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1. PE3YJIbTATBI OBYUEHMUSA

Kox Tpedosanusa ®I'OC,
R Pe3yabTaT 00yueHus KpUTepHeB W/ WU
Tata (BbIYCKHMK J10J15KeH ObITH FOTOB) 3aMHTEPEeCOBAHHBIX
CTOPOH
Obwexynvmypusie (YHUGEPCAIbHbIE) KOMNEMeHYUU
[NornmaeT HEOOXOAUMOCTD CAMOCTOSATEILHOTO
P1 00yueHus U NOBBIIIEHNS KBAIU(UKALUY B TEUEHHE Tpebosarnus CPFOC (OK-
N 7), kputepuit 5 AUOP
BCETO MepHoaa MpohecCHOHATBHON e TEITbHOCTH.
[IposiBnsieT criocoOHOCTH A heKTHBHO padOTaTh
CaMOCTOATENLHO B KA4ECTBE HIeHa KOMAH/BI 110 Tpe6osanus GIOC (OK-
P2 MEXIUCIUTTMHAPHOM TeMaTUKE, OBITh JTUIEPOM B 6, TIK-11), kputepuit 5
KOMa#e, KOHCYIbTHPOBAT 110 BOIPOCcam AJIOP
MIPOEKTUPOBAHUS HAYUYHBIX UCCIIEIOBaHUI, a TaKxkKe
OBITh TOTOBBIM K IEAATOTUYECKOM IEATEIbHOCTH.
YMeeT HaxoIUTh 3apPYOCIKHBIX U OTEUECTBEHHBIX
ITapTHEPOB, BJIAJIEET HHOCTPAHHBIM SI3BIKOM, Tpebosanus ®PI'OC (OK-
P3 MO3BOJISIFOIIMM paboTaTh ¢ 3apyO0eKHBIMU MapTHEPAMU 2, OK-4), xpurepuii 5
C YU4ETOM KYJIbTYPHBIX, A3BIKOBBIX U COLMAJILHO- ANOP
SKOHOMHYECKHUX YCIOBHH.
[IposiBisier noHMMAaHNE UCTIOIB3YEMbIX METOJOB,
00JacTi UX MPUMEHEHHS], BOIIPOCOB 0€30MaCHOCTU U
P4 SﬂpaBOOXI]?)aHeHI/ISI, }o’pﬂquecmx aCIIEKTOB, Tpebosarms ?FOC (OK-
3), kpurepuit 5 AUOP
OTBETCTBEHHOCTH 32 NMPO(PECCUOHATBHYIO
JIeSITENIbHOCTD U €€ BIMSHHS Ha OKPY)KAIOIIYIO CPELy.
Crnenyet xonekcy npogeccuOHaIbHONU ATHKH, TpeGosatms PIOC (OK-
P5 OTBETCTBEHHOCTH M HOpMaM Hay4HO- N
. 5), xputepuit 5 AUOP
HCCJIEJIOBATENILCKOMN IeATEIbHOCTH.
IIpogpeccuonanvrvie komnemenyuu
[IposiBisieT riry0oKue ecTeCTBEHHOHAYYHBIE,
MaTeMaThdecKue nmpodheccCuoHaabHbIC 3HAHUS B TpebdoBanus ®I'OC (OK-
P6 MPOBEJICHUM HAYYHBIX UCCIICOBAHUY B 1, TIK-1), kpurepuii 5
MEPCIEKTUBHBIX 00aCTAX MPO(HEeCCUOHATILHOM ANOP
JeSITEIbHOCTH.
[IpuHumaer yyactre B pyHIaMEHTAIbHBIX
UCCIIEJIOBAHUIX U MPOEKTaX B 00JacTH PU3UKU
HU3KHUX TeMIepaTyp, KOHIEHCUPOBAHHOTO COCTOSHUS
P7 U MaTepUalOBENCHUS, a TAKXKE B MOACPHU3ALIUU Tpebosanus ®PI'OC (I1IK-
COBPEMEHHBIX U CO3JaHUN HOBBIX METOJIOB U3yYEHUS 2), kputepuit 5 AUOP
MEXaHUYECKUX, SJIEKTPUUECKUX, MATHUTHBIX U
TEIJIOBBIX CBOMCTB TBEPJIBIX, KUAKUX U
ra3000pa3HbIXBELIECTB.
CrniocobeH 00pabaThiBaTh, aHAIU3UPOBATH U 00001IATH
Hay4HO-TEXHUECKYIO I/IH(I)OpMaHI/IIf), nepeoBon TpeGosanus GIOC (TTK-
P8 OTEUECTBEHHBIN U 3apYOEIKHBIN OTBIT B .
. 4), xpurepuit 5 AUIOP
npodeccHoOHaNBbHON AEATEIIbHOCTH, OCYIECTBIATh
MIPE3EHTAINIO HAYYHOM AEATEIbHOCTH.
Crioco0OeH MpUMEHSTh TIOTYyYeHHbBIE 3HAHUS IS TpeGosais IOC (TTK-
P9 pelIeHusl HEYETKO ONpeIeJICHHbIX 3a/1a4, B

HCCTAHAAPTHBIX CUTYyallUAX, UCIIOJIb3YCT TBOp‘-IeCKI/Iﬁ

3), xputepuit 5 AUOP
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MOAXOJT JJIs1 pa3pabOTKH HOBBIX OPUTHHAIBLHBIX HIICH U
METO/IOB HCCIIIOBAHUS B 001aCTH (PU3UKH
KOHACHCUPOBAHHOI'O COCTOAHUSA, HU3KHUX TEMIICPATYP
U COKW)KEHUS IPUPOIHOTO rasa.

Crnioco6eH T1aHupOBaTh NPOBEICHUE aHATUTHYECKUX
MMUTAIMOHHBIX HCCIIEIOBAHUHN 110 TIPO(ECCHOHATBHOM
JESITEIbHOCTH C IPUMEHEHUEM COBPEMEHHBIX
JOCTHUYKEHUI HayKU U TEXHUKH, IEPEOBOIO
OTEYECTBEHHOTO M 3apy0eKHOTO OTIBITa B 0071aCTH

Tpebosanus ®PI'OC (OK-
4, I1IK-6, I1K-7, TIK-8,

P10 . .
Hay4HBIX UCCIIEIOBAHUN, YMEET KPUTUYECKU I1K-9), kpurepuii 5
OLICHUBATH TOJIY4CHHBIE TEOPETUYECKUE U ANOP
SKCIIEPUMEHTAJIbHbIE JaHHBIE U JI€JaeT BbIBOJIbI, 3HAET
MIpaBOBBIE OCHOBBI B 00JIACTH MHTEJIEKTYaJIbHOMN
COOCTBEHHOCTH.
YMeeT UHTEerpupoBaTh 3HAHUS B Pa3INYHBIX U
CMEXHBIX 00JIaCTSIX HAyYHBIX UCCIEAOBAHUM U pelaeT Tpe6osanus GIOC (OK-
P11 3a/1a4uu, TpeOyromue abCTPaKTHOTO ¥ KPEaTHBHOTO 5, TIK-10), kprrrepii 5
MBIIIIJIEHUS] 1 OPUTHHAIIBHOCTH B pa3paboTke ALIOP

KOHHGHTyaJIBHBIX ACIICKTOB HpO@KTOB Hay'—IHI)IX
HUCCIIEJOBAHUI.
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Hamnpasnenue noarorosku 03.04.02 «®Pu3nka KOHIEHCUPOBAHHOTO COCTOSIHHS
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YTBEPXJIAIO:
PykoBoaurens OOII

JIlugep A.M.
(®.1.0.)

(IToamucy)  ([ata)

3AIAHUE

HA BbINOJIHEHHE BBINYCKHON KBAJIN(QUKAMOHHON padoThl

B dopwme:

Marucrepckoit auccepTannu

(bakamaBpckoi paboThI, IUITIOMHOTO MPOEKTa/paboThl, MArUCTEPCKON TUCCEPTALIHN)

CryneHry:

I'pynna

(0700

0BM71

denortoB Jleonnn EBrenpeBuy

Tema paboThI:

Onpenenenre 3aKOHOMEPHOCTEW BJIMSHHS IapaMETPOB JIA3€pHOM CBApKH Ha B3aUMOJICHCTBHUE

BOJIOPOJIa C IIUPKOHUEBBIM cIijiaBoM D110

YTBepkIeHa MpUKa3oM JUpeKTopa (1ara, HoMep)

Cpok cayu CTy/IEHTOM BBITIOJTHEHHOM paboThI:

TEXHUYECKOE 3ATAHHUE:

Hcxoanble JaHHbIE K padoTe

(HauMeHOBaHUe 0OBbEKMA UCCAeO08AHUS UM NPOEKMUPOBAHUSL,
nPOU3EOOUMENLHOCTb UNU HAZPY3KA,; pexcum pabomel
(HenpepbiBHbILL, NEPUOOULECKUL, YUKTUYECKUL U M. O.); 6U0
CHIPLA UL MAMepUal u30eius, mpebosanus Kk npooyKmy,
usoenuio unu npoyeccy,; 0coovie mpebosaHus K 0COOeHHOCMAM
dyHKyuoHUpoBanus (IKChayamayuu) 0ovekma ui u3oenus 8
niaue 6e30NACHOCMU IKCIYAMAYUU, SIUAHUS HA
OKPYIACAIOULYIO CPEQY, IHEP2O3AMPAMAM, IKOHOMUUECKULL
aHauz u m. 0.).

HupkonueBslii cruiaB mMapku J110, nazepHas cBapka
IpYU pa3HON SHEPruu IMy4yKa, JUIUTEIbHOCTU JIEHCTBUS
UMITyJIbCa U YaCTOTHI CIIEAOBAHUS UMIIYJIbCA, YCIOBUS

HaCBIIICHUA BOAOPOAOM nu3 rasoBou Cpeabl,
aBTOMaTH3MpoBaHHBIH  KoMmmuiekc Gas  Reaction
Controller LPB  ¢upmer  Advanced  Material

Corporation, ananuzarop Bogopoaa RHEN602 ¢upmbl
LECO.




Ilepedyenn moasexamMXx MCcaeJ0BAHNUIO, — O030p IUTEPATYPHBIX UCTOYHHUKOB;

NPOCKTHPOBAHHUIO U pa3padoTke — OOpaboTka TMOJYYEHHBIX IMPU  Pa3IUYHBIX
BOIPOCOB mapaMeTpax ~JIa3epHOi  CBApKH  0OpasIoB
(ananumuueckuii 0630p no AUMePAMYPHLIM UCIOUHUKAM C L[I/IpKOHI/IH MapKI/I 31 10’

Yenvio GblACHEHUs OOCIUICCHUTI MUPOBOL HAYKU MEXHUKU 6

paccmampueaemoti 06aacmi; NOCMano6Ka 3a0ayil - HaBOIlOpO)KHBaHHe TMOJIYYCHHBIX npu
UCC1e0068anUsl, NPOEKMUPOSAHUSl, KOHCIPYUDOBAHUS, Pa3sIMUHBIX TIAapaMeTpax Ja3epHOH CBApKH
codepoicanue npoyedypbl UCcie008aHUS, NPOSKMUPOSAHUS,

KOHCMPYUposanusi; 06Cysicoenue peyibmanmos eblnoIHeHHO 06pa3HOB OUPKOHHUCBOI'O CILIaBa 0110;

pabomvl; HauMeHo8anue OONOIHUMENbHBIX PA30eN0s, — Pacuer ckopoctn COp6III/II/I BOJOpOJA B

noonedicawux paspabomxe; 3aKnOueHue no pabome).

nupkoHueBoM crutase D110 mociie HachIEeHUs
W3 Ta30BOU CPEIbI;

— Ormpenenenue  coiepxaHus  BoJAOpoJa B
CBApHBIX IIBaX CIUIABA JI0 W MOCJIE HACKHIIICHUS
13 ra30BOU CpeNbl;

— AHanu3 MOJIyYeHHBIX PE3yIbTaTOB;

— CommanbHast OTBETCTBEHHOCTD,

— @OuUHAHCOBBIHI MEHEIKMEHT,
pecypcodhHEeKTUBHOCTD u
pecypcocOepekeHue;

— 3akiroyYeHHUeE.

KoHcyJbTaHTBI 10 pa3aenaM BbIIYCKHOM KBATH(UKALUOHHOI padoThI

(c ykasanuem pazoenos)

Paspen KoncynbTanr
CoumnanabHas Hcaesna EauszaBera CepreeBHa, cTapuiuii npemnojaaBareb
OTBETCTBEHHOCTh 00/ HIbHII

dOuHaHCOBBII MeHEIKMEHT,
pecypcodppekTuBHOCTL M
pecypcocoepeskenne

MenbmmmkoBa Exarepuna BanentunoBna, mgouent OCI'H
HIBHUII

HNHocTpaHHBIH A3BIK

Ilaiikuna Oabra Uropesna, npenogasarear» OUSA LHIBUITL

Ha3Banusi pa3jiesioB, KOTOpble HOJKHbI OBITH HANMCAHBI HA PYCCKOM M HMHOCTPAHHOM

AA3bIKAX:

I''TIABA 2. MATEPUAJI U METOAbI UCCJIEJOBAHUSA

JlaTta BbI/IauM 32/1aHUS HA BbINOJHEHUE BbINTYCKHOI
KBAJIN(UKANMOHHOM padoThI 110 JMHEITHOMY rpaduKy

3aganue BbIIAJ PYKOBOJAUTEIb / KOHCYJIBTAHT (IIPH HAJIUYHMH):

JloJIZKHOCTH D®UO Y4yeHasi cTeneHb, Hoanucy Jara
3BaHHe
[Tpodeccop ODD JIunep Aunpeit J.T.H., JOLIEHT
VAT MapkoBuu
Crapuuit Kymusapos Bukrop K.T.H.
npenogasatens OOD HukonaeBnu
AT

3a;[afme NPUHAJ K UCIIOJTHCHUIO CTYACHT:

I'pynna

D®UO Hoanuch Jara

0bM71 denoros Jleonng EsrenneBnu
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3AJAHUE JUISI PA3JIEJIA
«@UHAHCOBBINA MEHEUKMEHT, PECYPCOD®®EKTUBHOCTD 1

PECYPCOCBEPEKEHUE»
Crynenry:
I'pynna DPUO
06bM71 DenoroB Jleonna EBrenneBny
I xona Hnxenepnas mkona aaepusix | Otaenenne (HOLL) OTtaenenue
TEeXHOJIOTHii IKCHEPUMEHTAIbHON QH3UKHU
YpoBennb o0pazoBaHust Marucrtpant Hanpasnenne/cnenuanbiocts | 03.04.02 «®usuka

KOHJACHCHUPOBAHHOI'O
COCTOSTHUS

Hcxoaublie nanHblie K pasgeny «PHHAHCOBbIH MEHEIKMEHT, pecypcod(p(peKTHBHOCTH U
pecypcocoepeskeHne»:

1.

Cmoumocmsb pecypcos Hayunoeo uccaedosanus (HHU):
MAMepuanbHO-MeXHUYECKUX, IHEPLEMUUECKUX, (PUHAHCOBDIX,
UHPOPMAYUOHHBIX U HETLOBEUECKUX

Amopmuzayuonnvie omuucnenus — 1 671 pyo.,
cmoumocms  cuiposi, mamepuaia — { 492 py6.,
sapabomuas naama — 129965 py6. u omuucnenus
Ha coyuanvrvle Hyxcovl —35 221 pyb.

Hopmul u nopmamuewt pacxo0osanusi pecypcos

Hopmor amopmuzayuu — 20%, nopmer npemuu no
cuemy 3apabomuou niamol — 0,3; kKosppuyuenm
donnam u  Haobasox — 0,3;  pationuwvill
K03 puyuenm - 1,3, K03 puyuenm
donoanumensrou 3apniamosl — 10%

HCV!OJle’yeMaﬂ cucmema Hd]ZOZOO6]Z0[)iC€HM}Z, cmaeku
HANl0208, OWZ‘!LIC/leHMIZ, OMCKOHmupogaHuﬂ u eraumoeaHuﬂ

Omuucnenus 60 enebiodxicemuvie ponovt — 27,1%

Hepeqeﬂb BOIIPOCOB, MOAJICKAIUX UCCJICA0OBAHUIO,

NMPOEKTHPOBAHMIO U pa3padoTKe:

1. Oyenxa xommepuecko2o nomenyuana, nepcneKMUEHOCMU U Illomenyuanvuvie nompebumenu  pesyrbmamos
anemepramug nposedenus HU ¢ nosuyuu uccne0osanus Paspabomxa auanuza
pecypcoadpexmusHocmu u pecypcocoepexcens KOHKYpenmocnocobnocmu  Buimoanenue SWOT-

ananusa npoeKma.

2. Ilnanuposanue u popmuposarue 6100xcema HAyUHbIX Cocmaenenue KaieHOAPHO2O NAAHA NPOEKMA.
uccie008aHull Onpedenenue 6100xcema HU

3. Onpeodenenue pecypcrhotii (pecypcocbepezaioweti), Ilposedenue oyeHku pecypcHoil u @GUHAHCOBOL

unancosotl, 6100dcemHol, COYUATLHOU U IKOHOMUUECKOU
aghpexmusnocmu ucciedosanus

aghpexmusrocmu ucciedo8anusL.

Hepeqeﬂb Fpaq)l/l'-leCKOFO MaTEPHUAJIA (c mounvim yxazanuem obs3amenvHblx Yepmeniceii).

agrwbdE

Oyenka KOHKYPeHmMOCnOCOOHOCTU MEXHUYECKUX PelueHUll
Mampuya SWOT

Anvmepnamueuvl nposedernus HU

I'pagux nposedenus u 6r0docem HU

Oyenka pecypcHoli, punancosotl u s9xoHomudeckoll d¢pgpexmusnocmu HU

‘ JlaTta BbI1auM 3a1aHu4 /151 pa3jieia 1o JuHeiiHoMYy rpaduky ‘

3az[aﬂne BbIJ1AJI KOHCYJbTAHT:

JloJIZKHOCTH D®UO Y4yeHnasi cTeneHb, Hoanuch Jara
3BaHUe
Honent OCT'H LLIBUII MensmukoBa Kaunounnar
Exarepuna dunocopckux
Banentunosna HayK
3ajaHne NPUHSAJ K UCTIOJTHEHUIO CTY/ICHT:
I'pynna DPUO Hoanuce Jara
0BM71 DenotoB Jleonnn EBrenbeBuy




3AJIAHUE JIJISI PA3JIEJIA
«COILUAJIBHASI OTBETCTBEHHOCTb»

Crynenry:
I'pynna [02510)
0BM71 denoroB Jleonna EBrenbeBuy
HIkona Nuxenepnas mkona | Oraenenne (HOLY) OKCIEepUMEHTaTIBHOU
SIIEPHBIX TEXHOJIOTUHI busuku
YpoBenb Marwuctp HanpaBienue/cnenuaibHOCTh dusuka
o0pa3oBaHuA KOH/IEHCUPOBAaHHOTO
COCTOsSIHHU A
Tema BKP:

OrmpezieneHne 3aKOHOMEPHOCTEH BIIMSHUS TapaMETPOB JIa3epHON CBapKU Ha B3aMMOJICHCTBIE BOAOPO/Ia

C IIMPKOHMEBBIM cIiaBoM D110

I/ICXO)IHbIe JAaHHbIEC K pasaejay «COHI/IaJH)Haﬂ OTBETCTBEHHOCTDb):

1. Xapakrepucruka 00beKTa UCCIeIOBaHuUs (BEUIECTBO,
Marepuaj, mpuoop, aaropuTM, METOMKa, pabodast 30Ha) U
o0JracTu ero MpUMEHEHUs

ITpubop: Gas Reaction Controller.
Pabouas 30Ha: mabopaTtopus;

Marepuan: 00pasIfsl U3 CIIaBa IMTUPKOHMS
3110

[lepeuenn BOPOCOB, MOIEKAIINX HCCIETOBAHHIO, TPOSKTUPOBAHUIO M pa3paboOTKe:

1. IIpaBoBbIe
odoecreyeHus

¥ OPraHu3alHOHHbIE BOMPOCHI
0e30macHOCTH:

CreIUaIbHBIC (XapaKTepHbIC TPU
JKCIUTyaTalluy 00bEKTa UCCIISIOBAHUS,
MIPOCKTHPYEMOU paboUeii 30HBI) IPABOBHIC
HOPMBI TPYIOBOTO 3aKOHOJIATEIbCTBA;
OpraHU3aIMOHHBIC MEPOPUSATHSI TPU
KOMITOHOBKE pa0ovei 30HBI.

— TpynoBoii kojekc Poccuiickoi
Oeneparurn ot 20.12.2001  Nel197-@3
(pen. ot 01.04.2019)

- TOCT 12.2.032-78  Cucrema

craugaptoB Oe3omacHoct Tpyna (CCBT).
PaGodee mecTo Tpu BBITOJHEHHUU padOT

CHUJIS. Oo6mme JPTOHOMHYECKHE
TpeOOBaHMS

— CanlluH 2.2.2/2.4.1340-03
"T'uruennyeckue TpeOOBaHUS K
MEPCOHATBEHBIM JJIEKTPOHHO-
BBIYUCITUTENEHBIM MaluHaMm u

opraHuzanuu paboTe" (C W3MEHEHUSIMH
Ha 21 utons 2016 roma)

- IIHA o 12.13.1-03
Meronuueckue pexkoMeHAanuu. TexHHuka

Oe3omacHOCTH pu pabote B
aHAMTHYECKUX Jaboparopusx (obmrie
TTOJIOXKCHIS )

-I'OCT P MHUCO 6385-2016
OproHOMHUKa. IIpumenenune
PrOHOMHYECKHX MPUHLUIIOB npu
MPOEKTUPOBAHUU MPOU3BOACTBEHHBIX
CHCTEM

—TOCT P 50923-96. Hucnueu.
Pabouee wmecto omepatopa. OoOmme
SPrOHOMHYECKHE TpeOOBaHUs u

TpeOOBaHUS K MPOU3BOJICTBEHHOH Cperle.
Meroipl n3MepeHust




BO3JICUCTBUS

2. Ilpon3BoacTBeHHast 6€30MACHOCTD -
2.1. AHanu3 BBISBIICHHBIX BPEIHBIX U OMACHBIX (JaKTOPOB
2.2. O60ocHOBaHNE MEPONPHUATHI IO CHUKEHUIO

BPE/HBIE TIPOU3BOJICTBEHHBIC
(haKkTOpBI, CBA3aHHBIE C
AHOMAJIbHBIMU
MHUKPOKJIUMATHYCCKIUMU
rnapaMerpamMu BO3JyITHOW Cpebl Ha
MECTOHAX 0’KJICHUU PabOoTaroIIero;
—  BpEIHBIC MPOU3BOCTBCHHbBIC
(haKTOpBI, CBA3aHHBIC C
aKyCTHYECKUMH KOJICOAHUSIMU B
IIPOU3BOJICTBEHHOU CpeJiE;

—  BpEIHBIC MPOU3BOCTBCHHbBIC
(haKTOpBI, CBA3AHHBIE C
3JIEKTPOMArHUTHBIMH MTOJISIMHU
MEPMEHHOI'0 XapaKTepa;

—  BpEIHBIC MPOU3BOCTBEHHbBIC
(haKkTOPBI, CBA3aHHBIE CO CBETOBOM
cpenoi;

—  OIacHbIC MPOU3BOJCTBECHHBIC
(hakTOpbI, CBA3aHHBIE C
AIIEKTPUYECKUM TOKOM,
BBI3bIBAEMBIM Pa3HUIICH
ANEKTPUYECKUX MMOTEHIIHATIOB,

—  T0XapaonacHOCTh.

3. Dkosornyeckasi 0€30MaCHOCTh:

B miporiecce BhImomHeHNsT paboThI
OTXOJaMHU SIBIISIETCS CTPY’KKa METaJlIa,
KOTOpPbIE MOTYT BBI3BaTh 3arpsI3HEHNE
HIOYBBI U BOZIBI. JlaHHBIE OTXO/BI HE

3arpsA3HAI0T aTMOchepy.

4. Be3onacHOCTb B Ype3BbIYAHHBIX CUTyAMAX: -

Bosmonrsie UC:

BBIOPOCHI SITOBUTHIX BEITICCTB,
TTOJKapHI,

B3PBIBBI

TIUBEPCUH

MIPUPOIHBIEC KaTAKITH3MbI

Hawunb6onee BepossarapiM UC sBIIsCTCS
HACTYIIJICHUE CHIIBHBIX MOPO30B, TIOXKAPBHI.

| Jlara Bpiiaum 3aanus AJi pa3jaena no JuHeiHomy rpaguky

3agaHue BbI/IaJ KOHCYJIbTAHT:

JokHoCcTh (700 Yuenan MMoanuce Hara
CTelNeHb,
3BaHHe
Crapmmit Ncaesa EnuzaBerTta
MPENoI0BaTENb CepreeBHa
3agaHne NPUHSAJ K HCIIOJTHEHUIO CTY/ICHT:
I'pynna PUO Hopmuce Jara
0bM71 denoros Jleouun Esrennesuu




TOMSK TOMCKUNN
POLYTECHNIC NONMUTEXHUYECKUN
UNIVERSITY YHUBEPCUTET

MuHMCTEpPCTBO HayKM 1 BbicLwero obpa3zoBaHna Poccuiickon Pegepalmm
depepanbHoe rocygapcTBeHHOE aBTOHOMHOE

obpasoBaTesibHOe yupexkaeHune Bbicliero o6pasoBaHumA

«HaumoHanbHbIN nccnefoBaTebCckii TOMCKMIA MONUTEXHNYECK yHMUBEPCcUTeT» (TITY)

[IIxona — MHxeHepHast MIKOJIA SAEPHBIX TEXHOJIOTUN

Hamnpasnenue noarorosku 03.04.02 «®Pu3nka KOHIEHCUPOBAHHOTO COCTOSIHHS

VYpoBenb 00pazoBaHus — MarucTparypa

Otnenenne mkossl (HOLL) — DxcnepumenTanbHOM PU3UKH

[Tepuon BeIMOJSHEHUS

dopma npeacTaBiIeHUus: pabOTHI:

‘ Marucrepckas nuccepramus

(bakamaBpckas paboTa, JUIUTOMHBIN TPOEKT/paboTa, MarucTepcKas TUCCepTaIns)

KAJIEHJIAPHBIN PEUTUHI -TIJIAH
BbINIOJIHEHH S BbIIYCKHON KBATU(PHUKANMOHHOMN padoThI

Cpoxk criauu CTYZACHTOM BBITIOJTHEHHOHW paOOTHI:

|

Jata Ha3Banue pa3nena (moxyas) / MakcuMaJIbHbII
KOHTPOJIsI BH/1 padoThl (MCCiIe10BAHUS) 0aJ1 paszaesa (MoayJist)

01.03.2018 | Ananutuyeckuii 0030p JTUTEPATYPHI 15
01.09.2018 | O6paboTKa IMOAYYCHHBIX MIPH PA3IMYHBIX [TapaMeTpax JIa3epHOH 15

CBapK# 00pasmoB MUPKOHUS Mapku D110
30.12.2018 | HaBomoposkruBaHHEe 00pa3loB CO CBAPHBIMH IIBAMU ITUPKOHHEBOI'O 20

crasa 0110
30.04.2019 | AHanu3 pe3ynbTaToB 15
25.05.2019 | CornanpHas OTBETCTBEHHOCTD 15
25.05.2019 | ®duHAHCOBBIH MEHEIKMEHT, pecypcodPeKTHBHOCTD U 15

pecypcocOepekeHne
25.05.2019 | 3akmroueHue 5
COCTABUJI:
PykoBoautear BKP

JloJzKHOCTH DdUO Y4yeHasl cTeneHb, 3BaHHe Hoanucy Jara
[Tpodeccop OOD UATIL Jlunep Aunpen JI.T.H., JOIICHT

MapkoBuu

KoHcyabTaHT (IpH HAJTHYNH)

J10JIZKHOCTh DPUO Y4yeHasl cTeNeHb, 3BaHHE Hoanuch Jara
Crapunii npenogasarens OOP Kyauspos Bukrop | K.T.H.
WATII Hukonaesnu
COI'TACOBAHO:
PykosomuTesns OOII

J10JZKHOCTh DPUO Y4eHasl CTeNeHb, 3BaHHE Hoanuch Jara
PykoBoaurens OO® UATII Jlunep Aunpeit JI.T.H., TOLEHT

MapkoBuu
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PE®EPAT

Maructepckas auccepraliioHHas padora 122 ctpanuisl, 24 pucyHka, 33
TaOJIULIBI, 65 TUTEpaTypHBIX HCTOYHHUKOB, | MPUIOKEHUE

KitoueBble cioBa: MMMyJbCHas Ja3epHas CBapKa, IIUPKOHHUEBBIM CILIaB,
copOuust BOJAOPOAa, METOI ra30(pa3HOTO HABOJAOPOKUBAHMUSI, CBAPHBIC IIIBHI.

OOBEeKTOM HCClIeIOBaHUS SABISAIOTCS 00pa3lbl U3 CIUIaBa IUPKOHUS MAPKH
D110 cBapeHHBIE B pa3IMYHBIX PEKUMAX HMMIYJIbCHOM JIA3€PHOM CBapKOM.
HccnenoBanue BIMAHMS BOJIOpOJAa Ha CBapHbIE IIBbl LHUPKOHMEBOIO CILIaBa
OpOBOAMIACH METOAOM ra3zoa3sHoro HaBojopokuBaHUs. OlEHKa KOJMYECTBa
BOJIOPO/Ia MTPOBOMIIACH METO/IOM TUIABIICHUS B CpeJie MUHEPTHOTO rasa.

Lenbto paboThl sIBISIETCS OMpeEiICHUE BIMSHUS MapamMeTpoB Ja3epHOM
CBapKH Ha coJiepKaHue BOJIOPOJa U CKOPOCTh COPOIIMU BOJOPO/Ia B CBAPHOM IIIBE.

B pesynbrare wuccienoBaHuss OBLIO  ONPEJEICHO, YTO HW3MEHEHHE
SHEPreTUYECKMX MapaMeTpoOB pEeXUMa JIA3€pHOM CBapkKH (CKOPOCTh CBapKw,
SHEPIusl UMIYJIbCA, JJIMUTEIBHOCTh UMITYJIbCA M YacTOTa) MPUBOIAT K CHUKEHUIO
HAYaJIbHOW KOHIIEHTPAIIMU BOJOPO/Ia U CKOPOCTU COPOLIMU B ITMPKOHUEBOM CILIaBE
3110 co cBapHbIM mBOM mpuMepHO Ha 19% u 57%, cooTBeTcTBeHHO. Takxke ObLIO
YCTAHOBJIEHO, YTO JAMHAMHUKA HACBIIIEHUS OCHOBHOIO METAJlJIa XapaKTepU3yeTCs
3HAYUTEJIbHOM HEPAaBHOMEPHOCTHIO BO BPEMEHU, B TO BPEMS KaK HACBILIEHUE BCEX
CBAapHBIX WIBOB IIPOMCXOJUT MOHOTOHHO TIpU YBEIMYEHHH DSHEPIUM U
JUTUTEILHOCTH UMIyJibca B nuanazo”e (8,68 + 14,95 JIx) u (10 + 16 mc),
COOTBETCTBEHHO.

B nepBoii rnaBe mpeACTaBIEH TEOPETUYECKUH 0030p BBISIBICHHOU
npo0JIeMbl BIUSHUS PA3IMYHOTO POJia CBAPKH HA CBOMCTBA METAJUIOB.

Bo BTOpO# Tn1aBe onmMcaHbl SKCHEPUMEHTAIBHBIE YCTAaHOBKH: Ta3zoda3zHoe
HACBIIIEHUS BOJOPOJIOM C HCIIONB30BAHUEM ABTOMATHU3WPOBAHHOIO KOMILIEKCA
Gas Reaction Controller, wu3MepeHue KOHIICHTpPAIMK BOJOPOJa METOJOM

IUIaBJICHHUA B CpEAC HMHCPTHOI'O TIaza C HMCIOJIb30BAHUCM TI'a30aHaJIn3aTopa

RHENG602 ¢pupmer LECO.
10



B TpeTheit ritaBe onucansl pe3ysbTaThl BIUSHUS BOJAOPOAA HA MOIYYEHHbIE
METOJOM HMMIYJbCHOW JIa3€pHOM CBapKH CBAPHBIX IIBOB LHUPKOHHEBOTO CIUIABA

o110.
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BBEJAEHHUE

Kak wu3BecTHO, IUPKOHUNA — 3TO MaTepuan, KOTOPbIA MPUMEHSETCS B
SICPHOM DHEPreTUKE M SBISETCS OCHOBHBIM KOHCTPYKIIMOHHBIM MAaTE€pHUAIOM
000JI0YEeK TEMJIOBBIACISIIOIUX 3JIEMEHTOB (TB3JOB). JTO OOYCIOBIEHO TE€M, YTO
CIUIaBbl LUPKOHMS 00JIAalOT HU3KUM CEUEHHEM 3axBaTa TEIJIOBBIX HEHUTPOHOB,
BBICOKOW KOPPO3MOHHON CTOMKOCTBIO, COMPOTUBICHHEM K pagualliOHHBIM
MOBPEXKJACHUSM U XOPOIIUMH MPOYHOCTHBIMU XapaKTEPUCTUKAMH.

Hakoruienne Bogopona BHYTPH IIMPKOHHMEBBIX CIUIABOB BEIET K
BO3HMKHOBEHHUIO MHOXECTBa IMpobiieM. B mepByro ouepenb 3HAYUTEIBHO
MOBBIIIACTCS XPYNKOCTh Marepuaja, 4YTO SIBISETCS KPUTUYHBIM B 00JacTH
SIIEPHOM DHEPTeTUKHU. XPYIMKOCTh MOBBIMIAETCS 3a CUET MPOHUKHOBEHHUS BOJOPOa
U 00pa30oBaHUs THIPHUIOB, YTO B CBOIO OUEPEb MOXKET MPUBECTH K Pa3pyIICHUIO
U3JCIUI COTJIACHO MEXaHU3MY 3aMEJICHHOTO THAPUIHOTO pacTpeckuBanus [1-6].
Bo3HuKHOBEHHE TpelMH Bj€YeT MpOoOJIeMbl B JKCIUTyaTalldd TBAJOB. MOXXHO
Jake MpeHeOpeub CUTYallMsIMU aBapUMHOTO XapakTepa W MOAyMaTh O TOM, 4TO,
HaIpuMep, TB3JI KOTOPBIM ObUT pacCUMTaH Ha S5-TH JICTHUH CPOK JKCILTyaTalldu
OPUXOJUT B HErOJHOCTH MOCJIE MEPBOro rojia. ITO TOBOPUT O KOHCTPYKIIMOHHOM
HeA(DPEKTUBHOCTH, a TAaK)Ke 00 SKOHOMUYECKOM JJIs IPETTPUSATHS.

[Ipu m3roroBneHun TBAIOB TPYOKH, KOTOPHIE comepxkaT B ceOe ypaHOBBIC
TaOJICTKH, CBAapUBAIOT, YTOOBI OOCCIEYUTh TI'EePMETUYHOCTh M OE30MaCHOCTH
koHCTpykimu. C HemaBHUX T1Oop HoBocuOHMpCkuii 3aBOJI XWMKOHIIEHTPATOB
MEepEeNUId Ha JIA3€PHYI0 CBApKY, C 3TOM I1€JIbl0 TOMCKHN NOJIUTEXHUYECKUU
YHUBEpCUTET TipeaocTaBusl UM ycTaHoBKY JITA 4-2. Kak u3BecTHO, CBapHBIC IIBBI
SIBJISIFOTCS. 30HOM, HACBIIIEHHOW Je(EeKTaMu W MEHEee HaJACKHOM, YeM OocCTaibHas
4acTh TPYOKH U3 CIUIaBa HUPKOHHUS B TBIJIAX.

B paGote [7] 6puT0 TPOBENCHO OMpeIeNieHNE BIMSHUS PEKIMOB CBapKH HA
IIMPUHY CBApHOIO IIBA, 30HY TEPMUYECKOTO BO3ACHCTBHS, a TaKXKe MPOBEICHO
HCCIIEIOBAHUE TTOBEPXHOCTHBIX Ae(EKTOB MOTYyUYEHHBIX 00pa3oB. Takxke aBTOpOM

ObUTM chopMUpPOBaHBI OCHOBHBIE 0a30BbIE€ MapamMeTphbl SKCIUTyaTallUH JIa3epHOM
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yctaHoBku. OnHaKo, B HacTosilee BpeMsi BcE emé He ObUIo HCCIeqOBaHUMN
BIIMSHUS PEKHUMOB JIa3€pHOM CBapKM Ha MPOHUKHOBEHHE BOJOPOJia B CBAapHbBIC
mBel craBa D110, koropble ObUIM OBl MOJIE3HBI C TOYKU 3pEHHsI 0€30MaCHOCTH
MIPOU3BOJICTBA U MIPOIOJKUTEIIHHOCTH SKCILTyaTalliy TBAJIOB.

