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PYHKHIOHA/IBHI BHITPOBYBAHHA INMO/IIMEPHHX
IMBOK III/IbHUMH E/IEKTPOHHHMH ITYYKAMH

Buxnadena memoouxa UKopuCanHs me2asosibMHUX eneKmpoHie 07 00cnioHeHb PYyHKUIOHATLHOC MOHKUX NOTTi-
MmepHux nnigox i3 noniyianypamie (I1L]). AkmyanvHicmyp 00CciOHeHb 8USHAYAEMBCT NEPCNEKINUBAMU 8UKOPUCIAHHS
Nni6oK AK PYHKUIOHATILHOI OCHOBU YOOCKOHATIEHUX MPEKOBUX MEXHOTI0LITl HAHONOPUCUX S0ePHUX Pinvmpis, Oe ioHi3y-
1041 BUNPOMIHIOBAHHS 3ACIMOCOBYIOMbCS 6 OibUIOCT MeXHON0IYHUX emanie ix eupobHuymed. Konmponv gynkuio-
HAMbHOCMI — OCHOBHULL Kpumepiti Kéanigixauyii naisox Ha ix npudamuicmo 018 6upooHUYMEa A0epHux Pinvmpie. Ilep-
CHeKmuUBHOI0 € PO3Po6Ka PadiauitiHux Mmemodie KOHMPOmo PyHKUIOHATLHOCHI Pibmpie 3a 00NOMO2010 Me2ABONLINHUX
enexmponie. Padiaitini memoouku Hazexamv 00 nepesnixy yHisepcanvrux i 30amui 3a6e3neuumu MaKcumanvHy ingdop-
MAMueHicmy 00CnioHeHb Xapakmepucmux mamepianie 0ns Keaniikauii ix Ha NPUOAMHICD U000 NPAKIMUUHOZ20 3a-
CMOCY8aHHA. JI7A KOHMPOo YHKUIOHATIbHUX MOKTIUBOCNELl NIBOK PO3POOTIEHO MemOOUKY J0CioneHb i 6UnpoOysany
MOHKUX NIBKOBUX NONIMEPHUX MAMePianié 3 UKOPUCMAHHAM NOMYMHUX NYuKié esekmpoHie eHepeiero 1-2 MeB.
Obeosopeni ocobnusocmi yux memodie i pe3ynvmamu ix 3acmocy8ans npu KOHMPOi 3a PyHKUIOHATbHICMIO ma 0

LuryBauus: Kosaninceka T.B., Caxno B.L, Ianos 10.B., Ilnamauska B.B., Menpunuenxo O.B., Paituneit6 O.M.,
Ipurop’esa O.I1., Crapoctenko O.M., Grande D. ®yukuioHanpHi BUIIpoOyBaHHS ITO/IIMEPHMX ITIBOK LI/IBHUMI €/IeK-
TpOHHVMY TTydKamu. [lonimepruti sypran. 2020. 42, Ne 4. C. 254—261. https://doi.org/10.15407/polymer;j.42.04.254
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keanigixayii nnisox i3 cimuacmux IIL, ompumanux winsxom in situ nomiyuxknompumepusayii ouyianosozo ecmepy 0ic-
¢enony E (ILBE), 3a npucymuocmi oumemungmanamy (JIM®), cknady ITL/IM®P=70/30 % mac., Ha npudamuicmo 075

BUPOOHUYMBA HAHONOPUCINUX MPEKOBUX MEMOPAH.

Kntouoei cnoea: nyuxu enexmpomuis, A0epHi memOpauu, mepmocmiiiki noniyianypamu, padiauiina cmiiikicmo,

PyHKyionanvHi UNPOOYBAHHS.

Bcryn

Kputepiem ontumanpHOro mifpbopy marepiasis €
1ioro kBami¢ikallisg Ha MPUAATHICTb 3aCTOCYBaH-
Hs y Bubpaniit ranysi. [TonsaTrsa kBanigikanii Bu-
3Ha4Ya/ibHEe B KPUTUYHUX Ialy3saX Cy4acCHOTO BU-
pobuunTsa [1, 2] i cBigunTh, 110 06/IaJHAHHS, SKE
MICTUTh LjeMl Marepias, «...IMPOTATOM YChOrO Iie-
piony eKcIryaranii 3faTHe BUKOHYBAaTV IIPOEKTHI
¢yHK1ii 6e31eKy 3a YMOB BIUIMBY HaBKO/IMIIHBO-
TO CEPeOBUINA, eKCTPEMa/IbHIX 30BHIIIHIX MO/
Ta aBapii (Bibpallis, MarHiTHi Ta eIeKTPUYHI 1O,
3HA4YHA TeMIIEpaTypa, TUCK, pajiallisd, KOpO3iiiHO-
aKTMBHE CepefloBNUINE, BOJIOTICTb), BPaXOBYIOUM
fierpajallito 061aiHaHHA BHACTIIOK CTApiHHA».

