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Electronic mechanisms of instability in semiconductor structures

Semiconductor crystals are difficult dynamic systems in which emergence of electric not stability is possible
(failure of current, spontaneous fluctuations of current or tension, switching and a hysteresis in volt —
the ampere characteristic, etc.). This instability meets in many materials, in different temperature areas and
at various levels of excitement. In article instability of some branches of volts — the ampere characteristic
of semiconductor devices — existence of the negative differential conductivity (NDC) of S-and N-of types is
considered. It is shown that NDC are connected with not stability operated by tension or current. The main
electronic mechanisms resulting in negative differential conductivity are considered.

Key words: a semiconductor crystal, instability, negative differential conductivity, volt — the ampere charac-
teristic.

The semiconductor which is under strong external influence finds essential nonlinear behavior: emergence
of considerable deviations from a linear ratio between current and tension (violation of the law of Ohm), emer-
gence of not stability is possible (interruptions of current, fluctuation and a gallop of current switching and
a hysteresis in the volt-ampere characteristic, etc.).

Big electric and magnetic fields, high level of current injection and light excitement can be external
influences.

Listed above instability meet in many materials, in different temperature areas, at various levels
of excitement [1-3]. Often they have negative impact on characteristics of semiconductor devices, but in cer-
tain cases they are used for the special purposes. For example, for generation of microwave radiation in the
range from 0,1 to 1000 GHz, for strengthening in the gigahertz range of frequencies i.e. where ordinary tran-
sistors can't be used [3, 4].

It is known that the volt-ampere characteristic of the /(U) semiconductor which is measured in station-
ary conditions, most fully reflects nature of transfer of carriers of a charge. This characteristic depends on
microscopic properties of volume of the semiconductor. These properties define dependence of density of
current of j on local electric field £ and from parameters of contacts. It is often possible to be limited to a
local static scalar product of j(E).

If dependence of j(E) has area of the negative differential conductivity (NDC)

dj
S ougp :d_E< 0, (D

that is, if density of current decreases with growth of electric field (or increases at reduction of a field), re-
spectively stationary states will be unstable. In this case the size of current will depend on other chain which
part even in the absence of external load resistance resistive and jet elements surely are (resistance and in-
ductance of wires, mutual inductance and capacity).

Depending on what of letters of the Latin alphabet — N or S — reminds the form of the characteristic
of j(E), distinguish NDC N-or S-of type. The characteristic type of the specified characteristics is given in
figure 1.

4 BecTHuk KaparaHguHckoro yHusepcureTa
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Ly n Y
E Eh EH-\ F
Figure 1. Dependences of j (E) for NDC of N-type (a) and S-type (b)

The tunnel diode and Gunn diode belong to devices with NDC N-of type. The avalanche-transit (ATD)
diode, multilayered devices such as thyristor, as p-n-p-n-and p-i-n-diodes, thermal and electro thermal
switches, switches on elements Ovshinsky ovonic memory in the type NDC S-type.

NDC N-and S-of types are connected with instability which voltage or current. In case of density NDC
N-of current is single valued function of a electric field. Thus it is necessary to consider that the electric field
is ambiguously: the E(j) function in a certain area of values j has treble coursing [4]. The case of NDC S-of
type is complementary, i.e. £ and j are interchanged the position. NDC N-and S-of types are connected with
instability which voltage or current. In case of density NDC N-of current is single valued function of a elec-
tric field. Thus it is necessary to consider that the electric field is ambiguously: the £(j) function in a certain
area of values j has treble coursing [4, 5]. The case of NDC S-of type is complementary, i.e. £ and j are
interchanged the position.

Also combinations of NDC N-and S-of types are possible: they can replace each other on the static
characteristic at increase of electric field; perhaps eventually transformation of the characteristic from
S-figurative in N-figurative; at last, the static characteristic can have more difficult form, with a complex
shapes of current and tension. Also combinations of NDC N-and S-of types are possible: they can replace
each other on the static characteristic at increase of electric field; perhaps eventually transformation of the
characteristic from S-figurative in N-figurative; at last, the static characteristic can have more difficult form,
with a complex shapes of current and tension.

The volt — the ampere characteristic of the semiconductor can be calculated, using dependence of j from
E, having carried out integration of density of current of j on the flow area s and a field £ on testing length:

1= jds; 2)

Usz(z)dz. (3)

In distinction from dependence of j(£) which is defined by properties of volume of semiconductor ma-
terial, volt — ampere characteristic of /(U) depends also on geometry of a sample, boundary conditions and
contacts. However, if the steady state spatially is uniform and resistance of contacts can be neglected in
comparison with semiconductor volume resistance, dependences of j(E) and /(U) are similar, i.e. can be re-
duced to one curve by change of scale.

As a rule, NDC connect with instability of a uniform steady state in relation to spatial fluctuations of
electric field and concentration of carriers that leads to spatially non-uniform distributions of density of cur-
rent or field [1, 4]. Thus the usual thermodynamic explanation of such spatial structures is unsuitable as NDC
comes when the system is taken far away from a condition of thermal balance.

U
P ——
R

J.—UOC}—- NDC
T

Figure 2. A chain with NDC-an element

The example of the elementary chain with the element having NDC is given in figure 2. NDC — an ele-
ment is included consistently with the load resistor R and a source of tension.

Cepusa «dusmka». Ne 4(80)/2015 5
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The load line of an element has an appearance (fig. 3)
(Uo — U)
1 . “4)
Crossing of a load straight line about BAX of the device defines a working point on a direct current.
Working points at a negative differential indicator of di/dU < 0 often are unstable in relation to heterogeneity
of a spatial charge (formation of non-uniform distribution of a field or density of current) and in relation to
emergence of the oscillations determined by an external chain.

/

0
R
1

fv) /1 >~ 2

Uo 4
1 — working point, 2 — a load line on a direct current
Figure 3. Dependence of current on tension on an element with NDC

By the form characteristics of 7 (U) and to position of the load line can be made the following general
conclusions. In case of N-or S-of the figurative characteristic of / (U) three points of intersection of the char-
acteristic of / (U) and the load line are possible. At change of the enclosed tension the load line is displaced
parallel to itself and points of intersection move according to the characteristic of 7 (/). When the load line is
tangent to the characteristic, there is a merge of two points of intersection, and at further change there will be
a point of intersection — bifurcation of the elementary type. Generally bifurcations are closely connected
with loss or change of stability of branches of various decisions.

In the case under consideration it means that one of two merging points of intersection is steady, and
another is unstable though in both cases the differential indicator is negative.

Negative differential conduction is shown via mechanisms which are defined by p-n-properties of tran-
sition, and the phenomena in volume of the semiconductor. These mechanisms are realized in many semi-
conductor devices (tunnel diodes, diodes Gunn, avalanche-transit diode, etc.). So, in the tunnel diode and in
p-n-p-n-the diode NDC mechanisms are caused by the phenomena in p-n-transition.

Operation of the tunnel diode and the mechanism of emergence of type ODP N-in it are in detail con-
sidered by authors in [6].

In p-n-p-n-the diode S-the figurative characteristic of 7 (U) is realized. This device has four-layer struc-
ture. Many p-n-p-n-options of structure, including a thyristor or the operated semiconductor rectifier are
known. The elementary four-layer structure (a dynistor, a diode thyristor or Shockley diode) consists of three
consecutive p-n-of transitions and two ohmic — the anode and the cathode (fig. 4).

_ Bals]| o a7+
o—¢rnfp| 7 |p PO
k K Aa

I

]

T T ™
D I

Figure 4. Structure of the Shokley diode

When giving on Shokley diode of direct tension it can be in two steady states: closed and opened.
Extreme p-n-transitions are displaced thus in the direct direction (optical transitions), average p-n-transition

6 BecTHuk KaparaHguHckoro yHuBepcuteTa
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is displaced in the opposite direction (collector transition). The closed condition of a dynistor corresponds to
a site of a direct branch BAX between a zero point and a point of switching (fig. 5, site 1 to CVC). The point
of switching is a point to CVC in which differential resistance is equal to zero, and tension on a dynistor
reaches the maximum value. The open condition of a dynistor corresponds to a low-voltage and low-
impedance site of a direct branch CVC (fig. 5, site 2 to CVC). Between sites 1 and 2 of volts — the ampere
characteristic there is transitional a site corresponding to an unstable condition of structure.

N1

0 gy U

Figure 5. BAX and power charts of Shokley diode (diode thyristor)

The most part of external direct tension falls on collector transition therefore the first site of a direct
branch BAX of the Shokley diode is similar to the return branch BAX of the rectifier diode (fig. 5, a site 1
BAX). With increase in the anode tension enclosed between the anode and the cathode direct tension and on
emitter transitions increases. The electrons injected from emitter n-in p-base diffuse to collector transition,
are involved by a field of collector transition and get to n-base (fig. 5). Further advance of electrons on struc-
ture is interfered by a small potential barrier of the right emitter transition. Therefore, part of electrons, hav-
ing appeared in a potential hole of n-of base, forms an excess negative charge which, lowering height of a
potential barrier of the right emitter transition, causes increase in injection of holes from emitter p-in n-base.

The injected holes diffuse to collector transition, are involved by a field of collector transition and get to
p-base. Their further advance on structure of the diode is interfered by a small potential barrier of the left
emitter transition now. Thus, in p-to base there is an accumulation of an excess positive charge that promotes
increase in injection of electrons from emitter n-.

Thus, when giving on p-n-p-n-the diode as whole direct tension two states are possible: with low con-
ductivity (the small size of current is ) and with high conductivity (big size I). In the first case on extreme
(optical) transitions direct shift, and on average (collector) transition — blanking offset. In the second case
distribution of potential in the device is nonmonotonic dependence and such that on all three transitions shift
direct, i.e. unlocking. S-the figurative characteristic of the / (V) is as a result formed.

Lead 4 main mechanisms to emergence of NDC determined by properties of volume. The
nonmonotonic dependence of density of current of j on a field E leading to a negative differential condactans
in some range E can be caused by nonlinearity of mobility, concentration of carriers of a charge, temperature
of electrons or temperatures of a lattice [3, 4].

There are some types of nonlinearity of mobility or drift instability: Gann, and instability, Bragg scatter-
ing on border Brillouin zone. Gann nonlinearity of mobility is used in Gunn diode for generation and
strengthening of the Microwave radiation frequencies over 1 GHz. NDC mechanism in this case is based on
intervalley electron transfer from a state with high mobility in a state with low mobility under the influence
of strong electric field (£ > 3 Sq/s). As material for production of semiconductor devices with similar struc-

tures, connections A" B, in particular, GaAs gallium arsenide serve. The schematic image of zonal struc-
ture of GaAs is given in figure 6.

Cepusi «dunsukay. Ne 4(80)/2015 7
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Ey

K

Figure 6. Zonal structure of a zone of conductivity of GaAs

In weaker electric field almost all electrons are in the main minimum where the effective mass of m * is
small (m" ~0,07m,, m,-the mass of an electron). Therefore, their mobility is great. At increase in a field £

electrons "are warmed" and gain the energy sufficient for transition to the side valley with higher energy in a
minimum, but with a bigger effective weight and, therefore, with lower mobility. In process of transition of
the increasing number of electrons their average mobility sharply decreases, the current density determined
by expression j=enu(E)E also decreases. Negative differential mobility results. When the majority of elec-

trons appears in the side valley, j will start increasing again. Thus the characteristic with type NDC N-turns
out. Other NDC mechanisms connected with nonlinearity of mobility are caused by anisotropy of equivalent
side valleys.

Other NDC mechanisms connected with nonlinearity of mobility are caused by anisotropy of equivalent
side valleys. For example, Erlbah instability in Ge is caused by not diagonal elements of a tensor of differen-
tial conductivity Other NDC mechanisms connected with nonlinearity of mobility are caused by anisotropy
of equivalent side valleys. For example, Erlbah instability in Ge is caused by not diagonal elements of a ten-

sor of differential conductivity dj, / dE,.

Let there is a case of two equivalent side valleys 1 and 2 which axes of anisotropy have the different di-
rections. Electric field E is enclosed in the direction x, symmetric concerning these two valleys. Then j cur-
rent will also be directed lengthways x. Further we will assume that the field slightly deviates the direction x
so effective weight for conductivity in the valley 1 will exceed that in the valley 2. Speed with which elec-
trons absorb energy of electric field (speed of a warming up of electrons) is inversely proportional to effec-
tive weight for conductivity. Therefore in the valley the 2nd electrons will be warmed more strongly, than in
the valley 1. By means of intervalley dispersion electrons will pass from hotter valley (the valley 2) in colder.
(the valley 1) and in the valley of 1 electrons will become more, than in the valley 2. Reduction of filling of
the valley with higher mobility will lead to a negative contribution to current in the direction of y that can
result in cross negative conductivity (type NDC N).

Generative recombinational instability (instability GR) or instability caused by nonlinearity of concen-
tration of carriers of a charge are characterized by nonlinear dependence of concentration of carriers in a
steady state from a field E. It results in nonmonotonic dependence of density of current on a field with NDC
N-or S-of types. Such dependence is caused by redistribution of electrons between a zone of conductivity and
the connected states in the course of a warming up of electronic gas.

GR — coefficients usually depend on electric field. Especially strong dependence takes place for in-
crease in section of capture of carriers by the impurity centers with growth of a field and for processes of
shock ionization of carriers from impurity levels.

Capture of electrons on deep impurity levels demands overcoming of a Coulomb potential barrier by
them. Therefore the coefficient of capture increases with a field £. and concentration of free carriers decreas-

es with growth of a field, dn/dE < 0, and differential conductivity equal dj /dE = eu(n + Edn/ dE) can be-

come negative. In stronger fields the coefficient of ionization increases, and concentration of carriers starts
growing with a field. It results in positive differential conductivity. So there is N-figurative j(E) the charac-
teristic. Also shock ionization of carriers from impurity levels (small donors or deep traps) or ionization
(avalanche breakdown) can lead to ODP. If the free carrier of current received sufficient kinetic energy in
electric field, it can give this energy at collision to the connected carrier. The last then gets to a conductivity
zone (electron) or to a valent zone (hole). As a result there is one more free carrier which can make one more
act of shock ionization in turn. The fast increase in concentration of free carriers is as a result observed. In
the electric fields exceeding threshold values for, necessary for a warming up of carriers to the energy suffi-
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cient for ionization, the coefficient of shock ionization sharply increases with growth of a field E. Under cer-
tain conditions such processes can lead to type NDC S [7, 8].

The phenomena in volume of the semiconductor leading to NDC are the cornerstone of the avalanche
and flying diode and p-i-n-of the diode.

P-i-n-the diode consists of a layer of the not alloyed semiconductor material concluded between layers
of p-and n-of types (fig. 7). The majority of switching microwave radiation — diodes has similar structure.
If n-a layer of the diode to connect to minus, and p-a layer — to tension source plus, electrons will be injected
to the center with own conductivity (i-a layer). Let's say that i-a layer contains the deep centers of a recombi-
nation of acceptor type with the big cross section of capture for holes and considerable the smaller section of
capture for electrons. Besides, we will assume that in a condition of thermal balance these centers are com-
pletely occupied with electrons. Then at the low level of injection for holes there will be «a recombination
barrier»: the most part of the injected holes will be taken the recombination centers near injecting transition
p-i-. The injected electrons thus will freely pass i-a layer.

:_?p+ i s

"y, {
7)
T

N+

Figure 7. The diode with p-i-n-structure (and) and its power chart

Resultant current of electrons is limited to the volume charge formed by the injected electrons. If con-
centration of the injected electrons and holes exceeds concentration of the centers of a recombination, i.e. at
the high level of injection, on each center of a recombination there is a taken hole, and excess holes just as
electrons pass i-a layer. At rather high level of injection of concentration of electrons and holes are approxi-
mately identical. In this case current is transferred by quasineutral electronic hole plasma.

Thus, at this size of the enclosed tension two steady stationary states are possible. The first is character-
ized by the small size of current, thus the recombination centers are occupied with electrons, and current is
created by carriers of one sign and is limited by a spatial charge. The second is a state with big current. In
this case the recombination centers are filled with holes, and current is caused by the injected plasma. In in-
termediate states there is NDC.

Avalanche-transit diodes have structure p* —n—n" (fig. 8). They work in the mode of avalanche repro-

duction of carriers of current at the return shift of electric transition having constant and variable compo-
nents.

Figure 8. Structure of avalanche-transit diode

When total tension exceeds penetrative, shock ionization — avalanche breakdown begins. Electron-hole
couples generated in narrow part of p-n-of transition where intensity of electric field is sufficient for shock
ionization are divided by a field. The current caused by the movement of new carriers passes through struc-
ture until these carriers don't go beyond transition p-n-.

If to impose an alternating voltage on continuous return shift, emergence of a negative variable con-
ductance if the part of carriers drifts against variation electric field is possible. It corresponds to delay of a
phase of current on a corner T concerning tension.

Increase of tension all the time will be followed by reduction of current, and reduction of tension — cur-
rent growth. It testifies that for this frequency of an alternating voltage during the entire period of fluctua-
tions the condition of a negative conductance is satisfied.
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At reduction in the frequency of an alternating voltage current will lag behind tension on a corner,
smaller & as time of flight and a lag effect of shock ionization don't change. When with reduction in the fre-
quency of an alternating voltage phase shift between current and tension makes 7/2, conditions of a negative
conductance will be satisfied only throughout a half of the period, alternating through everyone a quarter of
the period with conditions of positive differential resistance. In this limit case on average for the period the
avalanche and flying diode won't possess a negative conductance. Thus, in case of avalanche and flying di-
odes the combination of the effects connected with shock ionization and final time of flight of carriers works.

All mechanisms of emergence of ODP considered in article are purely electronic, based on violation of
balance in system of carriers by electric field. At the same time it should be noted that there is rather big va-
riety electro thermal, the ODP acoustoelectric mechanisms, mechanisms connected with instability of the
magnetized plasma, etc. which consideration is beyond this article.
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HlanaeTKi3rim KypbUIBIMAAPbIHAAFbI OPHBIKCHI3ABIKTAPABIH
JIEKTPOHABIK TA0OUFATHI

[lanmaeTkisrim KpHCTaIgap ©Te Kyplell IMHAMUKAIBIK Kylde OOJFaHABIKTaH, ONapia op TYpPJi JJIEKTp
OPHBIKCBI3ABIKTap (TOKTHIH KEHETTEH JKOFaybl, TOK IEeH KepHey/iH o3 OeTiMeH TepOeici, BOIbT-aMIepIiK
cUIIaTTamMalap/a THCTEepe3UCTiH maiiia Ooiysl T.0.) maima Ooxysl MyMKiH. OpHBIKCBI3ABIKTap KOIIIITIK
MaTepuaigap/ia ap TYpPJi TeMIepaTypa apajbIFbIHAQ, op TYPJi KO3IBIPFBIITAPIBIH SCEPiHEH TYBIHIAMIIBL.
Makanaga WIANaeTKIi3rill  KyPaJJapblHBIH  BOJIBT-aMICPIIK  CHIIATTAMAJIAPbIHBIH  TapMaKTapblHIa
OPHBIKCBI3ABIKTAPABIH Naiiga OosaThiHABIFEI — S- koHe N-Tekrec Tepic auddepeHunanusIbIK
OTKI3rimITiKTepAiH maiina 6omaTelHABIKTaphI 3epTTenred. Tepic anddepeHunanusuIbK OTKI3MMITIKTIH Maiina
Ooilybl KepHEy MEH TOKKa TAyeNl OPHBIKCHI3ABIKTApFa TOyelai OOJaTBIHABIFEI KepceTinreH. Tepic
1 hepeHIMANNSUIBIK OTKI3TIINTIKTIH Maliaa 60TybIHA SKEJIETIiH IEKTPOH/BIK TETIKTep KapacThIPBUIFaH.

JI.B.Yupxkosa, K. T.Epmaran6etos, E.T.ApunoBa

DJIeKTPOHHbIE MEXaHU3MbI HEYCTOHYHMBOCTEI
B MOJYNPOBOIHUKOBBIX CTPYKTYpax

B crarbe 0TME4€HO, YTO HNOJIYIIPOBOJHUKOBBIE KPUCTAIUIBI SABIISIOTCS CIOKHBIMH JIMHAMHYECKUM CHCTEMaMH,
B KOTOPBIX BO3MOXXHO BO3HHKHOBCHHUE DJICKTPUYECKHX HEYCTOIUMBOCTEH (CPBIB TOKA, CIIOHTaHHBIE Kojebha-
HUSI TOKA WM HANpPSDKCHUS, IEPEKIIOYeHHEe U THCTEPEe3UC B BOJBT-aMIICPHOH XapaKTepPUCTHUKE U T.K.).
OTH HEyCTOMYMBOCTH BCTPEYAIOTCS BO MHOTUX MaTepHaiax, B pa3HEIX TEMIEpPaTypHBIX 00JIacTsAX U IPH pa3-
JUYHBIX YPOBHSAX BO30YXKIEHHS. ABTOpPaMH pPacCMOTpPEHa HEYCTOMYHMBOCTH HEKOTOPHIX BETBEH BOJIBT-
aMIIEPHOH XapaKTepUCTHKHU IOJNYIPOBOAHUKOBBIX NPUOOPOB — HAJIMYME OTpULATENbHOH auddepeHunans-
Hoit mpoBoaumocTH (OJII) S- u N-tunos. [lokazano, uro OJII cBA3aHBI ¢ HEYCTOHYMBOCTIIMH, YIpaBIsie-
MbIMH HaNPsHKCHUEM MM TOKOM. PaccMOTpEeHbI OCHOBHBIC 3JIEKTPOHHBIE MEXaHU3MBI, IIPUBOASIIME K OTPH-
narenbHOU nuddepeHiranbHoi POBOIUMOCTH (KOHAAKTAHCY).
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O pacuere BOJIbT-aMIIEPHO XaPaKTEPUCTHKHU CBEPXIIPOBOAAILET0 TYHHEILHOT 0
nepexo/ia Ha OCHOBE MATPHIIbI pacCesiHUSI IPH OTHOCUTEILHOM BbIcOTE Oapbepa h, =3

B pamkax Teopuu KBaHTOBBEIX TPAHCIOPTHBIX SIBJICHHH C IPUMEHEHHEM METO/A MAaTPHIB PACCESIHUS pacCuu-
TaHbl BOJIbT-AMIICPHBIC XapAaKTEPUCTHKU U dl (V) / dV -cnektpsl nudhepeHIHanbHON TPOBOIMMOCTH CBEPX-
MIPOBOMSIIUX TYHHEIBHBIX MEPEXOM0B IIPU OTHOCUTENBHOH BhIcoTe Gapbepa hj, =3. IlokxazaHa sBoOIMS
TPaHCHOPTHBIX XapaKTEPUCTUK IKO3e(PCOHOBCKOTO MHepexoja ¢ M3MEHEHHEM CBEpXIPOBOAAIICH ILieIH
(nmapamerpa nopsaaka) ot 0,1+1 yci. en. B paccmarpuBaeMomM ciiydae BIMsSHHE TEMIIEPaTypbl HA IEPEXo] MO-
JIebHO U3YYeHO BapbUPOBAHMEM 3HAYEHHUS MapameTpa MopsIka MaCCHBHOTO CBEPXIPOBOAHMKA B AHANA30HE
0,1+1 ycn. ex., Tak KaK OTHOCHUTENIbHAS PO3PavHOCTh Oaphepa nepexona nocrosuuast (D = 0,1).

Kniouesvie cnosa: cBepXmpoBOIUMOCTh, TYHHENBHBINA miepexol, 3pdekr Ixo3edcona, BoIbpT-aMIepHas xa-
PaKTEPHCTHKA, CIIEKTPHI JHHAMAYECCKOH MPOBOIMMOCTH, BBICOTA Oaphepa.

Beeoenue

B Hacrosimiee Bpems Aisl CO3MAHHMS M peajM3alldd CBEPXUYBCTBUTENBHBIX NPUEMHBIX YCTPOWCTB
MUJUTMMETPOBOTO U CYyOMIUTMMETPOBOTO IHANa30Ha JUIMH BOJIH HHTEHCHUBHO UCTIONB3YIOTCS U UCCIIEAYIOTCS
TK03e(DCOHOBCKHE TyHHEJBHBIE MEPEXO/Ibl, COCTOSINNE U3 YePEIOBAHNUS CBEPXIIPOBOJIHUKOBOTO MaTepHaia
¥ TOHKOTO CIIOS AM3JIeKTpuKa ~2 HM (superconductor — insulator — superconductor (SIS)) [1-3]. Beicokas
HEJIMHEMHOCTD AIIEKTPUUECKUX XapaKTEPUCTUK Takux SIS-mepexo0B OTHOCHTENBHO IPYTUX TUIOB CBEPX-
MIPOBOJAIINX CIa0BIX CBSI3EH (HAIpUMep, MePEX0I0B C HETOCPECTBEHHOM MMPOBOJUMOCTHIO, TOYEYHBIX KOH-
TaKTOB, MOCTHUKOBBIX CTPYKTYp U Ap. [4, 5]) mo3Bonmia co3aaTh NPUEMHBIE YCTPOICTBA, IPEAEIbHAS TyBCT-
BUTEIFHOCTh KOTOPBIX OTpaHWYeHA KBAHTOBBIM mpeesiom [1].

OO6BI9HO BOJIBT-aMIIepHBIC XapakTepucTuku (BAX) Takux SIS-mepexo0B pacCUYMTHIBAIOTCS HanOoJee
MIPOCTBIMU CHOCO0aMH, HaIMPUMEpP, PACCMOTPEHHEM J1K03e(PCOHOBCKOW CTPYKTYPHI KaK SKBHBAJIECHTHOTO
ANEKTPUYECKOT0 KOJIe0aTeIbHOr0 KOHTYpa C YUE€TOM TYHHEIHMPYIOLIETo JKo3e(coHoBckoro Toka [4]. Taxxke
nerde paccuntaTh BAX wmaeanbHBIX TYHHEIBHBIX MEPEXOJ0B C HYJIEBOHM Mpo3padHOCThIO Oapbepa D =0.
st pacyeToB MONOOHBIX XapaKTEPUCTHK MACANBHBIX TYHHEJBHBIX IIEPEXOJOB Ha OCHOBE HU3KOTEMIIEpa-
TYPHBIX CBEpPXIPOBOJAHHKOB YCIEITHO MPHUMEHSIETCS MHKPOCKOIWYECKas TEOPHUS CBEPXIPOBOIUMOCTH
Bapnuna—Kynepa—Illpudpdepa (BKI) (puc. 1) (cM., Hamp., [6]), a Takke NpUOIU3UTEIbHBIN pacueT BAX
MO>KHO MIPOHM3BECTH, MPUMEHsISI KBaznuacTuyHyro GyHKiuo Kpamepca—Kponusnra (puc. 2) [3] 1160 ucmosns-
3ysl KyCOYHO-JIMHEHHYIO anmpoKCcUManuo [7].

Oco0bIit MHTEpEC MPEACTABISET CITydaid, KOrja Mpo3padHoCcTh Oapbhepa MPUHUMAET OKOJIOHYJIEBOE 3HA-
yenue, Ho D # 0. IIpo3paunocts Oapbepa onpeenseTcs CleayOIUM BhIpaKEHUEM:

2

1

D(hb)=|T|2=m

(1

rae j=+—1 — MHUMas eauHuna; s, — BbIcOTa Oapbepa.

Ha pucynke 3 mpezcrapnesa 3aBucumoctb dyuxiuu T (4, ) , ONpEETSIoNas MPO3pPavHOCTh

- 1+j-h,
6apbepa D(h,)=|T |2 = Re[T (hy )} IIpu 3HaYeHMM BHICOTHI Gapbepa A, =3 TPO3payHOCTh MPUHUMAET 3Ha-
yeane D =0,], COOTBETCTBEHHO BEIIECTBEHHAs YaCTh (ByHKIIUH Re[T (3)] =D(3)=0,1, a MHuMas 4acTb

yHKIIN Im[T(B)] =-0,3 (puc. 3).

B paccmaTtpuBaeMoM ciiydae BEpOSITHOCTh HaOMIOIEHUS aHIPEEBCKOTO OTPaKeHH Majia, U B OCHOBHOM
paboTaeT TyHHEIbHBIH MEXaHU3M TPAHCTIOPTA KBa3UYACTHII.
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O pacyeTe BonbTamMnepPHOW XapaKTEPUCTUKM. ..

B nannoii paboTe moka3aH pacdeT BOJbT-aMIIEPHOM XapaKTEPHCTUKU U ee MPOou3BOIHBIX (auddepeH-
LyajbHas IPOBOAUMOCTh) CBEPXIIPOBOJISIIEIO TYHHEJIBHOI'O I1€PEX0/a Ha OCHOBE MAaTPUIIbI PacCestHUs IpU

OTHOCHUTEIILHOM BbICOTE Oapbepa /4, = 3 (mpospaunocts D = 0,1).
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CJo1Hast TMHUS — BEIIECTBEHHAS YaCTh; ITYHKTUPHAS
JIMHHAS — MHHMAs 94aCTh KBa3HYaCTUIHON (DYHKIIMH
Kpamepca—Kponwnnra [3]

1 — tunmanras BAX SIS-nepexona;
2 — paccuurtaHHas B pamkax Teopuu BKIII
s uneaidbHoro SIS-nepexona; 3 — omuueckas
3aBucumoctb [ =V /R, (mist cpaBHEHNS)

Pucynok 2. BAX uaeansHOro TyHHEIBHOTO SIS

Pucynox 1. BAX cBepxmnpoBogsiero
nepexozaa no Kpamepc-Kponunry

TYHHEJIBHOTO TIepexoa
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Pucynox 3. 3aBuCHMOCTB ITPO3paYHOCTH Oapbepa OT BEICOTHI Oapbepa

OcHognble ypasHerus

B wm3BectHbix pabotax Jlanmayspa—beiotTukepa (Landauer—Buttiker) [8—11] mpemiosxken mnoaxon
10 ONPE/ICNICHUIO TPAHCTIOPTHBIX CBOMCTB ME30CKOMMYECKNX 00BEKTOB. OCHOBA MOAXOAA COCTOUT B TOM,
9TO MpOLECC MPOTEKAHUsI TOKA pacCMaTPHUBACTCs KaK Ipolece paccesHus. Mesockonmyeckuii oOpaser co-
€IMHEH C MaKPOCKOMMYECKUMH KOHTAKTaMH, BBIITOJHSIOIIUMH POJIb AJIEKTPOHHBIX pe3epByapoB. M3BecTHO,
YTO IPU HU3KUX TEMIepaTypax KBa3HyacTUIa, IBUTASCh U3 OIHOTO pe3epByapa B APYIoil, MPH 3TOM COXpa-
HseT (azoByro korepeHTHOCTh. CoxpaHeHHe (a30BOii KOTepEeHTHOCTH MO3BOJISET OMHUCATh B3aUMOACHCTBUE
KBa3M4yacTUIbl ¢ 00pa3loM ¢ moMoinsio 3¢ dexTuBHOr0 noreHnuana. Kpasudactuna, paccenBasich Ha 3¢-
(eKTUBHOM NOTEHLMANE, JTUOO OTpaskaeTcsi B MEPBBIN pe3epByap (pe3epByap, U3 KOTOPOro OHA MPHILIA),
1100 TPOXOAUT B JPYTroil pe3epByap, B pe3yiabTaTe BHOCUT BKJIAJ B TOK. B pamkax moaxoxa Jlanmayspa—
BrroTTHKEpa HEHTPAIBHBIM 00BEKTOM, XapaKTEepU3YIOIINM TPAaHCHIOPTHBIE CBOMCTBA 00pasia, SBISETCS ero
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MaTpHUIla PacCesHUs, TPECTABISIONIAasi MATPUILY BEIHYMH, OMMCHIBAIOIINX MPOIECCH IMepPexo/ia KBAaHTOBO-
MEXaHWIECKUX CHCTEM W3 OTHUX COCTOSIHHH B IPYTHE MPH WX B3aUMOICHCTBUH (paccessaun) [12].

B pa6ore [13] mns pacdera BAX KOHTaKTOB ¢ HEMOCPEIACTBEHHOHN MPOBOIUMOCTHIO THITA CBEPXIIPO-
BOJHUK (S) — HOpManbHBIN MeTaml (N) — CBEpXIPOBOJHHK, B KOTOPOM TEPEHOC CBEPXIPOBOMSAIINX Tap
AJIEKTPOHOB Uepe3 MOTCHIMATBHBIN 0apbep MEXIy JByMs CBEPXIIPOBOJHHKAMH IMPOUCXOIUT Ojarojaps
KOT€PEHTHOMY IIPOIIECCY MHOTOKPATHBIX aHjpeeBckux orpaxkennii (MAR — multiple Andreev reflections)
[14], npuMeHsIack MaTpUIa PacCessHUsl Ul MIEKTPOHONOAOOHBIX S, M IBIPOYHONONOOHBIX S, KBa3uda-

CTHII ciIemytoriero Tama [15]:

S _ r T (2)
“\r -1/t )
S, =S, 3)

2
rae |r| = R — BEpOATHOCTb OTPAKEHUSI.

I[)KOBC(l)COHOBCKI/Iﬁ TOK MOXKHO BBIPA3UTh 4YCPEC3 aMINIUTYAY aHAPCCBCKOI'0 OTPAKCHUA 3J'IeKTpOHHOI>i
KBa3n4aCTUIbI U NTOJYYUThb B aHAPCCBCKOM HpI/I6J'H/I)K€HI/II/I BBIPAXXCHUA U1 OIMPECACIICHUA BAX:

e

I :E eV, —Idﬁtanh{%}(f(s)(azkAZ +a,, A4, ))+

+Z(1+612ka;(n+k))(AnA:+k _BHB:+k) ? (4)

rac € — 3apdaa 3JICKTPOHA, /i — moCTOsIHHAs HHaHKa; V — HAIIPAKCHUC, € —— SHCPIUA KBAa3WYaCTHUIBI,

2 o
J =41 —|a , @ — KO3 (DUILIMEHT aHAPEEBCKOr0 OTPaKEHUs; A, B — aMIUIUTYbl BEPOSTHOCTEH aHIpEeB-

CKH M HOPMAJIbHO OTPAKECHHBIX KBA3UYACTHII.