Takum oOpazom, HeJbK AaHHOUN paboTHI ABisieTcs: OnpeaeneHue BIUSHUS
rapaMeTpoB JIa3epHON CBapKH Ha COJEp)KaHUE BOJAOPOJA U CKOPOCTh COPOIUU
BOJOpPOJia B CBAPHOM IIIBE.

3ajnaum:

e  l3mepeHue cojeprkaHus BOJIOPOJIa B CBAPHBIX IIBAX IMOCJE JIa3epHOM
CBapKM M aHAJIW3 BIUSHUS TMapaMeTPOB JIA3€pPHOM CBapKM HaA HAKOIUICHHE
BOJIOPO/Ia B CBapPHBIX COCAMHEHUSX IUPKOHUEBOTO cruiaBa J110;

e  OcymiecTBieHHEe HaChIleHUs OOpa3lloB CO CBapHBIMU IIBAMHU
Bogopoaom npu 350 °C, 2 atm., g0 koHueHTtpanuu 0,07 macc.%;

° Pacuér ckopoctu copOiMu BomOpojia B IMPKOHHEBOM criaBe D110
CBAPEHHOM JIa3€pHOM CBApPKOW B PA3IMYHBIX PEKUMaxX U OMNpPEACICHUE BIUSIHUS
nmapaMeTpoB CBapKH CKOPOCTh COpOILIMH BOJAOPO/A.

B cBs131 co BceM BbIlIE U3JI0)KEHHBIM HA 3aIMTY BBLIHOCSATCS CJIEIVIOIINE

M0JI0KEHUS !

1. VYcraHoBieHO, YTO U3MEHEHHE DHEPreTHUYECKUX MapaMeTPOB PEeKUMa
Ja3epHON CBApKU (CKOPOCTh CBAPKH, IHEPTHUS UMIYIbCA, JTUTEIBHOCTh UMITYJIhCa
M 4YacToTa) MPUBOASIT K CHIKEHHMIO HaydajlbHOW KOHIIEHTpAlMU BOJOPOJA H
CKOPOCTH cOpOLMH B IMPKOHUEBOM ciuiaBe D110 co cBapHbIM IBOM MPUMEPHO HA
19% u 57%, COOTBETCTBCHHO;

2. YCTaHOBIEHO, YTO JWHAMHUKA HACHIINICHWS OCHOBHOTO MeTajuia
XapaKTEepU3yeTcsl 3HAYUTEIbHON HEPAaBHOMEPHOCTHIO BO BPEMEHU, B TO BPeMs KaK
HACBHIIIIEHUE BCEX CBAPHBIX IIBOB MPOUCXOAUT MOHOTOHHO IMPHU YBEIMYEHUU
SHEPIUM U IJIUTEIbHOCTU MMIyJibca B aAuanaszone (8,68 + 14,95 JIx) u (10 +~ 16

MC), COOTBETCTBEHHO.
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I'JIABA 1. JUTEPATYPHBINA OB30P

B nanHOl rnaBe mnpoBeneH 0030p JUTEPATYpPHBIX HCTOYHHUKOB Ha
3aJlaHHYI0 TE€MY, MpPOBEJIECH aHaIM3 HMMEIOIIMXCS (U3UUECKUX XapaKTEPUCTUK
cruiaBa nupkonus 2110, a Takke o0030p JuTepaTyphl Ha TEMaTHKy CBapKu

HUPKOHUS.

1.1. O0BeKT

uccjaenoBanus (uupkonuii 3110)

bunapuseiii crita 9110 cocTouT W3 UMPKOHUS W HUOOMS, CoOlEpKaHHe
MOCJICTHETO MPU KOMHATHOU TemIiepaType He npesbimaet 5%. bonee BepHo Oyner
CKa3aTh, YTO CIUIAB, KOTOPHIA MPUMEHSIETCA B SIACPHOM SHEPreTUKE, COCTOUT M3
TBEPJIOI0 PacTBOpa O - HUOOWSI B IIUPKOHHH, KOTOPBI MMEET reKcaroHajlbHYIO
wiotTHoynakoBanayto (I'T1Y) pemerky u TBepmoro pactBopa [3 - IMPKOHUS,
uMerolero o0BEMHO IEHTpUpOBaHHYIO KkyOudeckyio (OLIK) pemerky B
HroOuun[8]. CruzaB Mo TEKCType W aHM3OTPOIMU SIBISETCS MOYTH UYTO YHCTHIM
IIUPKOHHUEM, OCHOBa KoToporo o - ¢asza. OH obnagaeT aHWU3O0Tpomuend (HHU3UKO-
MEXaHUYECKUX CBOMCTB M CIIOCOOEH MEHSTh CBOIO TEKCTYpPY MO Mepe 00paboTKH
JaBJICHUEM, 4YTO JEeJNaeT €ro KpalHe TMoJIe3HbIM B NpuMeHeHHH. [IpuuuHsl,
OTIpeICTISIONTHNE JIeTnpoBanue MUpKoHUs 1% Hrobus (crutaB 2110) [9, 10]:

o HUOOMIT oOylajaeT HEOOJBIIMM CEYCHHEM 3axBaTa HEWTPOHOB,
MIOATOMY CEUEHHE 3aXBaTa CIUIaBa B LIEJIOM MOBBIIIAETCS HE3HAYUTEIBHO;

®  DPOJb BPEIAHBIX MPUMECE B LIMPKOHUU CYIIECTBEHHO U3MEHSETCS O]
BiusgHUEM 1% HUOOUS, CTAOUIM3UPYETCS] KOPPO3UOHHAS CTOMKOCTD, MPHU HATUYUU
TaKuX TpPUMECEH, HMMEIOIMXCS B YHUCTOM ITMPKOHUHU, Kak xene3o (mo 0,3%),
Hukenb (mo 0,18%), turtan, kpemuuii (mo 0,4%), yriepon, allOMUHUNA,
yCTpaHsIeTCsS UX BPEAHOE BIUAHHUE (OHAKO, C YBEIIMUECHHEM COJIEPKAHUS HUOOUS,

najiaeT KOppO3MOHHAsA CTOMKOCTH);
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e  HuOOUI MOJIOKUTEIBHO BIUSAET, CHMKAs JOJIO BOJIOPOAA, KOTOPYIO
IIOIVIOIIAET UUPKOHUEBBIN CILIAB.

B 1mpomecce UM3roTroBieHUsA IUIACTUH U3  LUPKOHUEBBIX  CILJIABOB
[IPOU3BOAUTENIA PAa3BUBAIOT B HEM MPEANOYTUTEIBLHYIO OPUEHTALUI0, KOTOpas
OIpeleAeT MEXaHUYECKUE CBOMCTBA, @ TAKXKE TEKCTYpPY IIOJIy4aeMOro U3JACius, B
YAaCTHOCTU IPOUCXOAUT YBEIMYEHUE IIpelesia TEKy4eCTH U IIONEPEYHOM
HampaBiaeHnHd. KauecTBO wu3Aenuil W3 I1UMPKOHUEBBIX CIJIABOB BO MHOI'OM
onpejensieTcs: CTPYKTYPHBIMHU TMOKa3aTelsiMU, TaKUMH KakK: JMCIEPCHOCTH (a3,
pas3mMep M (opma 3€pHa U COCTOSSHUE IIOBEPXHOCTH, KOTOpOE BIIMSET Ha
KOPPO3UOHHYIO CTOMKOCTh [9]. UTOOBI YMEHBIINTH KOPPO3MOHHBIC MPOLECCHI
HEOoOX0JlMMa OJHOPOJHOCTh U PABHOMEPHOCTh OKHUCHOM IUJICHKH, II03TOMY
MEJIKO3E€PHUCTOCTh U AUCIEPCHOCTh M30BITOYHBIX (a3 SABISETCS 0053aTeIbHBIM

aTpuOyTOM KaueCTBEHHOTO MpoaAyKTa u3 cruiasa J110.

re 2468°C
2400 [ " 7
2200}

2000 a 1850°C e

}K"'ﬁ//

1800f
1740, 22
1600} : :
1000f gg2°C 70¢
B-Zr B-Nb
800 B-Zr+p-Nb
600l 535 sz"ong 85
g a-Zr+f-
goo L El o L

0 10 20 30 40 50 60 70 80 90100
Maccosoe codenxarue Nb, %
Pucynok 1.1 — JluarpamMmma coCTOSIHUSI CUCTEMbBI LIMPKOHUI-HUOOUH [9]
Ha pucynke 1.1 npuBeneHa nuarpaMma COCTOSIHUSI CUCTEMbl ITUPKOHUM-

HUOOUH, MOCTPOCHHAs! MPU MEJJICHHBIX CKOPOCTSIX HarpeBa U oxjaxaeHus. Takxke
HIDKE MpUBeieHa Tabnuia oTo0paxkarolas CoAepKaHue JIETUPYIONIUX 3JIEMEHTOB

B ciuiaBe D110 u ero Termodusnyeckre CBOMCTBA.

18



Ta6auma 1.1. CoaepkaHue JETUPYIONIUX JEeMEHTOB B cruiaBe D110[11]

DJIeMEHT 0] N Cu |Ti Fe |Ni |[Ca |Cr |F

Conepaxanue, 102 % 7 06 |03 |04 |21 |11 |3 0,2 10,09
Tabauma 1.2. Termodusnveckue cporictsa crurasa D110 [11]

Temneparypa, °C 20 350 380 420

Gy, Mlla 372 196 182 174

G,,, MIla 294 159 143 142

G, , Mlla 204

1.2. Oco0eHHOCTH OKUCJIEeHNsI TUPKOHUS

[{upkoHUEBBIE  CIJIaBbl  SABJSIFOTCS ~ OCHOBHBIM  KOHCTPYKIMOHHBIM
MaTepuaioM, KOTOPBIM HCHOJIL3YETCSI B aTOMHBIX SHEPreTUYECKUX PEaKTOpax C
BOJSHBIM OXJaxaeHueM. DU3MYECKUEe CBOMCTBA IIUMPKOHHUEBBIX CIUIABOB M MX
U3MEHEHNS B XOJE SKCIUTyaTallud B 3HAYUTEIBHON CTENEHW BIHUSIOT Ha CPOK
CIy’)kObl M JOMyCTUMBbIE paboyre YCIOBUS OCHOBHBIX KOMIIOHEHTOB pPEaKTOpa.
Cornpukacasich ¢ XJ1aareHToM, HUPKOHUN OKUCIIAETCS U MOTJIOMAI0T BOJOPOI.

Kak crnencrBue, MexXxaHWYECKHME CBOWMCTBA OCHOBHBIX KOMIIOHEHTOB
MeHstoTcs. [Ipu nepexoie K MOBBIIIEHHOMY BBITOPAHUIO IIPOLIECCHI OKUCIICHUS U
TIOTJIONIEHUSI BOJOPOAa MOTYT MPUBECTH K OTPAHHYCHHUSM B pabOTOCIIOCOOHOCTH
TBOB. OJHUM W3 KpUTEpUEB Oe30macHO pabOThl TOIUIMBHOTO CTEPKHS B
peakTopax SBISETCS OTpaHWYCHUE Ha TONIIMUHY OKCHIHOW TuieHKH ZrOs.
HecmoTps Ha TO, 4TO KOppO3Usl SIBISETCS MPOLIECCOM pa3pylIeHHUs, 00pa3oBaHUE
IUIOTHBIX OKCHJIHBIX TUICHOK Ha TMOBEPXHOCTH ITUPKOHHS CIIOCOOHO TMPHUBECTH K
MOJIOKHUTENBbHBIM 3 dextam Onarogaps 00pa30BaHMIO 3aIUTHOTO Oapbepa Ha
MyTH JajbHEWIero pa3pylieHuss martepuana. OKUCHasl IUJIEHKA MIpeaoXpaHsieT
3JIEMEHTBHl KOHCTPYKLIHMHU W3 LUPKOHHUS OT MHTEHCUBHOTO OKHUCJICHHS WU YJy4dlIaeT
YCJIOBHUSL XpaHEHUsI NPENsTCTBYA IOrJOMIEHUI0 Ta30B. Takxke oHa o0Osagaer
XOpOILIEH TNIOTHOCTHIO U aJIr€3UEN K TOBEPXHOCTH METAILIA.

[upkoHWI — €AMHCTBEHHBIA MaTepual, MOMHUMO THUTaHA, PACTBOPSIOIINN

KHUCIIOPOd B OOJBIINX KOJWYECTBAX. DTO CBOMCTBO IOBBIIIACT ICPCIICKTUBHOCTD
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criaBoB Zr-O ¢ TOYKM 3pEHHs] HCIOJB30BaHUS HA TMPAKTUKE JIETHUPOBAHMS
KHCJIOPOJIa U TaKuM 00pa3oM MO3BOJSET YIPaBIsATh CTPYKTYpOW M CBOMCTBAMU
cruiaBoB 1upkoHusi. Ha cTpykTypHO-(a30BO€ COCTOSIHUE CIUIABOB LUPKOHUS
Takke OOJIBIIOE BIMSHUE UMEET COJepKaHue Kuciaopoaa. Hampumep, Hanmuuue
kuciopona (B konudectse 0,2%) B TBEpJIOM pacTBOPE CIIOCOOCTBYET YBEIMUYCHUIO
napaMeTpoB  KPUCTANIMYECKOW  PEIIeTKH,  MOBBIIICHUIO  TeMIepaTypbl
AIIOTPOIMYECKOTO MPOIecca U yBeIuUeHuo ioTHocTr[12]. Hanuuue kuciopona
B CILJIaBE TaKke CIOCOOHO BIMATH HA DJIEKTPUUYECKUE W TEIUIOBBIE CBOMCTBA. [Ipu
JIETUPOBAHUU KHUCJIOpPOJa B IUPKOHHEBBIE CIJIaBBI MEXaHWUYECKHE CBOWCTBA
MEHSIOTCS  CIHEAYIOIMM  00pa3oM: MPOYHOCTH M Mpeaesl  TeKy4ecTH
YBEJIUYUBAIOTCS, TOBBIIIACTCS TBEPJAOCTh, YMEHBIIAKOTCS IUIACTUYHOCTh U
Bs3KOCTB[13].

OkuceHue MUPKOHUEBBIX CIUIABOB HM3Yy4aeTCs B TEUYCHHUE JIJIUTEIHLHOTO
neprojia BPEMEHH M YYEHBIMU YK€ JIOCTUTHYTO HEIUIOXO€ MOHUMaHue (PU3MKHU
IPOIECCOB JUIsl BBICOKOTEMIIEPATYPHBIX YCIOBUH B OKHCIUTEIBHBIX Cpeax:
BOJIOPO/Ia, Mapa U *HUIAKOCTH, K IpuMepy, padotsl [14-16].

[Ipouecc okucneHnss MOKHO MOAPA3ACIUTh HAa TPH dTara:

1. Ha HayanpHOM 5Tame, IpU HOPMAJBHBIX YCIOBHUSX OKCHUIHAs TUICHKA
oOpasyeTrcsi JOBOJIBHO OBICTPO M COCTOUT M3 HEOOJIBIIOTO YHCJIa MOHOATOMHBIX
CJI0€B. DTHU CJIOU HEYNOPSJOUYEHHBIE U COCTOST U3 HECTEXUOMETPUUYECKUX OKCHJIOB
LIUPKOHHUS.

2. Cnenyromiel craaueil OKHUCICHHUS SIBISETCS 3Tal IMPEIBAPUTEIBHOIO
nepexojia, KOTopblid uMeet Mecto npu tremneparypax ot 200 °C u Boime. Ha stoit
CTQAMM  POCT OKCHJIHOW TIIJICHKH TPOUCXOJUT IO KyOWYECKHM WM
napaboIMYecKuM 3aKOHAM JI0 TOJIIHMHBI OKcuaa 2-3 MkM. BHyTpeHHss 00iacTh
IJIEHKH HECTEXMOMETPHUYECKas, BHEIIHSAS - OJU3KO K CTEXHOMETPUYECKOMY
coctaBy. Takasi TUIeHKa SBJSETCA 3alllUTHBIM OapbepoM [Jisi OKUCICHHS H
MPOHUKHOBEHUs1 BojopoAa. OIHAKO C POCTOM OKCHUJHON IUICHKH MPOUCXOIUT
YBEIIMYEHUE MEXAaHUYECKUX HANpsHDKEHUW Ha TpaHulle MeTaul / OKCUI H

IIPpOUCXOaUT 06p2130BaHI/Ie TPCIIWH IIPpH OIIPCACIICHHBIX TOJIIWHAX.
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3. Ilpu pganpHe#IIeM pocTe OKCHUIHOM TUJIEHKH Oojee 2-3 MKM KHHETHKA
W3MEHEHUW pOCTa i1 KBA3WJIMHEWHOW 3aBUCHUMOCTH OKHUCJIEHHs. JTa CTaaus
pocTa OKCUAHOW IUIEHKH XapaKTepHU3yeTcs OONBIIMM KOJIMYECTBOM Je(EKTOB B
OKCHJTHOM TUICHKE, TAKOW KaK TPeluHbI 1 mopsl [17, 18].

HecMoTpst Ha TO, 4YTO TpaHUIBl peaju3alMd 3THX TPEX pPEKHUMOB
OKHUCJICHMS NIl PA3JMYHBIX CIUIAaBOB B PA3HBIX YCIOBHUAX JIOCTATOYHO XOPOUIO
chOpMyIHpOBaHbl, MPOOJEMBI, CBSI3aHHBIE C ONpeaeNeHueM (PU3NYECKux
MEXaHM3MOB, PETYIUPYIOIIUX CKOPOCTH KOPPO3MHM B LHUPKOHUEBBIX CILIaBax,
OCTalOTCSl OTKPBITBIMU. Jl0 CHUX MOp BEAYTCA AUCKYCCHUU O DPOJU Pa3IUYHBIX
(u3MUECKUX MPOIECCOB, KOTOPhIE PETYIUPYIOT MEPEHOC PANIMYHBIX JIEMEHTOB
(xucnopojia, BOJIOpOJa, IEKTPOHOB M JBIPOK MPOBOJAHHUKOB, T0OABOK CILJIABOB U
HpUMeECeii) uepe3 OKCUIHYIO MIeHKY [19].

OpHako HE3aBUCUMO OT TOYKM 3pEHHS Ha TPOLECC MPOHUKHOBEHUS
BOJIOPOJIa B IUPKOHUI uYepe3 OKCUIHYIO TUICHKY, HauOoJiee Ba)KHBIM OCTaeTCs
¢dakT TOro, 4TO MOCJIE€ MPOHUKHOBEHHUS METAJJI CTAHOBUTHCA OOJIEe YS3BHUMBIM.
[IpoHUKHOBEHUE BOAOPOJIa BBI3BIBAET M3MEHEHUE MHOTUX (PU3UKO-XUMHUYECKHX
CBOMCTB, TaKHWX KakK: IUIACTUYHOCTb, TBEPAOCTh, MOSIBIEHUE XPYNKOCTU. B cuny
YBEIUYEHUS XPYNKOCTH TMOBEPXHOCTh MOXKET PACTPECKaTbCsl W HAYAThCS

MCXaHU3M 3aMCIJICHHOT'O THAPUIHOI'O pACTPCCKUBAHUA.

1.3. B3aumoneiicTBue IMPKOHUEBBIX CILIABOB € BOJOPO/10M

Bonopoa B3auMoaelcTBYET NIPAKTUYECKU CO BCEMU METAJIAMU U BHOCHUT
W3MEHEHUS B TOM YHCJIE U B MEXaHUYECKHUE CBOMCTBA. B cilyyae ¢ HIMPKOHUEBBIMHU
CIUTaBaMU, IPUMEHIEMBIMH B SJIEPHON YHEPTETUKE 3TO B3aUMOJICHCTBHE OCOOCHHO
BA)XKHO TaK KaK M3MEHEHUs CBOMCTB CILIaBa BIMSIOT HA JKCIUTyaTalMIO TBAJIOB. A
MMOTOMY BO3HHMKAae€T HEOOXOAUMOCTh H3y4yaTh M OTCIEXKHBaTh HW3MEHEHUS
MEXaHUYECKUX CBOMCTB KOHCTPYKIIMOHHBIX MATEPUATIOB.

Bonopon, ancopOupoBaHHbIN METAIIJIOM, KaK MPABUJIO MOKET HAXOJUTCS B

YEThIPEX  COCTOSIHMUSIX:  pacTBOpSiETCA B MeTallle;  CEerperupyer  Ha
21



HECOBEPIIICHCTBAX KPUCTAJUTMYCCKON PEHIETKH; aIcopOupyeTcss Ha MOBEPXHOCTH
WM CKaIJTUBAaeTCSI B MOJICKYJISIpHOH (OopMe B MHUKPOTIONIOCTSX; OOpPa30OBBIBACT
THJIPUIBI ¢ OCHOBHBIM MeTauioM. [20, 21]. JloBynikaMu /1 BOAOPOa MOTYT OBITh
MUKpPOACPEKTHI, TUCIOKAIMK, MUKPOTPEIIUHBI U T.J. DHEPTUs CBSA3M BOAOPOJIA
MoxeT ObITh 0T 0,2 5B (17151 Bogopoaa B ¢popme raza BHyTpU MUKPOAEPEKTOB) 10
HECKOJIBKHX 3B (711 XUMUYECKH CBSI3aHHOT'O BOJIOPOJa) B 3aBUCHMOCTH OT THIIA
JIOBYIITKH. B CBOIO ouepesib B 3aBUCUMOCTH OT BEJTUYHMHBI SHEPTUH CBSI3H JIOBYIIIKH
JeISITCS Ha oOpaTUMBbIC B HeoOpaTuMble. OOpaTUMBIM JIOBYIITKAM MPUCYIIIA HA3KAs
DHEPTHUS CBS3U, a TAKKE COCTOSIHUC JUHAMUYCCKOTO PABHOBECHS MEXKIY COOOM W
PaBHOBECHBIMH ITOJIOKEHUSIMH aTOMOB B HCAIBHON KPUCTALINYCCKON PEIICTKE.
B cBo10 ouepeb HEOOPATUMBIM JIOBYIIIKAM CBOMCTBEHHA BBICOKASI SHEPTHS CBS3H.
Ecnu B yCclIOBHSX KOMHATHOW TEMIIEpATyphl MPOM3BECTH JICra3allii0 METajlia, TO
BOJIOPOJT TTIOKMHET OOpaTHUMBbIC JIOBYIIKH, a JIJI TOJyYeHHs CX0Xkero 3ddekra B
HEOOpaTUMBIX HEOOXOJMMO 3HAYUTENBHO MOBBICUTH TeMImeparypy (BIUIOTH 0
ypoBHsI 3Hepruu cBsa3u). [Ipu 3axBate HEOOPATUMBIMH JIOBYHIKAMH KOJIMYECTBO
¢ Gy3HOHHO-TTOABHKHOTO BOJIOPOIa B MeTajlie CHrbkaercs [21, 22].

CrerneHb HaBOJOpPAKMBAHMS B YCIOBUAX JUIMTENBHOM OSKCIUTyaTallud B
pEaKkToOpe 3aBUCHUT, MPEKIE BCEro OT TEMIEpaTypbl 1 MHTEHCUBHOCTH KOPPO3UHU
m3gaenus, BIioth g0 200-300 ppm  Bomopoma[23]. Ilpm Ttemmeparypax
skcruryatanuu TB3J10B 300-350 °C pacTBOpMMOCTH BOJOPOAA B CIUIaBaX [MUPKOHUS
c comepxkanueMm 1-2,5% HmoOwust Bappupyercs B npeaenax 300-400 ppm[24], uro
TOBOPUT O TOM, YTO B YCJOBHSX pabouux TeMmIeparyp H30BITOYHBIA BOIOPOJ
HAXOJUTCSl B CTPYKType MaTepHaia B BUAE THIAPHUIIOB, a B CIIy4ae OXJIAKICHHS 10
20-60 °C — Bech BOJOPOJ COACPKHUTCS B TUApHUAaX. B MmepechIeHHbIX TBEPIbIX
pacTBOpax BBIICIICHUE TUAPHUIHON (Da3bl OCYIIECTBISETCS BIOJb TPAHUI] 3€PEH.
OpueHTanmsi 3epeH B CBOIO OYEpe]b 3aBUCUT OT BHYTPEHHUX HANPSKCHUA U
TEKCTYpHI cIiaBa. U B ciiydae ruipuIHBIX TJIACTHH BO3HUKAIOT TPEIIUHEI.

Pa3pymienne HaBOJOPOKEHHBIX CIIABOB MUPKOHUS OOBIYHO pa3OWBAIOT HA
HECKOJIBKO CTaJIuii: 00pa30BaHHWE W Pa3BUTHC TPCIIWH B TUAPHIAX B pe3yjbTaTe

B321PIMOI[CI>1CTBH$I THUAPUA-TIOTI0CAa CKOJIBXKCHHUA HIIN FHHpHH-I{BOﬁHHK; BbIXOJ
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TPEUIMHBI M3 THAPHAAa B MAaTPHIy U paclpOCTpaHCHHE TPEIIMHBI B MaTpulle [25,
26]. XapakTtep pacmnpeselieHus THAPUAOB CYIIECTBEHHO BIIMSCT HA pa3pylICHHUE
IIUPKOHUEBBIX CIUIABOB, & TAKXKE MJIACTUHYATHIC BBIJCICHHS THAPUIOB OKA3bIBAIOT
HaunOoubliee BpenHoe BoszzeiicTBue[27]. M3meHeHne (OpMbI  BBLICISIONIUXCS
THIPUIOB OT TUIACTHH K YacTHIaM cepruueckoid GOpMBI BEIET K CYIIICCTBEHHOMY
CHI)KCHHIO OXPYITYMBAHKS MaTepraa.

[Tpu skcruTyaTanuu CIuIaBOB MUPKOHUS TIPH BBICOKUX Temriepatypax (300-
350 °C) u Bwicokux HanpspkeHusx (80-100 Mma) B yCIIOBHSIX IOCTOSTHHO
NPWIOKCHHOW HAarpy3KH IMPOUCXOJWT BO3HUKHOBCHHUE WM PA3BUTHUE THUIPHIHBIX
TPEIIMH 10 MEXaHWU3MY 3aMEUICHHOTO THJIPUIHOTO pacTpecKuBaHHUsA. PocT
TPEIIMH TaKOTO THIA MOXKET MPUBECTU K K Pa3pyIICHUIO KOHCTPYKIIUU JaKe TPH
HANPsDKCHUH HW)KE TIpejieia TEeKydecTH. MeXaHW3M 3aMEJICHHOTO THJIIPHIHOTO
pacTpecKMBaHuUs M0 JaHHBIM [28, 29] BKIIFOYaeT ClIeAyIONNE ITAIbI:

1. pacTBOpeHHMe THUIPUAOB B 00JIACTAX MATPUIBI C  HU3ZKUM
HaANPSKEHUEM;

2. auddy3us BomOpoJa B HampaBiCHUWE TpaJWeHTa HaIpsOKeHUus (B
BEPIIMHY TPEIINHBI, TJIe HAMIPSKEHUSI MAaKCUMAJIbHBI);

3. BegeneHue npoaudPeHIupoBaBIIEro BOJAOPOAA B BHJE THIPUIOB B
BEPIIIMHE TPEIIUHBI;

4.  pPOCT TUAPHUIOB B BEPIIMHE TPEIIMHBI O KPUTUYECKOTO pa3Mepa,
JI0OCTaTOYHOTO JIJISl UX pa3pyIICHNUS;

5. pa3pylieHHMe ~ TUAPUAOB B BEPIIMHE  TPEHIUHBI,  MPHUYEM
MOCJICIOBATEILHOE TOBTOPEHHE TMPOIECCa MPHUBOJUT K CTYNEHYATOMY POCTY
TPETIHHBI.

B cnyuae 3amenieHHOro pacTpecKMBaHUS Ha CKOPOCTh POCTa TPEUTUHBI
OKa3bIBAC€T BIMSHUE JHUCIEPCHOCTh TUIAPHUIHBIX  BBIACICHHUI:  CKOPOCTH
pactpoCTpaHEHUs] TPEUIUHBI TOBBIIIACTCS B 3aBHCHMOCTH OT TOTO HACKOJIBKO

JUCIICPCHBIC BBIICIICHHSI IPU PaBHOM COiepaHuK Bojopoja B cruiaBe[30].
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CornacHO BTOPOMY MEXaHHM3MY, BTOPUYHOE THUAPHUIHOE PACTPECKUBAHUE
MIPOUCXOIUT 32 CUET XPYMKOIro pa3pylieHUs TUAPUIOB U MOCIECAYIOMIETO CIUSHUS
HECKOJIbKUX TPEIIUH.

Kaxmoe uznenue u3 MUPKOHUS TMOCJE MPOIECCa U3TOTOBICHUS COJECPKUT
HEKOTOpPOE KOJIMYECTBO BojaOpoaa. Ha ypoBeHb HaBOJIOPOXKEHOCTH U3AETUs
CYILIECTBEHHOE BIIMSIHUE OKA3bIBAIOT: TEXHOJOTHS €ro IMPOU3BOJICTBA, KA4YE€CTBO
ATOTO TPOU3BOJCTBA, A TaKKE TEXHUYECKHE BO3MOXXHOCTH MPUMEHIEMOTO
obopynoBanusi. OCHOBHBIMM MCTOYHHMKAMH TOCTYIIJICHUS BOJIOPOJia B M3JETUE B
IPOIIECCE M3TOTOBJICHUS SIBJISFOTCS: MCXOJHBIC IIMXTOBBIE MaTepHallbl; cpela, B
KOTOPOU BBITIOTHSIOTCS TEXHOJIOTMYECKUE OTEpallid Ha BCEX CTAIUAX MOJTYUYCHUS
U 00paboTKM MeTaiia;, TpaBiieHHe B Kuciorax. CBapka SBISETCS OJHUM U3
TEXHOJIOTMYECKUX MPOIIECCOB, KOTOPBIN CITOCOOCTBYET HACBIIIEHUIO
METaJUTMYECKOTO CIUlaBa BOJOPOJAOM. I[lOCKOIBKY IIMPKOHUM OTHOCHTCS K
MeTajylaM C BBICOKOW XHMHYECKOH AaKTHMBHOCTBIO, €r0 CBapKy HE0O0XO0IuMO
IPOBOJIUTh B HEUTPAJIBHOW cpene, NMpUMeHss aproH wid renwii. B mporecce
CBapKH BOJIOPOJI 00pa3yeTcsi W3 Bjark, KOTopas IONajgaeT B aproH M3 BO3IyXa
BCJIC/ICTBHME€ HECOBEPIICHCTBA Ia30BOM 3aIlUTHI KUAKON "BaHHBI", TaK:Ke BOAOPO/I
COJICP)KUTCS B CBAapOYHOM mMpoBosioke. DopmMupoBaHue IIBa B MPOIECCE CBAPKHU
IPOUCXOAUT TIPH BBICOKMX TeMIIepaTypaxX, 4YTO 3HAYUTEIBHO TIOBBIIIACT
BEPOSTHOCTH HABOJIOPOKUBAHHUS CBAPHOTO COEIUHEHHUS.

[IpucyTcTBHE BOAOpPOJA BBI3BIBAET OOpa30BaHHE XOJOAHBIX TPCIIMH B

HAaIJIaBJICHHOM M OCHOBHOM MeTajie [3, 23].

1.4. Oco0eHHOCTH JIa3epHOH CBApKH

YToOBI MPUCTYNHUTh K PACCMOTPEHHUIO CBAPKH ITUPKOHHS M €T0 CIUIaBOB,
CHayaja HeoOXOAMMO PacCMOTPETh JIa3€PHYIO CBAPKY M MHUKPOCBAPKY B IIEJIOM.
Crpororo omnpeneneHus Ja3epHOW CBAPKM HE YCTAHOBICHO M KaXIbl aBTOp
TOJIKYeT ero mo-pasHomy. Hampumep, B [31] nma3sepHyro cBapKky OTHOCAT K

TEPMHYECKOMY KJIacCy MPOIIECCOB, B KOTOPHIX CHauajia Ha HEOOIBIIONH 001acTu
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pacIUIaBIIIOT MaTepuai, a 3aTeM pacilulaB KPUCTAUTU3UPYETCS U JIOCTUTAETCS
HEpa3be€MHOE  COEJIMHEHHE.  3aTBEpJIeBaHME  pacilaBa  CONPOBOXKIAETCA
YCTAHOBJICHUEM TMPOYHBIX XUMHYECKUX CBS3EH MEXKAy aToMaMu MaTepHasoB,
COTJIACHO WX MPUPOJIE U TUITY KPUCTATUTUUECKOU PEIIETKH.

[IpuHIHUIIHANTBHYIO CXEeMY Pa0OTHI JIA3€PHOM CBAPKU MOKHO NMPEJICTABUTH,
KaK: MCXOJIHBIA MYyYOK SHEpPruu B (POKycUpyrolled cucteMe mnpeoOpasyercs B
My40K MEHBIIUX Pa3MEPOB IOCJIE YEro JOCTUTAET CBapHMBAEMbI Marepual, TJie
YAaCTUYHO OTPAXKAETCS M YaCTUYHO MOTJIONIAETCS, YTO B CBOIO OYepeidb BEIET K
HArpeBy W pacIUIaBieHUI0 MarepuaioB. Kak BUIHO W3 MPUHIUMHAIBHOU CXEMBI,
MCTOYHUKOM TEMIIOBOW JHEPTrUM MPU JIa3epPHOUM CBApKE BBICTYIACT W3JIyUCHHE,
KOTOPOE TMOIJIONIAETCS MaTeprallaMU B 30HE BO3ACHCTBUS JIa3€PHOTO IMyvKa.

[Ipumenenue mnazepHON CBapKd MOXKET oO0ecrneyuTh Oo0Jee BBICOKOE
KayeCTBO IMOJy4aeMBbIX TBIJIOB, BCJEACTBHE TOTO, YTO OHAa O0OJaJaeT psAIoM
IPEUMYIIECTB B CPABHEHUHU C OCTAJIbHBIMU METO/IaMH cBapku. C UCMOJIb30BaHUEM
Ja3epHOM CBApKH MOXHO CQOpMHUPOBaTH Y3KyI0 U 0Ooree TiIyOoKyr 0O0JacTh
IPOIUIABIICHUS, BCIAEACTBUE BHICOKOW MJIOTHOCTH MOIIHOCTH JIy4a, B CPABHEHUU C
OYyTOBBIMU M IJIa3MEHHBIMU MeTonamu. Ellle Kk mpeuMmyniecTBam CBapKu JIa3epoM
OTHOCSAT €€ YHHUBEPCAJIBHOCTh M IIMPOKHI CHEKTP MaTepualioB, K KOTOPBIM €€
MOKHO TPUMEHHTb. DTO MOTYT OBITh CaMbl€ PA3JIMYHBIC CIUIABHI METAJIOB WIIH
nonuMepbl  [22]. Cpeau TpeuMyIIeCTB, KOTOPbIE Ha3BaHbI BBIIIC, CTOMT
MEPEYUCIIUTH TE, UTO B NEPBYIO OYEPEAb BHITOJHO BBIJIEISAIOT JIA3EPHYIO CBApKy B
pou3BOACTBE TBIJIOB [33]:

e  Hebonbias 30Ha TepMudeckoro Bosnericteus (3TB);

®  BBICOKONPOYHbBIEC CBAPHBIEC IIBbI;

®  JIETKO aBTOMAaTU3UPYETCS;

®  KakK IpaBujio, He TpeOyeTcs MPUCa0YHOro Marepuana uinu iroca

B nanHoMm ciydae pedb MAET HE MPOCTO O JIA3€PHOM CBAapKe, a UMEHHO O
Ja3epHOM MUKpOCBapke. Takxke, KaKk W ONpPEeAECICHUE Ja3epHON CBapKH, CTPOTOro

ONpPEAEICHUS] MHUKPOCBAPKU B JIMTEPATYpHBIX HUCTOYHHKAX HeT. OOHako B
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HEKOTOPBIX UICTOYHUKAX MOXHO BCTPETUTH YAOBIETBOPUTEIbHYIO (POPMYIUPOBKY.
Hanpumep, B [14] roBOpHTCS, 4YTO J1a3epHas MHUKpPOCBapka — 3TO METOJ
COEIMHEHHU JeTaliel, KOTOPbI croco0eH 00ecneunTh pa3Mep CBapOYHOIrO IIIBa
MeHee | MM, a Takke rTyOMHY MPOHUKHOBEHHUSI CBApHOro 1Ba MeHee | MM. DTOT
METO/1a IIUPOKO MPUMEHSETCS B HEKOTOPBIX OTPACIAX, TAKMX KaK: MEAUIIMHCKAS U
aBTOMOOMJIbHAS! TPOMBIIIEHHOCTh, JIEKTPOHUKA U T.J.

