect the particle fragmentation. It seems that biotite, i.e. its cleavage planes, was 

influencing the generation of coarser product particles while the association of quartz and 

magnetite was leading to the production of finer particles. Overall, the comparative results 

indicate that ore texture has more effect on particle fragmentation than the displacement 

rate. 

  

Hematite ore texture Magnetite ore texture 

Figure 19. The average retained masses in size fractions for hematite and magnetite ore 

textures. Each particle size is the average for each size fraction. 

4.2.4  Quantification and characterization of breakage mode 

Liberation analysis of the collected product particles in the selected size fractions was used 

to determine particle bed breakage behavior and the optimum particle size for mineral 

liberation. Figure 20 presents the liberation distribution of ore textural groups in two size 

fractions and at the two displacement rates. Increasing the displacement rate slightly 

improved the liberation in all ore textures. Closer inspection in this figure shows a slight 

improvement in >80 wt.% liberation in the finer size fraction at the displacement rate of 

0.001 mm/s. Moreover, the observations of liberation improvement in size fractions for 

medium- and coarse-grained magnetite are counterintuitive. In this regard, medium-grained 

magnetite liberation improved in the coarser size fraction whereas for coarse-grained 

magnetite, the improvement was in the finer size fraction. This may originate from 

mineralogical differences of the particles in size fractions. The mineralogical distribution 
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of ore textures (Table 9) and higher associations of magnetite with biotite (22.8%) (Table 

10) indicate that the coarse-grained magnetite ore texture has a high biotite content that 

helps the preferential breakage of magnetite in finer size fractions (Wilson and Bell, 1979). 

Biotite deviates the cracks due to its cleavage planes. This type of crack formation refers 

to kinked structures in deformed biotite and corresponds with the splitting along cleavage 

planes. 

 Hematite ore texture Magnetite ore texture 
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Figure 20. Liberation distribution of hematite (left) and magnetite (right) in different size 

fractions and loading displacement rates. 

The liberation for the medium- and coarse-grained hematite was slightly decreased in the 

finer size fractions. It seems that the large grain size of hematite, particularly larger than 

the size class >0.840, is the decisive factor for having high liberation in the coarse fractions. 

Moreover, the result for the medium- and coarse-grained hematite can be attributed to 
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mineralogical differences in size fractions as shown in Figure 21. The highest liberated 

mass belongs to hematite, which can be due to high grade compared to other minerals 

(Table 9 and Figure 16). Furthermore, lower mass of liberated hematite was seen in +0.425 

-0.840 mm fraction compared to +0.840 -1.68 mm one. The differences are possibly due to 

the presence of large porphyroblast martite. Martite with irregular boundaries has higher 

occurrences in coarse-grained hematite compared to the medium one. The coarse-grained 

martite may liberate already in coarse size fractions. Therefore, the effect was stronger on 

the liberation of coarse-grained texture compared to the medium-grained. Nevertheless, the 

liberation of hematite in medium- and coarse-grain texture was still high in the +0.425-

0.840 mm fraction. Coarse-grained martite had defects inside its grains (Figure 17) which 

facilitated the preferential breakage mode. 

  
Medium-grained hematite Coarse-grained hematite 

Figure 21. Distribution of liberated, binary, and complex particles (wt. %) in size 

fractions for two displacement rates. Liberated particle counted as >95 wt.% of the phase 

of interest. A binary particle is given if two minerals exceed the presence threshold of 2% 

while a complex particle refers to more than two minerals exceeding the 2% presence 

threshold. 

4.2.5  Association indicator distributions 

Tracking the changes of the association indicator (AI) allows defining the breakage mode 

in the fracturing process. By having phase boundary and preferential in phase breakage 

mode, mineral liberation in coarser size fractions may be achieved (Table 11). For 

investigating the changes in AI values in various phases, the AI of 10% and AI50 were 

used. The definition of the terms are as follows: 

 A particle population with AI of 10% represents the population of particles in which 

mineral A has an association with mineral B in the association distribution. Figure 

22 illustrates hematite and chlorite+biotite associations in which the population of 

particles with AI of 10% has been drastically increased at a higher displacement 

rate. Decreasing the AI of 10% for a specific phase indicates that the breakage is 

preferentially happening in the phase. 
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 The AI50 is the value of the Association Indicator for 50% of the population of 

locked particles (median value in Figure 23). AIM50 is the association indicator 

matrix filled for AI50 values for each cell. AIM50 can be generated for each size 

class of locked particles and compared against AIM of the original ore texture. This 

can be used to evaluate breakage and the trend for separation of two specific phases 

from each other. 

