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AnpgaTtna. bys makana Fiber Bragg Grating (FBG) ceHcopJ/iapbIHBIH FapbILIThIK,
opTafa TOH KaTaJl »Xaf[aujapZa KOJIJAAHbLIY MYMKIHAITIH KelleHAl Typhe
OaraJsiayra apHaJifaH. 3epTTey 6apbICbIHJA CEHCOpJapAblH BAaKyyM >Xar[au-
BIH/IA, TEPMOLMKJZEp dCepiH/ie, MeXaHUKAJIbIK KYKTeMeJsep Ke3iHJe KoHe
800-1000 °C apanbIfbIHAAFBI 3KCTPEMAJIAbl TeMIlepaTypajlapAa )XyMbIC icTey
Kabineti TangaHanbl. Regenerated FBG TeXHOJIOTMACBIHBIH, KOFapbl TeMIle-
paTtypaZa y3aK Mep3iMJi TYpaKTbUIBIKTbl KaMTaMacbl3 €TeTiHi »koHe Bragg
TOJIKbIH Y3bIH/bIFBIHBIH CHEKTPaJAbIK Apeidci3 caKTaJaTblHbl KepceTiesi.
CoHbIMeH KaTap Bragg TOJIKbIH Y3bIH/JBIFBIHBIH JAedopMalUsaFa CbI3BIKTBIK
ToyeJ/iiJIiri ceHcopJsiapAblH, eJjey Aajafirin Herizgeufi. Kipicripiaren FBG
CEHCOp >KeJliJiepiHiH 6ip Ta/llbIK 60MbIHAA OipHelle mapaMeTp/i 6ip Mme3riiae
6aKpl1ay MyMKIHZAITI o/1apAblH KYPBIIBIM/BIK, IeHCAy/JIbIKTbl MOHUTOPUHITEY
)ydenepinae (SHM) TuimMZi KosZ@aHBLIAThIHBIH AdJieiel/li. OaebueTTepai
Taszay HoTHxKeciHae FBG ceHcop/iapbIHBIH FapBIIITHIK OpPTaJa KelleH i 6ara-
JIAHYbI KETKIJIIKCI3 eKeHi 2KoHe CeHCOp—-KYpblJIbIM-6JI1IeY KYUeCi apacbIHAaFbl
GalJIaHbIC XKYHeJliK JleHrel/le )KeTKiMIKTI KapacTblpblJIMaFaHbl aHbIKTaJ/bI.
OcCbl OJIKBIJIBIKTBI TOJIBIKTBIPY MaKCaTblHAA BaKyyM, TEPMOLMKJ XoHe YJb-
TPaKyJITIH acepJiepi ecKepisieTiH KelleHJi 3KCIEepUMEHTTIK aJicTeMe YChI-
Hbl1aAbl. TemeH Kep op6uTace! (LEO) opTacklH MoAe/b/iey apKblibl CEHCOP-
JIapAblH y3aK Mep3iM/i TYPaKThIJIbIFbl MEH CEHIMALIITT TasgaHabl. AJIbIHFaH
HaTHxeJsiep FBG ceHcopJiapblH Faphlll annapaTTapblHbIH KYPbIJIBIMbIK KyHiH
6aKpliayFa apHaJ/IFaH ceHiM/i esuiey nmiatTdopmackl peTiH/e KosAaHyFa 6oJia-
TBHIHBIH KepceTe/l.

Tyinin ce3pep: Fiber Bragg Grating (FBG) ceHcopsiapbl, FapbIIITHIK OPTa, Ka-
TaJl KaFjaiaap, KypbUIbIMABIK JeHcayabIKThl 6aKpLiay (SHM), ysakmepsimai
TYPAKTBLIBIK, CIEKTPAIABIK Jpeid, TepMOBAKYyYM/BIK, CbIHAKTap.
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Fapviumeolik Kypulabimoapdst MoHumopuHameyde FBG ceHcopaapbiH K0A0aHy

Kipicne

Fiber Bragg Grating (FBG) ceHcopsiapbl >XOfapbl ce3iMTa/JbIFbl, 3JIEKTPOMarHUTTIiK
KeJieprijiepre Te3iMAiniri >xoHe O6ip TaJlIbIKTa KeN HYKTeJi eJilley >Xyprisy MyMKiHAiri
apKacblHJa KYpbUIBIMJBIK JeHCAyJbIKTbl OaKbliay >XyWesepiHAe KeHiHEeH KOJIJaHbLIbII
Kesiefi [1,2]. By/1 TeXHO/IOTHUSA HHXKEHePJIiK KyPbLIbIM/AApAbIH HAKThl KYHiH y3/iKci3 6aKpliayFa
MYMKIiH/ZiK 6epeTiH TUIMAI KypaJl peTiH e KaJbITacThI.

FBG ceHcopJ/iapbIHBIH, KYMbIC NPUHLUII Bragg TOJIKbIH Y3bIHABIFBIHBIH TeMIlepaTrypa
MeH JlebopMalMsHbIH dCepiHeH bIFbICYbIHA HETi3/ie/ITeH XoHe QU3UKaJbIK [apaMeTpJiepai
Jl9J1 aHbIKTayFfa >afjal xacapl [3]. Ocel KacueT osiapAbl TYpJli opTaZa KoJJaHyFfa GeiliMm
aMbeban CeHCOpPJIbIK 3JeMeHTKe auHaijblpajbl. CoHFbl 3epTTeynepnae FBG HerisiHzeri
CeHCopJIap TeMIlepaTypa MeH bUIFaJ1bLIbIKThI >KOFAapbl JdJIAIKIIEH 6JILIeY YIIIH XKeTuUIAipiJreH
»KaObIHAApMeH OipiKTipisin, ce3iMTaNAbIFbIHBIH, €/19Yip apTKaHbl KepceTinai. by xkymbicTap
FBG KypblIbIMbIH MOJUUKALMAIAY apKbLIbl XaHa QYHKIMOHAIJbIK MYMKIHAIKTEpre KoJI
»KeTKi3yre 60J1aTbIHBIH JaJennenai [3,4].

NMHbpakypblibIMABIK 00bekTiniepae FBG ceHcopsapbl KemnkabaTTbl FUMapaTTap MeH
azaMaTThbIK KypbLIbIMJApAbl y3aK Mep3iM/Jli MOHUTOPHUHITEY/Jle TaObICThl KOJIJAAHBLIbIII,
JledpopMalysa MeH TeMIlepaTypa e3repicTepiH ceHiM/AI Tipkel asaThIHbI KepceTijiireH. MyHian
HaTv:xesiep FBG xylesiepiHiH npaKkTHUKaJbIK iCKe acblpbLIybIH Herizaenai [1,5].

Asporapsbiil canacelHga FBG ceHcopJsiapbl KOMIO3UTTIK aBUALMAJBIK KypblLIbIMJapAa
JedpopManusaHbl 6aKbliay YiIiH THIMJI eKeHi AaJiesiieHreH [2], aJl KeMipTeKTi-ONTHKAaJbIK,
niatdopMaap/ia TeMiepaTypa MeH TepMO3JIaCTUKaJIbIK dcepsiepAi eJilieyre KoJiJaHblIFaH
KipicTipisireH wewiMaep oJiapAblH, FapbITHIK KYpPbUIBIMAAD YIIiH >KapaM[bLIbIFbIH
kepceTe/li [6]. COHbIMEH KaTap, *KepcepiKTik KyH naHesbaepingie FBG ceHcopiapblH OHTaNJIbI
OpHaJIaCThIPY apKblJbI 6JI1IeY A3JIAITiH apTThIpyFa )KoHe KYPbLJIbIMHBIH, lIapLiayfa TO3IMAIIK
Mep3iMiH y3apTyFa MyMKiH/lik 6epeTiHi kepceTinreH. bys septTeynep FBG TeXHO/IOTHUSACBIHBIH,
FapbILI aNapaTTapblHAAFbl IPaKTUKAJIBIK 9J1eyeTiH alKbIHAAN bl [7].

