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INIJIAHUPYEMBIE PE3YJIBTATBI OBYYEHMUS 110 OOII

Kon
pe3yJjbTara

PesyabTaT 00y4yenns

YHnBepcaﬂbele KOMIICTCHIIUHN

P1

CHocoOHOCTb  cosepuiencmeosams W Pa3BUBATh CBOM  uHmenleKmyanbHulli U
00WeKyIbMYPHBLIL  YPOBeHb,  JTIOOUBATBCS  HPABCMBEHHO20 U (DUBUHECKO20
CO8epuIeHCmB8068an s CBOCH JTUIHOCTH, OOyYSHHIO HOBBIM METOJAaM MCCIEeOBaHMS, K
W3MEHEHUIO0  HAYYHOr0 WM HAYYHO-TIPOM3BOJCTBEHHOIO  NpOQuis  CBOEH
npodecCHOHAIBHON e TeIbHOCTH.

P2

CIIocOOHOCTD UCHOIb308aAMb UHOCMPAHHDILL A3bIK 8 NPOhecCUOHATbHOU chepe.

P3

CriocoOHOCTh TMPUMEHSTHh Ha TPAKTUKE HABLIKU U YMEHUS 8 Op2aHu3ayuu HAyIHO-
HCCIICJIOBATEIbCKUX M TMPOM3BOJICTBEHHBIX pPabOT, B YNpaAeleHuu KOJIICKTUBOM,
WCIIONb30BaTh 3HAHMSI MPABOBBIX M 3TUYECKHX HOPM IPH OICHKE MOCIEICTBUI CBOSH
pohecCHOHANTBHON NIeATENbHOCTH

P4

CriocoOHOCTh HMCTONB30BATh METOJOJIOTHYECKHE OCHOBBI HAYYHO20 HNO3HAHUA U
meopuecmaa, HayuYHy10 HH(POPMAIHIO B Pa3BUTUH OTPACIIH, HABBIKK IPOBEJCHUS paboOT
C HCIIOJI30BAaHUEM COBPEMEHHBIX UHMOPMAYUOHHLIX MEXHONO02Ul, CUHTE3UPOBATh U
KPUTHYECKH PE3IOMHUPOBATh HH(OOPMAIIHIO.

IIpodeccnoHaibHble KOMNETEHIIUHN

P5

Croco0OHOCTE MIPUMCHATDH yZ]Zy6]l€HHble ecmeCcmeeHHOHay4nble, mamemamudecKue,
COYUANIbHO-OKOHOMUYeCcKue u nqubeCCMOHa]leble 3HaHus B MCKIUCHUIIIIMHAPHOM
KOHTCKCTEC B HHHOBaHHOHHOfI HH)KeHepHOﬁ JCATCIBPHOCTH B obnactu
OJICKTPOSHCPI'CTUKH U DJICKTPOTCXHUKH.

P6

CIocoOHOCTh cmagums U pewams UHHOBAYUOHHbIE 3a0a4y VHKEHEPHOTO aHalln3a B
00JTacTH DSIEKTPOIHEPTETUKA M DIEKTPOTEXHUKH C WCIONB30BAHUEM TITyOOKHX
(byHIAMEHTATBHBIX W CHEIUANBHBIX 3HAHWHA, AHAIATHYCCKUX METOJOB M CIIOKHBIX
MOJieNIel B YCJIOBUSAX HEONPEACICHHOCTH

P7

CnocoOHOCTh BBITOIHATE UHOICEHepHble npoeKknibl C TMPUMCHCHUCM OPUIMHAJIbHBIX
MCTOJOB MPOCKTHUPOBAHUA I NOCTUIKCHUA HOBBIX PE3YyJIbTATOB, OGCCHC‘{I/IBaIOH_II/IX
KOHKYPCHTHBIC TMPEUMYIICCTBA JJIICKTPOIHEPTECTUYCCKOTO M IJICKTPOTEXHUYCCKOI'O
IMPOU3BOJCTBA B YCJIOBUAX KCCTKUX SKOHOMHUYCCKUX U SKOJIOT'MYCCKUX Ol"paHI/I'{eHI/II‘/'I.

P8

CriocoOHOCTD BBINIOJHATH WHHOBALIMOHHBIE UHIICEHEPHble UCCIe008aHus B 00IacTH
3JEKTPOIHEPIreTUKN M BJIEKTPOTEXHUKHU, BKIIOYas KPUTUYECKUN aHAIU3 AAHHBIX M3
MHUPOBBIX HHPOPMAIIOHHBIX PECYPCOB.

P9

CrniocoOHOCTh  TPOBOIUTH MEeXHUKO-9KOHOMUYECKOe 000CHO8aHUe TIPOCKTHBIX
pEIICHUH; BBIIONHATh OPraHW3ALMOHHO-TUIAHOBBIE pAacueThl IO CO3JaHHUIO WIIH
peopranm3aluy MPOM3BOJCTBEHHBIX YYacTKOB, IUIAHHPOBATh pPabOTy TepcoHaja H
(GOHIOB oOmIATHl TpPyHa; ONpelnesisiTh W obecrneunBaTh SQQEKTHBHBIE PEKUMBI
TEXHOJIOTHYECKOI0 IpoLecca.

P10

CnocoOHOCTh IIpOBOAUTH MOHMAINCHDBIE, pe2yiupoeodHole, ucnslmameliibHole,
HAIA00YHbIe paGOTI)I SJICKTPOSHCPICTUYCCKOI'O U DJICKTPOTEXHUYCCKOI'O 060py110BaHI/I$I.

P11

CrHocoOHOCTb OCBaWBaThb HOB0€ SIEKTPOIHEPTETUUECKOE M  INIEKTPOTEXHUYECKOE
0bopyoosanue; TIPOBEPATh TEXHUYECKOE COCTOSIHUE W OCTAaTOYHBIM  pecypc
000pyIOBaHMSI ¥ OPTaHNW30BBIBATh MPOMUIAKTHYECKUH OCMOTP M TEKYIIUH PEMOHT.

P12

CriocoOHOCTh ~ pa3pabaThiBaTh  padoyyio  HPOEKMHYIO U HAYYHO-MEXHUUECKYIO
Jokymenmayu0 B COOTBETCTBUM CO CTaHAApTaMH, TEXHHYECKMMH YCIOBHSMHU H
IPYTHMHA  HOPMAaTHUBHBIMHA  JIOKyMEHTAaMH; OpPTaHW30BBIBATH  METPOJIOTHYECKOE
o0ecrieueHHe JIEKTPOIHEPTETHUECKOTO U 3JEKTPOTEXHHUYECKOTO 000pYIOBaHUS;
cocmasnaAms  OnepamusHylo  OOKyMenmayuio, TPEAYCMOTPEHHYIO  IpaBUIAMHU
TEXHUUYECKOW IKCIUTyaTaluyi 000pyIOBaHMsI U OPTaHU3alUU pa0OTHI
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Pedepar

Breimycknas kBanudukanuonnas pabora coaepxut: 131 crpanmimy, 51
PUCYHOK, 26 Tabnun, 68 UCTOYHUKOB, | MpUIIOKEHHE.

Kmouessle cnoBa: CTAJIb 316L, CIUIAB TIAL, DJIEKTPUUYECKHUH
B3PbIB I[IPOBOJHUKA, HAHOIIOPOUIOK, ®A30BOE COCTOSAHUE,
YACTULIBI.

B kadecTBe OOBEKTOB HCCIEOBAaHUS BBICTYIAIW MOpOImKH ctamu 316 L u
criaBa TIAl Ha OCHOBe cMecH MHUKpPO M HAHOYACTHII,

Lenp paboThl — onpeaenuTh ycioBus (OPMUPOBAHHS OJHOPOIHBIX CMecel Ha
OCHOBE MHUKpO - U HaHo4JacTHIl cruraBoB 316 L u y-TIAl ipu a5ekTprudeckoM B3pbIBe
IPOBOJIOKH cIutaBa 316L ¥ cCOBMECTHOM JIEKTPHUYECKOM B3pbIBE MPOBOJIOK T1 1 Al.

CuHTe3upoBaHHbIE 00pa3lbl HUCCIEJOBAINCH C TOMOIIBIO COBPEMEHHBIX
AHATUTUYECKUX  METOJMOB  (PEHTreHOo(a30BbIA, SJIEKTPOHHAS  MUKPOCKOIHUS,
pacnpeieJIeHUue YacTHIL 10 pa3Mepam U Jip.)

[TomyyeHHble 00pa3Lbl UMEIOT HOPMAIBHO-JIOTapU(PMUIECKOE pacpeieICHUE
yactuil 1o pazmepam. C yBeJIMUYE€HUEM BBOJIMMOM YHEPTUH, CPETHUN pa3Mep YacTull B
oOpa3uax ymeHbuaercs. Mi3MeHeHne BBOJMMOM SHEPrUd B IMPOBOJOKU SHEPTHH B
MCCJIEIOBAHHOM MHTEPBAJe, HE IPUBOJAUT K U3MEHEHUIO (Da30BOT0 cocTaBa 00pasIoB.

CreneHb BHEAPEHUS: SKCIIEPUMEHTAIBHO — MPOMBIIIJIEHHAS! yCTAHOBKA.

OcCHOBHBIE KOHCTPYKTHUBHBIE, TEXHOJIOTHUECKUE U TEXHUKO-IKCIUTyaTallMOHHBIE
XapaKTePUCTUKHU: TPOU3BOJAUTEILHOCTh yCTaHOBKM 0,2 KI/d ¢ 4acTOTOW B3PHIBOB

okomo 1,5 I'm.



Onpenesienus

- Hanomopomok (ot aHmi. nanopowder), COTJIaCHO  OMNPEACIICHUIO
MexayHapoIHOW OpraHuM3alyyd 1O CTAaHAAPTU3ALMHU, HAHOMOPOILIOK - TBEPI0E
MOPOIIKOOOpPa3HOE BEIIECTBO HCKYCCTBEHHOI'O IPOMCXOXKJICHHS, COJeprKaliee
HaHOOOBEKTHI, arperaThl WIH arjioMepaTbl HAHOOOBEKTOB JTMOO UX CMECH;

- DIeKTpUYECKHUH B3pHIB IMPOBOJHHWKA — PE3KOEe H3MEHEHUE (PU3NUECKOTO
COCTOSIHUSI MeTa/la B pe3yJibTaTe MHTCHCUBHOT'O BBIJICJICHUS B HEM SHEPrUU MPHU
IPOIYCKaHUH MMIYJILCHOTO TOKa Gonbioi mioTHocTH (j > 108 A/cm?), mpusoasmiee
K HApyIICHUI0 METANIHYECKOM DJIEKTPOIPOBOJHOCTH U COIMPOBOXKAAIOIIEECS
paszieToM  MOPOAYKTOB  JUCIEPrUPOBaHUSA, TEHEpalMedl  yJapHbIX BOJH U
AJIEKTPOMArHUTHOTO U3JTYUYEHUS,

- IlaccuBanusi METauIOB — MEPEXOJl MOBEPXHOCTH METalla B HEAKTUBHOE,
MAaCCUBHOE COCTOSIHUE, CBSI3aHHOE C OOpa30BaHMEM TOHKHX MOBEPXHOCTHBIX CIIOEB
COCIMHEHUN, TPEMATCTBYIONIMX KOPpO3WU. B TexHWKe maccuBalMeidl Ha3bIBAIOT
TEXHOJIOTUYECKUN TMPOIeCC 3alllMuThl METAVIOB OT KOPPO3UHU C  TMOMOIUIBIO
CHELUANIbHBIX PAcTBOPOB WJIM MPOLECCOB, MPUBOASLIMX K CO3JAHUIO0 OKCHIHOU
IUIEHKH;

- ®aza — noa Qa3zoli MOHMUMAETCS OJHOPOAHAS MAaKPOCKOMUYECKas 4YacTh
CHUCTEMBI, 00Jiaaronias OJWHAKOBHIMU CBOMCTBAMHU - MO KpallHEW Mepe, COCTaBOM
(KOMITOHEHTAMH) U arperaTHbIM COCTOSTHUEM - BO BCEX €€ TOUKaX, U UMEIOIIasl YeTKO
BBIPAKEHHYIO TPaHUILy pa3jiesia ¢ ApyruMu pazamu;

- Hanouwactuna (ot anri. nanoparticle) — u3onupoBaHHBIN TBEPIOGhA3HBIN
OOBEKT, MMEIOUIMI OTYETIMBO BBIPAKECHHYIO TPAHMIy C OKpPYXAIOLEH Cpeaou,

pa3Mepbl KOTOPOT'O BO BCEX TPEX U3MEPEHHSX cocTaBisioT ot 1 1o 100 um [1].



Coxpamenus:

— OBII — a5ekTpudecKuii B3pbIB TPOBOAHUKA,

— HII — HaHONIOpOLIOK;

- PCA — peHTreHOCTpyKTypHBIN aHAJIU3;

- TA — TepMuueckuii ananms;

— OM — 3JIeKTPOHHAs] MUKPOCKOIINS;

- AM — TEeXHOJOrMu — TEXHOJOTMHU AJAUTHUBHOTO MPOU3BOACTBA (OT aHII.
additive manufacturing);

- [IK - IlepcoHasibHBIN KOMIIBIOTED;
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Introduction

Currently, additive technologies are widely implemented in various industries.
This stimulates the development of powders producing methods, which are building
materials in additive technologies. Promising materials for additive technologies are
homogeneous mixtures of powders based on micro- and nanoparticles. The usage of
powders based on mixtures of micro- and nanoparticles allows to reduce the sintering
temperature of particles, to increase density and to reduce surface roughness of the
product obtained by the additive technology method.

A promising method for producing powders based on homogeneous mixtures of
micro and nanoparticles is the electric explosion of wires (EEW). Method is based on
the explosive destruction of a wire as a result of passage of a current pulse with
densities of (10° — 108) A/cm?. It is possible to produce powders based on micro and
nanoparticles changing the amount of energy introduced into a wire.

This study is devoted to the determination of the parameters of electric explosion
synthesis of powders based on mixtures of micro- and nanoparticles of 316 L and vy-
TiAl alloys. Increasing application of these alloys takes place in additive technologies
due to corrosion-resistant, heat-resistant and heat-resistant properties. Information is
lacking on producing of these materials by a EEW method.

The purpose of this study is to determine conditions for the formation of
homogeneous mixtures based on micro- and nanoparticles of 316 L and y-TiAl alloys
in the electric explosion of a 316L alloy wire and the joint electric explosion of Ti and

Al wires.
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1 State of the art technologies for producing metal alloys based products

1.1 Additive technologies for producing metal alloys based products

The «three-dimensional printing» technology saw the light of day in the late 80-
ies of the last century. «3D Systems» company is the pioneer in this field, which
developed first commercial stereolithographic machine - SLA - Stereolithography
Apparatus (1986). First laser machines - first stereolithographic (SLA machines), and
then powder (SLS-machines), were excessively expensive, variety of model materials
was very modest. Widespread use of digital technologies in the field of computer-aided
design (CAD), modeling and calculation (CAE) and machining (CAM) has stimulated
the rapid nature of the 3D-printing technologies development.

International community has not yet established classification of additive
technologies. Various authors subdivide them [1]:

- by applied constructional or model materials (liquid, loose, polymeric, metal-
powder, etc.);

- by the presence or absence of a laser;
- by methods of energy injection to fix the layer of construction (by utilizing
heat, exposure to ultraviolet or visible light, by means of a binder, etc.);

- by layer formation methods.

The latter factor distinguishes two types of additive technologies. First type: a
layer is formed, for example, by pouring a dose of powder material onto the working
platform and the powder is leveled with a roller or «knifey, thereby creating an even
layer of material of a certain thickness. Then powder in the formed layer is selectively
treated by a laser or in another way, fastening the powder particles (fusing or gluing)
in accordance with the current cross section of the original CAD model. This
technology is called «Bed Deposition» (figure 1), assuming that there is a certain
platform - Bed, on which a layer is formed, and then material is selectively solidified.
Construction plane position is constant. Part of the constructional material, in this case

— metal powder, remains untouched in the created layer. This technology corresponds
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to the term «selective synthesis» or «selective laser sintering, if layer is solidified by
a laser [2].

laser

E]:-.

lenses mirror system
laser beam

constructional matenal feed

construction
/ plane

material feed platform

consfuctional
platform

Figure 1 — Bed deposition [2]

The second type of additive technologies is Direct Deposition (figure 2), i.e.
deposition of material directly to the point where energy is injected and where the detail
fragment is currently being built. Unlike the first type, a layer of constructional material
Is not formed, and the material is fed to specific location, where at a given time energy

IS injected and where the process of solidification is going [2].

laser .
= mitror system

_— laserbeam

v~ lense

/2 construction
metal powder . zone

construction platform

Figure 2 — Direct deposition [2]

In addition to mentioned SLS- and SLA-technologies, bed deposition includes
such well-known technologies as [2]:
- SLM - Selective Laser Melting (SLM Solutions, Germany);
- DMLS - Direct metal laser sintering (EOS, Germany);
13



- EBM - Electron Beam Melting (Arcam, Sweden);

- LaserCusing (Concept Laser, Germany);

- SPLS - Solid Phase Laser Sintering (Phenix Systems, France);

- Ink-Jet or Binder jetting (ExOne, 3D Systems, USA) and a number of others.

Direct deposition type includes the following technologies [2]:

- DMD - Direct Metal Deposition (POM, USA);

- LENS - Laser Engineered Net Shape (Optomec, USA);

- DM - Direct Manufacturing (Sciaky, USA);

- MJS - Multiphase Jet Solidification (Fraunhofer IFAM, Germany, FDM,
USA), etc.

ASTM has returned to the question of terminology, definitions and classification
several times, and in the last, 2012-year version, classifies additive technologies as
follows, dividing them into seven categories: material extrusion, material jetting,
binder jetting, sheet lamination, vat photopolymerization, powder bed fusion, and
directed energy deposition [1].

A common feature of technologies using a radiant heat source is the need to use
special supports — «anchors» that keep the constructing product from thermal
deformations.

Mass production of products of complex geometry, made of special materials is
widely represented in the aviation industry, space industry, power engineering and a
number of other industries. Additive manufacturing technology is being used as an
alternative to traditional technological methods for the production of complicated
details. The reason for this is economic feasibility. In many cases additive technologies
are less expensive than traditional ones [3].

Russian company «NIAT NTK» has successfully completed project of replacing
the welded fuel injectors of the aircraft engine with injectors, made of nickel alloy CL
100NB utilizing AM technology (figure 3). The result is significantly reduced rejects
percentage, and the weight of the product is reduced by 17%. There is also a positive

experience with the use of AM technology for expensive products repair, for example,
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working bodies of GTE turbines, shafts (figure 3), as well as for application of

protective and wear-resistant coatings (DMD, LENS technology) [4].

Figure 3 - Aircraft engine parts restoration [4]

AM technologies are also used in traditional foundries. For example, a mold can
be constructed with cooling channels of complex configuration, which can not be done
with conventional machining methods. POM, Omtomec and Fabrisonic AM-machines
are successfully used for the manufacture of molds with copper cooling cores, as well
as with the so-called conformal cooling system, the configuration of which corresponds
to the geometry of the molded part [5].

Layer by layer constructing method gave new opportunities, opened up new
horizons for design engineers, made it possible to overcome many technological
limitations. It is possible to make «item in the itemy, the item can be constructed with
varying thickness of the material (so called gradient material). It’s now possible to
make mesh structures in one piece, which is impossible to obtain by molding or
machine processing. These are fundamental advantages of additive technologies,

which determine their role in modern material production.

1.2 Characteristics of powders used in additive technologies
1.2.1 Requirements for characteristics of powders used in additive

technologies

Powders are bulk materials with a size of particles up to 1,0 mm. Powders are

subdivided according to the particle size (according to the nominal diameter d) into
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nanodispersed particles with d < 0,001 um, ultradisperse — d = (0,01 — 0,1) um, finely
divided d = (0,1 — 10) um, small d = (10 — 40) um, medium - d = (40 — 250) um and
large ones - d = (250 — 1000) um [6].

Currently, there are no general requirements for metal powder compositions used
in AM-technologies. Different manufacturers of AM machines work with a specific
list of materials, usually supplied by the company itself. Different machines use
powders of different fractional composition. One of the parameters characterizing
powder is the ds, quantity - "average particle diameter”. For example, ds; = 40 um
means that in 50% of the powder particle size is less than or equal to 40 um. So, in
Phenix Systems machines powder with dsq = 10 microns is used; For Conzept Laser
machines, dispersion of powder lies in the range of (25 — 52) um at ds, = 26,9 um; for
Arcam the particle size is 45-100 microns, for SLM Solutions machines ds, = (10 —
30), etc. [7].

A special feature of the laser synthesis process, for example, in SLM technology,
is that laser beam not only fuses the powder particles, forming the body of the object,
but also "spoils™ the material adjacent to the surface of the part. Therefore, in practice
of using SLS-machines, waste material sieving methods are used in order to remove
the «defective» powder. In what proportion - each company decides in its own way.
Thus, the identity of samples built on the same machine using the same powder, but
given these nuances, is also not guaranteed.

A common requirement for powders used AM machines is the spherical shape
of the particles. This is due to the fact that such particles fit more compactly into a
certain volume. And it is necessary to ensure the «fluidity» of the powder composition

in the material supply systems with a minimum resistance [8].

1.2.2 Influence of bimodal particle size distribution in metal alloy powders

on the properties of the final material

In several studies, the influence of the bimodal particle size distribution in metals
on material properties is considered (316L steel) [9, 10]. Homogeneous mixture of

micro and nanoparticles allows to provide better mechanical properties of products
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obtained during the consolidation of powders. Increased demand for high-complicity
parts in powder metallurgy led to the active use of nanopowders. Particles of
nanopowders have dimensions in the range from 1 to 100 nm.

Main advantages of nanopowders are the lower melting point and the smoother
surface of particles compared to micro-particle powders. However, due to the fact that
nanoscale particles have a large specific surface area, they are easily combined into
agglomerates and have greater friction between the particles, which complicates their
further use. Nanopowder fraction is characterized by the presence of a larger oxide
phase compared to the powders of micron-sized particles, which is the reason for the
formation of pores and undesirable inclusions in products made of such powders. The
use of powders with exclusively micro-sized particles has its drawbacks, one of which
Is the need to achieve high material quenching temperatures values during powder
consolidating.

These disadvantages can be eliminated by using a mixture with a bimodal
particle size distribution (nano / micro). Such mixture has a higher packing density,
because particles of a smaller size fill the space between larger particles (figure 4) [9,
10]. External pressure broke the bonding between nano- and micropowders, and
nanopowder filled the interparticle space of micropowder. Powder with bimodal nano
/ micro particles ratio of 25:75 showed the highest relative density in the whole pressure
range.

The fact that the grains of nanostructured (NS) and fine-grained (UFG) alloys
have a size distribution was presented in experimental results of studies [11 - 15]. As
it turned out, grain size distribution influences the behavior of alloys under
compression, tension and elongation. For example, an increase in breakage growth
resistance is registered in Al-Mg alloys with a bimodal grain size distribution, as a
result of microcracks deflection at the boundaries between UFG and coarse-grained
zones. But the improvement of the properties of metal alloys takes place only if a

certain percentage of a certain grain type is observed.
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Possible possibilities of improving the mechanical and anticorrosive properties
of Fe-Cr-Ni-based metal alloys by means of bimodal distribution of alloy particles

sizes are indicated [16].
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Figure 4 - Relative density variation of powders with different ratios of particle

sizes (micro/nano) with respect to pressure change [9]

1.2.3 Methods for powder production

The production of metal powders, despite the variety of methods, is the most
laborious and expensive stage of the technological process. Physical, chemical and
technological properties of powders, the shape of the particles depends on their
production method.

There are many methods for producing metal powders, conditionally they are
divided into physico-chemical and mechanical. Physicochemical refers to technologies
associated with the physical and chemical transformations of the feedstock. However,
the chemical composition and structure of the final product - powder, is significantly
different from the starting feedstock.

Mechanical methods ensure the production of powder out of raw materials
without a significant change in their chemical composition. Mechanical methods
include, for example, numerous grinding options in mills, as well as melts dispersing
by a gas or liquid jet. This process is also called atomization [17].

Particles of powders obtained by mechanical methods have a fragmented,

irregular shape. Manufactured powder contains a relatively large amount of impurities.
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Therefore, these methods are not used to produce powders used in additive
technologies.

Melt dispersion is widely used in the production of powders of multicomponent
alloys, in particular with an amorphous structure that allows to achieve an even
chemical composition, even with a content of doping components above their solubility
limit in the main component of the alloy. The main technologies for obtaining powders
by this method are:

- Gas atomization;

- Vacuum atomization;

- Centrifugal atomization.

According to the gas atomization technology, metal is melted in the melting
chamber (usually in a vacuum or inert medium) and then drained in controlled mode
through a special device - a sprayer, where the flow of liquid metal is destroyed by a
stream of inert gas under pressure. To obtain fine powders d = (10 — 40) um, most often
used in additive technologies, so-called VIM-atomizers (Vacuum Induction Melting)
are used in which the melting chamber is evacuated to minimize melt contact with
oxygen and nitrogen. Technology of obtaining powders with the use of vacuum melting
machines is called VIGA - Vacuum Induction Melt Inert Gas Atomization (figure 5)
[18].
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Figure 5 — VIGA atomizer scheme [18]



The process of vacuum atomization is often called soluble gas atomization [19,
20], i.e., atomization due to a gas dissolved in the melt (figure 6). Atomizer consists of
two chambers — melting chamber at the bottom, and spraying - at the top. In the melting
chamber, an excess pressure of the gas (hydrogen, helium, nitrogen) is created, which
dissolves in the melt. During atomization metal goes up to the nozzle apparatus, and
then into the spray chamber, where a vacuum is created. Resulting differential pressure
induces dissolved gas to com to the surface of the melt droplets and «explodes» the
droplets from the inside, ensuring a spherical shape and a finely dispersed structure of
the powder.

Rotating electrode process (REP) technology (figure 7) involves spraying a
melt created by an electric arc between a rod of material (usually diameter from 15 —
to 75 mm) and a tungsten electrode. The main advantage of this method is complete
elimination of melt contact with the crucible, bottling devices, which takes place, for
example in VIM technology or in the centrifugal spraying on a rotating disc [19, 20].

Methods based on impulse processes with high rates of change in the
thermodynamic parameters of the substance are also used to produce nanoparticles.

One of these methods is the electrical explosion of a wire (EEW). EEW is implemented

when a current pulse passes through a metal wire with a density of (10°~10”) ﬁ. The

wire heats up to the melting point, melts, and then explodes.
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Figure 6 - Soluble gas atomization process scheme [20]
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When the products of the explosion expand into the gas atmosphere,
nanoparticles are formed. Compared to physical methods EEW-technology has several
advantages [21]:

1 Energy costs are lower than in other methods known to us for the production
of spherical metallic nanoparticles. This is due to the fact that in EEW technology,
energy is injected into the metal impulsively and volumetrically, rather than from the
surface, so the energy consumption for heating the environment is relatively low.

2 The possibility of fine and flexible control of the parameters of the
technological process and thus the properties of the obtained powders.

3 Obtaining of a wide range of nanopowders of any metals and alloys that are
produced or can be made in the form of wire or foil. In some cases, it is possible to
blow molten metal jets.

4 The possibility of obtaining particles of metals with high physical and
chemical activity, which cannot be provided by other technologies.

5 EEW method has economic advantages too, due to low cost of equipment, its
simplicity, and small weight and size of the equipment. The prices for aluminum
powders (90 — 110) nm for amount of 1 kg fluctuate between 540$% and 586% whereas

price for usual metal (aluminum) is approximately 2$ per kilogram. [21, 22].
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1.3 Production of Nano-Micro Particles using Electrical Explosion of Wires
1.3.1 Description of the electrical explosion of wires by using the conductor

process

Schematic diagram of the discharge circuit of the setup for the EEW

implementation is shown in figure 8 and represents a pulse current generator.

to oscillograph

to oscillograph

C - capacitor; Lc - inductance of the circuit; D - discharger; R1, R2 - high-
voltage divider; Rs - shunt; Rc - resistance of the circuit; EC - exploding conductor.
Figure 8 - LC circuit for EEW implementation [23]

In most cases capacitors (C) are used as a power source, which is charged to the
required voltage level (Uo). Depending on the purpose, more complex circuits can be
used, such as pulse voltage generators, pulse current generators, storage lines, etc. The
switch (D) is usually a controlled discharge device that provides a quick supply of
voltage to the exploding conductor (EC). As an exploding conductor a piece of metal
wire with a determined diameter and length is used.

