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MATMHUTTIK SKPAHIOAPbLI BAP EKI ©/1ILEMAI MATHUTTIK NPUSMALAFbI SAPAAOTA/IFAH
BO/ILLEKTEP WWOFbIHbIH ANHAMWUKACBIH 3EPTTEY

Byn wony makanacbiHAa MarHUTTIK aKpaHAapbl 6ap eki enwemai MarHUTTIK NpU3MaHbiH
CKaNAPAbIK MAarHUTTIK NOTEHUMANbIHbIH, QHANNTUKA/LIK BPHEKTEPI XaH-KaKTa cunaTtTanfaH. Eki
oNlemMai MarHUTTIK Npu3mManapblH, GU3MKANbIK *KoHEe acnanTblK cuMnaTTamanapbl e/lemci3
HbloTOH TeHAeYyNepiH, COHAAM-aK NPM3MaHblH MarHUT epPiCiH CMMATTaUTbIH HAKTbl aHAIUMTUKANbIK,
OpHEeKTepAi KONAaHy apKblibl CaHAblK Typae ecentengi. byn TaciAMeH MarHWT ©piciHiH
NHAYKUMACHI CKaNAPAbIK NOTEHUMANAbIH, TPAAUEHTI apKblabl ecentenedi, 6yn OHbIH, KeHICTIKTIH
SPTYPAI  HYKTenepiHae TapaiyblH /1971 »K9HE aWMKblH aHblKTayfa MyMKiHAK  Bepea;.
DNeKTPMarHuTTiK epicTepaeri 3apsaatanfaH benlweKkTepaiH, KO3FaabiCbiH CMMNaTTay YLLiH 6/1Wemci3
anddepeHUManabik TeHAEYNEePAl KONaHY CaHAbIK ecenTeynep NpoueciH eaayip KeHinaeteni
XoHe  mogenbaey  TUIMAININH - apTTbipadbl, ©WTKeHi  MyHAal TeHJey/ep  KaxeTcis
napamMmeTpaepaeH apbllyfa »KaHe HaTukenepai ambeban etyre MymKiHAIK Oepepgi. byn, o3
KeseriHae, ecenTeyaepaiH, *aansl TMIMAINITIH apTTbipabl, 0Napabl HaKTbl enlem bipnikTepiHe
OHE 3KCMEepPUMEHTTIK »Kardahnapra a3 Tayenadi etedi. HyprisinreH ecenteynep HaTUXKeciHae
TENeCcKONMANbIK GOKYCTay PerMMIHAE KYMbIC iICTEMTIH MAarHUTTIK 3KpaHaapbl 6ap eki enwemaj
MarHUTTIK NPU3ManapiblH KOPNyCKyAaibl-ONTUKANbIK KacMeTTepi Typasibl cananabl api CaHAbIK
MaNIMETTep afblHAbl, By HaTUXKeNep OCbl canafdafbl FblbIMM 3epTTeyaep MeH KonaaHbansbi
TexHonormanapabl o4aH api AaMbITy YLWIH MaHbI3abl.

TyiliH ce3gep: eki enwemai MarHWTTIK NpM3Ma, WETTIK epic, MarHWT epici, WoKTapabl
dokycTay, 3apaaTanfaH 6eneKkTep AMHAMUKAChI, MarHUTTIK aKpaHAaap.

S.U. Sharipov¥*, I.F. Spivak-Lavrov
K.Zhubanov Aktobe Regional University, Aktobe, Kazakhstan
*e-mail: sharipov _samat@mail.ru

Investigation of the dynamics of charged particle beams
in two-dimensional magnetic prisms with magnetic screens

This review article describes analytical expressions for the scalar magnetic potential of a two-
dimensional magnetic prism with magnetic screens. The physical and instrumental characteristics
of two-dimensional magnetic prisms are calculated using dimensionless Newton's equations, as
well as analytical expressions describing the magnetic field of the prism itself. With this approach,
the magnetic field induction is calculated through the gradient of the scalar potential, which
makes it possible to accurately determine its distribution at different points in space. The use of
dimensionless differential equations to describe the motion of charged particles in
electromagnetic fields greatly simplifies the process of numerical calculations, since such
equations allow you to get rid of unnecessary parameters and make the results more universal.
This, in turn, increases the efficiency of calculations, making them less dependent on specific units
of measurement and experimental conditions. As a result of the calculations, data were obtained
on the corpuscular-optical properties of two-dimensional magnetic prisms with magnetic screens
operating in the telescopic focusing mode, which is important for further research and technology
development in this field.

Keywords: two-dimensional magnetic prism, edge field, magnetic field, beam focusing,
dynamics of charged particles, magnetic screens.
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Vlccne,u,oaaHMe ANHaMUKUN NYYKOB 3apAXKEeHHbIX YaCTUL,

B8 ABYMEPHbIX MarHUTHbIX NPU3Max ¢ MarHATHbIMK 3KpaHaMU

B naHHOM 0630pPHON CTaTbe OMWCLIBAETCA aHa/IMTUYECKME BblPaXKeHUA ONA CKaNspHOro
MarHWTHOro NoTeHLMana A4ByMEePHOM MarHUTHON NPM3Mbl C MarHUTHbIMK SKpaHamu. dusmyeckne
M UHCTPYMEHTA/IbHbIE XapaKTePUCTUKU ABYMEPHbIX MarHUTHbIX MPUM3M pPaccyMTbIBalOTCA C
MCNONb30BaHNEM Oe3pasmepHbIX YpaBHEHMI HbioTOHA, a TaKKe aHaUTUYECKMX BblPasKeHWN,
OMUCBIBAIOLLMX MAarHUTHOE MoJjie camol MpuamMbl. [pyU Takom Noaxoae MHAOYKUMA MarHUTHOro
NOAA BbIYUCNAETCA Yepes rpafMeHT CKaNAPHOro NoTeHLUMana, Yto No3BoAseT TOYHO onpeaenunTb
ero pacnpegeneHume B pasHbiXx TO4YKax MNPOCTpaHcTBa. Mcnonb3osaHue 6e3pasmepHblx
onddepeHUmanbHbIX  YPaBHEHUA AN ONUCaHWA  ABMMKEHUA  3aPAMKEHHbIX  YacTul, B
SNEKTPOMATHUTHbIX MOAX 3HAYMTE/IbHO YMPOLWLAET MPOLECC YUCAEHHbIX PAacYeToB, MOCKObKY
TakMe ypaBHEHWA MO3BOAAIOT M3DaBUTHCA OT HEHYXKHbIX MapameTpoB W CAEeNaTb Pe3y/bTaTbl
6onee yHUBepcaabHbIMK. ITO, B CBOIO o4epe/b, NoBblaeT 3GpdEeKTUBHOCTb pPacyeToB, Aenas mx
MEHEee 3aBMCHMMbIMM OT KOHKPETHbIX € AMHUL, U3MEPEHMSA U YCI0BUMN IKCNEPUMEHTa. B pesybraTte
NpOBeAEeHHbIX pacyeToB OblM MOAYYEHbl AaHHbIE O KOPMYCKY/ISPHO-ONTUYECKMX CBOWCTBaX
[BYMEPHbIX MarHUTHbIX MPU3M  C  MarHUTHbIMW  3KpaHamu, paboTalolwmx B  peskume
TENECKOMMYECKON (GOKYCMPOBKM, YTO BaHO 414 Aa/bHEMWUX WCCAedO0BaHWMA W Pas3BUTUA

TeXHO/I0TUI B 3TOM obnacTw.

Knioyesble cnosa: ABYMEpPHAA MarHMTHaAa NpuM3mMa, KpaeBoe TMoJjie, MarHMtHoe noJie,
d)oxycmposxa My4YKOB, ANHaMMKaA 3aPAXKEHHbIX YaCTUNL, MarHUTHbIE 3KPaHbI.

Kipicne

Exi enmemM/ i MAarHUTTIK IpU3MalIap IPU3MAITBIK
MarHuTTIK Macca XoHE OeTa-CIeKTpOMETpIepae
ayBITKYIIBI TIpH3Majiap Kyieci peTiHae KOJIaHbI-
Jaapl. MyH/Ial CIIEKTPOMETPJIEp cXeMachl OOMBIHIIIA
MPU3MANBIK KapBIK-ONTHKAIBIK CIIEKTPOMETpIIepre

ykcac. Omap KOJUTUMATOPIBIK JKoHE (POKYCTHIK
muazamapmen [1-5] kabaeikranraH. MarHUTTIK
MpU3MaHbIH ~ Macca MEH DJHeprusi  OoMbIHIIA

OYpBIIITHIK JUcIiepcusuiapbl Oipaeii sxone D' e,
NPU3MAaJIbIK AaHAIN3ATOP/ABIH CBI3BIKTBHIK JAWCIIEp-
CHACHI KeJieci opMyIIaMeH aHBIKTala Ibl:

D =D'f,, 1)

myHgarel f, - ¢okycraymisl aHH3aHBIH (OKYCTBIK
KalbIKThIFbl. COHABIKTAH MPU3MANIBIK KYPbUIFBIHBIH
CBI3BIKTBIK JTUCTICPCUACHIH JNHH3aHBIH T2 (HOKYCTHIK
KAIIBIKTBIFBIH ~ YJIFANUTYy  apKbUIBI  MPU3MaHbBIH
CBI3BIKTBIK OJIIIEMICPIH YJIKEHTIeH-aKk apTThIpyFa
0oabl.

Exi enmmiemMai MarHMTTIK OpuU3Mayap MarHUT
OpPICIHIH aHTUCUMMETPHUSIIBIK JKa3bIKThIFbI OOJIBII
TaOBLIATBIH OPTaHFbI XKa3bIKTHIKKA He. byl sxarnaiiga
€Ki eJIIeMJi MarHWTTIK TPU3MaHbIH MAarHUTTIK
TIOJTFOCTEPl  ACKAPTTHIK OCHTEPIiH OipiHIH OaFbITHI
OOMBIHIIIA €I0Yip CO3BUFaH, aUTAIBIK Z OChl OOJICHIH

(1-cyper).

CoHplbIKTaH 3apsiiTanFaH OeJIIIEKTep IIOFBIHBIH
KO3FaJIbIC aliMarblH/Ia MPU3MAHBIH MArHUT O©PICi TEK
Oacka eKi JeKapTThIK KOOpJIWHATKa OaillaHBICTHI
Oonanpl. [Ipu3MaHbBIH OpTaHFBl  KA3bIKTHIFBIH/IA
KO3FaJaThlH 3apsiITAIFaH OOJIIEKTEePIiH Hapauiesb
JKa3bIK OIPTEKTI MIOFBI MPHU3MAJIAH AYBITKUIbI JKOHE
OeJiekTep TPACKTOPHSICHIHBIH colikecTirine
OaiinaHBICTHI OJ]aH MapasuIeib mbFaael. OchUTaia,
€Ki eJIeM i MarHUTTIK MpU3Malap/ia Macca Hemece
dHeprusi OoibIHIIA O6NIiHTeHHEH KeWiH OpTaHFhI
JKa3bIKTBIKTa KO3FaJaThlH 3apsTajifaH OeJIIiek-
TepIiH JKa3plK Mapajuiesib OIPTeKTI LIOFBIHBIH
napajenpairi cakranaiasl. KejemJik NIOKTapbIH
MapauIebAUIITNIH CaKTay TEIECKOMUSUIBIK IIapTThI
OpBIHJIAY apKBUIBI KAMTAMAChI3 €TLIe/I.

a ~

1-cyper — Exi emmeMii MarHATTIK TIpHU3Ma
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Exi enmemai MarHUTTIK mpu3Manap KenTereH
xymbictapaa [6-10] kapacTeipbuiaasl. Anaiiaa, ocsl
JKYMBICTApABIH OapJIBIFBIHIA €Ki OJIIIeM i MAarHUTTIK
MIPU3MAaHBIH MarHduT ©pici BEKTOPJIBIK ITOTCHIUAIIBI
KOJIJaHa OTBHIPBINl CHIATTANaibl, ajl MAarHUTTIH
LIETTIK ©picTepiHiH acepi ecKepinMeii.

Exi emmemmi MarHuTTIK TPHU3MAHBIH IIETTIK
epicrepi ISIOS cranmapTThl OarmapiiaMachbIHBIH
keMmerimeH [11] skymbicTa opweiHAanabl. [lereHMeH,

3eprTey aaici

[12-16] xymBIcTapaa Kepre TYMBIKTaaFaH €Ki
JKpaHbl 0ap JeQIEKTOPIBIK  TUIACTHHAJIAPIBIH
CKaJIAPJIBIK INOTCHIIUAJIbI YHllH AHAJIUTHUKAJIbIK
OpHEKTep albIHIbl. YKcac OpHEKTepAi MarHUTTIK

ny
(a2 —1) cosT

MarHUTTIK IPU3MaHbIH LIETTIK OPiCiHIH Oy cuIaTTa-
Machl TOJBIK eMec. B MarHuT HHAYKIHS BEKTOPBIHBIH
—

pOTOpBI HOJTE TEH aliMakTa MpU3MaHbIH B MarHut
OpICIHIH HHAYKIMACHIH @ CKalsAp MAarHuTTIK
MOTEHIIMANIBIH TPAJAWEHTI peTiHxe aHBIKTayFa
Oomnanubr:

B=—gradw=—Vaw. 2

dKpaHIapel 0ap €Ki eJIIeMIi MarHATTIK TPHU3MaHbIH
CKAJIAPJIBIK MAarHUTTIK MoTeHIMansl @ (X,Y) yurin

JIe KOJIZIaHyFa 00JIaIb;

(a2 —1) cos ™Y

o(X,y)= % arctg

MYHIaFbpl  + —  MAarHWTTIK  TIOJIOCTEPHiH

N O

moTeHnuanbl, O — MarHWTTIK  HOJIOCTEPIiH
apaKaIIbIKTBIFBI )KOHE @ MTapaMeTPi MbIHAFaH TCH;

a=exp (27[—(:} (4)

2a cosh %X— (8% +1) sin

d ©)

—arctg — _
2a cosh i (a +1)sin o

Ty
d

MYHIAFbI | — X 0Chi GaFBITBIHAAFEl MATHHUTTIK MTOJTFOC-
TEpIiH €Hi, Z 0Chi OaFBITBIHIA MOIOCTEP JKETKUTIKTI
CO3BLIFaH JIEN ecenTeNe i, Oy 3apsAaTaaFaH OeieK-
TEPJIiH KO3FaJIbIC aliMaFrbIH-aFbl OPICTIH €Ki 6JIIIeM-
JIJTTIH KaMTaMachl3 eTelli. DKpaHiapsl O0ap eki ei-
IIeMJli MAarHATTIK MPU3Ma KOHE COWKECIHIIe JIeKapT-
THIK KOOPIMHATTAP JKYyHeci 2-CypeTTe CXeMajbIK
TYp/i€ KOpCETiNreH.

¥
() [0/ fo/li) ()

l

* —1/2 /2
d
|
0 x
—1/2 /2
¥
Co -2 2 Co

2-cypet — MarHutTik 3kpanuapbl 6ap D2 MarHUTTIK MPU3MaHBIH CXeMaJbIK CYpeTi

2-cyperte Cy=0 NOTEHIMANbl 0ap MarHMTTIK

dKpaHIap JKIHINMIKE CBI3BIKTAPMEH, ajl MAarHUTTIK
TMOJIFOCTEP KAJIBIH ChI3BIKTAPMEH OCHHEICHTCH.

(3) mubdepenumangay apkpuibl B(X,y) Martut
WHIYKIMS BEKTOPBIHBIH Kypaymsuiapeia [17, 18]
TabambI3;
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Atitaneik, Bo — marautTiH 1nentpigge X =y = 0
Ke3leri MarHuT epici WHAYKIUACHI IaMachIHBIH
CHIAaTTaMabIK MOHI OOJICBIH, OHBI, MEICAJIBI, XOJI
ecenTerinmMeH enieyre 6omasl. (7) colikec ancak;:

Za(a2 —1)cos Y Vsinh | 7 x
B _ do  C d d
= — = ——— _
Ox 20 4a2c0sh? Fx 4a(a +1)cosh( jsin (”yj—Zazcoshy +a*+1
d d d d
Za(a2 —l) cos(”yj sinh (7[ xj
3 d d > (5)
4a2cosh? % x +4a(a +1) cosh( jsin (7[ y)—Za2 cos % y+a+1
d d d d
4
sin a -1
o Bl Rl O s
y=———= _
oy 21,4, chzax 4a ( jsm( j 2a2c052d”y +a*+1
a —1 [ jsm[ j+a4 -1
_ 5 : (6)
4a2ch? ™ x+4a(a +1)ch( jsin(yj—Zazcos”y +at+1
d d d d
Ca

ITpu3MaHBIH OPTAHFBI JKa3bIKTHIFBIHIAFEl MAaTHUTTIK ‘By (0-0)‘ =By = q 271 (8)

WHAYKIMSHBIH Tapadybl MBIHA OPHEKIEH aHbIK- a +

Tajaaabl: - o o

Onma Vw / B, = B; epHeri B; ejiieMci3 Mar{uT
c (a4 3 ) OpiCiHIH MHAYKIMACHIH aHbIKTaiapl. 3-cyperte (7)
B, (x,0)=B, (-x,0) =—— () dopmysna OoiibiHima ecenrenred |/d = 6 GomarsiH
4a cosh2 ( 2 1)2 npu3Ma YIIiH €Ki eJIIeMJli MarHUTTIK MPU3MaHbIH

OPTaHFbI JKa3bIKTBIFBIHAFGI OJIIIIEMCI3 MAarHUT Opici
WHIYKIMSCHIHBIH Tapanybl KepceTiireH. by cyperre
€Ki eNmemai MarHWTTIK TpPU3MaHbIH OPTAaHFBI
JKA3BIKTHIFBIH/IAFE]  IIETTIK  OPICTePAiH  Tapalybl
KepceriireH, opauHata oci OoibiHma  Biy(X,0)
[IaMAachl CaJIbIHFaH.

0.2 B|y(X, 0)

D

-0.2 4

-0.4 4

-0.6 1
-0.8 1

H

1.2 -

3-cypert — |/d = 6 GomaTeIH eki oJIIIeM/Ii MATHUTTIK IPU3MaHBIH OPTaHFBI KA3bIKTHIFBIHA OJIIIEMCI3
MarHuT epici MHIYKIUSACHIHBIH TapaTybl



MarHuTTiK aKpaHaapbl 6ap eki enwemai MarHUTTiK NpM3Maaarbl 3apaaTanfaH benweKkTep ...

3epTTey HITHIKETEPi MEH TAJKbLIAY

Exi exmem/i MarHUTTIK IpU3MaIapaarsl 3apsii-
TaJFaH OeJIIeKTEeP/AiH TPACKTOPHUSICHIH eCenTey YIIiH
AJIEKTpP epici OomMaraH Ke3zeri keneci HbIOTOHHBIH
©JIILIEMCi3 TeHAeYJIePiH KONJaHaAMBI3:

K2B,

1H1+gii1+7i’

K 2B,

J@+e)Lrr)

Z-_K(XBIy_yBIX)

1Hl+gii1+;/5

MYHJIaFbl HYKTEJIEp 7 OJIIEeMCi3 yakbIT OOWbIHIIA
QIBIHFAH OJIIIIEMCi3 KOOPAWHATTAPIBIH TYBIHIbLIA-
peIH Oinpmipeni, K — caHIBIK MoHI ecenTey mporieci
Ke3iHJe TaHJaJaThlH eJIIeMci3 TypakTel. Cummer-
pUSUTBL  OCBTIK TPAaeKTOPHUSICHI Oap Mpu3Maapabl
KapacTeIpyMeH Iekteneiik. On yIIiH MarHWTTIH
opracbinga y = 0 xone X = 0 Oosranga §y=7=0

(©)

MaHi O0JICBIH, anl X =,/ 2 . Onna (8) caiikec K Typak-

TBICBIHBIH MOHI KeJleCi OpHEKIICH aHbIKTaJIa Ibl:

_J2d

Ro

(10)

HIbemaa na, y =& =0 0OJIATBIH MIOKTBIH OCBHTIK

TPAGKTOPHUSCHI XZ MpPHU3Ma JKa3bIKTHIFBIHAA JKATKaH
’a3bIK KUCBHIK OOJaJbl, OHBIH KHCBHIKTHIK pPaJUyChl
YIIiH KeJeci Oenrini GopMyiaHsl xka3yra 001ab:

3

.2 215

X +2°)2

R :ﬁ—L . (11
|xZ-%2]|

Ocsl popmynara y=2=0 xoHe x:ﬁ KOS OTBI-

pHIT, Kemeci GopMyJIaHbl allaMbl3:

Ry =— . (12)

z

(9)-Tenneymeri yImHIm TeHAEYII MaiiIaTaHbII KOHE
MarHMTTiH IEHTPiHIEe B, y (0,0)=1 €KeHIH ecKepe

OTBIPBII, KeJIeCl TEHACY/I1 Ka3aMbI3:

7=xK, (13)

(13) monin (12) opHBIHA KOMBII, eieMci3 GipIik-
TepJi alampl3:

Ro_x _+2

d K K

(14)

TypakTel MarHUT ©pPIiCIHIE 3apsSATaaFaH OOJIICeKTIH
KO3FaJIbICHl Ke3iH/Ie KBbULAaMIBIK MOy e3repMei-
TIHIH €CKEpy KaXeT, COHIBIKTaH KeJeCci KaThIHac

OpbIHAAIAbI:
4x2+y2+22=J§.

By xarmailima MarHWTTIH OpTAacHIHAAFHl "OpTAIHIK'"
OONIMEKTIH KbUIJAM/IBIFBI JHEPTHSHBIH CaKTaly
3aHpIHA COHKEC KeJeTiH OpMyaMEeH aHBIKTala bl

d
o :‘Jéi;;'=

(15)

2 eVO . (16)

C

I/[d = 6 OonarelH mpH3Ma YVIINiH OOJIICKTEPIiH
TPACKTOPUSIIAPBIH CAHJIBIK €CEeNTey HOTIKenepi 4
JKOHE 5-CyperTeplie KepCeTIreH. 4-CypeTTe MarHuT-
TIK TOJNIOCTEPIiH IIeKapaiapsl, coHmai-axk ¥ =0
y=%0,01
MPU3MaHBIH OPTAHFBI )Ka3bIKTHIFBIHIAFbI OOIIICKTEP-
JIiH TPaCKTOPHUSICHIHBIH MPOCKIUSIAPl KOPCETIITeH.
BenmexrepaiH MarHMTTIK TONIOCTEPMAIH IIeKapa-

JKOHE OomaTelH ymI Macca YIIiH

ChbIHA TYCY OYpBIIIBI & =52502°.
MarHuTTiH LEHTPIHJCTI TPAaCeKTOPUSHBIH KHU-
CBIKTBIK paauycsl 0 Oipiiridme Ro /d = 3,7813-ke

TEH, OYJI MPU3MaHBIH TEJICCKOMMSIIBIK CUITAThIH KaM-
TaMachI3 eTejli. belmekTep i TpaeKTOPHSICHIHBIH XY
JKa3BIKTBI-FEIH/IAFBl TIPOEKIUACH 4-CypeTTe Kepce-
TinreH. MyH-7a OejimekTep mpu3Mara Kejodey Kipren
Ke3jie 0eJIIIeKTep MarHUTTIH OPTAChIH/IA ChI3BIKTHIK
¢doKyc  Ty3il, OpTaHFBl JKa3bIKTHIKKA  Kapai
dokycramansr [19]. Byn skarmaiiia TpU3MaHBIH
TEJIECKONUSIILIK CHITATEl KaMTaMachI3 eTiaedi, ai
mpu3Mara KipeTiH Hapajielib KeJeMIl IIOKTap OJaH
IIBIKKAH Ke3J1€ 1€ Mapauieib OOJIBIN Kalabl.
CyperTeH TEJIECKONUSIBIK IIapThl OPTAHFbBI
XKa3pIKTBIKTaH +0,15d aypITKy Ke3iHIe 1 YKaKChI
OpBIHJIANATHIHBIH Kepyre Oomanel. Macca OoibIHIIA
MPU3MaHbIH OYPBITITHIK JTIUCTIEPCHSICHI
D), =tga=13, on ecenrey HOTIXeIEpIMEH KOHE
[20, 21] nepekTepiMeH >KakKChl CoHKec Kememi.
v =%0,01 maccaHbIH caabICTBIP-Malbl aibIpMalbI-

JIBIFBIHIIA OOJIIIEKTEPAIH OYPHIII-THIK aJIIIaKThIFbI
Ao =D y=10,013 pax @

arHH, 4-cypeTTe Oalikayra OomaTeiH Oip rpamycral
oI as.
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®1 z/d
4 -
/Z—
(6]
-6 -4 -2 0 2
-2 -
4 -

4-cypet — |/d = 6 GonaTelH NpH3MaHBIH OPTAHFBI KA3bIKTHIFBIHIAFBI OOIIIICKTED TPACKTOPUSICHIHBIH
MIPOCKIHSIIAPEI

0.2 + y/d

0.15 -
0.1 -

0.05 -

-0.05

-0.15

x/d

5-cyper — I/d = 6 GonaThiH pu3Ma YIIiH XY jKa3bIKTHIFBIHIAFbI OOJIIEKTEP TPACKTOPHUSICHIHBIH MPOCSKIIUSICHI

Op typui |/d xareiHactaper Gap exi emmemi
MarHUTTIK TPU3MaNapasl €CENTey HOTIKEIEpl Te-
MeHzaeri  l-kecrene  kepceruiren.  JKorapeima
KOPCETUITeH MATIMETTEep/IcH OapIbIK MpHU3MaIapablH
Macca MEH OJHEprusichl OOMBIHIINA €Ki eJIIeMI
MarHUTTIK TPU3MaIaPAbIH OYPBIIITHIK AUCIEPCHSICHI
nramMameH OipJeit sxone 1/d kaTeiHACKIHA TOyem Il eMec
eKeHIH Kepyre Oonansl [22-25].

Ennl ambiaFaH HOTWKEISPAiH OMOCOANTHIFBIH
Kepcerelik. Herisri HoTHKe MarHUTTIH IEHTPIHJCTI
OCBTIK TPACKTOPHUSHBIH KHUCHIKTBIK PAIMyChl OOJBIM

taObutazgpl. I/d = 6 ke3zeri mpu3Ma yIIiH KaTblHAC:
R,/d =3,7813.

_y2mcle Vol (18)

°" JeBo

(18) dopmynaceiHaH ~ TamAaHATBIH ~ MACCAHBIH
[IaMachl KelleCl OpHEK apKbUIbl aHBIKTATIATHIHEI
IIBIFA]IbL:

© 2025 Al-Farabi Kazakh National University



MarHuTTiK aKpaHaapbl 6ap eki enwemai MarHUTTiK NpM3Maaarbl 3apaaTanfaH benweKkTep ...

(By)? (ROTdZ |

m = d

. (19)
2eV,

(19)-dbopmynackiH KoNgaHa OTBIPBIMN, TalJAHATHIH
Maccanbl ecentermiz. Mpicanel, Bo = 1 T, eVo=4
k3B, momocapaneik canpuiayabiH mamaceia d = 0,01
M, MacCaHbIH aTOMJBIK Gipiirin Mg = 1,6605-1027 kr
KOJIJIaHa OTBIPBII, KEJIeCi TCHITIKTI allaMbI3;

KopbIThiHABI

Exi emmreMmi MarHWTTIK — OpH3MalIapAbIH
(U3MKaNBIK  JKOHE  acHanThlK  CHITaTTaMaliapbl
HeroToHHBIH =~ emnmieMci3  TeHIEyJlepiH  JKOHe
MIPU3MaHbBIH MarHuT epiciH CHUTIATTaNTHIH
AHAIUTUKAIBIK ~ OPHEKTEPAl  KOJJaHy  apKbLIbI
ecenTeneai. byyn kaFdaiija TPU3MaHBIH MAarHUT
OpICIHIH HMHIYKIWSCH CKaJSPIBIK MOTEHIIHAIIBIH
TPaIMEHTI PETIHAC ecemnTeeai. DIeKTPOMarHUTTIK

epicreperi 3apsAATaIFaH OeIeKTep iy
19 4\ ) ) KO3FaJIbICBIH cHUImaTTay YILiH ©JIIIIEMCI3
m, _ (1,602 10 7191) 3(3,7813) 0’%} —-68,97.(20) 1mddepeHIHATIBIK TEHICYIePai KOIJAaHY CaHJIBIK
m, 2-1,602-107°-10°-1,6605-10 ecenTeyNepal KYPri3yi )KeHIIACTEe Il )KOHE aIbIHFaH
ecenTey HOTIKEeepiH aMOe0an eTei, SFHU MaHbI3 bl
l-kectre — Exi emmemMai  MarHWTTIK €MeC TIapaMeTpiep/di allblll TacTayFa MYMKiHIIK
MpU3MaNapibl €CENTey HOTHKENepi Ocpeni. TenmeckomusulblK  (POKYCTay PEKUMIHJC
MarHUTTIK 3KpaHIapbl 0ap eKi enmeMJi MarHUTTiK
o MPU3MaTapIbIH KOPITYCKYJIATbI-ONTHKATBIK
I/d K Ro/d o, pan rpazyc D KaCHETTEP1 ECEITEN].
4 | 0,5700 2,4811 0,9375 | 53,717 | 1,362 AJIFBIC
6 | 0,3738 3,7833 0,9163 | 52,502 | 1,303
8 | 02780 | 50871 | 09048 | 51841 | 1,273 Kymic KP FKBM FK JKTH AP23486969
10 | 02214 6,3876 08991 | 51,515 | 1,268 «OTKI3rim JIOHTEIIEK UATUHAD HET131H1€e
12101830 | 77279 | 08889 | 50932 | 1,232 aHTUPE30HAHCTHI MYIBTHIONBAIK  KYHeIepai
16 | 0,1364 | 10,3681 | 0,8813 | 50,497 | 1,213 i P . KoMy A . g pA
20 0,1088 12,9983 0,8778 50,294 1,204 A31pJICY QHC MOJCIIBALCY>» FbUIbIMH 00AaCBhIHBIH
30 0’0722 19,5875 0,8723 49,978 1,191 TPAaHTTBIK KapKbUIAaHABIPYBIMCH OPbIHAAJIIBI.
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TETPAKBAPK ME3OHHbIH, BAMTAHBICKAH KYIIH, KACUETTEPIH CUNATTANTbIH
PENATUBUCTIK KBAPKTbIK, MOZEN!

Kasipri 3amaHfbl A4POMbIK KOHE »KOfapbl 3HeprMa ou3MKacbiHAa aapPOHAAPAbIH, iWKi
KYPbINIbIMbIH TYCIHAIPY MaHbI3abl macenenepdid, 6ipi 6onbin Tabblnaabl. COHFbl Kblagapbl
3epTTeNin Kene »aTKaH 3K30TUKabIK aapoHaapasiH 6ipi — X(3872) me3oHbl. bya benllek anfalu
peT 2003 »binbl Belle TaxipnbeciHae TabbinraH »KaHe Kasipri KyHre AeiniH OHblH TabufaTbl Typasbl
HaKTbl TYXKbIPbIM KasbinTacnaraH. Kasipri TaH4a eH Kbi3blKTbl cypakTapabliH Oipi — X(3872)-
Me30HAbl TyCiHAipy Maceneci. On D°D%GainaHbickaH Monekyna peTiHae, He 6oamaca
OMKBapKTapAblH OannaHbiCKaH Kyii 6onbin TabbinaTbiH TETPaKBapK pPeTiHAe KapacTbipblaadbl.
X(3872) me3oHbIHbIH, KacueTTepiHe KaTbicTbl Belle, BaBar, CDF »aHe D@ Kkonnabopauuanapsbi
APKbI/bl a/IbIHFAH 3KCMEPUMEHTTIK KoHEe TeopUANbIK 3epTTey HaTMXKeNepi KbiCKalla KepceTing,.
Bi3giH KymbicTa X(3872)-me30HAbl TETpaKkBapK PeTiHAE KapacTblpbin OHbIH, biablpay eHaepi
ecenTenai. AopoHAapAbliH onapabl KypanTbiH KBAPKTApMeEH TUIMA| 9peKeTTecyiH cMnaTTalTbiH
PENATUBMUCTIK NarpaHxmaHaap KapacTbipblaapl. KBaHTTbIK ©pic TEOPUACHI ascbiHAa HBalnaHbICKaH
KyMnepai cunattayaa TMiMmai Kypaa 60bin TabblaaTbiH OaNaHbICTbIbIK LAPTbIHbIH, aHbIKTAMAaCh!
6epinai. ®usnkanblk yaepictep amnanTyaanapbiHAa KBapKTapAblH nanga 6onybiHa calikec
KeneTiH Ke3 KeareH TabanablpbiKTblK epekweniktepaid, 6o0/mayblH KamMTamacbl3 eTeTiH
NHPPaKbI3bI KOHGANHMEHT YFbIMbl €Hri3ingi. p(w) *aHe D apanblK Kynaep apKbljibl *KypeTiH
X->J/Y+2n(3m) skoHe X>D%+DY+m° bigblpaynapapiH, eHi ecentengi. X(3872) Me30HbIHbIH,
O/eMiH CMNATTalTblH NapaMeTPAiH aKblifa KOHbIMAbI MaHAEpPiHAE TeopuANbIK ecenTeynep
3KCNEPUMEHTTIK AepeKTepMeH CaMKec KeneTiHi aHblKTanabl. byn aHanu3  KBapKTapAbiH,
KOHQAMHMEHTIH ecKepeTiH PensTUBUCTIK KOHCTUTYEHTTIK KBapKTIK Moaenb weHbepiHae
Ryprizingi. 3eptrey HaTuKenepi X(3872) Me30HbIHbIH, iLLKi KYPblIbIMbIH TEPEHIPEK TYCiHYre KaHe
KenKBapKTiK »KyMenepai cunatrayfa apHanfaH bonallak 3epTreyaepre Heriz 6ona anaapl.

TyliH ce3nep: TeTPaKBapK, ME30H, KBapK, PEAATUBMUCTIK YT, MaTPULANbIK 31EMEHT.

S.A. Zhaugasheva, G.G. Saidullaeva*, E.S. Baktygereeva
Al-Farabi University of Kazakhstan, Almaty, Kazakhstan
*e-mail: saydullaeva.goziyal@kaznu.kz

Relativistic quark model for describing the bound state properties
of a tetraguark meson

In modern nuclear and high-energy physics, the explanation of the internal structure of
hadrons is one of the most important problems. One of the exotic hadrons studied in recent years
is the X(3872) meson. This particle was first discovered in the Belle experiment in 2003 and still
has no clear idea of its nature. One of the most interesting issues for today's day-X(3872) - this is
the problem of interpreting the Meson. It is considered as a molecule associated with unsaturated
energy, as a tetraquark, which is associated with the existence of dikvarkov.The experimental and
theoretical studies of the X(3872) meson property, which were obtained in the collaborations of
Belle, BaBar, CDF and D@, are briefly described. In our work, we considered the X(3872) meson
as a tetraquark and calculated the decay width It has been established that the X(3872) meson is
not a diquark molecule, but is precisely a tetraquark structure. Covariant Lagrangians describing
the effective interaction of hadrons with their constituent quarks are discussed. A definition of

12 © 2025 Al-Farabi Kazakh National University
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the connectivity condition is given, which is an effective tool for describing bound states in the
framework of quantum field theory. The concept of infrared confinement is introduced, which
ensures the absence of any threshold singularities corresponding to the birth of quarks in the
amplitudes of physical processes. The widths of the decays are calculated: X=>J/(+2mr(31) going
through the intermediate states p(w). For reasonable values of the parameter that characterizes
the size of the X(3872)meson, agreement with experimental data was found. This analysis was
carried out within the framework of the relativistic model of constituent quarks, taking into
account their confinement. The results of the study can become the basis for a deeper
understanding of the internal structure of meson X(3872) and future research on the description
of multi-quark systems.
Keywords: tetraquark, meson, quark, relativistic model, matrix element.
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PenAaTneBMcKaa KBapKOBaA Moaesb ANa ONMcaHuA CBOMCTB CBA3AHHOIO COCTOAHUA
TETPaKBAPKOBOIo me3oHa

B coBpemeHHOM spepHon dusnke n GU3MKe BbICOKUX SHEPTUn 0ObsICHEHWE BHYTPEHHEN
CTPYKTYpbl aZlpOHOB ABAAETCA OAHOM M3 CamblX BaKHbIX npobnem. OAHUM U3 3K30TUYECKMX
apPOHOB, M3y4aeMblx B nocaeaHune roabl, asnderca X(3872)-me30H. 3Ta yactuua bbina BNepsbie
obHapykeHa B akcnepumeHTe Belle 8 2003 roay u A0 HAaCTOALLErO BPEMEHM HE MMEET YeTKOro
npeacTasneHuna o ee npupoae. OAMH 13 CaMblX MHTEPECHbIX BOMNPOCOB Ha CEroAHALWHNI AeHb —
X(3872) 310 npobnema wuHTepnpeTauuMm mesoHa. OH paccmaTpuBaeTca MO0 Kak CUABHO
CBA3AHHAaA MOJIEKY1a C HECKOIbKMMM SHEPTUAMM CBA3K, MO0 KaK TETPAKBAPK, KOTOPbIM ABASETCS
CBA3aHHbIM COCTOAHMEM AMKBAPKOB. KOPOTKO N310KEHbI 3KCNEPUMEHTA/IbHbIE N TEOPETMYECKME
nccneaoBaHMA cBoicTBa X(3872) me3oHa, KoTopble nosyyeHsbl B Konnabopalumsax Belle, BaBar,
CDF 1 D@. B Hawem paboTe Mbl paccmoTpusanu X(3872) Me30H Kak TeTpakBapK M BblYUCAWM
WKnpKnHy pacnaga. ObcyxkaeHbl KoBapWaHTHble farpaHMuaHbl, onucbiBatolimMe 3ddeKTUBHOe
B3aMMOAENCTBME afIpOHOB C WX COCTaBAANOWMMM KBapKamu. [laHO onpeaeneHue ycnosua
CBA3HOCTU, ABAANOWErocA 3PGEKTUBHBIM MHCTPYMEHTOM A1 ONUCAHMUA CBA3AHHbIX COCTOSHUIA B
paMKax KBaHTOBOM Teopuu noad. BeegeHO MNOHATME WMHPPaKpPacHOro KoHdalMHMEHTa,
obecneymBalolWero OTCyTCTBME  /ODObIX  MOPOroBbIX CUHTYAAPHOCTEM, COOTBETCTBYHOLLMX
POM/IEHMIO KBAPKOB, B aMMNIMTyAax GU3MYECKMX NMPOUECCOB. BbluMCAEHbI WIMPUHBI PacnajoB:
X=>J/Y+2n(3m), noywme vepes NpoMEKyTOUYHble COCTOAHMA p(w). ANA pasyMHbIX 3HaYEHWI
napametpa A , KOTOpbIV xapakTepusyeT pasmep X(3872)-me3oHa, 6bl10 HallgeHO cornacue C

3KCMEPUMEHTaIbHbIMW AaHHbIMUK. [laHHbIA aHanM3 Obin NpoBeAéH B PamKax PensaTUBUCTCKOM
MOZENN KOHCTUTY3HTHbIX KBAPKOB C Y4ETOM MX KOHPaMHMeHTa. Pe3yabTaThl MCCaeqoBaHMUA MOTYT
CTaTb OCHOBOW A1a 6osnee rnyboOKOro NMOHMMaHUA BHYTPEHHEW CTPYKTypbl me3oHa X(3872) u
ByayLLMX UCCAeA0BaHMIA MO ONUCAHWIO MHOTOKBAPKOBbIX CUCTEM.

KnloyeBble C/0Ba: TeTpaKBapK, ME30H, KBapK, PeNaTMBUCTCKAA MOAEeNb, MaTPUYHbIN
3N1EMEHT.

Kipicne

Kazipri yakpITTa OnNeMHIH XaJlbIKapajblK ipi
FBUIBIMH OPTAIIBIKTAPBIHIA aJIPOHAAPBIH KYPBUIbI-
MBI, KQJIBIITACYHI )KOHE ©3apa SPEKEeTTECYl KapKBIH/IbI
3eprrenyne. KapanaiieilM KBapK-aHTHKBAapK KoOHE YIII
KBapKTHIK chI30achIiHa colikec KEJIMECHUTIH
9K30THKAJBIK aAJPOHIAp EpEeKIIe KbI3BIFYIIBIIBIK
TYIBIPAJIBL.

COHFBI OHXKBUIIBIKTAP/A JKOFAphl DHEPTUSIIAP
¢u3nkacbiHaa OipKaTap TaHFAJIAPJBIK YKaHAJIBIKTAP
opeiH anael. ConbiH Oipi — 2003 sxbutel JKanonus-
narel KEKB ynertkimn werizinzgeri Belle toxipu-
Oecinme aHbIKTaNraH >aHa Oemmek — X(3872). by
oemmekrep XYZ gereH arayra wue  OOJIBL
ATNFamKeIIa 01 K9AIMI1 ME30H TOpi3/li KOpiHTeHIMEH,

13
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TEpeHIpeK 3epTTeyiep Oysl OOIIIeKTIH KaparmaibiM
KBapK-aHTHUKBAPK KYOBIHAH TYPMaNHTBIHBIH KOPCETTI.
By - 3K30TUKATBIK KYH.

X(3872) — oyn Tap

B* - K'z 7 J |y peakuuscel kesinge 2003 Kbkl

oTC PE30HAHC,

Belle Oipmecken xymbicbiMed [1] ambuiael. byn

pesoHanc z 'z J/y TyYpiHE BIIBIPAHIBI KOHE

m, =3872.0+ 0.6(cmam) + 0.5(cucm) M5B maccacel-

Ha me Oomanmel, on D sxome D* mesonmap mrerine
KakpiH: M, +M ., =3871.81+0.25M>8 /MaB [2].

Omnsi eni 90% cenimainikmen 2.3 MaB-ten acnaiipt
— Oy eTe a3, sIFHU OJIIIEK CaJBICTHIPMAIIBI TYPIE
y3ak eMip cypeni. by kyiiai ken y3amaii BaBar [3]
IEH pp -COKTBIFBICY Konobapanusichl apKbuibl CDF
[4] xxone DO [5] Toxipubenepinmeri TeBaTpOHIAFEI
depMu 3epTXaHaChIHIA PACTAILBL.

Kagipri xesre neiiin »acainraH eH HaKThl Macca
enmey 6onsin M, =3871.61 =+ 0.16 = 0.19 M»sB

Tabputamel  [6,7].
opTaiia Macca MoHi

[4]-KyMBICBIHIA KENTipinreH

M, =3871.61+0.22 M>B (1)

Belle [8] xone BaBar [9] xommabGoparusiiapst
KYprisreH Oakputaynmap HoTwkeciHme X(3872)
OemIeTiHIH X (3872) —> J [y y KYHiHE bLIBIPAYBI
pactanabl. ConbiMer katap, CDF [10] akcriepuMeHTi
asICBIHJA JKYPri3iireH OyYpBINTHIK Tajmmaymap Oyl
0eJIIIeKTIH KBaHTTHIK CaHIaphl JPC=1*" memece 2°*
00JIybl MYMKIH €KEeHiH KOPCETTi.

Keiiinipek, Belle xone BaBar [11, 12] komna-
OopanusutapMeH Oipre OHBIH bIIBIpay apHa-ITapbl MEH
OYPBIITHIK KOppessinusuiapbid 3eprrer, X(3872)-nig

3eprey dxici

PeasiTuBHCTIK 0aliIaHBICKAH KYIHIIH
KACHETTEePiH CHNIATTANTHIH MOJeJb

OK30THKAIBIK Me30HapAbIH HETi3r1
KACHUETTEpiH CHIIATTAy YIIIH KONTEreH TEOPHSIIBIK
eHOexTep Oepinren. Ocnl 3epTTeyJepAiH
notwkecinne  X(3872) mesommprn  JPC =177
KBaHTTBHIK  caHaapbl  koHE  [cqls—o[Cqls=1 +
[cqls=1[¢qls=0, Q=U,d cuMMeTpHsIBI CIUHHIH
Tapaiysl 0ap TOPT KBAPKThI KYH €KEHIIITT KOPCETIIIL.

Kasipri TaHna KenkBapKTiK KyHenep.i, COHBbIH
iOIHAE SK30THKAJIBIK ME30HJAapAbl CHUIMATTANTHIH
OipbIHFall TEOPUSUTBIK TYCIHIK KaJbllITacraraH. by
OarbpITTarbl 0acThl Macenenep iy Oipi — agpoH MeH
OHBIH KypamJac KBapKTaphl apachIHAAFbl ©3apa
OpEKeTTeCY TYPAKTBHICHIH aHbIKTay. MyHnail xyiie-
JIEp/Il 3epTTey/ie 0aCTaKbl TEOPHSUIBIK HETi3 PEeTiHIe
PENSATUBUCTIK-MHBAPUAHTTHI JlarpamKuan KOJAaHbI-
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KYPBUIBIMBIHBIH TaFbl Ji1a 3K30THKAIBIK CEKCHJITiH
pactansl. MonTe-Kapno monenbaeyi skcrepruMeHT-

TIK  JEpeKTepAai  CaNpICTBIpy YIIIH  KEeHiHEeH
KommaHeuiabl.  bym  omic  X(3872)-min  THiMi
MaccachlH JKOHE OHBIH BIABIpAY apHATaPbIHBIH

TapalyblH Tayifay YIIiH MaHbI3ABl O0onmbl. MoHTe-
Kapno monensaeyi HoTmxenepi kepcerkenaei [13],
opOUTaIBABI MOMEHTTIH Oip OipiiriH Kocy apKbUIBI
JIEpeKTepAl HaKTBIpaK TyciHmipyre Oomanpl. by
OemmekTiH Tepic P mapurerke wme exeHiH [14]
JIOJICTICUTIH MaHBI3/bI (haKTOp OOJIIBI.

Kasipri Tagma eH KbI3BIKTBI CYpaKTapIbIH Oipi —
X(3872)-me30Hmbl  Tycinmipy Maceneci. On  He
OaiiyaHbIC YHEPTHUSICHI OipHEeIe

My -(M_, —M_,)=-0.30+0.40 MsB

OomnaThIH KYIITI OalTaHbICKAaH MOJIEKYJIa PETiH/E, He
OonMaca JMKBapKTapAbIH OalIaHBICKaH KYHi OOJIBII
TaOBUIATBIH TETPaKBapK pETIHIE KapacThIPbLIAJIbI.
bizmin xympicta X(3872)-Me30HIBI TETpaKBapK
peTiHIe KapacTHIpBII OHBIH BIIbIpAy  €HIepi
ecemnTei.

LHCb BIHTBIMAKTACTBIFBI SK30THUKAIBIK
ME30HIapAbl 3€pTTEYAE MAaHbBI3Abl HOTHXKENepAi
JKapusulayasl KanFacTelpyna. bynm  3eprreynepae
epekine opbiH anatei Oesiek — X(3872) Me30HsI.
2003 kbl Belle skcnepumenTiHae amibiUFaHHAH
Oepi, X(3872) Me30HBI FambIMAap apachlHAa YIIKEH
KBI3BIFYIIBUTBIK TYABIPJBl JKOHE OHBIH TaOUFaTHIH
TyCiHy OOWBIHIIA TiKipTajmacTap oji Jie JKaFacyza.
Ocel  yakpITKa JeiiiH Oy Oeniexk KemnTereH
OK30THUKAIBIK  OOJIIEKTEpMEH  CaJbICTBIPFaH/a
EpeKIlle JKOHe KYypAeni Ta0uraTKa He eKeHJIri
AHBIKTAJIIBI.

Janbl, 0N aipOH MEH KBapK apachblHIarbl OaiiaHbIC
MEXaHU3MIH CHUITaTTal bl

byn cunarramansl CanaMHbIH [15] KyMBICBIH-
Jarbl JIEHTPOH KaCHUETTEPIHIH CHUIaTTaMaChIMEH
TYKBIPBIMIANRMBI3. KBapKTBHIK MoOAemnbae agpoHaap-
JIbIH KaCHETTEpiH cunarTay yuriH oy aic corti [16]
KoJITaHbUIaibl. JIOKan sl eMec KBapKThIK MOJIEIbBIIE
KapanaibiM (U3MKaIbIK OeJIlIekTep — aJpoHIap
SU(3) tonTsIk xyiiere OarbiHA b, SKCTTOHCHI[HAIIBI
OaKpUTAHATBIH Maccayapbl 0ap skoHe komimri Jlupak,
Kietia-I'apon xoHe Oacka TEHIAEYIEpre COMKec
KeJeTiH  CTaHJapTThl  KBAaHTTBHIK  ©PiCTEpMEH
CUIaTTagaabl et CaHaIaibl.

Anponmap  (OGapuoHmap MEH ~ MeE30HIAp)
OaiimaHbICKaH KBapK Kyduepi nen KaObLIiaHyBI
MYMKiH. bBalinaHbICTBUIBIK mapTel Oyl — aapoH
OpICIHIH peHOPMAaTU3aNHs TYPAKTHICH, OHBIH KypaM-
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nac OelliKTepiMeH e3apa OpEKETTeCYy HOTIKECIHE
nmaiiga OonFaH, Henre TeH OONyBl KepeK JereHnl
oinmipeni [15], sran

ZH = 0, (2)

MyH1a Z — aAPOHHBIH TOJIKBIHBIK (OYHKIIHSICHIHBIH
pEHOpMAaIIN3alUs TYPAKTHICHI KOPCETIIrEeH.

EH kapamnaiibiM cKansipiibiK (TICEBIOCKANSIPIIBIK)
CIIMHCI3 epic kargalplHaa Oy mapt Keireci Typae
JKA3bIIAIBL:

. =1-IT(m?)=0, ©)

MYHJIaFbl [[(m?) — aJPOH/IBIH MacCaIbIK OTEPaTOpPhi-
HBIH TYBIHABICHL. TOPT KBapKTHl AJPOHMABIK TOK
KeJecineii skasputansl [17-19]

I (x) =Idx1....[dx4 5(x—iwixijd>x(2(xi _Xj)ZJx

i<j

T a0 00)C7 e, ()]G, ()7CE, 0 )] @

+[0, (x,)Cr "¢, (x)1[G5 (%) °CE, (x,)1},

m
MyHJa lewzzwczm,
q c
m
Wy =W, =W, = ————.
2(m, +m,)

MyHna 3apsaTsl OipiKTipeTiH MaTpunanap C = y%y2:
c=Cc"=Cc'=-Cc",crct=4r,(“+” r=5,PA
YIIiH %oHe “—” T =V, T yuIiH). ME30HHBIH KYPaM/Ibl

KBapKTapPMEH OpPEKET-TeCYiH CHIIATTAMTBIH THIMJI
JlarpamxuaH kenecizeit xaspuiaast [20-22]:

L, =0dx Xqﬂ(x)‘];(lq (X) q=u, d (5)

(3)-TeHmey g-aapoH-KBapK OpeKeTTeCyiHiH Oaiina-
HBICKaH TYpPaKThUIAPBIH aHBIKTayFa MYMKIHIIK
oepeni.

BekTopIbIK Me30HAap YIIiH COUKEC MacCajbIK
omepaTopyIapblH  TYBIHABUIAPBI  KeJieCl  Typhe
OpHEeKTeNeIi:

P.P
2

1 v 1
Hlv (pz)zg(gﬂv— ;; szz

v 1 p pV 1
x tr [y#Sl(k+a)1p)7/ Sz(k—a)zp)]zé(gw— :)2 ijZ ch(

dp“

: NcI(dAK-ii(—kZ)x

A =2 ()
2”)4;I>V( k?)x (6)

x{ , xtr [;/"Sl(k+a)lp)p81(k+a)1p)7/V82(k—a)2 p) ]—

— @, x1r [}/”Sl(k +w,p)y"'S,(k—w,p)pS,(k —w,p) ] } :

MyH1arb1 D, [Z(Xi -X;)

i<j

ZJ 1IBTH QYHKIMSCHI THIC-

Ti SIKOOM KOOPJIUHATTAPBIHBIH KOMETIMEH ecenTe-
neni.

. +2w2+w3+w4p _W3—W4p +W3+W4p
1 2\/5 1 2\/5 2 2 37
2W, +W; +W, W, —W, W, +W,
X, =X— - + :
2 22 P 22 P2 2 Ps

W, —W. W, + W, +2W W, +W.
X, ! 2p1+ 1 2 4p2_ 1 2 3’(7)
22 242 2
W, — W, W, + W, + 2w, W, +W,
X, =X -

2\/5 P~ 2 Pz

4
MyHJa X = z XiW, ,

D —x)? —Zp.

i=1 <i<j<4
ColikeciHiie
4 dp ‘iZA:plxl ~
2| _ i =
(DX[;(Xi_Xj) j_li_ll'[(Z”)4e Dy (Pyyes Pa)
4 —
(p11 “ p4 =(2n) 5( p|j O, (_Qz): (8)
i=1
. 1.3 iZwi n
0, (-00)=][[dne™ @R,
i=1
3 3
MYHIAFRL, Q=" o7 = Zpiz- NmmynsceTik
i=1 i=1
KeHicTikTeri  SIkoOM  KoopauwHATTapbl  Kejeci

KaCHCTTEPre uc:

15
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_ P.— P,

p1+p2+2p3 (9)
w, =
o2

272

VW =

Ecenteynin wiHFaiimbsUIbFel - ymmriH - 013 [ayce
(hopMachIHIaFb! ILIHAAP (YHKIMACHIH TAHIAWMBI3

D, (-Q?) = exp(Q%\2 j

MYHJarbl Ax mapameTpi X ME30HBIHBIH OJIIeMACPiH

(10)

TOC/CO

1-cyper — X, Me30HBIHBIH Macca ONepaTOPbIH

CHIATTANTHIH Auarpamma.

CHITIATTaN/IBL. MaccainbIk OIEePaTOPABbIH X'MC§OHHBIH JP€=1""  KBaHTTBIK  caHIapbl
JUarpaMmacsl 1-cyperte KepceTiirexn CCKCPUITCH  JKafjiakyia, MacCalblK — OTIEPaTOP/IbIH
CKaJISIPIIBI TYBIH/IBI O6JIiri Keleci TypAe jKa3blIabl:
IT, (p*) = S, (p*) =
2 op
2 _ PPy —
= ~ D2 (-K?)x
- 2 (g uv )H I X (
3p (27 )

x{—w, trx[SEz] p S »° 5(52]

(11)

7°] tr x[SE ¥ 8(513] y 1+

+ @, tr x [Sc[lzlyf’Sc[f] pSEZ]}/S] tr x [S(ES]Q/VSE?’];/V] —

—w tr x[SHy
+atr x[SFy°StHy
Kenecizeii KplcKapTynapabl KOJIJaHIbIK;

St =s_(k, +k,—w,p),
SL[-g] = Sc (k3 _Wc p) '

S =5, (k, +W,p),
8(513] =S, (k, + ks | +W, p),
:;(k1+2k2)2 +;(kl+2k3)2 +%kf-

1P p0) =[0I ] 0, (KT TS, R 40,

MyfH/a Kiirn Z(kl T Ui22+n) '
iy

Opi kapaii Ooc KBapk mpomaratopsl yurH Dok—
[IIBuHTEp OpHETIH KONJaHAMBI3

S(k)=(m+ k)T dp e M= (13)

YKanmpUIBIKTHI MIEKTEMEH, IIBIHABIK (OyHKITHSIIAP BT
laycc skcroHeHTanapkl TYpiHJE aJambl3;

16

Syt x[STpS Py Sy ]+
5] tr x [S(ES]vag]lS] psél?;]

7 1}

NmmysbeTik aiiHbiMasbuiap K OOMBIHINIA WHTErpa-
naHateiH | tmwmkamen, [aycc THOTI  IIBIHJIBIK
¢GyHKIMsIIapel 0ap M IIBIHHAH JKOHE N KBapKTIK
mpornaratop S-TeH TypaThlH epkiH  DeifHMaH
JarpaMMachiH KapacThIpaibIK.

MUHKOBCKMH KEHICTITiHAe Oyl auarpamma
KeJieCl TypJie OpHEKTEeNeIi:

(12)

O, (-K?) =exp[B., K], i=1..m, (14)

MYHJIafbl IAPaMETp f =5 = }j\ 2 — X-Me30HHBIH
1
OJIIIIEMIH CHIIATTAN/IBI.

