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Purpose. Study of the formation of an electrically conductive phase in carbonates using siderite as an example and
determination of the temperature dependence of its formation and silicon content during simultaneous heating and
the action of a weak electric field.

Methodology. Analysis and generalization of the results of experimental studies. Physicochemical analytical stud-
ies have been performed using electron and optical microscopy, petrographic and X-ray phase analysis, thermogravi-
metric analysis and differential scanning calorimetry, and gas chromatography. Phase equilibria in the “iron oxides —
carbon — carbon oxides” system have been evaluated using data on the standard change in the Gibbs energy Evalua-
tion.

Findings. Formation of electrically conductive phases in siderite has been studied. The dependence of new phase
formation on heating and the magnitude of the electric field strength have been determined. The regularities of the
change in threshold temperatures of phase transitions in samples of siderite and calcite containing silicon impurities
have been established.

Originality. Due to the thermally stimulated increase in the concentration of mobile charge carriers in intergranu-
lar space, the electric field of point charges takes the prominent part in the formation of the end product of chemical
reactions. The additional effect of electric current on the increasing destabilization of chemical bonds between surface
atoms leads to the formation and transport of ions, to a decrease in the energy barrier of nuclei formation of the elec-
trically conductive phase near the active centres. The abrupt increase in electrical conductivity is due to the spontane-
ous formation of the nuclei of a new phase and the transition of ionic conductivity to a mixed one or an electronic one
primarily. A composite semiconductor is formed as a result of electrothermal activation of siderite. This semiconduc-
tor consists of a matrix-semiconductor representing the initial mineral and is penetrated by parallel-oriented high-
conductivity threads.

Practical value. Experimental results show that such processes occurring in rock are quite real under the condi-
tions of the earth’s crust, and the physical values of thermodynamic quantities (factors of metamorphism) are some-
times overestimated significantly in the interpretation of various geological events.
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Introduction. The physicochemical processes occur-
ring in the rock mass are mainly considered as a result of
the action of temperature and mechanical effects (com-
pression, extension, shear, etc.). These two factors are
the main ones in determining the rock metamorphism.
The effect of electric fields, especially weak ones, in this
process is not taken into account. Perhaps this is due to
the traditional ideas about the principle possibility of
phase and structural transformations in condensed mat-
ter only under the influence of high value thermody-
namic parameters.

Interpretation of the features of physical and chemi-
cal transformations in rock is often limited to the action
of thermal field and pressure, taking into account the
partial pressure of volatile components in the fluids.
Probably, this approach is substantiated by the fact that
the action of a weak electric field on solid phases does
not cause noticeable changes. Simple estimates show
that the energy of thermal motion of molecules exceeds
the energy of weak electric fields by several orders of
magnitude. So it is a convincing argument in favour of
neglecting their effect. Such point of view has been
formed due to experimental PT diagram of elements,
property data of various chemical compounds, metals,
alloys, minerals and rocks in a wide range of pressures
and temperatures. Virtually all analyses of the obtained
geological and mineralogical data, their interpretation
and conclusions are based on the regularities deduced
from physical experiments.

Modern petrophysics has a number of relevant
tasks connected with the study of phenomena, mecha-
nisms and regularities of electrification, radio-wave
electromagnetic and acoustic emission of minerals
and rocks under various types of excitation. Relevance
is due to both the fundamental challenge of phenom-
ena and mining problems. In particular, one of the
tasks is to study the changes in electrical characteris-
tics of minerals and rocks with the simultaneous ac-
tion of several different factors. These factors are sim-
ilar to natural physical and chemical ones — pressure,
temperature, concentration, electric and magnetic
fields.

Information on new phenomena, regularities, prop-
erties and characteristics of mineral systems is neces-
sary for increasing the efficiency of electrical methods
for minerals prospecting, developing new search criteria
and methods for minerals enrichment, improving tech-
nological processes in the mining industry, creating
energy-efficient processing of some raw materials to
produce a marketable end product. The mechanism of
iron ore formation (possibly as a result of siderite de-
composition) and conditions for the formation of high-
grade iron ore, the mechanisms of graphite formation
(diamond growth in primary deposits) from calcite car-
bon, as the most probable source of atomic carbon, still
remain undetermined. In nature, siderite is often found
in clay-band and blackband ironstones, forms associa-
tions with ores of various metals, and is an integral part
of Precambrian iron ores. Considerable reserves of sid-
erite are high quality iron ore and have commercial
value. Moreover, siderite is of academic interest when
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studying the formation of texture and structure of fer-
ruginous quartzites.

Considering the fact that several physical factors
have an effect on mineral systems in the earth’s crust, it
is natural to assume that there is some “competition”
between the types of impacts. The predominant role of
any of the factors — pressure, temperature, electric or
magnetic field strength, leads to the formation of differ-
ent phases in the same physicochemical system. A min-
eral system consisting of atomic carbon can be an ex-
ample. Deviation from equilibrium leads to the forma-
tion of diamond, graphite or other carbon phases in the
system. In accordance with the principle of the displace-
ment of the chemical equilibrium, the external action
that leads the system out of thermodynamic equilibrium
causes processes in it that tend to weaken the effect of
the exerted influence. Thus, the increase in pressure
stimulates processes leading to decrease in volume, and
in some cases to the formation of the so-called high bar-
ic phases. An increase or decrease in temperature leads
to chemical processes corresponding to the absorption
or release of heat respectively. It can be assumed that
this way corresponds to the development of physico-
chemical processes with a change in the electric field
strength. In this case, the equilibrium position and pro-
cesses in the system consisting of semiconductors will
shift in the direction of weakening the effect of the act-
ing field. Chemical reactions will occur in the system
with the formation of a phase with a greater electrical
conductivity.