Pacuer BAX npoussoausics Ha ocHoBe popmyisl (4). [Iporpamma mist BeraucieHuss BAX paspaborana
B cpeae Wolfram Mathematica. CiiexyeT OTMETHTb, UTO pacdeT oaHO# kpuBoii BAX npousBoauics B Tede-
HHUe 4—6 4acoB MpH UCIONB30BaHUU YeThIpexbsaaepHoro npoueccopa Intel(R) Core(TM) 15-3450 (3,10 GHz).
Huddepenuporanre BAX ocyliecTBIsUIOCh ¢ MOMOIIBI0 mporpaMMbl Mathcad myTeM MMIOPTHPOBAaHUS
JIAHHBIX u4uclieHHoro pacyeta BAX. [l MakCUMallbHOTO MPENOTBPAIICHUS <«JIOKHBIX ITHKOBY
ua dl (V) / dV -cnekrpax auddepeHnransHoi IPOBOAUMOCTH, (OPMHUPYIOMIUXCA OT HU(POBOro IIyma

KOMIIBIOTEPA, TIpU BeIUMCIeHnH BAX yBennumim konndecTBo pacdeTHbIX Todek 10 1200+1400.
[ns yuera BausHus temneparypsl Ha BAX paccMarpuBaeMoro mnepexoja MCIOiIb30Bald U3BECTHYIO
3aBUCUMOCTb IMIUPUHBI SHEPTETUIECKOM IIeu oT TeMmeparypsl u3 Teopun bKIII [16]:

7 12
A, =3,2k,T. 1—7 , (5)

.
rne k, — mocrosiHHas bonbnmana; 7, — KpuTHYeckas Temrepartypa; 7 — TeKymas Temreparypa oopas-

na. TakuM o0Opa3oMm, B paccMaTpuBaeMOM Cllydae BIIMSHUE TemrepaTypsl Ha BAX W Ha CHOEKTpsI
JMHAMUYECKOW TPOBOJAMMOCTH HM3Y4Y€HO BapbHPOBAaHHEM 3HAYCHHs IapaMeTpa TMOpsSIKa MacCUBHOTO
CBepXmpoBoaHKKa B auamazone 0,1+1 yci. en. (HampumMep, mapaMeTp Mopsaka IpuMeT 3HadeHne A =1, Ko-

rna 7' — 0K u ocnabnsiercst npu temneparype 77— 7).

Pesynbrater pacuetoB BAX u nuddepeHnmanbHON MPOBOAUMOCTH CBEPXIPOBOISIIECTO TYHHEIEHOTO
Mepexojia Ha OCHOBE MATPHIIbI PAaCCESIHUS TIPH OTHOCUTENIBHOM BBICOTE Oaphepa /i, = 3 MpHUBEACHBI Ha PUCYHKAX
4,5, COOTBETCTBEHHO.

Peszynomamor u 06cysicoenus

UzBectHO, uTo BAX TYHHENBHBIX CTPYKTYp MPH HYJEBOH NMpo3payHocTu 6apsepa D =0 umeer BepTu-

A
KaJlbHBIC YYaCTKM M3-33 OOHYJCHHS 3HAYCHHS TOKa IPH IIEICBOM Hanpsokenun V =V, =2—. Peskoe
e

YMEHBIICHUE TOKA NPH HOPMUPOBAHHOM IIEJICBOM HANpsLHKeHUH eV, / A=2 ycn. en. HabmOaeTcss U B Ha-

IeM cilydae, OJHAKO BEJIMYMHA TOKA PABHAETCS HYJIO TOJbKO Tpu uHTepBaie 0<el//A<I1 ycn. en., T.e.
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npu el <A. Ilpu ymeHsbiIeHnn 3HadeHHs cBepxnpoBogsmed mean A ot 0,9 no 0,1 B paccmarpuBacmMoM
nuanaszone eV /A<1 ycn. en. oOHyNeHHs TOKa He TPOMCXOAMT, a BAX mpuOmmkaercss K KIacCHYeCKOi

N Vv
OMHYECKOH 3aBHCHUMOCTH [ (V)z; (3T0 OOBACHSETCS yMEHBIICHHEM KOHIIEHTPALWW KYMEPOBCKHUX Map

n, { ¥ yBenMUeHHEM KOHIICHTPAINH «HOPMANbHBIX» KBA3HYACTHIL (DJIEKTPOHOB) n, T B MaccHBHOM cBepx-
MPOBOTHHUKE, COCTABIISIIOIIEM JKO3E(PCOHOBCKUHN TTEPEXO).

0,30 -
—=—0,1
1102
0254 |——03
| |——04
+ 0,5
0204 | <06
@ ——07
5
> 0,15
0
-
©
S 010
0,05
0,00 -

eV/A, arb. units

Pucynox 4. DBoumonys BOJIbT-aMIIEPHOIM XapaKTEPUCTUKU CBEPXIIPOBOISIIETO TYHHEIBFHETO IIepexoaa
IIPY pa3JIMuHBIX 3HAYCHUSIX dHepreTuyeckoit menn (A = 0,1+1 ycu. ex.)

7.35 LI — — T T T L —

6.86

6.37

5.88[

5.39

49

441

3.92

343

dl/dv, arb. units

2.94

245

UO 02040608 1 12141618 2 22242628 3
eV/A | arb. units

Pucynok 5. dI/dV-Cnektpsl AHHAMIYECKON TPOBOJMMOCTH CBEPXIPOBOISAIICTO TYHHEILHETO IMepexoaa

TIPY pa3JINuHBIX 3HAYCHUSIX dHepreTuyeckoi menn (A = 0,1+1 yci. ex.)
(st ynoOcTBa CpaBHEHHSI CIIEKTPBI CABUHYTHI 110 Op/ANHATE)
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B [17] paccmotrpena pabora cmecuTensi A MPUEMHUKOB MWIJITMMETPOBOIO M CyOMHJUIIMETPOBOTO
JTUATIa30HOB JJIMH BOJH Ha OCHOBE CBEpPXIPOBOAsAIIero TyHHenbHOro SIS-mepexoma m3 Pb(In). B cmydae,
koraa Ha SIS-nepexon (Pb(In)-junction) ne Bnusier BHemHee HanpsbkeHue V), , =0, BAX nepexona ynosie-
TBOPUTEJILHO OMHUCHIBAaeTCsl opMyIioi (4) ¢ yueToM OTHOCUTENIBHOM BBICOTHI Oapbepa A, =3 (D = 0,1) (xpu-
Bas a, puc. 6). OTMETHM, YTO MPHUCYTCTBHE BHEITHETO HAIPSHKCHUS (BO3ACHCTBYIONMIETO CUTHAIA YAaCTOTOMH
115 I'T'n) pa3nu4HOTO HOMHHAJA TPUBOJUT K CTIAKMBAHUIO BEPTHKAIBHOTO cocTaBisttoniero BAX (kpuBbie
b, ¢, d, puc. 6).

Ha pucynke 7 mnpuBemeHB OJKCIIEpUMEHTAIBbHBIE KpuBbIe SIS-cmecurens, cocrosimero w3 14
TYHHEJBHBIX TIEpEX0J0B Ha ocHoBe Pb cruiaBa, npu uacrore 115 I'T'u [18]. Ilpu oTCyTCTBHM BHEIIHETO
Bo3zaeicTBusa (kpuBas a, puc. 7) BAX SIS-mepexoma Xopomio OmMchIBaeTCs B paMKaxX paccMaTpUBacMOM
MOJIEIIH.

I(pA) T(K) 1500
- 14fhwre
d
|k 1000
= 40 it R c
RaVASN wyl, N
3 RS RRVAN
& ¥ 500
20
O L = o
0.5 . 1o . 5 0 . ©
V/ Vg BIAS VOLTAGE (mV)
PucyHok 6. DkcriepumenTanbabie BAX TyHHETEHOTO PucyHok 7. DkcriepuMeHTaIbHbIe KpUBbIe SIS-cMecuTers
SIS-nepexoma Pb(In)-junction [17] npu yactote 115 [T ¢ ucnonb3oBanueM 14 TyHHEIBHBIX

niepexonoB u3 Pb crasa [18]

Ha pucynke 5 npencrasnenst dl (V) / dV -crieKTphbl TUHAMHYECKON MPOBOJIUMOCTH CBEPXIPOBOISIIIETO
TyHHEJIbHETO Tiepexona. Jlust ynoOcTBa cpaBHEHHs CIIEKTPHl JUHAMUYECKOW MPOBOJUMOCTH CIIBUHYTHI
no ocu dl (V)/dV wa 0,36 yen. en. (xpusas A = 0,2), 0,8 yern. ex. (A = 0,3), 1,35 yen. ex. (A = 0,4), 1,95
yei. en. (A =0,5), 2,6 yci. en. (A =0,6), 3,3 yen. en. (A=0,7), 4,1 yen. en. (A= 0,8), 4,94 ycn. en. (A =0,9),
5,9 yen. en. (A = 1). OcHoBHble THKY (10 amIutuTyae) dl (V) / dV -CcrieKTpOB TOSIBJISIOTCS MPH 3HAYEHUH A
CHMMETPHYHO OTHOCHMTEJHHO HOPMHPOBAHHOTO Hampsbkenus eV//A=1 yci. en., T.e. mis ciaydas A = 1

OCHOBHbBIC ITUKW HAOJIOMAI0TCS IIPH eV/ A, paBasiM 0 u 2; mis A = 0,9 — mipu eV/ A, pasasmm 0,1 u 1,9;
st A = 0,8 — mpu eV//A, pasubiv 0,2 u 1,8 u T.1. C ocnabnennem napamerpa A ammaryast dl (V) / dv -

CIIEKTPOB yMeHbIIaloTess U mpu A — 0 «criaxuBaroTcs». [IOMUMO OCHOBHBIX NMUKOB, Ha dI (V) / dv -
CICKTPaxX TMOSBISIFOTCS JOMOJHUTEIbHBIC THKH C MaJOH aMIUIMTYA0H (10 CPaBHEHUIO C aMIUIUTYAON
OCHOBHBIX TTHKOB). Jlyist cirydast A =1 JononHUTENbHBIA MUK Habmonaercs pu eV /A=1. Ilnga A=0,9+0,5
yCII. €]1. IMKU C MaJoi aMIUINTYA0H HabmoAaoTes pu eV =A u eV =2A, nanpumep, 1uis cirydast A =0,9
JIOTIOJTHUTENbHBIC TTUKH TOSIBIBIFOTCS TIpu e, paBabiM 0,9 u 1,8 yei. en., mis A=0,8 — nipu e}/, paBHBIM
0,8 u 1,6 ycn. em. u T.11.

Raxnouenue

Takum 00pa3oM, B JaHHON pabOTe€ PaCCYMTAHbI BOJIBT-AMIIEPHLIE XAPAKTEPUCTHKH W dl (V) /dV—

CHEKTpHI AU PepeHInanbHON TPOBOAUMOCTH CBEPXIPOBOASIINX TYHHEIBHBIX MIEPEX00B C MPO3PAYHOCTHIO
D =0,1 ycn. en. (mpu OTHOCUTENBHOH BBICOTE Oapbepa A, = 3) ¢ MpUMEHEHHEM METOAa MaTPHUIIBI pacCesHUsL.
Iloka3aHo, 4YTO OCHOBHOM BK/IaJ B TOK BHOCAT TYHHEJUIUPYIOILUE CBEPXIPOBOISIIINE 3JIEKTPOHBI
(KymepoBcKHE Taphl), a BEPOSATHOCTh HAONIONEHHS AaHAPEEBCKOTO OTPAXKEHUS Majia U3-3a HHU3KOU
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MpO3payHoCTH Oaphepa. IIpHBEIEHBI IBOIIOIUS BOJIBT-AMIIEPHBIX XapaKTEPUCTHK H dl (V) /dV -CIIEKTPBI

muddepeHInanbsHON MPOBOJUMOCTH HKO3e()COHOBCKOTO Iepexoja ¢ HW3MEHEHHWEM Mapamerpa MopsaaKa
o1 0,1 no 1 ycn. en. IloyueHHble pe3ynpTaThl yJOBIETBOPUTEILHO COIVIACYIOTCS C SKCICPUMEHTAIBHBIMU
JaHHBIMU ¥ MOTYT OBITH MOJIE3HBIMHU JIS1 PACUETOB AJIEMEHTOB CBEPXUyBCTBUTEIHHBIX IPUEMHBIX YCTPOUCTB
MWIIMMETPOBOTO U CyOMHUIMMETPOBOTO AMAana3oHa UIMH BOJH Ha HKO3e(COHOBCKMX TYHHEIBHBIX
nepexonax.
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J.M.Ceprees, 1.H.banmyxan

Bapbepain caabicThIpMAJIbI OMIKTITI /1, = 3 TEH aCKbIH OTKI3Tilll TYHHEJIbIIK
aybICHIMHBIH IIAMILIPAY MATPULACHI HETi3iH/ae BOJIbT-aMIIePJaiK
CUIIATTAMACHIH ecelNTey TypPaJibl

KBaHTTBIK TPaHCIOPTTHIK KYOBUIBICTAp TEOPHACHI AsCHIH/A IIAIIBIPAy MATPULIACH OICIH KOJJaHY apKbLIbl
OapbepliiH CaJbICTHIPMAIIb OMIKTIrI /1, =3 TEH acKbIH OTKI3Tilll TYHHENbJIK aybICHIMHBIH BOJbTaMIICPIIIK

cunarraMacel MeH IupepeHIanasl oTKi3rimTiH  df (V)/dV -CIIEKTpJIepi ecenTenred. ACKBIH OTKI3Iilll
caHputaybl (perreny mapamerpi) 0,1+1 m. ©. apaneirbiHga esreprenzeri J[xo3e)CoOH aybICHIMBIHBIH
TPaHCHOPTTHIK CHUIIaTTaMalapBIHBIH JBOJNIONMACH KepceTinreH. KapacTelppurran karnmaiina OapbepmiH
MeJipiri Typaktel OonraHmplktan (D = 0,1), aybICBIMFa TeMIIepaTypaHBIH dcep €Tyl MacCHUBTI acKbIH
oTKi3rimTiH perreny mapamerpin 0,1+1 1. 6. apaibIFbIHIA ©3repTy apKbUIBI MOJIEIIB/1 3€PTTENICH.
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D.M.Sergeyev, [.N.Balmukhan

About calculation of the current-voltage characteristics of the superconducting tunnel
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junction based on a scattering matrix at a relative barrier height 4, =3

Within the framework of the theory of quantum transport phenomena using the method of a scattering matrix
were calculated current-voltage characteristics and df (V) / dV -differential conductivity spectra of supercon-
ducting tunnel junctions at a relative barrier height hb = 3. The evolution of the transport characteristics of a
Josephson junction with a change in the superconducting gap (the order parameter) from 0,1 + 1 arb. units
was shown. In this case, the effect of temperature on the transition was studied theoretically by varying of the

order parameter value of a massive superconductor in a range of 0,1 + 1 arb. units, because the relative trans-
parency of the transition barrier is constant (D = 0,1).
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Roasting effect on the electrical resistivity of the Al-0,5%Zr alloys

The effect of regimes of deformation and heat treatment on electrical resistivity and vickers hardness of 2
aluminum alloys containing 0.2% Zr and 0.4% Zr (mass%) was studied. Flat ingots (10x40x200 mm and
40x120x200 mm) were produced by casting into a graphite moulds. ingots were hot and cold rolled to obtain
sheets (thickness 1.3 mm and 5 mm for cold rolled and hot rolled accordingly). Ingots and sheets were an-
nealed according to multistage modes in the temperature range 200-650 °C with a step of 50 °C and 3 h hold-
ing at each stage. Polished samples cut from the central part of the ingots (as-cast and annealed) were studied.
the structure was examined in optical (om, axiovert 200 mmat) and electron scanning electron (tescan vega 3)
microscopes. Thin foils for transmission electron microscopy (tem) were prepared by electrolitic thinning in a
perchloric acid—alcohol solution and studied at 160 kv.

Key words: aluminum alloys, system Al-Zr, phase Al;Zr, electrical resistivity, deformation and heat treat-
ment, hardening and softening.

Introduction

In the recent years the interest for the aluminum alloys, strong enough, maintaining high electrical
conductivity even after the heating up to 250-300 °C grows. Traditional wire line made of technical alumi-
num of the ASE mark does not satisfy the requirements given, because it loses the strength even after the
short-term heating in such temperature range [1, 2].

The solution of the problem is quiet successful approach on the producing of wire line made of low-
alloy aluminum with addition of the zirconium [3—6].

The primary pattern of the aluminum wire line designed to produce the lines (core conductors)
according to the rules is rod, obtained by the continuous casting and rolling technique on the properzzi and
southwire types of equipment [7]. In the wire line made of Al-Zr alloy all required specifications mainly the
electrical resistivity and strength (after heating up to 300°C) are determined by the rod metallurgical
structure.

Aluminum wire thermostability depends on the zirconium in the alloy as well as the melting, casting
and heat treatment processing methods. Positive effect of the zirconium on thermostability is condition by
the nanoparticles of the 112 (Al;Zr) phase, formed in the rod when roasting [8§—10]. This is exactly what
identified the objectives set out in this work, and is the most important:

a) to obtain aluminum alloy hot-rolled sheets, with 0,5% Zr, in case of realization of the continuous
casting and rolling on the industrial installations;

b) to study the roasting temperature effect (up to 650 °C and including) on the specific electrical
resistivity and strength of these sheets;

B) to rationalize a profitable ratio between the roasting temperature and zirconium concentration.

Experimental technique

In the capacity of the main study objects sheets of aluminum alloy with 0,5% Zr were taken.
Experimental alloys were prepared of the primary alumium of the a7e (GOST 11069-2001) mark in the
graphite-clay crucible of electrical resistance furnace. Zirconium was introduced into the alloy under
temperature of 850-900 °C (i.e. higher than a liquidus point) in the form of Al-15% Zr (GOST 53777-2010)
ligature [11]. 40x120x200 mm ingots were obtained by casting into the graphite casting-form. Sheets made
of such ingots (figure 1) were obtained as follows: to heat ingots casted to 450 °C, then roll the sheets with
87,5% degree of squeezing and up to 5 mm thickness.
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Figure 1. Appearance of the experimental ingots and sheets made of them

Chemical alloys composition study was performed on the ARL 4460 spectrometer, results are shown in
the table 1.

Table 1
Chemical composition of experimental alloys
Alloy Concentration, % wt.
Ne Reference Si Fe Zr Al
0 00Zr 0,0073 0,140 - base
1 02Zr 0,072 0,139 0,180 base
2 03Zr 0,074 0,131 0,283 base
3 04Zr 0,080 0,140 0,380 base
4 05Zr 0,075 0,133 0,476 base

A sheet roasting was performed under the temperature of 300—650 °C (table 2), with accuracy ranging
of £5 °C, stepwise in a muffle electric furnace («snol»).

Table 2
Ingots roasting conditions of the Al-Zr—Si system alloys
reference Roasting method
t 300 t 300 °C, hour
t 350 t 300 +350 °C, 3 hours
t 400 t 350 +400 °C, 3 hours
t450 t 400 +450 °C, 3 hours
t 500 t 450 +500 °C, 3 hours
t550 t 500 +550 °C, 3 hours
t 600 t 550 +600 °C, 3 hours
t 650 t 600 +650 °C, 3 hours

Specific electrical resistivity (y) and Vickers hardness (HV) were measured for each condition. The y —
value was determined by the eddy-current method on the VE-26NP device, then specific electric resistance
(p) was calculated. Vickers hardness was determined on the Wilson Wolpert 930 N hardness tester with the
following parameters: pressure-50 H, hold time — 15 c.

Ingots and sheets metallurgical structure was studied on the light (SM) and electronic scanning
microscope (SEM) respectively: Axio Observer MAT and TESCAN VEGA 3. For polished section
preparations the electrolytic polishing and mechanical polishing were used under 12V voltage, electrolytic
conductor, which has 6 parts of C,HsOH, 1 part of HCIO, and 1 part of glycerin.
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Fine-structural investigation (first of all to indicate the Al;Zr precipitation) was carried out on the
JEM2100 electronic microscope (TEM) with high resolution and 200kW acceleration voltage. As the objects
of study foils obtained by the thinning-down of sheets were used.

For digital analysis of the phase structure (components concentration calculation and the mass fraction
of phase — in the aluminum solid solution (Al) the Thermo-Calc (TTALS database) software was used.

Experiment results and their analysis

Metallographic ingots examination showed the difference absence in the metallurgical structure
between the experimental alloys, because the zirconium upon crystallization was entirely introduced into the
aluminum solid solution composition (hereinafter (Al), Fe and Si concentration are approximately the same
(see table 1).

Metallurgical structure observed is similar with the electrotechnical aluminium metallurgical structure
of the A7E mark: phases inclusions in the form of skeletal fragments or the boundaries of the dendritic cells
(Al) [12]. During the rolling process equiaxial grain structure was changed to the fibrous, phases inclusions
with the presence of ferrum were extended too.

The roasting has no appreciable effect on the structure detectioned in the light microscope, therefore
structural and phase conversion upon roasting were evaluated by the results of special electrical resistivity
changes and strength, by the reports results as well. As per condition diagram the Al-Zr experimental alloys
(disregarding Fe and Si impurities) at all temperatures fall into the two-phase field (Al)+Al;Zr (figure 2).
Exception is the 02Zr and 03Zr alloys, which at the temperature 650 °C should be one-phase. Calculations
were made upon stable and metastable equilibrium, in accordance with this D0y; and L1, phases [13]. Zr
solubility in the solid solution of (Al) increases under temperature over 400—450 °C. Solubility is significant-
ly higher by the metastable version as well.

02Zr 03Zr 04Zr 05Zr

200
Al 0,2 04 Zr, macc. %

Figure 2. Condition diagram Al-Zr fragment with marked conditions of experimental alloys under
different roasting conditions (table 2): dotted graph — the solvus of the L1, metastable phase

Special electrical resistivity dependence of the experimental alloys on the temperature of the last step of
roasting is quite difficult (figure 3). When comparing with unalloyed aluminum, of which resistivity value is
comparable to the experimental precision, in the alloys with addition of zirconium a great changes are
revealed. Especially they are great upon maximum concentration of zirconium in the alloy (Cz,), 05Zr alloys
has the difference in special electrical resistivity approximately of 5,4 Ohm-m-10” (or ~ 15%).

As can be seen from the dependences, shown in the figure 3a, when multistep roasting is applied a
minimum value of electrical resistivity is observed under 450 °C, it is explained by the maximum reduce of
the zirconium concentration (Cz.a) in the aluminum solid solution. This contradicts with the data,
calculated by the metastable version on which under such a temperature the Cz.(a1 value is very significant.
There are two explanations of this situation. First, upon low temperature (below 400 °C) zirconium diffusion
in the (Al) is quite low, therefore total decomposition process requires more time [14, 15]. By data [10] 500-
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hours of roasting fewer than 300 °C is not enough. Second, upon 450 °C, there is possibility to rely on the
equilibrium solubilityof Zr in the (Al), which is quiet lower than the metastable version (for D0,; phase).
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Figure 3. Temperature effect of the last step of roasting on the specific
electrical resistivity of the experimental alloys sheet

Upon temperature increase there is effect of Cz is observed. In the 02Zr and 03Zr alloys there is
softening upon temperature of 350 °C and 400 °C is observed respectively. In more hydra metals of 04Zr and
05Zr the hardness is high enough even at 450 °C. At 500 °C and above all alloys are softening.

Closing

Temperature effect of roasting up to 650 °C on hardness and specific electrical resistivity is studied.
(SER) of the aluminum alloys hot-rolled sheets with 0,5 % wt of Zr in case of realization on the industrial
installations of continuous casting and rolling.

Using the calculations and experimental techniques we defined that SER (specific electrical resistivity
of concentrate) mostly depends on the concentration of zirconium in the aluminum solid solution, it is mini-
mum upon 3-hours of roasting at 450 °C. From the other hand, is conditioned with the quanitity of nanoparti-
cles of the L1, (Al;Zr) phase, determining the thermo stability, maintaining of the mechanical hardening.

It is shown that a good alignment of SER values, strength and thermo stability is possible to achieve, if
the temperature of thermal heating will be 400-450 °C, and concentration of zirconium is not below 0,3%.
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J.V.Cmarynos, H.A.benos, A.M.JlocTtaesa

Al-0,5%Zr KopbITHAJAPBIHBIH YJIEKTP KeAepricine Kyiaipyain acepi

Conrsl xburmaps! Tinti 250-300 °C meifin KpI3ObIpyIaH KeWiH 1€ CaKTalaThIH YKOFAphI JIEKTPOTKI3TilITIK
MEH JKETKUTIKTI OepiKTIKTeH TypaThblH AIIOMHUHHN KOpBITHAJdapblHA JEreH KhI3BIFYIIBUIBIK apryna. A2E
MapKaJbl TEXHUKAJIBIK aTIOMUHUICH XKacalFaH AOCTYpIli chiMaap OyJl TajanTapibl KaHAaraTTaHIbIPMaiipl,
cebebi omap ochlHIAl TemIeparypanap Ke3iHAe KbICKa Mep3iMai KbI3IBIpYAaH COH Ja Oepikci3meHeni.
Maxkanaza KyiiMa jxoHe OeTTep TYpiHAE OpPBIHIAJFAaH AJIOMMHHH KOPBITIAIAPBIHBIH MEHIIIKTI 3JIEKTp
Kezlepricine KyHuipymin acepi 3eprrenreH. CalKblH WIEMJIENTeH OeTTepae bIabpay OasybIpak KYpeTiHi
ansikTaFad. 450 °C kesinge Kyimipiaren Gerrepie 37IEKTPKEAEPrici MEH KaTTHUIBIKTBIH KaKChl YHIeciMi
MOHIHE KOJ XKEeTKi3yre 00IaThIHEI KOPCETIIreH.

J.Y.Cwmarynos, H.A.benos, A.M.JloctaeBa

Biausinue 00xura Ha yjaesbHOe 3JIeKTPHUYECKOe CONMPOTHBJIEHHE
Al-0,5%7Zr cruiaBoB

W3yueHo BiusiHUE PEKHUMOB J1e()OPMAMOHHO-TEPMUICCKONH 0OpPa0OTKH Ha YAEIBHOE 3JIEKTPOCOMPOTHBIIC-
aue (YOC) u TBEpAOCTh NBYX aFOMHHHUEBBIX CIUIAaBOB, conepxkamux 0,2 u 0,4% Zr 1 BHITOJHEHHBIX B BHIIE
CIINTKOB U JIMCTOB (XOJIOJHOKATAHBIX M TOPsYEKaTaHBIX). Y CTAHOBIICHO, YTO MEAJICHHEE BCEro pacmaj Io-
CJICZIHETO TIPOUCXOIUT B CIHMTKaX, a Haubomnee ObICTPO — B XOJIOJHOKATaHBIX JHcTaxX. C MCIOJB30BaHUEM
(GYHKIMY KETaTeIbHOCTH IT0Ka3aHO, YTO HAWJIyUIIero coueTaHus 3HadeHud YIC, TBEpAOCTH U CTOMKOCTH
K Pa3synpovHEHHI0 MOKHO TOOHTBCS B XOJIOJHOKATAHbIX JiMcTax ciuiasa ¢ 0,4% Zr, otoxoxerHoro npu 450 °C.
Takoli KOMITIEKC CBOHCTB OOYCIIOBIICH, IIIaBHBIM 00pa3oM, (JOPMHUPOBAHUEM JIOCTaTOYHOTO KOJIMYECTBA Ha-
Houactull (asel L12 (Al;Zr), koTopbie ONpeAeIsIOT COXpaHeHHE NePOPMAIIIOHHOTO YIIPOYHECHHSI.
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High-temperature strength and corrosion resistance of alloy steel coatings

The investigated coatings were deposited by ion-plasma method while spraying cathode 12X18H10T steel
and composite cathodes. It is shown that the larger the surface tension of the coating, the greater the heat
resistance. Since the surface tension of the metal is proportional to its melting temperature, it follows that the
high-temperature strength primarily depends on the melting point of the metal. The higher melting
temperature metal, the higher the recrystallization temperature. As shown experimentally, that the greater the
surface tension of the coating, the greater the corrosion resistance.

Key words: coating, heat resistance, corrosion resistance, surface tension, melting point, recrystallization.

Introduction

Under high-temperature strength refers to the ability of the material to resist mechanical failure at high
temperatures. Already in the 80s of the last century it became clear that you must not go towards the creation
of special heat-resistant alloys and application technology to create a variety of heat-resistant coatings to
parts of machines and mechanisms operating in extreme conditions. In subsequent years, the interest in heat-
resistant materials and coatings continued to grow with the development of rocket and space technology, en-
ergy, etc.

If the product is working in an oxidizing atmosphere at a temperature (500..550) °C without large loads,
it is sufficient that they were only heat-resistant (for example, parts of heating furnaces).

To improve the heat resistance of the steel elements are introduced, which form oxides with oxygen
dense lattice structure (chromium, silicon, aluminum). High heat resistance have silhromy, nickel-based
alloys — nichrome, steel 08X 17T, 36X18H25C2, 15X6CIO.

Heat resistance — the ability of a metal to resist plastic deformation and fracture at high temperatures.
Heat-resistant materials are used for the manufacture of parts operating at high temperatures when there is a
phenomenon of creep.

In both cases there is a failure of metals, alloys and coatings. The destruction of the metals in supply of
thermal energy is accompanied by accumulation of thermal stress, leading to an increase in the density of
dislocations, various defects [1-3].

A special place in the complex of measures to ensure the smooth operation of the equipment is given
the reliable protection against corrosion and wear.

Corrosion protection is for many years one of the topical issues that are of great importance for the in-
dustry and the national economy [4—8].

The need for measures to protect against corrosion is dictated by the fact that the losses from corrosion
bring very big damage. According to reports, about 10% of the annual production of the metal used to cover
irrecoverable losses due to corrosion and subsequent spraying. The main damage caused by the corrosion of
the metal is associated not only with the loss of large amounts of metal but with the damage or failure of
themselves metal structures and mechanisms, as a result of corrosion of various parts and components neces-
sary to lose strength, ductility, impermeability, thermal and electrical conductivity, reflectivity ability and
other necessary qualities.

To reduce the cost of metal, increasing the reliability and durability of machine parts and equipment,
there are only two ways:

« the use of special steels and alloys;

* coating of articles during manufacture or repair.

Since the production of special steels and alloys due to the consumption of scarce and costly special
materials and components, in all industrialized countries is not increasing production of special steels and
alloys, using the most advanced technology for coating and hardening of parts.
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Heat-resistant coating

Currently applying refractory coatings made substantially vacuum arc or magnetron sputtering [9-21].
Thus, various formulations targets include metals such as chromium, titanium, and zirconium in combination
with non-ferrous metals. [18] investigated the spray coating of chromium and aluminum in a nitrogen atmos-
phere. Fig. 1 and 2 show electron microscopic images and XPS and CrN coatings CrAIN.
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Figure 1. The electron microscopic image and XPS CrN coating
at 550 °C (a) and at 800 °C (b) [18]

Aluminum content of 15 at.%. This hydride phase underwent fragmentation (fig. 1 and fig. 2), which af-
fects the mechanical and tribological properties of the coating. For the coating of CrN microhardness is 35.8
GPa and CrAIN coating — 34,8 GPa, i.e. hardness change slightly. The coefficient of friction decreases from
0.56 to 0.42 to the coating CrN coating CrAIN. However, CrAIN coatings have a high thermal stability (heat
resistance) than CrN coating.

Industrial tests of coatings CrAIN, described in [18], showed improved performance tool steel AISI M2,
in comparison with the coating CrN. This coating was even better than traditional titanium nitride coatings.
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Figure 2. The electron microscope image and XPS CrAiN coating
at 550 °C (a) and at 800 °C (b) [18]
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Anti-corrosion coatings

Consider some of the anti-corrosion coatings obtained by magnetron sputtering [22-29]. [22] studied the
erosion and corrosion of austenitic steel AISI 304L with the content of nitrogen in the coating to 0.55 wt.%.
Corrosion of steel was estimated by weight loss by oxidation, and erosion of — Analysis damage steel reactor
containing the suspension of 3,5% NaCl and quartz particles. The results of this work are shown in fig. 3.

a Synergism
4% Carasion

Erosion
87 84%

Figure 3. Synergism between corrosion and erosion of the steel AISI 304L
without nitriding (a) and after nitriding (b) [22]

Suitable authors noteworthy because, in general, the synergy — is a property of the system, consisting in
the fact that the joint cooperation ce elements (subsystems) provided an increase in their total effect to a value
greater than the sum of the effects of these elements (subsystems) acting independently from each other. Hence,
it enhances communication elements (subsystems), provided their coordinated functioning in the system.

Currently, treatment synergism devoted a huge amount of work: developed its own methodology, for-
mulated the basic laws. However, this theory is based on general systems theory, which is so common, that
does not give a quantitative description of the observed effects. Therefore, we will not refer to the synergies
that the interpretation of experimental data.

In [24] showed that the corrosion resistance of aluminum alloy is anisotropic. This imposes certain con-
straints on its surface treatment, in particular on its polishing, which creates a certain dislocation density in
the surface layer of the alloy.

