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Abstract: For the effective comminution and subsequent enrichment of mineral ores, comprehensive
knowledge of their mineralogical and physical properties is required. Using an integrated method-
ology, this study evaluated samples of polymetallic Ni-Cu ore from Zapolyarnoe, Russia. Several
analytical techniques were utilised, including optical microscopy, microindentation with Vickers
geometry, the Point Load Test, and Mineral Liberation Analysis (MLA). The purpose of this study was
to determine mineral associations, physical features, and enrichment during jaw crusher comminu-
tion. The acquired properties included the Point Load Strength Index, Vickers Hardness Number,
and fracture toughness. The MLA method characterised seven fractions in terms of particle size dis-
tribution, degree of liberation, association, and modal mineralogy. Magnetite, pyrrhotite, pentlandite,
and chalcopyrite were calculated in terms of wt% and their textural features. The enrichment of each
ore phase in fractions with particle sizes smaller than 400 µm was determined. The influence of this
enrichment was discovered to be correlated with various textural and structural parameters, such as
intergrowth, grain size, and crack morphologies after indentations. In addition, the chromium content
of magnetite contributed to an increase in the fracture toughness values. Despite the complexities
involved, even limited samples of materials provide valuable insights into processing behaviour,
emphasising the importance of considering mineralogical parameters in comminution studies.

Keywords: comminution; ore minerals; copper–nickel deposits; jaw crusher; Point Load Test; Mineral
Liberation Analysis; vickers hardness; enrichment

1. Introduction

Manufacturing has recently experienced an increase in the demand for mineral raw
materials. To address this increase, the manufacturing has processed ores from less con-
ventional mineral deposits and deposits of lower grades [1–4]. Low-grade ore processing
requires new technologies and economic models. In particular, selecting adequate pro-
cessing technologies is crucial for the economic and sustainable production of metals and
non-metals, as the stage of ore processing influences the quality of the final product [5,6].

To process a material, valuable minerals must be liberated, especially considering
that comminution is one of the most energy-intensive processes, typically accounting for
30 to 50% of the energy consumption in a mining operation [7]. The field of processing
research has technologies for the development of advanced comminution, which have
aimed to reduce energy consumption and advance more practical and reliable process
models [8]. Still, comminution remains a field for further technological research. For
example, obtaining the minimum breakage load for the liberation of valuable minerals,
staged recovery, and progressive improvements are approaches that several researchers
have targeted for a wide variety of industrial sectors [9–11], e.g., the tracing of minerals
from exploration. Selective disintegration and pre-concentration in the crushing stage have
collectively been identified as a fundamental approach when discussing comminution and
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grinding processes [12]. In identifying important parameters for comminution, researchers
have studied both the particle size reduction in the feed material as well as the liberation of
valuable minerals from the gangue [13].

Selective comminution aims to take advantage of the varying breakage characteris-
tics of minerals within an ore, resulting in liberation at comparably coarse particle sizes.
This selectivity is also observed in natural processes, such as rock weathering. Despite
some adaptation of processing methods to exploit mineral responses, there is currently no
systematic approach to optimise processing for specific ores due to limited knowledge of
response behaviours and the technological limitations of the available technologies [14].

Selective fragmentation often occurs at mineral interfaces when they are subjected to
stresses beyond their tensile strength or by shear. This breakage mechanism is also known
as intergranular breakage, as opposed to intragranular or preferential breakage, and occurs
due to the strength differences of mineral grains. Several studies have discussed the dynam-
ics of fragmentation after exposure to impacts or compressive stresses [15–22]. King [16]
investigated preferential breakage in grinding and identified six distinct phenomena that
occur between random fracture and detachment. These phenomena involve the selective
breakage of intergranular and intragranular bonds, as well as the preferential comminution
of mineral phases. More recently, it has been reported that breakage is influenced by
mineral properties such as hardness, cleavage, and grain size [23–27]. Those studies have
discussed the dynamics of fragmentation after exposure to impact or compressive stresses
and the importance of the distinction between random and non-random breakage. It is
observed that breakage, generated by external forces, is associated with zones of weakness
and depends significantly on the intrinsic properties (e.g., shape, size, and strength) of the
mineral phases constituting the rock, and non-random breakage has a significant impact
on the particle size distribution and liberation characteristics. Thus, comprehending the
behaviour of minerals and the nature of their boundaries is crucial in determining the suc-
cess of the process of comminution. Typically, in the early stages of designing the mineral
processing facilities for a new mine, only a small amount of sample material is available,
usually from drill cores. This research shows that even from such a small amount of sample
material quite comprehensive information on processing behaviour can be drawn, even for
such complex questions as selectivity in comminution.

This research assessed the relationship between mineralogical and physical properties
and the results of selective comminution in crushing using copper–nickel samples from
Zapolyarnoe, one of Russia’s largest polymetallic deposits. Zapolyarnoe is part of the
Norilsk deposit, which is known for its significant concentrations of platinum group
elements (PGEs) [28] and is located on the north-western edge of the Siberian platform
in the Russian Arctic and hosts massive amounts of Ni-Cu ore [29]. The geodynamic
conditions of this area were controlled by rifting and re-activation of the intra-continental
basins [30]. Some authors describe an association with Permian–Triassic flood basalts
and intrusion by basaltic magma during the Lower Permian–Triassic, forming a series of
gabbroic rocks and leucocratic gabbro of the upper gabbro series of Norilsk deposits [28].
The classical model for Ni-Cu-PGEs states that mineralisation in this area is localised in
the Norilsk–Kharaelakh valley and the northwestern flank of the Tunguska flood, with
differentiated mafic-ultramafic intrusions along synclines [31–33].