To determine EEW energy parameters, oscillographic measurement of the
current in the electrical circuit (using a current shunt or Rogowski belt) and voltage on
the exploding conductor (using a voltage divider) are used.

Figure 9 shows typical oscillograms of current and voltage for EEW process.

When capacitor is discharged, an impulse current flows through a conductor,
which heats up to the melting temperature (time instant - t1). Melting of the metal on
the voltage oscillogram is manifested as a voltage jump in the time interval tl - t2,

caused by an increase in the resistivity of the wire.
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Figure 9 - Oscillograms of current and voltage during EEW [23]

Then metal heats up in the liquid state. At the moment t3 the process of
destruction begins, conductor loses its continuity, its resistance begins to grow rapidly,
the current in the chain decreases. As a result of a sudden increase in resistance, an
overvoltage impulse (Uov) is formed on the discharge gap, amplitude of Uov can
several times exceed the charging voltage of the capacitor (U0). The maximum value
of the overvoltage factor (k = Uov / Uo), according to the published studies, can reach
18 [24, 25]. The time t4 corresponding to the maximum of the overvoltage peak is
considered by the authors of many works as the moment of the actual explosion of the
conductor [26, 27], however, in [28], t5 is considered as an explosion moment. After
t4, current decreases to zero and at the instant t5 a current pause occurs due to the low
electrical conductivity of the explosion products, which have the properties of gas with
high electrical strength. With the expansion of explosion products, electrical strength
of the gap decreases and at the instant t6 residual voltage on the capacitor leads to a

breakdown of the products, arc stage of the EEW begins.
1.3.2 Dependence of the particle size distribution on the EEW parameters

A study of the particle size distribution of the powder particles (figure 10) has
shown that at a low energy level of the capacitor battery charge, particles have a
bimodal distribution, with a maximum of the first peak at 30 nm and the second at 70
nm. An increase in the charge energy of the capacitors leads to a narrowing of the first
peak of the particle distribution and a shift of its maximum towards smaller diameters,

the second peak of the distribution gradually disappears.
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Figure 10 - Dependence of the particle size distribution on the voltage level of

the capacitor battery charge. Uranium EEW, C = 20 uF [28]

In subsequent studies, the influence of the energy introduced into the conductor
during the explosion was investigated in more detail. The author of [28] established
that the average diameter of particles produced by electric explosion of conductors with
high electrical conductivity (Al, Cu, Ni) is related to the specific energy input into

conductor by following equations:

a == . _7' E -0,5 . E
a=0,5-10 >2
Cq e 0

e\3 e
a=0,3-10"° (—) 0,7<—<2,1
\ e S

where a - mean diameter calculated using the particle size distribution
histogram;
e - specific energy introduced into conductor during explosion;

e, - specific energy of sublimation of the exploding material.

This dependence is valid in all modes of EEW, if the energy released in the arc
discharge is less than 50% of the total energy stored in the capacitors. At an energy

value ele, > 2, the dispersion of the powder is determined, mainly by the particles
24



condensation from the vapor. With a decrease of energy, the particles are formed both
by condensation of the vapor and by dispersion of the liquid metal. With a decrease in
ele, ratio, the process of a liquid metal dispersing becomes more and more important.
When introduced into conductor energy was changed in [28], a change not only in the
characteristic size of the particles, but also in the particle size distribution function form
was observed. At an energy e < 0.7¢,, conductor dissociates into droplets, the particle
size distribution lies in the region from 10 um to 1 mm. With the increase in the energy
introduced into conductor, the second maximum appears in the distribution in the range
from 10 nm to 1 um, corresponding to the formation of a condensation aerosol. With
further increase in energy, most of the metal evaporates, the number of coarse particles
and their sizes decrease, distribution becomes unimodal, narrower and shifts to a

smaller range (figure 11).
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Figure 11 - Particle size distribution of the conductors obtained in the

explosion of Cu in air [28]

1.3.3 Concepts for the EEW process implementation

In study [29] the concept of the most typical setup for nanopowders production

by the method of EEW is shown. When the system is in operation (figure 12), wire 3
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is fed from section 6 towards electrode 2. High voltage is applied to the wire and an
explosion occurs. Under the action of the explosion energy, explosion products,
expanding, begin their movement towards the cooler section 4. Passing through the
cooler, the temperature of the explosion products is reduced to 20°C. The products of
the explosion continue their movement in the separator 5, where large particles are
separated. The wire continues to move and the process repeats. Under the influence of
the dynamic forces generated during the explosion of the wire and the predominant
circulation of the gas stream, the explosion products continue to move along the plant
circuit and are deposited in the filter 7, accumulate and fall into the beaker 8. Then, the
gas, mostly purified from the explosion products, enters the cyclone 11, in which the
"rolling" of particles not deposited in the filter occurs. From the cyclone, the gas passes
the cooler 12 and returns to the reactor 1. The fan 9 provides the necessary gas velocity
in the cyclone 11. The frequency of the installation is at least 1,5 Hz with an aluminum
nanopowder productivity of at least 0,2 kg / h.

To obtain nanopowders of metals in bulk quantities, the following process
parameters are usually used:

1 diameter of the exploding conductor do = (0,20 — 0,45) mm;

2 the relative energy content of the exploding conductor (overheating) E/Ec =
(0,5-2,5) (E is the energy introduced into the conductor, Ec is the sublimation energy
of the metal), is determined from the oscillograms of the discharge current;

3 The pressure of the gas atmosphere (argon), in which the explosion occurs P =
(300 —500) kPa;

4 The temperature of the gas atmosphere T = (10 — 60) °C [29].

Literature review has shown that existing setups designs of the implying the
possibility of separating particles of submicron size [30, 31]. When energy less than
the energy of its sublimation introduced into a wire, the content of particles of micron
sizes increases in the products of the explosion [32]. Under such conditions, an actual
task in producing powders based on micro- and nanoparticle mixtures is separation of
micron-sized particles in order to extract a micron fraction with a determined

dispersion composition, which determines the quality of the relief of the resulting parts.
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Figure 12 — Basic scheme of a EEW setup

1.4 Purposes and subjects of the study

Literature review has shown that the main EEW parameter, which determines
the average size of the produced particles, is the amount of energy introduced into a
wire. With decreasing energy, the average particle size and a micron fraction content
in the resulting samples increase.

In order to achieve the stated purpose of the study, it is necessary to accomplish
the following tasks:

- to establish the particle separation regularities for a given geometry of the
separation unit on change of particle size and the flow rate of the buffer gas;

- to determine electrical explosion parameters of the 316L alloy wire and the
joint electric explosion of two interlaced Ti and Al wires to produce powders based on
homogeneous mixtures of micro- and nanoparticles;

- to establish regularities of changes in the structural-phase state of particles as

a function of the parameters of electrical explosion of wires.
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2 Subjects of study and methods of research
2.1 Subjects of study

The subjects of study are powders of 316L steel and TiAl alloy based on a
mixture of micro and nanoparticles. The choice of these materials is conditioned by a
wide range of their applications in industry. Powders of 316L steel were obtained by
electrical explosion of the wire of the corresponding alloy in an argon atmosphere
(2-10° Pa). TiAl alloy powders were obtained by electric explosion of two interlaced
titanium and aluminum wires in an argon atmosphere (2-10° Pa). The ratio of metals
in the TiAl alloy was set by the ratio of wires’ diameters and was = 50/50 at. %. This

ratio corresponds to the high-temperature resistant y-TiAl phase.

2.1.1 Austenitic phase of 316L — steel

The introduction of nickel in 17% chromium steel transforms it into an
austenitic state over the entire temperature range, which provides better mechanical
properties, less grain growth propensity, and also makes the steel more corrosion-
resistant and not frost-bfracturable (316L steel) [30].

Phase formation condition in stainless chromium-nickel alloys is represented
by the Fe-Cr-Ni system.

Figure 13 shows a horizontal section at 650 ° C of the Fe-Cr-Ni system (solid
lines). Single-phase y- and a-regions are separated by a two-phase y + a region. If the
chromium content is more than 20%, the ¢ phase (FeCr chemical compound) appears.
The position of the two-phase region y + o depends on the temperature. With
temperature decrease below 650°C, the y + o region goes to the right and its extreme
position at 20°C is shown by the dotted lines ending at points ¢ and g, and as the
temperature rises the region goes to the left and its position at 1100°C show dotted

lines, terminating at points a and d [34].
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Hence, alloys lying below the abc line have a ferrite structure at room
temperature. Between the lines abc and defg, semi-ferritic (or semi-austenitic) alloys
are enclosed. Alloys lying to the left of the de-ferritic line, and to the right of ig-
austenitic [34].

Majority of the publications about selective laser melting (SLM) of ferrous
metals consist of experiments with usage of 316L stainless steel, which has the
following properties:

- One of the indicators of the SLM parts quality is relative density. Most of the
SLM steel or iron-based materials based on 316L alloy have shown relative densities
above 90% [35].

- Steel is often used because of its strength.

- One of the limitations of the SLM process is the surface roughness and it is
common to achieve roughness of about 20 pum. Post processing, such as sandblasting,
shot-peening, or manual grinding is often needed to achieve a smooth and shiny surface
with the exception for 316L stainless steel. Kruth et al. published a biocompatible metal

framework for dental prostheses and Wehmoller et al. reported body implants of
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cortical bone, mandibular canal segment, and support structures or tubular bone made
from SLM 316L stainless steel. As do most AM technologies, SLM provides the
freedom of design to make conformal cooling channels and this is especially applicable
to injection moulding. The ability of SLM to create complex lattice structures has also
led to research in cellular lightweight structures. In most of these works, 316L stainless
steel has been used [35, 36].

2.1.2 Titanium aluminides and their alloys

In the Ti-Al system, intermetallic compounds Ti;Al (a,- phase) and TiAl (y-
phase) are formed on the titanium side, with significant homogeneusness regions
(figure 14) [37] .

Alloys based on y-TiAl are considered as the most promising intermetallides
for use in jet engine building from the engineering point of view [37]. Austenitic TiAl
alloys have high strength characteristics, low weight due to low density and heat
resistance in the temperature range up to 1450°C (figure 14), in contrast to other phases

of the titanium and aluminum alloys.
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Figure 14 - Ti-Al phase diagram [37]
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Titanium aluminide (y-TiAl) possesses an ordered tetragonal-distorted face -
centered structure of the Li, type, analogous to CuAu superstructure, in which layers
packed with titanium atoms alternate with layers occupied by aluminum atoms. Periods
of the y-phase lattice: a = (0,3949 — 0,3984) nm; ¢ = (0,4065 — 0,4089) nm; c/a = (1,020
— 1,035). The lattice spacing and the c/a ratio increases with increasing aluminum
content [38].

The homogeneousness region of the y phase is quite large and ranges from 50
to 66% [38]. Depending on the purity and microstructure, the mechanical properties of
an intermetallic TiAl range over a wide range and at room temperature are: ov = (350
—580) mPa, 6 = (0,5 - 1,5) %. The elastic moduli of the TiAl aluminide at 20°C are: E
=175 hPa; G = 67 hPa [39].

SLM of titanium and titanium-based alloys has been very positive in terms of
the relative density attained by various researchers. At early stages of research,
Santos’s group already achieved relative densities of 98% for TiAl [39]. Subsequent
research works on titanium and titanium-based materials were able to achieve relative
densities of 99,5% or higher.

Titanium parts fabricated by SLM display similar or superior strengths to their
cast counter-parts. This is due to the rapid solidification of very small amount of
material that results in a more uniform chemical composition and microstructure
throughout the component. Besides allowing individualized medical implants to be
built with low customization cost, SLM also enabled the fabrication of lightweight
titanium scaffold structures for both medical and aeronautical applications. Besides
applications in medical implants and light weight structures, SLM of TiAl has been

investigated for fabrication of waveguide filters for radio frequency applications [39].

2.2 Methods of research

2.2.1 Nanopowders production setup description

The impulse current generator consists of a high voltage source, a divider and

a capacitor bank. A high voltage source allows to charge a capacitor bank from 15 to
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35 kV. The level of the charging voltage is measured by means of a voltage divider.

The technological module consists of a high-voltage input, a switch, an
explosion chamber, a wire feeder, a working gas inlet system, a variable area flow
meter for supplying additional gases, a gas circulation device, and powder collection
device (figure 12).

At the end of the experiment, the pressure in the setup is leveled to atmospheric
pressure, the bunker with powder is disconnected, and depending on the experimental
conditions, powder is subjected to passivation or considered ready.

During the setup operation, oscillograms of the EEW current were recorded
using a current shunt and an oscillograph Tektronix TDS2014B. In addition to that, a

voltage waveform trace was recorded using a Tektronix P6015 divider.
2.2.2 Determination of generator parameters based on short-circuit tests
Parameters of the impulse current generator (active resistance and circuit

inductance) can be calculated using oscillograms obtained during short-circuit tests (by

the current curve damping ratio) (figure 15).
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Figure 15 — Oscillograms obtained during short circuit test

Short circuit test was carried out with the following values of the circuit

characteristics:



- charging voltage of the capacitor bank: U, = 10 kB (TiAl wire),15 kB (316L
wire);

- total capacitance of capacitor bank: C = 2,8 uF (TiAl), 1,2 uF (316L);

The period of oscillation in the circuit depends on the active and reactive

resistance:

21
Ts= , (2)

2
re-(or)

C — capacitor bank’s capacitance, F;

where L — circuit inductance, H;

R — circuit active resistance, Q.

Using oscillogram of the current the amplitudes of the first I; and the third I,
half-waves are determined as well as the period of oscillation. Then the following
parameters are calculated:

- Electric current graph damping ratio:

I, 48KkA I, 2006 kA

ATial = E: m=1,655, As16L = E— m=1,612, 3)
where I; —amplitude of the first half-wave;
I; — amplitude of the third half-wave.
- discharging circuit inductance:
Lrian= LE 5= = 932 5-=0,78 uH, 4)
C-(4n2 + (InA)*) 2,810 (4n2 + In(1,655)%)
Lii6)= Tgc N 3 5’682 5-= 0,67 uH,
C-(4n + (InA)*) 1,2-10°(4n2 + In(1,612)%)
- circuit active resistance:
2L-In(A) _2-0,78: 107%:In(1,655) 8432 mo. )

(TAL™ " 9.32-10°
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_2L-In(A) 2-0,67-10In(1,612)
CIb™ T, 5,68-10°

= 112,64 mQ,

Knowing L and C an important parameter of the generator — impedance Z, can

L ]0,78-10°

Zy(TiAl = ¢ 38100 0,527 Q, (6)
L 0,67-10°

Zg(316L) = E= W: 0,747 Q.

To determine the energy introduced into conductor during an explosion, the

be calculated:

Quartzkhava equation has been used [40]:

te . 2 tg3
“i(t)dt 2
W.. = Uy f i(t)dt—(fo lz(c) ) L 12(th) R, j i2(t,,)dt (7)
0 0

te

where U, — capacitor bank’s charging voltage;
t. — duration of the current impulse during explosion;
i — flowing current intensity value;
C — capacitor bank capacitance value;
L. — generator’s circuit inductance;

R, — generator’s active resistance.

The processing of the oscillograms was carried out using the Origin software.

2.2.3 Transmission electron microscopy (TEM) and scanning electron

microscopy (SEM) methods description

The morphology of the particles and their composition were determined by the

methods of transmission and scanning electron microscopy (JEOL JEM-2100,
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QUANTA 200 3D).

The transmission electron microscope is in many ways similar to an optical
transmission microscope, but its design is inverse to the construction of an optical
microscope. The electron beam source (with energy of (100 — 400) keV) replaces the
light source and is placed on top of the microscope column, while the recording system

is at the bottom (figure 16). The electron source is a heated tungsten filament, which

creates an electron beam with a current density up to 5-10* A/m? [41].
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Figure 16 — The transmission electron microscope consists of an electron
source, a condenser, a specimen stage, an objective lens, an imaging system, and an

image recording system [41]

A beam of high-energy electrons is focused by a system of electromagnetic
condenser lenses due to the adjustment of the lens current. Specimen stage is a complex
construction that allows to tilt the sample in two planes and move it along the z axis.
The imaging system also uses electromagnetic lenses. The image is usually built on a
fluorescent screen. To record images, photographic film is usually used, but, like in
optical microscopy, it is increasingly being replaced by digital CCD cameras [41].

The scanning electron microscope (figure 17) also has a source of high-energy
electrons and a condenser system, but includes an additional electromagnetic control

lens that allows scanning an electron beam along the sample surface. The control lens
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in a scanning electron microscope performs a function similar to an objective in a
transmission electron microscope, and therefore it determines the final resolution of
the microscope. However, in a scanning microscope, the control lens is placed above
the sample and does not participate in a signal collection process. The signal of
elastically scattered electrons plays an insignificant role in the construction of the
image in a scanning electron microscope. Image is created by secondary electrons,
which appear when the primary electrons interact with the sample. The energy of the
primary electrons in the scanning microscope is much lower than in the transmission
microscope. Usually it is (5 — 30) keV, although sometimes it is reduced to 200 eV
[42].

The image in a scanning electron microscope is obtained by scanning with an
electron beam over the sample surface. The signal is collected, amplified and
processed, and then demonstrated on the monitor screen. This is similar to the operation
principle of a video camera in which a focused image is scanned by an electron beam
and a modulated signal is transmitted, recorded and finally displayed on a television

Screen.

Electron beam Lv J

source
Condensor ) (
lenses

Scanning
coils
Initial beam
lenses
Specimen
stage

Signal
sensor

Figure 17 — Scanning electron microscope operation principle [42]

The power of the scanning electron microscope is due to the presence of a wide

range of signals that appear when an electron beam interacts with the sample surface.
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They include characteristic X-ray radiation, which results from knocking out electrons
from the inner atomic shells; cathodoluminescence in the visible light range associated
with the valence electrons excitation; the initiated electric current of the sample and
the low-loss electrons. Most frequently to build an image the signal of low-energy
secondary electrons that are knocked out of the sample by the primary beam is used.
Secondary electrons in large quantities are knocked out of the extremely localized
region into which the primary electron beam hits. They are easy to assemble and
amplify, and then build an image resolution of which is limited only by the primary
beam diameter [43].

Characteristic X-ray signal allows to determine complete chemical composition

of the sample.

2.2.4 Description of the X-ray diffraction analysis method

The phase composition of the EEW products was studied using quantitative X-
ray diffraction analysis using a Shimadzu XRD-6000 X-ray diffractometer. The X-ray
diffractometer consists of a radiation source, beam focusing systems, sample position
and orientation adjustment system, detection system and analysis system.

X-rays are generated by directing the electron beam onto a metal target, which
Is contained in a vacuum tube. A high-energy electron knocks out an electron from the
inner shell of the target atom, and an unoccupied state appears. The X-ray quantum is
emitted as a result of the transition of an electron from a higher shell to this state. If the
entire energy of the primary electron is converted to an X-ray quantum, then its
frequency n is determined by the relation:

eV = hn, (8)
where h - Planck’s constant, J-s;

V - accelerating voltage, V.

The length of the X-ray wave is inversely proportional to its frequency:

A=c/n 9
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where ¢ — speed of light in the medium through which the X-ray propagates, m/s.

n — frequency of the X-ray wave, Hz.

According to the above relations, the minimum length of the X-ray photon is
inversely proportional to the magnitude of the accelerating voltage, and [44]:
Amin = 1,243/V (10),
where A.,;, — minimum X-ray wavelength, nm;

V- accelerating voltage, kV.

In reality, X-ray tubes emit a wide spectrum of waves longer than A,.,;,. The X-
ray intensity increases with increasing energy and the primary electron beam intensity,
as well as the atomic number of the target (that is, the density of electrons in the target
material).

The continuous distribution of energies in the X-rays emitted from the target is
called white radiation or Bremsstrahlung (German for «radiation braking» — the
slowing down of the electrons by the emission of photons). Superimposed on the
continuous spectrum of white radiation, a number of narrow and intense peaks, called
characteristic radiation, can be observed (figure 18). The characteristic X-ray photon
is emitted when the electron passes to an unfilled inner shell [45].

The X-ray spectrum is usually recorded by rotating an X-ray detector relatively
to a sample that is mounted on a goniometer platform. A goniometer allows to rotate
the sample about one or more axis (figure 20) [46].

A sample is mounted on a goniometer, which can rotate about one or more axis,
and the detector moves around the focusing circle. Various methods of X-rays
detecting (including photographic film) are used, the most widely used are proportional
counters. In proportional counter a photon ionizes a rarefied gas, an ion cloud is formed

and its charge is measured [47].
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Figure 18 — The interaction of the electron beam with target atoms leads to the
emission of continuous white X-ray radiation with a short-wave threshold

corresponding to the energy of the primary electrons and a set of narrow

characteristic X-ray peaks [45]

Figure 19 — Characteristic X-radiation is generated by electron transitions

involving the inner shells [46]

Figure 20 — Schematic representation of the Bragg-Brentano system [47]
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2.3 Mathematical simulation of particle separation

To solve the particle separation problem, a separator model was developed on
the basis of the functioning design of the setup. Simulation of the particle separation
process was carried out in the Comsol Multiphisics program. Geometric parameters of
a separation unit ((5) in figure 12) are shown in figure 21. Simulation parameters are

presented in the next chapter.
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1 — explosion chamber; 2 — high-voltage electrode; 3 — grounded electrode; 4 wire
feeder; 5,6 — separation unit; 7 — separator powder collector; 10 — cyclone; 9 —
cyclone powder collector; 11 — a fan; 8,12 — system of connecting pipelines

Figure 22 — Scheme of the experimental setup
40



3 Determination of electrophysical parameters of the preparation of
mixtures of micro- and nanoparticles by means of EEW

3.1 Calculation of the particles trajectories

3.1.1 Calculation of the particles trajectories with dimensions of 100 nm —

10 pm

The purpose of the particle trajectory calculating is to determine the influence of
such parameters as the flow velocity, gas pressure on the separation of particles from

100 nm to 10 um in size for a given configuration of the separator. Initial conditions

for simulations have the following values: medium — argon (gas) (density — 5,3517 %

dynamic viscosity — 2405-10°° Pa-s), temperature is 313°K, gas pressure - 3 atm,
number of particles in the gas stream is 30, particle sizes are varying in the following

order: 100 nm, 300 nm, 3 um, 10 um, density of the particles — 8000 % (316L alloy).

Simulation results are presented in Figures 23 — 26 (v-velocity of the buffer gas

in the separator, d-size of the particles being separated).

a) b)
| | | | | I
‘ Time=800 ms Particle trajectories | ‘ -|Tim(]=,=800 ms Particle trajectories
| l { LW ) | 6P 25 }l T G :_,Z___‘_‘_'f | *10° aF
| | 0.5 |
‘ y |2 | 1
| y 1z
# ? . | |
“‘ 115
| | ‘ s g 115
| 7 1
|

~ 0

a)—v=2,7m/s,d=100nm; b) —v=2,7m/s,d =600 nm

Figure 23 — Simulation of the motion of particles in a separator
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Figure 24 — Simulation of the motion of particles in a separator
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Figure 25 — Simulation of the motion of particles in a separator
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Figure 26 — Simulation of the motion of particles in a separator

The results of the sample analysis (figure 27) confirm the mathematical
simulation data, indicating that under specified modeling conditions, particles from
100 nm to 10 pum in size do not settle in the separator. Instead, particles settling on the
walls of the converging part of the separator, continue to move in the buffer gas flow,

and then finally settle in the cyclone, which indicates the inefficiency of the separator
operation. Particles with a wide distribution in size settle in the cyclone.

Figure 27 — Particles microphotographs, sample from the cyclone
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3.1.2 Calculation of the particles trajectories with dimensions of 10 pm —

100 pm

At this stage of the simulation, the following task has to be accomplished:

- to determine, using COMSOL Multiphysics modeling package, the efficiency
of the existing separating unit (how separation goes for different particle sizes and
buffer gas pressures).

To accomplish a task, simulations of the particles motion in the separator with
changes in the corresponding parameters were carried out. The particle size varied from
10 to 100 microns in 10 micron steps. The pressure values in the separator were taken

as follows: 0,1 atm, 0,5 atm, 1 atm, 2 atm, 3 atm. The results are shown in figures 28 —

32 (P — pressure in the setup).
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Figure 28 — Simulation of the motion of particles in a separator
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Figure 29 — Simulation of the motion of particles in a separator
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Figure 30 — Simulation of the motion of particles in a separator
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Figure 31 — Simulation of the motion of particles in a separator
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Figure 32 — Simulation of the motion of particles in a separator
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Accordingly, for the same particle sizes, trajectories are calculated at pressures
of 0,1 atm, 1 atm, 2 atm and 3 atm. Results are shown in the graph (figure 33). The
graph shows the dependence of the particles number settled in the separator on the

particle size at a certain value of the pressure in the separator.

100
80
60
zZ
40 g
.
20 “
X
90 0
70 0.2 0,1
50 03
as, um 30 05 0.4
P, atm

10

m(0-20 m20-40 =m40-60 =60-80 m80-100

as — particles size; P — pressure in the separator, Ns / N — settled particles to
total number of particles ratio
Figure 33 — Amount of particles settled in the separator at different values of

pressure and particle size

Simulation operations were also performed using other inert gases: helium and
nitrogen (figures 34 and 35).

Conclusion on the simulation results: patterns of the ratio of particles settled in
the separator and the total number of particles launched into the separator in all
experiments are similar. Existing separator unit is most effective in separating particles
from 50 microns or higher while, for additive technologies, as mentioned earlier, it is
necessary to obtain particles ranging in size from hundreds of nanometers to tens of

microns. Results indicate the ineffectiveness of the existing unit.
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Figure 34 — Results of particle separation simulation in helium medium

40
30
Ng/N,% 20
10
0
0,5 1
1.2 25 3,51
ag, um

m(0-10 =10-20 = 20-30 =30-40

Figure 35 — Results of particle separation simulation in nitrogen medium

3.2 Parameters of electric explosion of 316L alloy wire and joint electric
explosion of two interlaced Ti and Al wires

Parameters of EEW of a 316L alloy and the joint electric explosion of two
interlaced Ti and Al wires are presented in table 1: Es — sublimation energy of wires,
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Uo — charging voltage of the capacitive energy storage device, C — capacity of the
energy storage device, d — is diameter of the wires, | — wire length, f — frequency of the

explosion with continuous wire feeding into explosion chamber.

Table 1 — EEW parameters

Samole EEW parameters

P Ec, J Uo, kV C, uF d, mm I, mm f, Hz
27

316L 490 30 1,2 0,35 95 0,3
33
24

. 330 (Ti) 27 Ti—-0,32
Ti/Al 290(Al) = 2,8 Al 035 100 0,3

Figure 36 shows dependences of current and voltage on time, typical for electric
explosion of 316L and Ti/Al alloy wires in argon medium, as well as the time
dependence of the introduced energy E(t). Data in figure 36 (a, b, ¢) represents that an
increase in Up from 27 to 33 kV leads to an increase in the energy introduced into the
wire from 0,77 to 1,1Ec. An analysis of the data presented in figure 36, ¢ shows that at
E > 1,1E., formation of an arc discharge stage by the explosion products is likely.
Additional heating of the explosion products in the arc discharge stage is undesirable,
since it leads to agglomeration of the particles, which makes it difficult to separate
them in size. An increase in Uo from 27 to 33 kV increases the density of the flowing
current (j) from 1,14-107 to 1,4-10" A/ cm?.

It follows form the data presented for the j values that a further decrease in the
input energy will lead to a decrease in the flowing current density down to 107 A / cm?
and less. At j < 10" A / cm? the mode of the explosion changes from fast to slow, in
which explosion products scatter in the form of droplets with dimensions comparable
to the wire diameter, which makes it impossible to obtain samples based on a mixture

of micro- and nanoparticles.
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Figure 36 (d, e, f) show the time dependences of the current, voltage, and also
the energy introduced into the Ti/Al wires in the electric-explosive synthesis of Ti-Al
particles samples.

It follows from the data presented in figures that increase in U from 24 up to 30
KV leads to an increase in the energy introduced into the wire from E¢ to 1,7 Ec (where
Ec = Ec (Al) + E¢ (Ti)). Analysis of the data presented in figure 36 (e) reveals that at
1,7E¢ there are two overvoltage peaks (t = 2,0 ps, t = 2,5 ps), which indicates an
unsynchronous explosion of wires. A decrease in Ug from 30 to 24 kV leads to the
disappearance of one of the two overvoltage peaks. Since diameters of the wires are
about the same, and the lengths have the same value, it can be concluded that the first
explosion is an explosion of an aluminum wire, which has a lower fusion heat. At Uo
= 27 kV, explosion of a titanium is most likely to be low-energy, as indicated by the
absence of a characteristic overvoltage peak (by analogy with the data in figures 36 a,
37 b). Thus, further reduction of the energy introduced into the wire (Uo < 27 kV) is

unpractical.

