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Abstract: Deterioration of mineralogical and physical characteristics of mineral raw materials re-
sults in the formation of the primary task for the comminution processes—reduction in the size
of ore to obtain a material with a certain granulometric composition, which in turn is achieved
by overgrinding of raw materials and, consequently, an increase in energy costs. The work aimed
to justify the possibility of selective disintegration of mineral assemblages of polymetallic ores of
various genesis at the stage of crushing based on in-depth investigation and revealing of interrelation
and mutual influence of mineralogical-geochemical features, textural-structural and technological
properties. Structural and textural features have been studied by the methods of computed X-ray
microtomography. Experimental and theoretical investigations of mineralogical and technological
parameters of raw materials, as well as research on crushing using different types of crushers, made
it possible to substantiate the possibility of selective disintegration for polymetallic ores.

Keywords: selective disintegration; thixomet; mineral assemblages; mineral liberation; X-ray computed tomography;
pore space structure; hardness

1. Introduction

In view of reserves exhaustion for easy to enrich raw materials and in order to com-
pensate for the growing shortage of high-grade ores, it becomes imperative to involve
unconventional types of ore deposits in exploitation [1–5]. However, the exploitation of
such deposits entails an increase in costs of extraction and mineral processing. Process
engineers are constantly trying to find options for the rational organization of ore dressing
processes within the framework of existing and emerging ore dressing technologies, which
allow for a reduction in losses in the dressing processes due to a more complete disclosure
of grain aggregates [6–8].

Crushing and grinding processes, in which the destruction occurs under the action of
external forces, are used for mineral raw materials destruction and aggregate disclosure.
These processes are based on the creation of strain stress fields in the destructible object
that will exceed the ultimate strength characteristics of the material. Their main goal is to
break the bonds of the crystal lattice with the formation of a new surface.

The destruction itself occurs mainly in the weakened profiles with defects, after the
normal and tangential stresses arising in the material during its elastic deformations—
impact, crushing, splitting, abrasion, fracture [8–12]. Practical comminution processes
that are used to reduce the size of minerals are, for the most part, non-selective. The
resulting particles consist of a mixture of mineral components present in the original ore.
However, there is a natural tendency to release particles that are smaller than the mineral
grains found in the ore during the disintegration. This is primarily caused by the constant
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deterioration of a mineral raw material’s mineralogical and geochemical characteristics.
Analysis of the scientific and technical literature has shown that crushing and grinding
operations are generally regarded as non-selective, i.e., cracks in the rock do not correlate
with the basic mineralogical texture of the ore. Crushing and grinding operations can
be considered conceptually as an overlay of an extensive fracture network through the
complex heterogeneous mineralogical texture of the ore. The fracture network ultimately
determines the degree of liberation and particle size distribution of the milling products.
The relationship between the crack network and mineralogical texture determines how
mineral phases are distributed among the particles in the volume after fracture [13,14].
With gradual grinding, the particle size decreases, and the fraction of fractured particles
increases. As the value of product concentration and particle size decreases, the energy
requirement for grinding gradually increases [15–17].

The development principle for technologies of mineral assemblages selective dis-
integration based on the investigation of a raw material’s mineralogical, geochemical
and technological features is a promising direction for processes of disintegration devel-
opment [15,18]. The basis of the selective disintegration of mineral assemblages is the
emergence at the interface of the mineral’s concentration of stresses, exceeding the strength
of their bonding [19]. Thus, an important aspect of the investigation of selective disinte-
gration of mineral assemblages is the research of the bond nature between minerals. That
involves the investigation of issues such as:

• research of the boundary morphology for structural elements [20];
• size–mineral distribution (according to thin sections and thinned polished sections) [21–23];
• the specific surface of the inter-and intraphase boundaries [24,25];
• the share of matrix structures [26,27];
• fracturing [28].

The practice of crushing and grinding of mineral raw materials allows us to distinguish
several types of selective destruction depending on the material nature and destruction
product’s purpose and directions of using [13]:

• selective destruction of materials by separative characteristics (e.g., selective opening
of ore minerals from host rocks);

• selective destruction by shape (obtaining products of a given geometric shape);
• size-selective destruction (to obtain the maximum yield of the product of a given size).