Interesting is the work of [28], which investigated the corrosion resistance of the coatings FeCrVN on
tool steel. It set a goal — to link the mechanical properties of the coatings at the nanoscale and their distribu-
tion over the area of the sample with corrosion-resistant coatings. Using this approach, one can predict the
emergence of corrosion spots at an early stage and eventually predict early «corrosive breakdown» alloy.

In [29] studied magnetron coating niobium — niobium oxide. The coating showed very high resistance
to corrosion, even in the enriched (heavy) water, obtained by proton irradiation. The mechanism of occur-
rence of corrosion resistance shown in fig. 4.
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Figure 4. Schematic diagram of the formation of the diffusion barrier [29]
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Although niobium is chemically inert, but it has a coating of a columnar structure characteristic of sin-
gle-phase films. Therefore, acid or enriched with honey water diffuses these «pillars». With simultaneous
sputtering of niobium and niobium oxide, the latter being an amorphous structure, fills the space between the
pillars and dramatically increases the value of the diffusion barrier.

Heat resistance steel alloy coatings

We investigated coatings were deposited by ion-plasma method while spraying cathode 12X18H10T
steel and composite cathodes. Method for determination of heat resistance is based on GOST 6130-71 «Metals.
Methods for determination of heat resistance» and coatings the determination of heat resistance of thermal
spray coatings. Heat resistance is determined by exposing the coated specimens (and uncoated control) in an
air oven for a predetermined time at a constant temperature, followed by weighing, examination, metallo-
graphic examination. Accelerated cyclic tests carried out by switching off the oven (10-50) hours. The re-
sults of the experiment are shown in table 1 and 2.

Table 1
The weight loss of the coating produced in argon, after heat treatment at 600 °C for 100 hours
The coating Mass of oxides of coating, mg
A sample of uncoated, steel 45 56,8
12X18H10T+Zr 24,4
12X18H10T+Zn-Cu-Al 14,4
12X18H10T+Fe-Al 5,6
12X18H10T+Zn-Al 14,2
12X18H10T+Al 4,8
12X18H10T+Cu 2,7

Table 2

The weight loss of the coating produced in a nitrogen atmosphere
after heat treatment at 600 °C for 100 hours

The coating Mass of oxides of coating, mg

A sample of uncoated, steel 45 56,8
12X18H10T+Zr 35,1

12X18H10T+Zn-Cu-Al 20,7
12X18H10T+Fe-Al 8,1

12X18H10T+Zn-Al 20,4
12X18H10T+Al 6,9
12X18H10T+Cu 3,9

Comparison of the results in Tables 1 and 2 with the results of [30] follows the conclusion: the greater
the surface tension of the coating, the greater the heat resistance. If the heat resistance mark — , say some-
thing mathematically can be expressed as a functional relationship:

¢=f(0)=C-o, (1)
where C — a constant.

Since the surface tension of the metal is proportional to its melting temperature, it follows that the high-
temperature strength primarily depends on the melting point of the metal.

Corrosion resistance of alloy steel coating

In cases where the corrosion process proceeds as general corrosion, to evaluate the corrosion rate can
change the amount of metal used in a process changing the amount of the reaction agent (oxidant), or one of
the products of corrosion over time. Since the corrosion process is heterogeneous, the appropriate quantita-
tive characteristics should be referred to the unit surface.

Tables 3 and 4 shows the corrosion rate at 600 °C investigated coatings is determined by the formula:

v.=Am/S-t, 2
where Am — decrease (increase) in weight; S — area of the sample; t — time.
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Comparison of the results of Tables 3 and 4, with the results of [30] follows the conclusion: the greater
the surface tension of the coating, the greater the corrosion resistance. If corrosion resistance mark — y, say
something mathematically can be expressed as a functional relationship:

1= f(0)=C -5, 3)
where C; — a constant.

Formulas 1 and 3 are mathematically equivalent. The only difference in the constants C and C;.

Table 3
Corrosion Rates at 600 °C the coating obtained in argon
The coating Corrosion Rates, g/m™h
A sample of uncoated, steel 45 2,84
12X18H10T+Zr 1,22
12X18H10T+Zn-Cu-Al 0,72
12X18H10T+Fe-Al 0,28
12X18H10T+Zn-Al 0,71
12X18H10T+Al 0,24
12X18H10T+Cu 0,13
Table 4
The corrosion rate at 600 °C the coating produced in nitrogen
The coating Corrosion Rates, g/m”h
A sample of uncoated, steel 45 2,84
12X18H10T+Zr 1,76
12X18H10T+Zn-Cu-Al 1,03
12X18H10T+Fe-Al 0,40
12X18H10T+Zn-Al 1,02
12X18H10T+Al 0,34
12X18H10T+Cu 0,19

We compare the results obtained with the corrosion rate of certain corrosion-resistant stainless steel
(table 5).

Table 5
The rate of corrosion of the most corrosion-resistant steels
Steel grade Corrosion Rates, g/m™h
X23H28M3 13T 0,21
X23H27M3T 0,26
X18HI12M3T 0,80

Comparison of the results of Tables 3 and 4 with Table 5 follows the conclusion: the greater the corro-
sion resistance of the coatings tested is not inferior to the most corrosion-resistant steel.

Moreover, any of the surfaces of tables 3 and 4 are significantly superior corrosion resistance of steel
45, which is widely used as a structural steel in the manufacture of: pinion shafts, crankshafts and camshafts,
gears, spindles, tires, cylinders, cams and other normalized, improves, and subjected to heat treatment of su-
perficial parts, which are required increased strength.

Estimation of melting and crystallization of alloyed steel coatings

Melting and solidification of the steel depends on its composition. Usually when calculating the Ty and
Ts to make assumptions about the additive effect of dopants on these values.

Using the results of experimental determination of the surface tension of the multi-element surfaces,
and results of the calculation of this value on the basis of elemental analysis can show that the average value
of the surface tension is the value of the additive. In this case, the melting point of the coating can be esti-
mated by the formula:

T =1,4-10"-c (K). 4)
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The corresponding estimates are shown in Tables 6 and 7.

Table 6
Melting point multielement coatings obtained in argon
The coating T, K The coating T, K
12X18H10T+Zr 1358 12X18H10T+Zn-Al 1537
12X18H10T+ 1530 12X18H10T+Al 1602
Zn-Cu-Al
12X18H10T+Fe-Al 1809 12X18H10T+Cu 2023
Table 7
Melting point multielement coatings obtained in a nitrogen atmosphere
The coating T, K The coating T, K
12X18H10T+Zr 1259 12X18H10T+Zn-Al 1098
12X18H10T+
Zn-Cu-Al 1042 12X18H10T+Al 1121
12X18H10T+Fe-Al 1448 12X18H10T+Cu 1445

As shown in tables 6 and 7, the melting point of the coatings obtained in argon lower than coatings ob-
tained in a nitrogen atmosphere. Especially the big difference is observed for the coatings doped zirconium.

Melting steels depends on their chemical composition, but is in the range (1450-1520) K. As shown in
tables 6 and 7 coating 12X18H10T+Al, 12X18H10T+Fe-Al and 12X18H10T+Cu, prepared under argon, at a
temperature of the melting far superior to all steel.

Conclusion

In this paper was not intended to produce heat-resistant and corrosion-resistant coatings. Using multi-
element coverage, we wanted to show the connection between the properties of the coating and the surface
energy of the coating, as well as provide a methodology for evaluating the heat resistance and corrosion re-
sistance of coated materials.
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B.Y.Jlaypunac, A.IlI.CeizaeixoBa, E.H.Epemun, C.A.I'yuenxo, B.M.IOpos

Kocnagabl 001aT KaObIPIIAKTAPBIHBIH TOTHIFY TYPAKThLIbIFbI
JKOHE KbI3yFa Te3iMaiIiri

Makanana kommo3uuusiblk karoarap Men 12X18H10T GosnaTran katoATsl OipKajbINThl BIABIPATY Ke3iHIe
3epTTEeNreH jKaObIHIbUIAPFa HOH/IBI-IUIA3MAJIbIK SJICIICH SHII31UIreH iri Typaisl aiteuirad. Herypibiv GeTTik
KepiTyIiH xKaObIHABICH Kol 60JIca, COFYPIIBIM OHBIH KbI3yFa TO3IMIUIIr )KOFaphl O0JIaTBIHIBIFEl KOPCETUITCH.
Conpait-ak MeTanapiH OeTTiK Kepinyi OaJKy[bIH KbI3ybIHA IPOMOPLHOHAN, OCHIOaH KbI3yFa TO3IMILIIK,
GipiHIuizeH, MeTanablH OaaKybl KbI3yblHa Toyenai. MeranabslH Oanky TeMmrepaTypachl HEFYPIIBIM JKOFapbl
OonFaH caiiblH, COFYPJBIM OHBIH PEKPUCTAlJ@Hy TEMIEpaTypachl Ja JKOFapbl. KCICPUMEHTTE
KOpCEeTIreH e, HeFypibiM OETTIK Kepiyi )KOFapbl 00JIca, COFYPIbIM OHBIH TOTBIFYFa TO3IMILIITT TYPAKThL.

B.Y.Jlaypunac, A.IlI.CeizaeixoBa, E.H.Epemun, C.A.I'yuenxo, B.M.IOpos

7Kaponpo4yHoCcTh M KOPPO3HOHHAS CTOMKOCTH
JIETHPOBAHHOM CTAJBLHBIX NOKPHITHIA

B crarbe 0TMEYEHO, YTO MCCIIEIOBAHHBIC MOKPBITHS HAHOCWIIMCh HOHHO-IUIA3MEHHBIM METOJOM IIPH OJIHO-
BPEMEHHOM paciblieHuH karozaa u3 ctamu 12X18H10T u koMIo3uIMoHHBIX KaToaoB. OnpeaeneHo, 4To 4emM
0oJIbIIIe TIOBEPXHOCTHOE HATSKCHUE ITOKPBITHS, TEM OOJIBIIE €ro >KapoIpOYHOCTh. [10CKOIBKY HOBEpXHOCT-
HOE HATSDKEHHE MeTallla IPONOPIHOHAIBHO €r0 TeMIIepaType IUIaBIEHHs, TO OTCIOAA CIEyeT, 4TO XKapo-
HPOYHOCTb, B TIEPBYIO OYepellb, 3aBHCUT OT TEMIEpaTyphl IUIaBJICHHA MeTaula. Uem Bbllle TeMmeparypa
IUIABJICHUS] METAJIJIa, TEM BBIIIE €T0 TEMIIepaTypa peKpUCTaUIN3aliK. B paboTe sKcreprMeHTanbHO ToKas3a-
HO, YTO 4eM OOJIbIIe OBEPXHOCTHOE HATSHKEHNE MOKPHITHS, TeM OOJIbIIe er0 KOPPO3HOHHAs CTOHKOCTB.
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XblllyY ®U3UKACDLI XKXOHE TEOPUANDIK XblJTY TEXHUKACDI
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MarteMaTu4eckoe MO/Ie TMPOBAHUE TEIJIOMACCONEPEHOCA
B CHCTEMeE TeIJI00TBOAa JIfl CBEeTOAMO0/AAa BLICOKOH MOIIHOCTH

B craTbe paccMaTpuBaeTCs TEIIOMACCONIEPEHOC B CHCTEME «OCHOBAHHE CBETOIMO/1a — KPUCTAIUIHK — JIMH3A —
OKPY’KaroIIHii BO3yX» Ha OCHOBE HECTAI[MOHAPHBIX NU(depeHINaTbHBIX YPaBHEHHH, OMICHIBAIOIIIX KOM-
TUTEKC B3aUMOCBSI3aHHBIX IPOIECCOB TeIIoMacconepeHoca. [Ipeanaraercst aropuT™ 4HUCICHHOTO PELISHHS
ypaBHeHuit [TyaccoHa, MO3BOJISIONMINI TOTyYaTh BpeMs MPOXOXKIESHHS UCCIIELyeMOTO IpoLecca, mpeielibHbIe
TOKOBBIE HArpy3KH, KPHUTHYECKUE BHEIIHUE YCIOBHS M TEMIEPaTypHBIE PEKUMBI paboThI cBeToarona. [Ipen-
CTaBJIEHbI SKCIIEPUMEHTAJIbHBIEC PE3YJIbTaThl PACTIPEACIICHHS TEMIIEPATYPBI B PEalbHbIX OCBETUTEIbHBIX MPHU-
6opax.

Knioueswie cnosa: TemnomaccomnepeHoc, ypaBHeHust IlyaccoHa, cBeTOIHOM, KPUCTAJUIUK, MOTYNPOBOIHHUK,
TEMIIEPaTyPHBIA PEXKUM, MOJCIUPOBAHUE.

C nosiBICHHEM MOIIHBIX OEJBIX CBETOAMOAOB OTKPHUIACH BO3MOXKHOCTh MX HCIIOJIB30BAHUSI B SHEPro-
cOeperaomux cucremMax ocBemeHus. DPQPEKTUBHOCTh TAKMX CHCTEM 10 CPAaBHEHHIO C TPaJULUOHHBIMHU
JIFOMMHECLIEHTHBIMU JIaMIIaMH BbllIE B 1Ba—Tpu pa3a. OJHAKO IIPU 3KCIUIyaTallud CBETOIMOAHBIX OCBETH-
TEJIHBIX MPUOOPOB BBISICHUIIOCH, UTO B PeaibHBIX yCIOBUX Ipu Tokax 350 — 700 MA u momuocTax 1-3 Bt
CJIO)KHO 00ECTIeYUTh ONTUMAIBHBINA TEIUIOOTBOJ. B CBsI3M ¢ 3TUM OOJBIIMHCTBO OCBETUTEIHHBIX NPUOOPOB
HMEIOT CPOK CITYXKOBI B I€CSTKU pa3 MEHBIIE 3asiBICHHOTO CPOKa SKCIUTyaTally IPONU3BOJUTENIEM. JTO IPO-
WCXOIMT U3-32 MOSBJICHHS JIeTPafalliii KPHCTAJUTNKA CBETOANO/A, CBI3aHHON C MOBBIIIEHHON padodeil TeM-
[epaTypoil CBETOANOMIOB.

TpamuunoHHO pacyeT TEeIUIOOTBOAA OT CBETOAMOA OCYIIECTBIISIETCS C MCIOJIB30BAaHUEM NPHOIIKEH-
HBIX (hOpMyJI, TOTyYEHHBIX U UCIIONB3YEMbIX IJIS pacyeTa paguaTopoB MOIYIPOBOTIHUKOBOI 3JIEMEHTHOM
0a3b1. OHaKO M3-32 BBEIEHHBIX MPHONMKEHUH B 3THUX (popMyJax He BCerja pacdeThl OTPAKAIOT PEeaIbHYIO
KapTUHY PacIpOCTPAHEHUs TeIjia B CHCTEME «OCHOBAaHHE CBETOAMOAA — KPUCTAIUK — JIMH3a — OKPYXKaro-
muit Bo31yx». B cBsA3M ¢ 3TMM Hamu ObLIa MPEATIOKEHA M YMCICHHO TOJICUUTAHA 3a/lada TerIoMacconepe-
HOCa B CBETOJIMOJIE C UCIIOJB30BaHNEM ypaBHeHUil [lyaccoHa.

PaccMoTpum mporiece TensonepeHoca B THIMYHOM cBetoaunoae. M3sectHo [1, 2], 9to cTpoeHue cBeTo-
JMOJia OIpelesIieT MOLIHOCTh U3JIyY€HMs, 3aBUCSIIYI0 OT IpsAMOro Toka. CBETOBOH IOTOK, M3IydaeMblil
CBETOAMO/IOM, HAIIPSIMYIO 3aBHCUT OT NPSIMOI0 TOKa, IPOTEKAoLIEero uepe3 uznenue. Yem Ooiblle TOK, TEM
0oJIblIe MOTOK M3JIyYEHHs CBETOAMONA. DTO CBA3aHO C TEM, YTO C YBEIMYEHHEM TOKAa PAcTET YUCIIO JIEK-
TPOHOB U ABIPOK, NOCTYMAIOIIUX B 30HY PEKOMOMHALMK B €OAUHULY BpeMeHH. HO TOK Hesb3s yBenn4uBaTh
10 GonbImx 3HaueHWH. M3-3a BHyTpEeHHEro CONMpPOTHUBIICHUS MOIYIPOBOJHUKA U p-# TIEPEX0/1a KPUCTAILTHK
[IEpErpeBaeTCs U MO MOXKET BBINTH U3 cTposi. KpoMe Toro, Ha TeMnepaTypHbIi peXKUM CBETOAMOAA BIHS-
10T BHELIHME YCIIOBHA (TeMIleparypa, BIaKHOCTh U T.A.) (YHKIMOHHPOBAHMS IOIYIPOBOJHUKOBOIO 3JIe-
MeHTa. Tak, Hampumep, U3BECTHHI [3, 4] JOCTATOYHO CYIIECTBEHHBIC MACIITA0BI BIHMSHHUS TEMIIEPATypPhI
OKpY’KaloIllel cpelbl Ha 2JEeKTpuuYecKue (IIpsMOe HalpspKeHHe, NoTpedsemMasl SHEprusi), SHepreTUuecKue
(oceBast cuna cBeTa, CBETOBOI MMOTOK, ONTHYECKAs: MOLIHOCTD) M KaJJOPUMETPHUUECKUE (OTHOCUTEIBHOE CIIeK-
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TpaJIbHOE pacrpesielieHUe CBETa, OTHOCHUTEIbHAS CIIEKTpaJIbHAsI CBeTOBas d(Hh()EKTHBHOCTD U T.J.) XapakKTe-
PHUCTHKHU pabOTHI CBETOIHOJIOB.

Lens BBIMOMHEHNS YMCIEHHOTO aHAIM3a PAcCMATPHUBAEMOTO MPOIIECCa — OIPEIEIeHNe ONTHMAIBHBIX
TEIUIOBBIX YCIIOBUM JKCILTyaTaI[M¥ CBETOAMOMA, CO3JaHUE PEKOMEHIAINN 0 PaIlMOHAIBHOMY BBIOOPY Ma-
TEPHAJIOB JJISi M3TOTOBIICHUS KOMIUIEKTYIOIINX M YMEHBIIEHUIO W3HOCA IONYIPOBOJHUKOBOTO H3JIEITHS
BCJIE/ICTBHE MU3MEHEHHS TEIUIOBBIX YCIOBUH (PYHKIIMOHHUPOBAHMS M3Ty4YalOIero KpucTaa.

PaccmaTpuBaeTcst KOHCTPYKIUSI TUTIOBOI'O CBETOMO/1A, CXEMa KOTOPOIO MPEACTaBlIeHA HA pPUCYHKE 1.
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1 — ocHOBaHHE — KaToX; 2 — MIPOBOJHUK — aHOJ; 1 — ocHOBaHMe; 2 — KPUCTAIUINK; 3 — KOMIAYHJ B JINH3E;
3 — xpuctayuk; 4 — muH3a; 5 — pedaexrop 4 — OKpYKarOIIHIA BO3YX
Pucynok 1. YcTpoiicTBO TUIIOBOTO CBETOAMOAA Pucynoxk 2. Cxema o6sacT penieHus 3a1a4u
TETIIOMAacCOoIepeHoca

IIpn Qusmdeckoil MOCTaHOBKE 3aJadd YYUTHIBAIOTCS ClIEAyIoie mpouecchl. [Ipu mporekannnu Toka
4yepes p-n Mepexo]] B KPUCTAUIMKE MPOUCXOANT BhIAETICHUE dHeprun B popme m3nmydyenus. Kak ciencraue,
KPUCTAJUTHK HarpeBaeTcs. 3a cueT pedaeKTopa U3IyYeHUs B OCHOBAaHHUE HE MTPOUCXOUT, U JIY9H OTPaXKaroT-
cs. Takum 00pazoM, (HOPMHPYIOTCS MOTOKH M3TYYEHUSI OT KPUCTALTUKA, KOTOphie (POKYCHPYIOTCS JIMH30H.
3a cYeT TeIUIONPOBOAHOCTH M M3ITYUYEHHUS OCHOBAHHUE M ONTHYECKU TPO3PAYHBINA MOJMMEPHBIA KOPITYC (JIMH3A),
3alOJHEHHBIM KOMIayH0M, HarpeBatoTcsa. C TeYeHUEM BPEMEHU CTENEHb HAarpeBa KpUCTaNIUKa, OCHOBAHUS
1 (QOKYCHPYIOIIEH JTHMH3BI BO3pAcTaeT. DTO B MPEACIBHBIX CIydasX MOXET MPHUBOAUTH K TUIABICHUIO KpH-
CTAJUIMKA U TTOCTIEAYIOIEMY BBIXOAY M3 CTPOSI CBETOINO/IA.

OpnHoli U3 3aJa4 TEOPETUYECKOTO MCCIEIOBAHUS MOKET OBITH YCTaHOBIICHHE MPENENbHBIX 3HAUCHUH
TOKOB U BpeMeHH (YHKIHMOHMPOBAHUS CBETOMOAa Oe3 meperpeBa KOMIUIEKTYIOMIMX 3JeMeHToB. [Ipeasapu-
TEJTHHBIN aHaJIN3 MOKA3bIBAET, YTO STO BO3MOXKHO IPH YMCICHHOM pEIIeHWH 3a7add TEIJIOMacCOolepeHoca,
TaK KaKk HaTYPHBIH M JIaDOPATOPHBIN 3KCIEPUMEHTHI TPEOYIOT OONBIIUX 3aTpaT BPEMEHU M MaTCPUAILHBIX
peCcypcoB.

PaccmatpuBaercst ocecuMMeTpHYHas OCTAaHOBKA (puC. 2). YUNTHIBAIOTCA JABa MEXaHW3Ma TeIUIonepe-
HOCa B CBETOJHMO/IE: U3IYUCHHE U TEIUIONPOBOAHOCTD. [Ipy 3TOM He yYMTHIBAIOTCS MpeoMIIeHHE, ITOTIIONIe-
HUE, pacceMBaHue U (POKYCHUPOBKA JIyded JIMH30M, a TaKKe 3aBHCUMOCTh TEILIO(PH3NUECKUX XapaKTEPUCTUK
oT Temmeparypsl. s 06macTu OKpPYKaIOIIETO CBETOAUO] BO3[yXa YUWUTHIBAIOTCSA JBA MEXaHMU3Ma TEIlIo-
MaccCOIIepeHOCca: KOHBEKIIHA U TETJIONPOBOAHOCTD.

[Ipenmnonaraercs, 4TO MPOCTPAHCTBO BHYTPH JIMH3HI 3aI0JHEHO OJAHOPOAHOHN Cpeol — KOMIayHAOM C
MTOCTOSTHHBIMU TEIUIO(U3NISCKIMHE XapaKTEPUCTUKAMH. DTO JIOMYIICHUE SBIISECTCS TUIUYHBIM TIPU MOJICITH-
POBaHHMHU TIPOIECCOB TEILUIONIEPEHOCA B ONTUYECKUX AJIEMEHTaX W He HaKIJIAABIBAeT CYIIECTBEHHBIX OIpaHU-
YEeHUH Ha OOLIHOCTH MOCTAHOBKH 3a]1auu.

W3 pucyHka 2 BUAHO, YTO OCHOBHYIO TPYAHOCTh IPH MOJEIMPOBAHUH IPOLIECCOB TEMJIOMACcCCONEpeHoca
npeacTaBisieT KOHQUTypaIysi CBeTo1oAa. Peanu3zalys aroputMa YUCICHHOTO PEeIeHHs TPEyCMaTpPHBaET
JIOCTaTOYHO TPYAOEMKOE COTIPSHKEHHE chepruiecKoi (MOISIPHON) U IHIMHPUIECKOH KOOPAHHATHBIX CETOK.
K tomy ke BaxHy0 poiib UrparoT opMa peduiekTopa, NIMPUHA «3aIPEIIcHHON» 30HBI KPUCTAUIUKA U €
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MaTtemaTu4eckoe mogenvpoBaHue TensomacconepeHoca...

W3MEHEHUE C POCTOM TemIlepaTypbl. CienyeT MOom4epKHYTh, YTO MPU MOACIMPOBAHUH PACCMAaTPUBAIOTCS
Han0oJsIee TUIMYHBIC KOH(PHUTYpallui POKYCUPYIOIICH JTMH3bI U pedIieKTopa.

PaccmoTpum maremarndeckyro Mojenb. Cucrema HecTalnoHapHBIX JuddepeHanbHbIX ypaBHEHUH,
OIMCBHIBAIOIINX KOMILIEKC B3aMMOCBS3aHHBIX IPOLIECCOB TEIJIOMACCONEPEHOCA, MPOTEKAIOMIUX B CHCTEME
«OCHOBaHHWE CBETOJINOJIA — KPUCTAJUTUK — JIMH3a — OKPYKAIOIIHMI BO3IyX», COOTBETCTBYIOMAs cHopMyInpo-
BaHHON (YH3UYECKOM ITOCTAHOBKE 3a71a4dM, UMECT CIICIYIONTUH B/,

VYpaBuenue >neprun A5t ocHoBaHuA (0 <R < R;, 0 <Z < Z)):

o7, o'T, 10T, 07T,
C,—Lt=\ Lp——L 4 — 1
Pt a '\t ror o o
YpaBuenue sneprun Aiis kpuctaumka (0 <R <Ry, Z, < Z < Z,):
2 2
o, _, (0T, 10 0L, 0 .

P Yo ot roa ot a

YpaBHEeHHE SHEPTHH IS KOMITAYHIA JTUH3BI B IMITHHAPHICCKON 9acTh (R <R <R, Z; <Z<Z; 0<R <
<Ry, Z,<Z<1Z):

oT, o’T, 10T, 0T,
C,—=\ S 3
Pss o ot ror o @
YpaBHeHHE 3HEPTUH AJ1s1 KOMIayHaa JIMH3bI B cheprueckoit yactu (0 < ¢ < ¢, 0 <R <R,):
oT, o’T, 10T, o°T,
3 _ 3 +l_3_,’_L 3 (4)

Ps Yo ot ror o’
YpaBHEHHS SHEPTHUH, ABKCHUS U HEPA3PBIBHOCTH TSI OKPYXKAIOIIETO BO3yXa (Ry < R <R3, Z) < Z < Z3;
Al <R<R3,Z3+A2<Z<Z4; 0<R<R3,Z4<Z<Z5)§

oT, oT,  oT, o'T, 10T,  0°T,

C,| —t+u—+v—= =0, | —+——2+ —+ |, 5
P 4( ot or 62) oa?r ror o2 )

Oou Ou Ou u 1 OP, u 1ou 0u u
—tU—FV———= ———— V| St ——t 5~ |, (6)
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31ech #, Vv — COCTaBIIIOIINE CKOPOCTH KOHBEKIMH BO3/YIIHBIX HMOTOKOB B IPOCKIMH HA OCb ¥ H Z

B IIWIMHAPUYIECKON CHCTEMe KOOPIMHAT, M/C; 7, Z — KOOPIWHATHI IMINHIPUYECKON CHCTEMBI KOOPIMHAT;
7, ¢ — KOOpAMHATHI ChepHIecKOl CUCTEMbI KOOPAMHAT; R, — paauyc chepruueckoit yacti T3k (R, = Ry);
@, — MaciTab 10 cepuueckoii KoopauHare (¢, = 1/2); f — BpeMs, ¢; p — IUIOTHOCTb, KI/M’; P — naBie-
uue, H/M*; v — KuHeMaTnueckas BAI3KOCTb, M7/c; P — Kod()(UIHEHT TepMUIecKoro pacmupenus, K';
g — YCKOpeHHe CBOOOJIHOTO MaJeHMUS, m/c*; T — temmeparypa, K; T, — HavanpHas Temmeparypa, K;
C — ynenbHas temnoéMkocTb, JIx/(krK); A — xoaddunment termonposonnocty, Br/(MK); V., — o0bem
KpHCTaILTHKa, M’; O — KOIMYECTBO TEIUIa, BBIIEIAEMOE B KPHCTAIUTHKE TP MPOTEKAHHH IEKTPHIECKOTO
TOoKa, JK.

[lo 3axony J[xoymns-JIeHIa KOITMYECTBO TEIUIA, BRIALISEMOE B KPUCTALIMKE P MPOTEKaHUU AIIEKTPU-
YECKOT0 TOKa, MOYKHO ONPEACIUTE U3 CICAYIOLIEr0 BRIpaXeHus [5]:

O=1"-R-t, 9)
rne [ — cuna Toka, 4; R — snekrpuueckoe conporusienue, OM; f — Bpems, c.

ITockomnbKy 1ENbI0 HACTOAIIETO NCCICOBAHNS SBIISETCS aHAJN3 TEIVIOBOTO COCTOSIHUS CII0XKHOH TTOJTY-
MPOBOJHUKOBOM CHUCTEMBI — CBETOAMOMA, TO HanboJee 1eIecoo0pa3HbIM MPeNCTaBIseTCs Ipeodpa3oBaHme
chopMyIMpoOBaHHOM crucTeMbl AuddepeHnanbHbIx ypaBaeHuit (1)—~(8) k Buay, HCKITOYaoneMy Hermocpe-
CTBEHHBIN IIOUCK II0JIA JaBjieHus P.

s 3T0T0 BBOIATCS B pacCMOTpeHHe (QYHKLMS TOKa \ M BEKTOP BUXPSA CKOPOCTH (), KOTOPBIE 3a1AI0TCS
cleayromuM oopazom [6, 7]:
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ITocie moacTaHOBKH BBIPOKECHHUH 1T KOMIIOHEHTOB cKopocTH u, v (10) B ypaBHEeHUE HEPa3pBIBHOCTH
(8) mommygaem ypaHenue Ilyaccona ciemyromiero Buia:
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YpaBHEHHE IBIKSHUS B IEPEMEHHBIX «(DYHKIMS TOKa — BEKTOP BUXPSI CKOPOCTI» UMEET CIICTYIOIIAIN BT

2 2
o do o o V[6w+16_0) 6®J+gﬁg—T. 12)
r

tu—-+v T t——+—
ot or Oz r or" ror oz

AHanmu3 pUBEACHHBIX HETMHEHHBIX HECTAMOHAPHBIX ypaBHeHuH (11), (12) mokaspIiBaeT, 4To meIeco-
o0Opa3HO mpuMeHeHne Oe3pa3mMepHOil (opMbl 3amucu AUQQPEPEeHITNATBLHBIX YPAaBHEHUN 1T YMCEHBIICHUSL
YHCIIa TApaMETPOB, OT KOTOPBIX 3aBUCHUT PEILICHUE.

[Ipu nepexone k Ge3pa3MEpHBIM TIEPEMEHHBIM B KaUeCTBE MACIITA00B PACCTOSIHUS, BPEMEHH, CKOPO-
CTH, TEeMIEPaTypbl, GYHKIIMH TOKA U 3aBUXPEHHOCTH BHIOPAHBI:
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rae t, — macitad BpeMEHH, C; z, — MacIITad paccTosHus, M (z, = zs); V,, — maciuTad CKOpOCTH, M/C;

T,,— macirab Temmepatypsi, K; v, — Macmrab GpyHKIUH TOKa, M°/C; ®, — MacIITab BEKTOpa BUXPS, C
T — Oe3pasmepHoe Bpems; U, V' — Oe3pa3MepHbIe COCTABISIONINE CKOPOCTH KOHBEKITUH B TIPOCKITUN HAa OCH
WIAHPUYECKON CUCTEMBI KOOPIMHAT ¥ U z; ® — Oe3pa3mepHas temrieparypa; ¥ — Ge3pa3MepHbIii aHaior
(dbyakmun Toka; {2 — Ge3pa3MepHBIN aHAJIOT BEKTOPa BUXPSL.

Takum 00pa3zom, IPOIIECCHl TEILIOMACCOTIEPEHOCA B CUCTEME «OCHOBAHHE CBETOMO/Ia — KPUCTAIUINK —
JIUH3a — OKPYKAIOIIUH BO3IyX» B 0€3pa3MEepHBIX IEPEMEHHBIX OMUCHIBACT CIICAYIONIAs CUCTEMA YPaBHEHUI.

Jnst ocaoBanmsa (0 < Z<Z;, 0 <R <Rj)

ypaBHEHUE SHEPTHU

1 00, 0’0, N 1 00, +82 o,
Fo, ot OR® R OR 0Z°

Jns xpuctammuka (£, < Z< Z,,0 <R <R))
ypaBHEHHUE SHEPTUH

Fo, ot  OR* R OR 0Z° V, ATMt
s HanomHuTe s (KOMIAyH1a) B IIMIHHIPUICCKON YacTH JINH3BI IpH Z) < Z < Z, Ry < R<R,; Z, < Z<
<Z3;,0<R<R,
ypaBHEHHUE SHEPTHH

1 00, o', 100, &'©, O

1 00, 0’0, 100, 0’0,
Fo, ot 0R* R OR 07’

Jns Hamonmautens (koMnayHzaa) B cepuieckoi yacT TUH3bI P 0 <R < R,,, 0 <@ < @,
ypaBHEHUE dHEPruu

1 a®3_az®3+1a®3+iaz®3
Fo, ot  OR® R OR R* 0p°
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Jiis Bozmyxa BHE MUH3BI IPU 21 < Z < Z3, Ry <R < R3; Z3 <Z <Z4, Ry-A| < R<R3; Z4<Z<Zs5, 0 <R < Rj:
ypaBHeHue Ilyaccona

Oy 1oy . Py
OR* ROR 07°
ypaBHeHI/Ie SaBI/IXpeHHOCTI/I

1o . oQ oQ . Q [P, |0°Q 10Q 0°Q Q| 00,
—— AU —+V—=-U—=— |ttt |t ;
Shot  OR  8Z R \Ra, |[OR® ROR 0Z° R’| OR
YpaBHCHHUC YHCPTUM
2 2
100, ,00, ,00, I a®24+la®4+a®24
Sh ot~ OR  0Z |Ra,Pr,| OR® R OR OZ

3nece Fo, Sh, Pr, Ra — 6e3pasmeprbie Kommiekchl (uncno ®yppe Fo =—"-, uucno Crpyxans
v ATz C

Sh = Lt”’, yucno [lpanarna Pr= VTCP, yucio Panes Ra= w ).
z Y

m
PaccMoTpuM anropuT™M 4HCIEHHOTO MOAETUPOBAHMS.
1. Ha mepBoM miare mo BpPEMEHH CTPOUTCS UTEPALMOHHBIA IUKI JUIsl ONpPENEICHUs] TEMIIEPaTypHOro
MoJIsl B paccMaTpuBaeMoil cucremMe. B kadecTBe HauyallbHOTO MPHOJIMKEHUS 337a€TCsl 3HAUECHUE CETOYHOMN
(yHKIIH Ha TPEIIECTBYIONIEM BpeMEHHOM ciioe. MTepainOHHbIN [UKIT 3aKaHIMBACTCS IPH yCIOBHH

max |®@% —O¢V|<3,

r7ie O — 3aJaHHOE MaJIoe YHCIIO; § — HOMEp UTEPaLnH.

