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ABSTRACT

Ore breakage characterisation is a methodology that is used to determine the ore
hardness, or resistance to breakage which can be compared across a database of
different rock types. It thus develops a relationship between specific energy input and
degree of breakage which can be applied to impact breakage in comminution devices.
The present study is focussed on investigating the breakage properties of UG2
chromitite, pyroxenite, spotted anorthosite and mottled anorthosite grab samples from
run-of-mine (RoM) ore stockpile (particle selection method) and cut drill core particles

(cut core method).

A mineralogical analysis of UG2 chromitite, pyroxenite, spotted anorthosite and
mottled anorthosite was performed using Leica EZ4D optical microscope and
QEMSCAN 650F to determine their mineral composition and texture. The presence of
cracks in chromitite stockpile and cut drill core samples was also explored using a
Nikon XTH 225 ST micro-focus X-ray system. RoM ore stockpile and cut drill core
particles of each of these rock types were subjected to impact breakage in the JK
Rotary Breakage Tester (RBT). The progeny particle size distributions and degrees
of breakage of UG2 rock types obtained via the particle selection and cut core methods
were compared. Standard breakage characterization models were fitted to the

breakage data of different rock types and the relative hardness parameters compared.

It was found that UG2 chromitite comprised mainly fine, isolated, round chromite
grains in a plagioclase matrix. Pyroxenite samples were found to be made up of
granular orthopyroxene, interstitial plagioclase and clinopyroxene. The mineralogical
analysis also revealed that spotted anorthosite primarily contains plagioclase with
orthopyroxene crystals forming isolated “spots” creating a poikilitic texture. Mottled

anorthosite is made up of mainly plagioclase.

Results from breakage tests showed that the progeny particle size distributions and
the degrees of breakage for particles sourced from the RoM ore stockpile breaks into
a finer product compared to cut drill core samples. This was attributed to the presence
of cracks in the RoM ore particles as revealed by the tomographic scans. No visible

cracks were found in the cut core particle.

The ore hardness parameters were determined from fitting the breakage data to

standard impact breakage characterisation models (tio breakage and size dependent
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breakage model). Samples obtained via the particle selection method were
consistently found to offer less resistance to impact breakage as shown by the higher
Axb values compared to the cut drill core samples. Using the ore hardness classes
presented by Napier-Munn et al (1999), UG2 chromitite, spotted anorthosite, mottled
anorthosite and pyroxenite were thus classified as very soft, soft to very soft, soft to
very soft and medium to soft respectively.

The hardness indicator, 3600.M.fmat.X, for each size class determined using the
parameters obtained from the size dependent breakage model decrease with an
increase in the parent particle size. This shows that particles become more resistant
to impact breakage as the initial particle size increases. However, for pyroxenite,
spotted and mottled anorthosite, the indicator decreases between the particle sizes 14

to 28.6 mm but then increases for 41.1 mm.
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Chapter 1: Introduction

1. INTRODUCTION

1.1 Background of the research

In most mineral processing circuits, comminution devices such as crushers, tumbling
mills and grinding rolls are employed in the size reduction of run-of-mine (RoM) ore to
liberate valuable minerals (Wills & Napier-Munn, 2006). Particulate materials in these
devices are fractured primarily by impact (Kapur et al., 1997; Crabtree et al., 1964).
This mode of breakage determines the throughput for circuits which employ these
devices (Napier-Munn et al., 1996). Impact breakage is induced through rapid
application of compressive stress as normal forces to the particle surface resulting in
disintegrative fracture (body breakage) (King, 2001).

It has been well established by many authors that comminution devices consumes
relatively high amounts of energy (Fuerstenau & Abouzeid, 2002; Napier-Munn et
al., 1996; Schoenert, 1986). Cohen (1983) estimated that 30-50% of the total power
draw of most mineral processing plants is consumed by comminution devices. As a
consequence, the power costs associated with the comminution process usually forms
more than half of many mineral processing plants’ capital and operating cost (Morrell
at al., 1991).

