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OYHKIUAHDbI HHTEPITIOJIAALUAJIAY KOJIJTAPBI

blatemvak I'., Ka6momma I11., Caiinan6exk I1., Xamku-mypatr M.M.
AMaHX0JIOB YHUBEPCHUTET1, OcKkeMeH K., Kazakcran

e-mail: Yntmak99@icloud.com

f(x,) i=012...n

y=f(x) (b yHKIUSACHI [a.b] apanbIFbIHIa Kecte Y - TYpiHzIe

oeputred. Hurtepnonsuusuiay — TydiHaepi  Oip-OipiHeH  Oipaeil  KallIBIKTHIKTA
OpHaJlaCKaH, sIFHU X; =X +ih, h— const.

HNHTepnionsuusiayibl HOJUHOMIBI TOMEHETIACH Typ/e 13Aeimi3:

[TonmmHOM TOMEHETIICH €Ki MapTThl KaHAFATTAHIBIPYHI KAXKET:

1) mopexeci N-HEH apThIK eMec OOy KaXeT;

2) TNOJMHOMHBIH HWHTEpPHOJSALMIAY TYHIHIAEpiHAE KaObUINAWThIH MOHIEPI,

KkecTe Typine Gepinren Vi = fx) MoH/JIepiMeH O1pAei:

Pn(Xi): yi JKOHE Am Pn(Xi):Amyi | 20,1,2,..,n

P (x)= y0+qu0+Q(qz'—l)Azyo+___+Q(Q—1XQ—2)...(q—n+1)Any

n!

0

Opi Kapail HbIOTOHHBIH 2-111 UHTEPIOISAIUSIBIK (POPMYIAChl KOPBITHUIBIT

HbIFapblIaabl:

Ay, [, AYo 2] Ay, ]
P(xX)=y, +—=22(x—x, )"+ —22(x—X +o+—2(X—
() = ¥+ (X P R (= %) (=)
Enai HpIOTOHHBIH MHTEPHONSIUSIIBIK (GOpMYyIalapbIiHbIH KaJIJIbIK MYIIECIHIH
dbopmynachl KapacThIpbLIaIbI

R < o @@ )

n+1
R (x)< h™q(q+1)..(q+ n). M
(n+1)
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bi3 OyfaH neliiH MHTEPIIOAIUAIAY TYWIHISPIHIH apa KalIbIKTHIKTaPhI h —const
Jell  KapacThIpABIK, C€HAl HMHTEpHoJISIusiIay TYHiHAEpiHIH Oip-OipiHeH apa-
KAIIBIKTBIKTAPhl OPTYpJIi  OoJickiH. MyHpaaiiga Jlarpamk HHTEPIIOIAIUAIAY B

dbopmMynacel TOMEHACTIIEH TYp/e KapaCThIPhLIA b,

oS (X = %o X = X, (X = X,y X=X, )X =X, |
EARRR O E Rl C I R

bipneit KambIKTHIKTa OpHAJACKaH TYHiHIEp YIIiH JlarpaHk WHTEPHOIAIUSIBIK

dbopmynacel

_ n q[n+1]-hn+l.(_1)n—i yi ~ (_1)n—iq[n+1] '
I_”(X)_iz_oli!(n—i)!(q—i)~h”” _;i!(n—i)!(q—i)

f()-L (9= o (()r(\)+ I)!+ )

Yi

M . =max|f ™Y . . .
n+1 107 , a=&=b  Genrineyin enrizcek, ona:

M
R0 = S a9

Bbapibik ecenTey KagaMIapbl MbICaIap apKbLIbl KOPCETLTiN, OasHaama/Ibl.
AnasiMeH ["aycCcThIH HHTEPITOMSITUSIIBIK (POPMYITACHIH KOPBITHIIT MIBIFAPBLIAIBI.

ApaJIBIKTBIH 2n+1 Oip/el KallbIKTaFbl HHTEPIOJISIUSIIBIK TYHIHIEepl O0ap OOJICHIH.

X s X (g X g0 Xy Xppevey X

-1 X AX; = X;,, — X, =h=const

", MyHJIA

Bisre P(x)= Yi 1=04£L...30 Gonareinmail, Topexeci 2N —HEH apTIANTHIH P(x)
TIOJIMHOMBIH KYPaCTHIPY KEPEK.

[TonmmHOMIBI MBIHA TYPJE 13/1E€HMI3:
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P(X): a, + al(X_ Xo)"‘ az(x_ Xo)(x_ X1)+ a3(X— X—1)(X_ Xo)(x_ X1)+
+a, (X=X (X=X X = X )% (X = %, )+ ag (X = X_, (X = X X = X, X=X, )+ ...
ot aZH(x - xf(nfl))..(x — X X=X X=X, X=X, )+ a,, (x - xf(nfl))..

(X=X (X=X X=X )X = X, X = X,)

Hartmxecinae keneci TypAeri MOIMHOM/IbI aJlaMbl3:

2] ] ]
P(X)= Yo +QAY, + 0 Ay, + (a-+1) Ay, + (a-+1) Ay, +
2l 3 4
+ (q +Nn _1)[2n_l] AZn—l + (q +N _1)[2n] AZn
T (2n-1) V-0 (2n) Yon:

Opi Kapait ['aycCThIH eKIHIIT HHTEPIOSAIUSIIBIK (POPMYIIachl KapacThIPbLIA IbI:

[2] [3] [4]
P(X)=y, +qAy , + (@ +2|1) Ny, + (a+2)" J;)Il) ANy ,+ (a+2)" +4|2) A'Y , +.
_a\[2n-1] [2n]
...+(qun D ANy o+ (+n) Ay,

(2n-1)

(2n)

MyHa X=X +qh

Opi Kapait CTUPAMHT WHTEPHOJAIUSIIBIK (opMyJackl TamgaHaabl. [aycCThIH
OIpiHII OHE EKIHII WHTEPHOISAIUSILIK (GOpMyIalapbHBIH OpTa apu(METUKAITBIK

maMacChbIH aJlraHHaH COH, CTI/IpJ'II/IHr (i)OpMy.TIaCBIH aJIaMbI3:
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2 2 12 3 3
P(X):yo_}_q.Ay_l—i_Ayo_|_qA2yl+q(q 1)_Ay—2+Ay—1_+_

2 3 2
L0 o ole” 1ot -2) Ay Ay,
4 51 2
N a*(a® -2°)a? —ZZ)Aey_3 - ala? -12)a? - 22)a? —32)..[q2 —(n—1)2].
6! (2n -1y

R A e TR ) i B Rl U O
2 (2n) o

MYH/IaFbl h . P(x;)=y; , i=0£L...:N exenin OHalt kepyre 001aibl. AKBIPFbI

alBIpBIMIAP/IBI €CENTEY YILIH LEHTPIIK albIphIMAAp KECTeC1 KOJIJaHbLIAIbI.

Oneduerrep Tizimi
1. T. OmapoBa, Maremaruka, ®Puszuka omicTeMenik xKypHan: «TybIHIBI
TapaybiHa O6epinreH ecentepy, 2007. Ned,
2. KM. Pambaes «CaHJBpIK  oIICTEp KYPBICHIHBIH J1A00PATOPHUSIIBIK
MIPAaKTUKYMBD». - Anmatsl, 2002.
3. Aiinoc E.K. «Koraprel Mmarematukay Anmatel, «Mnb-Tex-Kitamy, 2003

KBbIJI.
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KOHJEHCAIIUSJIAHFAH KYI ®U3UKACHI )KOHE
OHBIH KOJITAHBAJIbI BAT'BITTAPBI

PU3NKA KOHAEHCUPOBAHHOI'O COCTOSHUA U
EE ITPUKJIA/THBIE HAIIPABJIEHUA

YK 621.785.5

HCCJIEJOBAHUE CTPYKTYPhI U CBOVICTB
KOHCTPYKIHHMOHHBIX CTAJIA ITOCJIE JIEKTPOJIMTHO-
HJIASMEHHOI'O TEPMOIUKINYECKOI'O YHHPOYHEHUA

'Baitxkan JI.P.*, !Cargonnuna XK.B., °’Koxanosa P.C.,
YKypeposa JL.T., 'Marazos H.M.
'BocTouno-Kazaxcranckuii yausepcuteT uM. C.AMaHX0JI0Ba,
r. Ycre-Kamenoropcek, Kazaxcran
2TOO «PlasmaScience», . Ycrb-Kamenoropek, Kazaxcran
e-mail : daryn.baizhan@mail.ru

B nmanHOl pa®oTe mpeacTaBieHBI PE3yNbTAaThl UCCIEIOBAHUS IIEKTPOIUTHO-
MJIa3MEHHON TEPMOLMKINYECKOH Mojaudukanmy (HarpeB-3akajika) MHOBEPXHOCTH
CPEOHEYIJIEPOAUCTON CTalid. B KkadecTBe SJIEKTPOJIMTAa HCMHOJIB30BaIM BOIHBIN
pactBop 15% kapOonata HaTpus Nap,COgs. [IpuHIHMI AEHCTBUS TEPMOIMKINYESCKOTO
AJIEKTPOJIUTHO-TIJIA3MEHHOTO  YIPOYHEHHS 3aKJII0YaeTcs B TMEPUOJUYECKOM U
[IUKINYECKOM TIOBBIIICHUHM 3HAYEHUIN HANpSOKCHWs W CHJIBI TOKa, MPU KOTOPOM
oOpaszel] HarpeBaeTcs Bblllie TeMIepaTyphl (ha30BOro nepexoja o—y 1 MocIeyIoIeM
OBICTPOM OXJIXK/ICHHH, B IPOIIecce KOTOporo pukcupyroTcs ¢ha3bl Ha OCHOBE JKeliesa,
oOpazyromuecs B cioe oOpadaTelBaeMOro MaTepuaia, Kak MapTEeHCUT U
ynpouHsomue (paspl KOTOpbIE, U CIIOCOOCTBYIOT YIYYIICHHUIO HKCIUTyaTal[MOHHBIX
XapaKTepUCTHK MaTepuaa.

TpaguIMOHHO TOJBKO HAarpeB MW OXJaXIEHUE CTaid OblIM Haubosee
pacnpoCTpaHEHHBIM METOJOM O0pabOTKH MOBEPXHOCTH, KOTOPBIM CyIIEeCTBOBal C
TeueHreM BpeMeHu. OObIYHas TepMudeckas 00paboTka COCTOUT U3 HarpeBa MeTallia
B MEYM U OXJIXJICHUS Ha BO3AyXe, Bojie win Macie [1]. Bce atu nponeccsl TpedyroT
JOPOTOCTOSIIICH HACTPOWKH M BpeMEHH OOpabOTKM OOJIbINe, a HEKOTOPHIE WMEIOT
rpoMo3akoe oOopyaoBaHue [2]. DNIEKTPOIUTHO-IUIA3MEHHOE MOBEPXHOCTHOE
yIpoUYHeHue (HarpeB-3aKaika) BIsSETCS HOBBIM METO/I0M, TIO3BOJISOLITUM IIPEOA0IETh
BCE OTU HeAOCTaTKh [3]. DTO MOKa3bIBAET, YTO OH MOXKET YCIHEIIHO YJIYYIIHTh
&KelaeMble (PU3MKO-MEXaHMUECKHE CBOMCTBA 3a TOpa3fo MEHbIlee BpeMsi, IPUMEPHO
32 HECKOJIbKO CEeKyHJ, II0 CpaBHEHMIO C TpPaJUWIUOHHBIMU MpOILECCaMU
TEpMOOOPaOOTKH, KOTOpHIE TPEOYIOT YacoB M JHEH. DJIEKTPOJMTHO-TIA3MEHHOE
yIOpOYHEHHE (HarpeB-3aKajKka) MPEACTaBIsSeT COO0OW OCOOBIH TepMOMEXaHUYECKHIt
IpOLECC, B KOTOPOM HCIOJB3YETCSl JJIEKTPOJUT B BOJHOM pPacTBOpe INpu
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ONPENICNICHHBIX YCIOBUSIX, HANpUMEp, NpH HAOpPsHKEHUU, TOKE, AJIEKTPOJIUTE,
POJIOJDKUTEILHOCTH U CKOPOCTH HarpeBa-3akaiku [4]. B mponecce 31eKTpoauTHO-
IUTA3MEHHOTO  YMPOYHEHUsS] (HarpeB-3aKkalika) »JJEKTpUYecKas JHEPrus OOBIYHO
nepenaeTcs OT METATHYECKOTO aHO/1a K CaMOM 3aroTOBKE Yepe3 CJIOU AJICKTPOJIUTA U
ria3Mbl. [lmazmenHblil cioit Gopmupyercs W3 Marepuana 3JIEKTPOJIMTa B 3a30pe
MEXAY OSKUJIKUM DJIEKTPOJOM U  MPOBOJAIIECH TMOBEPXHOCTHIO  3arOTOBKH.
DNEKTPOJIUTHO-TUIA3MEHHOE YIIPOYHEHUE MPEACTaBISET COOOW CIOXHBIM Mpolece,
KOTOPBI 00beIUHACT (PU3NIECKYI0O METAIUTYPTHUIO U IEKTPOXUMUYECKUE MPOLIECCHI,
TakMe Kak HarpeB oOpaslia B KaTOJHOM peXHMe, e (pa3oBble MpEeBpaLICHUS H
aedopMaIs MPOUCXOIAT OJHOBPEMEHHO. DJIEKTPOJIUTHO-TIIIA3MEHHOE YIIPOYHEHHE
CPEIHEYTJIEPOIUCTBIX CTAJEHd MOKET U3MEHUTh UX MUKPOCTPYKTYPY, YTO BBI3BIBAET
M3MEHEHUS! MEXaHUYECKHX U (PU3UUECKUX CBOMCTB M BIUSET HA NOBEACHHUE CTaleil B
ycnoBusAX OKciuyatauuu [5]. OIHMM W3 BaXHBIX NapamMeTPOB, OMPEACIISIIOIINX
xapakTep (Ha30BbIX M3MEHEHUU TPU AJIEKTPOJIUTHO-TLUIA3MEHHOM HArpeBe, SIBIISAETCS
NEPUOANYECKOE MOBBIIIEHNUE TEMIIEPATYPhI, IPU KOTOPOM METaJlI HAarpeBaeTCs BBIIIE
Temneparypbl (¢azoBoro mnepexoaa o—vy. Ilocimemyroiee ObICTpOE OXJIAXKIACHHUE
dukcupyer (a3zbl Ha OCHOBE XKeje3a, oOpasyroluecs B cioe o0pabaThiBaeMoOro
MaTepuayia, Takue Kak MapTEHCUT, OCHHUT U MEIKUU MEepIUT COOTBETCTBEHHO, U
oOJjasarolee NPOMBIIIIEHHO LIEHHBIMH CBOMCTBaMHU.

B cBA3u ¢ BBINICU3NIOXKEHHBIM, IEIbI0 HACTOAIIECH pabOThl SIBISETCS
UCCIEIOBAHUE  BJIMSHUSA ~ MOAU(UKAIUSA  [PU  AJIEKTPOIUTHO-IUIA3MEHHOM
TEPMOLIMKIMYECKOM  YIMPOUYHEHUH Ha  (PA30BO-CTPYKTYpPHOE  COCTaBJISIOLIEE,
MHKPOTBEpAOCTh NoBEpXHOCTH cTain 30XI CA.

Matepuanbl 1 Metoabl. OOpa3bl sl UCTIBITAHUS U3TOTABIMBAIM U3 CTajel
30XI'CA xumuueckum coctaBoM (I'OCT 4543-71): 0,34 % C; 1,1 % Mn; 1,2 % Si; 1,1
% Cr; 0,3 % Ni; 0,3 % Cu; 0,025 % S; 0,025 % P. Ilepen skcnepuMeHTaNbHON
00pabOTKO MOBEPXHOCTH 0OPA3LOB CTAIIM pasMepoM 2X2X2 cM? 6bLIH OTILIU()OBAHEL
Ha nndoBanbHO# Oymare ¢ 3epHucTocThiO 0T P100 10 P2000, 3aTeM oTHOIMPOBaHbBI
Ha 0apXaTHBIX W HEMJIOHOBBIX TKAHSAX aiMa3HbIMU mactamMu pazmepom 0,25-0,5 MM
M JJajee  OYMUIEHBl CIHUPTOM. ODJIEKTPOJIMTHO-IJIA3MEHHOE  IOBEPXHOCTHOE
ynpoyHeHUe (HarpeB-3akajika) CTaldd OCYIIECTBIISIM B KAaTOJHOM peXuUME Ha
YCTAaHOBKE AJICKTPOJUTHO-TUIA3MEHHOU 00paboTku (puc.l, a) [6], cxema KOTOpOi
nmokazaHa Ha puc. 1, 6. ICTOYHMKOM MHUTaHUS CIIYXKHJI MOIIHBINA BBITPSIMUTEND,
Iaromuil Ha BeIXoAe MakcuMaiibHOe 3HadeHne 360B/100A B Buae NOCTOSIHHOI'O TOKa
[7]. PactBop kapOonara HaTpusi (NapCOs) ucnonb3oBajicss B Ka4eCTBE HCTOYHHKA
aKTUBHOW cpeabl Mg HarpeBa M oxinaxaeHus. CocraB anektpoiuta: 85 %
TUCTUJUTMpOBaHHass Bojga + 15 % kapOonar Hatpusi (Macc. %). CornacHo,
TEXHOJIOTUYECKUM MapaMeTpaM pexUMOB yIpodHeHUs 3HaueHue Hanpsbkenus (U, B)
Ul Kaxoro oopasua mensuioch ipu 320B (U;) u 50B (Uz) mocnenoBaTenbHOCTH 3a
[IUKJI. 3HAYCHUS TEPMOIUKINPOBAHUS IPUBECHBI B Ta0. 1.

DKCnepUMEHTAIbHBIE HWCCIEAOBaHUS OBUTM TMPOBEJAEHH Ha 0aze Hay4yHO-
HCCIIeI0BATEeNbCKOro 1eHTpa «HxeHepus moBepXxHOCTH U Tpubonorus» Bocrouno-
Kazaxcranckoro ynuBepcurera um. C. AwmanxkonoBa (r.Ycrb-KaMeHOropcek,
Kazaxcran). ®a30Bblil cocTaB 00pa3LoB MCCIEI0BAIN C MTOMOILBI PEHTTE€HOBCKOIO

350



mudppakromerpa X'PertPro (Philips, Hunepnanasl) ¢ ucmnonb3oBaHHEM H3Iy4EHUS
CuKo. OOpaboTka MmaHHBIX Y KOJMYECTBEHHBIM aHAM3 MPOBOJWINCH C
ucroJyib3oBaHueM mporpammHoro obecneuenus PowderCell 2.4. Tpasnenue
ocyuiecTBisuioch 4,0% pactBopoM azotHoM kucioTel (HNO3) B criupte B Teuenue 10
CeKyHZ. MUKpOCTpyKTypa MOBEPXHOCTH MOIU(GUIMPOBAHHBIX 00pa3loB ObLIa
MOJIy4€eHa ¢ MOMOIIbIO onTuyeckoro MukpockonaM Altami 5C (P®). Ckanupyromuii
anekTpoHHbil Mukpockon (SEM) (TESCAN MIRA) ucnonb3oBaics Ijsi U3y4eHUs
CTPYKTYpPBI IOTIEPEYHOTO ceueHus: 00pa3uoB npu yBenuueHusx x4000, x10000. dmus
OTIpe/IeNICHUs] TBEPJOCTU OOpa3lOB B HMCXOJHOM COCTOSHHUU M 3aKaJeHHOW CTallu
MCIIOJIh30BAJICS MUKDPO-U3MEpUTENIh TBepAocTH To Bukkepcy (Meronad 502, PD),
OCHAII[EHHBIN aJIMa3HbIM UHACHTOPOM U JTaTyuKkoM Harpysku 10 1000 r.

td

1 — obpabamwvieaemas Oemanv;, 2 — KOHYCOOOPA3HAS SNEKMPOJIUMUYECKAS
Auelika u3 Hepoicaseroweli cmanu, 3 — nOO0OH, 4 — Hacoc;, 5 — Menio0OMeHHUK,
6 — sanna c anexmporumom

Pucynok 1 - Ilpomecc oOpabGoTku oOpasma 3JICKTPOIMTHON IIIa3MOM H
(yHKIIMOHAJIbHAS CXeMa YCTaHOBKH

Tabnuna 1. Texnonorunueckue napametpsl pexxuMoB IIITIO cramu 30XTCA

0071951 1 2 3
Ob6pasen U, B t1, C U, B to, C U, B t1, C
Nel 320 2 - - - -
No2 320 1 50 7 320 1

Pesynbratel nccnenoBanns. Mukpoctpykrypa nosepxHoctu ctanu 30XI'CA o
AJIEKTPOJIUTHO-TIJIA3MEHHOTO YIIPOYHEHUS MTPUBEACHHI Ha puc. 2 (a, 6). Kak mokazano
Ha ontuueckux u SEM wmmkpodotorpadusx ocHOBHOM (ha30BOM COCTaBIISAIONICH
ucxonuoro cocrosiausi cranu 30XI'CA sBasiercst pepput (F —Oenas gactp) u nepiut
(P — Temuas wacth). Marpuia cocTouT H3 OOJBIIOrO KOJMYECTBAa (eppura U
HEOOJIBIIOTO KOJMYECTBA NepiuTa. 3epHa (eppuTa U MepiuTa JIOKAIU30BaHbI MO
rpaHUIlaM OTHOCHUTEIBHO JpYyr Opyry. MeToAoM CiIy4alHbIX CEKYIIMX ObLIO
ycranoBieHo, yto maTtpuua ctanu 30XI'CA comepxur okono 60% deppura u 40%
nepauTa.
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| SEMHV:200 kv WD: 15.23 mm MIRA3 TESCAN

"] View field: 257 ym Det: SE
SEM MAG: 1.08 kx Performance in nanospace

Pucynox 2 - Mukpodotorpaduu cramm 30XI'CA B HCXOTHOM COCTOSTHUN

DNEeKTPOIUTHO-TNIA3MEHHOE  YIPOYHEHUE (HArpeB-3aKajika) BBIIOJIHAETCS
IIOCPEJICTBOM 3JIEKTPUYECKOIO Pas3psiia B IUNIA3MEHHOM CJIO€ MEXIY MOBEPXHOCTBIO
3arOTOBKM U KHUJAKUM 3JeKTpoAoM. [lnasmeHHBIi MaTepuan npeacTaBisieT coOoi
AKTUBHBIN 3JIEKTPOJIUT HA BOJHON OCHOBE. DTOT 3JIEKTPOJIMT UCIIOJIB3YETCS TAKKE IS
OXJIaKIEHUsI HarpeToi mosepxHocTH [8]. B mporecce miasmMeHHON 00paboTKU mpu
temriepatype ~880-900°C B TeueHHE HECKOJbKUX CeKyHHa (Tabi. 1) B BOgHOM
pactBope 15 mac.% kapOoHaTa HaTpusi Ha TIOBEPXHOCTH OOpasloB 00Opasyercs
YIIPOYHEHHBIN CJIOM TOJIIMHOM ~2 MM. MHKPOCTPYKTYPBI MOCIE 3IEKTPOJUTHO-
MJIa3MEHHOT0 TepMouuKiandeckoro ynpouHnenus crainu 30XI'CA noka3aHbl Ha puc.3
(a, 6), Tae MOXHO HAOIIOAATh (POPMHUPOBAHUE CTPYKTYPHI UTOJIHYATOTO 3aKAJICHHOTO
MapTEHCUTA.

Obpazyvl: a) Nel, 6) Ne2
Pucynok 3 - Mukpoctpykrypa yrnpouneHHo# ctanu 30XI'CA

Ha puc. 4 nokazano rmonepeyHoe ceueHre 30Hbl yIIPOUHEHHBIX 00pa31oB. [Toce
ANEKTPOJIUTHO-TNIA3MEHHOTO ~ YIPOYHEHUs1  (HarpeB-3akajka) MHUKPOCTPYKTypa
M3MEHSETCSl B COOTBETCTBUU U auarpammoit coctosiaus Fe — C. O6pasyrores ciou, B
KOTOPBIX MPHUCYTCTBYIOT CTPYKTYPHBIE COCTABJISIIOIIME B COOTBETCTBUU C
COZIepKaHUEM YIrJepoJa B CTald IpPH 3aKaJKe uUX OT TeMmreparyp Bbimie ACi u
OXJIQXK/ICHUH HIKE HE€, C IEPEXOJAHBIMUA 30HAMH MEXKY CIOSIMU CO CTPYKTYPHBIMU
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COCTaBIISIIOLIUMH CMEXHBIX oOnacteid. OO6pa3ipl ObIM HAarpeThl B Mpeaenax o0nacTu
ayCTEeHUTHOM (ha3bl T.€. 0 TEMIIEPATyphl OJTHOCTHIO ayCTEHU3AINH, 3aTEM OXJIaIUIN
10 KOMHATHOH TeMIlepaTypbl B DJEKTPOJMTE Ha BOJHOW ocHoBe. KoHeuHas
MHUKPOCTPYKTypa — MapTeHcuT. Kak Ha pucynkax SEM, Tak u Ha pHCyHKax
ONTUYECKOTO MHUKPOCKONA BHUIHO CHIIbHOE OOpa30BaHHME TUIIMYHOTO MapTEHCHTA
3aKaJIKu.

WD: 15,20 mm l] MIRA3 TESCAN| SEM HV:200kv |  WD: 15.30 mm | MIRA3 TESCAN|

View field: 67.7 ym Det: SE 20 ym View field: 56.4 um Det: SE 10 ym
SEM MAG: 4.09 kx erformance In nanospace SEM MAG: 4.90 kx Performance in nanospace

Obpaszyvl: a) Nel, 6) Ne2
Pucynox 4 - COM wu300pakeHUs] MHUKPOCTPYKTYPBI IIOIEPEYHOTO CCUCHMS
YIPOYHEHHOTO CJIOS

L] L] L] T T
800 = 4
600 | 5 4
400 |- 5 = =k
S g 2
200} :]. 3 £
o 'l lL ' I 1 1 |L
gmf{0)] = -

=3 @
gaof 3 -
z 400 g _ =4
=4 = 8 o)
= 200} g . £
0 ' gL A 1 i L IL
wila | 2 -
@
600 |- < i
400 | _ =i
g =
200 [ ] 5 -
P

o 'l JL Il 1 _A_ 1 IL

30 40 50 60 70 80

26, rpaa,

Obpasyvi: a) ucxonueiit; 6) Nel; g) Ne2
Pucynoxk 5 - ludpaxrorpammsl ctanu 30XT'CA 110 u ociie yrpo4HeHus

Ha puc. 5 nokazansl qudpakrorpaMMbl UICXOJHOTO U YIIPOYHEHHBIX 00pa30B
ctamu 30XI'CA, koTopsie ObUIH OIIEHEHBI HA OCHOBE PEHTT€HOBCKOI'O MCCIIEOBAHUS
TU(PaKIMOHHBIX KApTUH C MOMOIIBIO 0a3bl JAaHHBIX IMPOTPAMMHOI0O OOECIeUeHUs
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PowderCell 2.4. IudpakrorpaMMbl ObLIIH B3STHI C AKTUBHOM MTOBEPXHOCTH UCXOIHBIX
U YNPOUHEHHBIX IUIa3MOW 00pa3uoB. Pe3ynbTarbl MOKa3pIBalOT HaJIM4YUE IUKOB
HeMeHTUTa (KapOuaa kene3a). OTH pe3yJbTaTbl COIVIACYIOTCS C HCCIIEJOBAaHHEM
MUKPOCTPYKTYPBHL.

Ha puc. 6 nocrpoeHa guarpamma 3HAUY€HUI MUKpPOTBEPAOCTU 0Opa3loB MO
meTony Bukkepc, rie B uCX0JHOM cOCTOSIHUM MUKpOoTBepAocTh craiu 30XI'CA paBHO
245 HV, a mnocine DSIEKTPOJMTHO-IUIA3MEHHOIO  YIIPOYHEHHSI B CPEIHEM
MUKPOTBEPAOCTh YBEIMUMIIACh B 2—2,5 pa3a. [IpuunHOi N3MEHEHHs] MUKPOTBEPIOCTH
ABJISIETCS IEPUOINYECKOE MTOBBIIIEHUE TEMITEPATYPhI IPH KOTOPOM CTajlb HarpeBaiach
BBIIIIE TEMIIEPATyphl (a30BOTO MEPEX0/ia 0—y U MPEBPALLCHUS ayCTEHUT B MAPTCHCHUT
P OXJIAXKJIEHUHU TIOCe OKOHYAaHUS Bo3aencTBUA. Takas TUnmuHas cxema (ha30BbIX
MpEBpAIlCHUH MPUCYTCTBYET BO BceX oOpaslax, YHNPOYHEHHBIX METOAOM
TEPMOIMKINYECKOTO 3JIEKTPOIUTHO-TIIIA3MEHHOTO MOAU(PULIMPOBAHUS.
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Pucynok 6 - MukporBepnocts cramu 30XI'CA 1o m mocne 37IeKTpOJIMTHO-
IUIA3MEHHOE YIIPOYHEHHE

BeiBogpl.  TepMOLMKIMYECKOE  3JEKTPOJUTHO-IUIA3MEHHOE  YIPOYHEHUE
(HarpeB-3akajika) MOBEpXHOCTH KOHCTpyKiMoHHOW ctanmu 30XI'CA copepskanueM
yriepoaa 6osee 0,3 % 1 10CTaTOYHBIMU JIETUPYIOLIUMH 3JIEMEHTaMH, TTO3BOJISIOIINX
MOJIyYuTh  TBEpAble  (a3bl, CIOCOOCTBYeT K  YIY4ILEHHIO  MapaMeTpoB
MUKpoTBepaocTH. Lluknnueckoe coenuuenue Bbicokoro (320 B) m Huzkoro (maysa
50B) anexkTpuuecKoro MoTeHIraga MPUBOJUT K MEPUOJUYECKOMY YBEIUUYECHHUIO U
CTaOMJIM3allMM  CKOPOCTH HarpeBa, 4YTO CIOCOOCTBYET TIOBBIICHUIO 3HAYEHUUN
MUKpPOTBEPAOCTU B MUKpooOBbeMax 10 602 — 677 HV B MOBEpXHOCTHOM CJIO€ CTaJIH
30XT'CA. TlomydeHHbl€ pe3yJbTaThl MOKA3bIBAIOT, YTO AJIEKTPOIUTHO-TUIA3MEHHOE
YIIPOYHEHHE (HarpeB-3akanka)  o0JaJaeT  BBICOKUMH  TMOTEHUUAJIbHBIMU
BO3MOXHOCTSIMU B YOPAaBICHUM OCHOBHBIMH CTPYKTYPHBIMHU M3MEHEHUSMH B
MOBEPXHOCTHOM CJIO€ CTaJIM MPH POPMHUPOBAHUH (PUZUKO-MEXAHUYECKUX CBOMCTB.

HccnenoBanre BbIMOTHEHO Tpu (UHAHCOBOW Tomnepxkke Komwurera Hayku

MunuctepctBa oOpa3zoBanusi u Hayku PecnyOmuku Kaszaxcran (rpant Neo
AP08857733).
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Kak wu3BecTHO, B Hacroslee BpeMs TpUILATh OJHA CTpaHAa MHUpa MOIy4aeT
SHEPTUI0 C TOMOIIBIO AaTOMHBIX 3JIEKTpocTaHIui. Ka3axcran Takke paccMaTpuBaeT
BO3MOXHOCTh CTpouTeNibcTBa peakropa «lIll+». B cBsa3u ¢ dyem, ynydineHue
6e3onacHocT ADC ABISIETCS] OAHOM M3 aKTyallbHBIX U MPUOPUTETHBIX 3a1a4. [locne
HECKOJIBKMX KPYIIHBIX aBapUil BCE MHUPOBOE COOOIIECTBO 3aHATO PEIICHUEM JaHHON
npobaemel. OnbIT 3kcmuryataunn ADC mokasall, 4TO CYLIECTBYET BO3MOXKHOCTH
Pa3BUTHS TSHKEJION aBapuu AaKe IMPU JOCTAaTOYHO HU3KOM BepoATHOCTU. CyliecTByeT
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MHOKECTBO CILICHApPHUEB PA3BUTHUSL TSAKEIOW aBapuu, OJHUM M3 KOTOPBIX SIBISETCS
B3aMMOJICCTBHE pacIulaBa aKTUBHOM 30HBI peakTopa (KOpuyMa — PacIUIaBICHHOIO
MaTepHraia akTUBHOU 30HBI, KOTOPBIM 00pa3yl0T COOTBETCTBEHHO MX XHUMHYECKOMY
COCTaBY U YCIIOBHUSIM OKHCJIEHUSI CUCTEMY M3 JBYX HECMEIIMBAIOIIUXCS KUIKOCTEN —
OKCHJIHOM M MeTayuimueckoi [1]) ¢ kopmycoM, ¢ TaabHEHITUM MPOTUIABICHUEM €T0 U
YTEUKOU B MOJIPEAKTOPHYO JIOBYILIKY pacIuiaBa.

[TonpeakTopHasi JIOByIIKAa pacruiaBa OOeCleYHBAacT IMPHUEM, pa3MEUICHHE U
oxJaxaeHue kopuyma. [loBblmeHne 6€30MacCHOCTH JOCTUIAETCs 32 CUET UCKITFOUECHHUS
BBIX0/1a ’KUAKHUX U TBEPbIX PAAMOAKTUBHBIX MATEPUAJIOB 3a MPEAEIbI OAPEAKTOPHOM
JIOBYIIIKM pacIjiaBa, 4yeM OOeCleYMBaeTCAd HCKIIOUEHHUE TMOBPEXKICHUS CHUCTEMBI
FePMETHUYHOTO OTPAXKIACHUS 30HBI JIOKAIU3AIMU aBapuu [2].

