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REVIEW  N\/% 5 et oS
of the Doctoral Dissertation of MEREZHK O MIKHAIL-SERGEEVICH entitled
“Localized plastic deformation in metals (Cu, Fe) and austenitic stainless steels
(12Cr18Ni10Ti, AISI 304), irradiated with neutrons”

The candidate systematically examines the transition to localized plastic deformation
in Fe-Cu alloys, AISI 304, and 12Cr18N10T steels irradiated with neutrons, and especially
the mechanisms for the transition from uniform to localized deformation induced by
martensitic phase transformations and subsequent deformation wave. On one hand, this
unusually high plasticity from neutron-irradiated materials represents a good thing from the
point of view of avoiding brittle fracture. On the other hand, it can be quite deleterious if
localized plastic deformation can lead to highly localized component deformation under
unusual stresses, leading to unpredictable geometrical changes and loss of localized coolant
flow. This reviewer agrees with the practical significance and impact of this work. To this
reviewer's knowledge, this thesis represents the most systematic and complete review of
neutron-induced localized deformation, partially enabled by a priceless treasure trove of

materials from the BN-350 reactor in Aktau, and partially enabled by the key insights of the
doctoral candidate himself.

Key insights include:

* The idea that localized deformation itself still occurs at all fluences, though the degree of
localized deformation decreases with increasing neutron fluence as would be expected.

e The finding that martensitic phase transformations limit localized deformation by

inducing hardening in the regions where localized deformation is taking place, leading to
the "deformation wave" first proposed by INP researchers including the candidate.

e The finding that the mechanism of localized deformation, with fluence held constant, is

temperature-dependent, and both temperatures are expected to be found in the operation
of reactors like the BN-350 used.



The candidate's entire work is most compactly and completely summarized in the
publication entitled "Macro-Scale strain localization in highly irradiated stainless steel
investigated using digital image correlation," published in Acta Materialia in 2022
(https://doi.org/10.1016/j.actamat.2022,117858). Here the authors, including the candidate,
surprised the scientific community by announcing the unexpectedly high total deformation of
18-37% in neutron-irradiated stainless steels to approximate doses of 45-55 DPA. Such
deformability of nearly any metal irradiated below 50% of its melting point would have been
unthinkable, though the careful investigations by the candidate and co-authors completely
changed the international scientific community's perception and intuition about what is truly
possible in terms of plastic deformation. The significance of this study is that operators
should be able to claim credit for higher degrees of plastic deformation at very high neutron
irradiation doses, mitigating the effects of accidents such as fuel assembly distortions, seismic
events, and any other events which would have been predicted to induce localized brittle
fracture.

There is another vital claim buried in this thesis - in Section 4.3, the candidate
mentions how "It was found that with an increase in temperature to ~100-150°C, the
plasticity of the studied materials significantly decreases due to the suppression of the
martensitic y—a‘~transformation." This is very important for the safety case of transporting
highly irradiated samples of the Aktau BN-350 reactor to Almaty by land, as it is likely that
brittle fracture of specimens is less likely than we thought. This reviewer has read Argonne
National Lab's safety studies of transporting these specimens and fuel assemblies from Aktau
to Almaty, and this effect was not noted there. Therefore, the candidate mentioned the
additional applicability of these findings - room-temperature transport of highly irradiated
materials allows for this additional high-plasticity mode of deformation, reducing the
propensity for brittle fracture during transport and handling.

It should be noted that this type of high plasticity via strain localization and
deformation wave formation is expected in relatively uniform deformation stress states, and
not in incedents of fretting, highly localized crack formation, or other phenomena that are not
at the component scale. The candidate does not claim that the findings are general to all
cases, but rather conservatively (and correctly, in this reviewer's opinion) simply states the
facts of what was observed without pontificating beyond the limits of the investigations. This
is what this reviewer has come to appreciate about Kazakh science - it is precise, its
conclusions do not reach beyond the presented evidence, and all findings both intermediate
and final are presented 100% objectively. The reviewer commends the candidate for
following in this hallowed tradition of Kazakh nuclear materials science, strongly established
by Haw mo6umsIi npoeccop Makcumki Oner Ipokogbeuy and continued resolutely by
the candidate as the current laboratory director.