FapbiThlK opTafa »KakKblH >Kaffaijlap/ia KyprisiireHn Toxipubesepie KenmapaMmeTpJi
FBG ceHcopJsiapbl BakKyyM MeH TepMOLUKJJEpP acepiHZe KYH OaTapesilapblHbIH a/lre3uB
KabaTTapAblH KYHiH OakplLIiayFa »KapaMAbl eKeHi JAaJiesifieHreH. Ajsaiija OyJ1 >KyMbICTap
KebOiHe HaKThbI Oip KOJIaHy aFarbIMeH ekTeseai [8]. OcblFaH KapaMacTaH, K0J1ZJaHbICTaFbl
apebuerTepie FBG ceHcopsiapblHbIH, TeMmnepaTypafa [3], MexaHUKasbIK AedopManusara
[2] Hemece MHQpPaKYpBIIBIMABIK opTara [1] peakyuscel »Keke 3epTTeJreHiMeH, OJapblH
FapbIlLKA TOH HAKThl KaTaJl 0pTaZa KelleH/Ji Typ/e 6arajaHybIHbIH eTicleyi KaHe CEHCOp/bl
«CEeHCOP-KYpblIbIM-6JIlley» Ti30eri ascblHAA XKyHesik JeHrei/ie KapacTblpbliMaybl alKblH
6alikanazbl. by xkargail FBG TexHOOTrUACBIHBIH, FapblUThIK SHM »xylenepinjeri mblHalbI
CeHiMJiniriH TosblK Oafanayra MyMKiHZik GepMmeii [6,8]. CoHabiKkTaH 6ys1 Makaaa FBG
CEHCOpJIapbIHBIH, JKOFapbl TeMIlepaTypa, BaKyyM, TEpPMOLMKJJEp KoHe KelapameTrpJi
MOHUTOPHUHT KaFJalapblHJaFrbl XXYMbIC KabisieTiH 6ipTyTac »kyle peTiHJe KapacTbIphblIl,
9/1ebueTTe KaJIbINTaCKaH KellleH 11 xKoHe XXYHeJliK AeHTrelieri 6aFasiay/blH )KOKTbIFbl MaCeJIeCiH
KaMTaMachbI3 eTyre 6arbiTTanraH [2,7]. KymbicTbiH Herisri Makcatbl — FBG ceHcopJiapbiH
FapblUTBIK SHM »xyliesnepi ywiH ceHimMzi esiey niaTdopMackl peTiHAe FbIJIBIMU TYPFbIIaH
Herizzey [6,8].
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JdjicHamMa

FBG ceHcopJiaphbl eJieyai TaJlubIK imliHAeri Bparr TOpbIHbIH, apKblJbl XKy3ere acblpa/bl.
TanmblK e3eriHjieri cblHy KepceTKilliHiH NepuoAThl e3repicTepi 6enarisi 6ip Bparr ToaKbIH
Y3bIH/JBbIFbIHA COMKeC KeJiei, 0J KeH, »OJIAaKThl KapblK KO3iHeH LIaFblJIbII Kepi KauTazpbl,
aJl KaJIFaH TOJIKbIH Y3bIHJABIKTApbl TOpP apKbLibl oTin KeTexl. OcCbl WIarblIFaH CHEKTP
eJIlIeHIN, TeMIepaTypa MeH JAedopMayusi CUAIKTbl (GaKTOpJapAblH TOp Y3bIH/JbIFbIHA
9CcepiHeH TYbIHAAWTBIH (U3UKAJBIK e3repicTepre 06allJlaHbICTbl TOJIKbIH Y3bIH/bIFbIHbIH,
BIFBICYBI apKblibl GU3UKAJIBIK NapaMeTpJsep ecenteseni. A_B = 1550 HM GosiraH karjanja
caJbIcThIpMasbl JepopManusiHbly, 1%-Fa e3repyi AA_B = 12 HM TOJIKbIH Y3bIH/BIFbIHbIH,
BIFBICYbIHA COMKeC KeJsieli. Bparr TOJIKbIH Y3bIHABIFbI TUIM/I CbIHY KOpCeTKIlliHiH ecenTey 1-
dopmynazna kepceriares [9,10]:

AB=2n_A )

TyckeH apbIKThIH, illiHEH TeK OeJiriji 6ip TOJKbIH Y3bIHJAbIFbIHJAFbl cayse faHa FBG
apKbLJbl WAFbLIbIN, Kepi KauTapbuiagbl. 1-cypetrte FBG ceHCOpJIbIK KYWUECiHIH, KypblIbIMbI
MeH eJilley MPUHIMII KepceTilreH. IiFHU Kajall TOJIbIK »Ky3ere acaTbIHbIH Kepyre 60/1a/ibl.
Bparr TOpBIHBIH OPTaJbIK TOJKBIH Y3bIH/BIFbI CEIPTKBI TEMIIEpATypara, AePpopMalUsiFa }KoHe
6acka Jla acepJiepre »KaKchl »kayan 6epefi >koHe 1- popmMyna 6obiHIIA cunaTTanazbl [11].
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3epmmenzeH mamepuasadap:

FBG ceHcop/iapbl 9pTypJii KypblIbIMAAPFa KipiCTipiJireH Ky e KapacTbIPbLIAbl: KEMipTEKTI
koMmmo3utTep [9,10] >koHe KOMKAOATThl >KbLIy OKIIayJaarbim >xabbiHgap (MLI) [12,13],
paKeTaJblK, KO3FaJTKbIll KoprnycTtapbl [10,14], coHpaii-aK ceHCOpJblH, 63 TeXHOJIOTUSJIbIK
TypJiepi - regenerated FBG [16]. CeHcopJiap aAeTTe TeJIeKOMMYHUKAUUSAIBIK Auana3oH/a, A_B
~ 1550 HM MaHBbIH/IA )KYMbIC icTeUTiHI KepceTinreH [10,12].

Jkcnepumenmmik opma xHcaHe sHcykmemesep: LEO opTacbiH Mozesib/iey MaKCcaTbIH/[a BAKYYM,
YJABTPAKYJITIH CoyJie )KaHe TepMoLuKaAep Kosganblira. Kipictipinren FBG cencopiapsl CFRP
y/ATriziepiHze ocbl acepJiep/ieH KeliH Jie CeKTpasJblK }KayalnThblH CaKTalyblH AdJieszerex [9].

TepMo-BakyyMAbIK KaMepaaKbIcbIMAbI 1x 1078 MGapFa jeiliH TOMeHeTil, TeMIepaTypaHbl
-190 °C nen +160 °C apa/sbIFblHJa ©3repTy apKbLIbl XKYPri3iJireH CbIHAaKTap FapbILIKAa TOH
KbLIYOTKI3TIIITIKTIH 60/IMaybIH K9 He CayJIeJIiK )KblIya/IMacyZ,blH 6acbIM 00J1ybIH MOZEJIbEeyTe
MYMKiHJiK 6epeai. MyHzaail kargaiia FBG ceHcopbiHBIH 1IaFblIbICKAaH Bragg ToJIKbIH
Y3BbIH/BIFbIHBIH, 63Tepici TEK CbIPTKbl OPTAaHbIH 3KCTPEMaJiibl TeMIlIEpaTypasblK acepiHe FaHa
eMecC, COHbIMeH KaTap KypbLIbIM/a TybIHAAUTbIH MeXaHUKaJbIK AepopMaLUsaFa Ja Toyesani
6osaabl. CoHAbIKTaH 3-GopMynazarel AAB esieMi eki KypaM/JjacTaH TeMIepaTypasblK }KoHe
JedbopMalvsIbIK YJIeCTeH TYPAaTbIHbIH KOPCETY CEHCOP CUTHAJIbIH FapBILITHIK OpTaZa AYypbIC
MHTepnpeTayusaay yuliH mweinyi MaHre ue [13].

AXB = KeAg + K AT (3)

Cyper 2. Kapton Tiperinaeri FBG ceHCOpbIH OpHa/1aCThIPY KoHe
BaKyyM >KaFAalbIHAAFb] 3KCIEPUMEHTTIK KOH/bIPFbI
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PakeTa KO3FaJTKBIIIBIHBIH CaKWHA To9pi3Ji KOMIIO3UT KaNTaMacblHAA KYPTi3iireH
3epTTeysep/e YAriHiH opTama kesgeHes, Kumachl 20.0 + 0.1 Mm?, imki guameTpi 150 + 0.2 MM
6osiraH, an xykteMe 30 kH-ra fneiiH apTTeipbliFaH. Jlepopmanus mamMamen 1% JaeHreuine
»KeTKeH/le CeHCOopJap/blH icTeH wibIFybl 6aliKanrad [10]. YKcac 3epTTey/ie KaTThl OTbIH/bI
pakeTasiblK MoTOpJsiapbiHaa FBG xesnisiepi 10-40 kH apanbIFblHAaF bl )KYKTEMeJIep/le CbIHAKTaH
©TKi3i/ireHi anblKTasnfaH [12].

