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T«Micro-Tracers» Inc., Department of R&D, San Francisco, CA, 94124, United States;
’Poltava University of Economics and Trade, Ukraine;
3L.N.Gumilyov Eurasian National University, Astana
(E-mail: sakhnoyura@alice.it)

Methods of modification of the surface of PTFE nanoparticles
with a purpose to increase their hydrophilic properties

The paper considers with three methods of modification of the surface of PTFE nanoparticles with a purpose
to increase their hydrophilic properties: adsorption of esters of p-hydroxybenzoic acid; adsorption of
branched fluorocarbon surfactant polymers containing perfluoroundecanoyoxy groups; and adsorption of
fluorinated homopolymers and block copolymer. All three methods were analyzed in terms of their potential
efficacy to provide a stable dispersion of sample of PTFE nanoparticles in polar solvents, and a preliminary
conclusion that the method based on adsorption of fluorinated block copolymers containing blocks of
pentafluorostyrene and acrylic acid seems to be most suitable for required purpose has been made.

Key words: nanoparticles, surface modification, adsorption, solvent, copolymer.

Introduction

Polytetrafluoroethylene (technical name fluorplastic4, F-4) is superior in the set of physicochemical and
mechanical properties to all the known polymers. PTFE displays a high thermal stability, a high chemical
resistance, a low friction coefficient, and a low surface energy. These properties, which are very important
for some specific applications, together with the rubbing action, cause considerable disadvantages in applica-
tions in which adhesion-related problems are concerned. Since the materials with low surface energy can be
used to prepare promising high-quality protective coatings, fluorocarbon in the molecular structure are char-
acterized by several excellent properties. It is possible to use the polymers that contain fluorocarbon groups
in the molecular structure to produce a surface to which some organisms could not adhere with tenacity, or
from which the organisms could be removed easily. But the low surface energy of fluoropolymers and the
difficulty in bonding them to the substrate make it necessary to utilize special adhesives or treatments in or-
der to obtain the required adhesion to the substrate. Several techniques have been developed for modifying
polymer surfaces to improve their dispersibility in solvent of paint and adhesion properties without altering
their bulk properties.

Analysis of the literature related to the surface treatment of PTFE with a purpose in increase polymer
polarity which should provide the required increase in a dispersability of PTFE nanopowder shows the exist-
ence of several approaches. Most promising of them, in our opinion, are related to pure physical adsorption
of one or several compounds on the surface of PTFE without chemical interaction of polymer chain with the-
se compounds.

1. Physical adsorption of compounds on the surface of PTFE

An important part of PTFE wide application arises from its stability and from being regarded as inert to
adsorption [1]. Such properties can be attributed to the high stability of the C—F bond and to the display of
both hydro- and oleophobicity by perfluorinated compounds [2, 3]. There have been, however, some reports
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of sorption/adsorption on Teflon for compounds such as iron carbonyl, chloroform, acetic acid [4], ammonia
[5] inorganic acids and bases [6], surfactants [7-11] and alkyl p-hydroxybenzoates [1]. In the case of
amphiphilic molecules, contact angle measurements also revealed an increase in Teflon wettability due to the
solute interaction with the polymer surface.

Adsorption of these relatively non-polar compounds, particularly zn-propyl ester of p-hydroxybenzoic
acid and several other esters on the surface of PTFE has been reported in paper [1]. The authors of paper [1]
indicated that the most reproducible results were obtained when PTFE has been used not in form of powder,
but in form of tubing. The time dependent extent of adsorption is shown in Fig. 1A for amyl ester of
p-hydroxybenzoic acid (AEHBA).
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A — Extent of solute removal as a function B — Adsorption isotherms for (A) propyl ester
of contact time, for AEHBA in water at an initial and (e) butyl ester of p-hydroxybenzoic acid
concentration of 0.7 mM. Each point represents and (o) AEHBA on the PTFE tubing,
an average of, at least, two independent experiments after 5 hours [1]

Figure 1

Figure 1A suggests that the process may be divided in two steps: the first, faster, occurring before 1 h of
contact; and the second, slower, between 1 h and the plateau reached after 5 h. Keeping in mind that the size
of the AEHBA molecule is 3.62A [12], and applying this data to the amount of solute removed at the first
plateau of Fig. 1A, the area occupied by the solute molecules can be estimated as ca. 240 cm® which is close
to the internal area provided by the tubing. On that account it is reasonable to suggest the picture of a flat
solute adsorption onto the PTFE surface, leading to a monolayer, followed by a slower rearrangement. Ac-
cording to the data presented in Fig. 1A, the average area per solute molecule is reduced to a third after equi-
libration. Such a decrease might be caused by some solute clustering at the polymer surface or could be a
reflection of some extent of solute penetration into the polymer.

Assuming the Einstein relation for molecular motion, and a diffusion coefficient around 10™® cm® s,
the mean displacement of the solute molecules at 5 h would be near 0.02 cm. If a sorption process was occur-
ring, one should expect much longer saturation times, as a reflection of larger mean displacements. There-
fore, the authors [1] concluded that such a small displacement, together with a relatively short time for the
attained saturation, suggests that the solute removal cannot be ascribed to a sorption process.

Figure 1B shows the isotherms for the adsorption process of three esters of p-hydroxybenzoic acid, ob-
tained after 5 hours. These curves are upper-limited by the low solubility of the investigated compounds in
water. For methyl and ethyl esters, the extent of adsorption was too small to be detected. The shape of the
curves is consistent with the class of low affinity isotherms [13]. It might also suggest a cooperative nature
for the process which could represent the solute reorientation on the polymer surface. The maximum
amounts of removed solutes were small: 10, 5, and 3 %, for AEHBA, butyl ester and propyl ester of
p-hydroxybenzoic acid, respectively[1].

Sorption processes are commonly observed in polymers and depend on the affinity between polymer
and the solute. In the case of PTFE, it has been shown [14] that the swelling by organic solvents is related to
their mutual affinity as described by the Hildebrand parameters, 6. Perfluorinated compounds have low d
values, around 12—13 [15]. According to [1] the esters of p-hydroxybenzoic acid are somehow similar to
4-methyl and 4-octylresorcinol, which have 6 values of 28.4 and 25.4 [15]. The results summarized in

Cepusi «dunsukay. Ne 4(72)/2013 5



N.N.Barashkov, T.V.Sakhno et al.

Fig. 2B reveal that, besides the substantial difference in & values, the solute—polymer interaction cannot be
disregarded.

The preliminary observation of increased wettability of PTFE powder upon adsorption of the esters of
p-hydroxybenzoic acid upon adsorption reported in paper [1] suggests that, although some extent of solute
incorporation might occur, a significant amount solute molecules should remain on the polymer surface.
These molecules, probably oriented with their polar moicties toward the aqueous solution and the apolar
ones in contact with PTFE, would cause a decrease in the interfacial tension between the polymer and water.
Therefore, besides the hydrophobic effect of the removal of apolar solutes from water, represented by the
increase of solute removal along the homologous series, such interaction also conveys some contribution due
to the decrease of the interfacial energy between PTFE and the polar liquid. Authors of paper [1] indicated
that although similar observations have been already reported for surfactants, their results point out that so-
lute—PTFE interaction should be taken into account even when considering smaller, but still apolar mole-
cules.

2. Adsorption of polar fluoropolymers,
containing perfluoroundecanoyloxy groups on the surface of PTFE

This interesting type of the treatment of PTFE firstly has been investigated in papers [16—18]. The pur-
pose of these studies consisted of making the PTFE surface more suitable for biomedical applications, like
ability of modification with bioactive molecules. It was emphasized [16] that fluorinated copolymers con-
taining side-chains of perfluoroundecanoyloxy groups can play the role of surfactant. Their adsorption can
provide a well-defined surface modification that is nondestructive to the PTFE surface and easier to perform
than high-energy reactions such as plasma or chemical etching using alkyl lithium or benzoin dianion.

One concern, as with any approach to surface modification that involves noncovalent interactions, is the
adhesion stability of the surfactant on the solid substrate. Adhesion stability can be improved by increasing
the molecular weight of the surfactant, such as moving from classical molecular diblock surfactant structure
[19] to polymeric systems, decreasing the entropy of the surfactant by adopting a branch or comblike struc-
ture, or by increasing hydrophobic—hydrophilic balance [20,21].

According to [16], these options are also consistent with the results from Fleer’s self-consistent-field
theory of polymer adsorption [22—24]. Some preliminary work [25, 26] has been performed on hydrophobic
polymers like polyethylene and nonionic dextran surfactant polymers which demonstrated effective surface
assembly at a solid/aqueous interface and useful interfacial properties, such as suppression of protein adsorp-
tion, which are highly beneficial for blood-contacting medical devices [27]. The polymer surfactants were
composed of poly(vinylamine) with pendant dextran and alkanoyl groups. When adsorbed on a hydrophobic
surface such as polyethylene, the alkanoyl side chains adhere to the hydrophobic substrate, while the dextran
side chains are oriented into the aqueous environment to provide a biocompatible oligosaccharide interface.

However, it was shown that the existing surfactant polymers with hydrocarbon side chains readily
adsorb on PTFE but do not show stable adhesion [16]. This observation suggests that favorable enthalpic, as
well as entropic, changes may be important for achieving stable surfactant—PTFE adhesion. Accordingly, the
authors [16—18] have designed surfactant polymers with fluorocarbon side chains, which would be expected
to favor adsorption and strong adhesion on PTFE under aqueous solutions. They are more hydrophobic and
have a larger molecular cross section than hydrocarbons [28, 29].

For instance, fluorocarbon surfactant polymers that adhere to PTFE surface under aqueous conditions
and provide a stable oligosaccharide interface suitable for biomedical applications have been described [16].
The polymers, consisting of a poly(vinylamine) backbone with dextran and fluorocarbon side chains, were
characterized by FT-IR, NMR, and XPS, with surface activity demonstrated by significant reductions in wa-
ter surface tension at the air—water interface, and by XPS after modification and exposure to dynamic flow
conditions over the shear stress range of 0-20 dyn/cm”.

The general strategy for the synthesis is based on poly(vinylamine) (PVAm) chemistry. PVAm was ob-
tained by method [25] from basic hydrolysis of poly(N-vinylformamide) (PNVF), which was prepared by
free radical polymerization of N-vinylformamide in DMF with AIBN as the initiator. The molecular weight
of PVAm (M, ~ 35 000, M,/M, ~ 1.3) was deduced from that of PNVF assuming 100 % hydrolysis and no
loss in the purification process. PVAm can be easily modified with a variety of functional groups, such as
carboxylic acid, lactone, isocyanate, or aldehyde. Dextran molecules were attached to PVAm by reacting the
amino groups with dextran lactone. Fluorocarbon branches were attached to the backbone by reacting the
amino groups with perfluorocarbon succinimide.
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Graft polymers with either hydrophobic fluorocarbon branches or hydrophilic dextran branches were
synthesized, as well the complete fluorocarbon surfactant polymer. PVAm-FC11 was prepared by reacting
the amine groups of PVAm with N-(perfluoroundecanoyloxyl)succinimide in methanol. The reaction of
succinimide with amine is selective, so that hydroxyl groups on dextran do not need protection.

Unlike the synthesis of analogous hydrocarbon surfactant polymers, fluorocarbon surfactants cannot be
synthesized by reacting PVAm with dextran lactone and succinimide simultaneously. Since the
fluorosuccinimide reacts much faster with PVAm than does dextran lactone, the resulting PVAm-FCI11
would precipitate, thus preventing further attachment of the hydrophilic dextran.

According to paper [16], while the dextran content is a constant for each surfactant polymer, the fluoro-
carbon branch density, determined by XPS analysis, increases from 15 to 45 mol % of reacted amines in the
polymer backbone (Table 1). The structural information (x, y, and z) determined using XPS itself is in excel-
lent agreement (£2 mol %) with the data in Table 1 obtained using the combination of NMR and XPS. In
addition, there are many unreacted amine groups along the polymer backbone. This is attributed to steric in-
hibition effects of the attached bulky dextran molecules. However, any remaining unreacted amine groups
can be capped by reaction with smaller molecules such as glucolactone or acetic succinimide, as was demon-
strated in a paper [25].

Table 1
Fluorocarbon Surfactant Composition [16]
PVAm(Dex:FC11) dextran:perfluoroundecanoyl ratio

Composition 1:0.5 1:1 1:2
Mol wt(M,)

PVAm 35000 35000 35000

Surfactant 370000 397000 504000
Composition (mol %)

Dextran” 22 22 22

Perfluoroundecanoyl® 15 21 45

Amine 63 57 33
Groups per surfactant

Dextran 179 179 179

Perfluoroundecanoyl 122 171 366

Amine 512 464 269

Notes: “Based on GPC/light scattering of poly(N-vinylformamide) (Mw/Mn = 1.3). *Based on NMR data. “Based on XPS data.

The surface-active properties of fluorocarbon surfactants at the air/water interface were obtained from
surface tension measurements. The surface tension data were plotted against the logarithm of concentration,
as shown in Fig. 2. Surfactant efficiency, defined as log(1/C),= 20, where C is the bulk concentration in
mol/L, measures the surfactant concentration needed to lower water surface tension by 20 dyn/cm. The effi-
ciency for surfactants 1:0.5, 1:1, and 1:2 is estimated to be around 4.7, 4.8, and 5.2, respectively, as deter-
mined from the data in Fig. 2. The increased content of fluorocarbon branches in surfactant 1:2 provides a
greater thermodynamic driving force for surfactant assembly at the air/water interface and thus is more effi-
cient in reducing water surface tension. In terms of effectiveness, defined by the minimum surface tension,
all three polymers are very similar up to the solubility limit. This suggests similar fluorocarbon coverage at
the interface, since effectiveness depends on the van der Waals attractions of the hydrophobic groups in the
surfactants [30]._No critical micelle phenomenon for all three surfactants was observed over the measured
concentration range. This result is consistent with previous observations for hydrocarbon surfactant poly-
mers [25].

The authors of paper [16] investigated the surface adsorption and adhesion on PTFE. In the presence of
a solid surface, surfactants in water can minimize interfacial energy by forming micelles, assembling at air—
water interface, and by adsorbing at the solid/water interface. XPS analysis (Fig. 3) shows surfactant adsorp-
tion on PTFE obtained under different shear stress conditions. For comparisons between each surfactant, the
N atomic percent is normalized against the value obtained for the respective bulk polymer. For surfactant
polymer PVAm(Dex: FC11) with branch ratios ranging from 1:0.5 to 1:2, the nitrogen percentage at
0 dyn/cm’ increases monotonically from 40 % to 90 %, indicating increasing amount of adsorbed surfactant.
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This follows the same order as the results obtained for surface activity at the air/water interface. These find-
ing also are consistent with theoretical considerations, which show adsorption increases with increased hy-
drophobic content [22—24]. Electrostatic interaction is not a significant factor in controlling surfactant ad-
sorption, since zeta potentials for all three surfactants measured in PBS solution are close to 0 mV.

Surface Tension (dyn/cm)

1 T T

T
15 -1.0 05 00 05 10

Log(c) (mg/mL)

Figure 2. Surface tension of fluorocarbon surfac-
tant polymers in aqueous solutions. The dextran to
fluorocarbon branch ratio in PVAm(Dex:FC11) is
held constant at three different values: 1:0.5 (m);
1:1 (%); 1:2 (») [16]
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Figure 3. Normalized nitrogen percentage on PTFE
as a function of shear stress experienced by the sur-
factant polymer. The dextran to fluorocarbon
branch ratio in PVAm(Dex: FC11) is held constant
at three different values: 1:0.5 (w), 1:1 (*), and 1:2

() [16]

The adhesion of surfactants on PTFE was investigated by exposing surface adsorbed surfactant to dif-
ferent applied shear stress for 1 h. For the surfactant with a dextran:fluorocarbon branch ratio of 1:2, there is
no significant change in the amount of adsorbed surfactant polymer after exposure to shear stress ranging
from 0 to 20 dyn/cm’. This indicates that the adsorption was not kinetically reversible on the time scale of
the measurements. In contrast, the amount of adsorbed surfactant decreases by 32 % and 20 % for surfactants
with branch ratios of 1:0.5 and 1:1, respectively, over the same shear stress range. The results obtained under
applied shear stress suggest that increasing the fluorocarbon branch density correlates with increasing surfac-
tant adhesion on PTFE. Consequently, the fluorocarbon branch density appears to be an important factor in
controlling surfactant polymer adsorption and adhesion on PTFE.

The stability of adsorbed comblike polymer surfactants on solid polymer substrates will depend on
many factors, including polymer backbone molecular weight, the length and ratios of the hydrophobic and
hydrophilic branches, and surfactant—surfactant and surfactant—substrate intermolecular interactions. The
chemical similarity between the fluorocarbon branches and the PTFE is designed to improve the thermody-
namic compatibility between the surfactant and the substrate compared with the hydrocarbon branches used
previously. The fluorocarbon branch also possesses a symmetric cylindrical shape, which should match the
geometry of surface fluorocarbon chains in PTFE and increase adhesive intermolecular contact [16].

We would like to point out that the synthesis of fluorinated copolymers containing side-chains of
perfluoroundecanoyloxy groups described in [16] is rather complicated multistep procedure which can po-
tentially limit its practical application. With this respect the approach investigated in PhD study [31] related
to adsorption of less complex fluorinated homopolymers and, especially, block copolymers on the surface of
PTFE (which will be considered in next section) could be more suitable for modification of PTFE nanoparti-
cles with a purpose of improving their ability to be dispersed in polar media.

3. Adsorption of fluorinated homopolymers and block copolymers on the surface of PTFE

Adsorption of fluorinated homopolymers, such as poly(pentafluorostyrene) (PFS), poly(tetrafluoro-
propylmethacrylate) (PTFPMA) and poly(tetrafluoropropyl acrylate) (PTFPA) (Fig. 4) on the surface of
PTFE films has been investigated [31]. Table 2 summarizes data related to molecular weight of investigated
polymers and amount of fluorine atoms on the polymer chain which was calculated from the molecular mass
of polymer and structure of repeating units.
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Figure 4. Chemical structure of fluorinated homopolymers used for modification of PTFE surface [31]

This study was carried out by soaking the PTFE films in 1mg/ml polymer solution in one of four sol-
vents: dichloromethane (DCM), fluorobenzene (FB) and methylethyl ketone (MEK) and dimethylformamide
(DMF) for about 16 hrs then washing three times with the same solvent used for soaking and then dried. The
films were analyzed by X-ray photoelectron spectroscopy (XPS) and contact angle measurements.

Table 2
Molecular weight of investigated polymers and amount of fluorine atoms on the polymer chain [31]

Sample Polymer M, n PDI No. F*
4B PFS 27417 140 1.06 700
4C PTFPMA 38951 193 1.13 773
4D PTFPA 39959 213 1.06 853

Note. a — Number of fluorines on the polymer chain was calculated from the M, and structure of repeating units.

According to the XPS survey spectra, the untreated PTFE (sample 4A, it is not shown in Table 2) and
PFS-absorbed (sample 4B, Table 2) show only presence of F and C, whereas a small amount of O was ob-
served on the PTFPMA- and PTFPA-adsorbed PTFE films (samples 4C and 4D, respectively). This is in
agreement with the chemical structures. The atomic concentrations of all samples are summarized in Table 3.
The theoretical values of the F/C ratios of PTFE, PFS, PTFPMA and PTFPA are 2, 0.63, 0.57 and 0.67, re-
spectively. Therefore adsorption of these polymers should decrease the F/C ratios. The untreated PTFE
showed an F/C ratio of 2.2 which is slightly higher than the theoretical.

Adsorption of PFS reduced the F/C ratios to 1.2-1.5, depending on the solvent used. In the case of
PTFPMA and PTFPA, the presence of O can also be used to identify polymer adsorption. Both polymers
showed the appearance of O (1.1-1.3 %) when adsorbed in DCM with a concomitant reduction in F/C ratios
to 1.2—1.3. When FB was used, there was also some O (0.7-0.8 %) seen as well as a reduction in the F/C ra-
tios (1.5-1.6). But these changes were smaller than those obtained in DCM. In case of MEK, there was no O,
and the F/C ratios were high (1.7-1.8).

The high resolution Cls XPS spectra were found to be useful for identifying the polymer adsorption.
Figure 5 shows the high resolution C1s XPS spectra of untreated and PFS adsorbed PTFE films [31].

F F . lL \/2[\ ‘1.1 -
5 " F.
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F
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E
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Binding Energy (V]
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Binding Energy (V)

Figure 5. Cls narrow scans of PTFE films (A) untreated (sample 4A) and (B) PFS adsorbed (sample 4B3)

The peak at 292.5 eV corresponds to the C—F, from PTFE. Untreated PTFE showed trace amounts of
aliphatic carbons (0.7 %) at 285.3 eV, indicating the presence of a small hydrocarbon impurity. The Cls
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spectrum of the PFS adsorbed PTFE surface can be curve-fitted using five peak components with binding
energies at about 286.1, 286.7, 286.8, 288.9, and 292.5 ¢V. These are attributed to C*—H (peak 1), C*—C¢H;
(peak 2), C*—CF (aromatic, peak 3), C*—F (aromatic, peak 4) and C*-F, (PTFE, peak 5) species, respective-
ly [32, 33].

Three types of fluorinated homopolymers were tested for adsorption onto PTFE in different solvents
(DCM, FB and MEK). PFS showed the greatest adsorption onto PTFE in all solvents. From XPS, the highest
PFS adsorption was found when MEK was used as the solvent. For PTFPMA and PTFPA, some adsorption
was observed only when DCM was used. Since these polymers had higher amounts of fluorine atoms in each
polymer chain (773 and 853, respectively) compared to PFS (700), this would appear to indicate that the
structure of the repeating unit affect the adsorption.

According to [31], there are two factors that need to be considered regarding the solvent: swelling of
PTFE and solubility of the polymer (which affects both adsorption and desorption). Since the same solvent
was used for adsorption and washing, a good solvent for polymer enhances the desorption during washing.
A good swilling solvent for PTFE allows the fluoropolymers to entangle and anchor well. However, it is also
possible that this solvent will remove adsorbed polymers in the washing step.

In paper [34] the swelling of PTFE film in different solvents has been investigated. The sorbed liquid
was found to be 0.35 % for DCM, 0.15 % for methanol, and 0.23 % for benzene. Thus DCM was the best
solvent. From this trend, it can be predicted that PTFE swelling is higher in DCM than in MEK. It is also
possible that FB is a better swelling agent than benzene.

It was found that although both DCM and fluorobenzene swell PTFE, the results may indicate that in-
teraction between the fluorinated solvent (i.e. FB) and the polymers (PTFPMA and PTFPA) are so strong,
they prevent adsorption onto the PTFE [31, 33]. There was no adsorption of these polymers when MEK was
used as the solvent, this is in agreement with the prediction that MEK is a low-swelling solvent for PTFE.

The contact angle measurements of sample 4C1 (PTFPMA adsorbed PTFE in DCM) was carried out.
The advancing and receding angles were found to be 97 +/-3° and 91 +/—4°, respectively that were slightly
lower than those of PTFE (~110°) (shown in Table 3).

Table 3
Advancing and receding water contact angles of polymer-adsorbed PTFE films [31]

Sample | Adsorbed Polymers | Deposition Solvent | Advancing Angle (°) | Receding Angle (°) Hysteresis (°)

4A° — — 109+6 111+6

4C, PTFPMA DCM 97+3 91+4 6+5
4F P(FS0,-b-1BA,37) MEK 88 +2 86+ 5 2+5
4G P(FS0;-b-1BA141) MEK 98 +3 90+ 6 8+7
4H P(FS101-b-AA;7) DMF 91+6 31+3 60+7
41, P(FSj01-b-AA14) DMF 88+5 28+3 60+ 6
41, P(FSj01-b-AA14) MEK 101 +£4 49+3 52+5

The author of study [31] compared the contact angle of PTFPMA-adsorbed PTFE with contacted angle
of poly (tert-butyl acrylate), PrBA. If only the fluorine atoms of the PTFPMA were adsorbed into the PTFE
chains (Fig. 6A), the contact angle of this surface would be expected to be close to that of P/BA (88°), as-
suming uniform polymer coverage since XPS showed that the total atomic C% from the adsorbed polymer is
over 10 %. The fact that the contact angle obtained was higher ®,4,= 97°), could indicate that the whole
PTFPMA chain is in fact entangled (Fig. 6B).

Figure 6. Schematic representation of fluoropolymer adsorption onto PTFE by (A)
fluorine adsorption and (B) chain entanglement
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In the case of PFS, the highest adsorption was observed when MEK was used. According to paper [35],
the solubility of linear PFS can be dissolved in FB, MEK and DCM up to concentration 0.417, 0.143, and
0.009 g per gram of solvent at room temperature. This support the suggestion that in FB, PFS is well solvat-
ed and in a stretched conformation, whereas in DCM, the chains are more coiled. In MEK, although the
chains are possibly only slightly coiled, the swelling of the PTFE film is less, therefore more chains are
packed on the surface, compared to those adsorbed from DCM (Fig. 7).

FB
%‘, DCM — ,_\\5 MEK
Swollen Qg{] TN (_9

Region ~S
By oo — | Bty
PTFE
(A) (B) (C)

Figure 7. Possible adsorption behavior of PFS onto PTFE from different solvents

According to [31], the most important interactions for fluoropolymer adsorptions are hydrophobic and
fluorine-fluorine interactions. PFS was the most hydrophobic polymer studied and it showed the best adsorp-
tion. It is also possible that in PFS, fluorine atoms are easier to polarize due to the presence of the aromatic
ring when in close contact with the PTFE. Therefore, the fluorine-fluorine interaction between PFS and
PTFE becomes stronger than for the other polymers. Since PTFPMA and PTFPA contain carbonyl groups
(i.e. they are more hydrophilic), some repulsion between these polymers and hyghly hydrophobic PTFE may
occur. This results in competition with the fluorine-fluorine interactions.

Block copolymers are known to exhibit similar behavior as surfactants. The adsorption of block copol-
ymers onro substrates, including polymers, have been widely investigated [36]. The driving force for adsorp-
tion is dependent on the nature of the system. Surface micellisation and micelle adsorption of block copoly-
mers onto hydrophilic and hydrophobic surfaces have been well studied [37]. Greater rates of adsorption for
micellar solutions over non-micellar solution have been observed.

The micellisation of block copolymer of polystyrene and polyacrylic acid, P(S-b-AA) in DMF, which is
a good solvent for both chains, and toluene, which is only good for PAA has been investigated [38]. It was
found that the number-average hydrodynamic diameters (Dy) of P(Sis3-b-AA;75) and P(S;s3-b-AAj3,) in
DMF were 6.2 and 6.3 nm, respectively, whereas in toluene, they were 42.5 and 44.5.

In study [31] it was shown that the Dy of the P(FS-b-AA) block copolymers in DMF and MEK were
between 21-30, indicating formation of some kind of aggregates. DMF 1is a good solvent only for the PAA
segments, whereas MEK is good only for PFS segments. Therefore, it could be predicted that inverse-
structures of aggregates in DMF and MEK occur with the outer layer PAA segments in DMF, and PFS seg-
ments in MEK.

Both P(FS-b-AA)-attached films prepared in DMF showed advancing angles of ~90° (Table 3). This sug-
gests that the aggregates with PAA segments as the outer layer possibly reorganized when adsorbed and dried
onto PTFE exposing the PFS segments on the surface in order to reduce surface tension (Fig. 8 and 9) [31].

DME Dryi
(© _ Dving__ |

PAA

MEK Drying
~ 9900

Figure 8. Aggregate adsorption onto PTFE surfaces in different solvents
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Receding angles of these surfaces were ~30°, indicating some reorganization of the polymer chains dur-
ing the contact angle measurements (Table 3). After soaking these samples in water, the advancing angles
reduced to 73° (~17° decrease). This also suggests the existence of flexible polymer chains on the PTFE sur-
faces [31].

Advancing Receding
(A) (8)
Advancing Receding

I I

[{=4] [{=]]
Advancing Receding

(E) (F)

Figure 9. Water droplet profiles on the surfaces of untreated PTFE (Sample 4A, Table 2)
(A) advancing and (B) receding. P(FS;(;-b-tBA14,) adsorbed PTFE (sample 4G) (C) advancing and (D) receding,
and P(FS;¢;-b-AA4,) adsorbed PTFE (Sample 41,) (E) advancing and (F) receding [31]

Copolymer P(FS;o;-b-AA 4;) adsorbed onto PTFE in MEK showed the highest advancing angle (101°).
In MEK, aggregates with PFS segments in the outer layer possibly adsorbed onto PTFE without structural
change. The receding angle was 50°, and did not change after soaking in water, which indicates that full rear-
rangement occurs during the contact angle measurement.

Hydrophilicity/hydrophobicity of the PFS containing amphiphilic block copolymers adsorbed PTFE is
found to be reversibly tuneable depending on the environment (e.g. water vs air). The author of study [31]
pointed out that since the carboxylic acid groups of these chains are free, it is suited for further modification
of these group (neutralization with metal, for example).

4. Synthesis of fluorinated block copolymers and possibility of scaling up

According to [31] the best way to synthesize fluorinated block copolymers includes using the Reversi-
ble Addition Fragmentation Chain Transfer (RAFT). It is a radical polymerization which uses a
thiocarbonylthio compound added which acts as a highly efficient RAFT agent [39]. This transfer of the
S=C(Z)S-moiety between the active and dormant chains maintains the living characteristics of the polymeri-
zation.

The synthesis of PEPDTA can be performed following published procedure [40, 41]. Benzyl chloride
(20 g) was added dropwise to a mixture of magnesium turnings (3.75 g) in dry diethyl ether (100 ml). Fol-
lowing the vigorous initial reaction, the solution was refluxed for 3 h to ensure complete reaction. The mix-
ture was then chilled and carbon disulfide (12.0 g) was added dropwise over 30 min, and then the mixture
stirred at 0 °C for the following 2 h. The mixture was then poured onto ice-water (300 ml) and the aqueous
portion collected following three washes with diethyl ether. A final layer of diethyl ether was added, and the
mixture acidified using 30 % aqueous HCI. Phenyldithioacetic acid (~ 7 g) was collected via rotary evapora-
tion of the ether. The acid was then reacted with styrene (9.0 g), with a small amount of acid catalyst (tolu-
ene-p-sulfonic acid) in chloroform (10 g). The product was then precipitated in cold methanol and recrystal-
lised from methanol as fine yellow crystals (3.2 g).
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The homopolymerization of pentafluorostyrene (FS) was carried out in presens of PEPDTA and 1,1°-
azobis(cyclohexanecarbonitrile) (ABCHC) at temperature 80°C and concentration of PEPDTA 28 mM and
56 mM. In both cases the ratio of concentration [PEPDTA]: [ABCHC] was equal to 10:1.

It was found [32] that most consistent results have been obtained when ethyl acetate has been used as
the solvent for block copolymerization. GPC chromatograms of P(FS-b-fBA) obtained from polymers syn-
thesized in ethyl acetate showed an unimodal distribution as well as the presence of RAFT end-groups over
the whole PFS distribution.

Conclusions

Three methods of modification of the surface of PTFE nanoparticles with a purpose to increase their
hydrophilic properties have been described:

a) Adsorption of esters of p-hydroxybenzoic acid;

b) Adsorption of branched fluorocarbon surfactant polymers containing perfluoroundecanoyloxy
groups;

c¢) Adsorption of fluorinated homopolymers and block copolymers.
The basics of all three approaches have been described and their potential advantages and disadvantages in
terms of feasibility for creation of stable dispersions of PTFE nanoparticles in polar liquid media have been
considered.

References

1 Loh W., Volpe P.L.O. Adsorption of Alkyl p-Hydroxybenzoates from Aqueous Solution onto Teflon // J. Colloid & Interface
Sci. — 1996. — Vol. 179. — P. 322-357.

2 Aracil J., Rubio R.G., Caceres M., Pefia M.D., Renuncio J.A.R. Thermodynamics of Fluorocarbon-Hydrocarbon Mixtures
The Systems formed by 2,2,4-Trimethylpentane with Hexafluorobenzene and with Hexafluorobenzene-Benzene // J. Chem. Soc.
Faraday Trans. 1. — 1988. — Vol. 84. — P. 539-545.

3 Lo Nostro P., Chen S-H. Aggregation of a semifluorinated n-alkane in perfluorooctane // J. Phys. Chem. — 1993. — Vol. 97,
No. 24. —P. 6535-6540.

4  Galembeck F. // J. Poly. Sci. Polym. Lett. Ed. — 1978. — Vol. 16. — P. 1315; Galembeck F. Surface modification of teflon:
Contact-angle measurements // Journal of Polymer Science: Polymer Letters Edition. — 1977. — Vol. 15, No. 2. — P. 107-109; De
Paoli M.A., Tamashito 1., Galembeck F. Photochemical reactions in polymeric matrices: The photopolymerization of vinylacetate in
a polytetrafluorethylene matrix// Journal of Polymer Science: Polymer Letters Edition. — 1979. — Vol. 17, Iss. 6. — P. 391-394.

S5 Mukhtar S., Rose A., Capareda S., Boriack C., Lacey R., Shaw B., Parnell Jr.C. Assessment of Ammonia Adsorption onto
Teflon and LDPE Tubing used in Pollutant Stream Conveyance // Agricultural Engineering International: the CIGR Journal of Scien-
tific Research and Development. Manuscript BC 03 012. V.V. — December, 2003.

6 Jardim I.C.S.F., Sartoratto M., Saliba P.R., Archundia C., Collins K.E. Preparation of pure *'Cr(VI) and >'Cr(H,0)¢>": Prob-
lems with acid contaminated PTFE beakers // International Journal of Radiation Applications and Instrumentation. Part A. Applied
Radiation and Isotopes. — 1989. — Vol. 40, No. 7. — P. 643.

7 Yao J, Strauss G. Adsorption of quaternary ammonium surfactants on poly(tetrafluoroethylene) surfaces / Langmuir. —
1991. — Vol. 7, No. 10. — P.2353-2357.

8 Bee H.E., Ottewill R.H., Rance D.G., Richardson R.A. The absorption of surface active agents on polytetrafluoroethylene la-
tex particle surface // Adsorption from Solution (R.H.Ottewil, C.H.Rochester, and in Fig. 2. These curves are upper-limited by the
low solubility of the A.L.Smith, Eds.). — London: Academic Press, 1983. — P. 155.

9 Bargeman D., Vader F. van Voorst. Effect of surfactants on contact angles at nonpolar solids // J. Colloid Interface Sci. —
1973. —Vol. 42. —P. 467-472.

10 Ben Gu, Milton J Rosen. Surface concentrations and molecule interactions in cationic-anionic mixed monolayers at various
interfaces // Journal of Colloid and Interface Science. — 1989. — Vol. 129, No. 2. — P. 537-553.

11 Huber K. Interactions in mixed interfaces of binary surfactant solutions // Journal of Colloid and Interface Science. — 1991.
— Vol. 147, No. 2. — P. 321-332.

12 Loh W., Tonegutti C.A., Volpe P.L.O. Diffusion coefficients of aqueous phenols determined by the Taylor dispersion tech-
nique. Evidence for solute adsorption on the walls of Teflon tubing // J. Chem. Soc., Faraday Trans. — 1993. — Vol. 89. — P. 113—
118.

13 Gregg S.J.,, Sing K.S.W. Adsorption, Surface Area and Porosity. — Chap. 5. — London, Academic Press, 1982.

14 Starkweather H.W. The Sorption of Chemicals by Perfluorocarbon Polymers // Macromolecules. — 1977. — Vol. 10, No. 5.
—P. 1161-1163.

15 Barton A.F.M. Handbook of Solubility. — Boca Raton, CRC Press, 1985. — 1996—63+

16 Wang S., Marchant R.E. Fluorocarbon Surfactant Polymers: Effect of Perfluorocarbon Branch Density on Surface Active
Properties / Macromolecules. — 2004. — Vol. 37. — P. 3353-3359. — 200487+

17 Larsen C.C., Kligman F., Kottke-Marchant K., Marchant R.E. The effect of RGD fluorosurfactant polymer modification of
ePTFE on endothelial cell adhesion, growth, and function // Biomaterials. — 2006. — Vol. 27, No. 28. — P. 4846-4855.

Cepusi «dunsukay. Ne 4(72)/2013 13



N.N.Barashkov, T.V.Sakhno et al.

18 Larsen C.C., Kligman F., Tanga C., Kottke-Marchanta K., Marchanta R.E. A biomimetic peptide fluorosurfactant polymer
for endothelialization of ePTFE with limited platelet adhesion // Biomaterials. — 2007. — Vol. 28. — P. 3537-3548.

19 Tianhong Zhang, Marchant R.E. Novel Polysaccharide Surfactants: Synthesis of Model Compounds and Dextran-Based Sur-
factants / Macromolecules. — 1994. — Vol. 27. — P.7302-7308.

20 Lee J.H., Kopecek J., Andrade J.D. Protein-resistant surfaces prepared by PEO-containing block copolymer surfactants //
J. Biomed. Mater. Res. — 1989. — Vol. 23, No. 3. — P. 351-368.

21 Lee J.H., Kopeckova P., Kopecek J., Andrade J.D. Surface properties of copolymers of alkyl methacrylates with methoxy
(polyethylene oxide) methacrylates and their application as protein-resistant coatings // Biomaterials. — 1990. — Vol. 11, No. 7. —
P. 455-464.

22 Scheutjens JM.H.M., Fleer G.J. Statistical theory of the adsorption of interacting chain molecules. 1. Partition function,
segment density distribution, and adsorption isotherms // J. Phys. Chem. — 1979. — Vol. 83, No. 12. — P. 1619-1635.

23 Evers O.A., Scheutjens JM.HM., Fleer G.J. Statistical thermodynamics of block copolymer adsorption. 1. Formulation of
the model and results for the adsorbed layer structure // Macromolecules. — 1990. — Vol. 23. — P. 5221-5233.

24 Van der Linden C.C., Leermakers F.A.M., Fleer G.J. Adsorption of Comb Polymers // Macromolecules. — 1996. — Vol. 29.
— P. 1000-1005.

25 Qiu Y.X.,, Zhang T.H., Ruegsegger M., Marchant R.E. Novel Nonionic Oligosaccharide Surfactant Polymers Derived from
Poly(vinylamine) with Pendant Dextran and Hexanoyl Groups // Macromolecules. — 1998. — Vol. 31. —P. 165-171.

26 Holland N.B., Qiu Y., Ruegsegger M., Marchant R.E. Biomimetic engineering of non-adhesive glycocalyx-like surfaces using
oligosaccharide surfactant polymers // Nature (London). — 1998. — Vol. 392. — P. 799-801.

27 Horbett T.A. Principles underlying the role of adsorbed plasma proteins in blood interactions with foreign materials //
Cardiovasc. Pathol. — 1993. — Vol. 2. — P. 137S-148S.

28 Ishikawa Y., Kuwahara H., Kunitake T. Self-assembly of bilayers from double-chain fluorocarbon amphiphiles in aprotic or-
ganic solvents: thermodynamic origin and generalization of the bilayer assembly // J. Am. Chem. Soc. — 1994. — Vol. 116. —
P. 5579-5591.

29 Javis N.L., Zisman W.A. // Kirtk-Ohmer Encyclopedia of Chemical Engineering, 2nd ed. / Ed. Standen A. — New York:
Interscience Publishers, 1966. — Vol. 9. — P. 686-738.

30 Rosen M.J. The relationship of structure to properties in surfactants / J. Am. Oil. Chem. Soc. — 1972. — Vol. 49. — P. 293—
297.

31 Suzuki Sh. In vitro mineralization of well-defined polymers and surfaces: PhD Thesis. — The Queensland University of
Technology, 2007.

32 Suzuki Sh., Ikada Y. Biomaterials for surgical operation. — N.Y.: Humana Press, 2012. — 211 p.

33 Fan Zhang, Xu F.J., Kang E.T., Neoh K.G. Modification of Titanium via Surface-Initiated Atom Transfer Radical Polymeri-
zation (ATRP) // Ind. Eng. Chem. Res. — 2006. — Vol. 45, No. 9. — P. 3067-3073.

34 Nasef M.M. Effect of solvents on radiation-induced grafting of styrene onto fluorinated polymer films // Polym. Int. — 2001.
— Vol. 50. — P. 338-346.

35 Jankova K., Hvilsted S. Preparation of poly(2,3.,4,5,6-pentafluorostyrene) block copolymers with styrene by ATRP // Macro-
molecules. —2003. — Vol. 36. — P. 1753-1758.

36 Hamley I. Block copolymers in solution: fundamental and applications. — Chichester: John Wiley & Sons Ltd., 2005.

37 Sharma R. Surfactant adsorption and surface solubilization. — Washington: ACS, 1995.

38 John F. Quinn and Frank Caruso Facile Tailoring of Film Morphology and Release Properties Using Layer-by-Layer Assem-
bly of Thermoresponsive Materials / Langmuir. — 2004. — Vol. 20, No. 1. —P. 20-22.

39 Moad G., Rizzardo E., Tang S.H. Living Radical Polymerization by the RAFT Process // Aust. J. Chem. — 2005. — Vol. 58.
— P. 379-410.

40 Quin J.F., Rizzardo E., Davis T.P. Ambient temperature reversible addition—fragmentation chain transfer polymerisation //
Chem. Commun. — 2001. — P.1044-1045.

41 Oae S., Yagihara T., Okabe T. Reduction of semipolar sulphur linkages with carbodithioic acids and addition of carbodithioic
acids to olefins // Tetrahedron. — 1972. — Vol. 28, No. 12. — P. 3203-3216.

H.H.Bapamkos, T.B.Caxno, C.T.CsrukoBa, 1.C.Uprubaesa, F0.E.Caxno

CyTapTKbIIITBIFBIH KOTepMesley MaKcaTbiMeH nojaurerpagropituwiedH (IITID)
HaHOoOeJIIeK OeTiHiH TYpe3repTylijiik daicTepi

Tommrerpadropatunen (IITPD) nanobemmek rugpodmiai KacHETTepiH KOTepMeNey MaKCaThIHIA OHBIH
OeTiHIH TYPe3TepTYLIUIriHIH YII 9fici KapacTHIPBUIFaH: A-THAPOKCHOCH30MIIBIK KBIIKBLT 2(UpiHIH agcopo-
musicel;  OerTik-Oencenni mepdropaekaH OKCHUTONTApHIH, (TOp TOMOmMONIMMEpAl KaMTBUIFaH —aifblp
¢dTopkeMipTeri MmoIMMEpIiH ancopOLUsIChl JKoHE OJIOK-KOCTOMMMepep aacopOimscel. bapmeik ymr agic,
OHBIH 9NeyeTTi THIMAIiNmiriHe KapamacrtaH, capananraH OomaTeiH, I[IT®D epirimr epicrepiHae TypakKTb
HAHOOOJIIIEKTIK TUCHEePCHSICHIMEH KaMTaMachl3 €Tyre MHEeHTadTOPCTUPOT OJIOKTaphlH KYPaWThIH OJI0OK-
KOCTIOJIMMeEpJIep a/ICOPOLMACHIHAA HETI3ACNTeH dMIIC KOHE aKPHIIBIK KBIIIKBULAAPBI OCHI MAaKCaTTap YIIiH
JaBIKTBI OOJIBIT KOPIHETIHAIT KailsIbl KOPBITHIHIBI KacaFaH.
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H.H.Bbapamkos, T.B.Caxno, C.T.CsrukoBa, U.C.Uprubaesa, FO.E.Caxno

Metoabl Moaupukanuu nopepxuoctu TP nanouacTun
€ eJIbI0 MOBBIMIEHUsI UX THAPOPUIBLHOCTH

C 1enbI0 MOBHIIIEHHs THAPOPHIEHBIX cBOMCTB HaHOUacTuIl [ITOD paccMOTpeHHI TpH MeToja MOAUPHUKAIINI
UX MOBEPXHOCTHU: aacopOius 3¢hupa n-rupokcnOeH30MHON KUCIOTHI; aAcopOLusl pa3BeTBICHHBIX (TOpyTIIe-
POAHBIX MOIMMEPOB, COJEPKAIINX MOBEPXHOCTHO-aKTUBHbIE NMEPPTOPAESKAaHOKCUTPYIIBI, a Takke aacopo-
s QropcoaepxKaux roMonoIuMepoB U OloK-cononnMepoB. Bee Tpu mMeTona ObUTH NMpOaHATM3MPOBAHBI
C TOYKH 3pEHHsI HX MOTCHIHMAIBHONH 3 HEeKTUBHOCTH, 4TOOBI 00ECIEUNTh CTAOMIBHYIO AUCIIEPCHIO HAHOYA-
ctun IIT®D B nonsApHBIX pacTBOpUTENIX. ABTOpaMH CAEIaH IPEABAPUTEIbHBIM BBIBOJ O TOM, YTO METOL,
OCHOBAHHBIH Ha asicopOuun GTopcoaepKamux OJIOK-COMOIMMEPOB, COIEPIKAIIX OIOKH NeHTadTopcTHpoa
U aKPUJIOBOH KHCIIOTHI, IPE/ICTABIISIETCS HanOoJIee IT0IXOSIIUM IS TAHHBIX [elel.
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Thermal field of deposited coverings

In work formation of ionic-plasma coverings when film growth is defined by conditions on mobile border of
section of phases is considered. The analytical decision of the general problem with any boundary conditions
is received. For homogeneous boundary conditions which are closest to technology of drawing of ionic-
plasma coverings, the formula for a temperature field of deposited coverings is received. The carried out
analysis has shown, that at formation of an ionic-plasma covering there is a wave structure. Comparison with
results of measurement of microhardness of a covering along the sample has proved theoretical model. The
received result can be used for perfection of technology of drawing of ionic-plasma coverings of a various
functional purpose.

Key words: plasma, covering, thermal field, mobile border of section of phases, wave structure, microhard-
ness.

Introduction

One of ways of improvement of properties of a surface of materials is drawing of composite coverings
by a method of vacuum ionic-plasma sedimentation [1, 2]. Reception of nanocomposites by means of ionic-
plasma methods demands sedimentation on a substrate of multicomponent streams. In most cases synthesis
of coverings of difficult element structure is realised by level-by-level or simultaneous sedimentation on a
substrate in atmosphere of reactionary gases of streams from two sources: ionic [3], magnetron [4], vacuum-
arc [5] and their combinations [6].

Though ways of reception of nanostructural materials and coverings are various enough [7], but all of
them are based on the mechanism intensive dissipation the energy generalised in three stages of formation.
At the first stage there is a process of formation of germs which in the absence of corresponding thermody-
namic conditions, does not pass in mass crystallisation. The second stage represents formation round
nanocrystal germs of amorphous clusters which — at the third stage — unite in an intercrystal phase with
formation of dissipation structures.

In the present work we will consider the third stage of formation of a covering when film growth is de-
fined by conditions on mobile border of section of phases. Such problems have received the name — a Stef-
an's problem [8]. From the mathematical point of view regional problems of such type are essentially distinct
from classical problems [8, 9]. Owing to dependence of the size of area of carrying over of a stream on time
to this type of problems classical methods of division of variable and Furie’s integrated transformations as,
remaining within the limits of classical methods of mathematical physics, it is not possible to co-ordinate the
decision of the equation with movement of border of section of phases are inapplicable. The review of mod-
ern achievements in the solution of Stefan's problem is given in the monography [10].