This reviewer, when reviewing scientific works and PhD theses, focuses especially on
the completeness of the methods, documentation of intermediate results, and verification of
the repeatability of the entire experimental campaigns as one of the main indications of the
quality, correctness, and completeness of a candidate's work. Here the candidate is
exemplary, and this reviewer notes that the work is documented to such a degree that nearly
anyone in the field would have no difficulty repeating the work of the candidate, and would
also arrive at the same results using the same methods on the same specimens. No detail is




left undocumented. This reviewer both laments the serious degradation in the quality of
scientific documentation of most literature in recent years, and commends the candidate for
helping return the community to the proper standard of scientific repeatability. ITo3gpasnsio
11 G11aronapio, NOTOMY UTO A 3HAIO TAK CIOXKHO HAMMCATD BCE Ha MHHOCTPAHOM A3bIKE B
CTATRC, 1 TEMEPh HE TAK MHOTO JIOJICit KOTOpBIe paGoTaloT Tak ke YCEpJIHO KaK 3TOT
Kanauaar. Met aomkunl Gpath mpuMep ¢ kauamaaTa Kax mueath HayYHBIE CTaThH,

This reviewer strongly recommends that the evaluation committee note the unusually
large number of international conferences and journal publications where the candidate's
work has been presented and published, respectively. This reviewer was present for some of
these presentations and is a co-author on some of these publications, and can speak to both
the scientific significance of the results and how well the international audience (including in
the USA and in Russia, where this reviewer was present) received and accepted the
candidate's work.

[ therefore believe that Mikhail Merezhko's dissertation work constitutes a complete
and coherent body of scientific research that meets the requirements for PhD dissertations,
and that the candidate deserves to be awarded a PhD degree.

Sincerely,

YA AW/ f,,f{ -
Pichhel. iy oo
Michael Short




Maiixa lLlopr
ACcoUMHPOBANHbIT Npoheccop No passuTHIo Kapbepbl rpymnsi 1942

AccounnposanHblit aupextop Lientpa nnasmenHoii HayKkH U siAepHON (PU3HKU
Oraenenne SACPHON HAYKH M HEKeHepin
MaccauyceTcKkuit TeXHOMOr HueCKHit MHCTHTYT

17 anpenst 2023 rona

‘UneHam KoMuceum Mo peuensnposanmio JOKTOPCKMX arccepTanuii Kasaxckoro HarmoHamsHoOro
YHUBEPCHTETa MMeHH allb-Dapabi

Aunp-®apabu ABeHio 71, Anvarter, Pecny6nuka Kazaxcran, 050040

OT3bIB
Ha JoKTOpeKyto muccepraumo MEPEXKKO MUXAMJIA CEPTEEBHUYA Ha TeMy
“JlokanusoBanHas naacTHyecKas nedopmaums B Metanax (Cu, Fe) u aycTeHUTHBIX
Hepaaserowux cramix (12X18H10T, AISI 304), 06myuenHsIx HeidTpoHamu”

Conckarens cucTemMaTHuecku mccnenopai Nepexoj K JIOKaIM30BaHHOW TIACTHYECKOMH
nedopMannu B crimasax Fe-Cu, AISI 304 u 12X18H10T, 00.TydEHHBIX HEHTPOHAMH, @ TaKKe
MCXaHM3Mbl MEPEXOAa OT pAaBHOMEPHOH K JOKAIM30BAHHOM AedopMalliK, BBI3BAHHOM
MAapTEHCUTHBIMU ()a30BEIMH TPEBPALLECHHSIMHA 1 nocnenyrowen BojHoH aepopmaumd. C ogHoi
CTOPOHBI, 3TOT HEOOBIMAHHO BBICOKMH YpOBEHb MAACTHYHOCTH 00TydeHHBIX HEHTPOHAMH
MaTepHalIoB NPEACTaBIAET COOOI XOPOIUEE SIBNEHUE C TOUKU 3pEHMs NMPEAOTBPALIEHHS XPYTTKOTO
paspymenus. C Apyrodl CTOpOHBI, 3TO MOXeT OBITh BeCHMa BPEJIHO, €CNIM JIOKAaNH30BaHHas
niacTHyeckas IedopMalMs MOKET NPHBECTH K BBICOKO JIOKANH30BAHHON nedopmanuu
KOMIOHEHTOB  NPH  HEOOBIYHBIX ~HAMPAKEHWSX, 4YTO NpHUBEJET K HerpecKazyeMbIM
FEOMETPHYECKUM M3MEHEHMAM KOHCTPYKUMH M TOTEpPE TEMIOHOCHTENIS. ABTOp peleH3uM
COTVIACeH € NPAKTHYECKHM 3HAYCHUEM M BIWAHMEM Tl pabotel. [Io ero MueHmio, 5Ta
AUCCEpTALlMsl  MpeAcTaBiseT coboi  Hambonee cucTemMaTMuecKMit M TIONHBIA 0030p
IOKANTM30BAHHOM Ae(pOPMALIUH, BEI3BAHHON HEHTPOHAMH, YACTHYHO 00y CI0BICHHBIN GECLEHHBIM
knanom matepuanoB u3 peakropa BH-350 B Akray u yacTuuHO 0GYCIOBNEHHBIH KIIOUEBBIMM
UJIEAMU CaMOTO COUCKATES.

