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Size reduction processes, which encompass crushing and grinding, represent a sig-
nificant part of the capital as well as the operating cost in ore processing. Advancing
the understanding of and improving such processes is worthwhile, since any measur-
able enhancement may lead to benefits, which may materialize as reductions in energy
consumption or wear or improved performance in downstream processes.

This Special Issue [1–12] contains contributions dealing with various aspects of com-
minution, including those intended to improve our current level of understanding and
quantification of particle breakage and ore characterization techniques that are relevant to
size reduction, as well as studies involving modeling and simulation techniques.

The affiliations of the authors of the articles published in this Special Issue span
14 countries around the globe, namely China, Brazil, Italy, Korea, Sweden, Colombia, Saudi
Arabia, Chile, Germany, Russia, South Africa, Canada and the United States, which attests
to the highly international nature of research in this field. The themes of the manuscripts
also varied widely from several that are more focused on experimental studies [1–5,9,10]
to those that deal, in greater detail, with the development and application of modeling
and simulation techniques in comminution [6–8,11,12]. Size reduction technologies more
directly addressed in the manuscripts included jaw crushing, vertical shaft impact crushing,
SAG milling, stirred milling, planetary milling and vertical roller milling. Ores involved
directly in the investigations included copper, lead–zinc, gold and iron ores, as well as coal,
talc and quartz.

The recognition that size reduction consumes significant amounts of energy has led to
a fair amount of interest in methods of ore pretreatment over the years. Odewuyi et al. [4]
critically reviewed the various methods that have been studied, ranging from the fairly
well-researched thermal (conduction, microwave or radiofrequency), chemical and electric
shock to the less studied magnetic, ultrasonic and bio-milling methods. The work shows
that the most promising technologies, considering potential of energy reduction, safety,
costs, stage of application and potential downstream benefits, are the microwave and
electrical pretreatment methods, with important advances in recent years.

Comminution and liberation of minerals can benefit from a detailed knowledge of the
structure and texture of rocks and ores. Optical microscopy, scanning electron microscopy
and X-ray computed tomography are some of the leading tools that have been used
in this task. Popov et al. [2] compared the results from X-ray computed tomography
(CT) to those from optical microscopy using quantitative microstructural analysis (QMA)
for selected rocks and ores. While recognizing the intrinsic advantage of the direct 3D
measures obtained by CT and the ease in sample preparation, the challenges associated
with discriminating minerals with similar densities limit its application. On the other
hand, optical microscopy of three orthogonally oriented thin sections coupled with QMA
offers detailed and precise textural information, including modal composition, grain size
distribution and clustering, allowing to discriminate more effectively among minerals but
demanding much greater sample preparation effort.

Baldassarre et al. [10] presented a case study of comminution flowsheet development
for a high-grade mixed Zn-Pb sulfide sample. Ore samples were characterized through thin
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section observation and SEM analyses for estimating grain sizes and examining texture
features, while X-ray powder diffraction analyses were performed for the definition of
target mineral concentrations of comminuted product samples.

Quartz is one of the most common gangue minerals in several ores, occasionally being
an ore mineral for glass production. In a study dealing with the investigation of fracture
of quartz crystals, Martinelli et al. [9] found that the application of anisotropic stresses
resulted in the formation of amorphous silica and, from it, cristobalite and tridymite in
nanocrystalline form.

Recognizing the growing role of single-particle breakage in advanced comminution
models, Bwalya and Chimwani [6] proposed an empirical breakage probability model
that builds on previous works from the authors. The model, which takes into account the
effects of energy input and number of impacts to compute the breakage probability, was
applied to four different materials. The work also shows the existence of a size-dependent
threshold energy for particle breakage.

Components in the feed of size reduction processes often present different breakage
behavior; therefore, understanding the response of mixtures has attracted significant atten-
tion in the literature. With the aim of gaining insights into the performance of vertical roller
(ball-and-race) mills when grinding mixtures of coals, Duan et al. [3] used an instrumented
Hardgrove machine to grind anthracite and bituminous coals. The results indicated that
the breakage rate and product fineness of the mixture decreased when increasing the
proportion of hard anthracite in the mixture. When ground in conjunction with bituminous
coal, the grindability of anthracite improved dramatically, while the opposite behavior
was found for the former. Indeed, the interaction between the components resulted in a
decrease in the specific energy of the mixture compared with the mass average value for
separate grinding and, therefore, demonstrated a benefit of intergrinding.

Aiming to gain insights into the response of fine iron ore concentrates to size reduction
under confined compression, such as that which happens in high-pressure grinding rolls,
Campos et al. [5] investigated their breakage in a piston-and-die apparatus. The work
showed that saturation of breakage of particles contained in the top size range occurred
at a specific energy of approximately 2 kWh/t, whereas saturation in breakage of all
sizes occurred at energies above approximately 6 kWh/t. An expression was proposed to
characterize the propensity of a material to break under confined bed conditions. Such
knowledge can provide important insights for descriptions of confined bed comminution
processes in industry.

Barrios et al. [7] used a particle replacement method in the discrete element method
(DEM) to simulate the breakage of a gold ore in a laboratory jaw crusher, demonstrating
very good agreement between simulations and experiments. They also showed that the
power demanded by the crusher and its throughput and product size varied sensibly with
feed size, frequency of strokes and closed-side setting, demonstrating the potential of
technology to be used as the basis of the development of improved crushing machines.

Vertical shaft impact (VSI) crushers have been used worldwide in producing crushed
fines for construction and building as an alternative to natural sand, owing to the good
aspect ratio and smooth surfaces of the crushed product. With the aim of assisting in
assessing the suitability of the technology for any particular application, Grunditz et al. [11]
proposed a modeling framework. The model, based on the theory of energy-based breakage
behavior, also relies on particle collision energy data extracted from discrete element
method (DEM) simulations, which are a function of rotor diameter and frequency. It
was trained and validated on the basis of a dataset from 24 different sites in Sweden,
demonstrating good robustness.

Application of stirred milling has been increasing steadily in the minerals industry,
given its advantages in comparison to conventional tumbling mills in fine grinding. One
key component of the mill that is directly responsible for media motion is the screw or
stirrer. Esteves et al. [12] studied the wear of the screw liner used in a vertical stirred
mill using a combination of industrial surveys and DEM simulations. The wear profile,
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metal loss, power consumption and particle contact information were used to gain insights
into how screw wear affects grinding performance. Measurements of stirrer wear from
a full-scale vertical stirred mill were then compared to predictions from simulations of a
1:10th scaled-down version of the mill, showing relatively good agreement as long as a
proper scaled stirrer frequency was used in the simulations.

Ultrafine grinding also finds important applications in the size reduction of industrial
minerals. Kim et al. [1] studied wet high-energy ball milling of talc, investigating the effect
of ball size on its grinding response. It was shown that larger (2 mm) ball sizes resulted in
faster size reduction and an increase in the specific surface area of the product, but at the
expense of greater loss of crystallinity and increased agglomeration. In contrast, the use of
smaller (0.1 mm) balls allowed for preserving the crystalline structure of the talc particles,
with less tendency toward agglomerate formation, while still allowing for reaching particle
sizes at the nanometer scale.

Geometallurgical information regarding ore breakage and grindability often populates
block models. Unfortunately, such information is not always available and, even when
present, may only have a limited temporal resolution to predict the performance of the
comminution processes. Seeking an alternative to this approach and taking advantage of
the richness of the data currently available in modern operating plants, Avalos et al. [8]
proposed training long short-term memory, a deep neural network architecture, to predict
operational ore relative-hardness. They then used the approach on the basis of real-time
operational data from two SAG mill datasets, namely feed tonnage, spindle speed and
bearing pressure, to classify a copper ore in “hardness” categories. The approach could
reach over 80% accuracy in classifying the ore as either “hard” or “soft” type. The authors
then proposed extending its application to other grinding and crushing machines to forecast
categorical attributes that may be of relevance to downstream processes.

Although only a sample of the vast current research in comminution in the minerals
industry, this ensemble of papers characterizes the lively scene of research in this area,
which occupies a central role in the future and sustainability of the mining industry.

Acknowledgments: The Guest Editor would like to thank all authors, reviewers, the editor Ir-
win Liang and the editorial staff of Minerals for their timely efforts to successfully complete this
Special Issue.
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Abstract: The comminution of ores consumes a high portion of energy. Therefore, different
pretreatment methods of ores prior to their comminution are considered to reduce this energy.
However, the results of pretreatment methods and their technological development are scattered
in literature. Hence, this paper aims at collating the different ore pretreatment methods with
their applications and results from published articles, conference proceedings, and verified reports.
It was found that pretreatment methods include thermal (via oven, microwave, or radiofrequency),
chemical additive, electric, magnetic, ultrasonic, and bio-milling. Results showed that the chemical
pretreatment method has been used at an industrial scale since 1930, mainly in cement production.
The microwave pretreatment results showed positive improvements at pilot scale mining applications
in 2017. The results of ore pretreatment using electric and ultrasonic methods showed up to 24% and
66% improvement in energy consumption, respectively. The former and the latter have been piloted
for gold and carbonate ore, respectively. Findings also showed that magnetic, radiofrequency, and
bio-milling methods have not led to significant reductions in comminution energy. Based on energy
reduction, safety, costs, stage of application, and downstream benefits, microwave and electrical
pretreatment methods may be focused for applications in the mining industry.

Keywords: mining operation; ore milling; ore grinding; rock; liberation

1. Introduction

The mineral industry consumes significant energy from the national energy demand. The energy
consumed in mining as a percentage of national energy consumption in countries such as Australia,
USA, Canada, China, Saudi Arabia, and South Africa are 11 [1], 12 [2], 8 [3], 10 [4], 8 [5], and 17.4 [6],
respectively. The sources of the energy (for the USA) and the cost trend are presented in Figure 1.
In the mineral industry, comminution accounts for the largest share of energy consumption [7,8].
Comminution involves two-unit operations—crushing and grinding. Grinding is always a great
concern because it accounts for about 50–70% of the total energy consumption [7,8]. Researchers have
elaborately clarified why energy in grinding is so high. The main reason is that as material becomes
smaller, more energy is required to create new surfaces. Unfortunately, most of the applied energy
is usually lost as noise, heat, and electromechanical during the grinding operation; only about 1%
is used for the materials’ grinding [9–12]. Hence, there is a need to look for means of rationalizing
energy consumption in the grinding process (Figure 2a) [12,13]. Comminution energy depends on
minerals to be comminuted as per their type, amount, and properties. Moreover, it relies on the
used machine and its operation parameters and skills of operating manpower [14]. The trend of
comminution energy (Canada mining industry) between 1990 and 2015 is as presented in Figure 2b.
The mean and standard deviation of the energy consumed within these years are 70.71 petajoules and
7.14, respectively. The comminution energy increased by 6.97 petajoules within the period, with a
possible increase in future due to declined ore grades and the increase in demand for minerals [14].

Minerals 2020, 10, 423; doi:10.3390/min10050423 www.mdpi.com/journal/minerals5
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Figure 1. (a) Mining operations energy sources (data sources: [13,15]). (b) Energy costs trend [16].

Figure 2. (a) Energy-saving opportunity for energy intensive process in mining [13]. (b) Comminution
energy trend (Canada) between 1990 and 2015 (calculated based on 50% of total mining energy) (data
source: [17]).

To ameliorate the situation, early studies have been tailored towards the optimization of grinding
circuits. Some of the approaches are the optimization of the mill load, filling ratio [18], ore to media ratio,
media size distribution [19], mill length to diameter ratio, and adding mill riffles [20]. In the last few
decades, the pretreatment of ore prior to comminution has been proposed [21]. Pretreatment denotes
an independent operation performed on ores prior to grinding. The main objective of pretreating ore is
to create intergranular cracks so that the grinding operation can become easier, which can lead to a
reduction in the grinding energy [22–26]. Among the pretreatment methods are thermal (via furnace,
microwave, or radio frequency), chemical additives, electric, magnetic, ultrasonic, radio frequency,
and bio-milling. These methods can be categorized as presented in Figure 3. Some of the pretreatment
methods have showed positive results towards the reduction in ore’s grinding energy requirement
but are yet to be commercialized. Previously, some review works had been performed that focused
on a single method—chemical additive [27], thermal via furnace [28], thermal via microwave [29],
and electric pretreatments [30]. Somani et al. (2017) provided a combined review of thermal, ultrasonic,
and electrical pretreatments [21]. In this work, a holistic review of well-known pretreatment methods
is attempted in order to give a concise overview of the development in comminution energy reduction
and provide for future research needs.
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Figure 3. Classification of pretreatment methods.

2. Thermal Pretreatment

Thermal pretreatment is a method that applies heat energy through conduction, convection,
or radiation to create granular or inter-granular cracks in rocks [21]. When the temperature of the
material changes, the physical properties of the material are altered, which leads to the displacement
of some grains leading to fractures. Basically, there are two means of applying heat energy to
rocks—through conventional (furnace) and electromagnetic (radiofrequency and microwave) or
dielectric heating.

2.1. Thermal Pretreatment via Furnace

The use of a furnace to heat rock is usually referred to as conventional heating. When rock is
subjected to heating, stresses are developed within the rock matrix that leads to cracking as a result of
thermal expansion and contraction. Thermal pretreatment was introduced in mineral comminution
with the prime objective to increase liberation and reduce the energy used in the process [31]. Since
rock is an aggregate of minerals, the heating of rocks causes crystals to expand in different orientations
depending on the mineral constituents. The expansion of crystals may cause the internal cracking of
rocks, which can reduce the competence of rocks before comminution. Inter-crystalline may open up
around 200 ◦C upward, which can increase the existing discontinuity and create new ones in granite [32],
gypsum, and celestite [33]; however, this may not be the case for all rock types because ore texture,
crystallinity, and size has a significant effect on ore response to thermal pretreatment [34,35]. In addition,
a crystal shape may contribute to the crack pattern when grains are displaced due to the expansion of
the minerals. The extent of the cracking of rock in different directions depends on the thermal confined
stress at any direction. This approach has been used in different studies to create cracks in rocks since
early work in the 20th century [36,37]. Omran et al. (2015) demonstrated that, as the temperature
of the furnace increases (400 ◦C and above, at 1 h residence time), the cracks developing in the iron
ore matrix increase (approximately 10% increase for every 100 ◦C) and consequently, the particles’
liberation is improved (Figure 4) [34]. However, the maximum temperature after which increasing the
temperature has no effect on the particles’ liberation from the iron ore still needs to be established.
The thermal pretreatment of rock is of interest in rock drilling and excavation, underground storage,
nuclear waste, deep petroleum boring, tunneling, dam, reservoir [38], geothermal [39], archeological
study [40], building construction [41], and ore comminution and beneficiation [42].

Effect of Thermal Pretreatment (via Furnace) on Ore Grindability

A review of early work on conventional heating as related to rock grindability was discussed
by Fitzgibbon and Veasey (1990) [28]. It was reported that the grinding resistance (grindability) of
rock can be lowered using a thermal pretreatment approach. Thermal alteration in rocks has different
effects, such as structural damage, phase-change, decomposition, and desorption [43]. The anisotropic
nature of minerals causes thermal stress concentrations at points and grain boundaries, which may
lead to the fracturing of individual mineral grains when heat is applied to rocks [43].
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Figure 4. Effect of thermal treatment via furnace on iron ore grinding (100 g, 2.45 GHz, and 1 h) (data
source: [34]).

The effect of thermal pretreatment on the grindability of celestite and gypsum was studied [33].
The rock sample of size fractions −1.168 + 0.6 mm (500 g) was ground using a ceramic ball (20
and 25 mm diameters, 588 g). The grinding time ranged between 5 and 30 min at 5 min intervals.
The work indexes of untreated celestite and gypsum calculated using the Hardgrove method were
6.76 kWh/ton and 5.18 kWh/ton, respectively [33]. It was reported that there was no significant effect
of heat pretreatment on celestite’s grindability within 200 ◦C, while that of gypsum decreased by
22.8% within the same temperature range. This result was expected because gypsum, being one of
the hydrate minerals, can decompose easily due to the removal of water molecules when exposed to
temperatures within 10–250 ◦C. When dehydration occurs, gypsum (CaSO4·2H2O) may transformed to
plaster of Paris (hemihydrate mineral: CaSO4·O·5H2O), which usually leads to structural failure [33,44].
This shows that the existence of water molecules in the rock structure may help ore response to thermal
treatment. Conversely, celestite required higher temperatures up to 1140 ◦C before effective changes
could be observed [33,45].

Recently, the impact of the thermal pretreatment of manganese ore (selected from Qom mining site,
Iran) was investigated [44]. Different size fractions (−1.7 + 1.18 mm, −1.18 + 0.6 mm, −0.6 + 0.3 mm,
and −0.3 + 0.15 mm) were separately investigated to determine the appropriate size range in which
thermal pretreatment can cause a significant effect on the breakage characteristic of manganese ore.
A sample was thermally treated in a furnace for 60 min at 750 ◦C. The treated sample was ground in a
ball mill (diameter; 20 cm, height; 25 cm) using ball charges of different sizes of 8.869 kg. An untreated
sample of the same mass was ground under the same grinding conditions and the results were
compared. The specific rate of breakage approach was adopted in the study, using the first order
kinetic model. The slope of the semi-logarithm curve for mass retained against grinding time was used
to estimate the breakage characteristic of the ore. The results of the breakage characteristics of treated
(thermal treatment) and non-treated manganese ore were compared. An improvement in grinding
rate of 37% was obtained for the size fraction −0.30 + 0.15 mm. This result may be attributed to the
fact that heat better penetrated to the lower size range than the higher one when treated under the
same conditions. The results from different studies related to the pretreatment of ore via furnace are
presented in Table 1.
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Table 1. Summary of thermal pretreatment via furnace on the grindability of minerals/ores.

Mineral/Ore Mass (kg)
Size Fraction

(mm)
Treatment

Temperature (◦C)
Soaking Time

(min)
Cooling

Improvement
in Grindability

Reference

Celestite 0.5 −1.168 + 0.6 200 60 Air 0 [33]
Cassiterite - - 650 - Water 45 [46]
Gypsum 0.5 −1.168 + 0.6 200 60 Air 22.8 [33]

Manganese −0.3 + 0.15 750 60 Air 37 [42]
Quartzite 0.65 −4 + 0.25 650 65 Water 18 [24]
Quartzite 0.65 −4 + 0.25 650 65 Alkali 32 [24]
Quartzite 0.65 −4 + 0.25 650 65 Acid 28 [24]
Quartzite 0.65 −4 + 0.25 650 65 Salt solution 20 [24]
Hematite 0.1 - 600 60 - 4.2 [34]

Downstream Benefits, Economic Assessment and Industrial Applications of Thermal Pretreatment
(via Furnace)

Despite improvements in grindability that may reach up to 45% for some ores (Table 1), thermal
pretreatment via furnace has neither been piloted nor adopted in the mining industry. The following
challenges have been associated with the method: 1) non-uniformity in rock heating; 2) surface heating;
3) not environmentally friendly—it releases gases to the environment; 4) safety issues related to high
temperature; and 5) high energy consumption. Despite all these challenges, thermal pretreatment
through furnace is still being pursued, not only to improve the grindability of ores but also to improve
downstream operations. Dash et al. (2019) demonstrated that thermal treatment can improve the
magnetic separation of low-grade hematite ore [47]. The representative samples (200 g, 10 mm) were
treated in a laboratory furnace and the samples were water quenched after the treatment times were
reached. It was then ground to −75 μm using a ball mill. The analysis of samples after magnetic
separation (wet high intensity magnetic separation (WHIMS); solid % = 25) showed that the iron yield
can be improved within a range of 15–20% when hematite is treated between 500 and 800 ◦C [47].
Early studies show that the thermal treatment of tin ore can save 93 W/t of the ore processed, however
117 kWh/t will be consumed by the furnace at 100% efficiency [48]. This shows that the method may
not be economically viable. The issue of the high energy consumption of the furnace is the major
challenge; however, further investigation shows that an improvement in liberation usually leads to a
high recovery, which may offset the energy consumed during the pretreatment. In fact, a 1% increase
in recovery has been argued to be enough to cover the expended energy on the pretreatment via
furnace [28]. Even when the improvement in liberation is insignificant, thermal pretreatment can still
lead to a better recovery, especially for iron ores due to increases in their magnetic properties [47].
Nevertheless, further research is still needed to investigate the downstream benefits of the thermal
pretreatment (via furnace) which will lead to thorough economic assessments and possible applications
in the mining industry.

2.2. Thermal Pretreatment via Electromagnetic Waves (Dielectric Heating)

The transfer of energy without the need of a specific material medium of propagation is termed
electromagnetic (EM) waves. EM waves are categorized based on wavelength (λ) and frequency (f )
(Figure 5), since all EM waves travel at the same speed (c = fλ).

Among the EM spectrum, radio waves and microwaves (MW) are being used for heating
applications in some industries, such as food, geological exploration, pharmaceutical, plastic,
construction, medical therapy, and mining. Radio wave heating is usually referred to as radiofrequency
(RF) heating [49]. Both RF and MW techniques are referred to as dielectric heating because their heating
mechanism relies on the dielectric properties of the material to be heated. Materials with significant
dielectric properties respond to dielectric heating. In mining, dielectric heating has gained the attention
of researchers because of its peculiar advantages over conventional heating, such as the production of
clean energy, fast processing, heating uniformity, and better heat penetration to the ore matrix.
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Figure 5. Electromagnetic spectrum.

In contrast to heating through furnaces, which employ heat transferred through convection,
conduction, and radiation from the material’s surface, dielectric heating involves energy conversion
from electromagnetic into heat energy. When material is subjected to an electromagnetic field, electric
and magnetic polarization may arise within the frequency of the electromagnetic device used in the
process, which may lead to heating. This heating occurs in different mechanisms: dipolar polarization,
conduction, and interfacial polarization. In dipolar polarization, the atomic dipole reorientation occurs,
but there exists a phase difference between the dipoles and the electric field orientation, which leads to
the heating of the material. When a material consisting of a significant electrical conductor is subjected
to an electromagnetic field, ions or electrons move which leads to electric polarization. This causes the
heating of the material due to its electrical resistance. In such cases, the heating mechanism is through
conduction (like that of conventional heating), and a high microwave power and long residence time
will be required to make a significant effect on the rock’s strength reduction. In rocks with heating
behavior such as Goethite (hydrated iron ore), the iron mineral heats, but the bulk ore must be heated
to a point at which the hydroxy ion of the water molecules is released. For interfacial polarization,
a sample consisting of conducting and non-conducting material with a significant dielectric property is
subjected to an electromagnetic field such that both dipolar polarization and the conduction heating
mechanism occur. Therefore, when ore is subjected to an electromagnetic filed, both the atomic dipole
and electric polarization may occur, leading to microcracks. The extent of the microcracks depend on
whether there is an existing fracture and the arrangement of crystals and even the crystal shape, which
may help to increase the intergranular cracking.

The main difference between the microwave and radiofrequency means of dielectric heating is
their frequency range, which determines the device’s configurations. Microwave radiation has a higher
frequency compared to the radiofrequency (Figure 5). However, within the frequency range of radio
waves, 10–100 MHz is mostly employed for a heating purpose [49]. The typical device set up for
the two approaches is as presented in Figure 6. Both methods have been explored for the dielectric
heating of ore with the sole aim to reduce its strength and consequently, the comminution energy can
be minimized.

Figure 6. (a) Ore pretreatment in a microwave oven (modified after [50]). (b) Ore pretreatment in a
radiofrequency device [51].
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2.2.1. Effect of Microwave Pretreatment on Ore Grindability

Research towards the microwave treatment of minerals was firstly performed in 1975 [52].
The research basically focused on the minerals’ responses to microwave treatment, with an emphasis
on their dielectric properties. Findings suggested that the approach can be used to heat the ore with
minimal processing time compared to conventional heating. It was later demonstrated that ores have
varying degrees of response to microwave treatment—hyperactive, active, and difficult to heat [22].
Magnetite, pyrrhotite, and chalcopyrite were grouped as hyperactive minerals because they responded
well to the microwave radiation treatment. Chalcocite, galena, and pyrite were active, while albite,
marble, quartz, and other gangue minerals were difficult to heat (Figure 7; difficult to heat minerals
were arranged downward in decreasing order of their response to the microwave treatment) [53].

Figure 7. Heating response of minerals in a microwave (data source: [53]).

Afterwards, an attempt was made to investigate the microwave pretreatment’s effect on iron
ore grindability [7]. The next notable research focused on the effect of variation in the mineralogy
of ores and the subsequent impact on their grindability when pretreated in the microwave [54].
Since then, many studies in this direction have been conducted with a focus on ore size [55], grain
size [56], texture [57], microwave parameters (exposure time and microwave power), and the mode
of cooling system after the microwave treatment [54]. The influence of microwave radiation on the
material is usually more pronounced on larger particle sizes than on fine particles [58]. Coarser
particles exhibited more fractures than fine particles when the same microwave power and residence
time were applied [34,35,54,59]. Omran et al. (2014) demonstrated that iron ore with a larger grain
size responded better to microwave radiation than a lower one treated under the same microwave
conditions (Figure 8) [55,56].

Figure 8. Effect of the grain size and microwave power on the iron ore temperature after the microwave
(2.45 GHz) treatment (reproduced with permission: [55]).
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As the size of the ore particles becomes smaller, the material hardness and resistance to grinding
usually increases, which reduces the probability of creating flaws in the particles. Hence, a higher
energy will be required to grind such particles [60]. However, when particles are pretreated in the
microwave, the mineral liberation may reach the desired size quickly. To achieve that, the particle
size after which microwave treatment has no improvement on the rock strength’s reduction must be
established, which is limited in the literature; hence, there is a need for further studies [58]. However,
a simulation study on coal suggested that at the diameter 50 mm and height within 60 to 100 mm,
coal’s response to microwave radiation (2.45 GHz) was at optimum conditions [58]. The findings also
indicated that the higher the height of the sample, the lower the temperature, but the better the electric
field and temperature distribution [58]. Furthermore, at a large size, the hardness of the rock could be
reduced when exposed to microwave radiation. This was demonstrated by Sikong and Bunsin (2009)
using granite samples selected from Thailand [61]. The prepared representative samples (16 × 16 ×
30 mm3) were labeled thus: the dry sample, air cooled after the microwave treatment, was D-D; D-W
was the dry sample water quenched after the microwave treatment; W-D was the wet sample (water
soaking for 60 min) air cooled after the microwave treatment; and W-W was the wet sample (water
soaking for 60 min) water quenched after the microwave treatment. The hardness of the samples before
and after the microwave treatment (2.45 GHz, 600 W) was determined, and the results are presented in
Figure 9a. The authors concluded that the microwave treatment of granite samples at lower exposure
times has a beneficial effect on the reduction in rock hardness, and that soaking the granite samples in
water hampered the reduction in rock hardness.

Figure 9. (a) Effect of the microwave exposure time on the hardness of granite (reproduced with
permission) [61]. (b) Response of high phosphorus oolitic iron ore to microwave energy (data
source: [34]).

For the influence of ore texture on the ore’s response to microwave pretreatment, Batchelor et al.
(2015) used lead–zinc, nickel, and copper ores to demonstrate that a high reduction in strength can
be achieved in ores with a consistent texture after exposure to microwave radiation [57]. Microwave
applied energy has a major influence on ore response to microwave radiation. This was studied using
a high phosphorus oolitic iron (HPOI) ore selected from Egypt [34]. In the study, a 100 g representative
sample was subjected to microwave radiation (f = 2.45 GHz), and the final bulk sample’s temperature
and the microwave’s energy consumption were measured using a thermocouple and energy meter
(CLM 1000), respectively. The results indicated that the higher the applied energy, the better the final
temperature reached by the samples (Figure 9b). A scanning electron microscopy (SEM) analysis of
untreated and microwave-treated samples indicated that the higher the applied energy, the better the
intergranular cracking in the microwave-treated ore. At a microwave (900 W) exposure time of 80 s,
transgranular cracking occurred within the oolite, and part of the sample melted at 90 s exposure time.
It was concluded that microwave pretreatment can improve the liberation of oolite from other minerals
in the ore; consequently, grinding energy can be saved [34].

Omran et al. (2015) compared microwave (900 W, 60 s) and conventional heating (furnace—600 ◦C,
1 h) pretreatments using HPOI ore. The same grinding operation was performed for the untreated
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and pretreated samples. The results showed that under size products (0.125 mm) increased—from
46.6% to 59.76% and 50.80%, and the equivalent to approximately 80% and 30% intergranual cracks
developed in the samples for the microwave and furnace-treated samples, respectively. Under the
treatment conditions, the energy consumption for the microwave was 0.0237 kWh, while that of the
furnace was 5.33 kWh [34]. This suggests that the furnace consumed about 224.9 times the energy of
the microwave, indicating that the microwave may be more economical than the furnace as an ore
pretreatment method. Some of the studies tailored towards energy reduction in comminution, using
the microwave pretreatment method as presented in Table 2.

Table 2. Summary of the thermal pretreatment via microwave (MW) (frequency = 2.45 GHz) on the
grindability of minerals.

Ore/Mineral Mass (kg) Size Fraction (mm) MW Power (Kw) Time (min) Improvement in Grindability (%) Reference

Magnetite 0.35 −3.36 3.0 3.5 21.4 [7]
Hematite 0.35 −3.36 3.0 3.5 23.7 [7]
Tactonite 0.35 −3.36 3.0 3.5 18.2 [7]

Carbonatite * 0.50 −22.5 2.6 1.5 85.0 [54]
Ilmenite * 0.50 −22.5 2.6 1.5 92.0 [54]

Gold * 0.50 −22.5 2.6 4 0 [54]
Copper * 0.50 −22.5 2.6 1.5 68.0 [54]

Copper-zinc 0.50 - 2.6 1.5 50.0 [62]
Copper-zinc * 0.50 - - 1.5 65.0 [62]

Copper * 0.50 - 2.6 1.5 70.0 [62]
Lead-zinc * 3.00 −19 + 2 4.0 5.0 30.0 [63]

Ultramafic nickel 0.10 −1 + 0.425 1.2 15 3.6 [64]
Iron 0.50 −19.05 + 12.7 0.9 2.0 50.0 [65]

Lignite 0.10 −4.45 + 0.154 0.9 0.5 81.0 [66]

* Water cooling after microwave treatment.

Downstream Benefits, Economic Assessment and Industrial Applications of Microwave Pretreatment

Microwave pretreatment has been employed by many researchers at laboratory scales, as earlier
discussed. Since 1991, when the first laboratory study of the method was performed with promising
results for reducing comminution energy [7], the main issues are at the technological level of finding
a microwave oven suitable for large-scale ore treatment and the economic feasibility of the method.
There is no divergence of opinion that the improvement in grindability alone could not be used to
adjudge the economic viability of the microwave pretreatment method. Walkiewicz et al. (1991)
discussed that other benefits that can make microwave pretreatment economically viable include the
reduction in the tear and wear of the mill, the mill liner, and the milling medium; and a possible increase
in throughput with the reduction in recycled ore. Apart from these, the method can increase the grade
and recovery of targeted minerals or elements of interest in some rocks [67]. This had been studied
using Ilmenite ore [68]. Untreated and microwave-treated (at different power levels—1.3 kW and 2.6
kW) representative samples (200 g, −16 mm) were crushed to 100% passing 220 μm. A two-stage
high-intensity wet magnetic (first, 0.045 T was used to remove magnetite; second, 1 T was used to
remove ilmenite) separation of Titanium (Ti) from the ore was performed for each of the samples.
The result showed that the grade of Ti increased from approximately 1.8% to 3.5%, equivalent to a
7.2% increase in recovery for the microwave-treated samples at 2.6 kW. Indeed, for samples treated at
1.3 kW, the Ti grade increased from approximately 1.8% to 4.4%, equivalent to a 12.8% improvement
in recovery [68]. The heap leaching of fine disseminated minerals usually consumes time and leads
to a low recovery [69,70]. Therefore, the pretreatment of ore before heap leaching was suggested to
improve the process [69]. This was demonstrated using sulphide ore [69]. The results showed that
the microwave treatment (f = 2Hz, pulse time = 100 μs, power = 5.6 kW, time = 30 s) of the samples
(+9.2 −12.5 mm, 6 kg) prior to heap leaching (800 mL solution; 14 g/L sulphuric acid +3.75 g/L ferric
sulphate, at 25 ◦C) improved the yield in the range of 7% to 12% [69]. Cai et al. (2018) studied the
combined effects of the microwave pretreatment, acid leaching, and magnetic separation of high
phosphorus oolitic hematite (HPOH) [71]. The first phase of the study indicated that the microwave
pretreatment (2.5 kW, 45 s, water quenched after treatment) of the representative HPOH samples
reduced their work index from 15.25 kWh/t to 10.11 kWh/t. The next phase was used to study the effect
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of microwave pretreatment on magnetic separation, while in the last stage, the combined effect of
microwave pretreatment and acid leaching (concentrated hydrochloric acid, 1:1; solid:liquid, 45 min) on
the magnetic separation (magnetic intensity = 900 kA/m, pulse frequency = 45 MHz) was investigated.
In all cases, the improvements in hematite liberation, iron grade, recovery, and dephosphorization
were analyzed, and the results were as presented in Table 3.

Table 3. Improvement in hematite liberation, iron grade, recovery, and dephosphorization [71].

Method Liberation (−0.038) (%) Grade (%) Recovery (%) Dephosphorization (%)

Microwave 30.11 5.65 17.99 3.27
Microwave + Acid

leaching 54.80 14.26 34.62 43.49

The effect of microwave pretreatment on the downstream process has been studied on the
bioleaching of massive zinc sulphide ore [70]. Different coarse particle sizes were microwave pretreated
(frequency = 2.45 GHz, time = 1 s, power = 5.50–5.92 kW), and a continuous column (10 L, 140 mm
diameter, and 500 mm height) leaching operation was performed for 350 days. The mic-organism
in the leaching process was L. ferriphilum, which acts as a catalysis in the oxidation of Fe (II) to Fe
(III). Bioleaching of the same particle size and similar ore material using the same approach has been
conducted earlier [72]. The findings showed that the microwave pretreatment of the ore improved the
efficiency of the bioleaching operation, as presented in Table 4.

Microwave pretreatment indeed has downstream benefits that can make it economically
viable [73]. Most of its downstream benefits are related to the increased grade and recovery, especially
for fine mineral particles of interest disseminated in gangue. Extracting such mineral through
microwave-assisted leaching has been shown to improve the mineral grade and recovery significantly.
The detail of some of the early work using this approach can be found in the literature [73].

Table 4. Zinc leaching efficiency for non-treated and microwave-treated samples [70].

Size Fraction (mm)
Zinc Leaching Efficiency (%)

Non-Treated [74] Non-Treated [72] Microwave Treated [72]

−5 + 4.475 79.4 73.7 93.1
−16 +9.5 68.7 65.6 81.3
−25 + 19 59.1 58.7 72.0

An economic analysis of the microwave processing of arsenopyrite gold ore (200 t/day) was
performed by EMR Microwave Technology Corp. (Fredericton, NB, Canada) in 1997. The results
of their findings suggested that microwave processing of the ore was economically viable in both
capital and operating costs [73]. The obtained results encouraged the EMR Microwave Technology
Corp. (Canada) to conduct a pilot scale study using refractory gold ore, which was probably the first
of its kind [67]. In the study, a fluidized bed reactor was developed and coupled with a microwave
to produce gold concentrate. The use of the developed technique caused the conversion of pyrite to
hematite and elemental sulfur, which led to gold liberation from the ore matrix. The economic analysis
of the process as compared to the pressure oxidation and roasting methods is presented in Table 5.

Table 5. Economic comparation of microwave reactor with pressure oxidation and roasting method for
the treatment of refractory gold (200 t/day concentrate from 2000 t/day operation) [67].

Method Operating Costs (US$/t) Capital Costs (US$ Million)

Pressure oxidation 33.58 26.50
Roasting 13.74 6.90

Microwave reactor 8.60 3.84
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The microwave-assisted floatation of copper carbonate ore has also been suggested to be
economically viable [74,75]. Comparative batch floatation tests were conducted on untreated and
microwave-treated ore (5–12 kW, 0.1–0.5 s), and the results suggested an improvement of 6–15% copper
recovery. The best scenario of the economic study of the process indicated a less than two years payback
period for the microwave-assisted floatation method [74,75]. The parameters to scale up the technology
were also suggested. It was concluded that with a microwave power density of approximately
109 Wm−3, and a microwave cavity capable of treating 100–1000 t/h of ore at approximately 0.1
residence time, the process would be commercially viable [74,75].

Recently, a pilot scale study of the microwave pretreatment method has also been conducted,
with a possible reduction in comminution energy of up to 9%. It was demonstrated that, apart from
the improvement in grindability, the method has the advantages of improving recovery, reducing
the wear and tear of ball charges, and increasing the life span of the comminution equipment [25].
Despite the promising results of the microwave pretreatment method, it has not been adopted either
in the cement nor the mining industry. The challenges that impair progress in the adoption of the
microwave pretreatment in mining and cement industries are the needs for more understanding of
microwave interaction with materials, multi-disciplinary research, expertise in microwave engineering,
and more pilot scale demonstration of the method for the most demanding ores [76]. Additionally,
a design of a high-power large-scale industrial microwave oven is highly demanded. A microwave
model study suggests that to achieve the fast processing of ore within 0.002 to 0.2 s, a power density of
1 × 1010 W/m3 to 1 × 1012 W/m3 is required [77]. Despite the amount of expended efforts by researchers
to demonstrate the applicability of the microwave pretreatment method in reducing the comminution
energy, a study has not been conducted to envisage the overall energy that can be saved by considering
the full cycle of mineral production. This could be as a result of limited information as to the estimation
of the mineral production cycle in terms of electrical energy consumption. A report by the Mining
Association of Canada and Natural Resources could be a good source of guidance for estimating the
total energy saved in mining activities when microwave pretreatment is incorporated into the mineral
production cycle [78].

2.2.2. Effect of Radiofrequency Pretreatment on Ore Grindability

Radio frequency dielectric heating has not drawn the attention of researchers like the microwave
has, even though significant research had been conducted for its application in the food industry.
Little is known about the possibility of the method to improve the grindability of ore. The first attempt
toward this objective was performed using dolerite, marble, and sandstone [51]. The findings indicated
that the product size distribution of RF-treated samples improved compared to the as-received samples
for the dolerite and sandstone, which may suggest an improved grindability, while that of marble
remained the same. Nevertheless, larger particle sizes increased for the studied samples, indicating
that the RF method is not appropriate to reduce the comminution energy of the studied samples.
There is a need to investigate this technique using other ores [79].

3. Chemical Additive Pretreatment

Chemical additives pretreatment is one of the oldest and probably the most convenient means of
pretreating ore before grinding. Generally, there are two types of chemicals used, mostly for cement
production. The first type is used to modify the surface structure of the particle to improve grinding,
while the second type is used as a cement strength enhancer [80]. Any chemical material that can
cause an improvement in ore size reduction when mixed with the feed is termed a chemical additive.
It is usually referred to as a grinding aid/additive, since it is applicable to ore at the grinding stage.
The grinding aid can be applied in both dry and wet grinding operations. Dry grinding, unlike the wet
one, does not require the addition of liquid during the grinding operation. Dry grinding is mostly
performed in cement production, while both dry and wet grinding are applicable in other mineral
production. Grinding aid is usually active on the ore surface. It reacts with ore molecules to cause
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local stresses and allows fragmentation at the grain boundaries during grinding. This may cause an
improvement in the size distribution and reduce the agglomeration of particles [27].

Effect of Grinding Aids on Ore Grindability

Considerably more research has been carried out on the use of grinding aids to improve the
grindability of material in dry grinding operations than in wet grinding. This has occurred as a result
of the amount of cement clinker needed to be ground daily in tumbling mills. The grinding of cement
clinker to the desired fine size is one the greatest concerns in the cement industry and accounts for huge
operation costs in term of energy consumption (Figure 10a). The use of grinding aids in the cement
industry to improve the grindability and product throughput of the cement clinker dates to 1930 [81].
Most grinding aids are organic liquids, such as tri-ethanol amine, glycerol, alcohols, propylene glycol,
organosilicones, diethylene glycol, and resins, etc. [27,81]. Grinding aids are added to the clinker
during the final grinding stage (Figure 10b) to reduce the comminution energy. The summary of the
findings from the literature on the use of some grinding additives for the improvement of cement
clinker’s grindability is as presented in Table 6.

Figure 10. (a) Energy distribution in cement production equipment (data source: [82]). (b) Schematic
of dry cement production (modified after [82]).

Table 6. Improvement in grindability of cement clinker using grinding aids.

Grinding Aid Weight (%) Improvement in Grinding (%) Reference

Tri-ethanol amine 0.1 22–29 [27]
Tri-ethanol amine 0.06 16 [83]
Propylene glycol 0.05 25–50 [27]
Organosilicones 0.05 70 [27]

Triisopropanolamine 0.015 26 [84]
Polycarboxylate ether + tri-ethanol amine (1:2) 0.4 22 [81]

Ethylene glycol 0.05 7 [85]

Apart from cement clinker fine grinding where chemical additives have shown a beneficial effect
on the grindability of material mostly in dry grinding operations, they have also been used for ore
comminution in the mining industry. The use of CaO (200 g/t) as an additive for the grinding of
magnetite ore (40% Fe, quartz as gangue) has been demonstrated, and has caused the differential
grinding of quartz from Fe content [86].
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As per the reduction in comminution energy in the wet grinding operation of minerals, sodium
silicate, aero801, and sodium oleate have been demonstrated for celestite [87]. At concentrations
of 100 g/t and 1000 g/t, sodium silicate and sodium oleate improved the grinding of celestite. At a
10 g/t concentration, both sodium silicate and sodium oleate caused adverse effects (cumulative 80%,
passing size is larger than referenced celestite ground at the same operating conditions) on the grinding
of celestite at all grinding periods. Aero801 improved the grindability of celestite at 10 g/t, 100 g/t,
and 1000 g/t; however, 100 g/t was reported as the appropriate concentration for the grinding of
celestite [87].

Downstream Benefits, Economic Assessment, and Industrial Applications of Chemical Additive

Toprack et al. (2014) conducted an industrial scale study to investigate the appropriate chemicals
that showed significant improvements in cement production [80]. In the study, six chemicals were
investigated for the improvement in production and 28-day strength enhancement of cement (Table 7).
The raw materials considered for the cement production were gypsum, limestone, clinker, and fly
ash. An existing closed grinding circuit that consisted of a two-compartment ball mill and dynamic
air classifier was used for the study. The dynamic air classifier allowed fine particles to move to the
silo, while coarse particles returned to the mill for further grinding. The energy consumptions of
the reference and the chemically treated samples were compared, as presented on Table 7. In terms
of energy saving, all the six chemical additives used in the study reduced the comminution energy
significantly. However, the organic and inorganic modified amines, hydroxylamine, and the mixture
of polycarboxylate and amines had adverse effects on the 28-day cement strength [80]. An economic
analysis of the whole system showed that cement production using any of the chemical additives used
in the study was more profitable than cement production without the chemical additive (Table 7).

Table 7. Effect of chemical additives on the comminution energy and cement strength enhancement
[80].