The investigation included the characterisation of the material via optical microscopy
of representative samples of both thin and polished sections. Using microindentation Vick-
ers Hardness testing, the microhardness properties were determined for all mineral phases.
The material underwent processing at the facilities of the Institute for Minerals Processing
Machines and Recycling Systems Technology (IART), located at Technische Universität
Bergakademie Freiberg, utilising a jaw crusher. Sub-samples of seven size fractions were
subsequently subjected to Mineral Liberation Analysis (MLA) to ascertain the distribution
of particle sizes, modal mineralogy, associations, and liberation of minerals. Selectivity and
enrichment should at least be investigated in terms of their technical feasibility, focusing on
the chalcopyrite, pentlandite, pyrrhotite, and magnetite phases. An integrated evaluation
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of the physical and mineralogical properties obtained by the Point Load Test, Vickers
microindentation, and detailed descriptions of the mineralogy under the microscope was
considered appropriate to assess the selective comminution linked to the outcome.

During the investigation, the following questions were discussed:

– Is it possible, based on textural information obtained via optical microscopy, to identify
certain mineralogical patterns that can provide valuable information for predicting
the liberation of mineral phases of interest?

– Do the strength properties of the rock minerals (olivine and feldspar) and the ore
phases differ sufficiently such that pentlandite, chalcopyrite, or pyrrhotite can be
stressed by using suitable comminution processes so that the material can be broken
down into different particle size classes via preferential breakage to subsequently
allow separation with minimal loss of valuable material?

– Is it possible to show patterns in grain boundaries and their behaviour, such as a
qualitative observation of interfacial fracture formation or preferential breakage? How
does this relate to the observed mineralogical characteristics?

– What can be concluded regarding the data obtained via MLA and the fractions gener-
ated with compression stress using jaw crushers?

2. Materials and Methods
2.1. Materials

Ni-Cu Drill core samples were collected from the Zapolyarnoe deposit (Figure 1a).
The combined drill cores had a total starting mass of 2 kg. Following a macroscopic
observation after obtaining a fresh surface, two samples are selected, from each of which
three polished sections and three thin sections that are oriented orthogonally were prepared
(Figure 1b,c). This assessment enabled the acquisition of relevant and representative
information concerning the material received from St. Petersburg Mining University,
despite limited details regarding the location and spatial variation of samples. The drill
cores have an inside diameter ranging from 35 mm (mostly) to 48 mm. The samples
were evaluated together because, after investigation under a microscope, no significant
differences were found in the samples.
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Figure 1. Zapolyarnoe Ni-Cu drill cores. (a) Drill core collected from Zapolyarnoe. (b) One of the
selected samples with orientation marksand (c) the respective set of thin and polished sections.

2.2. Methods

The Ni-Cu ore material was characterised using various methods, starting with the
determination of the strength index using the Point Load Test (PLT). Once the representative
samples were selected, the assays were prepared as described in the following flow chart
(Figure 2).
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2.2.1. Point Load Test

The Point Load Test (PLT) is employed for rock strength classification [34–37]. A notable
advantage of this procedure in comparison to other methods (e.g., the Brazilian Test and
uniaxial compressive strength) is its limited requirements for the preparation of rock
specimens. The test can be conducted quickly and simply with a portable tester either at
a quarry or in a laboratory (e.g., Point Load Tester (manufacturer: WILLE Geotechnik)).
Fragments of drill cores are sufficient for this method.

The application of a specific load on a rock specimen until breakage occurs defines
the strength index (Is) and can be used for the classification or characterisation of rock
samples. The Is can be calculated from the load on the fracture [36], the platen tip spacing,
and the width of the fracture surface (Figure 3). This can be obtained from Equation (1a)
using the breaking load (P) (in kN) and the equivalent core diameter (De) (in mm), which
is obtained from Equation (1b) using the minimum cross-sectional area (A) of the blocky
sample. This area is calculated from the distance (D) (in mm) between the contact points and
the narrower dimension width W (in mm) of the blocky sample, as in Equation (1c). The
incorporation of the equivalent diameter (De) is useful to compare results from irregularly
shaped specimens with diametral results (Figure 3).

Is =
P

D2
e

(1a)

D2
e = 4

A
π

(1b)

A = WD (1c)
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The Is depends greatly on the total size of the specimen. This effect, which is also seen
with all other procedures (e.g., the uniaxial compression test), is generally referred to in
rock mechanics as the scale effect [38]. Since the specimen size influences the strength index,
the strength indices of rock pieces of different dimensions must be converted into values
for a standard specimen with a standard diameter (De = 50 mm) to allow the comparison of
results. The strength thereby changes to the IS(50). Broch [34] used an idealised set of curves
that should enable the reduction in every individual value for the IS arbitrary distance (D)
to a standard value IS(50). For the possible regression of measurement data on a logarithmic
grid [34,36], the IS specifies a grain size correction factor (f ), which enables conversion
to the IS(50) for rocks (Equation (2)). In the equation, m is equal to the regression curve’s
gradient constant.