Ha mepBbIX 3Tamax pa3BUTHS SASPHOM SHEPrETHUKHU MPEIIIArajoch HA CIydau
pa3pylIeHHs KOpITyca SAEPHOr0 peakTopa UMETh Ha JHE IIAXThl peakTopa Oacceii,
3aMOJHEHHBIM BOJIOM, MOMajgas B KOTOPYIO paciuiaB OyJIeT OXJaXJaThbCs 3a CUET
ucrapeHusi 3amaceHHol BoJbl. [IpoOneMHBIM (QakTOpoM BBICTYNAET TI'€HEpaLUs
BOJIOPO/Ia B IMOAPEAKTOPHOM JIOBYIIKE paciuiaBa, I[pPU KOTOPOH BO3HUKAET
BEPOSITHOCTh MapoBOrO B3phiBa [3], MapaMeTphl YJIapHOW BOJIHBI KOTOPOTO
MPEBBIIIAIOT 3a1ac MPOYHOCTHU 3AIUTHON 000JIOYKH.

beuio mnpennoxeno [4] mox ¢ynaamentoM ADC yCTaHOBUTH KaHaJbI,
OOJUIIOBAHHBIE KAPOMPOYHOM KEpaMUKOM U CHaOXEHHbIE CHapyxXu pedpamu
oxnaxnaenus. Hegocratkom Obl10 ycnoskHeHHe U ociabienue ¢pynnamenta ADC u
MPOTSHKEHHOCTh TAKUX KaHAJIOB: IIPU HEOOXOAMMOM 00111ei moBepXHOCTH Oosiee 350 —
400 M? ¥ MAKCUMAJIEHO BO3MOXKHOM quameTpe 300 MM TpeGyemas JIMHA COCTABIISIA
on1 60see 350 — 400 meTpoB.

CymiecTByeT BapuaHT YCTPOWCTBa B Tpelaesiax 3allUTHOM 000JOYKH C
YBEJIMYEHHON IMOBEPXHOCTHIO TEIJIOOTBOJA 33 CUET CUCTEMbI MPOAOJBHBIX WLIEIEH,
BHYTPb KOTOPBIX MOCTYIAET paciylaB TOIUIMBA, a B CTEHKaX ILIEJed pa3MelleHa
CUCTEMA OXJIAKIAIOUUX TPyO, KyAa MpH TSKEIOW aBapuu OyJeT MojaBaThbCs BOJA.
Henocrarkom siBnsieTcss oOpa3oBaHuE B OOJIBILIOM KOJIMYECTBE BOAOPOJA, MOTEps
TePMETUYHOCTH WIEJNEBBIX MOJIOCTEH JUIsl KOPUyMa C 3allOJHEHUEM HX BOAOW, YTO
CO3/aCT OMAaCHOCTh MapOBbIX B3PHIBOB [4].

OCHOBHBIM HAMpPaBJICHUEM, B HACTOSIIIEE BPEMS, 10 JIOKATU3ALIUU [TOCIIEACTBUM
TSKEJION aBapuu C paCcIUIaBICHUEM aKTUBHOM 30HBI JIETKOBOAHOTO SIIEPHOTO PeakTopa
SIBJISICTCSI BAPUAHT C JIOBYIIKON TUTEIbHOIO ThMa (CM., Hampumep, padotsl [5 — 12]),
KaK OJTHOTO U3 MEPCIEeKTUBHBIX U 3P(HEKTUBHBIX METOJIOB YICPKAHUS U OXJIAXKICHUS
kopuyMa. CyIIiecTByeT MHOKECTBO BapHalluil «CyXOil» JIOBYIIKH TUTEIbHOTO THIIA.
OCHOBHBIM Ha3HAYEHUEM JIOBYIIIEK JAHHOTO THUIIA SIBJISIETCS JIOKAIU3alusl MpOLIECCOB
OCTaTOYHOT'O HSHEPrOBBIICICHHUS] KOpUYMa M MPEIOTBpPALIEHHWE €ro mnomajaHus 3a
Mpeaenbl  JIOBYIIKM. YKa3aHHas KOHIENIus Oasupyercs Ha  3aloJIHCHUU
MOIPEAKTOPHOTO MPOCTPAHCTBA OJIOKAMH KAacCCET C HAIOJHUTEIEM - KEPTBEHHBIM
MatepuaioM [13], momMeneHHbIMH B CTaTbHOM TEIJIO00OMEHHUK-TUTEND [14], KOTOPHIiA
OKPY)KEH  TEIUIOM3OJSIUMOHHBIMUA  CIIOSIMH,  OXJIA)KIAEMBbIMH  KOJIBLIEBBIM
CEKITMOHUPOBAHHBIM 0ACCEMHOM C KHUIIAIIECH BOJIOH.
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OCHOBHOE OTJIMYME BCEX JIOBYIIEK THUTEJIBHOTO THIIA 3aKJIIOYaeTCs B
KOHCTPYKIIMU U COCTaBe KEPTBEHHOro Marepuaya. [loMMMO KOHCTPYKIIMH UMEETCs
pasMyHbIe BapuallMy COCTaBa MaTepuaia JOBYIIKHU. Takum 00pa3om, BOIIPOC BbIOOpa
KOHCTPYKIIMH M MaTepualioB MOJIPEaKTOPHON JOBYIIKH paciiiaBa i 3QPeKTUBHON
JIOKaJIU3allid TPOILECCOB OCTATOYHOTO JHEProBBIJICICHUS KopuyMa 3(P(HEKTUBHO
U3Yy4aeTCs U SIBJISETCS aKTyaJbHBIM 110 HACTOSIIIIEE BPEMS.

3amaya BpIOOpa MaTepuaia JOBYIIKM COCTOUT B OOECHEYEHHM TIIyOOKOMH
MOJAKPUTUYHOCTH pACIIaBa AKTUBHOM 30HBI SIIEPHOTO PEAKTOpA, €ro sAepHOU
0€30MacHOCTH U BBICOKOH 3((HEKTUBHOCTH JIOKATU3AIIHH.

breicTpas u HaaékHAS TOKamU3amus paciuiaBa TpedyeT 3(PEeKTUBHOTO OTBOAA
TEIlIa, BBIIEIAOIErocs B 00bE€Me paciuiaBa KopuyMma. HaumydimmMm TernaoHocuTeneM
JUTSL OTBOJIA TEILIA CIYKUT BOJIA, OAHAKO HEOOXOJAMMOCTh MPEAOTBPALIEHUS TapOBbIX
B3PBIBOB UM TEHEpaluu OOJBIIOr0 KOJIMYECTBA BOAOpPOAa TpeOyeT MPUHATHUSA
JOTIOJIHUTEJIbHBIX TEXHUYECKUX PEILICHUM.

B cBs3U ¢ 3TUM, aKTyalbHBIM CTAHOBATCS CIIOCOOBI TEIJIOOTBOJIA OT pacIiaBa,
MCKIIFOYAIOIIKE PSIMYIO 110/1a4y BOJIbI Ha IOBEPXHOCTH. B CBS3M ¢ ueM, BOZHHUKIIA UJIES
YCTAaHOBUTH HA JHE JIOBYIIKH, COBMECTHO C )KEPTBEHHBIM MaTE€pPUAJIOM, OIIPEJEICHHOE
KOJIMYEeCTBO MeTauia. [lpm nomagaHuum KopuymMa B MOAPEAKTOPHYHO JIOBYILIKY
pacruiaBa, OyeT MPOUCXOIUTH HATPEB U JaibHEHIMM (a30BbIil mepexo1 MeTasuia, Ha
YTO  COOTBETCTBEHHO  HEOOXOJUMO  3HAYUTEIBHOE  KOJUYECTBO  DHEPIHH.
[IpeuMyiiecTBO  pacIUIaBIEHHOIO  MeETajula  SIBJIIIETCS  OTCYTCTBHE  PEaKIIMid
o0pa3oBaHMsI BOJOpPOAA, a TAaKXKE HHU3Kasl BEPOSTHOCTh IAPOBOTO B3phIBA [0
CPaBHEHHUIO C BOJIOM.

B cBS3M C  BBINEU3NIOKEHHBIM, Ha HaAll B3MJSA  IPEACTaBISACTCS
LEJIECOO0Pa3HbIM  TPOBECTH  CEPUI0  DKCIEPUMEHTANbHBIX  HCCIEAOBAHMM
B3aUMOJICHCTBUSI KOPUYMa C >KEPTBEHHBIM MaTEPUAJIOM U3 KEPAMHUKU C KHUIISAIIUM
METAJUIMYECKUM CJIOE€M IS 3alUTHOM OOJMIIOBKH TMOAPEAKTOPHOM JIOBYIIIKU
pacmiaBa. Pe3ynpTaTbl SKCHEPUMEHTAJbHBIX HCCIEAOBAHUN MO3BOJISIT HPOBECTH
000CHOBaHHBIN aHaMM3 A(H(PEKTUBHOCTU JTAHHOTO Marepuaia, s MPOEKTUPYEMOn
NOJAPEAKTOPHOM  JIOBYIIKM  pacIjlaBa, MpPEJHA3HAYEHHOM  [Ji1  IOBBIIICHUS
6e3zonacHoctT ADC, B cilydyae TsDKEJIOW aBapuu C IUIABIICHUEM AKTUBHOW 30HBI
peaktopa. Hcrnoib30BaHME  METAIUIMYECKOTO  CJIOSI  IMO3BOJIIET  OTPAaHUYUTH
TEMIIEpaTypy KepaMUKH TEMIEPATypOll KUIIEHUS CII0si, OOpaIeHHOTO0 K KOpUyMy, a
Takke oOecreunBaeT 3(Q()EKTUBHBIN TEIIOOTBOJ OT KOpPHUYMa 3a CYET JHEpIuH,
3aTpaynBaeMoi Ha (ha30BbIM MEepexo]l MaTepuana KUISAIIEro METATIMYECKOTO CIIOs B
napooOpa3HOE COCTOSTHUE.

Jns ananuza 3(pPEeKTUBHOCTH TEIUVIOOTBOAA OCTATOYHOTO SHEPTrOBBIACICHUS
KOpUyMa KEpPaMUKH C KHUISIUM METAUIMYECKUM CJI0€M HaMH ObLI TIPOBEICH
TerI0Boi pacueT B mporpamme ANSY'S skepTBEHHOTO MaTepuaia ¢ KUISIUM CII0eM
1 0€3 KUIIAILEro CIosl.

Ha pucynke 1 mnpuBeaeHbl MOJEIM MOJIPEAKTOPHOM JIOBYILIKK pacljaBa
KEPTBEHHOTO MaTepHalia ¢ KHUISIIUM CJIoeM W 0e3 KHUIIAIIEro CIIOS, U MPHUBEIACHO
pacyeTHOE TEMIIEPATypHOE IOJ€ MOCIIEe B3aUMOJEHCTBUS KOPHUyMa C KEPTBEHHBIMU
MaTepHallaMH TOJPEAKTOPHON JIOBYIIKM paciuiaBa nmo ucredeHuto 150 munyrt. B
OJHOU U3 MOJEJIEU MPUCYTCTBYET METAJIIMYECKUN CIIOM.
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W3 pucyHKa BHJIHO, YTO TEMIEPATYPHOE MOJE MOAPEAKTOPHON JIOBYIIKH
pacriaBa ¢ KUISIIINM CIOEM HUXKE U pacrpeiesieHo 60jiee paBHOMEPHO O CPABHEHUIO
C TeMIIEpaTyPHBIM IIOJIEM MOJAPEAKTOPHOM JIOBYIIKH 0€3 KUITSILETO CIOSI.

I e
- MEepTBEHHBIA
matepuan
- cransHan
HOp3WHa
- - ofonoyka
- METAAIMHECKUA
cnon

Motens Ge3

KIMAILETO CI0%

Temperature
3321

Mortens ¢
KIIAMIN CT0eM

Temperature
3277
] 2979
2682
-
J 2088
1788
1491
1193
895
598
300
[K]

Pucynok 1 — Mojenb noapeakTopHO# JTOBYIIKK 0€3 KUIISIIETO CJIOS U C HUM.
PacuetHoe TeMiiepaTypHOE M0Jie MOAPEAKTOPHOM JOBYUIKH paciliaBa MO UCTEYEHUIO
150 MuHYT mociie B3aMMOAEHUCTBHUS C KOPUYMOM

3019
2717
2415
2113
1811
1508

[K]

V3MeHeHus cpefHeil TemmepaTyphl paciiiaBa B MOAPEAKTOPHBIX JIOBYIIKAX C
KEPTBEHHBIM MaTEPHUAJIOM U3 KEPAMHUKH 0€3 KUTISIIETO CI0s (MOAENb 1) ¥ ¢ KUMSAIINUM
cioeM (Mo/iesib 2) MOKa3aHbl HA PUCYHKE 2.
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Pucynok 2 — 3meHeHue cpeiHel TeMiiepaTyphl pacijiaBa B pa3HbIX MOJENSIX
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VBenuueHue cpeaHed TeMIeparyphl paciiaBa  BbI3BAHO  OCTATOYHBIM
SHEPrOBBIJICICHUEM KOopuyMa. Kak BHIHO M3 pUCYHKa 2, YBEIMYEHUE CpPEOHEU
TEMIIepaTyphbl pacijiaBa MPOXOJUT MEHEE WHTEHCHUBHO B MOJENU MOJPEAKTOPHOU
JIOBYIIKM C KHUISIIIMM CJOEM, 3a CYET TEeIJIOOTBOJA OT KOpHUyMa K MeETaly Ha
coBepieHne (pa3oBoro nepexoa.

HccnenoBanus mo AaHHOM paboTe OyAyT IPOBOAUTHCA HA IKCIIEPUMEHTATBHON
yctanoBke JIABA-B, coznannoit B UAD HSLL PK. Ha nanHo# ycTaHOBKE MPOBOASTCS
UCCJIEIOBAHUSI TIPOLIECCOB, COMPOBOXKIAIOUIUX TSHKEIYI0 aBapUIO JIETKOBOJIHOIO
sHepreTudyeckoro peaktopa [15]. VYcraHoBka mo3BoJisseT TMIAaBUTH 10 60 Kr
MIPOTOTUIIHOM CMECH MaTepuajoB akTUBHOM 30HbI LWR MeToaoM WMHIYyKIMOHHOIO
HarpeBa B  «TOpsSYeM THUTJIe» C  TMOCJIENYIONMM CIMBOM  paciulaBa B
AKCIIEPUMEHTAJILHYIO CEKIIMIO.

Jlo HacTodIero BpeMEHH, B paMKax pa3JIMYHBIX MNPOrpaMM Ha YCTAHOBKE
JIABA-B Ob110 BBINOJHEHO HECKOJIBKO MCCIEA0BATEILCKUX Pa0OT:

— OKCHEpUMEHTBl 1O  HUCCIEJOBAHHUIO  B3aMMOJCHCTBUS ~ TOIUIMBA C
teronocuresem (cepust FCI) [15];

— ODKCIEPUMEHTBI IO UCCIIEIOBAHUIO B3aUMO/ICHCTBUS TOIUIMBA C OCTATOYHOM
BOJIOW BHYTpH Kopiyca peaktopa (cepus LHI) [15];

— WccnenoBanusi B3auMOJCHCTBHS paciylaBa aKTUBHOM 30HBI C OETOHOM
(MCCI) [15];

— DKCIEPUMEHTAIBHOE  W3YyYEHHE  HECTAllMOHAPHBIX  MPOIECCOB  IPHU
yAepKaHUM KOpHUyMa B KOpIyCe peakTopa TMpU HUMUTAIMU OCTATOYHOTO
teroBbiAencHus (mpoekt INVECOR) [15];

— OKCIEpUMEHTAIbHOE  KCCJIEIOBAaHUE  B3aMMOJICHCTBUSL ~ KOpUyMa H
*apocroiikux marepuainos (mpoekr CORMIT) [16];

— OKCIEpUMEHTAIbHBIE  HCCIIEIOBAHUS IO  MOJYYEHUIO  MOJEIBHOIO
3aCTBIBIIETO KOPUYMa, AHAJIOTMYHOTO KOpUYMY, OOpa3oBaBIIEMYCSi B pe3yJibTaTe
aBapun Ha ADC ®dykycuma-1 (mpoekt Fukushima Debris) [17].

DKCIepUMeHTalbHas YCTaHOBKA (PUCYHOK 3) BKJIIOUAET B ¢€0sl 1Ba OCHOBHBIX
GYHKIIMOHAMBHBIX OJIOKA: dJekTporuiaBmwiibHyto meub (OIIII) nns moaroToBku
pacruiaBa MmpoOTOTUITHOTO KOpHyMa U yCTpoicTBO puema paciuiasa (YIIP), B kotopom
pasMeniaeTcs HKCIEPUMEHTANIbHAsT CEKUHUs JJIi MOJCIIMPOBAHUS HCCIEAYEMbIX
ITPOLIECCOB.

Takum oOpa3oM, Ha Haml B3IJIAA, OJHUM H3 HamOoJee MPOCTHIX
aJbTEPHATUBHBIX BapHAHTOB TEIJIOOTBOJA OT paciuiaBa SIBJISIETCS MCIOJIb30BAHUE
KUIISIIIErO CJI0Sl MeTalljla Ha JHE JIOBYIIKH SJIEPHOTO PEAKTOpa B MEPUOJ BPEMEHH,
KOrJa rojaya BOJbI Ha pacIljlaB HEXelaTelibHa BCIEICTBUE T€HEpalMy BOJIOPOJA U
BO3MOXXHOTO TIApOBOTO B3pbiBa. I[Ipu 3TOM, HEOOXOAMMO HIKCIEPUMEHTATHHO
OTPENCIUTh U TEOPETUYECKHM OOOCHOBAaTh COCTAaB MU TeIUIO(DU3NYECKHUE CBONCTBA
METAJIJTMYECKOTO CJIOSI, KOTOPBIM MOKET CO3/1aTh 3HAYUTEIbHBIN TEIJIO0TBO (Oosee
170 - 200 x/I>x/mM011b) OT KOpHUYMa B TIPOIIECCE CBOETO KUIICHHUSI.

Marepuan odopmiieH 1o coxaepkanuto crath «Heat-resistant composite
coating with a fluidized bed of the under-reactor melt trap of a light-water nuclear
reactor», M.K. Bekmuldin, M.K. Skakov, V.V. Baklanov, A.V. Gradoboyev,
A.S. Akaev., Eurasian Physical Technical Journal, 2021, Ne3, ¢. 65-70.
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1 — OIII (snekTpuueckas IUIaBUJIbHAs I€4b), 2 — TUTENb TpadUTOBBIM,
3 — uaaykrop DIIII, 4 — VIIP (ycTpoiicTBo mpuema paciiiaa), 5 — uaaykrop YIIP,
6 — OeToHHAas JTOBYIIKA.
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Pucynok 3 — Ycranoska JIABA-b

Cnucok JJuTepaTypbl
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The article presents studies of the structural-phase state and properties of the Cr-

Al-Co-Y composite coating obtained on the basis of the developed method of
magnetron deposition before and after heat treatment.
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A magnetron method for applying Cr-Al-Co-Y composite coatings has been
developed which makes it possible to form dense coatings without a pronounced
columnar structure characteristic of metal coatings. The optimal modes for applying
composite coatings are determined. Studies of the structure of magnetron coatings have
shown the deposition process under the selected modes is accompanied by the
formation of a developed interface between the coating and the substrate as well as
between the layers themselves, which is clearly seen on all samples (1-, 2-, 4-, and 8-
layer ). The main process occurring during annealing of composite multilayer coatings
Is the formation of a spinel-type phase. Shown the values of microhardness and
roughness of coatings increase with increasing temperature. A slight increase in erosion
(abrasive) resistance after heat treatment by 16% was found. [1-5].

Keywords: coating; structural-phase state; magnetron; phase; spinel; layer-by-
layer deposition.

Introduction

The application of protective coatings to the details of critical parts of
installations can provide an increase in the durability of the part without a significant
increase in their cost [6].

Studies of structural-phase states and properties of protective coatings are the
most effective tool for the implementation of research programs aimed at obtaining
experimental information about the processes occurring in thin films. Need to study
new phenomena and regularities in the study of thin-film materials, which can become
the basis for the creation of fundamentally new technologies and devices, is beyond
doubt [7].

The structure, phase composition and properties of the modified surface layers
depend on the technological features of the methods and deposition modes used. The
ability to form new structural-phase states of the surface layers of metals and alloys
makes it possible to expand the area and conditions for their practical use [8].

The purpose of this work is to study the structural-phase state of the Cr-Al-Co-
Y composite coating obtained as a result of using the developed magnetron method for
applying multilayer coatings with a controlled concentration of constituent elements in
the initial state and after heat treatment.

Research methods

Classical research methods: optical, electron transmission and scanning
microscopy, X-ray diffraction analysis. Mechanical tests, thermal surface treatment
methods were also used.

Results and its discussion

The object of study in this work was coatings of the Cr-Al-Co-Y system, which
were deposited on a substrate of single-crystal silicon with crystallographic orientation
[100]. Because the technology for manufacturing targets and coating is very complex,
therefore, at this stage, the silicon substrate studied by us earlier was chosen for testing
the coating technology.

Metal disks were inserted into the erosion zone of the aluminum disk (matrix),
the quantity (cobalt 6 pcs and yttrium 1 pcs), the diameter of which was chosen in
proportion to the sputtering coefficient of this element and its required concentration
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in the final coating. The size (Al) of the target is 100 mm, the diameter of 1 disk Co =
16 mm, the disk diameter Y = 10 mm. The diameter of the pressed discs was chosen
based on the spray coefficient of a given element and its required concentration in the
final coating. Because of a partial short circuit of the magnetic lines of the magnetron,
the discharge did not switch to the diode mode, which made it possible to control the
power density on the target and control the composition of the resulting final coating.

To compare the structure, morphology and mechanical properties of Cr-Al-Co-
Y multilayer coatings, coatings were obtained from 1, 2, 4 and 8 alternating layers.

In the process of carrying out experimental work on the optimal selection of the
coating deposition mode, several modes of the magnetron method were tested. Figure
1 shows images from samples with different coating processing modes.

Figure 1 a) shows that the coating structure has longitudinal through channels,
indicating a loss of coating integrity. Figure 1 b) also demonstrates the lack of integrity
of the coating texture, it can be seen that the edge areas are destroyed. Figure 1 c) has
a homogeneous integral structure. Figure 1 d) shows a longitudinal median crack along
the entire sample. The structure of Figure 1 e) contains parts of the coating that are
twisted and torn off at the edges. Figure 1 e) is represented by a crack on the surface of
the coating.

Based on the state of the coatings (warping, integrity and uniformity of the
layers), the following optimal mode was chosen:

- layer 1 - Co/Al/Y magnetron current - 0.5 A, Co/Al/Y magnetron voltage - 450
V; Cr magnetron current - 0.3 A, Cr magnetron voltage - 320 V; layer deposition time
- 12.5 minutes; substrate temperature <100°C;

- layer 2 - Co/Al/Y magnetron current - 0.5 A, Co/Al/Y magnetron voltage - 450
V; Cr magnetron current - 0.6 A, Cr magnetron voltage - 380 V; - chamber pressure
0.1-0.66 Pa; layer deposition time - 11.4 minutes; substrate temperature <100°C.

Figure 1 - Microscopic image of the surface of coatings with different modes of
coating processing according to table 1: a) processing of a 2-layer sample of mode 1;
b) mode 2 processing; ¢) mode 3 processing; d) mode 4 processing; e€) mode 5
processing; e) mode 6 processing
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According to the results of SEM measurements, it can be seen that the Cr-Al-
Co-Y system forms dense coatings with a columnar structure characteristic of metal
coatings. Figure 2 shows that during the deposition process a coating was formed,
which has a high-relief character. The thickness of all synthesized Cr-Al-Co-Y coatings
IS 1.5-1.7+0.2 um. The thickness of each of the layers averaged 0.3+02 pm.

SEM studies of the structure of magnetron coatings have shown that the
deposition process under the selected modes is accompanied by the formation of a
developed interface between the coating and the substrate, as well as between the layers
themselves, which is clearly seen on all samples (1-, 2-, 4-, and 8- milayer). In some
places of the surface layer of the substrate, partial deformation occurs, a kind of
microchanneling by individual particles of powder components. This also manifests
itself in the border places between the layers. At the interface, there are sections where,
at the initial stage of coating formation, for example, a 4-layer coating, immediately
after the sublayer, particles of powder components are introduced into the surface of
the next layer. Beyond the interfacial boundary, approximately to the depth of the
coating, the region of the transition layer extends, which during the deposition process
was exposed to charged particles in the magnetron plasma, which is ensured by the
ionization of neutral gas atoms by electrons accelerated by the electric field in the
cathode space.

A distinctive feature of the synthesized layers is the almost complete absence of
a crystalline structure for all types of synthesized Cr-Al-Co-Y multilayer coatings,
which is most likely due to the amorphous properties of cobalt and its tendency to form
metallic glasses.
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Figure 2 - SEM microscopy of a cross section of a coating (four-layer coating)
with an energy dispersive spectrum
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In addition, the formation of an amorphous state is also determined not only by
the chemical composition, but also by thermodynamic, kinetic, and technological
factors. In the process of deposition of Cr-Al-Co-Y coatings by magnetron sputtering
of combined cathodes, the flow occurs in three stages: erosion leads to the knocking
out of atoms from the first several atomic layers of the cathode surface due to
bombardment with accelerated ions of the working gas, forming an emission flux;
transportation of a substance through a localized high-density plasma transforms it into
a metastable state under the influence of thermal, photon and electrical effects, while
remaining electrically neutral; deposition of condensate on the surface of stirred
powder particles under low-energy conditions at low temperatures in the zone of
faraday space at a certain distance from the cathode, apparently ensuring the formation
of an amorphous coating structure.

In order to identify patterns of changes in the structural-phase state and
properties of composite coatings, work was carried out on heating samples at 400 °C,
800 °C and 1000 °C.

The main process occurring during annealing of composite multilayer coatings
Is the formation of a spinel-type phase (SiO,, CoO, AlSiy50,5, CrAlg42Sizss, Co304
Y,03 CoCr,0,4). In this case, despite the symbol Co30,4, the composition of the
resulting spinel may be different and may also include Cr, Y, and Al based on the
possible charge states of these cations (Cr3*, AI**, Y3, Their final formation for all
samples occurs in the temperature range of 800-1000°C. In this case, the yttrium oxide
phase can form separately from particles with this structure, which is due to the large
size of the Y3* cations. Apparently, the calcination of samples in an inert atmosphere
does not lead to the reduction of oxides, but to their crystallization.

The experiments carried out allowed us to conclude that in the future it is
recommended to carry out heat treatment of coatings using a medium with a more
reducing character, for example, a mixture of gases "Ar + H," or "He + H,", which will
contribute to the process of reduction of the original spinels. The phases of impurities
based on silicon dioxide are retained, the latter being observed in the original samples,
and therefore, its appearance can also be associated with the interaction of the substrate,
film substance and the environment during the preparation of the composite

According to the results of measurements, the maximum value of Ra surface
roughness is observed for a sample with a 4-layer coating and the value of
microhardness is also maximum for this sample. Annealed samples of all series have a
slight increase in microhardness by 10%, while samples with a 4-layer coating
annealed at 800 OC have a slight decrease in microhardness by 1% compared to a
similar unannealed sample. This is due to the formation of a spinel-type phase after
annealing of the samples.

Generally, grain boundaries will prevent crack propagation, so multi-layer
coatings have better hardness than single-layer coatings due to large interfaces.

The results of experiments on testing coatings for abrasion resistance made it
possible to obtain the following data: in the initial state, a 4-layer Cr-Al-Co-Y coating
on a matrix of steel 12X13 has an average value of 9.8598e-15 kg/(s*m2). After heat
treatment of these samples, the abrasive resistance had the following indicators: at
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400°C - 9.0122¢ - 15 kg/(s*m2); at 800°C - 10.5897e - 15 kg / (s * m2); at 1000°C -
10.9635e - 15 kg / (s * m2).
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Figure 3 - X-ray diffraction patterns of Cr-Al-Co-Y coating samples in
asymmetric geometry depending on the annealing temperature of the samples: a) 1
layer; b) 4 layers

Thus, the experimental data showed a slight increase in erosion (abrasive)
resistance (9.0122e-15 kg/(s*m2)) after heat treatment at 400 °C compared to the same
samples in the initial state. The remaining samples at 800 °C and 1000 °C show a
decrease in erosion resistance. As a result of the research, it was found that the level of
erosion (abrasive) resistance of annealed samples decreased on average by 16%, which
is included in the norm of lost material during operation at elevated temperatures.
Weight loss decreased by 16%, and, therefore, increased wear resistance of the
material.

The composite coatings obtained by the method proposed in this work can be
used in various industries to harden parts, increase their erosion resistance and wear
resistance.
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CTPYKTYPA U MEXAHO-TPUBOJIOI'HYECKHUE
CBOMCTBA HUTPUJIA TUTAHA, IOJYUYEHHOI'O
BO3YHIHO-IIJIASMEHHBIM HAIIBIVIEHUEM

KenecoexoB A.B.", Carnomxkuna JXX.B., Paxanunos B.K.

Boctouno-Ka3zaxcranckuii yauepcuteT uM. C. AMaHk0JI0Ba,
r. Yerb-Kamenoropcek, Kasaxcran
e-mail: aidar.94.01@mail.ru

N3nococtoiikoe mokpeitie TiN Obuto mosiyueHo Ha ctanu P6MS mertomom
BO3YIIHO-TUTA3MEHHOTO  HambUIeHWs.  [IpoaHanmu3upoBaHbl ~ MHKPOCTPYKTYPA,
(da30BBIif COCTaB, MHKPOTBEPIOCTh W HM3HOCOCTOWKOCTh MOKPBITHSA. Pe3ymbTaThl
nokaszanu, 9to mokpeiTue TiN xopoto cuersiercs ¢ moanoxkkoi. [locine Hanecenus
MOKPBITUA JaHHBIE pPEHTreHo(]a30BOro aHanmm3a TMoka3aau (opMmupoBaHHE B
NPUTIOBEPXHOCTHRIX cinosiXx a3 TIN um TisO. A Takke TNOKa3aHbl PE3YJIbTATHI
TpuOJIOTHUUECKNX W MexaHudeckux wucnbiTaHuil mokpeiTHii TiN. Tlokpsitne TiN
o0agaet BeICOKOU MUKpOTBepaocThio (1163 HV) 2), uTo npeBocxoauT craibs POMS, a
Takke HU3KUU Koapdumuent tpeuus (0,35). Takum obOpazom, meron obOnamaer
BBICOKMM TOTEHIMAIOM [UJIsl HAMbUICHUS W3HOCOCTOMKUX TOKPBITUNA OTKPHITOM
BO3/yXeE.
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KimroueBbie ciioBa - W3HOCOCTOWKOE TOKphITHE, 1IN, MHUKpPOCTpPYKTYypa,
BO3IYLIHO-TUIa3MEHHOE HAIIbUICHUE.

[Ipo6iema moBbimieHUs 3(PHEKTUBHOCTH 00pabOTKH MaTEepHATIOB pe3aHHUEM
OCTpO CTaBUT 3a/1auy MOUCKa MyTel obecredeHuns: paboToCIOCOOHOCTH U HAJIEKHOCTU
PEXYIIETO HHCTPYMEHTAa. BBIXOA U3 CTpos HMHCTPYMEHTAa NPEUMYIIECTBEHHO
oOyCIIaBIMBAETCS HE €ro IMOJIOMKOM, a TMpPexACBPEMEHHbIM H3HOCOM pPabOo4MX
noBepxHocTel.  [loaToMy  akTyalbHBIM  SIBIIIETCS ~ BOINPOC  IOBBILICHHUS
M3HOCOCTOMKOCTH PEKYIIETr0 MHCTPYMEHTA 3a CueT MOAN(UKAINK TTOBEPXHOCTHOTO
cnost myteM (opMUpOBaHUS BO3MYIIHO-TUIa3MeHHBIX TOKpeIiTH (BITH) Ha ocHOBe
Hutpuaa tutaHa [1-3]. Takue mokpbeITHS 001amar0T 0oJiee BHICOKOW TBEPAOCTHIO,
COTIPOTUBJICHUEM Je(POpMaIU U U3HOCOCTOMKOCTBIO 10 CPABHEHUIO C TIOKPHITUSIMU
u3 SIC, CrN u ap. 3a c4eT CTPYKTYpbl M 0oJiee BBICOKOTO YPOBHS MEXaHHUYCCKHX
HANPSOKCHUM, OTJIMYAIOTCA 3HAUYUTEIBHOM CTOMKOCTBIO K  TEMIIEPATYPHOMY
BO3/eCTBUIO [4,5]. OCHOBHBIMU MPEUMYIIECTBAMH 3TOTO METOJIa IO CPAaBHEHHIO C
JIPYTUMHU  CIIOCO0aMM  SIBJISIFOTCSL BBICOKAsk CKOPOCTh OCaXIACHUS U WHTCHCUBHAsS
Tu1a3MeHHas 00paboTKa pacTyIIEro CJos MOKPhITUS. B pe3ynbrare 3TOro mpoucxXoauT
TersioBass MHTeHCUUKaIUs AU Yy3MOHHBIX MPOIECCOB MPOHUKHOBEHHSI aTOMOB
MOKPBITUS B MOJJIOKKY, UTO 3HAYUTEIBHO YJIY4IlaeT €ro aire3uto K noaioxke [6,7].
Kpome Toro, npuMmeHeHne BO3/lyxa B KAUECTBE aKTUBHOM IJIa3MO00Pa3yIOIIei Cpeibl
3HAYUTETHHO MOBBIIIAET O€30MaCHOCTh PAOOT U CHUXKAET CE0€CTOMMOCTh MOKPBITHI.

Peanuzanusi BEIOpaHHOW TEXHOJIOTHUHU CBSI3aHA CO CJIEAYIOIIMMHU ITPOOIEMaMHU:
B MOKPBITUSIX MOTYT MPUCYTCTBOBATh OKCUIHBIE TJICHKHU U TIPOSIBISATHCS CTPYKTYpHAsI
HEOJTHOPOIHOCTh. OMHOW W3 MPUYUH BO3HUKHOBEHMS TMOAOOHOTO poja AeheKToB
MOXET CIY>KUTh PAa3IMYHOE arperaTHOE COCTOSIHUE YaCTHIl, HAXOMSIIMXCS B TJIa3Me
[8,9]. ITlomHocThiO u30aBUTBCA OT OTUX Je(PEKTOB HEBO3MOXXHO, HO MOXHO
3HAQYUTEIBPHO COKPaTUTh WX KOJUYECTBO, T'PAMOTHO MOAOUpas TEXHOJOTHYECKUE
pexuMbl HambuleHHs. [loaToMy cTosa 3a7a4a UCCIIeIoBaTh CTPYKTYPY M CBOWCTBA
nokpbITuid TiN, OJYYEeHHBIX BO3YIIHO-TUIA3MEHHBIM METOJIOM.