The general statement of a problem

We will consider a problem about crystallisation of a deposited covering on a round substrate, that is a
problem about crystallisation of the final cylinder with mobile border of section of phases. The non-
stationary equation of heat conductivity describing process of crystallisation in mobile cylindrical system of
co-ordinates, moving under the law [(¢), looks like:

oT o°T 10( oT
—=a|l—+——|r—|| )
ot 0z~ ror\  or
where a — thermal conductivity.
Initial and boundary conditions we will choose in a general view:
T(r, z, t) |t=0=(p(r, Z), 2)
T(r, 20|, _y=1(2.1), (3)
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T(r’ Z, t)|z:0=Y1(r7 t)a (4)
T(l", Z,l‘)|Z:B(I)=Y2(I",t). (3)
Functions B(¢), ¢(r,z),v(z.t),v,(r.t) uv,(r,t) we will consider continuous. For the problem solution

we search in a kind:

T(r,z,t)zZY_"(z,t)IO (kOkr), (6)
k=0
where A, — equation roots
I, (A, R)=0 @)
and /(% R) — Bessel’s function of the zero order, satisfying to the equation:
1d| dl(hyr)
——|r———=|+1,(A,7)=0, 8
r dr[ dr o (For) ®
_ R
Tk(z,t)ijk(r,z,t)IO (Ao )rdr . )
0
Applying transformation (9) and considering (6) and (7), the equation (1) we will lead to a kind:
10T, 0T, = -
——+t= +®, (z,t)-T,(z1). 10
oo =) h (=) {10

Using replacement 7, = Te™ and having transformed similarly boundary conditions, we will receive
the following problem:

10T, 0T, -

- atk —?2"+®k(z,t), (11)
T (z,t)].,=5(2), (12)
T (z,1)]o=7,(¢), (13)
[ (2:0) |y =72 (1), (14)

in area ﬂ:(t>0,0<z<[3(t)).

For the solution of a problem (11)—(14) we search in the form of the sum of potentials I and II sorts, and
also two potentials of a double layer'
tH (-8

! ~ t
(P . 4 ’ __4a(t-v)
e at d§+ dt é dg+
! I .([ 15
2 p [-Bf (15)
> 4a(t—‘r) 1 z B(T) e 4a(t—‘r) Kz(T)dT.

1§ z
+4\/;£[a(t4)]3/2° find 4\/_I[at— ]3/2

Using conditions (13), (14), we will receive system of the integrated equations:

t B (v)
K (t 1 T “4a(t—
1()_ B( ) 3/234( )Kz(f)d'c,
2a 4\/E [a l‘—’L’):|

_[B)- B(f)] t

K0, 1 PO oty g oy L

71(0 =

B> (1)

PO __ g (myar,  (16)

Y,(@) = 4\/— [a e ]3/2 \/E'g[a(t—‘c)]m
where
1 cp(é) S DG e
710 =7,() j g jdr{—z e UL

[B(-¢] CoL G [B-gf’
J. (é) 4at dé _ de k (gt) e 4a(t-1) dé
0 0 2+/ma(t—1)
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Excluding from the first equation of system (16) and substituting in a following equation K (¢), we

have:
_[B)- ﬁ(r)] B (1)
= K (f) 1 ¢ BO-B(D) ~ aai— B0 e
12\ = 32€ 2 d 3/2 1 d
7= J-[( o] K, (x) ”fj[a ] 7i(vdt+
t B(t) [3 (t) T B(T ) ~ Hz(t) (17)
J‘ = 4a (t-7) J‘ 1 — e 4a(t7‘r)K2 (Tl)d‘cl d.
8 o[a(t_ )] pa(t=1)
Entering a designation
j_bo e
q(t)=7,(0) - NG yi(v)e “dr
NE [ate- : (18)

and calculating integral in (17), we will receive
[B@o-p)) _BW?
K0, 1 BO-P@ i g e I BO % (e g, (19)

3/2

3/2

2a 4\/E [a(t—1)] [a(t—1)]
Designating,
2 BO-BET 2B’
1 A BO-BO T A B My
A=—r =2 K(z, =35 ) 20
e 0=, K=t € T (20)
we receive the integrated equation
K, () - j K(t,0) K, (t,7) dt= [ (1)
0 €2y

The integrated equation (21) is Voltaire's equation in, C(0,¢) in only case when, when:
lim { K(t,t)dt=0

Really, considering, that e <1 at, z> 0 it is easy to show, that the equality resulted above is carried
out. Then for the equation (21) there is a unique solution which looks like:

K0=Y K, ). 22)

K, (=1 (),

K2,1(t) = jK(I,‘C) KZ,O (T)dt ’

K,,()= jK(t,r) K, (v)dr,

and a number (22) converges absolutely and in regular intervals in topology C(0,/).
Then

a t B(t) 7452(521) S K d 23
2\/%![(1(1‘—‘5)]3/26 z 2,n(T) T. (23)

n=0

K,(0) =247, (1) +

18 BecTHuk KaparaHguHckoro yHusepcureTa



Thermal field of deposited coverings

Carrying out return transformation, it is definitively had:

{

© r (=8 ‘
T(I”,Z,t):ZJO(}\.OKI’) e 1 J. dat Jy (J-(P(r E_,)] (%k”)”d”jdi+ )\‘nkR J‘ I’Y(g T) e e 4a(t-1) dE_,-l—

2‘1&0 0 0

2 ) (=BT
= 4a(l—‘r) 4a(t—'r) K2 (T)dt ) (24)

1 g z
+4ﬁ£[a(t_r)]”° e 4f j[a 0"

Thus, the analytical solution of a problem on crystallisation of the cylinder of the final sizes is received.
The equation (24) gives in to the numerical solution under the set initial and boundary conditions (2)—(5).

Homogeneous boundary conditions

Sedimentation of ionic-plasma coverings carry out, as a rule, at constant temperature of a substrate. In
this case directed by a problem it is possible to use homogeneous boundary conditions. Then the problem
(1)—(5) registers in the following formulation:

o[, 1) 05
6t o> ror\ or

T(r,z,t)|,_,=0;
T(r,z,t)|,_x=1T, = const,
T(r,z,t)|,_,=T, = const,
T(r,z,t)|.g,=T, = const

(26)

where T, — value of temperature on a surface of the cylinder and on mobile border of section of environ-
ments.
Then the common solution of a problem (24) will become:
(=2

oo 40 gg | 1 z
rzt 21 ol { { 2% Id J‘\/— d§ 4\/%}[[(1(1‘—‘5)]3/2

22
e *IK (t)dt+

. 27
L S (0 W
n a(t—-1 K d
4\/— [a (= ]3/2 ,(1)dr
We need to calculate integrals:
t H (Z’&)Z
11 :Idf.[ T;) e—a‘re _4a(t7'r) di, (28)
o oNI—T
[z i
I, = e K (t)dr, (29)
2 '([[a(t—‘c):r/z 1( )
t [Z’B(T)]
_ 2Bl e K, (1)d. (30)

L =|————e
I:a [— :|3/2
At big times of sedimentation of a covering ¢ integrals /, also I, are very small and ¢ — 1. Then
the problem is reduced to integral calculation /; :

I = j dt j Y(é ‘) 1 '(1)d. 31)

da T, j -
To calculate /, 1'(1) in (31) we will make replacement of variables y =

-5

1/4a(t—r)

then we will receive:
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2

I(7)= 4a(t—r){je‘yzdy—ieﬂ’zdy}, (32)

0
z—H

Jra(—x) 7 Jaa(i—x)

Integrals in square brackets represent function:

where z, =

2 ¢
erfz=—=\e7 dy. (33)
3
Using the formula (33) and its decomposition abreast, after simple calculations we will receive:
_ 2 _(==H)
I/(t)=| ze et~ —(z—H)e ()| (34)

Substituting (34) in (31), and calculating, we will receive:

2\/Z'T

I = O (35)
Being limited to the first member in the sum (27), for stationary temperature it is had following expression:
TR
T(r,z)=—=""— o(z}cﬁq. (36)
Jrnz-H) °\R
Here C;, C, — integration constants. At reception (36) we have considered, that from the equation

I,(h,.r)=0 follows A, =2r/R and ,(2)=1.

Comparison with experiment

For the qualitative analysis of the received results and their comparison with experimental data, we will
be limited to consideration of the equation (36), lowering integration constants. For quantitative calculations,
it is necessary to use all members of some (27) taking into account boundary conditions (26). Also we will
consider only radial working out the equations (36), considering a small thickness of a covering. Thus, we
will consider function:

T,R 2r
T(r)=—-—1, =—|.
()= (%) 67
The schedule of function (37) is resulted in all textbooks on special functions and represents a fading
wave. After crystallisation on a surface of the sample the wavy structure should be formed. Experimentally
formation of such structure can be checked up, measuring microhardness up and down the sample as distri-
bution of temperature along a surface of the sample leads to distribution of thermal pressure.

600 560 5134 5553 5773
, 532 ,
465,2 €480,9 . 7 e $483 499
500 FI0,0 ‘
= ¢ }NQ *
E“ 400 485-.4 4 4’ 272 ’ ’ 4521
A 421,8 e ¢ 4256 ;
O
= 300 361,7
<
=
£ 200
S
= 100
0 T T T T T T T T T T T T T T T T 1
1.27 5.07 10.06
mm

Figure. Microhardness of a covering 12X18H10T + Ti in nitrogen along the sample
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The experimental data received by us are shown in Figure. Microhardness measurements were spent at
loading of 0,1 kg that corresponds 0,989 N, and time of endurance of loading 15 seconds Similar results are
received for the big number of various coverings. The wavy structure is always formed. Measurements were
spent concerning the sample without a covering to exclude influence of an initial roughness.

Results of experiment confirm the basic conclusion of the offered theoretical model about formation of
wavy structure of an ionic-plasma covering. What practical conclusions it is possible to make of the offered
model?

First, formation of wavy structure at covering sedimentation leads to increase in an initial roughness of
the sample. It is the fact at drawing of coverings by an ionic-plasma method it is known for a long time al-
ready [1]. In this case the big role is played by temperature of sample 7, at which covering drawing is made.
From the equation (37) follows, that the temperature of the sample is necessary for supporting as it is possi-
ble more low. However at ionic-plasma drawing of coverings of it to reach not always it is possible. The low
temperature of the sample can be supported at magnetron or chemical ways of drawing of coverings. In case
of drawing of frictional coverings with the big factor of a friction, formation of wavy structure of a covering
is a positive effect.

Secondly, with increase in the size of sample R function I, (21/R) decreases more slowly, than increases
T(r) at the expense of linear dependence on the size of the sample. The optimum size of the sample is
reached under a condition — 7, (27/R) = 1/R.

The conclusion

In case of ionic-plasma coverings process of their formation in a mode of real time is not observed yet
owing to specificity of technological process. Therefore the basic information turns out at a variation, both
structure of a deposited material, and technological parametres of sedimentation. In this connection the role
as computer [11, 12], and analytical models sharply increases.

Numerical methods have received wide application in connection with occurrence of new generation of
the computer. These methods are based on replacement of any differential equations with corresponding ap-
proximations in final differences. The basic lack of these methods is absence of the approached analytical
form of the solution which are often more convenient, than tables and schedules. Besides, presence of the big
number of characteristic parametres of a problem and a wide range of their change do results of numerical
calculations beloved and inconvenient for their interpretation and practical use.

Despite lacks, numerical methods now play defining role in development of scientific and technical
progress, being the device of research of the technical and economic problems connected first of all with
planning, optimisation, management and designing of devices and technological processes.

The important advantage of analytical methods is possibility of reception of result of research in the
form of the formula allowing simply and visually to track dependence of any property from entry conditions,
external influences, parametres of system and its structure.

The problem of analytical research of formation of ionic-plasma coverings is rather difficult at their full
description and can be finished only in the elementary cases. Therefore at an analytical method of its solution
at once aspire to limit to studying of whenever possible simplified models of system. One of such analytical
models also has been considered in the present work.

Work is executed under the program of the Ministry of science and education of Republic Kazakhstan
055 «Scientific and/or scientific and technical activity», the subroutine 101 «Grant financing of scientific
researchesy.
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B.M.IOpos, B.U.JTaypunac

7KaMbUIFBIHBI 7KaYbIN KATKAH KbLIYJBIK 6pic

Makasana HOHIBIK-TIa3MaJIbl KaObIHABIHBIH KYPBUIBIMBI KAPACTBIPBUIFaH, KaOBIPIIBIKTAP/IbIH 6CY LIapTTaphl
(ha3a TapaybIHBIH KO3FAJFBIII IIEKapachHAa aHbIKTAIAEL. OpTaK MaKCAaTTHIH TaJJaFbII MISIiMi OHJIpTiTiK
IIeKapajblK MIapTTapMeH ajbiHFaH. bipbIHFail HOHIBIK-TIIA3MaNIbl XKAOBIHABIHEIH TEXHOJIOTHSCHIHA JIETEH €H
JKaKbIH IIEKapaJIBIK MIapTTap YIIiH, JKayBII jKaTKaH jKaOBIHABIHBIH TeMIIepaTypalbIK epici yIiH ¢opMyria
JIBIHFaH. 3epTTey HOTIKeNepi KopceTKeH e, HOH IBIK-TIIa3MaIbl )KaObIHABIHBIH KYPBUTBIMBIH/IA TOJTKBIHIBIK
KYPBUIBIM Tya/bl. YKaObIHABIHBIH MHUKPOKATTBUIBIKTBI ©JIIIEY HOTHIXKEICPIMEH CaJIbICTHIPFAHAAFbI YIITT Karu-
JaJbl KaJIBINTBIH JYPHICTBIFBIH PAcTajibl. AJIBIHFAH KOPBITBIHIBI Op TYPJi (QYHKIHSIBIK MAaKCAaTTa MOHJIBIK-
TUTa3MaJtbl )KaOBIHIBIHBIH TEXHOJIOTHSICHIH XKETUAIPY YIIiH MaigaaaHbuybl MyMKiH.

B.M.IOpos, B.Y.JIaypunac

TensioBoe moJie ocaxkaaeMbIX NOKPbITHH

B pabote paccmoTpeHo (GopMupoBaHHE HOHHO-INIA3MEHHBIX ITOKPBITHH, KOTAA POCT IUICHKH ONPENENsIeTCs
YCIOBHSIMH Ha ITOJIBIKHOM TpaHHMIle pasjena ¢a3. [lorydeHo aHamnTHaeckoe perleHne oomeil 3ana4n ¢ mpo-
W3BOJIGHBIMY T'PAaHUYHBIMH YCIOBHAMH. JIJIs1 OTHOPOJHBIX TPAaHUIHBIX YCIIOBHH, KOTOpBIE Hanboiee GIM3KI
K TEXHOJIOTHH HAaHECEHUs MOHHO-IUIA3MEHHBIX IOKPBITHH, HOJydeHa (opMyna JUisi TEMIIEpaTypHOTO ITOJIS
OCakaeMBIX TOKPBITHI. IIpoBeIeHHBIN aHaN3 MOKa3al, 4To NMpu (GOPMHUPOBAHUH HOHHO-IUIA3MEHHOTO I0-
KPBITHsI BO3HUKAET BOJIHOBas CTPyKTypa. CpaBHEHHE C pe3yabTaTaMH HM3MEPEHUs] MUKPOTBEPAOCTH TMOKPHI-
THs BAOJH 00paslia MOATBEPIMIO MPAaBHIBHOCTH TeOpeTHdecKod Mopenu. IlomydeHHsIN pe3yabTaT MOKET
OBbITh HCIIONIB30BAH JUIS COBEPIICHCTBOBAHUS TEXHOJOTMH HAHECEHWs HOHHO-TIIa3MEHHBIX MOKPBITUH pas-
JUYHOTO (PYHKIIMOHAIBHOTO Ha3HAYEHHSI.
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Structure and properties of multiphase ionic-plasma coverings

In work results of research of process of formation of ionic-plasma multiphase coverings are discussed. It is
shown, that types of structures arising thus are not so diverse, as, for example, at crystallisation of alloys. Ba-
sically the globular structure and, less often, not closed and cellular structures is observed. It is shown, that
physical properties can essentially differ depending on element structure of coverings. Properties of coverings
Cr-Mn-Si—Cu-Fe—-Al +Ti, received in the environment of argon and nitrogen, after a laser irradiation change
in the various image. It is connected with features of behaviour of nitrides of the titan and chrome at influence
of laser radiation. Properties of coverings Fe—Al after a laser irradiation practically do not change. It is con-
nected with features of structure of these coverings which represents not closed structure.

Key words: plasma, a covering, microhardness, a friction, a microstructure, ionic irradiation, a laser irradia-
tion.

Introduction

The first cutting plates with a covering have appeared in the foreign market in 1968 when the Swedish
firm «Sandvik Koromant» had been developed and introduced in manufacture a method of sedimentation of
carbide of the titan on the tool from firm alloys. In 1971 (USA) have been received by firm Teledyne Firth
Sterlig of a covering from nitride of the titan. At the Moscow institute of a steel and alloys in 1971 the meth-
od of sedimentation of a covering from niobium carbide has been developed. The next years researchers of
many countries (the USA, France, Japan, the Great Britain, Germany, etc.) were developed technologies of
drawing of various coverings of various appointment. There was a big number of the works devoted to vari-
ous aspects of technology of drawing of coverings [1-11].

It has appeared, that properties of coverings are influenced by a considerable quantity of factors: struc-
ture of sprayed cathodes and their physical and chemical properties; properties of a substrate on which there
is a material sedimentation; technology factors — an arch current, pressure of reactionary gas, substrate tem-
perature, size of basic pressure etc. [1, 12—15].

A variety of influencing factors has generated a considerable quantity of processing methods of for-
mation of coverings [16—19]. Last years the greatest popularity was received by methods of sedimentation of
multiphase materials with high entropy [20].

In the present work generalisation of the experimental results received by us is spent, the part from
which is published in works [21-30].

Role of a superficial tension in formation of ionic-plasma coverings

Experimental definition of a superficial tension of solid states is complicated by that their molecules
(atoms) are deprived possibility freely to move. The exception makes a plastic current of metals at the tem-
peratures close to a melting point when mobility of atoms on a surface becomes appreciable.

In works [31-32] new methods of experimental definition of a superficial tension of solid states are of-
fered. These methods are based on measurement of the dimensional effects connected with change of some
physical properties of a small particle or a thin film at reduction of their size. Methods of definition of a su-
perficial tension of the besieged coverings are based on dimensional effects, offered by us in work [33] also.

In works [26-28, 34-38] we in detail consider results of measurement of a superficial tension of nitrides
of various metals, composite coverings. Here we will stop for roles of a superficial tension in formation of
structure of ionic-plasma coverings.

This role is especially visually shown at formation of coverings in multiphase streams. In drawings 1
and 2 it is shown, how the covering structure changes at simultaneous dispersion of the multiphase cathode
and the titan in the environment of nitrogen.
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Figure 1. The image of globular structures Figure 2. The image of cellular structure of a covering
of covering Cr—Mn—Si—Cu—Fe-Al, Cr-Mn-Si—Cu-Fe—-Al + Ti in the environment
received on a nuclear power microscope of the nitrogen, received on a nuclear power microscope

Influence of technological parametres on structure of ionic-plasma coverings

Direct influence on structure and physical properties of the coverings received by a method of ionic-
plasma sedimentation, render following parametres: pressure of reactionary gas in the working chamber; ba-
sis potential; a current of the category of an arch; properties of a material of the cathode; substrate tempera-
ture. In figures 3, as an example, electron-microscopic images of composite coverings are shown at tempera-
tures of a substrate 350 and 450 °C. From figure 3 it is visible, that at temperature 450 °C there is a coagula-
tion of a zinc phase in larger fragments, and other (most part) becomes more uniform.

SEMMY:2000KY WD 19,00 mm
SEMMY 000KV WO: 15.00me VEGAN TESCAN

W fsld: 7038 pm Dol BSE Deleclor 200 ym -
Datsimisy): DN Savedywva npr'ryn

350°C

Figure 3. Electron-microscopic image of a covering Zn—Al

The optimum temperature of a substrate for all composite coverings has appeared equal nearby 400 °C.

The increase in a current of the category of an arch leads to increase in a thickness of a covering, how-
ever at current increase from above 130 A perfection of structure decreases and sharply the quantity of a
drop phase which is the reason of decrease in durability of coupling of a substrate with a covering raises. At
low power of the category (an arch current <20-30 A) because of reduction of factor of ionisation of plasma
in a film neutral particles of reactionary gas and the cathode «are immured», that promotes increase of con-
centration of defects of a covering.

We had been investigated dependence of properties of composite coverings on pressure of nitrogen in
the working chamber; thus force of a current, basic pressure, a material of the cathode, a fastening and heat-
conducting path condition, time of processes of clearing and a dusting remained constants. In table 1 results
on microhardness are presented.
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Table 1
Dependence of microhardness of a covering on pressure of gas in the chamber
Residual pressure Viker's microhardness, HV
of gas in the chamber Al-Fe Zn—Cu-Al Zn—Al Al-Fe
10" 0,662 0509
107’ 0,66 0,512
10° 0,60 0,573 0,569 0,514
107 0,61 0,600 0,520 0,470

At pressure of nitrogen P =0,058-0,81 Pa the small dense structure close to crexuomeTpudeckomy to
structure which is characterised optimum, from the point of view of metal properties, is formed by a parity of
metal and ionic components of communication. Thus the maintenance of a drop phase decreases, and the
quantity of defects increases. At the further increase of pressure the big number of free ions leads sharp de-
fects.

Having analysed results of research, it is possible to draw a conclusion that the samples received at
pressure of nitrogen P = 0,081-0,81 Pa, have in regular most intervals distributed small dense structure, the
minimum maintenance of a drop phase and the greatest values of microhardness.

Influence of an ionic irradiation on structure and property of multiphase coverings

The basic influence of ionic bombardment on properties of coverings is carried out at a stage of their
origin owing to a relaxation of pressure in the field of ionic blow and reorganisation of crystal structure.
Thus on a surface dot defects which are the active centres of adsorption are formed. The important role also
plays, mobility of atoms on a surface (superficial diffusion) which amplifies at low-energy bombardment of
a growing film by ions of inert gas. To increase quantity of formed dot defects it is possible or increase in
energy of a stream of ions, or increase in density of a current of ions. Simultaneously with formation of de-
fects there is also their return process of recombination which reduces concentration of defects. As a result of
these two processes the equilibrium quantity of the centres of formation of germs which it is possible to in-
fluence is established, changing parametres of an ionic irradiation.

In figure 4-9 are shown AFM images of a surface of composite coverings before and after an irradiation
by argon ions.

W18 Zum  Y:18.2um  Z:657.Omm [2.2:1] Z,nm Z,nm
BOS

Ba:r 76.lmm Ry 95.9nm i HK:30.2um T:30.Zum  Z:l.8um [1.7:1] 1640

Ba: O0.Zum  Bog: O0.Zum 1312

954

Figure 4. AFM the image of a surface
of covering Fe—Al (to an irradiation)

Figure 5. AFM the image of a surface
of covering Fe—Al (after an irradiation)
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Figure 6. AFM the image of a surface Figure 7. AFM the image of a surface
of covering Zn—Al (to an irradiation) of covering Zn—Al (after an irradiation)
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Figure 8. AFM the image of a surface Figure 9. AFM the image of a surface
of covering Mn—Fe—Cu—Al (to an irradiation) of covering Mn—Fe—Cu—Al (after an irradiation)

From figures 4-9 follows, that the ionic irradiation influences structure of coverings. The exception
makes covering Zn—Al which has appeared proof to an irradiation. With the received result correlates also
value of the Jung’s module measured before and after an irradiation. Such behaviour of covering Zn—Al
communicates us with its strongly pronounced of globular structure. Presence of such system of «spheres»
leads to elastic dispersion of ions of argon so local deformation appears insignificant. It finds the reflexion in
behaviour of the Jung’s module whom (tab. 2) and parametre of a roughness (tab. 3) does not change in the
course of an irradiation The structure of covering Fe-Al sharply differs from structure of covering Zn—Al.
In this case we observe not closed structures (fig. 4). The roughness of this covering after an irradiation in-
creases almost three times while the Jung’s module decreases in as much time. The same behaviour of the
Jung’s module is observed and for covering Mn—Fe—Cu—Al.

Table 2
Value of the Jung’s module
Coverin After an irradiation To an irradiation
verng E, GPa E, GPa
Cr-Mn-Si—Cu—Fe-Al 1,0 0,5
Zn-Al 0,6 0,6
Mn-Fe-Cu-Al 0,1 0,3
Fe-Al 0,2 0,7
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Table 3
The Roughness of covering R,
. After an irradiation | To an irradiation
Covering

R,, nm R,, nm
Cr—Mn-Si—Cu—Fe—Al 22,26 13,34
Zn—Al 76,39 78,0
Mn-Fe—Cu—Al 23,08 29,89
Fe—Al 147,06 56,14

Properties of coverings at simultaneous dispersion of various cathodes

The basic idea used in the present work consists in the following: for generation of multicomponent
streams of ions of the various metals besieged on a substrate, we use the multiphase composite cathode on
one gun of vacuum installation and the single-phase cathode from the titan on other gun. In the course of
simultaneous dispersion of various cathodes ions of metals mix up in plasma and, after sedimentation, form a
covering. Such approach is «compelled» as reception of multiphase composite cathodes with the set number
the component represents a challenge connected with reception of multicomponent alloys, thermodynamic
properties which component can differ considerably. Results of measurements of microhardness of compo-
site coverings are presented to tab. 4.

Table 4
Microhardness of samples with the coverings in argon and nitrogen

Microhardness, HRC
Covering Quantity of tests The sample Ne 1 The sample Ne 2 The sample Ne 2
(15 min) in nitrogen (30 min) in nitrogen (30 min) in argon
1 216,2 305,3 217,5
2 232,0 361,7 226,8
. 3 224,1 251,4 211,8
Zn-Al+Ti 4 285.9 206,0 2116
5 226,3 235,6 217,8
Average value 236,9 272,0 217,1
1 185,7 264,1 331,8
2 206,2 257,2 3347
. 3 208,5 263,9 339,2
Fe-Al+Ti 4 226,6 2784 355.9
5 200,5 286,5 319,7
Average value 205,5 270,0 336,2
1 279,0 248.,6 222.0
2 207,6 2523 217,7
. 3 291,2 2432 221,2
Zn-Cu-Al+Ti 4 185.7 252.5 218
5 191,1 2493 222,0
Average value 230,9 2492 220,9
1 298.,4 257,8 227,8
2 266,0 244.6 225,7
Cr—Mn-Si— 3 286,4 246,0 229,6
Cu-Fe-Al+Ti 4 270,8 2443 220,2
5 249.6 253,6 2324
Average value 274,2 247,2 227,1

As microhardness in the environment of nitrogen more than in the inert environment of argon at the ex-
pense of formation of a phase of nitride of the titan follows from tables 4, in all cases.

For a long time it is known, that iron impurity make the big impact on quality of received aluminium,
that is with increase in the maintenance of these impurity corrosion firmness worsens, plasticity decreases,
durability of aluminium raises.
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Clearing of aluminium of iron filtering and in other ways is labour-consuming and expensive procedure.
Therefore as an alternative variant of use of technical aluminium with the raised maintenance of iron draw-
ing of coverings from it is at simultaneous introduction of the titan in the environment of nitrogen. Thus neg-
ative influence of iron sharply decreases for properties of aluminium.

Advantage of the offered approach is that high adaptability to manufacture of process which is difficult
for carrying out traditional methods is thus reached, at good technical and consumer properties of coverings.

Influence of laser radiation on properties of multiphase coverings

Laser radiation possesses high energy, monochromaticity and a narrow orientation. It allows to concen-
trate energy with density of capacity from extremely small to 10'® W/cm®. Laser radiation at influence on a
surface of a processed material allows quickly and is dosed out to transfer this energy. Possibility of such
intensive supply of energy to a material causes locality of other physical processes thermal and connected
with them. Updating of properties of materials by laser radiation on a physical essence is reduced to local
thermal influence. Therefore it is defined thermal by material parametres, density of capacity and time of
influence of radiation, as a whole quantity of the specific energy absorbed by a material, and speed of its dis-
persion. The structure of the layer strengthened by laser radiation, is characterised by the big hardness low-
ered by chemical activity, mechanical characteristics, thermal stability, size and character of distribution of
residual pressure [39—42] vary.

On figures 10—11 the microstructure of coverings before laser processing is shown.

Figure 10. Covering microstructure Figure 11. Covering microstructure
Cr—Mn-Si—Cu—Fe—Al +Ti in the gas environment Cr—Mn—Si—Cu-Fe—Al +Ti in gas to the environment
argon to a laser irradiation of argon after a laser irradiation

In table 5 factors of a friction of samples Cr—Mn—Si—Cu—Fe—Al + Ti in the environment of argon with-
out laser processing and after laser processing are resulted. Definition of factors of a friction was made in
steam: a covering — a covering; a covering — aluminium; a covering — copper.

Table 5
Factors of a friction of covering Cr—Mn—-Si—-Cu—Fe-Al + Ti, received in the environment of argon
Factors of a friction
The sample - - - — -
a covering — a covering a covering — aluminium a covering — copper

Cr-Mn-Si-Cu—Fe-Al +Ti 0.413 0,302 0,269
to a laser irradiation
Cr-Mn-Si-Cu—Fe-Al +Ti 0,274 0,265 0,264
after a laser irradiation

In table 6 values of microhardness on Vikkers (HV) samples Cr—-Mn—Si—Cu-Fe—Al + Ti in the envi-
ronment of argon without laser processing and after laser processing are resulted.
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Table 6

Microhardness of covering Cr—Mn—Si—Cu—Fe-Al + Ti, received in the environment of argon

The sample Test loading, kg Microhardness, HV
Cr-Mn-Si—Cu—Fe—Al + Ti to a laser irradiation 0,01 190,5
Cr-Mn-Si—Cu—Fe—Al + Ti after a laser irradiation 0,01 328,0

On figures 12—13 the microstructure of covering Cr—Mn-Si—Cu—Fe—Al + Ti, the nitrogen received in
atmosphere is shown.

Figure 12. The microstructure of covering Figure 13. The microstructure of covering
Cr—Mn-Si—Cu-Fe—-Al + Ti in the gas Cr—Mn-Si—Cu-Fe—-Al + Ti in the gas
environment of nitrogen to a laser irradiation environment of nitrogen after a laser irradiation

In table 7 factors of a friction of samples Cr—Mr—Si—Cu—Fe—Al + Ti in the environment of argon with-
out laser processing and after laser processing are resulted.

Table 7
Factors of a friction of covering Cr—Mn-Si—Cu—Fe-Al + Ti, received in the environment of nitrogen
Factors of a friction
The sample - - - -
a covering — a covering a covering — a covering

Cr-Mn-Si-Cu—Fe-Al +Ti 0.243 0,304 0,431

to a laser irradiation

Cr-Mn-Si-Cu—Fe-Al +Ti 0,229 0,370 0,320

after a laser irradiation

In table 8 values of microhardness on Vikkers (HV) samples Cr—-Mn—Si—Cu-Fe—Al + Ti in the envi-
ronment of argon without laser processing and after laser processing

Table 8

Microhardness of covering Cr—Mn-Si—Cu-Fe-Al + Ti, received in the environment of nitrogen

The sample Test loading, kg Microhardness, HV
Cr-Mn-Si—Cu—Fe—Al + Ti to a laser irradiation 0,025 804.,4
Cr-Mn-Si—Cu—Fe—Al + Ti after a laser irradiation 0,025 365.5

As follows from tables 5 and 6 for covering Cr—Mn—Si—Cu—Fe—Al + Ti in the environment of argon the
factor of a friction after laser processing decreases, and microhardness increases. We connect the first effect
with reduction of a roughness of a covering at its fusion by a laser beam. The second effect is caused by for-
mation of structure of a covering with dispositions at sharp heating-cooling that is clearly visible from com-
parison figures 10 and 11.
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At drawing of coverings Cr—Mn—Si—Cu—Fe—Al + Ti in the environment of nitrogen in the last the areas
containing nitrides of the titan and chrome, and the maintenance both component approximately equally are
formed. The size of particles of nitride of the titan and chrome according to electronic microscopy makes
100-150 nanometers. Microcrystals of nitrides of the titan and chrome have primary orientation (presumably
in a direction (200)), that is distinct from spherical symmetry of microcrystals of the pure titan. All it, along
with cellular structure of a covering, leads to its high microhardness (table 8). After laser processing of cov-
ering Cr—Mn—Si—Cu—Fe—Al + Ti, received in the environment of nitrogen, the friction factor changes slight-
ly, and microhardness decreases more than in 2 times (tab. 8). It means, that in this case we deal not about
covering hardening, and with its holiday as it is observed in the tempered steels at heats. However the mech-
anism of loss of hardening in our case is distinct from the mechanism of holiday of a steel where last is
caused by phase transition. One of the probable reasons of loss of hardening of covering Cr—Mn—Si—Cu—Fe—
Al + Ti, received in the environment of nitrogen, is formation of a congestion of microcrystals of the titan
and the chrome, clearly visible on fig. 11 both 13 and occurring at cooling of the fused covering after a laser
irradiation.

The conclusion

The results of research of process of formation of ionic-plasma multiphase coverings resulted in the
present work show, that types of structures arising thus are not so diverse, as, for example, at crystallisation
of alloys. Basically the structure and, less often, globular, not closed and cellular structures is observed.
However, physical properties can essentially differ depending on element structure of coverings. As the size
of a superficial tension (superficial energy) in most cases is size additive each element which is a part of a
covering, brings the contribution to the general superficial energy. In case of simultaneous dispersion of mul-
tiphase cathodes coverings with the high entropy, possessing the ordered structure and the raised mechanical
properties are formed. Thus, some overall picture appears: For reception of the superfirm structured cover-
ings it is necessary to use multiphase (multielement) cathodes, it is desirable at their simultaneous dispersion.
Certainly, it is impossible to forget and about optimisation technological parametres of process of sedimenta-
tion of coverings.

Work is executed under the program of the Ministry of science and education of Republic Kazakhstan
055 «Scientific and/or scientific and technical activity», the subroutine 101 «Grant financing of scientific
researchesy.
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V.Ch.Laurinas, S.A.Guchenko, O.N.Zavatskaya

B.U.Jlaypunac, C.A.I'yuenko, O.H.3aBaukas

Kendazanblk HOHABI-IJIA3MAJIBI KA0BIHABIHBIH KYPbUIBIMBI JKOHE KacueTTepi

Makanana HOHABI-IIa3MaIBIK Ka0yIapIblH MUKPOKATAHABIFBIH 3epTTEY HOTIXKeNepi Tanganasl. JKadymap st
JKacay YIIH Oip oHe KeIl KaMepassl IUIa3MallbIK aFblHaap KosmaHeuiasl. JKaOGymapipl xkacaraHIa aproH
JKOHE a30T aTMocdepacs MalJaNaHBUIBI, 9P TYPJi e3TepiCKe YINBIpaiThIHBI OaiiKaaraH. DKCIEePHMEHTTIK
MoiMeTTep OOHbIHINA, >KaOynapAbIH MHUKPOKATAHIBIFE YITI OETiHe KBa3UIEPHOITHI ©3TepeTiHi KepiHesi.
XKaOynapaplH TNEpHONTHIK KYPBUIBIMBIH ~ KAJBIITACTBIPYFa apHAIFaH MOJENb YCHIHBULABL —Mojenb
TEOPHACHIHBIH HETi31, jkalynap/bl KaJIbINTACTBIPFAH Ke3Je OyJIaHIbIPbUIATBIH aFbIHAAp KOMIIOHCHTTEPiHIH
KOHILCHTPALMSJIBIK TpajueHTi ecebiHeH maiiga OonaThlH aBTOTEPOENICTIK KO3FaIBICTApAbIH TYybIHA
HETi3/Ie/ITeH.

B.U.Jlaypunac, C.A.I'yuenko, O.H.3aBankas

CTpykTypa 1 cBOiicTBAa MHOT0()a3HBIX HOHHO-TIA3MEHHBIX MOKPBITHI

B pabote obcyxmaroTcst pe3ynbTaThl UCCIIEA0BaHMs Hpolecca GopMHUPOBAHHS HOHHO-IUIA3MEHHBIX MHOTO-
(a3HBIX TOKpHITHH. [ToKa3aHo, YTO TUIBI BO3HUKAIONIIMX IPH 3TOM CTPYKTYp HE CTOJIb MHOTOOOpa3HHI, Kak,
HarpuMep, NpH KPUCTALIM3AINY CIDIaBOB. B ocHOBHOM HabmrofaeTcs rio0yisipHast CTpPYKTypa H, pexe, He-
3aMKHYTBIE JMCCUIIATUBHBIE U SUEHUCTBIE CTPYKTYphl. Iloka3aHo, 4To (u3udeckre cBOWCTBAa MOTYT CYIIECT-
BEHHO OTJIMYATHCS B 3aBHCUMOCTH OT 3JIEMEHTHOTO COCTaBa MOKPBITHH. ABTOPaMM OTMEYEHO, YTO CBOMCTBA
nokpeitiii Cr—Mn—Si—Cu-Fe—Al + Ti, nony4deHHbsle B cpeie aproHa U a3oTa, Mocie Ja3epHOro O0IydeHus
U3MEHSIOTCSA Pa3IMYHBIM 00pa3oM. DTO CBA3aHO ¢ OCOOCHHOCTSAIMH ITOBEJCHHS HUTPHUAHOH (ha3bl MpU BO3-
JIeWCTBUM Ja3epHOro m3imydeHus. OnpeneneHo, 9To cBoiicTBa mokpbeitiil Fe—Al mocne naseproro o6mydeHns
TIPAaKTHIECKH HE M3MEHSIOTCS. DTO CBSI3aHO C OCOOEHHOCTSIMH CTPYKTYPBI 9THX HMOKPBHITHH, KOTOpas Mpen-
cTaBisieT co00l HE3aMKHYTYIO CTPYKTYPY.

Kniouesvie cnosa: mina3ma, IOKPBITHE, MUKPOTBEPAOCTh, TPEHUE, MUKPOCTPYKTYpa, HOHHOE O0IydeHue, Ja-
3epHOE 00IyUYeHHE.
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Oco0eHHOCTH JIOKAJIM30BAHHOM JedopManum U (PU3HKO-MEXaHUYECKHE
CBOIICTBA peaKTOPHOI Hep:kaBewumei cranau 12X18H10T,
00/1y4eHHO TeNI0BLIMH HEHTPOHAMH

HanexHoCTh KOHCTPYKIMOHHBIX MaTepUasioB OMpEAeIsieTCs MpoleccaMy paauallMoHHOro oOmydyenus. O0-
Jy4eHHe NPUBOAUT K M3MEHCHUIO PABHOMEPHOH JedopMaluy MaTepHaoB. B paboTe ycTaHOBICHBI IPUYH-
Hbl BO3HMKHOBEHHMS JIOKaJIM30BaHHOW AedopManinm oOJydeHHBIX MaTepuasioB. [IpHBENEHBI HCCIIENIOBaHUA
3aKOHOMEPHOCTEH M3MEHEHUS T€OMETPUYECKHX pa3sMepoB. lcciienoBaHbl U3MEHEHHUsS MarHUTHBIX CBOMCTB
HeprkaBeloIel cTanu, o0mydeHHoil HeliTpoHaMu. Pa3paboTaHbl O€CKOHTAKTHEIH MeTO/] HaOMIOAEHHS TIaCTH-
4yeckoi neopManny, MeToANKa U3MEHEHHS C MCIONB30BaHHEM ONTHKO-3JIEKTPOHHOTO 3KcTeH3omerpa. Om-
penereHs! 3HaueHUS K03( GHIMEHTOB JOKaIU3auH 1eOpMaIrH IS CTAIBEHBIX 00pasIoB.

Kniouesvie cnosa: HEWTpOHBI, 0OMy4YeHHE, KOHCTPYKLIMOHHBIE MaTepHanbl, AepopMainus, MIACTUYHOCTS,
MPOYHOCTh, HAMArHUYEHHOCTb.

Bseoenue

HaznexxHocTh paOOTBI aTOMHBIX PEaKTOPOB BO MHOI'OM 3aBHCHUT OT PaaHAallMOHHONW CTOMKOCTH KOHCT-
PYKIIMOHHBIX MaTEPHAaJIOB TETLIOBBIICIISIONUX COOPOK, KOTOpask B YCIOBUSAX IKCIUTyaTalluu OBICTPBIX pPeak-
TOPOB OTIPENACTSACTCS, B OCHOBHOM, TTPOIECCAMH PAJHAIMOHHOTO PACITYXaHHS, TIOJI3YIECTH U OXPYITIYUBAHMSL.
Tax, u3BecTHO, YTO OONyYeHHE HEPKABEIONIMX CTalel W CIUIaBOB OONbINUMU (PIroeHCaMU HEUTPOHOB CO-
MPOBOYXK/IAETCS SIBIICHUEM COCPEIOTOUCHHS IIACTUYECKON JIeopMallii U NIEPEPOKIACHUSI PaBHOMEPHOH J1e-
(hopMaIuu B JIOKaJIM30BAHHYIO, YTO BO MHOTHX CITydasX MPHUBOIUT K OXPYIMYUBAHUIO U PA3pYIICHUIO peak-
TOPHBIX MaTepuajos [1, 2]. M3BecTHO Takke, 4TO X0JoAHas AeopMaliysi O0IyIeHHBIX METANIHYCCKUX Ma-
TEPUANIOB, KaK IMPaBHJIO, HEOJHOPOJHA HE TOJIBKO HAa Makpo-, HO U Ha MHUKPOYPOBHE. JTa OCOOCHHOCTh
B CWUIBHOH CTETEeHH BIHSAET Ha (POPMUPOBaHNE MEXaHHMUECKUX CBOMCTB U JIENaeT aKTyalbHBIMHU HCCIIEI0BA-
HUS HEOJHOPOJHOCTEH IIACTUYECKOTO TEUYCHUs, MPOSBISIONIMXCS B BHJE Ae(POPMAIMOHHBIX TTOJOC WA
CTaIMOHAPHKIX IIIeeK B AeopMHUpyeMbIX mpobax [3, 4]. AHanu3 TuTeparypsl MOKa3bIBAET, YTO TAKUE HCCIIe-
JTOBaHMS BBITIOIHSIOTCS,, B OCHOBHOM, Ha HEOOIyUEHHBIX MaTepuanax [5, 6], Torja Kak BOIPOCHI, CBSI3aHHEIC
C YCTaHOBJICHUEM MIPUYNH 3aKOHOMEPHOCTEH Pa3BUTHS COCPEAOTOUESHHON aedopMaluy B MaTepralax, moj-
BEP)KEHHBIX PaJHalliOHHOMY BO3EMCTBUIO, OCBEIIEHBI HEOCTATOUHO [7].

K Hactosiimemy BpeMeHH pa3paboTaHbl U MPUMEHSIOTCS Pa3IMYHbIE METOJbI UCCIIEIOBAHUS MUKpPOHE-
onHOpOmHOTO AedopmupoBanus. Tak, MHUPOKO PaCHPOCTPAHEHBI KIACCHYECKHAE METOJbI OMPEICIICHHS CO-
CPEIOTOYCHHOW MECTHOW IUIACTHYECKOH nedopMariii, KOTOphIe B OOIBIIUHCTBE CIy4YacB CBsI3aHBI C HaHE-
CEHHMEM Ha MOBEPXHOCTh MCCIIEAYEMOTo 00pa3iia penepHbIX TOUEK U PA3IMYHOTO POJia JICIUTEIBHBIX CETOK
[8, 9]. IIpu 3TOM M3BECTHBI METOBI MEXaHUIECKOT'O HAHECEHHS CETOK, (POTOCETOK, HAMBUIEHHBIX W HaKaTaH-
HBIX CETOK. VICIONMB3yIOT TakKe HelpephiBHOE (QoTorpadupoBaHre 3KCIEPUMEHTAIHHOTO 00pasia B IMpo-
recce aehopmupoBanus [2].

K ocHOBHBIM HefoOCTaTKaM IEPEeYMCIEHHBIX METOJOB MOXHO OTHECTH CIEAYIOIIHE: BO3MOXHBIE I0-
BPEXKJICHUS TOBEPXHOCTH HCCIIEAYyEeMOro OOBEKTa, HEBBICOKAS TOYHOCTh HM3MEPEHUH, TEXHOJIOTUYECKHE
CJI0)KHOCTH, HEYHUBEPCAIBHOCTD JJIsl pa3HBIX THIIOPa3MEPOB 00pa3IloB, a TaAKKe TPYAOEMKOCTh 00pabOTKH
SKCIEPUMEHTANIbHBIX JaHHBIX. Hapsay ¢ 3TMM OCHOBHOW MPUYMHOW WX OTPAHUYEHHOW MPUMEHUMOCTH JJIA
WCCIIeIOBaHNs OOTYYEHHBIX METAJUIOB U CILIABOB SBIJIOCH TO, YTO MPAKTUYECKH BCE 3TU METOIBI TPEOYIOT
HEMOCPEJICTBEHHOTO KOHTAKTa YKCIIEPUMEHTATOPa ¢ 00pa3IoM B TeUECHUE MPOJOIKUTEILHOTO BPEMEHH, YTO
HEJIONMyCTUMO TpHu paboTe ¢ MarepuanaMu, XapaKTepU3YIOIUMHUCS BHICOKOW HaBEJIEHHON pajnOaKTHB-
HOCTBIO. B CBSI3M ¢ 3TUM /ISt UCCIIEOBaHUS IIMPOKO PACHPOCTPAHEHHBIX B PEAKTOPOCTPOSHUM ayCTEHUT-
HBIX HEP)KABEIOIINX XPOMOHHUKEIEBBIX CTaJIe HaMU OBUT IPUMEHEH OSCKOHTAKTHBIM METO]| HAOIOIEHUS U
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OIICHKH HEOJHOPOAHOCTEH IUIACTHUYECKON eopManui, OCHOBAaHHBIN Ha U3MEPEHUSAX C MTOMOIIBIO pa3pado-
TaHHOT'O ONTHKO-3JICKTPOHHOTO dKcTeH3omeTpa [10].

B Hacrosimeit paboTe nmpuBeJCHBI pe3yabTaThl UCCIEIOBAHNN 3aKOHOMEPHOCTEH M OCOOCHHOCTEH Jie-
(hOpMaITMOHHOTO M3MEHEHHUSI TEOMETPUISCKUX Pa3MEpPOB, a TAKKE XapaKTEPUCTUK MPOYHOCTH, ILIACTHYHO-
CTH ¥ HAMarHWYCHHOCTH 00Pa31[0B ayCTEeHUTHON HEPKaBCIOIICH CTalli, 00JydYeHHONH HEUTPOHAMHU.

Memoouxu sxcnepumenmos

HccnenoBanu aycTeHUTHYIO Hepxkaseromyro crans 12X18HI0T cnemyromero XMMHYECKOrO COCTaBa:
Fe — ocnosa; C — 0,1; Cr — 17,0; Ni — 10,66; Ti — 0,5; Mn — 1,67; P — 0,032, Si — 0,8; S — 0,0032.
OO0pas3ipl ranTeneodpa3Hoi GopMbI ¢ IUITMHOM paboueit yactu 10 MM 1 muameTpom 1,7 MM HOJBEprajid Tep-
Moo0paboTtke nipu 1150 °C B Teuenue 60 MuH, a 3aTeM 00Iy4ain B akTUBHOH 30He peakTopa BBP-K o mak-
cuManbHOTO (imroeHca Heiitponos 2-10°° w/cm® npu Temnepatype < 80 °C.

