AHOTANIA

Yepnos 1.0. Po3poOKka CKIQAHOOKCHUIHUX CIIOJIYK HEUTPOHOMOTINHAKYNX
MaTepiajiiB Ha OCHOBI JUCHPO31I0 JUIsl MOTIMHAIOUKX efeMeHTiB peakropa BBEP-1000. —
Kgpamidikaiiitna HaykoBa mparlsi Ha IpaBax PyKOIUCY.

Hucepranisi Ha 37400yTTS HAYKOBOTO CTyIeHs pgoktopa ¢utocodii (PhD) 3i
cnewianbHoCcTi 105 — [Ipuknaana ¢i3uka ta Hanomatepianu (10 — [Ipuponuuyi Haykn). —
HamioHaibHUN TEXHIYHUM YHIBEPCUTET «XapKIBCHKUH TMOMITEXHIYHUN 1HCTUTYT»
MiHicTepcTBa OCBITH 1 HayKu YKpainu, Xapkis, 2025.

Hucepraiiiina po6oTa MPUCBIYEHA BUPIMICHHIO BAXKJIMBOI aKTyaldbHOI HAYyKOBO-
MPAaKTUYHOI 3ajJladyl aTOMHONPOMMUCIIOBOIO KOMIUIEKCY YKpaiHu, sKa TIOJsArae B
dbopmyBaHH1 (b13UKO-XIMIYHHUX OCHOB CTBOPEHHS MEePCIEKTUBHUX
HEUTPOHOTOTJIMHAIOYMX MaTepialiB 3 TUTAHATy AMCIPO3il0 Ta radHATy AUCIPO3iI0, a
TaKOX B BUIIPOOYBaH1 Ta OOTpyHTYBAaHHI Mpale31aTHOCTI MaTePialliB B yMOBaX peakTopa
BBEP-1000.

Hucepraiiitna po6ota BukoHaHa y HaykoBo-TexHIYHOMY KOMIUIEKCI «SaepHuii
NaJuBHUN MUK HarioHaIbHOTO HAYKOBOTO HEHTPY «XapKIBChbKUN (h13MKO-TEXHIYHUN
IHCTUTYT» Ta Ha Kadeapi ¢I3UKM MeTaniB 1 HamiBOpoBiAHMKIB HarioHaabHOTO
TEXHIYHOTO YHIBEPCUTETY «XapKIBCbKUWA MOJITEXHIYHUM 1HCTUTYT» MIiHicTepcTBa
OCBITH 1 HAyKU YKpaiHH.

Memorw oOucepmayitinoi pobomu € IOCHIDKCHHS CHHTE3y Ta BCTAHOBJICHHS
napamMeTpiB BUTOTOBJICHHS TUTAHATY JUCIPO3it0 Ta TaHATY AUCTIPO310 B TOPOIIKOBIH 1
TaONeTKOBUX (popMax 13 3aJaHUM KOMIUJIEKCOM XapaKTEPUCTUK Ta OOIPYHTYBaHHS iX
npaie3gaTHocTi B yMoBax peaktopa BBEP-1000.

VY 6cmyni mokazaHa aKTyaJIbHICTh Ta BaXKJIMBICTh TEMHU JOCIIPKCHHS, BU3HAUYCHA
MeTa, MpeIMET 1 OCHOBHI 3aBIaHHs JucepTalliiHoi poOoTu. BucpiTiieHa HaykoBa
HOBHM3HA 1 MPAKTHUYHA 3HAYUMICTb OJIEP’KaHUX PE3YJIbTATIB.

Y nepwomy poszdini TpeACTaBISHWM aHam3 JpKepen  iH(opMamii 1o
HEUTPOHOMOTIMHAIOYMM MaTepiajaM IO 3HAWIUIM 3acCTOCYBaHHS B MOTJIMHAKYUX

enemenTax (ITEJI) Bomo-BoasiHux eHepreTMuHMX peakTopax. [lokazaHo, mo cydacHi



JOCTIKEHHsI 1 BUMPOOYBaHHS HAIpaBJICHI HA PO3POOKY HOBUX MaTepiaiiB, TAKUX SIK
rapHat qucnposio. ChopMyap0BaHO MOCTAHOBKY 3aBJaHHS..