The investigation of raw material mineralogical features allows the possibility of
selective disintegration implementation to be determined. For example, raw materials
with idioblastic character of mineral intergrowth are predisposed to selective disintegra-
tion, while myrmekite intergrowth of mineral assemblages stipulates the impossibility of
selective disintegration [20,29].

Another aspect of the selective disintegration of mineral assemblages is particularly
difficult—the selection of equipment for the disintegration. In primary and secondary
stages, crushing product which is much larger than the size of the exposed grains is
obtained. In turn, tertiary crushing is the stage of product formation, which is a structural
element of liberation. Therefore, of particular interest is the study of this very stage of ore
disintegration, immediately before the grinding cycle. Moreover, in this case, classification
and screening operations in crushing schemes can be used as stages of effective pre-
concentration [21,30]. In [5], a characterization of crushing and grinding devices, depending
on the factors of destruction, is presented. According to the classification presented, jaw,
cone, and roll crushers are hard-loaded crushers, while impact, centrifugal and inertial
crushers are soft-loaded equipment. The main distinction of soft-loading equipment is
that during the crushing process, all the energy transferred to the ore lump by the loading
device is completely converted into deformation energy. The kinetic energy of lumps of
rock is converted into the potential energy of elastic deformation, which is then transformed
into other types: fracture energy, heat, the kinetic energy of flying particles, and surface
energy. This further leads either to overgrinding of the material or to the accumulation of
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hidden cracks. The second case creates prerequisites for further selective disintegration of
mineral assemblages [19,31,32].

The mineral resources sector is a very important element of the world economy. In
this regard, the improvement of existing technologies for mineral raw materials processing
is an imperative task [33–35]. An important area of research is the technology development
for selective disintegration of mineral assemblages, based on an in-depth investigation
of a material’s mineralogical, geotechnical, and technological characteristics. Another
area is conducting direct experimental studies using equipment with different types of
loading due to the complexity of assessing the destruction factors of the used crushing and
milling equipment [36]. Thus, the purpose of this work was to study the mineralogical and
technological features of polymetallic ores of two genetic types to justify the possibility of
selective disintegration.

2. Materials and Methods

Au-bearing ores from Bamskoye (BDO) and Cu-Ni ores from Oktyabrskoye (CNO)
deposits were used for this research. The location map of these deposits is shown in
Figure 1.
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Figure 1. Location of the Bamskoe deposit and the Oktyabrskoye deposit.

The samples were selected according to the following criteria: both samples are
polymetallic ores. The ores of the Bamskoye deposit (Figure 2) are fine- and medium-
grained from mainly vein disseminated ores.The copper-nickel ore of the Oktyabrskoye
deposit (Figure 3), is coarse-grained from continuous veins, which is likely to have a
significant effect on comminution performance and processing potential.
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Figure 3. Copper–nickel ore of the Oktyabrskoye deposit.

The Bamskoe deposit comprises gold-quartz low quantity sulfide ores [37]. It is a
large gold ore object with relatively high grades of gold. Valuable components in the ore
are represented by gold and silver by-products—copper and tungsten. The ore contains
rock-forming minerals (such as quartz, feldspars, mica, sericite, carbonates, etc.) and
ore minerals (native gold, chalcopyrite, pyrite, scheelite, silver, etc.). The gold content
in samples varies from 0.01 ppm to 150 ppm (average content—5.9 ppm) and the silver
content may contain up to 200 ppm (average content—16.9 ppm). Au:Ag ratio = 1:3.

The main valuable components in Norilsk copper–nickel ores (including copper–
nickel ore of the Oktyabrskoye deposit) are copper and nickel with the grade’s value range
from 0.661% to 1.334% and 0.408% to 1.064%, respectively [38]. The titanium content
varies from 0.96% to 1.44%. The titanium concentrator mineral is ilmenite, according to
the mineralogical analysis. The silicon and calcium content in the samples varies from
15.81% to 18.86% and from 7.94% to 9.06%, respectively, with rock-forming minerals such
as olivine, pyroxene, and plagioclase.

In order to determine the chemical composition of studied samples, the Energy Dis-
persive X-ray Fluorescence analysis method was used (Tables 1 and 2).
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Table 1. Results of the study of the chemical composition of BDO.