Overall, experimental studies of the properties of
minerals and rocks under the influence of a complex of
physical parameters, along with geological and geo-
physical data, significantly expand the understanding of
the physicochemical processes occurring in the earth’s
crust.

In particular, such studies were caused by the great
need of various industries in creating new technically ef-
ficient and economically viable ways of producing su-
perhard materials and composites based on them.

Analysis of the recent research and unsolved aspects of
the problem. The high activity of scientific research on
the physical properties of minerals of the carbonate
group at various temperatures and pressures was in the
period of the 60—80s of the last century. At this period
there was a boom in mining and metallurgical industry,
geophysics, and earth sciences. For the last three de-
cades, a significant amount of scientific research has
been directed to the search for conditions for obtaining
atomic carbon and the mechanisms for the formation of
new carbon and carbon-containing phases. In particu-
lar, such studies were caused by the great need of various
branches of industries in creating new cost-effective
ways of superhard materials manufacturing and their
composites. There should also be highlighted key works
in the study of the stability of thermally activated car-
bonates (siderite, calcite, etc.), the magnetic and elec-
trical properties of newly formed components at differ-
ent pressures and temperatures. These are the works of
such authors as S.K.Grebnev & N.A. Vasiutinskii,
V.1.Bagin, E.I.Parkhomenko, L.F. Vereshchagin,
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Yu.A. Litvin, A.V.Bobrov, V.V.Sobolev, J.D.Bernal,
M. Seguin, J.Janowski, J. M. Coey, J. L. Kulp, P.Kant
and others.

Experimental results on the decarbonization pro-
cess, which is typical for the metamorphism, are giv-
en in the paper by E. Parkhomenko & S. Mkrtchchan.
Authors studied the change in the electrical conduc-
tivity of some carbonate minerals with heating up to
1170 K. In particular, it is established for siderite that
the electrical conductivity increases abruptly by two
orders of magnitude before the beginning of decom-
position FeCO; — FeO + CO,. This effect is observed
both in isobaric and isothermal conditions (this result
highlights a problem and will be discussed below).
The authors suggested that this effect can be mani-
fested due to formation of a special activated state, in
which the ionization energy decreases or the mobility
of charge carriers increases before the decomposition
reaction. Maurice Seguin believes that decomposi-
tion of siderite is accompanied by simultaneous reac-
tions:

1) 4FeO — Fe + Fe;0y;

2) 3Fe + 20, — Fe;0y;

3) 4Fe304 + 02 —> 6(0(—F€203).

The reaction (1) develops only at a temperature
higher than 840 K. E. Parkhomenko & S. Mkrtchan as-
sumed that there are Fe, FeO, Fe,0; and FeCO; simul-
taneously in the temperature range of 780...900 K. The
preferential formation of any of the iron oxides (wustite,
magnetite, hematite, maghemite) corresponds to a cer-
tain field of thermodynamic values, at which this phase
is formed with maximum probability.

According to the available experimental data wustite
(300...670 K), magnetite (700...760 K), maghemite
and hematite (760...1170 K) are formed sequentially
when siderite is heated. These data confirm the results
of the study of magnetic properties of intermediate
phases in the thermal decomposition of siderite ob-
tained by V.I. Bagin et al. So, the authors found that
there are two phases in the temperature range
570...700 K, and one phase becomes predominant with
temperature increasing. The magnetization of the main
phase disappears at a temperature of up to 730 K (the
magnetization arises at 570...670 K). Maghemite is
converted to hematite at temperature of 730...740 K,
however, maghemite continues to form almost to 8§20 K
with a Curie point of 870 K. Maghemite is the main
phase almost to the temperature of 970 K, but then
goes into a stable phase — hematite in accordance with
FeCO3 —> FCO —> FC3O4 —> '\/—F6203 —> OL—F6203. The
authors of this work have established the features of the
thermal decomposition of fine-crystalline and coarse-
grained siderite.

Accessory minerals of graphite mineralization such
as wollastonite, wustite, garnet, diopside, larnite and
forsterite have been obtained for the first time from ex-
periments in the mineral system siderite-calcite-silicon
(V.Sobolev, R. Kamkov). These minerals are also pres-
ent in calciphyres of the Zavalevskyi graphite deposit in
Ukraine. It has been shown that the formation of this
association of minerals occurs as a result of solid-phase
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chemical reactions occurring under the action of an
electric field, temperature up to 970 K, and pressure in
the range (1.5...5) x 10° Pa. It has been established that
an abrupt increase in electrical conductivity for solid
samples of siderite was observed at temperatures corre-
sponding to or close to the temperature of siderite dis-
sociation when simple heated. Transformation degree of
siderite to other phases in ground samples increased es-
pecially not only with an increase of holding time at a
temperature exceeding 500 K, but also with a decrease
in the heating rate.

Works in the field of phase transformations in coal
as a result of electrical influences [1] and phase trans-
formations in solids caused by complex treatment of
physical fields [2] give new interpretation of certain
ideas about the nature of physical and chemical phe-
nomena in minerals and rocks [3]. This is particularly
topical for those caused by the action of electric fields
(E.I. Parkhomenko, A.A.Urusovskaia, A.S.Lizun
and others).