Is(50) = f · P
D2

e
=

P
D2

e
·
(

De
50

)2(1−m)

(2)

The strength index was determined using a test instrument from WILLE. The mea-
surement range of this instrument is between 0 and 400 bar. The Point Load Test could be
carried out on irregularly shaped particles as well as core samples. The calculation of point
load indices (IS) was performed following the guidelines of ISRM [36]. The IS(50) values
were determined according to Raaz [39].

Given the presence of an empirical correlation between the Uniaxial Compressive
Strength (UCS) and the Point Load Index (IS(50)), it is possible to approximate the order of
magnitude of the UCS by multiplying the IS(50) value by a conversion factor (Equation (3))
that requires specific determination for a given ore [40,41]. The relationship between the
strength index (IS(50)) and the compressive strength (σD) as a constant has been described
by many researchers [35,37]. The ISRM [36] suggests indicating a relationship for the σD
and the IS(50) of 20 to 25. On the basis of extensive Point Load tests conducted at the IART,
the conversion factor can be defined as c = 25.

σD = c·IS(50) (3)

With the limited amounts of sample materials from drill cores, a statistically substan-
tiated result often cannot be obtained, but it is always possible to conduct assays and draw
conclusions about the variance in the results. However, quarter and half drill cores, which are
often available for the investigations described here, are not sufficient to process regular samples.

For the UCS test, the dimensions still fit for Point Load tests. Furthermore, it helps
in the selection of representative samples for subsequent microindentation with Vickers
geometry and MLA tests.

2.2.2. Optical Microscopy

Thin and polished sections were prepared after the PLT for a detailed investigation
of mineralogical features. The representative samples were examined under an optical
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microscope with transmitted and reflected light to describe and determine mineralogical
data (mineral phases and alterations) and grain boundaries between the different mineral
phases. Microscopic analysis was conducted using Zeiss Jena Jenapol (ZEISS, White Plains,
NY, USA) and Olympus BX53M polarised-light microscopes equipped with JVC KY-F50 and
Olympus U-TV1XC (Olympus, Tokyo, Japan) high-resolution digital cameras, respectively.
This analytical method provided a way to identify with a relatively high resolution the
phases within the textural framework.

2.2.3. Vickers Hardness Number and Fracture Toughness

While the PLT provides information on macroscopic features such as rock/ore strength,
information on the behaviour of the valuable constituents has to be derived from the
microscopic properties of the material constituents, the mineral grains, and the grain
boundaries. The size of an indentation usually does not exceed 30 µm and this falls well
within the size of many mineral grains. Even if a crack propagates towards or along a
grain boundary, this may provide valuable information for comminution. The VHN test is
seen as a promising approach to obtaining this information, and the morphology of the
indentation can be classified.

The hardness of a material is generally expressed in terms of its resistance to local
deformation. For its determination, tests based on the material’s resistance to indentation
are carried out. An indenter is pressed into the surface of the material with a known
load. Then, the size of the subsequent indentation is measured: soft materials give a
large indentation, and hard materials give a small one. To determine the VHN according
to ISO6507 [42], a pyramidal indenter was pressed with an interface angle of 136◦ on
a specimen with a defined test force. For the determination of fracture toughness, the
propagation of cracks was considered [42,43]. L1, L2, L3, and L4 are the lengths of radial
cracks originating from four different edges of a Vickers indentation. An ideal case is
C1 = a1 + L1, C2 = a2 + L2, C3 = a3 + L3, or C4 = a4 + L4 (Figure 4).
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Figure 4. Example of fracture propagation evaluation in magnetite (Mgt). L1, L2, L3, and L4 are the
lengths of the radial cracks.

The Vickers Hardness results from the quotient of the applied test force (F in Newtons
(N)) and the surface area of the residual indentation mark on the specimen. To calculate the
surface area of the residual pyramidal indentation, the average of the two diagonals (d1 and
d2 in mm) is used (Equation (4)) because the base areas of Vickers indents are frequently
not exactly square (Figure 4). The recommended Vickers Hardness range is given in the
standard ISO6507 [42].

HV =
F
A

= 2F· sin 68◦

d2 =
1.8544·F

d2 (4)

The crack lengths C1–C4 that develop mainly at the corners of the indentation can be
used to qualitatively and quantitatively characterise the fracture toughness (Figure 4).
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Fracture toughness is measured to account for resistance to crack propagation. Theo-
retical models for estimating fracture toughness (KIC) fracture toughness are based on a frac-
ture mechanics approach. Previous research has investigated different ways of calculating
the mechanical properties corresponding to radial–median cracks and the Palmqvist crack
system [44,45]. This investigation considered the model of Blumenauer [46] (Equation (5))
giving values very similar (Equation (6)) [47] to the model of Tanaka [48] (Equation (7)).

KIC =
Fi

(π·cn)
3
2 · tan

(
α
2
) (5)

KIC = 0.0726· F

C
3
2

(6)

KIC = 0.0725· F

C
3
2

(7)

The investigation of the hardness and fracture toughness of different mineral phases
via Vickers Hardness testing was carried out using the Shimadzu HMV-G21DT Micro Vick-
ers Hardness tester. To provide a simplified description of the indentation morphologies,
this study classified the results into five groups (Figure 5).
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Figure 5. Morphology classification after indentations according to the most typical cases for this
study. NC: no cracks; PRC: primary radial crack (which may have one, two, three, or four radial
cracks (RCs)); SRC: secondary radial crack (which may have one, two, three, or four radial cracks
(RCs)). Case IV includes all possible scenarios where primary and secondary radial cracks occur
together. Additionally, case V encompasses other morphologies such as cone cracks or other irregular
morphologies that cannot be classified in the previous categories.