Ty3aKThIK UMITyJIbC aifHBIMANbUIAPhl OOMBIHIIA
MHTETpaayAbl JKOHE >KOFapblJa CHIIATTalIFaH
muddepeHIaus  ONepalUsIChIH  OpbIHAaraHHAH
keitin, @eiiHMaH nuarpamMMmachiHbIH epHeri (12)

TEHJCYAC KeJeCl Typ/e Ka3bUIapl:
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H:Td”ﬂF(ﬂl,...,ﬂn). (14) H:]zdtt“‘lj.d”aé(l—_zn:aijF(tal,...,tan).(16)
0 0 0 i=1

Bapneirel N canmplk wmHTErpammap Oap: (N-1) «
WHTerpanapl CUMILIEKCTIK aifHpIMANbLIap OobIHIIA — NapaMeTpiepi OokibIHIIa xoHe t mapameTpi OokbIHIIA
MHTETpaIIay YIIiH BIHFAKIBI Typae "OipiiKTi enrizy"  MHTErpamasl Oepenmi. bi3 MHTErpaniblH KOFaprbl
OMiCIH KOJJAHBIN, IKi WHTErpalgblK OpPHEKKE ILIETIH % HYKTEJIE KECIIT aJlaMbl3.
aybICyFa 0omabl. i

%i 1 n
j (15) I1° = !dtt”1.([d”a[l—izﬂ:aijF(tal,...,tan). 17)

®© n
1= Jdt5(t 35
0 = Kuro mapametpi A nH(PPaKBI3BLT KHIO TTapaMeTpi Jem
aTamajpl.

Byn sxymeicTa 6i3 Oip aifHaTBIMHAH TYPATHIH €Ki

HYKTelN (YHKIUSHBI KapacTeipambiz. CoHa

XKoHE KeHiHri £ = to; aliHpIMaNbUIapAbI ayBICTHIPY
apKBUIBI KEJIeci Typre Kememis3

—sk2

e

m,(p) = [ e : —
d [m2 + (kE +§ pE)z][mz + (kE _EpE)z]

_[da exp( | st zlj,
et St

MyHna 0i3 I'ayccThIK mIBIHAAPABIH (YHKIUSIIAPHIH

Hz(p2)=Tdt(

™% haKTopbIHA KUHAIBIK,

Keprekimik peringe Oip TY3aKTHIK ©3iHAIK
SHEPTETHKAIBIK AUarpaMMaHbl KapacThIpaibIK jKoHE 5
KapanapIMABUIBIK ~ YIIIH  OapiblK  CIIHHOPJBIK Zioe = m? — all—-a) pz, z, = (a _1j p2 . (18)
mamanaps! enemeriMiz. COHbIHIIA poTaraTop yIiH 2
KeJieciiel OpHeK allfIbIK:

HoaTnxesiep MeH TAJIKbLIAY

En  ammeiMen X > J/y+p(w)  aybicy m, —(m,,, +m, )=-0.90+0.41M>5,
MaTpULAIBIK dJIeMeHTTepiH ecenteilik. Cebebi exi
xarnaiina na X(3872) Me30HBIHBIH Maccachl THICTI
KHHEMATHKAJIBIK HIEKTEpre oTe JKAKBIH
OOJIFAHIBIKTAH

p, O BEKTOPIBIK ME30HIAap OJIApIbIH MacCalbIK
OeTiHEeH TBHIC  KapacTeIppUIybl  kepek. Onpa
X, 2> Jly+ p(a)) aybICy MaTpUIAIBIK dJIEMEHTTEp1

Keneci TYPAC Ka3blIadbl:

M (X, (p, 1) = 3 1y (,.v)+0°(a,. p))=

dk, ¢ d*k, — , 1V 1Y 19)
=60x9,/,9,0 O =KDy, _(k1+qlJ jq)uo(_(kz‘*‘qz) ] (

(2 )J( 7)'i Ko [ 2 2
trfiz®s, (k )r*S, (k, + 0 )r”S, (k, )r7S, (k, +,)]
_gql%ﬂ"ql ME()\] +gq1q2ﬂVqPM£()‘] +EQ1Q2#Pq;’M ()

i vep g (5) G vep g (6) Woipmv N (7) OV y 1 ()
+& MXJU+5 MXJU+8 qll\/lxJ +& a, M

Gd2ve
X o +& q

1 1V 1 1 YV 1
22(k1+2q1) +2(k2 +2q2) +Z(a)uql_wcq2)2’

MyHJarbl 0° = p,w . AliTa KeTelik, erep X sxoHe J/y  TOyelnci3 JOPEHITIK KypbUIBIMIAPAbIH CaHbl 6 neiiin

OejmiekTepi  MaccalblKk  OeTiHIe  opHayjackaH — 43as/blL Opi  Kapail, Kemeci KaTbIHACTAPIbI
. _ v _ naijanaHa OThIPBII:

Karmaina, sSFHU gy(qf’ + q;’)— 0 xome &0, =0, P

17
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[23]-Te anbikTanFaH (HPU3MKATIBIK KYWICPIiH BIABIPAY
aMIUIMTY/lanapbld  Tasa X, — KyHIHIH bUIbIpay

M(Xd —)J/t//+p):—M(Xu—>J/1//+p),

M(X, >d/y+o)=-M (X, >I/y+o). aMIUTATYIATaphl aPKBLIBI OPHEKTEYTe OOJIa/IbL:

M (X, > J/y+w)=(cosd+sinOM (X, > Iy +),
M (X, > J/y+w)=(cosd-sinO)M (X, > Iy +w),
M (X, > J/y+p)=(cos@-sinO)M (X, > Iy +p),

M (X, >3 /y+p)=—(cosO+sinOM (X, > Iy +p).

(19) epuexrekreri X — J/w + p(w) MaTpULAIBIK
X = Iy +27(37)
BIIBIPAY YIILIH SFHU, OJIap apajbiK p(®) Pe30HAHCTHIK
KYHJIep apKbUIbl ©Teli JereH OODKaMMEH BIIbIpay
€HIH aHpIKTay anamb3. bi3 Tap pe3oHaHCTapibl
KOJIIaHy OMICiH KOJJlaHaMmbl3, OyJI jKaFjaijga o
KETKUTIKTI HETi3/1eNTeH, cebebi o ()]
PE30HAHCTap/bIH CHIEpI ONapIblH MaccalapblHaH
alTapiBIKTal Killi.

Exi epkin mapametpiep 6ap: dapanacy OyphIlibl
koHe Ax mapametpi, o X-ME30H/Ibl CUIATTAHTBIH
napamerpiiep. biz Ax mapametpin 2.5 < Ax <4 3B
apaNbIFbIHAA ©3TePTE OTBIPHIN KeJleCi KaThIHACTAPIBI
AHBIKTA/IBIK

AIIEMEHTI KOJIaHA OTBIPHII

(X, > J/y +37)
(X, = J/y+2x)

~0.25. (20)

Ax mapameTpi Bapuanys Ke3iHze eTe OpHbIKTEL. OHa
[2]-ne xenTipiireH SKCIEPUMEHTTIK JepeKTepleH
aNbIHFaH oOpTalla MOHJI JKOHE OChl HOTHXKCHI
naiijiailaHa OTBIPBIT, MBIHAAAll IIAMaHbl aHBIKTAYFa

Oonasl.
+
T(X,, = J/y +37) N 25.(1_ tanﬁ) ‘1 @)
0(X,, = J/y +2x) 17 tand
Oy1, TuiciHme X, —»"+" xoHe X, —"-" ymiH
0 ~+18.4° wMblHamail HOTIOKENAEpHi Oepemi. By

notmkenep [23] 6~ +20°xone [24] 6O ~+23.5°
CHOCKTEpiH/Ie aJIbIHFaH HOTHKEICPMEH CoHKec
keneni. blapipay eni Ax mapameTpaiH e3repyiHe
enayip cesiMmran, Oyn 2-cypeTTe KepCETiIreH.
Bepinren apaneikra (X — J/w +nz) BIABIPAY
eninig abcomorTik MoHi 0.30 M5B «imni, Oy
SKCIIEPUMEHTTIK F(X(3872))§2,3 M>B 1meKTeyre
ColiKec Keesi.

Bi3 D™ xone D™ Me30HIapIBIH MaccalapbiH kKOHE
biabIpay eHuaepin [2] xone [25], [23] (Oapibik
emmemaep MaB Gipairimen 6epinren):

18

Mp=+ = 2010.27, [p++ = 2010.27,
Mp=+ = 2006.97, B(D** — D*?) 0.307,
I'pvo = 0.070, B(D** — D°2°) 0.619.

byn monnmepni Oine OTBIPHIN, BIABIpAy €HI Keneci
(dhopMyJia OOMBIHIIIA ECENTEICII:

(X, - D°D°2°)=cos I (X, - D°D°2°)

napameTrpre TOyelAimiri 2-
[2]-meri

blneipay emimin A,
CypeTTe  KOpCETUITEeH.
naianaHa OThIPHII,

HOTIXKeIepi

10°B(B* - K*X)-B(X — J/yzr "7~ )=0.95+0.19,
10°B(B* - K*X)-B(X - D°D°z°)=10.0+4.0,

KeJieCl KaThIHACTHI aHbIKTayFa 00J1abl

r(Xx - D°D°7°)

F(X > Jlyr 77‘) 22

=10.51+4.7.

15 T T T T T

— TX>D"+D"+1"), MeV
— — I'X->Jhy+nm), MeV

2-cyper —1“(xI N 5°D°;r°) KoHe I'(X — J/y +nx)

BIIBIPAY €HiHIH Ax MapaMeTpre TOyenauIiri



C.A.

*Kayrawesa xaHe T1.6.

2-cypeTrTe KepceTiireH BLIBIpAY €HI JIarpamXHWaHIap KapacThIpbUAbl. KBaHTTBIK epic
KaTbIHACTAPbIHAH aJIbIHFAH TCOPHSIIBIK MOH TEOpHUACHI  asChiHAa  OallaHbICKaH  Kyiurepai
cumarrayia TUIMAI Kypadl Oonbim  TaObUIATBIH

F(X S5 D°D° 7[0) | 0allyIaHBICTHUIBIK MIAPTHIHBIH aHBIKTAMachl OCpisi.
=45+0.2. (23) ®usuxansk yaepicrep aMILTATY TAJIApbIH 1A

F(X —>Jlyr'n _) oo KBapKTapAblH Maiifa OOJyblHA COMKEC KEJETiH Ke3

v KeJreH Ta0aIBIPHIKTHIK EPEeKIICTIKTePIiH

0onMayblH  KaMTaMachl3 €TeTiH  WH(PaKBI3bLI

KopbIThIHABI

X(3872) Me30HBIHBIH KACHETTEPIHE KATBICTHI
Belle [8], BaBar [9], CDF [4] xome D@ [5]

KOH(aHMEHT YFBIMBI CHT 131111,
() xoHe D apainbIK Kyitsiep apKbUIbl XKYPETiH
X = J/y+27(37z) xome X —»D°+D°+7°

KOJu1a0opanusapsl ApKBLITBI aNbIHFAaH  BIIBIpayJIap/biH eHi ecentenmi. X(3872) Me30HBIHBIH
OKCIICPUMEHTTIK ~ JKOHE  TEOPHSUIBIK  3epTTey  OJIIEMIH  CHIIATTAWTBIH  MapaMeTpPIiH  aKbLIFa
HOTIDKENepi  KpICKalla KepceTunai. 3eprreyiep KOHBIMIABI  MOHIEPIHAE TEOPHUSIBIK — ECENTEYIE
notmxkecinge X(3872) Me30HbI IUKBAPKTIK MONIEKyIa ~ KCIICPUMEHTTIK JEPEeKTEPMEH ColKec KeeTiHi
€MeC, HaKThl TETPAKBAPKTIK KYpPBUIBIM €KEHI  aHBIKTaJJIbl. byn aHaIn3 KBapKTap.IbIH
AHBIKTAJIIBI. KOH(alfHMEHTIH €CKepeTiH PENATUBUCTIK
AJpPOHIAPABIH OJ1ap/bl KYPalThIH KBAPKTAPMEH ~ KOHCTUTYEHTTIK KBAapKTIK MOJeNb  IIeHOepinje
THIMII OpEKETTECYiH CHUNATTANTBIH PEISATHBHCTIK  KYPTi3iifi.
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KOMMNEKCHbIN AHANIU3 CMEKTPANbHBIX M ®OTOMETPUYECKMUX XAPAKTEPUCTUK
OBBEKTA C PEHOMEHOM B[E] MWC 342 3A 40-IETHUW NEPUOA HABNOAEHUN

MW(C 342 (V1972 Cyg) npeacTaBaseT coboit SMUCCUOHHYIO 3BE3AY PaHHEero CneKkTpasibHoro
Knacca, oTkpbITasa okoso 90 neT Hasag, O6beKT NPoABAAET XapaKkTepHbIn peHoMeH B[e], Bkatoya-
OLWMIA pa3peLleHHble 1 3amnpeLLeHHble SMUCCUOHHbBIE IMHUN U MHDPaAKPACHbIN M3DLITOK BCea-
CTBME M3/1yY4EHUA OKON03BE3AHOM MblK, BNepBble 0bHapyKeHHbIM B 1970-x rogax. OaHako ero
3BOJIIOLIMOHHbIN CTaTyC 40 CUX MOP OCTAéTCA NpeaMeToM AMUCKyccuii. B pasHbie roast MWC 342
KnaccnduumpoBanach Kak 3se3na Be Xepbura, ABoMHaA cucTema ¢ X0N0AHbIM KOMNaHbOHOM MK
fonronepuoamyeckan nepemeHHas. B gaHHoM paboTe npeacTaBAeHbl pPe3ybTaTbl CNEKTPOCKO-
NMYeckoro n GOTOMETPMYECKOro aHann3a 0bbeKTa, BbINOJHEHHOMO Ha OCHOBE AaHHbIX 1986 -
2024 ropoB. CneKTpbl CPeAHErO M BbICOKOTO pa3pelleHns Obliv CONOCTaBAEHbI C NEPEMEHHOCTbIO
onTuyeckoro 61ecka. Mbl BbIABW/IM KBasunepmoamnyeckne GoToMeTpnyecKkme BapmaLmm ¢ xapak-
TEePHbIM MacluTabom ~20 feT, a TaKKe YCTaHOBUAW KOPPENALMIO MEXKIY ONTUYECKOM APKOCTHIO U
3KBMBANEHTHOW LUMPUHOM NMHUK Ha, YTO, BEPOATHO, CBA3AHO C MU3MEHEHMWAMM NIOTHOCTU OKOJ0-
3BE3/HOro BellecTsa. AHaAM3 pacnpeaeneHunsa sHepriumn B cnektpe (P3C) B AnanasoHe A/IMH BOJH
00 160 pm nokasan pes3koe CHUXKeHMe NOTOKa Ha A/IMHHBIX BOIHAX, UCKAKOYatoLLEee Hanyme 3Ha-
YUTENbHOMO KOAMYECTBA XON0AHOM OKO03BE3AHOM Mbl/IM B CUCTEME. ITO cornacyeTca C npeano-
NOKEHMEM O HA/IMYMUM KOMMAKTHOIO MblAEBOro AMcKa. TeopeTndeckoe PIC ¢ addEKTUBHOM Tem-
nepaTypor ~25,000 K xopouwo onucbiBaeT GoTOMETPUYECKME AaHHbIE B ONTUYECKOM AMapa3oHe
cnekTpa. Micnonb3osaHme pacctoaHma Gaia DR3 M HOBOIM KapTbl MeX3BE34HOMO NMOKPACHEHWA B

L
HanpaB/1IEHMN Ha 06BEKT NO3BOANAO YTOYHNTb €ro CBETUMOCTb log (L_) ~ 3.9. PGSYHbTaTbI noa-
(0]

YEPKMBAIOT BAXKHOCTb MPOAO/IKEHNA CNEKTPANbHOTO M MHOTOLBETHOIO GOTOMETPUYECKOTO MO-
HuTopmHra MWC 342, HeobXx0AMMOro ANA YyTOYHEHWA €€ NPUPOAbl U ANHAMMKM OKON03BE3AHOM
cpenpl.

KnioueBble cnoBa: cnektpockonus, GoTomMeTpus, 38e3/1bl C SMUCCUOHHbBIMM IMHUAMM, OKOSO-
3Be3/HOe BEeLLeCTBO.

9.XK. AkHuAzosa*, A.C. MupouwHuyeHko??, 3.)K. aHabaes?!
1on-dapabu aTbiHaarbl Kasak YATTbIK YHUBEpCHTETI, AMmaTsl, KasakcTaH
2MpuHcbopo KanacbiHoarsl CesepHas KapoauHa YrusepcuteTi, FpuHcbopo, AKLL
3B.I'. deceHKOB aTbiHAaFbl aCTPODU3IMNKAbIK MHCTUTYT, AnMaTsl, KasakcTaH
*e-mail: aigerimakniyazova@gmail.com

B[E] Kybbinbicl 6Bap MWC 342 HblCaHbIHbIH, CNEKTPAIK KaHEe GOTOMETPHUANLIK CMNaTTama-
napbiH 40 XbingplK 6aKbinay HerisiHae KelleHaj Tanaay

MWC 342 (V1972 Cyg) — wamameH 90 Xbln H6ypbiH allblFaH epTe CNeKTP/iK KnaccTafbl
SMUCCUANBIK Kynabl3. HoicaHaa Ble] kybbinbichl Halikanaabl, COHbIMEH KOCA OHbIH, CNeKTpiHAe
PYKCAT ETiZIFEH »KaHe TbIMbIM Ca/iblHFAH IMUCCUANDBIK, Cbi3bIkTap MeH 1970 Xbingapbl anfaw pet
TabblNFaH XKYNAbI3 MaHbIHAAFbI WaHHbLIH CayneneHyiHe 6ainaHbICTbl MHOPAKbI3bIN aPTbIKLWbIIbIK,
H6alikanaapl. Anaaa HblCaHHbIH 3BOMOLMANBIK KYWi 9/i KyHre AeliH TankblnaHy yctinae. MWC
342 Xepbur Be Kynabi3bl, CybIK cepiri 6ap KOC XKyA4bI34bl Kye Hemece y3ak Mep3imai aiHbiMasnsbl

© 2025 Al-Farabi Kazakh National University 21
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KYNAbI3 peTiHAe XikTenreH. by wymbicta 1986 - 2024 blnaapaasbl MaIMETTEP HerisiHae Xa-
canfaH OBOBEKTIHI CNEeKTPOCKONUANMDBIK KaHe GOTOMETPUANDLIK Tanday HaTUXKenepi KenTipiareH.
OpTalla *KaHe Kofapbl aXKblPaTbIMAbI/IbIKTaFbl CMIEKTPAEP ONTUKANbIK KaPbIKTbIbIKTbIH alHbIMa-
NbINbIFbIMEH CanbICTbIpbIAAbI. Bi3 ~20 »Kbin WKanackl 6ap KBasn-nepruoaTbl GOTOMETPUANBIK, ©3-
repictepii aHbIKTaZblK, COHbIMEH KaTap ONTUKA/bIK apblKTbIIbIK NeH Ha Cbi3blfFbIHbIH, 3KBMBA-
NEHTTI eHi apacblHAAFbl KOPPENAUMAHbl aHbIKTaAbIK. Bya Xyaabl3 MaHbIHAAFbl 3aTTblH, Tbifbl-
34bIFbIHbIH, ©3repyiHe 6alnaHbICTbl 60aybl MyMKiH. 160 UM AeNiHri TOAKbIH Y3bIHAbIFbl ayKbl-
MbIHZ@ CMEKTPAIK aHeprus TapanybiH (C3T) Tanaay y3blH TONKbIHAAPAA afbIHHbIH, KYPT TOMeHae-
reHiH KepceTTi, 6yn »KylMene CankblH KYA4blI3 MaHbIHAAFLI WaHHbIH alTapAblKTal MesLepiHiH
KOKTbIFbIH Bingipeai. By KOpbITbIHABI bIKWAaM LWaH AMCKICiHIH 6ap 60aybl MYMKIH AereH »Kopa-
MasniMeH yineceai. Tuimai Temnepatypacsl WwamameH ~25,000 K 6onatbiH Teopuanblk CIT cnekTp-
[iH ONTMKanbIK AManasoHbiHAaFbl GOTOMETPUANbIK AEPEKTEPAi *aKcbl cunaTTanabl. Gaia DR3
KALWWbIKTbIFbIH XaHEe Ky//Abl3apasblK Kbl3apydblH KaHa KapTacblH 0bbeKTire Kapan namganaHy

OHbIH, apPbIKTbIfbIH HaKTblAayfa MYMKIHAIK Hepai 10g(£)%3.9. Hatuxenep MWC 342
©

CMEKTPJIK KaHe Ken TYCTi GOTOMETPUANbIK MOHUTOPUHIIH YKanfacTblpyAdblH MaHbI34blblFbIH
KepceTedj, 6y OHbIH TaburaTbl MeH aliHaIMa bl OPTaHbIH, AMHAMMKACbIH HAKTbINAY YLIH KaXeT.

TyiiH ce3gep: cnekTpockonusa, GOTOMETPUA, IMUCCUABIK Cbi3bIKTapbl 6ap Kyaabizaap,
KYNAbI3abl 3aT.

A.Zh. Akniyazova®”, A.S. Miroshnichenko??, Z.Zh. Zhanabaev!
Al-Farabi Kazakh National University, Almaty, Kazakhstan
2University of North Carolina at Greensboro, Greensboro, USA
3 Fesenkov Astrophysical Institute, Almaty, Kazakhstan
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Comprehensive analysis of spectral and photometric characteristics of the B[E] PHENOM-
ENON object MWC 342 over a 40-year observation period

MWC 342 (V1972 Cyg) is an early-type emission-line star discovered approximately 90 years
ago. The object exhibits the characteristic B[e] phenomenon, including both permitted and
forbidden emission lines, as well as an infrared excess caused by emission from circumstellar dust,
first identified in the 1970s. However, its evolutionary status remains under debate. Over the
years, MWC 342 has been classified as a Herbig Be star, a binary system with a cool companion,
or a long-period variable star. This paper presents the results of spectroscopic and photometric
analyses of the object based on data collected from 1986 to 2024. Medium- and high-resolution
spectra were compared with optical brightness variations. We identified quasi-periodic
photometric variability on a characteristic timescale of ~20 years and established a correlation
between optical brightness and the equivalent width of the Ha line, likely related to changes in
the density of the circumstellar environment. An analysis of the spectral energy distribution (SED)
up to 160 um revealed a sharp decline in flux at longer wavelengths, indicating the absence of a
significant amount of cold circumstellar dust in the system. This supports the hypothesis of a
compact dust disk. A theoretical SED with an effective temperature of ~25,000 K fits the
photometric data well in the optical range. Using the Gaia DR3 distance and a new map of

interstellar reddening in the direction of the object, we refined its luminosity to log (Li) =~ 3.9.
(0]

These results highlight the importance of continued spectroscopic and multicolor photometric
monitoring of MWC 342 to further clarify its nature and the dynamics of its circumstellar
environment.

Key words: spectroscopy, photometry, emission-line stars, circumstellar matter.
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BBenenue

MWC 342, 3Be3ga 10-ii 3Be31HO# BEIUYHHBI B
co3pe3nuu Jlebens, B crieKTpe KOTOpoi ObLTH 00Ha-
PYXEHbI IMHUM U3IIy4eHHs BOZOpoJa B Xoae 0030pa
3B€3]l C 3MHCCHOHHBIMHU JIMHHSMHU OOcepBaTopueit
Maynt-Yuncon [1]. B paHHHX uccleIoBaHUIX
CHEeKTpa 93TOW  3Be3Abl ObUTM  OOHAPYKCHBI
paspelleHHbIe U 3alpelleHHbIC JUHUN H3Ty49eHUS
Fell [2]. MWC 342 oxma u3 IEPBBIX TOPSAYNX 3BE3I,
y KOTopoi 0611 00HapyXeH U30BITOK HH(PAKPACHOTO
uanydenus:  [3].  OcHOBBIBasich HAa  HAJTHMYHH
3allpEeLICHHBIX ~ AMHUCCHOHHBIX JIMHMUH B  ee
ontuueckoM crekrpe, MWC 342 Obul BKJIIOUEH B
[IEPBOHAYAJIBHBIM CIUCOK NEKYJISpHBIX 3Be3z Be,
KOTOPBIE B HACTOSIILIEE BPEMs U3BECTHBI KAK OOBEKTHI
¢ penomenom Ble] [4].

[locne mepBBIX ONTHYECKUX CHEKTPOCKOMHYEC-
KX W MHOTOBOJHOBBIX (DOTOMETpHYECKUX HAaOII0-
nennii B 1970 - 1980-x romax, ObIT0 BRIABUHYTO He-
CKOJIBKO THIIOTE3 OTHOCHTENILHO MPHUPOABI OOBEKTA.
[5]. Ha ocHoBe ananu3a ¢poTorpaduuecKux CreKTpoB
ObUTI0 0OHAPYKEHA, YTO €€ CBOWCTBA COOTBETCTBYIOT
CBOMCTBaM 3Be3lbl crekTpaiabHoro tuma B3 |1,
OKPYKEHHOW ONTHYECKH TOHKOH 000JI0YKOH U3 ra3a
u neLH [6]. B cBOIO 0Yepesb, HCXO/Is U3 CIIEKTPaib-
Horo pacnpezaenenus sHepruu (POC) B ontnyeckoit
o0jacTi OBUIO TMPEUIOKEHO HAJUYMe TUraHTa
criektpanbHoro kimacca M [7]. A B 1990 roay
MWC 342 orHecnu K kiaccy 3Be3n Ae/Be XepOura,
HaXOISIIMXCS Ha CTaJuM 10 TJIaBHOW MOCIe0Ba-
TenbHOCTH [5]. OHaKO MpU aHaN3e HAOIIOIAeMBIX
XapaKTePUCTUK BCEro IEepBOHAYAIb-HOI'O CIIHCKa
3B&311 ¢ B[e]-penHomeHoM, mpuIuM K BBIBOMLY, YTO
MWC 342 ne MoxeT ObITh OTHECEH HU K OJTHOMY M3
W3BECTHBIX SBOJIOLHOHHBIX KJIACCOB, M BKIIIOUMIH
€ro B IPYIIY HEKJIACCU(PUIMPOBAHHBIX OOBEKTOB C
B[e]-penomenom [8].

AHanu3 MHOTOLIBETHOH ()OTOMETPUH U ONITH-4e-
CKHUX CIIEKTPOB BBICOKOT'O pa3peLIeHus! T03BOJIUII OT-
BEPTHYTh TUTIIOTE3Y O MOJIOJIOM JBOIOIMOHHOM CTa-
Tyce MWC 342 u BBIIBUHYTH MPEIIONOKEHUE O €€
MPUHAAIECKHOCTH K YHUCIY 3BOJIOLHMOHHPOBABIINX
3BE3/], BEPOSITHO BXOJSIIUX B COCTaB JBOWHOMN CH-
crembl [9]. TTo3aHee 00BEKT OBLT OTHECEH K TPYIINE
3831 tuna FS CMa ¢ ¢enomenom Ble], B koTopyro
BOIIIO OOJIBIIMHCTBO paHee HEKIacCH(PHULIU-POBaH-
ubix Ble] 38é3x [10]. OcHOBHasi rumore3a OTHOCH-
TEJNBHO TPHUPOABI TAKUX OOBEKTOB 3aKII0-4aeTcsl B

Haoaoaenus

B aT0l1 cTaThe MBI aHATU3UPYEM CIIEKTPHI, KOTO-
phle OBUTH MTOTYYEHBI B CISAYIOMNUX 00CePBATOPHSIX:
14 cnextpoB Ha 2.1-meTpoBoM Teineckomne Hammo-
HaJIBHOH aCTPOHOMHYECKOH oOcepBaTopuu San

TOM, YTO 3TO [IBOWHBIE CHCTEMBI MPOMEXYTOUHOH
macchl (2 — 10 M), Haxozsmuecs Ha CTaJuH aK-
TUBHOW WM 3aBEpIIMBILIEHCS TIEpeHOCa MacChl
Mexny KoMmoHeHTamMu. C MOMEHTa BBIJCJIECHUS
rpymnmnsl 00bekToB FS CMa B psine Takux 0ObeKTOB
NEHCTBUTETHLHO OBIIIa TOATBEP)KICHA JBOWCTBCH-
HOCTb, OfJHaKO Hanuyue cimyTHuka y MWC 342 ocra-
€rcs He BhISICHEHHBIM [11].

®doTomMeTpudecKHe ¥ CHEKTPOCKOIHYECKHE
HabmoaeHns nmepeMeHHocTt MWC 342, mpoBoauB-
1vecs B TEYEHHE IECATH JIET, BBIABUIN HAIUYKE Pa3-
TU4HbIX HUKIIOB. Tak, mexny 1986 u 1988 rogamu B
MEPEMEHHOCTH IPKOCTH B ostoce U ObLIT 3aperucTpu-
poBaH 132-nueBHbii Uk [S]. B ganaeix 1990 roga
B HECKOJIbKUX ONTHYECKUX (poTOMETpHUe-CKUX AHa-
Ma30Hax TakKe HaOJIFOIaICs MK aHAJIOT MIHOM ITPO-
JIOJKUTEIHHOCTH, KOTOPBIA B MOCIEAYIOIIEM Hadall
cokpamarbes [9]. Kpome Toro, B 1989 u 1993 romax
¢ ucnonp3oBaHueM QGoromerpun CTpemrpeHa ObUTH
3aUKCUPOBaHBI 16-THEBHBIE IUKINYECKIE U3MEHE-
Hus sspkocTu [12].

B criekTpockonMiecKkux JaHHBIX OblIa OOHApY-
’KE€Ha BOJIHA JUIUTEIBbHOCTBEO 0K010 ~1500 nHeil B ma-
pametpax nuHuM uznydenus Ha [13]. OnnHako 1o
HACTOAIIET0 BPEMEHU OTCYTCTBYIOT yOeTUTENbHBIE
JTIOKA3aTeNIbCTBA CYIIECTBOBAHUS YCTOMUNBOTO MTEPH-
OJIMYECKOTO TPoIlecca B TMOBEJEHUH JaHHOTO O0b-
eKTa.

Bompoc 06 3Bomrormonnom cratyce MWC 342
MO-TIPeKHEMY OCTa€TCsl MpeIMeToM AHCKyccuil. B
psne TocleHUX PaboT OOBEKT paccMaTpUBACTCSI
00 Kak MOJIo/iasi 3Be3/1a Ha CTaJHU JI0 BBIXOJa Ha
TIIaBHYIO TOcienoBaTensHOCTh [14], mmbo Kak
MTPOABOJTIOIIMOHUPOBABINAS 3BE37a, BO3MOXHO BXO-
JIIIast B COCTaB JBOWHOU crcteMsl [11]. Bumy ot-
CYTCTBUSI OITyOJMKOBAHHBIX PE3YJIBTATOB JIUTENh-
HBIX Cepuil HaOMIOJIEHW B ONTHYecKoW oO0iacTu
CIIEKTPOB BBICOKOTO pa3pelieHus HaMH OBLIN CO-
OpaHBI COOTBETCTBYIOIINE JAaHHBIE, MOJIYYCHHbIE B
pszne pasnuuHBIX oOcepBaTOpuid, a Takxke (GOTOMET-
pudeckre HaOIIO/ICHNS, OXBATHIBAIOIINE HECKOIBKO
JIECATUIIETHI.

[lenbro TaHHOTO UCCIIEOBAHUS SABISIETCSA MTOUCK
peryjsipHOl CHEKTpalbHOH H  (oToMeTpruecKoi
MEPEeMEHHOCTH C MENbI0 MPOBEPKHM O JBOWCTBEH-
HOCTH CHUCTEMBI.

Pedro Martir (OAN SPM, Hmxuss Kamupopaus,
Mekcuka) co cmektporpagpom REOSC (co crek-
TpabHO# paspemiaromieit crrocodonoctsio R = 18,000)
[15]; 2 cnekrpa Ha 2.7-METPOBOM TEJIECKOIC UMEHH
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Harlan J. Smith ob6cepBaropun McDonald (Texac,
CIOA) co cmekrporpagom Tull coudé TS2 (R =
60,000) [16]; 10 cmekrpoB Ha 3.6—MeTPOBOM TelTe-
ckone Canada—France—Hawaii B oOcepBaropun
Mauna Kea (CFHT; Mayna-Kea, I"aBaiin, CIIIA) co
crekrpomnois-pumerpom ESPaDONS (R = 65,000)
[17]; 2 ciektpa Ha 0.8-mMeTpoBOM Teneckone odcep-
Batopun TCO (Three College Observatory, Cesep-
mas Kapomuua, CIIIA) [18]; 2 ciektpa Ha 3.5-MeTpo-
BoM Teneckore Astrophysical Research Consortium B
obcepratopuu Apache Point (Cancriot, Hero-Mek-
cuko, CIIMA) co cmekrporpapom ARCES (R =
31,500) [19]; 4 cmekTpa Ha 2-meTpoBoM I 'mManaii-
ckoMm Teneckone Chandra (HCT) B Uuauiickoii act-
poHomuueckoit oocepBatopun (IAO, Xaunne, Unans)
¢ uactpy-mentom HESP (R = 30,000) [20]; 30 criek-
Tpa OBUIM MOTYYEHBI C MOMOIIBIO 1.2- METPOBOM Te-
neckorie Mercator B o6¢cepBaropuu del Roque de Los
Muchachos (o. JIa-ITanema, Kanapckue octpoBa, Hc-
nanusi) co cnekrporpapom HERMES (R = 85,000)
[21]; 1 cnekTp, MOMYyYCHHBIH C MOMOIIBIO dIIEIIe-
criextponossipumerpa NARVAL (R = 60,000) Ha 2-
MeTpoBoM Testeckorne Bernard Lyot B o6cepBatoprn
Pic du Midi (TBL, IMuk-aro-Muau, ®paniry3ckue
[Tupenen) [22]. B paMkax HacTOSIIEro HCCIEIO0Ba-

Pe3yabTaThl M 00CyxKIEHAS

OnTrnuecknii cniektp MWC 342 xapakrepu-3y-
€TCsl MHOXKECTBOM 3MHCCHOHHBIX JIMHHUU, CPEI KO-
TOPBIX OCOOCHHO BBIACISIOTCS JTUHWUU cepun baib-
Mepa C pa3IBOCHHBIMH MTUKaMHU, IIPH 3TOM KPacHOC-
MEIICHHBIH MWK 3aMETHO CHIIbHEE CHHECMEIIEHHOTO.
OTH crHekTpalbHble 0COOEHHOCTH OBLIM TEepBOHA-
YaJIbHO 3a()MKCHUPOBaHBI B paHHUX pabdoTax [2] u
o3 Hee NOATBEPkKAEHbI B [9]. Ananu3 cepun u3 102
CHEeKTPOB, coOpaHHBIX B obcepBaTopuu OHIpeiioBa
(Yexus) B nepuoz 2004 - 2010 rogos, mokaszai nepe-
MEHHOCTh ()OPMBI TUKOB, UHTEH-CUBHOCTH JIMHUHN 1
sKkBHUBaJICHTHOH mpuHBI (EW), 0cCOOCHHO BBIpaXeH-
Hy10 B cuHecMenieHHoM nuke simann Ho [13]. TTomy-
YEHHBIC PEe3yIbTaThl YKa3bl-BAIOT HA HATUYIHE BO3-
MO>KHOTO IIMKJIA BapyaIiii OTHOIICHUS MHTCHCUBHO-
creit mukoB V/R B nuHum Ho ¢ mepuogoM okoso
=1500 mmeii. OgHaKo, M3-32 OTPAHHMYEHHOCTH BpE-
MEHHOTO WHTEpBaja HaOIO-ACHUNA ObLIH 3a(UKCH-
POBaHEI JIUIIH J[BA MAKCUMyMa 3TOTO IIHKJIA.

Jluann He 1 u O 1 neMOHCTpUPYIOT CIOXKHBIE
Mpo(UIbHBIE U3MEHEHMSI, BKIIFOYasi aCHMMETPUYHBIC
SMUCCHOHHBIC KpbUThs. [lo00HBIE CcIIEKTpalbHbIC
0COOEHHOCTH XapaKTEePHHI sl 00BEKTOB ¢ heHOMeE-
HOM B[e], rae B3auMoaecTBHE MEXIy 3BE3IHBIM
BETPOM U JUCKOBOH CTPYKTYpPOH HIpacT BaXKHYIO
poib. B criekTpe Takke BBISBIEHBI HECKOJIBKO JTUHUN
MOTJIOMICHNS, TPEUMYIIECTBEHHO MEX3BEZTHOTO
MPOUCXOXKICHUS, YTO YKa3bIBaeT HA 3HAYUTEIHHOC
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HUSI yIaJI0Cch co0paTh 65 ONTUYECKUX CIIEKTPOB BbI-
COKOTO pa3pelleHns, MOIyIeHHbIX B mepuoj ¢ 2004
o 2023 rog.

DOTOMETPUUECKUE TaHHBIC OBUTH MOIYUYCHBI U3
0030pa ASAS-SN B pusbrpax g u V [23, 24], B cu-
creme Johnson-Cousins (BVR), ¢ ucronb-30BaHmneM
1-metpoBoro Teneckomna AcTpodusndec-kKoi oocep-
Batopuu Accel-Typrens n Tanp-lllaHckoil acTpoHO-
muueckoi odocepatopun (TIHIAO) B nepuoxn ¢ 2002
o 2024 roxw [5, 9], ¢ 60-cM Teneckoma obcepBaTo-
puu Majdanak (Y36ekucran) — B mepuos ¢ 1999 mo
2008 romel [25] m Ha 1.25-MeTpoBOM TeECKOIIE
Kprivmckoit actpodusnueckoit oocepsa-ropuun B 2008
roiy, a Takke u3 oocepsaropun Abastumani na 1.25-
METPOBOM Tejieckorne B mepuo ¢ 1989 mo 1993 roasr
[12], u3 obcepBaropun APAS DR10 B 2011 romy
[26], W3 cHCcTEeMBI ONTHYECKOTO MOHHTOPHHTA Ha
6opty Kocmuueckoro kopabist INTEGRAL B neproa
¢ 2002 1o 2008 romsr1 [27].

JIOTIOTHUTENHEHO UCTIONH30BATMCH TAHHBIC B UH-
(bpakpacHOM Jauana3oHe, MOJyYeHHbIE C KOCMHU-Ye-
ckux TeneckornoB WISE (22.1 um [28], AKARI (9 u
18 um) [29], MSX (8.28; 12.13; 14.65 u 21.34 pm)
[30], IRAS (12 u 25 um) [31], a Taxxe Herschel (70
u 160 um) [32].

ocna0leHue M3JIy4eHHs 3BE3Ibl B MEXK3IE3AHOU
cpene. lanHast 0COOEHHOCTh corfia-cyeTcs ¢ Habo-
JACMBIM PAaCcXOXJICHHEM MEXIY MEX3BE3IHBIM |
MIOJIHBIM TIOTJIOLICHUEM, paHee 3a(h)UKCUPOBaHHBIM B
pabore [9].

bnaronapsi Oomnee BBICOKOMY CIEKTPaTbHOMY
paspemieHui0 M JIyYlieMy COOTHOIICHHMIO CHT-
HaJI/IIIyM I10 CPAaBHEHHUIO C PaHee OIMyOJIMKOBaHHBIMU
JaHHBIMH, HaM Y/AaJoChb YTOYHWUThH OIIMCAHUE pPsla
CHEKTPATLHBIX OCOOCHHOCTEMH, YTO CIIOCOOCTBYET 00-
jee riryOOKOMY HMOHMMAaHHIO NPHUPOIBI OCHOBHOTO
WCTOYHHUKA DHEPrHHM B cUcTeMe. Tak, IpH aHaju3e
cektpa Hm3koro pazpemenus (R = 5000),
nonydeHHoM B 1997 romy, OBUIO BBICKAa3aHO
MIPEOI0KEHNE O HATMYUK TMHUHI nornomenus O 11
Ha JUIMHaX BoJH 4649 n 5208 A, a taoke C 1T Ha 5242
A[33].

CnaOpiii  HaMEK Ha NPUCYTCTBUE JIMHUHU
noronieHus: Boym3n 4649 A BuIeH B HAIIMX CIEK-
Tpax ¢ COOTHOIICHHWEM cHTHain/myM He Hmke 100.
OpnnHako, €ro MpOMCXOXKIEHHE OCTAaeTCs HEU3BECT-
HBIM, IIOCKOJBKY 3TO MOXET OBITH CBSI3aHO CO
CJIO)KHOCTSIMH TTPOBEJICHUSI KOHTUHYYMa MEXIy JU-
Husimu nsnydenus: Fe Il B atoit obmactu. MynbTH-
wiet 8 O |l He cogep>XUT JOMOTHUTENBHBIX JTHHUH.
Kpome Toro, 10CTOBEPHBIX NIPU3HAKOB MOITIOIEHUS
He 0OHapyxkeHo BOmm3H 5208 1 5242 A.



B uccnenoanuu [9] paccMarpuBanack BEpoOsIT-
HOCTh HaJIM4HUs dMHUCCHUOHHBIX uHUi He Il Ha nou-
Hax BOuH 4541, 4686 u 5411 A. Onnaxo, B Hammx
CIIEKTPAaX C BICOKAM COOTHOIIICHHEM CHTHAJI/TITYM HE
00HApY)KeHO TMPU3HAKOB HHU U3IYYCHHS, HH IOTJO-
IeHHs Ha JTMHE BOITHEI 4686 A. DMuccronHbIE 0CO-
OeHHocTH, HaOmIomaeMble BOMM3M 4541 u 5412 A,
MOTYT OBITh C BBICOKOW CTEIIEHBIO YBEPCHHOCTH WH-
TeprnpetupoBansl kak JmHUHN Fe Il (MmympTumrer 38)
npu 4541.52 A u [Fe 1I] (Mynstumner 17) mpu
5412.64 A cooTBETCTBEHHO.

CriekTpanbHas 0cOOEHHOCTh B obmacth 4541 A
MOXET OBITh WHTEpIpeTHpoBaHa kak nuHUsS He Il
4541.59 A, onHako eé 6u3K0e PacronokKeHue K JIu-
nuu Fe 11 (myasTumier 38) 4541.52 A, a taxke Hanu-
YHe APYTruX KOMIIOHEHTOB TOTO K€ MYJBTHIUIETA C
AQHAJIOTMYHBIMU PO UIISIMU, YKa3bIBaeT Ha 00Jiee Be-
posiTHyI0 uneHTuuKanuo B none3y Fell. Anaino-
I'MYHO, TUHUS B obnacTu 5412 A coBmazmaer 1o moso-
xenuro u popme ¢ [Fe II] (mynprurmer 17F) 5412.64
A u memoHcTpupyer paamanbHble CKOPOCTH, COIIO-
CTaBUMBIE C JPYTUMH WACHTU(OUIUPOBAHHBIMU
[Fe I1] nunmsamu. [pu stom muans He 11 5411.52 A,
SIBJISTFOIIASICS. KOMITOHEHTOM TOT0 K€ MYJIbTHILICTA 2,
uto u 4541.59 A, nomxHa o6ianaTh CXOIHBIMU Xa-
pakTepucTUKaMu, 4ero He Habmomaercs. TakuMm 00-
pa3oM, YUUThIBasi OTCYTCTBUE JTOCTOBEPHBIX MPHU3HA-
koB nuHuil He Il B criekTpe, MOKHO 3aKIIFOYUTh, YTO
a¢dhexkTrBHAs TemIieparypa HOHHW3YIOIIETO HCTOY-
HHKa, He peBbiiaeT ~ 28 000 K [34].

CIIeKTPOCKOMTMYECKUE OLEHKH CIIEKTPaJIbHOTO
THUIIA [EHTPAIBHOTO UCTOYHUKA BapbUpyIOTCs OT B3
11 [6] o BO/B1 [9, 33], Toraa kak 1mo pe3yabraTam
CreKTPO(OTOMETPUH OH OBUT KJIACCU(DUITMPOBAH KaK
B8 [7]. IlocTtossHHOE MPHCYTCTBHE BBIPAKEHHOTO
SMHUCCHUOHHOI'O CIIEKTPa CBUAETEIILCTBYET O HATMUUH
ropsiuero Bo30y>KAaroniero KoMnoHenra. B nomyyuen-
HbIX criekTpax juauu He I npu 4471 u 4713 A npe-
MMYIIECTBEHHO MPOSABIISIFOTCS B BUJE YUCTOTO IIOTJI0-
MIEHUs, TOTMa KaK KOMIIOHEHTHI mpu 5876, 6678 u
7065 A neMOHCTPUPYIOT HepeMeHHble HpOQUIIH,
Briodast Tt P Cyg m umcryro smuccuo. Kpome
TOT0, HAOJIIOAAI0TCS BEIPa’KEHHbIE IMUCCHOHHBIE JIN-
HUU Kucaopoa (Tpurutet 7772 - 7775 A), Si 11 (5979,
6347 u 6371 A), a Taxxe BOOPOIHbIC TMHUU CEPUM
[Tamena [cm. puc. 1 B 33], 9TO B COBOKYITHOCTH TIO-
TBEPXKAAeT MPHUHAAJICK-HOCTh O0BEKTa K PaHHUM
CIIEKTpaJIbHBIM THMaM B-3BE37. DMHUCCHOHHBIC TTH-
HUM JEMOHCTPUPYIOT 3HAYUTEIbHBIE BapHaLlUU Kak
o (hopme mpoduIIs, TaK ¥ IO PATUAIEHON CKOPOCTH.
Oco0eHHO BhIpaXKCHHBIC U3MEHEHMsI HAOJI0JAI0TCS B
muann Hel 5875 A (puc. 1) u B 6mwkaem undpa-
kpacHoM Tpumiiere O 1. XoTs Hannuue nepuoguyHo-
CTH B OTUX KOHe6aHI/IﬂX HC YCTAHOBJICHO, UX Xapak-
T€p, MHO-BUAUMOMY, OTPaXKAeT AUHAMHUYHBIE IIPO-
Lecchl B OKOJI03BE3THON cpezae, 00ycIOBICHHBIE He-
YCTOWYMBBIM pacrpe/ieieHieM ra3a BOJHM3M IIeH-
TPpaJIbHOTO UICTOYHHKA.
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Pucynok 1 — IIpumepsi usmenenus npoduneit munumii He 1 (5875 A) 3a mepuon ¢ 2004 o 2023 rr.
BepTukanbHble KpacHbIe TYHKTHPHBIE THHAN 0003HAYAIOT CTAMOHAPHBIE TIOJI0KEHHSI CIEKTPAJILHOMN JIU-
Hun. [1o ocu abcmuce OTIOKEHBI TEIIUOIEHTPHIECKHUE ParalbHBIE CKOPOCTH (B KM C™!), IO OCH OpIMHAT —
MHTEHCUBHOCTD JINHUM, HOPMUPOBAHHAS Ha JIOKAJIbHBII KOHTUHYYM.
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[lepemennocts ontuyeckoi sspkoct MWC 342
HEOJHOKPAaTHO M3ydanach Ha OCHOBAHUHM HaOmrone-
Hul, npoBeaéuubix B 1980 - 1990-x rogax [5, 9, 12,
13]. OOBEKT IEMOHCTPUPOBAIT KBA3HUIICPHOAUUCCKUE
KOJIEOAaHUS C XapaKTEPHbIMU BPEMEHHBIMU MACILITa-
0aMu OT HECKOJNBKHMX HENEIb 10 HECKOJIbKUX Mecs-
ueB. OnHaKo, HU OJIUH M3 BBIABJICHHBIX ITUKJIOB HE
MOKa3aj yCTOWYHMBOM JIOJTOBPEMEHHON CTaOWIIBHO-
ctu. bonee no3nnuil ananu3 ganHeix ASAS-SN BbI-
SIBUJ BO3MOXHBIM AJUTEIBHBIA LUK C HEPUOAOM
okono 632.75 nHeld Ha OCHOBE HAONIOACHUI B
(dhoTomeTprueckoit moioce V 3a MHTEPBAJ MOpPsAKa
1400 mHE# ¢ aMIIIUTY IO N3MEHEHUS IPKOCTH OKOJIO
0.37 mag. Tem He MeHee, COBOKYIMHOCTb BCEX JO-
CTYITHBIX Ha CETOJHALTHUNA AeHb NaHHBIX ASAS-SN
He oOecneyuBaeT OIHO3ZHAYHOIO ITOATBEPKACHUS
JTAaHHOTO TIepHo/JIa.

B pesynbrare aHanm3a coOpaHHbBIX (HOTOMETPH-
YEeCKUX JaHHBIX OBLIO OOHAPYKEHO, YTO CYIIECTBYET
OoJsiee AMUTENBHBIA UK U3MEHEHUsS SIPKOCTH O0B-
€KTa, IPOAO0JDKUTEIILHOCTBIO IMPUMEPHO =~ 20 J1eT (CM.
BEPXHIOIO MMaHesb Ha puc. 2). 3a nepuoa ¢ 1987 mo
2025 rop, OblIM 3aMedYeHbl IBa JIOKAJbHBIX MaKCH-
MyMma spkocTH, npumepHo 1995 u 2017 rogsl, a
TaKke€ TP MHUHHMYMa SIPKOCTH, mpumepHo 1987,
2007 u 2024 romei. Kpome Toro, Habmromaercs
TEH/ICHIUSA K TIOCTENIEHHOMY CHH)KEHUIO SIPKOCTH: B
muHuMyMe 1987 roga ona coctasnana = 11 mag, a B
muHumyMe 2024 roga cocraBmsier = 11.2 mag. B
Makcumyme 1999 rona sipkocts Obiia ~10.2 mag, a B
makcumyme 2017 roga = 10.4 mag. B To xe Bpems
nokasarep 1Beta (B—V) neMoHCTpUpOBa Ul He-
3HAYNUTENIbHBIC N3MEHEHUS]; OH ITOKa3aJl TEHICHIIUIO K
HeOoJbIIOMY yBenndeHuto ¢ 1986 nmo 2015 rox u
MEHBIIYI0 aMIUIUTYAy U3MEHEHHUH 110 CPaBHEHUIO C
W3MEHEHUSIMHU B Tos1oce V.

N3-3a HEOOIBIIOT0 KOTMYECTBA HAOMIOICHUM 10
2005 roma omucaHWe H3MEHEHHWH WHTEHCUBHOCTHU
sMuccuoHHoM tuHun Ha 3atpynneno. JlaHHas muHus
HE JIEMOHCTPHPOBaIa 3HAYUTEIHLHOTO OcialbIeHus B
TEYEeHUE IOCIEeIHUX JBajIaTh JieT. B dacTHOCTH,
yUuTBIBas 0oJjiee BBICOKHH YpOBEHb IIymMa B HaOOpe
JaHHBIX, pa3liMuusl B TMPOLEAype HOPMalIHU3alUH
CIIEKTPOB MOTYT OBITh CBSI3aHBI C PA3IMUUSIMU B H3-
MEpEeHHH HKBHBaJeHTHbIX ImmpuH [13] (oTMeueH-
HBIMH 3€JICHBIMH TOYKaMH B HIDKHEH TTaHeNI! Ha PHUC.
2). ConocTaBiieHe U3MEPEHHBIX HAMU SKBHUBAJICHT-
HeIx mmpuH (EW) muann Ha ¢ dortomerprudeckumu
HabOmroneHusiMu 13 0030pa ASAS-SN mo3zBonsier
MPEIIONIOKUTD, YTO CHIPKEHHE IPKOCTH, 3a(UKCHPO-
BarHOE B miepuoy 2017 - 2024 romoB, CBA3aHO CO CHU-
KEHWEM HWHTeHCHBHOCTU JnHMH Ho, KoTopoe da-
CTHYHO CBS3aHO C YMEHBLICHHEM YPOBHS KOHTHHY-
yMa. B npoTUBHOM ci1ydae, 3T0 MOXKET ObITh Pe3yJib-
TATOM YCHWJICHMS Ipollecca IMOTepU WM IEepeHoca
Macchl, KOTOpbIE MOTYT MPUBECTH K YBEIUYCHHIO

26

SMHCCHH. 3HaueHus otHomenus V/R B nmuauu Ho,
MIOKA3bIBAIOT PA3JINYUs, CXOAHBIE C TEMH, YTO OBLIH
OTMeYeHHI B nccienoBannd [ 13]. Omgaako 3TH 3HaUYe-
HUS HE TOJATBEPKAAIOT MpPEIoIaraeMblii 3TUMHU aB-
Topamu KA 1560 qHEH.

B nameii BeiOOpKe ObUTH 3aUKCHPOBAHBI JBA
snm3ona yBenuueHus V/R, KoTopele mpou3ouuiun
oxoio aar JD 2,457,200 u JD 2,459,500, npumepHO
gepe3 2300 mueit. [lo cpaBHEHHIO ¢ KpUBOH Oiecka B
noJyioce V BUIHO, 4TO 3TH yBenuueHus V/R npoucxo-
ST B MOMEHTBI, KOTJa OOBEKT KaXeTcsi MeHee sip-
KHM, 4yeM 00bI9HO. Eciii 3Ta B3aUMOCBSI3b BEpHA, 3TO
MOJKET 03Ha4aTh, YTO CKOPOCTh ITOTEPHU MACCHI LIEH-
TpaJIbHOM 3B€3/1011 YMEHBIIIaeTCsl. DTO CBSI3aHO C TEM,
YTO B 3BE3[IHBIX BETpax CHHECMEIIeHHAss abcopOIu-
oHHas KomroHeHTa npodwis tuna P Cyg ymeHsImna-
€TCsI, YTO IPUBOJINT K YBEJIIMUCHUIO OTHOIIEHHUs V/R.

N3smenenus nokasarens usera B — V, npencras-
JICHHBIE HA CPEAHEN MaHenu puc. 2, IEMOHCTPUPYIOT
OTHOCHUTENFHO ci1a0ble Bapuanuu B mpeaenax ot 1.1
1o 1.3 mag. B xone akTuBHOTO (hOTOMETPUYECKOTO
MouuTopuHra B mepuog 2010 - 2015 rr. mabmozna-
Jach TEHAEHIMS K HE3HAUYUTEIbHOMY YBEIHMUCHHIO
3HayeHHs uHAekca. Ha ocHOBaHMM CHHXPOHHBIX H3-
MepeHHid B GuiibTpax V U {, BBIIOIHEHHBIX JI0 Miepe-
xona mpoekTa ASAS-SN Ha HCKIIOYUTENBHO Q-
JMana3oHe, ObLJIO ONpe/IeNeHO CpeJHee 3Ha4YCHUE
nmokazateins 1nBeta g — V, paBuoe 0.48 £ 0.04 mag.
IIpeoGpa3oBanue 3Toro 3Hayenus B B — V no smmnu-
pPHUYECKOMY COOTHOILICHHUIO, HpHBeaEHHOMY B [36],
naér B —V =1.07 £0.04 mag. Tem He MeHee, ¢ yué-
TOM 3HAYUTEIBHOTO BKJIa/1a SMUCCUOHHON TrMHUU Hal
B NOTOK B TMojioce V, MOXHO 3aKJIIOYHUTh, 4YTO
nokasarenb 1Beta B — V ocraéres B 1enom cTaduiib-
HBIM ¥ HE JIEMOHCTPHUPYET CYIIECTBEHHBIX OTKJIOHE-
HUH OT 3HAYEHU, TOJIy4YEeHHBIX paHee B (POTOMETpU-
yeckon cucteme J[>KoHCOHa.

Amnanu3 kpuBoii 6iecka 38e3161 MWC 342 ¢ uc-
MOJIb30BAHUEM CTAaTHCTHYECKMX MeToqoB Random
Forest u ckonp3simiero cpemnero (Moving Average)
MTO3BOJIMII BBIABUTH YCTOWYHMBBIE MPU3HAKU KBa3HIIE-
PUOAMYHOCTH € ONM3KUMH 3HAYCHUSIMH nieproja: P =
7186 u P = 7156 cytok, coorBercTBeHHO. O0a Mme-
TO/Ma O0ecTIeumII ToTy4eHrne (a3oBBIX KPUBBIX, Je-
MOHCTPHPYIOIINX CXOJHBIM XapaKkTep MPEeMEHHOCTH
apkoctu. [Ipumenenue anropurma Random Forest,
OCHOBAaHHOTO Ha aHcaMmOjie pellaloliuX JIePeBhEB,
JIaJI0 BO3MOXXHOCTH y4YECTh CIIOKHBIE HEIMHEHWHBIE
B3aUMOCBSI3U MEXY HAOII01aeMbIMH BETTMYMHAMH, a
TaK)K€ MOBBICUTh YYyBCTBUTEIBHOCTH K MeJIKOMac-
mTabHBIM 0COOEHHOCTSM KpHBOH Ojecka [37]. B To
e BpeMs METOJ] CKOJB3AIIEr0 CpenHero, 0asupyro-
HIMiicd Ha CTVIaKUBAaHUM BPEMEHHOIO psja, MO3BO-
mua 3(GEKTUBHO BBIACIUTH OCHOBHBIC TPEHABI M
JUINTENbHBIE [IMKIIMYECKHE KOMIIOHEHThI B U3MEHYU-
BoCcTH 00BekTa [38].
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Pucynok 2 — Kpusas 6necka 3Be3151 MWC 342 B onoce V (BepXHsIs TaHelb), TOKa3aTelnb 1Beta B —V
(cpenHsisi maHeNb) ¥ SKBUBAJICHTHAsI MpHHA TWHAKM Ho (HIKHSIA naHensb). Pa3nuuHble cCHMBOJIBI COOTBET-
CTBYIOT JIaHHBIM, TTOJIYYCHHBIM Ha clieyroumx oocepaTopusx: Majdanak (mypmypasiit iset), TIIAO
(opamxkeBblit), Accel-Typrens (3e1énb1it), Abastumani (cunwuit), a Taxoke u3 katainoro CraO ((huoneToBblii),
INTEGRAL (60pnoserit), APASS DR10 (uépnsriit) 1 ASAS-SN (kpacusrii). Jlanasie ASAS-SN B mosnoce g
MpuBeJIeHB! K mmosioce V myTém cMenienns Ha 0.48 mag. UépHas crutomiHas TMHUS Ha BEpXHEH MaHeIn COoT-
BETCTBYET CpeAHEH SIPKOCTH B nojsioce V. CUMBOJIBI, IPEACTABIISIONINE 3HAUCHNS SKBUBAJICHTHON IIUPUHBI
nmvaun Hol, moJTydeHbl U3 CIeIyIONNX HCTOYHUKOB: KpacHbiid — [9], cunmii — [13], dpuonerossiii — [18],
3eJIEHBI — HacTOsIAs padora.