Objectives of the article. The research aims at study
of the formation of an electrically conductive phase in
carbonates using siderite as an example and determina-
tion of the temperature dependence of its formation on
silicon content during simultaneous heating and the ac-
tion of a weak electric field.

Materials and methods. Samples of siderite and ach-
romatic iceland spar were used in experiments. Samples
were prepared in the form of a cube with an edge length
of 1 cm. Micropowders of iceland spar, siderite and sili-
con were also used; size of grains were in the range of
40...20 um. The moisture content of samples was
0.1...1.5 %. The average composition of impurities in the
initial samples of siderite (FeCO;) was CaO — 0.8;
v-Fe,0; — 4.5; MgO — 0.7; MnO — 0.3; SiO,, etc. —
<1.5wt.%.

The investigations were carried out according to the
methods described in [1]. Stimulation of chemical re-
actions was carried out simultaneously by thermal ac-
tion with a given heating rate and an electric field
strength up to 3 x 10° V/m. Uniaxial compression of
the test samples did not exceed (1.5...5) x 10° Pa. The
stabilized voltage was applied to opposite faces of the
sample and its value was from 5 to 300 V. The maxi-
mum value of the constant current was 0.29 A. Analysis
of the experimental data involved already-present and
the authors’ results. Electronic and optical microsco-
py, petrographic and X-ray phase analysis, thermo-
gravimetric analysis and differential scanning calorim-
etry, gas chromatography, experimental installation for
electrophysical treatment of materials, etc. were used
in the studies.

Presentation of the main research and explanation of
scientific results. Experimental dependences of the elec-
trical conductivity of solid samples of siderite on tem-
perature for given values of the electric field strength (up
to 3 x 10° V/m) and pressure (4...5) x 10° Pa in air are
shown in Fig. 1. Electrical conductivity Igc-vs-1000/7
curve (¢t — temperature, K) is generally expressed by
straight lines inclined to the axis of abscissas. The acti-
vation energy is calculated according to the formula
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Table
Values of the activation energy of ions at different
temperatures
> Legend The energy of ion
“F of the section Tempelr(rature, activation, E, eV
o | inthe Fig. 1 (Identified phases)
o0
11 o-b 300—480 0.020 (FeO)
b-c 480—570 0.064
c-k 570—935 0.28
('Y‘FC203 —> a'Fezo3)
2 o-b 300—480 0.01 (FeO)
b-c 480—570 0.054
c-d-g 570—690 0.246
g-h 690—-710 2.86 (y-Fe,05)
h-j 710-jump
j-f 710—-725 0.07...0.180 (y-Fe,05)
3 o-b 300—480 0.014 (FeO)
b-c 480—570 0.050
c-d 570—625 0.80...2.03 (y-Fe,0;)
d-e 625-jump
e-f 625-725 0.085 (y-Fe,05)
1000/t, K
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1
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Fig. 1. Change in the electrical conductivity of siderite
depending on the temperature at a value of the elec-
tric field strength E, V/cm:

1—0; 2— 55; 3 — 290. Legends of the sections are given
below in the Table
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E = 0.2 tgy. The inclination of a line is determined by
the activation energy of carriers of the electric current:
the greater this angle is, the greater the energy is required
for ion activation (Table).

The value of the field strength £ = 0 refers to the
sample of siderite, which was only heated. The number
of kinks and the character of dependence Igc = f(1/1)
indicate phase transformations in siderite. An abrupt
increase in electrical conductivity for the test (solid)
samples of siderite occurred at temperatures of 625 K
(curve 3) and 710 K (curve 2). Differential thermal
analysis of siderite samples testifies that the dissocia-
tion corresponds to temperatures of 660...680 K. The
maximum heat absorption by heating the test sample
corresponds to a temperature of 840 K, i.e. at
130...215 K higher than under the additional action of
an electric field.

In all the experiments, the temperature jump ()
differs little from the initial temperature of siderite dis-
sociation when simple heated. The jump of electrical
conductivity during a simple heating process is not ob-
served. The effect is manifested only when the tem-
perature and electric field are simultaneously affected.
It is assumed that the reason for an abrupt decrease in
electrical resistance is the spontaneous formation of a
new phase with predominantly electronic or mixed
type of conductivity. Such phase can be hematite,
magnetite and the carbon phase. A sample of siderite
after electrothermal activation is strongly magnetized.
The surface of the fresh fracture contains a black ultra-
dispersed phase like smoke-black and amorphous car-
bon.

The change in the electrical conductivity from tem-
perature, shown in curves 2 and 3, is fundamentally dif-
ferent from curve 1 (pure heating). The regularity of the
variation in the shape of curve 1 with simple heating of
siderite consists in the presence of two sections: a
straight line reflecting the dependence of the electrical
conductivity to a heating temperature of 570 K (point ¢)
and at temperatures above 570 K. The main charge car-
riers are impurity ones in the temperature range
300...570 K. In the temperature range of 570...725 K,
the ions of basic elements of the siderite lattice are most-
ly charge carriers. It can be seen from the graphical de-
pendencies that a change in the type of a charge carrier
requires an increase in the activation energy of the ions.
The inclination of line increases with temperature
growth, and formation of the phase with a mixed type of
conductivity (sections of straight lines h-j and d-f)
makes this angle about 90°. In the latter case, the activa-
tion energy of charge carriers tends to infinity. This may
indicate a kinetic mechanism for the formation of a new
phase. Growth of the inclination angle indicates both an
increase in the activation energy of charge carriers and a
significant effect of the electric current on chemical pro-
cesses in the reaction zone.