Oawey cylieci xcaHe daadik: FBG ceHcopsiapblHaH HIaFbLIFAH TOJIKbIH Y3bIH/ABIFbIHBIH
©3repici }KOoFaphl XKbLIJJaM/IbIKTa TipKesreH. Mpicajibl, KOMIO3UT KaNTaMa/laFbl eJillieyJiepae
auckpettey kuiniri 500 k' kyparaH. FBG HoTwmkesepi AacTypsi TeH30JaTYUKTepPMeH
CaJIBICTBIPBLIBII, KOFApPhI XKYKTeMeJslepe ahblpMallblIbIK < 2 %, aJl TOMEH XYKTeMeJsepne
= 0.01 % penreiinge 6osraH [10], 6ysn FBG eseynepiHiy KoFapbl JaJIJIiriH KepceTezi.
ABHALMANBIK, KOJIAAHY/IapFa apHaIFaH moJjayga aedpopMainusaHbl eJiiiey AaJfiri +1-5 pe
JleHreliH/le eKeHi »KoHe MyJIbTUIIJIEKCTEY apKbLIbl 6ip TaJlIbIK 60UBIH/A OHJAFaH CEHCOP/bl
OpHaJIaCTbIpy MYMKIiHZiri kepceTiireH [15].

¥3aK mep3im0i mypakmublavlk neH ceHimOinik: Regenerated FBG ceHcopJsiapbl »KOFaphl
TeMIlepaTypaza Y3aK yaKbIT TYPaKThI )KYMbIC iICTEUTIHI KOpCEeTIJITeH: SKCIIEPUMEHTTEpP/e 0J1ap
800-1000 °C nuanasoHbIHAA GipHelle caFaTTaH TAYJiKTepre JeHiH cneKTpaaAblK Apendci3
caKraJsraH. bysn kepceTkiwrep cranfapTThl FBG-MeH casnbICThIpFaH/a auTapJIbIKTan )KOFapbI
TEPMOTYPAKTbUIBIKTBL 6infipeai [16]. CeHcopsiapAblH CeHIMAiNIriH apTThlpy OOUbIHIIA
YCBIHBLIFAH dJicTepAe AipiJ, TEpMOLMKJI XKoHe pajualua acepjepiHe TO3IMAUIIKTI apTThIpY
YIIiH apHaiibl KalTaMa MeH TaJIlIbIK KYPbLJIbIMbIH KOJIIaHY HAKTbl KapacThIpbliFaH [17].

CeHcop-Kypblabim  uHmepgeltici:  FBG ~ TeMnepaTypasblK  CEHCOpJapblH  9pTYpJi
aAire3aMBTepPMEH OeKiTy Ke3iHze ce3iMTa/AbIK NeH APeUPTiH e3repeTiHi aHbIKTa/FaH. Tepmo-
BaKyyM CbIHaKTapblHJla Ce3iMTaJJIbIKTbIH e3repici GipHeme nM/°C geHreuiHae O60JiblI,
aAre3WB TypiHe TayesJi alblpMalllbJIBIKTAp TipKesjreH. Bys FapblITBIK KypblLabIMJapFa
eHTi3y Ke3iHJe OeKiTy TeXHOJIOTHUSACBIH dfjicTeMesiiKk GpaKTOp peTiHAe KapacTbIpyJbl TaJan
etezi [18].

Kylieaik Kosa0aHy scaHe depekmepdi 6ipikmipy: Fapelll annapaTTapblHaFbl TaJlLIbIKThI
CeHcopJiap YLy MUCCHUsIIApbIHAA TeMIlepaTypa MeH JiepopMaliMsiHbl 6aKbliayAa KOJJaHbLIbIII,
-150...+4120 °C puana3oHza CeHIMJI KYMbIC icTereHi KepceTiireH. JKCHepUMEHTTIK
3epTTeysepAe AUaMeTpi 2 MM aJIOMUHUU NeJJIETTIH 2 KM/C XKbUIAAMABIKIIEH COKTBIFbICYbI
HOTHWXKeCiH/le TaMIIbIKThIH aMmaMeH 1.2 MM 6eJiiri ysiiin, cnekTpjeri »eTicedTiH aliMak
apKbLJIbl 3aKbIMHBIH, HAaKThl aHbIKTaJfaHbl KepceTiyireH. COHbIMEH KaTap, COKKbl 9CepiHiH
OpTa/JbIKTaH LlaMaMeH 2 CM paJUyC LIeriHJe JOKaJJaHaTbIHbI koHe 86 KYHHEH KeHiH
CIEKTPJiH »apThllakl KaJjmblHA Kesyi 3-cypeTrTerijed 6ailikanraH. Bya HaTmxkesnep FBG
CEHCOpJIapbIHbIH, MUKPOMETEOPOUATAP MEH OpPOUTA/IbIK KOKbICTbIH, 9CEPIHEH TYbIHJAWTbIH
3aKbIMZap/bl Fapblll anmnapaTTapblHZa in situ pexuMiHJe aHBIKTayFa >kapaM/[bl eKeHiH
kepceTtezi [19,20].
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Cyper 3. FBG cneKTpJiepi COKKbIFa JieiiiH )KoHe COKKbIJaH KelliH aHbIFbIPAK,
KepceTy YUIIH KaCcKajJ TYpiHje 6epiireH

Kep actbel ToHHeAbAepiHzeTi in situ MoHUTOpUHTTE FBG esisiepi KemKbLIABIK 6aKbLIayAa
TYPaKThI KyMbIC icTen, AepopMaLus e3repicTepiH MUKpOJEHTreije Tipkel asifaH, OyJ y3akK
Mep3iMAi ceHIMATIKTI gaaengenai. Ocblianiua, KoJJaHblIFAaH MaTepuajap MeH dAicTep
FBG cencopJiapbiH xykTeMe 30-40 kH, TemnepaTypa -190...+160 °C, KpicbiM 1078 M6ap xaHe
»Korapbl TeMnepaTtypa 800-1000 °C cUAKTBI KeH ayKbIM/bl 1IapTTApAa CbIHAKTAH OTKi3yre
HeTi3/esin, osap/iblH FAPbIIITHIK OpPTa YUIIH KapaMAbLIbIFbIH CaHABIK TYpFblja GaFasayra
MYMKiHZiK 6epeni [11].

bi3in KyMbICTa OCbl MaJjiMeTTep apKblLibl FBG ceHcopJ/iapbIHbIH, FapbIlIKA TOH HAKTHI
KaTaJl opTaja KellleH/ i 6aFa/laHybIHbIH, KeTIiCIIeyiH 00 MaKcaTblHJa TUIMAIIIrIH KbICKalla
KepceTeTiH OGipHelle 9/1iCTi yCbIHAMBbI3:

1) LEO opTacblH UMHUTaLUsJ1ay apKbLJbl 3KCIIEPUMEHTTIK 6arasiay afici

FBG ceHcOp/1apblH BaKyyM, TEPMOLMKJI, YIbTPAKYJITiH CayJie )KoHe aTOM/bIK OTTeri acepiHje
cbiHaM, Bragg To/NKbIH y3bIH/bIFbIHBIH TYPAKTbLIbIFbIH TanAay. MakcaTbl — 0OpOUTABIK OpTaZia
eJlllley CeHiM/iiriH Tikeneil Tekcepy [9,13].

2) Kipicripinren FBG xeuisiepi Herisingeri SHM tuimginirin 6aranay afici

KoMmmo3uTTi pakeTa KypbLIbIMJAapbl MeH KaTTbl OTbIH MOTOpJIapblHAA AedopManus
[10], TeMnepaTypaHbl 9He 3aKbIMJapAbl Y3/iKCi3 0akbliay KabisieTiH 3KCIepUMEeHTTIK
JlepeKkTepMeH canbicTbipy. MakcaTel - FBG-HiH FapbeiTeiK SHM xylesiepinzeri npakTUKabIK
apTBIKIWbLIBIFbIH KepceTy [12,14].

3) ¥3akMep3iM/ii TYPaKThIIbIK IIeH CEHIMATIKTI 6aFasay ajiici

Regenerated FBG TexHOJIOTUSICBIH K9He CEHCOP KOHCTPYKLUSACBIH KOJIJAHA OTBIPHIII,
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YyaKbIT >KOHe KOFapbl TeMIlepaTypa acepiHjeri cneKTpanblK ApeddTi Tanzay. MakcaTbl —
KOIKbLIIbIK MUCCHSJIAP YILUIH eJilliey TYPaKTbLIbIFbIH Herizzaey [16,17].