Takuit mipxig KOpeKTHMI i /11 Opra”iyHNX Ma-
TepiaiB, AKILO I/IAHYEThCA IX IIPOMICIOBE 3aCTO-
cyBaHHA. Ha cpboropsi cnocrepiraerbcs 3pocTaH-
Hs1 00CATiB MOTiMepiB /Is1 BUTOTOBJIEHHS BY3IiB
KPUTUYHOTO O0/IajfHAHHSA, HAIPUK/IA/l, HA aTOM-
HUIX eHepreTMIHMX 06 ekrax. Tomy, mo Tpaguiii-
HIX METOJiB KOHTPOJIIO BIACTUBOCTEN IOIiMePiB
Ha XiMiYHOMY BMpPOOHMITBI HeoOXifHO momaty i
HOBITHI MeTOJAMKM OIliHIOBAaHHS iX HAMilTHOCTI Ta
KBaTi(iKyBaTy iX 3Ti[HO 3 rajy3eBUMM BJMMOTa-
mMu. Oco6MMBO BUCOKI BMMOTH TIpef sIBISIIOTHCS
no ¢yHKIioHa/IBHOCTI MaTepianiB, fAKi Hepen-
6avaeTbcsl BMKOPMCTOBYBAaTY Ha 00’ €KTax Kpu-
TUYHOI iHPpPaCTPYKTypy, HAIPUKIAJ, B ATOMHIl
eHepreruni 3, 4].

[TonaTTa PyHKIiOHAIBPHICTD MaTepiany BU3Ha-
4yae eeKTUBHICTb eKCIUTyaTalii roTOBMX IOJi-
MepHUX BUPOOIB, a TAKOXK MPOTHO3M CTabiMbHOC-
Ti MaTepialy Ha BCiX eTamax ix BUTOTOBIeHHA. Jlo
¢dyHKLIOHANIBHOCTI MaTepialiB mjia o6najHaHHA
AEC mpen siBIAIOTbCSA XKOPCTKI BMMOTHM KBaJli-
¢ikanii Ha 3acTOCyBaHHA, AKi MOTPeOYIOTH Cle-
niabHNX QYHKI[iOHA/IBHUX JOCTiIKeHb. AHaIi3
npo6eMu Jja€ MifICTaBy 3allPOIIOHYBATY BUKO-
pUICTaHHA pafianil AK YHiIKaJIbHOIO yHiBepcajb-
HOTO 71 eeKTUBHOTO iHCTPYMEHTY MOJIe/IIOBAHHS
OinbIIOCT] MpoIeciB y TOHKMX IUTIBKOBMX BUPO-
6ax 3 nomiMepiB — CTapiHHA, JeCTPYKIl, HomiMe-
pu3arii, IacTUYHOCTI Ta MiHOCTI [5].
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Ha puc. 1 moxasano 0CHOBHi MeXaHi3MU TpaHC-
dopmariil eHeprii NIPUCKOPEHNX €NTeKTPOHIB IIpU
B3aeMopii ix i3 mocmimkxyBaHuM MarepiamoM [6].
CriBBifHOIIEHHSI BKa3aHMX IIPOLeCiB BU3Haya-
€TbCA TIapaMeTpaMM €/IeKTPOHIB, MarepiamaMu
Ta reomeTpiero onpomMineHHA. IIposeneni 3a fo-
IIOMOTOI0 pajialii KOMIUIEKCHI BUIIPOOYBaHHSA
HaJaloTh 00 €KTMBHY MificTaBy KBasidikyBaru
MaTepian Ha IPUJATHICTD W00 MPAKTUYHOTO 3a-
CTOCOBYBaHHA.

Apropu [6] 3ampomnonyBamu crnoci6 ¢opmy-
BaHHA pafiallillHOTO MOJA 3a JONOMOTOK JBOX
IpKepen pafiialii — IpsAMOro Iy4ka eJIeKTPOHIB i
rajIbMiBHOTO iOHi3YXOUOTO PEHTTEHiBCbKOIO BU-
MIPOMiHIOBaHHS IIMPOKOTO €HEPTETUIHOIO CIIEKT-
pa MeHII IIOTY>XHOIO BUIIPOMIHIOBAaHHHA, AKi
e eKTUBHiIlIe IOTTMHAITHCSI TOHKVMH ITiBKOBY -
My Bupobamn. Jlocsrami 1boro 3a paxyHOK MeTa-
JIEBOrO KOHBEPTOPA, PO3TAIIOBAHOTO 32 IIiBKOI.
B pesynbrari BiomMux MexaHi3MiB BifOyBamach
KOHBEPCis NPSAMOTO ITyYKa B IOTOKM I'aJIbMiBHOTO
10Hi3yI09Oro PEHTTE€HIBChKOTO BUIIPOMIiHIOBaHHA i
BTOPMHHUX €/1eKTpoHiB. CIliZibHa flid eHeprii mps-
MOTO ITy4Ka Ta €Heprii BTOPMHHOIO BUIIPOMIHIO-
BaHHA (GopMyBasIa 3MillaHe pajialiliae mone (cy-
nepro3niii). Po3risaHyTo BUNafok BUKOPMCTaHHA