Y  oOpyeomy  pos3dini  HaBeACHUW ~ TEpeliK  BUXIIHUX  KOMIIOHEHTIB,
eKCIIEPUMEHTAJIBHOTO O0JIaJHAHHS, CXEMU BUTOTOBJICHHS TaOJETOK 1 BUKJIAJACHO OIHC
METOAMK JAOCTIIHPKEHHS CTPYKTYPHOI'O CTaHy Ta BIACTMBOCTEW MaTepiajiBb.

Y mpemvomy po30ini HaBeIGHO PE3yIbTaTHU JIOCTIIKEHb BIUIMBY KOMIO3UIIIMHUX
ckiafaiB, po3Mipy 4actok TiO; 1 HfO, Ta pexxuMiB cuHTE3y Ha CTPYKTYpHO-(Pa30BUiA CTaH
TUTAHATy JUCIPO3if0 1 TadHary aucnposiro. BcTaHOBIEHO, IO BUKOPUCTAHHS
HaHopo3MipHoro nopomky HfO, (~22 um) nipu cmikansi npu 1650 °C, nmpu3BoauTh 10
dbopmyBanns ogHodazHoro ¢urooputy. Beeaenus MoOs B kinbkocTi 2,5% Bar. cripusie
YTBOPEHHIO CTPYKTYpHU (PIIIOOPUTY Ta 3HMKEHHIO TeMmiiepaTypu cunresy 3 1650 °C no
1450 °C. BukopuctanHs HaHOpo3MipHOTO mopomKky TiO; (~63 HM) NPU3BOAWUTH 10
dbopmyBaHHS onHO(A3HOI rekcaroHanbHOI cTpykTypH. [lomatkoBe BBemeHHs MoOs B
KUIbKOCTI 3% Bar. y KOMIIO3MIIII0 THUTaHATy JAUCIPO31I0 CIpHUse (POpMyBaHHIO
01HO()A3HOT CTPYKTYPH TUITY TIPOXJIOPY.

Y uemeepmomy po30ini HaBEAEHO pe3yJbTaTH JOCHIIKEHb XapaKTePUCTHUK
TaOJIETOK TUTAHATy IUCHPO31l0 1 TaHATy OUCHPO3iI0 MPU CHIKAHHI Ta TapayoMy
npecyBaHHi. Po3po0iieHo cxeMy BUTOTOBIIEHHS Ta0JIETOK 3 BUCOKOIO I'YCTUHOIO METO/I0M
CIIKaHHS, SIKa BKJIFOYasa MONepeaHid CUHTEe3, MOAPIOHEHHS MOPOIIKIB, (JOPMYBaHHS 1
crikaHHs TabneTok. HaBemeHo pe3ynbTaTH JOCTIIKEHb BIUIMBY TPaHYJIOMETPHUYHUX
CKJIaJIIB TIOPOIIKIB Ha IIIJILHICTh 3acUIIOK B 06osoHKkax [TEJI.

Y  n’amomy po30ini HaBEACHO pe3yJbTaTH T03aPEAKTOPHUX KOPO3IMHUX
BUIIPOOYBaHb MOPOIIKIB 1 TaOJIETOK TUTAHATY AUCIPO3ii0 1 TadHATy AUCHIPO3it0, SIK Y
BIIKpUTOMY BHUIJISIL, Tak 1 B ckiaai maketiB [IEJI B cepenoBuIi ckiaay 1 mapaMeTpis
teroHocis peaktopa BBEP-1000. BeranoBiieHO 10 XapakTepHUM € 301IbIICHHS Macu
Ta0JIETOK, 31 301IBIICHHSIM 4Yacy BUTPUMKH B aBTOKJIABI, MPU YOMY 301JIBbIIEHHS MacH
3aJIeXKUTh Bl X MOPUCTOCTI (IycTUHHU). TpUBaIMMu aBTOKJIABHUMHU BHUIIPOOYBAHHSIMU
(mo 7200 ToauH) BCTAaHOBIIEHO, 10 Ta0JIeTKU radHATy AUCIPO3iI0 3 TYCTUHOIO §,2...8,3
r/cM®  XapaKTepU3yIOTHCS HAaMBHMIIOK KOPO3IMHOKI  CTIMKICTIO, IiICHICTIO Ta