3.3 Producing and studying the structural-phase state of samples of

mixtures of micro- and nanoparticles of 316L and Ti-Al alloys

Samples were obtained using a setup, a schematic image of which is shown in
figure 22. Figure 37 shows micrographs of particles of 316L alloy. Analysis of the data
presented in figure 37 revealed that in the samples obtained at Uo = 27 kV and U = 30
KV, there are no particles with dimensions larger than 10 um (figures 37 a, b). The
sample obtained at Uo = 33 kV is represented by agglomerates of particles of submicron
sizes containing individual particles of micron sizes (figure 37 c). Review of the
literature has shown that for the 316L alloy, the optimal mass content of the nanosized
fraction in the samples of micro- and nanoparticles, which makes it possible to obtain
a density of about 97 % of the theoretical density, is about 25 % [10].
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Figure 37 - Microphotographs of mixtures of micro- and nanoparticles of 316L
alloy
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Figure 38 represents dependence of the average particle size of the 316L alloy
on the energy input in the wire (E/Ec). The average particle size was obtained from the
analysis of specific surface of samples. Analysis of the data presented in figure 38
reveals that the average particle size (as) decreases with increasing E/Ec ratio. Such
behavior of the dependence coheres with the literature data describing the dependence

as on E/Ec.
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Figure 38 - Dependence of the average particle size as on E/Ec for 316L alloy
Figure 39 represents the size distribution functions for micron fraction particles.

As shown, increase in input energy leads to reducing of average particle size of the

micron fraction.

45

. W EE=077(a =19 um)
ey v E/E =091 (a =14 pm)
35 - ® F/E =11 (a =13pm)

30 -

Relative content of particles, %

Particle size, pm

Figure 39 - Particle size distribution of the micron fraction of 316L alloy
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Figure 40 shows the X-ray diffraction analysis (XRD) of samples of 316L alloy
particles. It follows from the presented data that the phase composition of the samples
is represented by a- and y-Fe. With the increase in the energy introduced into the wire,
the phase composition of the particle samples does not change. The predominant
content of a-Fe in particle samples shows that under the experimental conditions, it is
not possible to stabilize the austenite structure of particles, which is characteristic

structure of the 316L alloy in the bulk state.
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Figure 40 — XRD data on 316L alloy samples

Stabilization of a-Fe particles in samples can be a consequence of low cooling
rates of the dispersed phase leading to decay of the austenite structure. According to a
state diagram shown in figure 13, austenite structure is formed when content of Ni by
weight is more than 9 %. Reduction of Ni content to 5 % by weight leads to stabilization
of the two-phase state (o + v) of the alloy in the entire temperature range. Since there
is no Ni phase in samples according to X-ray diffraction data, it is possible to eliminate
the probability of formation of a two-phase state (o + ) as a result of the depletion of
individual particles by Ni atoms compared to the wire composition. For this reason, it
can be concluded that austenite structure formation in products produced by

consolidation of powders based on synthesized 316L alloy particles can be achieved
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by homogenizing annealing of the product in the temperature range of (1050 — 1100)
°C, followed by quenching.

Resulting data shows that under experimental conditions, obtained samples
based on homogeneous mixture of micro- and nanoparticles.

Figure 41 presents the as — (E/Ec) dependence for Ti-Al particles. Analysis of

the data revealed that as the E/Ec ratio increases, the average particle size decreases.
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Figure 41 - Dependence of the average particle size (as) on E/Ec ratio for Ti-Al

particles

Figure 42 shows microphotographs of Ti-Al particles. Data presented in figures
60 (a), 60 (b), indicates that samples are represented by a mixture of micro- and
nanoparticles. At E/Ec ~ 1,7, samples are represented by agglomerates of nanoparticles
containing individual particles of micron sizes (figure 42, c). With increasing input
energy value, content of micron fraction particles in the samples decreases. Particles
with a size greater than 10 um were not detected in the samples which were shown at
the microphotographs.

Figure 43 shows the size distribution functions for micron fraction particles.
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Figure 42 - Microphotographs of mixtures of micro- and nanoparticles of Ti-Al
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Figure 43 — Particle size distribution of the Ti-Al micron fraction

Figure 44 presents distribution maps of the elements (Al - figure 44,b; Ti - figure
45, ¢) in a sample obtained at E/Ec = 1. Presented data indicates a homogeneous

distribution of Ti and Al in the sample.

b) C)

a) — microphotograph; b) — aluminum distribution map; c¢) — titanium distribution map

Figure 44 - Distribution maps of aluminum and titanium in a sample obtained
at E/Ec~1

Figure 45 presents the results of XRD of Ti-Al particles samples. It was
established that a phase composition of samples is represented by intermetallides vy -
TiAl, a2 — TizAl and solid a - Ti solution. With increasing E/Ec ratio, the phase

composition of samples does not change.
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Figure 45 — XRD data of Ti-Al particles samples

Obtained data indicates the possibility of obtaining a homogeneous mixture of

micro- and nanoparticles of Ti-Al under the conditions of the conducted experiments.
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3AJAHME UL PABIEJIA
«PECYPCO®DPEKTUBHOCTDb U ®PUHAHCOBBIU MEHEJIX)KMEHT»
Crynenty:

I'pynna oHuo
4TM61 CamapkanoBy ®apxaty XKanatoBuuy
I xoaa UILHIIT Otaenenne mkoJbl (HOIL) Otnenenne
MaTepHaIoBeICHHS
YpoBenn Maructp TeXHUKU U HanpagsJienne/cneuuajbHOCTh 13.04.02 DnekTposHepreTuka
o0pa3oBaHus TEXHOJIOTHU 1 DJIEKTPOTEXHHUKA

Hcxonnsbie nanHble K pasaeny «PecypcodppekTuBHOCTL U GUHAHCOBBINH MEHEIKMEHT» .

1.  Cmoumocms pecypcos HayuHo20 Homenyuanvhvle nompebumenu pezyromamoe HTH
uccreoosanus (HU): mamepuanoHo-mexHuuecKux,
IHeP2emU4ecKux, PUHAHCOBLIX, UHPOPMAYUOHHBIX U
Yen08euecKux

2. Hopmvl u Hopmamuewl pacxo0osarust Hopma amopmuzayuu ycmanosxu 10%
pecypcos Hopma amopmusayuu 11K 33,3

3. Hcnonvzosanue cucmem Han02000J0M4CEHUS, Omuyucnenus 80 6Heb0NHCemMHble CMpaxoguvle oHObL,
CMAasKu Hano0208, OMYUCIeHUL, OUCKOHMUPOBSAHUS U xomopvwie cocmagnsiom 30 %.
KpeoumosaHnus

Ilepeuenb BONpPOCOB, NOATEKALNUX HCCIETOBAHNIO, IPOEKTHPOBAHUIO U pa3padoTke:

1. Oyenxa xommepueckozo u unnosayuonrnozo | SWOT-ananuz HTHU, paspabomka uepapxuieckoii

nomenyuana HTH CMPYKmMypvl NpoeKma

2. Paspabomxa ycmasa nayuno-mexuudeckozo | Ilpoexm @vinoinsem 6 pamkax Mazucmepckol ouccepmayu,
npoexma ycmag He mpebyemcsi.

3. Inanuposanue npoyecca ynpasienus HTHU: | Paspabomia kanendapnozo niana u 61002cema HayuHo2o
cmpyKkmypa u epaguk nposederusi, 6100xicem, UCCne008aHUsL.

PUCKU U opearu3zayusl 3aKynoK

Onpedenenue yenecoobpasnocmu u s¢pgpexmusnocmu HTHU:
OYEHKA PUCKOB U HAYYHO-MEXHUUECKO20 YPOGHS
UCCIeO006AaHUSl, OYCHKA PeCypPCcodIPhexmusnocmu npoexma

4. Onpeoenenue pecypchol, puHancogsoll,
IKOHOMUYECKOU I PeKxmusHocmu

Ilepeyenn rpaguyeckoro marepuaJjia:

Kapma ceemenmuposanus pvinka

Mampuya SWOT -ananusa npoexma

Hepapxuueckas cmpykmypa pabom

Juazpamma I'anma

Cmema 3ampam HA HAYYHO-UCCIE008ANENLCKYIO pAOOMY

agpwNE

‘ JaTa BbI1a4M 3aJaHUA JJISA Pa3/iesa no JUHeHHOMY rpaguky ‘

3auaHne BbIIAJI KOHCYJbTAHT:

JI0/ZKHOCTh DPUO Yuenas IMoanucy Hara

cTeneHb,

3BaHHE
JIOLEHT OTIEeNeHUsl COLUaIbHO-TYMaHUTaPHBIX CrapuxoBa
HayK EkaTtepuna
BacuibeBHa

3agaHue NPUHSJ K HCNIOJHEHUIO CTYIeHT:
I'pynna [025(0) Hoanucek Jara
4TM61 Camapkanos ®apxar JXKanaroBuy
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4 Pecypco3(p(peKTHBHOCTb U (PUHAHCOBBI MEHETKMEHT

TeMoli MarucTepckol BBIITYCKHOM KBaIU(UKAIIMOHHOW pabOThl SIBISETCS
MCCIIEIOBAHUE DJICKTPUYECKOIO B3PhIBA IMPOBOJHUKA KAK METOJA TOJIYYCHUS
HAaHOIMOPOIIKOB C LEJIbI0 ONPEACICHUs NapaMeTpOB 3JJIEKTPUUYECKOrO B3PhIBA
MIPOBOJIOK IS TIOJTYYEHUSI OJJHOPOJIHBIX CMECEN MUKPO M HAHOYACTHI] CIIaBoB 316L
u TiAl

Hensto pazgena «PecypcodddHeKTUBHOCT, U (UHAHCOBBI MEHEIKMEHT»
ABysieTcss  oneHka 2(P@(EKTUBHOCTH UM  BO3MOXKHOCTU TMPOBEJACHUSI JTAHHOTO
WCCJIC/IOBAHMSI, OIICHKU PUCKOB W 3aTpaT, a TaK)Ke perreHue 3a1aq [48].

[TocTtaBuM 3aaun 7151 JAHHOTO pa3zelia:

- OLEHUTH MEPCIEKTUBHOCTD UCCIIEAOBAHMUS;

- COCTaBUTH IUIAH BBIMIOJIHEHUS UCCIEOBAHUS;

- Paccunrath H€O6XOI[I/IMI>I€ 3aTpaThbl JJIsI HCCIICAOBAHUA.

4.1 OueHka KOMMEPYECKOI0 MOTEHIMAJIA U NEPCIIEKTUBHOCTH NPOBeIeHUS
HAY4YHBIX HUCCJIeIOBAHUH c MO3UIHHU pecypcodpPeKTUBHOCTH 7|

pecypcocoepexkeHust

[lepcreKTUBHOCTh HCCIIEIOBAHUM OIPENEISAETCS HE CTOJNBKO BAXKHOCTBIO M
r7100a7IbHOCTBIO OTKPBITHSI, KOTOPBIE TSYKEI0 OLEHUTh Ha HAYaJIbHBIX ATAIax MPOEKTa,
a IMEHHO KOMMepUYecKoi olleHKOoH. O1leHKa KOMMEpPYECKON LIEHHOCTH — 00s13aTENbHO
yCIIOBUE, HEOOXOMMOE JIJIs TOMCKA NCTOYHUKOB (PMHAHCUPOBAHUS U, CIIEIOBATEIBHO,
JUTsL YCTICIITHOTO MPOBEICHUS HAYYHOTO McciaenoBanus [48].

OTtevecTBEHHBIN U 3apyOeKHBIN OMBIT NOKA3bIBAET, YTO HEAOCTATOUYHAS OLIEHKA
PBIHKOB CcOBITa MPOM3BOAMMON MPOAYKLMU SIBISETCS OAHOM M3 TJaBHBIX MPUYHH
HECOCTOSITEILBHOCTH MHOTUX IpoekToB. HeoOxoaum rinyOokuii aHanu3 cropoca Ha
IPOIYKLHIO, KOTOPYIO MPEANOIAraeTcsl BbITYCKaTh, ONPEAEINTh, B KAKUX 00bEMax U
0 KaKoi LeHe ero KynsT. OnpenenanB CIpoc, yCTAHABIMBAIOT MAKCUMAaJIbHBIN 00beM
IIPOU3BOJICTBA, KOTOPBIM NPEINPUHUMATEND CMOYKET OCYIIECTBUTh C YYETOM CBOMX

INOTCHIOHAJIbHBIX BO3MO>KHOCTEH.
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[loTeHunanbHBIMU ~ TOTPEOUTENSIMH  JAHHOTO  HAYyYHO  TEXHUYECKOTO
UCCIIEJIOBAHMSI SIBJISIIOTCS IPOMBIIIIEHHBIE 3aBO/Ibl, KOTOPBIE BBIITYCKAIOT Pa3IMYHbIE
AIIEKTPUYECKHE  ammaparbl, KOMIIAHUM, 3aHUMAloLIUecs cTrepeoauTorpaduen

METaJlJIaMH.

Tabnuua 2 — Kapra cermeHTUpOBaHMS phIHKA

OTpaan, 3aHUMAOMIMCCI HAHOIIOPOIKAMMA

Kommnanum,
Hayunbie Buenpenueckue 3aBOIbI- 3aHUMaIOIIHECs

WHCTUTYTHI OpraHu3aIu HW3rOTOBUTEIIN 3D neuathio

MeTaJIaMH

[IpounsBoacTeo
HaHOIIOPOUIKOB

OcBOEHUE HOBBIX
METOJIOB MOJTYUYEHUS X X
HAHOIIOPOIITKOB

N3yuenue cBoiiCcTB
HAaHOIOPOUIKOB

AHau3 XapaKTepUCTHK
HaHOIIOPOUIKOB

[Iponaxa
HAaHOIOPOUIKOB

[Iponaxa pe3ysabTaToB
HUCCIIEIOBAHUU U
aHAJIN30B
HaHOIIOPOIITKOB

HUcnonw3oBaunue
HaHOTIOPOIIIKOB B X X
HpOMI)IIHJIeHHBIX (521520, €

Cdepa nesarenpbHOCTH IO HAHOIIOPOIIIKAM

Kak BuIHO U3 KapThl CETMEHTUPOBAHMS, OCHOBHBIM CETMEHTOM JAaHHOT'O PbIHKA
SIBJISIIOTCSI HaYYHBIE WHCTUTYTBI, KOTOPBIC BBIMOJHSIOT TOYTH BECh LMK paborT,
CBSI3aHHBIX ¢ HaHOMOpoIIKaMH. Llenbto uccineaqoBanmnii, BeINOIHAEMbIX B pamkax BKP,
ABJSICTCS. U3YUYECHUE CBOMCTB M aHAJIM3 HAHOMOPOIIKOB M JajbHEHINAs MNPOJaxa
pE3yJabTaTOB MCCIECAOBAHWKM OpraHU3alUsAM ©  KOMIIAHUAM, 3aHUMAIOIIUXCS
IIPUMEHEHUEM HAHOTIOPOIIIKOB.

Hepapxudeckass cTpykTypa padOT — HHCTPYMEHT, IO3BOJIAIONIUN pa3OoUTh
MPOEKT Ha COCTaBHBIC YacTH. Ona ycTaHaBIMBaET UEPAPXUYECKU
CTPYKTYPUPOBAHHOE pacIipeiesiecHne paboT Mo peaau3ainy MIPOeKTa, OMICHIBACT BCE

pa6OTI>I, KOTOPBIC JOJIKHBI OBITH BBHITIOJHEHEI B ITPOCKTC.
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Coneprxanue paboOT JaHHOTO NMPOEKTA ONPEAETICHO U CTPYKTYPUPOBAHO B BUJE

uepapxuu, KOTopas puBeJeHa Ha pUcyHKe 46.

Hcecnenosanue Ha HOIMOPOII KOB aTHOMHHHA, TIOTYYEHHBIX METOJ0M DOBII

DKCImepHUMeHTANBHAS 9aCTh HWccene nosanme obpasios PeayneTaTel
[TocranoBka 3anaun H  PenrreHod)asosblii aHaTM3 AHamN3 NONMyYeH HbIX
HCCIETOBAH U JAHHBIX
— Tepmuyecku il anamus
[IpoBe nenne BrIsiRIeHHBIE 3aBUCHMOCTH

u IKCIEPUMEHTOB IO

CHHTE3Y HAHOTOPOMIKOB | DNeKTPOHHAS MHUKPOCKOIN
L Pacuer suepruu, | | Pacmpenenenne gacTun no

BBEJICHHO# B TIPOBOTHHK pasmepy

— Meron BOT

Pucynox 46 - Hepapxudeckasi CTpykTypa padoT

[IpuBenennass Ha pucyHke 46 cTpykrypa paboT - BaXHEHIIMA DSJIEMEHT
ycrnexa MpoeKTa, MOTOMY 4TO (POKyCHpYeT BHUMaHHME Ha pe3yjibTaTe IPOEKTa.
brmaromapst 1€KOMIIO3MIIMM, HWCHOJHUTENIHM IPOEKTAa TMOJYyYWIH IIOJHOE W
OJTHOBPEMEHHO SCHOE NPEJCTABICHUE OKUJAEMOI'0 pPE3yJibTaTa BCEro IMPOEKTA.

Jist Toro 4yToObl OLIEHUTH (AKTOPbl W SIBJICHUS, CIOCOOCTBYIOIIHUE WU
NPENSATCTBYIOUIME MPOJABUKEHUIO TMpoekTa, Obul mnpousBeneH SWOT — anamus
npoekTta. OnucaHue CUIIbHBIX M CJIa0BbIX CTOPOH MPOEKTA, BBISIBJICHUE BO3MOKHOCTEN
U YyIpo3 JJis peasiu3aliiu IpoeKTa MpUBEIeHbI B Tabauue 3.

Crnenyrouuii 3Tam COCTOMT B BBISIBJICHMHM COOTBETCTBUS CHUJIBHBIX U CJIa0BIX
CTOPOH HAy4YHO-MCCJIEIOBATEIbCKOIO MPOEKTAa BHEIIHUM YCIOBHAM OKpPY’KaOIIEH
cpellbl. OTO COOTBETCTBUE MJIM HECOOTBETCTBUE JOJIKHBI IOMOYb BBIIBUThH CTEIEHb

HGO6XOI[I/IMOCTI/I MMPOBCACHUA CTPATCTHICCKUX U3MCHCHUM.
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Tabmuma 3 — Matpumia SWOT

CunbHbIE CTOPOHBI Bo03M0KHOCTH BO BHEIIHEH Cpelie

C1.YHUKaJIBHOCTb HCCIIE0BAHUS B1.Bo3MOXXHOCTh ~ cO37aHMsI  NApTHEPCKUX
C2.B03MOXHOCTh y4acTBOBaTh B KOHPEPEHIMAX [OTHOIIEHUH C PIIOM  MCCIIEIOBATEIbCKUX
C3.Hanuyue onbpITHOrO HAYYHOT'O PYKOBOAUTENS [MHCTUTYTOB

C4.AxTyanpHOCTb IPOBOAUMOrO HccienoBanuss (B2  bosbpmas CcToMMOCTh  KOHKYPEHTHBIX
C5.06mmpHas chepa npuMEHEHUS Pa3pabOTOK U CIOKHOCTh UX MUCIIOJIb30BAHUS
C.6Uccnenosanue npoBoautcs Ha 6aze HU TIIY | B3.Bo3M0)XHOCTb BbIXO/Jja Ha BHEIIHUH PHIHOK

CnaOble CTOpPOHBI YTrpo3bl BHELIHEN cpebl
Cnl.TpeOyeT yHUKaJIBHOTO 000PYI0BaHHS V1.Pa3BuTHe KOHKYpEHIIMU B cepe aHaim3a
Cn.2Manoe KOJIMYECTBO MOTEHLMAJIbHBIX | UCCIIEJOBAHUI HAaHOIIOPOLIKOB
nmoTpeOuTenet MpoyKIUN V2.HecBoeBpeMeHHOE (uHaHCOBOE
Cn.31adopManmoHHble MaTepuaibl MOTYT ObITh | 0OecreueHre HayqYHOTO HCCIIeIOBaHUS
HCIOJIb30BaHbl KOHKYPEHTAMHU V3.Cl10’)XHOCTh BBIXOJIa HA PBIHOK, B CBSI3U C
Cn.4.TpeGyer TmaTenbHOrO cOOpa MCXOIHBIX | JUIUTEILHOU IpoLeaypoi anpoOanuu
TAHHBIX TEXHOJIOTUH MOJy4eHHsI HAHOTIOPOILIKOB

Ci.5.MHOrocTaguiHOCTh METOUKH

[Ipn ananu3e CWIBHBIX CTOPOH MPOEKTa MOXKHO BBISIBUTH CJEAYIOIIUE
KOPPEJHPYIOIINE CWIbHBIX CTOpoH ©  Bo3MoxHoctu: BICIC2C3C4C5C6,
B2CIC2C4C5, B3C1C4C5, Takke MOXKHO BBISIBUTH CIEAYIOIIHE KOPPEIUISALHUU
CUIBHBIX CTOPOH U yrpo3: Y1CICS. Ilpu ananuze cinaOblx CTOPOH MOKHO BBISIBUTH
CICAYIOIINE KOppeaupyrIme ciladbix cTopoH ©  Bo3MmoxkHoctH: BICnlCn4,
B2Cn1Cn2 Cn3 Cn4 CnS, Takxke MOXHO BBISIBUTH CIIEYIOLIUE KOPPEIUISILUHU CIa0bIX
cTopoH u yrpo3: Y1Cn3, ¥Y2Cnl, ¥3CnlCn2Cn3.

Takum o00pa3om, caMoi OOJBIION Yrpo30i ISl TPOCKTA SBISETCS Pa3BUTHE
KOHKYPEHILIMH B c(hepe aHanu3a UCCIeO0BAHUI HAHOMIOPOLIKOB, YTO HA JJAHHOM 3Tarie
HE TNPOTHO3MPYETCA, TOCKOJbKY JaHHasg METOJUKAa HMEET TEOPETUYECKYIO,
MaTEMaTUYECKYI0O W JKCIEPUMEHTAIbHO OOOCHOBaHHYIO 0a3y, KOTOpas SIBIsETCS
HamOoJee yI00HO! U 11eJ1eCO00pa3HON B MCTIOIB30BAHUH.

Takxe cpeau yrpo3 MOXKHO OTMETUTH CIOKHOCTh BBIX0/1a HA PHIHOK B CBSI3H C
JUIMTEJIbHOM TpOLEaypod anpo0anuu TEXHOJOTUM TMOJIyYeHHs] HAHOMOPOILKOB.
HccnenoBanre nMeeT MOTCHIMAI, HEOOIBIION KPYT MOTCHIIMATLHBIX TOTPEOUTENCH 1

BO3MOXHOCTDH BbIXOJZd HA BHEIIIHUM PBIHOK.
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Taomuna 4 - SWOT-ananus

CunbHble CTOPOHBI HAY4HO-
HCCI1e10BATE/ILCKOT0
NPOEKTA:

1 YHUKaTbHOCTH UCCIIEIOBAHUS
2 B03MOXHOCTh y4acTBOBATbh B
KOH(EepEHIHAX

3 Hanmmuue onpITHOrO HAy4HOTO
PYKOBOIUTENS

4 AKTyaJabHOCTb IPOBOAMMOIO
UCCIICI0OBAHMS

5 OO6mupHas
IpUMEHEHHUS
HccenenoBanue mpoBOOUTCS Ha
6aze HU TITY

cthepa

Cnalble CTOPOHBI HAY4YHO-

HCCJIeI0BATEIHCKOr0
NpoeKTa:

1 Tpebyer yHHKaJIBLHOTO
00opyIoBaHUs

2 Manoe KOJIMUYECTBO
HOTEHIUATBHBIX
noTpeduTeNe NPOaYKIUU

3 WNudopmannonnsie
MaTepuagbl  MOTYyT  OBITH
WCTIOJIb30BaHBI
KOHKYpPEHTaMHu

4  Tpebyer THIATEIBHOTO

c60pa HCXOAHBIX JAHHBIX

Bo3Mmo:xHOCTH:
1 Bo3MOXHOCTE CO34aHUA
MapTHEPCKUX OTHOIICHHH ¢

psaaoM HCCIIEN0BATEIBCKUX
WHCTUTYTOB
2 Bonpmias CTOUMOCTBH

KOHKYPEHTHBIX DPa3paboTOK H
CJIO)KHOCTh X UCTIOJIb30BaHUS
3 Bo3MoxHOCTH BBIXOJA Ha
BHEIIHUN PBIHOK

4 Poctr morpebHOCTH B
obecriedyeHUd  OE30MACHOCTH
TEXHOJIOTHIECKOT0 Tporecca u
COKpAIlleHUs] IKOHOMHUYECKUX
U3JIEPIKEK

AKTyanbHOCTh pa3paboTKu U
ONBITHBIA PYKOBOJIUTENH JAeT
BO3MOKHOCTb COTPYJHUYATh C

pSIIIOM BCI[YH_[I/IX
HCCIIEN0BATENLCKUX
I/IHCTI/ITYTOB;

Poct OTPEOHOCTH B
obOecrieueHNH 0€30I1aCHOCTH
TEXHOJIOIO-

IMPONU3BOACTBCHHOI'O IIPOILCCCa
U COKpallCHUA 3KOHOMHWYCCKUX
HU3JICPIKCK BO3MOXCH 3a CUCT

NPUHIATHAIIBHO HOBOU
METOJIMKH;

3a cuer HOBHW3HBI 51
MPUHIUITHATBHBIX OTJIMYUH

BO3MOJKXCH BBIXOJ Ha OoubIINE
00BEMBI MPUMCHCHUA ﬂaHHOﬁ
MCETOJHNKHU NCCIICOOBAHMA.

Bo3MoxHOCTB HaJNn4yus
MapTHEPCKUX OTHOILIEHUN C
HCCIICIOBATEIILCKUMU
WHCTUTYTaMH JJIs1 B3aUMHOTO
UCTIOJTb30BaHUsl YHUKAIBHOTO
000py10BaHMS.

Yrpo3wbl:

1 Pa3BuTHE KOHKYPCHIIMU B
chepe aHAM3a UCCIICTOBAHUMA
HAHOTIOPOIITKOB

2 HecBoeBpemennoe
(¢buHaHCOBOE obecrieueHue
HAy4YHOTO MCCIIETOBaAHUS

3 CHOXHOCTh BBHIXOJAa Ha
PBIHOK, B CBSI3U C JUIUTEIILHOU

MPOIIe Ty PO arpoOanuu
TEXHOJIOTUHI MOJTyYeHUs
HAHOITOPOIIIKOB.

YHHUBEPCAIBHOCTD IPUMEHEHUS
METOZOB  HCCIIEZIOBaHUN U
oOmmpHas cdepa MPUMEHEHHS
POTrPaMMHOTO KOMILJIEKCa
MUHHMHU3HPYIOT BIMSTHUS
pa3sBUTOM  KOHKYpEHIMH B
0003HaYCHHOH cdepe;
AKTyalbHOCTh ~ NPOBOAMMOTO
UCCIICIOBAaHUSI W HaJIW4yue
OTIBITHOTO HAY4YHOTO
PYKOBOJIUTENS B COYETAHHM C
MNPUHIATHAIIBHO HOBOU
METOAMKON MpOBEACHUs padoT
00ecreunBaoT CTPEMUTEIbHBIIHI
BBIXOJ1 HA BHYTPCHHUHN PHIHOK.
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[InaHupoBaHWe 3TaroOB W BBIIOJHEHHS padOT MPOBOAMMOrO HAYYHOTO
VCCIICJOBAHHUSI BBIIIOJIHACTCS [TOITAITHO:

- OIIpeiesIEHrEe CTPYKTYPhI padoT B paMKaX HAy4YHOI'O UCCIIEAOBAHMS;

- OIpEe/ICJICHNE YYACTHUKOB KaX/10i1 paboTHI;

- YCTaHOBJICHHUE MPOJIOJIKUTENBHOCTH paldoT;

- IOCTPOEHHE rpauKa MPOBEACHUSI HAYYHBIX UCCIEAOBAHMIA.

Jlis BBIMOJHEHMS] HAay4YHOTO MCCIEAOBaHUSA coOupaeTrcs TpyIlmna, B COCTaB
KOTOpOM BXOJAT Hay4dHbBIM pykoBoauTens U uHXeHep. [lo kaxmomy Buny
3aIJTAaHMPOBAHHBIX  pa0dOT  yCTAaHABIMBAETCS  COOTBETCTBYIOIIAs  JIOJHKHOCTH
UCIIOJTHUTENIEN.