Ienepatop
e1eKTPOHIB

Bropuani

eJeKTPOHH 4B

Z

MexaniumHe
BHIATIEHHA

Mi
S po3MmIaBy

HACTOYKH
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NOrTHHAHHA

/// eextponin
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Puc. 1. Croci6 papianiitHoi 06po6Ky TOHKMX IOIiMep-
HIX IUTiIBOK 3 METaJIEBIM KOHBEPTOPOM
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€[ITHOTO IIOTY>KHOTO e/IeKTPO(i3sMIHOr0 mKeperna
MeTaBONbTHUX €/IeKTPOHIB. PesynbraTut 1iei pos-
pOOKM [lanmyu MOXXITMBICTh HOCATTU IMOCTAaBIEHOI
MeTM — MaKCUMa/lbHO e(PEeKTVBHO BUKOPUCTATU
€HEPTilo IpsAMOro Iy4Ka I OIPOMiHEHHA TOH-
KMX IUIiBOK. 3alpOIIOHOBAaHMII CHOCiO i TexHid-
HUI IPUCTPIiML /14 IOTO 3[1/ICHEHHA 6ym/1 BUIIPO-
OyBaHi Ha BitoMoMy Marepiasi TedoH i Ha HOBUX
IUTiBKOBUX BUPOOax 3 noninianypatis (I1L) ama
BU3HAYEHHA IX (PYHKIiOHAIbHOI IPUIATHOCTI AK
OCHOBU s/iepHUX binbTpiB.

Cran npobaemMu

Papiania, Ak iHcTpyMmeHT kBasidikanii, mpuBa6-
JII0€ [TOCTITHMKIB 6araTOKOMIIOHEHTHUMM IIPO-
necamy TpaHchopmallii eHeprii BUIPOMiHIOBaHb
y MaTepiaji, IO BIUIMBAOTh NPAKTUYHO Ha BCi
(yHKIIiOHaIBHO 3HAUMMI IapaMeTpy IMONiMepiB,
AKI MOXKHa HafliflHO KOHTpomoBaTh. OcTaHHIM
JacoM HaOyBalTb MOMIVMPEHHSI MEeTOAM KOHT-
poro PyHKIIOHaTBHOCTI MaTepiaiB i BMpoOiB 3a
IOTIOMOTOI0 pi3HUX BMJIIB 10Hi3YI04Oi pafiamil Ta
YCTAHOBOK [7], IO [la€ ONTUMICTUYHI IPOTHO3NU
11 PO3POOKM ONTUMATbHUX METOJIB OI[iHIOBaH-
HA QYHKIIOHA/NBHOCTI i KBasidikaril HOBuX 1O-
NMiMepHUX MaTepiais.

QyHKIiOHa/JIbHA NPUATHICTH IONIMEPiB BU-
3HAYAETHCSI CTPYKTYPOIO €HepreTMYHNUX 3B s3KiB
aToOMiB, XiMiYHUM CK/IafoM i isuyHMMY Xapak-
TepUCTUKaMU (MiLIHICTIO, TEPMOCTINKiCTIO, /IeKT-
POIIPOBIAHICTIO UM I'YCTUHOIO). I/Is1 IX KOHTPOITIO
B XiMi4Hiil rajay3i BUKOPUCTOBYIOTb Pi3HOMAaHIT-
Hi HAyKOBO-JOC/ifHI creniajisoBaHi Npuiagyn i
YCTaHOBKM. 3a IX TOKa3aHHAMM MOYKHA 3 BUCOKOIO
TOYHICTIO POOUTM eKCIIepTHi BUCHOBKM IIOZO
(YHKLIOHAIBHMX MOX/IMBOCTEN HOMiMepiB. Ase
JuIle 33 YMOBY, IO /I (YHKIIOHA/NIBHUX JO-
CTimKeHb OYAyTh reHepoBaHi HeoOXifmHi excriry-
aTaliliHi Ta 30BHIIIHI (paKTOpyM BIUIMBY Ha MaTe-
pian i BifTBOpeHi ymMOBU eKcIuTyaTalii, 61M3bKi
0 peanbHUX. Y Lill poOOTi 3ay4eHO MOTYKHY
IIPOMMCIOBY YCTaHOBKY JVIJIY-6 3 enmexrponamu
eHepriewo 1-2 MeB micns ii BifmoBigHOI afjanTarii
I Takux 1ineii. [ToegHaHHA MOXXIMBOCTEN I10-
TY>KHUX IIOTOKIiB €/IeKTPOHIB i Cy4acHOI MeTpO-
JIOTil peajbHMUX MapaMeTpiB MONiMEPIB — OCHOBa
BU3HA4YeHHA (PYHKI[IOHaIbHOCTI MaTepiany i itoro
kBasi¢ikanii Ha MPUAATHICTD OO0 HEOOXiTHO-
ro 3acrocyBaHHdA. IlifcTaBoro [ eKCIepTHUX
BJMCHOBKIB € pe3ynbTaTyl BUMIPIOBaHHA BIiITYKY

256

¢isuko-xiMiYHMX TOKasHMKiB Marepiany (jioro
CTPYKTYpPM, CKIafy it GisMYHMUX IapaMeTpiB) Ha
papianiiiyai Ta pagialilfHO-CTUMY/IbOBaHI BIIIBM.