Kak Obuto ompeneneHo BbilIe B XO0JI€ NPUMEHEHHUs JIa3epHOM CBAapKH
MaTepHalibl CHayaia pacIulaBIISIIOTCS, a 3aTeM COEAMHSIOTCS B CJIEICTBUU Harpena
c(hOKyCUPOBaHHBIM Ja3epHbIM Jy4oM. [Tydok poKycHpyIOT B IEPBYIO OUYepeb AJIs
TOr0, 4TOOBl 3a/1aTh MOIIHOCTH Jla3epa U CKOPOCTb CBapKu MpPH KOTOpoW Oyner
paciuiaBiieH Matepuasl. BeiOOp HaHHBIX MapamMeTpoB 3aBHCHUT B MEPBYIO OYEpE.lb
OT 1eJe W 3ajay, MOCTABJICHHBIX IMEPE] ONepaTopoM M MPOU3BOJCTBOM. Takxke
nepes OneparopoM CTOMT 3a/iaya BBICOKOTOYHOI'O KOHTPOJIS JIOMYCKOB 3a30pa U
COBMECTHOI'O MO3ULIHOHUPOBAHUS COEAUHSIEMBIX KOMIIOHEHTOB.

BcenenctBue TOro, 4To mOpM  JIa3€pHOM MHKPOCBapKe MPHUCAJOYHbIE
MaTepHualibl HE NPUMEHSIOTCS, 3a30pbl HEOOXOIUMO 3aloJIHATh MaTepuajoM,
KOTOpBIH OymeT ™3 CMEXKHOM 00JIacTH C OCHOBHBIM, 4YTO MOTpPeOyeT
JIOTIOTHUTENbHOM 3Hepruu. Pa3smep 3a30pa B OONBIIMHCTBE CITy4aeB HE MPEBHIIIACT
10% oOT TONIIMHBI CaMOTO TOHKOTO KOMIOHEHTa cBapku. [IpobGrmembr 3a3opa
NPOSIBIISIIOTCS M3-32 CHWJIBHOM BOTHYTOCTH CBAapHBIX IIBOB WM HECIHOCOOHOCTH
IIPEOJ0JIETH Pa3phIB, CO3/1aBAEMBIA MEXKIY COECIUHSAEMBIMU YaCTSAMH, KPOME TOTO,

ropaszio Tpy/IHee HayaTh JIA3EPHYIO CBapKy B 30HE OOJIBIIIOTO 3a30pa.

1.5. CBapka HMPKOHHEBBIX CILJIABOB

B nanHOM paszgene paccMOTpeHa MCTOpPUS CBAPKU LHUPKOHUEBBIX CIIJIABOB.
TpeOGoBaHust K KOHCTPYKIIMOHHBIM MaTepuaiaM, IPUMEHIEMBIM B cepe sIepHOM
JSHEPreTUKN KPAilHE BBICOKHU: BBICOKAsi KOPPO3MOHHAS CTOMKOCTbh, HU3KOE CEUECHUE
3aXBaTa HEWTPOHOB, CTOMKOCTh K PAJUAllMOHHOMY HW3JIYyYEHUIO, ONPEHCICHHbIC

MEXaHUYECKUE CBOMCTBA IPU BBICOKHX TeMmieparypax. Cpenn wmarepualios,
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YAOBJIETBOPSIONIUX ATU TPEOOBAaHUS M NPUMEHAEMBIX B SACPHOM DHEPreTHUKe
HauOoOJIbIlIEe PACIPOCTPAHEHUE TMONYUYWIM MArHuil, OepWUIniA, HEp KaBEIOIIHe
CTaJId, AIIOMUHUN M LUpPKOHUU. Tem He MeHee, OEpUIUIMI HCIONB3YH0 HE TakK
4acTo, BCJIECACTBUE €r0 JOPOrOBU3HBI. AJIIOMUHUN U €r0 CIUIABbl MIPUMEHSIOTCS B
HU3KOTEMIIEPATYPHBIX SJIEPHBIX PEAKTOpPaX, BCIECACTBUE U3MEHECHUSI UX CBOWCTB B
HETaTUBHYIO CTOPOHY MPHU BBICOKMX TeMmnepaTypax. CruiaBel MarHusi pyu KOHTAKTE
C BOJIOM MO/JI IaBJICHUEM TEPSIOT KOPPOZUOHHYIO CTOUKOCTb.

Taxkum oOpazom, HanboJiee MUPOKOE MPUMEHEHHUE B SIICPHON SHEPreTUKE
HOJYYHJI [IUPKOHUM M €ro CIUIaBbl, a TaKKe HepkaBeromue ctanu [8], Tak kak
00J1aJ1at0T UCKITIOUUTEIIBHBIMU CBOUCTBAMU:

¢  MHUHUMAJbHBIN MTAPA3UTHBINA 3aXBAT HEUTPOHOB;

e  MexaHWYecKas HaJ[eKHOCTh, TOCTOSTHCTBO (POPMBI U Pa3MEPOB;

®  BBHICOKas  TEIUIONPOBOJIHOCTh,  oOecrmeduBarIias  JIUTCIbHYIO
Teruionepeaady 6e3 4pe3MepHO BHICOKMX TEPMUYECKUX HANPSKEHUM B 000JIOUKE;

®  KOpPPO3MOHHAS U DPO3MOHHASI CTOMKOCTH 00OJOYKHU B TETUNIOHOCHUTEIE
U B KOHTAKTE C A/IEPHBIM FOPIOYHMM TBAJIA.

N3yuyenue yueHbIMU IUPKOHUS JIUTCA YK€ JBa CTOJIETHS, a PabOTHI 1O
OPUMEHEHHUIO €ro CIUIaBOB B OTPACId SIAECPHON SHEPre€TUKH BBIXOIAT IOYTH
BoceMb JeciaTkoB Jjer [34, 35], mHTEepec K HaHHOMY MarepHaay HE yracaer.
JIaHHYIO0 TEHIEHLHUIO MOKHO CBA3aTh C IBM)KEHUEM OTPACIIU SIAEPHON SHEPreTUKHU
[0 IIyTH YBEJIWYCHUS IApAMETPOB SJNEPHBIX PEAKTOPOB, TAKUX KaK: IIOTHOCTH
IIOTOKA HEUTPOHOB, CIIEKTP HEUTPOHOB, CHUMaemast MOIIIHOCTH
TEIUIOHANIPSDKEHHOCTH M TeMmmeparypbl. s mopaepXku CTaOUIbHOCTH W
0€30MacHOCTH SIIEPHBIX PEAKTOPOB HE TMOCIETHSS POJb OTBEACHA KOHCTPYKITMHU
TB3JIOB, Ba)XHOM YaCThIO KOTOPOHM SBIISIIOTCS CBapHbIE COEAWHEHUsA. B CBOMO
ouepeslb HEOOXOAMMO HM3YUYUTh CBApPHOW IIOB U 30HY TEIUIOBOTO BO3JICUCTBUSA Ha
MPEeIMET OCTATOYHBIX HANPSHKCHU, 3arpsI3HEHUH, POHUKHOBEHUS Bogopoa [9].

Yxe B 60-x romax aBamiartoro Beka [36, 37], Obuta OTMEYEeHA XOpOIIast

CBApUBACMOCTh HHUPKOHHA C HCIIOJIIB30BAHHCM I[erBOﬁ U KOHTaKTHOM CBApKHu.
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XOT KOJUYECTBEHHBIX JIaHHBIX MPEJAOCTABICHO HE ObLIO, KaK KayeCTBEHHBIC
KPUTEPUHU BBICTYNUIM IJIACTUYHOCTh U KOPPO3UMOHHAsI CTOWKOCTb. BooOmie ko
BPEMEHHM HAMUCAHUS JAaHHOW pabOThl JaHHBIX O CBapKe IUPKOHUSA ObUIO KpaiiHe
Majo.

B cnenytomeM necaTuiieTur WHXXEHEPHI U yUEHbIE, KpOME KOHTAaKTHOU U
ayroBoii [36] cBapku, NPUCTYNWIM K HM3YYCHHIO MHKPOIUIA3MCHHOW CBapKH
mupkonuss [37]. Ilo mnpuuMHEe mNPUMEHEHHWS B peakTopaxX TOTO BPEMEHH
OJTHOBPEMEHHO CIUTABOB IIMPKOHMS W HepykaBeromied cramu [38], akryanbHOMR
SBJISTACh TEXHOJIOTHSI MO CO3JaHUI0 OMMETAUIMYECKUX coeauHeHuil. Tem He
MEHEe€e MPOYHOCTHBIE CBOMCTBA TAKUX MATEPHUAJIOB MPH MOBBIIICHHOW TeMIIEpaType
3aMETHO YXYIIIAJIUCh M3-32 BO3SHUKHOBEHHUS Ha TpaHUIIC pas3jea MaTepuaioB
BEChbMa XPYIKUX HHTEPMETAUNIMUYECKUX CJIOCB.

[TepBbIii 3aMETHBIN CKA4YOK B YBEJIWYEHUU MYyOJMKYEeMbIX pabOT Ha TEeMy
CBApKM LMPKOHUS W e€ro craBoB mpousomen B 1980-x romax. OCHOBHBIM
METOAOM CTajla 3JIEKTPOHHO-JydeBas CBapKa, a TaKKe MIUPOKO IMPUMEHSIIACH
ToueyHass © JudQy3uoHHas cBapka. YUeHble M HMHXKEHEpPHl MPOJI0JIKAIU
ONTUMU3UPOBATh TEXHOJIOTUM JUIsl TOJYYEHHS HEPAa3bEMHBIX COEIUHEHHI
HEPIKABCIOIICH CTaIM M IUPKOHHUEBHIX cIi1aBoB [39].

N3ydeHne, onpiT B NPOU3BOACTBE M AKCIUTYyaTAllMM TEIUTOBBIACISIOMINX
AJIEMEHTOB M3 CIUIAaBOB IMPKOHHUSA, KOTOPBIM HaKaljuBaJCs B TEYEHUHU TpPEX
JIECSITKOB JIET, aJl TOHATh YYEHBIM, YTO HEOOXOIUMO YAENATh 0co000e BHUMAHHE
npoOiemMaM CTaOMIBHOCTH CBOWCTB ASKCIUTyaTalldd. JTH CBOMCTBAa HEOOXOIUMO
OBLJIO OTCIIEKMBATh W MCCIENOBaTh, BEIb JaK€ HE3HAYUTEIHHOE HW3MCHCHHE
pa3mepa 3epHa, ero CTPYKTYpbl, COCTOSIHUSI TOBEPXHOCTH WJIM T€OMETPUH JIeTalIeH,
B TOM YHCJIe NP WX Tpou3BojAcTBe (cBapka) [9, 40] Beno k caBury 0e30macHOCTH
AKCILTYaTaluH.

B 1990-x romax cranu NpuUMEHATh HOBBIE BUJIbI CBAPKH TaKHE KaK: CBapKa
HETIaBSIIUMCS 3JICKTPOJIOM B Telink U aprose [41,42,43], KOHTaKTHYIO CTBIKOBYIO

[44], a Taxxe nasepHyto [45].
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B mnacrosimee Bpemsi, HeCMOTps Ha JOJTYI0 HCTOPUIO pPa3BUTUA B
MPUMEHEHUH CIJIABOB IUPKOHMSI B Kaye€CTBE KOHCTPYKIMOHHOTO MaTepuaia B
TBIJIaX, NyOJUKAlMi, TOCBSIICHHBIX TEMAaTUKE ONTUMHU3AIMU CBapKH, CTalo
3HAYUTENILHO OOoJibllle. JTO MOXHO OOBSCHUTH TEM, 4YTO B JAHHBIH MOMEHT
MPEANPUATUS CTAPAIOTCSl YBEIUYUTh YUCIIO SIEPHOTO TOIUIMBA, a TAKXKE TEM, YTO
Ae(eKThI B TBIJIaX BCE €IIIe MPUCYTCTBYIOT M JAJICKH OT jKejaeMoro 3HaucHus [46].
Takum 00pa3oM, ucCCIeIOBaHUE TMOBEJEHUS DIIEMEHTOB TEIUIOBbIICISIOMNX
cOOpOK mpu HaMMYUHM Ae(EKTOB B CBAPHBIX IIBAX OCTACTCS OYEHb AKTyaIbHBIM
[47], a Taxke ysaydlleHHE TEXHOJOTHHM HMX IMPOM3BOJACTBA, YACThIO KOTOPOM
ABIIAETCS CBapKa.

B nmaHHBIE MOMEHT MHOXECTBO WCCJICAOBAaHWUN HaIpaBJICHbl Ha
MOJICPHU3AIIMIO TEXHOJIOTUM, TPUMEHSIEMbIX B MPOU3BOJCTBE JUCTAHIIUPYIOIIUX
pemeTok. BcenmeacTtBue  ATOr0  KOHCTPYKIMS — TUCTAHIIUPYIOIIUX — PEIIETOK
yJIy4yllaeTcsi, W SBIAIOLIAsACS HAa [JaHHBIM MOMEHT CTaHAApPTOM KOHTAKTHAs
TOUEYHAsl CBapKa TepsieT akTyalbHOCTh. K o/HOM M3 HamboJee mpuBlIeKaTeIbHBIX
aJIbTepPHATHB MOYKHO OTHECTH JIa3epHYI0 cBapky. Tem He MeHee myOmukanmii [48]
Ha JJAaHHYIO TeMY KpaiiHe MaJjlo, U OHU CKOHIIEHTPUPOBAHKI Ha 3apy0eKHBIX MapKax
CIUIaBOB LIUPKOHMSI.

A paboT MOCBSIIECHHBIX Ja3epHON CcBapke Ha crjaBe nupkonus 2110, a
TaK)Ke JPYTUX POCCHMCKHUX CIJIABOB IIUPKOHUS HET. Takke Helb3s HAaWTH padOThI
CBA3aHHBIE C MEXaHM3MaMU MPOHUKHOBEHHUS BOJOPOJ]a IIBbI JIA3€PHON CBapKe B

OUPKOHHH, YTO ACJIACT UCCIICAOBAHUC B I[aHHOI\/'I o01acTH BechbMa AKTYyaJIbHBIM.

1.6. CoBpeMeHHbIE TEHIEHIIMU B CBaApKe IIUPKOHUEBBIX CILIABOB

B wnenaBueit pabote [49] mpoBOAMIIOCH HCCIEIOBAHUE TMOCBSIIEHHOE
moa00py ONTHUMATBHBIX MapaMeTPOB 3JIEKTPOHHO-TYYEBOW CBAPKH HHUOOMEBOTO
cruiaBa (Nb-1%Zr). Jlns mpoBeAeHUsT HCCIENOBAHUS HCIOIB30BANKUCH JUCTHI C
BHeIIHUMU napamerpamu 50%x15x3 mm. [lapameTpsl cBapku MpeACTaBIEHHI B

tabauue 3.
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Tabauma 1.3. [Tapamerpsl cBapku[1]

Howmep ob6pasna Cwia Toka nyuka | Hanpsixkenue CKopoCTh CBapKu
1 20 MA 85 xB 10 mm/c
2 24 MA 85 kB 10 mm/c
3 30 MA 85 kB 10 mm/c
4 35 MA 85 xB 10 mm/c

[locrie BBIMOTHEHUSI CBapKUM 30HBI C HETPOHYTHIM METANIOM, 30HA
teruioBoro Bo3zaeiicTBus (3TB), a Takke camMu CBapHbIE HIBBI ObUIM U3YYEHBI C
TOUYKH 3pEeHHsI MeTajuiorpaguu (reoMeTpus U riyOrHa MPOHUKHOBEHUSI CBAPKU) U
CBOMCTBA.

N3MCPAJINCh  PA3JIMYHBIC MCXAHHWYCCKUC CpeI[I/I mpo4vcro OBLI0

POBEJICHO UCCIIeI0BaHNe Ha CTPYKTYpPHBIU COCTaB METOJIOM
peHTreHoCTpykTypHOro ananmsa (PCA).

N3 PCA aBTOpBI JaHHOW CTaThH CJEJIAIN BBIBOJ O TOM, YTO JISTHPYIOITUX
aneMeHToB He Oonee 1%. Taxxe mo pe3ynbraTaMm pacTsSKEHUsT HAa MPOYHOCTh U
UCTIBITAHUN Ha TBEPJOCTh CTAJIO SICHO, YTO JIaHHBIA CIJIaB HUOOWS oOJagaer
OTHOCHUTEIHHO HU3KOHM TBEPIOCTHIO U MMPOUYHOCTHIO HA PACTSHKEHHE.

N3 ananuza n3o0paskeHuid, MOJYYEHHBIX ¢ MUKPOCKOIIA, aBTOPhl OTMEUYAIOT
OTCYTCTBHE YETKON TpPaHUIbI MEXJYy OCHOBHBIM METAUIOM W PaCIUIaBICHHBIM.
CooTHOIIIEHNE TEMIIEPAaTypHOTO TpPagUEHTA K CKOPOCTH CBapKH, KOTOPOE
ompeneNsaeT IpyooCTh U pa3Mep 00JIACTH CBApKH, YBEIIMUUBACTCS, YTO TOBOPUT 00
YMEHBIICHUH POCTa 3€PHA B IICHTPATIBHOM JIMHUKA CBAPHOTO IIIBA.

[Ipodwm TBepAOCTH MOMEPEYHOTO CEUCHHsI CBAPHOTO IIBA MOKA3bIBAIOT,
9TO TBEPAOCTH 30HBI cBapku U 3TB 3HaUUTENHHO HIKE, YEM TBEPAOCTH OCHOBHOTO
Metasuia. [I[pouyHOCTs Ha pa3pbiB CBAPHOTO IIBAa U3MEPsIIU JTst oOpasna ¢ TokoMm 30
MA, paBHbIM 281 MIlIa, koTopslii cocTaBigeT 53% OCHOBHOW MaccChl.

['oBops o 3aTBepaeBaHWM 1IBa, aBTOpaM YAAJIOCh BBIABUTH UTO
TEMIIEpaTypa PeKPUCTAILTU3ANMNKI TOTO CIUIaBa TIPH JIEKTPOHHO-IIYYEBOW CBapKe
Obima paccumtanHa kak 713 °C, a Takke 4YTO 3aTBEpJ€BaHHE B CBApPHBIX MIBaX
MPOUCXOMUT B BHJEC TOpP, a COCAWHEHUS MEX TOpaMU CO3MAIOTCS 3a CYET

MHKPOCETpEralliii.
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OnHUM U3 TJIaBHBIX PE3ylbTaTOB paOOThI ABISIETCS BBISIBIIEHUE HauOosee
ONTUMAIBHOTO PEXKHUMA CBAPKU C TOUKH 3PEHUS C TOUKU 3PEHUSI MUKPOCTPYKTYPHI,
[IyOUHBI TPOHUKHOBEHUS, MEXaHUUYECKUX CBOMCTB U reOMETpuu. TakuMm peknuMom
CBapKH sBIsieTCs pekuM Ne3, xapaktepusyromuiicsa cuiior Toka 30 MA.

Hpyroe uccinenoBanue [50] MOCBSIIEHHOE YK€ KOMMEPUYECKOM CIUIABY
nupkonust (R60702), npumeHseMOoro B aTOMHOM JHEPreTUKE MOCBSAIIECHO
U3YUYEHUIO0 MOP(OJIOTHH, MUKPOCTPYKTYPbhI, MEXaHUYECKUX CBOWCTB, a Haunbojee
BaKHO KOPPO3UOHHOW CTOMKOCTH CBApHOTO IlIBa U OCHOBHOIO MeTajuia. B naHHOM
paboTe MPUMEHSIIN BOJIOKOHHO-JIA3EPHYIO CBAPKY HA IUPKOHUEBOM TUIACTHUHE.

B nanHOM HCIBITAHWU UCTIONB30BAIHM MPOKATAHHBIN KOMMEPYECKHU YUCTHIN
mupkonuii  (R60702), pasmep oOpasma coctaBimsm 100x30x1,12 mm. Ilepen
CBapKO#l ¢ MOMOIIBIO MECKOCTPYHHOI 00paboTKu ¢ oOpaslia yaaasuiuch OKCUHBIC
CJIOM W BO3MOXHBIE JKMPOBBIE 3arpsi3HEHUsA. B mporecce CBapkH Ja3epHbIE JIy4u
OBLTM HAKJIOHEHBI U co3aaBaiu yroa 10° ¢ BepTuKaibHBIM HampaBieHueM. Kpome
TOT0, UCIOJIB30BAJICA KpaH, TaK YTO OOpaszel] HaxXOAWJICS B 3alIUTHOU cpeje ¢
YUCTBIM aproHoM u Jja3zepoM. llocne BbIIONHEHHS TMpoIlecca CBApKU ObUIH
cAenaHbl MaKpOCHUMKHM CBapOYHBIX IIBOB W MPOBEAEHbI M3MEPEHUS LIUPHUHBI
CBapKU Ha BEPXHEW M HUIKHEH IMOBEPXHOCTSAX CBApHBIX IIBOB. B HMCHbITaHMU Ha
MUKpPOTBEPIOCTh TO0 Bukkepcy pabouass Harpy3ka ¥ BpeMsl OXHIAHUA ObUIH
yctaHoBieHbl Ha 4,9 H u 10 c. WcnblTaHue Ha pacTsHKEHUE JJIsl CBaApHOTO
COEIMHEHUS 1 OCHOBHOTO METAJIJIa MPOBOAMIIOCH HA YHUBEPCAIBHOU 3JIEKTPOHHOM
MaIlTuHE JJI UCTIBITAaHUS Ha PACTSXKEHUE CO CKOPOCTHIO pacTshKeHHS | MM / MUH.

BaxkubpIM 11 TaHHOTO HCCIIEIOBAHMS IMapaMETPOM SIBISJIOCH 3HAUYEHUE
napameTpa Ry, KOTOpBIA SIBISETCS OTHOLIEHUEM KOPHEBOW IIMPHUHBI U JIMLEBOU

IMPUHBI T1Ba (cM. puc. 1.2).
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Pucynok 1.2 — OnpenenieHue OTHOIICHUS IUPHUHBI cBapku Ry [50]
JIaHHBI ~MapaMeTp MOXKET OBITh MPHHAT B KAYECTBE KPHUTEPHSI

MPUEMJIEMOCTH Ka4decTBa CBapKH JUIS OIEHKH CTA0WJILHOCTH OOpabOTKU mMpH
HOJTHON TIPOX0HOM cBapke [51].

N3 cepun SKCIEpUMEHTOB W aHalv3a JIMTEPATyphl, aBTOpPAMHU JaHHOU
cTaThu OBUI HAWET ONTHUMANIbHBIN Auamna3oH 3HaudeHui Ry. 3Hayenue Ry 1omkxHO
obiTh BbIIe 0,8 mys mpenorBpaieHusi mnopooro naedexra u Hmwke 0,95 Bo
n30eKaHre BOTHYTOT'O KpaTepa MpU CBapKe YUCTOrO ITUPKOHUS TOMIHHOMN 1,12 MM
BOJIOKOHHBIM JiazepoM. Ilpu yBenmMYeHMM MOIIHOCTU Jia3epa MaKCUMallbHOE
3HaueHne Ry caBuragoch B HampaBlieHUHW  OoJiee  TOJIOXKHUTEIHLHOTO
pachOKyCUPOBOYHOTO PACCTOSIHUSI WJIM OO0Jie€ BBICOKOM CKOPOCTH CBapKH.
[[Iupuna IHUIIEBOM CBapKH, IIUPHHA KOPHEBOrO IIBa U Ry OTAEIBHBIX CBapHBIX
IIBOB BOJIOKOHHOTO Ja3epa (CKOpOCTh cBapku 4 M / MHH, pacCTOSHUE
ne(OKYyCHUPOBKH 2 MM U MOITHOCTH J1a3epa 2,5 kBt) coctaBunu 1,55 mm, 1,37 MM u
0,88 MM COOTBETCTBEHHO.

AHanu3 pe3yabTaToB, MOJYYEHHBIX U3 MUKPOCKOIUUA U MOP(HOIOTHIECKUX
WCCIIEIOBAHUI TO3BOJIMJI aBTOpaM CJieJIaTh BBIBOJIBI KAaCATEIbHO COCTOSIHHS
CBapHOTO IIBa M 30HBI TEIUIOBOro Bo3xaeiicTBuA. Ilpu wucnonp3oBaHUM B
HCCIIEIOBAHUM BOJIOKOHHO-JIA3€PHOTO CBAPHOIO COEAUHEHHUS ObLIO YCTAHOBIICHO,
YTO 30HA TUTABJICHHUSI COCTOUT M3 TPYOBIX CTOJIOUYATHIX 3€pEeH HCXOTHOTO [-ZI,
TOTJla KAK OCHOBHOI M€TaJll COCTOSUT U3 TOHKOTO PaBHOOCHOTO a-Zr 3epHa. Kpome
TOrO, B UCXOJHBIX (-ZI-TpaHyjax B CBapHOM IIBE ObUIO OOJBIIOE KOJIUYECTBO
TOHKOI'O IJJACTUHYATOro o-mMapTeHcuta. [loMMMO mMpoYeHO, HHTEPECHBIM

HaOJIFOEHUEM MOXKHO CUMTAaTh, YTO TBepA0o(dazHOe mpeodpa3zoBaHNe MTPOUCXOTUIO
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B 3TB BOmu3u cBapouHbix IBOB. Takum oOpazoMm, MHKpocTpykTypa 3TB
COCTaBJIsJIa YaCTh XapaKTEPUCTUKHU 30HBI OCHOBHOTO METajla M CaMOro IIBa.

N3-3a ToHkOro 0' (ha30BOTO MIACTUHYATOrO MAPTEHCUTA, PACTIPEICTICHHOTO
M0 OCTAaTOYHBIM HadyalbHbIM (pazaM [(-(pa3bl B CBApHOM IIBE, MUKPOTBEPIOCTH
CBApHOIO IIBAa OKa3ajach CaMOW BBICOKOW, HMke — 3TB um mocinengHum cran
OCHOBHOW MeTaJll.

[IpoBens ucnpiTaHNE MPOYHOCTH HA PACTSKEHHE ObLT CAEIaH BBIBO O TOM,
YTO TPOYHOCTH CBapHOro ImBa coctaBwia 314,75 MlIla, yto 4yt Oomblie, B
CpaBHEHUH ¢ OCHOBHBIM MeTauioM (311,61 MIla).

OnuH u3 HamboJiee BaXXHBIX BHIBOJOB B JIaHHOM paboTe MOCBAIICH
YCTEITHOMY TOBBIIICHUIO KOPPO3UOHHOW CTOMKOCTH TOJy4deHHBIX mBOB U 3TB.
brnaromapst MapTeHCUTHOMY MIPEBPAIIEHUIO B CBAPHOM IIBE M OJIM3KON K CBAPHOMY
mBy 3TB, kKoppo3uoHHass CTOWKOCTh CBApHOIO COeIMHEHUs, ucmblTaHHas 20%
pPacTBOPOM YKCYCHOM KHCIIOTHI, ObUIa KaueCTBEHHO Iydllle, YeM y OCHOBHOIO
MeTaja.

Quhon Han et. al., 8 2012 roay npoaenan padoty [52] Ha TeMy ja3epHOI
UMITyJIbCHOM CBapKd HAa TOHKUX JHUCTaxX crutaBa Zircaloy-4. DKCIEpUMEHTHI 10
JIa3epHON CBapKe MPOBOAMIKNCH C UCIIOIb30BaHUEM 00pasnoB Zircaloy-4 pazmepom
80%x15%0,6 MmM.

Tax >xe aBTOpamMu OBUIO TPOBEIECHO YHCICHHOE MOJCIHPOBAHUE C
HCMOJIb30BaHUEM KoMmMepueckoro koma SYSWELD. [ns moaenupoBaHus
Mpoliecca HUMITYJIbCHOM JIa3epHOM CBapku pa3paboTaHa TpexmepHass MOJEIb
KOHEYHBIX AJIEMEHTOB. MojenupoBaHue ObUIO MPOBEACHO C EIbI0 ONTUMHU3AINN
Mpoliecca JIa3epHOil CBApKU MyTeM MPOTHO3MPOBAHMS 3BOJIIOLUU J1a3€PHBIX MOJIEH
Y MEXAHUYECKUX CBOWCTB.

ABTOpBI pa30uian CBOWCTBA Marepuala (KacaTeabHO JIa3epHOM CBApKHU) Ha
JIBe TpyNObl. OJHA TPYINa COCTOUT U3 TEIUIOBBIX CBOWMCTB, TaKUX Kak
TEIJIONPOBOIHOCTb, IIOTHOCTD U YAEJbHAs TEIUIOEMKOCTh, KOTOPhIE HEOOXOIUMBbI
JUIsL  aHanM3a pacopeaesieHus Temmeparypel. [lpyras rpymma COCTOUT U3

MEXaHUYECKUX CBOWCTB, TAKMX KaK MOAYJb YNPYrOCTH, MPEIESl TEKy4eCTH U
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TermoBas jaedopmaiusi, KOTOpble HEOOXOAWUMBI JJisi aHajdu3a IUIACTUYECKOU
nedopmaium.

Capousble paOOThl BBINOJIHSUIMCH ¢ Ucnosib3oBaHueM Jazepa Nd:YAG c
NUKOBOW MoOIIHOCTRIO | kBT, wacroroii wmmnynscoB 5 IT'm m 10 Mc mua
JUIMTEIBHOCTH UMMyJibca. MchmbITaHWs Ha pacTsHKEHUE TMPOBOIUIUCH TIPU
TeMmreparypax oOT KomHaTtHoul temmepatypel g0 800 °© C co CKOpOCThIO
nedopmanuu 0,1 mMm / c. [Ipegen TexkydecTu 30HBI TETUIOBOTO BO3AEUCTBUS IS
Zircaloy-4 Boiiie, ueM y cBapHOTo IiBa. IlepesoM cBapHOro oOpasiia mpou3omes B

30HE TEIUIOBOI'O BO3JAEHUCTBUS, Tak Kak 3TB sABIseTCA TOBOJIBHO XPYNKON YacThIO.

JIuans cBapKH

Pucynok 1.3 — I'eomeTpus cBapOYHOM MIUTHI U U300PAKEHHUE CETKH
BJI0JIb JIMHUU CBAPKHU.
Jlns  MopenupoBaHMs — Opolecca HUMIYJIbCHOM — JIa3€pHOM  CBapKu

pazpaboTaHa TpexMepHas MOJENb KOHEYHBIX dJeMeHToB. [lmactuHuaTas
CTPYKTypa COCTOMT U3 8-3JIEMEHTHBIX KUPIUYHBIX 3JEMEHTOB M 6-Yy3JI0BBIX
npu3MaTHiYeckux 31emMeHToB ¢ 58 600 y3namu u 49220 sn1eMeHTOB, Kak MMOKa3aHO
Ha pucyHke 1.3. Ha nuHuM cBapku HaxonasTcsi 38 OJHOMEpPHBIX 3JIEMEHTOB,
KOKIBIM M3 KOTOPBIX MPEACTABISIET COOON TOYeUHBIM cBapHOM 1mioB. OOIacTh
BJIOJIb JIMHUW CBapKU JUCKPETU3UPOBAHA OYEHb IUIOTHOW CETKOM, ITOCKOJIBKY
MaJiblii pa3mep cBapHoro mBa U 3TB uMeroT BHICOKUN TeMIlepaTypHbI rpaueHT.
Pasmep amckpeTH3upoOBaHHOW 00JacTH OMNpeAeNnseTcss Kak pa3Mep, KOTOPBIH
MOXET BKJIOYaTh cBapHOW moB u 3TB. @yHkuus BpemeHU pa3zpabarbIBaeTcsi C

nomo1eto nogmnporpammsel FORTRAN.
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Kak nokazano na puc. 1.4, pe3yabTaThl MOJEIMPOBAHUS COIJIACYIOTCS C
AKCIEPUMEHTAIbHBIMU HaOJII0/ICHUSIM U, MPECTABISIONINMU TOYHOE

npecKa3aHue TeMIIEPaTypbl, COOTBETCTBYIOIIEE H3MEHEHHUIO (a3bl.

T (C)
2720 ||
1850 ||
1503
1157 | BN
810 | SN
25 | B

() (b)
Pucynok 1.4 — IIpodunu 30ub1 cBapHOTO 11Ba 1 3TB ¢ yueToMm TeminoBoro
BO3JICUCTBHUS HAa MOBEPXHOCTH: () CMOJIeTMpOBaHHbIE U (0) U3 DKCIIEpUMEHTA
B naHHOM wuccneqoBaHUM aBTOpaMH pa3paboTaHa MOJENIb KOHEUHBIX

AJIEMEHTOB MMITYJIbCHOM JIa3epHON CBapKu MJis muiacTuHbl Zircaloy-4, kotopas
BKJIFOYaeT (a3oBbIe TMEpexoabl W JUHAMHYECKHME CBOWCTBA MaTepuaia ¢
NepexoqHON TeMmreparypoil. Mojenb crocoOHasi TpeACKa3biBaTh H30TEPMBbI
NEPEXO/IHBIX TEMIIEPATyp, MapaMeTphbl CBAPOUYHBIX 0ACCEMHOB U COOTBETCTBYIOIIHE
TeIioBble  AedopManuu. Pe3ynbraThl  MOJEIMPOBAaHUS  IMOKA3bIBAIOT, UTO
UCKQ)XCHUS, BBI3BAHHBIC CBApKOW, CHJIBHO 3aBUCAT OT TE€OMETPUU 30HBI
pacIIaBI€HUsT M 30HBI TEPMHUYECKOro Bo3aeicTBuA. (CxkaThe WHAYLHPOBAHHBIX
MCKa)KEHUN TOHKHUX JIMCTOB YMEHBIIIAETCS [0 MEPE YBEIMUYEHUS MOUTHOCTH JIa3epa,
YTO BBI3BAHO MOP(OJIOTHYECKUMHU DBOJIIONMSIMHU cBapHoro 1mBa. [lo wmepe
YBEIIMYEHHUs] MOITHOCTH Jla3epa HampasiieHue rpaaveHTta 3TB, cooTBeTcTBYlOIIEE
TEIJIOBOMY TPaJUEHTY, CTAHOBUTCS PaBHOMEPHO BJOJIb HAIMpPABICHUS TOJIIWHBI,
YTO BBI3BIBACT YMEHBIIICHHOE TEIJIOBOE HMCKaxkeHHWe. Ha ocHOBe paspaboTaHHOU
MOJICNI UMITYJIbCHOU Jla3epHOM cBapku it Zircaloy-4 moxeT ObITh pazpaboTaHa
CUCTEMAaTHUYECKasl CUCTEMA MPOEKTUPOBAHUS CBAPOYHOTO Tpoliecca.

Emie onna pabora [53] mocBsilieHHash CBapke MUPKOHUS ObLla cliejlaHa B
2012 ronmy. ABTOpHI AaHHOM CTaTbU KCCIEAOBAIM BHUJ CBApKW, KOTOPBIM HeE
MoApa3yMeBaeT IMpoIlecca paCIUIaBICHUS Marepuaia, CBapKy TpPEHHEM C
nepemenuBanueM (FSW). B stom uccnenoBanuu FSW npumensinm k Zircaloy-4 ¢

HCIIOJIb30BAHHUCM CIINIABHOI'O MHCTPYMCHTA Ha OCHOBC KO6aJ'IBTa, pa3pa60TaHH0r0
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aBropamu [54]. M3ydanace BO3MOXHOCTh mnpuMeHenus FSW k Zircaloy-4 u
pacnpeneneHuss MUKpOCTPYKTYpPBI U TBEPAOCTU B cBapHOM IiBe. Kpome Toro, Obuia
TaK)Xe OLIEHEHA MUKPOCTPYKTYpPHAsl 3BOJIIOIMS BO BpeMs puMeHeHust FSW.

[Tocne mporecca cBapku mpoduiab TBEPAOCTH 0Opasia no Bukkepcy Obul
U3MEpPEH TMONEPEYHbIM CEUYEHHUEM MEPHNEHIAUKYISIPHO HANpPaBICHUIO CBapKH.
MuKpocTpyKkTypa CBapHOro IBa OblIa HCCJIEAOBaHA METOJOM ONTHYECKOU
MUKpPOCKONIUU U IU]pakiuu o6patHo paccesHHbIX 31ekTpoHoB (EBSD). O6pasen
MOJIBEPTrajiy AJIEKTPOJIUTUUECKOMY BBHITPABIMBAHUIO B pacTBOpe, cocTosiieM u3 10
MJI XJIOPHOM KUCJIOTHI U 90 MJI yKCYCHOW KHCIOTHI IPU KOMHATHOM TeMIEpaType C
HanpsbkeHneMm 35 B. Cuctema EBSD, ocHalieHHasi CKaHUPYIOIIUM 3JIEKTPOHHBIM
MUKPOCKOTIOM Oblila HMCIOJB30BaHA [IJIsi TOJYYEHUS JIaHHBIX OO0 OpUEHTAlluu C
paszmepom miara 0,4 HM.

Buemnuii Buj cBapHOro ImBa IMoka3aH Ha pucyHke 1l.4a. Ilomydena
riuajkas, Oyectsimas MoBepXHOCTh 0e3 nedexToB. O0630p MONEPEYHOro CEYCHHUS

CBApHOTIO IIIBa MPECTAaBICH Ha pucyHke 1.4D.