B naHHOM myHKTE COCTaBJIeH nepeyeHb paboT B paMKax MPOBEACHUS HAYYHOTO
UCCIIEJIOBAHMS U pacipeieNieHbl HCIIOTHUTENU 10 BUaaM padort. Ilopsaok nmpuBeseH B

tabmure 5.
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Tabnuua 5 — [lepedens 3TanoB padbOT U pacnpeaeieHlue UCIOTHUTENEH

Conep:xanue
Ne . . Jo/xHOCTH
OcHoOBHBIE ITanbI HCCJIeI0BATEJIbCKOM ConepxaHue TeXHMYECKOI YacTH padboT
pad UCIIOJTHUTEJIS
4yacTu padboT
CocraBrieHue u 0O0630p nuTepaTypsbl, cOOp HEOOXOIUMBIX TAHHBIX, TEXHUIECKUX
1 | yrBepxkaeHue napaMeTpoB 000PYI0BaHHUS, U3YUSHHS TEXHOJIOTHYECKOro mporecca. | PykoBoaurens
TEXHUYECKOTO 3a/IaHHsI
CrtpykTypupoBaHue [TnanupoBanue
PYKTYPHD 2 P IToaroroBka ycranoBku IBII. Nnxenep
HCCTIEOBaHUS HKCIIEPUMEHTA
Kanennapnoe
3 | mnanupoBanue pabor no | CocraBneHue rpaduka BHIIOTHEHHUS pabOT HAa BCEX dTarax. Wnxenep
TeMe
O1rieHKa KayecTBa
4 " Hapa0oTka HaHOMOPOIIIKOB ¢ TOMOIIIbIO ycTaHOBKH DBII. Wnxenep
[IpoBenenue BhITIoJIHeHUs DBI1
Mmetona DBII Onpenenenne oobema
5 [TaccuBupoBaHKEe HAHOTIOPOIITKOB. Nnxenep
UCCJICIOBAHUS
6 | Penrrenodasosslit ananus | [lomyuenue nudpakrorpaMm ¢ MOMOIILI0 AHPPaKTOMETPA. Nuxenep
Pacuet sneprumn
CO6op maHHBIX 7 ST, CHATHE OCIIMIITIOTPAMMBI TOKA. WNuxenep
BBE/ICHHOW B MPOBOJIHUK
8 | Tepmuueckuii aHanu3 [TonyueHnue qaHHBIX ¢ TOMOIBIO TEPMOAHAIN3ATOPA. WNuxenep
CpaBHEHHE TTOJTYYEHHBIX
Amnanuz HIT 9 P y AHanu3 1aHHBIX. Nuxenep
pe3yIbTaTOB
CocraBnenue CocraBieHue oTyeTa 0 IpojAeaHHOH paboTe, ¢ yKkazaHUEM
Odopmienue 10 . p p ¢y Wnxenep
oTuera Ho HIIP MOSICHUTEILHOM 3aITUCKH | MPOOJIEMAaTHUKX TPOBOJIMMOTO UCCIEAOBaHUS, PE3yJIbTATOB.
ApXuBaIys MOJTYYEHHBIX . PykoBonutens,
11 Hammcanne BBIBOJIOB 0 MPpOACIIaHHON padoTe.
BEIBOJIOB HWHXEHED
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JluneitnbIil rpad UK IpOeKTa MPEACTaBICH B BUJE KaJICHIAPHOTO TUIaHA.

Tabnuua 6 — KasieHjapHslid 11aH

JlaTa Jlara
No JlnmuTenapHo CocraB
Bunx pabot Hayvajla | OKOHYaHHUS
pabor CTb, THU YYaCTHHUKOB
pabor pabor
CocraBnenue n
1 T}’;;;Eiiiiﬁz 21 8.09.17 28.09.17 PyKoBOIHTEND
3aJIaHUS
2 IInanupoBanue 28 29.09.17 | 25.10.17 Umkenep
IKCIIEpPUMEHTA
Kanmengapuoe
3 IUTaHHPOBaHNE 7 26.10.17 1.11.17 Wmxkenep
paboT 1o Teme
4 | Ouenka kayecTsa 5 21117 | 6.11.17
BeInOTHEeHUs DBII Hxenep
Onpenenenue
5 o6BEMA 2 7.11.17 8.11.17 UmkeHep
HCCJIeIOBAHMUSI
6 | Pentrenodasosbii 30 9.11.17 | 8.12.17 VrokeHep
aHaJIn3
Pacuer sneprumu,
7 BBEICHHOI B 30 15.01.18 | 13.02.18 Wmkenep
MTPOBOJTHUK
8 Tepmuyeckuii 30 14.02.18 | 14.03.18 Viokenep
aHaJIu3
CpaBHeHue
9 TOJTY4EHHBIX 60 15.03.18 | 14.05.18 Umxkenep
PE3YNIHTATOB
CocraBrnenue
10 OACHUTENLHOM 7 15.05.18 | 21.05.18 Wmkenep
3aMHACKU
ApXHBaLHs PykoBonureins
11 MOy YeHHBIX 7 22.05.18 | 28.05.18 I ’
BEIBOJIOB P
Hroro 227
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Tabmuua 7 - Jluarpamma I"anta

Ne IIpogomKHTEI5HOCTD BRINOIHEHHA PadoT
pa
60 Brz padot Hcmonuurens | JHH | Centadps | Oxtadps | Hozdps | Jdexadps | fAmsaps | Pespairs Mapt Anpens
T
Cocrasrenne
1 | yreepmaerne PyxoEoauTeas 21
TeXHHYeCKOr0 3aJaHHA
Tlranmposanme
2 Hrxerep 28
SKCIIEpPHMEeHTa
Kaxenzapaoe
3 | nrammporanme pador | Hinxenep 7
TI0 TeMe
eHKa KauecTsa s
4 O Hrnxene 5
semoTHeHnA JBII P
Onpexnexenre 00beMa
5 % Hmxerep 2
HCCTe0BaHHA
Penrtrenodasossit
6 ¢ Hmxenep 30
aHATHS
Pacuer sHeprum,
7 BEEJEHHOH B Hirxenep 30
HpOEOJHHK
8 | Tepromecswnianaams | Hmxenep 30
Cpasnenue
9 | moayuensex Hmxenep 60
PesyIbTaTon
Cocrasenme
10 | noacrureasmoit Hexenep 7
3aTHCKH
1 ApxuBaima PyxosoamTeas, 7
TOTYYEeHHBIX BBIE0J0E | HIDKeHep

. - HAY9YHEI PYKOBOJHTEE . - HEDKeHep
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Taxum 06pazom, obuiee uncio padot coctaBuio 11. Oxugaemas Tpya0€MKOCTh
paboT sl HAYyYHOTO PYKOBOIUTENS COCTaBWiIa 28 4eI0BEKO-IHEW, I CTyJIeHTa-
ucroauuTensa cocrasuiaa 206 yen-guein. OOmas MakKcUMalbHas UIMTEIBHOCTD

BBITIOJIHEHUS Pa00THI cocTaBmiia 227 KajleHIapHBIX THEH.
4.2 Pacuet 010/12KeTa 1J151 HAYYHO-TEXHHMYECKOr0 UCCIe0BaAHUS

B nponecce popmupoBanus 6roxera HTU ucnons3yercsa rpynnupoBka
3aTpar Mo CTaThsM:

- maTepuasibHble 3aTpaTel HTH,

- 3aTpaThl Ha ceUaIbHOE 000PYI0BaHUE JJII HAYUHBIX UCCIIEI0BAHUN;

- OCHOBHAs 3apaboTHasl 1IaTa,;

- IOTIOJTHUTENbHAs 3apaboTHas IJ1aTa,

- OTYUCJICHUS BO BHEOIOPKETHBIC (DOHIBI;

- HaKJIaJIHbIE PACXO/IbI.

Tak >xe JUIsl OUEHKH pacxXxoi0B, 3aTPAYEHHBIX Ha MPOBEACHUE JAaHHOTO HAYYHO
TEXHUYECKOTO HCCJIEIOBaHUS, COCTaBUM CMETy pacxoJ0B M aMOPTHU3ALUIO
HCTIOJIb3YEMOU TEXHUKH.

PaccuntbiBaeM CMETy pacxoJl0B, BKJIIOYAIOIIYIO 3aTpaThl Ha MpUOOpEeTeHHe
HEOOXOMMOro 000pyHOBaHMS Uil Pa3pabOTKU MPOEKTAa M TEKYIIHE PaCXObI.
3arpatsl, oOpa3yrouue ce0ecTOMMOCTh TPOAYyKIUHU (padoT, yCayr), TpynnupyroTCs B
COOTBETCTBHH C UX SKOHOMHUYECKUM COJIEP>KaHUEM TIO CIETYIOIINM 3JIeMEHTaM:

AMopTH3alus — 3TO TpoOLEcC MEepUOJUYECKOro IepeHoca HadalbHOU
CTOUMOCTH OCHOBHOTO CpencTBa WIH HEMaTepUaIbHOTO aKTUBa
Ha IMPOU3BOJCTBEHHbIC, KOMMEPUECKHE WM OOIIEX03SICTBEHHbIE PacXoabl —

B 3dBUCHUMOCTH OT TOI'O, KaK 3TOT aKTHUB UCIIOJIb3YCTCA.



Tabnuna 8 - AMopTtuzanus

Cpok Bpewms
CTOMMOCTD, AmopTtusanus,
HaumenoBanue 6 CIIykOBbI, | HCTOJIB30BAHU 6
py JIeT s, THEeH py

ITK 45000 3 140 5753
TepmoananuzaTtop 300000 10 24 1972
Ocmmnorpad 80000 5 24 1052
VYcranoska OBII 3000000 5 3 4931
JudpakTomerp 20000000 20 24 65753
Htoro 79461

B n1aHHOM MyHKTE pacCUMTHIBAETCS OCHOBHAS 3apa00THAs I1aTa PyKOBOJIUTENS
U UHXeHepa. 3apalOoTHas IUIaTa OMNpENessieTcsl HCXOolIs U3  TPYJIOEMKOCTU
BBITIOJTHSIEMBIX pa0OT U ACHCTBYIOIICH CHCTEMBI OKJIa10B U TapudHbIX ctaBok TIIY. B
COCTaB OCHOBHOW 3apa0OTHOM IUIaThl BKJIKOYAETCS MPEMUS, BbIIJIaUMBacMas
eXeMecsIHO 13 oH/a 3apabOTHOM TUTATHI.

[IyHkT  BKJIIOYAET  OCHOBHYH  3apabOTHYI  IuiaTy  paOOTHUKOB,
HETMOCPEJACTBEHHO 3aHATHIX BbimogHeHuemM HTU, (Bkirouass mpeMuu, AOIJIATHI) U

JOTIOJTHUTENBHYIO 3apaboTHYIO TUIATY:

33H - 3OCH + 3Z[Ol'[ 1 (11)

TIIE 30cu — OCHOBHAS 3apa0OoTHAas I1J1aTa;
30 — TOTIOJHUTENBHAS 3apaboTHas miata (12-20 % oT 3ocu).
CpennenHeBHas 3apabOTHAs IUIaTa PACCUUTHIBACTCS 1O hOpMYyJIE:

3,-M
3HH :F—’ (12)

a
riae 3w — MECAYHBIN JOJDKHOCTHOM OKJIaJ] paboTHHKA, PYO.;
M — Konm4ecTBO MecseB paboOThl 0€3 OTITyCKa B TEYEHHUE roja:
F. — ndeiicTBuTenbHBIM TOMOBOM (QoHI pabodyero BpEeMEHH HAy4YHO-

TEXHUYECKOT0 MepcoHania, pad.iH.

Tapudnsie cTaBKku OBLITN MPUHSTH HA OCHOBAHHUH PETJIAMEHTHPYIOIUX

JIOKYMEHTOB T1aHOBO-(prHaHCcOBOrO oTaeiaa TITY [49].

69



Tabnuma 9 - bananc pabouero BpeMeHu

Hayunbii
Iloka3zaresnn padodero BpeMmeHn HNuzxenep
PYKOBOIMTEJIb
Kanennapnoe uncno nueu 365 365
KonuuectBo Hepabounx aHEH
- BBIXOJHBIE THU 52 104
- Tpa3JHUYHBIC JHU 14 14
[ToTepu pabodero BpeMeHH

- OTIIyCK 48 24

- HEBBIXOJbI O 00JIE3HU 10 10

JleiicTBUTENBbHBIN TO0BON (HOH pabouero BpeMeHu 242 214

PaGouue nau 28 206

Tabmua 10 — Pacu€r ocHOBHO# 3apab0OTHOM MIaThI

Hcnoanunren B1e, 3, Ty, Bocn,

pyo. pyo. paod.aH. pyo.
. 31434 1350 23 31050

Hayunslii pyxoBoauTess
14584 763 140 106820
Huxenep

Atoro 137870

Pacder nonomHuTenbHOM 3apabOTHOM TUTATHI BECTCS 110 CIICAYIOMmeH hopMyie:
3)10r1 = knon ’ 30CH (13)
1€ Kion — KO3 GUIUEHT JOMOIHUTEIBHOM 3apa00THOM IJIaThl (Ha CTaIUH

NPOCKTUPOBaHUs IpuHUMaeTcs paBHbiM 0,12 — 0,15).

Taxxe PaCcCUUTHIBAIOTCS o0si3aTeNbHbIC OTYUCIICHUS opraHam
rocygapctBeHHoOro coruanbHoro crpaxoBanus (OCC), nencuonHoro ¢orma (I1D) u
MeauuuHcKoro crpaxoBanusi (ODDOOMC).

Benuunna otuncneHuit Bo BHEOIOKETHBIE (DOHJBI OMPENEseTCs] UCXOs U3
cienytonen GopMyIIb:

3BH€6 - kBHe6 ’ (30CH + 3L(on) ) (14)

r1e Kenes — K03 PHUIIMEHT OTUNCIICHUIT HA YIIIIaTy BO BHEOIOKETHBIC (DOHTBI

(nencuoHHbIN HoH, GOoH 00I3aTETLHOI0 MEAUIIMHCKOTO CTPaXOBaHUs U TIp.).
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Ha ocnoBanmm mnyHkra 1 cr1.58 3akona Ne212-®3 g yupexaeHUn
OCYILECTBISIOUINX 00pa30BaTeNbHYI0 U HayuHYI0 JiesTenbHOCTh B 2017 rony Boaurcs
noHmxkeHHas craska — 30 %.

OTturcnenus Bo BHEOIOKETHBIE (POHIBI TIpeicTaBiieH B Tabmie 11.

Ta6mmma 11 - OtunciaeHus Bo BHEOIOKETHBIC (DOHIBI

HUcnoanurenn OcHoBHast JdomosiHMTEAbHAS Hroro
3apadoTHas miaTa, 3apa0oTHas miara,
pyo. pyo.
Hayunsrit 31050 4658 35708
PYKOBOJIUTEIh
Nnoxenep 106820 16023 122843
Htoro 137870 20681 158551
Otunciaenns, pyo (30 %)
Hayunblii 10712
PYKOBOJHTEIb 47565
Unxenep 36853

Haxnagneie pacxo/ibl — TO BCe MPOYME 3aTPaThl, HE BOIICAIINE B TIPEABITYIITNE
MYyHKTbl (KCEpOKOIMHH, 3JIEKTPOIHEPrus, OTOIUIEHHE, YCIyTH CBS3M M Jp.).

Breruucnsirores 1o cieayroieit hopmyiie:

3..=03

amopm

+ 3ocu +300n) : ka ' (15)
rie Kip — K03 (GUIUCHT, YIUTHIBAIOIINN HAKIIAIHBIC PACXO/IBI.

Bennuuny ko3¢ duiinenTa HakIaaHbIX pacX010B MOKHO B3STh B pazmepe 16%,
TOT]Ia pa3Mep HAKJIATHBIX pacxo10B cocTaBuT 38082 pyoOieii.

Omnpenenenue OroKeTa 3aTpaT Ha HAYYHO-UCCIENOBATEIBCKUA MPOEKT II0

Ka)KJIOMY BapUaHTy UCIOJHEHUS IPUBEAEHO B Tabmuue 12.

Tabnuma 12 — Pacuer 6romketa 3atpat HTU

HaumenoBanue cratbu Hroro %
1. Amopruzanus 79461 245
2. 3arpatsl IO OCHOBHOI?Ivsapa60TH0171 iare 137870 426
VCTIOJTHUTEIICH TEMBI
3. 3arpaTsl 1O JOMOJTHUTENHHOM 3apab0OTHOM miaTe 20681 6.4
WCTIOJTHUTENICH TEMBI ’
4. OrtunciieHust BO BHEOIOKETHBIC (POHIBI 47565 14,7
5. Hakmagnple pacxosl 38082 11,8
bropker 3atpar HTU 323659
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Takum oOpa3om, 3arTpaThl Ha aMOpTHU3alUI0 cocTtaBuiau 79461 pyOnei,
ocHOBHas 3apaborHas miarta 137870 pyOsel, momnoaHuTenbHAs 3apaboTHas IuIaTa
20681 pyb6uieid, otuncienuss Bo BHeOKeTHbIE (HoHabl 47565 pyOneil, HakiIagHbIe
pacxoapl 38082. CyMMapHBIH OFO/DKET 3aTpaT HAyYHOTO HMCCIIECIOBAHHUS COCTABUI —
323659 pyOneii. YuuThiBas MepCIeKTUBHOCTh HMccienoBanus u Oromker HU TITY,
ObLI0 OBI 1IeTIecO00pa3HO MPOBECTU JAHHOE HAYYHOE HCCIEIOBaHME, T.K. 3aTPaThl
CPaBHUTEJIBHO HEOOJBINNE JIJIST UCCIEAOBAHUS TAKOTO YPOBHS, €CIIH MPEIOIOKUTh

qTO TaKH€ UCCIICIOBAHUA 6y,7:[y'T ITPOBOJAUTLCA Ka)KJ]]'::II\/'I ron.

4.3 OneHKa PUCKOB HAYYHO — TEXHHY€CKOT0 HCCJIe10BaAHMS

[Ipu ouenke puckoB HTU onenuBaercs BeposTHocTh ux Hactyruienus (Pi). 1o
mkaine oT 0 7o 100 nmporenToB: 100 — HACTYIUT TOYHO, 75 — CKOpEE BCEro HACTYIIUT,
50 — cuTyarus HeoNnpeAeIeHHOCTH, 25 — PUCK CKOpee BCero He HacTynuT, 0 — puck He
HacTynuT. OIeHKa BaKHOCTH PHCKA OICHUBACTCS BECOBBIM KOA(p(UIIMEHTOM (Wi).
Baxxnocts onienuBaercs no 10- 6ambHo#M mikane bi. Cymma BecoBbIX KO3 (OUIIMEHTOB

JOJIKHA PaBHATHCA CAUHUIIC. OIICHKa Ba)XHOCTU PUCKOB IIPUBCIACHA B Ta6J'II/IIIe 13.

Ta6muma 13 — DKOHOMHUYECKHE PUCKU

Ne Puckn Pi bi Wi Pi*wi
1 | Undnsauus 100 1 0,019 1,960
2 | DKOHOMHYECKHUH KPU3HC 25 2 0,039 0,980
3 | HemobpocoBeCcTHOCTD MOCTABIINKOB 25 6 0,117 2,941
4 | HenmpenBuieHHbBIE pacXo/bl B IIaHe paboT 50 7 0,137 6,862
5 | CHmKeHne ypOBHS CIpoca Ha MPOIYKIIAIO 50 10 0,196 9,803
6 | Ci10’)kHOCTB BBIXOJ]a HA MUPOBOM PBIHOK 75 7 0,137 10,294
7 | Konebanusi ppIHOYHON KOHBIOHKTYPBI 25 6 0,117 2,941
8 | OTcyTcTBHE B YHCIIE COTPYTHHKOB YKOHOMHCTOB 25 2 0,039 0,980
9 | Huskue 00beMbI cOBITA 50 10 0,196 9,803

Cymma 51 1 46,568

Tabnuua 14 — TexHonornueckue pucku

Ne Puckn Pi bi Wi Pi*wi
1 | Bo3MOXHOCTH TIOJIOMKH 000pYTOBaHUS 25 7 0,25 6,25
2 | Huzkoe kadecTBO MOCTaBICHHOTO 000PYAOBaHUS 25 9 0,3214 | 8,0357
3 | HempaBuibpHas cOopka 000pyI0BaHHS 25 8 10,2857 | 7,1428
4 | OnacHOCTb JUIs pabOTAIOIIEr0 IEPCOHANA U aNlapaTyphl 75 4 10,1428 | 10,714

Cymma 28 1 32,142
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Tabmuua 15 — HayuyHO-TEXHUYECKHE PUCKU

Ne Puckn P; bi Wi Pi*wi
1 | Pa3BuTHE KOHKYPEHTHBIX TEXHOJOTHI 75 7 | 0,145 | 10,937
2 | Co3maHue HOBBIX METOIOB CHHTE3A 75 7 0,145 10,937
3 | Puck HEBO3MOKHOCTH yCOBEPIICHCTBOBAHUS TEXHOJIOTUN 50 8 0,166 8,333
4 | OTcyTCcTBUE pe3yibTaTa B yCTAHOBJICHHBIE CPOKHU 50 7 0,145 | 7,2916
5 [TonmyueHne OTPUIIATEIBHOTO Pe3yJIbTaTa IPU BHEJAPCHHUH B o5 10 | 0,208 5,208
MTPOU3BOJICTBO
6 | HecBoeBpeMeHHOE MTaTEeHTOBAHUE 25 9 0,187 4,687
Cymma 48 1 47,395

Jlasiee Tpou3BOAUTCS pacyeT OOIIUX PUCKOB:

Ta6muma 16 — O061m1as oreHKa prcKa MpoeKTa

Buet pucron Pi bi Wi PI*Wi
B Ipynie
DKOHOMHYECKHE 46,57 10 0,25 11,64
TexHoIOrnyecKue 32,14 9 0,5 16,07
Haytmo- 474 6 0,25 11,85
TEXHUYECKHE
Hroro 25 1 39,56

Hrorosas oneHka coctaBujia okoiao 40%, 4To SIBISIETCS BEChbMa HEIIOXHM

MIOKa3aTesIeM JUIsl HAYyYHOT'O UCCIIEIOBAHU.
4.4 AHaJIM3 M OLIeHKA HAYYHO-TeXHHYeCKOI0 YPOBHS HUCCJIeI0BAHUS

HeoGxonumo paccunutarh KOAI(DPUIMEHT HAYUYHO-TEXHUYECKOTO YpPOBHS.
Koapdunment HTY paccuntpiBacTCs IpU MOMOIIM METOJa OaTbHBIX OIICHOK, B
KOTOpOM Kaxkziomy u3 npusHakoB HTY npucBauBaercs ornpeaesieHHOE YUCIIO 0alioB
no npuHATOW Mmikane. OONIyr0 OUEHKY NPUBOAAT IO CyMMe OaloB MO BCEM

MMOKa3aTcCJisIM € YYHCTOM BCCOBBIX XaPAKTCPUCTUK. 06111215{ OICHKA paCCYUTHIBACTCS 110

dbopmye:
HTY =Yk - 11, (16)
i=1

rjae k; — BecoBO# KO((DHUIIUECHT | — IO MPU3HAKA;

I1, — XOIM4eCTBEHHAs OIICHKA | — IO IPU3HAKa.
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Tabnuma 17 — Becossie koadpurmentst HTY

Ipusnaku HTY Becosoii ko3¢ puument
YpoBEHb HOBU3HBI 0.4
Teopernueckuii ypoBeHb 0.2
Bo3MoxHOCTE 1 MacTaObl peanu3aniu 0.4
Ta6mauma 18 — IlIkana oneHKH HOBU3HEI
banabl YpoBeHb
1-4 Huzkuit HTY
5-7 Cpennuit HTY
8-10 CpaBHutenbHO Bhicokuit HTY
11-14 Bricokuiit HTY

Tabnuna 19 — 3HaYNMOCTh TEOPETUYECKUX YPOBHEN

XapakTepucTHKA 3HAYUMOCTH T€OPEeTHYECKHX YPOBHeEMH Banasl
VYcraHoBKa 3aKOHOB, pa3pab0TKa HOBOW TEOPHUH 10
I'nyGoxkas pa3paboTka npo0sieM, MHOTOCTOPOHHUM aHaJIN3, B3aMMO3aBHCUMOCTh 8
Mexay dhakropaMu
Pazpabotka anropurma 6
DneMeHTapHbIN aHaIu3 CBsI3eil Mex 1y hakTopamu (HaJIM4KUe TUIIOTE3bI, 2
00BSICHEHUE BEPCHA, IPAKTUUYECKUE PEKOMEHIAI1H)
Omnucanue oTeNbHBIX (AaKTOPOB (BEILECTBA, CBOWCTB, OIbITA, PE3YJIbTATOB) 0.5
Tabnuna 20 - Bo3MOXXHOCTh peanu3aiuu 1Mo BpeMeH! U MaciTabam
Bpems peanusanuu Baubl
B Teuenue nepBbIx JeT 10
Ot 5 no 10 ner 4
Csprie 10 ner 2
MacmrTadbl peaju3auuu banabl
OaHO MM HECKOJIBKO MPEANPUATHI 2
Otpaciib 4
Hapopanoe x03s11icTBO 10

HTY =0.4-10+0.2-8+0.2-10+0.2-4=8.4
[To momy4yeHHBIM pe3yibTaTam pacdeTa KodppuimeHTa HayYHO-TEXHUIECKOTO
YPOBHSI MOXHO CJENaTh BBIBOJ, UYTO JAHHBIM MPOEKT UMEET BBICOKYIO 3HAUMMOCTH

TCOPETUUCCKOI'O M MPAKTHYCCKOIO YPOBHA, U IIPU 3TOM HUCIIOJIL3YCTCA B IIMPOKOM

CIIEKTPE OTpaciei.
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Takum 00pa3oM, aHaIM3UPysl Pe3yJbTaTbl OLEHKH, MOXHO 3aKJIIOYUTh, YTO
IIPOBOAMMOE MCCIIEOBAHUE HMEET BBICOKYI0 3HAYUMOCTb TEOPETHYECKOIO W
IIPAKTUYECKOTO YPOBHS, a TAK)KE NMPUEMIIEMBI YPOBEHb PUCKOB. JTO MOATBEPKAAECT

11e7ec000pa3HOCTh TPOBOJMMOTO HAYYHOTO UCCIICIOBAHNS.

4.5 Ouenka pecypco3¢peKTUHBHOCTH NIPOEKTA

PecypcoadpekTHBHOCT, TPOM3BOJCTBA HAHOMOPOIIKOB MeroaoMm OBII

OTIpeJIeNIsIeTCsl TMPU TOMOIINU HHTErPaIbHOTO KpUTEpHUs pecypcodPPeKTUBHOCTH,

Ipi = z a - bi (17)

rie: L; - MHTerpaIbHbIi oKa3aTelb pecypcoddPeKTUBHOCTH,

KOTOPBIM UMEET CIEAYIOIIUN BUI:

a; - BECOBOM KOA((PUITUEHT MPOEKTA;
b; - GanpHas OIIEHKA MPOEKTA, YCTAHABIMBACTCS SKCIEPTHBHIM ITyTEM TI0
BBIOpAHHOM IIIKaJIe OICHUBAHMS.

Pacder mHTErpasibHOrO MOKaszaTens pecypcod(PPEKTUBHOCTH NPEACTABIEH B

tabimie 21.