MeToo po6OTH € CTBOpEHHA pafialiifHOro
MeTofly kBasidikanii TOHKMX IUIIBKOBUMX HOJIi-
MepHUX MarepianiB. HasdBHa papianiiiHa TexHika
BUIMaraja po3poOK1 HeCTaHAAPTHUX METOMIUK de-
pe3 HaiTo crmabKe MOIIMHAHHSA €Heprii eIeKTpo-
HiB 1-2 MeB nonimMepHyMu n1iBKOBMMM MaTepi-
ajlaMy MaJIol TOBIJUHY — HOEeCATKMA-COTHI MiKPOH.
Tomy omHa 3 OCHOBHUX IpoO/IeM TaKMX BUIIPO-
OyBaHb — (POpMYBaHHA CTPYKTYPH i CKIafy papi-
ALliMTHOrO MOJA, ONTUMA/IbHUX /1A 11 BUPIIIEHHS.

MeToaH eKCnepHMEeHTIB

Pospobnena meronyka (yHKIIIOHaTBHUX eKCITe-
PUIMEHTIB Ji/Is1 TO/IiIMEPHUX IUTiBOK BKITIOYae op-
MyBaHHA HeOOXigHMX pajjiauliiiHuX IOJiB, a Ta-
KOXX CTBOPEHHs IIJITYYKOBOTO OOJIaJHAHHS IS
OIIPOMIHIOBAHHS OCIiHNX 3Pa3KiB.

3a ocHOBY ifei popMyBaHHA pajialiliHNX IO-
MiB s QyHKI[iOHaIBHMX BUIPOOyBaHb i KBa-
miikanii TOHKMX MOMIMEPHMX IUIIBOK B3ATa
CyTIepIIo3ullis MPAMOTO IIy4Ka €/IeKTPOHIB, eIeK-
TPOMArHiTHOrO IMiKOXBWJIBOBOIO BUIIPOMIHIO-
BaHHA Y-KBaHTIiB (hV) i BTOpMHHUX e€/IeKTPOHIB
(W) sk pesynbraT KOHBEPCil e/IeKTPOHIB MPAMO-
ro Iy4Ka MeTraBOJIbTHUX €IeKTPOHiB. 3aranbHMIA
NPYHINII TOKa3aHO Ha puC. 2.

Ilna ¢opmyBaHHA HeoOXigHOrO pajianiiiHo-
ro IO PO3pOOIeHO CIielliaIbHy KOHCTPYKIIiIO
MIIIIEHHEBOTO BY3/Ia, AKNUII BCTAHOBIOETHCA IiJ
IIy4OK MEraBOJIbTHUX €/IeKTPOHIB i Ha HbOMY 3a-
KPIIIIOIOThCA JOCTiHI 3pasky 11iBoK. IIpu onpo-
MiHIOBaHHi By3/1a IIPAAMMMIU €IeKTPOHaMM (€7) Ha

Mnieka OcHoBa

(ranemisna
milens)

hv

7 \3!

-

N0
e

Puc. 2. TlpyHImunm cTBOpeHHS KOMOIHOBaHOTO paiariit-
HOTO IIOJIA CYIEPIO3ULIE PisHMX BUJIB BUIIPOMIHIO-
BaHH:
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3pas3Ky IVIiBKYM KPiM NPAMMX €/IeKTPOHIB ITOYHa-
I0Tb [iATM v raJbMiBHOTO BUIIPOMIHIOBaHHS Ta
IIOTOKV BTOPMHHMX €/IE€KTPOHIB BiJj ra/JIbMiBHOI
MileHi (OCHOBM), 5K Iie TIOKa3aHo Ha puc. 2.

I[Ipu po3poObiii KOHCTPYKIii MillIeHHEBOTO BY3-
71a BUKOPMCTAHO KaHOHIYHY MOJE/b IepeJaBaHHsA
eHeprii eIeKTpoHIB y MaTepiaimi (CTalb), HaBeeHY
paHime Ha puc. 1. Y HalimpocTilmoMy BUNIAAKY /1A
nifBuIeHHA e(eKTUBHOCTI pajjialiifHoro mpoie-
CY 3 eJIeKTpOHaMM eHeprier 1-2 MeB 3a mniBkamu
(AKi IpAMMIT IIYYOK €/IeKTPOHIB 0/1a€ MPaKTII-
HO 6€3 BTpaT eHepril) JOCUTb BCTAHOBUTY TOBCTY
rajibMiBHy MimeHb. IIpy nomagaHHi €1eKTpOHIB
Ha MillleHb TeHEepPYIOTbCA Ta/JbMiBHI iOHi3yroui
PEeHTreHiBChbKi BUIPOMiHIOBaHHA (Y) 3 MIMPOKUM
€HEPTreTUYHNM CIIEKTPOM Y MiKOMETPOBOMY [lia-
MIa30Hi €/IEKTPOMAarHiTHUX XBW/Ib, BTOPMHHI €JIeK-
Tporn (W) Ta indpauepsoHe BUNIPOMiHIOBAaHHSA
(IYB). 3anexHo Bix mapaMeTpiB MillleHi TTOTYX-
HICTb Ny4YKa NAIAI0YMX €IeKTPOHIB MK BKa3sa-
HuUMU epeKTaMy PO3NOAIIAETbCS HEPIBHOMIPHO.
IIpn 6oMmbapayBaHHI, HAIIPUKIAL, €IeKTPOHAMMU
enepriero 1 MeB 3paskiB nonimepiB (z=6-9) [8],
y TajibMiBHE iOHi3yI0Oue PEHTreHiBCbKe BUIIPOMi-
HIoBaHHA (3riffHO 3 popmynoro k=W z/800, ne, W,
- KiHeTH4YHa eHepria eneKTpoHis, MeB; z — 3apap
Anpa; k — KoedillieHT epeTBOpeHHs) TpaHcop-
MyeTbcs 6mu3bKko 1 % eHeprii myuka. JI1a Bakkux
MileHeit i 61IbIINMX eHepriil el MOKa3HUK MOXKe
carati 3 %. Y BTOPUHHI €l1eKTpOHM TpaHCPop-
MmyeTtbcs 6rm3bKo 10 %, y IUB (remno) — 6m3bpko
87 % eneprii myuka. Takuil >ke HepiBHOMipHMIA
PO3IOMiM IMX BUIIPOMiHIOBaHb y mpocropi. Ten-
JIOBA €HEPrifA B OCHOBHOMY IOLUMPIOETHCA Y Ha-
NPAMKY IEPBUHHOTO ITy4YKa €IeKTPOHIB, BTOPUH-
Hi €JIEKTPOHM Ha TOBCTill MillleHi B OCHOBHOMY
TEHEPYIOTbCA IPOTM HANPAMKY PyXy IEepBUH-
HOTO IIyYKa B JiamasoHi KyTiB 0-27 Bif TOYKuU
B3Aa€EMOJIII €/IeKTPOHIB i3 MarepiasoM. [anbMiBHe
ionisyroue peHTreHiBCbKe BUIIPOMIHIOBAHHA Bif
NaJlAl04YyX €/IEKTPOHIB TAKOro Jlialla30Hy eHepril
HOIMIMPIOETHCA B IIPOCTOPi Ha KYTY ONMM3BKO 4.