HaTunxesiep MeH TaJKbliay

Byn 6enimae regenerated Fiber Bragg Grating (FBG) ceHcopJiapblHbIH, >KOFaphbl
TeMIlepaTypaJibl OpTajarbl y3aK Mep3iM/i TYpPaKTbLJIbIFbl MeH CEHIMZAIIIrH CUIATTaWuThbIH
3KCMEePUMEHTTIK HaTkesiep ycbiHbLIaAbBL 800-1000 °C guama3oHbIHAA yaKbIT OOUMbIHIIA
Bragg TOJKbIH y3bIHJBIFbIHBIH, Jped@iH Tanzay apKblibl CEHCOpJap/blH, 0OacTankpl
TEPMUSJIBIK, TypaKTaHy Ke3eHiHeH KeHiH CleKTpasblK >KayaObIHbIH, THIMJi TYpPaKTbUIbIK
aliMarblHa aybICaTbIHbI K9He eJilley/epAiH Apeldci3 pexxuM/ie caKTaJaTblHbl KepceTiyeni.
AnbiaFaH HaTuxesiep regenerated FBG TeXHOJIOTHSCBIHBIH, 3KCTpeMasibl TeMIlepaTypa
acepiH/e Jie eJilley AJJIAINH KAMTaMachl3 eTe aJlaThIHbIH )XoHe OHbI KOII XKbIJIJbIK FAaPbIIITHIK
MUCCUSIJIAaP MeH KaTaJ opTagafbl SHM xylenepinae KosiaHy blH PAaKTUKAJbIK HETi3iJIiriH
AW KbIHAaMIbI.

4-cyperte OepinreH rpa¢uxk FBG ceHcopbl yuiH Bragg TOJIKbIH Y3bIHJABIFbIHbIH,
caJbICThIpMaJibl AedopManusara Tayeaainirin kepcetei. Herisri Tpeng petinge AA_B = 12-¢
CbI3BIKTBIK, KaTbIHAcbl aJiblHFaH, Oy AedopMalUsHBbIH CIEKTpPalJblK >KayallKa TikeJel
NPONOPLIMOHAJ eKEHIH )XoHe CeHCOP/bIH »KOFaphl Ce3iMTa/I{bIFbIH KepceTe/.

12 | w AlHKIMANK AMNAUTYAACK Bap FBG xayatin .
Maeanakl ChIhIKTRIK Xayan /

10 4

HM)

Brags TOAKbIH Y3bIHA FEIHDIK BIFDICYDI, A B

0.0 0.2 0.4 0.6 0.8 0.8 1.0
Cansicteipmans gedpopmayua, € (%)

CypeTt 4. AMILUIMTYyJacChl ©3repeTiH TOJKbBIHABIK aybITKybl 6ap FBG ceHcopbI
ylliH Bragg TO/JIKBbIH Y3BIH/ABIFBIHBIH, CAJIBICThIPMaJbl JedopMansara
TIyeJIAiIiri
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KoMno3uTTi pakeTa KypbLIbIMAapbl MeH KAaTTbl OTbIH MOTOpJiapblHa KipicTipinreHn FBG
ceHcop xeJiciHig SHM xy#eciHzeri ken napamMeTpJ/ii MOHUTOPUHT KabiJieTi yaKbIT 60MbIHILA
5-cypeTrTe KepcetiireH. KeszieHeH oCb y3[iKCi3 6aKpliay YaKbIThIH, aJl TiK OCb 6JIIIEHEeTiH
napameTpJiep/liH HOpMaJlaHFaH ayabblH KepceTeJi.

—— HYKTEME MOHMTOPHHIIHZEr pearkyma
TEMNERETYPE MOHWTOPHUHIIHAETI PEaHLHA
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Cypert 5. BG ceHcop xkeJticiHig SHM xkKyieciHaeri kennapameTpJii

MOHUTOPHUHTI KaobisieTi

Bepinren 6-cypette regenerated FBG cencopsiapbiabiH, 800, 900 xoHe 1000°C »koFapsl
TeMIepaTypa/japZa yakbIT 60MbIHIIA Bragg TONKbBIH Y3bIH/BIFbIHBIH, CIEKTPANABIK AperdiH
KepceTei. YakbITTbIH OacTamnKbl Ke3eHiHJe O0apJiblK TeMIlepaTypa pexumjepiHze AA_B
MOHIHIH CaJIbICTbIPMaJibl TYP/E XKOFapPbl 00JIybl CEHCOPAbIH TEPMUSJIBIK KAlTa KYPbLJIbIM/IaHY
npoleciHe 6alJIaHbICThI 6TNEJI KYHiH cunaTtTtaibl. TeMnepaTypa apTKaH calblH 6acTamnKbl
Jperdd paeHreii ecim, TypakTaHy yaKbITbIHbIH, y3apybl 6aikKanajabl: 800°C-ta ceHcop
Te3ipek TypakraHca, 1000°C-Ta 6ys1 npouecc 6asyblpak xypeai. /lereHMeH, yakbIT 6Te KeJe
6apJiIblK KUCBbIKTAp TOMEHT1 THIM/i TYpaKTbLIbIK aliMaFblHa eHin, AA_B 1mamMacblHbIH HeJIre

»KaKbIH/IaybIH KepceTe/l.
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CyperT 6. YakbIT 60¥ibIHIIA Bragg TO/IKbIH Y3bIH/AbIFbIHbIH,
cneKTpaaablK Apendi

Bepinren Hatmxkenep regenerated Fiber Bragg Grating (FBG) ceHcopsapbinbig, 800-
1000°C apasblFbIHAAFB]l KOFApbl TeMIlepaTypasbl opTaja Bragg TOJIKbIH Y3bIH/ABIFBIHBIH,
yaKbIT OoWbIHIIA ApeidiH, AePopManUsFa ChI3bIKTBIK ce3iMTaaAblFbIH (AA_B = 12-€) xoHe
KOMIIO3UTTI KYPbIJIBIMAAPFaA KipiCTipi/ireH xeJii TYpiHe Kell napaMeTpJ/ii MOHUTOPUHT XKYpri3y
KabisieTiH 6ipTyTac TypAe cunaTTanbl. JKCIIEPUMEHTTEP CEHCOP/IbIH, 6aCTanKbl TEPMHUSIJIBIK
KaliTa KYpbLIbIMJAHY Ke3eHiHeH KeHWiH CIeKTpaJAblK >KayaObIHbIH THIMAI TYPaKTbLIbIK
aliMarblHa aybICaTbIHBIH >X9He y3aK yaKbIT 00Hbl JpelddcCi3 pexuMje CcaKTaJaTbIHbIH
kepceTin, regenerated FBG TeXHO/IOTHSICbIHBIH, AKCTPEeMaJIZibl KaFAalaap/ia ia eJiey A2 Airi
MeH CEeHIMJIIriH KaMTaMacbl3 eTe aJlaTblHbIH JaJienfenzii. bysl nepekTep CEHCOP/bIH,
MaTepHua/JibIK KoHE CIEKTpasJbIK JeHTrelJeri TYpaKThlIbIFbIH CaH/bIK TYpPFblJa Herisjern,
KOIDKbIJIJIbIK MUCCUAIAP YIIIH KOJIAAHY/AbIH IPAaKTUKaJbIK MYMKIH/ITH alKbIHAAU/bI.

KopbITBIHABI

Byn makanaza Fiber Bragg Grating (FBG) ceHcopsiapblHBIH FapbllIKa TOH KaTaJ OpTa
»KaFJalJapblHJa KOJAJaHblI1y MYMKIH/AIrT KellleH/ i Typ/ie KapacTbIPbLIbII, 0Jap/blH KOFapbl
TeMIlepaTypa, BaKyyM, TEPMOLIMKJIJEP, MeXaHUKAJIbIK >XYKTeMeJiep >XoHe paJUalUAbIK
dakTopap acepiH/je eJilliey TYPAKThLIbIFbI MEH JI9JI/IiTiH CAKTal aJlaThIHbI XKYWEJIIK IeHrenie
Herizzgenefni. Regenerated FBG TexHOJIOTUACBIHBIH, CHEKTPadbIK Apeldci3 pexxkumre oTyi
»KoHe KipicTipiJireH ceHcop »eJlijiepiHiH Kel napaMeTpJsii MOHUTOPUHT KabiseTi FBG-HiH ken
KbLJIIK MU CCHSJIAP Y1 H )KapaM/bLJIbIFbIH AdJies1ei1i. EH 6acThIChl, 6y MaKasiajaaebueTte
YKETKIJIIKCI3 KaMTblIFaH OJKbLIBIK — FBG ceHcop/iapblH FapbILITHIK OPTajia TEK YKeKesereH
acepJiep TYPFBICBIHAH €eMeC, TOJIbIK CEHCOP-KYpPbLIbIM-6JIlley Ti30eri aschiHAa KyHesik
TYpZe 6arasay/blH 60Maybl — TOAThIpbLIbIN, FBG TexHonoruscel FapeiiTeiK SHM xylienepi
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YIUiH ceHIMJi api KelleH/i eJiley niaaTdopMackl peTiHAe ycbIHbLIFaH. OcblLiaiiia, aJblHFaH
KOPBITBIH/bLIAP 00/1allaK FapbILITIK KYpPblIbIMApAbl MOHUTOPUHITEY XKYHeJiepiH xxobaay
MeH OoHTan/1aHbIpyAa FBG TeXHOOTUACHIHBIH CTPAaTerUsAJIbIK MaHbI3bIH aUKbIH AU/ bl.