Table 11. Relation of breakage mode with AI values (A and B are phases and C is the free 

space). DOL is the degree of liberation - modified after Parian et al. (2018) 

Parent 

particle 
Breakage mode 

Fragmented 

particle1 AI change DOL A DOL B 

 

Phase-Boundary 
 

𝐴𝐼𝐴𝐵
1 = 0 

𝐴𝐼𝐵𝐴
1 = 0 

𝐴𝐼𝐴𝐶
1 = 100 

𝐴𝐼𝐵𝐶
1 = 100 

 

 

 

 

  

Preferential in B 

 

𝐴𝐼𝐴𝐵
1 = 𝐴𝐼𝐴𝐵

0  

𝐴𝐼𝐵𝐴
1 >  𝐴𝐼𝐵𝐴

0  

𝐴𝐼𝐴𝐶
1 = 100 

𝐴𝐼𝐵𝐶
1 = 100 

- 

 
- 

 

-  

  

Figure 22. Distribution of Association Indicator values for hematite and chlorite+biotite 

in hematite fine ore texture 

  

Figure 23. Cumulative distribution of Association Indicator values for hematite and 

chlorite+biotite in hematite fine ore texture 
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The results for AI of 10 and AI50 between iron oxide and the gangue minerals (Figure 24) 

indicate that it is unlikely to track a trend for investigating the breakage mode according to 

the indicated hypothesis. Therefore, further research should focus on determining how to 

integrate minerals association with other factors such as mineral grade to determine the 

breakage mode.  

  

  

Figure 24. AI of 10 and AI50 for iron oxide (hematite and magnetite) and apatite. Size 

indicates the size fractions as 1 (+0.840 -1.68 mm) and 2 (+0.425 -0.840 mm) 

4.2.6  Conclusions 

 By moving toward ore textures with coarser grains, the fracture energy is 

reduced. 

 The higher quantities of cleavage minerals present in a sample, correlates with 

increased fracture energy.  

 The mean specific fracture energy is lower at a higher displacement rate. 

 A higher variation of energy consumption was observed in the higher 

displacement rate. 

 Slightly finer fragmented size distribution was obtained on average for all the 

selected ore textures in compressive tests at lower displacement rates. However, 

it is not as strong as the ore textural effect. 

 Fine-grained textures showed higher quantities of particles in finer size fractions 

indicating higher energy-transfer efficiency. 
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 Ore textural features such as grain size distribution and ore geological 

formations affect particle fragmentation, particle breakage mode, and liberation. 

 By increasing the loading displacement rate, the liberation of iron oxides was 

improved in all ore textures. 

 The random breakage mode was observed in fine-grained hematite and by 

increasing the loading displacement rate, the intensity of random breakage mode 

increased. 

 The mineralogical differences in ore textures influence the displacement rate 

effects on mineral liberation and particle complexity. 

4.3  Statistical analysis of particle breakage under compression loading 

mechanism 

4.3.1  Data overview 

The first analysis was run to get an overview of data with a PCA model based on all 

identifications and variables in Table 4. The generated PCA model had three dimensions 

(principal components) with sufficient eigenvalues, the cumulative explained variation 

(R2X(cum)) of 0.857 and the cumulative predicted variation (Q2(cum)) of 0.483. However, 

since the attempt was to have an overview of data, only the first two dimensions are shown 

here with R2X(cum) of 0.719 and Q2(cum) of 0.359. To evaluate the groupings and 

relationships among the observations, a score plot was used. The score plot (Figure 25) 

shows that there is a grouping mainly among each specific ore texture with a different 

displacement rate, which indicates that each ore texture has been specified well. 