CymapHy iHTEHCUBHICTb pajiialliliHOrO IOA
B 0071acTi TIiBKM MOXKHA IiJ[BUIINTY YAOCKOHA-
JIEHHAM KOHCTPYKIii KOHBepTopa. PesepsoM s
OO € (POPMYBAHHA TOMOBHOTO IEMIOCTKA II0-
HVpPEHHA Ta/IbMiBHOTO BUIIPOMIiHIOBaHHA Ilepe-
BA)XHO B HAIIPSIMKY IUIIBKM Ta 3MEHIIIEHHA BUTPAT
eHeprii Imy4yka Ha ii HarpiBaHHA. Byno 36inbIeHO
TOBLVHY TajbMiBHOI MilleHi, a Ha Iii pobouiit
MIOBEPXHi BCTAHOB/IEHO IIACTUHY 3 a/IIOMIiHiI0 —
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Marepiany, AKMII Ma€ BUIIUI IIOKa3HUK €JIEKTPO-
HHOI eMicil i 3BOpOTHO-po3cisfHOrO hv.

HocnigkeHHsA TMOKasHUKIB BigOMTOro Ta 3BO-
POTHO-PO3CiIIHOTO BUIIPOMiHIOBaHHA B Jialla30Hi
KyTiB 45-135° pisHuMM MaTepiamaMy 3i LiibHicC-
10 Bifg 1,0 go 11,0 r/cM? mam 3Mory migBUINUTH
IHTEHCUBHICTb II0JI1 BTOPMHHMX €/IeKTPOHIB i 3a-
Oe3meunTy KepyBaHHA NoTokoM Terta (IYB) B
0671acTi OIPOMiHEHHsI ITiBKI.

PagiauifiHi MeToaH KOHTPOJAIO TemnIo-
¢iZHYHHX napaMeTpiB Marepiaais

OcHoBOI0 pafiiallifiHNX MeTOZiB KOHTPOJIIO Tell-
nodisMyHMX mapameTpiB € edekT TpaHchopMa-
1jii eHeprii eJIeKTPOHIB y TEIUIO NPU B3aEMOMIi 3
ONPOMIHIOBAaHMM MaTepiazoM, fAK Ije¢ II0Ka3aHO
Ha puc. 3. 3a JOITOMOrow TernodisuaHmX JOCTif-
JKeHb BU3HAYa/lM Jlialla30H 0e3IIeYHOr0 OIpPOMi-
HEeHHs IOJIiIMEePHNX IUTIBOK 3 MeTOI0 CeHcmbimisa-
1ii my4kaMu efleKTpoHiB fo3zamu o 200 xIp. Taxi
faHi 6ynyTh KOPUCHI Ipy BMOOpPi ONTMMATbHUX
peXMMIB ceHcnbimi3aii /st 3a06iraHHs pyiHy-
BAaHHA MaTepiany IOTY>XHUM ITy4YKOM €JIEKTPOHIB
PV BUTOTOBJIEHHI sflepHUX QinbTpiB, a TaKoX
JUIsL BU3HA4YeHHs Oe3IIeYHOro AiamasoHy pobo-
4MX TEMIEpATyp IOIiMepHNUX BUPOOiB Ha peasb-
HOMYy 00’ekTi. IlomepenHi ekcrepuMeHTH OHpO-
MiHeHHsA IIiBKM Tuiy nonisininxmopup (I1BX),
noniterpadroperuned (IITOE) Ta iH. cBiguaTh
IIPO MOXX/IMBICTh IOUIKOJPKEHHA MaTepiany mpu
NpAMOMY OIPOMiIHEHHI €IeKTpPOHaMM i BTpary