OcHoBHble uaey paboTHI:

Mnest Toro, uto nokanusosanHan neopmaLiis cama 1o cefe mpoHCXoauT B MaTepuaax rnpu
Pa3HbIX 103aX 00.1y4CHUAX, O/IHAKO €& CTENeHb YMEHBLIAETCS C YBETUYCHUEM TOTOKA HEHTPOHOB,
KaK Y C1e[0Bas0 0)KHUIATh.

O6Hapyxenue Toro akra, 4To MapTeHCHTHbIe (JasoBble MpeBpaLEHUs OTpaHHYHMBAOT
JI0KaM30BaHHYIO Ae(opMaLliio Yepe3 yNpouHeHHe 00,1acTell, rie MpOMCXOANT N0KAIH30BaHHAs
Aedopmalus, 4TO NMPUBOAMT K “BonHe Aedopmauuu”, sddekra, BIEPBHIE OOHAPYIKEHHOTO
ucenenoparensmMu U3 M, Bimrouas couckaTes.

O6uapyxenue Toro (akra, 4To MEXaHM3M JIOKAJIM30BAHHOM Ae)OPMALIUH PY MOCTOSHHOM
(bmoeHce HEATPOHOB 3aBMCHT OT TEMIEPATYPBI, U O0HAPYKeHHEIE (1Ba) 3HAUEHUS TeMIEepaTypbI



dM

HabMOAAETes B potecce KCnNY
350.
PaGora conckareny y

ATALHI peakropon, TakUX Kak UCHOAL30BAHHBIN B pa6ote bH-

anbonee komnaktHo M noMHO onuceiBaeTcs B ny6aukauuu noj
HasBankeM  “Makpockonuyeciay OKanuzauns  pedopmauu B BBICOKO  0GyUeHHBIX
HEPXABEIOWNX  CTansX, wm3yvaemay ¢ foMoubIo  unposoit  koppensumn  u3obpakenuit”,
ony0anKoBaHHOM B Acta Materialia n 2022 roay (https://doi.org/10.1016/j.actamat.2022.117858).
B 3101 cTathe asrop YAMBHIIN Hayynoe Co0buIeCTBO, 06BABKMB 0 HEOKMAAHHO BHICOKOH 0BLIEH
Aepopmauit 18-37% v nepxcapeiouyx CTanAX, 061y YEHHBIX HETPOHAMMU 10 MPHOTHIHTETBHBIX
203 45-35 cna. Takan naactumocty, NpakTiyeckn moboro merana, o6ayyerHoro uuske S0% ot
ero. TEMNEpaTypl MNaBNeHUs, Gbina Gy, HCBO3MOXHA, XOTA TIUATENbHBIE HCCIEIOBAHUA
CONCKATENS U ero COABTOPOB NonHoCTHIO M3MEHUTH npeacTaBaeHue 1 OO LIENPUHATEIE CY K AEHHUS
MEHIYHAPOLHOTO  Hayunoro coobuiecTBa 0 Tom, yto gelcTBHTENLHO BO3MOXHO B [LUTaHe

[IIACTHYECKOH  nedopmarnuy, 3HaunMocTs sTOrO MCCIIEIOBAHUS 3aKITIOYAETCA B TOM, YTO
HHXXEHEPBI MOTYT paccymrhipary, Ha 6onee Bricokue creneny NIACTHYeCKOH AeopMaumu mpu