The principal reason for the high energy consumption is that comminution devices are
typically inefficient in their use of energy (Umucu et al., 2013; Napier-Munn et al.,
1996). Considerably more energy is consumed in driving and operating the equipment
rather than in the breakage of the particles (Tavares & King, 1998). The energy that is
used in size reduction is estimated to be the range of 0.1 to 5% of the supplied energy
(Cleary, 1998). Napier-Munn et al (1996) also pointed out that ore particles must be
heavily stressed to break into smaller fragments and this process requires large

amounts of energy.

In addition, Bueno et al (2013) and Hahne et al (2003) reported that run-of-mine ore
composition strongly affects the performance (energy consumption and target grind)
in the comminution circuits. One of the key factors influencing the performance that
can be achieved with respect to each ore type in comminution devices is its hardness

or resistance to breakage (Napier-Munn et al., 1996).
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Ore hardness, which results from the mineralogy and the minerals grain structure of
the ore body, largely affects the time ore particles spend (residence time) in the
comminution devices. Hard ores typically limit the mill throughput, due to slower
breakdown characteristics. This consequently results in material build-up in the mill
which detrimentally impacts the mill power (Bueno et al., 2013). Softer ores affect the
product size distribution because they comminute readily to generate more fines.

The Bushveld complex in South Africa is the world’s largest source of Platinum Group
Minerals (PGMs). It contains approximately 80% of the world’s reserves of PGMs
(Liddell et al., 1986). There are three distinct PGMs bearing ore bodies within the
Bushveld complex namely the Merensky reef, Upper Group 2 (UG2) reef and Platreef
(Cramer, 2001).

Ore breakage characterisation is one of the fundamental areas in comminution
research in optimising the energy available for breakage (Bourgeois & Banini, 2002).
It aims to establish the relationship between specific energy input and resultant
product size through various types of laboratory tests on a given ore (Napier-Munn et
al., 1996). Rock breakage devices such as the drop weight tester (Napier-Munn et al.,
1996), impact load cell (Bourgeois & Banini, 2002), split Hopkinson pressure bars
(Hopkinson, 1914) and rotary breakage tester (Shi et al., 2009) have been developed

to conduct single-particle breakage tests.

Of relevance to this study is the Julius Kruttschnitt Rotary Breakage Tester (RBT). The
RBT was developed as part of an AMIRA P9N project by the JKTech to complement
the drop weight tester as an ore breakage characterisation device (Shi et al., 2006). It
can be used to assess the amenability of ores to breakage via impact (Shi et al., 2009)
The RBT overcomes several noted limitations of the drop weight tester, such as the
lengthy time required to conduct tests and the limited range of input energies
attainable (Kojovic et al., 2008)..

As pointed out by Bueno et al (2013), that ore composition to the comminution circuits
strongly affects the energy consumption and target grind, there have been attempts
by researchers such as Van Eck (2007), Mainza & Powell (2006) to develop a
relationship between specific energy input and resultant product of UG2 ore using the
drop weight tester. However, these studies did not conduct tests per rock type from

the UG2 deposit thus a need to characterise the rock types found in the UG2 ore.
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Based on the aforementioned background, this study seeks to investigate the ore
breakage behaviour of UG2 abundant rock types sourced from RoM stockpile and cut
drill core particles. The RBT is used as a characterisation device based on the

standard breakage testing procedure.

1.2 Research objectives

The main objectives of this project are to:

e Select and group the abundant rock types (chromitite, pyroxenite, spotted
anorthosite and mottled anorthosite) from the UG2 RoM ore and drill core
samples on the bases of visible physical characteristics such as colour, texture,
grain size and composition (lithology).

e Determine and compare the mineralogical composition and texture of UG2
chromitite, pyroxenite, spotted anorthosite and mottled anorthosite.

e Conduct standard impact breakage characterisation tests using a Rotary
Breakage Tester for the abundant UG2 rock types collected from the RoM ore
stockpile (particle selection method) and cut drill core samples (cut core
method).

e Determine and compare the product size distribution and the degree of
breakage of UG2 chromitite, pyroxenite, spotted anorthosite and mottled
anorthosite obtained via the particle selection and cut core methods.

e Fit standard impact breakage characterization models to the breakage data of
the abundant rock types.

e Compare the relative hardness parameters of the different rock types, as
determined by the fitted models.