P — NOTYHHICTD NyuKa,

| = winsHicTs CTPYMY B MyM Ky,

V= ob'em iy
NyuKOM,

S=—nepepis nyuxa,

A = FANGHHA NPOHNKHEHHA

Puc. 3. Cxema BUKOPUCTaHHs eJIeKTPOHIB 1151 KBasTigika-
Lii MaTepiany Ha CTIIKICTb 10 BIUIMBY TeMIIEpaTypu
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HUM (YHKLIOHa/NMbHOCTI. B ekcrepumeHTax Ha
IIy4KaxX e/IeKTPOHiB eHepriero 4 MeB miinbHicTIO
1o 0,4 A B iMITy/nbCi, HE3BaXKalo4uyM Ha Majly BTpa-
Ty €Hepril eIeKTPOHIB IpU IPOXOMKEHHI 4epes
IUIIBKM 3aBTOBLIKM 15-25 MKM, Marepian Ipax-
TUYHO BUIIAPOBYBAaBCH, IO i CIIOHYKAaJI0 PO3pO-
OUTM KapAVHAIbHO IHIIMII METOJ] ONPOMiHEHHs
3a JOIIOMOIOK IOTY>XHMX IYYKiB €JIeKTPOHIB.
[TonepenHi pospaxyHKM MOXIMBUX HACTiKiB
OIPOMIHIOBAHHA METABOJIBTHYMY €IeKTPOHAMU
i MozenoBaHHA Ha BOJHOMY (paHTOMI ITOKa3as,
mo 3a cuwm ctpymy 0,3-0,4 A 3a yac Habopy 1o-
ruHyTol mosu 200 kIp Temmeparypa BKasaHMX
1iBoK migBuiyerbcsa Ha 50-60 °C i 6ibue.

OOroBopeHHs pe3yabTaTtiB AOCTiAIKEHb

3a BMK/IAQ/ICHOI BHUIE METO[UKOK IIPOBENEHO
nepur eKCIepuMeHT! IIoAo (PYHKI[iOHaIbHOCTI
ciruactux I11] [9, 10], 3anponoHoBaHMX [i/isI BUTO-
TOBJIEHHS TEPMOCTIVIKNX i MilJHMX HAHOTIOPUCTUX
[11, 12] dinbTpaniitiux Bupo6iB 3 mifiBUIIEHOO
CTiJIKicTIO 1O ioHi3yrouol papiauii. ocmimxkeHo
BIUIMB pajialii Ha OCHOBHI ¢iswuHi, cTpyKTyp-
Hi Ta ximivyxi BmactuBocTi IIL, sKi Bu3HA4YaI0Th
(YHKIIIOHA/TBbHICTh MaTepiany i MOX/INBICTh KBa-
micikyBaTV 10TO Ha HMPUAATHICTD HJISI BUTOTOB-
JIeHHs siiepHMX QinbTpiB 3a HOBMMM pajiialiii-
HUMMJ TEXHOJIOTiSIMM Ta OLIiHIOBAaHHS HAilIHOCTIi
HOZIA/IBIIO] eKCIUTyaTamii y ckmafi obnajHaHHA
KPUTUYHUX €/IEMEHTIB Cy4acHOI €eHePTeTUKN.

Inmd [OCHiKeHHA BUKOPUCTOBYBAIM pajia-
uisiny ycranosky MJIY-6 y pexumi renepanii

IIy4Ka €/IeKTPOHIB NOTYXXHicTI0 10 20 KBT eHep-
rieto 1,5 MeB, cnexrpomerp Tensor 37 c¢ipmu
Bruker i mpmwragu TA Instruments TGA Q50 i
DSC Q2000. O6’exTamu BOCTiIKeHH 6y/IM TOHKI
m1iBky (ToBIIMHOW 120-150 MKM) 3 MoaudikoBa-
Horo [II, mo Hasexarb 0 K/Iacy TyCTOCITYaCTUX
MIOJIiIMEPIB, i XapaKTepU3YIOThCA BUCOKOIO XiMid-
HOIO, TEPMIYHOI0 Ta BOTHECTINKiCTIO, BJMCOKOIO
Temneparyporto cknyBanns (T, > 250 °C), a Takox
crabinbHicTio po3mipis. I11] 3 TakuMy BracTuBoOC-
TAMU MOXYTb OyTU BUKOPYCTAaHi TPy OTPUMAHHi
MIOPUCTUX i HAHOIOPUCTUX MaTePialiB MIMPOKOTO
3aCTOCYBaHHs, 30KpeMa I CTBOPEHHA HOBUX i
HePCHEeKTUBHYX TEPMOCTINIKMX AfepHUX (inbTpis
HmifBUIeHol MinHocTi. Hanpukiapn, pna pospi-
JIeHHA i30TOmiB, AMMO-rasoBMx cymimeit [13],
AHaJIi3y CKIA[OBMUX BJCOKOTEMIIEPATYPHUX Xi-
MIYHMX CyMilllell y TéeMO30HaX aTOMHUX PeaKTo-
piB, MiKpo6ionoriyHux 06’€KTiB TOILO.
HocnmimxyBam (yHKIIOHaIbHY NPUAATHICTD
KOMIIO3UTIiB, OTPUMAaHUX LIJIAXOM in Situ IIOJTi-
VIKTOTpUMepu3anil auniaHoBoro ecrepy bicde-
Hony E (JIUBE), 3a HasgBHOCTI auMeTtnndranary
(IM®), cknmapgy ILI/AIM®=70/30 % wmac. go 3a-
CTOCYBaHHS NP BUPOOHMIITBI TPEKOBMX HAHO-
HNOPUCTUX MaTepialiB. 3MiHy XiMi4HOI CTPYKTypu
BJBYA/IN 33 JOIOMOrow Merony I-crekrpockomii
3 BUKOPUCTAHHAM clieKTpoMetpa Tensor 37 ¢pipmu
Bruker 3 ®yp’e nmepeTBOpeHHAM Y AiamasoHi Jac-
ToT 4000-600 c™M'. JI/11 KOXKHOTO CIIeKTpa ycepen-
HEHO 32 MOCTiJOBHUX CKaHU PO3LiIbHOIL 3[[aTHOCTI
4 cv!. CTiffKicTh 10O TEPMOOKUCHIOBA/IbHOI JIeCT-
PYKILHI OCTXyBany METOLOM Te€pPMOTpaBiMeTpii