Ta6nuia 21 - CpaBHUTEIbHAS OLICHKA XapaKTEPUCTHUK MTPOCKTA
Kpurepun Becosoit banbHas

KO3 P PHUIIEHT OLIEHKa
pa3paboTKH

1. KagecTBo HanonopomkoB | 0,25 4
2. PenTabenpHOCTD 0,25 5
3. [Tpon3BOIUTEIIEHOCTH 0,20 5
4. DKOHOMUYHOCTh 0,20 4
5. DKOJIOTUYHOCTH 0,10 5
Hroro: 1,00

WHTerpanbHbIil Tokazareib pecypcoddHEKTUBHOCTH I pa3pabaThIBAEMOTO
MPOEKTA:
L,; =0,25-4+0,25-5+0,20-5+0,20-4+0,10-5 = 4,55
[IpoBenennast oueHka pecypcod((HEKTHBHOCTH NPOEKTa AaeT JOCTATOYHO
Herioxou pesynbrar (4,55 w3 5), uto cBuUAeTeNbCTBYeT 00 3ddeKTuBHOCTH

peain3ani TCXHUYCCKOTO IIPOCKTA.
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Pacuer nHTErpasibHOTO TIOKa3aTelss pecypcodDPeKTUBHOCTH MPOEKTa UMEET
BAXHOE 3HAUEHHWE TpU BBIMOJHEHUH paznena «PecypcosddexTtuBHOCTE U
(UHAHCOBBIN MEHEIKMEHT». Ero BbicOKOe 3HaueHHe TOBOPUT 00 3(P(HEeKTUBHOCTH
WCIIOJIb30BAHUSI TEXHMYECKOrO0 TMpoekTa. Bwicokwe Oamibl 0e30MacHOCTH |
HAJEKHOCTH, yJIOOCTBa B JKCIUTyaTalluM U TPEANOJaraéMblii CpPOK H3KCIUTyaTalluu

MO3BOJIAIOT CYAUTH O KOPPEKTHO BBHIMOJIHEHHOU pa3paboTKe CUCTEMBI.

3aKkJao4YeHue

B xonme BemonHenust paznena «PecypcoaddextuBHOCTh U (HUHAHCOBBIN
MEHEKMEHT» ObUIN PEIICHBI CIEeAYIOIIUE 3a/1a4u:

1. IIpoBeneHa oLEeHKAa KOMMEPYECKOTO MOTEHIMAIA U IEPCHEKTUBHOCTH
pOBeIeHUs] HaydyHOro wuccieaoBanuss Ha npumepe SWOT-ananuza, pe3ynbrar
KOTOPOTO IMOKa3aad OOJbIION MOTEHUHAd MPOBOJMMOIO HCCIEAOBAHMUS, a TaKKe
BO3MOXHOCTh OBICTPOTO BBIXOJ]a HA BHEIIHUN PHIHOK 00ECTeUeHbl MPUHIIUIUATBHO
HOBBIM MOJX0JIOM K PEIICHUIO MOCTABIEHHOM 3aauH.

2. OrmpeneneH MOJIHBINA NEpeyeHb padoT, MPOBOAUMBIX MPHU HCCIIEIOBAHUN
HaHomopotkoB. Oo6mee yucino padbor cocraBwio 11. Ompenenena Tpyma0eMKOCTb
npoBeneHust padot. OxujgaeMas TpyJA0EMKOCTh padOT Il HAYYHOT'O PYKOBOAMTENS
cocTaBuJjia 28 4en-IHe, 11 CTyIeHTa-uCcHoJHUTeNs cocTaBuia 206 uyen-auei. OOias
MaKCHUMaJIbHasl JJUTEIBHOCTh BBINMOTHEHUS paOOThl cocTaBuia 227 KajeHAApHBIX
JTHEM.

3. Cymmapubii Owomxer 3atpar HTU cocraBun — 323659 pyoOneit. Pacuer
OrOXKeTa OCYIIECTBIISIICSA HA OCHOBE CIEAYIOMIMX MTyHKTOB:

- pacuet MarepuanbHbIx 3aTtpaT HTU;

- OCHOBHAs 3apaboTHasl MJIaTa UCIIOJHUTENEH TEMBI;

- IONOJIHUTEIbHAS 3apa0O0THAs MJ1aTa UCTIOJIHUTENEH TEMBI;

- OTYMCIICHHSI BO BHEOIOIKETHBIE (DOHABI (CTPaXOBbIE OTUHCICHHUS);

- HAKJIaJJHBIC paCXOIbI.
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4. OnpeneneHa mneaecoo0pa3HocTs U 3PHEKTUBHOCTh HAYYHOTO HCCIICIOBAHUS
IMyTeM aHajn3a W OICHKH HAyYHO-TEXHHUYECKOTO YPOBHS MPOEKTA, a TAK)KE OIEHKU
BO3MOXHBIX PHUCKOB. B pe3ynpTaTe MTPOBOIMMOE MCCIICIOBAHUE HMEET BBICOKYIO
3HAYUMOCTh TEOPETHUYECKOT0 M MPAKTUYECKOTO YPOBHS W TMPUEMIIEMBIH ypOBEHBb
PHUCKOB.

5. [IpoBeneHna oreHka pecypcodpdektuBHocTH TTpoekTa (4,55 no 5- 6anbHOM
mKajae), 4YTo TOBOPUT 00 dGhPEKTUBHOCTH peanu3alvy JAaHHOTO HAYy4YHO-
TEXHUYECKOTO TPOEKTA.

Crnemyer OTMETUTHh BaXXHOCTH TSI TIPOCKTA B IIEJIOM MPOBEICHHBIX B JAHHOM
rmaBe paboT, KOTOpBIE TO3BOJIWIA OOBEKTHBHO OLEHUTH A(H(HEKTHBHOCTH

IMPOBOAMMOTO HAYYHO-TEXHHUYCCKOI'O UCCICTOBAHMUSI.
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3AJIAHME JUISI PA3JEJIA
«COILIUAJTBHASI OTBETCTBEHHOCTb»

CryneHry:
I'pynna DUO
4TM61 CamapkanoBy @apxaty JXKanatosuuy
IIxoJa HWIIHIIT OTaesa MKOJIbI Oraencrme
MaTepUuaIOBEICHUsI
YpoBeHb 13.04.02 — «DnekTpo3uHep-
Maructpatypa HanpapieHue/cnenquanbHOCTh
o0pa3oBaHus T€THKA U DJIEKTPOTEXHUKA)

Hcxoanblie 1aHnble K pa3aeay «ConuaibHasi 0TBETCTBEHHOCTb) .

1. Xapakrepucruka
MaTepuasl, TpUOOp, alTOPHUTM, METOAHWKa, pabouyas 30HA) H
00yacTy ero MpruMEeHEeHHs

00BeKTa HUCCICO0BaHUA (BCIJ.IGCTBO,

1. O0BeKT ucciienoBaHUs — HAHOTIOPOIIKH CTaJIA
316L u criaBa metamwios TiAl;

2. Meroa wucciaeIoBaHHUA — MaTeMaTHYECKOe
MOJENNpOBaHue, padoTa € YCTAaHOBKOH IO
MOJY4EHHIO HAHOTIOPOIIIKOB,;

3. Pagouas 30Ha - naboparopus
TOHKOJIUCIIEPCHBIX ~ MAaTepHajoB  HHCTHUTYTa
onTHKH atMocdepsl UM. akanemuka B.E. 3yesa
CO PAH,;

4. ObaacTh MPUMEHEHUS] — CTepeosnTorpadus
MeTaJIaMH, MeTaJTyprudeckas
TIPOMBIIIUICHHOCTb.

IlepeueHb BONPOCOB, NOITEKANINX HCCIETOBAHNIO, IPOEKTHPOBAHUIO U pa3padoTKe:

1. IlpousBoacTBeHHAs §€30MACHOCTD

1.1. AHanu3 BBISIBICHHBIX BPEAHBIX (PaKTOPOB IpHU pa3paboTKe U
9KCILTyaTalllH
MOCIIeIOBATEILHOCTH:

MPOCKTUPYEMOTO  pElICHHs B  CICAYIOIIeH
(U3NKO-XUMHYECKast MTPUPOJa BPEIAHOCTH, €€ CBSI3b C
pa3pabaTbIBacMOIl TEMOM;

JeiicTBrE (paKTOpa Ha OPTaHU3M YETIOBEKa;

MPUBEJICHUE JIOMYCTHMBIX HOPM C HEOOXOIUMOM
pPa3MepHOCTBIO (CO CCBUIKOM Ha COOTBETCTBYIOLIUI
HOPMATHBHO-TEXHUYECCKHUI JJOKYMECHT);

TpeJTaracMele cpencTea 3aIATHI (cHagana
KOJUICKTHBHOM 3aIUTHI, 3aTeM — WHIWBUAYabHBIC
3aIUTHEIEC CPEICTBA).

1.2. Ananu3 BBISIBIICHHBIX OMAcHBIX (PaKTOPOB IpM pa3paboTKe U

OKCIUTyaTal[ik  MPOCKTUPYEMOTO PELICHUs B  CIEAyolien
TOCJIEI0BATENBLHOCTH
— MECXAHUYCCKHUC OIIaCHOCTHU (I/ICTO‘IHI/IKI/I, Cpe)ICTBa
3QIIUTHL,
— TCPMHUYCCKHE  OMACHOCTH (MCTOYHWKH, CPEJICTBA
3aIUTHI);
—  2IeKTpoOe30macHOCTh (B T.4. CTAaTUYECKOE

JIEKTPUYECTBO, MOJTHUE3AIINTA — HCTOYHUKH, CPEJCTBA
3aIINTHI)

1.1 Bpennsie akTopsr pabouei 30HHI:

- Hegocrarounas ocBemeHHOCTh paboueil 30HbI:
CBeTOBOM IOTOK OT Ka)IOW JIAMIIBI COCTAaBIISET
2400 mk. IlpomsBemeH pacdeT pPEKOMEHIYyEeMOTO
CBETOBOT'O ITOTOKA, KOTOPBI cocramiser 2898 k.
Bri6pans! mammnst JIXB40 ¢ motoxom 3100 k.

- Beblcokuii  ypoBeHb IIymMa OT  paboOThI
AJIEKTPOYCTAHOBOK B J1abopaTopuu:

VYporeHb 1rymMa B paboueii 30He cocrariser 72 nb.
NIPEAENbHBIA  JIOMyCTUMBIH  ypOBEHb 3BYKOBOTO
JaBJICHAS A JAQHHOTO  THUIA  TMOMEIICHHUS
cocraBisger 60 n1b. B kadecTBe MHAUBUAYIHHOTO
CpeICTBa 3aIIUTHl IPUMEHSIOTCS MPOTHBOITYMHEIC
nHaymHukn COM3-3.

- DIIEKTPOMAarHUTHOE U3JIy4YeHHe B paboueii 30He:
DHepreTryeckas SKCIO3UIMS B JUaNa30He 4acTOT
30 xI'y — 3 MI'u: Io 37:-0it cocraBmstromeit 99¢ =

2 2

5300 () -4, no MY 3De < 20000 (2) 4. Mo
2

MarHuTHO# coctapirtonieir 99u = 280 ( %) ‘4, TI0

2
Iy 391 < 200 (%) ‘4, [IpumeHnsiemMble cpeicTBa

3alIMTHI: IKPAaHWPOBAHUE, KOPIYC YCTAaHOBKH
MTOMEIICH B MeTaJUTMIEeCKUI KOXYX,
BBICOKOBOJIBTHBIC Kabenu TTOMEIICHBI B

9KpaHHUPYIOIINE JIOTKH,
MIPUIKPAHHBIM (QHUIIBTPOM.
- PaznpaxeHue OpraHoB JbIXaHMs IPH BJIBIXaHHU
HaHoropouika. HaHomopomiky TutaHa u amoMHUHUS
B BO3/IyXe pabouell 30HbI HE 00pa3ylOT TOKCHYHBIX
BEIIECTB M OTHOCATCA K YETBEPTOMY Kllaccy
ornacHocTu. [IpenycMOTpeHBl CEAYIOIHe MepEbI

skpadn OBM ocHalieH
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3alIUTHI: KOCTIOM XJIOMYaTOOyMaXKHbIH, pE3HHOBbIE
MepYaTKH, TPOTHBOAIPO30JIbHBINA PECTIUPATOP.

1.2 OmnacHble GaKkTOpHI:

- TloBblieHHOE 3HaueHue HampspbkeHue 1o 30 kB,
MOBBINIEHHOE 3HAYEHHE ANEKTPUIECKOro ToKa 10 60
KA.

[IpumMeHnsieMble CpeACTBa 3aIMUTHI OT MOPAKCHHS
ANEKTPUYECKUM TOKOM: YCTAHOBKA OTPAXKICHUU U
OaprepoB, pa3MelIcHHe BHE 30HBI JOCSTaeMOCTH,

M30JSIOMS  TOKOBEAYIIMX  9YacTeid, 3aIliuTHOE
3a3eMJICHHS, ypaBHEHHE  IIOTCHIMATIOB,  BCE
COTPYIHUKH naboparopuu TIPOXOJISIT

COOTBETCTBYIOUINE WHCTPYKTAXH, UMEKT TPYIILY
JIOMyCKa MO DJEKTPOOE30MacHOCTH HE MEHBIIe
BTOPOM.

- MCTOYHMKHN MEXaHHYECKMX OIACHOCTEH, Kakue-
JU0O0 BUKYIIAECS MEXaHU3MBI OTCYTCTBYIOT.

- Hcrounuku TEPMHUYECKUX omnacHoCTeHn
OTCYTCTBYIOT, BCE TOKOBEIYIIME YACTH YCTAaHOBKH,
KOTOpblE ~MOTYT HarpeBaThCsl, HM30JUPOBAHBI.
[Ipaktuuecku Bcs  SHeprus, 3amaceHHas B
KOH/ICHCATOPHBIX  OaTapesiXx,  BEIIENIETCS B
B3PBIBAIOLIEMCS] IPOBOJTHUKE.

2. DkoJiorndeckast 0€30IMacHOCTh:

3aIIMTa CEMUTEOHON 30HBI

aHau3 Bo3eiicTBUs 00beKTa Ha aTMOchepy (BEIOPOCH);
aHaM3 BO3JeicTBIsI 00bekTa Ha ruapochepy (cOpockl);
aHaM3 BO3JeiCTBIs 00bekTa Ha JuTocdepy (0TXO0mIbI);
pa3paboTaTh penieHust Mo 00ecreYeHHIO FKOIOTUIECKON
6ezomacHoctn co cceuikamu Ha HTJl mo oxpane
OKpYKarolel cpeasl.

2.1 CenuteOHas 30Ha YCKOPUTENS HAXOAWUTCS Ha
TEPPUTOPHU  JTa0OPaTOPHM  TOHKOAWCIICPCHBIX
MaTepraioB HMHCTUTYTa ONTHKH aTMOC(epbl HM.
akagemuka B.E. 3yera CO PAH.

2.2 B03MOXHO TMOMagaHKie MOPOIIKa B aTMOCchepy
IpU TIEpeHOCe KOHTEWHepa C HAHOMOPOLIKOM H3
YCTAHOBKH B OOKC IS [TACCHBALIHH.

Mepbl  3amMTHI:  MOJMY4YE€HHE  HaHOMOPOIIKOB
OCYIIECTBIISICTCS. B Cpele HMHEPTHBIX Ta30B, YTO
MHUHHAMH3HUPYET BHIOpOCHI B atmocdepy. Takxke, B
nmaboparopun TpeayCMOTpeHa ofmjas —cucreMa
NPUTOYHON BEHTHUIISLMH C PEUUPKYJIIALHEH BO3IyXa
cornmacuo CHullI 41-01-2003.

2.3 BozpgeiictBue yCTaHOBKH Ha JHTOC(Epy H
rugpochepy  HCKIOYEHO, T.K. OTCYTCTBYIOT
BBIOPOCHI  MPOJIYKTOB  Pa0OThl  YCTAaHOBKH B
murochepy U ruapochepy. Otxompl B Buje
0Tpa0OTaHHBIX KOHJICHCATOPHBIX Oarapeii
YTUIIN3UPYIOTCS Ha CHIEIMATU3MPOBAHHBIX 3aBO/IaX.
2.4 DOxonoruyeckass 0€30IacCHOCTb OTpPaKEHa B
JIOKYMEHTax: I1b 11-555-03 «IIpaBmuna
6€301acHOCTH ITPY MPOU3BO/ICTBE ITOPOIIKOB U ITyIP
13 AIFOMHMHUSI, MarHUs M CIIAaBOB HA HX OCHOBE;
IIb 11-588-03 «IIpaBuna ©Oe30macHOCTH MpPH
NPOU3BOACTBE TIy0UaToro THUTaHA W TUTAHOBBIX
MIOPOLIKOBY.

3. Be3onacHoOCTh B Ype3BbIYANHBIX CHTyalIHAX:

nepeueHb Bo3MOkHbIX UC mpu  paspabotke U
9KCITyaTalli IPOESKTHPYEMOTO PELICHHS;

BbIOOp Haubonee TunuyHoi UC;

pa3paboTKa MPEBEHTUBHBIX MEp IO HPERyNPEKICHUIO
S (65

pa3paboTka AeWCTBHUII B pe3yibrare BosHukiied YC u
Mep I10 JIMKBHJALUH €€ MOCIEACTBHIMH.

3.1 Ilepeuenr Bo3MoXkHBIX UYC: KOpOTKOE
3aMbIKaHHE B JJIEKTPHUECKONW MMM YCTAHOBKH,
BO3ropaHue 000pyA0oBaHuUsI.
B xauectBe Haumbonee

paccMaTpuBaeTcs moxap.

3.2 IlpeBeHTHBHbIE MEpHl IO MNPERYNPEKICHUIO
BO3ropaHus: co0moaaTe TpedoBaHMs 0€30M1aCHOCTH
npu paboTe B IIOMEIIEHUH, OUUIIATh IIOMEIIEHHS OT
TOPIOYHX OTXOJIOB M MycOpa, IIPOBOJUTE ITPOBEPKHU
COCTOSIHMSI IIPOBOJIKM YCTaHOBKH, HE PE€Xe OJHOrO0
pasa B TIOJNYrOAWE IPOBOAMTH MPAKTHUECKHE

BepOfITHOﬁ CUTyalun
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TPEHUPOBKH BCEX 3a/1€HICTBOBAHHBIX IS 9BaKyalluu
paboOTHUKOB

3.3 JleticTBus mpu BO3HUKHOBEeHNH YC: IpeKpaTuTh
Bce paboOThl B  3[0aHWM, HE3aAMEIJIUTEIILHO
ONOBECTHTh ITIOXKAPHYI0 OXpaHy IO TenedoHy,
NPUHATE BO3MOXKHBIE MeEpbl 10 JIMKBHJALWU
nocnenctsuit UC: sBakyauust e, TyIIEHHUE
moxapa, B CIlydae YIpo3bl SKU3HH JIIOJEH
HEMEJICHHO OPraHU30BaTh UX CIIACEHUE .

4. IpaBoBble M OpPraHU3aLUOHHBIE BOMPOCHI O0ecleYeHUst
0e3omacHOCTH:

—  cIienuanbHBIE (XapaKTepHBIE IPU KCILTyaTallui 00beKTa
WCCIIEIOBAaHMS, IPOEKTHpyeMoWl  pabodeli  30HBI)
IPaBOBBIE HOPMBI TPYZOBOTO 3aKOHOIATEIILCTBA;

- OpraHU3allUOHHBIC  MEPONPHUATHA IIPU  KOMIIOHOBKE
paboueii 30HbI.

[TpaBoBbIe U OpraHU3ALHOHHBIC BOIIPOCH! OTPaKEHBI
B gokymenrtax: IIb  11-555-03  «IIpaBmna
0€30MacHOCTH IIPH ITPOU3BOJICTBE TOPOIIKOB U ITy P
U3 AJIOMHUHUSA, MarHus U CIUIaBOB HA UX OCHOBEY;
IIb 11-588-03 «IIpaBuna ©Oe30mMacHOCTH MpPH
MPOM3BOJICTBE TyO4YaToro TUTaHA M TUTAHOBBIX
MOPOILIKOBY.

| JlaTa BbIIa4YM 3a1aHUdA JJIA pa3/iena 1o JHHeHHOMY rpaguky |

3agaHue BbIIAJ KOHCYJIbTAHT:

YyeHasl cTeneHb
JoJzKHOCTH (017 (0) Yuenas crenens, IMoanucey Jara
3BaHue
Ipodeccop oTaeneHnst KOHTPOJIS AxmemxanoB Paduk
U JMaTHOCTHKH PaBunneBuu
3aua}me NMPpUHAJ K UCIIOJTHCHUIO CTYJACHT:
I'pynna DOHUO Hoanuce Jara
4TM61 CamapkanoB @apxart JXKanatoBny
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5 ConnajibHasl OTBeTCTBEHHOCTH

BBenenue

B nmanHOW BBIMTYCKHOW KBaNMM(PHUKAIIMOHHON paboTe MPOU3BOIUTCS aHAIU3
TEXHOJIOTHH JOOBIYM HaHOMOpommkoB ctamu 316L m crmmaBa meramioB TIAl ¢
MCIIOJIb30BAaHUEM METO/Ia AJEKTPUUECKOrO B3phIBa MPOBOAHHUKA JIS ONpeaeNeHUs
apameTpoB MPOILIecca, MO3BOJSIOIINX MOJy4aTh HAHOMOPOUIKHY 33a/IaHHBIX Pa3MEPOB.

Lenpro paboThl SIBIAETCA, C HCIOIB30BAHUEM IMPOTPAMMHOIO OOECreYeHUs
Comsol Multiphysics, omnpenenenne HeoOxoauMmbix mnapamerpoB OBIT u  ux
JaJibHENIee HKCIEPUMEHTAIbHOE TOATBEPXKACHUE HAa YCTAaHOBKE MO J100bIUe
HAHOTIOPOIIIKOB.

Jaunubiit paznen BKP nocBsiliieH BBIMOJHEHUIO aHAIu3a U pa3padoTKe Mep Io
oOecrieyeHuto0 ONaronpusTHBIX YCJIOBHH TpyJa B paOoueil 30He. Paboueli 30HOU
SBIISIETCS  1a00OpaTopvsi BBICOKOJUCIEPCHBIX MAaTEpHaOB HWHCTUTYTa ONTHUKH
atmocgepsl uM. B.E. 3yeBa Cubupckoro ornenenus Poccuiickoii akageMun HayK.

[IpousBenen aHann3 BpeaHBIX (DAKTOPOB B JaOOPATOpPUU, T/IE€ MPOUIBOIUTCS
N00bIYa HAHOMOPOIIKOB, TAaKWX KaK: OTKJIOHEHHE MOKa3zaTele MHKPOKINMaTa B
MOMEIICHUH, TIOBBIICHUS YPOBHS IIIyMa, TPEBBINICHUE AJICKTPOMATHUTHBIX

W3JyYEHUU.

5.1 IlpousBoacTBeHHAsA 0€30MACHOCTH
5.1.1 AHaiu3 BpeaHbIX U ONACHBIX (PAKTOPOB, KOTOPbIE MOXKET CO31aTh

00BEeKT HCCJIe0BAHNSA

B 1mpouecce KU3HENEATEIBHOCTH YEIOBEK MOABEPTacTCsl BO3JCUCTBUIO
OTMACHOCTEM U B CBOEH TPYJIOBOM JEATEIBHOCTU. DTa JICSITEILHOCTh OCYILECTBISAECTCS
B IIPOCTPAHCTBE, HA3bIBAEMOM MPOU3BOJICTBEHHOM Cpeaoi. B ycrmoBusix npon3BoacTea
Ha YE€JIOBEKa B OCHOBHOM JEHWCTBYIOT TE€XHOIE€HHBIE, T.€. CBSI3AHHBIE C TEXHHUKOM,
OITAaCHOCTH, KOTOpBIC MIPUHSITO Ha3bIBaTh OITAaCHBIMU u BpPEIHBIMU

POU3BOICTBEHHBIMH (PAKTOPAMH.
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Onacuvim  npouszeoocmeennvim  paxmopom (OIID) HazpiBaeTcss Takou

HpOHBBO,Z[CTBCHHLIﬁ BOSILGﬁCTBI/IG Ha pa60Ta}01uer0 B

dakxTop,

ONPENIENICHHBIX YCIOBUSX MPUBOJIUT K TPABME WA K IPYrOMY BHE3AITHOMY PE3KOMY

KOTOpPOTo

YXYALIEHUIO 310POBbs. TpaBmMa — 3TO NOBPEKICHUE TKAHEW OpPraHnu3Ma U HapylICHHE
ero pyHKIui BHEIIHUM BO3JeicTBUEM. TpaBma sIBIISIE€TCS Pe3yJIbTATOM HECUACTHOTO
Cily4das Ha MPOMU3BOJCTBE, MOJ KOTOPHIM IMOHUMAIOT CJIy4ail BO3JAEHUCTBHUS OMACHOTO
MIPOU3BOJICTBEHHOTO (hakTOopa Ha PabOTAIOMIEr0 TPH BHIOJHEHUH MM TPYIOBBIX

00s13aHHOCTEW UM 3aJJaHUN PYKOBOJUTENS palOT.

Bpeouvim  npouzeoocmeennviv  ¢pakmopom (BII®) HazpiBaeTcs Takou
IIPOU3BOJCTBEHHBIH  (haKTOp, BO3JACHCTBHE KOTOPOrO Ha paboTalIero B
ONPEJCICHHBIX  YCIOBHSAX  TNMPUBOAUT K  3a00JCBaHUIO WM  CHWKCHHIO
TPYAOCIIOCOOHOCTH.

[Ipu pabGote B KaOuHETE MEPCOHAT MOXKET CTOJKHYTHCA C BO3JICUCTBHEM

(U3NYeCKH OMACHBIX U BPEIHBIX MPOU3BOACTBEHHBIX (pakTopos [50].

Tabnuma 22 - Bpeansie u onacHbie (hakTopb

Hcrounnk ®akropsi (mo 'OCT 12.0.003-74) HopmaTtuBHbie
¢axkropa, JTOKYMEHTBI
HANMEHOBAHIE Bpennsie OmnacHele

BHUJIOB paboT

Marematuueckoe | 1. [ToBbIIEHHAs wm | Onextpudeckuid Tok | CanlluH — 2.2.4.548-
MOJIETUPOBAaHUE Ha | IOHWKEHHAass TeMIeparypa 96.[51];
MIEPCOHAIIBHOM BO31IyXa paboueit 30HbI I'oCT 12.1.003-
KOMIIBIOTEPE, 2. TloBbIILIEHHBI YPOBEHb 83.[52];

pabota B | IIyMa Ha paboueM MecTe I'OCT 12.1.019.[56];
nabopaTopuu 3. IToBblIEHHAs I rocr 12.1.038 -
(pabota Ha | IOHIKEHHAS BJIQKHOCTh 82.[57]

yCTaHOBKE 1o | BO3ayXxa

no0brue 4. Hannuwne

HaHOIIOPOIIKOB) JIEKTPOMArHUTHBIX MOJIEH

MI/IKPOKJ'II/IMaT IMIPONU3BOJACTBCHHBIX HOMGI]_[eHI/Iﬁ OonpcACsICTCA COBOKYITHBIM
BOSHCﬁCTBHGM Ha OpraHu3M YCJIOBCKA TCMIICPATYPhI, BIIAJKHOCTHU, CKOPOCTU IABHIKC-
HHUA BO3yXd, TCIUIOBOTO M3JIYYCHHUA HAIpCThIX HOBerHOCTeﬁ. MI/IKpOKJII/IMaT

Pa3INYHBbIX IIPOU3BOACTBCHHBIX HOMGIHCHI/Iﬁ 3aBHCHT OT KOJeOaHWM BHEIIHHUX
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METEOPOJIOTHYECKIX  YCIIOBHUH, BpEMEHH  JIHA, roja, 0COOCHHOCTEH
HPOM3BOJICTBEHHOTO MPOIIECCa U CUCTEM OTOILICHHS U BeHTWIsIKHU. [51].

Cornacuo [51] pabota B kaOMHETE OTHOCHTCS K Kiaccy pabOT ¢ MHTEHCHBHO-
cThio sHepro3arpat 120 - 150 kkan/gac. B momenienusix, rae padora ¢ nepcoHaIbHON
QJIIEKTPOHHON  BBIYMCIWTEIBHOM  MAIlIMHOW  SABJISIETCS.  OCHOBHOM,  JOJKHBI
00ecrneunBaThCs ONTUMAIBHBIE TApaMEeTPhl MUKPOKJIMMATA JIJIsl KaTeropuu padboT la u
16 B COOTBETCTBMM C JIEUCTBYIOIIMMHM CAHUTAPHO-3IUAEMHUOIOIMYECKUMU

HOpMaTUBaMHU MHUKPOKJIMMAaTa IpOU3BOJCTBCHHBIX HOMGH_ICHI/II\/'I.

Tabmuma 23 — [TapamMeTpbl MUKpOKIMMATA JIJIsl TPOU3BOACTBEHHBIX TOMEIICHHM
Ilepuoa rona ITapameTp MUKpOKJNMATA Beanunna
TemnepaTypa Bo3ayxa B IOMEIIEHUN 22 -24 °C

XoJIoaHBI! OTHOCHTENIbHAS BIIAYKHOCTH 40 — 60 %
CKOpoOCTh ABM)KEHUS BO3/TyXa 10 0,1 m/c

Temmeparypa Bo3ayxa B IOMEIICHHN 23 —25°C

Terubrii OTHOCHTENIbHAS BIIAYKHOCTH 40 — 60 %

CKOpOCTh ABMKEHUS BO3/IyXa 0,1-0,2 m/c

Jlist obecrnieyeHusi IOCTATOYHOTO TOCTOSIHHOTO UM PaBHOMEPHOTO HarpeBaHMs
BO3/lyXa B paboyeM KaOMHETE B XOJOJHBIM MEPUOJ roJa MUCHOJb3YETCS OTOIUICHHE.
TeMrneparypy B HOMEIIEHUU CIIEIYET PETYIHPOBATH C YUETOM TEIUIOBBIX MIOTOKOB OT
o0opy10BaHUSI.