HecmoTps Ha kKauecTBEHHOE corylacue pe3ysbTa-
TOB, TMOJIyYEHHBIX IBYMS PAa3JIWYHBIMHU IMTOJXO0JaMH,
MOCJEAYIOUIUH CIEKTPaJIbHBIN aHaJIU3 HE BBISIBHII J0-
CTOBEPHOM CBSI3U OOHAPY)KEHHBIX MIEPUOJIOB C (HU3H-
YEeCKUMH MeEXaHW3MaMH{, TaKUMH KakK BpalleHHe
3Be3/Ibl WM OpOUTANBHOE IBM)KEHUE B PaMKax BO3-
MOXHOW JBOMHON cuctembl (puc. 3). OrcyrcTBHe
KOpPEJSILIMA C XAPAKTEPUCTUKAMM 3BE3AHON JIHMHA-
MHUKHM YKa3bIBaeT Ha TO, YTO OOHAapy>XEeHHas IepHo-
JUYHOCTb, BEPOSITHO, CBsI3aHa C HM3MEHEHHUSAMHU B
CTPYKType WM IUIOTHOCTH OKOJO3BE3AHON 000-
nouku. Takue BapHaluy MOTYT OBITh OOYCIIOBIICHEI
HEperyJIipHbBIMU BEIOpOCaMu BEILIECTBa, liepepacipe-
JIeJIeHNEeM MaTepyd B JWCKE WM APYTUMU IpOIeC-
CaMH, XapakTePHBIMH JUISI 3BOJIOIHOHUPYIOIINX
00BekToB ¢ (henomenom Ble].

N3-3a  3HAUMTENBHBIX  HEOIpPENEIEHHOCTEH,
CBA3AHHBIX KaK C BEJIMYMHOM MEX3BE3NHOIO U
OKOJIO3BE3THOTO MOTJIOLIEHHS], TaK M C PACCTOSHUEM
10 MWC342, e€ cBeTHMOCTh JOJIrO€ BpeMs
0oCTaBaJIach OMPEAEIEHHOMN ¢ HEBBICOKOW TOYHOCTHIO.

B onHoOli 13 paHHHX paboOT paccTosSHUE 10 OOBEKTa
OBLIO OLIEHEHO IPUMEPHO B 1 kpc Ha OCHOBE aHaM3a
3aKOHa MEX3BE3AHOTO MOTJIOIECHHUS, ITOJyYSCHHOTO
n3 ganueix  UBV  ¢dotomerpuun ans  3BE3nm,
MPOEKIIMOHHO PACIOJIOKECHHBIX BOJIM3W  HaIpaB-
nenuss Ha MWC342 [7]. [lozgHee yTouHeHue
MEX3BE3IHOW KOMIIOHEHTBI TOKPACHEHHUSI OBUIO
BBITIOJTHEHO Ha OCHOBE SKBUBAJICHTHBIX IupuH (EW)
HaunOoJiee BBIPAKEHHBIX TU(PQPY3HBIX MEK3BE3THBIX
nosoc (DIB), koTopsie nanu 3Hauenue E;g(B — V) =
0.7 £ 0.2 mag [9].

JlonmomauTENbPHO OBLT YYTEH BKIIAT OKOJIO3BE3-
JHOTO BellecTBa B oO0IIee IOKPACHEHUE: BKIIAJ
ra3soBoil KOMIIOHEHTBI OlLeHeH Kak Eff(B —V) =~
0.3mag, a meuteBoi — Kak Egu(B—V) =
0.5mag [9]. llpunsB craHmapTHOE OTHOLICHHE
MOJTHOTO BU3YaJIbHOTO MOTJIOMICHNS K CEIEKTUBHOMY

_AV .. v
EB-V) 3.1, xapakTepHOoe [UIi MEK3BE3NHOU
cpensl, Obuta Tonmy4yeHa — oOmas — BETWMYHHA

BU3yasbHOTO nornomenus A, = 3.7 £ 0.6 mag. Ha
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Pucynok 3 — ®azoBsie kpussble sipkocti MWC 342, ocHOBaHHBIE Ha MOJICIIMPOBAHUHT
C HCIIOJIb30BaHUEM JIBYX Pa3NIMUHBIX METOOB: CIIy4allHOTO Jieca (BepXHUH rpaduk)
W CKOJB3SIIETO CPEAHET0 (HIKHUK rpaduK).

[Ipu pacuére cBETHMOCTH HE OBUT YUTEH BKIIA]
OKOJIO3BE3THOTO  KOHTHHYYyMa, OOYCIIOBJIICHHOTO
CBOOOTHO-CBOOOJTHEIMH M CBOOOHO-CBSI3aHHBIMH
nepexojamMu.  Hamuume  Takoro - KOHTHHyyMma
MPEJICTABISICTCS OYEBUIAHBIM, YUYUTBIBAas BBICOKYIO
WHTEHCHUBHOCTH SMHUCCHOHHOTO CIIEKTPA M YaCTUIHOE
3aMOJIHCHUE U3JIYUYCHUEM psijia JIMHUHM MOTJIOMICHMS,
taknx kKak HI, Hel u Sill. Uckmrouenne BKI1ama
OKOJIO3BE3THOTO KOHTHHYyMa K3 OOINEro MoTOoKa
MpuUBENO0 Obl K CHUKCHHUIO OIICHEHHOW CBETUMOCTH
caMoM 3BE€3/Ibl.

Emé onna Heompenen€HHOCTh B ONpE/SICHUN
CBETUMOCTH CBsi3aHA C BBIOOPOM  3HAYCHUS
BU3YyaNbHOU sipkocTH (oTochepsl 3Be3nbl. B padore
[9] B kadecTBe YyCpEAHEHHOM BEJIIMYMHBI ObLIa
WCIIONIb30BaHa SIPKOCTh B MOJIOCE V, MOJIydeHHAs Ha
OCHOBE (POTOMETPHUECKUX HAOIIOACHUMN, TOCTYITHBIX
Ha koHeny XX Beka (V' = 10.5 mag). HaGmonenus,
npoBenéHuple B XXI Beke, paclIMpwiId JTUara3oH
SIPKOCTH, OJHAKO CpEJHee 3HaueHHE BU3YaIbLHOW
SPKOCTH CYIIECTBEHHO HE HW3MEHWIOCh. TeMm He
MEHEe WCIOJL30BAHNE CPEHETO 3HAYCHHSI MOXKET
OBITh HEKOPPEKTHBIM, TOCKOJIBKY 3SMHCCHOHHBIC
JUHAW U, COOTBETCTBEHHO, BKJIAJ[ OKOJO3BE3THOTO
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KOHTHHYyMa COXPaHSIOTCS JaXKe B  IEPHOIBI
MUHHMAJIBHOW SIPKOCTH.

B uHTepdepoMeTpUUecKUX — HAOIIOIECHHUSIX
MWC342 wa mmue Bomabel 10.7 pum ¢

ucnonp3oBanueM 10-meTpoBoro Teneckoma Keka
Oblla OOHapykeHa acUMMETpPHYHAsi CTPYKTypa —
MBUJIEBOM JIUCK, KOTOPBIA OrpaHUYEHO pa3peuieH
BJIOJIb TJaBHOW ocu ([OJIHAS I[IMPUHA IPU
nonymakcumyme, FWHM, 39 + 11 mas) u
Hepaszpeén Boiabs Manoi ocu (FWHM 37 £ 37 mas)
[39]. DOTu pe3ynbTaThl COTVIACYIOTCS C TEM, YTO
OKOJIO3BE3THBIN JUCK HaONIOaeTcss mouTH ¢ pedpa,
9TO MOXET OOBSACHATh HaMMuue npodpuield ¢
IBOWHBIM IIMKOM M 3HAYUTEIBLHO OoJiee ciabpiM
CHHECMEIICHHBIM ITMKOM, a Takke TIJIyOOKoH
LEHTPAIbHON JAWCIIEPCHH B BBICOKUX YJICHAX CEPHUU
Bbamemepa (cwm. puc. 3 B [9]).

Kpome Toro, B [39] Oblia HCIIOIB30BaHA
JimarpamMma 3aBUCUMOCTH pa3Mepa MOJIOJIBIX 3BE3]] OT
cBetuMocTy B cpenHeM MK-nuana3zoHe Juis OleHKH
CBETUMOCTH OOBEKTa, KOTOpas OKa3ajach OKOJIO
10*Lg [39].

CornacHo nanaeiM Gaia DR3 [40], paccTosiHue
10 MWC 342 cocrasisier D = 1.68 £ 0.33 kpc, uto



npumepHo Ha 70% OoJblIe 0 CPaBHEHHUIO C OLICHKOM
u3 [9]. O6benunenune Hamux cnekrtpoB CFHT ¢
BBICOKUM pPa3pelIeHNueM JUIs YBETHUIEHHS OTHOIICHUS
CUTHAJI/IIYM B KOHTHHYYME /10 > 250 1mo3BOIMIIo mo-
BBICUTh TOYHOCTh OLICHKH MEX3BE3ZHOTO IOIJIOIIe-
HUs, OCHOBaHHOU Ha 3HaueHUsXx DIB EW, mo cpas-
HEHUIO C pe3yapTaTamu [9].

Ucnonesys auddysHpie Mek3Be3THBIE TOIOCHI
Ha 5780, 5797 u 6614 A ¢ SKBHBaTEHTHBIMHU IIUPH-
Hamu (EW) 0.35 A, 0.14 Au 0.17 A cooTBercTBEHHO,
a Taxke KanubOpoBku u3 [41, 42], Mbl onpexenuiu
Mek3Be3gHoe  mokpacuenume E(B—V)=0.8+
0.1 mag. Ora oneHKa MPaKTHYECKN COBIIAIAET C IaH-
HBIMH KapThl MEX3BE3JHOro morjiouienus [43] ans
paccTosiHusl 0 00beKTa, mybOnukoBanHoro B Gaia
DR3 B HanpaBnenun MWC 342.

J1Jis HOBOH OIICHKHM CBETUMOCTH OOBEKTa HE00-
XOAMMO y4eCTh BKIIA/I OKOJIO3BE3THOTO KOHTHHYYMA,
00yCIIOBIIEHHOTO TIPOIECCaMU  «CBOOOIHO-CBOOOI-
HOTO» M «CBSI3aHHO-CBOOOJHOTOY» M3mydeHuid. llpu
3TOM Ba)KHO OTMETHUTh, YTO JaKe P MUHUMATBHOM
ONTUYEeCKOU sIpKocTH okojio V = 11.2 mag cnextp
SMHUCCHOHHBIX JIMHUHA OCTaeTCs AOCTATOYHO MHTEH-
CHBHBIM.

3TO CBUETENBCTBYET O CYIIECTBEHHOM MPUCYT-
CTBHH OKOJIO3BE3AHOI0 KOHTHHyyMa. OmHako, ero
BKJIaJ B O0Ilee BU3yalbHOE H3IIyUYCHHE HE JOJDKEH
OBITh CJIMIIKOM OOJIBIIIUM, TaK KaK B CIIEKTpE IIO-
IpexHeMy HaONI0Jar0TCs OTAEIbHBIE JIMHUU MOTII0-
LIEHUS, KOTOpbIE, CKopee Bcero, (GOpMHUPYIOTCS B at-
Mocepe camoii 3Be3bl. Micxons u3 aTux coodpaxe-
HUM, MO)KHO TPUOJM3UTEIBHO OLIEHUThH, YTO BKIIAJL
OKOJIO3BE3JHOTO KOHTMHYyMa B BH3YaJbHYIO fp-
KOCTh cocTariisier =~ 0.5 mag.

Takum 00pa3oM, yYUTHIBasi OOHOBJIEHHBIE CO-
[JIaCOBaHHbIE AaHHbIEe 0 pacctosHud 10 MWC 342 u
MEXX3BE3IHOM IOKPACHEHMH, a TaKXKe MpeAroarae-
My SIpKOCTh (poTocdepsl B nuamazoHe =~ 11.5 —
12 mag u noaHOE MEX3BE3/AHOE ToTJIoIIeHne Ay =~
3.7 mag, MOXXHO OLICHUTHb aOCOJIIOTHYIO BHU3yab-
HYyI0 3BE3[HYI0 BelIMUMHY Kak M, =-3.1mag. C
ydeToM  OojloMeTpuueckoil  mompaBku BCy =
—1.9 mag, cootBercTBYIOIIEH 3 HEKTUBHON TEMIIe-
parype Terr = 20,000 K, momyyaem Gonmomerpuye-

CKYIO CBETHMOCTSH log (LL) ~3.9.
©

Cnenyer OTMETUTBH, YTO 3Ta OLICHKA IMOJABEp-
JKeHa 3HAYUTEJIbHON HEONPEEIEHHOCTH, CBA3AHHOMN
C TIOTPEIIHOCTSIMU B OIPEJEIECHUNA PaCCTOAHMUS,
BKJIala OKOJIO3BE3JHOIO KOHTHHYyMa, 3HAaYCHUI
Tefrs w obmiero mornomenus. Tem He Menee, moy-
YEHHOE 3HAYCHHE HAXOAMUTCS B Ipejaesiax paHee
MPEAJIOKCHHBIX TUANIA30HOB U COTJIACyeTCs C HUMHU C
YYETOM JOMYCTUMOM MOTPENTHOCTH.

Hwxnuit npenen ceerumoctu (log (i) ~3.5)
COOTBETCTBYET MOJIOXKEHHIO 3BE3/bI paHHeTo B-Tuma
Ha JINHAH HAaYaJIbHOM IJ1aBHOM MTOCJIEI0BATEIBHOCTH.
MarnoBeposiTHO, YTOOBI JIeXkalas B OCHOBE CHCTEMa
MMeNa CTONb HU3KYI0 CBETHMOCTHh HCKIIOUHTEIHHO
M3-32 OCOOEHHOCTEH TeMIepaTypHOTO peknMa IIo-
BEPXHOCTH 3BE3/IbI.

Ecnu 00beKT siBisieTcs OJMHOYHON 3BE3M0M, TO
ee TpeArnonaraemMble (QyHIaMEHTAIbHBIE TapaMeTph
COOTBETCTBYIOT HayaJbHOMY IHMAalla30Hy Macc TO-
psaaka 6 — 10 Mg, npu ycIOBHM YTO BKJIAJ OKOJIO-
3BE3JHOTO BEMIECTBA — KaK B BUJIE AOMOIHUTEIHFHOTO
MOTJIOMICHUS, TaK ¥ B BUJIe U3Ty4YeHHsS — B Habmoa-
EMYIO SIPKOCTh HE OTJIIMYAETCsI CYIIECTBEHHO OT MpH-
HATBIX OIECHOK.

[IpucyTcTBHE 3HAYUTENHFHOTO KOJIUYECTBA OKO-
JI03BE3/THOTO MaTepuana BOKpPYT 3Be3Jbl CpeAHEH
Macchl SBJSIETCS TOBOJILHO HEOOBIYHBIM SIBICHHEM,
3a UCKITFOUEHUEM CITy4ast, €CJIH OHa HaXOTUTCS B paH-
HEU CTaJuu SBOJIOLUUU IO AOCTUKEHUS [NIABHOU MO-
cnenoBatenbHOCTH. O/HAKO, BEPOSTHOCTH TaKOTO
CIieHapus HU3Ka, IIOCKOIIbKY BOIM3H 00beKTa He 00-
Hapy>KeHO aKTUBHOW 00JacTh 3Be371000pa30BaHus, a
TakKe HaOJIoaeTCs OBICTPOE CHIDKEHUE HH(ppakpac-
HOT'O TIOTOKa TPH JUTMHAX BOJH 0K0JI0 A~10 um.

[locnennsist 0COOCHHOCTh THUMHYHA TSI OOBEK-
TOB, HE OTHOCSIIIIMXCSI K MOJIOJION TOMYJISIIIMU U YKa-
3pIBaeT Ha OoJiee 3penblii HBOJIOIMOHHBIA CTaTyC
3BE3/IBI.

Ha ocHOBe HOBBIX JaHHBIX, IMOJYYCHHBIX C HH-
¢bpakpacusix 0630pos Heba (IRAS, Herschel, AKARI,
MSX, WISE), ObL1a BbINIONIHEHA OOJIee TOYHAS PEKOH-
ctpykuus POC MWC 342 B un¢pakpacHOM uarna-
30HE, oxBaTeIBaroneM JIHHE BoiH oT 0.3 10 160
pm. OTU JaHHBIC MO3BOJIMIN 3aMEHHUTh YCTAPEBIINE
1 MeHee HalI&XKHBIE 3HAYEHUS IMOTOKOB, MPEJCTaB-
neHHbIX B Havane 1990-x To70B HAa OCHOBE M3Mepe-
Huit cniytHuKa IRAS, KoTOpbIe ObUTH OTpaHUYEHBI 110
YyBCTBUTEIHHOCTH.

OO0HoOBIEHHOE pacnpenenenue sHeprun (puc. 4)
JIEMOHCTPUPYET YCTOWUMBBIN CIaJl TOTOKA B HAIIpaB-
JICHUW JNTMHHOBOJIHOBOW YaCTH CIIEKTPa, YTO CBUJIE-
TEJIBCTBYET 00 OTCYTCTBUU 3HAYUTEIHHOTO KOJIMYE-
CTBa XOJIOJIHOM TBIJIM B OKOJIO3BE3IHOM Cpejie.

OtcyTCcTBHE XapakTepHOTro 'Tuiato" WM BTO-
pudHOTO TOABEéMa ToToka B obmactu 0.3 - 160 um
YKa3bIBaeT Ha TO, YTO CYOMIJUTMMETPOBAs U JajbHe-
uHppakpacHas kommnoHeHTsl POC mpencraBieHbI
cnabo, a 3HaYUT, NPUCYTCTBHE OOJBIIOIO KOJIMYe-
CTBa XOJIOJHOW OKOJIO3BE3JHOM MBUIM B 0OOJIOYKE
3BE3/IbI MAJIOBEPOSITHO.
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Pucynok 4 — Pactipenienienue sHEpTruu CIieKTpa
MWC 342 B nnanazone 0.3-160 um c HanoxeHrEM
moenn Kurucz ams remneparypst 25 000 K [44].

B 10 x€ Bpems, B CEKTpe YETKO MPOCIEKUBA-
eTcs M30BITOK MHPPAKPACHOTO M3TYYEHHUS 10 CpaB-
HEHUIO C TpeAcKa3aHUusIMH 9uCcTO (GoTochEepHOI MO-
JIeNU TS TOpsTde 3Be3/Ibl. D10 n30sITouHoe MK-m3-
TydeHue, HaOIltoJaeMoe HauuHasi ¢ OJMKHEro WH-
(bpakpacHOro nuama3oHa, CKOpee BCEro, O0YCIIOB-
JICHO NePEN3ITyuYCHUEM 3BE3IHOTO CBETA TOpsYEH ITbI-
JIBIO, JIOKAJIU30BAaHHOM B JIMCKE WM YIUIOIIEHHON
000JI0YKe, YTO THITMIHO JJIS1 OOBEKTOB ¢ (PEHOMEHOM
B[e]. Jannsbrii pakT moanepuBaeT WA O HATUIAN
CJIIOKHOHM, HEOAHOPOJHON OKOJIO3BE3MHONW Cpensbl,
BKITIOYAIOIEeH B ce0sl KaKk Ta30BYIO, TaK U MBUIEBYIO
KOMITOHEHTHI.

3akiIouyenue

B HacTosmieit pabote nmpencraBieHbl pe3yibTa-
ThI CHEKTPOCKOIMMYECKOTO M (JOTOMETPHUUECKOTO aHa-
JIM3a 3Be316I ¢ DMUCCHOHHBIMU TuHUIMA MWC 342,
OpUpOJa U HBOJIOLMOHHBIM CTAaTyC KOTOpOMl H0
HAaCTOSIIEr0 BPEMEHU OCTAIOTCA HE JO KOHILIAa Ompe-
JnenéHHbiMU. [IpoBen€HHBIN aHaIW3 MoKaszajl, 4YTo
npoUIN W TIONOXKEHHS CIEKTPaIbHBIX JIMHUH, a
TaK)Ke OINTHYECKass SPKOCTb OOBEKTa JIEMOHCTPH-
PYIOT CHIBHYIO TEpEeMEHHOCTb, HE O0JaJaIoNIyIo
CTpPOTO#l MepHOIUIHOCTRIO. BMecTo 3Toro Habmroma-
IOTCSI KBAa3UINEPUOJUUYECKUE H3MEHEHHUsI, KOTOpbIE,
MMO-BUAUMOMY, O6yCHOBHeHLI BapuanusaMu OIITHYC-
CKOi1 TIyOMHBI B OKOJIO3BE3IHOW cpene. B dacTHo-
CTH, OOHAPYKEHBI MPU3HAKY JUIUTEIBHOTO, TIOPSAKA
JIBYX JAECATUICTUN, KBa3UIIEPUOAA, MPOSBISIOLIEC-
rocsi B U3MEHEHUH (DOTOMETPHUYECKHX XapaKTepu-
CTHK.

Kpome Toro, BrIsIBIIEHa aHTUKOPPEIISITUS MEXKIY
SKBUBAJIEHTHOW mMpuHoi uHuu Ho u ontuueckoit
SIPKOCTBIO, 4YTO MOXET CBHUJACTEIbCTBOBATH O
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Ocoboe BHUMaHHE 3acTyXKHBaeT 3aMETHOE OT-
KJIIOHEHHE (OTOMETpUIECKO TOoukM B mojoce R
(mpumepro npu log A=—0.05), mposBisromeecs B
BUJIE MIPEBBIICHUS HA0II0JaeMOT0 TIOTOKA HaJI IpeI-
CKa3aHHBIM MOJEJbI0. DTO OTKJIOHEHHE CBA3aHO C
CUJIBHOM AMUCCUOHHOM JTuHuen Ha, pacrnonioxeHHoi
B LEHTPAILHOW 4YacTW TMOJOCHI TMpomyckaHus R-
dunsrpa (A=6563 A). U3sBectHo, uto y 3BE3] TUNA
Ble], sxmogas MWC 342, muans Ho MoxeT qemMoH-
CTPUPOBATh 3HAUYNUTENIbHbIC U3MEHEHHS HHTCHCUBHO-
CTH W dKBHBaJeHTHOW mupuHbl (EW), o0ycnoBneH-
HbI€ U3MEHEHHUSMU B CTPYKTYpE U INIOTHOCTH OKOJIO-
3BE3MHON O0OIIOYKH WM JUCKA. DTO COTJIACyeTcs C
pe3yibTaTaMH CIIEKTPOCKOITMYECKUX HaOI0/ICHHH,
IMMOKa3bIBAIOIINX KOPPEIALNIO MEKAY HU3MCHCHUSAMU
EW nuann Ho 1 onTideckoi ipKOCThI0 00BEKTa.

Cpasuenue Habnromaemoro POC c Teopernue-
ckumu (orochepHbIMH MozeIsIMUA atMocdep Topsi-
YyHX 3BE31, B YaCTHOCTH Mozenbto Kurucz, monrsep-
JKIAaeT BBICOKYIO A((EKTUBHYIO TeMIlepaTrypy IIeH-
TpaJIbHOTO MCTOYHHKA — mopsaka ~25 000 K. Oro
3HAa4YCHUE COOTBETCTBYET CIIEKTpaJIbHOMY Kiaccy Bl
U COTJIaCyeTCsl C Pe3yNbTaTaMu CHEKTPaJIbHOTO aHa-
Ju3a ¥ Knaccugukanueii o0bekTa Kak 38e3/bl Ble]-
THUIIA.

Takum oOpa3omM, 0OHOBIEHHBIE HAHHBIE B HH-
(dpakpacHOM JWama3oHe TO3BOJIWIM HE TOJIBKO
YCTPaHUTH PaHee CyNIeCTBOBABIINE HEOTPEIEIEHHO-
CTH, CBSI3aHHBIE C XapaKTEPUCTUKAMH IbIJIEBOH KOM-
MOHEHTHI, HO M NPEAOCTaBWIIN BAaXHYIO HMH(OpMa-
LU0 JUIS 00Jiee TOYHOIO MOHUMAHHS (U3UYSCKOU
MPUPOIBI OKOIO03BE3AHOM cpeanl 3Be3a61 MWC 342,

M3MEHEHUSIX OCHOBHOTO KOHTMHYYMa Kak OJHOW W3
MIPUYUH YCUJIEHUS] DMUCCUOHHBIX MPU3HAKOB. [IpoBe-
JIEHHBIM CHEKTPAJIbHBIA aHAJIN3 C HMCIIOJIb30BAHUEM
JTAHHBIX OoJiee BBICOKOTO CIIEKTPAIILHOTO pa3perie-
HUS U JIy4IeT0 OTHOIIEHUS CUTHAJ/IIYyM HE IOJ-
TBEPAWJI HAJMYUE PAaHEE MPEJI0IaraéMbiX 3MHUCCH-
oHubIX auHUHA He II.

Ornpezenenne MEK3BE3THOTO MOKPACHEHUS, OC-
HOBaHHOE Ha COBPEMEHHBIX (DOTOMETPUUYCCKUX Kap-
TaX U yCOBEPILIEHCTBOBAHHBIX OIIEHKAX BKJIa/a OKO-
JIO3BE3THOTO KOHTHHYYMa, IO3BOJIWIIO YTOYHHUTH
CBETHUMOCTh 00BEKTa, KOTOpas OKa3aach paBHOM

L
log (L—) ~3.9. OTa BeNMYMHA HAaXOAUTCA B COTJIACHU
(0]

C paHee ONMyOJMKOBAaHHBIMH OIICHKaMH, XOTS OCTa-
&rcs 3HaunTeIbHAs HeonpeaeneHHocTh (10 0.4 dex),
00YyCIIOBJICHHAs! COBOKYITHBIM BIIMSHHEM (DaKTOPOB,
BKIIIOYasi TOYHOCTH OTPEJEIICHUS PACCTOSHUS, TEM-
MepaTypHbIC MapaMeTpbl 1 OCOOCHHOCTH pacmpere-
JICHUS] M3ITyYCHHS B OKOJIO3BE3THOM Cpejie.



[TomyueHHbIC pe3yNbTaThI TOAYEPKUBAIOT HEOO-
XOJMMOCTh MPOBEACHUS JATbHEUIIINX, CHCTEMATHYe-
CKHMX ¥ MHOTOBOJTHOBBIX HabOmonernii 32 MWC 342.
Ocoboe 3HaueHNEe MMEIOT WH(PpPAKpacHbIE HUCCIEAO0-
BaHUsI, MMO3BOJISIFOINUE TIIYOXKE TOHITH CTPYKTYPY H
ABOJTIOITHIO TIBIICBON M Ta30BOM 00009ku. OpraHu-
3alusl JUIMTENBHOTO (POTOMETPUYECKOTO U CIIEKTPO-
CKOIMYECKOTO MOHUTOPUHTA C BEHICOKUM BPEMEHHBIM
paspelieHueM TPEICTABIACTCS OCOOCHHO aKTyallb-
HOW JIJISl yCTAaHOBJICHUSI MEXaHU3MOB, JISKAIIHUX B OC-
HOBe HaOmogaemol nepemenHoctd. CoyeraHue Ta-
KHUX HAOJFO/ICHUI C aHATU30M JIaHHBIX CITYTHUKOBBIX
0030poB, Takux kak ASAS-SN, cyiecTBeHHO pac-
HIIMPUT TOHUMaHUE (PUINUECKUX MPOIECCOB, POUC-
XOJSIINX B CUCTEME.

Takum o6pazom, MWC 342 ocraéres sprkum
npeacTaBuTeNeM rpynmsl 38E31 ¢ peHomeHom Ble]

Baarogapnocrts

B aroM wmccnenoBaHMM HCMOIB30Banach 0Oasza
nanaeix SIMBAD, pa6oratomas 8 CDS, CrpacOypr,
Opanuus; uH(QOPMaIIOHHbIE MIPOAYKTHI
SAO/NASA ADS, ASAS u Gaia. Dra crarea ya-
CTHMYHO OCHOBaHA Ha HAaOIIOJCHUSX, TTOTyUYECHHBIX Ha
2.1-metpoBoM Teneckone HanmonanmpHOW acTpoHO-
Mmuyeckoit oocepatopun San Pedro Martir (Hkasist
Kamudopuus, Mekcuka), 2.1-MeTpoBOM TejecKore
Otto Struve u 2.7-METpOBOM TEJNECKOIE WMEHU
Harlan J. Smith B o6cepBaropun McDonald (Texac,
CIIA), wna teneckone Canada—France—Hawaii
(CFHT), xoropbiM ympasnsier HaimoHaIbHBIH HC-
ciregoBaTeabCckuil coBeT Kananpl, HammoHanbHBIN
WHCTUTYT Hayk o0 yHHBepcureTax HanmoHaabHOTO
LIEHTpa Hay4YHBIX uccneaoBanuii @panuuu u ["aBaii-

tuna FS CMa u nipezictaBisieT co00i IEHHBIH 00bEKT
JUTSL FICCTIEIOBAHUSI B3aWMOJNEHCTBHUS 3BE3MbI CO
CBOHMM OKOJIO3BE3AHBIM OKpYykeHneM. COBOKYITHOCTh
HAOJIIOJITaCMBIX XapaKTEPUCTHK JICTaeT €ro BaXKHOU
nmaboparopueil s W3y4eHUs MO3AHUX CTaIui HBO-
JIOIUU 3BE3]T TPOMEKYTOYHOW MAacCCHl U MPOIECCOB
(hOpMUPOBaHUST CIIOXKHOW CTPYKTYPBI OKOJIO3BE3]I-
HOTO BEIIEeCTBA.

B nanpHelniem miaHUpyeTCsl IPOBECTH aHAJIO-
TUYHBIA aHaIN3 JPYTUX aKTHUBHBIX MpPEICTaBUTENEH
rpymmsl FS CMa, takux xak FS CMa (HD 45677) u
HD 50138, ¢ nienpio hopMupoBanus 60ee MOJTHOTO
MIPEJICTaBICHUSI 00 JBOJOIMMOHHOM CTaTyce OOBEeK-
TOB JJaHHOU KaTeropuu. O030p MOCISAHUX Pe3yIbTa-
ToB 10 00bekTaM rpynmbsl FS CMa MOXXKHO HaliTH B
[11].

CKMH yHHBEpCHTET; Ha Teneckone Mercator Ha oct-
pose Jla-Ilanbma ramaHICKUM COOOIIECTBOM, B HIC-
nanckoii oocepsaropuu del Roque de los Muchachos
HuctutyTta actpodusuku Kanapckux ocTpoBoB, Ha
2-meTpoBoM ['mmanaiickom Teneckon Chandra
(Xanne, Uaans) u Ha 0.81- meTpoBOM Temmeckomne 00-
cepBaropuu Three College (Cesepnas Kaponuna,
CIIIA). bnaromapyM 3a TEXHHYECKYIO MOIJIEPKKY
Dan Gray (Sidereal Technology company), Joshua
Haislip (Yuusepcuter CeepHoit Kaponunsl B
Yamen-Xwumre) u Mike Shelton (Yuausepcurer Cesep-
Hoit Kaponunst B ['puHCOOPO), a Takke 3a GUHAHCH-
poBaHHe co cTopoHbl Kosuremka MCKYCCTB M HayK
Yuusepcurera Cereproit Kaponunsl B 'purcOopo u
(akynbrera GU3NKKA U ACTPOHOMUU 3TOTO Y HUBEPCH-
TeTa.
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ION-PLASMA NITRIDING OF TITANIUM ALLOYS: TECHNOLOGIES,
ADVANTAGES, AND LIMITATIONS

To improve the surface properties of titanium and its alloys, numerous surface modification
processes have been developed through the formation of coatings, films, or layers. One such
treatment method is plasma nitriding, which is widely used to enhance the surface properties of
titanium and its alloys. The diffusion of nitrogen into the bulk material creates a continuous
hardness profile, thereby providing optimal support for the hard surface layer. This study
examines the ion-plasma nitriding technology for the treatment of titanium alloys. The
fundamental principles of ion-plasma nitriding, its advantages, and limitations are thoroughly
analyzed, and the optimal process parameters that contribute to increasing the wear resistance
and durability of titanium alloys are identified. The study includes an analysis of modern
approaches and trends in the development of this technology, allowing for the identification of
the most efficient processing modes and improvements in the characteristics of the resulting
layers. Special attention is given to the influence of processing parameters such as temperature,
pressure, gas mixture composition, and exposure time on the formation of the structure and
properties of the nitrided layers. Research has shown that properly selected processing modes
not only increase the microhardness and wear resistance of the surface but also reduce the
coefficient of friction, which is particularly important for components operating under high
mechanical loads. In addition, ion-plasma nitriding is compared with other surface modification
methods for titanium, such as gas nitriding, laser hardening, and the application of hard coatings.
The key advantages of this method have been identified, including the high uniformity of the
nitrided layer, minimal dimensional changes in the components, and the environmental safety of
the process. The obtained results can be used to optimize industrial processing technologies for
titanium alloys, enabling their expanded application in the aerospace, medical, and mechanical
engineering industries, where high reliability and durability of materials are required.

Keywords: plasma, glow discharge, nitride phase, nitrogen, temperature, vacuum.
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TWTaH KOpbITNaNapbiH MOH-NNA3MabIK a30TTay: TEXHONOTUANAP, aPTLIKILbINLIKTAP KoHe
LeKTeynep

TWUTaH MeH OHbIH, KOPbITNanapblHbIH, 6ETKI KAaCUeTTepIH »KaKcapTy MaKcaTbiHAa KabbiHAap,
ynbipnep Hemece KabaTTap Ty3e OTbipbin, HeTKi KabaTTbl TypaeHAaipyAdiH, apTypAi aaicTepi
a3ipneHai. OcbiHAan eHaey TacinaepiHiH, bipi — nnasmanbik a3oTTay, ON TUTAH MEH OHbIH,
KOpbITNanapbliHbIH BETKI KacMeTTepiH XeTinaipy YWiH eH KeHiHeH Ko4aHblNaTbiH aaicTepaiH, 6ipi
6onbin Tabblnaabl. A30TTbIH Kenemaik matepunanta anddy3mackl KaTTbl HeTKi KabaTka oHTalbI
Tipek 60naTblH  Y3/iKCi3 KaTTblblK, NPOGUAIH KamTamacbi3 eTefi. byn KymbicTa TWUTaH
KOpbITNanapbliH eHAeyre apHafafaH WMOH-MAAa3MalblK a30TTay TexHoNormAcel 3epTrenedi. MoH-
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nnasmasblK a30TTayAblH HEeri3ri NPUHUMNTEPI, OHbIH, apPTbIKLWbI/bIKTAPbl MEH LLEKTeyepi aH-
aKTbl KapacTblpbl/ibiN, TUTAH KOPbITNAAapblHbIH, TO3yfa TE3iMAiNIN MeH y3aK KbI3MeT eTy
MepP3iMiH apTTbIPaTblH OHTANbI ©HAEY NapaMeTpaepi aHbIKTaAFaH. KymbiCTa 3amaHaym Tacinaep
MeH TeXHONOTUAHbI AAMbITY YPAICTepi TanaaHfaH, byn eH TMiMAi eHAey peXxumMaepiH aHblKTayFa
’KoHe afblHFaH KabaTTapblH CMNaTTaManapbiH KaKkcapTyfa MyMKIHAIK bepefi. dcipece eHaey
napameTpaepiHiH, — TeMnepaTypa, KbICbIM, ra3 KOCNACbIHbIH, KypaMbl MeH 3KCMO3MUMA YaKbITbl —
a30TTaNfaH KabaTtTapapiH KypblbiMbl MEH KAaCMeTTepiHIH Ka/biNTacyblHa acepiHe epeKlle Hasap
ayaapbinfaH. 3epTreyaep KepceTKeHaen, AypbiC TaHaanfaH eHaey pexumaepi 6eTKi KabaTTbiH,
MWKPOKATTbI/NbIFbIH KaHE TO3yFfa TE3IMAINIMH apTTbipbin KaHa KOMMal, COHbIMEH KaTap YMKenic
KO3QPULUMEHTIH TemeHAeTyre MyMKIHAIK 6Gepeni, Oyn  acipece Kofapbl MexaHMKasblK
KYKTEMENEP KaFrdanbliHAa KYMbIC ICTEMTIH BenwekTep ViiH aca maHbi3abl. CoHAal-aK MOoH-
nfasmainblk asoTray TUTaHabl 6eTki KabaTTbiK TypaeHAaipyaiH 6acka aaicTepimeH, MbiCasbl,
rasfdblk, as3oTTay, /fasepnik OepikTeHAipy KoHe KaTTbl KabblHOaAp Kafy ToacinaepimeH
CaNbICTbIPbIAAbl. OAICTIH, HEeri3ri apTbIKWbIIbIKTAPbl peTiHAe a30TTa/ifaH KabaTTbiH KOfapbl
6ipTeKTiNir, GenweKkTepaiH, enwemaepiHiH, e3repiciHiH, MUHMMaNAbl 60/ybl KaHE NPOLECTIH,
SKONOTMANBIK Kayinci3airi aHbIKTanabl. ANblHFAaH HOTUXKENep TUTaH KOpbITNanapbiH eHAeYAdiH,
OHAiPICTIK TEXHONOTUANAPbIH OHTaMIAHAbIPY YLWiH KOAaHblAYbl MYMKiH. Bya onapabiH, aBuaLms-
Fapblll, MeANLMHA KaHe MallMHa »Kacay CaNanapbiHAa CEHIMAINIK MeH y3aK KbI3MET eTy mep3imi
Tanan eTiNeTiH Xafaannapaa Koa4aHblybliH KEHENTYre MyMKiHA K 6epesi.
TyliH ce3aep: Nnasma, *Kapkblpay paspaabl, HUTpMATI da3a, a30T, TemnepaTypa, Bakyym.
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MOHHO-NNasMeHHoe as0TUPOBaHUE TUTAHOBLIX CM1IABOB: TEXHOI0MN,
npemmyullectsa U orpaHU4eHuUA

Ona ynaydlleHua MNOBEPXHOCTHbIX CBOMCTB TUTaHa W ero cnnaasoB 6OblNo paspaboTaHo
MHOeCTBO NpoLeccoB moanbUKaLmm NoBepxXHOCTU NyTem GOPMMUPOBAHMA MOKPbLITUM, NAEHOK
nnu cnoes. OAHUM M3 TakKMX MeTOA0B 06paboTKM ABNAETCA N1a3MeHHOe a30TMPOBaHNE, KOTopoe
Hanbonee WMPOKO UCNONb3YeTCA A/1A COBEPLIEHCTBOBAHMA MOBEPXHOCTHbIX CBOMCTB TUTAHA U ero
cnnasoB. Anddy3ns asota B 06bEMHbIM MaTepuan co3aaeT HenpepbIBHbIN Npoduab TBEPAOCTH
W, cnefoBaTeNbHO, obecneunBaeT ONTUMaNbHYO NOAAEPKKY TBEPAOr0 NOBEPXHOCTHOrO cos. B
[aHHOW paboTe mnccneayeTca TEXHONOMA MOHHO-MNA3MEHHOIO a30TMPOBaHUA A1 06paboTkm
TWUTAHOBbLIX CM/aBoB. MoApPOOHO PACCMOTPEHbI OCHOBHbIE MPUHLMMLI MOHHO-MNA3MEHHOTO
a30TMPOBAHMA, €ro NPeuMyLLecTBa, OrpaHWYeHUA, a TaKKe onpeaeneHbl ONTMMaNbHble
napameTpbl Npolecca, cnocobcTaytowMe MOBbILEHWIO WM3HOCOCTOMKOCTM WM A0/NTOBEYHOCTU
TWUTaHOBBIX CM1aBOB. PaboTa BK/IOYAET aHa/IM3 COBPEMEHHbIX MOAXOA0B U TEHAEHLMI B Pa3BUTUN
TEXHOMIOMMM, YTO MO3BOAET BbISBUTb Hanbosiee addEKTUBHbIE PeXMMbl 0OPAaBOTKM M yAYyYLLINTD
XapPaKTEPUCTMKM MoJyYeHHbIX cnoeB. Ocoboe BHMMaHWE YAEeNEHO BAWAHWUIO MapaMeTpoB
06paboTKM, TaKMX KaKk TemnepaTypa, AaB/reHne, COCTaB ra3oBOM CMeCK 1 BPeMs 3KCNO3MLMM, Ha
bopmmMpoBaHME CTPYKTYPbl M CBOMCTB a30TMPOBAHHbIX C/10eB. iccneoBaHUA MOKa3blBaloT, YTo
npaBuAbHO nNoAobpaHHble pexMmbl 00pPaboTKM  MNO3BOMAKOT He  TONbKO  YBEAWYUTL
MUWKPOTBEPAOCTb M M3HOCOCTOMKOCTb MOBEPXHOCTU, HO U CHU3UTb KOIDDULMEHT TPEHUS, YTO
0COBEHHO BaXHO A1A AeTanei, paboTalowmx B YCA0BUAX BbICOKUX MEXaHUYECKMX Harpysok.
Takxe npoBeAeHO CpaBHEHME WMOHHO-M/Ja3MEHHOTO a30TMPOBAHMA C APYIMMWU METOoAaMMu
MOBEPXHOCTHOM MOAMPUKALMKM TUTaHa, TAaKMMWM KaK ra3oBoe a30TMPOBaHWe, sasepHoe
YNPOYHEHME M HaHECEHWe TBEPAbIX MOKPbLITUI. OnpeaeneHbl KAtoYeBble NPEUMYLLLECTBA METOAQ,
cpefin KOTOPbIX BbICOKAA OAHOPOAHOCTb a30TMPOBAHHOMO C/0A, MUHUMANbHOE W3MEHeHue
Pa3MepoB AeTanel 1 sKkonormyeckas 6e3onacHoOCTb npotecca. NonyyYeHHble pesyabTaTbl MOryT
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ObITb MCMOJIb30BaHbI A8 ONTUMU3ALMU MPOMbILJEHHbIX TEXHONOTMIA 06PaboTKM TUTAHOBbLIX
CMaBOB, YTO MO3BO/IUT PACLUIMPUTL UX MPUMEHEHWE B aBUALMOHHO-KOCMUYECKOM, MeaNLNHCKOM
N MaLWNHOCTPOUTENbHOM OTPACAsX, rae TpebyeTca NosblleHHaa HaAeKHOCTb U A0/ITOBEYHOCTb

mMaTepmnanos.

KnioyeBble ¢/10Ba: N1asma, TAEoWMI pa3paa, HUTpuaHas asa, a3oT, TeMnepaTypa, Bakyym.

Introduction

Today, one of the key industrial challenges is to
ensure the strength and wear resistance of various
metals and alloys used in industries such as
mechanical engineering, automotive and aerospace.
This is especially true for titanium products that are
subjected to significant mechanical stresses, such as
in joint endoprostheses and dental structures.
Constant friction, cyclic loads, and interaction with
various materials, microcracks are formed as a result
of fatigue failure of the material [1], which can lead
to material failure. Despite titanium's high corrosion
resistance and strength, its surface remains relatively
soft, which increases the risk of wear, especially
when in contact with metallic or ceramic elements.
This shortens the service life of titanium products and
reduces their reliability in long-term operation. To
improve wear resistance and increase the service life
of titanium alloy products, a promising solution is the
use of chemical heat treatment (CHT) [2,3]. Among
the most widespread methods of chemical heat
treatment are cementation [4], nitrocementation [5],
boriding [6] and nitriding. Each of these methods has
its own features, advantages and limitations, which
determines their field of application. Among the
methods and technologies of CVD, ion-plasma
nitriding stands out as the most promising technology
due to a significant number of advantages. This
process is based on saturation of the metal surface
with nitrogen using a plasma discharge, which makes
it possible to form high-quality nitride coatings with
high hardness and wear resistance

lon-plasma nitriding (IPN) is one of the
promising technologies of surface treatment of
materials, widely used to improve their mechanical
and operational characteristics [7]. This technology is
used to harden surfaces, improve corrosion resistance
and increase wear resistance of metal products. IPN
is widely used in various industries including

lon-plasma nitriding process

The principle of operation of ion-plasma
nitriding (IPN) is the formation of a nitride layer on
the surface of a metal (steel, titanium, etc.). When
voltage is applied between the anode (vacuum
chamber body) and the cathode (the sample to be

mechanical engineering, metalworking, automotive
and aerospace industries, energy and medicine. The
technology is actively used to modify parts such as
engine components, gears, shafts, cutting tools (drills,
milling cutters, dies) and other products that require
increased durability and efficiency under harsh
operating conditions. Unlike traditional nitriding
methods, such as gas or salt nitriding, IPN is carried
out under low-pressure conditions in a vacuum
chamber, where plasma activates nitrogen atoms and
ensures their effective penetration into the surface
layer of the material. This allows the creation of
nitride layers of high density and homogeneity. In
addition, IPN technology is characterized by
environmental safety, as it does not require the use of
toxic impurities and chemical reagents. Modern
requirements to parts and tools include increased
durability and stability under extreme conditions -
high loads, aggressive media and significant
temperature fluctuations. lon-plasma nitriding not
only meets these requirements, but also provides
additional economic benefits by reducing wear and
extending the service life of products

lon plasma nitriding (IPN) technology continues
to evolve rapidly, including the introduction of multi-
cathode systems, the use of pulsed voltages, and
combinations with other surface treatment methods
such as oxidizing and coating. These improvements
allow the method's capabilities to be significantly
expanded and adapted to specific production
requirements.

This paper discusses the basic principles of IPN
operation, its advantages over other methods, existing
limitations and ways of their elimination. It also
presents an overview of current trends in the
development of the technology and its application to
the machining of complex metal shapes.

treated), a glow discharge is excited, which knocks
electrons out of the atoms of the working gas, forming
positively charged ions [8]. These ions bombard the
metal surface, penetrating it and promoting the
formation of nitride phase. As a result, the surface
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layer is modified, which increases its hardness, wear
resistance and corrosion resistance. A detailed
breakdown of the entire nitriding process is discussed
below.

Fig. 1 shows the basic setup for ion-plasma
nitriding. The vacuum chamber is pre-pumped to a
pressure of 10-* torr [9], which depends on the
objectives and the type of metal to be processed. The
required pressure is achieved by removing air and gas
impurities using a pumping unit (Fig. 1, item 5). After
the formation of plasma on the entire surface of the
stand (Fig. 1, item 3) and the metal, the process of
nitrogen ionization is activated. This process can be
observed through the vacuum viewing window (Fig.
1, item 7). The working gas is exposed to a high-
voltage electric field, which leads to its ionization,
resulting in the formation of nitrogen ions (N*) and
neutral nitrogen atoms (Fig. 2). The nitrogen ions are
accelerated in the electric field and collide with the
metal surface, transferring their energy to it. This
initiates processes such as the diffusion of nitrogen
into the material and the formation of a nitride phase,
which contributes to the hardness and wear resistance
of the machined surface.

Figure 1 — Design of the IPN unit.
1-Vacuum chamber. 2-Anode. 3-Cathode (Support).
4-Temperature gauge of the vacuum chamber.
5-Pump unit. 6-Pressure relief plug. 7-Vacuum
viewing window
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Figure 2 — The process of gas ion diffusion onto the metal surface.

When accelerated nitrogen ions and other
plasma ions interact with the material surface, kinetic
energy is transferred and converted into thermal
energy. This process leads to heating of the treated
sample. The temperature is controlled by a
temperature sensor (Fig. 1, item 4) installed in the
vacuum chamber. After reaching the set temperature,
a timer is started, which fixes the duration of
processing. At the end of the set time interval the
temperature in the chamber is gradually reduced to
room temperature. At the same time, a vacuum
environment is maintained to prevent oxidation of the
material surface. The voltage generator is only

36

switched off after the temperature has stabilized to
avoid temperature fluctuations that could adversely
affect the material properties. After the cooling
process is completed, inert gas is fed into the working
chamber to prevent the treated surfaces from coming
into contact with oxygen. The pressure in the chamber
is released by opening the plug (Fig. 1, pos. 6), which
ensures safe completion of the treatment cycle

Nitriding of complex metal shapes is a technically
challenging process because it depends on many
factors, including plasma physics, part geometry, and
gas distribution characteristics [10]. In a vacuum
chamber, the plasma can be unevenly distributed,
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especially in areas with recesses, threads, or complex
topography. This leads to the fact that the internal
surfaces of parts may not be saturated with nitrogen,
which, in turn, contributes to the formation of
"shadow zones" - areas with minimal ion density,
where the nitriding process proceeds less efficiently
[11].

lon-plasma nitriding of complex metal shapes
requires methods that ensure uniform treatment and
efficient nitrogen saturation even in hard-to-reach
places. To achieve this, various technological
approaches and innovative solutions are used. The
method of multi-cathode systems makes it possible to
install several cathodes arranged around complex
metal molds in a vacuum chamber. [12] The cathodes
are placed in such a way as to minimize "shadow
zones" and ensure uniform plasma exposure on all
surfaces of the part. This ensures uniform plasma
distribution and improves coatings in recesses,
internal channels and complex topography. However,
implementation of this technology requires additional
cost and a skilled control approach. To provide better
controllability of the plasma, pulse nitriding (pulse
plasma) method is also used [13]. Which in turn
applies voltages in the form of short pulses. This
gives easy penetration of plasma into narrow channels
and complex structures, minimizes overheating of
parts with thin walls.

Favorable gas environments for diffusion to
the surface of the metal product

Table 1 shows the different compositions of gas
mixtures used in the ion-plasma nitriding process to
achieve the specified properties of the treated
material. The main active component in the mixtures
is nitrogen (N2), which provides saturation of the
material surface with nitrogen atoms. Additionally,
the gas mixtures may comprise hydrogen (Hz), argon
(Ar), and hydrocarbons (e.g., methane - CHa), which
play an auxiliary role. Hydrogen (Hz) helps to remove
oxides from the surface, improving the adhesion of
the nitrided layers. Argon (Ar) stabilizes the plasma
and regulates the ion energy, which affects the
uniformity of the coating. Hydrocarbons (CHa4) are
used to form combined coatings with increased wear
resistance. The gas mixture is selected based on the
requirements for thickness, hardness, corrosion
resistance and other characteristics of the layer, as
well as the properties of the treated material.

The role of each gas depends on the process
objectives: nitrogen provides surface saturation,
hydrogen cleans and stabilizes the process, inert gases
improve surface activation, and hydrocarbons and
oxygen complement the process, expanding the range
of layer properties [14]. The optimum gas mixture is

selected taking into account the material to be
processed and the coating requirements.

The process of ionic nitriding in hydrogen-
containing media (ammonia, nitrogen-hydrogen
mixture) is well enough studied in domestic and
foreign literature [15]. Hydrogen plays an important
role in the process of ion-plasma nitriding, acting as
an active component of the gas mixture. Its presence
affects the kinetics of ionic interaction, the formation
of the surface layer structure and the quality of the
resulting coating. However, the presence of a large
amount of hydrogen in the saturating medium causes
surface brittleness (especially sharp edges) and base
hardening, which under certain conditions leads to a
decrease in the strength and durability of structural
elements [16].

Table 1 — Compositions of gas mixtures for ion-
plasma nitriding [14]

Gas combination
NH-

Assignment
Provides plasma discharge
stability, improving
nitriding uniformity.

A standard blend that
provides uniform nitrogen
saturation of the surface
and improved adhesion
properties.

Used to increase plasma
stability and improve
processing quality.

To create carbonitride
layers with high wear
resistance.

For complex processes
requiring high layer
homogeneity

N: + Hz

N2 + Ar

Nz + H> + CH4

N2+ Ar+ H:

Influence of ion-plasma nitriding process
parameters

The temperature of the ion-plasma nitriding
process is a critical parameter that determines the
quality and characteristics of the formed nitrided
layer. Properties such as penetration depth, phase
composition, surface roughness and corrosion
resistance depend on carefully selected temperature
conditions [17]. After ion plasma treatment, a
significant increase in the microhardness of the metal
surface is observed. However, it should be taken into
account that excessively high microhardness can lead
to surface embrittlement, which negatively affects its
adhesion properties [18,19]. In addition, it can be
observed, methods with high temperatures have
higher microhardness. Therefore, for different metals
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and their alloys, an individual approach to the choice
of temperature and processing conditions is required,
which is due to the peculiarities of their structure and
composition. The most widely used material for
nitriding is steel, including its numerous grades. In
the temperature range of 400-600 °C [17], which is
typical for the processing of most types of steels, the
diffusion rate of nitrogen atoms into the metal matrix
increases significantly [17]. This leads to an increase
in the thickness of the nitrided layer, which has a
positive effect on its wear resistance. For titanium and
its alloys, the process is usually carried out at higher
temperatures - in the range of 700-900 °C, which is
due to their specific physical and chemical properties
[20]. With increasing temperature, the formation of ¢-
phase with increased corrosion resistance is possible.
However, excessive heating can be accompanied by a
decrease in the hardness of this phase, which in some
cases limits its application. In addition, uncontrolled
overheating can lead to deterioration of the properties
of the base material, such as reduced ductility or
internal stresses. Thus, temperature optimization is
essential to balance layer thickness, hardness and
corrosion resistance. A comprehensive approach,
including temperature selection taking into account
the properties of the treated material, makes it
possible to achieve high efficiency of ion-plasma
nitriding without compromising the mechanical
characteristics of the base metal.

Vacuum also contributes to the stability and
efficiency of the nitriding process [21]. Its application
allows to remove impurities and oxide films from the
surface of the material, contributing to a more
uniform saturation of the metal with nitrogen. This is
especially important in the processing of complex
geometric shapes, where the uniformity of the coating
significantly affects the mechanical properties of the
product [22]. Maintaining a certain level of vacuum
provides stability of the gas composition in the
working chamber, which is important for the
formation of a uniform and high-quality nitrided
layer. According to [21], the use of vacuum allows to
precisely regulate the parameters of the process of
ion-plasma nitriding. The use of vacuum provides
precise dosing of nitrogen and additional gas
components such as hydrogen or argon, which has a
positive effect on the intensity of diffusion processes
and the thickness of the formed nitride layer. The
vacuum environment reduces the probability of
formation of pores, cracks, and undesirable inclusions
in the surface layer, which contributes to its wear and
corrosion resistance [21]. Despite the need for energy
costs associated  with  vacuumization, the
improvement in the quality of the formed layer and
the increase in the service life of the machined parts
compensate for these costs. Thus, vacuum is an
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indispensable  element  for
performance in nitriding processes.

The choice of vacuum level depends on the
purpose of the process. Medium vacuum (10-2-10-3
Pa) is used to remove gaseous impurities such as
oxygen and water vapor, which can negatively affect
the process. It provides the necessary cleanliness of
the working chamber before supplying the working
gas (nitrogen or a mixture with other gases). The
operating vacuum (50-500 Pa) is set after the supply
of the operating gas and its value is determined by the
process parameters, material type and product
geometry. High vacuum (10-°-10-7 Pa) is used in
specialized installations for maximum complete
removal of contaminants, especially when working
with high-alloy steels and titanium [8].

The next voltage parameter affects the formation
of plasma and regulation of nitrogen ionization
intensity. Under the action of high voltage between
the anode and cathode, an electric field accelerating
ions and electrons is generated, which contributes to
the initiation and maintenance of the plasma state in
the working chamber [18]. In addition, the voltage
affects the energy distribution in the system, which
directly affects the efficiency of the nitriding process.
When the voltage is increased, an increase in the
energy of nitrogen ions is observed, which promotes
deeper penetration of nitrogen atoms into the metal
and improves the properties of the nitrided layer, such
as wear resistance and strength. However, excessive
stress can lead to overheating of the material surface,
which in turn can damage the material, especially
with prolonged exposure, requiring precise control of
the process parameters. In addition, stress affects the
morphology and structure of the nitrided layer. At
high stress, accelerated nitrogen ions activate the
interaction processes with the material, leading to the
formation of denser and more wear-resistant layers.
However, excessive stress can promote the formation
of unfavorable phases such as the e-phase, which
improves corrosion resistance but can reduce the
hardness of the coating. Thus, the optimal choice of
voltage for ion-plasma nitriding should take into
account the specifics of the material, the type of
product, the requirements for the properties of the
nitrided layer, and other process parameters [8]. It is
important to ensure the voltage balance in order to
achieve the desired mechanical and physicochemical
characteristics, minimizing the risk of material
damage and the occurrence of undesirable phases.