MexaHnuecKie UCIBITAHUSI HEOOMYUYEHHBIX M OOMYyYEeHHBIX HEHTPOHAMH CTANbHBIX 00Opas3loB Ha pac-
TSDKEHUE €O CKOpOCThio 0,5 MM/MUH NPOBOAMIM NPU KOMHATHOM TEMIIEpaType Ha YHHUBEPCAJIbHON UCHBITA-
TeapHON MamuHe «MHCTpoH-1195». B xome ucnbiTanuii ¢ momoiisio Gepposzonga depcrepa 1,053 uzmeps-
JIM KOJM4YeCTBO (heppoMarHUTHON o'-(a3bl, HMHAYLUPYEMOH XOM0JHOH AedopManyeil B TBEPAOM pacTBOpE
aycrenuta (y) [11]. JIns BeIsIBICHUS KOPPEIAUN MEXTy IPOIIECCAMU JIOKATH3AINY JeopMallii 1 MapTeH-
CUTHOTO Y—0/'-TIPEBPAIICHUS HCIIOIB30BAHbI PE3YyJIbTaThl HEMPEephIBHOTO (ha30BOr0 KapTorpadupoBaHUs
HEOOJIyYeHHBIX U 00JTy4YeHHBIX 00pa3loB, MPOBOJUMOTO C MOMOIIBI0 (heppo30H/Ia B TPOIIECCE PACTKCHUSI.
i cinexenus 3a u3MeHeHHEM (OpPMBI U pa3MepoB 00pasLioB B Xoxe Aedopmanmu ObL1 pa3paboTaH U U3ro-
TOBJICH ONTHKO-3JeKTPOHHBIN dKcTeH3oMeTp (0D3) [10]. CocTaBHBIMU €T0 JIEMEHTAMH SIBISIFOTCS TIPO-
MBIIIJICHHAS TEJIeKamepa, BUACOMArHUTO(GOH, MOHUTOP U DJIEKTPOHHBIM OJIOK 00pa0OTKH BHCOCHUTHAJIA.
B ocHOBY m3MepeHMi MONOKEH NPUHIMIT aHAM3a TEJICBU3MOHHOTO M300paXKEHUSI UCCIIEAYEeMOTo 00beKTa
C TIOMOIIBIO CYUTHIBAIOLIECH CTPOKH, CKAHUPYIOLIEH BJOJIb OCH H300paskeHus oOpasua. CurHai, nponopuuo-
HaJIbHBIN auaMeTpy (IauHe) oOpasia, moaaérces ¢ 0Jioka 00pabOTKM Ha JIBYXKOOPAMHATHBIA CaMOIIHCEL] UITH
Ha [1K, uTo mo3BossieT OoJee AeTANBLHO aHATU3UPOBATH TIOJTyYaeMble PE3yJbTaThl U YMEHBIIIAET OIINOKY W3-
MepeHnid. CrienuanbHble 3KCIIEPUMEHTHI MOKa3aJid, YTO JaHHbIE, MOJYYEeHHBbIE ¢ Ucmosb3oBanueM 000,
¢ TouHocThio 10 1 % coBmamaroT ¢ 3amepamu nuamerpa (D), BHIMTOTHEHHBIMH Ha W3MEPHUTEIHLHOM MHUKPO-
ckore. OmmoOKa n3MepeHust AuameTpa obpasia He npeBbiaet 2,5 MkM. JlanHas cucteMa mo3Boisier pado-
TaTh ¢ MUIMHAPUIECKUMH 00pa3uaMu nuamerpom ot 1 1o 10 Mm u anunoi paboueit wact 10 50 Mm.

K moctonHcTBaM ONTHKO-3JEKTPOHHOTO SKCTEH30METPa CIIEAYET TAKKEe OTHECTH BO3MOXKHOCTD IPOBeE-
JIEHUS SKCIIEPUMEHTOB B IIMPOKOM TemIepaTypHoM uHTepBaie — ot 173 no 1273 K. HegocraTtkom u3mepu-
TEJHHON CHCTEMBI SBIISETCS HU3KAs YaCTOTa CKAHUPOBAHUS CUMTHIBAIONICH CTPOKH, YTO HAKJIA[BIBAET OTpa-
HUYEHHE Ha CKOpOCTh nedopMupoBaHus oOpasua. B Hamem ciydyae MakcMMallbHasi CKOPOCTh PaCTSKEHHS,
IIpY KOTOPOH BO3MOXKHO JIeTallbHOE M3MepeHue mpoduis oOpasia ¢ nmomolsio O3, cocTaBuia 5 MM/MUH.
Tunuynelii HA0Op AKCTEH30TPAMM, 3apETHCTPUPOBAHHBIX B Mpoliecce AeGOpMHUPOBAHUS U COOTBETCTBYIO-
IIMX HEKOTOPHIM MOMEHTaM BPEMEHHM DPAacTsDKEHMA, NpeAcTaBieH Ha pucyHke 1. I'padudueckas pazHOCTh
JIByX COCEJIHMX IKCTEH30TPaMM T03BOJISIET MPOCICANTh 33 JUHAMHUKON CY)KEHUSI BHIOPAHHOTO ydacTKa 00-
pasia 3a Bpems At = t, — t,1 U, KpOME TOTO, ONPEACIATh Pacnpeie]CHUE «ICTUHHBIX) HANPSHKCHUH TeUeHUs
1o pabodeii ATMHE UCCIeTyeMOro OObEKTa.

Takum 00pa3oM, WCHONB30BAaHUE ONTHUKO-JIEKTPOHHOTO SKCTEH30METPa MPH MEXaHWYECKHUX HCIIbITa-
HUSX Ja€T BO3MOXKHOCTh MONYy4aTh JJIsi Pa3HBIX YYaCTKOB OJIHOTO 00paslia mejblii HA00p KPUBBIX «HCTHH-
HBIC HANPsDKEHUS] — e opManus», a TaKKe ONpelesiTh HEKOTOpbIe apaMeTphl oOpa3yromuxcs aedopma-
LMOHHBIX TOJIOC, YTO, B CBOIO OUYE€peb, CO3AAET MPEANIOCHUIKU Ui 0oJiee IETaTbHOTO U3yUYeHUs 0COOEHHO-
CTell JIOKATM30BAHHOT'O TEUCHHUSI HEOOTYIEHHBIX U OOYyYEeHHBIX MaTEpPHAaJIOB.

Kapmoepaguposanue o'-gpasvl 6 mamepuane xax mMemoo u3yueHusi He2OMO2EeHHOCMU NAACHUYEeCKO20
meuenus. Kak yxe yrmoMuHanoch Bblle, (eppo30H], MepeMeIasch o oopasily ¢ ONpeAeiIeHHON YacTOTOM,
JlacT KapTHHY pachpesielieHnsi MarHUTHON a3kl B mpoliecce 1eOpMHUPOBaHUs, Tak Ha3biBaeMylo (eppo-
rpammy (cM. puc. 2) [Ipuyuém 5Ty KapTUHY BIIOJTHE MOXKHO CUMTATh MOMEHTAILHBIM CHUMKOM, MOCKOJIBKY
CKOpPOCTh CKaHHpPOBaHUS Oojiee YyeM B CTO pa3 IMPEBBIIAECT CKOPOCTh pacTsHKeHUsl o0pasla, T.e. 3a Bpems
MPOXO’KACHHUS 30Ha OT OJHOTO 3aXBaTa K APYroMy cojiepxaHue o'-(ha3pl 1o JUIMHE pabovel 4acTH CyIecT-
BEHHBIX U3MEHEHHI HE TpeTeprieBaet. McXoas 13 3TOro MOXXHO MCIOJIb30BaTh METO]] rpad)UuecKoro BbIYHU-
TaHWS JIByX TMOCJIENOBaTeNbHO CHATHIX (epporpam s TOTo, 4TOOBI MPOCIEIUTh KWUHETHUKY Mpolecca
Y—0'-IpeBpalieHus B 1I000M BEIOpaHHOM ydacTke aedopMupyeMoro oopasua (cM. puc. 2).
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Pucynox 1. 3meHnenue naunsl 1 quamerpa pabodeii yactu obpasna cramu 12X18H10T
B TIpoliecce MIACTHYECKON AeopMalii (10 JaHHBIM SKCTCH30METPHH).
Hudpsr y kpuBbix — nedopmanus odpasna (g)

1', 2" — npu aBvkeHUN Geppo30HIa BBepX; /, 2 — Mpu ABMKEHNUU (Eeppo30H/Ia BHU3

Pucynox 2. Pacipenenenne heppomMaraHuTHOH o'-(ha3sl 10 [umHE Ae(hOPMHUPOBAHHOTO
CTAJIbHOTO 0o0pasiia s ABYX pa3iIUIHbIX CTENeHEeH pacTshkeHus 1 u 2

Kpome 3T0T0, HCXOa U3 TPEIOIIOKEHHIS O CYIIECTBOBAHUU B3aMMOCBSI3H MEXKIY JIOKAJIM3AIUCH J1e-
(hopMaIuu u pa3BUTHEM MAapTEHCUTHOTO MPEBPAICHUS, MOKHO HCIIOJIb30BaTh BRICOKYIO UyBCTBUTEIHLHOCTh
(dbeppo3oHIa AT HAONIOJEHHS TAKUX TOHKUX 3(PQEKTOB, KaK 3apOKICHHUE W JBIXKCHHE Ie()OpMaIMOHHBIX
TT0JIOC ¥ MHUKPOIIIEEK, a TAKXKE I KOTMISCTBEHHOTO ONpPEIeICHUS HEKOTOPBIX UX ITapaMeTPOB.
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OKcnepumenmanbHvle pe3yibmamol U ux o0cydicoenue

Ha pucynke 3 mpuBeeHbl IepBUYHbIE SKCIIEPUMEHTAIbHBIE KPUBBIE, 3apErUCTPUPOBAHHBIE B X0O/IE Me-
XaHWYECKUX WCTIBITAHUM: JHarpaMMa pacTsDKEHHS B KOOPAHMHATAX «YCHIIUE — yIUIMHEHHE» U QepporpaMmma
«KOJIMYECTBO MAPTEHCUTHOH o'-(ha3bl — yIAJTMHEHHUEY.
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Pucynok 3. /lnarpaMMBbl pacTsDKEHUS B KOOPAWHATAX «HATPY3Ka — YITTHHECHUC)
Y KPUBBIC HAKOIUICHUS MapTCHCUTHOH o'-a3bl sl HeoOIy4eHHOT o (a)
1 06:1ydeHHOro Heiitponamu 2-10*n/em’ (6) 06pasio cramm 12X18H10T

3axonomeprnocmu usmenenus ouamempa oopasya 6 npoyecce 00HOOCHO20 pacmsdicenus. IlpumeHenune
OIITHUKO-3JICKTPOHHOTO 3KCTEH30METPa B UCIBITAHUAX HA PACTSHKEHHE TIO3BOJIIIIO TTPOCICKUBATH JTUHAMUKY
Cy>KeHHs JH000T0 ydacTka nedopMupyemMoro odpasna. s monmydeHus NeTanTu3upoBaHHOW KAPTUHBI TIPO-
1ecca CyeHus ITuHIpruieckoro odpasna cranu 12X18H10T npu nedopMupoBaHiH HA UCXOAHON SKCTEH-
3orpamMMe ObLTH BBIOpaHsl 3 Touku (A, B, C), cooTBeTCTBYIOIINE TPEM ydacTKaM Ha paboueit yactu obpasiia,
32 KOTOPBIMHU B MPOLIECCE PACTSKEHHS BEJIOCHh HAOMIOICHHE.

Ha pucynke 4 mpencraBieHbl SKCIIEPUMEHTAIbHBIC KPUBBIE N3MEHEHHUs TMaMeTpa B mpoliecce aedop-
marwu nipu 20 °C co ckopocThio pacTsokerus (0,1 MM/MUH I TpeX BRIOPaHHBIX YYaCTKOB B 00pa3iax cTajm
12X18H10T, Heobmy4eHHBIX U 06TyUeHHBIX HeliTponamu dmoeHcoM 2-10** u/m”. BUIHO, 4TO yMEHbIICHHE
JaMeTpa B TPEX KOHTPOJIMPYEMBIX y4acTKaX — MpPOIeCC HePaBHOMEPHBIH, BOIHOOOPA3HEIA, U 3TO Ooiee
HarJISTHO BBIPAXEHO IS HeoOMydeHHOro Matepuana. Ha pucyHke 4 yka3aHbl MOMEHTHI, KOTJIa Ha OJTHOM
ydacTke oOpasia (Hanpumep, A) CKOPOCTh YMEHBIICHHUS JHaMETpa MAKCHMAIIbHA, B TO BpeMsI KaK COCEIHHE
yuaactku (B, C) ocratotcs ipu 3ToM HenedopMupoBaHHBIME. Kak mpaBuiio, ociie HHTEHCUBHOTO YMEHBIIIE-
HUS auaMeTpa oOpas3iia B KaKOM-HHUOYAb OJHOM W3 KOHTPOJMPYEMBIX yYYaCTKOB B CJCIYIOIIME MOMEHTHI
pacTspkeHust Ha KpuBod D = f(g) HAOMIOJAIOTCS MPAKTHYECKH TOPU3OHTAIBHBIC OTPE3KH, YTO CBHICTEIHCT-
BYET O MOJTHOM MPEKpalleHnH nporiecca aeopMaliy B JaHHOM MecTe. Paznnurie KpuBbIX Cy»KeHHUs1 o0pas3ia
U1l OOJYyYeHHON W HEOoONydeHHOW CTaju, a UMEHHO OoJiee «MeJKas BOJHHCTOCTH» Ha Jie(hOpMaIMOHHOM
3aBUCHMOCTH, JUISI MaTepHaa, MoIBeP>KEHHOTO PaJIuallMOHHOMY BO3/ICHCTBUIO, CBUICTEIHCTBYET O TOM, UTO
mporiecc nepedpoCcKu aTOMOB B aKTUBHO JIePOPMUPYEMBIE YUACTKU Yallle U JUHAMHYHEE TIPOUCXOJIUT B 00-
JydeHHOM o0pasiie, YeMy B HeMaJol CTENEeHH CIOCOOCTBYIOT BaKaHCHH PaJIUAIIMOHHOTO MPOUCXOXKICHHS.
B pesynbrare mpouecc nepexofa akTUBHO J1e(OPMHUPYEMOTo ydacTKa ¢ OJHOIO MECTa Ha JPyroe B 00Iy-
YEHHOM 00pa3iie ydalaercs.

Hapsimy ¢ 3TuM ele oIHOW, HE MEHEE OYCBHIHOM IMPUYMHON STOr0 SABJCHMS IPEICTABIIICTCS Oojice
panHee (TI0 nedopMalui) TOSBICHUE MApTEHCUTHOH o'-(a3bl M 0oJice MHTEHCHBHAS KHMHETHKA Pa3BHUTHS
y—a'-nepexona mpu nedopMHUpOBaHMM o00pasla, cojaepKalero paguauuoHHsle aedextel. C yueTom
W3MEHEHUH TeOMETPUYECKUX pa3MepoB o0pasiia, TPEICTaBICHHBIX Ha pUCYHKE 4, OBbLIM TOCTPOCHBI
«HUCTUHHBIE)» KPUBBIE JIe(hOPMAIIIOHHOTO YIIPOYHEHHUSI «G—E» JJISI UCCIIEyeMOM cTaiu (CM. puc. 5).
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Pucynoxk 4. JlepopmarnmonHbsie N3MEHEHUS AMAMETPOB B TpeX Toukax (A, B, C)
obpasua cramu 12X18H10T B HeoOinyueHHOM (@) U 00 Ty4eHHOM (6) COCTOSTHHSX.
CrpenkaMy yKazaHbl MOMEHTBI Hadalla Y—>Ql-IIePexo/ia 1 JIOKIU3aLUH ITIACTHISCKOTO TeUEHHUS
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PucyHox 5. /luarpaMMbl pacTshKEeHHs B KOOpAWHATAX «HAINpPsDKeHUEe—Ae(hopMarLiis»:
WCTHHHBIC (W) ¥ HHKeHepHbIe (@) st oopasos cranu 12X18H10T: a — reobmyuerHoro (Ne 510)
u 6 — o6yuennoro (Ne 92) Heitrponamu o pimroenca 2-10% u/em’

MexaHnYecKHe U SHEPreTHIECKUE XapaKTePUCTHUKH, MTOTyUYCHHbIC TPU 00pabOTKe MHKEHEPHBIX U «HC-
THHHBIX» TUArPAMM PACTSHKCHUS HEOOMYUCHHBIX M O0yUEHHBIX HEUTPOHAMU CTAJBHBIX 00Pa3IOB, CBEICHBI
B Ta0nuIe. AHaIM3UPYsl TaHHbIC, IPUBECHHBIC B TAOJHIIC, CIIEYET OTMETHTh, YTO B Pe3yJIbTaTe HEUTPOH-
HOTO O0JIyYeHHsI HECKOJIBKO BO3PACTAIOT MpEIEN TeKyYeCTH U HAPSDKCHNE Pa3pyIICHHs, TOr/a KaK Mpeed
MPOYHOCTH MPAKTHYCCKH He n3MeHseTcs. OTHOCHTENbHAs aedopMaliist 00IyIeHHBIX HeHTpoHaMu 00pasIioB
B 3HAUUTEILHON CTETICHH YMEHBINACTCS 10 CPABHEHHIO ¢ HEOOTy4UeHHBIMHU. Hapsaay ¢ 5TuM 13 TaOnuIIbI cie-
JIET, YTO SHEPTreTHICCKHUE XapaKTEPHUCTUKU OOYICHHBIX JIe()OPMHPOBAHHBIX 00Pa3IlOB MEHBIIIE, YeM HE00-

JIYUYCHHBIX.
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Tabnuma 1

Mexanuveckue M JHepreTudyeckue xapakrepucruku ctaiau 12X18H10T (1150 °C, 60 mun)
110 ¥ mocJje 06,1y4eHus: HeiiTponamu B peaktope BBP-K npu 7< 80 °C

0,
HOMep 06pa3ua1/1 Go,2 Gy—as G, Gg, Gpasps Apa APa ?/I’Hﬁ \P, K Mlba
o6myuenne, u/em® | MITa | MITa | MIla | MITa | MIla |MJx/m® | MJDx/m® e || %
, /0

VYcnosasie | Ne 510, HeoOm. 226,51 199,8 | 632,5 | 655,9 | 429,5 76,9 331,2 | 63 |66]1,82]10,1

sHavennst | Ne 92,2107 552,91 6549 | 776,5 | 780,4 | 639,2 59,1 2954 | 45 |63 ]1,88]10,5
Hctunnsre | Ne 510, HEoOm. 206,9 | 589,6 | 921,5 | 1097,2| 1350,9 | 80,1 4235 | 49
sHavennst | Ne 92, 2-107 584,3 | 729,4 | 1070,6 | 1149,1 | 17294 | 64,1 2674 | 37

Obvemnoe codeporcanue MaApmMeHCUMHOU o~asvl u ee pacnpedeneHue no OIuHe CMAILHOZO0
degpopmuposannoco obpasya. V3 pucyHka 6, Ha KOTOPOM MPEJICTABICHO paclpelieiecHHe MapTEHCHTHON
o'-pas3er o jumHE padoueit yacTu oOpasia, BUIHO, YTO B Mpoliecce JehopMaIii OHO MTPOUCXOAUT HEpaB-
HOMEpHO. Y CTaHOBJICHO, YTO MapTEHCUTHOH o'-(ha3bl 00pa3yeTrcst OOJbIIe TaM, TAe B 3HAYUTEIHHO OOJBIIIeH
CTEIIEHN M3MEHsETCS JuaMeTp oOpasia, T.e. B €ro Ieiike. V3 mpuBeNeHHBIX BBIINIE JAHHBIX CIEAYET, YTO
B 00JIy4EeHHOM MaTepualie HaKOIUICHHE MarHUTHOH o'-(pa3bl B MpoIiecce pacTsHKEHUS MTPOUCXOIUT OoJiee HH-
TEHCUBHO U 00Jiee HEPAaBHOMEPHO 10 JUTMHE 00pa3Iia, YeM B HEOOITYICHHOM.
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Pucynox 6. Kpusbie pacnpeneneHnsi MapTeHCUTHOM o'~ (ha3bl B mpoliecce aeopmariu
obpasua cranu 12X18H10T mo anmuue ero paboueii yactu

[Monaratot, 4To 111 yCTOWYMBOTO TEYCHHUS MaTepuasa B mpouecce 1eGopManuy mpu JAeHCTBYIOMNX UC-
TUHHBIX HaNPSDKEHUSX G U AehopMaIy € He0OOXOIMMO, YTOOBI HHTEHCUBHOCTD YIIPOYHEHUs ObLIa CYIIeCT-
BEHHOH TaK, 4TOOBI BHIMOJHSIIOCH YCIIOBHE dG/de > 6. B mpoTUBHOM citydae HaOMoqaeTcst MOTepsl YCTOWYH-
BOCTH IIIACTHYECKOTO TEUCHUS, KOTOpasi MPH PACTSHKEHUH TPOSBISIETCss B 00pa30BaHUM JIOKABHBIX YTOHB-
IICHUI Marepuaia B BUJE «Oeraromux meek» (monoc aedopmaryn). CTpekaMu Ha PUCYHKE 2 MOKa3aHbI
HaTpaBJICHUs IEpEeMEIeHHsI TI0JI0C JIeOpMaITUK TIPU pacTsbKeHuH oOpasia. M3 pucyHka BHIHO, YTO TIOJIOCHI
nedopManyu B o0pasiie nepeMeniaroTcs B pa3Hble CTOPOHBI, HO Tak, YTOOBI B UTOTE OKa3aThesi B (hopMupye-
MOM JIOKJIBHO Je(hOpMHPOBAHHOM 00BEME, KOTOPBIN NPH JajbHEHIIEM PAacTsHKSHUH OIpeessieT 00IacTh
yCTOHYMBOM JoKanm3anuu nedopmanun. Okazanock, YTO B OTACNIBHBIX CIYYasX CKOPOCTh NMEPEMEIICHHS
MOJIOCHI BBIIIIE, YEM CKOPOCTh PacTsbKeHHs B 24 pasza. B To e BpeMsl yCTaHOBIICHO, YTO aOCONIOTHBIC 3HAYC-
HUSI CKOPOCTH TEpEMEIEHHs TOJIOC V YMEHBIIAIOTCS ¢ POCTOM CTeNeHu AedopMariuu, IpudeM B HeoOmy-
YCHHOM CTaJH V MEHbILIE, YeM B OOJydEHHOW HEUTPOHAMHU.

Onpeoenenue kod¢huyuenma noxaruzayuu oegpopmayuu. KospduumeHnt nokanuzanuu aehopMalium,
KOTOPBIN XapaKTepHU3yeT CTENeHb PeaH3alliy JIOKAJbHBIX PECYpCOB IUIACTHYHOCTH METAJUTMYECKUX Mate-
pHAIOB, OIpeAeIsLIH 10 GopmyIie
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K,=D,/D}-(1+8&"),

rae Dy u D; — HavyanbHBIN U TEKYIIUH TuaMeTpbl oopasna; ;= Al/ly — Texymias oTHOCHTeNbHas f1edopma-
uusi; Al; — yanuHeHue oOpasia B MOMEHT BpEMEHH i; /) — HavajbHas JuyinHa oOpas3ua. Kpussle n3meHeHus
K, B 3aBUCHMOCTH OT CY>XEHUS ISl 00JTydYeHHBIX U HeoOTydeHHbIX HeliTpoHamu 00pa3moB cramu 12X18H10
TIpe/ICTaBIeHbl Ha pucyHke 7. BuaHo, uro 1o y~35 % K, yBenn4yuBaeTcs HE3HAYUTENIHHO, YTO YKA3bIBAeT Ha
OTHOCUTENIFHYI0 PaBHOMEPHOCTh IUIACTUYECKOrO0 TEUEHHs, TOrJa Kak NpH JaibHeimei aedopmanmy,
ot ~35 % 10 ~65 %, 3HaueHuss K pacTyT ¢ OONBIIEH CKOPOCTHIO, YTO CBHJICTEIBCTBYET 00 00pa3oBaHUU U
pa3BUTHHU IIeWKH B pabodeld yactu obOpasna. CieayeT OTMETHTh, YTO «UCTUHHBICY» HANPSHKCHUS TCUCHHUS,
COOTBETCTBYIOIIME MOMEHTY perucTpanuu nepeioma Ha rpaduke K =f (), npakTHuecku He OTIINYAIOTCS OT
1000 MIla kak mnst HEOOTYYEHHOM, TaK W OOJIyYEHHOW CTaJiM, YTO TMOJTBEPXKIAET JNaHHBIC, MTPUBEICHHBIC
B paboTax JApyrux uccienonareiei [12].
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Pucynok 7. JlehopmanmoHHbIe 3aBUCHMOCTH KoddunmenTa nokamuzanuu ctanu 12X18H10T,
HEoOIyueHHOI (A, X) 1 00IyueHHO# HeliTponamu (4, m) 10 pmoenca 2-10% n/cm®

s Becex 3HaueHu#t y (ocobenHo mocne ~35 %) BennumHa K, cTaHOBUTCA OoJblle AJsi 0OTy4eHHOMH
CTaJM 110 CPABHEHUIO ¢ HEOOTyuYeHHON. DTO 03HAYAET, YTO B PE3YJIbTaTe HEUTPOHHOTO OOIydeHHs MaTepHal
CTAHOBUTCS XPYNKUM, WIH, IPYTUMHU CIIOBaMH, IIeiika B 00Iy4eHHOH CTaJli pa3BUBAETCA MHTCHCUBHEE, YeM
B HEOOIYYCHHOM.
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Pucynoxk 8. JlepopmanmonHas 3aBUCHMOCTb JIOKATbHO-Ie()OPMUPOBAaHHOTO 00beMa
s HeobyderHoro (Ne 510, 473) 1 06u1ydeHHOro HeliTponamu 1030t 5-10'® m/em® (Ne 321)
1 2-10% w/em? (Ne 92) oGpasmos cram 12X18H10T
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Hapsny ¢ ko3hGUIMeHTOM JTOKATM3aIiK Pa3BUTHE MEHKH MOYKHO XapaKTEPU30BaTh TAKXKE JIOKATLHO-
neGopMUpOBaHHEIM 00beMOM ( V), KOTOPBIN OompenenseT o padoyero oobeMa 00pasiia, y4acTBYIOIIETO
B JIOKQJIbHOM TeueHnu marepuana [ 13]. JlokansHo-nedpopMUpOBaHHEIN 00bEM pacCUUTHIBAIH 110 hopMmyIe

V.= %, -0,785-d; -1,
KJ

rae Vy, — paboumii 00beM 00pasna; d, — TeKyllui MHHMMAalbHBIA JuameTp obOpasua; [, — iuHa
PaBHOMEPHO-IEPOPMUPOBAHHOTO yuacTKa; K, — KOIPPUINEHT JTOKATN3AIHH.

Ha pucynke 8 mpuBeaeHbl JieOpMallMOHHBIE 3aBUCHMOCTH JIOKAITBHO-IE()OPMUPOBAHHBIX 00HEMOB
JUIs1 CTaJIbHBIX 00pa310B B HEOOIYUYEHHOM U 00JIyY€HHOM HEHTPOHAMH COCTOSHHSIX.

Obpamaer Ha ce0s1 BHUMaHHE TOT (aKT, YTO JaKe K KOHILY pacTsHKeHus: o0pasia ero quaMeTp (uiau V)
MPOJIOJKAET OCTaBATHCS JOCTATOYHO OOJBIIHNM, YTO, TO-BUAUMOMY, SBIISIETCS CIIEJICTBHEM NMPOTEKAHUS TIPU
nedopManyu nporecca y— 0o -peBpaIeHus 10 HeONTUMAITLHON KMHETHKE.

Baxnouenue

Pa3zpaborana KOHCTPYKUHMSI IKCIEPHUMEHTAIBHOH YCTaHOBKH, KOTOpas [OIMYyCKAaeT OJHOBPEMEHHOE
NPUMEHEHUE JABYX METOMUK; CISKEHHE 3a TUaMETPOM 00pasiia ¢ MOMOIIBI0 ONTHKO-3JICKTPOHHOTO 3KCTEH-
30MeTpa U HelpepbIBHOE KapTorpadupoBanue o'-aspl mo paboueii [yIMHE UCCIIETyeMOTo 00BeKTa. ITO Aaio
BO3MOXHOCTb MPOBEACHUS UCCIIEIOBAHUSI HETOMOT€HHOCTH IIJIACTHUECKOTO TEUEHHS H, HApsIy C OIpeaese-
HUEM TPAULMOHHBIX MAPAMETPOB AAHHOTO SIBICHUS, YCTAHOBJICHHUS UX B3aHMO3aBHCUMOCTH C XapaKTEpH-
CTHKaMM MHIYLIMPOBAHHOTO PACTSLKEHUEM MApTEHCUTHOTO Y—>('-TIPEBPAILICHUSL.

IIpoBenensl Mexanuueckue ucnbitanus (7=20°C, V'=0,5 MM/MUH) IUIMHAPUIESCKUX OOpa3lOB He-
pkaBeromieit MeractabmibHON cramu 12X18H10T, HeoOmyuyenHpix M 0OmyueHHBIX B peakrope BBP-K.
C ucnonp30BaHNEM pa3pabOTaHHBIX METOJOB OINTHKO3JIEKTPOHHON SKCTEH30METPUM M MAarHUTHOM KapTo-
rpaduy HM3y4eHbl HEOJAHOPOJHOCTH IUIACTUYECKOW JedopManvu W pacnpesereHue QeppoMarHUTHON
o'-(ha3bl HA Pa3NUYHBIX 3TAax PacTHKCHUSI.

OrmpenienieHbl MEXaHUYECKHUE (G2, Gy, Op, 0) M dHepreTuueckue (4, W, E,,;) XapakTepuCTUKH HEOOITy-
YEeHHBIX U OOJIyYEHHBIX CTaJbHBIX 00pa31oB. [IoATBEp)KAEHO, YTO MPU XOJIOJHOM PACTSIKEHUM CTaIbHBIX
npo0 B HUX MHAYLUPYETCS MapTeHCUTHAs o-(ha3a, MHTEHCUBHOCTh 00pa30BaHUS U HAKOIUIEHHS KOTOPOH B
00JIy4eHHOI HEHTPOHAMH CTAJIH BHIIIE, YeM B HEOOITydeHHOM.

YcTaHOBNIEHO, YTO MPHU PACTSHKEHUM B CTAIBHBIX 00pa3LiaxX MOSBIISIOTCS U NEPEMELIAI0TCs MOJIOCH Jie-
(dhopmanru, HeOOXOAUMBIM YCIIOBUEM O0pa30BaHUsI KOTOPBIX SIBJSICTCS HAdaylo 3aposkaeHus o'-¢asel. Pac-
CUMTaHbl CKOPOCTU ABHMXKEHHUS MOJOC (V) M CTENEHb BIMSHUS pajualiy Ha MX BenuuuHy. OKazanioch, 4TO
abCOIOTHOE 3HAYEHUE V B HECKOJIBKO Pa3 MPEBBIIACT BEIUYNHY CKOPOCTH PACTSDKEHHS, IPUYEM CKOPOCTD
JBIDKEHHS TOJIOC B CTanH, o6myuenHoit 10 2-10%° m/cM’, Bbie ueM B HeoGmydueHHoi. Hapsity ¢ 5THM moka-
3aHO, YTO C POCTOM BEJMYMHBI JedopManiy o0pa3ia CKOPOCTh ABMXKEHHMS MOJIOCHI YMEHBIIAETCSl KaK B He-
00Iy4eHHOH, Tak 1 B 00IydeHHoM HerTpoHamu ctamu 12X 18H10T.

Ompenenensl 3Ha4eHHS KOI(PQUIIMEHTOB JIOKAIM3aMKM JeGopMallil ¥ BEIUYUHBI JIOKAIBHO-
JIe(OpMUPOBAHHBIX OOBEMOB JIJIs1 CTAJIBHBIX 00Pa3LOoB.

Criucok nuTeparypsl

1 Hexnroooe U.M., Boesooun B.H., Oxcucos JI.C., Ilapxomenxo A.A. u dp. Jlokanuzanus miactudeckod aedpopmanuu B 001y-
4yeHHbIX MaTtepuanax // Tp. XIV mexnayHap. koH¢. nmo Gpu3uKe paauanMoHHbIX SBICHUN U PaIHalliOHHOMY MaTepUaioBeJeHuU0. 12—
17 mrons 2000 r., Anymra, Kpeiv. — Xapskos, 2000. — C. 79-82.

2 Tueanosa O.B. Ilpoueccsl nokanu3anuu AeopMaLiy, COIPOBOXKAAEMbIE CTPYKTYPHO-(ha30BbIMU U3MEHEHHSMHU B METaJUIaxX
(Ni, Mo) n cmmasax (12X18H10T, 08X16H11M3, 02X20H45M4BPLl), o6mydeHHbIX HefiTpoHaMK M anbga-yactunamu: Jluc. ...
KaHJ. ¢pu3.-MaT. HayK. — Anmartsl, 2008. — C. 139.

3 Ipecuaxos A.A. Jlokanuzamnus mnactudeckoit nepopmannu. — Anma-Ara: Hayka, 1981. — C. 122.

4 Ilanun B.E., Jluxaues B.A., I punsee B.FO. CTpykTypHbIe ypOBHH fedopmaruu TBepasx Tes. — HoBocubupcek: Hayka, 1985.
— C. 230.

5 3yes JLb., Xon FO.A., bapannuxosa C.A. [lucniepcusi aBTOBOJIH JIOKaJIM30BAaHHOTO IIacTHUecKoro TedeHus // XKypnan tex-
nuyeckor puzuku. — 2010. — T. 80, Ne 7. — C. 53-59.

6 3yes JI.b. DHTponHs BOJIH JIOKAJIM30BAaHHOW IDIacTHUecKkoi medopmanuu // XKypnan texumueckodt ¢usmku. — 2005. —
T.31,Ne3. —C. 1-2.

7 Manvieun I''A. AHanu3 GaxkToOpoB, BE3BIBAIOIINX HECTAOMIBHOCTE Neh)OpMaIMH U NTOTEPIO INIACTHYHOCTH OOIydeHHOH Heil-
TpoHamu Meau // @usuka tBepaoro tena. — 2005. — T. 47, Ne 4. — C. 632.

Cepus «®usnkar. Ne 4(72)/2013 41



O.M.MakcumkmH, A.M.Takvesa 1 gp.

8 Kam B.JL, lun P.I"., Ilaii M.P. MeToauka UCCIeIOBaHUS MUKPOHEOTHOPOAHOW tepopMaIuy B o06sactu 60iIbmux aedop-
Manwuii / 3aBoackas nabopatopust. — 1988. — T. 54, Ne 5. — C. 79-89.

9  Kouwenes I1.®., Canoepos B.JL, Llapes B.H., I'pom B.B. UccnenoBanne nedopmaryii MeTooM ceTok // 3aBojckast 1abopa-
topust. — C. 727-729.

10 babywrun A.A., Maxcumxun O.I1., Yeanokos C.J]. Ontuko->nekTponHslii skcTensomerp // 3. AH Ka3zCCP. Cep. ¢us.-mart.
— 1986. — Ne 2. — C. 21-22.

11 @ununnos M.A., Jlumseunoe B.C., Hemuposckuii /[.P. Ctanu ¢ MeTacTabWiIbHBIM aycTeHuToM. — M.: Metammyprus, 1988.
— 256 c.

12 Byun T.S., Farrell K. Plastic instability in policristalline metals after low temperature irradiation // Acta Materialia. — 2004.
— Vol. 52. — P. 1597-1608.

13 Ipecnsxos A.A., Mogpa H.H., Yepnozenazosa T.B. Onpenenenue oobema JIOKanbHO-1e()OPMHUPOBAHHOTO METAJlIa B IIpoliecce
pactsoxenust // 3aBonckast nmabopatopust. — 1985. — Ne 10. — C. 76-79.

O.I1.MakcumkuH, A.M.TakueBa, A.Hantaes, H.Maxenos, /[.T.bepnanues, b.K.Paxamies

ZKbL1YJIBIK HEUTPOHAAPMEH CIYJIeJIEHIeH PeAKTOPJIBIK TOTTAHOAUTHIH
12X18H10T 001aTThIH IIOFBIPJIAHFAH Je()OopPMAIUACHIHbIH
KIHe (PU3HKA-MEeXaHUKAJIBIK KAaCHeTTePiHiH epeKeaikTepi

KypbulbIMIBIK MaTepHayAblH, OEpIKTUIIN pajHalMsUIBIK COYJIeNICHY HpoleciHeH anbiHagbl. CoyneneHy
MaTepHalIbiH Oipkenki esrepyiHe okenmenmi. Makanaga CoyleleHIeH MaTepHanaarbl AehopMarus
HIOFBIPJIAaHybI Maiiaa GonyblHBIH cebebi OenrineHin, reoMeTpHsUIBIK OJIIeMISpPAiH e3repy 3aHIbUIbIFbIHAH
3epTTey HOTIKENEepi KenTipinreH. HeHTpoHIapMeH coyleleHreH TOTTaHOANTBIH OOJNIATTHIH MAarHHUTTIK
KacueTTep e3repici Tipkenmi. IImacTukansk nedopManusHbIH TyHicneici3 Oalikay ojici, COHIalH-aK ONTHKa-
JNIEKTPOHIBIK OSKCTEH30METpAl MaiifanaHsln, emmey ofici jmaieiHpanasl.  Bomar  ynrimep  ymrie
JieOpPMAIHSIIBIK KOI(PPHUIUSHT MOHICPi aHBIKTAIJIBL.

0O.P.Maksimkin, A.M.Takiyeva, A.Naltayev, N.Mazhenov, D.T.Berdaliyev, B.K.Rahashev

Features of localized deformation and physical-mechanical properties
of the stainless steel reactor 12Cr18Nil0Ti irradiated with thermal neutrons

Relability of constructional materials is defined by processes of ratsionny radiation. Radiatoing leads to
change uniform deformations of materials. Radiation leads to change uniform deformations of materials. We
establish the cause of the localized deformation of irradiated materials. The paper presents the research of
laws dimensional changes. Studies of changes in the magnetic properties of stainless steel irradiant by neu-
trons. Developed a non-invasive method of observation of plastic deformation. Developed a method of meas-
urement using electro-optical extensometer. The values of the coefficients for the localization of deformation
of steel specimens.
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OOpa3oBaHue IEHTPOB OKPACKHU U arperaToB B KpUCTALJIAX (pTOpUAa JUTHS,
00/1y4eHHBIX BbICOKOIHEPIreTHYECKUMH JIETKMMH M TSKeJIbIMH HOHAMH

O6pazoBaHne IEHTPOB OKpacku B kpuctauax LiF mpu oGirydeHHM MX BBICOKOPHEPTeTHYECKHMH HOHAMH
a30Ta, aproHa ¥ KPHUIITOHA [P KOMHATHOM TeMmepaType (¢ sHeprueii nmornomenus ot 10°°-10% »B/cy’) Gbi-
JIO M3YYEHO C MCIOJNB30BaHMEM ONTUYECKOrO CHEKTPOMETpa U JIIOMUHecHeHIUH. it Bcex HcciiefoBaHUui
obbeMHas KoHueHTpauus F-uentpos cocrasmsuia 10" cm™. B kpucramiax (Topuma IuTHs, 0OIydeHHBIX
MOHAMU a30Ta C MOTJIOLIEHHON 3Hepruen 10% 3B/CM3, KOHLEHTpAalMK KaK €AMHUYHbIX F-, Tak U KOMIIIeKcC-
HbIX F,-IIEHTPOB OKpacKH CHMXKAIOTCS, C OJJHOBPEMEHHBIM 00pa30BaHUEM KPYITHBIX arperatoB. Y CTaHOBJIEHO,
YTO TaKOE CHI)KEHHE HE HAOMIOAAeTCsl MPU OOTydeHHH HOHAMM aproHa M KPUNTOHA. ABTOPBI ONPENETHIIN,
YTO BBICTYNAIOIIMH CTIEKTP moryiomeHus 1ist F3 - n Fp-lleHTPOB OKpacku MMeeT MakCMMyM TIOTJIONIEHHs Ha
JUIHE BOJIHBI OKOJIO 445 HM M MOeT OBITh pa3JieleH TOJIbKO C MCHOIb30BaHHEM JIIOMUHeceHInH. D hex-
TUBHOCTb JIFOMUHECHECHIUY IS Pa3IMYHBIX HOHOB IIOHIXKAETCA C YBEIMUCHUEM ITOTEPh SJHEPTUH.

Knrouesvie cnosa: HOHHEIC KpHUCTAJIJIbI, HEHTPBI OKPACKH, O6p2130BaHI/Ie IIe(i)eKTOB " arperaTtoB, HOHHBIC TPCKHU.

Bseoenue

HccnenoBanre MOBpeXIEHUN B AMANEKTPUYECKUX MaTepHallaX IOJ BIUSHHEM BO3JEHCTBHS Ha HUX
BBICOKOYHEPreTHYECKHX HOHOB C Pa3iM4HbIMK NoTepsiMu sHepruii ( dE/dx ) v Temneparyp o0iIydeHus mpes-

ctaBieHo B pabotax [1, 2]. [loka3ano, 4To mpu OOJBIION SHEPTUHU MOTJIOMICHUS (IIPU BBICOKOM (PITFOCHCE
06myuenns) Fo- u F3 -eHTphl OKpacku HaXOAATCA B OJHOM IIHKE, KOMIUIEKCHOM F,-lieHTpe okpacku [3, 4].
Hamm uccnenoBanus no u3ydeHuro kpuctaiuioB LiF, 00mydeHHBIX MOHAMH a30Ta M KPUIITOHA, TOKAa3bIBAIOT
BA)XHYIO POJIb AaHUOHHBIX BaKaHCHUi (V, ), MMEIOIIMX DHEPTHI0 MUIpAllMU MeHblle, yeM y F-rientpos [3].
HanbHeliee o0iryyeHre HOHAMH a30Ta ¢ 0osee BBICOKMMU (DIII0OCHCAaMH MTPUBOIUT K YMEHBLICHHUIO KaK €H-
HU4HBIX F-, Tak u cnoxHbx Fo/F; -1IeHTpOB OKpacku ¢ OJXHOBPEMEHHBIM 00pa3oBaHHEM KPYIHBIX arpera-
TOB [4]. Takoe CHMKEHHE 3aBUCUT KaK OT CpeJlHEH MOTIOMEHHON S3HEPTUH, TaK U OT NMOTePh IHEPTUU Kax 10~
ro voHa. [lpu oOaydyeHNH KpHUCTAJUIOB BBICOKODHEPTETHYECKHMMU MOHAMHU KpHITOHA ¢ sHeprueit 150 MsB
CHIDKEHUS HE HAaOJII0IAI0Ch, BILIOTH JI0 SHEPTUU TOTJIOIICHUS 10* sB/cM’ [4].

B nHacrosimeit pabote Mbl uecneoBany kpuctamisl LiF, o0mydeHHbIe BRICOKOOHEPTeTUYECKUMHI HOHA-
mu "N, “Ar u *Kr ¢ ncnons3oBanmem a6copOLUHOHHOIN MHKPOCKOIIHE H JTEOMHUHECIICHIIHH.

3Kcnepwwenmaﬂbﬂa}z uacniov

B kauecTBe OCHOBHBIX OOBEKTOB JIJIsl HCCIIEIOBAHMS OBUTH BHIOPAaHBI BEICOKOKAYECTBEHHBIE KPUCTAIUIBI
LiF, Beipamennsie B Bakyyme u3 paciuiaBa (ontuueckuii mHCTUTYT ('OW) Cankr-IletepOypr, Poccus).
[Tnowmane uccnenyemMpix KpUCTAILIOB cocTaBisia nopsaka 10x10 MM OO0pas3Iiel OBLTH CKOJOTHI BJOTH Ha-
npaenenus (001) u oOmyueHsl Ha yckoputene Tspkenbix noHoB J[11-60 (Acrana, Kazaxcran) BEICOKOIHEpre-
traeckumu noHamu N, *Ar u **Kr. Tommmna o6pasios s o6ydeHHs BO MHOTO pa3 TIPEBBIIIACT MPOber
HMOHOB B JJAHHOM BelllecTBe [5].

OO0iryueHue IpoBOMIIOCH P KOMHATHOM Temrieparype. [lapaMeTpbr o0mydeHus mpe/icTaBIeHbI B Ta0-
nure. epxkatens 00pas3lioB OXJIAKIAICS BOJOW, HAXOJSIICHCS TPU KOMHATHOH TeMIlepaTrype, Mo3TOMy B
porecce 00IyUueHMs HarpeB 00pas3IoB ObLIT HE3HAYUTEILHBIM.

CrieKTpsI OTIoIIeHUs 00My4eHHBIX KpucTaiuioB LiF ObutH U3MepeHbl C HCIIONb30BaHUEM JIBYXITyUEBO-
ro cnektpomerpa Specord 250, Germany B CHeKTpalbHOM Juanazone sHepruii 6,5—1,6 3B (190-800 um).
KonnenTpauuio F-IeHTPOB Ha eIMHUILY TUIOIAM TTOBEPXHOCTHU Ay [CM ] MOJACYMTANM U3 ONTHYECKOM TLIOT-
HOCTH U MakCHUMyMa crieKkTpa noriouienus (Dr), ¢ ucnoabp3zoBanueM ¢opmynsl Cmakynsi—/exctepa (1) [2]

ny| oM ]=9,48x10"D, . (1)
Cpennsist 00beMHasi KOHLIEHTpaIus F-1IeHTpOB MOXKET OBbITh BBIUMCIICHA KaK
<NF>:nF/R’ 2

rae R — juHa npodera HOHOB B BEIIECTBE.
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Tab6nuna
IMapameTpsbl 00J1yUeHHsT
Hon Dueprus E, MaB [poGer uowa B E/R, xaB/HMm (Dﬂsucc,ch, CDJ'IIOGHC,;D,
BEIECTBE, R, MKM HOH/(CM™XC) HOH/CM

N 5,6 4,19 1,34 3,12x10™

N 14 8,65 1,62 3,12x10™ 1x10"°-1x10"

N 23 14,13 1,63 2,08x10™
WAL 56 12,38 452 2,20x10™ 5%10™-1x10™
B 150 17,76 8,45 4.46%10° 5%10™-1x10"

HuTterpanbroe noromenne F- u F,-11eHTpoB okpacku OBLTO H3MEPEHO B CIIEKTPATLHOM JUAIIA30HE OT
4,13 o 5,90 3B nnsa F-uentpoB okpacku u B Auanazone ot 1,77 go 4,13 3B nns F,-1ieHTpoB okpacku coot-

BETCTBCHHO [4].
5,90
A, = I D(g)de, 3)
4,13
4,13

4, = [ D(s)ds. )
1,77
CrHeKTpsl JIIOMHHECIICHIIMA ¥ BO30YXKJACHUS OBUIM TIONTYYCHBI C HMCIIOJIB30BAHUEM CIIEKTPO(OTOMETpa
CM 2203. JIromuHecueHmus odonx F,- u F3+-I_ICHTpOB OKpacKH HaOJIoaeTcsl, HaUMHAs ¢ HAWMCHBIIIETO
(diroeHca 00IyUYCHHMS.