The classification considers the formation of primary radial cracks (PRCs) and sec-
ondary radial cracks (SRCs), representing case II and case III, respectively. Primary radial
cracks have an origin that lies in structures that are initiated after the indentation, and
these cracks extend outward from the indentation site towards the edges. Subsequently,
secondary radial cracks are mainly formed after primary cracks and propagate around
them. The classification also includes cases where primary and secondary radial cracks
are combined (case IV) and other types of cracks (case V) that may occur (e.g., if radial
cracks are generated). If no cracks (NC) are observed after indentation, it is considered
case I (Figure 5).

2.2.4. Mineral Liberation Analysis (MLA)

MLA can provide information on the particle shape and particle size distribution of
smaller progenies and their modal mineralogy, mineral associations, and liberation. It
is an important tool to evaluate the result of a comminution process, for instance with
regard to selectivity. MLA combines an automated Scanning Electron Microscope (SEM) with
multiple energy-dispersive X-ray detectors (EDS) to automatically acquire and jointly analyse
images and elemental spectral information. SEM analysis of the samples enables automated
analyses based on the evaluation of backscattered electron (BSE) images and the acquisition of
energy-dispersive X-ray spectra of particles visible in the BSE imaging mode [49–51].
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MLA analysis of Ni-Cu ore samples was performed at the Geometallurgy Laboratory,
Institute of Mineralogy, TUBAF, using a scanning electron microscope FEI quanta 600 FEG
(FEI, Hillsboro, OR, USA) equipped with a field emission source, two Bruker energy
dispersive X-ray (EDX) SDD detectors, Bruker Quantax 200 with two Dual Xflash 5030
EDX detectors (Bruker, Berlin, Germany) and backscattered electron (BSE). The greyscale
of the BSE image was calibrated with epoxy resin as the background (BSE grey level) and
gold (pin in RDI standard block) as the upper limit (BSE grey level of about 250). The EDS
X-ray spectrometers were calibrated with copper (pin in the RDI standard block). Several
measurement modes are available in the MLA expert software, each calibrated for specific
applications. In this study, the measurement mode GXMAP, i.e., grain X-ray mapping, was
used. GXMAP uses X-ray mapping to identify phases that cannot be segmented using BSE
grey levels alone. The Ni-Cu ore, which was previously crushed and divided into seven
fractions, was analysed using MLA 2.9 software package (JKTech, Brisbane, Australia).
For this purpose, the samples were embedded in epoxy resin. The ground surfaces of the
resulting sections were coated with carbon and examined via SEM-EDS to identify the
chemical composition and texture of the samples.

The mineral locking and degree of liberation data for each phase were obtained
through MLA analysis. The mineral locking serves as an indicator to determine if a phase
of interest is liberated or associated solely with another. The degree of liberation indicates
the percentage of the ore’s total content that consists of mineral particles that are not
bound [52]. It is possible to represent and calculate it in one of the following ways:

Surface area: Liberation of a particle, expressed as a percentage, denotes the length
fraction on the outer perimeter occupied by the mineral or minerals of interest in relation
to the entire outer perimeter of the particle.

Volume: The area fraction of the mineral or minerals of interest in relation to the
total area of the particle, typically expressed as a percentage, is denoted by the volume of
liberation of the particle.

The degree of liberation of a mineral is frequently calculated in process mineralogy
through the examination of two-dimensional sections of a particle set that is statistically
representative and contains the mineral of interest. It is usually assessed based on the
area percentage of the mineral grain(s) within a particle. Particles are often categorised
into various grades based on incremental steps, such as 10% increments (100% liberated,
90–100% liberated, 80–90% liberated, etc.), or broader 30% steps such as <30% (locked),
30–60% (middlings), and >60% (liberated).

3. Results
3.1. Description of Optical Microscopy

Concerning the characteristics of the Zapolyarnoe samples, different mineral phases
and relationships between them were identified and described. The results for rock-forming
minerals and ore mineral phases are detailed in this section. The textural and structural
information obtained is crucial for understanding and improving the size reduction process,
mainly with respect to liberation size.

More than ten minerals were identified, mainly of mafic and calcium-rich phases such
as olivine, mica (biotitic), and feldspar.

