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Introduction

Over the last decade, Germanium has experienced renewed interest for a wide spectrum of
applications. This interest is caused by a number of properties that are superior to those of Si, e.g., higher
carrier mobility, larger exciton radius and hence stronger quantum confinement in low-dimensional
structures, and the prospect of lower processing temperatures and thus easier integration in complex
electronic systems. In particular, Ge nanowires offer unique opportunities for the development of high-
performance field-effect transistors [1], photodetectors [2], sensors for biological and chemical species [3],
waveguides [4] etc. Due to its high refractive index, Ge is a very promising material for photonic
applications. Note that a single Ge nanowire, introduced into a hole adjacent to a photonic crystal fiber,
causes strong polarization dependent loss in the visible spectral region, which could be used as an effective
in-fiber polarizer [5].

Ge nanowires were successfully produced using various methods such as vapor-solid-solid synthesis
[6], gold nanocrystal seeded supercritical fluid-liquid-solid synthesis [7, 8], low-temperature thermal
evaporation [9], electron beam evaporation [10] etc. Large arrays of Ge nanowires were fabricated by
templated electrochemical deposition [11] and electrochemical etching of bulk Ge substrates [12]. Although
most of these methods offer possibilities to control the diameter of nanowires, there is a length limitation
which usually does not exceed a few hundreds of micrometers. Recently we succeeded in integration of huge
amounts of electrically isolated metal and semimetal nanowires in glass fibers (named Filiform
Nanostructures — FNS) with the diameter of up to a few hundreds of micrometers [13, 14]. In this
communication, we report on a technological route allowing record integration of electrically isolated Ge
nanowires in a human-hair-like glass micro-fiber, the length of the micro-fiber reaching one meter.

Fabrication

The first step of the proposed technological route is based on the well-known approach of filling in
with conductive melt of a glass capillary drawn from a glass tube [15]. In our experiments, a few grams of
Ge were inserted into a glass tube with the internal diameter ranging from 8 to 12 mm, and the tube wall
thickness of 0.8 to 1.2 mm, see Fig. 1,a. We selected a compatible glass to provide a minimum value of the
interfacial tension between the glass and the melt in the micro-bath representing glass coating flowing
around the suspended molten Ge drop, at the same time no chemical reactions should occur at the interface.
Note that the melting temperature T, for Ge equals 937 °C.

The microwires produced by us are characterized by a conducting core diameter ranging from 1 to
12 um and a glass coating thickness of 5 to 20 um, the length reaching dimensions as high as one kilometer.
Densely packed bundles were mechanically assembled from equal-length cut initial microwire pieces (10 to
20 cm long) and inserted in a joint glass tube closed at one end and having internal diameter of 3 to 6 mm
and wall thickness of 1 to 2 mm, see Fig. 1,b. The total number of pieces in one bundle usually does not
exceed 30,000. Note that the thermal expansion coefficient of the encircling joint glass tube should be close
to the effective expansion coefficient of the bundle. High-density packaging of the microwire pieces
resulting in their two-dimensional hexagonal distribution is provided by pumping-down to vacuum as low as
10 Pa with simultaneous temperature increase up to the temperature of glass softening.
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To subject the obtained preform to stretching, the top end of it is fixed at the feeding mechanism controlling
the downward movement, while the bottom part is placed in a tubular heater, see Fig. 1,c. When the core of
the microwire pieces represents brittle materials like Ge, the tubular heater should provide bundle heating up
to the glass softening and melting of the microwire cores. The shape of the stretching part of the preform is
cone-like with the height h depending upon the concrete technological conditions.

a b c

Fig. 1. Schematic illustration of the main steps of the proposed technological route. (a) formation of
semiconductor microwire in glass insulation by capillary drawing from the bottom of a glass tube softened
by a conducting melt drop levitating in the high-frequency electromagnetic induction field: 1 — glass tube;
2 —molten semiconductor; 3 — high-frequency inductor; 4 — liquid jet; 5 — glass-encapsulated microwire; (b)
mechanical assembly of a bundle from equal-length cut glass-encapsulated Ge microwires: 1 — joint glass
tube; 2 — densely packed bundle of semiconductor microwires in glass insulation; (c) stretching of the
obtained preform under proper heating conditions to reduce the diameters of the stacked together
microwires down to a few hundreds of nanometers: 1 — preform subjected to stretching; 2 — feeding
mechanism controlling the downward movement of the preform at the rate vi; 3 — tubular heater;
4 — stretched bundle of micro- or nanowires in glass insulation

The process of preform thinning is realized in several cycles. The scaling ratio k; for the reduction of
the preform diameter varies from cycle to cycle, therefore the total thinning K of the preform subjected to n
stretching cycles (usually 1 < n < 6) and its final diameter D are determined by the relations K =k; - k, - ...
k, and D = D¢/K, where Dy is the initial diameter of the preform.

Stretching of preforms consisting of glass micro/nanofibers with molten semiconductor cores should
be realized at maximum possible glass viscosity, i.e. at lowest possible temperature still assuring that the
core component is in liquid phase and simultaneously providing conditions for thinning of the glass
micro/nanofibers by a factor of two to three during one technological cycle. We found that such a situation is
easily realized in preforms comprising micro/nanowires of metals/semimetals (e.g. Pb/Sn, Bi) crystallizing at
temperatures lower than the temperature of glass solidification. However, when the core material crystallizes
before the glass solidification during the thinning process, as happens in Ge, the forces of viscous glass
stretching may cause mechanical ruptures in the solidified crystalline core. To avoid occurrence of ruptures,
it is important to use high temperature glasses, e.g. vycor, that exhibit enough viscosity during core
solidification. An alternative solution is to decrease the tensile force so that the tension in the crystallized
core remains below the ultimate strength, although this leads to considerable decrease in the stretching rate.

When fabrication of the filiform nanostructures involves melting of the core material (as happens in
the case of Ge), the ratio between preform tensile force F and dynamic viscosity ng of the glass is determined
by the following semi-empirical formula, obtained taking into account the rheological character of the flow
in the stretching cone-like part of the preform:

F _ (Vstr_vl) 2 2 2
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where v is the rate of downward movement of the preform, vy, is the stretching rate, h is the height of the
preform heating/softening zone, De and D, are external and internal diameters of the encircling glass tube, d
is the average diameter of the semiconductor cores in the initial or intermediate preforms, N is the number of
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micro/nanowires in the preform, y is the filling coefficient of the preform volume (usually 0.7 <y < 0.9), C'is
dimensionless empirical coefficient depending upon the characteristics of the experimental set-up for
stretching (700 < C < 1300). Proceeding from the preform architecture and glass viscosity ng determined by
the temperature in the cylindrical furnace, one can calculate by Eq. 1 the tensile force F required for the
preform stretching at any cycle of thinning.

To provide continuity of the semiconductor cores in the filiform nanostructures, the main parameters,
including surface tension oy, of the core material, tensile force F and glass viscosity ng should satisfy the
following empirical inequality

Mg Vstr Dé—Dlz(l_x)_dzNX‘_i_ F Nd? <B
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where the dimensionless lower bound A determines the conditions for the suppression of the formation of
semiconductor micro/nanodrops leading to the emergence of ruptures, while the dimensionless upper bound
B is related to the ultimate strength of the filiform nanostructure at glass viscosity as high as
g ~10° kg/(m-s). The inequality (2) shows that it is the increase in the preform tensile force F and glass
viscosity 74 that withstands the destruction-oriented influence of the surface tension o, of the molten core
material. According to the results of our study, the values of A and B equal 40 and 1.5 x 10° respectively.
Note that expressions (1) and (2) impose restrictions on the viscosity of the glass components of the filiform
nanostructure, the optimum values of which range over the interval from 3.-10* to 2:10° kg/(m:s).

Results of characterization

The morphology of Ge NWs was studied at VEGA TESCAN TS 5130MM Scanning Electron
Microscope (SEM) equipped with an Oxford Instruments INCA energy-dispersive x-ray (EDX) system.
Raman scattering from Ge filiform nanostructures was measured at room temperature with a Horiba Jobin
Yvon LabRam IR system in a backscattering configuration. The 632.8 nm line of a He-Ne laser was used for
off-resonance excitation with less than 4 mW power at the sample.

Fig. 2,a,b illustrates SEM images taken in longitudinal and cross sections from a bundle of glass-
encapsulated crystalline Ge nanowires encircled by a joint glass envelop and subjected to stretching. As one
can see from Fig. 2,b, the cross-sectional view exhibits a two-dimensional quasi-ordered hexagonal
distribution of Ge nanowires, some of them getting out from the glass envelop. The average diameter of Ge
nanowires equals 150 nm, while their length is determined by the length of the glass micro-fiber after
stretching which reaches dimensions as high as 1 m.

A<

Fig. 2. SEM image in longitudinal (a) and cross (b) sections taken from a densely packed bundle of glass-
encapsulated Ge NWs after stretching

The micro-Raman scattering was studied from a cross-section of the micro-fiber, focusing the laser
radiation on an area where some Ga nanowires got out from the glass envelope. The first-order Ge-Ge
optical phonon mode was found at 297.9 cm™, the full width at half maximum of the micro-Raman
scattering peak being equal to 8 cm™ (Fig. 3). The observed downward shift of the Ge optical phonon
frequency with respect to its value in bulk crystalline Ge (300 cm™ [16]) reflects the existence in Ge
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nanowires of tensile stress caused by the difference in thermal expansion coefficients of germanium and

glass.
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Fig. 3. Micro-Raman scattering spectrum taken Fig. 4. EDX analysis of the chemical composition
from a bundle of glass-encapsulated Ge NWs at of Ge nanowire array integrated in glass micro-
300 K fiber
The analysis of the chemical composition carried out by EDX technigques confirms that the filiform
nanostructure consists of Ge and glass (Fig. 4). It is also possible that the Ge NWs are covered by a thin layer
of native oxide, i.e. GeO,. To clarify this issue additional investigations are needed.
Conclusion
The proposed technological route allowed us to fabricate meter-long human-hair-like glass micro-
fibers (named FNS) comprising tens of thousands of Ge nanowires. We reached high integration of
nanowires with diameters as low as 150 nm, all integrated Ge nanowires being electrically isolated from each
other. The obtained results are indicative of new challenges for the elaboration of photonic crystals and
negative index metamaterials based on two-dimensional dielectric periodic and quasi-periodic structures.
Also quantum-electronic logic systems can be envisaged.
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Summary

We report on a technological route for the integration of large arrays of Ge nanowires (NWs) in a
human-hair-like glass micro-fiber, the length of the micro-fiber reaching one meter. The route comprises (a)
the formation of semiconductor microwire in glass insulation by capillary drawing from the bottom of a glass
tube softened by a conducting Ge melt drop levitating in the high-frequency electromagnetic induction field,;
(b) mechanical assembly of a bundle from equal-length cut microwires which are distributed in a two-
dimensional quasi-hexagonal densely packed lattice encircled by a joint glass envelope; (c) stretching of the
obtained preform under proper heating conditions to reduce the diameters of the stacked together
microwires; (d) repeating the cut-assembly-stretching processes for the purpose of further decreasing in
transverse dimensions of constituents down to 150 nm. The fascinating incorporation of huge amounts of Ge
nanowires in glass micro-fibers opens new possibilities for the development of highly integrated photonic
and quantum-electronic systems.
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Introduction

There are mainly two techniques used for electrodeposition of multilayers involving dual bath (DBT)
and single bath (SBT). In the former technique, the substrate is successively transferred between separate plating
baths and each layer is deposited alternately to laminate the sublayer from the relevant bath. This technique has
been exploited by many researchers for deposition of various multilayers such as Co/Cu [1], Cu/Ni [2], Ni/Sn
[3], Co/Pt [4, 5], and Co-Ni/Pt [4]. However, DBT has a disadvantage because it is susceptible to the formation
of an oxide layer on the substrate during the transfer between baths. Such an oxide layer can deteriorate the
quality of multilayers. In SBT, an electrolyte containing two or more metal ions may be used. A deposition of
multilayers from a single bath is normally carried out by periodically varying the current density or the potential
owing to the difference in reduction potential for metals in electrolyte. When using an electrolyte with optimum
concentrations of metal ions, where the concentration of a noble metal ion in the electrolyte is much lower than
that of a less noble one (e.g. noble metal ion/less noble metal ions=1:100), only the noble metal is deposited at a
lower current density, while the less noble metal is deposited at a higher current density. It is possible to limit the
amount of the noble metal in the electrodeposited film by mass transfer. The thickness of each layer is
proportional to the current density and deposition time [6]. This technique has gained more popularity because it
uses a simpler apparatus, lowers the possibility of contamination or oxidation, and is more efficient for plating
layers of nanometric thickness where enhanced physical properties are often observed. The major disadvantage
of this technique is that some more noble metal is co-deposited during the deposition of a less noble component
and it is not possible to deposit a pure ferromagnetic layer from a single electrolyte [7]. However, if the
concentration of the more noble metal in the electrolyte is very low and it is plated at the diffusion limiting
current, an alloy layer rich in a less noble component is plated at high pulse. This technique has been effectively
used to produce Cu/Ni [8], Cu/Co [9], Cu/Co-P [10], Cu/Ag [11] and Cr/Ni [12] multilayers. However, there is
little information on electrodeposition of NiFe/Cu multilayers from a single bath. In 1990, Romankiw and Olsen
electroplated laminated NiFe/Cu films from a single plating bath for inductive recording heads and magnetic
shields[13]. Four years later, Chang and Romankiw electrodeposited superlattices of CoFe/Cu and NiFe/Cu on
n-type (111) Si single crystal wafers [14]. In 1995, Attenborough et al. presented the results of the investigation
of the GMR of electrodeposited FeNiCu/Cu multilayers prepared onto textured polycrystalline Cu (100) and
single-crystalline Cu (100) substrates in the potentiostatic mode from a sulfate-based electrolyte composition
[15] that was taken from Romankiw and Olsen [13], the outcome of the GMR in electrodeposited
[(FeNiCU)2nm/Cuz.snm ]200 Multilayers being 1.4%. In 1996, a French group, Chassaing et al. [16] also investigated
the GMR of electrodeposited FeNiCu/Cu multilayers prepared in the potentiostatic mode [16]. The ionic
concentration ratios of the solution used were Fe**:Ni**:Cu®* = 60:810:7. The MR(H) curves measured for
[(FENICU)3 nm/Cu1s nm]zo Multilayers at 77 K were nearly linear for the LMR and the TMR components, both
being negative, and did not show a sign of saturation up to the maximum magnetic field applied (2 kOe) where
the GMR was about 1% [17].

In the present paper the authors discuss the method for the preparation of NiFe/Cu multilayer system
deposited from a single bath using modulating potentials. Two solutions were made based on the early works of
Chang [14] and Romankiw [13]. Those two solutions were compared and deposited multilayers were
characterized. The advantages and disadvantages of each are presented below.

© Esmaili S., Bahrololoom M.E., Zamani C., Daextponnas obpabotka marepuanos, 2011, 47(2), 10-15.
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Experimental

Electrodeposition was performed using an Auto Lab Equipment (PGSTATX, BSTR10A) equipped with
a general purpose electrochemical system (GPES) software. The computer-controlled potentiostat was used to
monitor the entire electrochemical process. Experiments were conducted in the potentiostatic mode for both
layers. Solutions A and B were prepared based on Chang [14] and Romankiw’s [13] compositions, respectively
(Table 1), with analytical-grade (Merck) reagents and distilled water. Electropolished copper foil substrates,
(200) oriented, were used as cathodes, each with 2 cm? area. Electrodeposition was carried out in a standard
three-electrode cell with a saturated calomel electrode (SCE) as the standard electrode. Since copper is one of the
most noble metals, it requires only a small negative potential for reduction to occur, whereas nickel and iron
(less noble metals) require a much higher potential [15]. Therefore, the deposition potentials were chosen to be -
2.5V for the NiFe layer and -0.4 V for the Cu layer, measured relative to a saturated calomel electrode (SCE)
placed as close as possible to the cathode surface so as to minimize the ohmic potential drop in the electrolyte.
The computer controlled potentiostat switched between these two potentials. A Pt foil counter electrode was
placed directly opposite the working electrode substrate.

Table 1. Electrolytes compositions (g/l)

Electrolyte | NiSO, | FeSO, | CuSO, | Saccharin | Sodium potassium tartrate Sodium DFSS%I Sulphate
A 15 2.25 25 1 1 -
B 30.8 0.3 0.3 2 - 0.02

Sodium Dodecyl Sulfate (SDS) was used in electrolyte B. It is an ionic surfactant and acts as a wetting
agent. Saccharin was used in both electrolytes but in different amounts. It is reported to enhance deposit
adhesion, reduce film stress, and to decrease grain size [18]. A magnetic stirrer of 250 rpm was used to agitate
the plating baths and the effect of stirring was investigated.

Table 2 presents the electrodeposition (ED) time as well as the characterization methods used for each
sample. In order to investigate the fluctuations in the thickness of the layers, thick multilayers were deposited
from both solutions initially (referred to as specimens 1 and 4 in Table 2). These specimens were then studied
and compared by SEM. Then, the time for electrodeposition was reduced and XRD patterns were taken and
interpreted (specimens 2 and 5). Finally, the time suggested by other authors was taken into account and samples
were thoroughly observed by XRD, atomic force microscopy (AFM) and additional high resolution transmission
electron microscopy (HRTEM) micrographs (specimens 3 and 6).

Table 2. Characterization of specimens

Specimen | Electrolyte ED time for Cu | ED time for NiFe | No. of bilayers Characte_rlzatlon
No. techniques
1 A 200s 60s 5 SEM
2 A 30s 5s 30 XRD
3 A 0.2s 0.4s 300 XRD, TEM
4 B 200s 60s 5 SEM
5 B 90s 5s 5 XRD
6 B 150s 100s 5 AFM, TEM

XRD was carried out by means of the D8 Bruker instrument with a scan rate of 0.02 °s™ (Cu Ky
radiation, A = 0.15405 nm). Morphological studies were carried out using an Oxford Instrument Stereoscan 120,
SEM and HRTEM operating at the voltage of 200KeV (0.23resolution). Surface topology was taken with DME
DS 95-50E AFM.

Results and discussion

SEM micrographs of specimens 1 and 4 are shown in Fig. 1. In each SEM image the brighter regions are
Cu while the darker ones NiFe layers. Fig. 1,a shows the 5 bilayers electrodeposited from solution A vividly;
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some roughness is seen, whereas the layers electrodeposited from solution B seem to be rather single-level and
uniform. The thickness of the NiFe/Cu multilayers as estimated from the SEM observations was found to be
approximately 840 nm/220 nm for specimen 1 and 1.54 um/260 nm for specimen 4. This shows that using the
same period of time, solution B results in thicker Cu layers.

Fig. 1. SEM micrographs of (a) specimen 1 (b) specimen 4

The XRD patterns of samples 2, 3 and 5 are shown in Fig. 2. Small peaks are detected showing the
existence of the NiFe layer grown with (111) and (200) texture for samples 2 and 5. In sample 5 the predominant
texture of NiFe is (200) depicting a larger intensity.
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Fig. 2. XRD pattern of (a) specimen 2, (b) specimen 3, where no traces of NiFe are detected, and (c) specimen 5.

Decreasing deposition time to as low as 0.2s for the Cu layer and 0.4 s for the NiFe layer was supposed
to yield layers of 2 nm thickness. However, as can be seen in Fig. 2,b, no NiFe layer was deposited. Although
the substrate was covered with a silver-colored layer at the end of the electrodeposition, it seems that the
underlayers either dissolved at each pulse or were not formed at all. This idea was confirmed by taking a TEM
micrograph as shown in Fig. 3. The micrograph shows no deposited layers whatsoever. Only large grains of the
copper foil substrate are seen. One problem with SBT is that the less noble component may dissolve when
deposition of the more noble component starts, and this is one of the factors restricting the combinations of
metals that can be electrodeposited as superlattices by this method.

Attenborough et al. calculated the nominal thickness of the layers using Faraday’s equation assuming
100% efficiency [15]. After the experiment, they reported the efficiency of 50%, which demonstrates that the
relationship is not reliable in this case.

Fig. 4 shows a typical cross-sectional TEM image obtained from specimen 6 comprising 10 repeats of
alternating approximately 3 nm copper-rich layers (bright contrast bands) and 30 nm NiFe-rich (dark-contrast
bands) [Cuznm/NiFesonm]i0 grown on a Cu(200) substrate under potentiostatic control. As seen from the image, a
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compositionally modulated Cu/NiFe multilayered structure was prepared. The growth and microstructure of the
multilayers were dependent upon the deposition overpotential.
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Fig. 3. TEM micrograph of specimen 3 showing no evidence of multilayers. Only the grains of the copper
substrate are seen. The selected area diffraction (SAED) pattern shows the crystalline structure of copper

Fig. 4. TEM micrographs of specimen 6. Copper layers with approximately 3 nm and NiFe layers with 30 nm
thicknesses are seen
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Fig. 5. Typical current-time response during the Fig. 6. The AFM micrograph of specimen 6
pulse potential deposition of sample 4 showing the
effect of stirring during one cycle

Fig. 5 shows the effect of stirring on sample 4 (refer to Table 2). Interestingly, stirring had no effect on
NiFe deposition, but it increased the thickness of the copper layer, the latter proving to be diffusion controlled.
In SBT, alternate layers of two metals are obtained by depositing the noble component, normally the
nonmagnetic metal (Cu), at the diffusion limiting current and then plating the less noble component, normally
the ferromagnetic metal (NiFe), under kinetic control. The current remained steady during NiFe deposition,
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while very small fluctuations occurred during copper deposition. The fluctuations were larger when stirring was
applied.

The AFM micrograph of sample 6 is shown in Fig. 6, last layer being NiFe. A surface roughness rms
(root mean square) of 18 nm is the major feature of this specimen, which indicates the existence of roughness in
it. Much experimental work has been done to explain the role of interface roughness in GMR [19], but it is still
not clear whether bulk or interface scattering process give the dominant contribution to the observed GMR.
Apparently, both contributions are important but their relative role depends on such factors as quality of
interfaces, amount of bulk scattering centers, compositions of multilayers and thickness of layers.

Conclusions

Thin multilayers of NiFe and Cu were successfully electrodeposited using a SBT in the potentiostatic
mode. Electrodeposition from two different baths, A, with ionic concentrations of Fe?*:Ni**:Cu?* 9:60:10, and B,
with ionic concentrations of 1:103:1, was compared and characterized. Results show that solution B is more
promising, giving more uniform layers. TEM results confirmed that layers as thin as NiFe/Cu 3nm/30nm could
be deposited by this solution, while XRD patterns pointed towards a predominant (200) texture for the NiFe
layer and a (111) texture for the Cu layer. AFM micrographs displayed a roughness of 18 nm for this sample.
Applying stirring proved to aid the non-magnetic layer deposition making thicker layers, at the same time
causing fluctuations in the applied current.

Measurement of the GMR of such layers by this method is a subject to be studied in future.
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Summary

NiFe/Cu multilayers were deposited from a single bath in the potentiostatic mode using two different
solutions. In solution A, the ionic concentration ratios were Fe*":Ni’*:Cu®** 9:60:10 and in solution B they were
1:103:1. To characterize the layers, scanning electron microscopy (SEM), high resolution transmission electron
microscopy (HRTEM), X-ray diffraction (XRD) and atomic force microscopy (AFM) were used. SEM results
revealed the layered structure of the deposits for relatively thick bilayers. While HRTEM provided direct
evidence for the composition modulation across successive layers in the NiFe/Cu nanometer-multilayered
structure prepared from solution B. Therefore, the layers prepared from solution B seemed to be more
appropriate for giant magnetoresistance (GMR) applications. The effect of stirring during the electrodeposition
process of the multilayers was also investigated.
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Introduction

Compositionally modulated multilayer alloys are a class of nano-materials developed by electrolytic
methods from aqueous solutions. They consist of successive layers of alloys with alternating composition,
developed by bringing modulation in the deposition process itself (usually by a complex pulse sequence) [1].
Because of very fine grain sizes, the compositionally modulated multilayer alloys, or, in other words, cyclic
multilayer alloys (CMA), exhibit improved properties not attainable in any of the metallurgical alloys. These
include better morphological/structural characteristics, higher electrical resistivity, increased
strength/hardness, enhanced diffusivity, improved ductility/toughness, reduced density, reduced elastic
modulus, increased specific heat, higher thermal expansion coefficient, lower thermal conductivity, enhanced
corrosion and wear resistance, superior reflectance, soft-magnetic properties, all as compared with conven-
tionally produced coarse-grained materials [2]. All those properties can be developed in new materials
with a view to explore their possible applications in a variety of areas. In effect, those, new materials are dif-
ficult to develop by a technique other than electrodeposition. Thus, the multilayer coatings are an extension
to a range of surface coatings and their associated applications that were made possible by electroplating.
Such multilayers can be produced by means of either of the two main techniques known as the dual bath
technique (DBT) and single bath technique (SBT).

CMA coatings consist of a large number of thin layers of alloys having two or more different com-
positions, each layer playing its own distinctive role in achieving preferred performances [3]. The resulting
changes due to electroplating depend upon the chemical composition of the solution and the operating pa-
rameters. During past decades, electrodeposition of CMA coatings for protecting steel substrate from corro-
sion has been extensively investigated. Kalantary et al. obtained Zn-Ni CMA coatings with an overall thick-
ness of 8um by electrodepositing alternate layers of zinc and nickel from zinc sulphate electrolyte and nickel
sulphate electrolyte [4]. Chawa et al. reported that the corrosion resistance of Zn-Ni CMA coatings electro-
deposited from zinc sulphate and nickel sulfamate baths were better than that of zinc or nickel monolayer
coatings of a similar thickness [5]. Ivanov et al. studied the corrosion performance of CMA Zn-Ni coatings
with the total thickness of 12um, obtained by the successive deposition of individual metals using the DBT
[3]. Kalantary et al. deposited Zn-Ni multilayered coatings on a rotating cylinder electrode from a sulphate
[6]. In the current density range of 10-50 A dm™, the Ni content was between 3-14%, and in the range of
100-130 A dm™ it was 20-30%. Hayashi observed a higher corrosion resistance of Zn-Ni and Zn-Fe alloys,
with respect to pure zinc, under atmospheric exposure conditions, to a higher resistance to the penetration of
chloride ions through the coating [7]. Multilayered Zn-Ni deposition from a single acidic bath by the poten-
tiostatic method was reported by Prabhu Ganesan et al. who found that the Ni content varied as a function of
thickness when applying varying potentials [8]. It was concluded that at higher potentials y -phase corre-
sponding to (600) planes is preferentially deposited, while lower potentials lead to the deposition of other
crystal planes of y -phases (222). Later, attempts were made to electrodeposite CMA coatings using the SBT,
i.e., the bath having ions of both metals [9-11]. Relatively few reports presented some evidence to support
the enhanced corrosion resistance due to Zn-Ni CMA coatings. Moreover, not much work has been carried
out concerning the optimization of deposition conditions and the required number of layers for the electro-
Iytic synthesis of micro/nano-structured multilayer coatings of zinc-nickel alloy in order to raise corrosion
resistance.

Though CMA coatings of Zn-M (where M= Ni, Co or Fe) alloys for improved corrosion resistance
have been widely described, very little has been done so far regarding the optimization of the deposition
conditions using the SBT. Still, recently, Thangaraj et al., have optimized a stable chloride bath for the pro-
duction of Zn-Co [12] and Zn-Fe [13] CMA coatings using square current pulses. They have found that the
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CMA coatings under optimal conditions exhibit much higher corrosion resistance than the respective
monolayer alloy coatings of the same thickness. Most of the works available to the authors have been fo-
cused on the modulation in composition using square current pulses of two or more current/voltage, i.e., by
bringing sudden change in its composition. No work has been found in the available literature on the optimi-
zation of coating configuration by a gradual change in the composition. i.e. by using triangular current
pulses.

Hence, the main objective of this study is to optimize the deposition conditions for the development
of the monolayer and CMA coatings of Zn-Ni alloys on the mild steel substrate from a sulphate bath for bet-
ter corrosion resistance using THC and CA, as additives, and to compare the corrosion resistance of CMA
coating with that of monolayer alloy coatings of the same thickness.

Experimental

The electroplating solutions were freshly prepared from distilled water and analytical grade reagents.
Electroplating of mild steel plates was done at pH 3.0 + 0.05 and temperature 30 = 2°C. The polished mild
steel plates (0.063% C, 0.23% Mn, 0.03% S, 0.011% P, 99.6% Fe) having exposed surface area of 7.5 cm?
served as a cathode. The anode was pure Zn with the same exposed area. A rectangular PVC cells containing
250 cm® electrolytes were used. All depositions were carried out at constant stirring without purging, so as to
maintain a steady-state of mass transport. All coatings, viz. monolayer and CMA, were made galvanostati-
cally using N6705A (Agilent Technologies) for 10 minutes (~12um thickness), for comparison. The thick-
ness of the coating was estimated by Faraday’s law, then it was verified by measurements, using a digital
thickness meter (Coatmeasure model M & C). The compositions of the coatings were determined calorimet-
rically using a standard method [14]. All electrochemical studies were made using Potentiostat/Galvanostat
(VersaSTAT?, Princeton Applied Research) in a three-electrode configuration cell. All electrochemical po-
tentials referred to in this work are indicated relative to the Ag/AgCI/Cl's electrode. The 5% NaCl solution
was used as a corrosion medium. Potentiodynamic polarization study was carried out in a ramped potential
of + 250 mV from an open circuit potential at the scan rate of 1mVs™. Electrochemical Impedances Spec-
troscopy study was carried out in the frequency range from 100 kHz to 20 mHz, with perturbing signal of
10 mV.

Cyclic Voltammetry (CV) study was performed in a conventional three-electrode cell to better un-
derstand the process of electrodeposition and to identify the effect of additives. Pure platinum foil with a sur-
face area of 1 cm?was used as the working electrode. Before each experiment, the electrode was activated by
immersion in 1:1 HNOs;. The CV experiments were conducted in a quiescent solution, without purging. Ini-
tially, three scan rates were evaluated viz. 10, 20 and 50 mVs™. However, the peaks in the CV spectra be-
came more distinct when the scan rate was 10 mVs 2, the same was used for further studies. The phase struc-
ture of the electrodeposits under two different current densities was analyzed using the X-ray Diffractometer
(Bruker AXS) using Cu Ko- radiation (A = 1.5405 A°, 30kV). The formation of multilayers and the corrosion
mechanism were examined by the Scanning Electron Microscopy (SEM, Model JSM-6380 LA from JEOL,
Japan).

Results and Discussion

Monolayer Zn-Ni alloy coating

The optimizations of a stable sulphate bath were carried out by the standard Hull cell method [1].
Depositions were carried out galvanostatically at different current densities using an optimized bath, consist-
ing of 120 gL™ ZnS0,.7H,0, 100 gL™ NiSO,.7H,0 70 gL™ CH;COONa, 3 gL™ citric acid and 0.5 gL
THC. Table 1 shows the effects of current density on wt. % Ni, corrosion resistance and appearance of coat-
ings. The alloy of Zn-Ni at 3.0 A dm™, represented as (Zn-Ni)s was found to be more corrosion resistant
(6.0 x102 mm y™) than any other alloy at other current densities. Hence, (Zn-Ni)s, has been taken as the op-
timal current density for the monolayer Zn-Ni alloy deposition.

CMA Zn-Ni coatings

CMA coatings were developed by making the cathodic current to change gradually from one current
density to another by proper setting-up of the power source. Multilayer coatings having alternate layers of
alloys with gradually changing composition were developed using triangular current pulses (gradual change
in the composition of metals is achieved by a gradual change in current density). In the present study, the
CMA coating systems are represented as (Zn-Ni)y,, Where 1 and 2 are two cathode current density between
which the cathode current is cycling; ‘n’ is the number of layers formed during the total plating time, i.e. 10
minutes.

Optimization of the cathode current densities

The electrochemical deposition of CMA coatings was accomplished by galvanodynamic cycling of
the working electrode between pre-set current ranges in an aqueous solution containing Zn*? and Ni*? ions.
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Thus, by the precise control of the cathode current densities (CCD’s), the deposits with alternate layers of
alloys, having different compositions and, consequently, different properties were developed. Table 2 shows
the effect of the CCD’s on the corrosion behavior of the coatings. To understand the effect of layering on the
corrosion resistance, to begin with, the coating with only 10 layers was developed at different sets of CCD’s.
Among the various sets tried, the lowest corrosion rate was measured in the coatings produced with differ-
ence of 3.0 and 2.0 A dm™ between CCD’s. These coatings were found to be bright and uniform. Therefore,
this combination of CCD’s has been selected to study the effect of layering, as described in the following
subsection and in Table 2.

Table 1. Effect of current density on the deposit characters of monolayer Zn-Ni alloy

. . Appearance

ACd'(:r._]_z Wt. %NI Ecorr. (Ag/Q/gC| / Clsat)' 'Alc(():r;n_z CR’ x10.2 mm y.]_ Of the
H deposit

1.0 2.3 -1.242 13.30 19.3 Grayish white
2.0 15 -1.286 5.64 8.2 Bright
3.0 1.9 -1.342 4.14 6.0 Bright
4.0 2.7 -1.224 6.34 9.3 Bright

5.0 9.5 -1.316 5.14 9.9 Porous Bright

Table 2. Effect of overall number of layering on corrosion properties of Zn-Ni CMA coatings obtained with
2.0-5.0 Adm™ and 2.0-4.0 A dm™ CCD’s

; Average Ecorr
cﬁ?/rzl:t: g:::i)t?éas Number thickness V vs. o WA o2 CR, ><1_(3'2
, of layers of each Ag/AgCI corr mmy
(CCCD’s) I
ayer, nm [Clat
10 3000 -1.100 3.78 5.50
20 1500 -1.149 2.40 3.49
(Zn-Ni)p o0 60 500 -1.194 0.77 112
o 120 250 -1.218 0.23 0.33
300 100 -1.212 0.10 0.15
600 50 -1.197 5.96 8.69
10 3000 -1.120 4.56 6.69
20 1500 -1.132 3.67 5.38
(Zn-Ni)o oo 60 500 -1.183 2.87 4.21
o 120 250 -1.164 1.76 2.58
300 100 -1.224 1.08 1.58
600 50 -1.198 6.03 8.84

Optimization of overall number of layers

The metallurgical properties of CMA coatings, including their corrosion resistance, may often be in-
creased substantially by increasing the degree of layering (usually, up to an optimal limit), without sacrific-
ing the demarcation between each layers. Therefore, 2.0-4.0 A dm? and 2.0-5.0 A dm™ have been selected
for layering. CMA coatings of Zn-Ni having 10, 20, 60, 120, 300 and 600 layers have been developed and
their corrosion rates have been measured by Tafel’s extrapolation method. It was observed that the corrosion
rates decrease substantially, with increasing the number of layers only up to 300 layers, and then they in-
crease in both sets of CCD’s, as shown in Table 2. However, at 2.0-5.0 A dm?, the corrosion rate has
reached the saturation point at 300 layers (beyond which no decrease of corrosion rate with layering was ob-
served), with the minimum corrosion rate of 0.15 x10? mm y™ relative to 6.0x10% mm y* for monolayers.
Though there is a substantial decrease of the corrosion rate at 2.0-5.0 A dm, as shown in Table 2, the result
pertaining to 2.0-5.0 A dm™ is more encouraging due to a better brightness and lower corrosion rate. How-
ever, an effort to further increase the corrosion resistance by increasing the number of layers in each set of
CCD’s has resulted in the increase of the corrosion rate.
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The rise of the corrosion rate at a higher degree of layering (e.g. 600 layers) is attributed to a shorter
relaxation time needed to redistribute solutes in the diffusion layer during plating [1]. As the number of lay-
ers increases, the time for the deposition of each layer, say, (Zn-Ni),, shrinks while the total time for deposi-
tion remains the same. At a higher degree of layering, there is no sufficient time for metal ions to relax
(against diffusion under a given current density) and to get deposited on the cathode, with modulation in
composition. As a result, at a higher degree of layering the modulation in composition is unlikely to take
place. In other words, CMA deposit is tending to become monolayer. Therefore, (Zn-Ni)..0/5.0300 has been
proposed as the optimal configuration of CMA coating, with individual layer thickness ~100 nm (obtained
from total thickness 30 um); for peak performance against corrosion.

Corrosion study

Tafel’s polarization study

Potentiodynamic polarization curves of CMA (Zn-Ni),o50 coating system with different number of
layers is shown in Fig. 1. Tafel’s extrapolation on such curves resulted in determination of the corrosion po-
tential, E¢or COrrosion current density, i and CR, as listed in Table 2. A progressive decrease of corrosion
current, i and hence, the CR was observed with up to 300 layers, and then increased.
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Fig. 1. Potentiodynamic polarization curves of CMA (Zn-Ni), o5 coatings with different number of layers

Electrochemical Impedance Spectroscopy (EIS)

EIS, also referred to as an AC impedance spectroscopy, is a suitable technique to gain valuable in-
formation on the capacitance behavior of a double layer responsible for the improved corrosion resistance of
the coatings and behavior of inhibitors [15]. Information about the interaction of coating with the corrosion
medium is obtained from Nyquist plots [16]. In this technique it is common to plot the data as imaginary im-
pedance versus real impedance, with the provision to distinguish the polarization resistance contribution (R,)
from the solution resistance (Rs). It may be observed that in (Zn-Ni), s coating systems, the radius of the
semi-circle increases with number of layers of up to 300 and then decreases as shown in Fig. 2. Polarization
resistance, Rp, increases as the number of layers increases. However, for deposit with 600 layers, the radius
of the semi-circle decreases drastically, indicating its poor corrosion resistance, as shown in Fig. 2.

Cyclic voltammetry study

It was observed that THC and CA have significant effect on the homogeneity and brightness of the
coatings. Hence, the process and product of Zn-Ni deposition was studied by the CV method, on adding CA
and THC, both individually and in combination, into the electrolytic bath. In the absence of CA, the electro-
chemical oxidation curve showed multiple peaks, as shown in Fig. 3,a. This corresponds to the dissolution of
the metals in the alloy via. different intermediate phases [17]. After adding CA, a small change in the shape
of the voltammogram was found (Fig. 3,b). It indicates that CA has been involved in complexation of metal
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ions. Further, when THC was added, the shape of voltammogram has changed drastically, with one major
peak at -0.68V and one minor peak at -0.28V, corresponding to the dissolution of different phases of the al-
loy (Fig. 3,c). Lastly, when CA and THC were added in combination, the intensities of the first and second
peaks have increased, with a slight distortion to the right (Fig. 3,d). Hence, it may be noted that THC and CA
have improved the deposit characters, by forming complexes with metal ions.

6000

—=—(Zn-Ni)3 0/5.0/10
1 —=—(Zn-Ni)y /5.0/20
| —*—(Zn-Ni)3 o/5.0/60
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4000 4 —=—(Zn-Ni)y /5 0/300 _ T - .
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£'1Q cm2
Fig. 2. Real versus imaginary resistance values of CMA (Zn-Ni), 50 coatings with different number of layers

measured as function of frequency
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Fig. 3. Cyclic voltammograms of Zn-Ni alloy bath, demonstrating the effects of THC and CA. Working elec-
trode: Pt, pH = 3.0, T = 30°C, v = 10 mVs™. (a) Without additive, (b) with CA, (c) with THC, (d) with
CA+THC

X-ray diffraction study

The corrosion resistance of Zn-Ni alloy depends, in effect, on its phase structure and also on the wt.
% Ni in the deposit [18]. X-ray diffraction patterns of Zn-Ni alloy coatings as a function of deposition cur-
rent density 2.0 and 5.0 A dm™ are shown in Fig. 4. It may be observed that the peak corresponding to Zn
(100) intensify at current density 5.0 A dm™ compared to the deposit has been obtained at 2.0 A dm™®. Be-
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sides, peaks corresponding to Zn (101), Zn (110) and Zn (112) may be distinctly observed at 5.0 A dm?,
comparing to that at 2.0 A dm™. Thus it may be inferred that the drastic change in corrosion resistance of
CMA (Zn-Ni),05.0i00 COatings is due to the consequent change in the phase structures of the coatings in al-
ternate layers, i.e. at 2.0 and 5.0 A dm™, which is responsible for the modulation of composition, and conse-
guently, the properties of alloys in a multilayer.
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Diffraction angle (20) / degree

Fig. 4. X-ray diffraction profiles of Zn-Ni alloy electrodeposits, developed from the optimal bath at two dif-
ferent current density

Comparison between monolayer and CMA Zn-Ni coatings

The corrosion rates of a monolayer Zn-Ni alloy at 3.0 A dm?and CMA (Zn-Ni)2.0/5.01300 COatings de-
veloped (both under optimal conditions) from the same bath are given in Table 1 and Table 2, respectively.
The CMA (Zn-Ni) coating, having 300 layers, deposited at CCD’s 2.0 and 5.0 A dm™ was found to show the
lowest corrosion rate (0.15 x10 mm y™) compared to that of a monolayer alloy (6.0 x10? mm y™) of the
same thickness. The relative responses for the potentiodynamic polarization and the EIS study of the
monolayer Zn-Ni, represented as (Zn-Ni)zp and (Zn-Ni),.o5.0300 COatings, are shown in Fig. 5 and Fig. 6, re-
spectively. The behavior of Nyquist plots showed that significant decrease of the corrosion rate of the CMA
coating, in relation to a monolayer alloy, is due to a large reactance of an electrical double layer capacitor at
the interface of the base metal and the medium. The high corrosion resistance of CMA coatings can be en-
visaged since the formation of pores, crevices occurring in one layer is blocked or neutralized by the succes-
sively deposited coating layers, and thus the corrosion agent’s path is delayed or blocked. The improved cor-
rosion resistance afforded by CMA coatings can be also explained in terms of the formation of alternate lay-
ers of alloys with low and high wt. % of Ni [19]. A small compositional change in layers has brought a sig-
nificant change in the phase structure of the alloys, as evidenced by the XRD study.

SEM Study

Formation of alternate layers of alloys, having different composition, was confirmed by using SEM.
Cross-sectional view of CMA (Zn-Ni).05.0110 iS Shown in Fig. 7,a. The poor contrast may be due to the mar-
ginal difference in the chemical composition of alloys in each layer. Inspection of the microscopic appear-
ance of the surface after corrosion tests has helped to understand the reason for the improved corrosion resis-
tance of CMA coatings. The coatings with CMA (Zn-Ni), o504 cOnfiguration are subjected to anodic polari-
zation at +250 mV vs. open circuit potential in the 5% NaCl solution. The corroded specimens were washed
with distilled water and examined under SEM. Fig. 7,b shows four layers for CMA (Zn-Ni), 5014 cOnfigura-
tion after corrosion test. The image in Fig. 7,b exposes alternate layers formed during the process of deposi-
tion. It is evident that the layers with a lower concentration of Ni have been preferentially dissolved, al-
though, eventually, the steel substrate was exposed. Short et al. reported that an improved barrier layer was
formed on Zn-Ni deposits under anodic control due to dezincification, thus reducing the rate of anodic disso-
lution properties of CMA coatings [20].
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Fig. 7. SEM images of CMA (Zn-Ni) coatings: Cross-sectional view of alloy having 4 layers (A), CMA
(Zn-Ni)2.qs5.014 after corrosion test (B)

Conclusions

The following conclusions have been drawn from the present study:

1. CMA coatings of Zn-Ni have been developed on mild steel by the proper manipulation of cathodic
current densities and number of layers using single bath technique.

2. CMA (Zn-Ni) coatings, having 300 layers, deposited at 2.0 and 5.0 A dm? , have been found to
show the lowest corrosion rate (0.15 x10? mm y™) compared to that of a monolayer alloy (6.0 x10? mm y™)
of the same thickness.

3. Corrosion resistance of CMA coatings increases with the number of layers but only up to a certain
optimal level of 300 layers and then decreases. This may be attributed to a shorter relaxation time for the re-
distribution of metal ions at the diffusion layer during deposition. In other words, at a higher layering, the
CMA coating tends to become a monolayer.

4. The CV study has demonstrated that both THC and CA have improved the deposit character, by
forming complexes with metal ions.

5. The X-ray diffraction study has revealed that the improved corrosion resistance afforded by CMA
coatings is due to the formation of alternate layers of alloys having different phase structures.

6. The SEM analysis has confirmed the formation of a multilayer during deposition and evidenced the
extended protection by successively deposited alloy coating layers with different extent of pores and cre-
vices.
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Summary

Cyclic multilayer alloy (CMA) deposits of Zn-Ni were developed on mild steel from sulphate bath
having thiamine hydrochloride (THC) and citric acid (CA) as additives. CMA coatings were developed gal-
vanostatically using triangular current pulses, under different conditions of cyclic cathode current density
(CCCD’s) and number of layers. The corrosion behaviors of the coatings were evaluated by potentiodynamic
polarization and electrochemical impedance spectroscopy methods, and were compared with that of
monolayer Zn-Ni alloy of same thickness. At optimal configuration, CMA coating represented as, (Zn-
Ni)2.05.01300 Was found to exhibit ~ 40 times better corrosion resistance compared to monolayer alloy, (Zn-
Ni)so. Cyclic voltammetry study demonstrated that THC and CA have improved the appearance of the de-
posit by complexation with metal ions. The corrosion protection efficacy of CMA coatings was attributed to
the difference in phase structure of the alloy in successive layers, evidenced by XRD analysis. The formation
of multilayer and corrosion mechanism was analyzed by Scanning Electron Microscopy (SEM) study.

23
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Beenenue

B nacrosiee Bpemst 0koi10 95% 00béMa peMOHTa MallliH IPUXOJUTCS Ha PEMOHTHBIE MacTEPCKHE.
[MosTOMYy MM HEOOXOAMMBI YHUBEPCAIBHBIE TEXHOJIOTUH, 00ECIIeYNBAIONINE BOCCTAHOBICHNE W3HOIIEHHBIX
JeTaJeil Ha ypOBHE HE HMKE HOBBIX M3JENUH. DTHM [EeIsIM B HAHOOJBIIEH CTETICHN OTBEYAIOT METOBI DIIEK-
TporckpoBoro neruposanus (DMJI) B ra30Boii cpejie U XOIOIHOTO Ta3oauHaMueckoro Hamsurenus (XI'TH)
MOPOIIKOBBIX MAaTEPUAIIOB, KOTOPBIE YCIICITHO PUMEHSIOTCS JIJIsl BOCCTAHOBIICHHS N3HOIICHHBIX TTOBEPXHO-
CTell HEMOJBIKHBIX COSAMHEHHUH, OTBEPCTUH HM)KHUX M BEPXHHX T'OJOBOK HIATYHOB, HOCTEJIeH OJOKOB LH-
JUH]IPOB AW3ENbHBIX JABUTATENEH U T.11.

B nanHO# paboTe MpUBOAATCS pe3yNbTaThl IKCIIEPUMEHTAILHON OIIEHKH MPOYHOCTH MOKPBITHH, 00-
pazoBannbix nocie DUJI crepxueBbIME 3nekTpoaamu, 1 XI'JIH mopouikoB Ha OCHOBE MeNH, aTIOMUHUS U
LIMHKA TIPY HOPMAIIbHOM OTPBIBE U Cpe3e.

MeToanka 1 MaTepuaJIbl UCIBITAHUI

VcrnibiTaHus IPOBECHBI 10 CTAHAAPTHON METOIUKE C MPUMEHEHHUEM CTaHAapTHOH ocHacTkH [1, 2].

Hcnvimanua Ha ompaslé IPOBOTUIINCH C MCIOJIB30BAHUEM CTAJIBHOTO OJIOKA, UMEIOLIETO CKBO3HBIC
OTBEPCTHUSA U MIECTH 00pa3IoB, M UCIHITYEMBIX CTAIBHBIX 00pa3IoB B BUAE MTH(HTA C pe3b00BOI TOIOBKOM
(puc. 1).

[Tpu noaroToBke kK pabore oOpasiibl BCTABISIOTCA B OJ0K, M uX ronoBku (M14x2) momnuparorcs
ynopHbiMu raiikamu (M27x3). C apyroii cTOpOHBI 0JI0Ka BBIXOAIINE HA TOBEPXHOCTh TOPIBI 0OPA3IOB 3a-
IUTAH(OBBIBAIOTCS 3aMOJTHII0 C TTOBEPXHOCTHIO Oioka. Ha mummdoBaHHYI0 TOBEpXHOCTH OJIOKA, T/Ie HA Hee
BBIXOJST TOPLBI 00pa31oB, HAHOCUTCS MIOKPHITHE.

Jlaee poBOIATCS MCTIBITAHHUSA HA OTPHIB Ha CIIENMAIBHON YCTaHOBKE, MPEICTaBICHHONW Ha puc. 2.
[TocrmenoBaTeNbHOCTH TIPH 3TOM TAKOBAa: HAJl UCHIBITHIBAEMBIM 00pa3OM OTBOPAYMBAETCS YIMOpHAs Taika
M27x3; Ha pe3p0OBYIO YacTh TOJOBKK 00pa3iia M14x2 HakuabIBacTCs raiika UCIBITATeILHOTO YCTPOHCTBA,
K KOTOPOH MPHKJIaIbIBACTCS YCUIINE HA OTPBIB, CO3/1aBAEMOE UCIIBITATENILHBIM ycTpoiicTBoM (10 2 kH ¢ Tou-
HocThio Harpyxenus 1o 0,01 kH). McnpiTanus Ha OTPBIB MPOBOSITCSA C KAXKABIM MTH(HTOM MOCIEI0BATEIh-
HO.

Jnst ucnibiTaHUK OBLTH MOATOTOBIICHBI CIIEAYIOIIUE 00pa3ibl:

— 30 obOpasnoB ¢ mokpeITHEM, HaHeceHHBIM criocobom DUJI anexrpogom bpKMi3-1 Ha ycTaHOBKe
«Bectpor AU-007»;

— 12 06pa3ioB ¢ mokpeITHeM, HaneceHHBIM crtocobom XI'JTH moporkom C-01-01 (ocHOBHOM KOM-
MOHEHT — MeJb) Ha ycTanoBke «J[UMET-405»;

— 12 00pa31oB ¢ MOKpHITHEM, HaHeCEHHBIM criocobom XI'JTH mopomkom A-80-13 (ocHOBHOM KOM-
MIOHEHT — AIFOMUHKH, IHHK) Ha ycraHoBke «JIUMET-405». TTociie HaHECEHUS MTOKPBITHH MX MOBEPXHOCTH
00pabaTeIBaIMCh BPyUHYIO Ha aOpa3uBHOM KpyTe 10 CO3JaHMs INIOCKOCTH B 30HE OTPHIBA,

— 6 00pas3IoB ¢ MOKPHITHEM, HAaHECCHHBIM KoMOuHUpoBanuem DMJI+XTJIH (C-01-01).

Amnanu3 00pa3loB Mocje UCIBITAaHUK MTPH HOPMAIILHOM HArpy»KeHUH Ha OTPBIB TOKa3al, YTO pa3py-
LICHUS] UMENTN BUJI YUCTOTO OTPBIBA, Cpe3a WM UX KOMOMHAIIMIO, TO €CTh XapakTep pa3pyLIeHui Obul adze-
3UOHHDBLIL, KO2E3UOHHBLIL U CMEULAHHBLIL.

[TpoYHOCTH MOKPBITHS TPH PA3PYIICHUH B BHIE cpe3a (KOre3MOHHAs) OIIEHMBAIACH 10 opMyIIe

P

= dh kre/vm? (D)

rae P — Harpyska, kre; d — nuamerp mrudTa, MM; h — TOIIHHA TOKPBITHS, MM.

