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ObO3HAYEHHA U COKPALLEHHA

Ab66pesmatypa Paclungpposka [NepeBop, HA PyCCKUM A13bIK
A3C ATOMHasl 3NeKTpoCTaHUMs -
8T Lindposoi (Bijyaﬂbelljl) )
MCNbITATeNbHbIM NOMMIOH
e Linpposoit (BMDTE/aJ'IbeIIZ) i
UCNbITATENbHBIM CTEHA,

KM KoMNo3nuUMOoHHLIM MaTepMan -
MMP Manbii MoOynbHbLIM peaxkTop -
HHoKe ooy pat :
HWP HayuHo-u1ccneposatensckas padora -
0AT OTpaBoTaHHoe 84epHoe TONMMBo -
MKM MonuMepHbIK KOMMNO3ULMOHHBIK MaTepuan -
no MporpaMMHoe oBecneyenue -
PAQ PaanoakTveHble 0TXOOb! -
TBC Tennosbigensowas céopka -
TB3A TennoBblOenALWMK 31eMeHT -

Al Artificial Intelligence WckyccTBeHHbIM MHTennekT (M)

CpefcTBa aBTOMATM3MPOBAHHOIO

CAD Computer-Aided Design npoexTposat [1],

CUCTeMbl aBTOMATU3UPOBAHHOMO
npoekTtuposaHus (CAMP) [2]

CpeqncTea MHXeHepHoro aHanusa [1],
CAE Computer-Aided Engineering CUcTeMbl UHXEHEPHOMO aHanu1sa
W NpoeKTUpoBaHus [2]

Cpencrea ynpasnerus o6opynosaHvem
C YACNOBLIM NPOrPaMMHbLIM ynpasnexuem [1],

CAM Computer-Aided Manufacturing
CucTeMbl aBTOMaTU3aLMM

W3roTosnexus / npoussopcTea [2]
CFD Computational Fluid Dynamics BblyMcnuTensHas ruapoamMHaMmnka
FEM Finite Element Method MeTopg, koHeuHbIx 3nemeHTos (MK3)
HTGR High temperature gas-cooled reactor BbicokoTEMNEPATYPHbIM Fra300XMaK0aEeMbIH

peaxtop (BTIP)

LWR Light Water Reactor NerkosogHbIK peakTop
BWR Boiling Water Reactor Kunawmit (Bono-BoasHoM) peakTop

]
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Ab66pesmatypa Paclungpposka [NepeBop, HA PYCCKUM A13bIK
MBSE Model-Based Systems Engineering MOﬂeﬂbHO-OPMEHTMpOBaHHbI|/1
CUCTEMHBIM MHKUHUPHHT
MSR Molten Salt Reactor PKnpkoconesoi peakTop (>KCFj) /
peakTop Ha pacnnaeax conew
CpeqncTsa ynpasneHust MHKeHEepHbIMK
POM Product Data Management AatHbiMu 00 napenui [1.2],
CucTeMbl ynpaBneHus JaHHbIMU
06 usgenuu [2]
CpepcTBa yrnpaBneHus
PLM Product Lifecycle Management KHHEHHBIM LKnoM u3nenus [1,2],
CucTeMsl ynipaBneHms
SKM3HEHHBIM UMKNOM W3genus [2]
ROM Reduced Order Models Mopenu noHWKeHHOro nopagka
CBEepXKPUTUYECKMM BOL00XNAKIAEMbIM
SCWR Supercritical water reactor peakTopa (peakTop ¢ BoAAHsIM
OXNaKAEHUEM B CBEPXKPUTUYECKOM
COCTOSHMM)
CpeqcTsa ynpasneHus NpoLeccamu
Simulation Process and Data pea ymp pou
SPDM W OAHHBIMWU KOMMbIOTEPHOMO
Management
MogenuposaHus [1,2]
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BBELEHWE

IKCNepTHO-aHANMTUYECKMK OoKNah NoarotoseH MHppacTpykTypHbIM LeHTpoM «TexHeT» CM6MnYy c mc-
NONb30BaHWEM OAHHbLIX OTPACMEBbLIX OTYETOB, NPAKTUYECKOr0 ONbiTa MHKUHUPUHIOBBIX M MPOU3BOACTBEH-
HbIX OpraHW3aLMM aTOMHOM OTpaciM, a TaKkKe ONpoca 3KCNepTOB WM YYACTHUKOB pblHKAa HauuoHanbHOM
TeXHOMorndeckoi nHuumaTmesl (HTK). PesynbTaThl MCCNenoBaHusa HanpaBneHsl Ha COAeNCTBME PeLLEHUIO
CTpaTerMyeckux 3afay, CBA3aHHbLIX C OOCTUXKEHMEM TEXHOMOMMYecKoro NMaepcTea U obecneyeH1eM Tex-
Honormyeckoro cysepenuteta Poccuiickorn Qefgepalii B 06nacTv aTOMHON 3HEPreTHKM M aTOMHOMO Ma-
LUMHOCTPOEHMS, YTO 0COBEHHO BAXKHO B YCNOBHAX YCUMNMBAIOLLIEMCA rNoBanbHOM KOHKYpeHLUmKW. HacToaLmi
Loknag GopMUPYeT aHANMUTUUECKYO OCHOBY NS NPUHATHUS YNPABNEHYECKUX U TEXHONMOMMUYECKUX PELIEHHH
MO KOMMNEKCHOMY Pa3BMTUIO TEXHOMOMMW LMAPOBOr0 MOAENMPOBAHUS KOMMO3ULIMOHHbLIX MaTepuanos, B
TOM 4MCMe B aTOMHOW OTpacu. AKTyanbHOCTb MCCNeOoBaHWs 06yCnoBneHa pocToM 3HAYMMOCTH MCMOMb-
30BAHMA KOMMO3MUTHBIX KOHCTPYKLUMH B KPUTUYECKM BaKHBIX 0ObEKTax aTOMHOM OTPAC/, MOBbILIEHWEM
Tpe6oBaHWM K BE30MaCHOCTH, HAAEXHOCTU ¥ OONMTOBEYHOCTU M3MOEMUH, a TakKe YCKOPEHHbIM Pa3BUTHUEM
TEXHOMOrMM LMOPOBOrc MOAENUPOBAHMA.

CoBpeMeHHbIV 3Tan pasBuTUA AAepPHbIX TEXHONOMMK NpedbaBNAeT 0cobbie TpeBOBaHUA K KOHCTPYKLMOH-
HbIM M DYHKLMOHAMbHLIM MaTepMUanaM: pacluMpeHHbIM OManasoH 3KCNAyaTaUMOHHbIX TemnepaTtyp, NoBbl-
LUEHHaA PaaMaLMOHHas CTOMKOCTb, ONMTENbHBIE CPOKM CTyXObl U YCTOMYMBOCTb K CMOXHBIM 3KCMNyaTa-
LMOHHBIM pexkumaM. OcoBoe 3HaueHUe NpUoBpPeTaroT KOMMO3ULMOHHLIE MATEpWarnsl, CBOMCTBA KOTOPbIX
MOTYT LieNeHanpaBneHHo M3MeHATLCA 3a cHeT nondopa MaTpPULLl U KOMMOHEHTOB, YTO OTKPLIBAET BO3MOX-
HOCTW [NS CO30aHMA NETKMUX, NPOYHBIX, KOPPO3UOHHOCTOMKUX M MArHUTOMHEPTHbLIX KOHCTPYKLMK. B vacT-
HOCTK, TAKME MaTEPUansl PacCMaTPUBAKOTCS Kak NepCrnekTMBHAs 0CHOBA A1 000M0YeK TeNMOBbIAENAOLLMX
3nemenToB (oanee — TB3M) 1 peweHuid no yTUnmMsaLuK oTpaboTtasliero aaepHoro Tonnuea (ganee —
OdAT), uTo HaNPAMYO CBA3AHO C 3a0a4aMW NOBbILLEHWS Be30NaCHOCTH U IODEKTUBHOCTU aTOMHOM 3HEpre-
THKH.

PasBuTHe yKa3aHHbIX HaMpaBneHni HeBO3MOXHO 63 onopsl Ha NepeaoBblie METOOL! LUMPPOBOro MOLEMH-
POBAHUSA KOMMO3MLMOHHBIX MAaTEPUAN0B M MHXKEHEPHOE NporpaMmHoe obecneyeHue, no3BonsLLee npo-
BOAMTb MHOMOYPOBHEBOE YMCNEHHOE MOJENUPOBaHWE NOBEOEHWUS MAaTEPMAnoB M KOHCTPYKLMKM B 3KCTpe-
ManbHbIX YCNoBMsX. MMPOBOM pbiHOK MH)KeHepHoro 10 OeMoHCTPUPYEeT YCTOMYMBBIM POCT, OTPaKatOLLLMMI
YCNOXHEHWE NPOEKTUPYEMBIX M3AEMNWMM 1 Nepexom, K MHTErPUPOBaHHOMY NPOEKTUPOBAHWIO MEXaHUYECKHX,
3NEKTPUYECKMX M NPOrPAMMHBIX CMCTEM, YTO B MOMHOM Mepe OTHOCMTCA M K aTOMHOW oTpacnu. [ns poc-
CMWCKOrO PbIHKA O0NONHUTENbHLIM (GAKTOPOM aKTyanbHOCTU BbICTYNaeT HeoGXOAMMOCTb MEPECTPOMKM,
KMto4eBan 3a4ava KoTopon — GopMMpoBaHWe CyBEPEHHON NPOrPaMMHO-TEXHONOrMYeckon 6assl ons Lmd-
POBOr0 MOLENUPOBAHUS MAaTEPMANOB W KOHCTRYKLMHM.