1.3 Scope of project
This research project will be limited to ore breakage characterisation of UG2 rock types
via impact. The work will characterize different UG2 rock types in terms of their
amenability to impact breakage using the RBT. It is well known that run-of-mine ore
composition affect the mill power draw and the resultant product distributions.
Mineralogical analysis will be done to establish a link between the mineralogical
properties of the rocks and their breakage characteristics. Ore hardness parameters
will be determined from fitting the breakage data for the different rock types in the UG2

ore to standard impact breakage characterisation models. A comparison of ore
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hardness parameters showing the responsiveness to breakage of samples collected
from the RoM ore stockpile and cut drill core particles will be made.

1.4 Thesis Structure

This thesis is structured into five chapters followed by references and appendices. An
overview of each chapter is presented in this section.

Chapter One: Introduction

An introduction to comminution research is presented highlighting the energy
inefficiencies in comminution devices and how ore breakage characterisation is useful
in the optimisation of the available energy for breakage. The research objectives and

the scope of the study are also outlined in this chapter.

Chapter Two: Literature Review
Chapter two gives a review of the literature pertinent to this study. It concludes by

presenting the key findings of the literature review and the proposed hypothesis.

Chapter Three: Experimental Methods

The experimental methodology used to test the validity of the proposed hypothesis is
given in this chapter. A description of the materials used, types of ores, sampling
methods and equipment used in the study are also given in detail. The conditions and
operating procedures are also outlined in this chapter.

Chapter Four: Results and Discussion

Chapter four presents and discusses the results of the experimental work. The
mineralogy of the main rock types from the UG2 deposit is presented. The progeny
particle size distributions resulting from impact breakage in the RBT and energy-size
relationships for each rock type obtained using the two sampling techniques are also

presented and discussed.

Chapter Five: Conclusions and Recommendations

This chapter summarises the key findings of this research as well as the
recommendations for future studies. The objectives of the study presented in chapter
one are revisited as well as the hypothesis proposed to determine if they were

addressed.
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2. LITERATURE REVIEW

Overview
A review of the literature relevant to the research is presented in this section. Particle
breakage research, single particle breakage tests and experimental techniques
developed to carry out impact breakage characterisation experiments are briefly
reviewed. Also, the standard hardness characterisation models that have been put
forward are explored. A review of the mineralisation for the Bushveld Complex
specifically for UG2 will also be made. This chapter concludes with summarising the

key findings from the literature and presenting the proposed hypothesis.

2.1 Brief background to comminution research

Comminution is the progressive reduction of solid materials from one average patrticle
size to a smaller one (Tavares & King, 1998). In minerals processing, the comminution
of rocks that contain valuable minerals (ore) is accomplished through blasting,
crushing and grinding. Blasting is achieved via ignition of explosives to remove ores
from their natural beds and reduces the in situ rock to a size that is readily
transportable (Yahyaei et al., n.d.). Also, blasting usually pre-weakens rock particles,
probably due to increase in micro-crack intensity (Napier-Munn, 2014). Alternative
mining methods such as rock cutting technology are being sought to replace
conventional drilling and blasting (Van Den Berg, 2014). Rock cutting technology
involves excavating ore along the reef containing valuable mineral from the rock bed.
This will result in less gangue material being processed thus increasing productivity
(Pickering & Ebner, 2001).

Most minerals are finely scattered in an ore body and are primarily separated from
gangue (liberated) by crushing and grinding (Wills & Napier-Munn, 2006). Crushing
and grinding rely on mechanical techniques to comminute the run-of-mine ore (ore

entering the mill from the mine).