© Bypymkynos @.X., leaucos B.A., KoctiokoB A.}O., UBanos B.U., 3amopoxuuii P.H., [lotanmoB A.B., DnexTpoHHas
obpaboTka matepuanos, 2011, 47(2), 24-29.
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ITpOoYHOCTH CIETUICHHST TIOKPBITHS TPH Pa3pyIICHUH B BHIEC HOPMAIbHOTO OTphbIBa (aare3MoHHas)
OIICHUBAIACH 1O (hopMyIIe
4P

6= d? kre/vmm?’ )

[Ipu cMelmaHHOM pa3pyIICHUH OIEHUBATHCH 00a mapamerpa (T U G) ¢ YYETOM IUIONIAAN MOKPBITHUS,
ocTaBlIeiics Mmocie OTphIBa Ha TOpIle MTHPTA.

Jna ucnvimanuit na cpe3 oOpa3lbl U3TOTABIMBANY U3 MCCIEIYEMOro MaTepraia B BUAE [UIMHIPA
@ 12 mm u nnuHOM He MeHee 30 MM. TTOKpBITHE HAHOCKIIM B BHJIE KOJBIIEBOW MOJIOCKH MOCEPEIHHE 00pasiia.
OO6pa3zern mpogaBauBaiy depe3 MaTpuiry. CoequHeHHEe «o0pa3er] 0e3 MOKPHITHS — MaTpHIla» o0pasyer Io-

canky @12 E .
f6

IIpodHOCTE MMOKPLITHS TIPH Pa3pyLIIeHUH B BHe cpe3a (KOre3MoHHas) oleHuBanach mo gpopmye (1).

Jig ucplTaHuii Ha cpe3 OBUIM MOATOTOBIIEHBI CIEAYIOIINE 00pa3ibl:

— 27 o6pasuoB u3 cranu 45, oopadorannsix DUJI anexrpogamu bpKMn3-1+ M1,

— 4 o6pasia u3 KU 35-10, o6padorannsix DUJI anexrpogamu bpKMu3-1 + M1,

— 16 o6pasmos u3 cranu 45, obpadorannbix XI'JIH nopomrkom A-80-13 (Ha ocroBe Al+Zn);

— 14 o6pasuos u3 cranu 45, obpadorannbix XI'JIH nopomkom C-01-01 (Ha ocHoBe Cu).

oxpertust DUJI HarnocHinch Ha ycraHoBKe «Bectpor AN-007».

Iapamempur o6pabomxu’ pexnm 4-4, U,,,,=200 B, C=360 Mk, ;=100 I'm. Tommuna nokpertuii
or 0,3 mo 1,1 mm. ITokpeiTHs Ha 0Opa3iax OOTAYMBAIKNCH Ha TOKAPHOM CTAaHKE B BUJE MOSCKA INUPHHON
1,5-2,5 mm.

Ioxpertust XI'JIH nHanocunuck Ha yctanoBke «JJUMET-405».

Hapamempuvl namecenus: pexxum monorpea 7=3, naBneHune P=7 at™, peXuM pacxojia MOPOIIKa
Q=3-5. Tommuna mokpeituit h=0,6-2,1 mm. [Iupuna nosickos cpe3a L=1,7-2,45 mm.

Pe3ynbTaThel HCIIBITAHUH U 00CyKIeHHE

AHanmm3 NoBEpXHOCTH WTHU(TOB MOCIEC HCIIBITAHUN Ha OTPBIB B 30HE OTPBIBA OT MOKPHITHS, HAHECEH-
HOTO 3JIEKTPOMCKPOBBIM cOcOo00M, ¢ yBenmuenrneM a0 400 pa3 mokaszali, 4To OTPHIB UMEJ CMEIIaHHBIA BH]
MPU TOJIIMWHAX MOKPBITHH 10 1,2 MM M aiAre3uoHHBIH (YUCTBIA OTPBIB) MpU MOKPHITHUSAX Oonee 1,2 MM
(puc. 3).

[Ipy yMeHBIIEHUU TOJIIMHBI JIEKTPOUCKPOBOTO MOKphITHA OT 1,2 1o 0,2 MM Habmoganock 3amer-
HO YBEIMUEHHE are3HOHHOM MPOYHOCTH CIeIUIeH s — G, gocturatomeii 9,7 kre/mm® (puc. 3). TIpu sToM
IIPOYHOCTD Ha CPE3 MOKPHITHS (KOTe3HOHHAs1) T yMEHBIIAIACH 10 4 Kre/MMP.

G =7 463-8 3381%x+3 070620 33357 %"3
T = 0,5959+27 4895%%-0 4511%x"2
45 : - . . ' 45
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TonwMHa NokpETHA b, Mm

Puc. 3. 3asucumocms npounocmu cyennenus nokpwvimus, HanecéHHozo Ha cmanb 45 onexmpooom
bpKMy3-1, om e2o monwyumni
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IMpu yBemuueHnn TOMMUHEI MOKpeITHS DUJI (6omee 1,2 MM) 3HAUMMO BO3pacTaeT KOTE€3MOHHAS
npounocts (6omee 35 Krc/MM®) M yMEHbIIACTCS 10 MHHMMyMa aAre3HOHHAS MPOYHOCTH (OKOJO
0,96 krc/MM®), YTO IPUBOIMT K YHCTOMY AAr€3MOHHOMY OTPHIBY TIOKphITHs (puc. 3).

B pabore [3] moka3aHo, 4TO MPOYHOCTh CLEIUICHHS MOKPHITHS C OCHOBOI CYIIECTBEHHO 3aBHUCHUT OT
Marepuaia sekrpona (puc. 4).

TounmuHa 3EKTPOUCKPOBBIX MOKPBITHI TPH UCTIBITaHUsIX Ha cpe3 coctasisiia 0,1-0,15 mwm, a B ciy-
yasx HopMaibHOTO oTphiBa — 0,3-0,35 MMm.

OTMeueHo, YTO 10 CPAaBHEHHWIO C MPOYHOCTHBIMH XapaKTEPHCTUKAMH MaTepHAIOB, MCIOJIB3YEMbIX B
KaueCTBE JIETUPYIOIINX JIEKTPOIOB, 3HAUCHHS T MOKPBITHI OUYCHBb HU3KHE.

T IIpoyHOCTE CHEILIEHHA - O H T, KI/va 2

Ti Zr ¥ Nh Ta ©Cr DMo W
Marepman aHoga (AJIeKTpoga)

Puc. 4. Ilpounocmo na cpes (1) u npounocms cyennenus na ompwie (o) cros DU nepexoouvimu memaniamu
naCm.3.1-0,2-1

OTO omnpeaensercs: BBICOKOH I'€TepOTreHHOCThIO0 CTPYKTYPhI MOKPBITHS, 3HAUUTEIbHON HECIUIOIIHO-
CTBIO M HaJJMYMEM B HEM OOJBIIMX OCTATOYHBIX HampspKeHHH. Hu3kue 3HaueHHS MPOYHOCTH MaTepHania Io-
KPBITHSI HA Cpe3 SBJIAIOTCS NPUYUHON TOTO, YTO MPH OLEHKE MTPOYHOCTH CLEIUICHHUS MOKPBITUS C MOIOKKON
HE BCEraa yaaeTcs NOOUTHCS YMCTO afre€3MOHHOIO OTPBIBA, Yallle OTPHIB AATC3MOHHO-KOI'€3MOHHBIN, KaK U B
cllydyae, ONMCaHHOM Ha puc. 3. UHCTO aare3noHHBIA OTPBIB HAONIOJAETCS TOJIBKO B TEX CIydasx, KOTJa Be-
JHYAHA T MMEET OueHb HU3Koe 3HadeHue (nermposanue Ti, Zr, Mo, W). B ocTalabpHBIX Clydasx aare3noH-
HBIH OTPBIB HabMOMaeTCs Ha 2/3 MOBEPXHOCTH TOPIfA MITH(TA.

HccnenoBanne NpovYHOCTH CIETUICHUS TOKPBITHH, HaHeceHHbIX criocobom XI'JIH, mpu HopMansHOM
OTpBIBE MPOBOAMIOCH HA MOKPHITHSIX ToimuHol ot 0,7 1o 1,0 mm.

AHanmM3 MOBEPXHOCTH ITH(TOB TOCIIE UCTIBITAHUI Ha OTPHIB TTOKPBITHI MMOKA3aJl, YTO pa3pyIleHUs
HUMeIH are3uOHHBIN XapakTep.

ITo pe3ynbTaTaM HCIbITAaHUHA TOKPBITHIA, 00pazoBanHbix X[ JTH mopomikom C-01-01 (Ha ocHoBe Cu)
u mopomrkoM A-80-13 (ma ocHoBe Al+Zn), a Taxke komouHanuu mMetonos DUJI + XI'TH ycTaHOBIEHHI 3a-
BUCHMOCTH TIPOYHOCTH CLEIUICHHUS OT TOJIIUHBI MOKPBITHH (puc. 5, 6).

B pesynbpTare uccnenoBaHuil yCTAaHOBJIEHO 3HAYCHHE ONTHUMAJIbHOM TOJIIMHEL, 0OECHEYMBAIOLICH
MaKCHUMaJIbHYI0 IPOYHOCTh HA OTPHIB!

ocu = 0,8-0,85 kre/mm? ipu h = 0,78-0,86 Mm,
oz = 1,2-1,3 kre/mm? ipu h = 0,75-0,85 M.

AHanu3 MOBEpXHOCTH IITHU(TOB MOCJIE UCTIBITAHUI Ha OTPBIB MOKPHITHH, HAHECCHHBIX KOMOUHALU-
eii cmocooos DUJI u XT'JTH (C-01-01) Ha cTajpHYyIO IIOBEPXHOCTH, MIOKA3all, YTO Pa3pylIeHUsS UMEIOT ajre-
3MOHHBIN XapakTep, KaK U B CIIydae HCIBITAaHHUs MOKPBITHH, HaHeceHHbIX criocoboM DUJI. Cpennsis nmpou-
HOCTh KoMOuHMpoBaHHOTO NOKphITUs DUJI (BpKMu3-1) + XI'/IH (mopomok C-01-01) (o6pa3usr 10,1-10,6)
Ha cTaib 45 (yinydieHHy10) Ipyu HOPMaJIbHOM OTPBIBE COCTABUIIA!

Coyexran = 0,72 kre/mm’ ipu S=0, 2 kre/mm®.

O6006mEénHbIe pe3ynbTaThl cnbiTaHui Ha cpe3 mokpeituit OWJI n XI'JIH npencraBiensl Ha puc. 7
[4-5].

27



Gy =-44,1258+109, 227266 23527
Sgrem = -23,0912+60, 9447538 0586%

2.0 Tm nopowok C-01-01(Cu)
* e, nopowok A-80-13 (A1+Zn)

o

MPOYHOCTE NOKPBITHA O, KWK

0,68 07z 0,76 0,a0 0,64 0,88 049z 0,96
0,70 074 nra naz 0,86 0,90 0,94 0,9a
TonWKHa NOEREITAA b, pm
Puc. 5. 3asucumocmo NPOUYHOCMU CYENIeHUs NOKPbIMUS NPU HOPMATIbHOM OmMpblee Om MOJIUJUHbL NOKPbIMU

XITH nopowxamu C-01-01 u A-80-13, nanecennvimu na cmanv 45

o= 27 B71+34 9452%x-F8 Q5272
1.1

1.0 F

049t

o

MpOYHOCTE NOKEEITHA &, KIMk©

05

or

06

03t

04

0,3 i i i i i :
0,52 0,54 0,56 0,55 0,50 0,52 0,64 0,56

TonwpHa NOKPEITKA b, W

Puc. 6. 3asucumocms npounocmu cyenienus NOKpuIMusi nPpU HOPMAILHOM OMPbISE OM MOIUSUHBI KOMOUHU-
posannoeo nokpuimust nocie IUJI snexmpooom bpKMy3-1 + XI/[TH nopowrom C-01-01, nanecennvim na
cmanw 45

[Tpounocts cuemenus mokpeitiii XI'JIH co cranbHO# MOI0KKOM MPH UCTIBITAaHUAX Ha cpe3 (Kore-
3MOHHAsT MPOYHOCTh T) COINOCTAaBMMa WJIM MEHBIIE MNPOYHOCTH CIEIUICHUST psiga MOKpeithin DUJI
(BpKMu3-1+M1, Y10, 13X25H18, X20H80) (puc. 7). OmgHako aare3MOHHAs MPOYHOCTh G MIPH UCIIBITAHUAX
Ha oTpbIiB [uis mokpeiTiid XI'JIH 3naunmo mensbiie (ot 3 go 10 pa3), yem mis nokpeitrii DWUJIL. Tlpu sToM
MaKCUMaJIbHbIE TPOYHOCTHBIE XapaKTepucTUKu A mokpbituii DUJI coorBercTBytoT Tommuuuam 0,1-0,3 Mm,
a s mokpeituit XI'IH — 0,75-0,85 mm.
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Puc. 7. Illpounocmov nokpuimuil npu UCHLIMAHUAX HA CPe3

Takwum 00pa3om, IS CO3TaHUS MPOYHBIX MMOKPHITHH TONIMUHON 60j1ee 1 MM 11e71eco00pa3HO UCITOIb-
30BaTh KOMOMHHPOBAaHHBIM MeTon HaHeceHMs MOKpbeiTuil — OWJI+XT'JIH, rae mepBelit 31eKTpOUCKpPOBOH
CJIOH TMOKPBITUSL 00ECIIEYUT XOPOLIYIO aATe3HOHHYIO IPOYHOCTh U BBICOKYIO HECYIIYIO CIIOCOOHOCTB, a BTO-
poit cioit mokpeITHsa MeTogoM XI'JIH co3mact HeoOX0MUMYIO TOJIUHY W IFIOTHOCTH TIOKPHITHS.
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cessing method of spark electrode BpKMu3-1 and the method of gas dynamic spraying of powders based on
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PA3ZPABOTKA DJIEKTPOJHBIX MATEPHUAJIOB
IJIS1 DJIEKTPOUCKPOBOI'O YIIPOUHEHUS 1 BOCCTAHOBJIEHUS
MN3HOILIEHHBIX MOBEPXHOCTEM, CTPYKTYPA
" CBOMCTBA NNOKPHITUI

A.B. IlaycroBckuii, FO.I'. Tkauenko, P.A. Anpunuena, C.H. Kupunienxo, /1.3. FOpuenko

Hncmumym npobaem mamepuanosedenusi um. U.H. Opanyesuua HAH Ykpaunsi,
yi. Kporcusicanosckoeo, 3, 2. Kues, 03680, Vrkpauna, tkachenko_yuri@ukr.net

Beenenne

[IpoBenenHble paHee HCCIEMOBAHHS MPOIECCa IEKTPOUCKPOBOTO YIIPOYHEHUST METAIUTMYECKUX I10-
BEPXHOCTEH MO3BOJIMIIM HAKOIIUTh JaHHBIC O (POPMHUPOBAHUH 3AIIUTHOTO MMOKPHITH Ha TTOBEPXHOCTH KaToa
Y OPO3UU aHOJA, CTPYKTYPHBIX M (ha30BBIX M3MEHEHHSX B AJIICKTPOJHBIX MaTepualiaX, YPOBHE OCTaTOYHBIX
HaNpsOKEHUH W PacIipellelIeHnH 3JIEMEHTOB B TIOBEPXHOCTHOM CJIO€ MOKPBITHH, M3yYUTh CBOHCTBA M JKC-
MUTyaTalMOHHBIE XapaKTEPUCTHKH C(HOPMHUPOBAHHBIX TPaIHeHTHBIX ciioeB [1-3]. JlambHeliiee COBEPIIIEHCT-
BOBaHHUE TEXHOJIOTUU MOJYUYEHHS TAKUX CIIOEB 3JIEKTPOUCKPOBBIM METOJIOM CBsI3aHO ¢ OoJiee TIyOOKHUM H3y-
YeHHWEM BIIMSHUS COCTOSHUS DIIEKTPOJHBIX MaTepHAIOB HA HMHTEHCHBHOCTH NepeHoca Marepuaina. MickpoBoit
paspsa MPOMCXOOUT B MHKPOCKOIMYECKM Manbix oO0bemax m mmures 100-400 mukpocekynn [4]. B atom
MPOIIECCE PEATHU3YIOTCS OUYEHb BBHICOKHE IJIOTHOCTH MOTOKOB SHEPruH 0e3 3aMETHOTO HarpeBa oOpabaThiBae-
Moro obOpasna. Takoi mporecc XxapakTepus3yeTcsl CyIIeCTBEHHOH HEPaBHOBECHOCTHIO M IMO3TOMY IO3BOJISET
MOJTy4aTh MPUHIMITAAIHHO HOBBIE MaTepHaNbl B MIOBEPXHOCTHBIX CIOAX IMOKPBITHH, YTO B OOBIYHBIX PaBHO-
BECHBIX YCJIOBHUAX CICNIaTh HEBO3MOXKHO.

N3ydeHre yka3aHHBIX MPOIECCOB SIBIIICTCS OCHOBOW JIJISL PEIICHUS Pslia MAaTECPUATOBEIUYCCKUX BO-
MIPOCOB, CBSI3aHHBIX C MPOOJIEMOI MOBBIICHHS SKCILTYyaTAIlMOHHBIX CBOMCTB MOKPHITHA. Kak m3BecTHO, nera-
JIM MallliH, paboTaloNKe B Iape TPeHHs, — 3TO, KaK MPaBHIIO, 3aKaJICHHBIC KOHCTPYKIIMOHHBIC CTald TBEP-
nocteio HRC 40-50 (uHorma u 6osbiie). J[OmyCTUMBIH M3HOC COCTABISICT HECKOIBKO MECATHIX MOJCH MHUJI-
nuMetpa (u3penka 6oJbllie MUJUTUMETPa). B CBSI3U ¢ 3TUM I BOCCTAHOBJICHUS ICTATH HEOOXOAMMO HAHO-
CUTh TIOKPBITHE C COOTBETCTBYIONIMMH 3HAUYEHUSMH TBEPIOCTH W TOJIIMHEI. BBICOKYIO TBEPIOCTH MOKHO
HaO0JII0IaTh U MPH UCIIOJIB30BAHUHN CYIIECTBYIOIINX MaTEPHAIIOB IS 3JICKTPOUCKPOBOTO YIIPOUHEHHS 00bIY-
HOM YIIIEPOAUCTON CTaNH, HO MTOCKOJBKY IPOIIECC 0YeHb OBICTPBIN, TO TPOUCXOAUT 3aKanuBaHue. bnaromaps
HaJIMYUIO BBICOKMX BHYTPEHHHUX HAIMPSDKEHUH NPU TaKOM 3aKallMBaHUHU 00pa3yeTcsl MOKPHITHE TONIIMHON He
6ounee 0,1-0,2 mm. Vicionb3oBanue A7 3TOTO MpoIiecca CTalel, KOTOphle He 3aKAIMBAIOTCS U HE Jal0T COOT-
BETCTBEHHO OOJBINNX BHYTPEHHHX HAMpPKCHUH (HampuMep, ayCTEHHUTHBIX), XOTh U MO3BOJSIET MONYYUThH
MTOKPBITHE TONIUHON OOJbIlIe MUJUIMMETPA, OKa3biBaeTCs Maaod((EeKTUBHBIM, TOCKOJBKY IPH 3TOM He-
3HAYUTEIHHO MOBBIIIAETCS TBEPAOCTD.

s perenus npo6ieMbl 3QEKTUBHOTO BOCCTAaHOBJIEHUs ObLIN pa3pa0OTaHbl MaTepUallbl, OIU3KUE
10 COCTaBY K MaTepuajaM, KOTOPbIe UCTIOIB3YIOTCS ISl HAIIABKH TBEP/BIX TOKPBITHH, — CTEIUIUTAaM U CTell-
JTUTOMOIOOHBIM MaTepuaiaM. | TaBHOe pasznudre B MpoIeccax HAIUIABKH U 3JIEKTPOHMCKPOBOTO YITPOYHEHUS
3aKJII0YAETCS B JIIUTEIBLHOCTH Ipoliecca. ECiu mpu HaruiaBKe MaTepyall HaXOIUTCS MPH BBICOKUX TeMIIepa-
Typax (Korjaa MmpoUCXOIST MHKPOMETALTYPrHUECKHE MPOIECCH) HECKOIBKO CEKYH/I, TO MPH DIIEKTPOUCKPO-
BOI 00pabOTKe 3TO BpeMs Ha HECKOJBKO MOPSIIKOB MeHbIIe. Kak mokaszany rcciemoBaHms, 3TO 3HAYNTEIBHO
BJIUSICT HA MPOILeCC (POPMHUPOBAHMS MOKPBITUS. ONTHMHU3AIUSA COCTaBa MaTEPHANIOB MOJO0HOrO Kilacca Io-
3BOJIMJIA PEIIUTH MPOOJIEMY BOCCTAHOBJICHHUS U3HOMICHHBIX JETANICH 3JICKTPOUCKPOBBIM METOJIOM.

B Hacrosimee BpeMs aKTyalbHBIM CTAHOBUTCS HCIIOJIb30BaHUE B KAYECTBE OCHOBBI AJIEKTPOTHBIX Ma-
TEPHAIOB HEMETAUTHYSCKUX TYTOIUIABKAX COCIUHEHHH, B YaCTHOCTH HUTpHma amomuuus [5]. Tlpu sTom
HapsIy C YBEIMYCHUEM HM3HOCOCTOMKOCTH 3aIUTHBIX MOKPHITHHA HAa METAUIMYECKHX IMOBEPXHOCTAX HMEET
MECTO TIOBBIIIEHHE CTOWKOCTH MPOTHB OKHCIIEHHS TIPU BBICOKOTEMIIEPATYPHBIX UCIBITAHUAX. DTO OCOOCHHO
3aMEeTHO TMIPY HaHECEHWH Ha TUTAaH M €ro CIUIABbI TIOKPHITHI U3 MaTepHUajIoB Ha OCHOBE HUTPUA aTFOMUHMUSL.

Pa3paboTky mMarepuanaoB Ui 3JICKTPOUCKPOBOTO JICTHPOBAHUS MPOBOAWIM B JBYX HAIPaBJICHUSX:
MaTepHasbl Ha METAUTHYECKON OCHOBE (CTEIMTOMOMO0HBIE) IS BOCCTAHOBICHHUS U3HOIICHHBIX IeTaleH U3
KOHCTPYKITMOHHBIX CTaJIel, a TakKe MaTephalibl C UCIOJIb30BaHUEM TYTOIUIABKUX COCIMHEHWUH IS TOBHI-
LIEHHUS )KapO— ¥ KOPPO3UOHHOM CTOMKOCTH, a TaK)K€ U3HOCOCTOMKOCTH TUTAHOBBIX CIIJIABOB.

© Tlaycrosckuii A.B., Tkauenko I0.T., Andunnesa P.A., Kupunenko C.H., IOpuenko [I.3., Dnekrpornas obpaboTka
marepuainos, 2011, 47(2), 30-36.
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MarepuaJibl 3J1eKTPOAOB H CIIOCOOBI MX MOJIYy4YeHUs!

OO0BeKTaMU UCCIIEIOBAHUN OBLITN BHIOPAHBI:

1. Crnaser cuctem Ni-Cr-Al, Fe-Cr-Al u Fe-Ni-Si-Cr;C,, npennasHaueHHbIC IS BOCCTAHOBICHUS
HU3HONIEHHBIX JIeTallel U3 KOHCTPYKIIMOHHBIX CTajei.

2. Crutassl cuctembl AIN-MoSi,, comepskarue 20, 40, 60 u 80 mac.% MoSi, , npeaHasHaueHHbBIE TS
YIPOYHEHUS U 3AIMUTHI OT BRICOKOTEMIIEPATYPHOU KOPPO3UH METATUTHUECKUX CIIJIABOB.

B Tabn. 1 mpuBeseH XMMHUYECKUIT COCTAB CIIABOB HA OCHOBE HUKEIS U XKeJe3a, pa3paboTaHHBIX JJIs
BOCCTaHOBJICHHUS H3HOIIICHHBIX JICTAJICH.

JIiis onydYeHns 3JI€KTPOIOB YKA3aHHBIX COCTABOB MCITOIB30BAIMCEH CIIEIYIONIHE TEXHOIOTHH: TUIaB-
ka (cuctemsl Ni-Cr-Al u Fe-Cr-Al), umnynscaoe ropsuee npeccoBanue (cuctembl Ni-Cr-Al u Ni-Cr-NiAl),
cnekanue (cucremsr Ni-Cr-Al, Ni-Cr-NiAl u Fe-Ni-Si-Cr3C,) u cratndeckoe ropsdee mpeccoBanue (CHcTeMa
AIN-MoSiy).

TTopoIIKOBBIE CMECH TSt CIIEKAHHS M TOPSAYEro MPEeCcCoBaHus (MMIYIBCHOTO M CTATHYECKOT0) TOTO-
BUJIM METOJIOM CMEIIIUBAHHUS MTOPOIIKOB C OJJHOBPEMEHHBIM Pa3MOJIOM B TUIAHETAPHON MENBHUIIEC CTATBHBIMU
[apaMu B cpejie CrmpTa-pekTrduKaTa Mpu COOTHOMICHUH MOPOIIKa | mrapoB 1:5. Pa3mep gacTuIl mOpoIKoB
MoCJie CMEITUBaHYsI HaXOouiIcs B npezaenax 2,510 M.

Crnekanne  00pasIoB pasmepom 50x5x5 MM mTpoBOomMNIM B BaKyyMe NpH TeMIiepaType

1070 —1420°C B 3aBucHMOCTH OT cocTaBa. OTHOCHTEIBHAS IIOTHOCTH 00PA3IOB MOCIE CIIEKAHUS COCTABIISA-
na 0,85-0,95.

Tabnuya 1. Cocmaeé wuxmor (macc.%) ons cnaasos cucmem Ni-Cr-Al, Ni-Cr-NiAl, Fe-Cr-Al u Fe-Ni-Si-
CriC,

Cmuias Ni Cr Al Fe Si Mn C NiAl | CrC,
4A 50,3 40,2 9,5 - - - - - -
4AC1 33 41 - - - - - 26 -
4AC2 39 35 - - - - - 26 -
4AC3 32 40 2 - - - - 26 -
Ux1i6 -A - 18 - OCHOBA 0,73 1,25 3 - -
UX16 - b - 24 - OCHOBA 0,9 0,75 4,2 - -
b4 - 28 12 OCHOBA 0,85 0,26 1,32 - -
8C2X15 8 - - OCHOBa 2 - - - 15
12C2X15 12 - - OCHOBa 2 - - - 15
12C2X25 12 - - OCHOBA 2 - - - 25
12C2X35 12 - - OCHOBA 2 - - - 35
16C2X15 16 - - OCHOBa 2 - - - 15

BhINaBky CIUTaBOB MPOBOMIN B AJICKTPONCUYH B ATYHIOBHX THINIAX eMKOCThIO 1 kr. B kaudecTBe
[IMXTOBBIX MaTepuaiaoB s ciaBoB Fe-Cr-Al wucmons3osamm crams 05 KIT JIC 1050-88, dheppoxpom OX
015 JIC 4757-89, rpaduToByt0 CTPYKKY, allFOMUHHEBBIE OTX0bI K. A, Tp. I, copt 1 JIC TY3211-89. s
crmaBoB Ni-Cr-Al — uukens mapku H-O, xpom 3PX-0, BbicokouucThii amoMuauii 9-995. Drextponast 1is
AJIEKTPOUCKPOBOTO JISTHPOBAHUS TOIYYAIH METOJOM OTIHUBKH CTEpKHeW nuamerpoMm 12-15 MM m amuHOM
50-60 mm.

NmmynbcHoe ropsiuee npeccoBanue cruiaBoB Ni-Cr-Al mpoBoamiu B ABe cTaguu: CrieKaHUE MOPOLI-
KOBOW CMECH U MOCIeAYIoNIee MPEeCCOBAaHUE B 3aKPBITOH mpecc-GpopMe UMITYILCHBIM yIapOM IO 1aBJICHUEM
1o 1,2 I'Tla u npu Temneparype 1250°C [6].

Craruueckoe ropsiuee npeccoBaHue cruiaBoB cucteMbl AIN-MoSi; mpoBoamnu B TpaduTOBBIX
npecc-popmax mpu Temmneparypax 1740-2000°C (B 3aBHCHMOCTH OT COCTaBa KOMITO3HIIMI) M BBIICPIKKE
10-15 muH.

MeToanku uccjie10BaHui

DJIEKTPOUCKPOBOE JISTHPOBAHKUE MOJJIOKEK M3 KOHCTPYKIIMOHHOW cTamu 45, WHCTpYyMEHTaIbHOI
cramm 30XI'CA, x)apocroiikoro cmiasa JXC6K mpoBomuian pa3pabOTaHHBIMHU AJICKTPOAHBIMA MaTepHAIaAMH
ua ocaoBe Ni-Cr-Al, Fe-Cr-Al u Fe-Ni-Cr;C, na ycranoskax D®U-46A u DJIMTPOH-52, a moanoxku u3
TuTanoBoro criaBa BT6 — crumaBamu cuctemsr AIN — MoSi, Ha yeranoske DJIMTPOH-24. YV aenpHoe Bpemst
JNIErMPOBAHMS TIOBEPXHOCTEH cocTaBisno 5 Muu/cM?. B mporecce HCCIeI0BaHMs OMPEALIAIN SPO3HI0 MaTe-
puana asHoma A, (Mr), mpupocT Macchl katona Ak (Mr/em?), koadduument Maccomnepenoca K=AJA,. Uccie-
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JIOBaHHUE KAPOCTOMKOCTH 3aIIUTHBIX MOKPBITHH Ha cTanu 45 u crutae BT6 npoBoaumu B meun tumna CHOJL
npu Temmepatypax 900, 1000 i 1100°C na Bo3ayxe 1 BhLIEPKKE 10 15 1.

CTpYKTYpy DJIEKTPOIHBIX MaTEpUalOB M CBOIMCTBA MOBEPXHOCTHBIX CIIOEB IMOKPHITUH HCCIIENI0BAIH
METOAaMHU ONTHYECKOM MHUKpPOCKOIHH Ha rpubopax MUM-9 u Neophot-32. TropoMeTprudeckuii aHaIH3 Ma-
TEpHAJIOB U MOKPHITUIl BBINONHSUIM Ha MuKpoTBepaoMepe [IMT-3 mpu narpyske Ha ungentop (0,5-1) H.
Pentrenoda3zoBblii aHanu3 MpoBOAWIM Ha ycTaHoBKax 'JlpoH-3M" ¢ mcmonp3oBaHueM (DUIBTPOBAHHOTO
K, —m3nmydenus menu u qudpakromerpe "JIPOH-2" B uznyyennn sxene3Horo aHoga ¢ MapraHIeBbIM (PHIIBT-
pom. InoTHOCTE 00Pa3LOB U3MEPSAIN METOIOM THAPOCTATUYECKOrO B3BEIIMBAHMS HA aHAJIMTUYECKUX Becax
AJIB-200.

AOpa3uBHast H3HOCOCTOMKOCTh MOKPBITHH HCCIIEA0BANIaCh IPH TPEHUU 00PAa3LOB MO 3aKPEINICHHOMY
aopasuBy JIC 17367-71. McnpiTaHus NPOBOAMIM MPU CICAYIOIIMX [apaMeTpax. JaBjiIeHHe Ha oOpaselr
0,5 MIla, ckopocTh nBIKeHUs abpasuBHOi mKypku 0,4 m/c, anurensHOCTh UcnbiTanuii 10 yacoB (myTh Tpe-
uust 14,4 xkm).

N3Hoc 06pa3uos pazmepoM 5x5x10 MM B peskuMe CyXOro TPEHHsI CKOJNBXECHUS Ha BO3AYXE IIPH KOM-
HATHOW TeMITEpaType ONpeNesisuii Ha MaiuHe Tpenus MT-68 [7] npu yaenasnoi#t Harpyske 0,6-2,4 MIla u
ckopoctH ckonbkenus: 10-20 m/c. KonTpTena ObuTH M3roTOBIICHBI M3 TepMooOpaboTanHo# ctamu 60I. B xo-
ne wuccienoBaHuil ¢ukcupoBamu kodddunment Tperus f W MHTEHCHBHOCTP W3HANIMBaHMS OOpasIa
I (MxMm/xM).

Pe3yabTarsl ucciae10BaHU

Crpyktypa M cocTaB 31eKTpoaHbiXx MatepuanoB Ni-Cr-Al, moixydeHHBIX pa3HBIMH TEXHOJOTHSMH,
00yCJIOBIMBAIOT 3aKOHOMEPHOCTH MAcCOIEPEeHOCca PH AIEKTPOUCKPOBOM JIETUPOBAHUHU [TOBEPXHOCTH CTANIN
45 u hopmupoBaHue Ha HEH MOKPBITHS. MUKPOCTPYKTypa JIUTOTO CIUIABA HAXOJUTCS B OOJACTH TPOMHOM
9BTEKTUKH, & TOPSAYEHPECCOBAHHOTO M CIEUYSHHOTO CIUIABOB INPEACTABISET cMech 3epeH U3 a3 o-, y- u
[3 —TBepABIX pacTBOPOB Ha OCHOBe XxpoMa, Hukens 1 NiAl cooTBeTcTBEHHO.

HccnenoBanne KMHETUKU MPOLECCa 3JEKTPOUCKPOBOTO JIETUPOBAHUS MOKA3aj0, YTO KO3 (GUIHUEHT
MaccoIepeHoca MpH JISTUPOBAHUN JINTHIM M TOPSYEIPECCOBAHHBIM CIUTaBaMHU TIPEBHINIaeT B 2—3,5 pas3a Ko-
3¢ uUIUEHT MaccolepeHoca ClieYeHHbIX CIuaBoB. Ero cpeanee 3Hadenue gocturaet 81,2%.

Ha puc. 1 npencraBieHa CTpPyKTypa 3JIEKTPOUCKPOBBIX moKpbiTH U3  crutaBoB Ni-Cr-Al, mony-
YEHHBIX Pa3IMYHBIMH CHOCO0aMH, Ha MOMI0XKKE U3 cTanu 45. [IokpheITHE U3 IUTOTO M rOpsYenpeccOBaHHOTO
CIUIAaBOB XapaKTEpU3yeTCs] BBICOKON CILIONTHOCTHIO, YTO 00ECIEUYMBACT BHICOKHE MOKA3aTEeNN KapOCTOWKO-
ctu. [lokpeiTe u3 crieueHHoro cmasa 4AC3 numeer 0onee HU3KYIO CIUIOIIHOCTD 110 CPAaBHEHUIO C TIOKPBITH-
eM u3 JmuToro cioiaBa A4. MUKpOTBEpIOCTh MOKPHITHI M3 JUTHIX CIIaBOB pocturaet 3HadeHuit 8-9 I'Tla,
ropsiaenpeccoBandbix — 7,5-8,8 I'Tla u cnedennsix craBoB — 7,20-8,80 I'TIA. Tommuua ciiosi, chopMupo-
BAaHHOTO TIPH HCIIOJIB30BaHNHU criedenHoro crutaBa 4AC3, mocruraer 3Hauenwnii 0,7-1,0 mm (puc. 1,6), uto
JlaeT OCHOBaHHE PEKOMEHI0BATh JaHHBIN CIIJIaB Ul BOCCTAHOBIICHHS M3HOLICHHBIX TOBEPXHOCTEH AeTanei.

HccnenoBanue KUHETHKH AIEKTpoHcKpoBoro jerupoBanus cruiaBamu Ni-Cr-Al cranpHbIX momsio-
KEK, a TaKKe€ MHKPOCTPYKTYPbI H U3HOCOCTOWKOCTH COPMUPOBAHHBIX MOKPHITUH ITO3BOJUIIO YCTaHOBUTH,
4yTo Haubosee d(PPEKTUBHBIM CIUIABOM JJIS1 BOCCTAHOBJICHUS U3HOLICHHBIX JeTaleH sBIsETCS CIUIaB U3 00-
nacTu TporHOM 3BTeKTHKH (4A), nmeromuit coctas: Ni-50, 3; Cr-40, 2; Al-9,5 mac.%. DToT criaB ObUT HaHe-
ceH Ha oOpasiel u3 ctaneit 35, 45 u 30XI'CA, cruraBel JKC6K u BT-22. Panee mpoBemeHHbBIC HCCICIOBAHUS
[6] mokazanu, yro npu ucnonb3zoBanuu ycraHoBku DJIMTPOH-52 BO3MOXXHO TOCTHYD TONIIMHY TOKPBITHS
10 1 mm. Pe3ynbraThl HcniBITaHUH Ha H3HOCOCTOMKOCTD B YCIOBHSIX CYXOrO TPEHHsI IPUBEACHBI B Ta0II. 2.

Puc. 1. Muxpocmpyxkmypa OH noxpeimus uz aumoeo cniasa 44 (a) u cneuennoeo cnnasa 44AC3 (6) na no-
onooicke us cmanu 45
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Tabnuya 2. H3H0cOCMOUKOCHb MEMALTUYECKUX HOOTIONCEK U INIEKMPOUCKPOBBIX HOKPLIMULL HA HUX U3 IUMO-
2o cnnasa Ni-Cr-Al

Ne Marepuan HRC WHTEeHCUBHOCTS N3HANTUBAHUS Koaddumment
/i I, MKM/KM tpenus f

1 Ni-Cr-Al 60 47 0,32

2 Cranp 35 31,0 43,3 0,34

3 [TokperTHe Ha cramu 35 45 14,2 0,33

4 Cranp 45 32 39,5 0,31

5 ITokpeiTre Ha ctanm 45 44 13,9 0,32

6 Crans 30XT'CA 38 34,6 0,30

7 [MokpeiTue Ha cramu 30XT'CA 43 12,9 0,31

8 Crans JKC6K 50 7,3 0,30

9 ITokpertre Ha ctamm JKC6K 52,0 5,6 0,32
10 Crutas Tutana BT-22 21 70,4 0,40
11 | IlokpsiTHe Ha cIjlaBe THTaHa

BT-22 36 20,3 0,35

Uccnenoanue xapocroiikoctd mpu temmeparype 1000°C 06pasua 13 cramu 45 1 IOKPBITHS HA HEM
n3 craBoB Ni-Cr-Al mokaszano, 4To OKaJIHMHOCTOHKOCTH MOKPBHITHH U3 pa3pabdOTaHHBIX MAaTephajoB B
15-25 pa3 npeBsIaeT CTOMKOCTh MPOTUB OKUCIIEHUS CTau 45.

HccrnenoBanne CTPYKTYpBI JINTHIX CIIaBoB cucteMsl Fe-Cr-Al mokasaino, uto B crmaBe UX16-A Ha-
OmomaeTcst CTPYKTypa, XapaKTepHas JJisl TOIBTEKTHYECKHX CIIaBoB cucteMbl Fe-FesC. JlermpoBaHue xpo-
MoM B KonmuyecTBe 18 mac.% mpuBOAMT K 0Opa3oBaHHIO IBTEKTUKH, COCTOSILIEH M3 CIIOKHOTO KapOuaa
(CrFe);Cs u ayctenutHo# (asel. CrutaB UX16-b uMeeT THIMYHYIO CTPYKTYPY 3a9BTEKTHUYECKOTO COCTABA.

[MepBuunbie kpuctawibl Kapouna (CrFe);Cs, umeromue GpopMmy KapaHiamiei, pacioiokKeHbl 10 rpa-
HUIIaM 3BTEKTHUECKUX KOJIOHHH Kapoun — depput. B crnaBe b4 HabnromaeTcs cinokHas CTpyKTypa, COAep-
xamfas yuactku 3BTekTukH (CrFe);C; — dbeppurt, Brimrouenus kapouna Fe;C, a Takke nntepmerannuna FezAl,
UMeIoIIero rI00ysapHyto hopMy. PentrenodasoBblie mccie0BaHNs BHIBHIN JOMOTHATEIHHO HAINYNE OK-
cumoB Fes04 u FeO - Fe304. Hanmensimnit koaddurpent macconepenoca (0,32) Habiogaercst Ipu JeTHpo-
Banuu cruaBoM UX16-B, Gonee Bbicokoe 3HaueHue kodddunuenta macconeperoca (0,40) monydeHo mpu
smerupoBaHnd ciiaBoM UX16-A. Hambomee BoicOKmii Kodd¢umment macconeperoca (0,73) nabmomaercs
MIPU DJIEKTPOMCKPOBOM JISTHPOBAHUY DIIEKTPOJIOM U3 ciuiaBa b4. Paznuune B koadduiimentax MacconepeHo-
ca MOKHO OOBSICHHTBH BIUSHHEM CTPYKTYpHBIX (akTopoB. Hanmnume B ctpykType cmaBa UX16-b kpymHbIX
NEPBUYHBIX KPUCTAIIOB KapaHmamHoi Gopmel cioxkHoro kapouaa (CrFe);C; 0o0ycrnoBiauBaeT Xpynkoe pas-
pYIICHHE TI0J] BIMSHHEM JJICKTPOMCKPOBOTO pa3psia M Iepexo]l 0O0pa3oBaBIIMXCS OCKOJIKOB B IPOIYKTHI
spo3un. Takas ke 3aKOHOMEPHOCTH OblIa OOHapy>KeHa MPH SJIEKTPOMUCKPOBOM JIETHPOBaHMM cTanu 45 nu-
TeiM criaBoM Ni-Cr-Al, coneprxaium 6obiie KooHuu 3BTeKTHKH ¢ aenaputamu NiAl. Tlpu nerupoBanuu
3NIEKTPOZOM TAKOT'O JKE€ COCTaBa C MEIKO3EPHHUCTOH CTPYKTYPOH, MOIy4YSeHHBIM METOIOM UMITYJIbCHOTO TOPSI-
4ero mpeccoBaHus, koddduuuent macconepenoca ypennuunpaics no 3nauenuit 0,8-0,9. B atom ciydae Ha
yBenuueHne kodp¢uimeHTa Maccomnepenoca nmoutu B 1,5 pasza mpu jermpoBanuu cruiaBoM b4 okaspiBaet
BIIMSIHHE CTPYKTYPHBIN (DaKTOpP, MOCKOJIBKY 3TOT CIIAB OTIMYAETCS OT ABYX HpeAbIIyNnuX ciiaBo (UX16-A
1 UX16-B) 6onee MeIKO3epPHUCTOH CTPYKTypoit. IIpy yIeIbHOM BpeMeHH JerHpOBaHus 5 MHH/CM? TOJIIHHA
nokpeITuid gocturana 120, 150 u 320 MxMm [y MaTepHasioB 3JIeKTpo1oB U3 ciuiaBoB UX16-A, UX16-b u b4
COOTBETCTBEHHO. YBEIMUEHHE YIENbHOrO BPEMEHHM Jeruposanus (6onee 5 mum/cM?) Hedh(BEKTHBHO, TI0-
CKOJIBKY M3MEHEHHs Macchl 00pa3IoB NMpaKTHIECKH He Habmoaanocs. VcenenoBanne H3HOCOCTOHKOCTH TIPU
a0pa3rBHOM HM3HOCE MPOBEIECHO Ha 00pa3Iie ¢ ANEKTPOMCKPOBEIM IMOKPBITHEM 13 cijiaBa b4, TonmuHa KoTO-
poro Obl1a MakcuManbHa. AGPa3sUBHBINA U3HOC COCTAaBUI 15 MKM/KM.

HccnenoBanne MUKPOTBEPAOCTH AIIEKTPOUCKPOBOTO MOKPHITHS U3 ciuiaBa b4 nmokasano (puc. 2), 4to
MUKpPOTBEpAOCTh "'Oenoro cios” pocruraer 3HaueHuit 7—6,8 ['TIA. 3a "GenbiM croeM” pacronaraercsi 30Ha
TepMuueckoro BiusHus TommuHoi 30-50 MM ¢ MukpoTtBepaocteio 4,3-3,4 I'Tla.

ITpoBeneHHblc ucchnenoBanus MOKpbITHi U3 cruiaBoB Fe-Ni-Si-CrzC, mokasanu, 4To ONTHMAIbHOE
conepxanue Ni B Hux coctasisier 12—-16%. bonbiiee copepxanue Ni HelenecooOpa3Ho Mo ABYM MPUYHUHAM:
13-3a YBEIIMYEHUs SIBJICHUI CXBaThIBAHUSI NIPU JIETUPOBAHUHU U BBICOKOH €ro CTOMMOCTH. [Ipu MeHblIeM co-
nepkanuu Ni 3HAYWTENFHO yMEHbIIAETCS IMEPEHOC MaTepuala aHoJla Ha KaToA. B cBs3M ¢ 3TUM onTHMaib-
HOE cojep)KaHHe HUKENs 3HAUYNTEeIbHO Ooibine, yeM B "copmaiirax" (1-5%). OnTuManbHOe comepiKaHue
kpeMmuusi — 2—3%. MeHnbliiee copepanne Si HETOCTATOUHO U PACKUCICHUS — MOKPHITHE UMEET XY/Iee
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Ka4eCTBO, TEMHEIH IIBET BCJIEACTBHE POCTA KOJIMYECTBA OKCHIOB JKelle3a. bosblee comep:kanue Si mMoIoKu-
TeJIbHOro 3 dekTa He AaeT. M3MeHeHneM cojiepkaHusi KapOuia XpoMa peryIupoBalid TBEPAOCTh OKPBITHS.
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Puc. 2. Pacnpedenenue muxpomeepoocmu HM no enyburne 31ekmpouckpo8oco noKpwlmusi u3 iumozo cniasd
B4 na cmanu 45

B Tabi. 3 mokazaHa 3aBUCHMMOCTh MEXAHHUYECKUX M TPHOOTEXHMYECKHMX CBOMCTB MOKPBITHH OT CO-
cTaBa 3JIeKTpoaHBIX MarepuaioB Fe-Ni- Si- CrzC,.

Tabruya 3. 3asucumocmv CEOUCME NOKDPLIMUL — OM COCMABA INEKMPOOHbIX MAMEPUANO8 HA OCHOSE
mamepuanos Fe-Ni-Si-Cr3C,

DJIeKTPOHBIN MaTepua, Tommuna TBepaocTh HMHTEHCUBHOCTD Koadpunuent
mac. % TTOKPBITHS, HM, I'Tla n3HamMBanus |, Tpeuus f
MM MKM/KM
Cranp 45 (3akaneHHas) - - 479 0,32
Copwmaiit C-27 0,7 3,8-4,3 35-45 0,3
Fe+2Si+12Ni+15Cr;C, 1,8-2,1 3,9-4,3 30 0,28
Fe+2Si+12Ni+25Cr;C, 1,7-1,9 5-5,5 39-44 0,30
Fe+2Si+12Ni+25Cr;C, 1,6-1,8 5,3-6,8 37-38 0,32

DJIEKTPOMCKPOBOE OKPHITHE, HAHECEHHOE pa3padOTaHHBIMU MaTepUaNaMy, UMeeT OONbLINe TOJIIH-
HYy W TBEPIIOCTh MO CpaBHEHHIO ¢ copMmaiitoM C-27, a Takke 3HAYNTEIHHO MEHbIIEE KOITUIECTBO Ne(hEeKTOB
CTPYKTYPHL.

Kak nokasanu uccnenoBaHusi, IUiss BOCCTAaHOBJICHHsI JeTanell U3 He3aKaJCHHOW CTalH WM 3aKaJieH-
HOHM C BBICOKMM OTITYCKOM IIeJIeco00pa3Ho ucmonb3oBath cias ¢ 15% CriC,. Jlns BoccTaHOBICHHS JieTaneit
W3 3aKaJICHHOW CTallM CO CPEJTHUM OTITYCKOM PallMOHAIBHBIM SIBIISIETCS MCIONb30BaHue ciutaBa ¢ 25% CrsC,.
Jnist BOCCTaHOBJICHUS JeTajell U3 3aKaJeHHOW CTAIM ¢ HU3KHM OTIYCKOM HEOOXOJMMO HCIIOJIb30BaTh 3JICK-
Tpoanslii Matepuai ¢ 35% Cr;C,.

UccnenoBanue cTpyktypsl cruiaBoB AIN-MoSi, mokasano cyiniecTBeHHbIC pa3iudvs B Hel B 3aBHUCH-
MOCTH OT comepkanust MoSi,. Tak, mpu comepskannn 20 u 40 mac. % MoSi, cTpykTypa MaTepraaoB momo06-
Has — JUIsl Hee XapakTepHO paBHOMEpHOE pactipeaeneHue 3eper MoSi; pazmepom 1-3 Mk B MaTpuile HUTpUIA
anmroMuHUA. TBepAOCTh MaTpHIbl Ipu 3ToM coctaBisier 15-18 I'Tla. CtpykTypa KOMITO3UIINHA, COAEpKAIINX
60 u 80% MoSi,, ctoxkree. Ocropa kommosuru AIN - 60% MoSi, pencrasiseT co00i HUTPHL ATIOMHHIS
C BKJIIOYCHUAMHU aucuiavnmaa moiubaexa ¢ teepaoctbio 10-10,5 I'Tla. OcHoBHas (aza KOMIO3HUIMH
AIN - 80% MoSi;, TBepaoctbio okoso 14 T'Tla — 310 AuCHIUIUA MOTHOICHA C BKIIOUECHUSIMA HUTPH/IA AlTio-
MuHus. Bropoii dazoii (6onee 50% mo 00beMy) SBISIOTCS KBa3UIBTEKTHUECKUE O0PAa30BaHUS C TBEPAOCTHIO
okojio 17 T'Tla. OmbIThl NOKa3aJid, YTO ONTUMAIBHBIM C TOYKH 3peHUs 3(H(HEKTUBHOCTH 3JICKTPOUCKPOBOTO
nerupoBanus ssisercs ciiaB AIN-60 mac.% MoSi,. Beuia uccnenoBana xapocTOWKOCTb MOKPBITHI U3 ATOTO
CILTaBa MPH H30TEPMUUECKOH BBIIEpKKe mpu Temmepatypax 900, 1000 u 1100°C.

Ha puc. 3 mpexacraBieHpl KWHETHYECKHE 3aBHUCHMOCTH YAEIHHOTO MPHUPOCTa Macchl 00pasIoB
Am/S ¢ 3amuTHEIMU TOKpbITHIMHU 13 MaTepuana AIN — 60% MoSi, na crutaBe BT6, nosyueHHbIC TIPH OKHUC-
JICHHH B CpeJe BO3JyXa MpPHU pasHbIX TeMIepaTypax. 3/1ech ke AJIsl CpaBHCHUs MPUBEICHBI 3HAUeHUs AM/S
qutst crutaBa BT6 Oe3 mokphITHSL.
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Puc. 3. Kunemuueckas 3asucumocms npupocma mac- Puc. 4. Pacnpeodenenue meepoocmu H noxpul-
cbl 00pazyos uz mumanosoeo cnaasa BT6 ¢ snexmpo- mus uz cninasa AIN-60% MoSi, na mumanosoii
uckposvim  noxpvimuem uz mamepuana AIN-60% noonoscke no enybune 1. 1 — nauanvnoe no-
MoSi; (1, 2, 3) u 6e3 nezo (4, 5, 6) npu oxkucrenuu npu  Kpvimue, 2 — NOKpblmMue NOCLE U30MEPMUYECKOU
900 (1, 4), 1000 (2, 5) u 1100°C (3, 6) 6b10EPIICKU

W3 mpuBeneHHBIX NaHHBIX BHIHO, YTO NPH IJIEKTPOHUCKPOBOM JIETHPOBAHUHM THTAHOBOTO CILIaBa
komIo3uoHHbIM MatepuanoM AIN-60%MoSi, xapoCTOHKOCTh TUTAHOBOTO CIUIABa CYIIECTBEHHO IMOBBI-
mraetcsi. Ha puic. 4 mpencTaBieHo pacnpenesicHHe MUKPOTBEPIOCTH MO NTyOWHE MOTYYCHHBIX MOBEPXHOCT-
HBIX cJI0eB Ha ciiase BTO.

PenrtreHo¢a3oBelii aHaIM3 MOKPBITHI U3 KoMIo3unnonHoro marepuana AIN-60%MoSi, ceunerens-
CTBYET O HAJIMYUHU B HEM JKapoCTOMKUX (a3 cunuimaa MonuoaeHa — Mo3Si, MoSiggs, (TiggMO0o2) Siy, a Tak-
xe MymmToB 3Al,03,Si0; u Al,SiOs, anoroB Al,OyN,. Kpome Toro, B HOKpeITHI 3a)UKCHPOBAHO HEOOIB-
moe komudectBo o-T1 u TiN.