The ore was mainly composed of magnetite, pyrrhotite, pentlandite, and chalcopyrite
with accessory amounts of ilmenite. Magnetite is the most abundant primary mineral of
the ore and was mainly distributed in contact with olivine, pyrrhotite, ilmenite, and chal-
copyrite (Figure 6d–f). Magnetite crystals were generally smaller than 0.4 mm (Figure 6e,f).
Pyrrhotite generally occurred as anhedral grains. Grains with 1–2 mm diameters were com-
monly fractured and contained small euhedral to subhedral pyrrhotite crystals (Figure 6a).
Pentlandite occurred as grains of various sizes enclosed within pyrrhotite and chalcopy-
rite. Pentlandite showed cataclastic fractures infilled with chalcopyrite and pyrrhotite
(Figure 6b). Solid-state exsolution may occur when certain high-temperature minerals
undergo cooling. In the case of pentlandite, a typical flame-like exsolution was observed
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in pyrrhotite (Figure 6c). The paragenesis between pentlandite and pyrrhotite occurred in
intergrowth between them and was disseminated throughout the sample. Chalcopyrite
was also found along the edges of the intergrowth (Figure 6b,c). Ore minerals filled the
interstices between crystals of pyroxene, olivine, and feldspar (mainly plagioclase). This
means that the copper and nickel sources occurred later relative to the main rock-forming
minerals. As for the main phases of the sample, olivine appeared to be the most common
phase. Olivine was observed in relics of rhombic crystals (Figure 6d,g,i). Poikilitic pyroxene
crystals with rounded olivine inclusions (Figure 6e) and plagioclase laths (Figure 6i) with
polysynthetic twins were observed. Locally, the pyroxene formed subidiomorphic and
elongated prismatic crystals measuring 1–2 mm (Figure 6h). Brown ferruginous biotite had
short laminar and tabular forms ranging from 0.2 to 0.5 mm (Figure 6h) and locally it was
possible to identify chlorite.
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is an aggregate (b) intergrowth between pentlandite, pyrrhotite, and chalcopyrite. The crystals of
pentlandite are clearly fractured. (c) Chalcopyrite and pentlandite with exsolution texture. Phases are
in contact with rock-forming minerals. (d) Olivine crystals in contact with ore minerals. Magnetite
in contact with pyrrhotite and chalcopyrite. (e) Disseminated crystals of magnetite distributed in
a scattered form. (f) Disseminated magnetite crystals (ore minerals). (g) Plagioclase laths with
poikilitic texture. Olivine crystals are enclosed by the pyroxene oikocryst. (h) Biotite and main
mineral phases. (i) Poikilitic pyroxene crystal with rounded olivine inclusions and plagioclase laths;
iddingsite alteration in olivine is observed.

3.2. Point Load Strength Index

To evaluate the rock strength, 12 specimens were taken from the sampling area to carry
out the Point Load Test. This number was relatively small because of the small amount
of drill core sample material available. The Point Load Index of the Ni-Cu samples was
IS(50) = 3.94 ± 1.23 MPa. In accordance with Equation (3), this corresponds to an average
uniaxial rock compressive strength of σD = 98.4 MPa. According to the ISRM strength
scale (Figure 7), the tested Zapolyarnoe samples were classified as rocks with high strength.
The structural homogeneity, which is the variation in the coefficient in relation to middle
size ( σ/x ), was calculated to be 31.2% for the Zapolyarnoe specimens. This value was
high, which meant that the irregular rock samples were heterogeneous and a larger sample
would normally be recommended.
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3.3. Microindentations and Crack Morphology Results

Up to 50 microindentations were made for each of the mineral phases. The frac-
ture toughness values and Vickers Hardness Numbers of the mineral phases were deter-
mined (Table 1). This study selected areas in the phases that purposely avoided pores and
microfractures. The results for the Vickers Hardness (Figure 8) and fracture toughness
(Figure 9) were plotted and compared. To avoid influences that could originate from the
grain boundaries, these points were analysed separately.
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Table 1. Vickers Hardness Number (VHN) in n/mm2 and fracture toughness (KIC) in MN/m3/2 for
each main phase.

Mineral Phase
VHN KIC

Mean Stdev Mean Stdev

Pentlandite 254.91 2.95 1.59 0.33
Pyrrhotite 303.65 7.09 0.90 0.14

Chalcopyrite 211.22 7.91 0.63 0.16
Magnetite 866.35 80.84 1.63 0.62

Olivine 968.37 50.32 1.24 0.48
Feldspar 816.76 46.10 1.33 0.40

Minerals 2024, 14, x FOR PEER REVIEW 12 of 23 
 

 

 
Figure 8. Vickers Hardness Number obtained for the main mineral phases in Zapolyarnoe. 

 
Figure 9. Fracture toughness values obtained for the main mineral phases from Zapolyarnoe. 

The microindentations were carried out on a mesh of approximately 20 µm from an 
initial point close to the grain boundary (Figure 10a). The load was 245.2 mN for chalco-
pyrite, pentlandite, and pyrrhotite with a holding time of 15 s. 

Figure 8. Vickers Hardness Number obtained for the main mineral phases in Zapolyarnoe.

Minerals 2024, 14, x FOR PEER REVIEW 12 of 23 
 

 

 
Figure 8. Vickers Hardness Number obtained for the main mineral phases in Zapolyarnoe. 

 
Figure 9. Fracture toughness values obtained for the main mineral phases from Zapolyarnoe. 

The microindentations were carried out on a mesh of approximately 20 µm from an 
initial point close to the grain boundary (Figure 10a). The load was 245.2 mN for chalco-
pyrite, pentlandite, and pyrrhotite with a holding time of 15 s. 

Figure 9. Fracture toughness values obtained for the main mineral phases from Zapolyarnoe.

The microindentations were carried out on a mesh of approximately 20 µm from
an initial point close to the grain boundary (Figure 10a). The load was 245.2 mN for
chalcopyrite, pentlandite, and pyrrhotite with a holding time of 15 s.