IKCNEPTHO-AHANMTUYECKMI OOKNA NOCBALLEH KOMMNNEKCHOMY aHanmsy TeXHONOTMI UMpPOBOro Moaenu-
POBaHMA KOMMO3WULIMOHHbBIX MAaTEPUANoB 419 NPUMEHEHWS B aTOMHOM OTPACNM — OT OLLEHKM TeKYLLLero co-
CTOSHMA U OMHAMMKK Pa3BUTHS B POCCHM 00 BbIAENEHWS OCHOBHBIX TEXHOMOMMYECKUX TEHOEHLMM Pa3BUTUS
oTpacnu B nepcnektuee. KntoyeBbiM acnekToM MCCNeaoBaHWs BbICTyNaeT aHanms HanpasneHWi npumeHe-
HUS KOMNO3WLMOHHbIX MAaTEPHUANoB B aTOMHOM OTPAC/M, a TakKXKe TEXHOMOTMM UX LMBPOBOr0 MOAENUPO-
BaHWA, BKMIOYAA CrneLuanmsnpoBaHHbie Ludpossie nnathopmsl. Ocoboe BHUMaHWE yaenseTcs BONpocam
MHHOOPMATHUKKM MATEPHUANOB M MHTErpaLMu LMGPOBLIX MOAENEM B MPOLIECCHI NPOEKTUPOBAHWUSA M 3KCNya-
TaLMW M3OENUH aTOMHOro MalLMHOCTPOEHHMS.
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MepBas rnaBa QoKNada NOCBSALLEHA aHamnNMW3y TeKyLLero COCTOAHUA M OMHAMUKW Pa3BUTHUA chepbl Lndpo-
BOMO MO/ENWPOBaHWA KOMMO3ULIMOHHBIX MAaTEPMANOB B aTOMHOWM OTpaciM C YYeTOM CerMeHTa aTOMHOMo
MaLLMHOCTPOeHUs. B paMkax rnasbl paccMaTpMBatoTCA HanpaBneHns NPUMEHEeHUA TeXHONOM UK LIMGPOBOro
MOOENUPOBAHUSA KOMMO3MLMOHHBIX MAaTEPMAN0B B aTOMHOM OTpac/u, NPOBOAMTCH 0630p OCHOBHbIX TUMOB
KOMNO3ULMOHHbIX MaTep1anos No KNtoYeBbiM 06NACTAM NPUMEHEHWS, a TakKe aHanM3UpyroTCa Tekyllee
COCTOSIHWE MMPOBOrO WM POCCMIACKOrO PhIHKOB, KNHOYEBLIE COBLITUS OTPACM, CTPaHbI-NWAEPLI, Cneuranm-
3MpOBaHHbIE NPOrpaMMHble NPOAYKTbI. [1pUBeAeHLl NPUMEDSI PeanU30BaHHbIX POCCUMCKUX W 3apyOeXKHbIX
NPOEKTOB MO TEXHONOMMAM Pa3paboTKU U NPUMEHEHMIO KOMMNO3WULMOHHBIX MaTepPHUanos, a Takxke npumeHe-
HWUIO TEXHOMOTMM LM(BPOBLIX OBOMHWKOB B aTOMHOM OTPac/M, B TOM YMCe NPoeKTsl No paspadoTke Lud-
POBbIX OBOMHUKOB Mafbix MOOYMbHbIX peakTopos (nanee — MMP).

Bo BTOpoM rnase paccMaTpWBatOTCA NEPCNEKTUBbI PA3BUTWUA TEXHOMOTWM LM(OPOBOr0 MOOENMPOBAHUS
KOMMO3WLMOHHbIX MAaTEPUANOB ONS NPUMEHEHWs B aTOMHOW oTpacnu. B nogpasgenax npeactaBneHsl oc-
HOBHble TEHOEHLIMW Pa3BUTUS AaTOMHOM OTPAC/M M PhiHKa LMGOPOBOr0 MOLENUPOBAHWA KOMMO3MLIMOHHbIX
MaTepuanos B MMpe, a Takke 0003HaYeHa WX PoCCUicKas cneluduka. NpuBeaeHsl NPOrHO3bl PasBUTHS,
BKMIOUAA KMNHOYEBbIE BOIMOXHOCTU A8 pocTa U Bapbepsl (TEXHOMOrMYECKUE, OPTraHWU3aLMOHHBIE U PbIHOY-
Hble) Pa3BUTHA PLIHKOB B MUpe W B Poccuu.

TpeTbs rnaBa NOCBALLEHA aHaNM3y TEXHOMOMMI MOAENMPOBAHMUA MONMMEPHBIX KOMNO3WULMOHHBIX MaTepH-
anos (ganee — MKM) ¢ yyeToM TEXHONOMMI M3rOTOBMEHMS, OCTATOYHOM MPOYHOCTH, YCTANOCTH, MOM3YYeCcTH
W TpeLMHo0bpasoBaHka Ans aTOMHOM oTpacnu. B pasgene paccMaTpuBaloTcs METOOMKMA MOOENUPOBAHNA
npoueccos nsrotosnenus MKM, B ToM YMCne KMHETUKM NOMMMEPH3aLIMM, HanpaBReHHbIe Ha Co3AaHWe Bbl-
COKOA/1eKBaTHbIX MAaTEMATUYECKMX M KOMNLIOTEPHBIX MOAENeH KOMNO3ULMOHHLIX MaTepHUarnos, TEXHONOr K
NOCTPOEHUA LMPPOBLIX (BUPTYanbHbIX) McnbiTaTensHbix cTeraos (BUC) u nonuronos (BMM) ana mopenn-
POBAHWA KOMMO3WLIMOHHBIX MaTepHanos. [ofyyeHHble pesynbTaThl MOFYT NOCAYXKWTL 63301 ANA AanbHen-
LIMX HayYHbIX MCCNefoBaHUM 1 paspadoTok.

Mpy GOPMUPOBAHWMM aHANMTUYECKMX BLIBOAOB B OOKNAAE YUTEH NPAKTUYECKUH ONbIT MHXMHUPUHIOBbIX U
NPOM3BOACTBEHHbBIX OPraHM3aLMi aTOMHOW 0Tpac/M, BKoYas TpeboBaHWa K HAAEXHOCTH, 6e30nacHOCTH
W NPOCNEXMBAEMOCTU MHXKEHEPHBIX PELLEHWH, XapaKTepHble B TOM YMcne Ana npeanpuatui koHtypa MK
«Pocatom». B uensx c6opa W cucTeEMATU3ALMK MHOOPMALIMKM ONA aHaNM3a TEeKYLLEero COCTOAHUA M nep-
CNEeKTWUB Pa3BUTHUS AaTOMHOM OTPACNM M PbIHKA TEXHONOMMK LMOPOBOrO MOLENUPOBAHUA KOMMO3ULIMOHHbIX
MaTepManos, OCHOBHbLIX TEHOEHLMIH, BapbepoB (B T.4. TEXHOMOTMYECKUX) U BO3MOXKHOCTEM O4NA pocTa, a
TaKKe KMHOYEBbIX COOBITUI B paMKax TeKYLLEero MccnegoBaHns MHGPacTpyKTypHbIM LEHTPoM «TexHers
Creny npu nogoepxke AHO «Mnatpopma HTU» nposeger onpoc opraHn3aLmi-y4acTHMKoOB peiHka HTH
n atomHol otpacnu. Onpoc 6win Hanpasnex Gonee yem 70 kmouesbiM npeactasutenam. OTBeTsl Obinu
nonyyeHsl oT 12 pecnoHaeHToB, BkNtoYas npepacrtasutenent 'K «Pocatom», AO «TB31», A0 «HOMA-
TEKC», AO «HUKN3IT», AD «HWWrpaduT», AO «Pocatom Hayka», HUL, «KypyaToBCKUM MHCTUTYT —
UHMN KM «lpometen», ®FAOY BO «CeBacTononbCkuMiM rocyOapcTBeHHbIM yHUBepcuTeT», 000
«TECUC» v ap. PesynbTaThl onpoca NpeacTasBneHsl CKBO3HbIM 00Pa3soM B COOTBETCTBYIOLLMX pasdenax
HaCTosALLLero oT4eTa.
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[TIABA 1. TEKYLLEE COCTOSHUE LIM®POBOI0 MOLENTMPOBAHUS
KOMMO3ULIMOHHBLIX MATEPUANOB OJ191 MPUMEHEHWUS
B ATOMHOW OTPACIU

B yCcnoBuax HapaCTaPOLLI,EIZ CNO>XXHOCTKW NpOMbILLUNEHHOro nponssoacTea oOHKUM U3 HaI'IDaBJ'IEHMl:I obecne-
YEHMA TEXHOMNOrMYECKOW yCTOPIQMBOCTM WU HOPMUPOBAHKUA TEXHONOMMYECKOr0 CyBEepeHMTETa W NKMOepcTBa
rocyfapciea CTaHOBMUTCA NPUMEHEHKE TEXHONOIMK LUM(PPOBOro MPOEKTUPOBAHWA W MOLENMpoBaHUA, B
4aCTHOCTK — ONA Da3D360TKM MaTepuanos 1 KOHCTDyKLLMPI M3 HUX. Ocoéyro 3HA4YMMOCTb YKa3aHHOe HanpaB-
nexune I'IDMOéDETaET B KOHTEKCTE KPUTHUYECKKU Ba>KHbIX OéeCI'IeLIMBaPOLLI,MX OTDaCFIEI\/'I MPOMBbILLNEHHOCTH, K
4MUCNY KOTOPbIX OTHOCKUTCA aTOMHaA OTpachb.