OnbITEl TOKA3aJIM, YTO MUKPOTBEPAOCTh MOBEPXHOCTHBIX CIIOEB 0oJiee YeM B JiBa pa3a MPEBHIIIACT
TBEPAOCTh THUTAHOBOW TOAJIOKKH, & BBICOKOTEMIIEpAaTypHas BBLACP)KKA IMO3BOJIMIA 32 CUYET 0Opa3oBaHUSA
TBEPJBIX XKapOCTONKUX (a3 chopMHUpOBaTh 3AIMUTHBINA CiI0 ¢ TBepaocThio 0 18 I'Tla m TommuHON nepe-
xoHO# 30HbI 710 300 MKM.

PazpaboranHble MaTepHanbl U TEXHOJIOTHH MX M3TOTOBICHHS OBUTH MCIONB30BaHbI ISl TIOBBILICHUS
CpOKa 9KCIUTyaTaliy JeTanel pa3auyHbIX KOHCTPYKIHid. [IpuBeeM aBa mpuMepa MpakTHYECKOTO UCIOTB30-
BaHUsI PE3yJIbTATOB pa0OTHI HA TIPEAMPUATHIX Y KPAHHBIL.

Ha BepucnaBckoM MexaHu4eckoM 3aBojie (XepcoHckasi 00I1.) MPOBEICHO BOCCTAHOBJICHHE C OJHO-
BpPEMEHHBIM yIpOYHEHHUEeM Kopmyca OypoBoii ronoBku KHTY-110, koTopas ucnonszyercs 1uist OypeHus B
Kelle3HOH pyne mypdoB st mupornatpoHoB. Kopmyc koponku usrorosneH u3 cranmu 35XI'CA, tBepaocTh
KOTOpOH mociie TepMoodpadboTku cocranisier 42—45 HRC. B kopnyc BrnasiHbl 3y0ons u3 crutaa BK10. B mpo-
Hecce IKCIUTyaTaluyd HauOosiee HHTEHCUBHO M3HAIIMBACTCS BHEINHSS (LMJIMHIPUYECKAs) CTajbHAs MOBEPX-
HOCTh KOPOHKH. J[71s1 ynpouHeHus 3To# moBepxHocTH cmaBoM 12C2X35 (Fe-2Si-12Ni-35Cr;C,) nanocu-
JI0Ch TTOKpBITHE ToimuHOM 10 1 MM u tBepmocthio 55-59 HRC. Koporka 6e3 mokpsitus mpoxoauia 120 m
OypeHus, TI0CJIe HAHECCHUS TTOKPBITHS MTPOXOUT MOYTH B J1Ba pa3a 0oJbiie — 225-230 M.

Ha rasonepexaunBatorieii crannuu (r. 3omotoHorna, Yepkacckas 00JI.) JJii pEMOHTA Ta30BBbIX KOM-
MPECCOPOB BBICOKOTO JABJICHHS B KAYECTBE AJICKTPOJIOB OBUIH MCIOIB30BaHBI H3HOCOCTOWKHE M KAPOCTOM-
kue sprekTrdeckue crutaBel Ni-Cr-Al. Ha u3HomeHHBIE TOBEPXHOCTH MOPIIHEBBIX KOJEIl U3 CEPOro 4yryHa
CY 32-18, xotopsie orpaboTtanu 9000 dacoB, ObUIM HaHECEHBI AIEKTPOMCKPOBBIE MOKPHITHSA TOJIIMHON
50-60 MKM, ¥ TOCIIe MEXaHHYECKOi 00pabOTKN OHM IOCTABIIEHBI BMECTO HOBBIX. VICTIBITAHHS TIOKA3alH, 9TO
pecypc paboThl BOCCTAaHOBJICHHBIX TOPIIHEBBIX KOJEI C JIIEKTPOHCKPOBBIMU ITOKPBITHSIMHU COCTAaBIISET
13000 yacos, uro moutu B 1,5 pasza npeBsimiaeT pecypc paboThl HOBBIX KOJIELL.

BriBoabI

1. Pa3paboraHbl HOBBIC 3JEKTPOJHBIC MaTEpPHANbl HA OCHOBE METAIUIMYECKUX CIUIABOB CHUCTEM
Ni-Cr-Al, Fe-Cr-Al, Fe-Cr-Ni u tyromnaskux coeaunennii (AIN, M0Si,) v TeXHOTOTHY HX U3TOTOBJIEHUS.

2. [Toka3zaHo, 4TO 3a CUET TEXHOJOTUH U3TOTOBJICHHUS U COCTaBa BO3MOXKHO TONYYUTh ONTHMabHbIC
C TOYKH 3PEHUS SPO3UOHHBIX CBOWCTB 2JIEKTPOHBIC MaTEPHAIBI.

3. [IpoBeneHHBIE HCCIIEAOBAHMS M IPAKTUUECKUI OMBIT TOKa3alH, YTO MCIOJIb30BaHUE pa3paboTaH-
HBIX 3JIEKTPOAHBIX MaTepuanoB B 1,5-2 pasza yBennumBaeT CpoK SKCIUTyaTallMy AeTalieil MallluH U CYLIeCT-
BEHHO YMCHBIIIACT 3aTPAThl, CBSI3aHHBIC C PEMOHTOM 000PY/I0BaHUSI.

o A
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Iocmynuna 06.10.10
Summary

Dependences of developed electrode materials (alloys of systems Ni-Cr-Al, Fe-Cr-Al, Fe-Cr-Ni and
AIN-MoSi,) erosive properties from phase structure and manufacturing conditions are studied. Regularities
of protective coatings formation, structure and properties are established, giving the basis to development of
new effective electrode materials. The structure and manufacturing technology of electrode materials are op-
timized considering mass transfer intensity during electrospark hardening and properties level (wear resis-
tance and heat resistance). The developed materials are used for increase of various constructions details
operation term.
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IJIEKTPUYECKHUE ITPOIECCHI B TEXHUKE 1 XUMHHN

OB YCTOMYUBOCTHU U3T'MBHOM MOJIbI 3APSI)KEHHOM CTPYH
BSBKOHN JUAJEKTPHYECKOM )KNJIKOCTU C KOHEYHON
3JIEKTPOIPOBOJHOCTHIO B KOJIJIMHEAPHOM
SJIEKTPUYECKOM ITOJIE

C.O. IllupsieBa, A.U. I'puropses

Apocnasckuti cocyoapcmeenuviil yuueepcumem um. 1.1, Jlemuoosa,
yi. Cosemckas, 14, 2. Apocnasnw, 150000, Poccus, shir@uniyar.ac.ru, grig@uniyar.ac.ru

BBenenue. deHoMEH MONUIUCIIEPCHOTO pacliafa Ha KalUIM 3apsKeHHBIX CTPYH JKUAKOCTH, BBIOpa-
CBIBAEMBIX C BEpIIUH CBOOOIHO MaJaroNIMX Karelb [1] 1 MEHHCKOB KHIKOCTH Ha TOpLAX KanuuisipoB [2—6]
IIPH peal3alii UX HEYCTOMYMBOCTHU IO OTHOIIEHHUIO K IOBEPXHOCTHOMY 3apsA1y, H3BECTEH JABHO W IIHPO-
KO HCIOJb3YyeTCA B CaMbIX Pa3HOOOpa3HBIX HANPABICHUAX TEXHUKH U TeXHOoJoruu. Cpenu MHOXKECTBA JKC-
MePUMEHTAILHO HAOJII0IaeMBIX PEXKUMOB dJIeKTponucneprupoBanus [1, 4—-8] B OONBIIMHCTBE peann3yercs
XJIBICTOOOPa3HOE MBMXKEHHE CBOOOIHOTO KOHIa cTpyH [9-10], koTopoe cBs3aHO ¢ BO30YKJICHUEM M3THOHBIX
BOJTH Ha ITOBEPXHOCTH CTPYH C a3uMyTaabHBIM uncioMm M = 1 [11]. B [12] aTo sBIeHne AeTambHO IpOaHaIn-
3UPOBAHO I OOBEMHO 3apsSKEHHOM KallWUIIPHON CTPYH TUDIIEKTPUUECKOM KUIKOCTH. B HacTosmem pac-
CMOTpEHHH H3y4yeH Ooyiee OOMMH ciaydail CTpyd peajbHO MPOBOISIIEH XKHIKOCTH B CYNEPIO3ULUHU IMPO-
JOIBHOTO ¥ PaANaIbHOIO JIIEKTPOCTATHYECKUX MOJIEH.

1. ®opmyanpoBka 3aga4uu. PaccMOTpUM MIIMHAPHUYIECKYIO CTPYIO HEC)KMMAEMOM JKUIKOCTH C KH-
HEMAaTUYECKOM BSI3KOCTBIO V, NUINIEKTPUYECKON IMPOHUIIAEMOCTBIO Ej, U YAEIBHON IPOBOIUMOCTBIO G, IO-
MEIIEHHYI0 BO BHEIIHIOI HE MPOBOJAIIYIO CPEAy, XapaKTEePHU3YIOUIYIOCS AMIICKTPUUIECKON MPOHUIIAEMO-
CTBIO ¢ U MPEHEOPESIKUMO MaJIOH ILIOTHOCTHIO. B OKpy’KaromeM CTpyro MPOCTPaHCTBE CO3MAETCS DIICKTPO-
CTaTHYECKOEe TOJe HampsHKEHHOCTH Ey, KommmHeapHOE ocH CTpyH, a Ha €€ MOBEPXHOCTH PaBHOMEPHO pac-
MpEAENEH 3apsi/l C pABHOBECHOW MOBEPXHOCTHOM INIOTHOCTHIO . [I[pnunMHON BO3HUKHOBEHUSA OBEPXHOCTHO-
o 3apsiia MOXKET OBITh CO3AaHUE B OKPYXKAIOLIEM CTPYIO IPOCTPAHCTBE PalualbHOIO 3IEKTPOCTATUIECKOTO
II0JIs1, TIPH TOM IPEJIIONIAraercsi, YTO MPOBOAUMOCTD JKUAKOCTU AOCTATOYHA, YTOOBI OOECIIEYUTh OTCYTCT-
BHUE 3apsijia B 00bEME CTPYH.

Jns pemreHus 3afadd BBENEM NHUIMHIPHYECKYIO CHCTEMY KOOPIWHAT (I’,(p, z), JBUKYIIYIOCS C

MMOCTOSTHHOM CKOPOCTBIO, PaBHOM HeCyIlel CKOpocTH ¢cTpyHd, och OZ KOTOPOU COBMAmaeT ¢ 0Chlo cTpyu. Beé
paccMoTpeHne mpoBeaéM B Oe3pa3MepHBIX NMEpEeMEeHHBIX, TAe panuyc CTPyH R, TUIOTHOCTH KHIKOCTH P H
KO3 GUIIMEHT MTOBEPXHOCTHOTO HATSDKEHUS Y IPUMEM B KadecTBe OCHOBHBIX MaciTaboB 00e3pa3mMeprBaHus
(R=p=y=1).

YpaBHEeHHE CBOOOIHON MOBEPXHOCTH CTPYH, MOJBEPKCHHOM MPOU3BOJBHBIM OCIHULISIUAM MaJION
AMILTATYTbI, MOXKET OBITH 3aITMCaHO B BUEC

r=1+&(z9t),
rae QyHKIusI g( Z,(p,t) OITUCHIBAET OTKJIOHEHUE (POPMBI MOBEPXHOCTH OT IIMIMHIPUYECKOM, a €€ aMIUIUTY-
Jla ABJISIETCS MaJIBIM [TapaMeTPOM 3a1aun (‘g( Z,0, t)‘ <1).

Bynem mccnenoBaTh yCTOHYHUBOCTh OCUMIUIALIMI CBOOOAHOMN MOBEPXHOCTH CTPYH B ONHMCAHHOMN cHC-
Teme. Matemaruueckas GopMyJIHMpOBKa COOTBETCTBYIOIICH TMHEHHON 3a1a4l IMEET B

divu=0; o,u=-VP,+vAu; VR, =0;

E;=-V®;; AD;=0: j={in;ex|;
r50: u—s0; vV, —>-Ee;

r-ow:Vd,, = —-Epe,;

© Hlupsiea C.O., I'puropses A.U., Dnekrponnas obpadotka matepuanos, 2011, 47(2), 37-44.
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r=1+&(e.z,t): iy =Dgy i €jn NV Py — £ NV D, = dmy;
OH (rt)+usVH(r,t)=0: H(r,t)=r—(1+&(p,z,t));
v(r¢-(n-V)u +n-(1:(p-V)u)+H(p =0
v(t,o(neV)u+ne(t,+V)u)+I1,+T =0
—Piy + Py +2vne(neV)u - P + P, =0.
3necy P, — rumpoanHammveckoe AaBieHue BHYTpH CTpyH; P, — maBnenue Bo BHewmmneii cpene; @

i in’
Doy Ej Egy — moTeHIMANB! M HANPSXKEHHOCTH SJIEKTPUYECKOTO OIS BHYTPH (in) u BHe (eX) crpyw;

0 N
E( ) — HaOPsKCHHOCTH JJICKTPUYCCKOTO IIOJIA HAa OCH CTPYHM B PAaBHOBCCHOM COCTOSHHUH, T

in TZ u

(P 1
N-KacaTenbHbIE OPTHI U OPT HOPMAJIM K BO3MYIIICHHON IIOBEPXHOCTH CTPYH; H(p u ], — KacaTenbHbIe KOM-

ITOHCHTBI SHCKTqueCKOﬁ CHIJIBI, HeﬁCTByIOH.Ieﬁ Ha ¢AUHHUIY IMOBCPXHOCTU CTPYH, a PE, Py — JaBJICHHUA Ha
CBO6OIIHYIO IMOBECPXHOCTH DJICKTPHUICCKOTO MOJISI M KAMWIIPHBIX CUJI COOTBETCTBCHHO!

I1; :4—1[%(‘ri-VCDin)(n-Vd)in)—sex(ri-Vd)eX)(n-Vd)ex)] : (i=12,9)

Pe :i[g"‘ ((vcpin)2 - 2(n°V<Din)2)—8ex ((vcpex)2 - 2(n-vcpex)2)}

P, =divn.
V4
HeO6XOZII/IMO OTMETUTH, UHTO B JTMHAMHUYCCKOM FpaHI/IT-IHOM yCJIOBI/II/I JJIs1 KaCaTCJIbHOT'O HaHpaBHeHI/IH
TZ B HCBOSMYHIéHHOM COCTOAHUU CUCTEMBbI BCICACTBUC IBUKCHUA HOBerHOCTHOFO 3ap;[,ua B HpO}Z[OJII)HOM

ANIEKTPUYECKOM TIOJIe 3JIEKTPUYECKOe KacaTeNbHOE HAIPSKEHWE OTIMYHO OT Hyns. [y Toro 4ToOBI ero
CKOMIICHCHPOBaTh, B ypaBHEeHHE (OpMaIbHBIM 00pa3oM BBEACHO IOCTOSHHOE BHEITHEE HampsKeHHe T,
MIPUYHUHON BO3HUKHOBEHHS KOTOPOTO MOKET OBbITh, HAIIPUMED, COMTPOTUBIICHUE CPEbI IBHIKEHUIO CTPYH.

CdopmynupoBaHHYIO 3a7aqy AOMOJHUM YPaBHEHHUEM, OIMCHIBAIOIINM IWHAMUKY W3MEHEHUs II0-
BEPXHOCTHOMH IJIOTHOCTH 3JIEKTPHUECKOTO 3apsia:

Oyx +Nejg +x(neu)Ven +Vz-(x(uf +bET))+VZ-(DVZx) =0
rne U, =u- n(n-u) ; Er = E—n(n-E) ; jc = _GEin ; VZ'A u VZX — IIOBEPXHOCTHAs AUBEPIeH-
IIMsI ¥ TIOBEPXHOCTHBIM TPaIMEHT, BEIYHCIIEMBIE 1O (hopMysnaM (CHMBOJIOM Y. 0603HaucHa MTOBEPXHOCTH
CTpYH):
Al . 0
Al V= va-n

anZ 8n2

VyeA=| VeA—n.

B ypaBHeHuu Gananca 3apsjia yuTeHbl cleayronme Gpusndeckie HakTopbl: MPOBOIUMOCTE KUIKOCTH, H3Me-
HEHHE IUIOIAaN CBOOOIHO MOBEPXHOCTH B pe3yibTaTe e€ medopMaiuu, nepeMenieHue 3apsiioB Baojb mo-
BEPXHOCTH TOKOM KHKOCTH ITOJI ICHCTBHEM TAHT €HI[HAIBHON KOMIIOHEHTBI SJICKTPHIECKOTO OIS U 38 CUET
muddysun. [ocaenHre nBa M3 MEPEUHCICHHBIX MPOIECCa XapaKTePHU3YIOTCS MOABIKHOCTHIO HOCHTEIEH
3apsiaa b u koadpunnenrom muddysun D.

Perenrie copMyITMpOBaHHOM 3a/1a4¥ CTAHIAPTHBIMEH MeToxamu (cM., Harpumep, [6, 12]) B nuneii-
HOM [0 aMIUTHTY/Ie BOJIH MPUOIIKEHNH OyIeM HCKaTh B BUIC DPA3NOXCHHN BHYTPH CTPYH 110 MOAM(DHIHA-

poBaHHBIM QyHKIHAM beccens mepBoro pona |m (X) a BHE cTpyH (IS SIEKTPUIECKOTO TIOJIsI, CBA3AHHOTO

C MEPUOTUUECKUMH JehOopManUIMH TOBEPXHOCTH CTPYH) — MO MoauduimpoBanusiM GyHKIMIM Beccens
Broporo poxa K, (x) rae M — a3sUMyTaIbHBIN TMapaMeTp, XapaKTepU3YIOMUA CUMMETPHIO edopMariiit

MOBCPXHOCTHU CTPYH. B utore mis A3UMYTaJIbHOI'O 4YKcjia m = 1, COOTBCTCTBYIOLICTO U3T HOHBIM ):[C(l)OpMa]_[I/I-
M, IIPUACM B IPEACIIC MaJioi BSI3KOCTH K AUCTIEPCHOHHOMY YPaBHCHHIO:

38



s?—fg(k)+2vs fz—izf1 +
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L {W28k2|:8 f3+4nca—D(k2+1) f4}+

+2$(Sa+4ncg(k))
+W[52f5 +25(4n0 f5 - D (K2 +1) )+ 1 fS}—

2
= E—O ;' W =4n XZ ,
4n
rac mapamMeTpbl Wuw XapaKTCpU3YIOT BCIMYUHY DJJICKTPUYCCKOTO 3apsja, NPUXOAAIICTOCd Ha CAUHUILY
OJIMHBI  CTPYHU, U BCIWYHUHY HAIPAKCHHOCTU BHCIOHETO MOJA COOTBETCTBCHHO. KO3(1)(I)I/IIII/I€HTLI

f,- ( J =12..,1 1) SIBISIOTCS (DYHKIMSME BOJIHOBOTO YHC/A K ¥ JMDIEKTPHUECKHUX IPOHUIIAEMOCTEM Ein, Eey, @

YX SIBHBIC BHIPOKEHUS MPUBEICHBI B IPIIOKESHUM.

B (1) 6pocaercs B r1asa, 4To B HCIIOIL30BAHHOM MPUOIMKEHIH Mol 0e3pa3MepHOil BI3KOCTH U3-
3a OTpaHWYEHHS MajbIMU €€ CTENeHSMH WCYE3JId KOMIIOHEHTHI, CBSI3aHHBIE C ITOJBIKHOCTHIO HOCHTENEH
3apsiaa b. DTo o3Havaer, 4To BIMSHHE JaHHOTO (PrU3HUUecKoro Gpakropa Ha yCTOWYMBOCTH BOJIHOBOTO JBHKE-
HUS Ha MMOBEPXHOCTH CTPYU 3HAYHUTENBHO CIIA0Ee OCTAIBHBIX, YUTEHHBIX B ypaBHEHUH OallaHCa 3apsija.

2. AHATU3 THUCIIEPCHOHHOTO ypaBHEeHHs. Bo3myIeHns cBOOOJHOI MMOBEPXHOCTH CTPYH C a3UMY-
TaJbHBIM YHCJIOM, PABHBIM €IMHUIIE, IPUBOIAT K M3TUOHBIM e€ aedopmaiusM, HO He CKa3bIBalOTCS Ha (Hop-
Me CeueHHs CTpyU. B OTCyTcTBHE BHEIIHETo MOJsl M MOBEPXHOCTHOTO 3apsAja Takhe BO3MYILEHHS YCTOHYH-
BBl BO BCEM JMana3oHe BOJHOBBIX uncen K>0, To ecTh 3KCMOHEHIHATBHO 3aTYXal0T CO BPEMEHEM M0/ BIIUS-
HHEM BS3KOCTH JKUAKOCTH. Hamnuue 3apsiia Ha MOBEPXHOCTH HICATIbHO MpoBOAsIUX cTpyii [11] mmubo pas-
HOMEPHO pachpeeiéHHOro 00bEMHOTO 3apsija B Cliydae AUDICKTPHYSCKUX HEeMPOBOAAIINX cTpy# [12] npu-
BOJIUT K HEYCTOMYMBOCTH M3rHOHOW MOjbl. KoimnHeapHOEe OCH CTpyW BHEIIHEE DJIEKTPOCTATHYECKOEe TMOJIe
SIBISIETCS CTAOMIM3UPYOMMM (PaKTOPOM Kak B CIIydae OTCYTCTBHs 3apsma Ha cTpye [13] — usrubHbIe BO3-
MYIIECHHSI HE TIPUBOIAT K pealn3allii HeyCTOWYMBOCTH, TaK U MpH ero Haauduu [14] — mpomonbHOE 3iiek-
TpUYECKOe MoJie CTaOWIN3UPYET HEYCTOHUMBOCTh U3THOHBIX BOJIH, TOPOXKAAEMYIO 3aps oM Ha CTpYe.

BrustHrE IPOAOIBHOTO MO HA YCTOMYUBOCTh M3THOHOM MOJIBI TIpH yu€Te (heHOMEHa IMOBEPXHOCT-
HOH peNakcaIuu 3apsaa wurocTpupyeT puc. 1. M3 npuBea€HHBIX 3aBUCUMOCTEH BUIHO, YTO JEKTPOCTATH-
YecKoe MoJie UTpaeT NeCTa0MIN3UPYIOLIYI0 POJIb. YMEHBIIAET NEKPEMEHTHI 3aTyXaHUsl H3TUOHOW MOABI XO-
poIIo MpoBoAAIuX cTpyi (puc. 1,8) U MOXKET ObITh MPUYUHON U3THOHON HEYCTONYMBOCTH B CIydae MiIoXo
MIPOBOIATITUX CTPYH, TaK KaK COTJIACHO puc. 1,6 M cabo MpOBOASIINX KUIAKOCTEH BETBb 2 U3 00JIaCTH OT-
pHUIIATENBHBIX 3HAYEHHUH, TJ€ OHAa XapaKTepU3yeT JEKPEMEHTHI 3aTyXaHHs MEepeXOoAUT B 00JacTh MOJOKH-
TEJbHBIX 3HAYCHMUI, TJIC OHA XapaKTepH3yeT Y)Ke MHKPEMEHThl HeycroiuuBocTu. Ha puc. 1 He mpuBeneHs
3aBHCHMOCTH 0e3pa3MepHBIX YaCTOT BOJHOBBIX JBIDKEHHH JKHAKOCTH OT 0e3pasMepHOr0 BOJHOBOTO YHWCIIA
(BBI/IIIy HECOPasMEPHOCTHU YHCIOBBIX 3HAUYEHHWI BEJIMYMH. YaCTOTHI CYHECTBECHHO MPEBLIIIAIOT 11O BEJIMYHUHE
JCKPEMEHTBI U WHKPEMEHTHI), a TIOTOMY OTMETHM, YTO KalWUIApHbIC JABMOKeHUS (Muuuu 1 U 2) sSBISIOTCS
MEPUOIMUSCKIMHU, a penakcalnonnbie (quHuu 3 u 4) — anepuomudeckumu. CyIIECTBEHHO, YTO YCTOWYH-
BOCTH TEpsIET MEPUOANIECKOE KKAMMIUIIPHOE» PEIIeHUe, U, CIeA0BaTeNIbHO, TPOAOIBHOE 1T0JIe IPUBOANT K
KoJieOaTebHOW HEeyCTOMYMBOCTH M3TMOHOW MOABI. TepMHHOM «KaMWUISPHBIE» 3/€Ch U Jlaee MbI OyaeMm
OTMEYaTh T€ PENICHUs TUCIIEPCHOHHOTO ypaBHEHHs, BO3HHKHOBEHHE KOTOPBIX HE CBA3aHO C yYETOM IIpO-
[IECCOB TTOBEPXHOCTHOTO TIepeMeIeHus 3apaaa. Pemenns ke, IOSBUBIIUECS BCIEACTBHE YUETa pelaKcally-
OHHBIX SIBJIEHHH, Oy/IeM Ha3bIBaTh «pejakcaloHHbMu». [Ipu W # 0 cymectByer emé oaHo (He IpHUBEIeH-
HOE BBHJIy HECOPA3MEPHOCTH BEJIMYHH) allepUOIMIECKOE 3aTyXaloIIee PEIICHHE CO 3HAYMTENILHO OOJIBITUM
JEKPEMEHTOM.

B orcyTcTBHE KOJUTMHEApHOH OCH CTPYH KOMIOHEHTHI 3JIEKTPOCTATHYECKOTO IOJIS, HO MPH OTINY-
HOM OT HYJIS palalibHOM 3JIEKTPUYECKOM TI0JIe KapTHHA MPOSBICHUS HEYCTOWYHMBOCTH BBITJISIIUT HECKOJIb-
ko uHaue (puc. 2). Ha puc. 2 kanuwuispHble ABUKEHHS KUIKOCTH (JTMHUK 1 U 2) SBISIOTCS TEPHOIUYCSCKU-
MH, a penakcanuonnsie (uuun 3 U 4) — anepuogrnueckiuMu. YacTOThI HAa pHC. 2 HE MPUBEACHBI BBUIY HECO-
Pa3MEpHOCTH MX BEJIMYUH C BEIMYMHAMH JIEKPEMEHTOB U MHKpPeMEHTOB. [10BEpXHOCTHBIN 3apsij, Tak ke Kak
U TPOJIOJIBHOE TI0JI€, MOXKET SIBIATHCS MPUUYMHON «KAMWUIAPHOW» MEPUOIUYECKON HEYCTOMUYHMBOCTH JIJIUH-
HOBOJIHOBBIX BO3MYILCHHII Ha TOBEPXHOCTH CTPYH C pasiuyHON mNpoBoauMocThio (uHMu 1 u 2 Ha
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puc. 2). Hannure paauaibHOTO MOJIsi IPUBOAUT B CiIydae HU3KOH MPOBOIUMOCTH CTPYH K TOSIBICHHUIO €Ié
OJTHOTO aINepHUOANYECKOr0 HEYCTOMYMBOTO pelIeHHs, 00yCIOBIEHHOTO PENaKCAIlMOHHBIMU SIBICHUAMU U
00JaIaroIIero CYIIECTBEHHO OONBIIMM MHKpeMeHTOM (iauHuK 3 M 4 Ha puc. 2,6). IMEHHO 3TO pelieHue u
OyZner ompeneisaTh KapTHHY Pa3BUTHS W3THOHON HEYCTOMYMBOCTH B JAaHHOM Ciyd4ae, TO €CTh HEyCTONYH-
BOCTb OyJIEeT anepruoJueCcKOu.

B 4B
0 : ! : S k -
N 1 71 2~ 3 4 5
3 4 I] r, 1 1 N 1 1 ] 1 k
005 AN 001 3T ST INTEI S
\\:‘ 3 - . \‘\
N\ | . \
-0,10- A
W\ 0,05 AN
1\\2 N1 on2
-0,15- \ - N

Puc. 1,a. 3agucumocmu om be3pazmeprnoco 601HO-
6020 uucia K Gespazmepnvix oexpemenmos B ne-
puoouyeckux xanuinapuoix (aunuu 1 u 2) u ane-
puoouueckux penaxcayuonnvlx (munuu 3 u 4) oeu-

Puc. 1,6. Te oce 3asucumocmu, umo na puc. l,a,
paccuumannvle npu o= 1. B ooracmu [ < 0 kpuswvie
ONUCHIBAIOM  OCKPeMEeHMbl 3amyXanusi, 6 00iacmu
> 0 — unkpemenmol Heycmouuugocmu

arcenutl ocuoxocmu, paccuumannvie npu v=0,01,
0=100, W =0, €ex =1, €in =20, D=0 u paszauy-
HbIX 3HaueHusx noneeozo napamempa W. Toukumu

JUHUSMU HAHECEHbl De3VIbMambl pPACUenos npu
W =0, moacmoimu — npu w=0,1

4B
| ._,_2_ 0,5 1.’[' 115 Lk
E 0,02
1 T ;
| o
0,02 _t %—;—:}ﬁ-
4 s
Y -0,02
Y
0,04 N\
™
™,
-0,06 ", -0,06

Puc. 2,6. Te sce 3asucumocmu, umo Ha puc. 2,a,
paccuumantule npu o= 1

Puc. 2,a. 3asucumocmu amanocuunvlie npueeoeH-
Holm Ha puc. 1,a, no paccuumannvie npu W = 0 u
Pa3IUUHbIX 3HAYeHUAX 3apsadosozo napamempa W.
Tonkumu TUHUAMU HAHECeHbl pe3yIbmamyl pacie-
mog npu W =0, moacmoimu — npu W= 0,1
Cutyanuio, peaqu3youIyocs Ipu HaATMYUH 00enX KOMIOHEHT JIEKTPHIECKOTO TOJIs, KaK IIPOI0JIb-
HOM, TaK W paguaibHOM, wiuttocTpupyeT puc. 3. Ha puc. 3,a npuBeneHbl 3aBUCHMOCTH, TIOJIy4YEHHBIE TOJIBKO
JUTSL KaWJUTAPHBIX JIBYDKSHUH, Ha puc. 3,0,6 — IS pellaKCallOHHBIX. BUIHO, 9TO COBMECTHOE JeCTa0HIH3H-
pyrolee IeficTBHE paauaIbHON M KOJUIMHEApHOH KOMIIOHEHT IIOJISl IPUBOAUT K TOMY, YTO, BO-TICPBBIX, yBe-
JTUYMBAIOTCS MHKPEMEHTBl U PACHIMPAETCS CIEKTP HEYCTOMYMBBIX «KANWUIAPHBIX» MEPUOJUUYECKUX pelle-
Huid (uany 1 m 3 Ha puc. 3,a), a, BO-BTOPHIX, HEYCTOHYMBOE «PETAKCAIIMOHHOE» PElIeHHe CTAHOBUTCS IIe-
puoandeckuM (uHuu 2 Ha puc. 3,6,6). s ciabo NpoBOASAIINX CTPYH «pelaKCalMOHHAs» HEYCTOHYMBOCTD
(muuum 2 Ha puc. 3,6) XxapakTepusyeTcs OONBIIMMH 3HAYCHHSIMU MHKPEMEHTA, YeM «KAMWUILIpHAs» (JTUHHA
3 Ha puc. 3,a), a e€ rpaHuIla CMEIIAeTCs B 00JIaCTh MAJIBIX BOJHOBBIX YMCEN. B HTOTre IMana3oHbl AJIMH BOJH,
MPETepIeBAONINX «KANMLIAPHYIO» M PENaKCaIlMOHHYI0 HEYCTOWYMBOCTH, YaCTHYHO INEpeKphIBatoTcs. MH-
TEPECHO, YTO BEIMYMHA WHKPEMEHTAa TIePHOANIECKOTO PeJaKCallMOHHOTO JBMXKEHHs 2 Ha puc. 3,0 pacTeT C
POCTOM BOJIHOBOTO 4HcIa (C YMEHBIICHUEM JUTMHBI BOJHBI) U yke Tipu K =1 B 1Ba pa3a mpeBbIIIacT MaKCH-
MaJIbHOE 3HaYCHUE BEJIMYMHBI MHKPEMEHTA KaIMUIIpHOW HeycToitunBocTd (imHuu 3 Ha puc. 3,a). 10 03-
HaJaeT, 4YTO peaJbHO HaOIiofaeMas KapTHHA Peali3aliy N3THOHOW HEYCTOMYMBOCTH CTPYH OIPEICTHTCS
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HMEHHO pEeJIaKCallMOHHOM BETBBIO. B cilyyae XOpollo MpOBOASIINX CTPYH «pellakcallduOHHAas» HeyCTOWUYH-
BocTh (uaMu 3 1 4 Ha puc. 3,6) peamusyercs It 60jice KOPOTKUX BOJH, YeM «KaIMuIIpHas» (auuuu 1 u 2
Ha pHc. 3,8), U pa3BUBaeTCA ¢ OoJiee HU3KUMHU MHKpeMeHTaMu. Kak «KamuuIisIpHbIe», Tak U «peaKcalnoH-
HBIE» PEICHUS SBJISIOTCS TIEPHOANICCKIMH, HO YacTOThI HA PUC. 3,6 HE MPHUBECHBI H3-32 HECOPA3MEPHOCTH
C MHKPEMEHTaMH U JEKPEMEHTAMH 10 BeTMYHUHAM (OTMETHM JIHIIb, YTO YaCTOThI «PENaKCAI[HOHHBIX» pellie-
HU CYNIECTBEHHO MEHBINE KaUJUIAPHBIX).

m,p oa,p
B 1,23 B 2 2/
0,154 1 /
o 0,061 /
D,DE_ ::_q_\__h-_hh"'-i /
1 1 1 1 I|-J__ = _ 1 i /
005 -5 0 Eﬂ 2,0 Hz,s k .
et ~ . 0,02 -

— 1

i 4 Ty, L -

0,15 - , e , ,
~7 —8F— — - — 55— ——k

Puc. 3,a. 3asucumocmu om bespasmepnoco eoano- Puc. 3,60. Te sice 3asucumocmu, wmo na puc. 3,a, Ho

goeo uucna K Gespasmepuvix Oekpemenmos, un- ONA PENAKCAYUOHHBIX Osudicenutl scuokocmu. Ilpu
kpemenmos  (wmpuxosvie aunuu) u wacmom W = 0 penaxcayuonnvie Osudienus anepuoouue-
(cnrowmnvie nunuy) xanuniapusix osudxcenull xcuo- CKue samyxaroujue (runus 1), npu W = 0,1 penax-

kocmu, paccuumannwie npu v=0,01, o=1,w = 0,1, Ccayuonnvle O08udIceHUst  nepuoouyecKue Hapac-

€ex =1, €jn=20, D=0 u pasnuunvix snauenusx matowyue (nuruu 2)

3aps006020 napamempa. TOMKUMU TUHUAMU HAHe-
cenvt pesynomamol paciemos npu W = 0 (o6a xop-
H5l CAUBAIOMCSL, MAK KAK UMEIOM 0OUHAKOBblE OeK-
PEMEHMbI-UHKPEMEHMbL),  MOJICMbIMU — —  NpU
W = 0,1. Yacmomsi 0ns 6cex smux KopHell npax-
mu4ecku 0OUHAKOBbL, NOIMOMY CHIOUIHbIE TUHUU
caunuce (runuu 1-3) .

0,024 \

-0,02 1 \

-0,04-

Puc. 3,6. 3asucumocmu om 6e3pazmeprHo2o 601H06020 Yucia K 6e3pasmepuvix 0ekpemMenmos, UHKPEMeHmos
kanunnapuolx (unuu 1 u 2) u peraxcayuonnvix (munuu 3 u 4) 0gusicenuil Hcuokocmu, paccuumanmvie npu

v=0,01, o=100,w=0,1, W =0, €ex =1, €in =20, D=0 u paznuunvix 3nauenusx 3apsaoo8020 napamempd.

Tonxumu nunusmu Hanecensl pesyromamol pacyemos npu W = 0, moncmoimu — npu W = 0,1

Pacuersl 111 CTpy#l C pa3sMYHBIMM 3HAYEHUSAMU JHUIJIEKTPUUYECKOW MPOHUIIAEMOCTH KHUAKOCTH IIO-
Ka3bIBaIOT, YTO «KANMWUISIPHAS» HEYCTOWYUBOCTH JIETUE PEATUYETCS ISl CTPYH AUDIEKTPUUECKUX >KHUJIKO-
CTEH: YBEJIINYUBAIOTCSI HHKPEMEHTHI, PACLIIMPSETCS CIIEKTP HEYCTOMYMBBIX BOJIH, B TO BpeMs KaK «pejaKca-
[IUOHHAS» HEYCTOWYMBOCTh XapaKTEPU3YETCs TEM MEHBIIMMH WHKPEMEHTaMH, YeM MEHBIIE JUIJIEeKTpUIe-
CKas MPOHHUIIAEMOCTb KUAKOCTH. DTa TEHACHIMS CIpaBeAIuBa U JUIsI XOPOILIO MPOBOAALIUX CTPYH, XOTA U
MEHEE SIpKO BBIpaKEHa.

Crnenyer 3aMeTUTh, YTO KpOME KOPHEH IOUCIEPCHOHHOIO YpaBHEHMA, NMPHUBEIEHHBIX Ha puc. 1-3,
penakcanys 3apsaa BAOJb MOBEPXHOCTH MPHUBOAUT K MOSBJICHUIO allEPUOJMUYECKUX JTHMOO MEPUOIMYECKHX
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pelIeHui, 3aTyXalouX, Kak MPaBUiIo, ¢ OOJBIIMMHU JEKPEMEHTAMH M TPHBOIAIINX K JOIOIHHTEILHOMY
pacCesHUIO YHEPTHH KOJICOaHMiA.

Bnusiaue mponecca auddysuu 3apsaa BIONb MOBEPXHOCTH CTPYH Ha YCTOHUMBOCTH €€ M3THOHBIX
nedopManyii WUTIOCTPUPYIOT puc. 4 1 5. OTMeTnM cpasy, 9TO 3TO SABJICHHE MOXKET UTPATh 3aMETHYIO POJIh
JWIIB B cIy4ae ciabo mpoBoisimux cTpyi. KpuBbie Ha puc. 4 pacCUuUTaHbl pU 3HAUCHHUAX Oe3pa3MEpHBIX
MapaMeTpoB, XapaKTEPHBIX UIsI TOHKOW CTPYH BOIBI C PaguycoM ~ 1 MKM, U HJUTIOCTPUPYIOT pazinyHOE
BIMsSHEE AUGPY3UN HA KAMWULIPHBIE» M «PENaKCallMOHHBIC» BETBU DPEIICHUH B 3JICKTPUYECKOM IIOJIE,
KOJUIMHEApPHOM ocu cTpyH. st TOHKHX cTpyd muddysus 3apsma ycwimBaeT 3aTyXaHHE «KAMHJUIIPHBIX»
BeTBeil pemienus (puc. 4,a). YcroituuBbie B oTcyTcTBUE MU dYy3Hn «perakcalMOHHbIe» pelieHus (TOHKUE
JIMHUY Ha puc. 4,0) ipu yuére nudy3un 3apsa CTAHOBATCS HEyCTOWYMBBIMU (TOJCTBIC JIMHUM Ha puUC. 4,0)
B 00J1aCTH KOPOTKHUX BOJIH, IPHBOJISL K «PETaKCAlHOHHOI» HEYCTONYMBOCTH: Hiepuoandeckoi (muuun 1) mu-
00 anepuoauyeckoi (uauu 2 u 3). B 0b6macTi OTHOCUTEIBHO JUIMHHBIX BOJH (mipu K < 4 Ha puc. 4,6) «pe-
JIaKCAIIMOHHBIC» JABWKEHHS OCTatoTCs ycTtouuBbiMU (uauu 4 u 5). [pu yBenmuenun kodddumenta aud-
¢by3un (puc. 4,6) neBas rpaHHIA HEYCTOWYMBBIX «pelaKCcalMOHHBIX» perieHnil (uaun 1 u 3) cMmemaercs B
00J1aCTh JUIMHHBIX BOJIH.
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Puc. 4,a. 3asucumocmu om bespasmepnozo eorno- Puc. 4,0. Te oce 3asucumocmu, wmo Ha puc.3a, HO
6020 uucna K 6espasmepnuvix oexpemenmos (wmpu- Oisl peraKcayuoHnblx 0gudicenuti acuokocmu. Tow-
Xoeble TuHuu) u wacmom (CHAOWHbIE TUHUL) KANUL- KUMU JTUHUSAMU HAHECEHbl Pe3Vibmamvl paciemos
JIAPHBIX 08udicenutl scuokocmu, paccuumannovie npu  npu D = 0, moacmoimu (aunuu 1-5) — npu D = 0,01

v=01,0=01 W=0,w=0,01, g4 =1,8&;,=80
U pa3IUuHbIX 3HAYEHUAX Kodgguyuenma ouggy-

3uu. TOHKUMU JUHUAMU HAHECEHbl pe3)Tbmambl
pacuemos npu D =0, morcmeimu — npu D = 0,1

li'l,B ] .ﬂ’é
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Puc. 4,6. Te ace 3asucumocmu, umo na puc. 4,6, no moncmoimu aunusmu (aunuu 1-3) nanecenwvt pesyroma-
mut pacwemos npu D = 0,1

C pocrom 3HaueHHUs Ge3pa3MepHON MPOBOAMMOCTH M YMEHBIIEHHEM ITapaMeTpa BSI3KOCTH (TO eCTh
JUTs ©0Jiee TOJICTBIX CTPYH) yu€T sBieHus nuddys3un 3apsaa B MPOIOILHOM IMOJiE MPUBOAUT K TMOSBICHHIO
00J1aCTH HEYCTOWYMBOCTH M JUTA «KaMMUIPHBIX» pemenuii (puc. 5,a). OmgHako 3ta 00JacTh OXBAThIBACT
JIMIOb MaJibI€ 3HAYCHUA BOJIHOBBIX YMCEJI, U IMO3TOMY pCan3alusd HGYCTOﬁHHBOCTH BO3MOKHa JIMIIb IJIA
JOCTATOYHO JUIMHHBIX CTpyi. KpoMe TOro, MHKPEMEHTHI «KalWJUISPHON» HEYCTOHYMBOCTH CYIIECTBEHHO
MeHbie (bonee ueM Ha MOPSIOK) «pelakcalMoHHoM». [Ipu OTIMYHON OT HyNs pagualbHON COCTABIIOIICH
AJIIEKTPUYECKOTO TIOJIS C yBeNnmdeHneM kKodddunrenta nuddy3un 001acTh «KKaIWLIIPHOW» TepHOIHIECKON
HEYCTOWYHMBOCTH PACIIMPSIETCS, @ HHKPEMEHThI yBeIH4IuBatoTcs (puc. 5,0). BiusiHue siBIeHHs MOBEPXHOCT-
HOW muddy3un 3apsiia Ha KpelaKCAlMOHHBIC» BETBH PEIICHHUS 3aMETHO CHU)KAETCS B OTCYTCTBHE MPOAOJIb-
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HOW KOMIIOHEHTHI 3JIeKTpHyecKoro nojst. Ciieayer OTMETUTh, YTO 3aBUCMMOCTH, IPEACTaBICHHbIE HA puc. 4
U 5, UMEIOT WUTIOCTPATUBHBIN XapakTep, MOCKONbKY PacCUUTaHbl MpH OOJNBIINX 3HAUEHUSIX Oe3pa3MepHOro
ko3¢ ¢unnenta aupdysun (Hanpumep, Uil CTPYU BOIBI MUKPOHHOTO PaJHyca 3Ta BEJIMYMHA COCTABIISCT

Beero ~1074 +1073).

B B
e
— -
\ 0,02- - ey
_—\-972“— — —_ 046 k 4
T~ rd ™
-0,0051 \ s 0.014 4 _— T - \'\
\ ™ ™. i J&Jf T~ o .
\ N Y/ 01 02 03> 04 Nk
Y
0,01 A
-0,0154 \ ' \\\
s
Puc. 5,a. 3asucumocmu om 6e3pazmepnoco eonno- Puc.5,6. To ace, umo na puc. 5,a, Ho paccuumaro
6020 uucia K bespazmepmnvix Oexpemenmos u um- npu v=0,1, 0=0,1, w = 0, W = 0,1,&,, =1,

KDEMEHMO8 KANUJIAPHBIX OBUIICEHUL JHCUOKOCMU,
paccuumannvie npu v = 0,01, o = 1, w = 0,01,

W =0, € =1, €;3=20 u pasnuunvix snauenusx "ol PAcuemos npu D = 0, cpednumu — npu
1 Cex = Cin — A _
D =0,1; moacmoimu —npu D = 1

€j, =80. Tomxumu nunusmu Hamecenvl pesynvbma-

ko3 puyuenma ougghyzuu. Tonkumu auHuUAMU HA-
Hecenvl pezyibmamvl pacuemos npu D = 0, mon-
cmoimu —npu D =1

3akirouenue. Beienctue sBIEHUS NOBEPXHOCTHOM peflaKCallud 3apsiia MPOAOJIbHOE 3JIEKTpUYe-
CKO€ TT0JIe OKa3bIBaeT JeCTa0MIM3UPYIOIIee BIMSHUE HA M3THOHBIE NehopMaIiuil MOBEPXHOCTH CTPYH, MpH-
BOJS K UX NIEPUOJTUYECKON HEYCTOMYMBOCTH B CIIy4ae HU3KOU MPOBOJUMOCTH.

Bo BHemIHeM 3IIEKTPHYECKOM I0JIe TPON3BOIBHON HANIPAaBIEHHOCTH HEYCTOMYMBOCTH H3THOHON Jie-
(hopMmarum SBISETCS NEPUOINIECKON U sl c1abo MPOBOASIINX CTPYH OXBATHIBAET MPAKTHYECKH BECH JHa-
Ma30H BOJIHOBBIX YHCEIL.

JyaekTpuyeckre cBOMCTBA KHUIKOCTH AAIOT MPEUMYLIECTBO Pa3BUTHIO H3TUOHON HEYCTOWYMBOCTH
0oJiee JUIMHHBIX BOJH.

Bnusiaue moBepxHocTHOM quddy3uu 3apsaa 00iee 3aMEeTHO IS CJIa00 MPOBOMAIIMX CTPYH M MPHU
HAJIMYMHU MPOAOJILHOTO 3eKTpuyeckoro mois. duddysus 3apsaa sBiseTcs ASCTAOMIU3UPYIOMUM (aKTo-
POM [171s1 KOPOTKHX BOJIH, IPUBOJS K UX HEYCTOUMYUBOCTH. [Ipy yBenMUEeHNN KaK IPOBOAUMOCTU CTPYH, TaK U
paananbHON KOMITOHEHTHI BHEITHETO MO MudGy3us yCHINBaeT HEYCTOMYUBOCTh U JJIMTHHOBOIHOBBIX H3-
rHOHBIX AedopMartuii.

Mpunoxenne. f) = —k?; f, = 2+ 2k% - g(k)i fa :(gex ~&in )2 g(k);

fy =y —(Eex —&in )i fs =3+k*+2f,h(k)+2¢, fgi
f, =8i[1+ h(k)Ja(k)% =1+ g (k) [14k2 +g(K)h(K)]
ex ex
f8:2(1+k2)2—(3+k2)g(k); fg=1-2g(Kk)

fio =1+k? +[1-g(k)+2h(k)]g (k) :
fiz = (Gex —&in )| 1+ K> = g (K) |+ @[ 1- 1—2:‘:ﬂ g(k)|

a=¢gj, 9(k)—ge h(k); g(k)=1+ kllg((k) ; h(k)sl_kKZ(k)

Ki(k)

|m (k) u Km (k) — Moau¢unmupoBaHuele GpyHKIMKM beccenst mepBoro U BTOPOTo poaa; M — a3uMyTallb-

HBIH MTapaMeTp.
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Patoma evinonnena ¢ pamkax memamuiecKo2o niaHa YHUGEPCUMEMA RPU NOOOEPICKe 2PDAHMO8
Pocobpazosanus Ne PHIT 2.1.1/3776 u P@DH Ne 09-08-00148.
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Ilocmynuna 01.10.10
Summary

It is investigated by a theoretical analytical way the bending instability of a charged capillary jet of
viscous dielectric liquids with finite conductivity in a collinear to the jet electrostatic field. It is shown that
realization of the bending instability mostly probable for jets with small conductivity and surface charge dif-
fusion coefficients.
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AHAJIMTUYECKHUE PACYETBI HOHU3AIIMOHHO-IPEA®OBBIX
BOJIH (3D-ctpat) HAHOCEKYH/IHBIX PA3PSA10B
(Onpenesienne KaTOAHOTO MaJeHUsI B HAHOCEKYH/IHBIX pa3psiaax
M0 KOJHYeCTBY BU3YAJTH3UPYOIINXCS MJIa3MEHHBIX CTPYKTYP)

@ .U. Bricukaiijio

QI'Y «Texnonoeuuweckuii UHCMUMYM C8ePXMBEPOLIX U HOBBIX VeTIePOOHbIX MAMEPUATOB,
. Llenmpanvnas, oom Ta, 2. Tpouyk, 142190, Mockoeckas 06.1., Poccus, filvys@rambler.ru

BBenenue. CtpatudunmpoBaHHbIe pa3psabl B raze — HanOoJIee JISTKO HAOII01aeMbIi THIT BOJH B
wiasme (puc. 1). Ectb MHEHUe, 4TO cTpaThl HaOmoaan Dapaeit. Tem He MeHee 10 CHX TIOp OHH HE OTH-
CaHbl B TIOJTHOM 00beMe JTaxke B 0030PHBIX CTAThAX W KHUTaX O BOJHOBBIX sBiIeHUsAX. Ceifuac noHU3amm-
OHHBII MEXaHHM3M CTpaT CUYUTACTCS OOIICTPUHATHIM. J{Jisi HOHM3AIMK ra3a B CBETSAIICHCS 001aCTH CTPaThI
3JIEKTPOHAM HEOOXOJUMO Ha0paTh HHEPrHI0 MOPsAKA MOTEHIMAlla MWOHMU3AIMKA WM TOpSAKa 3HEPTUU
BO30YKIACHUS METaCTa0MIBHOTO YPOBHS, SIBISIOIIETOCS OCHOBHBIM B MPOIIECCE CTYNEHYATOH HOHHM3AIIHH.
IMpu Gonbiux 3Ha4YeHHsX mapameTpa E/N OCHOBHBIM MpOIECCOM MOHU3AIMU SBISETCS MPsIMas HOHU3A-
s, B 1923 r. Xoner u Ocreproun B unctom Ne HaOmronanu, 4To NMPH HEKOTOPBIX YCIOBHSX y KaToJa
CO3/1aBajiach IeNas IOCIIe0BaTeIbHOCTh TEMHBIX MPOCTPAHCTB, 32 KOTOPBIMH PACIIONIaraliuch 00macTu
CBeYeHHs. 30HIOBbIE U3MEPEHHUS [TOKA3aIH, YTO B KaXIOM CIIy4ae [UIMHA TEMHBIX IPOCTPAHCTB COOTBET-
CTBOBaJIa MaJICHHUIO MOTECHIIMAA KaK pa3 B 21,5 BobTa, YTO COOTBETCTBYET dHEeprun noHuzarmu Ne — Iy,
B BosibTax [2]. CrieioBaTenbHO, B 00JACTH TEMHBIX MPOCTPAHCTB MPOUCXOIUT YCKOPSHUE DIICKTPOHOB 0
SHEPTHil MOHU3AINH, 4 B CBETAIIUXCS 00JacTIX — MHTEHCUBHAS MOHU3AIUSA U BO30YXKICHUE PA3ITHIHBIX
JJIEKTPOHHBIX ypoBHEH aToMOB. CBedueHne B0o30YKACHHBIX YacTUI] U HaOIroaeTcsl B cBeTsIIeics obac-
TH cTpatbl. OCHOBHBIM MEXaHU3MOM HOHH3AIMH B YCIOBUSAX ATHX 3KCIICPUMEHTOB ObLIa TpsSMas HOHU-
3amMs aTOMOB Ta3a AJIEKTPOHHBIM yaapoM. Ha Bech cTpatuuiupoBaHHBIN 00beM pa3psia IPUXOAUTCS
nageHue HanpspkeHus Us = N-lye. 3meck N — guciio crpar.