Industrial comminution processes are well known to be energy inefficient (Umucu et
al., 2013). Devices such as crushers, tumbling mills and grinding rolls are installed in
many comminution circuits for the size reduction of the extracted ore. Cohen (1983)
estimated that 30-50% of the total power draw of most mineral processing plants, and
up to 70% for hard ores (Fuerstenau et al., 1999), is consumed in such devices. The

major source for the high energy consumption is that most of the energy supplied is
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dissipated in powering the equipment than is actually used to break the particles
(Tavares & King, 1998). Cleary (1998) reported that 0.1 to 5% of the supplied energy

is typically used in actual breakage of particles.

Ore breakage characterisation is one of the major fields in comminution research. Its
key aim is to derive the relationship between specific energy input and resultant
progeny particles through various types of laboratory testing on a given ore (Napier-
Munn et al., 1996). A detailed review on ore breakage characterisation is presented in

section 2.5.

A number of studies have been done successfully employing and improving the
concepts of ore breakage characterisation (Narayanan, 1985; Leung, 1987; Napier-
Munn et al., 1996; Banini, 2000; Bbosa, 2007; Shi & Kojovic, 2007; Larbi-Bram, 2009:
Zuo & Shi, 2016).

2.2 Particle breakage
Particle breakage or fracture is the separation of one particulate body into two or more
progeny fragments under the action of stress (force per unit cross sectional area)
(King, 2001). It is the elementary process that governs comminution (Tavares & King,
1998) as particle sizes are reduced to smaller ones required for further concentration

processes like flotation.

The nature of how particulate materials break is governed by the material
characteristics, nature of stress fields around and within individual particles (stressing
conditions) and the environment (Umucu et al., 2013). Material characteristics relevant
to particle breakage include the fracture strength (energy required to cause breakage)
and the deformation behaviour (Tavares, 2007). Stressing conditions can be classified
by the type of stress applied (compressive, tensile or shear), number of loading points,
stressing intensity and stress rate (Wills & Napier-Munn, 2006). Contributions of the
environment are generally associated with the presence of moisture or chemical

additives which adsorb onto the particle (Hartley et al., 1978).

The fracture of particles depends on their behaviour under applied load. Rock particles
exhibit macro measures of response and microfracture mechanisms when placed

under an applied force. The macro measures of response are elucidated through
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classic rock mechanics whilst microfracture mechanisms can be explained using

fracture mechanics.

2.2.1 Rock mechanics
Particle fracture is caused by stress fields which result from applying a force leading
to disintegration (Schoénert, 2004). The applied force to a particle can be plotted
against relative deformation to get a stress—strain relationship that can be analysed to
understand single particle breakage phenomena (Sahoo, 2006). The behaviour of a
cylindrical rock sample under uniaxial loading can be described by a stress—strain

curve shown in Figure 2-1.

o
o
2
A
2
17
Non-linear
zone

Strain (g) —

Figure 2-1: Idealised stress-strain relationship for a cylindrical sample of rock under uniaxial
compression (Napier-Munn et al., 1996).

A rock sample under compressive loading undergoes elastic deformation (ability to
sustain stress without permanent deformation) depicted by the elastic zone in Figure
2-1. The ratio of stress to strain in this region gives the Young’s modulus which is a

measure of material’s ability to return to original shape after deformation (elasticity).

The rock sample continues to deform without losing its ability to resist load in the
ductile zone illustrated by region between A and B. Point B is the maximum stress a
material can undergo before it breaks (Ultimate Compressive Stress). It denotes the
transition from ductile to brittle behaviour.
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Except for very small particle sizes, most ore particles are considered to behave as
brittle materials (Garcia et al., 2009). As a result, industrial comminution processes
deal with the breakage of brittle particles under conditions of applied compressive
stress (Umucu et al., 2013). Sudden catastrophic fracture of material occurs in the
region between B and C in Figure 2-1. The response of the particulate material to the
stress field is largely elastic but significant non-elastic behaviour occurs, particularly
at the tips of growing cracks where large quantities of energy are dissipated when the

criteria for fracture are met (Umucu et al., 2013).