  

Figure 25. Score (left) and loading (right) plots for the PCA model (overview) 

The importance of variables in the X matrix and the contribution of each variable to the 

model are shown in the loading plot (Figure 25). The first PC is primarily covering iron 

oxide mineral grain size and grade while the second one is mainly covering the gangue 

mineral grades and their association with iron oxide minerals. In the loading plot (Figure 
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25), gangue and iron oxide mineral grades are positioned in the opposite directions. 

Therefore, the contribution of iron oxide and gangue minerals on the analysis of product 

particle size, fracture energy, and mineral liberation shall be evaluated. As it was expected, 

the finest particles (i.e., retained mass on pan and 0.212 mm) correlate positively with the 

fracture energy. A positive correlation with increased Re0.84 particles can be observed with 

mineral liberation by surface and by composition. Displacement rate and mass of unbroken 

particles (i.e., Re1.68) have very slight influence as they are positioned close to the center 

of loading plot (Figure 25). This can also be observed with an X/Y overview of variables 

with negative Q2(cum) for DR and Re1.68. Therefore, unbroken particles mass variable 

was excluded in the next PLS models. The negative values for DR could be due to dual 

signal (only two distinct levels) and were therefore kept in the following models. 

4.3.2  The effect of ore texture features and displacement rate on the fragmentation 

and fracture energy 

Ore textural features such as grain size (x50 and d80), mineral grades, mineral associations 

in feed, and displacement rate were defined as factors, and retained masses in fractions and 

fracture energy were considered as responses (Table 4 and Figure 26). Comparing the 

results of correlations of energy and fragmented product particles showed that there are 

sufficient correlations between these variables to be kept in the same model except for 

unbroken particles mass. The statistical values of the model after excluding unbroken 

particles mass suggest a good PLS model with two PCs and R2X(cum) of 0.637, R2Y(cum) 

of 0.831, and Q2(cum) of 0.675. The score plot of t2/t1 also indicates that there was no 

strong outlier in the observations (Figure 26). In a broader perspective, fine-grained 

textures regardless of iron oxide mineral type located closely while other textures were 

scattered. 

  

Figure 26. PLS score (left) and loading (right) plots of the observations projected into two 

dimensions (t2/t1) generated for fracture energy and fragmentation model 
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A closer inspection of the loading plot (Figure 26) shows that there is a negative correlation 

between iron oxide mineral grade and grain size with fracture energy. This is a confirmation 

of what was initially expected, i.e. to have lower fracture energy with coarser grain sizes. 

As it was presented in Table 9 and Figure 16, iron oxide mineral grade was higher where 

iron oxide mineral was coarser. Therefore, with increases in iron oxide mineral grade, it 

can also be expected to have lower fracture energy. The effect of iron oxide mineral grain 

size and grade can be also seen in the ore textural type. In this regard, by comparing score 

and loading plots (Figure 26), magnetite and hematite fine-grained ore texture correlates 

with fracture energy. Those are also samples with the finest iron oxide mineral grain size 

and lowest iron oxide mineral grade. Another observation about fine-grained ore texture 

samples is the higher grades of minerals with strong cleavage planes (Oth) such as biotite 

(Table 8). Comparing the effects of quartz+feldspar grade and quartz+feldspar associations 

with iron oxide minerals on fracture energy (Figure 26) indicates that quartz+feldspar 

associations have more influence. The increased apatite grade does not correlate with 

fracture energy by itself (Figure 26). However, the higher associations of apatite and iron 

oxide minerals correlate negatively with the fracture energy. 

The assumption for interpreting the results of the particle fragmentation is mostly based on 

the breakage of iron oxide mineral grains and their associations with other minerals. The 

loading plot (Figure 26) indicates that there is a correlation between mass of fines (Re0.212 

and Re0), and Qtz+Fsp_IO, also IO_Qtz+Fsp and Qtz+Fsp. Higher Qtz+Fsp_IO means 

quartz is mostly surrounded by iron oxide mineral. During the ore formation, the lower 

bulk modulus and higher thermal expansion coefficient of quartz compared to magnetite 

increased micro-crack frequency in the magnetite (Nur and Simmons, 1970). Therefore, 

when mechanical stresses cross these magnetite micro-cracks the probability of particle 

breakage increases. Iron oxide mineral grain size shows negative correlation with the mass 

of the finest particles meaning that the larger iron oxide grain size the lower is the mass of 

fine particles. 