Chemical Dose (g/t) Energy Saving (%) Strength Enhancement (%) Total Cost Saving (Euro/t)

Organic and inorganic modified amines 300 14.54 −3.15 0.15
Alkanolamines 345 17.34 2.23 0.20

Amine acetate (aqueous solution) 570 13.54 4.45 0.13
Hydroxylamine 808 17.01 −3.89 0.30

Mixture of polycarboxylate and amines 330 16.33 −4.82 0.30
triethanolamine 331 14.37 3.53 0.24

4. Electrical Pretreatment

Electrical pretreatment is among the most targeted technologies that has been studied and reported
in literature, after microwave pretreatment [21]. Its principle is based on the passage of a high-voltage
electrical pulse (HVEP) into the rock matrix to cause fragmentation. The variation in the electrical
conductivity of rock causes the expansion and explosion of rock grains when a high voltage is passed
into the rock matrix. The non-conductive part of the rock resists the current flow, which leads to a
structural change due to HVEP. The expansivity of the mineral grain varies, and therefore micro cracks
can be generated in different degrees. A high pressure is also built up within the rock matrix, such that
the tensile strength of the rock is exceeded (electrical disintegration (ED) method). This pressure occurs
as a result of the change of state (from solid to gas) of some particles within the rock when the electric
current passes through the rock lumps [88]. These amount to the deformation and weakening of the
rock due to the high temperature (about 104 K) generated by the charge displacement current [89,90].
Different technical terms are found in the literature to represent electrical pretreatment; however,
there are slight variations in the procedures or parameters used in creating micro cracks. Some of the
technical names are as listed in Table 8.
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Table 8. Technical terms used for the electrical pretreatment [30].

Technical Term Electrode Channel Voltage Changing Time (ns)

Electrical disintegration (ED) Rock <500
Electrical pulse disaggregation (EPD) Water <500
Electrodynamic disintegration (EDD) Water <500
Electrohydraulic disintegration (EHD) Water >500

Electrical pretreatment equipment consists of a high voltage (HV) power source, a sample chamber,
and an HV pulse generator that has an arrangement of capacitors with a rectifier. The arrangement of
the capacitors depends on the expected capacitance that gives the required voltage. The rock sample to
be tested is usually put in water because it has a high dielectric strength and creates a plasma which
prevents electrical discharge outside the rock. The rise in voltage is the same for all techniques except
electrohydraulic disintegration (EHD), which may result in a lower energy efficiency [30]. For ED,
an HV pulse is directly passed into a rock lump that has been immersed in water through the electrode,
which makes this procedure quite different from other approaches that require the dipping of the
electrode into water in order to generate a shock wave [91]. Electrical pulse disaggregation (EPD),
electrodynamic disintegration (EDD), and EHD require water, but more energy is needed for the EHD
method and the deformation is generally due to exceeding the compressive strength of the rock [92].
There are divergent opinions on the classification of electrical pretreatment. Some researchers are of
the opinion that electrical fragmentation is divided into two categories—one that requires water for
breakage and the other without water [93,94]. In this regard, EPD, EDD, and EHD belong to the same
group, while ED is the second type. Another view is that it is quite difficult to distinguish between the
methods because the electrode gap that is usually associated with EPD, EDD, and EHD may not occur
due to rock shape variation [91]. In this case, the classification is based on the voltage rising time.

Effect of Electrical Pretreatment on Ore Comminution

The investigation of EPD and ED to be used in mineral processing was started in the early 1970s
and research continued until 2002, when an EPD-suitable device (CNT EPD Spark-2) was designed by
the research team of CNT Mineral Consulting Inc. (Ottawa, ON, Canada) [95]. The machine has been
used to liberate undamaged diamond crystal from the host rock and emerald from quartzite. The good
thing about the machine is that the original shape of the crystal is retained, unlike in conventional
crushers that can deform the crystal or break it into fine particles. The ED technique was used to
disintegrate granite, copper, kimberlite, and nickel sulfide rocks [89]. The feature associated with ED is
that the disintegration occurs at the grain boundary without causing unnecessary fine products and
liberating valuable minerals [89]. This can reduce the amount of ore to be crushed in a conventional
crusher. This method is even more appropriate to be referred to as secondary blasting or pre-crushing,
since it is more suitable for larger rock sizes (boulders).

A comparison of ED with a roll-crusher was performed using coal feeds of different specific
gravities (1.35–1.45) and size distributions (4.0–5.6 and 5.6–8.0) [94]. The cathode and anode electrodes
of the ED device are stainless steel (with a 2 mm sieve size) and brass disks, respectively. The coal
samples (Nantun, China) were crushed and sieved to obtain different size distributions, as earlier
stated. Representative samples from the two size distributions were mixed (1:1) to get a 200 g feed
sample. A total of 100 g of the sample was fed into the sample chamber, such that there existed five
layers with 200 g each. The initial voltage supplied through the cathode was 16 kV, and the value was
increased up to 56 kV before the sample disintegration occurred. The voltage and current waveforms
were studied using the oscilloscope. The ED test was repeated 60 times to arrive at good conclusions.
A representative sample prepared as that of the ED test was crushed using a roll-crusher, and a size
distribution analysis of both test methods was performed. The results of optical images showed that
rough and smooth surfaces were generated for the ED and the roll-crusher, respectively. In addition,
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mineral matter was exposed in the case of the ED test products, which indicates that the disintegration
occurred at the grain boundaries [94].

The EPD technique was used to liberate minerals from copper (New South Wales, Australia),
gold–copper, and lead–zinc (Queensland, Australia) ores [96]. A sample size in the range of 12–45 mm
(3600 kg) was collected from mine sites and each ore type was divided into two (one half for the EPD
test while the other half was for the conventional crusher test). The products from the two tests were
used to carry out a standard bond rod mill test. The closing screen aperture considered for the test was
1.18 mm. The results showed that the percentage changes in the work indices (improvement) between
the EPD and conventional crusher for the copper, gold–copper, and lead–zinc ores were 18%, 24%,
and 6%, respectively [96]. Similar research was carried out using a platinum group metal ore (South
Africa) and samples from Australia, as earlier mentioned. Coarser products were generated in the
EPD method, with less fine materials and valuable minerals liberated than that of the conventional
crusher [97].

The HVEP technique was used to investigate the liberation of magnetite ore using a −2 mm (200 g)
representative feed sample. The sample treated with HVEP and the untreated one were ground under
the same grinding conditions using a rod mill. An improvement of 13.19% in the liberation of iron
minerals was achieved using HVEP when compared to the untreated sample [98].

Recently, a high-voltage electric pulse crusher (HVEPC) was designed and used for the crushing
of phosphate ore [99]. The size fractions of the phosphate ore used in the study ranged between −75
and 50 mm. The bond crushability index of the phosphate ore reduced by 10.6% (compared with the
conventional crusher) when the HV pulse-specific energy ranged between 3 and 5 kWh/t. The effects
of capacitance, voltage, and PSD of the sample on crushing using the HVEPC were also investigated.
It was found that an increase in the capacitance and voltage lead to an improvement in the crushing of
the phosphate ore at size ranges of −19 + 12.5, −12.5 + 6.35, and −6.35 + 3.35 mm. The summary of
some of the laboratory experiment successes of electrical pretreatment are presented in Table 9.

Table 9. Summary of the electrical pretreatment.

Ore/Mineral Size (mm) Electrode Gap (mm) Voltage (kV) HVP Specific Energy (kWh/t) Improvement in Grindability (%) Reference

Copper −12.5 10–40 90–200 3 18.0 [96]
Gold–copper −12.5 10–40 90–200 3 24.0 [96]

Lead–zinc −12.5 10–40 90–200 3 6.0 [96]
Copper–gold −12.5 10–40 90–200 3 0.0 [96]

Magnetite −2.0 3 30 - 13.2 [98]
Phosphate −75 + 50 - 40 5 10.6 [99]

Downstream Benefits, Economic Assessment, and Industrial Applications of Electrical Pretreatment

Recently, a pilot scale HV pulses (HVP or EPD) testing machine (Figure 11) developed by SELFRAG
AG (Kerzers, Switzerland) was used for the investigation of the particle weakening behavior of ores
(gold–copper ore, New South Wales, Australia; iron oxide copper–gold (IOCG) ore, South Australia; and
hematite ore) [100]. The machine had a setting system that allowed capacitance and voltage regulation.
The pulse energy (ranged 50–200 kV) could be kept constant when varying the voltage or capacitance of
the machine. The machine could process ore up to 10 th−1 (3–10 th−1), depending on the pulse energy,
PSD, and density of the ore. The PSDs of the tested ores were 22.4–26.5, 31.5–37.5, and 45–53 mm. It was
found that the higher the specific energy of the HVP machine, the better the breakage characteristics
measured using the fineness indicator (t10), which connotes a cumulative percentage passing size
equivalent to one tenth of the original size before the pretreatment and pre-weakening assessments.
It was reported that the HVP pretreatment caused a reduction in the competency of gold–copper and
IOCG ores by 81.7% and 131.8% respectively, while that of hematite increased by 40.7% [100]. However,
an economic evaluation of this method was not performed in the study, which calls for further research.
Nevertheless, the HVP machine produced at Julius Kruttschnitt Mineral Research Centre (JKMRC,
Indooroopilly, Queensland, Australia) in 2009 consumed considerable energy (1–3 kWh/t) during the
ore pretreatment [96]. Safety due to high-voltage generation for rock weakening has usually being
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associated with electrical pretreatment; however, this has been put into consideration in the JKMRC
machine, and electromagnetic shielding against high electric voltages has been introduced [101].
The electrical method has been applauded for its reduction in the ore to be comminuted; this can
assist with rejecting gangue after treatment (pre-concentration) [102,103], and for the reduction in
fine particles in the final product after comminution [104]. The former has been suggested to be
performed at the mining site so that the haulage cost can be reduced and the rejected can be used
as back filling [105]. With that approach, the energy cost can be lowered not only for haulage but
also for comminution and processing. The inclusion of the HVP machine in the mining cycle also has
environmental benefits, as tailing can be reduced since some wastes would have been rejected from the
mining site. A simulation of this approach suggested that 5 kWh/t can be saved for 2000 t/h copper–gold
operations [105]. Parker et al. (2015) discussed that electrical pretreatment (electro-comminution)
has the potential to improve mineral liberation, which may increase the recovery using the floatation
method. In the study, the authors compared the surface chemistry of the untreated and electrical
treated samples and found that the latter improved the surface chemistry of the ore as well as the
liberation of chalcopyrite in the coarse size range [106].

Figure 11. High voltage pulse pilot scale testing machine at Kerzers, Switzerland (reproduced with
permission) [100].

5. Magnetic Pretreatment

Magnetic pretreatment is quite a new method investigated for the reduction in the comminution
of iron-rich minerals, especially magnetite. The idea behind the method is that the magnetic pulses
generated through a magnetic field may probably change the magnetic dipoles of magnetic minerals
and hence introduce microcracks in the rock. This method was proposed in 2016 by J. Yu and his
research team [107]. A generator was developed that can create magnetic pulses through a dielectric
pipe where coils were mounted. The magnetic field and frequency of the pulses generated were
5.0 T and 0.05 Hz, respectively. The magnetic pulse generator (MPG) was used for the treatment of
magnetite ore collected from Dagushan city, Liaoning, China. The representative sample was placed
in a plastic container and subjected to magnetic pulse treatment in the MPG for 2.5, 5.0, and 7.5 min
using separate samples. The magnetic field intensity of the MPG was kept constant throughout the
treatment periods. The pretreated samples and the untreated one (500 g each) were ground for 3 min
using a laboratory cone call mill. The energy consumption (measured with a DTZ 119 smart power
meter) for grinding untreated and treated samples reflects a 10 W difference, representing 1% energy
saving in the grinding process. The PSD analysis performed showed no significant change in the size
distribution of products. The improvement in the bond ball mill work index of the treated sample was
0.68% (test sieve size = 74 μm). To sum it up, MPG did not sufficiently weaken the magnetite ore and
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there was no significant improvement in the work index. [107]. The magnetic method may provide
promising results in future research.

6. Ultrasonic Pretreatment

The ultrasonic pretreatment of ore uses a three-dimensional acoustic wave (sound wave above
20 kHz) that passes through the ore matrix to create fractures. The velocity of this wave varies as it
passes through the ore media, due to the change in grain size or mineralogy, which causes a kind
of reflection and refraction at the grain boundaries. The tensile stress caused by this phenomenon
creates microcracks or extends the existing cracks in the ore matrix. The use of ultrasonic waves for the
fragmentation of particles was reported to have firstly been attempted by Gärtner in 1953 [52]. In 1981,
the Energy and Mineral Research (EMR) company with the support of the US Department of Energy
(DOE) constructed an ultrasonic device consisting of a rotating roller that had the capacity to treat
4.5–13.6 kg/h of ore, with an energy requirement of 3 kWh/t for 80% of the product finer than 75 μm.
At that time, the energy requirement to achieve the same size as that of using a hammer mill was
20 kWh/t. The major disadvantage of the device, when compared to the conventional machine, was that
it had a very low comminution capacity. The DOE, US, in 1988 commenced an investigation into the
construction of their own ultrasonic device using the previous idea from 1981. The constructed device
was used for the treatment of coal, and resulted in little liberation of the samples. Indeed, the device
consumed more energy than that of conventional comminution mills [108]. However, this method has
been reported to have improved the grindability of copper ores by up to 32% [108]. Gaete-Garretón et
Al. (2000) provided a solution to the limitation (small capacity) of the previous ultrasonic devices by
incorporating ultrasonic treatment into a high-pressure roller mill with a capacity of 20 t/day [109].
The developed device and ball mill were used separately for the grinding of prepared copper ore
feeds. It was reported that 66% energy was saved when compared with the ball mill. A similar idea
was developed called the Ultrasonic High-Pressure Roller Press (UHPRP), which was used in the
investigation of the grinding characteristic of copper ore [110]. Findings show that 6% energy was
saved when compared with samples without ultrasonic treatment [110]. The combination of microwave
and ultrasonic pretreatment was investigated for the disintegration of iron from phosphorus gangue.
The findings showed that the disintegration and removal of fine particles from the samples were higher
for microwave-treated samples compared to the ultrasonically treated one. The combination of the two
methods indicated that a 20% improvement in disintegration was achieved during the process [111].
An ultrasonic device has been piloted for the treatment of carbonate ore which improved its liberation
and downstream processes [112]. The economic and industrial applications of this method are limited
in the literature; hence, further research is still needed.

7. Bio-Milling Pretreatment

Bio-milling is the process of size reduction in particles using living organisms.
Since microorganisms can cause the weathering of rock, researchers have therefore suggested
that their use for ore comminution could improve the size reduction process. This has found direct
application in the milling of particulate matter in the nano range. The use of fungal biomass for milling
chemically synthesized BiMnO3 had been reported [113]. It was discussed that BiMnO3 (150–200 nm)
was reduced to <10 nm without any effect on either the crystallinity or phases of the material [113].
Research using this approach for ore comminution energy reduction may find relevance in the future.

8. Ranking of Methods of Ore Pretreatment

To look for an immediate way forward to reduce comminution energy, Canada Mining Innovation
Council (CMIC) ranked both conventional and some emerging technologies based on the responses
and analysis of a questionnaire filled in by professionals in the mining sector [114]. Consideration
was given to energy reduction, costs, safety, stage of the technology, and downstream benefits. For all
these parameters considered for rating the pretreatment methods, 1–5 were used as rating numbers
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in an ascending order of benefit, except cost. For the cost implication of the methods, the rating five
means that the cost is very low, meaning that one is the costliest rating number [114]. Based on the
available literature [80,100,107], there are developments in the stages of technologies, which was part
of the ranking matrix used by the CMIC; hence, there is a need for updating the ranking of emerging
technologies so that research can be channeled toward the proven methods (Table 10).

Table 10. Ranking of ore pretreatment methods (* cement production) [114].

Methods Energy Reduction Cost Safety Scale of Application Downstream Benefits Total

Conventional heating 2 1 2 2 2 9
Microwave 3 2 3 4 3 15

Radiofrequency - 2 3 1 1 7
Chemical * 2 3 3 4 4 16
Electrical 3 2 3 4 4 16
Magnetic - - 3 1 - 4
Ultrasonic 1 1 2 3 3 10
Bio-milling - - 2 1 - 3

9. Conclusions

Comminution is an important operation to liberate minerals/ores. It accounts for about 50% to
70% of the total electrical energy required in mining activities. Many methods have been explored
to reduce this energy demand. These methods include thermal (via furnace, microwave, and
radiofrequency techniques), chemical, electrical, magnetic, ultrasonic, and bio-milling. Thermal
pretreatment via furnace showed that improvements in the grindability of some ore can be achieved by
up to 45%. Nevertheless, the high energy demand of furnaces, their non-uniform heating, safety issues,
and environmental pollution due to their release of process gasses are major concerns. The development
of a solar convergence device that can produce high thermal energy to heat ore can be investigated,
since solar energy is environmentally friendly and may be cheaper in the long run. Microwave dielectric
heating is the most pursued of all methods, with promising results at both laboratory and pilot scale
studies. Findings from the former suggested that a 3–92% improvement in the grindability of some
ores can be achieved, while the latter shows a maximum of 9% reduction in the grindability of copper
ore. In contrast to the microwave, radiofrequency dielectric heating has not produced promising
results for some selected rocks. The chemical method has been demonstrated to be appropriate to aid
comminution, especially in the cement industry, with an improvement in the grindability of clinker in
the range of 7–70%. However, the cost of the chemicals used in the process is still a challenge. The
results of studies using electrical and ultrasonic methods showed improvements in grindability of
up to 24% and 66%, respectively. The former has been piloted for gold, copper, and iron-related ores,
while the latter has been used for carbonate rocks with promising results. For magnetic and bio-milling
methods, progress has not been made, as suitable approaches for ore comminution energy reduction
have not been found, but these methods may find relevance in the future. To sum up, microwave
and electrical pretreatments should be given preferential attention based on their stage of technology,
energy reduction, cost, safety, and downstream benefits.
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Abstract: Profound knowledge of the structure and texture of rocks and ores as well as the behavior
of the materials under external loads is essential to further improvements in size reduction processes,
particularly in terms of liberation size. New analytical methods such as computer tomography
(CT) were adopted to improve the understanding of material characteristics in rocks and ores
relevant to mineral processing, particular the crushing and grinding and the modelling/simulation
thereof. Results obtained on the texture and structure of identical samples of rather different rocks
and ores (copper ore, granodiorite, kimberlite) are compared by CT with quantitative results from
traditional optical microscopy obtained by quantitative microstructural analysis (QMA). While the
two approaches show a good agreement of the results in many areas, the measurements with the
two different methods also exhibit remarkable differences in other areas, which are discussed further.
In conclusion, both methods have their specific advantages starting from sample preparation to the
accuracy of information obtained concerning certain parameters of mode and fabric. While sample
preparation is faster with CT and information on special distribution of metal minerals is more
reliable, the information on mode, grain size and clustering seem to be more precise with QMA.
Based on the results, it can be concluded that both methods are comparable in many areas, but in in
the field of spatial distribution, they are merely complementary.

Keywords: quantitative microstructural analysis; X-ray computed tomography; selective
comminution; texture; structure; mineral processing; crushing; grinding

1. Introduction

An increasing demand for raw materials worldwide meets a general trend towards the exploitation
of lower grade new ore deposits [1–3]. Thus, ever larger quantities of ore have to be processed to
produce the required amounts of concentrates. Not only rising energy costs, per processed ton of ore
as well as in absolute terms, but also the accompanying CO2 emissions and the related social license
to proceed are reasons for the resource industries to look for smarter solutions, particularly for the
energy-intensive comminution processes.

In a study comprising numerous Australian copper mines, it was found that on average, 36 percent
of the energy utilized is consumed solely by comminution processes [4]. Comminution processes for
copper production alone consume about 1.223 MWh/t Cu [4]. Milling, in particular fine grinding in the
area of liberation size, consumes thereby the largest mass specific amounts of energy. Investigation
of the distribution of the valuable components in the ore, their grain size as well as the behavior of
the rock and ore under certain load is therefore essential, to select the right type, magnitude and
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frequency of load and thus, respectively, the right milling machine working at appropriate operating
parameters [5,6].

The influence of rock and ore properties on the processing characteristics is a well-established
fact [7–12]. A profound knowledge of the mineral behavior is required on all comminution steps,
be it for the efficient production of preconcentrates by selective comminution on coarse particle size
level [13] or the high voltage impulse comminution [14,15], or in the fine grinding. The importance
of such an understanding on the microscopic level is emphasized by a number of publications and
even global initiatives such as the Coalition for Energy Efficient Comminution (CEEC) [16,17]. It is
also essential for the modelling and simulation of comminution processes by numerical methods,
such as with the Discrete Element Method (DEM). Modelling of comminution processes with those
methods provides fascinating new insights into comminution processes [18–21]. For those methods
the calibration of the models for prognostic purposes poses a tremendous challenge if the differences
of the mode and fabric of the various ores and rocks cannot be quantified [22–24].

The increased focus on the ore microstructure led to a number of efforts introducing new
technologies into the analysis of ore microstructures. In recent years, new technologies such as
the scanning electron microscope (SEM)-based Mineral Liberation Analysis (MLA) or Quantitative
Evaluation of Minerals by Scanning Electron Microscopy (QEMSCAN) made their way into the
mineralogist’s laboratories [25,26]. More recently, also Computer Tomography (CT) was applied for
mineralogical analyses [27–30]. CT is a nondestructive technique that allows for the visualization of
internal structures of objects based on their different X-ray density. Originally, the method was used
mainly for medical purposes, but since the 1990s it has also been used in other applications, first in
petroleum geology [31–33] and later in process mineralogy [34] and process technology [27,29,30,35].

The investigation of structure and texture of ores is a pretty new but fast growing application area
of CT [36,37]. While a number of publications support the usefulness of applying CT for analyzing
mineral structures is still missing, a comparison with results acquired by traditional methods, e.g.,
optical microscopy. This may be caused by the missing quantitative criteria for such a comparison.
The Quantitative Microstructural Analysis (QMA), a method based on optical microscopy and proven
in numerous industrial applications, shall be used in this paper to compare the results obtained
by the new method CT with the proven QMA. Optical microscopy has been used for decades to
investigate mineral raw materials using thin or polished sections. Under polarized light, an experienced
mineralogist directly identifies the various mineral varieties of the grains. Yet, optical microscopy
has its limitations with regard to the image and grain size resolution, and the mineral identification,
finally limited by the wave length of the light. QMA will be briefly introduced in the following chapter.
A more detailed description can be found for instance in [9,10].

The research presented will therefore present a comparison of structural and textural data, obtained
for identical samples of three rather different materials using both methods. This allows to evaluate
the capacity of CT for obtaining relevant material data of rocks and ores on microstructural level for
modelling, simulation, machine and process design in crushing and milling.

2. Methods and Materials

2.1. QMA—Microstructural Analysis Based on Optical Microscopy

Descriptions of texture and structure of rocks are of great value as they can be used in the
interpretation of rock formations. Microstructural descriptions are traditionally obtained by geologists
using thin or polished sections for petrographic analysis. The traditional method has limitations in
describing the full 3D rock structure with quantitative measures and in drawing conclusions and
deriving interpretations of the microstructural information.

Quantitative Microstructural Analysis (QMA) is a collective term for a number of methods for
analysing the geometry and mechanical properties of microstructural constituents. The objective is
usually to investigate the relationship between the microstructure on the one hand and the properties
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of the rock or its history of origin on the other. Microstructural characteristics are often used for
the classification of rocks. Methods for microstructural assessment have long been part of rock
research, rock testing and production monitoring. The widening range of possible applications
(petrography, mineralogy, metallography, investigation of the structure of building materials, etc.) and
the development of theoretical principles (stochastic geometry, digital image processing) have led to
QMA becoming a separate field of science over recent years [9,10].

The basis of the QMA of a rock sample is normally a microscope analysis of thin or polished
sections. As rock-forming minerals and rock microstructures mostly have a complex three-dimensional
structure, the information that can be derived from one-dimensional cut surfaces is often insufficient
for the spatial quantitative characterization of the minerals and microstructures of geological materials.
A three-dimensional information or the reconstruction of minerals and rock microstructures of
geological materials is required. The results of mathematical-petrographic rock characterization are
a precondition for predicting the relationships between rock characteristics and relevant product
properties or system characteristics (e.g., wear, energy consumption) with the help of mathematical
statistical modelling (e.g., multiple regression and correlation analysis) [8,38].

All the strength properties of rocks are directly dependent on the type and degree of mutual
bonding of the mineral grains in the microstructure. The greater the specific surface on which the
mineral grains are in contact with one another, the more mechanically competent is the rock and the
more resistant to the effects of comminution processes.

The degree of grain bonding depends on grain shape and grain size. The cohesiveness of
the microstructure rises as grain size decreases and specific surface correspondingly increases.
With otherwise identical properties, fine-grained rocks therefore always manifest greater strength than
medium and coarse-grained types. The more irregular the grain shape, the greater the grain surface
area and the more intense the mutual intergrowth of adjacent individual grains [11].

The QMA usually starts with a proper extraction of a defined number of rock samples from the
deposit. According to the QMA approach developed at the Institute of Mineral Processing Machines
(Freiberg, Germany), model three polished sections perpendicular to each other are prepared from
each rock specimen. These thin sections are evaluated with the help of a polarization microscope,
assessed by means of various stereological methods (Figure 1) and classified in a library of thin sections.
A mathematical model is used to characterize the rocks quantitatively, based on the calculation of
relevant structural and textural characteristic data [13,23].

Figure 1. Process flow for QMA rock analysis.

Rock characteristics are mathematically derived in the form of characteristic values (see Table 1).
These are first determined completely independently from a specific application, but can be interpreted
for use with specific applications in comminution or other processes. In the following, the most
important characteristic values gained by QMA (according to [8]) are explained in greater detail:
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Table 1. Rock characteristics as established by QMA under the optical microscope.

Raw Material
Rock Type: Granodiorite

Phase Related Features Raw Material
FeaturesDeposit: Kindisch Location: Saxony, Germany

Mode
Properties Symbol Unit Quartz Feldspar Mica Σ Microbodies

Content Volumetric
Portion εV % 34 48 18 100

Fabric

Texture

Size

Mean diameter d50,3 mm 0.732 0.928 0.647 0.810

Scatter
parameter σln - 0.410 0.384 0.414 0.398

Grain surface Specific surface SV mm2/mm3 7.480 5.180 11.200 7.050

Shape
Elongation E - 1.274 1.330 1.968 1.425

Flatness F - 1.267 1.248 1.059 1.221

Roughness Rougjness
degree KR % 30 13 38 23

Structure

Orientation

Degree of
linear

orientation
Klin % 16 18 42 10

Degree of areal
orientation Kfl % 12 12 3 11

Degree of
isotropic

orientation
Kis % 72 70 55 79

Distribution Degree of
clustering C % 36 41 13 34

Space filling Space filling
degree εVF % - - - 100

Mode (Volume Percentage of the Mineral Phases)

The volume percentage of a mineral phase is defined as the quotient of the sum of the volume of
the individual mineral grains in the sample and the sample volume. It can be most easily determined
with the help of the point counting method [39].

Grain Size

The individual microbodies are polydispersed in the rock microstructure so that the size of the
microbodies has to be approximated with a size distribution function. The size distribution function
can be frequently approximated by a logarithmic normal distribution (LND), which is uniquely
characterized by a median d50.3 and a scatter parameter σln [8].

Grain Shape

The shape of a microbody corresponds to its outer appearance, which is determined by its grain
shape and roughness. The grain shape is a geometric particle characteristic, i.e., a characteristic that
makes allowance for all three dimensions [40]. The grain shape of a microbody can be regarded
approximately as an ellipsoid with the main axes a, b and c, where a ≥ b ≥ c. The relationship of the
main axes to each other describe the grain shape of the microbody. The elongation E describes the
“needle shape” of a particle and the flatness F of the particle its “platy shape”.

Roughness

The shape of severely curved, serrated and similar complex microbodies can be analysed
statistically and characterized by the roughness. This parameter can be recorded statistically in thin
sections and characterized with indices. The roughness KR is defined as the ratio of the difference
between the “real” surface area SV(R) and the “ideal” surface area SV(I) relative to the “real” surface
area SV(R) of the individual phases. The calculation of the “ideal” surface area SV(I) is based on
the microbody size distribution with consideration of the microbody shape and the phase volume
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percentage. The “real” surface area SV(R) is calculated from the three-dimensional rose of intersections.
The outer shape of the microbodies largely determines the character of the microstructure [8].

Orientation

From three 2D-roses of intersections orthogonal to each other, with an approximation,
the parameters of a spatial rose of intersections and their orientation angle in the space are calculated.
A spatial rose of intersections of an oriented microstructure is the superposition of the roses of
intersection of ideal boundary surface systems. From the parameters of the spatial rose of intersections,
the orientation degrees (Kis, Klin and Kfl) of a spatial arrangement (percentages of linear- and
areal-oriented as well as nonoriented boundary surfaces) can be derived.

Distribution

Microbodies of a phase can be evenly distributed in the space, but they can also form clusters in
which the microbodies of a phase share boundary surfaces. The degree of clustering C is defined as the
quotient of the sum of the boundary surfaces between the grains of the same mineral group and the
total boundary surface of this mineral group. The degree of clustering can be calculated with the help
of linear analysis [8].

Space Filling

Rocks are practically never completely compact, i.e., the aggregate space is not completely filled
by solid constituents, but there are cavities (pores) between them, which normally contain gas (e.g., air)
and/or aqueous solutions. The space filling degree εVF can vary within wide boundaries for different
rocks. The size, distribution and type of pores also show great differences. To assess many properties
of the rocks, it is necessary to examine the character of the space filling more closely.

2.2. X-ray Computed Tomography (CT)

CT evolved as an effective supplement in the complex studies of petrophysical properties of rocks.
It includes the definition of porosity, fracturing, cavities and their distribution by diameter, volume,
and sphericity degree. Moreover, microtomography is a useful tool for the measurement of mineral
phases with equal X-ray density throughout the whole sample. The main advantages of the method
include also the wide visualization potentials with comparably low measurement time.

Principles of CT are described in detail in numerous papers [27,29,35]. The method consists in
essence in weakening the power of the X-ray beam when passing through a certain volume of the
material. During scanning in X-ray beam, the sample is rotated around a vertical axis by 180◦ with a
certain step. The result of the scan is fixed by the shadow projection (using Al or Brass filters behind
the sample and before the detector). Shadow projections are graphic files where each pixel contains
information about the amount of X-ray absorption by the object at a given point. This value is expressed
in 256 grey color shades (the darker, the higher the absorption). The processing of the obtained
results consists in the mathematical transformation of the shadow vertical projections into a series
of horizontal sections of the object using special software CTAn (e.g., Version 1.95, Bruker, Kontich,
Belgium). After reconstruction, the most important step of the analysis is the volumetric visualization.

During the binarization of images, e.g., with the help of the CTVox software (Version 2.14, Bruker,
Kontich, Belgium) it is possible to create three-dimensional images of the sample for further visual
studies and morphometric analysis (Figure 2).

In this paper, the CT studies of typical ore/rock samples were carried out by using a microtomograph
“SkyScan-1172” (Bruker, Kontich, Belgium) with resolutions from 19.58 to 32.32 μm, equipped with
the certified programs Skyscan1172 μCT, NRecon, DataViewer, CTVox, CTAn, CTVol, SkyScan_MTS,
Gidropora. The shooting parameter set for scanning the samples is shown in Table 2.
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Figure 2. Basic principles of CT: (a) scanning of the sample in X-ray beam, (b) mathematical
transformation of the shadow vertical projections into a series of horizontal sections of the object,
(c) creation of three-dimensional images of the sample.

Table 2. The shooting parameters set for scanning the samples.

Parameters Unit Copper Sandstone Granodiorite Kimberlite

Accelerating voltage kV 100 125 130
Current rate mA 80 61 61
Resolution μm 19.58 32.32 19.58

Filter mm Al 0.1 Brass 0.25 Brass 0.25

Rotation step grade 0.100

2.3. Sample Materials

A rock can be described based on the content of its mineral components and its fabric (Figure 3).
It consists of the individual mineral phases, but often also contains defects (e.g., pores, cracks), which
form the continuous phases (gas or liquid phase) and glasses as well as cryptocrystalline masses which
are combined to a nondifferentiated phase. Each single constituent of a phase—also termed microbody
or grain—takes up a certain volume that is defined by boundary surfaces.

Figure 3. Characterization of raw materials.

To introduce the characteristics of the rock fabric in technology assessment, the texture must be
expressed in figures. Based on the application of stereological methods, the rock is quantitatively
described by means of its

• mode (volume percentage of the mineral phases),
• characteristic values of the texture (e.g., grain size and shape, roughness),
• characteristic values of the structure (e.g., orientation, distribution and space filling).
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The term “rock fabric”, comprising texture and structure, can be understood as the quantity of all
geometric data of a piece of rock. The characteristics of the rock fabric, quantified with the help of
QMA methods, are based on the formal characterization of the rocks by geologists in order to facilitate
understanding between geologists and engineers with their respective terminology.

The texture of a rock is the term used to describe the nature of its composition by individual
components. It is dictated by the form of the individual mineral components and their mutual
geometric relationships. Accordingly, the grain shapes and the grain sizes of the mineral components
are essential elements of the rock texture.

The structure of a rock depends on the spatial arrangement of its components. In this case,
the components are less the individual grains and far more complexes of the same minerals or other
identical structural elements. In this context, the orientation of the components as the directional
texture, the distribution of the same as the distribution texture and relative density (compact and
porous rocks) are taken into consideration. Rocks with strata of varying mineral composition therefore
have an inhomogeneous distribution texture; lava with gas bubbles is characterized by their incomplete
space filling.

For the comparison of QMA and CT three different samples were investigated. Their characteristics,
described by mode and fabric, but inherently representing also mechanical properties relevant for
comminution, ore content vary widely, to cover a range of materials from metal and non-metal mining
as well as the aggregate industry. The need to crush and, to a certain extent at least, grind the
material to produce a sellable product is the bracket that connects those industries. The investigated
samples contain:

• copper ore (green sandstone ore) from Legnica (Poland),
• granodiorite from Kindisch (Saxony, Germany),
• kimberlite from Letseng (Lesotho).

3. Results

In the following, the results of the QMA and the CT analyses of the three different sample materials
are presented.

3.1. Copper Ore

3.1.1. QMA Results (Copper Ore)

Mode

Copper ore from Legnica consists of 17% copper minerals in a quartz (64%) and calcite matrix
(19%) (see Figure 4).

Figure 4. Copper ore (green sandstone ore): (a) hand specimen, (b) microphotograph under
reflected light.
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Grain Size

The quartz shows a mean grain size of 265 μm and the copper minerals with 277 μm are of similar
size. The standard deviation σln of the diameter distribution of the copper minerals shows a scatter
parameter of 0.504. Figure 5 shows the grain size distribution of both minerals as identified by QMA.

Figure 5. Mineral grain size distribution of the copper ore according to QMA.

Grain Shape

The shape of the copper minerals of the copper ore is predominantly platy-like. This is confirmed
by the values for their elongation E and flatness F (E = 1.224; F = 1.156). In comparison, the shape of
the quartz is predominantly needle-like. This is confirmed by respective elongation and flatness values
(E = 1.458; F = 1.162).

Roughness

The roughness KR of the copper minerals is around 62% and is therefore in a very high range
compared to minerals of other rock fabrics.

Specific Surface Area

The specific surface area SV of the copper minerals is in the medium range and is around 53
mm2/mm3 per mineral grain. The specific surface area and the roughness characterize the “intergrowth”
of the minerals with each other. This intergrowth is an important information since it allows to draw
conclusions on the breakage behaviour of a material, the specific energy consumption, wear of
comminution machine parts etc.

Degree of Clustering

The degree of clustering C shows whether a mineral grain forms an agglomeration in the rock
with another mineral grain of the same type. The quartz shows a 6% cluster formation, that is, 6% of
all quartz grain surfaces lie next to another quartz grain surface.

Space Filling

The very good space filling means that moisture can only adhere to the surface of particles, as
there are no pores in the ore sample.
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3.1.2. CT Results (Copper Ore)

Mode

Copper ore consists, according to CT, of 5.2% of ore minerals, quartz grains (53.1%) and a matrix
of crystallized calcite (40.9%). The distribution of copper minerals in the entire rock volume is shown in
Figure 6. It can be seen that it is possible to clearly distinguish dense copper-containing minerals from
quartz and calcite on the tomogram, whereas the latter two minerals are quite difficult to distinguish
from each other, because of their close X-ray density.

Figure 6. The distribution of copper minerals (green) in the quartz-calcite matrix (gray) in sandstone.

Grain Size

Using the CTVox and CTan programs, it is possible to analyse in detail not only the sizes of the
grains composing the rock, but also their interrelations, which is especially important for the purposes
of process mineralogy. Copper minerals are fairly evenly distributed throughout the rock volume,
sometimes forming individual grains with an average size of 70 μm and fine-grain aggregates 260 μm
in size (Figure 7a,b), sometimes up to 2.0–4.5 mm (Figure 7c).

Figure 7. (a,b) Aggregates of copper minerals in the volume of sandstone and (c) aggregate distribution
according to the maximum diameter.

Grain Shape

Copper minerals have a quite isometric shape, the coefficient of sphericity, calculated as the ratio
of the short to the long axis, is 0.78 (when the shape of the grain approaches isometric, this coefficient
reaches 1, Figure 8a).
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Figure 8. (a) Distribution of aggregates of copper minerals according to the sphericity coefficient and
(b) the orientation of the longest axis, grade

Roughness

Specific surface of copper minerals, calculated as the ratio of the total surface of minerals to
their volume and representing the degree of tortuosity of the boundaries (roughness), is equal to
31.86 mm2/mm3.

Orientation

The orientation of copper grains and aggregates is also marked, expressed quantitatively as the
deviation of the longest axis of grains from the vertical in grades (Figure 8b).

Porosity

One of the most important characteristics of rocks for comminution, linking the strength of the
rock with a defect in its structure, is porosity. It determines the interpretation of the strength properties
and behavior of the rock during comminution [30]. The total porosity of the sandstone sample is 1.4%,
the open porosity is 0.68%. The pore connectivity is low. In general, the pores of the subcapillary size
are less than 0.2 μm, the predominant pore size is 25–50 μm, but there are also single pores with a
diameter of more than 100 μm. The pore sphericity factor is 0.62. The void density, calculated as the
ratio of the number of pores per unit volume of rock, is 9.10 mm−3.

3.2. Granodiorite

3.2.1. QMA Results (Granodiorite)

Mode

Granodiorite from Kindisch consists of 34% quartz, 48% feldspar and 18% mica (see Figure 9).

Figure 9. Granodiorite (a) hand specimen, (b) microphotograph under transmitted light with
lambda/4 plate.
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The effects of these minerals on the mechanical characteristics of the rock and, hence,
its comminution behaviour and abrasivity are quite different. The mineral quartz is a positive
development in terms of strength, weathering and temperature resistance. Due to its high Mohs
hardness, it increases the abrasivity of a rock in comminution. The feldspars consist of polysynthetic
twinned plagioclase and alkali feldspars. The most singular property of mica is its physical structure.
As a sheet mineral it can be split into strong, flexible films having good high-temperature resistance.
Its mechanical properties, however, vary substantially depending on the direction of loads relative to
the direction of the films. While the grain strength is rather high with compression loads rectangular
to the film planes the material strength with regard to compression loads acting in the planes is usually
comparably low.

Grain Size

The mean grain size of all minerals is rather different. The quartz shows a mean grain size of
732 μm, the feldspar 928 μm, the mica 647 μm. The overall mean grain size of the rock is 810 μm
(Figure 10). The diameter distribution of the mica shows a scatter parameter of 0.414.

Figure 10. Mineral grain size distribution of granodiorite.

Grain Shape

The grain shape of the mica looks like needle-shaped. This is confirmed by the values of their
elongation and flatness (E = 1.968; F = 1.059). In comparison, the overall grain shape of all minerals of
granodiorite is mainly needle-platy, with elongation and flatness values (E = 1.425; F = 1.221).

Roughness

The roughness KR of the mica minerals is approximately 38% and is therefore in very high range
compared to minerals of other rock fabrics.

Specific Surface Area

The specific surface area SV of the mica minerals is approximately 11 mm2/mm3 per mineral grain.

Degree of Clustering

The mica shows a 13% cluster formation, which means 13% of all quartz grain surfaces lie next to
another mica grain surface.

Isotropic Orientation

The isotropic orientation degree Kis is about 79%. These values give an indication that the
production of cubic products is only possible by increased machine expenditures (e.g., multi-stage
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comminution and preferably by impact loading) and matched operating mode of the processing plant
(e.g., high stress intensity).

3.2.2. CT Results (Granodiorite)

Mode

The granodiorite contains 89.3% of quartz-feldspar mass and 7.7% of mica according to the
CT results. Mica is fairly evenly distributed throughout the rock volume, forming slightly oriented
flattened grains of 0.594 mm in size (Figure 11a). There are also individual aggregates of 1.8–3.0 mm
(Figure 11b).

Figure 11. (a) Mica in the volume of granodiorite and (b) their distribution according to the
maximum diameter.

Grain Shape

Mica grains have a flattened morphology (Ksph = 0.48) (Figure 12a).

Figure 12. (a) Distribution of mica according to the sphericity factor and (b) the orientation of the
longest axis.

Specific Surface Area

The specific surface area, i.e., the degree of tortuosity of the boundaries is 20.2 mm2/mm3.

Isotropic Orientation

There is also a strong orientation of the mica grains (Figure 12b).

Porosity

The total porosity of the granodiorite sample is 3.05%, the opened porosity is 0.91%. Basically,
pores are of subcapillary and capillary size (15–40 μm), there are single pores with a diameter of more
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than 100 μm. The predominant shape of pores is close to spherical (sphericity factor is 0.80). The void
density is 2.06 mm−3.

3.3. Kimberlite

3.3.1. QMA Results (Kimberlite)

Mode

Kimberlite from Letseng consists of so-called phenocrysts (21% olivine, 20% pyroxene) and
nondifferentiable phase (59%). This nondifferentiable phase (NDP) consists mostly of an irregular
mixture of serpentine, chlorite, pyroxene, olivine and ore minerals (Figure 13).

Figure 13. Kimberlite: (a) hand specimen, (b) microphotograph under transmitted light with
lambda/4 plate.

Grain Size

The grain size differs between the phenocrysts. The olivine shows a mean grain size of 679 μm,
the pyroxene a size of 324 μm, the phenocrysts having a mean grain size of 503 μm overall (Figure 14).
The diameter distribution of the phenocrysts shows a scatter parameter of 0.334.

Figure 14. Mineral grain size distribution of phenocrysts (olivine and pyroxene).

Grain Shape

The shape of the phenocrysts is predominantly cubic, confirmed by the values for their elongation
and flatness (E = 1.238; F = 1.067).
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3.3.2. CT Results (Kimberlite)

Mode

Kimberlite consists of a fine-grained carbonate-serpentine mass (26.4%) with olivine inclusions
(together 32.7%), pyroxene (33.5%) and accessory minerals (7.4%).

Grain Shape

Olivine and pyroxene grains are often of irregular shape, the sphericity coefficient for olivine is
0.23, and pyroxene is 0.48 (Figure 15a).

Figure 15. (a) Distribution of olivine grains according to the sphericity coefficient and (b) the orientation
of the longest axis in grade

Specific Surface

The specific surface for both olivine and pyroxene is large (40.17 and 56.10 mm2/mm3 respectively),
which again indicates a complex morphology of grains.

Orientation

Olivine grains are slightly orientated in the rock volume (Figure 15b).

Clustering

The pyroxene and olivine grains are distributed in the rock very unevenly, they form separate
clusters of 1.161–1.595 mm in size respectively (Figure 16a), and single aggregates up to 15 mm in size
as well (Figure 16b).

Figure 16. (a) Olivine and pyroxene grains in the volume of kimberlite and (b) their distribution
according to the maximum diameter.

