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AHOTAINIA

Yonak 1. B. BusnHadeHHs (I3UYHMX BIACTUBOCTEH TMOJIMEPHUX 1
KOMITO3UILIIMHUX MarepiaidiB METOJAMH MOJEKYJISPHOI JUHAMIKM 1 CTPYKTYpPHOI
MexaHiku. — KBamiikariiiiHa HaykoBa paris Ha IIpaBax pyKOIHUCY.

Hucepraiisi Ha 3700yTTS HAayKOBOTO CTyIEeHA JOKTopa (itocodii 3a
cremianbHicTIO 131 «lIpuknanna wmexaHika». — HairioHanpHUN TEXHIYHUIN
yHiBepcuTeT Ykpainu «KuUiBCbKMI MOMTEXHIYHUM 1HCTUTYT 1MeH1 Irops
Cikopcbkoro», Kuis, 2025.

HucepraliiiiHy po0OOTy TNPUCBAYEHO BHU3HAYCHHIO  (PI3MKO-MEXaHIYHUX
BJIACTUBOCTEH MOJIMEPHUX 1 KOMIO3ULIMHUX MaTrepiaiiB METOJAMH MOJEKYISPHOI
JUHAMIKA Ta CTPYKTYPHOI MEXaHIKM Tepel IXHIM CHHTE30M, II0 HEOOXITHO IS
MIPOTrHO3YBaHHS IXHbOI €PEKTUBHOCTI MPU BUPIIICHHI KOHKPETHUX 3aBJIaHb B yMOBaX
eKCIUTyaTallii HabJIMKEHUX 10 PeaIbHUX.

[IpoBeneHO AaHATITUYHUN OIVIST CY4YacHOrO CTaHy JOCHIIKEHb (Di3UKO-
MEXaHIYHUX BJIACTUBOCTEH MOJIIMEPHUX Ta KOMMO3UIIHHUX MaTepiaiiB. Po3risHyTo
nporpaMHe 3a0e3meueHHs Ta psIA CHIOBUX TIOJIB, IO BUKOPUCTOBYIOTHCS MJIs
MOJIETIOBaHHS MOJIIMEPIB Ta MOJIMEPHUX HaHokommo3uiiiiHux MarepiainiB (IIHKM)
MeToaaMu MoJieKyisipHoi nuHamiku (M), MeToan moOya0BH MOJIEKYJISIPHUX CUCTEM
MOJIIMEPIB Ta KOMIIO3UTIB iX OCHOBI, CIHOCOOM BpIBHOBAKEHHS MOJIEKYJISIPHUX
MoOjieNied Ta MOAAJIBIIOTO MOJCIIOBAaHHSA  (PI3UKO-MEXaHIYHUX  BJIACTHBOCTEH
MartepianiB. BcTaHOBIEHO, IO METOAM YHCIOBOTO MOJICIIOBAHHS € MOTY>KHUMH
IHCTpYMEHTaMH JUIsl MIHIMIi3alli BUTPaTH MaTeplajJbHUX PECYPCIB Ta TPHUBAIOCTI
PO3pOOKH HOBUX MaTepialliB, 30KpeMa HaHOKOMITO3UTIB. MoietoBaHHS MPOIIECIB Y
NOJIIMEpPax Ta MOJIMEPHUX HAHOKOMIIO3UTAaX Mepe] iXHIM CHHTE30M 3a JOIOMOTIOI0
BKa3aHUX METOJIIB JIa€ 3MOTY JIOCHIIMUTU TMOBEIIHKY MarepiaiiB B HaOIMKEHHUX 0
peabHUX YMOBAX €KCIDTyaTalii Ta BUBHAYNTH JOMUIBHICTh IXHBOT'O BUPOOHHIITBA IIIC
Ha eTarli po3poOKH.

Po3risitHyTo B3a€EMO3B’S30K MIXK METOJAMH MOJIEKYJISIPHOI JIMHAMIKK Ta

CTPYKTYpHOI MeXaHIKH uYepe3 0araTOCTyNEeHEeBHM MiIXiA [T0 KOMII I0TEPHOTrO



MOJICJIIOBAHHS JJISl PO3MIMPEHHS MOKJIMBOCTEH MOjeNtoBaHHA. BcTaHOBIEHO, 110
BUKOPHUCTAHHA 0araToCTyIEHEBOTO MiIXOAY CIPHUSIE 3MEHIIICHHIO BUKOPHCTOBYBaHUX
HNOTY>)KHOCTEl KOMII'IOTepa Ta pO3LIMPIOE 4YacoBl Ta MPOCTOPOBI IPaHULII
JOCJTII)KYBaHUX CUCTEM.

3a pe3yapTaTaMH MPOBEIECHOTO OISy BCTAHOBIJICHO, 1[0 Hapa3l HEJAOCTaTHbO
JOCIIIJIPKEHO BIUTMB HE(YHKIATI30BaHUX HAHOHAMIOBHIOBAYIB 3 JOBUIBHUM IXHIM
PO3MIIIEHHSAM Y TOJIMEpHIM MaTpuili Ha KOMIUIEKC (PI3UKO-MEXaHIUHHUX
BrnactuBoctedt [ITHKM, noTpiOHMX Uisi KOHTMHYaJbHOTO MOJCIIOBAHHS TEPMO-
PY>KHO-TUTACTUYHOTO CTaHy B yMOBax €KCIUTyaTarlii.

ToMy BUKOpPHCTaHHS METOJAIB MOJEKYJSIPHOI JMHAMIKM Ha €Taml CTBOPEHHS
HOBUX HAaHOKOMITO3MIIIMHUX MaTepiamiB JJisi BU3HAUCHHS iXHIX (PI3UKO-MEXaHIYHUX
BJACTUBOCTEN Ta PO3BUTOK 0araTOCTyNEHEBOIO MIAXOAY 10 KOMII FOTEPHOIO
MO/JIEIIOBaHHS € 0€3yMOBHO aKTyaJIbHOIO IIPOOJIEMOIO.

Ha migcTaBi mpoBeIeHOTO JIITEpaTypHOTO OTJIsiLy OOTPYHTOBAHO aKTyalbHICTh
aucepTamiitHoi poOoTH Ta chHOopMyabrOBaHO i METy, sKa TOJIATae y BHU3HAYCHHI
(b13MKO-MEXaHIYHUX BJIACTUBOCTEM MOJIIMEPIB Ta HAHOKOMO3UIIWHUX MarepiajiB 3
MOJIIMEPHOI0 MATPHIICIO Ta X 3aCTOCYBaHHS B MPOMUCIOBOMY BUPOOHHIITBI.

3 BukopucranHaMm nporpamu LAMMPS npoBenieHO MOJEKYJISpHO-IHMHAMIYHE
MOJICTIIOBaHHSI ~ (PI3MKO-MEXaHIYHUX  BIACTUBOCTEH TmondieTwieHy. Pe3ynbratu
Bepudikarlii MonekyasipHoi moaeni noiietusieny (I1E) mokazanu, mo orpumani aaHi
MJI monentoBaHHs abo 30iraroTbCsi 3 HAsSBHUMHU JIITEPATypHUMU JaHUMHU, a0o
HaAOJIM>KEH1 JI0 HUX.

3a aHaJOrYHMMH QJITOPUTMAMH MPOBEACHO TEOPETUYHI JIOCHIIKEHHS
MEXaHIYHUX BJIACTUBOCTEN HAHOKOMITIO3UTIB MOJIieTUIIeH-ByTieneBl HaHOTpOku (I1E-
BHT) i1 IIE-rpadben wmeTomamMu MOJEKYJSIPHOI JOWHAMIKKA. 3a pe3yJIbTaTaMH
IIPOBEJICHOTO0 MOJICJIIOBAHHS, BCTAHOBIICHO, 1110 Tpu jaojaBanHi BHT o momimepy
moxayib nipyxkHocTti [TE-BHT (3a 06’emnoi wactku BHT o = 2,08 %) nopiBHsHO 3
yuctuM I1E 3011bmyerses Ha 6,2 % npu 275 K ta Ha 25,2 % npu 300 K. I'panuns
tekydocti [IE-BHT (mpu o = 2,08 %) nopiBasHo 3 [IE Takox migBUIILyeThCS: Ha

13,8 % mpu 275 K i Ha 8,8 % mpu 300 K i mBuakocti mepopmamii 10° ¢!, Ha



iHTepBaii temmnepatyp (275-315) K moayns npyxHocti HaHokoMmio3uTy [1E-rpaden
(3a 06’eMHOi yacTku rpadeny o = 1,36 %) nepepuniye BianosigHi 3HaueHHs [1E: Ha
6,7 % tipu 275 K 1 Ha 6,0 % npu 300 K, a npu 325 K — HaBnaku 3MeHIIY€EThCS HA
5,4 %. I'paanms texydocti [IE-rpaden (mpu o = 1,36 %) mopiBusHao 3 IIE Takox
nigBuiryetbes: Ha 8,9 % npu 275 Kina 11,7 % npu 300 K 1 mBuakocti nedopmartii
10°¢c™.

[IpoBeneHO  MOJIEKYISAPHO-AMHAMIYHE  MOJCIIOBAHHA  TETUIO(I3UIHUX
BrnactuBoctedt HaHokomno3uTiB [IE-BHT 1 [IE-rpaden, mo BKIIOYaIOTH:
TEIUIONPOBIIHICT, MAacOBY 1300apHy TEIUIOEMHICTh, KOEQIIIEHT JIHIHHOTO
temmneparypHoro posmupenns (KJITP) ta temnepatypy ckiyBaHHs. BcTaHoBIeHO,
10 JO0JaBaHHs BYIJICIIEBUX HAHOTPYOOK 1 JUCTIB TpadeHy 30UIbIIyE BETUUUHY
edexktrBHOI TeronposigHocTi MaTpuil 3 I1E Ha (44—54) % 3a Temneparypu 293 K 1
3a 00’emuoi yactku BHT 2,08 % 1 rpadeny — 1,36 %, BignoBigHo. Lle moB’s3aHo 3
TUM, IO HAasBHICTh HaHoAOMImIOK y Marpuii IIE migBumye BmopsiakoBaHICTh ii
CTPYKTYpH, MPHU3BOJIUTH IO 30UTBIICHHS CEPEAHHOTO BUILHOTO diama3oHy Audys3ii
(GboHOHIB Ta OCa0JIeHHS X PO3CIIOBaHHS, 1 TUM CaMHM ITiJIBUIIYE TEIJIOMPOBIIHICTD
HaHokomno3utiB [IE-BHT ta IIE-rpajgen. Buxonano mnopiBHsHHS naHux MJI
monemtoBaHHs — edektuBHOi  TeruonpoBigHocTi  [IE-BHT 1 IIE-rpaden 3
BIJIMOBITHUMU JaHUMHU PO3PAXOBAHUMHU 32 TEOPETUYHHUMH 3AJCKHOCTAMU IS
KOMIO3UIIMHUX MarepiaiiB. BcTaHOBIEHO, IO TEOPETUYHI 3aJIEKHOCTI Jal0Th
3aHIKeH1 Ha (6—26) % 3HaueHHS €(PEKTHUBHOI TEIUIOMPOBITHOCTI MOPIBHSAHO 3 MJI
MojemoBaHHsAM. [Ipy 1bOMy pPO3ODKHICTH MIK 3HAUYEHHSIMH TEIUIONPOBIIHOCTI
3pocTae 31 30uIbIeHHsaM 00’ emHOi yacTku BHT.

3a pe3yiabTaTaMud MOPIBHSIHHS TEIIO(PI3MYHUX BIACTUBOCTEH BIIACTUBOCTEN
Mosekysipaux Mojeneit uucroro I1E ta nanoxkommnosuty IIE-BHT (ipu o = 2,08 %)
BCTAHOBJIEHO, Ha iHTepBami Temneparyp Ouibmie 300 K: macoBa i1300apHa
teroeMHicTh [IE-BHT 30imemyersest Ha 3,4 % mpu 310 K 1 Ha 4,9 % mpu 320 K;
KJITP takox miaBumtyetbea Ha 18,8 % npu 310 K Tta Ha 27,5 % npu 320 K. Ilpu
280 K 3nauyenHsi MacoBoi 1300apHoi TeruoemHocTi IIE-BHT (mpu a = 2,08 %)

nopiBHsiHO 3 [1E Menm Ha 1,6 % 1 KJITP — takox meni, ane Ha 12,2 %.



st intepBany temneparyp (275-315) K BcranoBieno, mo rpadiku JiHIHHUX
TEMIEPATypHUX 3aliexKHOCTeH MacoBoi 1300apHoi TeruioemHocTi 1 KJITP I1E-rpaden
MaroTh 3pPOCTa0Ul 3aJIEKHOCTI 1 IepeTUHatOTh BianosiaHi rpadiku [IE Ha iHTepBai
(300-310) K 3anmexno Bix 00’eMHOi yacTku Trpadeny. 3a temmeparypu 280 K
3HaueHHs ¢p [IE-rpaden nopisHsiHO 3 [1E Menm na (5-6) %, a npu 320 K — HaBnaku
outem Ha (3,1-5,3) %. Ilpu 280 K 3nauenuss KJITP I1E-rpaden nopisasino 3 I1E
menti Ha (25-35) %, a mpu 320 K — Ginbmmi Ha (11-17) %.

OTpumaHO HENIHIAHI JBOMApaMETPUYHI  3aJIEKHOCTI MEXaHIYHHUX Ta
tero¢iznunux BrnactuBocteit [IE-BHT 1 [1E-rpaden y nianazoHi 3MiHA TeMIeparyp
(280-320) K ta 06’emuoi yactku HanmoBHIoBadiB (0—2,0) % i (0—1,5) % BigmoBimgHO.
[Ipu upomy miss po3poOKHM HOBUX HAHOKOMIIO3UIIMHUX MartepiaiiB HE MOTPIOHO
BUKOHYBAaTH JIOCTAaTHbO CKJIQJHI W TpUBAJl YUCIOBl €KCIEpHUMEHTH Ha 0azi MJI
MOJIeNIIOBaHHs. BKazaHWil KOMIUIEKC BJIACTUBOCTEH MOTPIOEH i MOJEIIOBAHHS
TEPMO-TIPY>KHO-IIJIACTUYHOTO cTaHy BUpoOiB 3 HaHokommno3utTiB IIE-BHT 1 IIE-
rpadeH B yMOBax eKcIulyaTalli B KOHTUHYaJIbHOMY HaOJIMKEHHI.

3 BUKOPHUCTaHHSM pe3yipTaTiB MJl MonentoBaHHS BiANaly MOJIEKYJSPHUX
cucteMm IIE, IIE-BHT 1 IIE-rpaden ming i3oTepmiuHo-i1300apauM ancambiem NPT
BU3HAYCHO TEMIIEpaTypH CKIIyBaHHS BKa3aHUX MaTepialiB Ha MiJACTaBl aHAJI3y iXHIX
GyHKIIOHATBHUX 3aJIEKHOCTEN 3MIHU 00’€My Bij TemrepaTypu. BcraHoBieHO, 110
st HaHokoMmo3uTiB [IE-BHT 3 pocToM YacTku HamoBHIOBaua TeMIIEparypa
CKIlyBaHHS TMIABUIIYETbCS, a s HaHokoMmno3uTiB [IE-rpaden HaBmaku
3MEHILY€EThCA.

CdopMynboBaHO MaTEeMaTH4HI Ta PO3POOJICHO BIIMOBITHI YHCIOBI MOJEII
3a/1ad  HaMpy>KeHO-Ae(hOPMOBAHOTO CTaHy /I MOJICIIOBAHHS  BUIPOOYBAaHb
HaHokoMmo3uiiiHux MarepianiB tuny [IE-BHT 3 dyskmionanizoBanumu BHT y
HAOJMKEHHI  130TPOMHOTO  cepefloBuIa. BuKOHAaHO JOCHiIHKeHHS e(GEeKTUBHUX
MeXaHIYHMX BiacTuBocTedl HaHOKOMIO3UTIB [IE-BHT 3 pi3Ho0 00’€MHOIO 4acTKOIO
Ta JOBUIBHUM pO3TallyBaHHSAM (QyHKUIOHATI30BaHux BHT pi3HOi [0BXMHU B
noyiiMepHii matpuii. s BU3HAUCHHS €(PEKTUBHUX MEXAHIYHHMX BJIACTHBOCTEH

HaHokomno3uTiB [IE-BHT 3a naHuMM 4YWCIOBOrO MOJIETIOBAHHS HAIPYXKEHO-



ne(OpMOBAHOTO CTaHy 3pa3KiB BUKOPHUCTAHO JIBI METOJMKH, SKI JarOTh 301KHI
pesynbpTaTi st KopoTkux BHT: pizHUI Mik 3HaYeHHSAMH €(PEKTHUBHOTO MOIYIIS
npyxHocTi ipu o = 0,69 % cranoButs 0,1%, a mpu a = 2,06 % — 0,8 %. HocnimkeHo
CITKOBY 30DKHICTH pO3pOOJEHUX YHCIOBHX MOJEIEH METOAOM IOJIBIHHOTO
nepepaxyHky. BcTaHOBIIeHO, 10 3a JTaHUMM YHUCJIOBOTO MOJENIOBaHHS MOXHOKa
BU3HAYCHHS MOJYJs MpYy>KHOCTI He mnepesuinye 0,2 %, a xoedimienta [lyaccona —
0,023 %.

Ha mizncraBi mOpiBHSIHHS OTPUMaHUX 3HAYEHBb 3 PE3yJbTaTaMU MOJIEKYJISIPHO-
nuHaMiyHoro moneiroBanHsa HaHokoMmo3uTiB IIE-BHT 3 00’emuoro gactkoro BHT
a < 2,08 %, BuzHaueHo, 1o ¢ynkiionanmizamisa koporkux BHT y nanokomnosuri I1E-
BHT ne npu3BoaAuTH A0 MIABUIIEHHS MOJYJIS MPYKHOCTI, III0 MOXKE OYTH MOB’SI3aHO
31 3HAYHUM, OUIbIIE HDK Yy [JIBa pas3d, 3MEHIICHHSIM MOMAYJS MPYXHOCTI
dynkuionanizoanux BHT mopiBHSHO 3 HeyHKIIaTi30BaHUMH 4Ye€pe3 HasBHICTb
BaKaHCIH, sKi 3’BIsItoTbea B cTpykTypi BHT mpu ix dyHkiionanizaiii Ta 3Ha4HO
OuIbllIE BIUIMBAIOTh Ha BAacTUBOCTI KOpoTkux BHT nHix nosrux. IIpm nopiBHSHHI
MOJIYJSI TIPYKHOCT1 3pa3KiB MOJIETUIICHY apMOBAaHOTO KOPOTKUMU Ta JoBrumu BHT
BHU3HAYEHO, 110 apMyBaHHA JoBrumMu BHT cnpuse 3011blIeHHIO MOTYJISI PYKHOCTI
Ha 14,8 % (y 1,17 pa3iB) 3a 06’emnoi yactku BHT menmoi va 0,81 %.