The time of ion-plasma nitriding is an important
parameter determining the thickness, phase
composition, and mechanical characteristics of the
formed nitrided layer [23]. Increasing the treatment
time promotes the growth of the diffusion layer
thickness due to the intensification of the diffusion of

achieving  high



B.K. Rakhadilov et al.

nitrogen atoms into the metal matrix, although over
time the process slows down due to the decrease in
the concentration gradient. The duration of exposure
affects the phase composition of the layer: at early
stages, the v'-nitride phase predominates, while
longer nitriding promotes the formation of e-phase
with increased corrosion resistance [24]. However,
excessive processing time can lead to the formation
of saturated nitrides (e.g., TiN, CrN), increased
surface roughness and reduced ductility of the base
material due to internal stresses and microcracks. In
addition, excessive processing time increases energy
consumption, reducing cost effectiveness. Thus, to
ensure a uniform nitrided layer with optimum
mechanical properties such as hardness, wear
resistance and corrosion resistance, the process time
must be carefully optimized depending on the

material, product geometry and operational
requirements. Table 2 presents a comparative analysis
of key parameters of the ion-plasma nitriding process
and their influence on the characteristics of the
coatings. The parameters included - temperature,
pressure, voltage, gas mixture composition and
treatment duration - are critical for the formation of
nitride layers with optimum mechanical properties.
Analysis of experimental data shows that for each of
these parameters, there is an optimal range of values
that provides a balance between hardness, wear
resistance, corrosion resistance, and minimization of
undesirable effects [25] such as overheating or non-
uniformity of the coating. This information will be
useful for further research in the field of surface
treatment of titanium and its alloys.

Table 2 — Influence of ion-plasma nitriding parameters on coating characteristics

Process Mechanism of Analysis of .
Effect on coverage X . Conclusions
parameter influence experimental data
Temperature | Increasing Diffusion of Optimum temperature Temperature
hardness and wear | nitrogen atoms for titanium: 700-900 conditions should
resistance, into the matrix, °C, for steels: 400-600 be selected
formation of formation of e- and | °C. Excessive individually for
nitride phases y'-phases temperature can lead to | each material
a decrease in ductility
Chamber Influence on the Removing Medium vacuum (10-2- | Vacuum
pressure uniformity of impurities, 10-* Pa) is required for | optimization
nitrogen saturation | improving plasma | removing impurities, reduces the
stability working vacuum (50- probability of
500 Pa) is required for defect formation
processing
Voltage Determines ion Acceleration of Higher stress increases | Balance between
energy, depth of ions in the electric | the hardness of the energy and the
diffusion field coating, but excessive possibility of
stress can cause surface
overheating overheating
Gas mixture | Effect on structure | Regulation of Mixtures of N2 + Hz2, N2 | Selection of the
composition | and adhesion of interaction and + Ar, N2 + CHa allow to | mix depends on
coatings ionization kinetics | obtain coatings with the requirements of
different properties the coating
Treatment Increase in the Continuous The coating thickness Optimized
duration thickness of the diffusion of increases with processing time
nitride layer nitrogen, increasing time, but reduces energy
overheating and costs and improves
roughness may occur coating properties
Conclusion

lon-plasma nitriding is a highly efficient method
of chemical and thermal treatment of metal surfaces,
which allows to significantly improve the
performance characteristics of products. By using

plasma in a vacuum chamber, a deep and uniform
saturation of the surface with nitrogen is achieved,
resulting in the formation of a strong nitride layer.
This layer provides a significant increase in hardness,
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wear resistance, fatigue strength and corrosion
resistance of materials without changing their
dimensions and structure. The main advantage of the
method is its ability to provide precise control of
process parameters such as temperature, pressure, gas
composition and ion current density. This allows the
process to be customized to meet the specific
machining requirements of different alloys and steels.
In addition, ion-plasma nitriding is environmentally
friendly and cost-effective compared to traditional
nitriding methods such as gas or liquid nitriding. The
technology is widely used in mechanical engineering,
aerospace, automotive and power generation. It is
used to treat parts subject to high mechanical stress
and friction, such as gears, shafts, dies and cutting
tools. Due to the possibility of localized machining,
this method is also used to modify surfaces of

complex geometric shapes. The development of ion-
plasma nitriding is aimed at improving plasma
sources, reducing energy consumption and expanding
the range of processed materials. Studies on
combining ion-plasma nitriding with other methods
of surface hardening, such as nitrocementation and
ion alloying, are underway, which opens new
horizons in the creation of high-performance coatings
with specified properties. Thus, ion-plasma nitriding
is the most important technology of modern materials
science, providing reliability, durability and high
performance of products in a wide range of industries.
Its further development and integration with
innovative technologies will contribute to the creation
of new materials and structures that meet the growing
requirements for strength and durability under
conditions of intensive operation.
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PO/1b CM/TABOB FeCrAl B OBECMEYEHWW PAOUALIMOHHOM CTOMKOCTU U
BE3OMACHOCTU AOEPHbBIX PEAKTOPOB

C uenbto pa3paboTki 0b60si04eK AgepHOro TonamBa, 00/1aAatolWmMX CTOMKOCTbIO B aBapUMHbIX
ycnosuax, cnnasbl FeCrAl paccmaTpuBaloTCs Kak BaKHbI maTepuwan B o6nactnm saepHoM
3HEepreTUKM. 3TN CNaaBbl AEMOHCTPMPYIOT OT/IMYHYHO YCTOMUYMBOCTb K KOPPO3NM U OKUCNEHUIO
MpW  BbICOKMX TemnepaTypax W B arpeccusHol cpege. Kpome Toro, oHu obnagatoT
TENA0NPOBOAHOCTbIO, HE YCTYyNatoLLEN COBPEMEHHbBIM LMPKOHWEBBIM CM/1aBaM, MCMONb3YEMbIM B
HacToAwee Bpema. OQHAKO B Npouecce 3KcnayaTaumMmn A4epHOro peaktopa noJ, BO3AeNCTBUEM
NOHM3MNPYIOLLETO U3/TYYEHUA MEXAaHMYECKME CBOMCTBA MaTepmana MoryT M3MEHATLCA, NPUBOASA K
pagMauMOHHOMY  YNPOYHEeHMto. B gaHHOM  cTaTbe  pPacCMaTpPMBAltOTCA  OCHOBHbIE
3KCNepUMeHTa/ibHble MEeTOAbl — HAHOMHAEHTAUMA WM WUCMbITAHMA HA MUKPOTBEPAOCTb — W
TeopeTuyecKkme Noaxolbl, Takne Kak mogens Hukca-fao, Teopus AMCNepcMoHHOro HapbepHoro
ynpoyHeHua (DBH), Teopua dyHKUMoHana nnoTHoct (DFT), monekyaspHaa auHamuka (MD) u
IWCKpeTHasa AMCAOoKauMoHHaa auvHamuka (DDD), npumeHsemble AN U3y4eHua npouecca
ynpoyHeHua B cnnasax FeCrAl nocne obaydeHuns. Takke paccCMaTpuMBAETCs  BAMAHKUE
MWKPOCTPYKTYPHbIX M3MEHEHUM, TaKUX KakK obpa3oBaHWE AMCAOKAUMOHHbLIX NeTenb M a'-
BblAeNeHni. MpeacTaBieHbl MeTOAb! NOBbIWEHUA PaAMALMOHHOM CTOMKOCTM C MCMO/b30BaHMEM
OKCUAHbIX AuchnepcHbix 4actuy, (ODS). TeopeTuyeckMe MOAEAM MO3BOASAIOT YCTaHOBUTL
B3aMMOCBA3b MEXAY aTOMHbIMK AedeKTaMM U MaKPOMEXaHUYECKMMM CBOMCTBAMU. B KayecTBe
NepCneKkTUBHbIX HamnpaBAeHU Oyaylwmnx WMCCNefoBaHWM BblAeNEHbl OMNTUMMU3ALMA COCTaBa
CNNaBOB, OLEHKA WX AOATOCPOYHON CTabUIBbHOCTU W BHEAPEHWE TEXHONOMMI aaAanTUBHOIO
Npon3BOACTBA.

Kniouesble cfioBa: 060104YKa TOMAMBA C MOBLIWEHHOW YCTOMYMBOCTBIO K aBapuam (ATF),
cnnas FeCrAl, ynpoyHeHne npu ob6ay4eHnn, ynpoYHeHne OKCUAHbIMU AMCNEPCHbIMM YacTMLAMM
(ODS), HaHouHAgeHTaumA, DFT

A. Tangirbergen®*, N. Amangeldi }, S. Revankar?, G. Yergaliuly™.
IL.N. Gumilyov Eurasian National University, Astana, Kazakhstan
2purdue University, Indiana, USA
*e-mail: abylay.tangirbergen@nu.edu.kz

The role of FeCrAl alloys in ensuring radiation resistance and safety of nuclear reactors

In order to develop accident-tolerant fuel (ATF) cladding for nuclear reactors, FeCrAl alloys
are considered a key material in the nuclear energy sector. These alloys demonstrate excellent
resistance to corrosion and oxidation under high temperatures and aggressive environments.
Moreover, they exhibit thermal conductivity comparable to the zirconium-based alloys currently
in use. However, during nuclear reactor operation, exposure to ionizing radiation can alter the
mechanical properties of these materials, leading to irradiation-induced hardening. This article
provides an overview of the primary experimental techniques—such as nanoindentation and
microhardness testing - and theoretical approaches including the Nix-Gao model, dispersion
barrier hardening (DBH) theory, density functional theory (DFT), molecular dynamics (MD), and
discrete dislocation dynamics (DDD), used to study the hardening process in FeCrAl alloys after
irradiation. It also discusses the effects of microstructural changes, such as the formation of
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dislocation loops and a'-precipitates. Strategies to enhance radiation resistance through the
incorporation of oxide dispersion-strengthened (ODS) particles are also described. Theoretical
models help bridge atomic-scale defects with macroscopic mechanical behavior. Future research
directions include alloy composition optimization, long-term performance assessment, and the
application of additive manufacturing technologies.

Keywords: accident-tolerant fuel (ATF), FeCrAl alloy, irradiation hardening, oxide dispersion
strengthening (ODS), nanoindentation, DFT.
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FeCrAl KopbiTnanapbiHbIH AAPO/LIK PEaKTOpAaPAbIH, PaauaumMAbIK Tesimainiri meH
KayincisgiriH KamTamacsbi3 eTyaeri peni

Anart »KaraarblHaa Te3IMAINIK TaHbITaTblH OTbIH KabblKLLa apbiH 3ipsiey MakcaTbiHaa FeCrAl
KOpbITNanapbl AAPOJbIK PeaKTopAap cafiacbiHAa MaHbI34bl MaTepuas peTiHAe KapacTbipblabin
OTblp.Byn KopbITNanap *Kofapbl TemnepaTypa MeH arpeccmBTi opTa XKafaalblHAa KOPPO3MA MeH
TOTbIfyfa Tamalla Te3imAainik Kepceteni.CoHbIMeH KaTap, Kaslipre TaH4a KO/AaHbl1aTbIH
LMPKOHWIFa HeridgenreH KocnanapaH Kem emec Xbly afnmacy KepceTkiwi 6ap. Anaiaa,
AAPObIK ~ PEaKTOP  KyMbiC  DapbiCbiHAA MOHAAyWbl  CayNefeHyre yliblpafaH Kesge,
MaTepuangapablH MexaHWKa blK KacueTTepi e3repin, cayaeneHy apKblabl KaTalTblybl MYMKIH.
Byn makanapa FeCrAl KopblTnanapbiHbIH, CayneneHyaeH KeniHri KaTalybl yaepiciH 3epTtreyae
KONAAHbINATbIH HEri3ri 3KCMEepPUMEHTTIK aAicTepre — HAaHOWMHAEHTAUMA XOHE MWKPO KaTany
CbIHAKTapbl — aHe TeopuAnblK Tacingepre — Nix-Gao moaeni, 4MCNepcuAnbIK Keaepri TEOpUACHI
(DBH), Tbifbi3ablk, GYHKUMOHANbI Teopuackl (DFT), monekynanbik auHamuka (MD), KaHe
ANCNOKAUMAHBbIH - AUCKPETTIK  AvHamuKkacel (DDD) — wony 6Hepineai. CoHbIMeH KaTap,
ONCNOKAUMANBIK  i1MeKTep  MeH  a'-TyHbanap  CWAKTbl  cayneneHydeH  TyblHOAWTbIH
MWKPOKYPbINBbIMABIK,  ©3repicTepAiH, acepi KapacTbipblnagpl. PaanauMAnbiK, TyPaKTbIIbIKTbI
apTTbipy YWiH OKeuAaTi ancnepcTi benwektepai (ODS) eHrizy Tacinaepi cunatranabl. TEOpUANbIK,
MoAeNbAep aTOMJAbIK AeHrenaeri akaynap MeH MaKpOMeXaHWKablK KacueTTep apacbiHAafbl
HalnaHbICTbl TYCiHYre MyMKiHAIK Bepepi. bonallak 3epTTeynepaiH MmaHbi3asl 6afbiTTapbl peTiHae
KOpbITNa KypamblH OHTaWNaHAbIPY, Y3aK Mep3iMmai ceHIMAINIKTI Baranay KaHe aaanTUBTI eHaipic
TEXHONOTMANAPbIH EHTI3Y YCbIHbINAAb!.

TyiH ce3sgep: anaTka Tesimai oTbiH (ATF), FeCrAl KopbiThacbl, CayneneHy apKpibl
KaTalTblNly, OKCUMATI ancnepcTi kaTanTblay (ODS), HaHoMHAeHTauuA, DFT.

BBenenne

B crpemneHun K yCTOWUYMBOM DHEPreTUKE
siiepHasl JHEpPrud BBLACISAETCA KaK HaAEXKHbBIN
HUCTOYHUK C HHM3KMM YPOBHEM BBIOPOCOB IapHU-
KOBBIX Ta30B [1-3]. HecmoTpst Ha €€ mpenmyIiecTBa
nepes;  WUCKOMaeMbIMH W BO30OHOBIISIEMBIMH
HUCTOYHUKAMH SHEPTrUH, BOIPOCH 0€30MacHOCTH
OCTalOTCA aKTYaJIbHBIMHU, OCOOEHHO TMOCiie KPYITHBIX
WHIIMJICHTOB, TAKWX Kak aBapus Ha Dykycume-lanun
[4-6]. DTi coOBITHS TTOMYEPKHYIH HEOOXOAMMOCTD
MOBBIILICHUS  YPOBHS  OE30MaCHOCTH  AJEPHBIX
pPEaKToOpoB, YTO  CTUMYJIHUPOBAJIO  Pa3pabOTKy
MaTepHaJIoB 000JIOUEK Ul TOIUIMBA C MOBBIIICHHOM
ycroitunBocTeio K aBapusim  (ATF). B uucne
IIPEUIOKCHHBIX PELICHUH — HCIOIb30BaHUE HOBBIX

MaTtepuanoB obojouek, Takux kak SiC, FeCrAl,
BBICOKO3HTPOIIUITHBIE CILIaBBbI (HEA),
HepkaBeromas crtanb (SS), a Takke HaHeceHHe
TOHKUX IIOKPBITHH W3 AHOKCHIA ILMPKOHHMS Ha
MaTepHay, CIIOCOOHBIA MPOTHBOCTOSTH KOPPO3UU U
XMMHYECKOMY pa3liokKeHH0 co Bpemenem [7-10].
OnHako KaxAbld M3 3TUX MaTepUAIIOB MMEET CBOU
MIPEUMYIIECTBA U OTPAHWYCHUS IJII MPUMEHEHUS B
ATF, cBs3aHHbIE C UX PU3NICCKUMU U XUMUIESCKHUMHU
XapaKTePUCTUKAMU.

B Tabmume 1 nmpuBeneHsl ycpenHEHHBIC 3HAYE-
HUS KIIOUEBBIX IMapaMEeTPOB IS pPsia OCHOBHBIX
MaTepUaIOB, PACCMATPUBAEMBIX JIJIS HCIIOJIE30BaHUS
B Ka4ecTBe 000JI0YCK TOIUIMBA.

43



Ponb cnnasos FeCrAl B obecneyeHnn paamaumoHHOM CTOMKOCTU U 6e30MacHOCTY SAEPHbIX PeakTopoB

Taﬁnnua 1 — CBoiicTBa 000JI0YCUHBIX MaTCpUajIoB JJId AACPHOIO TOIJIMBA

IIpenen Texyuectu
/TIPOYHOCTH Ha Cpennee ceucHue
Temneparyp
HazBanwue pacTshbKeHue Mpu TeronpoBogHOCTD MOTIIONICHUS
a TUTaBJIeHHE .
MaTepuaa oC HU3KOU W/m*°K TETUTOBBIX
TeMIeparype HEUTpOHOB (OapH)
(MPa)
SiC/SiC ~2900 [11] ~250 [12,13] ~138 [14] ~0.086 [15]
SS-316 ~1450 [16] ~300- 1110 ~14 [19] ~3.1[20]
[17,18]
Zircaloy-4 ~1760 [21] ~386 [22] ~13-21.5 [23][24] ~0.20 [15]
Ti-6Al1-4V ~1660 [25] ~980 [22,26] ~6.6 [27] ~7.3 [28]
FeCrAl-(APMT) ~1530 [29] ~500 [12] ~12 [30] ~1.95-2.43 [15,20]

B ycnoBusix cTpemisieHUST K YCTOHYHBOMY
Pa3BUTHIO DHEPTETUKH SIEPHAs SHEPTUSI BBLACISIETCS
KaK HaI&KHBIA 1 HU3KOYTJICPOIHbIH HCTOUHHK [ 1-3].
OnHako 0e30macHOCTh 3TOTO HCTOYHHUKA
MPO/JIOIDKAET OCTaBaTbCs B IEHTPE BHUMAaHMUS,
0CcO00EHHO MOCJIe KPYMHBIX WHIMICHTOB, TAKUX Kak
aBapusa Ha Dykycume-awun [4-6]. OTH coOBITHS
MOTYEPKHYIIH HEOO0XOIUMOCTb MTOBBIILICHUS
0€30IacHOCTH SICPHBIX PEaKTOPOB, YTO MPUBENO K
pa3paboTke OO0OJOYEK TOIUTMBA C TOBBIIICHHOW
ycroiumBocThio Kk aBapusm (ATF). B »srtom
KOHTEKCTe  pa3palaThiBalOTCi  aIbTEpPHATHUBHBIE
MaTepuaibl s 000J04YeK TOIUIMBa, Takue kak SiC,
FeCrAl, BeicokoanTpommitHple cmmaBbl  (HEA),
HepykaBerolas craib (SS) W MOKPHITHS Ha OCHOBE
JMOKCUJIA IIUPKOHUS ¢ 100aBKaMH, YCTOMYMBBIMH K
koppo3uu [7—10]. Ot marepuansl o0JagarOT Kak
MPEUMYIIECTBAMH, TaK U OTPaHUYEHHUSIMH, KOTOPbIE
OTIPENEISIOTCST X (PU3MUECKUMUA U XUMHUYECKUMH
cBoiicTBamu. B Tabnuiie 1 mpencTaBieHbl OCHOBHBIE
napameTphbl pasInYHbIX MaTEPHaJIOB, TOTEHIIMAIBHO
MOJIXOISANIMNX Il 000JI0YEK TOTUINBA

SiC, wHanpumep,  OTJIMYAETCS  BBICOKOM
temneparypoir tiasneHus (~2900°C), oraudHOM
TeronpoBoaHOCTEIO  (~138 Br/M'K) u Huskum
rorsonmenneM HelTpoHoB (~0,086 6apH), 9To memaeT
€ro WACANBbHBIM JUIS BBICOKOTEMIIEPATYPHBIX H
HEHTPOHHO-YYBCTBUTEIBHBIX PUIIOKEHNUHN, XOTS €0
XpYNKOCTh W yMepeHHas mpo4yHocTs (~250 Mlla)
SIBJSIIOTCST HepocTaTkamu. Heprkaserormas cramb SS-
316 ob6namaer BbIcOKOM mpouHocThio (300-1110
MIla) u cTOHKOCTBIO K KOoppo3uw, HO e&
OTPAaHWYMBAIOT BBICOKOE IOTJIONIEHHE HEHTPOHOB
(~3,1 GapH) 1 ymMepeHHas TEILUIONPOBOAHOCTH (~14
Bt/m-K). Zircaloy-4 umeer HHM3KOE IOIJIOLICHUE
HeiitpoHoB  (~0,20 GapH) ©W  yMEpeHHYIO
temionpoBoaHoctk (13-21,5 Bt/m-K), uto memaer
€ro MOAXOIAIINM IJISl SACPHBIX MPUMEHEHUH, XOTS
€ro KOpPPO3UOHHAsi CTOMKOCTh M IHPOYHOCTh Ha
pactsokenue (~386 MIIBa) ocTalOTCSI BOIPOCOM.
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FeCrAl-(APMT) coueraeT XOpOIIHE CBOWCTBA IS
okucneHus u teronpoBognoctu (~12 Br/m-K), Ho
ero moryomeHne HeWTpoHoB (~1,95-2,43 GapH) u

MPOYHOCTH (~500 Mlla) MOTyT OBITh
HEIOCTATOYHBIMHU.

HEA, npencrapistone  co0OM  CIUTaBBI
HECKOJIBKMX  OJJIEMEHTOB B OKBHMOJIIPHBIX

MPONOPLUSX, AEMOHCTPUPYIOT BBICOKYIO CTOMKOCTD
K M3HOCY M KOPPO3WH TIPH BBICOKMX TEMIIEPaTypax,
nenast ux nepenektuBHeiMu 1uisi ATF. Hampumep,
CILJIaB AlCrCuFeMo oOiamaer XOpoLIen
KOPPO3MOHHOW  CTOHKOCTBIO, HO €ro  HH3Kas
TUTACTHYHOCTb YCIIOXKHSET MIPOU3BOJICTBO
TOHKOCTEHHBIX 000JI0Y€eK ISl SIIEPHOTO TOIUINBA.

FeCrAl, omuH ©3 TeEpBBIX MAaTEepHANIOB,
MIPETOKEHHBIX TUTSt 006010UeK TOIUIHBA,
JEMOHCTPHUPYET OTJIIMYHYIO KOPPO3HOHHYIO
CTOMKOCTh B BOIHBIX U KHIKOMETAJUIMYECKUX
cpelax, 4To JeJaeT ero MOAXOASIIIM JJIsl PeaKTOPOB
IV nokosienusi. B craBax ¢ comepixkanuem 10-15%
Cr u 3-5% Al oOpasyercs OKCHAHBIA CIOH C
KpHCTaIaMu, OoTaThiMU jkene3oM. [Ipu gjobaBieHun
HEOOIBIINX KOJIMYECTB Si yIIydIIaeTcs
KOPpPO3MOHHAsi ~ CTOWKOCTh, @  ONTHUMaJbHOE
cogepxkanue Al m Cr cmocobctByeT 00pa3oBaHHIO
3anmTHOTO oOkcuaHoro ciod. Opaako FeCrAl
TpeOyeT Oojee 0OOTramIEHHOrO TOIUIMBA M3-32 €T0
HEHUTPOHHOTO  TOIJIOUICHUS, YTO  YBEIUYUBAET
CTOMMOCTbH TOTTHBHOTO ITUKJIA.

Hacrosimast craThst BOCHOJIHSIET TMpoOen B
0000IIeHNH SKCIEPUMEHTABHBIX U TEOPETUUECKUX
JAHHBIX TI0 ynpouyHeHuto cruaBoB FeCrAl mof
nerictBueM oOMydeHuWs. PaccmaTpuBaeTcsl BIUSHUC
CcOCTaBa M CTPYKTYpHBIE M3MEHEHHS 10 W IOCie
oOnydeHuss wnoOHamMd ©  HedTpoHamu. CraThs
BKIIIOYAET  OKCIICPUMEHTAIILHBIE  HWCCIIEJIOBAHUS
(HaHOMHAEHTALMS, MUKPOTBEPIOCTh) M TEOpETHYEC-
kue mnoaxonbl (Momenmu Hukca [ao mns sddexra
pasMmepa, YIPOUHEHHE IUCIEPCHOHHBIMH Oapbe-
pamu, DFT, MD u DDD).
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Teopernueckue ucciaeg0BaHus YIPOYHEHMS
npu o6ayuenun B ciiaBax FeCrAl

TeopeTrueckre MOETH, TaKHe Kak MOJENb
VIOPOYHEHUST 33 CUET JHUCIOKAIMOHHOTO Oaphepa
(DBH) [31], momens Huka-T'ao [33], MonekynspHas
munamuka (MD) [34], Teopus (yHKIMOHATA
miotHoctu (DFT) [35,36] u TepMoguHAMHUYECKHE
pacuetsl [32,36], HUrparOT KIIOYEBYI pPOib B
M3yYCHUH ¥ MMOHUMAHUU YIPOYHCHHUS, BBHI3BAHHOTO
obiyueHreM. DTH TEOPETUYECKHUE MOIXOIbI TOMO-
rafoT TMOHATH OCHOBHBIC AaCIEKThl Je(eKTOB,
BBI3BAaHHBIX OONyYeHHWEM, TaKUX KaKk BaKaHCHH,
HHTEPCTUINH, JAUCIOKAI[MOHHBIC JIMHUH, TETIIH,
MYCTOTBI M MYy3BIPbKHM, KOTOPBIC BIHUSAIOT Ha
TBepaocTh MaTepraia. COBMECTHO € JKCIEPUMEH-
TAIbHBIMH TOIXOJAMH, O3TH MOJETH IO3BOJIAIOT
Npe/ICKa3bIBaTh MOBEICHUE MaTepHaia Moj BO3/CH-
CTBHEM paguaIlii, YTO CIIOCOOCTBYET pa3paboTKe
pannalMOHHO-CTORKHX MAaTepPHaIoB IS SIIEPHBIX
PEaKTOpOB, KOCMHUYECKHUX MPHWIOKEHHH W APYTHX
YCIIOBHH, TJ¢ PaAHAIMOHHBIC TIOBPEKICHUS HUMEIOT
BaxkHoe 3HaueHue. CoeMHAS aTOMapHBIC SBICHUS U
MaKPOCKOITHYECKHE MEXaHUYEeCKHe CBOWCTBA, OTH
MO/IEJTH HE3aMEHUMBI JIJIsI IPOIBMYKEHUS MaTepHao-
BEJICHUS B 00JaCTH paIMAllMOHHBIX MATEPUAIIOB.

Mopaean Hukca-T'ao

BonpmmaCTBO OKCIICPUMCHTAJIbHBIX HUCIIBITAaHUH
TBEPAOCTU MPOBOAATCA C UCIIOJIB30BAHUEM HAHOUH-
ACHTAIWMOHHBIX WJIM MUKPOTBCPAOCTHBIX TECTOB, IAC
pasMCp OTIICYaTKa BJIMACT Ha 06H_IYIO TBEPAOCTH

Marepuana. B Xoxe TECTOB IIpM yMEHBUIEHUHU
IyOWHBI  BAABIMBAaHUS  TBEPAOCTh MaTepHaa
BO3paCTaerT, 4TO MOXET IIPUBOJAUTH K

HEJIOCTOBEPHBIM pe3yibratam [37-40].

OddexT pazmepa orneyarka (ISE) orHocuTes k
SBJICHHUIO, KOTJa MEXaHWYECKHE CBOICTBa Mare-
puana, Takue Kak TBEPAOCTb, JKECTKOCTb WU
MPOYHOCTh, 3aBHUCAT OT pa3Mepa OTIedYaTKa HIN
ryOuMHbl npoHUKHOBeHMs. Kak mpasuio, ISE
XapakTepu3yeTcs YBEJIWYEHHEM TBEPAOCTH WM
MPOYHOCTH IO Mepe YMEHbBIICHHS TIYOHHBI
MIPOHUKHOBEHMSI, 0COOCHHO 3aMETHBIM Ha TIyOMHax
MeHee 1 MkM, Kak mokazaHo @appom u ap. [41]. Dtot
3¢ dexT yacto HaOII01aeTCsl B MUKPOTBEPAOCTHBIX U
HAaHOWHJICHTAIMOHHBIX ~ TecTaX M  OOBSICHACTCS
pa3nu4yHbIMK (haKTOpaMu, TAKMMH Kak MOBEPXHOC-
THBIE 3(QEKTbl, TPeHHE MEXIY HWHACHTOPOM |
o0pa3lloM © YNpPOYHEHHWE 3a CYeT TIpajJueHTa
nedopmarrn [42].

Mopens Huka-I'ao B mepByo ouepenb UCIOJb-
3yercsl Ul ONMCaHUs YIPOYHEHMs, 3aBUCSIIEIO OT
pasMepa, B YAacTHOCTH JUII OTHOIUEHHS XoJula-
[letya, KOTOpOE CBS3BIBAET IMpeAeNl TEKy4eCTH

MaTepuajga ¢ pazMepoM 3epHa. DTa Mojenb Oblia
pacmmpeHa s ydeta Apyrux 3¢ deKToB pazmepa,
TaKMX KaK BJIUSHWE TONIIUHBI IUIEHKH B
TOHKOIUICHOYHBIX Marepuaiax U 3¢ ekt pasmepa
OTIEYaTKa. Mogenb Huka-Tao CBSI3bIBACT
YBEJIMYEHHUE TIpefieNia TeKy4eCTH WM TBEPJOCTH C
TJIOTHOCTBIO TEOMETPUYSCKHA HEOOXOJIUMBIX JTUCIIO-
kamuii (GND), kotopas yBenuuuBaeTcss 1Mo Mepe
YMEHBIIIEHUSI XapaKTepHOro pa3Mmepa (pasmepa
3epHa, TOJIIMHBI IJICHKH, pa3Mepa oTmedarka). B
o0nacTu paJualMOHHO-CTORKUX MAaTepUaNIOB, TIJIe
paananusi BBI3BIBAET 3HAYUTEIBHBIE MHUKPOCTPYK-
TypHBIE U3MEHEHHUs, TaKhe KaK W3MeIbueHUE 3epHa
Wi 00pa30BaHUE 30H C BBICOKOH KOHIICHTpalMen
nedexToB, meheKTHl, BBI3BaHHBIE OOIydECHUEM,
MOTYT yBenmmunBaTh mIoTHOCTH GND, ocobGeHHO B
00J1acTsSIX C BBICOKUMH TpaJueHTaMH JehOopMarivH,
4TO CIIOCOOCTBYET ynpouHeHuto. Mosens Huka-I"ao
MMOMOTaeT OOBACHUTH, KAK STH H3MEHEHUS PUBOJIAT
K YIPOUYHEHHIO, 3aBUCSILIEMY OT pa3Mmepa.

Mopens Huka-I'ao Oblza mnpumeHeHa Ijs
OLIEHKH TBepmocTH MaTepuanaoB FeCrAl. Dra mozens
OKazajach TOJE3HOW Ui MOHMMaHWS MEXaHH4ec-
KOTO TIOBCACHHMS MAaTepUAJIOB, BKIIIOUAs CILIABBI
FeCrAl, npegocrasisist HHPOPMALIHIO O 3aBUCHMOCTH
MEX/Ty TBEPIOCTHIO ¥ TITyOMHOMN BIIAaBIMBAHHS B dTHX
matepuanax [43]. CnocobnocTh Mojenu Huka-I'ao
VUUTBIBaTh ASPQEKT pa3Mepa OTIEYaTKa HMEeT
BXHOE 3HAYCHHE TPU HM3YYCHUH MEXaHUYEeCKHX
cpoiicts cmaBoB FeCrAl m apyrux marepuanos Ha

MUKpPO- M HaHOypoBHe. Mojens mpeanoiaraer
JTUHEHHYI0  3aBHUCHMOCTh  MEXIY  KBaJpaToM
TBEPJAOCTH W OOPaTHOW BEIMYMHOW TIyOWHBI

BIIABITMBAHUS, KaK 3TO OMKCAHO B ypaBHeHHH (1).

h*

0 1+ w @9
rae H — tBepaocts, h — riry6una BaaBiuBanus, Ho —
TBEPIOCTh MPU OCCKOHEYHO OONBIION TITyOWHE, ITO
(aKTHUECKH COOTBETCTBYET OOBEMHOU TBEPAOCTH
Matepuana, h* — xapakTepHas JIJIMHA, 3aBUCSIIAST KaK
OT WHJCHTEPA, TaK M OT KOHKPETHOTO MaTepHraa.

Kak nokazano Ha pucynke 1, Kpuble J1st HE00-
JY4EeHHBIX 00pa3loB JEMOHCTPUPYIOT yCTOWYHMBYIO
JUHEHHYIO0 3aBHCUMOCTh OT OOpaTHOW TIyOWHEI
BIABJIMBAaHMA IO BCEMY JAWamna3oHy. B orimume ot
3TOr0, KpHUBBIE Ui  OOJNYyYEHHBIX  0O0pa3LOB
OTKJIOHSIFOTCSL OT 3TON JMHEHHOM 3aBUCUMOCTH Ha
manbix riryounax (h > 0,005 HM !, 4TO COOTBETCTBYET
riyOude BhasBnuBanus menee 200 Hm). Tect Ha
HaHOTBEPAOCTb OCOOEHHO YyBCTBHUTENEH K YCIOBHUIM
B 9oTOoM wMasoit obmactu. IlosToMy maHHBIE IO
HaHotBepaocTy oT 0 10 0,005 HM™! [J1s1 00 TyYEHHBIX
00pa3uoB OBLIM MCIOIB30BAHBI AJISI AlPOKCHMAIIH
¢ ucrnosb3oBanreM monenu Huka-T"ao [43].
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Pucynok 1 — I'padmku 3aBucumoctn
H? ot % st (a) P1 u (b) P2 B HeoOyueHHBIX 1

00JIy4EeHHBIX COCTOSHUSX. [IyHKTUPHBIE TOYKH
NPEJICTABIISIOT 3HAYEHHSI, IPEICKa3aHHbIE MOJIENBIO
Huxka-T'ao [43]

YnpoyHeHue 3a cYeT JHUCIEPCHOHHOIO
O0apbepa
Teopernueckn 3HA4YEHMsI YIPOUHEHUS IIpU

OOJIyYeHHH MOXHO KOJHYECTBEHHO OICHUTh C
MOMOIIBI0  MONIENM  YNPOYHEHHsS 32  CUeT
nucrniepcuonHoro Oapeepa (DBH). Drta  wmogens
KaueCTBEHHO OIMCHIBAET 3aBUCHUMOCTh  MEXIY
o0JyueHHreM, BBI3BAaHHBIM Je(EKTOM, U MEXaHUIeC-
KUMH CBoiicTBaMH Matepuana. Cuuraercsi, 4TO
VIPOYHEHHWE TP  OONYyYCHWH  TPUBOJUT K
JMHEHOMY YBEJIWYEHHIO IIpelena TEKy4YecTH.
Ucnone3zys  ympomiennyro  Moxenr DBH  wm
CTaTHCTUYECKHE JaHHBIE O JUCIOKAIIMOHHBIX METIISIX
n3 TEM, MoxHO TeopeTndeckn paccunTaTh CTETIEHb
ynpounenus [38]. M3meHeHue mpenena TEKy4ecTH,
Otot>» MOXKET OBITH BBIPKEHO CJICIYIOIIMM 00Pa3oM:

Otot = Z(AUSZR,L') + Aoy, (2)

4
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Aogg = Aappt + AGypiq + AO-I()ops' 3)
Aor = Adgisiocations 4)
rae  Adgg CBA3aHO € KPaTKOJAEHCTBYIOLIUMU

NPENATCTBUAMH, TAKUMH KaK NPEUMIUTATBl AGy,:,
MyCTOTBI AGy4iq ¥ TUCIOKAMOHHBIC TIETIH Ady40ps,
B TO BpeMs Kak Ag;p OOYCIOBJIEHO IAbHOIEHCT-
BYIOIIIMMHU TPEMSITCTBUSAMHU, TaKUMH KakK JIHCIIOKa-
IIMOHHBIC JIMHUM U CeTH. B OOJBIIMHCTBE CilydacB
OCHOBHBIMH Ae(peKTaMu TIOCTIe 0OITyUeHHSI SIBIISIOTCS
JUCIIOKAITMOHHBIE TeTiH. [lycTOThl W MpenunuTaTs!
Cr penko naOmopatorcss B Marepuanax FeCrAl.
CrnemoBaTeNnbHO, YBENHYEHHE MPOYHOCTH, BBI3BaH-
HO€ JHCIOKAIMOHHBIMH TIETIISIMU TTOCTe 00IydeHHS,
OITUCHIBACTCS CICIYIOIUM 00pa3om [44]:

Ao = Ma,ubVNd, (5)
rae Ao mpencraeiser coOOH HM3MEHEHHWE Mpejaesa
TEKy4yecTH II0 CpPaBHEHUIO C HEOOIy4YeHHbBIM
3HaueHuem; M — c¢akrop Teinmopa (3,06 mis
oonbimHcTBa MatepuaiioB ¢ OLIK pemierkoit); a; —
npouyHocTh Oapwepa (82 I'Tla); b — BexTop Broprepca
IBUOKyIIeics qucnokaryn, npuMepao 0,248 am; N u
d — o0003Ha4alOT IMJIOTHOCTH W CPEIHHN pazMep
nedexra, cooTBeTcTBeHHO. st nedexToB THIA
nereiab «; B kenese cocrasiser 0,38, a ansa yuera
JNAILHOJCHCTBYIOMMX — JNe(EKTOB, TaKHX  Kak
JUCIIOKAIUH, (g4 Oyaer paHa 0,3. 3HaueHus
IIPOYHOCTH Oapbepa MOJIyYeHbI HKCIEPHUMEHTAIBHO.
CrenoBartesbHO, Oy, OYAET CIEIYIONIIM:

Otot = MayubVNd + Mag;spub,/pa

= M,ub(a’l\/N_d + adis\/p_d). (6)
CootBercTBeHHO, Mojeiab DBH wucnonb3oBanachk
JUIsT  W3YYeHHS YOPOYHEHUS Tpu  OOJIydeHHH
obomnouek FeCrAl ATF. 3MeHeHus B TBEPOCTH 11O
DBH CIENYIOT TCHJICHITNH, aHaJOTUYHOMI
SKCIIEPUMEHTAIIBHOW TBEPJOCTH M SKBUBAJIEHTHOMN
00BEMHOW TBEPIOCTH, MOKa3aHHOW Ha puc. 2 (3) u
(b). Opmmako 1O Mepe yBEIWUYEHHS O3B
MOBPEXKJACHUH 3HAYCHHE YNPOUYHEHMS OKa3bIBACTCS
3HAYUTENLHO HWXE, YeM DKCIEPUMEHTAIbLHBIC
JIAHHBIE, YTO TPHBOAWT K CHIDKEHUIO KPHUBOU
TBepaocTH. OnpeaesieHue 3HAYCHUS & B MOJEIH
DBH ¢ BbICOKOH TOYHOCTBIO 3aTPYJHHUTEIBHO.
OmHuM W3 OOBICHEHUN SBISIETCS TO, 4YTO B
CTAaTUCTUYECKHE Pe3yJbTaThl BKJIHOYECHBI TOJIBKO
YETKO OIPEACICHHbIC JUCIOKAIMOHHBIE METIN U
IUCIIOKAIIMOHHBIE  JIMHUM, OYEHb  MAaJICHBKUE
JIACTIOKAITMOHHBIC TIETIN OBLIM HEpa3Iu4uMbBl, U
YEpHbIC TOYKH, BbI3BaHHBIC OOJydYCHHEM, HE
yuuteiBasiuch. Kpome Toro, o'-nperunuratel Cr He



A. TaHnpbepreH un ap.

HaOmoamMch Ha u3o0paxkeHusix TEM, BeposTHo,
M3-32 WX CIUIIKOM MAaJbIX pa3MepoB IS METOAOB
3JIEKTPOHHOM  MHUKpockonuu.  IloaTrBepkaeHue
oOpa3oBaHus KiacTepoB, obOoramieHHbix Cr, B
pe3ynpTaTe MOHHOTO OOJy4eHuss Tpebyer Oonee
TOYHBIX  HcnblTaHui. [lomoOHBIE  TEHOCHIINA
HabJIoaNnuCch B ApYrux uccienoBanusix [44,45].
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Pucynok 2 — (a, b) 3Hauenuns skcriepuMEHTaTBHBIX
M3MEHEHUH TBEPIOCTH 110 CPABHEHUIO C
W3MEHEHUSIMHU TBEPAOCTH, PACCUNTAHHBIMH C
HCIIONIb30BaHueM Moaean Hukca-I"ao u mogenn

DBH [38].
Teoperuyeckne  CUMYJSINUM:  MOAXOIbI
Teopud  ¢QynkumoHama  maorHoctu  (DFT),

MmoJiekyaspuoii nuHamukn (MD) m guckpertHoii
auHAMHUKH qucaokanuii (DDD)

HecmoTpst Ha mpHOIIMIKEHUSI, UCIIONb3yeMbIC B
TEOPETHYECKUX BBIYMCIUTEIBHBIX CUMYJISALUIX, OHH
TOYHO OIUCHIBAIOT (U3UYECKUE, XUMHUYECKHE U
MEXaHHYECKHe CBOMCTBA MaTepuanoB [46-48].
Teopust ¢ynkupmonana morHoctd (DFT) — aro
KBaHTOBOMEXAHUYECKUH METOA, UCIIOIb3yEMBIN IS
UCCIIEIOBaHUS JNIEKTPOHHOM CTPYKTYPHI
MHOTOTEJIFHOH ~ CHCTEMBI, OCOOCHHO  aTOMOB,
MOJIEKYJ U TBEPABIX TElI. DTOT METOJ OCHOBAaH Ha
KOHLCTILINH, YTO SHEPrusi OCHOBHOTO COCTOSHHUS

CHUCTEMBI MOXET OBITh ONpejelieHa IO IJIOTHOCTH
AIEKTPOHOB cUCTeMbl. OCcHOBHBIC TpwHIMIBI DFT
OCHOBaHHI Ha TeopeMax XosHbepra-Kona [49,50]
[lepBas Teopema Xo3ub6epra-Kona yrepxkaaer,
YTO CBOWCTBA OCHOBHOTO COCTOSIHUSI CHCTEMBI
MHOTHX 3JIEKTPOHOB OJTHO3HAYHO OTPEIEIIOTCSI
TUIOTHOCTBIO 3JIEKTPOHOB p. DTO O3HAYaeT, YTO BCE
HaOJronaeMple  BEITMYMHBI OCHOBHOTO COCTOSHUSI
SIBIISIFOTCS. (PYHKITMOHAIAMH TUIOTHOCTH AJIEKTPOHOB.
Bropas reopema XosubOepra-KoHna BBOIUT MOHSATHE
(yHKIIMOHANA DJHEPrMM M YCTAHABIUBACT, 4YTO
IUIOTHOCTh 3JICKTPOHOB B OCHOBHOM COCTOSIHUH
MUHUMI3UpYeT dTOoT (¢yHKuonan [51]. Wpes
OCHOBBIBACTCsA Ha BapruallMOHHOM MIPUHIHAIIC:
OHEPruss OCHOBHOT'O COCTOSHUSA EO IMOJIy4acTCsa
MHUHMME3aIMeER QyHKnnonana suepruu E [p]:

Ey = miny,{E[p]}, ()
SE[p]
T5p o= =0 ®)
Hns  mpakTtmueckot — peammsamuu DFT
ucnonb3yercss ypaBHeHue Komna-Illama, kotopoe

OIIUChIBACT INIOTHOCTH HCB33HMOILGI>'ICTBYIOH1HX
3JICKTPOHOB B 33IaHHOM BHEIIHEM moTeHIraie [52].

1
—EVZ + Uerp(r) |¥i(r) = epi(r), (9)

rae Ugrr(r) — oddexrusnpiii norenmman, ;(r) —
BOJHOBas ~ QYHKIMS  HEB3aHMOJICHCTBYIOIINX
3JIEKTPOHOB, @ €; — COOCTBEHHBIC 3HAUCHHSI CHCTEMBI.

Ueff(r) = Upxe (1) + f%dr, + Uxc(r), (10)

OE,c(1)
xc
Uyc(r) = S0 (11)
p(r)
YpaBHeHHe ABIISICTCA caMoOCOrJiIaCOBaHHBIM:
HAaYaJIbHOC MIPECAIIOJIOKEHNE JJIA IINIOTHOCTHU

DJIEKTPOHOB YTOYHSECTCS WTEPATUBHBIM pEIICHHUEM
ypaBHenuii Kona-I1Isma n 0OHOBIIEHHEM TUIOTHOCTH
AJIEKTPOHOB 10 AOCTHXEHUS CXOIUMOCTH. CI0KHOM
YaCThI0 YPaBHEHUS SBISACTCA TOCICHHSSI YacTh,
OTBeUaromias 32 0OMEHHO-KOPPEIAIMOHHBIE B3aUMO-
JIEHUCTBUSI, KOTOpas BKIIOYAET KBAHTOBOE B3aUMO-
JEUCTBUE UYAaCTHI[, TaKWe KaKk B3aUMOICHCTBUS
[Maymu. CymiecTByeT HECKOJBKO BHUAOB TIOTEH-
LMAJIOB, OTIMYAIOIIUXCS TOUHOCTBIO U CIOKHOCTBIO.
Hanbonee momynsapHeIM = sBIIIeTCS 000OIICHHOE
rpagueHtHoe npubmmkenune (GGA) IMepasio-bepke-
Opmzepropa (PBE) [53]. B mocnenHee Bpewms
HaAOOJaeTC 3HAYUTENBHBI WHTEPEC K aTOMHC-
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THYECKUM cuMymsiusM obomouek ATF ¢ ucnomns-
3oBaaneM DFT. B wactHoctn, DFT sddexruBrO
WLUTIOCTPUPYET  TIOBEJEHWE  MaTepuana  Ipu
KOppO3UH, HampspkeHHe u jAedopManuio mocie
no0aBiIeHU HEOONBITNX KOJWYECTB JIETUPYIOIIHX
JJIEMEHTOB, a Tak)Ke TIO3BOJSET PACCUNUTHIBATH
TEPMHUUECKUAE M ONTHYSCKUEC CBOWCTBA MarepHaia.
Hanpumep, JIu u ap. (2021) uccnenosanu BiausHUE
amcopbumu Bomoponga Ha moepxHocts FeCrAl B
Pa3IMYHBIX TOJ0KEHHUAX. Pe3ynbTaThl MOKa3bIBAIOT,
9TO aacopOIusl BOAOPOJIa OKa3bIBaeT 3HAUUTEIHHOE
BIUSHUE Ha pa3jNdHBIC JJIEMEHTH. B wacTHOCTH,
amomuanii (Al) uMeer HaMMeHbIlee B3aMMOJIEH-
cTBHe ¢ BojopogoMm. OpHako, Koraa BOJIOPOJ
HaxXxOJUTCI B MOCTUKOBOM TIOJOXKCHHH MEKIY
amcopouumeit Al u Cr, sHeprust Bo3pacrtaer [54].
AHaJOTMYHBIC UCCIICAOBaHUS ObLUTH MPOBEACHBI IS
aacopOIMu  BOABI M Kuciaopoma [55,56]. Otum
WCCIIEIOBAHNS TOMYEPKUBAIOT BAXKHOCTH PAacUETOB
DFT nms 3amad, CBSI3aHHBIX C  KOPpO3MEH,
OKHCJICHHEM U TMOTJIOIICHHEM Bojaopona. Tem He
MEHee, WCCIEIOBAaHUS MEXaHWYeCKUX CBOWCTB W
BIUSHUS DIIEMEHTApHBIX jaedexToB Ha (usuko-
xuMuueckue cBodictea FeCrAl ¢ ucmoms3oBaHHeM
DFT mnoka ne mpoBomwiuchk. Kpome Toro, BnusiHue
XUMHYECKOTO IIFMa Ha KOPPO3HWI0 MaTepuaia BO
BpeMsi HOPMajbHOM pabOThl peakTopa, a Takke
ATOMHUCTHYCCKUC CUMYJISITIH MEXaHUIECKUX
addexroB nodapnerus ODS B MmaTepualbl SBISIOTCS
AKTyaJIbHBIMU TEMaMU JJIs1 OOCYKICHUS.

ITomumo uccnenosanmii DFT, uccienoBanus ¢
WCTIONb30BAaHUEM JUCKPETHOW JWHAMUKH IHCIIO-
kammii (DDD) u MD-cumynsmmii anst MaTepuanoB
FeCrAl mpemocTaBwiM IICHHBIE CBEICHHS O UX
MEXaHUYECKOM ITOBEJICHUU B PA3JIMYHBIX YCIOBHUSIX.
Monekynspaass auHamuka (MD) — 310 Meton
KOMITBIOTEPHOTO MOJECIUPOBAHUS, HCIIOB3YEMBbIN
JUIS M3y4eHUs (U3NYSCKUX JBM)KCHUH aTOMOB U
moustekyin. OcHoBHO¥M mpuHimMn MD ocHoBan Ha
ypaBHeHUsX JABWkeHus Hprootona. JluckperHas
JTMHAMUKa JTVCIOKAITII (DDD) 9TO
BBIYUCIMTEIbHBIA ~ METOJ, HCIOJb3yeMbIH s
MOJICTUPOBAHMS  TOBEJNEHUS  JUCIOKAIMA B
KpUCTAJIUTMYECKUX Marepuanax. B ormmume ot MD,
KOTOpBI MOJenupyeT mABwkeHune aromoB, DDD
(doxycupyercss Ha  KOJUICKTUBHOM  TIOBEACHUHU
JUCIIOKAIMT — JIMHEeHWHBIX Je(PEeKTOB BHYTpHU
KPUCTAJUTMYECKON CTPYKTYPBI, KOTOpPbIE HIPAIOT
KIIIOYEBYK) POJb B IUIACTHYECKOH JedhopMaIlum.
Jlucmokanyu MpeCcTaBIsIOTCS B BUIE TUCKPETHBIX
JIMHUHA BHYTPU KPUCTAJUIMYECKON pELIETKH, TIe
KaK/1ast JIMHKS OTHUCHIBAETCS BEKTOpoM broprepeca b,
KOTOPBIN OTpECIIeT BEIUYMHY U HalpaBICHHE
HCKOXECHUSI peleTkd. JIBHKeHHe IHUCIOoKaluui
onpenensercs cunoit [Tnua-Kenepa:
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Fpg = (0 *b) * 1, (12)
e o — TeH30p Hanpspkenuit, b — sexrop Broprepca, |
— HampaBJICHUE JINHUM TUCIOKALWHU. YYUTHIBAs, YTO
yOpOYHEHHWE TpH OONyueHHMH B MaTepHanax,
OCOOEHHO B SJIEPHBIX MPIIIOKEHUSIX, IPOUCKOINT W3-
3a B3aUMOJICHCTBHUS IUCIOKaUUH C JedeKTamu,
BBI3BAHHBIMU pafHalel, TaKUMH KakK ITyCTOTEHI,
WHTEPCTHUINH U KJIacTephl BakaHcuii, MeTonsl MD u
DDD mnpemocTaBistOT MOIIHBIA HHCTPYMEHT IS
W3y4YeHHS] 3TUX B3aUMOJACHCTBHN M UX BIMSHHA Ha
cBoiicTBa Marepuasnia. Hanpumep, B HeJaBHEM
UCCIIE/IOBAHNH TUIACTUYHOCTH 00yueHHbIX FeCrAl
HaHOCTOJIOMKOB C HCIOJB30BaHHEM CUMYJISLHUHA

DDD  mnomuepkuBaioch  BIUSHHE  Je()EKTOB,
BBI3BaHHBIX o0nmy4eHueMm, Ha TIOBE/ICHHE
HanpspkeHue-geopManms, oTMedas HEOOBIYHOE
coueranue 3(¢dexkToB ympouHEHHs, BBI3ZBAaHHOE
HEOJHOPOMHOCTBIO COCTaBa M paJMalMOHHBIMU
nemsaMa  [S57]. B mpyrom  mccienoBaHWM

HaHouHaeHTaru ciutaBoB FeNiCr, mposeaeHHOM
Homunrec-I'yteeppecom u  ap. (2022), Obuio
00HApy>KEHO, YTO XPOM CHIDKACT HOIBMKHOCTD
MPU3MATHYECKUX AMCIOKAIIMOHHBIX TMeTelb, TEM
CaMbIM YBEIMYHMBAasi TBEPJOCTh 3THX cIuiaBoB [58].
Kpome Ttoro, MD-cumyssinuu crutaBoB  FeCrAl
MOKa3ali, 4To OoJiee BHICOKOE COJEPKAHNUE XpoMa U
AMIOMUHUSI TIPUBOJUT K YBEIWYCHHIO CKOPOCTH
MOJ3y4YEeCTH, NPH 3TOM HAaNpsDKEHHE BIMSET Ha
nepexox oT mnon3ydectd no KoOimy k aucioka-
MoHHON momydectu [59]. Brimoyenue rpadoBbix
HEHUPOHHBIX ceTel It yeKopeHusa cumyisanuit DDD
obemraer  ymy4dmuTh  3(QQEeK-TUBHOCTh  ITHX
BBIYMCIIMTEILHBIX ~ METOJOB [60]. Haxomerr,
MHOTOYPOBHEBOE UCCIIEIOBaHHUE, MTPOBe-IeHHoe L[s10
n Uxy (2023) Ha BBICOKOIHTPONHUIHBIX CIUIaBax

Fe2Ni2CrAl,  nomyepkHyI0  MX  OTJIHYHBIC
MEXaHHYECKHE  XapaKTePUCTHKH OPH  Pa3HbIX
TeMmreparypax ~ Omaromaps  B3aWMOJEHCTBHSIM

JUCIIOKAIMi 1 BOiTHUKOBaHwMIO [61].

Eyz]yume HanpaBJ€HUA U 3aAKIIOYUTECIbHLIC
3aMcecYaHus

Ha ocnoBe o0030pa JmTepaTypbl MOXXHO
BBIJIETTUTh HECKOJBKO KITIOUEBBIX HAIPABICHUH IS
Oynymmx wuccnenoBanuii  FeCrAl-cruiaBoB — kak
000JI0YeK TOIUIMBHBIX 3JEMEHTOB C MOBBIIICHHOM
TOJIGPAHTHOCTBIO K aBapuiHbIM ycioBusiM (ATF),
0c0OEHHO B KOHTEKCTE PaJHalliOHHOTO YIIPOYHEHHSI.

e Heo0xonuMocTh HM3ydeHUs] BO3AeiCTBHSA
BBICOKHX /103 U AJTUTEJIbHOr0 00/J1y4eHUs] HelTpo-
HamMu ¥ MoHamu. /[y Gojee TOYHOrO BOCHPOM3-
BEJCHHUS YCJIOBUH B pEakTOpax NpU aBapUHHBIX
CUTyallUsIX BaXHO IPOBEIECHHUE HCCIECIOBAaHUI B
YCIIOBUSIX BBICOKUX 103 U JUIUTEIHHOTO O0Iy4EHUS.