Peszynomamul u ux obcyscoenue

PesynbratTer ncciemoBaHus CIEKTPOB MOTIIOIIEHHUS TIPEACTAaBICHBI Ha pUCYHKax 1—4.
ITormomenne mis kpuctamwioB LiF, oO0mydeHHBIX MoHaMu a30Ta dHeprueit 14 M»aB, mokaszaHo Ha pu-
cyHke 1.

25} 3 ® , now/cu- 1 12 5.6 MaBN 1
R 1-4x10 ] ® ]
E 2-1x10"” g2 10 i
g 20t X 5X10” 1 3 —e— F 1eHTphl
= -JXX
; 14 E 0'8 B _0_445 HM T
) 4-1x10 ) ]
= 15F 14 ] 5
= 5-5x10 = 06} 7
3 |

= ]

5 1,0 h ﬁ 04| u
(] (0]
& / 1 Y ]
E o5f {1 E o2 1
= . =
® N ©)

00 1 1 . 1 s ..I =s 0’0 zo‘ “m“l21‘ ”“mlzzl -------l23- I”“"I24I ”“leSI

6 5 4 3 > 10 10 10 10 10 10
Oneprus (3B) DHeprus MorJIoneHus (3B/CM3)

Pucynok 1. Criektpsl morsomieHus kpuctamioB LiF,
o6myuennsIx nonamu ‘N ¢ sHeprueii 14 MaB.
Ipu moence okono 3x 10" non/cm® nornomenue
F- u F,-1eHTpoB OKpacku Bo3pacTaeT ¢ 00pa3oBaHUEM
KPYITHBIX arperaTtos

Pucynox 2. Ontuyueckasi INIOTHOCTh €AUHUYHBIX F-
¥ KOMITIEKCHBIX F,-IIeHTpOB oKkpacku (1Ipu BO30YXKICHUU
¢ A=445 um) B kpucTamiax LiF, o6myuennbix nonamu ‘N
c sHepruei 5,6 MaB. Konnenrpanus F-ienTpoB Hacblma-
eTCsl IPH TIOTIONIEHHOM SHepruH, paBHoOit 5x1073B/cm’.
UYem BblIIIEC SHEPTHS MOTJIOMIEHHS, TEM OOJIbIIE KOHICH-
Tparms o6oux F-mieHTpoB mpu Bo30yknaromeit aimmHe
BOJIHBI 445 HM

[Ipu oOnyueHNH MOHAMU a30Ta MCIOJIB3YETCS TPH SHEPrUM HaeTaronmx dactui (tabmn.). Konnenrpa-
s HachITIeHUsT F-1ieHTpoB <N F> nocturaercst npu duoence obayuerus ~ 3x10" now/cm’. Jlansreiinree

o0JTyueHHe MPUBOIUT KaK K MOBBIMIECHUIO KOHIICHTPAINN <N F> nns F,/F3 -uentpos okpacku (puc. 1, 2), Tak
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O06pa3oBaHne LLEHTPOB OKPACKY ...

U K 00pa3oBaHUIO KPYHHBIX arperatoB. MHTerpansHoe mornomenue ( A, ) ymensmaercs ¢ sHepruu 0,5 5B

npu dioence obmyuenns 3x 10" uon/cm’ 10 0,8 3B npu proence obnyuenus 10" non/cm’. C yBenuueHnem
MOTJIOIEHHOW 3HEPTHH KOJIMYECTBO eNMHUYHBIX F-11eHTpoB Oyaer Oomblie, YeM KOJIMYECTBO KOMIUIEKCHBIX
F,- (F, u F;")-uentpos okpacku F — F, (puc. 2).

B xpucramnax LiF, o0iaydennbix noHamu Ar u Kr, koHueHTpaiusa F-1ieHTpOB HaCHIIAeTCs MPH IOTJI0-
LICHHOW SHEPruy HUXKe, yeM npu obmydeHun nonamu N (puc. 3 u 4). CoraacHo MoaenH, pa3BuToi B [4] u
[6], HanOoMBIIHIIT 00BEM <N F> MOXXET OBITh JOCTUTHYT JUIA HEIUIOTHBIX MOHOB N. [Ipu BeICOKOM (himtoeHce

00JIy4eHHs MOHKI a30Ta JAl0T OoJkle nHpopMalu 00 oKpacke, Torna Kak Oosee Tsokesble HOHBI Ar u Kr
(OpMHPYIOT B OCHOBHOM HEOJHOPOJHBIC Ie(EKTHI, PACIONOKECHHBIC HIXKE CpeAHEH KOHIeHTpanuu F-meH-
TPOB OKpacku (puc. 3, 4).
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[ornomennas sueprus (3B/cm) [Tornomennas 3ueprus (3B/cm’)
Pucynox 3. Ontnyeckast INoTHOCTH KpucTamio LiF, Pucynox 4. Cpennsist konueHTpanus F-nieHTpoB
00JTydIeHHBIX HOHAMHU "N sHeprueit 23 MaB u nonamu OKpacKH B 3aBUCUMOCTH OT IMOTJIOIIEHHOW SHEPTUU

¥Kr ¢ smeprueii 150 MaB. OGydeHne HOHAMH KPHIITOHA  JUISI kpuctawioB LiF, o0xy4ennbix nonamu N, Ar u Kr
He BeJleT K nosbieHuto F- u F,-1ieHTpoB okpacku

OGnyuenye KpucTawioB LiF pasuuHbIME HOHAME M C SHeprueli nornomenus okono 10> sB/cM’ can-
KaeT abcopOIuio B crekTpax B mHTepBase ot 1,5 mo 3,8 sB (pmc. 1), 9TO COOTBETCTBYET pa3IUIHBIM
F,-ientpam, rae Fo- u F;'-nentpsl npeobnanarot. [TpuuuHoii 00pa3oBaHus M pocTa KOMILIEKCHBIX IIEHTPOB
OKpACKH ABJISIOTCS 3apOKJIEHNE U MUTPAIUs aHHOHHBIX BakaHCHiA (v, ) Mozl Bo3zieiicTBreM oOmydenns [3, 4].
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PucyHok 5. Bo36yskieHue TIOMUHECIEHIH i F;' - eHTpoB (MakcumMyM mpu A = 540 Hm)
1 F,-1ieHTpoB (MakcuMyM mpu A = 670 HM) OKpacKu B 3aBUCIMOCTH OT TIOTJIOIIICHHON SHEPTHU
Jutst kpuctauioB LiF, o6mydennsix monamu N, Ar u Kr. BbIxoj TIOMAHECTICHITIH 3aBUCUT
OT MapaMeTpa HOHOB U MOBBIIIACTCS ¢ yBeImdcHUeM dFE/dx
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F>- u F3 -LIeHTpBl OKpacky MMEIOT MAKCHMYM IIOIJIONIEHHs OKOJNO 445 HM M MOTYT OBbITh pa3eNeHbl
TOJBKO C HMCIOJB30BAHUEM JIFOMHUHECIIECHTHOW criekTpockonwu [3, 7, 8]. Mbl aHaAnM3upOBaId JIFOMHHEC-
neHnuio kpucramioB LiF, obmaydennsix moHamu N, Ar u Kr (puc. 5). lns xpucramioB LiF, o06mydeHHBIX
BCEMM MOHAMH, JIIOMUHecLeHIMs F,- u F3 -IIeHTPOB OKPACKHU MOBHILIAETCS ¢ YBEIHUEHHEM SHEPIUH HOLTIO-
IIEHUS U CTETIeHN HACHIIIECHUSI.

Jlns Bcex MOHOB yBEJHMYEHHE JTIOMUHECHEHIMH s Fs -LIeHTpoB OKpacku (MakCUMyM BO30YkKIEHHUS
A =540 am) HaOmOmaeTCs TpPW 3HAYCHWM TIOTJIONICHHOW SHEPTHUHM HIDKE, 4YeM IS JIFOMUHECICHIIUU
F,-LieHTpoB (MakcuMyM Bo30yxkaeHus A = 670 um). [loBbiueHne moMuHecueHmu Fo- n F3 -ieHTpoB okpa-
CKHM HAOJIOAETCS U TIPH TAKO MOTJIOMIEHHOM HEPTHH, KOT/Ia KOHIeHTpanus Fo- u F;'-1ieHTpoB B criekTpe
MOTJIONIEHHS TPOJIOKAET YMEHbIIaThes (puc. 5). MccnenoBanue JIFOMUHECIICHIIMU TIPU OBICTPOM OXJIaXKIe-
HUM TI0Ka3aHO B pabotax [7, 8]. Beixoa momuHecueHmuy 1s Fo- u F3'-LeHTpoB OKpacku sl KPUCTAILIOB,
00JTy4eHHBIX MOHAMHU a30Ta, aproHa W KPHUIITOHA, MOBBIMACTCS C YBEIUYEHHEM IIOTEPh SHEPTHH HOHOB
(dE/dx) (puc. 5). Paznuune B yBeIMYCHUH HHTCHCUBHOCTH JIFOMHHECIICHIIUN OCTAETCS OTKPBITBIM BOTIPOCOM.
Montereali u np. HaOrOMaMM TYIICHHWE JTIOMUHecHeHIMM st Fp-1ienTpoB okpacku [7]. CxypaToB u Iip.
MIPEITOJIAaralii, YTO HOHBI BEI3BIBAIOT HAMIPSIKEHHUS, KOTOPHIE BIMSIOT HA TylIeHue iomuHectieHmu [8]. Io-
3TOMy /ISl HOHUMAHHS TIOBBIIIEHHS TIOMUHECHEHINU 111 F,- u F3'-LIeHTpoB 0Kpacku Heo6XOAUMBI J0TION-
HUTEIbHBIE UCCIICIOBAHNS.

Buvi6o0wt

s BceX HOHOB KOHICHTpalus F-IICHTPOB HACHIAeTCSs NPU OOBEMHOW KOHIIEHTPALMH OKOJIO
10" cm>. TIpu 06/IydeHNN HOHAMY aprOHA ¥ KPHIITOHA HACKIIIECHHE POUCXOIMT MPH 3HAYCHUH HOTIIONICH-
HOM 3HEPTUH HIKE, YeM IpU 00JydeHUH HOHaMU a30Ta (3¢ ekt BiusHus noteps sHepruu dE/dx).

[Ipu obiyueHnn MOHAMH “N normomennas sueprust coctasasier okono 10** sB/em’, uto mpHBOZHT
K MOBBIIIIEHUIO 00pa3oBanus Kak F-, Tak u F,-IIEeHTPOB OKpackH, a Takke K POCTY KPYIHBIX arperatoB (Ba-
KaHCHOHHBIX KJIaCTEPOB, KOJUIOUIOB, U IP.).

Cnektpbl moriomenus A Fo- u Fs3 -EHTPOB OKpacku MEpeKphIBAKOTCS M MOTYT OBITh pPa3/ieieHbI
TOJILKO C HCIIOJIb30BAHUEM JIFOMUHECIIEHTHON CHEKTPOCKONHHU. B 3aBUCUMOCTH OT (IIFO€HCA BBIXOJ] JTFOMH-
HECILICHIIMH TTOKAa3bIBAET YETKOE MOBHIILICHUE MOTIOIIEHHON SHEPTHH 0 HACBIIIEHUs. DTO CIpaBeIuBO IPH
TYIIEHUH JIIOMUHECLIEHIINY, MEXaHU3M K€ MOSIBIICHUS IO CHX IOP OCTAETCS] HESACHBIM.
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A.B.Pycakoga, A.T.Axpui06exoB
AYBIP KIHE KEHLJI KOFAPFbI IHEPreTHKAJIBIK HOHIAPMEH CyJIeJIeHI eH
JUTHI GTOPHUI KPUCTAJBIHAA 00y OPTAJBIKTAPBIHBIH KOHE arperarrapablH TY3ijyi

LiF xpucranmapbslHIarsl OpTaNBIK OOSyBl JKOFApBIPHEPTeTHKANBIK a30T HMOHAAPBIMEH COYJICNICHIIPY
GaphiChIHIa Iaiila GONybl, aprOH JOHE KPMITOHHBIH Oenme Temmeparypachimarsl (10°-10% »B/em’
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O06pa3oBaHne LLEHTPOB OKPACKY ...

SHEPTUsl KYTBUIBIMBI) OINTHKAJIBIK CIIEKTPOMETP MEH JIIOMHHECLECHUMSIAPAbIH KOJIAHBUTYBl OapbIChIHIA
aHBIKTATZBL. Bapiibk 3epTTey KyMBICTAPHIHIA KOTeM KOHIeHTpamuschl F-opramersr 10" cm xypaiimpr.
Jlutuit  GTOpUIIHIH KpHCTAanzapsl as0T HOHAAphIMEH kyry sHeprumsicel 102! sB/cm’coymenenmipinim,
F 6ipkenki KOHIIEHTpanUsCHl, COHBIMEH Kartap F, kemreHni opraisIK OOsysI ipi arperaTtrapiasiy Oip Mesringe
naiina OoJybIMEH TeMeHAeHni. ByHnail TemeHIey aproH oHE KPUINTOHMEH COyJeICHIIpY OapbIChIHAA
Gaiikanmaiinel. Atopnap Fs' some F, sKyTBIHYABIH ONTHKANBIK CHEKTPIHIH OPTAIbIK GOAYbl €H YJKEH
(MaKCHUMyM) KYThIHYBIH 445 HM TOJKBIH Y3bIHIBIFbIHA HE OOJaJbl HEMECE JIFOMHHECLCHIHAHBI KOJJIaHy
apKbUIBI FaHa HICKTENyl MYMKIH €KeHAIrH goneinaereH. JIIOMUHECUSHIMS THIMIUIITT 9p TYpii HOHAAp YIUiH
TOMEHJIeyi SHEPTUsl KOFAITYbIHbIH 6CyiHe OalJIaHbICTBI.

A.V.Russakova, A.T.Akilbekov

Color centers creation and aggregation in lithium fluoride crystals
irradiated with high energy light and heavy ions

Color center creation and aggregation in lithium fluoride under irradiation at room temperature with N, Ar,
and Kr ions (with absorbed energy from 10%° to 10% eV/cm®) are studied using absorption and luminescence
spectroscopy. For all used ions the volume concentration of F centers saturates at the value of about
10" em™. In LiF irradiated with N ions at absorbed energy above 10%* eV/em® both the concentration of sin-
gle F and complex F,, centers decreases due to formation of larger aggregates. Such decrease was not reached
for Ar and Kr ions. Prominent in the absorption spectra F;* and F, centers have the very close absorption
maxima around 445 nm and can been distinguished only using luminescence spectroscopy. The efficiency of
F;" and F, center luminescence for various ions decreases with increasing energy loss.
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K.Kycaubinos, C.E.Cakumnosa, b.P.Hycyn6exos, 3.K.Alitnaesa, /[.A.Ocnanosa

Kapazanounckuii 2ocyoapcmeennviii ynueepcumem um. E.A.Byxemosa
(E-mail: zamik1981@mail.ru)

HccnenoBanue BIUsIHUSA 3JIEKTPOUMILYJILCHOM 00padoTKH
Ha (GU3NKO-XHMHUYECKHe CBOMCTBA METAJICO/IeP:KALEr0 M TeXHOT€HHOTI'0 ChIPbS

B pa6oTe 060CHOBBIBAIOTCS IIPEUMYILECTBA IEKTPOUMITYIILCHOH 00pabOTKH Pyl U TEXHOICHHOTO CHIPHS.
DKCIEPUMEHTAJIBHO OINPEACIICHBI ONTHMAIBHBIC MapaMeTpbl SJICKTPOUMITYJIbCHOH yCTaHOBKH Uis dddexk-
THBHOTO JPOOJICHHS METAUICOICPIKALIEr0 H TEXHOTEHHOTO ChIpbs. [IpHBeeHbI pe3ybTaThl peHTreHoda3o-
BOTO aHallM3a TEXHOTEHHOrO ChHIPbsS JI0 U IMOCIIE AIICKTPOUMITYJIbCHOH 00pabotku. Ha ocHOBEe mpHMeEHEHHs
COBPEMEHHBIX (PU3MKO-XMMHYECKHX METO/IOB aHAJIN3a YCTAHOBJICHBI 3aKOHOMEPHOCTH M3MEHEHHs (ha30BOro
¥ MHMHEPAJIOTHYECKOTO COCTABOB 00PA3LOB MEIbCOIEPIKAILCH PYIbl 0 U MOCIIE MIEKTPOUMILYJIbCHOH 00pa-
6otku. [TokaszaHo, 4To B mpouecce 000OTaleHNns] MEIHONW Py/bl, HOMUMO OKHMCIHTEIbHO-BOCCTAHOBUTEIBHBIX
MPOIIECCOB, BO3MOXHO NPOTEKAHUE PEAKIIUH PA3JIOKEHUS CAMOTO XaIbKONMpPUTa ¢ 00pa3oBaHueM Cyibhuia
MEJIU U TUPPOTHHOB.

Kniouesvie cro6a: 3neKTpOUMITYIIECHAsE 00pab0OTKa, TEXHOTCHHOE CHIPhE, «OeTHBICY PYIbI, PEHTTCHO(a30BbIi
aHayn3, o0oraIieHue.

Kazaxcran u3BecTeH Kak KpYITHBIH MPOMBIIIICHHBINA IEHTP B O0JIACTH METALTYPTUH TSDKENBIX U IIBET-
HBIX METAJJIOB, a 10 MPOU3BOACTBY MEAM BXOIHT B MEPBYIO AECATKY cTpaH mupa. OObeMbl TEXHOICHHBIX
OTXOZIOB M JOOBIBAEMBIX PY[ ONPEACISIOT TPeOOBaHUA K METOAaM HMX MepepaboTKU. DTH METOMABI JOTKHBI
OBITh MPOCTHIMH TI0 TEXHOJOTMYECKOMY U allapaTypHOMY OOECICUYEHHIO U CIIOCOOCTBOBATH IMOBBIIICHHUIO
CTENEeH! KOMIUIEKCHOCTH M3BJICUEHHSI LIEHHBIX KOMIOHEHTOB. He00X0MUMOCTh yiTyUIllieHHsI TapaMeTpoB Py
W KOHILEHTPATOB LBETHHIX METAJIOB, Y)KECTOUECHHE TPeOOBaHMN K KOJIOTMUECKOW 3aIIUTE OKpY’Karomei
Cpesbl, YBEeJIMUYCHNE CTETICHN YTUIM3allMi BTOPUYHBIX SHEPTETHYECKUX PECYPCOB TPEOYIOT pa3paboTku HO-
BBIX HAYKOEMKHX TEXHOJIOTUH, 00ECTICUMBAIONINX ONTUMAIBHOE IPOTEKAHNE TEXHOIOTUIECKUX MTPOIIECCOB U
00JIafalouIX BBICOKOH HaAekHOCThIO [1—4]. B cTatbe paccMaTpuBaioTCsl NEPCIEKTHUBBI 3JIEKTPOUMITYIIbC-
HOM TEXHOJIOTMM 00Pa0OTKKM TEXHOTCHHOI'O ChIPhs B KauecTBe 3(M(MEKTHBHOIO M SKOJIOTMYCCKH 0€30I1aCHOIO
cniocoba oboramenus. [Ipeanaraemplii crmocod U3MeNbUYeHUS pybl U YIYYIICHUSI ¢ KauecTBa OCHOBAaH Ha
HCTIOJNBb30BaHUN SHEPTUH UMITYJILCHOM YAapHOI BOJHBI, BO3HUKAIOIIEH B pe3yIbTaTe UCKPOBOTO AIIEKTpUYE-
CKOT0 pa3psijia B )KUAKOCTH [5—8].

DNEeKTPOUMIYJIbCHASI TEXHOJIOTHS O00paOOTKH IMO3BOJSIET M3MEHSTh HE TOJBKO TPaHyJIOMETPHUECKHIMA
COCTaB, HO U (DUBUKO-XMMUYECKHE CBOWCTBA TEXHOTEHHOTO CHIPbSI M OTXOJI0B TOPHO-PYAHOTO MPOU3BOICTBA
[9, 10].

J1is BBISICHEHHUSI TIPUPOJIBI BIMSHUS JIIEKTPOUMITYIILCHONH 00pabOTKH Ha COJIEpKaHue IEHHBIX KOMIIO-
HEHTOB B M3MEJBUCHHOW pyJie MCTIONB30BAIMCH COBPEMEHHbIE (DPM3UKO-XUMHUYECKUE METO/bI aHau3a Jis
OTIpeIeNICHHS IIEMEHTHOT'O COCTaBa 00Pa3LoOB METAJUICOAEPKAIIEro ChIpbs. 1o pe3yibpraTam uccieaoBaHui,
MIPOBEICHHBIX HA MEPBOM 3Tale BBHIOJHEHUS TaHHOH padoThl, ObUIO OOHApPYKEHO, YTO B Mpolecce odora-
HICHUS] METHON PYJIbI SJIEKTPOUMITYJILCHBIM BO3JICHCTBUEM COJIEpKAHKUE MeId B 00paOOTaHHOW pye YBEIH-
YUBaeTcsd MOYTH B 1,5 pa3a Mo CpaBHEHHIO C COJAEP)KaHHMEM MEIH B ChIpbe U3 pynuuka Kycmypyn [9-11].
AHaJIOTMYHOE BO3JCHCTBUE HA COIEPKAHWE HEKOTOPBIX 3JEMEHTOB, B TOM YHCIIE U PEOKUX, OOHApyKEHO
MPU IIEKTPOUMITYIIHLCHOM 00pa0oTKe MPOO TEXHOTCHHOT'O ChIPbS U PYJbl U3 MECTOpokAeHui Hypkasran u
Annenckoe. JlanHbiil 3 ¢eKT, Mo-BUANMOMY, 00YCIOBJIEH MPOTEKAaHHEM OKHCIHUTELHO-BOCCTAHOBHTEIb-
HBIX U OOMEHHBIX peakiuii ¥ (a30BbIX NPEBPALICHUH, KOTOPBIC MPOUCXOIAT BCICACTBUE BbIICICHHUS OOJIb-
IIOT0 KOJIMYECTBA 3HEPTUU TPU AJIEKTpopaspsiie. YBEINUSHHUE COJIEPKaHMUs IIEHHBIX KOMIIOHEHTOB ITO3BOJIA-
€T MOBBICUTh Ka4eCTBO TOTOBOM MPOIYKIIHH.

B nmpozpomxenune uccaenoBaHmii U Ass 00Jiee MOJHOTO U3yUYeHUsI CBOUCTB 00pabaThiBaeMbIX MPoO HaMH
TaKxe ObUT poBesieH peHTreHoda3oBelil ananu3. Penrrenodasoseiii ananus3 (POA) nposoauscs Ha nudpak-
tomerpe JAPOH 3 (tabim. 1, 2, puc. 1, 2). KoMIIeKCHBIH TepMUYECKUN aHAIM3 C OJHOBPEMECHHOM 3allMChIO
mddepeHInansHON KpUBOH TepMUUECKUX 3(PPEKTOB M N3MEHEHHS BEca UCCIIEAYEMbIX 00Pa3lioB BHIIOIHEH
B aTMocdepe Bo3ayxa Ha aepusarorpape O—-112.
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Tabnuma 1

Jannbie P@OA pyasl u3 mectopoxkaennss KycMypyH 10 3J1eKTpOMMITYJIbLCHOH 00padoTKu

JKerepumen- JlanHbie ASTM" Jxenepumen- Janubie ASTM Jxenepumen- Jlananie ASTM"
TaJbHBIC JaHHBIE TaJbHBIE JaHHBIC TaJbHBIC JaHHBIC
I, | dA I, | dA I, | dA I, | dA I, | dA I, | dA
Ksapig Kaonunur XaJIbKOTTUPUT

100 3,343 100 3,35 100 1,565 100 1,480 100 3,030 100 3,03

75 4,260 60 4,29 2 1,803 40 1,789 6 2,564 6 2,620
54 2,460 60 2,45 1 1,574 108 1,541 1 1,868 40 1,867
45 2,131 60 2,11 3 3,672 50 3,666 2 1,501 10 1,517
56 1,374 80 1,37 2 4,989 80 4,48 — — — —

Taonuma 2
Jdannbie P@OA pyasl MmecTopoxaeHusi KycMypyH mocJie 3J1eKTpOUMITYJILCHOMH 00padoTKu

DKcneprMeHTaIbHbIC Janmsie ASTM' DKCIePUMEHTAIBHBIC Jlanmsie ASTM®
JIAHHbBIE JIAHHbBIE
1/, |  dA 1/, | dA 1/, |  dA 1/, | dA
Ksapig ITupur
100 3,334 100 3,335 100 2,698 85 2,708
80 4,244 10 4,24 15 3,007 35 3,127
57 1,816 80 1,81 9 2,216 50 2,211
60 1,544 80 1,54 15 1,633 100 1,633
55 1,374 80 1,37 2 1,87 2 1,88
Kaoaunut Kanpiur
100 1,544 108 1,541 100 3,054 100 3,035
5 2,554 80 2,565 1 1,915 17 1,913
5 6,963 100 7,18 2 1,501 3 1,510
4 4,460 808 4,48 1 2,377 6 2,37
3 3,526 100r 3,58 - — — —

Ipumeuanue. ASTM International (American Society for Testing and Materials) — amepukanckas MexIyHapoaHas 100po-
BOJIBHASI OPraHM3aLsl, pa3pabaThIBAIOIIast X H3IAOLIAs CTAHAAPTHI TSI MATEPUAIIOB, IIPOAYKTOB, CHCTEM H YCIIYT.

Pesynbrarhl peHTrenoda3oBoro aHanmu3a NMokazajid HaTMuue B Mpo0aX TEXHOTEHHOTO CHIPhS MECTOPO-
xaeHust KycMypyH CIeIyIoIuX MUHEPAIOB: XaIbKOMHUPHT, CHAICPUT, IIUPHT, KBapIl, TaJcHUT. M3BecTHO,
YTO XAJBKOIUPUT BBICTYIIAET B KAUYECTBE CAMOTO TJIABHOTO PYJHOTO MHHEpAlla, OCTAJIbHBIE SBISIOTCS CO-
mytcTBytommMy. CpaBHEHHE PEHTTEHOTPaMM JIBYX OOpa3IOB TOKa3bIBACT PA3JIOKEHUE XaTbKOMHPUTA
B Tiporiecce 00pabOTKH MeJIbcoIeprKallleii pyabl Ha SJIEKTPOUMITYJIbCHON YCTaHOBKE.

Hcnonbs3zyem meron muddepeHnyanbHoro TepMudeckoro ananusa (JITA), KOTOpPbIi MO3BOISIET ONpee-
JIUTH TTOTEPIO0 MACChl METHOHN PYIbl KaK (PYHKIIMIO TEMIIEPATYpPhl MPHU ITOCTOSHHONW CKOPOCTH HarpeBa M TeM
caMbIM YCTaHOBHUTH 3HAYCHUE TapameTpoB Mporiecca TepMmuyeckoil moaupukanyu. K 3TuM mapamerpam
nporiecca OTHOCSTCS TMOPS/IOK PEaKIuH, KOHCTaHTa CKOPOCTH M JHEPIHs aKTUBAIMH, XapaKTEePU3YIOIINE
0COOEHHOCTH CTPOEHHSI MEIHOU pyibl. PacuéT mpoBoAMTCs MO CiIeAyIoIel cxemMe npouecca JeCTPYKIIH:

A b . B
UCXOOHas pyoa Jemyyuti KOMNOHEHM meeépoblil OCMAMOK

CKOpOCTb peakiuy 3alluChIBACTCS B CIICYIOLIEM BUJIE:
dC

- =kC", 1
7 ()

rae kK — KOHCTaHTa CKOPOCTH PEAKITUH; 11 — TOPSAOK peakiuu; C — KOHIICHTPAITUS MEIA B UICXOTHOM ChI-
pbe; t — BpeMs.
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Pucynox 1. JlanHbIC peHTreHO(Da30BOTO aHATH3a PYIBI MecTopoxkaeHusI KycmypyH
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Pucynox 2. Jlannble peHTreHo(ha30BOro aHanm3a pyabl MecTopoxaeHust Kycmypyn
T10CIIe 3JEKTPOUMITYIIECHOM 00paboTKH
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Konuentpanuio Meu B pyJie ONpeAeisieM 1Mo YPpaBHEHUIO
— W_VVk _I_VT’K’P (2)
- - B
Wy =W, Ve
rine W — macca MeHOM pyJibl B TEKYIIMI MOMEHT BpeMeHHU; W) — Macca TBEpJOro octaTka; Wy — Havalib-
Has Macca; Vry,, — NOTEPA JETyYNX BEIIECTB IPH T),,; Vi — TOTEPS JIETY4NX BEIIECTB IIPH KOHEYHON TEM-
nieparype Harpesa; 7., — TEMIIEpaTypa, COOTBETCTBYIOIAsA MAKCUMYMY CKOPOCTH IIOTEPH MACCHI.
3aBUCUMOCTH KOHCTaHTBI CKOPOCTH OT TEMIIEpaTyphl 3a1aTCS MO YpaBHEHUIO AppeHHyCa:
-E
k=Zef" 3)
rae Z — NpeldKCIOHECHIUANBHBIA MHOKUTEIb, KOTOPBIN OMpEAesieTCs YaCTOTOW CTOJKHOBEHHUM B PACcTBO-
pe. Ero skcrepuMenTanpHOe 3HadeHue paBHO mpuommsurensro 10" m/mombrc mpu 25 °C, TeopeTHuecKn
TIpe/IosIaraeTcs 3HaueHue, paBHoe npuommsuTensHo 10" 1/Momb-c; E — sHeprus akTusamuu; R — razopas
noctosiHHast; 7 — aOCONIOTHAS TeMIIepaTypa.
s HaxokIeHus mapameTpoB n, Z u E HeoOXOJUMO YMETh COCTaBHTh M PEIIUTh CUCTEMY U3 TPEX
ypaBHeHUH. [Ipy MOCTOSIHHO# CKOPOCTH HarpeBa uMeeM

dT
—=B(T=T,+pt). 4
7 P (T=T,+pr) “)
13 (1) MOKHO TIOIYyYUTH TIEPBOC YPaBHCHHUE:
-E
dcC Z
[—j =-2eC,. )
at )y, B
dcC
Tak kak B Touke meperunda | — =0, To u3 (3) ”MeeM BTOpOE ypaBHCHHUE:
t T=Tnep
nRT}
Ee- neﬂ[dcj . (©)
Cnep dt T=Tnep

Tperbe ypaBHEHHE MOXHO MOTyYUTh U3 (3) JIeNICHNEM NIEPEMEHHBIX U MOCIEIYIOIIMM HHTETPUPOBAHU-
eM B npeenax or 1 10 7., ¥ OT Ha4aJIbHOM TeMnepaTypH Ty zLo Tep:

Cop 7T
dC =—— b g N
[ocne npeoOpazoBaHUii TIOTYIHIIH:
Cnep 0 —y
j df =— ln_l X —xze”je—du . (8)
e nCnep Tu
N3 (4) MOXXHO BBIBECTH:
e R
e )
x°  EnZC,,
rne x—E/RT.
N3 (6) cnemyer:
mpun=1: InC,, =-1+11(x); (10)
npun# 1: nC,. ' =1+ (n—-DII(x), (11)

©—u

e
rae [1(x)=1 —x—i—xzexj—du .
u
Hcnonp3ys TabynrpoBaHHbBIE 3HAYEHUS ONPEACICHHOr0 HHTETpaja
© eiu
Ei(x)zj—du , (12)

Tu

11 BeIYMCIIeHus pyHKuK [7(x) momyynM KOppessIiMoHHOe ypaBHeHue i obnactu 1 < x < 80:

1 5769 9896, (r=0,99995) . (13)
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B nanHoM cnyuae A1t HAXOXKICHUS MapaMETPOB MpoIiecca pacCMaTPUBAIOCh YUCICHHOE PEIICHUE CHC-
TeMbl U3 TPEX ypaBHEHUM, C MCIOJIb30BAHMEM HUTEpallMOHHOro merojaa. [lo maHHOW MeToAMKe MpPOBEIEH
KOMITBIOTEPHBIA pacyeT KHHETHYSCKHX TapaMeTpoB Mpolecca TEPMUIECKOW MOTUPHUKAIINN MeIbCoepiKa-
e pyasl.
dc
dt

OTIPE/ICTICHBI TaKue (PU3UKO-XMMHUYCCKUE XapaKTEPUCTUKU, KaK 3HadYeHus n, E, Z, k. JlepuBatorpaMmser 00-
Pa3loB MeAbCOACPIKAIICH PYIbI, HCXOIHOTO ¥ 00pabOTaHHOTO 3JICKTPOUMITYJILCHBIM BO3/ICHCTBUEM, TIPUBE-
JIeHBI Ha PUCYHKaX 3 U 4.

B kauecTBe MCXOIHBIX JaHHBIX MCHONL30BAIMCH 3HAYECHHUS Coep, Thep, ( j , B. B pesymbrate
T=Tnep

3030

7o0e

Pucynoxk 3. JlepuBaTorpaMMa ChIpbs Pucynok 4. JlepuBaTorpaMma pysl
u3 MectopoxkaeHus KycMypyH 10 00paboTku u3 MectopoxaeHus KycMmypyH nociie 00paboTku

HuddepenunansHo-TepMUUecKUid aHaTU3 pyAbl MecTopoxneHuss KycmypyH Obul mpoBeieH B IJjlaTu-
HOBBIX THUIVIAX B HHTepBaje Temmeparyp 25-1000°C, B armocdepe BO3ayxa, IPH CKOPOCTH HarpeBa
10%/MuH.

Ha xpusoii ITA obpasua pynbl, He 00pabOTaHHOTO AIEKTPOTUAPOUMITYJILCHBIM BO3JCHCTBUEM, Ha-
omomaercs sHpoTrepMudeckuii dddext mpu 130 °C, mpuBoAsSIIMIA K yHaJCHUIO NETHUApPATAIIANA KBapIia.
B cimydae oOpasna pyzbl, MOJYyYEHHOTO MOCHE 3IEKTPOrHAPABINIECKO 00pabOTKH, SHAOTEPMUYECKHN -
(exT, oTBeHaromMi 3a MoAMMOp¢HOE MpeBpalleHne KBapua, Ha kpuBoil ITA cMmemaercs B CTOPOHY BBICO-
KHX TeMrepaTyp u npossisercs npu 170 °C. Duporepmudeckuit agdext npu temneparype 570 °C cooTBeT-
CTBYET NMOJIMMOP(PHOMY NPEBPAIICHNIO KBAPIIA.

Paznoxxenue xanpkonupura ¢pukcupyercs npu 530...550 °C, ganee npu temmeparype 570 °C mpoucxo-
IUT CTPYKTYPHOE MpeBpalleHue B-TeTparoHaJbHOT0 XaJbKOIIMPHUTA B KyOU4YecKyto (GopMy, T.€. IPOUCXOAUT
00pa3oBaHKE TATHAXHUTA:

BCuFeS,,,, — yCuFeS,

Oddext npu 950 °C 00ycioBIeH 00pa30BaHUEM IBTEKTHUECKOrO CIIaBa 3THX (a3. DHI0TepMUICCKHIA
addext npu 680...700 °C oTiMyaeTcs XOpoIeHd BOCIHPOU3BOAUMOCTBIO U XapaKTEPU3YETCs Pa3jioKeHHEM
MUPUTA BO BCEM 00BEME, C BBIICIICHUEM 3JICMEHTAPHOMN Cepbl U 00pa30BAHUEM MTUPPOTHHOB:

1
Fesz(m) o Fes(m) +ASZ(1‘&)

Ox3orepmuueckuii 3hdext npu remmeparype 760 °C COOTBETCTBYET IMPOTEKAHHMIO PEAKIIMKA OKHCICHHS
Cepbl, BBIACTHUBIIEHCS IPU PA3I0KEHIH THUPUTA.
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s ompeneneHUsS JTUMUTHPYIOMIEH CTaauy Ipolecca OOOTaleHus MEIHOW pPyIbl MECTOPOKICHHS
KycmypyH ObLIH MpOBecHBI KHHETUYECKUE uccieaoBanus. O0paboTKa JaHHBIX MOKa3aja, YTO SHEPrus aK-
THBAIMM U KOHCTaHTA CKOPOCTH PEAKITHH IS PYIbl MecTOpokaeHuss KycMypyH 10 00pabOTKH 3JIEKTPONM-
ITyJILCHBIM BO3JICHCTBHEM, PaBHBI COOTBETCTBEHHO E = 78,94 xJlx/Monb, k= 1,842 102 Jliis 06paboTaHHBIX
06pa3IoB PyIb! HoNydeHs! 3HaueHns £ = 52,62 kJlx/Monb, k= 1,228-107. B 060HX ciIydasix MPOLECC THMH-
TUPYETCS B KHHETHYECKOH oOmactu. Takum 00pa3oM, Ha OCHOBE MPHMEHEHHUS COBPEMEHHBIX (PHU3UKO-
XUMHYECKUX METOJIOB aHAJIN3a YCTAHOBJICHBI 3aKOHOMEPHOCTH U3MEHEHUs (ha30BOT0 M MHHEPAIIOTHIECKOTO
COCTaBOB 00PA3IOB PY/IBI JI0 U MOCIIE MIEKTPOUMITYILCHON 00paboTku. [lonydeHHbIe pe3ynbTaThl MOKA3aIH,
9TO B MpoIecce o0OTameHus] Pyabl, TOMHUMO OKHCIHTEIHFHO-BOCCTAHOBUTEIBHBIX IPOIIECCOB, BO3MOXKHO
MIPOTEKAaHUE PEAKIIMH PA3JIOKEHHUS CaMOro XalbKOIUPHTA, ¢ 00pa3oBaHUuEeM Cyabhuaa MEIU ¥ TUPPOTHHOB,
4TO emie pa3 moiaTBepkaaeT 3Q(PEeKTHBHOCTH Hpolecca OOOTameHUsS PyAbl ¢ MPUMEHEHUEM JJICKTPOHUM-
MyJbCHOU 00pabOTKH.

DKCIEePUMEHTAIBHO JI0Ka3aHO, YTO 3JIEKTPOUMITYJIbCHAS TEXHOJIOIHs 00paObOTKU MO3BOJISIET OBICTPO U
3¢ (HEeKTUBHO IPOOUTH M M3MENTbYATh MCXOHOE TEXHOTEHHOE CHIPhe J0 (Ppakiuil ¢ 3aJJaHHBIMU IapaMeTpa-
MU, 3HAYUTEIHHO YIIy4Ilas KaueCTBO MPOMyKIMU. HeCOMHEHHO, UTO BHEAPEHUE PE3YIbTaTOB MPOBEICHHBIX
HCCIICIOBAHUN Ha NPEAIPUATHAX OyIeT CIOCOOCTBOBATh TEXHHMYECKOMY IIPOIPECCY OTEUSCTBEHHOM IpO-
MBIIIICHHOCTH U CO3JIAHUIO PECypPCOCOEPEraroIero 3K0JI0THIECKH 0e30MMacHOTo Croco0a M3BIICUCHUS 1ICH-
HBIX KOMIIOHEHTOB C IIOMOIIBIO AJIEKTPOUMITYTLCHON TEXHOJIOTUH 00PAaOOTKN TEXHOTEHHOTO CHIPhSI.
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K.Kycaiisinos, C.E.CakpimoBa, b.P.Hycin6ekos, 3.K.A#itaeBa, /I.A.Ocnanosa

Kypambinaa meraJin 0ap TeXHOreHai IUKIi3aTThIH (PU3HKA-XUMHSJIBIK
KacueTTepiHe 3JIeKTPUMILYJIBLCTIK 6HAEYiH dCepiH 3epTTey

Makanaza KeH OHE TEXHOTCHIl LIMKI3aTThl AJICKTPUMITYJIbCTI OHICYMIH KYHIbUIBIKTApbl HETi3aesi.
Kypambirga meran 6ap TeXHOT€H/II MIMKi3aTThIH THIMl YCAKTATYbI YIIIH JIEKTPOUMITYIbCTIK KOH/IBIPFBIHBIH
TOKIpuOeni Typae Kosaiibel mapamerpiepi aHbIKTaaabl. DICKTPUMITYJIbCTI OHACYTre ASHiHTI jkoHE KeWiHri
TEXHOTeH IMIMKI3aTThIH PeHTreHai-(a3anblK Tangay HoTmwkenepi kentipinren. Kasipri ¢usuka-XuMUsIIBIK
Tajujay OMICTEpiH KONIAHy HeTi3iHJIe AIeKTPUMITYJIbCTIK OHJeyre AeHiHTi oHe KeHiHTr1 KeH YAruIepiHiH
(ha3aipIK XKoHE MHHEPATIOTHSUIBIK KACHETTEPIHIH ©3repiCiHiH 3aHAbIIBIKTaphl OEKITIII.
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K.Kussaiynov, S.E.Sakipova, B.R.Nusupbekov, Z.K.Aitpayeva, D.A.Ospanova

Investigation of the influence of electro-treatment on the physical
and chemical properties of the metal and man-made materials

In the paper, the advantages of electric pulse processing ore and man-made materials. Experimentally deter-
mine the optimal parameters for the effective electro- installation of crushing metal- and man-made materials.
The results of X-ray phase analysis of man-made materials before and after the electric pulse processing. On
the basis of the application of modern physical and chemical methods of analysis the patterns of changes in
the phase and mineralogical composition of copper-bearing ore samples before and after the electric pulse
processing. It is shown that in addition to copper ore redox processes may flow decomposition reaction of the
chalcopyrite to produce copper sulphide, and pyrrhotite.
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XblJTY ®PUSUKACDHI XKSHE TEOPUATNDIK XKblJTY TEXHUKACHI
TENNMOPUIUKA U TEOPETUYECKAA TEMJITOTEXHUKA

YIK 533.682
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Kapazanounckuii 2ocyoapcmeennviii ynueepcumem um. E.A.Byxemosa
(E-mail: kappas090108@mail.ru)

HccnenoBanue a3poaHAMHYECKUX XaPAKTEPUCTUHK MO/IeJIM BeTPOTYPOMHBI
¢ JMHAMHYECKHU M3MeHsAeMoil (popMoii MOBEPXHOCTH JIonacTei

B crarbe npexacraBieHa Mojenb BETPOTYPOMHBI C JMHAMHYECKH M3MEHAEMOW (OPMOH IOBEPXHOCTH
nonacteil. CHIIOBEIE HJIEMEHTHI JIONAcTel BETPOTYpOMHBI C AMHAMHYECKH H3MEHseMoil QopMmoil mosepx-
HOCTEH BBITIOJIHEHBI B BUJIE TPEYTOJIBHOTO FHOKOTO Tapyca ¢ MOABIDKHEIM KOHIIOM. OmpesieNieHsl aspoJuHa-
MHUYECKHE XapaKTePHCTHKU MOJIEIH BETPOTYpOMHEI B a’poxuHammueckoil tpybe T-1-M. IlpuseneHs
3aBUCHMOCTH MOMEHTA CHJI TATH M CHJIBI JIOOOBOTO COINPOTHUBIICHUSI MOJEIN BETPOTYPOHMHBI OT CKOPOCTH
BO3/YIIHOTO MOTOKA MPH PA3H4HBIX yriax ataku. ITokazaHo, 4To pa3paboTaHHas MOJEIb BETPOTYPOUHBI
criocoOHa BbIpabaThIBaTh SHEPTHIO IPH MaJIbIX CKOPOCTSX MIOTOKA Mopsiika 3+5 m/c.

Kniouesvie cnosa: BeTpoTypOUHa, a’3poauHaMu4ecKas TpyOa, MOMEHTBI CHIIBI TATH, CUiia JOOOBOTO COIPO-
THBJICHHUS, CKOPOCTb ITIOTOKA, YTOJI aTAKK MOTOKA.

OpHOM U3 TIaBHBIX COBPEMEHHBIX 3a7a4 I JMHAMUYHOTO Pa3BUTHS SKOHOMUKHK KazaxcraHa sBisercs
panMoHaIbHOE HCIIONBb30BaHUE DHEPTeTUUEeCKHX pecypcoB. [Ipu 3ToM OONBIIYI0 pPOJh HTpaeT BHEApPEHHE
BO300OHOBIISIEMBIX HCTOUYHUKOB dHeprun. Ha Oomnpinei wactu Teppuropun Kasaxcrana pacmoioKeHbl 30HBI C
HU3KMMU 3HAYEHUSIMU CPEIHETOJIOBBIX CKOpOCTeH BeTpa. s Takux TEppUTOpUM eIle HE CO3AaHbl
MPOMBILUICHHBIE BETPOABUTATEIN MAIONH U CPEAHEH MOIIHOCTH, a UCIOJb30BAHUE YK€ BBITYCKAEMBIX —
SKOHOMHYECKH HEBBITOJHO. B CBS3M C 3THM CO3JlaHHE BETPOIHEPTETUYECKUX YCTAHOBOK, 3((HEKTHBHO
paboTaroIKX B YCIOBHSIX HU3KHX CPEIHETOJOBHIX CKOPOCTEH BETpa, SBISETCS BEChbMa aKTyalbHBIM IS
Kazaxcrana, COOTBETCTBYyeT NPUOPUTETaM pa3BUTUS HAyKH B pecnyOnmke. AHAJIOTHYHBIC TPOOIEMBI
cymecTtByloT B Poccun, ctpanax CHI', apyrux crpaHax mMupa ¢ HHU3KHMH CPEIHETOIOBBIMH CKOPOCTSIMU
BETpA.

[lapycHble BeTpoaBHraTeNu OOJNATAIOT YHUKAIBHOH OCOOEHHOCTHIO — OHH OJUHAKOBO 3((EKTUBHO
paboTaroT Kak MpU MajblX, TaK U MpH OONBIINX 3HAYCHHSIX CKOPOCTH BeTpa 3a CYET JUHAMHYECKH
M3MEHSAEMOM GopMBI paboUeii TOBEPXHOCTH IT0/ BO3ICHCTBHEM ITOTOKA BETpa.

B pabore [1] mpemioskeH mapycHblii BETpOJBUTATENb, KOTOPBI MOXKET OBITh MPUMEHEH I MPUBOJA
AJIEKTPOTEHEPATOPOB, BOJOMOABEMHUKOB, MEILHUI], HACOCOB, KOMITPECCOPOB. Pa3paboTaHHBINi MapyCHBIN
BETPOJBUTATENh COACPKUT YCTAHOBJICHHbIE HAa BEPTUKAJIHHON IEHTPANbHONH OCH pambl C THOKMMHU
MapycHbIMU JiomacTssMu. ['mOKkasi mapycHas JIOnacTh, IOMUMO IICHTPAIBHOM, UMEET JONOTHHUTEIBHYIO OCh
BpamieHusi. PaccrosHne Mexay obeumu ocsimu cocraBiser 0,1-0,45 mmuner jomactu. TexHWUYeckuid
pe3ynbTaT 3aKII0YaeTCsl B CO3JAaHUH BETPOABHUTATEN HECIOKHOW KOHCTPYKIIMH ¢ MaKCUMAIJIbHO TMOJIE3HBIM
WCIIOJIb30BAaHMEM MMapPYCHBIX JIOMMACTEH.