Po3pobsieH0 1HCTpYMEHTH Yy BHUIJISIII MaTeMAaTUYHUX MOJIENe, MEeTOAUK
TEOPETUYHUX  JOCHDKEHb  (DI3UKO-MEXaHIYHMX  BIACTHUBOCTEH  IMOJIMEPHUX
MaTepiaiiB METOJaMU MOJICKYJISIPHOI JUHAMIKM 1 CTPYKTYPHOI MEXaHIKH Ta
pO3paxyHKy I1aKOBaHb, B SIKUX 3aCTOCOBYIOTHCA TOJIMEpPHI HAHOKOMITO3MIIIIHI
Marepianid. Po3po0iieHO pexkoMeHnalii 100 BHUKOPUCTAHHS  MOJIMEPHUX
HAHOKOMO3UIIMHUX MaTepialiiB y MPOMHCIOBOMY BHUPOOHMIITBI Ta MaKyBaJbHIM
1HaycTpli. BusHaueHo edekTuBHICT, 3actocyBaHHA HaHokoMmosuty [IE-BHT
3amicTh [IE y TpyOax mist BogomocTadyaHHs Ta EMHOCTSX IS 30epiraHHs XiMiKaTiB 3a
JIOTIOMOTOI0 BiJIMOBIAHUX TMOPIBHSUIBHUX PO3PaxXyHKIB HaIMpyKeHO-1e(hOPMOBAHOTO
CTaHy.

3anponoHoBaHo it 3D-apyky MeTOAOM  IMOIIAPOBOTO  HAIIABICHHS

BUKOpUCTOBYBaTU NpyToK 3 HaHokomno3uty IIETI-BHT (me IIETI monudikaris



nomieTwieHTepedTanary 3 J0JaBaHHSAM TJIKOJIO, IO € OUIbII MIIHUM 1
TepmocTiiikuM, HiK 3BuYaiiHuil [IET). Bukopucranns mnpytka IIETI-BHT Oyge
CHOPUSATH TOJIMIICHHI0O MEXaHIYHUX BiactuBocted 3D-npykoBaHux BUPOOIB
nopiBHsiHO 3 IIETI 1, 30Kkpema, makyBajlbHOi Tapu, BUTOTOBJIEHOI MPOCTOPOBHUM
JPYKOM, Ta TIOKPAIIICHHIO a/ire3ii MiX 11apaMu CTPEHTU y BUpPOOax.

Pesynbrat mgucepraiiiiiHoi poOOTHM BHNPOBAHKEHO y HABYAIBHHUI Mpolec
kadenpu XiMi4HOTO, TTOJIMEPHOTO 1 cuiikaTHoro mamuHoOynyBanHs KIII im. Irops
CikopchbKOrO MiJ Yac BHKJIAMaHHS JIUCHUILUTH «JlOCTiDKEHHS Ta 1HXUHIPUHT
naKyBaJdbHOTO oOOmagHaHHs», «[IpukimamgHi npobreMu MeXaHIKM  CYHITbHUX
cepenoBuny, «HaykoBa poboTa 3a TEMOIO MariCTepchbkoi JUcCepTaiii» it
cnemianbHOCT «131 — [puknagna Mexanikay, cnemianizamii « [HXKUHIPUHT TaKOBaHb

Ta IIaKyBaJIbHOI'O O6J1aI[HaHH$I)) .

KitouoBi cioBa: MoJekysIspHa JUHAMiKa, CTPYKTypHa MeXaHika, MOJIMEpH,
HAaHOKOMIIO3UITIHHI MaTepiaiu, MOoJieTUIICH, BYTJICIIEBI HAHOTPYOKH, TpadeH, Gi3uKo-
MEXaHIYHl BJIACTUBOCTI, MOJYyJIb TPYXKHOCTI, KoedimieHT Ilyaccona, rpaHuis
TEKY4OCTi, TEIUIONPOBIHICTh, TEIUIOEMHICTh, HAMPYyXEHO-ACHOPMOBAHHA CTaH,

METOJ CKIHYEHHUX E€JIEMEHTIB.



ABSTRACT

Cholak 1. V. Determination of the Physical Properties of Polymer and
Composite Materials by Methods of Molecular Dynamics and Structural Mechanics.
— Qualifying scientific work on the rights of the manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 131 "Applied
Mechanics." — National Technical University of Ukraine "Igor Sikorsky Kyiv
Polytechnic Institute", Kyiv, 2025.

The dissertation is devoted to the determination of the physical and mechanical
properties of polymer and composite materials using molecular dynamics (MD)
methods and structural mechanics before their synthesis, which is necessary for
predicting their effectiveness in solving specific tasks under conditions close to real-
world operations.

An analytical review of the current state of research on the physical and
mechanical properties of polymeric and composite materials was conducted. The
software and various force fields used for modeling polymers and polymer
nanocomposite materials (PNCMs) by MD methods, the techniques for building
molecular systems of polymers and composites, and the ways of equilibrating
molecular models for further simulation of the materials’ physical and mechanical
properties were considered. It was established that numerical modeling methods are
powerful tools for minimizing the consumption of material resources and the time
required for the development of new materials, particularly nanocomposites.
Modeling processes in polymers and polymer nanocomposites before their synthesis
using the mentioned methods allows studying the behavior of materials under
conditions approximating real operational environments and determining the
feasibility of their production at the design stage.

The relationship between molecular dynamics and structural mechanics
methods was considered through a multiscale approach to enhance modeling

capabilities. It was found that the use of a multiscale approach helps to reduce the



computational power required and extends the temporal and spatial boundaries of the
systems under study.

The review results showed that the influence of non-functionalized nanofillers
with random distribution in the polymer matrix on the set of physical and mechanical
properties of PNCMs, necessary for continuous modeling of thermo-elasto-plastic
states under operational conditions, has not been sufficiently studied. Therefore,
using molecular dynamics methods at the stage of developing new nanocomposite
materials to determine their physical and mechanical properties and advancing the
multiscale approach to computer modeling is an undoubtedly relevant issue.

Based on the literature review, the relevance of the dissertation was justified,
and its goal was formulated, which is to determine the physical and mechanical
properties of polymers and nanocomposite materials with a polymer matrix and their
application in packaging.

Using the LAMMPS software, MD modeling of the physical and mechanical
properties of polyethylene was carried out. The results of verifying the polyethylene
(PE) molecular model showed that the MD simulation data either matched or were
close to the available literature data.

Theoretical studies of the mechanical properties of polyethylene-carbon
nanotube (PE-CNT) and PE-graphene nanocomposites were carried out using similar
algorithms. The results of the modeling showed that adding CNT to the polymer
increases the elastic modulus of PE-CNT (at CNT volume fraction a = 2.08 %) by
6.2 % at 275 K and 25.2 % at 300 K compared to pure PE. The yield strength of PE-
CNT (at a = 2.08 %) also increased: by 13.8 % at 275 K and by 8.8 % at 300 K at a
strain rate of 10° s'. In the temperature range (275-315) K, the elastic modulus of the
PE-graphene nanocomposite (at graphene volume fraction a = 1.36 %) exceeded that
of PE by 6.7 % at 275 K and 6.0 % at 300 K, but decreased by 5.4 % at 325 K. The
yield strength of PE-graphene (at a=1.36 %) also increased: by 8.9 % at 275 K and by
11.7 % at 300 K at a strain rate of 10° s,

Molecular dynamics modeling of the thermophysical properties of PE-CNT

and PE-graphene nanocomposites was conducted, including thermal conductivity,



specific isobaric heat capacity, the coefficient of linear thermal expansion (CLTE),
and the glass transition temperature. It was found that adding carbon nanotubes and
graphene sheets increased the effective thermal conductivity of the PE matrix by (44—
54) % at 293 K for CNT volume fraction of 2.08% and graphene 1.36%, respectively.
This is due to the fact that the presence of nanofillers in the PE matrix enhances the
ordering of its structure, increases the mean free path of phonon diffusion, reduces
their scattering, and thus improves the thermal conductivity of the PE-CNT and PE-
graphene nanocomposites. A comparison of MD simulation data on the effective
thermal conductivity of PE-CNT and PE-graphene with the corresponding values
calculated by theoretical dependencies for composite materials showed that
theoretical dependencies underestimated the effective thermal conductivity by (6—
26)% compared to MD simulation. The discrepancy between thermal conductivity
values increased with increasing CNT volume fraction.

A comparison of the thermophysical properties of the molecular models of
pure PE and the PE-CNT nanocomposite (at o = 2.08 %) in the temperature range
above 300 K showed that the isobaric heat capacity of PE-CNT increased by 3.4% at
310 K and by 4.9 % at 320 K, and the CLTE also increased by 18.8 % at 310 K and
27.5 % at 320 K. At 280 K, the isobaric heat capacity of PE-CNT (at o = 2.08 %) was
1.6 % lower compared to PE, and the CLTE was also lower by 12.2 %.

For the temperature range (275-315) K, it was found that the linear
temperature dependencies of the isobaric heat capacity and CLTE of PE-graphene
had increasing trends and intersected with the corresponding graphs of PE in the
(300-310) K interval, depending on the graphene volume fraction. At 280 K, the
values of cp for PE-graphene were (5—6) % lower compared to PE, while at 320 K,
they were 3.1-5.3 % higher. At 280 K, the values of CLTE for PE-graphene were
(25-35) % lower compared to PE, but at 320 K, they were (11-17) % higher.

Nonlinear two-parameter dependencies of the mechanical and thermophysical
properties of PE-CNT and PE-graphene in the temperature range of (280—320) K and
the filler volume fractions (0-2.0 %) and (0—1.5 %), respectively, were obtained. For

the development of new nanocomposite materials, it is no longer necessary to



perform complex and lengthy numerical experiments based on MD modeling. This
set of properties is needed for modeling the thermo-elasto-plastic state of PE-CNT
and PE-graphene nanocomposite products under operational conditions in a
continuum approximation.

Using the results of MD modeling of the annealing of molecular PE, PE-CNT,
and PE-graphene systems under the isothermal-isobaric NPT ensemble, the glass
transition temperatures of these materials were determined by analyzing their
functional dependencies of volume change with temperature. It was found that for
PE-CNT nanocomposites, the glass transition temperature increases with the filler
content, while for PE-graphene nanocomposites, it decreases.

Mathematical models were formulated, and corresponding numerical models
were developed for the stress-strain state tasks for testing PE-CNT nanocomposite
materials with functionalized CNT in an isotropic medium approximation. Research
was conducted on the effective mechanical properties of PE-CNT nanocomposites
with various volume fractions and random placement of functionalized CNTs of
different lengths in the polymer matrix. To determine the effective mechanical
properties of PE-CNT nanocomposites based on numerical stress-strain state
modeling of samples, two methods were used, providing converging results for short
CNTs: the difference in effective elastic modulus values at o = 0.69 % is 0.1 %, and
at a = 2.06 %, it is 0.8 %. The mesh convergence of the developed numerical models
was studied using a double recalculation method. It was established that according to
numerical modeling, the error in determining the elastic modulus does not exceed
0.2 %, and the Poisson's ratio error is 0.023 %.

Based on a comparison of the obtained values with the results of molecular
dynamics modeling of PE-CNT nanocomposites with CNT volume fractions
0<2.08 %, 1t was determined that functionalization of short CNTs in PE-CNT
nanocomposites does not lead to an increase in the elastic modulus. This may be due
to a significant reduction, more than twice, in the elastic modulus of functionalized
CNTs compared to non-functionalized ones due to the presence of vacancies, which

appear in the CNT structure during functionalization and have a greater impact on the



properties of short CNTs than long ones. Comparing the elastic modulus of
polyethylene samples reinforced with short and long CNTs, it was found that
reinforcement with long CNTs increases the elastic modulus by 14.8 % (1.17 times)
at a lower volume fraction of CNTs by 0.81 %.

Tools in the form of mathematical models, theoretical research methods for
studying the physical and mechanical properties of polymeric materials by molecular
dynamics and structural mechanics methods, and calculations for packaging that use
polymer nanocomposite materials were developed. Recommendations were made for
the use of polymer nanocomposite materials in industrial production and the
packaging industry. The efficiency of using PE-CNT nanocomposites instead of PE
in water supply pipes and containers for storing chemicals was determined using
corresponding comparative stress-strain state calculations.

It was proposed to use filament from PETG-CNT nanocomposite (where PETG
1s a modification of polyethylene terephthalate with added glycol, which is stronger
and more heat-resistant than regular PET) for 3D printing by the layer-by-layer
deposition method. The use of PETG-CNT filament will improve the mechanical
properties of 3D-printed products compared to PETG, especially for packaging
containers made by spatial printing, and enhance adhesion between strands in the
printed items.

The results of the dissertation were implemented into the educational process
of the Department of Chemical, Polymer, and Silicate Engineering at Igor Sikorsky
Kyiv Polytechnic Institute during the teaching of courses such as "Research and
Engineering of Packaging Equipment", "Applied Problems of Continuum Mechanics",
and "Scientific Work on the Topic of the Master's Thesis" for the specialty "131 —
Applied Mechanics", with a focus on "Packaging Engineering and Packaging

Equipment".
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HEPEJIIK YMOBHMUX ITO3HAYEHb, CUMBOJIIB, OAUHUIIb,

CKOPOUYEHD I TEPMIHIB
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BEKTOp MacoBux cuii, H/kr;

MacoBa 1300apHa TeroeMHICTh, Jxk/(kr-K);

KOMITOHEHTH MaTpPHIIi )KOPCTKOCTI, [1a;

TEH30p YETBEPTOI0 PaHTy MPYKHUX KOHCTAHT aH130TPOITHOTO
Marepiany, Ila;

MaTpHILs KOPCTKOCTI OPTOTPOITHOTO MaTepiaiy, [1a;

niameTp, MM (A);

MaTpuud MiAgaTIuBOCTI MaTepiany, I1a™!;

MOJIyJIb TIpY>KHOCTI, [1a;

SHEepris 3B’ 3Ky BAJICHTHUX KYTiB, J[»K/MOIIb (KKaJI/MOJIb);
€Heprist XIMIYHOTO 3B’sI3KY, J{/MOJb (KKaJ1/MOJIb);

MOTEHIIIiHA EHEePris epexpecHoi B3aeMoli, J[x/mMoib (Kka/Mob);

SHEepris 3B’ 13Ky ABOTPAHHUX KYTiB, J[/MOIb (KKaJ/MOJb);

MOTEHIII{HA eHepris He3B A3aH01 B3aeMoii, J[>k/Moib (KKaj/MoJib);

MTOBHA TIOTEHITiMiHA eHepris, [[k/Mob (KKajl/MOIb);

MOTEHIIIiHA EHEePris BAJICHTHUX 3B’ SI3K1B, J»/MOJb (KKaJI/MOJIb);
eHeprisi B3aeMoii BaH niep Baanbca, J[»/mMomb (KKain/mModb);
e(eKTUBHI 3HAUCHHS MOJTYJISl TPY>KHOCTI KOMITO3UTHOTO MaTepiary
ocepenueni 3a @oroiiom 1 Peyccom (I1a), BianoBigHO;

MPYKHUU MOZYJIb 3CYBY, [1a;

KOMITOHEHTH BEKTOpa MOy 3CyBYy, [la;

yCepeIHEHE 3HAaUEHHs MOAYJIs 3CYBY 3a Peyccowm, [la;

yCepeIHEHE 3HAaYEHHs MOAYJIs 3cyBy 3a Dorourtom, [1a;
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eHTanbmis, JK/Kr (KKaia/Mouib);
MoAyJIb 00’ €MHOI npykHOCTI, [1a;

KOHCTaHTa 3rHHAHHSA BaJIEHTHOrO KyTa, J[’/MoJb/pan’ (KKaja/MoIb/par?);

KOHCTaHTa KOPCTKOCTI BaJIEHTHOTO 3B’SI3KY, JI7K/MOJIB/M?
(xxan/monn/A?);

KOHCTaHTa KPYYEHHsI IBOTPaHHOr0 KyTa, [[/M0Jb (KKaj1/MOJIb);

ycepeaHeHe 3HaUeHHS MOy I 00’ eMHO1 IIpYy>kHOCTI 3a Peyccom, Ila;
ycepeaHeHe 3HaUeHHs MOy sl 00’ €MHOI Ipy>kHOCTI 32 DoroiiTom, Ila;
JIOBKMHA 3paska, M (A);

BEKTOP 30BHIIIHKOT HOPMAJIl J10 TOBEPXHI TijIa;

THUCK, I1a;

MOTOYHA JIOBKKMHA BAJIEHTHOTO 3B’ 43Ky, M (A); KoedillieHT Kopemsaii;
piBHOBaKHA JOBKMHA BAJIEHTHOTO 3B 13Ky, M (A);

rpaHMYHa BiJICTaHb B3a€MOIi cUIM BaH aep Baanbca, M (A);

KOMIIOHEHTH MaTpUIl ImiaaaTauBocTi, [1a!;

gac, ¢ (dc);

abcomoTHa Temiiepatypa, K;

TeMIneparypa ckiyBaHHs, K;

BEKTOP MEPEMIIIECHHS, M;

00’eM 3paska, M> (A%);

JeKapTOBa CUCTEMAa KOOPAUHAT, M;

00’eMHa yacTKa HAITOBHIOBAYa,

Koe(DIIieHT THIHHOTO TEMIIEPaTypHOTO po3ImupeHHs, K,
9aCOBHH KPOK, ¢ ((c);

rmbrHa oTeHIHHOI smu JIenHapaa-J/>xonca, JI/Moab (KKai/Mob);
CUMETPUYIHHI TEH30p MPYKHUX AehopMalliil APYyroro paHry;

KOMIIOHEHTH TeH30pa AedopMailii (0THOIHICKCHE MTPECTABIICHHS);

JIIBOTPAaHHUU KYT, pa;
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0— MOTOYHE 3HAYEHHS KyTa 3B’SI3KY, paj;

0o — PIBHOBa)KHE 3HAUYCHHS KyTa 3B’ SI3KY, pajl;

A— koedimienT TerwtonposigHocTi, BT/(M-K); koedimient Jlame, I1a;

n TEH30p TEIUIOMPOBITHOCTI Apyroro panry, Bt/(m-K);

o— koediuient Jlame, I1a;

Vv — koedimient Ilyaccona;

p— IIIBHICTE, KI/M? (1/cM);

c BiJICTaHb, Ha AKil eHepris B3aeMOii cTae PiBHOIO HyIIO, A;

6 — CUMETPUYHUM TEH30p HAIPY>KEHHS JPpYyroro paxry, [la;

c,,i= 1,_6 _ KOMITOHEHTHU TE€H30pa HaNpy>KeHHs (0JHOIHAEKCHE IpeicTaBiieH ), [1a.
Inpexcu

0-— CTOCYETBCS JIO MOYaTKOBOIO 3HAYEHHS;

eff — CTOCY€ETHCS 10 €(EeKTUBHOTO 3HAYEHHS;

AN — CTOCY€ETBCSI TEH30pa IPYrOro paHry.