Porosity

A sample of kimberlite is characterized by a minimal porosity: the total porosity is 0.13% and
the opened porosity is 0.02%. In general, the pores are of 15–50 μm in size and have irregular shape
(sphericity factor is 0.66). The void density is 12.81 mm−3.
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4. Discussion

Analysis of the data obtained in the study of three different rock types using CT and QMA
allows to reveal interesting textural and structural features. Thus, for example, both methods give
sufficiently close measurements for such a parameter like the sizes of grains and mineral aggregates,
especially if they sharply differ from the surrounding minerals in X-ray density. In this regard, the
maximum correspondence of the data (0.647 and 0.594 mm) is observed for mica grains enclosed in a
quartz-feldspar matrix of granodiorite, which is particularly well observed in Figure 17.

Figure 17. Grain size distributions of mica in granodiorite.

Thus, the CT method was proven to be an efficient tool to analyse materials with high X-ray
density such as ore minerals (native elements, sulphides and metal oxides) in a matrix consisting of
low X-ray density materials such as silicates (quartz, feldspar, olivine, pyroxenes, amphiboles, etc.) or
carbonate matrix. The CT often analyzes not individual grains of minerals, but their aggregates. So,
there may be slightly overestimated mean diameters of grains and their aggregates, which occurred
with copper minerals in copper ore (see Figure 18). The calculated sizes of these minerals according to
the CT data exceed the QMA data (0.381 and 0.277 mm, respectively), since one grain is taken as the
aggregate of grains of copper minerals.

Figure 18. Grain size distributions of copper minerals in copper ore.

Similar distortions can occur for other morphometric parameters, such as, for example, the specific
surface area of grains (see Table 3). In such cases, tomographic studies must be accompanied by
additional petrographic and electron microscopic studies, but in this case, one of the main advantage
of CT—the speed of the method—is lost.
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Table 3. Comparison of the specific surface of minerals obtained with QMA and CT.

Parameter

Copper Ore
(Copper Minerals)

Granodiorite
(Mica)

Kimberlite
(Olivine)

QMA CT QMA CT QMA CT

Specific surface
SV mm2/mm3 52.84 31.86 11.20 20.20 6.23 40.17

Some differences in estimated parameters can also be explained by the peculiarity of sample
preparation for CT and QMA: by the CT method the total volume of a sample is scanned while for QMA
three orthogonally oriented sections are investigated. Accordingly, the sample volume is different in
both cases. For example, several large phenocrysts of olivine in the very heterogeneous kimberlite
sample influenced significantly the values of the average morphometric parameters of the whole
sample (see Figure 19).

Figure 19. Grain size distributions of olivine in kimberlite.

5. Conclusions

In the paper, a comparative analysis of textural-structural rock characteristic using QMA and
CT methods is carried out. The undoubted advantage of the CT method is the possibility of 2D and
3D data visualization with the help of specialized programs such as CTVox and CTan, which help to
analyse not only the grain and agglomerate sizes, but also their distribution in the total rock volume
and relationships with each other. Although, possibilities of CT are not enough for measuring separate
grains while their similar density. In these cases, the QMA results are much more representative.

The sample preparation for each method differs as well. Thus, CT is a non-destructive method
and it is possible to analyse hand specimens. Whereas QMA requires more difficult and lengthy
preparations (three orthogonally orientated thin sections or polished sections should be prepared).

So, it can be concluded that it is possible to use CT as a quick simple nondestructive method, as well
as for more serious and difficult measurements, it is better to use QMA method. The analysis of the
obtained data indicates a quite good repeatability of measurements, and consequently, the possibility
of using the CT method in addition to other methods such as QMA for the purpose of studying the
behaviour of rocks and ores during their beneficiation, in particular for the better understanding the
important process of comminution.
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Abstract: Every mining operation is followed by a beneficiation process aimed at delivering quality
materials to the transformation industry. Mainly, in order to separate valuable minerals from gangue
in mineral processing, the crushing and grinding of extracted ore are crucial operations for the
following separation steps. Comminution is the most energy-consuming operation in mining, and
the quality of the results is strictly related to the characteristic of the material under treatment,
the type of equipment used in comminution, and the circuit design adopted. A preliminary study
was performed in order to understand the crushing behavior under different comminution forces of a
high-grade mixed Zn-Pb sulfide ore sample, collected in a Mississippi-Valley Type (MVT) deposit,
and the distribution of the target minerals among the products of the process. Ore samples were
examined and characterized through thin section observation and SEM analyses for the determination
of grain size and texture features, while X-ray powder diffraction (XRPD) quantitative analyses
were performed for the definition of target mineral concentrations of comminuted product samples.
The selected crushing and grinding circuit comprised lab-scale equipment. For each stage of the
process, products below the estimated free-grain size threshold were collected, and particle size
analyses were carried out. Comminution products were divided into size distribution classes suitable
for further separation operations, and XRPD analyses showed a mineral-grade distribution varying
with the dimensions of the products. Characterization of the ore material after crushing and grinding
force applications in terms of the distribution of target minerals among different-sized classes was
achieved. The important trends highlighted should be considered for further investigation related to
an efficient separation.

Keywords: comminution; mineral processing; mixed sulfides; sphalerite; galena

1. Introduction

The mining industry is characterized by essential operations for a proper transformation process
of raw materials into final products. Generally, the exploitation activity in a mine is followed by a
beneficiation process designed to increase the quality of the valuable minerals naturally present in the
excavated material. The very early stage of the transformation is represented by the comminution and
grinding of extracted ore aimed at obtaining different changes in terms of the dimension and shape of
the material that will be further treated [1–3]. Progressively, separation processes are set up in order to
concentrate and separate target minerals from gangue.

Comminution is a highly energy-consuming operation, and it is characterized by very low
efficiency [1,4–6] and the quality of the final product being strictly related to the physical characteristics
of the material under treatment [7,8].

The principal objective of comminution is to liberate valued minerals, which is not an easy and
predictable outcome. However, it is important to achieve this, because it affects the efficiency and
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control of the entire downstream process, especially when the ore has to be delivered to a flotation
process [9–14]. The shape, dimension, and distribution of minerals also play a strategic role for the
achievement of an effective beneficiation process [15,16].

In this study, a representative sample of a specific mineralized area of the Gorno Mining District
was comminuted with lab-scale equipment, and the size distribution related to the selected equipment
was studied.

Determination of the mineral composition and distribution of the concentration of target minerals
among the different-sized classes of the crushing products was the key focus of this work.

The importance of having a clear comprehension of the redistribution of target minerals in
mid-processing products could lead to future effective separation designs. Benefits that could be
achieved can enhance a reduction in end-process waste, as well as the control of water use, reagents,
and machinery utilization during the beneficiation stage.

2. Materials and Methods

2.1. Sampling

The mixed Pb-Zn sulfide ore samples were collected from the Val Vedra mine in the Gorno Mining
District, Lombardy, Bergamo, Italy. The Gorno mineralization is defined as MVT [17]; hosted mainly in
Triassic shallow water carbonates [18]; and delimited in N-S, E-W, and NW-SE directions by 3 different
tectonic faults [19].

About 30 kg of material was grab-sampled in the Pian Bracca extension area at level 1040 m a.s.l.,
currently under exploration for resource definition by Alta Zinc Ltd. [20]. In the Pian Bracca extension
area, the mineralization is developed close to the low-angle Pian Bracca fault, hosted in a graphitic and
carbonatic matrix and strongly tectonized, as described in detail by other authors [19].

2.2. Characterization Methods for Samples and Products

2.2.1. Optical Microscopy

Optical microscopy (OM) was performed on uncovered polished 30-μm thin sections, realized
from rock sample slices, using a Leica (Wetzlar, Germany) model Ortholux II POL-MK optical
polarized-light microscope equipped with a DeltaPix camera and interfaced with DeltaPix software
for image acquisition and processing. This was carried out using normal and polarized transmitted
lights on polished thin sections for the determination of the main features of the mineralization and
the average grain size of the target minerals.

2.2.2. Scanning Electron Microscopy

Scanning electron microscopy (SEM) analyses were performed using a FEI (Hillsboro, OR, USA)
model QUANTA INSPECT 200LV microscope equipped with an Energy Dispersive Analysis X-Ray
(EDAX) detector and interfaced with xT Microscope Control and an Edax Inc. (Mahwah, NJ, USA)
GENESIS Spectrum version 6.04 software. The measurement settings were high vacuum mode, 5.00 kV
HV, and backscattered electron detector (BSED). Analyses were performed on uncovered 30-μm thin
sections obtained from rock samples.

2.2.3. X-Ray Powder Diffraction Analysis (XRPD)

X-ray powder diffraction (XRPD) analysis was performed using a Rigaku (Tokyo, Japan) model
SmartLab SE diffractometer, with Copper K-alpha Radiation (CuKα) at 40 kV and 30 mA, 5–90◦ 2θ
range, 0.01◦ step width, 1◦/min scan speed equipped with a D/teX Ultra 250 (H), and interfaced with
the Rigaku (Tokyo, Japan) software SmartLab Studio II package. Quantitative phase analyses were
performed by the whole-powder-pattern fitting (WPPF) Rietveld method [21–23], as implemented in
the software. A pseudo-Voigt peak shape function was selected. The refined parameters were the
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phase scale factor, peak shape parameters, lattice parameters, preferred orientation, and structure
coefficients. The ICDD PDF-4 2020 (International Center for Diffraction Data, Powder Diffraction
File™) database [24] was used for phase recognition and refining. Powder samples were manually
prepared using an agate mortar from oven-dried samples.

2.3. Crushing and Grinding Equipment

Physical treatments were carried out on a lab-scale, in order to try to reproduce the typical
comminution forces and stresses that characterize comminution circuits [1] and control the gradual size
reduction of the sample. Using the available equipment, the selected comminution and grinding route
takes into account the necessity to provide an input material dimension, for each machine, suitable for
feeding hoppers dimensions. Output materials dimensional characteristics have been set up in order to
allow the material to fit in the subsequent machine’s hopper. In addition, the equipment arrangement
selected for this kind of ore samples was set up taking into account the possibility of the material to be
subsequently tested for processing and separation purposes.

Figure 1 shows the comminution equipment arrangement that was selected in order to test the
response in terms of the mineral distribution of the material. A preliminary crushing and grinding test
on representative samples of the collected materials was performed. OM observations carried out on
the preliminary test outputs showed that, generally, 85% of the grains was free below the 0.425 mm size.
Consequently, each machine output was screened at 0.425 mm. At the end of the process, all passing
0.425-mm materials were collected as a composite product.

Figure 1. Lab-scale crushing and grinding equipment scheme.

A Hazemag impact crusher was used as the first crushing stage. This machine has a four-lug bolt
rotor, powered by an electrical motor. The running speed was 500 rpm, and the gap width between the
bolts and impact elements was set at 10 mm. The feeding hopper has 120 × 120 mm aperture, limiting
the maximum input material dimension to 50 mm.
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A Magutt-10 jaw crusher was used for the second crushing step. It is powered by a 0.75-kW
electric engine at 250 rpm. The selected closed-side setting (CSS) was 5 mm, with an open-side setting
(OSS) of 15 mm. Feeding hopper is 120 × 60 mm, limiting input material dimension to d <40 mm.

A S.I.M.A. Milano disk mill was used as the first grinding stage. The disk gap selected was 2 mm.
Feeding hopper dimensions allow an input material dimension below 5 mm.

A lab-scale rod mill was used as the final stage of grinding. It is equipped with a 193-mm-diameter,
267-mm-long drum, containing nine steel rods with a diameter of 8 mm inside, powered by a 0.4-kW
electrical engine. The drum was filled with 1 kg of material at a 30% v/v filling ratio. The grinding
time was 4 min at 50 rpm rotation speed.

2.4. Sieve Analysis

Sizing of the material was performed using different combinations of sieves in dry and wet
conditions, in order to know the size distribution of the equipment output materials. Dry sieving was
selected for the general output materials resulting from each crushing and comminution machine.
A portion of the materials was collected and screened by means of nested screens in decreasing sizes,
from the top screen to 0.125–0.075 mm, and shaken for 3 min in the lab screen shaker.

Wet sieving was selected for the grain size distribution definition of the composite comminution
product passing 0.425 mm. The sieve sequence consisted of 0.425, 0.355, 0.300, 0.25, 0.212, 0.180, 0.125,
0.090, and 0.063 mm. The materials were oven-dried before XRPD analysis.

3. Results

3.1. Optical Microscopy

The observation of thin sections, shown in Figure 2, was carried out with OM in parallel
transmitted light (PL) and cross-polarized transmitted light (XPL), with objectives between 4× and 10×.
There was an abundant presence of sphalerite minerals surrounded by a calcite matrix. Light-opaque
mineralization, such as galena and its altered compounds, were found. It was possible to spot some
opaque veins filled with black organic material.

Sphalerite grains were massively present in the samples, showing a yellow-brownish and black
coloration transparent in PL and opaque in XPL. Calcite appeared as a white and striated matrix,
transparent both in PL and XPL. Opaque minerals, like galena and cerussite, were sparse and usually
occurred in the surroundings of sphalerite grains.

Coarser sphalerite grain sizes, ranging in average between 0.400 and 0.425 mm, were defined
using digital measurements from the OM images.

3.2. Scanning Electron Microscopy

In order to have elemental information related to the mineralization nature, SEM punctual
analyses were performed. The investigation targeted those areas difficult to characterize by OM and
the intergranular filled voids present. Figure 3 represents the SEM analysis on uncovered rock slices,
which was performed in order to confirm the OM outcomes and the total number of mineral phases
present in the sample before XRPD analyses.

SEM images and Energy Dispersive Spectroscopy (EDS) spectra, shown in Figure 3, confirmed a
widespread presence of sphalerite [25] in the calcite [26] matrix and highlighted the presence of Zn
and Pb alteration compounds, mainly cerussite [27], anglesite [28], and smithsonite [29]. The presence
of organic matter in the microfractures was detected [30].

3.3. Crushing and Grinding

In the arranged comminution and grinding scheme, samples entered with maximum size of
50 mm and they were reduced to millimetric and sub-millimetric grains. According to first equipment
feeding hopper specifications, a preliminary manual size reduction has been performed with a 5-kg
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hammer. The purpose of this test was to bring most of the material below 0.425 mm, limiting the
size fractions that could negatively affect an eventual flotation separation [31–34]. The process can be
divided into two stages:

• crushing using the impact crusher and jaw crusher and
• grinding using a disk mill and rod mill.

The particle size distribution of the broken products from each comminution was analyzed.
Granulometric curves for the output materials are shown in Figure 4.

 

(a) (b) 

(c) (d) 

Figure 2. Optical microscopy (OM) thin section images in parallel transmitted light (PL) and
cross-polarized transmitted light (XPL) (Sphalerite, Sph; Calcite, Cal; and Galena, Gal): (a) thin
section n.1, PL and (b) XPL and (c) thin section n.3, PL and (d) XPL.
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Figure 3. Cont.
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Figure 3. SEM images and spectra of thin sections: (a) sphalerite (Sph, blue dot), cerussite (Cer, green
dot), organic matter (Org, orange dot), (b) sphalerite (Sph), and smithsonite (Sm, blue dot).
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Figure 4. Output product granulometric curves for each equipment.

A mass balance, assuming negligible losses, for 5 kg of materials resulting from crushing and
grinding is plotted in Figure 5. The impact crusher, selected as the first stage of crushing, resulted in
a dimension reduction with a contained fine production <0.425 mm of 16.2 wt %. The jaw crusher,
chosen for the second crushing stage, gave a lower production of fines. In fact, only 6.9 wt % of
<0.425 mm was obtained. At the end of the crushing stage, the overall fraction having dimensions
below a 0.425 mm-size was 22 wt % of the input materials, while the oversized materials sent to the
grinding stages were 78 wt %.

Figure 5. Mass balance resulting from the crushing and grinding stages.
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For a further size reduction, a disk mill was selected as the first stage of grinding. It resulted in
materials characterized by d50 > 1.4 mm, with the fraction of the fines (d < 0.425 mm) being 12.3 wt %
The output material was homogeneously sized. Rod milling was selected for the final grinding stage.
It was selected aiming at a drastic reduction of the material below the size of 0.425 mm. The results
showed how four min of grinding time produced 56.8 wt % of undersized material. At the end of the
secondary crushing test, material having d < 0.425 mm was 62.1 wt % of the feed material obtained by
primary crushing.

Oversized material, accounting for about 30 wt % of the total output, was not reintroduced in any
grinding stage. All the materials passing 0.42–5 mm screens were collected as a composite sample and
further analyzed in terms of the granulometric distribution and XRPD.

3.4. Product Material < 0.425-mm Sizing

Comminution products passing the 0.425-mm threshold were more specifically analyzed in terms
of granulometric distribution. This was necessary for the assessment of the ore behavior under different
comminution forces aiming to deliver good quality material for further separation steps.

Wet sieving methodology was selected. Figure 6 shows the granulometric curve obtained resulting
in values of d80 = 0.300 mm and d50 = 0.160 mm. These findings show that the presence of fine fractions
(d < 0.063 mm) is relevant. In fact, material passing 0.063 mm accounted for 27.2 wt % of the total
considered sample.

 

Figure 6. Particle size distribution obtained by means of wet sieving on comminution products <
0.425 mm.

3.5. X-Ray Powder Diffraction Analyses

XRPD analyses, performed on each dimension class obtained by wet sieving from comminution
composite output products < 0.425 mm, distinguished five different mineral phases: sphalerite, galena,
calcite, anglesite, and cerussite, as reported in Figure 7a–i. Sphalerite’s main peaks were observed at
2θ angles of 28,57◦, 33.11◦, 47.57◦, 56.39◦, 76.77◦, and 88.52◦ [35]. Calcite’s representative peaks were
observed at 2θ angles of 29.44◦ and 48.58◦ [36]. Galena’s peaks were observed at 2θ angles of 26◦,
30.09◦, 43.06◦, and 50.98◦ [37]. Cerussite’s and Anglesite’s characteristic peaks were observed at 2θ
angles of 24.80◦, 25.49◦, and 43.48◦ and 20.84◦, 23.36◦, and 26.75◦ respectively [38,39].

Qualitatively, each class showed a constant presence in terms of the mineral phases. Reference
spectra [24,35–39] were compared with the experimental ones. These outcomes generally confirmed
what was previously observed by OM and SEM.
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Quantitative XRPD analyses obtained by Rietveld [21–23] refinement showed residual errors Rwp

ranging from 5.50% to 6.49% and goodness-of-fit in the range from 2.06 and 2.41, as shown in Table 1.

Table 1. Observed residual errors (Rwp) and goodness-of-fit (S) from the quantitative X-ray powder
diffraction (XRPD) analysis.

Particle Size
(mm)

Rwp

(%)
S

0.425–0.350 5.90 2.20
0.350–0.300 5.54 2.07
0.300–0.250 5.55 2.07
0.250–0.212 5.55 2.06
0.212–0.180 6.21 2.33
0.180–0.125 5.50 2.05
0.125–0.090 5.86 2.20
0.090–0.063 5.87 2.21
<0.063 6.49 2.41

 

 

Figure 7. Cont.
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Figure 7. X-ray powder diffraction (XRPD) spectra of different comminution product-sieved classes:
(a) 0.425–0.350 mm; (b) 0.350–0.300 mm; (c) 0.300–0.250 mm; (d) 0.250–0.212 mm; (e) 0.212–0.180 mm;
(f) 0.180-0.125 mm; (g) 0.125-0.090 mm; (h) 0.090-0.063 mm; (i) <0.063 mm.

According to some authors, a Rietveld refinement showing low Rwp and S values can be considered
as reliable, with errors in the weight fraction estimation between 0.5 wt % and 1.5 wt % [40,41].
The quantitative results are shown in Table 2. On average, sphalerite was the most abundant phase
in the samples, ranging 50–70 wt %, calcite, defined as the gangue mineral, attained 17–27 wt %,
while galena ranged 4–9 wt % The other phases could be considered as minor. The accuracy of the
quantitative analyses was not assessed in detail.

Table 2. Quantitative XRPD results for each particle size.

Particle Size
(mm)

Weight Fraction (%) (1)

ZnS PbS PbCO3 PbSO4 CaCO3

0.425–0.350 65.59 4.09 2.52 2.93 24.87
0.350–0.300 66.82 4.14 3.04 2.67 23.33
0.300–0.250 69.32 4.28 3.08/ 2.50 20.82
0.250–0.212 67.35 4.12 3.11 3.55 21.87
0.212–0.180 70.39 4.60 3.71 4.04 17.26
0.180–0.125 68.22 5.37 3.27 2.79 20.35
0.125–0.090 65.88 6.54 3.97 4.10 19.51
0.090–0.063 62.63 8.41 4.94 3.53 20.49
<0.063 51.50 7.97 6.43 7.20 26.90

(1) Estimation errors must be considered in the range ± 0.5–1.5%, according to [40,41].

Some of the mineral phases present in the samples showed a different concentration among
different granulometric classes. The clearest evidence was the ones linked with galena and Pb-related
compounds. Their total concentration was around 9.5 wt % in particle sizes 0.425–0.350 mm and
reached 21.6 wt % in particle sizes <0.063 mm, constantly increasing their presence with the decrease
of their material dimensions. Galena was the most abundant regarding Pb-related compounds and
showed a worthwhile concentration for further recovery.

Sphalerite was the most abundant phase in each size, but its presence decreased from 0.180 mm,
where it peaked with 70.4 wt %, toward finer classes. The lowest concentration of ZnS was 62.6 wt %,
found in the <0.063-mm class. The calcite phase had its lowest presence in class 0.212–0.180 mm with
17.3 wt %, while its highest concentration of 26.9 wt % was measured in the <0.063-mm class.

In general, high values of valuable minerals were found in the different classes of comminution
products, underling the necessity of further separation in order to obtain high-quality concentrates
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from the ore. In the choice of recovery and separation methods of Pb-related minerals—galena,
in particular—the increase of their concentrations in the finest classes should be taken into consideration.

4. Discussion

Ore samples were collected in the Pian Bracca extension area in the Gorno Mining District under an
exploration operation by Alta Zinc Ltd. In order to have an overview of the characteristics of the sampled
ores uncovered, polished thin sections from rock slices were realized and observed. Petrographic
observations were necessary for the determination of the shape, composition, and dimensions of grains
present in the mineralized mixed sulfide ores collected. The results showed typical characteristics
related to MVT deposits [19,42], with relatively high contents of sphalerite minerals embedded in a
calcite matrix. Galena was sparsely present in very small crystals, difficult to be distinguished only
by OM.

SEM characterization brought additional information, especially concerning alteration products
and the filling of the ore micro-fractures. The presence of cerussite, anglesite, and organic matter was
detected, confirming the presence of Pb-related minerals and traces of organic matter, arguably linked
with the formational geological environment of the site [19]. The observation made on the dimensional
characteristics resulted in estimated sizes of valuable mineral grains below the 0.400 mm and 0.450 mm
thresholds. On these parameters, a lab-scale crushing and grinding circuit was arranged, aiming to
obtain products <0.425 mm. Ground materials passing the 0.425-mm screening were collected as
unique products, accounting for 70 wt % of the initial input quantity. The other 30 wt % of the initial
input materials needed to be reground and were not considered for further analysis (Figure 5). Passing
0.425 mm, the material grain size distribution was studied: material <0.063 mm accounted for 27 wt %
(Table 1).

XRPD quantitative analyses were realized on oven-dried samples resulting from the wet sieving
of <0.425-mm composite product samples. The results highlighted the important presence of sphalerite
and galena in dimension classes ranging between the 0.250-mm and 0.063-mm classes, as shown
in Figure 8a,d. Target Pb and Zn phase concentrations were observed as fluctuating, varying with
the reduction in the dimensions of the products. This phenomenon could be framed as a selective
comminution behavior of the ore [43], but further data on mineral liberation grades and comminution
efficiency should be collected in order to better define the parameters related to this specific possibility.

Sphalerite was the most abundant mineral phase in the composite product samples <0.425 mm
obtained by crushing and grinding; its concentration peaked at class 0.180 mm with 70.4 wt %, as plotted
in Figure 8c, assuming a decreasing trend toward finer-grained sizes, whereas galena and Pb-related
compound concentrations, plotted in Figure 8a, showed an increasing trend towards finer-grained
sizes, peaking at class <0.063 mm with a total concentration of 21.6 wt %

The sum of the ZnS and Pb-related compounds’, corresponding to the valuable mineral phases
present in the ore, peak concentration was reached in the 0.212–0.180-mm class with 82.7 wt %,
while their lowest occurrence of 73.1 wt % was in the <0.063-mm particle sizes, as shown in Figure 8d.
Their trend is mainly dominated by sphalerite concentration oscillations.

The calcite concentration, plotted in Figure 8b, trend appeared as V-shaped, encountering a
descending behavior until the 0.212–0.180-mm class, strictly related to the total valuable phase ZnS +
Pb-tot peak.

Moreover, according to the quantitative analyses, important information was obtained for the
evaluation of the most abundant mineral phases present in the material and their collocation among
the grain size classes of the comminuted samples.
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(a) (b) 

(c) (d) 

Figure 8. Mineral phase weight fraction variations among the dimension classes in comminution
products below 0.425 mm: (a) Pb-related compounds (Pb-tot), (b) calcite (CaCO3), (c) sphalerite (ZnS),
and (d) valuable phases assumed as a sum of the sphalerite and Pb-related compounds (ZnS+Pb-tot).

5. Conclusions

The purpose of this study was the characterization of ore materials after crushing and grinding force
applications in terms of the distribution of target minerals among different-sized classes. Petrographic
observations were carried out on polished thin sections by optical microscopy and scanning electron
microscopy. Crushing and grinding equipment was used in order to reproduce the comminution
forces typically present in a comminution plant, and the output material samples were characterized
by means of XRPD quantitative analysis. Important trends in the valuable mineral phase fluctuations
among different-sized classes were highlighted from results.

Further detailed studies should be taken into consideration. Comminution configurations should
be properly assessed in terms of grindability studies on materials, specific energy consumptions,
and industrial-relevant comminution flowsheet set-ups. Mineral liberation studies should also be
implemented in order to have a clearer understanding of the comminution behavior of this material
under different conditions.

Generally, applicable separation processes for this kind of ore, such as froth flotation or
gravity separation methods, should be taken into account [1,44,45]. Concerning the presence of
Pb-related compounds in very fine classes, a nonconventional flotation [46,47] should be considered.
In general, the amount of valuable minerals present in the sampled area is relevant and worthwhile for
industrial purposes.
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Abstract: This study assesses the correlations between the intensity of stress undergone by crystals
and the morphological characteristics of particles and fracturing products. The effects of the fractures
on the microstructure of quartz are also studied. Alpha quartz, subjected to shear stress, is quickly
crushed according to a fracturing sequence, with a total fracture length that is correlated to the stress
rate. The shear stress generates a sequence of macro and microstructural events, in particular localized
melting phenomena, never highlighted before on quartz and the formation of different polymorphs,
such as cristobalite and tridymite together with amorphous silica.
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1. Introduction

The possibility that fractured quartz turns into cristobalite and tridymite poses serious problems
in the safe management of industrial milling. In the last twenty years, numerous laboratories have
sprung up all over the world conducting experiments on rocks in the conditions of friction typical of
technologies utilized in rock grinding. To a large extent, these experiments are carried out trying to
correlate the friction coefficient with stress (tangential and normal), the speed and the spaces covered
by the simulated fault [1,2]. At the same time, attention has grown towards the “dynamometamorphic”
phenomena suffered by rocks and linked to stress: heating, gas dissociation, partial or total melting of
the friction layers. In the recent past, several working groups have focused their attention on the role
of quartz in the sliding phenomena of rocks, and the idea is that the heating of the contact surface by
friction produces a partial melting of the material, the formation of a silica layer amorphous which is
quickly hydrated by ambient moisture, which thus becomes a lubricating gel that drastically reduces
the friction coefficient of the defects [3,4]. In a recent publication, we formulated another hypothesis
to explain the lowering of the coefficient of friction in experiments on quartz-containing rocks. This
hypothesis is based on the progressive formation of nanocrystalline cristobalite, which works as a
solid lubricant [5,6]. The silica polymorph called cristobalite has the particularity of being an auxetic
material, i.e., with a negative Poisson ratio, both in the form of low temperature (alpha) and in that of
high temperature (beta). If a layer of cristobalite is found in shear conditions, it can reduce its contact
area as a result of the volume contraction and equally reduces the friction coefficient.
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The hypothesis is that quartz, subjected to a prolonged reticular distortion over time, tends to take
on a structure with ever greater disturbance, but formed by cristobalite nanophases. This phase would
be nanocrystalline, not visible by X diffraction but visible by Raman spectroscopy. The accumulation
of this phase in the interface between the sliding surfaces would cause the friction coefficient to decay
more or less rapidly, depending on the intensity of the dynamometamorphic action [6]. Furthermore,
quartz’s structural decay is marked by the decay of the electromagnetic signals generated by its
fracturing, which diminishes over time as fracturing and damage of the original crystalline structure
proceed [5,6]. A key element is missing in this theory: how and when the patina of cristobalite is
generated. The purpose of present work is to contribute to a better understanding of the processes
related to quartz tribochemistry.

2. Experimental Procedure

The task of this experimental work is to understand the mechanisms that link the progressive
demolition of the crystal structure of quartz and the appearance of polymorphic phases during the
application of sliding stresses. In two previous works [5,6], the authors of this work reported details
on the polymorphic phases of silica that are formed during fracturing and on the correlations between
fractures and the amount of very low frequency electromagnetic energy emitted by the crystals during
the fracturing.

An innovative “piston cylinder” was used to carry out these studies. It is equipped with two
steel pistons which compress the sample and which represent the armatures of a condenser, equipped
with an insulating Teflon jacket, which allows the containment of the material. Thanks to Teflon, the
pressure distribution exerted is anisotropic, and this is due to the materials that make up the cell
itself. The materials that exert the pressure (stainless steel) and the containment material (Teflon)
are different in terms of elasticity, coefficient of Poisson and compressive strength. This determines
a condition of anisotropy in the exercise of compression: the mineral is not subjected to equal
stresses in all directions, but greater according to the direction of the piston and less in the directions
perpendicular to it. This anisotropy allows one to create a fracturing system by shear, which generates
fractures favoring the development of a network of microcracks. The entire piston cylinder is first
evacuated and subsequently subjected to an analytical grade nitrogen flow to ensure an anhydrous
atmosphere. The system was created taking into account similar systems published in the past by
various authors [7–10]. The pressure is applied through a motorized hydraulic press, which develops
a maximum load of 4.9 kN.

The quartz-α samples come from natural quartz crystals, purchased at Ward (Ward, West Henrietta,
NY, USA; www.wardsci.com), previously analyzed in optical microscopy to detect any defects, such as
inclusions and fractures. The crystals were chosen in the weight range from 0.05 to 1.5 g. Each test
generated powders and fragments that were analyzed for shape, size, area and volume, through the
new Morphology G3ID image analysis system (Malvern, UK) based on optical scanning microscopy.
The automated scanning system allows one to measure and analyze about 1 million particles per hour
and to know the values of the perimeter, area and volume of each particle, from 300 μm to 1 μm. This
scanning microscope has already been used previously by the authors for investigations on asbestos
fibers in soils and recently on quartz crystals [5,6]. To determine the morphologies, the particles are
dispersed on the surface of the optical plate. Scanning takes place at constant magnification on all
particles following an x-y scanning mechanism; the depth of the particles is reconstructed through the
“z-stacking” mechanism that allows one to shoot the same image of the particle on different focal planes.

In this work, we used the data of the optical scan to estimate the quantities of “new” surfaces
generated by the fracture, the statistics on morphologies (equivalent diameter, area for every particle).
These data were compared to the entity of the stress rate. The calculation of the real volume deserves
special mention. The instrument software measures the volume by the diameter equivalent to the
sphere (SE Volume), but this value is very far from reality. Therefore, we used an algorithm that
is based on the measurement of the attenuation of the intensity of light transmitted by the particle.
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For non-scattering media, the Beer–Lambert law (BL, or absorption law) is well recognized to describe
the relationship between transmittance and sample thickness as:

T = exp(−μad) (1)

where T is the transmittance, d is the sample thickness, and μa is the absorption coefficient (cm−1).
This expression is based on the random nature of stochastic light absorption, characterized by the rate
constant μa. Since the transmitted light intensity is measured for each particle, and since we are always
in the presence of quartz, which has an absorption coefficient from 664 cm−1 at 450 nm to 312 cm−1 at
650 nm [10], the thickness “d” can be derived for all particles. Figure 1A shows the effect of fracturing
on quartz grains; the images have been modified after Zhao, B. et al. [11]. On the left, we can see the
two-dimensional projection of the particles obtained from the compression fracturing of a quartz grain.
The perimeter of the granule, obtained from the two-dimensional projection, is expressed in green.
The perimeters of the projections of the individual particles obtained from the fracturing are indicated
in red. In Figure 1B, images of the original crystal, a tip weighing 207 mg and some of the particles
obtained from the fracturing can be observed.

Figure 1. (A) Breakage of a grain: on the left, projection images of particles created by the breaking of
first grain; on the right, original perimeter (green) and new perimeter (red). (B) On the left, the image
of the original crystal fragment, 207 mg in weight; on the right, the 12 largest fragments of the left
crystal; each fragment of the crystal, from 0.3 mm to 1 μm, was analyzed from the morphological and
dimensional point; in total, the left crystal produced over 320,000 fragments; the black barindicates
150 μm.
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The surfaces of the “internal” granules are, in fact, the new fracture surfaces, created when the
imposed stress exceeds the critical stress level. The sum of the surfaces of the particles will be equivalent
to the sum of the new surfaces created by the fractures, Stot, plus the original surface. In this way, it
is possible to calculate the total area created by the fractures. By extrapolating this concept, it is also
possible to calculate the total length of the fractures. The total perimeter of all particles is correlated
with the total length of the fractures, minus the original perimeter of the crystal and the loss of data
due to the two-dimensional transposition of the three-dimensional particles. The latter error is reduced
if the particles analyzed by microscopy are in very large numbers. For this reason, the analyses in
morphology must be carried out on a high number of particles, usually above 100,000 particles.

In order to determine the nature of silica polymorphs, a Raman microprobe inserted in the
Morphology G3ID was used, which uses a 785 nm laser with a spot of 2 microns in diameter.
The Raman laser power is 40 mW.

To determine the stress to which the crystal is subjected, a measurement method was developed
using the image of the shattered crystal printed on a pressure sensitive film (Pressurex Inc., Madison,
NJ, USA; www.sensorprod.com). These films have an ink layer that produces a color, and the intensity
of which is proportional to pressure. Figure 2 shows the pressure marks left on the film by different
quartz crystals

 

Figure 2. Images of the films impressed by several compressed crystals; on the right, a calibration test.
The numbers represent the weight of samples in mg.

Finally, we used scanning electron microscopy to determine the microscopic characteristics of
fractures at different stress levels (Zeiss EVO MA10, Zeiss Gmbh, Ulm, Germany). The samples to be
analyzed in the SEM were left in their original condition, without cleaning, since debris on the surfaces
of the granules can provide important information.

3. Results

3.1. Particle Size Distributions Related to Stress Conditions

The sizes of the quartz particles show complex correlations with pressure undergone and linear
correlations between the rate of increase in pressure and the average size.

The particle size curves (Figure 3) obtained from the tests show a distribution of variable shape:

• For particles from samples subjected to a more intense stress rate (MPa·s−1), the distribution is
shifted towards the larger particles, and the shape of the curve is monomodal.

• For the particles that have undergone a slower pressure rate, the particles have had time to fracture
more, and the distribution is shifted towards smaller particles, with a bimodal curve shape.
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Figure 3. CE diameter distribution curves of quartz particles (the meaning of CE is “circle equivalent”;
the curves are obtained from the smoothing by average of 41 readings; the results are expressed in x-y
graphs and not in histograms, due to the high number of reading channels; and gr is the weight of
sample, e.g., 0.102 gr as grams, 102 mg).

Figure 4 shows the correlation between the total length of the fractures per unit of quartz weight
(calculated on the basis of the total perimeter of the particles) and stress rate.
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Figure 4. Correlation between the stress rate and total fracture length.
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3.2. Determination of the Morphological Characteristics of the Fractures

The morphologies of the fractures in the quartz granules after the cutting effort are extremely
varied and interesting, showing that the fracture phenomenon of this mineral is very complex and
connected to a large number of parameters. We analyzed the data obtained from the analysis of the
images, starting from the samples that underwent the least intense pressures, to end with those that
underwent the greatest pressure.

In Figure 5, the fracture forms left on the quartz granules by stress rates of about 0.5 MPa/s are
observed. Stress creates a first series of conchoidal-shaped fractures. Around it, there are “sawtooth”
shapes of homogeneous dimensions. The average height of the teeth is 2.3 μm. The area filled with
these teeth is extremely large and covers several hundred μm2. We initially thought that these forms
were related to a Dauphine twinning; after careful examination we decided not to include this result, as
it is still unclear. Dauphine gemination is however compatible with the stress regime to which quartz
crystals are subjected in our experiments; in particular, Laughner et al. [12] demonstrated that the stress
required to produce twins can be lower than 88 MPa. Since the strength of quartz on compression is
200–300 MPa, Dauphiné twinning generally precedes brittle fracture.

In samples subjected to stress of greater intensity and rate (5–50 Mpa/s), simpler fractures are
generated that extend for distances from a few units to a few tens of μm. Figure 6 is a mosaic of eight
photos taken on a quartz particles with some ridges and fractures. These fractures (Figure 6) show a
profile raised above the surface with a vaguely triangular section and an average length of 20–30 μm
from the beginning of the fracture until the first bifurcation, which invariably occurs at angles of 27◦.
In larger grains, the fractures end with euhedral shaped craters of very variable sizes, from 150 nm to
1–2 μm (Figure 7). The shapes of the craters are regular, with hexagonal, square and trigonal geometries;
only the smaller craters are elliptical (Figure 7). Most of these craters are aligned in directions inclined
with respect to the direction of the fractures. These alignments reach conspicuous dimensions, often
exceeding 100 μm. In some areas, where the density of craters is of the order of one every 2–3 μm, the
craters unite and form open fractures, ranging from a few to ten μm wide and proportional lengths
of up to 100 μm. In the fragments of the samples subjected to the maximum stress, the presence of
“bubbles” is observed on the surface of the material with fractures on the surface (Figure 7C). These
bubbles open in some places, forming small craters (50–100 nm), resembling real “hot spots” with a
raised edge of apparently melted material (Figure 8). At the apex of some fractures, there are also real
“protrusions” (Figure 9), while in rare areas, there are open fractures and craters filled with quartz
crystals, that are elongated and small, with diameters of 0.5–0.8 μm and lengths of 1–1.5 μm, and
often twinned (Figure 10). The same phenomenon can be observed in some open fractures, completely
covered by newly formed quartz crystals, from which the crystals are arranged according to a design
that mimics an exit direction of the precursor material. Along the fractures, detachments of filamentous
material are observed, starting from the starting point of the fracture (Figure 11). These filaments are
composed of silica alone. These fibers are characterized by diameters between 50 and 200 nm and
lengths of from a few μm to tens of μm, and they follow the fractures until they detach, and, then, they
can take on twisted, curled or meandering shapes. Their section is slightly flattened, almost as if they
were ribbons. On the points of the greatest concentration of fractures, hundreds of these filaments
are observed, which start from the fractures in a crystallographic direction and then tend to detach
(Figure 11).
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Figure 5. Sawtooth forms generated by the combination of two conchoidal fractures on the surface of
the quartz granules; stress rate: 0.5 MPa/s.
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Figure 6. Fractures on the surface of a quartz granule subjected to 100 MPa; the bifurcations show
angles of about 27◦ (taken from the work of Martinelli et al. [5]).
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Figure 7. Fractures in the granules at 150–200 MPa; in photo (A) the euhedral shapes of the craters at
the apex of fractures of a few microns are well observed. Photo (B) shows the formation of several
generations of fractures starting from the craters. In photo (C), there are open fractures formed by
the coalescence of the craters that form at the end of the fractures; on the left, aligned bubbles, barely
visible on the surface of the granules. In white, the apparent directions taken by the fractures, in black
the visible directions.
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Figure 8. Quartz, 120 MPa: “hot spot” on quartz particle surfaces.

 

Figure 9. Quartz, 220 MPa: amorphous silica extruded from a fracture on quartz surface.
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Figure 10. Quartz, 230 MPa: crystallization and growth of quartz microcrystals from silica near
fractures and hot spots.
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Figure 11. Filamentous forms of silica that are an integral part of fractures of the type shown in Figure 6.

3.3. Raman Analysis of Solid Phases on Fracture Surfaces

Raman analyses were performed on fracture surfaces that appear dark under an optical microscope
in polarized light and on areas where fracture streaks with fibrous traces are present. Figure 12 shows
some spectra taken respectively in dark isotropic areas. Given the size of the Raman laser spot used
(≈2 μm), the analysis cannot select only the filament areas that are smaller than 1/10 of spot, but will also
include areas where there is certainly undisturbed quartz. Despite this, the analysis clearly shows the
presence of α-cristobalite and tridymite in very variable proportions (Figure 12). In the first spectrum
(white) the 465, 404 and 365 cm−1 bands of alpha quartz are observed. It belongs to an optically
non-isotropic zone. The underlying spectra, indicated as Black1, Black2 and Black3 in Figure 12, are
three selected areas within optically isotropic areas of approximately 4 μm2 each. In the spectra we
observe the presence of the most intense bands of quartz, but also of tridymite and cristobalite, albeit
of reduced intensity. The identified cristobalite is of the alpha type, while the tridymite is similar to the
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PO10 polytype, as per Ruff standard of said mineral. On the right, an enlargement of the spectra is
observed in the range of 440 to 320 cm−1. The Black1, 2, 3 spectra have been recorded at 200 Mpa; the
quantity of these isotropic patches seems to increase with increasing pressure and with time of stay
under stress.

 

Figure 12. Raman spectra of stressed quartz fragments; the three spectra below derive from the collection
of Raman spectra included in the RRUFF collection (RRUFF Project, Department of Geosciences,
University of Arizona, 1040 E 4th, Tucson, AZ, USA. 85721-0077): (Cristobalite (low)-R060648, Tridymite
PO10-R040143, Quartz (low)-R050125.3); on the right, an enlargement of the area between 440 and
320 cm−1.

4. Discussion of Data

The data obtained in this study should be seen in the light of the most recent literature on the
effects of shear stress on alpha quartz, literature to which the authors have also contributed [5,6].
The fractures we have observed show an evolution which, we believe, depends substantially on the
stress rate rather than on the pressure itself. In fact, we have verified that even a pressure of 50 MPa,
supplied in times exceeding one minute, generates a more intense fragmentation than a pressure of
100 MPa supplied in times of a few tens of seconds. The most relevant phenomena observed on quartz
granules that have undergone increasing stress are as follows:

• Formation of craters with euhedral shape at the apex of the fracture;
• Coalescence of the craters to form open fractures;
• Detachment of apparently amorphous siliceous material, fibrous in shape from the ridges and

traces of fractures;
• Bubble formation on the surface, some of which show amorphous silica extrusions;
• Formation of craters on the surface from which amorphous silica is expelled;
• Formation of secondary quartz crystallizations, which radiate from “emission” points, such as

craters and open fractures.
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From Figure 4 it can be observed that the fracture length increases exponentially with the increase
in the stress rate. This is reasonable, since the total length is related to the number of particles and
this to the number of bifurcations of the cracks that are generated during the breaking of the quartz
crystals. Cracks that reach critical speed tend to divide into two cracks (bifurcations) with an acute
angle between them, as demonstrated by Tromans and Meech [13–15]. Consequently, if the stress
velocity is greater, the cracks’ opening speed will also be greater, and this will produce more fractures
and a greater number of particles.