The same time was used for magnetite, olivine, and feldspar, but the load was raised
to 490.3 mN. The reason for this is that these minerals have greater hardness, so the
indentations resulting from this load were very small at the scale of observation that
was used.
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Figure 10. Vickers Hardness microindentation investigation. (a) Systematic analysis of of a polished
section,considering an equidistant mesh and avoiding irregularities (marks 1 to 9). (b) Example of
microindentation close to a boundary. (c) Boundary between a rock-forming mineral (olivine) and
an ore phase (pyrrhotite). (d) Lamination after indentation in pentlandite. (e) Cone crack observed
after indentation in pyrrhotite. (f) Case IV according to morphology description (PRC + SRC) in
pentlandite. (Pn) pentlandite; (Po) pyrrhotite; (Ol) olivine; (Cp) chalcopyrite.

Upon analysing the Vickers Hardness data, it is evident that the hardness values of
ore minerals were often lower than those of rock-forming minerals, except for magnetite,
which exhibited both high hardness and high fracture toughness. A significant chromium
content (11.72% wt) explained this behaviour after indentation, as often no cracks occurred
in magnetite. For pyrrhotite, only small cracks were observed (Figure 10a). Furthermore, a
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cone crack was detected in pyrrhotite (Figure 10e). In chalcopyrite, crack propagation was
evident in two directions (L2 and L3), but in the other two directions crack propagation was
negligible (Figure 10e). Most of the crack morphologies for chalcopyrite were classified
as PRCs. In the case of pentlandite, the mineral phase itself contained original cracks
(Figure 10a,b). Owing to the presence of such irregularities in the mineral phase, the crack
propagation showed no common pattern (Figure 10f). In the case of magnetite, it was
common to observe cracks of the PRC + SRC type.

To provide a clearer visual representation of the predominant types of cracks formed
during indentation, a comparative graphical analysis was conducted to examine the occur-
rence of primary radial cracks, secondary radial cracks, and other possible morphologies
(Figure 11). Upon analysis, it was evident that pyrrhotite and chalcopyrite exhibited a gener-
ation of primary radial cracks (PRCs) or the absence of crack propagation (NC). Conversely,
in pentlandite, the formation of secondary radial cracks (SRCs) was prevalent. Although
SRC generation without the presence of PRCs was uncommon, this was attributed to the
significant original cracks present in the pentlandite (Figure 10d).
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Figure 11. The percentage of cracks according to morphology: primary radial cracks (PRCs), sec-
ondary radial cracks (SRC), a combination of both (PRC + SRC), and other types of cracks (others)
for the phases of chalcopyrite, pyrrhotite, magnetite, and pentlandite. The graphic also includes the
percentage where no cracks (NC) were observed.

For the rock-forming minerals, olivine and feldspar, the microindentation showed a
higher hardness value compared to the ore minerals. The response of olivine to microinden-
tation was determined as a trend because primary radial cracks following the L2 and the
L4 directions were generated in most of the tests. This fracture propagation was oriented
towards the boundary (Figure 10c). Delamination textures were also visible in the case of
pyrrhotite when indenting near the grain boundary with olivine (Figure 10c). In the case of
magnetite studies, cracks were observed in many directions. In a few cases, a radial crack
was found near the remaining indentation.

3.4. Mineral Liberation Analysis Results

An experimental study was conducted in the IART Institute facilities using a Single
Toggle Jaw Crusher RETSCH model BB 250 XL (Retsch GmbH, Haan, Germany). Size
reduction takes place in the wedge-shaped area between a fixed arm and one moved by an
eccentric drive shaft. The elliptical motion crushes the sample which is moved towards
the crushing gap under gravity. The potential of the jaw crusher was evaluated in terms
of pre-concentration/selectivity after material size reduction with a compressive constant
input gap of 30 mm.
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This model of crusher is used for rapid and effective crushing and pre-crushing of
materials. The input material was macroscopically described and weighed, resulting in an
initial sample total of 2 kg (the particles after PLT are the feed material for Jaw Crusher).
From the crushed product, the particle size distribution was obtained by sieving with
apertures sizes of 2800, 1400, 710, 355, 180, and 125 µm. The sieving was performed using a
Haver EML 200 sieve shaker (Retsch GmbH, Haan, Germany) for 10 min at a constant am-
plitude. The obtained fractions were analysed using Mineral Liberation Analysis (Figure 12)
and the particle size distribution results of the combined data for all size fractions were
plotted (Figure 13). The mass median diameter (D50) was calculated to be 2.93 mm.
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3.4.1. Mode Mineralogy Data

The modal composition of the feed material was determined based on the MLA results.
Seventeen phases were identified (Figure 14). The mode mineralogy data obtained for
the seven fractions were expressed in wt% for each mineral phase (Figure 15). Optical
microscopic analysis of unprocessed materials revealed the prevalence of magnesium-rich
forsterite olivine, feldspar, and chromium-rich magnetite phases. The forsterite exhibited
its largest concentration in the portion larger than 2800 µm, with 48 wt%.
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The concentration of feldspar remained reasonably consistent across all fractions,
with the variation ranging from 28 to 35 wt%. The results for pyroxene (enstatite), biotite,
chlorite (secondary), amphibole, and carbonates remained steady and were consistently
below 10 wt% for all fractions. Quartz was exclusively found in small particles. Concerning
the ore minerals, magnetite exhibited an increase in weight percentage for smaller particle
sizes (less than 125 µm), exceeding 14 wt%. The comparative graph (Figure 15) clearly
shows an increase in the amount of chromium-rich magnetite. The abundant presence of
magnetite in the smaller fractions was evident based on the mineral sizes identified under
the microscope. It typically measured less than 0.4 mm, as previously mentioned in the
thin-section descriptions.