Boslawak sepTreysiep 6yJ MaKasiaZia YCbIHbIIFaH KelleH/ i XaHe KyHeJlik 6arasay TaCiliH
oZlaH opi JAaMbITyFa 6afrbITTasblll, FBG ceHcop/iapblHBIH fapblllKa TOH KeNQpaKTOPJIbI
acepJiep (pasguanusa-TepMOLUMKI-MeXaHUKaJbIK )KYKTeMe) Oip Me3rijjie apekeT eTeTiH y3aK
Mep3iMZl CbIHAKTapZafbl MiHe3-KYJKbIH 3epTTeyAi, CeHCOp-MHTepporauus-AepeKkTepai
eHJey Ti30eriHiH Oip/JeckeH TYpaKTbUIBIFbIH Ta/lAayAbl KoHe HaKTbl OPOMUTAJBIK YIIy
3KCIIepUMEHTTepi apKblJ/bl BaJualuaIay/ bl KAMTYbI THIC.

KapXxbpuiaHabIpy

Makana AP26197431 «TanwblKTbl Bparr TopJapblH NaWjajaHa OTbIPbIIN, FAPBIMITHIK,
MHOpaKypbLIbIMAAFbl  JebopManusaaapibl >KOFapbl [JdJJiKNeH OaKbliayFa apHaJifaH
KYpbLIbIMJAap MEH TEXHOJIOTHUSIAp/bl 93ipJsiey» )Kobachl 60MbIHILIA OPbIHAA/bI.

ABTOpJIapAbIH, KOCKaH YJIeci

Kemkin6aes C.2K. - 3epTTey/iiH FbIJIBIMU TYKbIpbIM/JJaMaChIH KaJIbIITACTBIPYFa, )KYMBICTbIH,
KaJIMbl dJiCHAMachbIH d3ipJieyre »oHe 3epTTey OaFbITbIH aHBbIKTayFa eJeysi yJieC KOCThI,
COHJZlaM-aK, MaKa/IlaHbIH, Ma3MyHbIH CbIHH TYPFbIlaH KaWTa Kapal, FbJIBIMU peJaKiuaaayFa
KaTbICTHI.

CenitxaHoBa A.K. - FbuIbIMM 3/lebUeTTepre TaJjjay >Kypridyre, 3epTTey HITHKeJepiH
KyHeJieyre >xoHe MaKaJlaHbIH Kipicie MeH TeopuUsJIbIK OeJiiMJepiH JaublHAAyFa KaTbICHII,
MOTIH/AI FBIJIBIMU TYPFBIJaH peJaKuusaiayFa yjiec KOCThbI.

CmaisioB H.K. - 3eprTey oaicTeMmeciH a3ipJsieyre, ajJblHFaH HITHXeJepJi TajjayFa
)KOHe HHTeplpeTauusjayfa >XeTeKWiJiK eTTi, MaKaJaHblH Heri3ri FbLIbIMA Ma3MYHbIH
KaJIBIITACTBIPYFa KaThICHII, 2KapUJiayFa apHa/IFaH COHFbl HYCKACBIH OeKiTTi.

blceipaiibr K.M. - 3KCIepUMeHTTIK KoHe aHaJUTHKaJbIK 3epTTey MaTepHasJapblH
KMHayFa, HOTHXKeJlepAl eHJeyre, rpa@ukKTep MeH W/JIIOCTPALUANBIK MaTepuaagapzbl
JlalbIHJayFa )KoHe MaKaJlaHbIH, HETi3ri MOTiHiH »Ka3yFa KaTbICThI.

KyrThi6aeBa A.E. - 3epTTey HaTHKeJiepiH FbUIBIMU TYPFblIaH TaslZjlayFa, MaKaJslaHbIH,
KYPBUJIBIMBIH XeTL1AIpyre »XoHe MaTIH/I FhIIIBIMU peJaKlya/ayFa yJiec KOCThI.

BapsiblK aBTOpJiap MaKa/laHblH, COHFbl HYCKACbIH OKbIMN, >XKapusjayFa KeJjiciMm 6Gepai
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IIpumeHeHne FBG-CeHCOPOB B MOHUTOPUHIE€ KOCMHUYECKUX KOHCTPYKI M

AHHOTanusa. /lanHadg cTaTbhs NOCBSILEHA KOMILJIEKCHOM OLlEHKE BO3MOXKHOCTHU MNpPHUMEHEHUs
ceHcopoB Fiber Bragg Grating (FBG) B >XeCTKHX YCJIOBHUSIX, XapaKTEPHBIX A/ KOCMHUYECKOW CpeJibl.
B xozme ucciaefo0BaHUS aHAJIM3UPYeTCsl PabOTOCMOCOOHOCTb CEHCOPOB B YCJAOBUSIX BaKyyMma, NpH
BO3/IENCTBUU TEPMOIMKIIOB, MEXaHUYECKUX HATPY30K, a TaKXKe MPU IKCTPeMaJlbHbIX TeMIlepaTypax B
AuanaszoHe 800-1000 °C.Iloka3aHo, yTo TexHoJsiorus Regenerated FBG o6ecneuynBaeT 0JIrOBpeMEHHYIO
CTabUIBHOCTb IPY BBICOKHX TeMIlepaTypax U coXpaHeHUe AJUHbI BOJIHbI bparra 6e3 crieKTpajbHOT0
JIperda. Kpome Toro, MHeHasA 3aBUCUMOCTh AJIMHBI BOJIHBI bparra oT fedopmainii 060CHOBbIBAeT
BBICOKYI0 TOYHOCTb U3MEpPEHUU CeHCOpPOB. BO3MOXXHOCTb OZJHOBPEMEHHOI'0 KOHTPOJISI HECKOJbKHUX
napaMeTpoB BCTpoeHHbIMU ceTssMU FBG B 0iHOM ONITHYECKOM BOJIOKHE NOATBEePKAaeT 3G PeKTUBHOCTD
VX NpPUMEHEeHUs B CHUCTeMax CTPYKTYPHOTO MOHUTOpPHUHra coctosiHus (SHM). AHanu3 Hay4yHOU
JIUTEpaTyphl NOKasaJ, YTO KoMIlJeKcHad oueHKa FBG-ceHCOpOB B yC/I0OBUAX KOCMUYECKOH Cpefbl
MCCJIelOBaHA HeLOCTAaTOYHO, a TaK)Xe OTCYTCTBYeT CUCTEMHBIN MOJX0/ K aHa/IU3y B3aUMOJeNCTBUA
B I[eNIOYKE «CEHCOP — KOHCTPYKLMUS — U3MepUTesIbHas cucteMay. [l ycTpaHeHuUs JaHHOTO npobesa
npejAJioKeHa KOMIJIEKCHas SKCIlepUMeHTa/bHasd MeTOJMKa, YYUThIBAOLasd BO3JeWCTBHE BaKyyMa,
TEPMOIMKJIOB U YJAbTPaduoieTOBOTO U3JayyeHus. MoJieMpoBaHHe YCJOBHUM HU3KOW OKOJIO3EMHOU
op6utsl (LEO) mnosBosunio npoaHaJu3UpoOBaThb [AOJTOBPEMEHHYI0 CTAOUIBHOCTL M HAaJEXHOCTb
ceHcopoB. [losiydeHHble pe3y/bTaThl MOKa3bIBalOT, YTO FBG-ceHCOpbl MOTYT GBITH HCIOJIb30BaHbI
B KauecTBe HAJIEXKHOW U3MepUTeJbHOU MIAaTPOPMBbI [/ MOHUTOPUHIA CTPYKTYPHOTO COCTOSIHUS
KOCMHUYEeCKHX anlapaToB.