I cuMBoOJIHM

() - OIIEpaTop CKAISAPHOro A00YTKY TEH30DiB;
(:) — onepaTop MOABIMHOIO CKAIIPHOTO J00YTKY T€H30pIB;
tr( ) - oreparTop CIiy TeH30pa;
()- OIEpaTOp, IO BKA3y€ HA CEPEIHE 3HAUCHHS BEIMUUHIY;
V - oneparop I'aminbrona (“Habmna”), m!.
CxopoyenHs
AIREBO — Adaptive Intermolecular Reactive Empirical Bond Order, cunose mosne

Ha OCHOBI OTEHUIATY MIXMOJIEKYJIIPHOTO PEAKTUBHOTO €MIIPUYHOTO
3B’SI3KY JIJISl CHCTEMHU aTOMIB BYTJICIIO Ta/ab0 BOJHIO;

ANSYS — MporpamMHi IPOAYKTH, 110 JAFOTh 3MOT'Y BUKOHYBATH YMCIOBUI aHaIII3



CG -
CHARMM —
CHARMM-
GUI -
COMPASS —

Dreiding —
EA -

G-K

GNS -
LAMMPS —

L) -
Materials
Studio —
NBR —
NPT —
NR —
NVT —
ReaxFF —
TraPPE —
UA —
VMD —

BHT —
KJITP —
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y TakuX (PI3MYHUX JUCHMIUIIHAX Ta 1HKECHEPHUX JT0JaTKaX:
oOuuCIIOBaNIbHA TIAPOAMHAMIKA, MEXaHIKa 1e()OPMOBAHOTO TBEPAOTO
TiJIa, €JIEKTPOMarHeTu3M, TEIJIOBUN aHalli3, OaraTouCuuILIiHApHUN
aHaJl3 TOIIO;

coarse-grained, rpy003epHHCTa MOJICIIb;

cuiose nojie Chemistry at Harvard Macromolecular Mechanics;
mporpama Jijisi MOJICKYJIIPHOTO MOJICTIOBaHHS 0araTOKOMIIOHEHTHUX
CHUCTEM 3 MIATPUMKOIO cuoBoro nojiasi CHARMM;

Condensed-Phase Optimized Molecular Potential for Atomistic
Simulation Studies;

cuiose nojie Dreiding;

explicit atom, Mo1e7Th IBHOTO aTOMa;

Green-Kubo;

Graphene nanosheet, HaHOIUCT TpadeHy;

Large-scale Atomic/Molecular Massively Parallel Simulator, mporpama
JUTS. MOJIEKYJISIPHO-TUHAMIYHOTO MOJICTFOBAHHSI;

noteHuian Jlennapaa-Jlxonca;

rporpama Jjisi MOJICKYJIIPHOTO MOJICITIOBaHHS 0araTOKOMITOHEHTHUX
CUCTEM;

nitrile butadiene rubber, HiTpUIBHUI KayUYK;
1300apHO-130TepMIYHUIN aHCaMOJIb;

TMOJT1130TIPEH;

130XOPHO-130TEPMIYHUMN, KAHOHIYHUIN aHCAMOJIb;

cuiose 1ojie Reactive Force-Field;

cunose mose Transferable Potentials for Phase Equilibria;

united atom, Moj1esIb 00’ €JTHAHOTO aTOMAa;

Visual Molecular Dynamics, mporpama a1t MOJIEKYJISIPHOT Bi3yastizallii,
aHiMallii Ta aHaTI3y BEJIMKUX MOJIEKYJISIPHUX CHCTEM;

BYTJICLIEB] HAHOTPYOKHU;

KO€(DILIEHT JIIHIMHOTO TEMIIEPATYPHOIO PO3IIUPEHHS;



M -
MCE —
HJIC —
OBHT -
TE -
TET -
TMETT -
I3 —
TIKM —
T —
TTHKM —
CM —

MOJIEKYJIIpHA JUHAMIKA;

METOJI CKIHUEHHUX €JICMCHTIB;
HaIpy>kKeHO-1e(pOPMOBAHUI CTaH;
OJIHOCTIHHA BYTJICIIEBa HAHOTPYOKa;
TOJIIETHJICH;

MOJTIETUIICH TepedTanar;
nomeTwieHTeped TagaT 3 J0JaBaHHIM TIIKOJIIO;
nporpamMHe 3a0e3MeUeHHS;

MOJIIMEPHUM KOMITO3ULIIHHUI MaTepia;
MOINpONiieH

MOJIIMEPHUIM HAHOKOMITIO3HUT;

CTPYKTYpHa MEXaHIKa.

24
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BCTYII

AKTyasbHicTh TeMH. [loniMepHi Ta HAHOKOMITO3UIIIITHI MaTepiaid MalOTh BAXKJIUBE
3HAYeHHS I Cy4YacHOi Hayku Ta TexHikd. Ilupokmii cmekTp iX BHUKOpUCTaHHS
3YMOBJICHUN psiioM (i3UKO-XIMIYHUX BIJIACTUBOCTEH, SKI MPUTAMaHHI TIUIBKH UM
marepianam. [lpore, CTpIMKHHA  pPO3BUTOK  TEXHOJIOTi  BHMAarae IOCTIHHOTO
MOKpAIEHHS SKOCTeH Ta (YHKIIOHANBHOCTI 1, SIK pe3yJabTaT, TIUOIIOr0 pPO3yMiHHS
(G13UKO-MEXaHIYHUX BJIACTHUBOCTEH MOJiMEpiB Ta HaHOKOMMO3UTIB. [lompu 3HauH1
MPOPUMBH Ta 1HHOBALli y raigy3l MOJIMEPHUX MaTepialiB, PO3YMIHHS OCHOBHHUX
GI3MYHUX TPUHIMINB, 10 BU3HAYAIOTh MOBEIIHKY IIMX MaTepiaiiB Ta iX BIACTUBOCTI
3aJIUIIAE€THCS HEAOCTAaTHBO JOCIII)KEHUM MUTAHHAM. [HTerpaiis BIZIOMUX MaTeMaTUYHHUX
TEOpid 3 Cy4yaCHUMH OOYHCIIOBAIILHUMHU MOXKIUBOCTSIMH JONOMAara€ HaOTU3UTHUCS 0
PO3YMIHHS NOBEIIHKM CKJIQJHUX MOJIEKYJIIPHUX CUCTEM Ha HAaHOpPiBHI. MojentoBaHHs
METOJIaMU MOJIEKYJISIPHOI JUHAMIKU CTa€ MOTY)XKHUM I1HCTPYMEHTOM, WIO Ja€ 3MOTY
JOCIIKYBAaTH CKJIaJHI CHCTEMH Ha aTOMICTUYHOMY PIBHI.

AHani3 mpoueciB Ta BIACTMBOCTEH y MOJIMEpax Ta HAHOKOMIIO3UTaX Mepen ix
CHUHTE30M Ja€ MOKJIMBICTh MPOTHO3YBATH iX €(PEKTHUBHICTH y BHUPIMICHHI MPAKTUIHUX
3aBJaHb 32 JOIMOMOIOI0 MOJIEIIOBAHHS MOBEIIHKM MaTeplaliB y pealbHUX YMOBax
eKCIUTyaTallii Ha MOJIEKYJISIPHOMY PiBHI. TakKuM YHHOM, AOCTIDKEHHS (DI3UKO-MEXaHIYHUX
BJIJACTUBOCTEH  MOJIMEPHMX  MaTeplajJiB Ta HAHOKOMIIO3UTIB 3a  JOIOMOTOIO
KOMIT'FOTEPHOI'O0 MOJIEJIIOBAaHHS € BAKJIMBUM 3aBIAHHSM, 110 Ma€ BEJIMKE TEOPETHYHE Ta
MIPAKTUYHE 3HAYEHHS JIJIsl IPOBEACHHS JOCIIIKEHb Y KOHTUHYAJIbHOMY HaOJIMKEHHI.

3B’f130Kk po00TH 3 HAYKOBMMM IpOorpamMamMi, IjaHaMu Ta Temamu. PoOoty
BUKOHAaHO Ha Kadeapi XIMIYHOro, MOJIMEPHOTO Ta CHJIIKAaTHOTO MAaIIMHOOYIyBaHHS
(XIICM) HarrioHaJibHOTO TEXHIYHOTO YHIBEpcUTETY YKpaiHu « KUiBCbKUI MOMITEXHIYHUN
iHCTUTYT 1MeH1 [ropst CiIKOpchKOTro» BiJIMOBITHO 0 HAYKOBHX IJIaHIB ()yH/IAMEHTAILHUX 1
npuKiagaux gociipkenb kadeapu XIICM y yactuHax qoCiipKeHHsT (P13UKO-MEXaHIUHUX
BJIACTUBOCTEH TMOJIMEPHUX MaTepiajiB Ta I1X 3aCTOCYyBaHHA B IPOMHUCIOBOCTI:

«IligBumIeHHsT €Hepro- 1 pecypco30epiraroymx MOKa3HUKIB B TEXHOJOTII Ta 00JiaJHAHHI
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00’€KTIB XIMIYHOTO, TOJIIMEPHOTO Ta CHJIIKATHOTO MAaIUHOOYyBaHHs», 2022-2027 pp.,
Ne TP 0122U201697; aBTOp — BUKOHABELb TEMH.

Meta i 3aBaaHHs JgocjaigxkeHHsi. MeToro nucepTaniiHoi poOOTH € BU3HAYCHHS
Gb13UKO-MEXaHIYHUX BJIACTUBOCTEH TOJIMEpIB Ta HAHOKOMO3WIIMHUX MaTepialiB 3
MOJIIMEPHOIO MAaTPUIICIO Ta iX 3aCTOCYBaHHS B IPOMUCIOBOMY BUPOOHUIITBI.

JUis JOCATHEHHSI TOCTaBJIEHOT METH Oy c(hOopMyJIbOBaHI TaKl 3aBJaHHS:

1) IlpoananizyBaTu Cy4acHHUI CTaH 1 TEHJEHLII pO3BUTKY TEOPETUYHUX AOCIIIHKEHb
(G13UKO-MEXaHIYHUX BJIACTUBOCTEH TOJIMEPHUX Ta HAHOKOMIIO3MIIIMHUX MarepiajiB
(ITHKM) metomamu MOJIEKYJISIPHOI AMHAMIKH Ta CTPYKTYPHOI MEXaHIKH, OOTpYyHTYBaTH
BHOIp METOIIB TOCITiPKCHHSL.

2) Bukonatu TeOpeTHYHI JOCHI/DKEHHS MEXaHIYHUX Ta  TeIIo(pi3uuHUX
BrnactuBocted [THKM tunmy IIE-BHT 1 IIE-rpadgen mMeromamu MOJIEKYJISIPHOI JUHAMIKH.
OTrpumaTu  JBONApaMeTpUYHl  3aJEKHOCTI ~ MEXaHIYHUX  Ta  TEIIO(I3UYHUX
BJIACTMBOCTEH BiJ TemmepaTypu Ta 00’ €MHOI 4YaCTKH HAIlOBHIOBAUiB I ONEPATUBHOIO
MPOTHO3YBAaHHA  €(PEKTUBHUX  (PI3MKO-MEXaHIYHUX  BJIACTHUBOCTEH  TOJIMEPHUX
HaHOKOMITO3UIIIMHUX MaTepiaiiB.

3) Ha ocHOBI Teopii CTPYKTYpHOI MEXaHIKH C(OpMYIIIOBaTH MaTeMaTH4HI MOJEINI
3amad  HampyxkeHo-nepopmoanoro crany (H/C) nns wmomemoBaHHS BUIIPOOYBaHb
HaHokoMmmo3umiaux Marepianie tuny [IE-BHT 3 ¢ynkmionamizoBanumu BHT 'y
HaOJIM>KEHHI 130TPOITHOTO CEPEIOBULIA.

4) Po3pobOutm uucioBi Mojmeni s po3B’szanHHs 3agad HJIC mis Bu3Ha4eHHs
epextuBHUX MexaHiuHux BiractuBocted [ITHKM tuny IIE-BHT 3 ¢yHkiioHanizoBaHuMU
BHT piznoi npoBxuHu. JlocmiguTu CITKOBY 30DKHICTH pPO3POOJICHHX  YHUCIOBHX
MOJIeJIEl METOJIOM TMOJABIMHOrO MepepaxyHKy. BukoHaTu 4YHCIOBI EKCHEPUMEHTH 3
BU3HAUYEHHS! €(PEKTUBHUX MEXaHIYHUX BJIACTUBOCTEW MOJIMEPHUX HAHOKOMIO3MUI[IHHUX
Marepiais.

5) Bukonatu Bepudikaiio OTpUMaHUX JaHUX 3 (HI3UKO-MEXaHIYHUX BIIACTUBOCTEH
I1E 1 nmonMepHUX HAHOKOMIO3ULIHUX MaTepialliB.

6) Po3pobOutn pexomeHallii 1o 0 BUKOPUCTAHHS MOJIMEPHUX HAHOKOIO3UITIHHUX

MarepiaiiB y IPOMHUCIOBOMY BUPOOHHUIITBI Ta MAaKyBaJIbHIN 1HIYCTpIi.
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06’exkm  Oocnioxcenuss — (HIZUKO-MEXaHIYHI BJIACTHUBOCTI HAHOKOMIIO3UIIIMHUX
MartepialiiB 3 MOJIMEPHOI0 MaTPUIIEIO.

IIpeomem  Oocnidxcennsi — 3aNEKHOCTI  (PI3MKO-MEXaHIYHUX  BIIACTUBOCTEU
MOJIIMEPHUX HAHOKOMIO3UIIMHUX MaTepiaiiB BiJ TeMmmeparypu # 00’€MHOI YacTKU
HAIOBHIOBAYIB.

Memoou docniosxcenns. TeopeTUdH1 AOCTIHKEHHS IPYHTYIOThCS Ha: 1) MOJ0XKEHHSIX
MOJIEKYJIAPHOT JMHAMIKH 1 MEXaHIKH CYLJIBHOTO CEPEIOBHINA; 2) TOCTOBIPHUX TiNOTE3axX 1
aJICKBaTHUX MaTEeMaTHYHUX MOJENAX; 3) CHUCTeMaxX pIBHSHb MEXaHIKA CYLUIbHOTO
cepeoBHINa; 4) 3aCTOCYBaHHI allpoOOBAHOTO MaTEMAaTUYHOTO anapary YHCIOBUX METO/IB
MOJIEKYJISIPHOT JMHAMIKK 1 METOy CKIHUYEHHHX €JIEMEHTIB; 5) Bepudikarii po3poOiaeHnx
YUCIIOBUX MOJEIEH.

HaykoBa HOBHM3HA OTPMMAHHMX pe3yJbTaTiB. Y pe3yiabTaTi BUKOHAHUX Yy
JUCEPTAIlil TOCHIKeHb OTPUMaH1 Taki HayKOB1 pe3ybTaTH:

1) Po3BUHYTO KOMIUIGKCHMM TIAXiJ 10 BH3HAUYCHHS (PI3MKO-MEXaHIYHUX
BJIACTUBOCTEH MOJIMEPHUX Ta HAHOKOMIIO3UMLIMHMX MAaTepiajiB Ha OCHOBI YHUCIOBOIO
aHai3y 3pa3KiB MPEACTaBHUIILKOTO O0’€My METOJaMU MOJICKYJAPHOI JAUHAMIKA Ta
CTPYKTYPHOI MEXaHIKHU.

2) JlaHi TEOPETUYHUX JTOCHIIKEHb (PI3MKO-MEXaHIYHUX BIACTUBOCTEH MOIIMEPHHUX
Ta HAHOKOMIIO3MIIIMHUX MaTepiaiiB, IO BKIIOYAIOTH MOMAYJl MPYKHOCTI U 3CYBY,
koe(dimienT IlyaccoHa, rpaHUII0 TEKY4YOCTi, KOE(IUIEHT JIHIMHONO TEMMIEepaTypHOIro
PO3IIMPEHHS], MACOBY 1300apHY TEIJIOEMHICTbH 1 TETUIONPOBIIHICTD.

3) JlBomapaMeTpu4Hi 3aJ€KHOCTI JUIsi TPOTHO3YyBaHHS €(GEeKTHUBHUX (Hi3UKO-
Mexaniunux BrnactuBocTe I[IHKM, mo moTpiOHI Ui OmepaTWBHOTO BU3HAYEHHS
BJIACTUBOCTEH HAHOKOMITO3UIIIMHUX MaTepiaiiB 3aJIeKHO BIJ TeMIEpaTypu Ta 00’ €MHOI
YaCTKU HAITOBHIOBAYIB.