In Figure 6, the ridges indicate the presence of fractures under the surface. The crests indicate an
increase in volume propagated linearly along the fractures. The fractures separate into two sections
with an acute angle of 27◦. As is known, the angle of forking varies with the stress state. In particular,
the bifurcation angle indicates the relationship between shear stress and normal stress τ/σn. An angle
of 27◦ corresponds to a ratio from −0.3 to −0.5, which essentially indicates a bending stress (Richter,
2003) [16]. Both the total length of the fractures and the amplitude of the bifurcation angle are
parameters to be framed in a wider context of energy analysis of the fracturing phenomenon, for which
the reader is referred to the cited bibliography. In this context, it is sufficient to remember that the
fracture length is connected with the fracturing speed [13–15]. The cited authors calculate that in
alpha quartz, the fractures split in two when the propagation speed reaches the climit (limit speed of
1990 m/s). At that moment, the ratio between the size of the new fracture, ai and the initial size, a,
is equal to 2, and the speeds of the two daughter fractures is reduced to 30–50% of climit. The two
fractures thus formed increase their speed and must again fork when they reach climit and at an ai/a
ratio of 4, according to relation:

(ai/a)branch4 = 2(ai/a)branch3 = 2(ai/a)branch2 = 2(ai/a)branch1 = 2(ai/a)climit

It is important to note that an increase in the propagation speed leads to a higher frequency of
bifurcations and therefore to a greater fragmentation. This is confirmed by the observations made
with the analysis of the morphological image of the particles, where it is evident that a higher stress
rate increases the number of particles and the total fracture length (Figure 4). It is noteworthy that
the propagation of fractures in the minerals causes an accumulation of deformation energy, and this
energy must dissipate; in mineral mechanics, the ways of disposing of the plastic deformation energy
are essentially two: the bifurcation of fractures and, above all, the increase in temperatures in the
deformation areas at the fracture tip [17,18].

The formation of the craters visible in Figure 7A–C is consequential to the propagation of fractures.
In Figure 7A,B it is observed that the fractures end with a regular-shaped crater, often mimicking
a crystalline form with five to six faces. The volume of matter removed from these craters seems
independent of the visible (or superficial) length of the fractures. We believe that the loss of fragments
of material with crystalline forms is linked to the presence of fracture lines already existing in the
crystal, parallel to crystallographic directions. The reader should also note the correspondence between
the apex of the fracture and the corresponding crater. We believe this is due to the undermining of
the material by the wave at ultrasonic speed connected to the propagation of the fractures. Figure 7C
shows the presence of surface bubbles that show cracks of about 40 nm width and lengths of about
1 μm. The bubbles also appear aligned, according to directions that lie at 60◦ with respect to the
fractures. We believe that these bubbles are the superficial manifestation of the melting effect at
ultrasonic speed that occurs inside the quartz grains during the crack propagation and which produces
most of the phenomena we are describing. The same phenomenon is responsible for the formation
of the craters aligned with the amorphous silica extrusions, visible in Figure 8, the silica extrusions
in Figure 9, the recrystallized quartz from silica extrusion in Figure 10 and, finally, the filamentous
fibers in Figure 11 that are, perhaps, the most interesting part of the discoveries made in this work.
The Raman analysis performed on the silica fibers associated with the fractures shows that this silica
is organized in the form of α-cristobalite and tridymite (Figure 12). The presence of cristobalite had
already been highlighted by the authors of this work [5,6], where the structural changes of quartz in
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nanocrystalline cristobalite were described when alpha quartz was subjected to shear stresses. In the
aforementioned work, we have shown that the action of prolonged shear stress on the quartz crystals
determines a reticular distortion so large as to lead the quartz itself to an amorphization; in this
“amorphous silica”, the radial distribution function analysis (RDF) has highlighted the formation of
short-term clusters with a six-tetrahedron organization, similar to cristobalite and tridymite and no
longer to four tetrahedrons [6]. It has also been shown that, if these amorphous phases are brought to
1200 ◦C, they tend to transform nano-cristobalite into a well-crystallized cristobalite, well visible in
X-ray diffraction analysis [6]. The same association of minerals had been reported in a paper of Brodie
and Rutter (2000) on quartz samples subjected first to tensile stress and then to heating at 1200 ◦C [17].

To explain the data collected, we hypothesized a mechanism that can materialize thanks to the
speed of propagation of the fractures. The heart of the mechanism is tensile stress, which induces
the opening of a large number of fractures in the quartz volume. Fracture propagation occurs at
an estimated speed between 50% and 60% of the shear wave, therefore between 650 and 1000 m/s,
and for this reason we can speak of ultrasonic speed. At these speeds, the fractures tend to fork after
just 25–30 μm, and the crack tip transit times are therefore in the order of 30 ÷ 50ns. In such a short
fraction of time, the amount of heat produced by the passage of the crack tip cannot have transferred
to the volume outside the fracture. Weichert had already measured temperatures above 2000 K on the
fractured quartz, and this has been confirmed by other authors [18,19]. These temperature increases
generate channels of fused silica, which has a decidedly lower density than quartz (2.2 g/cm3 against
2.65 g/cm3). The decrease in density causes an immediate expansion in volume which causes surface
fracturing. In actual fact, we can say that during the melting, the molar volume increases from
22.688 cm3/mol to 27.20 cm3/mol, with an expansion of 16.5% [19], more than enough to open the
surface over the crack and bring out the fused and clotted silica filament that is inside it.

The events we have described are summarized in the diagrams in Figure 13. In the first one, we
observe the simulation of the silica filaments growth, starting from the fractures; Figure 13B shows the
formation of fractures ending with the euhedral craters and the formation of bullous-shaped growths.
Figure 13C shows the pattern of crater formation (“hot spot”) and silica protrusion from subsurface
melted areas. Our data demonstrate that the friction action applied to quartz in totally anhydrous
conditions leads to the formation of amorphous silica, which quickly organizes itself into nanostructures
of cristobalite and tridymite [5,6]. Cristobalite has a structure consisting of rings with 6 tetrahedra, with
structural arrangements that show an auxetic behavior, that is, with a negative Poisson’s ratio [20,21]
(Table 1). This means that a tangential compression produces a reduction in length in the normal
direction and not an expansion, as expected from solids with a positive Poisson’s ratio. The effect is
particularly felt by the alpha cristobalite, whose Poisson ratio reaches the considerable negative value
of −0.169. In practice, if the tangential contraction is 100 mm, the normal contraction will be 16.9 mm;
this reduces the contact surface and correspondingly reduces its friction. It should also be taken into
account that the phenomena whose generation we have verified are extremely fast, because they occur
in the time interval that elapses during the final phase of propagation of the fractures. The speed of
these contractions is linked to the propagation speed of the ultrasonic wave.
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Figure 13. Scheme of propagation of fractures in quartz granules; (A) beginning of the phenomenon,
as the fractures spread; (B) formation of fractures ending with the euhedral craters and superficial
“elevations”; (C) formation of craters (“hot spots”) and the protrusion of silica from the molten
areas below.

Table 1. Mechanical parameters for silica polymorphs [13,14,20], G = Shear modulus, E = Young
modulus, n = Poisson ratio, � = density, ε = strain.

Silica Polymorphs G E υ � ε

Gpa Gpa n g/cm3 %
quartz alpha 44.1 95.6 0.084 2.65 8.4
quartz beta 41.5 99.1 0.194 2.53 19.4

cristobalite alpha 37.1 61.3 −0.169 2.32 −16.9
cristobalite beta 32.6 62.3 −0.044 2.20 −4.4
tridymite low 28.8 58.1 0.004 2.27 0.4
tridymite high 26.7 52.8 −0.011 2.26 −1.1

Silica glass 33.4 79.3 0.187 2.20 18.7

If the application of stress is continuous, there is an accumulation of amorphous silica that
quickly transforms into cristobalite and tridymite near the fracture and sliding areas. The mechanisms
described also explain the so-called “flash melting” which is observed by numerous authors in the
shear stress tests on quartz and, above all, the sudden drop in the coefficient of friction that all the
authors observe when the quartz is subjected to severe friction conditions [1]. Various authors support
the thesis that the friction, exerted on quartz-rich rocks, generates a sort of silica gel lubricating
film, an amorphous material rich in water, deriving from the environment where the test takes place.
The concept of the lubricating gel is also taken up by [4], who had detected the presence of amorphous
silica in the flow tracks of experiments by means of tribometric rotating friction apparatuses, such as
the “pin-on-disk” on quartz [3,4]. Authors detected, via Raman spectroscopy, the peaks attributable
to moganite (metastable phase of silica, quickly converted into cristobalite and tridymite) and to
amorphous silica, as well as reticular distortions of alpha quartz. In addition, the authors showed
spectra in FTIR microspectrophotometry to prove the presence of water in the amorphous silica of
these traces of flow. The results obtained, albeit preliminary, do appear interesting. In particular, the
fact that amorphous silica has hydrated with atmospheric humidity is possible, but it does not prove
that it is the means of sliding the faults that insist on quartz-based rocks. In our tests, carried out under
anhydrous conditions, there can be no water presence, but the same amorphous silica and cristobalite
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and nanocrystalline tridymite are formed, which, as we have said, have the characteristic of reacting to
efforts by decreasing the contact area, with relative reduction of the friction coefficient. At the end of
this long discussion of data, we would like to summarize the events that, in our opinion, characterize
the transformation of quartz into a low friction coefficient material:

1. the tensile stress field generates fractures that open quickly, spreading over the entire volume of
the area subjected to shear stress;

2. the propagation of the fractures generates the local melting of the quartz, producing the formation
of amorphous silica, whose density is lower than that of the quartz; the difference in density
and thermal expansion causes the fracture of the surfaces and the dispersion of the silica, which
quickly solidifies in the form of nanocrystalline cristobalite (which has a marked auxetic behavior)
and sometimes tridymite;

3. the accumulation of these polymorphs in the rock volumes subject to greater stress leads to a
progressive reduction of friction and, easily, to the triggering of the movement.

In none of these events is the presence of water necessary.

5. Conclusions

In this work we have definitively shown that anisotropic stress on quartz crystals causes the
formation of amorphous silica and, from it, at least two silica polymorphs, cristobalite and tridymite,
in nanocrystalline form. These phases accumulate with the advancement of the fractures and can
profoundly modify the behavior of the solid in terms of friction coefficient. Amorphous silica is,
therefore, not a simple friction melting product of the surface portion of the rock subject to friction, but
it is a precursor of far more complex phases that represent the memory of the event. This observation
contrasts sharply with what had been hypothesized by several authors, who aim to explain the lowering
of the friction coefficient of the quartz subjected to shear stress due to the simple presence of silica gel.

Given the extreme speed with which cristobalites and tridymites are formed, we can argue that
these mineral phases are generated while the fracture phase is still active and that their accumulation
is such as to heavily modify the rock’s mechanical behavior.

Cristobalite can thus be the main cause of the collapse of the friction coefficient occurring in the
friction tests on quartz and on rocks rich in quartz.
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Abstract: Single-particle breakage test is becoming increasingly popular, as researchers seek to
understand fracture response that is purely a function of the material being tested, instead of that which
is based on the performance of the comminution device being used. To that end, an empirical breakage
probability model that builds on previous work was proposed. The experimental results demonstrate
the significance of both energy input and the number of repeated breakage attempts. Four different
materials were compared, to gain a better insight into the breakage response. This modelling work
goes further from previous research of the authors, by showing that not only does size related
threshold energy and repeated impacts characterize particle breakage properties, but each material
exhibits unique trends in terms of how its threshold energy and its rate of deterioration varies
with particle size and each impact, respectively. This behaviour can be attributed to the different
mechanical characteristics of the material and their flaw distribution. The importance of these aspects
was highlighted.

Keywords: single particle breakage; energy input; drop-weight tester; breakage modelling;
grinding prediction

1. Introduction

For quite some time, researchers have been pursuing an understanding of particle fracture at a
fundamental level. This approach is necessary, as it would help in the design of equipment that achieves
the most desirable outcomes. There has been appreciable progress to some extent, however, in most
cases, the understanding is more focused on the equipment comminuting the particles. The JKMRC
introduced a single breakage test equipment to establish a way of separating material breakage
properties from the influence of equipment. This, however, introduces the challenge of relating material
breakage response data obtained independent of the target comminution device to the performance to
be expected. Thus, as Delboni and Morell [1] point out, the identification of the mechanisms involved
in comminution equipment is imperative for the successful modelling of its comminution process.

In the 19th century, Rittinger [2] and Kick [3] proposed some comminution energy laws; Kick
proposed comminution energy to be a function of the volumetric reduction ratio, while Rittinger
related it to the new surface area produced. It was however not possible based on these laws to predict
how much energy would be required to achieve a particular level of size reduction. Reasonable success
has somewhat been achieved by Bond’s energy law [4], which was suggested to be based on Griffith’s
law of crack propagation [5].

The theory proposed by Griffith’s highlighted the importance of pre-existing flaws within particles.
Using this theory, energy balance around the crack could be calculated and energy required to extend
the crack and consequently produce a new surface could be thus determined. It will just be mentioned
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in passing that, while grinding is directed towards forming new surface area, most of the energy
invested in the process is absorbed by other aspects unrelated to comminution, as Rumpf [6] observed.
This somewhat complicates the problem of relating input energy to the resulting product. In addition,
no two particles will have an identical distribution of inherent cracks, and thus some statistical
modelling of these tests is inevitable. It should also be pointed out that the tests must be representative
of the stressing mechanism, that is to be expected in the comminution device being targeted by the test;
otherwise, there would be little correlation between the test and the actual equipment performance.

The JKMRC initially introduced the pendulum test and refined the technique, by developing the
drop-weight tester [7,8]. Further enhancement of the test procedure has been made by the introduction
of the JK rotary breakage tester [9], which has reduced the time required for testing significantly,
though this test now relies more on a single impact than double impact.

Bwalya et al. [10] explored a modified equation of Weichert [11], and applied it to drop-weight test
breakage data. This model went further by recognizing repeated breakage attempts as being equally
important as energy input in determining the probability of particle breakage. This was the first time
this factor was included, and this has since then appeared in later models [12–14]. The tests were done
on some specific material, which led to a successful demonstration of how this could be combined
with the discrete element method (DEM) energy spectral output to predict milling rates of grinding
processes. The model was described by this equation:

Pb = 1− e−(0.006m+5)n0.525(
E−Ex0

Ex0
) (1)

where Pb is the probability of breaking a particle of mass m in grams, and every particle which lost 25%
or more by volume to daughter fragments due to breakage was recorded as broken n and E (J) are
number of impact attempts and energy input level, respectively. Ex0 (J) (particle threshold energy)
is the minimum energy level required to initiate any form of breakage in a particle. This is derived
by plotting energy levels against the probability of breakage; the point where the extrapolated curve
crosses the x-axis is assumed to be the Ex0 value.

To illustrate this method, a graph after Bwalya [15] is shown in Figure 1, and an example of the
application of this same technique based on present work is presented in Figure A1. Surprisingly,
the Ex0 value for any particle size for the gold waste-rock was described accurately by the equation:

Ex0 = 0.19m0.76 (2)

where m is the mass in grams.

Figure 1. Determination of Ex0 (minimum energy required for fracture) after [15].

The main feature that emerged from that work is that both input energy level and number of
impact attempts significantly affect the probability of breakage. The higher the energy input level, the
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faster the breakage probability approaches the asymptotical maximum value of 1 with each repeated
impact. With a lower energy input level, the breakage probability slope increase is much slower, thus,
requires several more impact attempts to reach the value of 1. These characteristics are illustrated in
Figure 2, after Bwalya and Moys [16]. While it is impressive that the probability of breakage can be
well correlated with drop-weight test data, there is uncertainty with the determination of the energy
that is actually used up in breakage.
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Figure 2. The influence of energy input and breakage attempts required to break a particle.

The ultra-fast load cell (UFLC) that has been developed at The University of Utah [17], has the
advantage of capturing the fracture events at high resolution. A force-time profile is recorded during
the contact event between impactor and particle, which is used to accurately calculate the energy input
to the point of fracture. The force-time profile can also be used to study other events, such as secondary
fracture, and for this reason, it has been a leading tool in characterizing single particle breakage with
great detail [18,19].

Though the major goal of this research is to develop a scheme for using DEM to predict grinding
rate in ball mills, the present work is limited to adequately modelling particle breakage response to
varying levels of input energy and repeated stress application in drop weight tests. As observed by
Genc et al. [20], the drop weight tester has the advantages of being more flexible and generally yielding
consistent results. A good overview of the current status of drop weight testing was given by Shi [21];
Chandramohan et al. [22]; Hosseinzadeh and Ergun [23], whilst quantitative descriptions of breakage
probability by repeated impacts were proposed by Bonfils et al. [24]; Tavares and King [25]. Shi’s [21]
review demonstrates how the adaptation of Equation (1) to the prediction of the breakage function has
been successfully applied by the JKMRC to model numerous industrial cases.

The researchers cited above generally recognize the significance of both size related threshold
energy, as well as cumulative impact effect. In this work, a modelling approach is developed that allows
independent variation of both size related threshold energy and damage deterioration phenomenon,
to cater for a wider range of materials. It remains to be seen if this approach will be able to correlate
with material structure and flaws distribution.

To model particle breakage response to successive impacts, three key factors are considered:

• Threshold energy
• Rate of deterioration with each impact
• Energy relationship with size

The concept of rate of deterioration is based on the assumption that, for particles of the same
material and same size, the resistance to breakage is supposed to be the same, and the only explanation
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for variation is that some will have larger existing flaws, causing them to break at earliest attempts.
For some materials, to extend these flaws only requires a few impact attempts, while for other materials,
crack growth with successive impacts will be slower. Plastic deformation may also, to some extent,
contribute to the overall process that leads to eventual particle failure.

Figure 2 shows a typical increase in the probability of breakage as a function of impact energy, and
Equation (2) shows how particle size relates with threshold energy. An explicit equation that builds on
Equations (1) and (2) has been developed, which is written as follows:

Pb = 1− exp
(
−anb

(
E− cmd

cmd

))
(3)

where a and b are parameters modelling deterioration with each impact, c and d model how threshold
energy varies with particle size. Moreover, m as defined before is the particle mass in grams. An inquiry
is thus made in this research to determine if the developed model can successfully establish the
relationship between impact energy and the particle breakage and show how the threshold energy
varies with particle size. A programme of experimental work on different materials is presented in a
subsequent section to test this model.

2. Materials and Methods

This section contains a general procedure that was used for preparing the three different materials
(silica sandstone, dolomite and low-grade coal sample) that were tested. A fourth material (gold
waste rock) is considered from Bwalya’s thesis [15] where a similar procedure was used. The crushed
material was reduced to test size, using either rotary sampler or Riffler, and graded to different sizes
using screens with a fourth root screen ratio limitation between the upper and lower screen. Each mass
group comprised 150 particles, which were then subdivided into three groups of 50 particles. Figure 3
shows the schematic of the preparation steps. Table 1 gives the size classes that were prepared.

Figure 3. Sample preparation steps.

Table 1. Size classes used of the different material used for drop weight tests.

Material Size Class in mm Approximate Density (g/cm3)

Silica Sandstone −26.5 + 22.4, −19 +16, −11.2 + 9.5 2.65
Dolomite −31.5 + 26.5, −26.5 + 22.4, −19 + 16, −11.2 + 9.5 2.84

Low-Grade Coal −31.5 + 26.5, −26.5 + 22.4, −19 + 16, −11.2 + 9.5 1.7

Gold Waste Rock −75 +63, −45 + 37.5, −37.5 + 31.5, −19 + 16, −16 +
13.2, −13.2 + 11.2, −11.2 + 9.5 2.75
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The particle groups were then subjected to breakage tests, particle by particle, in an in house- built
drop weight tester manufactured in the Chemical and Metallurgical Engineering Department at the
University of Witwatersrand (Johannesburg, South Africa). This is illustrated in Figure 4. Since apart
from density, particle shape is another important criterion that affects average mass of material retained
on a screen, Figure 5 is included to show the samples of material used, the size ranges of which are
specified in Table 1.

( ) ( )

Figure 4. (a) Picture of the drop weight tester, (b) with illustration to highlight its main features.

  
Silica sandstone Dolomite 

  
Low-grade coal Gold waste rock 

Figure 5. Display of the samples of material used in the drop weight tests.

For each particular sub-group, the energy input was varied between 0.63 and 4.4 J by altering the
mass of the weight and its drop height. The two steel disc weights used weighed 1.6 kg and 3.07 kg.
Energy input was controlled by varying the drop height between 0.1 and 1.2 m, in steps of 0.08 m.
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These steps correspond to the position of holes in the vertical steel frame that allow the platform
holding the magnet to be positioned flexibly, and tightened by pins.

To each of the particle groups prepared for the test, one breakage attempt was made on each
particle, and every particle which lost 25% or more by volume to daughter fragments due to breakage
was recorded as broken, as mentioned in the previous section. Those that survived were subjected to
another impact and the number of broken particles at the second attempt was recorded once again.
The maximum number of repeated attempts was pegged at 5. Upon completion of the test for a
particular group, the resulting fragments from all the particles were combined and sieve analysed to
determine the size distribution of the fragments, which will be the topic of a future publication by
the authors.

The energy level would then be changed by adjusting the drop height or the drop weight and
the procedure repeated for the next group of 50 particles. Thus, each mass group had a low, medium
and high energy input level from which a breakage probability table was compiled (see Table 2 as an
example). Input energy for any particle was calculated using Equation (4):

E = Mg(h1 − h2) (4)

where M is the steel weight mass (kg), g is the gravitational acceleration, and h1 is the height above
the platform where the drop weight is mounted. Moreover, h2 is the final rest height after breakage,
and this is dependent on the residue fragment size distribution.

Table 2. Parameters obtained for the different materials.

Parameters Silica Dolomite Low-Grade Coal Gold Waste Rock

c 0.03 0.33 0.07 0.19
d 0.99 0.37 0.42 0.72
a 0.12 0.34 0.23 0.41
b 0.83 0.70 0.50 0.52

3. Results

The probability of breakage was varied with energy input level, as well as impact attempts for one
particular particle size group. It was observed that with a low energy input level of 0.65 J, only 18% of the
particles were broken at first attempt, and with the second attempt, a further 13% was broken, bringing
the cumulative total to 31%. It was also observed that at the end of the 5th attempt, only 53% of the
particles are broken. These results are represented by the lowest experimental data points in Figure 6.

Figure 6. Comparison of experiment breakage probabilities with the model prediction for the −19 +
16.0 mm silica particles.
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It was seen that, when higher energy levels are used, the probability of breakage increases
accordingly. With the energy level of 3.17 J, all particles were broken within 3 attempts, as can be seen
for the highest experimental data points in Figure 6. This trend was also observed in Figure 7 and is
typical of all the other size groups, albeit with correspondingly higher energy input levels used for
bigger particles.

Figure 7. Comparison of experiment breakage probabilities with the model prediction for the −26.5 +
22.4 mm silica particles.

The trends of breakage probability increasing with both magnitude of energy input and number
of successive breakage attempts described in the foregoing paragraphs are similar for the different size
groups. Similar trends were also observed for the different materials, as can be seen in Figures 8–10
plotted in the next section. The only difference being the magnitudes of energy input responsible for
those effects.

Figure 8. Experimental and Model Breakage probability curves for a −26.5 + 22.4 mm Dolomite sample.
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Figure 9. Experimental and Model Breakage probability curves for a −26.5 + 22.4 mm Coal sample.

 
Figure 10. Experimental and Model Breakage probability curves for a −16 mm + 13.2 mm Gold waste
rock sample.

3.1. Modelling Results

The model parameters presented in Table 2 were obtained for the four different materials, using
the least sum of squares of the differences between model and the experimental values. The Excel
Solver add-in was activated to iterate using the general reduced gradient non-linear routine, to find a
solution that minimised the differences between the experimental and predicted data. The results for
all the materials that were tested are presented in Figures 6–10 and the parameter values, compiled for
these different materials, are presented in Table 2.

Figures 6 and 7 show how the model, to a great extent, has successfully described the Silica
breakage data for the two sizes shown. It is clearly seen that though the graphs are similar, it is not
easy to tell if for similar specific energy input per kilogram; one size class breaks more easily than the
other. It will be shown later that for some materials, the specific energy (J/kg) required for breakage is
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size indifferent, while for most materials, smaller particles require more energy relatively, to achieve
similar breakage.

Using appropriate material parameters, it was seen that the model also described these other
data very well. The same size range for both the dolomite and coal samples was selected to facilitate
comparison among the three materials.

Though the energy inputs do not correspond exactly, it is evident that coal is the weakest material.
The gold waste rock sample is definitely the toughest of the lot, as its smaller particles exhibits similar
resistance to breakage as other samples under similar impact loading. As can be seen in Figure 10, its
specific energy input is higher than the other materials. A more in-depth analysis is carried out in the
next section.

3.2. Discussion

3.2.1. Effect of Size on Particle Strength

To appreciate the significance of threshold energy, size normalised Ex0 was plotted in Figure 11 and
it was observed that generally the materials get weaker with increasing particle size. Most researchers
attribute this to an increase in flaw density with increase in particle size. Apparently, it is not the case
with the silica, which has the same threshold energy for the entire size range.

Figure 11. Comparison of specific threshold energy (J/kg).

It was observed for the coal that the increase in relative strength with size was gradual.
Extrapolation of the model suggests that this starts to increase exponentially as particles become
smaller than 10 g. As for the gold waste rock and the dolomite, the relative increase in toughness with
decreasing particle size is at a much higher rate. To show the implication of this phenomenon, specific
probability breakage results for both gold waste rock and silica were compared.

In Figure 12, breakage probabilities at similar specific energy input are compared for the gold waste
rock for −13.2 + 11.2 mm and −19 + 16 mm particles; it is seen clearly that the breakage probabilities for
similar specific energy input are higher for the coarser particles. In other words, the bigger particles are
relatively weaker for this material [26]. In Figure 13, a similar comparison is made for silica material for
the −26.5 + 22.4 mm and −19 + 16 mm particles, and it is seen that the breakage probability differences
for similar specific energy input are not as drastic as those seen for the gold waste rock in Figure 12.
Apparently, the smaller particles offered stronger resistance to breakage at low energy input while at
higher energy input, they were broken relatively more easily.
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Figure 12. Comparison of gold waste rock breakage probabilities for two particle sizes at specific
impact energy input.

Figure 13. Comparison of silica breakage probabilities at similar specific impact energy input.

3.2.2. Difference in Damage Accumulation in Materials

The rate of deterioration with each impact can also be compared by normalising the part comprising
energy terms in Equation (3) to get the following equation:

Pb = 1− e(−anb) (5)

when parameters a and b are applied to this equation for the different materials, the result is what is
seen in Figure 14. This reveals some interesting aspects about the materials; with the exception of silica,
the other materials appear to become more difficult to break. Here, the silica stands out due to its
brittle nature; it is seen that as long as the threshold energy is exceeded, each impact causes significant
cumulative damage. However, it was noticed that, for both the coal and gold waste rock, the relative
damage is minimal with each impact. This difference may probably be due to non-brittle deformation

94



Minerals 2020, 10, 710

behaviour or the tendency of some materials to plastically deform, thus requiring further breakage
attempts before yielding.

Figure 14. Comparison of the rate of deterioration with each impact for different materials.

It is natural to assume that a high Ex0 value would usually indicate that a particular material
is difficult to break, but as demonstrated above, Ex0 varies differently for some materials, and one
material which is stronger at a smaller size can end up being stronger at a different size. It was also
observed that a material with a low Ex0 can still be difficult to break if it has a low rate of deterioration
with successive impacts. As such, it is recommended to test particles contained in various size ranges,
to capture the observed size effect.

The model described by Equation (3) was also tested against published data from
Morrison et al. [14]; using the Excel solver to estimate model parameters, the model successfully
described the data. Thus, there is a good indication that this model could be of wide applicability, and
future tests on more different types of material are planned.

In Appendix B is included Figure A2, which presents an algorithm that has been proposed by
Bwalya [15] that applies breakage probability data to DEM simulation to predict the comminution rate
in size reduction equipment.

4. Conclusions

The fracture response of particles to energy input is dependent on the material types and flaw
size and density, which varies with particle size. This has been the basis of most of the probability
fracture models that have been developed recently. The new model has demonstrated that it is possible
to characterize particle breakage properties from the size related threshold energy point of view.
The model has revealed that materials exhibit unique trends in terms of how their threshold energy and
rate of deterioration vary with particle size and each impact, respectively. Its ability to predict particle
fracture probability has also been successfully demonstrated on four different materials. Among the
materials tested, gold waste rock proved to be the toughest, and its relative increase in toughness with
decreasing particle size was also higher than the other three materials. The difference in cumulative
damage beyond the threshold energy may be attributed to non-brittle deformation behaviour or
plastic deformation of particles. The purely brittle material will require a few impacts to disintegrate,
while those with plastic deformation tendencies will endure several more impacts before complete
failure. As for the differences in threshold energies, the existence of flaws which are relatively bigger
and more frequent in larger particles was considered to be a key factor. The damage accumulation
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as a result of repeated impacts is likely a function of properties such as the shape, composition, flaw
distribution, and the presence of mineral grains, whose effects will be the object of future research by
the authors.
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Nomenclature

a dimensionless material parameter that is related to material resistance to damage
b dimensionless material parameter that is related to material brittleness
c parameter that models particle size effect on breakage
d second parameter that models particle size effect on breakage
E energy (J)
Ex0 minimum energy (J) required to initiate any form of particle damage
g gravitational acceleration (m/s2)
h height (m) applies to all subscripts
M mass (kg)
n number of breakage attempts made on a particle
Pb probability of breaking a particle (in our case by at least 20%)
X particle mass (g)
Xm particle mass (kg)

Appendix A

Determination of Ex0 applied to the dolomite sample.

Figure A1. Determination of Ex0 applied to the dolomite sample.

It is important to note that the lowest energy level (E1) must be as low as possible, to make the determination
of Ex0 more accurate. This graph differs from the probability graphs that are in the main report, as this highlights
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the importance of magnitude of impact energy. At Energy level 1 (E1), even after five impacts the probability of
breakage is less than 0.2. This suggests that one may probably need hundred attempts to get breakage. At E2
and E1 each impact contributes significantly to raising the breakage probability, and only a few impacts are
required to reach the probability of 1. One can extrapolate to the right to find the lowest energy that ensures 100%
breakage probability with one impact. However, the main purpose of this graph is to establish Ex0 and from the
extrapolations of the lines convergence at point on the X axis, giving a value of Ex0 to be 0.9 J.

Appendix B

Suggestion of how drop weight test can be combined with DEM to predict comminution.

Figure A2. Algorithm that applies drop weight test and DEM simulation data to calculate milling rate.
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Abstract: High-pressure grinding rolls (HPGR) have gained great popularity in the mining industry
in the last 25 years or so. One of the first successful applications of the technology has been in iron
ore pressing prior to pelletization. Piston-and-die tests can provide good insights on the material
response in an HPGR. This work analyzed confined bed breakage of four iron ore concentrates under
different conditions. Saturation in breakage of particles contained in the top size in the tests was
observed to occur at specific energies of about 2 kWh/t, whereas full saturation in breakage, with no
additional increase in specific surface area of the material, occurred at energies above about 6 kWh/t.
An expression was proposed to characterize the propensity of a material to break under confined
bed conditions. The phenomenology involved in confined bed breakage of such materials was then
analyzed in light of the results.

Keywords: bed breakage; iron ore; comminution; saturation; piston-and-die; compaction;
compression; breakage

1. Introduction

Comminution machines that rely on confined bed breakage, namely high-pressure grinding rolls
(HPGR) and the vertical roller mill (VRM), have gained great popularity in the cement industry [1–7]
and, in the case of the HPGR, also in the minerals industry [8–13]. Their main advantages include good
energy efficiency, high throughput, and ability to operate in size reduction operations from secondary
crushing down to fine grinding. One particularly important characteristic of these technologies is that,
as the applied specific energies are raised, the efficiency of energy usage drops, partially owing to the
phenomenon of breakage saturation.

One important approach to gain insights into the operation of comminution machines that rely
on confined breakage is to conduct tests using the piston-and-die apparatus [14,15]. Through these
tests, it is possible to analyze how the applied energy is dissipated under controlled conditions and
is used to create new surfaces. Schubert [16] highlighted that the total energy input in a particle
bed can be divided into several microprocesses, namely friction losses, plastic deformation work,
elastic recovery, energy dissipated during breakage, and compaction [16]. As such, in order to assess
the particle breakage behavior resulting from the application of different applied vertical stresses,
several authors [14,15,17–24] used the force–displacement curve and the size reduction results from
piston-and-die tests for different materials. Kalala et al. [15] presented results indicating an elastic
recovery of around 40% of the total input energy for pressing iron ores in a piston-and-die apparatus
with compressive forces of 1700 kN and with particle sizes of about 12 mm.

Great attention has been dedicated to the study of the compaction behavior of particulate materials
under confined conditions. Such compaction occurs during processes that include metal powder
smelting, as well as tableting and pelletizing in the pharmaceutical, ceramic, and food industries.
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Indeed, compaction has been studied and modelled for inorganic powders [25], metal powders [26],
ceramic powders [27], fine grinding processes [17,28,29], and organic powders in the manufacture of
pharmaceutical tablets [30–33]. The particle bed compaction behavior can be influenced by different
parameters including the deformation or stress–strain behavior [34,35] as well as particle size and
shape [33,36]. Assessing limestone breakage response under confined conditions, Cabiscol et al. [29]
observed that the packing density reached a maximum of around 90% of the specific gravity of the material
with particles with mean initial size of 236 μm, being equivalent to the value found by Wünsch et al. [28]
for different materials used in the production of pharmaceutics. On the other hand, recent works have
attempted to assess particle bed behavior under confined conditions from computational simulations
using the discrete element method (DEM) [37–39]. Besides DEM simulations, Garner et al. [37] also
showed several experimental results highlighting the ability to reach relative densities around 0.95 for
a vertical stress of 150 MPa. Indeed, the complexity of this process is the main reason for the poor
predictability and the limited understanding yet available.

One particularly successful application of confined bed breakage is the HPGR in association with
ball milling in either pregrinding or regrinding of iron ore concentrates for pellet feed production [8,13].
The present work investigated breakage of iron ore concentrates in confined conditions in single and
multiple pressings in a piston-and-die apparatus with the aim of identifying the onset of saturation
during confined breakage.

2. Experimental Section

2.1. Materials

Samples were collected of four iron ore concentrates that are fed into Vale’s pelletizing plants at
Complexo de Tubarão (Vitória, Brazil). Three of these concentrates (Itabira, Brucutu, and Timbopeba)
are produced by flotation of ores from the Iron Quadrangle from the state of Minas Gerais (Brazil),
having a top particle size of 1 mm. The fourth consists of the result of the preparation of ore from the
Carajás mineral province (Pará, Brazil).

Specific gravity was measured by Helium pycnometry. Bulk (apparent) density was measured by
placing each weighed sample in a beaker and measuring the apparent volume after vibration. Prior to
testing, all samples were dried in air.

2.2. Piston-and-Die Tests

Particles contained in three size ranges were tested, namely 150–125 μm, 106–75 μm, and 53–45 μm,
which were prepared by careful wet sieving. Each previously dried sample, containing 30 g, was placed
in the die for testing. The piston had a 40 mm diameter and the resulting initial bed height was about
13 mm. As such, these tests were conducted under ideal confined particle bed conditions, as precluded
by Schönert [14,40], that is, the height of the bed is larger than six times the top size of the samples and
the bed diameter is larger than three times the bed height, so that wall effects were minimized.

Figure 1 illustrates the servo-hydraulic press (Shimadzu, Kyoto, Japan) used, showing the linear
variable differential transformer (LVDT) employed to measure the particle bed displacement (a) and
the piston-and-die apparatus in detail (b). The elastic deformation of the system was subtracted from
the value measured using the LVDT.

The compressive forces were applied in the range of 50–1000 kN (40–800 MPa), and the deformation
rate was 5 mm/min. The output of the test was the force–displacement curve. The specific input energy
in each test was calculated from the numerical integration up to the maximum load. Upon completion
of the test, the bed of particles was removed from the die, dispersed in water, and the size distribution
measured. Size analyses were conducted directly of the material from the test by laser scattering in a
Malvern Mastersizer 2000 (Malvern Instruments Inc., Malvern, UK) while the Blaine specific surface
area (BSA) was measured using a PCBlaine-Star (Zünderwerke Ernst Brün GmbH, Marl, Germany).
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In addition to that, each pressed sample was also wet sieved using the bottom size of the interval in
order to assess the proportion of material broken.

An additional set of tests consisted of conducting multiple pressings of material contained in
the 106–75 μm size range. The initial bed was pressed up to 200 kN (159 MPa), the load removed,
the material dispersed and analyzed, then it was reloaded to the die and the same procedure repeated.
This specific energy was selected since it is in the range of values used in the pelletizing industry [12].

Figure 1. Press used in the piston-and-die tests highlighting the linear variable differential transformer
(LVDT) used to measure the (a) particle bed displacement and (b) piston and die apparatus.

3. Results

3.1. Material Characteristics

A summary of the characteristics of the samples is presented in Table 1. The Carajás sample
has the lowest values of density, whereas Brucutu and Itabira have the highest. Details about the
composition of the samples may be found elsewhere [41].

Table 1. Summary of physical characteristics of the samples.

Sample Specific Gravity (g/cm3) Apparent Density (g/cm3)

Itabira 5.07 3.01
Brucutu 5.03 3.02

Timbopeba 4.80 2.85
Carajás 4.55 2.70

3.2. Force–Displacement Profiles

In order to analyze bed response in compressive bed breakage in greater detail, force–deformation
profiles are analyzed as follows. Figure 2 presents force–displacement curves for different compressive
forces, highlighting the load and unload (relief) curves. It is evident that, when the bed is compressed
up to relatively small loads, namely below 100 kN (80 MPa), no elastic recovery appears, with no recoil
of the bed. Mütze [17] observed that, in this case, all energy applied to the bed is either dissipated in
rearranging the particles or in producing particle breakage. Under such conditions, the thickness of
the bed after unloading progressively reduces as loads increase. Beyond this point, as loads increase,
the force–displacement curves become steeper. In this case, unloading exhibits progressively more
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elastic response, with the bed presenting ever more elastic recovery, which becomes evident from the
lower slopes of the unloading curves.

Figure 2. Load and unload force-displacement curves in tests up to different applied compressive
forces for the Itabira sample contained in the size range of 150–125 μm.

Force-deformation curves such as those in Figure 2 may be presented more suitably on the
basis of the relationship between the packing density (ratio between apparent density of the bed and
specific gravity) and the vertical stress applied. Results are presented in Figure 3 for the Itabira and
Carajás samples contained in the narrow particle size range of 150–125 μm. For a vertical stress of
800 MPa (1000 kN), the Itabira sample presented a maximum packing density of around 0.88, whereas a
maximum of 0.95 was reached for the Carajás sample. The reasonable difference in the curves indicates
a softer response for the Carajás sample under compressive loads. In addition, both results are able to
show that, even though different vertical stresses were applied, the final packing density after total
relief was nearly constant for each material, being equal to around 0.70 for the Itabira and 0.75 for the
Carajás samples.

Figure 3. Relationship between the vertical stress and the packing density for different compressive
forces applied for the (a) Itabira and (b) Carajás samples in the narrow size range of 150–125 μm.

A more detailed examination of the results is possible by calculating the areas below the curves.
The input energy is given by numerical integration of the curves up to the maximum vertical stress,
whereas the elastic energy is given by the area corresponding to the unloading of the piston. The inelastic
or dissipated energy is simply given by the difference between the two. Results are presented in Figure 4,
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which shows the rapid increase in elastic energy with the increment in vertical stress. The results also
show that for low compressive forces the elastic energy is almost negligible, whereas it corresponds to
around 60% of the input energy for the highest compressive forces analyzed.

Figure 4. Variation of the input, elastic, and dissipated energy in the particle bed as a function of
vertical stress for the Itabira sample for the narrow size range of 150–125 μm.

In order to assess the particle bed behavior under multiple pressing cycles, Figure 5 shows the
relationship between the packing density with the vertical stress applied in seven repeated pressing
stages. For a vertical stress of up to 160 MPa (200 kN), the different pressing stages showed a great
distinction in the initial bed configuration with the packing density reaching a maximum value of
around 0.7 for the last stage. This result is consistent with the maximum packing density found after the
single-stage pressing process presented in Figure 3a for the Itabira sample. Indeed, there is a marked
relationship between the initial feed size distribution and the progressive change in packing density of
the material. The results from Figure 5 indicate that, for the fine feed size distributions used, there is
an increment in packing density caused by the reduction in the voids fraction within the particle bed.
As the multiple stages of pressing were applied, the force–displacement profile started to superimpose,
with this effect being potentially associated with the high particle bed packing. The dispersion of the
material following each pressing cycle, coupled with the application of a relatively low vertical stress
in each cycle, allowed to prevent particle bed saturation.

Figure 5. Relationship between vertical stress and packing density for different stages of pressing for
the Itabira sample in a narrow size range of 106–75 μm.
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3.3. Size Analyses

Figure 6 presents the product size distributions for the Brucutu and Carajás samples at different
stressing conditions. They demonstrate the increase in fineness as compressive forces increase, as well
as the onset of the breakage saturation that is associated with the application of compressive forces
higher than about 300 kN (240 MPa). The higher propensity of the Carajás sample to breakage in the
piston-and-die test is evident from the larger proportion of fines produced.

Figure 6. Product size distributions for different maximum compressive forces for the (a) Brucutu and
(b) Carajás samples contained in the size range of 150–125 μm in piston-and-die tests.

3.4. Breakage of Top Size Particles

After each piston-and-die test, the proportion passing the original narrow size range was recorded
by sieving. The proportion broken was then plotted as a function of specific energy in Figure 7,
following the approach used by Liu and Schönert [18] and Dundar et al. [21].

Figure 7. Proportion broken out of the original size for (a) Brucutu and (b) Carajás samples for different
specific energies and feed particle sizes.

The figure shows that the proportion of particles broken increases significantly at low specific
input energies, but reaches a maximum value, which becomes nearly constant with increasing input
energies. Beyond this point, increasing the input energy does not lead to more breakage of particles
contained in the original size range, as they become stabilized by neighboring particles. Tavares [42]

104



Minerals 2020, 10, 666

observed that, whereas little or no additional breakage occurred at these higher energy inputs in
HPGR experiments, particles may become progressively weaker. Furthermore, as observed by Liu and
Schönert [18], it is evident that this maximum proportion broken varies with size, reducing significantly
for the finer size range studied. Indeed, in the finest size range studied (53–45 μm), less than half of the
particles broke for the Carajás sample (Figure 7b), in spite of the energy applied, showing the significant
size effect on particle stabilization in confined bed breakage. The figure also shows that, at specific
energies in the order of 2 kWh/t, saturation is reached on the maximum proportion of particles broken.
This specific energy corresponds to a maximum load in the order of 200 kN (159 MPa), coinciding with
the conditions in which the bed starts to recoil partially elastically (Figure 3) and also the condition
under which the multiple stage pressings (Figure 5) were carried out.

Figure 8 compares results on the proportion broken for the Itabira sample as a function of input energy
in individual pressings at progressively higher vertical stresses and results from multistage pressings.
It shows that the sequential pressing and dispersion of the material prior to another pressing stage
allowed the additional breakage of particles contained in the top size fraction, preventing saturation.

Figure 8. Proportion broken out of the original size for the Itabira sample in the narrow particle size range
of 106–75 μm for single-stage pressing and multistage pressing. Line fits data from single-stage pressing.