CTaOUTBHICTIO CTPYKTYpHO-(a30Boro crany. BcTaHOBJIEHO, 1110 OCHOBHUM MOKa3HUKOM



npu Koposii TabJeTok, 1Mo O0OyMOBIIOE 30UIBLICHHS MacH, € TigpaTtaiis marepiary
tabnerok. Bona mossirae y nponukHeHHss OH-rpynu B kpucTaniyHy Ipatky radnary
nuciposito. He BusBIEHO 03HAK 3MiH (piI3MYHOTO CTaHy Ta (pa30BOTO CKJIATY MOPOIIKIB
o Oynu BunpoOyBaHi y ckiazni makeTiB [1EJI 31 mtyuynumu nedexramu npotsrom 5000
roguH. [lokasana BiACYTHICTh B3aeMojlii MiXK TaOjeTkamu 1 cruiaBoM 42XHM npu
neperpiBax y BojAsSHIN napi B TemnepatypaomMy iHTepsaii 800...1200 °C. BcranoBineHo
mo cepen po3rsHyTux MatepianiB (B4sC, Hf, Dy,0s3 - TiO,, Dy,O3;-HfO,) nHaitbinbmn
BUCOKY (p13M4YHY €(EeKTHUBHICTh MOJITMHAHHS HEUTPOHIB MpU ekcruryaTaii Ouibmie 10
pOKiB Ma€ radHaT TUCIPO3iI0 B TAOJIETKOBOMY BapiaHTI.

Y wocmomy po30ini mokazaHO MPaKTUYHE 3aCTOCYBAHHS PE3yNbTATIB JOCIIIKEHb
Ha MPUKJIAl BUTOTOBJICHHS JOCIITHUX MApTii MOPOIIKIB TUTaHATY auctposito ta [TEJI
peaktopa BBEP-1000.

VY eucnosxkax HaBeJEHO OCHOBHI pe3yjibTaTH AHMCEPTAIiiHOI pOOOTH TIpHU
PO3B’s13aHHI TOCTABIICHUX 3aB/IaHb.

3a pezyrvmamamu 00CiOHCEHH OMPUMAHO HACMYNHI HAYKOBI pe3yIbmamu.

1.Bnepuie BCTaHOBJICH1 HAYKOB1 OCHOBH Ta BIOCKOHAJIEHI MapaMeTPH €KOHOMIYHOTO
cHHTE3y OXHO(pA3HUX THUTAHATY AMCIPO3ir0 3 ryctuHow 7,1...7.3 r/cm® Ta raduary
AUCIPo3io 3 ryctuHO0 8,0...8,6 I/cM® y BUIIIAAl TAabJIETOK METONAaMM CITIKAHHS Ta
rapsyoro MpeCcyBaHHH.

2. Bnepuie BCTaHOBJECHO BIUIMB PO3MIPY YaCTOK OKCHJIB TUTaHy Ta radHiio Ha
KIHETUKY Ta TOBHOTY CHHTE3y THUTAaHATy JUCHPO3it0 Ta radHaTy AUCIPO3il0, iX
CTPYKTYypHO-(a30BUil cTaH Ta TyCTHHY TaOnerok. [loka3aHo, IO BHKOpPUCTaHHS
HaHonopomiky TiO, ta HfO, cnpuse mOiABUILIEHHIO TYCTHHH TaOJETOK THTAHATY
JUCIIPO3it0 Ta radyHATy JUCIPO31k0 Ta JOCATHEHHIO OJTHO(A3HOIO CTaHY.