A. TaHnpbepreH un ap.

e HccienoBanusi ¢ MCNOJAb30BAHMEM Heli-

TPOHHOTO M [eJSIIHUXCH HNPOAYKTOB (KCEHOH,
KPHUIITOH).
JIOTIOJTHUTENEHBIC AKCIEPUMEHTHI C HEUTPOHHBIM
oO0JydeHHeM, a TakXke OONydeHHeM MpPOAYKTaMu
TeJICHMS, TaKUMH Kak kKceHoH (Xe) u kpuntoH (Kr),
MO3BOJIAT 0OJiee TOYHO MOJCIMPOBATh pPeallbHBIC
yCJIOBUSI B peakTopax. JTO JacT LEHHbIC JaHHBIC O
cTabuipbHOCTH | TenocTHOCTH ciiaBoB FeCrAl mon
BO3EHCTBHEM paJHAIUH.

e Onrumusanus cocraBa cimiaBoB FeCrAl
N3menenune comepkaHUs JIETUPYIOMIMX DIIEMEHTOB,
TaKUX KaK XpOM W aTIOMHUHHIA, MOXKET CYIIECTBEHHO
HOBJIMUATh Ha UX YCTOMYMBOCTH K PaJUallMOHHOMY
YOPOUHEHUIO U  XpymkocTH. CHcTeMaTHYecKue
WCCIIEIOBAHNS, CBS3BIBAIOIINE COCTAB CIUIABOB C MX
peakiueii Ha o0Jy4eHUe, ABJISIOTCS BaXXHBIM I1arOM
B CO3JIaHWU OoJiee yCTOWYMBBIX MaTepuanoB. Takxke
TpeOyercs yriayOleHne COTPYTHUYECTBA MEXIY
SKCIIEPUMEHTATOPAMH u TEOPETHUKAMHU:
SKCIIEPUMEHTAIbHBIC JIaHHBIC HEOOXOMUMBI IS
MIPOBEPKHU W YIYUIIEHUSI MOJEINeH, a TeOpeTHIEeCKHe
WCCIIEIOBAHUS MOTYT HAIIPABIISITH pa3paboTKy HOBBIX
SKCIIEPUMEHTOB. i1 Takoro COTpPYyJIHHUYECTBA
TpeOyeTcst co3gaHue OOMIMPHBIX  OKCIEPUMEH-
TaJbHBIX 0a3 JaHHBIX, BKIIOYas JACTAIHHYIO
MHUKPOCTPYKTYPHYIO XapaKTePUCTHUKY MaTepHUaioB
710 ¥ Tiocyie o0mydeHust. PekoMeH ryeTcs mpoBeieHue
KpOCC-BAIMJIAIIUN C WCIOIB30BAHUEM Pa3IIMIHBIX
HMCTOYHUKOB OOJTYYESHHS, TAKUX KaK HEUTPOHBI, HOHBI
W OPOAYKTHI ACJICHHUSA, AJI MTOJTYUCHHUA KOMIICKCHOT'O
MpeICTaBIeHUs O BiIustHUY panuanun Ha FeCrAl u nx
POIH B TMOBBINIEHUHN O0€30TTACHOCTH PEAKTOPOB.

e CoBpeMeHHbIE MeETOABI TPOHU3BOIACTBA
FeCrAl. CoBpeMeHHBIE TEXHOJOTHMH, TaKHe Kak
AITMTUBHOE MIPOU3BOJICTBO, MPEIOCTABIISIOT
BO3MOXKHOCTh CO3JIaHUSl CIIOKHBIX (opMm u meraneit
n3 nopomikoB FeCrAl, uto aenmaer mpomecc Gonee
THOKMM M SKOHOMHYHBIM. Taxke MepcreKTUBHON
METOJIUKOM SIBJIAETCS TPOJBHUHYTAs MOPOIIKOBAs

MCTaJlJIyprus, BKJTFOYast 6BICTpBIe METOAbI
3aTBEpACBaHUA W MCXAaHUYCCKOE JICTUPOBAHMUC,
KOTOpPBIC TO3BOJAKOT YIYy4YIIUTh MCXAHUYCCKUC

CBOICTBA, TaKHE KaK IIPOYHOCTh U YCTOMYUBOCTH K
nehopMalivy P BEICOKUX TEMITEPaTypax.

e DJKOHOMHYECKAS] OIleHKA TPOU3BOACTBA
FeCrAl. HeobxomuMm aHamd3 SKOHOMHYECKOU

nenecoodpasnHoctu npomsBojuctBa FeCrAl u ero
WCTIONB30BaHMS C PAa3IMYHBIMU SIACPHBIMH TOTLIH-
BamMHu. Takke Ba)XXHO TIPOBECTH CPABHUTEIBHBIN
ananmu3 ¢ japyrumu Mmatepuanamu ATF-o0onouek,
TakuMua  Kak  koMmo3utbl  SiC/SiC, BBICOKODH-
Tpormitaele  caBel (HEA) w  TpamurmmonHble
MaTepHabl, Hanpumep, Zircaloy-4.

3akiaouenue

B wuccnenoanusx wu pa3paboOTKE CHCTEM
crutasoB FeCrAl  gms  oGonodyek TommMBa ¢
TIOBBINICHHON YCTOWYMBOCTBIO K aBApPHSIM B SJCPHBIX
peakTopax MOJTyYCHBI 00HaIC)KUBAIOIITIEC
pe3yabTaThl, OCOOEHHO C Y4YE€TOM YIPOYHCHHUS MpU
obnydyenun. CrutaBel FECrAl sinsirorest ngeanbsHbIMU
KaHJUAaTaMU JJIs TOBBIIICHHS IPOU3BOIUTECILHOCTH
1 0€30IaCHOCTH JICTKOBOJIHBIX PEAKTOPOB OJiaroaaps
WX HCKIIOUHUTEIBHOM CTOMKOCTH K KOPpO3UH U
BBICOKOTEMIIEPATYPHOMY OKHCJICHUIO.

MUKpOCTPYKTYpHBIC H3MEHCHHMSI, BBhI3BAaHHBIC
oOmy4yeHneM, TaKue KaK o0Opa3oBaHUe
JUCIIOKAIMOHHBIX TETeNlb W MPEHUIHUTATOB o,
oboramennbix Cr, 3HaYUTENBHO CHOCOOCTBYIOT
VIOPOYHEHUIO JTHUX CIUIaBoB. [lpu  oOixydeHHUH
WCTIONIb30BaHUE TIEPESIOBBIX METOJIOB, TAaKHUX Kak
nmooasnenrie kommoneHTtoB ODS, momomHMTEIHHO
yAydlllaeT MX MEXaHWYECKHE CBOMCTBA. Tem He
MeHee, OCTAIOTCS MHOTOUYHUCICHHBIC MpPEMsATCTBUS,
BKIIOYasi HEOOXOMUMOCTh OoJiee  yTIyOJICHHBIX
UCCIIEIOBAaHUH JONTOCPOUHBIX 3P(PEKTOB pagraium
W ONTHMH3AIMK COCTaBa CIUIABOB. bymayiue
WCCIIEIOBAHUS JIOJDKHBI OBITH COCPEIOTOYCHBI Ha
JICTAJIbHBIX TEOPETHUYECKUX W IKCIIEPUMEHTATbHBIX
WCCIICIOBAHUSAX,  YTOOBI  IOJIHOCTBIO  TOHSATH
B3aMMOJEHCTBHUS MEXTY nedexramu u
JICTUPYIOIIUMH 3JIEMEHTAMH, YTO B KOHEYHOM HMTOTC
npuBeeT K pa3paboTke 0oJiee COBEPIICHHBIX
MaTepHasoB JUIs 000JOYEK TOIUIHBA C MOBBINICHHOM
YCTOHYHBOCTBIO K aBAPHSIM.
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JlutepaTtypa

1 W.S. Ebhota, T.-C. Jen, Int. J. Precis. Eng. Manuf. Technol. 7, 97-117 (2020). https://doi.org/10.1007/s40684-

019-00101-9

2 R.E.H. Sims, Sol. Energy 76, 9—-17 (2004). https://doi.org/10.1016/S0038-092X(03)00101-4

3 H.S.Hirsh, Y. Li, et al., Adv. Energy Mater. 10, 202001274 (2020). https://doi.org/10.1002/aenm.202001274
4 D. Takata, Agric. Implic. Fukushima Nucl. Accid. 143—162 (2013). https://doi.org/10.1007/978-4-431-54328-

2 14

49


https://doi.org/10.1007/s40684-019-00101-9
https://doi.org/10.1007/s40684-019-00101-9
https://doi.org/10.1016/S0038-092X(03)00101-4
https://doi.org/10.1002/aenm.202001274
https://doi.org/10.1007/978-4-431-54328-2_14
https://doi.org/10.1007/978-4-431-54328-2_14

Ponb cnnasos FeCrAl B obecneyeHnn paamaumoHHOM CTOMKOCTU U 6e30MacHOCTY SAEPHbIX PeakTopoB

5 P. Robbins, Encyclopedia of Environ. Soc. (SAGE Publications, Inc., 2007).
https://doi.org/10.4135/9781412953924

6 Y. Morino, T. Ohara, et al., Geophys. Res. Lett. 38 (2011). https://doi.org/10.1029/2011GL048689

7 P. Chen, B. Qiu, et al., Nucl. Eng. Des. 371, 110889 (2021). https://doi.org/10.1016/j.nucengdes.2020.110889

8 R.T. Sweet, G. Pastore, et al., Nucl. Eng. Des. 414, 112556 (2023).
https://doi.org/10.1016/j.nucengdes.2023.112556

9 B. Cheng, Y.-J. Kim, et al., Nucl. Eng. Technol. 48, 16-25 (2016). https://doi.org/10.1016/j.net.2015.12.003

10 H.V. Pham, M. Kurata, et al., Thermo. 1, 151-167 (2021). https://doi.org/10.3390/thermo 1020011

11 P.S. Sokolov, V.A. Mukhanov, et al., J. Superhard Mater. 34,339-341 (2012).
https://doi.org/10.3103/S1063457612050097

12 M.N. Gussev, K.G. Field, et al., Mater. Des. 129, 227-238 (2017). https://doi.org/10.1016/j.matdes.2017.05.009

13 K. Hironaka, T. Nozawa, et al., J. Nucl. Mater. 307-311, 1093—-1097 (2002). https://doi.org/10.1016/S0022-
3115(02)01049-8

14 W. Feng, L. Zhang, etal., Fusion Eng. Des. 90, 110-118 (2015). https://doi.org/10.1016/j.fusengdes.2014.12.005

15 N.M. George, K. Terrani, et al., Ann. Nucl. Energy 75, 703—712 (2015).
https://doi.org/10.1016/j.anucene.2014.09.005

16 M. Hussain, V. Mandal, et al., Opt. Laser Technol. 97, 46—59 (2017).
https://doi.org/10.1016/j.optlastec.2017.06.006

17 A. Ghosh, H.-G. Brokmeier, et al., Int. J. Fatigue 125, 35-46 (2019).
https://doi.org/10.1016/j.ijfatigue.2019.03.035

18 A. Bansal, A.K. Sharma, et al., Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 230, 439448 (2016).
https://doi.org/10.1177/0954405414558694

19 J.C. Simmons, X. Chen, et al., Addit. Manuf. 32, 100996 (2020). https://doi.org/10.1016/j.addma.2019.100996

20 A. Veverkova, D. Preisler, et al., Materials (Basel) 14, 418 (2021). https://doi.org/10.3390/mal14020418

21 P. Hofmann, D. Kerwin-Peck, J. Nucl. Mater. 124, 80—-105 (1984). https://doi.org/10.1016/0022-3115(84)90013-

8

22 F. Han, G. Li, et al., Mater. Chem. Phys. 242, 122539 (2020).
https://doi.org/10.1016/j.matchemphys.2019.122539

23 H. Wang, J. Thomas, et al., J. Nucl. Mater. 539, 152338 (2020). https://doi.org/10.1016/j.jnucmat.2020.152338

24 1.R. Magalhdes, L.V.G. Chaves, et al., Nucl. Eng. Des. 422, 113109 (2024).
https://doi.org/10.1016/j.nucengdes.2024.113109

25 0.0. Bilous, L.V. Artyukh, et al., Mater. Sci. Eng. 4 402, 76-83 (2005).
https://doi.org/10.1016/j.msea.2005.05.011

26 C.J. Todaro, M.A. Easton, et al., Nat. Commun. 11, 142 (2020). https://doi.org/10.1038/s41467-019-13874-7

27 L. Bolzoni, E.M. Ruiz-Navas, et al., Mater. Des. 52, 888—895 (2013).
https://doi.org/10.1016/j.matdes.2013.06.036

28 D.J.M. King, A.J. Knowles, et al., J. Nucl. Mater. 559, 153431 (2022).
https://doi.org/10.1016/j.jnucmat.2021.153431

29 Y. Chen, Y. Li, et al., Prog. Nucl. Energy 129, 103502 (2020). https://doi.org/10.1016/j.pnucene.2020.103502

30 K.A. Gamble, T. Barani, et al., J. Nucl. Mater. 491, 5566 (2017). https://doi.org/10.1016/j.jnucmat.2017.04.039

31 F. Li, Y. Long, et al., Metals (Basel) 12, 1645 (2022). https://doi.org/10.3390/met12101645

32 X. Wu, P. Sabharwall, et al., Neutronics and Fuel Performance Evaluation of Accident Tolerant Fuel under
Normal Operation Conditions, Report (Idaho Falls, ID, United States, 2014). https://doi.org/10.2172/1166052

33 X. Han, C. Zhang, et al., Nucl. Mater. Energy 37, 101556 (2023). https://doi.org/10.1016/j.nme.2023.101556

34 Y. Pachaury, G. Warren, et al., Int. J. Plast. 167, 103676 (2023). https://doi.org/10.1016/j.ijplas.2023.103676

35 X. Li, Y. Ma, et al., Front. Energy Res. 9, 713493 (2021). https://doi.org/10.3389/fenrg.2021.713493

36 Y. Yuan, K. Xu, et al., Surf. Coatings Technol. 446, 128774 (2022).
https://doi.org/10.1016/j.surfcoat.2022.128774

37 P. Song, K. Yabuuchi, et al., Acta Mater. 234, 117991 (2022). https://doi.org/10.1016/j.actamat.2022.117991

38 Y. Luo, J. Wang, et al., Nucl. Instrum. Methods Phys. Res. B 547, 165215 (2024).
https://doi.org/10.1016/j.nimb.2023.165215

39 R. Kogler, W. Anwand, et al., J. Nucl. Mater. 427, 133—-139 (2012).
https://doi.org/10.1016/j.jnucmat.2012.04.029

40 R. Wang, H. Wang, et al., J. Nucl. Mater. 557, 153243 (2021). https://doi.org/10.1016/j.jnucmat.2021.153243

41 G.M. Pharr, E.G. Herbert, et al., Annu. Rev. Mater. Res. 40,271-292 (2010). https://doi.org/10.1146/annurev-
matsci-070909-104456

42 J. Sort, N. Van Steenberge, et al., Open Mater. Sci. J. 2, 1-5 (2008).
https://doi.org/10.2174/1874088X00802010001

43 X. Han, C. Zhang, et al., Int. J. Press. Vessel. Pip. 194, 10452 2 (2021).
https://doi.org/10.1016/].ijpvp.2021.104522

44 X. Zhou, H. Wang, et al., J. Mater. Sci. Technol. 95, 181-192 (2021). https://doi.org/10.1016/j.jmst.2021.04.020

45 X. Han, C. Zhang, et al., Mater: Sci. Eng. A 841, 143050 (2022). https://doi.org/10.1016/j.msea.2022.143050

50


https://doi.org/10.4135/9781412953924
https://doi.org/10.1029/2011GL048689
https://doi.org/10.1016/j.nucengdes.2020.110889
https://doi.org/10.1016/j.nucengdes.2023.112556
https://doi.org/10.1016/j.net.2015.12.003
https://doi.org/10.3390/thermo1020011
https://doi.org/10.3103/S1063457612050097
https://doi.org/10.1016/j.matdes.2017.05.009
https://doi.org/10.1016/S0022-3115(02)01049-8
https://doi.org/10.1016/S0022-3115(02)01049-8
https://doi.org/10.1016/j.fusengdes.2014.12.005
https://doi.org/10.1016/j.anucene.2014.09.005
https://doi.org/10.1016/j.optlastec.2017.06.006
https://doi.org/10.1016/j.ijfatigue.2019.03.035
https://doi.org/10.1177/0954405414558694
https://doi.org/10.1016/j.addma.2019.100996
https://doi.org/10.3390/ma14020418
https://doi.org/10.1016/0022-3115(84)90013-8
https://doi.org/10.1016/0022-3115(84)90013-8
https://doi.org/10.1016/j.matchemphys.2019.122539
https://doi.org/10.1016/j.jnucmat.2020.152338
https://doi.org/10.1016/j.nucengdes.2024.113109
https://doi.org/10.1016/j.msea.2005.05.011
https://doi.org/10.1038/s41467-019-13874-z
https://doi.org/10.1016/j.matdes.2013.06.036
https://doi.org/10.1016/j.jnucmat.2021.153431
https://doi.org/10.1016/j.pnucene.2020.103502
https://doi.org/10.1016/j.jnucmat.2017.04.039
https://doi.org/10.3390/met12101645
https://doi.org/10.2172/1166052
https://doi.org/10.1016/j.nme.2023.101556
https://doi.org/10.1016/j.ijplas.2023.103676
https://doi.org/10.3389/fenrg.2021.713493
https://doi.org/10.1016/j.surfcoat.2022.128774
https://doi.org/10.1016/j.actamat.2022.117991
https://doi.org/10.1016/j.nimb.2023.165215
https://doi.org/10.1016/j.jnucmat.2012.04.029
https://doi.org/10.1016/j.jnucmat.2021.153243
https://doi.org/10.1146/annurev-matsci-070909-104456
https://doi.org/10.1146/annurev-matsci-070909-104456
https://doi.org/10.2174/1874088X00802010001
https://doi.org/10.1016/j.ijpvp.2021.104522
https://doi.org/10.1016/j.jmst.2021.04.020
https://doi.org/10.1016/j.msea.2022.143050

A. TaHnpbepreH un ap.

46 M. Islam, M.A. Rob Sheikh, Phys. B Condens. Matter 668, 415244 (2023).

https://doi.org/10.1016/j.physb.2023.415244

47 E. Kiely, R. Zwane, et al., CrystEngComm 23, 5697-5710 (2021). https://doi.org/10.1039/D1CE00453K
48 M.I. Khan, H. Arshad, et al., J. Alloys Compd. 819, 152964 (2020).

https://doi.org/10.1016/j.jallcom.2019.152964

49 N. Salami, A. Shokri, /Book Chapter — Electronic Structure of Solids and Molecules] 325-373 (2021).

https://doi.org/10.1016/B978-0-12-818806-4.00002-4

50 J. Hafner, J. Comput. Chem. 29, 2044-2078 (2008). https://doi.org/10.1002/jcc.21057

51 P. Hohenberg, W. Kohn, Phys. Rev. 136, B864—B871 (1964). https://doi.org/10.1103/PhysRev.136.B864
52 W. Kohn, L.J. Sham, Phys. Rev. 140, A1133—A1138 (1965). https://doi.org/10.1103/PhysRev.140.A1133
53 I.P. Perdew, K. Burke, et al., Phys. Rev. Lett. 77, 3865-3868 (1996).

https://doi.org/10.1103/PhysRevL ett.77.3865

54 X.Li, Y. Ma, et al., Front. Energy Res. 9, 713493 (2021). https://doi.org/10.3389/fenrg.2021.713493

55 J. Wei, S. Li, et al., Appl. Surf. Sci. 465, 259-266 (2019). https://doi.org/10.1016/j.apsusc.2018.09.202

56 J. Wang, K. Yan, et al., Appl. Surf. Sci. 644, 158782 (2024). https://doi.org/10.1016/j.apsusc.2023.158782
57 Y. Pachaury, G. Warren, et al., Int. J. Plast. 167, 103676 (2023). https://doi.org/10.1016/j.ijplas.2023.103676
58 F.J. Dominguez-Gutierrez, A. Ustrzycka, et al., Model. Simul. Mater. Sci. Eng. 30, 085010 (2022).

https://doi.org/10.1088/1361-651X/ac9d54

59 A.A. Al Anazi, G.R.L. Al-Awsi, et al., Mech. Adv. Mater. Struct.. 1-10 (2023).

https://doi.org/10.1080/15376494.2023.2179706

60 N. Bertin, F. Zhou, J. Comput. Phys. 487, 112180 (2023). https://doi.org/10.1016/j.jcp.2023.112180
61 L. Qiao, J. Zhu, Mater. Today Commun. 34, 105296 (2023). https://doi.org/10.1016/j.mtcomm.2022.105296

HUcrtopus crarbu:

IMoctymmna — 25.11.2025

Ioctymuna B nopadoranaom Buze — 09.05.2025
Ipunsta — 20.05.2025

HNudopmanus 06 apropax:

1. AobLaaii Tonipoepren (aBTOp
KOPPECTIOHAEHT) — JIOKTOPAaHT 2-r0 roja OoOy4deHUs
EBpa3suiickoro HanMOHAJILHOTO YHUBEPCHTETA HMEHH
JLH. TymwuneBa. Acrana, Kazaxcran. e-mail:
abylay.tangirbergen@nu.edu.kz

2. Hypnan Amanrenni — nouent EBpasuiickoro
HalMoHajnbHOro yHusepcurera uMmenu JIL.H. I'ymunesa.
Ucnonnstomuii 00s13aHHOCTH 3aBEAYIOLIErO
naboparopueii sgaepHoit pusmku. Acrana, KazaxcraH.
e-mail: nurlan.amangeldi1979@gmail.com

3. lpunax PeBamkap — mpodeccop saepHOH
UH)KEHEpUU U JUPEKTOp  HUCCIEeN0BaTEIbCKOMN
J1a00paTOpUU MHOTO(A3HBIX U TOIUIMBHBIX 3JIEMEHTOB B
Vuusepcurere Ilepapto. Mummana, CIHA. e-mail:
shripad@purdue.edu

4. Faun Epranuynsl — cTapmuii mpemnoaBaTesb
EBpasuiickoro HalMOHaNbLHOTO YHHUBEPCUTETa HMEHHU
JLH. T'ymuneBa u crapmuii HaydHbIi COTPYIHHUK
Hammonansno#t  maGopatopun  AcTtaHbl.  AcTaHa,
Kasaxcran. e-mail: gani.yergaliuly@gmail.com

Article history:

Received 12 November 2025
Received in revised form 9 May 2025
Accepted 20 May 2025

Information about authors:

1. Abylay Tangirbergen (corresponding author) —
2nd year PhD student at L.N. Gumilyov Eurasian
National University. Astana, Kazakhstan. e-mail:
abylay.tangirbergen@nu.edu.kz

2. Nurlan Amangeldi — Ass. Prof., L.N. Gumilyov
Eurasian National University. Acting Head of the
Nuclear Physics Laboratory. Astana, Kazakhstan. e-
mail: nurlan.amangeldil979@gmail.com

3. Shripad Revankar — Dr., Professor of Nuclear
Engineering at Purdue University, Head of the Research
Laboratory of Multiphase and Fuel Cells, Indiana, USA.
e-mail: shripad@purdue.edu

4. Gani Yergaliuly — Senior Lecturer at the L.N.
Gumilyov Eurasian National University and Senior
Researcher at the Astana National Laboratory, Acrana,
Kazaxcran. e-mail: gani.yergaliuly@gmail.com

51


https://doi.org/10.1016/j.physb.2023.415244
https://doi.org/10.1039/D1CE00453K
https://doi.org/10.1016/j.jallcom.2019.152964
https://doi.org/10.1016/B978-0-12-818806-4.00002-4
https://doi.org/10.1002/jcc.21057
https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.3389/fenrg.2021.713493
https://doi.org/10.1016/j.apsusc.2018.09.202
https://doi.org/10.1016/j.apsusc.2023.158782
https://doi.org/10.1016/j.ijplas.2023.103676
https://doi.org/10.1088/1361-651X/ac9d54
https://doi.org/10.1080/15376494.2023.2179706
https://doi.org/10.1016/j.jcp.2023.112180
https://doi.org/10.1016/j.mtcomm.2022.105296
mailto:nurlan.amangeldi1979@gmail.com
mailto:shripad@purdue.edu
mailto:gani.yergaliuly@gmail.com
mailto:abylay.tangirbergen@nu.edu.kz
mailto:nurlan.amangeldi1979@gmail.com
mailto:shripad@purdue.edu
mailto:gani.yergaliuly@gmail.com

ISSN 1563-0315; elSSN 2663-2276 Recent Contributions to Physics. Ne2 (93). 2025 https://bph.kaznu.kz

MPHTU 29.29.41 https://doi.org/10.26577/RCPh20259326
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CeBepo-KasaxcTaHckunin yHmBepcuTeT M. M. KosbibaeBa, MeTponasnosck, KasaxcTaH
*e-mail: b.useinov@gmail.com

WCCNEQOBAHUE GU3NYECKMX OCOBEHHOCTEM PA3/IMYHBIX MOBEPXHOCTEMN
METOZAMM ATOMHO-CU0BOM MUKPOCKOMN

CKaHupyloliMe 30HO0BblE MWKPOCKOMbI ABNAOTCA MNepeaoBbiM CPeACcTBOM MOaydYeHUs
MHGOPMaLMKN O CTPOEHUM MOBEPXHOCTU B pasmepHbIXx 061acTaX, rae onTUYeckMe MMUKPOCKOMbI
yxe beccunbHbl. Llenbio HacTosLen paboTbl ABAAETCA UcCaeaoBaHne GU3MYECKUX 0cobeHHoCTeN
NOBEPXHOCTEN Pa3/IMYHbIX MaTePMaNoB C NOMOLLBIO CKAHMPYHIOLLEro 30HA40BOIO MUKPOCKONa U
BbISIB/IEHWE KOPPEeNALMM KpaeBoro yria CMadnmBaHua U WEPOXoBaTOCTM NOBEPXHOCTU. MeToapl,
MCMO/Ib30BaHHble B [AaHHOW paboTe: MoaydYeHUs M306paKeHUIn MNoBEepXHOCTEW MeTodammu
aTOMHO-CMI0BOM MUKPOCKOMUW Ha CKaHUPYHOLEM 30HA0BOM MMKPOCKOMe, NporpammHan
0bpaboTKka 1 aHanu3 nsobparkeHnin B nporpamme Nova Px. PesynbTaTbl UcCnenoBaHUsA AaHHON
paboTbl MpeacTaBieHbl B BUAE MHOOPMALMM O LIEPOXOBATOCTM MOBEPXHOCTM, O CBOMCTBaXx
B3aMMOJENCTBMA C BOAOW. AHA/M3 KpPaeBOro yria CMadyMBaHWA MOXKET MO03BO/UTb CyAUTb O
COCTOSIHMM MOBEPXHOCTM, ee LIepoxX0oBaTOCTU B YCI0BUAX OTCYTCTBMA A0pPOro obopyaosaHus. B
xoZe paboTbl MCCeaoBaNnCh Kak KaanbpoBoUHble 06pasLibl, Tak M NPUPOAHbIE, TEXHOTEHHbIE U
H6UMONOTNYECKME NOBEPXHOCTU. BbINI0 TaKKe YCTaHOBAEHO, YTO KO3IPPULMEHT KOPPENaLMM MexRay
MOJIHOM BbICOTOM NPOdUAA U KpaeBbiM yriom coctasnseT 0,71, UTo CBUAETENbCTBYET O HaMUYUU
ycTonumMeon ceasu. [lonydeHHble JaHHble MOryT MCNOAb30BaThbCA A8 MPOrHO3MPOBaHMS
rmapodobHOCT NO NapameTpam CTPYKTYpPbl B HaHOMacLTabe.

KnioueBble c/ioBa: aTOMHO-CU/IOBOM  MMKPOCKOM, TMAPOGOOBHOCTb, KpaeBon  yros
CMayMBaHMA, LEepPOXoBaTOCTb.

5.M. YcenHos, A.I. Mapkosa, A.P. CamyTkuH, A.A. CononosHuk, C.A. KacumoBa
M. Ko3bibaes aTbiHAarbl ConTycTik KasakcTaH yHMBepcuTeTi, KasakcTaH, MNeTponasn
*e-mail: b.useinov@gmail.com

ATOMAbIK KYLUITi MMKPOCKONWA SAicTepi apKblbl TYpAi beTTepaiH, dnankanoik,
epeKLWeniKTepiH 3epTrey

CKaHep/ieyLwi 30HATbIK MUKPOCKONTAP ONTWMKabIK MMKPOCKOMNTAp KaslipaiH e3iHae KyaTcbi3
enuwemai armakTapaafbl HeT KypblibiMbl Typanbl aknapaTTbl anyablH XKeTingipinreH Kypainbl
6onbin Tabblnaabl. byn yCbiHbIAFAH KYMbICTbIH MaKcaTbl CKaHep/aeywWi 30HATbl MUKPOCKONTbIH,
KemerimeH apTypai maTepuangapabiH beTTepiHiH, d13nKanbiK cunaTTamanapbiH 3epTTey H60bin
Tabblnaabl. Keneci rmnoTtesaHbl KapacTbipyfa 6onaapl: MMKPO- KaHe HaHOoAeHrenaeri matepman
HeTiHiH, dU3MKaNbIK KYPbIIbIMbI KaHe BEeTTiH, PU3MKanbIK CMNaTTamanapbl MeH »KaHacy bypblilbl
apacblHAafbl H6alnaHbICTbiH, DOAybl Typanbl aknapaT anyfa 6onaapl. HKymbicTa KONAaHbINATbIH
aAic-Tacinaep: CKaHepaeywi 30H4, MUKPOCKOMbIHAA aTOMAbIK-KYLWTIK MUKPOCKOMMA a4icTepiH
KondaHa oOTblpbin 6eTTepaiH, KeckiHaepiH any, Nova Px 6afgapnamacbiHAa KecKiHaepai
Harmapnamanbik eHaey KaHe Tangay. 3epTrey HaTuxenepi HBeTiHiH, Keaip-byabipbl KaHe cyMeH
dpeKeTTecy KacMeTTepi Typasbl aknapat TypiHae bepinreH. bainaHbic BypbilbiH Tangay Koimbat
KabablK 6onmaraH Kesae BeTiHiH KyMiH XaHe OHbIH, Keaip-byablpablFblH Baranayra MyMKiHAIK
6epeni. CoHaal-aK, 3epTTey 6apbICbiHAA SPTYPAI yAriNep TanaaHAbl, COHbIH, iWiHAEe BUONOTUANbIK,
*KoHe Tabufn HbicaHaap. MNpoduab BUIKTIFIHIH TONbIK MaHI MeH »KaHacy bypblwbl apackiHaa 0,71
Koppenauma KoabduLmMeHTi aHbIKTanabl, byn onapablis, 6ainaHbICbiH KepceTes,.

TyiiH cesnep: aTOMAbIK KYLWTIK MUKPOCKOM, rmapodobTbiabIK, KaHacy Oypbilbl, Keaip-
6YabIPAbIK.
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Studying the physical features of different surfaces using atomic force
microscopy methods

Scanning probe microscopes are an advanced means of obtaining information about the
structure of a surface in dimensional regions where optical microscopes are already powerless.
The purpose of the work is to study the physical characteristics of the surfaces of various materials
using a scanning probe microscope. Hypothesis: it is possible to obtain information about the
physical structure of the surface of a material at the micro- and nanolevel, and the existence of a
relationship between the physical characteristics of the surface and the contact angle. Methods
used: obtaining images of surfaces using atomic force microscopy methods on a scanning probe
microscope, software processing and analysis of images in the Nova Px program The results of
the study are presented in the form of information on surface roughness and the properties of
interaction with water. Analysis of the contact angle can make it possible to judge the state of the
surface and its roughness in the absence of expensive equipment.

Keywords: atomic force microscope, hydrophobicity, contact angle, roughness.

BBeaenne

Uzyuenne mupa 0OBEKTOB U SBICHUH MHKPO-
MUpa TEPCIIEKTUBHO HE TOJBKO ¢ (GyHAaMEHTAIBHOM
TOYKH 3pEHHS, HO W U3 YHCTO NPAKTHYECKUX
coobpakxeHUi. BriepBble 3TOT TpeHI COBpeMEHHOU
HayKH MpeJienbHo Y€TKo 0003Haym emE B 1959 roay
Puuapn @eiiman B crathe “Plenty of Room at the
Bottom* (“Buuzy maOTO Mecta”) [1].

Kak n3BecTHO, onTHYECKHE MUKPOCKOTIBI UMEIOT
OTPaHWYECHHs] B W3yYEHUH MHUKPOMHpPA, ONpere-
JIsieMble BOJIHOBBIMH d(QpEeKTaMH, B YaCTHOCTH
mudpaknyeld CBETOBBIX BOJH. BimsHHE 3TOTO
SBIICHUSI  CYIIECTBEHHO  CHIDKEHO  Oxarogaps
CO3/IaHUI0 CKAHUPYIOIIUX 30HJOBBIX MHKPOCKOIIOB
(manee C3M). D1u mpuOOPHI MO3BOJISAIOT PAKTHUECKU
“ocs3aTh”  MHKpomHp. CKaHHPYIOIIUH aTOMHO-
CHJIOBOM MUKpOCKOT ObLT n300peTer 1986 r. ['epaom
bununrom, KemBunom Kyaititom u Kpucrodepom
I'epbepom. B coBpeMeHHO#H Hayke STH TpPUOOPEI
UCTIONB3YEeTCS B CaMbIX PAa3JIMYHBIX OOJIACTSIX.
bnarogaps WM chenmaHel MHOTHE  INE€pENOBBIE
OTKpbITUs [2]. B Hamm 1HH TAKUMH MHKPOCKOIIAMHU
CTaJIM OCHAIIATHCS JTA00PATOPHH B 00pa30BATEILHBIX
yupexaeHusix. Tak B Cesepo-KazaxcranckoM
yauBepcutere nMeHn M. KospibaeBa ncmonbyeTcs
CKaHWPYIOMIMIA  30HIOBBIM  MuKpockom  Solver
NANO, wuMmermui aTOMHO-CHJIOBYIO W CKaHH-
PYIOILYIO TYHHEIBHYIO U3MEPHTEIILHBIE TOJIOBKH [3].

Hanmume mpubopa Takoro kiacca TO3BOJSET
CTaBUTh AaKTyaJbHBIE HCCIIEOBATENbCKIE 3aauu.
OnHoit M3 HHUX SBJISETCS M3YyYCHUE CBOWCTB
ruIPoPOOHOCTH M MIEPOXOBATOCTH TIOBEPXHOCTEH B
3aBHCHMOCTH OT UX (PU3UKO-XUMHUECKHUX CBOHCTE. B
YaCTHOCTH, U1 TEXHOJIOTMUYECKUX NPWIOKEHUH B

MIPOMBIIIUIEHHOCTH U CEJIBCKOM XO3sIIICTBE Ba)XHO
UMETh TPOCThIE CIOCOOBI OLEHKH 3aBHCUMOCTD
KpaeBOIo yrjla CMauMBaHMs OT CTEIECHH LIEPOXOBa-
TOCTU TIOBEPXHOCTH 00paslia, KOHTaKTHPYIOUIEH C
BOJIOM WJIM WHBIMH >KHAKOCTAMH. Ilomck MeTomo-
JIOTUYECKUX MNPUEMOB pELIEHUs 53TOM 3ajJaud u
COCTABJISIET LIEJIb HAIIETO UCCIECAOBAHUS.

Wudopmaiust o0 KpaeBoM yrie CMadHBaHUsI
BeChMa BOCTpeOOBaHa TIpu pa3pabOTKe IepcCrek-
TUBHBIX JOPOXKHBIX TOKPBITUM, HPOEKTUPOBAHUU
W3TOTOBIEHWH  KOHTEHHEPOB  JJsl  NEpPEBO3KHU
HEPTENPOAYKTOB, a TaKKe NpPH HU3TOTOBICHUH
MaTepUalioB C LEIbI0 3allUThl OT IMOBPEXKICHUH,
0OYCIIOBJICHHBIX BO3JICHCTBHEM BOJBI WM HMHBIX
JKUJIKAX BEIIECTB.

Hayunas HoBM3Ha paboOTBl  oOmperensercs
CPaBHUTEIBHO MAaJIbIM  YHUCJIOM  HCCIEIOBAaHUU
ruIpo(OOHBIX CBOWMCTB BEIIECTB, MPOBOJUMBIX Ha
CKaHUPYIOLIUX 30HJOBBIX MHUKPOCKOIMAX, TO €CTh Ha
CyOMOJIEKYJIIDHOM HPOCTPaHCTBEHHOM MaciuTaoe,
rie  TPOSBISIOTCS  BechbMa  crenu(UYecKue
¢busnyeckue 3hdexTol.

MeTtoa ucciieqoBaHus

HccnenoBanre NpoBOAMIIOCH HA CKAHUPYIOIIEM
3ou10BoM Mukpockorne Solver NANO (Counsep
HAHO C3M HAHOBAKOKATOP 2 mpou3BoacTBa
kommanun  NT-MDT  Spectrum  Instruments).
Hcnonp3oBanach CKaHMpYIOIIas TyHHEIIbHas
U3MepuUTebHas TOJI0BKa, KOTOpast MOXKeET paboTaTh B
ATOMHO-CUJIOBOM METOJUKE B IIOJIyKOHTAKTHOM
KonebarensHOM pexxuMe  Semicontact.  Kone6a-
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TEJNbHBIC METOJUKH SIBJISIFOTCSI CAMBIMH yCIIEIIHBIMHU
TS TIoTy4eHus nHpopMaiu o0 obpasie, Ipu STOM
COXpaHsist 30HA U oOpaszen. MakcuManbHasi CKOPOCTb
ckanupoBaHus coctasinsier 32,005 mxm/c. [Ipu aTom
pasMep MaKCHMaJlbHOH 00JacTH CKaHUPOBAHUS
paBeH 92 MKM. AMIUIHTYTHOE 3HaYeHHE KOJCOaHHH
30HAa cocTaBiano 10 HM, HOpU 3TOM BPYYHYIO
3aJ1aBajloCh BBIABIDKEHHME ckaHepa Ha 80% ot
aMIUIMTYIHOI'O 3HAYEHHWsS OJTOM BEJMYMHBI, YTO
MI03BOJISIET HE OBPEXAATh 30H] U o0pasen. Ha Takux
PacCTOSHUSAX ACHCTBYIOT CHIIBI MEKMOJEKYISIPHOTO
B3aUMOJICH-CTBUSA, TIPU O3TOM CHCTeMa OOpaTHOMH
CBSI3M TONJCP)KMBACT MNPUOIMIDKEHHE 30HIA K
IMOBCPXHOCTH HA YPOBHE HECKOJIBKMX HAHOMCTPOB.

B mpouecce u3MepeHHH  MCIOJB30BAIACH
aTOMHO-CHJIOBasi W3MEpUTENbHAs TOJIOBKA, KakK B
MOJYKOHTaKTHOM KoJiebaTeTbHOM peKuMe
Semicontact, Takx ¥ KOHTAKTHOM PEXKHUME, KOTOPBIi
MO3BOJISIET OLICHUBATH AOIOIHUTEIbHBIC TAPaMETPBHI.
CKOpOCTh CKaHMpPOBAHUS BblAEpKUBajIack oT 20 10
32 MKM/C, TIpH CJIO)KHBIX TIOBEPXHOCTSX CKOPOCTh
noHmxkanack. OLEHUBaNaCh aMIUINTYAHAsl Xapakre-
puctrka konebanus 3oa1a. Koaddunuent ycunenns
06paTHo# cBsa3u Gain peryaupoBasIcs MO MOSBICHHIO
TeHepaluy 3HAYMTENFHONW COCTaBIAIONICH CHrHAja
Mag — aMITUTYJHOTO 3HAYEeHUS KOJICOaHH 30H/1a.

[Mony4yenHoe wu300pakeHHWE HE MOJBEPrajoch
¢wibTpain W 00paboTKe, 3a HCKIIOYCHUEM
BBIYUTAHUS HAKJIOHA BTOPOTO TOPSIKA.

IIpu  BeIOOpe  oOmacTM  CKAaHUPOBAHUS
3aJ1aBajochk 256 TOYEeK Ha CTPOKY.

IIporpammHuble cpeacTBa. MUKPOCKON HMEET
ynpasisitontyto nmporpammy Nova Px. C e€ nomorisio
OCYILIECTBIISIETCA HACTPOMKAa ONTUYECKOM CHCTEMBI

perucTpaudy M3ruOOB KaHTWIIEBEpa (KOHCONb, Ha
KOTOPOW pACIONOXKEH 30HI), MOABOA obpasuma K
30HAY, CKaHMpOBaHHE IIOBEPXHOCTH 00pasna,
NOJIyYCHUE XapaKTepUCTUK MIepoxoBaTocTu. [4].
[TprueM nocneaHre JaHHbBIE BBIAAIOTCS MPOrpaMMOoit
B COOTBETCTBUM C OOLICTIPUHATHIMU HHKCHEPHBIMU
TpeOOBaHUSIMH.
duszuyecKkue  CBOMCTBA  NOBEPXHOCTEI.
IlepoxoBaTocTh. IIpu MPOU3BOJICTBE u
IKCIUTyaTallul  pas3iIM4yHbIX  JeTaned, ocoboe
3HaYeHHe  yJensercs  KOHTPOJI  KadecTBa
MIOBEPXHOCTHOTO CJIOS Marepuana. JTO BHUMaHHUE
OTpa’kaeT  HEOOXOOUMOCTb B  KauyeCTBEHHBIX
W3JCTUSIX C  BBICOKAMH  JKCIUTyaTallMOHHBIMH
coifcteamu. K  mapamerpaM,  mojyexamum
KOHTPOJIIO OTHOCST U LIEPOXOBATOCTH IOBEPXHOCTH.
Ona ompezgenseTcss CyMMOW BcCeX MHKpPOHEPOB-
HOCTEH, KOTOpble B IIpOleccCe IPOU3BOJACTBA U
9KCIUTyaTallud  TOSIBISIIOTCS HAa  MOBEPXHOCTH
rotoBeix  m3penuii. [6] Takum  obpazowm,
IIepOXOBAaTOCTh MOBEPXHOCTH SBISETCS OJHOM U3
OCHOBHBIX TeOMETPUUYECKHX XapaKTEePUCTUK
KauecTBa IOBEPXHOCTEW JeTajel, OKa3bIBAIOIIUX
BJIMSTHHE HA SKCIUTyaTallMOHHBIC TTOKa3aTesu [5].

Jus  craHgapTH3alMU M €JHMHOOOPA3HOTO
MOHUMAaHUSl 3aUMCTBOBaHbl TEPMHHBI M CIIOCOOBI
OTMCaHMsI XapaKTEPHCTHK MMOBEPXHOCTH, MPEICTaB-
neHHele Ha pucyHke 1, ycranoBnenHsile ['OCT
25142-82m PO [7].

KonmdecTBEeHHO LIEpOXOBAaTOCTh OLICHWBAJIACH
clenylomMMU  TapameTpamu: Ra - cpeanee
apudmeTrdecKoe OTKIOHeHHe pod st Rz - BeicoTa
HEpOBHOCTEH Mpoduis Mo aecsTd Toukam; Rmax -
HaunOoJIbIIAs BRICOTA HEPOBHOCTEH mpoduiis [8].
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Pucynok 1 - [lapameTpsl mepoxoBaTOCTH HOBEPXHOCTH

Tak sxe (UKCUpPOBAJICS CPETHHMIA IIar HEpPOB-
Hocted mpodpwmins Sm. Ilocnme mnpuMmeHeHus B
mporpamme Nova PX k oOpaboraHHOMY M300paxke-
HUIO KoMaHabl Roughness 2D  momyueHHoe
n300pakeHne pazouBacTcs Ha 255 MUHMH, 3HAYCHUS
mIepoxXoBaTocTu cooTBeTcTBYIOT ISO 4287:1997
parameters. JlaHHBIE O IIEPOXOBATOCTH BHECEHHI B
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tabmuiry 1. OxHako, Ipu B3aUMOJICHCTBUN B CHCTEME
TBEPOE TEJNO — XKHUAKOCTh MOSIBIIIETCS HEO0OXOIH-
MOCTb Y4€Ta SIBJICHUI CMAaYMBaHUSI M HE CMAaYHBaHUS.
B osTOoM ciiydae BMECTO IIEPOXOBATOCTH IIPH
MHUKPOCKOITMYECKMX M HHBIX HCCIICOBAHUAX Ha
MEPBBIA IJIaH BBIXOJUT TapaMeTp, Ha3bIBaeMbIN
KpaeBoi yroi.
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KpaeBoii yroa cMaumBaHMs. OKCIUTyaTa-
IUOHHBIC CBOWCTBA TOBEPXHOCTH TOTO WM HHOTO
MaTepuaia IOMOTaeT OICHUTh HHDOpMAIHI O
XapakTepe B3aMMOJICHCTBUS MOBEPXHOCTH TBEPAOTO
TeJa C XKHUJIKOCTHIO, Yallle BCETO ¢ BOJIOM.

l'unpodobHOCTE - XapakTepUCTHKA MOJEKYIT
XMMUYECKUX BEIIECTB, OTpaKalolias OTCYTCTBHE Y
HUX CKJIOHHOCTH K B3aWMOJCHCTBUIO C BOAHOM
cpenoii. CBepxrumpodoOHBIE MaTepHaIBl HMEIOT
MOBEPXHOCTH, YPE3BBIYAHO HECKJIIOHHBIC K CMadu-
BaHMIO (C YIJIOM KOHTAaKTa C BOJIOW, MPEBBIIIAIONIIM
150°) [9]. TI'mapodunbHOCTH HPOHUCXOAUT OT
rpedeckoro hydor - Boga u philia — mo60Bs. Kauec-
TBCHHO W KOJMYCCTBCHHO OLUCHHUTL 3THU IMApaMCTPbI
MOYKHO U3Mepsisi KpaeBO# yroj cMaduBaHus (puc. 2).

gy W M .

Croramanme 90" PO MO I b 180°

VL
Pucynox 2 - KpaeBoii yron cMmaunBanust

Usmepenune yrima cMauumBaHHA, KakK IPaBUIIO,
OCYIIECTBIISIIOT € MOMOIIBI0 (poTodukcanuu Mero-
IOM «cuasgyei» kamd. JJis 3TOro Karwio BOAbI
HAHOCST Ha TOPU3OHTAJBHYIO MOBEPXHOCTH, MOCIE
yero (ororpadupytor. [lo MoIy4eHHOMY CHUMKY
onpenensitor  yron cMauuBaHus [10]. Boma B
WCCIIEIOBAHUN WCTOJIB3yeTCs JIUCTUILTUPOBAHHAS,
YTOOBl MCKIIIOUUTH BIUSHHE PA3JUYHBIX MPHUMECEH
Ha pe3ynpTar. Kamus BBIIaBIMBAETCS MIMPUIIOM
MUHUMAIIbHO BO3MOXKHOTO pasmepa. Jlns ompene-
JIEHWsT KpaeBOro yriia CMadyMBaHUs Ha oOpaser]
omyckanach Karuigl BoAasl w3 mmpuna. [lanee
MTPOU3BOAMIACE (POTOCHEMKA B PEKUME “‘MaKpo” Ha
ypoOBHE TIOBEpXHOCTH  oOpasuma. Dororpadus
3arpy’kajgach B MpOrpaMMy ‘‘OHJIaH-TpaHCIIOPTHD,
KoTopasi Ooyiee Ka4eCTBEHHOM BBIUMCIISIIA YTIIBI,
HEeXelln B pydHoM pexxnme. OnpeneneHne KpaeBoro
yria CMauyuBaHUs TPEJICTABICHO HA PUCYHKE 3.

Tam, TIOe MOBEPXHOCTH IMO3BOJISLIA HM3MEPHUTh
yIIIBl C ABYX CTOPOH, 3a ONOPHBIM yroj Opajnoch
cpenHee apuMeTHIECKOE 3HAUCHHE.

Pe3yJI]>TaTbI HCCJIeAOBAHUA

Cample  BaXHBIE  BBIBOIBI  IPEICTaBISET
XapakTep CBSI3BM CTPYKTYPHBIX  XapaKTEPUCTHUK
MMOBEPXHOCTH MAaTEpUalIOB C UX CIIOCOOHOCTHIO
B3aUMOJCHCTBUS C JKHUIKOCTIMU. TOo €CTh C HX
THJIPOPOOHOCTHIO WIN THAPOPUIEHOCTHIO.

Jlyis penieHust 3THX BOIPOCOB OBLI MPOU3BEICH
aHaJIu3 MOBEPXHOCTEN KaK HCKYCCTBEHHO CO3/IJaHHbBIX
00pa3IioB, KOTOpbIE HAYT B KOMIUIGKTE C
MHKpPOCKOIIOM, TaK M TIOBEPXHOCTEH pa3IUYHBIX

MPUPOJIHBIX W TEXHOTEHHBIX MaTepUAIOB, B TOM
yuciae W Ouosormyeckux  oObekToB.  Hiuke
NPUBEJCHBI  JIByMEPHbIC MPEICTABICHUS  BHUIA
CKaHHUPOBAaHHBIX TIOBEPXHOCTEH.

PucyHoxk 3 - OnpezieneHue KpaeBoro yria
cMaumBaHus 14 oOpasma

Takne wW300paKeHUs! TO3BOJSIOT  BBIICIUTD
00pasmpl C TPOCTPAHCTBEHHOW IMEPUOANIHOCTHIO.

Opnako, Ooyee HArISIAHO TPEACTaBICHHE O
IMOBCPXHOCTIAX MaTcpUuajioB MOT'yT JaTb
IPOCTPAHCTBEHHBIE  TPEXMEpPHBIE  H300paKEHHUS.

[lomyueHHBIE METOAOM CKAaHUPOBAHHS TH KapTHHBI
MPEJICTABIICHbI HA PUCYHKE 5.

Pazymeercs, BHEIIHWII BHUJ TOBEPXHOCTH HE
MO3BOJISIET CHEJaTh ONPEAENEHHBIX BBIBOJIOB O
XapakTepe B3auMOJICHCTBUS 00pa3ioB ¢ Bogou. Jlis
TIOJTHOTBI KapTHUHBI OTPEJIENISUINCh XapaKTePUCTHKH,
OTHCHIBAIOIIME CBOWCTBA  IIEPOXOBATOCTH IO
TOPU30HTATFHOMY U BEPTHKAIBHOMY CEUYEHHIO, MX
cpennue apudMeTHYecKue 3HAUCHHWS W KpacBbIe
yrael cMaunBaHus. OHH TIpeICTaBIeHBI B TabmuIe 1.

[lo maHHBIM TaOJWIBI TOCTPOSHBI TpaduKH
3aBUCHUMOCTH KpaeBOro yriia CMadWBaHHUs OT
CTPYKTYpHO-(DU3NUECKUX XAPAKTEPUCTHUK IOBEP-
xHocTeld o0pasuoB. CooTBeTCTBYIOIIKE TpaduKy,
MIPEACTABICHBI HA PUCYHKE 6.

Ha pucynkax oT4€TIMBO MPOCIEKUBAETCS CBS3b
UCCIIeIyeMbIX IapaMeTpoB OT oOpasua K oOpasiy.
CraTHcTHYECKUE OLEHKH TAKOU CBS3H MPEICTABIICHEI
kak koadumumentsr koppersinuu. KoaddummeHTsr
KOpPPEJSIHMU ¢ KPaeBbIM YIJIOM CMadWBaHus: Uit Ra
- 0,56, nna Rz — 0,63, g Rmax — 0,71, gos Sm —
0,11. MIX 10BOJIBHO BBICOKHE 3HAYCHHS JJIS IIOJIHOM
BBICOTBI ~ MpOGWIS  TMO3BOJSIOT  TOBOPUTH O
NEePCIEKTUBHOCTH MPEAIOKEHHOM METOANKH
uccnenoBanusi. OTCYTCTBHE KOPpENSIUUM MEXKIY
KpacBbIM YIJIOM W CpPEJIHUM IIIaroM HEPOBHOCTH
npoduast JIErKo OOBACHUMO TEM, YTO Cpelu
00pa3LoB HE Bce UMENH EPHOANYECCKYIO CTPYKTYPY
MTOBEPXHOCTH.
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PucyHnok 4 — JIBymMepHbIe peACcTaBIeHIs] CKAHUPOBAHHBIX MOBEpXHOCTEH: 1 — kanmnOpoBoyHas pemrerka 3;
2 — kpbu10 6a00YKH; 3 — KaMEHb TPaHUT; 4 — TUICHKA TOJIMATUICHOBAs; 5 — Oymara; 6 — Outym; 7 — muena;
BHyTpEHHEE KpbLIOo; 8 — KanrOpoBOUHAs pemieTka 2; 9 — kanmubpoBouHas pemrerka 1; 10 — xyk, kpeuto; 11 —
CTEKJITHHBIN o0pasern 1; 12 — cTexstHAbBIN 00pa3sel 2; CTeKISIHHBIN obpasel 3; 14 — cTexIstHHbIN o0paser 4;
15 — obpazerr U3 1a00OpaTOPUH IJIACTMACC, 16 — MONMATHIICH YITAKOBOUHBIH.
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PucyHnoxk 5 — TpéxmepHbie IpeICTaBICHUS] CKAaHUPOBAHHBIX TOBEPXHOCTEMH: 1 — KannOpoBoYHas perieTka 3;
2 — Kpbl10 6a00YKH; 3 — KaMeHb I'PaHUT; 4 — IUICHKA OJMITUIICHOBAs; 5 — OyMara; 6 — Outym; 7 — muerna;
BHYTpEHHEE KpbUIO; 8§ — KaInOpoBoUHas pemerka 2; 9 — kanubpoBoyHas pemerka 1; 10 — xyk, kpbuio; 11 —
CTEKJISTHHBIN 00pasern 1; 12 — cTeKIstHHBIN 00pa3sel 2; CTeKISIHHBIN o0paselr 3; 14 — CTeKIsIHHBIN o0pa3ser 4;
15 — o6pazen U3 1a00paTOPHH IJIACTMACC, 16 — MONMATHIICH YITAKOBOUHBIH.
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Taoauna 1 - Cpegnue apudmMeTHuecKre 3HAUYCHHUS MapaMeTPOB MIEPOXOBATOCTH 00Pa3LOB, KPaeBBIX

YTJI0B CMavMBaHU A

Cpennee Haubonpmas Ilonnas Cpennuii mar Kpaegoid yron
No N CMaYMBaHHUS,
apu(MeTHIECcKO BBICOTA BBICOTA HEPOBHOCTEH
o0pa cpenHee
€ OTKJIOHECHHUE npodust Rz, po st mpoduias Sm,
31a 3HAYCHHE,
npoduis Ra, am HM Rmax, am HM
rpaaychl
1 129 342 331 1539 90
2 187 1046 1852 515 180
3 113 450 816 2306 58,5
4 105 399 531 9608 55,5
5 212 1070 1070 11815 92
6 116 461 614 1796 109,5
7 28 91 151 1963 79
8 15 66 75 2864 86
9 4 13 13 1960 90
10 83 447 447 4497 105,5
11 6 32 37 850 67,5
12 5 23 31 1181 43,5
13 15 63 105 1060 64,5
14 28 121 161 1269 31
15 69 350 346 7001 57,5
16 62 221 271 1814 78
200 250 | 200 2000
180 180
160 200 | 469 1500
140 150 140
120 120 1000
100 100 & 100
80 80 500
60 0 e
40 0 40 0
20 20
0 -50 0 -500

0 2 4 6 8 10 12 14 16 18

==K paepoii yroi cMaIuBaHns, CpeiHee sHa9eHHe, TPaTyChl

= CpezaHee apudhMeTHIECKOE OTKIOHEHHE podua Ra, v
1200
1000
800
600
400
200
0

0 2 4 6 8 10 12 14 16 18

=—=Haubomsmasz esicora npodura Rz, am

=—=KpaeEoi yron cMa4HBaHug, CpegHee JHaICHHE, TPaxyCEl

0 2 4 6 8 10 12 14 16 18

===Kpaepoii yro1 cMagHEaHHA, CPEIHEE 3HAUECHHE, TPANYCE

=—Tlomuas eeicoTa mpodrmna Rmax, mv

200
180
160
140
120
100

14000

12000

10000

6000

60

40

20

0 0
0 2 4 6 8 10 12 i4 16 18

4000
2000

===KpaeEoii yro1 cMaIHEaHHI, CPeJHEE 3HATEHHE, TPATYCE

= CpezaHuii mar HepoeHOCTeH npodmra Sm, HM

Pucynok 6 - ['paduku 3aBUCHMOCTH (PU3MUECKIX XaPAKTEPUCTHK TOBEPXHOCTH OT KPaeBOTrO yriia
CMaYHBaHUS
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Bricokuii ko3 QHUIMEHT KOppemsiuuyd A
CBHIETENBCTBYET OT TOM, 4YTO THAPOGOOHOCTD
MaTepHaja ONpeaensieTcsl BEpTUKaIbHBIMU IIapaMeT-
paMM, B 3HAUUTEIBHO MEHbBIIEH CTemeHH —
TOPHU30HTAJIBHBIMU XapaKTEPUCTUKAMHU.

J11st mpoBepKHU ATHX 3aBUCHMOCTEH cCHavasa ObL1
ompenesneH KpPaeBOM Yrosl CMauuMBaHHUA KOHTPOJIb-
Horo oOpasma 16. On pasen 78°. Jlamee mo
3aBHCHMOCTH Ha PHUCYHKE 7 C YyKa3aHHOM JMHMEN
TpeHIa Il TeX K€ MapaMeTpoB ObUIO OIPENETICHO
IPEAroNaraéMoe 3HaueHUuEe (PU3NYECKHX Xapakre-
PUCTUK TOBEPXHOCTH W TOJIBKO 3aT€M IIPOBEICHO
ucciefoBaHue o0pasna Ha MHKPOCKONE, Ul
NOJTy4YeHUs PU3NIECKUX XapaKTEPUCTUK TapaMeTPOB
[IEPOXOBATOCTH.

[IpenckasanHpie TapaMeTphbl, OCHOBAaHHBIC Ha
JIMHUW TpPEHJa, NPENCTaBICHHOM Ha pUCYHKE 7,
UMEIOT cienytoniue 3Hadenus: Ra = 60 um, Rz =263
HM, Rmax = 327 um, Sm = 4769 um. M3mepeHHbie
nmapaMeTpsl IMEIOT 3HadyeHus: Ra = 62 um, Rz =221
M, Rmax =271 am, Sm = 1814 um.

TakuMm 00pa3oM, MOYYCHHBIC XapPaKTEPUCTHKU
OKa3aJiCh OYCHb OJIM3KUMH K MPEANOjaraeMbiM U
VKJIAJBIBAIOTCS B TMOJYYCHHYIO 3aBUCHUMOCTh, KPOMe
TOPHU3OHTATIBHBIX TIAPAMETPOB, TAe KOIPPHUITHEHT
KOppEeNSIuy OJIU30K K HYJTIO.