250

(C) 3TMB  3o0ma 3TMB
] ' nepeMemHBaAHHA )
200 WW%
150 - s
HV = L
100 — -
50 - 8
RS £ it AS
5 P o

6 -5 4 -3 -2 -1 0 1 2 3 4 5 6
JHCTAaHOHSA OT HeHTPA CBAPKH

Pucynok 1.5 — O0630p (a) BHemHero Bujia u (b) momepeuyHoro ceueHusi CBapHOIo
1IBa, a Takxe (¢) npoduiib TBEpIOCTH, UBMEPEHHBIN nonepek mBa. «RS» u «AS»
03Ha4yalT OTCTYIAIONIYI0 CTOPOHY U MPOJIBUTAIOIIYIOCS] CTOPOHY CBApHOTO 1IBA
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COOTBETCTBEHHO.
I'padux 3HaueHuii TBepAOCTH O BUKKEpCy B 30HE 11Ba MPUBEAECHO HA PHUC.

1.5c. Tepnocts ocHOBHOTO MaTepuana coctasisier ot 170 no 180 Hv. TeBepaocts
yBEJIUYMBAETCSI OT 00JIaCTU OCHOBHOTO MaTepuaja K 30H€ IIBa, a TBEPAOCTh 30HbI
11Ba AocturaeT okoio 188 Hv.

B xone BeimonHeHUss paboThl OBUIO OTMEUYEHO, 4YTO (QopMupyercs
paBHOOCHas CTPYKTypa 3epHa. TBepAOCTh B 30HE IIIBAa YBEJIMYEHA, YTO MOKHO
CBs3aTh C OYMCTKOM 3epHa. DTOT mpolecc Obul O0YCIOBIEH HENPEePhIBHOM
peKpUCTAIITU3AIMEN ¢ BO3MOXXHBIM BKJIAJIOM OT MPEPHIBUCTON PEKPUCTAILITU3AINY.

Eme oxna pabora [55] mocpsieHa 3eKTPOHHO-IYYEBOM CBapKe, TOJIBKO
yKe IUPKOHKMEBOTO cruiaBa Zr-702. IlpuMeHeHne 3IeKTPOHHO-IYYeBON CBApKH B
BBICOKOM BaKyyMe MPH3BaHO 3alUTUThH CIUIaB OT NMPOHUKHOBEeHUs B MeTayu1 N, H
u O. B nanHoit pabote aBTOpHI Takxke, kak u B [50] paboTe nenaroT akieHT Ha
U3YYEHUH KOPPO3MOHHOW CTOMKOCTHM CBapHOrO0 IBa W 30HBI TEIJIOBOTO
BO31EMCTBUSL.

[IpokaTannsie AUCTHI cruiaBa Zr-702 ObuIM pa3pe3aHbl HA MEHbBIIINUE JTHCTHI
¢ reomerpueid 50x20x4,3 MM W TOABEPTHYTHl OTXKHUIY. 3aTE€M IOBEPXHOCTHU
aucToM OblTM  00paboTtanbsl abpasuBHbIMH Oymaramu SiC uw Ha 10 MuUHYT
NOTPY>KEHbl B BaHHBI C alleTOHOM TIOJl JeWcTBHE yhbTpa3Byka. CBapka Oblia
npoBeaeHa Ha cBapouHoM anmnapate TECHMETA c¢ yckopsitoluM HamnpsiKeHUEM
60 kB u crenenslo Bakyyma B auanaszone ot 2,0x10° mo 3,0x10° Ila. CxopocTs
cBapku coctasisuia 300 MM / MUH, U TOK TTyuka ObuT OT 15 MA 10 18 MA.

JIist moydeHus: XapaKTepUCTHUK MOBEPXHOCTH W MOPQOJIOTUH 00pa3IoB
MOCJ€ CBapKU MPOBOAWINCH HUCCIEAOBAHUA PEHTTEHOCTPYKTYPHBIM aHAIU30M
(PCA), cxanupytomieil s1mekTpoHHOM MuKpockonuu (COM), mpocBeumBaroiieit
AneKTpoHHON Mukpockonued (II9M) oOopynoBaHHOW 3HEProAUCIEPCUOHHBIM
cnektpomerpoM (EDS) u ontuueckoir mukpockonueit (OM) ¢ noasipuzaiimioHHOMN
TIJICHKOM.

OnrtumanbHBIMU MMapaMeTpaMu CBapKH OKA3allUChb TOK Nydka 16,5 MA wu

ckopocTh cBapku 300 MM / MuH. [IOBEpXHOCTh MOJIYYEHHBIX IIBOB ObLIa YHUCTOU U
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cepeOpucTo-0enoro LBeTa, 4YTO YKa3plBaeT Ha 3()PEKTUBHOCTH MNPUMEHEHHS
ANEKTPOHHO-JIYYEBOM CBAPKH B LEJAX 3AIIUTHI CILUIaBA OT 3arPA3HECHUMN.

Peszynpratel PCA u IIOM yka3pIBalOT Ha TO, YTO CBapHBIE COCIMHEHUS
MOJIYYCHHbI JAHHBIM BUJOM CBAapKH COCTOSAT U3 o-Zr u P-Zr. Ecau Tounee, TO
0J10ku B-Zr HEOOJIBIIOTO pazMepa paclpeeIIOTCs Mo KpasM JIaMeJUIIpHOTO o-Zf.
Takske nmoxyd4eHHbIE aBTOPAMU JTAHHBIE YKa3bIBAIOT HA KPAMHE HU3KOE COJIEPIKAHNE
B CBAPHOM IIBE CBOMCTBEHHOIO AAHHOMY CIUIaBy coenuHeHus ZrsFe, xotopoe
HETaTUBHO BIIMAET HA KOPPO3UOHHYIO CTOMKOCTh CIUIaABA IUPKOHMS.

Jnss Toro, 4ToOBl W3YYUTh KOPPO3UOHHYIO CTOMKOCTH  aBTOPBI
NPOAHAIM3UPOBATIN TOJIAPU3ALUOHHBIE KpPUBBIE OCHOBHOI'O METAaIa, 30HBI
TEPMUYECKOTO BO3IECHCTBUS M CBAapHbIX WMIBOB. M3 aHanM3a cienyer, 4yro Bce
MOJISIPU3AllMOHHBbIE KPUBBIE MUMEIW aHAJIOTWYHBbIE xapakTepucTuku. [locne storo
oOpasubl ObUIM OMNYIIEHBI B COJEBOM pacTBOp. i BBISBICHUSA pa3IUuMid
KOPPO3UOHHON CTOMKOCTH MEXKAY OCHOBHBIM MeTajuioM, 3TB u mBamu
ucrnonb3zoBaiich COM u EDS. M3 dyero ObumM cienaHpl CICAYIOIINE BBIBOIBI:
ZrsFe, conepxamuiicsi B OCHOBHOM METajlle, CHJIBHO BJIUSET Ha €ro
KOPPO3UOHHYIO CTOMKOCTh. 30HAa TEPMHUYECKOTO BO3JCHCTBHUS U CBAPHOM IIOB
COCIMHEHUs OO0Jaal0T JIYYIIeH KOPPO3MOHHON CTOMKOCTBHIO, Ye€M OCHOBHOM
METaJl, IOCKOJIbKY CBapKa »JJEKTPOHHBIM JIydOM C BBICOKUM BaKyyMOM
CIIOCOOCTBYET OYMCTKE CBAPHBIX IITBOB.

B paGote [56] uzyqaetcs BnusiHue cBapku jgazepHbIM ydoMm CO; Ha crijiaB
Zircalloy-4. TlomoXuTeNbHBIMH CTOPOHAMH JAaHHOTO BHJIA CBApKH SBISIFOTCS:
HeOOJbIIasl 30HA TEIUIOBOTO  BO3JIEHUCTBUSA, KOTOpas JIOBOJIBHO  OBICTPO
OXJIaXKJ1aeTcs; OOMBINOe 3HaueHne K03 hHuIMeHTa rIyOuHbI CBapKH, YTO SIBISCTCA
HEOOXOIUMBIM KPHUTEPHUEM B IPOIIECCE M3TOTOBIICHUSI TOIUIMBHBIX CTEP)KHEH W3
Zircalloy-4. YrtoOwl wuccrenoBaTh NaHHBIA BUA CBapKd W €ro BIHSHHC Ha
[IUPKOHUEBBIN CIIaB, aBTOPHI PEIIMIIA TPOBECTH aHATIN3 HA MOP(HOIOTHIO M BUIBI
(a3, koTopbie BO3HUKAIOT B cBapHOM MiBe 1 3TB. Tak ke Obulo MpoBEAEH aHaIHU3

Ha MUKPOTBEPAOCTh METOJIOM Bukkepca.
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[TonHpli aHaNM3 XUMUYECKOTO COCTaBa ObLI MPOBEACH METOJIOM
pentreHodayopucieHTHOro ananuza (PDA) nanHble KOTOPOro MpeACTaBICHBI B
tabnune 1.4.

Tabauma 1.4. Pesynbratel POA[56]

[IpumecHbI€ 27IEMEHTHI Cr, ar.% Sn, at.% Fe, at.%

Zircalloy-4 0,12 1,43 0,20

[Ipouecc cBapku ocymectBisiicas Ha ycraHoBke SPECTRA-PHYSICS
LASER CO, 1,5 KW. B 1janHO yCTaHOBKE TMPHUCYTCTBYET MCTOYHHUK
6ecniepedoitHoro nmoroka COz (10,6 mxm) 1500 Brt. Ilocne oxkoHyaHus mpoiiecca
CBapKH OBLJIO OTMEYEHO, YTO MHUKPOCTPYKTYypa COCTOUT M3 CIEAYIOUIUX 30H:
IEHTPAJIBHON 30HBI, KOTOpas COOTBETCTBYET 30HE CBapHOTO IIIBA, W 30HBI
Tepmuueckoro  BozueiictBusi  (3TB), cTpykTypa  KOTOpOW  IMOKa3bIBaET
MEJIKO3EpHUCTOCTD, a TaKKe CTpYyKTypy Turma Widemansttiten [57, 58].

I'oBOpst 0 CTPYKTYpe CBapHBIX IMIBOB MOJy4YeHHBIX J1azepHoil CO2 cBapKo,
TO JUIsl B JBYX oOpasliax OB MPECTaBiIsia co00i 4MCcTO (eppUTHBIN a-Zr. ITO
owu10 oareepkieHo PCA u EDS ananuzamu.

MukpoTBepIOCTh M3MEpeHHasi 1Mo MeToay Bukkepca mokaszana, 4To cam
cBapHoii 1moB U 3TB SABISIOTCS OJHOPOIHBIMU M MEXIy HUMH HE HaOJt0IaeTcs
CYIIECTBEHHON Pa3HUIIbL. DTOT PE3yJIbTaT CUMTAECTCS BEPHBIM C YUYE€TOM 3HAYCHUS
mrara 0,5 mm [59, 60].

Pabora [61] onyOaukoBana B 2016 roay M IOCBSIICHA MEXaHHUCCKHM
CBOICTBaM IMPU KOMHATHOM TeMIepaType JUCTa IUPKOHUEBOro cruiaa Zircalloy-4
MOJYYEHHOTO 3JIEKTPOHHO-TY4YE€BOU CIUIABKOM.

Jluct Zircalloy-4 Tonmmnol 1,6 MM OBUT YCIIENITHO CBapeH C IMOMOIIBIO
AIEKTPOHHO-TY4YeBOU cBapku. JIucT cHawana cBapuBanu ¢ mapamerpom 10,5 JIx /
MM, 3ateM 36,7 JIk / MM ¢ OKOHYATEeJIIbHBIM TerutoBbIM BXojaoM (heat input) 15,7
JIx / M.

Pacuer rpanun cBapHoro mBa u 3TB ¢ ncnosib30BaHUEM aHATUTHYECKOTO

ypaBHeHus1 cBapku Rosenthal (1.1) mis TpexmMepHOro TEIUIOBOTO IOTOKA IS
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MOJIyOECKOHEYHON 3aroTOBKM XOPOIIO KOPPEIUPYET € SKCIEPUMEHTAIbHBIMU

W3MEPECHUSIMHU.

22T ~TkR _ [ -V(R-X)
Q P T,

I'me T — temmepatypa; To — TemmepaTypa 3aroTOBKH TIEpe] CBapKOM;

(1.1)

K —TermmonpoBoIHOCTh 3arOTOBKH.

[Ipumenennsie B gaHHOW pabore s nucra Zr-4 (1,6 MMm) mapameTpsl
AJIEKTPOHHO-JIYYEBOM CBapKH, IMO3BOJUJINA W3TOTOBUTH MaTepuaj, MEXaHHUYECKUE
CBOMCTBa KOTOPOT0, OJIM3KU K CBOMCTBAM YUCTOTO JIUCTa U3 ZI-4.

Marepuan M3rOTOBJIICHHBIM TP TOMOIIM CBapKU HMMEET CXOXKYIO
TBEPJOCTh B CPaBHCHHHM C OCHOBHBbIM MeTayuiom (paznuume 0,8%). 3HaueHue
TBEPJIOCTH BO3pACTACT MPH MEPEeXoje OT OCHOBHOTO MeTajia /0 Hayajia CBApHOTO
mBa (t.e. 3TB) u, HakoHell, BEIpaBHUBAECTCA B 30HE OCHOBHOro Metaya. 3TB
uMmeeT 0osiee BBHICOKYIO TBEPJOCTh, YeM OCHOBHON MeTayn (mpumepHo Ha 3%) u
30Ha cBapku (mpuMepHo Ha 2%). OO1iee pa3nuune MeXIy B TBEPIOCTH MEXIY Zr-
4 ¥ cCBapeHHBIM MaTEPHAIOM MOKHO CUMTATh HE3HAUUTEIbHBIM.

PesynpraTtel COM moka3bIBalOT YETKYIO MOPGOIOTHIO MUKPOCTPYKTYPHI U
pa3mMep 3epHa B 30He cBapkH, 3TB u B ocHoBHOM MeTamie. Cambie O0JIbIle 3epHa B
cBapHoM 1Be (39,5 HM), B OCHOBHOM METaJllIe OHU CTAaHOBSTCS MEHbIIEC M Oojiee
perymsapasiMu (6 Hm). OOpasery u3 CBapHOrO MaTepuajga IOKa3bIBacT
MPEUMYIIIECTBEHHO OOJIbIIE IWIACTUHKKA o-Zr Tuma Widmanstitten. 3oHa
TEIJIOBOTO BO3JICUCTBUS COCTOUT U3 UTOJbYATOM MHUKPOCTPYKTYpPHI Zr. OCHOBHOM
METaJIJI AEMOHCTPUPYET PABHOOCHYIO MEJIKO3EPHUCTYIO CTPYKTYpY 0-ZI.

B pabote [62] ObLIO M3y4eHO NOBEACHHE IOIJIOIMICHHMS BOAOpOAA IS
00pas3oB sl CBAPKU MyTeM HM3YYCHHS KOJIMYECTBA THUAPHUIIOB IUPKOHUS IOCIE
UCTIBITAHWK HA KOpPpO3Wio. 3areM OOCYXIaaoch BIWSHHUE JIETUPYIOIMIUX
Moau(UKAINIA Ha MTOTIIOMIEHUE BOJOPOIa IIMPKOHUEBBIMH CIIJIABAMH.

Ta6muna 1.5. CocTaB IUPKOHUEBBIX CIIJIABOB (B Macc.%)

DJEeMEHTHI CIJlaBa

Sn | Fe | Cr | Nb

Howmep nonocsr
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J;_r))l (1,97Sn-0,37Fe-0,23Cr- 1.97 0,37 0,23 /
Ne2 (1,928n-0,32Fe-Zr) 1,92 0,32 / /
Ne3 (1,88Sn-0,35Fe-

0,52Nb-Zr) 1,88 0,35 / 0,52
Ne4 (Zircaloy-4) 1,50 0,20 0,10

JIns moJiydeHus CTBIKOBBIX COCIMHEHUN JB€ MOJOCHI C OJWHAKOBBIM
coctaBoM (Hampumep, Nel) cBapuBaiMCh MOMEPEMEHHO Tpems mosiockamu Ned
(Zircaloy-4) mocpeacTBOM BaKyyMHOW  3JIEKTPOHHO-JTYYEBOW CBapKh, Kak
MOKa3aHO cxemaTuuecku Ha pucyHke 1.6. [{ns ympoienust 3anucu oOpasiibl, re
nosiockl Nel cBapuBanuch monepeMeHHo ¢ mosiocamu Ned4, o6o3HaYaIuch Kak 1-4.

OcTanpHOE MOKHO 0003HAYUTh aHAJIOTHYHO, T.€. 2-4, 3-4 u 4-4.

IloBepxHOCTD

CpapHoii moB

Oo6paTHAA CTOpOHA /
NMOBE€PXHOCTH IVIABJI€HHSA M

PacniaabiaeHHAad 30HA

/JImmn

o paspesa

TTomoca N24 (Zitcaloy-4) ¢ mapametpamu 2x1,5 M2
TTomoca N21 mam N22 mam N23 mmm N24
¢ mapamerTpaM 2x1,5 mm?

0 2 4 6 MM

Paspes cIIaBIeHHOr0 06pasna

Pucynok 1.6 — IIpuHniunuansHas cxema CBapouHOTO o0pasiia
Jlyist aHanmu3a cocTaBa KOMIIO3HUIIMHM B PA3HBIX MOJIOKEHUSX HAa PACCTOSHUH

50 HM OT MOBEPXHOCTH CBapKH, OHU OBLIM TMPOAHATU3UPOBAHBI DIIEKTPOHHBIM
MHKpo30HI0M. OTHOCUTENRHOE coaepkanne Sn, Fe u Cr B ka0 MO3UIIUH OBLIO
MOJIy4YEHO IYTEM CpPaBHEHUS HMX NHUKOBBIX HMHTEHCUBHOCTEM C 3HAYEHUSIMH B
Zircaloy-4 coorBeTcTBEHHO.

CBapubsie oOpa3ubl ObulM  pa3pe3aHbl Ha paccrosHur 10 MM
MIEPIICHIUKYIIIPHO CBAapOYHBIM IIIBAM ITyTEeM HCKpOBOW pe3ku (cMm. puc. 1.6).
OO6pa3upbl ObUTM pa3feleHbl Ha JIBE TPYMIbI, Kaxaas U3 KOTOPBIX COAEpKalia Mo
Tpu oOpasna. OHa rpyrma nojiBeprajiach npoueccy omxkura npu remmneparype 500

°C B Teuenue 1,5 4, a gpyras He nmoABepragach OTKUry. McnbITaHus HA KOPPO3HIO
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o0pa31oB 1Jisi cBapku npoBoAwin B aprokiase npu 400 °C B mape 10,3 MIIa H,O
B TeueHue 165 nueil. Jlo npoBeaeHus UCIBITAHUN HA KOPPO3UIO 00pa3Ilbl OUUIIIATU
u tpaBuiu B pactBope 10% HF + 45% HNO3 + 45% H,O (mo o6bemy), a 3atem
MIPOMBIBAJIM B XOJIOAHOW BOJOIPOBOJHOM BOJI€ M KUISTUIN JEMOHU3UPOBAHHYIO
BOAY.

Hekoropsle yuacTku 00pa3LoB MOABEPTHYTHIX KOPPO3UHU OBLIU MOJYyYEHbI
nyTeM U3MeNbUYeHUs], MOJIMPOBKU U TpaBiieHus B pactBope 10% HF + 10% H.0, +
80% HNO3 (1o 06bemMy), 4T0ObI BBIABUTH TUPpUABL. st n3yueHus Mophoaoruu u
pacnpeneneHus THAPUI0B ObUTa UCTIOIB30BaHA ONTHYECKAsT MUKPOCKOMHS.

bonbmoe coxepkanue Cr B 30HE CBapHOro ImiBa B o0Opasliax MPUBEIO K
O0oyee BBICOKOMY TOTJOIIEHHIO Bojaopona. [lpum poGaBieHuu HEOOJIBIIOTO
konruectBa Nb B IIMPKOHHMEBBIE CIUIABBI, KOTOpble He cozaepxkainu Cr crajno
3aMETHO YJIy4llIeHHEe KOPPO3HMOHHON CTOMKOCTH, OJHAKO B BOMPOCE IMOTJIOIICHHUS

BoaoOpoaa I[O6aBJ'I€HI/I€ Nb 1oBNIMSAIIO JTUIIL HE3HAYUTEIIHHO.

1.7. BbiBOABI O pa3aeny

Kak BuaHO M3 nurepaTypHOro 0030pa HCCIEAOBAHMS METOAOB CBAapKH
MaTEPHUAJIOB MCTIOIB3YEMbIX B O0JIACTU SICPHON DHEPTETHKU JTOCTATOYHO MHOTO.
YacTo mpuMEHSIETCSl 3JIEKTPOHHO-Iy4eBasi CBapKa, BOJOKOHHO-JIa3€pHasi CBapKa,
Jla3epHas UMITYJIbCHAs, CBapKy TPEHHEM C MEPEMEIIMBAHUEM, CBAPKU JIA3€PHBIM
aydoM COs. Ilocne npuMeHeHus: mpolecca CBapKu YUEHbIE UCCIEIYIOT COCTOSIHUE
MOBEPXHOCTH, MEXaHWYECKHE CBONCTBA, MOP(OJOTHUIO, BIHMSIHHE TPUMECEH,
KOPPO3UOHHYIO CTOHMKOCTh W Jaxe MpoOJeMbl TPOHUKHOBEHHS BOJOPOJa B
cBapHble 1Bbl. OJHAKO, Kak MOXHO 3aMETUTh, 4YTO CTaTed O BIUSHUU
MMPOHUKHOBEHHUS BOJIOPOJA HAa CBApHBIE ILIBBI, IMOJYYEHHBIEC JIA3€PHOW CBapKOU
HUPKOHKMEBOTo cruiaBa D110 HeT, 4To emie pa3 MOJYEPKUBAECT YHUKAIBHOCTH U

AKTYAJIbHOCTb JaHHOI'O UCCICIOBAHMA.
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I'TIABA 2. IIPUBOPBI U YCTAHOBKHA

B kaudectBe 00pa3LoOB B JaHHOM HCCIEJOBAaHUU UCIOJb30BAIMCH 00pPa3IbI
IUPKOHKMEBOTO cruiaBa 110, mosy4yeHHbIE METOIOM Ja3€pHOM CBApPKH, TOIIIMHON
0,5 mM. Becero 10 o0pa3iioB, cBapeHHBIX B Pa3iM4HbIX PEKUMaxX pabOThl J1a3epHON
yctanoBku JIT 4-2.

ba3oBbie mapaMeTpsl Jla3epa, UCIOJIb3YEMbIE B OKCIIEPUMEHTE, MPUBEICHBI
B Tabmuue 2.1. Takum oOpazom s pexxkuma cBapku oOpasmoB Ne 1-4
peryiaupoBajcsi TOK B JlaMrnax Hakauku [ (CBS3aHHBIA ¢ sHeprued E nuHeHOM
3aBUCUMOCTHIO) 0T 90 10 120 A. B ob6pasmax Ne 5-7 mpu nocrosaHoMm Toke B 100
A u3MmeHsnach AnuTenbHOCTh uMmmynbea (10, 12, 16 cekynm). A B pexxume CBapKu
oOpaszuoB Ne 8-10 perynupoBajiach 4acTOTy clIeJOBaHUS UMNYyibcoB S5, 7, 9 I,
pu MOCTOAHHOM TOKE B 100 A ¥ IIUTENIbHOCTH UMIYJIbCa B 14 CeKyHI.

Tabnuna 2.1. ba3oBble mapameTpsl Jiazepa

E/I\[/;K v LA |t,mc |E JIx |V,mm/c. |D, MM | f, T Egik’ ]F;aTve’ POpacu
90 8,68 0,88 0,62 | 26,03 |0,69
100 10,88 | 1,12 0,78 |32,64 | 0,61
110 14 12,86 | 1,35 0,95 3 0,92 |38,57 |0,53
120 14,95 | 1,49 1,07 |44,84 | 0,48
0.7 10 8,12 0,81 |24,36 | 0,61
’ 100 12 9,50 1,12 0,95 3 0,79 |28,50 | 0,61
16 12,26 0,77 |36,78 | 0,61
10,88 5 0,78 |54,40 | 0,76
100 14 10,88 | 1,12 0,95 7 0,78 | 76,16 | 0,83
10,88 9 0,78 |97,92 0,87

C momompio aBTOMaTH3upoBaHHOTO Komiekca Gas Reaction Controller
MIPOBOIMIIOCH HABOJOPOKMBAHUS 00pa3IOB METOJOM ra3o(hazHOro THIPUPOBAHMS
mpu temreparype 350 °C wm gaBmeHmm 2 atMm. g0 KoHmeHTpammu 700 ppm.

KonueHnrpanuss  Bomopoga B Marepuajge  U3MEpsUlach OpU ITOMOLIHU

razoananuszaTopa RHEN 602 ¢upmsr LECO.
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2.1. U3yueHue NMpoLeccoB copouuu BOJIOPOJA Ha

aBTOMAaTH3MpPOBaHHOM KomIuiekce Gas Reaction Controller

Gas Reaction Controller (GRC) — sBisercs aBTOMaTH3UPOBAHHBIM
KOMILICKCOM, KOTODBIM pa3paboTaH C IEIbI0 OMpeacICHUs KOJWYECTBa rasa,
KOTOPBIM COpOMpYyeTCs pas3IMYHBIMH TBEPIABIMH TEJIaMH B DPa3HbIX IHama3oHax

naBiaeHuil u temmnepatyp. Cxema npunuuna padotet GRC mnpencraBnena Ha

pucyske 2.1.
II3mepeHne NaBIeHU II3mepeHHe naBIeHUSA
ITonmaua I
BOIOPOIA Jecopduus Kfi_\lepa ¢
Pesepryap DG obpasuoM
RSN O——O(’)paaeu

Bakyym m Copbuus m

I13mepeHHe TeMIlepaTypsl II3MepeHHe TeMIIepaTypsl

Pucynok 2.1 — Cxema npunnuna pabotsl komriekca GRC
Bogopon B 3amaHHOM KOJMYECTBE HAIyCKAaeTcs B pe3epByap, TJie

onpenensercss ero Moisipubii 00beM (No) 1Mo maBnenuro u Temmeparype. Jlanee
IPOUCXOAUT OTKPBITHE KIIallaHa, COEIUHSIOLIErO0 PE3EpByap M PEAKLIUOHHYIO
KaMepy, Kylaa ImepeaaeTcss Boaopon. Peakuus 3aBepmiaercs, KOraa BOAOPOA
BHEJPSIETCSI B TBEPAOE TENO, IOCJIE€ Yero MPOUCXOIUT BBIYUCICHHE OOIIEro
MOJIIpHOTO KosmuecTBa Bosopoza (Ng) B pesepByape u kamepe ¢ 00pasiom.

MounsipHblii 00beM BOAOPOJA, KOTOPBIM OBLI MOTJIOIICH TBEPABIM TEIOM
(Ns) Beraucsiercst mo popmyie 2.1,

(2.1)

Ilepen HauanoMm peakuuu B MPOrpaMMy HEOOXOAMMO BHECTH NEPBUYHOE
3HaueHue conepxkanus Bomopona (Nsp) B TBepaoM Tene, eciu, Hampumep, B
CJIEICTBUH MMPUMEHEHHUS JIEKTPOXUMUUYECKOTO METOa OBl CHOPMUPOBAH THIPUI.
B Takom cmydaer ¢opmyna onMH U3MEHSETCS C Y4€TOM HAIMYUS MEPBUYHOTO
CoJlep KaHMs BOJIOPOJIa B TBEPIOM TEJ€ U pacueT MPOUCXOIUT 1o hopmyre 2.2.

Ng = Ngo + Ny =N, (2.2)

TOYHOCTH CUCTEMBI OTPAaHMYEHA TOUYHOCTHIO M3MEPEHUH TEMIIEPATYphbl H
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JaBJICHUS, BCJICICTBUE TOTO, YTO MOJIAPHBIA 00bEM ra3a HaXOJUTCS IO 3aKOHY IS
uaeanbHoOro rasza. [JaBHBIM (akTOpOM, a TakKe HEOOXOJUMBIM YCIOBHUEM
SIBJIICTCSI TOYHOE M3MEPEHUE JaBIICHUS, TIOCKOJIBKY TEMIIEpaTypa MOIICPKUBACTCS
oauHakoBoi [63]. 3HaYeHHE TOYHOCTH H3MEPCHHS KOJMYECTBA IOTJIOIIEHHOTO
Bojopoaa Ha Gas Reaction Controller mpu wucmonb30BaHMK KOMILIEKCA IS
AKCIEPUMEHTAIBHOTO HM3YYEHHs COpPOIMHM BOAOPOJAa B HOPMAJBHBIX YCIOBHSIX
cocrasiser 0,3 cm®

JIJiss U3MepeHust KOJIMYeCTBA BOJOPO/IA IO €ro JAaBJICHUIO, TEMIIEPAType U
3aHHMaeMOMY 00bEMY B PEaKIMOHHOW Kamepe 110, B MPOIECCE U MOCIIE PEaKIUH C

UCCIIEyeMbIM 00pa3IioM UCIOJIb3yeTCsl ypaBHEeHHE 2.3 (11 OJTHOTO MOJIS rasa)

pVv 14 B(T) n C) + D) (2.3)

RT \Y V? A
I'me B(T), C(T) u D(T) -—xodpduiueHTsl, KOTOPHIC 3aBUCAT OT
Temreparypsl. Pacder 3Tux K03 GUIIMEHTOB MPOU3BOAMTCS 10 ypaBHeHHIO Beattie
and Bridgeman [64] ¢ BkirodueHHeM IMSTH KOHCTaHT. Pacuera K03(QHUIMEHTOB

IPOBOAMUTCS IO YPaBHEHUSIM, MPEACTABICHHBIM HIXKE B hopmyre 2.4.

B(T)=B,- 2 L

RT T*
B.c
CM)=_Bb_ 22 BC 2.4
(T) D=7 T T (2.4)
B.bc
D(T) = T°3 .

3HavueHUs KOHCTAHT sl Bojopoxa: Ao = 0,1975, a = -0,00506; Bg =
0,02096; b = -0,04359; ¢ = 504.
Ucnonb3yst ypaBuenus 2.3 u 2.4 nmonydaeM Gopmynny 2.5 1715l BBIYUCICHUS

KOJIMYCCTBA MOJICKYIJI I'a3a B CJIy4ac U3BCCTHOI'O 00BbeMa ¥ U3BECTHOTO JaBJICHUA.

2 3

_( PV n n n
n_(RTj/{u BT), +C( +D(I')V3} (2.5)

3HaueHue N onpeaAciACTCa OICpalMOHHBIM  MCTOJOM. KomnuuectBo

TOIJIOIEHHOTO BOAOPOAA MOYKHO ONPENEIUTh U B aOCOMIOTHOM 3HadeHuH (cM°), u
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B OTHOCHUTEJIIBHOM (MaccoBbI€ NPOLEHTHI). AOCOIIOTHOE 3HAUYEHHE KOJIMYECTBA
MOTJIOIIEHHOTO BOAOPOJia PAcCUUTHIBAETCS KakK MOJISIpHBIA 00BEM BOAOpOAA,
KOTOPBII MOMJIOTHIIO TBEpAOE Telo (paccyuTaHHbd Mo Gopmyne 2.1 win 2.2) u
YMHOEHHBIN Ha 22413,6. OTHOCUTENBHOE KOJIUYECTBO, MOIJIOIEHHOTO BOJOPOAA
B MAcCOBBIX IporeHTax (Wt) paccuuThIBa€TCS B COOTBETCTBUH ¢ (hopmysioii 2.6.

N Me (2.6)
m-100
rie M — macca o6pasua u Mg — momsipHas macca raza (2-1,0079 nmns
Bojopoaa). CootHomieHnue (X) aTOMOB rasa K aromaM oOpasia B cCilydae, Korja
MOJIIpHasi Macca 00pasiia U3BECTHA pacCUUThIBaeTcs 1o ¢popmyse 2.7.
_ 2Ny _2M wt M -wt

= 5s g 2.7)
n/M Mg100 100,79

X

CocraBubiMu vactssmu Gas Reaction Controller (puc. 2.2) sBnstorcs:
kommbioTep (1), KOTOpBI OCHAIIEH MPOTPaMMHBIM OOECIeYeHHEM Ha OCHOBE
LabVIEW,; kpuoctar wiaum ke BBICOKOTEMIIepaTypHass Iieub (2); KaMepsl,
nepeHa3HayeHHbIe I 00pa3loB: HU3KOro (4) u BEICOKOTO (5) AaBJICHHI, a TakxKe
KoHTposepa (6). CocTaBHbIMM YAaCTIMHU KOHTpOJIEpa SBISIOTCS 3JIEKTPOHHAS
cucTeMa ympaBieHusi KomiuiekcoM (7), a Takke BakKyyMHas 4acTb. B cBorwo
odepe/ib COCTaBHBIMU DJIEMEHTAMHU BaKyyMHOM 4acTu SIBISIOTCS: pe3epByap (8),
pesepByapnl s Huzkoro (9) m Bbicokoro (10) maBneHwus, cucTeMa KJlamaHOB
(MTHEBMOHWYECKUX U PYYHBIX), HATEKATENH, IPOCCENN, BAKYYMMETPHI B (PUIBTPHI.
Jlnst obecrieueHust 0€30MaCHOCTH CUCTEMBI U MOJIh30BaTEICH B TAHHOM KOMILIEKCE
YCTAaHOBJIEHBl CHUCTEMBbI ISl 3KCTPEHHOM OTKauku Boaopoaa (11), xotopeie B
CJIy4yae MPEBBIIIEHUS MAaKCUMAJIbHO JOMYCTUMOTO JAaBJICHUS OTKA4arOT BOAOPOA.
BaxxHoil yacThi0 KOMILIEKCa ABISIETCS BaKyyMHbIM mocT (12), KOTOpblii OTBe4aeT
3a CO3/laHue U MOIJIEPKKY BakyyMma B cucteme. OH COCTOUT U3 (POpPBaKyyMHOTO
MeMOpaHHOTO U TypOOMOJIeKyJIspHOro HacocoB. Ilogaua Bomopoia B BaKyyMHYIO
cucteMy ocyuiecTnisiercst u3 6annona (13) unu reneparopa (14). Takke B TaHHOM

KOMILUIEKCE MPUCYTCTBYET cUCTeMa oxJaxkaeHus (15), ycTaHOBIEHHass MEXIY
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IIE4b0 MW KOHTPOJIICPOM H KOTOpad IMpCAHAasHAUCHA I TMPCAOTBPAlICHUA

MOBPEKICHUI TPOBOJOB M3-3a Harpena.

pSH 11
RH
< O s

HXHR)—Lo ()

AT ol

PRL :
11 . e

D<] HeBMOHHYECKHi Bakyymerp A 2
Kianaxn —_——

oL 7

H. @ Jpocees Harexarens
12

VAC V4
{ + Pysiof D Ouistp
- Kanan

Pucynok 2.2. — Cxema komruiekca Gas Reaction Controller: 1 —I1K; 2 —
nevb/Kpuoctar; 3 — oopaselr; 4 — kamepa HU3KOTO JaBJICHUS; 5 — KaMmepa
BBICOKOTO JIaBJICHUS; 6 — KOHTPOJIJIEP; 7 — DIIEKTPOHHAsI CUCTEMA yIPaBIICHUS
KOMIUIEKCOM; 8 — pe3epByap; 9 — pesepByap HU3KOro fAasieHus; 10 — pesepByap
BBICOKOTO J1aBiieHus; 11 — cucreMa SKCTpEeHHOTO yaaieHus: Bojopoa; 12 —
BaKyyMHBIH 1ocT; 13 — 6annoH ¢ BogopoaoMm; 14 — reHepaTtop Bogopona; 15 —
CUCTEMA OXJIAXK]ICHUS.

Hanuune kpuoctata u BBICOKOTEMIIEPATYPHOU MeUr B JAHHOM KOMILIEKCE

6

Ja€T BO3MOKHOCTh BECTH MCCIIEOBaHUS Ja)xe B Auana3oHe temmepatyp ot -30 °C
no 1000 °C. nsg mOCTUKEHHSI BBICOKMX TEMIIEpATyp B KOMILIEKCE peaJu30BaH
JUHENHBIM HarpeB oOpas3lla B KaMmepe, IPUYEM BO3MOXHO 3aJaTh CKOPOCTh
HarpeBa B YCJIOBHSIX IOCTOSHHOW OTKAa4yKW, KOTOpas SIBISETCS HEOOXOAMMBIM
yCIOBUEM JJIsi Tpollecca HarpeBa, TaK Kak B KamMepy MOCTYNAloT
JecopOupoBaHHbIE Ta3bl. JJaHHbIE BO3MOKHOCTH (JTMHEHHBIN HATPEB U MOJJIEPIKKA
BBICOKOTO BaKyyMma) TIO3BOJISIFOT TPOBOJWTh BAKYyMHBIH OTKUT 0OOpa3IoB.
OrpannyeHue pazMepoB 00pa3ioB YCTaHABIMBACTCA pa3MepaMu kamep: 96x20 mm
I KaMephbl BBICOKOTO JaBieHus U 930x80 MM [T KaMEPhl HU3KOTO JTaBJICHUA. A
OrpaHUYEHUE MAaKCHUMaJbHbIX 3HAYECHHUU AaBJICHUS BOJOPOJA B Kamepax Jis:
HU3Koro napieHus cocrapiseT 202,64 klla, aist Beicokoro — 5066 kl1a.