Ecnu B pesynprare urepanmoHHOrO KA TpeOyemas TOYHOCTh BBIYUCIEHUH HE JOCTUTAETCs, TO TO-
nydenHoe npudmmkenne O 3aaeTcs B KauecTBe HAYANBHOTO B CUCTEMY PA3HOCTHBIX aHAJIOTOB yPAaBHEHHl
SHEPIMU U TEILIONPOBOIHOCTH JUIs ONpe/eseH s ouepenaHoro npudmmkerns O, TIpu nocTrkeHnu 3a1aH-
HOM TOYHOCTH BBIYUCIICHUH BBITTOTHAETCS MEPEXO. K CIEAYIONEMY BPEMEHHOMY CIIOIO.

s ocTHXEHUsT CXOIMMOCTH UTEPALIMOHHOTO LIUKIIA B YCIOBUSIX BBICOKMX CKOPOCTEH TeIonepeHoca
TPAAUIIMOHHAS CXEMa WTEPAIlMOHHOIO allfOPUTMa JOMOJHSCTCS NPOUEAYpPON «yCpEeIHEHUsSI HTEparii».
BBomutcst nrepannonssiii K03h(pHUIMEHT MOCIEA0BATENFHOTO YCpeaHeH s Y. B 3ToM ciydae 3HadeHue wc-
koMot pyskimu 0.8V BBoMMOE Ha Ka) 10} HTEpalHH B KAYECTBE TOCIEAHEr0 NPUOIMKEHHS B COOTBET-
CTBYIOIIIME PA3HOCTHBIE OMEPATOPHI, OTIUYAETCS OT (PAKTHUECKM BBIYMCICHHOTO HA TOCITEIHEH HWTepanuu
spadenns O "V i BeramCIseTCS T KaXJIO0r0 Y3714 NTEPAIMOHHOM CETKH T0 ClIeayiomeii popmye:

0.""=0"+y(0""-0"), 0<y<l.

BBenenue Takoit mpoieaypbl NPUBOAUT K CYIIECTBEHHOMY CHUYKEHHUIO CKOPOCTH CXOJUMOCTH UTEpa-
U B TIpoIIecce PelIeHHUs 3a/1a49H, HO 00eCIIeYNBAET CXOJUMOCTb.

B BBITTONTHSIEMBIX pacdeTax TOYHOCTh BHIYHCICHUHN TeMIiepaTypsl puHuUMaeTcsi paBHoi 0,5 K BBumy
MHUHHUMAJILHO BO3MOXKHOM B TAKOM MOCTaHOBKE TeMiepaTypsl ® = 0,3.

2. Ilpu M3BECTHBIX 3HAYECHHAX TEMIEPATYphl B KaXKAOM y3JI€ MPOCTPAHCTBEHHOM CETKH BBIYHCISETCA
3HaueHune PyHKIUH ToKa V.

3. o HaiieHHBIM 3HaYEHUSIM (QYHKIHUK ToKa ¥ U TemmepaTypsl B KaXIOM y3Ji€ CETKH UTePalliOHHBIM
ITyTEeM OTIPEAETISAIOTCS 3HAUEHHUS BEKTOpa BUXPs CKOPOCTH 2.

4. Tlo 3HaueHUSIM BEKTOpa BUXpsA CKOpocTH ) M QPyHKIHU ToKa V' BBIYHCISIOTCS KOMIIOHEHTHI CKOPO-
CTH KOHBEKITMH BO3AYITHBIX TOTOKOB U 1 V 110 BeIpaxkeHusM (10).

5. st KOHTPOJISI TOYHOCTU MPOBOJUMBIX BBIYMCICHUNM B Ka)JOM Y3JI€ CETKU BBIMIOJIHAETCS OLICHKA
JIOCTOBEPHOCTH TIOJYYEHHBIX PE3yIbTATOB IO Pe3yIbTaTaM aHaJN3a KOHCEPBATUBHOCTH PA3HOCTHOM CXEMBI.

6. 3aTeM MPOBEPSIOTCS YCIOBUS OKOHYAHHSI BBIYMCICHHIA 110 TPEBBIMICHUIO TEMIIEPATyphl KPUCTALTHKA
MpeeIbHBIX 3HAYCHHUU (TeMIIepaTyp IUIABJICHHUS KOMIIayH/a, KPUCTaNIMKa, OCHOBaHWsA). B cioydyac HEBbI-
[IOJIHEHMSI YCJIOBUM OKOHYAHUS BBIYMCICHUHI BBIIIOJIHSAETCS IEPEXOJ Ha CIEAYIOIIMA BPEMEHHOU ClOM
W OTIPEJICTISIFOTCS MOJISt TEMITEPATYPhI, PYHKIIMH TOKa, BEKTOP BUXPSI CKOPOCTH, MPOBEPSIETCS JOCTOBEPHOCTh
MOJIYYCHHBIX PE3yJIbTATOB U YCIOBUI OKOHUAHUS BHIYUCICHUN MO MyHKTaM 1—6 gaHHoro anroputMma. B ciy-
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yae BBINIOJHEHMS YCJIIOBUII OKOHYAHHS BBIUYMCICHHH OINpEAENAETCS BpeMs MPOXOXKIEHUS HCCIEAYEMOIO
mpoliecca, IpeAebHble TOKOBbIE HArpy3KH, KPUTHYECKHE BHEIIHUE YCJIOBUS U TEMIIEPATypHbIC PEKUMbI
paboTHI CBETOAMOA.

Ha ocHOBaHuM mpoBeneHHBIX MpeABAPUTENBHBIX pacyeToB Oblia pa3paboTaHa KOHCTPYKIHS CBETOAU-
OJIHOTO CBETMJIBHUKA THIIA « Armstrong». Mcnonb3oBaiuck cBeToano 6 oT ipous3Boauteneit Nichia u LG co
CIIEYIONIMMH XapakTepucTukaMu (Tabm. 1).

Taonuma 1

XapaKTepnchm CBETOAMOI0B

XapakTepucTuka LG 3030N NS6W183B NVSL219B
MomHocTh cBeTOAMOAa, BT 0,609 1,05 2,16
Cwuna Toka, MA 100 350 700
CBeTOBOI ITOTOK, JIM 78 147 278
CaeroBag oraayda, aM/Bt 128 140 128
Pa3smepsl, MM 3.0x3.0x2.0 6.5x5.0x1.35 3.5x3.5x2.0

JlanbHeiiee u3y4eHne TEMIEPATyPHBIX PEKUMOB BCE KOHCTPYKIIMU CBETOAUOAHOTO MPUOOpa CBOIH-
JOCh K pacueTy TeMIIEpaTypHBIX MMOJeH CIPOSKTHPOBAHHON KOMIbIOTEpHON Mmonenu. [lo mpemmaraemoit
KOHIIETIIMH ObLTo Mcronb3oBano npwiokenrne CAD cucremsl Solid Works Flow Simulation. Flow Simula-
tion MO3BOJISIET PACCYUTHIBATH TEIIOMACCOOOMEH KOHCTPYKIIMH B ra3000pa3Hoil U )KUAKOH cpee, IpH 3TOM
YUYHUTBIBAIOTCS adPOTHIPOAMHAMUYECKHE CBOWCTBA MOBEPXHOCTEH KOHCTPYKLMH. Pesynpratamu pacdeToB
SBJIIOTCSL: pacHpeiesIieHHe TEMIIEPATypPhl B TIOOOM CEYEHNH KOHCTPYKIUH U CPeJibl, CKOPOCTH U (DOPMBI I10-
TOKOB cpelipl (Bo3ayxa), KOXQQHUUMEHT Terionepeaays OT JI000H MOBEPXHOCTH KOHCTPYKLIHH B Cpemdy.
Bo3moknoctn Flow Simulation mo3BosisifoT 3a HEKOTOPOE KOJMYECTBO MTEPALUI ONTHMU3UPOBATh TEILIO-
BYIO KOHCTPYKIIMIO OCBETHTEIBHOTO mpubopa. M3menss popMy MOBEpXHOCTEH, 3a30pbl U TOJIIMHY, MOXKHO
JOOHUTBHCS KOMIPOMHUCCHOTO PELICHHS MEXIy MacCOra0apuTHBIMUA TPEOOBAHUSMU M TEIUIOBBIMH, IIPH 3TOM
He 3a0bIBasi O peaJbHOCTH KOHCTPYKIIHH.

1 pacuem. J1yis iepBOro pacueTa UCHONb30BAINCH cBeToanoabl Nichia NVSL219B.

Ha pucynke 3 moka3zaHO TeMIepaTypHOE IOJIE MOJEIH CBETOJHOJHOTO CBETHJIBHHUKA, PabOTAIOLIEro
mpu Toke / = 0,7A u Temnepatype okpyxatomieit cpeast 7 = 25°C. MakcuMaibpHas TeMmneparypa Ha KopIyce
CBETOJIMOIHBIX MaTpuIl coctasmia 35,2°C.

. 32.5994°C

l 22.3167 °C l 22.2129°C

Pucynoxk 3. TemnepaTypHoe moJie CBETHIILHUKA Pucynok 4. TemnepaTypHoe moJie CBETHIILHUKA
co ceetogmnonamu Nichia NVSL219B co ceetoamnonamu Nichia NS6W183B

. 35.2275°C

2 pacuem. Bo BTOpoM citydae NCTIONB30BATUCH cBeToano 16l Nichia NS6W 183B.

Ha pucynke 4 moka3aHo TeMIEpaTypHOE II0JIe MOJAENU CBETOIMOAHOTO CBETHIIBHHKA, pabOTaroIIero
nipu Toke [ = 0,35A npu Temneparype okpyxaromei cpeasl 7' = 25°C. MakcumainpHas TeMrepaTypa Ha Kop-
ITyce CBETOIMOIHBIX MaTpHIl cocTaBmia 32.6°C.

3 pacuem. B nanHOM pacuete ucnonb3oBaiuch cBeToanoasl LG3030N, paboTaromue Ha MaIoM TOKE.
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Ha pucynke 5 npeactaBieHo TeMIiepaTypHOE TI0JIe MOJICIIA CBETOJUOTHOTO CBETHIIBHUKA, paboTaroile-
ro mpu Toke I = 0,1A u temnepatype okpyxaromei cpensr 7' = 25°C. MakcuMmanbHas TeMIeparypa Ha Kop-
ITyCce CBETOIMOAHBIX MaTpuIl coctaBmia 38°C.

38.06 °C
|

l 23.0561 °C

Pucynok 5. TemnepaTypHOe moJie cBeTiIbHUKA co ceetonuomamu LG3030N

Ilo pe3ynapraTam pacyeToB ObLIa coOCTaBlieHa Tabnuma 2, HAMSAAHO JIEMOHCTPUPYOIIAS pa3IHdHs
NP BEIOOpE OIPE/ICIIEHHBIX CBETOAMOJOB M WX PEXHUMOB PaOOTHI MPU TPOSKTUPOBAHUHM OCBETHUTEIHHBIX
proOOpOB.

Taonuma 2

XapakTepuCTHKH 0CBETHTEILHBIX NPHGOPOB

XapakTepucTuka 1 pacuer 2 pacuet 3 pacuet
CBeTOoaMO B NVSL219B NS6W183B LG 3030N
MOoIHOCTh CBETUILHKKA, BT 38 37 59
CBeTOBOI ITOTOK CBETOANOI0B, JIM 4448 4704 6864
Kon-Bo cBeTOIMOI0B, IIT. 16 32 88
CTOMMOCTB CBETOJIMOJIOB, TCHI'C 4119 6540 3240

AHanm3upys pacdeTsl KOMIBIOTEPHBIX MO/JIENIel, MOKHO CHI€JaTh HECKOJIBKO BHIBOJIOB.

1. B oducHOM OcBemeHN: MPEANOYTUTEIBHO HCIIOIB30BaTh CBETOAUOIbI, padoTalomye Ha MaJIoOM TOKE
(0,1A). CpaBHuBast pacdeTsl, BUIHO, YTO CBETHIIBHUK, M3TOTOBJICHHBIN C UCIIOJIB30BAaHUEM CBETOANOI0B LG
3030N, umeeT 0OJbIIYIO CBETOOTHAYY B 1.5 pasza (0e3 ydeTa moTepb), OONBIIYIO MOIIHOCTh, HO HPU 3TOM
TeMmIeparypa Ha KOpIyce CBETOANOIOB pa3nuyaercs Ha 6 rpagycoB. Takast HeOonbIIas pasHULA OOBIACHSET-
csl PaBHOMEPHOCTBIO pacrhpeneneHus cBeToanoaoB LG mo moBepXHOCTH TEIUIOOTBOA (KOpIyca), a TaKkkKe
MEHBIIIEH MOIITHOCTHIO Ka)KAOTO CBETOAMOA.

2. Ceroanoap! Majoi MouTHOCTH <1BT MOTyT CTOMTH B pa3bl AEMIEBIE MOIIHBIX CBETOAHUOIOB U MIPH
3TOM MPEBOCXOUTH UX B CBETOBOM IIOTOKE.

3. AHanu3upysl TEIUIOBBIE TIOJSI BCEX IMPOBEACHHBIX PACUETOB, IENIECOO0pa3HO pacroiaraTth MyCKO-
perynupylomiee yCcTpoiCcTBO (ApaiiBep) He BHYTPH CBETWJIBHHMKA, a CHapyXu. PacmomnoxeHue paiiBepa
BHYTPH CO3/a€T AOTOJHUTEIbHBIE ONTHYECKHUE MTOTEPU U HEPAaBHOMEPHYIO PKOCTh Ha pacceuBaTtesie, a pac-
MOJIOKEHUE CHAPYKU CIIOCOOCTBYET JyUIIEMY OXJIKICHUIO UCTOUYHHMKA MUTAaHUs, a 3Ha4uT, Oonee 3ddek-
THBHOM W HaJEKHOW paboTe CBETHWIbHUKA. Tarke pasMelleHne HMCTOYHUKA MUTAHUS CHAPYKU YMPOIIAET
o0cyKUBaHue (PEMOHT) CBETHIILHUKA.

s mpoBeeHUs] HATYPHOT'O SKCIIEPUMEHTA JJIsl PACCMOTPEHUsI TETJIOBBIX MOTOKOB B CHCTEME «CBETO-
TUOABI — KOPIYC CBETWIbHHMKA — OKpYy)Karomas cpena» ObUl H3TOTOBJIEH MAaKeT CBETWJIbHHMKA THIIA
«Armstrong» c¢ 16-t0 ceeronnonamu NVSL219B u norpebnsiemoii momuocThio 38,5BT nipu Toke /= 0,35A.
MakcuMaibHasi TeMIepaTypa CBeTWIbHUKA Oblia m3MepeHa TepMonapoit u coctasuia 34°C. Ha ocHoBanumn
3TOr0 MOXKHO C/I€TIaTh BBIBOJ, YTO pa3paOOTaHHAs MOJENb CBETUIHHHKA SBISIETCSA JOCTATOYHO JOCTOBEPHOM
Y TIO3BOJISIET CYUTAThH PE3YIbTAThl KOMITBIOTEPHOTO MOZCIUPOBAHUS BEPHBIMH.
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Hcnonp3ys MpeiokeHHYI0 METOIUKY pacdeTa TerIOMacCONepeHoca B CUCTEME «OCHOBAHHE CBETO-
JI0/1a — KPUCTAJUIMK — JINH3a — OKPY’KAIOIIUH BO3IyX», MOXKHO CO3/1aBaTh KOHCTPYKIIMH HOBBIX CBETHIIHHH-
KOB, KOTOpBIC 110 aHAJTU3Y paclpelieieHUs] TEMIIEPaTyPHBIX MOJIeH o0ecredar JoIroBpeMeHHY0 paboTy oc-
BETHTEJIBHBIX MPHUOOPOB B COOTBETCTBUU C 3asABJICHHBIM BpeMEHEM paboThI mopsiika SO ThIiC. 4acoB.

Paboma svinonnena 6 pamxax svinoanenuss 2ocoooxncemuoi HUP « Onmumusayus snepeonompeodieHus
6 CBEMOOUOOHBIX YCMAHOBKAX COBMEUWEHHO20 OCBeUeHUsl ¢ A8MOMAMUUPOSAHHBIM YAPAGIEHUEM: al20-
pummbsl, npocpammHoe obecneuenue, demoHcmpayuonunvlil makem na IKCIIO-2017y.
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A.E.baknanos, C.B.I'puropseBa, A.H.fkoBieB
7KorapFbl KyaTThl KapPbIK JHO/bI YIIIH KbLIY KYHeCiHIeri Kby MacCachbIH
TachIMAJdayabl MATEMATHKAJIBIK MOJI€C/JIbACY
JKyMbIC GapbIChIH/A KBITy MAacCaChlH TAaChIMANAY «OKapbIK AUOJBIHBIH TYPaKTaHYbl — KPUCTAJLT — JINH3a —
KOpILIaFaH OpTa ayachD» CTalMOHApIibl eMec nuddepeHranIpK TeHIiriHAe Heri3 e, Kblly MacCachIHbIH
TachlMaliay MpoLeciMeH OaiiilaHbICKaH KOMIUIEKCIMEH cumarTajigbl. [lyacCcoH TEHAIriHIH IIenriMi CaHIIbIK
ITOPUTM TYpiH/AE OCPLIreH jKoHE 3ePTTEeNIeTIH MPOLECTIH YaKbIT 6Ty MYMKIHJIT, TOK )XYKTEeMECiHiH IIeri,
JKAPBIK JHOJBIHBIH KYMBICHI KPUTHKAJIBIK iLIKi IIAPTBIMEH TEMIIEpaTypa pexuMiHe OaiinaHbiCcThl. bepiiren
9KCHEPUMEHTTIH TapaTy HOTHKECI TeMIIepaTypaHblH HAKThI )KaphIKTaHABIPY acraOblHaa KOPCETiIi.
A.E.Baklanov, S.V.Grigoryeva, A.N.Yakovlev
Mathematical modeling of heat-and-mass transfer in the heat
sink system for the high power LED
In this paper we consider the heat and mass transfer in the «base of the LED — crystal — lens — ambient air» on
the basis of non-stationary differential equations that describe the complex of interrelated processes. We pro-
pose an algorithm for numerical solution the Poisson equations that allows to receive the time of the test pro-
cess, limit current loads, critical external conditions and the temperature operating modes of the LED.
The experimental results of the temperature distribution in real lighting devices are presented.
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Study of regularities of changes in the temperature
near the U-shaped ground heat exchangers

The article considers the results of a study heat transfer process is in ground heat exchangers, used for
geothermal heat pumps. At the research facility performed experiments and calculations, confirming about
the best of thermophysical indicators of moistened of sand. The experimentally determined the temperature
distribution regularities in a neighborhood U-shaped of underground heat exchangers.

Key words: renewable energy, heat pumps, underground heat exchangers, the temperature distribution.

At the use of the low potential renewable energy of ground via of geothermal heat pumps for heating
and cooling of buildings with one of the main elements is a underground of heat exchanger. Analysis of dif-
ferent types of ground heat exchangers showed that the best thermal and operating characteristics possess of
the heat exchangers installed in vertical wells, which in tubes circulates low interest ethylene glycol solution
as antifreeze [1, 2].

The vertical ground heat exchanger efficiently works practically in all types of geological environ-
ments, except for soils with low heat conductivity, for example, of dry sand or dry gravel. The systems with
the vertical ground heat-exchanger do not require the areas of large area and does not depend on intensity of
solar radiation falling on a surface. The systems with the vertical ground heat-exchangers got very wide
distribution [3-5].

In works [6—8] a mathematical model and experiment, offered extraction of geological heat vertical heat
exchangers. Studies of process of freezing of ground undertaken by means of smooth and finned thermal
pipes. However, authors hired for research of heat exchange use not polyethylene pipes.

The main advantages of polyethylene pipes are: high durability and inflexibility allow pipes to maintain
intrinsic pressure to 1,6 MPa and external loading of soils; resistance to chemical influence of aggressive
soils and chemicals; the low coefficient of elastic modulus of material allows to reduce the maximal size of
dynamic pressure during hydroblows; there is not necessity of external isolation of pipelines from corrosion
and arrangement of electrochemical protection; flexibility, inflexibility, light weight and high impact re-
sistance facilitate installation, reduce expenses; the calculated serviceable life of polyethylene pipelines
makes 50 years [8].

Bearing in mind the foregoing characteristics of polyethylene pipes and irresistibility of metal pipes to
chemical influence of aggressive soils and chemicals, we consider actual use of polyethylene pipes in crea-
tion of heat exchangers.

The main purpose of the work is research of heat exchangers of tubular elements of ground heat ex-
changers. For gaining of the purpose it is necessary to define dependences of temperature distribution in soil
in the vicinity of the pipe, and also to get change of temperature on time in dry and wet soils.

The parameters of the heat-exchange setting of type are examined «ground-water» for research of heat
exchange an experimental way: expense of cold streams and difference of temperature of the chilled soil by
means of thermal pipes. For this purpose it is necessary to develop and create the experimental unit, to carry
out experiments of the main characteristics of process of heat transfers.

Border terms for the calculation of experiment: input temperature of cold water i, = 10 °C, soil tem-
perature on the site of the studied pipe input z, = 23 °C. An ambient temperature made 23 °C.

For the achievement the purpose set at the laboratory of hydrodynamics and heat exchange the experi-
mental stand for model operation of process of heat exchange in heat removable elements of heat pump in
soil water systems was assembled.

The experimental stand is shown in figure 1.
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FHHHETAN 4

1 — a tank with water; 2 — a pipe; 3 — heat-section of with the ground; 4 — differential manometers;
5 — switch is thermocouples; 6 — potentiometer for measuring the EMF of thermocouples;
7 8 9 — thermocouples; /0 — municipal sewer spill pipe

Figure 1. An experimental stand for the simulation of heat transfer in heat pulling elements
of the heat pump for systems of «ground-water»

The stand consists of two contours: 1) the internal contour with heat removable pipe of the heat pump;
2) the external contour of the heat giving site with sand. The internal contour with heat removable pipe of
heat pump consists of thermostat, flow-measuring washer, heat removable site and differential pressure ma-
nometer. External diameter of a heat removable pipe of heat pump is 32 mm, thickness is 3,5 mm. At the
beginning and at the end of the studied pipe thermocouples are installed. The external contour includes heat-
transmitting site with soil in the form of the cylinder with a diameter of 600 mm. Also the system comprises
the switch of thermocouples, thermocouples, potentiometer for the EMF of thermocouples and the tap of ad-
justment of expense of the heat carrier.

Carrying out experiment. Cold water from the tank enters to the heat removable pipe of the heat pump.
The consumption of cold water is regulated by the tap, and the differential pressure manometer shows the
speed of the arriving liquid in the heat removable pipe which is located on the center of the cylindrical mod-
ule with a length of 5m filled with soil. The tank imitates a well which is filled at first with a dry soil, and
then it is humidified at the different percentage by water mass. Percentage of water weight in sand made
0,5%, 1%, 2%, 5% and 10%. For monitoring of temperatures the thermocouples attached to the ruler at dif-
ferent distances from the pipe surface are installed. They show distribution of temperatures in soil in the vi-
cinity of the pipe. Experiments were made in the site where there is hydrodynamic stabilization of liquid.

The parameters of heat transfer are determined by the obtained experimental data and the schedules of
dependence shown in figures 2 and 3 are constructed.

t, °C t.oc
23 23
22 2
21
21 ——0% /
——0%
20 ——0,50% * e "
1o , " ( —B-0,50%
—a—1% = 1%
18 —2%
17 =% v =%
16 —4=5% 16 ——10%
15
15 —8—10%
14 14
13 13
0 5 10 15 20 25 30 I, cm
(4] 1 2 3 4 5 (] I, cm
a) b)

Figure 2. Schedule of temperature dependence on radius: a) - 0<r<5 cm; b) - 0<r<25 cm
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Study of regularities of changes...

In figure 2 the graphic changes of temperature are represented at different radial distances. From the
schedule it is visible that at the closest distance of 0 — 2 cm change of temperature in different humidities of
soil is parallel as the diameter of the cylinder changes to 6 cm temperature increases. In some moment the
temperature of the soil is equated to ambient temperature. From figure 3 it is seen that distribution of temper-
ature in the soil decreases relatively from distance which is counted from the pipe surface. It is known that
heat conductivity sharply increases in the process of increase in humidity of soil as heat conductivity of the
air which is forced out by water from rock pores is about 30 times less than heat conductivity of water.

o wet sl 0,5% 60 min 0 20 40 60 80 100 T.C

Figure 3. Changes of temperatures in the sand between Figure 4. The change in temperature by time
the U-shaped tube of the heat exchanger

Figure 3 shows the change in temperature across the sand moisture between the U-shaped heat ex-
changer tubes. The incoming flow of liquid temperature varies more than in the tube with the opposite direc-
tion of the fluid.

From schedules in figure 4 we see that the difference of temperature of soil decreases with increase of
humidity. In figure 4 dependence of temperature of soils with various humidity on time is shown. In dry soil
temperature changes by about 12 °C per hour, and in the wet soil only by 7 °C and 9 °C. From this it follows
that the wet soil increases heat removal.

As now there are no heat exchangers for extraction of heat from soil, such systems have to be designed
for each concrete object separately. It should be noted that from the point of view of thermal physics the soil
is the quite composite system.

By means of experiment studies on stands the dependences of temperature change of dry and wet soils
on time and distribution of temperatures in soil in the vicinity of the polyethylene pipe used as heat remova-
ble elements of the heat pumps. The carried out experiments confirmed that on dry soil change of tempera-
ture will be more, than on the wet. It gives the chance of application the wet soil as filler of wells of ground
heat exchangers.

References

1 Bacuaves I'.11. Vicionp3oBaHne HU3KONOTEHIUAIBHON TEIUIOBOM YHEPTUH I'PYHTA MOBEPXHOCTHBIX CIOEB 3€MIIH Ui TEIUIO-
xnagocHabxenus 3xanus // Ternosnepreruka. — 1994. — Ne 2. — C. 31-35.

2 bonoapyw E.C., Kanyeun I1.B. TernoBoil HacOC — dHEPreTHIECKH d(PPEKTHBHAS COCTABISIONIAs CUCTEM KOHIWUIMOHHPOBA-
HUS BO3yXa // DIEeKTPOHHBII )KypHAI SJHEPTOCEPBUCHOM KOMIIaHUN «DKonorudeckue cucreMbn». — 2008. — Ne 5.

3 Stoev M., Kussaiynov K., Shuyushbayeva N.N., Nurgalieva Zh.G., Ahmadiev B.A. Investigation of heat transfer in tubular
elements of ground heat exchangers // Bectn. Kaparann. ya-ra. — 2014. — Ne 2 (74). — P. 57-61.

4 Kussaiynov K., Shuyushbayeva N.N., Stoev M., Shaimerdenova K.M., Ospanova D.A., Akhmadiev B.A. Research the Process-
es of Heat Exchangers of the Soil of Different Humidities // Proceedings of the Fifth: International Scientific Conference. —
Blagoevgrad, 2015. — P. 59-65.

5 Kussaiynov K., Sakipova S.E., Shuyushbayeva N.N., Ahmadiev B.A., Kuzhuhanova J.A. Electro-pulse technology of produc-
tion heat exchangers for extracting the heat from the ground at shallow depths // Eurasian Physical Technical Journal. — 2012. —
Volume 9. — No 2 (18). — P. 19-23.

6 Haxkopuesckuii A.U., Heobaiino H.A., Bacok B./. DxcriepuMEHTAILHOE UCCIICI0OBAHHIE MEPEXOIHBIX MPOIECCOB MPH TPYHTO-
BOM aKkkymyaupoBanuu teriotsl // Tp. UerBeproii Poccuiickoit Hatl. koH(®. o Termooomeny. — 2006. — T. 7. — C. 290-293.

7 Bacunves E.H., /lepesanxo B.A., Maxyxa A.B. VicciienoBaHue mporecca 3aMOpaXKUBaHUs TPYHTa C IIOMOIIBIO TEIUIOBBIX TPYO
/I Tp. YerBeptoii Poccuiickoit Han. koH(. o Termooomeny. — 2006. — T. 7. — C. 175-178.

8 Kusaiynov K., Shuyushbayeva N.N., Shaimerdenova K.M., Nurgalieva Zh.G., Omarov N.N. Study of the Heat-Transfer Pro-
cesses of Tubular Elements of Ground Heat Exchangers // Journal of Engineering Physics and Thermophysics. — 2015. — Vol. 88.
— No 3. —P. 676-680.

Cepus «dusnkar. Ne 4(80)/2015 41



N.N.Shuyushbayeva, K.Kussaiynov et al.

H.H.Iyromo6aesa, K.KycaitsinoB, M.Ctoe, K.M.I11aiimepaeHoBa,
JI.A.Ocnanona, b.A. Axmanues, K.K.Canenona

U-Tapi3ai ’ep acThl :KbLIYAJIMACTBIPFBIIITAPBI MAHBIH/IAFbI
TeMIlepaTypaHbIH 63repiciH 3epTrey

Makanaza reoTepMaiibl KbUIy COPFbUIAPBIH/A KOJJAHBUIATBIH JKEP acThl JKbLIyaIMaCTBIPFIITAPIH/AFbI
JKBUTyaJIMacy YAEpICTEpiH 3epTTey HOTIDKeNepi KapacThIphUFaH. 3epTTey KOHIBIPFBICBIHAA TaXKipuOenep
JKYPTi3UII, BUFaM KYMHBIH €H JKaKChl SJIEKTPO(U3HKANBIK IapaMeTpiepiH [oelJeHTIH ecenTeynep
kenripinreH. U-Topi3zi >kep acThl JKbUTyalIMacTBIPFBIIITAPEIHBIH MaHBIHIAFBl TEMIIEpaTypaiapiblH Tapairy
3aHIBUIBIKTapBl TOKIpUOEIep JKY31H/e aHBIKTAJIbL.

H.H.IIyromobaesa, K.Kycausino, M.Croes, K.M.IllaiimepaeHosa,
J.A.OcnanoBa, b.A.AxmanueB, K.K.Cangenona

HccnenoBanue n3MeHeHUs1 TeMIepaTypbl B OKPeCTHOCTH
U-00pa3Horo rpyHTOBOIO TemJ1000MeHHHUKA

B craree paccMaTpuBaroTCst pe3yNbTAaTHl  HCCICNOBAaHMS IIpoIecca TeIulooOMeHa B TIPYHTOBBIX
TEIUI00OMEHHBIX anmnaparax, UCHOJIB3YEMbIX ~ JUII  TEOTEPMalbHBIX  TEIUIOBBIX HACOCOB.
Ha uccnenoBarenbckoil yCTaHOBKE MPOBENEHBI SKCIEPUMEHTBI M BBIIOJIHEHBI PAcyeThl, OATBEPIKAAIOIINE
Jdy4live  TeoGHU3MYECKHe I0Ka3aTeldd YBIAKHEHHOrO IecKa. OKCIEPUMEHTAIBHO  OINpEeiIeHbI
3aKOHOMEPHOCTH PACIIPE/IeICHUS TEMIIEPATYPbI B OKPECTHOCTH #-00pa3HOr0 IPYHTOBOIO TEILIOOOMEHHHUKA.
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ACNANTAP XXOHE 3KCNEPUMEHT TEXHUKACDI
NMPUBOPbI U TEXHUKA 3KCMNEPUMEHTA

YIK 621.9.047.7-022.532

A K.3eitnunenos, H.X.N6paes, ’K.M.AiitOaeBa

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

PaspaﬁoTKa TEXHUKHU U METOAUKH MOJYYCHUA HAHOCTPYKTYPUPOBAHHOT'O
MOPHUCTOTO0 OKCUIA AJIIOMUHHUA METOAOM AHOJAHOI'0 OKUCJIICHUS

B paGote npuBezneHbl pe3ynbTaThl pa3pabOTKU U M3rOTOBJICHHS SKCIICPUMEHTAIbHOI YCTAaHOBKH AJI IOJy-
YEeHUs ABYMEPHBIX HAHOCTPYKTYP METOJOM 3JIEKTPOXHMHUUYECKOT0 aHOAWPOBaHMs. [IIeHKH ¢ BBICOKOYTIOpS-
JOYEHHOW MOPHUCTOH CTPYKTYPOH IOJIydeHBI METOIOM JBYXCTaamitHOro aHoxmpoBaHus. C MOMOIIBIO pac-
TPOBOI JIEKTPOHHOH MHKPOCKOIHH YCTaHOBJIIEHO, YTO AWAMETp IIOp COCTaBisieT IpuMepHo 50 HM, a pac-
CTOSIHME MEX]IY COCeIHMMH KaHatamMu — mpuMepHo 105 M. OmpeneneHo, 9TO TONIIMHA INIEHOK paBHA
55 MKM, a yJeinpHas IUIOLIaAb MOBEPXHOCTH IOPHUCTBIX IUICHOK OKCHJIA AJIIOMHHUS, U3MEPEHHAas METOIO0M
KalWUIIPHON KOHJIGHCAlUK a30Ta, — 15.3 M2/T.