@IKHOE 3a5BIEHHE, KOTOPOE HAXOLUTCA B pazaene 4.3.
HCHO, YTO NPU MOBBILIECHUH TeMIeEepaTypel 10 ~100-
MBIX  MaTepuasnos suauurensio CHIXKACTCs M3-3a MMO/ABIEeHUS
MApTEHCUTHOTO Y—a‘—npespayepyg”, OT0 0ueHb BaxHO AMs Ge30NACHOM TPAHCTIOPTHPOBKU
BBICOKOOO.TYYEHHBIX 00pastios Peaktopa BH-350 B Anmarer mo Cylie, TaK KaK BEpOSITHOCTB
XPYIKOTO paspymieHus obpasiop MEHbWe, yeM mnpegmomaranock. ABTOp naHHOro OT3HIBA

HCTIONB30BATE 3TOT AOMOTHHTENBHEL PEXKHM BBICOKO#H
TIACTHYHOCTH  nedopmauuy,  cHmkag CKIOHHOCTB K Xpymkomy paspywmenuto npu
TPAHCMOPTUPOBKE M SKCITyaTaLmy,

ypoBHe. Couckarens He YTBEPXKIACT, YTO PE3YNETATEI OTHOCATC KO BeeM CllydasiM, a cKopee
KOHCEPBATUBHO (M NMPaBUILHO, 110 MHEHMIO 4BTOpPA OT3EIBA) MPOCTO M3NaraeT (hakThl TOT0, YTO
6bL10 MoONTydeHo B Xxon1e WCCNE0BaHMI, He BHIXONA 3a mpegessl TNONyYEHHBIX B pesymbTare
HCCIeI0BAHMI pe3yibTaToB. ITO TO, 32 YTO ABTOp OT3bIBA LIEHHUT B KA3aXCKOi HayKe - OHa TOYHa,
CC BBIBOABI HE BBIXOJAT 3a MpeJelbl Mpe/cTaBIeHHbIX AOKA3aTENBCTB, U BCE PE3Y/BTATH Kak
TIPOMEIKYTOYHBIE, TaK M OKOHHYATENBHbIE fpeicrasnensl Ha 100% o6bexkTHBHO. Penensent
MONOXKHMTENBHO OLEHMBAET COMCKATeNs 3a TO, Y4TO OH CHICAYET OTOH CBAWIEHHON TpagHumu
Ka3aXCTAaHCKOM LIKOMBI paMaLMOHHOrO MAaTEPHANOBEICHHU, YCTAHOBIICHHOH “ewme Ham
Mobumelit npodeccop Makcumkun Orer IpoxodreBuy” (opurunanbusii Teker Maiikna Illopra




M PYCCKOM A3BIKE, NPUM. Nep.) W peuntensiio mpojomKkaeMoli couckateseM B kauecTse
TeKyuwero saseaylomero naGoparopueii,

ABTOP peueH3nn, npu paceMoTpenun HayunbiX paGoT M AMCCEpTALMH Ha COMCKaHHe
crenchn poxropa PhD, oco6oe suumanue YACSET MOJHOTE METOMO0B, [AOKyMEHTALUK
NPOMEXYTOUHBIN PE3y.IbTATOB 1 NpoBepKe MOBTOPAEMOCTH BCEH IKCNEPUMEHTATBLHON 0a3bl Kak
K OAMOMY H3 OCHOBHBIX MoOKasateneii kavectpa, NPaBUILHOCTH M MOJHOTHI pabOTBI COMCKATENA.
B nannom cnyuae paGora conckarens SIBSETCS 06pa3LOBOM, M aBTOP OT3bIBA OTAEIBHO OTMEYAET,
uTo paboTa AOKyMeHTHpoBaHa HACTOJIbKO, yTO MOYTH 060 B 3TOM 06/1aCTH HEe MCMBITAeT
TPYAHOCTEH MpPH NOBTOPeHMH paboTel kanaupata W Takke NPUAET K TeM JK€ pe3y/bTaraMm,
HCTIONB3YS T€ )K€ METOMBI HA TeX jKke obpasuax. Hikakue aeTanu sKcriepuMeHTa He OCTATUCh He
3a10KYMCHTHUPOBAHHBIMH. ABTOP OT35IBA COXANEET O CEpPbE3HOM YXY/IEHUH Ka4eCTBA HAYYHOM
AOKyMEHTaluuu 60JbIMHCTBA /IATEPATYPHBIX HCTOYHMKOB B MOCNEIAHUE TOIBI, U GMAr0JapUT
COMCKaTeNd 3a TO, YTO MOMOraer BEPHYTb Hay4yHOe COOOIIECTBO K MPaBHIBHOMY CTaHAApTy
HAY4YHOH NOBTOPsEMOCTH. “Tlo3npasnsio u 611aro1apio, MOTOMy 4TO 5 3HAKO TaK CIOXKHO HAIKCATE
BCE Ha MHOCTPAHHOM f3bIKe B CTaTbe, W Tenepb He TaK MHOTO JIIOAEH KOTOpble paloTaloT TaK Ke
YCEPIHO KaK 3TOT KaHAMAAT. Mbl 1OMDKHEI 6path npuMep ¢ KaHAWAATA Kak MMcath Hay4YHBIC
CTaTbi” (OPUIrHHANBHBIIA TekeT Maiika Iopta Ha pycckoM s3eike, MpuM. Tep.).