[lenpto maHHOM pabOTHI SABISETCS MPOBENCHUE KOMIUIEKCHOTO WCCIEAOBAHUS
CTPYKTYpHlI, (a3oBoro cocraBa, mMopdosioruu moBepxXHOcTH U Tpubojgorum TiN
ITOKPBITHM, IOJYKEHHBIX B yciaoBusax BITH.

MarepuaJjibl 1 METOAUKA UCCIEAOBAHUS

B xauectBe wMmarepuana st GOpPMHPOBAHUS HM3HOCOCTOMKHX TOKPBITHI
MCIIOJIb30BAJIM TTOPOIIIOK Ha OCHOBE HUTpUA TUTaHa ¢ ¢pakuueit 40 mxm. [Toporirok
HaNBUIIM HA OTPE3HYI0 (Ppe3y u3 ObicTpopexyiie ctanu POMS.

[T1a3MeHHOE HAIbUICHHWE MPOBOIMIIA C HCIIOJNBb30BaHHEM Iuia3MoTpoHa [10],
YKOMILUIEKTOBAHHOT'O Y3JIOM KOJIBIIEBOT'O BBOJAA Mopoiuika. [IOKpBITHS HAHOCUIIM TIPU
Toke nyru 135A, pabouee HanpsokeHue 40B, TemmnepaTypa ocakeHus He MpeBbIiaa
250°C [11]. Juctanmus HambieHus coctaBmsuia 30 mM. B kadectBe
M1a3M000pa3yIOIIero ra3a UCIoIb30BaAJICS BO3AyX U aproH. HemocpencTBeHHO miepe
HaIbUICHUEM TPOBOIIIA MIECKOCTPYHHYIO 00pab0TKy TTOBEPXHOCTH OTPE3HON (Ppe3bl
u3 ctanu P6MS.

J{ns onpenesieHys TOJNIIMHBI U 3JIEMEHTHOTO COCTaBa MOKPBITUN UCIIOJIb30BaIN
pactpoBbiil nekTpoHHBIN MUKpockon TESCAN VEGA 3 ¢ sHeproaucnepcCuoHHbIM
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crektpomeTpoM (D/C). MUKpOTBEpIOCTh MOKPBHITHII OLEHUBAIM Ha TBEPAOMEPE
Buxkepca Q10A+ npu Harpyske 200 r. I3mepeHue TpuboI0rHuecKiX XapaKTepUCTUK
MMOKPBITUN TPOBOJMIIOCH B PEXKUME TPEHUS CKOIBKEHHUS IO CXEME «IIap-AUCK» Ha
tpubomerpe TRB2. CkopocTs Bpamenus obGpasua — 2 cm/c, Harpyska — 10 H, B
KaueCTBE KOHTpTENa HcnoJibzoBaicsa map u3 cranu 100Cr6 auamerpom 6 mm. g
UCCJIEIOBAHMS CTPYKTYPhI 00pa3iia MUKPOUUIU(BI MOATOTABIMBAIMN 110 CTaH/IapTHOU
METOAMKE: UUIM(POBaHME Ha MIKYpKaX U TOJUPOBAHUE C HCIOJIb30BAHUEM
MOJIMPOBOYHOM MacThl 3M.

Pe3yabTarhl Hcc/ie10BaHUS U UX 00CYKAEeHHE

Pesynpratet POM  CBUAETENBCTBYIOT O HEOJHOPOJHOCTH  CTPYKTYPBI
MOJIYYEHHBIX MMOKPBITHI, CBA3aHHOW C HEPABHOMEPHOCTHIO HAIPEBA YaCTHULL MOPOILIKA
B IJTA3MEHHOM cTpye. B MaTepuane mokpeIThii BcTpeyatoTcs cnaboaeopMupoBaHHbIC
KOHIJIOMEpaThl YaCTULbl MOPOIIKA, YTO XapaKTEPHO ISl TEPMHUYECKHX CIIOCOOOB
HambUleHus. BuaHO, 4TO cTos0YaThie 3JIEMEHThI CTPYKTYPBI, XapaKTepHbIC IS
nokpeiThii  TiN, oTCyTcTBYIOT. OTMETHM, 4YTO cTojO4YaTasi CTPYKTypa SBISETCA
HEOIaronpusITHOW ¢ TOYKU 3PEHUS] MEXAHMUECKUX XapaKTEPUCTUK U KOPPO3UOHHOU
croiikoctu mokpbiTHiA [17-19]. O6mmii Bum BITH mokpeituit TiN npuBeneH Ha
pucyHke 1. TonmuHa nokpeITHil coctaBusieT 70-75 MKM.

SEM HV: 20.0 kV WD: 16.78 mm M H
View fleld: 1.04 mm Det: SE, BSE View field: 104 pm Det: SE, BSE
Date(m/dly): 01/22/20 Date(m/dly): 01/22/20

Pucynoxk 1 — POM u3obpaxenue nomnepeyHoro ceueHus mokpuItTuii TiN

Ha pucynke 2 moka3zaHo pacrnpe/esieHue 3JI€MEHTOB MO TOJIIUHE MOKPBITHS
TiN, noxydaemoro npu BITH. CornacHo moyiydeHHbIM aHaJM3aM IO TIIyOHUHE ObLIO
YCTAaHOBJIEHO YTO AaTOMbl KHCJOpPOJa CKOHLIEHTPUPOBaHbl Ha IOBEPXHOCTH
HaIbIJIEHHOTO CJIos. JTO cBsizaHO ¢ npoueccoM BITH koTopelil ocyiiecTBiasieTcss Ha
OTKPBITOM BO3JlyXe€, I/I€ paclbUICHHBIA MaTeprall MOXKET JIETKO BCTYNATh B PEAKIUIO
C KHUCJIOPOJIOM B BO3JIyX€.

PentrenodazoBoe ucciaenoranue craau P6MS mokazano Hanuuue B HUX (pa3bl
VsCs rekcaronanpHoi pemérku u Feyp, Fe;W,C xydrdaeckoii pemetkoii (puc. 3). [Tocie
HalblJICHUSI HE 00HApYyKeHO oOpa3oBaHue npyrux (as cucremsl Ti-N, HabmogaeTcs
JUIINb yYMCHBIICHWE HWHTECHCHMBHOCTH Audpakiuonueix jmauid  TIN u  TiO.
YMeHbllIeHHe WUHTEHCUBHOCTH JU(PAKIMOHHBIX JIMHUA MOXET ObITh CBSI3aHO CO
CTAaTUCTUYECKUMU UCKAKCHUSIMH, PUINHA KOTOPHIX KPOETCS B Pa3IMUHBIX MOHHBIX
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paauycax aTomMoB [12], Tak Kak CTaTUCTUYECKUE HCKAKEHHUS HMEIOT Pa3IudHYIO
3aBUCUMOCTB OT TEMIIEPATyphl B IPOLECCE TUIA3MEHHOIO HAIIBUICHHS.

79.58

Pucynok 2 — Jluauu u toueunsiii DJ]C, monydennsie A TIN mOKpbITHS
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Pucynok 3 — ludpakrorpamma: a) craias POMS; 6) mokpeitus TiN; B) TiN noporiok
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[Toxpertust TiN HaYMHAIOT OKUCIATHCS Ha Bo3ayxe mpu temmeparype 400-550
°C, o0pa3ys TeTparoHaibHyt0 cTpykTypy TiO ¢ HEKOTOpBIM cojiep:kanuemM a3oTa [13,
14]. Kucnopon nupdysHaupyer B MOKpBITHE, 3aMellas a30T, KOTOPbIA yXOAMUT M3
nokpeitus. Ilpu »TOM co3nmaércs uértkas rpaHuna mexnay ciosmu (puc.l, 2), a
OKCUHUTPHUBI HE 00pa3yOTCs.

B Tabmune 1 mnokasaHbl pe3yabTaTbl HM3MEPEHHMs] MUKPOTBEPIOCTH IO
nornepeyHoMy cedeHuro oOpasua. Ilocne HaHeceHMsl NOKpBHITUH HaOIronaercs
YBEJIMYEHUE MHUKPOTBEPAOCTH 00pa3uoB. MukpoTBepaocts mokpeituii  TiN
coctanisieT 1163 HV( 2 4To KOppenupyeT ¢ TaHHBIMHU KCIIEPUMEHTOB Ha MJIa3MEHHO-
HanbUTeHHBIX MOKpEITHAX TIN [18, 19]. Taxke B Tabmuie 1 npuBeACHBI Pe3yIbTAThI
Koa(uIMeHTa TPeHUsI UCCIeIyeMbIX 00pa3loB OT myTd TpeHus. [lokazaHo, 4To
ko3 purmeHT Tpenus nokpeithii TiN HKe, yeM y ctaiid P6MS nipu cyxom TpeHUH.
Cpennee 3Hauenune kod(pduuuenta tpenus (0,28) moxpeituii TiN cXoauTbest ¢
U3MEHEHUSIMU  MHMKPOTBEPIOCTH. YeM BBIIIE MHUKPOTBEPAOCTb, TEM MEHBbIIE
CTAaHOBUTCS IUJIOLIAJb PEaIbHOrO0 KOHTaKTa oOpasua ¢ KoHTprenoM. I[loBblieHue
MHUKPOTBEPAOCTH NOKPBITUN ITPUBOJNT K MOBBIIIEHUIO H3HOCOCTOMKOCTH MOKPBITUH.

Tabnuue 1 — Pe3ynbrarhl sKCcriepuMeHTa

Ob6pa3zen Crans P6M5 TiN
XapakTepUCTUKU (mosoxka) MTOKPBITHUS
MuxkpotBepaocTts, HVo2 824 1163
Koaddumnuent tpenus, u 0,44 0,28
TosrHa TOKPBITHS, MKM - 54,65
[ITepoxoBaToCTh MOKPHITUS, Ra, MKM - 3,86

Takum o0pazom, npoOsema MIa3MEHHOTO HalbLJICHHUS OKPBITUN U3 MOPOLIKOB
TiN sBsIeTCs aKTyaJbHOM M J0 HAcTosIIero BpeMeHu He perieHa. [lokpeitus TiN
HaIbUUIACh MyTEM BO3AYIIHO-TUIA3MEHHOTO METO/Ia U UMEIHU CPEIHIOK TOJIIUHY
nopsiika 75 MKM. AHanu3upysl NOJIy4eHHbIE B pabOTe Pe3yJibTaThl, MOXKHO CIEaTh
CJIEIYIOLIUE BBIBOJBbI:

1. TToxpeitre TiN Ha cTanun POMS npuBeu K OSBICHHUIO B TPUITOBEPXHOCTHBIX
ciosix ¢a3 TIN u TiO. D10 moATBepKIAIOT JaHHBIC PEHTTCHOCTPYKTYPHOTO aHAJIM3a,
U300paKEHUS PACTPOBOM JIEKTPOHHON MUKPOCKOIIHNHU, TTOJIyYEHHbIE C TOBEPXHOCTH U
HorepevHoro cpesa oopasua P6MS5 ¢ mokperrrem TiN.

2. 3nayeHne MUKpoTBepaoctu coctaBuiio 1163 HV,. [lomydennsie nannbie
MO3BOJIAIOT CIENATh BBIBOJ O TOM, YTO YBEIMYEHUE MHKPOTBEPIOCTH CIIOCOOCTBYET
CHIDKCHUIO M3HOCA MOKPBITHIA TIN B pealm30BaHHBIX YCIOBUSIX TPEHHUSI.

3. Ilokpeitie  TiN o0mamaeT BBICOKOM H3HOCOCTOMKOCTBIO W HHU3KHUM
kod(urmenTom Tpenus npu cyxom tpeHuu. Koadgduiment tpenus ctanu P6MS B
2,5 pa3za 6ombine, ueM y mokpbeitus TiN mpu Harpyske 10 H.

Takum oOpa3oM, aHalu3 TMOJYYEHHBIX JAHHBIX TO3BOJISIET YTBEPKIATh O
NEPCHEKTUBHOCTU JaJbHEUIINX HCCIEI0BAHUM B OOJACTH 3alllUTHBIX MOKPBITHA,
HAIBUICHHBIX BO3YIIHO-TUIA3MEHHBIM METOJIOM, U HMX MCIOJIb30BAHUM B KaueCTBE
KOPPO3HOHHO-, U3HOCO- ¥ TPEUIMHOCTOMKHUX MOKPBITHIA.
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BIPTEKTI )KOHE I'PAJIMEHTTI NICR-AL ’KABbIH/IAPBIHBIH
K¥PbIJIBIMbI MEH KACUETTEPIH CAJIBICTBIPMAJIBI 3BEPTTEY

Mayner M.*, Carnonauna XK.b., Kokimkanos JI.H.
Freumeimu sxerexmi: Paxaguinos b.K., PhD
C. Amamxonos ateigars! [Isireic KasakcTan ynusepcureri,
Ockemen K., KazakcTan
e-mail: maulet_meruert@mail.ru

Bbyn >kyMbIcTa neToHaUUsIBIK OYpKy oaiciMeH anbiFaH NiCr-Al sxylieciHneri
OIpTEKTI JKOHE TPAJUEHT JKAOBIHIAPBIHBIH  KYPBUIBIMBI ~MEH  KacHeTTepl
CaJIBICTBIPbLIAIbl. PEHTIeHIIK KYPBUIBIMIBIK Tajlay HOTHXKENEpiHe coliKec, O1pTeKTI
NiCr-Al xa0biaasiga Tek CrNis dasacel Kanbimrackal, an rpagueHTTi NiCr-Al
xa0biHbIHAa CrNis, Al xone NiAl dazanaper naiiga 6osael. EDS tangaysr HoTwxkenepi
OOMBIHIIIA ATIOMUHUNTIH MeJIIIepi O1pTEeKT1 xaObIH OETIHE a3 )KOHE I'PAIMEHTTI >KaObIH
Oeringe kem Meuriepae ekeHiH kepceTTi. ConbiMeH Katap rpamueHTTi NiCr-Al
KaOBIHBI KE31HJe ATIOMHHHUI CyOCTpaTThlH OeTiHEH >kaOblH OeTiHe OIpTiHIAEH apra
otbIpbin Tapanasl. XKanmel rpaaueHT NiCr-Al xao6biubl 0ipTexTi NiCr-Al sxaObiHbIHA
KaparaHJa )KOFapbl KATTBUIBIKKA W€ OOJIIbI.

Kintcesnep: rpamuentti xaObiH, NICr-Al xaObiHbL, (aza, CTPYKTypa,
JETOHAIUSUTBIK TO3aHAaTy, MUKPOKATTHIIBIK.

Kipicnie. Kopranbic >kxaObIHAApbl ©HEPKACINTIK TEXHOJOTUSAJIAPAbl TO3YAaH
KOHE Koppo3usgaH Kopray yuriH Koiaanbuiaabl [1]. NiCr-Al Herizingeri KopraHbIC
XKaOBIHAAPBI )KBUTY JIEKTP CTAHIUSIIAPBIHBIH JKOFAphl TEMIIEpaTypaibl OOJIIeKTepiH
TOTBIFYy MEH KbUTy KOPPO3HSICBIHAH KOpFay VIIIH KMl KoJmaHbutianel [2-3]. by
KaOBIHIIBI OCHI MakcaTTa ajFamkbl Koiamany 1970 xeuimapsl yCeiHBUFaH [4]. by
JKYHEHIH 0acThl apTHIKIIBUIBIFEI HUKEIIb MEH XPOM BICTBIKKA TO3iMji Oosica, aj
ATIOMUHUNA KOFapbl TeMmIepaTrypaga ayaJarbl OTTETIMEH OpeKeTTecin, OeTTiH
TOTBIFYbIHA K01 OepMeiiTiH AlpO3 KopraHbICc KabaThIiH Kypaiasl [S]. Amaiina, skaObiH
oetinmeri amoMmuHmiiiH Memiepi 10-14% apanbrbiaga 60mysl kepek. COHIBIKTaH
1975 xpinaan 6acTan amFOMUHUIIH )Ka0bIH O€TiHE O1pPKEIKI TapalyblH 3ePTTEYTe KOII
KeH1 Oeminal [6]. Ocbl MakcaTTa SpTYpIl 3€pPTTEY KYMBICTAPBI KYPri3UIiI, SAICTED
yChIHBULABL. COHFBI KBUIAAPBI  YCHIHBUIBIN JKYPreH OIICTEpHAiH Olpi-TpaJueHT
KYPBUIBIMBI Oap *aObIH/IbI alTy.

['pamuenTTi  KaOBIHIAPABIH  KYPbUIBIMBI ~ MEH  KACHETTepl  OJapJblH
KaJbIHAbIFbIHA OalyaHbICThl ©3repeni. ['panuMeHTTi xaOblHAAp CcyOcTpar IeH
KaOBIHHBIH HMHTEpdeiciHae a3 kepHeyal kepcetremi. OHBbI Oacka >kaObIHAApAaH
EPEKIIEIICHUTIH KaIIbl SPEKIIESTIT] - )kaObIH 2JIEMEHTTEPiHIH ka0bIH OeTiHAE Y3/IKCI3
tapanybl. NiCr-Al aObHIaphl opTYPIIi 9micTepMeH anbiHabl [7-8]. OnapabiH Oipi-
AeTOHAIMSUIIBIK OYpKy ofici [9-10]. [leroHauusIbIK OYpKY TEXHOJIOTHUICH! KEYEKTLIIT1
TOMEH, aATre3UsUTBIK OEPIKTIT] )KOFaphl XKAOBIHAAPABI ATyFa MYMKIHIIK OepeTiH THIMI1
onic Oounbin TaObUIaAbl. byt skymbIcTa J€TOHAUSIIBIK TO3AHIAHABIPY SHICIH KOJIJaHY
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apkpUIbl anbiHFaH NiCr-Al GipTeKTi jKoHE TPAAUEHT KaObIHABUIAPBIHBIH KYPBUIBIMbI
MEH KaCHETTEPiH CABICTBIPMAIIBI 3ePTTCY HOTHKEIIEPi YChIHBLUIFAH.

3eprrey matepusuibl koHe onictepl. Cyoctpar peringe 12X1M® depputri-
nepauTTi Oosnat TaHmanapl. 12X1M® GonaThIHBIH XUMUSIIBIK Kypambl 1-KecTeme
KeNTipuUireH. Ynaruiep Oipkenki >koHe Teric Oerti amy ymiiH MIRKA Tterictey
karazpiMeH 1200-re aeliin terictemi. TericTeyneH KeWiH YJIrLIepAl KYMMEH OHIACY
xyprizunai. NiCr-Al sHerizingeri sxa0biaaapasl any yuria NiCr (Ni20Cr80) xone Al
(99,99%) yHTaKTapBIHBIH KOCHaJIaphl Keaeci mpornoprusaa Koraanbuiasl (: 80% NiCr
(Ni20Cr80) xone 20% - Al (99,99%). ¥utak OemmekrepiniH memmepi 30-45 MkM
Kypaiinpl. ¥HTaK KocmachlH MexaHukanelk Oencenaipy PULVERISETTE 23
TUTAHETaJIBIK IIap AUipMEHiHAe NalbIHa a6l MexaHnukanbik 6encenaipy yaksitol 30 [
xuutikte 0,5 caraTThl Kypaibl.

1-xecre. 12X1M® 601aThIHBIH XUMHUSUIBIK KYPAMBI.

C Si Mn Ni S P Cr Mo \% Cu
< 0.25- | 0.15-
0.1-0.15]0.17-0.37| 0.4-0.7 |<0.3 0.025 < 0.03|0.9-1.2 035 | 03 < 0.2

KaObiHaapp1 aity yIIiH OTBIH MEH OTTET1HIH OEpUTy1H PETTEHTIH )KOHE KYHEH1H
ypJieyiH OakbUIAMTBIH 3JEKTPOMATrHUTTIK Ta3 KiamaHgapsl kyieci 6ap CCDS2000
neronanusuiblk  kemeHi (ISIS CO PAH, HoocuGupck, Peceit) KonimaHbUIIBI.
JleToHanmsuibIK,  OypKy TPOIECIHIH J>Kajlmlbl >KYMBIC ICTEy cxeMachl |-cyperTe
kepceTuireH. OKMmaH KOMIBIOTEPMEH OacKapbUIaThIH KOFAPHI ISJAIKTEr Ta3 TapaTy
KYHECIHIH  KOMEriMeH raziaapMeH  TolTeipbuUianel. [Ipomecc  Oemikenepii
TachIMaJIayIibl Ta30€H TONTHIPYIAaH OacTalaabl, a30T TaChIMAIAAYIILl Ta3 PETIHAC
KOJIIaHBLIAIbI.

Spark g
Nitrogen Gas Plug @
ML
Acctylene Gas .=_=' g
Propane Gas {:,j_ D :;-} ——— %
. T -*
Oxygen Gias
Nitrogen Gu=_=" | 1 -
1 Barrel

S = |

1-cyper. JleToHanusaabIK OYPKY MPOIECIHIH KYMBIC 1CT€Y CXeMacChl

NiCr-Al 6ipTekTi )aObIHBI OKIaH KeJeMiHiH 50% TONTHIPUIFaH Ke3/1¢ aJbIHIbI.
NiCr-Al rpagueHT *aObIHbI [9] )KyMbICTA CHIIATTAIFaH OMICIICH aJbIHIBI. 2-KeCTeIe
Ni-Cr-Al wHerizinme OIpTeKTI o0HE TpaJUEHT >KAOBIHIAPBIH ally PEeKUMIEPI
KENTIPUITeH.
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2-xecte. NiCr-Al HeriziHge OIpTEKTI >XKOHE TpaIueHT >KAOBIHIAPBIH aly
pexUMIIEPI.

ATil O,/CsH, OKnaHabl TOATBIPY Bbypky apaka- Aty
KAThIHACHI koseMi, % [IBIKTBIFBI, MM CaHbI
- T 5
biprekti NiCr-Al 1.856 50% 250 20
JKAOBIHBI
50% 5
['paguenTTi 40% 5
NiCr-Al ;xa0biHbI 1,856 30% 250 5
25% 5

Yarinepai pentrenodazansik  3eprrey  X'PertPRO  (Philips  Corporation,
Hunepnanael) niupakToMeTpiHaE PEHTI€HKYPBUIBIM/BIK TaIAAy 9IICIMEH >KYPT131I1/1.
Hudpaxkrorpammanap 40 kB kepneyne xone 30 MA tokta CuKa (A=2,2897 A°)
coynenenyimMmen  tycipuimi.  Hudpaxrorpammanapnaer  gexoaray  High  Score
OarapiiaMachblHbIH, KeMeriMeH Kyprizuial. JKaOblH O€TIHIH MHUKPOKATTBUIBIFBI
MEMCT9450-76 coiikec Matlab-502 (Metalab, Peceit) chiHaK MalMHACHIHBIH
KOMETIMEH OJIIeH/l. YJTUIEepAiH KeJaeHEeH MOpPQOIOTHACH  KEISIACTIITCH
kepHeynepae JSM-6390LV (Jeol, Tokuo, JKamoHusi) CKaHEpJAEUTIH 3JICKTPOHJIbI
MUKpPOCKONTa Kepl Imambiparad anekTponaapasl (BSE) komnmana  oTwIpbim,
CKaHEpJIEHTIH 2JIeKTPOHABI MUKpocKkomus (SEM) omiciMeH 3epTTes/l.

Hotwxkenep koHe Tankpliay. 2-cyperte OipTekTi »xoHe rpaaueHtti NiCr-Al
XKaOBIHIAPBIHBIH TUdpakTorpammaniapel kepceTiireH. Cyperte 0ipTekTi xabbiH CrNis
¢azacblHaH TYPATHIHJIBIFBI KOPCETUITEH. AIFOMUHUN MOJIIepi TOMEH OOJIFaHIbIKTaH
(~20%), OipTekTi >KaOBIHHBIH JUQPAKIUSIBIK KopiHiciHae Al  mbIHIApHI
OalikaIMamabl.

I'pamuentrin NiCr-Al xa0babr CrNis, Al sxoHe Ni ¢azanapsiHan Typansl. Al
xoHe NiAl ¢azanapblHblH Maiiga O0Jybl KaOBIHIAPALIH OETKI KaOaThIHAFbI
ATFOMUHUN KOHIICHTPAIUSACHIHBIH KOFapbLUIaAybIMEH OalIaHBICTHI.
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2-cyper. 6ipTekTi xoHe rpaaneHTTi NiCr-Al xaObIHIapbIHBIH
nudpakTorpaMManapsl
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4a-cypetre yariHig Oetinge anbiHFaH NiCr-Al OipTekTi KaOBIHHBIH KOJICHEH
kuMacklHblH ~ COM  KecKkiHIHIH  HOTHXejdepiH  kepcertuireH.  JKaOBIHHBIH
MUKPOKYPBUTBIMBI TpaiueHTTI NiCr-Al xaOblHbIMEH canbICThIpraHaa O1pTEeKT1 eKEeHIH
Kepyre Oosanbl (4b-cyper), and allOMUHUM TYHIPIIIKTEPIHIH CaHbl IIaMaibl.
I'paguenTti YKaOBIHAAPBI 6ap YATUIepIiH KOJIJIEHEH KHMaJslapbIHbIH
MUKPOKYPBUIBIMIAPhI O1pKENKI eMec, )KOoFaphl penbed KadaThiH kopcereil. COHbIMEH
Katap, alfOMUHUNA TYHIPIIIKTEPIHIH CaHbl YAT1HIH O€TiHEH >kaOblH OeTiHe OIpTiHIeM
apTajpbl.
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4-cypet. NiCr-Al Heri3inaeri O1pTeKTi (a) )KoHe TpaJMeHTTI KaObIHBIHBIH (b)
COM-keiieHeH KHUMACBIHBIH CYpeTi

EDS rtannayeineiy  keMmeriMmeH  NiCr-Al  OIpTeKTi  KOHE  TpaJUeHT
KaOBIHJAPBIHBIH AJIEMEHTTIK Kypambl aHblKTanael. EDS tanpnay nHotmxkenepi 3-4-
KecTenepae kentipiared. Hotmxkenepre coiikec, allOMUHUIAIH a3 Meiiepl OIpTeKTl
KAOBIHHBIH O€TIHE >KOHE TPAJMCHT >KaOBIHIBICBIHIIA KOIl MeJlepie OeJiHTeHIH
kepyre 0onanbl. COHBIMEH KaTap, TPaJueHT KaObIHbI KE31H]1e AIFOMUHUH YIIT1 O€TIHEH
*KaObIH OeTiHe OIpTIHAEN apTajbl, SFHU TPATUEHTTI Taparbutanbl. KaObIHIAPIBI
YHEPTEeTUKAIBIK JUCTICPCHUSUIBIK Ta1ay OTTeT1HIH Moiepin 20% - Fa neiiid (Maccachl
OOWBIHIIIA) KOPCETT1, OVJI IETOHAITUSIIBIK KAOBIH Bl KOJAaHy Ke31He KaObIHIapAbIH
TOTBIFYBIMEH OalJIaHBICTHI, OUTKEHI OHJIEY ayaja >KYPTi3ijii.

3-Kecre. EDS-tanmay omicimen NiCr-Al OipTekTi >KaObIHBIHBIH 3JIEMEHTTIK
paMbl

Criextp @) Al Si Cr Mn Fe Ni

Crextp 1 3.44 2.36 20.3 73.90
Criektp 2 2.65 1.28 21.59 74.48
Crektp 3 3.55 1.1 20.21 75.14
Cnextp 4 0.59 1.23 0.75 94.07 3.36

376



4-Kecre. EDS-tannay omicimern NiCr-Al rpagueHT >KaObIHBIHBIH 3JIEMEHTTIK
Kypambl

Criektp O Al Si Cr Mn Fe Ni

Crextp 1 5.74 74.32 6.24 13.7
Crextp 2 6.23 40.98 18.25 34.54
Coextp 3 13.3 25.24 19.64 41.82
Crextp 4 1.43 1.11 8.32 1.09 59.69 | 28.36
Criextp 5 0.66 2.42 0.73 90.73 | 5.46

Ni-Cr-Al 6ipTeKTi koHE IpaJMeHT KaObIHIaPBIHBIH MUKPOKATTHUIBIFBIH OJIIICY
HOTHXeNepl S5-cyperre KepceTuireH. KaTThUIBIKTBIH JKOFapbuiay ocepl TpaJleHT
KYPBUIBIMBIHBIH Maiia 00JybIMEH OaillaHbICTBI, OHJIa KaOBIHIAP/IBIH OETKI KaOaThl
NiAl ¢azanapein kamtubl. NiAl uHTepMeTaNIUIIHIH OlpKaTap cumarramaiapsl Oap:
TOMEH KEYEKTUIIK, CAJIBICThIPMAibl TYpPJE KOFapbl OalKy TeMIeparypachl, Tamalla
KOPpPO3UsIFa JKOHE TOTBIFYyFa TO3IMJUIIK, JKOFapbl TEMIEpaTypaaa >KOorapbl OEpIKTIK
KOHE CANBICTBIPMAJIbI TYPJE ap3aH.
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= Homogeneous Ni-Cr-Al coating m Gradient Ni-Cr-Al coating

Cyper. 5. 6iprexTi xoHe rpagueHTTI NiCr-Al skaObIHaapbIHBIH
MUKPOKATTBUIBIFBIH 3€PTTEY HOTHKEIEPI

Kopsitbiaasl. XKymbicta OipTekTi xoHe rpaaneHTTi NiCr-Al xaOblHaapbIHbIH
KYPBUIBIMBI MEH KacCHUETTEepiH 3epTTeY HOTHXKENepi CalbICTHIPUIABI. PeHTreHmik
Tanaay HoTHKenepl OoibiHIIA rpaaueHt xka0biHaa CrNis, Al xone NiAl dazanapsr
naiga 6onraH ke3zae OiprekTi xabbiHabImaH Tek CrNiz ¢asacel maiga 6onasl. SEM
KECKIHI ATFOMUHUNIIH TPAANCHT OOMBIHIIIA TAPATYBIH KOPCETE/1 XKOHE )KaObIH OCTIHC
ATIOMUHUNIIH efoyip Meuepl maiiga Oomanbl. bipTekTi kaObIHIBIIA ATIOMUHUN
TYMIpUIIKTEPIHIH CaHbl a3, TINTI aJIIOMUHUNA TYHipIikTepi ne Oaiikanmaiinel. EDS
HOTIDKeNepl OOoMbIHIIA ATIOMMHMHUIIH a3 MeJjmepl OIpTeKTi >KaOblH OeTiHe >KoHE
IpaueHT >KaObIHABICHIHAA Kemn Memmiepae OemiHeni. COHbIMEH Katap, I'paueHT
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XKaObIHBI KE€31HJIe AJIOMUHUNA MeJIIepl YiriHiH OeTiHeH >ka0OblH OeTiHe OipTiHAen
apTaabl. AJIBIHFAH SKCIIEPUMEHTTIK HOTIDKENIEP/Il Taljiay TPaJUeHT KaObIHbI O1pTEKTI
KaObIHFa KaparaHJa >KOFaphl KATTBUIBIKKA W€ CKeHiH KepceTedi. KaTThUIBIKTHIH
’KOFapbUIay ocepi TPaJueHT KYPBUIBIMBIHBIH Taiiga OoMybIMEH OalIaHBICTHI, OHJA
)aObIHAapIbIH OeTKi KabaTbiHaa N1Al dazamapsl 601ab.

byn 3eprreyai Kazakcran PecniyOnukacel bigiM »oHe FBUIBIM MUHHUCTPJIITIHIH
Foumbiv komuteTi Kapkbutanabipasl (FPAHTNeAP0O8857579).
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YK 538.91

BJIMSTHUE MOIIIHOM TEIIJIOBOM HATPY3KH U
KAPBUJIN3AIIMY TIOBEPXHOCTHU BOJIb®PAMA HA ETO
CTPYKTYPHO-®A30BOE COCTOSIHUE U CBOMCTBA

13CkakoB M.K., 2Munus3os A. K., >>Kan6onatosa F.K., °Cokonos U.A.,
>Tynenbeprenos T.P., 2Koxaxmetos E.A., 2Byxuna O.C.
'HanmonansHelii saepHbli nentp, r. Kypuaros, Kasaxcran
2Punman “Uucturyt aromuoi sueprun’ PITI HALL PK,
r. Kypuaros, Ka3axcran
SHAO «BKY um. C. AManxo50Ba», I. Ycrb-KamMenoropck
e-mail: miniyazov@nnc.kz

B pabote mnpencraBieHbl pPe3yJbTAaThl HWCCIACAOBAHUS BIUSHUS MOIIHOMN
TETJIOBOM HArpy3Kd M KapOWIU3aIllMu TMOBEPXHOCTH BOJIb(PpaMa Ha €ro CTPYKTYpHO-
dazoBoe cocrosiHHEe W (U3MKO-MeXaHWueckue cBoiicTBa. [lomydeHbl HaHHBIE O
3HAUEHUSX TEMIIepaTypbl B KOHTPOJBHBIX TOYKAX MCCIEAYyEeMbIX OOpa3lioB U
pacmpenesieHue TeMrepaTtypbl B 3JIEMEHTE MOHOOJIOKa JUBEPTOpa TEPMOSJIEPHOTO
peakTopa, MPEACTABIAIONIETO COOOW MTPSIMOYTOJBHUK C OTBEPCTHEM TIOJI TPAKT
oxJyaxaeHus. [lokazano, 4To M3MEHEHNE MOIIHOCTU TEIUIOBOM HArpy3Kd BIIMSIET HA
MUKPOTBEPAOCTb, IEPOXOBATOCTb, pacIbLIsIEMOCTh KapOuIM3UPOBaAHHOMN
MOBEPXHOCTU BoJb()pamMa M Ha Tmporecchl (Pazoo0pa3zoBaHus. Y CTAHOBJIEHO, UYTO
TeroBas Harpys3ka (=10 MBT/M? He3HAUUTENLHO BIMSAET HA JJIEMEHTHBIA COCTaB
MOBEPXHOCTH U CTPYKTYpHO-(a3zoBoe cocTosiHue o0pasoB W ¢ kapOuu3upoBaHHBIM
crnoeM. YBelMdeHHe TemnoBoi Harpysku 10 (=20 MBT/M? npuBOAMT K 3aMETHOM
Tpanchopmanmu MoHOKapouaa Boibppama (WC) B monykapoua Bonbdpama (W-C) u
PaCTpPECKUBAHUIO TOBEPXHOCTH 00pa3ioB W.

HUTOP, nuseptop, Bomb(ppam, kapoua Boiabhpama, TeIioBas Harpy3ka, ¢asonas
CTPYKTypa, MUKPOCTPYKTYpa, LIEPOXOBATOCTb.