Kniouesvie cnosa: aHogupoBaHue, HIEKTPOXHUMHUYECKAs TOJUPOBKA, TIOPUCTHIA OKCHUA aTIOMHHUS, IBYX3IIEK-
TPOJHAs NEKTPOXUMUYECKAs sTUeHKa.

B Hacrosiiiee BpeMsi akTHBHO Pa3BHUBAIOTCSI METOABI CO3/IaHMsI HAHOCTPYKTYPHUPOBAHHBIX MaTEpPHAJOB,
OCHOBaHHBIE Ha UCIIOJIL30BAHUH TIpoIieccoB (popMupoBanus U camodopmupoBanus. OJHHM U3 pacpoCcTpa-
HEHHBIX METOOB MOJYYEHHS MOPUCTHIX OKCHIHBIX TUIEHOK C KOHTPOIUPYEMOU CTPYKTYpPOH SIBISIETCS aHOJ-
HO€ OKucieHue Metamios [1-4]. IIpu 3ToM nmapaMeTprl CHHTE3UPYEMON MOPUCTOM CTPYKTYpPBhl MOXKHO BapbH-
poBaTh B MIMPOKUX Auama3oHax (auametp mop ot 1 o 800 HM, paccTossHUE Mex Ty Topamu oT 3 10 1000 HM,
TOJIIIMHY TJICHKH — JI0 HECKOJIBKMX COTEH MUKPOH) IIyTEM HCITOJIb30BAaHUS Pa3IMYHBIX YCIOBUH aHOIUPO-
BaHUsI (COCTaB 3JIEKTPOJINTA, HAPSHKEHUE, TEMIIEPATypa U T.1.). DIEKTPOXUMHYECKUN TOAXO0/ TIO3BOJISIET HE
TOJILKO MPOU3BOJIUTH MOPHUCTHIE CPEbl HA MOBEPXHOCTH MATEPUAIIOB, HO U MOXKET OBITh MCIIOJIB30BaH IS
3aITOJTHEHUST 00Pa30BABIIUXCS TTOP TPEOYEMBIMH BEIIECTBAMHU C IICIBIO TTONYUYCHHS HAHOKOMITO3UTHBIX Ma-
TEPHAJIOB PA3MUYHOTO (PYHKIIMOHAIBHOTO HazHaYeHUs. KOHCTPYKIUS 3IEKTPOXUMUIECKON sYEHKH OIpe/ie-
JISIeT BO3MOXKHOCTh KOHTPOJISI T€X WJIM MHBIX MapaMeTpOB AIIEKTPOXUMHUYECKOH 0OpadOTKH, a Cle0BaTeb-
HO, UTPAeT BAKHYIO POJIb MPH MOITYICHUH HAHOMATEPUAIOB JaHHBIM METOJIOM [5].

B nacrosimeld pabote mpuBeIeHBI Pe3yNbTaThl UCCIICIOBAHUS TI0 MOTYYESHUIO TUICHOK MIOPUCTOTO OKCH-
Ja aIOMUHHS METOAOM 3JIEKTPOXHUMUYECKOr0 aHoIupoBaHus. J{i1st 3Tol nenu Obul pa3paboTaH U CKOHCT-
PYMPOBaH CIIELHATIbHBIA 3KCIIEPUMEHTAIBHBIA KOMILIEKC, OCHOBOH KOTOPOTO SIBIISIETCA JIEKTPOXUMHUYECKAs
srueiika BEpTUKAJIHHOTO THIIA.

BaxxHOll XapaKTepUCTHKON METaJUIMYECKOro AITOMUHMSA, BIUSIONIEH Ha MpPOLECC YHOPSIOYEeHHUs MO-
PHCTOI CTPYKTYPBI, SIBISETCS ILIEPOXOBATOCTh €ro moBepxHocTH. Ha pucynke 1 mokasaHna cxema yCTaHOBKU
JUTSL TIOJIMPOBKH MTOBEPXHOCTH ANIOMHUHHA. BhIpaBHUBaHHE MOBEPXHOCTH ATIOMHHUSA OCYIIECTBIISIOCH JJIEK-
TPOXUMHUYECKOUN MOJUPOBKON B UMITYJILCHOM pexkume. Mcronb30BaH 37IE€KTPOIUT, KOTOPBIA UMEET CIIEAYIO-
it coctas: CrO; (185 r/m) u H3PO, (1480 1/m). [TnactuHb! antoMuHUS IOTPY’Kaly B TOATOTOBJICHHBIN pac-
TBOp Tpu Temmeparype sektponuta 80 °C U MOCTOSIHHOM TepeMeluBanun. st IPOBEICHHS 3IEKTPOXH-
MHYECKOTO TTOJIMPOBAHUS OB BEIOPAHBI CIIEAYIONINE TTapaMeTphl: Hanpspkerne — 20 B, ok — 11 A, am-
TEJIBHOCTh MMITYJIbca — 3 CeK, HHTEpPBaI MEXIy UMITyibcamMu — 40 ceK, KOJIMYeCTBO UMITYJIbcoB — 40 1mT.
Bpewmst monupoBaHust HOBEPXHOCTH amOMUHUSA mpogoinkanock 40 muH. [Tocne npoBeneHus 3MeKTpOXUMUYE-
CKOW TIONMPOBKH O00pa3ipl THIATENBHO MPOMBIBAINCH B JTUCTHILIMPOBAHHOW BOJE ¥ BBICYIIUBAIUCH
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Ha aTMOC(i)CpHOM BO3aYyX¢E. KOHTpOJ'IL KaueCTBa MOJIMPOBKH OLICHUBAJICA MO BHCHIHEMY BHUAY MOBCPXHOCTU
AITIOMHUHUAA.
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1 — MCTOYHUK MOCTOSIHHOTO TOKA; 2 — KOHTaKTHBII TEPMOMETp; 3 — aHOI;
4 — KaTo; 5 — MarHMTHas MelIajKka ¢ IoJ0TPEBOM

Pucynox 1. Cxema ycTaHOBKH JUIsl 2JIE€KTPOXUMHIECKON MOIMPOBKH MOBEPXHOCTH ATIOMUHUS

Ha pucynke 2 nokazansl COM-nu300pakeHUs MOBEPXHOCTH TUICHOK AJIFOMHHUS JI0 M ITOCJIE ICKTPOXH-
MUYECKOU TOMUPOBKH. [IpH 3K TPOXIMHYECKOM MOIMPOBAHUH B IIEPBYIO OYEpeb PACTBOPSIOTCS Hanboee
BBICOKHE BBICTYIIBI IIIEPOXOBATOCTEH, 3aT€M MMOBEPXHOCTh BHIPABHUBAETCSA M CTAHOBUTCS TJAJKON U OJecTs-
mieit. 3aMeueHo, YTO YBEIUYCHUE MPOIOIKUTEILHOCTH AIICKTPOMOJIUPOBKY MPUBOAUT K CTIIAKUBAHUIO HE-
POBHOCTEH, HO COTPOBOXAAETCS 3HAYUTEIHHBIM PACTBOPEHHEM ATIOMUHHS W YMEHBIIICHHEM TOJIIUHBI Me-
TaJUIMYECKON MIacTUHEL. [lomydeHHbIe pe3ynbTaThl MOKa3ald, 9TO BU UCIIOIh3yeMOM TOJMPOBKY OKa3hIBa-
€T CYLIECCTBEHHOE BIMSHIE Ha KA4€CTBO TOBEPXHOCTH.

SEM HV: 20.0 kV ‘WD: 8.18 mm MIRA3 TESCAN| SEM HV: 20.0 kV/ WD: 9.08 mm MIRA3 TESCAN

View field: 166 pm Det: SE 50 pm View field: 33.5 ym Det: SE 10 pm
Date(m/dly): 08111115 Performance In nanospace Date{midly): 09/11/15 Performance in nanospace

0)

Pucynox 2. COM-n300pakeHusI MOBEPXHOCTH IUICHOK ATFOMUHUS
1o (a) u mocae (6) SNCKTPOXUMHICCKOH IMOJIUPOBKU

CHHTE3 OKCHUJIa ATFOMHHHUS OCYIIECTBIISUICS MPU «MSATKHX» YCIIOBHSX, BKIIOYAIONIUX JBE CTAUN aHO-
nupoBaHus npu HanpspkeHun U = 40 B B 0,3 M pacTBope maBeeBoi KHCIOTH [5]. B kauecTBe HCXOMHOTO
MaTepuraia ObUTH UCIIONB30BaHbl aTFOMUHIEBBIE IIACTHHBI (CTENeHb YUCTOTH 99,99%) Tommuno#i 0,5 MM 1
pasmepoM 3,5%x3.5 cm. Jlns yBenMYeHUs pa3Mepa KPHCTaNIMTOB aFOMUHUS, CHITUS MHKPOHAINPSKCHHUN B
o0pasiie U MOCIeAYIONIEero JOCTHXCHUS JTyqlIeld YIOpsAA0YeHHOCTH MOJNy4aeMbIX TIOp, MOJUIOKKH ATFOMU-
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Paapa60TKa TEXHUKU N METOOUKM. ..

HUS OTKUATANHN B My(enbHON neun Ha Bo3ayxe B Tedenue 10 gacos mpu 7= 500 °C. dns ynaneHus moBepx-
HOCTHBIX Ne(eKTOB aTiOMUHHS IMPOBOAMIACH IIEKTPOXUMHYECKAs TOJIHPOBKA B HMITYJIBCHOM PpEXKHME
B pactBope CrO; u H3PO,. ITociie aToro o0pasiisl MpOMbIBAIM B JUCTUUIMPOBAHHONW BOZE M BBICYIIHBAIIN
Ha BO3AyXe. DNEKTPOIUT OBbLT MOIydeH HA OCHOBE BOJBI ABOWHOM (DMUIBTpAIlMK M ACUOHM3ANHI Ha BOJOOUYHCTH-
teae AquaMax 360 Basic. YaenbHoe comnpoTtuBjieHue Boabl coctaBisuio 18,2 MOwm/cMm. TloaydyeHHble Mart-
PHIIBI OKCHA ATFOMUHHS OTACIIUINCH OT HEPOPEarupoBaBIIIeTo ATIOMUHUS CENIEKTHBHBIM PACTBOPEHUEM IO~
cnennero B pactBope CuCl, 8 HCl. Anoaupoanue menok [TOA npoBoaunocs npu HU3KOH TeMIepaType.

CxeMa yCcTaHOBKH AJIS1 TIOTyYEHHUS HAHOCTPYKTYPUPOBAHHOTO ITOPUCTOTO OKCHJIA alIFOMUHHUS IPEICTaB-
JieHa Ha puCyHKe 3. AHOAMPOBAHME AFOMUHUS MTPOBOAMIIHN B IBYXAJIEKTPOIHOM 3JEKTPOXUMUYECKON sTUeHi-
ke (3) ¢ ucrmonp30BaHNEM HCTOYHHKA MTOCTOSTHHOTO Toka MPS-7081 (4). KoHCTpyKITHS HCIIONB3yeMOM S9ei-
KM M3TOTOBJICHA U3 TOpoIIiacTa. BcromorarenbHbIM 3JIEKTPOAOM CIYXHJa INIATHHOBAA IJIaCTHHA, a pabo-
YUM 3JIEKTPOJIOM — OTIOIUPOBaHHAS aTIOMHUHHEBas (oyibra. AHOJUPOBAHHUE ATIOMHHHSA MPOU3BOAMUIIOCH
B XOJ0AMIbHON KaMepe (2) mpu temmeparype + 2 °C. TokoBble XapaKTEPUCTHKH IPOLECCa aHOAMPOBAHUS
amroMuHuA n3Mepsuichk ammepmerpom UT 803 (1).

L] 1

1 — amriepmeTp; 2 — XOJOIUIbHAS Kamepa; 3 — MBYXAJICKTPOIHAS
ANIEKTPOXUMHYECKas siueiika; 4 — UCTOYHHK TOKa

Pucynox 3. YcraHoBKa AJIS TOIydeHHS] HAHOCTPYKTYPHPOBAHHOTO
IMOPUCTOI'0 OKCHaa METAJLIIOB

Oco0eHHOCTBIO TAHHOW KOHCTPYKIIUU SIBIISICTCS TUIOCKOTAPAILIEIIEHOE B3aUMOPACTIONIOKCHHE JIEKTPO-
JIOB B JIBYX3JICKTPOJHOM JIEKTPOXUMHUCCKOM sSYeiKe, 4TO B pe3ysibTaTe 00ecreurnBaeT OJIHOPOJHOE pac-
MpeaeICHNUEe JIMHUM HANPSHKSHHOCTH JJICSKTPUUECKOTO IMOJIA IO IIoanud oOpasua. DTo CIIOCOOCTBYET I10-
BBIIICHUIO OJJHOPOJHOCTU F€OMETPUUYCCKUX MapaMETPOB MOPUCTON CTPYKTYpPBI MO BCEHl aHOAMPYEMOW IO-
BEPXHOCTH, a TAKXKE YIYUYIICHUIO BOCIPOU3BOJUMOCTH PE3YIbTATOB aHOAUPOBAHUS.

Ha pucynke 4 mnpencraBieHBI TOKOBBIE XapaKTEPUCTUKH TP TIOJYYCHUH OKCHIHBIX CIIOCB
B DJICKTPOJIUTE HA OCHOBE IIaBeieBOM KUCIOTHL. Kak BUIHO U3 MpPENCTAaBICHHBIX 3aBUCUMOCTEH, B MOMEHT
BKJIFOUEHUS HAMPSDKEHUS CHJIa TOKA B IIEMIM MMEET MaKCHUMAaIbHOE 3HaueHHE. DTO OOYCIOBICHO TEM, YTO
Ha TTOBEPXHOCTH ATIOMHUHHS €I HeT TUICHKH U, CIICOBATEIIbHO, CONPOTHUBIICHUE B IIETIH HE3HAYUTEIHHO.
Cpasy mociie BKIIOUSHUS HANPsDKCHHS HAYHMHACTCS POCT 0aphepHOT0 aHOTHOTO CJIOS, CO3IAIOIIETO 3HAYH-
TEIbHOE COMPOTUBIICHUE, YTO MPUBOAUT K MAJCHUIO TNIOTHOCTU TOKA B MEPBBIC CEKYHIIbI aHoAupoBanus. C
YBEJIMYCHUEM TOJIIIMHBI 0apbepPHOrO CJIOS YBEIMYHBACTCS TEMIIEpaTypa 3JIEKTPOJIUTA B MPHIICKTPOIHOM
CJI0€, YTO CIIOCOOCTBYET MOBBIMICHUIO PACTBOPUMOCTH aHOAHOMN IJICHKH. DTO MPUBOIUT K TOMY, 4TO c(hop-
MUPOBAaBIIUICS OapbepHBIA CIIOH HAYMHACT PACTBOPATHCS, B PE3YNIbTATE YEro MPOUCXOAUT yYMEHBIICHHE
CONPOTHUBJICHUS U HEKOTOPOE YBEIMUYECHHUE IJIOTHOCTH TOKa. [lepexon oT CHUXKEHUS IJIOTHOCTU TOKA K yBe-
JTYCHUIO XapaKTepU3yeT Hadajao o0pa30BaHUs MOPUCTOTO CIIOS aHOIHOW TUICHKHU. PaccTosiHue MexX Iy IeH-
TpaMH IOp IPOINOPIIMOHAIBHO HAMPSHKCHUIO, IIPU KOTOPOM IIPOBOAUTCS OkucicHue. Koadduiument mpo-
MOPIMOHATLHOCTH JISKHUT B MHTEpBae oT 2,5 1o 2,8 um/B.
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PI/ICYHOK 4. ToxoBEIe XapaKTCPUCTUKU ITpoLecca aHOAUPOBAHUS
amomunus B (COOH), kucmore

Mopdosiorus MOBEpXHOCTH U TIOMIEPEYHOTO CKOIa 00pa3IoB, MOMyYEHHBIX METOJIOM JIBYXCTaJUHHOTO
AQHOJMPOBAHMS, TIOKa3aHbl HA pUCYHKE 5. Ha MOBEpXHOCTH TICHKH HAONIOAIOTCS TIOPHI OJIMHAKOBOTO JIHA-
MeTpa ~50 HM U ¢ paccTosHHEM MexAy mopamu okonio 105 uM (puc. 5a). Ha momepeunom ckone oOpasiia
(puc. 50) BUIHBI MapaIJICIIEHBIC MPSIMBIC KaHAIBI, PACIIONIOKECHHBIC TICPIICHANKYIISIPHO TOBEPXHOCTH.

EHT = 7.00kV Signal A= InLens Mag=100.00KX 100nm EHT = 7.00 kv
WD= smm Photo No. = 8637 [ WD= 5mm

a) BEpXHsS CTOPOHA OKCHIHOM INICHKH ITOCIIe YAAJICHHS OaphepHOro CIIos; 0) MOMEePEeYHBII CKOI

Pucynox 5. COM-n306pakenus wieHkn aHogHoTo [TIOA, morydeHHOI METOJOM ABYXCTaANHHOTO aHOAUPOBAHUS
B 0,3 M pacTtBOpe 1iaBeneBoil KUCIOTHI pu HanpsikeHuu 40 B

Takum 00pa3om, pazpaboTaHHas SKCIIEPUMCHTAIbHAS YCTAHOBKA TIO3BOJISICT TIOTYYHTh MATPHIIBI OKCH-
Jla ATIOMUHHMSI C BBICOKOYTOPSAOYSHHON CTPYKTYPOH U € 33JaHHBIMHA T€OMETPHUECKUMH pa3MepaMu IMIINH-
JIprUYecKuX 1mop. BeISBIEHO, 9TO YyNOPSAOYEHHOCTH IIOPUCTON CTPYKTYPHI TNIEHOK aHOTHOTO OKCHIA alTFOMH-
HUS 3aBUCUT OT YCIOBUH aHOJIMPOBAaHUS. YCTAHOBJICHO, YTO YBEIUUYCHUE MPOJOIKUTEIBHOCTH IIIEKTPOXHU-
MUYECKOW MOJMPOBKU UCXOMHBIX 00pa3llOB ATFOMUHHS PUBOJIUT K CTIIQXKHBAHUIO HEPOBHOCTEH, HO COTIPO-
BOXKJAETCS 3HAYUTEIbHBIM PACTBOPEHHUEM ATFOMUHISI M YMEHBIIICHUEM TOJIIMHBI METAJTHUECKON TIACTHHBI.
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AHoaTay diciMeH HAHOKYPBLIBIM/IBIK KeYeKTi OKCU/ ATIOMUHUIII aTyFa
APHAJIFAH TEXHUKACBIH KIHE JAICiH 3ipJiey

XKymbIc GapbIChIHAA AIEKTPOXMMUSIIBIK AHOATAY OMICIMEH eKieNIeMIli HAaHOKYPBUIBIMAApIbI aly YIiH
TOXIpUOENK KOHABIPFBIHBI OHAEY MEH Jaspiiay HOTIDKelepl KenTipinreH. JKorapbl peTTenreH KeyekTi
KYPBUIBIMBI 0ap KaOBbIpIIAaK €Ki caThIIbl aHOATAY OMICI apKbUIBI aJIBIHIBI. PacTpiii 37eKTpOHIBI MUKPOCKOI
KOMeTiMeH KeyeK auaMeTpi — mamaMeH 50 HM, aj KepIIijiec TYTIKTep apalbFbIHAAFbl KambIKTBIK 105 HM
Kypaiiapl. KaObIpiak KanblHABIFE 55 MKM, ajl a30TThIH KalWUISPIIbIK KOHICHCALMSA d/IiCI aPKbUIBI OJIILICHTeH
TIOMUHHI OKCHJII KaOBIPIIAFbIHBIH HAKTHI OeTiHIH aynansl — 15.3 M2T.

A .K.Zeinidenov, N.Kh.Ibrayev, Zh.M.Aitbaeva

Development of techniques and methods producing nanostructures
porous aluminum oxide by anodic oxidation

Results of the experimental design and manufacturing systems for of receipt the two-dimensional nanostruc-
tures by electrochemical anodization. The films with a highly-ordered porous structure are produced using the
method of two-stage anodic oxidation. By means of raster electron microscopy it is found that the diameter of
the pores amounts to nearly 50 nm and the separation between the adjacent channels is almost 105 nm. The
thickness of the films is equal to 55 mm, and the specific surface area measured using the method of nitrogen
capillary condensation is 15.3 m%g.
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l'[onyqe}me IVICHOK TUTAHA ME€TOAOM MArHETPOHHOI'0O PACIbIJICHUA
AJIA CHUHTE3A MOPUCTHIX IVICHOK TUOKCH/Ia TUTAHA

B craTbe mpuBeneHB! pe3ynbTaThl HCCIEIOBAHUS MUKPOCTPYKTYPHI IUICHOK, IOJyYEHHBIX C IIOMOIIBIO Mar-
HEeTpOHHOH pacnsutuTenbHON cucteMsl (MPC), coOpannoii Ha 6aze BYII-4. Paspaborannas MPC no3Bossier
TIOJTy4aTh IIEHKH C BEICOKOH CKOPOCTBIO OCXKIEHHSI C MUHUMAIILHBEIMI BUANMBIMH Jie(peKTaMu B CTPYKType.
KoHTponb CKOPOCTH pacHblIeHHs MPOU3BOAMIICS 3a CUET W3MEHEHHs HAIlps KeHHs PaclbUICHHS, KOTOpPOe
NPHUBOJNT K N3MEHEHHIO TOKA, YTO YBEIMYMBACT W/WIM NOHMKAET CTCNCHb MOHU3ALMHU I'a3a, U BHIOMBAHUIO
aTOMOB MUIIIEHH. Y CTaHOBJICHO, YTO ¢ yBenuueHueM HampspkeHus oT 300 o 600 B ckopocTs pocTa mieHok
yBEeJIUUUBAeTCs OT 2,4 10 4 aHTCTpeM B CeKyHIy. Y CTaHOBJICHO, YTO NpU HampshkeHuH okoio 400 B rpanymsl,
COCTaBJISTIONIHE IUICHKY, UIMEIOT OoJiee KPYIHYIO CTPYKTYPY, YeM B IDIeHKaX, moxydeHHsIx npu 500 n 600 B.
IIpoBeneH aneMeHTHBII aHATU3 MIEHOK, NOTy4eHHbIX MeTogoM MPC.

Kniouesvie cnoea: THTaHOBBIE IUICHKU, MAarHETPOHHOE PACIbUICHHE, IUOKCH] TUTAaHA, CUHTE3, MUKPOCTPYK-
Typa.

Beeoenue

Juokcun tutaHa, 6marogapsi CBOMM YHUKAIBHBIM (PU3UKO-XUMHUYECKAM CBOMCTBaM, IIMPOKO HCIOIb-
3yeTcs B MOJICKYJISIPHOH 3eKkTpoHuKe [1], comHednoit sHepretuke [2—5] u portokaranuse [6]. B mocneanne
TOJIBI /IJIS TIOJTyYEHUSI HAHOCTPYKTYpP Ha OCHOBE TMOKCHJIA TUTAaHA HMCIOJB3YIOT TaKMe METONbI CHHTE3a, KakK
TUAPOTEPMANTBHEIN [7], 301b-renb [8], XUMUYECKOe OCaXACHHE W3 MapoBOM ¢asbl [9], METOABI MPSIMOTO
okucaeHus: tutana [10] u muorue npyrue meronasl [11-13]. B 3aBUCHMOCTH OT HCIIOJIB3yeMOrO0 METOJA
CHHTE3a MOXKHO IMOJYYHTh HAHOCTPYKTYPBI TUOKCHIA THTaHA PAa3UIHON MOP(OIOruy, Takue Kak HaHO4a-
CTHUIIBI, HAHOTPYOKH, HAHOIIPOBOIa ¥ HAHOCTEPKHU [4, 5, 7, 12, 13]. CymecTBoBaHNE Pa3IMIHBIX METOIOB
CHHTE3a2 HAHOCTPYKTYpP IO3BOJIIET HCIOJIb30BaTh HMX H30UPATENbHO, B 3aBUCUMOCTH OT HEOOXOAMMBIX
CBOWCTB 1 00JIACTH MPAKTHYECKOTO MCIOJB30BaHUs JaHHOTO Marepuana. OqHON U3 HanboJee BaKHBIX 00-
nactell MPaKTHYECKOTO HCIOJIb30BaHUS SIBISETCS HUCIOJL30BaHUE IMOPUCTHIX TuieHOK Ti0O, B KaudecTBe
($hoTOKaTOIa CEHCUOMIN3UPOBAHHBIX KpacuTeieMm coiHedHbix siueek (CKCA). Jlns momydeHus BBICOKOI(D-
¢dextuBabpx CKCS ncnonb3yemble muieHkn TiO, HomKHBI 007a0aTh BBICOKOHM YAETHHON MOBEPXHOCTHIO H
XOPOIIUMH BJIEKTPOTPAHCIIOPTHBIMU cBoWcTBamMH. Cpenn CylmecTBYIOMMX HaHOCTPYKTyp TiO, TakuMu
CBOMCTBaMHU 00JIaal0T IJICHKH, 00pa3oBaHHbIC HAaHOTPYOKamu. /s HaHOTPyOOK TiO, HaOIrOmACTCS BBICO-
Kas yJelbHas MMOBEPXHOCTh M OJHOMEPHBIA TPAHCIOPT 3JEKTPOHOB BAOJB CTEHOK [14, 15]. OnHOoMepHBIH
TPaHCIOPT NPHUBOIUT K YMEHBIIEHUIO BPEMEHM IEPEHOCA JIEKTPOHOB OT LIEHTPOB I'E€HEpALUMM 3apsna K
JNEKTPOLY.

HanotpyOku ArokcHa TUTaHA MOXKHO ITOJTyYUTh METOJIOM JIBYXCTaJUAHOTO aHOIUPOBAHUS METaJlIU-
YECKOro TUTaHa BO (propocopepxkaiiem 3nekTposmute [16]. OgHako AanmpHEIee HCIOIBL30BaHUE TUICHOK,
o0pa3zoBaHHBIX HaHOTPyOKamu TiO,, 3aTpyAHEHO B CBS3U C HEOOXOJMMOCTBHIO TOJYYCHHS MX Ha MPO3pad-
HBIX cTeksax ¢ mpopozsmuM ciioeM ITO (oxcuapl ooBa u uuaus) wid FTO (pTopupoBaHHBIN OKCHI 0JI0-
Ba). DTOr0 MOKHO TOOUTHCS IByMS Iy TSIMH:

1) MOyYUTh METOIOM DIIEKTPOXUMHUYECKOTO AHOJIUPOBAHUS TUTAHOBOH (DOJNBIM TOPHUCTYIO TUICHKY
C HAaHOTPYOKaMHU JTMOKCH/IA TUTaHA. XUMUYECKUM WIIH JPYTUM METOJIOM OTAeNuTh IieHky Ti0O,. 3aTtem xu-
MUYECKH NMPUBUTH MJIEHKY Ha MOBEPXHOCTH CTeKIA ¢ poBoaamuM cinoeM [TO umu FTO [17];

2) anbTepHATHBHBIM METOJIOM SIBIISIETCS MOJYYSHHE METaNIMYeCKOro TUTaHa Ha IMOBEPXHOCTU CTEKJIa
¢ mpoBosuM ciioeM ITO wmmu FTO. 3areMm myTeM DJIEKTPOXMMHYECKOTO aHOAMPOBAHUS CHHTE3HUPYETCS
nopuctas wienka TiO,. B cnyyae ucnonp30BaHus TaHHOTO METO/Ia MPUHIIUITHAIBHBIM SBISETCS TOTYYCHUE
OJTHOPOJIHBIX TUICHOK THTaHA 3aIaHHOU TOJIIIMHEI.

Cy1ecTBeHHBIM HEIOCTATKOM IEPBOTO METO/A ABISETCS CIOKHOCTH MPOILIECCOB OTEIECHUS TIOPUCTOM
wieHkd TiO, OT TUTaHOBOW (HOJIBI'M U XMMUYECKOT'O MPUBUBAHUS K MOMJIOKKE ¢ mpoBoasmuM ciioem FTO.
JlaHHBIE TIPOLIECCHI YCIOXKHAIOTCS H3-32 MEXaHUYECKOH XpynKocTy wieHKH Ti0,;.
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Hcnons3oBanue BTOPOTo METOA SABISETCS Oosiee mpuBieKaTeabHbIM. CIIOKHOCTh TAHHOTO METO/A 3a-
KITFOYaeTCcsl B HEOOXOAMMOCTH TMONyYCHHUs TUICHKH METaNTAYECKOr0 THTaHa Ha MOBEPXHOCTH CTEKIISTHHOMN
MOJUIOKKH C MPOBOJSIIUM clioeM. [loydeHHbIe TIICHKH, B MEPBYIO OYepe/ib, JOJKHBI 00JIaaTh BBICOKON
YUCTOTON ¥ OJJHOPOJAHOCTHIO.

Ha ceropnsiianii JeHb 17151 TOTYYEHUSI TUIGHOK METAJNIOB UCIIOJIL3YIOT Pa3iiyHble (pru3ndeckrue u Xu-
MUYECKHE METONbI, TaKhe KaK TePMHUYECKOe HCIapeHre, MOJEKYISPHO-Ty4YeBasi AMHUTAKCHA, DIIEKTPOHHO-
Jy4eBOE€ WCMApEeHWE, MArHEeTPOHHOE paclbUICHWE, JasepHas aOmsamus u 1.0 [18-22]. Anamums
CYIIECTBYIOIUX METOOB MMOKAa3aJl, YTO IS MOJYYCHHUS IJICHOK THUTAHA 3aJlaHHOW TOJIIIMHBI MOXET OBITh
WCIIOJIB30BaH METOJ] MarHeTpOHHOTO pactmbuieHus [23]. [IoBTOpsieMOCTh pe3ylIbTaToOB MPH COOIIOICHUH TEX-
HUYECKHUX YCJIOBHU PACIIBUICHHS TAaK)Ke SBISIETCA MIPEUMYIIIECTBOM METO]a MAarHETPOHHOTO PACTIBUICHHSI.

Henpto HacTosimel pabOTHI SIBJISIETCS M3TOTOBICHHUE OJTHOPOHBIX IJICHOK THUTAHA 3a/JIaHHOU TOJIIIAHBEI
Ha MOJIJIOKKAX ¢ MPOBOASIMM NOKpeITHEM FTO 17151 Moy deHus U3 HUX MOPUCThIX IUieHOK Ti0,;.

Oxcnepumenm

Jns gocTrkeHusl TOCTaBICHHOW Ienu Oblla peajr3oBaHa MarHETPOHHAs PacHbUINTENbHAs CHUCTEMa
(MPC) na 6aze BakyymHoro ynuBepcanbHoro nocra BYII-4. BYII-4 npennaszHaueH ajsi mpenapupoBaHUs
00BeKkToB B Bakyyme 10 10”° MM pr.cT. TloydeHHbIe TIpH BEICOKOM BaKyyMe ILIEHKH MMEIOT BBICOKYIO CTe-
[I€Hb YHCTOTHI.

MarneTpoHHasi paclbUIMTEIbHAs cUCTeMa, coOpaHHas Ha 0a3e BaKyyMHOTO YHUBEpPCAJIBHOTO MOCTa
MpHUBeIeHa Ha pUCYHKE 1.

a) BHEUTHUH BUI; 6) MarHETPOHHASI pacTIbUIUTENLHAS KaMmepa

Pucynox 1. BHentHmi Bu MarHETpOHHOTO pacbUIUTENs, coOpanHoro Ha 6a3e BYII-4

OCHOBHBIMH 3JI€MEHTAMH 3JIEKTPUYECKOM 1€ MAarHEeTPOHHOM PacHbUIMTENBHON CHCTEMBI SBISETCS
TJIOCKHN KaTOJl, U3TOTOBJICHHBINM U3 THTaHA, U aHOJ, YCTAaHABIIMBAEMBII 10 IEPUMETPY Karoaa. MarHuTHas
cucTemMa coOpaHa Ha OCHOBE MOCTOSIHHOTO MarHuTta. Bcsi cuctemMa MarHeTpOHHOTO PacTbUICHUS YCTaHOBJIC-
Ha BHYTPHY Kamepbl Ha MIMPOKHH aIFOMUHUEBBIA IIITMHAP JUAMETPOM 25 CM U BBICOTOM 8 CM, KOTOPBIH HC-
MOJIL3YETCsI ISl OTBOJIa Teruia. [IpuHImn paboThl MArHETPOHHBIX PACTIBUIMTENBHBIX CUCTEM TOJIPOOHO OTIH-
caH B pabote [22]. OH OCHOBaH Ha TOPMOMKEHHUU AICKTPOHOB B CKPEIICHHBIX ANEKTPUICCKUX U MAarHUTHBIX
noisix. Kak TompKo Ha aHOX M KaTo MOIaeTCs HaNMpsDKEHNE C M3BECTHOW YacTOTOM, MEKAY HUMH BOSHHKAET
HEOJTHOPOJIHOE JAJIEKTPUYECKOE TI0J€ W TOABISAETCS TIComui paspsan. Hamwmume 3aMKHYTOTO MarHUTHOTO
TIOJISL Y PaCHbUISIEMON IMOBEPXHOCTU MUIICHU TMO3BOJISET JIOKAIM30BATh IIIa3My pa3psijia HEeMoCPeICTBEHHO
y mutieHd. OJTHUM U3 TIPEUMYIIECTB METOJIA SIBISIETCS TO, YTO OOJBIIAs YaCTh SHEPTUH DIICKTPOHA UCTIONb-
3yercsl ISl MOHM3AIMM W BO30YXKIIEHHS aTOMOB aproHa. JTO 3HAYUTEIHHO YBEIUYMBACT dPPEKTHBHOCTH
MpoIecca NOHM3AIMH U KOHIICHTPAIIUIO TOJIOKUTEIFHBIX HOHOB y MMOBEPXHOCTH MullieHH. J[aHHOE 00CTOS-
TEJIHCTBO MPUBOJUT K TIOBBIIICHUIO MHTCHCUBHOCTA MOHHOW OOMOApIMpPOBKY MHUILIECHH W 3HAYUTEIHLHOMY
POCTY CKOPOCTH OCAKIEHUS TTIOKPBITHSI.