B paMkax HacToqLero pasaena paccMaTpUBaETCs TeKyLliee COCTOAHME PbiHKA TeXHONOMMM LM(BPOBOro Mo-
LeNMpPoBaHMUA KOMMO3WLMOHHbBIX MAaTEPUANoB B aTOMHOW OTpac/v C y4eTOM CerMeHTa aTOMHOI0 MalLmMHO-
CTpoeHus. AHan1s NpoBOaMTCA Mo cnedyoLinM 6nokam (noapasaenam):

1 HanpaBneHWs NpUMEHEeHWUS TEXHONOMMK LIMGPOBOr0 MOAENMPOBAHMA KOMNO3ULMOHHBLIX MaTepra-
0B B aTOMHOW 0Tpac/n — 0BLMi 0630p OCHOBHbBIX TUMOB KOMMO3WULMOHHbIX MAaTEPUanos no K-
YeBbIM 06NaACTAM MPUMEHEHWA C OMOPOM Ha aKTyanbHble HayyHble NyGnuKauuu, a Takke 0630p
COOTBETCTBYIOLLMX HANPABNEHMN UCNOMb30BAHWA TEXHONOMMW LMPPOBOro MoOeNMpoBaHN.

9 TekyLlee coCTOssHME MMPOBOrO PbiHKA M KMHOYeBble COOLITUA OTPACiM, B T.4. aHafM3 OCHOBHbIX
nokasaTeneM, XapakTepM3yrLLIMX COCTOSHWE aTOMHOW OTPaC/MW, BbiABNEHWEe CTpaH-NWOEepoB, Xa-
PaKTEPUCTUKA PbIHKA TEXHOMOrMKA LIMPPOBOr0 MOOENMPOBAHUA KOMMO3ULIMOHHBIX MaTepuanos,
BKMKOYaA CneLpuanmu3MpoBaHHble NPorpamMMHble NPoayKTsl, ONpeaeneHme KNioyeBbiX COObITUM 1 ak-
TyanbHbIX NPUMEPOB MO TEXHONOrMAM Pas3padoTKU ¥ NPUMEHEHWIO KOMMNO3ULIMOHHBIX MATEPHUAnos,
TEXHOMOTWUM LM(PPOBLIX OBOMHUKOB.

9 TekyLlee coCTOSAHUE POCCUMCKOrO PhIHKA W KMtoYeBble COBLITUS OTPACMHK, B T.4. aHaM3 OCHOBHbIX
MoKasaTenem, XapakTepU3yIOLLMX COCTOSHWE POCCMMCKOM aTOMHOM 0Tpaciuv v nonoxexHue Poccum-
ckort Depepalyu Ha MUPOBOM PbIHKE, XapaKTepPMUCTUKA PbIHKA TEXHOMOTMM LMPPOBOro Moaenu-
POBAHWUA KOMMO3WULIMOHHbLIX MaTepPWasrioB, BKMOYas CheLpanu3upoBaHHble MpPOrpamMMHble Mpo-
LyKTbl, ONpeaeneHune KNoyvesbix COBbITUI U akTyanbHbIX NPUMEPOB N0 TEXHONOMMAM Pa3paboTKu
Y NPUMEHEHWIO KOMNO3WLMOHHbLIX MAaTEPUANOB, TEXHOMOMMH LM(POBLIX OBOMHWUKOB.

1.1. HanpaBneHus npMMeHEHUS! TEXHONOIMK LU(MPOBOro MOAENUpPOBaHUS
KOMNO3WLIMOHHbIX MaTepUanoB B aTOMHOW OTPac/u

CoBpeMeHHbIv 3Tan passUTHs AOepHbIX TEXHONOMMIM NpeabsBnaeT ocobbie TpedoBaHUs K MaTepuanam, Ta-
KME KakK PaCLUMPEHHbIM OMANa3oH OONYCTUMBbIX 3KCMNyaTaLMOHHbIX TeMnepaTyp, NOBbILLEHHYH paguaLm-
OHHYO CTOWMKOCTb, ONIMTENbHBIA CPOK CRYXObl M T. 4. B 4aHHOM KOHTEKCTe 3a CHeT BO3MOXHOCTW perynm-
POBaHMUA TEXHMYECKMX W IKCNMyaTaLMOHHLIX XapaKTEPUCTMK MOCPeACTBOM BapbMpOBaHWSA COCTaBa M
CBOMCTB MCMOMb3yeMbIX KOMMNOHEHTOB 0COBYH0 aKTyanbHOCTb NpPUOGPeTaloT KOMMO3ULMOHHBIE MaTepu-
anbl [3]. YkasaHHbIM TUN MaTepranos, B 4aCTHOCTH, Bnaroaaps Manomy Becy, FMOKOCTU, MPOYHOCTH M CMo-
COBHOCTH FeHepupoBaTh MeHbLLIE BTOPUYHOIO U3MYYEHU:, CTAHOBUTCS anbTEpPHATUBOM CBUHLY M ApPYrvM
TAXKENLIM METaNNaM Npu Co34aHUK IKPAHWUPYIOLLMX KOHCTPYKLUMM [4].

HOHMMeprIe KOMMNO3WLUKMOHHbIE MaTepHanbl (J:l.anee - HKM), B 4aCTHOCTH, MCNONBL3YHOTCA ONA CO30aHKUA
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NErkux 3KPaHOB WM CPeACTB NepCoHanbHOM 3almThl. B kauecTse paaMaLMOHHO-3aLLMTHBIX 400aBOK NpU-
MeHatoTca Taxensle Hanonuutenu (Bi, W, Pb) unu 6opcogepxalie KoMnoHeHTsl. HanpuMep, nonucu-
pON-MeTannMYeckue KOMNo3WLUMOHHbIE MaTepHarbl MCMOMb3YyT NONUCTUPON B KaYecTBe CBA3YIOLLEM OC-
HOBbI, KOTOPYIO apMUPYIOT BLICOKOAMCNEPCHbIMK nopoLukamu MeTannos (Al, W, Fe) gna cospaHus nerkmx
NaHenbHbIX 3KPAHOB. YrNepoa-yrnepoiHble KOMNO3ULMOHHbIE MaTepuarnbl NPUMEHAIOTCS B NOTMOLLAIOLLMX
anemenTax [5]. B HacTosLLee Bpems, KOMMO3MULMOHHbIE MAaTepHaribl, apMUPOBaHHbIE YrNePOAHLIMA BOMOK-
HaMM, MCNOMb3YIOTCA B CEPUMHOM NPOM3BOACTBE KOMNOHEHTOB ANA 000pPYA0BaHKSA, TPeOYHOLLEro 3KcTpe-
MasbHbIX CKOPOCTEW BPALLEHUS W BbICOKOM YCTOMYMBOCTH K Harpyskam. B To »ke BpeMsi KOMMNO3WUUMOHHbIe
MaTepwuarbl C KepaMMyeckon MaTpuLEn Hanbonee NepcnexkTUBHLI Npu co3daHuu obonodvexk TBIS1 v ane-
MEeHTOB, paBoTaloLLMX NPW BLICOKMX TeMnepaTtypax 1 BonbLumnx Harpyskax [6]. [aHHoe HanpaBsneHue cun-
TaeTcs MoTeHUManbHO NPOPbLIBHbIM W AKTMBHO MCCNedyeTcs B paMKax Hay4YHO-WCCNeaoBaTenbCKUX W
OMBITHO-KOHCTPYKTOPCKMX paboT (nanee — HUOKP), kak Ha poccuitckoM, Tak M Ha MMPOBOM ypoBHe. Kpome
TOr0, NPEUMYLLIECTBEHHO HA CTAAMM HAYYHO-MCCIEA0BATENbCKUX PABOT, HAXOOMTCA NMPUMEHEHUE Pa3fny-
HbIX KOMMO3WLIMOHHBIX MaTepuanos ans ytunusaumm OAT.

MpUHUMAA BO BHUMaHWE COBPEMEHHbIE TPEOOBAHMA K PYHKLMOHANBHBIM M TEXHONOMMYECKUM XapaKTepu-
CTUKaM, a TaKXe KPUTePUW IKOHOMUYECKOW 3PPEKTUBHOCTH KPUTHYECKM 3HAYMMBIM 0718 MOOENUPOBaHUA
W NPOEKTUPOBAHMA KaK CAMMX KOMMO3ULIMOHHBLIX MATEpPManoBs, Tak W U3OETUK U KOHCTPYKLMOHHBIX 3ne-
MEHTOB M3 HUWX, ABNAETCA NPUMEHEHME NepedoBbiX NPOM3BOACTBEHHbIX TEXHONOrMK. B KauecTse KnoueBbIx
HanpaBNeHnh ULMPPOBOro MOOENMPOBAHWUA KOMMO3WLMOHHBIX MaTEPUAN0B B aTOMHOW OTPACNM MOXKHO Bbl-
OenuTs cnegytoLme:

1 MogenupoBaHWe CTPYKTYPbl HA MUKPO- M MaKpO- YPOBHSX, B T.4. MHOMOypOBHEBOE MOAENMpoBa-
HWe, CBA3LIBAIOLLEE NMPOLIECCHl, NPOMCXOOALLME B MaTepuane, Ha pasHbiX CTPYKTYPHBIX YDPOBHSAX
BNMOTb 40 YPOBHA W3OENMA UMW KOHCTPYKLIMOHHOMO 3MEMEHTa, akTyansHoe BCeacTBUe KpUTUYe-
CKOM 3aBMCMMOCTH XapaKTePUCTMK M MOBEAEHWS KOMMO3MLMOHHBIX MaTepManos OT MUKPOCTPYK-
TYPHbIX 0coBeHHocTew [6].