KniwouyeBsblie caoBa: ceHcopn! Fiber Bragg Grating (FBG), kocMuyeckasi cpesa, *KeCTKHUE YCJIOBUS,
CTPYKTYPHBIA MOHUTOPUHT cocTosiHus (SHM), gosroBpeMeHHasi CTaGUIBHOCTb, CIEKTPaIbHbIN
Jipeiid, TepMOBaKyyMHbIE UCIBITAHUS.
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Application of FBG Sensors in monitoring of space structures

Abstract. This paper presents a comprehensive assessment of the applicability of Fiber Bragg
Grating (FBG) sensors under harsh conditions characteristic of space environments. The study analyzes
the operational performance of the sensors under vacuum conditions, thermal cycling, mechanical
loading, and extreme temperatures in the range of 800-1000 °C. It is demonstrated that regenerated
FBG technology provides long-term stability at high temperatures and ensures the preservation of the
Bragg wavelength without spectral drift. In addition, the linear dependence of the Bragg wavelength
on strain confirms the high measurement accuracy of the sensors. The capability of embedded FBG
sensor networks to simultaneously monitor multiple parameters within a single optical fiber proves
their effectiveness in structural health monitoring (SHM) systems. A review of the literature reveals that
comprehensive evaluations of FBG sensors in space environments remain limited, and a system-level
analysis of the “sensor-structure-measurement system” chain is insufficiently addressed. To fill this
gap, a comprehensive experimental methodology considering the effects of vacuum, thermal cycling,
and ultraviolet radiation is proposed. Simulation of the low Earth orbit (LEO) environment is performed
to analyze the long-term stability and reliability of the sensors. The obtained results demonstrate that
FBG sensors can serve as a reliable measurement platform for monitoring the structural condition of
spacecraft.

Keywords: Fiber Bragg Grating (FBG) sensors, space environment, harsh conditions, structural
health monitoring (SHM), long-term stability, spectral drift, thermo-vacuum testing.
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Controlled hydrothermal synthesis of ZnO nanorods for
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Abstract. Controlled synthesis of ZnO nanorods with tailored crystallinity and
morphology is of great importance for the development of high-performance
gas sensors. In this study, ZnO seed layers were deposited on glass substrates
by RF magnetron sputtering and subsequently annealed at 400 °C to improve
crystallinity and surface uniformity. Hydrothermal growth of ZnO nanorods was
then carried out under different precursor concentrations (0.01 M:0.01 M and
1 M:1 M zinc acetate/HMTA) to investigate the effects of solution chemistry on
nanorod formation. X-ray diffraction (XRD) revealed a dominant (002) peak
in all samples, confirming c-axis oriented growth, while scanning electron
microscopy (SEM) demonstrated that higher precursor concentrations yielded
longer, densely packed nanorods with well-defined hexagonal cross-sections.
The results highlight that both seed layer annealing and precursor concentration
strongly influence the structural and morphological evolution of ZnO nanorods.
Optimized synthesis conditions lead to vertically aligned, highly crystalline
nanorods with increased aspect ratios, which are expected to enhance gas
adsorption and electron transport, making them highly suitable for resistive-
type gas sensing applications.
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Controlled hydrothermal synthesis of ZnO nanorods for high-performance
gas sensors

Introduction

The demand for efficient, selective, and low-cost gas sensors has grown significantly in recent
years due to increasing concerns over environmental pollution, industrial safety, and public
health monitoring [1-3]. Among the different sensing platforms, metal oxide semiconductor
(MOS)-based sensors are particularly attractive because of their simple device architecture, low
fabrication cost, high sensitivity, and compatibility with microelectronic integration [4-6].

Within this class, zinc oxide (Zn0) has emerged as one of the most promising materials owing
to its wide direct band gap (~3.37 eV), high electron mobility, chemical and thermal stability,
and ease of tailoring into diverse nanostructures [7,8]. ZnO nanorods (NRs), in particular, offer
unique advantages for gas sensing applications due to their one-dimensional (1D) morphology,
high aspect ratio, and large surface-to-volume ratio, which enhance surface reactivity and
adsorption/desorption kinetics [9,10]. The direct electron transport pathways along the c-axis
of ZnO nanorods further minimize grain boundary resistance, resulting in faster charge carrier
mobility and, consequently, improved response and recovery characteristics in resistive-type
gas sensors [11].

Various approaches have been developed to synthesize ZnO nanorods, including chemical
vapor deposition (CVD), pulsed laser deposition (PLD), sol-gel, and hydrothermal growth [12-
14] . Among these, the hydrothermal method stands out as a low-temperature, scalable, and
cost-effective route that enables the growth of vertically aligned, single-crystalline ZnO nanorods
with well-controlled morphology [15,16]. Importantly, the hydrothermal process allows precise
control over synthesis parameters such as precursor concentration, pH, temperature, and
reaction time, all of which strongly influence the crystallinity, aspect ratio, and surface activity
of ZnO nanorods [17,18]. Such tunability makes the hydrothermal route highly suitable for
tailoring ZnO nanostructures toward enhanced gas sensor performance.

Therefore, thiswork focuses on the controlled synthesis of ZnO nanorods via the hydrothermal
method and evaluates their structural, morphological, and gas-sensing properties. The insights
obtained here contribute to the design of cost-effective, scalable ZnO nanostructures optimized
for next-generation gas sensor applications.

Methodology

ZnO seed layers were deposited onto pre-cleaned glass substrates via radio-frequency (RF)
magnetron sputtering using a high-purity ZnO target. The deposition was performed under a
working pressure of 10 mTorr with a mixed argon/oxygen gas flow of 15/15 sccm and an RF
power of 60 W, yielding a film thickness of approximately 100 nm. To enhance the crystallinity
and adhesion of the seed layer, the as-deposited films were subsequently annealed in air at
400 °C for 2 hours. For the hydrothermal growth process, precursor solutions of different
concentrations were prepared. In the low-concentration case (0.01 M:0.01 M), 73.3 mg of
zinc acetate dihydrate (Zn(CH3C00),-2H;0) and 56.1 mg of hexamethylenetetramine (HMTA,
CeH12N,4) were dissolved in 40 mL of deionized (DI) water and stirred for 45 minutes to achieve
a homogeneous mixture. For the high-concentration solution (1 M:1 M), 7.46 g of zinc acetate
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dihydrate and 5.55 g of HMTA were used under identical preparation conditions. The annealed,
seed-layer-coated substrates were vertically immersed in the precursor solution and placed
in a Teflon-lined stainless-steel autoclave, where hydrothermal growth was conducted at
100 °C for 3 hours. Upon completion, the samples were removed, rinsed thoroughly with DI
water to eliminate residual precursors, and dried at room temperature. The crystallographic
characteristics of the seed layers and nanorods were examined using XRD and energy-dispersive
X-ray spectroscopy (EDS), while SEM was employed to investigate surface morphology and
cross-sectional features. These analyses provided insights into the crystallinity, orientation, and
morphology of the ZnO nanorods synthesized under the described conditions.
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Power: 60 W Anncaling at 400 Cforz2h Nanorod growth solution:
Deposition thickness: ~ 100 nm DI water - 40 ml
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Figure 1. Schematic illustration of synthesis procedure

Results and discussions

The crystallinity and orientation of the ZnO seed layer were first examined by XRD, as
illustrated in Figure 1. The pattern revealed a sharp and intense diffraction peak at (002),
characteristic of the hexagonal wurtzite ZnO structure (JCPDS Card No. 00-005-0664). The
dominance of the (002) reflection indicates strong preferential orientation along the c-axis,
which is known to promote the vertical alignment of ZnO nanorods during hydrothermal
growth [19]. Such orientation is particularly beneficial for gas sensing applications, as c-axis
aligned structures provide direct electron pathways and minimize grain boundary scattering.
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Figure 2. XRD pattern of ZnO thin film seed layer deposited by RF magnetron
sputtering, showing a dominant (002) diffraction peak corresponding to
hexagonal wurtzite ZnO (JCPDS Card No. 00-005-0664)

The surface morphology of the seed layer, observed by SEM in Figure 2, further highlights
the effect of annealing. The as-deposited seed layer exhibited a relatively smooth surface with
poorly defined grains, whereas the film annealed at 400 °C for 2 h showed more distinct and
uniformly distributed grains. Thermal treatment is known to reduce lattice defects and enhance
surface uniformity, thereby providing favorable nucleation sites for subsequent nanorod growth
[7,8]. These improvements in seed layer quality are consistent with reports that annealing
significantly enhances the alignment and density of ZnO nanorods produced by hydrothermal
methods.
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Mag.: soK 100 nm

Figure 3. SEM images of ZnO seed layers deposited by RF magnetron sputtering:
(a) as-deposited (without annealing) and (b) annealed at 400 °C for 2 h

The influence of precursor concentration on ZnO nanorod crystallinity is evident from the XRD
results shown in Figure 3. Bothlow (0.01 M:0.01 M) and high (1 M:1 M) precursor concentrations
produced nanorods with a dominant (002) peak, confirming that c-axis growth was maintained
in both cases. However, the high-concentration sample displayed a much stronger and sharper
(002) peak, indicating superior crystallinity and larger crystallite size. This suggests that higher
precursor concentrations increase the availability of Zn2+ ions, thereby enhancing nucleation
rates and promoting anisotropic crystal growth along the c-axis.
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Figure 4. XRD patterns of ZnO nanorods grown under different
precursor concentrations: (blue) low concentration (0.01 M:0.01 M) and
(red) high concentration (1 M:1 M)
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These structural differences are corroborated by SEM images, as depicted in Figure 4. At low
precursor concentration, the nanorods appeared short, sparsely distributed, and irregular in
shape. In contrast, nanorods synthesized from the high-concentration solution were vertically
aligned, densely packed, and exhibited well-defined hexagonal cross-sections with higher aspect
ratios. The observed morphology can be attributed to increased supersaturation of Zn2+ ions in
the growth solution, which accelerates unidirectional growth and yields longer, more uniform
nanorods [20]. Such vertically aligned and high-aspect-ratio nanorod arrays are highly desirable
for resistive-type gas sensors, as they maximize the active surface area for gas adsorption and
provide efficient electron transport pathways [21].