IocranoBka 3amauu. [IpeanonoxuM, yTo HAOIIOAAEMBIA CJIOUCTBIA MOJOXKHUTEIBHBIN CTOIO B
TMOOBIX Ta3aX SBJISICTCS OTPAKEHUEM AIICKTPOJUHAMHUYECKUX U KUHETHMYECKUX MPOIECCOB, MPOUCKOIS-
mux B 00BeMe IIa3Mbl. JTO TPEANONIOKEeHNE a0 OCHOBaHWE B JAHHOHM paboTe BIEpBBIE NMPOBECTH
OLIEHKH KaTOMHOTO TMaJeHUs B CIOMCTHIX paspsaax (CTpaTel) ¢ xapakTepHBIMH BpemeHamu ~ 10 HC u
oonbirmu 3HaueHusiMu E/N = 100-170 Ta. (OxcrniepuMeHTaNbHbIe JaHHBIC IS aHATUTHYSCKOTO UCCIIe-
JIOBaHUsI B3ATHI U3 [1], Te KCIEpUMEHThI MPOBOJMIIUCH B Pa3psie ¢ MIEIEBBIM KATOJOM B IJa3Me apro-
Ha.) CTOJIb KOPOTKHE XapaKTepHbIC BpEMEHA MPOTCKAHUS pa3psiia, OOJNBININE 3HAYCHUS HAPSDKCHHOCTH
ANIEKTPUYECKOTO TOJIS U JABJICHUS B HECKOJBKO JECATKOB TOPP MOJHOCTHIO HCKIIOUWIH B (POPMHUPOBa-
HUM CTpaT BIMsHUE. TP PY3HOHHBIX MMPOILIECCOB MEPEHOCa IIEKTPOHOB H HOHOB, KOHBEKTUBHBIX TPOIIEC-
COB MEPEHOCA HOHOB U M3MEHEeHHE TUIOTHOCTH yacTuil ra3a (N) u3-3a ero HarpeBa. B 3TuxX ycloBHsIX HH-
YTOXHA POJIb MPOIIECCOB CTyMEeHYaTol noHu3anuu. s O6onee ueTkoit Bu3yanbHO# u (oTorpaduyeckoit
perucTpanuy  KONMWYecTBAa CTpaT B paspsagHoM mpoMmexyTke [1] wucmonp3oBajcs HMITYIBCHO-
MEPUOANYCCKUI peskuM paspsiaa ¢ yactorod no0 50 I'u. Takas yactoTa HMOBTOPEHHUsS pa3psiua, ¢ OJHOU
CTOPOHBI, 00ECIIeUNBaET yCUIICHUE CBEUCHHUS CTpaT B ACCITKHU pa3 U, C APYTOH — MOTHYIO peKOMOWHAITHIO
ITa3Mbl U THOETh METACTAOMIIBHBIX YACTHUI[ B MPOMEKYTKE MEKAY HMITyJbCaMd TOKa (32 Bpems
~2-107 ¢). Takue ycI0BHS O3BOJISIOT OIEHNTH roBeaeHne KIT MoTeHIMaa B 3aBUCHMOCTH OT ITapaMeT-
POB HMITYJIBCHOTO pa3psiia 6e3 MpHUBJICYEHUS 30HI0B, BHOCAIINX CyIIECTBEHHBIE Bo3MyIleHns. CoriacHO
yKa3aHHBIM TPEATIONOKEHUSAM, MaJieHNue MOoTeHInanta y karoga U; paBHO MOJHOMY MaJCHUIO HA BCEM
paspsine U, 3a MuHycOM HampspkeHHs Ha o0beMe Tia3Mbl — Us = N:lar. 31ech | — moTeHman nonn3anuu
TPSMBIM JIEKTPOHHBIM yaapoMm aroma aprosa (I = 15,7 B). Otkyna:

Uc=Ur-nlar . 1)

U3 (1) no skcnepuMeHTaNBHO B [1] M3MepeHHOMY MOJTHOMY MaeHUI0 HanpspkeHus U, 1 ycTaHOB-
JICHHOMY TIOJIHOMY YHCIy CTpaT B o0beme paspsia (skenarenbHo, yToObl N ~ win 6osee 10) MoxkHO ore-
HUTH KaTOJHOE MaJeHHe MOTEeHIHajJa U yCTAaHOBUTH XapaKTEePHbIC 3aBUCHMOCTH KaTOAHOTO MaJCHUS OT

© Bricukaiino .., Dnekrponnas o0paborka matepuanos, 2011, 47(2), 45-50.
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OCHOBHBIX apaMeTpOB paspsiia (HampuMep, MOJHOTO MajgeHus HampspkeHus Ur U IUIOTHOCTH YacTHIl
raza N).

JKcnepUMeHTATbHAs ycTaHOBKA. Vccnenyemslii B [1] pa3psa Habmromancst MeXIay aloMHHHE-
BBIMH 3JIeKTpoamMu JnHOH 40 ¢M, yCTaHOBJIEHHBIMHU B pa3psiHON Kamepe Ha paccrosaun 0,6 cm apyr
ot nmpyra. Karon mmen nuwimmHaprueckyo GopMmy AuaMeTpoM 1 ¢cM ¢ Mpope3oM BAOJib HEro IMUPUHON
0,2 cm u ryouHoit 0,6 cMm (puc. 1). Anon B [1] U3roTOBIEH U3 IIOCKOH IJIACTHHBI ITUPUHON 2 CM H TOJ-
muHoi 0,5 cM. M3MepeHue Toka paspsiia ¥ HanpsDKEHHUs Ha PaspsiAHOM HMPOMEXYTKE H3MEPSIINCH C IO-
MOIIBI0 OMHUYECKOTO IIYHTa M KaJUOPOBAaHHOTO AEIMTEINIS HApsDKEHUs. B kauecTBe perucTpupyromux
pHOOPOB HCIONB30BAINCEH JIBYXKaHAJIBHBIA aHaa0roBo-1MdpoBoi npeobpasosarens (ALI), moakiio-
YEHHBIH K TEepPCOHATBLHOMY KOMIbIOTepy, M ocummiorpad Tektronix TD 3032B. IIpoctpaHcTBeHHO-
BPEMEHHBIC pACIpelesIeHHs] ONTHYECKOro W3IYy4YEeHHUs pa3psga PEerucTPUPOBAIUCH C  IIOMOILIBIO
IM3C-matpuupst 1 DY, MOAKIIOYCHHBIX K KOMITbIoTepy. B [1] ObLIM BBIMOIHEHBI SKCIIEPUMEHTAIBHbIC
UCCIIEIOBAHUS DIIEKTPUUECKUX XapaKTEPUCTUK U MIPOCTPAHCTBEHHOW TMHAMUKU ONITUYECKOTO M3ITYUYCHUS
paspsiaa B 3aBUCMMOCTHU OT aMIUIMTY bl HaNpsDKEeHUS Ha 3ekTtponax U, u nasnenus rasa N B kamepe. Bee
U3MEpEeHHsl TPOBOAMINCH B PEKUME HETIPEPBIBHOTO MPOTOKA Yepe3 kamepy pabdodero rasa (apron). Cme-
Ha Ta3a OpoHCcXoamna 3a Bpems < 107 ¢. XapakTepHoe MPOCTPAHCTBEHHOE PACIIPE/ICICHHE ONTHUECKOTO
U3JTyYCHUS U3Y4aloch B OTKPBITOM Pa3psJHOM MPOMEXyTKe (puc. 1,a) 1 B IPOMEKYTKE, OrpaHUYCHHOM
IUDJIEKTPUYECKUMH BKJIabImamu (puc. 1,6).

a o
Puc. 1. Omxpoimouii (a) u ocpanuuennwiti (6) paszpsowt [1]

AHaJIU3 IKCIEPUMEHTANBLHBIX pe3yabTaToB. 13 Tabn. 1 u 2 (HoCTpoeHHBIX B JTaHHOW padoTre
Ha OCHOBAaHHMHU JaHHBIX [1]) BHAHO, 4TO cpeqHuii o paspsaaHoMy npomexyTky napamerp (E/N), u3amens-
ercst ot 80 g0 100 Tx mis otkpeitoro paspsaa u oT 103 go 167 Ta — mns paspsiia, OrpaHHYCHHOIO CIie-
UAJILHBIMHA TUDJICKTPUUECKUMH BCTaBKaMH. Bce 3aBHCHMOCTH OT IapamMeTpoB B OTKPHITOM H OTpaHU-
YEeHHOM pa3psiiaXx KaueCTBEHHO MOBTOPAOTCS. JloJis, MpUXOoAALIascs Ha KaTOAHOE MaJeHUE B OTKPHITOM
paspsijie, MOUTH B J[Ba pa3a yMeHbiaercs ¢ poctoM aasnenus ot { = U/U, = 0,69 mo 0,38 u cnabo ye-
JMYHMBACTCS C YBEIWYECHHEM IIOJTHOTO HANPSDKEHUS MEXKIY DJIEKTPOJaMH. AHAJIOTHYHO UIS OTpaHUYCH-
HOTO paspsaa fois karogunoro nagenus ( mamgaet ¢ U /U, = 0,67 mo 0,48 ¢ u3MeHeHneM JaBiicHUs HEl-
TPAJIHOTO Ta3a B J[Ba pasa.

Kax u3BectHO [3], npy aHOMAaJIbHOM paspsiie MPaKTHYECKH BCe HAIPSDKEHHE MPUXOAUTCS Ha Ka-
TOAHY 007acTh. COrylacHO pacderaM, MPUBEACHHBIM B Ta0d. 1 v 2, HAHOCEKYHIHBIN pa3psin B [1] sBis-
eTCsl IPOMEKYTOUHBIM MKy aHOMAJIbHBIM H HOPMaJIbHBIM paspsaamu. Utak (cMm. tabm. 1 u 2), BepBbie
HOJTy4YEeHBI 3aBUCUMOCTH KaTOAHOTO maneHus Ug U1 HAHOCEKYHIHBIX aHOMAJIBHBIX Pa3psoB:

Uc = &(N,E/N)-U;. 2

Cnengyer OTMETUTh, YTO MPEIOKEHHAsT METOAMKA OMPEEICHUsI KATOAHOrO MaJeHUs HamlpshKe-

HUS [0 IJIOTHOCTH KOJIMYECTBA CTPAT B HAHOCEKYHAHBIX PA3psAax ¢ MOJIBIMUA KaTOJAMHU, B paMKaX OJIHO-

MEPHOM MOJIENH, C IIJIOCKOCTHOM CUMMETpPUEH OIpaHUYUBAET BEJIMYMHY KaTOAHOIO MAJECHUS CBEPXY, TaK

KaK B MOJENIM TPEIoiaraeTcss MajbiM pa3Mep OOJacTH TMaJeHUs HalpsyKeHHWs Ha CBETSIICHCS 4acTh

CTpaThl. YUET XapaKTepHOrO pa3Mepa CBETAIIeHcs 00JacTh MpHUBEAET K YMEHBIIEHUIO KaTOJHOTO Taje-
HUS 1 COOTBETCTBEHHO K YMEHBIIICHHUIO MapaMeTpa &.
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Tabruya 1. [lapamempol omkpuimozo paspsda 8 apeone, paccyumannvie coanacto [1]

U, N,10% | n | U, B | U=U-Up,| (EN),| J3,10° | 14,10"] ne,10Y| ry, 107 T,

B M3 U.J/U, Tn AlM? M M3 M 10%%
380 33,0 | 10 | 157 223 79 71 6,0 7.7 4,3 100
680 330 | 13 | 205 ?1'755? 103 25,0 4,6 21 3,0 60
490 495 | 15 | 236 252 793 | 420 4,0 45 2,8 100
660 495 | 19 | 298 %gzl 100 22,5 3,2 20 2,0 70
680 66,0 | 22 | 345 (:?335;1 87,1 16,3 2,7 16 18 35
700 759 | 24 | 377 %gg 82,7 18,5 2,5 19 1,8 40
770 82,5 | 30 | 471 %'9:9: 95,1 20,8 2,0 19 1,2 50

Tabnuya 2. Iapamempul o2panuienno2o paspsaoa 6 apeome, paccuumanhvle co2nacto [1]

U, | NJIO? | n | U, | U=U-U, B| (EIN), | J,10° | 15,107 | n,10" | r,10° T,
B M3 B ¢ =UJU, Tn Al® M M3 M 10°%
720 | 330 | 16| 251 469 127 | 475 | 37 3,3 15 20
0,65
1000 | 33,0 | 21| 330 670 167 | 206 | 29 11,4 1,3 10
0,67
800 | 495 | 24| 377 423 127 [ 625 | 25 4,4 1,0 20
0,52
1200 495 | 30| 471 729 159 | 275 | 20 15,8 0,9 7
0,6
700 | 66,0 | 26| 408 292 103 | 51 2,3 4,3 15 50
0,41
1000| 66,0 | 33| 518 482 131 | 225 | 18 15,4 0,76 20
0,48

AHAINTHYECKHE PACYeThl HOHU3AIUOHHO-ApeiidoBbIx cTpykTyp (3D-cTpar). B aTOM pasne-
Jie QaHATMTUYECKU MOJIeTHpyeTcsi oOHapykeHHas B [1] cTpykTypu3aius HaHOCEKYHIHOTO paspsiia ¢ 1o-
JBIM KaToAoM (CTpaThl) B aproHe. Jloka3pIiBaeTcs, 4TO CTPaThl B HAHOCEKYHIHBIX pa3psiiaX 00yCIOBICHBI
IpeiihoM SIIEKTPOHOB M MPSIMON HOHM3AIMEH IEKTPOHHBIM YIapOM U ITO3TOMY SBIISIOTCS HOHM3ALUOH-
Ho-npeiipoBbiMu BostHamu (puc. 1). Kak ormedanock B [1], paspsia npoucxoauia Mexay HITHHAPHYE-
CKHM KaToJIOM C MPOpe30oM BIoJb Hero muprHoi 0,2 cM u riryounoit 0,6 cM, yCTaHOBJICHHBIM Ha pac-
crostaun 0,6 cm ot anona (cMm. puc. 1). M3mepeHust IpOBOJHINCH B PEKUME HEIIPEPHIBHOTO MPOTOKA ap-
TOHa Yepe3 Kamepy.

[TapameTpsl CTpaT B 3aBUCHMOCTH OT aMIUIUTYAbI HANPsDKEHUS Ha dnekTponax U, 1 JaBieHus ra-
3a N B kamepe MpuBeACHBI B Tabmuiax: 1 — ans ciayvas cBoboanoro paspsaaa (puc. 1,a) u 2 — paspsna,
OTPaHMYEHHOTO MUIJIEKTPUUECKUMH BKIaabImaMu (puc. 1,6). 3mech N — 4ucio cTpar B 00beMe pa3psiIHo-
ro mpoMexyTka, la — sxcrepumenTanibho B [1] oOHapykeHHOE paccTosiHue Mexay crpatamu (puc. 1).
[Tpu MozmenupoBaHUH TMPEAIIONIArAIOCH, YTO HA OJHOW CTpATe MPOUCXOIUT MaCHNUE HATPSUKSHUS, PaBHOE
(He MeHee) TOTeHIIMATy MOHM3allMK aroma aprona, — 15,7 sB. Kak orMmeuanmoch, cpeiHHe 3HAYEHS
(E/N), B pa3psmHOM NpPOMEXKYTKE PACCUMTAHBI B IPEINONIOKEHUH OAHOPOAHOCTH pa3psna, TO €CTb
(E/N), = (Ex/N). Cornacuo Tabn. 1 u 2, cpennuii no npomexxytky napamerp (E/N), usmensiercs npu us-
MEHEHUH TapaMeTpoB (naBieHns raza N ¥ HanpspkeHHs Ha MEXIJIEKTPOIHOM npomexyTke Uy) B ciydae
cBoOomHOTOo paspsaaa ot 80 go 100 T, a B cirygae orparmdeHHoTo paspsanaa — ot 103 no 167 Ta. B nano-
CEKYHJIHOM pa3psiJic aproHa mpy aasiaeHusx nopsaka 20 Topp ¢ takumu napamerpamu (E/N), BHyTpenHuE
HOJISL ONPEJEISIFOTCS. TOJIBKO MOHU3AIMEH TPSIMBIM JIEKTPOHHBIM YAApoM M Ipeii(oBBIM TepeHOCOM
JJIEKTPOHOB B JIEKTPUYECKOM I10J1€, (POPMUPYEMOM 00BEMHBIM 3aps0M HOHOB, TO €CTh HaOJII0gaeMble B
[1] cTpathl sBISAIOTCS MOHM3AUUOHHO-APeiioBBLIMH BOJTHAMM, a HEe AH(D(DY3MOHHO-MOHU3AIMOHHBIMH,
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KakK OIMMOOYHO rmomaraercs B [5] u apyrux paboTax IO HCCIEIOBAHUIO CTPAT, BOCXOIANMX K paboram
Knspdenbaa u JIenrmiopa.

AHanuTH4YecKasi MojieJib HOHN3auuoHHo-apeidoBbix 3D-cTpaT. JJokasbiBaeTcs Ha 06a3e dKc-
nepuMeHTOB [1], 9To cBeTsMecs 00JIacTH CTPAT B HAHOCEKYHIHOM paspsie B aproHe 3apspKeHbI MOJI0-
KHUTENBbHO. B MOMOXKHUTENBHO 3apsuKeHHBIX crostx mapametp E/N mo teopeme T'aycca mocturaer Makcu-
MaJIbHOTO 3HAYCHUS Ha Mepuepun 3apsuKEHHON CTPYKTYpHI (pHc. 2, sl OMHOPOIHO 3apsXKEHHOTO Mpsi-
MoyronbHUKa: Eyy, = plyy . /2€p). [To3TOMy MakcHManbHOTo 3Ha4E€HHs 4aCTOTAa HOHU3ALUHU Ta3a V; (3KcIo-
HeHIuansHO 3aBucsamasn ot E/N) mocturaer Ha nmepudepun 3apsHKeHHON CBETAIIENHCS CTPYKTYpHI (pHc. 2,
4epHble NMpsAMoyroabHuKH). Hammuaune npononshbix (Ex) u monepeunsix (Ey, E, wu E;) snexTpruueckux
noJieil B 00JIaCTH IMOJIOKUTENBHO 3apsSKEHHBIX KOHEUHOMEPHBIX 3D-CTPYKTYp B IIa3Me C TOKOM TPUBO-
JTUT K KyMYJISIIIAU TTIOTOKOB AJIEKTPOHOB U3 00JIACTH C TOBBIMIEHHOW YaCTOTONH MOHHM3AIMH U (POPMHPOBa-
U0 POKycoB (T. Ly, puc. 2) Mex Iy MOJOKHUTENBHO 3apsHKEHHBIME ciiosiMu. B T. Ly KoHIIeHTpanus mias-
MBI, U3-32 KYMYJISIIUU 3JCKTPOHOB, OINpeIenseTcs nepudepuiiHOi HOHM3ANMEH ra3a, a He CPeIHUM 3Ha-
gyeHueM napamerpa (Ex/N),. Touku ¢okycoB 3a 3apspKeHHBIMHE CTPYKTYPaMU SIBISIOTCS aHAJIOTaMH TOUEK
nubparuu (KyMyJIsIiiu) B 3amaue Diinepa u Jlarpamka [4]. B 3apsHKeHHBIX CBETSIIMXCS CTPaTax COOTHO-
[IEHUE MPOIOJIBLHBIX pasMepoB ly 1 momepeunsix |, paBHO OTHOMICHUIO TIPOIOIBHBIX U IPEi(OBBIX CKOPO-
CTel 3MeKTPOHOB, hokycupyromuxcs K Ly, To ects Ey/E, = |i/l;. 3Has nu3 Busyaneubix Habmoaenuit |/l u
Ex u3 »okcmepuMeHrta, omneanM E, w dacrtoty mnepudepuiiHON HWOHM3AIWH, OIpeaeIIeMyIo

|EX + Er|/ N ~E, /N (puc. 2): I/ly mas orkpertoro paspsna (puc. 1,a) nopsaxa 9+10, a 11 orpaHuYeH-
Horo I /ly — ue 6onee 5+6 (puc. 1,6).

Ly

Puc. 2. Cxema Kymyisyuu nOMOKO8 DIeKMPOHO8 6 00IACMU  NOJOACUMENLHO — 3APSAHCEHHBIX
3D-cmpykmyp — cmpam [4]. Yepnvimu npamoyeonvhukamu ommeuenvl nepugeputinvie odoaiacmu noebvl-
wennou uonuzayuu yacmuy eaza. Poxycuvl Ly sensiomes ananocamu moyex aubpayuu (kymyrayuu) Jla-
epamxca, omxpoimoix Jiliepom 6 1769 a.

B ciyuae chepudeckoil WM LMIMHIPHYECKONH CHMMETPHU IHBEPIreHLHs [OTOKA, HAIpHUMeEp
JJIEKTPOHOB,

divd = d(J)/dr + kJ/r, (3)
rae K = 2 wn 1 coorBercTBeHHO. Unen KJ/r, 00ycroBieHHbIH KyMyJIsIIUeH TOTOKA, MOXKET 00ecIeunBaTh
3aMETHBII BKJIaJ B OaJTaHC HCTOYHMKOB M CTOKOB YacTHIl B (hokycupyromemcs notoke J (puc. 2) B Touke
¢okyca [4]. VI3 cpaBHEHHS YIICHOB, ONMPEACIIAIONIAX POXKAECHUE YacTUIl B moToke (Q = Ngv;), ¢ uaeHOM
kJ/r, oTBeTCTBEHHBIM 3a IMpomecchl (HOKYCHPOBKH (KyMYJISILIUK), MOXKHO OLIGHHTH pa3mep (okyca camo-
(hokycHpoBKH ApeiioBoro motoka snekTpoHoB (puc. 2) [4]: re = kJ/Q. g HaHOCEKYHIHOTO pa3psa:

r'e = kVelvi = Klai. 4)

3nmech Ve — ApeiidoBas cKOpOCTh 3JEKTPOHOB, Vi — YACTOTA MPAMON HOHHU3AIUH DIICKTPOHHBIM
yaapoMm, o;— epBeiii ko3 durent TayHcenna, Ne — KOHIEHTPAIMS SIEKTPOHOB. 3aBUCHMOCTD oi/N [uist
aprona Bo3pbMeM u3 [6]. Eciu mpeHeOpeus pasMepamu CBETSIICHCS 00JaCTH 10 CPaBHEHHUIO ¢ 00JIaCThIO
KyMYJISILIUK, TO JOJDKHO BBIMOJHSTHCS CIEHyIolIee COOoTHOIeHue: 2k = |o. PacueTHble 3HaueHus st
re = ry (mpu kK = 1 u ai(Ex/N)p), T0 ectb 6e3 yuera nepudepuiiHoit HOHU3AIMHK, IPUBEICHBI B Ta0I. 1 1 2.
W3 Tabn. 1 BugHO, yTo O3 ydera nepudepuitHoN HOHU3AIMH PAacUeTHbIC 3HaUCHUS (JOKYCOB 2I'; TOUYTH B
10 — 16 pa3 npeBbIMIAOT NPOAOIbHBIC pa3MEPhl PeabHBIX CTPAT |, HAOTIOTaEMBIX B OTKPBITHIX Pa3psaax
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[1]. DT0 pacxokmeHne MOKHO OOBACHUTE TOIBKO 3D-3ddekToM, cBa3aHHBEIM ¢ mepudepuiinoii HoHu-
3anMeil B 3apsisKeHHBIX MOJI0KUTETbHBIM 3apsiioM cBeTanmxcst 3D-cliosix ¢ KOHEYHBIMH pa3MepaMu.

DNeKTpOHBI, POKACHHBIC HA IepU(EepUH B O0IACTH CYIIECTBEHHBIX ITONIEPEUHBIX 3JEKTPHUCSCKUX
nosiel, GOKyCHPYIOTCS STHMH MOJSIMU K IIEHTPY TUIa3MEHHOM JIMH3bI WK e€ QoKycy (puc. 2) U B AECATKA
pa3 yBennuuBaroT 3(h(HEeKTUBHYIO HOHU3AIMIO YACTHUI] Ta3a B o0nacTu paspsaa. Eciu ans oueHku ¢Gokyc-
HOTO paccTosiHus Takoi 3D-1ta3MeHHOMN JIMH3BI I'F, B YCIOBUSIX Y3KHX (LIMPOKHMX) CTpaT, B KAYECTBE OC-
HOBHOTO mapamertpa B3aTh E/N co snauenuem E, = (I/1y) Ex B necsath pa3 6onbuum, yem Ey, To npu che-
prueckoit cummerpun g = 2Velvi = 2/a;, cormacuo [6], rp ymensimurcs B 36 pas. Eciau yuecTb oTHOCH-
TENLHBINA 00bEMHBIN BKJI]] B HOHU3AINIO Mepu(EepuitHbIX 001acTel, HanmpuMep KodddumnmreHrom 1/2, to
MOYKHO TIOJYYUTh XapaKTEePHBIH pasMmep 2r,, COBMAAAONINN ¢ U3MEPEHHBIMU 3HAYCHUAMHU | 17151 HAHOCE-
KYHJTHOT'O OTKPBITOTO pa3psijia B aproHe.

JleiicTByeM aHAJIOTHYHO B Cilydae paspsia, OTpaHMYEHHOTO AM3JIEKTpUKOM. be3 yuera mepude-
puiiHO# noHM3auu (Tabu. 2) pacyeTHbIe 3HaUeHHs (POKYCOB 2r; moyTh 8 — 12 pa3 mpeBbIMIAOT TPO0IIb-
HBIE pa3Mepbl peanbHbIX cTpaT la, HaOmomaemeix B [1]. Ecmu  jans  onenku  (HOKycHOTO
paccrosiHus I Takod 3D-1ma3MeHHON JIMH3BL, B YCIOBUAX Y3KUX U IIUPOKHUX CTPAT, B KAYECTBE OCHOBHO-
ro mapametpa B3aTh E,//N co snauenuem E, = (I/ly) Ex B st pa3 6onbiiuM, ueM Ey, To u B 3TOM ciiydae
re= 1/0;, cornacHo [6], ymenbmmres B 10 pa3. Ecnu yuecTh OTHOCUTENBHBINA 00BEMHBIN BKJIa] B HOHU3A-
o epudepuiiHepIX obnacTeid, HarmpuMep KoddduimentoM 1/2, TO MOXKHO MOJAYYUTH XapaKTEPHBIH
pasmep 2r,, COBMANAIONINIA ¢ SKCIEPHUMEHTAILHO U3MEPEHHBIM | [UIS Cllydyast OrpaHUuSHHOTO pa3psijia B
aproxe.

TakumM 00pa3oM, Kak B OTKPBITBIX, TaK M B OTPAaHUYCHHBIX paspsjax rnepudepuitHas HOHU3AINS,
¢ yuerom mapametpa E,/N, B mecssTku pa3 mpeBBIIIaeT HOHU3AINIO, PACCUUTAHHYIO B paMkax 1D-momeny,
HE YYHMTBIBAIOIICH (POPMUPOBAHHE KOHCUHOMEPHBIX 3apSDKCHHBIX IUIA3MEHHBIX CTPYKTYp ¢ nepudepuii-
HOW WOHHM3alMeld ¥ KyMyJsiued T[OToka OJIeKTpoHOB B ¢okyce L;. M3 aHamuTHueckoro
3D-MoaenupoBaHus CIEAyeT, YTO BO3MOKHBI [Ba THIA CTpar (M KaTroAHbIX msaTeH). K mepBomy Tumy
MOXHO OTHecTH CTPYKTYphI ¢ /Iy = 1 (perynspHbie CTPYKTYpbl, c(hOPMUPOBAHHBIC M3 IILTMITHYSCKUX
CTPYKTYP, — JAUHElHbll NAasMeHHbll noaumep), a ko Bropomy | /ly >> 1 (y3kue cTpaThl — perynsipHbie
CTPYKTYpHI, CHOPMHPOBAHHBIE M3 TUNIOCKOCTHBIX PE3KO HEOJHOPOJIHBIX Y3KHX 3aPSKCHHBIX CIIOEB, — HI0-
CKOCMHOU NIA3MEHHbIL NOTUMED).

3akawuenne. Briepseie mo konmuectBy crpat (N ~ 10) B oObeMe paspsiga OLEHEHO KaTOTHOE
naJieHue TOTeHIANla B HAHOCEKYHTHBIX pa3psjaax. Y cTaHOBJIECHO, uTo oTHocHuTenbHas aois KI1 B HaHO-
CeKyHIHbIX paspsgax B [1] C siBisiercst QyHKuUMe#H NaBieHWS W HampsHKEHHs Ha paspsiae. BenmunHa
&(N (E/N),) nagaer o6paTHO nmpomnopunoHansHO Aasiaenuto rasa ot 0,69 no 0,38 u cnabo pacrer ¢ ysenu-
YEHUEM TIOJIHOTO HAMPSHKCHUS HA MEXDIICKTPOIHOM IMPOMEKYTKE, YTO COOTBETCTBYET KIACCHYECKUM
UCCIICIOBAHUSIM aHOMAJIBHBIX pa3psnoB [3]. B cOOTBETCTBHM C MPOBEICHHBIMHU OIIEHKAMH OIPEICIICHBI
s¢dekTuBHbIC cpenHue 3HaueHUs nmapamerpa E/N B oObeme mia3mbl B 3kcniepuMenTax B [1]. D1tu 3Haue-
HUS JUIsl OTKpBITOTrO paspsaa usmenstorcs oT 80 mo 100 Tx, a mist orpannyerHoro paspsaa — ot 100 mxo
170 Tx (rabm. 1 u 2). YBenuueHne HaIpsOHKEHHS Ha paspsjie U YMEHBIIEHHE HaBlICHHS Ta3a IMPHUBOIAT K
YCHJICHUIO aHOMAaJIbHOCTU HAaHOCEKYHTHOTO pa3psia.

B pabGore aBropa pa3sBesH MU O HEUTPANTbHOCTH IUIA3MEHHBIX CTPYKTYP H OOCYKICHBI
3D-sByieHMs, K KOTOPHIM MPUBOJHUT AaXe CNaboe HapyIICHHUEe HEUTpambHOCTH. J[0Ka3aHO, 4TO CTpaThl B
HAHOCEKYH/IHBIX pa3psiiax 00YCIIOBJICHBI MPOIECCOM NPSMON HOHMU3AIUH dJICKTPOHHBIM YAapOM aTOMOB
aproHa, Ipei(OBBIM CHOCOM 3JIEKTPOHOB M (POPMHUPOBAHHEM HEOAHOPOIHBIX MOJOXKHUTENBHO 3apsiKeH-
HBIX TUIA3MEHHBIX cBeTsAIuxcs 3D-cTpykTyp, dhokycupyronmx B Gokychl (T. L;) 3MeKTpoHbI, poXkKaaecMbie
Ha Tiepu(epur MOJI0KUTEINHHO 3apsHKEHHBIX CTPYKTYp. M3-3a nokanuzanuu Ha nepudepur HanbombIei
HAIPSHKEHHOCTH DJICKTPUYECKOrO MoJis (MONEepeyHOi MOTHOMY TOKY) mnepudepuiiHas HOHH3AIMs B Je-
CSITKH Pa3 MPEBOCXOAMT YaCTOTy MOHU3ALMH B LIEHTPE 3apsUKEHHBIX CTPYKTYp. JloKa3aHo, YTO CTpaThl B
HaHOCEKYHIHBIX pa3psA/iax ABJISIOTCS MOHU3ALMOHHO-Apeii(oBbIMU BOJHAMHU € 00bEMHBIM 3apsiioM,
XapakTepHbIe MPOJOJIBHBIE Pa3Mepbl KOTOPHIX OTIMYHO OIMCHIBAIOTCS MEPBBIM Kod(pdumueHToM TayH-
cenza (cm. (4)). Cornacho (4), XapakTepHbIii pa3Mep CTpaThl 00paTHO MPONOPLUOHATICH JaBICHUIO ra3a u
napametrpy E/N, urto cormacyercs ¢ oskcnepumentamu [1] (em. Tabn. 1 u 2). B omHOMepHBIX
1D(X)-Momensax, He OrpaHMYEHHBIX TI0 Y U Z, ¢ IFIOCKOCTHON CHMMETpPHEH, BOCXOMAIUX K pabotam JleH-
rmiopa u Kispdensaa, coBepuieHbl 00K, 00YyCIOBICHHBIE HE YUETOM PEaIbHBIX Pa3MEpOB 3apsizKeH-
HBIX cTpaT u popmupoBanuem ¢GokycoB (T. L;). DTH ommOku 0O0YCIOBICHBI HE YYETOM XapaKTEPHBIX
pa3MepoB 3apsKEHHBIX CTPYKTYP, MOBTOPSIIOTCS BO BCEX paboOTax, B TOM 4Kcie U B [5], MOCBSIIEHHBIX
OIMCAHUIO Ta30pa3psIHBIX CTPaT, KaKk HEHTPaJbHbIX HOHU3AIMOHHO-AH((Y3MOHHBIX BOJH, TaK H
ctpart B 3¢ ¢ekre ['anHa B MOTynpoBoAHMKAX. B 0IHOMEPHBIX MOAETSIX, BOCXOAALIMX K OJHOMEPHOH MO-
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nenu Jlenrmropa, poKycHOE pacCTOSHHUE IUIA3MEHHBIX JIMH3 CTAHOBUTCS PaBHBIM O€CKOHEYHOCTH U KyMy-
JSTUBHBIC siBICHUS (T. L;) McUe3aroT, 4YTO MPUBOMT K OMIMOKAM B pacdyerax MepruooB KoiebaHuil B CTpa-
Tax B ra3opaspsaaHoi mia3Me u B agdexre 'aHHa B OIyIpOBOIHUKAX.

PaGora BbimosHeHa mnpu ¢uHancoBoil mogaep:ikke @III «Hayunble M Hay4dHo-
nejarornyeckue Kaapbl HHHOBAMOHHOI Poccuu», mpoekt 2010-1.1-124-014-006.
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Summary

In the nanosecond discharges with a glottis (slot) cathode in the argon plasma to monitor the total
number of stratum’s in the discharge gap — n ~ 10 estimated values of cathode fall (CF) and investigated
CF from the discharge parameters. 3D-stratum’s of nanosecond discharge with glottis cathode in argon
(discovered in experiments) was modeled analytically by author. We prove that the stratum’s in the nano-
second discharges appear due to the drift of electrons and the direct electron impact ionization and are
therefore the ionization-drift waves. Drift of electrons leads to: the formation of positively charged
layers of space charge, a significant increase the role of the peripheral ionization and cumulation of
electrons in the plasma focus — L;. The plasma focus L; similar to the Lagrange libration points — L,
opened in 1769 by Euler.
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TECTUPOBAHHUE MATEMATH‘IECKQﬁ MOJIEJIN
JJIEKTPOPA3PATHOI'O BO3AEUCTBUA
HA BA3BKHUE OTJIOXKEHUA
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HUnemumym umnynvchvix npoyeccos u mexnonoeuu HAH Yxkpaunsi,
np. Oxmsabpuvckuil, 43-A, 2. Huxonaes, 54018, Vkpauna, 1ipt@iipt.com.ua

Beenenue

B mpouecce skcmyatanuy BOASHBIX, HE(TSIHBIX, a TAK)KE HarHETAaTENbHBIX CKBAKHH MPOUCXOIUT
CHIDKEHUE MX MPOM3BOIAUTENBHOCTH. JTO MOXKET OBITh BBI3BAHO pa3HOro poja npudauHamu. OnHa U3 HUX —
KOJIbMaTHPOBaHKE ITOPOBOTO MPOCTPAHCTBA U NMeP(OPAIHOHHBIX OTBEPCTUH XPYNKHUMHU U BSI3KUMH OTIIOXeE-
HUSIMH. {71 OYMCTKH MOPOBOTO MPOCTPAHCTBA OT 3arpsS3HEHHH NPUMEHSIOTCS Pa3IMuHble METObI AEKOJIb-
MaTalyu, OJJHUM M3 KOTOPBIX SIBJISETCS AJIEKTPOPA3PSAHBIN (JIEKTPOTrHIPOUMITYIILCHBII) crocod, pa3pabo-
TaHHbI B IHCTUTYTE UMITYJIbCHBIX TporieccoB u Texuonoruii (MUIT) HAH Vkpaunsi (r. Hukonaes) [1].

AHaau3 npoojemMsl

B UUIIT HAH VYkpauHbl NPOBOIUIUCH U MPOJIODKAIOTCS dKCIEPUMEHTATbHBIC paboThl [2-4], a
TaKke paboThl C UCIOIB30BAHNEM MAaTEMATHIECKOTO MOAETUPOBAHUS [5—7] MO UCCIEeIOBAHUIO DIIEKTPOpas-
PSAHOTO BO3MEHCTBUS HAa MPU3a00HHYIO 30HY CKBaKMHBI. V3 TEOpeTHUYECKHX B MEPBYIO O4Yepelb CTOUT OT-
METHUTh PabOTHI IO HMCCIEIOBAHHMIO IEKTPUYECKUX XapaKTEPUCTUK M TUHAMUKM KaHaja 3JIEKTPUYECKOTO
paspsiga [5], paccMoTpeHre THAPOIUHAMUYECKUX TIPOLIECCOB B CKBaXKHHE [6] M mpoIteccoB B mpru3aboiHON
30He [7] mpu A1EKTPOPa3psIHOM BO3ICHCTBHH C LEIbIO ICKOJIbMATAUH CKBAKUHBI OT XPYTKHUX OTIOKCHUH.
JI71st TIOTHOTBI OXBaTa TUIIOB OTIIOKEHUIT aBTopaMu [8] paccmaTpuBaIich IpOLECCHl, NPOUCXOISIIHNE B Iep-
(OpaLMOHHBIX OTBEPCTHSAX CKBAXKHMHBI, 3aIIOJIHCHHBIX BA3KMMHU OTJIOXKEHUSMH U CKBaXMHHOU >KHIKOCTBIO
MIPU JEKTPOpa3psaHOM Bo3aeicTBrr. OHAKO, KaK U3BECTHO, MPU BCEX IMOJIOKHUTEIBHBIX KauyecTBaX Mare-
MaTHYECKOTO MOJAEIMPOBaHMs, TAKMX, KaK OTHOCHTEIBHO HEOONbLINE BpeMEHHbIE U MaTepHajbHbIE 3aTpa-
TBI, OHO B CBOIO Oo4epenb TpeOyeT TIATeIbHON IPOBEPKH COOTBETCTBUS MaTEMaTHIECKOM MOJICNIN pealbHbIM
YCIIOBUSIM, TO €CTh TIPOBEJICHUS €r0 TECTUPOBAHUSI.

B cBs3u ¢ 3TUM 1eab padoThl — TECTUPOBAHNE MATEMAaTHUECKONH MOJENHU 3JEKTPOPa3psSAHOrO BO3-
JEeWCTBUS Ha BSI3KUE OTIIOKEHUS B IEeP(OPAIIOHHBIX OTBEPCTHAX CKBAXKHHB.

OcHoBHaf 4acThb

ITpoBepky (TecTHpPOBaHME) MATEMAaTHYECKOW MOJIEIH MOXHO OCYIIECTBHTh HECKOJIBKUMHU CIIOCO0a-
Mu. CpaBHUTH pe3yIbTaThl YUCICHHOTO MOACIHPOBAHU: C PE3yJIbTaTaMy, MOJyYeHHBIMU IPYTUMH aBTOpa-
MH B XOJl¢ YMCJICHHOTO 3KCIIEPUMEHTA; C 3KCIIEPUMEHTAIbHBIMU JaHHBIMU JIPYTUX aBTOPOB; C JaHHBIMHU,
MOJYYCHHBIMH B XOZI€ CIIEIUAILHO TIOCTABJICHHOTO YKCIIEPUMEHTA.

ABTOpBI peIInIN IPOBECTH TECTUPOBAHKE BCEMH TMPEIaraéMbIMHU CIIOCOOAMH.

Mamemamuueckana mooeny npoyecca INEKMPOPAIPAOHO20 6030€liCINEUA HA 6AZKUE OMIONHCCHUS
6 nepgopayuonHBIX OMEEPCMUAX CKEANCUHDI

Maremarndeckasi MOJIENb MPOLECCa AIIEKTPOPA3PSITHOTO BO3ACHCTBHS Ha BA3KHE OTJIOKEHHS B TEp-
(OpaIMOHHBIX OTBEPCTHSAX CKBAXKUHBI paHee ObUTa omyOimKoBaHa B [8], 37ech MBI KpaTKO HallOMHHM OC-
HOBHBIE COCTABIISIIOIIUE €€ YPABHEHMUSL.

Mogenb cocTouT u3 Tpex 050koB. [lepBblil OJIOK OMHCHIBAaET MpOIecChl B KaHaje paspsja. Bropoii
OJIOK paccMaTpUBaeT MPOLECCH B CKBAKUHHOM KUIKOCTH OT KaHaJla pa3psiaa 10 BXOJHON rpaHuLbl nepdo-
pauroHHOro OoTBepcTHs. B TpeTrhem GiioKe MCCIeayIOTCs MpoLecch B NMep(OpalOHHBIX OTBEPCTHAX CKBa-
JKHMHBI, 3aTI0JTHEHHBIX BS3KHMH OTIIOKEHUSMHU H CKBAXKUHHOH JKUIKOCTBIO.

VYpaBHeHus1 nepBoro Oinoka Matemarudeckodl monenu (1)—(4), KoTopble COOTBETCTBYOT MOJEINH,
npuBeIeHHOH B [9], onHCcHIBarOT poIeccH B pa3psiiHOM KOHTYpE U B KaHaJIe pa3psaa:

L(;—![+I(RK+RKH)+q3/C:Un, (1)

e | =dq, /dt.

1
[ )

K

d(peS,) 1, S

= I°R
dt y-1 ° dt :

© Cwmupnos A.I1., XKekyx B.I'., [Tokionos C.I'., Diextponnas o6pabotka matepuanos, 2011, 47(2), 51-58.
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_po d7s, In 0 pe (S,

Pk = -

2n dt> |\ S°° ) 8xS \ dt ) ®)
R Al (y-1)

KH . 4
pKSK ( )
3meck | — Tok paspsina, A; L — HHIyKTHBHOCTB diieKTpruecKoi memu, I'H; C — eMKOCTh KOHICHCA-
TopHo# Oatapen, @; U, — HanpspKeHNE K Hadaly KaHaIbHOU ctanuu, B; R, — compoTuBieHne KaHaia paspsi-
na, OM; R, — cOmpoTHBIICHNE IIMH PA3PSAAHOTO KOHTYPa, OM; (, — anekTpuueckuii 3apsa, Ki; | — niauna ka-

Hama paspsia, M; Px — JaBicHAE B KaHane, I1a; S — IUIOmMags MOMEPEdHOr0 CEUCHHs KaHANa Paspsiia, M
v — a¢peKTHBHBII MTOKa3aTeNb anuabaTh ITyaccoHa; pg — IIIOTHOCTb MOKOSIEHCS KHUIKOCTH, Kr/M>; t — Bpe-
wmst, ¢; A=10° — nckposast mocrosinHasi, B2.c-m™

st onvicaHusl THAPOANHAMHYECKHUX MPOLECCOB B CKBAYKHHE HCIIOJIB3YETCsI OTHOMEPHOE BOTHOBOE
ypaBHenue [10]:

2 2
[oN0) N 10p 1 0%
A2 T Ay A2 A2
o roar ¢t (%)
rac ¢ — noTeHIMual CKOpOCTeﬁ JABWXKCHUA )KUIKOCTH, MZ/C; r— MMPOCTPaHCTBCHHAA KOOPAWHATA, M, Cg — CKO-
POCTB 3ByKa B CKB&KMHHOMN KHMIKOCTH, M/C.
'MapoMHAMUYECKHUE TIPOLECCHI B NEP(OPALIMOHHOM OTBEPCTUH, KOTOPOE 3AIOIHEHO BA3KOH JKHIKO-

CTBIO (TpeTuil OJIOK MaTeMaTHYeCKOH MOJENH), OMKUCHIBAIOTCS cucTeMoit ypaBueHuit (6)—(8) [11]. 3ambika-
€TCs CHCTEMA ypaBHEHHEM cocTossHus B hopme Tarra (9):

op . B
E—I—le(pV)—O, (6)

div(pv )= 2 IPVe PV, 3
rac p - r ar az ; P — IJIOTHOCTH XUAKOCTH, Kr/M N Z— MIPOCTPAaHCTBCHHBIC KOOPAUHATHI,

M; V; — pamuaigpHas COCTABIISIONIAs CKOPOCTH JKUIKOCTH, M/c; V,— oceBas cOCTaBIISIOMAs CKOPOCTH JKUJKO-
ctu, m/c.
oV oV oV 10P oV, 10V, 0%V, V
V-V, =tV Sttt | (7
ot or 0z p or or ror oz r

. 2 .
IJie V— KHHEMAaTHUECKUH K03 PUIIUEeHT BA3KOCTH, M“/c; P — MaBJieHHE B )KUAKOCTH, [1a.

oV, oV, ov, 1oP (0%, 10V, oY,
+V, +V, =tV e+ — |, (8)
ot or 0z p 0z or ror oz

k.

P=B|| 2| -1]|+P
Po '

©)

rae Py — JaBieHre HEBO3MYILIEHHON KUAKOCTH, [1a; B, k. — mapamMeTpsl, XapaKTepUu3ylolue KUIKYIO Cpeay.

C y4eToM CTPYKTYphI JaHHOW MAaTeMaTU4YeCKONH MOJEIHM U TOTO, YTO BBIXOJIHBIC IMapaMeTphl OJHOTO
0JI0Ka ABISAIOTCSA BXOAHBIMH MapaMeTpaMy APYToro, ObLTO MPHHATO PelleHHe BHIIOIHITh TECTHPOBAHUE TI0
BBIXOJIHBIM JJAHHBIM Ka)JIOTO 0JI0Ka MOJICIIH.

Tecmuposanue nepeozo 610Ka mamemamuieckoii Mooeau

TectupoBanue nepBoro 6JI0Kka MaTEMAaTHIECKONH MOJIEIH, KOTOPBIH OIHMCHIBAET MPOIIECCHl B pa3psiji-
HOM KOHTYpE W KaHaJe pa3ps/a, MPOBOAMIOCE B JBa dTara.

Ha nepBoM 3Tarne ObLIO BBITIOIHEHO CPABHEHUE PACHEMHBIX U IKCHEPUMEHMATbHBIX IAEKMPULECKUX
Xapaxkmepucmux, NoIY4eHHbIX 8 pe3yibmame CHeyuaibHo NOCMABIeHH020 dKcnepumenma. HadansHble ma-
paMeTpHI pa3psAHOTO KOHTYpa SKCIIEPUMEHTAIBHON YCTAaHOBKM OBUTH CIIEIYIOMIMMH: HaMPSDKEHUE 3apsiTHOe
U,=25 kB; emkocth koHaeHcaTopHOW Oatapen (C=1,93 Mk®D; amuHa MEX3JIEKTPOIHOTO TMPOMEKYTKA
IM>1=0,024 M; MHIYKTUBHOCTH dnekTpuyeckoil nmenu L=4,11 mMx['H; CONPOTUBICHUE HINH PAa3PSAHOTO KOH-
typa R, =0,163 Om. B xo/1e mpoBeneHns1 SKCIEPUMEHTOB BBITIOIHSIIOCH OCIIIIIOrpadupoOBaHUE Pa3psSIHOTO
TOKa W HANPSOKEHMS Ha Pa3psiTHOM MPOMEKYTKE ¢ MPUMEHEHHEM M3BeCTHOM MeTomuku [13]. Tunnunas oc-
HWUTOTpaMMa MpUBE/ICHA Ha puc. 1. Pe3ynbTaThl CpaBHEHUs PaCUETHBIX JJICKTPUUECKUX XAPAKTEPUCTHK C
JAHHBIMH OCITMIIIOTpadupOBaHUs TIPEACTABICHBI Ha PHC. 2.
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Puc. 1. Ocyunnocpamma paspsonoeo moka (1) u nanpasxcenus na paspaonom npomesxcymxe (2) npu snex-
MPULEeCKoOM paspsoe 8 HUOKoCmu

I, kA U, xkE
104 | 204
154
=5 :
101
] o A e T T ———
N 11| a0 =5
t, MIEC
_5— I] : __,—ﬂ'T';~-—-—.'_-'
T 40
t, MEC
-5
a 0

604 -~
401:

20+

0 20 40 t, MKcC

Puc. 2. Cpasnenue sxcnepumeHmanvivlx OanHuIX (WMPUXNYHKMUPHAS KPUBAS) U OAHHBIX, NOJLYYEHHbIX 6
X00€e MamemMamu4ecko20 Mooeauposanuss (CRIOWHAs Kpueas): a — paspsioubill MoK, 6 — HanpsceHue Ha
UCKPOBOM KaHAle paspsod; 6 — dNeKMpPUecKasi MOWHOCMb, GblOCIUBUUASICS 8 KAHALe pa3psoa

Awnanu3 puc. 2 mMokas3bIBaeT, YTO MaTeMaTHYECKask MOJIENb YIOBIECTBOPUTEIBHO OMUCHIBACT DIICKTPH-
4ecKHe MPOIecChl B KaHajle pa3psaaa; OTKIOHEHHE Pe3yIbTaTOB pacdeTa OT dKCIIEPUMEHTAIBHBIX JaHHBIX B
MEPBBINA MEPUOJT BBIICICHHS SHEPTHH, KOTAa (GOPMUpPYETCS BOJTHA JABJICHUS, COCTABIICT MeHee 7% 10 TOKY
(puc. 2,a), meree 12% mno nanpspkenuio (puc. 2,6) u menee 10% mo momrHOCTH (pUC. 2,86).

Ha BTOpOM 3Tare npoBOAMIOCHh TECTUPOBAHKUE PE3YJIHTATOB, OMMCHIBAIOIINX MPOIECCHl B HCKPOBOM
KaHaje pa3psijia, UCIOIb30BAINCh pacyemHble OaHHble OpYy2Uux MAmeMamuyeckux Mooeiel U IKCnepuUMeH-
manvHble Oannvle Opyeux aemopos [5, 12].
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Ha puc. 3 npencrasnens! kpuBas 1 n3MeHeHus JaBleHUs B KaHale pa3psaa B 3aBUCUMOCTH OT Bpe-
MEHH (paccuuTaHa ¢ MOMOIIBI0 MAaTeMaTHYSCKOI MOJICITH, TPUBEICHHOW B JJaHHO# pabote) u kpuas 2 (1o-
Jy4eHa NpU NMPUMEHEHHHU TI0/IX0/1a, ONMCAHHOTO B pabote [5]), mpu cieayrommx HavalbHBIX MapaMeTpax:
Hanpspkerue 3apsaaoe U,=28,5 kB; emxocTs kKoHAcHCaTOpHOU OaTapen C=1 MKk®; mimHA MEKIICKTPOTHOTO
npomexyTka lysn=0,04 M; MHIYKTHBHOCTB deKTprdecKkoi nenu L=4 Mk H.

AmnHanu3 puc. 3 MOKa3bIBaeT, YTO Pe3yIbTaThl IBYX MaTeMaTHYeCKUX MOJICNCH YAOBIETBOPUTEIHEHO
COTJIaCYIOTCSI MEXIy CO0OIl IpH ONMCAHWHU AABJICHUS B KaHaje MCKPOBOTO paspsila B MEPUOJ BbIICICHUS
OCHOBHOM JI0JIM 3HEPrHH. B 3TOT BpeMeHHO!H MPOMEXYTOK pa3iIudue MEXIy IBYyMs PacueTHbIMU 3HAUYEHUs-
MU MaKCUMallbHOH BEeJTMYMHBI JaBlIiCHHS B KaHaJle pa3psiaa cocTasisier ~ 7%.