Element Content, % Element Content, % Element Content, %

Si 26.39 ± 1.32 Ca 24.57 ± 1.23 Ag 0.0726 ± 0.0036
S 3.98 ± 0.20 Zn 0.67 ± 0.03 Au 0.0225 ± 0.0011

Fe 12.36 ± 0.62 Ti 0.088 ± 0.004 Al 3.29 ± 0.16
K 22.19 ± 1.11 Mn 2.35 ± 0.12 Ni 0.050 ± 0.002

Table 2. Results of the investigation of the chemical composition of CNO.

Element Content, % Element Content, % Element Content, %

Si 25.24 ± 1.26 Ti 1.68 ± 0.08 Cr 0.352 ± 0.018
Fe 34.72 ± 1.74 K 1.91 ± 0.10 V 0.070 ± 0.004
Ca 12.47 ± 0.62 Cu 1.333 ± 0.067 Sr 0.088 ± 0.004
Al 5.07 ± 0.25 Ni 0.940 ± 0.047 Zn 0.092 ± 0.005
S 2.64 ± 0.13 Mn 0.42 ± 0.02 Zr 0.043 ± 0.002

Thin sections and thinned polished sections were prepared for investigation of their
mineralogical features. The thin sections and thinned polished sections were examined
using a Leica DM2700P (Leica Microsystems GmbH, Wetzlar, Germany) polarization mi-
croscope for working in transmitted and reflected light, complete with a Leica DFC495
digital camera (Leica Microsystems GmbH, Wetzlar, Germany). The shape of mineral
aggregates was analyzed using an Axio Imager A2m (Zeiss, Jena, Germany) optical polar-
ization microscope coupled with the Thixomet PRO software (Thixomet PRO, Thixomet,
St. Petersburg, Russia) package. The obtained images were analyzed in the Thixomet PRO
software package to determine metric parameters of the grains, such as area, perimeter,
elongation, and edge roughness, which enable the quantitative assessment of mineral
grains in the examined samples. The area and perimeter (P) of the object are calculated
by the program automatically, with result data obtained on the length (L) and width (B)
of grains. Additionally, the program determines the perimeter of the convex hull (Pc) of
the object and the convex area found from the convex perimeter. The coefficient of grain
elongation is calculated by the ratio of the grain length to its width (L/B). The coefficient
of edge roughness, in this case, is defined as the ratio of the perimeter of the grain to the
convex perimeter of the grain (P/Ps) [39].

Analysis of the material and chemical composition was performed using atomic ab-
sorption, X-ray fluorescence method (Shimadzu EDX-7000, Shimadzu Corporation, Kyoto,
Japan). Morphometric parameters were studied by computed tomography (microtomo-
graph “SkyScan-1173”, Brucker, Kontich, Belgium). Exposure parameters for sample
microtomography are given in Table 3.

Table 3. Exposure parameter set of computed X-ray microtomography.

Parameters Value

Accelerating voltage, kV 125
Current strength, mA 61

Resolution, mic 32.32
Filter, mm Brass 0.25

Rotation step, degrees 0.100

Experimental studies were carried out on the facilities of the St. Petersburg Mining
University (jaw crusher, roll crusher, impact crusher, ball mill, JK drop weight tester,
Bond impact test, Bond ball and rod mills, laser diffractometer “Mastersizer“, particle size
analyzer “Laarmann”). Experimental studies were performed at least three times to obtain
representative data and reduce error. The sample material size for all experiments was in
the −15 + 0 mm range. In order to investigate the possibility of selective disintegration
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of raw materials, experimental research was carried out on three types of crushers: jaw
crusher, roll crusher, and impact crusher. The same closed-side setting was selected for all
types of crushers, and all samples were crushed to the same P80-value in order to make an
accurate assessment. A single-toggle jaw crusher was used. An impact crusher with a speed
of 3000 rpm and a diameter of 300 mm was selected. All pieces of ore fed into the process
were of equal size and equal weight so that all investigated parameters were identical and
possible for comparison. The weight of the sample for crushing was 100 g. The mass of
the initial samples and their number remained constant for all types of crushers. Data on
the particle size distribution of the samples after crushing were obtained by sieving the
crushing products on sieves with hole sizes of 3200 µm, 1600 µm, 800 µm, 400 µm, 200 µm,
and 100 µm. The obtained classes were weighed, after which representative samples were
selected for analysis of the elemental composition. The computer program “STATISTICA“
(STATISTICA 10.0, StatSoft, Tulsa, OK, USA) was used to process the experimental data.