IIpakTU4He 3HAYEHHS 0JIePKAHUX Pe3yJIbTATIB MOJSTAE Y TAKOMY:

1) Po3pobiieH0 KOMIUIEKC IHCTPYMEHTIB y BHIJISIII T€OMETPUYHUX 1 UYUCIOBUX
MOJieJIeli Ta  CKPHUITIB i  JOCHIKEHHS  (PI3UKO-MEXaHIYHUX  BJIACTUBOCTEU

HaHOKOMIIO3UIIIMHUX MaTepiajiB 3 MOJIMEPHOI MAaTPHUIICIO.
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2) Po3pobneno umcioBi Mojaeni ans po3s’s3aHHs 3anad HJIC mis Bu3HauYeHHS
e(eKTUBHUX MEXaHIYHUX BIJIACTUBOCTEH HAHOKOMIIO3UIIMHUX MaTrepiajiiB 3 pPI3HUM
CTYIICHEM apMyBaHHS Ta JOBUIBHUM po3MilleHHSIM (QyHkiioHamizoBanux BHT B
MOJIETUICHOBIM  MaTpuil. JIis OLIHKM  JOCTOBIPHOCTI  pE3yJIbTAaTIB  YHCIOBOIO
MOJIE/IIOBAHHSI BUKOHAHO JIOCJII/HDKEHHS CITKOBOI 301KHOCTI METOIOM IIOABIMHOTIO
nepepaxyHky. BcraHoBieHo, 10 3a JaHUMH YHCIOBOTO MOJIENIOBAHHS IMOXHOKa
BU3HAYCHHS MOAYJIS MpYy>kHOCTI He nepeBuiye 0,2 %, a koedimienta [Tyaccona — 0,023 %.

3) Bukonano Bepudikalito OTpUMaHuX JaHUX 3 (PI3UKO-MEXaHIYHUX BIACTHUBOCTEM
ITE i ITHKM.

4) Po3pobiieHO peKkoMeHAallli IOoA0 BIPOBAHKEHHS HAHOKOMITO3MIIIHHUX
MarepiaiiB B MaKyBaJIbHY 1HYCTPIIO Ta IPOMHCIOBE BUPOOHUIITBO.

5) PesynbraT gucepramiiiHoi poOOTH BUKOPUCTOBYIOTHCS B HABUYAJIbHOMY
nporeci kadeapu XiMIYHOTO, MOMIMEpPHOro 1 cuimikaTHoro MmammHoOyxayBaHHsS KIII im.
Irops Cikopchkoro i Yac BHUKJIQJaHHS JUCIHUIUIIH JJI MariCTpiB CHEIlaJbHOCTI
131 — «llpukinagna mexanika», mo HaByawTbes 3a OHII «llpukimagHa mexaHikay 1
OIIIl «ImxuHIpUHT TAKOBaHb Ta MaKyBaJbHOrO oOnamHaHHs»: «HaykoBa pobora 3a
TEMOK  MaricTepcpkoi  gucepraumii»,  «MexaHika  CYLUIBHUX  CEpPEIOBHII,
«locnmimpKkeHHs Ta IHKUHIPUHT MaKyBaJbHOTO 00IaJHAHHSD.

Oco0OucTHii BHecok 3100yBada. 37100yBauyeM BH3HAUYCHO CTaH 1 TEHJCHIIII
PO3BUTKY JOCTIPKCHb (DI3MYHUX BIIACTUBOCTEH IMOMIMEPHUX Ta HAHOKOMIIO3HUITIHHUX
MarepiaigiB METOJaMH MOJEKYJSIPHOI Ta CTPYKTYpHOI MexXaHIKM. B3dto yuacte y
po3po0Ill MaTeMaTMYHUX Ta YHUCIOBUX MOJENed g JOCHIKEHHS (PI3UYHUX
BJIACTMBOCTEH KOMIIO3UTHUX HaHOMOJU(ikoBaHWX wMartepiamiB. [IpoBeaeHo dmcIoBi
JOCTIKEHHST (DI3MYHUX BIIACTUBOCTEH IMOJIMEPIB Ta HAHOKOMIIO3UTIB Ha iX OCHOBI,
BUKOHAHO aHalli3 Ta Yy3araJbHEHHS OTPUMAaHUX pe3yjbTaTiB Ta CHOPMYIHOBAHO
BHCHOBKH.

Po3pobky MaremMaTMuHUX MOJIEeH, y3arajdbHEHHS OTPUMAHUX pe3yJbTaTiB Ta
HallMCaHHSd HAayKOBHX CTaTed 3J1MCHEHO pa3oM 3 I.T.H., npod. KapBaupkum A. .,

oQopMIICHHS 3asiBKM Ha MaTEHT BUKOHAHO Pa3oM 3 II.T.H., ipod. MikynsoHkoMm [. O.
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Anpobanisi  pesyabTatiB aucepramii. OCHOBHI  TIOJOXKEHHS  JUCEpTaIli
JOTIOBIJANIACS Ta OOTOBOPIOBANIMCS Ha MixkHapoaHii koH(epentii InterPartner-2023: The
5th Grabchenko’s International Conference on Advanced Manufacturing Processes V
(Odesa, 2023) ma XII, XII, XV-XIX BceykpaiHCbKUX HAyKOBO-IIPAKTUIHUX
koH(pepeHmisix, mo BigOyBamucs Ha kadeapi XIICM KIII im. Irops Cikopcbkoro
«EdexTuBHI mpoliecu Ta 00JaJHaHHS XIMIYHMX BUPOOHMIITB Ta MAKyBaJIbHOI TEXHIKI»
(Kuis, 2020-2024), a takoxx Ha HaykoBux cemiHapax kadeapu XIICM KIII im. Irops
CikopchKOTO.

Iyoaikamii. 3a Temoro gucepTtanii omy0JiKoBaHO 16 IpyKOoBaHMX Tpaib, y TOMY
YHUCIIl 5 HAyKOBUX CTaTel B HAyKOBUX (paxOBUX BUAAHHAX YKpaiHu kareropii b, 2 crarti B
IHIMMX BUJAHHAX, & JomoBimel y 30ipHHMKax JIONOBiJeH HAYKOBO-TIPAKTUYHUX
koH(pepeHmii (1 MikHApoaHA, BXOAUTH J0 HAyKOMEeTpWdHOI 0a3zm Scopus), 1 maTeHT
YKpaiHu Ha KOPUCHY MOJEIb.

Crtpykrypa T1a obcsar aucepraiii. uceprariiiina podboTa cKi1alaeThes 31 BCTYITY, 5
pPO3UTIB, 3arajJbHUX BUCHOBKIB, CIIMCKY BUKOPHCTAaHHUX JIKEPEN 1 JOJATKIB. 3arajabHUMN
o0car po6otu cknagae 176 cropiHok. OOCAT OCHOBHOTO TEKCTY CTAHOBUTH 125 CTOPIHOK.
Po6ora wmictute 11 Tabmump i 41 pucyHOK (3 HUX 2 PHUCYHKH IIOBHICTIO 3aiiMaroTh
monty | CTOpiHKM), CIIMCOK BUKOPUCTAHUX JIKEPEN CKIadaeThes 31 127 HallMeHyBaHb Ha

17 cTopiHKax.
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CYUYACHUM CTAH I TEHJAEHIIII PO3BUTKY TEOPETUYHHNX
JOCJIIKEHDb ®I3UKO-MEXAHIYHUX BJIACTUBOCTEM NOJIMEPHUX
HAHOKOMIIO3UTIB. MATEPIAJIN TA METOIHN

1.1 IosriMmepHi MaTepiaau Ta MOJIiMEPHIi KOMIIO3UTH

[IpupoaHi Ta CHHTETUYHI MOJIMEPU € OJHMMH 3 HaWBAXKIIMBIIIUX MaTepialiiB B
yMOBaX Cy4acHOi HaykH 1 TexHoJjorid. [lepmmii mtydnuii mojgimep OyB CTBOpEHUMN Ha
OCHOBI 11eMTI0J103H B 1856 p. 1 3 TOro yacy Oymno 3po0JIeHO PsIT BIAKPHUTTIB, sIKI PUBEIH
JI0 CY4YaCHOro0 CTaHy pHUHKY IMOJIMEPIB Ta iX BUKOPUCTAaHHSA y PI3HUX Tally3dx
npoMucioBOCTi [1]. BaxiuBicTe mosliMepHUX MaTepialliB 0O0yMOBJIEHA MPOCTOTOIO iX
BUPOOHUIITBA Ta 0OPOOKH, BITHOCHIH JeIIeBU3HI, JIETKOCT1, THYYKOCTI Ta psIy ImepeBar
MOPIBHSHO 3 IHIIMMU MaTepiaiamu [2].

[ToniMepn € MaKpOMOJIEKYJSIPHUMU PEUYOBMHAMH, BEJIHUKY pPI3HOMAHITHICTb
BJIACTUBOCTEN SIKMX BU3HAYAIOTh IXHS XIMIYHa CTpyKTypa Ta MopdoJoris. OCHOBOIO
JUISL PO3YMIHHSI CTPYKTYPU MaKpOMOJIEKYJISIPHUX CIIOJIYK CTAIM MPUHIUIHN CTPYKTYPHOI
opraHiyHoi ximii. ¥ 1922 p. HiMmeubpkuM ximikoM I'epmanom Itayninrepom (Hermann
Staudinger) OyB 3ampomOHOBaHHI TEPMIH «MaKpPOMOJIEKYJa» i OMHCY IOIIMEpIB,
3T1THO SIKOTO 10 MAaKpPOMOJIEKYJI BapTO BIJHOCUTU MOJIEKYJIH, MOJIEKYJIIpHA Maca SIKUX
ctanoBuTh He MeHIIe 10000 a.0.M., un cknamaeTbes Oumbme Hixk 3 1000 monomepiB. Le
MOJIEKYJIH, PO3MIpP SKHX JO3BOJILE€ 3HEXTYBATH MOro 301IbIIEHHSAM Ha JOBXKUHY OJITHOTO
MOHOMEPY, OCKUIbKM L€ HE MPU3BOJUTH A0 3HAYHOI 3MIHM (PI3MYHUX BIIACTUBOCTEH
MOJIEKYJH [2].

[Tomimepni Martepianu, $Ki HE MICTATh JOMIIIOK, B OCHOBHOMY HE MalOTh
HEOOXITHI BIACTUBOCTI, K1 0 3aIOBUTHHUIIN 3POCTA0Y1 TEXHOJIOTIYHI TOTPEOH JIFOICTRA!
3MiHYy TIOTpe0 CIOXHMBaYiB, €KOJOTIYHI MpoOJieMd Ta BUMOTH JO TPOAYKTIB
BUPOOHUIITBA, IO 301IBIIYyE TOMUT HAa HOBI Marepiaid, OUTBII JOCKOHAJ 3a CBOEIO
CTPYKTYPOIO Ta BIACTUBOCTSMU [2—4]. 3BaXkarouu Ha T€, [0 OCHOBHOKO LIJUTKO CTAJIOTO
PO3BUTKY € 3MEHILEHHS EKOJOTIYHOIO HABAaHTAXKEHHS, MPOTATOM OCTAHHBOIO Yacy

HaOMpa€e MOMYJSIPHOCTI BUKOPUCTAHHS 010pO3KIaTHUX a00 «CTIHKHX» MaTepiamiB st
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BUTOTOBJICHHS YIIAKOBKH, OCKUIbKM BOHU € OUThII ()YHKIIOHATBHUMU ¥ €KOJIOTTYHUMU
[1, 2]. [HIIMAM BaXKIMBUM (PaKTOPOM MPOEKTYBAHHS MOJIIMEPIB € 30UTbIIECHHS )KUTTEBOTO
UKy KIHIIEBOTO MPOJIYKTY JUIsi 3MEHIIEHHS MIKIAJIMBOTO BIUIMBY HA HABKOJIUIIHE
CEepeloBHIIE SK CaMUX MOJIMEPHUX MarepiaiiB, TaK 1 CYNOYTHIX HPOIYKTIB iX
BupoOHuITBa [5]. ToOBHUM OOMEXEHHSM BHUKOPHUCTAHHS  OI1OMOJIMEpPIB €
XapaKTEepPUCTUKU TPOHUKHOCTI, TOMY aJIbTEPHATUBOIO 3aBISKH CBOIM  (Pi3UKO-
MEXaHIYHUM BJIACTHBOCTSIM CTalOTh HAHOKOMITO3HUTH [ 1, 6].

JlolaBaHHs 10 IOJIIMEPHOT MaTPHIIl HAITOBHIOBAUIB PI3HUX BJIACTUBOCTEH, CKIIALY,
Opl€HTAIlI] Ta MAaCOBOTO CIIBBITHOIICHHS JTOMIIIKK/MATPULIA YyTBOPIOE HOBI MaTepiai,
BJIACTUBOCTI SIKMX BIJIMIHHI BiJi BJIACTUBOCTEH KOXKHOTO 3 MaTepiajliB OKpPEeMO —
noyiiMmepHi komno3utiiai matepianu (IIKM) [7]. HanoBuroBauamu juist [TIKM moxyTh
OyTU SIK HEOpTaHi4yHi, TaK 1 OpraHiyHI PEYOBUHH, TaKi SK IEJII0JI03a, XITO3aH, IIOBK,
CKJIOBOJIOKHO, CHJIIKATH, METAJIM Ta iX OKCUIM, Byrjieneni marepianu [6, 7]. lupokuit
CIIEKTp Ta BENWKAa KUIbKICTh KOMOIHAIIA MaTpUIS/HAMOBHIOBAY IS JOCSTHEHHS
HeoOximHux BrnactuBoctei [IKM crpusie BUKOPUCTaHHIO LIUX MartepiamiB y 0araTbox
rajxy3six MPOMHCIOBOCTI:  OymiBHHUIITBI, aBTOMOOUIEOyayBaHHI, aBiaOy/yBaHHI,
npunago0yyBaHHI, EJIEKTPOHIIl TOMIO, Cepel SAKUX BaXKIMBE MicIe 3aiimae
BUPOOHUIITBO MTAaKOBAHb.

3amoBHEHHST TOJIMEPHOT MaTPHIll HAMOBHIOBAYaMHU CYTTEBO 3MIHIOE (Di3HKO-
MEXaHIYHl BJACTUBOCTI MaTepialy, a apMOBaHl HaHOMaTeplalamMu MOJIMEpHU
(manokommno3utu (ITHKM)) neMoHCTpyI0Th Kpallll BIACTUBOCTI MOPIBHIHO 3 MIKpO- Ta
MaKpOCTPYKTYPHUMH MaTepiajaMu 3a PaXyHOK OUIbIII BUCOKOTO BIJIHOIIEHHS MMOBEPXHI
HAHOYACTHHOK JI0 iX 00’€My Ta MaJiOl0 BIICTAHHIO MDK YaCTHHKaMH, 110 30LIbIIYyE
anare3iro Mk KommoHeHTamu [1, 6]. TakuM uYmHOM, HE3HayHa 3MIHA KUIBKOCTI
HAIlOBHIOBa4a MPHU3BOJIUTH JI0 3HAYHMX 3MIH €KCIUTyaTaliiHux xapaktepuctuk [TKM,
10 MPUBEPTAE yBary 10 MuX matepiamis [7, 8].

[THKM wmaioTh [A0AaTKoBy TepeBary B Kpalliii TOMOTEHHOCTI (i3UYHUX
BrnactuBoctedt HiK [IKM, apmoBaHi BOJOKHOM, OCKUIBKM OCTaHHI CXWJIbHI [0
aH130TPONMHUX €(EKTIB, BUKIMKAHUX OJIHOCIPSIMOBAaHUM HarmoBHEHHsM. Lle posmuproe

MEX1 BUKOPUCTAaHHSI HAHOKOMITO3UTIB Y IIPOLIECAaX aAUTUBHUX TEXHOJIOTIH [4].
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HaiiGiap11 BUKOPUCTOBYBAHUM TOJIMEPOM Y PI3HOMAHITHUX Taidy3siX HAyKH Ta
TexHiku € nometwieH (polyethylene (ITE)), mo o6ymMoBiieHO HOTO TOPIBHIHO HU3BKOIO
BapTICTIO, BHCOKOI MIIHICTIO, €JIACTHYHICTIO, XIMIYHOK CTIHKICTIO, HHU3bKHMH
MapONPOHUKHICTIO Ta  BOJONOTJIMHAHHSAM, IMAPOKHM  Jialla30HOM  TYCTHHH,
MOJIEKYJISIPHOIO MAcor0, sika KOJMBAETHCS Bi Jy)Ke HHM3BKOI 10 AyKe BHCOKOI (6-10°
a.o.M.) [9, 10]. 3a nanumu [11] 39 % mnacTuky, 1110 BUKOPUCTAHUN JiUIe B €BpOIi B
2022 p., y makyBanbHI#N ramy3i Bukopuctano (21,06 Mtonn), 26,3 % 3 1150r0 00CsITY
cra”HoBurts l1E.

Mounomep (-CH»-CH»z-), € mnoBTOproBaHoro opuHuiero wmosekynu [IE,

MOJIEKYJIsIpHa Oy10Ba sKOi 300paskeHa Ha puc. 1.1.
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Pucynox 1.1 — Cxema OyZ0BH MOJIEKYJIH MOJIETUICHY

I'omononimepu TIE ckiamgaroThCs BUKIIOYHO 3 MOJIEKYJ BYTJICIIO Ta BOJHIO,
IPOTE BJIACTUBOCTI PI3HUX BUIIB Marepiady MOXYThb 3HAYHO BIJPIZHATHCS OJHMH BiJ
OJIHOTO 3aJIeKHO BiJ MOpQoJorii XpedTa MOJIEKyJH, 110 BIUIUBAE HA HIUIBHICTH (1, SIK
HACJ1JI0K, Ha MIIHICTb, )KOPCTKICTh, TBEPAICTh, XIMIUYHY CTIHKICTb, yAQPHY MIIHICT).

Tepmomexaniuni BiaacTuBocTi [IE ocTaToyHO BH3HAYAIOTHCS KOHQITYpAIIEIO

JIQHIIIOT1B, OCHOBHI BIJIMIHHOCTI MIXK SIKUMH 300pa’keHo Ha puc. 1.2.
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Pucynok 1.2 — Kondiryparis nanmroriB mosexys [1E [10]

JIiHifiHI MOJIEKYJIM XapakTepHl sl mojieTwieHy Husbkoro tucky (ITHT),
IIIJIBHICTE SKOTO 3HAXOMUTHCA B Mexkax 0,95-0,97 r/cm?, mostieTuneny BHCOKOTO THCKY
(ITBT) 3i minenictio 0,91-0,93 r/cM® — posramykeHi JaHIOIM, MO 3a0€3MEYyIOTh
BHUCOKY yJapHY MIIHICTh, MIIHICTh 1 IJIACTUYHICTH 1 POOJATH HOro HalKpanmm
MaTepiaioM ISl BATOTOBJIEHHS NaKyBajlbHUX MUTIBOK [10].