1 OnpegeneHue LWMPOKOrO CNEKTPa CBOMCTB: (PM3MKO-MEXaHWMYECKMX, B T.4. OCTATOYHOM MPOYHOCTH,
yCTanocTk, NoN3y4ecTv W TpeLnHoodpasosanus [7], Tennodusmuyeckmx [8], GUIUKO-XUMUYECKMX,
B T.4. PAMALIMOHHO-3aLLUMTHBLIX [9] M T. O,

Kntovesble ceenennd 06 OCHOBHbBIX TWUMax KOMMNO3NUKMOHHBIX MAaTEPKUANOB, PaCCMATPMBAEMbIX B HAYy4YHO-
TEXHUYECKKUX I'ny)ﬂMKaLI,MFIX B Ka4yeCTBe MepCcnekTrBHbIX ONd NCNonb3oBaHUA B aTOMHOM 0Tpaciu, a Takxke
HanpaBneHna NCNonb3oBaHUA TEXHOMOr MK LMOPOBOro MoOenmMpoBaHns CBefeHbl B Taénmu,y 1.

Tabnuua 1. OcHOBHbIE TUMNbI KOMNO3ULIMOHHBIX MATEPUAN0B NO KNHOYEBbIM 06NACTAM NPUMEHEHWS
B aTOMHOW OTPAC/M Ha OCHOBE 0630pa Hay4HbIX NyGNMKaLMi

OcHoBHble HanpaBneHus
Tun vatepuana Matpuua Kniouesbie obnactu MCNonb3oBaHMsa
W HanonHUTenb NpUMEHeHus TEXHOMOrUH LIMPPOBOIro
MO[eNUPOoBaHUA
KoMnosuThl KepaMuyeckasa MaTpuLa, O6onoukn TB3I/T, MHoroyposHeBoe
C KepamMuyeckon apMWMpOoBaHHan 3neMeHThl, paboTaloLpe MOAEeNUpoBaHWe AN
MaTpuLen BONOKHaMK [8]. NPU BbICOKMX npeackasaHma
BO3HMKHOBEHMA W pocTa
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OcHoBHbIe HanpaBneHus

T ETEETE Matpuua Knrouesbie obnacru ncnonb3osanmsa
W HanonHuTenb npUMeEHeHus TEXHONOrMK LIMPPOBOro

MO/[IeNIMPOBAHUA

TemnepaTtypax W 6onbLUIWX 0e(heKToB, NoBeaeHUs

Harpyskax [8]. nop, o6nyyeHuem.

MopenvpoBaHue

TennoMU3MYecKmx

csorcrs [10].

NonnMepHble pagua- [Non“MepHas MaTpuua lerkue 3kpaHsl, MHoroyposHesoe

LIMOHHO-3aLLIMTHbIE C TAXENbIMK nepcoHanbHas 3almTa, MOZEnNUpoBaHue
HamnonNHUTENSMK 06MMLIOBKM MUWKPOCTPYKTYpbI. PacyeT
(Bi, W, Pb) u obopyposaHus [4,9]. PagMaLMOHHO-3aLLMTHBIX

fopcopepsalliiMu CBOMCTB.

koMnoHeHTamu [4,9] OnTUMK3aLMs cocTasa

ANS COBMELLIeHMS
3aLLMTHBIX M MEXaHWUYeCKMX
covicts [11].

Yrnepoa-yrnepogHsie papuTOBbIE MATPULIbI, Matepuansi Mogenmposanue
KOMMO3WTbI yrnepogHsle NOrnoLIatoLLIMX NOBE/IEHMA B YCTIOBMSX
BonokHa [5]. aneMeHToB [5]. OBIYUEHHMA 1 BBICOKHX

TeMnepartyp.

KBaHTOBO-XMMMWYeCKoe

MOOENMpPOBaHWe
Anst NPOrHO3MpPOBaHMA
3NEKTPOHHOM CTPYKTYPbI
W cBomcTs (HanpuMep,
TennonposogHoctH) [7].

Taxensle 6eToHbI, Taxkensli 6eToH Buonoruyeckoe MopenupoBaHue
apMUpOBaHHbIe C MMHepanamu 3KpaHUpOBaHUe, W ONTUMM3ALIMA COCTaBa

C BOMOKHaMM (cepnentun, 6apwr) Bapbepbl ona INs ynyylleHns

1 BopcogepsaLLmMm HEeMTPOHOB/Y-M3nyyeHus [7]. HEWTPOHHOrO

BonokHamu [7]. 3KPaHMPOBAHMS.

Y4eT TMna apMMpoBaHHs
(1D) npu NporHo3vpoBaHmu
3 MEKTUBHBIX CBOMCTB [7].

Monuctupon/nonumep MNonumep [lerkue naHenbHble [MpoekTHpoBaHWe nog,
+ MeTann C MOPOLLKOBbIMM 3KpaHbl C 334aHHLIMK 3a[aHHbIE XapaKTEPUCTUKM.
nobaskamu Al, W, Fe MEXaHUYEeCKUMHK BeprdrKaLms
Ans y-3KpaHa W 3aLLMUTHBIMM W Banuaauus Mogenei
1 MexaHWYecKoro cBovcTBamm [12]. 1175 3aMeHbI
yeunerus [12]. [,0POrOCTOALLMX

JkcnepuMenTos [12].
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OcHoBHbIe HanpaBneHus
T ETEETE Matpuua Knrouesbie obnacru ncnonb3osanmsa
W HanonHuTenb npUMeEHeHus TEXHONOrMK LIMPPOBOro
MO/[IeNIMPOBAHUA
CUMHTUANALMOHHbIE Kepamunyeckue [aTyvky U MOHWUTOPHHI NpoekTupoBaHue
M KOMMO3ULIMOHHBIE CUMHTUNNSATOPSI 0BnyyeHus, CMOXHbIX FEOMETPHM
JEeTeKTOopb! UMK KOMMO3ULIMK NpOTOTUNMPOBaHKeE M PYHKLMOHAMbHBIX COOPOK
ans 3D-nevyatu agauTUBHLIMU ans 3D-nevartwm [14].
netekTopos [13,14]. meTopamu [13,14].

MNctounmk: MHdpacTpykTypHbIM LeHTp «TexueT» CM6MY, 2025

OCHOBHBIMWM HaNpaBMNeHUSIMU MPUMEHEHUS KOMMO3MLIMOHHBIX MATEPHUANioB B aTOMHOM OTPACNM ABNAOTCS
CO3[aHWe 3KPAHUPYIOLLIMX KOHCTPYKLIMK, B T.4. NErkMX 3KPAHOB W CPeLCTB NepcoHanbHOM 3aLLuThl. [lep-
cnexkTvBHbIM HanpaeneHneM HMOKP B pamkax paccmaTpuBaeMon 06NacTi Takke CYMTAeTCs NPOeKTUPO-
BaHWe M NPOM3BOACTBO C MCNOMNb30BAHWMEM KOMNO3WMLMOHHBIX MaTepuanos o6onodvek TB3/T 1 3neMeHToB,
padoTaloLLmX NPH BLICOKMX TeMnepaTypax M BonbLUKMX Harpy3kax. 3Ha4UMbIM HANpaBNeHUeM Takxe ABns-
eTCA NPUMEHEHUE KOMMO3WLIMOHHBIX MaTepyanos ana ytunusauum OAT. AHanus akTyanbHbIX HayYHbIX
NyONMKaLMIA NOKA3LIBAET, YTO KMOYEBLIMW HAMPABNEHUAMKU PA3BUTUA KOMMO3WULMOHHBIX MaTepUarnos O
aTOMHOM OTPaC/W ABMATCA Pa3paboTKa HAHO- U TMOPUOHBIX HANOMHWUTENEN ANA NOBbILLEHUS 3POEKTUB-
HOCTWM 3KPAHWPOBAHUS, NPUMEHEHWE afaUTUBHBLIX TEXHONOrMM ONS CO3AAHWMS  KOHCTPYKTMBHO CMOMKHBIX
M30enuMi M MHOrOYPOBHEBOMO LM(PPOBOr0 MOOENUPOBAHWUA, MHTErPUPOBAHHOIO C AAHHBIMKU YCKOPEHHBIX
MCNbITAHUIA, ONS HAAEXKHOIO NPOrHO3MPOBAHMA CPOKA CNYXObl M ONTUMM3ALIMM COCTaBOB. B paccMaTpuBa-
EMOM KOHTEKCTe 0COOYIO 3HAYMMOCTb NPHUOBPETAIOT UHCTPYMEHTHI LIMGPOBOIO aHanusa M MoOenMpoBaHuUs
KOMMO3WLMOHHbIX MaTepManoBs, B YaCTHOCTHM, NO HaNpaBNeHUaM: MOAENMPOBaHKUE CTPYKTYPbl HA MUKPO- W
MaKpOYPOBHAX, B T.4. MHOrOYPOBHEBOE MOAENMPOBAHKE, CBA3LIBAOLLLEE MPOLLECChl HA PasHbIX MacLTabax,
a TaKkke MOOENMPOBAHWE LUMPOKOrO CNeKTpa CBOWCTB, B T.Y. GU3MKO-MEXAHUYECKMX, TENNODUIUYECKHX,
(QU3MKO-XMMUYECKUX, BKMHOYas PaaMaLMOHHO-3aLLMTHbIE.