Kax u3BectHo, nueprop UTOP Oyner paboTath mpu BBICOKOW TemmepaType
(>1000 K) B Teuenue mmrensHOro Bpemenu (>107 ¢), mogseprasch BO3IEHCTBUIO
TermoBoro noroka ~10 MBt/M? cranmonapuo (~20 MBT/M? UMIyIbCHO) HpH
WHTCHCHUBHONW CMECH HWOHU3UPOBAHHBIX W DHEPreTHUECKH HEUTpaIbHBIX BHJIOB
n3otonos Bogopona (D u T), renus (He) (moroku >10%* m72-¢t) u meiirponos [[1]-[3]].
bonee Toro, Oyayr HabOmomaThcs Oojiee WHTEHCHUBHBIE TEIJIOBBIE TOTOKH,
nocrurarome 1-10 TB1/M? B Teuenne ~0,5 MC B Pe3ylIbTaTe CPHIBOB ILIA3MBbI M MO/,
JIOKaJTM30BaHHBIX Ha Kpato miasMenHoro muypa (Edge Localized Mode) [[4]]. Takue
COOBITUSI MOTYT TIPUBECTH K 3HAYUTEILHOMY HAKOIUICHUIO IMOBEPXHOCTHBIX
MOBPEKICHU TUBEPTOpPAa B PE3YJbTATE CI0XKHOTO PaAUAlMOHHOIO, TEIUIOBOTO H
MEXaHUYECKOTO BO3JAEHUCTBUS HA HETO. MeXaHU3Mbl TAKUX MTOBPEKICHUN BKIIOYAIOT B
ceOsl TUIaCTUYECKYI0 AepopMaIfio, MOBEPXHOCTHOE PACTPECKUBAHUE M JIOKAIBHOE
IIJIABJICHHE, KOTOPBIE MOTYT BbI3BaTh 3HAUYUTENIBHYIO 3PO3UI0, MUTPALIUIO0 MaTepuasa
BOKPYT 00JIaCTH TUBEPTOPA U PACTIPOCTPAHECHHE BEIIECTBA B TUIA3My C JATbHEUIITNM
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ee 3arpsizHeHueM [[1]-[3]]. be3 ycrmemHoro pemnieHust 3THX MPOOJIEM HEBO3MOXHO
pPacCUUTHIBATh HAa CO3JaHUE DIHEPreTUYECKOTO PEaKkTOpa TEPMOSAECPHOIO CHHTE3a CO
CpoKOM dKcIutyaTanuu 6osee 10 jer.

Hapsiny ¢ »TuM, Kak wu3BecTHO [2-4], B DSHEPreTHUYECKUX TOKaMaKax,
colepkalMx Kak BoyibppaMm, Tak U rpaduT, B KAueCTBE KOHCTPYKIIMOHHBIX
MaTepuajioB €ro 3JIEMEHTOB, In situ OyayT ¢opMHupoBaThCA KapOWJHBIC CJIOW Ha
noBepxHoctd W. B 2013 roxy Ob110 NpUHSTO pellieHne o co3nanuu ausepropa UTOP
noJiHOCThIO U3 W [[2]-[9]], mOCKOJIBKY psijl TTOJIOKUTEIBHBIX €TI0 CBOMCTB, TAKUX KaK
BBICOKAsl TEMIIEpaTypa IUJIABJICHUS, XOPOIasi TEIJIOMPOBOJHOCTh, OYEHb BBICOKHI
SHEPreTUYECKUI MOPOT PACIIbUICHUS MO IEUCTBUEM YACTHUII IJIa3Mbl U MaJIbIA 3aXBaT
TPUTHSL, COOTBETCTBYIOT TPEOOBAaHUSAM K 0OpaIi€HHBIM K Tu1azme marepuanam (OIIM)
¥ KOMIIOHEHTaM yctaHoBku [6-[11]].

B cBs3M ¢ BBIIEU3IIOKEHHBIM, IIEJIbI0 HACTOAIIEH pabOThl SBIAETCS
ADKCIEPUMEHTAIbHO  HM3YYHWTh  BIHMSHUE  MOIINHOW  TEIUIOBOM  HArpy3kd U
KapOUAN3MPOBAaHHOM MOBEPXHOCTH W Ha €ro MOBEPXHOCTHBIE CPYKTYPHO-(a3oBbIe
COCTOSIHUSI U MEXHUYECKHE CBOMCTBA.

Marepuajbl 1 METOIbI

DKCHEpUMEHTHI IO MOIYYSHUIO KapOUAU3UPOBAHHOTO CIIOS Ha MoBepxHOCTH W
Y TPOBEICHUIO UCHBITAHUN IO TEIJIOBOM HArpy3ke MPOBOAWIM HAa UMUTALIMOHHOM
crenze B punuane « MHCTUTYT aToMHOM 3Heprum» HalmoHansHOTO S1epHOTOo IIEHTpa
PecnyOnuku Kazaxcran. IMUTALMOHHBINA CTEH] MPEACTABISET COOOW IUIa3MEHHO-
nmy4ykoByt0 ycTtaHoBKY (III1Y) ¢ mpoaoapHbIM MarHUTHBIM OJIEM, B KOTOPOM I1j1a3mMa
oOpa3zyeTcs 3a cueT My4KoBO-T1a3MeHHOro paspsiaa. IIITY cocTout u3 Tpex 0CHOBHBIX
Y3JIOB: DJICKTPOHHOM IMYIIKH, Pa3psSaHON KaMmepbl U CHUCTEMBbI 3JIEKTPOMArHUTHBIX
KaTylIeK JJIsl CO3IaHUs MPOJIOJIBHOTO MArHUTHOIO MOJIsI ¢ HanpsikeHHOCThIo 0,1 Tn
[[12]-[14]].

Pexpucrannuzannonusiii orxur 06pasinos W ocymectsisuim Ha [TITY B pesxxume
JIEKTPOHHOTO Tiyyka B cootBercTBUM [[13]]. Temmnepatypa oOpa3ioB Mpu OTKUTE
coctasisuia 1300+£20°C. O6pasipl okuranuch B Teuenue 3600 c. [locne npoBenenus
omxwura B pabouyto kamepy I1ITY momasancs mnazmoodpasyromuii raz — metan (CHa)
— JUIg TOJYy4YeHUs Ha TMOATrOTOBJICHHOW TOBEPXHOCTH 00pa3noB BoJb(ppama
KapOMIU3UPOBAHHOIO CJIOs 10 paHee paspaboranHoMy crocody [[15]-[18]9].
OkcnepuMeHTHI o hopmupoBanuio cioeB B Bugae WoC u WC ocyiecTBIsiIuchy npu
Pa3IUYHON JIMTEIIBHOCTH OKCIIO3UIIMHM, BBHIOOP KOTOPHIX OCHOBAaH Ha JIaHHBIX,
NpUBEACHHBIX B padoTax [20-[22]2].

s onpenenieHus yclOBHM BO3AEUCTBUA TerioBoro rmoroka [IITY Ha
MOBEPXHOCTh BOJb(paMa ObUIM MPOBEJCHBI PAacueThl U MOJCIMPOBAHUE TEIJIOBOU
Harpy3KH, COTJIaCHO MCXOHBIM JIaHHBIM O TerioBoi MormHocTr B UTOP [[1]-[6]]. B
pe3yJibTare TMOJIYUYeHbl JaHHBIE O 3HAYCHUSIX TEMIIEPATyphl B KOHTPOJIBHBIX TOYKAX
HCCIIETYEeMbIX 00pa3IoB M paCIpeeliCHHe TEeMIIepaTypbl B JJIEMEHTE MOHOOJIOKA
JTUBEPTOpa TEPMOSIEPHOTO PEAKTOpA, MPEICTABIAIONIETO CO00M MPSMOYTOJBHUK C
OTBEPCTUEM MOJI TPAKT OXJIXKACHHUS, MOAEIb KOTOPOIro MoKa3aHa Ha pucyHke 1 [23].

UccnenoBanrie Mop(}OJIOTUM CTPYKTYPHBIX COCTaBIIAIONIMX, 3JIEMEHTHOTO
coctaBa W Tomorpaduu mMmoBepxHOCTH o0O0pa3ioB W mpoBOAWIM TPU TMTOMOIIH
ontrueckoro Mukpockomna |ICX-41M u ckaHHPYIOMIETO JIEKTPOHHOTO MHKPOCKOIIA
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(COM). Omnpenenenne TBepAOCTH MO Bukkepcy MpoOBOIMIM Ha aBTOMATHUYECKOM
tBepaomepe QLOA+ (Qness). OmpezaenieHne M3MEHEHHH MacChl OOpasIoB IOCHE
BO3JICHCTBHSI TEIJIOBOH HArpy3KH TPOBOJUIN C IMOMOIIBI0 AHAIUTHYCCKUX BECOB
Mettler Toledo MS205DU c¢ amckperHocThio mokazanuii 10 wmkr. I[lmomazis
HarpeBaeMoil TMOBEPXHOCTH OIPEAesiach Ha CTEPEOCKOMMYECKOM MHUKPOCKOIIE
Anpramu CMO0745-T B mnporpammuoii cpeme Altami  Studio. IlepoxoBaTocTh
TIOBEPXHOCTH BOJH(PAMOBBIX 00pa3Il0B MMOCIE BO3ACHCTBUS MJIa3MOH ONpeesiiach
npodpmiomerpom Mitutoyo SJ-411. CbeMka pPEHTICHOBCKHMX TU(PPAKTOTPaMM
oOpasnoB mpousBoauiack Ha audpakromerpe Empyrean B Cu Ko-mzmyderun, co
CKaHUPYIOIMUM JTUHEeWHbIM Aetekropom PIXcellD. ns wpentudukanmu ¢$pazoBoro
cocTaBa Ha IOBepXHOCTH 00pasnoB W ncronb3oBanack 0a3a manusix Crystallography
Open Database u 6a3a ganusix PDF-2 ICDD Release 2004.
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a) UCXOJIHbIE JaHHBIE MOJICIIH 0) pacueTHasi MOJieJIb MOHOOJIOKA

Pucynok 1 — Mogenbs MOHOOJIOKA TMBEPTOPA TEPMOSIIEPHOTO PeaKkTopa.

Pe3yabTarhl U MX 00cyxaeHHE

[To pesynpTaTam aHanm3a OBLIO TOATBEPXKACHO, YTO Ha oOpasnax HP-4, HP-8
nocie obiydeHus: amurenbHocThio 600 cexkyHa u Ha oOpasuax HP-5, HP-7 mocne
obOnmyueHus mmuTenbHOCTRI0O 3600 cexkyHn ocHOBaMU (ha30BOTO COCTaBa SIBISIIOTCS
W>C u WC ¢ npoueHTHBIM coqiepxkanueM 6omee 90 macc. % COOTBETCTBEHHO.

Ananu3z gudpakrorpaMmm oOpasua HP-4 mno3Bomun  uaeHTH(UIMPOBATH
yBenmuuenue ¢aszsl W g0 ypoBHs 30 macc. % (B HCXOIHOM COCTOSIHUM OBLIO
<5 wmacc. %), BoONBIIMHCTBO THKOB TMOJyKapOWJa COXPAHWIO Pa3IBOCHHOCTH
poQuIst, TOJYyIIMPUHA KOMIIOHEHT Npoduuist ymeHbminach. Conepsxanue dazst W,C
ymenbimiock 1o 70 macc. %. B ¢azoBom cocraBe ob6pasma HP-5, mpowusommu
He3HauuTenbHble u3MeHeHus. UntencuBHocTy nunuil ¢passl W u WoC Haxonsarcs Ha
ypoBHe 3 %. YpoBeHb nHTEHCUBHOCTH (pazpl WC ocTalicsi Ha TIpeHeM ypoBHE 93 —
94 %. [Ipennonaraetcs, uto npu Temneparype 1250 °C W,C pacnagaercs Ha W u WC.
OpHako TMOMy4YEHHBIE HKCIEPUMEHTAJIbHBIE PE3yJbTaThl MOKA3aJId, YTO YK€ IMOCIe
TerIoBoW Harpy3ku mnpu Temreparype 905 °C mpoucxomut pacmang W.C. Otu
pe3yNIbTaThl TO3BOJIMIIM TMPEAINOJIOKNUTh, YTO CyllecTByromme moaupuxammm W,C
MOTYT WUMETh Pa3IMYHOE TEPMOJMHAMUYECKOE OKHO, TMPU KOTOPOM TMPOUCXOAUT
pacnag W»C.

Y obpasua HP-4 ¢ mnomykapOWJHBIM CJIO€M TIOCJIE€ TEIJIOBOM Harpy3Ku
3HAUYUTETLHO M3MEHUJICS DBJIEMEHTHBIM COCTaB 3a CUYET YMEHBIIEHUS COAEp>KaHUs
yraepoaa. Ilpu sTom HammeHblllee M3MEHEHHME 3aMeTHO y oOpasua HP-8 mocne
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TEII0Boi Harpy3ku npu Momuoctd =20 MB1/M?. O6paszen HP-5 ¢ MOHOKapOMIHBIM
CJIOEM B JIYYILIEM BUJE COXPAHUJ JIEMEHTHBIM COCTAB MPHU BO3JCHCTBUM TEIJIOBOM
HATPY3KH IIpU MomHOoCcTH =10 MBT/M%. VBenu4eHne MOIHOCTH TEMIOBOM HATPY3KH
OPUBOJUT K 3aMETHOMY CHIKEHUIO COJIEPXKAHMS YIJIEpo/aa, O YEM CBUACTEIIbCTBYET
obpazen HP-7.

[To pe3ynbraTaM MHUKPOCTPYKTYPHBIX HCCIIEIOBAaHUI BHIHO, YTO Ha 0Opa3max
HP-4 u HP-5 npu Bo3nelicTBUU TEIUIOBOM HArpy3Kd Majod MOITHOCTH YaCTUYHO
COXpaHWICS  TMOBEPXHOCTHBIM  KapOuWau3upoBaHHBIM croil. Ha  ¢parmente
MUKPOCTPYKTYpBI 00pa3zna HP-4 ¢ monykapOuaHbIM clTIOEM 3aMETHBI XJIOTTLEBUTHBIC
BKJIIOUEHUS yTIIEPO/Ia, PACIIONOKEHHOTO, B OCHOBHOM, B MEXX3€pEHHBIX yyacTkax. Ha
obpasnie HP-5 ¢ MOHOKapOUJIHBIM ClIOEM YTJepo]a NMpHOOpen PBIXIYIO CTPYKTYPY,
COCTOSIIIIYI0 M3 OOJIBIIOTO KOJMYECTBA OTACIBHBIX HAPOCTOB, MEXIY KOTOPBIMU
MIpOCavMBaeTCs MoAI0KKa (moBepxHocTh W nim kapouaHoro ciosi. Pezynsratet COM
MOKa3bIBAIOT, 4YTO Ha moBepxHOCTH oOpasnoB HP-7 u HP-8 oOHapyxeHsb
Pa3BETBJICHHBIC TPEIIMHBI, PACIPOCTPAHSIOMIUECS, B OCHOBHOM, IO TpaHHUIAM H
CKBO3b 3epeH. [IpOTsHKeHHOCTh TPEIIMH 3HAYUTENBHO TPEBBIIMIAET pa3MeEpPhl 3€peH.
OObpasoBaHue TakuX TPEHIMH BbI3BaHO 0OoJiee MHTEHCUBHBIM paspymieHueM - WoC- u
WC-¢a3 non aeiictBueM BbICOKOH TeruioBoi MomHocTu. Obpazer; HP-7 umeet 6oee
TEKCTYpUPOBAHHYIO MOBEPXHOCTh 10 CpaBHEHUIO ¢ oOpazuoM HP-8, uto coriacHo
pe3ynbTaTaM PEHTTCHOCTPYKTYpHOTO aHallu3a CBUJCTENBCTBYET O 3aMETHOM
CHUKEHUU COJIEp KaHUs yriiepoa.

BuiBoabI

[TpoBeneHb! SKCTIEpUMEHTANIbHBIE pa0OTHI Ha TyYKOBO-TINIA3MEHHOMN yCTaHOBKE
M0 WCCIICIOBAHUIO BIIMSIHHUSI MOIIHBIX TEIUIOBBIX HArpy30K, MPEANoiIaracMbiX B
obnactu auBeptopa UTOP, u xapOunusupoBaHHOTrO ciosi Ha Mopdosoruyeckue u
bu3NKOo-MexaHnuecKkue cBoiicTBa mopepxHoctu W.

YCTaHOBIIEHO, YTO M3MEHEHHE MOIIHOCTH TEIUIOBOM HArpy3KH MPUBOIUT K
M3MEHEHHIO COOTHOIIGHUS MEXAYy COJEpKaHHEM yriiepoja M Boib(ppama Ha
HNOBEPXHOCTH oOpasua.  YJenbHas pachbUIIeMOCTh IOBEPXHOCTH 0Opas3LoB ¢
KapOMIM3UPOBAaHHBIM CJIOEM 3HAYUTEIHLHO MEHBIIE MO CPaBHEHHUIO C HMCXOIHBIMH
oOpa3iamu, ¥ He 3aBUCUT OT BUA CIIOSI U TEMIIEPATypPhl HCIIBITAHHUS.

TennoBass Harpy3ka MomHOCThIO P=10 MBT mnpakTtuyecku He BIHSET Ha
AJIIEMEHTHBIM COCTaB MOBEPXHOCTH 00pa3uoB W ¢ KapOUIU3UPOBAHHBIM CIIOEM.
YBennueHre MOIIHOCTH TEILIOBOM Harpy3ku 10 P=20 MBT/M? npuBOAUT K 3aMETHOIA
tpancopmanmu WC B W>C u pactpeckuBanuio moBepxHocTH oOpasinoB W. B
3aBUCUMOCTH OT BHJIa CJIOS M MOIITHOCTH UCIIBITAHUS TETJIOBBIC HATPY3KH YMEHBIIAIOT
mukpoteepaocts W 1o 40 %.
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PACYHETHOE OBOCHOBAHMUWE BO3MOKXHOCTHU ITPOBEJAEHUSA
IKCIIEPUMEHTOB 1O UCCJIEJOBAHHNIO PAIMAITMOHHOTI'O
PA3OI'PEBA MATEPUAJIOB B PEAKTOPE UI'P

“Myxamenos H.E., Bypum A.JI., [laxuun A.B.,
Burtiok I'.A., Kencunrasuna P.E., Jlomxukos C.A.
@unmnan «MHCcTUTYT atomHoM 3Heprun» PI'TI HALL PK,
r. Kypuaros, Kazaxcran, E-mail: mukhamedov@nnc.kz

Pa3pa60TKa N BHCAPCHHC Ha COBPCMCHHOM OTaIll€ pPa3BUTUMA aTOMHOM
OHCPICTUKU OSKOJOI'MYCCKU 0e30macHBIX SAACPHBIX  YCTAHOBOK  CACPIKHUBACTCA
TCXHOJOTMYCCKUMH IIPCACIaMH, IMPCBBINICHUC KOTOPLIX IMPHUBOAWT K HHIUIACHTAM,
CBSI3aHHBIM B OOJIBIIIMHCTBE CBOEM C HapymcHUCM MHCJIOCTHOCTU KOHCTPYKIMU
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AKTUBHOW 30HBI SIIEPHOTO peakropa. /[l panuoHATIBHOrO MNPOEKTUPOBAHUS U
oOecrieueHuss 0€30MAaCHOM HKCIUTyaTallMM  SIACPHO-PHEPreTUYECKUX YCTAHOBOK,
HEO0OXO0IUMO HCCIEA0BaTh MPOLECChl U (PaKTOPhl COBMECTHOE BO3/IEUCTBUE KOTOPHIX,
Ha y3JIbl KOHCTPYKIIUH SJAEPHOTO PEAKTOPa, MPUBOIUT K UBMEHEHUIO UX (PU3UUYECKOIrO
COCTOSIHMSIT M OKa3bIBaeT 3HAUMTENIbHOE BIUSIHME Ha pabOTOCMOCOOHOCTh BCe
YCTAaHOBKM B IIEJIOM. Tak Kak B mpoiiecce padOThl MaTepuaibl KOHCTPYKIIMOHHBIX
AJIEMEHTOB AaKTHUBHOM 30HBI HAXOOATCS B COCTOSSHUM TEPMOMEXAHUYECKOTO
HaIPSDKEHUS, W3MEHSIOIIErocsl MOJ BO3JCHCTBHEM pAJUALMOHHBIX MEXaHU3MOB,
BONIPOCHI HAJEKHOW M O€30TKa3HOM pabOTHI peakTopa B 3HAYUTEIBHON CTEIEeHU
ONPENENSIIOTCA PaHALlMOHHBIM Pa30rpeBOM 3TUX MaTepHasioB. s mpenckazanus u
YMEHBILICHUS OTPUIATENBHBIX A()(EKTOB pa3MepHBIX H3MEHEHHH 3JIEMEHTOB
KOHCTPYKIIMM HEOOXOAMMO H3y4Y€HHE JTOro (PU3MYECKOro sBJIECHUA. TaKxke
MCCJIEI0BAaHUE TIpOoLEecca paJuallMOHHOTO pa3orpeBa HUMeeT (yHAaMEHTalIbHOE
3HaY€HHUE ISl CO3JIaHUSl HAYYHBIX OCHOB pa3pabOTKU HOBBIX PaJHAllMOHHO-CTOMKHUX
matepuasioB. OrmpeneneHre 3aKOHOMEPHOCTEHW TEMIIEpAaTypbl  pPagUuallMOHHOIO
pa3orpeBa peakTOPHBIX MaTEpUajoB OT MapaMeTpoB OOIYy4YEHHs, B JOCTATOYHOM
o0beME BO3MOXKHO JIMIIb C HCIOJIb30BAHUEM BHYTPUPEAKTOPHBIX METOJI0B
UCCIIEIOBaHUSL, IPEJOCTABIAIOIIUX HanboIee EHHYIO U TOCTOBEPHYIO HH(OPMALIHUIO.
B nmnepcnexktuBe UCHBITAaHUN TECTUPOBAHUE HEOOIYUYEHHBIX MAaTE€pHAIOB IIpU
BO3JICHCTBUHM BBICOKOIIOTOYHOTO HEWTPOHHOIO W TaMMa-U3JydyeHHs B IpoOLEcce
paboThl peaktopa. Ocob0oe BHUMaHUE MPHU MOJATOTOBKE M MPOBEACHUU TaKUX padoT
yAENAETCS] METOJMKAM U3MEPEHUH U pacyeTOB NapaMeTPOB, ONMPEAEISIIONINX YCIOBHS
WCIIBITAaHUs, TIIATEJIbHAs ONTUMM3ALUsl KOTOPBIX, SIBISETCS OCHOBHBIM YCIOBHUEM
YCHEIIHOTO TMPOBEAEHUS HATYpPHBIX OSKCIEPUMEHTOB Ha HCCIEA0BATENIbCKUX
peaKTopax.

Jnst 000CHOBaHMS BO3MOXKHOCTHM TIPOBEJICHUS PEAKTOPHBIX HCIBITAHUH,
00si3aTEeNIbHBIM ~ YCJIIOBUEM  SIBJIETCS  TNPEAPKCIEPUMEHTAIbHOE  PacueTHoe
ONpENEIICHUE MaKCHUMaJIbHOU TEMITepaTypbl UCCIIENYEMBIX o0pa31oB
KOHCTPYKLMOHHBIX MaTEPUAJIOB, PACIIOJIATaEMbIX B SKCIIEPUMEHTAJIbHOM yCTPONCTBE
B 3aBHCHUMOCTH OT BBIOPAHHBIX PEXKHMOB pabOTHl peakTopa M MapamMeTpoB HX
oOnmyuenus. Takum oOpa3oM, B JaHHOW paboOTe TMPEACTaBICHO paCYETHOE
00OCHOBaHHUSI HKCIEPUMEHTOB IO HCCIECJOBAHUIO paJUAIlMOHHOTO pa3orpena
MartepuaioB B peaktope UI'P, a Takke pazpaborana u pacueTHBIM ITyTeM 00OCHOBaHA
cxema IKCIepuMEHTOB. J[aHHbIE, MOTYyYEHHBIE B PE3yJbTaTe HEUTPOHHO-(U3NUECKUX
U TEIIO()U3NYECKUX PACUETOB, IMO3BOJSIOT IMPOTHO3UPOBATH  IIOBEACHHUE
MaTEepUaJIOB U TPOU3BECTH BBIOOP <«JIENOBBIX» MapaMeTpoB OOIy4YEHUs U3
PEAJIOKEHHBIX PeXUMOB paboThl peaktopa UI'P.

Koncempykyus skenepumenmanvhozo ycmpoiicmea

HccnenoBanure paadallMOHHOTO pa3orpeBa MaTEpHAlIOB MPEAIOJIaraeT Hux
TECTUPOBAHUE B YCIOBHSIX KOMIUIEKCHOTO BO3JIEHCTBUS (PAKTOPOB AKCILTyaTaIllH, TO
€CThb HEMOCPEJCTBEHHO B Ipolecce padOThl pPEaKTOpHOM ycTaHOBKU. Jlis
BO3MOKHOCTH 00JTyu€HUs UCCIIEAYEMbIX MaTepUaIOB B aKkTUBHOM 30He peakTopa UI'P
OBLIIO pa3pabOTaHO IKCIIEPUMEHTATHLHOE YCTPOUCTRO.
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OCHOBHBIMH 3JIEMEHTAMU SKCIIEPUMEHTAIBHOTO YCTPOMUCTBA SIBJIIIOTCS aMITyJia
U HCTBITaTeNIbHAsA ceKuMs. VcnbiTaTenbHas CEeKUUs MpeaHa3HaueHa sl pa3MelleHUs
B Hell 00pa3lioB pa3IMYHBIX KOHCTPYKIIMOHHBIX MAaTEPHUAIIOB U MPEICTaBIAECT COOOU
mTaHry guamerpoM 20 MM, Ha KOTOpPOW YCTAHOBJICHBI JIBa AJFOMUHHEBBIX JHCKa
tonuuHord 10 mm u nuamerpom 100 Mm. PaccrosHue mMexay AUCKaMU COCTaBIISICT
100 mm.

Ha nuckax paBHOMEPHO MO OKPY>KHOCTH BBIITOJIHEHBI 6 OTBEPCTUN THAMETPOM
21,5 MM s YCTaHOBKHM KBAapLEBBIX JIOXKEMEHTOB, B KOTOPBIX pa3MELICHBI
ucclieyemMble 00pasilbl.

OO0pa3upl ucciIeayeMbIX MaTEpHaOB BBINOJHEHBI B BUJE Ky0a CO CTOPOHOMU
10 mMm. B kadecTtBe 00pa3loB Al MCCIEAOBAHUN HCIIONIB3YIOTCA KaK XMUMHUYECKU
«UHCTBIC» MATEpUAJIbI, TAK U PA3JIMUHbIE MAPKU CTaJICH.

Ycnoeua ucnvimanui

B »skcnepumeHTe mpeanojaraeTcs HMCCIEA0BaTh PAAMALMOHHBIN pPa3orpen
KOHCTPYKIITMOHHBIX ~MarepuajoB B peakrope WIP. Hcciaemyembie o0pasiisl
YCTAHABJIMBAIOTCSI B  HCHOBITATEIBHYI0  CEKLIMUIO TakuM  o0Opa3oM, 4TOOBI
MUHUMU3UPOBATh  B3aMMHOE  TEIUIOBOE  BJIMSHUE UM OOECHEYUTh  PEKUM
KAJIOPUMETPUUYECKOTO U3MEPEHHUsI. DTO JOCTUTAETCS MPUMEHEHHEM JIOKEMEHTOB W3
KBapII€BOTO CTEKJIA, /ISl YMEHBIIICHHS MOTEPh TEIIa OT 00pasiia MpU €ro OCTHIBAHUU
Y MIOMEIIEHUEM BCETO 3KCIIEPUMEHTAIBHOIO YCTpOHCTBa B BakyyM. [locne co3nanus
Pa3peKEHHOM Cpellbl B IKCIEPUMEHTAILHOM YCTPOMCTBE, peau3yeTcsl 3aJaHHas
auarpaMMa u3MeHeHus: MoutHocTH peaktopa MI'P. Paguanuonnsiii HarpeB B o0pasnax
obecrnieunBaeTCsi KOHCTPYKIUEH dKCIIEPUMEHTAIBHOTO YCTPONCTBA, €r0 MOJIOKEHUEM
B IICHTPAJILHOM AKCIEPUMEHTAJILHOM KaHaJle M pean3alueil TpedyeMoil JuarpaMmsl
MomHoctu UI'P.

Onpeoenenue  OMHOWIEHUA  IHEP2OBLLOCTCHUSA 6 ooOpazuax K
IHEP206bIOENIEHUIO 8 PeaKmope

C wmenbio oOmpenesieHHs] OTHOLIECHUSI SHEPrOBBIACICHUS B HCHBITHIBAEMBIX
o0Opasiiax KOHCTPYKIIMOHHBIX MaTepUalioB K HHEPrOBBIICICHUIO B pEaKTOpe ObLI
NPOBECH Psii  HEHTPOHHO-(U3MYECKUX pPacdyeToB. PacyeTsl BBIMOIHSINCH C
ucroiab3oBaHueM pacuetHoro koga MOCNPS [1] ¢ oOumbmuorekoit ENDF/B-VII.
Pacuetnas wmogmens peaktopa HWIP [2] mNOMHOCTBIO COOTBETCTBYET peaIbHOM
KOHCTPYKIIMU U YUUTHIBAET HEPABHOMEPHOCTh PACHPEICIICHHUS] KOHIEHTPAllUU ypaHa
B 00beMEe aKTUBHOM 30HBI.

MopenupoBaHue SKCIEPUMEHTAIIBHOTO YCTPOMCTBA  OCYIIECTBISUIOCH C
COOJIFOZICHUEM OCHOBHBIX Pa3MEpPHO-MATEPUATIBHBIX XapAKTEPUCTUK KOHCTPYKIIHU
COTJIACHO pa3pabOTaHHOMY MPOCKTY.

PacuerHpie 3HAue€HHMS COOTHOIICHHWS DJHEPrOBBIACICHHS B  00Opasiax
KOHCTPYKIIMOHHBIX MATEPHUAJIOB, PACIOJIOKEHHBIX Ha BEpPXHEM JUCKE, BBIIIEC
3HAYCHUM, KOTOPhIC HAOIIOMAIOTCS MPU WX PACTIONOKEHUH Ha HUXHEM aucke. [lpu
3TOM oOTIMuue coctaBiaser He Oomee 10%. JlamHoe pasmuune OOBICHACTCS
pPacIoJIoKEeHUEM O0pa3IoB B JIOKEMEHTAaX OTHOCHUTEIHHO IICHTPA AKTUBHOW 30HBI
peakTopa.
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3HaueHMs] DHEProBhIIETICHUST B oOpasuax jautus Mapku JID1 wu kaamus
3HAUUTEIHFHO TMPEBBIIIAIOT 3HAYCHHE HSHEPTOBBIICIICHUS B JAPYTUX o0paslax, 3To
0oOyCJIOBJIGHO Te€M, UTO JaHHbIE MaTepuaibl 00JIaaloT, B CPABHEHHH C JIPYTUMU
KOHCTPYKIITMOHHBIMU ~MaTepuajiaMy, OOJIbIIMM TIONEpPEYHbIM CEUYCHHE 3axXBara
TEIJIOBBIX HEMTPOHOB.

Onpeoenenue ORMUMAIIBHBIX  PEHCUMOB UCRBIMAHUU oopa3uyoe
KOHCMPYKUYUOHHBIX MAMEPUaIos
Onpenenenue ONTHUMAJILHBIX PEKUMOB WCHBITAaHUU o0pas1oB

KOHCTPYKIMOHHBIX MaT€pUaIOB POBOIUIOCH HA OCHOBAHUU HEUTPOHHO-(DU3NUECKUX
XapaKTEPUCTHK, MPUBEICHHBIX HA pUCYHKE 1.

B nporecce npoBenenus pacuera ObUTM TPUHSTHI CIAEAYIOLINE JOMYIICHUS:

— HaydaJibHas TeMIlepaTypa o0pa3ioB NpuHUManach paBHoi 293,15 K;

— MOTEpHU Teria ¢ 00pa3IoB OTCYTCTBYIOT (aAnabaTHBIN TIpoLece);

— 3HaY€HHUE TEIIOEMKOCTH JUIsl KaKJI0ro U3 00pa3lioB MPUHUMAIOCh CPETHUM
[3-71;

— JAuarpamMma U3MEHEHHS! MOIIIHOCTH B PEAKTOPE MPECTaBISIET COOON BCIIBIIIKY
JUTUTEJIBHOCTBIO 2 CEKYH/IbI, IPY 3TOM MaKCUMAaJIbHO BO3MOYKHOE 3HEPIOBBIJICICHUE B
peakTope He npebimaet 1,5 T'/Ix.

B pe3ynbpTare npoBeeHHBIX pACYETOB OBLIHU MOTYYEHbI 3HAYEHUSI MAKCUMAJILHO
BO3MOXKHOM TeMIiepaTyphl 1 KaKJI0ro o0pasiia Ipy pa3inuHbIX YJHEPTOBbIICICHUIX
B peaktope UI'P (1,5 I'/Ix, 1 ['/Ix, 0,5 T'Tx, 0,025 I'/Ix) u ux pasmenieHuu B OY
(BEepXHUIA TUCK, HUKHUHN JUCK).

YuuthiBasi OCOOEHHOCTM KOHCTPYKLUMU HCIHBITATENbHOW  ceKiuu IV,
MaKCHMaJIbHO BO3MOKHBIM HarpeB o0Opa3loB, MOJYyYEHHBIN 110 pe3yabTaTaM pacyeTa,
a TaKke TemmepaTypy IUIaBJCHHMsS  HCIBITYEMbIX MaTepHalioB, 0Opa3Ibl

KOHCTPYKITMOHHBIX MaTEPHAJIOB OBLIN Pa3/CJICHbI HA TPY TPYIIIbI, COOTBETCTBYIOIIIHE
TPEM SKCIIEPUMEHTaM C Pa3JIMYHbIM 3HEProBbiAeaeHueM B peaktope MI'P B kaxaom
W3 UCCIIEI0BaHUMN.
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B mepBoii rpymmne pasmemieHo 12 o6pasuoB (cmnaB AMr-6, cruiaB AMr-6,
kapoun kpemuus SIiC, rerrep Ti-Al-NDb, crane mapku 12X1M®, TeXHUYECKH YUCTOE
xene30, ctanb Mapku 09X16H15M3b, crane mapku 15XIM®, xpom 1 cTanbs Mapku
12XH35BT) ¢ HauMEHBIIUM HArpeBOM IMPHU pEaTM3allMd SHEProOBBIICICHUS B
peaktope 1,5 I'J[>x. MuHMManbHBIN paauallMOHHBIM HarpeB HaOroaeTcs y oOpasia
BBIIIOJIHEHHOTO U3 cIyiaBa AMr-6, a MakCUMalIbHBIN HarpeB y 00pasiia U3 CTajii MapKH
12XH35BT.