2.2.2 Fracture mechanics
Fracture mechanics is the field of applied mathematics concerned with the study of
the formation and propagation of cracks in materials (Anderson, 2005). The fracture
of brittle particles can be considered to take place in two steps i.e. crack initiation and
propagation (Garcia et al., 2009). Propagation of cracks break chemical bonds and
eventually lead to particle fracture (Anderson, 2005).

A theory of brittle fracture was developed by Griffith (1921). He examined the low
tensile strength of glass assuming that small penny-shaped cracks existed throughout
the fabric material. He postulated that the low observed strengths of brittle material
were due to the presence of internal cracks and flaws which played an important role
in the fracture of the material (King, 2001). According to Wills and Napier-Munn
(2006), distribution of stress depends upon the mechanical properties of a material,
but more importantly upon the presence of cracks or flaws in the matrix. The presence
of cracks act as sites for stress concentration (stress raisers) when the particle is under

load (Tavares & King, 1998) as illustrated in Figure 2-2.
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Figure 2-2: Lines of force and local stress variation from a body with sharp crack (Ashby,
Shercliff & Cebon, 2007)

The stress at a crack tip was shown by Inglis (1913) to be proportional to the square
root of the length of the crack perpendicular to the stress direction. Therefore, there is
a critical value for the crack length at any particular level of stress at which the
increased stress level at the crack tip is sufficient to break the atomic bond at that
point. Such rupture of the bond will increase the crack length, thus increasing the
stress concentration and causing a rapid propagation of the crack through the material,
resulting in fracture (Wills & Napier-Munn, 2006). Crack growth will occur when there
is enough energy to generate new crack surface. This ultimately led to the
development of modern theory of fracture mechanics, specifically Linear Elastic

Fracture Mechanics (Anderson, 2005).

The theory of Linear Elastic Fracture Mechanics (LEFM) assumes that at the edge of
every crack within a loaded material, there is a stress intensity factor (Ki) (Napier-Munn
et al.,, 1996). Furthermore, for every material there exists a critical stress intensity
factor (Kic), also known as fracture toughness, which is a measure of the material's
resistance to brittle fracture when a crack is present. According to LEFM, for a crack

in a material to propagate, Ki should be greater than or equal Kic (Anderson, 2005).
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2.3 Mechanisms of particle breakage
Particle size reduction in industrial comminution devices such as tumbling mills occur
through three basic mechanisms namely impact, abrasion and attrition (Wills & Napier-
Munn, 2006). The three breakage mechanisms are described in Figure 2-3.

Weight
(Source of \
impact force) Parent
— particles
Progeny -,'\\_;/ -
particles o/ e b
.T e \ e - \.:
Parent _"\\.. =\ e\ R T/— =
particle e U s =)
Progeny Rigte x)
particles Progeny
particles
(i) Impact (if) Abrasion (iii) Attrition
Figure 2-3: Principal breakage mechanism (adapted from Napier-Munn et al., 1996; King,
2001)

Particulate materials are fractured principally by impact (Kapur et al., 1997) shown as
() in Figure 2-3. This mechanism is induced through rapid application of compressive
stress (King, 2001). These are applied as normal forces to the particle surface
resulting in disintegrative fracture (body breakage) (Tavares, 2007). A broad spectrum
of product sizes is produced. This may occur in form of single particle fracture or bed
breakage when the cataracting charge in a tumbling mill impacts the base of the mill
(Cleary, 1998).

Subsidiary fracture of particles is produced by high shearing stress resulting from force
acting parallel at the surface of the particle (King, 2001). Abrasion and attrition, shown
as (ii) and (iii) in Figure 2-3, are surface breakage mechanisms (Wills & Napier-Munn,
2006). The particle suffers gradual wearing of its surface leaving the parent particle

largely intact but usually more rounded (King, 2001).