Cxema MarHeTpOHHOTO PaCHbUIMTENS MPHUBE/IEHA HA PUCYHKe 2. JaHHAs MarHeTpOHHAs CUCTeMa OCHa-
meHa UCTOYHUKOM djekTporuranus st MPC cepun APEL-M-5DC-1000-2 (Poccusi) ¢ BO3MOKHOCTBIO
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paboThl B uMITysibcHOM pexkume 10 100 k[, MakcumalbHast BRIXOAHAS MOIIHOCTh 5 KBT. AMImmuTyaa moj-
xurarorero umnyiasca 1000 B. OTimmantensHOM depToit paspadorannoit MPC sBisieTcss KOHTPOJIb TOJIIIIH-
HBI HaIBUIAEMBIX IIJICHOK B TPOIIECCE PACTIBUICHHUS C MIOMOIIBI0 MAaCCOTYBCTBUTEIHHOTO KBapIIEBOTO PE30HA-
Topa. Ilpm cOopke cucTeMBl U3MEPEHHS TOJIIMHBI HCIIOJIB30BAJCS KBapIEBBI pE30HATOp TUIA
HCMOS/TTL B kopnyce HO-21C ¢ gactoroit 10 MI'u. Ilepen Hauanom mpoliecca pacibUICHHs KBapIEBbIH
pe30HATOp MOJKIIIOYAJICS K YacToToMepy. B mporecce pacnbiieHns depe3 OAMHAKOBBIM HHTEPBAT MPOU3BO-
JTUITACh 3aIUCh YacTOTHI. M3MepeHHast pa3HOCTh YaCTOTHI TIO3BOJISIET OMPECIIUTh HE TOJIBKO TONIIUHY TUICH-
KW, HO ¥ CKOPOCTb €€ HaHeceHHUs [23], 4To aeT BO3MOXKHOCTh MOJMYYUTh TUIEHKY 33JaHHBIX Pa3MepoB U MPH
HEOOXOIMMOCTH U3MEHUTH YCIIOBUS HAITBIJICHUSI.

f

ﬁl I e

OTKAYKA BAKyYMa IToxaua aproHa

1 — KoJNmaK BaKyyMHOH YCTaHOBKH; 2 — JeprKaTelIb MOI0KKH; 3 — TOJI0XKKa, Ha KOTOPYIO OCa)X/1aeTCs TUICHKA,
4 — cTeKIIsTHHAs KaMepa ¢ OTBEPCTHSAMU JJIS [TOJIa4YH aprOHA, MOICPKaHUS HEOOXOIMMOTO TABICHUS
U pacrpeieiCHUs aproHa B 00beMe MOHKUIa MArHETPOHHOTO pa3psilia; S — MUIICHb (KaTon);
6 — MOCTOSIHHBIA MarHuT; 7 — H30JIATOP; 8§ — aHOX; 9 — OTKa4Ka BaKyyMa;
10 — nopgava aprosa B kamepy

Pucynok 2. Cxema MarHeTpOHHOTO PACTIBUTATEIS

Jlis mosydeHus IVIEHOK TUTaHa B KAUeCTBE IOI0KKH MCIOJIb30BAINCh CTEKIIA C IIPOBOSILUM CIIOEM.
HuameTtp pacnbuisemoid MumeHn coctasisii 100 M, Tonmuna — He 6oinee 0,5 cMm. PaccTosiHre oT MumieHn
J0 TOJUIOKKHM cocTaBisgeT 4 cM. MulieHb H3roTroBjeHa M3 TeXHHYecKoro TuraHa wmapku BT-1,0
('OCT 19807-91). ITomyuenue Bbicokoro Bakyyma Ha BYII-4 mpoBoanuTCS B COOTBETCTBUH C HHCTPYKIHEH
(IToctBakyymubIli yHUBepcanbHbli BYII-4. TexHuueckoe omucaHne M HHCTPYKLOMS MO SKCIUTyaTallH).
Ipu nocTkeHun Heobxoamumoro Bakyyma (10! Mm.prT.cT.) mponssommTes Hamyck paGouero rasa 10 107 mm.
pT. cT. (apron 99,8 %, TOCT 10157-79.) B kamepy U3 YCTaHOBJICHHOTO PSIOM OaJJIOHA C PEIYKTOPOM I10-
JaBaJIoCh HANPsDKCHUE MODKUTa Ha MarHeTpoH nopsiaka 1 kB. Ilpu monade HanpspKeHUs MOMXKHUra HA Mar-
HETPOH TOK OTCYTCTBYET JI0 T€X MOp, OKa He MOAaH aproH B HEOOXOIMMOW KOHIeHTpanmu. Hamyck aprona
MIPOU3BOAUTCA Yepe3 TOHKUI HATEKaTeNlb, KOTOPBIM BXOAWT B CTaHAApTHYIO Komruiekranuio BYII-4. Ha-
MpsDKEHUE Ha Karozae BapbupoBaiock oT 100 no 600 B B mMImynbsCHOM pexuMe, dyacToTa UMIyiascos 100
kI 11, TOK paspsiga MeHsics B quanaszone oT 0,10 mo 0,2 A. JIMTensHOCTh HABIICHUS IS KaXXI0ro o0pasia
coctasmsina 10 muH. MccnenoBaHre MUKPOCTPYKTYPBI M IIONIEPEYHOT0 CKOJIa 00pa3LoB IJICHOK TUTaHA OCY-
LIECTBISIIOCH C TOMOIIBIO 3JIEKTPOHHOTO pacTpoBoro Mukpockona Mira 3LMU (Tescan, Yexust). CkopocThb
pacIbUICHHs OIIPEEsIsUIN 110 MTOKa3aHUAM KBapLEBOIO Pe30HATOpA.

Peszynomamot u 0bcyscoenue

B Tabmune 1 npuBeneHb! JaHHBIC O TONIIMHE U CKOPOCTHU HAIBUICHHS IJICHOK TUTaHA. TOJIIMHA TUIEHOK
1 MHKPOCTPYKTYpa HCCIIEIOBAIUCH C MTOMOIIBIO AJIEKTPOHHOTO pacTpoBoro Mukpockomna Mira 3LMU (Tescan,
Yexus).
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Tabnuma 1

Tonmnna H CKOPOCTH HANIBIVICHUSA ITPH Pa3/IMYHBIX HANIPSKCHUAX PaCbIJICHUSA

e Hanpsoxenue, B Tok, A YacroTa Tonmuna CKOpOCTh HaIbUICHUS,
HUMITYJIbCOB, K[ 11 IJICHKH, HM Alcex

1 100 =~ 0,10 100 0 0

2 200 =0,12 100 0 0

3 300 =~0,14 100 146 2.4

4 400 =0,15 100 174 2,9

5 500 =~0,17 100 212 3,5

6 600 =~0,20 100 242 4

Kaxk BuiHO 13 TaOmuIib! 1, Tpr HU3KOM HaNPSHKSHUH MPOIECCa PACTIBUICHUS HE MTPOUCXO/INT, TaK KaK He
XBaTaeT YHEPTUU JIJIsl MOHU3AIMH T'a3a U BRIOMBaHMS aTOMOB ¢ MutieHd. [Ipu Hanpsokenun 100 B otcyTet-
BYET aneKTpuueckuil paspsa. Ilocne noctwkenus HanpspkeHus 300 B Mexny MHUIIEHBIO M MTOJUIOKKON ITO-
SIBIIICTCS. TICIOIIUN paspsa. [Ipu pacnbpuUieHMH MPU 3TOM HAINPSHKEHWW Ha TIOJJIOKKE 00pa3yeTcs IJICHKA,
TOJILIKMHA KOTOPOU cocTaBisieT 146 HM. Beiia onpeneneHa BeIMUMHAa CKOPOCTH HambUIeHUS. B paccmaTtpu-
BacMOM CJIy4ae CKOPOCTh HANbUICHHUS COCcTaBwia 2,4 aHTcTpeMa B CEeKyHIy. [lpu yBenTU4eHUU HAIPsDKSHUS
pachbUICHUS CKOPOCTh POCTa IUICHOK yBelu4HMBaeTcs. Vcronp30BaHNE KBAapIIEBOIO pe30HATOpA IOKA3alio,
YTO TPOIIECC HANBLICHHUS MTPOUCXOJIUT PABHOMEPHO.

B Tabnune 2 npuBeneHbl pe3yabTaThl UCCIEIOBAHMS MOP(OJIOTHH MOBEPXHOCTH TUICHOK, PACIbLICH-
HBIX TIPH Pa3HBIX HANpsHKeHUsX. M3 mpepcTaBIeHHbIX NaHHBIX BUIHO, 4yTo npu HanpsbkeHun 300 B oOpasy-
eTCsl IUIEHKA C TPaHyJIMPOBAaHHON MUKpOCTpYKTypoll. Pasmep rpanyn nocturaer 2,5-3,5 Mxm. [lonepeunsrit
CKOJI TUICHKH TaKXe MMOKa3bIBACT HEOHOPOIHOCTh MOIy4aeMoil miueHku (Tadiu. 2). C pocToM TemmepaTypbl
MPOUCXOJUT YMEHBIIICHHUE Pa3MEPOB T'PaHyJl B HAMbUICHHOH IUIeHKe TuTaHa. Hauunas ¢ nanpsbxenus 400 B
IUIEHKa UMEET OJHOPOAHYIO MUKPOCTPYKTYpY ¢ pa3mepoM rpanyn menee 300 um. Haubonee ogHopoaHoi
MHKPOCTPYKTYpPOH 00JIlamaeT TUIeHKa, MmodydeHHas npu HanpspkeHuun 600 B. Pasmep rpanHyn s maHHOH
IJICHKH MHUHAMAJICH TI0 CPaBHEHUIO C TNIEHKAMHU, TTOTy9€HHBIMU TIPU APYTUX pabounX HAMPSDKEHUSIX.

Takum 00pa3oM, B pe3ysibTaTe BapbUPOBAHUS HANPSHKEHUS PACTBUICHUS OBLIM MOJTYYEHBI TUICHKU TH-
TaHa C Pa3IMYHON CKOPOCTHIO HANBUICHUS W PAa3TUYHBIMH pa3Mepamu rpanyia. OnTUMaIbHBIM SBIISETCS HC-
royTb30BaHue HanpspkeHus BenndauHor 600 B. Hanpspkenne Beime 600 B mpuBoauT K pe3KoMy pPOCTy TEM-
nepaTypel B pabouem 00beMe, U TIOITOMY TaKHE HAMPSHKCHUST HEe UCTIONB30BAITUCH ISl paOOTHI.

Jlis HalbIJICHHBIX TUICHOK OBUIT MPOBEACH 3JIEMEHTHBIM aHaIU3 C MOMOIIBI0 SHEPTOJAUCIICPCHOHHOTO
ananm3aropa INCAPentaFET-x3 (Oxford Instruments, AHrius). DHeproaucepCHOHHBIN aHAIU3 IUICHKH,
TTOJTYICHHBIN MPU PEKUME MarHETPOHHOTO pacibuieHns — Hanpspkerne oT 300 o 600 B, wactota uMiryib-
coB 100 kI, Bpems pacrbuieanst — 1mo 10 MUHYT, IMOKa3aid WACHTHYHBIN pe3yJIbTaT, KOTOPHIN MIPUBEACH Ha
pucynke 3. bputa mocTpoeHa MHOTOCIONHas KapTra W TPOW3BEICHO pacIlpeleleHne JJIEMEHTOB
Ha TIOBEPXHOCTH TUIeHKH (puc. 4). M3 mpeacTaBiIeHHBIX JAaHHBIX BUIHO, YTO HA TIOBEPXHOCTH TUICHKH IMPH-
CYTCTBYIOT THTaH, yTJIEPOJ, HATPHUK, MarHuii, KpEMHUH, KUCIOPO W Kanmbitnii. Hamugue mociemuux o0y-
CJIOBJICHO TE€M, YTO B KQU4ECTBE MOI0KKH OBLIIO UCIIOIB30BAHO CTEKIIO.

Ha pucynke 5 mpuBezeH pe3ynpTaT 3HEProANCIIEPCHOHHOTO aHANIN3a IIJICHKH, TTOJYyIeHHOW MTPH MarHe-
TPOHHOM PaCIbUICHUH.

B cocrae mienku npucytcTByroT TitaH Ti, a Takxke C, Na, Ca, Si, O, Mg, KOTOpble OTHOCSTCS K dJie-
MEHTaM HCIT0JIb30BaHHON MOJIOKKH — CTeK/Ia (OKCHII KpEMHHMSI, HaTpul, Kanbliuil). Hannaue amromunaus Al
B COCTaBe TUIEHKHA TUTaHa OOBSICHAETCS TEM, YTO MPH PACHBUICHUH MHIIECHH HCIIONb30BAJICS TEXHUYECKHH
tutad Mapku BT-1,0, B koropoM MoxeT npucyrctBoBath Al B konmuectse 10 0,5 %.
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Tabnuma 2

MOp(l)O.l'lOl"I/lfl IOBEPXHOCTHU H nonepelmuifl CKOJI IIVICHOK TUTAaHa,
MOJIYY€eHHBIX MATHETPOHHBIM PaCNblIIICHUEM

Hanpspxenue, B HOGpHCTb 6au013 [TonepeuHslil CKOJI
300
400 -
500
600

Pucynok 3. MHorocioiHas KapTa MOBEpXHOCTH IIJICHKU TUTaHA
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S C  Na i S

PI/ICYHOK 4, Pacnpe):[eneHI/Ie 3JICMCHTOB Ha MMOBEPXHOCTHU MIJICHOK

0)

Mg

Pucynok 5. DHEeproancnepcHOHHBIN aHANH3 IJICHKHW TUTAHA,
TIOJTy4YEHHOI METOJJOM MarHETPOHHOTO PACHBLICHUS

Jns monmy4yeHus: HAHOTPYOOK JMOKCHIA TUTaHA TUIGHKM THUTaHA MOJABEPrajiCh SIEKTPOXUMHUUECKOMY
aHoAMpoBaHMIO. Vconp30Bacs 3MeKTpoIuT ¢ Hu3Koi koHnenTpanueir NH4F — 0,2 % mac. m H,O — 2 % mac.
B OTWIEHINIHKOJIe. Kpome Toro, mpu aHOAMPOBAaHWH HCIIONIB30BaJIOCh OoJiee HU3KOE HANpsDKEHHE, TaK Kak
npu HanpsbkeHusx Boime 20 B HaOnronaercs mmbo yacTuaHOoe, TMOO0 MONHOE OTCIauBaHKE TNICHKH TUTaHA OT
MTOBEPXHOCTH CTEKJIA.

CpaBHEHHE pe3yIbTaTOB, PUBEICHHBIX Ha pucyHKe 6 1 B Tabnwuie 2 (600 B), moka3siBaeT, 9T0 aHOIN-
pOBaHHE NPUBOIUT K H3MEHEHUIO MOP(OJIOrMH TOBEPXHOCTH IUIeHKH. [Ipomcxomut QopMupoBanue
nopHucToi cTpykTypsl mieHku Ti0,. AHoaupoBanue B TeueHne 20 MUHYT U Iipu Hampsokennu 20 B mpuso-
JIIT K TIOJTHOMY OKHCJICHHUIO TUTAHOBOW IICHKH U 00pa30BaHMIO MMOPUCTOH cTpyKTYpHI Ti0,. OmHako HaHOTPYO-
KM 37IeCb UMEIOT 0oJiee HCKaXCHHYIO CTPYKTYpY, YeM IpH aHOAWPOBAaHWU THTaHOBOW (oibru. BozmoxkHO,
3TO CBA3aHO C TE€M, YTO NMPH MAarHETPOHHOM PAaCHbUICHHH THTaHA IUIEHKAa UMEET IpaHyIHPOBAaHHYIO CTPYK-
Typy. lloBepXHOCTh HAaHOTPYOOK IMOKCHAA THTaHA, OJYYCHHBIX IPH aHOIAWPOBAHUH TUICHKH, OCAXKIEHHBIX
metosioMm MPC, cunbpHO 3arpsi3HeHa TOOOYHBIMU IPOAYKTAMH, YCTPAHEHHE KOTOPHIX BO3MOXKHO IIPH YIIBTPa-
3BYKOBOI 00pabOTKe B OpraHMYeCKOM pacTBOpHUTETIE.

SEM HV: 20.0 KV WD: 7.07 mm L MIRAS TESCAN|

View field: 1.70 pm Det: SE 500 nm
Date(m/dly): 10/07/15 Performance in nanospace

Pucynox 6. COM-n300pakeHus HAHOTPYOOK THOKCHIA TUTAHA, IOTyIeHHBIX
Ha CTEKJITHHBIX TIOIOKKAX ¢ MpoBoasmiM cioeM FTO
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[lo pesynbraTtam pa®oThl OblTa pa3paboTaHa M CO3AaHA YCTAHOBKA JUIS MOJMYYECHHUS IUIEHOK METaJUIOB
METOJIOM MarHeTpOHHOTO pacmbuieHus. lIpenMmyrnecTBoM pa3pabOoTaHHONW YCTAHOBKH SIBISETCS BO3MOX-
HOCTb KOHTPOJISI TOJILIMHBI IUICHOK B IIpoliecce pacnbplUieHHs. CHucTeMa HM3MEpeHUs! TOJIIMHBI IUIEHKH
B [IPOLIECCE €€ HAaNbUICHUS pealln30BaHa Ha OCHOBE MAacCCOYYBCTBUTENIBHOTO KBAapLEBOrO pPE30HATOpa.
Omna no3BosigeT U3MEPSTH TOJIIMHY IUIEHKU B JUana3oHe OT 1 HM 10 €JUHULl MUKPOMETPOB. Y CTaHOBKA I10-
3BOJIAET MOJIY4aTh TOHKHE IJIEHKU METAJUIOB € Pa3JIMYHOM CKOPOCTHIO HAHECEHUSI METaJlla Ha IIOBEPXHOCTh
o I0KKH. CKOPOCTh HAHECEHUS OIpeeNsieTcss padoYnM HanpspKeHHEM. Y CTAaHOBIICHO, UTO € YBEJIHYCHHUEM
HanpspkeHus oT 300 no 600 B ckopocTh pocTa IJIEHOK yBEIWYMBAaeTcsa OT 2,4 aHrcTpeMa A0 4 aHTCTpPEM B
cexyHay. [Ipu ucnone3oBanum pa3pabOTaHHOHN yCTaHOBKM OBIIHM HMOJYYEHBI IUNICHKH TUTAaHA C PA3INYHBIMU
CTPYKTYpOH M CKOpOCThbIO HambuleHus. MccienoBana Mopdosorus MoBepXHOCTH IJIEHOK. BhIsBIEHO, 4TO
npu HanpsbkeHuu okono 300 B mieHka uMeeT sipKo BBIpa)KEHHYIO TPaHyJIMPOBAHHYIO CTPYKTYpy. IIpu Ha-
npspxerusx Boime 400 B o6pasyercst ogHopoHas 6e3nedekTHas TUIEHKA TUTAHA.
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H.X.HU6paes, JI.A.Adanacwes, T.M.Cepikos, I'.C. AManxonoBa

KeyekTi THTAaH TMOKCUIIH CHHTE3/1ey YIIIH MATHETPOH/bI TO3aHAAHABIPY
dliciMeH THTAH KAOBIPIIAKTAPBIH AJIy

Maxkanana BYII-4 6a3aceinna KypacThIpBUIFAaH MarHETPOHIBI TO3aHJaHABIPY xyiecinin (MTXK) kemerimen
QIBIHFaH KaOBIPIIAKTapIbIH MUKPOKYPBUIBIMBIH 3epTTEyY Ke3inaeri Hotmkenep oepinren. XKobamanran MTXK
KaObIpIIaKTapAblH KYPBUIBIMBIHIA alTapIIbIKTail Ko3re KOpIiHEeTiH akaysiap OalKaIMalThIH XKOHE ©TE HKOFaphl
JKBUTIAMIBIKTA TYHIBIPYFa MYMKiHAIK Oepeni. KaObIpimakTapabl TYHABIPY SKbUIIAMIBIFBI TO3aHIAHIBIPY
KepHeyiH e3repTy apkpuibl perrenni. Kepuey mmamacst 300 men 600 B geitin xorapbuiaTkaHga
KaObIpIIaKTapAbl TYHIBIPY SKbUIIAMABIFEI 2,4 A/c-TaH 4 A/cex NeliH ®KoFapiIaiThIHbI aHBIKTANAEL Kepreynin
mamacsl 300 B kesinne xaObIpmmakTapisl KYpalThIH TYHIpIIEKTEpIiH KeyeMi maMaMeH 2,5-3,5 MKM TeH.
Tozanmauneipy kesinge kepHeynaiH mramacekl 400-600 B kesinae anblHFaH KaOBIPIIAKTAPIBIH KYPBLUIBIMBI
OipKeJKi JkoHe aKaychl3 ekeHi aHbIKTaabl. MTOK onmiciMeH anbIHFaH KaOBIPIIAKTApIBbIH YJIEMEHTTIK Talaaybl
JKYprizinai. MarueTpoH/pl TO3aHIAHABIPY Ke3iHIe albIHFaH KaObIpIIAKTapbl aHOATAaydaH KEHiH albIHFaH
KEYEeKTi KaOBIpIIaKTap IblH KAJIBIITACYbI KEITIPiIreH.

N.Kh.Ibrayev, D.A.Afanasyev, T.M.Serikov, G.S.Amanzholova

Fabrication of titanium films by magnetron sputtering
for synthesizing porous films titanium dioxide

In this paper presents the results of a microstructure study of the films obtained by magnetron sputtering
system (MSS). This system collected on the basis of VUP-4. The developed MSS produces films with high
deposition rate with a minimum of visible defects in the structure. Spray rate control performed by changing
the sputtering voltage, which leads to a change in current, which increases and/or reduces the degree of
ionization of the gas and dislodge target atoms. It is found that with increasing voltage of 300 to 600 V in the
film growth rate increased from 2.4 to 4 angstroms per second. It was found that the stress of about 400 V in
the granule was the film have a larger structure than the films obtained at 500 V and 600 V. An elemental
analysis of the films produced by the energy dispersive analysis.
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DJIEKTPOMATHUTTIK KOTEPTilll KOHIABIPFBICHIHBIH
«CKUN-0arpITTaylIbl KYPbLIFbD) JKYiHeciH 3epTTey

Makana 5JeKTPOMarHWTTIK KOTEpPrilll KOHIBIPFEI IKYHECIHIH 9SJIeMEHTTepiH MOJEeNbAeyre apHajFaH.
DJEeKTPOMArHUTTIK KOTEPrilll KOHABIPFBIHBIH JKYMBIC iCTEy NpPUHIUNTEP] KOPCETUIreH, COHBIMEH Oipre
«CKHUI-2JIEKTPOMArHUTY» KYHeCiHiH MMHTamMsUIBIK 3-D Monenbreyi xacamrad. TypakThl MarHHTTEp JKOHE
JNIEKTPOMATHUTTEP CKHITE XXOHE OaFbITTAayBINI KYPHUIFbUIApAA OpHAJTacKaH. Mojenbaey dJIeMEeHTTepi op
Ke3eHIe CypeTTepMmeH OeiiHeneHeni. 3-D Mopenbaey HOTHKECIHIE JKYMBICTa ©3EKIICHIH YII JJeMEHTiHe
Tajay jKacaiblll, OJapAblH CaJIbICTIPMA JHArPaMMAachl KYPAaCThIPBUIFaH.

Kinm co30ep: 3neKTpOMarHUTTIK KOTEPTill KOHABIPFHL, cKuIl, 3-D mMonensaey, ANSYS Oarnapiaamacsl, TapTy
KyIIi.

KoHcTpykiusimapasl — ecentey MEH  koOanayaslH  KOMIBIOTEPIIK — JKAOJIBIKTAPBIHBIH  JaMYyBI
paaMo3JIEKTPOHUKA, MallliHa jKacay, aBTOMOOW/Ib jKacay, Tay-KeH OHIIPY >KOHE OHIIPICTIH T.0. ap Typui
cajajapblHIa KOIMIT Kypajasl OOJFaH MOJCNIbIACPAl jKacay MYMKIHIITH TyFbi3abl. KoMIbIOTEpIIik
MOJICTIBICP/IIH  KOHBIMABUIBIFBI  3€PTTENIETIH OOBEKT TYIHYCKACHIHBIH (HEMECe TOJBIK OOBEKTiIep
KJIACTAPbIHBIH) KACUETTEPiH aHBIKTANTHIH HETi3ri (akTopiapblH aHBIKTAyFa, aTall alTKaHIa, MOJCTbICHETIH
(U3MKaIBIK KYHECIHIH OHBIH IapaMeTpiiepi MEH OacTalKbl KarJaiaapbl ©3repiciHe oCepiH 3epTTeyre
MYMKiHIiK Oepeni [1].

Bepinren »xympicta Oipkarap OarmapiaMaiapiabl 3epTTey HoTmkeciHae Bepcusichl 14.0 OGomaTeiH
ANSYS Oarmapmamacel Tapgan anbiHabl. bepinren Oarmapiama CAD/CAM/CAE xyienepaiH KiachlHa
JKaTaThblH 3aMaHayd asKTallFaH 3JIEMEHTTI OarJapiiaMajbikK oHIM 00kl TaObuiaabl. XKyleHiH MOaeIbaeHY1
ANSYS Multiphysics Oeniminae xyprizineni.

Kasipri 3amanfbl aKmapaTTBIK OIICTEp JKYHMENIK TajjayFa HETI3JCIIl, JKOrapblja aTaJFaH
MalllMHAJapasl  MOJCNIBIACYIIH  HETi3IHAET  SKCIUIyaTallusulay  JKoHE  Jkacay  TEXHOJOTHSCHIHBIH
EPEeKILIETKTEPiH, OJapIblH JJIEKTPOMATHUTTIK OPICTIH CHI3BIKTHIK €MEC TEOPHUACHIHBIH OIICTEepl apKbUIBI
JKYy3ere achIpbLIybIH eckepei. bynan 6acka op TypJii OVHBIMIap MEH KOHCTPYKIMSIIAPIBIH Ka3ipri 3aMaHFbI
TEOPUSJIBIK €CeNTey MEH >Kk00ajay oIiCTepi COHFBI JJEMEHTTEp OMIiCiH OeliceHal TYpAe KOJIJaHYbIH
KapacThlpaJbl. AUTBUIBIIT OTBIPFAaH COHFBl 3JIEMEHTTEp OMICiHIH IIOFBIpAaHAbpbuFad Typi ANSYS
KosijaHOanbl Oarmapnamarnap makeri Oombin TaObutanbl. byn keskapac Typreiman ANSYS konnmaHOanb
Oarapiamaiap rmakeTi TEOPUSJIbIK Ta, aHATUTHKAJIBIK Ta 3€PTTEYyJIep Ke3iHae KOIIaHbLIy MYMKIH [2].

JKyite aneMeHTTEepiH aBTOMATTaHIBIPY MAKCaThIHIA KeJIECl MaCeIeNIEP Il eIy KaXeT:

— KYPBUIBIMIIBIK-TCXHONOTUSUIBIK ~ (DaKTOpIapasl  €CKepe  OTBIPBIN, AJEKTPOMATHUTTI  KOTEPTill

KOH/IBIPFBICHIHBIH JJIEKTPOMATHUTTEPIH MOJICNBACY MEH €CeNTey IiH d/[iCTEpPiH KKacay;

— 3JIEKTPOMArHUTTEPAIH  OCPIKTIriH, CEHIMAUIIT MEH TO3IMALINH KamMTaMmachl3 €Ty  YIIiH

aBTOMATTaHIBIPHUIFAH TAIJIAY KYHECiH jKacay;

— OapnbplKk KaKeT MapaMeTpiepii ecenTed OTBIPBIN, 3JIEMEHTTEPHiH aBTOMATThI TYPAC AaybICHI

KOCBLTYBIHA KOJI )KETKI3Y.
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ABTOMATTaHBIPBUIFAH KYWETIK TalAayAblH HETI3iHAC KYPBUIBIMIBIK-TEXHOJIOTHIIBIK (aKTOPJIapIbl
KOMIIIEKCTI TypJle €CKepPETiH KOHABIPFBIHBIH AJICKTPOMArHUTTEPiHIH MOJEIBIEP] JKacall bl

MogenpneymiH aaabplHIAa e3apa ocepiecyIli JJIEMEHTTEpAI TaHAay Cyparsl KoHbsuIael. JKocmap
OoibIHIIA «CKUI» OETiHAE TYPaKThl MATHUTTEP HEMECE MIEKTPOMArHUTTEP OPHAJIACKII, all AIEKTPOMAarHUTTI
KOTEPTilll KOHIBIPFRIHBIH OaFBITTAyIIbl KYPBUIFBLIAPEIHAA OEpiireH mapaMeTpiiep OOWBIHIIA aBTOMATTHI
ayBICHINT KOCHUIATBIH DIICKTPOMATHUTTEP OpHANIACy KaKeT. bacTamkeiga COJCHOH] HEMece 3JEeKTPOMATHUT
OipeyiH TaHzay KaxkeT Oosabl. HoTwkeciHzme ocepiiecy 3iIEMEHTI peTiHIE COJCHOMATHI KOJAaHFaH Ke3le
JKYPIIT KO3FAITy KBUIAAM JKoHE KYpT OONFaHIBIKTaH, dCEepiieCy DJIEMEHTI PEeTiHAC JICKTPOMArHWT TaHIAIl
QTBIH/IBI.

Ckun  TeH 3JCKTPOMArHUTTI KOTEPTilll KOHJBIPFBICBIHBIH ~ OaFbITTAyIIbl  KOHABIPFBUIAPBIHBIH
AJIEKTPOMATHUTTEPIHIH HETI3rl AIIEMEHTTEPIHIH 9CepeCyliH ITUHAMUKAIBIK MPOIECTePIHIH UMHUTALUSIIBIK
MOJENBACYAIH MaKcaThl KbIMOAT ToxipuOenepai eTki3Oeli-ak ecenTeynep XYprizy apKbUIbl SKYHEeHiH
OHTAIIBI J)KOHE THIMIII TTapaMeTpJIepiH aHBIKTay OONBITT TaObuTambl. Kasipri 3aMaHFBI KOMITBIOTEpIIEP MEH
KoJmaHOamel OarmapiaManap MaKeTTepiHiH MYMKIHIIKTEPI OpTaK TUHAMUKAIBIK «CKHM—JICKTPOMArHHUT»
JKYHECiHIH OpraHuKalblK e3apa OaillaHBICKaH OYBIHAAPBIHBIH KOI(DaKTOPIsl IWHAMUKAIBIK KYHIEepiH
CHTIATTay VIIIiH KaXET JKYHEITK aMablH )KETKITIKTI TOJIBIK XKY3€Te achklpyra MyMKiHIIK Oepeni [3].

Nmvuranmsuielk Monmenbsaey 3D-Mopenbney QopMmaTeiHIa SKYprizinmi sxoHe 3D-momensacydiH och
OoMbIHIIA CHUMMETPUSUIBIFBIH €CKEpe OTBIPBIN, ecenTey OipiHmI KBagpaHT TYpIHAEC KOpCETiIreH
AIIEKTPOMAarHUTTEPAIH KOJAeHEH KUMAachIHBIH TOPTTEH Oip Oemiri ymriH xypriziigi. 1-cyperte kepcetireH
JKYMBIC JKa3bIKTBIFBIHA aya KEHICTIMIMEeH KOpILalFaH MeTajll KYphIl e3eri kepcerinren. Kypsim e3eri Tyrac
0ip 00BEKT peTiHAe KapacThIpbUIaAbl — ©3€KTIH OepilreH mapameTpiiepi OOWBIHIIA TYPFBI3BUIFAH )KOHE ©3€K
MIEH OpaM apachIHAAFbl aya KabaThl OOJIBICEIHAH KYPaCTHIPBUIFaH mapajuienenunes. Kypacteipy kesinge exi
mapajuienenunen (e3¢ek MmeH aya Kadbatsl o0ibICH) Oip-OipiMeH KabaTTachI, OpTaK dJIEMEHTKE OipiKTpiIeTi.
OOBeKTIHI KOPIIAWTHIH aya KabaThl KYPHINI 63eTi MeH aya KabaThl 00JIBICHIH KaMTBINT IHJIUHAPIIH TOPTTEH
Oip Oeuriri TypiHIE KepceTiireH. Aya YIIiH MarHUT OTIMIITITIHIH HapaMeTpiepi Oepijiesi, al e3eK VIIiH
MarHuT WHAYKOAS B BEeKTOpel MEeH Maraumt epiciHiH H kepHeymiriHiH mapaMerpiepi Oepinemi. ©3eKTiH
KeJIZICHeH KUMaCBIHBIH ayAdaHsH Oy yiria SOLID 96 snementi [3] kommaHbsuiaasl. bepinren aeMeHT Tek
kana 3D-moxmenbaepi ymiiH KosjgaHbuiael. ANSYS Oarnapiamaiblk OpTaja KYPri3UireH MOJACIbACYiH
Ke3eHepi 1-cyperke cal kypriziiui.