C nenbio nojaziepKaHus apaMeTpoB MUKPOKIIMMATa B JIOMYCTUMBIX MpeJenax,
a Takxke KOM(MOPTHBIE yCIOBUS PaOOTHI OOCTY>KMBAIOIIETO TIEpCOHAIa MPUMEHSIETCS
KOHJIUIMOHUPOBaHUE Bo3AyXa. KoHAMIMOHMpOBaHME BO3ayXa 0O€CIEeYnBAET
Nnoj/iep>KaHle MapaMeTpOB MHUKPOKIMMATa B TEUCHHE BCEX CE30HOB T0Jla, OUHCTKY
BO3/lyXa OT MbLJIU U BPEIHBIX BEIIECTB.

Hpyrum BpeaHbIM (PaKTOPOM, OKa3bIBAIOLIMM MMAaryoHOE BO3/ACHCTBUE HA 3/10-
POBBE YENIOBEKa, SIBJISIETCS IIyM. Y pPOBEHb IiTymMa B paboueii 30He coctaBisieT 72 ab.

Cornacio CH 2.2.4/2.1.8.562-96 npenenvHo aomyctumbie ypoBHU (ITHY)
3BYKOBOT'O [IaBJICHUSI, YPOBHU 3BYKa W OKBUBAJICHTHbIE YPOBHM 3BYKa JUIs

U3MEPUTEIBHBIX W AHAIMTHYECKUX pa0OT B KaOMHETE MPEICTaBIICHBI B TabuIle

3[66,52].
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Tabnuma 24 — IlpenenbHO TOMYCTUMBIE YPOBHH 3BYKOBOTO IaBJICHUS, yPOBHU 3BYKa U
HKBUBAJICHTHBIC YPOBHHU 3BYKa JUUIsl OCHOBHBIX Hau0oyiee TUIIMYHBIX BUJIOB TPYIOBOU

ACATCIIBHOCTU U pa6oqnx MECT

YpoBHH
YpoBHU 3BYKOBOTO /aBiieHusl, 1b, B
3BYKa U
OKTaBHBIX MOJIOCaX CO CPETHETEOMETPUUECKIUMHU y
n/m . 3KBHBa-
Bun tpynosoii gactoTtamu, '
JICHTHBIE
NeSTeNIbHOCTH, pabodee MecTo
o o o | o | YpoBHH
Lo [Te) o o
J18 |8 |8|g|8| 8 |8 |8 |myka(s
™

BricokokBanuduumpoBaHHas
pabora, Tpebyromias cocpeo-
TOYCHHOCTH, aMHHUCTPATUB-
HO-YyTIpaBJICeHYECKasl JIesTelb-
HOCTb, U3MEPHUTEIIbHbBIC U aHa-
auTrdeckue pabotel B mabopa- | 93 | 79 | 70 | 68 | 58 | 55 | 52 | 52 | 49 60
TOpuu; pabouue Mecra B IO-
MEIIEHUSIX [EXOBOTO YIpaB-
JICHYECKOTO ammapara, B pa-
00YMX KOMHAaTaX KOHTOPCKHX
MOMEILEHUI, B 1ab0paTopusx

Brusnue nryma Ha cyXoBO# aHaIM3aToOp MPOSBIISIETCS B aypaibHBIX 3 deKTax,
KOTOpbIE, TJaBHBIM O00pa3oM, 3aKIOYalOTCd B MEJIEHHO MPOrpecCUpPYIOLEM
MOHMKEHUHU CllyXa MO THUIy HEBPUTA CIYXOBOIro HepBa (KoxJieapHbiii HeBpuUT). [log-
BEprarIrecs IyMOBOMY BO3JEHUCTBUIO JIFOJH, YaIE BCETO KAIYIOTCS HA FOJIOBHBIE
0071, KOTOpbIE MOTYT UMETh Pa3HyI0 MHTEHCUBHOCThH U JIOKAJIU3ALMIO, TOJIOBOKPY-
YKEHUE NPU NEPEMEHE MOJIOKECHUS TEJa, CHUKEHUE MTaMSTH, MTOBBIIIEHHYIO YTOMIIsE-
MOCTb, COHJIMBOCTb, HAPYLICHUS CHA, SMOLIMOHAIBHYI HEYCTOWYMBOCTb, CHUKEHHE
anmneTuTa, MOTIMBOCTh, 00JMM B 00JAcTH cepiaua. BiausHue mryma cka3bIBaeTcsl Ha
GYHKIUAX SHIOKPUHHOM M UMMYHHOW CHCTEM OpPraHM3Ma, B YaCTHOCTH ATO MOKET
NPOSIBIISATECSL B BHUJAE TPEX TJABHBIX OHOJOTHMYECKUX D(PHEKTOB: CHUKECHHE
UMMYHUTETA K WHOEKITMOHHBIM OO0JIC3HSIM; CHI)KEHNE WMMYHHUTETA, HATIPABICHHOTO
MIPOTUB PA3BUTHUS OIYXOJIEBBIX MPOIECCOB; MOSBICHUE OJIaronpUsATHRIX YCIOBHUM AJis

BO3HUKHOBCHHUA U PAa3BUTHA aJINICPITHICCKHUX U aYyTOMMMYHHBIX ITPOLIECCOB.
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Hcrounnkamu mryma mpu paboTe B KaOMHETE SBIISIOTCS IMEPCOHAIBHAS DJICK-
TPOHHAsI BBIYMCIUTEIbHAS MalllMHA, HEOOXOoAMMas JUIsi KOHTPOJsi pabOThl aBTOHOM-
HOTO KOMILJIEKCA AJIEKTPOCHAOKEHUS U YCTPOUCTBO sl KOHIUIIMOHUPOBAHUS BO3/TY -
xa. [Ipu obecrnieueHnn HOPMaAIBHBIX YCIOBHN MUKPOKIMMATa YPOBEHB ITymMa B KaOu-
HeTe He OyAeT MpeBbIaTh HOPMBI.

B kadecTBe cpeicTB MHAMBUAYATBHON 3aIIUTHI IPUMEHSIOTCS IPOTUBOITYMHBIE
HaymHuk COM3-3 ITYMA. yluIHUKY NpeiHa3HaueHbl JJI 3alllUThl OpraHa ciyxa OT

mryma ¢ ypoBaem He 6oiiee 115 a1b (SNR = 30 nb). I'pynna A.

Pucynok 47 — Haymnanku COM3-3 [ITYMA

Tak kak B 1abopaToOpuM HAXOJUTCSA YCTAHOBKA MO HapaOOTKE HAHOTOPOIIKOB,
KOTOPYI0 MOKHO OXapaKTepHU30BaTh KaK MO MOIIHOCTH, TaK U MO PEXKUMY PabOTHI,
€CTECTBEHHBIM YCIIOBUEM SIBJISIETCS PACCMOTPEHUE AJIEKTPOMATHUTHOIO U3IIYUYEHUS.
N3mepenne ypoBHS JIEKTPOMArHUTHOTO U3JIyUYEHHUs, €€ IJIEKTPUUECKON U MAarHUTHOM
COCTaBIIAIOIIEH MPOU3BOJUTCS C TOMOIIBIO CIEAYIOMIMX YCTPOHCTB:

1) H3meputenb HANpsHKEHHOCTH IMMOJS MPOMBIIUIEHHOW bacToThl [13-50A
(pucyHok 48) mnpeaHa3HAYCH I HM3MEPEHUS CPCIAHEKBAJAPATHUYHOIO 3HAYCHUS
HATMPSHKEHHOCTH DJIEKTPUYECKOTO TIOJISI MPOMBINIJIEHHON YacTOTHI, BO30YKIaeMOTo

BOJIM3M AJIEKTPOYCTAHOBOK BBICOKOTO HampspkeHus B quanaszone ot 0,01 mo 100 kB/m.
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1- yerpoiictBo otcuetnoe Y 03-50; 2— anTenna npeodbpazosatens E3-50; 3—
U30JISIIIMOHHBIC PYYKHU; 4— COCTUHUTEIIbHBIN KaOeb

Pucynox 48 - Buemnuit Bug npudopa [13-50A

2) Wsmeputenb HampsOKEHHOCTH IOJS MPOMBIILICHHOW dvactoThl [13-50b
(pucyHok 49) mnpenHa3Ha4YeH IS HM3MEPEHHs CPEAHEKBAJIPATUYHOTO 3HAYCHUS
HAMPsSHKCHHOCTH MATHUTHOTO TIOJIS TPOMBINIUIGHHONW YacTOTHI, BO30Yy>KIaeMOTo

BOJIM3M AJIEKTPOYCTAaHOBOK BBICOKOTO HampspkeHust B auama3one ot 0,1 o 1800 A/m

1- yerpoiictBo oTcuetnoe Y 03-50; 2— anTenna npeodpazosatenp H3-50; 3—
U30JIIIIMOHHAS pydKa; 4— COeAMHUTEIHHBIN KaOeb

Pucynox 49 - Baemnuii Bun npudopa [13-50b

HBMGpGHI/IH 3H€pF€TH‘I€CKOﬁ OKCIIO3UIINUH ITOKa3aJin CICAYIOIUC PE3YyJIbTAaThI:

2 2
- Io 511-0ii cocTapsiomeii e = 5300 (=) -, mo TILY 3De <20000 (=) -u;

2 2
- [lo marauTHOM cocrapisitonieid 91 = 280 (%) 4, o [TJTY 901 <200 (%) ‘q,
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PanHuMK  KIMHAYECKMMH  TPOSIBIECHUAMH  IIOCIHEACTBHS  BO3ICHCTBUS
AIIEKTPOMArHUTHOTO M3JIYYEHHS] Ha OPTaHU3M YeJIOBEKa SIBISIIOTCA (PyHKIMOHAIbHBIC
HapyILIEHUSI CO CTOPOHBI HEPBHOM CHUCTEMBI, ITPOSBIISIOLINECS B BUJE BEr€TaTUBHBIX
TUCHYHKIIMA  HEpBAa CTEHWYECKOTO0 M acTeHWYecKoro cuHapoma. Jluna,
IIPOJOJDKUTEIBHOE BPEMsI HAXOJIMBIIMECS B 30HE JJIEKTPOMATHUTHOIO W3JIy4ECHUS,
UMEIOT JKaJloObl Ha cJaboCTh, Pa3IpPaXUTENbHOCTh, OBICTPYIO YTOMIISIEMOCTb,
ocnabieHre maMsaTH, pacCTPOMCTBA CHA. 3a4acTyl0 ATUM CUMITOMAaM COMYTCTBYIOT
paccTpoiicTBa BeretatuBHbIX (yHkuuMi. Hapymenuss co CTOpPOHBI CepAeYHO-
COCYIUCTOM CHUCTEMBI IPOSBIISIIOTCS, B OOJIBIIMHCTBE CIy4aeB, HEUPOLMPKYJIATOPHOU
JTUCTOHMEN: NaOWIBHOCTh MYJIbCa W apTEePUATBHOTO [ABJIEHUS, HAKJIOHHOCTh K
TMIOTOHUM, Oonu B obOnactu cepauna. OTMeyaroTcs Takxke (a3oBble HW3MEHEHUS
coctaBa nepupepuyecKkoil KpOBHM C MOCIEAYIOIIMM pa3BUTHEM YMEPEHHOMN
JICUKOINICHUHU, HEMPOIIEHUH, SPUTPOLUTONECHUN. VI3MEHEHUsT KOCTHOTO MO3ra HOCST
XapaKTep PEaKTUBHOIO KOMIIEHCATOPHOTO HaIpsikeHus pereHepauuu. OObIYHO 3TH
U3MEHEHUS BO3HUKAIOT Yy JIULL IO POy CBOEH pabOThl MOCTOSSHHO HAXOIUBIINXCS MO
NEUCTBUEM  DJIEKTPOMATHUTHOTO  M3Jy4y€HUs €  JOCTAaTOYHO  OOJIbLION
MHTEHCUBHOCTHI0. PaboTaroniye ¢ MarHUTHBIMM U 3JIEKTPOMAarHUTHBIMU IOJISIMH, A
TaK)K€ HaceJieHWe, >KUByliee B 30He jaeiictBuss OMII  xanyroTcs Ha
paznpaxurenbHOCTh. Yepe3 1-3 roma y HEKOTOPBIX MNOABISETCS 4yBcTBO 104
BHYTPEHHEW HAIPSHKEHHOCTH, CYETVIMBOCTh. HapymmaroTcs BHHMAaHUE W IIAMSTh.
Bo3HuKaroT kano0bl Ha Malyro 3G (GEKTUBHOCTD CHA U yTOMJIIEMOCTH [67].

VYcTaHOBKAa HAaXOAUTCS B METAJUIMYECKOM KOPIYCE, SIBISIOIIMMCS 3alUTHBIM
DKPAHOM OT 3JIEKTPOMAarHUTHOTO U3JIy4eHHUs. TaK Kak BeJIMYMHA 3JIEKTPOMAarHUTHOTO
U3ITy4YEeHUs] HE3HAYUTENIbHA, HET HEOOXOUMOCTH B UCIIOJIb30BAaHUU JIOTIOJTHUTEIbHBIX
CPEACTB KOJUIEKTUBHON ¥ UHAMBHUYaJIbHOMN 3AILNTHI.

NcTouHNKOM 37IEKTPOMArHUTHBIX M3TYyUYE€HUN B JTA0OPATOPUM TAKXKE SIBIISIETCS
aucrienn  [IDBM. MoOHMTOp  KOMIIBIOTEpA  TE€HEPUPYET  PEHTIEHOBCKOE,
yIbTpapuoIeTOBOE U HMH(PPAKpACHOE HU3IYUYEHUS, a TaKKe IIMPOKUN TUana3oH
9JIEKTPOMArHUTHBIX BOJH JApyrux 4actoT. CornmacHo [53] HampsKeHHOCTb

AJEKTPOMArHUTHOTO TOJS MO JIEKTPUYECKOW COCTABIISIIONIEH HAa paccTossHuU S0 cM
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BOKpYT Buueoaucruieiinoro tepmuHana (BJIT) He momkna mpesbimate 25 B/M B
nramnaszone ot 5 I'm go 2 xI'm; 2,5 B/M B nuanaszone ot 2 mo 400 xI'n. ITimorHoCTh
MarHUTHOT'O MTOTOKA HE JIOJKHA MpeBbIaTh B auana3one ot 5 I'u mo 2 kI'n 250 uTx,
u 25 uTn B amanazone or 2 a0 400 xI'u. IloBepXHOCTHBIA ANEKTPOCTATUUYECKUIL
NOTEHIIMAJ He J0oJDKeH npebiinats S00B [52].

Cornacho [53] xonctpykius BT u IIDBM noimkHa obecnieunBaTh MOIITHOCTh
OKCIIO3UIIMOHHOMN J03bI PEHTI€HOBCKOTO M3IIYYCHHS B OO0 TOYKE HAa PacCTOSHUU
0,05 m ot kopmyca He 6omsee 0,1 M03p/u4 (100 MxP/u). IIpenen m03b1 00IydeHUs s

pabotuukoB BI] (omepaTtopsl, mporpamMmmucthl) coctasiser 0,5 63p/ro.

Ta6JII/IHa 25 — CpCI[CTBa 3allIUThI OT HSHYI{GHI/Iﬁ OIITHUYCCKOI'O AuaIrasoHa U 3JICKTPO-

MarauTHeIX nojeit [I9BM

No

Cpenctso npopUIAKTUKA
HeOmaronpusiTHoro BiusiHus [I19BM

Oxa3piBacMoe npO(anaKTqucxoe JIeicTBHE

[IpuskpaHHbIe 3alIUTHBIE (QUIBTPHI

CHMXKAIOT yPOBEHb HANPSKEHHOCTH 3JIEKTPUUECKOTO

paspemienHble Mun3zapaBsom Poccun
U1t paboTsl ¢ [I9BM

1 U DIEKTPOCTaTUYECKOrO 1oJ, MOBBIIIAIOT
JUIsl BUIIEOMOHUTOPOB
KOHTPAaCTHOCTb M300payKE€HUS, YMEHBIIAIOT OJIHMKH.
2 HelitpanuzaTopsl annekTpudyeckux |CHIKAIOT YPOBEHb 3JIEKTPUUECKOIO II0JIL  IIPO-
10JIEN MPOMBIIIJIEHHON 4aCTOThI MbIIeHHON yacToThl (50 ')
Ouxky 3amUTHBIE CO CHEKTpadbHbIMM |[IpoduiiakTHKa KOMIBIOTEPHOTO 3PUTEIBLHOTO CHH-
3 dbunsTpamMu JIC u HCO®, |mpoma, ynydilieHHe BH3yaldbHbIX IOKa3aTesied BU-

JIEOMOHHTOPOB, TIOBBIINIEHHE PAaOOTOCIOCOOHOCTH,
CHIJKEHHE 3pUTEIHbHOI0 YTOMJICHHS

B kabunere nabopaTopuu B HACTOSAIIMA MOMEHT MPUMEHSIOTCS JIAMITBI C
HEJIOCTaTOYHBIM CBETOBBIM MOTOKOM (F = 2400 1m).

B kaOunere, 1€ NPOUCXOIUT TMEPUOAMYECKOE HAOIIOIEHHE 3a XOJIOM
MIPOU3BOJICTBEHHOT'O MPOIEcca MPH MOCTOSIHHOM HaXO0XKJICHUHU JIIOJICH B TTOMEIICHHH
JOJDKHBI OBITH COOJIFOJICHBI HOPMBI OCBEIICHHOCTH W KAYECTBEHHBIC IMOKA3aTEIH
OCBEIIICHUSI B COOTBETCTBUU C TpeboBanusimu CanlluH 2.2.1/2.1.1.1278-03 [54].
[Tomemenne MODKHBI WMETh E€CTECTBEHHOE U HMCKYCCTBEHHOE OCBEIICHHE.
EcTtecTBeHHOE OCBeleHNE JTOJDKHO OCYIIECTBIISITHCS Uepe3 OOKOBBIE CBETOMPOEMBI.
HckycCcTBEHHOE  OCBEIICHUE cCUCTeMOW  001ero

JOJIDKHO OCYHICCTBIIATHCA

PaBHOMEPHOTO OCBEIICHHUSI.

88



OcBenieHHOCTh paboueil MOBepXHOCTH JIoJDKHA cocTaBiaTh 300-500 mk [54].
Koadduument mnynbcanuu ocBemeHHoctd He Oonee 15 %. Koaddunment
ecrectBeHHOU ocBenieHHOocTH KEO B kabuHeTax v pabouynx KOMHaTaxX J0HKEH ObITh
He Hwke 1%. —ipu 60K0BOM ocBerieHuH U 3% — Ipu BEpXHEM I KOMOMHUPOBAaHHOM
ocenieHnn. Koaddumment cosmeniennoir ocBemeHHocTd KEO B kaOuHeTrax
pabounx KoMHaTax JoJnKeH ObITh He Hike 0,6%. —mpu 60koBOM ocBemenuu u 1,8%
— IIPY BEPXHEM WJIM KOMOMHUPOBAHHOM OCBEIICHUHT

[IpousBeseM pacdeT UCKYCCTBEHHOTO OCBEIIEHUs Jyisl pabodero kaOuHeTa, B
KOTOPOM TPOU3BOJIUTCS KOHTPOJIb COCTOSIHUS aBTOHOMHOI'O KOMILJIEKCAa AJIEKTPO-
cHaOxeHus. KabuHer MMeeT ciienyromue pa3Mephl: mupuHa — 4 M, IJMHA — 5 M,
BBICOTA — 3 M, TuTomans —20 M.

[Topsanok pacuéra:

1) BBIOOD THIA CBETUIILHUKOB,

2) omnpeienieHue KOJUYECTBA CBETUIILHUKOB,

3) omnpenesneHrue MOIHOCTH UCTOYHUKOB CBETA.

B nomeniennn nmpeaycMoTpeHo ol11iee paBHOMEPHOE OCBEILIEHUE, 1JIs1 KOTOPOTO
MPUMEHSIOTCS JIFOMUHECTICHTHBIE JamIibl Trna JIXb (ammber xonogHo-0emoro ngeTa),
JUISL KOTOPBIX HCmoib3yeTcss cBeTwibHUK Tuna [IOA-2-40 (mamunoit 1228 wmw,
mupuHoil 284 mm). PasmerieHue CBETHJIBHUKOB B MOMEIICHUU OMpPEACIISieTCsl Ciie-

OYIOIAMU pa3mepamu [55]:

H = 3 M— BpICOTA TIOMEIICHHUS,

hc = 0,2 M — paccTosiHiE CBETUILHUKOB OT IIEPEKPHITHS (CBEC);

hn— BBICOTA CBETMIIBHUKA HAJl ITOJI0M, BBICOTA IOIBECA;

hp— BeICOTa paboucii MOBEPXHOCTH HAJ MTOJIOM;

h — pacuérnas BbICOTa, BBHICOTA CBETWJIbHHMKA HaJa paboduell MOBEPXHOCTHIO
(h = hn - hp)s

L — paccTosiHre MEXTy COCETHUMH CBETUIILHUKAMHU WIIH PSJIaMHU;

| — paccrostHe OT KpailHMX CBETHUJIBHMKOB WJIM PSIIOB JI0 CTEHBI (ONTHUMAIbHOE

paccTosiHue / peKOMEHIyeTCsl IPUHUMATh paBHBIM L/3);
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A — MHTETpabHbIA KPUTEPUN ONTUMAIBHOCTH PACIIOIO0KEHNS CBETHIIBHUKOB.

BricoTa moaBeca COCTaBJIACT.
hnzH'hc:3—O,2=2,8M (18)

VuuteiBas, uro hy = 1 M, Haiiném h = h, - hy =2,8-1 = 1,8 m.

s ceetrnbHuKoB Tuna 11O/ 4 = 1,1, moatomy

L=2-h=11.1,8=198wm; (19)
l, _L_19%8_ 0,66 m; (20)
3 3
| - 4-2:0,284-1,98 _ _nc

Ha ocHOBe HaHHBIX pacyeTOB PEKOMEHAYETCS Pa3MECTUTh CBETHJIBHUKU B 2
psAlla, B KaKJIOM U3 KOTOPBIX MOYKHO YCTaHOBUTH 2 cBeTuibHUKA THNa [IIO/I-2 mom-
HOCTBIO 40 Bt. IIpn sTOM MHTEpBan MeXQy CBETHWIBHUKAMHU B PSAY COCTaBAT IPU-
MepHO1,224 M. YuuTeiBas, 4TO B KaXKJIOM CBETHJIBHUKE YCTAHOBJIEHO IO JBE JaMIIbl,

oO111ee YKCiI0 JIaMIT B TOMEIISHUH COCTaBuT (2* 2) * 2 =8.

[{=]
o 1,224
=
______ 1
_ _ — — — _
(=]
<t (=31
<
=t
(=]
Nn.
L
_____ -1 = 77
_____
w 1,228
5

Pucynox 50 — Ilnan nmomenieHus 1 pa3MelieHus: CBETUILHUKOB (pa3Mepsl

yKa3aHbl B METPax)
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Pacyer 00miero paBHOMEPHOTO OCBEIICHHS BBIMIOJIHSAETCS METOA0M Ko3(du-
IIIEHTAa CBETOBOT'0 MOTOKA, YYUTHIBAIOLINM CBETOBOI MOTOK, OTPAKEHHBIN OT MOTOJIKA
U cTeH. CBETOBOI MOTOK IPYyTMIIBI JIOMUHECIICHTHBIX JIAMIT CBETUIILHUKA OTIPEIEIISICTCS
o dhopmyiie:

_ E,-S-K,-Z

P (21)

rie  E. — HOpMHpyeMas MUHHMMaJlbHas OCBEIICHHOCTh (JJI1 JTAHHOW KaTeropuH
nomenieHuit £y = 3001k) [7];

S — momane oceeraemoro noMemeHus (20 MZ);

Kz — xodddunmeHt 3amnaca, yYUTHIBAIOIIMN 3arps3HEHHUE CBETWIbHHKA,
3anbUIeHHOCTD (K3 = 1,5 - 11 moMeleHuii ¢ MaibIM BBIJICTICHUEM TIBLIHN );

Z — x03hdUITMEHT HEPAaBHOMEPHOCTH OCBCIICHHS (IS JTFOMHHECIIEHTHBIX
Jamn 6epercs paBHbIM 1,1);

N — uucno jami (8);

7 — K03 PUIMEHT HCIOJIb30BAHUS CBETOBOTO IMOTOKA — IOKa3bIBAeT, Kakas
4acTh CBETOBOTO IMOTOKA JIaMII MOMa/IaeT Ha pabovyr0 MOBEpXHOCTh. OH 3aBUCUT OT
WHJCKCA ITOMEIICHHUS |, THUIA CBETUJIbHUKA, BBICOTHI CBETHJILHMKOB Haj pabouei
MOBEPXHOCTHIO N M KO3 (HUIIMEHTOB OTPAKEHHUS CTCH P U MIOTOJIKA Pn.

Pacuer nnaexca nomemieHus OCymecTBisieTcs no popmyJe:

) S
i arb) (22)

rae S — mnomans noMemenus (20 m?);
h — BeIcOTa IO/IBECA CBETHUIIBHUKOB HaJl paboueii MoBepXHOCTHIO (1,8 M);

a,b — JuIMHa ¥ myuprHA oMerneHus (a =5 m; b =4 m).

: 20
B i=——=123.
pe3yabTare 18-(5+4)

KoaddummeHTs! oTpaskeHust pe ¥ pn UMEIOT CIIeAyIOIIne 3HaueHus [55]:

- pc = 50% (cTeHbl cBeXXENMOOEIICHHBIE C OKHAMU 0e3 1ITOD);

- pn = 70% (IIOTOJIOK CBEXKEIMOMOOECICHHBII).
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J1JIs IOJTyYEHHBIX 3HAYCHUU P, Pu U | KOIPPHUITMCHT UCTIOIB30BaHUS CBETOBOT'O
notoka 7 = 42,72%, wnu n = 0,427. TloxcraBinss nojiy4eHHbIe 3HaYEHUS B (hOpMYITY,
HaliJleM 3HaYeHWe MHHHMaJIbHO TpeOyeMoro CBETOBOIO IOTOKa Il paboueit

ayAUTOPUMU:
~300-20-1.5-1.1

0427 oM

PaccuutaB cBeToBOIl moTOK F, 3HAs TUM JaMIibl, BBIOEpEM OJIMDKAMIITYIO CTaH-
JTApTHYIO JIAMITY U OTPENEIUM DJIEKTPUUECKYI0 MOIIHOCTh BCE OCBETUTEIHHOM CH-
crembl. bawkaiimas cranmgaptHas gammna — JIXb40 Bt ¢ motokom 3100 am [55].
Hanpsxenune cetn 220 B. Tlo pe3ynbTaTaM JaHHOTO pacuera MOKHO CAenaTh Clery-
IOIIHi BBIBOJ: coriiacHo [54] B paboueii ayauropuu (pasmepamu 5 X 4 X 3 M) co cBe-
XKenoOeJIeHHBIMU MOTOJIKOM U CTEHAMH, C OKHaMH O€3 IITOp CIEAYyEeT UCIOJIb30BaTh 4
ceetuibHEKa THHA 110/[-2-40 ¢ mromuHecrieHTHRIME JamnaMu JIXB MOITHOCTBIO
40 Bt c motoxom 3100 yim.

Tak kak, oCHOBHasi 4acThb pPaOOTHI CBSI3aHA C TMOJYYCHHEM M H3yYCHHEM
HAHOTIOPOIIIKOB aJIOMUHMS U TUTaHa HMke npuBefeHbl ['OCTh 1 HOpMATHBBI TIPH
paboTe ¢ JaHHBIMU MTOPOLIKAMH.