ABTOp 0T3bIBa HACTOATENBHO PEKOMEHAYET KOMUCCHH M0 OLEHKE 00paTUTh BHUMaHHE Ha
bIYHO GOJNIBIIOE KONHMYECTRO MEMWAYHAPONHBIX KOH(EPEHLMH U JKyPHAIBHBIX My6THKALMIA,
Ha KOTOpbIX Oblna mpeacTasyieHa 1 omy6nuKoBaHa paGoTa couckatess. ABTOp NaHHOH peleH3uH
TIPHUCYTCTBOBAN Ha HEKOTOPBIX M3 3THX HPE3eHTALMH M SIBIAETCS COABTOPOM HEKOTOPEIX U3 3THX
nybauKauuii, u moser TOBOPUTE KaK O Hay4HOH 3HAYMMOCTM pe3yJBTATOB, TAaK H O TOM,
HACKOJIEKO  XOpOWIO  MexxyHapoHas aynutopus (Bkmoyas CIIA u Poccumio, rae aBTOp
MPACYTCTBOBAN JIHYHO) MPUHSNA PABOTY CoMcKaTelIs.

S cunraro, uto muccepranyonHas padota Muxauna Mepeskko npecTasiseT co6oil moHoe
1 3aKOHYCHHOE Hay4YHOE HCCrieoBaHMe, KOTOPOE COOTBETCTBYET TPeOOBAHMAM /1Sl AUCCEPTALHHA
PhD, # 4to couckarens 3aCTy}UBACT NPHUCYKICHUS EMY CTENEHH AokTopa Gpunocoduu.

HE0O

Hckpenne,
/moanuce umeetcs/
Maiikn [opr.




S, Kenkeraesa  Inana CepnxGosonna, MUH 890416450513, (ynoctopepenne
TaHocTH Ne 037494459, srinano MBJ PK ot 02.02.2015 r. geiictButenso Jo 01.02.2025 r.),
HACTOSIMM  TIOATBEPKAAIO, MTO MAHHBIN TEPEBOS SBISETCS TOUHIM MepeBoIOM [aHHOTO
AOKYMCHTA H COOTBETCTBYET COACPIKANUIO OPHIHHANA NOKyMEHTa,

Hoanuce
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/MM «TRANSLATION SERVICES PRO»
| OKCHMAH 890416450513
! Kenxeraesa [JnanHa
‘ Ayaapmatusi/Mepesoaunk
Cor: +7 747 580 89 48

(MSTOe» Mas JIBE THICSYH ABAALATH TPETHETO roxa s, Mycaraea Aiirepum MakcatoBHa,
HOTapHyc ropona AmMartsl, aedcTByOmumil Ha OCHOBaHUM JueH3ud Ne21015147, BeinauHOM
Mumrmcrepersom  OcTrmmu Pecny6muxn Kasaxcran or 15.04.2021 rofa, CBHIETEIHCTBYIO
MOLTHHHOCTL TOANHMCH TepeBonYnKa KemkeTaesoii Muaner Cepux6ostoBusr.  JInarocTs
TICPCBOIMKA YCTAaHOBIIEH, ICECTIOCOBHOCTD M TOIHOMOTHs] IIPOBEPEHBI.

3aperucTpupoBano B peectpesaNe /7Y~

Bseickana cymma cormaco cr. 30 . 2 3axona PK «O Horapuare»

pus
b o
§ 3
o %
TN
s IS g
S E 3
(& O
>~ ®
;‘ ]
s X
= 0
~— ;
e e |
: °
o
N §
NS E
@
7]

ET0807106810241208000D5690615

Hotapuamsik ic-apekertiy Sipereii Hemipi / YHukansHbij HOMep HOTaPWabHOro AeiCTeuA
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