3.5. Blaine Specific Surface Area

The Blaine specific surface area (BSA), an important parameter used to characterize the fineness of
powdered materials, is commonly used to control pellet feed quality in iron ore pelletizing plants [43].
Figure 9 shows the relationship between the BSA increase from the feed BSA and the specific energy
applied for all samples in piston-and-die tests. It is evident that the BSA increase is nearly proportional
to the input specific energy up to a point, beyond which the slope of the line reduces. As such,
in analogy to Figure 7, the data approach a maximum value, but in this case only at specific energy
inputs above about 6 kWh/t. Such a value corresponds to maximum vertical loads in the order of
600 kN (480 MPa).

As already reported by Schönert [14] and recently observed by Zhou et al. [38] using DEM
simulations, the main cause for the drop in energy efficiency in particle bed breakage is the reduction
in the voids that are caused by fine debris relocating themselves as a result of the application of high
normal applied stresses. Such a drop in energy efficiency in compressed bed breakage is also evident
in Figure 9 for specific energies higher than about 6 kWh/t.

With the aim of analyzing in greater detail the issue of saturation in compressed bed breakage,
a comparison between single and multiple pressing results for the Itabira sample is presented in
Figure 9b. It compares the results from piston-and-die tests carried out at different maximum pressures
to results from multiple compressive cycles at a constant maximum loading force of 200 kN (159 MPa).
Dispersion of the material after each pressing cycle allowed reaching significantly higher BSA values
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than those obtained in a single pass at higher pressures, since the dispersion prevented particles
from stabilizing in the bed. This effect becomes noticeable at specific energies above about 3 kWh/t.
These results demonstrate the value, for iron ore concentrates, of using multiple passes as a way of
increasing the specific surface area of the product, in contrast to a single pass.

Figure 9. Relationship between Blaine specific surface area (BSA) increase and specific input energy for
(a) Brucutu, (b) Itabira, (c) Timbopeba, and (d) Carajás samples.

Given the various effects observed, including that of the mean particle size, the size distribution
of the original material, the degree of its dispersion, and the observed trends towards saturation at
higher pressures, a parameter, called pressing factor κ, is proposed to capture the bed propensity to
pressing in a test. It is given by the following:

κ =
(
φp −φo

)
(1−φo) (1)

where φo is the packing density of the originally pressed material and φp is the final packing density of
the bed after unloading the piston, that is, of the permanently deformed bed. φo varies as a function
of particle size and size distribution, degree of dispersion, if previously in loose form or preloaded.
In the experiments in the present work, it was estimated from the value corresponding to a preload of
20 MPa, in order to remove any bias due to uneven bed surface in the beginning of the test (Figure 3).

The higher the value of κ, the greater the expected size reduction for a given material. As such,
it increases with the increase in pressure and stressing energy applied to the bed, the maximum
achievable packing density, whereas it decreases with an increase in initial bed packing density.
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As such, it acknowledges that pressing results change if the bed was previously loose or preloaded in
the beginning of a test.

Figure 10 presents the results from Figure 9, now as a function of the parameter κ. It shows that
the increase in Blaine specific surface area varies as a function of parameter κ, relatively independently
of initial particle size and final pressure. It demonstrates that it is possible to represent data not only
from single but also from multiple pressings (Figure 10b) in the same curve. As such, it suggests that κ
is a parameter that may be used to characterize the potential of a material to undergo breakage under
confined conditions.

Figure 10. Relationship between BSA increase and pressing factor κ for the (a) Brucutu, (b) Itabira,
(c) Timbopeba, and (d) Carajás samples.

Since data included experiments with narrow size beds that presented the lowest initial packing
density φo and that were subjected to pressures beyond those responsible for breakage saturation
(Figure 9), a maximum achievable value of Blaine specific surface area increase in a single loading
stage could also be identified, as shown in Figure 10. Such a value corresponded to the maximum
achievable magnitude of pressing factor. It varied according to material, being about 0.10–0.11 for
Brucutu and Itabira and about 0.11–0.13 for Timbopeba and Carajás, identifying the greater pressing
propensity of the latter in comparison to the former (Figure 10).

Figure 11 then shows the variation of the pressing factor as a function of the input energy
in pressing for one of the samples. It demonstrates that the data, including those from multiple
pressings, follow approximately the same general trend, with a maximum pressing factor reached with
specific energies above about 6 kWh/t, varying only marginally with initial particle size. Alternatively,
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the relationship between the pressing factor κ and the input energy could be estimated by a model
describing the force–displacement profile for both loading and unloading of the bed [17], which would
make the method suitable for predicting results in the piston-and-die apparatus.

Figure 11. Relationship between the factor κ and specific input energy for the Itabira sample, including
data for single and multiple pressings (106–75 μm).

3.6. Energy Utilization

Assuming the validity of Rittinger’s law, Rumpf [44] proposed a definition of energy utilization
as the ratio between the increment in surface area from the feed and the energy spent in comminution.
This definition has been used by Campos et al. [12] with a minor modification presented in Equation (2),
from the ratio between the BSA increase and the specific energy spent on the process:

Energy utilization =
BSAproduct − BSA f eed

Specific energy consumption
(2)

For iron ore pelletizing operations, this relationship is commonly used as a metric for characterizing
the comminution process efficiency [12,41].

In order to analyze the energy utilization in greater detail, Equation (2) is used considering both
the total specific energy consumption and also only the inelastic energy, that is, the result of subtracting
the elastic recovery from the input specific energy, as shown in Figure 4. These results are presented
in Figure 12, which shows that energy utilization was maximum when the bed was subjected to the
lowest pressures. Such high energy utilization at the lowest pressures may be explained by the fact
that stressing energy is used to break the most brittle particles contained in the original size range.
Figure 12, however, shows that beyond the minimum energy applied, energy utilization decreased,
in particular for pressures above 150 MPa, even when the elastic restitution was subtracted from the
input stressing energy. This is evidence of the progressively lower energy efficiency in size reduction
as beds approach saturation.
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Figure 12. Comparison of energy utilization for different applied vertical stresses for the Itabira sample
for the narrow size range of 150–125 μm, considering both the input and the inelastic energy.

4. Discussion

From the various analyses, it becomes feasible to describe the main features observed during
the pressing of confined beds containing fine iron ore concentrates. This is illustrated in Figure 13,
which shows that the first step in compression of the particle bed corresponds to a rearrangement of
the particles, which occurs up to about point A. This key feature can be observed in Figure 3 for the
different materials tested and, as already reported by Mütze [23], is associated predominantly with low
stress levels (below about 40 MPa), when particles rearrange themselves within the bed by rotating
and sliding in respect to each other. This is associated with very low energy inputs but is responsible
for reasonable increases in the packing density of the bed.

Figure 13. Schematic summarizing the main features of the particle bed pressing behavior of fine iron
ore particles.
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After initial rearrangement of the bed and within the interval from points A to B in Figure 13,
the stress chains connecting the particles are formed, with stresses increasing significantly with
deformation. As the critical force or stressing energy required to fracture each of the particles is
reached, the weakest particles are progressively broken, leading to a rearrangement of the stress field,
which is transmitted by the skeleton formed by the remaining unbroken particles. Point B in the figure
corresponds to the saturation in breakage of particles contained in the top size. This occurs at pressures
of around 180 MPa (2 kWh/t), as already shown in Figure 7. Such stresses and specific energies would
have been sufficient to break all particles contained in the original size, if stressed individually in
a micro compression tester [41]. Beyond this point, a proportion of particles contained in the top
size, which varied from about 10% for the coarsest sizes tested to about 50% for the finest, remained
unbroken, even as stressing energies increased. This is associated with the well-known phenomenon
in confined particle bed breakage where the finer debris from breakage of the coarser particles are
able to prevent the remaining coarser particles from further breaking [18,23]. The larger proportion
of finer particles remaining in comparison to the coarser ones demonstrates the greater ability of the
finer particles to dissipate the stresses. Until this point, the bed behaves perfectly inelastically, with all
energy applied dissipated in either bed rearrangement or breakage.

The interval from point B to C in Figure 13 corresponds to further breakage of the debris from the
initial breakage of the top size material in the case of narrow size beds, with additional increase in
fines generation and specific surface area, as is evident in Figures 6 and 9, without additional breakage
of particles contained in the top size class. The same effect of saturation in breakage of the top size
then appears to happen with progressively finer sizes, as the increase in applied pressures results in
only the progressive generation of finer particles.

In the interval from point B to C, deformations start to show an elastic component, with the bed
recoiling partially after reaching the maximum stress during loading. As stresses are progressively
increased, bed breakage reaches complete saturation at about point D, with no measurable increase
in fines generation or specific surface area as a result of applying higher loads. At pressure beyond
point D, a substantial increase in the elastic energy stored in the bed, which can correspond to over half
of the energy input (Figure 4), is observed. Unlike the interval from A to B, in this interval the increasing
inelastic energy is progressively used less in breakage, but more in dissipative phenomena, such as
friction, plastic deformation, and interlocking and cold-welding of the particles, forming a tough final
agglomerate, quite familiar in tableting studies [30–33] and consistent with final compaction.

5. Summary and Conclusions

The breakage of beds made up of narrow sizes of iron ore concentrates in confined conditions
was studied in great detail. Stress versus relative density curves exhibited deformations that were
purely inelastic for pressures of up to about 180 MPa. Up to this value, breakage of the top size fraction
increased proportionally with input energy, reaching saturation at about 2 kWh/t. The saturation
corresponded to proportions remaining in the top size that were as low as 10% for the 150–125 μm size
range and as low as half for the 53–45 μm size range, depending on material.

At higher pressures, breakage of the top size fraction reached a maximum, whereas generation
of additional fines from breakage of the progeny from the initially broken particles occurred. In this
interval, progressively larger elastic deformations were observed, besides a more modest increase in
specific surface area, reaching a point of full bed saturation (compaction) at specific energies beyond
about 6 kWh/t, beyond which no increase in BSA occurred. This was evident from the achievement of
the maximum increase in BSA under such conditions. Results also show the reasonable difference
between the energy utilization calculated on the basis of the input energy and the inelastic energy
(elastic energy subtracted from the input energy), even showing that a part of the inelastic energy may
be used in dissipative processes such as friction, plastic deformation, and particle packing and not
contributing to new surface area generation.
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A pressing parameter κwas then proposed to quantify the propensity of a material contained in a
bed to reduce in size when loaded under confined conditions. It correlated well with the increase in
the Blaine specific surface area for beds with different initial size distributions, including narrow sizes
and wide size ranges (multiple pressings) as well as different final pressures. It also captured the bed
saturation condition in the maximum achievable value of κ observed in the experiments, which varied
from about 0.10 to 013 for the materials studied.

A comparison of stressing at progressively higher pressures and multiple pressings at an
intermediate pressure (160 MPa) showed that it is possible to enhance breakage of the top size
material, as well as reach higher values of energy utilization, when multiple pressing stages are used.
These results provide the technical justification and motivation for the application of multiple stages of
pressing in HPGRs.
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Abstract: The worldwide shortage of natural sand has created a need for improved methods to
create a replacement product. The use of vertical shaft impact (VSI) crushers is one possible solution,
since VSI crushers can create particles with a good aspect ratio and smooth surfaces for use in
different applications such as in construction. To evaluate the impact a VSI crusher has on the
process performance, a more fit-for-purpose model is needed for process simulations. This paper
aims to present a modelling framework to improve particle breakage prediction in VSI crushers.
The model is based on the theory of energy-based breakage behavior. Particle collision energy data
are extracted from discrete element method (DEM) simulations with particle velocities, i.e., rotor
speed, as the input. A selection–breakage approach is then used to create the particle size distribution
(PSD). For each site, the model is trained with two datasets for the PSDs at different VSI rotor tip
speeds. This allows the model to predict the product output for different rotor tip speeds beyond the
experimental configurations. A dataset from 24 different sites in Sweden is used for training and
validating the model to showcase the robustness of the model. The model presented in this paper
has a low barrier for implementation suitable for trying different speeds at existing sites and can be
used as a replacement to a manual testing approach.

Keywords: VSI; DEM; sand; breakage; modelling

1. Introduction

The increased infrastructure development of society has been accompanied by an
increase in the use of natural materials for construction [1]. One resource that has seen
massive extraction is natural sand deposits. The usefulness of sand in creating quality
concrete products has led to the erosion of numerous coastlines caused by aggressive sand
dredging [2]. Some governments such as Sweden are trying to incentivize new approaches
with increased taxes to minimize the use of natural sand along with limiting permits for
existing deposits.

Given the finite nature of natural sand and the increased demand on the market,
replacement resources are becoming more common. One approach is replacing natural
sand with manufactured sand. The process of creating manufactured sand for concrete
includes vertical shaft impactors (VSIs), which are common comminution machines for
crushing particles in the tertiary or quaternary stage of aggregate crushing circuits. Auto-
genous impact crushing results in particles that, compared to compressive crushing, have a
smoother surface and a more spherical shape but with an increased amount of fine particu-
late matter in the process. Manufactured sand has successfully been used to replace natural
aggregates in several applications, such as concrete production [3,4]. The main attributes
sought after in natural sand particles are sphericity and high volume-to-surface ratio. These
attributes minimize the use of cement in the concrete mixes and lead to desirable rheology
for pouring [5].

Natural sand requires fewer processing steps than the manufacturing of artificial sand.
To allow for a transition to more sustainable products, the process needs to become more
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efficient. By establishing a framework to adopt crusher models to existing production
plants, simulations can be used to optimize settings at real plants, and therefore, a more
efficient process can be achieved.

The dynamics of the particles has been shown to determine the product size distribu-
tion. A detailed description of the dynamics of the particles inside and exiting a rotor was
provided by Rychel [6]. However, Kojovic [7] formulated a predictive model for the VSI
crusher that correlated product size with power draw based on breakage of the ore in a
drop-weight test. Attempts to model the VSI output by adapting the Whiten model as a
basis for modeling have also been proven to be a viable approach [8].

According to Nikolov [9], the essential part of the performance of the VSI crusher is
the relationships between the radius of the rotor, angular velocity and the rate of material
being fed into the VSI crusher when given a specific particle size distribution for the feed
material. Bengtson and Evertsson [10] then proposed a model that also considered the
variations in rock properties and predicted capacity and power draw as well as the particle
shape distribution. Lindqvist [11] also suggests that impact crushing can significantly
reduce the energy required in grinding.

The attempts to model the performance of VSI crushers have often been limited by the
lack of information about the interaction between particles inside the crusher. An approach
to overcome this issue has been through the use of the discrete element method (DEM).
With the DEM, every particle and its dynamics are simulated, making it possible to estimate
the particle trajectories, residence times and collision energies when particles travel through
the crusher. DEMs have been the main method of choice for other researchers such as
Cunha, Cleary and Sinnott [12–14].

In Grunditz et al. [14], the data from DEM simulations of a VSI crusher were analyzed
to gain an understanding of how the energy in a VSI crusher is distributed in relation to
the different sizes of the particles fed into it and the number of impacts that occur. One
of these energy collision spectra can be seen in Figure 1. In addition, an exploration of
how the particles travel in the crushing chamber after leaving the rotor was conducted in
conjunction with evaluating the residence time of each particle [15,16].

Figure 1. The distribution of particle collision energies inside a discrete element method (DEM)
simulation of a vertical shaft impact (VSI). Two different rotor tip speeds were simulated.

To create a robust model, material from numerous sites was collected and used for the
calibration and validation of the model. The model accurately predicts the product size
distribution and is useful to give operators the opportunity to simulate changes to their
feed size, material attributes and machine parameters before committing to them.
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The use of data from several different sites of varying geological types enables the
mapping of material properties to certain model parameters, achieved by deploying the
same crushing process and equipment in the same configuration at multiple different
crushing plants. These physical material properties were attributed to fmat and E0

min
established in previous modelling efforts by Nikolov [9,17].

A selection–breakage approach is used to simulate the effects of impact energy present
in VSI crushers. Vogel and Peukert established a master curve for breakage that considers
the accumulation of impacts when observing particle breakage [18,19].

The purpose of this paper is to use previously established models and appropriate
optimization routines for calibration of a fit-for-purpose VSI crusher model. A frame-
work was proposed to enable crushing operators, plant owners and product managers to
explore and test differing machine configurations to reach alternate product goals more
systematically.

2. Methodology

2.1. Modeling

Breakage modeling relies on descriptive functions of particle behavior when subjected
to high energy impacts. The goal of these studies was to assess how much energy a particle
requires to break relative to its initial size. In addition, the size of the daughter fragments
following such an event was of interest.

Several previous studies and experiments [17] provide the basis to understand the
role of particle size and impact energy on the breakage of the particular materials studied.
Each material tested in this way provides properties that apply to only one specific quarry
site. Having to run these exhaustive tests for each modelling attempt for a site is costly.

The different sizes into which a particle will statistically split are referred to as an
appearance function. An appearance function was included in the optimization routine
and assumed that the behavior of the breakage follows a polynomial function, as seen in
Equation (1), where ai,j is the fraction of particles of one size being reduced into a smaller
subset; βi values are coefficients, and xi is the size of the originating particle. The index
i represents the number of particle sizes available in the PSD dataset starting from 1, the
largest size, to N being the smallest size. This creates an appearance matrix for the selected
particles sizes. An example of such an appearance matrix can be seen in Table 1 where each
column for progeny Equation (1) is shown.

ai,j = β1 + β2x1
i + β3x2

i + β4x3
i (1)

Table 1. The appearance matrix for a PSD with 5 different size bins. Each column for progeny
Equation (1).

a1,1 0 0 0 0
a1,2 a2,2 0 0 0
a1,3 a2,3 a3,3 0 0
a1,4 a2,4 a3,4 a4,4 0
a1,5 a2,5 a3,5 a4,5 a5,5

The most common approach to estimate the appearance function is with a drop
weight test or a Julius Kruttschnitt rotary breakage tester (JKRBT) to generate a family
of t10 curves [20]. In [21], three different ore types were tested with the JKRBT [22], and
their response was calculated with a modified equation based on the work of Vogel and
Peukert [19] with satisfying results. A similar approach was implemented in this work
by integrating the theories established by Vogel and Peukert and further expanded on by
Bonfils into the calibration of an appearance function.

The selection–breakage method was implemented to determine whether a particle
sustained enough impact energy to suffer a breakage event [10]. By using the kinetic
energy and size of particles, a probability distribution of particle breakage can be predicted
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(see Equations (2) and (3) where B, the breakage, is the appearance matrix. The index i
represents the number of particle sizes available in the PSD dataset starting from 1, the
largest size, to N being the smallest size. The model essentially treats particles that enter the
crusher as a binary option: either they are crushed to breakage or the particle withstands
the impact and retains its size. The particles that are chosen for breakage are then reduced
in size according to the appearance function. The product is then added to the unbroken
particles that pass through. This process can be seen in the flowchart in Figure 2. The
number of impacts a particle, following its exit from the rotor, is assumed to be 1 based
on the results of DEM simulations analyzing the collision energy spectrum. The majority
of the collisions are under 10 J/kg and are assumed not to influence the impact breakage.
These lower energy collisions are assumed to be after the initial collision with the rockbed
in the crushing chamber.

P = [BSf + (I − S)f] (2)

S =

[
1 − exp

(
fmatxα

i k

(
ECS −

E0
min
xα

i

))]
(3)

Figure 2. The selection–breakage process was used to determine the product generated from the
feed [10].

After the model had been calibrated for different sites, an effort to validate it was
performed. The feed data and machine parameters for the VSI crushers were then put into
the model, and the product was predicted. The speed of the particles at the rotor tip is
transformed to kinetic energy, ECS, as seen in Equation (4).

ECS =
v2

rotor
2

(4)

The predicted particle size distributions (PSDs) for the product and the experimental
product were then compared to determine how much the model varied from the experi-
ments. The model was based on crushers that employ a rockbox configuration. The input
parameters and the overall process of running the model assumed that no prior material
characterization had been performed. The approach can be seen in Figure 3.

Figure 3. The overall modelling process for a new site where the material has not been calibrated
and then adequately mapped to the material database.

Once the material parameters have been obtained, the model can be run with alternative
machine parameters to achieve different rotor tip speeds, as seen in Figure 4.
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Figure 4. A model overview showing the parameters required to run the VSI crusher model at
alternate speeds to predict the product PSD. The model requires a material database with fmat, E0

min

and α values obtained from previous calibration efforts.

2.2. Sampling Procedures

Due to the enclosed design and destructive behavior of comminution machines, it is
difficult to directly observe what occurs inside with changes in operational parameters.
Experimental data that are measurable for a VSI crusher include the incoming material
feed rate and particle size distribution, outgoing mass flow and particle size distribution,
rotor tip speed, rotor radius and material properties. These parameters are often quantified
on a site-by-site basis to establish the range of products that can be expected with the
current setup of machines and the specific ore characteristics. For this model, datasets
were collected from different sites throughout Sweden to obtain a comprehensive overview
of the performance of the VSI crusher. The material from these sites was crushed with a
Metso BARMAC 5100 SE VSI crusher (Metso, Helsinki, Finland), which has a diameter of
510 mm and speeds between 69 and 79 m/s. The conveyer before and after the VSI crusher
was stopped to allow material sampling. A conveyor length of 1 m was isolated, and all
the material was taken according to the SS-EN 933-1 standard. The intricacies of variation
between the sites in terms of materials and machine parameters can create uncertainties
in the analysis of its effects. Each source of variation, originating from either equipment,
operator, material or site production level, contributes to a potential confounding of the
results. The locations of the different sites can be seen in Figure 5 and the overall plant
layout used in Figure 6.

Previous studies [13,15,17] have investigated the phenomena, conditions and effects of
crushing particles at single-energy levels. Several of these studies have been conducted to
analyze the inputs of specific energy levels on particles of different sizes. The results have
often been reported in useful units such as J/kg to make comparisons between different
particle sizes easier. More recent studies have shown simulations and observations of the
different energies that the particles are exposed to while being expelled from the rotor and
into the crushing chamber [12].
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Figure 5. Location of the quarries tested in Sweden. Circles denote where the mobile VSI plant was
set up, and the colored dots show where the material originated from.

Figure 6. The mobile VSI crusher plant layout used at the different quarries tested.

2.3. Optimization Framework

The purpose of this framework is to enable the rapid deployment of an accurate model
without the need for exhaustive levels of sampling and ore characterization. The initial
design space for the framework was intentionally kept small to reduce the computational
load to run the optimization. Each round of sampling takes considerable time and effort on
site for collection. With the data at hand and prior models to simulate certain aspects of
impact crushing, a surrogate model was established for the appearance function and the
selection breakage. Both of these sets of values were assessed for accuracy, and an error
function was formulated (see Equation (5)), where Pexp,High and Pexp,Low are PSD data from
experiments, Psim,High and Psim,Low are PSD data from simulations using the model and the
i index is for the different particle sizes. The two datasets were run at two different rotor
tip speeds, 69 and 79 m/s, which is indicated with the Low and High indexes, respectively.
The framework for running the optimization utilizes the genetic algorithm for minimizing
the error function.

min
{βi , fmat ,E0

min,α}
E =

n

∑
i=1

((
PiExp,High − PiSim,High

)2 −
(

PiExp,Low − PiSim,Low

)2
)

(5)
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The different bounds used in conjunction with the Genetic Algorithm can be seen in
Table 2. A population size of 8000 was initiated with a set of 800 generations. The limits for
the coefficients for the appearance generation polynomial were reached by initial testing
to end up with a feasible yet large solution space. The values for fmat, E0

min and α were
derived through the implications of their properties and then expanded on the spectrum at
which these types of materials have been documented.

Table 2. Listing the lower and upper bounds of the 6 different variables used during the optimization
routine.

Variables β1, β2, β3, β4 fmat E0
min α

Lower Bound –1000 0.001 0 0

Upper Bound 1000 3 30 1

The error function takes the result of the product estimation function using the same
optimizer for two different speeds and compares each of them to their experimental data
according to Equation (5). The genetic algorithm will then continue to the next generation
until it reaches the tolerance limit and finds an optimum.

3. Results

Running calibrations on multiple datasets from multiple sites enabled the quantifica-
tion of the material properties for the different geological rock types. The property values
obtained from a wide array of sites all converge on values within the range that is to be
expected of rock materials. In Table 3, the summary of the calibrated material properties
per site is listed, where “Default Feed” indicates that only one sample was taken for the
feed into the crusher, and the variation was assumed to be negligible, while the term
“Individual Feeds” denotes that each rotor tip speed configuration run has matching feed
sample data.

Table 3. Material data from all the sites used in the study, along with their locations and calibrated values.

Geological Type Site Location Top Size fmat Source E0
min α

Diabase Ubbarp 19 mm 0.25 Default Feed 21.04 0.94
Diorite Borlänge 11.2 mm 0.75 Default Feed 16.29 0.94

Dolomite Glanshamar 11.2 mm 1.3 Individual Feeds 14.83 0.91
Gneiss Umeå 19 mm 0.8 Individual Feeds 18.61 0.92
Gneiss Atle 19 mm 0.68 Default Feed 22.8 0.88
Gneiss Össjö 4 mm 1.73 Default Feed 29.22 0.99

Gneissic Granite Skyttorp 11.2 mm 1.7 Default Feed 15.79 0.93
Gneissic Granite Önnestad 11.2 mm 1.32 Default Feed 26.54 0.86

Granite Tierp 11.2 mm 2.18 Unique Feeds 16.74 0.96
Granite Gävle 4 mm 1.45 Unique Feeds 20.48 0.92
Granite Gävle 11.2 mm 2.08 Unique Feeds 19.39 0.9
Granite Gävle 11.2 mm 1.63 Unique Feeds 17.91 0.82
Granite Kållered 16 mm 1.36 Individual Feeds 15.45 0.85

Granitic Gneiss Enhörna 19 mm 2.02 Default Feed 15.48 0.91
Granitoid Bro 10 mm 0.06 Individual Feeds 28.02 0.81

Granodiorite Sunderbyn 11.2 mm 1.92 Individual Feeds 23.48 0.95
Limestone Forsby 19 mm 2.35 Default Feed 25.22 0.82
Porphyry Kiruna 10 mm 0.39 Individual Feeds 16.83 0.88
Quartzite Gåsgruvan 19 mm 0.25 Default Feed 21.04 0.94

The results for each dataset originating from one site can be visualized, as in Figure 7.
The dashed lines represent the estimation of the model for the product, and the solid lines are
the tested product curves for the corresponding speeds. Lastly, the black solid line indicates
the feed or feeds in the dataset. Of the three rotor tip speeds, only two were used to train
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the model, the highest and lowest speeds, while the middle speed was used to verify the
response of the model.

Figure 7. Particle size distributions from one of the sites and the corresponding simulation results. Case data are from Tierp,
as seen in Table 3.

By running all the datasets through the same optimization routine, similar results
were obtained for each site, like the results achieved for Figure 7 but with different levels of
magnitude relating to the feed used and material properties. While these properties include
a multitude of factors that affect particle breakage and size progeny, some parameters are
more prevalent than others and will vary less between sites. For instance, the feed size PSD
has a large impact on the product, but the majority of sites surveyed used an 11.2-mm top
size feed. Three factors were calibrated from each site with the use of experimental data.

E0
min is a characterization of the energy level required to achieve particle breakage,

while the fmat property encompasses not only the material properties but also the proper-
ties arising from different particle shapes and α is a size dependency parameter. These
parameters are dependent on many variables within the material but generate a perception
of the strength of the different material types.

The models created and calibrated with these methods have created significantly
accurate models within normal operative speeds. In each dataset, a speed, intermediate,
was excluded from the training data to be used as verification of the model. Values of P20,
P50 and P80 were extracted from the simulated product data and were compared to similar
points interpolated from the experimental data. The values can be seen in Figure 8. These
sets were compared to each other to assess the accuracy and range of the model. In large
part, due to the optimization method, the values for P50 were the least differing, while the
tail ends were often more spread away from the experimental data. Some variation in the
experimental data is also assumed to be linked to the belt cut method of samples taken
from the sites but is generally considered to be negligible.

To test the robustness of the model, PSD predictions of speeds exceeding the rotor tip
speeds the model was trained with were made. In Figure 9, predictions were made for a
tip speed of 85 m/s (15% higher kinetic energy than training data) and 65 m/s (12% less
kinetic energy than training data), respectively.
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Figure 8. A parity plot of the P20, P50 and P80 values from the experimental data compared to the simulated data using the
developed models.

Figure 9. Particle size distributions from one of the sites and the corresponding simulation results for speeds exceeding the
training data of the model. Note that the training speeds were still 69 and 79 m/s, not shown in the figure.

4. Discussion

The distribution of the datasets for the different sites and materials in Figure 10
displays an interesting pattern. Materials on the large scale tend to either end up with
higher values for E0

min and lower values for fmat or, on the opposite side, with high values
for fmat and low values for E0

min. Since fmat can be regarded as the resistance of the material
against fracture, materials with lower values will be more pliable, and a higher level
of particle size reduction can be expected when breakage does occur. E0

min is regarded
as the energy threshold of a material, the level it can withstand before succumbing to
comminution breakage. Materials with higher values tend to require higher levels of
energy to break, ultimately requiring higher rotor tip speeds relative to materials with
lower values.

The model that has been presented can be used to optimize existing plants. The
machine parameters, the particle size distribution for the feed and product and the rock
type are entered into the model, and the site operator can then change the flow rates, rotor
speed or sizes to reach their desired production goals. The practical application of the
model is to enable plant owners to estimate the feasibility of operating a VSI crusher on
site and to see what different types of products they can expect to achieve and in what
tonnages.
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Figure 10. A scatter plot of the fmat and E0
min values for different rock types and sites analyzed.

One possible shortcoming of the model and the theory it uses as a basis is that the
properties of materials are summarized into two parameters and the size dependency
into one parameter. While useful to make the optimization and helpful to characterize a
material, it is possible that certain details or complexities are overlooked or disregarded
due to this approach. For instance, the sphericity and flakiness of material going into the
crusher compared to what goes out are often very different due to the abrasive nature of
the crusher. This factor is included in the material parameters but not isolated as a separate
measurement.
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Abbreviations
a(−) Fraction of initial particle volume as daughter fragment size
α(−) Size-dependency parameter
β(−) Appearance function coefficients
x(m) Initial particle size
fmat(kg/Jm) Material parameter
vrotor(m/s) Rotor tip speed
k(−) Number of impacts
S(−) Fraction of broken particles
E(−) Error objective of optimization function
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E0
min(Jm/kg) Mass-specific threshold energy for breakage

ECS(J/kg) Mass-specific kinetic impact energy
Pexp(−) The particle size from the cumulative particle size distribution from

experimental data
Psim(−) The particle size from the cumulative particle size distribution from

simulation data
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Abstract: The Discrete Element Method (DEM) is a numerical method that is able to simulate the
mechanical behavior of bulk solids flow using spheres or polyhedral elements, offering a powerful
tool for equipment design and optimization through modeling and simulation. The present work
uses a Particle Replacement Model (PRM) embedded in the software EDEM® to model and simulate
operation of a laboratory-scale jaw crusher. The PRM was calibrated using data from single particle
slow compression tests, whereas simulations of the jaw crusher were validated on the basis of
experiments, with very good agreement. DEM simulations described the performance of the crusher
in terms of throughput, product size distribution, compressive force on the jaws surface, reduction
ratio, and energy consumption as a function of closed side setting and frequency.

Keywords: crushing; jaw crusher; Discrete Element Method; Particle Replacement Model;
comminution; simulation; modeling; primary crushing; particle breakage

1. Introduction

Jaw crushers are widely used in the primary crushing stage and, sometimes, even in the secondary
for many applications, including the processing of metallic, non-metallic, energetic, and industrial
minerals, as well as in the processing of construction and demolition waste.

Despite the technology being over a century old [1], the original designs of the jaw crushers
have been maintained nearly unchanged, taking advantage of the simplicity of their structure and
mechanical operation. These features result in ease in manufacturing, repairing, dissembling and low
capital cost in comparison to other types of crushers [2].

This machine is composed of two metallic plates forming a V-shape. One of them is fixed while
the other swings, moving due to action of an eccentric shaft connected to a motor. When in operation,
the ore is fed to the top opening and travels down along the chamber. On its path, the ore is crushed in
successive cycles of application of stress, primarily compression, which are applied when the moving
plate approaches the fixed plate. In the return movement of the moving plate, the ore particles slip
down the chamber until they are stressed once again in the following cycle. The process continues
until particles reach a size that is finer than the bottom opening so, in that moment, the ore particles
drop out of the crushing chamber [3].

Jaw crushers are robust, being an attractive option in operations where the feed has a coarse
top size and a moderate reduction ratio without fines is required [2]. Their performance, in terms of
capacity or throughput, power and energy consumption, depends on material properties, equipment
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design and operating parameters. On one hand, the material characteristics are given by density,
hardness, bulk density, particle size distribution, particle top size and particle strength (toughness)
and crushability of the feed material [4]. The design parameters of the crusher include the size of the
top opening, the set, the volume of the crushing chamber, and the type of jaw surface, which may be
smooth or corrugated [5]. The equipment operational parameters include the frequency and amplitude
of the movable jaw stroke, the feed rate, the closed side setting (CSS) of the discharge opening, among
others [6,7]. It is worth mentioning that the material that is used to line the jaws must be hard and
tough in order to endure impact and wear during operation. Some aspects of the crusher materials
and a failure analysis of a jaw crusher have been investigated by Olawale and Ibitoye [8].

Different mathematical models have been developed to describe the performance of the jaw
crusher. The first generation models were based on empirical expressions to predict capacity [9,10]
and energy consumption [10–12]. Later, more robust mathematical models were proposed, based on
the population balance model, to represent more details of the machine performance, including the full
product size distribution [13]. More recently, a model that describes the kinematics of the equipment
to predict flow, capacity, power, among others, has been proposed [14].

Over the last few decades mechanistic approaches that rely on the Discrete Element Method have
shown great value in the description of the performance of different types of crushers. Fusheng et al. [15]
and Legendre and Zevenhoven [16] performed DEM simulations of size reduction of a single particle
in a jaw crusher, in which the bonded particle model (BPM) was used to describe particle breakage.
Particle breakage models in DEM usually require significant computational effort and their application
in systems with multiple particles, such as those found in crushers operating in industry, may be
complex [17]. Among the particle breakage model approaches compared in a recent review by
Jimenez-Herrera et al. [16], PRM using spheres was identified as the one with the lowest computational
cost, making it attractive to simulate the machine operation in which the feed is constituted by a stream
of particles. Indeed, a successful application of PRM has been demonstrated to selected compression
crushers, including a jaw crusher [18].

The present work describes the modeling and simulation of a laboratory-scale jaw crusher using
DEM with the particle replacement model embedded to describe product size distribution, throughput
and crusher power. The PRM has been implemented as a modification of the Hertz-Mindlin contact
model, through which each spherical mother particle is replaced by a distribution of daughter spherical
particles every time the mother particle is subjected to a force that surpasses a maximum set value.
A comprehensive description of the model used is presented elsewhere [19]. DEM simulations were
validated on the basis of experiments in a laboratory jaw crusher in the size reduction of a gold ore.
Additionally, a sensitive analysis of the simulation model was carried out to investigate the effects of
the closed side setting (CSS) and frequency on capacity, power, compressive force and reduction ratio.

2. Materials and Methods

2.1. Materials

The material used in this study is a gold-bearing ore from the San José mine in Íquira, Huila region,
in Colombia. The ore is an intrusive igneous rock from the Ibagué batholith, with phaneritic texture,
coarse-to-medium grain sizes, intermediate felsic composition, being predominantly composed of
granodiorites. Table 1 presents the mineralogical composition of the Íquira gold ore determined by
optical microscopy, which shows that it is composed mainly of quartz and feldspar as main gangue
minerals, pyrite, carbonates with a smaller percentage of other metallic minerals such as galena,
hematite and arsenopyrite [20].
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Table 1. Mineral composition of the gold ore from Íquira-Huila

Mineral Percent (%)

Gangue minerals (quartz and feldspar) 62
Pyrite 23

Carbonates 7
Chalcopyrite 4

Hematite 2
Sphalerite 1

Galena 1

Figure 1 shows a snapshot of the Run of Mine sample collected for testing. The particles were
classified into three narrow sizes for testing: 63/53, 31.5/26.5 and 16.0/13.2 mm.

 
(a) (b) 

Figure 1. Run of Mine sample of the Íquira-Huila gold ore (a) and particles classified in narrow sizes (b).

2.2. Laboratory-Scale Jaw Crushing Tests

Figure 2 shows a snapshot of the Otsuka Iron Works Ltd. laboratory-scale jaw crusher used in the
present study, which has the universal design [2]. Table 2 summarizes the main operational parameters
of the machine, used in the experimental tests. Each batch crushing test was conducted using about
6 kg of sample with particles contained either in narrow sizes or with a distribution of sizes.

The jaw crusher throughput for each experimental test was measured using an integrating load cell
coupled to an Arduino UNO data acquisition device. The net power was calculated from measurements
with an amperage multimeter, whereas the product particle size distributions were measured using a√

2 series of sieves in a laboratory sieve shaker.

Table 2. Operational parameters used in the laboratory-scale jaw crushing experimental tests

Parameters Units Value

Nominal throughput kg/h 300
Power kW 2.2

Main shaft frequency rpm 400
Swing jaw stroke frequency Hz 6.0

Feed (top) opening mm ×mm 140 × 90
Discharge opening mm ×mm 140 × 7.5 (closed)
Swing jaw throw mm 10
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Figure 2. Laboratory-scale jaw crusher at the Colombian Geological survey, with the insert showing
the top view of the crushing chamber.

Figure 3 shows the jaw crusher scheme indicating the main components of the machine and the
operating variables such as the discharge opening and the displacement of the swing jaw.

Figure 3. Scheme of the jaw crusher showing the main components of the machine.

2.3. DEM Particle Replacement Model Parameter Calibration

The particle replacement model (PRM) used in this work may be used to describe fragmentation of
individual particles under compression or impact. It consists of instantaneously replacing a spherical
particle by progeny fragments every time a critical condition for failure is met. Spheres that make up
the progeny fragments are allowed to overlap each other at the instant of replacement and a relaxation
factor of the repulsive force was applied to prevent them from explosively repelling each other given
the large contact forces involved. The version used in the present work is a custom PRM implemented
in the software EDEM®, using an Advanced Programming Interface (API). An extended description of
the model is presented in the work of Barrios et al. (2020) [19].
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The PRM formulation used in the present work has been successfully used previously in DEM
simulations describing breakage of individual and beds of particles by impact [17], as well as the
interaction of particles and complex geometries in High-Pressure Grinding Rolls [21].

The calibration of the PRM parameters was conducted from uniaxial compression tests of
individual unconfined irregular particles using a universal press manufacture by Maekawa with a
capacity of 400 kN, applying a methodology similar to that used by Qian et al. [22]. Displacement
during compression was measured using a digital camera, and the force was measured using a load cell
with a maximum capacity of 5 kN, coupled to an Arduino UNO data acquisition device connected to a
laptop (Figure 4). Each test consisted of compressing 30 particles contained in each narrow size range.

Figure 4. Uniaxial compression system used in unconfined testing of particles.

2.4. Jaw Crusher DEM Simulations

Tables 3 and 4 show individual and contact parameters of the materials used in the DEM
simulations. These DEM parameters were chosen based on the work of Rodriguez et al. [23], and
validated on the basis of repose angle results from the EDEM® software database (Generic EDEM
Material Model Database—GEMM).

Table 3. Individual material parameters used in the DEM simulations

Parameters Units Steel Ore

Density kg/m3 7800 2700
Shear modulus Pa 7 × 109 1 × 108

Poisson’s ratio - 0.30 0.25

Table 4. Contact parameters used in the DEM simulations

Parameters Units Steel–Ore Ore–Ore

Coefficient of restitution - 0.37 0.35
Coefficient of friction - 0.20 0.34
Coefficient of rolling

friction - 0.10 0.25

131



Minerals 2020, 10, 717

Material and contact parameters in Tables 3 and 4 were used both in calibration of the PRM
parameters and in the DEM simulations of the jaw crusher.

EDEM® 2019 was used in the DEM simulations of the laboratory-scale jaw crusher. The CAD
model of the jaw crusher geometry was designed using the software SketchUp (Boulder, CO, USA),
based on the Otsuka Iron Works manual, as well as direct measurements of the discharge opening and
the jaw wear surfaces. Table 5 shows the ranges of operating variables used in the DEM simulations of
the jaw crusher.

The throughput of the simulated jaw crusher was obtained using the “flow sensor” feature of
the EDEM® post processing module. The compressive force and the power on the swing and fixed
jaws were calculated extracting the force and the torque on each element of the geometry. Finally, the
particle size distribution of the product was calculated based on the mass of the particles produced by
the PRM.

Table 5. Operating conditions adopted in the DEM simulations of the jaw crusher

Parameter Units Range

Discharge opening mm 2.5–7.5–12.5

Swing jaw stroke frequency Hz 0.5–3.0–6.0–9.0

Feed particle narrow sizes mm
63.0/52.0
31.5/26.5
16.0/13.2

100%
100%
100%

Feed particle size distribution mm
63.0/52.0
31.5/26.5
16.0/13.2

33.3%
33.3%
33.3%

3. Results

3.1. Calibration of Particle Replacement Model Parameters

Figure 5 shows the comparison between the experimental and the DEM simulation set-up of the
single particle compression test, used to calibrate the PRM parameters of mother particle fragmentation
and breakage force.

  
(a) (b) 

Figure 5. Experimental (a) and DEM simulation (b) set up of the single particle uniaxial compression test.

Figure 6a shows a comparison between the experimental and simulated force-deformation profiles
of a single particle obtained from a compression test. In the figure, some of the limitations of the PRM,
already discussed by Jimenez-Herrera et al. [17], in describing the fine details of the breakage process,
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are evident. Figure 6b shows the cumulative distribution of specific fracture energies for each size
class. From the experimental distribution the median values of breakage force that is used to calibrate
the threshold breakage force parameter of the DEM Particle Replacement Model, above which mother
particles break and are replaced by daughter particles, is calculated.

 
(a) (b) 

Figure 6. Force-deformation profile of a single particle compression test (experiment and simulation)
(a) and distribution of breakage forces for three size classes (b).

Figure 7a shows the experimental product size distributions from the jaw crushing tests conducted
using the different feeds, including the three different narrow size classes and the particle size
distribution. Figure 7b compares results from modeling and calibration of the DEM PRM spherical
daughter particle distribution based on the experimental results of the jaw crushing test using a
distributed feed. It was fitted using a primary distribution in which every breakage event results in
a generation of daughter particle contained in three size classes: 1 particle with a size ratio equal to
0.595 of the mother particle, 8 particles with size ratio equal to 0.354 of the mother particle and the
last with 52 particles with size ratio equal to 0.210 of the mother particle. In addition, the value of
the relaxation factor bL equal to 0.0524 of the particle replacement model [19] was selected, which is
responsible for capping the normal force calculated using the overlap of the daughter particles, so as
to prevent the appearance of extremely high velocities of the fragments from breakage which would
make simulations unrealistic.

  
(a) (b) 

Figure 7. Product size distributions from laboratory jaw crushing tests with different feeds (a) and
DEM PRM daughter spheres distribution modeled (b).
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3.2. DEM Simulations of the Laboratory Jaw Crusher

Figure 8a is a snapshot of the DEM simulation of particles being crushed in the virtual jaw crusher.
In this perspective, a view of the breakage of particles, modeled using the Particle Replacement Model,
may be observed. On the other hand, Figure 8b shows qualitative results on the velocity profile of the
particles along the crushing chamber. In this figure, the higher velocities of the particles appear closer
to the discharge, given the greater freedom of the fragments to move downwards in the chamber as
they become progressively finer. Such a result shows the capabilities of the DEM model to represent
the dynamics of the particles that are expected to appear in real jaw crushers.