Cornacno I'H 2.2.5.1313-03 tutan oTHOCUTCS K 4 KJ1acCy OMacHOCTH (YMEPEHHO
OMACHOE BEIECTBO), aFOMUHUI — K 3 KJlaccy OmacHOCTU (OomacHoe BeliecTBo). B
Tabaune 26 npecTaBieHbl npeaeasrHo gomyctumbie koHeHTpanuu (I1J1K) Tantana B

BO3/Iyxe pabouel 30HbI

Tabnuna 26 — npenenbHO nonyctuMbie KonneHTpanuu (I[11K) anmtomunus u Tutana B

BO3/1yxe pabouei 30HbI

Benuunna [IpeumymiecTBeHHOE Krace OcobenHoctu
OJIeMEHT K arperaTHoe COCTOSIHUE B NEUCTBUSA HA
OITACHOCTH
(mMr/m3) BO3yXe OpTraHu3M
AIOMUHUHN U €TO
6/2 a 3 (o)
CILIaBBI
Turan -/10 a 4 (0))

[Tpumeuanue: 4 Kmacc — yMEpEHHO OIACHBIE; 3 — OMACHBIC; a — adPo30Jib; D -
a’p030JIH, MPEUMYIIECTBEHHO (PUOPOTEHHOIO IEHCTBHUS.
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JInst kaknmoro paOOTHHMKA, CBSI3AHHOTO C Pa3pabOTKON ¢ HAHOMOPOIIKAMH,
IPEeIyCMOTPEHBI CIEIYIONIUE CPEICTBA UHINBUIYAIbHON 3aIIUTHI:

1) kocTrOM xJ10MyaTOOyMaXKHBIM, KypTKa Ha yTeruistomen npokiaake no 'OCT
1126;

2) opesenroBbie pykasullpl 1o 'OCT 12.4.010;

3) pe3unoBsie nepuyatku o I'OCT 20010;

4) xnomuatobymaxusie nepyatku mo ['OCT 12.4.183 u 'OCT 5007;

5) 6otunku Ha KoxkaHoM nogomBe o 'OCT 28507 u 'OCT 12.4.137;

6) nmpotrBoa3po3oibHbIi peciupatop no 'OCT 12.4.004;

PaGoThl ¢ mopomrkamu BhITOMHAIUCH, ocHOBbIBasick Ha ['OCT 13084-88. B
OCHOBHBIX TpeOOBaHUSAX 0€30MACHOCTH YKA3aHO:

1) Turan u ero coeTMHEHUS B BO3AyXe paboUeii 30HBI He 00pa3yr0T TOKCHYHBIX
BEIIECTB U OTHOCATCS K UETBEPTOMY KJIACCY OMACHOCTH.

2) JlaGopaTopHbI€ TOMEMIEHUS, B KOTOPBIX BBIMOJIHACTCS XUMHUYECKas
0o0paboTKa HAaBECOK THUTaHA, JOJDKHBI OBITh O00OPYIOBaHBI BEHTWISIIIMOHHBIMU
cucremamu o 'OCT 12.4.021. 88

3) Iloxapnass 0e30macHOCTh  JIaDOPATOPHBIX  IMOMEIICHUN  JOJDKHA
oOecrieunBatbes B cooTBeTcTBUU ¢ TpeboBanusmu ['OCT 12.1.004.
4) K pabote B aHanuTHYECKOW 1abOpaTOpPUU JOJKHBI JOMYCKAThCS JIMIIA,

npoineanre UHCTpykTax B coorBercTBuu ¢ ['OCT 12.0.004.

5.1.2 AHau3 BpeAHbIX U ONACHBIX (PAKTOPOB, KOTOPbIE MOT'YT BO3HUKHYTh

NPHU NPOBEAEHUN UCCIeT0BAHUI

DIIEKTPUYECKUN TOK, MPOXOJs YEpe3 KMBOM OpraHU3M, OKa3bIBA€T TEpMUYE-
CKO€, AJIEKTPOJUTHYECKOE, Oroornyeckoe aencTeus. TepMuueckoe aeMcTBUE MPO-
ABJIAETCSI B OXOrax, HarpeBe M IMOBPEKIECHUU KPOBEHOCHBIX COCYAOB, IMEPErpeBe
cep/illa, MO3ra U IPyTUX OPraHoB, YTO BBI3BIBAET B HUX (PYHKIIMOHAIBHBIE PACCTPOIA-
CTBA. JJEKTPOJUTUYECKOE JACHCTBUE MPOSBIAECTCA B PA3IOKEHUH OPraHMYECKOU

KUAKOCTHU, B TOM YHUCJIC KPOBH, YTO BbI3bIBACT 3HAUUTCIIbHOC HAPYHICHUEC €C COCTAaBa,
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a TakkKe TKaHU B 11eJIOM. bruojoruueckoe qeiCTBUE BhIpA)KaeTCsl B HAPYIICHUU BHYT-
pEeHHUX OMOAJNEKTpPUUECKUX MpoiieccoB. Hampumep, B3auMoelcTBYs ¢ OMOTOKaMU
OpraHu3ma, BHEIIHUI TOK MOYKET HAPYILIUTh HOPMaJIbHBIA XapakTep UX BO3IEUCTBUSA
Ha TKaHU W BBI3BaTh HEMPOM3BOJBHOE COKpaiieHue MbIil. [loaTomy HeobXoammo
coOIroIeHrne Mep dJeKTpode3omacHoctH [56, 57].

DNIEKTPOYCTAHOBKU KJIACCU(PUIUPYIOT MO HAMNPSHKEHUIO: C HOMHHAJIBHBIM
HanpsbkeHuem a0 1000 B (momemienns: 6e3 moBeimeHHON omacHocth), 10 1000 B ¢
MPUCYTCTBUEM arpecCUBHON cpeibl (MOMEIICHHUS C TMOBBIIIEHHON OMacHOCTBHIO) U
coiie 1000 B (momernienus 0co06o onacHbie).

JlaGopaTopusi OTHOCHTCSI KO BTOPOW TpYIIE MOMEIIEHUH B OTHOUICHUU
OMACHOCTH IOPAKEHUS JIIOJEH JJeKTpudeckuM TokoM [58] — ocobo omacHoe
MOMEIIEHUE, TaK KaK YCTAaHOBKAa JUIsl TMOJYYEHHS HAHOMOPOIIKOB METOJ0M
AIIEKTPUYECKOTO B3phIBA IIPOBOIHMKA paboTaeT B MHTepBaie HanpspkeHuit ot 14000 B
10 30000 B.

[Ipu pabore ¢ yCTaHOBKOW NPOM3ZBOAMUTCS TOJBKO OIepaTopckas padorta.
BrIiCOKOBOJIBTHAS 4YacTh YCTAHOBKM HAXOJUTCS B 3aKPBITOM KOPIYCE, KOTOPBIM
3a3eMJICH, U HAxXOJWUTCS BHE 30HBI JOCATAeMOCTH omepartopa. J[lmsa obecrneueHus
0€30MacHOCTH M TIOJIHOTO HMCKJIIOYEHUSI BO3MOXKHOCTU MOPAXKEHHUS SJICKTPUUECKUM
TOKOM, YCTAHOBKA HAaXOJMUTCS B MOJHOCTHIO M30JMPOBAHHOM OOKCE M TaKKe MMEET
3a3emiieHue. Jlomyck K paboTe Ha JaHHOUW yCTaHOBKE UMEIOT COTPYIHUKH MPOIIEAIINE
CHEeUaNbHYIO0 MOArOTOBKY U uMetomue [V kareropuio mno anekTpo0e30nacHOCTH.

JInst 3auThl OT MOpaXEHUs SJEKTPUUYECKUM TOKOM B HOPMAJIbHOM PEXKHME
JOJDKHBI OBITh MPUMEHEHBI MO OTACIBHOCTH WM B COYETAHUM CIEIYIONIUE MEpPHI
3aIIUTHI OT IPSMOTO MPUKOCHOBEHHUS:0OCHOBHAS M30JISIIIUS TOKOBEAYIIIUX YaCTEH:

~TOJIy4Y€HHE NEPCOHAIOM COOTBETCTBYIOUIEH TPYIIbI 3EKTPOOE30MaCHOCTH;

—OTPaXKJICHUS M 000JI0UKH;

—yCTaHOBKa 0apbepoB;

—pasMCIICHUC BHC 30HbI JOCATACMOCTH,
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JIIst 3aIUTBI OT TIOPAKEHUS DJCKTPUYCCKAM TOKOM B CITydae MOBPEKIACHUS
U30JISIUU JJOJIKHBI OBITH TPUMEHEHBI M0 OTACIBHOCTH UM B COYETAHUU CIIEAYIOIINE
MEpBI 3aIIUTHI IPU KOCBEHHOM IMPUKOCHOBECHUH

—  3alIUTHOE 3a3€MJICHUE;

—  aBTOMAaTUYECKOE OTKJIIOYEHHE MUTAHUS;

—  ypaBHUBaHUWE MOTCHINAJIOB;

—  JIBOMHAs WIH yCUJICHHAS U3O0JISITHS;

—  3aIIUTHOE AICKTPUYECKOE pa3/ielICHHE 1enel;

—  M30JHpYIONIUE (HEMPOBOISIIKE) TOMEIICHUS, 30HbI, TUTOIIAIKH.

[Ipumenenue AByx U OoJjiee Mep 3alIUThl HE JOJKHO OKa3bIBaTh B3aMMHOTO
BIIUSTHUS, CHUKAIOMETO () (PEKTUBHOCTD KaXKIOM M3 HUX.

3amuTy npy KOCBEHHOM NMPUKOCHOBEHUH CJIETYET BBIIOIHATH BO BCEX CIydasiX,
ecJIi HampsDKeHHe B 2JIeKTpoycTaHoBke mnpesbimaer 50 B mepemennoro u 120 B
MOCTOSTHHOTO TOKA.

3azemirsioniee ycTpoicTBo [63], ucmosb3yemMoe i 3a3eMIICHHS 3JICKTPOyCTa-
HOBOK JIOJKHO YJIOBJIETBOPSATH BCEM TPEOOBAHMSM, MPEIBSIBIIEMBIM K 3a3€MJICHUIO
ATUX AJIEKTPOYCTAHOBOK: 3AITUTHI JIOJCH OT MOPAXKEHUS DIIEKTPUUECKUM TOKOM TPHU
MOBPEXKJICHUN  U3OJSIUU, YCIOBHSIM  PEKMMOB  PabOThI  ceTed,  3alluThl
ANEKTPOOOOPYIOBaHUSI OT TMEPEHANPSHKEHUsT U T.JI. B TEUYEHUE BCEro IMepuoja
OKCILTyaTaIyH.

B nepByto ouepes 10KHBI OBITH COOTIOICHBI TPEOOBAHUS, MPEIBIBISIEMbIE K
3aIUTHOMY 3a3eMJieHHI0. TpeOyemble 3HAUCHUS! HAIPSHKEHUM MPUKOCHOBEHUS U
COTIPOTHUBJICHUS 3a3€MJISIONIUX YCTPOMCTB MPU CTEKAHUH C HUX TOKOB 3aMbIKaHHS Ha
3€MJTIO ¥ TOKOB YTEUKH JIOJDKHBI ObITH 00€CTiedeHbl TPU HanboJiee HeOIaronpusTHBIX
YCJOBUSIX B JIF00O€ BpeMs roja. 3a3eMIISIIolMe YCTPOMCTBA NOMKHBI ObITh MEXaHU-
YECKU MPOYHBIMHU, TEPMHUUECKH U JUHAMHYECKU CTOMKMMH K TOKaM 3aMbIKaHHS Ha
3eMIITIO.

Jist  OTKJIIOYEHHWS] DJEKTPOCETe Ha BBOJAX HMEIOTCA PYOWIBHHKH.
OTkiroueHre BCeM CeTH, 3a MCKIIIOUEHHEM JICKYPHOTO OCBEIIECHHUSI, MPOU3BOJIUTCS

oOuM  pyOuiabHUKOM. B memsax mnpeaoTBpamieHusi  3IEKTPOTpaBMaTHU3Ma
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3amperaercs: 1) paboTaTh Ha HEHMCIIPABHBIX JIEKTPUUECKHUX MPUOOpax U yCTAaHOBKAX;
2) neperpyxath 3JEKTPOCETh; 3) MEPEHOCUTh U OCTaBJIATh O€3 Ha/130pa BKIIOYCHHBIE
anekTponpudopel; 4) pabortaTh BOJM3U OTKPBITBIX 4YacTel SJIEKTPOYCTAHOBOK,
IpUKacaTbcs K HUM; 5) 3arpOMOKIaTh OIXObI K AJEKTPUIECKUM YCTPONUCTBAM.
[Ipu mopaxeHuu >JIEKTPUYECKHUM TOKOM HEO0OXOAMMO KaK MOXKHO ObIcTpee
OCBOOOJIUTH TOCTPANABIIErO OT JCUCTBUA OJCKTPUUECKOTO TOKA, OTKIIOYUB
3IIEKTPONIPUOOpP, KOTOPOro KacaeTcsl moctpaaaBinid. OTKIIOUEHHE MPOU3BOIUTCS C
noMoImiplo  pyounsHuka. Ilpy  HEBO3MOXHOCTH  OBICTPOTO  OTKJIFOUEHUS
ANEKTPONpUOOpa HEOOXOAUMO OCBOOOIUTH MOCTPAAABIIETO OT TOKOBEAYIIUX YacTeH
JIEPEBSHHBIM WM APYTUM HE TIPOBOISIIUM TOK MIPEAMETOM MCTOUYHUK MOpakeHus. Bo
BCEX CIydasx MOPAKCHHS DIEKTPHUUECKHM TOKOM HE0OXOIUMO BBI3BaTh Bpaua. Bee
COTPYIHUKM  JIaDOpaTOpUU  KaXJble  IOJroja  HPOXOAST  dK3aMeH 110

3JIGKTpO6€30HaCHOCTI/I N UMCHOT KaTCropruro HC HUIKC BTOpOﬁ.

5.2 DkoJiornuyeckas 0€30MacHOCTh

OxpaHa oOKpy’Karllel cpeabl — ATO KOMIUIEKCHas mpobieMa U Haubosee
akTUBHAs (opma e€ pelIeHHs - 3TO COKpPAIEHUE BPEIHBIX BHIOPOCOB MPOMBIIIIICHHBIX
NPEANPUATANA dYepe3 TOJHBIA MepexoJl K O€30TXOIHBIM WM MaJOOTXOAHBIM
TEXHOJIOTUSM MPOU3BOCTBA.

B nannHoil paboTe HAHOMOPOIIKM TUTaHA W ATIOMHHUS TMOJy4Yalld METOJ0M
AIIEKTPUYECKOTO B3pPhIBA MPOBOJHUKA, KOTOPHIA B JIAHHBIM MOMEHT SIBJISICTCSI OJTHUM
U3 CaMbIX 3KoJIOTHYecKH Oe3BpelHbIX. [lolydeHue MOpOIIKOB OCYIIECTBISIETCA B
Cpelle MHEePTHBIX Ta30B WU BO3AyXe Oe3 JA00aBleHUS PA3IMYHBIX XUMUYECKUX U
JIPYTUX 100aBOK, UTO MOJHOCTHIO UCKITFOYAET BpEIHbIE BEIOPOCH! B aTMOchepy. Meton
AIIEKTPUYECKOTO B3phIBA MPOBOJIHHUKA SIBIISIETCSI HE OYEHBb SHEPro3aTpaThl, YTO TAKKE
MOJIOKUTENIBHO CKa3bIBAETCSA HAa €ro IKOJIOrMYecKo 3HaunMocTu. PaboTa ycTaHOBKH
COMPOBOXK/JAETCS MUHUMAJIbHBIM BbIJIeJIeHHE Teria. [IpakThuecku Bcesl dHEpPrus
TPaTUTCA Ha HAarpeB HEMOCPEICTBEHHO MPOBOJAHUKA U €r0 B3PbIB, UTO 3HAYUTEIHHO

noBeimaet KITJ{ 371eKTpoB3pbIBHOTO METO/IA TIO CPABHEHUIO C JIPYTUMHU.
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Pabota ycTraHOBKH HE BiI€YET 3a CO00M Kakoe-I1u00 HEraTUBHOE BO3/ICHCTBUE HA
OKPY>KaIOIIYIO CPETy, 32 HCKIIFOUEHHUEM OTXO0/I0B B BUIC CIIMCAHHBIX aKKYMYJISITOPHBIX
Oarapeil. YTunmsamnusi akKyMyJIsTOPHBIX OaTapeit HeoOxoauMa Jisl yMEHbBIIEHUS KO-
JMYECTBa TOKCUYHBIX BEIIECTB B TBEPJBIX OBITOBBIX OTXOJax. BemecTBa, KOTOphIe B
HUX HCIIOJIb3YIOTCS, OYC€Hb BPEIHBI I OKpYIKaromiei cpeapl. CBUHEIl COCTABIISET JI0
60% wmacca Oarapeu, a pacTBOp CEPHON KHUCIOThl XMMUYECKH OYEHb arpecCUBEH.
CBuHeI SBISAETCS TOKCHYHBIM METAJIOM, MONaasi B OpraHU3M, OH HaKallJIUBaeTCs B
KOCTSIX, BBI3BIBAsl UX pa3pyllIeHHUE.

[Tonnast yTunu3anusi CBUHIIOBO-KHCIOTHBIX aKKyMYJSTOPOB MOXKET MPOHCXO-
JIUTHh TOJIPKO Ha CIICIMATBHBIX 3aBO/IaX. THUITOBas cxeMa rmepepadoTKi OTpabOTaHHBIX
CBHHIIOBO-KHCJIOTHBIX aKKyMYJISITOPOB Ha 3aBojie [58]:

- ciuB (yIaleHHE) SJIEKTPOIINTA;

—~ HEHTpanu3aus 3JICKTPOINTa B TEPMETUUECKUX KaMepaxX NpPH BBICOKOMH
TEMIEPATYPE;

—~ Ipo0JIeHHe KOopITyca akKKyMyJIsTopa Ha CTaHKax-IpOOHIIKax;

- GunbTpanus — OTIEJICHHE CBUHIIOBO-KHUCIOTHOW TAcCTBl OT CMECH 00-
JIOMKOB TUTACTHKA ¥ METAJLNIA,;

—~ pasziesieHue TIacTUKa U MeTalljla B EMKOCTSIX C BOJIOM;

~ OTITpaBKa IUIACTUKA HA TPaHYJIUPOBaHUE;

—~ HeHTpam3aIusi 00JJOMKOB METaslIa ¥ TIACThI, CHATON ¢ QUIIBTPA;

—~ OTJICJICHHE CBUHIIA OT IPYTUX METAJUIOB B CYIIMIIbHBIX TIEYaX;

— JI0OOYHMCTKA CBUHIIA B THUTJE (CHEIHMalbHAas €MKOCTb, TJie Ha pacIuIaB-
JICHHOM CBHUHIIE 00pa3yeTcsl U CHUMAETCSl BEPXHSIS KOPKa);

— PO3JIMB CBUHIIA B POPMBI.

5.3 be3onacHOCTb B Ype3BbIYAHHBIX CUTYalMAX

[Tox mpou3BOACTBEHHOM aBapuell NMOHMMAIOT BHE3ANHYI0 OCTAHOBKY padOThI
WIM HapylIeHWE Ipolecca MPOU3BOACTBA, INPUBOIAILYIO K IOBPEKICHUIO WIH
YHUUYTOKEHUIO MaT€pUAIIbHBIX LIEHHOCTEN. ABapUU MOTYT BO3HUKAaTh B pE3yJIbTATE

CTUXHHUHOT'O 66,HCTBI/I$I, d TAaKKC HAPYUICHUA TCXHOJIOTUYCCKOI'O PpEriiaMCcHTa, IpaBujl

97



OKCIUTyaTalliil  MaIliuH, OOOpYJOBaHUS W YCTAHOBJICHHBIX MeEp OE30MacHOCTH.
OneparvBHasi 4YacTh IUIaHA JIMKBHUJIALMA BO3MOXKHBIX aBapuil MpeaycMaTpUBaET
criocoObl OMOBEIIEeHUs] 00 aBapuM, BbIXOJla JIIOJIEM M3 OMACHBIX 30H, BKJIIOUYCHUE
cucTeM noxkaporyueHus. [1nan nukBuaanum aBapuii U3y4aeT BeCh IepCOHAJ, a TAKXKE
PabOTHUKY criacaTeIbHOW CTAHIIMU U TTOKAPHOM YacTH.

[Tomemienne nabopaTopurt OTHOCUTCS K Karteropun B4, Ttak kak B Hel
MPOUCXOAT PaOOTHI C HAHOMOPOIIKAMHU KOTOPHIE MOTY CaMOBOCIUIAMEHSITCS TIpU
KOHTaKTE ¢ BO3ayXoM. [64]).

CucTteMbl NMPOTUBOIMOXKAPHON 3alIUTHl 3[aHUS JIOHKHBI 00ecreduBaTh BO3-
MO>KHOCTb 9BaKyalliu JII0eil B 0€30MacHYIO 30HY 10 HACTYIUICHUS MPEJEIbHO JI0My-
CTUMBIX 3HaUYE€HUM OMACHBIX (HaKTOPOB MOXKapa.

Bce mnomemnenuss mabopatopu JIOJDKHBI  COOTBETCTBOBATH TPEOOBAHMSM
noxkapHoit 6ezonacHoctu 1o 'OCT 12.1.004-91 u umeTth cpencTa MoKapoTyIICHUS
o 'OCT 12.4.009-83.

OrnoBelieHue a10IeH 0 Mokape, yrpaBlIeHUE dBaKyallden JIo1ei 1 o0ecrieueHre
ux 0e30MacHOM 3BaKyallly MMPHU MOKape B 3aHUU JTOJKHBI OCYIIECTBISATHCS OJTHUM U3
CIICYOIINX CIIOCOOOB MJTM KOMOMHAIIMEH CIISTYIOINX crioco0oB [65]:

1) momaya CBETOBBIX, 3BYKOBBIX U (MJIM) PEYEBBIX CUTHAJIOB BO BCE MOMEIIICHUS
C TIOCTOSIHHBIM WJIM BPEMEHHBIM MPEObIBAHUEM JTHOJICH;

2) TpaHCHSALUMS CHENUAIbHO pa3padOTaHHBIX TEKCTOB O HEOOXOJIUMOCTH
ABaKyalluu, MyTAX OHBaKyallud, HANpaBJICHUM JBWIKEHUS U JPYTUX JEUCTBUSX,
oOecrieunBarOIMX 0€30MacHOCTh JIFOJIeH U MPEJOTBPAICHHUE TAHUKU MPU MOKAPE;

3) pa3meliieHne U 06ecrieueHre OCBEIICHHS 3HAKOB MOXKapHOU 6€301MacHOCTH Ha
MyTSAX BaKyallMu B TeY€HWE HOPMATUBHOTO BPEMEHHU;

4) BKIJIFOUEHHUE HBAKYaIlMOHHOTO (aBapUITHOT0) OCBEIIEHUS,

5) IMCTaHIIMOHHOE OTKPBIBAHUE 3aMI0POB JBEPEU dBaKyallUOHHBIX BBIXO/IOB;

6) oOecrieueHUE CBSA3BIO MOXKAPHOTO TMOCTa (AMCHETYEPCKOM) C 30HAMU

ONOBEILICHUS JIIOAEH O TTOXKaAPE;

98



[ToxapHbBIE OTOBENIATENHM, YCTAHABIMBAEMbIE Ha OOBEKTE, JODKHBI oOecIie-
YMBaTh OJHO3HAYHOE MH(MOPMHUPOBAHUE JIFOACH O MOXKape B TCUCHUE BPEMEHHU JBaKY-
alluy, a TAK)Ke BbIIAYy JOMOJHUTEILHON MHPOPMAIIUU, OTCYTCTBHE KOTOPOH MOMKET
MIPUBECTH K CHIDKCHHIO YPOBHS O€30IMaCHOCTH JIFOCH.

OOydeHue aWI[ MepaM TMOXXKapHOW OE€30MacHOCTH OCYIIECTBISICTCS ITyTEeM
MIPOBEICHUSI TOBTOPHOTO HHCTPYKTAXKa OJIUH pa3 B TO/I.

[ToMemenre, B KOTOPOM pPacHoOJIOkKeHa JIabopaTopHsi, OCHAIICHO IOKaPHBIMHU
KpaHaMH C TIOKapHBIMHM pykaBamMd. Ha BHAHOM MeECT€ BHUCHUT IUIaH SBaKyallld W3
nabopatopuu. B momemennn camoil 1abopaTopuu UMEIOTCS CPEACTBA TEPBUYHOTO
MOXKapOTYIICHUS, TAaKUE KaK MECOK, OTHETYIIHUTENb, acCOECTOBBIC TTOKPhIBAJIA U T.JI.

PacropspkeHuem 1o J1abopaTopuu U3 YUCiIa COTPYIHUKOB HAa3HAUCH YEIIOBEK,
KOTOPBIM OpPraHU3yeT BCE IMPOTHBOIOXKAPHBIC MEPOIPHUATHS, MOJYIUB HHCTPYKTAXK
MECTHOM MOYKapHOW KOMaHJbl. Bce COTpymHHMKHU J1abopaTopuu OOy4YEHBI IpaBHIIaM
oOpalieHus ¢ OTHE- U B3PhIBOOIIACHBIMH BEIIECTBAMH, TA30BEIMU MPUOOPAMH, a TAKIKE
YMEIOT 00pamarbCcs ¢ MPOTUBOra3oM, OTHETYIIUTEIEM M JIPYTHMH CPEIACTBAMH
MO’KAPOTYIIECHUS, UMEIOIIUMHUCS B JTAOOPATOPHH.

[TpuurHaMu BO3ropaHus B KAOMHETE MOTYT CITy>KUTh:

—  HeCcOOIIoJeHNE TEXHUKH 0E30IMaCHOCTH;

—  KOpPOTKO€ 3aMblKaHHE (B CiIydae HEHWCIPABHOCTU OJIOKHUPOBOK, CPEICTB

ABTOMATHYCCKOI'O OTKJIIOYCHMU A HI/ITaHI/Iﬂ);

[TosTomMy BO M30ekaHWE MOKAPOOMACHBIX CUTYyaIluii HEOOXOIUMO COOIIIOIATh

crenyroiue Tpedoanus [59,60,61,62]:

— co0mroaaTh TpeOoBaHUs 0€30MaCHOCTH MpU paboTe B MOMEIICHUH;

— OYMILATH OMEUICHHS OT TOPIOYUX OTXOJO0B U MyCOpa;

— ONpENEIUTh MECTAa U AOIMYCTUMOE KOJIMYECTBO €AMHOBPEMEHHOIO XPaHEHHUS
CBIPBS;

— 000pyI0BaTh CIIEUATBHO OTBEIEHHBIC MECTA JIJISl KypEHUS;

— 3ampeniaeTcs 3arpoOMOXK/IaTh dBAKyallMOHHBIE ITyTH U BBIXOBI Pa3IHYHBIMU

MarepuaiaMy U U3JeIUsIMU, 000pyI0BaHUEM, MyCOPOM U T.II.
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— TOKapHbIE THAPAHTHI JIOJHKHBI HAXOJUTHCS B UCIPABHOM COCTOSIHUH, a B
3MMHEE BpEeMsl I0JKHbBI OBbITh YTETUICHBI U OYMIIATHCS OT CHETA U JIbJIa;

— BCE CpeACTBa TMOXAPOTYIIECHUS JOJDKHBI HMMETh  COOTBETCTBYIOIIUE
cepTuuKaThI.

— JIOpOTH, IIPOE3/IbI ¥ TIOJIBE3/IbI K 3/IaHUIO0 JOJIKHBI OBITh BCEr/la CBOOOHBIMU
JUISl Tpoe3/ia MOXKApHOW TEXHHUKHU, COAEPKAThCS B MCIPABHOM COCTOSIHUHU, a 3UMOM
OBITh OUUIIIEHHBIMH OT CHETa U JIbJIA,

— HE peXke OJTHOTO pa3a B IMOJYTroAue MPOBOIUTH MPAKTUYECKUE TPEHUPOBKHU
BCEX 3a/ICIICTBOBAHHBIX JIJIs1 HBAKyalluu paOOTHHUKOB.