According to experimental conditions, the maxi-
mum value of the applied current and voltage are stabi-
lized and in accordance with the technical data of the
used power source can not exceed 0.29 A and 300 V. The
current from several milliamperes jumps up to a stabi-
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lized value at the moment of spontaneous formation of a
new phase of high electrical conductivity (Fig. 1). The
voltage drops from some initial value to several tens of
volts simultaneously with the increase in current. Fig. 1
shows the behaviour of electrical parameters. This be-
haviour repeats itself again and again. In experiments
with samples of siderite, differing in the amount of im-
purities, the marked character (e.g., the jump in electri-
cal characteristics) does not change in principle. Only
the initial temperature of the jump, the value of the cur-
rent in the jump, and the finite value of electrical poten-
tial difference across the sample are changing during the
abrupt increase in electrical conductivity at constant
values of the heating rate, pressure, and the strength of
the external electric field.

After the formation of conductive phases (without
switching off the electric current), further sample
heating sometimes leads to an increase in resistance,
which is due to the melting of the electrically conduc-
tive phase and the formation of slags (O. V. Orlinska et
al.). The process of reducing the electrical conductiv-
ity is characterized by a sharp transition to the almost
initial values. The reason for the increase in local tem-
peratures is external heating, heat produced by exo-
thermic interactions between solid phases, and heat
released as a result of the passage of electric current
through the newly formed phases. According to our
estimates, the maximum density of current passing
through the newly formed phases could reach up to
6 x 10" A/m?.

Study of phase transformations in ground samples of
siderite, especially mixtures of siderite and silicon pow-
ders, arouses much interest. By varying the content of the
addition of silicon powder (no more than 70 %) to siderite
powder, the temperature of the jump in electrical conduc-
tivity with increasing silicon content decreased and the
temperature was about 400 K at 70 % Si (Fig. 2). Addi-
tions of silicon make the temperature difference to 430 K.
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Fig. 2 Pattern of temperature drop during phase change
depending on silicon content:

1 — in siderite; 2 — in calcite
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The temperature of an abrupt change in electrical
conductivity depending on the silicon content ranges
from 1100 K (Si =0 %) to 325 K (Si =45 %) under the
electrothermal treatment of ground iceland spar in a
mixture with silicon powder (Si content is up to 45 %,
Fig. 3, curve 2). These results show that such processes
occurring in rock are quite real under the conditions of
the earth’s crust, and the physical values of thermody-
namic quantities (factors of metamorphism) are some-
times overestimated significantly in the interpretation of
various geological events.

Maghemite is the main new phase of iron oxides to
the temperature of 970 K, but then goes into a stable
phase — hematite in accordance with FeCO; — FeO —
— Fe;04 — v-Fe,0; — a-Fe,0;. X-ray phase analysis
did not detect FeO in siderite treated at a temperature of
730 K. The main reliably identified phases are Fe;O,;
v-Fe,05; a-Fe,0;. Taking into account the presence of
the gas phase (CO and CO,), the system of listed com-
ponents will represent a typical four-phase, non-invari-
ant system in which no state changes are possible with-
out decreasing the number of phases. The stability of
such system is easily calculated from the model pro-
posed by G. G. Mikhailov et al.

X-ray patterns of siderite samples showed lines with
very low intensities of 0.336, 0.203, 0.170 and 0.123 nm,
which correspond to interlayer distances in graphite
dooa, dyo1> doos and d . It is assumed that the observed
low intensity of the main line (002) may be due to a
large content of another carbon phase — graphene,
which does not have these lines. The origin of the nu-
cleus of the carbon phase is directly related to fluctua-
tion phenomena in the intergranular space supersatu-
rated by atomic carbon and formed as a result of the
dissociation of carbon oxides. The final identification of
the carbon phases will be carried out using Raman
spectroscopy.

Analysis of the results of more than a hundred ex-
periments indicates that the final product will always be
at least one phase represented by a series of threads with
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Fig. 3. Current voltage characteristic:
1— ground siderite without additives; 2 — mixture of ground
samples of siderite (85 %) and silicon (15 %); 3 — mixture
of ground samples of siderite (55 %) and silicon (45 %);
4 — mixture of ground samples of siderite (30 %) and silicon

(70 %)
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higher electrical conductivity than the initial sample has
before the additional action of the electric field on the
chemical reaction. For example, the permittivity (¢) of
the initial phase of siderite is 7 at a frequency of 102, but
newly formed maghemite and hematite has permittivity
about 5—7, magnetite — 10.6, and graphite — 10—15.
Magnetite and graphite are good conductors of elec-
trons. Thus, a composite semiconductor is formed as a
result of electrothermal activation of siderite. This semi-
conductor consists of a matrix representing the initial
mineral and is penetrated by parallel-oriented high-
conductivity threads.

The features of the effect of an abrupt increase in the
electrical conductivity of siderite and its derivatives
during the electrothermal activation of phase transfor-
mations were investigated by V.V.Sobolev et al. An
abrupt change in electrical conductivity was reliably re-
corded in all experiments. The fundamental difference
between the interpretation of the results obtained in this
study from the conclusions of E.Parkhomenko &
S. Mkrtchchan is that only with the additional electric
stimulation of siderite (voltage in the range of 5...300 V)
a new stable phase with a high electrical conductivity is
formed abruptly. In the experiments of those authors,
the measurement of the electrical resistance of siderite
in each experiment was carried out continuously, i.e. a
weak electric current passed through a thin sample of
siderite at a potential difference across the sample of
about 5...8 V.