3. Results

As a result of the petrographic characteristics investigation for the BDO, it was found
that quartz, feldspars, and calcite prevail among the rock-forming minerals. Ore minerals
have distinct intergrowth boundaries with rock-forming minerals (Figure 4 and Table 4).
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Table 4. The results of linear measurements for ore mineralization CNO and BDO.

№ Parameter
Value

CNO BDO

1. Area, µm2 357.357 ± 17.868 16.197 ± 0.810
2. Perimeter, µm 2935 ± 147 531 ± 27
3. Form Factor F1 0.47 ± 0.02 0.6 ± 0.03
4. Form Factor F2 0.61 ± 0.03 0.59 ± 0.03
5. Continuity 0.75 ± 0.04 0.81 ± 0.04
6. Oblongness, L\B 4.76 ± 0.24 2.96 ± 0.15
7. Edge roughness 1.22 ± 0.06 1.1 ± 0.06
8. Average distance between grains, µm 1165 ± 58 300 ± 15

The sample of CNO analysis suggests the idioblastic nature of the intergrowth of ore
minerals with plagioclase.
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Figure 5 and Table 4 show the graphical results of the research before and after the
separation of the investigated mineral grains and the results of linear measurements. Color
highlights are made using the Thixomet software (Thixomet PRO, Thixomet, St. Petersburg,
Russia) to identify areas in the figure where ore mineralization is represented. Based on
the color highlights, the parameters shown in Table 4 are determined for each sample.
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Because the samples are polymetallic (there are inclusions of minerals that differ
significantly in energy consumption during fracture and in fracture rate), it is necessary to
consider polymineralism as one of the priority signs at disintegration.

Using the CTvox and CTan programs (CTvox version 1.5.2 and CTan version 1.18,
Brucker, Kontich, Belgium) it is possible to examine and analyze in detail not only the rock
grain sizes, but also their interrelations. In addition, the X-ray microtomography method
allows a number of morphometric parameters reflecting the structural-textural features
of rocks and ores to be quickly and accurately characterized. The results of macro- and
microscopic examination of the samples are shown in Figure 6.
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The results of the research of these parameters are presented in Table 5.

Table 5. Analysis of morphometric indicators of the sample obtained by X-ray microtomography method.

Ore Sample

Isolated
Porosity
Volume,

mm3

Isolated
Porosity

Area, mm2

Isolated
Porosity, %

Effective
Porosity
Volume,

mm3

Effective
Porosity, %

Total
Porosity, %

Sphericity,
%

BDO 1.58377 88.12997 0.27502 0.48812 0.08469 0.35948 0.72353
CNO 4.90869 91.32154 0.61283 2.31945 0.28874 0.89980 0.82912
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The porosity factor often determines the rock strength characteristics and its behavior
during disintegration since the destruction occurs along the weakest zones—the boundaries
of individual mineral phases intergrowths, fractures [40–42]. When analyzing the pore
space characteristics of the samples, it was revealed that the samples have a sufficiently
low porosity, which indicates the high strength of the rock itself.

The investigation of physical and mechanical properties using modern methods [43–47]
was also carried out. The results are shown in Table 6.

Table 6. Summary table of physical and mechanical properties of the investigated ore samples.

Ore Sample BDO CNO

JK Drop Weight test results
Parameter A 70.80 ± 3.54 99.90 ± 4.95
Parameter b 0.53 ± 0.021 0.30 ± 0.0015

Multiplication A × b 37.5 ± 0.39 30.00 ± 0.64
Abrasive parameter ta 0.49 ± 0.05 0.30 ± 0.06

Parameter SCSE * (kWh/t) 11.07 ± 0.34 11.90 ± 0.21

F. Bonds’ indexes determination
Ball mill work index BWI, kWh/t 17.56 ± 0.87 11.96 ± 0.54

Crushing work index CWI, kWh/t 5.31 ± 0.266 21.82 ± 1.09

Allis Chalmers’ abrasive tests
Abrasiveness index AI, g 0.2638 ± 0.013 0.1653 ± 0.008

Density determination
Bulk density (with tamping), t/m3 2.08 ± 0.07 2.01 ± 0.09

* SAG (Semi-Autogenous Mill) Circuit Specific Energy.