[Topsinok neicTBuUil pu 0OHAPY>KEHHUH TI0Kapa WU MIPU3HAKOB TOPEHUS U MEPHI
10 JIOKQJIU3AIlUU U JIUKBUAAUH nociaeactsuu YC:

— TIPEKPATUTh BCE pabOTHI B 3/IaHUU;

— He3aMeJIUTENIbHO OIMOBECTUTh MOXKAPHYI0 OXpaHy Mo TenedoHy, Ha3BaB
aapec 00beKTa, MECTO BOBHUKHOBEHHUS TTOXKapa U CBOIO (pamMuiuio;

— IPUHATH BO3MOKHBIE MEpPBI MO 3BaKyallM JIOJEH, TYUIEHUIO ToXKapa u
COXPaHHOCTU MaTePUAIIbHBIX IIEHHOCTEH;

— B CJy4ae yrpo3bl KU3HU JIOJIEd HEMEIJICHHO OPraHh30BaTh MX CIACEHUE,
UCIIONb3YS JIJIs1 3TOTO UMEIOLIUECS CUIIBI U CPEICTBA;

— TPOBEPUTH BKIIFOUECHUE aBTOMATUUECKUX CUCTEM MPOTUBOMOKAPHOM 3aIUThHI
(omoBenieHus JT0IeH 0 oXKape, MOKAPOTYIICHHS], IPOTUBOABIMHON 3aUTHI);

— TIpU HEOOXOAUMOCTH OTKJIFOUUTH DJIEKTPOIHEPTHUIO (32 UCKITIOUCHUEM CUCTEM
MPOTUBOMOKAPHOM 3aIlUTHI), BBIMIOJIHUTE JIPYTU€ MEPONPUSITHUS, CIOCOOCTBYIOIINE
NPEAOTBPAIICHUIO PA3BUTHUS MOKAPA;

— YIQJIUTh 3a MpeJebl OMacCHOM 30HbI BCEX PAOOTHHUKOB, HE YYACTBYIOIIUX B
TYIIEHUU M0XKapa;

— OCYHIECTBUTH OOII[ee PYKOBOACTBO IO TYHICHUIO TOXKapa A0 TPHUOBITHSA
NOApAa3AeICHUS MOXKAPHON OXPaHBI;

— obecrieunTh coOmOaeHNE TpeOoBaHW  0e30mMacHOCTH  PabOTHHKAMH,

IMPUHUMAOIIMMH YIAaCTUC B TYHICHUHU I10Kapa,
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— OJHOBPEMEHHO C TYIICHHUEM IOKapa OPTraHW30BaTh JBAKyaIlUI0 U 3AIUTY
MaTepUaTbHBIX IIEHHOCTEIH;

— OpraHu30BaTh BCTPEUy IMOAPA3ACICHUN TIOKApHOW OXpaHbl W OKa3aTh
MOMOIIb B BRIOOpE KpaT4yailIiero myTu JUIsl MObe3/1a K o4ary moxkapa;

— cooOmarh MOApPa3/IeICHUSIM TIIOKAPHOW OXpaHbI, MPHUBJICKACMBIM IS
TYIICHHUsI TI0’Kapa W TMPOBEACHUS CBSI3aHHBIX C HUMHU IEPBOOYCPEIHBIX aBapUUHO-
criacaTeNIbHBIX padoT, CBEJACHHS O MepepadaThiBA€MbIX WM XPAHAIIUXCS Ha OOBEKTE

OITaCHBIX, B3PLIBYATLIX, CI/IJIBHO)IGI\/'ICTBy}OH_II/IX AJOBUTHIX BCIIICCTBAX.
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5.4 IlpaBoBbIe M OPraHU3alMOHHBIE BONPOCHI 00ecnevyeHns 0€30MaCHOCTH

Cornacuo [52] npu pasmemnienun pabounx mect ¢ [I9BM paccrosiHre Mexmay
paboyuMu CTOJIAMU C BUJCOMOHUTOPAMHU (B HAMPABJIEHUH ThIJIa TOBEPXHOCTH OJTHOTO
BUJICOMOHHUTOPA U dKpaHa APYroro BUACOMOHHUTOPA) AOHKHO ObITh HE MeHee 2,0 M, a
paccTosiHue MeX1y OOKOBBIMU TOBEPXHOCTSIMU BUACOMOHUTOPOB — HE MeHee 1,2 M.

Paboune mectra ¢ [I9BM B nomenieHus X ¢ MCTOYHUKAMH BPEAHBIX MPOMU3-
BOJICTBEHHBIX (DAKTOPOB IOJKHBI pa3MeNaThCsl B M30JIMPOBAHHBIX KaOMHAX C opra-
HU30BAHHBIM BO3JIyXOOOMEHOM.

Paboune mecta ¢ [I9BM npu BbINOJHEHUH TBOPYECKOU paboOThI, TpeOyrouiei
3HAYUTEIBHOTO YMCTBEHHOI'O HANPSDKEHUS WIM BBICOKOW KOHLIEHTpAalUUMW BHUMAHMS,

PEKOMEHIyeTCsl U30JIMPOBATH APYT OT Apyra neperopojakamu Beicotoi 1,5 - 2,0 m.
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DKpaH BUICOMOHUTOPA JOJHKEH HAXOAUTHCSA OT IJIa3 IOJIb30BATENsl Ha pac-
crossaun 600 - 700 mMm, HO He Ommke 500 MM ¢ ydeTomM pa3MepoB ajihaBUTHO-
U (POBBIX 3HAKOB U CUMBOJIOB.

Konctpykuus pabouero crona A0KHAa oOeCHeuuMBaTh ONTHMAJIbHOE pa3Me-
HieHHe Ha pabouel MOBEPXHOCTU MCMIOIB3YEMOro 00OpYAOBAHUS C YYETOM €ro KO-
JMYECTBA U KOHCTPYKTUBHBIX OCOOCHHOCTEN, XapakTepa BbINOJHsAeMON padboThl. [1pu
3TOM JIOIYCKAeTCsl UCIIOJIb30BaHUE padOUYUX CTOJOB Pa3IMUYHBIX KOHCTPYKIUH, OTBE-
YalOUIMX COBPEMEHHBIM TpeOOBaHMSIM 3proHOMHKHU. [loBepxHOCTH paboyero crosa
JOJDKHA UMETh Kodd umment orpakenus 0,5 - 0,7.

Koncrpykuus pabouero cryna (kpecia) A0bKHA 00ecrednBaTh MOAAepKaAHUE
panuoHanbHON paboueit mo3bl npu padore Ha [I9BM, Mo3BONATH U3MEHATH MO3Y C
LENbI0 CHW)KEHHSI CTAaTUYECKOTO HAIPSDHKEHUS MBI [EHHO-TUIEYEBOM 00JIaCTH U
CIUHBI IS TIPEAYNPEXKACHUS pa3BUTHS yTomiieHus. Tun pabouero cryna (Kpecia)
CJIeTyeT BBIOMPATh C YYETOM POCTA MOJIB30BATENS, XapaKTeEpa U NPOAOJIKUTEIBHOCTH
pabotsl ¢ [I9BM.

Pabounii cTyi (kpeciio) JoJKeH ObITh MOABbEMHO-TIOBOPOTHBIM, PETYIUPYEMbBIM
[0 BBICOTE W yIJIaM HAKJIOHA CHUJEHbS U CIIMHKHU, & TAKXKE PACCTOSHUIO CIIMHKUA OT
NEPETHET0 Kpasi CUICHbs, IPU 3TOM PEryJIMPOBKa KaXKJI0r0 apaMeTpa J10JKHA ObITh
HE3aBUCHUMOM, JIETKO OCYIIECTBISEMON U UMETh HAJICKHYIO (PUKCAIUIO.

[ToBepXHOCTh CHUIEHBSA, CIMHKU U JAPYTHX 3JIEMEHTOB CTyJa (Kpecia) J0JKHA
ObITh  TOJIYMSTKOM, C  HECKOJB3SIIMM,  cJIa00  JJIEKTPU3YIOIUMCA U
BO3/IyXOIPOHUIIAEMBIM ~ MOKPBITHUEM, OOECIEUMBAIOIIMM JIETKYI0 OYUCTKY OT

3arpsisHeHui [68].
3akiouenmne

OCHOBHBIM (PaKTOPOM, BIUSIOLUIMM Ha MPOU3BOAUTEIBHOCTD JIIO/IEH, paboTa-
IOIMX B 3aKPBITOM TMOMEILEHUH, SBISIOTCS KOMQPOPTHbIE U OE30MacHbIC YCIOBUS
TpyJa. YCIOBUSA TpyJa COTPYIHHUKOB B pabouyell KOMHATE XapaKTEpU3YIOTCS BO3-

MOXHOCTBIO BOBI[GﬁCTBPIH Ha HUX CJICAYIOIUX ITPOU3BOACTBCHHBIX (1)aKTOpOB: myma,

102



TEIUIOBBIICIICHUN, JEUCTBUE MUKPOKIMMATA, HEJOCTATOYHOMW OCBEIIEHHOCTH, Mapa-
METPOB TEXHOJIOTHYECKOT0 000PY/I0BaHMS U paboyero MecTa.

Takum 00pa3om, B JaHHOM pazjesie ObLIM MpOaHATU3UPOBAHBI BPEAHBIC U
ornacHbIC (PAKTOPHI, BIUSIOIINE HA 3I0POBHE YEIIOBEKA B 3aKPHITOM IMOMEIICHUH. bpiu
OTMEUYEHBI UICTOYHUKH HETaTHUBHOT'O BO3ACHCTBUS, IPUBECHBI 1OITYCTUMbBIC HOPMBI C
HEO0OXOIMMON Pa3MEPHOCTHIO, a TAK)KE CPEICTBA KOJUIEKTUBHOM M MHJIUBHUAYaJIbHOM

3aIlUTEL.
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Conclusion

Data based on the experiments results presents that it is possible to obtain
powders based on homogeneous mixtures of micro- and nanoparticles by means of the
electric explosion of wire method. Design of the separator allows separation of
particles with sizes of 50 um and more. According to the experimental data, mass
content of particles with dimensions greater than 50 um does not exceed (5 —7) wt. %
of the total mass of powder obtained in the separator powder collector (figure 27) and
in the cyclone powder collector.

Obtained samples have a normal-logarithmic particle size distribution. Increase
in the energy input leads to decrease in the average particle size in the samples. Change
in the energy input into the wires within the investigated interval does not lead to a
phase composition change of the samples.

Experimental data shows that in order to obtain a homogeneous mixture of
micro- and nanoparticles of 316L alloy, it is necessary to introduce energy within the
range of (0,7 — 1,0) Ec. Introduction of energy less than 0,7 Ec causes the destruction
of the main mass of the wire into droplets, dimensions of which are comparable with
the diameter of a wire.

To obtain a homogeneous mixture of micro- and nanoparticles of the Ti-Al alloy
with an atomic composition of the order of 50/50 at. %, it is necessary to introduce
amount of energy in the Ti and Al wires, which lies in the interval of (1,0 — 1,4) Ec.
Introduction of energy less than Ec leads to destruction of the bulk of titanium wire

into drops, dimensions of which are comparable with the wire diameter.
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Impulse current generator parameters calculation
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Theoretical foundation

3D printing, also known as additive manufacturing (AM), refers to processes
used to create a three-dimensional object in which layers of material are formed under
computer control to create an object. Objects can be of almost any shape or geometry
and are produced using digital model data from a 3D model or another electronic data
source such as an Additive Manufacturing file [1].

Additive technologies today is one of the most dynamically developing areas of
so-called "digital" production. The classical and most accurate technology is the SLA-
technology (Stereolithography Apparatus), or stereolithography refers to layer-by-
layer curing of the liquid photopolymer by a laser. AM processes for metal sintering or
melting (such as selective laser sintering, direct metal laser sintering, and selective laser
melting) usually went by their own individual names in the 1980s and 1990s. Most
metal parts are still produced by casting, fabrication, stamping, and machining, but by
the mid-1990s, new techniques for material deposition were developed at Stanford and
Carnegie Mellon University, including microcasting and sprayed materials [1].

In the last few years, metal 3D printing (layer-by-layer laser sintering, alloying)
has become one of the most rapidly developing branch of AM technology. The
development of this area of AM technology has also stimulated the development of

metal powders production technologies.

Figure A.1 - Metal details made by 3D laser sintering [2]
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Metal 3D AM helps producing special tools and original parts of complex
configuration that are difficult or impossible to obtain by casting or machining. AM
products are now used in a wide range of industries, from the automotive and aerospace
industries to medical tools and household appliances. Technology continues to evolve.

The production of metal powders, despite the variety of methods, is the most
laborious and expensive stage of the technological process. The physical, chemical and
technological properties of powders, the shape of the particles depends on the method
of their production.

Along with classical mechanical nanoparticles producing methods, methods
based on impulse processes with high rates of change in the thermodynamic parameters
of the substance are also used. One of such methods is the electrical explosion of a
conductor (EEC). The EEC is realized when a current pulse passes through a metal

wire with a density of (10°-10”) A/cm?.
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Figure A.2 - The influence of the energy introduced into the wire E and the diameter

200 4+

of the wire (d) on the average particle size (Es — sublimation energy of the metal) [3]

The wire heats up to the melting point, melts, and then explodes. When the

products of the explosion expand into the gas atmosphere, nanoparticles are formed.
114



During the heating process, the wire substance sequentially undergoes a series
of phase transformations. The phase state of the explosion products (gas / plasma or
liquid) in the case of EEC is determined mainly by the amount of energy injected into
the wire.

The mechanism of particle formation in EEC is also determined by the amount
of energy injected into the wire. When amount of energy within the limits of the
sublimation energy (Es) and less injected into the wire, the particles are mainly formed
by the dispersion of the liquid metal.

At E > 1,5:Es, the particles are formed as a result of vapor phase clusters
coagulation. In the range of values between (1-1,5)Es, the formation of particles
follows two mechanisms. The mechanism of particle formation determines both the
form of the particle size distribution function and the average particle size. There is
specified range of particle sizes that can be used in additive technologies (nanosized
and submicron sized particles) [3].

In most cases, an RLC circuit is used to realize the EEC in order to produce
metals powders, alloys and their chemical compounds. This circuit is known as an

impulse current generator (ICG).

D L R1
PS

Is
C

2 —»

R4
.
_— I I =~

Figure A.3 — ICG circuit for nanopowder producing [3]

A impulse current generator (ICG) consisting of a high voltage power source
(PS) and a capacitor bank C that forms a high voltage pulse (Figure 3) and the
mechanical part, connected to the ICG through the cable entry and designed for the
organization of EEC and collection of powder. PS charges the battery of capacitors C

to the required voltage, the value of which is monitored by kilovoltmeter (kV). Energy

115



stored in capacitors being discharged to the exploding wire (EW) using discharger (D).
Preliminarily, air from the chamber with EW is pumped out and filled with working
gas (argon, xenon, hydrogen, etc.). The conductor explodes, the current pulses | and
the voltages U are detected by the current shunt R4 and the voltage divider R2, R3. The
products of the explosion (nanopowder) are removed to the filter through the window
1 by the working gas flow, which enters through the window 2. L and R1 are the
inductance and the active resistance of the circuit.

During operation of the installation (Figure 4), wire 3 is fed from section 6
towards electrode 2. High voltage is applied to the wire and an explosion occurs. Under
the influence of explosion energy, EEC products expand and begin their movement
towards the cooler section 4. In section 4, the temperature of the explosion products is
reduced to 20°C. The products of the explosion continue their movement in separator
5, where large particles are being separated. The wire continues to move, and the
process repeats. Under the influence of the dynamic forces generated during the
explosion of the wire and the predominant circulation of the gas flow, the explosion
products continue to move along the installation contour and are being filtered in the

filter 7, fall into the container 8. Then gas, mostly separated from the explosion
products, enters
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Figure A.4 — Basic installation design [3]
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the cyclone 11. In a cycle, particles that have passed a filter are being collected. From
the cyclone, gas passes the cooler 12 and returns to the explosion chamber 1. The fan
9 provides the necessary gas velocity in the installation.

The main methods to obtain nanopowders are mechanical grinding (ball and
vibrating mills), liquid phase dispersion (spraying of water with high pressure) and
based on the processes of evaporation and condensation. Compared to these methods
electrical explosion of conductor method has several advantages:

1. The possibility of obtaining particles of metals with high physical and chemical
activity, which cannot be provided by other technologies.

2. Energy costs are lower than in other methods known to us for the production of
spherical metallic nanoparticles. This is due to the fact that in EEC technology, energy
IS injected into the metal impulsively and volumetrically, rather than from the surface,
so the energy consumption for heating the environment is relatively low.

4. The possibility of fine and flexible control of the parameters of the technological
process and thus the properties of the powders obtained.

5. Obtaining of a wide range of nanopowders of any metals and alloys that are produced
or can be made in the form of wire or foil. In some cases, it is possible to blow molten
metal jets.

EEC method has economic advantages too, due to low cost of equipment, its
simplicity, and small weight and size of the equipment. The prices for aluminum
powders (90-110 nm) for amount of 1 kg fluctuate between 540$ and 586$ whereas

price for usual metal (aluminum) is approximately 2$ per kilogram. [12,13]
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Chapter Al. Calculation of ICG parameters

To obtain nanopowder particles of metals that are applicable to 3D printing
(particle size a, = 100 nm) and in large quantities, the following process parameters
are usually used [4]:

1) Diameter of the exploding conductor d, = 0.20 - 0.5 mm;

2) The relative energy content of the exploding conductor E/Eq = 0.5-2.5 (E is
the energy introduced into the conductor, Eg is the sublimation energy of the metal);

3) The pressure of the gas atmosphere in which the explosion occurs P = 300-
500 kPa;

4) The temperature of the gas atmosphere is T = (10 — 60) °C;

5) Explosion has to occur in so-called “fast explosion” mode. That means current
density has to be j > 10" A/em? [5].

Thereby, summarized initial conditions of ICG performance:

Table A.1 — ICG performance initial conditions

Exploding wire parameters Capacitor charging voltage | E/Eq
Material: Aluminum
Wire length: | = 10 cm U =30kV 2
Cross-section diameter: 0.5 mm

Al.1 Capacitance calculation

As mentioned above (Figure 3) ICG’s main parameters are inductance,
resistance and capacitance. First, to calculate capacitance, required energy of

capacitors needs to be calculated. Mass of the exploding wire:
m = p-V=2712-19.634-10"= 53248.425-10" kg (23)
where: p = 2712 kg/m?;

2
and V = n'(g) '1=3.1415-0.0625- 10°-100-10°=19.634-10" m>.
For aluminum sublimation energy per wightis: Eg = 12 kJ/g = 12-10° J/kg [6].

Then required energy: W=m-E = m-2-Eg = 53248.425-10-2-12-10°=1277.962 J.
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Therefore, required capacitance: Cg = 2U—\;V =2:1277.962 / 900-10°= 2.839-10° F.
Charge that passes the circuit:

Q. =CsU=2839-10°30-10° =85.17-10> C (24)
estimated

Chosen capacitor 1IK1-100-0,4 [14]:
Table A.2 — 1IK1-100-0,4 capacitor parameters

Nominal voltage | Capacitance | Inductance Body dimensions (length x width x height),
Ucap, KV Ceap> MUF Leap, nH mm
100 0.4 140 455 x 150 x 326

This capacitor on 100 kV was chosen for reasons of larger functioning recourse.
Also several capacitors with a small capacitance have smaller inductance than one
capacitor with large capacitance.
Capacitance of generator, uF:
Cg = Cep'N
Therefore, required number of capacitors:

Cc 2.839:10°F

- 7.09~8
Ceap 04F
Then inductance of capacitors (parallel connection):
L 140 nH
.= §p= < = 17.5nH (25)
Al.2 Inductance calculation
LG = LC+L10ad+Lb+Lcab+LCC+Ld+LCb' (26)

Inductance limit. Since explosion occurs in quick mode, : j > 10’ —

I
As far as j :gm , then I, <jS. Where S is cross-section area, and [, is current

amplitude.

I, <107-10%7-(0.25-10%); I, < 19.625 kA
Amplitude of current [7]:
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C U\?
m= U S ;= Lg < (—) Cg (27)
LG Im

Therefore, inductance limit:
2

30-10° p “
Lg<|——) 2.839-10% L; <6.634-10° H

19.625-10°
Load inductance (aluminum wire) [8]:
pol (21 3 128r
L= [|p==_Z+ - — 28
load = 5. (n r 4 45wl 4P (28)

where: p, — is magnetic constant;
r — is radius of wire’s cross-section;

| — length of the wire.
2
4n-10'7-o.1< 02 3 128025107 (0.25-10'3)>_

Ligad = I S+
bad =T 10254 45m0.1 4012
=0.2:107-(5.934 + 0.00226-1.562-10°) = 1.1872-10 "TH= 118 nH

Assuming coefficient of ICG performance n = 0.45, then:
_ Lload_ 118 nH

Lg= =262.3 nH
T Ty 045 g
Period of fluctuations [7]
T=2n/Lg Cg =2-3.141-7262.3-10°-2.839-10° = 5.421-10 s (29)

Amplitude of current

Cg ; [2.839-10° 5
[,=U |— =30-10° |——— =98.697 -10°A (30)
Lg 262.3-10°

Capacitors connected in parallel connection by metal rectangular bus. Using
handbook [9] the bus was chosen with following parameters:
1=150-107-8=1.2m;b (width) = 2- 102 m; ¢ (thickness) = 3-107 m;

Capacitors connecting bus inductance [8]:
byl ( 21 1)
Ly=— |In—+=]; 31
b7 27 Mbre 2)° (1)
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. 4n-10'7-1200-10'3< 2-1200-107
L= .

In—— 3+o.5>= 1.235-10° H
2'm 2:10°+3-10
Cable KVIS-100 with following parameters was chosen [10]:
Working voltage of impulse current: 100 kV. Current with a single pulse at t = 20°C:

100 kA. Conductor material: copper. Cross-section area: 25 mm?. External diameter of
cable: 12.4 mm. Cable length: | =5 m.

Cable meets following requirements:
100 kV > 30 kV;
100 kA > 98.697 KA,

4t 2 ¢
e L2 ) (32)
3q 15¢

Cable inductance [8]:
Lo Mol lmﬂ+l£.<
2'm p 4y,
where g — internal radius of external wire;
r — external radius of external wire;
p — radius of internal wire.
t=r-q«q

B 0.999994 = 1
Ho

2

59 can be neglected, because the value is too small.

Thus, inductance of an individual cable:

41-1077-5 45107
L= ‘| In 3
2 2.810°

0-5 _6
+0.25+———=]=0.761-10" H
3-45-10
Inductance of all cables:

0.761-10°
Lcab = T: 0095 ].,lH

All cables connected to the cable collector which is built-in installation body.
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Figure A.5 — Dimensions of cable collector

Cable’s external diameter ry = 12,4 mm. Female screw M16 was chosen with diameter
of 19 mm. Distance between the cables of 10 mm was left. Therefore, required area of

cable collector:

o n'mwd’ 8:3.14:(19+2-10)°

2 2 =9551.8 mm?
Radius of collector: R, = % = 55.15 mm. Distance between center of collector and
55.15
center of cable: R, = - = 27.575 mm.
Inductance of cable collector [7]:
1 R
Lcc = ZO 'ln 2 n (33)
| (n'Rl . 1‘8’1)
47-107-5-107 55.15-10°3 9
= ‘In =24.7-10" F

cc 2 1/8

(827.575:10%(6.2:107) ")

Discharger RVU-43-1 with following characteristics was chosen [11]:
Table A.3 — RVU-43-1 discharger parameters

Operating voltage, kV 0,5-45
Operating current, kA 5-400
Maximum charge per impulse, C 160
Dimensions:

- diameter, mm 139

- height, mm 197
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Discharger meets following requirements:
45 kV > 30 kV;
400 kA > 98.697 KA;
160 C >85.17-107 C

d

ng

1o

Figure A.6 — Dimensions of discharger

Inductance of discharger will be found by following formula [7]:

2d 1 2d 2R
Ldzﬂ-[10<1n—+z)+2h+2h-1n— 2RI (34)

- n——
27 Ty /(ZR-h)-h 2R-h

where r, — radius of plasma channel in a moment of the first current maximum [9].
1o — length of plasma channel, distance between electrodes (I, = 1 cm).
d — radius of discharger body.
h — thickness of electrode.

R — radius of electrode.

3 3
ro = 0263/, - §t1=O.26-\/3 98.72 -10° - 5'1.35'10'624.15mm

s
=— L us

Thus, inductance of discharger:

4107 [ 2:69.5107 1 2 2
Ld: 10 ln—_3+— +2:2-107°+2-2-10-
2 4.15-100 4
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2:69.5-107 3 2:50-107°
-2-50-103 ln2 102 10_2] =21.023 nH

\/(2-50-10‘3-2-10‘2)-2-10‘2

Cylindrical metal bus, that connects cable collector, discharger and load.
Material: copper, length 1,= 110 cm; Subtract height of discharger (197 mm
~ 200 mm) and length of cable collector (50 mm), thus length: 1, = 110 -20-5=85

cm. Radius: r = 2.25 cm.

1 21 3
ch = “’L <1H— - —)

2m r 4
_ 4n:107-85-107 ( 2-85-107 3 60772107
< 2m 225107 4 '

Recalculated total inductance with all known values:
L = LetLiag Ly tLheapthectLhatLep.
Lg=(17.5+1 18+1235+95+24.7+21.023+607.72)'10'9= 2101.443 nH <6.634 nH
- which does not exceed the inductance limit.

Recalculated period of fluctuations:

T =21VLIC =2-3.141-v2.101-10°°-2.839-10°° = 15.344:10° s

Recalculated amplitude of current
0. 283 107 3
= U ——30 ———— = 34873 - 10°A
2.101-10°

Al.3 Resistance calculation
Capacitors’ resistance. Capacitors with paper insulation filled with oil have

corpulence (Q-factor) Q =10-12, tgd = R,oC = 0.08-0.1.
Resistance on a frequency o = 2% [7]:

15.344-10° 5
R, =0.08 — =68.84:10° Q (35)
2:1-2.839-10
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Load resistance:

p:l  0,027-10°10-102 3
Rload: - = > = 137510 Q

7:(0.25-107)

Cylindrical bus resistance:

pl 0,018-10°85-107 «
Ry=— = — =9.624:10°Q
S 1(2.25-102)
Resistance of cables:
_pl 0,01810°5

cab ™~ Q... P
ST 1.2.8107) -8

=0.456-10°Q

Capacitor connecting bus (made of brass, p = 6.2-10 Q-m) resistance [7]:

I |op Ly
p= — |— = (36)
2 M
1 21-6.2-107 1.235-10° 3
- — — = —— =41.375-107°Q
V24 15.344:10%-47-:107  3-10
Plasma channel resistance [7]:
_ lo B lo
- 3 t.o3 .. 13 3 (37)
[ano?(p,2)] " fiat [ane(p,2)]" 2125

where 1, — length of plasma channel.

o — electrical conductivity of plasma of spark gap [c = (2.5-3) -10*(Q'm)']
[7].

p, — density of gas in a discharger body (since it’s vacuum, p, = 0.01 kg/m?)

& — dimensionless coefficient (3.5 - 4.5).

10 3
R, = — = 1.76:107Q
4.2 3 3.2/3 6
|[42(3-10%/(0.01-4)| - 3(34.873 -10°) 13510

Thus, total resistance:

Ripal = RetRjoaq P Rep MR eap TRy TR e = 126.19-107°Q
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Chapter A2. Results of circuit simulation
Main parameters of impulse current generator are calculated. Using LT Spice

software, simulation of impulse current generator performance has been made.

.MODEL SW1 SW(Ron=0.01 Roff=1T Von=5 Voff=0)
.tran 0 1e-2 0

RULSE(0 50 1e-8 0 1e-2)

Rsource Lload

118n

Rload
0.01375

Figure A.7 — Scheme of ICG discharge circuit

I{Rload)

Figure A.8 — Characteristics of pulse current (I, = 36 kA, T = 13.5 pus)
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A2.1 3D model of installation body

explosion chamber

T cable collector
clamp

/,.

Electrode
in explosion
chamber

Cylindriéal bus

Cable collector

Figure A.9 — 3D model of installation body (external shell and internal components).

The external shell is made of several prefabricated parts. Explosion chamber
with windows is the place where wire explosion occurs. Part of shelter with discharger
in it and cable collector clamp which fixates the cable collector. Internal components
are cable collector, which connects cables from capacitors with discharger. Discharger,
which is used mainly to control discharge voltage. And cylindrical metal bus which

connects all components with the explosion chamber.
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Conclusion

Nowadays impulse current generators are one of the perspective ways to obtain
nanopowders of metals with following application of those powders in additive
manufacturing. During accomplishment of the assignment parameters of impulse
current generator has been calculated. Total capacitance Cg = 2,839 uF, inductance
Ls=2101,443 nH, resistance Ry, = 126,19 mQ, period of fluctuations
T = 15,344 us, amplitude of current I, = 34,873 kA. Equivalent model of impulse
current generator discharge circuit was designed in LT Spice software and circuit
performance was simulated. Following results of simulation have been obtained:
I, =36 kA, T = 13,5 us, which do not differ much from calculated values. Also 3D

model of installation body was made.
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