The abrupt change in electrical conductivity of sid-
erite does not occur during simple heating and the ab-
sence of an external electric field. It is known that FeO
and CO, are formed as a result of the decomposition of
siderite under heating. 48-hour observations have es-
tablished that phase transformations in siderite did not
occur under the influence of an electric field of weak
intensity and temperatures from room temperature to
295 K. The energy of a weak electric field is much less
than the thermal energy of molecules. In this connec-
tion, questions arise as to what effect the electric field
can have, as well as what reasons and mechanism stim-
ulate the formation of electrically conductive phases in
the case of an additional action of a weak electric field
on thermally activated siderite. Perhaps it is appropri-
ate to recall the famous Le Chatelier’s principle, which
states that “when any system at equilibrium is dis-
turbed the system will adjust itself in such a way that
the effect of the change will be nullified”. This princi-
ple can be used when describing the change in the state
of a thermally activated system affected by an external
electric field.

The advantages of electrothermal action in compari-
son with the action of either a thermal or an electric field
are evident from the experimental results. But the regu-
larities of nuclei formation and their further growth, from
the point of view of physical mechanisms, are the same.
The main difference consists in shifting the temperature
thresholds towards a significant decrease according to ex-
perimental data obtained only by heat treatment.

Disorder caused by temperature increase is accom-
panied by the appearance of vacant anionic and cationic
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sites. In the absence of an electric field, ion transition
from the lattice sites to interstitial positions and vacant
lattice points run disorderly, preserving the electroneu-
trality condition. Due to the thermally stimulated in-
crease in the concentration of mobile charge carriers in
intergranular space, the electric current affects the orga-
nized displacement of these carriers and the formation
of the end product of chemical reactions. The additional
effect of electric current on the increasing destabiliza-
tion of chemical bonds between atoms of surfaces leads
to the formation and directional transfer of ions, to a
decrease in the energy barrier of nucleation of the elec-
trically conductive phase, and to a decrease in their crit-
ical size. A.A.Chernov & L.I.Trusov, M. 1. Molotskyi
showed that the probability of the formation of a critical
nucleus near a charge (for example, near an edge dislo-
cation) increases by a factor of 10?2 in comparison with a
defect-free surface. The probability of formation of ions,
potential reaction catalysts, increases substantially as a
result of bond breaking under the influence of an elec-
tric field. Quantum-mechanical estimates of the stabili-
ty of the chemical bonding of small molecules in the ion
field indicate the catalytic function of the ion field
strength in an elementary chemical act. The estimates
were calculated for the system “chemical bond of a small
molecule — Coulomb centre” in the temperature range
of 0...1000 K.

The formation of a new electrically conductive
phase can be illustrated by a scheme for the develop-
ment of the reaction zone using the example of the in-
terface of two grains, Fig. 4. Destabilization of the sid-
erite lattice as a whole increases with the temperature
growth. Bonds on the surfaces of grains become unsta-
ble, which activates the breaking of chemical bonds
and increases the concentration of mobile components
in the intergranular space, respectively. Electric cur-
rent stimulates the formation of electrically charged
particles. The reaction zone is localized at the interface
between the grains and phases of the reactants and
products.

Chemical processes in solid-phase reactions begin
from the formation of individual molecules on internal
surfaces (in the volume of the phase) (Fig. 4, a). Then,
the individual nuclei of the new phase begin to form on
the surfaces (Fig. 4, b) and, accordingly, new boundar-
ies appear between the initial grain of the crystal and the
new phase. At the next stage (Fig. 4, ¢), the reaction rate
reaches a maximum, begins to decrease when the grow-
ing nuclei begin to fuse, forming a continuous layer
(Fig. 4, d), the boundaries of which gradually move
deep into the siderite grains.

Another result that should be noted is directly re-
lated to the formation of a “current thread” (Fig. 4, d).
It is a phase that is likely to have a mixed or predomi-
nantly electronic type of conductivity. The formation
of threads consisting mainly of maghemite, magnetite,
and possibly nanocrystals of graphite (graphene) is a
natural direction of the process, “arranging” the direc-
tional displacement of charge carriers. In nature, a
similar mineral composition was detected during the
study of ore mineralization in zones of carbonatization
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FeCO;

FeCO;

FeCO;

FeCO;

FeCO;

d

Fig. 4. Development pattern of the reaction zone and the formation of new phases in the space between the surfaces of

siderite grains:

the red curve shows the possible path of electric current, and the straight line shows the path formed by the passing current; a —
formation of individual molecules in the volume of the phase; b — formation of new phase nuclei on interfaces; c — formation of new
boundaries between the initial grain of a crystal and a new phase; d — formation of a continuous layer of the new phase as a result

of nuclei fusion

within the Bilozerska green-stone structure in the
Ukrainian shield [4]. The electric current initiates the
formation of threads (the shortest path with the least
resistance), reducing in such a way the degree of influ-
ence of an external disturbance (the action of an elec-
tric field).