Ko BTOpOii rpymiie 06pa3iioB ObLIM OTHECEHBI OCTABIIUECS MaTEepHUAIIbl (HUKEb,
Menb, criaB D125, onoBo, MonubaeH, cBUHEI, TeX. cepedpo CpM9I7, Bonbdhpam u
TaHTal), 3a UCKIIOYEHUEM o0pa3loB JUTHS U KaaMmus. [Ipu sTom pekoMmeHyemoe
SHEProBBIICNICHHE peakTopa A0kHO coctaBisaTh 0,5 T'Jlx. Ilpu Oonee BbICOKOM
SHEPIOBBIICICHUH B PEAKTOPE HEKOTOPhIE 00pasilbl JOCTUTAIOT TEMIIEPATYPhI OoJiee
1000 K, uTo MOKET HEeKeNaTeIbHO CKa3aThCs Ha MPOYHOCTHBIX CBOMCTBAaX KBAPIEBBIX
JI0’KEMEHTOB B MECTaX KOHTaKTa ¢ 00pa3IoM.

MuHMMaIbHBI paguallMOHHBIA HarpeB BO BTOPOM Tpymie HaOI0JaeTcs y
HUKEJIEBOro o0pa3la, a MaKCUMaJIbHbId HarpeB y JaHHOW Tpymmbl 0O0pasiioB
HaOmro1aeTcs y Tantana mapku TBY.

W3 BTOpO# Ipyniibl OBLIM MCKIIOUEHBI 00pasiibl JTUTUS U KaJAMUS, TOCKOJIbKY
IIPU PACCMOTPEHHBIX 3HAYEHUSAX SHEPrOBBIICIICHHS B PEAKTOPE UX HATPEB JTOCTUTAET
temneparypbl WIABICHUS (T s i = 455 K ¥ Typapcqa = 594 K). o atoit npuumnHe
JaHHBIE 00pa3IIbl JOHKHBI OBITH UCCIIEIOBAHBI B OTJAEIHHOM TPETHEM IKCIIEPUMEHTE C
peanusanuen sHeprosalaesieHns B peakrope 0,025 I'JIx.

Takum 00pa3oM, B pe3ysibTaTe MPOBEICHUSI OIEHOYHOTO TEIMI0(U3UYECKOro
pacuera, ObUIM ONPEACJICHbl ONTUMAaJbHBIE JgUATPAMMBI W3MEHEHHS MOIIHOCTH
peakropa UI'P mist ucnisitanust 00pasiioB KOHCTPYKIIMOHHBIX MAaTEPHAIIOB C YYETOM UX
TETTO(PU3UUECKUX MapaMeTPOB (PUCYHOK 2).
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Pucynok 2 — U3menenne momnoct peaktopa MI'P B skcnieprimeHTax mo
VCCIIEIOBAHUIO PAIUALMOHHOIO pa30rpeBa KOHCTPYKIMOHHBIX MaTEPUAIIOB

Taxxe 1o pe3yiapTaTaM pacdeToB OblIa COCTaBICHA KapTorpaMmMa pa3MeIleHUs
00pa3IoB OTHOCUTENLHO JPYT JAPYTa U OMPENEICHO MECTOPACIIONOKEHUE KaXKI0TO U3

HUX (PUCYHOK 3).
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PI/ICYHOK 3 - KapTorpaMMa pasMCIICHUA o6pa3u013 B SKCIICPUMCHTAaxX

Tennoguszuueckue pacuemvt 6 000CHO8aAHUE BBIOPAHHBIX PEHCUMOE
UCRBIMAHUUL

Jlis mpoBeneHus: Temio(U3NUecKoro paciera B OOOCHOBAaHUE BBIOPAaHHBIX
pexxumoB ucneiTanuid B mporpamme ANSYS [8] Opima mocTtpoeHa TpexmepHas
reoMeTpuyeckas Mojeib DY, BKIOUaIas B ce0s HCHOBITATEIbHYIO CEKIHUIO
AKCIIEPUMEHTAJILHOTO YCTPOMCTBA C YCTAHOBJIEHHBIMM B HEE KBaplLIEBBIMU
JIO’)KEMEHTaMH W 00pa3uaMu, LEHTPAIbHYI0 YacTh aMIyJbl 3KCIEPUMEHTATBHOTO
YCTPOMCTBA U CPENY, KOTOPOU 3aMOTHEHO SKCIIEPUMEHTAILHOE YCTPONCTRBO.

[lony4yeHHble B pe3yJabTaTe€ HEUTPOHHO-PU3UYECKOrO pacyera 3HAYCHUS
OTHOIIIEHUI SHEPrOBBIICICHUS B PEAKTOPE K HCClIeayeMbIM o0pa3iaM (pucyHok 1) u
auarpaMMbl u3MeHeHus: MoiHocTH peaktopa UI'P (pucyHok 2) ObLIM MCIIONIB30BAHBI
B KAauecTBE HCXOJHBIX JAaHHBIX [UIs Temoguandyeckoro pacyera. OOpasibl
pa3MeIlaguch  COIVIACHO  KapTOorpaMMe  MpEACTaBICHHOW Ha  PUCYHKE 3.
Terodusudeckne XapakTEpUCTUKU OOpa3lOoB MAaTEepUATIOB TMPUHUMAIUCH U3
JUTEpaTypHBIX UCTOYHMKOB [8, 9, 8, 10, 11, 12].

B mporuiecce npoBeaenus pacuera ObUTA MPUHSTHI CIEAYIOLIUE TOMYIICHUS:

— HavaJibHas TeMIeparypa 3JIEMEHTOB MOJiesih cocTaBiiseT 293 K;

— TMOJIOCTh aMITyJIbl OTBAaKyYyMHUPOBAHa;

— TEIIOOOMEH MEXIy OJJIEMEHTAaMU B MOJENIN OCYIIECTBISETCS 3a CYET
TEIJIONPOBOIHOCTH;

— Ha BHEUIHEHW NOBEPXHOCTH aMMYJbl 3KCIEPUMEHTAIBHOTO YCTPOWCTBA
3a/1aBAJINCh YCJIOBUSI KOHBEKTHBHOTO TEIUIOOOMEHA € OKpyKaromleil cpeaou ¢
Temnepatypoii 293 K npu ko> puumente temnoornaun 5 Br/(m2K),

B pesynbrare Temnopuznueckux pacdyeToB OblIa ONpesiesieHa MaKCUMalbHas
TEMIEpaTypa TECTUPYEMBIX O0Opa3loB MpH MPEUIOKEHHBIX peXUMax paboThl
peaktopa UI'P u ycroBusix oOiydeHHs C y4yeTOM MapaMeTpOB >HEPrOBbIACICHHUS,
MOJIyYEHHBIX B pe3yJbTaTe HEHUTPOHHO-(QU3MUECKUX pacueToB. Takxke MOTyYeHBI
PEe3yAbTaThI [0 UBMEHEHUIO TEMIIEPATYPBI B MPOLIECCE MPOBOIUMBIX UCCIEAOBAHUM.
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B nepBoM 3KcniepuMeHTe, pU peainu3alny JuarpaMMbl H3MEHEHUS MOLIHOCTH
B peaktope MI'P makcumanbHas TeMnepaTypa Habmonaercs y odpasiia cTainy MapKu
12XH35BT wu cocraBnser 395 K. MunumanbHas TemmepaTypa y obOpaslia cruiaBa
AMr-6 —-317 K.

Bo BTOpoM »3KcnepuMeHTe MaKCUMajbHasi Temreparypa HaOIomaercs y
oOpa31ia, BBIMOJHEHHOT0 13 TanTajga Mmapku TBY, u cocrapisier 532 K. MunumManbHast
TemriepaTypa y oopasna nukesns — 333 K. [Ipu aTom auarpamma usmMeHeHuUs: MOITHOCTH
B peaktope MI'P cooTBeTcTBYeT Anarpamme, MpeicTaBICHHON Ha pUCYHKE 20.

[Ipu peanmuszannu n3meHenus: MomHocTH peakropa UI'P cornacHo auarpamme,
MPEJICTABIICHHOW HA PUCYHKE 2B, paMallMOHHBIN pazorpes autus JID1 cocraBut 96 K,
IIpU OTOM €ro MakcumaibHasg Ttemieparypa coctaBut 389 K. MaxkcumanbHas
temrepaTtypa kagmus — 409 K (marpes 116 K).

Takum  oOpazoM  Oblla  TOATBEPAKIACHA  BO3MOXKHOCTH  MPOBEIICHUS
HKCIIEPUMEHTOB TMTPHU BHIOPAHHBIX PEKUMAaX HUCIIBITAHUH.

[TpoBeneHo pacueTHOe OOOCHOBaHHUS HSKCHEPUMEHTOB IO HCCIIEIOBAaHUIO
paaualMoOHHOIO pa3orpesa Marepuanos B peaktope UI'P.

Pa3paboTaHO 3KCHEpUMEHTAJIbHOE YCTPOMCTBO M pPAacCYETHBIM  IyTEM
00OCHOBaHa CXeMa »JKCIepUMeHTa. B pe3ynpTaTre HEUTPOHHO-(PU3NYECKUX U
TEIUVIO(QU3NYECKUX PACYETOB CIPOTHO3UPOBAHO «IIOBEJEHUE» MATEPUAIOB U
IIPOU3BEICH BHIOOD «JIEJIOBBIX» MAPAMETPOB 00IyUYESHHS U3 MPEAIOKEHHBIX PEKUMOB
pabotel peaktopa HI'P. Takum oOpazom, Obula MOATBEPKIEHA BO3MOXKHOCTh
MPOBEICHUSI DKCTIEPUMEHTOB MPU BEIOPAHHBIX PEXKUMAX UCIIBITAHUH.

Pe3ynbraThl NMpPOBENEHHBIX PACUETHBIX HCCIECHOBAHUNM IO3BOJISIT NPOBECTH
PEaKTOPHbIE HCIBITAHUS W MOJYYUTh SKCIEPUMEHTANIbHBIE JaHHbIE [JIsI HOBOIO
Ha0opa KOHCTPYKIIMOHHBIX MAaTEPUAIIOB SIAEPHON U TEPMOSIEPHON TEXHUKH.
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B dumuane MAD PI'TI HALL PK B nHacrtosimee Bpemss uUayT pabOTHI IO
noJiyueHuro HoBoro s Kaszaxcrana marepuana Ha OCHOBE KapOuja KpEeMHUS,
UCIIOJIb3YS B KAYECTBE UCXOIHBIX KOMIIOHEHTOB IMPOMBIIIUIEHHBIN JIOM.

Kak wusBectHo [1-6], kapOugokpemMHHEBas KepaMuKa O00JIaJJaeT BBICOKOMN
MPOYHOCTHIO, KAPOCTOMKOCTBIO M 3KAPOMPOYHOCTHIO, CTOMKOCTBIO K MHOTOKPATHBIM
TEIJIOCMEHAM, K TEIUIOBBIM yAapaMm, XMMUYECKOW MHEPTHOCTHIO MO OTHOLICHHUIO K
arpeCCUBHBIM CpeliaM, JIOCTaTOYHO BBICOKOW TEIJIONPOBOAHOCTBIO W HU3KUM
ko3 dunrieHToM TpeHusi. OCHOBHOE JTOCTOMHCTBO KEpaMUKH Ha OCHOBE KapOuja
KpPEMHHUS SBJISIETCS UCMOJIb30BAHUE MAaTEPHUAJIOB JJIsS MOJIIUITHUKOB U YIUIOTHEHUIN
AKHUJKOCTHOTO TpeHusl, MPUMEHSIEMBIX B HeTIHOMH, XUMUYECKOM,
MAIIMHOCTPOUTEIHLHOMN U SIEPHOM MPOMBINLIEHHOCTIX. OJTHUM U3 OCHOBHBIX METOJ/IOB
MOJYYEHUs] JIaHHOTO MaTepuaja Ha CErOAHSIIHUN JeHb SBISETCS MPOIUTKA
rpaUTOBON OCHOBBI )KHJIKUM KPEMHHUEM, KOTOPBIM ObLT N300peTeH OoJiee MoTyBeKa
Ha3aj, a MoJyYeHHe MaTepraia METOJIOM MOPOILIKOBON METAJTypPTHH OTCYTCTBYET [5-
8].

CtouTh OTMETHTH, YTO 0CO00€ pa3BUTHE B IMOCJIECAHEE ECATUIIETHE TIO
MOJYYCHUIO MaTepuajoB Ha OCHOBE KapOWaa KPEMHHUS C MOMOIIBIO MOPOIIKOBOM
METAJIYPTUH SBJISICTCS METOJ MCKporia3meHnHoro crekanus (SPS — Spark Plasma
Sintering).

Jauueii  metonm mo3BosisieT 3GGEKTUBHO KOHTPOJIUPOBATH TOPUCTOCTH
CIIEKaeMbIX MaTEpHAJIOB U TMOJYy4YaTh KOMIAKTHBIE 00Opa3Ibl COCIUHEHUM, OOBIYHOE
IPEeCcCOBaHUE KOTOPHIX MPaKTUYECKH HeocymecTBuMa [9-10].

[lpyHuMass BO BHUMAHHE BBIIICH3I0KEHHOE, IIEIBI0 HACTOAIMIEH pPaOOThHI
SABJISICTCS] U3y4YeHUE (PU3UKO-MEXaHUYECKUX CBOMCTB KapOMJIOKPEMHHUEBOW KEPaAMUKH
B 3aBUCHMOCTH OT €€ TeMIepaTypbl CIIEKaHHS C HCIOJIb30BAaHMEM B KadyeCTBE
HCXOJHBIX KOMIIOHEHTOB BTOPUYHBIE MPOTYKTHI TPOMBIILIEHHOCTH.

MATEPHUAJIBI U METObI UCCJIEJOBAHUSA
B kadecTBe MCXOHBIX CHIPhEBBIX MATEPUAIOB I ToaydeHus SiC-kommo3uTta
ucnosp3oBamu mopomku Si (99,9 %), C (99, 6 %). CooTHOIICHHE TMOPOIIKOB B
bopmupyeMoit kommno3unuu coctabisiio Si-75 % macc C 25 % wmacc.
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Jlnst  co3maHusi KOMMAKTHBIX 00pasioB KapOuga KpemHHsT B pabote
UCIOJIb30BAIM TEXHOJOTHUIO HCKPOIUIA3MEHHOIO CIEKAaHMs IMOPOIIKOBBIX CMecen
(SPS-texnonorusi) Ha ycraHoBke Labox-1575 (r. Hopocubupck, Poccus), mo
MeToauke ykazanHo B [9-10]. Ilapamerpsl criekanus npuBeaeHbl B Taomwmie 1. Ilo
OKOHYAHMM CIIEKaHUs 00paslbl MPUOOpETAIN IMIIMHIPUYECKYIO POopMy AMaMETPOM
15-20 MM 1 BBICOTOM 5,5-6,5 MM.

Tabnuna 1. [lapameTpsl ciekanus

Ne | O6paze | Temmeparypa Bpewms CkopocTh Harpy3ka,
n\n I cnekanusi, °C | BbIICpXKHU, MUH | Harpesa, °C/MUH kH

1 SiC-1 1200 5 100 12

2 SiC-2 1300 5 100 12

3 SiC-3 1400 5 100 12

4 SiC-4 1500 S 100 12

S SiC-5 1600 S 100 12

Mertop onpeneneHus npejesia IPOUYHOCTU MPU CKATUU COCTOUT B OTIPEACIICHUN
OTHOILICHUS] BEJIWYMHBI HArpy3KHu, MPEIIIESCTBYIONIEH pa3pylieHuto olpasia, Ha
NEPBOHAYAJIBHYIO IUIONIaAb €ro IMONepeyHoro cedyeHusa. s omnpeneneHus
r€OMETPUYECKUX PA3MEPOB 00pPA3IOB MPUMEHSUICS HUQPPOBON MITAHTEHIUPKYIh C
nuckpetHoctblo orcyera 0,01 mM. HcenblTaHuss nOpoBOIWIM OO pa3pylICHUS
UCTIIBITYeMOro o0pasiia Mpu CKOPOCTH TMEPEMEIICHHsS] aKTUBHOTO 3aXBaTa paBHOW 2
MM/MHH.

[Ipenen mpoyHOCTH MPH CKATUU (GCK) PACCUUTHIBAIH MO (popmyre:

ocx=P/S, (1)

rae P — paspymatomnias oopasen Harpyska, MH;

[Inomans nonepeyHoro ceueHus (S) B MM

S = bxh =a? — 11 KyOUueCcKux 06pasLOB;

b — mmmpuna obpasua, M;

h — tommuaa odpasua, m.

Onpenenenrne MUKPOTBEPAOCTH OOpPA3IOB KAPOUIOKPEMHHEBON KEepaMUKH
IIPOBOAMIIM METOJIOM BOCCTAHOBJICHHOTO OTII€YaTKa ¢ ImoMoInisio npubdopa [IMT-3M
[11-12].

B xauecTBe MHIEHTOPA UCTIOJIB30BAIA YETHIPEXTPAHHYIO AJIMA3HYIO TUPAMUTY
C KBajJpaTHbIM OCHOBaHWeM. Harpy3ka Ha uHaeHTtop cocrtaBimsa 0,3 H, Bpems
BBIZIEPKKU — 3 ¢. UHCIIO M3MEpeHUid Ha TTIOBEPXHOCTH OJHOTO 00pasiia COCTaBIIsIIO 9,
TUTS OTIpEICIICHHSI pacnpenencHus MHUKPOTBEPIOCTH 1o TITyOuHE
MOAU(DUIIMIPOBAHHOTO CJI0s1 — HE MeHee 20 MKM.

MuUKpOTBEPAOCTh paccunuThIBaNIM 1O popmyie (2):

2 BpruMCIISIH 110 QOpMyJIE

HV=0.189 F/d"2 , (2)
rae F — Harpy3ka, NpuiIoKeHHas K aIMa3HOMY HAKOHEUYHUKY,
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d- cpenHee apupMeTHUECKOE JTHH JUArOHAJICH KBaJAPATHOTO OTIeYaTKa, MM.

PE3YJIBTATBHI U OBCYXIAEHUSA
[Ipy wucnblTaHUM Ha CXKaThe KyOMdeckux 0OpasloB  HaOmrogaeTcs
pacckasibiBaHue 00pa3loB MO JUArOHANM, XapAaKTEPHBIX Uil XPYNKHX MaTepUajoB
(pucynox 1).

a) TEOMETPHUSI CIIBUTOBOTO 0) pacckanbpIBaHUE IO TUArOHAIN
paspyliienus B o0beme odpasia

Pucynox 1 — Xapakrepusie popMbI pa3pylieHust 00pa3ioB Ipu
UCIIBITAHUH HA CYKATUE

Takoe paspymieHus: 0OBACHAIOTCS T€M, YTO Ha TUIOCKOCTH, HAaKIIOHEHHOW MOJ
YIJIOM, JE€UCTBYIOT MAaKCHUMAJbHBIE KAaCaTEJIbHbIC HANpPSHKEHUS, SBISIOIIMECS
MPUYUHON pa3pyllIeHuss o0pa3loB U3 XPYNKUX MATEPUAIOB MPU UCIBITAHUU WX Ha
ckatue. Pa3pymennn oOycCIOBICHBI CIBUTOBBIM HAMPSIKECHUEM W3-3a HaJHYWS CHII
TPEHUSI MEXAY IUIMTaMU UCIBITATEIbHON MAIIMHBI M TOpLAMHU 00pa3iia.

Pa3pymienne nporncxoauT no mioCKOCTSIM, HAKJIOHEHHBIM K OCH MOJT YTJI0M 45°,
COBIIAJIAIOIIUM C HAIPABJIEHUEM IUIOIIAJO0K, 10 KOTOPBIM JEHCTBYIOT MAKCHUMAaJIbHBIE
KacatelnbHble HamnpsbkeHus. [lo mpuyuHe HE COONIOACHUS TMEPHEHKUKYISIPHOCTH
CTOpPOH 00pa3LoB, HAOIIOAAIOTCS CMEILIEHUE OCH H3JIoMa (pa3pyLIeHH s ) TOKa3aHHOTO
Ha PUCYHKE 2.

a) yCTaHOBKa 00paslia B 0) xapakTep pazpylieHus
YHHUBEPCATbHYIO MAITUHY

Pucynok 2 — UcnipiTanre oOpasioB Ha pa3pbIBHOM MalluHe
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B IpoLecce  MCOBITAHHUS  PETUCTPUPOBAIUCH KpUBbIE coKaTus
«Harpy3ka - nepeMelieHne», KOTopble IPUBEICHBI HA PUCYHKE 3.

10000
9500
9000
8500
8000
7500
7000
6500
6000
5500
5000
4500
4000
3500
3000
2500
2000
1500
1000 4

500
0

L,H

Hazp

0 0,03 0,06 009 012 0,15 0,18 o 024 027 03 033 0,36
Iepemewjerue, mm

——Nel —Ne2 —Ne3 —Ned —Ne5

Pucynok 3 — luarpamma «Harpy3ska-nepeMenienuey» cxatusi 00pa3noB
No 1 — o6paszen, cieuennsiit npu temnepatype 1500 °C; No2 — 1600°;
Ne3 — 1300° Ned4 — 1200°; Ne5 — 1400°

3HadeHus peziesna MPOYHOCTH MPHU CHKATHH U AeOPMAIIMH TTPU MaKCUMAJIbHON
Harpy3Ke BCeX MCIBITAHHBIX 00pa3I0B MPUBEICHBI B TAOIHUIIE 2.

Tabmuma 2 — Pe3ynbrarhl onpeneneHus MPOYHOCTHBIX XapaKTEPUCTHK TPHU
WCIBITAHUN HA CXKATHE

Temneparypa MakcumajbHas IIpenes npoynocTu
Ne i/ R
CIICKAHUA, Harpyska, H (ocx), MIla

1 1200 1708 72,6

2 1300 4787 144,63
3 1400 4834 175,3
4 1500 9352 260,11
3) 1600 8441 263,41

B pesynprare aHanmza KpHUBBIX HCIBITAHWN Ha CXKAaTHE YCTAHOBJICHO, YTO
HaumOOJbIINEe  3HAYCHHUSA  Tpefena  TMPOYHOCTH  BBISBICHBI Yy  00pasIioB
KapOUJOKPEMHUEBON KEpaMUKH, CliedyeHHbIX mnpu Temmeparype 1500° u 1600 °C
(260~263 MIla). OTHOCUTENBHO CpEAHHE MPOYHOCTHBIE  XAPAKTEPUCTUKHU
HaOmroAaroTes y 00pasios, mofydeHHbIX 1pu Temmneparype 1300° u 1400 C° (145~175
MIla), a o6pa3zen, cnedennsiii mpu Temmnepatype 1200 °C moka3siBaeT HU3KHMN Mpeet
NPOYHOCTH. 3aBUCHUMOCTh IMIpejesia MPOYHOCTH TMOJYYEHHBIX 00pasloB OT
TEMIIEpaTyphl CIIEKaHHs MOKa3aHa Ha PUCYHKE 4.
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Pucynok 4 — 3aBucumocTsb npezaena PucyHok 5 — 3aBUCUMOCTh
IPOYHOCTH KapOUJOKPEMHUEBOM MUKPOTBEPAOCTU KapOUTOKPEMHHUEBON
KEpaMUKH OT TEMIIEPATYyphl CIIEKaHUS KEpaMUKH OT €ro TeMIepaTyphl
CIIEKaHUS

Kak BHIIHO U3 pucCyHKa 4, C yBEJIMYEHHUEM TEMIEpPATypbl CIEKaHUS, Iperes
MIPOYHOCTH 00pa3LoB KapOUIOKpEMHUEBOM KepamMuKku yBenuuuBaercsa ot 70 Mlla go
290 MITa.

W3 pucyHka 5 BHJIHO, YTO MHUKPOTBEPAOCTh 00pa3LOB KapOWTOKPEMHUEBOMN
kepamuku yBenuuupaetrcs ot 13500 MIla go 23000 MlIla ¢ poctoM TeMieparypsl
CIIEKAHMSL.

W3 npuBeNEeHHBIX BBIIE pPE3YyJbTATOB Mbl HAOMIOJAEM  yIIydIlEHUE
XapaKTepUCTHK KapOUJIOKPEMHUEBON KEpaMUKU B 3aBUCUMOCTHU OT €r0 TeMIepaTyphl
CIIEKAHMS.

BbIBO/IbI:

Ha ocHOBaHMM TIOJyYEHHBIX JAHHBIX IO BIHUSHHUIO  TEMIIEpaTyphbl
MCKpPOIUIa3MEHHOTO CHEKaHus Ha (U3MKO-MEXaHMYECKHE CBOWCTBA 0Opa3IoB
KapOUJOKPEMHUEBON KEpPaMUKH, IOJIYYEHHBIX C HCIOJIb30BAHUEM B KayecTBE
MCXOJIHBIX KOMIIOHEHTOB BTOPHUYHBIE MPOIYKThI MPOMBIIUIEHHOCTH MOKHO CIENaTh
CJIEIYIOLIME BBIBOJbI:

- BBISBJIEHO, YTO C YBEJIMYECHHUEM TEMIEPATYPbl CIIEKAaHUS KEpPAMHYECKUX
00pa3IioB yBEIMYUBACTCS UX mpezen npoynoctd ot 110 go 270 Mlla;

- MHUKPOTBEPAOCTh 00pa3loB KapOUJOKPEMHHUEBON KEpaMHUKH BO3pPACTaeT OT
13500 MIla no 23000 MIIa ¢ yBenr4eHHEM TEMIIEPATypPhl CIIEKAHHUS.
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B pabote mpencraBieHbl pe3ylbTaTbl MOACIUPOBAHUS METOJOM KOHEYHBIX
AJIEMEHTOB Mpolecca TEeIooOMeHa B CHUCTEME «IPONaHO-BO3AYIIHBIN (akel-
noiuMepHass 4actuua» CBMIID. Pazpaborana ycTaHOBKa TIa30T€pMUYECKOIO
o0opynoBaHus uisi OPMUPOBAHUS 3AIIUTHBIX MOKPHITUN HA OCHOBE MOJIUMEPOB, YTO
UMEEeT BaXXHOE dKOHOMUYECKoe 3HaueHue. [lpu 3ToM yureHbl GU3UKO- XUMUYECKHE
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CBOWCTBA NOJMMEPOB, TAKWE KaK HHU3Kas TEIUIONPOBOAHOCTb M CKIOHHOCTH K
JNECTPYKIMH, YTO HaKJIaAbIBaeT OcoOble TpeOOBaHMS K MOAO0pPY HEOOXOIUMBIX
napamMeTpoOB ra30TEPMHUUECKOTO 000y 10BAHMUS.

B pabote ycTaHOBIEHBI 3aBUCUMOCTh TeoMeTpuu (akeina U €ro (Qpu3mko-
XUMUYECKUX CBOMCTB OT TeoMeTpuH (POPCYHKH, TEXHOJOTHMUECKOE OOeCIedeHHe
HEOOXOUMON TPACKTOPUU TMOJHUMEPHBIX YacTHI] B (¢akesie NpeloTBpallarorX
NecTpykuuio nonumepa. [lokazaHa 3aBUCHMOCTB: IHAMETP YACTHUIbI- ONTUMAalbHas
IJIOTHOCTH TEIJIOBOTO MTOTOKA.

[TonmumepHbIE MOKPBITUS MTOTYUYECHHBIE TA30TEPMUYECKUM METOAOM HAIbIJICHUS
BAXKHBI JUUISl MHOTMX OTPaciiel MPOMBIIUIEHHOCTH, B TOM YHCIIE€ HEPTEXUMHUYECKOM,
aBTOMOOMJIBHOM U aBUALIMOHHOW MTPOMBINUIEHHOCTH. OHM UCTIONB3YIOTCS JJIS 3a1UTHI
IIOBEPXHOCTH OT BJIAYKHOCTH, KOPPO3HH U arpECCUBHBIX XUMHUYECKUX cpel. [1-5]. [Ipn
ATOM CBEPXBBICOKOMOJICKYJISIPHBIM MOJIUATUIIECH O0JadaeT BBICOKOM XHUMHUUYECKOMN
YCTOWYMBOCTBIO M UBHOCOCTOMKOCTHIO. Pa3zpaboTrka TexHonoruu HanbuieHust CBMITD
MMEET BaXKHOE dKOHOMHUYECKOE 3HAYCHHE ISl XuMuueckux npeanpustuii. CBMIID
oOjazaeT BBICOKOW BSI3KOCTBIO B CJEACTBUM BBICOKOM MOJIEKYJISIPHON MAacChl.
ITepepabotka mopomka CBMIID B mokpelTue Hambojiee MEPCIEKTUBHA
ra3oIjlaMeHHBIM METOJIOM[6].

[Ipu pa3paboTke TEXHOJOTHMH Ta30TEPMHUUYECKUX IOTUMEPHBIX TMOKPBITHI
HAKOIUJICH OIpPEJCICHHBIA ONBIT, OAHAKO (U3UKO-XMMHUYECKOE B3aUMOJICHCTBUE B
CUCTEME TMOJMMEpPHAs 4YacThIla — Ta30TePMHUUYECKOE IUIAMs MAaJOM3y4YeH M3-3a
OBICTPOTBl M CJIOKHOCTH MPOTEKAIOMIMX MpoueccoB. Jlo cuX HOop HET YeTKHX
MPEJICTABIICHUI O MPOILIECCe HarpeBa yacTtull noiaumepa[3—5] PexkoMmenpganuu 1o
IPaHyJIOMETPUYECKOMY COCTaBy Marepuayia 0a3upyroTcs Ha OOIIUX COOOpaKEHUSX,
YTO MEJIKHE YaCTHUIIbI OKUCIISIOTCS U BBITOPAIOT, @ KPYIIHBIE HE YCIIEBAIOT MMOJHOCTHIO
nporuiaButhes [4]. TexHomorus nepepaboTKU MOJIMMEPHBIX MOPOUIKOB UMEET Y3KUU
TEeMIIepaTypHBII UHTEpBa. TEeXHOJOTUYECKUE PEKUMBI TaK K€ JOHKHBI 00ECIICUHTh
HEOOXOIUMYIO ONITUMAJILHYIO CTENIEHb MPOILIABIICHHUS YACTHIIHI.

TexHomornyecknii MpoIecc KOTOpbIM MO3BOJIUT mepepadoratb CBMIID B
MTOKPBITHE HAJJIEKAIIETO KAaYeCTBA, JOJDKEH BKIIOYATh CTAIUU OAOTPEBA MOIJI0XKKH,
Pa3roH W pa3orpeB YacTHUIlHI B akese, COyJapeHue ¢ MOJJIOKKOM, TOTOJIHUTEIbHBIH
HarpeB. [Ipu 3TOM cTamus pasroHa W NMPOXOXKIAECHUS MOJUMEPHOM YACTULBI YEpPeE3
daken MMeeT KPUTHUYECKH BaKHOE 3HAUEHHE, TaK KaK JIETKO JIOMYCTUTh TEPETpeB
YaCTHIIbI BBIIIE TEMIIEPATYPHI TIJIABJICHUS.

[IpoBenéHHble  HaMM  SKCHEPUMEHTAJIbHbIE  pabOThl MO  CO3AHMIO
ra3oIIaMeHHOM  YCTAHOBKM  JUISI  HAINbUIEHUS  CBEPXBBICOKOMOJEKYISPHOTO
NOJIMATUJIEHA TOKa3aJd, 4YTO HaumboJiee MEepCleKTUBHOM Il  HaIbUICHMS
TEPMOIUIACTUYHBIX TTOJIMMEPOB SIBISETCS Ta3oBast (OpPCyHKa ¢ TpeXPa3HbIM TEUCHHEM
(Puc. 1). Tak kak mpu NPsIMOM B3aUMOJICHCTBHUH IIJITAMEHU Y YACTHIIBI IIPOUCXOHT €€
Tene ¢akena.

[lear paHHOW pabOTBI — METOJAOM KOHEYHBIX JJIEMEHTOB pAaCcCUUTATh
B3aumoeicTere yacTuiibl CBMIID 1 razorepmMudeckoro miaMeHu npu TpexdasHoM
MIOTOKE (COTJIACHO CXEMBI pucC. 1.)

JIist mocTHKEHUST JAHHOU 1IeTTM HEOOXO0IMMO PEIIUTh CISAYIONINE 3a1auu:
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— YcTaHOBUTH BpeMs MTpeObIBaHUS YaCTHUIIbI B (hakesne

— YcraHoBUTH TepMuyeckue xapakrepuctuku CBMIID

— YcTaHOBUTH HEOOXOIUMOE COOTHOIIEHHE CKOPOCTEN MMOTOKOB 2,3 U aBlieHUE
nporaHa mnojaaBaemMoe B (POpPCYHKY 4.

— YCTaHOBUTH IUIOTHOCTH TEIUIOBOIO MOTOKa IMO3BOJISIONIETO IepepadboTaTh
CBIIMD 6e3 necTpyKIiuu.

Puc. 1. Tpexdasnoe
ucteduenue u3 Qopcynku. 1
daza mmama  (mporan),
BTOpass (a3za BoO3ayIIHAS
3acjIOHKa, TpeThss  (asa
MMOPOMIOKTBO3AYX

substrate

MeTtoabl UccIe10BaAHUS

OOBEKT UCCIeI0BAHMS — MOPOIIOK CBEPXBBICOKOMOJIEKYJISIPHOTO TIOJIMATUIICHA
C MOJIEKYISpHOM Maccoit n-10° r/mons u pasmepom gactui 0,25-0,3 MM, KaK CBIPbE
Uit TepepaboOTKM B 3allUTHOE  TOKPHITHE  Ta30TEPMUUYECKUM  METOJIOM.
I"azoTepMuueckoe 000pyI0BaHKE MPOIAH-BO3YX JIJIsl HAMBIJIEHUS TEPMOILIACTOB.