3. Bnepwe oTpumaHni qaHi mpo 3aJie’HICTh KOPO31MHOT CTIMKOCTI TAOJIETOK TUTAHATY
JTUCIIPO3it0 1 radHaTy AUCTIPO3i0 B MOACIHHOMY CEpPEIOBHUINI TEIJIOHOCIS peakTopa
BBEP-1000 Bix ix ryctunu. BctraHoBieHo, 110 MOKa3HUKOM 301JIbIIIEHHS MacH TabJIETOK
€ rigpatamis matepiany. [loka3aHo, 10 TaOJeTKM THTAHATy AMCIPO3II0 3 T'YCTHHOIO
7,1...7,3 t/cM®, Ta raduaTy aucnposito 3 ryctuHOIO 8,2...8,3 T/cM’ XapakTepHu3yIOThCs

HaANOIBIIOI0 KOPO31HHOIO CTIMKICTIO.



4. Bnepuie MOCHIPKEHO BIUIMB TPAHYJIOMETPUYHUX CKJIAIIB MOPOIIKIB TUTAHATY
TUCTpo3ito 1 radHaTy AUCIPO3it0 3 po3MipoMm KpymHOi ¢paxiii Big 0,9 mo 0,1 MM 1
npioHOT Ppakiii < 0,1 MM Ha HIUTBHICTH 3acunoKk B o0osoHkax [1EJI. BeranoBieHo 110
HaANOUTbIIA NIUIBHICT 3aCUIIKHY 3a0€3MeUyI0ThCS PU BMICTI Ap10HOT pakiii B Jiana3zoHi
(20...40) %.

Ipaxmuune 3nauenHs OMpUMAHUX pe3yaomamis.

1. PesynbraTu [MOCHIKEHb BIUIUBY CEpENOBHUIINA, TEMIEPAaTypHUX 1 YaCOBUX
napaMeTpiB Ha CHHTE3 CKJIaJIHOKMCHEBHUX CIOJIYK — TUTaHATy JUCHPO3it0 Ta radHaTty
JUCTPO31I0  JI03BOJIMIM OTPUMATH HEHUTPOHOIOTIMHAIOYI MaTepiaau 3 3a/JaHuM
CTPYKTYpHO-(Pa30BUMH XapaKTEPUCTHUKAMH CTOCOBHO 0 KOHKPETHHUX MapaMeTpiB
po0OTH IIUX MaTepialiB B aKTUBHIM 30H1 peaktropa BBEP-1000.

2. Pe3ynbTaTH JOCHIAKEHb MaTepiaiiB B MOPOLIKOBINA 1 TabJIeTKOBUX (opmax
JIO3BOJIATH CTBOPIOBATH TEXHOJIOTIT BUTOTOBJIEHHS MaTepiajiB 3 perylbOBaHUMU
XapaKTepUCTUKAMH CTPYKTPYHO-(a3oBoro crany, ryctuHu 1 mopuctocti s [1EJI
OyAb-SIKOTO TUITYy PEaKTOPIB.

3. Pe3ynpTaTil KOMIUIEKCHHX I03apEaKTOPHUX BUIPOOYBAaHb TOKAa3ald BUCOKY
HAJINHICTG 1 TpaIe3JaTHICTh MaTepiaiiB B ymoBax pobotu B peaktopi BBEP-1000.

4. Pe3ynbpTaTu 3aCTOCOBaHI MPHY BIPOBAIKEHI Y BUPOOHUIITBO MOPOIIKIB TUTAHATY
JUCIIPO31I0 1 MOTJIMHAIOYUX CTPUKHIB CUCTEMU YNPaBIIIHHS 1 3aXUcTy peaktopy BBEP-
1000. BuroroBneHo mociigHl MapTii MOTJIMHAIOYUX CTPUKHIB CHCTEMH YIPABIIHHS 1
3aXUCTY 1 TIOCTABJIIEHO B OMUTHO-NIPOMUCIOBY €KcIutyaTallito B peakropa BBEP-1000
PiBuencokoi AEC.