HesBaxatouu Ha psja nepesar, [IE oOMexeHult HU3bKUMU 3HAYCHHSIMU MOJYJIS
NPYXHOCTI, TpaHULl TEKy4OCTI Ta TEMIIEPAaTypOl0 IUIABJIECHHA. TakuM YHHOM,
sminnHeHHs [IE nuisixom BBeOeHHS HAHOYACTHHOK —PO3MIMPIOE  (PYHKIIIOHATBHI
BJIACTUBOCTI Marepialy Ta CHEeKTp Horo 3actocyBaHHs. Hampukian, BHacHIigok
JOJIaBaHHsI 10 TMOJIETHJIEHY HAHOTPYOOK Traidya3uTy IpPOCOYEHOTO IepMaHTaHATOM
kanito (KMnOs) ol'emuoro yactkoro 1 %, 3HayHO 301UIBIIyE TEepMiH 30€piraHHs
XapyoBUX NMPOAYKTIB [3, 12].

Benuky ponb SIK apMyrO4Hii MaTepial BiIIrparoTh Byrienesl HaHoTpyOku (BHT).
VYBary 10 HUX npuBepHYB sSmoHChKUN XiMiKk Cywmio [igzimMa (Sumio lijima) y 1991 p..
Xoya mpo HUX MOBIAOMIISUIOCS 1 paHilne Ta micis noBigomiieHHs [1131Mu 1IKaBIiCTh 10
BHT pi3zko 3pocna [13—15]. BHT — 1ie oauH 13 aJIOTpOMiB BYIVICIIO, IKUMU TaKOX €
anma3s, rpadit, rpadpen, ¢yaepeH uum amopdHuMIi Byrielb. IXHIMH YHiKalTbHHUMM
BJIACTUBOCTSIMU € BUCOKI 3HAYEHHS MOJYJIS MPY>KHOCTI, MIITHOCTI HAa PO3TAT, THYYKOCTI,
Koe(DiIieHTIB eNeKTpo- i TeronpoBiaHocTi [8, 13, 15]. IIpocTopoBo-KapkacHa MoIETh
BHT Ta cTpykypa 1 reoMeTpuuHI MapaMeTpu PEINTKUA rpad)eHOBOrO JIMCTa 300paXkeH1

Ha puc. 1.3 Ta puc. 1.4 BianosigHo [16].
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Pucynoxk 1.3 — IIpoctopoBo-kapkacHa moaens BHT [16]
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Pucynox 1.4 — CTtpykTypa 1 TeOMETpUYHI MapaMeTpy Te€KCaroHAJIbHO1T PEIIITKU

rpadenoBoro gucra [16]

Beeaenns BHT B noniMepHy MaTpULf0 MOKE MOKPALIUTH MEXaHI4H1, CTPYKTYpHI
Ta €JIEKTPOHHI BJIACTUBOCTI OTPUMAHOro noiyiMmepy. [IpoTe nokpaiieHHs BIaCTUBOCTEN
HE € TapaHTOBAHUM PE3YJIbTATOM, OCKIJIbKU 3aJICKUTh BiJ] BIACTUBOCTEH caMOi MaTPHIII,
akocTl Ta kuibkocti BHT, B3aeMoaii mik moiimepHoro marpunero 1a BHT Ha sky
BIUTMBAE 1HACKC XipajdbHOCTI (B3aemHe po3ranryBaHHsi aromiB BHT), miamerp Ta
JTOBXKHMHA HaHOTPYOOK [15]. MoxknuBocti BukopuctanHs BHT Ttakox oOMmexeHi iX
cmabkoro Mixk(a3HOIO B3aEMOJIEI0, IO TPU3BOAUTH 10 HepiBHOMIpHOT nucnepcii BHT B
Matpuill. EdbekTuBHUM crocOOOM MOKpaIlleHHS 3B 3Ky 3 MATPUIICI0 Ta PIBHOMIPHOTO
posmoairy B mojiMmepi € ¢ynkioHamzaiis BHT. ®ynkmionanizamis BHT posmmproe
MO>KJIMBOCTI 3aCTOCYBAHHS HAHOTPYOOK y PI3HHMX Traiy3siX, IpPOT€ OCHOBHI METOIU
dbyHKI10HATI3a111]1 MPU3BOASTH 10 YTBOPEHHS BEIUKOI KUIBKOCTI 1€(PEKTIB Y CTPYKTYpl
BHT i, ax Hacmigok, 3Ha4HOI 3MiHU iXHIX (pi3WKO-MeXaHIYHUX BiacTUBOCTeH [13, 15,

17].
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1.2 MoKIHBOCTI MOJIEKYJISIPHO-TUHAMIYHOT0 MO/IEJTIOBAHHS JJIS1 PO3POOKHU

noJiiMepis

CydJacHuii pO3BUTOK HAYKH 1 TEXHIKH MOTpeOye po3pOOKH HOBUX MOJIIMEPHHUX Ta
KOMITO3UIIIMHUX MaTepialiiB 3 Hamepes 3aJlaHuMH (P13UKO-XIMIYHUMH BJIACTHUBOCTSIMU
[18-20]. ApmyBanns nosimepiB BHT mociimkyroTbest sIK €KCHEPUMEHTAIBHO Tak 1
TeopetudHo. OmHaK po3poOKka HOBUX MaTepiajiB KIACHYHUMH METOJaMH € CKJIaJIHOI0
3a/lauer0 4epe3 3Ha4yHl BUTPATH MarepialbHUX 1 YacOBUX PECYpCiB Ha CHHTE3
IPOTOTHUIIB MOJIMEPHUX MATEPIaJiB Ta aHAIII3 IXHIX (P13UKO-XIMIYHUX BJIACTUBOCTEH Ha
npeaMeT BIAMOBIAHOCTI Hamepen 3amaHuM [21]. ExcnepuMmeHTanbH1 JOCITIIKEHHS
yckiaagHeHl Tum, mo posnoxin BHT y momimepHiii maTpuilli € JOBOJI CKIIATHUM
MPOIIECOM depe3 I1e BCe OUTBII MOIMMPEHUM Cepell JOCTITHUKIB CTa€ KOMIT IOTEPHE
MOJIEJIFOBAHHS1, 0COOJIMBO 7S TOCIIIXKEHb MOJIMEPHUX HAHOKOMITO3UTIB [8].

Kowmm'toTepHe MOe/IOBaHHS € albTEPHATUBOIO EKCIIEPUMEHTAIBHUM METO/IaM
JOCIIIJKEHHS TTOJIIMEPIB. MOXKIMBOCTI MOEJHAHHS ICHYIOYO1 MOTYKHOCTI KOMII'IOTEPIB
Ta KJIACHYHUX METO/IIB (PI3UKO-CTPYKTYPHOI'O aHAJI3y JAIOTh MOMJIMBICTh JOCIIIUTH Ta
Kpamie 3pO3yMITH TIOBEMIHKY CKJIamHUX (DI3MYHUX CHUCTEM Ha Makpo- Ta
HAaHOPO3MIPHOMY DiBHI, a MOAAJIBIIMN aHAII3 OTPUMAHUX PE3YyJbTaTiB AAlOTh 3MOTY
CTBOPIOBATU Matrepiaid 3 MPOTHO30BAaHUM CKJIQJIOM 1 BiacTUBOCTsAMHU. lle 3Ha4HO
CIIPOIILY€E MPOIEC PO3POOKU Ta MOCIHIHKEHHS HOBUX MaTEpialiB Ta CHPHUSIE PO3YMIHHIO
JUHAMIYHUX TPOIECIB Yy Marepiajax 4YacTo 3HAYyHO Kpalle, aHDK KJIacH4HI
CKCIIEpUMEHTAIbHI METOJIM, B TOMY 4YHCIl 1 y BHUNAAKY JOCHIKEHHA (Hi3UKO-
MexaHlgHuX BraactuBocTed IIHKM, ocobmmBo B TOM dYac, KOJIM HAHOKOMIIO3UTHU
3aiiMaloTh 3HAUYHY YaCTUHY PUHKY MOJIMEPHUX MaTepiaiB.

[Ipu boMy pO3yMiHHS BIUTMBY OYJOBH Ta TIOBEIIHKHA MOJEKYJSIPHHX CTPYKTYP
Ha (opMyBaHHS KIIOUOBUX (DI3UKO-XIMIYHHMX BJIACTUBOCTEN PO3POOITIOBAHKX MOTIMEPIB
CTa€ BUPIMIAIBLHUM Y JOCATHEHHI TO3UTUBHOIO pe3yJbTatry. [{ociiKeHHs: IpoLeciB Ta
SBUII y TTOJIIMEPHUX MaTepiajgax Ha aTOMHOMY PiBHI € JDKEPEIOM BaXIUBOI 1H(opmarlii

PO iX MOBEAIHKY Ha MaKpPOPIBHI.
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OpuH 3 anbTepHATUBHUX MIIXO/IB 10 PO3POOKH HOBHX MOJTIMEPHUX MaTepiajiB —
1€ MOJICTIOBAHHS Ha OCHOBI METO/IIB MOJIEKyJsipHOi AuHamiku (M/I), sike € moTy>XKHUM
IHCTPYMEHTOM JUJIsl TIPOTHO3YBaHHA (PI3MKO-XIMIYHUX BJIACTUBOCTEH CTBOPIOBAHUX
MOJIIMEPIB Ta PO3YMIHHS BIUIMBY Ha HMX OCHOBHHUX MEXaHI3MIiB, IO BiI0YBaIOTHCS Ha
aTOMHO-MOJIEKYJIIpHOMY piBHI [21-32].

Hns  BukoHanHs MJl  MopemoBaHHS  PO3POOJICHO  3HAYHY  KUIBKICTh
crieriajmizoBanoro mporpamHoro 3ao0esmeuenHs (I13) [22-32]. Jlo komepIiiiHHX
porpaMHUX MPOJYKTIB BiAHOCAThCS Materials Studio [22] 1 Schrodinger [23]. Bonu
HAJal0Th KOPUCTyBayaM HaWCyYacHINIl 1HCTPYMEHTH [JIi CTBOPEHHS CTPYKTYp
MOJIIMEPIB, aje po3poOJeHl B IXHbOMY CEPEJOBHILI MOJIEKYJIIPHI CUCTEMU HEMOKIIUBO
MEePEHECTH B 1HIII MPOTrpaMHi NpoaykTu i1t MJI MoaentoBaHHs.

Bimomo, mo gocmimkeHHS (i3UKO-XIMIYHMX BIIACTUBOCTEH IOMIMEPIB 32
nornoMororo MJI mojentoBaHHS BUKOHYIOThCS Ha 0a3i BPIBHOBaXXEHUX MOYATKOBHX
KoH(Dirypaiiii mMoJMMEpHUX JIAHILIOTIB, OTPUMAHHS SKUX € OKPEMUM CKJIAJHUM
3aBJaHHIM 1 3a3BUYAi MOTPeOy€e 3HAYHUX OOYHCIIIOBAIBHUX 1 YacoBUX pecypciB [21].
Came 1151 oJiep>KaHHS TAKUX MOYATKOBUX KOH(Iryparliii IUIsIXoM ONTUMI3aIlli yTaKOBKU
MOJIIMEPHHUX JIAHIIOTIB 0yJ10 po3pobaeHo mporpamue 3abesnederndss PACKMOL [24].

3 METOI PO3IIMPEHHS MOXJIMBOCTEH KOPUCTYBayiB Il MOOYIAOBHU CKJIAJHUX
MOJIIMEPHUX CTPYKTYp Oylio po3pobiieHo crerianbHuil BeO-pecypc Polymer Builder
CHARMM-GUI [21], axuii 3a0e3neuye y3araJbHEHUN Ta aBTOMATHU30BaHUU MpOILEC
MoOYy/IOBU BPIBHOBaKEHOI ITOJIMEPHOI CHUCTEMHM 1 HaJla€ BXITHI JaHI JUIS CHUMYJISIT
aTOMICTHYHOI (BC€aTOMHOT) CTPYKTypu i pizHux nporpam MJI: CHARMM-GUI [25],
LAMMPS [26], AMBER [27], GROMACS [28], NAMD [29], GENESIS [30],
OpenMM [31], Desmond [32].

Jlns Bigyamizaiiii pe3ynbTaTiB M/l MojeltoBaHHS 3a3BHUYail BUKOPUCTOBYIOTHCA
B’roBepu OVITO [33] Ta VMD [34].

BaxnuBicte wmeromiB MJI ayis  BUpIIIGHHS TWTaHb MaTepiajio3HABCTBA
npeacraBieHo Tomrmconom (Thompson) Ta iH. [26]. ABTOopm [26] € TOJIOBHUMH
pospooHukamu  LAMMPS (Large-scale Atomic/Molecular Massively Parallel

Simulator), TOTYXHOTO 1HCTPYMEHTY Ui MOJEKYJISIpHOTO MojaenmoBanHg. Lle
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MOIIUPEHUN BIAKPUTHN KOJ MOJIEKYJISIPHOI JUHAMIKU, SKUH OyB pO3pOOJICHUN st
napajeibHUX PO3PaxyHKIB MOJIEKYJApHUX Mojenel 3a aomnomororo Massage Passing
Interface (MPI). Ile omna 3 ocHoBHMX MoxJuBocteli LAMMPS, ska nmae 3mory
IPOTrHO3yBaTH BIACTUBOCTI BEJIMKHUX (0 MUIBSPIAIB MOJIEKYJ) (I3UYHHX cUCTeM a0o
MPOTHO3YBATH TOBEMIIHKY MEHIIUX CHUCTEM Yy IIMPOKOMY 4YacoBOoMy aiama3zoHi. Kpim
toro, LAMMPS Haiae MOXIIMBICTh ajanTaiili BUX1THOTO KOy JIJIsi BUPIIICHHS BY3bKO
HaIpaBJIeHUX MPoOIeM a00 HOTO BUKOPHUCTAHHS SIK 010JTI0TEKH 1M1 9ac pOOOTH 3 1HIITUM
IPOrpaMHUM 3a0€31EUCHHSM.

Bukopucranass LAMMPS ajist 1ociiikeHHs oJIiMepiB OmucaHo B poOoTi [35].
JIi (Li) Ta 1H. BUKOPUCTOBYBaJIM MOJICJIIOBaHHS MeTolamMu MJ[ nis BU3HAYEHHS
TEPMOMEXaHIYHO1 peakKiiii TepMOPEAKTUBHOIO MOJIIMEPY, IO CKIAAAETHCS 3 EMIOKCHIHOT
CMOJIU Ta PI3HUX 3MIMBHUX PeUoBUH. BennkomacmraOHi Mojeni MpeacTaBieHi pi3HOO
KUIBKICTIO MOHOMEpIB enokcuHoi cmoiu (1024/1152) ta Monexyl 3MIMBHOTO areHTy
(512/384). 3aranom, KUJIbKICTh aTOMIB Y Mojiell cTaHOBUTH 69 120/76 416 BiamoBiaHoO.
Yac mopentoBaHHsI €BOJIIONIL Takoi cucteMu npotarom 6,0 Hc cranoButh 450 CPU-
ronuH kinacrepy XanceHa (Hansen) VYwiBepcurery Ilepasto (Purdue University)
(wotupu 12-saepui nporecopu AMD Opteron 6176 [36]). Lle npuBeptae yBary a0
HEOOX1THOCTI TOTYXXHOTO OONmagHaHHS [isi MozemtoBaHHs MJI, mporte pesynbTaTtu
aTOMICTUYHOTO MOJICNIIOBaHHSI 0€3 JIOJaTKOBUX IapaMeTpiB JAEMOHCTPYIOTh iX
JOLIIBHICTD 332 PAXYHOK 3MEHIIEHHS KUIBKOCTI €KCIIEPUMEHTIB 1 TPUCKOPEHHS MTPOLIECY
pO3pO0KH MaTepiany.

MopentoBaHHsl MOJIMEPHUX CHCTEM omnucaHo B jgociikeHHl CyOpamaHiaHa
(Subramanian) [37], ae TPEACTaBICHO METOJOJIOTII0 MOJCITIOBAHHS KPUXKOCTI
HAHOKOMIIO3UTIB, BaXJIMBUX MAaTepialiiB Ha Cy4yacHOMY pPHHKY. Y poOoTi OyIo
pO3pO0JIEHO ANTOPUTM Ul MOEJHAHHS HU3BKOI TEMIIEpaTypu Ta BHUCOKOI HIBUIKOCTI
nedopmariii 'y JOCHIPKEHHI €Heprii Aucomiamii 3B’S3Ky JUIsl Kpamoro po3yMiHHS
HiMamnii nomko/KeHHs. Pe3ynbTaTu ekcriepuMeHTy, sikuil TpuBaB moHan 100 rog,
CBITYaTh AK Tpo edekTuBHICT M]] MomenoBaHHs, TaK 1 MPO HEOOXIAHICTH MOTY>KHOI

00YHUCITIOBANILHOT TEXHIKH, SIK OyJIO CKa3aHO paHilIIe.
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VY nocnimkenni [38] BukopuctoByeThesi Material Studio, e oguH iHCTpYMEHT
monemtoBanHs Metogamu MJI. Jlikmrit (Dikshit) Ta iH. y cBoiif poOOTi MigKPECIIOIOTH,
10 MOBE/IIHKA apMYyBaJIbHUX MaTepialliB MOBHICTIO HE BUBUYEHA, HE3BAXKAIOUN HA BEIUKY
KUIBKICTh €KCTIEPUMEHTAIBLHUX JOCHIIKEHb. 1le CBIIUUTh MPO BAKIIUBICTh aHAIITHYHHUX
JOCITIJIKEHb €(PEKTUBHUX MEXaHIYHUX BJIACTHUBOCTEH HAHOKOMIIO3UTIB JJIsl PO3YMIHHS
BJIACTUBOCTEHN apMyrounx maTepiaiib, Hanpukian BHT.