[Ipu pemeHnn MHOXKECTBa 3aJlay B3aUMOJICUCTBHS BOJIOPOIA C METAJLIAMH,
KOTOPBIE CTOSIT MEPEl UCCIIENOBATENSAMHU, B aBTOMATU3UPOBAHHOM KoMIuiekce (Gas

Reaction Controller npenycMOTpeHO HECKOJIBKO aBTOMAaTUYECKUX PEKHUMOB
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paboTHI:

1. SOAK. B 3TOM pexume 3aJaroTcsl AaBJICHHE, W TeMIeparypa IMpu
KOTOPBIX B Kamepy € o0paslloB MNpPOUCXOAUT HAMyCK Bojopoja. B 3amanHoi
atMocepe TPOUCXOAUT BBIACPKKAa oOpaslla B TEUEHUM HEOOXOJUMOM IS
JKCTIEpPUMEHTa BpeMeHHM. Takke 3a]aercs MepUOJUYHOCTh, C KOTOpOW Ha
KOMIIbIOTEpE (PUKCUPYIOTCS 3HAYCHUs] TEMIepaTryp, HaBJICHUS W KOJIMYECTBA
Bogopoaa. Pexum SOAK nHaubonee mnpuMeHUM [JIsi TIpoliecca IMOJATOTOBKHU
00pa3IoB ¢ TMpeABAPUTEIBLHO 3aJaHHBIMU KOHIICHTPAIUSIMU BOJOPOJA, a TaKXKe
JUTSL U3YYEHUSI KHHETUKHU COpOIMK BOIOPO/Ia.

2. RELEASE. Haubonee yacTo HEMOCPEICTBEHHO MOCJI€ UCTIOJIb30BaAHMUS
pexxuma SOAK npumensiercs pesxkum RELEASE B xoze, BBINOTHEHUSI KOTOPOTO B
KaMmepe ¢ 00pas3ioM (KOTOpBIA YK€ HABOJOPOKEH) MPOUCXOAMUT TMOCTEIICHHOE
CHWKeHUE paaBieHus. KoMmmbioTep B mpoliecce peanusaiiu pekuMa coOupaeT
JaHHBIE IS YCTAHOBJEHHUS 3aBUCHMOCTH KOJMYECTBA J1€COPOUPOBAHHOTO
BOJIOPOJIa OT BPEMEHH, YTO HEOOXOIMMO ISl M3YYEHHs] KUHETUKH J1ecopOiuu
Bojopoaa. s Toro, 4ToObl MCCIENOBAaTh MAaKCUMAJIbHO OOJBIIOE KOJIHMYECTBO
JAHHBIX O COPOLMM U IecOpOLMU BOJOPOIa B MaTepUaIaxX-HAKOMUTEIAX, PEXKIUMBI
SOAK u RELEASE npumenstor MHOTOKpaTHO W 0e3 yaaleHus oOpasia wu3
BAKYYMHOM KaMephl.

3. PCI. JlanHblA peXuM MO3BOJISIET TMOCTPOUTH 3aBUCHMOCThH BOJOpPOJa
OT JaBJCHUS B KaMepe B YCIOBUSX MOCTOSHHOW TemrepaTyphl. [IpuMeuaTenbHO
YTO 3aBUCUMOCTH CTPOHTCS JJIsI HauOOJBIIEr0 KOJUYECTBA, COPOMPOBAHHOTO WIIH
necopbupoBaHHOr0 Bojopona. B xoxe mpumenenuss pexxuma PCI cranoButcs
BO3MOXHBIM TIOJTyYEHUE BAXHOW HMH(POpMANMM XapakTepa PEakiuil COpOIUu |
JecopOIuM BOJIOPO/a, TaKOW KaK CKOPOCTh COpPOIMM W JAecOpOIMU BOAOPOJA,
MIOCTPOCHHE UX TUCTEpPE3UCa.

4. Monitor. JIaHHBIA peXUM TPHUMEHSETCS NMPU BAKYyMHOM OTXKHUTE, a
TaKKe TPU HArpeBaHWU 00pas3lia HEMOCPEICTBEHHO 10 Hamycka BOJOpOaa B
kamepy. KommproTep ke perymsapHO (QUKCHpyeT 3Ha4YeHUS TeMIEeparypsl |

JTaBJICHMUSA.
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Jlist mpoBeieHHsI HIKCIIEPUMEHTA C LENbI0 U3yUYEeHHUs MTPOLIECCOB COPOLUU U
necopOouu BOJIOpOJIa HE0OXOAUMO cobroaaTh OTIPEICTICHHY IO
MOCJIEIOBATENILHOCTh JIEUCTBUI: CHayaja B3BEIUIMBaHHWE 00pa3la; 3HAYCHUs
IUIOTHOCTH M Macchl (PUKCUPYIOTCS B IPOrPAMMHOM OOECHEYEHHHM KOMILIEKCa;
nanee oOpaszelr] HEOOXOAMMO IOMECTUTh B  KaMepy, KOTopas IOTOM
MPUCOEANHACTCS K BAKYYMHOW CUCTEME; B KaMEPE JOCTUTAETCS 3a/laHHBI BaKyyM;
B KaMepe MPOUCXOAWT JTUHEHHBIH HarpeB (WM OXJIa)JICHHE) COMPOBOXKIAEMBbIH
HEIPEepbIBHOM OTKaykol. WM TONBKO IIOCIHE JAaHHOW IIOCJIEN0BATEIILHOCTH

MPOUCXOAUT BBIIIOJIHCHUC OAHOT'O U3 PCIKUMOB, KOTOPBIC OBLJIM ONMCAHBI BHIIIIC.

2.2. U3mepeHune KOHIIEHTPAUMU BOAOPOAA NMPH NMOMOIIUA AHAJM3ATOPA

RHENG02

[Ipy m3ydyeHun BIMSHHS BOAOPOJA HA CBOMCTBA METAJIOB U HUX CILJIABOB
OYEHb BaXXHO PAaCCMOTPETh BOIPOCHI, KAaCAIOIIHUECS PEAIBHOTO COJIEPKAHUS
BOJOPOJAa B IIPOLECCE BBIUIABKA B PAa3HBIX METAJUIyPIrUYECKUX YCTAHOBKAX.
NHpIMM ciioBaMH, BaXXHO OLICHUTH YIPO3y TMOJYYEHUs U3ACIUAMUA TaKOU
KOHILICHTPalMU BOAOPOJA, MPU KOTOPOM B METAUIAX M MX CIUIaBaX BO3HUKAIOT
neheKThl BOJOPOTHOTO IPOUCXOKICHUS

MeTobl MPUMEHHUMBIE C LEJBIO ONPEACICHUSI BOJOPOAa B METaulax U UX
CIUTaBaX HMMEIOT pa3jMYHbIE CIIOCOOBI BO3NEWCTBHUS Ha HW3y4aeMblid oOpaser, a
TaK)Ke pa3IMuHbIe CIIOCOOBI aHAIN3a BBIJIEIUBILIETOCS ra3a.

JIist  DKCTpakiuu BOJOpPOJA B HACTOsIIee BpeMmsi HauOoliee YacTo
MPUMEHSIOT METOBI, CBSI3aHHBIC C HATPEBOM M TUIABJIEHHEM 00pasia B yCIOBHUSIX
BaKyyMa WU WHEPTHOW cpenbl. UTOOBI MOABEPTHYTH aHAJIM3y Ta3bl, KOTOPHIC
BBIJICJIAIOTCS W3  METajula dYalle BCEro IPUMEHSIOT  JETEKTOPbl IO
TEIUIONPOBOJHOCTHU. JlaHHBIE JAETEKTOPBI OTHOCATCS K KOCBEHHBIM METOJAM WU B
MPOTHUBOBEC a0COMIOTHBIM HMEIOT MPEUMYIIECTBO B BHUAE OOJbIIEH CKOPOCTH
ananu3a. HegoctaTkoMm siBisieTcss HEOOXOAUMOCTD MPEIBAPUTEIILHON KaluOPOBKH

ACTCKTOpaA IIpHU IIOMOIIHN YHUCTBIX I'a30B UJIK 3TAJIOHHBIX O6p33HOB.
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Takum oOpazom ananmmuzatop Bogopoga RHEN602 (pucynok 2.3) paboTaer

Ha OCHOBE MCETOAOB, IPCACTABIICHHBLIX BBIIIC.

]

\ A

N3mepenne  Bomopojga  MPOUCXOAMT  MYTEM  PETHCTpPAllid B
tepmokoHaymeTpuueckoit (TK) sueiike W3MeHEHWH TETUIONPOBOMHOCTH Tasa-
Hocutens. Ha pucynke 2.4 nzo0paxeHna 610k-cxema ananuzaropa RHEN602.

Ao

e
N

Pucynok 2.4 — brnok-cxema ananuzaropa RHEN602
Havanom ananmsza cumMraetcs moMemnieHue MyCTOTO THUTIS W3 rpaduTta Ha

HIDKHAW 3JIEKTPOJ, MOCJE YEero MPOUCXOJUT 3aKPbITUE JJIEKTPOJIOB U CIIEIOM
TUTENIb OYWIAETCS OT Ta3oB arMmochepsl. Ha crmenmyromem sTame TUTENb
pazorpeBaeTrcs 0 BBICOKOW TeMIeparypbl TOJa JCHCTBUEM TOKa, YTOOBI
BBICBOOOJIUTH Ta3bl, KOTOpbIE HaxomsTcs B rpadwure. J[aHHas mporieaypa HOCUT
Ha3BaHMUE JIera3upoBaHuE. 3aT€M M3 3arpy304HOI0 YCTPOMCTBA 0Opasel Mmonajgaet
B THUrENb, TOCJII€ YEro Ha THUrellb CHOBAa IMOJAETCSd BBICOKHMH TOK, KOTOPBIN

CH0cOOCTBYET BHICBOOOKICHHIO Ta30B U3 TUIJIS U 00pasma. (s mpenoTBparieHus
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Ype3MEPHOE ETa3UpOBAHUE TUIJIA B IPOLECCE aHajla3a, Ha HEro IMoJaercs TOK C
CUJION MEHBIIEH, YeM Y TOKa JerasupoBaHUs.

YTOOBl OYUCTUTH Tra3-HOCUTEIb OT KHUCIOPOJa, €ro MPOIYCKAIT Yepe3
HarpeTyro MeJlb, IOCJI€ YEeTo OH MOJBEPraeTcs CrelualbHON (PUIbTPALIUU C LETbIO
ounctku ot CO2 u Bnaru. [{ns Ttoro, yToObl pacnpeneanuTb KOMIIOHEHTHI ra3a B
3aBUCUMOCTH OT pa3Mepa MOJIEKYJ MWCIIOIb3YETCAd KOJOHHA MOJIEKYJIIPHBIX
¢unbTpoB. Ilocne wero mist u3MepeHUs cojaepkaHUs BOAOpoja, ra3z oOpasia
nponyckaercs uepe3 uzMeputenbHyro 4actb TK sueiiku. TK sueiiku mnomaer
CUTHAJI, KOTOPBIA TOMajaeT Ha aHaJoroBo-IU(poBOM mpeoOpa3zoBaTeib IMOCHE
Yero KOMIIBIOTEp € MOMOIIBIO MPOrpaMMbl 00padaThIBAE€T JTAHHBIE M BBIYHUCIISAET

CoJIep>KaHKEe BOJIOPO/IA.
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I'/TABA 4. ®UHAHCOBBIN MEHE/I’)KMEHT,
PECYPCO®®EKTUBHOCTDb U PECYPCOCBEPEXEHHUE

Temoii marucrepckoir paboThl siBisgercs: OnpeneneHrue 3aKOHOMEPHOCTEH
BIMAHMUA IIapaMETPOB JIA3€pHOM CBapKu Ha B3aUMOJACHCTBHE BOAOpoOAa C

HUPKOHUEBBIM cIuiaBom D110.

4.1. MMoreHUAJbHBbIE MOTPEOUTETH HCCIETOBAHUS

CmiaB nupkonuss D110 mumpoko mpuMeHsieTcs B SIAEPHOW DHEPIrETUKE B
KayecTBE KOHCTPYKIMOHHOrO Matepuana. I[loTeHIManbHBIMH MOTPEOUTENIIMHU

HCCIICO0BaHUA ABJIAIOTCA KOMIIaHUHN pOCCHﬁCKOI‘O AACPHOTO NUKIIA.

4.2. AHaIM3 KOHKYPEHTHBIX TeXHMYECKHX PpelleHuil ¢ TOo3UIuH

pecypco3¢dGeKTUBHOCTH U pecypcocOepexkeHust

B nanHOM wmccienoBaHWM CBapHbIE BBl B oOpasmax u3 cruiaBa 2110
HaCBIIAJIUCh BOJOPOAOM MeTojoM raszodaszHoro Haceimenus (Bbg). Taxoke
CYLIECTBYIOT IETPOJUTHYECKHM MeToA (bBk1) M MeTox IIa3MEHHO MMEPCUOHHOMN
umIutaiTanuu (bxo). OLeHOYHAs! KapTa TEXHUUCKUX PEIIECHUI NIPUBEICHA B TAJINIIE
4.1.

AHanu3 KOHKYPEHTHBIX TEXHUYECKUX PEUICHUN OmpeAensieTcsa Mo
dbopmyie:

rac K- KOHKypeHTOCHOCO6HOCTB H&y‘—IHOﬁ p33pa60TKI/I HJIM KOHKYPCHTA,

Bi — Bec mokazarens (B JOJISIX €AMHULIBI);

Bi — 6aimr I-ro mokasaresnst

B nannoMm mcnegoBaHuu:

Bk1 — 6anm COOTBETCBTYIOMIEMY JJIETPOJUTHYECCKUMY METOJY HACHIIICHUS

BOJIOPOIOM,
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bko — 6an cooTBEeTCBYIOIIEMY IUIA3MEHHO MMEPCHOHHON HMMIUIAHTALMU
BOJIOPOJA.

Kki — KOHKYpEHTOCIIOCOOHOCTh 3JE€TPOIUTUUECKUMY METOJY HACBHIIICHUS
BOJIOPOJOM;

Kk2 — KOHKYpEHTOCTIOCOOHOCTh TJIa3MEHHO UMEPCUOHHON UMIUTAHTALIMH.
Tabnmuua 4.1. OueHoyHas kapTa ISl CPaBHEHUS KOHKYPEHTHBIX TEXHUYECKUX

pemenuit (pa3paboTok)

Bec Bauinl KoHKypeHTHOCTD
Kpurepuu onenkn KpuTepus pr by b K(b Ky Ky
1 2 3 4 5 6 7 8
TexHuYecKHe KPUTEPHH OLIEHKH pecypcod(heKTHBHOCTH

1. CooTBeTCBHE YCIOBHUSM ONMU3KUM 0.4 5 1 4 5 0.4 16
K 9KCILTYTAlIHOHbIM

2. IUTeNbHOCTD HACHIIIEHUS 0.3 4 2 4 12 0.6 12

BOZIOPOJIOM
3. TOYHOCTB MONYYCHHBIX JTaHHBIX 0,2 4 2 3 0,8 0,4 0,6
4. TlpoctoTa sKcITyaTauu 0.1 3 2 3 0.3 0,2 0.3
00opyioBaHust
HUroro 1 16 7 14 4,3 1,6 3,7

[lo wroram aHanmmM3a, NPEACTABICHHBIM B KapTe€ CpPaBHEHUS OLECHOK
KOHKYPEHTHBIX pa3pad0TOK TEXHUYECKUX PEIICHUN, MOXKHO CAEIaTh BBIBOJ, UTO

HACBIIIICHUE BOJIOPOJIOM METOJOM Ta30(h)a3HOTO HACHIIMICHUS HMEET PsJl
MPEUMYIIECTB MO CPABHEHUIO C JIPYTMMH METOJAMU HACBIIMICHHS, TAaKUMH Kak
BJICTPOJIUTUYECKUMHUN METOJI HACBIIEHUSA W METOJ IUIa3MEHHO-MMMEPCUOHHOMU
UMILIAHTAllUM, OJHUM W3 HauOoyiee BaKHBIX SIBJISICTCS BO3MOXKHOCTH IPOBECTH
OKCTIICPUMEHT B YCJIOBHUAX OJM3KUX K DKCIUTyaTallHOHHBIM YCJIOBHUSAM SACPHOTO

peakrtopa.

4.3 SWOT-anaaus

SWOT-anamu3 (Strengths —cunbHBIE CTOpPOHBI, Weanesses clla0Oble
CTOPOHBI, Opportunities — Bo3MoOXHOCTH W threats —yrpo3bl) MPUMEHSETCS IS
OTIpeJIeNICHNs CJIa0bIX U CWJIBHBIX CTOPOH mpoekTa. Pesymbpratet SWOT-ananmsa

npejcTaBieHa Ha Tabaure 4.2,
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Tabnuua 4.2. Pesynastatel SWOT -ananusa

CunbHble  CTOPOHBI  HAYYHO-
HCCJIe0BATETBCKOT0 MPOEKTA:

Cl. AKTyaJIbHOCTb TEMBI
HCCIICIOBATEIbCKON paOOThI

C2. BO3MOXHOCTb  IPOBOJUTH
HaBOJIODKMBAHHE B  YCIOBHUSX
ONM3KUM K DKCIUTyaTaldOHHBIM

Ciaoble CTOPOHBI HAY4YHO-
HCCI1eI0BATETbCKOT0 MPOEKTA:
Cnl. Dbonpmolt Ccpok IOCTaBOK
MaTEepPHaIOB M  KOMIUICKTYIOIIHUH,
UCTIONIb3yeMBbIE TP TPOBEACHHH
HayYHOT'O HCCIIeIOBaHHSA

Cn2. HeBOo3MOXXHOCTH B JITaHHOE
BpEMsl TECTUPOBAHHSI TEXHOJOTUHU B

C3.B03MOXXHOCTh YIAy4IlIeHUs
peaybHBIX PadOUnX YCIIOBHSX
0€30MacHOCTH  KOHCTPYKIMOHHBIX o
. Cn3. JlmuTenbHbINH CpOK
yacTeil peakropa
TECTUPOBAHMSI OIBITHOrO 00pasia
1. Hcnonp3oBanue
Bo3moxknocTH: 1. Pe3ynbraTthl HcclienoBaHUs | MHHOBAIMOHHON —HMH(PACTPYKTYPHI
BI. Hcnonb3oBanue | cBsi3M  mapamerpoB  cBapku  u | TIIY JUISL TECTUPOBAHUS
WHHOBALIMOHHOW HMH(PACTPYKTYphl | MPOHUKHOBEHUSI BOJOPOJA MOTYT | TEXHOJOTMH B pEAIbHBIX pabodmx
TITY MOCITY’KUTh pEeKOMEHIaIeH | yCIOBUAX
B2. CHmxeHHe pacxoa Ha ChIpbe U | MPEANPHIATHSIM, KOTOpbIE | 2. [Tpuodperenne
MaTepuralbl, HUCIIOJIB3YyEMBIC npu HU3roTaBJIMBAKOT U3 acius JJIA HeO6X0}1HMOFO 060py}IOBaHPI5[ JUIA
Hay4YHbIX UCCJIICAOBAHUAX H}ICpHOﬁ OHEPI€TUKH IIPOBEACHU A HCIIBITAHUHN OIBITHOT'O
obpasia
Yrpo3sr: 1 Has yOEAUTENBHOCTH
V1. OrcyrctBue cnpoca Ha HOBBIE | MOJYYEHHBIX pe3yabTaToB
o 1 Jing yMeHBIIEHHS MOTPEIHOCTH
TEXHOJIOTUH NPOU3BOJICTBA B | HMCCIIEIOBaHUIA HEo0X0IMMO
o U3MEpPEHUs]  CTOMT  IPOMU3BECTH
SIIEPHOM SHEpreTHKe KOHTPOJIUTPOBATH TOYHOCTh .
OonblIe MCCIeNOBAaHUI ¢ OOMbIIMM
V2.[lononHUTENbHBIC IIPOBOAMMBIX PacdeToB.
KOJIMYECTBOM 00pa3lioB CBAPHOTO
rocyJapcTBeHHbIE TpeOoBaHHA K | 2 [IpoBoanTh HCCIEROBAHUA LB
cepTuduKanu  HOBOIO  METOZA | IPYrUX XapaKTepUCTHUK CBAapHOrO
CBapKu 1Ba

Onupascr Ha SWOT anazuz MOXHO cJenaTh

MOMEHT HPEUMYILECTBA

HCIIOJIB3YCMBIX MCTOOOB

HCAOCTATKAMHU II0 CPABHCHHUIO C APYTUMU MCTOJaMMU.

BBIBOJI, UTO Ha JaHHBIH

npeobyalaloT  HaJ  ero

4.4, OueHKa rOTOBHOCTH NMPOEKTA K KOMMePUHAJIU3auuu

JIaHHBIA NPOEKT HE MOAXOIUT JJIsI KOMMEpIHaIU3auu

4.5. UHunuanus npoeKTa

4.5.1.

Tabnuna 4.3. 3anHTEpEeCcOBAaHHBIE CTOPOHBI TPOSKTA

3anHTepecOBaHHbIE CTOPOHBI MPOEKTA

3anHTepecoBaHHBIE CTOPOHBI MPOEKTA

OxugaHus 3AMHTEPECOBAHHBIX CTOPOH

ITAO «HoBocubupckuii 3aBoji XMUMKOHIIEHTPATOB)

PCKOMCHZ[EIIII/II/I M0 YMCHBUHICHWIO BJIMSIHUSA BOAOPOAA HA
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| HETraTHBHEIC CBOMCTBA CBApHOI'o mBa

Tabnuia 4.4. llenu u pe3ynbTaThl MPOEKTa

[eau npoekTa:

W3ydeHne BIHUSHHS TapaMETPOB JIa3epHOW CBApKH Ha COPOLMIO BOJOpPOIa B

CBapHBIE MIBHI IIMPKOHUEBOro ciiasa 9110

Osxupnaemble pe3yJbTaThl | Pe3ynbTaThl O BIMSHUIO TApaMETPOB JIa3epHON CBapKH Ha COPOLIMIO BOIOPOAA
NPOEKTA: B CBapHBIX 1Bax cmiasa 3110
Kpurepun NMpueMKH | 3HA4EHHs IIapaMeTPOB JIA3€PHOM CBApKHU SIBISIOLIMECS Y OBIETBOPUTEIbHBIMU
pe3yJIbTaTa MpPoeKTa: C TOUKHU 3pPEHUs IPOHUKHOBEHHUS BOJOPOAA

TpeOoBanmue:
TpeGoBanusi K  pe3yabraty | TOUHOCTH IPOBEIEHHBIX PACUETOB

MpoeKTa:

J1OCTOBEpPHOCTh HAYYHBIX PE3YJIbTaTOB

CoriacoBaHHOCTh HAaYYHBIX JAHHBIX C PAAOM APYTI'UX HAYYHBIX I/ICCJ'IGI[OB&HI/Iﬁ

Tabnuua 4.5. Pabouas rpymnmna npoekra

DPUO,
Ne Tpyno-3aTpatsl,
OCHOBHOE MeCTO padoThl, Poanb B npoexTe DYyHKIUH
n/n yac.
JOJIKHOCTh
Kynusipo Buxtop Hukonaesmu § KoopuHats
KaHllI/I}laT TEXHUYECKUX HAYK, CTaplInu
1 PykoBoauTesb JIEATEITLHOCTH 30
TPEIoIaBaTelb OTACICHHUSI bOeKTa
sKkcniepuMeHTanbHoi duzukun HA TITY P
2 denotos JILE., HVI/I TIIY, ornenenue VCHONHATENE Brimonnenue 585
IKCIIEPUMEHTABHOM (PU3UKH, MarUCTPaHT HUP
Tabmuma 4.6. OrpanudeHus MpoeKTa
dDakTop OrpaHuyeHust/ 1onMymeHust
Bropker npoekra 247 442
Hcrounuk ¢prHAHCHPOBAHUS HUU TITY
Cpok# npoekra: 01.02.2019-30.05.2019
Jlata yTBep)KIeHus IUIaHa YIIPABICHUSI IPOSKTOM 04.02.2019
Jlata 3aBepiieHus MpoeKTa 30.05.2019
4.6. Ilnan npoekTa
Ta6mmma 4.7. KanenmapHbIii 11aH IPOCKTa
Kon JAuTeJbHOCTD, Aara Aara CocTaBs
HasBanmue Hayajia OKOHYAHUSA
padoThI AHH YYACTHHKOB
padoTt padot
1 [Monyuenwus 3ananust 1 01.02.2019 | 01.02.2019 | Kymusipos B.H.
2 COCTaBJICHNS IIANA BLITOTHEHMS 2 02.02.2019 | 04.02.2019 | Kymmuspos B.H
paboT 1o MPOEKTY
3 0030p JUTEPATYp MO TEMATHKE PabOThHI 28 05.02.2019 | 11.03.2019 denoros JILE.
4 Onpezieneiis COACPIANILE BOLOPOAA B 14 12.03.2019 | 27.03.2019 | ®enotos JLE.
0OeCIIOBHOM MaTepHale
OcymiecTBieHIE HACBHIIIEHUS 00pa3IoB
4 Kymuspos B.H
5 BOJIOPOJIOM B YCIIOBHUSIX OJHM3KHX K 14 28.03.2019 | 12.04.2019 ®enoros JLE.
9KCIUTYyaTalHOHHBIM
6 Pacuer ckopoctu copOruu Bogopona B 4 13.04.2019 | 2904.2019 Kymuspos B.H
IIBaX IIMPKOHKEBOro cruaBa 3110 14 denoroB JILE.
4 Kynuspos B.H
7 AHanu3 pe3ynbTaTOB UCCIEIBAHUSL 10 30.04.2019 | 13.05.2019 ®enotos JLE.
8 CocraBileHHE TTOSICHUTEILHON 3aIICUKHU 15 14.05.2019 | 30.05.2019 denoroB JI.LE
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B tabnuue 4.8 npuBeneH kaneHaapHselii minan-rpaduk nposenenns HUOKP
M0 TeMe MarucTePCKON ANCCepTaluu

Tabnuua 4.8. Kanennapusiii mian-rpaguk nposeaenuss HUOKP

Kon Bupn pabor Ucnomauremu | Ty, | IIpofomKuTenbHOCTD BHITOIHEHHS PadoT
pabotsl Kai, | desp. MapT amnpenb Mail
(u3 me (1213112131123 (1(2
HCP)
1 CocrasieHus 3ajaun | PykoBomutens | 4
JUISL KICCIIETOBAHMS
2 Nzyuenne Marwucrapanr | 41
JIUTEPaTypHI
4 Onpenenenus MarutcpaHt 15
coziep)KaHue
BOJIOpOJa B
0ecrIoBHOM
Marepuaie
5 OcyuiecTieHne PykoBoamutens, | 15
HAaCBIIIICHU L MarucCTpaHT
00pa3IoB
BOJIOPOJIOM B
YCIOBUAX OJNU3KHX K
OKCILTyaTalluOHHBIM
6 Pacuer cKopocTu | Maructpant 15
copO1Mu BOJIOpOsA B
IIBaX LUPKOHHUEBOTO
casa 3110
7 OO0wmmit aHanu3 | PykoBoaurens, | 13
pe3yabTaToOB MAarucTpaHT
HCCIIEOBaHUI
8 CocroBieHus PykoBoaurens, | 16
HOSICHUTEIIbHOM MAarucTpaHT
3aITHCKH
10 Uroro nueit 119

- HayuHbiid pykoBoauteis, | - marucrpanr

4.7. BIOA)KET HAYYHOI0 UCCJIeI0BAHUS

beu1 cocTaBiieH MOJHBIA OIOJKET HAydHBIX HcclenoBaHui. Pacxosbl
HAY4YHBIX HWCCJCIOBAaHUM COCTOMT U3 MAaTEpPUAIbHBIX 3aTpaT, pPacxXxoJ0B Ha
CrielHalIbHBIe 000PYIOBaHUsS, OCHOBHON M JIOTIOJHUTEIBLHON 3apa0OTHOM ILIATHI,
coIabHbIC OTYHCIICHHS, M HAaKJIaJHBIC pacxo/bl. beiia cocrabiena Tabimma 4.9 ¢

TPYIIUPOBKOM 3aTpaT MO CTATHSIM.
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Tabnua 4.9.

I'pynmrpoBKa pacxooB IO CTaThIM

Cratbu

ChIpse, CrenmanbHOe OcuoBHast | lononuutensHast | Otuncnenus | HayuHsle u | Omnata pabort, | IIpoune Haknamn | Uroro
Martepuaibl  (3a | 00OpymOBaHHE Ut | 3apaboTHast | 3apa0oTHast Ha MPOM3BOJICTBEHH | BBIMIOIHIEMBIX MPSIMBIC bIC TUTAHOBAS
BBIYETOM HayYHBIX iaTa, pyo. | miara, pyo. COIMaJIbHBIE | BIE CTOPOHHUMU pacxopsl, pacxonbl | ceOecTOMMOCTb,
BO3BPATHBIX (9KCHIepUMEHTANIbHBIX) HYX]IBI, KOMaH/IUPOBKH, OpraHu3aisiMu  H | pyo. , pyO. pyo.

OTXOJI0B), pabor, pyo. pyo. pyo. NpeNpUSITUSIMH,

HOKYITHbIE pYyo.

U3J1eNus u

nonygadpuxatel

7492 27671 118 150 11 815 35221 - - 8771 47 990 245 295
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4.7.1. Cpipbe, MaTepHaJbl, IOKYINHbICe u3Jeausd (32 BbIYETOM

0TX0/10B)

B crartbio pacxonoB BXOAWT  3aTpaThl Ha NPUOOpETEHHME BCEX BUIOB
MaTepualioB, KOMIUIEKTYIOUIUX H3JAeNUi U ToaypadbpuKaToB, HEOOXOAUMBIX IS
BBITIOJIHEHUS pa0oT 1o nanHou Teme. B taGnune 4.10 nmpuBeneHsl TabauIia pacxoaoB
110 JAHHOU CTaThe.

Tabnuua 4.10. Ceipbe, MaTepuanbl, KOMIUICKTYIOIIUE W3IENUS W TMOKYIHbIE

nosypadpHuKaThl

Haumenosanune Mapka, pazmep Kon- |Llena 3a emunuiry,|Cymma,
BO pyo. pyo.

Crupt 100 M1, (90%) 3 45 135

AbOpasuBHast  Oymara  mist| KpymHosepHucras, cpeanesepuucras, | 20 250 5000

I OBKU MEJIKO3EepPHCHUTAs,

AnmasHas macTa | A3, A2, AC2 1 2 000 2 000

HOJIMPOBKH

Bcero 3a matepuasibl 7135

TpaHCIOPTHO-3arOTOBUTENBHBIEC pacxosl (3-5%) 357

HUroro no cratee Cy 7492

4.7.2. CneuunanbHoe odopynoBaHue NI HAYYHBbIX

(AKCIepUMEHTAJIbHBIX) padoT

[Ipy BBITIONHEHUH WCCIEAOBAHMS JOTMOJHUTEIBHOE OOOpYJAOBaHUE TSt
MPOBENICHUS HCCIENOBaHUKH He Obulo mpuobOpereHo. Bcece wucmons3oBaHHOE
000pyAOBaHMUE SBISIIOCH COOCTBEHHOCTHIO OTACIICHUS IKCIEPUMEHTANBHOU (PUBUKHU
HUU TITY.

Heob6xonnmo paccumTaTh aMOPTH3AITMOHHBIC OTUYHUCIICHUS TUTST
MCIIOJIb30BAaHHOTO O00OpyZOBaHUS. 3aTpaThl HAa aMOPTU3AIMOHHBIE OTYHMCICHUS

PaCCUUTHIBAIOTCS 110 hopMyJIe

(3100 %)

CaMOpT = Co5 * N

T (4.2)




I'me Cy — cTOMMOCTH OO0OpYydOBaHHS, N — OSKCIUIyaTallMOHHBIA CPOK
obopynoBanusi, N — KOIMYECTBO KaleHAAPHBIX AHEH B TOAY, | — KOJUYECTBO JHEH
UCII0JIb30BaHUsl 000PYyI0BaHUS.

B uccienoBaHuMM  MCHOJIB30BANIKMCh:  YCTAHOBKA  AJEKTPOIUTHUYECKOTO
HABOJOpaXMBaHUs, aBTOMaTH3UpoBaHHbI koMIuiekce Gas Reaction Controller LPB.
B tabmuue 4.11 npuBeneHbl pe3ysibTaThl BBIYUCIEHUS aMOPTH3ALUOHHBIX
OTUUCIICHUH 1JI1 000PYIOBAHUIM.

Tak >xe OBUT UCIIONB30BaH MEPCOHATBHBIA KOMIBIOTEP, CTOUMOCTH KOTOPOTO
20000 pyo6ueii.

Tabnuua 4.11. AMOpTH3alIMOHHBIE OTYUCICHHS] 000PYA0BaHUS

KonuuecTBo pabounx
[leproHauanpHas CpoK 3KCIuTyaTaluu o AMOpTHU3aIMOHHBIC
Ne HanmeHoBaHue eta Cos, pyd 060DV IOBAHISL. TO JIHEH MCIIONb30BaHKE OTUHCICHIS. DVG
1 06, PYO- pyA » TOAL 000pY/I0BaHMsl, JHH A » PYO.
Gas Reaction
1 Controller LPB 2 000 000 20 28 7671
Hror 7 671 pybneii

Hrorosas cymma 27671 pyOasi.

4.7.3. OcHoBHas 3apaboTHaA MJjaTa

Craths  BKIIOYACT OCHOBHYIO  3apa0OTHYIO  IUIaTy  paOOTHHUKOB,
HETIOCPEICTBEHHO 3aHATHIX BBIITOJIHEHUEM IMPOEKTa, (BKIIOYAs MPEMUH, JOTUIATHI) U

JOTIOTHUTENIbHYIO 3apab0THYIO TUIATY.

CSH = 3OCH + 3,[[01'[ (4'3)
30cn — OCHOBHAsI 3apa0OTHAS TUIATa;

301 — JOTIOTHUTENIbHAS 3apaboTHAas TU1aTa

OcHoBHas 3apaboTHas mwiaTa (3ocs) PYKOBOAHUTENS (JTaOOpaHTa, HHXKEHEPa) OT
npeanpusaTvs (MpyU HATWYUH PYKOBOJIWUTENS OT MPEANPHUSATHS) PACCUUTHIBACTCS TIO
caeayrouien popmyne:

Bocu = 3,&1—1 ) Tpa6 (4.4)
rae 3ocu — OCHOBHAs 3apa0O0THAs IJiaTa OAHOTO pabOTHHUKA;

Tp — HIPOAOJIDKHUTCIIBHOCTD pa60T, BBIIIOJHACMBIX HAYYHO-TCXHHUYCCKHM

paboTHHUKOM, pad. JH.;
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3 — CpelHenHeBHas 3apaboTHas TuiaTa pabOTHUKA, PYyO.

CpennenneBHas 3apabOTHasl TUIaTa paCCUUTHIBACTCS IO hOpMyJie:
3. M
3 = 5
A
rae 3y — MECAYHBIN JTOHKHOCTHOU OKJaj paboTHUKA, pyO.; M — KOJIU4YeCcTBO

(4.5)

MecAleB padoThl 0€3 OTHycKa B Te€UEHHUE roja: npu otnycke B 24 pabd. nusa M =11,2
Mecsila, S-aHeBHas HeJens; npu otimycke B 48 pab. nueit M=10,4 mecsiua, 6-n1HeBHAas
Henensi; F, — nelicTBUTENnbHBIM TOMOBOW (oHA pabodero BpeMEHH HAy4YHO-
TEXHUYECKOro nepcoHaina, pad. aH. (tadi.4.12). bamanc coctaBisics 1t 6 JHEBHOM
paboueil HeeH.

Tabnuua 4.12. bananc pabouero BpeMeHu

Iloka3aTesin pabouero BpeMeHHu PyxoBoautesb | UHKeHep

KanenmapHoe uncio mqHei 365 365

KonuuectBo Hepaboumx aHei
- BBIXOIHBIE JHU 52 52
- Tpa3IHUYHBIC THU 14 14

ITorepu pabouero BpeMeHH
- OTIyCK 48 48
- HEBBIXOBI 10 0OIE3HU

JlelicTBUTENbHBIN TOI0BOW (OHI paboyero BpeMeH! 251 251

MecsiaHbBIN TOJDKHOCTHOM OKJIa]l paOOTHHKA:

By =36 (1 + Kyp + Ky) " Ky (4.6)
I'ne: 35 — 6a30BBIN OKIaM, PYO.;

Knp — mpeMuanbHblil ko3 duimenT, papubii 0,3;

Ky — ko3 dunmeHT gomiaTt U HagdaBok coctaiseT 0,3;

K, — pationHsIii koddduument, paBusiii 1,3 (s Tomcka).