Abrasion occurs when the particle grinds against other particles, gradually wearing it
down and reducing it in size as shown in Figure 2-3 (ii). This is usually a characteristic
of ore behaviour at the base of mills (Wills & Napier-Munn, 2006). Small pieces of

each patrticle are broken from the surface, leaving the parent particles largely intact.
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Attrition takes place when a relatively small particle is trapped and rubbed between
two much larger particles as illustrated in Figure 2-3 (iii) or between the mill shell and

a particle. The small particle is subsequently broken in preference to the larger ones.

2.3.1 Patterns in particle breakage
Particle fracture occurs along zones of structural weakness resulting in different
breakage patterns. Random fracture, intergranular fracture and preferential breakage
are some of the breakage patterns displayed in a multi-phase ore (Vassiliev et al.,

2008) as shown in Figure 2-4.

Original two phase ore
texture

(i) Random fracture (ii) Preferential breakage

Breakage pattern

Figure 2-4: Fracture pattern in a two phase ore (adapted from Vassiliev et al (2008))

Random fracture is independent of the ore texture (spatial relationship between the
minerals of which a rock is composed) (King, 2001) and there is no selective breakage
of one mineral over another. The propagation of cracks in the ore particle is random
as shown in Figure 2-4 (i). According to Stamboliadis (2008), during random breakage,
all the size classes produced from the same initial particle after several breakage

events have the same grade, which is equal to the grade of the initial particle.
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When fracture patterns are dependent on the mineralogical texture, the breakage
process is considered a non-random fracture (King, 2001). Preferential breakage is
one of the non-random fracture patterns identified when multiphase particles are
broken (King, 2001). As shown in Figure 2-4 (ii), during preferential breakage,
propagation of cracks in an ore particle occur along grain boundaries, resulting in
separation of different mineral phases. (Xu et al., 2013). Significant grain boundary
fracture will enhance the exposure of minerals during comminution. However, there is
no convincing experimental evidence to describe the extent to which this actually
occurs in practice or to indicate what processes can be employed to enhance
preferential breakage (Garcia et al., 2009). In addition Garcia et al (2009) pointed out
that there is a lack of clear fundamental understanding of initiation and propagation of
cracks along grain boundary during brittle fracture of multiphase ore particles.
Conditions that are favourable for preferential breakage have not yet been identified
(Xu et al., 2013).

2.3.2 Rock breakage in AG/SAG mills
In industrial comminution devices such as AG/SAG mills, particles are mainly fractured
by impact or compressive loading (Kapur at al., 1997). The size reduction processes
via impact in a mill when in steady state are shown in Figure 2-5. The feed enters the
mill and is subjected to impact breakage from collision with other particles and/or the
mill shell. The products from breakage either exit via the grate if they are smaller than

the grate aperture size or remain to undergo further collisions (Morrell et al., 1996).
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Figure 2-5: Schematic diagram of AG/SAG mill process mechanisms (Morrell et al., 1996)
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Morrell et al (1996) showed that rock particles that are fed to the mill are subjected to
high and low impact energy. At high impact energy, size reduction of rock particles
occur primarily by brittle fracture and crushing producing a broad spectrum of product
particle sizes (King, 2001). These energies are mimicked in the JK ore breakage
characterisation method for AG/SAG mill modelling (Larbi-Bram, 2009). The specific
impact breakage energies used in the characterisation method are in the range 0.1 to
2.5 kWh/t (Napier-Munn et al.. 1996). These impact energies are usually sufficient to

cause the particles to fracture in a single impact (Larbi-Bram, 2009).

Some of the rock particles may survive the first cycle and are recycled back to the
impact zone. The unbroken particles are progressively weakened by repeated low

energy impacts and eventually are comminuted (Kapur et al., 1997).

The feed ore to the comminution circuit often contains various rocks with different
mineralogical composition and texture thus different breakage characteristics.
Fluctuations in run-of-mine ore composition strongly affect the performance in the
comminution devices (Esen et al., 2007) especially in the AG/SAG mills which derives
the grinding media from the feed ore (Hahne, Palsson & Samskog, 2003). The hard
components usually limit the mill throughput, due to its slower breakdown
characteristics. As a result, the material preferentially accumulates in the mill contents
adversely impacting the mill power (Bueno et al., 2013). Softer ores affect the product

size distribution as they comminute readily to generate more fines.