Knrouoei cnosa: HERTpOHONIOTIMHAIOYHI MaTepiall, MOPOLIKHU, TA0JIETKH, BAKYyMHE
CIIKAaHHS, TapsAye MPEeCcyBaHHs, PEHTIeHIBCbKa AU(PPAKTOMETPIisl, CKaHyloua eJIEeKTPOHHA
MIKpPOCKOITisI, KOPO3iiiHA CTIMKICTh, CTPYKTYPHO-(a30BUli CcTaH, (ha30Be MEPETBOPEHHS,

MIKPOCTPYKTYpa, HAHOTIOPOIIOK, KOMITO3ULIIMHUI CKIa, JeryBaHHs, JOMIIIKY.
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ABSTRACT

Chernov 1.0. Development of neutron absorbing complex oxide compounds
based on dysprosium for VVER-1000 control rods. — Qualifying scientific work on
the rights of the manuscript.

The dissertation on competition of a scientific degree of the doctor of
philosophy (PhD) on a specialty 105 Applied physics and nanomaterials (10 -
Natural sciences). - National Technical University "Kharkiv Polytechnic Institute"
of the Ministry of Education and Science of Ukraine, Kharkiv, 2024.

The dissertation is focused on solving an urgent applied research task of the
Ukrainian nuclear industry, which is to develop neutron-absorbing materials:
dysprosium titanate and dysprosium hatnate, to develop technological operations for
their fabrication, and to justify the performance of materials under VVER-1000
reactor operation conditions.

The dissertation work was completed at the Scientific and Technical Complex
"Nuclear Fuel Cycle" of the National Science Center "Kharkiv Physical and
Technical Institute" and at the Department of Physics of Metals and Semiconductors
of the National Technical University "Kharkiv Polytechnic Institute" of the Ministry
of Education and Science of Ukraine.

The objective of the dissertation is to specify the parameters of technological
operations for the fabrication of neutron-absorbing materials to develop a
technology for the synthesis and production of dysprosium titanate and dysprosium
hafnate as powder and pellets and to justify their performance in VVER-1000
reactors.

The Introduction describes the relevance and importance of the research topic,
defines the objective, subject and main tasks of the dissertation. The scientific
novelty and practical implications of the results are highlighted..

The first section presents an analysis of information sources on neutron-

absorbing materials applied in control rods (CR) of pressurized water reactors. It is



shown that current research and testing are focused on the development of new
materials, such as dysprosium hafnate. The problem definition is formulated.

The second section provides a list of starting materials and experimental
equipment and describes the research methods.

The third section presents the results of studies into the effect of compositions,
particle size of TiO, and HfO,, the dopant MoOs, and synthesis modes on the
structural and phase condition of dysprosium titanate and dysprosium hafnate. It has
been observed that the application of HfO, nanopowder (~ 22 nm) during sintering
at 1650 °C results in the formation of single-phase fluorite. When applying TiO,
nanopowder (~63 nm), a single-phase hexagonal structure is formed. The
introduction of 2.5%wt. MoOs into the composition of dysprosium hafnate
contributes to the formation of the fluorite structure and a decrease in the synthesis
temperature from 1650 °C to 1450 °C. The introduction of 3%wt. MoOs into the
composition of dysprosium titanate enhances the formation of a single-phase
pyrochlore-type structure.

The fourth section presents the results of studies of the characteristics of
dysprosium titanate and dysprosium hafnate pellets during sintering and hot
pressing. A scheme for the fabrication of high-density pellets by sintering was
developed, which included the operations of preliminary synthesis, powder grinding,
molding, and sintering of pellets. The results of studies of the granulometric
compositions of powders effect on the density of fills in CR claddings are presented.