  
(a) (b) 

Figure 8. Perspective view of DEM simulation of the laboratory jaw crusher (a) and particle velocities
profile through the crushing chamber (b).

Figure 9 shows a comparison between the experimental and simulated breakage of a single
particle contained in the 63/53 mm range inside the jaw crusher chamber. The DEM simulation coupled
to the PRM is capable to provide a valid qualitative representation of fragmentation observed in
the experiment.

Experimental 

   
 0.00 s 0.06 s 0.58 s 

Figure 9. Cont.
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Simulated 

   
 0.00 s 0.05 s 0.45 s 

Figure 9. Comparison of experimental and simulated breakage of a single 63/52-mm particle in the jaw
crusher chamber.

Simulation results are shown in Figure 10 for different feed particle sizes, showing the qualitative
results of the particle bed compression within the crushing chamber. The compressive force on the
particles is represented by the colored lateral bar. Particle visualization shows the plate zone where
the particles are broken according to their sizes and the differences in the stress field exerted on the
plates according to particle size. As expected, given the V-shape of the jaw plates, high stresses are
experienced at the highest positions along the plate when coarser particles are fed and immediately get
in contact with them. However, in order to simulate more precisely the behavior of the ore and conclude
about the real stress patterns on the plates, it is necessary to take into account the decompression
features of the PRM in the instant in time immediately after particle breakage. Such an improved
description could be reached by an improved calibration of the relaxation parameter of the Particle
Replacement Model, as presented by Barrios et al. [19].

             63/52 mm              31.5/26.5 mm         16.0/13.2 mm 

Figure 10. Particle bed compression inside the crushing chamber for different particle size classes fed
to the crusher.

An equivalent analysis of the forces exerted on the plates can be seen from direct evaluation of the
stress intensity on the plate geometry mesh (Figure 11). The figure is a snapshot of the DEM simulation
that shows qualitatively the variation of the compressive force on the geometry of the swing and fixed
plates. From the simulation it is observed that the area that is subjected to the highest stresses is located
closest to the discharge opening, for all feed sizes. This is consistent with observations by Lindqvist
and Evertsson [24], who studied the wear of the plates of a jaw crusher from both experiments and
analytical models on the basis of measurement of pressure and forces exerted on the fixed and swing
jaws. Figure 11 also shows that, when the crusher was fed with the coarser particles (63/52 mm), the
plates were subjected to higher compressive forces.
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Validation of the DEM simulation was carried out by comparing it to the experimentally measured
values of throughput, power, and product size distribution. For instance, the mean net power
demanded in experiments in which the crusher was fed with 63/52 mm material was 0.34 kW, whereas
simulations yielded a mean value of 0.32 kW, thus demonstrating the very good agreement.

Figure 12 shows the variation of measured and the predicted net power of the jaw crusher, with
good agreement between simulations and experiments. In the experiments, the highest powers were
obtained when crushing the coarsest feed particles (63/52 mm). The fluctuation in the values were
also found to be smaller for finer feeds. The peaks in power intensity represent the instants in which
the machine squeezes and fractures either individual particles or assemblies of particles as they move
down the crushing chamber, whereas the low values represent lack of particles being compressed by
the crusher plates in those moments in time.

  63/52 mm 31.5/26.5 mm 16.0/13.2 mm 

Fixed jaw 

   

Swing jaw 

  
Figure 11. Snapshot of the compressive force on the geometries (fixed and swing jaws) for different
feed particle sizes.

 
(a) (b) 

Figure 12. Measured (a) and comparison of measured and simulated (b) net power of the laboratory
jaw crusher.
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Figure 13 shows the variation of the throughput during the tests, which demonstrates that an
increase in feed size resulted in a reduction in crusher throughput. The figure also shows the good
agreement between the DEM simulation results and the measurements using the integrating load cell.

(a) (b) 

Figure 13. Experimental (a) and DEM simulations and experiment (b) of the laboratory jaw
crusher throughput.

A more detailed comparison between experiments and simulation results is presented in Figure 14.
The results show the good agreement between the experiments and the DEM simulations, in which
the simulations captured very well the trends observed in the experiments regarding the effect of
feed particle size on throughput and net power. Indeed, the reduction in throughput as particle size
increased was well described by the DEM simulation (Figure 14a), as well as the increase in power
required to crush the coarser feed particles (Figure 14b). In addition, Figure 14c compares measured
and predicted product size distributions for the case in which the crusher was fed with a particle size
distribution (Table 5). It shows very good agreement with the experimental results. Nevertheless, these
are limited to the minimum sphere size simulated of 2.36 mm, given the additional computational cost
associated to simulating finer particles.

Figure 14d shows the simulated compressive force for different feed particle sizes. The model
shows that forces increase with feed particle size. This trend agrees with results from single particle
experiments, as demonstrated by Tavares and King [25], as well as results from the present work
(Figure 6). Unfortunately, it was not possible to validate this in the present work due to lack of proper
instrumentation in the jaw crusher, such as load cells or others sensors, installed on the plates to register
the changes in force, as carried out in earlier studies [24,26].
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(a) (b) 

(c) (d) 

Figure 14. Comparison between experiments and DEM simulations for the jaw crusher throughput (a),
power (b) and product size distribution (c); simulated trend on the compressive force (d). Figures a, b
and d presented as a function of mean feed particle size.

3.3. Sensitivity Analysis of the Jaw Crusher DEM Model

Figure 15 shows the product particle size distributions for different stroke frequencies (Figure 15a)
and closed side settings (Figure 15b) from the laboratory jaw crusher DEM simulations. Figure 15a
shows a finer product for higher stroke frequencies for the same CCS, whereas Figure 15b shows a
finer product for smaller CSS for a fixed value of frequency. A similar behavior of the product size
distribution with frequency and closed side setting was found in earlier studies [6,14].

Time series showing the variation of the crusher throughput in the simulations as a function
of frequency are presented in Figure 16. These data were extracted from the “particle mass flow
sensor” of EDEM and filtered using a statistical moving mean (continuous line). The non-filtered data
correspond to the markers. These data were extracted from the virtual experiments that considered a
feed composed of multiple sizes operating in partially choke and non-choke feed condition during 7.5 s.

Results show the dynamics of the jaw crusher DEM model and the throughput response to the
disturbances given by the stroke frequency of the swing plate. As observed in Figure 16, the DEM
simulations respond to the changes in frequency. Additionally, more stable behavior with less scattered
results from operation at the frequency of 9.0 Hz.
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(a) (b) 

Figure 15. Product particle size distributions for different stroke frequencies and a constant CSS of
7.5 mm (a) and for different closed side settings for a fixed frequency of 6 Hz (b) in DEM simulations of
the laboratory jaw crusher for a feed particle size distribution (Table 5).

0.5 Hz 3.0 Hz 6.0 Hz 9.0 Hz 

    

Figure 16. DEM jaw crusher simulation results showing raw throughput data for different stroke
frequencies. Crusher fed with a range of sizes (63–13 mm) and CSS constant at 7.5 mm.

Figure 17 presents results on the sensitivity analyzes of the jaw crusher DEM model with the
embedded Particle Replacement Model. It shows the variation of crusher capacity, compressive force,
power and reduction ratio as a function of stroke frequency and closed side setting.

From Figure 17a, it is evident that throughput increases with closed side setting. This has been
observed in several studies in the literature [6]. Regarding frequency, capacity initially increases,
reaches a maximum value and then drops at higher frequencies. This trend is less pronounced for
intermediate values of CSS, whereas it disappears at the largest values of CSS, in which throughput
increases monotonically with frequency. As such, it is possible to conclude that high values of CSS
combined with high frequencies apparently allow reaching the highest throughputs. The variation of
throughput as a function of frequency was also described by Rose and English [10] using an analytical
model, whereas the relationship among these variables has already been object of simulations by
Johansson et al. [14] who found similar trends.

The effect of CSS and frequency on crusher power is shown in Figure 17b. It allows to conclude
that power demanded by the jaw crusher increases significantly with frequency as well as with a
reduction in closed side setting. A similar general trend was found elsewhere [14].

A further examination on the effectiveness of the crusher can be extracted from analyzing the
reduction ratio (R80). It expresses the ratio between the feed (F80) and the product (P80) 80% passing
sizes of an operation [27]. Experimentally, it is typically desirable to reach the maximum values of
reduction ratio for a given specific energy consumption. From the DEM model (Figure 17c) it is possible
to conclude that the highest values of R80 are reached both with the smallest CSS as well as the highest
frequency. The same trend was also experimentally found by Fladvad and Onnela [6].
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Figure 17d presents the resulting compressive force on the plates as a function of frequency and
CSS. The highest compressive forces are achieved with smaller values of CSS. The results also show a
modest increase in compressive forces with frequency.

(a) (b) 

(c) (d) 

Figure 17. Response surface analysis of the jaw crusher DEM simulations showing throughput (a),
power (b), reduction ratio (c) and compressive force (d) as a function of closed side setting (CSS) and
stroke frequency.

4. Discussion

The DEM simulations results demonstrate the validity of properly calibrated simulations of the
jaw crusher performance as a tool for improved design and optimization of industrial equipment.
The approach of running simulations at a small (laboratory) scale allows the concept to be proved and
the technology to be validated. The following step could be its application in the design of a customized
jaw crusher with the aim of improving crusher performance. This could represent, for instance, setting
the crusher frequency and stroke amplitude to values that maximize the machine performance for
a given feed ore. Other potential applications include analyzes of jaw crusher operational response
to fluctuations in particle size distribution in the feed, ore competence, as well as feed segregation.
On the other hand, such a tool could be used by equipment manufacturers to customize the machine
design in terms of jaw wear surface and crusher chamber geometry.
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In particular, the use of PRM is an efficient solution to represent, in a realistic way, the performance
of the jaw crusher in terms of throughput, specific energy consumption, compressive force, and product
particle size distribution. This model offers some computational benefits in comparison with other
DEM breakage methods, such as the Bonded-Particle Model [17]. Among its greatest advantages is its
reduced computational effort, ability to describe different loading conditions, ease in model parameter
estimation and calibration, besides reasonably good resolution in describing the product size down to
relatively fine sizes.

5. Conclusions

Simulations of a laboratory jaw crusher with a Particle Replacement Model embedded in DEM
were able to reproduce the experimental performance of a laboratory jaw crusher in size reduction of a
gold ore from the department of Huila–Colombia, in terms of power, throughput, and product size
distribution. Very good agreement was observed between measured and predicted results obtained for
different feed sizes.

The DEM model demonstrated high sensitivity to changes in CSS and swing jaw frequency,
allowing to show some trends in throughput, power, reduction ratio, and compressive force. The trends
observed were generally in good agreement with the literature.

Simulations of the jaw crusher incorporating a description of particle breakage can be a useful
tool in design and optimization of the machine, since DEM may be an excellent tool to predict machine
performance, including assessing measures that are hard to obtain experimentally, such as the stress
gradient on the jaw plates.
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Abstract: Ore hardness plays a critical role in comminution circuits. Ore hardness is
usually characterized at sample support in order to populate geometallurgical block models.
However, the required attributes are not always available and suffer for lack of temporal resolution.
We propose an operational relative-hardness definition and the use of real-time operational data
to train a Long Short-Term Memory, a deep neural network architecture, to forecast the upcoming
operational relative-hardness. We applied the proposed methodology on two SAG mill datasets, of one
year period each. Results show accuracies above 80% on both SAG mills at a short upcoming period
of times and around 1% of misclassifications between soft and hard characterization. The proposed
application can be extended to any crushing and grinding equipment to forecast categorical attributes
that are relevant to downstream processes.

Keywords: semi-autogenous grinding mill; operational hardness; energy consumption; mining; deep
learning; long short-term memory

1. Introduction

In mining operations, the primary energy consumer is the comminution system, responsible
for more than half of the entire mine consumption [1]. From all pieces of equipment that integrate
the comminution circuit, the semi-autogenous grinding mill (SAG) is perhaps the most important
in the system. With an aspect ratio of 2:1 (diameter to length), these mills combine impact, attrition
and abrasion to reduce the ore size. SAG mills are located at the beginning of the comminution
circuits, after a primary crushing stage. Although there are small SAG mills, their size usually ranges
from 9.8 × 4.3 to 12.8 × 7.6 m, with a nominal energy demand of 8.2 and 26 MW, respectively [2],
which make SAG mills the most relevant energy consumer within the concentrator. Modelling their
consumption behaviour supports the operational control and energy demand-side management [3].

Most theoretical and empirical models [4–6] demand input feed characteristics, such as
hardness, size distribution and inflow rate, SAG characteristics, such as sizing and product size
distribution, and operational variables such as bearing pressure, water addition and grinding charge
level. Although they are suitable to provide adequate design guidelines, they lack accurate in-situ
inference since most assume steady-state and isolation from up and downstream processes. In response,
model predictive control, SAG MPC [7], combines those methods with real-time operational
information. However, expert knowledge is required to model the SAG mill dynamics properly.

From a geometallurgical perspective, the integration of new predictive methods that account
for space and time relationships over real-time attributes has been defined as a fundamental
challenge [8,9] in mining operations, particularly in an integrated system such as comminution.
In response, data-driven approaches have been proposed ranging from support vector machines [10]
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and gene expression programming [11] to hybrid models that combine genetic algorithms and neural
networks [12] and recurrent neural networks [13]. As data-driven methods are sensitive to the context
(available information) and representation (information workflow), the authors have studied the use
of several machine learning and deep learning methods in modelling the SAG energy consumption
behaviour based only on operational variables [14].

The energy consumed by a SAG mill is related to several factors such as expert operator
decisions, charge volume, charge specific gravity and the hardness of the feed material. Knowing the
output hardness material becomes relevant for the downstream stage in the primary grinding circuit.
Ore hardness can be characterized at sample support by combining the logged geological properties
and the result of standardized comminution tests. They can be used to predict the hardness of
each block sent to the process. However, these attributes are not always available. In response,
a qualitative characterization of the ore hardness processed at time t, relative to the operational
hardness of the ore processed at time t + 1 can be done using only operational variables rather than a
set of mineralogical characterizations. This qualitative characterization is referred and here used as
operational relative-hardness (ORH).

We take advantage of previous works [14] by knowing that the Long Short-Term Memory
(LSTM) [15] outperforms other machine learning and deep learning techniques on inferring the
SAG mill energy consumption. Therefore, Section 2 presents the ORH and LSTM models, Section 3
establishes the SAG mill experimental framework, the results of which are presented in Section 4,
and conclusions are drawn in Section 5.

2. Model

2.1. Operational Relative-Hardness Criteria

From the several operational parameters that can be captured and associated to SAG mill
operations, we consider the energy consumption (EC) and feed tonnage (FT) to build our operational
relative-hardness criteria.

Let us assume that data {EC,FT}t is collected over a period of time T using a Δt discretization.
By considering the one-step forward time difference of energy consumption

(
ΔECt = ECt+1−ECt

)
and feed tonnage

(
Δ FTt = FTt+1 − FTt

)
, a qualitative assessment of the operational relative-hardness

can be done. For instance, if the energy consumption is increasing and the feed tonnage is constant,
it can be interpreted as an increase in ore hardness relative to the previous period. Similarly, if the
feed tonnage is constant and the energy decreases, a decrease in ore hardness relative to the previous
period can be assumed. Particularly, when both ΔECt and ΔFTt show the same behaviour, the SAG
can be either processing ore with medium operational relative-hardness or being filled up or emptied.
To avoid misclassification in this last case, the operational relative-hardness is labelled as undefined.
Table 1 summarizes the nine combinations of states and the associated operational relative-hardness.

The qualitative labelling of ΔECt and ΔFTt as increasing, constant or decreasing can be established
based on their global distribution over the period T as:

ΔECt =

⎧⎪⎪⎨
⎪⎪⎩

Increasing if ΔECt > λ · σΔEC

Constant if |ΔECt| ≤ λ · σΔEC

Decreasing if ΔECt < −λ · σΔEC

ΔFTt =

⎧⎪⎪⎨
⎪⎪⎩

Increasing if ΔFTt > λ · σΔFT

Constant if |ΔFTt| ≤ λ · σΔFT

Decreasing if ΔFTt < −λ · σΔFT

(1)

where σΔEC and σΔFT represent the standard deviations over the period T of EC and FT, respectively,
and λ is a scalar value that modulates the labelling distribution. Note that (i) a λ value above 1.5
would make the entire definition meaningless since most values would remain as constant, and (ii)
the λ value definition is an external model parameter and can be guided either subjectively or via
statistical meaning.
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Table 1. Operational relative-hardness criteria based on one time-step difference of energy consumption
and feed tonnage.

Energy Consumption Feed Tonnage Operational Relative-Hardness

Constant Decreasing Hard
Increasing Constant Hard
Increasing Decreasing Hard

Decreasing Decreasing Undefined
Increasing Increasing Undefined
Constant Constant Undefined

Constant Increasing Soft
Decreasing Constant Soft
Decreasing Increasing Soft

2.2. Long Short-Term Memory

The Long Short-Term Memory (LSTM) [15] neural network architecture belongs to the family
of recurrent neural networks in Deep Learning [16]. They are suitable to capture short and long
term relationships in temporal datasets. Internally, LSTM applies several combinations of affine
transformations, element-wise multiplications and non-linear transfer functions, for which the building
blocks are:

• xt: input vector at time t. Dimension (m, 1).
• W f , Wi, Wc, Wo: weight matrices for xt. Dimensions (nH , m).
• ht: hidden state at time t. Dimension (m, 1).
• U f , Ui, Uc, Uo: weight matrices for ht−1. Dimensions (nH , m).
• b f , bi, bc, bo: bias vectors. Dimensions (nH , 1).
• V: weight matrix for ht as output. Dimension (K, m).
• c: bias vector for output. Dimension (K, 1).

where m is the number of variables as input, K is the number of output variables, and nH is the
number of hidden units. Let τ ∈ N be a temporal window. At each time t ∈ {1, ..., τ}, the LSTM
receives the input xt, the previous hidden state ht−1 and previous memory cell ct−1. The forget gate
ft = σ

(
W f xt + U f ht−1 + b f

)
is the permissive barrier of the information carried by xt. The input gate

it = σ
(
Wixt + Uiht−1 + bi

)
decides the relevance of the information carried by xt. Note that both

ft and it use sigmoid σ(x) = (1 + e−x)−1 as the activation function over a linear combination of xt

and ht−1.
By passing the combination of xt and ht−1 through a Tanh function, a candidate memory cell

c̃t = Tanh
(
Wcxt +Ucht−1 +bc

)
is computed. The final memory cell ct = ft � ct−1 + it � c̃t is computed

as a sum of (i) what to forget from the past memory cell as an element-wise multiplication (�) between
ft and ct−1, and (ii) what to learn from the candidate memory cell as an element-wise multiplication
(�) between it and c̃t.

Similar to it and ft the output gate ot = σ
(
Woxt +Uoht−1 +bo

)
passes through a sigmoid function

a linear combination between xt and ht−1. It controls the information passing from the current memory
cell ct to the final hidden state ht = Tanh

(
ct
)� ot as an element-wise multiplication between ot and

Tanh
(
ct
)
. At the final step τ, the output is computed as yτ =

(
Vhτ + c

)
. When dealing with more than

one categorical prediction (K > 1), as in the present work for ORH forecasting, a softmax function is
applied over yτ to obtain the normalized probability distribution, and the category k has a probability

of p̂(k) =
exp(yτ,k)

∑K
c=1 exp(yτ,c)

.

An illustrative scheme of the internal connection at time step t inside an LSTM is shown in
Figure 1 (left). The ORH prediction has three categories (hard, soft and undefined) and the probability
is computed at the last unit, at time step τ, as shown in the unrolled LSTM in Figure 1 (right).
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Figure 1. Schemes. Information flow inside Long Short-Term Memory (LSTM) (left) and unrolled
LSTM where the output is computed at the last recurrence (right).

3. Experiment

3.1. Dataset

We used two datasets containing operational data for two independent SAG mills every half
hour over a total time of 340 and 331 days, respectively. Each one of the SAG mills receives fresh feed
and is connected in an open circuit configuration (SABC-B) where the pebble crusher product is sent
to ball mills. At each time t, the dataset contains Feed tonnage (FT) (ton/h), Energy consumption
(EC) (kWh), Bearing pressure (BPr) (psi) and Spindle speed (SSp) (rpm). They are split into two main
subsets (a validation dataset is not considered since the optimum LSTM architecture to train is drawn
from previous work [14]): training and testing (Table 2). This is an arbitrary division, and we seek to
have a proportion of ∼50/50, respectively.

Table 2. Summary statistics over training testing dataset on semi-autogenous grinding mill (SAG) mills.

SAG Mill 1 Training | Testing Dataset

Variable Min Mean Max St Dev Count

Feed Tonnage (ton/h) 0 0 911 884 2111 1953 497 480 8170 8170
Energy Consumption (kWh) 0 0 9927 8920 12,248 10,809 1245 959 8170 8170

Bearing Pressure (psi) 0 0 12.7 11.9 13.7 13.7 2.2 2.2 8170 8170
Spindle Speed (rpm) 0 0 9.2 9.1 10.3 10.7 0.7 0.7 8170 8170

SAG Mill 2 Training | Testing Dataset

Variable Min Mean Max St Dev Count

Feed Tonnage (ton/h) 0 0 2077 2073 3477 3452 1136 1134 7953 7952
Energy Consumption (kWh) 0 0 16,709 17,445 19,688 19,533 1504 1462 7953 7952

Bearing Pressure (psi) 0 0 13.8 14.8 18.3 18.3 3.5 3.8 7953 7952
Spindle Speed (rpm) 0 0 9.1 8.9 10.0 9.9 0.6 0.6 7953 7952

As it can be seen in Table 2, the predictive methods are trained with the first 50% and tested with
the upcoming 50%, without being fed with the previous 50% of historical data.

Note that the comminution properties of the ore, such as a × b or BWi, are not included in the
datasets; therefore, the relationship between forecasted ORH and comminution properties is not
explored in this work. The results herein presented, however, serve as a basis to examine such a
relationship if those properties were known.

3.2. Assumptions

SAG mills are fundamental pieces in comminution circuits. As no information regarding
downstream/upstream processes is available, recognizing bottlenecks in the dataset becomes
subjective. We assume that SAG mills will potentially show changes from steady-state to under capacity
and vice versa along with the dataset. Thus, stationarity of all operational variable distributions is
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assumed throughout this work, including the ore grindability. It means that the entire dataset belongs to
a known and planned combination of ore characteristics (geometallurgical units). By doing so, we limit
the applicability of the present models beyond the temporal dataset without a proper training process.

As explained in the problem statement section, we make use of the temporal average over energy
consumption and feed tonnage as input for operational hardness prediction. Thus, we assume an
additivity property over those variables as their units are kWh and ton/h, respectively, over constant
temporal discretization so averaging adjacent data points is mathematically consistent.

In the operation from which the datasets were obtained, the SAG mill liners are replaced every
5–7 months. Since the datasets cover almost a year, we can ensure that the liners were replaced
in each SAG mill at least once during the tested period, which may alter the relationship between
energy consumption and other operational variables, inducing a discontinuity in the temporal plots.
However, since in this work the temporal window for ORH evaluation is eight hours, the local
discontinuity associated with liners replacement is not expected to affect the forecast at that time frame.
The ORH is related to what was happening in the corresponding mill within the last few hours, and
not to the mill behaviour prior to the last replacement of liners.

3.3. Problem Statement

The aim is to forecast the operational relative-hardness. To do so, we need to label the datasets
with the associated ORH category at data point. We know from Equation (1) that the ORH labelling
process requires as input (i) the one-step forward differences on energy consumption (ΔECt) and feed
tonnage (ΔFTt), and (ii) a lambda (λ) value. In addition, we are interested in forecasting the ORH at
different time supports.

Since the information is collected every 30 min, the upcoming energy consumption ECt+1 and
feed tonnage FTt+1 at 0.5 h support are denoted simply as ECt+1 and FTt+1 in reference to EC(0.5 h)

t+1

and FT(0.5 h)
t+1 , respectively. An upcoming EC and FT at 1 h support, EC(1 h)

t+1 and FT(1 h)
t+1 , are computed

by averaging the next two energy consumption, ECt+1 and ECt+2, and the two feed tonnage, FTt+1

and FTt+2. Similarly, by averaging the upcoming ECs and FTs, different supports can be computed.
Let s be the time support in hours, which represents the average over a temporal interval of a given
duration, then EC(sh)

t+1 and FT(sh)
t+1 are calculated as:

EC(sh)
t+1 =

ECt+1 + ... + ECt+2s

2s
FT(sh)

t+1 =
FTt+1 + ... + FTt+2s

2s
(2)

In this experiment, three different supports (sh) are considered: 0.5, 2 and 8 h.
Figure 2 illustrates the ORH criteria using a half-hour time support on SAG mill 1 dataset.

From the daily graph of EC(0.5 h)
t and FT(0.5 h)

t at the top, the graph of ΔEC(0.5 h)
t and ΔFT(0.5 h)

t are
extracted and presented at the centre and bottom, respectively. Three different bands, corresponding to
λ: 0.5, 1.0 and 1.5, are shown. The values that are above the band are considered as increasing, the ones
below it are considered as decreasing and inside as undefined (relatively constant). The corresponding
categories for EC and FT are used to define the operational relative-hardness (as in Table 1). It can be
seen that, when λ increases, the proportions of hard and soft instances decrease. Since λ is an arbitrary
parameter, a sensitivity analysis is performed in the range [0.5, 1.5] to capture its influence on the
resulting LSTM accuracy to suitably learn to predict the ORH at the different time supports.

At each time t the input variables considered to predict ORH(sh)
t+1 are FTt, BPrt and SSpt. To account

for trends, and since FT and SSp are operational decisions, the differences FTt+1−FTt and SSpt+1−SSpt

are also considered as inputs. Therefore, the dataset of predictors and output {X, Y} ∈ R5 ×R, at
each time support sh, has samples {xt, yt} ∈ {X, Y} made by xt =

{
FTt, BPrt, SSpt, FTt+1−FTt,

SSpt+1−SSpt
}

and yt =
{

ORH(sh)
t+1
}

. We also tried several other combinations of input variables, but
all led to results with lower quality. A temporal window of the previous four hours (previous eight
consecutive data points) are used as input for training and testing the LSTM models.
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Figure 2. SAG mill 1. Graphic representation of the relative-hardness inference criteria at 0.5 h time
support. Daily graphs of energy consumption and feed tonnage (top), delta of energy consumption
(centre), and delta of feed tonnage (bottom).

3.4. Preprocessing Dataset

A preprocessing step is performed over the raw datasets to make them suitable for deep neural
network training and inference processes. The aim is to make all input attributes fall into certain
regions of the non-linear transfer functions via normalization and to be properly coded in categories
via one-hot encoding. Thus, we normalize the entire raw dataset with the mean and standard deviation
of the training dataset.

Let x
(var)
t ∈ xt be one of the five input variables (var) at time t, its normalized expression is

computed as x
(var)
t =

vart − mvar

svar
, where mvar and svar represent the mean and standard deviation of

var in the training dataset. We normalize the first three attributes of xt, FTt, BPrt and SSpt while for last
two attributes, the differences between the original values FTt+1−FTt and SSpt+1−SSpt, are replaced
by the differences between the normalized values of FT and SSp.

The known operational relative-hardness at time t (yt) is one-hot encoding such that soft,
undefined and hard are encoded as [1, 0, 0], [0, 1, 0] and [0, 0, 1], respectively.

3.5. Optimal LSTM Architecture

From the training dataset, sequence {x1, .., xτ} of length τ are extracted to train the LSTM model
in order to forecast the operational relative-hardness at next time step τ + 1, at different time supports.
The chosen length is four hours (τ: 8).

The external hyper-parameter to be optimized on any LSTM architecture is the number of hidden
units, nH . Based on a previous work [14], the optimum number of hidden units was found and here
used. They are displayed in Table 3.

Adam Optimizer is used to train the LSTM with hyper-parameters ε = 1 × e−8, β1 = 0.9 and
β2 = 0.999 as recommended by [17].
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Table 3. Optimal number of hidden units in the LSTM architecture at different time supports [14].

LSTM SAG Mill 1 SAG Mill 2

Time support ORH(0.5 h) ORH(2 h) ORH(8 h) ORH(0.5 h) ORH(2 h) ORH(8 h)

Model (nH) 280 240 516 596 576 488

4. Results

Directly from the datasets, the real operational relative-hardness ORHR is calculated from
Equation (1), varying λ in the set (0.5, 0.6, ..., 1.4, 1.5) at each time t and for each time support. On the
other hand, a probability vector with soft, undefined and hard ORH states is predicted. By taking the
highest probability, the predicted ORHP is obtained. Then, a confusion matrix, filled with the number
of instances of pairs (RHR, RHP), is built for each time support and each λ value. Table 4 summarizes
and presents the cases of λ: 0.5, 1.0 and 1.5, and supports 0.5, 2 and 8 h over the SAG mill 1, while the
Table 5 summarizes the same results over the SAG mill 2.

Table 4. SAG mill 1. Confusion matrices (number of instances) of operational relative-hardness (ORH)
predictions using λ: 0.5, 1.0 and 1.5 at 0.5, 2 and 8 h time supports.

0.5 h Prediction
λ = 0.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 1515 591 16

295 3179 390
6 555 1606

⎤
⎦ 1816

4325
2012

Accurate → 6300

2.0 h Prediction
λ = 0.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 1204 922 288

731 1659 904
230 914 1301

⎤
⎦ 2165

3495
2493

Accurate → 4164

8.0 h Prediction
λ = 0.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 1277 805 370

626 1457 1083
202 814 1519

⎤
⎦ 2105

3076
2972

Accurate → 4253

0.5 h Prediction
λ = 1.0 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 957 268 1

242 5255 137
0 362 931

⎤
⎦ 1199

5885
1069

Accurate → 7143

2.0 h Prediction
λ = 1.0 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 406 1120 15

160 4793 102
16 1348 193

⎤
⎦ 582

7261
310

Accurate → 5392

8.0 h Prediction
λ = 1.0 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 683 873 33

324 4135 504
23 1053 525

⎤
⎦ 1030

6061
1062

Accurate → 5343

0.5 h Prediction
λ = 1.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 622 140 2

151 6298 130
4 139 667

⎤
⎦ 777

6577
799

Accurate → 7587

2.0 h Prediction
λ = 1.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 290 609 2

170 6172 66
3 740 101

⎤
⎦ 463

7521
169

Accurate → 6563

8.0 h Prediction
λ = 1.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 308 579 4

286 6038 119
4 656 159

⎤
⎦ 598

7273
282

Accurate → 6505

Table 5. SAG mill 2. Confusion matrices (number of instances) of ORH predictions using λ: 0.5, 1.0
and 1.5 at 0.5, 2 and 8 h time supports.

0.5 h Prediction
λ = 0.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 1704 434 13

330 2718 416
5 448 1882

⎤
⎦ 2039

3600
2311

Accurate → 6304

2.0 h Prediction
λ = 0.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 1026 1049 149

460 2224 720
128 1218 976

⎤
⎦ 1614

4491
1845

Accurate → 4226

8.0 h Prediction
λ = 0.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 917 1151 196

361 2052 896
90 1082 1205

⎤
⎦ 1368

4285
2297

Accurate → 4174

0.5 h Prediction
λ = 1.0 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 1085 334 2

180 4485 360
1 300 1203

⎤
⎦ 1266

5119
1565

Accurate → 6773

2.0 h Prediction
λ = 1.0 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 676 768 47

418 4178 395
25 1066 395

⎤
⎦ 1119

6012
819

Accurate → 5231

8.0 h Prediction
λ = 1.0 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 789 735 29

358 4118 353
22 1148 398

⎤
⎦ 1169

6001
780

Accurate → 5305

0.5 h Prediction
λ = 1.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 640 274 8

111 5916 91
2 279 629

⎤
⎦ 753

6469
728

Accurate → 7185

2.0 h Prediction
λ = 1.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 338 593 12

228 5721 133
1 787 137

⎤
⎦ 567

7101
282

Accurate → 6196

8.0 h Prediction
λ = 1.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 325 641 10

273 5660 133
8 690 210

⎤
⎦ 606

6991
353

Accurate → 6195

The accuracy of the model prediction, ORHP, defined as the percentage of right predictions is
computed as:

ORHAccuracy =
#(softR, softP) + #(undR, undP) + #(hardR, hardP)

#Total
· 100 (3)

and it represents the percentage of elements in the confusion matrix diagonal. The relative percentage
of predictions of each class (rows) is shown in Table 6 for SAG mill 1 and in Table 7 for SAG mill 2.
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As shown in Tables 6 and 7 at 0.5 h time support, the LSTM is able to predict with enough
confidence the ORH regardless the value of λ. Nevertheless, as λ increases, the number of instances of
soft and hard ORH decreases improving the final accuracy since the higher the value of λ, the more
data points are classified as undefined. Particularly, for 0.5 h time support, increasing λ from 0.5 to 1.5
makes real undefined points increase from 4325 to 6577 (from 53.0% to 80.7%) in SAG mill 1 and from
3600 to 6469 (from 45.3% to 81.4%) in SAG mill 2. Therefore, increasing λ improves accuracy, but the
price is resolution. On the other hand, the number of extreme cases (softR, hardP) and (hardR, softP)
is close to zero. This is a great result, since predicting soft hardness when it is actually hard (or
vice versa) may induce bad short term decisions on how to operate the SAG mill, along with other
downstream decisions.

Table 6. SAG mill 1. Confusion matrices (percentage) of ORH prediction using λ: 0.5, 1.0 and 1.5 at 0.5,
2 and 8 h time supports.

0.5 h Prediction
λ = 0.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 71.4 27.9 0.8

7.6 82.3 10.1
0.3 25.6 74.1

⎤
⎦ 22.3

53.0
24.7

Accurate → 77.3

2.0 h Prediction
λ = 0.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 49.9 38.2 11.9

22.2 50.4 27.4
9.4 37.4 53.2

⎤
⎦ 26.6

42.9
30.6

Accurate → 51.1

8.0 h Prediction
λ = 0.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 52.1 32.8 15.1

19.8 46.0 34.2
8.0 32.1 59.9

⎤
⎦ 25.8

37.7
36.5

Accurate → 52.2

0.5 h Prediction
λ = 1.0 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 78.1 21.9 0.1

4.3 93.3 2.4
0.0 28.0 72.0

⎤
⎦ 14.7

72.2
13.1

Accurate → 87.6

2.0 h Prediction
λ = 1.0 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 26.3 72.7 1.0

3.2 94.8 2.0
1.0 86.6 12.4

⎤
⎦ 7.1

89.1
3.8

Accurate → 66.1

8.0 h Prediction
λ = 1.0 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 43.0 54.9 2.1

6.5 83.3 10.2
1.4 65.8 32.8

⎤
⎦ 12.6

74.3
13.0

Accurate → 65.5

0.5 h Prediction
λ = 1.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 81.4 18.3 0.3

2.3 95.7 2.0
0.5 17.2 82.3

⎤
⎦ 9.5

80.7
9.8

Accurate → 93.1

2.0 h Prediction
λ = 1.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 32.2 67.6 0.2

2.7 96.3 1.0
0.4 87.7 12.0

⎤
⎦ 5.7

92.2
2.1

Accurate → 80.5

8.0 h Prediction
λ = 1.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 34.6 65.0 0.4

4.4 93.7 1.8
0.5 80.1 19.4

⎤
⎦ 7.3

89.2
3.5

Accurate → 79.8

Table 7. SAG mill 2. Confusion matrices (percentage) of ORH prediction using λ: 0.5, 1.0 and 1.5 at 0.5,
2 and 8 h time supports.

0.5 h Prediction
λ = 0.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 79.2 20.2 0.6

9.5 78.5 12.0
0.2 19.2 80.6

⎤
⎦ 25.6

45.3
29.1

Accurate → 79.3

2.0 h Prediction
λ = 0.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 46.1 47.2 6.7

13.5 65.3 21.2
5.5 52.5 42.0

⎤
⎦ 20.3

56.5
23.2

Accurate → 53.2

8.0 h Prediction
λ = 0.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 40.5 50.8 8.7

10.9 62.0 27.1
3.8 45.5 50.7

⎤
⎦ 17.2

53.9
28.9

Accurate → 52.5

0.5 h Prediction
λ = 1.0 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 76.4 23.5 0.1

3.6 89.3 7.2
0.1 19.9 80.0

⎤
⎦ 15.9

64.4
19.7

Accurate → 85.2

2.0 h Prediction
λ = 1.0 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 45.3 51.5 3.2

8.4 83.7 7.9
1.7 72.6 25.7

⎤
⎦ 14.1

75.6
10.3

Accurate → 65.8

8.0 h Prediction
λ = 1.0 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 50.8 47.3 1.9

7.4 85.3 7.3
1.4 73.2 25.4

⎤
⎦ 14.7

75.5
9.8

Accurate → 66.7

0.5 h Prediction
λ = 1.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 69.4 29.7 0.9

1.8 96.7 1.5
0.2 30.7 69.1

⎤
⎦ 9.5

81.4
9.2

Accurate → 90.4

2.0 h Prediction
λ = 1.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 35.8 62.9 1.3

3.7 94.1 2.2
0.1 85.1 14.8

⎤
⎦ 7.1

89.3
3.5

Accurate → 77.9

8.0 h Prediction
λ = 1.5 Soft Und Hard Total

R
ea

l Soft
Und
Hard

⎡
⎣ 33.3 65.7 1.0

4.5 93.3 2.2
0.9 76.0 23.1

⎤
⎦ 7.6

87.9
4.4

Accurate → 77.9

The percentage of extreme cases
(
(softR, hardP) and (hardR, softP)

)
using λ: 0.5 increases when

moving from 0.5 to 8 h time support, on both SAG mills. However, they decrease to a value close to
zero when increasing λ from 0.5 to 1.5, at all time supports. However, LSTM loses accuracy in terms of
predicting the relevant cases (softR, softP) and (hardR, hardP) as soon as the time support increases,
on both SAG mills.

The accuracy graph (Figure 3) shows the λ sensitivity at all time supports on both SAG mills.
The lower accuracy is 51% and is achieved at 2 h time supports with λ: 0.5 on SAG mill 1. Its accuracy
increases to 66% with λ: 1.0 and 81% with λ: 1.5. The best results are achieved at 0.5 h time support
(same support as the original data) where 77%, 88% and 93% of accuracy are obtained with λ: 0.5, 1.0
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and 1.5, respectively on SAG mill 1, and 79%, 85% and 90% of accuracy with λ: 0.5, 1.0 and 1.5 on SAG
mill 2.
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Figure 3. Accuracy of operational relative-hardness prediction at different time support as function of
lambda (λ) on both SAG mills.

5. Conclusions

This work proposes the use of Long Short-Term Memory networks to forecast relative operational
hardness in two SAG mills using operational data. We have presented the internal architecture of
the deep networks, how to deal with raw operational datasets, and qualitative criteria to estimate
the operational hardness of processing material inside the SAG mill based on the consumed energy,
feed tonnage and a statistical distribution using a lambda value. Particularly, Long Short-Term Memory
models have been trained to predict the operational relative-hardness based only on low-cost and fast
acquiring operational information (feed tonnage, spindle speed and bearing pressure).

The LSTM network shows great results on predicting the relative operational hardness at 30 min
time support. On SAG mill 1, using a lambda value of 0.5, the obtained accuracy was 77.3% while
increasing the lambda to 1.5 led to an increase in accuracy of 93.1%. Similar results were found on the
second SAG mill. As the time support increases to two and eight hours, the accuracy drops to around
52% using a lambda value of 0.5 and 78% with a lambda value of 1.5, on both SAG mills.

The inaccuracy of LSTM, when predicting extreme cases such as soft hardness when it is hard
and vice-versa, is pretty low. Extreme misclassification is close to 1% at 0.5 h time support on both
SAGs regardless of the lambda value. Although it increases to around 20% when increasing the time
support using a lambda value of 0.5, it rapidly decreases to around 1% as lambda increases.

Lastly, the proposed application can be extended to any crushing and grinding equipment, under a
similar context of real-data acquisition in order to forecast categorical attributes that are relevant to
downstream processes.
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Abbreviations

The following abbreviations are used in this manuscript:

LSTM Long Short-Term Memory
ORH Operational relative-hardness
FT Feed tonnage
BPr Bearing pressure
SSp Spindle speed
SAG Semi-autogenous grinding
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Abstract: Vertical stirred mills have been widely applied in the minerals industry, due to its greater
efficiency in comparison with conventional tumbling mills. In this context, the agitator liner wear
plays an important role in maintenance planning and operational costs. In this paper, we use the
discrete element method (DEM) wear simulation to evaluate the screw liner wear. Three different
mill rotational velocities are evaluated in the simulation, according to different scale-up procedures.
The wear profile, wear measurement, power consumption, and particle contact information are used
for obtaining a better understanding of the wear behavior and its effects on grinding mechanisms.
Data from a vertical stirred mill screw liner wear measurement obtained in a full-scale mill are
used to correlate with simulation results. The results indicate a relative agreement with industrial
measurement in most of the liner lifecycle, when using a proper mill velocity scale-up.

Keywords: Vertimill; Tower Mill; liner wear; fine grinding; discrete element method

1. Introduction

The reduction of mineral deposits created the necessity for extracting more complex
minerals with reduced ore grades and grindability [1]. Consequently, there is an arising
need for processing reduced particle size that can propitiate the liberation of valuable
minerals for post concentration stages. In this context, additional power is required to
achieve a finer grain size. Therefore, grinding and regrinding applications are increasing in
importance.

At the same time, grinding is energy inefficient, and this is the main reason why
it is pointed as responsible for around 34% to 44% of the energy required in a mineral
processing plant [2,3]. The numbers are even more alarming if we consider the situation in
a global context. In the 1980s, grinding was responsible for around 3% to 4% of total world
electrical energy consumption [2], and more recently, this number was indicated as close
to 1.8% [4]. In fact, Napier-Munn went beyond and argued that real energy consumption
in grinding is even greater than those numbers, once consumption of liners and grinding
media represents a large amount of extra energy. Regardless of which is the correct number,
it is conclusive that the grinding process is responsible for a significant portion of the
world’s power consumption.

Given the rising importance of the representative energy consumption of grinding
equipment, it is very important to develop the process of improved energy efficiency.
In relation to this issue, Shi (2009) [5] demonstrated that the application of vertical stirred
mills presents the energy saving around 30% when compared to tumbling ball mills used
for coarse grinding. By applying various methodologies, other researches confirmed the
obtained results and reinforced this better energy efficiency behavior for fine-grinding and
ultra-fine grinding applications. This behavior is the main reason why vertical stirred mills
are pointing as trend equipment for fine-grinding and ultra-fine-grinding applications.

Minerals 2021, 11, 397. https://doi.org/10.3390/min11040397 https://www.mdpi.com/journal/minerals
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Several approaches for vertical stirred mills modeling can be found in literature,
among which stand out the mechanistic approach, Discrete Element Method (DEM),
empirical models, and finally, the Population Balance Model (PBM). However, the un-
derstanding of the screw liner wear is not well developed yet.

As indicated by Esteves et al. [6], operational costs of vertical stirred mills are di-
vided into electrical energy (50%), balls (40%), and liners (10%). Liner wear intensifies
grinding media consumption, increases mill filling, and consequently, affects electrical
power consumption. Consequently, liner wear affects all operational costs components,
such as maintenance practices and equipment reliability. As highlighted by Allen and
Noriega [7], the understanding of liner wear life can also provide information that allows
best practices for maintenance schedules that can minimize spare parts and labor costs.
Consequently, a better understanding of wear behavior, such as monitoring methods can
precisely provide its measurement and/or prediction is a topic of great need in the mineral
processing industry. In this paper, DEM simulations are used to predict the screw liner
wear behavior of a vertical stirred mill.