BriBo aHATUTHUYECKUX 3aBHCHMOCTEH JJIsi pacueTa ONTUMAIbHBIX Pa3MEPOB, OPUCHTANUU B (HOPMBI
JIoTIacTel BETPOTYpPOMHBI H3JI0KEH B pabore aBTOpoB [2]. dakTopamMu OTpaHUYCHHUS KOJUYECTBA H
MOIITHOCTA KOHBEPTHPYEMOW 3TOH TypOWHOH BTOpOH SHEPTMH NPUHUMAIOTCS MECTHAs IUIOTHOCTH
BEPOATHOCTA CKOPOCTH BETpa, 3aJaHHAas NPEJCIbHO IONMyCTHMas CHiia JaBJICHWsI BEeTpa Ha TypOuWHY,
ONpEeNICICHHBIA CTAapTOBBII MOMEHT €€ XOJIOCTOrO0 XOJla M pealbHOE a’pOoAMHAMHUYECKOE KaueCTBO
BBIOpAaHHOTO IIPOGUIIS e¢ JIomacTe.
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B cratee [3] mpuBeaeHBl SKCHEPUMEHTATIbHBIC JIAHHBIE UCHBITAHUA MOJCIH BETPOABUTATENS,
000pyIOBaHHOTO TPEMS CTEKJIOIUIACTUKOBBIMHU JIOMAcTAMHU Tuma «KOIoKom», B adpoAMHAMUYEeCKOrd TpyOe
3-AT-17,5/3. IlpencraBieHbl rpadukd, B KOTOPBIX IIOKa3aHbl 3aBHCHMOCTH MOIIHOCTH MOJIEIH OT
M3MEHEHUS 3arpy>Karolliero MOMEHTa Ha Bally POTOpa M OT U3MEHEHHUs YIJIOBOM CKOPOCTH €ro BpAILCHUS.
Kpome Toro, mpencraBieH rpaduk COOTHOIICHHS 3arpy’kKaloliero MOMEHTa Ha Bally pOTOpa W YIJIOBOH
CKOPOCTH €r0 BPAaIIeHHs B 3aBUCUMOCTH OT U3MEHEHUS CKOPOCTH JIBIKEHHS BO3YIITHOTO MOTOKA.

ABTOpOM paboThl [4] nmpeaokeHo N300peTeHre, OTHOCSIIEECs K BETPOIHEPIeTUKE, THIAPOIHEPIeTHKE,
a UMEHHO K BETPOABHUTATENSIM C OCBIO BpalllcHUs], NEPICHAUKYISIPHOM HampaBieHUIO BeTpa. [lapycHbrit
BETPOIBUTATENb COJEPKHUT YCTAHOBJICHHBIE HAa BEPTHUKATHHOM IEHTPAIbHOM Bally paMbl C THOKHMH
MapyCHBIMH JIOMACTSIMH, OCh, SKCIICHTPHYHYIO OTHOCHTEIBHO IIEHTPAITBHOTO Baja, )KECTKO COEAMHEHHYIO CO
CTaOMIM3aTOPOM BpAIICHUS U IMAPHUPHO YKPEIUICHHYIO OTHOCHTEIBHO OCHOBAHHS, B KOTOPOM yCTaHOBIICH
C BO3MOXXHOCTBIO BpalleHHUs IeHTpanbHbI Bai. Kaxkmas ruOkas mapycHas JIONacTh 3aKperuieHa Ha
BETPOIBHUTaTeNe TOJNBKO B JIBYX MECTaxX, a UMEHHO, C OJHOW CTOPOHBI, HA paMy W, C JPYTOil CTOPOHBI,
C BO3MOKHOCTBIO BpAIllCHUS Ha OCh, SKCUEHTPUUHYIO OTHOCHUTEIHHO IICHTPAJIBHOTO Bajia, YTO IMO3BOJSET
YCTaHOBUTH Ha BETPOJBHUTATENh 0OJee NBYX TMOKHMX MApyCHBIX JIOMACTEH W, CICIOBATEILHO, YBEIUYUTH
K02 (OUITHUEHT TTOJIE3HOTO ASHCTBHS U HAIEKHOCTh BETPOIBUTATETIS.

B pabote [5] mpencraBieH BETpOIBUTATENb, COJCPXKAIMUN BEPTUKAIBHYIO OCh, JIOMACTH, YCTaHOB-
JIGHHBIC paJdajbHO HA BEPTUKAJIBLHON OCH U BBHINOJHEHHBIC B BUAE NPSIMOYTOJIBHBIX paM C MapyCHHOM.
BepxHsas kpoMKa mapycHHBI MPHUKPEIUIEHA K MOJBWKHOW B BEPTHKAIBHOM HANpPaBICHHH TOPU3OHTAIBHOU
Oanke. Pama cocToWT M3 BepXHEW W HWKHEH KOHCOJCH W ABYX BEPTHKAIHHBIX OOKOBBIX CTOCK, OOKOBEIE
CTOWKHM paMbl BBITIOJHEHB B BHUJC HAMPABISIONIMX JJII KOHIIOB TOPU30OHTAIBHONW OalKku W TPUOKOB,
MEePUOANYECKN 3aKPEIJICHHBIX Ha OOKOBBIX CTOPOHAX MapycwHbl. Ha BepxHEW KOHCOIM paMbl pa3MelieHa
nebeaKa IS MOMHATHS TOPU3OHTAIBHON OAJIKH C MAPYCHHOH, a HIDKHSS KOHCOJIb paMbl OCHAIIIEHA MTPHBOJ-
HBbIM Oapa0aHOM JIJIsl OITyCKaHHS MapyCHHEI.

[TepBeiMu BeTpoaBuraTensaMu, 3(h(HEKTUBHO MPEOOPa3yIONIMMUA YHEPTHIO MPUIIOBEPXHOCTHBIX BETPOB
MaJol CKOPOCTH B DHEPIHI0 MEXaHWYECKOro IBIKEHHUS CyJE€H Ha BOJHOI MOBEPXHOCTH, ObUIM Tapyca
pa3aUYHON (POPMEI, B TOM YHCIIE TPEYTOIHLHOM.

C uenpto NoBbIICHUS 3P(EKTUBHOCTA UCIOIB30BAHUS SHEPTUU MPU3EMHUCTHIX BETPOB MAJIBIX CKOPO-
cTelt pa3paboTaHa MOJEIh MHOTOJIOTIACTHOW BETPOTYPOWHBEI C TUHAMHYECKH H3MEHSIEMOM (opMoit Jioma-
creii. HoBu3HOM mperaracMoil BeTpOTypOUHBI SBIISETCS WCIOIL30BAHNE B KAUECTBE CHIIOBBIX DJIEMEHTOB
JIormacTell BETPOTYPOUHBI ¢ IUMHAMHYCCKA W3MEHSEMOH (OpMOI MOBEPXHOCTEH, BBHIMTOJHEHHBIX B BHUJC
TPEyroibHOr0 TMOKOro Tapyca € TOJBWKHBIM KOHIIOM. Ha pucyHke 1 mpejicraBieHa cxema padOTHI
BETPOTYPOMHBI ¢ TUHAMUYCCKH M3MEHIEMOH (OPMOIi TOBEPXHOCTH JIONACTEH.

1 — nomacTh BETpOTYpPOUHBI ¢ JUHAMHYECKH U3MEHIeMOH GopMoii; 2, 3, 4 — Kapkac;
5 — perynupyemMoe THOKOE KPEIUICHUE MTOABHKHOTO KOHIIA JIOTIACTH, U3TOTOBJICHHOE U3 KPEIKOI HUTH;
6 — HarpaBJIeHHUE BeTpa; 7 — HAlpaBleHNUE BPALICHUs BETPOTYPOUHEI

Pucynox 1. Cxema paboThI BETpOTYpOHMHBI C AMHAMUYECKH U3MEHsIeMOH (opMOii TOBEPXHOCTH JIoTIacTeH

BetpoTypbuna paboTaer cClemyronuM o00pa3oM: IIOJ BO3ICHCTBHEM ITOTOKa BETpa TPEyroiabHas
JIOTACTh BETPOTYPOWHBI, PACIIONIOKEHHAsT TIOJ YIJIOM K HAIPaBIICHUIO ABIKCHUS BETpPa, HCIBITHIBACT
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OOKOBYIO CHJIy JaBJCHHUS M COIJIACHO 3aKOHAM a’pOJMHAMUKH TOJKAeT KapKac, MPHUBOJAS €ro BO Bpalla-
TedapHOE aBMkeHue. [losBisromasics cuna siBiseTcs: Cuitoi Tsaru jionactu. OHa mpeodpasyeT SHEepruio BeTpa
BO BpallateilbHOE IBIKEHHE BETPOTYpOMHBI. lIpym M3MEHEHWHM HaIlpaBIIEHUS BETpa Ha MPOTHUBOIOJIOXKHOE
HarpaBJIeHHE BPALICHUS OCH MpeJlaraéMoil aBTOpaMH BETPOTYpOUHBI HE n3MeHsieTcs (puc. 2).

a

Pucynok 2. Cxema pa®oThI IOTTaCTH BETPOTYPOMHEI
MIPY M3MEHEHUH HAMPABJICHUS BETPa Ha MPOTHUBOIOIOKHOE

Kak moka3zaHo Ha pUCYHKE 2, jomacTb / ¢ IHHAMHYECKH HM3MEHsIeMOH (HopMoOi MMOBEPXHOCTH,
BBITIOJIHEHHOHN B BUJIE TPEYTOJBHOTO «IIapycay C MOABMXHBIM KOHIIOM, MPU U3MEHEHUH HAIpaBJICHUS BETpa
MEPEeKUIBIBACTCS B APYTYIO CTOPOHY BpAILAIOIIErocsi Kapkaca BETPOTYpOMHBI, TEM CaMbIM 00ecriednBaeTCs
COXpaHEeHHE IEPBOHAYAILHOTO HANPABJICHUS BpalleHUsi OocH BeTpoTypOuHBI. Ha pricyHke 2 mpuBeneHbBI
cienyronme o0o3HaueHus: / — JIOMacTh BETPOTYpOWHBI, 2 — THOKOE KpEIUIEHHE MOJBIKHOTO KOHIA
JIOTIACTH, U3TOTOBJICHHOE U3 KallPOHOBOW (MapamrtoTHOH) HUTH; 3, 4 — CTEpP)KHH Kapkaca BETPOTYpOWHBI;
5 — och BpallleHUsl ¥ U30THYTasl CTpeJIKa — HaIpaBJICHUE BPAIlleHNUs OCH BETPOTYPOUHBI; 6 — CTpEJIKaMU
MOKa3aHo HampaplieHHe BeTpa. PaboTa nomacTu mpu mpsiMoM ¥ OOpaTHOM HallpaBIICHUSX BeTpa 00O3HAYEHA
OyKBaMH a U 6 COOTBETCTBEHHO.

Co3naHa SKCIIEpUMEHTAIbHAS MOJAENb BETPOTYPOHMHBI ¢ JUHAMHYECKH H3MEHseMol (opmoil moBepx-
HOCTH Jlomacteil. Mojenb BETPOTYpPOHMHBI COCTOUT W3 BETPOKOJECA, BBITIONIHECHHOTO W3 METAJUIMYECKHX
KapKaCHBIX CTEPIKHEH; IIECTH MapyCHBIX JIOMACTEeH TPEyroidbHOU (opMbl M3 MaTepuana (IIeK), OJUH KOHEIl
KOTOpPOTO MNPHUKPEIJIEH K BEPIIMHE KapKaca MPOYHOM HUTHIO; OMOPHBIX CTEPXKHEH M MOMIIMITHUKA C BHYT-
peHHUM amameTpoM 8§ MM. Monenb NpHKperuieHa K CTOHKE OMOPHBIMH CTEpXKHAMH. [lmaMeTp mapycHOTro
koseca coctaBisieT 400 MM. Mozienb mapyCcHOTO BETPOABHUIATENS C TIOMOIIBIO IIKMBA U PEMEHHOU Tepenadn
COEJMHEHA C TeHEPaTOpOM MaJIol MOITHOCTHU 4 BT 11 OTydeHus 3IeKTpUIECKOI SHEPTHH.

Pucynox 3. Mozenb BeTpoTypOHHEI Pucynox 4. Aspoaunamudeckast Tpyda T-I-M
¢ IMHAMHYECKU U3MEHAEeMOH (popMoit
MIOBEPXHOCTH JIOMACTeH
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BrlnonHeH psia MccienoBaHU MO ONPEAETICHUIO adpPOANHAMUYECKUX XapaKTEPUCTUK MOJEIH BETpPO-
TypOHUHBI ¢ TUHAMUYECKH M3MEHIeMOH (HOpMOI MOBEPXHOCTH JionacTel. Bece akcrepuMeHTaIbHBIC UCIIBITA-
HUS TI0 OMPEIENICHNI0 adPOAMHAMUYECKIX XapaKTEPUCTUK BBIMTOIHSIIMCH C UCIOIB30BAaHUEM a3pOJUHAMHU-
yeckoil Tpyosl T-I-M. Ha pucynke 4 nokazana aspoaunamuueckas tpyoa T—I-M.

Cuny 71000BOTO COMPOTHBICHUS M TOABEMHYIO CHJIy U3MEpsUId JAWHAMHUYECKHMMH BecaMH,
YCTaHOBJICHHBIMHM B pa0oueil 4acTH a’dpoAMHAMUYECKOW TpyObl. YCTaHOBHB Ha IMOABECKY paboueii yacTu
a’pOAMHAMHUYECKON TPYOBl MOZEIb, MPHUCTYNAIOT K W3MEPEHHUIO JTOOOBOTO COMPOTHBICHUS M MOABEMHOM
CWJIBI TIPH PA3HBIX CKOPOCTAX MOTOKa Bo3Ayxa. lIpm skcrepuMmeHTax MoJenb BETPOTYPOMHBI OOTEKanach
BO3YUTHBIM IOTOKOM Pa3IMYHBIX CKOpocTeil. Mozeas BeTpoTypOHHBI TapyCHOTO THITA OblIa YCTAHOBJICHA B
paboueii yactu aspoauHamuueckoit TpyOsl T—1-M. [IpyXuHHBIA TUHAMOMETpP ObLIT MPHUKPEIICH K IIKUBY
MozenH. C MOMOLIbIO MPYKUHHOTO JUHAMOMETpA U3MEPAIach CHla TATH.

YcnoBus mpoBeeHUS SKCIIEPUMEHTA:

1) ckopocTh Haberaroriero moroka 3—10 m/c;

2) auameTp OTKPBITON pabouelt yacTu a3poauHamMuyeckoil Tpyost 500 mMum;

3) nuametp d mxuBa 120 mm.

Ha pucynke 5 npencrapiieHa 3aBUCUMOCTh MOMEHTA CUJI TSATH OT CKOPOCTEN MOTOKa BETpa MpH pacio-
JIOKEHUU MOJETH BETPOTYPOHHBI P MPSIMOM HAaIlpaBJICHUH MOTOKA BeTpa (T.€. HABCTpedy IepeIHel YacTi
BETPOKOJIECA).

Ha pucynke 6 mpencrtaBieHa 3aBUCHMOCTh MOMEHTa CHJI TSITH OT CKOPOCTEHl TOTOKa BETpa IpH
PacTOI0KEHIH MOJIEIH BETPOABUTATENS MTPH MTPOTHUBOIIOIOKHOM HAINPABJIEHUH TIOTOKA BETPa OTHOCUTEIHHO
MOJIEJIN BETPOTYPOUHEI, T.€. C 3aJHEH YacTH BETPOKOJIeca.
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PucyHok 5. 3aBUCHMOCTh MOMEHTA CHJI TSITH PucyHok 6. 3aBUCHMOCTh MOMEHTA CHJI TSITH
oT CKOpOCTeﬁ TMOTOKaA BETpa NpU paCIlOJIOKEHUN oT CKOpOCTeﬁ TMOTOKa BETpa NpU PaCIIOJIOKECHUN
MOJ€CI BeTpOTyp6I/IHI)I IIpyu IpsAMOM HaIlpaBJICHUN MOJICIIN BeTpOTyp6I/IHI)I Ipyu IpOTHUBOIIOJIOKHOM
IIOTOKa BETpPa HarpaBJICHUU ITOTOKa BETpa

U3 pucyHKoB 5 1 6 BWIHO, YTO TPH MPSIMOM HAIpaBJICHHH NOTOKA BETPa HA BETPOTYPOMHY 3HAYECHUE
MOMEHTA CHJI TSTU BBIIE, YEM MPH MPOTUBOMIOIOKHOM. ITO OOBICHSICTCS TEM, UTO C3aJU BETPOJABHUTATEINS
pacmojoxkeHbl paboure 3JIEMEHTHI BEeTPOreHepaTopa: IIKUB, TEHEPATOpP, OIMOPHBIC CTEPKHH U T.J., KOTOPhIC
MEIIAIOT MOTOKY BETpa 00{yBaTh MapyCHbIE JIOMACTH MOJICIN M, TEM CaAMbIM, BPaIlIaTh €ro.

Ha pucynke 7 mokazaHa 3aBUCHMOCTb MOMEHTA CHJIBI TATH OT CKOPOCTH MOTOKA BETPA MPHU Pa3TUIHBIX
yriax aTaky MOTOKa BeTpa (MpW pa3IMyYHBIX yriaX PacIOiIOKCHHUS MOJCIU BETPOTYPOHMHBI OTHOCHUTEILHO
HaIpaBJICHUS TIOTOKA BETPA).

W3 nanHorO Tpaduka BHIHO, YTO C YBEIMYCHUEM CKOPOCTH IOTOKA BETpa pacTeT 3HAYeHHUE MOMEHTA
cunbl Tsru. Ha pucyHke 8 mpejcraBieH rpaduk 3aBUCMMOCTH MOMEHTA CHJIBI TSATH OT yrila aTaKd MOTOKa
BETpa IPU CKOPOCTH TOTOKA 5 M/c.

U3 rpaduka 8 BUIHO, YTO NPU YBEIWYCHUH YIiia aTaKd BO3AYIIHOTO MOTOKA YMEHBIIAETCS 3HAYCHHUE
MOMEHTA CHIIbI TATH.
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Pucynox 7. 3aBUCHMOCTH MOMEHTA CHJI TATH Pucynok 8. 3aBHCHMOCTD MOMEHTA CHII TSTH
OT CKOPOCTH ITIOTOKA BETpa MPH Pa3NUIHBIX yTIIaX OT yTJIa aTaK¥ MOTOKA BETPa MPHU CKOPOCTH
aTaky MOTOKa BETpa MOTOKa BeTpa 5 m/c

Jlanee wuccrneoBaHa 3aBUCHMOCTH JIOOOBOTO COMPOTHBICHUS MOJIENH BETPOTYPOHUHBI OT CKOPOCTH
BO3/IYIIIHOTO MOTOKA (CM. prC. 9) U OT yriia aTakd BO3YIIHOTO IMTOTOKA MPH MOCTOSHHBIX CKOPOCTSIX TOTOKA
Berpa 3 u 5 M/c (cm. puc. 10).
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PI/IcyHOK 9. 3aBHCUMOCTh CHJIBI T0O0BOIO COIMPOTUBJICHUSA MOJACIIN BeTpOTyp6I/IHI>I
OT CKOPOCTHU BO3AYIIHOT'O IMOTOKA
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Pucynok 10. 3aBUCUMOCTH CHITBI JJOOOBOTO COTPOTHUBIICHUS OT YIJIa aTaKH
BO3JIYIIHOTO MOTOKA MPU MOCTOSTHHOM CKOPOCTH MOTOKA BETpa

Kak BuanO U3 pucyHka 9, mpHu yBEIWYEHUU CKOPOCTHU BO3AYIIHOIO MOTOKA YBEITUYMBACTCS 3HAYCHUE
CWJIBI JIOOOBOTO COIPOTHBIICHUSI BETPOTYPOHMHBEI. DTO OOBSCHSACTCS TE€M, YTO MPU YBEIMYCHHH CKOPOCTH
BO3JIYITHOTO TIOTOKA YBEIMYMBACTCS HABJICHHE, MEHCTBYIONIEE HA MOBEPXHOCTh KapKaca, COCTOSIIETO W3
MapyCHBIX JIOMAcTe.

U3 pucynkal O BuAHO, YTO P YBETUYEHUH YIJIa aTaKd BO3AYLIHOTO MOTOKa 10 90° yMeHbIIaeTcs cuiia
nmoboBoro conporuBieHus. Jlamee Habmogaercs ero poct a0 180°. JlaHHYIO 3aBUCUMOCTH MOYKHO OOBSICHUTH
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TEM, YTO TIPU YBEIWYCHUHU YyIJIa aTakd MOTOKa BeTpa 10 90° yMeHbIIaeTcs oAb MUICICBOTO CCUCHUS
BETPOKOJIECA, COCTOSIIETO M3 MAapPyCHBIX TPEYroJbHBIX Jonacted. Ilpu mampHelmem yBenmmuenun mo 180°
MPOUCXOJIUT YBEIHICHHUE TUIONIAJIN MUJICIEBOTO CEUEHHS BETPOKOIeca.

Takum 00pazom, IPOBEACHBI SKCIIEPUMEHTAILHBIC UCCICIOBAHUS 3aBUCHMOCTH MOMEHTA CHJI TSTH Jia-
0OpaTOPHOTO MakeTa OT CKOPOCTH BO3AYIIHOTO MOTOKA, MPH Pa3IMYHBIX YIax aTakd, CHIIbI JOOOBOTO CO-
npoTHBIeHUs. B pesynbTrare Oblia pa3paboTaHa METOJMKA U3MEPEHHN a’pOJMHAMHYECKUX XapaKTEPHCTHK
BETPOTYPOMHEI MapyCHOTO TUMA, KOTOpas OyJeT MCIIOIh30BaHa B DKCIIEPUMEHTAX C BETPOTYPOMHOU peaib-
HBIX Pa3MEpPOB B SCTECTBEHHBIX yCNOBHsX. Pa3paboTaHHAas MOJEIh BETPOTYPOMHBI 32 CUET CaMOpPETYJIH-
pyemoii (opMbl TOBEPXHOCTH JIOMACTEH MO/ ISHCTBHEM MPSIMOTO TIOTOKA BETPa U PAIUaIbHOTO MTOTOKA NPH
BpalaTe’IbHOM JIBIKEHUH 00JaaeT ONTUMAIBHBIMEA a3pOJUHAMUYCCKUME XapakTepUcTHKaMu. BerpoTyp-
OWHAa B MOTOKE BETpa SIBJIACTCS CaMOOPTaHM30BAHHBIM YCTPOWCTBOM, 3()(PEKTUBHO MPEOOpas3yIOIUM SHEp-
THIO BETpa B SHEPTHIO BPalIaTelIbHOTO JABWKEHHS. [ MOKOCTh KOHCTPYKIIMH 00eCIIeYrBaeT MUHIUMAIbHOCTh
a’POJTMHAMUYECKUX COTPOTHBIICHHUH, a TAKXKE MPUBOJUT K POCTY KO3 dUIMeHTa ncronb3oBanus Betpa. Co-
XpaHseTcs paboToCroCOOHOCTh B IIMPOKOM JHAINa30He U3MEHEHUs HanpaBieHus BeTpa. [Ipu 3ToM m3meHe-
HUE HaNpaBJICHHUS BETpa Ha MPOTHBOIIOJIIOKHOE HE M3MCHSET HAIPaBICHUS BPAICHUS OCH BETPOTYPOUHBI.
DTO TaKXe MOJIOKUTEITLHBINA () (PEKT, MPUHOCATINN YA0OCTBO TPH SKCILTyaTaIHH.

Paboma evinonnena no 6roaxicemuoni npoepamme MOH PK 055 «Hayunas u/unu HayuHo-mexHu4eckast
dessmenvHocmyy, noonpoepamma 101 «I panmosoe punancuposarue HayuHbIX UCCIEO08AHULY.
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Berrik nimini ATMHAMUKANBIK 63repMeJii KaaaKImaiabl sKeJl TYPpOUHACHI
MO/ eJIiHIH A3POAMHAMHUKAJBIK CHIIATTAMAJIAPbIH 3€PTTEY

Makanaza GeTTIK MilliHI JUHAMHKAIBIK ©3repMeli Kalakiiaibl kel TypOHHACHIHBIH MOJEl YCHIHBUIFaH.
Berrik mimriHi JUHAMHUKANIBIK ©3repMelNi KalakKiaabl jKeJl TYpOMHACBIHBIH KYIITIK 3JEMEHTTepi YIIbI
KO3FajJMajbl YUIOYpBHINI JKENKeH TypiHae kacaimran. T—1-M  aspopuHaMHKalIbIK KyObIpa ke
TYpOMHACHIHBIH a’pOJAMHAMHUKAJIBIK CHIIATTAapbl aHbIKTaIFaH. JKeld TypOWHACHl MOJEINIHIH TapTy Kymri
MOMEHTIHIH XoHEe MaHJIAMIBIK Kelepri KYIIiHIH el aFbIHbI KbUIIAM/IBIFBIHAH TOYSNAITIKTepl KeNTipiireH.
XKen typbOunacsl MozeniHiH 3+5 M/c apanbIFbIHIarbl a3 JKeld IKbUIIAMIBIFBIHAA OSHEPrHs OHIipyre
KaOieTTiIiri KepceTiirex.

K .Kussaiynov, Zh.T.Kambarova, M.M.Turgunov, N.N.Omarov, G.A.Ranova

Research on aerodynamic characteristics of the wind turbine model
with dynamic varying shape surface blades

In this paper, the model of the wind turbine with dynamic varying shape surface blades is represented. Power
elements of the wind turbine blades with dynamic varying shape surface are designed as a flexible triangular
sails with movable end. Aerodynamic characteristics of wind turbine model in the aerodynamic tunnel
T-1-M are determined. Dependences of the moment of thrust forces and forces of aerodynamic drag of the
wind turbine model from velocity of wind at various angles of attack are shown. It is shown that the
developed wind turbine model is able to produce electrical energy at small the wind velocity of the order of
3+5 m/s.
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DJIEKTPMATHUTTIK KOTEPrilll KOHIBIPFBICHIH JKacay *KOJbIMEH
Tay-KeH MaccacblH TAChIMAJIAAy YIIiH SHePrusi YHeM/iey TeXHOJIOTUSACHIH eHri3y

2003-2015 sxbuimapaarsl Kazakcran PecmyOnukacel MHIYCTpUanabl-MHHOBALUSIIBIK, CTPATETHACHIHIA KOHE
2010-2014 xsunapaars! Kasakcran Pecmy6nukackl JaMybIHBIH HHYCTPHAIIBI-MHHOBAIUSUIIBIK (DOPCUPIICH-
TeH MEMJICKETTIK OarJapiaMachlH/ia €CKipreH TeXHOJOTHUS, TeXHHUKA JKOHE KYPBUIFBUIAPIBI COHFBI FHUIBIMU
JKOHE MHKEHEPIIiK JKeTICTIKTepMeH aHapTy Kypchl KapacTHIPhUIFaH. Tay-KeH MaccachlH TepeH TOPH30HTTap-
JIaH KaHa [IaXTaJbIK )KOHE KapbepIlik MalIMHAIAPChI3 THIMII alny MyMKiH emec. COHIBIKTaH jKaHa KOTEprill
KOHABIPFBUIAPIBI JKacay Tay-KeH MaccachlH KOTepYAiH THiMIi oxici Gonbin Tabbutansl. JKYMBICTBIH Herisri
UJISSIChI CKUITIH KOTEPY ’KOHE KO3FaJbIChI YIIIiH AIEKTPMArHUTTIK OpicTi Kosganyaa xatelp. Kazapri yakpirta
NaiiIaHbIaThIH KOTEPTill MalllnHAIApPMEH CaJbICThIPFaH/a, Oy KOTeprilll KOHABIPFBIHBIH )KYK KOTEPIMALTIr
apTHIK, aJl XXYMCAJIATHIH JIEKTP SHEPTHSACH a3.

Kinm coe30ep: Tay-KeH, MallInHaNap, IMEKTPMAarHATTIK Opic, KOTEpPrill, KOHIBIPFHI, YHEM/IEY TEXHOJIOTHSCHL.

CranuoHapIbIK KeTeprill KOHIABIPFEUIAPHI IIaXTa/laH HEMEeCce Kaphep/CH Malaalbl Ka30aiapabl Tackl-
Mainay Ti30eriHae MaHbBI3Ibl OYBIH OOJBINT Ta0bLIabl. bipak eTe ecKipreH, THIMJIUIIT TOMEH IIaXTalblK KO-
Teprill MallMHAJIAPBIH KOJIaHy aiaaisl Ka30alapbliHbIH ©31HIIK KYHBIHBIH OipHEIIe peT oCyiHe ajbll Kel-
o [1].

Kenimrep, maxrangap MeH KapbepiepIiH KYMbIC THIMILTIr KebiHece KepacThl KeJiriHiH XKoHe KeTep-
Tl KOHABIPFBUIAPBIHBIH CEHIMJII KYMBICBIMEH aHBIKTAJIA/IBI, OJlap apKbUIbI Maiaiel Kaz0amap jKOFapbiFa
NIBIFAPBIIAIBI, KYPBUIFbIIAP MEH MaTepUaIapIbIH KETKI31Tyi Ky3ere acajpl.

Kasipri ke3zne Tay-KeH eHIipy ©HEPKaciOiHe Tay-KeH MaccachlH TachMalay apKaH apKbUIbl KOTEeprill
KOHJIBIPFBICKIMEH KY3€re acajbl, 07 KOTEprilll MaIlllMHACBIHAH, KOTEPTIlll TYTiKIIe (CKHIT) XKalFaHFaH apKaH-
HaH TypaJbl, CKHIT JIHICKTEe OaFbITTaJFaH OTKI3TIII apKbUIbl Ko3ranasl [2]. XKorapsl eHIM/I apKaH apKbLIbI
KOTEPTilll KOHIBIPFHIIAPEI MCH YJIKEH ChIMBIMABUIBIKTBI CKANITAP/IbI KOJNAAHBICKA CHTI3e OacTaraHHAH KeHiH
KOTEpPTill KeIEeHHIH IEMEHTTEPiHIH CEHIMIUIIT MEH KOJJaHy Y3aKThIFbl TOMEHAECI1, ajl KeTeprim TyTiKIIe-
HiH OTKI3yIIl )KoHE OaFbITTayIIbl KYPBUIFBUIAPEI KAPKBIHIBI TYpAe MEXaHUKAIBIK ecKipyne. Kerepynin 6acka
AIIEMEHTTEPIMEH JIe araT JKarFaaiiap jKuiIen KeTTi, 07 JHHAMHUKAIBIK )KYKTEeMEHIH )KOFaphl JeHreiliMeH TY-
cingipineni. OchllaH KOTEPTill KENICHHIH AJIEMEHTTEPIiH TEXHUKAIBIK KBI3MET KOPCETY MCH JKOH/ICYTe KeTe-
TiH MaTePUANJIBIK KOHE €HOCK IIBIFBIHBI KYPT OCEII.

[laxTanmapaad Tay-K€H MaccalapblH KOTEpYyre KaKeTTl IIbIFBIHHBIH Y3IIKCI3 ocyiHe OaillaHbICThI, Maiiia-
TBI Kaz0anap/plH ©31HIiK KyHbI apTanbl. COHBIMEH Karap TEpeH IIaxTajap/ia apKaH apKbUIbl KOTeprilll KOH-
JBIPFBUTAPABI KOJAaHy MYMKIHIIUIII IIEKTeNreH, o, OlpiHmiaeH, 6onaT apkaHaapAblH OCpIKTLIIrIMEH KoHe
TEXHHUKABIK, SKCILTyaTAlUSIBIK KOHE SKOHOMHKAJIBIK CUITATTaAMAaIapPbIHBIH KEMIIUTIKTEPIMEH TYCIHAIPiIEII.

Kapbepnepae ne TpaHCHOPTTHIH ONETTEr1 Typiepi (TeMipkoJji, KOHBeHep, aBTOMOOWIIb JKOHE apKaH]IbI
CKHUI) TepeH OpbIHAApAaH Tay-KeH MacCachlH KOTEpPY MACEJECIH KONTereH TEXHHUKAJIBIK, YKOHOMHUKAIIBIK,
TEXHOJIOTHSITBIK JKOHE YHBIMIACTRIPY cebenTepine OaliaHbICThl 5KOHOMHUKA TYPFBICBIHAH, SSFHU Tay-KeH Mac-
CachlH TachIMaNIAAayIblH 631K KYHbIH TOMEHICTY/I1, THIM/I IICIIyre MYMKIHIIK OepMeiii.
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Bepinren mMoceneHi mmienry IeKTPMAarHUTTIK KOTEPTilll KOHIBIPFBIHBI KYPYyFa ajbIll KeJle i, OHBIH KeMe-
riMEeH aca YJIKeH Maccaliapibl TPAHCIIOPTTAY MYMKIH, SIFHH O€pireH TEXHOJOTHIAPMEH CAIBICThIPFaHIa
SHEPTEeTUKAIIBIK pecypcTap a3 xymcanansr [3—5].

DOJEeKTPMAarHUTTIK KOTEPrill KOHABIPFBIHBIH JKYMBIC iCTEY MPHHLUII MAarHUTTIK JIEBUTAUMs KYOBLIbI-
CBhIH/IA Heri3nenreH. JJyHue y3iHjie Tay-KeH MaccaHbl TachIMaay YIIiH MarHUTTIK JIEBUTAIMS KOJIAHBLI-
MaraH, COHJIBIKTaH OYJT KOHJILIPFBIHBI ’KacayMeH Oipre TachIMalay IbIH jKaHa HHHOBAIHSIIBIK TEXHOJIOTHSICHI
Tay-KeH eHepKaciOiMeH Karap 06acka J1a cajanapra eHrisinesi (MbICalbl, KYPBUIBICTA).

MarHuTTiH TeXHUKAIBIK KOJJAHBIC TA0YBIHBIH ceOeOi OHBIH METAT 3aTTAp/Ibl TAPTY MEH yCTal TYPY
KabOuTeTiHe HeTi3IeNTeH. bysl KomaHeicTa 3JIEKTPMarHuTTep, TYPAKThI MarHUTTEpre KaparaHma, YJIKeH ap-
TBHIKIIBUIBIKTapFa ue, ce0e0i IeKTPMArHuT OpaMbIHAarbl TOK KYIIIHIH ©3repyi OHBIH KOTEPrill KYIIiH peT-
Teyre MYMKiHIIK Oepeni. MarHUTTIH MeTajAbl TapTy KYIIi MarHuT MEH METayl apakKalllbIKTHIFBl apTKaH
CaifbIH KYPT a3asyibl. MarHuTTIH KOTepy KYIII Jel MarHUTTiH OFaH jKaKbIH OpPHAIACKAH METAJ/IbI YCTaIl TYPY
KYIIIiH alTaMbl3, SFHA MAarHUTTiH KOTepy KyIlli MarHUTTCH OFaH TapTHUIBIN TYPFaH Ta3a JKYMCaK TeMip/i
XbIpaTyFa KeTeTiH KYLIKe TeH [0].

Aca yJIKeH KeTepy/iH KYIITIK 3JCKTPMAarHUTTep TEXHUKAAA dp TYpJi MaKcaTTa KOJJaHbLIaabl. Mbica-
JIBI, DJIEKTPMATHHUTTIK KOTEPY KpaHbIH METAILTYPrHsUIbIK, METAIUT OHJCYII 3aybITTapia, TEMip JIOMIApAbI
MOPTTa JAalbIH OHIMIEPTe aybICTRIPYAa KOJIAAHBLIA b

Mertasn eHzeyIl 3aybITTap/a COHBIMEH KaTap MAarHUTTIK YCTeaepi 6ap CTaHOKTap MailiaiaHbUIajb,
OFaH METaJll 3aTTap KYILITIK 3JIEKTPOMArHUTTIH TapThUTYbIMEH OeKiTiiedi. YCTenae MeTalll 3aTThl Ke3 Kell-
I'eH JKaFJaina OeKiTy YIIH OHBI TOKKAa KOCY KE€PEK, aj OHbI 00caTy VIIIH TOKTaH a)KbIpaTaMbl3. MarHuTTiK
MaTepuaniap/Ibl MarHUTTIK €eMeC MaTepHuaiapaan 0eiry Ke3iHze, MBICAIBI, TEMip KEHIIEpiH 00C KEeHAEPACH
Oein any Ke3iHAEe MArHUTTIK ceraparopijap KOJAaHbUIAIbl, MYH/Ia Ta3aJlaHAThIH MaTepHal OfaH OapIIbIK
MarHUATTIK OOJIIIEKTEePAl TAPTHII AJIaThIH IEKTPOMArHUTTEP/IH KYIITIK MarHuT epici apkbuibl eTei. COHFBI
JKBUIIAPHl TOJFOCTEPIHIH ayJaHbl YIKCH KyaTThl 3JEKTPMATHUTTEP YACTKIIITEp/i KYpacThIpyna, SFHH,
ANIEKTPIIIK 3apsTaFaH OeJIIeKTep — AJISKTPOHAAP MEH MPOTOHIAp — aca YJKCH JKbUIIaMIBIKIICH KO3Fa-
JIBICKA TYCETIH, COUKECIHINE MBIH, MUJUTHOH, MUAJUTHAP/T 3JICKTPOHBOIIBT DHEPTUSFA Ue OOJAaThIH apHANbI KY-
PBUIFBLIAP KaHA ’KOHE MAaHbBI3MIbI KOJaHbicKa ue [7—-10].

2009 >xpuBl peceitntik FansiMaap «V»-Typaeri MarHUTTIK KeTepyi 0ap MarHUTTIK JICBUTALMs HETi3iHIe-
Il KOHBeHepai YChIHABL. byl KOHBelep Tay-KeH OHEPKACII TPaHCIIOPTTAPbIHAa MHHOBALIMS OOJIBINT TaObLIA b
JKoHE OYI'iHTI KYHI€ JCHiH curaTTaMmachl OokblHIIAa aHaorsl koK. AKIII-ra koHBeWepi JICHTaHbIH TYPaKThI
MarHuTTiK ketepyi 6ap (US 7,422,100 B2) narent Gepinren [11].

Kasipri yakpITTa MarHuTTIK JICBUTALIMS HETI31HACTI moib3aap 0ap, onap 400500 km/car KbUIAaMIbIK-
Ka ue 0oJa anaabl. DIeKTPMArHUTTIK KOTEPrill KOHABIPFbUIAPBIHBIH HEri31 PETIH/E OChI MOMBI3AapbIH Mar-
HUTTIK JIEBUTALUS HETi31HAET1 )KYMBIC icTey MPUHIMITIH anaMbi3. Kasipri yakeITTa MOHbI3AapAblH MarHUTTIK
KOTepyiHiH 3 Heri3ri TeXHoIoruscs 0ap: 1) aca KOFapFbl ©TKI3TIIITI MATHUTTEP] Oap (3MEKTPOJMHAMHUKAIIBIK
KeTepyi); 2) aIeKTpMarHuTTepi 6ap (IEKTPMAarHUTTIK KOTepyi); 3) TYpaKThl MarHUTTEPI Oap; OyJI JKaHa HKa-
HE a3 IIBIFBIHABI JKYiie. [10MbI3 MarHUTTEP/IIH aTTac MOJIOCTEPIHIH TEOLIyl KoHE, KepiCiHile, dp aTTac Io-
JFOCTEPiHIH TapThUTYbl HETI3iH/E JIeBUTAlMsIaHa bl Ko3Falbic molbi3a HeMece JKoaa, HeMece €Ki JKaKra
OpHAJIACKAaH ChI3BIKTHI KO3FANTKBIII apKbUIBI JKy3ere acaibl. bi3 KeTeprim KOHJBIPFBIHBI KYpacThIpFaHa
AIIEKTPOMATHUTTEPAl KoJmaHaMbi3. [1oibI3b1 skobanay OapbIChIH/IA €H YJIKEH Mocesie OOJNBIN KyaTThl Mar-
HUTTEPIiH YJKEH calMarbl TaObuiaabl, ce0e0i MacCHBTI MOWBI3ABI ayaja yCTan TYPY YIIiH KYIUTI MarHUT
opici kaxeT. Tay-KeH MaccachlH TaChIMAAy YIIIH YJIKEH KbUIAAM/IBIKTBIH KKET OONMaybIHAH OHE JKYT1
0ap CKUITHIH Maccachl MMOMBI3 MaccachblHa KaparaHaa a3 0ojiybiHa OaitaHbICThI KYKTI 10—20 M/C KbLgaM-
JBIKIICH TachIMaiZiayFa MYMKIHAIK OCpeTiH TYpaKThl DJIEKTPMArHUTTI KYHe KYpacThIpyFa OOmajbl, O Tay-
KCH JKOHE KYPBUIBIC OHEPKACIITEPIHIC TaChIMAIIay KXKETTUTINH KaHaraTTaHabIpaas! [6; 12].

Kazipri ke3me MarHuTTI JICBUTALIUSAFA HETI3IEINeH JIEKTPMArHUTTIK KOTEPIrilll KOHABIPFLICHIH jk00aay
MEH ecenTey Ke3iHe KOJJaHAThIH KOKETTI JKaIbUIAaHFaH TEOPUSUIBIK JKOHE TOKIPHOEIIK 3epTTeyIIep KOK.

Y CBIHBUIBINT OTBIPFAH TEXHOJIOTHSIHBIH HETi3i OOJBIN CKHUITHIH apKaHCHI3 KOTEPLTyl MEH KO3FallyblHA
3JIEKTPMArHUTTIK OPIC KYILIH (MArHUTTI JIEBUTALIMS ) KOJIIaHy OOJIbII TaObLIaIbI.

DJICKTPMAarHUTTI KOTEPrilll KOHABIPFBI KOTEPIIIl TYTIKIICACH (CKHUIT), 3JCKTPMarHUTTEpAcH (HeMece Ty-
paKThl MarHUTTEP) JKOHE OaFbITTAYLIBI OTKI3rIITEpACH TYpabl [13]. DIeKTpMarHuTTIK ©3apa acepiecy Ky-
1l 9cepiHeH TyTikie Ko3ranaabl. CKUM MeH OarbITTayIIbl KOHBIPFBIHBIH apachlHIa CaHblIay OOJFaHIIbIK-
TaH, YHKeIic 00aMai Ibl, TEK TEXKEYII KYI OOJIbIN a3pOAMHAMUKAJIBIK KeIepri FaHa TaObLIaIbl.
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Kaszipri Tagmarsl 6acka KeTEprill MalliHaIapra KaparaHa OyJ1 KOHIBIPFBI 3JCKTP SHEPrHsIChl MeH Oac-
Ka SHEPreTUKAIBIK PeCypCTap/IbIH a3 IMIBIFBIHBI KEe3iHJIe YIIKCH JKYK KOTEpPrilll KACUETIHe Ue, COHABIKTaH Oyl
TachIMaIIay TEXHOJOTHSHBI SHEPTUsl YHEMJISYIII TEXHOIOTHSIIAD KaTapbhlHA )KATKbI3YFa O0a/IbI.

Y CHIHBUIBIT OTHIPFAH 3JICKTPMArHUTTIK KOTEPTIlll KOHIBIPFBICHIHBIH KYPBUIBIMBI 1—4 cypeTTepae kepce-
TinreH. KOHIBIPFBIHBIH HETI3ri 3JeMeHTi OarbiTTaymibl oTkisrimTep (1), ckun (2), sanekrpmaraurrep (3, 4).
KoHIBIpFEI €Ki HYCKa/Ia JKy3ere acajbl:

1. Ckun mwimHap ¢opmaceinaa sxkacanradH (1, 2-cyp.). Ym Oarbitraymsl eTkisrim (1) Oip-Oipine
120 rpaxyc OypbIlieH opHanackaH. barpITTayIbl ©TKI3TINITIH Y3bIHBFBl OOMBIHIIIA OHTYCTIK ITOJIFOCI MEH
(S) (3) contycrik momoci (N) (4) ke3ekrece opHallaCKaH dJieKTpMaruutTepi (3, 4) oap.

a 0

a — 2JEKTPMarHUTTep CKUNTHIH OMIKTIr OOWBIHIIA OpHAJIACKAH; O — 3JIEKTPMAarHUTTEp CKUITHIH
TOMEHT'1 J)KOHE XOFap¥hl OeJIirinae opHanackaH; / — OaFbITTaylIbl OTKI3TIIITEP; 2 — CKHII;
3 — oHTYCTIK MmoJtocTi (S) 31eKTpMarHut; 4 — conTycTik nosocti (N) 2JIeKTpMaruuT

1-cypet. ®opmachl HUIMHAPIIBI CKHUITBI 0ap JIEKTPMArHUTTIK KOTEPTill KOHIBIPFBI
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1 — GarpITTayIIBl OTKI3TIITEpP; 2 — CKUIM; 3 — OHTYCTIK MOMIOCTI (S) 3JIEKTpMarHur;
4 — contycrik nomocti (N) 3JeKTpOMarHuT

2-cypet. @opMacs! IITHHAPIII CKUITBI 0ap ANIEKTPMArHATTIK KOTEPTill KOHIBIPFBIHBIH CHI30aChI
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Ckunra OHTYCTIK moiroci (S) MeH conrtyctik momroci (N) Ke3eKTECKEH 3JISKTpMarHuTTep (Hemece
TYpaKThl MarHutTep) opHaynackaH (3, 4). CKumTarbl 3JCSKTPOMArHUTTEP CaHbl CKHUIITHIH OapJbIK OHIKTIr
OoribiHINa (1a, 2a-cyp.) HEMECE CKHMITBIH XKOFaprbl )KoHE TOMEHT1 OeJIirinae 6oaysl MyMkiH (16, 26-cyp.).

DJeKTPMAarHUTTep KeNeci Typ/e OpHATACKaH, SIFHU OTKI3TIIITErl KOHEe CKUITAFbI 3JICKTPMAarHUTTIH ap
aTTac MMOJIIOCTEP] TAPThUIFAH 1A, aTTac MojrocTepi Tebineni. OchblaaH CKUI KO3raabicka KenTipiaeai. CKUNTHIH
KO3FaJIbIC KbUIIaMIBIFbl KOPEKTEHY KEPHEYiHe OaiaHBICThI 3JICKTPMATHUTTIH 3JCKTPMArHUTTIK KYIIIMEH
perteneni. barpirraymisl etkizrimtepain 120 rpamyc OYpHINITICH OpHATACYBI CKUMTHIH KO3FAJIBICHIH OpTara
KeJTipyre MYMKiHZIK Oepeni.