HaubGonee Onu3kuii nmpeaBapuUTEIbHBIN pe3yIib-
TaT K TIOJNYYEHHOMY Ha MHKPOCKOIE TIOKa3al
napameTp cpeiaHee apu(QMETHUECKOe OTKIOHEHHUE
npopuinst Ra. IMeHHO ero B OCHOBHOM HCIIOJIB3YIOT
JUIS  ONHCaHUsl IIePOXOBATOCTH B HHXCHEPHHU.

AOCONIOTHAsT MOTPENIHOCTh 3TOTO  Pe3yJbTaTa:
ARa = Rausm — Ranpeo =2uM. OTHOCUTEIbHAS
HOTPEITHOCTh:

_ ARa

€ * 100% = 3%.

aMSM

CremoBaTeNbHO, MPEATION0KEHUE O CYIIECTBO-
BaHMM CBS3M IIEPOXOBATOCTH TOBEPXHOCTH C
KpaeBbIM YTJIOM CMAa4HMBAaHUSA JOCTATOYHO XOPOIIO
000CHOBAaHO M BO3MOJKHBI JajJbHEHIINE HCCIIEN0-
BaHMSI B 3TOM HarpaBlICHUU.

00

] 3 189 .
g Em
2 B
E g0
s =
O 210 ¢
v L™ . < .
g 5’; 0 __‘_—_,'
o 0
,:‘ A& e e
o8 wne
S E v
g o
B
> 20263 w0 800 £00 1000 1X0

Hanboasmas ssicora npodusan Rz, v

.o
2 D180 e
S
s o180
2 5
= o140
2 g0
s o=
9 E 10 - e
- oo b
S 2 % LA
£ 8
m A e _le i . *
3 9 ‘
i Tl ‘
gm0 f
¥ |
= 9 -
0 w0 000 %00 0o wow 1m0 1000
Cpeanmit mar HeponnocTedl npodusas Sm, H

Pucynok 7 - [lonck napameTpoB HIEPOXOBATOCTH 110 KPa€BOMY YTy CMauyMBaHMUS
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C uenpr0 W3Y4YEHHS 3aBHCHMOCTH THJIIPO-
(hOOHOCTH Pa3IMUHBIX MPUPOIHBIX U HCKYCCTBEHHBIX
MTOBEPXHOCTEH MPOBEAEH MUK n3Mepennid Ha ACM
CeBepo-KazaxcraHckoro yHuBepcuTeTa HM. M.
Ko3s0aeBa. C 10cTaTOYHO BBICOKON HAAEXHOCTBIO
BBISIBJICHAa CBSI3b T'HMAPO(OOHBIX CBOMCTB IIOBEPX-
HOCTEH pa3HOro poja ¢ HUX IIEPOXOBATOCTHIO B
paHHee HEU3YYCHHOW O00JIaCTH MPOCTPAHCTBEHHBIX
MacIITadoB MOPSIKAa HAHOMETPOB.
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[Ipennoxxena MeToauka u3MepeHust ruapodoo-
HOCTH B YKa3aHHOM JIMaIia30He pa3MepoB Ha OCHOBE
W3MEPEHHsT KpaeBoro yria cmaudumBanus. M3yuena
3aBUCHMOCTh BEJIMYHMHBI 3TOr0 yrjia OT MaciTada
HepoBHOCTeH moBepxHocTH. Ompenenén koaddu-
[MUCHT KOPPEJSIUN 3aBUCHMOCTH KpacBOTrO yriia
CMa4yMBaHHs OT TOJHOW  BBICOTHI  IpoduiIs
UCCIIEyeMOH TOBEPXHOCTH, KOTOPBIA COCTaBUI
0,71. dakTHyecKH MOATBEPKACHO CYIIECTBOBAHUU
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3aBUCHMOCTH THUIAPOGOOHOCTH MOBEPXHOCTEH OT
apaMeTpoB X CTPYKTYPBI B obacTu
HAaHOMETPOBOTO JWamna3oHa. Pe3ynbTaThl paboThI
MOTYT JiIedb B OCHOBY METOJa HCCIICAOBaHUS

pa3JInMYHbIX MATCPpUaJIOB C ICJIbK0 OLCHKH HUX
9KCIUTyaTallMOHHBIX  Ka4€CTB, IIPOrHO3UPOBaHUA
H3HOCOCTOMKOCTH IIpyu BJIUAHHK KOHTAaKTOB C
JKUJKOCTSAMH C HCHOJB30BAaHUEM aTOMHO-CHIIOBOM

(hm3uIecKux 0COOEHHOCTEH MTOBEPXHOCTEH  MHKPOCKOITHH.
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INFLUENCE OF DEPOSITION PARAMETERS ON THE SURFACE MORPHOLOGY AND
PHOTOCATALYTIC PROPERTIES OF WO3 THIN FILMS SYNTHESIZED BY MAGNETRON
SPUTTERING AT A GLANCING ANGLE DEPOSITION

The growing need for sustainable energy has intensified research on photoelectrochemical
(PEC) water splitting for hydrogen production. Tungsten trioxide (WQOs) is a promising photoanode
due to its stability, suitable bandgap (~2.4-2.8 eV), and strong visible-light absorption. However,
performance limitations arise from short hole diffusion length and high recombination rates. This
study examines the effect of substrate rotation during magnetron sputtering on WOs thin films'
morphology and PEC performance, employing the glancing angle deposition technigue to achieve
nanostructured films that enhance light trapping.

SEM analysis reveals that films deposited without rotation exhibit greater porosity,
improving light absorption and charge transport. As a result, these films demonstrate higher
photocurrent density and enhanced electrochemical impedance properties. These findings
highlight the significance of deposition dynamics in optimizing WO; for PEC applications. This
study provides insights into controlling thin film morphology to improve PEC efficiency,
contributing to the development of more effective water-splitting devices.

Keywords: tungsten trioxide, PEC water splitting, magnetron sputtering, glancing angle
deposition, thin film deposition, nanostructured photoanodes.

A. Abaysanos’, XK. Taybananesa, K. baltrapuH
Hazapbaes YHuMBepcuTeT, AcTaHa, KasakcTtaH
*e-mail: alshyn.abduvalov@nu.edu.kz

MarHeTpoHAbI WaHAaTy apKblibl cymip 6ypbiineH cuHTesgenreH WOz xyka
NNeHKanapabliH 6eTTik Mopdonormacbl MeH POTOKATaIMTUKA/BIK KaCUETTEPIHE CUHTES
napameTpaepiHiH, acepi

TypaKTbl 3HepPrmAa KesaepiHe AereH ecCin Kene KaTKaH KaXKeTTiNiK cyTeri eHaipyre apHanfaH
doToanekTpoxummanbik (PIX) cy biablpayblH 3epTTeyai »KaHaaHAablpyaa. Boabdpam Tprokenaj
(WO3) xrMMANbIK TYPaKTbIAbIFbl, KONaMAbl ThlMbIM CasibiHFaH aliMarbliHbIH eHi (~2,4—2,8 3B) aHe
KOPIHETIH XKapblKTbl TUIMAI CiHipy KabineTi apKacbiHAa nepcnekTMBaabl GOTOaHOATbIK MaTepuan
6onbIiN caHanadbl. Anainga, OHbIH, TUIMAINIM TacbiManaay Y3blHABIFbIHbIH, KbICKA/bIFbIMEH KaHE
doToreHepaumsanaHraH 3apsag TacbiManAaylWblNapAblH, Kofapbl PeKoMBUHaUMA Kblngamabl-
fbiMeH wekTenesi. Ocbl 3epTTeyae MarHUTPOHAbIK, WallblpaTy npoueciHae cybcTpaTTbiH, aHany
KblnaamablFbiHbliH, WO3 KyKa KabblKTapbiHbiH, Mopdonornsacel meH O3IX KacueTTepiHe acepi
3epTTensi. HaHOKypblAbIMAb! KabbIKTapAblH XapbIKTbl TUIMAi YCTan KaayblH KaMTamachI3 eTy yLiH
KMFall bypbilineH wekTipy (glancing angle deposition) aaici KonaaHbINAbI.

CKaHep/ieylli 3neKTpOoHAbIK, MMKpocKkonua (C3IM) HaTuxkenepi cybcTpaT alHasbiMbIHCbI3
aNblHFAH KAbbIKTap/blH, *KOFapbl KEYEKTINiKKe Me eKeHiH KepceTTi, By »apblK CiHipyai KaHe
3apAL TaCbIMabIH KakcapTalbl. HaTuxKeciHAe, MyHAaM KabbiKTap Kofapbl GOTOTOK TbifbI3AbIFbIH
YKOHE XeTINAIPINTeH NEeKTPOXMMUANBIK cunaTTamanapabl KepceTTi. AnbiHFaH HaTuxenep WOs
Herizinaeri ®IX KyrenepiHiH TMIMAINITIH apTTbipyAa WeKTipy NapameTpaepiH OHTalnAaHAbIPYAbIH,
MaHbI34bINbIFbIH alKbIHAANAB!. Byn 3epTTey )yKa Kabblk MopdonornaceliH Hackapy apKplabl PIX
TUIMAINITIH apTTbIPYFa bIKMan eTin, Cy blAblpaTy TEXHONOIMMANAPbLIH AaMbITyFa yaec Kocadbl.
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Bnaunanue NnapameTpoB OoCaXaeHnA Ha MOpCI)OﬂOFVIIO NnoBepPXHOCTU N d)OTOKaTa}WITVNECKVIe
CBOMCTBA TOHKUX NJIEHOK WOs, NoaAy4YeHHbIX METOAO0OM MArHETPOHHOIO pacrblEeHAUA MNMpU
CKONb3AWEM yrne ocaxxXaeHuAa

BospacTatouiaa notpebHocTb B BO30OHOBAAEMbIX MCTOYHMKAX 3SHEPrMU CTUMYIMpPyeT
aKTMBHbIE MCCnefoBaHMA  poToanekTpoxmMmmyeckoro (®3X) paculenneHma  BoAbl  ANS
NpPOU3BOACTBa BOAOPOAA. TpuoKkeuna Bonbdpama (WOs) aBAseTCA NepcrnekTUBHBIM MaTepraiom
ons  poTtoaHoda 6Onarodaps CBOEM XMMUYECKOM CTabWUIbHOCTW, OMNTUMMA/IbHOM  LIMPUHE
3anpelleHHon 30Hbl (~2,4-2,8 3B) © BbiCOKOW noraowatwen crnocobHOCTU B BUAMMOM
AmnanasoHe. OfHako ero adPeKTMBHOCTL OrpaHMUYMBaeTCA Mason AAnMHON aAnddy3nm AbIpoK U
BbICOKOM CKOPOCTbtO peKombuHaumm GOTOreHepMpPOBaHHbLIX HOCUTenel 3apAada. B gaHHOM
paboTe uccnenyeTca BAMAHME CKOPOCTU BPALLEHWA NOANOKKM NPU MarHeTPOHHOM PacrnblIEHUN
Ha mopdonornto n IX ceoincTBa TOHKMX NNeHoK WOs3 ¢ NPUMEHEHNEM METOa OCaXKAEHWNA NPU
ckonb3sawem yrne (glancing angle deposition) ana popmMmMpoBaHMA HaHOCTPYKTYPUPOBAHHOM
NOBEPXHOCTU, YAy4llatoLLEeN NOroLLEHME CBETA.

AHanM3 CKaHMPYOLWEN 3SNEKTPOHHOM MUKpockonmu (COM) nokasasn, 4YTo TMJIEHKM,
ocaxkaeHHble 6e3 BpalleHUa NoAN0KKM, 06naaatoT 6onbllelt MoOPUCTOCTbIO, YTO cnocobeTayeT
MOBbILIEHHOMY MOIMNOWEHNIO CBETa W YAydlleHUo TpaHcnopTa 3apsaga. B pesynbtate Takue
MNEHKM MMetoT Donee BbICOKYID MAOTHOCTb GOTOTOKA U YAYYLIEHHbIE 3/EKTPOXUMUYECKMe
XapaKTepPUCTUKKU. oNydYeHHble pe3ynbTaTbl AEMOHCTPUPYIOT BaKHOCTb BblibOpa MNapameTpos
ocaxaeHusa ans onTumusaumm csoiicte WOs B8 O3IX npunoxkeHusx. MpoBeaeHHOE Hamu
nuccneloBaHWe BHOCWUT BKAa4, B pasBuTME MeToA0oB  (GOPMMPOBAHMS  TOHKOMAEHOYHbIX
MaTepunanos, cnocobcTys co3gaHuio 6onee ahpPeKTUBHbIX CUCTEM A4 pacllenseHmna Boabl C

LeNblo reHepaLumm Bo40poAa.

Knioyesble cnoBa: TPUOKCKUA, Bonbd>parv\a, d)omanempoxmmmqe(:Koe pacuwenneHmne Boabl,
MarHeTpoHHOe pacnblieHne, oCaxaeHne npum CKoNb3Aalem yrae, TOHKOMNIEHOYHblIE MOKPbLITUA,

HaHOCTPYKTYPUPOBaHHbIe GOTOAHObI.
Introduction

The increasing demand for clean and sustainable
energy sources has driven extensive research into
photoelectrochemical (PEC) water splitting as a
promising method for hydrogen production.

Among the various metal oxide semiconductor
materials investigated for PEC applications, tungsten
trioxide (WQOz3) has emerged as a highly attractive
candidate due to its comparable chemical stability,
suitable bandgap (~2.4-2.8 eV), and strong visible-
light absorption [1,2]. WOs serves as an efficient
photoanode in PEC systems, facilitating water
oxidation under solar illumination [3,4]. Its relatively
deep valence band edge enables sufficient driving
force for oxygen evolution, while its good electron
mobility minimizes charge recombination losses.
However, despite these advantages, WOs; suffers

from challenges such as weak absorbance in visible
region (more than 450 nm), poor long-term stability
in alkaline conditions, short hole diffusion length, and
fast recombination of photogenerated carriers [5,6].
To address these limitations, researchers have
explored various strategies, including nano-
structuring [7], doping [8,9], heterojunction or
composite formation [10], and phase changes [11-
13], to improve the PEC performance of WOs; thin
films. Nanostructuring of WOs thin films plays a
critical role in enhancing their performance PEC
water splitting applications. The efficiency of PEC
processes largely depends on the material's ability to
absorb light. Nanostructured WOz films, such as
those with porous or columnar architectures, offer
several advantages in this context [14]. First,
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increased surface area resulting from porosity
provides more active sites for water oxidation
reactions, improving photocurrent generation.
Second, nanostructuring enhances light trapping and
scattering, leading to improved optical absorbance,
especially in the visible spectrum where WOs is
active. This higher absorbance increases the number
of photogenerated electron—hole pairs available for
redox reactions. Additionally, the porous structure
shortens the diffusion paths for photogenerated holes,
thereby reducing recombination losses and enhancing
charge separation efficiency. Together, these effects
contribute to higher photocurrent density and better
overall PEC behavior, making controlled
nanostructuring a key strategy in the design of
efficient WOs-based photoanodes.

In previous reported works, using “glancing
angle deposition” method (GLAD) [15], Limwichean
et al. studied dependence of PEC properties of sputter
deposited WOs; thin films on substrate positions from
target material [14]. They reported growth of more
porous WQOj3; nanoforest thin films at higher glancing

Methodology

Synthesis. Initially, commercial FTO/Glass
substrates were cleaned in ethanol by ultrasonic bath
for 15 minutes. After, they were held for 15 minutes
under UV-Ozone cleaner to remove organic
contaminants from the surface. WO3 nanoforest thin
films were synthesized using Kurt Lesker magnetron
sputtering system using W target (pure W, 99.9 %).
The deposition was carried out under reactive
sputtering using oxygen and argon gases in the
chamber at overall 5 mTorr pressure. O,/Ar flow rates
were 21/33 sccm. The substrate-target distance was
13 cm. Before deposition, magnetron chamber was
pumped down to 9*107 mTorr pressure to ensure
high  vacuum  conditions and  experiment
contamination prevention. After deposition, all
samples were annealed at 500 °C for 1 h on hotplate
in air to make them crystalline.

For the experiment, “glancing angle deposition”
method is wused [15]. It helps to achieve
nanostructured (nanoforest) WOs thin films that are
beneficial for light trapping. Two sets of samples
were prepared to study growth morphology and
photocatalytic properties depending on substrate
holder rotational speed: 0 rpm and 15 rpm. It is worth
noting that grown thin films at 0 and 15 rpm have
identical thickness to ensure elimination coming from
thickness difference.

Characterization. Scanning electron
microscopy (SEM) imaging was performed using a
Carl Zeiss Crossheam 540 GEMINI Il system. The
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angle and at closer distance between substrate and
target. However, they observed better PEC activity on
sample deposited at GLAD 61.9° and 85-mm
substrate-target distance. Another most important
parameter that may affect the growth and PEC of
sculptured WOS is substrate rotation speed.

This report aims to check effect of the “substrate
rotation speed” of WOs thin films to its photoactivity
and thin film growth while sputter depositing.
Surface, morphology and crystalline structures of
obtained WOs thin films deposited by glancing angle
magnetron sputtering under stationary (0 rpm) and
rotating substrate (15 rpm) conditions were
thoroughly studied and analyzed using electron
microscopy and x-ray diffractometer. PEC properties
are evaluated and discussed. Substrate rotation plays
a crucial role in magnetron sputtering deposition of
WOs; thin films by ensuring uniform thickness.
Without rotation, the deposition rate varies across the
substrate, leading to non-uniform film thickness and
inconsistent PEC performance.

crystallographic phases of the samples were
identified using a Rigaku SmartLab multifunctional
X-ray diffractometer (XRD) equipped with CuKa
radiation (A = 0.1541 nm). Optical properties were
evaluated wusing an Evolution 300 UV-Vis
spectrophotometer.

For PEC, linear sweep voltammetry (LSV)
measurements of the photoanodes were conducted
using a CHI660E potentiostat in a standard three-
electrode configuration, employing an Ag/AgCl
reference electrode (3.5 M KCI). The electrolyte
solution consisted of 0.16 M Na.SO, at pH 7. A PLS-
FX300HU solar simulator (AM 1.5, 100 mW/cm?)
was used to simulate solar illumination during all
PEC experiments. The applied potentials were
converted to the reversible hydrogen electrode (RHE)
scale using the equation:

VrHE=V Agiageit0.059-pH+0.205

where Vagager is the measured potential and 0.205 V
corresponds to the standard potential of the Ag/AgCl
electrode (3.5 M KCI).

Electrochemical impedance spectroscopy (EIS)
was performed under illumination using a frequency
range of 1 Hz to 10 kHz with an AC amplitude of 50
mV at a DC bias of 0.68 V vs Ag/AgCI. The data were
fitted to equivalent circuit models using the EIS
Spectrum Analyzer software [16].
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Results and discussions

Figure 1 shows the SEM images of WOs; thin
films that have a columnar microstructure with
vertically aligned grains, characteristic of sputter-
deposited films. The cross-sectional views (a, c)
reveal a relatively dense structure with some gaps
between columns, which may affect charge transport
and film stability. The top-view images (b, d) display
a cracked, granular morphology with well-defined
grains, suggesting good surface coverage but
potential mechanical instability due to the presence of
cracks. The surface coverage of the WO; thin film

deposited at 0 rpm in image (b) is approximately
76.19%, meaning that about 23.81% of the surface
consists of cracks or voids. WO3 thin film deposited
at 15 rpm has 77.04% surface coverage indicating
22.96% of cracks or voids. The main difference in
growth is density of columnar microstructure: thin
films deposited at 15 rpm show accumulated bigger
packs of columns with less distance between each
column compared to more separated columns of
sample grown at O rpm at same scale of area.

Figure 1 — Cross-sectional and surface SEM images of WOs thin films deposited by glancing angle
magnetron sputtering under stationary - 0 rpm (a, b) and rotating substrate - 15 rpm (c, d) conditions

The crystalline structure of WQOj; thin films
deposited by magnetron sputtering at different
substrate holder rotational speeds (0 and 15 rpm) was
examined using X-ray diffraction (XRD), and the
results are shown in Figure 2. The XRD patterns of
both samples display well-defined diffraction peaks
corresponding to the triclinic phase of WQs;, in
accordance with JCPDS card no. 00-032-1395.
Prominent peaks are observed at 26 values around
23.18°, 23.68°, 24.33°, 26.62°, 28.7°, 33.69° which
correspond to the (002), (020), (200), (1-20), (1-1-2),
(022) and FTO (200) planes of substrate respectively.

It can be seen that both samples, regardless of
rotation speed, exhibit the same set of diffraction
peaks, indicating that the crystal phase of WOs; is
preserved under both deposition conditions.
However, noticeable differences in peak intensity and
sharpness can be observed between the two. The
sample deposited at 15 rpm (red pattern) shows

slightly higher peak intensities and narrower peaks
compared to the O-rpm sample (black pattern),
particularly in the (020) and (202) reflections. Despite
the increase in rotation speed, no significant shift in
peak positions was observed, indicating that there is
no substantial strain or phase transformation induced
by rotation. This suggests that the microstructural
evolution induced by substrate rotation primarily
affects the film's crystallinity rather than its phase
composition.

The optical properties of obtained samples
analysed by UV-Vis spectroscopy. Figure 3 shows
absorbance spectra (a) and Tauc plots (b) for samples
deposited at 0 and 15 rpm. Despite the differences in
surface morphology as seen in SEM images, optical
properties of the samples stay the same. Tauc plot
method was used to define the band gap of films [17],
and it is estimated as 3.05 eV for both samples.
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Figure 3 — Absorbance spectra (a) and Tauc plots

(b) of WOs thin films deposited by glancing angle

magnetron sputtering under stationary and rotating
substrate conditions

The photoelectrochemical activity of the films
was initially evaluated through LSV (Figure 4-a).
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Under illumination, the WOj; thin film deposited at O
rpm exhibited an 13 % enhanced photocurrent density
compared to the film grown at 15 rpm at 1.23 V vs
RHE scale (9.11* mA/cm? vs 8.05* mA/cm?). The
negligible current recorded under dark conditions for
both samples confirmed the photo-induced nature of
the observed responses. The improved photocurrent
in the 0 rpm sample is indicative of enhanced charge
separation and transport kinetics, which can be
directly correlated with the superior surface
morphology observed via SEM. To further assess the
dynamic response of the electrodes under intermittent
light conditions, chopped LSV measurements were
conducted (Figure 4-b). The 0 rpm sample
demonstrated a sharp and stable photocurrent
response during light on/off cycles.

Electrochemical impedance spectroscopy was
employed to probe the interfacial charge transfer
properties under illumination (Figure 4-c). The
Nyquist plots revealed that the 0 rpm film exhibited a
smaller semicircle, indicative of lower charge transfer
resistance (R_ct), compared to the 15 rpm
counterpart. This observation suggests improved
interfacial kinetics for the sample deposited at 0 rpm,
and it agrees with the less photocurrent observed in
the samples prepared at 15 rpm. Such correlation in
dependence of charge transport properties on surface
morphology is key factor that explains such PEC
enhancement mechanisms. More packed structures
on sample deposited at 15 rpm have longer distance
for charge to reach surface and back contact than on
sample deposited at 0 rpm. Close packed treelike
structures deposited at 15 rpm show more charge
transfer resistance at 2940 Ohm than 561 Ohm on
more separated structures. Charge transfer resistance
calculations were done using open-source EIS
Spectrum Analyzer software by fitting the obtained
data from EIS measurements.

The operational stability of the photoanodes was
examined through chronoamperometry under
continuous illumination at a fixed potential (Figure 4-
d). The WO3 sample deposited at O rpm more stable
photocurrent generation over a 200-second duration.
The enhanced stability of the 0 rpm sample can be
attributed to its denser microstructure, which likely
offers better protection against photocorrosion and
mitigates charge trapping at defect sites.

Conclusion

The obtained data clearly demonstrate that
substrate rotation during RF glancing angle
magnetron sputtering significantly enhances the
structural and functional properties of WOs; thin
films. Glancing angle magnetron deposition without
rotation of substrate improved surface morphology,
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leading to superior photocurrent generation, faster
and more stable light response, and greater
operational durability. These studies are critical for
advancing and understanding growth and formation
of WOs-based photoelectrodes in solar-driven water

findings highlight the importance of optimizing
physical deposition parameters—oparticularly
substrate motion—as a straightforward yet highly
effective strategy for tuning the properties of metal
oxide photoanodes.

splitting applications and other PEC systems. The
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KOMIPTEKTI HYKTENEP: TYPNIEPI, A/1Y O/1OAPbI, KACUETI XXoHE KOJ/TAAHY AACHI

HaHoTexHoONOrMA — ipreni koHe KondaHbanbl fblbIMAAPAbIH *KIHE TEXHONOMMAHbIH,
KMbINbICbIHAQ OPHAMacKaH NaHapaablK cana. byn canafa A9CTYPAi XKOMMEH anyfa MyMKIH emec
MmaTepuan TYpAepiH aTOMAbIK }KaHe MOIEKYNabIK AEHIen1e MaHUNYAALMSA Kacay apKbl/bl *KaHa
OHEe KakeTTi maTepuangapbl anyabl MyMKiH eTeni. OCbl Casniaia COHfbl Kbladapbl 63iHiH,
KepceTeTiH apTypAi KACMETTEpIHiH, apKacbiHAa KAapKblHAbl AaMbIM Kene »KaTKaH Hen-enwemai
HaHOMaTepuanaapabiH 6ipi — KEMIPTEKTI HyYKTenep. KemipTeKTi HykTenep — GoToKaTan3, *KapblkK,
LWblFapaTblH KYPbIAFblNapAa *KaHe CeHCopaapaa KoMaHyFa Konalabl KacmetTepi 6ap TapTbiMab!
KeMIpTeKTi HAHOMaTepuanaap.

Byn wony makanacblHAa KemipTeKTi HyKTenepai 3epTrey 6apbiCbiHAA *KacanfaH anfallKbl
KagamaapaaH 6actanbin, afHM 2004 Kbiibl Oyn HaHOMaTepuangapdbiH  «dayopecueHTTi
HaHobeNlWeKTep» Aen aTanyblHaH bacTan, Aamy TapuxbiHa, AFHK 2011 KbingaH Kasipri yakbiTKa
[EeWiH KacanfaH XXYMbICTapsa TOKTablHAbI. KemipTeKTi HyKTenepai rpadeHai KBaHTTbIK HYKTenep,
KOMIPTEKTI KBAHTTbIK HYKTeNep KaHe KapboHusgenreH nonvmepni Hyktenep aen 6enin
KapacTblpy YCbIHbIAbLIM, onap bip-bipiMeH canbICTbIPbIbIN, KaH-KaKTbl 3epTTeniHai. CoHbIMeH
KaTap, Byn KemipTeKTi HyKTenepai cuvHTesdeyde KONAaHbINATbIH «KOFapblAaH TOMEH» KaHe
«TOMEHHEH Ofapbl» TaCiNAEepi KoHe Oonapfa KaTaTblH SAICTEP KapacTblpbladbl. KemipTekTi
HYKTenepre JereH Kbi3bIfyLWbIIbIKTbIH apTybl ONapAblH, KepCeTeTiH apTypai KacueTTepi
H6onFaHAbIKTAH, ONapAblH ONTUKAbIK, INEKTPOXMMUANBIK, KACMETTEPI KaHe AMCNepCTiniri meH
YbITTbIAbIFbI CMMATTaNAbl. byn mMakanaHblH COHbIHAA KOMIPTEKTI HYKTeNepaiH, KonaaHy afacbiHa,
AFHW ceHcopnapaa, bromeanumHana, GoToTepanuaibiK HblCaHAAPAA, SHEPTUA CaKTayAa KaHe
KaTannsae KoaaaHybl TOMIbIKTal KapacTbipblaap.

TyliiH ce3mep: KeMipTeKTi HyKTenep, Hen-enwemai HaHomaTepuanaap, GOTONOMM-
HeclLeHUMs, ceHcop, BuomeamumHa.

M. Auyelkhankyzy>?*, A. Zhamash'?, N. Rakhymzhan?, M. Auyelkhankyzy', B.T. Lesbayev'?
1Al-Farabi Kazakh national university, Almaty, Kazakhstan
2Institute of Combustion Problems, Almaty, Kazakhstan
*e-mail: auyelkhankyzy.m@kaznu.kz

Carbon dots: their types, obtaining methods, properties and applications

Nanotechnology is an interdisciplinary field at the intersection of fundamental and applied
sciences and technology. This field makes it possible to obtain new and useful materials by
manipulating materials that are not available in traditional ways at the atomic and molecular
levels. One of the zero-dimensional nanomaterials that has been rapidly developing in this field
in recent years due to the diverse properties it exhibits is carbon dots. Carbon dots are attractive
carbon nanomaterials with properties suitable for use in photocatalysis, light-emitting devices,
and sensors.

This review article focuses on the history of carbon dots, starting from the first steps taken
in the study of carbon dots, i.e., from the name of these nanomaterials "fluorescent
nanoparticles" in 2004, to the development history, i.e., from 2011 to the present. It is proposed
to consider carbon dots as graphene quantum dots, carbon quantum dots, and carbonized
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TuameTpi

polymer dots, and they are compared and studied in detail. In addition, the “Top-down” and
“bottom-up” approaches used in the synthesis of these carbon dots and their related methods
were reviewed. Due to the increasing interest in carbon dots due to their diverse properties, their
optical, electrochemical properties, dispersibility and toxicity were characterized. At the end of
this article, the application of carbon dots in sensors, biomedicine, phototherapy, energy storage
and catalysis are fully reviewed.

Keywords: carbon dots, zero-dimensional nanomaterials, photoluminescence, sensors,
biomedicine.
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YrnepogHble TOYKU: BUAbI, cnocobbl nonyvyexHuA, cBoicTBa M obnactb npumeHeHuna

HaHoTexHonorMmM — MexamcuuninHapHaa obnacTb, HaxoAAWasncs Ha CTbike dyHAameH-
TaNbHbIX WM MPUKNAAHBLIX HayK M TexHosnorui. 3Ta obnacTb MO3BOAAET MOJy4aTb HOBble W
BOCTpebOBaHHblE MaTepuanbl MyTeM MaHWMyJMPOBaHUSA TUMaMM MaTepuanoB Ha aTOMHOM W
MO/IEKYIIPHOM YPOBHE, KOTOPbIE HEBO3MOXKHO MOAYUYNTb TPAAMUMOHHBIMM cnocobamn. OaHMM
M3 Hy/NIbMEpPHbIX HaHOMaTepPMasioB, KOTOPbIN B MOC/eAHWNE oAbl CTPEMUTE/IbHO Pa3BMBAETCA B
aTOM obnact Haarogapa CBOMM pPa3HOOOpPasHbIM CBOMCTBAM, ABAAIOTCA YIEPOAHbIE TOUKM.
YrnepoaHble TOYKM — 3TO MPWBAEKaTe/bHble YrAepoAHble HaHoMaTepuasbl CO CBOWCTBAMM,
noAXoAAWMMM  ONA WMCNOMb30BaHMA B (OTOKATa/M3e, CBETOM3/YYaloWMX YCTPOMCTBAX M
CeHcopax.

B gaHHOM 0630pHOM CTaTbe paccMaTpMBaETC UCTOPUA MCCAeA0BaHWUI YINEPOAHbIX TOYEK,
Ha4YMHanA c NepBbIx LWaros, NpeanpuHaTbix B 2004 rody, Koraa 3TM HaHoMaTepuasbl 6blM Ha3BaHbI
«byopecUeHTHbIMKM HaHoYacTMLaMmM», M npogomkas paboToit ¢ 2011 roga no HacTosulee
Bpems. Bblno NpeasioKeHo BbIAENATb YINepPOAHbIX TOYEK Kak rpadeHOoBble KBaHTOBbLIE TOUKM,
YrNepoaHble KBaHTOBbIE TOYKM U KapOOHM3NPOBaHHbIE MOAUMEPHbIE TOUYKN. OHU BbIAN CPaBHEHDI
M TWATeNbHO M3ydeHbl. Kpome Toro, 6blM paccMoTpeHbl NOAXOAbl «CBEPXY BHM3» U «CHU3Y
BBEPX», UCMO/b3yeMble MPU CUHTE3E YIAepOAHbIX TOUEK, @ TaKKe CBA3aHHbIe C HUMKU MeTopbI.
NHTepec K yrnepoaHbiM TOYKaM pacTeT 13-3a pasHoobpasHbIX CBOMCTB, KOTOPbIE OHM NPOABASAIOT;
HbININ OXapPaKTEPU30BaHbI MX ONTUYECKUE, SNEKTPOXMMMUYECKME CBOMCTBA, @ TaKKe AMNCNEepPCHOCTb
M TOKCMYHOCTb. B KOHLEe cTaTbW MoApPOOHO 0bCy)KAaeTcs NMPUMEHeHUe YrnepoaHbIX TOYEK B
ceHcopax, buomeaunumnHe, GoToTEpPanUM, XPaHEHUU SHEPTUM U KaTannse.

Kniouesble cnoga: yrnepodHble TOYKWM, Hy/JbMepHble HaHoMaTepuanbl, (OTONOMM-
HecLeHUuA, ceHcop, BruomeamumHa.
Kipicne
Hen-emmemai HanoMmaTepuangap, HEri3iHEH, KeINTereH KoigaHOamapia — oJapIblH

100 HM-meH a3 cdepalblK Hemece

KepeMeT
CHINaTTaMaJapbIHBIH apKachlHIa KOJIAHBUIBI JKYP

KBazuchepanblK HaHOOOMIIEKTep OOJBIN TaObUIAIbI.
Hen-emmemai  HaHOMaTepuaizapisl  KOJAaHY
Tapuxbl OypBIHHAH 3epTTelie OacTaraHbIMEH, HETi3ri
YFBIMJIAp, JKETICTIKTEp MeH TYCiHikTep 20 FachIpbIH
opTachiHaH KediH maiga Oonael. Hem-emmemml
HaHOMAaTepHAIAAp KapamaiblM  MaTepualgapiaH
KOIITeTeH CHUIaTTaMallaphl, SFHU OJIIIEMI, IIIIiHi,

KBaHTTBIK 3(QeKTici xoHe OETTIK ayJaHHBIH
KeJeMre KaThblHachl OOWBIHINA  EpEKIICICHE .
CoHbpIMEeH  Karap, MyHAali HaHOMaTepHUaaap
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[1, 2]. Hem-emmemai HaHOMaTepHaImAPIABl COHBIH
IOIHAEe «KBAHTTHIK HYKTENEpAl allKaHbl JKOHE
CUHTE3/IeTeH] YIIiH» XuMus OoibrHIa 2023 KbUTHI €H
xorapbl FeUTBIME «Hob6ensy coritnbireina Mysru JIx.
basenmu, Jlyn 3. bpyc xone Anekceit ExnmoB ne
(10 91158

Hem-emmeMai HaHOMAaTEepHANIBIH TYpJEpi oTe
Kell, 1-cyper, COHBIH ilIHIe KOMIpTEeKTI HaHOMATe-
puaigapra FalbIMAap CpPEKIIe  KbI3BIFYIIBUIBIK
TaHBITHII KaThlp. Cebedi KeMipTeK aTOMAAapBIHBIH



M. DyenxaHKbI3bl *aHe T.6.

Ti30eri Oepik KOHE KOMIPTEKTiH aJUIOTPOIHSIIBIK
MoauUKaNmsICHl 0acka »dJIeMEHTTepre KaparaHa
kor. COHFBI JKBUIIAPHI HON-OJIIEMII KOMIPTEKTI
HaHOMaTepuangapra, srHu Qymwiepen [3] wMeH
KeMipTekTi HykTenepre [4, 5], consimMen kaTtap Gip-,
eKi- JKOHC YII-eNmeMIi KOeMIpTeKTi HaHoMaTe-
puangapra, SsFHH KOMipTEKTI HaHOTYTiKIenepre [6],
rpadenre [7], kemipTekTi asporenpaepre [8, 9, 10,
11] oxoHe oOmapAblH TYBIHIBUIAPBIHA KON KOHLI
OeJTiHiI, 3epTTENiHII, KOIAaHY asChl KOOI Keei.
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Hen-emmuemai
HaHoMarepHajiiap

1-cyper — Hem-emmemi HaHOMaTepuaigap

HaHOTEXHOJIOTUSAHBIH HETI3IT KBAHTTHIK O0BEK-
Tijepi — KBaHTTBIK HyKTenep. KBaHTTHIK HYKTesep —
Oy1  HaHOOemmiekTep  KypambiHAa  Qocdop,
KOMIPTETi, ayblp MeTaiap jkoHe 0acKa 3JIeMEHTTep
Oap opTypJi MarepuajapliaH kacajlFaH HaHOMaTe-
puangap [12]. KBaHTTBIK HYKTEJIEepaiH imriHIe
KOMIPTEKT] HYKTeJlep epeKIille OpbIH ajanbl. berinme
OpTYPJIi OpraHUKANBIK (DYHKIIMOHAIIBI TOTITAphI Oap
KBaHTTBIK IEKTEY]li KOPCETHEUTIH aMop(Thl KOMip-
TEK HAHOOOJIIEKTEPiH HeMece OapIbIK KBasucde-
paBIK  KOMIPTEK HAHOOOJIIEKTEPIH KOMIPTEKTI
HYKTeJIep Jien aTayra OoJaibl.

KemipTekTi HYKTE Typajbl, acipece KONIaHbIChI
MEH KacueTi >Kalibl aKmaparThlH JaMyblH YLI
Ke3eHre Oeyre 001abl, CypeT 2.

I-kezenge Omnrycrik Kaponuna yHuBepcu-
tetiniy FaneiMaapsl 2004 sxeutel [13] 6ip KabaTThI
KOMIpPTEKTI HAHOTYTIKIIENIEPIi npenapaTuBTi
anekTpodopes diCiMEeH Tazajay Ke3iHJae KOMIPTEKTI
HYKTeJepAl aHbIKTagsl. bynm amramkel eHOeKTe
KOMIPTEKTI HYKTenepii «diayopecueHTTi HaHoOel-
mektep» Jgen arambl. Coman kehin Kiemcon
yHUBepCHTETiHIH FanmbiMuapsl 2006 sxbutsl [14] Oy
HaHOOOIIIEKTEP i «KOMIPTEKTi KBAHTTHIK HYKTEIIep»

JIeN arar, ojapipl TpaduT YHTarbl MEH IEMEHTTI
Ja3epiik aONAIusay apKbUIBl aibll, KOMIpTEKTI
HYKTCHIH 0acka HaHOOOIIIEKTI KoMipTeK HeTi3iHaer1
MaTepuaiiaH aNbIPMAIIBUIBIFBIH  KOpCceTTi. by
HAHOOOJIIIEK Typallbl i3MIECTipysiep >KYpPIll >KaTThI,
amaijia  TONBIKKAHIBI ~ allbIHYy  KOJJAphl  MEH
KacHUeTTepi IIeHIiIMe/i.

ll-kezernme 2007-2010 >kpUTAApBI  KOMIPTEKTI
MaTepHaIapabl  KOJJaHa OTBIPHIN, KOMIPTEKTI
HYKTEJEp/IiH albIHy YOJIaphl KapacThIpbUabl. OCkl
KBUIIAP —apalibIFbIHIA KOMIPTEKTI HYKTeJlepIiH
ONTUKAIBIK JKOHE JJIEKTPOXUMUSIIBIK KacHueTTepi
ToXipuOeneri mapamMeTpliepaiH e3repyiMeH KacueT-
TEpiHIH ©3repeTiHi  JQNENCHIN, FaJlbIMIAP/IbIH
KOMIPTEKTI HYKTEHIH KYPBUIBIMBI MEH KOJJaHy
asIChIHA KBI3BIFYIIBUTBIFBI apTa TYCTI.

Ill-xe3egne mamamen 2011 >xpurman Oacrtaln
KOMIPTEKT] HYKTEJep Typallbl MaKajlanap KypT YiFas
Oacramel. OHBIH HeTi3iHIE KOMIPTEKTI HYKTEHIH
KacHeTTepl 3epTTENil, 9PTYPJi KOJNJaHy callanapbl
KapacThIpbUIABl. MEBICalFa: CEHCOp KOCBHIMINANAPEI,
SHEPrusl caKTay Kypanjaapel, OHO-CypeT, KaTaiu3
JKOHE T.0.
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2-cyper — ISI Web of Science-ten anbiaran 2004
*Kbuiaan 2024 sKputra ISHiHr KOMIPTEKTI HYKTeep
TypaJibl MaKajiaiap CaHbIH KOPCETETIH THCTOrpaMMa

By MakamaHbIH HeTi3ri MakcaTbl KeMipTeKTi
HYKTEJEpP Typalbl TOJBIK MOJIIMET Oepy, sFHH
KOMIPTEKTI HYKTENEPIHIH JKIKTENyiH, OJap/blH
aNbIHY KOJJIAPBIH, KACHETTEPiH, JXOHE KOJJIaHy
AsICBIH ambll KepceTy Oombin Tadbutaabl. COHBIMEH
KaTap, KOMIPTEKTI HYKTEJIEp CallaChIHJAFbl COHFBI
nporpectep cunarraigaabl. Ce0ebi, FaabIMIapIbIH
3epTTey HOTHXKECI KOMIPTEKTI HYKTENEPAiH KONTereH
cayanap/ia KojaHyFa MYMKiH OOJIATBIHBIH KOPCETTI.
Mpicanbl, onapAplH (OTOIIEKTPOHUKAIBIK JKOHE
JIOMHHHUCIIECUS] KacHeTTepiHe OalaHBICTHI FajbIM-
Jiap JkoHe MHKEHepJiep KOMipTeKTi HyKTeIepi ONTo-
DIIEKTPOHMKAA KOJIIaHy MYMKiHIITiH KepcerTi [1].
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KemipTekTi HYyKTe epaiH KiKkTeTyi

KeMipTekTi HyKTenepmiH amyaH TYpILIiriHe
0alIaHBICTBl ONAPABIH HAHOKYPBUIBIMAAPBIH 19
aHBIKTAy MOHE JKIKTEY KUBIH OONBIN TaObLIAIBI.
XKyprizinren anabiaes! xkyMeicTapra [15, 16] cyiiene
OTBIPHIT, KOMIPTEKTI HYKTEJECpAiH KOMipTeri sapo-
CBIHA COliKec YII Typre Oein KapacTelpbutaisl. Omap
rpadermi kBaHTTHIK HyKTenep (I'KH), xemiprexri
kBaHTTHIK HyKTenep (KKH) »xome kapOoHM3IenreH
nonumepii Hykrenep (KIIH), 3-cyper. 1-mi xecrene
aTaiFaH KOMIPTEKTI HYKTENIepIaiH KYPBUIBIMIBIK
cumnatTamacsl, poromromuaecteH s (OJI) mexanms-
Mi, CHUHTE3/ICIY TOCUTIi, apThIKIIBUIBIFBI, KEMIILIIr
YKOHE KOJIIaHy asiChl CANBICTHIPBUIBIN KOPCETITEH.

I'padenni kBantThiKk HYKTenep (I'KH) — nHem-
emmemai, 2-50 HaHOMETp apaibIFblHAA OONATHIH,
(IIOOPECICHTTI KAacHeTIMEH TaHbIMAl KOMIipPTEKTI
Hanomarepuannap. ' KH-nepai «korapeiian ToMeH»
KOHE «TOMEHHEH J>XOFapbl» TOCUINEepIMEH CHHTE3-
neyre Oomanel. «JKorapbliaH TOMEH» TOCLIIEpiHe
KATaThIH JIa3epiiKk aOmanus, OFaNbIK pasps,
ANIEKTPOXUMHUSITBIK TOTHIFY, XUMHSIJIBIK TOTBIFY JKOHE
YIBTPaILIOBICTHIK OHJIEY 9IiICTEPIMEH, SFHH rpadeH,
KOMIPTEKT] TalIIBIKTap, HAHOAIMa3Aap, KOMIpTEeKTI
Kydenep CHAKTBI KOMIPTEKTI MaTephaigapibl
ycakray apkeiibl ['KH anxyra Gonanubl.

Kpantteik kemiprekti Hykrenep (KKH) —
KypaMblHIa Sp? JKOHE SP° KOMipTeri KocmachlHa
HETI3JIeNITeH KPUCTANIBI SPOChI 0ap KBa3ucdepabik
keMipTekTi HanoOemmekTep. KKH cynma xakche
epU/Ii, JKOFaphbl JIIOMUHECICHIMSAFA We, COHBIMCH
Karap XWUMUSUIBIK WHEPTTUTr  JKOFaphl  JKOHE
dororyccizaenaipyre te3imai [17].

Kapbonuznenren nonmumeprni nykrenep (KITH)
KOFapblJla  aTajfaH  KOMIPTeKTI  HYKTelepJcH
alTapibpIKTail epeKIeNIeHETIH ChI3BIKTHIK MOJIUMep-
JepAi Hemece MOHOMepIIep i OipiKTipy, Tiry apKbUIbI
QNBIHFAH KOMIPTEKTI HAHOOOIIEKTep/i KaMTHIBI.
SrHan, Oyl KeMipTeK aTOMJIApPbIHBIH IOJIUMEPIIK
Ti30EKTepiHIH  HOTWXKECIHIAE  maijga  OOoJaThiH
MUKPOCKOITUSUIBIK HEMece HAHOMETPIIK KYPBUIBIM.
Omapapry  enmemaepi omerre 10 HaHOMeTpaeH
actafinel. CompiMeH Katap, KIIH momumeprep
CHUSIKTBI OPTYpPJIi KacHeTTepre He >KoHE OJapJIblH
KYpaMbl 9pTYpiIi OOJIBIN KeJe i

KemipTekTi HYKTeepai any skoaaapbl

KemiprekTi HykTenep TaOWFaTTa XOHE anam
eMIpiHe KeH TapayiraH, OipaK oOJiapJbIH Ta3ajbIFbl
eTe TeMeH OOJFaHIBIKTaH, OJapAbl Ke3-KeIreH
canmasia Konmanyra oonmaiiaer [18, 19]. ConmpikraH,
Ta3aJIBIFBl JKOFAPhl KOMIPTEKTI HYKTEIEpJi CHHTE3-
Jiey YUIIH CHHTETUKANBIK >KOJIJap KOJIaHBI-IaJIbI.
CoHFBl OHXXBULABIKTapAa KOMIPTEKTI HYKTe-JIepai
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CUHTE3JICYIH KONTEreH IKOJNJApbl  YCHIHBUIIBI,
oJIap/ibl 0acTaIKhl 3aTTap MEH aJILIHATHIH KOMIPTEKTI
HYKTEJIEPIIH oImeMAepiHe OaliIaHbICThI «OKOFaphI-
JIlaH TOMEH» JKOHE «TOMEHHEH JKOFaphDy TOCUIEpiHe
Oenyre Oonanmbl, 4-cypeT. 2-KecTele KOMIpTEKTI
HYKTEJIepJli CHUHTE3ACY/AC KOJJAAHBUIATBIH TOCLIICD
JKOHE OJIapFa >KaTaThlH CHHTCTHUKAIBIK OHiCTEPIiH
JAWBIHIAY TIPOLECIHACT] epeKIIeTiKTep, KOJIaHbI-
JIATBIH TPEKYPCOPJIAPBI JKOHE aJIbIHFAaH KOMIPTEKTI
HYKTEJIEPIiH KBAaHTTHIK KipiCTUIITI, €PITIMTITI XKoHE
HIBIFAPy TYC1 KOPCETIITeH.

0

3-cypet — KemiprekTi HYKTENEp TYpJIepi:
a-IT'KH; o - KKH; 6 - KITH [14]

«Korapeian TeMeH» TOCUIIHAE KOMIPTEKTi
HYKTeepai pu3nKaiblK HeMece XMMUSUIIBIK 91icTepai
KOJIJaHa OTBIPBIN, MbICAABl TIpad@UT  OKCHJIH,
KOMIPTEKTI HaHOTYTIKLIeNepAi, Kemipai, rpaden
KoHe Oacka Ja YJIKeH emeMIi KeMipTeKTi
KYPBUTBIMIAP]IBI HOJI-0IIIEM/II MaTepHrasiapra ey
apKBLIBI Kacaslaibl.

Benmekrepnin emmemuepi Oipkenki OONFaHBI-
MEH, KBAaHTTHIK LIBIFBIMBI OJIETTE TOMEH OOJIAMbI,
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COHBIMCH KaTap 6HJCy KEe3iHIEe KYIITI XUMUSIIBIK
3aTTap MEH O€TTiH aKTUBTITIH a3aiity mpomecci
KonmaHelIaael. KepiciHine, «TOMEHHEH KOFaphbD»
JIETUIpaTaIus,

ToCUIIHAE

MIOJIUMEPIIEY,

amkac

1-Kecte — I'KH, KKH >xone KIIH apackrHmarsl albIpMaIIbUTBIK

OaiinaHBICTBIPY XoHE Oenriii Oip armainapia Kimi
MoOJIeKyIajapIs! ipi OemmexTepre KapOOHU3aIUsIAY
apKBUTBI KOMIPTEKTI HYKTEIEPAl CHHTE3ACHII.

acini

hosuprexn

|\

| pagent
’ .
Kaoneip

HYKTCACP CHHTENI

—

Y

>

{ S ),

”

KewmiprexTi
HYKTETIEPIiH I'KH KKH KITH
TYpJIepi
Kypeueimapix | ['padennin 6ipaerie KBazucdepanbix KBazucdepanbix
cCUMaTTaMachl | KabaTTaphl, KAIBIHABIFEI <2 | HAaHOOOINIIEKTEp, AUAMETPl | HaHOOeIIIeKTeD,
HM oHe OYHip emeMmepi <10 HM, alKBIH nrameTpi <10 HM,
<10 uMm, 6eTTepinae KPHUCTAIIBIK TOPHI Oap MOJIMMEP/KOMIp-TEKTi
/)KUEKTEpiHJIe TOJIBIK KapOOHM3AIIHS TUOPHUATI KaHKa,
(hYHKIIMOHAIIBIK TONTAPBI STIPOCHL, OETTEPiH/IE OeTTepinme
Oap (YHKITHOHAIIBIK TONTAPHI (YHKITHOHAIBIK,
Oap TONTApBI 0P
OJI KganTThIk mekTey 3¢ dekrici | KBaHTTHIK mekTey KBaHTTBIK mIekTey
MEXaHU3Mi XKoHe OeTTIK/ KHEeK KYHi addexrici, OeTTIK Ky# acepi, OETTIK Ky KoHE
JKOHE MOJICKYJIa KyHi Kpocc-0aiiyiaHbIC
KYIIEHTINITEH SMUCCHUS
addexrici
Cunreszneny «KorapbljaH TOMEH» KIHE «KorapsliaH TOMEH» )KoHE | « TOMEHHEH >KOFapb»
Tocim «TOMEHHEH YKOFapbl» «TOMEHHEH KOFapbD» Tocimi
Tocinaepi Tacinuepi
ApTeIKIIBUIBIF | JKOFapbl KpUCTAIIBUIBIK, KeHin GpyHKIMOHATABIK, YKoraps! eHIMIITIK,
BI THIM/I 3TIEKTPOH/IBI JKOFapbl MEHIITIKTI OETiHIH JKAKCHI XUMUSITBIK
TacsIMaliay, TOMEHT1 ayJIaHbl, )KOFapbl KBAHTTHIK | WHEPTTUIIK, JKOFaphI
KBaHTTHIK KipiCTUTIK, TOMEH | KipiCTLIiK, TOMEH KBaHTTHIK KipiCTUTIK,
YBITTBUIBIK YBITTBUIBIK docdopecuennus,
XHPaTBAIITIK
Kemmiiri LIBIFBIMIBUTBIFBI TOMEH, TemeH KipicTilik, Hamap 3apsIATHIH Hamap
KbIMOAT, KBAaHTTBIK 3apsATHI TaChIMAIIIAy TachIMaJIJIaHYBbI,
KipicTiiiri ToMeH, Mai MTOJIUMEP/TIH, )KOFaphI
epirimTiri Hamap YBITTBUIBIFBI
Konnany asicet | KyH anementrepi, Kaiira buoGeiineney, nopi-nopmex | CeHcop, )KapbIKIHOITHI,
3apsiATanaTeiH OaTapesiap, JKETKI3Y, JKaPBIKIUOBI, KOHTpadaKTUTIKKe
CYTIEpKOHICHCATOP, ¢doTokartanus KapChl, KOMIipTeri
JNEKTPOXUMHUSIIBIK 30H/ITAY, HETI31HJIeT PEKypcop
KapBIKIUOBI
«Kovapruian Tomens Kemiprexri «Tovennen Roraprn

chn

VRAMMA

4-cypet — «KorapbIaH TOMEH» KOHE «TOMEHHEH KOoFaphsD» Tocimmepi [20]
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2-xecte — KeMipTeKkTi HYKTenepAi CUHTE3eyAe KOJNAaHbIIATHIH CHHTETUKAIBIK 9ICTED

Tac KBaHTTBIK [Herrapy Tyci
. . IIpexypcop N . S L HEeMece
1T omicrep Haiipianay npoueci EpirimTik KIpICTLIIK
ep nap (%) TOJIKBIH
Y3BIH/IBIFBI
Jlazepiik I'padut Ar, nasepiik adJsus, Cyna 4-10 % 450-650 um
abmsmms a30T KBIIIKBLIIBIHAA Tapanazibl
a pedITroKC, maccuBarus
g | Horanel Toreikkan | Jlora paspsansl, yapTpa- | Cymarsl - Kexrten
g | paspan KHT IBIOBIC, (PUIIBTD, JKOHE arperamus CapFhIII
= ueHTpudyra KongaHy JKachblIFa
% JeriH
§ OnextpoxuMm | I'padur 100 B ymeTpansiosicTok | Cyma epuTia 8.9% 450aM
g HSUTBIK, TOCT anexTponus 20 MUH TynOaHbIH
> JCTIEPCTLIIT
[Ina3maneix | beHzon JoFamnbIK miia3mMalbIK Cyna eputin - Kacpin
OHILY OHACY
Muxkporonk | Cipke MUKPOTOJIKBIHIBI Cyna 18,9% 460 M
BIHJIBI TIEWITI | KBIKBUIBI | memmTe 40 ceK KbI3ABIPY | JUCTIepCTi
& | Komnamy
& | La6uon Tmanepun | 230 °C, 30mun, ~32 % 450480 uM
& | omici neHTpudyra KoJjaaHy
: T'uaporepmu | Jlumon 160 °C, 4 car Cyna 94% 450 um
2 | suIbIK KBIIIKBLTH, TapagaThlH
5 STHIICHTUA
z MHH
= IMuponutuka | JIumoH 200 °C, 10 mun Cyna eputin ~80.3% | Kex
-JIBIK KBIIIKBLIH,
npoliecc TITyTaTHOH
«KorapeimaH TeMEH» TOCUTIHE  JIa3epiik Koemipmexmi nykmenepoiy oucnepcminiei
aOmsIusl, JIOFANBIK  Pa3psl, YJIBTPaAbIOBICTHIK KemiprekTi HYKTeIepIi cyna HeMmece
MaccUBalsi,  DJIEKTPOIU3  (DIEKTPOXMMUSUIBIK ~ OPTaHMKANBIK EpITKIIITEpJe epeKIIe «epiriliTiky»

TOTBIFY) OHE IUIA3MABIK OHJICY SJIiCTEpi JKaTabl.
«TeMeHHEH KOFapbl» TACUIJIEpiHE MUPOIUTHKAIBIK
MPOILIECC, IIA0NOH 9JiCi, MUKPOTOJKBIHIBI IEIITI
KOJIIaHy 9/1iC1, XUMHUSIJIBIK TOTBIFY, TUIPOTCPMHUSIIBIK
9JIiC, YNIBTPAABIOBICTBIK JJIIC, XKAHY JKOHE TEPMHUSLITBIK
TOTBIFY 9MIiCTEPI JKATaIbI

KemipTrekTi HyKTe1epaiH KacueTTepi

KemipTekTi HYKTenepHiH KypbUIBIMAApPBl MEH
KOMIIOHEHTTEpl ONapblH OpTYpJi KacHeTTEpiH
anpIKTaiapl.  KemipTrekti  Hykteiep — OeriHueri
KeNTereH KapOOKCHI (parMeHTTepi cyjaa Tamaiia
epirimTik meH OuoxeriMainikti Oepeni. CoHbIMEH
Kartap, ojlap XUMUSUIBIK MOAH(UKALIMSIFA KOHEe OCTTI
OPTYPJIi OpraHMKaJIbIK, OJUMEPJIi, OeHOpraHUKaIbIK
Hemece OHONOTHSUIBIK MaTepHajjapMeH MaccuBa-
muslayra JKapamzbl. BeTTik maccuBamusi apKbUIBI
KOMIPTEKTI HYKTEIepIiH (IyOpecleHTTI KacHueT-
TepiH >kKoHE (HU3UKAIBIK KacHETTepl jKaKcapTyra
Oomanpl.
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JopexeciHe Kapaid oJapasl YOI Typre, SIFHH
runpodunbai, THAPodoOTH XKoHE aMbubMII aer
Oeminm KapacTelpyra Oomansl, Sa-cyper [21, 22].
KemiprekTi HykTenepaiH OeTki Kyil oJapiabiH
JMCHEPCTUIITIH PeTTeyJe MaHbI3/Ibl POJl aTKapaipbl.
Erep onapapiH Oeri  HeriziHEH THIPOPHIBII
GyHKIMOHANABIK TonTapaaH (Mbicasibl, -OH, -
COOH) TypateiH GoJca, OHIIa ©MIPTEKTI HYKTEIEp
rugpodmsai 6oibm Tadbuianbl. COHBIMEH Katap,
KeOiHece KOMIPTEeKTI HYKTENepAiH TuapoduIbIi
OoxyblHa Onapnbl JaiibIHIAY NPOLECiHAE OTTEriMeH
KaMTaMachI3JaHIbIPbUIATHIHBI OOJIBIT Ta0bLIAIbI.
I'unpodoOTeI KEMIPTEKTI HYKTENepi 3epTTeyre
JITCH  KBI3BIFYIIBUIBIK COHFBI  Ke3Jepi  Keuoip
KosijaHOanapaa, MbICajibl, OJIAPABl OPraHUKAJIBIK
ANIEKTPOJIUTTIK KOCHA PETiHAE KOJIJaHyla apTThL.
Xoy xoHe T.0. [23] KeMipTeKTi HYKTeIep/i apTypii
OpraHUKaJIBIK e€pITKIIITEep/e, COHBIH iIIiHIE 3TaHOI,
aneToH, OCH3WI CHUPTi, TeTparuapodypas, duUMe-
TiihopMamMul, 1-METHI-2-IUPPOTHINHOH, IUME-
THICYIb(OKCHI >KOHE TMPONMMICH KapOOHATHIHIA
JKaKCBl JUCTIEPCTUTIK KOpceTKeHiH alTThl. COHBIMEH
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Karap, Oyl epiTiHAiep OipKenki, MeJaip >KoHe
TYpPaKThl, OYI KOMIpTEeKTI HYKTeJIepli opTypii
camajapApl KOJJaHYBIH KEHUIIETETIHIH KOpCEeTTi,
cyper 59. OpraHukanblK epiTKIIITEepAeri Tamaria
TUCTICPCTUTIK  METHJI  TONTApBIHAAFbl KOMipTerTi-
CyTeKTiK OipTyTac 6aitnansicTsiH (C-H) co3pury sxoHe
niny TepOenicTepiHe JKaTKBI3BUTYbl MYMKiH. ['umpo-
($oOTBI KeMipTeri HyKTeJepiH OCTTiK MacCHBTENTeH

(a) (o)

: Anguturs .-

Fyewl
. ..