Re0.84 and Re0.425 have no correlation among themselves or with the other responses. 

Apart from strong cleavage minerals (Oth), other gangue mineral grades do not correlate 

with Re0.84. Additionally, the associations of these minerals with iron oxide mineral have 

also a positive correlation with Re0.84. This association could be the fact that cleavage 

planes act as crack tips where the stress is accumulated in (Kranz, 1983). Comparing 

Oth_IO associations and IO_Oth associations, the latter is more associated to the mass of 

coarse particles (Re0.84). While previous studies suggested that cracking is easier on 

cleavage planes (Mahabadi et al., 2014; Wilson and Bell, 1979), the current study shows 

that the type of associations could also affect the cracking behavior. Moreover, Re0.84 has 

a strong positive correlation with iron oxide mineral grain size and grade. Comparing the 

score and loading plots (Figure 26) revealed that hematite medium- and coarse-grained 

samples contribute more to Re0.84. Overall, the loading plot reveals that ore textural 

variables have stronger correlation, i.e., influence, on fracture energy and fragmentation 

compared to displacement rate.  
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4.3.3  The effect of ore texture features and displacement rate on liberation by 

composition and by surface 

A PLS analysis with material related variables such as grain size, mineral grades, mineral 

associations in the feed, and displacement rate as X variables was created. Iron oxide 

mineral liberation by composition and by free surface were considered as responses, or Y 

variables (Table 4 and Figure 27). The PLS analysis produced a model with two statistically 

significant principal components where R2X(cum) is 0.533, R2Y(cum) is 0.925, and 

Q2(cum) is 0.737 of the total variance indicating a good model. 

Variable Influence on Projections (VIP) are values that summarize the importance of the 

X-variable both for X- and Y-models. It was used to analyze the X-variables’ influence. In 

most cases, a cut-off around 0.7-0.8 works well for VIP and predictors larger than 1 are the 

most influential for a model (Eriksson et al., 2013). According to VIP values, Oth, Oth_IO, 

Apt, IO_Oth, and DR have low influence on the model as their values are low or have 

higher uncertainties. Therefore, Oth, Oth_IO, and IO_Oth were excluded one by one in the 

next steps to observe if the model is improving. Removing Apt did not improve the model. 

However, DR as one of the prime variables was kept in the model. By excluding Oth_IO, 

Oth, and IO_Oth, the new model showed better explanation (R2X(cum) of 0.803 and 

R2Y(cum) of 0.888), predictability (Q2cum of 0.808). The responses were explained well 

in the model as they had satisfactory R2Y(cum) and Q2Y(cum) values. 

Among the response variables (Y), liberation by composition and by surface have a high 

correlation (Figure 27) which indicates that the textural state of the iron oxide particles is 

likely similar to the case number 1 in Table 5 where liberation by surface and by 

composition are similar. The results of the new VIP plot (Figure 28) indicate that iron oxide 

mineral grain size, the associations of Qtz+Fsp_IO, IO_Qtz+Fsp, Apt_IO, and IO_Apt, iron 

oxide mineral grade, and Qtz+Fsp grade are the strongest factors affecting the liberation 

degree. Comparing these factors with the loading plot (Figure 27) shows that there is a 

positive correlation between iron oxide mineral grain size and liberation. This means that 

the coarser iron oxide grain sizes improve the iron oxide mineral liberation. This could be 

due to the magnetite sugar grain structure in Malmberget. By increasing the grain size, it 

becomes harder to break crystalline grains and the breakage occurs in grain boundaries 

(Eberhardt et al., 1999). While high Qtz+Fsp grade and higher associations with iron oxide 

mineral have a negative impact on iron oxide mineral liberation degree, higher associations 

of Apt-IO, and IO-Apt have a positive impact. Comparing x50 and d80 in the VIP plot 

(Figure 28) suggests that the d80 variable correlates better with liberation degree. 
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Figure 27. PLS loading (left) and score (right) plots of the variables projected into two 

dimensions for liberation degree model 

 

Figure 28. VIP plot of liberation degree PLS model after excluding low-influence 

variables 

The score plot of t2/t1 shows that there was no strong outlier in the observations (Figure 