Computational simulations based on DEM made many contributions to the science
of comminution since its first application by Mishra and Rajamani [8], for the simulation
and modeling of tumbling ball mills. According to Weerasekara et al. [9], since the last two
decades, the DEM became an essential tool to help design, optimization, and modeling of
comminution devices. More recently, there is also an increasing interest in applying the
method for the prediction of liners and lifters wear, such as its effects on load behavior.

As there is no available information about how to determine and quantify wear
for vertical stirred mills, the approach is based on what is presented for other grinding
equipment. The understanding of liner and lifters wear, especially in tumbling mills, is not
a new subject in the area, and several papers are found addressing this issue.

In the specific case of wear evaluation, Cleary [10] proposed a method that used
DEM to predict liner wear rates and distribution in a 5.0 m diameter ball mill. With
a similar approach, Cleary and Owen [11] evaluated wear in a 3D slice of a SAG mill,
and finally, Cleary, Sinnott, and Morrison [12] performed an evaluation and comparison
between wear in tower and pin mills. Kalala and Moys [13] used DEM to estimate adhesion,
abrasion, and impact wear in dry ball mills with further validation with industrial wear
measurement. Later, Kalala, Bwalya, and Moys [14] validated the use of DEM for wear
prediction in mill liners by comparing normal and tangential forces between experimental
data and DEM simulations. More recently, Cleary and Owen [15] simulated liner wear
evolution in a Hicom Mill and was able to convert DEM abrasion measurements in a wear
rate measurement that was calibrated with experimental data. Boemer and Ponthot [16]
established a generic wear prediction procedure applying DEM to a 3D ball mill and
validated the results with experimental data obtained in a 5.8 m diameter industrial cement
ball. Finally, Xu et al. [17] obtained a numerical prediction of wear in SAG mills using
DEM simulations that were quantitatively validated by experiment data available in other
researches. In fact, the use of DEM for wear prediction in SAG mills reached such a high
level that has recently been used to evaluate operational strategies to account for liner wear.

For the specific case of vertical stirred mills, DEM was first applied by Cleary, Sinnott,
and Morrison [12] to investigate the relative performance of stirred mills with two different
agitator designs. The paper analysis media flow, energy absorption, flow structures,
wear, mixing, and transport efficiency, and allows a good and wide understanding of the
performance of vertical stirred mills. For the case of the screw agitator, it can be seen that
media motion is a simultaneously lifting and circulating movement inside the equipment.
The simulations indicate that the collisional energy associated with media motion is mostly
dominated by shear. In relation to media-media and media-liner interactions, shear energy
represents more than three times the impact energy. Based on shear energy absorptions, the
author infers that the equipment wear is dominated by abrasion and is more intensive on
the outer radial edge of the screw. In a slightly different approach, Morrison, Cleary, and
Sinnott [18] used DEM to compare the energy efficiency between the ball and vertical stirred

154



Minerals 2021, 11, 397

mills in pilot-scale and proposed that the higher efficiency associated with the stirred mill
can be explained by analyzing energy spectra associated with collisions frequencies inside
the mill. Therefore, the higher energy efficiency of the vertical mill can be explained by
the presence of a great number of contacts of low energy. Sinott, Cleary, and Morrison [19]
applied DEM to understand how flow and energy are affected by media shape in stirred
mills, concluding that grinding performance tends to significantly deteriorate when using
non-spherical media. By analyzing rates of shear power absorption, the author also
proposes that the increase in non-sphericity of the media can significantly intensify the
screws’ wear.

In a different approach, Sinott, Cleary, and Morrison [20] evaluated slurry transport
inside the mill using the SPH (Smoothed Particle Hydrodynamics) method and based
on DEM simulations. Allen and Noriega [7] applied DEM with SPH to understand the
screw liner wear. The results demonstrate that shear power is more intensive at the screw
outside edges and at the bottom of the mill. This explains why the screw wears from the
outside to inside and from the bottom to the top, such as have been seen in the industry.
In addition, results indicate that shear power is exponentially related to screw diameter,
and consequently, worn screws tend to wear slower as they present smaller diameters.
Based on this description, it is possible to note that although DEM is widely applied in the
understanding and evaluation of vertical stirred mills performance, the liner wear topic is
still superficially approached.

To summarize, the use of DEM to evaluate liner wear in tumbling mills came from
a quantitative evaluation and evolved another level. Nowadays, DEM can predict and
quantify the wear in SAG and Ball mills, being used in the optimization of materials and
operational parameters. Unfortunately, for the case of the vertical stirred mills, the studies
are still preliminary and qualitative. Solving this issue requires more in-depth studies and
validation with experimental data.

In this paper, the simulation results were compared with industrial measurements
performed in Minas Rio Project, an iron ore beneficiation plant of Anglo American, which
is in Minas Gerais State, in Brazil. An empirical evaluation of wear is an important
tool for validation and calibration of modeling techniques, such as performed by some
researches [13,15–17,21,22] for several types of grinding equipment. However, there are
few available information about how to determine and quantify wear for vertical stirred
mills. Based on that, the approach is based on what is presented for other mills.

The understanding of liner and lifters wear in tumbling mills is not a new subject in the
area, and several papers are found addressing this topic. In the case of tumbling mills, the
wear profile is commonly estimated in two-dimensional methods, taking the assumption
that wear has a uniform profile. More recently, with the advent of new technologies, it is
easier to perform three-dimensional measurements, and there are also highly sophisticated
devices available [16]. Three-dimensional measurements are being widely used to calculate
wear on the surface of liners in grinding equipment, and the technique was successfully
used for SAG mills [17,23], and also for a Hicom Mill [15].

2. Gravity Induced Stirred Mill

Vertical stirred mills are grinding equipment applied for comminution, especially for
fine grinding in regrinding applications where feed material is under 1mm. The main
parts of the equipment are the grinding chamber, internal liner, screw impeller, screw liner,
motor engine, ball feeder, slurry feeder, and the discharge, as shown in Figure 1.
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Figure 1. Vertical stirred mill components [24].

Figure 2 emphasizes the screw impeller, such as its liner parts. As the screw impeller
is responsible for media motion and is currently in contact with media and slurry, it suffers
intensive wear. Due to the wear, liner parts required periodic replacement. The liner is
divided into several parts, allowing the substitution to be performed differently, according
to the wear pattern. The number of parts depends on the equipment supplier and on the
equipment size. The liner parts are attached to the screw and protect it from wear.

Figure 2. Vertical stirred mill screw liner parts [24].

Figure 3 shows the expected wear shape of the base liner part. From that, it is possible
to note that the liner does not suffer homogeneous wear. In this sense, it is expected that
the bottom part of the liner suffers more intensive wear at the edges.

Figure 3. Wear pattern for the bottom liner [25].
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As the liner wears, the total surface area decreases, and consequently, both media
motion and power draw decrease. In the operational context, the liner wear compensation
is performed by adding additional grinding media to keep constant power draw. In this
sense, the liner wear measurement can be estimated and accomplished by measuring mill
filling. Although this provides an idea about wear conditions, visual inspections of the
liner are necessary. For this inspection, it is necessary to completely empty the mill, in a
very effort and time-consuming inspection.

Figure 4 shows the screw liner after completely emptying the mill. It can be seen the
difference between a new and an old liner of the VTM-1500. The figure on the left side
shows a liner with intensive wear, and the right side shows the replaced liner. From the
figure, it can be inferred that wear predominates at the bottom and edges of the screw,
causing a great decrease in the screw area.

 
Figure 4. Left: Screw liner with intensive wear at the bottom. Right: New screw liner [6].

Based on what was presented, the aim of this paper is to gather what has already been
discussed on the subject and also to propose the use of DEM for evaluating the liner wear
during a complete liner lifecycle.

3. Methodology

3.1. Dem Model Setup

DEM simulations were performed using the Rocky 4.2.2 software (ESSS, Florianópolis,
Brazil). A 1:10 scale version of the Metso Vertimill VTM-1500 (Metso, Helsinki, Finland)
was simulated. Table 1 and Figure 5 shows geometry dimensions and screw design.

Table 1. Dimensions and operation parameters of VTM-1500 and its scaled-down version considered
in the discrete element method (DEM) simulations.

Mill VTM-1500 Scaled Down (Simulated)

Scale 1/1 1/10
Screw Diameter (mm) 3300 330

Ball load (kg) 80,000 80
Mill filling 80% 80%
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Figure 5. Vertimill 1:10 scale of the VTM-1500.

The contact models used in the simulations were Linear Hysteresis for normal forces
and Elastic Coulomb for tangential forces [26]. Table 2 summarizes the contact model
parameters and materials properties setup used for the simulation.

Table 2. Material and contact parameters used in the DEM simulations.

Variable Value

Young’s Modulus (Pa) 1 × 1011

Density (kg/m3) 7850
Poisson’s Ratio 0.3

Coefficient of Static Friction (particle-particle) 0.7
Coefficient of Dynamic Friction

(particle-particle) 0.7

Coefficient of Static Friction
(particle-geometry) 0.3

Coefficient of Dynamic Friction
(particle-geometry) 0.3

Restitution coefficient 0.3

The simulation was performed only considering grinding media in the grinding
environments, in the absence of slurry and ore particles. This can be acceptable for the
process where the ore contributions for breakage are negligible, such as in the vertical
stirred mills, where the breakage mechanisms are mainly created by the energy involved in
grinding media collisions. However, it is also known that grinding media interaction is
affected by ore and slurry properties. Consequently, both solids concentration and particle
size distribution can affect power consumption and grinding performance. To approximate
the slurry effect in the grinding environment, the shear modulus was reduced, thus making
contact between balls softer, in comparison to steel-steel contact (Steel: 200 Gpa). This
approximates to the ore and slurry interactions behavior.

In relation to the mill rotational speed, three different velocities were simulated:
87 rpm, 130 rpm, and 190 rpm. The 87 rpm was obtained based on a model for velocity
scale-up, as proposed by Mazzinghy et al. [27] and adapted by Esteves et al. [28]. The
model is based on an equipment dataset and consists of a more recent approach for velocity
scale-up. The 190 rpm is obtained considering a fixed tip speed of 3.5 m/s for the mill
agitator. This is the usual method for velocity scale-up and was widely applied for reduced
scale equipment test work and simulation. The 130 rpm was obtained as an intermediary
velocity in between the two scale-up approaches.
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3.2. Dem Outputs

During the simulation, the interaction between particles and geometry is individually
described by first physical principles, according to the contact model defined. This infor-
mation is saved during each simulation step and is further used to generate the simulation
outputs, such as: particle energy spectra, particle trajectory, particle absolute translational
velocity, power consumption, and wear design.

3.3. Wear Model

The Archard’s wear law, together with the DEM outputs, were used to quantify liner
boundary wear. The wear quantification is realized step by step, and this information is
used to currently update the liner shape during the simulation. The Archard’s wear law is
presented by Equation (1) [26]:

A. dh = K. dw (1)

where A is the surface area of a boundary element (m2), h is the loss in depth (m), w is the
shear work (J), and K is the wear rate (m3/J).

The incremental loss in depth consists of the amount of wear generated in the liner
surface. This information is used to currently update the liner shape and volume. The
shear work consists of the DEM shear outputs. In this sense, the DEM shear stress results
for the interaction between the liner and grinding media are used to continuously quantify
the boundary wear. The wear factor is defined as the relationship between the contact
energy and the amount of lost surface. A wear factor of 1 × 10−6 m3/J was established for
the simulation. This indicated the amount of volume that is lost according to the energy
amount involved at each contact between grinding media and liner. The increase of these
parameters can extremely accelerate the wear ratio. Although the use of greater values
can accelerate the obtaining of a wear surface, it can also generate unwanted damages on
the surface that are not in accordance with reality. Whereas the use of very small factors
can bring the need for a very long simulation to obtain representatives wear information.
In the present case, several values were tested, until the obtaining of a feasible shape for
the wear. As a result, it is necessary to adapt to the simulation and real time.

3.4. Boundary Definition

The boundary definition of the geometrical mesh directly affects the computational
cost to run the wear simulation, such as the wear results. Figure 6 shows the effect of
triangle size in mesh refinement.

Figure 6. Boundary definition for the geometrical mesh of the wear parts [29]

The defining of greater triangle sizes decreases the total number of triangles and creates
a bad refinement for the mesh, decreasing the computational simulation cost. Contrastingly,
the existence of smaller triangle sizes highly increases the number of triangles, refining the
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geometrical mesh and causing a representative increase in the computational simulation
cost. Figure 7 shows the effect of mesh refinement in the wear simulation results.

Figure 7. Effect of boundary definition and mesh refinement in the obtained wear pattern [29].

It is possible to note the final wear shape is affected by a refinement degree. In this
sense, the existence of a more refined mesh brings a better wear resolution in the final
geometry of the object. However, as finer meshes representatively increase computational
cost, it is very important to investigate the sensitivity of mesh refinement degree, to obtain
a reasonable balance between wear resolution and feasibility of computational cost [26].

3.5. Industrial Wear Measurement

The industrial measurements presented were obtained by Silva [30] from the regrind-
ing circuit of the Minas-Rio project, which is an iron ore plant from Anglo American located
in the southeast region of Brazil. The regrinding circuit is composed of two parallel lines,
each one with eight VTM-1500. The regrinding product is specified with a P80 of 36 μm,
mill capacity as 190 t/h per mill, and finally, specific energy is established as 5.9 kWh/t.

The process flowsheet is indicated in Figure 8 and shows that the regrinding circuit
is located downstream of the flotation plant [27]. Thus, the regrinding plant is fed with
concentrate material, which tends to present greater stability in relation to density and
solids concentrate. This creates the perfect space to use this data as input for simulation
validation.

 

Figure 8. Minas-Rio process flowsheet [27].
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The wear measurements were performed for the base and intermediate liner parts at
three different liner lifetimes: 0 h, 1000 h, 2000 h and 3000 h. The measurement was per-
formed using a three-dimensional laser scanning technique. Performing the measurement
required to complete stop and unload the mill, as shown in Figure 9.

 

Figure 9. Scanning procedure to obtain a three-dimensional measurement of liner parts [30].

After unloading the mill, a laser device and a reception sensor are used to capture data
that is used to generate a three-dimensional geometry of the worn parts. The generated
geometry is then compared with the new liner model, in a coordinate system.

The gaps associated with geometrical positions are used to generate a dimensional
report and a deviation map, which are later converted into wear quantification. The wear
measurements obtained on the VTM-1500 will be presented and used for the comparison
to DEM wear simulations.

3.6. Wear Model

The industrial wear measurements were compared with the DEM simulation results.
For that, three-dimensional geometries of the agitator screw were exported at different
simulation times. Each geometry was sliced in different liner parts, such as the indus-
trial VTM-1500 design. The Meshlab software was used to calculate the volume of base
and intermediate worn liners, thus generating a relationship between liner volume and
simulation time.

This result was then compared with industrial wear measurement of the full scale
VTM-1500. A liner fitting was established to correlate DEM simulation time (in seconds)
and operational time (in hours). This scale-up factor was obtained for each simulation,
at different agitator velocities. Finally, the scale-up factor and wear simulation are com-
bined, to predict base and intermediate liners wear. The prediction can then be compared
with industrial measurement. The explained process is shown in Figure 10.
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Figure 10. A flowchart explaining the wear model development based on the DEM model and
VTM-1500 equipment.

4. Results

Results are divided into four sections: Steady-state simulation results, wear simulation
results, VTM-1500 wear measurements, and finally, the DEM wear model prediction. The
steady-state simulation results are shown in the initial section, as well as the present results
that were obtained at the beginning of the simulation, after a minimum of three mill
revolutions and before the beginning of the wear simulation. This is defined as steady-state
simulation and aims to understand the mill behavior before wear. The second section
presents results obtained during the wear simulation, after wear parameters were settled.
This comprises of evaluating the simulation outputs, such as wear quantification. The
VTM-1500 wear measurement consists of the next stage and is focused on presenting and
adapting industrial wear measurements presented by Silva [30]. Finally, the last section
comprises the correlation between industrial and simulated wear patterns, such as the
presentation of the wear model prediction. This is performed for the three different mill
agitator velocities.

4.1. Steady-State Simulation
4.1.1. Particle Trajectory

Figure 11 shows the particle trajectory colored as a function of particle absolute
translational velocity, for the three agitator velocities. A red box was constructed in the
surrounding area of the particle trajectory, for the 190 rpm condition. By placing the same
box over the particle trajectory of the mills operating at 130 rpm and 87 rpm, it noticeable
that the top part of the box is not filled with trajectory streaming lines. This means that
the media motion height range is reduced when reducing mill velocity. In other words,
it indicates that by increasing mill velocity, the upper parts of the mill were activated.
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Figure 11. Particle trajectory at different mill rotational velocities.

A dashed red line is placed at the bottom part of the mill. It is visible that streaming
lines are also reduced in this bottom area. Because of the reduced motion, this area
is identified as “dead zone”. The velocity reduction, and thus, the dead zone effect is
intensified for reduced mill velocities. This is in accordance with the velocity behavior at
the mill top zone. Based on that, it was verified that agitator rotational velocity has a direct
effect on the particle trajectory distribution, over the complete height of the mill.

4.1.2. Particle Velocity and Power

Figure 12 shows the particle average translational velocity and simulation power as
a function of mill rotational speed. It is conclusive that both particle velocity and power
increases with mill speed. This demonstrates that the agitator rotational velocity influences
the overall mill power and grinding media kinetic energy, thus having a direct relation in
the energy that can be transferred into breakage mechanisms.

Figure 12. Left: The relationship between agitator speed and particle average translational velocity (m/s). Right: The
relationship between agitator speed and simulation power (W).

4.1.3. Particle Spectrum

The collision frequency distribution of particle specific energy was plotted for normal
and tangential particle contact in Figure 13. This represents the collisions statistics for
specific energy that are applied to particles per time unit. The x axis indicates the specific
energy of contact, which means the amount of energy that is transferred per mass of
grinding media. The y axis indicates the number of contacts per unit of time, at each
specific energy level.
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Figure 13. Particle collision spectra for normal (left) and shear (right) contact at different operational velocities.

The wider specific energy distribution is observed for normal contact, in comparison
to the shear contact distribution. This means that normal contacts can have a higher specific
energy value than shear contacts. In relation to the agitator rotational velocity, higher
velocities are associated with a small increase in both collisions’ frequency and specific
energy range. This can be observed for both normal and tangential contacts.

By looking at the relationship between energy levels and collision frequency, it is also
possible to correlate with breakage behavior. In this sense, contacts with greater values of
specific energy have a higher tendency to overcome the minimum specific energy required
for a certain particle to break. This means that contacts of higher specific energy values
have a higher probability of causing breakage in a single or fewer contacts. However, this
can also lead to a non-energy efficient behavior once this increases the chance to apply more
energy than necessary to cause particle breakage. In contrast, smaller values of specific
energy might initially lead to particle weakness, instead of direct breakage. Because of that,
it can be necessary for a larger amount of low specific energy collisions cause breakage. At
the same time, by applying a greater amount of small specific energy contacts increases the
chance to apply the minimum amount of energy that is required for particle breakage.

4.2. Wear Simulation

The wear simulation started after at least three revolutions at steady-state conditions,
thus, allowing the wear simulation to be performed under stable conditions.

4.2.1. Particle Trajectory and Velocity

Figure 14 shows the streaming lines associated with particle absolute trans-
lational velocity.

A red box surrounds the grinding media trajectory for the new liner condition, shown
in the left side of the image. Comparing the left and right side of the picture, it can be noted
that red boxes on the right side miss the streaming lines both at the top and bottom parts
of the mill. This indicates that media motion is negligible in those regions. In the bottom
part of the mill, it is noted that the dead zone effect is emphasized by liner wear.
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Figure 14. Particle trajectory and absolute translational velocity for new (left) and worn liner (right) conditions, at different
mill velocities.

Figure 15 shows the relationship between particle absolute translational velocity and
the base liner wear. It is possible to note that particle velocity reduces with wear, due
to the reduction in the liner surface area. This reduction is more aggressive for higher
agitator velocities. This means that a more representative decrease in particle velocity is
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obtained when operating at higher agitator velocity. Based on the extrapolated data, it can
be expected that particle velocity will be independent on agitator velocity when the base
liner is approximately 40% to 50% worn.

Figure 15. The relationship between average particle velocity and the base liner wear intensity.

4.2.2. Power

Figure 16 shows the relationship between base liner volume and simulation power. It
is possible to note that power reduction is intensified at higher rotational velocities. In the
operational context, the power is kept constant during the liner lifecycle by increasing mill
filling.

Figure 16. The relationship between simulation power and base liner volume.

4.2.3. Particle Spectrum

Figure 17 shows normal and shear energy spectrums for the three operational veloci-
ties, at different wear stages. By comparing shear (right) and normal (left) collision spectra,
it is possible to note that normal contacts are more affected by wear. In this sense, a greater
reduction in the collision frequency was observed for normal contacts, in comparison to
shear. This reduction is emphasized at greater specific energies, especially above 1 × 10−1

J/kg. Based on the idea that collisions of greater specific energies can lead to an inefficient
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use of energy, it can be suggested that wear scenarios can be related to a better energy use
behavior. This indicates that the agitator wear pattern affects mostly high energy contact,
while maintaining low energy contacts that present a better energy efficiency behavior.
However, it is important to emphasize that the collision frequency and energy reduction
will probably generate a coarser product, and thus, the better energy use behavior will be
mainly caused by the overall power consumption reduction. Recently, Oliveira [31] applied
a mechanistical model to predict product size distribution by using the particle contact
spectra obtained with DEM simulations. The simulation considered grinding media as
the mill charge, in the absence of ore and slurry. By taking into consideration different
proportions of shear power involved in inter particle collision, the model successfully
predicted product size distribution of laboratory-scale experiment, for different solids
concentration ratios. In this sense, this model can be applied to quantify the wear effect on
product size distribution.

 

Figure 17. Particle collision spectra at different liner conditions and rotational velocities.
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In the operational context, it is important to evaluate the effect on the target product
size, such as mineral liberation, to prevent mineral losses in further beneficiation processes.
In this sense, a wider evaluation is necessary to guarantee the overall process efficiency,
which includes a proper understanding of the effect on the downstream process. As an
alternative, various operational conditions can be approached to guarantee the obtaining
of the target mineral product size, while maximizing energy efficiency. In the specific
case of the Mins-Rio project, the product requirement is in relation to fines generation, for
pipeline transport requirements. In this sense, it is necessary to evaluate the effect on fines
generation to guarantee the product adequacy.

Comparing the collision spectra behavior at different mill rotational velocities it can be
noted that higher rotational velocities intensified the overall collision frequency reduction,
such as reduced the maximum value of specific energy (J/kg). This explains the greater
power reduction observed for this rotational velocity.

4.2.4. Wear Volume

The relationship between the liner volume and simulation time is shown in Figure 18
for the base and intermediate liner parts. It can be noted that wear is more intensive in the
base liner, resulting in a more representative volume reduction. The increase in the agitator
velocity also intensifies wear. This effect is more representative of the intermediate liner
part. This is a consequence of a wider distribution of particle trajectory when operating at
higher rotational velocity, as shown in Figure 18.

Figure 18. Base and intermediate liner volume during simulation time.

4.3. VTM-1500 Wear Measurement

Based on the three-dimensional scanning of VTM-1500 liner parts, [30] presented
the relationship between operational hours and liner mass, separately for the base and
intermediate liner parts.

The absolute mass value was converted as liner volume percentage, and are presented
in Figure 19, in relation to the operational time. The wear ratio is defined as the relationship
between wear percentage and operational time.

The liner volume comparison between the two liner parts reinforces that wear is
more aggressive in the base liner. In this sense, at the end of the lifecycle, or 3000 h, the
intermediate liner reached approximately 67% of the initial volume, while the base liner
reached 35.5% of its initial volume. Because of that, the base liner requires sooner and
more frequent replacement. Moreover, the base liner wear ratio significantly increases
after 2000 h.
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Figure 19. Base and intermediate liner volume reduction during liner operational time (in hours).

4.4. DEM Wear Modeling

Figure 20 compares the simulated geometry and industrial liner designs under several
wear conditions. The visual comparison between wear patterns shows that DEM provided
a remarkably similar wear design. The next stage would be to quantify the wear relation.
For that, a time relation was established in order to obtain a scale-up factor that correlates
simulation seconds and operational hours. The scale-up factors were calculated for the
base and intermediate liners, at each operational velocity. The final scale-up factor, per
velocity, was obtained as an average value in between the liner and intermediate factors.

Figure 20. Comparison between 3D worn screw after DEM simulation and industrial
worn liner.

Figure 21 shows the predicted liner volume, based on the obtained DEM model. By
comparing the intermediate and base liner predictions, a better agreement was achieved
when using the 87 rpm as agitator velocity. In relation to the base liner, the results compared
favorably during most of the operational time, except for the last liner measurement, which
corresponds to approximately 3000 h. This is probably because the last liner measurement
presents an aggressive behavior, which representatively differs from the trend.
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Figure 21. Model predicted and measured values of base and intermediate liner volume
during operational time (h).

For the intermediate liner, the behavior was well predicted up to approximately 1500
h. This is probably due to the fact of filling increases during the liner lifetime. The filling
increasing is performed during the liner lifetime with the aim to keep constant power by
activating upper parts of the mill. Because of that, added grinding media gets in contact
with upper parts of the intermediate liner, thus resulting in additional wear. In contrast, the
liner volume predictions for 130 rpm and 190 rpm did not fit very well when evaluating
base and intermediate liner parts.

To summarize, it was noted that the wear prediction presented a relative agree-
ment with industrial measurements in the first half of the liner lifecycle. Differently, the
agreement was not very effective for the second half of the lifecycle, especially for the
intermediate liner part. In relation to the liner part, the disagreement can be explained
by the wear compensation in the industrial context. In order to keep constant power
consumption, additional grinding media is added to the mill, thus activating the upper
parts of the intermediate and generating extra wear. This filling compensation was not
taken into account by the DEM simulation, and then it can be expected a lower wear rate
and the end of the lifecycle for the intermediate liner part. In relation to the base liner, the
differences after 3000 h can be explained by a possible variation in the material properties
after several wears, which should be confirmed by liner material properties evaluation. In
this sense, the intensive wear could substantially affect liner material resistance properties,
thus reducing wear resistance for very worn conditions. This effect was not taken into
account by the DEM simulations, resulting in a large difference for the base liner prediction
after 3000 h.

5. Conclusions

Once the vertical stirred mill screw liner is responsible for media movement, and con-
sequently, grinding, it is very important to perform accurate monitoring of wear progress.
However, it is not possible to directly install a sensor for wear measurement. The paper
addressed this issue by performing DEM simulations, with the aim to provide a better
understanding of screw liner wear behavior and effects. The simulation was performed
for a 1:10 reduced scale geometry from the Metso Vertimill VTM-1500 model, to reduce
simulation effort.

The simulations applied different scale-up methodologies for agitator rotational veloc-
ity. In this sense, three different mill velocities were simulated. Firstly, a reduced velocity
was obtained based on a dataset model. This consists of a more recent approach for velocity
scale-up in laboratory-scale equipment. Moreover, a direct scale-up factor based on the
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geometry reduction was applied, thus resulting in a higher operational velocity of 190 rpm.
Finally, an intermediary velocity was tested to provide a better understanding of the effects
of operating in between the lower and maximum mill velocities.

The wear simulation results qualitatively showed that the wear profile obtained
using DEM presents a relative similarity to the wear design observed in the full-scale
equipment at the beginning of the liner lifecycle. The worn agitator geometries were
exported, at different simulation times, to provide a volume quantification of wear. By
comparing worn geometries obtained from DEM simulations and industrial measurement,
a time correlation was proposed. In this sense, a scale-up factor was obtained to correlate
simulation time, in seconds, and operational time, in hours. This scale-up factor was
then applied to simulation results to predict wear in the operational context, for the base
and intermediate liner parts. By comparing the obtained wear prediction and industrial
measurement, a better agreement was encountered for the 87 rpm mill velocity. Based
on that, the recommendation would be to apply the developed model under different
operational conditions, to evaluate different strategies for wear compensation, such as
changing mill speed and grinding media filling.

Additionally, DEM outputs were evaluated to provide a better understanding of wear
effects. From that, it was noted that wear introduced a significant decrease in simulation
power and particle average translational velocity. In relation to particle trajectory, the
particle velocity reduction was intensified in the top and bottom parts of the mill, thus
resulting in null particle motion in those areas. In the bottom part of the mill, this is known
as the dead zone effect. The particle collision spectra indicated that wear affects more
intensively normal contacts of greater specific energy. Although this might cause a decrease
in fines generation, this can lead to an improvement in energy usage. This is because the
predominance of low energy contacts is related to an increase in energy efficiency, once
this reduces the occurrence of high-intensity contacts, which apply greater energy than
required for particle breakage.

To summarize, the obtained results indicate that liner wear affects particle breakage
and energy consumption. A better understanding and proper quantification about its effects
can play a key role in the development of strategies for optimizing operational procedures
to keep grinding efficiency and to reduce wear rates. In this sense, the recommendations
would be to evaluate the relationship between operational conditions and liner wear, in
the industrial context.

The model did not consider particle breakage, as ore particles itself are not included
in the simulation. Grinding media wear also not considered. Finally, the current work
did not consider the slurry (fluid), so as there would be a recommendation to apply CFD
(computational fluid dynamics) or SPH (smoothed particle hydrodynamics) to describe the
mill charge with more details.
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Abstract: The properties and preparation of talc have long been investigated due to its diverse
industrial applications, which have expanded recently. However, its comminution behavior is not yet
fully understood. Therefore, having better control of the particle size and properties of talc during
manufacturing is required. In this study, we investigate the effect of the ball size in a high-energy
ball mill on the comminution rate and particle size reduction. High-energy ball milling at 2000
rpm produces ultrafine talc particles with a surface area of 419.1 m2/g and an estimated spherical
diameter of 5.1 nm. Increasing the ball size from 0.1 mm to 2 mm increases the comminution rate and
produces smaller talc particles. The delamination of (00l) layers is the main comminution behavior
when using 1 mm and 2 mm balls, but both the delamination and rupture of (00l) layers occurs
when using 0.1 mm balls. The aggregation behavior of ground talc is also affected by the ball size.
Larger aggregations form in aqueous solution when ground with 0.1 mm balls than with 1 mm or
2 mm balls, which highlights the different hydro-phobicities of ground talc. The results indicate that
optimizing the ball size facilitates the formation of talc particles of a suitable size, crystallinity, and
aggregation properties.

Keywords: nanoscale talc; wet milling; high-energy ball milling; ball size; aggregation

1. Introduction

Talc (Mg3Si4O10(OH)2) is a phyllosilicate mineral with a T-O-T layer composed of tetrahedral
silicon and octahedral magnesium, which share oxygen and are strongly bonded with each other.
The weak van der Waals bonds between the T-O-T layers is the origin of softness of talc. The silicon in
the siloxane sheet renders talc hydrophobic, since it cannot easily be substituted with aluminum [1].
Talc is physically easy to handle due to low hardness, does not react with acid due to its chemical
stability, and has high adsorptivity, low plasticity, and low thermal/electrical conductivity. Because
of these characteristics, talc is used as a coating, refractory, and additive in various industrial fields
such as paper, paint, rubber, ceramic, refractory material, and polymer manufacturing. Chemical and
pharmaceutical industries also require high-grade talc powders with high purity and uniform particle
sizes. The grade and usage of talc is classified considering the purity, whiteness, particle size, and
more. For example, talc with a particle size of 44 μm is used in ceramics and paints, 8–12 μm in paper,
7 μm in cosmetics, and 2 μm or smaller in rubber [2]. In addition, the nanoscale talc recently received
attention for its application in areas such as improving the heat resistance of nanocomposites, and for
use in waste water filter materials [3–5].

Given the importance of the above, various attempts have been made to produce ultrafine talc
powders and better understand their physicochemical properties [6–11]. Various processes, such as
planetary ball milling, tumbling milling, stirred ball milling, and disk milling, have been used to grind
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talc [10,12–17]. A reduction in particle size and the collapse of the crystalline structure of talc have
been observed in mechanical grinding studies [8,10,12,13,15,18–20]. Table 1 summarize the particle
size and/or surface area of ground talc with processed various milling methods. Delamination of
the layered structure in the direction of the (00l) surface is the predominant mechanism of grinding,
which, consequently, accompanies the breaking of individual plates and disordering in the talc
crystal [8,10,15,21]. Further excessive grinding generally causes the collapse of the crystalline structure
into the amorphous phase and the aggregation of ultrafine particles [13,14]. The degree of particle size
reduction varies depending on the type of milling machine and milling conditions such as duration
and rotating speed [11,21–26]. Besides the collapse of the crystalline structure, the physicochemical
properties of talc such as thermal and dispersion behaviors, cation exchange capacity, wettability, and
whiteness are also changed by mechanical grinding [6,10,12,14,27–29]. In accordance with the increasing
demand for high-quality and ultrafine talc powder, the importance of comminution technology, capable
of controlling crystallinity, particle shape, and particle size, is increasing.

Table 1. Specific surface area and equivalent spherical diameter of talc powder depending on the
milling condition.

Milling Machine
Milling

Type
Rotation

Speed (rpm)
Grinding
Time (h)

Ball Size
(mm)

S.S.A †
(m2/g)

ESD ‡
(nm)

D50

(μm)
References

Tumbling mill dry 86 116.6 - 14.0 153 - [13]
Planetary ball mill dry 1350 0.5 16 10.5 204 - [13]
Planetary ball mill dry - 0.5 - 109.7 20 - [14]
Planetary ball mill dry - 5 - 28 76 - [10]

Stirred ball mill wet 2500 3.5 - - - 0.2 [17]
Stirred ball mill dry 600 0.25 2.5–3.5 3.34 641 2.33 [16]

Disk mill dry 70 6 17.3 128 [15]

High energy ball
mill

wet 2000 12
2 419.1 5.1 0.37

This study1 365.1 5.9 0.44
0.1 171.7 12.5 7.96

† S.S.A. = specific surface area. ‡ ESD = equivalent spherical diameter.

Planetary ball milling, which is one of the most frequently used lab-scale milling tools, has been
applied to increase the grinding efficiency of talc. The collision impact and friction between powder
samples and balls in a rotating jar grind the microscale talc into sub-microscale particles. The grinding
efficiency of ball milling is greatly affected by the jar rotation speed, ball size, and ratio of balls and
sample talc [22,24,25]. A faster rotation speed generally produces talc with a smaller particle size
and lower crystallinity [11]. Recently developed high-energy ball mills reach rotation speeds of up
to 2000 rpm and provide an opportunity to reduce the size of talc powder to the nanoscale level.
The high-energy ball mill system consists of turn discs and jars. The oppositely rotating jar and
turning disc produce highly energetic impact energy (Figure 1) [30]. However, while the ball size is an
important factor in ball milling, the effect of the ball size on the comminution of talc has not yet been
fully understood [31,32]. While the particle size is known to generally increase with an increasing ball
size, in 2013, Shin et al. showed that particle size decreased and then increased as the ball size increased
from 1 to 10 mm during the comminution of Al2O3 powder at low rotation speeds (50–153 rpm) [32].
The optimum ball size is dependent on the milling conditions and the properties of the mineral. Thus,
to obtain ultrafine talc powder while minimizing the loss of crystallinity, a systematic approach is
necessary to understand the effect of ball size in high-energy ball milling on the comminution of talc.

In this study, high-energy ball milling with high rotation speed of 2000 rpm is applied to obtain
the nanoscale talc powder. The effect of the ball size for planetary ball milling on the grinding rate and
behavior of talc is investigated with a varying ball size (2, 1, and 0.1 mm). Changes in the agglomeration
characteristics of mechanochemical talc and the relationship with the ball size is also investigated.
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Figure 1. Schematic view of the motion of the balls and powder in a jar during high energy ball milling.

2. Materials and Methods

2.1. Sample Preparation

A commercial talc powder with high purity (>99%, XTA-400, KOCH corp., Shenyang, China)
was used in this study. The mean particle size of an as-received powder is approximately 12 μm.
The sample was mechanically deformed using a high-energy ball mill (Emax, Retsch, Haan, Germany),
which generates ultrafine particles by combining impact and shear stress. Wet milling was performed
by loading the talc powder, distilled water, and zirconia balls in the volume ratio of 2:3:4 into a 50 mL
zirconia (ZrO2) jar. Rotation speed was fixed at 2000 rpm and grinding time varied from 10 to 360 min.
The time interval for grinding was selected by considering the trends in particle size and crystallinity
of the talc following preliminary experiments. Zirconia balls of various sizes (2, 1, and 0.1 mm) were
used. During grinding, the temperature of the milling jar was maintained at approximately 50 ◦C by a
water-cooling system.

2.2. Characterization Methods

2.2.1. X-Ray Diffraction Analysis

X-ray diffraction (XRD) analysis was performed with the Rigaku SmartLab X-ray diffractometer
(Rigaku, Tokyo, Japan) in the Korea Institute of Geoscience and Material Resources. Cu-Kα radiation
was used with a tube voltage of 40 kV and a current of 30 mA. The scan range was 3–90◦ (2θ) with an
interval of 0.02◦.

2.2.2. BET (Brunauer-Emmett-Teller) Specific Surface Area Analysis

The specific surface area of the talc sample was measured using the specific surface area analyzer
(Micromeritics ASAP-2420, Norcross, GA, USA) in the Jeonju Center of Korea Basic Science Institute.
Before the experiment, the adsorbed water on the talc particle surface was removed at 300 ◦C for 2 h,
and then the BET method involving nitrogen adsorption method at 77 K was used.
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2.2.3. Laser Diffraction Particle Size Analysis

The particle size was determined using a laser diffraction particle size analyzer (Mastersizer3000,
Malvern Panalytical, Malvern, UK) in the Korea Institute of Geoscience and Material Resources. The talc
in an aqueous colloid solution was dispersed for 10 min using a 28 kHz ultrasonic dispersing machine.

2.2.4. Scanning Electron Microscopy

Scanning electron microscopy was performed using the high-resolution scanning electron
microscope (HR FE-SEM, TESCAN-MIRA3, Brno, Czech Republic) at the Kongju National University.
The sample was coated with platinum (Pt) using an ion-coating machine at an accelerated voltage of
10.0 kV.

3. Results

3.1. X-Ray Diffraction Analysis

Figure 2 shows the XRD patterns of talc ground for up to 360 min using different ball sizes, which
shows the effect of ball size on the crystallinity of ground talc.

 
Figure 2. XRD patterns of talc powder upon grinding with (a) 2 mm, (b) 1 mm, and (c) 0.1 mm balls.
Chl: chlorite, Qtz: quartz.

In the as-received talc, (001), (002), and (003) peaks of talc with a narrow width were observed at
2θ angles of 9.4◦, 18.9◦, and 28.6◦, respectively [12]. The small peaks for chlorite and quartz were also
observed, which were often found with talc as a result of carbonate alteration [33]. Upon grinding, the
X-ray diffraction peak intensity gradually decreased while the peak width increased, which implied
the decrease in crystallinity of ground talc. The degree and rate of reduction in peak intensity varies
with the size of the balls used in grinding. When 2 mm or 1 mm balls were used for grinding, the peak
intensity of the talc markedly decreased until 60 min of grinding. After 120 min of grinding, most
diffraction peaks disappeared when the 2 mm balls were used. When 1 mm balls were used, small
diffraction peaks were still observed, even though their intensities are very small compared with prior
to grinding. A further change in the diffraction pattern was not observed for grinding by more than
120 min. These results indicated that ground talc for 120 min and more has a disordered or amorphous
structure when 2 mm or 1 mm balls were used for grinding. When 0.1 mm balls were used, the decrease
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in peak intensity was relatively sluggish. The peak intensity consistently decreased even after 120 min
of grinding, which was in contrast with the cases using 2 mm or 1 mm balls. The unique diffraction
pattern of talc was still apparent even after 360 min of grinding, which indicated a crystalline structure
of talc left after grinding.

To quantitatively compare the effects of the ball size on the crystallinity of ground talc, the change
in the relative height of the talc (001) peak, according to grinding, was analyzed (Figure 3). When 2 mm
balls were used, the peak height after 60 min of grinding decreased to approximately 9% compared
with the height prior to grinding.

 
Figure 3. Changes in the relative intensities of (001) XRD peak of talc powder upon grinding with
varying ball sizes for high-energy ball milling. The relative peak intensities are normalized with the
(001) XRD peak of as-received talc.

Almost no peak was observed after 120 min of grinding. Similar results were obtained when
1 mm balls were used, but, after 120 min, the peak height decreased slightly to less than that obtained
using 2 mm balls. When 0.1 mm balls were used, the peak height showed a slight decrease, and
approximately 44% remained even after 360 min of grinding. These results indicate that the crystallinity
of talc decreases more when 2 mm and 1 mm balls are used than when 0.1 mm balls are used for
milling. As the ball size increases, greater size reduction of the talc particle and loss of crystallinity
occur during grinding. This is due to the reduced kinetic energy of collision between rotating balls in
the mill with 0.1 mm balls when compared with 2 mm and 1 mm balls [31,32].

Figure 4 shows the variation in relative peak intensities (It/I0) of talc’s main diffraction peaks such
as (001), (132), (003), and (020) upon grinding, which shows the effect of the ball size on the direction
in the fracture of talc. For 2 mm balls, the (001) and (003) lattice planes, which are perpendicular to
the c-axis of talc, decreased faster than the (132) and (020) peaks. In particular, the decrease rate of
(001) and (003) peaks was very high during the first 10 min and gradually slows at 60 min of grinding.
The (001) and (003) peaks mostly disappeared after 120 min of grinding. In contrast, the decrease
rate of the (132) and (020) peaks is relatively low and its peak intensities are approximately 20% after
360 min of grinding compared with that prior to grinding. The use of 1 mm balls yielded similar
results to those obtained using 2 mm balls. The decrease rate of (001) and (003) peaks was very high
in the early stage of grinding, and most of the peaks subsequently disappear. The (132) and (020)
peak intensities are approximately 50% after 360 min of grinding when compared with that prior to
grinding, which indicates less amorphization when using 1 mm balls than when using 2 mm balls.
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Figure 4. Effects of grinding time and ball size on the relative XRD intensities of lattice planes. The ball
size for high-energy ball milling is (a) 2 mm, (b) 1 mm, and (c) 0.1 mm. The relative peak intensities are
normalized with the XRD peak of as-received talc.

In contrast, when 0.1 mm balls were used, the decrease rate of (132) and (020) peaks was higher
than that of the (001) and (003) peaks, especially during the first 60 min of grinding. After 360 min
of grinding, all peaks except the (020) peak reached approximately 40% compared with that prior to
grinding. As the ball size increases, the reduction of peak intensity prior to grinding increases for
most peaks. The delamination of (00l) planes, in particular, are significantly affected by the ball size.
When 2 mm or 1 mm balls were used, the peak intensity of (00l) planes reduced to less than 5% of its
state prior to grinding, while it only reduced to 40% when using 0.1 mm balls. The relative intensities
of (020) plane after 360 min of grinding were approximately 20%, 55%, and 60% when using 2 mm,
1 mm, and 0.1 mm balls, respectively. These results indicate that the size reduction mechanism of talc
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changes with varying ball size. The contribution of delamination toward the decrease in particle size
is high when 2 mm or 1 mm balls are used but low when 0.1 mm balls are used. The particle size
reduction of talc occurred in all directions when using 0.1 mm balls.

3.2. Analysis of Specific Surface Area

Figure 5 shows the variation in the specific surface area of talc according to the ball size used
in grinding.