Cxema uccnenoBanus. Ha mepom atane metonom JICK na npubope Excellence
METTJIEP TOJIEJO, omnpenenensl TeMnepaTrypa IUIABJIEHUS W ylelbHad
temmoémMkocte CBMIID.  Cozmana 3D momens (QOpCyHKH Tra3omiiaMeHHOro
HambUIeHUs 1o cxeme puc.l. [lomydeHHble qaHHbIE OBUTHM BHECEHBI B MPOTPAMMHBIM
KOMILUIEKC KOHEYHO- 3JIeMEHTHOro aHammsa Solidworks rae momyyanu JaHHBIE 10
ONTUMAJIBHBIM TapaMeTpaM Ta30TePMUUYECKOT0 00O0pYyIOBaHUS O0ECIeYNBAIOIINM
nepepadotky CBMIID 6e3 nectpykiuu. [Mpumensinaces crannaptaas CFD moznens, k-
€ MOJIENTb TYPOYJICHTHOCTH.

ST s wee =
Puc. 2. Omnpenenenue
1\ TeMIrepaTypbl [UIABJIEHUS
i A CBMIID wmeromom  JICK,
] f TeMreparypa COCTaBHJIa
} 137,28 °C
- ¥ A
» L ] L _J &0 "o w 120 60 80
eow Tempomatue () G0 2 0 Ta ey
Rgure 1.8
D3C vace for UDOIPL
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1000.00
901.69
803.37
705.06
606.74
508.43
41011
31179
21348
1817
16.85

b3 Temnepatya (Tekyas cpena) [*C]

L-z KAJTHH B CeuEHHH 1! 3amHBKa

Puc. 3. I'paguent Temmnepatypsl pakesna, peryJupyeMblid BO3TyIIIHON
3acJI0HKOM. Ha nony4eHHOU nuarpammMe BUJIHO, YTO B 30HE MPOJIETA YACTUL]
MOKHO PETyJIMpoBath Temmeparypy ot 400°C.

10,0035
Puc. 4. Bpewms
o | mpeObIBaHUS ~ YAaCTHIBI B
oanzs dakene. M3 mnosydeHHOTO
H rpaduka BHJIHO, 4TO
o2 npeObIBaHWE  YaCcTHIBI B
B oors dakerne npu nojayve
i nopouika gasieHueMm 3 Mna
ooot coctaBiager 0,003 ¢ mHa
{ muctadaimu 1000 MM
£ 0,0005
[+]
[] 02 04 06 08 1 12 14

250

200

Puc. 5. Temneparypa
MOBEPXHOCTH YaCTHUI[ TI0
TpaekTopuu (paxena

[y
v
o

8

Temneparypa vacruy [*C]

0 0,2 0,4 0,6 0,8 1 12 14

Npepenvuan panna Tpaextopuii [m]
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Temneparypa paecTpykuuu mnoigumepa cocrtabisier — 1,5 Tmn, nmpu sTom
temrneparypa miasineruss CBMIIOD —137°C, kpaTKOBpeMEHHBIN TOPOT HArpeBa 4acTHUIL
TepMoriacta 0e3 gectpykumu mopsaka  200°C, s JOCTHDKEHHUS  JTaHHOM
TEMIIEPATYPHI, TEMIIEPATypa 30HBI MOJETA B INIAMEHU JAOJKHA COCTaBIAThH 785°C.
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194 /
192 /
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188 /
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Temnepartypa (teeppgoe Teno) [°C)

[y
[+
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182
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Puc. 6. I'panueHT pacnpenenaeHus TeMIieparypbl U rpaguk pacrnpeneacHus
TeMIlepaTypsbl oT nepudepun K cepaueune. Yactuna nopomka CBMIID — 0,2 mwm.

BeiBoabl M o0cy:kaeHue. MeTOIOM KOHEYHBIX 3JIEMEHTOB CMOJEIUPOBAaHA
paboTa razorepMuueckoro obopynoBanus i HanbuieHuss CBMIID. YcranosineHo,
410 (OpCYHKa C Tpex(a3HbIM TEUEHHUEM IMO3BOJISIET PETYIHPOBATH TEMIEPATYpPY
IJIaMeHu B Tpenenax HeoOxoaumbix g nepepaborku CBMIID.  Bosgymnas
3acioHka (2, puc. 1) mpeaoTBpamiaeT BBUIET YaCTUIl MOJUMEPA C OCH IJIaMEHHU B
BBICOKOTEMIIEPATYPHYIO 30HY. ONTUMAaNbHBIE PEXUMBI PaOOTHI (HOPCYHKH IS
nepepaborkun CBMIID-naBnenne mnponmana 3 Mma, pgaBieHHWe, IoOJaBacMoe€ B
BO3AYIIHYKO 3acioHKy 1,5 Mma, paBieHue noaauu mnopomika 3 Mma. Tak xe
YCTAHOBJIEHO, YTO YacTHIa MOJMMEPA B CIEICTBUU HU3KOW TEMJIONPOBOAHOCTH
MIPOTPEBAETCS HEPAaBHOMEPHO, YCTAHOBJICHBI JIaHHBIE 3aBUCMMOCTU. Ha ocHOBaHuu
MOJIYYCHHBIX JAHHBIM BHUIIHO, YTO JJIsi (DOPMUPOBAHHS KAUYECTBEHHBIX IMOKPBHITHIA
HEOOXOUMO TaK >K€ OMNpeNeNsATh ONTHUMAIbHYIO TEMIIEpaTypy TMOJJIOKKH U
JIOTIOJTHUTENIBHOIO HarpeBa HAHECEHHOTO MOKPBITUS IJisi 00pa30BaHUS TOMOTCHHOU
CTPYKTYPBI, UTO MOXKET IBUTHCSI TEMOM JJ1 OTJIEIBHOTO UccieaoBanus. i npoBepku
TEOPETUYECKUX PACYETOB M3rOTOBJIEHA YCTAaHOBKA HJisi HambuleHUs. [lomydeHHbie
JAHHBIE TTO3BOJIAT MOTYYaTh 32aBUCUMOCTH BIUSHUS TEXHOJIOTUYECKUX MAPAMETPOB Ha
CTPYKTYpY NOKpbITUI Ha ocHOBe CBMIID.

baaropapuoctu
PaGora BeIMONHEHa B paMmkax rpanHToBoro ¢uuancupoBanuss MOH PK
«Pa3paboTka ©  BHeIpeHHE BBICOKOI(PPEKTUBHON TEXHOJOTUU  HAHECEHUs
AHTUKOPPO3MMHOTO  TOKPBHITHUSA  HA  OCHOBE  CBEPXBBICOKOMOJEKYJSIPHOTO
nommatuneHay 2021-23 r. UPH NeAP09259925
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B nocneanue rojibl 0IHUM U3 BaXKHBIX HAIIPABICHUHN B pa3BUTUU TEPMOSIEPHBIX
YCTAHOBOK SIBJISIIOTCS HMCCJIEIOBAHMSI, CBSI3aHHBIE C HCIIOJIb30BAHMEM B KAaueCTBE
oOpallleHHOr0 K TIUIa3M€ MaTephayiia JIUTUS U IKUJIKOJUTHUEBBIX cuctem [1].
[IpuMeHeHHEe XUAKOTO JIUTUS B KadyecTBE OOpAIIEeHHOTO K IUIa3Me MaTepuaia B
OOJIBIIMHCTBE CIIy4aeB pEau3yeTcsl 3a CYeT UCIOJb30BaHUS B KauecTBe
CTAOWJIM3UpYIOLIEH  MaTpulbl  KamwuisipHo-opuctod  crpykrypbl  (KIIC).
OKCHNEPUMEHTHI 10 UCIOJIb30BAHUIO JKUJKOIO JIMTUS B KadecTBE Marepuaia,
oOpatenHoro k minazme (OIIM), npoBoaaTcs Ha NEHCTBYIONINX MJIA3MO-(PU3NIECKUX
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yCTaHOBKax, Takux, kak T11-M (r. Tpourik, Poccust), FTU (r. ®packarrtu, Utanus),
NSTX (r. [Ipuncron, CIA), EAST (r. Xadoi, Kurait) u Ha cremmapatope TJ-II (T.
bapcenona, Hcnmanus). O030p COBpEeMEHHON Hay4yHOH JHMTEpaTypbl B 00JacTu
YIPaBJISEMOTO TEPMOSIAEPHOTO CUHTE3a MOKA3bIBAET, YTO U HA IPYTUX JECUCTBYIOLIUX
YCTAHOBKaX MPOBOASATCS UCCIEAOBAHUSA C JUTUUEM U KUIKO-TUTUEBBIMA CUCTEMAMU
[2-7]. B cBa3u ¢ cosmanmem B PK mcciieoBarenbckoro marepuaaioBeI4eCcKOTo
tokamaka KTM B ¢unuane MAD HALl PK Bemyrcs pabGoThl MO HMCCIEIOBAHUIO
BO3MOXHOCTH Hcnojib3oBanusi JnutueBblx KIIC B kauecTBe BHYTPUKAMEPHBIX
sanementoB TAP [8,9]. Tak, B mpenpiaynue roga ObUIM peamn30BaHbl pabOTHI MO
CO3JaHUIO0 W HUCIBITAaHUIO MakeTa JutueBoro ausepropa (MJLJ]), KOTOphIil B CBOIO
ouepeap IUIAHUPYETCS MCIOib30BaTh B Tokamake KTM, Kak OIWH W3 CMEHHBIX
CErMEHTOB IPUEMHOT0 IUBEPTOPHOTO ycTpoiicTBa. OcodenHocTrio MJI/] sBnsercs o,
YTO B KadyecTBE OOpalllEHHOr0 K IU1a3Me Mmarepuaina ucnosb3dyercsa autueBas KIIC,
KOTOpasi yCTAHOBJIEHA HAa PUEMHYIO IOBEPXHOCTh TUBEPTOPHOTO AnnemMeHTa. C Lelbro
MOJIYYCHHS JaHHBIX 00 ONTHMAJBHBIX peXUMax pabOThl JIMTUEBOIO YCTPOWCTBA B
yCIIOBUAX  peanpHOM  paboTel Tokamaka KTM  wumeercs HeoOXOAMMOCTD
MOJIHOMACIITAaOHON TIPOBEPKH KOHIICTIIIMHM UCTIOIb30BAHUS JTUTUEBBIX TEXHOJIOTHM, B
4acTHOCTH, wuccienoBanuss noBefeHus JuUTHEBbIX KIIC B yclioBHSIX BBICOKHX
TEIJIOBBIX, PAJAUAIIMOHHBIX U TUIA3MEHHBIX HArpy30K. B manHol padoTe npeacTaBieHo
omMHcaHue METOAMKU wucnbiTaHus oOpasua sutueBor KIIC npu mnpoBenenuu
00JIy4aTeIbHBIX OSKCIEPUMEHTOB Ha IUIa3MEHHO-TyuykoBOM yctaHoBke (IIITY).
PazpaboTtana KOHCTpPYKIIMSI MHIIIEHHOTO Yy3Jia, OMUCAaHa MpoIeaypa HU3TOTOBIICHUS
oOpasuoB autueBoil KIIC mnpu ero pasmemienun B muineHHoM y3ne [IIIY u
ONpPEAECTICHbl ONTUMAJIbHBIC TEMIEPATYPHBIE PEXKUMBI U BAaKYyMHBIE YCIIOBUS IPHU
00JIy4eHUU.

Memoouueckas uacmp

B mpoBeneHHBIX paboTax MO HCMBITAHUIO JUTHEBON KaWJUISIPHO-TIOPUCTOMN
cuctembl (KIIC) monepuusupoBanHoro moaymnss MJIIJl npu B3amMOACHCTBHHM C
1a3Moi  ObLI  MCMOJB30BAaH HMMMTAIIMOHHBIA CTEHA C TUJIA3MEHHO-ITYYKOBOM
yctanoBkoit (ITITY) [10]. Crenn MMUTAIMOHHBIX HCIBITAHWA TpeAHA3HAYCH IS
u3ydeHus: B3auMojencTBus 1iadMbel KTM ¢ marepwanamu, it TIPOBEICHUS
UCTIBITAHUN ~ UAarHOCTMYECKOro  OOOpyJOBaHUS, a Takke IS  Pa3BUTHA
CYIIECTBYIOIIUX W pa3pabOTKH HOBBIX METOJIOB MOJEIMPOBAHUS HATrpy30K Ha
KOHCTPYKIIMOHHBIE MaTE€pUAJIbl, U3YUYCHHUSI CBOMCTB W TMOBEACHUS MaTECpPUAIIOB IIpHU
B3aUMOJIEUCTBUHU C TU1azMou. Mcnionb3oBanue IIITY maet BO3MOXKHOCTBH OIEpaTUBHO
MOJIy4aTh NPEIBAPUTEIIbHBIE SKCIIEPUMEHTAIbHBIC JAHHBIC O MOBEJCHUN MATEPUATIOB
B YCIIOBHSIX B3aUMOJICMCTBUS UX C IUIA3MOM, UTO MO3BOJIIET BHOCUTh KOPPEKTUBHI B
OCHOBHBIE JKCIIEpUMEHTaNbHbIe HccienoBanuss Ha KTM. Ilapamerpsl miazsMeHHOToO
MOTOKA MPeJICTaBJICHbI B Ta0uIe 1

Tabnuna 1. [TapameTpsl m1a3MeHHOT0 MOTOKA MPU MPOBEICHNUN YKCIIEPUMEHTOB

MONIHOCTh UCTOYHHKA DJIEKTPOHOB, KBT 0-30
DnexkTpoHHAs Temneparypa, 5B 0-15
DHeprus IEeKTPOHOB, K3B 0-20
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JlnaMeTp 3JEKTPOHHOTO IMyYKa, MM 3-30
MaxkcruMasbpHOe JaBJIeHHe Ta3a, Topp <107
DHeprusi HOHOB IIa3Mbl, K3B 0-2
[110THOCTb HOHHOTO IOTOKA, M 2X¢™ 10%
MaxkcumanbHas KoHIeHTpanus miasmel, Hp, D, He (Ar) M ~ 1-10%8(10%)

[Ipu pazpaboTke mpouenyp wusrororineHus ooOpasua autueBoil KIIC Obumm
paccMOTpPEeHbl HMEIoNIMecs KOJUIeKTOphl MuineHHoro ysna IIIIY, u BeiOpan

NOAXOMSIIMNA BapHaHT JJIA pa3MelleHus uccieayeMmoro obpasua autueBort KIIC
(pucyHoOK 1).

Pucynok 1 — Cxema kosuiektopa mumeHHoro ysia [TITY

H3zomoenenue oopasua numuegon KIIC u eco pazmeuienue 6 MuuieHHOM
y3ne IHHITY

B coorBerctBUM ¢ (opm-pakTOpoM BBIOpAaHHOrO KOJUJIEKTOpa Oblia
pa3paboTaHa MHIIEHb, B KOTOPOW B MOCIEAYIONIEM OB YCTAaHOBJICH HCCIEAYEMBbIit
oOpazen sutueBoir KIIC. B xonme 3Tux pa3paboTok BbIOpaH MaTepuall MUILECHU
(MmonubIieH) W ompenaelieHa KOHCTpYyKius wuineHu. Ha ocHoBe paspaboTaHHOM
KOHCTPYKTOPCKOM JOKYMEHTAllMU ObLIM H3TOTOBJIEHBI OCHOBHBIE KOMILJIEKTYIOIINE
neranu KIIC u3 monubnena (pucyHox 2).

a)

Pucynok 2 — Kommiekryromue u3 monuOaeHa: a) ais muimienu ¢ KIIC 6e3

nautus; 0) mis mumieHu ¢ odpasnom autueBoit KIIC; B) oOpaserr 1yisi METOAMYECKUX
AKCIIEPUMEHTOB.
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[Tpuemnas mnoBepxHocTh autueBod KIIC mnpexacraBmser coboil ceTky wu3
Hepkaseromed cranu 12X18H10T (pucyHok 3) KoTopast B MPOIECCe U3TOTOBJICHUS
MUIIEHU OYJET 3al0JIHEHA JUTHEM (PUCYHOK 4), MpeaBaPUTEIHHO OYMILEHHBIM OT
HEMeTaJUTMUeCKUX npumMeceit. Onucanue mpoliiecca OYUCTKU MpUBeIeHo B padoTe [11].

Pucynoxk 4 — matpuna

Pucynok 3 — Mumens nepes u3roToBJIeHHEM

obpasma nmutueBoi KITIC

B nanpuelimem ObLIM mpoBeAeHBI paboThl Mo 3anosiHeHuto JutueBoi KIIC,
pa3MelieHHOM Ha TPUEMHOW TMOBEPXHOCTH MHUIlIeHU. M3rotomieHue oOpasna
nutueBot KIIC mnpoBoaunock Tmpu  TMOMONIIM  CHEHHAIBHO  pa3pabOTaHHOTO

AKCIIEPUMEHTAJIBHOTO ycTpoiicTBa (pucyHOoK OmudOka! MCTOYHMK CCBHUIKH He
Hali/IeH.).

Pucynok 5 — DkcniepyuMeHTaIbHOE YCTPOUCTBO U MPOLEAYpa 3arPy3KU MUIIIEHU

[Tpouenypa usrorosnenus autueBoi KIIC 3akmodyanucek B CaeayIOMIEM:

— MHUIIEHb C OOpa3loM MOMENAlach B JKCIEPUMEHTAIbHOE YCTPOHCTBO,

KOTOpPO€ TPH MOMOIIM BBICOKOBAKYYMHOTO HAcocCa OTKA4YMBaJOCh IO JABJICHUS HE
Bbimre 107 I1a;

— Janee MMILIEHb ¢ 00pa3LOM Harpesanach 0 TeminepaTypsl nopsaka 200°C u
BbIJICP)KMBAJIACh HA TAHHOW TEMIIEpaType B TeueHue 1 yaca, B yCIOBUAX HETIPEPHIBHOM
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OTKAYKH, 3aT€M B 00BHEM IKCIIEPUMEHTAITLHOTO YCTPONUCTBA HAITYCKAJICS YHCTHINA aprOH
110 AaBJieHus nopsaka 13,3 10° Ia;

— MMILIEHb ¢ 00Pa3LOM N0CIIEN0BaTEILHO HAarpeBanach 10 Temmeparypsi 400°C,
500°C, u 800°C u BelmepkHBanach Ha KaxIOW TeMIEPaTypHOH MOJKE B TCUECHUE
40 mun, 20 mMuH 1 10 MHUH COOTBETCTBEHHO, IOCJE YEro BBIKJIIOYAJICS HarpeB, W
OCTBIBAaHHE SKCIIEPUMEHTAILHOTO YCTPONCTBA MPOUCXOAMIO €CTECTBEHHBIM 00pa3oM.

Pucynok 6 — 3anonnennas nutuem  PucyHok 7 — Pazmemenne nmutnesout KIIC Ha
KIIC MHUIIEHHOM Yy3ie [TITY

Takum oOpazom Obu1  u3rotorsneHn oOpasen jutueBot KIIC. Ilocne
usrotosienus autreBass KIIC Oblna ycTaHOBIeHa Ha MEUICHBIM y3€s MIa3MEHHO-
My4YKOBOM YCTAaHOBKH (PUCYHOK 7).

Pe3ynomamul u ux oocyxncoenue

[locne Toro kak ObuIM wu3rotoBieHbl o00pasusl KIIC mnpoBoaumuchk ux
VICTILITAHMS TIPU 00JTydeHuH JeiiTepueBoil ma3sMoii B uHTepBane Temneparyp ot 20 °C
10 1500 °C. McnblTanus MpoBOAMIKCE Kak ¢ 006pasioM nutreBoii KIIC (pucynok 8),
Tak ¥ 0e3 nutus. B xone mpoBeneHuss METOAMUYECKUX SKCIEPUMEHTOB B peabHOM
BpPEMEHH BeJach: PETUCTpaLlUsl TEMIIEpaTypbl 00paslia; perucTpanusi UHTEHCUBHOCTH
PE30HAHCHBIX ONTHYECKUX JIMHUM mpu nomomu crnekrtpomerpa USB  2000+;
[apaMeTPOB AEUTEPUEBOM 1a3Mbl IpU oMoy aquarHoctuk 11I1Y; cocraBa razosoit
(a3bl B pa3psiAHON KaMepe npu oMoty macc-ciekrpomerpa RGA-100. Peructpanus
BCEX MapaMeTPOB IKCIIEPUMEHTA BeJIach B P€aIbHOM BPEMEHH.

Pucynok 8 — BusyansHoe oTtoOpaxeHue
DKCIIEpUMEHTAa 10  OOJy4YeHHI0  oOpasia
mutueBoit KIIC neittepueBoit mna3zmoii va [TITY

405



[To moJiy4eHHBIM ONITUYECKUM CIIEKTPaM OMpPEIeJICHbl 3aBUCUMOCTU U3MEHEHHUS
WHTEHCUBHOCTU M3JTYyUYEHUS PE30HAHCHBIX JIMHUN JEUTEpUss U JUTHUS OT U3MEHEHUs
TEeMIIepaTyphl UCCIIETyeMbIX 00pa3IloB.

WHTEHCHMBHOCTE nany4yeHuA, oTH.eq,.

60000

45000 —

30000

15000 —

—o— D2 (656,2 Hm)

—a— D2 (486,1 Hm) I

WHTeHcHBHOCTE W3Ny4YeHUA, OTH.en.

T
800

Temneparypa, C

T
1200

20000

18000

:

14000 ~

12000

 §8838

—o—Li (391,5 Hm)

—a—Li (413,3 um)

-v— Li (460,2 Hm)
—4— Li (497,1 um)
—b—Li (610,3 Hm)
—#—Li (670,7Hm)
—o—Li (812,6 Hm)

&

T
700
Temnepartypa, C

PI/ICYHOK 9— TeMHepaTyprle 3aBUCHUMOCTH HU3JIYUCHUA

pe30oHaHCHBIX JuHui D2 u Li.

BrImonHeH pacyer mapaMeTpoB JEWTEPUEBOM IUIA3Mbl IUIOTHOCTb, KOTOPBIN
coctasm nopsaka 3* 1017 D+/m3. [IpoBeneHo cpaBHEHHE 3aBUCUMOCTEN TEMIIEPATYPBI
KIIC 6e3 nmutust u autueBoil KIIC ot Toka nedTepreBoil TuiasMbl IpH NPOBEICHUN
UJICHTUYHBIX KCIIEPUMEHTOB U COCTOsTHUE 00pa3ioB mocie oonydenus Ha [1ITY.

Temneparypa, C

E®m=KNC 6ea nutua

| —A=KNC ¢ nutnem

T
15 30 45

T T T
60 75 90
Toxk naaimsl, MA

T
105

T T
120 135 150

Pucynoxk 10 — 3aBucumMoCTh TEMIEPATYpbl MULLIEHU OT
TOKa JEUTEPUEBOU TLJIa3MBbI

Kak BUIHO W3 BBIIIE TPUBEAEHHBIX PUCYHKOB, BUJIHO, UTO C YBEJIUYEHUEM TOKA
ria3mel ot KIIC 0e3 auTHst moBbIlIEHUE TEMITEpaTypbl IPUBOAUT K €€ Pa3pyLICHHUIO,
B cBot0 ouepeab qutueBas KIIC 3a cuer TemynoThl MiaBieHUS U MapooOpa3zoBaHUs
JUTHSA, @ B IOCJIEYIOLIEM MTEPEN3ITYUYEHHUS SGHEPT UM TUIa3Mbl HA HEUTPaJIbHBIX aToMax
mutust 3 dexTruBHO 0TBOAUT Teruio oT Matpullsl KIIC u 3ammimaet ee ot pa3pyiieHus
JaXke MPU KPUTUYECKUX TMOBBIIIEHUAX TOKA IEUTEPUEBOH TUIA3MBI.

B pe3ynbTare BhINOIHEHHBIX Pa0OT OblIa pa3paboTaHa METOAMKA ITPOBENECHUS
ucnbiTanuil mutueBblx KIIC Ha nmnazMeHHo-nydkoBoi yctaHoBkH IIITY. Beimonnen

406



pacueT mapaMmeTpoB JECUTEPUEBON IJIA3Mbl, INIOTHOCTh KOTOPOM COCTaBHJIA MOPSAKA
3-10Y D+/m3. Ilo MOIy4EHHBIM ONTHYECKAM CIEKTPAM ONPENENEHBI 3aBHCHMOCTH
MU3MEHEHHUSI UHTEHCUBHOCTH W3JIyYEHUS! PE30HAHCHBIX JIMHUM JNEUTEPHs], U JINTHUS OT
U3MEHeHus1 Temneparypbl  uccienyeMbix  oopasuoB  KIIC.  IIpoBenénubie
MCCJICIOBaHMS TIOKa3aJld, 4TO ¢ yBenuwdeHueM Toka miasmbl ais KIIC 6e3 mutus
IIOBBILIEHNE TEMIIEPATYpPbl IPUBOAUT K €€ Pa3pylLICHUIO, B CBOIO OYEpEelb JIUTHUEBAs
KIIC 3a cuer TemyioTHl IUIaBJIEHUS M MapoOOpa30BaHUs JIUTUS, a B MOCIEIYIOIIEM
NEPEN3IIyueHUsl SHEPruu IUIa3Mbl Ha HEUTpPaJbHBIX aToMax JUTUS 3(P(HEKTUBHO
orBoaut Temno ot Marpuiusl KIIC wm 3amumiaer ee oT paspylieHHs Jaxe IMpu
KPUTUYECKUX MOBBIIEHUAX TOKA JEUTEPUEBOU IIA3MBI.
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VJIK 538.9

BJIUAHUE NAPAMETPOB TEXHOJIOI'MA HIGH-VELOCITY
AIR-FUEL HA ®U3UKO-XUMHUYECKUE CBOMCTBA
®AKEJA TA3BOTEPMUYECKOM I'OPEJIKU B ITPOIIECCE

ITEPEPABOTKH CBMIID

L2CkakoB M K., 20Ouepenpko U.A., 2basaaqunosa M.B.*, 2Tysk6aes B.T.
Hayunsiii pykoBoautens: CkakoB M K., 1.¢.-m.H., mpodeccop
'Haumonansneiii saepusiii nentp Pecny6nuku Kasaxcran,
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?Bocrouno-Kaszaxcranckuii yausepcuteT um. C. AMaHXK0JIOBa,

r. Ycre-Kamenoropcek, Kasaxcran

shohmanova_m@mail.ru

B psne pabot (cMm. Hampumep, [1-2]), aas 3amuThl METAUTUUCCKUAX H3ICITAN
OpeyiaraeTcsi Crnocod HAHECEHWs Ha HX IOBEPXHOCTh IOJUMEPHBIX MOKPBITUN
METOJIOM Ta30TEePMUYECKOr0 HamblIEHUS. TEXHOJOrHs YCTpaHAET HEOOXOAMMOCTh
UCIIOJIb30BAHUSl JIETYYMX OPTraHWYECKUX PACTBOPUTENIEH B YCIOBHSIX BPEIHBIX
npousBoAcTB. Ha Hamr B3risz, He MPOBEAEHBl CUCTEMATUUYECKUE HCCIEAOBAHUS IO
OTIPEICTICHUIO PAIIMOHAIBHOTO COCTaBa TOPIOYEH CMECH W TPaHyJISIIIUH HAHOCHMOTO
MoJIMMEpHOTO MaTtepuana. Kpome Toro, TEXHOJOTHS HE ONTUMHU3WPOBAaHA O]
KPUTEPUU TTPOMBINIJICHHON MTPUMEHUMOCTH.

B pesynbrate 3TOrO, 40 CHUX MOP OTCYTCTBYIOT €IMHBIC PEKOMEHJIAIUU IO
BHIOOPY ONTHMANbHOM BENMYUHBI ITUIOTHOCTH TEIJIOBOTO TMOTOKa  (hakena
TEPMOPACTIBUIUTENS,, PEKMMOB  OIUIABIICHUS  TMOJMMEPHBIX  TMOKPHITUH  Ha
JUIMHHOMEPHBIX AeTalsx. bojee Toro, ¢ TeXHOIOrMYECKON TOUKU 3pEHUS], HE PEILICHBI
npoOeMbl YIPaBICHUS TEOMETPUYECKUMHU pa3MepaMyd HAHOCHUMBIX TOKPBITHH,
KOTOPOE B CBOIO OYepelb 3aBUCUT OT TOUHOI'O MOJEIMPOBAHMS ITPOLIECCA HAMBUICHHUS.

Kak u3BecTHO, HE YCTOWYMBBIE TEXHOJOTHYECKHE PEXUMBI HEOIAromnpusiTHO
CKa3bIBAalOTCA COOTBETCTBEHHO Ha MPAKTUYECKU BaXKHBIX CBOMCTBAaX IMOJIydaeMbIX
MOKPBHITHA. bbutM TIpoBeneHbl paboThl MO MepepaboTKe MOJUMEPOB C TOMOIIBIO
sHeprum 1ia3mbl [3]. OgHako BbICOKasi TeMIlEparypa, pa3BUBacMasl B IIA3MEHHOM
MOTOKE, TPUBOAUT K JECTPYKIMH TOIUMepoB. IlmasmMeHHass TEXHOJIOTHS,
nenaecooOpa3Ha TOJBKO ISl MepepabOTKU TYTOIJIABKUX TIOJUMEPOB, TaKUX Kak
(TOpIIOHBI.

B cBsI3W C BBINICU3TIOKEHHBIM, I[IENbI0 HACTOSAIICH pabOThl  SIBISAETCS
OIpeJIeIICHuEe CTENCHH BIMsHHUA TapameTpoB TexHosoruu High-Velocity Air-Fuel
(HVAF) na pusuko-xumudeckrue CBONCTBa (akeiia TOPENIKH B Ipoliecce nepepadoTKu
CBEPXBBICOKOMOJIEKYJIsIpHOTO nonusTuieHa (CBMIID).

MarepuaJ 1 MeTObI UCCJIEIOBAHUS

st manecenus: mokpeitusa 3 CBMIID Obim mcnosib30BaH ra3oriaMeHHBIN
MeTo/l. B kauecTBe TOMIIMBHOTO ra3a MCIOJIb30BAIM MPOTaH, a B KAUYECTBE OKUCIUTEIS
— BO3/yX (BBICOKOCKOPOCTHAsI TEXHOJIOTHSI HAaHECEHHsI MOKPBITUH - ra3-Bo3ayx High
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Velocity Air-Fuel (puc.1). O6bekt nccnenosanus CBMIID, mpoussoacTteo Nantong
Yangba Polyethylene Co., Ltd., China, mnotHocts 930 x2/M°, ¢ MOIEKyISpHOIN Maccoii
2-10% moaw™, mpencrapaseT co6oii Oelblii MOPOLIOK CO CpeJHUM pazMepoM yacTuil 150
mim (cM. pHCYHOK 2 a, 6), HachkImHas m1oTHocTh >0,4 r/cm 3, p > 0,933 r/em 3. Dopmy
u pasmep uactuiu CBMIID ompeaensnm MeTOIOM 3JIEKTPOHHOW MHUKPOCKOIHH.
Tunuunas MopdoJiorus MOPOIIKOB MoKa3zaHa Ha pucyHKe 2, yacTuiisl CBMIID umeror
noutu cdepuueckyro Gopmy. TekydecTb MOPOIIKOB ONPENACISUIM KaK CKOPOCTh
MCTEYCHUS CBOOOJHOTOHACHIITHOTO TIOPOIIKAa dYepe3 CTaHAAPTHYIO BOPOHKY.
CMmenBaHue MOPOIIKOB MMPOBOAWIIM B IIapoBoil MensHuUIle Pulverizette 23, gacrora
Bpaienus 1500 06/mun, Bpemst moMosia B IpoMexyTKe oT 6,5 10 15 mun.
3aBHCUMOCTh (PU3UKO-XMMUYECKHUX CBOMCTB (akesia razorepMuyeckoi
ropeJiku OT reoMeTpuu GopcyHOK U MACCOBBIX /10JI€ii TOPIOYEro U OKUCIUTENS
Jlnst  ompeneneHUs 3aBUCUMOCTH  (DM3UKO-XMMHYECKUX CBOWCTB (hakena
ra30TepPMHUUECKON TOPENIKH OT reoMeTpuu (OPCYHOK TOPEJIKH U MACCOBBIX JIOJICH
roproYero W OKuciutenss Mbl  noctpow 3D —  Mozenb  TEXHOJIOTHH
BBICOKOCKOPOCTHOTO HamblieHus ra3-Bo3nyx HVAF - (cM. pucyHok 1).

[

Pucynok 1. [IpuHimnuanpHas cxema HalbUICHUS! TOJIMMEPOB Ia30TEPUUECKUM
METOJIOM

B coorBercTBMM ¢ pUCYHKOM |, KpaTkoe ONMCaHWE TEXHOJIOTHYECKOTO
nporecca: nmponal | mocTymaer B ra3opacrpelelUTeNbHbIN y3en 6, pachbuIsieTcs
yepe3 QopcyHKy 7, MOJA BO3JECUCTBHEM TEIJIOBOTO MCTOYHMKA BOCIUIAMEHSIETCS W
obpazyetr (daken 3; cMech BO3JyXa U KOMIIO3UIIMOHHOM IIMXTHI 2 MOCTYyMaeT B
ra3opacupeeUTeIbHbIA Y37 W Jajee 4Yepe3 COIulo 7 BXOAUT B 30HY (pakena;
nopoiiku CBMIID 4 niog Bo3aeiicTBUEM TeMITEpaTyphbl OIIABIISIOTCA U COYIAPSISACH C
MONIOKKON 8 00pa3yroT mokpeiTHe. COOTHOIIEHHWE TOPIOYETO, OKUCIUTENS U
paboyero ChIpbsi, T.€. MEPEMEHHBIE TEXHOJOTUYECKHE MapaMeTPhl, PEryIUupYIOTCS
COOTBETCTBEHHO BEHTUJISIMHU 5.

daxen ropenky T0HKeH 00ecreuynBaTh HEOOXO0IUMBIN PEXKUM JIJIs TepepaboTKH
gactuy, CBMIID. OnTuManbHBIA PEXUM - OTO HHTEpPBAN, TN€ HWKHHUW IOPOT
MHTEpBaa - TeMIIepaTypa IJIaBJIeHUs, BEPXHUU MOPOT - 3TO TEMIEpATypa AECTPYKIIHH
nonuMmepa. [Ipu 3Tom, Kak U3BECTHO [4], TEMIONPOBOAHOCTD MOJUMEPA HU3KAA U JJIs
obecrieyeHus: ero IMOJIHOTO IMepexoda B TEeKyuee COCTOSHUE HEOOXOIUM OOJIbIIHIA
OPOMEXKYTOK BPEMEHM, 4Y€M U1 KEpaMUKM WM Metaiia. B 3ToM mpouecce,
HECOMHEHHO, WIPAE€T BaXHYK, KIIOYEBYIO pOJb TIa30TEPMUYECKass TOpeKa
TEXHOJIOTUYECKOM ycTaHOBKU. Psg pabGor (cMm., Hampumep, [5,6]) mocesiueH
COBEPILIEHCTBOBAHUIO TOPEJIKH.
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Pucynok 2. COM - uzobpoxenue yactuir CBMIID (a), pacnpenenenue 4acTuiy
o pazmepam (0)

Baxneiimielr 3amaueit onTHMM3AIMU TIpoIlecca TOpeHHs Qakena SBISETCS
3¢ (PEeKTUBHOE HCIIOIH30BAHUE DHEPTHH, BBIACISIONICHCS MPH CrOpaHUU TOPIOYCH
cmecu. Kpome Toro, npu HambLJICHUU MOJUMEPHBIX MOKPHITHH 0c000€ BHUMaHUE
yAENAETCs COOIOACHUIO TEMITEPATYPHOTO PEKUMA HAITBUICHHUS.