- SYS ﬂ_ m
N— wan 2 2410 = = P .18 o
-~ ~
> d
N e
N7
I/ I >~ |
N I /s
N W7
i 88
a) obIBICTAPBI KYPY 6) 1IeKapabIK CHI3BIKTap/Abl OPHATY

1-cypeT. DNeKTpOMAarHUTTIH UMUTAUSUIBIK, 3-D MoIenbaeyaiH Ke3eHaepi

DJEeKTPOMarHUTTEPAiH KOJIACHEH KUMAChIHBIH TOPTTEH Oip O6JIriHIH MMHUTAIMSACHIH KY3€Tre achlpaThlH
o0JBICTapaBl KYpy YLIIH yII TeOeCiHiH KoOopAWHaTanapsl OOHbIHIIA Napauienenunes oerineneHeni. ChIPTKBI
OpTaHbIH (aya) UMHTALMACHIH KOPCETETiH OOIbICTap LWIMHAPHAIH cerMeHTTepi Ooibin Tadbuiaabl. Kemeci
Ke3eHJe MOJICNIbAIH O0JbICTapbIH COHFBI 3JeMEHTTepre 0oy >kyprizineni. Mynaa Oeny Ke3iHIe HEFYpIibIM
KeIl 3JIEMCHTTEp maiifa 0oJica, COFYPJBbIM €CEMTIiH IIeNry TAJIIri xofapbl 0onaabl. OONBICTAPIBIH COHFBI
aIeMeHTTepre OemiHyi 2-CypeTTe KOpPCETiITeH.
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1 1
oo SYS — SYS
gL W s 1

e 2ARe pERERET

2-cypert. bemry o0nbICTapbIH aHBIKTAY 3-cypeT. DIeKTpOMarHuT Mojaei

DJEeKTPOMarHuTTI MOJAENBICYAIH Kellecl Ke3eHiHe OpaMHBIH apaMeTpiepi OenriieHeai: opaMaapabiH
CaHbl, iIKi paanyc, CHIPTKBI Paguyc, OpaMIarbl TOK KYILi, OpaMHBIH KaJIBIHABIFEI MEH 3JEKTPOMAarHUTTiH
TTOJTFOCTEPIH AHBIKTAWTHIH TOKTHIH OAaFbeITHIH Oenriiey. bepinreH jkarmaifima TOK KYIIi caraT TLTiHIH
OarpITBIMEH OarbITTac 0oJica, OHJAa TOMEHTI YKaKTa OHTYCTIK ITOJIFOC, aj YKOFaphl JKaKTa COJTYCTIK ITOJTFOC
opHanacagsl. HoTwkeciHIe anplHFaH >KOHE €cenTel Iuemyre AalfblH OONaThIH MOJENb 3-CyperTe
KOPCETUIreH, SFHU OpaMMEH KOpIIajdFaH KYPBII ©3eTiHiH TepTTeH Oip Oemiri OeliHeneHreH. Momenb
DJIIEMEHTIH alKbIH €JIECTETY YIIiH OpaM TOJIBIFEIMEH KOPCETIITEH.

DJEeKTPOMarHuT TYFBI3AaThIH TapTy KYLIIH MOJIOCTEPiH OeTTepiHe ocep eTeTiH MarHuT epiciH Tajxay
HOTIXeCiHe anblHFaH MakcBemn TeHeyi OoifbiHma ecenteyre Oonanbl. Erep ae »yMbIC caHbIIaybIHAAFBI
epic OIPTEKTI kKoHE MOTIOCTEP KaHBIKIaFaH 0oJica, oHIa MaKkcBeIlT TeHIEY Keeci Typae 0oasl:

Lo 1 F

P=—2 B = ,
2u, 2 u,S

mynzga Bg (Tn) — wmanykius; @ (B6) — sKyMbIC CaHBUIAYBIHIAFBI MATHUT aFbIHBL, S (M’) — MOTIOCTIH
ayJlaHbl.

N fmagsum.out ﬂ

G R R,

SUHHARY OF FORCES BY YIRTUAL HORK
Load Step Hunber: Z.
Substep Hunbar: 1.
Tine: 0.2000E+1
lnits of Force: [H]
Cotpanant Fovca-) Forca- Fovce-Z
arn 0.71660E+01  0.14216E+02  0.24531E+00

SURRARY OF FORCES BY HAWHELL STRESS TEWSOR
Units of Forcez [ H
Conponent Force-¥ Force-Y Force-Z
arn 0.63831E+401  0.13435E402  0.16380EH10

Hote: Haxuell forces are in the Global Cartesian coordinate systen.

Wirtual work forces ave in the elenent ESYS coordinate systen.

The following elenent table itens are awailable for printing and

plotting of the forces obtained by Yirtual Hovk and the Haxuell Stress

Tenzor nethods.

Elenent Iten Mane Hethod Direct ion

Fi Yirtual Hork
FHX_K Haxuell Stress
FUH_Y Yirtual Hovk
FHx_Y Hawpell Stress
FUH_Z Virtual Hork
FHE_Z Hawuall Stress

Pl P = - e T

4-cypet. Mognensai ecentey

Mogenbnin ecenteyin ANSYS OarmapiamachIHIA SKYPTi3reH Ke3[e 3JICKTPOMArHUTTIH TapTy KYIi
AHBIKTANBIN  alblHABL  (4-cyp.). ONEKTpOMarHWTTiH TapTy KYLIiH BJIEKTPOMAarHUTTI  KeTeprill
KOHJIBIPFBICHIHBIH 3JIEMEHTTEPIHIH 63apa KYIITIK ocepiiecyiH Talaay YIIiH aHbIKTay KaXeT. bepinren monenn
KOHIIBIPFBIHBIH Op TYPJII Oenriyli mapaMmeTpiepi YOIiH OipKaTap BHPTYaIIbl TOKIpHOEIEpAl Kyprizyre
MYMKIHIIK Oepeni. Byi KOHIBIPFBIHBIH (QU3UKAIBIK MOJENiHE )KYMCaIaThlH IIBIFBIHAAPAB YHEMIEYTE HEri3
0oJ1a anamsbl.
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Kypbim e3exti MoaenbaeH Oacka ToxipuOesnepae e3eKTiH Tarbl Ja €Ki BapHaHThl KapacCTBIPBUIABL:
dbeppoMarHuTTi MaTepHWaniaH SKacaliFaH ©3¢K JKOHE TeMipIeH jkacamraH e3e¢k. EcenrTey MarHuT
CHTIaTTaMaJIapbIHBIH Op TYpJi KepCeTKimTepl YIIiH Kypriziam. Hotmxecinme dbeppoMarHuTTi e3eri Oap
AIIEKTPOMArHUTTIH TapTy KYILIiH ecentey 5 (a) cypeTrte, an TeMip e3eri 0ap 3MeKTpOMarHUTTiH TapTy KyIIiH
ecentey 5 (6) CypeTTe KOpCeTiITeH.

-
A fmagsum.out A fmagsum.out H
File :'_F.I
| SUHHARY OF FORCES BY MIRTURL HORK =
Load Step Hunber: 2. SURHARY OF FORCES BY YIRTUAL HORK
Substep Hunber: 1. Load Step Hunber: 2
Tina: 0.2000E+01 Substep Munber: 1.
lnits of Force: [H1 Tine: 0. 2000F+011
Conponent Force-4 Force-Y Forca-7 Unitz of Forces K
aTH 0.39895EH11  D.75227E+01  0.15883E+00 Conpanent Force- Force-Y Force-Z
iite o ¢ RRRY OF FORCES BY HONELL STRESS TEIR art 0.107626-02 0219676402 0.32752E+00
t H
Dompnent . Forced  ForceV  Forcel SURFRRY OF FORCES BV MARNELL STRESS TEWGOR
arn 0.36024E+411  D.71630E+01  0.953376-01 Units of Forcez [ H)
Conponent Force-¥ Force-Y Force-Z
Hote: Haxuell forces are in the Global Cartesian coordinate systen. atH 00660111 0.20706E+402  0.23366EHI0

Virtual work forces ave in the alanent ESYS coordinate susten.
The fallowing elenent table itens are available for printing and
platting of the forces ebtained by Yirtual Hork and the Hamwell Stress

Hote: Hasuell forces are in the Global Cartesian coordinate systen.

Tansor nethods, Yirtual work forces are in the elenent ESYS coordinate systen.
Elerent Iten Hane Hethod Diract ion The following elenent table itens are available for printing and
FUl_! Uirtual Hovk " plotting of the forces obtained by Yirtual Hork and the Haxuell Stross
FHE % Hamuall Stress b Tensor nathods.
Pl Hirtual Hark M Elenent Iten Hane Hethad Direct ion
FHR_Y Haxuell Stress X FUl % Wirtual Hork ¥
ST A e
= FUl_Y Uirtual Hork i
FHs_Y Hasmell Stress Y
FUH_E Yirtual Hork i
FHx_Z Haxuell Stress z

a) 0)
5-cyper. Temip (a) xoHe dheppomMarHuTTi (6) 63eKTepi Oap MONENbBII eCENTEy

Ym Typai e3¢k VIIiH KYPTi3iIreH Tajagay MEH eCenTeyIOiH HOTWKECiHAe O-CypeTrTe KeNnTipiareH
CaJBICTRIPMATBl THCTOTPaMMa KYPacTHIPBUIALL. EcenTey 3IeKTpOMAarHWTTIH TOPTTEH Oip Oeiriri ymIiH
KYPTi3iIreHaiKTeH, TapTy KYLIi Oi3/iH karnaiaa 4-ke keOenTinemi.

CalbICTRIPMANE] THCTOTpaMMa
1,006+02
9,006401
8,006+01
7,006401
6,006401
5,00E+01
4,006+01
3,006401
2,006401
1,00€+01
0,006400

ax [ b4 82z

6-cypet. CanblcThIpMalIbl THCTOTpaMMa

DIIeKTPOMArHUTTEPAiH MapaMeTpiIepiH KoHE TOK KYIIiH OeNTiT KagaMMEH e3repTe OTHIPHIN, OipkaTap
TOKipuOenep OTKI3LIiN, 3MeKTPOMArHUTTIH TapTy KYLIiHIH e3repici 3eprrenai. bepiireH »Xymbic cKum
AIEKTPOMArHUTTEPIHIH DJICKTPOMATHATTI KOTEPTIlll KOHIBIPFHICHIHBIH OaFBITTAYIIBl KOHIBIPFBUTAPBIHBIH
AIIEKTPOMATrHUTTEPIMEH ©3apa dcepiieCy MOICITIH TYPFRI3YIBIH OipiHIT Ke3¢Hi OOBIT TaObIIa k.

Maxana KP FBFM epanmmul  Kapocolianovipy aymazeinoa «llaidanst  xazbanapovt  6HOIpy
MEXHON02UANAPLLY OACHIMObLZbL OOUbIHUA « DNEKMPOMASHUMNMI KOMeP2iul KOHOIPELICHIH HCACAY APKbLILbL
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May KeH Maccachit Kasvin any0bly SHEP2OYHeMOey MEXHOIOSUACHIH He2i30ey JHCaHe KYPACbIpY» maxKblpblOvl
OoubiHwa ocone «DHepeemuKka JcoHe MAuuHa Jlcacayy oacvimovigvbl  OolibiHua «IHepeoyHemoey
QNEKMPOMASHUMMI  KOMePeiul KOHObIPRbICHIH KOMNJIEKCMI KOpeay MeH agmomammul 0acKapy iCyuecin
arcacayy maxvlpolOvl OOUBIHULA OPLIHOAIRAH HCYMBbICIAD HIMUICENEPI He2I3IHOe HCA3bLIObL.

Opnebuerrep Tizimi

1 bacos K.A. ANSYS B npumepax u 3agaqax / [Tog o6u. pexn. JI.I'. Kpackosckoro. — M.: KommnsroteplIIpecc, 2002. — C. 7.

2 Anopeesa E.I', Illamey C.II. PacueT cTalMOHapHBIX MarHUTHBIX IOJICH M XapaKTEPUCTHUK IEKTPOTEXHHUECKUX YCTPOHCTB
¢ momo1pko nporpammuoro nakera ANSYS: Vueb. mocobue. — Omck: U3n-8o OMI'TY, 1992. — 92 c.

3 Cnpasounas cucteMa ANSYS 6.1, ANSYS Inc. —2002. — 43 c.

A.A.Ajiikeesa, b.A.)Kayrukos, K.C.Porosas, ®.b.)Kaytukos, I1.A.MyxTtaposa

HccaenoBanme cucTeMbl «CKUI — HAMPABJIAIOLIEE YCTPOHCTBO)
3JIEKTPOMATHUTHOM MOAbEMHOM YCTAHOBKH

CraTbsi HampapjeHa HAa MOJCIMPOBAHHE DJIEMEHTOB CHCTEMbI AJICKTPOMATHUTHON MOJBEMHOM YCTAHOBKH.
IpencraBieHO ONMKMCAHKUE MPUHIMIOB PabOTHI AIEKTPOMArHUTHOM MOIbeMHOM ycTaHOBKH. Kpome Toro, mpo-
BEJICHO MMUTALIMOHHOE 3-D MO/IEIMpOBaHUE 3JIEMEHTOB CHCTEMBI «CKHII—3JICKTPOMATrHUT», @ UMEHHO Pacro-
JIOXKEHHBIX Ha CKHIIC W HAIPABISIOLINX YCTPOICTB MOCTOSHHBIX MarHHTOB M JJIEKTPOMAarHUTOB. Kamprit
9TaIl CONPOBOXKAACTCSI PUCYHKAMH C IIPEACTABICHHEM JIEMEHTOB MozenpoBanus. 1o pesymsraram 3-D Mo-
JEMPOBAHMS TPEICTABICH aHATIN3 TPEX DJIEMEHTOB CEPACYHHMKA C MPEAOCTABICHUEM CPaBHUTEIBHON rpa-
(uueckoil TuarpaMmal.

A.A.Aikeyeva, B.A.Zhautikov, X.S.Rogovaya, F.B.Zhautikov, P.A.Mukhtarova

The research of the «skip — guiding device» system
of electromagnetic lifting installation

This work is aimed at modeling system elements of electromagnetic lifting installation. The paper presents
the description of the principles of operation of the electromagnetic lifting installation. In addition, the simu-
lation of 3-D modeling of system elements «skip—electromagnet», namely ones located on the skip and direct-
ing devices of constant magnets and electromagnets. Each stage of modeling is provided by figures with the
image of modeling elements. According to the results of 3-D modeling this article presents the analysis of the
three core elements providing comparative graphic diagram.
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IIbe303/1eKTPUYECTBO KAK HCTOYHMK 3JIEKTPOIHEPI U AJIsl MOPTATHUBHBIX
3JIEKTPOHHBIX YCTPOICTB B CHCTEME «1eJT0BEK—0/1eKIA)

JlaHHas CTaThsl MOCBAIIEHA UCCIIEA0BAHHUIO HOBBIX BHJIOB AJIEKTPOSHEPTUH IS INTAHUS OPTAaTUBHBIX HOCH-
MBIX YCTPOMCTB B CHCTEME «4elloBeK—ojexaa». [IpeioxkeHo HcHonp30BaHNe Mbe3031eKTpHuecTBa. I1be30-
NEKTPUIECTBO SIBISIETCSA OJHUM U3 abTEPHATHBHBIX HCTOYHUKOB SHEPIHHU AT MUTAHUS EKTPOHHBIX MOP-
TaTUBHBIX YCTpOHCTB. BbIpaboTka sHEprUu MpeaycMaTpUBaeTCs UYepe3 BHEAPEHHE CNEMalbHbIX BHOB Karl-
CYIMPOBAaHHOH KepaMHKH B Je(opMaIMOHHO-HAarpyxaemble HHTep(EHCHBIE 30HBI CHCTEMBI «UETIOBEK—
onexna». PaccMOTpeHB! pa3IUYHBIE BHABI MaTepHaloB (B YaCTHOCTH, KepaMUKa), KOTOPbIE MOTJIM HAMTH
TIpUMEHEHNEe KaK MCTOYHHKH SHEPTHH JIOMOJHHUTENBHBIX MOMIYyJeH (HUKCAIlMHM SKCTPEMAlIbHBIX COCTOSHUH
JUISL paOOTHUKOB CHACATENILHEIX CITYXKO.

Knrouegvie cnosa: NbE303JICKTPHUICCTBO, YCIOBCK, OACKAA, IOPTATUBHBLIC yCTpOfICTBa, DJICKTPOIIUTAHHUEC.

B nocnennee BpeMs mpobiieme 37eKTPONTUTaHNUS TOPTATHBHBIX 3JIEKTPOHHBIX YCTPOMCTB yAETSAETCS BCE
Ooxbire BHUMaHUS. CerofHs MPaKTUYECKH KaX bl YeI0BEK UMEET, KaK MUHHMYM, OJHO MMOPTAaTHBHOE yCT-
poiictBo — MoOmIEHBIN TenedoH. He MeHee ueM TeneoH pacrpoCTpaHEHBI U UCTIONB3YIOTCS TaKUe YCT-
poiicTBa, kak — MP3 1uteepsl, IIaHIMETsl | PSI APYTHX MOMYJISIPHBIX TaKETOB. Bee 3TH yeTpoiicTBa HYX-
JTAIOTCS B IOBOJIBHO MOIIHBIX UCTOYHUKAX MOPTATHBHOTO DJIEKTPOMUTAHUSA, B KAUECTBE KOTOPBIX, KaK Ipa-
BUWJIO, UCIIOJIb3YIOTCSl JIMTUH-UOHHBIE akKyMmyJsaTopbl. Kak mpaBumno, A uX MOA3apsSIKU UCHOIB3YETCS
OOBIYHOE TIOJIKITFOUSHHE K AJIEKTPOCETH, YTO 3HAYMTENHLHO CHIXKAET YI00CTBO 3KciuryaTanuu. [Tlostomy cy-
IIECTBYET 3a/1a4ya IO MOWCKY HOBBIX albTEPHATHBHBIX MCTOYHUKOB PHEPTHUHU IS 3JEKTPONUTAHUS U MO/A3a-
psanaku ycTpoicTB. [IpudeM BaXXHBIM MOMEHTOM SIBIISIETCS TO, YTOOBI TAKHE UCTOYHUKHU OBLIA TOPTATUBHBIMHU
Y HE OTPaHUYMBAJIU MOJIB30BATEIS Ta/PKETa PErYJSIPHBIM IMOMCKOM CTAllMOHAPHOU PO3ETKHU.

OnHUM W3 BO3MOXHBIX UCTOUYHHMKOB DIICKTPUYECKOW YHEPTUH JUIT MOOHMIILHBIX 3JIEKTPOHHBIX H3JENUi
MOTYT OBITh TIh€30T€HEPATOPHI, KOTOPhIC BHIPAOATHIBAIOT JHEPTHIO OT JIBHXKCHHUS YEIIOBEKA.

JaHHbIe 0XKMIaeMOro ypOBHS 3JIEKTPUUYECKON SHEPTUH OT JBUXKCHUS YEJIIOBEUECKOTO Tella MPUBEACHBI
B Tabnuie 1. Kak BugHO M3 TaOnuIel, HAMOOJBIINE 3HAYCHUS DJICKTPUUECKONW DHEPruH, BhIpadaThIBaeMON
YEJIOBEKOM, CBSI3aHBI ¢ X0/1b00MH. 3 cpaBHEHHUS T€HEPUPYEMOH U MOTPEOIAECMOM SHEPTUHU MTOHATHO, YTO HC-
TOYHUKH TUTAHUS, CBSI3aHHBIC C XOABOOW WIIM JBIXaHUEM, MOTYT OBITh UCIIOJNB30BAHEI B JIIOOOM HOCHMOM
npubope WM yCTPOHCTBE.

Tabnuma 1
OHeprusi, BbIpadaTbiBaeMasi 4eJI0BEKOM MPH Pa3THYHbIX BHAAX BHKEHHS

KonuuecTtBo sHEprum,
N I'enepupyemast DnekTpudeckas
AKTHBHOE JeHiCTBHE 3aTpavyuBacMoc
MEXaHUYECKasi SHEPTHSI SHEprus
Ha JBIKCHHE

Jpixanue 0.83 Bt 0.091-0.42Bt 0.5-2.5 Ix
JIBrmkeHmne pyk 3 Bt 0.33-1.5 Bt 1.5-6.7 JIx
JIBI>KeHHE MaNbIIcB 6,9-19 MBT 0.76-2.1 MBT 143-266 mx/Ix
Xonnba 67 Bt 5 Bt 8.3-14 Ix

[The3037eKTPUYIECKUE TEHEPATOPbI, OCHOBAHHBIC HA JBHKCHUHM BEPXHHX KOHEYHOCTEH, B MIEPCIICKTUBE
B cocTosiuu obecneunBath nutanue GSM- u Bluetooth-ycTpolicTB ¢ HU3KUM SHEPrOMOTPEOICHUEM.

B kauecTBe npeoOpaszoBarteieii IBMKCHUS B SJICKTPHUECKYIO SHEPTUI0 HAuOOosIee MPOCTHIMHU U MEPCIIeK-
TUBHBIMH CUUTAIOTCS MbE303JICKTPUUECKHE Mpeodpa3oBaTen, padoraronue Ha aedopmaiiuu u3ruda (Buo-
palMOHHBIC TPEe0OPA30BATENN) UM Ha JePOPMAIUH CHKATHSL.
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Kax npaBuio, mpe303JeKTPUYECKUE TEHEPATOPHI SIBIISTIOTCS MPEO0pa30BaTEIIMA MEXaHUIECKON DHEp-
ruu (c maBieHneM He MeHee 1-2 KH) B anekTpudueckyro mMpy OUKJIMYECKOM HarpyxeHuu. [lpm stom mepe-
MEHHOE HampsDKeHHE Mpeodpas3yeTcsi ¢ MOMOIIBI0 MOCTOBBIX BBIPSIMHUTENCH B MOCTOsIHHOE. [TOCKONIBKY Mbe30-
ANIEKTPUIECKHIA TPeoOpa3oBaTelib paboTaeT B TEUCHUE MPOAODKUTEIILHOTO BPEMEHHU C OTHOCUTEIILHO MaJIOH
AIIEKTPUYECKOI 3HEPTUe, TPOU3BOAMMON 32 OJMH LUK, KaK MPaBUIIO, HCIIONB3YETCS CUCTEMa HAKOTIIICHUS
W xpaHeHus dHepruu (puc.). [Uid crabuiM3anny BBIXOJHOTO HANpPsDKEHHs MTbe30TeHepaTopa Ha 3aJlaHHOM
YPOBHE HCIIOJIb3YETCS CHCTEMa C 0OpaTHOW CBSI3bI0, CICUAIbHBIN KOHTposuiep. KoHTpomep Takke obec-
MIEYMBACT COTJIACOBAHKE UMIIEIaHCA THE30TeHEPATOPa C BBIXOIHBIM UMIIETAHCOM MTOTPEOUTEIISI SHEPTHH.

Mbeso- N AC/DC- q DC/DC- Motpebutens
reHeparop BbINPAMUTENb| | akonuTenb 3Heprum
y
KoHTponnep

PI/ICYHOK. baok-cxema MOAYJIs MATaHUA

s npeoOpa3oBaHus MEXaHUUECKON YHEPTUH B 3JIEKTPHUUECKYIO0 HanOoJIee UPOKO UCTIONB3YIOTCS XO-
POIIIO 3apeKOMEH/IOBABIINE ce0sl MaTepualsl, Takue kak PZT-kepamuka (kepaMuKa Ha OCHOBE IMPKOHATA-
tuTanata cBuHua, win L{TC-kepamuka) unu nonumeps — PVDF nonusununmuaengtopun (IIBAD) [1, 2].

PasnoBugHOCTRIO PZT-Kepamuku sBisercs kommepueckuil mpoaykt PIC163 u PIC144. [{annsii Tun
KEepaMHUK{ NPUMEHSIETCS MHOIMMU aMEPUKAHCKUMM KOMIAHMUSMU JJIl M3TOTOBJICHUS IbE303JIEKTPUUECKUX
yCcTpoHcTB, B yacTHOCTH Komnanueit PI [3]. Ognako, HECMOTpPST Ha BRICOKYIO TEXHOJIOTHUIHOCTD JTAHHBIX Ma-
TEPUANOB, OHM HE MO3BOJAIOT JTOCTHYh MAaKCUMAaJIbHBIX KO3(pHUIMEHTOB mpeodOpazoBanus. [lostomy mo
BCEMY MHPY BEIETCSI MHTEHCHBHBIM MONUCK HOBBIX albTEPHATHBHBIX MbE303JIEKTPHUUECKUX MaTepuaioB. On-
HAM U3 HUX MOXKHO CUHTaTh MOHOKPHUCTALT SnyP,Ss, M1 KOTOpOro MakcHMaibHOE 3Ha4deHUE 3()(PEKTHBHOTO

1
THIPOCTATHYECKOTO MbE303IeKTpHUeckoro kodhgumumenta cocrasnsier d, ) = 260 pC/N. Jlins 3Toro miacTusa
Sn,P,S¢ BhIpe3actes B miockoctr (XY1)-20°. B ciiydae M3roToBIICHHS! KOMIIO3UTa Ha OCHOBE M3MEIBYEHHOTO TI0-
pomka Sn,P,Sg 1, HarprMep, SMOKCHIHOMN CMOJIBI pacueTHoe 3HaueHue dj; " = 136 pC/N, 4To HEIIOX0 COBIa-

JIAET C TIOIYYECHHBIMH YKCTIEPUMEHTATLHBIMI 3HAYCHUAMH [4].

Taonuma 2
CpaBHeHns nbe30k03¢UIHEeHTa Pa3HBIX MATEPHAJIOB

PIC163 PIC144 LiNbO; Sn,P,Se
E 1200 1250 85 300
tg 5 0.01 0.004 0.1 0.001
d, " 600 265 70 260

Kak BunHO U3 TaOnuupl 2, HECMOTPS HA TO, YTO [0 TAKOMY MapaMeTpy, Kak THAPOCTATHIECKUI Tbe30-
anektpudeckuil koappuunent PZT-kepamuka PIC163 B aBa pasa myumie Sn,P,S¢, ogHako mo komOuHauum
napameTpoB (MeHbIlIee 3HaueHue € u tg 6) MoHOKpucTam Sn,P,S¢ HamMHOrO MpHBIEKaTenbHen. [Ipu u3ro-
TOBJICHUM MHOTOCIIOMHBIX KOMIO3UTHBIX MBE30UIEKTPUUYECKUX Ipeodpa3oBaTeneil Ha ocHoBe Sn,P,Se,
BCTpauBaeMbIX B OAeXkIy (mpeoOpa3zoBaHue pacTshKeHHUs, 00YCIOBICHHOTO AbIXaHWEM) WM B 00yBb [6]
(d9acTh TOIOIBEI IO TTAJTBIIAMH U KaOJIyK), TIO TPEABAPUTEILHBIM TAHHBIM, MBI MOXKEM TOIYIHTh 25—-50 MBT
3NEKTPOIHEPTUH, KOTOpas Mociie HAKOIUIEHUs (B MOHHCTOPaX-CyNEpKOHJEHCATOpax) BIIOJHE MOXKET OBITh
WCTIONB30BaHa JJIsl MUTaHNUSI HOCUMOM 3JIEKTPOHHKH.

B TO e BpeMsi co3aHne KOMIUIEKCHOW CHCTEMBI dHEProodecIievueH s «9e0BEK—0JIekKAa», Kyaa Obl
00yBb BXOJIMJIa KaK HEOThemIieMas €€ 4acTbh, JIOBOJBHO MPOOJIEMATUYHO, TAK KaK HEOOXOAMMO HCIOJIbh30Ba-
HHUE TPOBOJHOTO COCIUHEHHUS ISl OTBOJAA MOIYYaeMOMl 3JEKTPHUECKON dHEepPruu. JTO MPUBOAUT K 3HAUH-
TENBHOMY YXYIIIECHHUIO ITOKAa3aTelsl HaIe)KHOCTH B y100CTBAa KOHCTPYKIMHU B LIEJIOM.
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OnHuM W3 BapUaHTOB MOBBIMIEHUS 3(PPEKTUBHOCTH padOTHI MhE30TCHEPATOPOB B CUCTEME «YCIIOBEK—
OJICKIa» SIBJISETCS MX MIPUMEHEHUE B CIEIO/ICXK]IE CIIacaTelIbHBIX WM MOKapHBIX CITyk0. /laHHas cnenoe-
KJIa TpeIyCMaTpUBAET MCIOIb30BAHUE JIOTIOJHHUTEIHHBIX TSHKEIBIX HOCHMBIX 3JIEMEHTOB B OOIIEH DKUIH-
POBKE KOCTIOMA criacateiss — KHCIOPOJAHbIe OaIOHBI, T0sCa, Pa3IHyYHbIE CIHEICPE/CTBA. DTO MPUBOIMT
K TIOSIBJICHUIO JTOTIOTHUTENBHBIX CTATHYECKUX W JIMHAMHYSCKUX HATPY30K HA MOBEPXHOCTH TeJa YeIOBCKa
[7] 1 B pe3ynbTaTe MOXKET HCIIOJIB30BATHCS KaK aJIUTUBHBIA MCTOYHUK AJICKTPOIHEPTHH.

Boiee ToT0, MO KONMMUYECTBY «BBIKHIBIBAEMOI» MHE309HEPTUH 32 €JIUHUILY BpEMEHH (BBIYUCIICHUS MUK-
POKOHTPOJIIEPOM) MOXKHO (DUKCHPOBATH BEIWYHHY BHEIIHETO «HATPYKEHHUSD» CIAcaTeNs B IKCTPEMaTbHBIX
cinydasx. B cioydae mpeBbIIeHUsT JTOMYCTUMOW HOPMBI — OMOBEIIATh O BO3HHKIIICH OMACHOCTH CIICIIUAITb-
HBIMH CPEJICTBAMH OECIPOBOTHON CBSI3H.

B mannHyto cucteMy J0BOJBHO MPOCTO MOXHO WHTETPUPOBATH PST TOTOJHUTEIBHBIX JATYNKOB — JUISI
M3MEPEHHSI TeMIIepaTyphl (BHEITHEH W BHYTPEHHEH ), MyJibca, apTePHATBHOTO AaBieHHS [8]. ITO MO3BOJIUT
Ha MOPSJOK NOBBICUTH P (EKTUBHOCTh M MHPOPMATHBHOCTH KOHCTPYKIIHHU B IIEJIOM.

CrnemyeT 3aMeTUTh, YTO DS MPOU3BOAUTENCH 3JICKTPOHHBIX KOMIIOHEHTOB YXE JOCTHUIIH YCIIEXOB
B pa3palOTKe CIEIUABLHBIX CPEJICTB O0CCIICYCHHS DICKTPOIMMTAHUEM TPOBOHBIX M OCCIPOBOIHBIX JaT-
YUKOB TIPH UX pabOTe OT AIbTEPHATUBHBIX HCTOYHUKOB ruTanus [9,10].

Takum 00pa3oM, MOYKHO YTBEPXKIATh, YTO MTHE303JIEKTPUUECTBO SIBIISIETCS OJIHUM M3 alIbTEPHATUBHBIX
WMCTOYHUKOB SHEPTUH IS MTUTAHUS DIICKTPOHHBIX TIOPTATUBHBIX YCTPOMCTB.

Hccnenoanus moka3anu, 4To Hauboiee MOAXOAANIIM MaTePHAIIOM IS IPAKTUISCKOTO TIPUMEHEHUS
SIBIISTIOTCS. KEPAMUYECKHE MaTepualibl Ha OcHOBe SnyP,S¢. DTH mbe3oMaTepHualsl, B CIIydae UX pa3MenIcHus B
Harpy304HO-/1e(hOPMAIIMOHHBIX 30HAX CHUCTEMBI «UEIIOBEK—O0JIC)KIa», MOTYT OBITh HCTOYHUKAMH DIIEKTPO-
sHepruu. [Ipu 3TOM OTKpBIBAETCS MEPCIIEKTHBA MCIIONH30BAHUS JTAHHBIX UCTOYHWUKOB DHEPTUHM KaK JIOTIOJN-
HUTENBHBIX MOAYJeH (PUKCAIUU SKCTPEMATLHBIX COCTOSIHUH NIl pAOOTHUKOB CITACaTEIILHBIX CITYkKO.
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A.A .Momnnap, N.I1.Kyputauk, B.B.I'epacumos, J1.)K.Kapabekosa

«A1aM—KHiM» KyHeciHle MOPTATUBTI 3JeKTPOH/bI
KYPbLUIFbLIAP YIIIH NMbe303JIeKTPJIKTI 3JIEKTP SHePrusichbl KO3i peTinae namaajgany

Makarna «ajaM—KHiM» JKYHECiHAe TMOPTATHUBTI TaChIMAIAAFBIN KYPBUIFbLIAP/ABl KOPEKTCHAIpYre apHalFaH
JNIEKTP SHEPTHSHBIH JKaHa TYpJIepiH 3epTTeyre apHajaraH. [Ibe302JIeKTPIiK SiCTi KONJAaHY YCHIHBUIABL
[Tbe30971eKTp MEKTPOH/IBI IOPTATHBTI KYPHUIFbUIAPABI KOPEKTEHIIpYTe KaXKeTTi 6aama sHeprus Ke3i 60Ibin
TabbUIa/IbL. «AaM—KHIMY KyHeciHiH AehOopMaUsIIBbIK )KYKTEIreH HHTepdeiicTiK 30HamapbIH/a KalCyIaabIK
KepaMMKaHbIH apHaiibl TYpJIEpIH EHri3y apKbUIbl DHEPTUSHbl OHAIPY ajJbIH aja KapacThIPbUIIbL.
MarepranipH 9p TYpPJl Typiiepi, COHBIH iIIiHAE KOPFaHBIC KbI3METKepJiepi YIIIH TeTEeHIIe )Xarjaiiapaa
KOCBIMIIIA TipKey MOJYJIbJCPiH/Ie FHEPTHs KO31 PETiH/Ie KOIAAHbIC Ta0ybl MYMKIH KepaMUKa KapacThIPbUIFaH.