a
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Puc. 4. I9-cniextpu gocnimpkysanux: IIL/IM® (a) i IITOE (6) Buxiguoro (1) i ompomineroro (2)
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Bara 3paska, %

1 L 1 I 1 L |

L 1 L | 1
100 200 300 400 500 600 700

T,°C

400
T,°C

15 bt
100 200

| 1 L | L
300 500 600 700

Puc. 5. TTA xpusi (a) Ta Bignosigui im noxinxi ITA xpusi (6) Buxiguoro IILI/IM® i onpominenoro ITII/IM®D200

(TTA) (B armocdepi moBiTps) Ha obmagHanHi “TA
Instruments TGA Q50 B inTepBasi TemIepaTyp
20-700 °C si mBupkictio HarpiBanua 20 °C/xs.
Tennogisuyni BracTuBOCTI 3paskiB BuBYaMM Ha
npunafi TA Instruments DSC Q2000 y temmnepa-
TypHOMY fianasoHi Bif 25-200 °C 3a mBuaKoCTi
HarpiBanHs 20 °C/xB. 3a TeMIepaTypy CKITyBaHHSA
(T ) 3paska IpuiiManu cepefuHy eH/J0TePMiIHO-
rO Nepexofy Ha KpUBill TeMIEPaTypHOI 3a/ex-
HOCTI TEIIOEMHOCTI CP = f(T).

Ha puc. 4a nasegeno IY-crekrpm BuXifmHOrO
komnosuty III/IM® i papianiino ompoMiHe-
Horo nosomw 200 kIp - TTH/AM®, . Ha cnektpax
000X KOMIIO3UTIB HasBHI CMYT¥ HOITIMHAHHA i3
MakcuMmyMamm 1357 i 1556 cm’!, mo Bigmosiga-
I0Tb BaJICHTHUM KonuBaHHAM N-C-3B’3KiB i3
N-C-O-rpyn i C=N-3p’a3kiB i3 C=N-C nomini-
anyparHux nukiis I1IC BignosigHo. Kpim Toro,
cMyra 3a 1724 cm™ HaneXXuUTh 10 BaJIEHTHUX KO-
mBaHb C=O-rpyn JIM®. [lopiBHAHHA LKX JBOX
CIIEKTPiB BMABM/IO, IO 3aCTOCYBaHHSA OIPOMi-
HeHHs1 (ceHCmOimi3anii) MPaKTUYHO He BIUIVBAE
Ha XiMi4Hy CTpyKTypy Aocnimxysanux [11/JIM®
KOMIIO3UTIB, OCKiZIbKM iHT€HCUBHICTb OCHOBHMX
CMYT IIOITIMHAHHA MalDKe He 3MIHIOETbCA IiC/A
papianiitHoi 06pobku fo3orw 200 xIp. [ns mo-
PIBHAHHA OY/IO HOCTIIXKEHO XIMi4HY CTPYKTYpY
spaska [IT®E, Axuit BUKOPUCTOBYBaIM AK Iifi-
K/IafIKy mpu onpoMmiHeHHi. Ha puc. 46 HaBemeHo
[Y-cnexkrpu Buxignoro IITOE i IITOE, (pa-
mianiitHO-onpoMiHeHoro posor 200 klp). Yir-
KO BUJHO, WO IIC/IA ONPOMiHEHHA pi3KO cIIa-
Ja€ IHTeHCUBHICTD MiKiB 3a 1204 i 1150 cm’l, w10
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BifITIOBIJAIOTh CUMETPUYHUM 1 aCUMETPUYHUM
CF, i C-C Banentnum konmBaHHsaM. [Ipuymna
TaKMX 3MiH XiMi4HOI CTPYKTYpU JOCiPKYBaHUX
3paskiB [ITOE - pyltHyBaHHA XiMiYHNX 3B A3KiB
y nomiMepi 3 HACTYIIHUM PO3PUBOM IOIMEPHUX
JIAHLIXOTIB Yy IIPOLieCi ONpOMiHEHHA.