3.4.2. Degree of Mineral Liberation

This section presents the data in terms of the liberation degrees obtained for magnetite,
pyrrhotite, pentlandite, and chalcopyrite.

The degree of liberation was plotted as a function of the size fraction (in µm). Pent-
landite was mainly associated with two or more phases (binary or ternary) in fractions
larger than 125 µm, while at fractions up to 355 µm, pentlandite was practically not lib-
erated (Figure 16a). Mineral locking showed that pentlandite was 43.4% liberated (for
0/125 µm particles), 8.7% locked (binary) to pyrrhotite, 3.9% locked (binary) to chalcopy-
rite, 2.4% locked (binary) to magnetite, and 13.8 % locked (binary) to non-sulphide gangue
(NSG). In the case of chalcopyrite, the degree was similar, although with higher liberation
in fractions below 355 µm (Figure 16b). It was 50.1% liberated (for 0/125 µm particles),
3.1% locked (binary) to pyrrhotite, 3.7% locked (binary) to pentlandite, 2.6% locked (binary)
to magnetite, and 17.2% locked (binary) to non-sulphide gangue.
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In the case of magnetite, the fraction below 125 µm was 73.5% liberated, and just
17.35% was associated with other phases (binary). This increase was visible for fractions
below 355 µm in contrast with coarse size classes, larger than 355 µm, where magnetite was
associated generally with two phases (Figure 16c). The main phases locked with magnetite
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were gangue minerals, representing 5.96% in 125/280 µm fractions, which decreased to
2.86% in fractions below 125 µm. Magnetite was also highly locked with pyrrhotite in
the fraction below 125 µm (2.36%). For pyrrhotite, the liberation degree was lower than
those of valuable minerals, at 35.55% in the fraction smaller than 125 µm (Figure 16d). An
important relation in binary particles is the association with pentlandite, which reached
26.15% for the 180/355 µm fraction, decreased to 8.1% for the fraction below 125 µm.

4. Discussion

The evaluation of Ni-Cu samples from Zapolyarnoe in relation to the entire deposit
becomes challenging when knowledge of the specific interval of the samples is absent
and information on the spatial variation of the deposit is limited. The evaluation of re-
source estimation and reservoir modelling is not possible, as it is difficult to accurately
model the geometry, continuity, and grade distribution of the reservoir without spatial
data. Nevertheless, the comprehensive assessment of mineralogical and physical charac-
teristics both before and after comminution has consistently yielded valuable findings for
comprehending the material’s behaviour and processing.

Upon examining thin sections, significant occurrences of grains with idioblastic tex-
tures were observed for rock-forming minerals such as olivine and pyroxene (Figure 6g).
In contrast to the exsolution phases (pentlandite, chalcopyrite, and pyrrhotite), these
rock-forming minerals show preferential breakage of the mineral aggregates along grain
boundaries due to the distinct properties at the boundary contact. The differences in-
clude hardness and the sharp boundary contacts, in contrast to the intergrowth between
pentlandite and pyrrhotite, for example. After comminution with a jaw crusher, grains
containing binary or ternary locking remained in the case of the exsolution phases, mainly
pentlandite, chalcopyrite, and pyrrhotite. The locking of exsolution phases after comminu-
tion was also evidenced by microindentation at the grain boundaries, where the trend
showed that when indenting one of these phases the fracture did not propagate beyond the
grain boundary and followed this direction, for example, olivine (Figure 10c).

The consideration of well-studied mineralogical properties is crucial to understanding
the mechanical behaviour of minerals. Olivine, feldspar, and pyroxene exhibit remarkably
high hardness values, in contrast to pentlandite, chalcopyrite, and pyrrhotite, which exhibit
lower hardness values. On the other hand, magnetite shows a unique behaviour attributed
to the presence of both primary and secondary radial cracks. These cracks contribute to
its ability to separate from other phases and explain its high fracture toughness despite
having a high Vickers Hardness Number. Unlike magnetite, chromium-rich minerals such
as chromite tend to have lower fracture toughness.

A comparison can be made with pentlandite, as mentioned previously, which presents
a higher fracture toughness value (Figure 9). This higher value despite low VHN could be
due to the fact that grains of pentlandite have a large number of intrinsic fractures. Pre-
existing microstructural defects in pentlandite were linked with an upsurge in the formation
of secondary radial cracks observed during Vickers Hardness Testing. In addition, it was
observed that chalcopyrite was generally found interfacing with harder minerals and
bordering intergrowth. Pentlandite was found interlocking with pyrrhotite in most of
the textural observations, explaining why chalcopyrite had a higher liberation degree, in
contrast with pyrrhotite, which remained highly locked with pentlandite.