PykoBoguTeneM maHHOW Hay4YHO-HCCIEIOBATEIILCKOW pPaOOTHI  SIBISETCS
COTPYAHUK C JIOJDKHOCTBIO CTapllero mpenojaBaTedsi U YUYEHHOW CTENEHbIO
KaHJIUJaTa TeXHUYECKUX HayK 3apaboTHas IJjiaTa Mo OKJIaay KOTOPOTO COCTaBIISET
26300 pyo6utei.

3, =33664-(1+0,3+0,3)-1,3=70021 py6.iei

Oxutan uHxkeHepa coctaBisieT 12 664 py0./mecsn. MecsiuHbld AOTKHOCTHOM

OKJIaJ] MHKEHEpa paBeH
3, =12664-(1+0,3+0,3) 1,3 =26 341 py6.eii
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CpennenneBHas 3apabOTHas IJ1aTa PyKOBOJAUTEIS paBHA:

70021-10,4
3 = el = 2901 pyb6.sieit
CpenHenHeBHAs 3apIiaTa HH)KEHEpa COCTABISET:
26 341-10,4
B = 51 = 1091 pybsien

OcHoBHast 3apaboTHAs IU1aTa PYKOBOJMUTENS paBHa:
Boecu = 29015 = 14 505 pyosien
OcHoBHast 3apaboTHas IU1aTa MHKEHepa paBHa:
3ocu = 1091 -95 = 103 645 pybsei

B tabn. 4.13 npuBenena ¢popma pacuéta OCHOBHOM 3apabOTHOM TIJIATHI.

Tabmuma 4.13. Tabnuia pacuera OCHOBHOM 3apabOTHOM TIIATHI

Wcnonuurenu 36, pyO. Knp Ky Ky 3y, py0 | 3 PYO. Tp;;a@ Bocn, PYO.

PyKOBOMHTEITH 33 664 03 03 13 70021 | 2901 5 14 505

kenep 12 664 03 03 13 26339 | 1091 95 103 645
4.7.4. JlonosiHUTEIbHASA 3apaboTHast miara HAY4YHO-

NMPOM3BOACTBCHHOI'O IIEPCOHAJIA

JlomonHuTenbHas 3apaboTHas miiata paccuuThiBaeTcs ucxons u3 10-15% or

OCHOBHOW 3apaboTHOI TmjaThl, pPaOOTHUKOB, HEMOCPEACTBEHHO YYACTBYIOIIMX B

BBIIIOJIHCHUC TCMBI:

(4.6)

3,qor1 = Kjon * Bocu
I'ne:

30n — JOTIOTHUTENIbHAS 3apaboTHAas TU1aTa, pyo.;
Kzon — K03 pHUIIMEHT TOTIOTHUTEIIBHOM 3apIuiaThl, KOTOPBIHA 10 %;
30cu — OCHOBHAas 3apaboTHas 1iata, pyo.
JlomonHuTENbHAS 3apab0THAS TUTaTa PYKOBOJAMTENS PaBHA!

30n = 14505+ 0,1 = 1450 py6.sieii
JlomonHUTENBbHAS 3apab0THAs TUTaTa HHXKEHEpa paBHA:

30n = 103645 - 0,1 = 10 365 py6aen
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B Ttabn. 4.14 npuBeneHa ¢opma pacu€Ta OCHOBHOM U JOMOJHHUTEIHHOMN
3apabOTHOM TUIATHI.

Tabnuua 4.14. Tabaua OCHOBHOM U TONOJHUTEIBHOM 3apab0THOM MIIATHI.

3apaGoTHas muaTa PykoBoanrenn HNnxenep
OcHoBHas 3apIuiata 14 505 103 645
JonomHurensHas 3apriata 1450 10 365
3aprurata UCIIOTHUTENS 15 955 114 010
Wroro no cratbe Csy 129 965
4.7.5. OT4YHC/IeHUS] HA CONMATIbHbIE HYK/IbI

JlaHHasi cTaThs pacxXoJl0B pacCUUTHIBAETCS 10 hopMyIie:

CBHe6 = Kgpes - (30CH + 3;Lon) (47)
r7ie Kenes — KOO QUIMEHT OTYMCICHUH Ha YIUIATYy BO BHEOIOIKETHBIC (hOHIBI

(mencuoHHbI (oHI, (OHA 0053aTENBHOIO MEIUIMHCKOTO CTPaxOBaHUS W IIp.),
KOTOPBIi paBHAETCS Kpnes = 0,271,

Ta6muma 4.15. Tabnuira oTYuCICHUN HAa COMAIIBHBIC HY Kb

3apaGoTHas miata PykoBoauTen HNnxenep

3apmata 15 955 114 010

OTuyncieHre Ha COIMAIbHBIE HYX]IbI 4324 30 897
4.7.6. HaxkagHuble pacxoabl

Haknagueie pacxoawsl coctapistoT 30-100 % oT cymMMBbl OCHOBHOM U
JOTIOJTHUTEIIBHON 3apa00THOM IIIaThl, pAOOTHUKOB, HEMOCPEJACTBEHHO YYaCTBYIOIINX
B BBIIIOJIHEHUE TEMBI.

Pacder HakIagHBIX PacXoJI0OB BEACTCS IO CICAYIONIECH dhopmyIie:

Chues = Kuax ° (30CH + 3,£Lor1) (48)
171€ Kiaxn — KO3 QUIIMEHT HAKJIaIHBIX PacXo10B, KOTophIi paBeH 30 % (0.3).

Tabmuma 4.16. Tabnuia HakIaTHBIX PACX0I0B

3apa0oTHas muiaTa PykoBoaurenn HNnxenep
3apriata 15 955 114 010
HaknagHsle pacxosl 4787 43 203
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4.7.1. Pacuyer 3aTpaT Ha 3JIEKTPUYECTBO

[Ipu pacuere 3aTpaT Ha DBJIEKTPOPHEPTHMH ObUIM MPHUHATHL CIEAYIOUIUE
JOMYIICHUS: C YY€TOM KaJIeHJApHOIO IJIaH-TpaduKa MpoekTa, ObUIO MPUHATO, YTO HA
paboty Obuio 3arpaueHo 91 nmHeit. CpenHsii MOUIHOCTH KOMIIBIOTEpA COCTaBISET
okoJio 300 Bt/uac. InurenbHOCTh pabOThl ¢ KOMIIBIOTEPOM CPEIHENH MOIIHOCTH — O
yacoB/neHb. JlJis  BBINOJHEHUS JUIUIOMHOM paboThl BpeMsl HCIOJIb30BaHUS
KOMIIbIOTEpA COCTABISAET 455 Jacos.

300 Bt/gac * 455 yac = 136,5 (kBT)

MomHoCTs ycTaHOBKM cocTaBisieT 9,2 (kBt/gac). s mnpoBeaeHus
HKCIIEPUMEHTA BpEeMsI UCIOJIb30BaHUS YCTaHOBKHM cocTaBuiio 144 yaca. CToMMoOCTb
anektposHeprun B Tomcke paBHa 5,8 py0. 3a 1 kBrt/uac. CnenoBatenbHo,
noTpebJIeHnE IEKTPOIHEPTUH KOMITBIOTEPOM B TEUEHHE PAOOThI COCTABIISAET

Takum 00pa3zoM, 3aTpaT Ha IEKTPOIHEPTUU OBLI:

(1324,8+187,5) * 5,8 = 8 771 (py6.)

4.8. PeecTp puCKOB NPoOEKTa

NnentudunrpoBaHHble PHUCKA TNPOEKTa BKIIOYAIOT B C€e0sS BO3MOXKHBIC
HEOTpE/ICIICHHBIE COOBITHS, KOTOpbIE MOTYT BO3HHMKHYTh B IPOEKTE W BBI3BATh
MOCJICJICTBUSA, KOTOpPBIE MOBJIEKYT 3a coOOW HexenatenbHble A dexTsl. B Tabmuie
4.17 cBeneHbl BO3MOXKHBIE PUCKHU MTPOECKTA

Ta6muma 4.17. Peectp pUCKOB NMPOSKTOB

Ne | Puck IlorenunansHoe | BepostH | BnusHue | YpoeHb Crioco0sr VYcnoBus
BO3JICHICTBUE OCTh pucka (1- | pucka* CMSITYCHUS HACTYIUICHAS
Hactymie | 5) prcka
aus (1-5)
1 Hespimonnenue Hakazanme 3a | 2 1 Huskuii [MpuBneuenne | Cucremarndeckue
WCCIIEIOBaHUH B | HEBBIOJHECHUS JOIOJIHUTENBH | OCTAHOBKH
CpOK KOHTPaKTHBIX BIX  paboYux | SKCIEPUMEHTAIbHBI
00s13aTeNbCTB CHII X HCCIIE0BaHNMN
2 OrtcyrcTBHE HeBozmoxnOCTH | 3 4 Beicoknit Bonee HenocraTok
HEo0X0ANMOro TIPOBEIICHUS TIIATETHHOE (uHAHCHpPOBAaHUS
o0opynoBaHus W | HEOOXOIMMBIX TUTAHUPOBAaHNE
00pa31oB HCCIeJOBAaHUN MpOEeKTa
JUIS TIPOEKTa
3 HenocroBepHocTh Huskas 2 4 Cpennnit TmarensHOe HenpasunbHoe
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TOJTYUYCHHBIX TOYHOCTHb MMpOBEACHUC HCIIOJIb30BAaHUEC
PE3YJILTATOB BBIBOJIOB us3 SKCIICpUMEHTA HCIOJIB3yEMOI'0O
OKCIICPUMCHTA JIBHBIX pa60T O60pyﬂOBaHI/I${

4.9. OueHka cpaBHUTEJbHOI 3(p(PEeKTUBHOCTH HCCIIEIOBAHUS

Omnpenenenue  3PGHEKTUBHOCTH  MPOUCXOAUT HA  OCHOBE  pacuera
WHTErpaibHOTO TOKazaTens 2¢G(EKTUBHOCTH HAY4yHOTO ucchenoBaHus. Ero
HAaXOXJICHHE CBS3aHO C OINpEJEEHUEeM JIByX CPEIHEB3BCIICHHBIX BEIUYUH:
¢buHancoBoM dPphekTUBHOCTU U pecypcodPHEeKTUBHOCTH.

WNuterpanpubiii  mokazarens  (puHaHCOBOW  A(PGEKTUBHOCTH  HAYYHOTO
UCCJICIOBaHUs TOJIY4alOT B XOJIe€ OILIEHKH Olo/pkeTa 3aTpar Tpex (uinu Oosee)
BapUAHTOB WCIOJIHEHUSI HAYyYHOTO HccieaoBaHus. J[ns storo HamOOJIbIINN
MHTETPAJIbHBIA TTOKa3aTeNlb peaanu3aliil TEeXHUYECKON 3aJauyu NMPUHUMAETCS 3a 0azy
pacuera (Kak 3HaMeHaTeh), C KOTOPBIM COOTHOCHUTCS (DMHAHCOBBIE 3HAUCHHS IIO
BCEM BapHaHTaM UCITOJIHEHHS.

WNuTerpanbHblil pUHAHCOBBIN MOKa3aTENb pa3pabOTKU ONpPeeseTCs Kak:

Dot (4.9)

b =
@ (Dmax

p . .
rne |, - ATerpanbHbIl pUHAHCOBEIHA MOKa3aTeNnb Pa3paboTKy;

®pi — cTOUMOCTB I-TO BapHaHTa UCTIOHCHUS;
®Dmax — MaKCUMaJIbHasi CTOMMOCTh MCIIOJIHEHUSI HAYYHO-HCCIIEIOBATEIHCKOTO
MpoeKTa (B T.4. aHAJIOTH).

Tax kak pa3paboTKka UMEeT 0JTHO UCTIOTHEHUE TO:

245295
I} =-———=0,
® " 258205

JI71s aHaJI0rOB COOTBETCTBEHHO:

95

122 =—— =097
® 7 258205

I3'—cooTBeTcTBYET ra30(ha3sHOMY HACKHIIIEHHIO BOIOPOL;

. 258205
Bl=———"—=1
258205

250459
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I3? — COOTBETCTBYET MITA3MEHHO — MMEPCHOHHOM MMILIAHTALIMH BOJOPO/IA.

[lomydyeHHass  BeNMWYMHA  WHTETPAJbHOTO  (PUHAHCOBOTO  TOKa3aTens
pa3pabOTKN OTpa)kaeT COOTBETCTBYIOIIEE YHCICHHOE yBENWYCHHE OIO/pKeTa 3aTpatr
pa3paboTku B paszax (3HaueHHe OOJbIIE EIWHUILI), JIMOO COOTBETCTBYIOIIECE
YHCICHHOE YJENIeBICHHEe CTOMMOCTH pa3pabOTKu B pa3ax (3HauC€HUE MEHbIIE
€UHULIbI, HO OOJIBIIIE HYJIA).

WuTerpanbHblil moka3aTenb pecypcoddHEKTUBHOCTH BapHAHTOB HUCIIOTHCHUS

00BeKTa HUCCIICAOBAHNUA MOKHO OMMPCACIIUTD CICAYIOIITNUM 06p330MI

n

18 = Z a; - b (4.10)

i=1
n

1P = z a; - b7 (4.11)

i=1
rae [, — MHTEerpabHBIN MoKa3aTelb pecypcodEKTUBHOCTH I aHAJIOTa;

IV — uHTErpabHBIN TOKa3aTeNb pecypcoddPeKTHBHOCTH Pa3paboTKHy;
a; — BecoBOM K03((DUIUEHT I-TO mapaMeTpa;
b — OanbHas oOIEHKAa I-r0 TapameTpa s aHaiora W pa3paboTKH,
YCTaHABJIMBAETCS IKCIIEPTHBIM ITYTEM IO BHIOPAHHOM ITKaJie OLICHUBAHUS;
N — 4KCJI0 MapaMeTPOB CPABHEHHS.
PacueTr mHTerpansHOro nokasatens pecypcodPPeKTUBHOCTH PEKOMEHIYeTCs

IIPOBOJIUTH B (hOpME TAOIHIIBI, IPUMEP KOTOPOH IIPUBEICH HIKE.

Tabnuna 4.18. CpaBHuTenbHas OIEHKA XapaKTEPUCTUK BapUAHTOB HCIIOTHEHUS

MPOEKTa
1o Becogoit Texyrmii Amnaor 1 Amnaror 2
Kpurepun ko3 dunmen | mpoekr
B T mapamerpa
1. CmocoberByeT pocty mpousBoautenbHoctd | 0,25 4 3 3
TPYyJa HOJIb30BaATEIIS
2. Y100CTBO B 3KCILTyaTAIIUH 0,3 4 3 5
3. DHeprocOepexeHne 0,15 3 4 2
4. HanexHOCTh 0,2 5 4 3
5. MaTepuanoeMKoCTh 0,1 5 4 4
HUTOI'O 1 21 18 17

IP =025-4+03-4+0.15-34+0.2-5+0.1-5=4.15
I#=025-34+03-34+0.15-44+0.2-4+0.1-4 =345

1$=025-34+03-54+0.15-24+0.2-3+0.1-4 =355
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p

dbunp K aHaJora

WuTerpanpHplii nokazatenab 3P(EKTUBHOCTH pa3paloTku |

I%HHp onpenensieTcs Ha OCHOBaHUU MHTETpajibHOro noKazarens
pecypco3PdeKTUBHOCTH U UHTETPAIBHOTO (PMHAHCOBOTO MOKa3aTeis o Gpopmyie:

14
Ip _Iﬂ

Ia
a _Im
(DI/IHp - g ’ I(DI/IHp - I(g (412)
CpaBHEHUE UHTETPATILHOTO MOKa3aTelsd 3PPEKTUBHOCTU TEKYIIETO IPOEKTa U
aHAJIOrOB TO3BOJIUT ONPEJEIUTh CPABHUTENBbHYIO 3(P(GEKTUBHOCTh MPOEKTA.

CpaBHutenbHas 3 (PEeKTUBHOCTH POEKTA:

Iy
_ UHp
Iep = 7a (4.13)
$uHp
p ~
rie O — CpaBHUTENbHas 3(P(EKTUBHOCTh IMPOEKTA; ™ — HHTETPaJIbHBIH

a

I10Ka3aTciab pa3pa60T1<H; mo — HHTCFpaHBHBIﬁ TEXHUKO-)KOHOMHUYECKHM IOKa3aTelb

aHajora.
4,15
p -
dunp 0.95 4.36
3,45
al _ 7 —
[y = —7— = 345
3.55
1§82 = —= = 3.66
Purp T 0,97
3 30 126
L7345 7
g %119
®t 7381
Tabnuna 4.19. CpaBuutenbHas 3G HEKTUBHOCTH pa3padOTKu
Ne INokazartenu Amarnor 1 Amnanor 2 Pazpaborka
1 WurerpanbHbiii ¢unaHcoBbIit | 1 0.97 0,95
MOKa3aTelb pa3paboTKu
2 WurerpanbHbiii nokasarens | 3.45 3.55 4.15
pecypcodhekTHBHOCTH
pa3paboTku
3 WurerpanbHbiii nokasarens | 3.45 3.66 4.36
3¢ heKTHBHOCTH
4 CpaBHUTENBHAS s¢pdexruBHOCTH | 1.26 1.19 1
BapUaHTOB UCIIOIHEHHS

BeiBoabI o rJ1aBe 4
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B nanHOl rmaBe ObLT MpOBENEH pacyeT 3aTpaT Ha BBHIMOJHEHHWE HAYYHO-
uccienoBarenbckoid  pabotel. B mpomecce  ¢opmupoBaHus Oromkera  ObuId
MCIIOJIb30BaHbl TPYNIMPOBKM 1O MarepuanbHbIM 3arpatam (7 492 py6.), 1o
aMOPTHU3alIMOHHOMY OTYHCIEHUI0 oOopynoBanus (27 671 py6.), 3arpataMm 10
OCHOBHOM 3apabotHoil miuare wucnoanurened (118 150 py6.), 3arpatam mo
JOTOMHUTENbHON 3apaboTHoW muiate (11 815 py6.), oT4yHClieHUsIM Ha coUUaIbHbIC
Hyxael (35221 py6.), wnHakiagaele pacxoasl (47 990py6), pacxoabl Ha
anektpodHepruro 8§ 771 pybuseit. Takum 06pa3om, Bcero OromxeT coctaBui 245 295
py0. OcHOBBIBasiCh Ha ONpEICICHWH pecypcocOeperaromieid, (QUHAHCOBOM,
OFO/DKETHOM, COIMABHOM ¥ JKOHOMHUYECKOW dS()(PEKTHBHOCTH HCCIIEIOBaHUS,
NpoBeAsl HEOOXOAMMBIN CpaBHHUTEIBHBIA aHAIM3, MOXHO CJeNaTh BBIBOJ O
IPEBOCXOJICTBE BBIMTOJIHEHHOW pa3paboTKu Haj aHamoramu. llomydeHHBIE B XO[€
UCCIICZIOBAHUS  PE3yJbTaThl, MOTYT OBITh HCHOJB30BaHbl I JaJbHEHIINX
UCCIIEZIOBAHUN CHUCTEM METAJI-BOJIOPOJ, a TAKXKE MMEET MPAKTUYECKYI0 LIEHHOCTh U

B IIOJIHOM MCpC CHOCO6CTByeT PCUICHUIO MHOTHUX q)YHIIaMGHTaHLHBIX 3ajga4.
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I'TABA 5.COIIUAJIBHASA OTBETCTBEHHOCTb

B cBsi3u ¢ pazauM4HBIMU YpE3BbIYAHHBIMU CUTYALMSIMHU, TPOUCXOIAIIMMU HA
NPEeANpUATAN, COOTBETCTBEHHO  OYEHb  BAXXHBIM  SIBISIETCS  oOecreueHue
0e3omacHOCTH pabOYMX MECT Ha NPEANPHUSATHH, U NPEIOTBPAILEHHE BO3MOXKHBIX
OIMACHBIX CUTYaLUH.

JUist  BBINOJIHEHUST MAarucTepCcKod JMccepTalMd MO TeMe OIpejesieHue
3aKOHOMEPHOCTE BIMSHHUS TapaMeTpoB Ja3epHOM CBapKUM Ha B3aUMOJECHCTBUE
BOJOpOJa C LUPKOHMEBBIM criaBoM D110 ObuIM TPOBEACHBI HMCCIEAOBATEIBCKUEC
paboThl Ha YCTaHOBKE DJIEKTPOJMTUYECKOrO0 HABOJOpaXUBaHUs, ycTaHoBKe Gas
Reaction Controller, mpu KOTOpBIX TPOBOIWINUCH pabOTBl ¢ 00OPYIOBAHUEM,
paboTaroluX MPU BBICOKMX HAMNPSXKEHUAX U AaBICHUSX. B cOOTBETCTBHE € 3TUM
JaHHas TjaBa MPEIIoJiaraeT pacCMOTpeHUEe MpaBuil Oe30macHOW paloThl MpuU
BBITNIOJIHEHUN OCHOBHBIX JTAIlOB 10 BHEAPEHUIO U aHAJIM3Y BOJOPOAA B IUPKOHUEBOM

CILJIaBC.

5.1. IlpaBoBble W  OpraHU3alMOHHbLIE  BONPOCHI  O0ecHeYeHUs

0€30MacCHOCTH

HccrnenoBatensckue pabOTHl MPOBOAMICHL Ha ycTaHoBke Gas Reaction
Controller. OcHoBHast paboTa 3akiaoyanach B HaOJIOJICHHE B PEKHME PEajbHOrO
BPEMEHH 3a IIPOIIECCOM JIecopOIMy Boaopoaa u3 oOpas3ioB ciiaBa D110, koTopas
oroOpaxkanach Ha nucriee OBM. Hcxons w3 3TOro HEoOXOAMMO paccMaTpuBaTh
SproHoMHuUYecKre TpeOoBaHMs Isi pabodYero MecTo ompearopa, pabodee MECTO
KOTOpOro CBsizaHO ¢ HaOmoaenuem jucruiess OBM.  Jlng  oGocHoBaust
APrOHOMUYECKUX TPEOOBAHUM HCIOJB3YIOTCS CIJICYIOIIUA HOPMATUBHO IMPABOBBIC
JIOKYMEHTHI:

I'OCT 12.2.032-78 Cuctrema crangaptoB Oe3zonacHoctu Tpyaa (CCBT).

PabGouee MecTo nipu BeINOJIHEHUH padboT cuist. OO1IKe 3proHOMUYECKUe TPeOOBaAHUS
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CanlluH 2.2.2/2.4.1340-03 "I'urueHunyeckue TpeOOBaHUS K NEPCOHAIBHBIM
AJIEKTPOHHO-BBIUNCIUTEIHPHBIM MaIllMHAM W OpTaHU3aluy paboThl" (C M3MEHEHUSIMHA
Ha 21 urons 2016 roaa)

I[MHJ ® 12.13.1-03 MeTtonuueckue pexoMeHaanuu. TexHuka 0e30MmacHOCTH
pu paboTe B AHATUTHUECKUX JTabopaTopusix (0OIINE TTOJIOKEHHUS )

I'OCT P HUCO 6385-2016 Opronomuka. llpumeHeHne >SproHOMHYECKHX
NIPUHIIMITOB MPU TPOSKTUPOBAHUH ITPOU3BOICTBEHHBIX CUCTEM

I'OCT P 50923-96. J[ucrmien. PabGouee wmecto omnepartopa. OoOmue
SProHOMHYECKHE TPeOOBaHUS M TpeOOBaHUS K MPOU3BOJACTBEHHOW cpeae. Meroabl
U3MEpEHUS

Cornacuo TIHJ @ 12.13.1-03 k paboTe K aHAJIUTUYECKUM JabapaTtopusiMm
JOMycKaeTcss  Julla He  Mojoxke 18  yer, mpomeAmue  MeIUIIMHCKOE
OCBHUJICTEJIBCTBOBAHUE JUISI PEIICHHs BONPOCa O BO3MOXHOCTH palbOThl B
naboparopuu. Kaxapiii cooTpyaHuk nabapaTopuu [OKeH calirojaTh IpaBuia
0€301MacHOCTH JJabapaTopHHu.

PaGoune mecra MOMKHBI OBITH CHPOEKTHPOBAHBI TaKUM 00pPa3zoM, YTOOBI
CIIOCOOCTBOBATh JOCTHKEHHUIO II€JIEH MPOU3BOJICTBEHHON CHUCTEMBI, B TOM YHUCJE
TOCTIKEHUIO OMTHMAJIbHON 001ieil paboueit Harpy3ku Ha corpyaHukoB (I'OCT P
NCO 6385-2016). Pabouast cpena mommkHa ObITh pa3paboTaHa M MOAACPIKUBATHCS
TakKuM o0pa3oM, 4YTOObBl MHUHHUMH3UPOBATH HEOJArompusaTHble (HU3HUECKUE,
XUMUYECKHE, OMOIOTUYECKUE M COIUANIbHBIC YCIIOBHS, BIHUSIONINE HA 3I0POBHE U
0e30macHOCTh JIOJIEH, a TakKe Ha MX CIOCOOHOCTh M TOTOBHOCTH BBITIOJNHSTH
CTOSIIIINE TIEPel HUMU 3a]1auu

Coraacao I'OCT P 50923-96 pabGouee MecTo ¢ AUCIDICEM JOJDKHO
o0OecreunBaTh OMEPATOPY BO3MOXKHOCTH yJOOHOTO BBIMIONHEHUS paboT B
MOJIOKEHHUH CHJIS M HE CO3/1aBaTh MEPETPY3KH KOCTHO-MBITIIEYHOW CUCTEMBI.

OCHOBHBIMH 3JIEMEHTaMH pab0O4Yero MecTa oneparopa SBISIOTCS: padoumii
cTod, paboumit cTyn (Kpeciao), AUCIUICH, KiIaBHaTypa;, BCIIOMOTATEIbHBIMU —
MIOMUTP, TOACTaBKa JJIs1 HOT. PaGounii cTyn MOKEeH OBITh MOBEMHO-TIOBOPOTHBIM

H PCryJIMpyeMbIM II0 BBICOTC KM YyIJIaM HAKJIIOHA CHUHIACHBA M CIIMHKH, a TaKXXC
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PacCTOSHMIO CIIMHKHU OT MEPEIHEro Kpas cuiaeHbsA. 1peOoBaHUsA KaXIAOMY U3 ITHX
anMeHTOB pabouero mecto pacmorpeHo B 'OCT P 50923-96 nmoapoOno. [ducmieit
Ha paboueM MecTe omeparopa JOJKEH pacrojaratbesi Tak, YTOObl M300paxKeHHE B
0001 ero yactu ObUIO pa3ivMuuMo 0e3 HEOOXOAMMOCTH MOAHATH WU ONMYCTUTH
TOJIOBY.

Hucnieil Ha paboyeM MecTe JOJIKEH ObITh YCTAaHOBJIEH HUXKE YPOBHS IJa3
oreparopa. Yroi HaOIIoIeHHs SKpaHa ONepaTopoM OTHOCUTEIBLHO FOPU30HTAIBHOM

JMHUY B3IJIs1a HE TOJKEH IpeBbImaTh 60°, Kak moka3aHo Ha pucyHke 5.1.

150

450
650

Pucynok 5.1 — Pacnionoxenue aucmies Ha CToJie

5.2. Bpeanble ¢pakTOpbI MPOEKTUPYEMOii MPOU3BOACTBEHHOM cpe/ibl

Jlns uaeHTUUKAIIANA TTOTSHIIMATBHBIX (PaKTOPOB HEOOXOUMO HCIIOJIH30BaTh
I'OCT 12.0.003-2015 «OmacHple W BpeaHbIE TPOU3BOJCTBEHHBIE (HAKTOPHI.
Kimaccudukanus». IlepedeHb OmacHBIX M BPEAHBIX (AKTOPOB, XapaKTCPHBIX IS
MPOEKTUPYEMOM MPOU3BOJICTBEHHOM CPE/Ibl MIPEICTABICHBI B BUAE TaOIUIIBI 5. 1.

Tabnuma 5.1. Bo3aMoxHbIE OnacHbIE U BpeHbIE (haKTOPHI

Otamsl paboT

: | 5| &
®akTopsl 5 e s HopmartusHbie
(T'OCT 12.0.003-2015) g g ‘éi JIOKYMEHTBI
= M
I Bpennrie TOCT 12.1.005-88.
TIPON3BOJICTBEHHBIE (DaKTOPBI, " " " CH-245-71

CBsA3aHHBIC C aHOMAJIbHBIMH
MUKPOKJIIMMATHICCKUMU
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rapamMmeTpaMH BO3TyIITHON
CpeIbl Ha MECTOHAXOXKICHUN
paboraromiero

2. Bpenusie
MIPOU3BOJICTBEHHBIE (DAaKTOPBI,
CBsI3aHHBIE C + + + CanlluH 2.2.2/2.4.1340-03
3JIEKTPOMATrHUTHBIMH TIOJIIMH
MepeMEHHOr0 Xapakrepa

3. Bpennsie
MIPOU3BOJICTBEHHBIE (DaKTOPBI, ] ] . FOCT 12.1.003-2014
CBSI3aHHBIE C aKYCTUYECKUMHU TOCT 12.4.026.-2015

KoJieOaHHUsIMH B
IIPOM3BOJICTBEHHON Cpesie

I'OCT 12.4.026-2015 Cuctema cTaHgapToB
oe3onmacuoctu Tpyna (CCBT). Ligera curHanbsHbIe,
3HaKW 0€30MaCHOCTH U pa3MeTKa CUTHaJIbHasI.
Hasznauenue u npaswia npumeHenus. OO0me
TEXHUYECKHE TPEOOBAHUS U XaPAKTCPUCTHKH.
MeTo/1bl UCTTBITAHUH.

4. Bpennsie
NPOU3BOJICTBEHHBIE (haKTOPHI, + + +
CBsI3aHHBIE CO CBETOBOM CpeIoi

5. TloBbIIIEHHOE 3HAUEHHE

HalpsHKCHUA 113<3J'ICK"[II)I/I‘ICCKVOI/I ) .\ . TOCT 12.1.038-82

LCTIH, 3aMbl %HI/IC OTOpOU TOCT 12.1.030-81

MOXKCECT IMPOU30UTH YEPE3 TEIIO
YCJIOBCKaA

6. TToxapoB3pBIBOONIACHOCTb. ) ) + HITE 105-03

B mpomecce HaydHO HCCIEAOBATCIIBCKUX pPabOT BO3MOYKHA BO3JICHTCHBE
CJICIYIOIINX BPEIHBIX MPOU3BOJACTBEHHBIX (PAaKTOPOB:

—  BpeAHBbIC IPOU3BOJCTBCHHBIC (DAKTOPHI, CBSA3aHHBIC C AHOMAJIBHBIMH
MUKPOKJIIMMATHYCCKUMH TlapaMeTpaMy BO3AYIIHOW CpeAbl Ha MECTOHAXOXKJICHHUH
paboTaroero

—  BpEIHbBIC IIPOU3BOJICTBCHHBIC (bakTopHI, CBSI3aHHBIE c
3JICKTPOMArHUTHBIMH IOJIIMHU ITIEPMEHHOT'O XapaKTepa

—  BpEIHBIC MPOM3BOJCTBEHHBIC (PAKTOPHI, CBS3aHHBIC C AKYCTHYCCKUMH
KOJICOaHUSIMH B IMPOU3BOACTBECHHOM cpelie

—  BpEIHBIC TPOM3BOJCTBEHHBIC (DAKTOPHI, CBSA3aHHBIE CO CBETOBOM

cpenon
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5.2.1. Bpeanbie mnpousBoacTBeHHbIC (aKTOpPbl, CBA3aHHBIE C
AHOMAJIbHBIMH MHUKPOK/JIMMATHYECKHUMH NapaMeTpaMH BO3IYLIHOH cpeabl Ha

MECTOHAXO0KIACHHUH paﬁoTammero

OCHOBHBIMU dakTopamu, XapaKTepU3yIOIIUMU MUKPOKJIMMAT
MIPOU3BOJICTBEHHON CpeJIbl, SBIISIIOTCA: TEMIIeparypa, MOJBMKHOCTh U BIAXKHOCTH
Bo3/yxa. OTKIIOHEHUS JTaHHBIX TTapaMETPOB OT HOPMBI OKa3bIBACT BPEAHOE BIIHMSHUE
Ha YeJIOBEKa, MPU 3TOM OOBIYHO BO3HUKAIOT YXYAIICHHUE CAMOYYBCTBHUSI paOOTHUKA,
cHIKeHue d(PEeKTUBHOCTU PabOTHl M pa3iauvHbie 3abojeBaHus. HebGnaronpusrHbie
YCJIOBHSI MOT'YT BBI3BIBATh MEPEHANPSIKEHUE MEXaHU3Ma TEPMOPETYJISIINHU, YTO BEJET
K MeperpeBy WK MEPEeoXIakKACHUIO OpraHu3Ma.

Bricokas Temmeparypa TpPUBOAUT K OBICTPOM YTOMJISIEMOCTH pPaOOTHHKA,
MOKET MPHUBECTU K TIEPETPEBYy OpraHu3Ma, TEIJIOBOMY yaapy. A HU3Kas TeMmIiepatypa
MOXXET BBI3BaTh MECTHOE WJIM OOIlNee OXJKICHHUE OpraHu3Ma, M TPUBECTH K
npocTyaHOMY 3a0ojeBaHuI0 JUO0 oOMoOpokeHHt0. CHucrema OTOIUICHMs JOJKHA
obecrieunBaTh JOCTATOYHOE, MOCTOSHHOE M PaBHOMEPHOE HarpeBaHue Bo3ayxa. B
MOMEIIEHUAX C TIOBBINICHHBIMU TPEOOBAaHUSAMH K YHCTOTE BO31yXa JOJDKHO
HCII0JIb30BaThCS BOASIHOE OTOIJICHUE.

Bricokas oTHOCUTEIbHAs BIAKHOCTH IPH BBICOKOW TeMIlepaType BO3ayXa
CIOCOOCTBYET MEPETrPEBAHUIO0 OPTaHU3Ma, NMPU HU3KOU TeMIIEpaType YBEIHMYHBACTCS
TEIUIOOTJauya C TOBEPXHOCTU KOXHW. Hu3Kas BIa)KHOCTH BBI3bIBAET HEMPUSITHBHIC
OIIYIICHUS B BUIE CYXOCTH CIHM3UCTBIX OO0OJIOYEK JBIXaTCIbHBIX ITyTEH
paboTatoiero.

B mabGopatopum OCYIIECTBISETCS €CTECTBEHHAs BEHTWIANMI. Bo3myx
MOCTYIAET M yJaseTcsl 4epe3 Ieiau, okHa, aABepu. OCHOBHOM HEJOCTATOK TaKOMU
BEHTWISILIMM B TOM, YTO TIPUTOYHBIA BO3AYyX IIOCTYNMAaeT B IIOMEIIeHHE O€3
MpeIBapUTEIbHON OYNCTKU U HAarPEBaHMUSI.

[Ipy HOpPMHUPOBAHUK METEOPOJOTHUYECKUX YCIOBUM B IPOU3BOACTBEHHBIX
MOMEIICHUSX YUYUTHIBAIOT BpeMs rojaa, GU3NUECKYIO TSHKECTh BBIMOJHAEMBIX padoT, a

TaKKe KOJIMYECTBO HM30BITOYHOIO TeEmjaa B IIOMCIIICHUU. OnTtuMmanbHble U
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JOMYCTUMBIE METEOPOJIOTUYECKUE YCIOBHSI TeMIEpaTypbl M BIAKHOCTH BOXJyXa
yctaHaBiuBatores corsacHo ['OCT 12.1.005-88.

Jlns mojep kaHusi HOpMaJIbHBIX MTapaMeTPOB MUKPOKIUMaTa B paboueit 30He
MPUMEHSIIOTCS ~ CIEAYIONIME MEPONPUSITUSA: YCTPOUCTBO CHUCTEM BEHTUJISIINH,
KOHJIUIIMOHUPOBAHUE BO3JlyXa M OTOIJICHHE. BEHTWISLIUU U KOHIAUIIMOHHUPOBAHUS
BO3/lyXa, OTOIUICHHE TMOMEIIeHU. BeHTWIsaus MOXET  OCYIIEeCTBISATHCS
€CTECTBEHHBIM M MeXaHWu4ecKuM mnytéMm. OOmmi o0beM MNpUTOKA BO3JayXa B
MOMEIIEHUH JIOJDKEH COOTBETCTBOBATH 00BHEMY BBITSIKKH.

Cornacao CH-245-71 o0beM npou3BOACTBEHHBIX MOMEIIEHUN TOKEH OBIThH
TaKUM, YTOOBI Ha OJHOTO PabOTaIOUIEro MPUXOIUIOCH HE MeHee 15 M3 CBOOOHOTO

IPOCTPAHCTBA ¥ HE MEHEE 6 M? TUIOMIA/IH.