.. ® wgpodunnai Ton
Mapodobm Ton

ruapodoOTHl MOJIeKyJanapAaH Aa ailyFa OoJajbl.
IMan xome T.6. [24] anmgpiH-anma maiiBIHmaIFaH
KOMIpTEeK HaHOOOIIEKTEpIiH OeTiH-eri KapOOKCHIT
TOOBIMEH KOBQJICHTTI OalylaHbICKaH, MaCCUBTCHICH
arelT pertiage nomenmiaamuHmi (DDA) maiimamana
OTBIPHII, THAPOGHOOTH KOMIPTETi HAHOOOIIIEKTEePiH
JaWbIHAAbL. .

a - 9TaHOI; o - alleToH; 0 - OCH3MUII CIUPTI; B - TeTparuApodypan; r - uMeTmwipopmMamus; ¥ - 1-metun-2-
MUPPONUIANHOH; [ - TUMETHUICYIb(POKCHT; € - TPOIMIICH KapOOHATHI

5-cyper — KeMipTekTi HYKTEIEpIiH «EpirimTik» qopexecine Kapaii xkikrenyi [21] (a); Optypii
OpraHUKAJIBIK EPITKIIITEpIe KOMIPTEKTI HYKTEeIep iH epirimTiri () [23]

Onmuxkanvix Kacuemmepi

Kemiprexti nykremepnin (I'KH, KKH >xone
KITH) «kacuerrepi Oacramkblia KOJJIaHBUIFaH
KOMIPTEK KO3iHE JKOHE KOJJIaHbUIFaH CHHTETHKAIBIK
omicke OaiinaHbICTHl Oonaabl. Meicanbl, KemiprekTi
HYKTEJIepIiH a0copOims KacUETiH KapacThIpaThiH
Ooyicak, aJbpIHFaH MaTEpPUANJBIH CIHIpY KacueTi
KOJIIaHBUIFaH KOMIPTEK KO3iHE KOHE oJIiCKe TiKenen
OaiinaHeIicThl. JlereHMeH, oap 9/IETTe YIbTPaKYJITiH
(YK) aiimarpiama (200-400 ©M) KywTi ciHipyai
KepceTesi.

KemMipTekTi HYKTENnepIiH ipreii jkoHE KOJAaH-
Oanmbl TYpFbIIAH ©H OacThl KAaCHETTEpiHiH Oipi
¢doromomuHeceHus: Oonbn TadbuIaabl. doToro-
MUHECLEHIMSI OJ MaTepualiblH OeTiHe 9p Typdi
TOJIKBIH Y3BIHJBIKTAFbl KAPBIKTBI TYCIPY apKbLIbI
OHBIH COyJIe IIbIFapybIH KO3ABIPY  IPOIECCI.
MartepuanibiH  (OTONMFOMHHECIEHIUSICH  KO3IIBIPY-
IIBI JKAPBIKTHIH TOJKBIH Y3bIHIBIFBIHA TOYEIII OOJIBIIT
TaOBUIAIEI.

KeMipTekTi HYKTENepAiH KypaMmblHAa KajaMHH
/KOPFaChIH, CHUPEK-)KEp HaHOMATEePHAIIApPhl KOHE
OpraHMKaJIbIK OOSFBIIITAPEI Oap KBAHTTBIK HYKTEIED
CUSIKTBI 0acka (IIyOpEeCIeHTTI MaTepuaiapMeH
CaJIBICTBIPFaH/Ia, OJIAp OTE MKAKChl JKApPBIK TYpaK-
TBUIBIK, JKOFapbl IMIBIFBIMFA, TOMEH YBITTHUIBIK,
CUHTE3/IeY YIIIH ap3aH )KoHE 0Te KOII IIHKI3aTTap IbIH
KOJIIAaHBUTYBIMEH KaTap ©T€ JKOFapbl OHMOYHIeciM-
IiTikneH —epemieneHeni. byn omapapiH - opTypai
cananap/ia, MaHbI3/1bl KOJJJaHOaIapia KO aHbLTybIH
KaMTaMachI3 €Tei.

KemiprekTi HyKTenepiH (OTOIOMUHECTICH-
OUSCHI  CaHABIK TYpHI€ KBaHTTBHIK [IBIFBIMHBIH
MOHIMEH KOpiHE/i, OFaH KOJJIaHbUIFAaH KeMIpTeri
KO37Iepi, CHHTETHUKAIBIK TACIIEp XOHE MaccuBa-
MUsAaH  KEWiHrl ocepliep KaTrThl ocep eTell.
JlereHMeH, «KOFapbIiaH TOMEH» Tacuiaep OoibIHIIa
JMadbIHIAIFAaH ~ KOMIPTEKTI  HYKTEIep  QMIETTe
«TOMEHHEH KOFapbl» TOCUIIEpiMEH CalbICTHIPFaH/Ia
CANBICTRIPMAJIBl TYPJlE€ TOMEH KBaHTTHIK IIBIFBIMFA
ne. Conapikran, ' KH KBaHTTBHIK MIBIFBIMBI dpKaIllaH
KKH xone KIIH-re kaparanga TeMeH.

Ken »karmafima KeMipTeKTi HYKTElIep KOk
HeMece Kachll TYCTi (IyopecleHIHs MIBIFapajpl,
Oy1 oylapJbIH OMOMEIUITMHAIAFBI 9pi Kapaid KoJija-
HBUTYBIH IIEKTEH/Ii, al COHFBI 3€pPTTEYJIep peaKIus
JKarJaaimapblH HeMece KOMIPTEK KO3JepiH peTTey
apKbLIbI KbI3bUT %oHEe NIR 3MHUCCHSIIBIK KOMIPTEKTI
HYKTEJIEP/i allyIbl COTTi KOPCETTI.

DnekmpoxumusnblK Kacuemmepi

KemipTekTi HyKTelep Kazipri yakbITTa Keleci
KAaCHUETTEpiHIH apKachblHAAa DJIEKTPOXUMHS >KOHE
ANIEKTPOKATAIN3 CaaChliH/Ia KOJIAaHbUIab! [25]:

1. KewmipTtek HeriziHzeri 6acka HaHOMaTepHa-
JApMEH CaJIbICTBIPFaHAa KOMipTEKTi HYKTEIEp epeK-
e 3apsii TachIMaliay KaOijeTiMeH, 3JIeKTPOTKi3-
rimririMed, OETTIK ayJaHHBIH YJIKEH/IMIMEH JXoHE
CaJIBICTBIPMAJIBl TYpAC YHEMAUTITIMEH epeKuiene-
HeJl.

2. KemipTekTi HyKTeNepaiH O€TiHIC KONTEreH
GyHKIMOHANAB! TONTAp Oap, MBICANBI, THIPOKCHI,
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kapOokcwn, aMuH koHe T.0., omap OerTi
Moan(uKanusaIayFa MYMKIHAIK Oepeli, COHBIMEH
Katap MOJIEKyJaapajblK OJJeKTP OTKI3TIMTIriH
KeJleNIeTy apKbUIbl AJIEKTPOKATATUTHKAIIBIK OeJIceH-
TUTIKTI apTTHIPaIb.

3. Kemiprekti HykTenepai asor, docdop,
KYKipT, 0Op >koHE T.0. CHAKTBI T€TepOaTOMIapMeH
JIeTUpJIey apKbUIBI OJapABbIH 3JCKTPOHIBI KACHET-
TepiH MOJEKYyMAIlIJIiK 3aps]] TackiMangay eceOiHeH
aliTapibIKTal J)KaKcapTyFa 00Jabl.

4. KeMmipTekTi HYKTeNepAi OTTETiHIH KOHE
CyTeriHiH OeiHy, OTTEriHIH TOTHIKCHI3JAHY >KOHE
CIIUPTTIH TOTBIFYBl CHSKTBI  AIICKTPOXUMHSIBIK
peakuusiap Ke3iHJe JJICKTPOKATalu3 IMPOICCIH
alTapJIBIKTAl KaKcapTa ajlapbl.

KeMipTekTi HyKTenepmiH >KOFapeiga aTajfaH
ApTBHIKIIBUIBIKTAPBl  OJIApABl  Ka)XeTTi JIIEKTPOXH-
MUSJIBIK KOJITaHOamapra KpI3MET €Ty YIIiH Tamaiia
ANEKTPOKATAIUTHKAIBIK areHTTep peTiHxe Kojja-
Hanel. CoHBIMEH KaTap, KOMIPTEKTI HYKTelep
TaMallia JIeKTPOTKI3TIIITITIH KepCceTe/Ii XKoHe oJiap-
Ibl  AJICKTPOKATATUTHKAJIBIK PpEeaKkUusuIap JKarnaii-
BIH/A O3JEKTPOKATAIM3aTOp peTiHjAe IaiiianaHFan
KE3/I¢ AJICKTPOJUT-KAaTaIM3aTop TYHicyiHae maiina
Oonran IlloTTku akayyapblH OHal >KOKOFa OOJaibl.
Byn oHeprusHBIH THIMAI TYpIEHHOIpYiH pacTtait
anajel. OHBIH YCTIHE KBAHTTBIK HYKTEJIEPIIH Tamaiia
AIIEKTP OTKI3TIMITIrHIH apKAChIHIA OJIap AJIEKTPOXH-
MUSIIBIK peaknusiap Ke3iHIe SJIeKTPOHIApAbl eTe
KBUIIaM TachIMaIIIai amajpl.

DNEeKTPOXMMUSUIBIK, ~ peakiusiap  Ke3iHze
KOMIPTEKT1 HYKTeJep TaMallia SJIeKTP OTKI3TilITIKKe,
KOIITeTeH aKayJibl aiiMaKTap MeH OeJICeH Il allMaKTap
KOHE OJIapIblH OCTTIK ayJaHBIHBIH KeJeMiHe
KaTbIHAChIHA OaMIaHBICTHI THIM/II PEKET €TC ajajIbl.
KemMipTekTi HyKkTenep OTKi3riml MaTepuaigapMeH
OipiKTipinreHae, onap AMEKTPOXUMHSITBIK KaCHETTepl
MEH OHIMIUTIKTI aiTapIIbIKTai skaKcapTa anajsl [25].

I'emepoamomowiy ~ Oonunz —  I1EKMPOHObL
KYPbLILIMObL pemmey

KemiprekTi HYKkTenep azot, ¢ochop, KYKIpT,
00p k9HE T.0. CHUSAKTHI reTepoaToMIapMeH JEerHpIIeH-
reHje, OyJl onaplblH XUMHSUIBIK KYPBUIBIMBIHBIH
e3repyiHe OKeNlesi, aj JJeKTp 3apsabl  Kepiii
KOMIpPTEK aTOMJIapbIHAH THIMJII TaChIMaJIIaHa ajajbl.
I'etepoaromaapmeH JerupiieHreH KBaHTTHIK HYKTeE-

jgep O0erTik  (YHKIHOHAIIBIK  OpPTabIKTAP/IbIH
MEHIIKTI OEJNCeHIUTITiHIH KYIIC0iHe, OJapiblH
SNIEKTPOHJBIK ~ KOH(PUTYpAaNHUACHIHBIH ~ ©3repyiHe,

aJcopOIust MEH J€COPOIUSIHBIH KbIIIaMIaThUTybIHA
6aﬁHaHBICTI)I JKaKChl DJICKTPOXUMUSAIIBIK CHUIIaTTa-
Manap KepceTemi.

I'etepoaTomibl Jerupiiey *oHe O0eTKi (YHKIIHO-
Hanmuzanuga KKH snexkTpoXxuMusiblk cunaTraMana-
PBIH OHTAMIAHABIPYIBIH THIMITI CTPATErHsICHI OOTYBI
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MYMKiH. OJEKTPOHABI TachMangay TYPFHICHIHAH,
HeTi31HeH, 3JeKTPOHIb HOHJAYIIHl TETePOaTOMIAp-
I6I (MBICANBI, a30T) KOCY T'€TepOTeH/I AJIEKTPOHIBI
taceiManaaynsiH (I'OT) KorFapsl KbUIIAMIBIFBIHA
OKemyl MYMKiH, aj »IIEKTPOHIApIbl IIBIFapaThIH
reTepoaToMaapMeH (MBICANBI, TAIOTCHICP) JOIHHT
I'ST XbUIHAMIBIFBIHBIH TOMEHAETCHIH KOpPCETEel.
KKH-zne xebipex (yHKIMOHANABI OTTEri TONTaphl-
HBIH OOJYBI OTKI3TIMI KeMIpTeri KOH(HUTyparusIchl
Sp? Oy3bUTybIHA GAMIAHBICTHI SJIEKTPOH/IBI TAChIMAI-
JayaelH OastynayblHa oKellyl MyMKiH. Kemnreren
3epTTeyiep KOCapIaHFaH/KeIl AJIEMEHTTI OipiieckeH
JMOTMHTTIH KOMIPTEKTI HYKTEJEp JICKTPOHIAPBIHBIH
OepinyiHe ocepiH 3epTTeyre apHajraH. Meramn
Jerupieymi — Kocmamap — KeMIpTEeKTi  HYKTenep
3apsAOBIHBIH  OepilyiH emoyip apTTepa  ajajsbl.
KeMmipTekTi HYKTEJep sKOFaphl AJIEKTP OTKI3TIMITIKKE
(171,8 nic e 1) mbic atombiMeH (Cu) AONMHMHT apKbLUTBI
Ko xeTki3inai ger 6omkansl. Cu (II) monmapsr xxone
KOMIpTEKTI HyKTenep (yHKIHOHANAsl Tontapsl Cu
nurann OalaHBICBIH Kypa ajalibl JKOHE OchuIaiima
KKH imriagneri 3aps/ TachIMaNblH OHTANIAHBIPAIBL,
oyn Cu KoceIMaraH KOMIPTEKTI HYKTeIepMeH
caJpIC-ThIpFaHAa JJICKTPOHAApPABl (2,5 ece) xKoHe
oepy (1,5 ece) kabinerin exayip aptreipaast [20].

KeMipTekTi HYKTenepaeH 3IeKTPOHIBl TaChI-
Maijay (IayopecleHIUsHBIH PE30HAHCTBIK HEPTHSI
taceiManipiHa  (DOPT) okeneni. DOOPT rtepmuHi
omerte mamaMeH 10 HM KalIBIKTBIKTa OpHAJIACKAH
€Ki (IyopecleHTTI KOMIIOHEHTTIH ©3apa opeKeT-
TeCyiH KaMTHJbl. DHEPrHsHBI JIOHOPAAH (KOFaphI
SHEPIHsIMEH) aKIeNTOpFa (TOMEH SHEPTUsiMeH) Oepy
aKUENTOpAbIH  (IyOpEeCUCHUMSCHIH  KOFapbLIaTy
apKbUIBI JKypemi, Oipak AoHOPABIH (IyOopecIeH-
[USICBIH HEMece JKOMBUTYBIH KaMTaMachl3 eTefli. by
KYOBUIBIC CEHCOp aiMaFbIH/Ia KOMIPTEKTI HyKTelIep i
KOJJIaHy VIIH JXYMBIC HeETi3i OOJbIN TaOBLIAJIBI.
OiryopeceHITUSIHBIH KOWBUTYBIH OONABIpMAy YIIiH
Kol KYLI >kxyMmcanasl. Mbicaisl, JIu sxoHe Oackanapsl
[20] Oop arompappIMEH IONHMHI apKbUIBI KaTThI
Ky#zeri ¢QayopeceHTTi KOMIPTEKTI HYKTenep/i
aJIJibl, OJlap 3apsIThIH OepllyiHe Keaepri KeNTipeTiH
SIIEKTPOHIIBI aKaynap TyAbIpYbl MyMKiH. Taburu
KOMIPTEKTI HyKTelep (IyopecleHIUICHIH MaTpHIIa-
JIaFbl TIOJMMBUHWI CHHUPTI JKOHE KpaxMmall CHSKTHI
MaTepHajgzapMeH OipiKTipy apKbUIbl Ja TeXeyre
0oaIbl.

Typakmulabikmel apmmuipy Kacuemmepi

KemiprekTi HykTenepAiH OeTiHIe KenrTereH
Oesicenai  (PyHKUIMOHAABI TONTAPIBIH OOJybIHA,
COHJIali-aK OJIapIblH ePITKIITEPiH KEH CIEeKTPiHIe
y3aK XMUMUSIIBIK TYPAKThUIBIFBIHA OalIaHBICTBI OJIap
THOPUITI KaTaau3aTopiiap PeTiHAe Haeanisl HaHO-
Marepuangap Ooieim Tabsuiansl. COHBIMEH Katap,
KOMIPTEKTi HYKTEIIEPIiH METAIAAPMEH KOHE METaILT
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OKCHITEpiMEH THOPHATI HAHOKOMIO3HMTTEpiH Aaid-
BIH/IAy KEe3iHJe TachIMaJIayIllbl MaTephall peTiHmae
naigananyra 6omanbl, Oy arToMeparystHbI OOJABIP-
MaiIbl JKOHE COJI apKbUIBI AJIEKTPOKATATUTHKAIBIK
OCJICCHIUTIKTI apTThIpansl. KeMipTekTi HYKTelep
THOPUATI  KaTalu3aTopiapAblH  TYPAaKTHUIBIFBIHA
BIKIIaJI €T aIaThIH DIIEKTPOCTATHKAJIBIK TYPaKTaHIbI-
pyFa OaifmaHbICTBI CYyJBl OpTaja MaKChl TYPaKThI-
JIBIKTHI KepceTe ananbl. KeMmipTekTi HYKTenep 3J1eK-
TPOCTATUKAIIBIK OPEKETTECY apKBLIbl KaTalH3aTop-
JapMEeH KYIITI OpEeKeTTece alaThIHABIKTaH, OJjap
TYPaKTBUILIKTEI aiTapIbIKTal jkaKcapTaasl [25].

Kemipmexmi nyxmenepoiy ybimmoiiviebl

JKapThuiaii ©TKI3rill He KBAHTTHIK HYKTEICpMEH
CANBICTBIPFAaHNa  KOMIPTEKTI  HYKTENepIiH eH
MaHBI3/Ibl  APTHIKIIBUIBIKTAPBIHEIH ~ Oipi  peTiHae
«TOMEH YBITTBUIBIK» KapacThIPbUIaAbl, OYJ1 OJapAbIH
OmobeifHeneyne KONIaHyFa MYMKIHZIITiH Oepemi.
Kemnreren 3eprreymep KeMIpTEKTI HYKTelepIi
oprala KOHIIEHTpAIUs ACHIeHiH e opTypJIi Kacyia
xeminepine (Mpicansl, Hela sxacymanapsl, anaMHBIH
cyr Oe3i karepni iciriHiH jkacymiacel) a3 emec
IIUTOTOKCUKAIIBIK acep Oepei aern 0oymkaiasl. bipak
«TOMEH YBITTBUIBIK) TEPMHUHIH IYPBIC TYCIHI'CH JKOH.
Ce0ebi, KOMIPTEKTI HYKTENEPAiH YBITTHUIBIFBIH
CBIPTKBI ocepMeH (epiTiHIilepMeH) Je e3repTyre
6omazer [20].

KemipTekTi HYKTe/1epAiH KOJIaHY asiChl

Cencopnapoa Konoamy

KBaHTTHIK HYKTeNep MEH KeMipTeri Heri3iHaeri
HaHOMAaTEPHAIAPAbIH aPTHIKIIBUILIKTAPbIH  OipiK-
Tipe OTBIPBIN, KOMIPTEKTI HYKTelep op Typdi
MakcaTTa KoagaHaapl. CTaTHCTHKA OOMBIHINA, ©31HIH
(hOTOFOMUHECHIEHTTIK XoHE  (DIIyopeceHITUSITBIK
KacHeTTepiHe OallylaHBICTBI CEHCOp  CajlachIHza
KOMIPTEKTI HYKTeNep Wi KOJJaHbUIaIbI, 6-Cyper.
Op Typlli MexaHW3MJEpiHE COWKec KOMIpTeKTi
HYKTeJIep HeTi3iHJeri CeHCopJapbl JFOMHHECIICH-
HUSIBIK-, (POTOJIOMUHECIICHTTIK-, 3JCKTPOIIOMHU-
HECLEHTTIK- OHE JJIEKTPOXUMHSIIBIK- CEHCOpIap
nen Genyre 0oJyabl.

JIFOMHHECTICHITUSITBIK,  CEHCOpIIap TaJJJaHAThIH
3aT KaTBICBIH/IA KOMIPTEKTI HYKTenepniH ¢uryopec-
LEHUMSCHIHBIH CayJiesieHyiH Oacy Hemece OacyablH
aJIbIH anyblHa Heri3genreH. JDkuH ranbiMbl [26]
2012 xbutbl Fe®* voHmapblH aHBIKTayFa apHaIFaH
I'KH wnerizinge Oipiami ®JI ceHCOpmbl YCHIHIBL
KeiiiHipek «TajlJaHaTbIH 3aT» METa/Ul WOHIApbIHA,
CyTeri HOHIApbIHA, aHWUOHJIAPFa, OPraHUKAaJbIK
MoJIeKyJajiapra, OelopraHUKalbIK MOJIEKyJanapra,
OroMaKkpoOMOJIEKyJIajapra *oHe T.0. IeHiH KoOeH .

@OyHKIMOHAIIBI TIOMAMUH TONTaphl KaThICHIH-
Jla KOMIPTEKTI HYKTEJNEpIiH *KOFapbl CEJIEKTHUBTLIIK

MIEH CHIPTKBI OpTa dcepiHe PEaKTHBTLIIK KacHeTTepi
aprateiH, Cu?" HOHIApHIHBIH COHyiH MbICATFa
Kapacteipyra Oomamel [20]. Omerre KeMipTeKTi
HYKTEJNep KapOOCHIaT >KOHE aMUH CeKUIAi OeTTiK

(QyHKIMOHANAB TONTApAbl OaiiTaHbICTBIPATEIH P2,
Hg?*, Zn?*, ONOO;, CLO katmonmap MeH
aHMOHJApAbl  aHbIKTayja KojjaHafabl.  COHBIH

Heri3inne SIHr xoHe T.0. [27] sTuneHamamuHTeTpa
CipKe KBIKBUIBI MEH Zn?* MOHBIHBIH CENEKTUBTI
TYpZe AaHBIKTAayFa apHaIFaH KaWTBIMIBI (ryopec-
HEHTTI HAHOCEHCOPABI IIbIFapAbl. O3iHIH HaeaIbl
ANEKTPOXUMHSIIBIK CUIAThIHA OalIaHBICTBI KOMip-
TEKTI HYKTEJIEPCOHBIMEH Karap 3JICKTPOIIOMHHEC-
LHCHIUS  JKOHE  DICKTPOXMMHUSUIBIK  30HATAY
MPOLECIHAC  CUTHANABI  KYIISHTKIII  peTiHae
KOJJIaHBUTa ayajibl. DJIEKTPOXUMHUSUIBIK aHTHICHE
CEHCOPIaPBIH/IA, SIMEKTPOATH MOJU(PHUKATOP pETiHC
KOJIJAHBUIFaH, )KOFapbl KPUCTAJABI TpaQUT HUTPHITI
KOMIPTEKTi HYKTeJep KYpeK aypyiapblH OakbUIayna
la HOTWXKe KepceTTi. Typii 3IeKTpOXUMHUSIBIK
JKayan any VIOiH, CHIaTTaMalapibl aHBIKTayIbIH
nmud hepeHnIruan b KoHe TuQGepeHITHaIIb UMITYITh-
CTIK BOJIBTAMIIEPOMETPHSI, TIKOYPHIIITH BOJIbTaMIIE-
pOMETpHUSl HEMece HWMIIYJIbCTIK  aMIepOMETpHs
oxictepi KoimaHeuiAbl. COHBIMEH KaTap, JKaKbIHJIA
HAaHOTEPMOMETpJIEP KOHE TEPMODICKTPIIK KYpBUI-
FBUIAD caiajapblHAa TEeMIIEpaTypaHbl — ©3repTy
apKBUIBI KOMIPTEKTI HYKTeJep/iH (pH3UKa-XUMHSITBIK
KaCHeTTepiH IaiJaJaHbll, TePMUSUIBIK CEHCopIap-
JIBIH YKaHa KJIaChIHA KOJI YKETKI31IIII.

Kt
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6-cyper — KeMipTekTi HyKTeNnepiH KOJIJaHy aschl

buomeouyunaoa xondany

buomenuiiHa FBUIBIMBI — OYJI  KOMIPTEKTI
HYKTEIIepre HETi3/IeNreH MaTepuaigap XUMUSCHIH
KOJJIaHYJIbIH alKbIH canackl. KemipTekTi HyKTe-
nepaid  GporodPPeKTUBTIIIK, KOFaphl CEIEKTHBTI
JKOHE OMOXKETIMJII KacHeTTepi KOJaiibel OoJiFaH-
JIBIKTaH OHBI Vivo/ Vitro-s1a KoJjaHbeuiaael. by vivo
TOXKIPUOCCIHIIE EreyKYMPBIKTBIH TrenaToOMInapIbl
KYHECiHEH KOMIPTEKTI HYKTEJIep OHAH IIBIFATHIHBI
KOpPCEeTUTIN, KOMIPTEKTI HYKTelep ocepi KYpeK,
Oyiipek, Oayblp MYIIEIEpiHE €Il 3aKbIM KEITipMEH,
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OnoMenMIMHANA KOJJaHyAa Kayinci3 eKeHmiri
nonennermi, cyper 7 [28]. Ochl canaga KeMipTeKTi
HYKTEJIepIiH KOJJAaHBLUTYbIH OHOCeHCOp, OMO-CypeT,
Topi-IopMeKTepAi, TeHIepAl KeTKizy, hoToTepamnus,
HaHOMeIUIMHara Oeyre 6omaasr [27, 29].
Kemnreren kemipTekTi HYKTeNep HeETI3iHAETI
OIITHKAIIBIK OMOCEHCOpap KOMIPTEKTI HYKTeNEpIiH
(IyopecueHIUsIIBIK KaCHETiHIH apKachIHAA >KYMBIC
icrefini. OcpIHIAl KOMIPTEKTI HYKTENEp HETi3iHeri
ONTHKAIIBIK ~ CEHCOpiap OWOMeJMIMHAma Kocma

» —

® — | o

OKyH = 15KkyH — 30KyH

Yakbit (KyH)

KypaMblHaH opTYpJli OakTepusapasl aHBIKTayAa
KoJaHazpl. FamsiMmap cyT KypamblHaH TaOBUIFaH
NCHUIWINH aHTHOMOTUTIH aHBIKTayla KeK-Caphl
TycTe coyneneHaiperin ¢uryopecuenti MIP cencop-
Ibl  maiimamanrad.  Toxipubeme  capel  TYCTI
IIBIFAPATBIH  KOMIPTEKTI HYKTeNepnaiH duyopec-
HEHIUSACHl O9CEHETIN, KOK TYCKE e3repe, TYPAaKThI
KaJbIlKa Kemnui. SIFHu, QIyopecueHus CueKTpiepi
NEHUIWINH KOHIIEHTPALMSICHIHBIH CHI3BIKTHI Typre 1
neH 32 HM-Te JeiiH 6CKeHIH KOPCETTi.

0 KyH —— 15KyH—> 30kyH
Tepanuane! 6aKpL1ay YaKbIThI

1004

Yakbir (KyM)

7-cyper— KITH-xi vivo Heri3iHJie iCiKKe OaFbITTaJIFaH TEPAITUAHBIH THIMILIITT MEH MOHUTOPHUHTI

KemiprekTi HyKTenepaiH Ouo-CypeTTe Kojjaa-
HBUTYBI QuiyopeclieHTi OeiiHe ojiciMeH alKbIH-
nanajsl. KeMipTeKTi HyKTenepaiH )KOFaphl CEJICKTHB-
Timiri  Owo-OeliHeHiH Herisri (akTopel  OOIBII
TaObUIAAbI, OJ HBICAHAHBIH TYpPl MEH JKarJaibl
Typallbl aKmapar Oepy apKbUIBI JHarHo3 KOKFa
koMekTecemi. CeNneKTUBTI MakcaTKa JKeTy YIIiH
KOMIPTEKTI HyKTenepre Oipkarap TaHy GpparMeHTrepi
enrizinmi. KewmiprekTi HykTenep ¢oTomoMIHEC-
NEHIUSACHIHBIH, ~ KapKBIHJIBUIBIFBIH ~ HUKOTUHAMUL
a/ICHUH TUHYKJICOTUIINEH KYIehTyre 00maabl, OHbIH
KOHIIEHTPALMSICHl iCIK >KacyllaJapblHa KaJbIIThI
Kacylanapra KaparaHJa eloyip KOrapbl. YBITTHI
KacueTiH a3 OoJlybIMEH jKoHE OHOOpraHu3MMEH
KaTbIHAca aJaTBIHABIKTAH, aJlaMHBIH pak
KacyllaJlapblH JKOHE KOINTereH Jopi-IopMeKTepre
TYPaKThI OakTepuanapIbH ounocyperTepine
KOMIPTEKTI HYKTEeJep THiMAI KOJaHBICKAa He.
Terpadenwmmoppupunii HeMece OHBIH OTIEN
Mmetaut kemieHin (Pd Hemece Pt) xommana oTwIpbIT,
FambIMAAp  THAPOTEPMAIABIK  TEXHOJIOTHSHBIH
KOMETiMeH a30T IeH MeTaJMEH KOCHaJlaHFaH
KOMIPTEKTI HYKTEJep CUHTE3IE/I. Mynma
NalbIHOANFaH KOMIPTeKTI HYKTelep KOK TYCTi
XKacymanapasl OeifHeney YIIIH — (IIyOpecleHTTi
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30HATap periHae mnaimamanbuiael. MTT tanmmayst
ToMeH 1HUTOYBITTBI KKH-niH  MaHBI3ABUTBIFBIH
3epTTEI.

CoHBIMEH KaTap, KeMipTeKTi HykTeiepai «S.
aureus xoHe P. Aeruginosay >kacymanxapblHbIH OHO-
OecitHeci YIIIH KOJJIaHA, HOTHXKECIHIC MHUHUMAJIIbI
UHruouTOpINBIK KoHueHTpauusiap (MIC) ymin ete
a3 MoHIep TaObuIbI, OYJ anblHFAaH KOMIPTEKTI
HYKTeJepiH OakTepHIUATIK Hemece OaKTepHocTa-
THUKAJIBIK OCJICEHAUIIKTI KOPCETe aaIMaWThIHIbIFbIH
pactagpl. Ocbl «S. aureus xoHe P. Aeruginosa»
JKacyllanapbIMeH KOMIpTEeKTi HYKTelep WHKyOauus-
JlaHFaHHaH KeHiH (yopeceHTTi Keckinaep 545-570
HM, 450-490 ©BM xoHe 365-395 HM TOJKBIH
Y3BIHABIFBIHA KBI3BUI, JKaChU KOHE KOK KOMIPTEKTI
HYKTEJEpJiH CoyJeleHyiH kepceTTi. byn kem TycTi
CoyJIeNIeHy KOMIPTEKTI HYKTEIEePAiH «S. aureus xoHe
P. Aeruginosa» kacymanapblHa COTTI €HTi3UIreHIiH
6immipeni [25].

KeMmipTekTi  HYKTenep  OHE  OJap.blH
HaHOTUOPUATEP] YATiHI XKETKIZYIiH THIMII XKyHenepi
OoJBIl  TaOBLIAJEL. Berri  pmaitelHmay = MeH

MMAaCCUBANMSUIAYABIH OPTYPJl OicTepiH KoJgaHa
OTBIPBIT, KOMIPTEKTI HYKTenep OeTiH mnoiauMepdi
MaTepHajlapMeH, MeTaUbl HaHOOeJIIeKTEepMEH,
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ycak OeinmekTepMeH (yHKIMOHANM3ALUIAY apKbl-
T e3repTyre Oonajibl, HOTIKEIE OPTaHUKAIIBIK
MOJIEKyJanap J>KoHe T.0. MOHIBIK, CyTeri Hemece
KOBAJIEHTTIK  OaifaHpicTapAbplH Haiiga  OOmysl
apKbUTBI (DOTOIFOMUHECIICHIMSHBIH KOFaphlIaybIHa,
COHMaii-ak  CyHarbl  KOMIPTEKTI  HYKTeIepIiH
epIriTIriHIH epeKIIeNiKTepine oKelyi MyMKiH. by
©3repTINreH KOMIPTEKTI HYKTENepIiH TepaHOCTH-
KaJIBIK KOCBIMITIAJIapIbIH KEH CIIEKTPi YIIiH, acipece
TIOPi-A9pMEKTEPIl KETKi3y JKOHE TEeHAEPHAl JKETKi3y
VIIH THIMII KOJJIaHbiia anagsl. Kemiprekri
HYKTeJIep TeHIepi/ Iopi-HopMeKTepal KeTKizyni
KYIIEWTy >KOHE HETi3ri eMJIK ToCcUIAepAil HaMbITy
YILiH, MaKCaTThI )KOHE PETTENICTIH HAaHO-KeIeH e/
OeliHenmey  YIIIH TeHAEPMEH HeMece  J9pi-
nopMekTepMeH OipikTipyre Oomamel. OChl yakbITKa
JCeWiH  opTYpal  J9pi-IOpMEKTep  KOMIpTEKTi
HYKTeJepre corTi eHrizingi. KemipTekti HykTemep
YKOHE OJIap/IbIH HAaHOTHOPHIATEPI SPTYPIIi aypyliapra
KapcChl I9pi peTiHae Tikeled KOJJaHBLIAbl, COHBIH
immiHme OaKTepUsUIBIK  KEPaTUT, KOPOHABUPYC,
Aunbireiivep aypysi sxoHe Ilapkuncon aypyst [20].
OnetTe icik 6acaThIH TeH iCiK jKacyllanapblHa CHIll,
TeHJIIK Teparvs HeMece T'eHIIK JKETKI3LIM Ke3iHiae
ecylni Texeimi. Amnaiina, KeMIipTEeKTi HYKTelep
CUSIKTHI HAHOMATepHaAap 03AepiHiH OMOXKETIMILTIT
MEH YCBI3JIBIFBIHBIH apKAChIHJIA TEHMI JKETKIi3yne
HEMECe TeHJIIK Tepamnusjia HaHO/TCHIIK TachIMall-
Jaymibl peTiHae TUIMII KOJNJAHBUIYBI JISNENISH]II.
Kazipri yakpiTTa KOFapbl THIMIAI TpaHCQEpIiK
KOMIPTEKTI HYKTEJIEp HYKJIEUH KBIIIKBUIBIH JKETKI3y
YVIIiH  KeHiHeH  KonmaHeuiamel.  OraH  Kimmi
natepdepentti PHK (siRNA), kogramvaiiteia PHK
sxoHe JIHK cHsSKTBI KBIIKBLIIAP XKaTKBI3yFa 00J1aIbl,
ce0ebi KOMIpTEeKTI HYKTellep TEHAEpIi SHAOIMTO3,
MaKpOITMHOIIUTO3  JKOHE  (Haromuro3  apKbUIbI
KETKi3yTe KaOlIeTTi.

Domomepanusivblk HbICaHOapOa KOIOaHy

KemiprekTi HykTenepaiH (OTOTYPaKTHUIBIK,
OIITHKAIIBIK, OHE CY/Ia )KaKChI epy KacheTi OOMbIHIIA
OyJ1 HaHOOeJIIIeKTep GoToTepanusia KOJIaHbUIA b
dotoTtepanus (HOTOAMHAMUKAIBIK >KoHE (poTOoTep-
MUSUIBIK ~ Oombilt  OesriHeni. CoHbIH  1HIIHJIE
(OTOMMHAMUKANBIK Tepanusi pak KIeTKalapblHa
KHUHAKTaJIFaH (DOTOCEHCHOMIN3ATOPIIBIK areHTTep-
JIiH JKacyla ilriHae )KUHAKTAJIFaH OTTETiHI OenceH i
TYpre aybICThIpa OTBIPBIIN, KayilTi Kacymanapibiy
XKOIObIHA oKeneni. byn ¢ortoceHcnOunmsaropiap
Tepire TeMeH (OTOYBITTBUIBIK dcep Oepim, coyleHi
KYTY KabineTi )KoFapbl OOJIBIT, PaK kKacylalapbiH/a
KaKChl JKYThUIATHIHIAW Oomy Kepek. KemiprekTi
HYKTEJEpAiH THAPOQUIBII oHE (OTOH KYTaThIH
KacHeTTepiHe 0aiIaHBICTHI OJ1 OCHI POTOCEHCUOMITH -
3aTOpJapMeH KOCBhUIA PaK JKacyllaJapblHA Kipyne
JKaKChl OHMOKOJIIAHBIC OOJIBIN TaObLIagbl. MeTHial

KOK, KYKIPTIIEH JIETUPJICHI'eH KOMIPTEKTI HYKTEJIep
CHAKTBEI (hoToceHCHOMIM3aropiap (GOTOAMHAMIKA-
TBIK Tepamusaga KOeMIpPTeK HeTi3iHaeri HaHoMare-
puangapMeH OaiiaHpica TOMEH IHUTOYBITTBUIBIK
J)koHe Owmokerimmi Kacumer kepcertin, JHK-men
apanmacyla TYpakTeUIBIKTEI Oepemi. S-KH aysi3
KYBICBIHBIH KaTepiii ICITiHIH (OTOIMHAMHKAIBIK
TepanusICbIH UMIIPOBU3ALMAIIAY YIIiH THIMII OOJBIT
TaOBLTIaMbl, ON 1ICIK JKacyllajlapblHa OHal eHim,
JKapBIKIIEH CAyIIeNeHIIpY Ke3iHJe KacylrajlapIsIH
emiMine  okenemi. Karepai  icikti  emueyne
ANIEKTPOCTATHKAIIBIK ~©3apa OpeKeTTeCy apKBUIbI
anerarad KH@Ptpor, sFHE KeMipTeKTi HyKTenep MeH
OaiiflaHbICKAaH IUIATHHAIBIK MOPGUPHUHAI HAaHOTHO-
pua KoiaHbicka ue 6oiapl. Anaiina, oyin KH@ptpor
HAaHOTHOPUATEP] CHHTIIETTI OTTETIH IIBIFapy KadineTi
JKOFaphl OOJyBIHAH in Vvitro-Ia a3 aHama acepiiep/i

JKOHE  ICIKTI ~ TEKEHTIH  MMIpOBU3ALMsUIAHFaH
KaOinerti kepceryi mymkiH. COHBIMEH KaTap pak
KacylragapblH TexKeyne XHUTO3aH MEH

MoHoruapokcupenmnpudenunnoppupuanai  (TPP)
KOJIJIaHy apKbUIbI aTbIHFaH NOp(upUHre HeTi3aenreH
CDS (TPP CDs) cuHTe3i XKY3€ere achIpbUIIbL.
DOTOTEPMUSIIBIK TEpaMus KaTepii icik TypiepiH
eMJIeyZe KOJIAHBUIAJBI, OJ DSHEPrHSIHBI CIHIPY
apKpUIBl  KBUTy INBIFapyFa Heri3genreH. byn
TepamnusFra )acylia exiMiHe HeMece jKacylanapablH
KaWTBIMCBI3 ~ OY3BbUTYBIHA KOJI  JKETKI3y  YIIiH
THIEPTePMUSIHBI  MHIYKLUsIayFa apHanraH —Nir
CiHIprim MaTepuanbl Kipemi. Nir-xapbK (hOTOYBIT-
TBUIBIK KOHE JKacyllajapra eHYAIH KapKbIH/IbI
kaOinerine we. (DOTOTEPMUSIIBIK  TepamneBTiK
areHrTep Omo-OeliHeMeH OIpiKTipilTeH Ke3jie, ojap
ICIKTIH OpHaJacKaH »J>Kepli MEH MOJIIIEePIH ol
AHBIKTAY apKBUIBI, TEPANeBTIK PEaKIUSHBl HAKTHI
yakeIT pexuminne Oakpurtaii amampl. Kemiprekti
HYKTENep/iH OChl Tepanusiarbl pPeIliHe KeJCeK,
KOMIPTEKTI HYKTeNlep KONTEreH T 3JIeKTPOHAapIaH
TYpa, METAUIABIK HaHOMAaTepHaJgapAblH  0Ooc
SIIEKTPOHIAPBIMEH OSKBUBAJICHTTI TYpPAE JKYMBIC
’Kacam, COyJIeNCHIIpreH Ke3lle TeMIlepaTypaHbIH
esrepicine ampm  kenemi. S, N-KH  Oyiipek
OKCKPEUMSICHl  apKbUIbl  HIBIFAphUIATBIH  Oacka
HaHOMaTepHaNJapra KaparaHja, TacCUBTI HbICaHA
apKbUTBl paK KIETKallapblHA OHAW €HTi3idyli MYMKIH
ekeHairi anbikTamael. byn S, N-KH cuaTtesi Nir
OaFpITBIHAA  KYIITI  CiHIpYHi, (QOTOTEPMHSIIBIK
TYPJICHAIPYAIH JKOFapbl THIMIUIIMH  KOPCETill,
(OTONIOMHHECIICHTTI BHU3YyaJIM3alusiia, COHIAl-aK

(hOTOaKyCTHUKAIIBIK BHU3yalu3alMsAa O3iHIH
apTHIKIIBLIBIFBIH KepceTTi [25].

Duepeus cakmayoa Koi0any

Kemiprekri HYKTenep ©3iHIH  peTTENeTiH

ONTHKAIBIK KAacHETTepi, KYHBIHBIH TOMEHJLIITI,
TOMEH YBITTBUIBIFBI, YJIIKCH MEHIIIKTI OST aynaHbIHA
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WeJIiri, Tamamia 3JIeKTPOH KaObUIAAayIIbl/JOHOPIBIK
CUTIaTTaMalaphl JKOHE DJCKTPOHIBIK OTKI3TIIITIK
KaCHETTEPiHIH apKachIHIAa YHEPTHUS CaJachIHIa, OHBIH
imiHme  ¢GoTo-/ ANEeKTpOKaTaIU3aTopiiap, MKapbIK
IMONTAPhI, CYNEpPKOHJICHCATOpiap, KalWTa 3apsa-
TaJaTeH OaTapesuiap, SFHA MeTaJll-aya OaTapesiapsl
KOHE OTBHIH DIIEMEHTTEpl peTiHle KEeHiHEeH KoJjaa-
HBUIaJbl. DJEKTP SHEPTUSACHIH KapbIKKa alHalIbI-
pyFa apHaJFaH KaTThl KYHZEri >KapbIKTaHIBIPY
KYPBUIFBIIAPEl KOINTETeH JKbUIIAp OOWBI  O137iH
KYHICNIKTI ~ eMipiMi3ie  CYHBIK  KpHUCTaJbI
TUCIUICHIIepAe, TOJBIK TYCTI ITUCIUICHIEpAE >XoHE
KApBIKTAaHIBIPY  KYPBUIFBIIAPBIHAA  KOJITAaHYFa
OarbpITTa]IFaH FBUIBIMH 3€PTTECYJEPiH TaKbIPHIOBI
Oosbim  TaObUIAABL. KOMIPTEKTI HYKTeNep KapblK
muonTapeiHaa (Gocdop Hemece AIIEKTPOIFOMHHEC-
LEHTTI KYpbUIFbUIapAa OenceHai KabaTtap peTiHge
opeker erte amagel. An CCd?-Mds neriznenren
CBETOJMONTAP JKapBIKTHI oJIeKaiia >KaKcapTasbl.
Temneparypa MeH BUIFQIIBUIBIKKA Kapchl Typa
QJIATBIH JKOHE KayiNTi yIBTPaKYJTiH TYCTI KOPIHETiH
JKapbIKKa aifHaJIAbIpa ajJaThlH KOMIPTEKTI HYKTEIep
KyH OaTapesuiapelHIa Ja 3€pTTENiNl, KOJIaHBICKA
xapanel. CynepKoHIeHcaTopiapAa  KOJJaHBICHI
HETi31HEH KOFapbl KyaTThl THIFBI3IBIFBI JKOHE Y3aK
KBI3MET Mep3iMiH KepceTeni, Oipak SHEPTHUSHBIH
THIFBI3JIBIFEI  TOMEH OOJIFAHABIKTAaH Oyl OJapIblH
MPAKTUKAIBIK KOJJIAHBUIYBIH IICKTeHi. JlereHMeH
ne Oacka KeMmipTeri MarepuaiiapbIMeH, IMOJIMMEp-
JepMeH HeMece MeTall OKCHITepiMeH OynaHaac-
THIPBUIFAH KOMIPTEKTI HYKTEJlep CYHepKOHJeca-

TOpJIApABIH  DJIEKTPOXUMHUSUIBIK ~ CHUITaTTaMaJIapblH
*akcaprajpl [27].

Kamanuzoe xonoany

KemiprekrTi HYKTeTep (hIyopecueHrTi,

JKOFapPBIOTKI3TIIN,A3 YBITTHL, CyJa epy KalineTrrepine
caif O] KOMITIO3UTTI HAaHOKATaJIM3aToOpiap/ia >KaKChl
KaTaJUTHKAIBIK ocep Oepeni. KemipTekri HyKTenep
HETi31HAeri KOMIO3WTTI KaTanu3aropiap ¢(oToka-
TaNu3, TEPOKCHIa3a, JIIEKTPOKATAIN3 XUMHSIIBIK
Katajau3ze Kosjganblianbl. Kasipri ke3jge keMipTekTi
HYKTeJep Herizingeri goTokaTanu3aTopiap OpraHu-
KaJbIK  JIACTAFBINITAPAbl  (OTOBIABIPATY PpETIHJC
KoNmaHblIaapl. JKapblK CiHIpe  aJaTBIHIBIKTAH
KOMIPTEKT1 HYKTeNlep KYH COyJIeCIMEH CoyleleHIipy
Ke3iHge ae QoTokaTanusdi xyprisyre Oonaabl. by
(OTOKATANIMTUKAIBIK ~ PEAKLIUSHBIH  THIMIUTITIH
apTTBIPBIN KaHa KOWMal, yJbTPaKkyJriH CoyleHiH
OpHBIHA KYH COYJIECIH HEMece KOPIHETIH KapbIKThI
KOJIJAaHY apKbUIbl IIBIFBIHIAPABI €/19yip TOMEH]Ie-
Teai. COHIBIKTAaH KOMIPTEKTI HYKTENEp eTe THiM/Ii
XKOHE TYpPaKThl KOMIIO3UTTI JaMBITYyFa YMITKep
(doTokaTanuzaTop OOJIBII TAOBLIA b,
[Tepoxcunazanmap THIMAI (EepMEHTTEp KJIachl
0O0JIBIN TaObLTAB! XKOHE OMOTEXHOIOTHS KOHE XUMHUS
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OHEpKaciOl CHSKTBI OpTYpPJl camamapia KeHiHEH
KOJIaHbLIaAbl. AJaiima, TaOUFM TIEpOKCHAazaap
OpKallaH eHJIpICKe J>KoHe Ta3apTyFa KeTeTiH
UIBIFBIHAAP/IAH, COHIAN-aK OJap/IbIH KaTATU THKAIBIK
OeIICeHIUTITIHIH KOpITaraH OpTaFra ce3IMTaIbIFBIHAH
3apmarr meremi. Conr cebenTi »KacaHABI KaTaJlH-
3aToplap SFHM KOMIPTEKTI HYKTelep KeMipTeri
HaHO(epMEeHTI KoNAaHbUIAAbl. MyHIa KOMipTeKTi
HYKTEJIEp HETi31HIeTi MepoKcuaa3a Topi3di KaTallu-
3aTOp JKYHEIEepiHaeTi KOMIPTEKTI HYKTEIIep KOl acep
oepeni.

ONEKTPOXUMHSIBIK JKOJIMEH CYyIbl BIABIPAT-
KaHJa OeiHeTiH CyTeri MEH OTTeTi ajyla KepHey/li
JKOFapbUIaTKaHa, He KeMiTkeHae Pt Hemece Ir, Ru
HETI3iHAer1 KaTaau3aTopiap KosjgaHanabl. Anaiina,
JKOFapbl ~ OH[IPICTIK  IIBIFBIHAAD MEH TOMEH
Oepiktutiri Pt HerisiHzeri xaranu3aTopiapblH KeH
KOJIJAHBUTYbIH —mIeKkTedai. KemipTekti HyKTenep
HET131H/eT KOMITO3UTTEp CYTeri XKoHE OTTEri YIIiH
KepeMeT SJIEeKTPOKATaIn3aTopiap eKEHMIrl JoIen-
neuai. COHBIH HETI3IHAC OTTETiHIH OeJiHyiHe
KOMipTeKTi HykTenep xoHe rpaden okcuai (KH/ I'O)
TYPIETi KOMITO3UTTI 3JEKTPOKATAIHM3AaTOp OMIIaI
tabbuinbl.  Kommosut KH/T'O  snmekrpokaraiu-
THKQIBIK OEJICEHAIIIr JKOHE KHUHETUKAIBIK TOK
TBHIFBI3ABIFBIHBIH JKOFaphl MOHIH KOPCETTI.

BipTekTi j)xoHe reTeporeH/Ii xKyneneperi eTnemi
METaJ1 ~ MOHAapbiMeH  KaranusaeHnerin — HoO»
bIbIpaysl DeHTonFa yKcac peakisiiap Hemece -OH
paauKaIgapeIH aly  yuiH KOJIIAaHBIIATHIH
Monupukanusiaanrad @DeHTOH mpolecTepi e
KapacTelpbuiaibl. Ajaiina peakuusinblH Tap pH
JTMATIa30HbI JKOHE TeMip MIeTiHAIepPiHiH JKUHATYBI

CHUSIKTBI KEMIIUTIKTEp OJIapIbIH JIaMybIH
alTapIIbIKTal LIEKTEN/II. BiprekTi denToH
MPOIECIHIH OCHl KEeMIIUTIKTEpJl eHcepy VIIiH,

MYH/Iail METaJl1 HeMece MeTalul eMec MaTrepHuajiap
peringe DeHTOH Topi3Ai Karajau3aTopiap d3ipieH/i
JKOHE  JKAKChl  KATAJIMTUKAJIBIK  OEJICEHIIUIIrH
kepcereni. Oran  Dot-DBS-LDH  xewmipreri
HaHOKATAJIN3aTOPhl MBbICA 00JIa alaibl.

CoHFBl  KBUIJAPHl ~ KATAIW3 CHHTETUKAIBIK
OpraHMKAIIBIK alHaJBIMIAP/Abl BIHTAIAHIBIPY YIIiH
KEHIHEH KoJJlaHbplIanbl. by karanusaropnap agerre
HaHOOJIIEeM]II OeJICeH ]I KOMITOHEHTTEPJICH TYPabl,
MBICAJIFAa KAaTThl OpTaJa TapaJiFaH METall JKoHE
Metaul  okcuarepi.  JKorapbyia  cumaTTaiFaH
KaTan3JZieH 0acKa, XUMHSIIBIK KaTalnu3 calachiHa
KOMIPTEKTI HYKTeNlep HeTi3iHAeri KOMIIO3UTTEepAi
KOJIJaHy CaJIBICTBIpMallbl TYPAE CHPEK Ke3leceni,
OHBIH OpHBIHA HETI3IHEH TOTBIFY PEaKIUsICHI,
TOTBHIKCHI3any peaknusichl, Cy3yku-Musiyp peax-
IUSCHI, OMOAM3ENb OHJIPICi, CAaKWHAHBIH AallbLTy
PEaKIMACH, Maijap pPeakIMACHl MKOHE KbIIIKbUI
KaTaJIM3iHe STepH(UKaANNs, b0 KOHACHCAIUACH
kipeni [30].



M. DyenxaHKbI3bl *aHe T.6.

KopbITbIHABI

Maxkanana KeMIpTeKTI HYKTEIEpAiH allbLTy
XKOHE JaMy TapUXbIHA, KIKTeTyiHe, ajbIHYbl JKOHE
3epTTey SicTepiHe, KacueTTepi MEH KOJIaHy asiChl
cunattanael. Hen emmemni Hanomatepuangap (0D)
JereHiMi3 — Oyl  KeHicTikTe OapiblK —ejmemi
HaHOOJIIIEMMEH IIEeKTeNreH MaTepuanaap. MyHnai
MaTepHaiapra OeliopraHuKaIbIK KBaHTTBIK
HYKTEJepAi, KOMIPTeKTi  HYKTelepli, MarHHUTTi
HaHOOOJIIIEKTEeP/Il, aChUl METal HaHOOOJIIEKTEPiH,
YKOFapbl TYPJICHAIPTeH HAaHOOOIIIIeKTeP i )KaTKbI3yFa
Oonmanpl. by Hem-emmemai HaHOMAaTEpHAIIAPIBIH
IIHIE COHFBI Ke3lepl KOMIPTEeKTI HYKTelepre
onmapielH Oiperell XWMHSAIBIK JKOHE (DH3HKAIBIK
KAaCHeTTEepiHIH apKachlH/Ia OJIapFa JIETeH KBI3BIFY-
HIBUTBIK apTHII OTHIP.

KewmiprekTi HykTenep — Oy HaHoememai (<10
HM) KOMIpPTEKTiH CQepuKanbiK OemexTepi, oiap
Kelleci Oipereil KacHMeTTepiMEH epekiieneHeni: ¢o-
TOarapy MEH JKOFapbl (POTOTYPAKTBUIBIK, COYJIE IIbI-
Fapy CHEKTpPIEpPiHIH HKEMJLUITi, TOMEH MOJeKyIa-
JIBIK, CaJMaK, Tamaia OMOCOMKECTIK JKOHE YBITTHLIbI-
FBIHBIH TOMEH JieHredi. Bbynm kacuerTtep omapisl
OHMOJIOTHSUTBIK TaHOAIAy MEH OCiHemney e Koianyia
JKApThUTall  OTKI3Till KBAHTTHIK HYKTEIEp MeEH
JIOCTYpJIi  OpraHMKajblK OOsSFBINITApDFa KaparaHja
THIMIIPEK eTei.