 
Figure 5. Variation of BET specific surface area of talc upon grinding with varying ball sizes for
high-energy ball milling.

As the grinding progresses, the increase in the specific surface area of talc is initially abrupt and
then becomes gradual. The overall tendency of the increase in the specific surface area is similar
for all ball sizes. However, the degree of increase varied according to the ball size. When 2 mm or
1 mm balls were used, the tendency was very similar until 60 min of grinding. The specific surface
area was slightly higher when 1 mm balls were used than when 2 mm balls were used. However,
since the grinding time is increased above 60 min, the specific surface area of the particles ground
using 2 mm balls increased more toward the end of the grinding period. The specific surface area was
approximately 6.1 m2/g before grinding and increased to approximately 419.1 m2/g for 2 mm balls
and approximately 365.1 m2/g for 1 mm balls after 360 min of grinding. The grinding efficiency when
using 2 mm balls was slightly lower than when using 1 mm balls for the first 60 min of grinding, but
prolonged grinding yielded a higher specific surface area when 2 mm balls were used. The 0.1 mm
ball showed the lowest grinding efficiency, with a specific surface area of only 171.7 m2/g even after
360 min of grinding. These results indicate that the use of 1 mm and 2 mm balls in grinding talc could
yield a larger specific surface area than the use of 0.1 mm balls could. In planetary ball milling, the
proper ball size could maximize the grinding efficiency with a balance of aggregation and particle size
reduction [32]. Our results indicate that the specific surface area eventually increases when the 2 mm
balls are used for grinding, even though it is not clearly observed during the early stage of grinding.

The estimated spherical diameters (ESDs) were calculated using the equation D = 6/ρS, where ρ is
the density of talc (2.8 g/m3), S is the specific surface area (m2·g−1), and the constant 6 is the shape
factor assuming that the talc particles are spherical. The results are listed in Table 2.
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Table 2. Changes in mineralogical parameters as a function of grinding time.

Talc
Ball Size

(mm)

Grinding Time (min)

0 10 30 60 120 240 360

Relative
(001) Peak height

(%)

2
100

61.8 14.3 9.1 1.3 0.4 0.1
1 63.9 23.9 7.2 4.7 2.3 2.2

0.1 97.3 91.7 92.9 85.1 44.4 43.9

SBET (m2/g)
2
1

0.1
6.1

81.1
81.5
43.5

165.8
171.6
66.7

182.5
231.8
87.7

321.7
287.3
123.7

408.8
326.9
154.4

419.1
365.1
171.7

E.S.D. (nm)
2
1

0.1
351.3

26.4
26.3
49.3

12.9
12.5
32.1

11.7
9.2
24.4

6.7
7.5

17.3

5.2
6.6

13.9

5.1
5.9

12.5

Particle size
(D50, μm)

2
1

0.1
12.8

5.58
3.25
12.2

2.05
0.71
11.3

0.55
0.52
10.2

0.41
0.45
9.32

0.38
0.41
8.42

0.37
0.44
7.96

ESD, equivalent spherical diameter. D = 6 /ρ·S, where ρ is 2.8 g/cm3.

The powder had ESD of approximately 350 nm prior to grinding, which decreased to 5.1, 5.9, and
12.5 nm after 360 min of grinding using 2 mm, 1 mm, and 0.1 mm balls, respectively. These are much
lower ESDs of talc than previously reported, as shown in Table 1 [10,14]. Data from previous reports
listed in Table 1 were generally acquired under dry conditions, unlike the wet milling performed in
this study.

We also obtained ground talc series with a similar specific surface area, even though the ball size
varied. Similar specific surface areas of 81.1, 81.5, and 87.7 m2/g (approximately 85 m2/g) were obtained
after 10 min of grinding with 2 mm and 1 mm balls and after 60 min of grinding with 0.1 mm balls,
respectively. Furthermore, similar specific surface areas of 165.8, 171.6, and 171.7 m2/g (approximately
170 m2/g) were obtained after 30 min of grinding with 2 mm and 1 mm balls and after 360 min of
grinding with 0.1 mm balls, respectively. These two series with a similar specific surface area will be
discussed below.

3.3. Analysis of Particle Size by the Laser Diffraction Method

Figure 6 shows the evolution of the talc’s particle size upon grinding, as measured by the laser
diffraction particle size analysis.

The as-received talc shows a single distribution with a mean particle size of approximately 12 μm.
With an increase in grinding time, the particle size generally decreased. However, the minimum
particle size and reduction rate varied according to the ball size. When 2 mm and 1 mm balls were
used, the particle size rapidly decreased to less than 1 μm for the first 60 min of grinding and did
not change much after 120 min. However, when 0.1 mm balls were used, the particle size gradually
decreases until 360 min of grinding, but the changes are relatively insignificant compared with the
changes when using 1 mm and 2 mm balls.

The distribution pattern of particle sizes also varies upon grinding. The particle size of as-received
talc shows a monomodal distribution ranging from ~3 to ~50 μm with a center at ~10 μm. As the
grinding proceeds, an increase in submicron particles appeared in addition to the existing predominately
micron-sized particles of approximately ~10 μm, which forms a bimodal distribution. In this case,
we refer to the two distribution groups as a microscale group and a sub-microscale group. When
using 1 mm and 2 mm balls, the sub-microscale group appears even after 10 min of grinding and
its population gradually increases until 120 min of grinding at the expense of the microscale group.
The mean particle size of the microscale group gradually decreases from ~10 to ~2 μm as the grinding
proceeds for up to 60 min. The microscale group is not observed after 120 min of grinding, which
indicates that talc powders are fully pulverized into sub-microscale after 120 min of grinding. However,
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re-aggregation occurred in some samples, and, thus, small amounts of ~4 and ~20 μm particles were
observed after 120 min of grinding. When using 0.1 mm balls, the population of the microscale
group does not show a significant reduction even after 360 min of grinding and the population of the
sub-microscale group is relatively insignificant when compared to the results when using 1 mm and
2 mm balls. We note that dispersion of the ground talc may be incomplete in aqueous solution and the
sizes of the aggregated particles can be measured by the laser diffraction method.

Figure 6. Changes in particle size of talc upon grinding, measured using laser diffraction particle size
analysis. The ball size for high-energy ball milling is (a) 2 mm, (b) 1 mm, and (c) 0.1 mm.

Figure 7 shows the change in the D50, which corresponds to 50% of the cumulative volume of the
particle size distribution, upon grinding, according to the ball size.

 
Figure 7. Change of particle size (D50) of talc upon grinding.
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When 2 mm balls were used, D50 decreased sharply to approximately 0.5 μm after 60 min of
grinding, but did not show significant changes until 360 min. Similarly, when 1 mm balls were used,
D50 decreased to approximately 0.7 μm in the first 30 min of grinding, but it did not change significantly
after that. These results show that the particle size rarely decrease after approximately 60 min of
grinding, which indicates that it reached the grinding limit under the grinding condition employed
in this study. Until 60 min of grinding, the grinding efficiency of the 2 mm balls was slightly lower
than that of the 1 mm balls. However, beyond this time frame, the D50 was smaller and the particle
size distribution was narrower. In contrast, when 0.1 mm balls were used, the particle size steadily
decreased until 360 min from the beginning of grinding. The final D50 was approximately 7.9 μm,
which is approximately 7 μm larger than that obtained using 2 mm or 1 mm balls. These results
indicate that, when 0.1 mm balls are used, the pulverization rate is slow and showed a lower grinding
efficiency compared with the 2 mm and 1 mm balls.

3.4. Aggregation of Ground Talc

Laser diffraction particle size analysis and BET-specific surface area analysis are general methods
to analyze the changes in particle size upon grinding. Though the calculated ESD based on the
BET-specific surface area is much smaller than the results of particle size analysis because the shape of
phyllosilicate talc and the increase in specific surface area generally indicates the decrease in particle
size. According to the laser diffraction particle size analysis, the particle size of talc ground using 2 mm
and 1 mm balls significantly decreased until 60 min of grinding, and further size reduction was not
subsequently observed. On the contrary, BET-specific surface area continuously increases after 60 min
of grinding. In addition, the significant difference in a specific surface area between talc powders
ground using 2 mm and 1 mm balls is observed while the result of the particle size analysis shows only
a trivial difference. These differences between the laser diffraction particle size and surface area analysis
can appear when the ultrafine talc particles are aggregated by grinding [12]. In the BET-specific surface
area analysis, there is a rare effect of aggregation because the N2 gas is adsorbed to the particle surface.
However, in the particle size analysis using laser diffraction, the size of aggregates can be measured
rather than the individual particles. These results indicate that aggregation of ultrafine talc powder
occurred as a result of grinding.

The aggregation of ground talc particles can be observed in SEM images of the talc particles
grounded using 1 mm balls (Figure 8).

Before grinding, a unique laminar structure of talc is clearly observed with a size of tens of
micrometers. With increasing grinding time, the particle size decreases to approximately 5 μm after
30 min, less than approximately 1 μm after 240 min, and approximately 200–300 nm after 360 min of
grinding. The aggregation of ultrafine particles is clearly observed after 240 min of grinding, which is
consistent with results of the laser diffraction particle size and BET-specific surface area analysis.
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Figure 8. SEM images of ground talc for (a) 0 min, (b) 30 min, (c) 240 min, and (d) 360 min using 1 mm
balls for high-energy ball milling.

In order to understand the effect of ball size on the aggregation of ground talc, Figure 9 compares
the particle size analysis results of talc powders with similar specific surface areas. As described
above, we obtain the ground talc series that have a similar specific surface area of talc particles that are
approximately 85 m2/g and 170 m2/g. The laser diffraction particle size of the ground talc using 2 mm
and 1 mm balls showed similar particle size distribution when compared with the case of using 0.1 mm
balls. In both series, the intensity of the sub-microscale group was larger when using 2 mm and 1 mm
balls than when using 0.1 mm balls, which indicates a larger particle size when using 0.1 mm balls.

The different particle size distributions with similar surface area could be observed if the
aggregation of ultrafine particles occurred as a result of grinding. The larger particle size distribution
indicates the more aggregated status of talc powder. In this study, the ground talc powder using
0.1 mm balls shows a larger particle size than other talc powders with similar surface areas, which
indicates that it is easily aggregated due to grinding.
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Figure 9. Comparison of particle size analysis results for ground talc powder having similar specific
surface area. The BET specific surface areas are (a) 81–88 m2/g and (b) 165–172 m2/g.

The increased aggregation of ground talc with 0.1 mm balls than with 1 mm or 2 mm balls
could be related to the degree of dispersion in the aqueous solution used in the particle size analysis.
The aggregation of ultrafine particles generally occurs in order to reduce the high surface energy [34,35].
The talc powders with a similar surface area and different aggregation behavior indicate that these
ground talc powders have a different surface energy and/or property. The results of XRD analysis
showed that different crystallinity of ground talc powder depends on ball size. The crystallinity of
ground talc is higher when using 0.1 mm balls than when using 1 mm and 2 mm balls. Crystalline
talc is hydrophobic due to the siloxane sheet of the T-O-T layer. Hence, it aggregates well in aqueous
solution [1,36]. On the other hand, disordered talc with lower crystallinity due to grinding is
delaminated. Breakage of the layers exposes the hydroxyl groups in the octahedral layer. As a result,
the talc is less hydrophobic due to the loss of crystallinity [8,37,38]. In an aqueous solution, the more
hydrophilic talc is better dispersed.

As shown in Figure 3, the crystallinity of ground talc prepared using 0.1 mm balls during grinding
is higher than that using 1 mm and 2 mm balls even though these talc powders have similar surface
areas. The ground talc with relatively higher crystallinity (i.e., when using 0.1 mm balls for grinding)
has higher surface energy than other ground talc powders (i.e., when using 1 mm and 2 mm balls for
grinding). Thus, increased aggregation could occur in ground talc using 0.1 mm balls due to the loss of
crystallinity and hydrophobicity.

4. Discussion

As described above, the grinding of talc using a high-energy ball mill results in differences in
crystallinity, particle size, specific surface area, and aggregation behavior. Figure 10 shows the changes
in the crystallinity, particle size, and specific surface area of talc, according to the ball size used
in milling.

184



Minerals 2019, 9, 668

 
Figure 10. Effect of ball size for high-energy ball milling on (a) relative intensities of (001) XRD peak,
(b) particle size (D50), and (c) specific surface area.

4.1. Effects on Crystallinity of Ground Talc

The crystallinity of talc decreased upon grinding, and the degree of decrease varied depending
on the ball size (Figure 10a). When 1 mm and 2 mm balls were used in grinding, the crystallinity
decreased rapidly within 60 min of grinding, and delamination of (00l) planes mainly occurred. After
120 min of grinding, almost all XRD peaks disappeared. In contrast, when grinding was performed
using 0.1 mm balls, not only was there a reduction in the crystallinity decrease, but also crystal surfaces
other than the (00l) surface were fractured together. The crystallinity decreased continuously even
after 120 min, but it was still much higher when compared with the case of using 1 mm and 2 mm
balls. Compared with it prior to grinding, the (001) peak heights of XRD decreased to 91.7%, 23.9%,
and 14.3% of the original size after 30 min of grinding when 0.1 mm, 1 mm, and 2 mm balls were used,
respectively. After 120 min of grinding, it decreased to 85.1%, 4.7%, and 1.3%, respectively, and, after
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360 min of grinding, it decreased to 43.9%, 2.2%, and 0.1%, respectively. When comparing the XRD
patterns of ground talc with a similar specific surface area, the smaller the ball size used, the higher the
final crystallinity of the talc is. These results indicate that the smaller ball size is appropriate to grind
the talc while retaining the crystalline structure.

4.2. Effects on Comminution Rate and Limitation

The ball size in ball milling also affects the comminution rate and the limitation in particle size
reduction. The increase in the comminution rate is clearly observed in the variation of particle size
and BET-specific surface area, according to the ball size (Figure 10b,c). The BET-specific surface area
of ground talc powders for 360 min shows approximately 419.1, 365.1, and 171.7 m2/g using 2 mm,
1 mm, and 0.1 mm sized balls, respectively. The ESD for those talc powders correspond to 5.1, 5.9, and
12.5 nm, respectively. The particle size measured by the laser diffraction method also corresponds to
the submicroscale when using 1 mm and 2 mm balls, but to the microscale when using 0.1 mm balls
after grinding for 360 min. According to the variation of BET-specific surface area, the comminution
rate increased with increasing ball size. At the early stage of ball milling, the comminution rate
difference between using 1 mm and 2 mm balls is insignificant. The comminution rate when using
1 mm balls is slightly faster than when using 2 mm balls at the early stage of grinding, but both the
comminution rate and the limitation in particle size reduction are more effective when using 2 mm
balls in prolonged grinding.

4.3. Effects on Aggregation

The ball size used in ball milling also affects the aggregation properties of talc. The larger the ball
size used for grinding, the less aggregation occurred for talc powders with similar specific surface
areas. When 1 mm and 2 mm balls were used, aggregates of submicron particles were formed in
most cases, as observed in laser diffraction particle size analysis. However, when 0.1 mm balls were
used, aggregates of several micron particles were formed, as shown in Figure 9. The differences
between the particle size analysis and the specific surface area analysis would be caused by the
formation of aggregates of the sample due to ongoing grinding. This means that, as the ball size
increases, the aggregates are formed more easily. When talc powders with similar specific surface areas
were compared, the smaller the ball size is, the larger the aggregates formed are. The aggregation
behavior of ground talc varies with the ball size used during milling, which is the result of different
talc crystallinities. The loss of talc crystallinity results in a loss of hydrophobicity [8,37,38] and,
consequently, better dispersion in an aqueous solution. The ground talc exhibits more hydrophilic
properties when larger balls are used during milling.

5. Conclusions

In this study, talc was ground at a fast rotation speed of 2000 rpm using a high-energy ball mill, and
ultrafine talc particles were obtained. Furthermore, the effects of ball size on the grinding efficiency and
crystallinity of talc were investigated. When a larger ball size was used in ball milling, the crystallinity
decreased faster, and the grinding efficiency and the specific surface area of the talc increased. In the
case of crystallinity, the smaller the ball size was, the smaller the decrease in crystallinity was. Therefore,
using a small ball size can produce talc nanoparticles with higher crystallinity. Upon the progress of
milling, the aggregation of talc particles occurs and the degree of aggregation shows the relations with
crystallinity of talc. Comparing the ground talc with similar specific surface areas, the more disordered
the structure of the ground talc is, the fewer aggregation and more hydrophilic properties are observed.
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Abstract: Coals used for power plants normally have different ash contents, and the breakage of
coals by the ball-and-race mill or roller mill is an energy-intensive process. Grinding phenomena
in mill of power plants is complex, and it is also not the same with ideal grinding tests in labs.
The interaction among various coals would result in changes of grinding behaviors and energy
consumption characterization if compared with those of single breakage. In this study, anthracite and
bituminous coal of different ash contents were selected to be heterogeneously ground. Quantitation
of components in products was realized using the relation between sulfur content of the mixture and
mass yield of one component in the mixture. Product fineness t10 of the component was determined,
and split energy was calculated on the premise of specific energy balance and energy-size reduction
model by a genetic algorithm. Experimental results indicate that breakage rate and product fineness
t10 of the mixture decrease with the increase of hard anthracite content in the mixture. Unlike the
single breakage, t10 of anthracite in heterogeneous grinding is improved dramatically, and bituminous
coal shows the opposite trend. The interaction between components results in the decrease of the
specific energy of the mixture if compared with the mass average one of components in single
breakage. Breakage resistance of hard anthracite decreases due to the addition of soft bituminous coal,
and grinding energy efficiency of anthracite is also improved compared with that of single grinding.

Keywords: grinding behaviors; energy consumption characterization; sulfur content; heterogeneous
breakage; split energy

1. Introduction

Particle size reduction is widely involved in various industries, especially in mineral processing.
In a common comminution process for mineral liberation, size reduction of the raw ore sample is
generally realized by the use of a crusher, ball mill and Isa mill in sequence, making it an energy-intensive
process. Due to both the decline in ore grades and the increased complexity of the ore characteristic,
it is expected that the energy demanded for achieving an ideal mineral liberation will be greatly
increased [1–3]. Statistical data indicate that the grinding process consumes about 70% of the total
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energy in mineral preparation plants [4]. Hence, any improvement in the grinding process would lead
to a significant reduction of energy required for mineral beneficiation. In China, nearly 60% of the
raw coal is applied for electric power generation, and it should be ground to pulverized fuel (PF) for
improving combustion efficiency [5]. Generally, ball-and-race mills or roller mills are used to produce
the PF, of which >85% of fines are finer than 90 μm PF [6]. It is estimated that the spent energy in
this process accounts for 0.5–2% of total electrical power of the coal power plant [7]. Though this
proportion is not big, the total energy loss from coal power plants in China is tremendous given the
total electric power generation capacity of China. Unfortunately, this issue has not been paid enough
attention by electricity producers in China.

Normally, the heat efficiency of boilers used in power plants is closely related to the properties of
coals that are burnt inside, therefore, the boiler in a power plant is designed according to the quality
of coal. Note that in some parts of the world, supplied raw coals are from various mines, and they
show obvious differences in quality. Under this situation, coal blending prior to combustion in a boiler
becomes very necessary to ensure an optimum heat efficiency. This, in turn, brings up challenges on
how to maintain a high efficiency for the grinding process in the power plants as coals of different sizes,
densities, coalification degrees, and ash contents are ground in ball-and-race mills, resulting in particles
fed onto the grinding table being ground heterogeneously. Interaction among different components
would have an effect on the grinding behavior and energy consumption characterization of mixtures
and components. Many investigations have been conducted to study the above-discussed issue faced
by coal power plants; however, previous work was carried out on samples in narrow size or density and
thereby the findings based on them are not applicable to real industrial process [8,9]. On the other hand,
both the structure and grinding mechanism of a vertical roller mill employed in coal power plants are
different from those of a conventional lab-scale mill. Regarding the first abovementioned issue facing
lab-scale grinding research, Hardgrove mill or lab-scale roller mill were applied to simulate the grinding
process of particles in industrial vertical spindle mill [10,11]. Related experiments were first conducted
by Austin in 1981, in which a modified Hardgrove mill with a torque meter was used [12]. Based on
the extensive grinding results, a model including particle breakage, internal and external classification
of ground products was successfully applied to the lab-scale and industrial E mills, respectively [13,14].
Shi used a similar machine (JK Fine-particle Breakage Characteriser (JKFBC)) and applied the classical
breakage model (developed from Drop-Weight Tests) to describe the energy-size reduction process [15].
Later on, particle properties were modelled into the classical breakage equation based on grinding tests
of coal in JKFBC, which further extended the application scope of this model [16,17]. It appears that
grinding in a lab-scale Hardgrove mill can simulate the grinding process of coal in a vertical spindle
mill. It is noted that the materials used in the above studies were samples in narrow size or density.
For the second issue, mixture breakage was initially conducted in the ball mill [18], and samples were
pure minerals for the easy separation of progenies by float-sink test or chemical reaction [19,20]. All of
these are conducive to analyze the breakage behavior of the component in the mixture; however, the
breakage phenomenon was too ideal to draw some substantial conclusions. The key issue for the
heterogeneous grinding of coals is the quantitation of components in the mixture. A great amount of
research has been done in regard to overcoming this problem. Cho studied the grinding kinetics of
the components in a binary mixture of 1.6 g·cm−3 sink anthracite and 1.4 g·cm−3 float bimanous coal
in a ball-and-race mill, and two coals in ground products were separated by the float-sink tests [21].
Austin conducted the mixture breakage of anthracite with quartz, cement clinker and another two
coals in a small laboratory ball mill under standard conditions, and found the acceleration of grinding
rate [22]. Xie also ground anthracite with pure minerals in a ball-and-race mill and compared the
changes of grinding behavior of components [23]. Float-sink test is a useful tool for the separation
of coal from a mixture that has been subjected to grinding. While for different coals, size-reduction
also leads to the liberation of associated minerals, and density distribution of products becomes wide,
which may result in the density coincidence of mixture products. Unlike the pure minerals, coal is a
complex material and contains both organic and inorganic substances. As such, which part of coal
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can be used for quantitation should be discussed. Since the species of minerals in coal are numerous,
different associated conditions and selective liberation can result in the unpredictable distribution
of minerals in products. Though almost all the inorganic elements in nature can be found in coal,
they are usually concentrated in parts of products due to the selective liberation of minerals. Moreover,
experimental errors caused by tedious sample preparation processes have negative effects on the
accurate quantitation of some rare elements in coal. Hence, specific inorganic elements may also not be
possible for quantitation. Based on the above discussion, properties of organic substance or organic
elements are potential to distinguish different coals. Xie and his colleagues applied the characteristic
ratio of XRD pattern to quantify components in progenies, and therefore, confirmed the grinding
behavior of components. It is worth noting that this method can only be used for mixtures of coals
with various coalification degrees and also requires the ash content of sample to be sufficiently low in
order to avoid the negative effect on the analysis of 002 peak of XRD pattern [24]. For coals in the same
coalification degree or higher ash content, another organic element should be selected.

In addition to the breakage behavior of the component in the mixture, energy consumption
characterizations of the mixture and component are also important output for heterogeneous grinding.
Energy consumed by the component can be calculated by energy split factor. Kapur and his colleagues
provided energy split factor in terms of breakage rate functions and production rate of fines. This method
was based on the assumption that breakage behavior of the component was environment-independent
due to the similar grinding path on a triaxial composition diagram [25]. Xie and his colleagues
calculated the energy split factor according to the mass and energy balance for the two-component
breakage of coal with one mineral [23]. Combined with the product fineness of the component,
energy-size reduction relation was established for the comparison of energy efficiency (product t10 for
the same energy) between the mixture and single breakage [26].

Coals used in a previous study about mixture breakage by authors were of low ash content
(2.62% and 3.17%), which was lower than that of the coals used in power plants. Hence, another
two coals (2.96% and 35.27%) were chosen. A series of mixture grinding tests were conducted in a
ball-and-race mill, and breakage rate, product fineness, and specific energy were determined. As the
sulfur content of the mixture was linearly related to the mass yield of one component of the mixture,
product fineness of each component after mixture breakage was quantified based on the above relation.
On the premise of the classical breakage model and specific energy balance of the mixture, specific
energy of the component was computed by genetic algorithm. Split energies and breakage parameters
in the energy-size reduction model of components for various mixed conditions and grinding time
were determined to indicate the interaction effect on the grinding energy efficiency of the component.

2. Materials, Equipment and Method

2.1. Materials, Equipment and Grinding Tests

Two coals including the anthracite and bituminous coal were used in this study. Anthracite was
sampled from the clean coal stream of the Taixi coal preparation plant, while the bimanous coal was
sampled from the middling coal stream of the Linhuan coal preparation plant. These samples were
subjected to crushing and sieving tests, and particles of −2.8 + 2 mm were selected for grinding tests.
Ash contents of anthracite and bituminous coal were 2.96% and 35.27%, respectively.

Energy-size reduction tests were conducted in a ball-and-race mill, namely Hardgrove machine,
with the addition of a power meter, to investigate changes of grinding behavior and energy consumption
characteristics of components during the heterogeneous breakage process. The structure parameters
are as follows: diameter of grinding table 76.2 mm, diameter of grinding ball 25.4 mm, the number of
grinding balls 8, table revolution rate 20 rpm, grinding force 284 N, and rated power 90 W. The power
meter was connected in the electric circuit of Hardgrove mill. Resolution of the power meter was
0.01 W, and instantaneous power was recorded at the frequency of 1 s. Forty gram samples were
prepared for each grinding test, and eight balls were put on the particle bed evenly. The non-load
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power was first recorded, and power consumption for the breakage of single coal and mixture was
measured later. Power for grinding samples was determined by subtracting the non-load power from
the gross one.

Grinding tests of single anthracite and bituminous coal were first conducted, and grinding time
was designed as 10 s, 20 s, 30 s, 40 s, 50 s, 70 s, 90 s, 120 s, 150 s, 180 s, and 240 s. For each experiment,
size distribution of ground products was confirmed by sieving tests, and yield of unbroken particles in
the top size, and product fineness t10 (yield of progenies which were smaller than 1/10th of the mean
size of feed) were determined. Mixture breakage tests were carried out on mixtures of anthracite (A)
and bituminous coal (B) at mass ratios of 3:1, 1:1 and 1:3. Grinding time and treatment on ground
products of heterogeneous breakage tests were identical to those of homologous breakage tests.

2.2. Quantification of Components in Heterogeneous Grinding Products

For the quantification of components in heterogeneous grinding products, the relation between
some characteristic indexes with the mass yield of a certain component should be determined. Firstly,
mixtures of anthracite and bituminous coal were prepared with mass ratios of 1:0, 4:1, 3:1, 2:1, 1:1, 1:2,
1:3, 1:4, and 0:1. Then, these materials were ground to −74 μm fines by a vibrating mill respectively,
and element composition of ground products was analyzed by the X-Ray Fluorite Spectroscopy (XRF).
In the XRF test, about 20 elements were detected, most of which were inorganic elements. Note that
the distribution of inorganic elements in coal samples was not even, and minerals associated with
coal were of different sizes. Hence, the selective liberation would happen along with grinding, which
would result in the unpredictable distribution of elements in various narrowly-sized progenies. So, the
X-Ray Diffraction of two coals were then conducted to assist the selection of a proper characteristic
element. XRD patterns of two coals are shown in Figure 1. As shown, mineral information of anthracite
in the XRD pattern was weak because the ash content was only 2.96%, and the main associated mineral
was kaolinite. The main minerals associated in the bituminous coal were kaolinite, montmorillonite
and illite. Evidently, element Si is the common inorganic element of these two coals, but it cannot be
regarded as the indicator to distinguish the grinding behaviors of components in the mixture due to the
selective liberation. Meanwhile, Figure 1 reveals that there is no pyrite detected by XRD. Therefore, it
is easy to conclude that sulfur quantified by XRF exists in the organic macromolecular structure of coal
in an organic form. Since the breakage process of organic components was non-selective, the uniform
distribution of sulfur can be anticipated in each narrowly-sized particles. Hence, it was reasonable to
choose the organic element of sulfur for quantification.
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Figure 2 shows the relation between sulfur contents of mixtures and mass yields of bituminous
coal. A linear equation was developed, with the R2 of 0.98. Note that the characteristic size of t10 for
−2.8 + 2 mm coals is 0.237 (((2.8 × 2)ˆ0.5)/10) mm. As it is difficult to accurately obtain these fines by
sieving, progenies of −0.25 mm were used. For heterogeneous grinding tests of mixtures in various
mass ratios of components and grinding time, −0.25 mm products were reground by a vibrating mill to
−74 μm fines for the XRF measurement. With the help of the above empirical linear equation, product
fineness t10 of each component in various heterogeneous grinding conditions was determined.

0.0 0.2 0.4 0.6 0.8 1.0
0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

0.80

 Experimental data
 Fitting line

Su
lfu

r c
on

te
nt

 o
f m

ix
tu

re
/%

Mass yield of bituminous coal in mixture/%

Y=0.3389*X+0.4351

Figure 2. Relation between sulfur content of mixture and mass yield of bituminous coal.

3. Results and Discussion

3.1. Grinding Behavior of Components and Mixtures

Breakage of coarse particles to fines is a progressive process, which can be evaluated by two
indicators, namely breakage rate of the top sized particles (BRTSP) and product fineness t10. BRTSPs
of mixtures at various mixed ratios (1:0, 3:1, 1:1, 3:1, and 0:1) are compared. Although the longest
grinding time of this research is 240 s, it is shown from the size analyses of progenies that particles in
the top size are already ground to fines before 90 s. Hence, yields of the top size particles at grinding
time periods of 0 s, 10 s, 20 s, 30 s, 40 s, 50 s, and 70 s are plotted in Figure 3. As shown, for these
semi-logarithmic curves, BRTSP shows the linear relation with grinding time, namely the first-order
law. For the single breakage, yield of unbroken bituminous coal in the top size is a little lower if
compared with that of anthracite for each grinding time. That is to say, bituminous coal has a fast
breakage rate, and it is relatively easy to break. This is due to the fact that the ash content of the
bituminous coal is much higher than that of the anthracite, so that liberated minerals accelerated the
size-reduction of bituminous coal. Figure 3 also shows that with the increase in weight percentage of
bituminous coal in the mixture, the yield of unbroken particles in the top size decreases, while the
breakage rate of the mixture increases.
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Figure 3. Yield of unbroken particles in the top size for various grinding times.

The results of product fineness t10 of mixtures with mixed ratios and grinding time are presented
in Figure 4. Similar to the change trending of breakage rate, bituminous coal with a fast BRTSP shows
a higher product fineness, and the difference in t10 between bituminous coal and anthracite is over
15%. Anthracite has a higher coalification degree, and it is difficult to be broken to fines, especially
for those associated with small amounts of minerals. Predictably, t10 of mixtures increases with the
small yield of anthracite in the mixture. In addition to the direct comparison of breakage rate and
product fineness, t10 of components in heterogeneous grinding are also determined and compared.
As mentioned above, −0.25 mm progenies yielded at various mixture breakage conditions are ground
to fines for XRF measurement. Sulfur contents of these samples are shown in Table 1. Obviously, sulfur
content increases with grinding time for these three mixtures, which indicates more anthracite fines in
products. Based on data in Table 1 and the empirical equation in Figure 2, contents of two components
in t10 of mixtures are determined. Aiming at the convenient comparison of t10 of components in
heterogeneous and homogeneous grinding, values of product fineness t10 are calculated in terms of
the percentage benchmark of the component itself according to data in Figure 4 and the mixed ratios.
These data are shown in Figures 5 and 6 for anthracite to bituminous coal, respectively. Compared
with the single breakage of anthracite, product fineness t10 is improved significantly, and a large value
of t10 indicates the amount of anthracite in the mixture is small. If the content of anthracite decreases
to 25%, t10 is more than twice that of homogeneous grinding. On the contrary, t10 of bituminous coal in
mixture breakage is much lower than that in single breakage. For the hard anthracite, soft bituminous
coal in the mixture not only improves grinding phenomena, but also benefits the transition of grinding
energy to anthracite. That is why the product fineness of anthracite increases if compared with that of
single breakage. In order to explain the interaction between two coals in mixture breakage, energy
consumed characterization will be introduced in the next section.
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Figure 4. Product fineness t10 of mixtures for various grinding times.

Table 1. Sulfur content of −0.25 mm products yielded at various grinding times.

Grinding Time/s
Content of Sulfur/%

A:B = 3:1 A:B = 1:1 A:B = 1:3

10 0.507 0.648 0.687
20 0.502 0.618 0.649
30 0.503 0.597 0.650
40 0.502 0.573 0.623
50 0.503 0.565 0.632
70 0.504 0.561 0.639
90 0.501 0.564 0.637
120 0.502 0.561 0.638
150 0.502 0.563 0.638
180 0.501 0.563 0.635
240 0.501 0.559 0.635
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Figure 6. Product fineness t10 of bituminous coal for various grinding conditions and times.

3.2. Energy Consumed Characterizations of Mixtures and Components

The grinding process of mixtures should be evaluated not only by breakage rate and product
fineness, but also by consumed specific energy. Here, recorded power (W) per second for the
heterogeneous grinding of mixtures was converted to specific energy (kW.h.t−1). Specific energy and
product fineness t10 of each mixture breakage for various times are plotted in Figure 7. For the single
breakage, bituminous coal shows a higher t10 with the same specific energy in comparison with that of
anthracite. That is to say, the soft bituminous coal has a higher grinding energy efficiency. Predictably,
fineness t10 increases with more bituminous coal in the mixture for the same energy input, just as
shown in Figure 7. Previous breakage researches of narrowly-sized particles in the ball-and-race mill
have illustrated the successful application of classical energy-size reduction model on experimental
data [27], and indexes of particle properties are added to that model to improve the utilization [13].
This model is shown as follows:

t10 = A×
(
1− e−b×Ecs

)
(1)

where t10 is the product fineness (%), Ecs is the specific energy (kW.h.t−1), and A and b are
breakage parameters.
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In this paper, the classical model is also used to describe the heterogeneous grinding of two coals.
Good fitted results, with R2 above 0.98, are obtained for grinding tests of mixtures in three mixed ratios.
Breakage parameters A and b are also determined for each mixture and shown in Table 2. The higher
A*b value demonstrates the less resistance to being broken. Hence, bituminous coal, which has the
highest A*b value, is easily broken. That is consistent with conclusions of breakage rate and product
fineness. With the decrease of bituminous coal in the mixture, the indicator A*b decreases, and more
energy would be consumed for yielding fines.

Table 2. Breakage parameters of mixtures.

Breakage
Parameters

Mixture Conditions

A A:B = 3:1 A:B = 1:1 A:B = 1:3 B

A 97.63 80.24 77.44 80.77 75.68
b 0.12 0.19 0.25 0.30 0.37

A*b 12.01 15.00 19.36 23.99 27.82

Product fineness t10 of component has been determined based on the characteristic index of sulfur
content as mentioned above. However, the specific energy for yielding fines for each component at
various grinding conditions and time is not clear. Recorded power and calculated specific energy are
for mixture. Interactions between components can not only change the specific energy consumed by
the component, but also have an effect on the specific energy of the mixture if compared with the mass
average one. Table 3 lists both measured and calculated mass average specific energies of mixtures at
various times. If component interaction does not happen in the mixture breakage, the specific energy
should be close to the mass average one. However, data in Table 3 indicate that measured energy is
a little lower than the mass average one. So, the mixture breakage is a potential method for energy
saving. This difference illustrates that the component interaction may increase the grinding energy
efficiency of one component and decrease that of another one. However, this speculation should be
further verified by the specific energy split by each component.

Table 3. Comparison of measured and mass average specific energy.

Specific
Energy/kW.h.t−1 Measured Data Mass Average Data

Grinding Time/s A A:B = 3:1 A:B = 1:1 A:B = 1:3 B A:B = 3:1 A:B = 1:1 A:B = 1:3

10 0.28 0.20 0.22 0.21 0.24 0.27 0.26 0.25
20 0.52 0.41 0.42 0.41 0.46 0.51 0.49 0.48
30 0.76 0.62 0.63 0.61 0.70 0.74 0.73 0.71
40 0.94 0.82 0.81 0.81 0.89 0.92 0.91 0.90
50 1.21 1.03 1.01 1.00 1.09 1.18 1.15 1.12
70 1.59 1.44 1.39 1.37 1.44 1.55 1.51 1.48
90 2.10 1.84 1.76 1.71 1.78 2.02 1.94 1.86

120 2.61 2.44 2.28 2.19 2.23 2.52 2.42 2.32
150 3.28 3.00 2.78 2.66 2.65 3.12 2.96 2.81
180 3.75 3.51 3.26 3.04 3.05 3.58 3.40 3.22
240 4.68 4.51 4.17 3.74 3.69 4.43 4.18 3.94

Authors have provided a method to determine the energy split factor of the component for the
mixture breakage of coal with pure mineral in the Hardgrove mill [20,21]. In that study, interaction
between components was reflected on the change of breakage parameters of mixtures with different
mixed ratios. Though the energy balance was realized, it was not correct to calculate the specific
energy of the component by the classical breakage model of the mixture. As a result, the energy-size
reduction model with parameters for the mixture could also describe the breakage process of two
components. In other words, coal, pure mineral and mixture showed the same resistance to being
broken, which was not accurate enough. In this case, a new method was put forward to determine
the specific energy of the component. First, the energy (kW.h) balance equation is divided by the
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mass of the mixture and converted to the specific energy (kW.h.t−1) balance equation [26]. Second,
it is assumed that the relation of the specific energy and product fineness of the component in the
mixture breakage still follows the classical breakage model. This assumption is the connection of
the known product t10 to the unknown specific energy of the component. Third, specific energies of
components for various grinding conditions and time are calculated according to the specific energy
balance of the mixture. Calculation of the third process is conducted by genetic algorithm (GA).
Here, the GA toolbox in Matlab is used, and compiled programs are shown as the Appendix A in
this paper. The initial population number is set as 50. Boundary conditions of parameters A and b
in Equation (1) for components are [xmax, 100] and [0,1], respectively. In addition, the target error is
set as 0.1%. If the population mean error is smaller than the target one, the optimum parameters A
and b for each component are obtained. Then, specific energy of each grinding condition is calculated
by Equation (1), with the results being listed in Table 4. The difference between the calculated and
measured specific energy of the mixture is marginal except for the small specific energy of the short
grinding time. These data would be used for the energy-size reduction model of the component.
Note that the values of t10 for components in mixture breakage are in the percentage benchmark of the
component itself, namely data in Figures 5 and 6. In addition, Figures 8 and 9 are the relation between
t10 and specific energy of anthracite and bituminous coal, respectively. Energy efficiency of grinding
anthracite increases with more bituminous coal being added in the mixture, and that of bituminous
coal shows the opposite trend. These conclusions are similar with the changing law of product fineness
t10. Breakage parameters of components are also determined by Equation (1), as shown in Table 5.
Breakage resistance of anthracite decreases, which indicates the soft bituminous coal improves the
grinding phenomenon of anthracite in comparison with that in single grinding. While for bituminous
coal, it acts as grinding media and therefore inhibits the breakage process.

Energy (kW.h) consumed by each component is calculated based on the specific energy (kW.h.t−1)
and mass of the component in the mixture. Figure 10 shows the content of energy consumed by
anthracite as a function of grinding time. Compared with the mass content of anthracite in the mixture,
a higher ratio of energy is split by it for mixtures of 1:1 and 1:3, which benefits the generation of fines.
When the mass ratio in the mixture is 3:1, anthracite obtains less energy, however, the ratio is still
above 70%. Particles used in this research are in the size of −2.8 +2 mm, which is relatively big. Hence,
the population of bituminous coal particle in tests conducted at a large mass ratio of anthracite to
bituminous coal is small. For the mixture of 3:1, not all the anthracite particles can be surrounded by
the soft bituminous coal. This situation may affect the energy split of the component in the mixture.
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Figure 8. Specific energy vs product fineness t10 of anthracite in mixture breakage.
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4. Conclusions

This paper reports grinding behaviors of components in heterogeneous breakage of two coals of
different ash contents in a ball-and-race mill. Quantitation of two coals is conducted by the relation
of sulfur content of mixture and mass yield of bituminous coal. Values of product fineness t10 of
components at various grinding conditions and time periods are determined, and specific energy and
energy split by component are calculated by a genetic algorithm on the premise of energy balance of
mixture, classical energy-size reduction model and t10 of components. The main conclusions of this
paper are as follows:

(1) XRD results show that sulfur in two coals is in organic form, and its content is quantified by XRF.
Sulfur contents of mixtures show a linear relation with the mass yield of bituminous coal, which
contributes to determining the product fineness t10 of two coals at various grinding conditions
and time periods.

(2) The breakage rate of the mixture obeys the first-order law. In the mixture breakage, the breakage
rate increases with increasing the mass ratio of bituminous coal of the mixture. Compared
with the single breakage of anthracite, t10 is improved significantly after mixing with the soft
bituminous coal. If the content of anthracite decreases to 25%, t10 is more than twice that of
homogeneous grinding, but t10 of bituminous coal is reduced.

(3) The classical energy-size reduction model can be applied for the mixture breakage of coals in
the Hardgrove mill. Breakage indicator A*b of the mixture increases with adding more soft
bituminous coal. Specific energy of the mixture is a little lower than the mass average one of
components due to the component interaction in mixture breakage. The relation between t10

and the specific energy of the component indicates that energy efficiency of anthracite grinding
increases during the heterogeneous grinding. Added bituminous coal surrounds anthracite
particles and improves the grinding phenomenon if compared with the single breakage. Content
of energy split by anthracite is bigger than the mass yield of it in the mixture, which indicates the
easy transfer of energy to anthracite.
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Appendix A

function z = hanshu(x)
syms A1 b1 A2 b2 y1 y2 x1 x2 r c;
syms x1_1 x1_2 x1_3 x1_4 x1_5 x1_6 x1_7 x1_8 x1_9 x1_10 x1_11;
syms x2_1 x2_2 x2_3 x2_4 x2_5 x2_6 x2_7 x2_8 x2_9 x2_10 x2_11;
A1 = x(1)
b1 = x(2)
A2 = x(3)
b2 = x(4)
y1 = [3.76 14.27 19.61 30.25 33.92 42.75 54.32 62.31 70.06 78.77 88.84]; ‘t10 of anthracite
y2 = [3.63 8.14 11.33 12.55 15.68 21.52 26.69 30.95 34.84 37.56 42.72]; ‘t10 of bituminous coal
x1 = −log(1 − y1./A1)/b1; ‘specific energy of anthracite
x2 = −log(1 − y2./A2)/b2; ‘specific energy of bituminous coal
r = 0.25. × x1 + 0.75. × x2;
c = [0.21 0.41 0.61 0.81 1.00 1.37 1.71 2.19 2.66 3.04 3.74];
z = abs(abs(c(1,1) − r(1,1))./max(c(1,1),r(1,1)) + abs(c(1,2) − (1,2))./max(c(1,2),r(1,2)) +

abs( (1,3) − r(1,3))./max(c(1,3),r(1,3)) + abs(c(1,4) − r(1,4))./max(c(1,4),r(1,4)) + abs(c(1,5) −
r(1,5))./max(c(1,5),r(1,5)) + abs(c(1,6) − r(1,6))./max(c(1,6),r(1,6)) + abs(c(1,7) − r(1,7))./max(c(1,7),r(1,7))
+ abs(c(1,8) − r(1,8))./max(c(1,8),r(1,8)) + abs(c(1,9) − r(1,9))./max(c(1,9),r(1,9)) + abs(c(1,10) −
r(1,10))./max(c(1,10),r(1,10)))
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