MonentoBanus MJ[ BUKOpUCTAHO JjIsi BUBYEHHSI HEKOBaJIeHTHOI B3aemoii BHT
Ta mnojimMepy B poOoti Jlerona (Leton) Ta 1H. [39], B sikiii 3MOJIETLOBAHO CHUCTEMY
obropueroro HaBkono BHT mnanitora momimepy (TOTICTHPOITY, MOJIAMMETHIOAMIHO-
CTIWIMETAKpWIAT 1mtocTpye Tponec (ynkmionamzamnii BHT wepe3 HexkoBaneHTHE
3B's;3yBaHHs BHT 3 momiMepom Ta 3aieXHICTh MIIHOCTI 3B’SI3KY BiJ KIUIBKOCTI
MOBTOPIOBAHWUX OJWHHWIIL MOHOMEpPY, a HE MOJCKYJSIPHOI Mach IOJiMepy.
MopemoBanus cuctemu nojimep-BHT nae moxxnuBicTh BifcHiaKyBaTH AehopMarlliro
BHT mig miero 30BHIMIHIX CHJI, IO 3HAYHO CIPOIIYE JOCHIKCHHS BJIACTUBOCTEH

HAHOKOMIIO3UTIB Ta BUBYEHHS X OBEIIHKH.

1.3 MeToaoutoris M /I

MJ] 6a3yetbes Ha Il 3akoni Hetotona (Newton) y Burisizi [26]

2
F, =m, CZ ?Q
t c 1T AT
dEttl ) ZZI,N, (11)
F — otal , i
l dr,

i
ne F; — cuna, 1mo nie Ha i-Ty MOJIEKYJly HaBKOJMIIHIMU MOJIEKYJIaMHM Ta 30BHILIHIM
HOJIEM; m; — Maca i-1 MOJIEKYNH; Ii(Xi, Vi, Zi) — PaJlyC-BEKTOP MOJIOXKEHHS LIEHTpa MacH i-
i MOJIEKYJIM B MOJIEKYJISIpDHIN CHUCTEMI; ¢ — 4ac; Eiowl,; — MOBHA MOTEHIIIITHA €Hepris i-1
MOJIEKYJI; N — KUTBKICTh MOJIEKYJI B MOJICKYJISIPHIN CUCTEMI.

Hudepenuianbauii  wiedn papyroro mnopsaky B (1.1) mnepeTBoproeTbcsi Ha

anreOpaiuHe PIBHAHHS 3a JOIOMOTr0I0 po3kiananHs B psaj Teinopa (Taylor) B okoui £
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r(c+Ar)= ()+At () A2dr()+

dt 2. dt*
: (1.2)
r,(t=At)=r,(t)- A () 2.A 2d:h2()+ ,

ne At — KpOK IHTETpYBaHHS 32 YaCOM.

3 (1.2) HEBaXKKO OTPUMATH LIEHTPATbHO-PI3HULIEBUIM aHAJIOT BUTIIALY

d’r, x(t+Ar)=2r,(t)+r, (- Ar)

1

dt* At?

+o(ar?). (1.3)

[TonoxeHHs: B IPOCTOP1 i-i MOJIEKYJIM B MOMEHT 4acy (¢ + Af) BU3HAYA€ThCA 3

Bukopuctanusam (1.1), (1.3) 3a popmynoro (cxema Bepine (Verlet))

At
r,(¢+At)=2r,(¢)—r,(t — At)+ —F,(¢), (1.4)
m;
a IIBUAKICTh TIEPEMIIICHHSA I-1 MOJICKYJIHM — 3a IEHTPaIbHO-PI3HUIICBUM

CITIBBITHOIIICHHSIM BUTJISTY

r\t+At)—r(t— At
2At
Momudikamiero cxemu Bepne € cxema «velocity Verlety (1.6) 1 (1.7), sika
3a0e3reuye IMJIBUINCHHS IIBUAKOCTI, CTAaOUIBHOCTI W TOYHOCTI MOJICTIOBAHHS

nopiBHsHO 3 (1.4), (1.5):

r(t+Af)=r.(0)+ Arv, (¢) + ?—;Fi(t); (1.6)
Vl.(t+At):Vi(t)+2A—n;[Fi(t)+Fi(t+At)]. (1.7)

[TomanpmuM BrockoHaaeHHSIM cxemMu Bepie € meton ctpuokiB (leapfrog method)
(1.8) Ta (1.9), sxa 3nau"o mepemepurye cxemy (1.6), (1.7), momo cTabiILHOCTI Ta

ToyHOCTI M/l MOIe/TFOBaHHS:

r.(t+At)=r,(¢)+ Aev,(t + At/2); (1.8)

vt +A2) = v, (1= At)2) + 2LF (). (1.9)
m

i
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Sk Hachiok, cupoieHui anroputM MJI 1715t 06uuCIeHHS MOKIIUBUX TPAEKTOPIM
pyXy MOJEeKyIspHOi cucreMu Ha 0a3i cxemu «velocity Verlety rpyHTyeTbest Ha

HaCTYITHHUX KPOKax:

1) 3amanHs B MOMEHT vacy ¢ = f, k = (0 MOYaTKOBOTO IMOJIOKEHHS
ri(to):rOi,lzl,N Ta MIBUJKOCTI PyXy MOJIEKYIH Vi(to):Vol-ol =1,N MonexyIspHOi

CHCTCMHU.

2)  O6uucnenHs cwi, mo airoth Ha monekymn F(z,)i=1,N 3a mpyrum

PIBHSIHHSIM cUCTEMU piBHAHB (1.1).
3)  IlpuenHaHHS IpaHUYHUX YMOB, KOHTPOJb TUCKY 1 TEMIIEPATPH.

4)  OriHKa TIOJIOKEHHS MOJIEKYJT Ha HACTYIHOMY YacOBOMY  KpoIIi

r; (t + At),i =1,N 3a piBHsiHHSM (1.6).

5)  OmuiHka MBUAKOCTI MOJIEKYJI HA HACTYITHOMY YaCOBOMY Vl-(l‘ +At),i =LN

3a piBHsHHM (1.7).
6) IIpoaykTuBHI po3paxyHKU (PI3UYHUX BEIIUYMH Ta X BUBI/I.
7)  Ilepexin Ha HOBUIA YaCOBUM KPOK ¢ = t+At, k = k+1.
8)  IlepeBipka ymoBu k > M. SIk1io Hi, TO TOBTOPEHHS MPOLIETYPH 3 KPOKY 2).

Skuro tak, To 3aBepuieHHa M/l MmoaetoBaHHS.
1.4 CusioBi mosis

OcuoBuuM mnpumynieHHssM MJI € nabmmwkenHsi bopua-Onmenreitmepa (Born—
Oppenheimer) [26], 1m0 ae 3MOTy ONUCYBAaTH aTOMICTHYHI/MOJIEKYJISIPHI CUCTEMH SIK
GyHKUIO 11 SAEpHUX KOOpAUHAT. J{J11 bOro BUKOPUCTOBYIOThH TaK 3BaH1 CHUJIOBI TOJIS.

XiMigHl CHJIOBI Tojis a00 MIXKATOMHI TOTEHIAd OIHUCYIOThCS TEBHUMH
(YHKLUIOHAJTPHUMU ~ 3QJIEKHOCTSAMU 3 BHUKOPUCTAHHAM Yy OUIBLIOCTI  BHUIAJKIB
eMIIpUYHUX KOe(illi€HTIB 3a BUHATKOM KOE(]IIIEHTIB, OTpUMaHUX ab initio. 3a3Bu4aii
MOTEHI[IAIM PI3HATHCA MK CO00I0 3a BUOOPOM (DYHKITIOHAJIbHUX 3aJICKHOCTEH, 10 X

OMMHCYIOTh, 32 XIMIYHUM CKJIaJIOM PEUOBHH, 32 piBHEM XiMIUHOI B3aemoii (6e3 abo 3



41

BpaxyBaHHSIM XIMIYHHUX peakiliii) Ta piBHEM JeTaji3aiii MOJEKYJSIPHUX CHUCTEM
Mojenein M/, 1o SKuX BOHU 3aCTOCOBYIOTHCS, TOIIO.

3a piBHeM jeTalizallii MOJICKYJIApHI CUCTEMHU MOJUISIOThCS Ha Tpu Mozemi [40]:
nepima — Mojelb sBHOro aroma (explicit atom (EA)), mpyra — 06’egHaHOr0 aroma
(united atom (UA)) 1 tperss — rpy0Oo3epHucra (coarse-grained (CG)). Mogens EA
HaNOUIBII OBHO BiloOpaxae OynoBy (pizuuHoi cucreMu. [IpoTe ckinamHIiCTh OUIBIIOCTI
JOCITIKYBaHUX MOJICKYJIIPHUX CHCTEM BUMArae iXHbOTO CIIPOIICHHS JJISI PO3IIUPEHHS
F€OMETPUYHUX 1 YaCOBUX MaciITabiB MOJENIOBaHHS Ta/a00 3MEHIICHHS TPHUBAIOCTI
po3paxyHkiB. Moaens UA nosnisirae B 00’€IHAaHHI aTOMIB BOJIHIO 3 TIOB’SI3aHUMU 3 HUMU
aTOMaMHM 1HIITMX XIMIYHHX €JIEMEHTIB Ta iX BiOOpaKeHHI B MOJIENI K OJHA YaCTHHKA 3
BIAMOBIAHUM TOTeHIiaaoM B3aemoxli [41-44]. Takum YMHOM BKa3aHI YaCTUHKU
IPEICTaBISIIOTE COO0I0 MOHOMEPH, 3’ €/IHAHI Yepe3 MPYKUHH, 100 yTBOPUTH JiHINHUIMA
nanior. Monens CG mie Oulbllie pO3MIMPIOE MACIITaO0W MOJIETIOBAHHS, TPYIYIOUd
KUIbKa 00’€JHaHMX aTOMiB, MOHOMEpPIB UM HAaBITh JAHIIOT B 0JHY HaMHUCTHHY (bead)
[21, 45]. Macmtabu AOBXKMHM HAaMUCTUHU € OJHIEID 3 KIFOUOBHUX XapaKTEPUCTHUK
MOJIEKYJIIPHOT MOJIEJ1 1 BCTAHOBJIIOIOTHCS 3T1AHO J0 HUJIeH Ta 3aBIaHb MOJICITFOBAHHS.

Jlo HaibinpIm 3acTocoByBaHUX Jisi MJ] MonentoBaHHS MOJIIMEPIB BiTHOCSTHCS
Taki crutoBi mostst (moteHttianu) sk Dreiding [25, 41-45], COMPASS [22, 46-50], PCFF
[50-53], TraPPE [24, 51-54], CHARMM [21, 57], AIREBO [25, 58], ReaxFF [59-61].

[Torenmian Dreiding — me 3arajibHe CHUJIOBE TOJ€, SIKE BHKOPUCTOBYETBHCS IS
MPOTHO3YBAaHHS CTPYKTYp 1 JAMHAMIKA OpTaHIYHHUX, OIOJIOTIYHHUX 1 HEOPTraHIYHUX
MOJIEKYJl OCHOBHOI Tpynu [25]. ByaoBa cunoBoro nons Dreiding 3acHOBaHa 3arajibHUX
CHUJIOBHX KOHCTaHTaX 1 TEOMETPUYHHMX MapaMeTpax, sSKi He 3ajekaTh BiJ KOHKPETHHX
KOMOIHaIlli aToMiB, 3aJdy4ye€HUX JO0 3B’S3Ky, KyTa abo KpydeHHs [25], mo nae
MOXKJIMBICTh MOTO 3aCTOCYBAaHHS ISl OMKCY B3a€MO/IIi 32 y4aCTIO aTOMIB BOJHIO.

[loBHa moreHmiiiHa eHepris cuioBoro mnons Dreiding [41-45] Bkirowae Taki
CKJIJI0B1

Eiotal = Evond + Eangle + Edinedral T Ede, (1 . 10)
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1€ Evond, Eangle, Edinedral, Ewdw — OTEHITIHHA €HEPTisl, 1110 TTOB’sA3aHa 3 XIMIYHUM 3B’ S3KOM,
BaJICHTHUM KYyTOM, JIBOTPAaHHHM KyTOM 1 CHJIaMH B3aeMojii BaH Aep Baanbca (van der
Waals).
OyukmionanbHa popma nepmux Tprox wieHiB (1.10) mae Bursia:
1 > 1 4
- _ . _ 2. i
Ebond - 2Kb0nd(r rO) ’ Eangle = EKangle (e - e0) > E ginedral = Z Ki(COS (P) ’ (1.11)
i=0

ne Kvond, Kangle 1 K;,i=0,4 — KOHCTaHTH OPCTKOCTI BAJEHTHOTO 3B’SI3KY, 3TMHAHHS

BAJICHTHOTO KyTa Ta KPYYEHHsI JBOTPAHHOTO KyTa, BIAMOBIAHO; 7, Yo — IMOTOYHA 1
PIBHOBaXKHA JIOBKMHA BAJICHTHOTO 3B’SI3KY, BIAMOBIIHO; 0, 0o, — MOTOYHE 1 pIBHOBaKHE
3HAYEHHSI KyTa 3B’513KY, BIAMOBIIHO; () — ABOTPAHHUMN KYT.

Eneprisi He3B’si3aHOi B3aeMoOjii BaH Aep Baanbca omnmcyeTbesi MOTEHIIAIOM

Jlennapna-JIxonca (Lennard-Jones (LJ))

12 6
0) (6}

Ede:48 _ | 9r£rcuta (112)
r r

ne € — ramubuHa noTeHuiHo1 ssMu LJ; 6 — BijcTaHb, Ha sIKid eHEpris B3aeMOJIl CTae
piBHOW0O Hymio (miamerp LJ); » — BiacTaHb MK JIBOMa YaCTUHKAMU; Fey — TPAHUYHA
B1JICTaHb B3a€EMO/I11 CUJIU BaH Jiep Baanbca, Olibliie sIKOi 11 B3a€MO/I1SI HE BPaXOBY€EThHCS.

Cunoe mone COMPASS (Condensed-Phase Optimized Molecular Potential for
Atomistic Simulation Studies) € onTUMI30BaHUM MOJICKYJISIPHUM ITOTEHIIAJIOM
KOHJICHCOBaHO1 (Da3u IJIs TOCHTIKEHb aTOMICTUYHOTO MozemtoBaHHs [49]. e mepre
ab initio cunoBe TmoJie, SIK€ Ja€ 3MOTY TOYHO Tependadyarv BJIACTHBOCTI Ta30BOi 1
KOHJICHCOBAHO1 (pa3 JyIsl IUPOKOTO Jiana3oHy MOJIEKYJI i MOTIMEPIB.

IToBHa moteHiiiina enepris cunoBoro noiusit COMPASS [49, 50] Bkitouae Taki
CKJIAJIOB1

Etotal = Evalence + Ecross—term + Enon—bond, (1 . 13)

ne Evalence, Ecross-terms Enon-bond — MOTEHLIMHA €HEPTisl BAJICHTHUX 3B’ A3KiB, IEPEXPECHOI 1
HE3B’s13aHO01 B3a€EMO/I11, BIIIOBIIHO.

OynkmioHanbHa Qopma ToTeHIiHHOI eHeprii BajneHTHUX 3B s3kiB COMPASS

Evatence CKIIaAA€ThCA 3 HOTHUPHLOX KOMITOHCHTIB:
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— EHeprii po3TAryBaHHS BaJICHTHOTO 3B’ A3KY
Epa =3 K, (b= by F + Ky(b=byF + K, (b—b,)' |: (1.14)
— EHeprii BUTMHY BaJCHTHOTO KyTa
Eongle = % [Hz(e —0,) + H;(0-0,) + H,(6- 90)4J; (1.15)
— EHeprii MOBOPOTY MOJIMEPHOIO JIAHIIOTa HA KyT KPy4YEHHS

V1 cosl@— @0 )|+ 1,1 - cosl20 - 09 )]+

Eorsion :Z 5 (1.16)
t ) +V3[1—cos(3®—®(3))]
— eHeprii B3aemoaii Wilson 1mo3a miomuHo0
2
Eop,=2. K0, (1.17)
x

ne b — MOBXKWHA BaJICHTHOTO 3B’SI3KY, BIAMOBIMHO; ® — KYT JBOTPAHHOTO KPYYEHHS;
Y — KyT 103a IUIOIIMHOIO; ](l(l Zﬂ), bo, H. (i = ﬂ) , 0o, V,(ZZE) , @?(i:I,_Z%) —
KoedimieHTH, 1o miaidpaHo Ha MiJICTaBl pO3paxyHKIB KBAHTOBOI MEXaHIKH.

ITepexpecHa moTeHIIIiTHA €HEPTisA B3aEMOJI1 BKIIFOUYA€E Taki ckiaanoBi [49, 50, 51]

E cross-term E bond -bond +E angle -angle +E bond -angle +E midle -bond -torsion +

+E +E +E ’ (1.18)

end -bond - torsion angle - torsion angle -angle - torsion

1€ FEbond-bond — CHEPTiS IMEPEXpEecHUX B3aEMOJIN BKIHOYAIM JUHAMIUHI Bapiaiii Mix
B3a€EMOJIIIMU PO3TATYBaHHS 3B SI3KIB MK JBOMa 3B SI3KAMU; FEangle-angle — EHEPIis
B3a€EMOJIIT MK 3B’SI3KaMM M1 JJBOMa BaJEHTHUMH KyTaMH, IOB’S3aHUMHM 13 CHIJILHUM
BEPUIMHHUM aTOMOM; Epond-angle — €EHEPTIisl B3AEMO/IIi MK KYTOM JIBOX 3B’SI3KIB 1 OJTHUM 13
HOro 3B’S3KIB; FEmidie-bond-torsion — EHEPrisl B3A€EMOJIL PO3TATYBAHHSA-KPYUYEHHS MIXK
JBOTPAaHHUM KyTOM 1 OJHHUM 13 MOTrO cCepemHiX 3B’SI3KiB; FEend-bond-torsion — CHEPTis
B3a€MO/IIi PO3TATYBAHHSA-KPYUYEHHS MIXK ABOTPAHHUM KYTOM 1 OJIHHUM 13 MOr0 KIHUEBUX
3B’SI3KIB; FEangle-torsion — €HEPT1sl B3a€EMOJIII 3rUHY-KPYYEHHS MK JIBOTPAHHUM KYTOM 1
OJIHUM 13 HOr0 BaJEHTHUX KYTIB; Eangle-angle-torsion — €HEPTis B3a€EMOJIIT 3TMHY-KPYUECHHSI
MDK JBOTPAaHHUM KyTOM 1 IBOMa HOTO BaJICHTHUMHU KyTaMHU.