Byn miony Makamajga KeMIpTeKTi HyKTenep
rpadenni kBaHTTHIK HYKTenep (I'KH), xemiprekti
kBaHTTBIK HYKTenep (KKH) skone kapOoHu3zenreH

mosmmMepiai  Hykrenaep (KIIH) mem  skikreminm
KapacThIPBUIIBI. Onapasig KYPBUIBIMIBIK
cunarramacel, ®JI mMexaHW3Mi, CHHTE37eNly ToCii,
ApTHIKIIBUIBIFEI, KEMIIUTIT JKOHE KOJJaHy asiChl
CaJIBICTBIPBUIBIN cUMaTTanabl. COHBIMEH KaTap any
JKOJIIApbl MEH KacHeTTepi KOpCeTUIiN, KeMipTeKTi
HYKTEJIEPIIH KacHeTTepi KOMIPTEKTI HYKTEIepIiH
CHUHTE3JIeNly JKOJJapblHa OaiaHbICThl OOJIAaTHIHBI
kepcetinai. Kazipri kezme amy oamicTepi »KETKUTIKTI
OonFaHBIMEH o A€ ally He CHHTE3Ney SJICTepiH
JKakcapTy  KakeT. ©Ocipece, Kem  MeJIIepae
KOMIPTEKTI HYKTeNep aly >KOJAapbIH JKOHE SpTypii
epiTkimrepaeri KOMIpTEKTi HYKTeNepIiH
JMIOMUHECIICHIINS ~ KACHeTTepiH  TONBIK  TYCIHY
MEXaHU3MJICPIH OHTAWIAHABIPY KaxeT. JlereHMeH,
KOMIPTEKTI ~ HYKTeJep HaHOMaTepuaijap MeH
HaHOTEXHOJNOTHSUIApABl  OJaH  9pi  JaMbITyZAa
MaHBI3/bI POJI aTKApaThIH HAaHOMaTepHall OOJIBII Kaja
oepei.
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I.B. EwmaHoBa* @ , .A. MaHaKoBa , M.®. Bepewak , ".K. TheybepreHos

NHCTUTYT AanepHoi dnsmnkn, AnmaTbl, KasaxcraH
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KMHETUKA OBPATHOIO MAPTEHCUTHO-AYCTEHUTHOIO NPEBPALLEHNA B
AYNNEKCHOW CTANM CF8 MPU TEPMWUYECKOM BO3AENCTBUM

C u1Cnonb3oBaHMEM METOA0B MecchayapOoBCKOM CMEKTPOCKOMUMM U PEHTIEHOBCKOM
ONOPaKLUMM M3yYeHa KMHETUKA MapTeHCUTHO-ayCTEHUTHOrO NpPeBpaLleHuna Npu TEPMUYECKOM
Bo3aercTenm (300-850°C) B aynaekcHol ctanu CF8, npeasapuUTenbHO NOABEPTHYTON XON0A4HOW
nnactuyeckon aedopmaumm co cTeneHbto aedopmaumm € =55 %. [MHamuMKa obpaTHoro o'-
MapTEHCUT —> y-ayCTEHWUT npeBpalleHna He Habawganacb npu TemnepaTypax 4o 500 °C.
OAaHakKo, 3aMeyeH poCT CpeaHero CBEPXTOHKOMO MAarHMTHOro noasa <H,> ot 241 +1 0o 269 £ 1 k3.
JanbHellwee yBenMYeHWE TemMnepaTypbl OTXKUra MNPUBENO K YMEHbLIEHUIO CpeaHero
3bbEKTMBHOMO CBEPXTOHKOro nona <H,>. Mpun aTom pacnpeneneHne marHutHoro nonsa p(Hn)
NMOKas3ano MnoCTeneHHoe yBennmyeHue BkNada C Hp>330K3, 4TO CBA3AHO C YMEHbLIEHMEM
KO/IM4yecTBa aTOMOB XpOMa B DAMMNKaMLLEM OKPYXKEHWUW Kene3a. MHTeHCHMBHBIN o' — ¥ nepexos,
npouncxoamnn B MHTepBane Temnepatyp 600-700 °C. Mpwn 850 °C 3aBepLlINAOCL BOCCTAHOBIEHME
MCXOOHOW  CTPYKTYpbl y-aycTeHuTa. [lpouecc o'—>y npeBpaleHuint  NpermMyLLecTBEHHO
NPOUCXOANA MYyTEM CABUIOBOrO MexaHW3ama. Pe3ynbTaTbl peHTreHo-aAMdpakLUMOHHOTO aHanunsa
NOATBEPXKAAIOT AaHHble meccbayspOBCKOM CMEKTPOCKONUK: CTPYKTypa cTannm CF8 A0 OTKUros
npeacTasnseT cobolt dpeppomarHuTHyo ¢dasy (o'-mapTeHcuT), nocine omxura npu 850 °C Ha
PeHTreHorpamme OTparKeHbl pedaeKchbl, XapaKTepHble AN Y-ayCTeHuTa.

Kntouesble cioBa: Heprkasetollan ctanab CF8, ayCTeHUT, MapTeHCUT, OTKUT, MeccbayapoBcKan
cnekTpocKonma.

I.6. EwmaHoBa*, N.A. MaHakoBa, M.®. Bepeuak, .K. TheybepreHos
Anposbik Gr3MKa UHCTUTYTbI, AMaThl, KasakcTaH
*e-mail: g.yeshmanova@inp.kz

Tepmuanbik acep ety KesiHae CF8 aynnekcti 65onaTKa Kepi MapTeHCUT-ayCTEHUT
TYPAEHYiHiH, KNHETUKACDI

Meccbayap CNeKTpPOCKONMACbI MeH PeHTreHAiK AndbpaKkuma aaicTepiH KonaaHa oOTbipbin,
anablH ana gedopmauma aapexeci € = 55% TeH cyblk NAacTUKanblk, gedopmaumara ylblparaH
CF8 aynnekcti 6onatra TepMmusabik acep ety KesiHae (300 - 850 °C) mapTeHCUT-ayCTeHUTTI
TYPAEHAIPYAIH, KMHETUKAchkl 3epTTensi. Kepi a'-MapTeHCUT — y-ayCTeHUT TYPAEHY AMHAMMKACI
500 °C peninri TemnepaTypasa balkanmaapl. Anaaa, optalla eTe )yKa MarHuT epiciHiH <Hp>
241+ 1-neH 269 + 1 K3-re aeniH alTapabIKTal ecyi bakanabl. Kyinaipy TemnepaTypacbliHbiH 0AaH
9pi Xofapblnaybl opTawa TUIMA eTe »KyKa epicTiH TemeHaeyiHe akendi <H,>. CoHbIMeH KaTap,
MarHuT epiciHiH Tapanybl p(Hn) ynectid, Hn > 330 K3 6ipTiHAEn ecyiH KepceTTi, By TeMipAiH, KaKbiH
opTacbiHAafbl XPOM aTOMZAPbIHbIH, CaHbIHbIH, a3atobiMeH OalnaHbICTbl. KapkblHAbl o' —> Y
TypaeHy 600-700 °C TemnepaTtypa apanbifbiHaa 6onapl. 850 °C -pe 6acTankbl y-aycTeHUT
KYPbIbIMbIH KanmnblHa KENTipy aakTanapl. o' — Y TYpAeHy NpPOLEeci Heri3iHEH bIFbICY MexaHM3MI
APKbINbL  KYPAI. PeHTreHAiK-aMdpaKkumManbIK  TandayablH, — HaTUXKenepi Meccbayap
CNEKTPOCKOMMUACLIHbIH, AepPeKTepiH pacTanabl: Kyhaipyre aeninri CF8 60naTtTblH, KypblabiMbl
beppomarHuTTik - dasza (o'-mapTeHcuT) 6onbin  Tabbinaabl, 850 °C  KylaipydeH KeHiH
PEeHTreHorpammaza y-aycTeHUTKe TaH pedaekcTep KepceTinai.

TyliH ce3gep: TOT bacnantbliH H6onaT CF8, aycTeHWT, mapTeHCUT, KyRnaipy, Meccbayap
CNEKTPOCKOMMACHI.

© 2025 Al-Farabi Kazakh National University 81


https://doi.org/10.26577/RCPh20259329
https://www.mdpi.com/search?q=stainless+1.4404
https://www.mdpi.com/search?q=M%C3%B6ssbauer+spectroscopy
https://www.mdpi.com/search?q=M%C3%B6ssbauer+spectroscopy
https://orcid.org/0000-0001-8707-8385

KunHeTKa 0bpaTHOro MapTeHCUTHO-ayCTEHUTHOIO NpeBpalleHns B aynaekcHow ctanu CF8...

G. Yeshmanova¥*, |. Manakova, M. Vereshchak, Zh. Tleubergenov
Institute of Nuclear Physics, Almaty, Kazakhstan
*e-mail: g.yeshmanova@inp.kz

Kinetics of reverse martensitic-austenitic transformation
in duplex steel CF8 under thermal action

Using the methods of Mossbauer spectroscopy and X-ray diffraction, the kinetics of
martensitic-austenitic transformation under thermal action (300 - 850 °C) in duplex steel CF8,
previously subjected to cold plastic deformation with a deformation degree of € = 55%, was
studied. The dynamics of the reverse a'-martensite —y-austenite transformation was not
observed at temperatures up to 500 °C. However, there was a noticeable increase in the average
hyperfine magnetic field <H,>, from 241 + 1 to 269 + 1 kOe. A further increase in the annealing
temperature led to a decrease in the average effective hyperfine field. At the same time, the
distribution of the magnetic field p(H,) showed a gradual increase in the contribution from H, >
330 kOe, which is associated with a decrease in the number of chromium atoms in the nearest
iron environment. The intense a'—Yy transition occurred in the temperature range of 600-700 °C.
At 850 °C, the restoration of the original structure of y-austenite was completed. The process of
transformations mainly occurred by means of a shear mechanism. The results of X-ray diffraction
analysis confirm the data of Mossbauer spectroscopy: the structure of CF8 steel before annealing
is a ferromagnetic phase (a'-martensite), after annealing at 850°C, the X-ray diffraction patterns

characteristic of y-austenite are reflected.

Key words: CF8 stainless steel, austenite, martensite, annealing, Mdssbauer spectroscopy.

BBeaenne

Merton meccbayspoBckoii criektpockonuu (MC)
OYEHb UYBCTBUTEJEH INPAKTHUECKH K JIIOOOMY
W3MEHEHUIO OKPYXEHHSI HCCIEAYEMOrOo pe30HaH-
CHOrO szpa. OTO JeJIaeT €ro BO3MOXHBIM JUIs
MIPUMEHEHUS B INarHOCTUKE HAPYIIEHUH KpUCTAILIH-
YECKOI PeLIeTKH XKele30coaepkaniux crasos [1-3].
Hemainoe kommuecTBO paboT MOCBSIICHO M3YyUCHUIO
CTPYKTYpHBIX H3MEHEHHH ¥ OOBEMHOH J0JH
BBIICTICHUI pH MapTEHCUTHO-ayCTEHUTHOM
NPEBpALICHUH B CTaIM IyTeM Je(dOpMaLMOHHOTIO,
TEPMHUYECKOTO W PaJHaliOHHOTO BO3JEUCTBUS C
ucnonb3oBanueM 3(pdexra Meccbayspa [4-8]. B
OOJIBIIMHCTBE Pa0OT MPUBOAUTCS N3yUCHUE BIUSHHSA
IUTACTHYECKOH — JeopManii  Ha  CTPYKTYPHBIC
W3MEHEHHE B CTald, YTO SBJSIETCS CIEACTBUEM
BO3HHKHOBEHHSI J1e()EKTOB B KPUCTAJUIMYECKOU

pemerke [9-11]. W3BecTHO, YTO MapTEHCHTHOE
mpeBpalieHre, BBI3BaHHOE  aedopmanveii, B
METACTAOMJIBHBIX ~ AYCTCHUTHBIX  HEPIKABEIOIINX

CTaJISIX, TIOBBIIIAET MPOYHOCTH MPU CYLIECTBEHHOM
COXpaHeHUH iacTuaHoCTH [12]. VI3MeHeHne nHTeH-
CHBHOCTH JIMHUHM ayCTEHHTA TPH Je(POPMHPOBAHUI
SIBJISIETCS PE3YJILTATOM U3MEHEHUS (ha30BOr0 COCTABA
cTaiM, a 3HAYMTCNIbHOE  YIIMPEHHE  JINHUHN
MapTEHCUTA MO CPABHEHUIO C ayCTEHUTHOW JIMHUEH
CBHJICTEIILCTBYET O HEOIHOPOIHOCTH BHYTPEHHETO
MarHUTHOTO TOJSL y sApa JKeje3a B peIeTKe
MapTEHCHTa, KOTOPOE BBI3BIBACTCA  PA3TMIHBIM
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OKpYKEHHEM aToMOB Jeie3a. B pabore [13] na
npumepe ciwiaBoB Fe-Cr, copepxamue 1o 15 at.%
XpoMa, OBLIO TOKa3aHO, YTO CpelHee 3HadYeHUe
CBEPXTOHKHX MOJIEH, NEHCTBYIONNX Ha sapax ° Fe,
apisiercss  (QyHKOMEH — comep)kaHus — XpoMma B
OnmKaiIeM OKpy>KeHUH aTOMOB JKeJie3a.

N3yuyeHue BIMsIHUE TEPMUYECKOTO BO3JEHCTBUS
Ha CTPYKTYpHbIC H3MEHEHUSI U MarHUTHBIE CBOHCTBA
JIe(OpPMUPOBAHHBIX CIUIABAB CTAJIM ONHCaHBl B
pabdorax [14-18]. Asropamu B [14] ObLIO
uccnenoBano Biusiaue otmycka npu 400-600°C Ha
CTPYKTYpHO-(a30oBbiec M3MeHeHus ciiaBa Fe-12Ni-
11Cr-2Mo. BeisiBneHO, 4TO Hapsay C TMpoieccamu
o'—Y TpeBpalleHHss B  O-TBEPJOM  PacTBOpE
MPOTEKAIOT MPOLECCHl MepepacipeesieHns aTOMOB,
NPUBOJISIIAE K OOpa3oBaHHUIO KOHIEHTPAIMOHHBIX
HeonHopoaHocTel. B padote [15] ycTaHoBieHO, uTO
o'-¢haza crabuibHa MIPU TEMIIEPaType OTXKHUra HUXKE
770 K, a mepexoxg or OLK x crpykrype I'IK
BO3HUKaeT npu Temneparype ~ 770 K u 3aBepmiaercs
npu Temneparype ~1070 K. B pabore [16]
OTIHCBIBAETCS, YTO MEPEXO OT o' K Y MPOUCXOJHNT B
nuana3soHe Temmepatyp mnpumephno 450-680 °C.
Boiee Toro, MexaHu3M MpeBpalleHNs MAPTEHCHUTA B
aycTeHUT B cmaBax cuctembl Fe-Cr-Ni  mpu
paIMYHBIX  TeMIepaTtypax ObUIM  MOJAPOOHO
OXapaKTepU30BaHbI MpoLeccaMu ciBura u Auddysnn
[17, 18].

B nmammo¥l pabore ObuTa WM3y4YeHA KHHETHKA
00paTHOro MapTEHCUTHO-ayCTEHUTHOTO IpeBpallie-
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HUS TIPH TEPMHUUYECKOM BO3JICHCTBUU B TYIUICKCHOU
cramu CF8, mpenBapuTenbHO MOABEPTHYTON XOJO-
HOM TuTacTH4YecKoi pedopmarum.

MeTtoaojiorus

Hns  wuccnepoBanuss ObUIM  TIPEACTaBICHBI
Apronckoil HanuoHanbHOH nabopatopueit (CILLA)
o0pasnel coctapeHoi mpu Temmepatype 350°C B
teuenue 10 000 gacoB cranu CF8 B Buae minactus ¢
pasmepamu 10 MM X 10 MM TosmuHON 600 MKM.
OO6pa31rel OBUTH TPOKATAHbI A0 TOMMHUHE! 100 MKM 1
MOBEPTHYTH OTXKUTY Tipu Temmeparype 900°C B
Bakyyme 1-10® Mm.pT.cT. mpomomkuTensHocTBIO 4
gaca. CTpyKTypa Takux 00pa3loB MpeIcTaBisia 3
cebst y-aycrenut. Jyis mosiydeHuss oOpasIoB CO
crereHbto  aedopmaunu  €=55%  OTOXCKCHHBIE
o0pasmpl ObUTM TIPOKAaTaHbI IO TOJIIWHBI 45 MKM.
[Monmy4yeHHast TOJNIIMHA TIO3BOJWJIA HCIOJIB30BAThH
o0pa3is! s uccnenoBanust MerogoM MC, mmpoko
UCTIONB3YeMbIM  JUISI ~ M3YYEHHS  XUMHUYECKOTO
COCTOSIHUSI JKeJie3a B CTPYKTYPE JKeNe30CoAepKaIlnX
MaTepuaoB, B TOM YHCIIe Hep)KaBeroux crainei [19,
20]. Jnst  w3ydeHHs ~ KHHCTHKH  OOpaTHOTrO
MapTEHCHTHO-ayCTEHUTHOTO TPEBpAIIeHUus] ObLIO
MPOBENCHO TEPMUYECKOE BO3ACHCTBHE HA CTajb
nyreM u3zoxpoHHoro omxura mpu 300 - 850 °C
NPOJODKUTENIBHOCTRIO 2 Yaca NpeIBapUTENbHO
ne(OpPMUPOBAHHBIX 00PA3IIOB.

Nsmepenne MC cnekTpoB OCYLIECTBIIAIN MPH
KOMHATHOH TeMIepaType B pPEeXHUME IOCTOSHHOTO
yckopeHusi Ha  cmektpomerpe  MS-1104Em.

VICTOYHHMKOM Y-KBaHTOB CIymiI °'CO B MaTpHIE
XpoMa. AHanu3 U 00pabOTKy MOJTYYEHHBIX CIIEKTPOB
BBITIOJTHSUIA C MOMOIIBIO MPOIPAMMHOTO KOMITIEKCa
SpectrRelax  [21].  TlapumameHbBle  CIEKTPHI
(TOACHEeKTPBI) XapakTepPU30BAINUCH IMapaMeTpamMu
CBEPXTOHKOIO B3aWMOJICHCTBHS Ha sjgpax °'Fe, a
UMEHHO HM30MEpPHBIM  CIBHUIOM  OTHOCHTEJIBHO
METaJUIM4EeCKOro  skene3a ls,  KBaApyHOJIbHBIM
pacuienieHueM A, KBaIpymoJbHbIM cABUTOM Qs ayist
MarHUTOPACIIEIVICHHbIX  CIIEKTPOB, MAarHUTHBIM
nogeM Hn ¥ UHTErpasbHOW HMHTEHCHUBHOCTHIO
moJicrieKTpa S.

s ompeneneHus KpPUCTAUIMYECKOH CTPYK-
Typbl H3y4aeMbIX O0pa3loB OBLT HCIONB30BaH
pEeHTreHO-TU(DPAKIIMOHHBIN aHaJIN3 (POA).
Wsmepenust mpoBogwin Ha audpakromerpe D8
ADVANCE (Bruker, I'epmanus) ¢ Cu anon. Paboune
napametpbl 40 kB, 40 MA, mar 0.02°, ckopocTh
ckanupoBanusi 1.0 cex./mar. ®azoBbii aHaMM3
BBINOJIHSIIM B nporpamme EVA ¢ uHTerpupoBanHoi
bazoit ICDD. DnemeHTHBI aHAW3 TPUIIOBEPX-
HOCTHOTO CJIOSI O0pasloB ONpEACTSIA  METOAOM
CKaHHpYIOLIeH ay1eKTpoHHOM MuKpockonuu (COM) ¢
nomorei0  Mukpockorma Hitachi  TM4000 Plus,
OCHAIIIGHHOTO IPUCTaBKOM Uil SHEProamciep-
CHOHHOTO MHKpoaHaim3a Quantax75c¢ sHepreTu-
YECKHM pa3pellecHHEM Ha JIMHUM XapaKTepuc-
tryeckoro wm3nydeHus Mn Koo 1373B  mpum
ycKkopstoneM HanpsbkeHud 5 - 15 kB u Bpemenem
HakorieHus 60 CeKyHI.

JIeEMEHTHBII COCTaB HEeprKaBerouei
nyrnekcHow cranu CF8 npusenen B Tabuie 1.

Ta6amma 1 — Xumudeckuii coctas ctaiau CF8 (mace. %)

C Si

Mn P S Cr

Ni Fe

<0.08 <2 <1.5<0.04<0.0418.0-21.0 8.0—-11.0 ocroBa ASTM A743

0.07 156 0.96 - -

19.41

8.63 69.31  wusMepeHo

Pe3y.]'ll)TaTl)I u oﬁcyme}me

Ha pucynke 1 npusenensl MC-cnekTpsl U
pacrpe/ielieHisi CBEPXTOHKOTO MAarHHTHOTO ITOJIS
p(H,) ob6pasmoB medopmupoBanHoi mtpu 55 %
Hepkaseroleit cranu CF8 1o u mocne 0TKUroB npu
temneparype 300-850 °C. Ilnommams moja KpUBOWM
WHTETPANBHOTO MPOQUIIsS TOJACHEKTpa S Tporop-
LHUOHAJIbHA BeposTHOCTH 3ddexta Meccbayspa u
KOJIMYECTBY ATOMOB J>Kejie3a B HEIKBHBaJICHTHBIX
MOJIOKEHUAX. ITO TIO3BOJIMIIO TPOBECTH KOJIMYEC-
TBEHHBI  aHaIu3  JKene3ocoaepkammx  (das,
coJepkamuxcs B ctanu. [lepBbiM 3Tammom 00paboTku
MC-criekTpoB  OBUTO  BOCCTAHOBJICHHE pacrpe-
JIEJICHNsI CBEPXTOHKUX IMapaMeTpoB, a HWMEHHO
pacnpenenenuss MarmutHoro nois P(H). [amee

pacuerHble nanHble P(H) ObLIM MCIONB30BaHBI LIS
CO3MIaHUSI  KOHKPETHOW  (PU3MYECKOH  MOJCIIH.
MojenpHOE  JE€KOAMPOBAHHE  CIEKTPOB  OBLIO
3aKJIIOYUTENIHBIM  3TAalloM 00pal0OTKM CIIEKTPOB.
Pacuer cmektpoB u  pacnpenenenuit  p(H)
MapTEHCUTHOM COCTAaBJIAIOIIEN MC-criekTpa
NPOBOAMJICS  aHAJIOTHYHO pacueTy B  cilyyae
ounapusix criaBoB Fe—Cr ¢ OLIK kpucTamumieckoi
peuretkol [22]. DxcnepUMeHTaNbHBIA CIIEKTP O
(a3el OBUT CMOJIENUPOBAH KaK CyMMa IOJICTIEKTPOB,
KaXbpli M3 KOTOPBIX COOTBETCTBYET Pa3IMYHOMY
okpykeHuto °'Fe aroMmamu puMecei (Xpoma) B IByX
OnMmKalIIMX KOOPIMHALMOHHBIX Cepax.
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Pucynok 1 — MC-CrIeKTpBbI ¥ pacrpe/enenus CBEPXTOHKOro MarautHoro nojs p(Hn) Ha sapax °'Fe
o0pa3ioB aehopmupoBaHHOi Hepxkaperoiel ctanu CF8 no (a) u nmocne omxura npu Temmeparype 300 (6),
500 (B), 600 (1), 700 (), 800 () m 850 °C (x)

W3 pucynka 1 BHIHO, YTO C yBEIHMYCHHEM
TEeMIIepaTypsl OTXKHIa MNPOUCXOAUT YMEHbBLICHHUE
WHTEHCUBHOCTH (eppoMarHUTHON a3bl (MapTeH-
cuta) u mocie ormxura npu 850°C Ha cmekTpe
npe/cTaBieHa TOJNbKO TapaMarHWTHAas  JIMHUS
aycreanta. Ha pucynke 2(a) npuBeIeHA 3aBUCH-
MOCTh OTHOCHUTEIIFHOH WHTEHCHUBHOCTH IOJCIEKTpa
O'-MapTeHCHTa OT TEMIEPaTyPHI MMOCIE0BATEIHLHOTO
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oTxkura. Pe3ynabTaTel [MOKa3alkd, 4YTO JMHAMHKA
00paTHOTO O/'—>Y-TIpeBpaIICeHUsT HAOMIOAACTCSI OT
500 °C, npu 600 °C mpouCXOAUT BUIUMOE YMEHb-
IIEHWE OTHOCUTENIFHOW MHTEHCUBHOCTH Ol-(pa3bl.
JanpHeWmmid OTXXHUT TPUBOJUT K pacmagy o'-
MapTeHCUTa M POCTY COlepXaHus y-aycTeHuTa. [Ipu
850 °C mpoucxomuT 3aBeplicHHe o0pa3oBaHHS Y-
ayCTEHHTA.



[.B. EwmaHoBa n ap.

Ha pucynke 2(0) mnoka3aHa 3aBHCHMOCTb
cpenHero 3((PEKTUBHOTO CBEPXTOHKOTO TIONSA Ha
agpax °'Fe B o'-MapTeHCHTE OT TEMIIEPATYpPHI
omkura. C yBenuuenueM temmeparypsl 10 500 °C
HaOro1aNCcs 3aMETHBIN pocT CpeHEeTro
CBEPXTOHKOT'0 MarHUTHOTO oyt <Hp>, o1 241 + 1 mo
269 £ 1 k3. Ilpu sTOM pacnpenencHre MarHUTHOTO
nons p(Hn) (pucyHok 1) mokasano MmOCTEEHHOE
yBenuueHue Bkianga ¢ Hn> 330 k3, 4ro, BeposTHO,
CBSI3aHO C YMEHBILICHUEM KOJMYECTBA aTOMOB XpOoMa
B OmmkaiimieM OKpyxeHuH keneza [23-25].
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JlanpHeliee yBenMUYEHUE TEMIIEPATypbl OTIKUTA
npuBeno kK ymeHbleHnio <Hp>. OtHocuTenpHas
WHTCHCUBHOCTh  JyOJieTa,  OIMUCHIBAIOUIETO Y-
AyCTCHUT, YBEIMYHMBAJIACh C POCTOM TEMIEpPaTyphI
oTkura. MI30MepHBIN CIBUT OCTABAJICS IMOCTOSHHBIM
(~0.10+0.01 mm/c), yka3piBass Ha HEU3MECHHOCTH
ANEKTPOHHOM CTPYKTyphl aycteHuta. Illupuna
muHEH AyoOnera yBenmmumBanack oT 0.29 + 0.01 mo
0.36 £ 0.01. 3to o0BsICHSICTCS BIUSTHUEM
3aMeIIal0NIHX u BHEJIPEHHBIX aTOMOB
(mpeumymectBenHO Cr 1 Ni) B ayCTEHUT.
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PucyHoKk 2 — 3aBUCMMOCTb OTHOCHTEILHOM MHTEHCHBHOCTH OL'-MapTEHCHTA U CPEIHETO 3P (PEKTUBHOTO MOJIS
Ha spax °'Fe B MC criektpax obpasua cramu CF8 oT Temmneparypsl oTkura

Ha pucynke 3 mpuBeIeHbl PEHTTEHOBCKHE
nudpakTorpaMMbl  [IpeJBAPUTEIBHO  eOpPMUPO-
BaHHBIX 06pa3u013 CTaJld, CHATBIC OO0 OTXHUIOB H
mocie  omkura npu  850°C.  PesynbraThl
JEMOHCTPHPYIOT B CHSTOM JO OTXKHIOB 00pasie

y(111)

v(200)

Hajgu4me o -MapTeHcuTa Ha orpaxenusx (110), (200)
u (211), uto noareepxkaaet pe3ynasbratel MC. Ilocne
omkure npu 850 °C crpykrypa oOpasiia COCTOUT
TOJIBKO U3 Y-ayCTEHUTA.

v(220)
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Pucynoxk 3 — [ludpakrorpammsl o0pasiia Hepxkagerorield ctanu CF8 1o oTkuroB (a) u mociie oTxura npu
temmeparype 850 °C (6)
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KunHeTKa 0bpaTHOro MapTeHCUTHO-ayCTEHUTHOIO NpeBpalleHns B aynaekcHow ctanu CF8...

Kak Owuto omucano B pabore [26] B
3aBUCUMOCTH  OT  TEMIEpaTypbl  MapTEHCHT,
BBI3BaHHBIN nedopmanmei, MOXET OBITH

MeTacTaOWIBHBIM, U €T0 TPEBpPAaIIeHUE B ayCTCHUT
MOXXET TPOUCXOIUTh MO0 U y3nOHHOMY WIH
CABUTOBOMY MexaHu3My. J{nddy3noHHbI MeXaHu3M
XapakTepu3yeTcs, B  OCHOBHOM,  IIHPOKUM
IMala30HOM TEMIepaTryp OTXKHra, IMpHU KOTOPOM
MPOMCXOAUT O'—>y TpeBpalleHue. boiee Toro,
G Gy3NOHHOE TIPEBpAIlleHHe MPOUCXOTUT TIpH
BBICOKHX TemmepaTtypax (Stout, 1976:10). B
MeXaHU3ME  CIOBUra  MpOLecC  MNpeBpalleHUi
MPOMCXOAUT B Y3KOM JHala3oHe TeMIeparyp H
cTaHOBUTCS AU(PPY3MOHHO-3aBUCUMBIM ITPOIIECCOM
TOJIBKO nocJie TOTO, KaK POUCXOAUT
MEepBOHAYANIbHOE IPEBpAIllcHHe MapTeHCHTA TPH

CABUTE B AayCTEHHT C BBICOKOH IUIOTHOCTBIO
muciaokamuid. Tak, TI0 JAaHHBIM  HACTOSIINX
WCCIIEIOBAaHNN, TIPOIECC O'—Yy  MpeBpalleHun

MNPEUMYUICCTBECHHO MPOUCXOIUI IMMYTEM CABUTOBOI'O
MexaHm3Ma B muanazone Temmeparyp 600-700 °C.
Cxoxue  pe3yibTaThl  COOOIIWIM  aBTOPHl B
(Tomimura, 1991:31), rue B crutaBe Fe—16Cr—10Ni
mpotiecc Oe3muddy3nonHoi 00paTHO# TpaHchop-
Manuu npousomen wMexay 530°C u 630 °C, a

3akiouenne

C ucrnonb30BaHUEM METOJIOB MeccOay3pPOBCKOM
CHEKTPOCKONIMHA B TEOMETPUU Ha MPOIYyCKaHHE H
PEHTTCHOBCKON JUGPaKIUK H3y4YeHAa KHHETHKA
00paTHOrO MapTEHCHTHO-ayCTEHUTHOTO TMpeBpallie-
HUS B [pegBapuTelbHO  J1eOPMHPOBAHHOI
(e = 55%) nymnekchoit ctamu CF8 mpu TepMUUecKoM
BO3/IelicTBHY B nuana3oHe temmeparyp 300-850 °C.
Junamuka oOpaTHOTO o'—>Y TIpeBpalleHus He
HaOmoganace mnpu  Temreparypax 1o 500 °C.
WNuTencuBHBIT o' — ¢y TEepexo[ TMPOUCXOAHMI B
uHTepBane Temmepatyp 600 - 700 °C. Boccranos-
JICHHE HWCXOJHOU CTPYKTYphI Y-ayCTCHUTA 3aBep-
mtochk npu 850 °C. Tlpomece o'—y mpeBparieHnit
MPEUMYIICCTBECHHO MPOUCXOAUI IIYTEM CABHUI'OBOT'O
MexaHu3ma. @DazoBwiii  coctaB cramu  CF8,
MPEABAPUTEIBLHO MOABEPTHYTOM XOJOIHOHM IIIacTU-
Yeckod nedopManiu, 10 OTXKHIa MpPEACTaBISCT
co0oit a'-mapreHcHUT, U mocie oTxkura mpu 8§50 °C
CTPYKTYpa CTaIX COCTOUT U3 Y-ayCTCHUTA.

BaarogapHocTh, KOHQIUKT HHTEPECOB

Pabora BemonHeHa mpu noaaepkke Kommrera

AUanasoH TEMICPATyp IPEBPpAICHUS COCTABIAT  payky  MuHHMCTEpCTBA  HAyKM U BBICILETO
okono 100 °C HesaBHCHMO OT CKOPOCTH HArpeBa.  oGpa3oBaHus Pecry6mnuku Kasaxcran
Y3Kui Mana3oH TEMIepaTyp NPEBPAILCHUS MOXET  (AP19679693).
3aKJII0YaThCsl B 0OoOJiee BBICOKOW CTAOMIBHOCTH
ayCTEHMTA.
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STUDYING THE COMPOSITION OF |IODINE-RICH KHAUDAK AND UCHKIZIL UNDERGROUND
BRINES IN THE SOUTHERN REGIONS OF UZBEKISTAN BASED ON X-RAY FLUORESCENCE
ANALYZER

This study investigates the underground brines of Khaudak and Uchkizil in southern
Uzbekistan, which are rich in various mineral salts, including iodine. The chemical composition of
these brines and their time-dependent transformations under environmental exposure were
analyzed using X-ray fluorescence spectroscopy (XRF).

The results demonstrate that iron compounds present in the brine gradually precipitate over
time. The original iron content of the water was approximately 0.130%, with up to 65% of it
forming sediment. Additionally, upon adding specific iodine oxidizing agents and storing the
sample for one month, a reddish-brown precipitate was formed. This precipitate mainly consisted
of iron and chlorine compounds, with minor contributions from iodine and similar elements. The
precipitate contained 1.317% iodine, corresponding to 7.66% (21.32 mg/L) of the total iodine in
the Khaudak water sample. Exposure to ultraviolet radiation caused further oxidation and
volatilization of iodine into the atmosphere. These findings emphasize the importance of timely
iodine separation for recovery from brines under natural and controlled conditions.

Keywords: Khaudak brine, Uchkizil brine, iron(lll) chloride, iodine precipitation, X-ray
fluorescence spectroscopy.

H.B. Ypanos*, X.X. Typaes, A.X. Towkynos, b.A. Hopmyponos,
N.A. Ymbapos, ®.5. KypboHos
Tepmes MeMekeTTiK yHUBepcuTeTi, Tepmes, ©36eKcTaH
*e-mail: uralovnuriddin1991 @gmail.com

©36€eKCTaHHbIH, OHTYCTIK aiMaKTapblHAaFbLl MoAKa 6ait XayaakK saHe YUKM3UA Kep acTbl
CYNapbiHbIH, KYPaMblH PEHTTeHAIK GpyopecueHTTi aHaM3aTop HerisiHae 3epTTey

Byn 3epTreyae ©36eKCTaHHbIH, OHTYCTIMHAE OpPHasacKaH XaHe Mo KOocbinFaH apTyphi
MWHepanapl Ty3aapaaH TypaTbiH XayAaKk KaHe YUKU3UA Kep acTbl CyNapbiHa apHanfaH KaHe byn
cyflapdblH ©3apa YKCACTblFbl MEH 0N1apAblH yaKbITKa 6alinaHbICTbl @3repictepi TangaHsaH. CbipTKbl
OpTaHbIH dCePIHEH Cy KYpamMblHaH anbliHfaH bipHelle cbiIHamanap meH belleKkTepaiH, e3repicrepi
aHbIKTaNabl.

ANbIHFaH Ty3/bl epiTiHAI KypamMbl PeHTreHAik ¢ayopecueHTTi aHanusaTopabl Tanaay
HerisiHae cunatranfaH. OfaH COMKeC yaKplT ©Te Kese cyZafbl TEMIP KOCbIAbICTAapbl LeriHajre
TYCETiHi aHbIKTanabl. bactankblaa cyapliH KypambiHAa TemipaiH wamameH 0,130% - bl 6onaapl
*KaHe benrini 6ip yakbIT apanbifbiHaa Hbaay 6aTbin KeTeai. byn TyHHaHbIH, KypambiHAa TEMIPAIH,
Mesliepi wamameH 65% Kypanabl. COHbIMEH KaTap, *KaHaZaH anblHFAH Cy VAriciHAe MOoAKa
apHalbl TOTbIKTbIPFbILITAPAbI KOCbIM, OHbI 1 at 6oMbl cakTay apKbiabl MOATbIH 6enrini 6ip 6eniriHiH
TyHOara TycKeHi 6alkanabl. HaTuxKeciHae HerisiHeH Temip MeH X/J0pAaH *KaHe CUpeK hoaneH
*KOHE YKCac 3/1eMEHTTEPMEH KOCbI/IbICTapAaH TypPaTbiH KOHbIP-KbI3bl/ TYCTi TyHDa nanaa 6onabl.
TyHbBaHbIH KypamblHaa 1,317% ioa 6ap, an Xayaak cyblHAafbl noaTbiH 7,66% (21,32 mr/n) TOTbIFy
apKblbl TYyHDaFa TyCKeH. Anaiaa, byn cy allblK ayaaa yAbTPaKyAriH CayNeHiH acepiHe yliblpafaH
Kesae, cyaafbl MOATbIH TOTbIFYbl XKaHe aya KabaTbiHa WblFybl DaKkangpl.
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H.B. Ypanos*, X.X. Typaes, A.X. Towkynos, b.A. Hopmypoos,
N.A. Ymbapos, ®.5. KypboHos
Tepme3CKuii rocyapCTBEHHbIN yHMBEpcUTeT, Tepmes, Y3beKncTaH
*e-mail: uralovnuriddin1991@gmail.com

M3yueHue cocTaBa MoacoAep KaLMX NOA3EMHbIX PacconoB Xayaaka U Yukusuna B
IO}KHbIX paioHax Y36eKucrtaHa Ha OCHOBe peHTreHo¢1lyopecLeHTHOro aHaau3a

B HacToAwem mnccneaoBaHUM pacCMaTPMBaOTCA NOA3EMHbIE PAccobl Xaydaka U YYKnsunna,
PaCMo/IOXKEHHbIE B HOXHbIX pernoHax Y3bekuncraHa, obnagatolime BbICOKOM MUHepanmsaumen un
coaepKaHmem noaa. CoctaB M TpaHchOpPMaUMA PaACCOIOB NPW BO3AENCTBMM BHELIHEN Cpeapl
nccneaoBaHbl C NpUMEHeHMEM peHTreHodpIyopecLeHTHoro aHanmsa (XRF).

lMoKa3aHo, YTO coAepalmecs B BOAE COEAMHEHMA Keje3a CO BPeMeHeM MOCTEeNeHHOo
BbIMAJatOT B OCaA0K. McxoaHOe coaepskaHme xenesa coctanano okoio 0,130%, ns Kotopbix 40
65% ocenaer. Mpn nobaBNEHMM CNeLUMann3npPOBaHHbIX OKMCAUTENEN MoAa 1 BblAepKKe 0bpasLa
B TeyeHMe ofHOro MmecAua Habnwoganocb obpas3oBaHne  Oypo-KpPacHOrO  0CajKa,
NPEeMMYLLLECTBEHHO COCTOSLLErO U3 COAMHEHWUI Kene3a M X10pa, a TaKkKe HEe3HAYUTEeNbHOro
KONIMYecTBa MOACOAEPKALMX COEAMHEHWA. BbIABNEHO, 4YTO COAEpKaHMe MoAa B OCafKe
coctaBuno 1,317 %, 4to cooTBeTcTBYET 7,66 % OT 0OLIEero Ko/an4yecTBa Moaa B Bode Xaydaka
(21,32 mr/n). Bosaeictane yabTpadMONETOBOrO W3NYYEHUA MNPUBOAMAO K [asbHellemy
OKUCNEHUIO U YyNEeTyuMBaHUIO Moda B aTmocdhepy. Takmm o0Bpasom, MosydYeHHble pesy/bTaThl

ncenenosaHmMA

noavyepKnBaroT H€O6XO,£I,I/IMOCTb

CBOeBpeN\eHHOlZ 3KCTPpaKkummn Mop,a n3

MWHEepasibHbIX BOA 418 NPeAoTBPaLLeHMA ero noTepb B eCTECTBEHHbIX YCA0BUAX.
KnioueBble cnoBa: XaydaKCKu paccos, YYKM3UAbCKMIA paccon, xnopua, kenesa (I,
ocaxeHue noaa, peHTreHodyopecLeHTHbIN aHanus.

Introduction

Interest in underground brines has increased
significantly in recent years due to their industrial and
medical importance. Some of these highly
mineralized waters are used for therapeutic purposes,
while others serve as valuable sources for the
extraction of trace elements such as iodine and
bromine. Studies on iodine-rich groundwater in South
China have revealed average iodine concentrations of
890 ug/L, with maximum levels reaching 6,350
ug/L—far exceeding the WHO’s recommended
range of 5-300 pg/L. lodine enrichment typically
occurs under acidic conditions (pH ~ 6.6) and in low-
redox environments (Eh = 198.4 mV) [1]. lodine in
water exists in various forms, including molecular
iodine (85.6%), iodide ions (3.2%), iodate (9.1%),
and iodine chloride (2.1%) [2].

Microbial activity plays a critical role in iodine
cycling through oxidation, reduction, volatilization,
and deiodination processes. Recent metagenomic
analyses of deep groundwater in the North China
Plain have identified microbial gene clusters linked to
dissimilatory iodine reduction. Iron- and sulfur-
reducing bacteria can further mobilize iodine by

facilitating the reductive dissolution of iron minerals
[3]. In the CIS region, major iodine-rich aquifers have
been reported in Turkmenistan, Russia, Azerbaijan,
Uzbekistan, and Ukraine. lodine reserves in these
countries are distributed as follows: Turkmenistan
(40%), Russia (34%), Azerbaijan (22%), Ukraine
(3%), and Uzbekistan (1%) [4]. In studies related to
sea mud, the amount of iodine was ten times higher
than in water and was 0.002-0.01%, and in oil and
adjacent waters it was 0.01%; the amount of iodine
from mineral ore deposits is around 1% in Chilean
saltpeter deposits, 280 mg/kg with phosphorites, and
up to 6 mg/kg in some coal deposits. It also contains
up to 0.1 mg/kg of table salt obtained from seawater,
0.25 mg/kg of rock salt, and 0.06 mg/kg of potassium
salts. In this place, the lack of iodine in salt deposits
is recognized by the absence of the ability of iodide
ions to isoform the position of chlorine in the crystal
lattice. [5]. The main amount of iodine is located in
the center of this basin, with iodine concentrations
ranging from 3.31 to 1890 pg 1(-1). Most samples
with iodine concentrations above 500 pg 1(-1) were
obtained from wells between 75 and 120 m deep.
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High pH and reducing environment are favorable for
the enrichment of iodine in groundwater, which is
63.2-99.3% of total iodine. Sediment samples from
the drilled well contained 0.18-1.46 mg kg(-1) of
iodine, which was moderately correlated with total
organic carbon (TOC). According to experiments,
iodine binds mainly to iron oxyhydroxides and
organic substances in sediments. lodine mobilization
processes are proposed to involve the reductive
dissolution and transformation of iron oxyhydroxide
between iodide, iodine, and organic iodine caused by
microbial activity under alkaline and reducing
conditions [6]. The conversion of iodide to elemental
iodine in an acidic solution significantly resists the
formation of iodide or has almost no effect on the
conversion of iodide to molecular iodine. In some
versions of the study, pre-acidification of aqueous
brine with metered hydrochloric or sulfuric acid is the
optimal condition for this method [7]. As a
continuation of the above scientific work, salt water
was heated to a sufficient level, the pH level was

Methods

The X-ray fluorescence analysis

EDX-8100P  Energy Dispersive  X-Ray
Fluorescence Spectrometer (SHIMADZU). This
spectrometer with ranges of detectable elements from
C to U. The X-ray tube consists of a Rh-anode and
operates at a voltage of 4-50 kV. The given range of
concentrations is from ppm to 100%.

Experimental part

Khaudak water is extracted from the ground
from a depth of about 3,000 meters, and three-red
water from a depth of about 400 meters. They are
mainly present at temperatures of 70-80 °C and 25-30
°C, respectively, at the time they are mined

brought to 2 to 4, and an oxidizing agent was added
to form free iodine from the iodide in the water, and
it was desorbed by airflow [8]. Sodium chloride,
which contains iodine, is concentrated in
underground saltwater using an electrodialysis
device. In Japan, many types of table salt are
produced industrially in this way. In this case, crystals
containing sodium chloride as the main component
are precipitated and separated into crystals by
separating methods [9]. The results of research on the
adsorption of organic iodine on activated carbon [10,
11] and similarly synthesized sorbents are also
important [12-14].

Brines from Khaudak and Uchkizil in
Uzbekistan are characterized by exceptionally high
mineralization levels (up to 300 g/L) and significant
iodine content (>20 mg/L), making them promising
for iodine extraction. This study aims to analyze the
compositional features of these brines using XRF
spectroscopy and evaluate iodine transformation and
stability under environmental conditions [15].

underground. A solution of a brown-reddish
suspension is formed when the water of the tank drops
from its initial temperature to room temperature (15-
25 °C) and gradually forms a precipitate for 5-6 days.
The Uchkizil water will not be significantly hot when
mined, and the color of the solution will also be clear
and close to transparency. Therefore, brown-reddish
sediment from it falls less often. Below, a brown-
reddish sediment obtained over 30 days from
Uchkizil water was separated and dried, and the
spectra obtained from the X-ray fluorescent analyzer
(Figure 1) and images in a scanning electron
microscope (Figure 2) obtained at a particle size of 10
pum were given (Table 1).

Figure 1 — X-ray fluorescence analyzer spectrum of sediment taken from Uchkizil water
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Figure 2 — SEM image of the sediment taken from Uchkizil water

Table 1 — Quantitative result of the X-ray fluorescence analyzer of the sediment obtained from

Uchkizil water

Analyte | Result [3-sigma] | Proc.-Calc. | Line Int.(cps/uA)

Fe 77.398% | [0.193] Quan-FP FeKa 320.6805

Cl 14.894 % | [ 0.369] Quan-FP ClKa 0.6529

Ca 3.336 % [ 0.097] Quan-FP CaKa 1.8473

Si 3.227 % [ 0.369] Quan-FP SiKa 0.1098

Pb 0.332 % [0.012] Quan-FP PbLbl | 0.1781

As 0.197 % [0.071] Quan-FP AsKb 0.3581

K 0.197 % [ 0.034] Quan-FP K Ka 0.0250

Sr 0.183 % [ 0.010] Quan-FP SrKa 2.5602

Br 0.121 % [ 0.005] Quan-FP BrKa 0.1427

Zn 0.096 % [ 0.009] Quan-FP ZnKa 0.0305

Hg 0.020 % [ 0.006] Quan-FP HglLa 0.0061

It can be seen from this table that there is no  the solution. The solution left after the separation of

iodine in the precipitate, and iron, chlorine, and the brown-reddish sediment that fell under the water

calcium can be mentioned as the main elements. It
was observed that certain water-soluble compounds
of iron precipitate when brought from 70-80 °C to
room temperature (15-25 °C) or hydrolyze and form
water-insoluble compounds and sink to the bottom of

feps/ua] AL-D

of the Khaudak is clear, it was dried at a temperature
of 20-30 °C under the influence of sunlight and
examined in an X-ray fluorescent analyzer (Figure 3,
Table 2).
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Figure 3 — X-ray fluorescence analyzer spectrum of salt obtained as a result of evaporation of Khaudak water
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Table 2 — Quantitative result of X-ray fluorescence analyzer of the salt obtained as a result of the

evaporation of water from in Khaudak

Analyte | Result [3-sigma] Proc.-Calc. | Line Int.(cps/uA)
Cl 70.093 % [ 0.833] Quan-FP ClKa 2.2786

Ca 26.982 % [ 0.429] Quan-FP CaKa 3.5882

K 1.273 % [0.101 Quan-FP K Ka 0.0399

Sr 0.703 % [ 0.009] Quan-FP SrKa 10.1298

Br 0.514 % [ 0.011] Quan-FP BrKa 0.6417

S 0.235 % [ 0.054] Quan-FP SKa 0.0980

Fe 0.130 % [ 0.006] Quan-FP FeKa 0.1543

Zn 0.070 % [ 0.008] Quan-FP ZnKa 0.0229

Below, Uchkizil water was left in the open air,
under the influence of sunlight, for 1 week after it was
taken from the ground. Then it was analyzed in an X-
ray fluorescence analyzer (Fig. 4, Table 3). This table
lists chlorine as the main constituent and calcium as
the main mass.

After extracting the water from the underground,
it was left in the open air for 2 weeks under the

influence of sunlight. Sample 2. Then it was analyzed
in an X-ray fluorescence analyzer (Fig. 5, Table 4).

As can be seen from this table, little change has
occurred compared to the value of iron in the previous
table. Uchkizil water was left in the open air for 6
weeks after being extracted from the ground, under
the influence of sunlight. Sample 3. Then it was
analyzed in an X-ray fluorescence analyzer (Fig. 6,
Table 5)

Tre

Figure 4 — X-ray fluorescence analyzer spectrum of 1-week-old water of Uchkizil water, sample 1.

Table 3 — Quantitative X-ray fluorescence analyzer result of Uchkizil water, sample 1

Analyte | Result [3-sigma] Proc.-Calc. Line Int.(cps/uA)
Cl 11.715% [ 0.155] Quan-FP ClKa 1.8506

Ca 2.110 % [ 0.039] Quan-FP CaKa 2.6479

Fe 0.073 % [ 0.002] Quan-FP FeKa 1.0001

Sr 0.125 % [ 0.002] Quan-FP SrKa 20.0853

K 0.064 % [ 0.007] Quan-FP K Ka 0.0176

Br 0.047 % [ 0.001] Quan-FP BrKa 0.6858

Zn 0.006 % [ 0.001] Quan-FP ZnKa 0.0221

H.0O 85.860 % [------ ] Balance
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Figure 5 — The X-ray fluorescence analyzer spectrum of 2-week-old water of Uchkizil water, sample 2.

Table 4 — Quantitative X-ray fluorescence analyzer result of Uchkizil water, sample 2

Analyte | Result [3-sigma] Proc.-Calc. Line Int.(cps/uA)
Cl 11.754 % [ 0.155] Quan-FP ClKa 1.8559

Ca 2.120 % [ 0.039] Quan-FP CaKa 2.6555

Sr 0.125 % [ 0.002] Quan-FP SrKa 20.0113

Fe 0.071 % [ 0.002] Quan-FP FeKa 0.9690

K 0.062 % [ 0.007] Quan-FP K Ka 0.0170

Br 0.048 % [ 0.001] Quan-FP BrKa 0.7012

Zn 0.005 % [ 0.001] Quan-FP ZnKa 0.0202

H-20 85.815 % [------ ] Balance = | ----eem | mmemeee

Figure 6 — The spectrum of Uchkizil water 2 weeks in an X-ray fluorescent analyzer

1}

xeV]

, sample 3.

Table 5 — Uchkizil water, quantitative result of sample 3 from X-ray fluorescent analyzer

Analyte Result [3-sigma] Proc.-Calc. Line Int.(cps/uA)
Cl 12.099 % [ 0.157] Quan-FP ClKa 1.9070

Ca 2171 % [ 0.040] Quan-FP CaKa 2.6739

Sr 0.124 % [ 0.002] Quan-FP SrKa 19.7715

K 0.056 % [ 0.006] Quan-FP K Ka 0.0151

Br 0.048 % [ 0.001] Quan-FP BrKa 0.6904

Fe 0.016 % [ 0.001] Quan-FP FeKa 0.2160

Zn 0.006 % [ 0.001] Quan-FP ZnKa 0.0214

H,O 85.481 % [------ ] Balance @ | - | —meeeee
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The underground water of Khaudak was kept for
4 weeks in an open environment under the influence

of light, then the analysis of the analyzer was carried
out (Fig. 7, Table 6).

Figure 7 — X-ray fluorescence analyzer spectrum of Khaudak 1-month-old water

Table 6 — Quantitative result of X-ray fluorescence analyzer of Khaudak 1 month water

Analyte | Result (ppm) Result (%) | [3-sigma] Proc.-Calc. Line Int.(cps/uA)
Cl 133682.9 ppm | 13.368 [823.663] Quan-FP ClKa 128.4750
Ca 17710.98 ppm | 1.771 [184.954] Quan-FP CaKa 47.1744
K 829.649 ppm | 0.083 [94.152] Quan-FP K Ka 1.1207
Sr 662.721 ppm | 0.066 [ 4.040] Quan-FP SrKa 106.8234
Br 426.566 ppm | 0.043 [3.461 Quan-FP BrKa 53.5927
Fe 71.311 ppm 0.0071 [ 6.599] Quan-FP FeKa 2.0086
Ag 52.328 ppm 0.0052 [10.472] Quan-FP AgKa 2.1917
Zn 41.250 ppm 0.0041 [4.122] Quan-FP ZnKa 2.6987
Cu 18.408 ppm 0.0018 [ 4.054] Quan-FP CuKa 1.0050
H.O 84.650 % 84.650 [------ ] Balance

It can be seen that the values in this table are very ~ Khaudak water, and the following indicators were
close to the elements and their amounts in the above  obtained when analyzing the composition of the water
Uchkizil water. There is an oil production areaaround  separated from this oil (Figure 8, Table 7).
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Figure 8 — Spectrum of oil water in X-ray fluorescence analyzer.
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Table 7 — Quantitative result of oil water from X-ray fluorescence analyzer

Analyte Result [3-sigma] Proc.-Calc. Line Int.(cps/uA)
Cl 5.189 % [ 0.092] Quan-FP ClKa 1.0113

Ca 0.695 % [0.017] Quan-FP CaKa 1.5505

K 0.031 % [ 0.003] Quan-FP K Ka 0.0148

Br 0.030 % [ 0.001] Quan-FP BrKa 0.7932

Sr 0.021 % [ 0.001] Quan-FP SrKa 5.6960

P 0.004 % [0.011] Quan-FP P Ka 0.0014

H.O 94.030 % [------ ] Balance

Results and discussion

The contents of Uchkizil, Khaudak underground
waters, which are rich in various mineral salts, and

water separated from Khaudak oil were studied.
According to it, the change and stability indicators of
the amount of Ca, Fe, Br and Sr in Uchkyzil water
based on 3 samples are shown in Fig. 9.
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Figure —. Quantitative diagram of elements Ca, Fe, Br and Sr in the water of Uchkizil

In this diagram, it can be seen that the
concentration of Br and Sr compounds in the waters
presented based on 3 samples has not changed for
different periods. If we explain that strontium salts
dissolve well in water and do not form precipitates,
we can see that Br is stable to the effects of external
environmental factors, such as the sun, ultraviolet
rays, and air. It can be seen that the amount of Fe has
decreased by a small amount.

A sample of 5 | of Haudak water was taken and
a 30% Fe (lI) chloride solution was added to it,
shaken for 5 minutes, and kept for 1 month. As a
result, a brown-red precipitate was formed, the main
part of which consists of iron and chlorine, and a
smaller part of compounds with iodine and similar
elements. The composition of this precipitate was
imaged in an X-ray fluorescence analyzer (Fig. 10,
Table 8).

R 3
373 1 )|

Figure 9 — The spectrum of the sediment in the X-ray fluorescence analyzer.
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Table 8 — Quantitative result of precipitation obtained from X-ray fluorescence analyzer

Analyte Result [3-sigma] Proc.-Calc. Line Int.(cps/uA)
Fe 84.717 % [0.243 Quan-FP FeKa 3046.5512
Cl 10.196 % [ 0.160] Quan-FP ClKa 11.9197

S 1.614 % [ 0.066] Quan-FP SKa 1.5363

| 1.317 % [ 0.047] Quan-FP I Ka 7.3613

Zn 0.977 % [ 0.037] Quan-FP ZnKa 23.7076

P 0.701 % [0.104] Quan-FP P Ka 0.2426

Ca 0.211 % [ 0.027] Quan-FP CaKa 0.5385

Br 0.135% [ 0.026] Quan-FP BrKa 5.9278

Cs 0.131% [ 0.086] Quan-FP CsLa 0.7456

The precipitated part is 1.24 g and we can see
that it consists of 1.317% | iodine. This value is
7.66% of the total iodine in water (21.32 mg/l).

Based on the analytical analysis presented
above, the quantitative ratios of certain elements in

Uchkizil, Khaudak and Khaudak oil waters
oxidized based on FeCl;s salt of Khaudak water are
presented in the diagram in Fig. 11.

Ratio of elements
Cl mCa mFe Br ml
1694
%210 26735),151 0 1044010 22 326
Uchkizyl Khaudak Khaudak oil Khaudak
groundwater graundwater water oxidized water

Figure 11 — Quantitative description of water samples and sediment content obtained from them.

In this picture, it can be seen that the amount of
iodine in various water samples containing iodine has
decreased or completely disappeared due to the
passage of time due to external factors. Only if the

Conclusion

In this study, several groundwater samples
containing iodine were studied by X-ray fluorescence
analysis. It has been proven that certain salts in water
form precipitates due to the decrease in solubility as
a result of lowering the temperature to room
temperature, and they form precipitates as a result of
hydrolysis. In this case, it was determined that iron
salts have a high precipitation forming ability. It has
been proven that iodine contained in waters with high
mineral content is oxidized and released into the air
under the influence of ultraviolet rays contained in
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obtained water sample is oxidized in a short time or
separated using special sorbents, it becomes
important for practice.

sunlight and air oxygen. It was found that iron
compounds in salt water settle over time.

As a result of adding special oxidants for iodine
to the water of the newly obtained sample, it was
observed that iodine precipitated over a certain period
of time. The reasons for the relatively high amount of
iodine in the mud at the bottom of the water, given in
the above literature, have been confirmed. 7.66% of
the iodine in the water containing 21.32 mg/l was
precipitated by oxidation.
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