2. Ckun napajuienenumnes popMacbiaa kepceriires (3, 4-cyp.).

a 9]

@ — DJEKTPMarHUTTEep CKUNTHIH OWIKTIri OOHBIHIIIA OpHAJIACKAH; 6 — 3JIEKTPMArHUTTEP CKHUIITHIH
TOMEHT JKOHE JKOFap¥bl OeJIiriHAe OpHallacKaH; / — OarbITTayIIbl OTKI3rimrTep; 2 — CKUIl;
3 — OHTYCTIK MOMOCTi (S) 3NMEKTPMArHUT; 4 — CONTYCTIK MOMIOCTi (N) 2JIEKTpMarHuT

3—cypeT. CDOpMaCI)I napaJuICJICIIUIIC ] CKUIIbL 6ap 3J'IeKTpMaFHI/ITTiK KeTeprim KOHABIPYBI

A-A

I ] 0 M [ ] [

] i 1 (0 |
] [ 1 ] !

i i i f

i i 1 [

] f I d 2
i i i f

] i 2 ] [

] i i [ 3
il 10 3 I H _
i 1] I [ 4
il il 4 L !

fi i i I

= =
T (0 1] i AT (i il T

=)

[

1 — GarpITTaymIBl OTKI3TIITEpP; 2 — CKUIM; 3 — OHTYCTIK MOMIOCTI (S) 3JIeKTpMarHur;
4 — conrycrik moiocTi (N) aneKTpMarHuT

4-cypet. @opmMack! mapasiesIenuIe]] CKAITBI 0ap 3JIeKTPMarHATTIK KOTEPrill KOHABIPFBIHBIH CHI30aChl

TepT OarbITTayIIBl OTKICIIITEP CKUNTHIH OYHIp jKa3bIKTHIKTAPBIHBIH IICHTPIHE KATHICTHI OpPHAJacKaH.
BarpITTanFan eTKi3rimTepAiH Y3bIHIBIFEI OOMBIHIIA OHTYCTIK TONoc (S) (3) skone contyctik momtoci (N) (4)
Ke3eKTeNreH snekrpmaraurrep (3, 4) opnanackad. Ckunra oHTYCTIK nomtoci (S) MeH contycTik nomroci (N)
KE3EKTECKEH JJICKTPMarHuTTep (HEMece TYPaKThl MarHuTTep) opHanackad (3, 4). CKunTarsl 3JIeKTPMardHuT-
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TEp CaHbl CKHUIITHIH OapibIK OWiKTiri OoiiprHma (3a, 4a-cyp.) HEMeCce CKUNITHIH YKOFapFhI )KOHE TOMEHT1 Oei-
ringe 6omysl MyMKiH (30, 46-cy.).

DJICKTPMAarHUTTEp KeJIeCl TYP/Ae OpHANIACKaH, SFHU OTKI3TIIITEr1 KOHE CKHUITAFrbl 3JICKTPMArHUTTIH dp
aTTac MOJIOCTEPI TApTHUIFAH/IA, aTTac MoJocTepi Tedinei. OchlaH CKUN KO3FalbICKa KenTipinei. CKUMTHIH
KO3FaJIbIC KBUIJIAMJIBIFBl KOPEKTEHY KepHeyiHe OalIaHBICTBI AJIEKTPMArHUTTIH 3JCKTPMArHUTTIK KYIIiMEH
perreneni. barprrraymisl eTkisrimTepain 120 rpaxyc OYphINITIEH OpHANIACYBI CKUNTHIH KO3FAIBICHIH OpTaFa
KeJTipyre MYMKiHAIK Oepeni.

HapbIkTbIH mapTel GOHBIHIIA MEMIIEKETTIH 0ocekere KalbileTTi SKOHOMUKACHIH KypacThIpy OapbIChIHIA
Tay-KeH MaccachlH TachIMallAay/blH ©31HIIK KYHBIH a3aliTy Maceleci, SFHU naiaajisl Ka30amapablH e31HIiK
KYHBIH a3aiiTy, Tek Kazakcranyja raHa emec, 0apIibIK oJieMJIe MaHbI3bl OOJIBIIT TAOBLIAIHI.

DNEKTPMAarHUTTI KOHIBIPFBIHBI KYPACTBIPY TEPEH OpHATIACKaH JKepIiepeH Nainanel Ka30amapapl ay-
JIbIH KOFapFbl OHIMIUIIT MEH S9KOHOMHKAJIBIK THIMALIIK MOCEIECIH MIeIyTre MyMKIHIIK Oepe/i.

[Matiganel Ka30agapAsl OHIIPY JKOHE OHICY OHEPKACINTEPl a3 SHEPrus LILIFBIHAAY €CeOiHEH Tay-KeH
MaccachlH TachIMaJaybl MOACPHU3ALUSIIAY b, )KOFAPFBI OHIMIUTIKTI, )KbULAAMIBIKTHI, OCPIKTLIIKTI, Kayir-
CI3IIKTI KAMTaMachl3 €Ty KAKET eTel.

Tay-KkeH MaccachlH TachIMJIIAy YIIiH SHEPTUsl YHEMJICYIII TEXHOIOTUSCHIH KYPACThIPY Tay-KeH OHIIPY
OHEPKACIOIHIH JaMyblHA, OHBIH JKaHA JCHreire ketepinyine, Ka3akCTaHHBIH iIIKi HAPBIFBIHAA J1a, QIEMIIK
HapbIKTa 12 6aceKkere KaOileTTi eHIM almyFa CEeNTiriH TUTi3emi.

Maxkana Kazaxcman Pecnybnukacvinwiy Binim sicone vliblm MUHUCTPIIZTHIY 2PAHM OOUbIHUA KAPICI-
JAHOBIPY AACHIHOA OPLIHOANRAH 3epmmey HamuoicecCiniy Hezizinde «llatioansl Kazdarapovl 6HOey MmexHono-
2UACHLY OACHIMOBLIBIZLL OOUBIHULA « DNEKMPOMASHUMMIE KOmep2il KOHOBIPRLICHIH HCACAY HCONbIMEH MAY-KeH
Maccacwin anyobly SHepeus YHeMOey MeXHOI0SUACHIHbIY OHOCLYI JCIHE HCAHAPMBLILYbLY MAKLIPbLOLIHOA JHCa-
3bLIAH.
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BHuenpenue s3Heprocoeperaonieil TeXHOJOTHN TPAHCIIOPTHPOBKH TOPHOH MacCChI
IyTeM CO3JaHUA 3JIeKTPOMATHUTHOM MOJAbEMHOM YCTAHOBKH

B crarbe ormeueHo, uTo B CTpareruu MHIYCTPHAIbHO-MHHOBALMOHHOTO pa3BuTus PecrnyOinku Kasaxcran
Ha 2003-2015 romet u B TocymapcTBeHHOW mporpamme mo (OpCHpPOBAaHHOMY HHIYCTpPHANIbHO-HHHOBA-
noHHOMY pa3Butuio PecnyOnmuku Kaszaxcran na 2010-2014 roasl mpeaycMOTpeH Kypc Ha OOHOBIIEHHE
yCTapeBIINX TEXHOJIOTHH, TEXHUKH M 000PYZOBaHHS C YUSTOM ITOCIEAHUX HAYYHBIX M WHKEHEPHBIX JOCTH-
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JKEHHH. ABTOPBI OIPEIEISIOT, YTO PElIeHHe MPOOIeMBbl TPAHCIIOPTUPOBAHUS TOPHOM MacChl U3 TTyOOKUX To-
PH30HTOB HEBO3MOXKHO 0€3 CO3/1aHMs HOBO LIAXTHOH M KapbepHOW MOABEMHOM MaluHbI AJ1s1 6onee ahdek-
THBHOTO CTIoco0a MoabeMa ropHoit Macchl. Viest aBTOpoB paboThl 3aK/TI09AETCsl B MPUMEHEHUH AT MOJbeMa
U JIBUOKCHHM CKHIIa CHJIY 3JEKTPOMAarHUTHOIrO MoJi. B oTnnyme OT CymecTBYIOIIMX HOJBbEMHBIX MAallMH,
ycTaHOBKa 001anaeT OoJbIIel Ipy30M0/beMHOCTEIO TP MEHBIINX 3aTPaTax JIEeKTPOIHEPTHH.

B.A.Zhautikov, A.A.Aikeyeva, F.B.Zhautikov, P.A.Mukhtarova

The introduction of energy-saving technology for transporting rock mass
by creation electromagnetic hoisting installation

In light of the Strategy of Industrial and Innovation Development of Kazakhstan for 2003-2015 and the State
program for accelerated industrial-innovative development of Kazakhstan for 2010-2014 years, which pro-
vides a course to upgrade outdated technology, machinery and equipment with the latest scientific and engi-
neering achievements. The decision of problem of transportation of rock from the deep levels is impossible
without the creation of a new mine and quarry hoisting machine for more efficient ways for lifting the rock
mass. The idea of the given work is to use the power of an electromagnetic field (magnetic levitation) for lift-
ing and moving the skip. In contrast to existing hosting machines, the installation has a greater capacity at
lower cost electricity.
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Theoretical aspects of dynamic weighings

The paper discusses the theoretical aspects of the dynamic weighing by the conveyor scales. In the framework
of the statistical equilibrium thermodynamics we obtain a formula that relates the parameters of the measur-
ing system, the characteristics of the cargo and movement of the conveyor. Conditions are obtained for opti-
mization of dynamic weighing. Considered the problem of weighing the particulate material. It is shown that
the error in measuring the weight of the material proportional to the square of its porosity. The problems of
thermodynamic constraints on the process of dynamic weighing are considered. It is shown that the energy
cost information can not be arbitrarily small, even for arbitrarily large time (or bandwidth). The principal pos-
sibility of excluding the majority of the factors affecting the accuracy of the information-measuring systems
for weighing on conveyors is shown.

Key words. thermodynamics, dynamic weighing, measuring system, scales, the conveyor, porosity, entropy,
accuracy of measurement

Introduction

Currently in development, research and application of systems of measuring the weight of the material
and its dosing has been a lot of design, engineering and industrial organizations [1, 2]. However, the neces-
sary theory and techniques of engineering calculations are not well developed, and the fragmentation of in-
formation makes it difficult to choose the best solutions.

Static weighing of materials has reached a considerable accuracy and hardware implementation, while
the dynamic weighing is still far from perfect. The reason for the latter is the large number of factors that
affect in varying degrees, the measurement value of the dynamic weighing. Dynamic weighing is most often
used when moving material on the conveyors. At present time scales of various modifications, such as over-
head, LTM, etc. These scales are designed for continuous weighing of bulk materials transported by station-
ary conveyor belts. These meters have a number of significant weight disadvantages of a mechanical lever-
weight systems. They are sensitive to shock and overload, pollution prisms, pillows, racks, gears and other
components that are used to measure movement of the lever and the transmission systems to the transmitter.
This also applies to the balance -spring measuring unit. If the weight of such systems being used under the
weight portion of the weighing belt pulley, then turn it affects the accuracy of dosing.

Should be considered more sophisticated weight gauges that have weighing platform or roller bearing is
fixedly mounted, and the weight is perceived tough weight sensor. Integral strain gauge weighing conveyor
with continuous electronic strain-gauge produce at present in many countries of the world.

In this paper, we examine some of the fundamental aspects of dynamic weighing.

Thermodynamic aspects of dynamic weighing

The theory of measurements, as well as any physical theory, consists of two parts supplementing each
other: principles of measurements of physical sizes; the laws connecting results with a condition of object
and laws of change of a condition of object in the course of measurement [3—6].

Any measurement assumes interaction of investigated system with other physical system named the
measuring device. Result of measurement, namely, result of interaction of the device with object of research
is the information on properties of object.

Everyone (artificial or natural) system of co-operating objects can be considered as information system.
Any part of set of co-operating objects (in particular, and one of objects) can be studied for the purpose of
extraction of the information on other part of this set (in particular, about other separate object) as interaction
provides conformity of conditions, i.e. reflexion, the information maintenance.

Any measurement — is irreversible, i.e. loss of a part of the information takes place. A measure of a
missing part of the information is entropy.

Let's consider the conveyor with cargo in weight m on unit of its length, moving with a speed v, and
with the strain gauge as the measuring device. The strain gauge we will consider as a subsystem of
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noninteracting particles or a subsystem of the elementary raised conditions (ERC), connected to the thermo-
stat (conveyor) at temperature T.If the subsystem with the thermostat exchanges only energy the ensemble of
particles corresponding to it will be initial. The quantum transitions caused by interaction ERC with the
thermostat, will be dissipative (with probability P) unlike interaction with an external field (with probabil-
ity F). Dissipative processes lead to that a secondary field (the system response) always less primary, causing
occurrence ERC (i.c. a signal).

For function of the response of the device in the course of its interaction with object we receive the
formula [7] which, in is considered a case, looks like:

..... N, (1)

n

where AS — entropy change in dissipative process (in the course of measurement); T — relaxation time (time
of operation of the device); T, — time of interaction of the conveyor with the device; £ — full energy of the
thermostat (the conveyor with cargo); G° — Gibb’s energy of the thermostat; N — number ERC; T — tem-
perature; k — Bolzman's constant. Size k’N/t, = const.

Change of entropy of object in inverse proportion to quantity Al information on it [8], i.e.:

klIn2
AS = , 2
Iv; 2

where kln2 — a power equivalent of the information.
Then for response function we will receive expression:

tTE
n=C- .

0

Al 3)

where C = const. Limiting value 1 = 1 and for this case it is had:
GO
C - > ,
tT(mv” / 2+ mgh)

where C,= 1/C, and F it is equal to the sum of kinetic and potential energy of the conveyor.

The quantity of the information A/ is proportional to size of a signal from the strain gauge. Thus, indica-
tions of the measuring device depend on properties of cargo through G, its temperatures and from
parametres of movement of a conveyor tape in its speed v.

The Gibb’s energy G° defines heterogeneity of environment, i.e. cargo, and in the elementary case is
given by expression [9]:

Al =

(4)

G’ =X,G'+X,G) +..= ). X,G, )
i=1

where X; — quantity i — that cargo components.

In case of change of structure of cargo on the conveyor, for example at the ore transportation, the arriv-
ing information will change proportionally AG’. At the big speed of movement of the conveyor the infor-
mation size will decrease according to (4) and can lead to the big size of an error of measurement. In the
same result results also big time of operation of the gauge and measuring system as a whole.

Parity performance will be a condition of optimum weighing on conveyor scales:

AG’ / tomT — max. (6)

As shown us in work [10], size G° is proportional to channel capacity of information-measuring system

or a memory size of used processor . Expression will be definitive a condition of optimisation of process of
dynamic weighing on conveyor scales:

W /tomT — max. @)

Porosity and consolidation of particles of cargo

Porosity of a material of cargo on the conveyor leads to an error in weight definition. We will result
some characteristics of porous materials necessary for us at the further theoretical analysis of dynamic
weighing. The detailed statement of the mentioned questions can be found in works [11-13]. In the same
place the extensive bibliography is given.

Porosity P of a layer or briquette is equal shares from the general space, expressed in percentage which
is not occupied by a granular material. Volume (or seeming) the density is equal to weight of particles in unit
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of volume of a layer. The seeming volume ¥, is equal to the volume of a layer occupied in individual true
volume of particles. The consolidation factor is equal parts (share) of full volume of the layer, V, occupied

with a granular material ¥, , i.e. is equal to the relation V, / V. . The porosity factor (or relative porosity) is
equal 1=V, /V,.

Theoretically, in a layer consisting of one-dimensional spherical particles, the average size of a time
will be equal to the size of the empty space formed at a single-layered chess arrangement of three spheres.
Porous radius:

r=0,154R , ®)
where » — porous radius; R — particle radius.

Theoretical consolidation (packing) of spherical particles can be established proceeding from the same
geometrical reasons which are used for definition of packing of ions in a crystal lattice. Data for five kinds of
packing of one-dimensional spherical particles are resulted in table. It is necessary to mention, that irrespec-
tive of a packing kind, total porosity does not depend on diameter of particles. From table it is visible, that at
spherical one-dimensional particles porosity and coordination number are closely interconnected.

Table
Regular packing of one-dimensional spherical particles
Packing kind Volume of porous Coordination number
Cubic 47,64 6
Single chess 39,55 8
Double chess 30,16 10
Pyramidal 25,95 12
Tetraedrical 25,95 12

As follows from the table, this interrelation really exists only at the ordered packing. There is a possibil-
ity of achievement of some intermediate value of porosity between any two nearest kinds of packing by a
correct arrangement of particles without change of coordination number. For example, when the coordination
number is equal six (as in case of the ordered cubic packing), can vary porosity of a layer from 47,6 to
39,5 %. Thus, correlation between coordination number and porosity appears not so rigid as it is usually con-
sidered to be.

Packing (consolidation) of one-dimensional spherical particles does not allow to receive absolutely
nonporous a layer, the minimum porosity in such system, caused by packing, there can be not more low ap-
proximately 26 %. Cargo on the conveyor can have distribution on the sizes of particles and a time in enough
wide area. However in technological processes aspire to make a cargo stream more homogeneous, applying
crushing, then a sieve and other adaptations. Special value in the sizes has distribution of particles at dispens-
ing of granular materials [14].

Here we will consider model of consolidation of particles of cargo, partially using the approach stated
by us in work [15].

Let's consider the sample with number of particles m. Let distance between particles equally and equal-
ly R. We will describe round each particle 0 sphere in radius R. Let the density of number of particles is
equal in this sphere n, then (r) that the nearest particle is on distance » from a particle 0, it is easy to receive
probability W, from the classical statistical physics and it is equal:

W, (r) = 4mn,r’ exp[-4nn,r’ / 3]. 9)
The probability of finding N, of particles r is equal in a zone of a particle in 0 radius, obviously,
No
Wy, ()= HWk (r)= (471710)N"1”3N0 exp[—4TcN0nOr3 /3]. (10)
k=1
Probability (10) we will define on the other hand as the relation of number of particles N, in a zone of a
particle 0 to the general number of particles in the allocated sphere — Q, = 4/3 iR

N,
Do = —2= (4nn,)" r*™ exp[—4nn,r /3]. (11)

0
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For system from m particles it is had:

N,
P, = (4nny)" ™ exp[—4nN n” /3] =—2,

0

N,
= (4mn )M N exp[—4nN n i /3] =—L,

N,
p,, = @mn, )" " exp[-4nN,n,r* /3] =Q—

For all sample with number of particles 0, 1, 2, ..., m it is had:

m m H]vl
P=]1p, =[ [4nn)" r*" exp[-4nNnr* /3] = 5—
i=0 i=0

[Te

System the equations (12) and (13) represents system of the transcendental equations, to solve which it
is possible only the approached or numerical methods.

In this connection, it is possible to make a numerical estimation, being based on a real situation and the
equation of 1 system (12):

(13)

InN, -InQ, = N, In(4nn,)+ 2N, Inr —%Nonoﬂ

The corresponding estimation gives, that the first member of the left part of the equation and first two
members of the right part — are very small. As a result we will receive:

3InQ
N, = e 14
0 47mor3 (14)
Considering, that 41°/3 = V and Inng> InR, from (13) is had:
Inn
V,=—2>. 15
¢ n,N, (15)
Taking as function of the response volume of the sample, it is similar (1), we will receive:
kT
V, = c? -N,. (16)
Comparing (15) and (16), we will receive:
1/2
1 0
N, = 1 Inn, G ) (17)
c n, kT

The formula (17) answers equilibrium value of number of particles in the sample. If to consider molar
substance shares the factor of consolidation of substance of cargo will be defined as relation N, to number of
particles in one pier, i.e. to Avogadro's number — K, — Nyo/N,;.

The more there will be a deviation of size K, from unit, the there will be a measurement error more.
Considering formulas (6), (7) and (17), for an error of measurement of the weight connected with porosity of
a material of cargo we will have following expression:

, *B(1-K,)* =P (18)
where B — some constant; P — porosity of a material.

The equation (18) shows square-law dependence of an error of measurement of weight on porosity of a
material. It is stronger dependence, than it follows from usual theories.

Thermodynamic restrictions of accuracy of dynamic weighing

At each stage of elementary information interaction growth of entropy of the thermostat AS lays with-
in [8]:

1/A*>AS>AS,, =2/A. (19)

min
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The left border corresponds to extremely irreversible realisation of transient, and right — to its opti-
mum delay. The following is necessary to rebuke. Really, as it follows from (7), transient delay (i.e. at in-
crease T ), a measurement error decreases. However in practice such way is unacceptable and, on the contra-
ry, modern and future information-measuring systems should possess the big speed for transfer of the big file
of the information.

On the other hand, effect of negentropy (effect of ordering in system, AK =—AS'), according to [8]:

AK ~In(1/A)=In\JU/T = Al , (20)
where Al — the quantity of the information received in the course of measurement.
Thus, efficiency of entropy of information-measuring process

LT AR _Apl 1 A<c, 1)
2 ASmin 4 A

Let's notice, that the effect of negentropy in information-measuring system is by all means connected
with managerial process. In the course of measurement the effect of negentropy appears only when the result
of measurement is presented in the form of scalar physical size. Only such measurement, which result it is
presented in the form of scalar physical size, can be used as a managerial process stage.

Processes of transfer, storage and information processing are not connected directly with effect of
negentropy, and only with carrying over of the information from one place in another, duplication and its
transformation.

Therefore at these stages it is possible to achieve considerable economy of energy if to refuse from sca-
lar and to pass to item representation of numbers (only at last stage of management it is necessary to return
again to scalar representation of the operating parametre).

Let's underline, that all known ways of reduction of the power price of accuracy of representation of
numbers are by all means connected with time increase (see the formula (7)). Time increase, however, re-
duces power expenses only to certain limits. Though these limits are various for different information pro-
cesses, but are always final. The power price of the information cannot be as much as small even at as much
as big resources of time (a strip of frequencies).

At measurement transition from dependence AS ~ 1/ A’ to AS ~1/A is connected with optimum (in

n < Minax =

1/A time) transient delay.

At unequivocal transformation of scalar size in vector each component of last demands essentially
smaller accuracy of representation — in a limit it can appear sufficient to distinguish only its two conditions:
presence or absence of a signal. Though with increase in quantity of components (dimension of vector space)
requirements to reliability 1/raise w (i.e. probabilities w of transition of a signal in any of components in
other interval of digitization), the power price of accuracy of representation of all number decreases.

At the expense of refusal of scalar representation and transition to vector it is possible to receive de-

pendences [8]: AS ~ [ln(l/ A)}2 at a digit way of coding when time At or a strip of frequencies increases in
In(1/A) time; AS ~In(1/A) — at one-item coding, when At~1/A.
Asymptotic the best (in sense of product ASAt) is superfluous coding on Shannon, using digit repre-

sentation with additional (verifying) categories: here the increase in dimension of vector space allows to find
out and correct errors of some frequency rate, that lowers requirements to probability p of distortion (and to

the relation a signal/noise) in one category. It is thus reached AS ~ ln(l/ A) with simultaneous growth of
time only in In(1/A) time.
The conclusion

The majority of domestic and foreign conveyor scales, at all class of accuracy of a data-acquisition
equipment do not provide the declared accuracy of weighing. It is caused, basically, impossibility of the ac-
count of some factors, such as, for example, geometry and speed of the conveyor, humidity and dispersion of
a material of cargo, quality of a tape, variable force of a friction of rollers in support and their palpation, and
variety of others.

In present article by us basic possibility of the account of the majority of the factors influencing accura-
cy of information-measuring system for weighing on conveyors is shown.
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Yaementi eJimieyaiH TeOPUAJIBIK KAKTAPbI

Makasaga KOHBEHepIIiK Tapasblga JMHAMHKAIBIK OJILIICYAiH TePMOANHAMUKAIBIK KAKTaphl KAPacThIPbUIFaH.
ABTOpJap OWslall TamKaH caJMaK eJliey KCeIMICHIHIH KYpbUIBIMBIH CHNATTalfaH. Tere-TeHIiKci3
CTaTUCTUKANIBIK TEPMOJIMHAMHKA IICHOEpIH/IE OJIICHETIH Ja0bUT IMaMachl MEH OJIICHETiH KYKTiH KYHi,
KOHBEHepiH KO3Fally mapaMeTpiiepi jKoHe oJIiiey KYHeCiHiH Te3 opeKeT eTy KabijeTi apackiHaa Oailanbichl
aHbIKTanFaH. KoHBeHepIiH cychIManbl MaTepHaAap/bl CAIMAKTay aKlapaTThIK-eJIlIey KYHeCciHiH KypaMbIlHa
eHeTiH omOebamn xabap TapaTYLIBICHIHBIH JKYMBIC alnropuTMi MeH OGiok-cysdacel kenripiiren. Konseitepiik
Tapa3bIHbIH KYPaMbIHA CHETiH aHAJIOTTHIK-IU(PIIBIK TYPICHIIPTIIITIH TY>KBIPHIMAAMACHI JKAaCaJFaH.

B.A.Konecuukos, B.M.IOpos, 5.2K.balicaros

TeopeanecKne ACNMEKTbI THHAMHNYECCKOIo B3BCIIIMBAHUSA

B pabote paccMOTpeHBI TeOpEeTHYECKHE ACTIEKTHI IIPOIecca JMHAMUYECKOTO B3BCIIMBAHUS Ha KOHBEHEPHBIX
Becax. B pamkax crarHcTHYecKOl HEpaBHOBECHOW TEPMOAMHAMHKH ITOJydeHA (GopMylia, CBSI3bIBAIOIIAs Ma-
paMeTpsl N3MEPHTETBHON CUCTEMBI, XapaKTepUCTHKU Ipy3a W ABIKEHUS KoHBeifepa. OmpeneneHs! yCIOBHS
ONITHMH3AIMHU TIpollecca JUHAMHUYECKOTo B3BelIMBaHUs. PaccMoTpeHa 3aaua 0 B3BEIIMBAHUU JHCIEPCHOTO
Mmarepuana. Iloka3zaHo, YTO MOrPEeNIHOCTh U3MEPEHUs Beca MaTepHana MpoNopIUOHaIbHa KBaJpaTy €ro mo-
pucTocTH. PaccMOTpeHBI BOTIPOCH! TEPMOJIMHAMUUECKUX OTPaHMYEHHH Ha MPOLECcC IMHAMHYECKOTO B3BEIIH-
BaHus. [TokazaHo, 4TO 3HepreTHyeckas leHa HHOPMALMU HE MOXKET OBITh CKOJIb YTOJHO MaJIOH AaXe IpH
CKOJb YrofHO OOJBIIMX pecypcax BpeMeHH (monocsl dacToT). Iloka3aHa MpUHIMIHAIBHAS BO3MOXKHOCTH
ydera OoJbpIIMHCTBA (DAaKTOPOB, BIUSIOMNX HAa TOYHOCTH MH(OPMAIIMOHHO-M3MEPHUTEIHHONH CHCTEMBI JUIS
B3BEIINBAaHUU Ha KOHBeHepax.
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HccaenoBanue BO3)1€ﬁCTBHﬂ HJIaCTI/I(l)I/IKaTOIJOB
HA CBOICTBA BOAOYI'OJILHOI'O TOILINBA

B craTtbe mpuBeneHB! pe3ynbTaThl MCCIIEAOBAHMS BO3AEHCTBHS INIACTU(HUKATOPOB HA CTAOMIBHOCTH BOMO-
YTOJNBHBIX CYCIICH3HH, OTYYSHHBIX U3 IIIAMOB ITy0AapKyIbCKHUX yIyIeH. B pamMkax mocraBieHHOH 3agaqn 1O
OIIPE/IEJICHNIO ONTHMAJIBHOTO peareHTa-IulacTudukaropa pa3paboTaHa SKCIIEpUMEHTANIbHAS yCTaHOBKA.
B kauecTBe peareHTOB-IIACTH(HUKATOPOB OBUIM NPHMEHEHBI Ma3yT, XKeJIaTHH, ryMaT HaTpus. M3ydeH mpo-
necc oborarieHust yroiapHbIX nuiamMoB LIyGapkyabCckoro MeCTOPOXKIEHMs, NMOKa3aHO, YTO HAMIydIlIHe pe-
3yJbTaThl TOJMYy4YEHBI IIPU UCTIOIb30BAaHUH T'yMaTa HaTpusa. OTMEUeHo, YTO NMPUMEHEHHE TyMaTa HaTpHs Kak
IIaCTU(UKATOPA MO3BOJISET CO3/1aTh BOAOYTOJIBHBIE CYCIIEH3HU C MPOCTPAHCTBEHHOH CEeTe00pa3HOH CTPyK-
TYpOii, He paccIanBaroLIMecs B TEUCHUE ATUTEIBHOTO BPEMEHH.

Kniouesvie cnosa: 3neKTpOrHApONMITYIIECHASI YCTAaHOBKA, NIyOapKyICKUH Yrojib, BOJOYTONBHOE TOILIHMBO,
peareHT-INIacTU(QHUKATOP, YIbPa3BYKOBOI HCIIEPraTop.

B nepgoii nmonoune XXI B. MporHo3upyeTCs MOBBIIICHUE POJIM YISl B SHEPreTHKE, YTO 00YCIOBICHO
€ro KpyMHBIMHU 3aracaMy U UCTOILEHHEM 3allacoB HeTU U ra3a. B To ke BpeMs SKOJIIOTHUECKUE MPOOIEMBI,
BO3HUKAFOIIUE TIPU UCIIOJIb30BAaHUN YTOJIBHOTO TOIUINBA, TPEOYIOT pa3paboTKU U BHEAPEHHS HOBBIX 3 dek-
TUBHBIX C SKOHOMHYECKON M IKOJIOTUUECKOM TOUeK 3peHHs YroJIbHBIX TEXHOJOTHi, KOTOphIe o0ecreyar cy-
LIECTBEHHBIN SKOJOTHYECKUN dPPEKT ¢ MAaKCUMAaJIbHO BBHICOKOM MOJHOTON HCIONB30BaHUS HOOBITOTO TOII-
nuBa. Bokpyr MHOruX yrieqoOBIBaIOIIMX U yriienepepadaThIBAIOMIKMX MPEANPHUITUH B THAPOOTBATIAX H OT-
CTOMHHUKAaX CKaIIMBAeTCs OOJIBIIOE KOJIMYECTBO NOOBIBAEMOIO YIS, NMPEJCTaBICHHOIO B BHAE TOHKOIHC-
MEPCHBIX YTOJIBHBIX IILIAMOB, MEPEBOJ KOTOPHIX B TEXHOJOTHUYECKH NPHUEMIIEMOE TOIUTUBO IIO3BOJHT HE
TOJIBKO YJIYYIIUTH 3KOJIOTUYECKYI0 OOCTAaHOBKY B PETHOHAaX, HO M MOJYYHUTh CYLICCTBEHHBI IKOHOMUYE-
cKuit 2 pexT.

ITpomsinennslie 3anacs! yriia Hlybapkyabckoro npenpusTust COCTaBIsIOT 664 MIIH T, 4TO TPH IPO-
€KTHOH TOI0BOM MPOU3BOJACTBEHHON MOILIHOCTU 6 MIIH T ONpENeseT CPOK IKCILTyaTalluu NpeAnpuaTus 6o-
nee 100 net. [lepcriekTHBHBIM HampasiieHueM JiesiteTbHOCTH AQ «lllyOapkyns KoMupy sIBIsiETCS TIyOOKas
nepepaboTka yriu. HayuHbIMu HMcclieoBaHMAMH yCTaHOBIEHO, 4To yroub lllybapkymbckoro mMectopoxie-
HUS SIBJISAETCS] YHUKAJIBHBIM CBIPHEM JUIS TOJyYEHHS CHHTETHYECKOrO KHUJIKOTO TOIUTUBA M PsAa TSHKEIBIX
YIIEBOAOPOIOB, TyMaTOB — OPraHMYECKUX YAOOPEHUH, YIIICIEIOUYHOT0 peareHTa i HeTSIHOM MPOMBILII-
JICHHOCTH, CBA3YIOLIMX IIMPOKOTO Ha3HAUCHHUS, KOATyJISIHTOB JUIS OYMCTKHU NPOMBIIUICHHBIX U CTOYHBIX BOJ.
C HaJIM4KeM TaKoro JOJITOBPEMEHHOTO 3araca yIiisl akTyalbHO! siBisieTcst mpobiema 3¢ dekTuBHON nepepa-
00TKM HUIaMOB (C MEPEBOAOM B JKUAKOE COCTOSHUE), KOTOPBIE B OOJIBIIOM KOJIMYECTBE 00Pa3yroTcs HpH
MIPOMBIIIIEHHOM pa3paboTKe OCHOBHOM MacChl yTIIEH.

B cBs3M ¢ 3TUM CTaHOBUTCS aKTyaJbHBIM HCIOJb30BaHUE IIJIAMOB B BHUJIE BOJOYTOJBHBIX CYCHEH3UIH
(BYC), pazpabotka 3(h(eKTUBHBIX MPOLECCOB MONYYEHHUS U MPUMEHEHUS! KOTOPHIX AOJDKHA 0a3UpOBaTHCS
Ha Hay4yHO OOOCHOBaHHBIX Mpoleccax (U3UUECKOro M (PU3MKO-XMMHUYECKOIO BO3ACHCTBUS Ha MCXOTHBIN
YTOJIb C yYETOM CBOMCTB €r0 OPraHU4eCcKON U MUHEPAIHHON cocTaBisromux [1].

BopoyronbHbele CyCeH3MM — 3TO CMECH W3MENIBYEHHOTO YISl ¢ BOXOW. s mpumaHusi cycrieH3uu
CBOWCTB CTA0MJIBHOCTU M HEOOXOANMOW TEKYYECTH B CYCIIEH3UIO BBOAUTCS HEOONIBIIOE KOJTMUECTBO pearcH-
Ta-tactudukaropa. B pesynbprate 00pasyercst HCKycCTBEHHAsl JUCIEPCHAS CHCTEMa, NMPEeACTaBIIoNnas Ho-
BBIIl BHJI TOIUIMBA U3 YISl — BOAOYToyibHOE ToruuBo (BYT).

[IpenmymiecTBa BOOOYTONBHBIX CYCTIEH3MH KaK SKOJIOTUUECKH YUCTOTO TOILIMBA COCTOAT B CICAYIOIIEM:

— NIPeIOTBpAIEHNE B3PHIBOB U MOXKap0oOE30MacHOCTh BO BCEX TEXHOJOTMUECKHMX olepanusx (Ipuro-

TOBJICHHUE, TPAHCIIOPTUPOBAHHUE, XPAHEHUE U UCIIOIL30BAHNUE);

— OTCYTCTBUE IIBUIM M 3aTPSI3HEHUH ITPU XpaHEHUH U TPAaHCIOPTHPOBAHUY;

— CHIDKEHHE BPEIHBIX BEIOPOCOB OKCHIOB a30Ta, YIIIeposia U cepbl B aTMOc(epy NPH CKUTaHUH.

Kpome Toro, BomoyrosbHbele CYCIEH3UH 00ECTICUMBAIOT COXPAHHOCTh TEXHOJIOTMYECKUX CBOMCTB MPHU
XpaHEHUH U TPAHCTIOPTUPOBAHHH.
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BMmecTe ¢ TeM cHIDKeHHE JOOBIYM HE(TH, Ta3a ¥ MOBBIIICHUE UX [[EH HA MUPOBOM M BHYTPEHHEM PhIH-
Kax B TOCJIC/THUE TOJIbI BEI3BAIO HHTEPEC K BOJJOYTOIBHOMY TOIUIMBY — PEaIbHOM albTepPHATHBE KUIKUM U
ra3000pa3HbIM OPraHUYECKUM BUaM TOIUINBA.

OcHOBHBIMY TIpOOIEMaMK Ha TYTH K PACIIUPEHHOMY MPHUMEHEHHIO BOJOYTOJLHBIX TOTUTUR SIBJISIOTCS:
HU3KHE TOKa3aTeNn CTaOUILHOCTH OCHOBHBIX TEXHOJIOTUYECKUX XapaKTEPUCTHK, BHICOKAsl 30JIbHOCThH HC-
XOJTHOTO CHIphsi, HU3Kas 3 (PeKTHBHOCTh M3BECTHBIX peareHTOB — IUIACTH(UKATOPOB M CTAOMIIN3aTOPOB.

CyIHOCTh TPOIECCOB MOATOTOBKH NUIAMOB IIYOApKYJIbCKUX YTJICH K HCIONB30BAHUIO B BOJIOYTOJIb-
HBIX CYCTICH3MSX 3aKJII0YaeTCsl B UX dJeKTporuapouMmnyibcHon (') o6paboTke u manbHekmem odorarie-
HUHM 10 METOAY yibTpa3BykoBoii (Y3U) arnomepanuu (Tak Kak qpyriue METObl 00OTalIeHus] He IPUEMIIEMBI
BBUJly HHM3KOW CEJIEKTMBHOCTH 3THUX IPOIIECCOB INpPU OOOTAICHUH H3-32 TOHKOJWCIIEPCHOTO COCTOSIHUS
YTOJIbHBIX YACTHII).

Jlnis u3MesbueHHsT YacTUI] IaMOB KaMeHHBIX yriieit [Iy0apkyTbCckoro MeCTOPOXKICHHS W TIOTyUSHHS
TOHKO M3MENbUEHHBIX (PaKIUil 3aJaHHBIX Pa3MEPOB UCTONB3YIOTCS AIEKTPUICCKUE Pa3psiibl B JKUAKOCTH,
SIBJISTFOIIAECS. HCTOUHUKOM YJIAPHBIX BOJIH. Y IapHBIC BOJIHBI, PACIIPOCTPAHSSACH B CPEJIC KHUIKOCTh—TBEP/IBIC
YTOJIbHBIE YACTHIIBI Pa3pyIIAIOT U U3MEIbUAIOT 00padaThIBAEMbIC YTIIH 0 MEIKUX (PpaKiuii, HEOOXOMMBIX
JUTSL TIOJTYYEHUS BOJIOYTOJIBHOTO TOTUINBA.

C uenbio nogadopa Harbosee 3pHEeKTUBHBIX TIACTU(HUKATOPOB I BOAOYTONBHBIX CYCIICH3HM, TPUTO-
TOBJICHHBIX W3 YTOJbHBIX IIJAMOB, OBIJIO U3YyYCHO BIUSHHE CICAYIONIMX MIACTH(PHUKATOPOB: JKEJIATHH, Ma-
3yT, TyMaT HATpUsl, TOJTYyYEHHBIN U3 yris. JlaHHbIE peareHThl YAOBJIECTBOPSIOT TPEOOBAHUSIM, MPEIbsBIIsie-
MBIM K peareHTaM-IIacTU(UKATOpaM, U JIETKOAOCTYITHBL. DPPEKTUBHOCTh ACUCTBHS TaHHBIX T0OABOK 00Y-
CIIOBJICHA MX (PU3MKO-XUMHUYCCKHMU CBOWCTBAMH, OCOOCHHOCTBIO UX CTPOCHHS, COCTOSIIETO M3 YIICBOO-
POJHBIX, apOMATUIECKUX, KAPOOKCHUIIBHBIX, THIPOKCHIIBHBIX M JPYTUX Tpyn [2].

Jliis mpoBeieHus] SKCIEPUMEHTAIBHBIX paboT 10 MOMYYEHUIO BOJIOYTOJIEHOTO TOIUTHBA B TabopaTopuu
(DU3UKK MMITYJIBCHBIX SIBJICHUH B TETEPOTCHHBIX cpenax Kadeaphl HHKEHEPHOU Termnodu3nku uM. mpodec-
copa XK.C.Axbui0aeBa Obl1a coOpaHa 3ICKTPOTHIPOUMITYILCHAS YCTAHOBKA C YIIBTPa3BYKOBBIM MPOTOYHBIM
nucnepraropom (puc. 1).

Yopazeysosed npereumii
meneprarep ML

0

1M

1 — pesepByap A7 BOABI; 2 — €MKOCTb IS yTIisl; 3 — Oak Ayl peareHTa-1uiacTudukaropa;
4 — KJanaH sl peryJTupOBaHusT; 5 — padoyas ssueiika ¢ [ByMs IPOTHBOIIOIOKHBIMHE JJICKTPOIaMH,
6 — ynbTPa3BYKOBOM MPOTOYHEIN Mpeodpa3oBatels; 7 — OJOK ynpasieHus qucrepratopa; 8§ — 6ak ¢ BYT

Pucynoxk 1. IlpuHuunuansHas cxema 3J€KTpOrMAPOUMITYJIBCHON YCTaHOBKH
C YIbTPa3BYKOBBIM NPOTOYHBIM JUCHEPraToOpoM

st co3maHus MEKTPOTHIPABINYECKUX YIapOB coOpaHa cxema, BKIIOYAOIIAs WCTOYHUK MUTAHUS
C KOHJICHCATOPOM B Ka4€CTBE HAKOMHTEN dJICKTpUIeCKOU dHeprun. HanpsbkeHne Ha KOHIEHCATOPE MOBBI-
1aeTcs JI0 3HAYCHHUS, TIPU KOTOPOM MPOUCXOUT CaMOIPOU3BOJIBHBIN MPOOOI BO3YIITHOTO (OPMUPYIOIIETO
MPOMEKYTKA, M BCSI SHEPTHs, 3allaCeHHas B KOHJIEHCATOPE, MTHOBEHHO MOCTYTIAET Ha Pa0OUHid TPOMEKYTOK
JKUAKOCTH, TJ€ W BBIACISAETCS B BHUIE KPATKOTO 3JICKTPUUYSCKOrO HUMITyJhCa OONbIIoi MomHocTh. Jlanee
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MPOLIECC MPH 33JaHHBIX €MKOCTH U HANpsHKEHUM IOBTOPSETCS ¢ YacTOTOM, 3aBHCAILIEH OT MOIIHOCTH IH-
TaloOWIEero TpaHc(hopMaTopa U AMEKTPOPH3MIECKUX XAPAKTEPUCTHK CPEbl B MEXKIICKTPOIHOM IPOMEXYT-
ke [3].

YcranoBka padoTaer cieAyromuM 00pa3oM: MOATOTOBICHHbBIE YTOJIbHBIE [IJIaMbl HAIIPABIISUINCH B pa-
004YyIO SIUEHKY, IJIe IPOUCXOMMIT TIOJBOHBIN AIIEKTPUIECKUI B3pPHIB B PUCYTCTBUH TutacTr(ukaropa. Ilo-
JdydeHHas B pesynbrate D' 00paboTky BOZOYrosabpHas CyCHeH3Msl HAlpaBIsulach Ha YCTaHOBKY oOorarie-
HUS, IPUHIMI JEHCTBHS KOTOPOM OCHOBBIBAJICSA Ha METOJIE YIBTPa3BYKOBOM aryioMepanuu. Y IbTpa3ByKOBOK
JHCIIEPraTop COCTOMT M3 MPOTOYHOIO MpeoOpazoBatenss W OJoKa ympasieHHsA. JucnepraTtop BBIIONHSET
(YHKIMIO JTOTOTHUTENIBHOTO APOOJIECHUS, Te U 00pa3yeTcsl XMMUUEeCcKas CBsI3b MEKIY KOMIIOHEHTAaMH MO-
nydeHHoU cycrnieH3uu. [lonydeHHoe TOTUIMBO ciMBaeTcs B Oak.

B pesynbraTe BBINOIHEHHBIX HCCIEAOBAHUN MO OOOTAIIEHHIO OBUIM MOTY4EHBI rpadUuecKUe 3aBHCHU-
MOCTH, KOTOpbIE NpecTaBiIeHbl Ha pucyHKax 2—4. [logoOpaHbl opraHn4ecKre COSANHEHUS M TE€XHOJOTHS
JI03UPOBAaHHOIO J100aBlieHNs HallJEHHbIX COEIMHEHUI B Maccy BOIOYTOJIbHOrO ToIuiuBa. MccnenoBas mnpo-
necc (GOpMHUPOBaHUS MPOCTPAHCTBEHHOM CTPYKTYpPHI BOJOYTOJNBHBIX CYCHEH3HMH, M3Y4eHBl MX PEOojorude-
CKHE CBOMCTBA, YCTAHOBJIEHO, YTO CTa0MJIBLHOCTH BOJOYTOJBHBIX CYCIIEH3HUH, MOITy4YEHHBIX HA OCHOBE KOH-
LIEHTPATOB, ONpeaeseTcs: (pU3NKO-XUMUIECKIMHU CBOMCTBaAMHU IIacTU(GUKATOPOB. CleayeT OTMETUTh, YTO
CYCIICH3MH B IPUCYTCTBUH J0OABOK 00J1aat0T U XOPOILEH TeKy4eCThIO.

U3 rpaduka BuaHO (puc. 2), uTo npu Jo00aBIeHUN Ma3yTa B KonndecTBe 1 % BOJOYrojbHasK CyCHEH3HS
obOuaana cTaOMIbHOCTBIO B TE€UEHHE JATUTEILHOTO BPEMEHH.

h, cm ——1

—)

10 > = 3
9,5 -
9 -
8,5 1
8 -

7,5 T T T T 9
0 2 4 6 8 10 t cyr

1 —1 % x macce yras; 2 — 0,5 % x macce yrist; 3 — 2,0 % k Macce yruis

PucyHox 2. 3aBUCUMOCTB BBICOTHI CJIOSI IMCHIEPCHON ()a3bl OT BpEeMEHU
(cycrien3un ¢ 1o6aBKaMM Ma3yTa pa3IMYHOTO KOJIHYECTBA)

h, cm -3

——2

10 C —— ——1
9,5 -
9 -
8,5
8 -

7,5 T T T T T
0 2 4 6 8 10 boyr

1 — 0,5 % x macce yras; 2 — 1,0 % x macce yrist; 3 — 2,0 % k Macce yruis

Pucynox 3. 3aBUCUMOCTB BBICOTHI CJIOSI IMCHIEPCHON ()a3bl OT BpEeMEHU
(cycniensuu ¢ moOaBKaMH JKeJIaTHHA PA3THYHOTO KOINIECTBA)
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Cycnensun ¢ mobaBkoi kematuHa (puc. 3) oT 2 % k Macce yriist 001aiaiy CTaOMIEHOCTRIO B TCUEHHE
JUTUTETHHOTO BpEMEHH, OJHAKO NMPH YMEHbIIEHUH cojepkaHus >kenatnHa menee 1,0 % x macce LlyOap-
KYJIbCKOTO YTJIS IPOMCXO/UT 3aMETHOE CHMYKEHUE CTAOMIILHOCTH CyCIICH3HI.

h, cm

10

0 2 4 6 8 10t cyr
1—0,5 % x macce yrist; 2 — 2,0 % k macce yriis; 3 — 1,0 % k Macce yrist

PucyHox 4. 3aBUCUMOCTB BBICOTHI CJIOSI IMCHIEPCHON ()a3bl OT BpeMEHU
(cycnien3uu ¢ jo0aBKaMM TyMaTa HaTpHUs pa3JIMuHOrO KOJINYECTBa)

[IpuMeHeHNE B KauecTBE CTAOMIM3aTOpa T'YMHHOBOTO mpenapara (rymarta HaTpus) (puc. 4) MO3BOJIIIO
MOJTYYUTh CTAOMIBHYIO BOJOYTOJBHYIO CYCIICH3UIO CO CTAOMIbHBIMH, MMPAKTHUCCKU HE M3MEHSIOIIMMHUCS BO
BpeMeHH cBoicTBamMu. CTaOMIIBHOCTh BOJOYTOJIbHBIX CYCICH3UIT ObliIa MAKCUMAILHOM TIPU UCIIOJIb30BAHUH
otT 1 % ryMaTa HaATpUs U BBIIIE MO OTHOIICHUIO K MaCcCe YIJIs.

IMocne BecbMa ATUTENBHOTO XPAHEHUS BOJOYTOJbHBIC CYCTICH3UH YIUIOTHSINCH, ¢ 00pa30BaHUEM PhIX-
JBIX 0CaaKOB. [Ipy MPUMEHEHUH MEXaHUUYECKOTO BO3ACHCTBUSI (TIEpeMEIINBAHNUS) TPOMUCXOIUIIO BOCCTAHOB-
JICHHE TICPBOHAYAIBHOM CTPYKTYPHI CYCTICH3HH.