The fifth section presents the results of out-of-reactor corrosion tests of
dysprosium titanate and dysprosium hafnate powders and pellets, both in open form
and as part of CR dummies in the VVER-1000 reactor simulated coolant with
corresponding composition and parameters. It was observed that the mass of pellets
increases with the increase in the autoclave exposure time, and the mass increase
depends on their density (porosity). Long-term autoclave testing (up to 7200 hours)
has revealed that dysprosium hafnate pellets with a density of 8.2...8.3 g/cm® are
characterized by the highest corrosion resistance, integrity, and stability of the

structural and phase condition. It was observed that the main mechanism of pellet



corrosion is material hydration. There was no evidence of changes in the physical
condition and phase composition of the powders tested as part of CR dummies with
artificial defects throughout 5000 hours. No interaction between dysprosium hafnate
and dysprosium titanate pellets with a cladding (42CrNiMo alloy) was detected
when overheated in water steam in the range 800...1200 °C. It was shown that among
the materials considered (B4C, Dy,05-TiO,, Dy,03-HfO;), dysprosium hafnate as
pellet-type absorber exhibits the highest efficiency under operation more 10 years.

The sixth section shows the practical application of the research results on the
example of fabrication of pilot batches of dysprosium titanate powders and VVER-
1000 CRs.

The conclusions summarize the main results of the dissertation in solving the

tasks set.

The following scientific results were obtained as a result of the study:

1. For the first time, the scientific basis and detailed parameters for the
economical synthesis of single-phase dysprosium titanate with density 7.1...7.3
g/cm® and dysprosium hafnate with density 8.0...8.6 g/cm® have been established in
the form of pellets by sintering and hot pressing methods.

2. For the first time, it was established the effect of the nanostructural of the
oxides of titanium and hafnium into the kinetics and completeness of the synthesis
dysprosium titanate and dysprosium hafnate, their structural-phase state and the
density of the pellets. It has been shown that the addition of TiO, and HfO,
nanopowder increases the density of dysprosium titanate and dysprosium haftnate
pellets and reaches a single-phase state.

3. For the first time, the effect of the density of dysprosium titanate and
dysprosium hafnate pellets on their corrosion resistance in the simulated VVER-
1000 reactor coolant was studied. It was observed that the indicator of increasing the
mass of the pellets is the hydration of the material. It is demonstrated that

dysprosium titanate pellets with a density of 7.1...7.3 g/cm? and dysprosium hafnate



pellets with a density of 8.2...8.3 g/cm® are characterized by the highest corrosion
resistance.

4. For the first time The effect of the particle size distribution of dysprosium
titanate and dysprosium hafnate powders with a coarse fraction from 0.9 to 0.1 mm
and a fine fraction less than 0.1 mm on the density of fills in CR claddings was
studied. It has been observed that the highest bulk density and filling density are
achieved at the content of the fine fraction in the range of 20...40%.

Practical significance of the results:

1. The results of studies into the effect of the medium and the temperature-
time parameters on the synthesis of dysprosium titanate and dysprosium hafnate
enabled the fabrication of neutron-absorbing materials with specified structural and
phase characteristics with respect to specific performance parameters of these
materials in the VVER-1000 reactor core.

2. The developed technological operations for the fabrication of powder
materials and pellets enabled the development of a technology for the fabrication
of materials for control rods of any reactor type.

3. The results of comprehensive out-of-reactor tests revealed high reliability
of the materials' performance under VVER-1000 reactor conditions.

4. The results of the research were applied to the development of the technology
for fabrication of rods for the VVER-1000 control and protection system.
Technological operations for the fabrication of dysprosium titanate and control rods
have been introduced in production. The pilot batches of the control and protection
system absorbing rods were fabricated and introduced into pilot operation in the
VVER-1000 reactor of Rivne NPP.

Keywords: neutron absorbing material, powders, pellets, vacuum sintering, hot
pressing, X-ray diffractometry, scanning electron microscopy, corrosion resistance,
structural-phase state, phase transformation, microstructure, nanopowder,

composition, alloying, impurities.
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