100 nm
- - -

Figure 5. SEM images of ZnO nanorods synthesized by the hydrothermal method
at different precursor concentrations: (a) low concentration (0.01 M:0.01 M),
showing shorter and less densely packed nanorods with hexagonal facets, and

(b) high concentration (1 M:1 M)

Taken together, these findings demonstrate that both the annealing of the ZnO seed layer and
the adjustment of precursor concentration critically influence the structural and morphological
evolution of hydrothermally grown ZnO nanorods. Optimized processing conditions lead to
vertically aligned, highly crystalline nanorods with dense packing and enhanced aspect ratios,
properties that are directly linked to improved sensing performance in gas sensor applications.

Conclusion

In conclusion, ZnO nanorods were successfully synthesized by a hydrothermal method using
sputtered ZnO seed layers, and the effects of seed layer annealing and precursor concentration
were systematically investigated. The XRD results confirmed preferential c-axis orientation
in all samples, while SEM analysis revealed significant improvements in nanorod alignment,
density, and aspect ratio under optimized conditions. Annealing of the seed layer at 400 °C
enhanced grain uniformity and provided well-defined nucleation sites, whereas higher precursor
concentrations promoted anisotropic crystal growth, resulting in vertically aligned nanorods
with superior crystallinity. These findings demonstrate that precise control over seed layer
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properties and growth solution parameters is crucial for tailoring ZnO nanorod morphology.
The optimized nanostructures are particularly promising for gas sensor applications, where
high crystallinity, vertical alignment, and large surface area-to-volume ratios are essential for
achieving high sensitivity, fast response, and stable performance.

Funding
This research is funded by the Science Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan (Grant No. AP23484950), PI: Baktiyar Soltabayev.

Authorship contribution statement

A.Tanirbergen: Conceptualization, Methodology, Investigation, Data curation, Formal
analysis, Visualization, Writing - original draft. Y.Shynybekov: Investigation, Methodology, Data
curation, Writing - review & editing. A.Mentabyeva: Methodology, Resources, Supervision,
Writing - review & editing. B. Soltabayev: Conceptualization, Supervision, Projectadministration,
Funding acquisition, Writing - review & editing.

References

1. G.F. Fine, L.M. Cavanagh, A. Afonja, R. Binions, Metal Oxide Semi-Conductor Gas Sensors in
Environmental Monitoring, Sensors 10, p. 5469-5502 (2010). https://doi.org/10.3390/s100605469

2. G. Korotcenkov, Metal oxides for solid-state gas sensors: What determines our choice?, Materials
Science and Engineering: B, 139, p. 1-23 (2007). https://doi.org/10.1016/j.mseb.2007.01.044

3. A. Mirzaei, S.G. Leonardi, G. Neri, Detection of hazardous volatile organic compounds (VOCs) by
metal oxide nanostructures-based gas sensors: A review, Ceramics International, 42, p. 15119-15141
(2016). https://doi.org/10.1016/j.ceramint.2016.06.145

4. E. Comini, C. Baratto, G. Faglia, M. Ferroni, A. Vomiero, G. Sberveglieri, Quasi-one dimensional metal
oxide semiconductors: Preparation, characterization and application as chemical sensors, Progress in
Materials Science, 54, p. 1-67 (2009). https://doi.org/10.1016/j.pmatsci.2008.06.003

5. R.C. Singh, M.P. Singh, O. Singh, P.S. Chandji, Influence of synthesis and calcination temperatures on
particle size and ethanol sensing behaviour of chemically synthesized SnO2 nanostructures, Sensors
and Actuators B: Chemical, 143, p. 226-232 (2009). https://doi.org/10.1016/j.snb.2009.09.032

6. Z.L. Wang, Zinc oxide nanostructures: growth, properties and applications, Journal of Physics:
Condensed Matter, 16, R829-R858 (2004). https://doi.org/10.1088/0953-8984/16/25/R01

7. S. Baruah, ]. Dutta, Hydrothermal growth of ZnO nanostructures, Science and Technology of
Advanced Materials, 10, Ne013001 (2009). https://doi.org/10.1088/1468-6996,/10/1/013001

8.L.E.Greene, M. Law, ]. Goldberger, F. Kim, ].C.Johnson, Y. Zhang, R.J. Saykally, P. Yang, Low-Temperature
Wafer-Scale Production of ZnO Nanowire Arrays, Angewandte Chemie International Edition, 42, p.
3031-3034 (2003). https://doi.org/10.1002/anie.200351461

9. S.B. Jagadale, V.L. Patil, S.A. Vanalakar, P.S. Patil, H.P. Deshmukh, Preparation, characterization of
1D ZnO nanorods and their gas sensing properties, Ceramics International, 44, p. 3333-3340 (2018).
https://doi.org/10.1016/j.ceramint.2017.11.116

10. ]. Ding, Z. Zheng, Z. Song, S. Ding, ]. Wen, K. Liu, C. Zhang, H. Li, Recent progress in chemiresistive

176 Ne1(154)/ 2026  A.H. I'ymunres amwuindazol Eypasus yammuoix ynusepcumeminivy XABAPIIBICHL
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



Controlled hydrothermal synthesis of ZnO nanorods for high-performance
gas sensors

gas sensors with 1D nanostructured sensing materials: Insights into the structure-morphology-
performance relationship, Materials and Design, 234, N2112360 (2023). https://doi.org/10.1016/].
matdes.2023.112360

11. A. Kolmakov, M. Moskovits, CHEMICAL SENSING AND CATALYSIS BY ONE-DIMENSIONAL METAL-
OXIDE NANOSTRUCTURES, Annual Review of Materials Research, 34, p. 151-180 (2004). https://doi.
org/10.1146/annurev.matsci.34.040203.112141

12. C. Wang, L. Yin, L. Zhang, D. Xiang, R. Gao, Metal Oxide Gas Sensors: Sensitivity and Influencing
Factors, Sensors, 10, p. 2088-2106 (2010). https://doi.org/10.3390/s100302088

13. ETZ. Toma, M.S. Rahman, K.H. Maria, A review of recent advances in ZnO nanostructured thin
films by various deposition techniques, Discover Materials, 5, Ne60 (2025). https://doi.org/10.1007/
s43939-025-00201-1

14. D.P. Singh, Synthesis and Growth of ZnO Nanowires, Science of Advanced Materials, 2, p. 245-272
(2010). https://doi.org/10.1166/sam.2010.1093

15. B. Zhang, . Sun, U. Salahuddin, P-X. Gao, Hierarchical and scalable integration of nanostructures
for energy and environmental applications: a review of processing, devices, and economic analyses,
Nano Futures, 4, Ne012002 (2020). https://doi.org/10.1088/2399-1984 /ab75ad

16. S. Majumder, Nanostructured Thin Films by Hydrothermal Method, in: Simple Chemical Methods
for Thin Film Deposition, Springer Nature Singapore, Singapore, p. 305-345 (2023). https://doi.
org/10.1007/978-981-99-0961-2_7

17. Ejsmont, ]. Goscianska, Hydrothermal Synthesis of ZnO Superstructures with Controlled
Morphology via Temperature and pH Optimization, Materials, 16 Ne1641 (2023). https://doi.
org/10.3390/ma16041641

18. L. Liu, S. Wang, W. Liu, J. Wang, B. Zhang, ]. Yang, H. Liu, Y. Li, Supercritical hydrothermal synthesis
of nano-ZnO: Effects of key parameters and reaction mechanism, Ceramics International, 49 p. 31313-
31324 (2023). https://doi.org/10.1016/j.ceramint.2023.07.079

19. Z.L. Wang, Zinc oxide nanostructures: growth, properties and applications, Journal of Physics:
Condensed Matter, 16, R829-R858 (2004). https://doi.org/10.1088/0953-8984/16/25/R01