Thus, the BDO sample is hard in terms of ball grinding resistance and very soft in
terms of crushability, consistent with the application range of jaw and cone industrial
crushers, which characterizes the typical tendency of heterogeneous ore materials to
increase their crushability as particle size decreases. The CNO sample is soft in terms of
fracture resistance to impact crushing and moderately abrasive. According to the JK Drop
Weight test results, both the low-energy fracture parameter and the complex high-energy
fracture parameter A × b, the CNO is of the hard ore type.

Therefore, to identify the possibility of selective disintegration and pre-concentration
at the crushing stage, the samples were subjected to crushing in three types of devices: jaw,
roll, and impact crushers. After crushing the samples of CNO and BDO for all types of
crushers, the particle size was P80 = 2.6 + 0.5 mm.

The material after crushing was subjected to sieve analysis, and each class was ana-
lyzed by XRF to establish patterns of distribution of components from the size class and
type of crusher used (Figures 7–9 and Tables 7–9).

The products for BDO samples of all crushers are characterized by a predominance of
−4 + 1.6 mm sieve class. Since the silica minerals are the main rock-forming minerals, it
was decided to look at the distribution of Si by sieve classes. According to analyses of the
silica-bearing minerals distributions, it was found that the recovery of the silica-bearing
minerals was maximum for the −4 + 1.6 mm sieve class. However, the products of the
impact crusher are characterized by the highest recovery of silicon-containing minerals in
this class (up to 81.85%). Such results suggest that the impact crusher at the crushing stage
allows selective disintegration of this type of mineral assemblages along the intergrowth
boundaries.

Analysis of the data (Table 7, Figure 7) for gold in crushing products shows that all
types of crushers have the highest values for gold in the sieve class of −1.6 + 0.8 mm. This
allows, for example, the use of gravity methods for gold recovery. The highest gold content
and distribution in the −1.6 + 0.8 mm sieve class was obtained for the impact crusher,
which is possibly due to the unloading of the crushed products during crushing, thus
avoiding over-crushing.
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Tables 8 and 9 show the distribution of the main elements of the rock-forming and ore
minerals in the CNO crushing process. The concentrations of components by sieve classes
are shown in Figures 8 and 9.

Analysis of the data in Figure 7 for the distribution of nickel in the sieve classes shows
that nickel is mainly concentrated in the −0.1 + 0 mm sieve class for all crusher types.
Interpretation of the data obtained shows that for all types of crushers, an increase in nickel
content is observed with a decrease in the sieve classes. It was found that the maximum
nickel content in the sieve class of −0.1 + 0 mm was obtained in the roll crusher at 2.346%.
The interpretation of the data on copper content in the sieve classes is similar, with the
maximum copper content of 5.073% being obtained by crushing in a roller crusher.
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Analysis of the distribution of the main elements of ore minerals by size classes,
presented in Table 6, allows us to determine that crushing in the roll crusher results in
13.28% of copper and 11.98% of nickel of their total ore content being transferred to the
−0.1 + 0 mm class. It should be noted that crushing in an impact crusher, as opposed to
a jaw crusher, results in a more even distribution of components across the sieve classes,
despite lower copper and nickel content.

The main rock-forming minerals in the copper–nickel ore samples are plagioclase,
pyroxene, and olivine. The significant difference in densities between the ore minerals and
the rock-forming minerals enables their selective disintegration and allocation to different
size classes. Analysis of the data presented in Figure 8 shows that all crusher types are
characterized by a decrease in silica and calcium content as the sieve class decreases. As
with the previous data, the calcium and silica content in the sieve class of −0.1 + 0 mm
crusher has minimum values of 12.00% and 4.69%, respectively, when crushed in the
roller crusher.
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Table 7. Distribution of silica and gold in the sieve classes for BDO crushing products.