OyYHKI[IOHAIBbHI 3aJIEKHOCT1 CKJIAJOBUX MOTEHLINHOI eHeprii piBHsSHHS (1.18)

HaBeJieHo B [49, 50, 51].
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UsieHu MOTEHIIHHOT eHepTii He3B 13aHO01 B3a€MO/I1T BKJIFOYAIOTh €JIEKTPOCTATUYHY

cuny Kynona (Coulomb) Ecoulomb 1 Ty BaH Aep Baanbca Evwaw

Enon-bond = Ecoutomb + EWdW, (1 . 19)
99, . g - Z ﬁ _ ﬁ ) ) -
1e Ecoiomy = 2. ; Lygw = 3 s |5 ¢ — 3apsin aroma; € — mieneKTpuYHA
i>j 87}]' i>j l’;-j ij

IPOHUKHICTB; 7 — BIJCTaH1 3B’SI3Ky MIXK I-M Ta j-M aTOMaMH; A;;, B — KoepiuieHTy, 1110
ni10paHo Ha MiACTaBl PO3PaXyHKIB KBAHTOBOT MEXaHIKH.

PCFF (Polymer Consistent Force Field) BimHOCHTBCS 10 CiMeiiCcTBa CHIIOBHX
noniB ab initio npyroro nokoninus [27] (CFF91, PCFF, CFF i COMPASS), siki €
rapaMeTpu30BaHl BIJIHOCHO IIMPOKOTO J1alma30Hy €KCIIEPUMEHTAIBHUX CIIOCTEPEIKEHb
I opraHiyHux cnoiyk, mo mictare H, C, N, O, S, P, aroMu Ta 10HM TaJIOTEHIB,
KaTIOHW JTy>)KHHUX METaliB ¥ KiJlbka O10XIMIYHO BaKJIMBUX KaTIOHIB JBOBAJICHTHHUX
METaiB.

IToBHa noteniiiina eneprisa cuiioBoro nojiss PCFF [52] Bkirouae Taki CK1aaoBi

Epot = Ebond + Eangle + Edihedral + Enon-bonded, (1 20)
1€ Evond, FEangle, Edihedrat — BITHOCSATBCS JO 3B’S3aHO1 B3a€MOIl, @ FEnon-bonded — JO
HE3B SI3aHOI.

[ToreHmiitHa eHepris B3aeMoJli KOBAJEHTHOro 3B’SA3Ky TuIly bond-bond

BU3HAYAETHCS SIK [52]
Eyong = Co(r =1 + Cyr =1y} + Cy(r =1 ). (1.21)
[loTeHuiiiHa eHeprisg KyToBO1 B3aeMOIl MK 3B’ SI3aHMMH aTOMaMU BU3HAYA€THCS
CITIBBITHOIIEHHSIM [52]
Eoge = D2(0-0,) + Dy(0 -0, + D, (0 -0, + Flry =1 Ny — 1)+
+ [Gl(rij —n)+ Gz(rjk - rz)](e -0,)

IloreHmiina eHeprisa BOrpaHHOI B3aeMomlli MDK 3B A3aHUMHU aTOMaMH
11 P ABOTD

angle

(1.22)

BU3HAYAETHCS SIK [52]
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Eginedral = ZE [1 cos(ndp—9, )] (y_”l)ZH COS(”¢) (’”kl_’@)gln COS(”(I))"‘

n=1

(0,6 -0,)3: 7, os(10) (0, ~0. )3 K, cos() + L 123
+ (rjk —7 )z L, cos(n¢)+ F'(Bijk -0, )(ij, -0, )cos o+ G'(rl.j -5 )(rk, - r3)

1€ r;j — BIACTaH1 3B’SI3Ky MIXK i-M Ta j-M atroMami; Oy — KyT MK TpbOMa 3B’ SA3aHUMU
aTOMaMu; -, i=13 — gsorpamni  kyrw; C,D.,i=24 | G,i=12

E.H,I,J K, 6L, n= 1,3, F, F', G' - nixirnaui napamerpamu cuiioBoro moiist PCFF.

n’>-n>

He3sp’s3ani B3aemonii Mk aromamu cuiioBoro nons PCFF (1.20) BxitouaroTh
cuiy BaH Jiep Baanwca y Bursiai norenmany L) (1.12).

Cunose none TraPPE (Transferable Potentials for Phase Equilibria) — e na6ip
dbyHKI10HATBEHUX (HOPM 1 MapaMeTpiB B3a€MOJIT /ISl MOACIIIOBAHHS CKJIAJHUX XIMIYHUX
CHUCTEM 3a JIONOMOTOI0 MeTOoJIB MojentoBanHs M/ [58]. [nsi opraHiyHHUX MOJIEKYI
iIcHye yothpu OcHOBHI Bepcii cunoBux mnomiB: TraPPE-CG (xkpynHo3epHHCTHIA),
TraPPE-UA  (o0'ennanuii  arom), TraPPE-EH (sBHuii Bogenn), TraPPE-pol
(monspuzaniiiauii). Kpim toro, Takox icHytoTh TraPPE-SM (Mana monekyna) 1 TraPPE-
zeo (1meoitH), 1o oxorIorTs CO2, No, Oz, NH3, rieomiTu To1o.

CunoBe mone TraPPE 3a0e3nedye BHCOKY TOYHICTH y TPOTHO3YBaHHI
TEIIO(I3UYHUX BIACTUBOCTEH 1 3aCTOCOBYETHCS [JIsl PI3HUX CHOJNYK Ta PI3ZHHUX
napameTpiB CTaHy, BUKOPUCTOBYETHCS JIJII MOJCIIIOBAHHS ITPOMUCIIOBUX TIPOLIECiB [56].

Y moneni TraPPE-UA — 06’eananoro aroma rpyna CHy po3rasgaerses sik omHa
YaCTHUHKA B3a€EMO/I11 a00 MCEBI0AaTOM, pO3TAIllIOBAaHUN Y IIEHTP1 BYIJICIIIO.

OcHoBHa (yHkiioHanbHa Gopma cusoBoro noiisi TraPPE (nmotenmiitHa enepris)
JUIS Bepcii 3 00’€IHAHUM aTOMOM BKJIIOYae BaH Jep Baanbca 1 eneKTpoCTaTHUHY

Kynona cunu B3aemo/ii, a TakoK KyTOBY Ta JIBOTpaHHY B3a€MOIIi 1 Ma€ BUTIIS [56]

| 12 6
)= 55 La (o) |, |,
j=li=j+ rij Ty 47580’3‘]
, (1.24)
2
+ Z M-i_(]torsion ((I))

o
=]
.
@
w
[\
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Ie &, = \|g;e, — rmbuHa smu LJ; o :E(Gﬁ +o jj) — mametp LJ; r; — BlaCTaHp MIXK
YaCTUHKAMHM I 1 j; ¢i, ¢j — YaCTKOBI 3apsIu YacTHHOK I 1 j; € — €JIEKTpUYHA cTaja

(miemeKkTpuyHa MPOHMKHICTH BIIBHOTO MpOCTOpy); 0, Bp — MOTOYHUN 1 PIBHOBAXKHUMN

6 .o o
KYTH 3B’3KY; ko — CUJIOBA KOHCTaHTa 3TUHY; U orsion (¢) =cy+ Y, [Ci CoS (,'q))] — TOPCIMHUU
i=1

HNOTEHLIAN; c¢;,i=0,6 — CHJIOBI KOHCTAHTU KpPY4YCHHs (JBOIpAaHHOI B3aeMOJIl); ¢ —
JNBOTPAHHUU KYT.

Ha Bigaminy Bigm LJ, B (1.24) BHUKOpPHCTOBYIOTHCS CTaHJApTHI TMpaBHIIa
koMOinyBanHs Jlopenma-bepsenora (Lorentz-Bethelot) [56].

Y cunoBomy mnoni TraPPE 3a3Buuail BUKOpHCTOBYETBhCS (PIKCOBaHA JOBKHUHA
3B’SI3KYy, TOMY CKJIa/I0Ba, MOB’si3aHA 3 PO3TATHEHHSAM 3B’SI3KY, HE BXOJUTh B TIOTEHIIIAL.
OpHak mpu LIbOMY MOJIEKYJIa BCE III€ JIMIIAETHCS HAMIBTHYYKOKO 3aBJSKH HAasIBHOCTI
CTYTIEHIB CBOOOIM 3TMHY Ta kpy4deHHs (1.24).

CHARMM General Force Field (CGenFF) — nie opraniune cuioBe mose, siBHO
CIpsIMOBAaHE Ha IMITALIF0 MOJEKYJ, CXOXXKMX Ha JIKH, y OIlOJOriYHOMY CEpEeIOBHILI,
MPEICTABICHOMY aJUTUBHUMHU OiloMoneKkyispaumu cuiioBumMu nonsmu CHARMM
(Chemistry at HARvard Macromolecular Mechanics) [25].

®opma ¢ynkuii morenuiinoi eneprii CHARMM, sika BUKOPHCTOBY€TbCSA AJIs
00YHMCIICHHS! BHYTPIIIHbO-MOJICKYJISIPHOI €Heprii 3B’si3aHOT 1 HE3B’A3aHOT B3a€MOJII1

HaBejieHa B piBHSHHAX (1.25) 1 (1.26), BiamosigHO [S57]:

E, termal, bonded = ZKb(b —b, )2 + ZKe(e -0 )2 + ZK(p [1 + COS(”(P - 5)]"‘

bonds bonds dihedralss
2 . (1.25)
+ ZK¢(¢_¢0) + ZKUB(FM _’”1,3;0)2=
improper Urey—Bradley
dihedralss
R_m 12 R 6
. Jj in,ij min,ij
E external,nonbonded ~— Z 4 + € -2 (1.26)
nonbonded TCSOVU T rij

ne b, bo, 0, 00, @, ¢, do, 713, 1,3;0 — MOTOYHI 1 PIBHOBAKHI 3HAYCHHS BAJICHTHUX 3B’ S3KIB,
KYTiB, JBOTPAHHUX KYTiB, HEMPABWILHUX JBOTrpaHHUX KyTiB 1 1,3-unena Opi-bpemmi

(Urey-Bradley), BianoBiaHo; 7;, 0 — IBOTpaHHA KPATHICTH 1 aza, BiAnmoBiaHO; Kp, Ko, Ko,
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Ky, Kup — BIONOBIJHI CHJIOBI KOHCTaHTH; (i, ¢; — YaCTKOBI 3apsiiu aToOMIB I Ta J,
BIJIMOBIAHO; € — €JIEKTPUYHA CTaja; 7; — BIACTaHb MK aTOMaMH i 1 j; Rmin, ; — paaiyc LJ.

Cunogse nosie AIREBO (Adaptive Intermolecular Reactive Empirical Bond Order)
0a3yeTbcsl Ha MMOTEHLIANl MIXMOJIEKYJSIPHOTO PEAKTUBHOTO EMITIPUYHOTO 3B S3KY
(REBO napyroro nokomninusg 2002 p.) s CUCTEMH aTOMIB BYIJICIIO Ta/a00 BOAHIO [26].
Hapasi pospo6neno norenmian AIREBO-M, sikuit ekBiBanentHuin AIREBO, ane B
HhOMY ToTeHmian LJ 3amineHo moteHiiamom Mop3e (Morse), skuii moOya0BaHO Ha
napamMeTpU30BaHUX BUCOKOSIKICHMX PO3paxyHKax KBaHTOBOI Ximii. Lle qae MOxIHBICTH
cunoomy nonto AIREBO-M 36epiratu TOYHICTH NMPU 3HAYHO BHIOMY THCKY, HIXK
AIREBO (o 40 I'Tla qyst momieTuneny) [26].

OdynkiioHanbHa Gopma noteHiianry AIREBO Bkitouae Tpu ckiianoBi [26]

E=lZZ E;EBO +E;J+ 3 ZE;;Z)RSION . (1.27)
27 k#i,jl#i, ],k

) i Gasyerbcs

Cxyazosa E;’ y (1.27) onucye 6ibun JanbHi B3aeMOIii 2<r<r,
Ha (opmi crangaptHoro mnotreHmiany LJ. Ha intepBami (r < 2 ) y (1.27)

BHKOPHCTOBYETHCS KOMIIOHEHTa £~ JUI OIHUCY B3aeMofii Ha Manux BiacTansx C-C,

C-H Tta H-H. Cknanosa E;;;RSION € ABHMM IIOTEHI[aJIOM YOTHPBLOX Till, KU OMUCYE

PI3H1 BapiaHTH IBOTPAHHOIO KyTa y BYTJIEBOJHEBUX KOH(ITypaIlisiX.

VY cunoBomy mnoni AIREBO Tak camo sax y TraPPE-UA He BpaxoByeTbcs
CKJIa/I0BA, IO TTOB’S13aHa 3 PO3TATHEHHSM 3B’ A3KY.

Cunoge none ReaxFF (Reactive Force-Field) € moBHicTIO peakTUBHUM T10pUaI0M
MDK TOTEHLIaJaMU MOPSAKY 3B’S3Ky Ta XIMIYHUMH CHWIOBMUMH moysamu [59-61]. Lle
NEepIINA peakIiiHO3JaTHUI MOTEHIIa, 110 BKIIIOYA€E TUHAMIYHE YTBOPEHHS 3B S3KIB Ta
noyigpusaiiiiai epextu. Y norenmiani ReaxFF BpaxoByroTbest Taki BKJIaJId B €HEPTiIO
MDKAaTOMHOI B3aeMojli sk [61]: mBOX-, TphOX- 1 YOTUPUYACTKOBI MOTEHIIANH, IO
OMHUCYIOTh KOBAJICHTHI 3B’S3KM 1 3ajieaTh Bl OOYMCIIOBAHUX 32 EMITIPUYHUMHU
dbopmysiaMu NOPSJIKIB 3B'A3KIB; WICH, 1110 BPAXOBY€E BAJICHTHICTh aTOMIB; €JICKTPUUHUN

Ta AUCHEPCIMHUI BKIAIU.
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Lle nae moxnuBicTh 3a nonomoror ReaxFF Touno MozjentoBaTu sik KOBajeHTHI,
TaK 1 EJIEKTPOCTAaTUYHI B3a€MOAIl ISl PI3HOMAHITHMX MaTepiaiiB. EHepreTnuHuit
BHecOK y noteHmian ReaxFF moxHa y3araibHUTH TaKuM YUHOM [61]

Esystem = Ebond + Eover + Eangle + Etors T Ewaw + Ecoutomb + ESpeciﬁc, (1 28)
ne Evond — HEMIEpepBHA (DYHKITIS MI>KAaTOMHOI BiJICTaH1 JJIsI ONKUCY €HEeprii, MOB’s3aHO1 3
YTBOPEHHSIM 3B’SI3KIB MK aToMamu; FEover — €HepreTuyHuil mrpad, mo 3amnobdirae
HaJMIpHI KOOpJMHALll aTOMIB, KUU 0a3y€eThCs HA MPABWIIAX aTOMHOI BAJIEHTHOCTI
(HampuKIIa, *KOPCTKUM €HepreTUYHUil mTpad 3aCTOCOBYETHCS, SKIIO aTOM BYTJICIIO
YTBOPIOE OLIbIIE YOTHPHOX 3B’S3KIB); FEangle, Ftors — EHEPTid, IO TMOB’si3aHA 3
nedopmMarliero BaJ€HTHOTO W TOPCIHHOTO KYTiB; Ewdw, Ecoulomb — €IEKTPOCTATHYHI Ta
JUCTIEPCIfiHI €HepreTUYHl BHECKH, PO3PaxOBaHI MK yCIMa aTOMaMM, HE3aJIEKHO BiJl
3B’SI3HOCT1 Ta TOPSAKY 3B’SI3KIB; FEspecific — MPENCTABIsIE cneudiuHl JJIs CUCTEMHU
CKJIQJIOB1, $IK1 3a3BMYail HE BKIIIOYAIOTHCA B pa3l BIJCYTHOCTI MOTPEOH MJisi OIUCY
BJIACTUBOCTEH CHCTEMH, XapakTEepHUX JJIsi Hei, HaNpuKIaJ, HEMOAUICHOI IMapH,
KOH forailli, 38’ s13yBaHHs BOJHIO Ta kKopekuii Cz [61].

Jlo HenonikiB 3acTocyBaHHs noteHiany ReaxFF moxkHa BiiHECTH 3HAYH1 BUMOTH

710 0OYHUCITIOBAIBHUX PECyPCiB MOPIBHIHO 3 IHITUMH IMOTEHITIAIaMHU.

1.5 TIlodymoBa mojimepHux CcTPYKTYp. CTBOpeHHsI BPiBHOBaKEHHX

HOJIiMepHHX CHUCTEM

[Ipouenypa mnoOyZoBM IOYATKOBUX MOJIMEPHUX CTPYKTYp TMOPIBHSHO 3
OUIBLLIICTIO HEOPTaHIYHUX KPUCTATIYHUX YTBOPEHD € CKJIAJHHUM 3aBJAHHIM, OCKUIBKH Y
MIJICYMKY MOTpeOye SIBHOTO 3aBJaHHsI KOOPJMHAT aTOMIB, 3B’sI3K1B, KYTIB 1 JIreApaiB, a
TaKOX 3aJaHHSA KOE(]IIi€HTIB MOMApHOI B3a€MOJII BIAMOBIIHO 10 OOPaHOTO CHIIOBOTO
noJisg Toio. Y pasi BUKOpUCTaHHA crerianizoBanoro [13 [21-25] Bka3zaHna mporeaypa
MOK€ CIpOIIyBaTUCA 10 BHOOpY/3afaHHS THUILy MOHOMEDPY, JOBXHHHU JIAHIIOTa
NOJIIMEPY Ta iX KUIBKOCTI, 3aKpHUTTS KIHUIB MOJIMEpHHUX JaHIoriB [21]. Po3rasaemo

JIesiK1 HalOUTbII XapaKTepHI MPUKIIAIU MOO0YI0BH MOYATKOBUX MOJIMEPHUX CHUCTEM.
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VY crarti Jekepca (Deckers) ta iH. [46] mis moOyAOBH MOJEIBHUX CHCTEM
nominpomnineHny (polypropylene (IIII)) Bukopumcrano moxyas «Amorphous Cell»
Materials Studio [22] 1 cumoBe moime COMPASS III. CrowaTky cTBOproBajacs
TPUBUMIpPHA KOMIPKA 3 MEPIOJUYHUMHU I'PAHUYHUMU YMOBAMHM ISl YCYHEHHS KIHUIEBUX
edeKTiB, a Jalli B 110 KOPOOKY JT0JAaBaIKCS MOJIMEPH1 JAHIIOTH CErMEHT 32 CETMEHTOM,
Ipy [bOMY KOXXEH HOBUW CErMEHT BpPAaXOBYE B3a€MOJIII0 3 paHille PO3MINICHUMU
atomamu. KokHa TpUBMMIpHA KOMIpKa BKJIHOYaIa YOTUPH 130TakTHUHUX PP naniorn
1o 50 MOHOMEpiB KOKHUM.