Why is the decomposition of siderite under simple
heating efficient to electrically neutral products? Does
the probability of the release of ions increase dramati-
cally in the case of the passage of an electric current?
P. Yu. Butiagin investigated the kinetics and nature of
mechanochemical reactions and the role of active cen-
tres. He showed that electrically neutral products of
decomposition are formed with maximum probability
(in terms of the thermodynamics) in the “ideal case of
breaking in a vacuum” of ionic bonds. FeO and CO,
are such products under the thermal effect to siderite.
It is sufficient to expend energy equal to the strength of
the Fe—COj; bond to obtain electrically neutral prod-
ucts. In order to have iron ions and carbonate ions as
the products of chemical decomposition reaction, it is
necessary to expend additional energy, taking into ac-
count the fact that the difference in the ionization po-
tential of the iron atom and the electron affinity for the
CO; molecule would have a negative value. As a rule,
this difference, even in the limiting case of ionic bond
(NaCl), is positive (1.33 V), which indicates a more
advantageous production of electrically neutral atoms
than ions.

Molotskyi M.I. showed by numerical simulation
that “the interaction of the electrons of the surface zone
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with dislocation leads to the localization of the free car-
rier in the places where the edge dislocation leaves the
surface”. It is known that the dislocation charge is very
weak in semiconductors, and, as a rule, it is neglected in
estimating calculations. However, the exit point of a dis-
location that has captured a free charge can be a singu-
larly charged centre characterized by a local electric
field. In comparison with the growth rate on an ideal
surface, such an active centre can significantly increase
the rate of heterogeneous reactions (in 10...10° times).
Two- and three-charged centres are capable to increase
the speed in 10*...10%7 times depending on the heating
temperature. The experimental values of the diameter of
an active centre were given by Yu. L. Krasulin. Average
diameters are equal to 3 um. The area of such centre is
107 times larger than the average size of the critical nu-
cleus of the new phase. Thus, as the concentration of
active centres increases, the appearance of new phase
nuclei, their growth and fusion to a continuous layer will
proceed as a single chemical reaction. Intensification of
this process can be caused by additional effect of an ex-
ternal electric field.

Conclusions. Experiments on electrothermal activa-
tion of siderite samples proved that temperatures corre-
sponding to the start of the formation of a new phase
shift to a range of values of 130...215 K that is less than
under simple heating.

The value of the jump temperature in the electrical
conductivity increases with decreasing electric field
strength, and in the absence of a field, a jump in the
electrical conductivity is not detected.
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As a result of electrothermal activation of siderite, a
composite semiconductor is formed which consists of a
matrix representing the initial mineral and saturated by
parallel-oriented high-conductivity threads.

A physical and mathematical model for the numeri-
cal evaluation of the stability of the chemical bond of
small molecules in the field of singly charged and multi-
ply charged ions was used in this work. The established
regularities of the behaviour of the chemical bond in the
ion field were taken into account in discussing the pos-
sible mechanism of the influence of the electric field on
the kinetics of chemical processes.
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Merta. Jlocmigutu MeXaHi3M YTBOPEHHS €JIEKTpPO-
poBigHOI (a3 B KapOoOHaTaX Ha TIPUKIIALi CUIEPUTY,
i BCTAHOBUTH 3aJIEXKHICTh TeMIepaTypu il yTBOPEHHS
BiJ BMICTY KPeMHilO IiJ yac HarpiBaHHsI Ta OJHOYaC-
HOMY BILJIMBI CJTAOKOTO €JIEKTPUIHOTO TTOJIS.

Mertomuka. AHai3 i y3araabHEHHsI pe3yJbTaTiB
eKCITIEpUMEHTAJIBHUX  JOCTiIKeHb. Di3MKO-XiMiuHi
AQHAJIITUYHI JOCHTIIXKEHHS 3 BUKOPUCTAHHSIM €JIEKTPO-
HHOI Ta ONTUYHOI MiKpOCKOIIii, meTporpagiyHoro i
PEeHTreHo(ha30BOro aHali3zy, TepMOrpaBiMETPUUYHOTO
aHai3y Ta nudepeHliaTbHOI CKaHYIUOi KaJlopuMe-
Tpii, razoBoi xpomatorpadii. OuiHka ctaHy da3oBoi
piBHOBaru B CHUCTeMi ,,OKCUAMW 3ajiiza — BYyIJIelb —
OKCHUIU BYIJICIIO® 3 BUKOPUCTAHHSIM JAaHMUX IIPO CTaH-
JIapTHi 3MiHU eHeprii ['i60ca.

Pesyabratu. [lociigkeHO MeXaHi3M yTBOPEHHS
eJIEKTpOIpoBinHMuX (a3 y cuneputi. BcranopieHa 3a-
JIEXXHICTh YTBOPEHHST HOBUX (pa3 Bil TemIiepaTypy Ha-
rpiBy i BEIMYMHU HAMPYKEHOCTi €JIEKTPUIHOTO OIS,
3aKOHOMIPHOCTI 3MiHU TOPOrOBUX TeMmIiepaTyp dazo-
BUX TIEPEXOMdiB y Mpobax CUIEPUTY il KaJbLUTY, IO
MICTSITh TOMIILLIKM KPEMHIIO.