27). In a broad perspective, medium- and coarse-grained textures are positioned in close 

proximity compared to fine-grained textures. Therefore, the liberation degree of iron oxide 

minerals in medium to coarse-grained ore texture samples is roughly the same. Moreover, 

they have the highest contribution to liberation by composition and by surface. On the other 

hand, hematite and magnetite fine-grained textures are associated with the lowest values of 

liberation. Looking at displacement rate in the VIP plot (Figure 28) as a process 

environment factor suggests that it has the least effect on the liberation degree. 
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4.3.4  Conclusions 

 The liberation degrees by surface and by composition were similar in the studied 

ore textures. 

 The coarser the iron oxide mineral grains and higher the iron oxide mineral 

grade, the lower fracture energy, and the higher mineral liberation. 

 The highest fracture energy and the lowest liberation, i.e., least energy 

efficiency in terms of mineral liberation, were recorded for the case of high 

quartz+feldspar and iron oxide mineral associations. 

 Even though the higher grade of minerals with strong cleavage planes increased 

the fracture energy and the percentage of particle breakage, it had no effect on 

mineral liberation. 
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Chapter 5 - Conclusions and recommended future work 

The thesis aims at identifying ore textural micro-features and combine them with micro-

static and micro-dynamic processes as the key to achieve the most efficient process in terms 

of mineral liberation, fracture energy, and particle fragmentation. In order to achieve this 

aim, iron oxide ore from the Malmberget mine in northern Sweden was used and various 

ore textures were tested with compression loading mechanism. Based on the findings and 

conclusions of the thesis, the research questions of the thesis are answered including 

recommendations for future works: 

 

1. What are the relevant process and ore-related parameters affecting particle breakage 

and mineral liberation in ore comminution? 

 The particle breakage process can be classified according to loading mechanism, 

breakage mechanism, and breakage mode. A new aspect of ore texture has been 

introduced as ore texture heterogeneity, which is a complex parameter on micro-

level comprising mineral heterogeneity, geometrical heterogeneity, weak grain 

boundaries, and micro-cracks. 

 This investigation focused on the breakage fundamentals and the related parameters 

in the comminution process. Further research could be conducted to determine the 

effectiveness of the investigated parameters on downstream processes such as 

separation and classification systems. 

 

2. What test protocols are needed to analyze breakage and liberation and to investigate the 

interrelation between process and ore-related parameters? 

 Single and particle bed breakage tests are required to allow detailed 3D and 2D 

analyses. Single specimens should be of defined geometry and tested under 

controlled conditions as in the small-scale Brazilian test developed here. 

 Modern XCT analysis provides the possibility for in-situ testing, which allows 

monitoring crack formation and propagation. 

 Digital Volume Correlation measurements and crack quantifications were used as 

an indicator for quantifying single particle breakage mode. Digital Volume 

Correlation showed that the deformations of invisible micro-cracks helped to 

analyze the breakage mode in terms of being random or non-random within the ore 

texture. Crack quantification proved to be a useful tool for detecting the type of 

random and non-random breakage mode in terms of being phase boundary and 

preferential breakage. 

 Multivariate statistical data analysis can be applied for finding the most significant 

features affecting particle breakage. Ore textural features were the main controlling 

factors for fragmentation, fracture energy, and liberation of iron oxide minerals. It 

is likely that higher displacement rates alter the liberation degree. 
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 In this study, different displacement rates have been used. Further research should 

be carried out to establish the effect of impact, strike, and attrition loading 

mechanisms on particle breakage. The crack quantification method introduced in 

this work may also be used for validating breakage data attained from numerical 

modeling methods such as the finite element method. 

 

3. How can ore properties and process parameters be aligned to improve mineral liberation 

and energy efficiency for a certain ore? 

 Ore textural features have been categorized at micro-level and used for finding the 

dominant ore texture for representing the ore. Displacement rate as an indicator for 

loading mechanism was used for representing the mechanical stresses. Combining 

ore textural features and mechanical stresses allowed tracking the changes in 

mineral liberation and utilizing them for improving mineral liberation.  

 The amenability of the procedure taken here should be also tested on a more 

complex ore texture and in a higher displacement rate. 
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