Sieve Class.
mm

Si Distribution. % Au Distribution. %

Roll
Crusher

Impact
Crusher

Jaw
Crusher

Roll
Crusher

Impact
Crusher

Jaw
Crusher

−4 + 3.2 52.881 76.171 65.702 0.000 0.000 0.000
−3.2 + 1.6 28.749 8.544 16.660 0.000 0.000 0.000
−1.6 + 0.8 7.833 5.530 7.583 63.148 80.191 68.005
−0.8 + 0.4 3.371 2.516 3.595 16.839 0.000 11.622
−0.4 + 0.2 3.646 2.722 3.123 0.,000 0.000 0.000
−0.2 + 0.1 3.341 2.883 2.359 0.000 10.591 7.144
−0.1 + 0 0.179 1.635 0.978 20.013 9.218 13.230

The distribution of the rock-forming minerals’ main components into the fine size
classes are presented in Table 7. It shows that the percentage of distribution of calcium
into the −0.1 + 0 mm class has a minimum value for the roller crusher, while for silica, the
minimum value is observed for crushing in the jaw crusher.
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Interpretation of the obtained data allows the selective disintegration possibility to be
justified for CNO, both from the perspective of mineralogical and technical features and
from the perspective of experimental studies using different types of crushing units.

Table 8. Copper and nickel distribution in sieve classes for CNO for different types of crushers.

Sieve Class,
mm

Cu Distribution, % Ni Distribution, %

Jaw
Crusher

Roll
Crusher

Impact
Crusher

Jaw
Crusher

Roll
Crusher

Impact
Crusher

−4 + 3.2 43.42 25.28 31.64 59.47 24.91 34.49
−3.2 + 1.6 14.69 24.98 14.05 11.06 27.70 13.34
−1.6 + 0.8 10.57 11.75 13.11 9.62 12.06 16.02
−0.8 + 0.4 8.77 9.11 9.63 5.13 10.01 10.35
−0.4 + 0.2 6.50 8.50 11.55 4.43 7.28 9.62
−0.2 + 0.1 7.06 7.08 11.32 3.49 6.06 9.43
−0.1 + 0 8.99 13.28 8.70 6.80 11.98 6.75

Table 9. Silica and calcium distribution in sieve classes for CNO for different types of crushers.

Sieve Class,
mm

Si Distribution, % Ca Distribution, %

Jaw
Crusher

Roll
Crusher

Impact
Crusher

Jaw
Crusher

Roll
Crusher

Impact
Crusher

−4 + 3.2 71.86 37.53 61.54 71.06 34.94 67.70
−3.2 + 1.6 11.66 33.29 13.01 12.03 35.71 10.98
−1.6 + 0.8 6.90 13.10 9.13 7.20 13.91 8.00
−0.8 + 0.4 3.35 6.09 5.36 3.33 6.30 4.34
−0.4 + 0.2 2.48 4.19 4.68 2.56 4.19 3.96
−0.2 + 0.1 1.66 3.08 3.83 1.70 3.12 3.10
−0.1 + 0 2.09 2.72 2.45 2.12 1.83 1.92

4. Conclusions

The results of experimental mineralogical and technological properties investigation
for the selected objects made it possible to establish interrelationships between mineralogi-
cal, microstructural, and technological characteristics. Both quantitative and qualitative
assessment of strength properties of the investigated materials was made on the basis of
the obtained values, the results of which allow their fracture rates in industrial crushing
and grinding equipment to be predicted.

Structural and textural features were researched by means of X-ray computed micro-
tomography. Analysis of pore space characteristics of the samples revealed that the sample
has low porosity (0.36%—BDO and 0.90%—CNO), which indicates the high strength of the
rock itself. Additionally, the investigation on the crushing of the BDO and the CNO sam-
ples in different types of crushers was provided. For BDO, it was found that rock-forming
minerals are concentrated in coarse sieve classes, especially for impact crushers (up to
81.85% of silica-containing minerals in sieve class of −4 + 2 mm). For the CNO crushing in
all three types of crushers, an increase in the content of major ore mineral elements such as
copper and nickel in the fine sieve classes was observed, with the simultaneous increase in
the content of silica and calcium in the coarse sieve classes. These investigations will justify
the possibility of selective disintegration for copper–nickel ores.

The received results verify the wide range of possibilities of the application of the
considered set of methods. For example, for disintegration mechanisms investigation,
liberation models creation, contents of ore minerals estimation for mineral assemblages,
analysis of grain size distribution, etc. Moreover, it allows for the evaluation of the
possibility of selective disintegration implementation for investigated objects, which can
influence the increase in efficiency of recovery of valuable components at the following
stages of mineral processing.
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