450{P> MITa

2001
1

150-
2

100-

50
0 10 20 30 40 t, MKC

Puc. 3. Usmenenue dasnenus ¢ kaunane pazpsaoa 6 3asucumocmu om epemeru. 1 — peyiomamul pacuema no
mamemamuyeckoil Mooeau, npeocmasieHHol 8 0aHHoU pabome; 2 — pe3yibmamsl paciema, npeoCcmaesiel-
Hble HA OCHOBAHUU pACHemos8 mamemamuyeckou mooeau [5]

Ha puc. 4 npencraBieHbl KpUBbIe H3MEHEHUS paidyca KaHajga MCKPOBOIO pa3psjia B 3aBUCHMOCTH
OT BPEMEHH, PAaCCUYUTAHHBIC C MOMOIIbI0 MAaTEMaTHYECKON MOJENH, MPEACTABICHHON B JaHHON paboTe u
MOCTPOSHHOM 10 SKCIIEPUMEHTAIBHBIM JAaHHBIM [12], mpH criefyronMx HavalbHBIX MapameTpax: Harpsoke-
aue 3apsaaoe U,=20 kB; emkocTs koHAeHCaTOpHOU Oartapen C=6 MK®; JIMHA MEXKIJICKTPOIHOTO IIPOMe-

xyTKa ly>n=0,045 M; MHAYKTUBHOCTH dnekTprudeckoi renu L=1,1 MxI'H.
3,5 Ty MM

2,51

1.5

0,51

0 2 4 & 8  t, MKC

Puc. 4. U3zmenenue paduyca xaumana paspaoa 6 3asucumocmu om epemenu. 1 — pesyromamel pacuema no
Mamemamu4eckol Mooenu, npeoCmaesienHoll 8 0anHol pabome; 2 — sxcnepumenmansvhole oanivle [12]

AHanu3 puc. 4 MOKa3bIBAET, YTO Pe3yIbTaThl MATEMAaTHYECKOTO0 MOJCIUPOBAHUS XOPOLIO COrjacy-
FOTCS ¢ 9KCIIEPUMEHTANBHBIMU TAHHBIMU Ha HAYalbHON CTaJWM Pa3BUTUSA MCKPOBOTO KaHana paspsaa (pas-
JIMYHe YKCIIEPUMEHTATBHBIX M PACUETHBIX JaHHBIX MeHee 20%), koraa npoucxoaut GopMUpoBaHHe MPpodu-
J1s1 JaBleHUs KaHalla pa3psa U BBLAETSETCS OCHOBHAS YacTh SHEPTHH.

Tecmuposanue 6mopozo 610Ka MAMEMAMUYLECKOU MOOeENU

Pe3ynbTaThl 4nCIEHHOTO pacyeTra BTOPOro OJOKa MaTeMAaTHYECKOW MOJIENH, OMHCHIBAIONIETO pac-
MPOCTPaHEHHNE BOJIHBI JABJICHHUS B CKBOKUHHOU JKUIKOCTH, TECTUPOBAIINCH CPABHEHUEM OAHHbIX Mamema-
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MUYECKO20 MOOCIUPOBAHUS C OAHHBIMU ROLYIMAUpULEcKo20 memooa pacuema [14], orobpaxaromiero ana-
JUTHYECKYIO CBSI3b THAPOJMHAMUYECKHUX MMApaMETPOB paspsijia C JICKTPOTCXHUUCSCKUMHU TapaMeTpaMu pas-
psaaHOrO KOHTYpa. C OMOINBIO MOTY3MIIMPHUYECKOTO METOJIa pacdyeTa ObUIA MOJYUYEHBI aMILTUTY bl BOJIHBI
JIABJICHHS HA PA3JIMYHBIX PACCTOSHUSAX OT KaHalla AIEKTPHUYECKOTO pa3psaa, KOTOphie TOTOM CPaBHHBAJIHCH C
AHAJIOTUYHBIMHU JJAHHBIMH, TOJYYCHHBIMH C ITOMOIIBI0 MAaTEMAaTHUYECKOW MOJICNH, MPHUBEICHHON B JaHHON
pabote. PesynbraThl cpaBHEHUs i peKUMa 3SJICKTpUYecKoro paspsga ¢ mnapamerpamu U =285 kB,
C=3,3 Mk®, l\15n=0,047 M, L=4 mxI'H npuBeneHsI Ha puc. 5.

20 - anc! MIIa

a0 -
40 - 2
1
201
0 I, M
0,01 0,03 0,05 0,07 0,09

Puc. 5. Usmenenue amnaumyost 801HbL 0A8IeHUS 8 JHCUOKOCIU NO Mepe YOdIeHUs Om OCU KAHAA pa3paoa:
1 — pe3yromamol pacuema no mamemamu4eckol mMooeiu, npedcmasienHol 8 0anHol pabome; 2 — pe3yib-
mamol pacuema no noayIMRUpuYeckomy nooxody [14]

Amanu3 puc. 5 MoKa3bIBaeT, YTO Pe3yIbTAThl YHCICHHOTO MOJICIUPOBAHUS M PACcyeTa Mo MOIyIMITH-
PHYECKOI METOMKE YIOBICTBOPUTEIBHO COTTACYIOTCS MEXIY c000ii, pacxoxaeHue coctaisiet ~ 20%.

Tecmuposanue mpemuoezo 610Ka MamemamuiecKou mooenu

TectupoBanue TpeTbhero 00ka Matematuueckoi Moenu (1)—(9), KOTOPEI OMUCHIBAET DIEKTPOPA3-
PSIIHOE BO3/CHCTBHE HA BS3KUE OTIOKEHHsS B MEPPOPAIMOHHBIX OTBEPCTHAX CKBAXKUHBI, OCYIIECTBISLIOCH
CPABHEHUEM PACHEMHbIX OAHHbIX C OAHHBIMU CREYUALbHO NOCMABIEHHO20 (UUYECKO20 IKCHEepUMeHma Ha
Mozesn 00caHON KOJOHHBI ¢ TephOPaOHHBIME OTBepCTHsIME. [10100HBIE TaHHBIC B IMTEPAType OTCYT-
CTBYIOT.

Cxema SKCIIEpHMEHTa Ha MOJETH 00CaIHON KOJIOHHBI ¢ TMep(OPAIMOHHBIME OTBEPCTHSAMHU TMPE/-
craBieHa Ha puc. 6. Mozenbio 06ca HO KOIOHHBI CITyKUIa CTaibHas TpyOa 1 ¢ oTBepcTusiMi. B oTBepeTus
Ha pe3b0OBOM COEJMHEHUHU BCTABJICHBI CTANBHBIC TPYOKH 2, OHH MOJEIHPOBAIH TEep(HOpaIllMOHHbBIE OTBEP-
CTUsI CKBa)XXUHBL. [IpenBapuTebHO TPYOKH MOJHOCTBIO 3aMONHSIIMCH CONHIONOM, KOTOPBIA MOASTHPOBAT
BSI3KUi KOMbMaTanT. MoJielib OIycKaiach B CTalbHOM 0ak 4, 3aloMHeHHbIH paboueii KuIKOCThIo 6 (Boo-
MPOBOJIHASE BOJA C YJEIBHOM 3IEKTPONpOBOIHOCThIO Gp=0,06 Cm/M). BHyTpu Momenn momerianach JeK-
TPOJIHAS CHCTeMa 3, MeXIy €€ JIEeKTPOAaMU HHUIUHPOBAJICS KaHAIl JJICKTPHIECKOTo paspsiza 7.

IMpu 51eKTPOPa3psIHOM BO3ICHCTBHH Ha MOJEIb Mep(OPAIOHHOTO0 OTBEPCTHS BSI3KOE BEHIECTBO
OPUXOAUT B JBUKCHHE, U TPHU 3TOM U3 TPYyOKH BBITECHsETCS ero 4acth V., (puc. 7,0). Bemmunna V™
(o0beM BHYTpH TPYOKH, OCBOOOJMBIIMIICS OT BS3KMX OTJIOKEHHI) ObLIa MPHUHSATA B Ka4eCTBE OCHOBHOTO
KPUTEPUSI OLICHKH DIICKTPOPA3PSITHOTO BO3ICHUCTBHSL.

[TapameTpbl pa3psIHOTO KOHTYpa ObUTH BIOPAHBI HACHTHYHBIME apaMeTpaM HEKOTOPBIX TEXHOJIO-
THYECKUX PEXRUMOB 3JIEKTPOPA3PAAHOro ycrpoictsa tuna «Ckud» s 06paboTku cKBaKkuH. HauabHbie

IapamMeTphbl KaXKIO0! CepuH U MOJIyYEeHHbIC Pe3yIbTaThl IIPUBEACHBI B Tabmuie, rae V. — cpexnuii 06bem

BSA3KHX OTJIOKCHUH, BBITECHEHHBIH U3 TPYOKU B pe3ysbTaTe 3JEKTPOPa3psSIHOTO BO3AECHCTBHSA; Oy — Cpel-
Hee KBaJpaTH4eCKOe OTKIOHEHHE.

s uccneaoBaHus NOBEACHUS BSI3KUX OTIOKEHHH OBUIO BHITIOIHEHO JIBE CEPUU IKCIIEPUMEHTOB.

B nepBoii cepun 3kcnepumMenToB nposeneHo 20 OmbITOB. DNEKTPUUECKUI pa3psa MHULUHPOBAIH
MHUKPOIPOBOAHUKOM. B mpocTpaHCTBO MeXy KaHAJIOM 3JIE€KTPUYECKOTO pa3psaa U 0OObEKTOM BO3AEHCTBUS
BBOJWJICS aKyCTHUYECKH MPO3PauHbIi, THIPOJMHAMUYECKH HETIPOHUIIAEMBIN SKpaH U3 MoJIu3THIeHa. Bo BTO-
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Puc. 6. Cxema sxcnepumenma Ha Mmooeiu 00OCAOHOU KOJNOHHBL

Mo0enb 06caoHo

1 - cmanvnas mpyba

eepcmust, — 3aNn0JIHERHAA 8A3KOU Cpé

anexkmpopaspsionoeo ycmpoticmea muna «Ckugh 100»; 4 — cmanvuou 6ax; 5 — oxna 01 HaOAOOEHUS,;

6 — pabouas scuoxocms; T — KAHATL INEKMPUYECKO20 PA3PAOA
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Puc. 7. Cxema moodenu nepghopayuonnoco omeepcmusi CK8ANCUHbBL: a — 00 8030elicmaust; 6 — nocie 8030eli-

cmeust

B nanpHelimem PE3YIbTAaThl MATEMATUYCCKOT'O MOACTIUPOBAHUA CPABHUBAJIUCH C PE3YJIbTATAMU IIPO-

BEJICHHOTO JKclepuMeHTa. HauanbHble mapaMeTpbl MaTeMaTHYecKOTO MOJCITUPOBAHUS COOTBETCTBOBAIH
mapamerpaM ¢usndeckoit Mogenu (cM. Tabmuiy). IIpu >ToM 3HaYeHHs KO((DHUIMEHTa TMHAMUYECKON BSI3-

KoctH conumonia Mapku C ObLIHM B3STHI U3 IUana3oHa 3HaueHuil cormacHo [15]. Jlns kaxmol cepuu dKcrie-

=80; n

PUMEHTOB OBIJIO BBIOJIHEHO TPH pacdera MpH L

CpaBHUBAJIN C PE3yjIbTaTaMHU MAaTEMAaTU4YCCKOIO0 MOACIIN-

PE3YJIbTATC DKCHCPUMCHTAJIBHBIX HMCCJICIOBAHUU,

poBaHHA.
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Hauanvuvie oannvie u NOJIy4€eHnble pe3yibmambspl IKCnepumenma no OoyeHKe aﬂekmpopcwpﬂdﬂozo 6030eticm-

BUA HA 6A3KUE OMIOMNCEeHUA

No

I[J'ISI CpaBHCHUA PE3YJIbTATOB paCUCTa C JAaHHBIMHU, NOJTYUCHHBIMH 3KCIICPUMCHTAJIBHBIM ITIYyTCM, HUC-

IIOJIb30BAJIOCH CIICAYIOUICE BBIPAKCHHC!
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— VC:K(' _VC‘f:acu
p3 Vc:rcc
rae V./*“ — o0beM B TpyOKe, OCBOOOIUBIIUICS OT BS3KUX OTIOKEHHH IPH DIIEKTPOPA3PSIHOM BO3IEHCT-
BHU, HOJIy‘-IeHHBIﬁ B pE3YyJIbTAaTC MAaTEMATUYCCKOI0 MOACIIUMPOBAaHUA, Ms; AP3 — OTKJIOHCHUC pACUCTHBLIX JaH-
HBIX OT 9KCIIEPUMEHTAIBHBIX, %0.

Ha puc. 8 npencrasiensl rpadhuKi OTKIOHSHHUS PE3yJIbTATOB pacdeTa OT JaHHbBIX, MOJYyYSHHBIX KC-
NEPUMCHTAJIbHBIM IIYTEM, B 3aBUCUMOCTHU OT BA3KOCTH. Ananus PUCYHKA IMOKa3bIBACT, YTO paCYETHBIC U DKC-
NepUMEHTANIbHBIE JaHHbIE OTaMYatoTcst B mpeaenax ot 30 1o 60% B 3aBUCHMOCTH OT MPUHATON BA3KOCTH
conuona. IlpuueM oTiinune, pH HUKCUPOBAHHOM 3HAYEHHH BSI3KOCTH, OCTACTCS BEIMYMHON TTOCTOSHHOM
HE3aBUCHMO OT PEXHUMa JICKTPOPA3PSAHOTO BO3ACUCTBUSA. JTO MO3BOJSIET YTBEPXKAATh, YTO JAHHAS MaTe-
MaTudeCKasgd MOACIb YAOBJICTBOPUTCIIBHO OMHMCBHIBACT NMOBCACHHEC BA3ZKHUX OTJIOKEHUN IIpu SJICKTpOpaspsAaa-
HOM BO3JICHCTBHH Ha KaYEeCTBEHHOM YPOBHE.

A .100%, (10)

1 Lpas %
60
| 2
40+
. 1
204
5 . . | . IL.':’ Ha.'.:
40 80 120 160

Puc. 8. Omkionenue pezyriomamos pacuema om 3KCHEPUMEHMANbHbIX OAHHBIX 68 3ABUCUMOCU OM 6513KO0-
cmu, gvlbpannoil npu pacueme: 1 — cepus axcnepumenmos Ne 1; 2 — cepust sxcnepumenmos Ne 2

KonuuecTBeHHOE HECOBIAJCHNUE PACUCTHBIX M SKCIICPUMEHTAIBHBIX JAHHBIX B IIEPBYIO OYEPE/Ih BbI-
3BaHO OTCYTCTBHMEM TOYHBIX JAHHBIX IO BA3KOCTH WCIIOJH30BABIIErOCS B IKCIEpUMEHTE conupona. Ectb
OCHOBaHUS MPEAINONaraTh, YTO B JSHCTBUTEIBHOCTH BSI3KOCTh COJIMJI0JIA ObLIa HECKOJIBKO MEHbIIIe. Tak, BbI-
noJTHEeHHBIH pacueT npu Bsa3kocTu 50 [la-c maeT pacxoxkaeHue pe3yabTaTOB MaTEMATHYECKOTO MOJICIIUPOBA-
HUS OT IKCIIEPUMEHTAIBHBIX aHHBIX ~ 10%.

Bropas, He MeHee BakHas MPUYMHA COCTOUT B TOM, UTO B pacyeTe BA3KOCTH COJHI0JIA IPUHUMANIACh
BEITMYMHON TIOCTOSIHHOM, YTO HE COOTBETCTBYET JICUCTBUTEIHLHOCTH. B pealbHOCTH BSI3KOCTH MOJTIOOHBIX BE-
IIECTB HAXOTUTCS B 3aBUCHMOCTH OT HampspkeHust cipura [16]. KauecTBeHHBIN BUI STHX 3aBUCHMOCTEH U3-
BecTeH. OHAKO IS ONpeNeIeHns TOYHOW 3aBHCHMOCTH BSI3KOCTH OT HAITPSDKEHUS CIBATA KaKIOTO Belle-
CTBa TPEOYIOTCS JIOTIOTHUTENBHBIC CIICIIUAIbHBIC HCCIICIOBAHNS.

Kpowme Toro, B pe3ysibTaTe YUCICHHOTO MOJICIMPOBAHUS HE YUYUTHIBAIOCH JBH)KEHUE CTCHOK MOJICIN
00camHO# TPYOBI CKBaYKUHBI.

BpIBoabI

TecTupoBaHuEe MaTEMAaTHYECKOW MOJICIU JCKTPOPA3PATHOTO BO3ICHCTBUS HA BSI3KUE OTJIOKCHUS B
IWIHHIPUYECKUX KaHAIaX MTOKa3ajo:

— YIOBIIETBOPUTENHFHOE COTIIACOBAHUE OAHHbIX MAMEMAMUYECKO20 MOOENUPOBAHUsL C pe3yIbmama-
MU CHEYUAIbHO NOCMABICHHO20 IKCHEepUMenma TPU ONMUCAHWM DJICKTPHUUCCKUX XapaKTePUCTUK pa3psjia
(pacxoxmeHre pe3yabTaTOB pacueTa W IKCIEPUMEHTA B TIEPBBINA MEPUO]] BBIICICHHS YHEPTHH COCTABIISICT
MeHee 7% 10 Toky, MeHee 12% 1o Hanpsokeruto u MeHee 10% 110 27eKTPHIECKOil MOIIHOCTH);

— VAOBIETBOPHUTEIHLHOE COTIIACOBAHUE Pe3)Ibmanmos MamemMamuyecko20 MoO0eIuposaHus ¢ paciems-
HbIMU OGHHBIMU Opy2uXx aémopos [5] pu omMcaHny TaBICHUS B KaHAJIEe HCKPOBOTO Pas3psaa B IEPUO/I BhIIE-
JICHUS] OCHOBHO# JIOJTU DHEPruM (pasiniue MEXIy JBYMs PACUCTHBIMU 3HAYCHUSIMH MaKCHMAILHOTO 3Have-
HUS ABIIEHWs B KaHalle paspsaa ~ 1%);

— YIIOBJICTBOPUTEIHHOE COTTIACOBAHUE Pe3)Ibimamos pacyema ¢ IKCNepUMeHmMAanbHbIMU OAHHbIMU
opyeux asmopog [12] no onucaHuio U3MEHEHUS pajryca KaHaua pa3psjia Ha HA4albHOW CTaJWH, KOTJa BbI-
JeJISIeTCSl OCHOBHAS 4acTh SHEPruu (pa3inyme SKCIePUMEHTAIBHBIX U PACUSTHBIX AaHHbBIX — MeHee 20%);

— VIOBIIETBOPHUTEIHLHOE COTIIACOBAHUE Pe3yabmMamos YUCIeHH020 MOOEIUPOBAHUSL U pacyema no no-
ayamnupuyeckou memoouxe [13] mpu onucaHuM pacTpOCTPAHEHUS BOJNHBI JIaBJICHHUS B CKBaXUHE (pacxoix-
neune — menee 20%);

— YAOBJICTBOPUTCIILHOC KAaUCCTBCHHOC COIJIACOBAHUC pe3yibmamoe mMamemamuiecKkozco MOaEﬂMpO-
6AHUS C pe3yibmamamu CReyudjilbHoO nNOCmaesleHHo20 IKcnepumerma 1mpu MOACITIUPOBAHUN JJICKTpOpa3psAad-
HOTO BO3ILCI>'ICTBI/IH Ha BA3KUEC OTIIOXKCHUA.
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Pe3ynprarsr TeCTHPOBAHUS MTPEICTABICHHON MaTEMAaTHYECKOW MOJIEH CBUETENBCTBYIOT O TOM, YTO
OHa MOXET OBITh UCTIOIBH30BaHA JJIs OTIMCAHUS IIPOLIECCOB MPH EKTPOPA3PATHOM CIIOCOOE AEKOIbMAaTAIlUU
U CPAaBHEHHUS Pa3HBIX PEXKUMOB JICKTPOPA3PSIIHOTO BO3ACUCTBUS MO UX BIMSHHUIO HA TIOBEICHUE BSI3KUX OT-
JIOKEHHUH B IEP(POPANMOHHBIX OTBEPCTHAX CKBAYKUHBI.
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Ilocmynuna 19.07.10

Summary

In work results of testing of mathematical model of electrodischarge influence on viscous sediment
are resulted. It is shown, that she can be used for the description of processes in a discharge contour, the
spark channel of the discharge and hydrodynamical processes in a well and perforated apertures at an elec-
trodischarge method bed stimulation.
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JJIEKTPU3ALUA CIABONTIPOBOIAINX KUAKUX TUIJTEKTPUKOB.
AJIBTEPHATUBHOE PEIHNIEHUE

@ I1. I'pocy™, M.K. Bosora*>

*[ocydapcmeennwiii acpaphwiil yHugepcumem Mondoewt,
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** Uncmumym npuxnaonou ¢pusuxu AHM,
yi. Akademuet, 5, 2. Kuwunes, MD—-2028, Pecnybiuxa Mondosa, mbologa@phys.asm.md

BBenenue. [Ipobnema 31eKTpr3anny ClIa0ONPOBOASIINX IKHUJIKUX IUAIEKTPUKOB MO BO3JEHCT-
BHEM BHEIIHUX 3JICKTPUYCCKHX MOJICH aKTyallbHA B 3JCKTPOPUIUKE KHUIKOCTEH C Pa3IMIHBIX TOUCK 3PCHHUS,
Y TIPEXJIE BCETO — B CBS3U C TOSBICHUEM U YCIEIIHBIM PAa3BUTHEM HOBOTO HATPABJICHUS B (QU3UKE KUAKO-
creii — anexrporuapoauHamMuku (OI'M1), n3ydarommeil B3anMOIEHCTBUS THAPOINHAMUIECKAX W DJIEKTpHYE-
ckux mojiei [1]. B GOMBUIMHCTBE CIy4YaeB 3TH B3aUMOJACHCTBHS OOBSICHSIOTCS DJICKTPHU3AIMEH KUIKOCTEH
10T BO3/ICMICTBHEM BHEIIHUX TT0JIeH, 00yCIIOBIEHHON XOTS M MaJiol, HO BCE JK€ OTIUYHOM OT HyJIsl YACTbHOU
anektpornpoBoaHoct (6£0). Kpurepriem yuera 3TOH NMpPOBOIMMOCTH SIBJISCTCS HepaBeHCTBO T/t+<1, rae
1=el/c — BpeMs DIEKTPUYECKON pellaKcalud CPefibl, € — aOCOMIOTHAS TUIJIEKTPHUUECKash MPOHUIIAEMOCTE,
t+ — XapakTepHOE BpeMs M3MEHEHHUS BHELIHETO DJIEKTPUUYECKOTO MOJS, B TUIIMYHOM CIy4yae MEPEMEHHOTO
IOJISL — OTO TIEPHOJ ero Kosrebanuii[2].

OO6CY)XIal0TCs pa3IudHbIE MEXaHU3MBI DJICKTPHU3AIUN CIIA00TPOBOISIINX JKUIKOCTEH, B YaCTHOCTH
OHU TIOfIpa3/iesieHbl Ha Ba Kiacca [3, 4]: pasnosecuvie 1 nepasnogecnvie. K mepBoMy KJIacCy OTHOCSTCS Me-
XaHU3MBI, TIPU KOTOPBIX MEXKIY MPOIECcCaMH JUCCOIHAIMN MOJNEKyN (HEHTpanoB) U peKOMOWHALIUU 3apsi-
JKEHHBIX KOMIIOHEHTOB CYIIECTBYET JTUHAMHYECKOE PABHOBECHE, KO BTOPOMY — MEXaHU3MBI, Y KOTOPHIX Ta-
KOTO paBHOBECHs HET. B mepBOM cirydae 3afaud 3JICKTPU3AINH MAaTeMAaTUYECKUA 3HAYUTEIBHO YIPOIIAIOTCS
3a CUET paBEHCTBA HYJIIO JUBEPreHINN MapIHaIbHBIX TOKOB, B TO BpeMs KaK BO BTOPOM — 3TH JUBEPTeHIINN
BBIPAXKAIOTCS CIOKHBIMU (YHKIHSAMHU KOOPAWHAT U yKa3aHHBIX MPOIIECCOB.

Krnaccudukaiuio THIIOB 3JIEKTpU3alMK CIa00TPOBOIAIINX JKUIKOCTEH MOXKHO OCYIIECTBHUTBH I10
pacrpee/icHHI0 HAMPSHKEHHOCTH DJISKTPUUECKOT0o Mot E(x) ¥ TUIOTHOCTH CBOOOJHBIX OOBEMHBIX 3apsAa0B
p(x) Mexmy OoOKIagKaMK HIOCKONApaLienbHo2o KoHAeHcatopa (puc. 1) mpu HaTWYMK MOCTOSIHHOTO 3JICK-
Tpudeckoro moJst [4].

Ha nepBoix nByx Kampax kpusble 1,1 u 2,2° 3aBUCHMOCTH E(X) MOHOTOHHBIE. DTO O3HAYaeT, YTO

MeKINEKTpoHbIH mpoMexyTok 0 < X < 2| 3amonuen onHOMMEHHBIM 00BEMHBIM 3apsiioM, B ciyuae (1,1) —
OTpUIATENBHBIM, & (2,2) — MOJOKHUTENBHBIM. [[03TOMY MOXHO TOBOPHTH O MOHOTIOJISIPHON 3apsi/Ke, TOJIO-

JKUTELHOM WM OTPHIATENBHOM cooTBeTcTBeHHO. Ha kampax (3,3) u (4,4) ybbiBanue E(X)nepexonm B

Bospactanue (kpuBble 3,3) wiam — Haobopor (kpusble (4,4). CrnenoBaTeNbHO, MEXKAIEKTPOJHBIA CIIOM
pa30uBaeTCs Ha JBa MOJCIOS, KK 3apsHKeH PasHOMMEHHO 3HAKy MPHUJIETAIOIIero 3JIEKTPOja B Ciiydae
(3,3), B ciyuae (4,4 ) — ogHouMenHO. [103TOMY 3TOT THI 3apsAAKU IIPUHATO HA3bIBATh FETEPO- M FOMO3a-
PAZHON WIM reTepo- M TroMOXJIEKTpHU3alueil cooTBercTBeHHo. Pacnpenenenune (5,5 ) npuseneno B [5] u
OTHOCHTCSI K MOHOIIOJIAPHOI snekTpusanuy, kak u (1,1) , oqHaKo B OTJIMYME OT MOCIEIHErO 3aBHCHMOCTD

p(X) umeeT dKkcTpemyM. Kpusbie 6,6 sBisitorcs anamorom 5,5, Korga 3apsabl MEHSIOTCS POJISIMH, YTO

XOPOIIIO BUJHO U3 pacipeereHui JUisl TNIOTHOCTEN 3apsiioB.

Ha kanpax (7,7)—(9,9) u300paxeHsl cllydan Tak Ha3bIBa€MbBIX OUIIOJIAPHEIX cTPYKTyp [7, 8], korma
CaMH TIOJTyCJIOM OKa3BIBAKOTCS OUIONSAPHO 3apsSUKEHHBIMHE, TIpUYeM Ha puc. 1 (kpusble 7,7) HENOCPEACTBEHHO
NPUIIETAIOIIMH K aHO/LY CJIOW 3apshkKeH OJHOMMEHHO CO 3HAKOM DJIEKTpona, mostomy noacioit 0 < X < | ss-

JSIeTCsl TOMOOMITONSPHBIM, A IPaBbIH (l <X< 2|)— reTepoOHMIONAPHBIM. AHanornuno Ha Kanpax (8,8),

(9,9") uMeeM COOTBETCTBEHHO TOMO- M TETEPOOUIONSAPHYIO CTPYKTypbl. Kpome Toro, kpussie 3-9 —
3'—9' oTpakaroT HEKOTOPYIO CHMMETPHIO (OTHOCHTENBHO LEHTPaIbHOM muockoctn X =), onnako B neid-
CTBHUTEJIFHOCTH OHA JAJICKO HE IOJHAs, TaK KaK CYIIECTBEHHO MOTYT Pa3lIMuaTbCs HOCHUTENU 3apsiioB IO
AMEKTPOYU3MICCKUM CBOMCTBAM (MOJBM)XHOCTH, BAJCHTHOCTH, MOTCHLHATY HOHHU3ALMU U 1p.). 3aMETHM,

© I'pocy @.I1., Bonora M.K., Dnexrponnas obpaboTka matepuanos, 2011, 47(2), 59-65.
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uyro pacnpenenenuss tuna (7,7), (8,8) obmapyxkens astopamm [6, 7], tuma (9,9) - TeopeTmuecku
npenckazantoe [3].

B paGore [4] npuBeseHo 0OIMpPHOE HCCIEJOBAHUE NPUBEAEHHBIX HA PHC. 1 THIOBBIX pacrpeese-
HHii TIOJIS U 3apS/I0B M ¢ TOYKHU 3PEHMS PA3IMYHBIX MEXaHU3MOB DJIEKTPU3AINH KaueCTBEHHO OOBACHEHBI BCE
3TH pacrpe/eNeHus, IpUYeM B PaMKaxX PaBHOBECHOTO Kilacca SIBJIEHUI 2JIEKTPU3ALNH, 3a UCKTIOUeHUeM KPH-
BBIX ¢ GOKOBBIMU DKCTPEMYMAaMH (IBYXTOPOOBBIX UM IBYXbAMOBBIX), KOTOPbIE HALIA OObACHEHHE B Kilac-
C€ HEPAaBHOBECHBIX MEXaHU3MOB.

E(x), p(x)

]
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Puc. 1. Pacnpedenenue 3agucumocmeil. E(X) — HewmpuxogeaHnHule, p(X) — WmpuxoeanHvle Homepda

Hmxe npuBoguM 00U MaTeMaTHYECKUH MTOAXO MPOCTON K PEIICHUIO 3a1a4 JICKTPU3AINH, KO-
TOPBIH, KaK 0Ka3aJI0Ch, OXBATHIBAET BCE OOCYXKIaeMbIe €€ CiIydau, IpuBeACHHbIE Ha puc. 1. Ha3Ban oH amb-
TEPHATUBHBIM.

Hcxonnble ypaBHeHHSI 1 OCHOBHOE yPaBHEHHE JJIsl HANPSKeHHOCTH mojas. bynem HaOiromae-
MBIC€ 3aKOHOMEPHOCTH MHTCPIPETUPOBATL HA OCHOBC H3MEPACMBIX napaMeTpOB: Pa3HOCTH NNOTCHIIUAJTIOB

(05 y INIOTHOCTHU 3JICKTPUYCCKOI'O TOKa j, HHU3KOBOJBTHOM IMPOBOJAUMOCTHU G, KOB(I)(bI/IL[I/ICHTOB IIOABUXKHOCTH
+ 9] v .
k , JUDJICKTPUYCCKOU IIPOHHOACMOCTH &, TCOMCTPUYCCKHX pPa3sMEpPOB H 3aBHCHMOCTCHU j=J(E),

j = j(h), rne h — Tonmuna cios, a Takke APYrUX HapaMeTpoB — HO Mepe HanoOHocTu. [Ipu 5TOM mpuMeM
32 OCHOBY CHUCTEMY YpaBHEHUH

j = oE = const , (1)
=i+, )
oc=k"p"+k p, (3)
pt—p =, 4)
" =k"p"E # const, (5)
J- =k p E # const, (6)

K KOTOPOW B HEKOTOPOM MPHONMKESHUH TPUBOJUTCA U MHOTOHOHHAS CpPEJia, €CIM BBECTH ITIOTHOCTH 3apsi-
IIOB M yCpeaHEHHbIE K03()(MUITHEHTHI IIOABKHOCTEH HOCHTEEH 3apsamoB mo hopmyiaam [3]:
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pi
B OTUX ypaBHeHI/IHX HEC yLII/ITBIBaIOTCH I[I/I(bq)yEH/IOHHBIe TOKHN BBUIY MaJIOCTH, HE HpI/IBOI[SITCH KHUHCTHYC-

s+
CKHME ypaBHeHHs i npousBoaHbiXx (), a Takke rpaHUYHBIE SIEKTPOXMMHUYECKHE YCIOBHS. BmecTo

3TOrO JIONOJNHEHA UCXOHAS CHCTEMA OIHMM ypaBHeHHeM s | (Maum |~ ) B BHE amIpOKCHMMHPYIOIIETo
MOJIMHOMA TPETHETO TOPSIKA:

JT=axl+ X+ yx+8 = j=j—ax’-px’—yx-o, 7)
rJe MIOTHOCTh IOJIHOTO TOKA | MOCTOSHHA, SKCIIEPUMEHTAIBHO M3MepsieMasi BEIMUYKHA, a TOTOMY H3BECT-
Hast; &, 3,7,0 — HeusBeCTHbIE KO3(DPUIMEHTBI Pa3IOKEHHs, OLIMOKY KOTOPOrO MOKHO OIIEHUTH allpHOpPH,
10 OCTaTOYHOMY WiCHY psiga MakiopeHa. BTopoe ypaBHeHHUe SBISIETCS CIICACTBUEM mepBoro. TpeTuil mopsi-
JIOK aIIPOKCHMAIHH 0OBACHAETCS TeM, UTO /i E° I0TydaeTcs anmnpokcuMarus 4-if CTENeHH 110 X, OXBaThl-
BarolIeil Bce TUIOBBIC CIIy4Yau JICKTPH3ALMHU, OTPAKEHHBIC HA pUC. 1, BKIIIOYAsl CIOYKHBIE CITy4au OHITONsIp-
HBIX CTPYKTYp, aHaJM3UpOBaHHbIC Bbile. OfHAKO MPH HAJOOHOCTH (HEXBaTKe TOYHOCTH) MOXKHO paccMmar-
pHBaTh CICAYIOUINE YWICHBI PA3lOKEHUI. 3aMeTuM, 4To caM (DaKT HEMOCTOSHCTBA MapIHAIbHBIX [LIOTHO-
creii Toka (5)—(7) oTpaxkaeT HEpaBHOBECHBIC MEXaHH3MBI JIEKTPH3AIIMH.

Vpasuenus (2), (4) — (6) npuBOAAT K MOJACHCTEME:

j"=jk"/k +ekEE"; j = jk"/k"—sk'EE" , 8)
rZie BBeJIEHO 0003HAYEHHE ISl HEKOTOPOH AP PEKTUBHON TTOABHKHOCTH
K = k‘k*/(k* +k). (9)

WurerpupoBanue mnepBoro ypasHeHUs (8) maet ocHosHoe ypasHenue s KBaapara HANpPsHKEHHOCTH JJIEK-
TPUYECKOTO I0JIs B 00IIEM BHUIE!

(eK"E?)/2=(ax*)/4+(BX3)/3+(yx?)/2+ (5 - jk" /k )x+C, (10)
rae C — MOCTOSIHHAsE MHTETpHUpOBaHUs. M3 3TOrO0 ypaBHEHHs, 3a/1aBas HEU3BECTHBIM Kodddurmentam pas-
JIMYHBIC 3HAYCHUSI, MOXKHO, KaK ObLIIO OTMEYEHO, MOJIYYUTh MPAKTHYCCKU BCE PACTIPECICHUs, TPUBEICHHbBIC
Ha puc. 1.

Yacrubie cayuan. 1. TTonoxus B (10) a ==y =0, araxke

s-(jk)/k =0, (11)
nonyunM ciydaii E= const, to ects p =0, uto cornacyercst ¢ pesynbraramu [4]:
Tkt Ik k) < Ik =Tk, (12)
Ecmu xe a = =y =0 npu nepaBencTBe Hy0O BhipakeHus (11), 4To paBHOCHIBHO
itk =ik, (13)

MOJTyYMM KOPHEBBIE MOHOTOHHBIE 3aBUCMMOCTH THa (2,2'), Takke pacCMOTPEHHbIE B [4]:

E~ (65— jk'/k)x+C. (14)
Cnyuaii a==0, no y#0 coorBerctByeT romosapsaaaomy pacmpeneneuuto ( 4,4 ) npu

y < 0 nubo rereposzapsaromy (3,3) mpu ¥ > 0.
PacrmipesienieHre ¢ IBYMsi WJIM TpeMsi SKCTpEMyMaMH MOYKHO MOJIy4YuTh, yuuthiBas B (10) cnarae-

Mble 3—ii u 4-ii crenenu. [Ipuuem nByxrop6osoe pacrpenenenue (8,8) Bosnukaer, ecmu o <0, B mpoTus-
HOM ciyyae KpuBas E (x) oxaxercs ¢ asyms snagunamu (9,9). Kpome toro, ecnu B (10) ko3ddumuenTsi

2 2
Ipy HeueTHbIX cTenensx pasubl 0, To ects  E“(X) = E“(—X), To cooTBeTCTBYIOIME pacnpenencHus oKa-

3BIBAIOTCSI CHMMETPHYHBIME OTHOCHTEIBHO CPEIHEH IMIOCKOCTH KOHJCHCAaTOpa (Havalo KOOPIHMHAT MOMe-
IIEHO B IIEHTPE CJIOA).

W3 cka3aHHOTO CIIEIYeT, YTO MPEATaraeMblil MOAXO/ CBOMUTCS K BBIICHCHHUIO (DH3MYECKOTO CMBIC-
7ga KO3((UIMEHTOB PA3NOKECHHUS M UX IOCIEAYIOMIEMY HAaXOXICHHIO. PaccMoTpuM Goliee CI0KHBIH MpH-

mep, korna @ = 3=0, y # 0, npunumas mns npoctotsl K™ = K™ u npexnee ycnosue (11):
S=jl2 = j =jl2+yx; j =jl2-px. (15)

Ha QJICKTPOAAaX COOTBETCTBCHHO
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) =(-70)/2; (W) =(i+rh)/2. (16)
JUi1st TIIOTHOCTH 0OBEMHBIX 3apsIOB
p(x)=2yx/(kE), (17)
OTKyIa, Kak 6bputo ormedeHo, mpu ¥ <0 umeem romosapsiiHoe pactpenenenue, a npu ¥ >0 — rereposa-
psiaHoe. ['paHUYHBIC YCIOBUSI UMEIOT BHJL
W) =(j-y)12=0, y=jlh, j(=hW2)=(j+rh)/2=], (18)
a u3 popmya (15), (17) nonyuum

JF =0 [@r2)y £ (x/h), (19)
p =2 jx/(KhE). (20)
ﬂﬂﬂ KBaJpaTa HAIPSKECHHOCTU UMECM
E2=2jx?/ (¢ kh)+C , (21)
rne C — BugousmeHeHHas nocrosHHas 3 (10), KoTopyro MOXKHO HalTH W3 yCIIOBUS
h/2
j Edx = ¢, , (22)

-h/2
OAHAKO HWHTCIPUPOBAHUC MPUBOAUT K JOBOJBHO CJIOXKHOMY TPAaHCHCHACHTHOMY YPaBHCHHIO, HO IIPOLIC

npouHTerpupoBats (21) u HaliTi noctostHHy0 C IPUOIMIKEHHO!
h/2

j E2dx = jh?/(6k)+Ch. (23)
-h/2
BBens oTkiioHEHHE OT CpeaHEro E = @, /h, ons atoro xe uHTerpaia OyneM UMeTh
h/2
[ (E+aE) dx=Eh, (24)
-h/2
rac HpCHe6p€FJII/I CPCAHCKBAAPATUIHBIM OTKIIOHCHHUEM II0 CPAaBHCHHIO C E .
U3 (23) u (24) naxoaum
C = E?- jh/(6ek)
" C YUETOM OTOro

E/E = \/(2jh/ckE?) -[(x*/h?) - (1/12)] +1 . (25)
DTO paBEHCTBO HOCHUT MPUOIIMKCHHBIN XapakTep u3-3a npuommwkenus (24). TouHoe pacnpenesicHue MOXK-
o Boipasuth uepes E(0) = E, cornacuo (21):

E = \/2jx?/(¢kh) + EZ. (26)

Wnu, BBOIS E0 =jlo,, tne o, =0(0), nomyunm
n(&)=E/E, =1+ AER (27)

e & =x/h, n(&) - GespasmepHas HanpsHKEHHOCTH MO,
A =2ha /(&kj) (28)

— Oe3pasmepnbiii mapamerp. [IpenmymiectBo (27) mo cpaBHeHHIO ¢ (25) COCTOMT B TOM, YTO HE BO3HHMKAET
WUTIO3UI 0 BO3MOYKHOCTH OTPHIIATEIbHBIX 3HAYCHUIl 1OA KOpHeM B (25), XoTs , ¢ npyroi ctoponsl, (27)

COIEPXKHUT MeHee yqoOHble Ui H3MepeHuil mapamerpsl Ey, o, .
Pacnipenenenue (27) rereposapsiHoe, a MOTOMY MexaHuuecku ycroiuuBo. [lomyctuB B (18)

j7(=h/2)=0, j*(=h/2) =] , nomyuunu 661 ¥ =— j/h uBmecro (27) umenu Obr:

n(&)=E/Ey=1-2£%, (29)

YTO O3HAYAET HEYCTOMYMBOE TOMO3aPSIHOE pacipeeieHue mojas. MUHUMaIbHAs HANpSHKEHHOCTh JOCTH-
raercs Ha ITOBEPXHOCTH 3IeKTpooB (§ = +1/2):

(E/ Eg)mn = 1= (4/4). (30)

62



Ortcrona pu
— - 2
A=d< j,=hol/(2¢K) (31)
HaMpPsOKEHHOCTH MO JOCTUTAET HyJIsl, YTO PaBHOCHIBFHO OECKOHEYHO OOIBIION 3IEKTPONPOBOIHOCTH Y
AJIEKTPOJIOB MO0 OECKOHEYHO MAaJoi B CPeIHEH YacTu KOHACHcaTtopa. Takas curyarus (U3MUECKH BO3-
MOXXHA TPU OYEHb BBICOKUX CKOPOCTSX OKHUCIUTEIHLHO-BOCCTAHOBUTEIBHBIX PEAKIU{ Ha JJIEKTpoIax U

PEKOMOMHAIIMM BHYTPH JKUJKOCTH.
B ob6miem cinydae Ha 35eKTpoaax o0a Toka OTIHYHE OT HyJs. O003HauNB

j'Eh12)=(j-yh)12=j;, j(-h12)=(j+rh)/2=],, (32)

HaiigeM
y==(i;—i)/h=-Aj /h. (33)
OTO COOTHOILIEHHWE MOXXHO NPHHATH 32 MHTEPIPETAlHi0 (PU3NYECKOTO CMBICHIA ) -BEJTMYUHBI Pa3HOCTH

CKOPOCTEH 3IEKTPOMEXAHHYECKUX PEaKIMi Ha >IEKTPOAaX MHOIOKUTEIbHBIX M OTPUIATENLHBIX HOCHTE-
e 3apsana. [pu stom pacnpenenerne E(E) nmeer su:

n=\l+@rh&?/(skED) | (34)

npudeM ecnu: ¥ > 0 — pacnpenenenue rereposapsanoe; ¥ =0 — HeliTpansHoe, y < 0 — romo3zapsnz-

HOE.
PaccMmoTpum pacmpesienenue, KOTOPOe YacTo BCTPEUACTCs Ha MPAKTUKE, — TUHEHHYIO 3aBHCUMOCTD

ANIEKTPONPOBOTHOCTH OT KOOpAMHATHI [1]:
oc=0,+ux=E=jllo,+ux), (35)
rae U —xodhdunmeHT npomnopiuoHaIbHOCTH. Clie0BaTENbHO,
H 2
p=—Jeul(o,+ux)°,
oTCrOIa
= ' :2 2 4
E-Vp=pE=2]¢cu" (o, +ux)">0,
TO €CTh HE3aBUCHMO OT 3HaKa /f/ OTMEYCHHOE pACHpeNIeNICHHEe MEXaHHYECKH YCTOWYMBO, YTO MOXKET

CIy’)KUTh HPEANOCHUIKOM U HCIIOJIb30BAHUSI JAHHOTO COCTOSHHUS B LENSX CTAOWIN3alMM CpeAbl, Ha-
MpUMeEp TIPU €€ OYUCTKE WU PPpaKMOHUPOBAHHH.

Bunoasipubie cTpyKTYphl. BBUIy Ba)XKHOCTH pacCMOTPHM BO3HHKHOBEHHE OWUTIOJISIPHBIX CTPYKTYP
oT/IeNBHO. JIJ1st 3TOro MccieayeM MepByo U BTopyto npousBoanble GyHkiun (10). Mmeem

(eK'E?12)=ax’+yx=x(ax’+y), (36)

(sK'E*12)"=3ax’ +y,
rJie, paccMaTpuBasi detHsie pactpenenenus E(x), yarn f=0; 5— jk /k™ =0.

Cornacro puc. 1 6unonspusie crpykTypsl (8,8), (9,9) xapakTepu3yroTcs OXHHM SKCTPEMYMOM B
nentpe ciost (X = 0) U AByMsi CHMMETPUYHBIMU OOKOBBIMU:

X, =t\-r/la. (37)

C y4eToM 3TOro BTOpasi MPOU3BOHAS B SKCTPEMAIBHBIX TOUKAX OMPEICNISICTCS BRIPAKEHUEM
ek EE"=-2y
Otkyza BHIHO, 4TO “TopObl” moiKHBI HabmoaaTeest ipu ¥ > 0. 3Hak o cormacuo (37) mist mo6bIX GHIIo-

JSIPHBIX CTPYKTYP JOJDKEH OBITH MPOTHUBOMOJIOKHBIM Y, B CIIy4ae OOKOBBIX MAaKCHMYMOB — OTPHUIIATEIIHHBIM.
Jlutst GUIIONAPHBIX CTPYKTYp ¢ MuanmyMamu (“Brmagunamu”) ¥ <0 u a > 0. Pacnpenenenue monst B 060ux

CIIy4asx omnpenensercs GopMyIIon
x 12
1&)=[1+ (07 /eKE)-£* (14 (ah?/ 27 £7))] )
C JBYMA HEM3BECTHBIMHU NapaMeTpaMH O U Y, KOTOPbI€ MOKHO HaWTH MO KOOPJUHATE gtm MakCuMyMa Ha-

HpsDKEHHOCTH 77, . st aToro npencrasum (38) B Buze

n(&) =1+ AE? + B, (39)
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rae A u B — BUAOU3MEHEHHbIE MIOCTOSHHBIE oL U . [IpHpaBHAB HYJII0 IPOU3BOAHYIO, HallZIeM

A
2
=——. 40
S B (40)
[MToxcraBuB 310 BeIpakeHue B (39), moxydnum BTOpoe ypaBHEHUE 1l A U B:
A2
—1=—— 41

T 1B (41)

PemuB (40) u (41), Haiinem:
2(n% -1 21

2 4
Sm Sm
IMonctaBus (42) B (39), MONTyYUM OKOHYATENBEHYIO 3aBUCMOCTD JIJISI HATIPSHKEHHOCTH TIOJISL:

2(na -0 &£
- 11+ , 43
n(&) 2 & (1- é,ﬁ) (43)

m

0 =N
ip=01 X, ML

Puc. 2. Kauecmeennvie pacnpedenenus 6e3pasmepHoli HanpsaiceHnocmu dnekmpuyeckozo noas n=EIE, &
sasucumocmu om paccmosnus = x/h anexmpoda 6 eco okpecmnocmu’. 1 — meopemuueckasi; 2 — sxcnepu-
MeHmMAanbHAA

B pabore [7] nccmemoBano pacmpenenenune HanpspkeHHocTH moist B 10%-15%-M pactBope TpaHc-
(bopmaTopHOro Macia ¢ OyTHJIOBBIM CIUPTOM (MIIM HOIOM) B OJJHOPOJHOM MOJIE TIOCKOTO KOHJIEHCATOpA.

Jlist actHOrO ciyvas gaHHbIX (2h = 6 M (Tommuusa cnos); & =2,9/3; 1, =3) dopmyna (43) npumer

2.

I'paduk 3TOM 3aBHCHUMOCTH KaueCTBEHHO MpeIcTaBicH Ha puc. 2 (kpuBas 1). Ha ToM e pucyHKe mpuBe/icHa
1 DKCIepuMenTanbHas kpuBas 2 [7]. Ipuuem B popmynax ¢ OTCUMTHIBAETCS OT CEPEANHBI KOHIEHCATOpa, B
TO BpEMs KaK Ha pHC. 2 OTCUCT X BCACTCA OT IMOBCPXHOCTHU IJICKTPOAA. Cornacue PaCUYCTHBIX MU OIIBITHBIX
JAHHBIX HOCHUT KaueCTBEHHBIN XapakTep. PacxokaeHne Mexay KPUBBIMH PHC. 2, BO3MOYKHO, O0YCJIOBICHO
cnenupuKo TPUMECHOU IPOBOIMMOCTH PACTBOPOB, & MOXET OBITh, I IPYTUMHU PUIHHAMHU.

BrIBoaBbI.

1. WccnenoBaHbl MPOIECCH AIEKTPU3AIUH TUAICKTPUICSCKUX JKUJKOCTEH HA OCHOBE €IIMHOTO TOJ-
X0Jla MyTeM aIlllPOKCUMAIUH OJHON W3 MapIUalbHBIX IUIOTHOCTEH 3JEKTPHUYECKOTO TOKA OTPE3KOM psijia
Teitmopa, KOTOPHIi TTO3BOIIII aHAINTHYECKA OOBSCHUTh HAHOOJIEe M3BECTHBIE THITHI AIIEKTPHU3AINH, B TOM
qucie ciydai KpuBbIX E(x) ¢ OOKOBBIMU 3KCTpeMyMaMH (IBYXTrOpOOBBIC KPUBEIE).

2. KonnuectBeHHoe HecooTBeTCTBHE (GOpMYIbl (43) 3KCIEPUMEHTANBHBIM JTAHHBIM MOXET OBITH
CIIEZICTBUEM HEOOCMAMOYHON TOYHOCTH (YETBEPTOrO MOPAAKA) Pas3IOKeHUH (YHKIUA B CTEIECHHON psi
(cmemoBao OBI y4eCTh CIEAYIOIINE WICHBI) U HE TOBOPHUT O HEIOCTOBEPHOCTH (DOPMYJIBI MITH HEKOPPEKTHO-
CTH TPOBEJICHUS OTBITOB.

3. Bosiee BepOSITHON NPUYMHON PACXOXKACHUN MEXKIY TCOPHEH U SKCIIEPHUMEHTOM IMPEACTaBIISCTCS
HAJINYHE B MPUIJIEKTPOJAHOM CII0€ U TOJIIE KUIKOCTH ABYX PA3HLIX MEXAHU3MOB 3apsA000pa30BaHus, O YeM
CBHUJICTEJILCTBYET MWK, HAMMOMHHAIOUIHA H3JIOM, B TOYKE DKCTPEMyMa SKCIEPUMEHTATbHOW KpuBO# E(x)
(puc. 2, xpuBas 2), rae ykazaHHas QYHKIUS CTAHOBUTCS Henn(GepeHIIMPYEMON; 3TO U 03HAYaeT CMEHY Me-
XaHU3Ma 3apsAn000pa30oBaHus MPH MEPEX0/Ie Yepe3 TPAHHUILy MPHUIIEKTPOIHOTO CIOSI U TPEICTABIAETCS IIe-
J1eco00pa3HbIM MPUBJICUCHUE K TCOPUHU DIICKTPU3AIMH KOHIICTIIIUN TOTPAHUYHBIX CIIOCB.