A.A Molnar, I.P.Kuritnik, V.V.Gerasimov, D.Zh.Karabekova

Piezoelectricity as the source of electricity for portable electronic
devices in the system «person—clothing»

This work is devoted to research of new types of electricity to power portable wearable devices in the system
«man—clothes». Proposed use of piezoelectricity. Piezoelectricity is one of the alternative sources of energy
to power the electronic handheld devices. Power generation provides through the introduction of special kinds
of capsulated strain-ceramic plate interface zone system «man—clothes». The various types of materials, such
as ceramics, which can be used as energy sources additional modules fixing extreme conditions for rescue
workers.
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IIpumenenue NXT TexHO0J10rMii B 0OCBOCHUHU OCHOB
POOOTOTEXHHKH B LIKOJIE

B craTbe npezcraBieHsl pe3ynbTaThl CPAaBHEHUSI IPOTPAMMHBIX pa3paboToOK, peann30BaHHBIX 0 TEXHOIOTHH
Lego Mindstorms NXT. IIpoBeneH cpaBHHTEIIBHBIN aHAIN3 CKOPOCTH PEalU3alii MPOrPaMMHOTO KO/a, BbI-
TIOJTHEHHOTO B IBYX Pa3HBIX BapHaHTax. B mepBoM ciaydae nporpamma Hanmcasa B rpadudeckoit cpene NXT-
G, Bo BTOpoM — B cpene RoboLab. Ilokazano, uto npu ucrnons3oBanun cpensl RoboLab po6oT BeImomHAET
MaHeBpBl B /iBa pa3a Obictpee. IIpemsoxkeH nmpumep, IEMOHCTPUPYIOLIMI OTIMYUS NPU peai3aluy IIpo-
rpaMMBl.

Kniouesvie cnosa: oOydeHne MporpaMMHUpPOBAaHHIO, POOOTOTEXHUUECKUE KOHCTPYKTOphI, Lego Mindstorms
NXT 2.0, Robolab, RobotC, NXT-G.

Bseoenue

B 2015 r. B Kazaxcrane Bunepssie ObU1 npoBeaeH (ectuBanb podororexuuku «RoboLand — 2015», rae
KoMaH[pl U3 6 mKon ropoga Kaparanapl npuHUMany yyacTue B COPEBHOBAHMAX MO IATH cekuusM. Ilo mpa-
BWJIaM KOHKypCa B COPEBHOBAaHHMSX MOTJIM y4acTBOBAaTh TONBKO Lego KoHCTpykTopbl. B ocHOBHOM ObuTH
npeacTaBieHbl podoThl, coopannbie Ha 6aze MINDSTORMS NXT 2.

ITpu cocraBieHMU MPOrpaMM JUIsS YNPaBIEHHS CBOMUMH POOOTaMH HIKOJIBHUKH HCIIOIb30BAIN HAPAILY
¢ rpaduueckumu odomoukamMu NXT-G u Robolab taxke u 0osiee rudkyro cpeay RobotC [1, 2].

Pe3ynpTaThl KOHKypca MOKa3aid, 4TO poOOTHI KOMaHA, KOTOPBIE MPOrpaMMupoBain B cpene RobotC,
OKazanuch Hanbosee OBICTPHIMU U YNPABIAEMBIMH: OBICTpPEE MPOXOAMIN JUCTAHIHIO, COBEPIIATH MAaHEBPBI
U T.J. MeHee «ITOJIBUKHBIMIY) OKa3aJIMCh POOOTHI, YIPaBICHUE KOTOPBIX OCYIIECTBISUIOCH MOCPEICTBOM
nporpaMMHoii cpensl Robolab. M HakoHeln, cienyeT OTMETHTh, YTO T€ POOOTHI, KOTOPhIE OBLTH 3aIporpam-
MHUPOBaHbI ¢ UCIOJIb30BaHUEM Ipaduueckoit cpeapl NXT-G, oka3aauch caMbIMA MEIJIUTEIbHBIMUA. AHAJIO-
TMYHBIE Pe3yIbTaThl HAOIIOJAINCE U BO BpeMst MexxayHapoHoro KoHKypca «Pobodunuct — 2015», nmpoxo-
muBiiero B ceHtssOpe 2015 r. B Cankr-IlerepOypre (Poccus).

Takum 00pa3oM, U3 CKa3aHHOTO BBIMIE CIIEAYET, YTO JUIs JOCTHKEHUS] HanOoJiee BHICOKOH MaHEBPEHHO-
CTH ¥ CKOPOCTH BBITIOJIHEHHSI KOMaH/I poOOThI-MalllMHKH, coOpaHHbIe Ha 0a3e Lego-koHCTpyKTOpa, mpe-
MMOYTUTEJILHO MPOrpaMMHUPOBaTh 00 B cpene Robolab, a eme nyume B RobotC. OnHako ucmosbp3oBaHue
IIOCJIETHETO HECKOJIbKO 3aTpyAHEHO. B nepByto ouepenb, HET JOCTATOUHOI'O KOJIMYECTBA JINTEPATypHBIX HC-
TOYHUKOB, IUTIOC OCBOCHHUE SI3bIKa 3aHUMAET JIOCTATOYHO JUIUTEIbHOE BpeMs U TpeOyeT 3HaHHUs OOJbIIEro
KOJIMYECTBA KOMaH I, CIICIIMAILHOIO CHHTAKCHUCa U JIEKCUKH. [10 cpaBHEHHUIO ¢ HUM OCBOeHHe cpeibl Robolab
MEHEE TPYIOEMKOEe, K TOMY € HMEETCS TOBOJIBHO OOJIBIIIOE KOJMYECTBO yU4EOHWKOB M TocoOmit [3—5],
B KOTOPBIX MOJPOOHO pacCMaTPUBAIOTCS T WM HHbIE KOMOMHAIINY IIPU TOCTPOSHUHU ITPOTPAMMHOTO KOJa.

Hamu Obina mpeanpuHATa MONBITKA HA IPUMEpPE CBOMX pa3pabOTOK MPOJEMOHCTPHPOBATH BO3MOXKHO-
CTH IOCTPOEHUS IPOrpamMM AJIs IPOXOXKIEHHUS Tpacchl B CeKIMHU «Pamy 3a MaKCUMalIbHO KOPOTKOE BpeMsl.

Lenp HacTosmIeH paboOTHl — Ha MpUMeEpE MOCTPOCHUS MPOCTHIX MPOrpaMM MOKa3aTh PAa3IUUUs B MPH-
MeHeHuH rpaduyeckoii cpenbl NXT-G n Robolab npu pemennn 3agay, cBSI3aHHBIX C TPOXOXKICHUEM CII0X-
HOU Tpacchl (pain). B ocHOBY cTaTbu ObLI MOJIOKEH OMBIT PadOTHI CO LIKOJBHUKAMH B Kpy»KKe «OCHOBBI
poOOTOTEXHUKMY, KOTOPKIH opranu3oBaH B 2013 r. Bo [IBopiie aeTeit u tonomectBa r. Kaparanapl. Takxke
WCIIOJIb30BaHbI Pe3y/bTaThl U ONBIT BeleHus 3aHATuil Kypca «Pobototexnuka» B IO/ «dapeia» u «My-
parep». HecMoTpst Ha cpaBHUTEIBLHO KOPOTKYIO HcTOpHIO (He Oozee 1,5 rona), yuamimecs: JaHHBIX HIKOJ
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CyMemH TOOUTHCS BBICOKHX PE3YJIbTATOB M NMPOJEMOHCTPUPOBAIM CBOM CIIOCOOHOCTH Kak Ha peciyOiu-
KaHCKHUX, TaK U Ha MEXKIyHApOJHBIX KoHKypcax (B Cankr-IletepOypre, 2015 r.).

JocTikeHre moCTaBICHHON 1IETH OCYIIECTBISUIOCH TyTEM PELICHUS CIeIyIOINX 3a/1a4:

— pa3paboTka 1 cOOpKa KOHCTPYKIMU C YYE€TOM HCIOJb30BAaHHS HAUMEHBILIETO KOJIMYECTBA JETajeH,

4TO CITOCOOCTBOBAIO ObI MAJIOMY BECY;

— ocBoeHMe cpenpl nporpammupoBanus NXT-G;

— OCBOGHHE CpeJibl MporpaMmmMupoBanus Robolab;

— M3TOTOBJICHHE MaKeTa C TPAGKTOPUEH TPacchl;

— HabOp MPOTrpaMMBbl, TECTUPOBAHHIE U OLIEHKA BPEMEHH MTPOXOKACHUS TPACCHI.

[Ipu cbopke HEOOXOAMMON KOHCTPYKIMU poOOTa-MAaIIMHKH, UCTIONB3YEMOM B CEKIIMU PajlId, HE0OXO0-
JUMO IIOHMMAaTh, YTO MOILIHOCTb BCEX CEPBOIPUBOJOB IIPUMEPHO OJMHAKOBA (3aBHCUT OT CTEICHM 3apsiza
aKKyMyssTopoB). CiieoBaTesibHO, MAIlIMHA, MMEIOI[as HANMEHBIINI BeC, UMeeT OOJIbIIe NIaHCOB IS ObICT-
poro JocTKeHus: GUHUIIHON 4epThl. Mcxoas u3 3Tux coobpaskeHuid Obliia CKOHCTPYHpPOBaHa MpocTasi KOH-
CTpyKIHMs poOOTa-MalIMHKH, BHEUTHUN BHJ KOTOPOH MPEACTABICH HA PUCYHKE 1.

Pucynox 1. Konctpykmnus nmpoctoro podoTa-ManmHKA

Cremyromuii aTamn paboThl ObLIT MOCBSIICH MPOrPaMMHUPOBaHUIO B rpaduueckoit cpene NXT-G.

Ha pannom stane Oblia mocTaBiieHa LEdb — W3YYUTh CIIOCOOBI OpraHU3alUy MOBTOPSIOMINXCS eHCT-
Buii B si3bike NXT-G; criocoOsI nepeiaun JaHHBIX MEXKTy OJIOKaMu.

Jannas cpena B mpsiMOM CMBICIIE TpaduuecKasi, TaK Kak MPH «HAMUCAHUI» MPOTPaMM HCHOIb3YIOTCS
TOTOBBIE OJIOK-CXEMBI, TaK Ha3bIBACMbIe HKOHKH.

PaccmoTpum Bkpatiie ocHOBeI cpeabl NXT-G. ['paduueckas cpena NXT-G ucnonedyercs ajsi mpo-
rpammupoBanust Moaynst NXT Brick. lannsiii codhT MMeeT HHTYUTHBHO MOHATHBINA uHTEpdeiic. Coznanue
MpOTrpaMM yMpaBieHUs: pOOOTaMU HATIOMHHAET CO3/1aHHE OJIOK-CXEM U OCYILIECTBIISIETCS! C TIOMOIIBIO CIIEIH-
aNbHBIX OJIOKOB, pazMernaembix Ha LEGO-6ankax BIoJIb OCH MOCIIEAOBATEIBHOCTH JAeicTBHIA. [10psIOK BBI-
MOJTHEHHUS TIPOTPaMMBI OIPEJICNIeTCS MTOPSIIKOM clieloBaHus 0710K0B. [lofKIIoueHHe HOBBIX KOMIIOHEHTOB
BBITIOJIHSIETCS ITyTEM MX «IIEPETACKUBAHUSD) C MANUTpPbI porpammupoBanus Ha LEGO-0anky, kak moka3aHo
Ha PUCYHKE 2.
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PucyHOK 2. BHeNIHMI BUJ TATUTPHI IPOTPAMMHUPOBAHUS
u Lego-0anku

Kaxaplii 13 HKOHOK-0JI0KOB 00s1a1aeT HAOOPOM YHUKAIBHBIX XapaKTEPUCTHK, OMPEICIISIONINX TOBe/Ie-
Hue pobota. Hanpumep, 6110k «/IBrxenuey, npeaHa3HaueHHbIH 11 aKTUBALMA MOTOPOB, HMEET MapaMeTphbl
MPOJOJDKATENBHOCTH XO/1a U HAIIPaBIIEHUS, a TaKXKe MOLTHOCTh, IiepeAaaBaeMyto Ha asurarenn. B NXT-G
UMEIOTCS OJIOKHM: U1l apu(METHYECKUX omepanuil (CI0KeHHs, BEIYMTAHUS, YMHOXKEHHUS M IEJICHUS), I
TaliMepoB, Il NEPEMEHHBIX, Ul CPAaBHEHHS YMCIOBBIX 3HAUeHHH (MeHbIIe, paBHO, Oonbie). [IpucyrcrBy-
10T OJIOKH, OTBeUaromue 3a 3BYKOBbIE 3 (eKTsl pOOOTOB HIIM 32 BO3MOXXHOCTh OECKOHEUHOT'O TTOBTOPEHUS
YCTaHOBJICHHBIX NICHCTBMI M 3a MX 3aBEpIICHHE IO ONpeAeTICHHBIM cOOBITUSM. B mporpaMme BO3MOXKHO
CO3JJaHHE CBOMX COOCTBEHHBIX KOMIIOHEHTOB, KQKIBIH U3 KOTOPBIX OYAET SIBISATHCS MOCIEA0BATEILHOCTHIO
CTaH/IaPTHBIX OJIOKOB, 00bETMHEHHBIX BMECTE.

Kpome Toro, miarpopma NXT-G BkitouaeT B ceOs: moapoOHbIe HHCTPYKLIHUHU IO COOPKE OrPOMHOTO
psna mogneneit poboroB LEGO; nonoiaHuTeNbHBIE HHCTPYMEHTHI AJISl CO3JaHusl N300pakeHUH, pelakTHPO-
BaHUsI 3BYKOB M KaJHMOPOBKM CEHCOPOB; KOHTPOJUIEP IS Mepeayuu, 3alycka 1 OCTAHOBKM CO3JaHHBIX MPO-
rpaMM H IIPOCMOTpa CHPaBOYHON HH(OpMALMK O MUKPOKOMITBIOTEpPE (pecypcax MamsTH, HapaMeTpax CBSI3U
U T.11.). IMeeTcst BO3SMOKHOCTb TUCTAaHIIMOHHOTO YIIPABJICHHUS MOJKITIOYEHHOTO K KOMIIBIOTEPY poOoTa.

Cpenu OCHOBHBIX JOCTOMHCTB Cpelbl Ipahuieckoro mporpaMMHUpPOBAaHUS — HAIIAJHOCTh U IIPOCTOTA
B MCIIOJIB30BAHMUH, MTO3BOJISIONINE OBICTPO OCBOMTH MpOrpaMMHOE oOecniedeHune, 6e3 0coObIX 3HaHUN U yCH-
qmii. OgHako auanazoH GyHKIUOHANBHBIX Bo3MokHOCTe NXT-G BecbMa orpanuueH u TpeOyeT aist pabo-
THI 3HAYUTEIBHBIX PECYPCOB MEPCOHATBLHOTO KommbtoTepa. [locnennee, B cBOO ouepep, SBIsSETCS CYLIECT-
BEHHOU TIpeTpagor IIpH pa3padOoTKe CIIOKHBIX MPOCKTOR.

OtmeruM TaKke, uto miardpopma NXT-G Obuta paspaborana cneruaibHo At LEGO cnernuanucramu
xommanuu National Instruments. Jlannast cpeja mporpaMMHpOBaHUs CO3/1aHAa HA OCHOBE COOCTBEHHOTO TIPO-
IyKTa KOMIIAaHUK — MporpaMmHoro obecneuenns LabVIEW.

B uenom onbiT paboThl moKa3al, YTO UCTOIB30BAHUE JaHHOW cpeabl Hanbosee 3¢ GeKTUBHO TPUMEHH-
TEIBHO K JETSIM MJIAJIIIEro BO3pacTa, T.€. K yJalmmes 5, 6™ K1accoB.

Jlanpiie Mbl pacCCMOTPUM UTOTIM peaju3alliy CIeAYIOLIEH 3aJaun — OCBOEHHE Cpeibl NPOorpaMMHpPO-
Banusi RoboLab. HeoOxomumo cpa3y oTMETHTbh, 4TO HAa YPOKaxX MO pOOOTOTEXHUKE HAUOOIBINYO TOMYJISIp-
HOCTB Cpelu cpemHero 3BeHa (7-9 wiaccel) mpuoOpena umeHHO cpena Robolab. Tlo cytu, ona sBusercs
Takxke rpaduuecKor, HO MPEJOCTABISET OONbLIe BO3SMOKHOCTEH U MaHEBPEHHOCTH IMPHU COCTABICHUH MPO-
rpamwm [1].

Robolab — 310 MHOTOdYHKIIMOHANBHAS TpaduuecKas cpesia MPOrpaMMHUPOBaHUS, KOTOpasi TaKXkKe cO3-
naHa Ha ocHOBe LabView n opueHTHpOBaHa Ha caMble pa3HbIe BO3PACTHI — OT JONIKOJIBHUKOB JI0 CTYACH-
ToB. Robolab mo3Bonser nmporpaMMupoBaTh HECKOJIIBKO TUIIOB MHKpOKOHTpoiuiepoB — Control Lab, RCX,
NXT, a Takxe MPOBOJUTH HE3aBUCUMBIE PacyeThl Ha KOMIIBIOTEPE.

IIpu 3amycke Robolab npennaraer Tpu ypoBHst paboTel: AnmunucTpatop, [Iporpammuct u Mccienosatens.

Haxarue Ha kHONIKY Bhix0/ 3aBepiuT paboty Robolab.
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Hasxatnem Ha KHONIKY [TOMOIIIb BhI3bIBACTCS KOHTEKCTHAS CIIpaBKa 00 00bEKTaX, PacioI0KEHHBIX 1O
yKa3aresieM MbIIIIH.

KHomka ABTOPBI OTKPBIBACT CIIUCOK Pa3pabOTUHKOB.

IIpu 3amycke cpelbl HAa SKpaHE TMOSBISIOTCS JBA OCHOBHBIX OKHA, OTHOCSIIUXCS K OJHOMY TPOCKTY:
Front Panel u Block Diagram. I1epBoe (Ilepennsisi manemns) Ui MPOrpaMMHUPOBAHHS HE IPUTOJMUTCS, HO €ro
MOXHO HCII0JIb30BaTh B pexume Mccnenosatess. Bropoe, B KOTOPOM y»e PacHoNIOKEeHbI JBE MTUKTOTPAMMBI
cBeTodopoB (padouee MoJie MPOrpaMMbl), MPEIHAZHAYCHO IS COCTABJICHHS MPOorpamMMbl. ETo MOXKHO pas-
BEPHYTh Ha BECh 3KpaH W MPHCTYMNaTh K pabote. /IBa BcriomorarenbHbix 0kHa — Tools Palette u Functions
Palette comeprxatr Bce HEOOXOIMMOE ISl COCTABJICHUS MPOrpaMMbl. B ciiydae 3aKpbhITHS MX CHOBa MOYKHO
BBIBECTH Ha 3KpaH 4yepe3 myHKT Windows BEpXHEro MEHIO.

ROBOLAE Untitled 2.vi Front Panel * E@

Inwantor|

Eile Edlt Operate Projects Window Help

Jour prngram in th: window below.

Tu go back to the main menu, close all Inventor windows.

EQ ROBOLAE Untitled 2.vi Block Diagram ™ = E]=]
File Edit Operate Projects Window Help .
Inventor]

@ . ba (B ot |15ptAppI|cat|or1 Font |« I|+),.—_|'|| ﬂm'l- .

Pucynox 3. I[Ipumep nporpammupoBanus B cpene Robolab

IIporpamma moxoxa Ha OJIOK-CXeMy, MOJIOKEHHYIO Ha JIeBbIH 00k, OHa YATACTCS CleBa HAMPABO, XOTS
OJIOKM pacronarath MOKHO Kak yrojHo. bimoku xomann Haxojsarcs B okHe Functions Palette (ITamutpa ko-
MaH1). OHU CBA3BIBAIOTCS MEXY COOOH MPOBOIaMU, a TAKIKE YIPABISIOTCS HHCTPYMEHTAMHU, HAXOSIIUMH-
cs B MeHio Tools Palette (ITanutpa nuHCTpYMEHTOB).

kg Datz Lo = S

4 | QSear:h |

Pucynok 4. [TanmuTpa KOMaH] ¥ TaJuTpa
MHCTPYMEHTOB
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Jlaypiiie MBI CaMOCTOSTENFHO MMPUTOTOBMIIM Kapkac Oymyied Tpacchl. PacueT TpackTopuu ABHKEHUS U
YPOBEHB CIIOKHOCTH OCHOBAaHBI Ha PEANbHBIX Tpaccax, UCIOIb3YEMBIX B COPEBHOBaHUAX. Bunm ncromsiye-
MOH HaMu Tpacchl NPEICTABIEH HA PUCYHKE 5.

- N

PI/ICYHOK 5. BI/I,H TpaccChbl, KOTOPYIO JOJDKCH MMPOCXATh p060T 3a MUHHUMAJIbHOC BpeM

[Mocnenusis 3a1a4ua MO «HAMMCAHUIOY» TPOTPAMMBbI, TECTUPOBAHUIO M OTIIJIKE HAMU ObLIa OCYIIECTBIIC-
Ha C y4aCcTHUEM YYCHUKOB 7 Kilacca.

Anroput™m pa3paboTaHHON MPOTpaMMbl PadOTaeT O CIICIYIOIIEMY MOPSIKy. [Ipy BKIIOYCHHH MU TaHHS
POOOT HAXOMUTCS B PEXKUME OXKWIAHUS U KJIET PA3BUTHsI COOBITHIA, 3allpalliuBasi JAaHHbIE C IATYNKOB, B Ya-
CTHOCTH, C YJITPa3BYKOBOTO JIaTYMKA, MPEIHAZHAUYCHHOTO JUIS OTIPENIEIICHUS] PACCTOSIHUS 0 OJNMKAMIIeTo
MPEMSITCTBUSA. PeansyeTcst CleAyIonIuii allrOPUTM: «ECITH PACCTOSHUE A0 MPensaTcTBUS MeHee 20 caHTUMET-
POB, TO poBoT «pa3BopaumBaercs» Ha 30° (G0 BpaBo, MGO BIeBO). ECiy yIbTpa3sByKOBOI JATUHK «CHT-
HAIM3UPYET» O HAJIMYMH MPEIATCTBHA, TO POOOT «Pa3BOPAUYMBACTCS» B OOpaTHOM HampapieHud Ha 60° u
nemaet 5 000poToB ABUTATENs Brepem». LIk MOBTOpseTCs 0 TeX MOp, MOKa yIbTPa3BYKOBOW JaTUMK HE
MOKAXXET OTCYTCTBUE MpersATCTBUS. ClieIyeT OTMETHTh, YTO BO BPEMs PEaTbHBIX COPEBHOBAHUI y4aCTHUKAM
JIaeTCsl IOTMOJHUTEIBHOE BPEMsI JJIsl K3MEHEHHUSI TPOTPAMMBI, ¥ TOTJIa YYACTHUKU MOTYT MOJIOTHATEL KOJI TIPO-
rpaMMBbI TI0J] KOHKPETHYIO Tpaccy. B Haiem cirydae MbI 32 OCHOBY OpaJiv ITOKa3aHus YIIbTPa3ByKOBOTO JaT-
ymka. [Ipeamnonaranock, 4To TpaeKTOPH HEU3BECTHA, T.€. pOOOT JODKEH MPEOI0JIETh JIF0OYIO Tpacey.

Bropoii natumk, «1aT4uK KacaHus», CpadaThIBACT NMPU HATMYWU TPEISITCTBUH (PACONOKEHHbBIC OUYCHb
HU3KO JIHOO OYEHb y3KHE), KOTOpble He ObLIM OOHApY)KEHBI YJIbTPa3BYKOBBIM JAaTYHKOM. [Ipu akTHBauu
JTAHHOTO JaTYMKa PEaATH3YeTCs aJlTOPUTM IPOTPAMMBI, CXOXKHUH C TPUBEICHHBIM BBIIIIE.

Takum oOpa3oM, 3aj1a4a pobOTa — 32 MHHUMAIIbHOE BpeMs TPeoJioNeTh npensrcTeue. Huwke Ha pu-
CyHKe 6 TIpeJICTaBIlieH BHJI TPOTrpaMMel, pazpadborannoii B cpere NXT-G (a) u RoboLab (b).

——
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Pucynok 6. Kopl mporpamMm it IPOXOKICHUS TPACCHI C TIPETISITCTBUSIMH,
HanucanHbie B cpenax NXT-G (a) u Robolab (b)
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[To pe3ynbTaTtam MpOXOXKICHUS TPACCHI HAMH OBUIO YCT@HOBJICHO, YTO B 00OMX CIIydasx poOOT Mpoxo-
Ut Tpaccy. OHAKO B Cllyyae HMCIOJb30BaHUS MporpaMmsl, paspadortanHoii B cpene NXT-G (puc. 6 a), oH
TpaTuT OOJBIIIE BPEMEHH H MTPEOJI0JICBACT TPAcCy 3a 4 MUHYTHI, a B Cllydae HCIIONb30BaHus cpeabl RoboLab
(puc. 6 b) Ha MpeoJ0JICHUE TOM KE TPACCHI YXOIUT OKOJIO 2 MUHYT.

BounbIioe paznnine Bo BpeMEHU MPOXOXKJCHHS TPACCH OOBSCHIECTCS TEM, YTO BO3MOXXHOCTH 000JI0YEK
JUISL TIPOTPAaMMHPOBAHUS CHIIBHO pasnuyarorcs. OCOOCHHO pas3iuyue MpOSIBISETCS TPH MPEOIOJICHUN YTII0-
BBIX Pa3BOpoTOB. B ciydae ucmonb3oBanus cpeabl NXT-G nmporpaMMHUCT MOKET OCYIIECTBUTH Pa3BOPOT
CIIEAYIOIIMM 00pa3oM: OH «OCTaHABIMBACT» JIBUTATENb OJHOTO KOJieca M MPOAOJDKAET BPALIEHHUE BTOPOTO
(B 3aBUCHMMOCTH OT TOI'0, B KaKylK0 CTOPOHY Hal0 MOBEPHYTh). B ciyuae nmpumeHenus cpenbl RobolLab oba
JBUTATEIs] HE MPEKPaIaoT BpalleHUEe, TOJLKO BPAIIAlOTCs B Pa3HbIe CTOPOHBI, YTO CIOCOOCTBYET Ooiiee
OBICTPOMY 3aBEpIICHHIO MaHEBpa. JTO, KOHEYHO JKe, aJeKO HE SIMHCTBEHHBIH MPUMEP UMCIOLIUXCS Pa3iu-
YWid, HO OH JIa€T BO3MOXKHOCThH SIBHO IPOJEMOHCTPUPOBATH OTIW4YMs. Takke yrpaBleHUWE MPU MOMOIIU
Robolab Oyzaer Gosiee TOYHBIM, TaK KaK 3TOT SI3bIK IIO3BOJISICT BECTH pacdeThl B (hopMaTe C IUIaBaroICi TOY-
koii. Takue pacueTsl 0c000 aKTyaJIbHBI TIPU MPOrPAMMHUPOBAHUN pOOOTA HA OJMMITHAE, KOHKYPCE U T.]I.

Buvisoowt

B 3akiroueHue ele pas npoBeaeM HeOoJbInoe cpaBHeHME s361K0B Robolab 1 NXT-G. NXT-G nocrag-
nsieTcs BMecTe ¢ KoHCTpykTopoM Lego. Robolab mokymnaercst otnensHo. Tem He meHee Robolab mpencras-
nsieT coboil bosee MOITHOE CPEACTBO MPOTPaMMHUPOBAHHUSL, IIOCKOJIBKY MOAAEP)KUBACT HEKOTOPBIE KOMaHIbI
si3pika CH.

Jist 3aHsTHH B pOOOTOTEXHUYECKOM KpyxKe Robolab ciuiikom cioxkeH, mporpaMMbl TPOMO3JIKHE U HE
MOJIHOCTBI0 MHTYUTUBHO TOHATHEIE. NXT-G npocT 1 MOHATEH, MPOrpaMMBbI JIETKO yuTaroTcs. lIporpammu-
pOBaHUE MPOCTEUIINX JIEHCTBUN (IBMOKCHHS) MOXET YKIIAIbIBATLCSA B OJHY—IBE KOMaHABI. Bcee mapametpa
KOMaH/Ibl HACTPAauBAIOTCS B OTAEIHFHOM OKHE W XPAaHATCSA BHYTPU OJIOKa KOMaHZBI, HE 3arpOMOXKAAs TPO-
rpaMMHBIi koJ1. B Robolab mapameTps! B Bujie pa3HOIBETHBIX MOJUPUKATOPOB CETHIO OITyTHIBAIOT KOJ, YTO
CHIKAeT €r0 YATAEMOCTh M MOHATHOCTh. HO IUIFOC Takoro moaxoja B TOM, YTO HECKOJIBKO KOMAaH]| MOTYT
OBITh MMOJK/IFOYEHBI K OTHOMY Moaudukaropy. Eiie ogna npobieMa — BbIBOJ AaHHBIX Ha mucmiieit. B NXT-G
BCE€ JIEMEHTAPHO — JUIsl BRIBOJIA MH(OPMAIIMY BBIJICIICHA BCETO OJTHA KOMAaH[a, KOTOpas MOXKET BBIBOJMTH
TEKCT, M300paKeHHEe WU 4YepTexk. J[Is BhIBOJA YHMCIIOBBIX JAaHHBIX MPEIYCMOTPEHA KOMaHJa MPUBEICHUS
tuna B Robolab. [{yist paboThl ¢ quciuieeM MmpeacTaBieHa 1ejast cepus KOMaH[I, YTO He COBCeM yno0OHO. bo-
Jiee TOro, He SCHO, KaK BBIBOJUTH YMCIIOBBIC NaHHBIE (KOMAaH/BI PUBEACHUS THIIOB OTCYTCTBYIOT). Orpom-
Helid MuHyc Robolab coctouT B TOM, uTo B Hem nepememansl komauasl At RCX u mnst NXT, npuuem nHe
BCE CTapbhle KOMaHIbl MOXXHO HCIIONB30BATh C HOBBIM KOHTPOJUIEPOM. A WHOT/IA, HANIPOTUB, MPOUCXOIUT
NyOJMpOBaHWE KOMaHJ, 4TO BBIHYXKIAET HAC M3Yy4aTh aHAJOTHYHBIC KOHCTPYKIHMU. XOTS Pa3zpabOTUYHKH
yTBEpKAArOT, uT0 Robolab nognepkuBaer nporpammupoBanue Ha CU, ganexo He Bce BO3MOMKHOCTH SI3bIKA
MOTYT OBITH pealn30BaHbl B TCKCTOBOM BHJIe. B OCHOBHOM TEKCTOM MOKHO 3alKcaTh apu(pMeTHIecKue ome-
paruu 1 QyHKIUH,

Jlenast oOIIuiA BEIBOJ, MOYKHO CKa3aTh, YTO KAXKIBIN U3 SI3BIKOB MPOTPAMMHPOBAHHS UMEET CBOH JIOCTO-
WHCTBA ¥ HeJocTaTku. Robolab Hemmoxo moaxoauT it mporpaMMHUpOBaHysi poOOTOB Ha COPEBHOBAHUSX, HO
0osiee cnokeH B u3yueHun, Hexkenn NXT-G. [Tocnenuuii, B cBOXO ouepeanb, MeHee (PyHKIIMOHAJICH B IUIaHE
TOYHBIX pacyeToB, ueM Robolab.
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A K.Kap6o3oBa, K.M.MaxanoB, A.M.Mycrapuna, M.A.MaykebaeBa

NXT-TexHO0J0THACHIH MeKTeNTe POOOTOTEXHUKA
Heri3epiH MeHrepy YuliH KOJJIaHy

Maxkanaga Lego Mindstorms NXT-texHomorusicel OOWBIHINA OHICITCH MPOTPAMMAIIBIK OHIMAEPI
CaJIbICTBIPY HOTIKENepi KenripinreH. Eki ap Typuii ToCcIMEH KypacTBIPBLIFaH MPOrpaMManapIblH OPbIHAATY
JKBUTIAMIBIKTApbIHA CATBICTHIPMANIBI TAIAAY JKYprizinmi. BipiHmi Tocina OoibIHIa MporpaMMa rpaduKaIbIK
NXT-G opracbiHIa OHICII, CKiHII KaFaaiaa — RoboLab opraceiiaa. RoboLab opTackiH KoqgaHFaH Ke3ae
pob6oT GapibIK TarceipManapasl €Ki ece KbUIIaM OpPBIHAANTHIHBI KepceTinred. [IporpaMMaHbIH OpBIHAATY
epeKIIeNIKTepiH aiKbIH OaifKayFa MyMKIiHAIK O€peTiH MBICall KeNTipiireH.

A.K Karbozova, K.M.Makhanov, A.M.Mustafina, M.A.Maukebaeva

NXT-technology in application mastered the basics of robotics school

This paper presents the results of a comparison of software development technology implemented by Lego
Mindstorms NXT. There has been conducted a comparative analysis of implementation of the code realiza-
tion rate implemented in two different ways. In the first case the program is written in a graphical field NXT-G, the
second in the field of Robolab. It is shown that by using a medium Robolab robot performs maneuvers in half
the time. We propose an example that demonstrates the differences in the implementation of the program.
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