1.2. Tekyuliee coCTofHUE PbIHKA W KNOYeBble COOLITUA OTPACcNv B MUpe

1.2.1. Tekyuiee cocToitHUe aTOMHOW OTPacnu B MUpe

B paMkax uccnenoBaHus TEKYLLEro COCTOAHUSA LIMGPOBOro MOAENUPOBAHWSA KOMMO3ULIMOHHBIX MaTepManos
B aTOMHOM OTPAC/M BaXHO OTAENbHO OTMETWUTL CErMEHT aTOMHOrO MaLLMHOCTPOEHWS, O KOTOPOro npu-
MEHEHWE LMPPOBLIX MHCTPYMEHTOB M MHXKEHEPHOr0 NPOrPaMMHOr0 06ecneyeHns sSBRAeTcs 0COBEHHO aK-
TyanbHbiM. [1pu 3TOM, B paMKax PbIHOYHOrO aHanMsa 1 CTaTUCTMYECKOro y4YeTa AaHHbIM CerMeHT npenMy-
LLLECTBEHHO PaACCMATPMBAGTCH edMHbIM BMOKOM C MHbIMW OTPACIAMW 3HEPreTUYECKOro MalUMHOCTPOCHHMS,
BKMKOYAA TakuMe BMAbl IKOHOMUYECKOW OeATeNbHOCTH, KaK, Hanpumep, NPou3BOACTBO ABMraTeneml U Typ-
61H (33 MCKMIOYEHMEM aBHALMOHHBIX, TPAHCMIOPTHBIX M MOTOLMKNETHLIX ABMraTenei), NpomsBoaCcTso aaep-
HbIX PeakTopoB, NapoBbIX KOTNOB, NAPOreHepaTopos v T. . (COrNacHo akTyansHoMy KnaccudukaTopy cra-
TUCTMYecKoro ynpasnenuns Esponeiickoro Cotosa [15]). CooTseTcTBeHHO, Hanbonee LenecoobpasHbiM s
peLleHns 3a4ay HaCToALWEero MccneaoBaHus OyaeT paccMOTPeHWe, Npexae BCero, COCTOSAHWS aTOMHOM
0Tpacnu, a Takke pbiHka WHeHepHoro 10 1 M0 ona aBTOMaTM3aLUMKM yNpaBneHus Npon3BOACTBOM.
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Mo oueHkamM MexayHapofHOro 3HepreTuyeckoro arentcrsa (International Energy Agency, IEA) [16], 3a
nocnefoHWe NaTb NeT UHBECTULMKM B aTOMHYIO 3HEpreTuky Bbipocnu Ha 50%, gocturHys 74 mnpg gonn. B
2024 rogy. Ha aToMHyto oTpacib B HacToALLEee BpeMs nNpuxoautca okono 9% ot obLuero obeMa Bbipa-
6aTbiBaeMor 3nekTposHepriu [17-19]. Mpu 3TOM HEOBXOAMMO YUUTBIBATL, YTO KOHKPETHbIE YMCIEHHbLIE
OLLEHKM KMOYEBbIX NAPAMETPOB AaTOMHOM OTPAC/iM B MUPE U3 Pa3NUYHbIX MCTOYHWMKOB MMELOT onpeaeneH-
Hble pacxoxaeHus. Tak, Hanpwmep, NO OaHHbIM MeXayHapo4HOro areHTCTBa MO aTOMHOW 3Hep-
run (International Atomic Energy Agency, IAEA, MATAT3) no coctoannio Ha KoHel, 2024 ropa saperu-
CTpMpOBaHo 417 agepHbix PEAKTOPOB, HAXOOALLMXCA B 3KcnnyaTaumru. 06uian ycTaHOBNEHHAs MOLLHOCTb
aTOMHbIX 3MeKTpocTaHumit, npu 3toM, (A3C) coctasuna 377 Bt [17] (no ouenkam Ha 23 okTabps
2025 ropa, 416 3nexTtpocTanumit u 376 BT, cootetctBerHo [20]). Ha caiite BcemupHoit sgepHoit ac-
coumaumn (World Nuclear Association, WNA) — MexayHapoaHoh opraHusaLmn, o06beauHsowen seay-
LLIME KOMMNAHWM aTOMHOM OTPaCnM, BKMOYas KOMMaHWKU 90epHO-TOMNWBHOMO LIMKNA, NPOU3BOAMTENEN pe-
aKTOpOB, KOMNaHWK No 06paLLEHHIO ¢ PaaMoaKTMBHLIMKU oTxofgamu (ganee — PAQO), OAT m . a. — yyTteHo
438 paboTaromx agepHbix peaxktopos (397 BT) [18]. B 1o »e Bpems, aBTOpPbl EXEero4HbIX OTYETOB O
cocTosHMK MupoBok atomHom otpacni (World Nuclear Industry Status Report, WINSR) [21] (nog pegak-
uven M. LWHanpepa, 4neHa-yupedutens MexoyHapoLHOMO KOHCYMbTaTMBHOMO COBETa MO 3Hepre-
Thke (International Energy Advisory Council, IEAC [22]), ogHoro W3 ocHosaTeneit MexayHapogHoM
rpynmbl No oueHke aaepHbix puckos (International Nuclear Risk Assessment Group, INRAG [23])), B uncne
LEeNCTBYIOLLMX N0 cOCTOAHMIO Ha okTa6ps 2025 roga seigensioT Tonsko 407 peaktopos [19)].

OTMeYeHHbIe PACXOXKOEHUA CBA3AHbI, NPEXAe BCEro, C PpasNUYMAMK B METOA0MNOMMU, a TakKe BO3MOXKHOM
pasHWlen B Jatax nposeAeHus yueta. B 4acTHOCTH, Npu y4eTe peakTopa Kak «BbIBEAEHHOMO M3 3KCMNy-
aTauum» aBTOpbl exerofHbix oTyeTos [21] onupatoTcs Ha (akTMYeckoe npexpalleHue NpoW3BoaCTBa
3MEeKTPO3HEPr M, B TO BpeMa Kak cneuuanuctel MATATI [20] B 6onbLuei Mepe yunThIBAIOT OdULIMANbHbIE
MHDOPMALMOHHBIE COOBLLLEHWS O NOMMUTUYECKHUX PELLEHUAX OTHOCUTENBHO BLIBOLA peakTopa us cetu [24).

MpW 3TOM OTpacneBbie 3KCNepTsl, N0 BOMbLUEH YaCTU, CXOOATCA B OLEHKAX, ONPeAEnsoLMX MAPOBbIX M-
[1epOB W B OMMCAHWK TEKYLLLEro CTaTyca aTOMHOW OTPaciu B MUPOBOM 3HEpreTuke (HecMoTps Ha onpeae-
NEHHBIE PA3MMYMs B OLEHKAX AOMTOCPOYHbLIX TEHOEHUMH, BAPbEPOB U NMEPCNEeKTUB, a TakKe — Ha OTOerNb-
Hble PACXOXOEHWS OTHOCUTENLHO NoKasaTenen-xapakTepUCTUK KOHKpeTHbIX cTpaH). Tak, TOM-5 crpax no
06LLeH YCTaHOBMEHHOM MOLLIHOCTW OeMCTBYIOLLMX peakTopos Bkatoyaet: CLUA, ®paHuuio, KHP, Poccuto,
Hsnyto Kopeto. B uncne nuaepos takke Wcnanua, Muama, Anonuns, Kanaga v gpyrue. Heo6xoammo
OTMETUTL TaKXKe, YTO OLIEHKM OTAeMNbHbIX nokasaTenen, nyénukyemsie K «Pocatom» [25], koopauH1py-
tOLLLEM pasBMTHE paccMaTpUBAEMOM OTpacny B POCcMM, HECKONBKO OTNMYAOTCA OT OaHHbIX MeXOyHapoa-
HOM CTATWUCTMKM, OOHAKO, OTMEYAEMAs PAsHWLA HE BNMSET Ha NO3ULIMKM CTPaHbl B MEXOYHAPO4HbIX pemr-
TuHrax (Pucyrok 1).
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Pucyrok 1. TOM-5 ctpaH-nuaepos no ofLuen ycTaHOBNEHHOM MOLLHOCTH OENCTBYIOLLMX PeakTopoB
no coctoaHuio Ha 2024-2025 rogsl, MBT
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MeToyHunk: MHOpacTpyKTypHbIM LeHTp «TexHeT» no AaHHbIM MexayHapogHoro areHTcTea no aToOMHOM
sHepriun (MATAT3) [20], BecemupHor sgeproi accoumaumnn (WNA) [18], Otueta 0 cocTosHWM MUPOBOK
aToMHol otpacnv (WINSR) 3a 2025 rop [24], TK «Pocatom» [25], 2025

CornacHo onpocy pOCCMMCKMX NpeacTaBuTener oTpacnuv, npoBeaeHHOMY MH®pacTpyKTypHbIM LEHTPOM
«TexHeT», cTpaHaMu-nuaepamu B 06racTu atomHomn otpacnu Ha 2025 rop tarke asnsiotes: CLUA, Kutan
n Poccus. Bonee nogpo6Hoe pacnpenenexue nonyyerHbIx 0TBETOB NPeACTaBneHo Ha Pucyrke 2. Bonpoc
noapasyMeBan MHOXECTBEHHbIM OTBET.