Ha ocHOBe MONy4eHHBIX 3KCIEPUMEHTANBHBIX JaHHBIX pa3pabdoTaHa CUCTEMa MAaTEMAaTHYCCKUX YpaB-
HEHUH, MTO3BOJISIONIAS PACUYETHBIM MYyTEM BBIUYUCIMTH HHTETPATIbHYIO U TuddepeHnnanpHyo QyHKIMN pac-
HpENIeNICHNs] YaCTHIl 10 pa3MepaM, KPaeBOW YroJl CMauMBaHUS ¥ CMOYEHHBIH MEPHUMETP YTrOJbHBIX YaCTHIIL
IacTH(UKATOpa, BpeMs, HEOOXOAMMOE Ha MPOBEACHHUE IMpoIecca YIBTPO3BYKOBOW 00pabOTKH, KOTOpHIE
SIBJISIFOTCS. UICXOTHBIMHU JIAHHBIMH JIJISl PacueTa U BbIOOpa TEXHOJOTMYECKOro 000pYI0BAaHHS U ONTHMHU3AIINH
mpolecca 00OraIieHHs B 1EIOM.

W3 monyyeHHBIX JaHHBIX BUIHO, YTO HAMIYYIIEH CTAOMIBHOCTBIO 00JaJar0T CYCIEH3WH C A00aBKOI
rymara Hatpus. B cBsi3u ¢ TpeOOBaHUSMH K BOJOYTOJBHBIM CYCTICH3MSM, MPEAHA3HAYCHHBIM K MPIMOMY
CKUTAHUIO B KOTJOarperarax, ObLIO BeChbMa Ba)KHBIM OINPEICIHUTh BS3KOCTh MOJYYEHHBIX BOJIOYTOJIbHBIX
CYCTICH3HH, MO 3HAYCHHUSIM KOTOPOH MOXKHO OBIJIO JIeNiaTh BRIBOJBI 00 WX TekyuecTd. Jlo0aBaeHue CTaOWITH-
3aTopa — rymara HaTtpus B KojauuecTBe 1 % OT Macchl yriieMa3yTHBIX TPaHyJl — OOYCIOBICHO TEM, YTO TPH
3TOM PacXojie BOAOYTOJbHOE TOIUIMBO 00JIa/IaeT JIyUlleil cTaOMIbHOCTBIO. Y CTAHOBIICHO, YTO CTAOMIBHOCTh
BOJIOYTOJIbHBIX CYCIICH3HIA, MOJYYEHHBIX HA OCHOBE YIJIEMACISHBIX KOHIIEHTPATOB, OMpeaessieTcs: (PU3UKO-
XMUMHYECKUMH CBOMCTBAMH PEareHTOB-TIACTU(UKATOPOR.
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K.Kycaitpiros, I'.K.AnneicoBa, E.T.Tanames, A.b.TonsiHOexoB, H.K. Tanamesa

Kemip cyubl 0ThIH KacueTTepine mIacTuGuKaATOPIapAbIH dCEPiH 3epTTey

Maxkananga miactudukaropnapasiy  [lyOapken KkeMmipiHeH ajblHFAaH KOMIp CyJbl CYCIICH3USHBIH
TYPaKTBUIBIFBIHA OCEPIH 3epTTEy HOTIKeNepi KenripinreH. OHTAMIBl pearcHT-IUIAaCTU(GUKATOPIbI aTyFa
OailTaHBICTBl  KOWBUIFAH MIHACTTED asAChIHAA TOKIPUOETIK KOHIBIPFBI  KYpacTHIPHULIBL. —PeareHt-
acTuduKaTopiap peTinae MasyT, XKeJaTHH KOHE HATPUil rymMaThl Koymanbsuiisl. 1ly6apkes KeH OpHBIHBIH
KOMIp KaJIObIKTaphIH KallTa ©HAEY YPAICI 3epTTenmi, eH KaKChl HOTIKE HATPUH T'yMaThIH KOJIaHFaHIA
anbIHABL ['ymar HaTpuiab! acTUdUKaTOp peTiHAe KOJIAaHy apKbUIbl KEHICTIr TOp Topi3lec KypbUIbIMBI 6ap
JKOHE Y3aK YaKbIT TYHOANTBIH KOMip CyJIbl CyCHeH3Hs anyra Goabl.

K.Kusaiynov, G.K.Alpysova, E.T.Tanashev, A.B.Tolynbekov, N.K.Tanasheva

Research on the impact of plasticizers on the properties of water-coal fuel

In the article the results of research of the impact of plasticizers on the stability of water-coal suspension ob-
tained from sludge Shubarkol coals. Within the framework of the set problem on determination of optimal re-
agent-plasticizer, the experimental setting is worked out. As reagent-plasticizer were applied fuel oil, gelatin,
sodium humate. Studied the process of enrichment of coal slimes Shubarkol field, it is shown that the best re-
sults were obtained with the use of sodium humate. The application of humate sodium as the plasticizing
agent allows to create water-coal suspension with dimensioned structure, not stratifying during long time.
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K pacueTy MarHMTHBIX M0JIeil B 3aMKHYTBIX KOJIbIIEBBIX KOHTYpax
BETPOBBIX YJIEKTPOTeHEPATOPOB

Pazpaborana nrepanroHHas MOZIEINb, KOTOpPast TO3BOJISIET 110 HAaBEAEHHOM 3.71.C. paCCUNTATh YHCICHHBIC 3Ha-
YEeHUs U ONPEACNIUTH NPOQHIb HHAYKIIUH MarHUTHOTO NOJIS B(y) B BO3IYIIHOM 3a30pe JIEKTPUIECKON Ma-
MIMHEL. ABTOpPaMH YCTaHOBJIEHO, YTO Ha OCHOBAHHHU 3TOTO MOKHO PacCUUTaTh MOTOKH MarHUTHOW MHIYKIIMU
@ BOJIE KONBIIEBOTO KOHTYpa Ha crarope. MoJieb MO3BOJISIET PacCUUTATh CHIIBI MEXaHUIECKOTO CIETUICHUS
MarHura (Ha porope) ¢ (peppOMarHMUTHBIM MaTe€pUaloM (Ha CTaTOpe) HAa OCHOBE BBIYUCIICHHUS MOHAEPOMO-
TOPHBIX MarHUTHBIX OOBEMHBIX HABEJICHHBIX CHJI. Pa3paboTaHa KOHCTPYKLHMsS BETPOBOTO TI'€HEpaTropa c
UCIOJIb30BAHUEM MOIIIHBIX IMCKOBBIX MArHUTOB HA OCHOBE CILIaBa HEOANM-Kene30-00p.

Kniouesvie cnosa: urepalinoHHasi MOJENb, 3.7.C., MATHUTHAS. MHAYKIHUS, MOJAEINb, JIEKTPOTeHEepaTOp, KOJIbIIe-
BOH KOHTYP.

Ms1 pa3paboTany ¥ CIPOSKTHPOBAIH HOBYIO KOHCTPYKIHMIO 3JIEKTPOTEHEpaTopa C HMCIOIb30BAHHUEM
KpPYTJBIX MAarHUTHBIX JUCKOB (B BHJE HEOONBINX IMIIMHAPOB) HA OCHOBE HEOAMMOBOTO MarHuTa [1, 2]
(puc. 1). Iocrostaabie MarauThl U3 crmaBa NdFeB (Heonmnm—kene3o—0op) 00magaroT GONBIION MarHUTHOMN
WHAYKIWEH U, COOTBETCTBEHHO, OOJBIION MarHUTHOW cuiioi. [lo BpeMeHU moTepsi MarHUTHBIX CBOHCTB He-
OJMMOBBIX MarHUTOB cocTasjsieT 2 % 3a 5 ner [1, 2].

DnekTporeHeparop npeaHazHaueH sl BeTpoBoit ycranoBku (BY). VMcnonbs3oBaHbl HeOobIME 1O pa3-
Mepy HEOJIMMOBBbIE MarHuTHbIe Aucku (16 mryk), mogens 30*10, cuna ynepxanus 20 kr, Bec 54 r [1, 2].
OO01mas KOHCTPYKIUS AJIEKTPOreHepaTopa MpUBEIeHa Ha PUCYHKE 1.

Pucynok 1. O6muit BUI 3JeKTporeHepaTopa Pucynok 2. OgHa KaTymika u3 oomeit
Ha IOCTOSHHBIX JUCKOBBIX MarHUTax KaTyIICYHOW ICTIH

B nmannO# pa3zpaboTKe MBI OTOIUIM OT TPAAWUIIMOHHOTO IOAX0Ja, KOTJa Ha POTOPE MarHUTHOE TOJe
BO30YKJaeTCsl HA OCHOBE TOKOB, MIPOTEKAIONINX Yepe3 KaTylIKy Ha BparatonieMcs: potope [3, 4]. Otimine
HAIIIeTO BapuaHTa OT JIPYTHX, paHee U3BECTHHIX [1, 2] B TOM, YTO AMCK C MarHUTaMU OJIMH M OH HAXOJUTCS B
LEHTpe CHCTEMBI. J[Ba MUCKa C KaTyHIEYHBIMH OOMOTKAMHU PACIIONOXKEHbI CHMMETPHUYHO C 00X CTOPOH OT
JTUCKa C TIOCTOSTHHBIMH MarHuTaMu. J[UCK ¢ MarHUTaMy BpallaeTcs, a 1Ba AMCKa C KaTyIIKaMHi HETIOABIKHBI
M KECTKO 3aKperuieHbl. OOmIasi KOHCTPYKIMS TaKXKe OTIUYaeTCs OT JPYTHX, paHee W3BECTHBIX BapHaHTOB
[1,2].

B nentpe pacmonaraercs TUcK, Ha KOTOPOM YCTaHOBJICHBI 16 MOCTOSHHBIX MarHuToB. C 00euX CTOpOH
OT 3TOTO JIUCKA UMEIOTCS JIBa BHEIIHUX JHMCKA, Ha KOTOPBIX pacroyiararoTcs Karymku (16x2 = 32) u3 menHo-
ro npoBoja. Jduamerp meanoro mposoga 0,9 mm. Ilo HammM pacueram, gaHHAs 0OMOTKA MOXET TEHEPHPO-
BaTh MoiHOCTH 10 800 BT, mpu ckopocTtu BeTpa 10 5 m/c.
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Hamu Obin ipoBeJIeH SKCIIEPUMEHT 110 M3YYCHHUIO BIIMSHUS 3HAYSHUS AMaMeTpa KOJbIa MPOBOIa KaTy-
IeYHON 0OMOTKM Ha YPOBEHb HaBOAMMOM 3.71.c. OKa3ajaoch, YTO MaKCUMaJlbHOE 3HAaUeHHE 3.7.C. HaOIoaa-
etcs ripu 3HadeHusx d~(1,1-1,2)d,, rne d, — nuameTp aucka marauTa. [Ipy nanpHelIeM yBeTHYCHUH JHa-
MeTpa KaTyniku d 3.71.C. aCHMITOTHYECKH CHIDKaeTcs. ['padudeckas 3aBUCUMOCTh MPEJICTABICHA Ha PUCYH-
Ke 3.

18

-

Pucynok 3. I3MeHeHNe yCcpeIHEeHHOTO YPOBHS HaBEJJEHHOTO 3.1.C.
B 3aBHCHUMOCTH OT AMAaMETPa OOMOTKHU KOJNBLIEBOM KAaTyIIKH

Jiss ofHOM M3 KaTyIleK NMpY HEMHTEHCHBHOM TEPEMENICHUH MarHWTa HaBeJeHHas 3.J.C. COCTaBHIIA
mpumepHo 0,08 B. XoTs nepBoHaYaNbHO (110 SKCIIEPUMEHTa) HHTYUTUBHO HaM Ka3aJI0Ch, YTO MaKCUMaJTbHAS
3.]1.c. OyIeT MHIyIIUPOBATHCA NP d = d,.

Mpl pa3zpaboTalii pacyeTHYI0 CXEMY, COTVIACHO KOTOPON MarHUTHOE ToJe MHIYKIUH BO3JIE TOpIa
KpYTJ0r0 MarHUTHOTO JIFICKa MOXKHO PacCuuTaTh B Pe3yJbTaTe PemieHus] OOpaTHOHN 3ajauu ISl YpaBHEHUS

00BEMHO TOHAEPOMOTOPHOM CHIIBI, AEUCTBYIOIIEH Ha (peppOMarHUTHBIN MaTepuan [5-9]:
1 —
=5MgradB2, (1)

OB> 0B’ 0B?
+ +

grad B® =
ox oy Oz

, 2

rome p, =p.n, — abcommoTHAS IMPOHUIACMOCTb CTAJIBHOI'O JIMCTA; W, —— MArHUTHAas NPOHULIACMOCTb BO3QY-

Xa (MarHUTHAas MOCTOSHHAs); |L, — OTHOCHUTENIbHAsi MarHUTHAsl IPOHULAEMOCTb (ePPOMArHUTHOTO Mare-

puana, moxet umeth 3HaueHus 200 (TBepaas cranp), 5000 — nonocosoe xene3o [5-9]. 3agaya pemaercs Ha
OBM uncnenso. [[ns pemeHys: HENMMHENHBIX UTEPALMOHHBIX YPAaBHEHUM U YPaBHEHUI C YAaCTHBIMM ITPOU3-
BOJHBIMU MBI Hcrionb3yeM Intel Visual Fortran Ha ocHoBe Visual Studio 2010 u Matlab 2013. Pa3pa6oranu
CHEUHANbHBIA alTOPUTM, KOTOPBIA COXpaHSET CXOAWMOCTh U YCTOMYHMBOCTH CETOYHOM PacyeTHOW CXEMBI
MIPY pa3IMYHBIX 3HAYEHUSX IAroB I CETOYHON 00JacTu.
Cuily MarHuTHOIO NPUTSDKEHUS] MOXKHO PAcCUUTATh TaK)Ke U3 YPaBHEHUS Ul CUJIbI, OKa3blBaeMON Ha
KOHTYpP C TOKOM B MarHUTHOM TIOJI€ C TPagleHToM [5-9]:
F=p, gradB, 3)

rae p, =1S — MarHUTHbI MOMEHT HEKOTOPOTO SKBHBAJIEHTHOIO KOHTYpa TOKAa, KOTOPBI B yCPEJHEHHOM
BapHaHTe MPEACTAB/IACT (3aMEHSIET) MUKPOTOKHU B CIUIOIIHOM (heppOMAarHMTHOM MaTepuaiie. Y paBHeHue (3)

TaKXe YUCICHHO pemraercst Ha OBM. [lnst ynoOcTBa BerurcaeHni Mol mpeoOpaszoBanu (1) k BuLy

lu -1
f :E::lr—mgrade. 4

M,

[lo 3HaueHHIO TpagreHTa MAarHUTHOTO TIOJISI MOKHO MPHOIMKEHHO PACCUUTATh CHIIy MAarHUTHOTO MpU-
TSDKEHMS, a TakKe MHAYLUPYEMYIO 3.1.C. B KOHType ¢ KaTymkoil. 13 Beca, yaepKkuBaeMOro MarHUTOM, Ha-
xoauM cuity F = mg. TAroByio (yIepKUBAIOLIYI0) CHITy HAXOAUM B PE3yJIbTaTe HHTETPUPOBAHUS 00BEMHON
cunel dF = fdV.

OnHUM U3 CYIIECTBEHHBIX IUTIOCOB 3THX BeTporeHepatopoB (BI') 6e3 deppomarHuTHOTO cepaeyHHKA
ABJISIETCS OTCYTCTBHE 3aJIMIIaHUS, TAaK KAaK CTATOpP HE MMEET JKEJIe3HBIX 3JIEMEHTOB M MPEACTABISACT U3 ceOs
BCEro JIMIIb MEAHBIC KAaTyIIKW, 3aJUThle B CMOJIE B BHIE IHCKOB, MEXKIY KOTOPBIMH BpallaeTcsl TUCK
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c MarHATamu. [Ipu OTCYTCTBHMHM 3ajUIaHusl BUHT T'€HEpaTopa CTapTyeT ropa3fo paHblle U BbIpabaThIBACT
ANIEKTPOIHEPIHIO Ha Oojiee craboM BETpy, a FeHepaTop, HalpHMep, U3 ACHHXPOHHOTO JIBUraTels, Jalle Bce-
ro UMeeT 3alMIIaHue, KOTOPOEe MEIIAET BUHTY CABUHYTBHCS, U OH IOIPOCTY CTOUT, HUYETO HE I'€HEpUpysi, U
XKJIET MOPBIBA, YTOOBI HAYATh KPYTUTHCA, B TO BpeMsI KOTa aKCHaJIbHBIA IeHepaTop BpallaeTcsl U 3apspKaeT
aKKyMYyJITOD.

MarHuTsl Ha AMCKE PACIOJIAraroTcsi ¢ yepeloBaHHEM MOMocoB. Yem Ooibllie MarHUTHBIX IOJIOCOB,
TeM Ha 0ojiee MEHBLINX 00OPOTax reHepaTop HauMHAET JaBaTh NMPHEMIIEMBIA A 3apsaku Tok. Ho odeHb
0O0NBILIOE YHCIIO MATHUTOB YacTo TPYAHO 3P (EKTUBHO Pa3MECTHTh B KOHCTPYKIIMH, TaK KaK pa3Mepbl KaTy-
IIEK CTAHOBATCS OYEHb MAJIEHbKIMHU M3-32 OTPaHUYEHHBIX pa3MepoB cTaTopos [1, 2].

TonmHy cTaTOPOB CTOUT YBEIMYMBATh, €CIM CHJIA IPUTSIKEHHUS MarHUToB Bblle 12—16 Kr Kaxzaoro
M0 OTAENBHOCTH, a TaK Jy4lle T0OUThCS PaBHOW TOJIIMHBI MarHuTos |1, 2].

Jns nepBoro BapuanTa BI' Mbl BeIOpanu 16 nomocoB. CoequHeHne KaTyIIek JIydle JejaTh B onHy (a-
3y, TaK Kak Ipu HEOOJBIINX 000poTax HaNpsHKEHHE JO0CTAaTOYHO ciaaboe Ui 3apsi/ikd, a KaTyIIKH, COeAu-
HEHHBIE MOCIE0BATENBFHO, JAIOT OOJIbIIEe HAPSIKEHUS B BOJIbTaX U, CIEJOBATENIBHO, 3apsiKa aKKyMyJIsaTopa
HAYWHACTCS PaHblIe, XOTS CHJIa TOKa cilabee, YeM MpH COeIMHEHHH B 3BE3/y, HO cXeMa «3Be3fa» paboraeT
oT 00JIBIINX 00OPOTOB.

IIpu pa3paboTKe HAMU CTABWIMCH CIEAYIOIINE Lenu: 1) ynpolieHne KOHCTPYKIHY, 2) CHIDKeHne cebe-
CTOMMOCTH, 3) MOBBIIEHHE O€30NaCHOCTH U HaJIe)KHOCTH. TakuM o0pa3om, OyAeT co3aaHa TEXHOJIOTHIECKast
0a3za SKOJOTMYECKH YHMCTHIX, OTHOCHTENIBHO NEIIEBBIX M JOCTYMHBIX CHCTEM OTOIUICHHMS M OCBEICHUS.
ITo pacueTram npH HECHIILHOM BETpE CTaTOpPHAsi 0OMOTKA MOKET T€HEPUPOBATh HE3HAUNTEIbHYIO 3.11.C., MO-
psnka 12-24 B. HecooTBeTcTBHE 3TOH 3.1.C. ypoBHIO 220 B OBUI0 OCHOBHBIM MPENSTCTBUEM JUTS IIUPOKOTO
BHesipenust BI' HeOonbinx radaputoB. [Ipu pa3nudHoM BeTpe aMIUIUTYJA U YaCcTOTa TeHEPHPYEMOH 3.11.C.
u3Mensiercs. B m3BectHbIX panee mozensx BI' crabunmusanumst mepeMeHHBIX MapaMeTpoB OCYIIECTBIISIACH
MEXaHUYECKUMH WM THIPABIMYECKHUMHU Yy3JIaMH. DTO NMPUBOAMIO K HEBBICOKOMY K.IIJ. U BO3PACTaHHUIO
Macchl 1 rabapuroB Bl

Mb1 HalIM HOBOE TEXHOJIOTMYECKOE pelIeHne — CTa0MIN3alis IEPEMEHHBIX BEJIMYUH OYAeT BBINOI-
HEHa Ha OCHOBE CHJIOBOM HOJYNPOBOAHUKOBOH 3JIEKTPOHHUKH. [Ipeobpa3zoBaHue HU3KOBOJIBTHOTO HAPSIKE-
Hus (+,—) 12 B 1o ypoBHs ~220 B MBI mi1aHupyeM OCYIECTBUTH HA OCHOBE MOJIYIPOBOAHUKOBOIO Mpeolpa-
30BaTens (MHBEPTOPA), KOTOPBIM MpeoOpazyeT 3TO MOCTOSIHHOE HampshkeHHne o0 nepemeHHoro — 220 B
c yactoroi 50 I'm. IImanmpyeM HMCHONB30BaTh CHIIOBBIE TPAaH3UCTOPHBIE MHBEPTOPHI C KIIOUEBBIM IPO-
TPaMMHBIM yTIPaBICHUEM.

[IpenycMOTpeHO HCIIOIB30BaHUE PHEPTUHM aKKyMYJIITOpa AJIsl OCBELIEHUS [TOMEIIEHUs] HU3KOBOJIbTHBI-
MU JlaMIIaMH B cilydyae IojHoro Oe3Betpusi. Ho nosiHoe oTcyTcTBHE BeTpa (UMCIIO IUTHUIIEH) HE IpPEBBIIAET
3 % nueit B rogy. Ilutanne Ha MHOYKTOPHYIO LENb OYAET OCYIIECTBIISTHCS MOCPEACTBOM TPaH3HUCTOPHO-
KITIOYEBOM CXEMBI, KOTJa yPOBEHb MIOJIaBAEMOr0 HANpPsLKEHHUS 3aBUCHT OT YPOBHS BBIXOAHOTO 3.1.C. OT CTa-
TOpHOU 0O0MOTKH. Takum 00pazoM, MbI HAMEPEHBI TIOOUTHCS JIOCTATOYHO HAJEKHOW CTaOWIM3aliK Tapa-
METPOB.

[Ipu cunbHOM BeTpe M3IHUILEK BBIPAOaTHIBAEMOr0 HampsbKeHHst OyeT MoAaBaThCs Ha CUCTEMY HarpeBa
BOJIbI, KOTOpAsi BCET/Ia HY)KHA B XO35MCTBEHHOM U OBITOBOM jiesTeNbHOCTH. CIOKHBIA YPOBEHD JIEKTPOHHOMN
CXEMOTEXHHUKH y 3apyOeKHBIX I'€HEepaTopoB OOYCIIOBIEH TeM OOCTOSATEIbCTBOM, YTO Majble PACCTOSHUS
MeX]y TOCEIKaMU B TOPOJaMH IO3BOJISIIOT O0BEIUHUTH UX B €AMHYIO ceTh. [lpu o0beanHeHn: B eTUHYIO
CeTb BO3HHMKAET HEOOXOAUMOCTH BBICOKOTO (CJIOKHOTO) YPOBHS SJIEKTPOHHOM CXEMOTEXHHMKH. Y Hac TaKoH
HeoOxoanmocTu HeT. OueHb OONbIINE PacCTOSHUS MEXKIy HACEICHHBIMHU ITyHKTaMU HE MO3BOJAT 00beau-
HATh MX B €OUHYIO ceTh. [lo3ToMy HaM HYXHBI KOHCTPYKLIUH C MHUHHUMAaJbHO BO3MOXKHOW YIPOIIEHHOH
3NEKTPOHHON TOJIYIPOBOJAHUKOBON CXEMOTEXHMKOW W YIPOILIEHHOM CHUCTEMOM ympasieHus. Hapsany
¢ ocemeHreM 10MoB BI' Mormu Obl CITyKHTh IS SJIEKTPOIIUTAHUS TEIEBU30pPa, XOJIOJUIbHUKA, Tele(dOoH-
HOM CBSI3U, KOMIIBIOTEPA, UHTEPHET-CBsI3U. [IpU HaMu4uu IOCTYIHBIX U OTHOCUTEIBHO JIEIIEBbIX UCTOYHHU-
KOB 3JIEKTPOIHEPIHH KOJIMYECTBO JIIOAEH, KOTOPBIE MOKENANN OBl XKHUTh U TPYAUTHCS B CEITLCKOXO3HCTBEH-
HBIX U OTHAJICHHBIX PETMOHAX CTpaHbl, OyZeT Bo3pacTaTb. DTO NPUBENIO Obl K IOABEMY U Pa3BUTHUIO 3KOHO-
MHKH CTPaHBbI B 11eJIoM. BeTpoBble reHepaTophl OyIyT HMETh CIIPOC y HACEJICHHUS.

Ha pucynke 4 noka3ana cxema poTopa u cTatopa ogHo(a3HOro dieKTporeHepaTopa [3—5].
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1, 2 — «3yOusD» cTatopa u poTopa
Pucynok 4. Cxema 3JeKTpHIECKOTO TeHepaTopa Pucynok 5. 3aBucuMocTb (hOpMBI HHIYKIIMA TOJIST B())
C 2JIEKTPOMArHUTHBIM POTOPOM 0T GopMbI (HeppPOMATHUTHOTO CEPICUHHUKA

B Takux KOHCTPYKIHSIX SIEKTpUYeCKHX MamuH (opma (mpodmib) HaBEIEHHOTO 3.J.C. 3aBUCHT OT
(hopMbI HHAYKIMHA MarHuTHOTO moJist B (puc. 5). Koraa ¢popma MarHUTHOrO HaKOHEYHHKA JIENACTCS CO 3Ha-
YUTENBHBIM BBICTYIIOM (3aKpyrJICHHEM), TO MPOPIIL €3.7.C. MPUOIIIKACTCS K TAPMOHUYECKOMY CUTHATY
(puc. 5a), xorna HaKOHEYHHK CITa0OTO 3aKpyriieHus, ¢popMma € NpUONMKAeTCs MO BHAY K Tpareruu. [Ipu
JIOCTaTOYHOM KOJIMYECTBE BUTKOB Ha 3yOllax poropa npoduib B (COOTBETCTBEHHO &) MPUOIMIKAETCS K Tps-
MOYTOJIBHOMY (pHC. 56).

HemnocpencTBenHOe n3MepeHHe B CBSI3aHO C ONpPEJeIEHHBIMA TEXHUUECKUMHU TPYTHOCTSIMHU, HHOT/A
C OTCYTCTBHEM JOCTATOYHO TOYHBIX U3MEPHUTENBHBIX MPUOOpoB. [loaTOMY MBI IIpejuiaraeM oueHb yJ00HbIH
U JIETKO peaTU3yeMbIil CIIOCO0 ONpee/ICHUsT MATHUTHOW MHIAYKIUH B M MarHUTHOTO motoka @ mo u3BecT-
HBIM 3HAYCHUSAM (PACTIPEACICHUAM) HABSICHHOTO 3.7.C. — €, B CUJIy TOTO, YTO M3MEPSATh PACIPEACICHUE €
JIeT4e U mpolie.

M3noxuMm cyTh MeToAa. 3HaU€HHEe MTHOBEHHOTO 3.11.C. OIPEIEISIETCS U3 COOTHOLICHUS [5—9]

do
=——. 5
7l 6))
B o0mem cnyqae
d® = BdF + FdB, (6)

rae F — miomans MOBEPXHOCTH BUTKA, MEPIEHANKYIApHas K B . Jlubdepenuman dB OTIHUEH OT HYIIA
B o0Onactsax §, u J, (puc. 50). B obnactu 6, B = const.
U3 (5) u (6) momyanm
B L, & , (7)
ds F v.F
rae v, — JMHelHas OKpYy’KHas CKOpOCTb; L — aKTHBHas JUIMHA MPOBOAHMKA; ds = v dt — nuddepentnan

IYTH § BIOJb KOJIbLEBOro KoHTypa BI'. B dopmyne (7) 3HaK MHHYC OTCYTCTBYET, TaK Kak Mbl paccMaTpHBa-
eM a0COJIIOTHBIE N3MEHEHHUS! HICKOMBIX BEJTMYUH. YTOOBI YIIPOCTUTH BBIKJIAJIKU, IPUMEM, YTO B Ipeesiax Mo-
JIOCHOTO JICNICHHUS T, JUIMHA AYTH S, MaJlo OTIIMYAeTCs OT 3HAYCHHUSI IPSIMOJIMHEHHOM KoopanHaTsl y. Torya

MOJKEM 3alucaTh MPUOIMKEHHOE PABEHCTBO
dB dB _dB
ds rdg dy’
BriGepem nocTosHubIi mar & o y, h=1, /N, y,, =y, +h.

®)

IIpoduns €= 8( y) MOKHO 3a()HIKCHPOBATh Ha OCHMJUIOTPAMME FUTH Ha CAMOTHINYIIEM Mpudope. 3Has
MacIuTabbl, onpenesnseM HaOOp AMCKPETHBIX 3HadeHuil €,,i=1,2,3,...,n; n=N+1, COOTBETCTBYIOIIX

pasnuuHbM Y, . 3anuieM (7) B BUAE Pa3HOCTHOIO YpaBHEHUs IO cxeMe Dilliepa ¢ MpaBoi 4acThiO B ABYX
TOYKaX C yTOUHEHHEM:
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B _ B,.(k) = Y[Si +8i+1] > :

i+l

rue y =§ﬁ ,k=1,2,3, ..., — HHIEKC UTeparyH.

s

VYpaBHenue (9) nerko BBIYHCISIETCS UTEPAIIMOHHBIM CIIOCOOOM TIPH OMPEAETICHHO 3aJIaHHBIX TpaHWY-
HBIX ycnoBusix. Korga snexkTtpuueckas mallnHa WMEET 4YepeAyIoInecs MarHUTHBIE IMOJioca, KpaeBble (Tp-
aHW4HBbIe) ycaoBus OynyT HyneBbiMu: B, =0, B, =0. B Gonee oOmem ciydae naHHas 3ajada paspelinMa u
TIPU HEHYJIEBBIX TPAaHUYHBIX YCIOBUSX. Js 3TOrO B ypaBHeHWU (9) HCIONB3YyETCS UTEpaIis 110 UHICKCY K.
Bhnauane HemsBecTHOe 3HaueHue B, # (0 MCKYCCTBEHHO NpHpaBHMBaeM K Hyqro. Ilocie mepBoii mMpoOroHku

B IIPaBOM 4acTU MOJIy4YUM HEKOTOpoe 3HadeHue B, = 0. Ilpu ciemyromux IporoHOYHbIX pacyerax yxke Oy-

ger B, #0. HrepanuoHHble pacdeTsl TEM H XOPOIIM, YTO MO3BOJIAIOT YTOUHATH 3HAYEHHs BBIYMCISAEMBIX

BEIIMYMH IIPH pacyeTe 10 HUKIaM. B mporpamme 3amaercst mpees TOYHOCTH [T UTEPaliy |, U ATEPALAOH-
o p(k+l) | pk)

HBIE BBIYMCIICHU IPOBOIATCA 10 3HaUYeHun B, ' — B/ <.

i+l i+l —

I[J'ISI YBCINYCHUS K.II.A. BETPOBOTO I'CHCPATOPA MBI MpeajiaracM BHYTPU Ka)K,Z[Oﬁ KaTyHIK1 YCTaHOBUTDH
MCTAINIMYCCKUE MUIIMHAPUYCCKUEC (CHJIOI_HHLIC, HEC ITOJIBIC, II0 BBICOTC KEITyHJC‘-IHOﬁ O6MOTKI/I) pr60‘IKI/I nu3
METaljia ¢ BBICOKHM q)eppOMaFHI/ITHLIM rmokasareieM. UToObl He IMPOUCXOJUIIO TIPUITUIIAHUA MAarHUTHOI'O
JUCKA K 3TUM CTCPIKHAM (TaK HAa3bIBACMOC 3AJIMITIAHNUC BO BPEMsI OCTAHOBKH BO3YyIIHOTO BI/IHTa), HeO6XO,Z[I/I—
MO BCC 3TU HUJIMHAPHUYCCKUC pr60‘lKI/I MO0 BECPXHUM TOPHECBLBIM YaCTAM COCAUHUTH CO CIUIOIIHBIM KOJIBIIC-
06pa3HLIM JAVWCKOM B BUZIC IIOJIOCOBOI'O KOHTYpa (pI/IC. 6) ¢ HEOOIBIINM IIOIIEPEYHBIM PA3MEPOM IT0JIOCHI.

1 — TOJTIOCOBO¥ CILTONIHOW JTUCT MeTajlia — (eppoOMarHuTHas «Iaiday;
2 — MOCTOSIHHBIE MATHUTBI; 3 — CIUIOIIHbIE METAJUTHYECKHE IMINHAPBI — (peppOMarHuTHbIE CTEPIKHH

Pucynox 6. Mertammdeckas maiiba ¢ TpyOkaMu

Ortcrona BUIHO, 4TO MarHuTHele otoku @ = B-S, ucxonsmye oT MarHUTHOTO AMCKa, OyayT mepepac-
IIPENeAThCS B CIUIOLIHOM 3aMKHYTOM KPyroBOM KOHTYpe. B uTore MarHutHas «Tsrosas» cuia paBHOMEPHO
pacrpenenuTcs Mo KpyroBoMy KOHTypy 2mR, U He OyAeT NMPOHMCXOIUThH 3aJUNAaHUS MAarHUTA B OTIACIBHBIX
MeCTax pacloJIOKEeHUs KaTyleK cTaTopa.

[Ipu paccmoTpenun pemeHus NpsaMoi 1 00paTHON 3aayyl pacueTa MAarHUTHBIX LeTel B KIACCHYeCKOM
BapuaHTe [3—5], BO-IIEPBBIX, NPOLEAYPa BBIUUCICHUNA W ACHCTBHU Mo (opMyiaM, HOCTPOCHUE TaOIUIIBI

= 07— -
O=0 (U, F=p,gradBF = p gradB) sBIf0TCA OYeHb TPYJIOEMKUM M YTOMHUTEJILHBIM MIPOLECCOM IS
«PYYHOr0» cyeTa M MPUMEHEHHE COBPEMEHHBIX MHKPOKAJIBKYJSITOPOB HE OOJIerdaeT CYIIECTBEHHO AETIO.
k
Bo-BTOpBIX, OTCYTCTBYET ajNrOpUTM, IO KOTOPOMY MOXKHO OBLIO Obl BHIOMPATh MMEHHO T€ 3HAYECHUS BY
KOTOpbIe 00ecreunBaIi Obl XOpOoIliee HayaabHOE IPUOIHKCHIE.

[losTOMy MBI TIpe[uIaraeM HOBBIH CIIOCOO (aJTOPUTM) PELIEHUS] BTOPOM, T.e. 0OpaTHOW 3aJauu, Korjga
1O 33JaHHOM M.J.C. HEOOXOIUMO OIpeNenuTh MarHuTHOe noie B, . Ilo cytu, 3T0 KOMOUHAIMS MPAMOU U
oOpaTHOH 3a/1a4n, OCHOBAHHAs HA ITPUBEICHUU BCEX PACUETHBIX YPABHEHUH K PELICHUIO CUCTEMbI HEIMHEH-
HBIX aJire0panyecKiX ypaBHEHUI METOIOM IOCIeI0BaTeIbHBIX UTepauuil. [IpenmyiiecTBo JaHHOTO MeToaa
B TOM, YTO OHa JIErKO Mporpammupyetcs 1 Beruucisercs Ha [IDBM. Kpome 3Toro, B JaHHOM HOBOM airo-
pUTME MMeeTCs IPOoLeaypa, Ha OCHOBE KOTOPOH JIETKO ONpeJesseTcsl HauaabHoe npubnmkenue @, , Bro-
CIIE/ICTBUY ITO3BOJIIOIINE HAXOAUTh Hanbosee Onuskue K Touke 4 (puc. 7) 3HAYSHUS MAarHUTHOTO TIOJIS U
MOTOKA UHAYKIHH.
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8.Ta 1] L
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a — MarHuTHBIE TIOTOKW B HEJIMHEHHOM KOHTYpe W BO3AYIITHOM 3a3ope [3-5];
6 — KpUBas HAMarHWYWBaHUs CTaN [3—5]

Pucynok 7

Takum 00pa3oM, MbI IIpejIaracM ONTUMAJIbHBIN BapHaHT pellieHus oOpaTHOM 3amaun. Teneph u3jara-
€M KOHKPETHBIN aJITOPUTM PELIEHUS 3a/1a4H.
1. 3amaercam. o.c. U,=Iw.

U L
2. OnpenensieM HavanpHOe npuOnmxenue Oy no popmyne ®, =——=— rne R, =—<— — Mmar-
" R,+R § S
om m HHG c
ZL/' S,
HUTHOE COIPOTHUBJICHHE BCEro (DepPOMArHUTHOTO y4acTka; S, = ——=——
2L
j
JIUYHBIM y4YacTKaM 3HA4YCHHWE IIONEPEYHON IUIOMIAM BCEr0 HEJIMHEWHOro ywacTka. llpuHumaem, dro
® =®d,,, pupaBHO cpeHEMY apr(MeTHUECKOMY 3HAUCHUIO Ha 0Tpe3ke O—F Ha pUCYHKe 7a.

— Cp€AHEEC B3BCIICHHOC I10 pas-

3. Ilo nanHoMy 3HaueHuto @, BBIYMCIISEM COOTBETCTBYIOIIME 3HAuUeHUs (IOKa elle MpUOIMKEHHbIE

k ®k - k k
K MCTHHE) B = 5 JUTSL KQXKJIOT0 j-ro ydacTka. [list Kakaoro B; ompezenseM COOTBETCTBYOLIee eMmy H ;.
j

B ciygyae mpuMeHeHus: KOMITbIoTepa TaOIUYHbIE 3HAYCHUS Bj'.‘ u H jk 3aHOCSITCS B IIPOrpaMMy U Jajee uc-

MOJIb3yeTCsl MHTEprioyAnus Jlarpanxka, KOTopas YCHEIIHO MPUMEHEHA BO BCEX APYTMX HAIIMX 3afadax yisd
pacdera TeruI00OMeHa TeJ IPH NePEeMEHHBIX I'PAHUYHBIX YCIOBHSX.

7

4. BeruucisieM HaMarHUYMBAOLIME CUIIbl HA PA3JIMUHBIX 3BEHbsIX: U, ';j =H jk L.

5. Jlns BceX 3BEHBEB HENMHEHHOTO ydyacTKa HAXOIMM CyMMApHYI0 HaMarHHYMBarouryro cumy U’ :
Ut =>Us.

6. Boruncnsercs @, =P, (U,’;C) ; D, =D = B;.‘ S,
Lw UL

R

om om

7. OnpenensgeM @, =

8. CpaBHUBAIOTCS 3HAYCHHUS JBYX MAarHUTHBIX IIOTOKOB @, =CI)1(U ,’;c) un ®,=0, (U,’:w). Hns sroro

BBIYHUCIIAETCA Pa3HOCTh @, = D, — D, .
9. Ecim ¢, <0, o 3Hauenue @, =D, ymenbmaercsd, ecnu ke @, >0, 1o 3Hauenue O, =D, ypenuuu-

BacTCA. Z[aHHOC HN3MCHCHHUC TNCPBUYHOI'O0 3HAYCHUSA ch B KOMHBIOTepHOﬁ nporpaMme 3a1acTCs 1Mo LUKITY,

CIIEJIOBATENBHO, OCYIIECTBIAETCA C (DUKCHPOBAHHBIM JMCKPETHBIM MHTEpBaaoM, Imarom @, =o, i%.
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[Tpu kaxqOM MOBTOpPEHMM LIUKJIA IIar W3MEHSETCs, T.€. U3MEHeHne (QYHKIUH MPOUCXOMUT C MEPEMEH-

9
2
HBIM (YTOYHSTFOIIIAMCS) TITATOM.
10. IlepexonuMm K MyHKTY 3.

k
Beruncnennble sHauenust H ;| nposepsroTes no popmyie [3-5]

H1L1+H2L2+H0L0+H3L3+...:[‘W:Um. (10)
OTMCTI/IM, YTO 34€Ch U 3aKJIHOYCH CMBICI O6’BCI[I/IHCHI/I$I HepBOf/’I n BTOpOﬁ, T.C. HpHMOﬁ n 06paTHOI>i 3a-
Jad. <I)0pMyJIa (10) n3 HepBOﬁ 3aavuu CIIY>KUT JJId NCPCYTOUYHCHHUA JAaHHBIX ij , PAaCCUHUTBIBACMBIX BO BTO-

poii 3as1aye.

11. Beruucnsiercst abcomotHoe 3HadeHue ¢, =abs(g,). Ilpu noctmxkenun ycinosus ¢, =¢—> 0, npo-
rpamMma ocTaHaBiuBaercs. [Ipemen TouHocTH MOXKHO BEIOpaTh 13 nHTepBaita € =0,001+0,0001.

12. Beitaya pe3ynbpTaToB.

Ha camom nene, MarHuTHas 1ienb, MPHUBEIEHHAs HA pUCYHKax 4, 6 OymeT pa3BeTBICHHOUN. MBI pac-
CMOTpENIN MarHUTHbIE NMOTOKU TOJBKO B OJJHOM 3aMKHYTOM KOHTYpE, T.€. TOJBKO B OJHOM s4eiike MOIHOTO
KpyroBoro KoHTypa 1o 2n. Ho crienyer oTMeTUTh, 4TO, HECMOTpS Ha pacTeKaHHe MarHUTHOTO MOTOKA BJIEBO
Y BIIPAaBO OT 3TOW KOHKPETHO PACCMOTPEHHOW HaMU SYEUKH, 3Ta YOBUIb MOTOKA OYyAEeT KOMIECHCHPOBATHCS
MPUTOKOM MAarHHTHBIX MTOTOKOB OT CJEAYIOIIMX JIBYX map (Bcero u3 miecT) 3yOioB potopa. Takum obpa-
30M, 3ajlaya CBEJIaCh K PACCMOTPEHHOMY HaMH CIIy4ar0 OAHOM suelku. Ho make ecnu MarHUTHBIE MMOTOKU
ObUTH OBl HECUMMETPUYHBIMHU U €CJIM OBl HaM TPHUIIIOCh CYMMHPOBATh MarHUTHBIE TIOTOKH IO Pa3IMYHBIM
y3i1aM, puMeHss 3akoHbl Kupxroda, To Bce paBHO JaHHas 3ajada HECIOKHBIM 00pa3oM pemylupyercs
(mpuBOAMTCS) K PACCMOTPEHHOMY HaMH M U3JIOKEHHOMY BbIIIe anroputMy (myHKTel 1-12). Ilpocto yBenu-
YUBACTCS KOJMYECTBO IMKIIOB UTEPAIUH, B 3aBUCUMOCTH OT KOJIMYECTBA CAMOCTOSATEIBHO U Pa3ICIbHO JCH-
CTBYIOIIIUX SYEEK, T.€. KOHTYPOB. DTO HE BBI3BIBACT TPYJHOCTEH MPH PEUICHUH 3a]Ia4H ¢ IPUMEHEHHUEM KOM-
MBIOTEPHBIX TEXHOJIOTUH.

Ho 6onee nHTEpeCHBIM, 0 MHEHHIO aBTOPOB, SBIsieTcsl cieayrommii MoMeHT. [1o ¢opmyne (5) Bbruuc-
nsieTcs 3.4.¢. [IpuMeHsis pa3muvHble peAyKTOphl, KOTOPBIE MOTYT YBEITUYUBATH YUCIO 0OOPOTOB BHHTA JIOTIA-
CTH TIpY HEOOJIBIINX 3HAYEHHSIX CKOPOCTH BETPa, MOXKHO JOCTHYEL OOJBINOTO 3HAYCHHUST KOIHYeCcTBa 000po-
TOB 71;. TO ecTh HEOOXOMUMBIN YPOBEHB 3.J]I.C. TaK WIM WHade nocturaerca. MomiHocts BIT onpenensercs ve
TOJILKO YPOBHEM 3.]1.C. MOITHOCTh TIPSIMO MPONOPIIMOHAIIEHA TOKY, IPOTEKAeMOMY 110 00MOTKaM. B pe3yib-
TaTe MPOUCXOIUT HarpeB 0OMOTOK CTaTopa, poTopa u Bcero kopmyca BI'. Takum oO6pazom, B KOHEUHOM cUe-
Te, MOITHOCTh BI' omnpeiensercst He KOIMYECTBOM BUTKOB, COJIEPIKAIUXCS HA 0OMOTKaX poTOpa U CcTaTopa,
a 3aKOHaMM HAarpeBaHMs U CKOPOCTHIO OCTHIBAHUS OOMOTOK M BCETO Kopiryca B mesioMm. M 31ecs aBTophI pe-
KOMEHYIOT HCITOJIb30BaTh METO/IBI pacdeTa TEIUI000OMEHA Tell KOHEYHBIX (IIPOU3BOIBHBIX) PA3MEPOB, U3JIO0-
skenusie B [10].

Bwi600b1

1. Pa3paboTtana uteparionHas MOJiejb, KOTOPAst TIO3BOJISIET 110 HABEJCHHOH 3.11.C. PACCUUTAThH YUCIICH-
HbIC 3HAYCHUS U ONPEACIUTh MPO(UiIh HHAYKIIMA MaTHUTHOTO OIS B(Y) B BO3AYIITHOM 3a30p€ dJICKTpUUe-
CKOl MamuHbl. Ha OCHOBaHMYM 3TOT0 MOKHO pacCUUTATh NOTOKH MATHUTHOM MHAYKIMU D BIOJIb KOJIBLIEBO-
T0 KOHTYypa Ha CTaTope.

2. Pa3zpaboTana Mojenb s pacueTa CHIIBl MEXaHHMYECKOTO CIIeTUIeHHsI MarauTa (Ha porope) ¢ deppo-
MarHMTHBIM MaTepHajoM (Ha CTaTope) Ha OCHOBE BBHIYHMCIICHHSI IIOHAEPOMOTOPHBIX MarHUTHBIX HAaBEJEHHBIX
CHII.
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K.K.Kycaiibinos, T.A.XKakataes, b.P.Hycinoekos, H.K.bornaes

7Kes1 reHepaTOpPBHIHBIH JOHI€JIEK KOHTYPbIH/IA MATHUT OPiCiH ecenTey

OH/IipinreH 3.K.K. HETi31H/e 3JeKTP MaIlNHAHBIH ayajbl KybIChIH/Ia MATHUT OPICiHIH MHAYKIMACHIH jxoHe B(y)
TapalyblH €CENTeyre HTePAlUsIIBIK MO/Ieb YChIHBULIBL. Cout O0MbIHIIA MarHHUT piciHiH © aFbIHBI €CeNTEI .
Moyenb pOTOpAAFbl MAarHUT SKOHE CTaropiarbl ()EpPOMArHUTTIK CaKWHA apachlHOArbl JKAHACKAH
MEXaHMKaJbIK KYLITi ecenTeyre apHajuasl. EcenTeyiep KeOJEMIIK MOHICPOMOTOPINBI KYIITEPIi €CKepii.
Temip—HeoanmM—0O0p KocHagaH XacajFaH KyaTThl JUCKUII MAarHUTTEp HETi3iHAe kel IT'eHepaTOPhIHBIH THIMII
’K00achl KypacThIPBUIIbL.