—Ohepeases? 1 Jcxmal9
— mchepesent 2 3csa3l®
—— scnepEasen? 3 dcmna}9
—— echepueees 4 Do )9
— mrhepusene $ oronstd
——— EONEPIAET 6 Icrmal9
— mchepase? 7 3csaa3l9
—_— ErrEpesent 8 Joxanal9
— ECNEpEesT 9 dcraa ]9
—_— pECPEpMBet 10 deand )

Temnepartypa (rekyuan cpepa) [°C,

Anwuna [mm]

Pucynok 3. 3aBucUMOCTb (PU3UKO-XUMUYECKUX CBOMCTB (hakesaa OT FeOMETPUHI
(OpPCYHOK U MacCCOBBIX J10JIEH TOPIOYETO U OKUCIUTENS

Ha pucynke 3 npecraBiieHbl U3MEHEHUs (PU3UKO-XUMHUECKUX CBOMCTB (hakesna
B 3aBUCUMOCTH OT r€OMETpHUH (DOPCYHOK U MACCOBBIX J0OJIEH rOPIOYETO U OKUCITUTES.

3aBHCHMMOCTh BeJMYMHbI IJIOTHOCTH TeILUIOBOIO0 TNOTOKA, TpPaJueHTa
TeMnepaTrypbl (akeja ropejku, THIA PeaKNWH NPH FOPeHHMH B Pa3JINYHBIX
pe:KMMax 0T MaCCOBBIX /10JIell TOPI0Yero U OKMCJIUTEJIA.

B cootBeTcTBUM C pHUC. 2 COOTHOIIEHWE TOPHOYEro, OKHUCIUTENS, ChIPbs
(mepeMeHHbIE TEXHOJIOTHYECKUE TapaMeTPhl) PErYJIUPYIOTCS BEHTWIAMU 5.
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Pucynox 3. I'paguent TemmepaTypHoro nois (axena

Ha pucyHke 3 npencraBiieHbl paCCUUTAHHBIE JAHHBIE TPAJNEHTA TEMIEPATYPhI
¢akena razorepmuyeckoi ropenku. [lnams dakena coctout u3 Tpéx KOMIOHEHOTOB:
HEUTpaJbHOW 30HBI (KPACHBIM 1[BET), BOCCTAHOBUTEILHON 30HBI (3€JIEHBIN 1IBET) H
OKHUCJIUTENBHON (CBETNIO rosyOoii 1Ber). Kak BHIHO W3 auarpaMmbl, CO3/IaHHAS
KOHEYHO-2JIEMEHTHAsT MOJIeJIb II03BOJISIET TMOJy4YaTh JIaHHbIE B JIIOOOM TOYKE
MpoCTpaHCTBa (pakena. B 3aBUCMMOCTH OT COOTHOILIEHUS TOPIOYEro BEIIECTBA H
KHCJIOpOJ1a Ta30BOe TUIaMs Ioapasesiercs Ha [7] :

* OKHUCIUTENBHOE - C U30BITKOM KUCIOPO/Ia;

* HOPMaJbHOE - TPU MMAPUTETHOM COOTHOILICHWU TOPIOYErO0 BEIIECTBA H
KHUCJIOpOAa;

* BOCCTaHOBHUTEJIBHOE - C U30BITKOM T'OPOYEro rasa.
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100

Pucynox 4. Pacnipenenenue temmneparypsl YacTHII 1O JyTUHE (pakerna

N3 pucynka 4 BUIHO, YTO HEOOXOJUMYIO TEMIIEPATypy YACTHUIIbI JOCTUTAIOT
yxe Ha quctaniuu 0,8 m. Ilpu 3ToM TemnepaTypa yacTul] IPaKTUYECKU OJMHAKOBas,
9TO JOJDKHO OOecTneunBaTh PAaBHOMEPHYIO CTPYKTYPY MOJIY4aeMbIX TOKPBITUN U3
CBMIID [8]. IlosyuyeHHbIE HAMM 3HAYECHUS YAOBICTBOPSIOT 33IaHHOMY HHTEPBAILY.
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W3 momydeHHBIX MaHHBIX TaKXKe CIIEAyeT, 4YTO HeoOXOJWMO BBIOMpaTh
nucTtaHnuioo  HamblieHus 800 mm, oOecneyuBarollyl0 BBIACPKKY 3aJIaHHOTO
TEMIIEpaTypHOTO HHTEpBaIA.

a) 0)

Pucynok 5. TemneparypHblil TpaIueHT NP B3aUMOICUCTBUNA TEPMHAUECKON
CTPYH C IUIOCKOM (a) ¥ HUJIMHJIpUYECKOM (0) TeoMeTpHeil OIT0KEK

Ha pucynke 5 moka3zaHo B3aUMOJICHCTBUE «TEPMHUECKAsI CTPYS - TOTOKKA.
BunHer nons pacnpesesnieHns TeMIepaTypbl B 3aBUCUMOCTH OT TEOMETPHH TOJIOKEK.
W3 nuarpamMm BUIHO, YTO ONTUMAabHAS AUCTAHIUS HambuieHus coctasiset 0,8-1 m,
TaK Kak jajee paken MeHee CTaOMIIeH U YaCTULbI MONAJAl0T B TypOYyJIE€HTHBINA MOTOK.

Takum o00pa3zom, B pe3yibTare MPOBEIECHHBIX HCCIEIOBAaHUM OIpeaeneHbl
TEXHOJIOTMUECKHE MapaMeTpbl Ta30TEPMHUUYECKOT0 00OPYJOBaHMS U YCTAHOBJIEHO MX
3HAYUTENIbHOE BJMSHHE Ha (U3MKO-XMMHUYECKHE CBOWCTBA (pakena Tropeikud B
npouecce mnepepadbotku CMIID (texnonorus HVAF). Omnpenenenbl BeIUYUHBI
IUIOTHOCTU TEIUIOBOTO MOTOKAa M TPaJMeHTa TEMIIEpaTypHOro mnosis ¢akeina, THII
peakiuu Mpu TOPEHUH B Pa3IMYHBIX PEKHMMax (BOCCTAHOBUTENbHAs, HEHTpasbHasl,
OKHCIIUTENbHAS]) B 3aBUCUMOCTH OT MAaCCOBBIX JIOJIEW TOPIOYErO0 W OKHCIUTEIS.
YcTaHoBneHa 3HAUUTEIBHAS POJIb TEMIIEPATYPHI akesa, Kak OJHOTO U3 BaKHEHUIITHX
(akTOpOB, OMPEAENIIONIMX KAd4eCTBO TOMYyYAEMBIX MOJUMEPHBIX TOKPBHITHH.
Omnpenenena He0OX0AUMAas TNIOTHOCTH TEIUIOBOTO MOTOKA /IS TIOJTHOTO PACTUIaBICHUS
yactury CBMIID, He npeBpimaronias mopor JeCTPYKINH.

PabGora BEHIMOTHEHa B paMKax TpaHTOBOTO TipoekTta Komurera Hayku
MunuctepctBa obOpa3zoBanusi W Hayku PecnyOmuku Kazaxcran NeAP(09259925
"PazpaboTka ®  BHeIpeHHE  BBHICOKOAI(P(EKTUBHOM  TEXHOJOTUM  HAHECCHUS
AHTUKOPPO3UMHOTO  TMOKPBHITUSA  HA  OCHOBE  CBEPXBBICOKOMOJIEKYJISIPHOTO
nmommatuaeHa", 2021-2023 roapl.
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PHYSICAL DOSIMETRY IN KAZAKHSTAN AND WORLD:
HISTORY AND PROSPECTS
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’Kemxuna JI.B., 2MameipGaesa A . H.

PTTI IIXB «HanmoHa bHbIH snepHbId 1eHTp Pecny6muku Kazaxcrany,
071100, Pecny6iuka Kazaxcran, BKO, r. Kypuaros, bei6it atrom 2
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PK, 071100, Pecriybnuka Kazaxcran, BKO, r. Kypuaros, beiibit arom 2
e-mail:caldina@nnc.kz

The threat of serious radiation exposure to the population as a result of
radiological incidents and nuclear events has led to intensive study of a number of
methods of emergency and retrospective dosimetry for sorting purposes, as well as an
adequate assessment of the effects of exposure [1].

In this context, it should be noted that biological dosimetry based on biological
analyses and cytogenetic approaches: dicentric chromosome analysis (DIC),
microkernel analysis with cytokinesis blocking (CBMN) and translocation analysis
using fluorescent in situ hybridization (FISH), successfully implemented and mastered
at present in Kazakhstan [2-4] and retrospective physical dosimetry (electron
paramagnetic resonance (EPR), thermoluminescence (TL), Optically stimulated
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luminescence (OSL) has long been an important tool for assessing an individually
received dose (of blood or a personal device) without the influence of temporary
changes in blood tests or confounding factors such as chemicals or psychogenic
reactions. However, the continuous improvement and expansion of the fields of
application of biological and physical dosimetry methods, initially used for the purpose
of retrospective assessment of the effects of radiation, make it possible to ensure timely
assessment of the impact on the population as a whole. The approval of the cytogenetic
method of biological dosimetry as the "gold standard" of primary sorting of victims in
cases of emergency dosimetry [5], a number of successful studies on the use of the
EPR and OSL method on personal objects (portable electronic devices, chip cards),
have proved the significant potential of using methods of both physical and biological
dosimetry of complementary use, especially in an emergency scenario inhomogeneous
irradiation.

Physical dosimetry techniques were used at the beginning of their development
in order to retrospectively assess the effects of high-dose radiation: the accident at the
Chernobyl nuclear power plant, Fukushima Daiichi, as well as for people who went to
infected areas after the accident. One of the largest objects for research in the field of
emergency dosimetry at the end of the 20th century was the Semipalatinsk nuclear test
site (SNTS) in the Republic of Kazakhstan. The consequences of the landfill's
activities, the large-scale effect on public health, the radioecological situation of the
region, all these circumstances have become prerequisites for Kazakhstan's
participation in numerous fundamental epidemiological studies, as well as the
development of emergency and personal dosimetry in the country.

Currently, modern research proves the need to develop, improve and implement
physical dosimetry methods in an integrated approach to dose assessment. The
traditional separation of physical and biological dosimetry communities is a thing of
the past, the current emphasis on worldwide networks, mutual assistance demonstrates
the need to adopt a multiparametric approach.

It would be more expedient to start with EPR spectroscopy, since it is more
advanced and studied in the world literature among other approaches. Electron
paramagnetic resonance (EPR) dosimetry based on the measurement of stable
radiation-induced radicals in calcified human tissues (primarily in tooth enamel) has
firmly established itself as a reliable, specific and highly sensitive method in
retrospective dosimetry. This method is of particular importance for relatively low
radiation doses or when the results of conventional dosimetry are not available (for
example, in emergency conditions).

The use of the EPR dosimetry method on calcined human biological tissues
began in the 50s of the last century. Currently, ESR spectroscopy using tooth enamel
Is a well-established method for retrospectively determining the effects of photon fields
with minimal detectable dosesAlso, the accumulated experience of developing and
improving the method allows it to be used to test dosimetry in epidemiological and
medical studies of radiation therapy or to assess the absorbed dose for people after
acute exposure as a result of an accident, such as the Chernobyl accident, Fukushima,
nuclear industry workers in the Southern Urals, as well as residents of settlements
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located near and near the sites of radiation incidents and nuclear test sites (Techa River,
SNTS in Kazakhstan). Despite the absence of a single standardized protocol of the EPR
methodology for the enamel of human teeth, hair and nails, since 1993, protocols for
measuring the absorbed dose in enamel using EPR dosimetry of teeth developed by
various laboratories have been evaluated and improved by several international
comparison programs.

In Kazakhstan, EPR dosimetry of tooth enamel was developed at the end of the
XX -beginning of the XXI century, however, it was limited to a retrospective
assessment of absorbed doses received by residents of settlements affected by the
activities of SNTS (Dolon, Bodene, Bridge, etc.) within the framework of numerous
international projects of Kazakhstan, Japan, Russia, etc. An extensive array of data on
the reconstruction of the received doses allowed us to recreate a complete picture of
the consequences on the health of residents of the east of Kazakhstan and to trace the
trajectory of the radioactive trace, as well as the most affected populated areas where
the values of “"emergency doses" were increased [6-10]. It should be noted that the
purpose of almost all studies using the EPR method in Kazakhstan was to determine
the dose of external radiation to residents of settlements near the SNTS area associated
with exposure to radioactive fallout from the landfill. Kazakhstan also participated as
a research platform in numerous interlaboratory studies, including EPR dosimetry on
tooth enamel and soil samples and luminescent dosimetry.

Also among the few attempts to apply or improve the EPR dosimetry method for
other purposes in Kazakhstan, one can single out a pilot study of the effect of X-ray
scanning of luggage on the dosimetric properties of electron spin resonance. This
experiment was conducted in 2006 as part of a joint work of scientists from Kazakhstan
and Japan. The zone at Incheon Airport in Korea, which is a transfer point for routes
from Kazakhstan to Japan, was studied. Tooth enamel was used as individual dosimeter
in this experiment.

In addition, in 2014, a study was conducted using the EPR method, where the
objects were employees of a uranium mining plant in the city of Stepnogorsk, in the
north of Kazakhstan. This pilot experiment was aimed at evaluating the possible
absorbed accumulated doses obtained as a result of many years of professional activity.

At the moment, it can be argued that the scientific practice of EPR dosimetry in
Kazakhstan is limited to comparative studies, or attempts are being made to generalize
the available data on the assessment of absorbed doses by the population near the
SNTS.

Luminescent dosimetry is another area that has no less extensive world
experience in the use of emergency dosimetry. It includes methods using the principle
of the phenomenon of transmission of radiation of various kinds (thermal, optical)
through the sample. The most well-known are thermoluminescence and optically
stimulated luminescence techniques.

The method of thermoluminescence dosimetry (TLD) has been successfully
used for primary sorting of victims and personal dosimetry after large-scale accidents
(Hiroshima and Nagasaki, Chernobyl). This method, in comparison with the EPR
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method, is more mobile, has a wide range of different samples to use, but gives the
same reliable and accurate results when assessing the dose.

The primary experience of using the TLD method for emergency and
retrospective dosimetry was limited to using the principle of thermoluminescence on
samples of building materials (bricks, ceramics), as well as for obtaining industrial
personal dosimeters. However, after identifying chip cards from mobile phones, as well
as credit cards, it was found that luminescent dosimetry for personal belongings has
extensive potential and a number of significant advantages in emergency dosimetry.
Modern world research on the application of the TLD method for personal items in the
field of individual emergency dosimetry examines materials such as clothing items
(buttons, pieces of fabric), shoes (heels, soles) and personal accessories (tablet
vitamins, trace elements, food containing sugar or salt crystals), but the most popular
purpose of the study is personal electronics, especially various components from
modern smartphones, as well as credit cards, ID cards and other personal items
containing electronic components (chips, resistors, etc.) [11-13]. If in the last decade
this type of sample was unreliable, due to its non-proliferation in the everyday life of
every person, now these samples are perhaps the most specific and accurate individual
dosimeter of any potential victim. Smartphone components now widely used as test
samples include surface-mounted devices (SMD, such as resistors, capacitors and
inductors) glass materials, including front protective glass, display glass and (with
more modern devices) rear protective glass, chips in identification cards and credit
cards.

In all large-scale studies using methods of luminescent dosimetry, Kazakhstan
appears as a vast research space with the richest material. The purpose of the first
studies using thermoluminescence dosimetry methods, where Kazakhstan appears as a
site providing the richest material for research, was retrospective luminescent
dosimetry in areas affected by radioactive fallout of the SNTS to assess the potential
of this approach. In this case, the method was also used with ceramic bricks to
determine the cumulative dose of external gamma radiation caused by precipitation,
mainly as a result of the 1949 test, in areas located northeast of the SNTS in Altai,
Russia, and Semipalatinsk region, Kazakhstan [14-15]. In addition, in these studies,
bricks and other samples of building materials were taken as samples from the surfaces
of the walls of buildings of houses affected by the activities of the landfill. However,
the TLD method itself, as well as the method of OSL dosimetry, has not been
practically mastered by Kazakhstan.

In subsequent years and at the present time, no studies or experiments for the
development or use of elements of the TLD method have been carried out, or have not
been documented in the literature. This circumstance testifies to the huge potential for
the development of this method in Kazakhstan, given the comparative simplicity and
mobility of this method for use in a wide variety of purposes: from emergency
dosimetry, primary sorting of victims, to the assessment of accumulated doses received
by professionals and medical workers.

If we talk about the 2nd method of luminescence dosimetry, in context of
Kazakhstan, the data is negligible.
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This method has no experience of application, except for the use of its principle
of operation in interlaboratory comparisons within the framework of joint projects for
the purpose of retrospective dosimetry. A similar study was conducted in the 2000s to
compare the luminescence measurements of bricks from the village of Dolon, using an
experimental methodology, with the results of a "European research group".
Thermoluminescence and optically stimulated luminescence methods were applied to
quartz grains extracted from different depths in bricks taken from buildings in the
village of Dolon, to determine the cumulative absorbed dose of DT. Measurements
were carried out in four laboratories (with the support of the EU Measurement Group).
The results obtained using TLD and OSL techniques were compared and discussed
with reference to known sources of experimental uncertainty and the corresponding
luminescence characteristics that could affect the assessment of the absorbed dose.
Moreover, the OSL method based on scientific laboratories and institutes of
Kazakhstan was not used as an independent approach to dose assessment.

Dosimetry methods based on physical data open up wide and new possibilities
for emergency dosimetry, especially in the case of large-scale events. The world's
standardized research and development programs aimed at increasing the possibilities
of dose assessment for large-scale events (RENEB, MULTIBIODOSE, IAEA) are
based on biological dosimetry, especially cytogenetic methods, as a fundamental
approach to dose assessment, however, the approaches of so-called ‘physical
dosimetry’ are currently being actively developed and introduced into the world
practice of advanced scientific laboratories. All the methods described at the global
level are still under development and do not have the same level of standardization as
biological analyses, but, nevertheless, they have some key advantages:

- A signal specific to a particular irradiation;

- No special conditions for transportation;

- No imposed delay for the start of measurements when taking a sample;

- Significant available support in the form of worldwide networks of laboratories
and many comparisons;

- The possibility of using them as part of a multiparametric approach;

- Signal stability (EPR);

- Luminescent dating (TL, OSL).

The history of the use of physical dosimetry methods in Kazakhstan has rich
experience only in the use of electron-paramagnetic resonance, but it is limited to
measuring retrospective absorbed doses in the population affected by the acute
exposure. Approaches using luminescence have no practical experience at all as
independent methods. The increased labor intensity, expensive equipment, the
specificity of each conducted experiment, the lack of a single standard of methodology,
the high sensitivity and complexity of obtaining samples and their preparation for
measurement — all these factors are a significant obstacle to the fundamental
development of this methodology in the country.

However, the world experience and the relevance of the described methods
prove their powerful potential for mastering, development and implementation in
domestic science. It is necessary to start implementing approaches of luminescent
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solid-state dosimetry as one of the promising, mobile and high-quality alternatives to
biological approaches, while in the direction of emergency personal dosimetric support
of the population. In order to increase competitiveness in the world scientific arena, a
significant level of professional training, readiness and response in the event of large-
scale radiation accidents or incidents related to ionizing radiation, it is necessary to
create a national integrated dosimetry laboratory, including a variety of methods for
determining and evaluating the absorbed dose.
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One of the main directions of research in the field of operation of nuclear power
plants is the issues of its safety, in particular, the localization and cooling of the melt
from the structural materials of the core (corium) during the development of a severe
accident with loss of coolant. At the same time, this process is carried out in the so-
called melt localization device of the core or the core catcher, located under the power
vessel of the reactor. The main task of the core catcher is to accept and cool the corium
in the localization volumes as quickly as possible in order to prevent its heating,
outflow of non-volatile fission products and prevent the formation of re-criticality [1].

To date, there are several options of the under-reactor melt trap [2], among
which the most well-known are the so-called “crucible” options of the melt trap for
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trapping molten materials from the core. These traps are already used at existing
nuclear power plants, such as the Taiwan NPP in China, and at power units currently
under construction with the latest Russian-made WWER-1200 pressure reactors [3].

The core catcher is a steel vessel where corium melt pool is formed which
arriving from the core. The melt formed in the core catcher is cooled by heat removal
to the cooling water through the shell of the steel vessel as well as water supplied
directly to the surface of the melt.

However, in the course of research, it was found that the corium-water
Interaction has serious negative phenomena associated with structural features of
corium: the formation of explosive hydrogen during steam-metal reactions and the
threat of steam explosions as a result of a batch outflow of corium from the reactor
vessel [4-5].

In the scenario when water for cooling the corium is supplied immediately after
the first portion of the corium enters the trap. This leads to the fact that at outflowing
of the second portion of the corium (approximately 0.5 - 1 hour after the outflow of the
first portion), a water pool is formed on the surface of the melt. In this case, when a
high-energy melt falls into a container filled with water, there is a possibility of a steam
explosion, as a result of which not only the device for trapping the molten materials of
the core, but also the concrete burden with a sealed zone can be destroyed.

The second challenge is that corium is a mixture of two components that are
immiscible with each other: metal and oxide. Due to the density difference between the
two systems, the metal part of the corium is above the oxide part. This means that water
Is supplied directly to the metal part of corium. In that regard, it can be supposed that
with the active interaction of water with the metal part of the corium, there is a
possibility of the formation of a critical concentration of hydrogen and its detonation
in the end. This means that the conditions of hydrogen safety and integrity of the
containment cannot be reached.

To solve the above-mentioned disadvantages, part of the core catcher is filled
with sacrificial material. Sacrificial materials are used to dilute the heat-generating
oxide part of the corium in order to create conditions for the gravitational inversion of
parts of the corium and reduce its high temperature [6]. The experiments showed that
the mutual dissolution of the sacrificial material and the melt occurs at a rate sufficient
to implement the inversion of the oxide and metal layers in <1 h [7]. Thus, the
possibility of implementing the concept of gravitational inversion was experimentally
confirmed, and after its implementation, water is supplied to the melt to cool it [8].

However, its implementation takes a certain amount of time, and the water
supply should be started immediately at the moment the corium enters the trap due to
the danger of the system going beyond the permissible limits (the beginning of the
boiling of uranium dioxide) due to decay heat in the corium [9].

On the basis of the foregoing, methods of melt cooling become very relevant,
excluding the direct supply of water to the surface during the period of portioned
release of the corium and until the completion of the gravitational inversion of the
corium parts. On the basis of the foregoing, methods of melt cooling become very
relevant, excluding the direct supply of water to the surface during the period of
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portioned release of the corium and until the completion of the gravitational inversion
of the corium parts. As a result, authors have the idea arose - to use a non-water cooler
until the end of the gravitational inversion process to prevent steam explosions and
generate a large amount of hydrogen

In this article, the authors propose to consider light-melting materials as a non-
water coolant, among which metals stand out the most. The choice of metals is
primarily due to their thermophysical properties.

The proposed concept is based on the idea that when the corium enters the trap,
the cooling material will move to its surface due to the density difference and will
remove heat from the corium during the time period when water supply to the corium
Is undesirable. After the complete release of the corium and the completion of the
process of inversion of its layers, water will begin to flow to its surface, and the selected
material should undergo a phase transition of boiling and leave the core catcher.

The requirements for a candidate material must satisfy not only physical, but
also chemical properties:

- Candidate materials should have density, melting and boiling points below
relative to the density of corium and the average temperatures of its formation
respectively;

- In the process of interaction between metal and corium, only thermophysical
interaction is a priority, and the creation of new chemical compounds and heat release
due to chemical reactions in the melt is undesirable.

Since there is a possibility of accidental ingress of water into the area of melt
localization, then when choosing a metal as a heat-removing material, in the first
approximation, one should consider metals that are in the electrochemical series of
metals to the right of hydrogen. However, few metals to the right of hydrogen in the
activity series can be used as a cooling material not only in terms of physicochemical
properties, but also for economic reasons. In this regard, metals were also considered,
standing in the activity series on the left side of hydrogen.

To determine the most suitable candidate material, an analysis of the
physicochemical properties of various metals was carried out, which were based on
information from sources [10-11]. Table 1 lists some metals with a density below or
approximately equal to the average corium density (p ~ 7315 kg/m3 [12]) that can be
used as a cooling material. During analyzing the properties of metals, alkali metals
were not considered due to their extremely high chemical activity.

Table 1 - Properties of Candidate Metals
Name Atomic |Densityp, Melt Boiling Specific | Specific
number | kg/m® |temperature{temperature| heat of heat of
Treit, °C | Thoit, °C | melting A, | boiling L,
kJ/mol kJ/mol

Beryllium 4 1848 1278 2970 12.21 309
Magnesium 12 1739 650 1090 9.2 131.8
Calcium 20 1540 839 1484 9.2 153.6
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Strontium 38 2630 769 1384 9.2 144
Barium 56 3760 729 1637 7.66 142
Aluminum 13 2698 660 2518 10.75 284
Titanium 22 4505 1670 3287 18.8 422.6
Antimony 51 6691 631 1635 20.08 195.2
Zinc 30 7133 420 906 7.28 114.8
Chromium 24 7190 1857 2672 21 342
Manganese 25 7210 1243 1961 13.4 221
Tin 50 7310 232 2620 7.19 296

According to the data given in Table 1, the most optimal metals for cooling the
corium that meet the above requirements (the temperature of the corium can reach 2400
°C in the first hours after melting [13]) are antimony, alkaline earth metals
(magnesium, calcium, strontium, barium), zinc and manganese.

The chemical activity of alkaline earth metals increases with increasing serial
number. In this regard, among the noted alkaline earth metals for use in a melt trap,
metals with a lower atomic number are considered the most acceptable, among which
magnesium is the most optimal. The chemical activity of magnesium is much lower
compared to other alkaline earth metals. This is because magnesium shares some
chemical properties with the alkaline earth metals, but is otherwise markedly different
from them. Nevertheless, magnesium remains a fairly active metal, so it should be
considered as a last candidate.

Alternatives to magnesium are zinc and manganese. Zinc is more preferred as a
candidate coolant due to the most optimal parameters (melting and boiling points), as
well as its abundance in nature. In addition, zinc is inferior in chemical activity to
alkaline earth metals, including magnesium, which is also an advantage.

Another candidate material is antimony, which in its properties occupies an
intermediate position between metals and nonmetals. The experiments are supposed to
use the metallic modification of antimony. Antimony is distinguished by its low
reactivity, acceptable melting and boiling points (more favorable relative to
manganese), and unique chemical properties inherent in the so-called metalloids, which
are of particular interest for their study when interacting with corium.

The use of zinc, and especially antimony and manganese, as possible coolants
can cause difficulties in the sense that there is a possibility of their incomplete boiling
out from the melt at the end of the inversion of corium parts. However, it is assumed
that, being melted when heated from the corium, the sacrificial materials form a
composition with a specific density of less than 6.4 kg/m? with the uranium-containing
oxide part of the corium [14]. This means that due to the higher density, the rest of the
coolant volume will also exchange position with the new mixture of sacrificial
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materials and the oxide part of the corium, thereby preventing dangerous hydrogen
formation processes after the start of water supply to the melt.

Based on the above, we can draw conclusions about the potential feasibility of
the proposed cooling method. To confirm which, it is necessary to obtain information
on the nature of the interaction of the selected materials with the corium, the efficiency
of heat removal, etc. These issues require computational - theoretical and experimental
study.

Thus, it seems appropriate to conduct a series of small- and large-scale
experimental studies of the interaction between corium and candidate metal coolants
in order to further develop recommendations on the possible use of the proposed
cooling method in existing and future core catchers at nuclear power plants.

The method of physical modeling is the most effective way to confirm the
operability of the proposed method, since it will allow simulating the situation of
corium entering the melt trap from the reactor pressure vessel during a severe accident
with a core meltdown. At the same time, experimental studies will be carried out on
the VCG-135 test-bench and the Lava-B facility, created at the Institute of Atomic
Energy Branch, RSE NNC RK [15].
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Kak u3BecTHO, B TOKamakax OOJIBIIOE KOJMYECTBO TEIUIa IJIa3Mbl MPOXOJAUT
BJ0JIb CHJIOBBIX JIMHUM MarauTHoro mons. B wactaHoctu, B MTOP mmmoTHOCTH
TEIJIOBOT'O MOTOKA, MapajuieIbHOTO CUJIOBBIM JIMHUSAM, MOXET aocturath 1 I'B1/m>2.
JlaHHasT IUIOTHOCTH TEIUIOBOIO IIOTOKA HAMHOIO IMPEBBIIIAET TEXHUYECKUE
BO3MOXXHOCTH JIF000r0 Martepuaina mnepBoil creHku. Peakuus B UTOP naunenena na
TOCTIDKEHHE BBICOKOTO KO3 duiMeHTa ycuwineHuss MomHoctd, Qpr = 10, mis
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nutenbHocTed B nuanazone 300-500 ¢ [1]-[3]. B Takux paspspax TemnsioBas
MOIITHOCTh, KOTOpas Oyet nepenapatbes Ha FWP, 6yaet coctaBisate ~100 MBT [4]-
[6].

ID10THOCTH JAHHOTO TEIUIOBOIO ITOTOKA CHIKaeTcs 1o 2,0—4,7 MBT/M? 3a cuer
PAaBHOMEPHOTO paclpe/efieHdss 4YacTWll IUIa3Mbl B MArHUTHOM IIOJI€  OKOJIO
MIOBEPXHOCTU TMepBOil cTeHku. OnHako, Ha crTbikax Mexay FWP  Bo3MoxHO
B3aMMOJICHCTBHE IJIa3Mbl Ha KpOMKaxX OepriuTHeBBIX manenei [3]-[8].

JIsi  OLIEHKW TIPOBENICHUS OSKCIEPUMEHTAIBHBIX padoT OBUIO TIPOBEICHO
TEIJIOBOE MOJICIUPOBAHUE JJII MHOTOCIIOMHOIO KOMIIOHEHTa IEpPBOWM CTEHKU MpHU
MTaTHOM u aBapuiHOM Oskcruryaranuu HWTOP [9]. YcranoBneno, 4to mnpu
«HOPMAJTBEHOM» TEIIOBOM MOTOKE 2 MBT/M? MakcHManbHas TeMIlepaTypa GepuILIis
cocTaBuT ~ 360 °C, IpH «I1OBBILIEHHOM TEMI0BOM MoToke 4,7 MB1/M? okono 730 °C
[9]. Taxkxke mnocTpoeHa MOJENb 3JIEMEHTa MEPBOM CTEHKH ISl «KPUTHUYECKOW»
TeMIepaTyphl moBepxHocTu Gepuius B 1200 °C.

W3 npyTka ObLIM BbIpE3aHbl 3arOTOBKU B (hopMe TaOJIETOK TOMIMHOMN 5,1 MM C
TUaMEeTPalIbHON MPOPE3bI0 MUPUHOU | MM U TIYOMHON 2 MM 3JIEKTPO3PO3HUOHHBIM
METOJIOM.

OKCIIEPUMEHTBl IO TEPMUYECKOMY BO3IEHCTBHUIO JJIEKTPOHHOTO ITy4Ka Ha
oepunii Mapku TI'TI-56 mpoBOIUINCH B BAKyyM€ € KOJIMYECTBOM UMITYJIbCOB 10 1
100 ipu onmuakoBoii jutenbHocTy — 500 ¢ Ha 6epusunii mapku TT'TI-56 B Bakyywme,
IIpU 3HAYCHUAX TemnepaTypsl noBepxHoctu ~360 °C, ~800 °C u ~1200 °C.

[Tocne ucnpiTaHUii TOBEPXHOCTH BCEX 0OPA3I[OB BHE 3aBUCHUMOCTH OT YCJIOBHUI
AKCIEPUMEHTOB 0 TEPMHUYECKOMY BO3JICUCTBUIO XapaKTEPU3YIOTCS OTCYTCTBHUEM
METaNIMYECKOro 0JIeCKa, XapaKTepHOTO JJIs UCXOIHBIX 00pa3IloB.

3,5 °
3,25 1 %0
3 4 45
2 2,75 { 40 &
= 25 =
o] ! ) «
& 2,25 354
52 138
2 1,75 - 1 258
2 15 #”—©—363°C,Ra —#—772°C,Ra —€—1200°C,Ra| ,, &
81,25 2.
=1 ~e -363°C,Rz -®-772°C,Rz - -1200°C,Rz{ 15 2
=
g 0,75 —0 1 10 g
g 05% o —a—----" =® =
=025 § o6 -=-"" 7" - o ]° &
O ..... o I T T T T T T T T T T T T N T N Y T Y A A 0 E:
0 10 20 30 40 50 60 70 80 90 100 110
KomnuecTBo MUKIIOB

Pucynok 1 — I[1apamerpsl mepoxoBatoctu Ra u Rz ucnbitanubix 06pa3ion
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Ha pucynke 1 noka3ana 3aBUCMMOCTb apaMeTpoB HiepoxoBatoctu Ra n Rz ot
KOJINYECTBA LIMKJIOB IIPY 33JaHHOM 3HaY€HUH IJIOTHOCTH TEIUIOBOT'O MOTOKA, KOTOpast
U3MEpsUIach NPEUMYIIECTBEHHO B 00JacTH BO3ACMCTBUSI AJIEKTPOHHOIO ITy4Ka
IAAMETPOM OKOJIO 5 MM.