PucyHok 2. CTpyKTypa OTBETOB 0 CTpaHax-nuaepax B obnactu atoMHon otpacnu Ha 2025 rog,
% OLIEHOK PEecnoHOeHToB

CLLIA 34%
Kutan
Poccus

HOxHas Kopes

"epmaHus

AnoHua

Oparums
NcTouHuK: MHOPaCcTPYKTYPHbIM LEHTP « TexHeT» no pesynsTatam onpoca, 2025

CornacHo nocnegHuM oLenkam BecemupHon agepror accoumnaumm (World Nuclear Association, WNA) (ot
30 centabps 2025 roga) [26], 06wmit obbem npousBoAcTBa aTOMHOM 3Heprun B mupe B 2024 rogy
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coctasun 2 667 mnpg kBT*y,, uTo Ha 4,8% npesbiLLaeT COOTBETCTBYIOLLLEE 3HAYEHWE NpeablayLLero roga
(2 545 mnpg kBT*4.). Bonee 70% reHepupyeMoit aTOMHOM 3nNeKTpo3Heprn npuxoamtea Ha TOM-5 cTpaH.
NupepoM no BbipaboTKe aTOMHOM 3nekTposHepruu ssnsetca CLUA, Ha sTopom Mecte (ycTynas noutu
B 2 pasa no nokasarento) Haxoautcs KHP. Poccuiickan Pepnepauma, npu 3T0M, Takke BXOOMT B OECATKY
CTpaH-NMOepos, 3aHuMan 4-e mecto (PucyHok 3).

PucyHok 3. TOM-5 ctpaH-n1Maepos no BbipaboTke aTOMHOM 3MeKTPO3Hepruu
B 2023-2024 ropax, Mnpg kBT*u.
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UcToyHrK: MHdpacTpyKTypHbIM LeHTp «TexHeT» no AaHHbIM BceMupHoi apepHoi accoumaLmm [26],
K «Pocatom» [25], 2025

ATomHas oTpacnb B nocnegH1e rogsl eMOHCTPUPYET YCTOMYMBBLINA POCT M 3aHUMAET CTaburbHbIE MO3ULMK
Ha PbIHKE MWPOBOW 3HepreTuku. B paccMaTpuBaeMoM cerMeHte CHOPMMPOBAHO A4pPO CTpaH-NIMOEpOos,
onpegenatoLLmMx rnodansHyto nosectky, kotopoe skntodaet CLLA, KHP, Poccuto, ®paHumio, HskHyto Ko-
peto, Karnagy, AnoHuto, Mnauto, Mcnanuio n ap. PocT TpedoBaHUi K 3OHEKTUBHOCTH, B T.4. 3KOHOMUYECKOM
M 3KONOMMYECKOM, a TakKe K 6e30MacHOCTM aTOMHbIX 3NEKTPOCTaHLMM 06yCNaBNMBAET MHTEPEC CO CTOPOHI
KMHOYEBbIX YYACTHUKOB PbIHKA K MCCNEOOBaHUAM M paspadoTkaM B 0BNacTW HOBbIX MaTepuanos, B TOM
YMCne KOMNO3ULMOHHBIX. B CBA3U C BbILLEM3NOXKEHHBLIM, Kak Ha rMobBansHOM ypoBHE, Tak M Ha YpoBHE
OTAEMNbHbIX CTPaH, YCUMMBAETCA NOTPEBHOCTL B NEPEA0BbLIX TEXHOMOMMAX M MHCTPYMEHTaX LiM(ppoBoro npo-
eKTUPOBaHUA M MOMENUPOBAHKA, NO3BOMALLMX Pa3padaThiBaTe MATEPUANbI M KOHCTPYKLMKM M3 HUX MOA,
peLLeHWe KOHKPETHbIX OTPacMeBblX 3a4a4 Npu 06ecneyeHnt 3KOHOMUYECKON IGGEKTUBHOCTM NPOLLECCOB
paspaboTku U NPOU3BOACTBA.

1.2.2. Tekyuiee cocTosiHWe M NPOrHO3bl POCTa PbiHKAa LUM(POBOro MOAENUpPOBaHUs
KOMMNO3WULMOHHbIX MaTEPUANoB B KOHTEKCTe aTOMHOW OTpacnv B MUpe

MupoBoM pbiHOK MHXeHepHoro (10, BKNOYatoLLIMIM PeLleHns Onis NPUMEHeHWs B aTOMHOW OTPacnu, B TOM
YMCNe WHCTPYMEHTbI UMGPOBOro MOOENMPOBAHWMS KOMMO3WMLMOHHBIX MATEPMUAanoB, OTNMYAETCS BbICOKOW
YCTOMUYMBOCTLIO M KOHCEPBATM3MOM. MexayHapogHas KoHcanTuHrosas opravusaums ClMdata [27],
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CneuranysmMpyowasca B 061acT CUCTEM YNPaBMNEeHWUA XU3HEHHbIM LWKNoM usaenus (PLM-cuctem), oue-
HWBAET COBOKYMHbLIM 06beM pbiHka mHxxerepHoro M0 1 MO gns aBToMaTU3aUMKM yNpaBneHWs NpousBoa-
cteoM B 2024 roay 8 80,3 mnpg, gonn. [28]. B oueHKy BKNOYAOTCA BCe OCHOBHbIE QYHKLMOHAMBHLIE MO-
Oynu, Bknoyas cermedT Simulation & Analysis (S&A), npegHasHaveHHsle ONs MOOENUPOBaHUS, aHan1sa
¥ ONTMMM3ALIMKM NPOEKTHbIX pPeLleHnin. B nocnegHue rogpsl peiHOK poc, B cpegHeM, Ha 10,7% B rog, yto, B
YaCTHOCTH, CBA3AHO C COXPAHAIOLLIEMCSA TeHOEHUMEN K YCNOXHEHUIO BbiNycKaeMbix M3denui [28,29].

o 55% paccMaTpvBaeMoro pbiHKa KOHTPOMMPYETC OrpaHWYeHHbIM YWCNOM OpraHW3aUmMi-NMaOepos,
cpenu kotopekix Siemens Digital Industries Software, Dassault Systemes, Hexagon AB u ap. [30,31]. Mo
oueHkaM aHanuTukoB ClMdata k koHuy 2025 ropa paccMaTpuBaeMsli PeIHOK MOXeT AocTHib 87,8 Mrpa,
nonn. [32]. Oxkunpaetca panbHerwmi poct peitka 0o 126,6 mnpa gonn. k 2029 rogy, npu pocte peiHka
B cpegHeM Ha 9,6% B rog [32] (PucyHok 4).

PucyHok 4. [lnHamuka peiika vHxkernepHoro M0 1 MO gnsa aBToMaTUsaumMn ynpasneHus Npor3BOaCTBOM
B 2020-2024 ropmax, Mnpa oonn., nporHos oo 2029

* nporHos Ha ocHoBe CAGR
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NcToYHMK: MH(PacTpyKTYPHbIM LeHTp «TexHeT» no gaHHbiM CIMdata [28,29], 2025

K cermenty «Simulation & Analysis (S&A)» skcneptsl CIMdata oTHocat cneuunanmsmposanioe M0 gna
MHOMeCTBa 0Tpacnen, B YUCNe KOTOPbIX adpoKocMuyeckas M 0OOpOHHAR, OBUraTenecTpoeHue, TaKenoe
MaLLMHOCTPOeH e (B TOM YMcne aToMHoe) 1 ap. [py oLeHKe 40nel pbiHKa aToMHas JHepreTuka He Bbi-
LEenAeTca Kak OTOenbHbIM CcerMeHT B nyOnuuHbix oTdeTax ClMdata W arpervpyeTtcs B KaTeropuio
«Utilities», BKNIOYAIOLLMIA 3NEKTPO3IHEPreTUKY, pacnpeaenuTenbHble CeTH, BOAOCHAONKEHWE U aTOMHYHO
3HEPreTuKy, a Takke YaCTMYHO BXOOMT B OpYyrue cermeHTsl, Hanpumep, «Mech Mach/Heavy Equip» u
«Electron/Telecom/High Tech». B cermente «Simulation & Analysis (S&A)» pons «Utilities» cocras-
naet npumepHo 4% [32,33]. YunTbiBag, 4To aToMHas 3HEPreTuka ABnaeTcs cneLuani3MpoBaHHbIM Noacer-
MeHToM «Utilities» M YacTMUHO BXOAMT B PAM APYrWX CErMEHTOB, MOXHO OLEHWTb ee J0M0 BHYTpU S&A
npuMepHo Ha ypoBHe 4-10%.