20. S.-]. Young, Y.-H. Liu, M.D.N.I. Shiblee, K. Ahmed, L.-T. Lai, L. Nagahara, T. Thundat, T. Yoshida, S.
Arya, H. Furukawa, A. Khosla, Flexible Ultraviolet Photodetectors Based on One-Dimensional Gallium-
Doped Zinc Oxide Nanostructures, ACS Applied Electronic Materials, 2, p. 3522-3529 (2020). https://
doi.org/10.1021/acsaelm.0c00556

21.S. Zhao, Y. Shen, X. Yan, P. Zhou, Y. Yin, R. Lu, C. Han, B. Cui, D. Wei, Complex-surfactant-assisted
hydrothermal synthesis of one-dimensional ZnO nanorods for high-performance ethanol gas sensor,
Sensors and Actuators B: Chemical, 286, p. 501-511 (2019). https://doi.org/10.1016/j.snb.2019.01.127

A.H. I'ymunres amoindazor Eypasus yammuix ynusepcumeminin, XABAPIIBICHI. Ne1(154)/ 2026 177
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



Abylay Tangirbergen, Yernar Shynybekov, Almagul Mentabyeva, Baktiyar Soltabayev

A6bLnaii Tonip6epren?,*, Epaap lIbinbi6ekoB?, Anmary Menr6aeBa3, Bakrusap Cosnra6aes!
103biK ceHcopaap 3epmxaHacsl, «AcmaHa» ¥ammblk 3epmxXaHacl,
Hazap6aes Ynusepcumemi, AcmaHa, KazakcmaH
2Hasap6aes YHusepcumemi, HHiceHepus yxcate Yu@Pp/vlk Folabimoap mekme6i, XuMuUsiabiK jHcaHe
Mamepuaamaxy uHiceHepusicol kagedpacwi, AcmaHa, Kazakcman
(E-mail:abylay.tangirbergen @nu.edu.kz, yernar.shynybekov@nu.edu.kz, almagul. mentabyeva@nu.edu.kz,
baktiyar.soltabayev@nu.edu.kz)

Korapsl eHiMi ra3 ceHcopJiapsl YiliH Zn0 HaHOTasAKIIA/IApPbIH GaKblJIAaHATHIH
THUAPOTEPMUSIBIK CUHTE3/ ey

Anpgarna. Kpucrangblk KypbLIbIMbI MeH Mopdosioruscel pertenreH ZnO HaHOTasiKMIAJapbIH
CHUHTEe3/ley KOFapbl 6HIM/II ra3 CeHCOpJapblH AAMBITy VIUiH aca MaHbI3Abl. Bys 3eprreyge ZnO
TYKbIM/IbIK Ka0aTbl LIbIHBI actapfa RF-marnetrponzapl 6ypky oaicimeH ecipinin, keiin 400 °C-ta
aHHeJIIeHil, KpUCTa/JIJbIK canackl MeH 0eTKi 6ipKesiKijiri apTTeipbliAbl. Keltin ZnO HaHOTasKI1aaapbl
U POTEPMHUSIJIBIK, dliCIIeH 9pTYpJli NpeKypcop KoHLeHTpayusaapbigga (0.01 M:0.01 M xxeHe 1 M:1 M
MbIpbIi aneTaTbl/'MTA) cunTe3genai. Pentrenik gudpakius aaici (XRD) 6apablik yarinepae (002)
JIOMUHAHTTHI WIbIHJbI KOPCETTI, OYJ C-0Ch GOMbIMEH OaFbITTaNFaH ecy/i Aauenjeni. CkaHupJeyuri
3JIEKTPOHABIK MUKpockonus (SEM) mpekypcop KOHIIEHTpAIUSAChl apTKAH CaWbIH Y3aFbIPaK, ThIFbI3
OpHaJIaCKaH >XoHe »KaKChl aHbIKTAJIFaH aJThIOYPHIIITHI KUMachl 6ap HaHOTasKUIaJdapAblH TY3i/leTiHiH
kepceTTi. HoTmkesep TYKbIMABIK KabaTTbl aHHEJEY MeH MPeKypcop KOHIEeHTpPauuschbiHbIH ZnO
HaHOTasIKIIa/JapbIHbIH, KYPbIJIBIM/BIK >XoHe MOPQOJIOTHUANBIK 3BOJIOLUACbIHA aWTapJbIKTal acep
eTeTiHiH kepceTTi. OnTUMa//bl CUHTE3/ey >KaFJaiapbl KOFAapbl KPUCTA/LI/bl, TiK GaFbITTaJfaH
’KOHe JKOFapbl acCHeKTiJiK KaThIHACKA HWe HaHOoTasKIIaJapAbl aJdyFa MYMKiHAIK 6epeni. MyHgai
KacueTTep ras aZCopOoIHsAChIH KoHe 3JIEKTPOH TachIMalAayAbl KYLIEWTil, ojlap/ibl pe3UCTUBTI TUMTI
ra3 ceHCOpJlapblHa KOJIJaHyFa eTe KOJIalJibl eTe/l.

TyiiH ce3aep: ZnO, HaHOTasAKIIa/Map, ra3 CEHCOPbl, MeTa/LJ1 OKCUIi »KapThlaak eTkisrimTepi (MOS),
TULPOTEPMUSABIK 9JiC
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KoHTposimpyeMblii THAPOTEPMaJIbHBIN CHHTE3 HAHOCTep:KHel Zn0 A1 BbICOK03(PEeKTUBHBIX
rasoBbIX CEHCOPOB

AnHOTanus. KoHTposimpyeMblii CMHTE3 HaHOCTepKHel Zn0 ¢ peryiupyeMoi KpUCTaJIJIUYHOCTBIO U
Mopdosiorueit UMeeT KJI0UeBOe 3HaUeHUe AJis1 pa3paboTKU BbICOKO3PEKTHBHBIX Fa30BbIX CEHCOPOB.
B naHHOU pabGoTte 3apofpliieBble ¢10M ZnO 6bLIM OCAXKAEHBI HA CTEKJISSHHbIE MOAJOXKKH METO/I0M
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P®-MarHeTpoHHOTO0 pachblieHus U 3aTeM oToxKeHbl pu 400 °C aJig yaydiieHUss KpUCTA/JIMYHOCTH
U OJHOPOJHOCTH NOBEpPXHOCTH. [lajee NpOBOAMJICA TMAPOTEpPMaJbHBIA POCT HaHOCTepxHel ZnO
NpU pas/IMYHbIX KOHLleHTpanusax npekypcopos (0.01 M:0.01 M u 1 M:1 M auetat niuaka/I'MTA) pnas
M3y4YeHHs BJIUSHUS XMMHUU pacTBopa Ha pOpMUpPOBaHHe HAHOCTPYKTYp. PeHTreHoBckas Audpaxkuus
(XRD) BbisiBuJIa JoMuHUpyromui nuk (002) Bo Bcex 06pasuax, YTo NOATBEPXkKJAeT POCT BAOJb C-OCH.
CkaHupylolas a/eKTpoHHasd MUKpockonus (SEM) nokasasa, 4To 60/iee BbICOKME KOHILeHTPaLUHU
IpeKypcopoB NPUBOAAT K GOPMUPOBAHUIO AJHMHHBIX, IJIOTHO YIIaKOBAaHHbIX HAHOCTEPXKHEHN C YETKO
BbIpa)KeHHbIM reKCaroHa/JlbHbIM cedeHUeM. [losrydeHHble pe3y/bTaThl IeMOHCTPUPYIOT, UTO KaK OTXKHUT
3apo/BIIIEBOr0 €105, TAK M KOHLIEHTpaLUs MPeKypCOPOB CYLIeCTBEHHO BJIMAIT Ha CTPYKTYPHYIO
U MOp(dOJIOTUYECKYI0 3BOJIIOLMI0 HaHocTepxkHed Zn0O. ONTHUMH3WpOBaHHBblE YCJOBUS CHUHTe3a
N03BOJIAIOT MOJIy4aTh BEPTHUKAJbHO OPUEHTHUPOBAHHBbIE, BBICOKOKPUCTAIJINYHbIE HAHOCTEPXKHHU C
yBeJIMYEHHBIM acClleKTHBIM OTHOILLEHHEM, YTO YCUJIHUBAET aACOPOLHMIO Ta3a U TPAHCIOPT 3JIEKTPOHOB,
Jlesiasi UX NepCreKTUBHBIMU [IJ1sl IPUMEHEHHUS B pe3UCTHUBHBIX Fa30BbIX CEHCOPAX.

KiwouyeBble ciaoBa: Zn0O, HaHOCTep:KHH, ra3oBblid ceHcop, MOIl (MeTan/00KCHAHBIE
HOJIYIIPOBOAHUKHU ), TUAPOTEPMATBbHBIN METO/,
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