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Abstract. Crushing and grinding of materials are the most common processes of sample preparation for subsequent
analysis and industrial application. Recently, grinding has become one of the most popular methods for producing
nano-sized powders. This study investigates certain features of grain transformation in the process of grinding ores
with finely dispersed valuable components in order to liberate them, as well as specifics of grinding metallurgical raw
materials, metals and their mixtures for using them as initial components in metallurgical and other technological pro-
cesses. We identified and examined structural and morphological changes of various powders after ultrafine grinding
using the methods of scanning electron microscopy and X-ray microanalysis. It was proved that in order to take into
account sample preparation artifacts during analytic studies of solid samples and development of technological pro-
cesses, fine grinding of heterogeneous materials, especially if they contain metals, requires monitoring of the ground
product by methods of scanning electron microscopy and X-ray microanalysis.
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Introduction. Crushing and grinding are the processes that reduce the size of mineral fragments
by breaking them under the influence of external forces, which overcome internal cohesive forces
that bind together the particles of the solid matter. In principle, the crushing and grinding processes
are similar to each other. The material is fed to grinding after medium or fine crushing. The main
principle of the coarse grinding stage is compression, which is performed in such equipment as jaw
breakers, conical and roller mills.

Fine grinding (less than 5 pm) mostly uses the mechanisms of collision and attrition and is per-
formed in vibration mills, planetary mills and other specialized equipment. In a planetary mill, the
sample and the grinding balls are placed into the grinding bowl; the bowls are fixed on the sun wheel
and rotate around the disk center. The sample is successfully ground by means of whipping, crushing
and grinding.

When selecting the mill type to obtain required particle size of the materials, it is not enough to
monitor only granulometric composition of the sample; evolution of structural and morphological
features of the grains needs to be taken into account as well.

It was established that after the coarse grinding stage, no morphological transformations occur
in the sample, therefore the grinding product can be monitored by means of granulometry alone.

In case of fine grinding, structural and morphological transformations of the grains can often
be observed, as well as changes in their physical and chemical characteristics. When powders
with different grain diameters and chemical composition are mixed/ground together, either in a
dry or in a wet state, finer powders can agglomerate on the surface of coarser particles and form
a more or less stable layer (or patches), which leads to significant changes in the particle size distri-
bution [18, 27, 29, 30].

From the technological perspective, four important processes take place during energy-intensive
grinding of powders:

« crushing of dispersed particles to the size, limited by the amount of input energy for particle
acceleration and collision;

» mechanical activation of obtained particles;

« particle interaction with the filling and other heterogeneous particles or mutual adhesion of the
particles with the formation of an aggregated powder;
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« changes of the particle phase state.

The purpose of this study is to examine the effect of different grinding modes and methods on
the structural and morphological state of initial powders. Grinding is regarded as a physical and chem-
ical process of exerting an influence on the sample that leads to formation of artifacts in its structural
and chemical features, which in some cases reveal valuable characteristics of the sample.

Research methods. As a starting material for grinding, we used different powders of metals
(Al, Ni, W, etc.) and their oxides, widely applied in mineral concentration and manufacturing of new
materials.

Grinding was performed on a Retsch vibration ball mill MM-301 in the Shared Equipment Cen-
ter at Saint Petersburg Mining University and on a TTD planetary mill MPP-1-2 in Technics
and Technology of Disintegration, Ltd.

In order to identify structural and morphological changes, we examined initial and ground sam-
ples by means of scanning electron microscopy (SEM) and X-ray microanalysis. Two methods were
used to mount the samples. The first one involved mixing the powders with epoxy and then polishing
them sparingly with environmentally friendly diamond suspensions (this method was used to analyze
grain sections). The second method implied fixing the powders on a conductive carbon adhesive tape.
The vacuum evaporator JEE-400 was used to cover the specimen with a conductive carbon film.

Studies by means of SEM and X-ray microanalysis were performed on two microscopes with
different sources of electron emission: tungsten cathode (scanning electron microscope JEOL JSM-
6460LV) and Schottky cathode (thermal field emission scanning electron microscope JEOL JSM-
7001F) in a wide range of acceleration voltage and current.

All the analytical studies were performed in the Shared Equipment Center at Saint Petersburg
Mining University.

Research results. Let us consider the main SEM observations, associated with the interaction
of heterogeneous sample particles with each other and with the mill filling.