5.2.2. Bpeanbie mnpou3BoACTBeHHbIEe (AKTOPBI, CBSA3aHHbIE C

AJICKTPOMAIrHUTHBIMH ITOJAMHA IIEPMEHHOI'0 XapaKTepa

B mporecce HayyHO-HCCE0OBaTENIbCKUX paboT, Hanbosiee WHTEHCUBHBIM U
JUIMTETFHBIM ~ UCTOYHUKOM  DJIEKTPOMAarHUTHOTO MOJs  ObUT  MEepCOHAIBHBIN
KOMITIbIOTEP. BO3AEUTCHUBUE HIEKTPOMATHUTHBIX IIOJIEM HAa OpPraHu3M YeEJIOBEKA B
TEYEHUU [JIUTEIBHOIO BPEMEHU OKA3bIBAET HETATHBHOE BIUSHUS Ha CEPAOYHO-
COCYJIUCTYIO M HEpPBHYIO cucteMy. MIMeeT MecTO HEraTMBHOE BJIIMHUSL HA 3PEHUS,
KOTHUTHUBHBIE  CHOCOOHOCTM  4YeloBeKa. be3omacHble  ypOBHH  M3JIyYEHHIl
pernamentupytotcss Hopmamu CanlluH 2.2.2/2.4.1340-03 u mpencraBieHsl B TabII.
5.2.

Tabnmuna 5.2. Bpemennsie nonyctumbie ypoBHU (BJIY) smekTpomMarHUTHBIX moJiei

(BMII), cozmaBaeMbix IIDBM Ha pabounx MecTax

HanMmeHoBaHme mapamMeTpoB BAY OMII
HanpspkenHOCTR ANEKTPUYECKOrO | B muamazoHe yactot 5 ['m — 2xI' 25 B/m
oJIst B nuamnaszone yactor 2k 11 — 400k g 2,5B/™m
I110THOCTE MArHUTHOTO ITOTOKA B Auara3oHe yactoT 5 I'm — 2 k['1g 250 uTn

B auara3oHe 9actoT 2k[ 11 — 400kt 25 1T
HanpskeHHOCTB 3IEKTPOCTaTHYECKOrO MO 15 xB/m
DneKTpocTaTHIeCKUi MOTEHIINAN YKPaHa BUICOMOHUATOPA 500 B
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J7is TOro, YTOOBI CHU3UTH BPEAHOE BIHMSHHUE AJIEKTPOMATrHUTHOTO M3ITYUCHHUS
npu padore c [IK HeoOxoaumo coOmogaTh ciaeAyromue oOlue THMTUEHUYECKUe
TpeOOBaHUA:

1. HeobOxogumo 00s3aTenbHO JIeNlaTh TEPEPHIBBI  TOCJIE€ 2  YacoB
HENPepBIBHON paboThl Ha KoMmmbioTepe. Bo Bpemsi mepepriBa HEOOXOAMMO JeNaTh
npocTeimme pu3ndecKrue ynpaxHeHUs I Tela U OpraHOB 3peHUsI.

2. Heob6xomumo uepenosath Tun padotsl Ha T1K.

3. EcrtecTBeHHOE OCBENIEHHE NOJDKHO TanaTh cjieBa. PaccTosHUE MEXIy
IBYMsI MOHUTOpaMH He MeHee 1,2 M. DKpaH MOHUTOpA JIOJDKEH HaXOIUTHCS OT Tia3

M0JIb30BaTENsl Ha ONTUMANIBHOM pacctosHuu 60 — 70 cm, HO He Ommke 50 cMm.

5.2.3. Bpeanbie mnpousBoAcTBeHHbIe (aKTOpPbI, CBS3aHHbIE C

AKyCTHYeCKMMH KOJ1e0aHUSAMH B POU3BOJACTBEHHOM cpee

BozneiicTBre nrymMa B MepBYIO O4epe/b BIMUSIET HA OpPraHbl Cyxa, HEPBHYIO U
ceplieyHo cocyauctyro cucremy. lllymoBoe 3arpsizHeHue cpeabl Ha pabodem mecte
HEOJIaronmpuATHO  BO3JCHCTBYET Ha  pabOTalOIMIUX: CHUXKACTCS  BHUMAHUE,
YBEJIMUMBACTCS PacXoJl DOSHEPrMM TPU OJUHAKOBOM (U3MYECKON Harpyske,
3aMemJIIeTCd CKOpPOCTh ICHUXWYECKUX peakiuid u T.N. B pesynbrare cHUXKaeTCs
IPOU3BOIUTEIHLHOCTH TPY/IA U KAYE€CTBO BBITIOTHIEMON pabOThI

B cootrBerctBun ¢ I'OCT 12.1.003-83 pomycTUMblid ypOBEHBb ILIyMa MpHU
COCpPEIOTOYCHHOW YMCTBEHHOH paboTe cocrtaBisieT 75 ab. 30HBI ¢ ypOBHEM 3BYyKa
WIM DOKBUBAJICHTHHIM ypoBHeM 3Byka Bbimie 80 nb o0o3HaueHs 3HaKamMu
6e3onacHoctu o 'OCT 12.4.026-2015

MeTtonp! U Cpe/icTBa KOJUIEKTUBHOM 3aIIUThHI BKIIOYAIOT B CEO0S:

—  H3MEHEHHE HalpaBJICHHOCTHU U3IIYyUYEHUS 1IyMa;

—  palMOHAJbHYIO IUIAHUPOBKY MPEANPUATHH U MOPOU3BOACTBEHHBIX
MOMEIICHH;

—  aKyCTHYECKYI0 00pabOTKy MOMEIICHUH;
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—  IPUMEHEHUE 3BYKOU3OJALUU.

B xadecTtBe Marepuasia MOXHO HCIOJIB30BaThb MUHEPAIBHYIO Barty,
TMIICOKApPTOH, CTEKJIOBATy, 0a3albTOBYIO BaTy, IPEBECHOE BOJIOKHO, BCICHEHHBIN
IIOJIUATUIIEH U JIP.

[IpumeHeHue cpeacTB MWHAMBUAYAJIBHOM 3alllUThl OT IIymMa Haubonee
3¢ dexTuBHO B 007acTH BBICOKUX 4YacToT. CpeacTBa WHIAMBUAYAJTbHOM 3alllUTh
BKJIIOUAIOT B c€0sl MPOTHBOILIYMHBIE BKJIAABIIIM (OEpyIIN), HAYIIHUKH, HIJIEMBI U

KaCKH, ClICHaJIbHBIC KOCTIHOMBEI.

5.2.4. Bpeanbie npousBoacTBeHHbIe (AKTOPbI, CBA3aHHBIE CO

CBETOBOM CpeaoH

[IpaBuIbHO CHPOEKTUPOBAHHOE W PALMOHAIBHO BBIOJHEHHOE OCBEIICHUE
MPOM3BOJCTBEHHBIX TOMENIEHUN OKa3bIBA€T TOJOXKUTEIBHOE BO3JCHCTBUE Ha
paboTaroNUX, CIOCOOCTBYET MOBBLIMICHUIO 3P(HEKTUBHOCTH U OE30MACHOCTH TPYHa,
CHI)KAaeT YTOMJICHHE M TpaBMAaTHU3M, COXPAHSIET BBICOKYIO PabOTOCTIOCOOHOCTE.
OcHOBHOM 3ajadyeil JaHHOW YacTH SBJSETCS OMNpelelieHHe TPeOyeMOW MOIIHOCTH
3JIEKTPUYECKON OCBETUTEIBHOM YCTAHOBKH JJI CO3/IaHUS 3aJaHHOM OCBEIICHHOCTH.
JImg mpOU3BOJCTBEHHBIX ITOMEUICHUM BCEX HA3HAYCHUW IPUMEHSIIOTCS CHUCTEMBI
o01rero (paBHOMEPHOT'O WUIH JIOKAJIM30BAHHOT'O) OCBEIICHUS W KOMOMHHPOBAHHOTO
(o611eTO M MECTHOTO) OCBEIICHHUS.

Jmuna nomeniennss A=6000 MM, mupuna B=4200 mm.

Breibupaem nammny gHeBHOro cBeta JIXbB, cBeTOBO#l MOTOK KOTOpOW paBeH
OJIA = 3100 JIm mpu momaocTH 40 Br.

BriOupaeM CBETHWIIBHUKH C JIOMHHECHCHTHBIMH Jlammamu tuma OJ]-2-40.
OTOT CBETWJILHUK UMEET JIBE JIaMITbl MOIIHOCTHIO 40 BT kaxmast, JiIMHa CBETHIbHUKA
paBHa 1230 MM, muprHa — 266 MM.

HNHTErpaibHBIM KPUTEPUEM ONTHUMAIBHOCTH PACIIONIOKEHUS CBETUILHHKOB
SIBJISICTCSl BEIMUMHA A, KOTOpas ISl JIOMHUHECIEHTHBIX CBETUJIBHUKOB C 3aIIUTHOU

peméTkoi aexuT B Auamna3oune 1,1-1,3. Ilpuaumaem 1=1,1.
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Bricota nomemenus: H = 3600 mMm.
Paccrosinue cBeTUIBHUKOB OT NepekpbITus: he = 400 mm.
BricoTa cBeTHIIBHHMKA HaJ MOJIOM, BBICOTA MOJBECA:
h, = H — hc = 3600 — 400 = 3200 mM
BricoTa paboueli moBepXHOCTH HajA MOJAOM: hpy = 1000 MM.
PacueTHas BbICcOTa, BHICOTA CBETUJIBHUKA HaJ pabouell MOBEPXHOCTHIO:
h = hy — h,; = 3200 — 1000 = 2200 mm
Jist nByxJIaMnoBbIX CBETHJIBHMKOB OJl mpu OAMHOYHOW YCTAaHOBKE WJIU
NPUHENPEPBIBHBIX  PSIIaXx W3 OJWHOYHBIX CBETWJIHBHHUKOB B COOTBETCTBHH C
TpeOOBaHMSAMHM HAMMEHBIIas JAOMYCTUMAasi BBHICOTA MOJBECA HAJl MOJOM COCTaBISET

3,5 m. Paccunrannas BennuuHa h = 2200 MM He COOTBETCTBYET TPEOOBAHUSIM.

1044,

1230

348

650 266 1950

-]
Pucynok 5.2 — Cxema pa3MmenieHns: CBETUILHUKOB B TTIOMEILICHUHN
OntumanbHOE pacCTOSTHUE MEXK]y CBETUIIbHUKAMU L JI0JKHO COCTaBIIATh:

L=21-h=11%2,2=2,24
Paccrosnmne OT KpaHUX CBETUJIBHMKOB IO CTEHBI SIBISETCS ONTHMAJIBHBIM,

TaK KaK pCKOMCHAYCMAaA BCINYMHA PaBHA

L 242
=—=08m

3 3

Pacuer o611ero paBHOMEPHOTO UCKYCCTBEHHOTO OCBELIEHUS TOPU30HTAIBHOM

paboueil MOBEPXHOCTHU BBITOJIHSAETCS METOAOM KO3 (PUIIMEHTa CBETOBOTO MOTOKA:
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_Ey-S'K,-Z
=~

I'me mopmupyemass munumanbHasi ocBemeHHoCTh (Mo CHull 23-05-95): En
=300 JIk (pa3psia 3puTenabHON paboThl V: MaJlo TOYHOCTH);
I[TnoImaab OCBEMAEMOr0 OCBeIIeH s S = 25,2 M?;
KoaddunmenT 3anaca, yyuThIBAIOIINMN 3arpss3HEHUE CBETHJIBHUKA, HAJTUYHE B
atmocdepe npima, euin: K,=1,8 (momerienre ¢ MaJibiM BbIJICJICHUEM MBI );
_Ey-S-K;-Z
a CDJI;L "N

PacdyeTr MCKYyCCTBEHHOTO OCBEIIEHUS MOKa3al, 4TO HYXHO 12 mamn nmd

ocBeleHus, T.€. 6 ceeTuabHUKOB OJ1-2-40.
[ToTpeOHBIM CBETOBOM MOTOK T'PYIIBI JIIOMUHECIICHTHBIX JIaMII CBETHJIbHUKA

omnpezensercs no Gopmyre:

_Ey-S-K,-Z 300-18-25-1,1

D, N7 04212 = 3005,4 mn
I[enaeM HpOBepKy BBITTIOJIHCHU A YCJ'IOBI/IH:
109 < 2m =P _oog
>,
Oy =Py o, 310030054
>, 3100

Taxum obpazom: —10 % < 3,05 %<20 %, HEOOXOAUMBIH CBETOBOH ITOTOK
CBETHJIBHHKA HE BBIXOJUT 3a MpeJeibl TpeOyeMoro Juarna3oHa.

Jlns  TIaHUpOBAaHUS —PACIONIOKEHUS] CBETHJIBHUKOB HY)KHO PAacCUHTATh
PacCTOSIHHE MEXJIY CBETHJIBHHKAMH M PACCTOSHHE OT CBETWJIBHHKAa 10 Kpas
nmoMmenieHus. PaccTossHue MeXay CBETHJIIBHHMKAMH 110 JUIMHE IoMemeHus La

ompenenseTcs mo Gopmyle:
2L,
2L, + 3 - 2.66 +T = 6000 MM

[Tonyyeno L,=1950,75mMm, u L./3=650,25MMm. BuaHo, uto 3HaueHue L,
MEHBIIIE ONTUMAJIBHOTO PACCTOSHHUS MEXAY CBEeTWIbHHKAMH L. AHaJIOTHYHO

paccTosiHuEe MEXAY CBETWIBHHKaMM 0O ImupuHe nomemenns Lp=1044mMm, u
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Lp/3=348mm. Pe3ynbTaT MmiuaHUpOBaHMS PACIOIOKEHUE CBETHJIILHUOKB IMOKa3aH Ha

pucyHKke 5.2.

5.2. BbisaBjeHHe ONACHBIX ¢pakropos NMPOEKTUPYEM Ol

NPOU3BOJACTBEHHOM Cpelbl

CymeCTByeT JABa OIIaCHBIX (baKTopa, KOTOp]’::IfI HMCIOT MCCTa IIPpU ITPOBCACHUC
HNCCIICO0BATCIIBCKNX pa60T. 910!

— OIIACHBIC TTPONU3BOJCTBCHHBIC q)aKTOpBI, CBA3dHHBIC C 3JICKTPHUYCCKUM
TOKOM, BbI3bIBACMbIM paSHI/II_Ief/'I IJICKTPUYICCKHUX ITOTCHI[NAJIOB;

— IMOXKapPOB3PBIBOOIIACHOCTD.

5.2.1. IoBbIIEHHOE 3HAYCHUE HANPSKEHUS B YJIEKTPHYECKOM Lenu,

3aMbIKaHHE KOTOPOI MOKET MPOU30MTH Yepe3 TeJI0 YeJ0BeKa

Bo3peiicTBue 3JIEKTPUYECKOTO HANpPSKEHUST HA 4YEJIOBEKAa CBA3AHO C
IPOTEKAaHUEM uYepe3 HEro Toka. J[efCTBHE 3JIEKTPUYECKOTO TOKA HA YEJIOBEKA HOCUT
CJIOKHBIN M pa3zHooOpa3HbIi XapakTep. [Ipy 3aMbIKaHUN AIEKTPUUSCKON LIETIH Yepes
OpraHvW3M  4YEJOBEKa TOK  OKa3blBA€T  TEPMHUYECKOE,  DJIEKTPOIUTHUYECKOE,
OMOJIOTUYECKOE M MEXaHUUECKOE BO3/IEHCTBHE.

OCHOBHBIMH PUYMHAMU BO3/ICUCTBUSA TOKA HA YEJIOBEKA SIBISIOTCS:

—  CcllydailHO€ MPUKOCHOBEHHE WM MPUOJMKEHHE HAa OMACHOE PAaCCTOSHHE
K TOKOBEIYILIHUM YaCTSM;

—  TOSABJICHUE HAMpPSHKEHHS] HA METAINIMYECKUX YacTsX OOOpYIOBaHUS B
PE3yNbTATE MOBPEKACHUS U3OJISIINH HIIM OMIMOOYHBIX ICHCTBHI TIEpCOHANA;

—  IIaroBO€ HAIPSKEHUE HA MOBEPXHOCTH 3€MJIM B PE3YJIbTATE 3aMBIKAHUS
MMPOBOJA HA 3€MIIIO;

—  TOSIBJICHUE HANpPSDKEHUS Ha OTKIKYEHHBIX TOKOBEIYIIMX YACTAX, HA

KOTOPBIX pa60Ta10T JJIOOH, BCIICACTBUC OITMOOYHOTO BKIFOUCHUS YCTAHOBKH;,
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—  0CBOOOXKJIEHHE JPYroro 4eJoBeKa, HaXOAAIIErocs Mo HalpsKeHUEM;

—  BO3JeHCTBHE aTMOC(HEPHOTrO 3JIEKTPUUYECTBA, IPO30BBIX Pa3psa0B.

Cornacno I'OCT 12.1.038-82 mpenenbHO AOMYCTHUMbBIE YPOBHH HANPSIKEHUS
MIPUKOCHOBEHUSI U TOKOB, BO3JICMCTBUIO KOTOPHIX YEIOBEK MOXKET MOJBEPraTthCs B
nporiecce paboOThl € AIEKTPOOOOPYJOBAHHEM, COCTABISAIOT [ YCTAaHOBOK B
HOPMATUBHOM peXuMe: JJIsi TOCTOSIHHOTO Toka — He Oonee 0,8 B u 1IMA
COOTBETCTBEHHO, /I TiepeMeHHoro Toka (uacrota 50 I'my) - ve 6omee 2,0 B u 0,3 MA
COOTBETCTBEHHO. Y CTaHOBKHU paboTaroIue HanpspKeHus Boilie 42 B 10MKHBI UMETH
3azemiieHus. HeoOX0IMMO UMETh BO3MOKHOCTh OBICTPO OTKJIIOYUTH O00PYAOBaHUS B
JcydJas monajaanus yenoBeka o Hanpspkenus (TOCT 12.1.030-81).

DNEeKTPOYCTAaHOBKH KJIACCU(MUIIMPYIOT TO HANPSKEHUIO: C HOMHUHAJIBHBIM
HarnpspkenueMm a0 1000 B (momenienue 6e3 moBbIieHHON onacHOocTH), 10 1000 B ¢
NPUCYTCTBUEM arpecCUBHOM cpeabl (IMMOMEIICHHE C TOBBIINICHHOW OMACHOCTHIO) U
ceeimie 1000 B (ocob6o omacHoe momemnieHue). JlaGopatopuss OTHOCHUTCS K
MOMEIIEHUSIM O€3 TMOBBIIICHHON OMAaCHOCTH MOPAKEHUS IIEKTPUUYECKUM TOKOM, B
KOTOPBIX OTCYTCTBYIOT YCIIOBHUS, CO3/IAIOIINE MOBBIIICHHYIO I 0COOYIO OTaCHOCTb.
Jlist mpenoTBpalieHuss TOpPaXEHUs DIEKTPUYECKUM TOKOM CIIEyeT TPOBOIUTH
CJIEIYIOIINE MEPOTIPUSTHS :

—  comepkaTh 00OopymoBaHHME B  pabOTOCIIOCOOHOM  COCTOSHHHM U
AKCILTYaTUPOBATH €r0 B COOTBETCTBUU C HOPMAaTUBHO-TEXHUYECKUMHU JJOKYMEHTAMH;

—  CBOEBPEMEHHO MPOBOJUTH TEXHUYECKOE O0CITyKUBAHUE;

—  coOmoaTh TEXHUKY 0€30MacCHOCTH MpH padboTe ¢ 000pyI0BaHUEM;

—  TPOBOAUTH MHCTPYKTAXK sl paOOTHUKOB

B mnomenieHnn NpUMEHSIOTCS CIEAYIOIIME MEPBI 3alIUTHl OT MOPaXKEHUS
ANEKTPUUYECKUM TOKOM: HEIOCTYIMHOCTh TOKOBEAYIIMX YacTed Il CIy4alHOro
MPUKOCHOBEHUSI, BCE TOKOBEAYIIME YAacTH M30JUPOBAHbl U  OTPaXICHBI.
HenocTynmHOCTh TOKOBENYIIMX YacTel JOCTUTaeTcsl MyTeM HX HAJEKHOU W3OJSLNH,
MPUMEHEHUS 3aIIUTHBIX OTPAXIACHUN, PACIIONIOKEHUSI TOKOBEAYIIMX 4YacTed Ha

HEJIOCTYIIHOM BBICOTE.
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NuauBuayalibHble 3alIUTHBIE CPEICTBA OT HAINPSKEHUS MOJAPA3IACISIIOTCS Ha
OCHOBHBIE U JIOTOJIHUTENbHbIE. K OCHOBHBIM 3aIIUTHBIM U30JIMPYIOIIUM CPEICTBAM B
yctaHoBke 10 1000 B oTHOCATCS M30MMpYIONIME IITAHTH, KICIIM W30JUPYIOIIUE U
AIEKTPOM3MEPUTETbHBIE yKa3aTeld HaNpsHKeHUs, JUDJIEKTPUYECKUE TMepyaTKH,
CIIECAPHO-MOHTAXKHBII ~ MHCTPYMEHT €  M30JUPYIOIIMMH  pykosTkamu. K
JOTIOHUTENIbHBIM  M30JUPYIOIIMM 3alUTHBIM CPEACTBAM OTHOCATCS CpPEJICTBA,
KOTOpBIE JOMOJHSIIOT OCHOBHBIE CPEJICTBA 3AILUTHI, & TAKXKE MOTYT CIYXHUTh IS
3allUTBl  OT  HANpsDKEHHs]  MPUKOCHOBEHUS M IIaroBOro  HampsKEHUs.
JIOMOJMHUTENBHBIMUA 3alIUTHBIMU CcpeacTBaMu B ycraHoBkax a0 1000 B cmyxat

AUDBJICKTPHUYCCKHUC TAJIOIH, TUIJICKTPUICCKUEC KOBPUKH, U30JIMPYIOIINUC ITOJCTABKU.

5.2.2. IHoxapoB3pbIBOONIACHOCTH

Cornacio HIIb 105-03 mo B3pBIBONOXKAPHOM H TOXKAPHOM OMACHOCTH
noMelleHus nojapas3aensatorca Ha kateropun A, b, Bl - B4, I' u /I

[IpyunHbl BO3HUKHOBEHHMS MOKapa AJIEKTPUUYECKOrO XapakTepa: KOPOTKOE
3aMbIKaHHUE, MEPErpy3Kd IO TOKY, CTATUYECKOE »JJIEKTpUuecTBO WU T. 1. i
YCTPAHEHUsI TPUYMH BO3HUKHOBEHUS M JIOKAJIM3alMM MOKAapOB B IOMEIICHHUU
1ab0opaToOpUu AOHKHBI TPOBOIUTHCA CIEAYIOIINE MEPOTIPUSTHS :

—  UCHOJIb30BaHHE TOJIBKO UCIPABHOTO 00OPYIOBAHMUS;

—  TOPOBEACHHE  MEPUOJAMYECKUX  HMHCTPYKTAKEH N[O  MOXKAPHOU
0e301acHOCTH;

—  OTKJIIOYEHHE DJIEKTPOOOOPYIOBAHUS, OCBEIICHHS M DIEKTPOMUTAHHS
MIPH TIPEANOIAraéMOM OTCYTCTBUU OOCITY)KMBAIOIIETO MEPCOHANIA WIIA TI0 OKOHYAHUU
paoor;

—  couepkaHWe MyTeW W TPOXOJOB JJIS dBaKyallud JIFOJIEH B CBOOOTHOM
COCTOSIHUH.

Ornerymurenu Bogo-neHHbie (OXBII-10) ucnonp3yroT ajs TyIIEHUs] 04aroB

noxkapa 0e3 HaJIMuus SJEKTPO’HEpruu. YriekuciotHoele (OY-2) v MOpomKoBbIE
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OTrHCTYIIHUTCIIN MPCAHA3HAYCHBI JJIsI TYIICHHA 3JICKTPOYCTAHOBOK, HAXOAAIMIUXCA 11O

Hanpsbkernem a0 1000 B.

B O6I_H€CTB€HHBIX 3AaHUAX MW COOPYKCHUAX Ha KaXKIAOM 3OTaXKC TOJIZKHO

pasMemiaTbCa HE MCHEC JIBYX IICPCHOCHLBIX OI‘HCTyIHPITCJIGﬁ. OFHGTYH_II/ITGJII/I ciaenyer

pacnojaratb Ha BUAHBIX MECTax BOJIM3H OT BBIXOJ0B H3 HOMCHIGHI/Iﬁ Ha BBICOTC HC

6onee 1,35 m. Pa3MelnieHue NepBUYHBIX CPEICTB IMOXKAPOTYLIEHUS B KOPHUIIOpPAX,

nepexoaax HE DOJDKHO MPCIITCTBOBATDH Oe3omacHoOM 9BaKyaluun J'IIOI[Cﬁ.

I Ha
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™

H3 03

|

YcnosHblie o603HauYeHun

MyTn 3sakyaumm
Kopmnaop
NMomewerne
JlectHnua

Bbi HaxoguTech 34ech

[

.

02 o1

=

Boixon

HMMCHHO, HaJIM4YHC

Mnax 3Bakyaumm m3 nabopartopumn
Pucynok 5.3 — Ilytu sBakyanuu
3/aHue JODKHO COOTBETCTBOBATH TPEOOBAHMS TMOXKAPHOM O€30macHOCTH, a

OXPaHHO-TIOKapHOU

CUT'HaJIM3alluu, I1IJIaHa

3BaKyaluH,

MOPOIIKOBBIX WM YIJIEKUCIOTHBIX OTHETYIIUTEIEH C IIOBEPEHHBIM KIECHMOM,

TaOJIMYEK C yKa3aHWEM HaIpaBiIeHUs K 3amacHoOMy (dBaKyallUOHHOMY) BBIXONIY

(pucyHoOK 5.3).

5.3. Opranu3zanuoHHbIEe MEPONPUATHS o0ecriedeHus1 0e30MaCHOCTH

IloaroroBka

CHECIOEHKIbI,

pabouero

cToOja,

WHCTPYMEHTOB,

HpHCHOCO6HCHHI>'I ABIACTCA  IICPBBIM HGO6XOI[I/IMI>IMI/I B€IIaMH, KOTOPBIC HYKHO

CAcCIaTb AJId oOecrneueHust 0€301aCHOCTH.

[IpoBepka

o0oOpyZ0BaHUs  Ha

HUCIIPAaBHOCTD, OTCYTCTBHUA

BHCIITHHUX

MOBPEXKACHUN SIBIIAETCS HEOOXOAUMBIMU MeponpusituamMu. TpeOyeTcss mpoBEpUTH
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UCIIPABHOCTHh KOHTPOJIBHBIX H3MEPHUTEIBHBIX, CHTHABHBIX MPUOOPOB, KOMITBIOTEPOB,
TymOnepoB, mepekiodateneii. [lpuctymate k paboTe B cilydae HEUCIPABHOCTH
JT1000T0 HMCTONB3YEeMOTr0 00OpYyIOBaHUS, WMCTECUYEHHWH CpOKa TOJHOCTH OajuioHa u
CpOKa MPOBEPKU €T0 MaHOMETpPa KaTeTOPUUYECKUH 3amperaercs. 3anpeniaeTcs TakKe
MPUCTYINAaTh K pabOTe, €CIM YEeIOBEK HE TPOIIST MPOBEPKY Ha 3HAHUS IPaBHIIA
0€30MacHOCTU TPYaa.

[Tomenienrne mepen padOTON TOJDKHO OBITH YHCTHIM, CBOOOJHOM OT TIBLIH,
napoB, KHCIIOT W IIEJIIOYEH, arpeCCHBHBIX Ta30B M JPYTHX BPEAHBIX MPUMECCH,
BBI3BIBAIONINI KOPPO3Hi0. HemomycTuMOo HaJIMuue OTKPBITOTO OTHS OKOJIO TIprbopa.

[Tocne okoHYaHus pabOTHI C YCTAHOBKOW HEOOXOIUMO:

—  yOemuThCs, YTO BCE KIIallaHbl KOHTPOJUIEPa 3aKPhITHI;

—  BBIMTH M3 IPOTPAMMBbI, OTKJIFOYUTH MUTAHKE KOMIIBIOTEPA;

— OTKIIFTOUHUTH YCTAHOBKY M HACOC OT JJICKTPOCCTH

5.4. Drkogornueckas 0e30MaCHOCTDH

Dkosioruyekasi O€30MacHOCTh B JIAHHOM Cjydae TMpEeJCTaBISIET COOOM
CITOCOOHOCTh OTXOJIOB HCCJIEOBAaHUS HE OKa3bIBATh OTPHIIATECIBLHOTO BO3JICHCTBUS
Ha OKpYXaloIIyl0 Cpeay 3a MnpeaeiaaMu JONYyCTUMbIX 3HaueHuil. B  manHOM
UCCIICIOBAaHUU OTXOJaMM SIBIIACTCS METa/UIMYECKass CTpyXKa IIOJydyeHHas B
mporecce NUMGPOBKH 00pas3oB IMPKOHHEBOTO civiaBa 110, ucmonb30BaHHBIC
HaXJIa4HbIe Oymar.

Jlns mepexona kK 0€30TXOMHBIM MPOU3BOACTBAM B JIAOOpaTOpUHU HEOOXOIUMO
1M03a00TUTHCSI O pa3AeibHBIX KOHTEMHEpax sl OTXOJ0B OBITOBOTO XapakTepa:
OTJICJIbHBIE MYCOpHBIC OaKku It OymMaru, CTeKiIa, METAINTMISCKUX YacTeH, MIaCTHKA,
pe3unbl U T. 1. Heo0X0oauMo 3aKII0UnTh TOTOBOP C KOMIAHMEH, BBIBO3SIIECH MycCop,
9T00BI OHa  OOeclleYyMBaJia  JIOCTAaBKy  pa3JCICHHBIX  OTXOAOB  (upMawm,

3aHUMAIOIINMCS ITepepadOTKON OTXO0B.

5.5. 3amuTa B Ype3BBIYANHBIX CHTYAUSX
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Upesspuaiinas cutyauus (HC) — oOcTaHOBKA Ha ONpPEAEIIEHHON TEPPUTOPUH,
CIIOKUBLIASICA B pE3yJbTaTe aBapuH, ONACHOIO MPUPOIHOrO SBJICHUSA, KaTacTpo(sbl,
CTUXUUHOTO WJIM UHOTO O€JCTBUSA, KOTOPhIE MOTYT MOBJIEYb MJIM MOBJIEKIN 32 COOOH
YeJIOBEYECKHUE >KEPTBbI, yIIEpO 3/I0pOBbIO JIOJAEH WM OKpY)KaIoIe NpUpOAHON
cpelne, 3HAUYUTENIbHbIE  MaTepualbHble TNOTEPU M  HApPYLIEHUE  YCJIOBHUH
KU3HeeATeIbHOCTH Jtojed. EcTh 1Ba Bua upe3BbIYaliHBIX CUTYALIMH:

—  TEeXHOTCHHas;

—  NpUpOJHAs.

K texnorennpiMm UYC OTHOCHTBCS MOXHO OTHECTH TIOXapbl, B3PHIBHI,
JUBEPCUU, BBIOPOCHI SJIOBUTHIX BEIIECTB, IMOXaphl, B3pbIBbl. K mnpupogasim UC
MOKHO OTHECTH MPHUPOHbIe KaTakiu3mbl. K Hanbonee BeposiTHbIM TexHOreHHon UC
ABIAETCS TOXapbl. Jlns mpeaoTBpamieHus TMOXKapoB, B3PHIBOB  HEOOXOAMMO
coONI0IaTh TpaBHJIA TEXHUKU OE30MaCHOCTH M OPraHU30BBIBATH MEPONPHUATHSA,
yIOMSIHYTBIE B pazfene 5.2.2.

[Tpy BO3HUKHOBEHHH MOXKAPOB HEOOXOIUMO:

—  COOOIIMT O BO3HUKHOBEHHS BO3TOPaHHUS MOKAPHBIM CITyK0aMm;

—  OTKJIIOYHMTH 1O MEpe BO3MOXHOCTHU BCE DJIEKTPOUECKHE 000pYHOBaHUS
OT PO3ETKU;

—  3aKpbITh IO MEpPEe BO3MOXXHOCTH BCE OKHA B TIOMEIIICHUH;

—  TMOKUHYTh NOMEMIEHUS 110 CXEME ABAKYyalUU.

HaubGonee BEpOATHBIM TPUPOJHBIM KATAKIM3MOM SIBIISIFOTCS  CHUJIBHBIE
MOpPO3bl. JIIs1 3aIUTBl OT CHJIBHBIX MOPO30B IPOU3BOJCTBEHHBIE 3JaHUS JOJKHBI
ObITh 00OPYIOBaHBI 3aMacCHBIMH DJIEKTPOTCHEPATOpAMHU W TEIIOTEHEpaTOpaMHu.
[lomemieHuss Opu CHIBHOM MOPO3€ JOJKHBI ObITh OOECIeYeHbl NpUOOopaMu
oborpeBanus. i1 TpaHCHOPTHPOBKM IEpCOHajda K pabodyeMy MeCTy M OOpaTHO
JIOMOM, TpeanpusiTus AOJKHBI HUMETh pabouuii TpaHcnopT. IIpom3BoaCTBEHHbIE

MOMEIIEHUS T0JKHBI ObITH 00€CTIEYeHbl CYyTOYHON HOPMOW MUTHEBON BOJIBI.

89



BrniBoa o riaase 5

boimu paccmoTpeHsl ycnoBusi pabOThl C YCTAHOBKOM B Ta0OpaTOpuu, a TakxKe
BBIJICJICHBI OTIACHBIC U BPEIAHBIC MPOU3BOJICTBEHHBIE (PakTOphl. OO03HAUEHBI METO/IBI
U CPEACTBA 3aIlUThI, YACICHO BHUMAHUE TEXHUYECKHUM H OPraHU3alMOHHBIM
MEpPONPUATUSIM, KOTOpbIE HEOOXOAMMO TMPOBOJAUTH MEpea HaudaaoM paboThl C
YCTaHOBKOM.

OmnucaHbl cpeacTBa IO KOHTPOJHMPOBAHUIO W CBEACHHI0O K MHHUMYMY
BPEIHBIX MPOU3A0JCTBEHHBIX (PaKTOpoB (IIPOU3BOJCTBEHHBIN IIIyM, BIIHUSHUE
3JIEKTPOMATHUTHBIX BOJIH, OTKJIOHEHHE OT HOPMBI MHUKPOKJIMMATa, HEAOCTATOYHAS
OBEIIEHHOCTh)  MYTeM  KCIOJIb30BaHUS  3BYKOU3OJUPYIONIMX  MaTEPHAJIOB,
IUIAHUPOBAHUS TOMEIIECHUM, MPUMEHECHUS KOHIMUIMOHEPOB M BBITSAKEK, pacyera
OCBEIIEHHS, a TAKXKE BBITIOJIHEHUSI MHCTPYKIMH 110 padoTe 3a DBM.

UtoObl mpeAynpeAuTh OINAacHbIE TMPOU3BOJCTEHHBIE M  TEXHOTECHHBIE
Yype3BbIUAMHBIE CHUTyallud TpedyeTcs COONIoAeHUEe TMPaBUI DIICKTPUUYECKOW U
MOKapHOM 06e30macHOCTH. BbUIO BBISBIEHO, YTO HaWOoOJiee BEPOSTHBIM MPUPOTHBIM
KATaKJIN3MOM SIBIIIIOTCS] CUIIBHBIE MOPO3BI.