Kak BuaHo u3 pucyHka 1, MmIepoXOBaTocTh OOpPA3LOB YBEIMYMBAETCA C
HOBBIIIEHUEM TEMIIEPATYPhl TEIJIOBOW HATPY3KHU U YBEITMUEHHUEM KOJIMYECTBA IIUKJIIOB.
Cy111ecTBEHHBIN BKJIa/ B YBEIMUEHUE [IIEPOXOBATOCTU JAET OBBIIIEHUE TEMIIEPATYPhI
TEIUIOBOM HArpy3KH, YTO CBSI3aHO C aKTHMBHBIM PACHBLJICHHEM YaCTHUI] C TIOBEPXHOCTH
6epuiusi. Ha o6pasmax Be-3 u Be-6 octanuch ciepl BRITApUBAHUS OT 3JICKTPOHHOTO
Iy4Ka B BUJE KpaTepa IuaMeTpoMm ~ 6,5 MM

dazoBas uaeHTU(PUKAIMS U KOJTHMUECTBEHHAS OICHKA COJEP>KaHUs MPUHSATHIX
(a3 mpuBeneHs B TabmuIe 1.

Tabmuma 1 — Pe3ynbTaThl OIEHKH KOJMYECTBEHHOTO cojiepkaHus Be u ero
coenquHeHn B %

Be-1 | Be-2 | Be-3 | Be-4 | Be-5 | Be-6 | Be (ucx.)
Be (P-3ml, a=b=229 A, | 92 93 91 91 92 88 91
Be (P 63/mmc,
a=b=2.3250 A. 7 6 8 8 7 11 8
BeO (P63mc,
a=b=2,7002 A, 1 1 1 1 ! 1 1

SEM HV: 20.0 KV B WD: 10,08 mm SEM HV: 20,0 KV B WD 10.00 mm
View field: 124 pm Det: SE, BSE View ficld: 147 ym Det: SE, BSE

SEM HV: 20.0 kV SEM HV: 20.0 KV
View fleid: 148 ym et: SE. View field: 458 um

SEM HV: 20.0 KV WD:10.23 mm
View ficid:136 Det: SE_BSE

Pucynox 10 — COM-u300paxeHus: moBepxHOCTeH 00pa3iioB 6epuiutms: Be-1
(360°C, 10 mukion), Be-2 (800°C, 10 muxiion), Be-3 (1200°C, 10 uuknos) Be-4
(360°C, 100 uxnoB), Be-5 (800°C, 100 uukios), Be-6 (1200°C, 100 muxiioB)
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MukpoTBepAOCTs s BceX 0Opa3loB HE HW3MEHUJIACh IO CPAaBHEHHUIO C
MCXOJTHBIM O€pUJUTHEM | B cpeHeM coctaBmia 189+15 HV.

N300paskeHns MUKPOCTPYKTYpbl 0Opa3lioB OBbUIM TMOJIYYEHBI C IOMOIIBIO
JIETEKTOPOB BTOPUYHBIX M OOpPATHO PACCESHHBIX JIEKTPOHOB U MOKAa3aHbl HA PUCYHKE
10. Jlyis aHanmu3a MOp¢OJIOTHH MTOBEPXHOCTH BRIOMPATIMCH YIaCTKU Kpasi IPOPE3H.

Crpykrypa noBepxHocTu o0pa3ioB Be-1 u Be-4 mpaktudecku He OTIU4aeTcs
OT UCXOJIHOTO 00pasiia, OCTaeTCs TJaKoM, 0€3 BUAMMBIX CJI€I0B BhIITAPUBAHUS.

3HAUUTEIbHBIE WM3MEHEHUS CTPYKTYpPbl TIOBEPXHOCTH NPOUCXOIAT IIPHU
Temreparype noBepxHoctu o6epuiusa ~ 800°C B BHIE TOYEUHBIX MYCTOT, INIyOHMHA
KOTOPBIX YBEJIMUUBAETCS MTPU YBEJINYEHUHU HUKIOB Be-2 u Be-5.

MacmtabHoe BellTapuBaHUe MOBEPXHOCTU MPOUCXOIUT Ha oOpasiax Be-3 u Be-
6, MOABEPrHYTHIX BO3JEHUCTBHIO Temmeparypsl, paBHoi ~ 1200°C, BblpakeHHas
HaJIMYMEM BBICOKOJHCIEPCHBIX IOP pa3mepamMu MeHee 10 MKM, pazMepbl KOTOPBIX
YBEJIMYHUBAIOTCS C YBEITUYEHUEM LIMKIIOB.

Takum o0pa3oM, B AaHHOM paboTe OBUIO OMPEAENIEHO, YTO HIEPOXOBATOCTb
00pa3loB yBEIUYHUBAETCS 110 MEPE YBEIUYECHUS TEMIEPAaTyphl TEIIOBOW HArpy3Ku U
KOJINYECTBA LIUKJIOB.

[TokazaHo, YTO M3MEHEHUE CTPYKTYphl MOBEPXHOCTU OEPWILIUS 3aBUCUT OT
KOJIMYECTBA LIMKJIOB, HO UMEHHO IIPU BBICOKOW TEIJIOBOW HArpy3ke C TEeMIEpaTypou
1200 °C. dns 10 nuknoB riryouHa kpatepoB coctaBuia <0,12 mwm, aug 100 nukiion
<0,8 MMm.

B pesynprare X-ray aHanmuza BBISIBICHO, YTO OCHOBOM (ha3oBOro cocrasa
MCXOJTHOTO M 00JTy4eHHBIX 00pa3loB SBJISETCA TeKCaroHalbHas (aza METauIn4eCcKOro
oeprutus. OOHapyx)eHo 00pa3oBaHUE OKCUAA OCPUILITHSI.

[Io pe3ynbpraraM MUKpPOCTPYKTYPHOI'O aHaJIM3a YCTAHOBIIEHO, YTO 3aMETHBIE
U3MEHEHUSI TOBEPXHOCTHOW CTPYKTYpPbl HPOSBISIOTCA YK€ IOCIE BO3JIEHCTBHS
Harpy3ku ¢ temneparypoir ~800 °C, rie UMKINYEeCKOE BO3IACHCTBHUE MPUBOAUT K
YBEJIMYECHUIO TEOMETPUUECKUX Pa3MEPOB NOp. A MacIITaOHbIE U3MEHEHHUS CTPYKTYPBI
1 GOpMBI TOBEPXHOCTH MPOUCXOAT TIpH Temmeparype ~ 1200°C.

Y CTaHOBIIEHO, YTO «HOPMAJIBHBIN» U «TIOBBILICHHBIN» TEMI0BOM MOTOK B UTOP
HE OKaXXeT KPUTUYECKOTO BIUSHHUSA Ha pa3pylleHHE KpaeB OEpUIUIMEBBIX MaHENeH,
U3rOoTOBIIEHHBIX W3 Oepmmus mapku TITI-56 maxe mocie 100 paboynx UMITYJIBCOB.
Takum 00pa3om, NMaHHBIN MaTepual UMEET BBICOKYIO PECYPCHYIO CTOMKOCTH ISt
JKCITyaTallid B YCIOBHSX TemioBoro BozaeciictBusi B MUTOP. Ilpu temmneparype
~ 1200 °C pa3zpyiieHus MOTYT ObITh KPUTHUECKUMU TS JIFOOBIX MapOK OEpUILIUSL, YTO
BBI3OBET 3arpsA3HeHue Iia3mbl B kamepe MTOP u nmpuBener kK mpexaeBpEeMEHHOM
CMeHEe OCpUIITHEBBIX TTAHEICH.
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By mMiHzeTTI menry Ka3akCTaHIbIK OUTIM MEH FhUIBIMHBIH JKahaHIbIK Oacekere
KaOUIeTTUIINHE KOJ KETKI3yre, MaMaHAapJbl KaJIlbladaM3aTThlK KYHJIBUIBIKTAP
HET131H]Ie TopOueneyre »KoHe OKbITYFa, FhUIBIMHBIH €J1/11H 9JIEYMETTIK-2KOHOMUKAIBIK
JaMybIHaA KOCAThIH YJIECIH YIFalTyFa MyMKiHAIK Oepei [1].

DKOHOMUKAJIBIK CEKTOP/IbI KOFaphl JKOHE JKOFaphl OKY OpHBbIHAH KEeWiHT1 O1TiMi
Oap Oocekere KaOUIETTI KaJpJIapMEH >KapaKTaHIbIPY YIIIH KOCIOTIK Ou1iM Oepy
carachblH apTThIPy Oa3alIbIK YKOHE TEXHOJOTHSUIBIK OUTIM Oepy OarmapiiamaliapbiHa
’KOFapbl TamanTapbl Ke3aeHIi.

MyHpait  kargaiiia yHMBEPCHUTETTETl OKy MpOIECIH KOciOM  JKoHE
MeJAarOrUKAIBIK MIHACTTEPIH MENIMACPIH 13ey PEeTIHAE KapacThIpyFa OO0Jajbl.
bakanaBpuaTThIH HETI3T1 OaFmapiiaManapbl MarucTparypa OarmapiiaMaiapblHbIH KeH
CHEKTpl apKbUIbl TEPEHAETYre >KOHE KEHEUTyre OOJIaThIH MEMIICKETTIK Iopeike
OarmapiamManapbiHa JaWbIHIBIKTEI KaMTamachi3 eteai. KociOum Ky3bIpEeTTUTIKTIH
HEFYPJIBIM TOJIBIK KaJBIITACybl, O€irull OoyiFaHAail, FBUIBIMU 3€pTTEYJIEeP/iH
MaMaH/IBIKTAPbIH TEOPUSIIBIK KOHE MPAKTUKAIBIK JANBIHIBIKIICH YHIECTIPY apKbLIbI
OpTYpJTI YHBIMIACTBHIPYIIBUIBIK koHE OL1iM Oepy dhopmaniapeiraa xypeni. CoHbIMEH
KaTap KPEOUTTIK OKBITY TEXHOJOTHACH OoJamiaKk KociOM KbhI3MET callachlHJIa
KY3BIPETTI MaMaHJap/bl JaspiayJ/lblH MaHbI3[bl O6JIrl PEeTiHAE MaMaHJIaHIbIPYAbl
oinmipeni. by xarnaiina keneci Heri3ri (akTopiIapIbIH dCEPIH KapacThIpFaH JKOH:

- FpUTBIMU KbI3MeTKepiiep MeH JKOO OKBITYIIBIIAPHI YIIIH IIH SJICyMETTIK-
SKOHOMMKAJIBIK KOKETTUIIKTEPIHE Cail KEJETIH TepPEH FhUIBIMU JKOHE MeAaroruKaiblK
OuriMi Oap OazanblK KoHE KOoJIaHOanbl OUTIMII JMalbIHIAy KOHE HHTErpalusiay
apKbUIbI canabl O11IM Oepy/ll KaMTaMachl3 €Ty;

- TepeH OuIiMI 0ap OKBITYHIBUIAPBI KOCA aJiFaHla, MaMaHAApbl KPEIUTTIK
TEXHOJIOTUSHBIH OapJIbIK ACHTCUIIEPIHAE KYHEll OKBITY KOHE YKAJIFACThIPY apKbIIbI
AJILIHFAH JKOHE CAKTAJIATBIH KOC10M O111M.

JKorapeina aiiTeurFangapra 0aimaHBICTBI, OYJI KYMBICTBIH MaKCaThl OHIIPICTE
KOJIJIaHy alTapJIbIKTal oJI€yMETTIK-DKOHOMUKAJBIK JAMyFa OKEJIETIH WHHOBAIIMSIIBIK
TEXHOJIOTUS PETIHJIC YHUBEPCUTETTEPMAIH OlpKaTap MaMaHIBIKTapbIHBIH (U3MKa
kypceiHaa AXMIID-HeHn xaObIHAApABl Ta30TEPMUSUIBIK  OMICIIEH  OKBITYIBIH
oficCHaAMAaJIBIK HET13/IepiH d3ipiiey OOJIbI TaObIIaIbI.

bi3iH olibIMBI3IIA, KOMBLUIFAH MaKcaTKa KeTy yiniH C. AMaHXOJIOB aThIHIaFbI
HIKY wumxkeHepusi »oHE TPUOOJIOTUS OPTAJBIFBIHBIH KYPAaMbIHIA THICTI FHUIBIMU
3epTTey IKCIEPUMEHTTIK 0a3achl [2] *oHE FhUIBIMHU JOpEKeNepl MEH aTakTapbl Oap
KOFapbl OUTIKTI KajapJyiap, TpUOOJOTHs cajlachlHaarsl Mamanmap Oap [3-5]. Kociou
KY3BIPETTUTIKKE OJI HAKTHI cajlajap MEH iprejii )KoHe MaMaHJIaHIbIPbUTFaH FHUTBIMA
MIOH/IEP YIIiH OKBITY TEXHOJIOTHSIAPBIH 931pJiey apKbUIbI )KaThIp. OChIFaH OaIaHBICTHI
013 CTyIEHTTEepJll MaTepuaabl TYCIHYre FaHa eMeC, COHbBIMEH KaTap HaKThI
toxipudenepae AXKMIID-aeH ra3oTepMUsIIBbIK IICTIEH KOPPU3USIIBIK JKOHE TO3yFa
TO3IM/II KAOBIHIAPABI KAJIBINTACTHIPYFa HETI3JENTeH (DU3UKAIBIK KYOBUIBICTAp MEH
MPOIIECTEPIH TYCIHAIPMENEpiH KacayFa WTEPMEICHTIH HAKThl OKYy MIHJETTEpPiH
a3ipieyal ycbiHaMbl3. JKaObIHabIIAp b JKaFy OOMBIHIIA IKCIEPUMEHTTIK KYMBICTap
YHUBEPCUTETTIH «beTTik WHXeHepus >KoHE TPUOOJOTHUS» OPTAIBIFBIHBIH FHUTBIMH-
3epTTey 3epTXaHalapbIH/A KYPT131IIl.
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OkcnepuMeHTTEpAl OacTamac OypbIH, CTYACHTTEP TPUOOIOTHSIHBIH (PU3UKAIIBIK
HEri3IepIMEH XkoHe 013 [6] KenTipiIreH >XaOblH TEXHOJOTHACBIMEH TaHBICA/IBI.
CoHbIMeH, oJIap MaTepuaAapJblH TO3yFa TO3IMIUIIIH apTTHIPYIbIH KOHE MalllMHA
OeseKkTepiHiH O€TiH KajlamblHa KENATIPYIIH OpPTYpJl TEXHOJOTHSIIBIK OJIICTEpPiH
3epTTeNl:  Jla3epiiK,  KaTOATHI-COyJENIK,  IUIa3MajblK,  Ta3bl-TEPMUSIIBIK,
AICKTPOIUTTI-TIIA3MANIBIK OCPIKTCHAIPY >KOHE >KaOBIHJIAp, MEXAHMKAJBIK OalKbITY
omictepi. «l'a3-TepMUSIIBIK OYPKY» TEPMHUHI JKOFaphbl TeMIepaTypajia blAblpaMaiThiH
ChIM, WIBIOBIK HEMece YHTaK TYpIHIE MaTepuajapAaH KacairaH OapJbIK
*aObIHAapABI KOJIaHy IpouecTepin Ounaipesni. Onap »orapbl TEMIIEpaTypa aiiMarbIHa
€HTI31TIM, Ta3 aFblHBIMEH HEMECE CHIFBUIFaH ayaMeH IIallbIpaThUIabl, ajl YIIKCH
KBUTTAMIBIKIICH KO3FAJIaThlH XKOHE alJbIH-aa JalbIHAamFaH OETKE TYCETIH YcCak
OesekTep maiiaa 6o1aabl, OHAA oJiap Oenru Oip KacueTTepi 6ap kadbat Ty3zemni [7].

["a3apl TEpMUSUIIBIK QICIIEH KaOyAblH (DM3UKAJIBIK HETI3JEpIH 3€pTTEreHHEH
KEWiH oJlap >KaJIbIH aJlayblH jkKo0anay »KoHE MOJENbJICY MICEJECIH Ielne 0acTanbl.
[laTeHTTIK 1371y HOTHXKEJNEpIMEH TaHbIcaibl [8]. Aya, *aHFBIII ra3 >KOHE YHTaK
MaTepHayiapbl 0ap KOPITYCThI, YHTAKTHI IIIbIFAPYyFa apHaJIFaH OChTIK apHACHI 0ap aybI3
KYBICBIH, aybI3 KYBICHIH KOAKCHAJIIbI TYPE >Ka0aThIH Ta3 apajacThIPFBILNI KaMepaHbl,
raifkaHbl JKOHE KaHFBIII KOCTIAHBIH IIBIFYbIHA apHAJIFAH CaHbUIAYJIaphbl 0ap canTaMaHbl
KaMTHUTBIH KaHFBIII YHTAK MaTepUasIapbiH MIAIIbIPAaTyFa apHaIFaH KbI3ABIPFHIII [9].

bys1 KypBIIFBIHBIH KEMIIIUTITT — YKaObIHAAPABIH Canachl TOMEH KoHE OHIMILIIT
TOMEH, 9Cipece YJIKEH OHIMAepre ka0bIH KOJIJTaHFaH JKaFaaiaa.

Conpaii-ak, JKeHUT OaJKUTBIH YHTaKTbl  MaTepuaifapibl, HErI31HEeH
TEPMOIUIACTUKAIIBIK TIOJIMMEpNIEepi, KYpaMbIHAA aya, XaHFBIINI Ta3 j>KOHE YHTakK
Matepuaiiiapel 0ap KaHaujgapbl 0ap KOpPIYyC, YHTAaKThIH HIBIFYbIHA apHAJIFAH OCHTIK
KaHaJIbl Oap aybl3 KYyBICHI, aybl3 KYBICHIH KOAKCHAJIBI TypHe XaOaThlH Ta3
apaJlacTBIPFBINI KaMepa, TaiKa XOHE >KAHFBII KOCIMAHBIH IIBIFybIHA apHaJIFaH
TeCiKTepi Oap camTamMaHbIH VIl 0ap eKeHMAIri Oejriuii. carnTaMaHbIH YIIbl OHBIH
CBIPTKBI O€TiHJIe OypaHAallbl OMBIK Oap, >KaHApPFBIHBIH OYHipiHEH IIyMEK VIl MEH
MaMbICKaK ralKaHbIH apacklHAa eHl 2-5 MM cakuHaiabsl CaHplIay jKacaiaFaH, Oyi peTTe
aybI3 KybICHI MEH IITyMEK YIITHIFBI apacbiaaa 0,25-0,5 mm caHpuiay naiga 0osraH, ai
IITYMEK VIITHIFBIH/IA YIITBI )KaFbIHAH OpTaChIHIa TepeHIIr 3-9 MM olbIK xkacairaH [ 10].

byl KypBUIFBIHBIH, KEMIIIITT COHBIMEH KaTap »KaOBIHIApJbIH TOMEH carachl
KOHE OHIMJIUIITT TOMEH, dcipece YJIKEH OHIMIepre KaObIH KOJIJTaHFaH JKaFaaiia.

[aiimansl MOJEIb IEMIETIH MIHJIET — OHIMJIUTIKT] apTTHIPY JKQHE sKaObIHAApIbIH
camachlH JKakcapTy, acipece 1pl KeJaem/l eHIMIepre KaOblH JKary JKarAabIH/a.

TexHuKaNblK HOTWKE Maljanbl MOJENBIl Maijaiany OoJbIl TaObLIa kI
apTTHIPY JaKTap TO3aHAATY KOHE TYPAKTBUIBIFBIH apTTHIPY ajlayIblH KaHy.

[Taitmaner  moxaenbaiH MoHI  kenecimei. JKeHin  OalKUTBIH — YHTAKTHI
MaTepuaggapabl, HETrI31HeH TepPMOIUIACTUKAIBIK TMOJUMEPJEepl  IIallbIpaTyFa
apHAJIFaH KbI3JBIPFBIN YCHIHBUIABI, OHBIH KYpaMblHIA OUTIK, YHTAKTHIH MIBIFybIHA
apHaAJIFaH OCHTIK KaHaJ, ra3 apajacTBIPFBINI KaMepa, aya >KOHE JKaHFBINI ra3 Oepy
apHAaJIaphbl, )KAHFBIIII TA3]IBIH IIBIFY apHAJIAPHI 0ap, 0JIap YHTAKTHIH IIBIFYbIHA apHAFaH
OChTIK KaHaJl KOHYCTHIK, >KQHFBIII Ta3lIblH IIBIFYy apHamapel Oap. JlaBamb
canTaMacChIHBIH MIIIIHI.
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Cyper 1 keHin  OanKUTBIH YHTaKThl  MaTepuaiiapibl, HETi31HEH
TEePMOIUIACTUKANIBIK TOJUMeEpIepai (Kalumbl KepiHIC) ra3 >KaJbIHBIMEH OYypKyTe
apHaJIFaH MONIMIEITeH KbI3ABIPFBINTEIH CXEMalbIK JHarpaMMachlH KOpCETel;
cyperte 2-0Oipael, (OemekTenreH kepiHic). ['az3xkanblHIbl TO3aHJAaTyFa apHajIFaH
xaHapreiga 1 kopmyc Oap, oHIa 2 XBOCTOBHK OPHATBUIFAH, YHTAKTHIH IIBIFybIHA
apHaJFaH OCBTIK apHa 3, ra3 apaJlacTRIPFBIII Kamepa 4, 5 aya Oepy KoHe JKaHFbIII ra3
apHanapsl 6, )KaHFBIII Ta3/IbIH IIBIFY ApHAJIAPHI 7.

Ko3apIpreImn — kenecifiell x&ymbIic icTeimi. KpI3AbIprbill  KYMBIC KYHIHIE
OypaHgabl KOCBUIBIC apKbUIbI 2 KOpHychbiHa 1 OypaHmachiH Oypay apKbLIbl KYy3ere
aceipbutaibl. ChIFBUIFAH aya 5 aya Oepy apHachiHa, 6 apHACHIHA JKAHFBII Ta3 Kipesi.
["a3 apanacTeIprbiil Kamepasaa 4 KYMbIC Ta3bl MEH aya OIpKeJKi apaiachlll, KaHFbIII
KOCIaHbI KYPaWIbl, OJI YKAHFBIII Ta3/IbIH MIBIFY KaHaJAapbiHa 7 K, Ta3 JKaJbIHbIH
mibirapaibl. ChIFBUTFAH aya Oip yakbITTa 3 OChTIK apHa YHTaFbIMEH Oipre ®eTKi3iIel.
3 OCBhTIK KaHAJJaH OTETIH YHTAK OOJIIeKTepl Ta3 KaJbIHbIHA TYCII, epireHre IeniH
KbI3aIbl KOHE OHIM/II jka0a/bl. 3 OChTIK apHAChl KOHYC TYpPIHJAE *Kacajajbl (YHTaK 3-
10 rpagycka TEeH KOHYCHEH IIauibIpaiabl, Oyl OHIMIUIIKTI €A9ylp apTThIPajbl).
JlaBasib cantaManapsl TYPiHJIE KacallFaH 7 KaHFBIII Ta3/bIH MIBIFY apHaIapbl Ta3/IbIH
IIBIFY KBUIIAMIBIFBIH  apPTTHIPAJbl, OCHUIAWINA alayabl TYpaKTaHIBIpaAbl, Oy
KOJIIaHBUIATHIH XKaObIHAAPABIH CamachklHa OH oCep eTei.
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Cypet 3— TepMOIUIaCTUKAIBIK MaTepUagap by ra3 TePMUSIIBIK
TO3aHIaHYBIHBIH KaJIbl CXEMAaChI.
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bi3 kypmeni MaremaTHKalblK TEHIASYJIEp MeH OojallaKk MyFajgimMaepre
TaKbIPBITITEI TEPEHIPEK 3epTTEyre KaThICThl Kebip OenmekTepai OoJiabIpMai,
OTTBIKTBIH KYPBUIBICBIHBIH €PEKIIETIKTePIH TYCIHAIPIIK.

Bi3/iH OKBITYyIaFbl KOIDKBUIABIK TKipuOemiz kepceTkeHaei, AXMIID-aen
ra30TepMUSUIBIK TEXHOIOTHS MEH JKaObIH jKaFyIbIH (PU3UKAJIBIK HET13/1epiHIH KeHO1p
Macenenepid O11iM alymibliap KAbIH KaObUIAanIbI.

CoOHBIMEH, CTYACHTTEP >KaObIHIAAPABI >KaOYJbIH TEXHOJOTHSIIBIK OMICTEPIHIH
€CENTIK JKOHE DKCIEPUMEHTTIK MANIMETTEpiH TYCIHAIpE >KOHE JKUHAKTal ajMaiIbl.
CoHBIKTaH, aJJAbIMEH Ta3-TEePMUSIIBIK JKaObIH TEXHOJIOTHSICHIHBIH (PU3HUKACHIH, Ta3-
KBLTY KOHJIBIPFBICHIHBIH TU3aHBIH KOHE KaObIHHBIH OHTAMIIBI PEXKUMICPIH KbICKAIIIA
TYCIHIIPY KepekK.

Crynentrepaid OutiMai OIpIKTIpYy, IMICKTEYJl HEMECE TOJBIK eMec OuliMre
HETI3/IJITEH MiKIpTajllacTapFa KaTbicy KaOuieTri OarmapiiamMa JACHTeiHae [ie,
aKaJIeMUsIIBIK JeHTelie e OacTankbl OKY HOTIDKENEPIH €CKEpE OTBIPHIN, >KaJIIbI
K9C10M KY31pETTUTIKTIH HeT131 00J1bIN Ta0bu1aabl. Kocion Ky3bIpeTTUTIK-0YJT KJIBIIITACy
KEe3CHIHJE OpBIH ajaThlH KYpAENl Kol JEeHreilli JWHAMUKAIBIK MpOIlecC.
KocinkonnbIK-0yi1 THIMA1 5KOHE THICTI 1C-OpeKeTTepre NalbIHABIKTHl KAMTaMaChI3 €Ty
YIIIH KaXeTT1 O1711M1 MEH JaFabliIapbl 6ap capariibiHbIH )KeKe )KoHe KOCIOM MaHbBI3 b
KacCHETTEpiHIH axbIpamac aTpuOyTel. Kaszipri Te3 e3reperiH oanemjie Kociou
KY3BIPETTUIIKTI JIaMBITy KaXKETTUI TybIHIAWabl. OKBITBUIATBIH TIOHHIH KYpaenl
MacCeJIeNepiH TAJay MYFAIMHIH KETEKIIUTITIMEH KEKEe KYMBIC 1CT€yTe apHAJIFaHbIH
aTalm OTKeH JKOH. Dbyl KpeauTTIK OKBITY TEXHOJIOTHICHI OOWBIHIIA OKBITY
HBICaHAAPbIHBIH O1pi.

«beTTik WHXeHEepHs >KOHE TPHOOJIOTHS» OPTAIBIFBIHBIH 3epTXaHajlapblHAa
KyprizuieTin 3artail skcnepumenTTepae AXXMIID-HeH ra3oTepMHUsUIBIK TOCIIMEH
XKaOBIHIAPABl KAJIBINTACTBIPYIbIH ~ (U3MKAJIBIK NPOLECTEPIH 3epaerney Kociou
KY3BIPETTUTIKTIH HAKThl KaJIBIITACYbIHA, KOFaphl OKY OPHBIHAA Kajpiiap Aaspiiay
CamachlHBIH apTyblHA ajblll Kejedi, Oy OKy MpOIleCiHe 3epTTey MEH ChIHAY/bIH
FBUTBIMH 9MIICTEPIH €HT13YA1H KOPHEKI MBICAJIBI OOJIBIN Ta0bLIAIbI.

KbI3OBIPFBINITHIH,  Ta3  TEPMUSJIBIK  KOHJBIPFBIHBIH  KYPBUIBICHIHBIH
EPEKIICTKTEPIH HAKTHI TYCIHIIPY >KOHE YKAOBIHHBIH OHTAMIJIBI PEKUMJIEPIH aHBIKTAY
yuria 613 AJKMIID cuskrel GipHelie 3epTTey MbICATIAPhIH KOJIAHBIK.

L d a Sample: GUR 1050 UHMWPE ose
® | Size: 6.3000 mg
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Figure 1.8
DSC trace for UHMWPE.

Cypert 4 — Temnepatypara OailIaHBICTHI Cypet 5 — YKK onicimen 6anky
KBLTY OTKI3TIIITIK TEMIEPATYPAChIH aHBIKTAY
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Cypet 7 — AJKMIIE Oemnuieriniyg Cypet 8 — Aya kbicbiMbl 4 Mnia Oonran
TeMIlepaTypa IrpaJueHTI KEe3/1€ JKaHapFbl ajaybIHAaFbl
O6JIIIEeKTEePA1H KbUIIaM/IbIFbI

Anbraran maniMertep Herizinae AJKMIID Oenierinid AuaMeTpiHe dKOHE KbLTY
arbIHBIHBIH KaXXETTI THIFBI3JbIFbIHA OHE OeJIEeKTepAlH anayga OoJly yaKbIThIHA
ToyenauIikTep asbikTanagsl. CyOcTpaTra XKaOBIHHBIH CaJKbIHAATY JIUHAMHMKACHI
aHBIKTAAbl.  AJIBIHFAH  MOJIMETTEpre  CyHeHe  OTBIPBIN,  TEXHOJIOTHSIIBIK
napametpaepaid AXKMIID Herizinae >xaObIHAAPIBI KYPBUIBIM KYPY MPOIIECTEPIHE
ocep €Ty mapTTapbl aHbIKTanAbl. Ocbulaiiiia, CTyAeHTTEp OyJi TpUOOJIOTHSIHBIH
MaHBI3/Ibl FHUIBIMUA-TEXHUKAJBIK Cajachl €KEHIH TYCIHEl, OJ1 KbI3ABIPFBIIITHIH, a3
TEPMUSIIBIK ~ KOHJIBIPFBIHBIH ~ KYPBUIBICBIHBIH ~ €PEKIICNIKTEPIH  erKel-Terkeii
TYCIHAIPYA1 )KoHE KaObIHHBIH OHTAMIIBI PEKUMJIEPIH aHBIKTAY Il KaXKET €Te/Il.

by macenenep/ai miekeH Ke3/1€ CTYICHT KociOu JaF AblIapabl KalbITaCThIpyFa
BIKIAJl €TEeTIH TaHBIMIBIK (DYHKIUSHBIH TOH TOCUIIEPIH UrepeTiHl OalKamasbl.
CTyaeHTTep SKCHEPUMEHTTIK MOJIIMETTEpl OHACYIIH MaTeMaTUKaJbIK OHICTEpPIH
yHpeHel JKOHE OJIapAbl KECTENIK MAIIMETTEPMEH JKoHe ©Oacka aBTOpJapblH
JIEpeKTepIMEH calbICThipanbl. OchuUlaiiina, FbUIBIMA 3€pTTEYJiep MEH OUIIMHIH
MHTETPAIMACHl Ka3ipri 3aMaHFbl YHHBEPCUTETTIK OKBITY >KaFAaliblHAA €H TaHbIMAall
Oonamak (pu3uka MyranimaepiHig OipiH Jnaspiay yMITIH K€Hyre MYMKIHIIK Oepei.
byn xarmaiina Oa3zanblK koHE KOJadaHOANBl (DH3MKAIBIK OLTIMII IeJarordKaiblk
YHUBEPCUTETTIH OKY MPOIIECIHE MHTETPAIMsATIAy OChIFaH BIKIAJ €TETIHIH aTal eTyre
Oonazapl: GU3MKAHBI OKYFa JIETeH BIHTAHBI aPTTHIPY; OKY KATTHIFyJapbl Ma3MYHBIHBIH
Kyeni OediMIenyiH KakcapTy; OUTIM adylibLIapbsl OKBITY, 3epTTEY KoHE kolanay
KYMBICTAPBIH HHTETpaIUsyay; IeHe TOpOueci I 011iM 6epy pecypcTapbiH KEHEUTY;
THIHJIAYIIBUTAPIBIH KOCIOM JaFIbITapbIH KATBIITACTHIPY.

«Duzuka» MaMaHABIFEI OOMBIHINA >KOFaphl OUTIKTI FHIIBIMHU-TICAArOTUKAIBIK
Kaapiapasl Aaspiay SKOHOMHKA MEH KOFaMHBIH WHHOBAIMSUIBIK JaMybIH THIMII
’KY3€ere achIpyFa BIKIAJ €T€ OTHIPHIT, TEXHUKAIIBIK JKOHE 3USTKEPIIIK JaMy/1a MaHbI3 b
pen artkapaabl. Ockutaiiiia, O1311H 3epTTEYJEPIMI3IIH HOTHKEIEpPl OKY MpOleciHe
KOOAITBIK-3€PTTEY TEXHOJOTHICHIH €HT13y, COHBIH IIIIHJIE€ FBUIBIMUA 3€PTTEYJIEPAiH
HOTWKENIepl MEH TPHUOOJOTHSIAAFbl KAOBIHHBIH TEXHOJOTHSIIBIK OJICTEPIH 3EPTTEY
o/licTeMecl CTYACHTTEPre KaKEeTTI KOCIOM KY3IPETTUIIKKE KOJ KETKIZyre MYMKIHIIK
Oepetinin kepcerti. KocinTik »xoHe OutiM Oepy MIHIETTEpIH WIemyae OuIiM
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ATYIIBIIAPABIH KOCIOM JaFIbUIAPhIH KATBINTACTHIPY JKOHE (PU3HKAFa TOH KYHIBLUIBIK
YpAiCTEpl MEH MaKCaTTapbIH OCITICY dKYMBIC OEpyIILIEp MEH 9JIEyMETTIK KOFaMHBIH
KOKETTUTIKTEPIH €CKepe/Il.

byn xymeic KP BEFM 2021-2023 xbuigapra apHajgraH TPaAHTTBIK
KapKbUIaHABIPY >k00achklH icke aceipy meHOepinne (OKTH AP092259925) «Aca
KOFapbl MOJIEKYJISPIBIK MOJUATHIICH HETI31H/AEe KOPPO3UsiFa Kapchl *KaObIH KaryIblH
JKOFapbl THIMJI TEXHOJOTHACKIH 93IpJiey JKOHE EHTI3Y» TaKbIpblObl OOMNBIHIIA
OPBIHAAIITBI.
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