BUI

(&)= 14 224 22 (1

8,41 16 82
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4. TlpencTaBistoTcs MaTbHEHIINE TTOMCKH MEXaHU3MOB M MOJIEICH OOBSICHEHHUS OWIOJIAPHBIX TPH-
3JIEKTPOJIHBIX CTPYKTYP B IMPOIECCax AICKTPHU3ANUU CIA0OMPOBOIANINX KUAKUX JAUIICKTPUKOB MPUMEHU-
TEJIBHO K Pa3BUTHIO AJIEKTPOTHAPOIUHAMUKH U €€ YCICITHOMY UCIOIb30BaHUIO.
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Hocmynuna 07.09.10

Summary

Due to the complexity of issues of electrification of weakly conducting dielectric liquids a simplified
(alternative) approach is proposed. One of a partial electrical currents, the positive charges, is approximated
by a third order Maclaurin series and the rest of the unknowns are expressed by the fourth-order polynomi-
als, which cover the known distributions of the electric field in the electrification of liquid dielectrics under
the influence of external electric fields. The different cases of electrification are explained. One of the most
difficult cases, the one with the formation of a bipolar electrode structures is explained only qualitatively.
The accepted model explaining the many cases of electrification, does not adequately explains the processes
analyzed in this exceptional case. So further investigations are necessary and the theory of boundary layers
may be promising.
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HEPABHOBECHbBIN MACCOHNEPEHOC HEJIETYYUX KOMIIOHEHTOB
PACTBOPA ITIOJA AEMCTBHUEM TJIEIOIIEI'O PA3PAIA

A.B. XurocroBa, A.I. Makcumos, H.A. Cuporkun

Hnemumym xumuu pacmeopos PAH,
yi. Akademuueckas, 1, 153045, 2. Hsanoso, Poccus, kav@isc-ras.ru
Hsanosckuil 20cy0apcmeeHHblil XUMUKO-MEXHOI02UYECKULL YHUBEPCUMEm
np. @. Oneenvca, 1, 153000, e. Heanoso, Poccus

Beenenne

CucreMa mia3mMa-pacTBOp, B KOTOPO# B KAYECTBE OJHOTO WIIM 00OUX 3JICKTPOIOB UCTIONB3YETCs pac-
TBOP JIEKTPOJIMTA, B MOCIEIHEE BPEMs MCCIENYeTCs OYSHb MHTEHCHBHO. JTO CBSI3aHO C MOTPEOHOCTBHIO B
HOBBIX, COBPEMEHHBIX BBICOKOA(()EKTHBHBIX METOJaX OYUCTKU BOJBI OT OPIraHUYECKUX U HEOPraHUYECKHX
npumecei [1, 2], akcmpecc-aHann3a cie/0B METaJIOB B MPOTOYHOM Boje [3, 4], cTepunu3anuu BOIbI U BOJI-
HBIX PacTBOPOB [5—7], MoaM(UKAIMKM CHHTETHIECKAX M TIPUPOIHBIX HOIMMEPHBIX Marepuanos [8—10]. s
pa3pabOTKH TEXHOJOTUYECKUX PEKUMOB 3TUX MPOIIECCOB HEOOXOAMMBI, MPEXKIE BCErO, 3HAHUSA (DU3MUSCKUX
U XUMHYECKHX MPOIIECCOB, POUCXOASAIINX B JJAHHOU CHCTEME.

3akuraHue TICIOMEro paspsjia HaJ MOBEPXHOCTHIO JIEKTPOJIMTHOTO KAaToJa MPUBOIUT K TOSBIIE-
HHIO JMHAMUYECKON TPaHUIbl pa3nena (a3 rmia3Ma-pacTBop. BOSHUKHOBEHHE 3TOM TPAHHIBI HHUIUHPYET
MPOTEKaHUE MPOLIECCOB MEPEHOCA, OKHCIUTEIbHO-BOCCTAHOBUTEIILHBIX PEaKInii, KaK B CAMOM PacTBOpE, TaK
U Ha TpaHUIle pasjienia, a TAKKe U B 30He Tia3Mbl. OJMH U3 OCHOBHBIX MPOIECCOB, MPOUCXOAS[IINX HA rpa-
HUIIE TUIa3Ma-pacTBOp, — HEPABHOBECHOE MCIAPCHHUE, aHAIIOT MPOIECCy KATOJHOTO PACHBUICHHS B CUCTEME
KJIACCHMYECKOro TIeloIero paspsaaa. [loa nelictBueM HOHHOW GOMOApIMPOBKY MOBEPXHOCTH PacTBOpa Ipo-
HCXOJUT HEPABHOBECHBIH MacCOMEPEHOC KOMIIOHEHTOB MOCIEIHEr0, HE TOJIbKO MOJICKYJI PaCTBOPUTEIS —
BOJIbI, HO M HEJIETy4Yell KOMIIOHEHThI PacTBOpa — MOJIEKYJIbI pacTBOpeHHo# comu [11]. Takast cucrema pac-
CMaTpUuBaCTCAd IJId MOJYUYCHHA OKCHUAHBIX INICHOK MCTAJIJIOB HAa METANIMYCCKUX U JUIJICKTPUYCCKUX I10-
BepxHoCTsIX [12].

B nanHOIi paboTe mpencTaBlIeHbl pe3ybTaThl H3yUeHHs HEPaBHOBECHOTO TIEPEHOCA HEJIETYYHX KOM-
MIOHEHTOB PacTBOpa Ha MPHUMepPe BO3ACHCTBHUS TICIOLIETO pa3psiaa aTMOoc(hEepHOro IaBlICHUS Ha BOJHbIC pac-
TBOPBI IIEJIOYHO3EMEIbHBIX METAJLIOB.

MeToanka 3KCIIEPUMEHTA

DKCIIEpUMEHTHI TIPOBOIMIINCEH B TAOOPATOPHOM stueiike, MOApoOHO ommcaHHo# B pabdore [13]. B ka-
4ecTBe pabouyMXx 3JIEKTPOJIUTOB Hcmonb3oBaiuck pactBopel MQCl,, CaCly,, BaCl, ¢ koHueHTpaimsmu
0,25-0,5 momnb/n. Tok paspsma Mensics B auamazoHe 10-70 MA, pabodee HampspKEHHE HE MPEBBIIATIO
2,5 kB, HavanpbHOE MEXDIEKTPOIHOE paccTosiaue coctapisuio 0,8 MM. BpeMst skcrieprMeHTOB BapbUpOBa-
aock oT 20 MuHyT 110 1,5 Yaca B 3aBUCUMOCTH OT CKOPOCTH MCIapeHus/HaKoIUIeHHs: KoHaeHcara. Hakore-
HHE KaTHOHOB M aHHOHOB B KOHJICHCATE PErUCTPUPOBATIOCH XUMUYECKUMU METOIAMH.

PesynbTaThl u 00cyKI1eHHe

Ha puc. 1 rpaduuecku npeacTaBieHbl KOJIMISCTBECHHBIC OLCHKH MEPEHECEHHBIX KATHOHOB U aHHO-
HOB B KoHzeHcare. [ls pactBopa xiopuaa maraus (puc. 1,a) mpu ManbIx TOKax paspsaa MOKHO OTMETUTh
TEHJICHIIMIO YBEITHUCHHS COJNEPKAHUS XJOPUI-UOHOB B KOHJCHCATEe C POCTOM TOKa paspsga. B obmactu
cpeanux u Oompimux TokoB (40-70 MA) BuaHO, uTO OOINEe Comep:KaHME KaK KAaTHOHOB, TaK U aHHOHOB
yMmensImminock. s pactBopa CaCly (puc. 1,6) kakoit-mnbo o01iel 3aKOHOMEPHOCTH He Habr0manoch. B
IKCIIEPUMEHTAX ¢ XJopuaoMm Oapust (puc. 1,6) ObUIO OTMEYEHO, YTO MOSBICHHE KAaTHOHA COMPOBOXIACTCS
MOHW)KEHUEM COJICPIKAHUS XJIOPHI-HOHA B KOHZeHcaTe. COOTHOIICHHS IEPEHECCHHBIX KATHOHOB U aHHOHOB
B HEKOTOPBIX IKCHEPUMEHTAX CHIIbHO OTIHYAFOTCS OT CTEXHOMETPUYCCKIX 3HAYCHHH (CM. TaOIHILy).

CornacHo JaHHBIM, NPEJCTaBICHHBIM HA PUCYHKaX U B TAOJUILIE, IS KAXKIOW COJIM XapaKTEePHO CBOE
3HAYCHUE TOKA pa3psja, MPU KOTOPOM TOSABISICTCS KATHOH MeTajia B KOHJAEHcaTe. DTO elle pa3 MmoJaTBep-
’KIaeT MOPOTOBbIH XapaKkTep MepeHoca KOMIIOHEHTOB pacTBopa [14].

O moporoBoMm xapakTepe nepeHoca HeJIeTyYHX KOMIIOHEHTOB PacTBOpa CBHICTEILCTBYIOT pe3yJibTa-
TBI SKCIIEPUMEHTOB MO0 CKOPOCTH HEPaBHOBECHOTO mepeHoca. Ha puc. 2 mpeacTaBieHbl 3aBUCHMOCTH CKOPO-
CTH HEPaBHOBECHOT'O WCHApeHHs OT Toka paspsjaa. Ha rpaduke MOXHO BBIICIUTH TPU OOJACTH: MAJbIX
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TokoB (1m0 20 MA), cpennux (25-45 MA) u 6onpimux (6onbire 50 MA). JIBe KpaiiHue 00JacTH XapaKTePHU3y-
FOTCS JIMHEHHBIM POCTOM CKOPOCTH HEPABHOBECHOI'O MCIIAPEHHMS C YBEIMYEHHEM TOKa paspsiaa. s cpeaneit
00JacTH MpUMeYaTeIbHbl 00 (DIIyKTyallud 3HAYEHHH CKOPOCTH BOJIM3M HEKOTOPOM CpEIHEH BEIUYHHBI,
JN00 HEOOJBIION «IIPOBA» B 3HAUCHHSIX.
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Puc. 1. Tucmozpammol KOHYeHmMpayuu KamuoHo8 U aHuoHos 6 Konoencame ons pacmeopa. a — MgCly;
0 — CaCIQ, 68— BaCIZ

Coommuouenue NnepeHecernblx KamuoHoe U AHUOHO6

I, MA n(Mg):n(ClI) n(Ca):n(Cl) n(Ba):n(Cl)

15 ClIe/1bI

20 1:2,8 CIIEbI

25 1:2,2 1:20

30 1:49 1:20 CIIe bl
35 1:9,8 1:19 1:3,2
40 1:6,8 1:4,2 1:1,1
45 1:8,3 1:4,6 1:0,5
50 1:6,9 1:2,8 1:4,2
70 1:1,8 1:1,5 1:2,1
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Puc. 2. Bausnue moka paspsoa na ckopocms nepasHnosecno2o macconepernoca. 1 — CaCly, 2 — BaCl,,
3 —MgCl,

OTH JaHHBIE XOPOUIO COTJAcyIOTCS C JAaHHBIMH MO MHTEHCHUBHOCTH H3IyYeHHs] aTOMOB MeTajlla B
30oHe mia3Mel [15]. Ecian 0ObeIMHUTB 9TH JAaHHBIC, TO MOXKHO MOJYYUTh CBSI3b MEKAY MHTEHCUBHOCTBHIO H
CKOPOCTBIO HEPaBHOBECHOTO IepeHoca (puc. 3).
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Puc. 3. Brusnue CKopocmu nomokKa HepaeHOBECHO2O UCNAPEHUA HA UHMEHCUBHOCIb U3TYHUEeHUL amoma Ca

Ha pucynke yetko BuaHBI Tpu obnactu. [lepBas 00nacTe MaibIX TOTOKOB XapakTepH3YyeTCs OTCYT-
CTBHEM H3JIyYeHHs] aTOMOB MeTaijla B 30HE IUa3Mbl. BTopas — 3T0 y3kuli MHTEpBajl 3HauY€HHH CKOPOCTEH
MIOTOKA, KOTOPOMY COOTBETCTBYET PE3KHI POCT MHTEHCHUBHOCTH M3JYUYEHHUS OT HyJs 10 HEKOTOPOI BeIN4YH-
HBL. 1 TpeThst 001acTh — TUHEHHBIH POCT HHTCHCUBHOCTH C YBEJIMYEHUEM CKOPOCTH HEPaBHOBECHOTO Mac-
comepeHoca.

Ha ocHOBe MosTyueHHBIX JaHHBIX Mbl IPEANOIOKUIIM, YTO CYILECTBYIOT TPU PEXKHUMA MAaCCOIIEPEHOCa
PacTBOPEHHOTO BellecTBa. B 00macTu ManbIx TOKOB pabOTaeT MOJCKYJISIPHBIA MEXaHU3M NIEPEHOCa, IPU KO-
TOPOM TPOHMCXOAUT KBAa3UPAaBHOBECHOE HCIIAPEHUE PACTBOPHUTENS,, HO KPOME JTOrO, IO HAIIMM JaHHBIM,
BO3MOXEH MIEPEHOC OTPHULIATEIBLHBIX HOHOB PACTBOPEHHOTO BelecTBa. B obnactu 6onbmnx TOKOB paboTaeT
YK€ KJIaCTEPHBIH MEXaHHU3M, IIPH KOTOPOM B COCTAaBE BOJHOIO KJIACTEPA MEPEHOCATCS MOJEKYJbl PacTBO-
PEHHOM COJNU. DTO MOTYT OBITh MOJIEKYJIBI KaK TAKOBBIEC JIMOO MOHHBIE Maphl, MEPEXOASIIIE B MPOIecce Te-
peHoca B MOJIEKYJy B BHICOKOM KOJIe0aTelbHOM BO30YKIEHHOM COCTOSHUH. B o0macTu cpeiHUX TOKOB Tie-
PEHOC MPOMCXOIMT IO ABYM MEXaHHU3MaM OIHOBpeMeHHo. [IpeobnanaHne ogHOro MexaHW3Ma Haj IPYTUM
JlaeT CBOH BKJIAJ B HAPYILICHUE CTEXUOMETPHUH IIPU IIEPEHOCE.

CornacHo nUTepaTypHbIM TaHHBIM [16] B cucTeme miia3Ma-pacTBOp B CHEKTpaxX HM3Iy4eHHS MOTYT
MIPUCYTCTBOBATH IMOJIOCH METacTa0MIbHEIX coenuHeHn, HarpuMmep CaOH. B razoBoii (haze B30y IeHHBIN
aTOM KaJbIHs BCTYIaeT BO B3auMojelcTBre ¢ pagukaioM OH ¢ oOpa3oBaHneM MeTacTaOMIBHOTO COEMHE-
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HusA. Bo3MokHO, 00pa3oBaHue TaKWX COCOUHEHMN TakXKe JaeT BKIaJ B HapylIeHHEe CTEXHOMETPHU B TIPO-
Iieccax rnepeHoca.
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Hocmynuna 01.10.10
Summary

Results of non-equilibrium mass transfer of non-volatile solution components for aqueous solution of
alkali earth metals are presented. It was found that the transfer occurs with disfunction of stoichiometry. The
threshold character of transfer process is confirmed. It was suggested that three regimes of transfer are ex-
isted.
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OCOBEHHOCTH KOPPO3HMOHHO-JIEKTPOXUMHNYECKOI'O
IHOBEJEHUSA TUTAHA C HAHO-
U CYBMUKPOKPUCTAJLIMYECKOM CTPYKTYPOM

E.K. CesngoBa, A.A. CuMOHOBa

Hayuonanvnolii mexnuueckuti ynugepcumem
«XapvKro8cKul NOAUMEXHUYeCKUL UHCIMUMYm,
yi. @pynse, 21, 2. Xapvros, 61002, Vrpauna, grinko@kpi.kharkov.ua

Beenenne

K 06e3ycnoBHBIM TOCTHXKEHHSIM HAayKH M TE€XHHKH OTHOCHTCS pa3paboTKa HAHOKPHCTAJUTMYECKHX
O00BEMHBIX METAIJIOB C YHUKAJIBHBIMHU (PU3UKO-MEXaHHYECKUMH CBOIMCTBaMH, CYIIECTBEHHO PACIINPSIOIIN-
MU 00J1acTH UX 3PPEKTUBHOTO UCTIOIH30BAHHUS.

OnHOIt M3 epCIIeKTHBHBIX 00IacTeil MpUMEHEHNsT HAHOCTPYKTYPHOTO THTaHA MOKET OBITh MEIHIH-
Ha, B YaCTHOCTH MMILTaHTOj0THs [1-4]. CormacHo mpoBeIeHHBIM HecenoBanusM [1, 5] Texanyeckn ancThIi
tutad BT1-0 B HaHOCTpyKTYpHOM cocTosiHuu (¢ pasmepom 3epHa Menee 100 HM) mo cBouMm (hu3HMKO-
MEXaHUYECKHM CBOWCTBAaM — MpeneliaM YIPYTroCTH, TeKY4eCTH, IPOYHOCTH M TBEPIOCTH — HE yCTyHaeT Xa-
PaKTEpHUCTUKaM BBICOKOIIPOYHBIX JIESTMPOBAHHBIX CIUIABOB MEIUIIMHCKOro Ha3HaueHus — BTS, BT6, BT16 u
T.JI.

ATpHOpH MPEIoaraeTcsi, YTo MpH TOM COXPAHIETCS OCHOBHOE MPEHMYIIECTBO MaKPO3EPHHCTOTO
THTaHa — BBICOKas OMOJIOTHYECKash COBMECTHUMOCTh C OPraHU3MOM, KoTopas 0a3upyeTcs, Mpexk/e BCero, Ha
KOPPO3UOHHOW CTOMKOCTH U 3JIEKTPOXMMHUUYECKOM MHEPTHOCTH JTaHHOro MeTamia. [lo xapaktepy B3aumo-
JICUCTBUS TPAHMIIBI TATAHOBOTO MMILIAHTATA C TKAHSIMHU OPraHM3Ma ero OTHOCST K OHOMHEPTHBIM KOHCTPYK-
LIMOHHBIM MaTtepraiam [6]. YcinoBuem coxpaHeHHs WM YIIydIISHHs TIOKa3aTessi OMOCOBMECTUMOCTH TUTaHA
C W3MENBYCHHOW CTPYKTYpPOH  SBIAETCA COXpPAaHEHHE WM  YIydlIeHHe €ro  KOPPO3HOHHO-
3IEKTPOXUMHYECKOTO MTOBEACHNS B (PU3HOJIOTUYECKON CpeIe.

I[To pe3ynbTaTtam Mccle0BaHMIA, IPUBEICHHBIX B auTeparype [7, 8], Henb3s cnenath oJHO3HAYHBIH
BBIBOJI O XapakTepe BIUSHUS BEIMYMHBI 3¢pHA METalIa Ha €ro KOPPO3MOHHO-DIEKTPOXUMUYECKYIO aKTHB-
HOCTb. [lepexos B HAHOKPUCTAINIMIECKOE COCTOSHHE METOJaMH WHTEHCHBHOH IUTACTHYECKON IedopManuu
MOXET MPUBECTH U K YJIYyUIICHUIO (CHU)KEHHIO) 3TOro nokaszarens [8], u k yxyamenuto [7].

OCoOeHHOCTH KOPPO3MOHHOTO MOBEICHHS TUTAHOBBIX MaTEPUAJIOB ele 0oJiee YCHIIMBAIOT HEOompe-
JeTIEHHOCTh TaKOTO MPOTHO3MPOBAHMS, MOCKOJIBKY BBICOKOE CONPOTHBIEHNE KOPPO3NHU THTaHA B OOJIBIIHH-
CTBE BOJHBIX PACTBOPOB OOYCIIOBJICHO HE €ro TEPMOIUHAMHUYECKOW CTOMKOCTHIO, @ CIOCOOHOCTBIO 00pa3o-
BBIBaTh Ha TIOBEPXHOCTU TOHKHUE 3aIIUTHBIC IuieHKH okcuaoB [9, 10]. B cBoro ouepens criocoOHOCTH camo-
MPOU3BOJILHON NMACCUBALIUK CYILIECTBEHHO 3aBUCHUT OT COCTOSHHUS OBEPXHOCTH — IIEPOXOBATOCTH, HATMYHS
ne(heKTOB U HANPSDKEHUH, CTPYKTYPBI, pa3Mepa KpUCTAIIOB U T.JI.

B cBs3M C M3J0KEHHBIM IPABOMEPHO TPEIIONOKHTh, YTO OTIMYAE B KOPPO3HOHHO-
ANEKTPOXUMHYECKOM MOBEICHUH MaKpO- U HAHOKPUCTAUTMYECKOTO THTAHA MOXKET OBITh BBI3BAaHO HE TOJIBKO
BEJINYMHON 3epHA, HO M BO3HHKAIOIINMH B IIPOIIECCE TOTyYSHHUS] BTOPUIHBIMH (DPaKTOPaMH.

Llenb HACTOSIIIMX HMCCIIENOBAaHUN — CPaBHEHHUE KOPPO3HOHHO-IIICKTPOXUMHYECKOW aKTHBHOCTH TH-
tana BT1-0 ¢ pa3nmuuHOil 3epHUCTOCTBIO CTPYKTYpPBI U MeToJaMHu ee (HOpMHUPOBAHUS B (PU3NOIOTUIECKOM
0,9% pacTBOpe XJI0pHIa HATPHS.

MeToauka IKCIIEPUMEHTOB

B kauecTBe HCCIeIyeMBIX HCITOIB30BAIN 00pa3ibl Makpokpucramirndeckoro (d ~ 10 mxm) BT1-0 u3
JBYX PA3INYHBIX UCXOIHBIX COCTOSIHUI MTOCTABKU — B BHIE NpyTKa & 14 n MHCTOBOro MaTepHaia TOJNINHOM
4 mMm. U3 mpyTKOBOTO Marepuajia METOJOM MHOTOCTOPOHHEH KOBKH OBbUT C(OPMHUpOBaH MpyToK & 8 cyo-
MUKpOKpHcTaunueckoro Tutana (d ~ 250 HM), a U3 JUCTa MyTeM MPOKATKU B YCIOBUSX KPUOTCHHBIX TEM-
neparyp — HaHOKpuctaumndeckuit meramut (d ~ 50 um) [11]. TInomane uccneayempix o0pasoB cocTaBisiia
1 M.

Ha mucroBeIX 00pasmax KpoMe pa3sMEpHOCTH KPHCTAJUTMYECKOH CTPYKTYpBI HCCIEIOBAM TAaKXKe
BJIMSHHE IIEPOXOBATOCTH MX MOBEPXHOCTH HA JIEKTPOXUMHUYECKOE moBeaeHHe. /i 3Toro 4acte 00pas3uoB
OpLTa 0OpaboTana Ha numdosBanpHOH mKypke N 400, a npyras — Ha MOIMPOBAIHLHOM KpyTe ¢ MacTOH Ha oc-
HOBE OKHCH XpOMa.

© Ceeumopa E.K. , CumonoBa A.A., DnektpoHHas obpaborka marepuanos, 2011, 47(2), 70-75.
70



DIIEKTPOXUMHUSCKIE UCCIICIOBAHUS TIPOBOIIIIH ¢ TIoMoIbio noreHmoctara [1M50.1-1 B pactBope
0,9% NaCl npu KOMHaTHO# TeMmeparype.

OCHOBHBIMH KPUTEPHUSIMU AIIEKTPOXUMHUYECKH-KOPPO3UOHHOTO TIOBEACHUSI OBIIIM MPHHSATH TOTEHIIU-
ann Koppo3ut Ey,p, H3MEPSIEMbIi OTHOCHTEIBHO XJIOPHI-CEPEOPSIHOTO 3IEKTPOA MOCIe Pa3IMYHOTO BPEMEHH
BBIJICPIKKH, M XapaKTEPUCTUKH TOJSPU3ANMOHHBIX KPUBBIX |-E, CHATBIX B MOTEHIIMOJMHAMUYECKOM PEKUME
CO CKOPOCTBIO pa3BepTkH noTeHnuana V = MB/cek.

HVccnenoBanusi MpOBOJMIM HA MCXOMHBIX 00pasnax C pasiMyHON KPUCTAIUIMYECKOH CTPYKTYpOd U
Ha 3THX e 00paslax, MOJBEPTHYTHIX aHOMHOMY OKcuaupoBaHHio. AHomupoBamu BT1-0 B 2M pactBOpe
nupodocdara Harpus NaysP,0; npu 1Byx dopmosounsix HanpsokeHusax — 30 u 90 B — u HavansHO#H TIIOTHO-
ctu Toka j=0,5 A/cm®. B mepBoM cilyuae peanm3oBalcs MPOLECC KIACCHYECKOr0», TPAIHIIMOHHOTO OKHC-
nenust Ti, B pe3yibrare KoToporo oopasoBanack ToHkas (~700-800 A°), uHTepepeHIIMOHHO-OKpaIlIeHHAS
IUIeHKa aMOpQHBIX okcuaoB. [Ipu ¢popmoBouHom Hanpspkernu 90 B okcunmpoBaHHe MPOMCXOAMIO B MUK-
POIYTrOBOM pEXMME ¢ 00pa3oBaHMEM HA IOBEPXHOCTH IUICHKH OKCHJIOB C KPUCTAITIMYECKOH CTPYKTYpOi
pytwia u aHara3a. CoOrjgacHoO JHUTepaTypHbIM NaHHBIM [12—14] Takue MOKpBITHS XapaKTEPHU3YHOTCS MOBBI-
IIEHHOW TBEPJIOCTHIO M N3HOCOCTOMKOCTBIO.

Pe3yabTaTthl nccieoBaHnii

M3MmepeHne MOTeHIATIOB KOPPO3UH (CM. TabJUIly) MOKa3ajio, YTO UX yYCTAHOBUBIIHECS B TCUCHHUE
MSITH JHEW 3HAYEHHs Malo OTJIMYAIOTCS IS MOJMPOBAHHBIX 00Pa3IoB C Pa3IuYHON 3ePHUCTOCTBIO CTPYKTY-
PBI U COCTOSIHUEM TTOCTaBKU. bosee BbIpaxeHHOE BIHAHHE HA Ey, OKa3bIBAET IIEPOXOBATOCTH TOBEPXHOCTH.
HeszaBucuMo OT BENMYMHBI 3epHA Ha NMUIM(GOBAHHBIX JIMCTOBBIX 00pa3liaX YCTaHABJIMBAIOTCS 3HAYCHHs Ha
30-120 mMB otpunatensHee, 4eM Ha MOAMPOBAaHHBIX. D(P(PEKT pazdiaropakxuBaHus CTAIMOHAPHOTO MOTEH-
[Maj1a MaCCUBUPYIOMIUXCS METAJUIOB TI0CIEe MEXaHHYECKOTo NIUTH()OBAHMS H3BECTEH U OOBSCHICTCS MPEXKIC
BCEro 00pa3oBaHMEM Ha TAKOHM MMOBEPXHOCTH MEHEE COBEPIICHHBIX 3alIMTHBIX IUICHOK BCJIEICTBHE BO3HHU-
KaIOMINX MEXaHMUECKUX HAMPSHKCHUH, HarapTOBKH, 1e()EKTOB U T.J.

3nauenus nomenyuanoe kopposuu E.,, oopasyoe BT1-0 c¢ pasnuunoii seprucmocmoto 6 pacmeope 0,9%
NaCl

Ne Bennunna Cocrosiane dopma Eyop, B (1I0OCTIE BBLICPKKH)
00p. | 3epHa, MKM MIOBEPXHOCTHU TIOCTaBKH 15 30° 5 cyTok
1 10 [TonmposaH. JIACT -0,25 -0,23 0,02
2 0,05 ITommposaH. JIUCT -0,29 -0,26 0,06
3 10 lImndosan. JIUCT -0,28 -0,21 -0,010
4 0,05 Inudosan. JIUCT -0,34 -0,29 -0,014
5 0,25 ITonuposaH. MPYTOK -0,22 -0,16 0,07
6 10 [TonmposaH. IPYTOK -0,33 -0,26 0,10

OCHOBHOE pa3iuyue B dJIEKTPOXUMUYECKOM MoBefeHnr BT1-0 B 3aBUCUMOCTH OT 3€pHUCTOCTH HX
KPUCTAITIMYECKOH CTPYKTYPbl OJHO3HAYHO MPOSBUIOCH HA MOJMPOBAHHON MOBEPXHOCTH MPHU CHATHH aHO.-
HBIX noJsipu3aoHHbix kpuBbiXx (AITK). Kak cnemyer u3 puc. 1, o6pasiiel mucroBoro tutana BT1-0 ¢ pas-
JUYIHOHN 3€PHHUCTOCTBIO CTPYKTYPHI H MIEPOXOBATOCTHIO MIOBEPXHOCTH IOCIIE 3a9UCTKH «MHKPOHHON» IIKYP-
KOH, MMPOMBIBKY JAUCTHIIIIUPOBAHHON BOJIOM M 15-MHHYTHOHN BBIJEPKKH B pACTBOPE HAXOIATCS B aKTMBHOM
cocrostaud. [Ipy HanOXeHUN aHOTHOW TTONIIPHU3AINH HX TIOBEIEHIE MOKHO OXapaKTepPH30BaTh KaK aKTHBHO-
MMaCCUBHOE, TUIIMYHOE [T TUTaHA M €TO0 CIIaBoB. [Ipy MAEHTHYHOCTH XapaKTepa KPUBBIX MOKHO OTMETHUTH,
YTO TOKH PACTBOPEHHs HAHOKPUCTALTMYECKOro TuTaHa (puc. 1, kpuBas 2), 0COOCHHO Ha 2-M ydacTKe mac-
cuBHocTd (B o6sactu nmoteniuanos ot 0,8 1o 1,4 B), moutu B 2 pasa MPEBHIIIAIOT aHAJOTMYIHBIH MOKa3aTeb
JUTS MaKpOKpucTamminueckoro meramia (puc. 1, kpusas 1).

N3menenne nopsiaka moAarotoBku nepen cHatuem AIIK, B 4acTHOCTH 3a CYHET JOMOIHUTEIBHON 00-
pabOTKH MOBEPXHOCTH COMOBOM KaIMIIEH Mepea MPOMBIBKOI BOAOH, MPUBENO K BUAOU3MEHEHHUIO MOJISAPH3a-
IUOHHBIX 3aBUCHUMOCTEH (pHC. 2), BRIPOXKICHUIO BTOPHYHBIX YYACTKOB aKTHBAIlUM — MACCHBAIIUM U YBEIHU-
YeHHUI0 00J1aCcTH EPBUYHON MaccuBHOCTH A0 ~ 1,4 B. OxHako ¥ B 3TOM cilyyae THUTaH C HAHOKpUCTAJITN4e-
CKOW CTPYKTYpO#l ocTaBaics 0ojiee akTHBHBIM (KpuBas 4) 10 CPaBHEHHIO ¢ MAKPOKPUCTAIIIMUYSCKIM aHAJO-
rom (kpuBas 3).

AHaNOTHYHOE COOTHOIICHHE DIIEKTPOXUMHYECKOH aKTHBHOCTH HaOMIOJAIOCh TakXke Ui 0Opas3loB
BT1-0, mony4eHHbIX U3 npyTka. KoBaHbIN THTAaH CyOMUKPO3EPHUCTOM CTPYKTYphI (pUC. 2, KpuBas 2) B Aua-
ma3one nortennuanos oT 0,2 mo 0,6 B pacteopsiercs B 1,5-2 pasza GricTpee McxomHoro Martepuaia (puc. 2,
KpuBas 1).
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147 ¥, M A/cv®

E,. B
1.2 2,0

E..E
04 0 04 1,2 2,0 04 0 04
Puc. 1. AIIK nucmosoco BT1-0 ¢ ¢usuonoeuueckom Puc. 2. AIIK BT1-0 ¢ ¢puzuonocuvecxom pacmeo-
pacmeope npu pasiuunol 3epuucmocmu d, mxm: pe npu  paziuunou  3epuucmocmu  d,  MKM:
1,3 ~10; 2, 4 - 0,05; ¢ noocomosxou nonuposanu- 1,3 ~10; 2 ~0,25; 4 ~0,05; npu cocmosHuu no-

em (1, 2); waughosanuem (3, 4) cmasku: 1, 2 — npymox; 3, 4 — aucm
B 1iemom 06pasiel U3 npyTka (B T.4. M UCXOAHBIC) OTIUYAIOTCS MOBBINICHHOW 3JIEKTPOXUMHUYCSCKON

AKTHUBHOCTBIO IO CPAaBHCHUIO C JINCTOBBIM MATCPHUAJIOM — IIPOLECC BTOpH‘IHOﬁ aKTUBAallMM HAa HUX HAYMWHACT-

cs Ha 0,6-0,7 B panbIe, 00acTi MaCCHBHOCTH MPAKTHIESCKH OTCYTCTBYIOT.
HOJ’Iy‘IeHHBIe PE3YIbTATHI MMO3BOJIAIOT MPECAIIOJIOXNUTE, YTO Ha CYGMI/IKpO' U HAHOKPUCTAJNIMYECKHUX

crpykrypax BT1-0 mpu anomHoOW monsipu3anuu 00pa3yroTCsl MAaCCHBHBIC IUICHKH, YCTYMAIOIIUE MO CBOMM

3aIUTHBIM CBOMCTBaM IICHKAM HA UCXOJHBIX MaTepHallax.
HunurenbHas (5-IHEBHAs) BBIACPIKKA B PACTBOPE MPHUBOIUT K BHIPABHUBAHUIO TTOTEHIIMAIOB KOPPO-

3MM, HO HE TOJBKO HE YCTpaHsET pa3jinuus B DJIEKTPOXMMHUYECKOM MOBEACHUH NPU HAIOKEHHU aHOJHOMN
MOJISIPU3AIINY, a Jaxe ycuiauBaeT ux (puc. 3, kpusbie 1, 2; puc. 4, kpusbie 1-4).

14 ¥, MxAcm®
12-

10+

Puc. 3. AIIK o6pasya BT1-0 uz npymxa 6 usuonozuweckom pacmeope npu paziutHoll 3epHUCmocmu
d, mxm: 1, 1' ~10; 2, 2' ~ 0,25; u npu cocmosinuu nogsepxnocmu’ 1, 2 — ¢ ecmecmgennoli 0KCUOHOU NILEHKOU

nocie 5-cymounoti gvloepoicku 6 pacmeope, 1', 2' — ¢ anoOHvIMuU OKCUOHBIMU NIEHKAMU

HauGonee BeposiTHOW MPUYUHON JaHHOTO (akTa MOTYT OBITh HaJUYMe Pa3MYHBIX Je(eKTOB U Ha-
IIPSKEHHOCTh CTPYKTYPBI, BOSHUKAIOLINE B IIPOLIECCE MEXAaHMUECKOro (POPMUPOBAHUS HAHO- U CYyOMUKPOK-
PHUCTAIIIOB, KOTOPbIE OTPUIIATENHHO BIHMSIOT Ha CIUIOIIHOCTD MOBEPXHOCTHBIX 3aLIUTHBIX CIIOEB.
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CyIIecTBEeHHO CHIKACT JIEKTPOXHUMHUUECKYI0 aKTHBHOCTE BCEX 00pasIoB, B T.4. C MAaKpO-, CYOMHK-
pO- U HAHOKPUCTAJUTMYECKON CTPYKTypaMH, aHomHas okcuaHas ruieHka (AOIT) Ha ux moBepXHOCTH, chop-
mupoBanHas mpu 30 B. Cornacuo [15] Tonmmunua MHTEphEpEHIIMOHHO-OKpAlIeHHOH (roy0oii) MIeHKH MO-
xet nocturath nopsika 70+80 um (2,6 um/B x 30 B). Kak cienyer u3 puc. 3 u 4, 061acTh nepBOHAYAIBHOM
MMACCUBHOCTH 00pa3IoB JII000H CTPYKTYPHI PacIpoCTpaHseTcs OT MmoTeHnuanos kopposuu no 0,8-1,3 B, rue
TIOCJICTYOIIasl aKTUBAINS MOXKET OBITH CBSI3aHA C JAJBHEHIINM OKHCICHHEM TUTaHa B 4-BaJICHTHOM COCTOS-
HUH U 00pa30BaHUEM OKCHJIOB BBICIIEH BaJICHTHOCTH. TEpMOJMHAMUYECKH TP 3TUX MOTEHIIMAIAX BO3MOXK-
Ha MapajulelibHasl peakuus BBIJCICHUS KUCIOPOAa M3 MOJIEKYJ BOJIBI, OTHAKO C 3aMETHOH CKOPOCTBIO JaH-
HBIH TIPOIIECC COTTIACHO MCCIIEA0BaHMAM [16] MpOMCXOMUT pH IMOTEHIHATIAX TMoNIoKuTenbHee 2,7 B (H.K.3.).

g0l Y MEA/CM
a0
40

204

1]

Puc. 4. AIIK aucmosozo BT1-0 6 ¢husuonocuueckom pacmeope npu pasiuunoi seprucmocmu d, mxm:
1,1,3,3 ~10; 2, 2", 4, 4" - 0,050; u npu cocmosinuu nosepxnocmu. 1, 1', 2, 2' — ucxoono noauposannule;
3,34, 4' —wnugosannvie; 1, 2, 3, 4 — ¢ ecmecmeennol OKCUOHOU NIEHKOU NOCE 5-CYmMOUHOU 6b10epIHCKU 8
pacmeope; 1', 2', 3", 4' — ¢ anoOHbIMU OKCUOHBIMU NAECHKAMU

O6pasupsl ¢ AOIT m060i KPUCTAITHYECKON CTPYKTYPBI U3 OJTHOM TPYIIIBI BEAYT ce0si UISHTUYHO, a
pasnnure HaONIoJaeTcss TONBKO MEXAy oOpasnamu W3 mpyTka W jaucta. Kak M B UCXOJHOM COCTOSTHHH,
aHOJIHAs aKTUBHOCTHL JUCTOBBIX 00pasmoB ¢ AOII B obmeMm cimydae Hroke. OTHOCHUTENBHO OoJiee BBICOKAS
CKOPOCTBh @HOJHBIX IPOIECCOB CPEH HUX ObLIa OTMEYEHA JJIsi UCXOAHO IUIM(OBAHHOTO 00pasiia ¢ HaHOK-
pHUCTaIIMYecKOil CTpyKTypoil (puc. 4, kpusas 4), 3HaueHue E,, kotoporo Ha 100+180 MB orpumarensuee
OCTaJIbHBIX, @ 00JIACTh MEPBUYHOM MACCUBHOCTH CyxeHa Ha ~ 800 MB.

16 ¥, MxA/cm?

144
12+

10+

1]

Puc. 5. AIIK BT1-0 ¢ anoOHo-uckposbimu nOKpulmusimMu 6 Qu3nuoi0euLeckom pacmeope npu pasiuitol 3ep-
nucmocmu d, mxm: 1, 3, 6 ~10; 2, 4 ~0,050; 5 — 0,25; u npu cocmosnuu nocmasxu: 1, 2, 5, 6 — ucxoomno
noaupoganuwie; 3, 4 — wnugosannvie; 1, 2, 3, 4 — rucmosoii mamepuan; 5, 6 — uz npymxa
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MOXHO HPEANONOKUTh, YTO AaHOMAJIBHOE ITOBEICHUE BBI3BAHO YBEJIMUEHHEM J1e()EeKTHOCTU ITOBEPX-
HOCTHOHM CTPYKTYpBI 32 CHET CYMMapHOTO MEXaHUYECKOTO BO3JICHCTBUS MPU KPUOTIPOKATKE U IUTH(HOBAHUH,
KOTOpBIE JOMOJHUTENIBHO BCKPBIBAIOTCS Ha dTamne TpasieHus B cmecu kuciot (HsPO,4 :HF) nepen anoaupo-
BaHHEM.

K cyuiecTBeHHOMY CHMXKEHHIO aHOZHOM aKTUBHOCTH HCCIEAYEeMBIX 00pa3lLoB, CONOCTABUMOMY C
s dexTom AOII, TpuBeTO TakKe aHOAMPOBAHUE MX B MHKPOAYToBOM pexkume (cm. puc. 5). Ilpu ompene-
JICHHBIX MIapaMeTpax OKCHIUPOBAHUS HA IMOBEPXHOCTH (HOPMHUPYETCSI OTHOCUTEIHHO MAJOMOPUCTAs TUICHKA
C BBICOKHMH aHTHKOPPO3MOHHBIMU CBOMCTBaMH, KOTOpas Ojarofapsi KpUCTAUNIMUECKONW CTPYKType OTIHYa-
€Tcsi TaKXe IOBBIIIEHHOH HW3HOCOCTOMKOCTBIO. Takue MOKpBHITUS LeNecOo00pa3HO HAHOCUTh Ha OOBEKTHI,
9KCITyaTUPyEeMbI€ B YCIOBHUSX OJHOBPEMEHHOI'O MEXaHHMUYECKOTO M KOPPO3MOHHOTO Bo3jeiicTBus. [Ipume-
YaTeNnbHO, YTO M B CIIy4ae MHKPOIYTOBOTO OKCHIUPOBAHHUSI MaKpO3EpHHCTHIE 00paslbl ¢ MOKPBITHSAMHU OC-
TAIOTCS MEHEE aKTHBHBIMH, YEM UX HaHO- M CyOMHKPO3EpHHUCTHIC aHAJIOTH.

BriBoabI

1. O6pasupr ThTana BT1-0 ¢ cyOMHKpO- U HAaHO3EPHHCTOH CTPYKTYpaMH MpPOSBILSIIOT OTHOCHTENHHO
OOJIBIIIYIO ANEKTPOXUMHUUCCKYIO aKTUBHOCTH B (pusronormueckoM pactrope (0,9% pacteope NaCl), uem ux makpo-
3epHUCTBIC aHaoru. Hanbomee BeposTHas IpUYMHA TAKOTO NIOBEICHUS — BCEBO3MOXKHBIC Ne()EKTh], BO3HUKAIOIIE
B 00BEME U Ha TIOBEPXHOCTH THTAaHA B MPOIIECCE IUIACTHYECKOHN eopMaliii METOIOM KOBKH WM TIpOKaTkH. Jle-
(eKTBI IPENATCTBYIOT 00Pa30BAHMIO CILIONIHOM €CTECTBEHHOM 3alMTHOM IUICHKH Ha THTaHE.

2. Brigepxka 00pasnoB B (PU3MOJIOTHYECKOM PAacTBOpPE B T€UEHHE IIATH IHEH MPUBOAMT K obaro-
POKUBAHHIO U MPAKTUYECKOMY BBIPABHHBAHWIO 3HAUCHHH MMOTEHIMAJIOB KOPPO3WM Ha BCEX BHUIAX HcCCie-
OyeMBIX 00pa3loB HE3aBHCHMO OT 3€PHUCTOCTH HUX KPHUCTALTHYECKOH CTPYKTYypbl. OIHAKO MpU aHOTHOH
MOJISIPU3ALMK TaKUX 00Pa3LOB COXPAaHACTCS MOPAJOK PACHONI0KEHHsI KPUBBIX, XapAKTEPHBIX Ul UCXOAHBIX
00BEKTOB, — CyOMHUKPO- M HAHOKPUCTAJUINIECKUI TUTaH Oojiee aKTUBEH, YeM MaKpOKPUCTAJUIMIECKHUIL.

3. AHOJIHOE OKCHAMPOBAHHE THTaHA B MUpodocdare Kanus B JOUCKPOBOM PEKUME ¢ 00pa3oBaHUEM
Ha TOBEPXHOCTH MHTEP(EpEeHIIMOHHO-OKpaIIeHHO! (romy0oii) MIeHKH NPUBOAUT K CYIIECTBEHHOMY 3aMe/l-
JICHUIO JIEKTPOXMMHUUYECKUX PEaKIUi IIPU aHOIHOH IOJISIPU3AlMK Ha BceX Buaax obpasuos. IIpu 3tom pas-
JMYNe B aKTUBHOCTH MEXy THTAHOM MaKpo- U CyOMHKpO-, MaKpO- ¥ HAHO3EPHUCTOCTH MPAKTUIECKH HHUBE-
JIUPYETCH.

4. 3amuTHBIE MICHKH, C(HOPMHUPOBAHHBIE B YCIOBHAX MHKPOLYTOBOTO OKCUAMPOBAHMS, CHHXKAIOT U
COMKAIOT TIOKa3aTeNld aKTUBHOCTH BCeX KpucTauimdeckux ctpykryp BT1-0. Hexoropoe mpenmyiecTBo
MaKpO3EPHUCTHIX 00pa3LoB (OTHOCUTEIbHAS HHEPTHOCTh) COXPAHSAETCS, HO B OOJIBLICH CTEIICHH MPOSBIISET-
csl B ape ¢ CyOMHKpPO3EpHHUCTHIM aHAIOTOM, TIOJIy4YE€HHBIM METOAOM KOBKU.

Aemopul bnazodapsm B.A. Mockanenko 3a npedocmasiienHuvle 0 UCCe008anus 00pasybl HAHOKPU-
CMANIUYecKo20 MUmand.
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Tlocmynuna 14.09.10

Summary

Corrosion potential measurements and analysis of polarization characteristics allowed to conclude
that titanium VT1-0 with nano- and submicro grain structure shows higher electrochemical activity in 0,9% NaCl
solution than its minor granular analogs. Formation of all types of anode oxide films in various modes, inclu-
ding micro arc mode, on the titanium surface reduces and approximates corresponding indicators, but does
not remove the differences, peculiar to substrates.
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KHHETHYECKHE 3AKOHOMEPHOCTH ITPOLECCA
T'ETEPOT'EHHOM PEKOMBUHALIMA ATOMOB O(°P)
B IIVIABME O,-Ar

HN.H. bposukosa, H.B. Xosoaxkosa, U.B. Xos101x0B

T'OYBIIO Hsanosckuii 20cy0apCmeenHblil XUMUKO-MEXHOI02UYeCKUll YHugepcumen,
np. @. Dueenvca, 1, 2. Usanoso, 153000, Poccus, kholodkova@isuct.ru

B Hacrosimee BpeMs aiisi MOIU(HKAIIMK TTOBEPXHOCTH, TTOBBIIICHUS €€ CMaYMBAeMOCTH M a/T€3HUU
Pa3IMYHBIX MOJMMEPHBIX MaTepHAaloOB IIMPOKO TPHMEHSETCS KUCIOpoAHas IuIa3Ma. BBerenme B cocTas
I1a3M000pa3yIoIIero ra3a aproHa, a TakkKe MaJbIX KOJIWYECTB METAJUIOPTaHUUECKUX COCTUHEHUH TT03BOJIS-
T MOJYYUTh HAHOpPAa3MEepHBIE MPO3paYHble TOHKUE OKUCHBIE IuIeHKH, Hanpumep ZnO u SnO,, KoTopkle Hc-
MOJTB3YIOTCS B KAYECTBE TFa30BBIX CEHCOPOB MM 00ECTICUNBAIOT TIOBEPXHOCTHYIO MPOBOIUMOCTE UDJICKTPH-
kOB [1]. B OOJBIIMHCTBE CIy4aeB U3yUeHUE MPOLIECCOB 00pa30BaHusl U THOCITH aTOMOB KHCIOPO/Ia B JaHHOM
CHCTEME CTpOUTCs Ha 0a3e MojeNbHBIX pacueToB [2]. HenocTaTouHOE KONMMYECTBO MPSIMBIX KHHETHUECKHUX
M3MepeHui TpeOyeT MambHEHIMX padoT, HANPaBICHHBIX HA MCCIEIOBAaHWE MEXaHM3MOB BIIMSHHS JT00aBKH
aproHa Ha reTeporeHHsIe mporecchl ¢ yuactueM aromoB O(P) B miasme cmecn O—AT.

MeTtoauka IKcnepuMeHTa. DKCIIEpUMEHTaIbHbIE H3MEPEHHUS MPOBOJWINCH Ha YCTaHOBKE, CXeMa
KOTOpOH TpencTaBieHa Ha puc. 1. Tieromuii pa3psa MOCTOSHHOTO TOKA 3KUTANICS B TPYOKE M3 2JIEKTPOBa-
KyyMHOTO crekia mapku C-52 ¢ BHyTpeHHmM amamerpoM 1,510 M. JUIMHA IONOKHTEIBHOTO CTOIOA
TJICIONIETO pa3psi/ia IIOCTOSHHOTO TOKa MOTJIa MEHSTHCS MIPH MEPEMEIICHUH aHO1a BIOJIb pa3psaHON TPyOKH.
ATOMBI, oOpasyromiuecss B paspsjie, BBIHOCHINCH IIOTOKOM ra3a 4epe3 KBapleBylo TpyOKy (muamerp
0,96:107% m, mmuna 0,3 M) ¥ PErHCTPUPOBATHCH METOLOM 3MEKTPOHHOTO MAPAMATHHTHOIO PE30HAHCA C I10-
Motbio paanocnekrpomerpa PO 1301. Bpems Tpancnopra aToMOB OT 30HBI pa3psizia 10 MecTa X perucrpa-
mun — 0,1-0,03 c. [ToBepXHOCTh peakTopa TEPMOCTATHPOBAIN C ITOMOIIBIO BHENTHETO HArPEBAIOIIETO YCT-
poricTBa. M3MepeHus TeMIiepaTypbl CTCHKH, a TakKe TEeMIIepaTyphl raza Ha OCH MOJOXHTEIHLHOTO cToj0a
MPOU3BOJIMIN C MOMOIIBI0 MEIBKOHCTAHTAHOBBIX TepMorap. [limazmMooOpa3syromuii ra3 TOTOBWIN ITyTeM
CMEIIEHNsT M3BECTHBIX 00BeMOB aprona (umcrora raza 99,9%) m xucmopoma (umcrora 99,9%), TOYHOCTH
NPUTOTOBJICHUSI KOHTPOJIMPOBAIN Macc-criekTpoMerpudecku. CoJiepkaHue aproHa B CMECH U3MEHSIIOCH OT
0 1o 90%. /laBnenue miazmMoo0Opasyrolero raza nojnepxuBanu noctostuabiM — 200 Tla (morpemHocTs u3-
Mepenwuii 2,5 IMa), nuana3on TokoB paspsiaa coctasisin 10-140 MA.
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Puc. 1. Cxema sxcnepumenmansroti ycmanosku. 1 — peakmop; 2 — pezonamop paouocnekmpomempa II1P;
3 — pacxoodomep; 4 — mepmonapa; 5 — eneutnee nazpesaioujee yCmpoucmeo

Jns onpeneneHusl KOHCTaHT (BEPOSTHOCTEH) TeTepOreHHOM rndeny MPOBOIMINCH H3MEPEHHs KOH-
LIEHTPAIMd aTOMOB O(SP) KaK (YHKIMH JUTHHBI TTOJIOXKHUTEIBHOTO cTOJ0a. MeTtoanka o0padOTKH dKCIepH-
MEHTaJBHBIX JAHHBIX TIOAPOOHO ommcaHa B padote [3].

Pe3yabTaThl u3MepeHuil U ux o6cy:kaeHue. K oCHOBHBIM KaHajgaM THOEIM aTOMOB KHCIIOPOAA
O(’P), obpasyiommxcs B Ia3Me TIEoMero paspsiaa B cmecu O,-Af, clielyeT OTHECTH 00beMHbBIE IIPOIECChHI
Y TETEPOTCHHYI0 PEKOMOWHAITUIO HA CTEHKAaX PEeakTopa B OOJIACTH IUIA3MBI M TTOTOKOBOTO MOCIIECBEUCHHSI.

© Bposukosa U.H., Xonoxkosa H.B., Xononkos 1.B., Dnekrponnas obpadotka matepuanos, 2011, 47(2), 76-78.
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[IpenBaputebHbIC pacyeThl, a TAKXKe Pe3yIbTaThl N3MEPEHHH MMOKAa3alld, YTO THOENBI0 aTOMOB KUCIOPO/A B
00BEMHBIX PEaKIUsIX MOXKHO MpeHeOpeyb (B UCCIICIyEeMOM TUana30He YCIOBUil SKCIIEpUMEHTa UX BKJIa] HE
npeBbimaet 15%), To ecTh pekOMOMHAINS aKTUBHBIX YaCTHI IPOUCXOJUT MPEHUMYIIECCTBEHHO I'€TEPOreHHO.
Marematndeckass 00pabOTKa SKCIEPUMEHTABHBIX KHHETHYECKHX KPHBBIX BO BCEM JHAla30HE COCTABOB
razoBoii cmecu O,-Ar(0-90%) u temneparyp mosepxHoctr peakropa (7., = 300-650K) mokasana, 9to pe-
KOMOMHAIIMSI aTOMOB KHCIJIOPO/Ia COOTBETCTBYET PEaKIUH MEPBOr0 KHUHETHYECKOTO MOPSAKA OTHOCHTEIBHO
UX KOHIICHTPAIIHH.