HaykoBa HOBU3HA. 32 paXyHOK TEPMOCTUMYJIbOBA-
HOTO 30UIbIIIEHHS KOHUEHTpAllil PYXJIUMBUX HOCIIB
€JIeKTPUYHUX 3apsliB Y MiK3epHOBOMY MPOCTOPi CU-
IEPUTY 3POCTAE POIb CICKTPUIHOTO TIOJISI TOUYKOBUX
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3apsmiB y (OpMyBaHHI KiHIIEBOTO MPOAYKTY XiMiUHUX
peaxiriii. JlomaTKOBUIA BIUTUB JIEKTPUIHOTO CTPYMY Ha
3pOCTalOUMit CTYITiHDb AecTabili3allii XiMiTHUX 3B SI3KiB
MiX ITOBEpPXHEBUMHM aTOMaMU MPUBOIUTH 10 YTBOPEH-
HS1 ¥ TIepeHOoCy iOHiB, 3HMXKEHHS EHEPreTUYHOIro
Oap’epy VYTBOPEHHS ,,3apOJKiB“ eJIeKTPOMpPOBiIHOI
¢a3u mobau3y akTMBHUX LeHTpiB. CTpuOKoIomaioHe
30iIbIIEHHS €JIEKTPOMPOBIAHOCTI OOYMOBJIEHO CITOH-
TaHHUM XapaKTepOM YTBOPEHHS ,,3apOAKiB“ HOBOL
da3u 1 mepexogoM iOHHOI €JeKTPOIPOBITHOCTI Ha
3MilllaHUii ab0 MepeBaXKHO €JIEKTPOHHUN Tur. Y pe-
3yJIbTaTi €JEeKTPOTEPMOAKTUBALll CUAEPUTY (HOpMY-
€THCSI KOMITO3UTHMI HAIiBIIPOBIMHUK, IO CKJIATA€Th-
cg 3 MaTpUli-HaIiBIPOBIAHUKA, MPEICTABIECHOI BU-
XiTHUM MiHepaJjioM i HACUUEHOIO IapajieIbHO OPIEHTO-
BaHUMU CTPYMOBHUMU HUTKaMU BHUCOKOI €JIEKTPOIIPO-
BiZTHOCTi.

IIpakTinyna 3HaumMicTh. EXCriepyMeHTalbHI pe-
3yJIbTaTU CBiYATh MPO TE, IO B yMOBAaX 36MHOI KOPU
MoAi0HI MpoliecH, sIKi MPOTiKalTh Y AOCTIIKYyBaHUX
ripChbKUX MOpOJax, LIJIKOM peasibHi, a (i3u4Hi 3Ha-
YEHHS TePMOAUHAMIYHUX BEJIMYUH (YMHHUKIB MeTa-
Mopdi3My) Mil yac iHTepHpeTalii TUX UM iHIIUX [e0-
JIOTIYHUX TIONiN iHOMI BUSBISIOTHCS 3HAYHO 3aBUIIE-
HUM.

Karouosi caosa: cudepum, easekmpuune none, gasu,
memnepamypa, eAeKmpomepmMoaKmusayis, eieKkmpo-
nposionicme, ioHU

Henn. UccnegoBaTh MexaHU3M 00pa30BaHUS BJIeK-
TPOIPOBOMHOI (ha3bl B KapOoHATaX HA IPUMEpe CUIC-
puTa, U yCTAaHOBUTDH 3aBUCUMOCTD TeMIIEpaTyphl e 00-
pa3oBaHMs OT COAEpXKaHUs KPEeMHUs MPU Harpese U
OIHOBPEMEHHOM BO3IEHCTBUM CJIabOro 3JeKTpuye-
CKOTO TOJIS.

Metoauka. AHanu3 U 000OIIEHUE Pe3yabTaTOB
SKCIEPUMEHTAIBHBIX McclienoBaHnii. DU3MKO-XUMM-
YeCKHe aHAJTUTUIECKHE UCCIICIOBAHMS C UCITOIb30Ba-
HHUEM 3JICKTPOHHON M ONITUIECKON MUKPOCKOIINH, TIe-
TporpadmuecKoro u peHTreHo(a30BOro aHaIM3a, Tep-
MOTPaBUMETPUUECKOIO aHaiau3a W auddepeHInaib-
HOM CKaHUPYIOLIEH KaTOPUMETPUU, Ta30BOI XpOMATO-
rpacdun. OueHKa cocTosiHUS (ha30BBIX PAaBHOBECUIl B
CHUCTEeME ,,0KCHUJIBI KeJie3a — YIJIepONl — OKCHIIBI yIJIe-
pona“ ¢ UCIoJb30BaHUEM JAHHBIX O CTAHIAPTHOM M3-
MeHeHUU sHepruu ['mooca.

Pesyabratnl. MccienoBaH MexaHuU3M oOpa3oBa-
HUS BIIEKTPONPOBOAHBIX (pa3 B CUAEPUTE. YCTaHOB-
JICHBI 3aBUCUMOCTH 00pa30BaHMs HOBBIX (ha3 OT TeM-
rmepaTypbl HarpeBa W BEJMYWHBI HANPSKEHHOCTH
SIIEKTPUIECKOTO MOJIST, 3aKOHOMEPHOCTH U3MEHCHHUST
ITOPOTOBBIX TeMITepaTyp (Pa30BEIX IIEPEXOIOB B MPO-
0ax cumepuTa W KaJbIIMTa, COMAEPKAIINX IIPUMECH
KPEeMHUSI.