The fundamental properties of the fracture process of particulate materials can be
studied most effectively by well-controlled experiments on single particles (Tavares &
King, 1998). The subsequent section will thus explore the single particle breakage

tests.
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2.4 Single particle breakage tests
Single particle breakage is the most efficient size reduction method as energy losses
by friction and unsuccessful impact events are minimized or avoided altogether and
losses due to particle—particle interactions do not exist (Tavares, 2004) Single particle
breakage tests have been used to elucidate a number of phenomena in particle

breakage, including:

e energy utilization in the comminution process and a measure of the different
types of losses (Tavares, 1999),

o effect of particle size, shape, material physical properties and modes of loading
on particle breakage characteristics (Tavares & King, 1998),

e energy-size reduction relationships (Vogel & Peukert, 2004),

e breakage characteristics of materials for modelling comminution and
degradation processes (Napier Munn et al., 1996),

e material deformation response under applied stress (Tavares & King, 2004).

Various testing methods have been used to measure the breakage characteristics of
single particles subjected to compression, each allowing investigation over a restricted
range of deformation rates. These tests can be classified according to the mode of

application of stresses and the number of contact points as shown in Figure 2-6.
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gun Press Point-load
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Rotary impact tester Impact load cell Rigidly-mounted roll mill

Single impact Double impact Slow compression

Figure 2-6: Different modes of single particle breakage tests (Tavares, 2007)
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As illustrated in Figure 2-6, the test particle is subjected to single impact in three

possible ways namely:

e Free fall (low velocity)
e propelling the particle against a hard surface (high velocity)

e subjecting the particle to impact from a hard projectile (high velocity)

According to Narayanan (1985), the degree of breakage generally increases with
impact velocity up to a maximum impact velocity depending on the material
characteristics. Excess energy from particle fracture is converted to kinetic energy of

the progeny particles.

Double impact tests correspond to experiments where a test specimen is crushed
between two hard surfaces at a moderate deformation rate as shown in Figure 2-6.
These tests can be classified into two types (Sahoo, 2006). The first type is the
classical drop weight tests where a particle resting on a hard surface is struck by a
falling weight. The second type is known as the pendulum test where a patrticle is hit

by one or two moving hammers or pendulums.

In slow compression tests, a specimen is squeezed in a press. The tests are
conducted using uniaxial compression presses or using the rigidly mounted roll mill
(Tavares, 2007) as shown in Figure 2-6. The applied force can be plotted against
deformation to get a stress—strain relationship that can be analysed to understand

single particle phenomena (Napier-Munn et al., 1996).

Some of the common single particle impact breakage experiment devices differing
from the mode of application of stresses and the number of contact points as explained

include:

e Drop weight tester (DWT)

e Split Hopkinson pressure bars (SHPB)
e Impact load cell (ILC)

e Rotary breakage tester (RBT)

The first three devices will be discussed briefly. However, the rotary breakage tester

which was used to conduct experiments for this study will be discussed in detail.
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2.4.1 Drop weight tester
A drop weight tester (DWT) is one of the simplest and most commonly used devices
for investigating breakage characteristics of materials (King, 2001). It involves
dropping a weight from a predetermined height onto a single particle (or a bed of
particles) that is supported on a hard surface (anvil) so that it breaks. A schematic

diagram of the drop weight tester is shown in Figure 2-7.

Collection
box

Guide ——1
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Figure 2-7: Schematic diagram of the drop weight tester (Tavares, 2007).

Assuming conservation of energy, kinetic energy of a weight prior to impact is equal
to the available potential energy before the weight is released. This kinetic energy is
transferred to a particle, which may or may not fracture. Progeny patrticles are collected

for the determination of product size distribution.

The DWT can be used to determine the breakage and energy utilisation parameters
for comminution modelling. A wide range of input energ