By comparing the degree of liberation with the mineral phase content per fraction
(Figure 17a), the increase was accentuated in the fractions smaller than 355 µm, with a
decrease between 355 and 710 µm in terms of the content observed for chalcopyrite. When
comparing the phase contents of each fraction (Figure 18a–d), they did not vary significantly,
except in the case of magnetite.
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When considering the degrees of liberation of pyrrhotite, pentlandite, chalcopyrite,
and magnetite with respect to particle size, it can be seen that the chance to separate fully
liberated magnetite is high in the small fraction (73.5% liberated) (Figure 17b). A sepa-
ration possibility, due to the high liberation of magnetite, could be magnetic separation.
Strongly magnetic minerals, such as magnetite, Fe-Ti oxides (ilmenite), and iron sulphides
(pyrrhotite), can be removed from gangue via low-intensity magnetic separation [54–57].
Examples of magnetic separation tools include discs, drum and roll separators, and over-
head magnets.

The investigations carried out on the Zapolyarnoe samples specifically addressed
the topics of mineral liberation and preferential breakage in ore mineral processing. The
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findings revealed that certain rock-forming minerals, such as olivine and pyroxene, possess
characteristics that render them suitable for selective comminution at least when using
compression stress from jaw crushers. Additionally, magnetite, due to its high fracture
toughness, exhibits favourable properties for processing, particularly in coarser fractions
(coarser than 355 µm) where full liberation is not achieved. In contrast, exsolution phases
including pentlandite, chalcopyrite, and pyrrhotite demonstrate limited suitability for
selective comminution. However, in accordance with expectations, the jaw crusher study
confirmed increases in the grades of the key mineral phases (pentlandite and pyrrhotite) in
the finer fractions, reaching values of 1.8 and 2.3 wt% respectively (Figure 17a).

In this study, a distinction was observed for the prevalent mineral found in copper–
nickel deposits. While pyrrhotite is usually the predominant mineral or is found in a rela-
tively similar ratio to magnetite (including Sudbury, Tati Phoenix, and Nkomati) [58–60],
magnetite was found to be the most abundant mineral in this particular case.

Despite pyrrhotite exhibiting lower flotation activity compared to chalcopyrite and
pentlandite, its high content in the ore poses challenges for selective flotation of miner-
als [58,59]. When pyrrhotite enters copper and nickel concentrates, it diminishes their
quality, leading to significant difficulties in managing the excessive release of sulphur
dioxide during the metallurgical process. By separating pyrrhotite into a distinct product,
the quality of a nickel concentrate can be enhanced, and the burden on metallurgical pro-
cesses can be reduced. In theory, it is possible to produce separate concentrates of nickel
(pentlandite), copper (chalcopyrite), and iron. However, achieving a clean separation of
pentlandite from pyrrhotite is challenging in practice. Utilising ferromagnetic properties or
flotation, as described, appears to be the most practical option in this case.

This investigation emphasises the importance of considering the relationship between
mineralogical parameters and physical properties when interpreting the enrichment of
the ore. Physical observations such as mineral association, grain boundary characteristics,
intrinsic fractures, and particle size are crucial to understanding the selectivity potential
and product quality because they allow the correlation of textural parameters with expected
behaviour and thereby reduce processes that require high energy intensity while seeking
the best way to separate the desired phases. A jaw crusher is suitable for crushing material
with different strengths quickly. An enrichment at 400 µm can be shown, although it
cannot be determined whether the jaw crusher is the most suitable comminution machine
to exploit the selectivity potential of the material.

5. Conclusions

The evaluation of Ni-Cu polymetallic ore samples obtained from drilling ore in Zapol-
yarnoe (Russia) provided the following findings:

– Even from a small amount of drill core material, valuable information for mineral
processing can be derived;

– The results of this study demonstrate that certain mineral phases exhibit enrichment,
which is related to the physical properties of the rock and grain boundary behaviour.
The importance of considering the relationship between mineralogical parameters and
physical properties when interpreting ore concentration is emphasised by this study;

– The degree of liberation generally exhibits variation in relation to particle size, where
smaller fractions tend to have a greater likelihood of achieving complete liberation of
magnetite and, to a lesser extent, chalcopyrite, pentlandite, and pyrrhotite;

– Certain rock-forming minerals, such as olivine and pyroxene, exhibit intrinsic features
for preferential breakage, while exsolution phases such as pentlandite, chalcopyrite,
and pyrrhotite demonstrate limited suitability;

– Magnetite was found with higher content than pyrrhotite in the copper–nickel ores
from the Zapolyarnoe deposit in this case study, which differed from the common
predominance of pyrrhotite in other classical Ni-Cu deposits, for example, Sudbury
in Canada;
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– The variation of pyrrhotite/magnetite poses challenges for flotation due to pyrrhotite’s
negative impact on concentrate quality and sulphur dioxide emissions during the
metallurgical process compared to magnetite. The high presence of chromium in
magnetite explains the high value of fracture toughness;

– MLA demonstrated the efficient crushing of minerals with varying hardness values
and accurate assessment of enrichment for Cu-Ni fractions below 400 µm. However,
it should be noted that a jaw crusher may not be the optimal tool for evaluating
selectivity potential due to the relatively small increases in the concentration of the
target minerals;

– Further studies and alternative methods, such as utilising ferromagnetic properties
or flotation, are recommended to achieve improved separation of pentlandite from
pyrrhotite and to target magnetite as a potential mineral to maximise the enrichment
after comminution.
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