Hayunast HoBH3HA. 32 CYCT TEPMOCTUMYJIUPOBAHHO-
IO YBEJWYEHUs KOHIICHTPALMU TOABMKHBIX HOCHUTE-
JIe 3JeKTPUUECKMX 3apsiioB B MEXK3epPHOBOM IPO-
CTPaHCTBE CUIEPUTA BO3PACTAET POJIb IJTEKTPUUECKOTO
T10JISI TOUEUYHBIX 3apsiIoB B POPMUPOBAHUN KOHEYHOTO
MPOAYKTa XAMWYECKUX peakuii. JlomoIHUTEIbHOE
BO3IEHCTBUE DJIEKTPUIYECKOTO TOKA Ha BO3PACTAIOIIYIO

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2017, N2 4



®I3BNKA TBEPAOTO TINA, 3BATAYEHHA KOPUCHUX KONAJNWNH

CTEeTIeHb IECTAOUIN3AINY XUMUIECKUX CBSI3EH MEXITY
TIOBEPXHOCTHBIMU aTOMaMH IIPUBOIUT K 00pa30BaHUIO
U TMEPEeHOCY MOHOB, CHIKEHUIO SHEPTEeTUYECKOTO 0a-
prepa oOpa3zoBaHUs BOJIM3M aKTUBHBIX 1IEHTPOB ,,3a-
pOABIIIEH® 3JIeKTPOINpoBOAHOM (Ba3bl. CKkaukooOpas-
HOE YBEJWYEHUE BJIEKTPOIPOBOTHOCTU OOYCIOBJIECHO
CITOHTaHHBIM XapaKTepoM 00pa30BaHUS ,,3aPOJbIIIEH
HOBOI1 (ha3bl U NMEPEX0I0M MOHHOM 3JI€KTPOIPOBOIHO-
CTM Ha CMENIAaHHBIM WIM TIPEMMYIIECTBEHHO 3JeK-
TPOHHBIH TUTI. B pe3ynbTaTe 31eKTpOTEpPMOAKTUBALINHT
cuneputa (popMUPYETCST KOMITO3UTHBINA TOJTYITPOBO-
JTHUK, COCTOSIIIUI W3 MaTPUIIbI-TIOTYIIPOBOAHUKA,
TIPEICTABIISIONIC MCXOMHBIM MWHEpaTl W HaCHIIIECH-
HOW mMapajuielbHO OPUEHTUPOBAHHBIMU TOKOBBIMU
HUTSIMU BBICOKOU 3JI€KTPOTIPOBOTHOCTH.
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IIpakTHyecKkasi 3HAYUMOCTb. DKCIIEPUMEHTAIbHbIE
pe3yabTaThl CBUACTEIBCTBYIOT O TOM, YTO B YCJIIOBMSIX
3eMHOI KOPBI TTOMOOHBIE TIPOLIECCHI, TTPOTEKAIOIIne B
TOPHBIX TIOPOJIaX, BIIOJIHE peajbHbI, a (Uu3nuecKue
3HAUYEeHUST TEPMOIMHAMUYECKUX BeJWYWH ((haKTOpOB
Metamopdur3mMa) MpU UHTEPTPETALNU TeX WU WUHBIX
Te0JIOTUYECKUX COOBITMII WHOT/IA OKa3bIBAIOTCS 3HA-
YUTEJBHO 3aBBIIIEHHBIMU.

Karoueevte caosa: cudepum, snrexmpuueckoe noze,
@asel, memnepamypa, 31eKmpomepmMoaKmueayus, 1ex-
mponpo8ooHOCHb, UOHbL
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AHAJII3 OTPUMAHHA ITOXUBOK ITPN BU3HAYEHHI
XAPAKTEPUCTUK POTOPHOI CUCTEMU HA BUBITY

Purpose. The objective of the paper is to determine reasons of origin and conditions of reducing errors while ob-
taining combined geometrical (axial moment of inertia, mass centre location), mass (rotor weight), frictional (relative
radii of bearings) characteristics of rotor system within the run-down. This is required to determine constant (gravi-
tational moment), linear (being proportional to rotational velocity), and quadratic (ventilator moment) components
of complete moment of rotor rotation resistance with the following balance problem solving with the help of peak
method.

Methodology. Theoretical research of rotating rotors relies upon basic theoretical provisions (dynamics) of ma-
chines and mechanisms, pre-developed algorithm of 1.2 ... of N-planar balancing of rigid rotors using peak method
as well as analysis of calculation error obtaining.

Findings. A statement concerning the necessity of equality of initial errors while measuring experimental values
(i.e. time, turning angle, rotational velocity) of run-down has been developed. The statement results in minimization
of an error while determining required characteristics of a rotor. The developed algorithm of serial computations
identifies definitely geometrical, mass, and frictional characteristics of balanced rotor system in the case of negative
discriminant of total moment of rotational resistance. In the context of another, arbitrary relation of rotor system
parameters (not negative discriminant), both methodology and order of rotor characteristics determination remain
similar. It is planned to use the algorithm as one of the potential alternatives to obtain values of the rotor characteris-
tics with the following substantiated selection of sets of characteristics using the least square method and to come to
the balancing problem.

Originality. The basic reason or a source to form the error while determining geometrical, mass, and frictional
characteristics of rotor systems within the run-down has been identified — difference in measuring errors of certain
run-down parameters: time and rotational velocity of rotor turning angle. Theoretically, in terms of any measuring
errors being similar in value within the run-down (for example, its time) we obtain true value of target characteristics
in the process of each experiment.

Practical value is in potential use of permanent stoppages of rotor systems to monitor basic total rotor characteris-
tics — wear and tear of operating devices, block bearings, changes in a value of a process moment, redistribution of
bulk weight of a rotor, and the following moment balancing problem solving with the help of a peak method. The
proposed solution technique involving the least square method will make it possible to select reasonably the most
adequate set of characteristics from the solution set for zero (two possible solutions), non-zero (generalized case), and
positive discriminant of a rotor rotational resistance moment.

Keywords: rotor system, permanent stoppages, run-down, axial inertia moment, block bearings, frictional characteris-
tics, rotor weight, mass centre location
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