B T0 e Bpems, MOXHO BbIAENWUTL PAA CELUPUYECKUX UHKEHEPHBIX NPOrPaMMHbIX NPOOYKTOB, MCNOMb-
3yeMbix 19 UMPPOBOro MOAENMPOBAHUA U NPOEKTUPOBAHWS HENOCPeACTBEHHO B aTOMHOM oTpacnu (Taé-
nvua 1).
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Tabnuua 2. MO ans pelueHns 3a0a4 UMPPOBOro MOAeNMPOBaHUA B aTOMHOM OTpacnu

Paspabotumk, ctpata | MporpaMMHbIA NpoayKT XapaktepucTuka
TRAD (Tests & RayXpert® RayXpert® — cneunanusmMpoBaHHbIi
Radiations), ®paHums NPOrpamMMHbIA NakeT, 06beauHAOLWMK pabdoTy

¢ CAD-MomensMu 1 BbluMCeHWs MeTodoM MoHTte-Kapno.

CucTema No3BoNseT OCyLLeCTBNATL PasnuyHble
J03MMETPUYECKME pacyeTbl Ha AAEPHbIX YCTAHOBKAX,
NPOM3BOOMTE PaBOThl AN NPOEKTMPOBAHMA W pacyeTa
CTeH A4epHbIX 00BEKTOB, NPOEKTUPOBAHKMA CPEACTB
3alUMThI OT PaauaLimMK, a Takxe npuMeHseTcs
B npoLeccax oBpaLLeHns C AAepHbIMU OTXO4AMM.

MporpamMMHbIM NakeT crnocobeH UMNopTMPOoBaTh
3D-mopenu u3 CAD-cucTeM, Takmx kak CATIA, SolidWorks
n AutoCAD. lNMony4yeHHble JaHHbIE MOMYT BNOCNeACTBUU
3KCMOPTUPOBaThCA A9 aHanu3a B CAE-cucTemsl [34].

Cyclife Digital DEMplus® DEMplus® - cpencTBO NOAAEPKKMA NPUHATHA DELLIEHHH
Solutions, ®paHuus ¥ MoenupoBaHu1s padoT Ha 06beKTax aTOMHOM OTPacM
€ ucnonb3oBaHuem 3D-Bu3yanysaLmu
B peanbHOM BpEMEeHM.

CucTeMa Mcnonb3yeTcs Ha BCeX 3Tanax M3HEHHOro LMKna
A3C — OT NPOEKTMPOBAHUA W CTPOUTENLCTBA, A0 BLIBOAA
M3 3KCMnyaTalWy ¥ AeMOoHTaxa o0beKTa.

OCHOBHblE BO3MOXHOCTM CUCTEMBI NEXaT B chepe
obecneyeHus 6e30nacHOCTH U MUHUMU3ALIMH
pagmraLmroHHoro ofnyyenns nepcoHana A3C

no npuHumnny ALARA (As Low As Reasonably Achievable,
Ha PasyMHO [JOCTUKMMOM HW3KOM ypoBHE).

McnonbaosaHue DEMplus® nossonser
NPOEKTUPOBLLMKAM pa3padartbiBaTh pasfnuyHble CLeHapHu
paboT Ha pagMaLMoHHO onacHbIx yyactkax A3C
W NNaHWpOBaTk ONTWUMarbHYO NOCNeaoBaTeNbHOCTL
NPOM3BOACTBEHHbIX ONEPALMK C TOUKW 3peHUs
paamaLMoHHON 6e30MacHoCTH.

CucteMa cnocobHa MMNOPTUPOBATL AaHHbIE
Kak 13 KpynHbix CAD-cucTeM, Tak U JaHHble,
nonyyeHHble 3D-ckaHMpoBaHWeM obbekTos [35].

Svalinn Group, DAGMC DAGMC (Direct Accelerated Geometry Monte Carlo) —
BuckoHCHHCKM#M OTKPBITHIM (Open source) NporpamMMHbIA UHCTPYMEHT
yHWBepCHTET INA MOOENUPOBaHUs PaLMaLIMOHHOMO U3MYyYeHKs
B Magucone, C UCNOMb30BaHWEM reOMETPUYECKUX Modenew,

CLLIA (open-source) cosgaHHeix 8 CAD-cucTeMax.

DAGMC vcnonb3yeTca B MOOENMPOBAHWMMW CMOMXKHIX
TPEXMEPHbIX 06BLEKTOB, TAKMX KaK TepMOSepHbIe
peaktopsl (ITER) 1 aToMHble peakTopsl. Cnctema
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Paspa6otumk, ctpaHa | [NporpaMMHbLIM NpoayKT Xapaktepuctuka

no3sonaer pa3padoTymkaM MoLenMpoBaTh pagmaLMOHHYIO
cTokkocTs obopynosaHua AIC W NpoeKkTUpoBaTh CPpeacTea
3alUMThl OT PagMaLmu.

IOns patotsl DAGMC Heo6xogMMo MCnonb3oBaHue
takenbix CAD-cuctem (Siemens, CATIA unu Solidworks)
W O0MONHUTENbHBIX CMeLWanbHbIX CPeaCcTs NoArOTOBKM
daknos, Takux kak CUBIT [36].

FDS Team (Fusion SuperMC SuperMC — MHOroQYHKLMOHANbHBIM NPOrPaMMHbINA NakeT
Design Study), NS HEMTPOHHO-(PU3MYECKMX PACYETOB M OLLEHKM
X3(anckui 6e30MaCcHOCTH CUCTEM, MPUMEHAEMBIX Ha aTOMHbIX
Hay4HO-MCCnepoBa- obbekTtax. SuperMC mMcnons3yeT oaHHble,
TENbCKUM UHCTUTYT nonyyeHHsle U3 cuctem CAD.
(dH3NHECKMX HayK, CucTeMa MCNonb3yeTcs A9 PacyeTos
KuTavckas akagemus MpU NPOEKTUPOBAHWUKM TEPMOSAEPHBIX PEaKTOpOB
Hayk, KHP (ITER, FDS-I1) 1 peakTopos Ha BbICTPbIX HEMTPOHAX

(poccuickui peaktop BH-600).

SuperMC nos3sonseT oCyLLecTBNATL pacyeThl
MPOXOXAEHWS U3MyYeHMs, pacyeT BbIropaHMa Tonn1ea
W pacyeT pagMaLmMOHHOr0 U3NyYeHUs nocne ocTaHosa

peakTopa.

Cucrema SuperMC cnocoHa UMNOPTUPOBATL JaHHbIE W3
ctaHmapTHeix CAD-¢opMaToB Yepes cneuyanysvpoBaHHble
CAD-MC uHTepdeiicsl, paspabortarHsie FDS Team
3 Xap3arckoro HUW pusmueckmx Hayk [37]. BosmoxeH
3KCNOPT JaHHbIX M3 SuperMC ans ncnonb3oBaHms
B8 CAE-cucTemax.

NcTounnk: MHGpacTpykTypHbINA LeHTP «TexHeT» no gaHHeiM [34-37], 2025

CermeHt 10 pons aHanu3a WM MOOENMPOBAHMUS  KOMMO3WLMOHHBIX MaTEPMAnoB SBMAETCS 4YacTbio
«Simulation & Analysis (S&A)» 1 BkNtoYaeT pelleHus OnNs NPOYHOCTHOrO aHanM3a, pacyeta noBeaeHms
MaTepUanos U ONTUMM3ALIMKM NPOEKTHBLIX KOHCTPYKLUMIK. OCHOBHOM CNpoC GOPMUPYETCS aBMa- M aBTONpPO-
MOM, NPOM3BOACTBOM INEKTPOHHbBIX KOMMNOHEHTOB M 3HEPreTUKOW, MAe KOMMNO3ULIMOHHbIE MaTepuansl Wu-
POKO NPUMEHAIOTCA ONS YNy4YLleHUs NPOYHOCTHBIX XapaKTEPUCTHUK W COKPALLIEHWUS LIMKNOB NPOEKTUPOBa-
HUS.

Mo oueHkaM Mordor Intelligence [38] MWpPOBOM PBIHOK KOMMO3WLMOHHBLIX MaTepuanoB COCTABMN
67,65 mnpg oonn. 8 2025 rogy u, kak oxxupaetca, gocturHet 86,67 mnpg oonn. k 2030 roay npuv cpeq-
HerogosoM Temne pocta 5,08% B Teyenme nporyHosunpyemoro nepuoda ¢ 2025 no 2030 rogp..

PoiHok [0 ons aHanusa Mo4enMpoBaHMS KOMMNO3MULIMOHHBIX MAaTepPUanoB Takke pacTeT, Mo OLeHKaM, oc-
HOBaHHBIM Ha AaHHbIx koMnaHuu Goldbeck Consulting [39,40], cneumanusupyroLueics B 06nacTi uudpo-
BOMO MOJENMPOBaHUSA MaTepuanos U MHOOPMATHUKKM MaTepuanos, pacCMaTPUBAEMbIM CEMMEHT B HACTOALLIEE
BpeMs npupacTaer, B cpeaHeM, Ha 7% B rof,. Heo6XogMMo 0TMETUTb, MPKU 3TOM, YTO Ha MHCTPYMEHTLI LMp-
POBOro MOMENWPOBAHWA MAaTEPMANoB, BKNOYasa chepy MHGOPMATHKK MaTepuanos, npuxoautca ot 1% oo
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2% ot obuiero o6beMa MUPOBOro phiHka WHeHepHoro 10 v M0 gns aBToMaTM3aLMKM YNpaBeHns npo-
n3BoacTBoM [28,29,41,42). B yactHoct, no ouenkam Goldbeck Consulting [39], o6beM pbiHka B
2024 rogy coctasnsiet 793 mnn gonn. [40]. B 1o e Bpems, pag npeactaBUTenei MexxayHapoaHoro 3KC-
nepTHoro cooBLiecTBa NpMBOAMT Bonee ONTUMUCTMYHBbIE oueHku — oT 1,5 mapg gonn. [43] o
2,0 Mapa, gonn. [44] 8 2024 ropy ans cermenta M0 ons aHanvsa v MOOENMPOBAHUA KOMMO3MLMOHHBIX
MaTtepuanos (PucyHok 5).