B mporecce BBIMOTHEHUS HMCCIEAOBATEIBCKOW pPabOThI MPAKTHUYECKH HE
OKa3bIBACTCSl BIMAHUS HA OKPYKAIOIIYI Cpeay, TaK KaKk OTXOJAaMU SBISETCS

MeTaJTndecKas CTpy>KKa mojydaemMas B mpoiecce numdoBanus oopasia.
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SAKIIOYEHUE

JanHas pa0OoTa TNOCBSIIEHA MCCICJOBAHUIO 3aKOHOMEPHOCTEW BIIMSIHUS
IIPOHUKHOBEHUSI BOJOPOJAa B CBAapHbIE MIBHI cIulaBa LupKoHus D110, momaydeHHbIE
IpU PA3NMUYHBIX pPEXUMaxX CBApKUM Ha Jia3epHOM cBapouHoM ammapate JITA 4-2.
[IpoBeneHn nuTepaTypHbli 0030p JAaHHBIX O CBOMCTBaX OOBEKTa HUCCIEIOBAHUS —
crutaBa 1upkonus D110, a Takke cBapke LUPKOHMS B LEJIOM U OMUCAHBI OCHOBHBIE
MeTONbl uccienoBanud. llo pesynabTaTaM MpPOBEIEHHOIO HCCIEAOBaHUS ObLIN
C/IeJIaHbl CJIEIYIOIINE BbIBOJIbI:

1. Bpems HachlllleHHs BOJOPOJOM HachkllleHus oOpasuoB mpu 350 °C, 2
at™., 10 koHueHTpauu 0,07 macc.% mensercs ot 3 yacoB 35 cekynn Ao 10 ygacos
50 cexyHp

2. YCTaHOBJEHO, YTO HM3MEHEHHE HHEPreTHYECKUX IapaMeTpoOB pPEKUMA
Ja3epHOM CBAPKHU (CKOPOCTb CBAPKH, SHEPTHS UMITYJIbCA, IJIUTEIbHOCTh UMITYJIbCA U
4acTOTa) MPUBOJAT K CHIKEHHUIO HAaYaJlbHOM KOHUEHTPALMM BOJOPOJA U CKOPOCTH
copbO1uu B iupKkoHueBoM cruiaBe J110 co cBapHbIM mBOM mpuMepHO Ha 19% u 57%,
COOTBETCTBEHHO;

3. VYCTaHOBJIIEHO, YTO JWHAMHUKA HACBIIIEHHS OCHOBHOIO MeTaJlla
XapaKTEepU3yeTCsl 3HAUYUTEIbHOW HEPaBHOMEPHOCTBHIO BO BPEMEHH, B TO BpPEMS Kak
HACBIIIEHUE BCEX CBAPHBIX IBOB MPOUCXOJUT MOHOTOHHO MPHU YBEIUYEHUU SHEPTUU
W JUIMTEIBHOCTH HMMITyJbca B auamnazone (8,68 + 14,95 JIx) u (10 = 16 mc),

COOTBCTCTBCHHO.
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CHAPTER 1. LITERATURE REVIEW

This chapter reviews literature sources on a given topic, analyzes the physical

properties of the zirconium alloy E110, and reviews literature on zirconium welding.

1.2. The object of the study (zirconium E110)

The binary alloy E110 consists of zirconium and niobium, the content of the
latter at room temperature does not exceed 5%. More true to say that the alloy that is
used in nuclear power, is composed of a solid solution - niobium in zirconium, which
has a hexagonal close-packed (HCP) lattice and a solid solution of - zirconium in
niobium having a body-centered cubic (BCC) lattice [8]. The alloy in texture and
anisotropy is almost pure zirconium, the basis of which is the phase. It has anisotropy
of physical and mechanical properties and capable of changing its texture at the
pressure treatment, making it extremely useful in application. The reasons for the
doping of zirconium 1% niobium (alloy E110) [9, 10]:

o niobium has a small neutron capture cross section, so the alloy capture
cross section as a whole increases insignificantly;

e In pure zirconium, there are harmful impurities such as iron (up to
0.3%), nickel (up to 0.18%), titanium, silicon (up to 0.4%), carbon, aluminum, which
have a negative effect, but their effect decreases under the influence of 1% niobium
(however, with increasing niobium content, corrosion resistance decreases);

e niobium has a positive effect, reducing the proportion of hydrogen
absorbed by the zirconium alloy.

In the process of manufacturing plates of zirconium alloys, manufacturers
develop a preferred orientation in it, which determines the mechanical properties, as
well as the texture of the resulting product, in particular, the yield stress and the
transverse direction increase. The quality of products made of zirconium alloys is
largely determined by structural indicators, such as the dispersity of the phases, the

size and shape of the grain and the surface condition, which affects the corrosion
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resistance [9]. To reduce corrosion processes, the uniformity of the oxide film is
necessary, so the fine-grain and dispersity of the excess phases is an obligatory

attribute of a quality product from the E110 alloy.
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Figure 1.1 — Diagram of the state of the zirconium-niobium system[9]
Figure 1.1 shows a diagram of the state of the zirconium-niobium system

constructed at slow heating and cooling rates. Also below is a table showing the
content of alloying elements in the alloy E110 and its thermal properties.

Table 1.1. The content of alloying elements in the alloy E110 [11]

Element @) N Cu |Ti |Fe |Ni |Ca |Cr |F
Content, 102 % 7 06 (03 (04 |21 |11 |3 0.2 |0.09
Table 1.2. Thermophysical properties of the alloy E110 [11]

Temperature, °C 20 350 380 420

Gy, MPa 372 196 182 174

Gy, MPa 294 159 143 142

G , MPa 204

1.2. Features of zirconium oxidation
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Zirconium alloys are the main structural material used in nuclear power
reactors with water-cooling. The physical properties of zirconium alloys and their
changes during operation greatly influence the service life and the permissible
operating conditions of the main components of the reactor. In contact with the
refrigerant, zirconium oxidized and absorbed hydrogen.

As a consequence, the mechanical properties of the main components change.
In the transition to increased burnup, the processes of oxidation and absorption of
hydrogen can lead to limitations in the performance of fuel elements. One of the
criteria for the safe operation of the fuel rod in the reactors is the restriction on the
thickness of the oxide film ZrO,. Despite the fact that corrosion is a process of
destruction, the formation of dense oxide films on the surface of zirconium can lead
to positive effects due to the formation of a protective barrier in the way of further
destruction of the material. The oxide film protects zirconium structural elements
from intensive oxidation and improves storage conditions preventing the absorption
of gases. It also has good density and adhesion to the surface of the metal.

Zirconium is the only material, besides titanium, which dissolves oxygen in
large quantities. This property broadens the prospects for the use of Zr-O alloys from
the point of view of the practical use of doping with oxygen and, thus, makes it
possible to form the structure and properties of zirconium alloys. The structure-phase
state of zirconium alloys is also heavily influenced by the oxygen content. For
example, the presence of oxygen (in an amount of 0.2%) in a solid solution
contributes to the increase in the parameters of the crystal lattice, to an increase in the
temperature of the allotropic process, and to an increase in the density [12]. The
presence of oxygen in the alloy can also affect the electrical and thermal properties.
When oxygen is alloyed in zirconium alloys, the mechanical properties change as
follows: strength and yield strength increase, hardness increases, plasticity and
viscosity decrease [13].

Oxidation of zirconium alloys has been studied for a long period of time and

scientists have already achieved a good understanding of the physics of processes for
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high-temperature conditions in oxidizing environments: hydrogen, vapor and liquid,
for example, [14-16].

The oxidation process can be divided into three stages:

1. At the initial stage, under normal conditions, the oxide film is formed rather
quickly and consists of a small number of monoatomic layers. These layers are
disordered and consist of non-stoichiometric zirconium oxides.

2. The next stage of oxidation is the preliminary transition stage, which takes
place at temperatures from 200 °C and above. At this stage, the oxide film grows
according to cubic or parabolic laws up to an oxide thickness of 2-3 um. The inner
region of the film is non-stoichiometric, the outer region is close to the stoichiometric
composition. Such a film is a protective barrier for the oxidation and penetration of
hydrogen. However, as the oxide film grows, the mechanical stresses on the metal /
oxide interface increase and cracks occur at certain thicknesses.

3. With further growth of the oxide film, more than 2-3 um growth kinetics
for the quasilinear dependence of oxidation. This stage of oxide film growth is
characterized by a large number of defects in the oxide film, such as cracks and pores
[17, 18].

Despite the fact that the boundaries of the implementation of these three
oxidation regimes for various alloys under different conditions are well formulated,
the problems associated with determining the physical mechanisms regulating
corrosion rates in zirconium alloys remain open. Until now, discussions have been
held about the role of various physical processes that regulate the transfer of various
elements (oxygen, hydrogen, electrons and holes of conductors, additives of alloys
and impurities) through the oxide film [19].

However, regardless from the point of view to the process of hydrogen
penetration into zirconium through the oxide film, the most important is the fact that
after penetration the metal becomes more vulnerable. The penetration of hydrogen
causes a change in many physico-chemical properties, such as: ductility, hardness,
the appearance of brittleness. Due to increased brittleness, the surface may crack and

a delayed hydride cracking mechanism begins.
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1.3. Interaction of zirconium alloys with hydrogen

Hydrogen interacts with virtually all metals and introduces changes, including
mechanical properties. In the case of zirconium alloys used in nuclear power
engineering, this interaction is especially important since changes in the properties of
the alloy affect the operation of fuel rods. Therefore, it becomes necessary to study
and track changes in the mechanical properties of structural materials.

Hydrogen adsorbed by the metal, as a rule, can be found in four states: it
dissolves in the metal; segregates on the imperfections of the crystal lattice; adsorbs
on the surface or accumulates in molecular form in microcavities; forms hydrides
with the parent metal. [20, 21]. Traps for hydrogen can be microdefects, dislocations,
microcracks, etc. The hydrogen bond energy can be from 0.2 eV (for hydrogen in the
form of gas inside microdefects) to several eV (for chemically bound hydrogen),
depending on the type of trap. In turn, depending on the magnitude of the binding
energy, the traps are divided into reversible and irreversible. Reversible traps have a
low binding energy, as well as a state of dynamic equilibrium between themselves
and the equilibrium positions of atoms in an ideal crystal lattice. In turn, irreversible
traps are characterized by high binding energy. If the metal is degassed under room
temperature conditions, hydrogen will leave reversible traps, and in order to obtain a
similar effect in irreversible it is necessary to significantly increase the temperature
(up to the level of the binding energy). When capturing irreversible traps, the amount
of diffusion-mobile hydrogen in the metal decreases [21, 22].

The degree of hydrogenation in conditions of prolonged operation in the
reactor depends, first of all, on the temperature and intensity of corrosion of the
product, up to 200-300 ppm of hydrogen [23]. At 300-350 °C fueling temperatures,
the solubility of hydrogen in zirconium alloys containing 1-2.5% niobium varies
between 300 and 400 ppm [24], indicating that under operating conditions, excess
hydrogen is present in the material structure in the form of hydrides, and in the case

of cooling to 20-60 °C - all hydrogen is contained in hydrides. In supersaturated solid
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solutions, the hydride phase is separated along the grain boundaries. The orientation
of the grains in turn depends on the internal stresses and texture of the alloy. And in
the case of hydride plates, cracks appear.

Destruction of hydrogenated zirconium alloys is usually broken down into
several stages: the formation and development of cracks in hydrides due to the
interaction of a hydride-slip band or hydride-double; the yield of a crack from the
hydride to the matrix and the propagation of a crack in the matrix [25, 26]. The nature
of the distribution of hydrides significantly affects the destruction of zirconium
alloys, as well as platelet hydride emissions have the greatest harmful effect [27]. The
change in the shape of the released hydrides from the plates to particles of spherical
shape leads to a substantial reduction in the embrittlement of the material.

When zirconium alloys are used at high temperatures (300-350 °C) and high
voltages (80-100 MPa) under the conditions of constantly applied loading, the
occurrence and development of hydride cracks occurs by the mechanism of delayed
hydride cracking. The growth of cracks of this type can lead to the destruction of the
structure even at a voltage below the yield point. The mechanism of delayed hydride
cracking according to the data of [28, 29] includes the following stages:

6. dissolution of hydrides in the regions of the matrix with low voltage;

7. diffusion of hydrogen in the direction of the stress gradient (to the top of
the crack, where the stresses are maximum);

8. the isolation of the diffused hydrogen in the form of hydrides at the tip of
the crack;

9. the growth of hydrides at the tip of the crack to a critical size sufficient
to destroy them;

10. the destruction of hydrides at the tip of the crack, and a successive
repetition of the process leads to a stepwise crack growth.

In the case of slow cracking, the rate of crack growth is affected by the
dispersion of hydride precipitates: the crack propagation velocity increases depending

on how dispersed emissions are at the same hydrogen content in the alloy [30].
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According to the second mechanism, secondary hydride cracking occurs due
to brittle fracture of hydrides and subsequent fusion of several cracks.

Each zirconium product after the manufacturing process contains some
hydrogen. To the level of hydrogenation the product has a significant impact: the
technology of its production, the quality of this production, as well as the technical
capabilities of the equipment used. The main sources of hydrogen in the product in
the manufacturing process are: initial charge materials; environment in which
technological operations are performed at all stages of metal production and
processing; pickling in acids. Welding is one of the technological processes that
promotes the saturation of the metal alloy with hydrogen. Since zirconium refers to
metals with high chemical activity, it must be welded in a neutral medium, using
argon or helium. In the process of welding, hydrogen is formed from moisture that
enters argon from the air due to imperfection of the gas protection of the liquid
"bath", also hydrogen is contained in the welding wire. The formation of the weld
during welding takes place at high temperatures, which significantly increases the
probability of hydrogenation of the welded joint. The presence of hydrogen causes

the formation of cold cracks in the deposited and base metal [3, 23].

1.4. Features of laser welding

In order to begin to consider the welding of zirconium and its alloys, it is first
necessary to consider laser welding and micro-welding as a whole. Strict definition of
laser welding is not established and each author interprets it in different ways. For
example, in [31] laser welding refers to the thermal class of processes in which a
material is first melted on a small area, and then the melt crystallizes and an all-in-
one connection is achieved. The solidification of the melt is accompanied by the
establishment of strong chemical bonds between the atoms of the materials,
according to their nature and the type of crystal lattice.

The principle scheme of laser welding can be represented as: the initial energy

beam in the focusing system is converted into a smaller beam then reaches the
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material to be welded, where it is partially reflected and partially absorbed, which in
turn leads to heating and melting of the materials. As can be seen from the schematic
diagram, the source of the tempo energy in laser welding is radiation, which is
absorbed by the materials in the zone of action of the laser beam.

The use of laser welding can provide a higher quality of the resulting fuel
rods, due to the fact that it has a number of advantages in comparison with other
welding methods. With the use of laser welding, a narrow and deeper penetration
region can be formed due to the high power density of the beam, in comparison with
arc and plasma methods. Another advantage of laser welding is its versatility and a
wide range of materials to which it can be applied. It can be a variety of metal alloys
or polymers [22]. Among the advantages mentioned above, it is worthwhile to list
those that, first of all, favorably distinguish laser welding in the production of fuel
elements [33]:

e asmall heat-affected zone (HAZ);

o high-strength welded seams;

o easily automated;

o as a rule, no filler material or flux is required

In this case, we are not just talking about laser welding, namely laser
microwelding. Also, like the definition of laser welding, there is no strict definition of
micro-welding in literary sources. However, in some sources one can find a
satisfactory formulation. For example, in [14] it is said that laser microwelding is a
method of joining parts that is capable of providing a welding seam size of less than 1
mm, as well as a penetration depth of a weld seam of less than 1 mm. This method is
widely used in some industries, such as medical and automotive industry, electronics,
etc.

As was defined above in the course of using laser welding, materials are first
melted, and then combined because of heating by a focused laser beam. The beam is
focused primarily to determine the laser power and the welding speed at which the

material will be melted. The choice of these parameters depends primarily on the
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goals and objectives assigned to the operator and production. Also in front of the
operator is the task of highly accurate control of the clearance tolerances and joint
positioning of the connected components.

Due to the fact that during laser microwelding filler materials are not used, the
gaps need to be filled with material that will be from the adjacent area to the main
one, which will require additional energy. The size of the gap in most cases does not
exceed 10% of the thickness of the thinnest welding component. The gap problems
are due to the strong concavity of the welds or the inability to bridge the gap created
between the parts to be joined, in addition, it is much more difficult to start laser

welding in the large gap zone.

1.5. Welding of zirconium alloys

In this section, the history of welding of zirconium alloys is considered. The
requirements for construction materials used in nuclear power are extremely high:
high corrosion resistance, low neutron capture cross-section, resistance to radiation,
certain mechanical properties at high temperatures. Among the materials that satisfy
these requirements and are used in nuclear power, magnesium, beryllium, stainless
steels, aluminum and zirconium are most widely used. Nevertheless, |1 do not use
beryllium so often, due to its high cost. Aluminum and its alloys are used in low-
temperature nuclear reactors, due to a change in their properties in the negative
direction at high temperatures. Magnesium alloys on contact with water under
pressure lose corrosion resistance.

Thus, zirconium and its alloys, as well as stainless steels [8], were the most
widely used in nuclear power engineering, since they possess exceptional properties:

e minimum parasitic neutron capture;

e mechanical reliability, constancy of shape and size;

e high thermal conductivity, providing long-term heat transfer without

excessive thermal stresses in the shell:
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e corrosion and erosion resistance of the cladding in the coolant and in
contact with the fuel of the fuel element.

The study of zirconium by scientists has lasted for two centuries, and work on
the use of its alloys in the nuclear power industry has been going on for almost eight
decades [34, 35], the interest in this material has not faded. This trend can be
attributed to the movement of the nuclear power industry along the path of increasing
the parameters of nuclear reactors, such as the neutron flux density, the neutron
spectrum, the power of heat and temperature. To support the stability and safety of
nuclear reactors, the design of fuel rods, of which weld connections are an important
part, is not the last. In turn, the need to examine the weld zone and heat-affected zone
for residual stress, impurities, hydrogen permeation [9].

Already in the sixties of the twentieth century [36, 37], good weldability of
zirconium was observed using arc and contact welding. Although quantitative data
was not provided, the quality criteria were plasticity and corrosion resistance. In
general, at the time of writing this paper, there was very little data on welding of
zirconium.

In the next decade, engineers and scientists, in addition to contact and arc
welding, began to study microplasma welding of zirconium [37]. Due to the
simultaneous use of zirconium and stainless steel alloys in the reactors of that time
[38], the technology for creating bimetallic compounds was topical. Nevertheless, the
strength properties of such materials at elevated temperatures deteriorated noticeably
due to the appearance at the interface of materials of very brittle intermetallic layers.

The first noticeable jump in the increase in published works on the welding of
zirconium and its alloys occurred in the 1980s. The main method was electron-beam
welding, and spot and diffusion welding were widely used. Scientists and engineers
continued to optimize the technologies for obtaining non-removable compounds of
stainless steel and zirconium alloys [39].

The study, experience in the production and operation of fuel elements from
zirconium alloys, which accumulated for three decades, made it clear to scientists that

it is necessary to pay special attention to the problems of stability of operation
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properties. These properties needed to be monitored and investigated, because even a
slight change in the grain size, its structure, surface state, or geometry of parts,
including during their production (welding) [9, 40] led to a shift in operational safety.

In the 1990s, new types of welding began to be used, such as: welding with a
non-consumable electrode in helium and argon [41, 42, 43], contact butt [44], and
also laser welding [45].

At present, despite the long history of development in the use of zirconium
alloys as a structural material in fuel elements, the number of publications devoted to
the optimization of welding has become much larger. This can be explained by the
fact that at the moment enterprises are trying to increase the number of nuclear fuel,
as well as the fact that defects in fuel elements are still present and far from the
desired value [46]. Thus, the investigation of the behavior of the elements of fuel
assemblies in the presence of defects in welds remains very urgent [47], as well as the
improvement of the technology of their production, of which welding is a part.

At the moment, many studies are aimed at modernizing the technologies used
in the production of distal gratings. As a result, the design of the distance gratings is
improved, and the current contact spot welding is no longer relevant. One of the most
attractive alternatives is laser welding. Nevertheless, publications [48] on this topic is
extremely small, and they are concentrated on foreign brands of zirconium alloys.

Nevertheless, works devoted to laser welding on the zirconium alloy E110, as
well as other Russian zirconium alloys are not actually published. In addition, it is
impossible to find work related to mechanisms of hydrogen penetration in laser welds

In zirconium, which makes research in this area very relevant.

1.6. Modern trends in the welding of zirconium alloys

A recent study [49] carried out a research devoted to the selection of optimal
parameters for electron-beam welding of a niobium alloy (Nb-1% Zr). For the study,
sheets with external parameters of 50x15%x3 mm were used. The welding parameters

are shown in Table 1.3.
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Table 1.3. Welding parameters 1]

Sample number Beam current Voltage Welding speed
1 20 mA 85 kV 10 mm/s
2 24 mA 85 kV 10 mm/s
3 30 mA 85 kV 10 mm/s
4 35 mA 85 kV 10 mm/s

After the welding, the zone with untouched metal, the heat-affected zone
(HAZ), as well as the welds themselves, were studied from the point of view of
metallography (geometry and depth of penetration of welding) and various
mechanical properties were measured. Among other things, a structural analysis was
performed using X-ray diffraction analysis.

From the XRD the authors of this article concluded that the alloying elements
are not more than 1%. It also became clear from the results of tensile strength and
hardness tests that this niobium alloy has a relatively low hardness and tensile
strength.

From the analysis of images obtained from a microscope, the authors note the
absence of a clear boundary between the parent metal and the molten metal. The ratio
of the temperature gradient to the welding speed, which determines the roughness and
size of the weld region, increases, indicating a decrease in grain growth in the center
line of the weld.

The hardness profiles of the weld cross section show that the hardness of the
weld zone and the HAZ is significantly lower than the hardness of the base metal.
The tensile strength of the weld was measured for a sample with a current of 30 mA
equal to 281 MPa, which is 53% of the main mass.

Speaking about the solidification of the weld, the authors succeeded in
revealing that the recrystallization temperature of this alloy in electron-beam welding
was calculated as 713 © C, and that solidification in the welded joints takes place in
the form of pores, and inter-pore joints are created by microsegregations.

One of the main results of the work is the identification of the most optimal

welding regime from the point of view of microstructure, penetration depth,
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mechanical properties and geometry. This mode of welding is mode 3, characterized
by a current strength of 30 mA.

Another study [50] devoted to the already commercial zirconium alloy
(R60702) used in nuclear power engineering is devoted to the study of morphology,
microstructure, mechanical properties, and most importantly the corrosion resistance
of the weld and the base metal. In this paper, fiber-laser welding on a zirconium plate
was used.

In this test, the rolled commercially pure zirconium (R60702) was used, the
sample size was 100x30x1.12 mm. Before welding, the oxide layers and possible
grease contamination with sandblasting were removed from the sample. During
welding, the laser beams were inclined and created an angle of 10 ° with a vertical
direction. In addition, a screen was used, so that the sample was in a protective
medium with pure argon and a laser. After the welding process was completed, weld
seam photographs were taken and the welding widths were measured on the upper
and lower surfaces of the welds. In the Vickers microhardness test, the workload and
waiting time were set to 4.9 N and 10 s. The tensile test for the welded joint and base
metal was carried out on a universal electronic tensile testing machine with a tensile
strain of 1. mm / min.

An important parameter for this study was the value of the parameter Ry,

which is the ratio of the root width and the face width of the seam (see Figure 1.2).
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Figure 1.2 — Determination of the ratio of welding width Ry, [50]
This parameter can be adopted as a criterion for the acceptability of welding

quality to assess the stability of machining at full-pass welding [51].
From a series of experiments and analysis of the literature, the authors of this

article have found the optimal range of R, values. The Ry, value should be above 0.8
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to prevent the pore defect and below 0.95 to avoid a concave crater when welding
pure zirconium 1.12 mm thick with a fiber laser. As the laser power was increased,
the maximum value of Ry shifted in the direction of a more positive defocusing
distance or a higher welding speed. The width of the face-to-face welding, the width
of the root seam and Ry, of the individual welded filaments of the fiber laser (welding
speed 4 m / min, defocusing distance 2 mm and laser power 2.5 kW) were 1.55 mm,
1.37 mm and 0.88 mm respectively .

Analysis of the results obtained from microscopy and morphological studies
allowed the authors to make conclusions regarding the state of the weld and the heat
affected zone. When using a fiber-laser welded joint in the study, it was found that
the melting zone consists of coarse columnar grains of the original B-Zr, whereas the
base metal consisted of thin equiaxed a-Zr grain. In addition, in the initial B-Zr-
granules, there was a large amount of thin a-martensite in the weld. In addition, it can
be considered an interesting observation that the solid-phase transformation occurred
in the HAZ in the vicinity of the welding seams. Thus, the HAZ microstructure
formed part of the characteristic of the base metal zone and the seam itself.

Because of the thin o' phase lamellar martensite distributed over the residual
initial phases of the  phase in the weld seam, the microhardness of the weld was the
highest, below the HAZ and the last was the base metal.

After testing the tensile strength, it was concluded that the strength of the
welded joint was 314.75 MPa, which is slightly higher than the base metal (311.61
MPa).

One of the most important conclusions in this paper is devoted to the
successful increase in the corrosion resistance of the obtained joints and HAZ. Due to
the martensitic transformation in the weld and close to the welded joint of the HAZ,
the corrosion resistance of the welded joint, tested by a 20% acetic acid solution, was
qualitatively better than that of the base metal.

Quhon Han et. al., in 2012, did work [52] on the topic of laser pulse welding
on thin sheets of Zircaloy-4 alloy. Laser welding experiments were carried out using

Zircaloy-4 samples measuring 80x15x0.6 mm.
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Also, the authors carried out numerical simulation using commercial code
SYSWELD. To simulate the process of pulsed laser welding, a three-dimensional
model of finite elements has been developed. Modeling was carried out to optimize
the laser welding process by predicting the evolution of laser fields and mechanical
properties.

The authors divided the properties of the material (concerning laser welding)
into two groups: one group consists of thermal properties, such as thermal
conductivity, density and specific heat, which are necessary for analyzing the
temperature distribution. The other group consists of mechanical properties, such as
modulus of elasticity, yield strength and thermal deformation, which are necessary
for the analysis of plastic deformation.

Welding was performed using an Nd: YAG laser with a peak power of 1 kW,
a pulse frequency of 5 Hz and 10 ms for a pulse duration. Tensile tests were carried
out at temperatures from room temperature to 800 °C with a strain rate of 0.1 mm/s.
The yield point of the heat-affected zone for Zircaloy-4 is higher than that of the
welded seam. Fracture of the welded sample occurred in the heat-affected zone, since

the HAZ is a fairly fragile part.

weld line

Figure 1.3 — The geometry of the welding plate and the image of the mesh along the
welding line
To simulate the process of pulsed laser welding, a three-dimensional model of

finite elements has been developed. The plate structure consists of 8-element brick

elements and 6-node prismatic elements with 58,600 nodes and 49220 elements, as
113



shown in Figure 1.3. There are 38 one-dimensional elements on the welding line,
each of which is a spot weld. The area along the welding line is sampled by a very
dense mesh, since the small size of the weld and the HAZ have a high temperature
gradient. The size of the sampled area is defined as the size that can include the weld
seam and the HAZ. The time function is developed using the FORTRAN subroutine.
As shown in Fig. 1.4, the results of the simulation are consistent with
experimental observations representing an accurate temperature prediction

corresponding to a phase change.

(a) (b)
Figure 1.4 — The profiles of the weld zone and the HAZ, taking into account the
thermal effect on the surface: (a) modeled and (b) from the experiment
In this study, the authors developed a finite-element model for pulsed laser

welding for the Zircaloy-4 plate, which includes phase transitions and the dynamic
properties of a material with a transition temperature. A model capable of predicting
iIsotherms of transition temperatures, parameters of welded pools and corresponding
thermal deformations. The simulation results show that the distortions caused by
welding strongly depend on the geometry of the melting zone and the heat affected
zone. The compression of the induced distortions of thin sheets decreases as the laser
power increases, which is caused by the morphological evolution of the welded seam.
As the laser power is increased, the direction of the HAZ gradient corresponding to
the thermal gradient becomes uniformly along the thickness direction, which causes a
reduced thermal distortion. Based on the developed model of pulsed laser welding for

Zircaloy-4, a systematic system for designing the welding process can be developed.
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Another work [53] devoted to the welding of zirconium was made in 2012.
The authors of this article investigated the type of welding that does not imply the
process of melting the material, friction stir welding (FSW). In this study FSW was
applied to Zircaloy-4 using a cobalt based alloy tool developed by the authors [54].
The possibility of applying FSW to Zircaloy-4 and the distribution of microstructure
and hardness in the weld seam was studied. In addition, microstructural evolution
was also evaluated during the application of FSW.

After the welding process, the Vickers hardness profile was measured cross-
section perpendicular to the welding direction. The microstructure of the weld was
investigated by optical microscopy and electron backscatter diffraction (EBSD). The
sample was subjected to electrolytic etching in a solution consisting of 10 ml of
perchloric acid and 90 ml of acetic acid at room temperature with a voltage of 35 V.
The EBSD system equipped with a scanning electron microscope was used to obtain
orientation data with a step size of 0.4 nm.

The appearance of the weld is shown in Figure 1.4a. A smooth, shiny surface
without defects is obtained. An overview of the weld cross-section is shown in Figure
4b.
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Figure 1.5 — Overview of (a) the appearance and (b) the cross-section of the weld,
and (c) the hardness profile measured across the seam. "RS" and "AS" mean the
receding side and the advancing side of the weld, respectively
A graph of the Vickers hardness values in the weld zone is shown in Fig.

1.5c. The hardness of the base material is from 170 to 180 Hv. The hardness
increases from the region of the base material to the weld zone, and the hardness of
the weld zone reaches about 188 Hv.

In the course of the work, it was noted that an equiaxed grain structure is
being formed. The hardness in the weld zone is increased, which can be related to the
cleaning of the grain. This process was due to continuous recrystallization with a
possible contribution from intermittent recrystallization.

Another work [55] is devoted to electron-beam welding, only Zr-702
zirconium alloy. The use of electron beam welding in high vacuum is designed to
protect the alloy from penetration of N, H and O into the metal. In this work, the
authors, as in [50], stress the study of the corrosion resistance of a welded joint and

the heat-affected zone.
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The rolled sheets of the Zr-702 alloy were cut into smaller sheets with a
geometry of 50x20x4.3 mm and subjected to annealing. Then the surfaces were
treated with a sheet of SiC abrasive paper and immersed in ultrasonic baths for 10
minutes. Welding was carried out on a TECHMETA welding machine with an
accelerating voltage of 60 kV and a vacuum degree in the range from 2.0x10° to
3.0x103 Pa. The welding speed was 300 mm / min, and the beam current was from 15
mA to 18 mA.

To obtain the surface characteristics and morphology of the samples after
welding, X-ray diffraction analysis (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM) equipped with an energy dispersive
spectrometer (EDS) and optical microscopy (OM) with a polarization film were
performed.

The optimum welding parameters were a beam current of 16.5 mA and a
welding speed of 300 mm / min. The surface of the obtained joints was pure and
silvery-white, which indicates the effectiveness of using electron-beam welding in
order to protect the alloy from contamination.

The results of XRD and TEM indicate that the welded joints obtained by this
type of welding consist of a-Zr and B-Zr. More precisely, small-size B-Zr blocks are
distributed along the edges of the lamellar o-Zr. Also, the data obtained by the
authors indicate an extremely low content of the ZrsFe compound in the welded joint,
which adversely affects the corrosion resistance of the zirconium alloy.

In order to study the corrosion resistance, the authors analyzed the
polarization curves of the base metal, the heat-affected zone and the welded joints. It
follows from the analysis that all the polarization curves had similar characteristics.
After that, the samples were dropped into a saline solution. To detect differences in
corrosion resistance between the base metal, HAZ and seams, SEM and EDS were
used. From which the following conclusions were drawn: ZrsFe, contained in the
main metal, strongly affects its corrosion resistance. The heat-affected zone and the
welded joint of the joint have better corrosion resistance than the base metal, since

electron beam welding with high vacuum promotes the cleaning of welded joints.
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In work [56], the influence of CO, laser welding on Zircalloy-4 alloy is
studied. The positive sides of this type of welding are: a small heat-affected zone,
which cools fairly quickly; a great value of the coefficient of depth of welding, which
IS a necessary criterion in the process of manufacturing fuel rods from Zircalloy-4. To
investigate this type of welding and its effect on the zirconium alloy, the authors
decided to analyze the morphology and the types of phases that arise in the weld
seam and the HAZ. The microhardness analysis was also performed by the Vickers
method.

A complete analysis of the chemical composition was carried out by X-ray
fluorescence analysis (XRF), the data of which are presented in Table 1.4.

Table 1.4. XRF results [56]

Impurity elements | Cr, at.% Sn, at.% Fe, at.%

Zircalloy-4 0.12 1.43 0.20

The welding process was carried out on the SPECTRA-PHYSICS LASER
CO; 1.5 KW. In this installation, there is a source of uninterrupted flow of CO; (10.6
microns) 1500 W. After the end of the welding process, it was noted that the
microstructure consists of the following zones: the central zone that corresponds to
the weld zone and the heat-affected zone (HAZ), whose structure shows fine grain,
and also a structure of the Widemansttiten type [57, 58].

Speaking about the structure of welded joints obtained by laser CO, welding,
then for two samples the seam was purely ferrite o-Zr. This was confirmed by XRD
and EDS analyzes.

The microhardness measured by the Vickers method showed that the weld
seam and the HAZ itself are uniform and there is no significant difference between
them. This result is considered correct taking into account the step value of 0.5 mm
[59, 60].

The paper [61] was published in 2016 and is devoted to the mechanical
properties at room temperature of a Zircalloy-4 zirconium alloy sheet obtained by

electron-beam fusion.
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The Zircalloy-4 sheet with a thickness of 1.6 mm was successfully welded by
electron beam welding. The sheet was first welded with a parameter of 10.5 J / mm,
then 36.7 J / mm with a final heat input of 15.7 J / mm.

Calculation of the weld seam and HAZ boundaries using the Rosenthal (1.1)
analytical equation for a three-dimensional heat flux for a semi-infinite billet is well

correlated with experimental measurements.

22(T-T)kR _ [-V(R—x) 11
Q _exp[ 2a } 1)

I'me T — temperature; To — preform temperature of the workpiece before

welding;
k —heat conductivity of the workpiece.

The parameters of electron-beam welding used in this paper for the Zr-4 sheet
(1.6 mm) made it possible to fabricate a material whose mechanical properties are
close to those of a pure Zr-4 sheet.

Material made by welding has a similar hardness compared to the base metal
(0.8% difference). The value of hardness increases with the transition from the base
metal to the beginning of the weld (ie HAZ) and, finally, is leveled in the zone of the
base metal. The HAZ has a higher hardness than the base metal (approximately 3%)
and the weld zone (approximately 2%). The overall difference between the hardness
between Zr-4 and the welded material can be considered insignificant.

SEM results show a clear morphology of the microstructure and grain size in
the welding zone, the HAZ and in the main metal. The most grain in the weld seam
(39.5 nm), in the main metal they become smaller and more regular (6 nm). The
sample from the welded material shows predominantly large o-Zr plates of the
Widmanstitten type. The zone of thermal impact consists of a needle grain structure
Zr. The base metal exhibits an equiaxed fine-grained a-Zr structure.

In paper [62], the behavior of hydrogen absorption for welding samples was
studied by studying the amount of zirconium hydrides after corrosion tests. Then, the
effect of alloying modifications on the absorption of hydrogen by zirconium alloys
was discussed.
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Table 1.5. Composition of zirconium alloys (mass.%)

Elements of alloy
Band number sn Fo Cr ND
gc_r))l (1.97Sn-0.37Fe-0.23Cr- 197 0.37 0.23 /
Ne2 (1.92Sn-0.32Fe-Zr) 1.92 0.32 / /
Ne3 (1.88Sn-0.35Fe-
0.52Nb-2r) 1.88 0.35 / 0.52
Ne4 (Zircaloy-4) 1.50 0.20 0.10

To obtain the butt joints, two bands with the same composition (for example,
No. 1) were welded alternately with three strips of No. 4 (Zircaloy-4) by means of
vacuum electron beam welding, as shown schematically in Figure 6. To simplify the
recording, samples where the No. 1 bands were welded alternately with strips No. 4,

were designated as 1-4. The rest can be designated analogously, i.e. 2-4, 3-4 and 4-4.
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Figure 1.6 — Schematic diagram of the welding sample
To analyze the composition of the composite in different positions at a

distance of 50 nm from the welding surface, they were analyzed by an electronic
microprobe. The relative content of Sn, Fe, and Cr in each position was obtained by
comparing their peak intensities with the values in Zircaloy-4, respectively.

The welded samples were cut at a distance of 10 mm perpendicular to the
weld seams by spark cutting (see Figure 1.6). Samples were divided into two groups,
each of which contained three samples. One group was subjected to an annealing

process at a temperature of 500 °© C for 1.5 hours, and the other was not annealed.
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Corrosion tests of the welding samples were carried out in an autoclave at 400 ° C. in
a steam of 10.3 MPa H20 for 165 days. Before the corrosion tests, the samples were
cleaned and etched in a solution of 10% HF + 45% HNO3; + 45% H,O (by volume)
and then washed in cold tap water and boiled deionized water.

Some sections of the samples subjected to corrosion were obtained by
grinding, polishing and etching in a solution of 10% HF + 10% H,O, + 80% HNO;
(by volume) to reveal the hydrides. Optical microscopy was used to study the
morphology and distribution of hydrides.

The high content of Cr in the weld zone in the samples led to a higher
absorption of hydrogen. With the addition of a small amount of Nb to zirconium
alloys that did not contain Cr, the corrosion resistance improved markedly, but in the

matter of hydrogen absorption, the addition of Nb affected only slightly.

1.7. Conclusions on the section

As can be seen from review of the literature of the research methods of
welding materials used in the field of nuclear power is quite a lot. The most widely
used methods are electron-beam welding, fiber-laser welding, laser pulsed, friction
welding with mixing, welding with laser beam CO,. After applying the welding
process, scientists examine the surface condition, mechanical properties, morphology,
the influence of impurities, corrosion resistance and even the problems of hydrogen
penetration into welded seams. However, as you can see, there are no articles on the
effect of hydrogen penetration on welds obtained by laser welding of the zirconium

E110 alloy, which once again underscores the uniqueness and relevance of this study.
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