K.K.Kussaiynov, T.A.Zhakatayev, B.R.Nusupbekov, N.K.Botpayev

To calculation of magnetic fields in the closed ring contours
of wind electric generators

The iterative model which allows on induced electro driving force (e.d.f.) is developed. Of an induction of a
magnetic field can to calculate numerical values and to define a profile B(y) in in air gap of the electric car.
On the basis of it is possible to calculate streams of a magnetic induction F along a ring contour on a stator.
The model allows to calculate forces of mechanical coupling of a magnet (on a rotor) with a ferromagnetic
material (on a stator) on the basis of calculation of ponderomotive magnetic volume induced forces. The de-
sign of the wind generator on the basis of use powerful disk magnets on the basis of an alloy iron—
neodymium-boron is developed.
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I'eoMeTpUSNIBIK ONITHKA TAKBIPbIObI 00MBIHIIA KOMIBIOTEPJIIK
3ePTXAHAJIBIK )KYMBICTAPbI 6TKI3y daicTemMeci

Makajanga TeOMETPHSIIBIK ONTHKA TaKbIPHIOBIHAAFBI KOMIIBIOTEPIIK 3EPTXaHAIBIK JKYMBICTApABbl OTKi3y
onicremeci ychiHbUFaH. Ou3nka cabaKTapbIHAA KOMITBIOTEPIIK 3epTXaHAIBIK cabaKTapbl OTKi3y (GU3UKAIBIK
KYOBUIBICTApBIH TEOPUSUIBIK MOJEIBAEPIH 3epTTeyMiH THIMIUITIH apTTeIpyFa MyMKiHAiK Oepemi. Oky
KOMOBIOTEPITIK KYPCTap/ bl KONAaHYBIMEH JKYPTi3iieTiH cabaKkTapbIH 9AiCTEMENiK HYCKayiaphl OKyLIbLIapaa
TeOMETPHSIIBIK ONTHKAHBIH HETi3ri TYCIHIKTepiH KaJbIITacTHIPy MEH JaMBITYFa, COHBIMEH Oipre Oimimaepmi
OekiTy MeH KeHeWTyre OarbITTanraH. KOMITBIOTEpIiK TEXHOJIOTHSIIAPABIH KOMEriMeH cabakTapasl Kyprizy
Ke3iH/e 3epTTEeYLIUIIK CHIIaTKA M€ TONTHIK >KYMBICTBIH JKOHE COJI 3€PTTCY asChbIHAA ©3 OCTIMEH >KYMBICTHI
YHBIMIACTBIPYFa KOIl KOHLI ayaapbLiajibl.

Kinm ce30ep: (Qu3nKkaHBI OKBITYy oficTeMeci, KOMIBIOTEPIIK 3€PTXaHAIBIK JKYMBICTAp, KOMIIBIOTEPIIIK
MOJIEIb, TEOMETPHSUIBIK ONTHKA, KOMIBIOTEPIIIK SKCIIEPUMEHT.

Owuzrka noHI OOWBIHINA ipremi JaWbIHIBIK Kbl OimiM OepyaiH OachklM OarbITTAPBIHBIH Oipi OOJNBINT
Tabbanbl. Ipremi ¢u3ukanblk OiuTiM OepymiH HETi3Ti HOTIKECI — OKYIIBUIAPIBIH TEOPHUSUIBIK Oiiay
KaOuteTiH JaMbiTy. OHU3MKa TOHI KONIIUTK KaFaaiaa aObCTpakThUIbl MaTepualiiapra ue OOJIATHIH/IBIKTAH,
OHBIH Ma3MYHBIHBIH JJIEMEHTTEPIH MEHrepTyle (PHU3HMKaIbIK TEOpUs €H KHBIH TeOpUsUIapAbIH Oipi OOIbI
ta0ObuTapl. COHABIKTAH (HU3MKAHBI KETKUTIKTI )KOFaphl TEOPUSUIIBIK JCHIEiIe OKBITYIa KeICPTri TYFbI3a Ibl.
[MoHni OKBITY Ke3iHJE TEOPHUSUIBIK MAaTepUaNAp/AbIH MPAKTHKAIBIK KOJIAHBICHIH aHBIK JKIKTEN KOpPCETY
kaxet. [lIpiHalibl (GUBKMKANBIK MpolecTep MEH KYOBUTBICTApABIH TEOPHUSIIBIK MOJACIBIEPIH KYPY (DUIUKAIBIK
TEOPUSHBIH MPAKTUKAIIBIK KOJIAHBICHIH asiCHIH aHBIKTAyAbl Tajamn ereni. OKymbuap GU3NKaIbIK TEOPHUTHBI
MEHrepy Ke3iHAe TeK Heri3ri TEOpHSJIBIK KOHLENUUSUIApbIH OKBII-YHpeHyMeH Oipre, oJapAblH HerisiHue
KYPBUIFaH TEOPHSITBIK MOJIENTbIEPMEH TaHBICHIII, OJIAP/IBIH KOJIaHY OOJIBICHIH OiTyiepi Kaxer.

Mogensaepni ASCTYPAl OKBITY Ke3iHAE OKYIIBUIApAbIH Oap Hazapbl CyOBEKTHUBTI KHBIHIBIKKA HE
OonaThlH MaTeMaTHKAJbBIK ammnapatka ayAapbUiaasl. bysl ke3ze 3epTTeliHeTiH MOAETBIIH peTi TeK oifmia
SKCTIEPUMEHTTE elnecTeTinieni. by enmec MyramiMm jkarblHaH Oakpiiayra kenmeimi. OWina 3KCIIEpUMEHTTI
OpBIHJIAY KEe3iHJE OKYIIbIIap/a MaTepUaIIbIK iC-OpeKeTTiUTKKe Tiperi Oonmaipl. COHIBIKTAH MOEIBI
OKBIN-YHPEHY 9PEKETTLUIIr jKapThl JKOJIIa Y3UIiN, OKYIIbUIapaa TEOPUSUIBIK KOHUCTIHIAPHIMEH asKTaJFaH
e3apa OallaHbICHl TY3iIMEHmI. TEOpHSIBIK MOJAETBIACPl TOJNBIK TYPAE OKBITHII-YHPETY YIIiH oO¥fima
OKCTICPUMEHTTIH JaF[blIapblH JKOHE OHBIMEH OallaHbICTBl OONAThIH (U3MKAIBIK MpPOIECTep MEH
KYOBUIBICTAp/BIH TYCIHIKTEpIH KaJbINTacThIpy KakeT. HakThl jkarjaiia Teopusla CHIATTaJbIHATHIH
uaeaibl  MIApTTapasl  KenTipyre OOJMaiIbl, COHIBIKTaH opKamiaHaa Oyl oWIna 3KCIepHUMEHTTIH
JAFBUIAPBIH  KAIBIITACTRIPY YINiH Tipek Oona amMaiinel. OHIa SKCHIEPUMEHTKE YHPETy MEH CBHIPTKBI
MaTepHaJIMEH dPEKETTUTIKTE KYPETiH KoHe OHbI OacKapyFa OOJaTBIH TEK JKaJIFbI3 MYMKIHIIK KOMITBIOTEPIIIiK
MOJC)b OOJIBIN TaObLTa B! [1].
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[eomeTpuAnbIK onTrka TaKprbI6bI

Kasipri ke3ne kenteren TM/L engepi MeH metenne gu3uka OOHBIHIIA KOMIBIOTEPIIK 3€PTXaHAIBIK
KYMBICTap/Ibl oHIeyMeH aiHanbicasl (Mackey, Cankt-IlerepOypr, TBeps, Tomck, Shoder kopsl skoHe T.0.).
KommbroTepiik 3epTXaHalbIK JKYMBICTAPBIH Ka3ipri 3aMaHFbl eHJICYyJepiHiH Taigaybl olapibl €Ki TOmKa
KIKTeyre MYMKIHIIK Oepli: peannsl (U3MKalbIK AKCIEPHUMEHTTI KalTa >KaHFBIPTYFa OarbITTajFaH
xymbictap — B.B.JIapuionos, B.B.Monaxos, JI.B.[lnuyrun, C.K.CradeeB xoHe T.0. %oHE (U3UKAIBIK
TEOPHSUTBIK MOJICTIBACP/Il 3epTTEeyre OarbITTalFaH KYMBICTAp (KOMIBIOTEPIIIK MOJIENBICHTIH 3epTXaHATBIK
skymbictap) — A.A.becconos, E.M.byrukos, C.M.Ko3zen, B A.Crapoay6ues [2].

By skybIKTayFa apHaIFaH )KYMBICTap/a )o0anay xKypri3ye emKkaHaai ailbipManbUTbIK OaliKaIManbl,
OipaK MYHBI OpBIHJBI JIeTl ecenteyre OoiaMmaipl, cebedi MyHmal KYMbICTap TAOWFATHI op TYpi OOJATHIH
(peanapl koHE uUAean]bl) OOBEKTINIEPAl 3epTTeyre OarbITTanFaH. TeopHsUIBIK MOJENBACPIl 3epTTeyre
OaFbpITTaJIFaH KOMIBIOTEPIIIK 3€PTXaHAIBIK JKYMBICTApAbl OpPBIHAAY Ke3iHae (COHBIMEH KaTap peasijibl
(UBUKANBIK SKCIIEPUMEHTTI KaiTa >KaHFBIPATHIH KOMIBIOTEPIIIK JKYMBICTAp/Ibl OpBIHIAY Ke3iHJe Jie) Heri3
pEeTiHJIe 3aTTail SKCIIEPUMEHTT] OTKI3y dJlicTeMeci alblHaAbl. TeopUsUTBIK MaTepUaN/Ibl TOJBIK YFBIHY YIINiH
JKYMBICKA pYKCaT aly MIapThl KaXeTTi Ooibil TaObutaabl. HoTwkeciHae KOMIBIOTEpIE MOIETbICHETIH
3epTXaHaJbIK JKYMBICTBIH OPBIHIATYbl OKBUIFAH TEOpPHSFa CHIATTaMa OOJIBIN TaObUIagbpl. OpUHE, erep 1e
TEOPUSAHBI KOMIIBIOTEPIIIK MOJIENBCI3 JKETKUIIKTI JKaKChl OKBII-YHpEeHreH 0oJica, OHIA KYMBICTBI
KOMITBIOTEP/IC OpBIHAAYaH YJIKSH HOTIKEHI KyTyre OonMaiinpl. COHIBIKTAaH KOMITBIOTEPIIK 3epTXaHAIbIK
KYMBICTApABIH TeMeH Tuimaiiiri Oacmama onaeHeme per cuiHanFaH (A A.Imagyn, O.H.Kpoxus,
A.H.MancypoB). ®u3nkana TEOPHSIBIK MOJACIBIEPl TYCIHYre OarbITTAIFaH KOMIBIOTEPIIK 3€PTXaHAIBIK
KYMBICTapbIH THIMJUIITIH apTThIPY YIIIH jKoOallayAblH apHaibl MelIaroruKaiblK KOHIICTIIMSICHIH OHJIe
HIBIFapy KaKeT. byJ1 KOHIeNIHs MOIeIbi 3epTTey MPOLECiHAe TEOPHSIIBIK MaTepUal bl OipTiHACH YFBIHYFA,
CBIPTKBl MaTepHaNJbl iC-OPEKETTUTKTE OWIIa SKCHEPHMEHTTIH OpBIHAAY JAFJbUIApBIH KAaJbINTacTBIPY
MYMKIHIiKTepiH Oepeai. byl KOHIeNIrs KOMITLIOTEPITIK 3epTXaHAaJIbIK KYMBICTapFa OYPBIH KOJIaHBIIMAFaH,
JKOHE JIe 01 MaTepualFa Ti30ekTen (caThliamn) TepeHaeTy KOHIENIHUACH O0bI Ta0biIaast [3].

TanpMIOplK OelCeHAUTIK Jopekeci OOWBIHIIA KOMIBIOTEPINIK JKYMBICTap 3aTTall  3epTXaHaJbIK
JKYMBICTapaH aWTapjIbIKTall KaJbIll OTHIPAJbl, ce0e0i TCOPHSUIIBIK MOJECIBACPIl OKBITHII-YHPETKEH Ke3Je
OKYIIBUTAP/IBIH IC-OPEKETTUIIr o/IeTTe MOJETbh HapaMeTpiiepi Typajibl aKmaparThl TipKEYICH KypbUIasbl,
KOHE J1e MyHna Oyin mapaMerpriep OacTamkpl MIapTTap e3repreH Kesne MaiblH Typuae Oepineni.
OKybIIapAslH KOMIBIOTEPIIK 3€pPTXaHANIBIK KYMBICTApAAH ajaThlH HOTWDKENEpIH JKeTUIIIpy MBIHAIAH
TYpAE icKe achlpbUIybl MYMKiH. JKyleHiH OacTamkpl mapameTpiiepiH ©3repTKeHHEH KeWiH, elKaHnai
MOJIIMETTep NaibiH Typae OepinMell, OHBIH OpHBIHA BUPTYAJIbl KypalJapAblH KUBIHTBIFEl OEpiICiH, OHBIH
KOMETIMEH KaXKETTi aKknaparThl aiyra Oonaabl. OKyIIbUIAPABIH iC-OpEeKeTTUIIr OV jKaFaaiaa MaTepuaiibl
AKCIIEPUMEHTTETI/IeH OeNceH i-i3IeHyIiTiK O0Ta bl

Kazipri ke3me Oimim Oepy Ma3MyHBIHIA KeJiecimell Kapama-KaWmibUiblK Oabikanyga. OFaH FHUIBIMH
3epTTeyJepAl MOJCNbB/CY POiHIH apTyhl KoHEe OYJI TaHBIM TOCUIIIH opTa OimiM OepyJie KETKITIKTI TOJBIK
eMecC KOJJIaHbIChl apachIHAAFbl KapaMa-KaHIIbUIBIKTAap bl JKaTKbI3yFa 0osapl. COHIBIKTAH OpTa MEKTEITe
(bu3MKa KypChIH OKBITYAa (PH3MKAIBIK KYOBUIBICTAP MEH HPOLECTEPAiH TEOPHSUIBIK MOICIBICPIH 3epTTey
OobIHIIIA KOMIIBIOTEPIIIK 3€PTXaHAIBIK KYMBICTAPABIH THIMIUTITIH apTTHIPY MACeNeci TYbIN OTHIP.

FruibiMaa KOMIBIOTEPIIK 3KCIEPUMEHT INbIH MOIEIBISPIl KOJAAHATHIH (DU3UKAJIBIK IPOIECTEePi
yiriney Oonbin TaObutazpl. backa skarblHaH, KOMIBIOTEPIIIK SKCIIEPUMEHTTI peall )Karnaiaa icke achlpblia
aIMalTBIH, 3EPTTEIHETIH KYHe MapaMeTpiepiHiH KCTpeMasIbl MOHAEPIHE JKeTe alMaWThIH JKarnaiga
xyprizyre Oonanbl. COHIBIKTAH €CENTEeyilll KCIEPUMEHT KaTThl JieHe (U3WKAChIHIA, I1a3Ma, OeTTiK
KYOBbUTBICTAp, (PazasbIk aybicyap MEH Tarbl Oackanap GuU3uKaaa KeH KOJJaHbUIAIbL.

MamuHanbIK MyJIbTUILTHKALMS «KAHOHBI» 0acKapa alaTbIHIAN eTill KacalIbl: MOJCIbACY dMICTEpi op
TYpJIi TmapamMmeTpiiepi Ke3iHne (U3MKANBIK MpPOIECTep/diH OeHHECIH Kepyre MyMKiHIIK Oeperi, MyHIa
OKYIIbLIap/Ia mapaMeTpiiep MOHAEPiH 63 OeTiMeH e3repTe amy MYMKIHIr naina 6osasl. CoHbIMEH, Oy TEK
JEMOHCTPALMSUIBIK TOKIpHOEHI FaHa emec, OEJICeHIl OpBIHAANATHIH, KOPHEKI «IKCIIEPUMEHTTI» KypyFa Ja
MYMKIHIIK Oepai. MyHIail SKCIEPUMEHTTI KOMHLIOMEPIK 3epMXAHANbIK JHCYMbIC TNl aTayra Oomajpl.
KoMmbroTepaik 3epTXaHalbIK )KYMBIC €CENTeYill AKCIIEPUMEHT HeMece peasl SKCIePHUMEHTTIH WMHUTALUSChI
0OJBITT TaOBLIAMBI, OJ OKYIILIHBIH OCJICEH/l 1C-OpEKeTTUTriH Tajam eTeli. KoMIbloTepilik 3epTXaHalIbIK
IKCTIEPUMEHT (PU3MKAHBI OKBITYIaFbI Oap dicTeMenepre KOChIMINA XKaHa dicTeMe OOJBIN Ta0bLUIa bl

Kommbprotepiik 3epTXaHajbIK JKYMBICTAp OKyLIbUTapAbl Here yiperemi? JKayam KaHpgail >KyMbIC
OpBIHATIFAH/IBIFBIHA  TOYEJIi: 3EpPTTENiHETIH (HU3MKaJIbIK TPOIeCC MOJAETBJICHETIH KOMITBIOTEPITIK
SKCHEPUMEHT HEMece peal JKCIEPHUMEHTTI HMMUTAalMsUIayFa MYMKIHIOIK OepeTiHaedl Ooiy kepek. An
COHFBICHIHBIH DeJIi IIeKTeNreH Oonbln TaObuiafgsl. Erep aHamormsuisl «peam» Kymblc O6ap Oosca, OHIa
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KOMITBIOTEPJIIK HMMUTAIMs TEK peajl JKYMBICTHI OpBIHAAYABIH QJIABIHIAA IKATTHIKTBIPYIIBI PETiHIE
naiinananrad skeH. OJ OKyIIbUIApFa elIKaHai skaHa Oumimai Oepmeiini. MyHIai KaTTHIKTBIpyIIbUIAPIA
peall KOHJIBIPFbI MMMTALMSIAHAIBL MBICAJIBI, aclalTap CaHAapMEH OCITICHreH KIIIIKTEp TypiHae
KecKiHeneni (TimmenepMeH nae OOMybl MYMKiH), KOHABIPFBIHBIH IapaMeTpiepi caHaap Hemece
KBUDKBIMAJIAP apKbUIBI ©3TepTUIel, KOPCETKINI TaKTara jkKaHa caHiap Kepceriieli (Hemece Tiie j>KaHa
OyphBIIIKa SKBUDKYBl MYMKiH). OKyIIbuTap acmanrtapiaH CaHaKTapAbl jKa3blll aly OOMBIHINA >KYMBICTHI
UMHTALUSIIARBI, KeCTeIepai TONTHIpaabl skoHe T.0. MyHmai sKyMBICTapabl KYpY Ke3iHIe KOMITBIOTEpIiK
MOJIETIbIY KOJAHBUIMAN/IbI, al MaTeMaThKa >KaFbIHAH JKYMBIC T€K (DYHKIUSUIApABI TaOyJSAIMsIIAy MEH
KHUCBIKTApJIbl Cally CHSKTHI IMpoIlelypalapblMeH IIeKTENIlN, Heri3i aybIpiblK Trpaduka MeH uHTepdericke
canbiHaIbl. MyH/Tai )KaTTHIKTRIPYIIBI 36PTXAHANIBIK )KYMBICTBIH O0i1p (PyHKIHMSCH TEK oJIIeyep HOTHKeNepiH
eHJIeyTe YHPETe/Ii.

KoMIproTepik JKYMBICTBIH IIBIFAPMAIIBUIBIFEl OI€TTEr 3aTTall 3epTXaHAIBIK KYMbICTaFbIIAH a3bIpak
Oonbin  TaObUIMalAbl. Marepuanasl KyMbICTa OKYLIBUIAp «peal» SKCIEPUMEHTIEH KapbIM-KaThlHacTa
Oomanpl, anm «BUPTyaJAbD» KYMBICTa ONap KYOBUIBICTBIH MOJeNiMeH >XyMmbic icteiini. KommbroTepmik
’KYMBICTBI OpPBIHAY Ke3IH/ET1 63 OeTIMEH JKYMBIC JI9PEeKeCi peasl )KYMBICTHI OpbIHIAYAaFbIIaH apTHIK OOITYbI
MYMKiH, ce0ebi Kayilci3/liKk TeXHUKAChl MEH DKCIIEPUMEHTTIK KOHJIBIPFBIHBI ICTCH NIBIFAPYBIMEH EIKaHIal
miekteynep  Oonmaiapl.  KomMmbroTeprik — 3epTXaHAJbIK — JKYMBICTap — OapbICBIHAA  «OKYIIBIHBIH
3epTTEYLIICPMEH JKacalFaH OarbITTa HEMEce OHBIH ©31 jKacaFaH BUPTYaJIbl KYPBUIFBICBIH/A «TOKIPHOE»
’Kacarl, TaJan eTUIeTIH [IaManapibl OIIIel, COJNaH COH JKayalThlH KOMITBIOTEPIIK TEKCEpYICH OTyi»
BUPTYaJJIbl aKNapaTThIK-OKbITY 3epTXaHajapbl OimiM OepyiiH 0Oacka aa >KOIJapbIMEH KeIIeHAl Typje
naiiananbUTyBIHBIH TUOTIK yiTici 6osbin Tabbuiansl. KoMbioTepiik 3epTxaHanapablH HETi3r1 KYHIBUIBIFBI
OHBIH Ma3MYHJBUIBIFBIHAA KaThlp. Tamama HaBuranus, 60sy TyCTepi, XKbUIaM XYKTeIyl MEH BUPTYaJbl
TOXKipUOENnepliH CeHIMIUIT OUTiM almy MEH WTepyAiH KOCBHIMINIA BIIEMEHTTEpi FaHa OOJBIT TaObLIaJIbL.
KommbroTepiik 3epTxaHanap «00C YCTeI» CEKUIIi, OFaH OKYyIIbUIAp apHalbl KypalaapiblH KeMeriMeH
3epTXaHaJbIK OOBEKTUIEpiH >kKacail amanpl, onapasl Oip-OipiHe KAaTBICTBI KaXETTI TYple OpHajlacThIPabl,
0o0BeKTiNIep apachlHia OaiaHbICTap OPHATHIM, OJNIAPJBIH OacTamnkpl MOHIH KOsAbl. HeriziHeH BHpTyabl
3epTXaHaiap Oip 3epTXaHaJbIK MOAYJb HETI3iHAE 9p TYpJi MHTEPAKTHUBTI MOJEIBAEP >KacayFa MYMKIHAIK
Oepeni.

KoMmnbroTepiiik  3epTXaHajblK  JKYMBIC  (DU3UKANBIK  SKCIEPUMEHTTIH  OapiblK  TallalTapblH
KaHaraTTaHJBIpaabl, Oipak HAaKThl acmamnTapjbsl ycranm Kepyre MyMKiHaik Oepmeiini. Kommbrorepik
3epTXaHAJBIK JKYMBICTApIbl (DM3HKAHBIH JaMybIHJa MaHBI3Ibl POJb AJFAH TAPHXH OIKCIIEPUMEHTTEp/II
JeMOHCTpauusuiay YIIiH KojjaHyra Oonansl. COHBIMEH KaTap oJapibl KalIBIKTHIKTa OKBITYJa KOJIAHyFa
0osampl. KOMIBIOTEPIIIK 3€pTXaHAIBIK KYMBICTAPAbl HAKThl (DM3MKAJIIBIK 3KCIHEPUMEHT MYMKIH OojiMaraH
JKarnaiaa KougaHaasl. Meicanbl, (M3UKaHBIH JaMybIHa MaHbBI3/IbI POJIb aTKAPATBIH OHIA SKCHEPHUMEHTTI
HaKThUIaya KoigaHyra Oonansl. Erep OeperiH Marepuan eTe KHBIH JKOHE OHBI OKBITY Ke3iH/e KOeNTercH
KOPHEKITIK KaKeT 00Jica, KOMITBIOTEPIIIK 3epTXaHAJbIK KYMBICTApIIbl KoJjiaHyFa Oomajpl. KommbroTepiik
3epTXaHAJIBIK KYMBICTAp/IbIH KOPHEKUIIT eTe jKorapbl 00najpl. KOMITBIOTEpIIK 3KCIIEPUMEHTTI OKBITY,
KOPBITBIHIBLIAN «BUPTYaJABIKY» KYPaMbIH OKBITY (PU3HUKAJIBIK O0OBEKTITIEPAIH MOJCTbACY SAICIHIH KOMeTiMeH
Kyprizineni. KoMIIbIOTEPIIIK AKCIEPUMEHT JKOFapbl JEMOHCTPAIUSJIBIK KOPHEKIJIIKKE HE, COHIBIKTaH Ol
«Ke3re KOpiHOEUTIH Hopceneplli Kepyre», 3aTThIH KYPBUILIMBIH TYCIHYre MYMKIHJAIK Oepemi, Oy ke3fe
IIBIHANBI 3KCIIEPUMEHTTIH AWNAKTUKAIBIK OCNTiep i KemmiIiri cakragaasl. OKyIbiap YIIiH KbUIaM
OPBIHAJIA B, OJIAP/IBIH OKBITBUTYBI SKCTIEPUMEHTTIH HETi3T1 AaFIbUIapbIH MEHIepyre KOMEKTece .

['eoMeTpUsIIBIK ONTHKA TaKBIPHINTApBIH OKBITY Ke3iHAe cabakTapia KOMIBIOTEPIK 3epTXaHaJIbIK
cabakTapAblH MYMKIHIIUTIKTEPiH KapacThIpabIK. KapbIK KyObUIBICTaphl TaKbIPBIObIHA ColiKecTi «KuHarbIm
JIMH3aHBIH KaCUETTEPIH OKBIN-YHPeHYy», «JKapbIKThIH ChIHY 3aHIapbIH OKBIT-YHpPEHY», «KUHAFbIII THH3a1a
KeCKiHJep Kypy», «lllamibipaTkpiin JMH3a/a YIIOYPBIITHIH KECKiHIH amy», «DepMaHbIH €H a3 yaKbIT
NPUHIHAITY, «YKa3bIK mapauiens TIacTHHAIA COYJIEIEPIiH KYPich» KOMIBIOTEPIIIK 3epTXaHaJbIK cabaKkTapra
oNiCTeMENK HyCKaylap YCHIHbUIAAbL. <«OKWHAFbIl JIMH3AHBIH KACHETTEPIH OKBIN-YHPEHY» aTThI
KOMIIBIOTEPIIIK 3ePTXaHAIBIK JKYMBICTBIH 9/IiCTEMENIK HycKaynapsl «JlaboparopHble pabOTHI MO (QU3MKE»
KOMITBIOTEPJIIK OKCIICPUMEHT JKUHAFbIH TalgalaHbill, skacaiblHabl [4]. Kanran Oec KOMIBIOTEPJIK
3epTXaHaJbIK )KyMbIcTap «Du3nka B mkosie u goma» MHTepHeT calThiHIarbl «BUpTyalbHBIH MPaKTHKYM I10
¢uzuke» Oemimingeri I1.M.AHyX1H aBTOPBIHBIH ONTHKA OOMBIHIIA MHTEPAKTUBTIK MOAEIbIEP] KONJaHbLI-
a1 [5]. T'eoMeTpusanblK onTuka OOWBIHIIA KOMIBIOTEPNIK 3€PTXAHAJBIK JKYMBICTAPIBIH ©HJEITeH
oNiCTEMENK HYCKayJIapblHIa 3€PTXaHAIbBIK JKYMBICTBIH MaKCaThl, KbICKAIAa TEOPHs, KYMBICTHIH OPBIHAAY
perTi, TanceipManap, 6aKpuiay cypakrap OepinreH.
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Komnviomepnix 3epmxananvix oscymvic Ne 1. «KuHaFplll JWH3aHBIH KaCHETTEPiH OKBII-YHpPEHY»
(1-cyp.). XKYMBICTBIH MaKCaThl: YKUHAFBIII JTHH3aMEH KYMBIC iCTeyTe YHpeHy, )KyKa JIMH3aHbIH (OPMYITachIH
Tekcepy. byn 3epTXaHalbIK KYMBICTBI OpBIHJAyAa OKYIIbUIAp JIMH33JaH JKpaHFa JEHiHT1 KOHE KapbIK
KO31HEH JIMH3aFa JEeHiHT1 apaKallbIKTBHIKTapAbl ©3repTe OTBHIPHIN, SKpaHHBIH O€TiHIEe aHBIK KECKiHIl amy
KakeT. JKyMBIC KeCTeCiHe i3[CNHreH MaMajaapablH MOHISPIH TOJTHIPHIN, TOFHIC MIAMACHIH AHBIKTANIBI.
Toxipube GapbICHIHIA AMBIHFAH TOFBIC MOHICPIH CATBICTHIPHIT, 63 KOPHITHIHABIIAPHIH jKacay KaKerT.

Komnviomepanix 3epmxananvix scymovic Ne 2. «KapbIKTbIH CbIHY 3aHAAPBIH OKBINI-YHAPEHY». KYMBICTBIH
MaKCaThl: €Ki OpPTaHBIH OeJliHy IIeKapachlHIa >KaPBIKTHIH ChIHY 3aHJApPbIH OKBIN-yiipeHy. KommbroTepik
3epTXaHaJbIK )KYMBICTHI OpBIHaY/1aH OYPBIH OKYIIBIIAP €Ki OpTaHbIH O6JiHY IMIeKapachl apKbUIbI JKAPBIKTHIH
CHIHYBIHBIH HHTEPAKTUBTIK MOCIIIMEH TaHbICAARI (2-cyp.). bepinren Momennae kaphlK KO31HIH OPHBIH KOHE
OpPTaHbIH CBIHY KOPCETKIITEPiH COMKECTi >KYTIprilTepai >KbUDKBITY >KOJBIMEH 63repTyre Ooiabl.
Okymbuiap ChIHY KOPCETKIMTEPiHIH MOHICPIH JKOHE KAPBIKTBHIH TYCY OYPBIINIBIH ©3T€pPTE OTHIPHII, CHIHY
OYpBIIIBIHBIH KaJlali e3repeTiHiH OaKplIaiIbl. AHBIKTAIFaH ChIHY KOPCETKIIN Ke3iHae OipeHIe Oakpliaynap
CEPUSACHIH JKYPri3e OTHIPHIN, XAPBIKTHIH Op TYPJl TYCy OYPHIINBI VIIH >XKapbIKTBIH CHIHY OYPBIIIBIH
AHBIKTAWbl. bakbuiay HOTHXKENEPiH HKYMBIC KECTECIHE TONTHIpajbl. TaObUIFaH OYPHIIITAPABIH CUHYCTAPBIH
€CeMTeIl, ChIHY OYPBIIIBIHBIH CHHYCBIHBIH Sin 3 TYCy OYPBIIIBIHBIH CHHYCHIHAH Sina TOYENILIIK rpadurid
Typrb3abl. COHBIHAA KOPBITHIHIBI )KacanIbl.

1-cypet. KoMnbroTepiaik 3epTxaHalibIK )KYMBICTBIH Tepe3eci

Exi opTanbiH Geniky
wekapacsiHa
HyPrizinres HopMans,

BipiHwi opTaHkIK CbIHY KepceTkiwi

m=2.408
Kapbik keai
WaFeinFaH cayne
. Bp TYpNi CbiHY KepceTKilwTepiHe ne
a=36.494° 1=36.494 €Ki opTa apacbiHaarb! Wwekapa

p=20.941"

ChiHFaH cayne
EkiHWwi opTaHbIH CbIHY KepceTKiwi
n:=4.007

2-cyper. Exi opransIH 0eJiiHy mekapachl apKbLIbl )KapBIKTHIH ChIHYBIHBIH HHTEPAKTUBTIK MOJIEI]
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Komnviomepnix sepmxananvix ocymoic Ne 3. «Kunarpin JMH3aga KeckKiHAEp Kypy». JKYMBICTBIH
MaKcaThl: JKHHAFBIII JINH33/1a KECKIHJEep KYPY JaFIbIChIH MEHIepTy. ByJl HHTEpaKTHBTIK MOJeNb cyibachl
JKUHAFBII JIMH337a VIIOYPBIITHIH KECKiHIH Kypy VIIiH apHaiFaH. byin KecKiH YIIOYPBINTHIH OYKiT
nepuMeTpi OOMBIHIIA Op HYKTEJIEPiH Ti30eKTeN KYpy Ke3iHAe aBTOMATThl KYphUIabl. AJFAIIKbIIA OKYIIbLIAp
HMHTEPAKTUBTIK CYJIOAHBIH KYMBICBIMEH TaHbIcaasl (3-cyp.). Cysi0aga TOFBICTBIH OPHBIH, 0aC TOFBICTAP MEH
(hokanmp Ka3BIKTHIKTAPIBIH OPBIHIAPBIH; YIIOYPHIIITHH TOOECIH OPHBIH ©3TepTy apKbUIB YIIOYPHIIITHIH
OpHBIH; YIIOYPBHIITHIH NepUMETpi OOWBIHIIA XKapbIK S KO3iHIH OpPHBIH e3repTyre Oomansl. OKymbuiap O6ac
ONITHUKAIBIK JKAa3bIKTHIFBIH KUMaWTBIHAAW eTil, YHmOYpHIUTHIH yiI TebeciH Oip KeciHai OoibiHIA
OPHAJIACTBIPHIT, YIIOYPHIMTHEIH KECKIHIH ajaapl. YIIOYPHIT TOOECIHIH op TYPJI OPHBIH ©3TepTe OTHIPHII,
KECKIHJIEp TYpJEepiH aHBIKTaiabl. OKyIIbIIap KeCIHIIHIH op TYPJI THNTI KECKIHACPiH KYPHITI (IIIBIH, JKaJIFaH,
YJIKEUTUITeH, KIMIipeHTired, Typa, TOHKEPUIreH), 9p TYpJli cyida YIIiH JKYMBIC KecTeciHe KeCiHIiHIH eKi
VITIBI MEH €Ki TOFBIC KOOPAMHATAJIAPHIH JKa3bIT ajnaapl. Keiid kyKa THH3aHbH (OPMYIIachlH TEKCEpiIT, KyKa
JIMH3aHbBIH (OPMYJIACBIHBIH OPBIHJIATYBIHA KATHICTHI KOPBITHIHIIBI )KACAHTBI.

Komnviomepnix 3epmxananvix scymvic Ne 4. «1lamplpaTKeII TUH334a YIIOYPBIITHH KECKiHIH amy».
JKyMBICTBIH MakcaThl: MIAIIBIPATKBINI JIMH3AHBIH KOMETiMEH KeCKiHAepHi TYPFhI3Y HarAbIChiH Oepy. byn
cyJiba MIamBIPaTKBINI JIMH3aAa YITOYPBIITEH KEeCKiHIH KYPY YIIiH apHaimFaH (4-cyp.). by kommbrorepimik
MOJICJIbAC JIMH3aHBIH TOFBIC APaKALIBIKTHIFBIH, YIIOYpPBII TeOeNepiHiH OpHBIH, YIIOYpPBHIILITaFbl HYKTEHIH
OpHBIH e3repTyre Oonaapl. Mopenbae aBTOMATThl TYpAC YLIOYPBIITHIH KecKiHi anbiHanbl. JKorapeiga
KENTIpUITeH 3epXaHajbIK JKYMBIC CHSKTHl OKYIIbUIAp JKYKa IJMH3AHBIH (DOPMYIIACBIHBIH OPBIHAATYbIHA
KATBICTBI KOPBITHIH/IBI Kacay Kaxer.
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3-cypert. JKHHAFBIII JINH3a/1a YITOYPHIIITHIH KECKiHIH 4-cypet. lampIpaTKbIII IMH331a YIIOYPHIIITHIH KECKiHIH
ay 3epTXaHaJbIK )KYMBICBIHBIH HHTEPAKTUBTIK MO/IE ay 3epTXaHaJbIK )KYMBICBIHBIH HHTEPAKTUBTIK MO/IE

Komnviomepaix zepmxananvig socymoic No 5. «DepMaHbIH €H a3 yaKbIT MPUHITUIIY. JKYMBICTBIH MaKca-
ThI: TOXipuOe xKoabiMeH A—C—B CBHIHBIFBIH OTY YIIiH MUHUMAIIJbl YaKbITKa coiikec keneTiH C HYKTECiHiH
OpHbIH aHbIKTay. JKapbIKTBIH ChIHY 3aHBIH OYPBICTBIFBIH TeKkcepy. by monens (5-cyp.) 4 — apbIK Ke31 MeH
B — xapbIK KaOBIIIaFbIIBIHBIH OPBIHAAPBIH ©3repTyre MyMKiHIiK Oepeni. XKapbik 4 HYKTeciHeH B HyKTeci-
He Tycy kKepek. C HYKTeCI €Ki OpTaHbIH O6JIiHy IleKapachiHAa NEPIEeHAMKYJ/ISP TYCIPUINeH HEeri3aepiH Koca-
TBIH KeciHzire opHanacambl. C HYKTeCiH Oyl KECiHHi IeTiH[e FaHa >KBUDKM allafgel. by ke3me KeciHmi
YIITapblHA KaTbICTBI OpHBI (W mapameTp) MeH A—C—B CHIHBIFBIH OTY YIIIH JKapbIKKa KaKETT1 YaKBITHI
e3repeni. DepMa MPUHITUIIIHE COMKECTI OVJT yaKbIT MUHUMAJIABI 00Japl. bepiiaren Momens aBTOMAaTThI TYpIe
exki AC u CB xecinminep OOWBIHIIA KapBIKTBIH O©TY YaKbITBHIH Kelieci opmynanap OOWBIHIIA ecenTeyre
MYMKIiHIiK Oepeni:

Hh= |AC|7Z1/C, L= |CB|‘7I2/C,
MYHJIaFbl 71| MEH 1, — COUKECTI ChIHY KOPCETKIITepi (KYTiprimrep kemeriMeH Oepifielii); ¢ — BaKyyMAarbl
JKaPBIK KBUIIAMIBIFE (oMOeOar oeMIiK TYPaKTHI).

OKymbutap ChIHY KOPCETKIIITEpiH MOHIEPIH oHE Oy OpTaiapHarbl >KapblK KbUIJAMIIBIKTAPbIHBIH
MOHJIEpiH, KapbIK K31 MEH KaObUIAAarbIIITBIH OpHBIH e3repTe OTHIpbl, AC >xoHe CB KeciHIiNepiH eTy
YaKBITBIHBIH ©3repeciH jxoHe C HYKTECIHIH OPHBIH ©3repTe OTHIPHII, OHBIH KATBICTHI OPHBI — W TIapaMeTpi
KaJlail e3repeTiHiH Oakpuiay KaxeT. Kelin okymbiap CHeN 3aHBIHBIH AYPHICTBIFBIH TEKCEPIl, KOPHITBIHIBI
AKacanabl.
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: BipiHwWwi opTaHbIH CbiHY KepceTKiwi
: BeTke XyprisinreH HOpMans Cbi3bifbl ni=2.892

.

t = U.l;“ﬁunc
: BipiHwi opTagars! XapbIK XeingamasiFs! vi=103.73444 MM/c

C HykTeciHiH canbicTbipManb! HykTeci: w=0.45923

a=2840237"\] C Bp Typni ceivy KepceTkiwTepiHe we opTanap WekKapachl

f=3573415°

EKiHWIi OpTaHbIH CbIHY KepceTKili
n=2.217

\ t> = 0.10644 mxc

EkiHwi opTaparbl XapbIK XsinaamabiFsl v:=135.318 MM/c

5-cypet. «DepMaHbBIH €H a3 YaKbIT IPHUHIHII 3epTXaHAIbIK )KYMBICTHIH KOMITBIOTEPITiK MOJIENi

Komnviomepanix 3epmxananvix scymuvic Ne 6. «Ka3plK mapajuiensd IUIacTHHAAA COYJEIEPAiH Kypici».
JKYMBICTBIH MakcaThl: JKa3blK Mapaielb IUIACTUHANA CAyJeNepHiH KYPICIH cally IaFAbICBIH MEHIepTYy.
[TnacTuHA KaJbIHABIFBIH, IUIACTHHA 3aTHIHBIH CBIHY KOPCETKIIIIH ©3repTe OTBIPHII, CIYJICHIH TYCY MEH ChIHY
OYpBIIITAPBIH, BIFBICY IIaMachblH aHBIKTAy KakeT. [lmacTuHagaH ©TKEH Ke3iHIEri CoynenepHiH BIFbICY
IIaMaChIHBIH TYCY OYpBIIIBIHAH, IUIACTUHAAH OTKEH KE31HIET] COyJIeNICpAiH BIFBICY IaMAaChIHBIH IJIACTHHA
KaJbIHABIFBIHAH, IUIACTUHAIAH OTKEH KEe3iHJeri CoyJeNepHiH BIFbICY IIAaMaChIHBIH IUIACTUHAHBIH CHIHY
KOPCETKIIIIHeH TOYeNIUTIK rpaduKkTepiH TYprbI3y KakeT. COHBIHAA OKYLIBUIAD KYPri3iiareH OakpuiaynapaaH
KOPBITBIH/IBI JKacau bl

6-cyper. JKa3bIK mapauienb MIacTHHAA JKapBIK COyIIENEPiHiH KYPICIHIH MoIei
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Ochblnaiilia, OChl 3aMaHFBl OpTa OUTIM JKaFlaibIHIAaFbl FHUIBIMH-TEXHUKAIBIK YIEpIC OHBI KaHA
KOMITBIOTEPIIIK TEXHOJIOTHSIIAP JICHI'ere MIbIFapa OTBHIPBII, NOCTYpii OuniM OepyaiH 0all TeqaroruKaibik
olleyeTiH Taiijjananyra OarbpITTanFaH. bynan 0acka, KOMIBIOTEPIK aKMapaTThIK-OKBITY 3epTXaHallaphl
JKaFaiibIHIa OKY MOJIENb/Iepi apKbUIbl OUTIMHIH JKaHa calalapblH 3epTTey/e OKyIIbUIapJa KOpIIaraH opTa
KYOBUTBICTAPBIH TAHBIM-OiTyZle O3/IriHEH JKYMBIC icTey KaOuleTi apTajpl, emip cypy OapbiChiHIA
TYBIHJIAUTBIH MiHAETTEP/I IIENIy >KOJJIapbIH O3/iriHeH Taly MYMKIHJITI KalbITacabl, alblHFaH Oimimi
TOXKipuOe Ky3iHIe malfanaHyra HaspibiFbl apTagsl. Exzperne, oKylIbUIapAblH ©3AIriHEH XYMBIC icTeyiHe
CENTIriH THUTi3eTiH KOMIBIOTEPIIK 3epTXaHanapbl NaiganaHy 3JeKTPOHAB! OiliM OepeTiH KOMIIBIOTEpIiK
OHIMJII EHIIPY CTPATErHsCHIHAAFbl COTTUTIKTIH aXbIpamac 0etiri OOJbIT TaObLIA/Ib.

Erep xoMmbroTep OKBITY ic-opekeTiH Oackapy (QYHKIHICH pETiHJE KOJJAHBUIATBIH 0O0JICa, OKBITY
KypaJibl POJIiH aTKapajpbl. SIFHU OKBITY YpAiCiH MOAENBACH I, OKYIIBIHBIH CYpaKTapbIHa Xayarl Oepe ajajbl,
OHBIMEH WHTEPAKTHUBTI KapbIM-KaThIHACKA Tyceadi. Kazipri KOMIBIOTEPIiK OKBITY CalalbIK KaFbIHAH ©Te
JKOFapbl OarmapiiaMajiapMeH KamMTamachl3 eTiIreH. EHal MyfaliMHIH MIHIACTI Kasipri  9IiCTeMEIIiK,
e IarOrMKaJIbIK-TICUXOJIOTHSUIBIK TaJlalTapra cail OaraapiaaMaiapibl IyphIC TaHIAI, OJIap/bl medep KogaHa
anmyra casnmel. Mognenmbaey YpHici — epTeleH KOJNAAHBUIBIT Kele jKaTKaH KyOwuibic. KommbroTepiik
MOJIENIBCY/IIH Maina OOJbIN, KAYBIPT JaMybl jKaHa TEOPUSUIAPMEH KOHE MOJIENb TYCIHITiIHIH KYHelleHTeH
YFBIMJIapPBIMEH TOJIBIFa TycTi. HakTel (HU3MKanbK MOAENbICpre KaparaHJa BUPTYAAbl MOJIEIbICD
onjieKaiaa ap3aH, MOOWIIBII KoHE KelOip xarmainapaa (yHKIIMOHAIIBUIBIFGL XKOFaphl O0ibn kenemi. Te3
HeMmece oTe Oasty ypAicTepi BUPTyalbl MOJICIbEpe KallaFaH KbUIaM/IBIKTa 3epJiesiel alamMbl3, COHBIMEH
Karap MEKTEeN aFJalblHaa JKYpri3yre MyMKiH OOJMalTBIH KbIMOAT HeMece KayinTi ypAicTep BHPTYa bl
3epTXaHaJbIK )KYMBIC apKbLIBI JKY3€re achIpblIaibl. KOMITBIOTEPIK MOJACIBACPIl KOJIJaHy TEPeH CamajbIK
JKOHE CaHJIBIK TaJjiay ’Kacayra MYMKIHJIK Oeperi.
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MeToauka npoBeeHUs KOMIbITEPHBIX Ja00PaTOPHBIX padoT
110 FeOMETPUYECKOM ONTHUKE

CraThsl MOCBSIICHA METOANKE NIPOBEIECHHST KOMIBIOTEPHBIX JIA0OPAaTOPHBIX PabOT MO TeOMETPUIECKOH ONTH-
xe. [IpoBeneHne KOMITBIOTEPHBIX JIa0OPAaTOPHBIX PabOT Ha ypokax (M3WKM JJaeT BO3MOXKHOCThH ITOBBICHTH
3¢ PEKTHBHOCTE N3yUYEHHs] TEOPETUIECKUX Mojelel (GU3HIECKHX MPOIECCOB. ABTOPHI MOKA3BIBAIOT, YTO Me-
TOJMYECKHEe Pa3pabOTKN YPOKOB C UCIIOIb30BAHUEM yIEOHBIX KOMITBIOTEPHBIX KypCOB HaIpaBJICHEI HA GOp-
MHPOBAHHE U Pa3BUTHE OCHOBHBIX MOHATHH FeOMETPUYECKOIl ONTUKM y yJal[uxcs, a TakKe Ha 3aKperuicHUe
U pacllUpeHue 3HaHui 1o JaHHOM Teme. [Ipu nmpoBeaeHnn 3aHATHH ¢ UCIOJIb30BaHUEM KOMITBIOTEPHBIX TEX-
HOJIOTHH TIpeJIaraeTcs cJieflaTh akIeHT Ha TPYNIoBoi (popMe paboThI HCCIEI0BATENHCKOTO XapaKkTepa U op-
TaHU3ALHN CAMOCTOSATEIBHON PabOThI B paMKaxX JJAHHOTO UCCIIEA0BAHMS.

K.A.Omarkulov, S.E.Sakipova, R.I.Zhumanova, Zh.T.Kambarova

Methodology of computer lab works on geometrical optics

This work is dedicated to the methodology of computer labs on geometrical optics. Holding computer lab
works on the lessons of physics gives the possibility of increasing the efficiency of the study of theoretical
models of physical processes. Methodical development of lessons using computer educational courses are
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aimed at the formation and development of the basic concepts of geometrical optics at students, and the con-
solidation and expansion of knowledge on the present theme. When conducting lab works with using of com-
puter technology, focusing to the group form of exploratory nature and organization of individual work with-
in the framework of this study is offered.
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