PucyHok 5. TekyLiue oueHkm o6bema MMpoBoro peiHka M0 ong aHanusa M Mo4enupoBaHus
KOMMO3MLMOHHbBIX MaTep1anos, MApA, 8O,

2,5 22
2,0 2,0
2 1,8 1,8
1,6 15 1,6

1,5 11 = Verified Market Reports

1 : B Future Market Report

1 Dataintelo Consulting

0.5

0

2023 2024 2025

HcTounnk: MHOPacTpyKTYpHBIF LUEHTD « TeXHeT» no AaHHbIM MeXAyHapOOHbIX KOHCANTUHIOBbIX
opraHusauuu, 2025

Mo NporHo3am aHanUTUKoB MUPOBOI peiHoK M0 414 aHanu3a U MOAENMPOBAHKSA KOMMO3ULIMOHHKIX MaTe-
p1anos, B BnnkaiLumne rofsl oXkuaaeT pocT Ha yposHe 9-10% (Tabnuua 3) [43].

Tabnuua 3. MporHosbl pasBuTHs MUPOBOro pbiHka [0 Ons aHanusa U MoOEenMpoBaHMA
KOMMO3WLMOHHbBIX MaTepuanoB

Dataintelo 2025 2,0 4,2 9,5%
Consulting [45] (2024) (2033) (2025-2033)
Verified Market 5025 1,5 3,2 9,2%

Reports [43] (2024) (2033) (2025-2033)
Future Market 2025 1.8 3,9 10,2%
Report [46] (2024) (2032) (2025-2033)

HcTounmk: MHPpacTpyKTypHBIN LeHTp «TexHeT no gauHbiM [43,45,46], 2025

B 4aCTHOCTH, CneumanucTbl MexdyHapogHON KOHCANTUHIOBOM opraHm3aumn Market Report Analytics [47]
MPOrHO3MPYOT POCT paccMaTpyBaeMoro peiHka ¢ 2,2 mnpg gonn. 8 2025 rogy no 4,1 mnpa gonn. B8
2033 rogy (PucyHok 6).




PucyHok 6. [portosvpyeMas guMHaMuka MMposoro peiHka 0 ons aHanvsa 1 MogenuposaHma
KOMMO3WLMOHHBIX MaTepWanos B 2025-2033 ropax, Mnpa, gonn.
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Hctounnk: MuppacTpykTypHbii LeHTp «TexHeT» no gaHHbiM Market Report Analytics [47], 2025

B aToMHOW 3HEpreTUKe NpUMeHeHWe KOMMNO3MLMOHHBIX MAaTEPUANOB CNeLManU3UpyeTcs Ha KOHCTPYKTUB-
HbIX KOMNOHEHTaX, 060MN0YKaX M TEXHOMOMMYECKMX Y3MaX PeakTOPHbIX YCTaHOBOK v T. 4. Lons aToMHow
oTpacnu B cerMeHTe MUpoBoro peitka M0 gns aHanusa v MOLENUMPOBAHKUA KOMNO3WLIMOHHBIX MaTEPHUANOB
paccMaTpuBaetcs Kak yacTb «Simulation & Analysis (S&A)», npumensemoro B cermenTe «Utilities» n page
OPYrUX. YuuTbiBas OTPACNeByo CTPYKTYPY PbiHKA M 0COBEHHOCTH MCMOMb30BaHMA KOMMNO3ULMOHHBIX MaTe-
pManos, Ha OOMO aTOMHOM 3HEPreTMKW B OaHHOM cermeHTe npuxoautca 4-10% B 2024 rogy. TouHble
(OUHAHCOBbIE JaHHble 00 MCMOMb30BaHUKM S&A B aTOMHOM MPOMBILLNEHHOCTH YaCTO He PacKpblBAlOTCH B
NyGNMYHBIX OTYETAX M3-3a COOOPaKEHWIM BE30MACHOCTH, HO C YYETOM BCEro BbILLECKA3aHHOM0 MOXHO OLIe-
HWTb ee npuMepHo B 0,4-1,0 mnpa gonn. B 2024 roay. [aHHas oueHKa ABNSETCS NPUMEPHOM W OCHOBaHa
Ha oTpacnesbix AaHHbIX CIMdata v aHanUTUYeCKUX UCCNeaoBaHUAX MUPOBOMO PhiHKa NPOrpaMMHOro obec-
nevyeHuWs 4Ns aHanMsa v MoLEenupoBaHMA KOMMNO3ULMOHHBIX MAaTEPUANOB.

Takxe no pesynbTaTaM npoBedeHHoro MHOpacTpyKTypHbIM LEHTPOM < TexHeT» onpoca, TeKyLlee cocTos -
HWe TEXHONOMMK UM(HPOBOro MOAENMPOBaHUS KOMMO3ULIMOHHLIX MaTeEPUanoB ANs NPUMEHEHWs B aTOMHOM
0TPacnu B MUPE OLLEHWBAETCS POCCUMCKMMI YYACTHUKAMK Kak CTaBUMbHOE PasBUTUE M / UNK paBHOMEPHBIM
pocT. Pacnpenenesue nony4YeHHbIX OTBETOB NPenCTaBneHo Ha Pucyxke 7.

PucyHok 7. CTpyKTypa OTBETOB O TEKYLLIEM COCTOSAHWM PA3BUTMA PbIHKA TEXHOMOMMM LIMGPOBOro
MOAENMPOBAHMSA KOMMO3ULIMOHHBIX MATEPUANOB ONs NPUMEHEHWA B aTOMHOW OTPaciM,
% OLIEHOK PEecnoHOeHToB

CrabunbHoe passuTHe / paBHOMEPHbIA poCT 67%
Cnap, pblHKa 17%
Be3 M3MeHeHUI 8%
OTcyTcTBre Basbl 4Ns UCNonNbL30BaHKUA 8%

NcToYHMK: MHQPaACTPYKTYPHBIM LEHTP «TexHeT» no pesynstatam onpoca, 2025
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Knioyessle nporpaMMHble NpooyKTbl, NPUMEHsieMble ONS pelleHrda 33034 UMOpoBOoro MoLenupoBaHuA
KOMNO3UUNOHHBIX MAaTeEPHUAoB B aTOMHOM 0Tpacnn Ha MMPOBOM YypoOBHE, NpencrtaBneHbl B Taénmu,e 4,

Tabnuua 4. MO ona pelueHns 3a0ay UMGPOBOro MogeNMpoBaHUA KOMNO3ULIMOHHBIX MaTEPHUANoB
B aTOMHOM OTPac/iv Ha MMPOBOM YPOBHE

< Cneunguka npuUMeHeHUs
Paspa6otumk, | [MporpaMMHbli LMo P
XapakTepucTuka NS MOAENUPOBAHKA
cTpaHa NpoLyKT
KOMMO3MLIMOHHbIX MaTEPUANOB
Siemens NX Fibersim CneumanusmposaHHoe 10 YyeT cneundurKA aToMHOM
Digital 0N NPOEKTUPOBAHKA, 0Tpacax HenoCcpeacTBEHHO
Industries MOAENMPOBaHKA K NMPOU3BOLCTBA NPW NPOEKTUPOBAHWK KOHCTPYKLMH,
Software, KOMMO3WLIMOHHBLIX MaTEPHAroB B T.4. 0COBEHHOCTEN KOHKPETHbIX
CLLA W KOHCTPYKLUMM. neTtanen.

WHTerpauma paspaboTku /
MOAENMPOBaHUs / NPOEKTUPOBAHMS
C NPOM3BOACTBEHHBIMM NPOLLECCaMM.

OTKpbiTas apxuTekTypa,
COBMECTMUMOCTb C CUCTEMAMM
CAD/CAE/PLM, obecneunsatoLLasn
aBTOMaTUYeCKMIA 06MEH OaHHbIMM
MeX Oy CUCTEMAMM K WX aKTyanusaLmio,
B T.4. NOAAEPKMBAOLLIAS
B3aMMOOENCTBUE Mexay
UHXKEHEePaMW-NPOEKTUPOBLLMKAMM
W aHanuTHKamu [48].

Simcenter CneumanuaunposaHHoe 10 Mooaepskka BCero sKM3HEeHHOro LMKNa
Culgi software A9 pa3padoTKi MaTepUarnos pa3padoTki HOBOrO MaTepuana,
C 33J1aHHBIMW CBOMCTBAMM BKNtOYas NpOeKTMpOoBaHWe, npoLecc
3a cYyeT MHOroMacLuTabHoro MPOM3BOACTBA, NOTMUCTHUKY W aHANK3
MOJENUPOBAHWS XMMUYECKMX PbIHKA B paMKax euHOM
U OU3MYECKHUX CBOMCTB. LM(POBOW NNATGOPMBI.
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http://www.rosatom.ru/





















































































































https://www.elibrary.ru/item.asp?id=80465097
https://www.elibrary.ru/item.asp?id=80465097



























































































































































