TeMmnepaTypHbIe 3aBHCHMOCTH BEpOSTHOCTH TeTEPOTeHHON TMOeNn aTOMOB KHciopoaa B masme O,
1 cMecu O,-Ar mpencraieHs! Ha puc. 2-4. CKOPOCTb reTeporeHHoil pexombunammu aromo O(P) B 30He
MOJIOKHUTENBHOTO CTOJI0a TIEIONIEro pa3psija, Kak U B 00JaCTH MOTOKOBOTO MociecBedeHus [4], He 3aBUCUT
B TIpeJieNax MOrPEeIIHOCTH IKCIIEPUMEHTa OT cocTaBa ra3oBoit cmecu Op-Ar. He3HaunrtenbHOe YMEHbBIICHUE
BE/TMUYHHBI BepOATHOCTH Teteporennoit rubemu O(’P) Habmomanocs muims npu coxepxanun 5% Ar B cmecn
(puc. 2), mpuuem xapakTep 3aBUCUMOCTH COXPAHSIICS KaK MMPU €CTECTBCHHOM, TaK U MPHHYIUTSIHLHOM Ha-

IPEBE CTEHKHU PEaKTOpa BO BCEM HCCIEIOBAHHOM TEMIIEPaTyPHOM JUAIa30HE.
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Puc. 2. Beposmnocme cemepoeennou eubeiu Puc. 3. Temnepamyphas 3agucumocme 8eposimmocmu

amomos kuciopooa ¢ niazme QOx-Ar (200 [la, cemepocennoii pexombuHayuu amomos KuUciopooda 6

50 mA) npu memnepamype cmenxu, K: 1 — 360, nrasme O,-Ar (200 [la). 1 — 20% O, + 80% Ar;

2-670 2 - 50% O, + 50% Ar; 3 - 80% O, + 20% Ar;
4 —95% O, + 5% Ar

1

VT, 100K
15 20 | 25 30

Puc. 4. Temnepamyphas 3a6ucumocme 6EpOSMHOCIU 2eMePO2EHHOl PeKOMOUHAUUY AMOMOE KUCIOPOOd 6

naasme O, (200 I1a)

Kak mokasano B pabotax [5, 6], rereporeHHas peKkOMOHHALIMS aTOMOB IIPOTEKAET B pe3yJIbTare pea-
JM3AIMU JIBYX Pa3IMYHBIX MEXaHM3MOB, B3aUMOJIEHCTBHS XEMOCOPOUPOBAHHBIX ATOMOB MCCIIELYEMOrO rasa
C aroMaMH M3 ra3oBoi ¢asel (Mexanusm Mnu-Puanna) u pekoOMOMHAIIMK XeMOCOPOMPOBAHHBIX aTOMOB C
(bu3nUecKn aacopOMpOBaHHBIME aTOMaMH, JU(G(YHAUPYIOIUMHA BIOIb HOBEPXHOCTH (MexaHu3M JIoHrMmro-
pa-XMHILEIbBYAa), YTO IPUBOAMUT K 00pA30BAHUIO MOJIEKYJI B ra30BOi (aze. PeKoMOMHAIIMSA aTOMOB IIPOKC-
XOIUT B pe3yJibTaTe MPOTEKaHUs CISAYIOUINX MOBEPXHOCTHBIX PeaKIMi: (pu3nyecKoi afcopOIuu Ha Ba-
KaHTHBIX AaKTUBHBIX LEHTpaXx M TEPMHYECKOM JecopOuuu (QU3MYecKH aacopOMpPOBAHHBIX aTOMOB

A+ Fy <__> Af; XUMHUYECKO aacopOIMM Ha BaKAHTHBIX XMMHYECKH aKTHBHBIX TOBEPXHOCTHBIX IIEHTpax

A+ Sy (__> As; pekoMOuHaIMK 1o MexaHm3My Unu-Pumuna 4 + As —> A, + Sy; moBepxXHOCTHON Tu(dy3un

(bm3udeckn agacopOupoBaHHBIX aToMOB A; + Sy —> As + Fy; pexomOunHanmm mo mexanusmy JI3HrMmropa-
XunmensByna At + As —> A, + Sy + Fy (4, A, — aToM U MoJiekyia B cBOOOHOM cocTosiHuu; As , As — pusu-
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YECKH M XMMHYECKH afcoOpOMpOBaHHEIN aToM; Fy, Sy — BakaHTHBIC EHTPHI GU3MIESCKON M XMMHYECKOU aj-
copbumu). dusnuecku aacopOUpOBaHHBIC aATOMBI KUCIOPOIa ACCOPOUPYIOTCS C IOBEPXHOCTH Wik AubdyH-
JUPYIOT K ONMIDKANIINM LEHTpaM XHUMHUYECKOW afcopOLMu, CTPEMSCh 3aHATh CBOOOIHbBIC aKTHBHBIC LIEHTPHI,
WM B3aUMOJICHCTBYIOT ¢ XUMHUYECKH aJICOPOUPOBAHHBIMU aToMaMH. B ycnoBusx mia3mel B cmecu O,-Ar Bo
BCEM JTMAIa30HE HCCIICAOBAHHBIX TEMIIEPATYpP BBICOKA BEPOSTHOCTh PEaKUUi PU3HUYECKH aJIcCOPOMPOBAHHBIX
aTOMOB KHCJIOPOAa C XUMHUYECKH aJCOpOMPOBAaHHBIMU aTOMaMH, TO €CTh BKJIaJ PEKOMOWHAIMU MO MeXa-
Hu3My JIsHrMIopa- XvHIIENbBY1a MOKET 0Ka3aThCsl 3HAYUTEIBHBIM, €ClM He onpenenstomuM [5-7]. Kaxy-
Iasicst SHEPTUsl aKTUBAIMH TPOIIecca TeTEPOreHHON peKOMOWHAIIMH aTOMOB KHCIIOpPOJia B TUIa3Me€ B CMECH
O,-Ar B mpenenax TOTPEITHOCTH SKCIEPUMEHTA NPAKTHYECKH HE 3aBUCHT OT COCTaBa ra3oBOil cMecH
(cM. Tabmwiry) u cocrasnseT B cpeareM 6,5+1,3 kJ[x/Mois.

3uauenus xaxcywelcs snepeuu akmueayuy npoyecca peKomouHayuy amomos kuciopooa 6 cmecu O—Ar

Coneprxanue E. o
0, % kJ[x/Monb
20 6,35+0,77
50 5,79+1,29
80 7,76+0,91
95 5,95+1,98

B mnasme O, npu Temneparype noBepxHoctu peakropa ot 300 no 650 K (puc. 4), B oTinuume ot cme-
cu O,-Ar, equHON TeMIepaTypHOH 3aBUCHMOCTH He HaOMI0AaeTCsl, KaKyIIascsi SHEPTUsl aKTUBALIUH N3MEHS-
etest ot 5,712,6 k/x/mons nipu Te; < 400 K g0 15,0+1,8 xJIx/mMonb nipu T, = 410-650 K, uro MoxeT OBITh
CBSI3AHO C M3MEHEHMEM MeXaHH3Ma reTeporeHHoi ruéemu atomos kucnopoxa O(P). Ipu paspsae B cmecH
O,-Ar Bo3MOXKeEH Tiepexo]l K Mexanu3Mmy Mnu-Puanna npu Gosee BBICOKMX OTHOCHTEIBHO HCCIIEIOBAHHBIX
TeMIIepaTypax CTEHOK PeakTopa.

3aka0uenne. B pesynbpraTe NMpOBENCHHBIX SKCIEPUMEHTOB ONPEIETICHBl BEPOSITHOCTH TeTEPOTeH-
HOH THOETN aTOMOB KHCJIOPOZA B MOJIOKUTEIBHOM CTOJI0€ TICIOIIETO pa3psga MOCTOSIHHOTO TOKAa B CMECH
O,-Ar B IIMPOKOM JMara30He TEMIEparyp CTCeHKU peaktopa. VcciieJoBaHbl KHHETHYECKUE 3aKOHOMEPHOCTH
¥ IIPOAHATM3MPOBAHBI MEXAHU3MbI IPOIECCA TeTepOreH o rudenu atomoB kucaopoxa O(P).
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Iocmynuna 30.09.10

Summary

The probabilities of heterogeneous recombination of oxygen atoms have been determined for condi-
tions of positive column glow discharges of O,-Ar (0-90%) mixtures at wide range of temperature of reactor
wall. The apparent activation energies of heterogeneous recombination process are calculated.
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Introduction

To satisfy the growing demand for nanoparticles in the world market, manufacturers are increasing
an extent of their production while researchers are developing modern methods of nanoparticles production
or updating the existing ones. Among a number of their production methods there are Catalytic Chemical
Vapor Deposition [1], Explosion [2], Electro-Explosion [3, 4], Laser Induced Chemical Vapor Deposition
[5], Mechanical Milling [6], Sol-Gel [7], Plasma Physical Vapor Deposition [8]; Wet Chemistry [9] and the
others.

Theoretical analysis

One of the primary nanoparticles production methods is electric explosion of wire (further — EEW)
which is known as a physical phenomenon since 1771. EEW is the nanoparticles production technology of
“electric explosion of conductive materials” when high-voltage (15-30 kV) and powerful (density
10*-10" A/m?) impulse (duration 10 -10" s) flows through a conductor (wire). In EEW low electric densi-
ties - E/Es 0,8-1,5 (where E — comparative explosion energy, Es — sublimation energy of exploded material)
are used [10].

Limitation of EEW as a method of nanoparticles production lies in a great dispersion of particle di-
ameters — a spectrum of nano- and micrometric diameters (10° and higher differences in diameters are like-
ly). When using the wire of a relatively wide diameter (0,43 mm) a likely particles diameter is 1-3 um [10].
Wire of 0,25-0,3 mm used for nanoparticles production restricts their productivity [11, 12]. In Argone
(10° Pa) exploding copper wires of 0,43 mm diameter when reaching energy density E/Es higher than 2,1 the
average particles diameter becomes less than 100 nm [11]. Due to great differences in nanoparticles diame-
ters formed by explosion (in aerosol conditioned by explosion), a continuous separation of nanoparticles
from aerosol flows is essential.

Dispersion of conductor explosion products is mostly affected by a diameter of wire, density of
comparative energy, duration of the energy input. The wire diameter being smaller, the greater energy den-
sity is introduced and the duration of energy separation is shorter, thus due to the higher internal pressures
and temperature of the material the diameters of nanoparticles are smaller [13]. The studies of the basic EEW
phenomena have been generalized by Russian scientists [14-16]. This process consists of (resistant) incan-
descence of hard metal up to its melting temperature, fusion, intensive heating of melted wire metal (under
surface and internal evaporation), surface and internal evaporation, formation of material layers of different
densities and the explosion which is accompanied by complicated hydrodynamic phenomena, such as a sud-
den material extension violating an electric conductivity mechanism, ionization — shunting output by wire
vapour, formation and spread of the drops flow, cooling (under inert gases) [14-16]. EEW is simulated by a
digital method, however the opinions differ as to the conductor explosion mechanism [17].

In contrast to formation of coatings by EEW, in production of nanoparticles the speed of particles is
of no importance. For this reason an assumption may be made that the lower rates of the current input may
be used (the current impulse penetration is deepened i.e.- the skin), while with an increase in the wire diame-
ter the wire temperature and pressure are increased during the explosion, thus increasing dispersion of the
products. The lower voltage (5 kV) ensures lower energy input rates (10-50 ps). Technical parameters of the
up-to-date impulsive current sources (output frequency and power) significantly exceed the potential of an
explosion technology device (explosions frequency is restricted by a spontaneous short-circuit risk), there-
fore the real potential for an increase in production efficiency is an increase in a wire diameter.

Objective of this research is to investigate the vista of producing nanoparticles by EEW at low vol-
tage and high energy surplus using the wire of an enlarged diameter.

Research tasks involve: the production of iron and copper nanoparticles at 5 kV voltage with a great
energy surplus using the wire of 0,3-0,5 mm diameter, the assessment of produced particles by SEM and
XRD methods and the assessment of a newly developed separation system.

© Jankauskas V.,Padgurskas J.,Zunda A.,Prosycevas l., Dnexrponnas o6paGoTka matepuanos, 2011,47(2),79-85.
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Research methodology

Copper and iron nanoparticles are produced by the EEW device whose characteristics are: voltage of
batteries — up to 5 kV, volume — 0,2 mF, energy — up to 2500 J, frequency of output — 0,25 Hz.

To separate nanoparticles a separation device is used which consists of a settler and a three stages
centrifugal cyclone and a fan (Fig. 1). The settler is intended for separating gravitational micrometric parti-
cles from aerosol.

Particles are produced in the air (pressure 10°Pa). Analyses have been made by exploding the iron
wire of 60 mm length, 0,31 and 0,45 mm diameter and the copper wire of 0,38 and 0,49 mm diameter. Purity
of the wire material is 99,5% of iron and 99,9% of copper.

To obtain the ultimate dispersion of particles and uniformity of diameters a high energy surplus is
selected notwithstanding the fact that it increases the area of particles surfaces and their temperature i.e. their
interaction with the environment. The comparative exploding energy (Cu wires of 0,06 and 0,1 g mass) has
been analytically determined to be from 4 to 8 times greater than that of copper sublimation energy

(ES.CU - 5,4 k\]/g)
N 4F
S ;
= |
|

A
TR T ) |
3 4 i___: r\;" = |
T A /\@/}ﬁ{
I'.I.'I
"

Fig. 1. Schematic diagram of nanoparticles production device: 1 — source of high voltage current pulses;
2 — bus of current input (+); 3 — injection chamber; 4 — bus of current input (-); 5 — supply mechanism of
wire segments and a gear; 6 — exploded wire segment; 7 — settler; 8 — fan; 9 - cyclone of large particles;
10 — cyclone of medium particles; 11 — cyclone of small particles

Structural X-ray analysis of nanoparticles has been made according to the Breg-Brentan scheme by
difractometer DRON 3.0 (Cu Ka radiation), Ni-filter, 30 kV voltage, 30 mA current, turning the angle 20
from 25 to 100°. X-ray photographs have been processed by XRLL Edit program.

Sizes and shapes of the particles have been analyzed by SEM JEOL-5600 enlarging them up to
500.000 times.

Effectiveness of nanoparticles production has been assessed by a material utilization coefficient (ra-
tio of nanoparticles to the wire masses utilized for their production) with analytical scales KERN ABJ
120-4 m (accuracy — 0,1 mg).

Research results

EEW nanoparticles produced of iron and copper wire make heterogeneous, spongy and dark mass in
which agglomerates are evident. The largest ones (of 2-10 um diameter) are formed when exploding iron,
Fig. 2. Agglomeration of copper particles is also perceptible whose size may be 1-7 um (the smallest parti-
cles were collected in a smallest cyclone are of 1-3 um, the largest ones — 5—7 um were collected in a largest
cyclone).

SEM analysis indicates that iron nanoparticles are of a regular sphere shape, whereas the shape of
copper nanoparticles is not that of a sphere (Fig. 3) and their medium size is smaller than 100 nm. The sizes
of separate large particles are 200-350 nm.

At different stages of a separation system the contamination of collected nanoparticles (20-80 nm)
by individual large particles (250-400 nm) is conditioned by the unsteady air flow. Vapour formed during
the conductor explosion (Fe > 2735, Cu > 2590 °C) is heating the air in the injection chamber, its pressure
grows, so does the rate in settler and cyclones. With the variation in the air rate the separation parameters are
also varying.
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5 000 0 iy ETD 10,6 mm f 5.0
Fig. 2. SEM npicture of iron nanoparticles Fig. 3. SEM picture of copper nanoparticles
(20,31 mm wire) collected in a cyclone of large (20,38 mm wire) collected in a settler (x150.000)
particles (x5.000)

Iron (20,31 mm wire) particles of 50-80 nm collected in settler happen to be of 250-400 nm diame-
ter, while micrometric particles are detected rather seldom. Among the particles of 30—-60 nm (up to 100 nm)
collected in the large particles cyclone the micrometric ones are detected, whereas in the medium particles
cyclone they are 20-50 nm (up to 80 nm). SEM photos are presented in Figs 2—4.

A classical constructional solution of nanoparticles production device is a vertical aerosol flow
movement (down) [11, 12]. Forming a horizontal aerosol flow (aerosol output gap being in the center of the
chamber) the separation of nanoparticles begins even in the explosion chamber (micrometric particles remain
there).

Histograms of diameters of Fe nanoparticles produced of 0,31 and 0,45 mm diameter wire collected
in medium and large particles cyclones are presented in Fig. 5.

AT Y

Fig. 4. SEM photos (x150.000 and x500.000) of iron nanoparticles (0,31 mm wire) collected in the parti-
cles settler (a) and in the medium particles cyclone (b)

The particles whose average diameter is 46 nm are collected in the large particles cyclone of the ex-
ploded iron separation system, while those of 42 nm are collected in the medium particle cyclone.

As it has been expected when using the iron wire of larger diameter (0,45 mm) the produced nano-
particles are of larger than medium diameter — 69 nm. This size satisfies the requirements of many technolo-
gies. When nanoparticles are produced of @0,49 mm copper wire their average diameter is larger — 97 nm
due to lower resistance and higher density of this metal.

To assess effectiveness of the cyclonic separation system the wires of iron (@0,31 mm) and copper
(20,38 mm) metal of masses 6 g and 11 g, respectively, have been exploded. Fig. 6 presents the collected
particles masses in different separation stages (a) and their percentage distribution (b).
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Fig. 5. Histograms of diameters of iron particles produced of 0,31 mm (a) and 0,45 mm (b) diameter wire.
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Fig. 6. Distribution of masses (a) and their percentage (b) of Cu and Fe nanoparticles collected at different
separation device settler and cyclones. 1 — iron nanoparticle; 2 — copper nanoparticle
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The material utilization coefficient in production of nanoparticles is determined 48% for iron and
35% for copper. According to the works by Suchara and other researchers during the EEW process about a
half of exploded material evaporates [18]. The real material utilization coefficient is greater because it is im-
possible to collect nanoparticles from the surfaces of cyclones and settler fully.

XRD spectra of iron and copper nanoparticles collected in all stages of a separation device are given
in Fig. 7. 1t should be noted that the spectra peaks indicate a negligible amount of pure iron and copper quan-
tities. XRD spectra peaks of Cu nanoparticles in the interval of radiation incidence angle of 25-100 (20) de-
grees are quite identical. Here copper oxide (CuO) is prevailing. In the radiogram (Fig. 7,b) in the spectrum
of pure copper there are two slight peaks (111 and 200). The analogous results are observable in the Fe ra-
diogram (110 and 211) (Fig. 7,a). It is the result of the interaction of the air with nanoparticles during the

production process.

Intensity, rel.unit

1400
S Fe203 (311 &
1200 —§- 18 =
10001—S ] 5= 3
3 S g i
< & g4 S
00 ' = o
& o
600 e S
[ 1 3
P
400 5
200 s
W) L
u_
25 40 55 70 85 100
Angle 20, degree
a
4500 Intensity, rel.unit
3000 é’ =
o~ o = -
2500 =Sz ¢ RS =
elllg g S5 SEESH
00— P15 S o5 | 82 %00
= 2 T o
sool bt 4 2| 1y & 1
1[":"] N M I -lul. 3
S00- ...," A .
. | , A S ]
25 40 55 70 85 100
Angle 26, degree
b

Fig. 7. XRD spectra of Fe (a) and Cu (b) nanoparticles collected in all separation stages (1 — in small parti-
cles cyclone, 2 — in medium particles cyclone, 3 — in large particles cyclone, 4 — in particles settler)

Discussion on results

In a settler the particles are separated on the principle of gravitation. Here about 10% of all particles
are collected which have to be additionally sorted by airing them with a gas flow and repeatedly supplying
them to the cyclones. According to the percentage amounts of iron and copper nanoparticles at the separation
device stages the following conclusion can be drawn:

— iron particles are more effectively collected;
— collection of nanoparticles in a large particles cyclone is equivalent (23-25% of the utilized wire

mass for production); Fe nanoparticles are on average collected twice more than Cu in a settler and small

particles cyclones.
When comparing the diameter differences of the produced nanoparticles to those obtained by the

other researchers [4, 29, 20], it should emphasized that the diameters of particles are more uniform.
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Conclusions

1. An increase in efficiency of nanoparticles production can be achieved by applying low voltages,
high energy densities and wires of enlarged diameters — 0,31-0,45 mm of iron (average nanoparticles diame-
ter being 42-74 nm), and diameter 0,38-0,49 mm of copper (average nanoparticles diameter being
69-97 nm).

2. When producing nanoparticles the wire material utilization coefficients are high: Fe — 48%,
Cu - 35%.

3. Electric explosion of a conductor in the air is relevant to production of oxides/metals — oxide na-
noparticles (Fe and Cu oxides of different crystollagraphic axes are formed (FesO4, Fe;O3, CuO, Cu,0) with
a moderate quantity of pure Fe and Cu metals (Fe(110), Fe(211), Cu(111), Cu(200)).
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Summary

One of the primary nanoparticles production methods is electric explosion of wire (further — EEW)
which is known as a physical phenomenon since 1771. Limitation of EEW as a method of nanoparticles pro-
duction lies in a great dispersion of particle diameters — a spectrum of nano- and micrometric diameters
(10° and higher differences in diameters are likely). Due to great differences in nanoparticles diameters
formed by explosion (in aerosol conditioned by explosion), a continuous separation of nanoparticles from
aerosol flows is essential. Dispersion of conductor explosion products is mostly affected by a diameter of
wire, density of comparative energy, duration of the energy input. Objective of this research is to investigate
the vista of producing nanoparticles by EEW at low voltage and high energy surplus using the wire of an en-
larged diameter. Analyses have been made by exploding the iron wire of 60 mm length and 0,31 and
0,45 mm diameter and the copper wire of 0,375 and 0,49 mm diameter. Purity of the wire material was
99,5% of iron and 99,9% of copper. To separate nanoparticles from aerosol a separation device was used
which consists of a precipitator and three stages centrifugal cyclone. SEM analysis of Fe nanoparticles using
SEM showed the mean diameter of particles about 69 nm (for wire @0,45 mm). Cu nanoparticles was 97 nm
in diameter (for wire 30,49 mm). XRD spectra of iron and copper nanoparticles indicated a high oxidation
level of Fe and Cu (oxides of different crystollagraphic axes are formed such as Fe;0,, Fe,O3, CuO, Cu,0).
A moderate quantity of pure Fe and Cu metals (Fe(110), Fe(211), C(111), Cu(200)).
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Introduction

The traditional material for the construction of ship and submarine hulls is steel, with aluminum and
aluminum based composites used, in particular, for weight sensitive applications [1-3]. Aluminum metal
matrix composites have high ratios of the Young modulus/density and yield strength/ density as well as taila-
rability coefficient of thermal expansion and high thermal stability conductivity; hence they look very pro-
mising and find applications in marine industries [5-6]. However, one of the main drawbacks of aluminum
matrix composites is the decrease in corrosion resistance compared to the base alloy. Various surface modi-
fication procedures are being evaluated for Al alloys and their composites to improve the corrosion resis-
tance. Some chromate-free processes have been investigated to improve the corrosion resistance of Al based
metal matrix composites. Many alternatives to chromium corrosion protection systems have been investi-
gated, but few offer the protectiveness or easy application of chromate coatings. Among potential chromate
replacements, mostly rare-earth compounds, particularly cerium compounds, have attracted significant atten-
tion [7-9]. Cerium dioxide (CeQ,) film has been deposited using such techniques as electrochemical deposi-
tion, reactive magnetron sputtering, electron beam evaporation, metal-organic chemical vapor deposition,
pulsed laser deposition and sol-gel. The electro-chemical processing has been regarded as a potential tech-
nique for the preparation of high performance materials. The advantages of this process include the purity of
reagents, the control of the homogeneity for precursor mixtures, the potential control of the phase evolution
and microstructure, and the opportunity for fabrication of materials into useful non-traditional shapes [9-11].
The objective of the present paper is to investigate the effects of aging on the corrosion behavior of 6061
Al/SiCp composite and of heat treatment temperature on the microstructure and corrosion behavior of cerium
oxide coatings prepared by chemical bath technique on 6061 Al/SiC composite in 3.5 N NaCl solutions, by
means of potentiodynamic polarization technique.

Experimental procedure

The material used in this study was a 15% volume fraction of SiC, particle reinforced 6061 Al com-
posite fabricated by stir casting technique. The composite was made of 6061 Al alloy reinforced with par-
ticulate SiC (99.9% purity) and 23um size. The composite in the form of cylinders was cut into dimensions
20x20x20 mm, prepared for the Brinell hardness measurements (ASTM E10). All specimens were solution
treated at 558°C for 1 hour, water quenched, and then aged at T 140, 160, 180, 200, 220 and 240°C for vari-
ous durations of time (T6 treatment). The age-hardening response of the composite was characterized using
the Brinell hardness measurements. Based on the hardness profile, the aged samples were classified into
three categories, namely, ‘under aged’, ‘peak aged’ and ‘over aged’. The aged samples were subjected to
electrochemical measurements in 3.5N NaCl solution. The peak aged samples were found to corrode more as
compared to other aged samples. Hence, the peak aged samples were selected for cerium oxide coatings in
order to improve the corrosion resistance. Before treatment, the peak aged sample surfaces were polished by
2000-grit silicon carbide (SiC) abrasive papers. Then, a chemical pretreatment of the peak aged composites
was carried out as follows: “degreasing treatment” by immersion in an aqueous solution of NaOH at pH 12
for 1 min at room temperature. After the chemical pretreatment, a cerium based conversion coating was ob-
tained on the pretreated samples by immersion in cerium solution for 30 min at 30 °C.

The solution pH was adjusted to 2.85 with NaAc + HAc and was kept constant during the coating
processes. Rinsing with deionized water was performed after each step (pretreatment and conversion). A ty-
pical coating solution was prepared by dissolving 7.5 g CeCl; into 1000 ml of deionized water with H,0,
concentration (Ce:H,0, molar ratio of 1:50)100 ml/L. The pretreated samples were dipped into the coating
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solution for 30 minutes and then dried in an open air atmosphere. Before heat treatment, the samples were
dried at ambient temperature for 2 h and then subjected to heat treatment at 300 °C, 400 °C, and 500 °C for
30 min, respectively. The rate of raising and falling temperature was about 1°C/s.

Electrochemical measurements were performed with a potentiostat under software control (CH In-
strument, USA Model 604 A). Polarization scans were initiated from 300 mV and scanned to approximately
-1100 mV, all potentials being correlated to the open-circuit corrosion potential. Polarization curves were
recorded over the range of 300 to - 1100 mV, from which corrosion rates were estimated. All potentiody-
namic scan rates were 0.33 mV/s. Electrochemical cell was composed of a glass five-neck flask, a large area
platinum counter electrode, and saturated calomel electrode (SCE) as a reference electrode. All potentials
were referenced to the SCE. Polarization resistance measurements were conducted via potentiodynamic po-
larization measurements. Tests were performed at room temperature in 3.5N NaCl solution. The exposed
area of the samples was about 1 cm? The potential scan was started 10 min after the specimens were placed
into the test solution when they reached a steady open circuit potential. The SEM and the XRD analyses
were used to characterize the surface morphology and composition features.

Results and discussion

Effect of aging on corrosion behavior of the composite

Hardness-time curves of artificially aged 6061 Al composite of 15 vol. % SiC, at different tempera-
tures are shown in Fig. 1. The general shape of the aging curves for all samples aged at different tempera-
tures shows a similar trend, i.e. the hardness increases gradually with the increase of the ageing time at the
initial stage, then, after reaching the peak hardness, there is a decreasing trend observed in hardness. The
ageing temperature does not affect the sequence of aging, but affects the magnitude of the peak hardness
achieved. At 180°C the peak hardness is maximal. At aging temperatures lower than 180°C, the peak hard-
ness is achieved within a shorter ageing period while at aging temperatures above 180°C, the peak hardness
is achieved within a longer aging time. But in both cases the magnitude of peak hardness is lower than its
value achieved at 180°C. Figure 2 plots the variation of peak hardness vs. ageing temperature. The peak
hardness profile shows that the specimens were under aged at T below 180 °C, peak aged at T 180 °C and
over aged at T above 180 °C. Depending on the phase transformation and ageing kinetics, the peak hardness
achieved varies with respect to the duration and temperature of the ageing process.
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Fig. 1. Hardness variation with ageing temperature and time in T6 treatment. 1 — 140; 2 — 160;
3-180;4-200;5-220;6-240 €
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Fig. 2. Peak hardness variation with ageing temperature in T6 treatment
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Fig. 3 shows the polarization curves for peak aged, over aged and under aged composite samples. It
is clearly evident that the peak aged composites have a higher corrosion current and a lower corrosion poten-
tial. It can be stated that the peak aged is morphologically unstable in corrosion media since pitting corrosion
dominates. The SEM observations clearly show that the peak aged composite is more prone to pitting corro-
sion (Fig. 4,a). This effect may arise due to the uniform distribution of precipitates of alloying elements du-
ring peak aging. Table 1 indicates that the polarization resistance for the peak aged composite is compara-
tively less and hence the corrosion rate is more. The peak aged composite is selected among the group of
aged composites and the given cerium oxide coating obtained by chemical bath technique and further sub-
jected to the electro chemical testing.
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Fig. 3. Potentiodynamic polarization curves for the aged composites in 3.5N NaCl solution at 30 °C.
1 - over aged; 2 — under aged; 3 — peak aged

Fig. 4. (a) SEM microstructure of peak aged composite subjected to electro chemical testing Surface topog-
raphy of different films after heat treatment at: (b) 300°C, (c) 400°C and (d) 500°C

Effect of heat treatment on the pitting corrosion behavior of the composite coated with cerium
oxide

Highly uniform and ridge shaped crack bound cerium oxide films were deposited at different tem-
peratures. But during the heat treatment the cracks widened and it affected the continuity of the film. The
films heated at 300°C (Fig. 4,b) were characterized by non crystallized topography whereas the films heated
at 400°C (Fig. 4,c) — by crystallized structure showing that cerium oxide crystallized between 300 and
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400°C. Fig. 4,d clearly illustrates the highly uniform and crystallized structure of the films deposited at

500°C.
Table 1. Corrosion characteristics of aged composites in 3.5 N NaCl solution
Material’s condi- | Corrosion poten- | Polarization resis- | Corrosion current Corrosion rate
tion tial (Ecorr) tance (RE’) (Teorr) Mils/year
mvV KQ/cm MA
Over aged -729 6.05 2.91 2.91
Under aged -756 5.28 3.1 3.1
Peak aged -804 3.99 3.65 3.65

Figure 5 illustrates the X-ray patterns of the CeO, films, in agreement with SEM observations. No
peak was observed in the XRD patterns of the pyrolysed films (300°C), indicating that the pyrolysed films
were amorphous. These films crystallized after heat treatments at or above 400°C, and the diffraction pat-
terns of the films showed the presence of the crystalline cerianite phase of the face centered cubic CeO, ori-
ented along the (111), (200), (220) and (311) planes.
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Fig. 5. XRD pattern of CeO, films heat treated at different temperatures
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Fig. 6. Potentiodynamic polarization curves of the CeO, coated samples heat treated at different tempera-
tures and the bare composite sample in 3.5 N NaCl solution. 1 — CeO coated; 2 — CeO coated and heat
treated at 400 C; 3 — CeO coated and heat treated at 300 <C; 4 — CeO coated and heat treated at 500 C;
5 — peak aged specimen

89



The electrochemical behavior of the coated composite was studied by examining polarization curves
obtained in 3.5 N NaCl aqueous solutions. Fig. 6 presents the polarization curves for the bare sample and
CeO, coated samples subjected to heat treatment. It can be seen that the position of polarization curves for
the CeO, coated composites shifts towards the positive direction. The coated samples have lower current
density (leorr), thus indicating that the CeO, coating improves the corrosion resistance of the composite to a
large extent. This is evident by analyzing the pitting nucleation resistance (R) values of the CeO, coated
composite samples. Table 1 shows the measured values of leon, Econ, Epit and Epi-Ecorr indicating the pitting
corrosion resistance of the films. The values of I, of the annealing coated samples at different temperatures
was found to be less than those of the uncoated samples, especially for the annealing coatings at 300 °C. It
means that the heat treatment at 300°C obviously improves the pitting corrosion resistance of the cerium
oxide coating. In turn, the values of E,i-Ecr are observed to be more abrupt than those of other specimens
with or without coating. It further proves that the excellent passive region (Epi-Ecor) Can be obtained for the
cerium oxide coating heat treated at 300°C. As seen in Table 2, increased values of Epit-Ecorr OF the coated
specimens in contrast to those of the uncoated samples indicate that the cerium oxide coatings can improve
the pitting corrosion resistance of 6061 Al/SiCp composite. From the results of the dynamic polarization
scans it is clear that the pitting corrosion resistance of cerium oxide coating heat treated at 300°C is the best
among the annealing coatings. It can be predicted that the improvement of the pitting corrosion resistance of
cerium oxide coatings may correlate to the microstructure of cerium oxide obtained after heat treatment at
300 °C As seen in Figs. 1 and 2, when comparing the surface topographies and phases of the annealing coa-
tings, the amorphous microstructure of the coatings after heat treatment is beneficial for improving their pit-
ting corrosion resistance unlike the crystallized cerium oxide.

Table 2. Corrosion characteristics of the composite with and without CeO, coating

Material’s Condition Icorr Ecorr Epn R = Ep|t = Ecorr
(HA) (mV vs SCE) (mV vs SCE) (mV vs SSC)
Peak aged composite 3.65 -872 -735 137
CeO, Coated 2.12 -416 -195 221
Heat treated at 300 °C 0.63 -546 -76 470
Heat treated at 400 °C 1.45 -588 -280 306
Heat treated at 500 °C 1.98 -440 213 227
Conclusions

(1) Among the artificially aged composites (T6 treatment), the peak aged composite is more prone to
pitting corrosion.

(2) Cerium oxide coating by chemical bath technique increases the pitting nucleation resistance of
6061 Al/SiCp composite.

(3) The best corrosion resistance was obtained for the CeO, films heat-treated at 300°C; the cerium
oxide films are of amorphous nature.

(4) The widest passive region (E,i-Ecor) Was obtained for the CeO, films heat-treated at 300°C.
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Summary

One of the main drawbacks of 6061 Al/SiCp is its poor pitting corrosion resistance in the aggressive
environment containing chloride ions, such as seawater, for example. The present article deals with the in-
vestigations of effects of aging on the corrosion behavior of 6061 Al/SiCp and of the heat treatment on the
pitting corrosion resistance of 6061 Al/SiCp coated by cerium oxide prepared by chemical bath technique.
Potentiodynamic polarization test was used to study the corrosion behavior of cerium oxide coatings in 3.5N
NaCl solution. The microstructure of cerium oxide was examined by scanning electron microscopy (SEM)
and the formed phases were identified by X-ray diffraction (XRD). The pitting corrosion resistance of the
cerium oxide coating was found to be improved after heat treatment at 300 °C for 30 min.
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DJNeKTpUYecKre TOKH IHPOKO PaCHpOCTPaHEHHBI B MPUPOE, BOMU3W U HA TEPPHUTOPHUIX MPOMBIII-
JICHHBIX TPEANPHATHN, Ha IEKTPOTPAHCIIOPTE U SBIAIOTCSA OJHUM M3 BAXXHBIX (U3NYECKHUX (HDaKTOPOB, AEH-
CTBYIOIINX Ha XKMBbIe OpraHu3Msl [1, 2]. DiekTprudecKkne SBICHUS €CTECTBEHHOTO MPOUCXOKIACHHUS, BIIUS-
HUIO KOTOPBIX MMOCTOSHHO TOJIBEPKEHBI KUBBIC OPTaHU3MBI, BBI3BIBAIOTCS PA3IMYHBIMU T€OJIOTUYCCKUMH U
reopU3NUECKUMH SBJICHUSIMHE, HAMPUMEP CEHCMOBICKTPUUECKUMHU dhdekTaMu [3], HOHHBIM COCTaBOM aTMO-
coepsr [4], rpo3oBsiMu paspsimamu U ap. CyIIeCTBOBAHHE 3THX DKOJOTHYECKHX (PAKTOPOB Ha MPOTSHKEHUH
BCEH ABOJIIOLIUY KUBOTO U CBSI3b C IPYTUMH aOMOTHYECKUMH (haKTOpaMU CIIOCOOCTBOBAIIM BBHIPAOOTKE Yy Op-
TaHU3MOB CTPYKTYP JJISl TPUCIIOCOONIEHHUS HE TOJBKO K MX JEHCTBHIO, HO U K UX HMCIIOIb30BAaHUIO KaK HOCH-
Tenel onpenencHHOW nHpopMaIuu 00 M3MEHEHUX B cpelie ooutanus. [IpoBoarMble Hccea0BaHMs T0100-
HBIX PEaKIHil B OOJIbIICH CTENEHH OTHOCATCS K KMBOTHBIM M JIUIIb SAUHUYHBIC PA0OTHI MOCBSIIEHBI pacTe-
HUSIM.

Tem He MeHee ceilluac COBEPIIEHHO ACHO, UYTO JIEMCTBME HAa Pa3BUBAIOIIMNCA pacTUTEIBHBIN Oopra-
HU3M 3JICKTPUYECKUX TOKOB C MapaMeTpaMH, IPU KOTOPHIX B KOHTPOJIUPYEMBIX Ja00paTOPHBIX YCIOBHSIX
OHU HE BBI3BIBAIOT 3aMETHBIX CABHIOB POCTOBBIX IOKa3aTejei, CTAHOBUTCS HaMOOJEee BBIPAXKCHHBIM IMPU
HAJIMYUHU JIOTIOJHUTEIBHBIX JTUMUTHPYIOIIUX (AKTOPOB, HANIPUMED COJiell Tshkenbix MetamioB [5, 6]. Tak,
TIpH ICHCTBUY AIIEKTPHUECKOTO TOKA Ha 3€PHOBKU STIMEHS WM MIIESHUIIBI, 3aMaYiBaeMble B PaCTBOPE BOJO-
PACTBOPHUMBIX COJICH TSDKENBIX METAIOB, CYIIECTBEHHO M3MEHSIOTCS BCXOXKECTh, CPEAHUE UTHHBI IPOPOCT-
KOB H COZIEpKaHHE€ B HUX 3TUX METAJUIOB MO CPABHEHHUIO C KOHTPOJIBHBIME ONbITaMu. [Ipu 3TOM pasnuyHbie
3HAUCHHMs MapaMeTpoB (usnueckoro ¢axkropa (Hampumep, 4aCTOThI) MOTYT UMETh Pa3HOHAMPABICHHbIH (-
(exr.

[MomoOHKIE McCIeOBaHUS PEACTABISIOT HE TOJBKO CaMOCTOSATENbHBIN nHTepec. OTMEUCHHBIC BbI-
e CBOMCTBA IIEKTPHUYECKUX TOKOB JAFOT OCHOBAaHHUE MPEIIOI0KHUTh BOZMOXHOCTh X NMPUMEHEHUs C IIe-
JIbI0 OMOJIOTMYECKON OUMCTKUY» 3arpsA3HEHHBIX MOYB IMYTEM YCUJICHUS HAKOIUICHUS PACTEHUSMH TSDKEIBIX
MeTaiioB. C 3THX MO3UIMK 3JICKTPUYCCKHE TOKM HanOOoJee MEePCICKTHBHBI, TAaK KaK UX IeHEPUPOBAaHUC B
MIOJIEBBIX YCJIOBUSAX HA JIOCTATOYHO OOJBIION IUIOIIAIN TEXHUYECKH HauMeHee cIoHO. [Ipu aTom HeoOxo-
IUMO TIPOBEICHHUE WCCIEOBAHNN OMOIOTHYECKOW aKTHBHOCTH 3JEKTPUYECKIX TOKOB HE TOJIBKO BO BpeMs
Ha0yxaHHs CEMsIH, HO U B TIOCJICIYIOIINE MTEPHObl BEreTalluU, U HE TOJIBKO HA TIPUMEpE SIUMEHS, HO U pac-
TEHHUH, HaOMpaONINX OOJBIIYI0 MAcCy 3a TOJEeBOH Ce30H. B CBSA3M cO CKa3aHHBIM BBIIIE [EIh HACTOSIICH
paboTHl — BBIICHEHHE OCOOEHHOCTEH pearnpoBaHUs SUMEHs, KyKypy3bl U ITOACONHEYHHKA Ha BO3JIECHCTBHE
3NIEKTPUYECKHUX TOKOB TPU HAJTMYUN CBUHIIOBOTO 3arps3HEHUS CPEJIbI.

Metoauka uccienoBanus. B skcriepruMeHTaX KOHTPOJBHBIC U ONMBITHBIE BbIOOpKHU (N = 50 1T, ass
KaXJI01) 3ePHOBOK SIUMEHS M KYKYpPYy3bl U CEMSHOK MOJCONHEYHHKA 8 yacoB 3amaumBaiu B 1% pactBope
YKCYCHOKHCJIOTO CBUHIIA, KOTOPBIH TaKXKe UCIOJIb30BAIN IS TOJIMBA PU JaTbHEUIIIEM HPOpaIMBAHUU CE-
MsiH. CeMeHa ONBITHBIX BBIOOPOK TOJBEPralid €KEAHCBHOMY JCHUCTBUI0 HHU3KOYACTOTHOTO TMEPEMEHHOTO
ANIEKTPUYECKOTO TOKa 7 CYTOK 1o 7—8 4acoB exenHeBHO. OOpabOTKY 3JIEKTPUIECKIM TOKOM OCYIIECTBIISIIN
IMyTeM TOAAYd HANPSDKEHHs] Ha HeTOJSIPU3YIOMIHECs dJIEKTPOAbI, paclojioKeHHbIE B OCHOBAHUH POCTOBOU
kamephbl. [logaBaeMoe HaIpsDKEHHE PEryJIMpOBaId TAKUM 00pa3oM, YTOOBI CHila TOKa OCTaBajlach B TIpejie-
nmax 10-20 mA. Tlociie 3aBepiieHUs SKCICPUMEHTA MOACUYUTHIBATN KOJUYECTBO MPOPOCTKOB N M U3MEPSIIH
ux JqumHbl |, momydyeHnsle nammble ycpenHsi (N, lop) M OTHOCHIM K KOHTPOJBHBIM.

© Xwxenkos I1.K., Heuseros M.B., Ilangenko JI.K., Cuporkun B.B., Dnexrponnas o6paborka martepuanos, 2011,
47(2), 92-95.
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Tak Kak SKCHEPUMEHTHI TPOBOJIMINCH B TEUCHHE JOBOJIBHO JUTHTEIHLHOTO BPEMEHH, a TaKkKe JJIsl yao0cTBa
CpaBHEHUSI, PE3yJIbTATHI, [TOJYYEHHBIC B OTIBITHBIX BHIOOPKaX, OTHOCHIIM K KOHTPOJBbHBIM. Jlanee, Kak B dac-
tH 1 3701 paboTsI [7], OlleHHBaNIN KOINYECTBEHHOE PACIIPEICICHUE POCTKOB 110 HHTEPBAIaM [UIUH.

Ha npoussonsro BeIOpannoit yactore (f = 16 I'm) Gpina mpoBeneHa CpaBHUTENbHAS OLEHKA JTHH
POCTKOB KYKYPY3bl U TIOJICOJIHEUHUKA C MX JIEKTPUUYCCKUMH XapaKTEPUCTUKaMH, 00 M3MEHEHHH KOTOPBIX
CYIMJIH TI0 U3MEPSAEMBIM TOKaM MPOBOAMMOCTH | pocTkoB. [t KyKypy3bl JOMOJHUTEIBHO PETUCTPUPOBAIIH
| 3epHOBOK. M3MepeHHs TPOBOUITN C TIOMOIIIBIO IBYX UTOJBYATHIX MEKTPOAOB AMHHOM 0,5 MM, HEMTOIBHXK-
HO 3a(MKCHPOBaHHBIX B IIACTMACCOBOM KOpIyce Ha paccTosHuH 2 MM. Ha snekTpojbl mojaBanack pas-
HOCTb noTeHIanoB V = 1,5 B, Toku IpoBOIUMOCTH PETHCTPUPOBAITH MUKPOAMIIEPMETPOM.

Pe3yabTarhl U o0cy:xaenue. Kak BUAHO U3 puc. 1, SIEeKTpUYECKHUE TOKM OKa3bIBAIOT HEOJHO3HAY-
HOE BIIMSIHUAE HAa POCTOBBIC TIOKA3aTENN CEMSIH STIMEHS, KyKypy3bl H MojiconHeuHnKa. [1o BcxoxecTd Hanbo-
Jiee peaKTUBHBIMM OKa3aJIUCh 3¢PHOBKH stuMeHs: nipu yactoTax 8 u 50 I'it N Bo3pocio Gosnee uem 1,4 pasa, a
npu yactore 32 'y 3HaunTenbHO cHU3MWIOCH (puc. 1,a).BcxoxkecTs KyKypy3sl IpH JEHCTBUU TOKA Pa3HBIX
YacTOT U3MEHSJIach He3HaunTeNnbHO (puc. 1,6). A y noaconHeunrka N yBemuuuBanock B 1,2 pa3a mpu 4acTo-
te 8 'l 1 ymenbianock B 0,5 pasza npu vacrore 24 T'i (puc. 1,6). VI3MeHeHne cpeHuX JUTHH TPOPOCTKOB B
BBIOOpKAX OMBITHBIX CEMSH BCEX BHJIOB B LIETIOM CXOXHE — BIMSHHE dJICKTPUUECKOTO TOKA HA BCEX YaCTOTax
BBIpa3uiiock B 3HaunTeNbHOM (P > 0,99) cHIDKEHHH OTHOCUTEBHBIX ToKa3ateneit L (puc. 1), 3a uckimoyeHu-
em gactor 10 1 40 'y 11st KyKypy3bl, IpU KOTOPBIX addexTa He GbUIO.

Ha puc. 2 mokazaHo pacrnpeziefieHde MPOPOCTKOB B MOJIE CPEJAHUX JJIMH M BCXOXKECTH ISl BCEX HC-
CIIeIOBaHHBIX 4acTOT. OOpaliaeT Ha ceOs BHUMaHUE XapaKTepHas Bapuallis BHYTPHUBHUIOBBIX POCTOBBIX IMO-
Kasareliel, MoJlydeHHbIX B KOHTPOJIE M Ha Pa3HbIX YacTOTaxX B OMbITe. [IpHUMHA 3TOr0 HECOBMAJCHHS HE sC-
Ha W, BO3MOYKHO, 3aBUCHUT OT HE YYHTHIBAEMbIX (DAKTOPOB CPEIbl, MEHSIOIINXCSl BO BpEMEHH, HallpUMep TeM-
nepaTypbl, BIAXKHOCTH, OCBELICHHOCTH, HOHU3AK BO3yXa U Ap. [lomoOHbIe KonebaHus pOCTOBBIX MOKa3a-
Teneil HabMroMaKCh TaKkke B padote [8]. OTnnyre B 3HAUYCHHUSIX BCXOXKECTH M CPEAHUX JJIMH POCTKOB 00Y-
CJIOBIICHBI, KaK MPaBUIIO, CIBUTOM KOJIMYECTBA POCTKOB B OMPEEIICHHOM HHTEPBae JUIMH B OINBITE OTHOCH-
TEJIbHO KOHTPOJIA JTHU00 PacXOKACHUSIMH B aOCOJIOTHBIX 3HAYCHMSAX BCXOXKECTH. TeM He MeHee, MPUHUMAs
KOHTPOJIbHBIC MTOKA3aTENN KaKk HOPMAIIbHYIO PEaKIIMIO Ha JICHCTBHE MOHOB CBUHIIA, TIO BUIY pachpeaeIcHui
Ha pUC. 2 MOXHO 3aKJIIOYUTh, YTO JICHCTBUE TOKA MPUBOJHUT INIABHBIM 00pa30M K CHWIKEHUIO JIJIMH MPOPOCT-
KOB.
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Puc. 1. 3asucumocmo omnocumenviuwix onun L (1) u ecxoocecmu N (2) om wacmomuol nepemennozo moxa f 6
onvimuulx epynnax ssumens (a), kykypyswi (6) u nooconneunuxa ()
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Puc. 2. Pacnpeodenenue npopocmxkog aumens (a), kykypysvl (6) u nooconneunuxa (8) 6 none cpeonux oaun g
u ecxooicecmu N 6 onvimuwix (1) u konmponvhwvix (2) epynnax
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TokoBBEIE XapaKTEPUCTUKN POCTKOB M 3¢PHOBOK KyKYpYy3bl, U3MEPEHHBIC B KOHTPOJIBHBIX U OIBITHBIX
rpynmax (f = 16 T'u), mpuBenensl Ha puc. 3. Ha 3Toi 4acToTe MpH MPaKTHYSCKH OJMHAKOBOW BCXOMKECTH
CpPeJHUE JUIMHBI B OIBITE IOCTOBEPHO YMEHBIIAIOTCA: B KOHTpoue |, = 31 MM, B ombite |;=21 MM, TO ecTb
Alg, = 32%. Ha sTOoM (poHE TOKOBBIE XapaKTEpPUCTHKU 3epHOBOK B KoHTpoie (I = 16,8 MkA) u ombite
(I = 25,1 MxA) otnuuarorcs Ha 49%, crebueit (koutpons | = 32,2 MkA; onbiT | = 36,2 MxA) — Ha 12%. Cy-
IECTBEHHOE YMEHBIIEHUE JIMH POCTKOB |o, IpU 0THOBPEMEHHOM yBEIHMYEHUH TOKOBBIX XapaKTepUCTUK | B
OIIBITE 110 CPABHEHHIO C KOHTPOJIEM OOYCIIOBJICHO YBEIHMYCHUEM HAKOIUICHHS MOHOB CBHHIIA. JTO HaKOILIE-
HHE Hanbosee BBRIPAXXEHO B 3epHOBKaX. B TO ke BpeMs BHYTPH ONBITHON M KOHTPOJIBHOW BEIOOPOK 3aBHCH-
MOCTH TOKOBBIX XapaKTePHCTHK OT JUIMH POCTKOB HE HAOJIOAaeTCs.
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Puc. 3. Pacnpeoenenue npopocmros kykypysvl (a, 6) u noocoineunuxa (8) 8 none cpeOHux 3Ha4eHutl OnuH
npopocmkos |, u cunvt moka | 6 cmebne (a, 6) u 3epnosxax (6) 6 onvimuwix (1) u konmponvuwix (2) epynnax

Pe3ynbraThl aHATOrMYHBIX U3MEPEHUI M COTIOCTABJIICHUH Il POCTKOB IMOJCOTHCYHHKA PUBEICHBI
Ha puc. 3,6. Jlmnnsl poctkoB B onbiTe (l,=13 MM) MeHbIIe KOHTpONBHBIX 3HaYeHHH (l,= 23 Mm) Ha 43%, a
TOKH TIPOBOAMMOCTH BhITIe Ha 17%. OOpamaeT Ha ce0s1 BHUMaHHWE KaueCTBEHHOE CXOJICTBO COOTHOIIEHUH,
MIPUBEICHHBIX Ha PHC. 3, HO CPAaBHCHHUE KOJUYECTBEHHBIX MOKA3aTeNei CBUICTENBCTBYET O TOM, YTO HAKOII-
JICHHWE MOHOB CBHHIIA OKa3bIBAcT OOJbIlCe BIMSHIE HA M3MEHEHHS POCTOBBIX MOKa3aTeNneil MoJCOTHECYHUKA,
[IPH TOM M3MEHEHUS TOKOBBIX XapaKTEPUCTHK CTeOJIeH y MOACOIHEYHHKA TaK)Ke HOCAT CYIIECTBEHHO OoJiee
BBIPQXXCHHBIN XapaKTep, YTO, OUEBHUHO, CBA3aHO C TAKUMH K€ CYIIECCTBCHHBIMH Pa3IHUUsIMU B MOPdoIoru-
YECKHUX, (PU3UOIOTUICCKUX U OMOXUMUYECKUX XapaKTEPUCTUKAX KYKYPY3bl U TOJCOIHEeUHHKA. UTO ke Kaca-
€TCS OTJIMYMK B TOKOBBIX XapaKTEPUCTHKAX 3€PHOBOK M CTeOJIeH KyKypy3bl, TO OHHM BIIOJHE MOTYT OBITh
OOBSICHEHBI TEM, YTO MPOIIECC HAKOIJICHHUSI HOHOB 3€PHOBKaMHU MPOUCXOUT TOJBKO B TIEPHO] HAOyXaHus, TO
€CTh B TCUCHHE TIPUMEPHO OJIHUX CYTOK, a CTEOJIIMHU — B TeUeHHE Bcero akcnepumMenTa (7 cyTok). J[yis okoH-
YaTeNnbHOU BepU(BHUKAIIMU MOTyUYECHHBIX PE3yTbTATOB HEOOXOIUMO JaNbHEHIIee MPOBEICHUE HCCICIOBAHHIA.