CTilKicTh ;O TEpPMOOKMCHIOBA/IBHOI I€CTPYKIIil
BUXifIHOTO i onmpoMineHoro 3paskis [111/IM® no-
cmimpKyBanu 3a gonomorowo merony TTA, orpuma-
Hi laHi HaBefeHi Ha puc. 5. BuyHo, mo kpusi TTA
H/IM® i IIH/AM®, = npakTuyHo 36iraoThcs,
TEPMOOKJICHIOBA/IbHA [eCTPYKLiA JOCIiKyBaHMX
KOMIIO3UTIB BilOYBa€eTbCcs 3a TpU CTafii: mepira B
obmacti Temmeparyp 170-340 °C Bipmosigae Bu-
JAZIEHHI0 BYUCOKOKMIIZIAYOrO po3unHHMKa IMO i3

0 xIp

~ 77 200 kIp

Enpgo Termnosuit morixk, Br/r

30 60 90

] |
120 150

T,°C

180

Puc. 6. ICK tepmorpamnu Buxigaoro III/IM® i ompo-
minenoro II1I/IM®200
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KOMIIO3UTY, pyra B iHTepBamli Temieparyp 427-
487 °C noB’s13aHa 3 pO3pMBOM 3B A3KiB (peHin-Tpu-
asun y I, a Ha Tperiit crapii 3a T = 615-690 °C
JaCTKOBO BifI0yBa€TbCA OKMCHEHHS YTBOPEHMX
BHAC/I/IOK JIeCTPYKIIil Ha JpyTill CTafii y1aMKiB 3
¢dbopMyBaHHAM OilbII TEPMOCTINIKMX CTPYKTYP,
IO 3TONOM [IerpajiyloTh 3a BUIIUX TEMIIEPATYP.
ITpu npomy 4iTko BMAHO, IO Mg 000X 3paskis
Ieplla CTafisd Aerpajanil MaibKe ifeHTU4YHa, TOAL
AK [Bi iHII cTapii, IO BifIOBiKAIOTH NECTPYKLIl
ITL1 marpuui, femo BipisHAITbCA TeMIepaTyp-
HUMI TIOJIOKEHHAMM MAaKCUMYMIB IIBUAKOCTI
srpatu Baru: fisA [II/[IM®, =~y nopiBHAHHI 3 He-
onpominernm ITI/JIM® Bonu 3cyBarorbcs B 6ik
BUIIVX TemIeparyp Ha 3 i 7 °C pgna gpyroi i Tpe-
TbOI CTaflii AecTPYyKii BinmoBigHo. OueBUIHO, IpU
OIIPOMiHeHHi BiIOyBa€eThCs JOLATKOBE 3IIVBAHHS
11 marpuwi, 1110 cripusi€ NifiBUIIEHHIO T€PMOCTIIl-
KOCTI TaKMX 3pa3KiB 3a BUCOKMX TeMIIEpaTyp.

3a pomomorow Metopy AudepeHIianbHOI CKa-
HyBanbHOI KanopumeTpii ([ICK) BusHaueHO BIINB
papiauirinoro onpominents Ha T_ IT1I/IM® kom-
nosury. Ha puc. 6 nasepeni [ICK repmorpamu mo-
CIiDKyBaHUX 3pas3KiB. BupHo, mo AK BUXifHMI
[L/OIM®, rtak i ompominennii ITLI/IIM®, =~ xa-
PaKTepUSYTbCsA nuiule ofHier T, sKa samn-
HIA€TbCA HE3MIiHHOIO HaBiTh MiC/IA pajiiallifiHOro
OIIPOMiHEHHS.

BHCHOBKH

Po3po6neno i Bunpo6yBaHo opuriHajabHy MeTO-
OVIKY pafiallifiHOrO OIPOMiHEHHS METraBOJIbT-
HUMM €JI€KTPOHAaMM TOHKMX IUIIBOK 3 IIOJIi-
MEPHMX MaTepiajliB TIpynM IOilliaHypaTiB.
Orpumasni aHi npo BIIMB pafiallii HA OCHOBHI
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STUDY OF FUNCTIONALITY OF POLYMER FILMS BY DENSE ELECTRON BEAMS

Methodology of using megavolt electrons for investigation of the functionality of thin polymer films of polycyanurates
(PCN) is described. The relevance of research is determined by the prospects of using films as a functional basis for
improvement of track-etched technologies of nanoporous nuclear filters, where ionizing radiation is used in most of
technological stages of their production. Functionality control is the main criterion for the qualification of films on
the suitability for production of nuclear filters on their base. Development of megavolt electrons radiation methods is
promising for monitoring the functionality of filters. Radiation technologies are universal and able to provide maximum
information content on investigations of the characteristics of materials to qualify them for suitability of practical use.
To control the functionality of the films, the methodology for research and testing of thin polymer films using powerful
electron beams of 1-2 MeV has been developed. The features of these methods and the results of their application at
the control of functionality and for the qualification of the films based on crosslinked polycyanurates, synthesized by
in situ polycyclotrimerization of dicyanate ester of bisphenol E in the presence of dimethylphthalate (DMPh) of the
composition PCN/DMPh=70/30 wt.%, on the suitability for production of nanoporous track membranes are discussed.

Key words: electron beams, nuclear membranes, thermostable polycyanurates, radiation stability, functional testing.
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