In the process of grinding hard grains, the material on the internal surface of the filling wears off
and contaminates the ground sample. For example, when grinding aluminum oxide in the steel pots
of the vibration mill, the filling material in the final product is represented by individual particles no
larger than 3 um, as well as a thin layer of nano-sized particles adsorbed on the ground material
(Fig.1). All the identified grains were monitored by means of energy dispersive spectroscopy (EDS),
which demonstrated the appearance of iron lines (Ko at 6.3996 keV, La at 0.7048 keV) [21, 23, 25]
in the X-ray spectrum during the analysis of the above-mentioned particles. EDS was performed on
an Oxford Instruments spectroscope INCA X-act.
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Fig.1. SEM images of aluminum oxide particles, contaminated with iron from the mill filling.
Grinding modes for the sample: a — grinding ball diameter of 25 mm, vibration frequency of 20 Hz, milling time of 50 s;
b — grinding ball diameter of 25 mm, vibration frequency of 30 Hz, milling time of 120 s
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When grinding a heterogeneous sample, its components interact with each other. This process
was observed during combined grinding of aluminum sample with nickel in a batch-type planetary
mill. In the initial sample, the grains of aluminum were sized up to 80 um; after grinding, they formed
spherical particles up to 4 um in size, which were sorbed on the surface of nickel (this was confirmed
by EDS analysis — in the X-ray spectrum, we observed a line of aluminum Ka at 1.4866 keV, the
intensity of which increased depending on the share of this surface layer in the analyzed range)
(Fig.2, a, b). When plastic metals, such as lead, aluminum, etc., are ground with other compo-
nents, the process is characterized by formation of a layer on the particle surface of these compo-
nents, as well as the surface of the filling (Fig.2, c, f).
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Fig.2. SEM images: a, b — large spherical particles of nickel, covered with aluminum crust, surrounded by separate
aluminum particles (grinding mode — centrifugal force of 20 g, ball diameter of 10 mm, rotation speed
of 600 rpm, milling time of 2 min); c-e — small spherical particles of nickel with adhered crust; f — section of
small spherical particles of nickel with adhered crust (grinding mode — centrifugal force of 20 g, ball diameter
of 8 mm, rotation speed of 700 rpm, milling time of 4 min)
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Energy-intensive grinding can also be accompanied by changes in the defect structure and
external shape of the crystals. For example, changes in the phase state of the particles can be illus-
trated by the restoration of crystallographic faces of tungsten grains with the formation of new shapes,
associated with particle size reduction. As seen from the Fig.3, the crystal shape is close to rhombic
dodecahedron, which corresponds to the cubic lattice of tungsten [3, 9, 12, 15]. Performed EDS
analysis confirmed single-element composition of the grains. Tungsten was identified by Lo and
Ma lines, but as Ma at 1.7750 keV coincides with the silicon line Ko at 1.7398 keV, we used
the La line at 8.3970 keV [5, 21, 23, 25].

Fine grinding is often accompanied by mechanical activation of the matter, after which its phys-
ical properties undergo significant changes. In some cases, this can be used not only to take into
account grinding artifacts, but also to develop new methods of enhanced metal recovery [1, 8, 11, 13,
14,17, 26, 28].
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Fig.3. SEM image of initial tungsten powder (a), tungsten crystals after milling (b) (grinding mode — centrifugal force of 28 g,
ball diameter of 10 mm, rotation speed of 700 rpm, milling time of 2.1 min);
histogram of particle size distribution in the initial tungsten powder (c) and in the sample after milling (d)
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Fig.4. SEM images of spherical gold particles in the sulfide ore after crushing

Analytical studies of solid samples using bulk analysis methods, such as X-ray fluorescence
spectroscopy, powder X-ray diffractometry, atomic emission spectroscopy, etc. imply prelimi-
nary grinding of samples to a specified particle size. For example, to prepare the samples for
powder diffractometry, they need to be ground and reground to 1-3, 5-7, 10 um (these size ranges
are selected at the stage of method development depending on the crystallographic class, mor-
phological features of the grains and the presence of cleavage) [2, 4, 6, 7, 10, 16, 19, 20, 22].
Most commonly, the samples are ground in a vibration mill and then reground with an agate
mortar. The particle size is monitored by means of a laser granulometer. However, during long-
term regrinding of polymineral mixtures of different hardness, it is important not to grind certain
phases to the X-ray amorphous state; for example, this can happen in the samples where quartz
and harder particles occur together with clay particles and gypsum. Similar degradation of initial
substances can take place in the presence of water-soluble and aqueous crystals, as in the agate
mortar a high degree of grinding is achieved by using ethanol as a grinding media. This requires
monitoring of the initial and ground sample using SEM in order to adjust sample preparation and,
as an option, to perform mineral separation during one of the grinding stages.

In case of finely dispersed nano-sized particles, long-term mixing can cause their agglomer-
ation into spherical components. The same process leads to formation of spherical crystal phases
after grinding — for example, in the process of grinding sulfide ore that contains Au grains 1-3 um
in diameter (Fig.4).

Conclusion. In the process of energy-intensive grinding of ores and technological materials,
associated with the formation of particles greater than 3 um, the particles are spherically shaped, some-
times with traces of former crystallographic pattern.

Structural and morphological changes of the grains, obtained in the process of fine energy-inten-
sive grinding of heterogeneous materials, especially if they contain metals, in vibration and planetary
mills, demonstrate the necessity to monitor the final product by means of scanning electron micros-
copy and X-ray microanalysis. This approach will make it possible to take into account artifacts gen-
erated during preparation of solid samples for analytical studies and will allow to make necessary
adjustments in the course of developing new technological processes.
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