BuIBoabI

B pesynbTare mpoBeneHHBIX MCCIICIOBAHUN €CTh OCHOBAHUE YTBEPIKAATh, YTO IO BIUSHUEM Iepe-
MEHHBIX 3JCKTPHUYECKUX TOKOB OIMPE/CICHHBIX YacTOT MPOUCXOJUT U3MEHEHHE HAKOIJICHUSI HOHOB CBUHIIA
CEMEHaMH M MPOPOCTKAMHU PACTCHHU. DTH W3MEHEHHS MOTYT HOCHTh Pa3HOHAMpPABJICHHBIH XapakTep IpU
pa3IMyYHBIX YaCTOTaX JCUCTBYIOIIECTO (PU3UUECKOrO (haKkTopa, a CAMU YACTOTHBIC 3aBUCUMOCTH OTJIMYAFOTCS
JUTS. PACTCHHUI PA3HBIX BUJIOB C Pa3HBIM OTHOCHUTEIHHBIM COJIEPIKAHUEM YTIICBOAOB H KUPOB M OTIIHYUSIMH B
¢busnonornyeckux Mexanusmax mpopactranus. CyiiecTBeHHOE BIussHUE 3)HEKTUBHOCTH JCHCTBUS 3ICKTPH-
YECKOr0 TOKAa Ha PAaCTeHHS OKa3blBaeT BHYTPUBHUIOBOE pa3HOOOpa3ue OpraHu3MOB. MaKCUMallbHOE CHHKE-
HUE JUIMH POCTKOB SYMEHs MPOMCXOIUT Ha 4yactoTax 1, 8, 16, 24, 32 I'; y pocTkoB Kykypy3sl 1, 8, 16, 24,
32, 50 I't;; y pOCTKOB TOJICOTHEYHUKA — HA BCEX UCCIIEAOBAHHBIX YaCTOTaX.
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Summary

The growth indices (germination and mean length) of barley, maize and sunflower under treatment
of low frequency alternating current and leads solution were studied in this paper. It is shown the mean
length of seedlings dependence on frequency is nonmonotonic. The effect of current on mean length was lit-
tle or negative. Decreasing of men length in experimental groups was attended by growing of conductivity
currents.
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N3 OIIBITA PABOTHBI

JJIEKTPOPA3ZPATHAA AKTUBALIUSA IIECHAHOI'O HIVTAMA
JJIAA BATBOPEHUSA BAXKYIHINX

A.Il. MamromeBckast, A.H. Omummna, I1.I1. MagomeBcKait

HUnemumym umnynvchvix npoyeccos u mexnonoeuu HAH Ykpauns,
np. Oxmsabpuvckuil, 43-A, 2. Huxonaes, 54018, Vkpauna, lipt@iipt.com.ua

KauecTBO MCKYyCCTBEHHOT0 KaMHsl, MOJy4aeMOro MpH TBEPIEHUH IIEMEHTOB U THIICA, B 3HAUUTENb-
HOM CTENeHH 3aBUCHUT OT Ka4eCTBa HCIOJIb3YEMbIX HAIIOJIHUTEICH U BOABI 3aTBOpeHHs. [loTpeOHOCTh B Kaye-
CTBEHHOM HAITOJHUTENE ISl MCKYCCTBEHHBIX CTpOMTENbHBIX KoHrioMmepaToB (MCK) Be3Bana HeoOxomu-
MOCTh IIOMCKa HOBBIX TEXHOJIOTHUECKUX IPUEMOB, NPH 3TOM pa3padaThIBAIOTCA METOABI AKTHBALMH KaK BO-
abl 3aTBopenus [1, 2], tak u TBepaodasubix komnonenToB MCK [3, 4]. OxHoli U3 TakuX HOBBIX TEXHOJIOTHIA
SIBJISIETCSI DJIEKTPOpa3psAaHoe Bo3aeicTBre Ha KoMnoHeHThl MCK.

HW3BecTHO [5], 4TO B omepanusix TOHKOIO M3MENIbUCHUS MUHEPAIbHBIX MATEPHATIOB aKTHBUPYETCS
MOBEPXHOCTh HAMOMHUTENCH. JIOTHUHO SBISIETCS ONepalus MpeABapUTEeIbHON (10 3aTBOPEHHS) aKTUBALIUH
HaIOJHUTENS ¥ OAHOBPEMEHHO BOJBI 3aTBOPEHUS MYTEM 3JIEKTPOPA3PsATHOrO BO3IAEHCTBHUA Ha TecUaHbIN
[UIaM.

Hamm paboThl okasanu, 4To, peryiupys napaMeTpbl 3JIeKTpopaspsiia, MOKHO YIIPaBIATh HpPOIEC-
coM u3MenbueHus. Hanpumep, ¢ yBeanueHneM BpeMeHH BO3/IEHCTBHS UMITYJIbCa BOJIHBI JABIECHHUS, OCTaBIIASL

IIOCTOAHHBIM €I'0 BEJINYNHY,
3/l U
p—0
b=21"p—

(3mecs |, — paspsauslil npomexyTok, Uy — HanpspkeHne Ha KoHAeHcaTtope, D — paccrosHue oT ocu paspsna
JI0 TIOCKOCTH BO3ACHCTBUSI), MOYKHO JOCTUTHYThH OOJBIICH PABHOMEPHOCTH M3MENIbYCHHS 3a CUET IeJieHa-
MIPaBJICHHOTO ()OPMUPOBAHUS KaHaIa pa3psa, YBEIUUYUBAs JOJI0 SHEPIUH, HAPaBICHHYIO Ha pa3pylIeHne
MaTepHaja B OTHAIEHHBIX OT KaHasa paspsia odnactsax. Kpome Toro, u3MeHss JUIMTENbHOCTh UMITYJIbCA B TY
WM MHYIO CTOPOHY, MOXHO IMOJy4aTh YacTHIBI MaTepuaia onpenenéHHon (GopMbl (OCTPOKOHEUHOM, OKa-
TaHHOM, TUNIACTUHYATOMN). 37IeCh BEJIHMKA POJIb AIICKTPOPa3psAHOH 00bEMHOM KaBuTauuu [6, 7]. Ona ocoOeHHO
OYEBHIHA NPH TaK HA3bIBAEMOM MATKOM PEXHME, KOrla Ha TBEpIBIC YACTHUIIBI B PEAKTOPE BO3AEHCTBYIOT
MMITy/TbCAMH CPABHUTEIBHO HeGObIIOro masnenns (mpumepro 10° — 10? MITa) i GOIbIIOH [UTHTEIEHOCTH
(10 - 10° ¢). IIpu 5ToM HEOGXOAMMO OOECIICUMBATH CPABHUTEILHO GONbIIYIO YACTOTY MOBTOPECHHS HM-
mybcoB (4-8 '), 4To MO3BOJIAET MOMYYaTh PEKUM CYHNEpPKaBUTALUH. JTOT PEXKUM 00ECIeYHBaeTCs, KOraa
OOJIBIIIMHCTBO KAaBUTALMOHHBIX Iy3BIPHKOB KaBUTALIMOHHOW 00NACTH B peaxkTope, BO30OYXKAEHHOH mporien-
[IMM OTPaKEHHBIM HMITYJIbCOM Pa3peKeHHUs], 3aXJIOMBIBAETCS O] BO3ACHCTBIEM BHEITHETO JaBJICHUS BOJHBI
nocienyonero paspsaa. IMeHHO Takue peXHMBbI MO3BOJISIOT TOIy4aTh HanOoJee pa3BUTYI0 KABUTAILMIO C
BBICOKOW MHTEHCHBHOCTBHIO B OOLIMPHON KaBUTALIMOHHOW 00JaCTH, KOTOpast OJDKHA OXBAThIBATh MIPAaKTH4e-
CKH BeCh 00BEM JKUJIKOCTU B pEaKTope.

OnekTpopaspsHas KaBUTALUs HE TOJIBKO AUCHEPTUPYET YaCTHUIIBI IIECYaHOTO HIIaMa, aKTHBUPYS UX
MOBEPXHOCTH, HO U aKTHBHUPYET JKUJIKYIO COCTABIIIOIIYIO IIIama, To ecTh Boay [8, 9]. PesymbraTs! sKkcre-
PUMEHTAIbHBIX PadOT MOKA3aJIM, YTO AUCIEPCHBIM cOCTaB U (opMa YacTUL] CUIIBHO 3aBUCST OT XUMHUYECKHX
1 (PU3HKO-XMMHUUYECKUX CBOWMCTB M3Mellb4aeMbIX MaTepuaioB [9]. B Hammx skcrepuMeHTax ObLIO YCTaHOB-
JICHO, YTO MO MEpE OHUCIIEPIHPOBAaHMs YacTHUI] KBapLEBOro IMecka MpoOMBHOE HAINPsDKEHHE CYCHEH3UH yBe-
JMYMBAJIOCH C YMEHBIIEHUEM Pa3MEPOB JUCIIEPCHBIX YACTHII.

CreneHb OUCIEPCHOCTH JUIS KBApIEBOTO TMECKa ONEHUBAIN CPETHEIIOBEPXHOCTHBIM JUAMETPOM,
OTpeneNsieMbIM 10 hopmyJe

d z\/dle’l+d22P2+...+dan
i 100 ’
rae dq, d,..., dy — cpemrme pasmeps! 3épen 1o Gpaxiwsam; Pi,P,,...,Py — POIEHTHOE COoMepKaHue 3EPEH 110

(dbpakusam.

© Mamomesckas A.IL., YOmummuna A.H., Mamomesckuii I1.I1., Dnekrponnas o6paborka marepuanos, 2011, 47(2),
96-99.
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Bbutu ipoBeieHbl SKCIIEpUMEHTANIbHBIE UCCIIEI0BAHUS 3aBUCHMOCTH CTEIICHU U3MENIbYEHUS KBaplie-
BOro necka (ucxomHas KpymHocTh — 0,5-3 MM) OT HPOJOIKUTETBHOCTH AIEKTPOPA3PSIIHOIT 00paboTKU TIpH
BapbUPOBAaHHU KOJIMYECTBA MMITYJILCOB M IIPOYMX PAaBHBIX YCIOBUsX (cM. puc. 1).
CogepmaHIie yac THII, %o
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Puc. 1. Basucumocmo 2panyromempuuecko20 cocmasa akmueuposanio20 Keapyeeo2o necka om Koaudecn-
6a P umnynvcos. 1 —1,5; 2-0,5; 3-0,25; 4-0,10; 5-0,05; 6 — 0,008; 7 — 0,001 rmm

Kpome Toro, ObIJIO YCTAHOBJICHO, YTO YacTh JUCIEPIHPYEMOT0 MaTepHasa MepexoJuT B PacTBOp B
BHJIC aKTHBHOTO KPEeMHE3eMa.

COOTBETCTBEHHO 00pabOTKa MaTepPHAIOB IEMEHTHOTO TECTa U TYEUCTOOCTOHHON CMECH MPUBOIMT K
3HAYHUTENLHOMY yBenmdeHuto npounoctd CK u aBToKIaBHOTO siueucroro OeroHa. [Ipu 3TOM mpesmonara-
gock [10], uTo B pe3ynbTare 3IEKTPOPA3PSIHOTO BO3ACHCTBUS HA CMECH, BCICACTBAE WHTEHCHBHOTO MPO-
recca AUCIePrUPOBaHUS, IPOUCXOIAT MPOLECCH PACTBOPEHHS U IPYTHX MCXOAHBIX CHIPHEBBIX MAaTEPHATIOB,
3HAYHTENLHO BO3PACTACT KOJNUYECTBO aKTUBHOTO KpeMHe3EMa B cpejie AUcIeprupoBanus. [Ipu B3aumomei-
CTBUM aKTUBUPOBAHHOW BOJBI M KpeMHE3EéMa, HAIIPUMEDP C U3BECThIO, 00pa3yeTcs MOBBIIICHHOE KOJIUYSCTBO
HU3KOOCHOBHBIX TUPOCHIUKATOB KAJIBIUs, YTO COCOOCTBYET MOBBIIICHUIO TPOYHOCTH OCTOHA.

W3yueHre HEKOTOPHIX (HU3NKO-XMMHUYECKUX XapaKTePUCTUK 00pabOTaHHOTO IIIJIaMa M CPaBHEHHE UX
C UCXOOHBIMU JAaHHBIMU MO3BOJIMJIO OKOHYATC/IBHO YCTAHOBUTD, YTO B PEIYJLTATC JJICKTPOPASPAAHOIO BO3-
JeiicTBHS HaOmoaeTcst 0oJiee MHTEHCUBHBIN MEPexo]l KpeMHe3EMa MecKa B )KUAKY0 a3y u IuiaM, 4eM Ipu
MOKpPOM MOMOJIE JIO TOMH K€ KPYMHOCTH YacTHUI] B MIAPOBOI MenbHHMIIE. [Ipy 3TOM C YBETHYCHUEM YICTBbHON
sneprun Wy, no 100 MJIx/M> pasmep 4acTHIl B MECYaHOH CYCIICH3UM M3MEHSETCS TaK, KaK MOKA3aHO Ha

puc. 2.
Comepxaniie yac T, %o
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Me.JEHHIIE 5 MIam 50 MTacm 100 M Tama3

B o6paloTKH cycIIeH3HH KBapLIeB0r o IecKa

Puc. 2. Ipanynomempuueckuii cocmas 06pabomantoll CyCneH3uu Keapyeeo2o necka npu pasiuiHblX 6UOAX
obpabomku. 1 — 6onee 90; 2 — 90-60; 3 — 60-30; 4 — 30-20; 5 — 20-10; 6 — 10-5; 7 — menee 5 mxm
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JlanpHeiimas snekTpopaspsaHas o0paboTka IMEpeBOAUT YaCTUIBI B KOJJIOMIHOE COCTOSHHE
(cm. puc. 3).

o

Puc. 3. Pesyrbmamovl 31eKkmpopaspaonol  obpabomku cycneHsuu keapyegoeo necka. a — 0,5
6 — 100 M/Joclv®

Omnpenenenue coaepxkanus SiO, B 1IaMe, BBITONTHEHHOE (HOTOIICKTPOKATOPUMETPOM, MOKA3AIIO0
oboraieHne KUIKoH (as3bl CyCreH3un KpeMHekucioron (puc. 4). I[loaydeHHbIe 37eKTpOopaspsaHbIM METO-
JIOM aKTHBHBIC (OPMBI KpeMHe3éMa (KpeMHETellb B KPEMHEKHCIIOTa) HHTEHCUBHO YYaCTBYIOT B JAHHOM CITy-
Yyae B PEAKIUAX CHHTE3a LEMCHTUPYIOIIUX BEIIECTB ABTOKJIABHOTO SYCHCTOrO OETOHA, COKpAIllas CPOKH
CXBaTbIBAHMS M MOBBIIIAS €ro IpouHocTh Ha 40%.

14 C.rin
1,2
1,04
0,8
0,6
0,4 -
0,2 .
W . M

T T 1
0 =0 100 1=0 200 220

Puc. 4. 3asucumocms KOHyenmpayuu KpemMHeKUcIiomol om YOeabHOU dHepeuu I1eKmpopa3psaoHol obpabom-
Ku

CrenoBaTenbHO, MPH DIEKTPOPA3pSIHON 00pabOTKe MecyaHoro IuiaMa HaOmomaeTces (GU3UKO-
XMMHUYeCKasi aKTUBAIMS KBapIieBoro necka. OHa ompesensercss Kak BO3pacTaHHEeM IMOBEPXHOCTHON dHEPTUU
TBEPIOH (ha3bl MPU MEJNKOUCIIEPCHOM M3MENbYCHNUY, aKTUBALMEH BOJBI, TAK M HAPYIICHUEM KPUCTAJUINYEC-
CKOM CTPYKTYpBI KBapiia, e€ amopu3aiyeii, o0 4eM CBHACTEIbCTBYET HATMYUE Teneo0pasHoil a3kl B mutame
U KPEMHEKHCIIOTHI B pacTBOpE.
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Tlocmynuna 14.09.10
Summary

Technological operation of the preliminary simultaneous activation of filler for artificial building
conglomerates and tempering water by electrodischarge influence on sandy sludge (suspension of quartz
sand) is discussed. It is shown that there is the physical and chemical activation of quartz sand at electrodis-
charge treatment of sandy sludge. Activation determines not only by the deep disintegration of particles (and
superficial energy increasing) of solid, but also by obvious quartz crystalline structure's damage, it’s amor-
phization.
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OITPEAEJIEHUE XAPAKTEPUCTUK UMITYJIBCHOI'O PAZPYIIEHUSA
KAMEHHOI'O YI'JIsSA C UCITIOJIB30BAHUEM METOJA KOJIBCKOI'O

B.M. Kocenkos, A.P. Puzyn

HUnemumym umnynvchvix npoyeccos u mexnonoeuu HAH Ykpaunw,
np. Oxmsabpvckuil, 43-A4, . Huxonaes, 54018, Vkpauna, dpcd@iipt.com.ua, lipt@iipt.com.ua

Beenenue

[Ipomecchl paspymieHuss W W3MENbUEHHS XPYIKHUX MAaTepHajoB IMHPOKO pAaCIpOCTPaHEHBI B
COBPEMEHHBIX TEXHOJIOTHSIX CO3[aHHsl MaTepuasoB C 3aaHHbIMU cBoiicTBamu [1]. CymiectByromime crnocoObl
paspylieHus (CTaTHUSCKU, TUHAMUYICCKHI W yIAPHOBOJIHOBOW (MMITYJIbCHBIN)) XapaKTEPU3YIOTCS Pa3THIHBIMU
METOlaMH TIPWIOKEHHsT CHJI K paspylraeMoMmy Tenmy. MMITynbcHBIE METOApl HarpyXeHHs HMEIOT Psf
MPEUMYIIECTB TIEpeA OCTaJbHBIMH, IJIaBHBIM 00pa3oM Onarofaps MaibIM radaputaM ¥ MOOMIBHOCTH
000pyIOBaHMs, a TAKKE OTCYTCTBHIO OTPAHUYEHHH IO MPOYHOCTH Pa3pyIIaeMbIX MAaTEPHAIOB. Y HUMITYJILCHOTO
ANIEKTPOTHIPABIMUECKOTO CHOCO0a €CTh JIOMOJHUTENBHBIE TPEUMYIIECTBa, CBA3aHHBIE C BO3MOYKHOCTHIO
YIIPaBJICHUS] KOJIMYECTBOM M YaCTOTOH BBIIENSAEMOW 3HEPIHMH B aBTOMATHUECKOM DPEXHME H OOIBIIeH
0€30MacHOCTBI0. DTHUM CIIOCOOOM MOKHO Pa3pyLIMTh XPYNKUE HEMETaJUTMYECKHe MaTepualibl MpPaKTUYeCKU
Tr000# mpovyHoCcTH [2—4], 115 Yero HeoOXOMUMO BBIOPATH MAPAMETPBI TPOIIECCa HATPYIKEHHS, 00SCTICUHBAIOIIIE
ero 3¢ (HeKTHBHOCTE.

Bri60op nmapameTpoB miporiecca onpeensercs MPOYHOCTHIO0 U TMHAMUYECKUMH CBOMCTBAMH MaTepHAIIOB,
a TaKKe XapaKTepUCTHKAMHU MpOLecca Pa3eicHUs XPYNKOro Marepuaia Ha OTIeNbHbIe yacTu. OmpeaeneHue
CBSI3M MEXIy MapaMeTpaMy ACHCTBYIOUIEH Harpy3KH W XapaKTepHCTHKAMH TIpoIlecca paspyIIeHUs SBISETCS
aKTyaJIbHOW HAy4YHOU 3a7auei.

B ycnoBusiX UMITYJIBCHOTO 3JCKTPOTHUIPABIMYCCKOTO HATPYKEHUS XPYNKAX MATEPUANIOB ITOTYYUThH
JIOCTOBEPHBIE JIaHHBIE O TTapaMeTpax BOJHEI JaBJICHUS U XapaKTEPUCTHUKAX IMPOIIecca Pa3pylIeHNs] MaTepHAIOB
OYeHb CIOXHO. VX onpenenenre BOZMOKHO B CHEIHAIBHBIX SKCIIEPUMEHTaX 110 MeToay KoIbCKOro ¢ ToMOIIBI0
paspesnoro crepykas ['onmkuHcoHa [5, 6]. B 3TOM ciyuae MOKHO 00€CTIeYHUTh MPAKTUYESCKH OTHOPOTHBIC YCIIOBHS
Harpy>keHusi 00pa3IoB ¥ M3MEPUTh CHIIOBBIE U Ae(OpMaIlMOHHbBIE XapaKTepUCTHKH Iporecca. Mcnonb3ys atu
TAHHBIE W AKCIIEPUMEHTAJIbHBIC 3aBUCHMOCTH JTaBJIeHNS] Ha ()POHTE BOJIHBI OT PACCTOSHUSA JI0 OCH JJIEKTPOTHOM
CHCTEMBI, MOXKHO ONPEJICIUTh XapaKTEPUCTHKH TIPOIIecca pa3pyIIeHUs] MATEPHAIOB B YCIIOBUSIX HEOJHOPOJHOTO
Harpy>KeHUsl.

B xauectBe o0bekTa mccienoBaHus ObUT BHIOPAaH KaMEHHBIH yTOjib, OJOKA KOTOPOTO C XapaKTEePHBIM
pasmepom ot 100 1o 20 MM HEOOXOIMMO pa3pyiiaTh U U3Menb4ath 10 0,2 MM U MEHEe JIs TOJITOTOBKH BOJIHO-
YrOJBHOTO TOILIMBA.

Lems HacTOSIIETO UCCIIENOBAHMS — U3YUEHHE Mpoliecca pa3pylIeHNs] KAMEHHOTO YTIISl B pe3yJIbTare UM-
ITyJIHCHOTO DJIEKTPOTHIPABINYECKOTO BO3EHCTBHSA C yUETOM AWHAMUYECKHUX XapaKTEPUCTHUK MaTepHana, orpe-
JerseMbIx 1o Metoy Komnbckoro.

1. [locTanoBKa 3a1a4M U MPeIBAPUTEIbHBIE PE3YJILTATHI HCCIETOBAHUSA

O PeKkTHBHOCTS M3MENTFYCHHUS STUHAIIBI MAacChl WM 00hEMa KaMEHHOTO YIJIS 10 3aaHHBIX pa3MepoB
MOKHO XapaKTepHU30BaTh 3aTpaTaMH dSHEPTUH, TPOMOPIHOHATBEHON CyMMapHOW paboTe BHEIIHHX CHJI,
JICUCTBYIOIIMX HAa YaCTHIbl KaMEeHHOro yris. [loatomy ompeneneHue ynenmbHOW pabOThI pa3pylieHUsl OJIOKOB
KaMEHHOT'O YIJIsI BOJHAMH JIABJICHUS, TEHEPUPYEMBIMH JJIEKTPHUYECKUM Pa3pslioM B BOJE, SBISETCS KIFOUEBBIM
9TaIoM ISl OTIPEe/IENISHNS 3aTpaT SHEPTHH U TIPOM3BOIUTEIFHOCTH TIPOIiecca 3MENbUYeHNsI KAMEHHOT'O yTIS.

Paboty pa3pylieHuss MOXHO BBIYUCIHTH, €CIM WM3BECTHA JauarpamMma JaeOpMHUpPOBaHUS 0O0pa3iioB
KaMEeHHOTO YIJIs, KOTOPYE0 MOXXHO OIPEACNUTh C TMOMOIIBI0 3KCIEepHUMeHTaIbHOTO MeToma Kombckoro c
HCIIONb30BAaHUEM Pa3pe3HOTO0 CTepsKHs [ onkuHcoHa [5—7].

YcraHoBKa IS AMHAMHYECKUX HUCHBITaHUE 1o Metoxy Kombsckoro, usrotosnennas B MUIIT HAH
VYkpaunsl [7], conepkut crnenyromne GpyHKIMOHATbHbIE Y3kl (puc. 1). ITpyxuHHbI# yckopuTens 1 pa3roHs-
€T yIApHUK 2 10 3aJaHHOH CKOPOCTH, PETUCTPUPYEMOH ¢ MOMOIIBI0 u3Meputens ckopoctu 3. [Ipu ymape
yIapHUKa O TOPEIl Harpy KaroIero CTEPHS 5 B OCIECAHEM BO30YKIAaeTCs BOJHA HANPSDKEHUH, JBIDKYIIAS-
Csl CO CKOPOCTBIO 3BYKa B HaNpPaBICHUU OMOPHOTO cTepxHs 8. JlocTHras 3amycKaromero qaTauka 4, 4yBCT-
BHUTEJBHBIM DIIEMEHTOM KOTOPOTO CITy)KUT IhE303JIEMEHT, BOJTHA T€HEPUPYET B HEM DIIEKTPUUECKUN 1M-

© Kocenkos B.M., Pusyn A.P., Dnekrponnas o6pabotka matepuanos, 2011, 47(2), 100-107.

100



mynbe ammumutynoi ot 0,2 mo 1,5 B, moctynaromuii Ha BX0oJ CHHXpOHU3ANNH ITH(POBOTO ocimiuiorpada u
3aMyCKaIoNMi pa3BepTKy curHana. Jlajee BoJIHA JOXOIUT A0 JaTudka 6, U OH HaYMHAET PErMCTPUPOBATH
nedopMar HarpysKaromero crepykus. JlehopMarin 4yBCTBUTEIHLHOTO IIEMEHTA aTUuMKa (TCH30PE3HUCTO-
pa) MpOMOPIMOHATBHBI 1e(OPMAIUSIM CTEPIKHS, BEI3BAHHBIM BOJHOW HANPSHKECHUH.

1 3
2 ﬂ/ 4 5 i 7 8 0
L I ] H w
HimepHTean Herourmm:
EKI]]ZII]DI:TH Yl:HJmlre.nL_ T _Ycl»l.mil're.n]:
| |
Hudpoeoii
ocipiLIorpad

Puc. 1. Cxema pacnonoscenus snemenmos usmepumenvhol cucmemvl. 1 — ycxopumenv; 2 — yoapHux;,
3 — oamuux cxopocmu; 4 — 3anyckaowuil oamuux; 5 — nazpyscarowull cmepoicens; 6 — oamuux degopma-
yuu; T — uccredyemviti oopasey; 8 — onoprwill cmepoicens; 9 — oamuux deghopmayuu

ITocne Toro kak BOJHA HAMpPSHKEHUM MPOUAET MO BCEW JUIMHE HArpyXarolllero CTEP>KHSI, 4acTh €€
MIPOXOAMT uepe3 o0pasell 7 B OMOPHBIN CTEPKEHb 8, a YaCTh OTPaXKACTCs BCICICTBUE PA3HMIIBI B ILIOMIAISIX
CEUYCHHW! W MEXaHWYEeCKHX CBOWCTB CTepkHS W oOpasma. OTpakeHHas 4YacTh OIATH PETUCTPUPYETCS
JATINKOM 6 W HeceT B ceOe MHPOPMAIIHI0 O CKOPOCTH AchOopMalldd, a 9acTh, MPOIIEAIIas depe3 odpaserr,
(uKcHpyeTcsl aHAIOTHYHBIM TaTYUKOM 9 U COEPKUT HHPOPMAIUIO O HANIPSHKEHUAX B 00pasiie. CUTHAIBI OT
JATYUKOB 6 ¥ 9 MOCTynaroT Yepe3 YCWIMTEIH B MUPPOBOH ociuniorpad, B KOTOPOM OCYIIECTBIISIETCS UX
uugpoBas 3anuck. lludpoBpie aHamorM CHUTHAIOB 00pPa0aTHIBAIOTCS IO CHENHAIBHOMY AallTOPUTMY B
nporpamme MS Excel. B pesynbrate 00paOOTKM OIpenensioTcss JABE auarpamMMbl 1ehOpMUPOBAHUS
Matepuana. Kaxas u3 HUX onpenesseT 3aBUCUMOCTh OT JeopMaliui MaTepuaia HalpsoKeHUH U CKOPOCTH
nedopMaIvH.

YaenpHy0 paboTy CHIIBI AaBJICHHS Ha oOpa3ell A MOXHO ONPEIEIHTh M0 TuarpaMme aehopMHUPO-
BaHMs MaTepuaa:

Azlc-ds, 1)

IJie G — HampsDKeHus B oOpasiie, [1a; &€ — nedopmarius odpasua.

C momorisio MeToaa KobCKOro BBITIONHEHO UCCIIEI0BAHNE BIUSHUS CKOPOCTH Ae(OpMaIlii MaTe-
pHaia Ha BEIUYMHY Tpejena MPOYHOCTH KAMEHHOTO YIS U Ha YEIbHYIO paboTy ero paspyiieHus. Taroke
HCCIIEIOBAHO BIHSHUE CKOPOCTH Je(hOpMaIii KAMEHHOTO YIJisl HA €r0 MPOYHOCTb.

Juarpammbl 1ehopMUpPOBaHUsI KAMEHHOTO YISl IPUBEJCHBI Ha puc. 2. CpaBHEHHE JHarpamM I10-
3BOJIACT OTMCTUTD, YTO MPEACIT MPOYHOCTH o6pa3u013 YIJIA Ha CKAaTHUEC MOJABCPIKCH CYIIECTBCHHBIM CTaTUCTU-
YeCKUM KOJICOAHMSIM, aXe IPU MajJoM OTJIMYMK CKOPOCTH AedopMaiuu mpeaen MpOYHOCTH OTIHYACTCS B
JiBa 1 Oosiee pa3. ITO CBUJICTENLCTBYET O HAJTMYKMH B 00pa3iax yrisi pa3IndHOr0 KOJIMIECTBA MUKPO- H MaK-
POTpEIINH, YMEHBINAIOMINX WX MPOYHOCTh, KOTOPYIO MOKHO ONMPENETHTh KaK CPEIHIOI CTATHCTHYECKYIO
BenuunHy. CpejiHee CTATHCTHYECKOE 3HAYCHHE Tpejena MPOUYHOCTH YIUIA CYHMICCTBEHHO BO3pAcTaeT MpH
yBenmuueHHn ckopocTu nedopmanuu (puc. 3). Mcmons3ys meton Koiabckoro, MOXHO ONPEIEUTh 3aBUCH-
MOCTb IIpejieia MPOYHOCTH YIJIsi OT aMIUTUTYIbl BOJHBI IaBJICHHUS, ISHCTBYIOIIEH Ha oOpasern (puc. 4).
CpaBuenue puc. 3 u 4 0OHAPYKUBACT KOPPENSAIUIO 3aBUCUMOCTH TIpeJieNia MPOYHOCTH OT CKOPOCTH aedop-
MAallM{ ¥ aMIUTUTYAbl BOJMHBI JaBieHus. M3 9TUX AaHHBIX TaKKe CIEMyeT, YTO MPH CKOPOCTH Jedopmaliuy,
menbmeit 100 ¢, cpeaHecTaTHCTHYECKUIA Ipeie IPOYHOCTH YIUIs Ha caTHe coctapisier 35 MITa.

YnenpHas paboTa pa3pyueHus yIisd IPpU OJHOKPATHOM JICUCTBUM BOJIHBI JABJICHIHS TAaKXKE CYIIECT-
BEHHO 3aBHCHT OT CKOpOCTH Aedopmaruu (puc. 5), yBeIUUNBasCh MPUOTU3UTEIBHO B JIBA pasa, €ClU CKO-
pocts nedopmanuu Bospactaet ot 200 10 600 ¢ YronbHbIE 6I0KH MOXHO Pa3pyLIHTh, €CIIH yASIbHAS pa-
0ota paspymenus oonblie 270 KZ[)K/M3 MPpU OJHOKPATHOM JIEWCTBUHU BOJIHBI JABJIEHUS C aMIUIUTYJ0M HE Me-
uee 25 MIla (puc. 6). [To 3TOMY KPUTEPUIO MOXHO OMPEACTUTh MUHUMAIBHBIC 3aTPAThl SHEPTUH JUTS pa3-
pyuIeHus OI0Ka yris.
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Ot yzenpHO# paboTHI pa3pymIeHUs YIS IPH OJHOKPATHOM BO3/CHCTBHM BOJIHBI JABJICHUS 3aBHCHUT
CPEeIHUH pa3Mep YacTHIl pa3pyiieHHoro 6oka yrist (puc. 7). IIpu oMHOKpAaTHOM BO3ACHCTBUM HA OJIOK YIS
yBENIMUEHHE YACTbHON paboThl paspymenns oT 250 1o 700 xJlx/M° IPUBOIUT K yMEHBIICHHIO CPEIHHX
pa3MepoB 00pa30BaBIIUXCS YaCTHUIT OT 5 70 1 MM. DTy mHPpOpPMAITHIO MOKHO MCIIOIB30BATh IS OTpeIeie-
HUS KOJIMYECTBA HATPYKEHUH OJI0Ka YIS € LETbI0 €ro pa3pyLICHUs IO YaCTHI 33/IaHHBIX Pa3MEPOB.

Hanpsasxeriie, MIla o CropocTe gedopmarrm, c-l
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Puc. 2. Jluacpammer ounamuueckozo Oegopmuposanus obpasyos xamennozo yens. 1 — 24,4; 2 — 55;
3-55Mlla (a,6).1-74,7;2-74,7; 3—-95MTla (s, 2). 1 —116; 2 — 116 MIla (0, e)
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Ilpegen npourocty, MIla
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Puc. 3. 3asucumocmsv npedena npouHocmu y2is om
Maxkcumanvrol ckopocmu depopmayuu. 1 — sxcne-
pumenm; 2 — annpoxcumayus
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Puc. 5. 3asucumocmo yoenvrou pabomwi pazpyuie-
HUs yels Om MAaKCUMAIbHOU cKopocmu dedhopma-
yuu. 1 — paspywenue; 2 — 6e3 paspywenus; 3 — an-
NPOKCUMAYUSA
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Puc. 4. 3asucumocmov npedena npounocmu yens
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¥oelnHas pafioTa paspymesss, kJm
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Puc. 6. 3asucumocmo yoenvnot pabomul paspyuie-
HUA yeis om amniumyosl 80aHsl 0agnenus. 1 — pas-
pyuwenue; 2 — 6e3 paspyuieHust; 3 — AnnPOKCUMAYUSL

VYnenbHas paboTa pas3pylieHHs B MajoOd CTENEHU 3aBUCHT OT HAYAIBHOTO 00BEMA paspyliacMoro
obpasmna (puc. 8), MOITOMY 3aBUCHMOCTE, PUBEAEHHAS HA PUC. 7, MOXET OBITh MCIIONb30BaHa s OJIOKOB

YIUISL CYILECTBEHHO PAa3HBIX Pa3MEpOB.
Cpenmntii pa3Mep 4ac THIJ IT0oCTe
Pa3pYILIEHIHA, MM
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Puc. 7. 3asucumocmo cpednezo pazmepa uwacmuy
yesl nocie paspyuieHus om y0ervHou pabomol pasz-
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103



2. MeTouKa U pe3yJbTaThl HCCIIE0OBAHUS

Hcnonb3ys mosy4eHHbIC SKCIIEPUMEHTAIbHbIC JaHHbBIC, OMPEISTUM 00BEM YTrOJIbHBIX OJOKOB, pa3-
PYIICHHBIX JI0 33/IaHHBIX Pa3MEPOB 3a €AMHMILY BPEMEHH, B 3aBUCHMOCTHU OT aMIUTUTY bl BOJIHBI JaBJICHHS U
JHEPTrUH KOHJICHCATOPHOI 6aTapey ¢ MOMOIBIO CICAYIONIeH METOANKH.

JlaBiieHue B BOJIe, OKPY KAIOIIeH KaHaJ pa3psia, ONPEAeUM ¢ IIOMOIIBIO 3aBUCHMOCTH, NIPUBEIEH-
Ho¥ B [8]:

(2)

rne Uy — HanpsbkeHue 3apsaga O6atapen, B; r — paccTosiHEe OT ocu KaHala pas3psiaa 10 3aJlaHHOH TOYKH Hpo-
CTPaHCTBA, M; |y — paccTosiHne MKy NIEKTPOAAaMH, M; L — HHIYKTUBHOCTB pa3psaHOrO KOHTYpa, ['H.

U3 sKcHepUMEHTaNbHBIX JaHHBIX (puc. 4 u 6) ciemyer, 4TO MHUHHMAJIbHOE JABJICHHUE BOJHBI Prin,
IpU KOTOPOM YTOJIbHBIE OJIOKM HAUYMHAIOT pa3pyliaThes, H3MEHseTcs B npenenax ot 25 go 75 MIla. bois-
LI0M MHTEPBAJ 3HAUEHUH Pmin OOBACHSIETCS CYIIECTBEHHON aHU30TPOINEH (PU3NKO-MEXaHMYECKUX CBOMCTB U
OOJIBIIIMM KOJINYECTBOM MHKPO- U MAaKpOTPELIWH, 00pa30BaBIIMXCs B Ipolecce HOPMUPOBAHUS YIOIBHBIX
IUTaCTOB U B MIpoOIecce JOOBIYM YIS,

U3 dpopmynsl (2) onpenenum paanyc HUIHHAPHYESCKOR 001acTh pa3pyIleHUs yIiisl, KOrJa JaBlICHUS
PaBHO Prin:

r = UO Ik
P A AT 3
pmin L ( )
ITo ry MOXHO ompenenuTs 00BEM 00IaCTH pa3pyIICHUS YISl OT OJHOTO pa3psa:
* U 2 * |2
V =T r2 . I = . 0—k
0 p 'k 2 : 4
Prmin * L (4)
N3 (I)OpMyJ'H)I AJI BBIYUCIICHUS SHEPIrun KOH,I[CHCEITOPHOI\/'I 6aTapeH
c.u?
By=—" 5)

rae C — éMKOCTh KOHJIEHCATOPHOU OaTaper, MOXHO OIPENeINTh HaNpsDKEHHE 3apsaa OaTapeu, COOTBETCT-
BYIOIIIEE DHEPTUH 3apsijia, W, MOJACTaBUB €ro B Gopmyiy (4), MoIydnTh 3aBUCUMOCTh 00BEMa pa3pymICHUS
YT OT DHEPTHUH 3apsia OaTapeu:

. E -12.k
V :2_ .0 Tk E’
R ©)

riae ke — akycTuueckuii K03 GHIUEHT MPOXOKIACHNSI SJHEPTHH B YTOILHBIN MacCUB, BRIUUCIAEMBIH IO Gop-
myne [9]:

_ 4'pf'Cf‘pu'Cu
= =
(P ci+p,c,) 0

i€ Pf ¥ Py — IUIOTHOCTH BOJBI U YIJIS; Ct M €y — CKOPOCTH 3BYKa B BOJE U YTJI€.

CKOpOCTh M3MeNIbueHHs 06bEMa yriis (IIPOM3BOIUTENHHOCTh H3MebueHns) Vo 3aBHCHT OT YacTOTHI
BBITIOJTHEHHsT pa3psioB f u koaudecTBa paspsaoB N, HEOOXOANUMBIX JUIsSl YMEHBIICHUS] pa3MepOB OJIOKa yriis
OT HAYATBHOTO 06BEMa Vo 10 3a1aHHOTO 00BEMA 06PA30BABIINXCS U3 HEr0 PparMeHToB Vinin:

V. =V, —-m
t 0 n u? (8)
rae M, — MOPUCTOCTh 00BeMa Vo , 3aIIOTHEHHOTO OCKOJIKAMH Pa3pyIICHUS OJIOKOB YTJIS.
s ompeneneHus N pacCMOTPUM MPOLIECC M3MEHEHUsT 00bEMa YTOJIbHBIX OJIOKOB IOCIE KaXKIOro

paspsaa:

kE

e Voo Mo Ve Vo Y
Vl V2 V3 Vi+l Vn Vmin Vmin’ (9)

rae | — HOpsAKOBBIN HOMEp pa3psija.
C yuéroM Majoro BIUSHHS HA4albHOTO 00BEMa OJIOKA yIiisl Ha M3MEHEHHUE YIENbHOM paboThl ero
paspyuieHus (puc. 8) MOKHO MPEINOI0KUTh, YTO OTHOCUTEIBHOE YMEHbIICHHE 00bEMOB 00pa30BaBLINXCS
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YaCTHUIl MPAaKTUIECKH HE 3aBUCUT OT IMOPSIKOBOTO HOMeEpa paspsia:

V.
—L =const.
i+1

(10)
C y‘{éTOM AOIYLICHUSA (10) MOYKHO 3aItucaTh.
Vo (Vo)
Vmin Vl . (11)

W3 ypasuenuns (11) onpemennm KOJHUECTBO Pa3psa0B, HEOOXOAUMBIX IS U3METbUCHUsT 00BEMa yT-
s Vg 110 yacTul 3agaHHoro o0séMa Viin
V*
In (0
Vmin

In [V"J | (12)
Vl

OTtHOCHTENBHOE M3MeHeHne 00BhéMa Gitoka yriis (KOMHYecTBO (hparMeHTOB pa3pylIeHHOTro OioKa)
3aBHUCHUT OT aMIUTUTYbI BOJHBI JaBJICHHUs Ha 3TOT 00K (puc. 9) U MOXKET ObITH anmMmPOKCUMHUPOBAHO IKCITO-
HEHIUAILHON 3aBUCHMOCTBIO

n=

VO* _ lx/'pcp
[ )-a e ®

rae a, = 0,1588; b, = 6,03-10® ITa™; ¢, = 0,8412 — k09)PULIMEHTBI AMTPOKCUMALNH IKCIIEPUMEHTATBHBIX
maHHBIX (puc. 9) Mo MeToNy HAUMEHBIINX KBAJPATOB; Pc, — CPEIHEE NABICHHE KHAKOCTU B 00IACTH paspy-

mieHus yris oosémMom Vo .
KomriecTtEo dparMeHT OB
pazpyHIeHHoOro 06pasra

3000
2500 j
2000

//z
1500

1000
Y
00 // *
P

v

0+
=0 100 150 200
MMaxcHMATEHOE TaBJaeHHe BoaHEEI, MIla

Puc. 9. 3asucumocms konuvecmea gppazmenmos, Ha Komopwvle 0eaumcs 0bpazey nocie 00H020 HAZPYHCEHUs,
om amnaumyosl 601HbL 0asienus. 1 — axcnepumenm; 2 — annpoxcumayus

JpoGiieHne u n3MenbueHre OJ0KOB YIJI MPOUCXOIAT B 00JaCTH C EPEMEHHBIM JaBICHUEM, H3Me-
HSIOIIMAMCS. OT MAaKCHMaJIBHOTO B KaHaJe Pa3psiia Pimax A0 Pmin HAa TPaHUIC 00JACTH pa3pyIIEHUs YIS 10
runepOonryeckoii 3aBucumocti (2). CpeHee NaBlICHUE KHUIKOCTH OMPEISTUM KaK CpPeiHee UHTerpaibHOe
Ha MHTEpBajie OT paguyca KaHaja pa3psjia ay, IpH KOTOPOM JaBJICHUE B KaHalle pa3psaa TOCTUTaeT MaKCH-
MaJIbHOTO 3HAYEHUS Pimax, 4O TPAHUIBI 00JIACTH Pa3pyILEHUS YT PaAuyCcoM Iy

1 p
T a _[pdr. (14)

P m a,

r

pcp =
Benuuuny ap onpeaenunu no popmyie [10]:

1 1
uz-c>-L)* (2-g,-C-L\*

a = = .
" pr -l Pi -l (15)
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MakcuManbHOe TaBjieHne B kaHane paspsaa [9]:

Pimax = 0,17 (16)
B pesynbrare nnTerpupoanus no Gpopmyse (14) onpenenniu p.,:
Pimax — Prin T
= -1|r + .
pcp rp _ rk rp _ rk p pkmax (17)

[IpoBepky pa3paboTaHHOI METOIMKHM BBHIMOJHIIN Ha OCHOBAaHHM CPaBHEHHsSI PE3yJIbTATOB pacuéTa C
9KCIEPUMEHTAITBHBIMH JJAHHBIMHU TPOIECCa U3MENBUYCHUSI KAMEHHOTO YIIIs. DHEPrui0 KOHACHCATOpHOU 0Oa-
Taper IKCIEPUMEHTAILHON 3JIEKTPOrHIPAaBINIECKON YCTAaHOBKH M3MEHsIH B mpeaenax oT 50 go 2500 k.
IMapamerpsr Boasl ps = 1000 kr/m°, ¢ = 1500 m/c, a KaMEHHOTO yros — py = 1300 kr/m®, ¢, = 3000 m/c. Mu-
HUMAJIBHBIA pa3Mep N3MEIbUEHHBIX YacTHI KaMeHHOTro yrisi — 0,2 MM, a IOPUCTOCTh HEYTUIOTHEHHOTO CII0S
yriast B obnactu paspyienus — M, = 0,4. Ha ocHOBaHHMU SKCIIEPUMEHTANBHBIX NaHHBIX (puc. 4 u 6) Prin U3-
MeHsieTcsl B penenax ot 25 no 75 MIla. [Ipon3BoauTenbHOCT Npoliecca N3MENbYeHNs] KAMEHHOTO YTIIs JJIs
JaHHBIX MapamMeTpoB npuBeneHa Ha puc. 10. Kak BUIHO, SKCTIEpUMEHTAIbHBIE TOYKH PACIIONIAararoTCsi BOJIU3H
KPHUBBIX, PACCUMTAHHBIX MO JAHHON METOMWKE, A JAABICHUN Ppin, U3MEHSIOMUXCSA B mpeaenax ot 25 10
75 MIla. CremoBaTenbHO, pa3pabOTaHHYIO pacYETHO-IKCIIEPUMEHTATHHYIO METOIUKY MOKHO HCITOJIB30BaTh
IUISL ONIPEICTICHNs] TIPOU3BOAUTEIILHOCTH MPOIlecca U3MEIBYCHUSI KAMEHHOTO YTIIS DJIEKTPOPa3pIHBIM CIO-
coboM. JIaHHYI0 METOJIMKY MOXHO MPUMEHUTH JUIsS ONpPEeNICHHs MPOU3BOJUTEIBHOCTH MPOIEcca U3MEIb-
YEeHUs DIIEKTPOPA3PTHBIM CIIOCOOOM M JPYTUX XPYNKHUX MAaTEPUANIOB, €CITU JIJISI KOKIOTO M3 HHUX OIpese-
MTH MeToIoM KoIIbCKOTO XapaKkTepUCTHKH, T0100HbIE PUBEIEHHBIM Ha puc. 4, 6 u 9.

[IpoM3E 0HTeILHOCTE IMEeTEYeHHA, M3 /1

1.0

-~

0,5 E}/—"‘
=

/

// Ep.

0 S00 1500 2500

Puc. 10. 3asucumocms cxopocmu usmenvyeHus yeus om dHepeuu KoHOeHcamopuou oamapeu. 1 — 25;
2 —75 Mlla; 3 — sxcnepumenm

BriBoabI

[Mony4yeHHbIe pe3yabTaThl O3BOJISIOT CAENATh CICAYIONINE OCHOBHBIC BEIBOIBI.

MuUHUMAaTBHOE JABJICHUE BOJHBI Prin, PH KOTOPOM YTOJbHBIC OJIOKM HAYWMHAIOT pa3pyllaThCs, W3-
MeHseTca B mpenenax ot 25 mpo 75 Mlla. bonbiioii nHTepBan 3HAYEHUN Prin OOBACHIETCS CYIIECTBEHHOU
aHM30TpOMNHUEH PU3NKO-MEXaHUIECKUX CBOMCTB U OOJIBIIMM KOJIMYECTBOM MHKPO- U MaKpOTpEIIUH, 00pa3o-
BaBIINXCS B Ipoliecce GOPMUPOBAHHS YTOJBHBIX TUIACTOB U B Mpolecce T0ObIYH YTIISL.

IIpu oMHOKpPATHOM BO3JCHCTBMM Ha OJOK KAMEHHOTO YIIIS YBEJIMYCHUE YICIBHON paboThl paspy-
mrerwst ot 250 1o 700 kJ[k/M° IPHBOMKT K YMEHBIICHHIO CPEIHHX Pa3sMEpOB 00Pa30OBABIIMXCS YaCTHUI[ OT 5
10 1 MM. DTy uHMOpPMALIMIO MOKHO HCIIONB30BATh JUIS ONpEeSICHHs KOJMMYECTBa HArpyKeHUH OJ0Ka yriis
JUISL €TO Pa3pyLICHHUS 10 YaCTHIl 3aJaHHBIX Pa3MepOB.

JIMHAMHYECKHIA MPpe/iell MPOYHOCTH KAMEHHOT'O YIJIsl CYIIECTBEHHO 3aBUCHT OT CKOPOCTH JAedopma-
upn gactui. M3menenne ckopoctu nepopmammu ot 200 10 600 ¢, cooTBeTcTBYyIOMEH H3MEHEHHIO AMILTH-
Tyabl neficTByromeii BoHbl qaieHus ot 50 qo 150 Mlla, npuBOAKMT K YBETUYEHUIO Mpezeiia MPOYHOCTH B
cpeneM ot 40 mo 100 MIIa. VYBennuenne ckopocTd AeopManuy yriisi YMEHbBIIAET Mpeied MPOYHOCTH OT
ero cpeanero 3uadenus ot 60 1o 25 %.

T[IpOHM3BOUTENFHOCTD H3MEIbUYCHHS GIOKOB KAMEHHOTO yIiisi yBeamdmuBaercs oT 50 mo 700 m*/uac
(ot 65 1o 910 kr/4yac) npu yBeTHMYCHUH YHEPIHU KOHIEHCATOpHO# Oatapen ot 50 1o 2500 JIx.

PaspaboranHass MeTOIMKa OIpEJIeNICHHsT IPOU3BOAUTEILHOCTH MpoIlecca U3MeTbUeHHS KaMEHHOTO
YIJISL XOPOIIO COTIIACYETCs C DKCIEPUMEHTABHBIME JJAHHBIMUA U MOYKET OBITh UCIIOJIb30BaHa ISl APYTHX Ma-
TEPUAJIOB, €CJIU IS HUX OMPEAETUTh XapaKTePUCTHKH JMHAMHYECKOTO pa3pylieHus no merony Komnbckoro.
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Hocmynuna 07.10.10
Summary

By example of black coal the authors explored the processes of fragile materials crushing under pulse
loading. The research was conducted using Kol’skiy’s method with use of split Hopkinson pressure bar. Basing
on the experimental data, the methodics is developed for the determination of crushing rate efficiency and blocks
of black coal fining under the influence of electric discharge in water.
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