VYV mpami Banra (Wang) ta iH. [47] HaHOKOMIIO3UTHA MOJIeJIbHA CHCTEMa 3
NEepPIOUYHUMH TPAaHWYHAMH YMOBaMH TaKoX Oyja po3poOiieHa 3a JTOIOMOTOI0
Materials Studio [22] 3 BukopuctanusM moayiniB «Amorphous Cell» 1 «Forcite» Ta
cunooro monsi COMPASS II. IlepmmM kpokoM Oyno CTBOpPEHHS MEPiOAHMYHOL
KybiuHOT KOMipKH 3 po3mipamu 45x45x45 A3 Ta mobynoBa MONEKYISPHOTO JAHIOra
nomizonpeny NR (CsHs), 31 crymenem mnomimepusainii 30. Ilotim moOymoBaHo
MoHomapoBuii rpadernosuii ouct GNS 3 posmipamu 11,3x12,3A% B sxomy Kpaii
(GbyHKITIOHATI30BaHUN aTOMaMH BOJHIO, a 3TOJIOM TiJIPOTeHI30BaHUN MOHOIIAp rpadeHy
OyB pO3MIIIEHUHN Y HEHTPl KOMIPKHU. 3PEIITOI0, MOJI1130IPEHOBI MOJIEKYISPHI JIAHIIOTH
MIOCTYITOBO 1 BHUITAJIKOBUM YHMHOM 3aITOBHIOBAIM PEIIITKY, 3TITHO 3 MpaBujiaMu MoHTE
Kapno (Monte Carlo), 70kM HIIIBHICTh PELIITKH HE JOCATIIA TEOPETUYHOTO 3HAYCHHS
0,92 r/em>.

Crarta fnra (Yang) [52] nmpucBsiueHa JTOCHIIKEHHIO HAHOKOMITO3UTHUX CHCTEM,
y SKMX 3a MaTpuilo oOpaHo amopdHuii mnomietunentepedranar (polyethylene
terephthalate (IIET)), a sx apmyrodi HamoBHIOBa4i BHKOPHUCTaHO onaHOCTiHHI BHT
(OBHT) 3 xipansHicTio (23,0) 1 6aratoctinai BHT, mo ckinanatorses 3 ppox OBHT 3
xipanmpHicTIO (23,0), (14,0) 1 (5,0). Hns moOymoBH HAaHOKOMITO3MUTHHX MOJACITBHHUX
cucteM Takok Bukopucrano I[I3 Materials Studio [22] 1 cunoe mone PCFF. [lns
3a0e3neyeHHss ymoB mieruieHHs g0 [IET-matpumi  kokHa HaHOTpyOKa Oyna
GyHKITIOHATI30BaHA 3a JIOMOMOTOI eTWIOBHX (yHKIiOHATBHHX Tpyrn. KoBameHTHE
HICTUICHHS] HAHOTPYOOK BUKOHaHO nuisixoM 3’eaHanHs 0, 20 ab6o 40 aTomiB ByrJewio 3

[IET-marpuniero. KoxxHa HaHOTpyOka Oylia 3MojelibOBaHAa 3 MEPIOJUYHUMU
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IPaHUYHUMU YMOBaMHU B3JIOBX MO3JI0BXKHBOTO ii HanmpsaAMKy. [lepen BOyJoByBaHHSIM y
[IET-maTpuio HaHOTPYOOK BHKOHYBaJlacs MIHIMI3allisl IXHbOI MOTEHLIMHOI €Heprii
METOJIOM CIpSKEHOTO TpajieHTa. bymoBa enemenrapHoi komipku [IET-matpuin
BKItouana 16 maniroriB 3 30 MOHOMepamMu eTHIIeHTepe]TanaTy KOKHUHM 1 MepiogudHi
rpanuyHi ymoBu. CTpykTypa enemenTapHoi komipku [IET takox miamnsirana miHimizarii
noBHOI moTeHmiiHOi eHeprii. Iliciss woro OBHT Ta 6araroctrinai BHT 3 pi3Horo
KUTBKICTIO TTOBEPXHEBUX ETWIOBUX (pyHKIiOHaNbHUX rpyn Oymu BOymomani B IIET-
MaTPUIIO JIs OJIEp>KaHHS TPaHCBEPCATbHO-130TPOMHUX HAHOKOMIIO3UTHUX CTPYKTYP
elleMeHTapHUX KoMipoK. [lo3moBxkHIM HampsMoK BOYAOBaHHX HAHOTPYOOK Oyso
OpIEHTOBAHO MO OCI X JEKapTOBOI CHUCTEMHU KOOPJMHAT JJisI HAaHOKOMIIO3UTIB 1
HAHOTPYOOK.

Y mpami Ciarxa 1 Kymapa (Singh & Kumar) [53] mng aToMiCTHYHOTO
MOJICJIIOBAaHHSI HAHOKOMMO3UTY Tex BukopuctaHo [13 Materials Studio [22] 1 cumoBe
nosie PCFF. 3a apmytounii HaroBHIOBaY oOpaHo aBa Tuniu BHT — «xpicio» («armchairy)
1 «3ur3ar» («zigzagy), a ik noJiMepHy Matpuio — amopduuii I11E.

VY mpami 3anra (Zhang) Tta i1H. [45] crtBOpeHo mouatkoBy cucremy IIE i3
3aCTOCYBaHHSIM AJITOPUTMY BHIAJIKOBOro po3noaury Mourte Kapio, sikuil mae 3mory
KOXXHOMY MOHOMEPY PO3MIIIYBaTHCh Ha KOXKHIM CTOPOHI TpaHEIIEHTPOBAHOI KyOidHO1
pewiTku 3 mocriitHoro pemritku 1,53 A. Tlo6ynosana ctpykrypa IIE mictuts 10
JIAHLIOTIB, KOKeH 3 akux Bkiatodae 1000 moHomepiB. IlonokeHHs mepmioro aroma B
peuriTIii 0OupaeThCsl BUMAJAKOBUM YMHOM, a HACTYITHI aTOMH PO3MIIIYIOThCS HA OCHOBI
HMOBIPHICHOTO MOKPOKOBOT'O CIIOCOOY BiJMIOBIIHO JI0 JIOBXKHHH 3B’ 3Ky Ta HE3aHHATHX
MICLIb Y KOMIpII.

VY crari By-bak (Vu-Bac) Ta in. [41] nouyatkoBy nonimMepHy ctpyktypy IIE Oyro
CTBOPEHO aHAJIOT14YHO MPOIEAYypl, ONMCaHOI B [45].

Y mpami bao (Bao) Tta iH. [42] BUKOpHCTaHO JApPYyrHil pPIBEHb JAeTaii3allii
MOJIEKYJIIPHOI CUCTEMHM ISl OTpUMaHHs nodaTkoBoi [1E cucremu y rpaHeneHTpoBaHii
KyOl4H1i Komipul 3 10 MOJEKyJISIpHUMH JaHItoraMu J0oBxkuHOK 1mo 1000 yacTuHOK 3
NepioIMYHUMHU TPAHUYHUMU YMOBAMHU JUIsl yCYHEHHS KiHIIEBUX edeKTiB. BilmoBigHO 10

merony UA koxna metwiieHoBa (CHz) a6o metmnbHa (CH3) rpyna po3rasgaerses sk
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OJIHa YaCTHHKA, 1110 MOXE 3a0IIaIUTH Bl TPETUHU OOUYUCIIIOBAJILHOTO Yacy MOPIBHIHO
3 mozemtto sisHOTO aroma EA. Ilpu npomy, mo6 yHukHyTH 36010 cuctemu I1E mix gac
MOJICJIIOBAHHSI Y€pe3 BHCOKE BHYTPIIIHE HAIpPY>KEHHS, MOYATKOBY WIUIHHICTH OYyIJIO
BCTaHOBICHO NpuOIM3HO Ha piBHi 0,5 r/cM?, m0 HabaraTo HIDKYE pPeagiCTUUHOL
niiapHocTi  IIE. Peamictmyna miibHICTS [IE  BCTAHOBMIOETBCA y  MOAANBIINX
po3paxyHKax MiJ 4Yac BPIBHOBAKEHHA IIOYAaTKOBOi cucCTeMHu. Po3mip mnouaTkoBoi
KyOi4HOT KOMIPKH BIAMOBIZHO 1O TOYAaTKOBOi MIUIBHOCTI CTaHOBUB MPHOIU3HO
80,06x80,06x80,06 A3.

Y mpami  Amipo (Yashiro) Ta iH. [62] omucaHO TIPOIEC CTBOPCHHS
HaHOCKomiyHOrOo 3paska IIE s BUKOHAaHHS IOCTI/DKEHb KPHUBOI HAINPYKEHHS-
nedopmailisi MiJ Yac OJJHOBICHOTO pO3TArY, pPO3MIpaMH: TapajielibHa 4YacTHHA
JTOBXKUHOIWO 50 HM, KBaJpaTHUN NONepedyHUil mnepepi3 26xX26 HM, 30HU MaTpPOHA
TOBIIMHOIO 5 HM y BEpXHi 1 HIDKHIN YacTuHI 3pa3ka. J[Jis 3amoBHEHHsS 00’ €My 3pa3ka
3actocoBaHo airoput™M Moute Kapio, piBeHb AeTanmizalii MoiekyisapHoi cuctemu UA
Ta JOJATKOBI OOMEXKEHHS JJIs1 OTPUMAaHHS TOBIUX JIAHIIOTIB 3 ToHa  S00 METHICHOBHX
rpyn. Y pe3ynapTaTi OTpUMaHO WIUIBHICTH 3paska [IE, mio BignmoBigae MacoBid
mineHocTi [IBT — 0,87 r/cm®. IlouatkoBa CTpyKTypa BKJIIOYae 3542 BHIMAIKOBHX
naHIoxkKiB, 500—1500 yacTUHOK Ha JAHLIOT 1 3arayibHy KUIbKICTh 1 984 434 yacTUHOK.
Jly’)ke KOpOTKI JIaHLIOTH, SIKI 3a3BMYail CIOCTEPIraloThCsl B peaTbHUX IMOJIMEPHUX
Marepiajiax, yCyBalOThCSl, OCKUIbKH 11€ JOCHIIKEHHSI 30CEPEIKYEThCA Ha MOBEIIHII
JIOBT'MX, MACHBHHUX MOJICKYJISIPHUX JAHITIOTIB. TaKoXK BiICYTH1 JAHIIOTH, 1110 3 €JHYIOTh
BEpPXHIN 1 HUKHIA MATPOHMU, TOMY JIAHIIOTH B 00JAcTI MaTpoHAa MAalOTh CBOI KIHII B
KOpImyci a00 Ha MOBEPXHi.

VY mpami Cinrxa 1 Kymapa (Singh & Kumar) [51] HaBegeHo omuc mpoienypu
CTBOpPEHHSI aTOMICTUYHOI CTpykTypu HaHokommno3uty BHT-IIE. Cmowatky Oymo
CTBOpEHO e€auHui JaHIor mosekynu [1E, mo cknagaerses 31 100 monomepis (—CHz—) 1
nepBuHHI Ta ¢yHKmioHanmizoBani BHT (xipampae kpicmo (5, 5) 1 3ur3ar (9, 0)), mo
MalTh OJHAKOBUH [laMETp Ta BUKOPHUCTOBYIOTHCS SIK 3MIIHIOIOYHN HAIIOBHIOBAY
HaHokommo3uTy. DyHkuioHamizoBani BHT crBoproroTeest 3a gomomororo 1 %, 3 % 1

5 % (yHKII0HATBLHOCTI, OTPUMAHOI BUIAJKOBUM MPUETHAHHIM BIAMOBIAHO S5, 13 1 22
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MOJICKYJ Tpynu KapOoHOBOi kuciaoTu jo mnoBepxHi BHT. Jami nna moOynoBu
atoMmicTuuHOi Mozeni HaHokomno3uTy BHT-IIE criouarky BHT po3miiytoTs y neHTpi
eJIEeMEHTapHO1 KOoMipkH, a jaHitoru [1Ejp0 BUMagkoBUM YMHOM yHakOBYIOTh HaBKOJIO
BHT nm1s mocsarsesHs 1inpoBoi mwijisHoCTI 1,0 1/em?.

Y crari Pomanoca (Romanos) Ta iH. [54] 3a nmomomoror amopdHOro
HAIMlOBHIOBa4Ya CTBOPEHO MOJIEKYJISIPHI CHUCTEMH JBOX BUIBHMX MOHOJMCIIEPCHUX
miuiiaux TIE mmiBok. Jlns mopemtoBanHst nanimoriB I1E sk mocmimoBHOCTEN Kylbok
CH> Buxopuctano npeactasieHHs Mmoaeiab UA ta cuioe moje TraPPE. Koxxna rtiBka
ckiaganacs 3 2000 o0'ennanux atowmiB. I[miBka 3 HU3BKOI MOJIEKYJSIPHOK MAacOKO
mictmina 10 manmroriB 3 200 00’eqHaHMMH aTOMaMH Ha JIAHIIOT, a IUIIBKA 3 BHCOKOIO
MOJIEKYJIIPHOIO Macoro MmicTuia 5 nanioriB 3 400 06’€JHaHUMU aTOMaMH Ha JIAHITIOT.
VY nomnepeyHUX HampsIMKaX BUKOPUCTOBYBAJIMCS MEPIOAUYHI TPAaHUYHI YMOBH.
[Tonepeunuii mepepi3 MIIBOK y IIUX HAMpsIMKax CTaHOBUB 3,66%3,66 HM, 110 MPU3BEIO
JIO TOBIIMHH 7,32 HM Miciist 00’ €IHAHHS IUIIBOK.

VY3araibHeHUH Ta aBTOMATHU30BaHUH MPOIEC MOOYTOBH MOIIMEPHOT CHCTEMH Yy
BeO-pecypci CHARMM-GUI Polymer Builder onrcano y npami Yoi (Choi) ta in. [21].
Hapasi Polymer Builder [21, 25] Hamae MOXIHMBICTh BUKOPUCTaHHS moHAT 60 pi3zHHX
MOHOMEPHHX CTPYKTYp Ta IXHIX XIMIYHUX Monu(ikalliii, Ja€ MOKIUBICTh CTBOPCHHS
JIBOX PIBHIB JIeTaji3allii MOJICKYJIpHOI cucTeMu: siBHOTO atroma EA 1 rpybo3epHucTOl
moneni CG. Polymer Builder BukopucroBye rpadiunmii iHTepdeiic KopucTyBada
(graphical user interface (GUI)), mo m03BoJisse KOpUCTyBauaM JIETKO IEPEBIPATH Ta
MPOEKTYBATH TMOJIMEPHI TMOCHIIZIOBHOCTI 3 PI3HUMU KOMOIHAI[IIMM MOHOMEPHHX
CTPYKTYp, BKa3ylOUH KiJIbKICTh IOBTOPIB KOXKHOTO MOHOMEDY.

[licns moOynoBM JAHILIOTA OyAb-SIKOTO TMOJIMEPY HEPIBHOMIPHO 3aiiMaroTh
npoctip y komipii st M1 MosientoBaHHs 1 OBHA MOTEHIIIMHA €HEepris CUCTEMHU JaeKa
BiJl CTaHy piBHOBaru. Tomy /i JOCATHEHHS CTaHy PIBHOBAru IMOJIMEPHOI CHUCTEMU
BUKOHYEThCS 11 BpIBHOBaXKeHHs. lIpouenypa BpIBHOBaXXEHHS € JOCTAaTHHO TPHUBAIUM
IpoIecCOM 1 mepeaye MmpoaykKTuBHOMY MJI MonenroBaHHIO Ta MOXKE BKIIIOYATH Taki

CKJIJIOB1: MIHIMI3allif0 TTIOBHOI IMOTEHIIIMHOI €Heprii CHCTeMH, BUKOHAHHS KaHOHIYHOTO
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NVT Ta i30Tepmo-izob6apuunoro NPT ancam6i1iB BpiBHOBa)XXEHHSI, & TaKOX 3a MOTpeOu
Biaman 3 BUkoprcranHaM ancamo6ito NPT. PosrisaeMo aesiki 3 HUX OUTBIIT JETaIBHO.

JIist BpIBHOBaXXEHHSI MOJIEKYJSIPHUX CTPYKTYp TaKoX fAK 1 Juisi 1oOya0BH
BUKOPUCTOBYIOTBCA PI3HI MNPOrpaMHi MNPOAYKTH 3 PI3HMMH BaplaHTaMu peJiakcarii
CHUCTEM, JI0 SKUX, HAIIPUKIIAJT BIAHOCATHCS: BUTLHO BIIKpUTI porpamui kogu LAMMPS
[26], 1 GROMACS [28], komepiiitHe nmporpamHe 3abesneueHHs Materials Studio [23]
TOILIO.

Y mpami Jlekepca (Deckers) Ta iH. [46] BHUKOpPHUCTAaHO BIJBHO BIJKPUTHIMA
napajienpHuid nporpamMHuid kox LAMMPS [26] nns BpiBHOBaKEHHS MOJIEKYJISIPHO1
cuctemu [IE 3 BukopuctanasMm cuioBoro mois Dreiding. Crodatky aToMaMm CHUCTEMU
OyJ10 MPUCBOEHO MOYATKOBI MIBUJIKOCTI MIJITXOM BHUIIAJIKOBOT'O BUOOPY 32 HOPMAIBHOTO
3aKOHY po3nojaury 3a Ttemmneparypu 55 K. Jlami atomicTuHa cucteMa Oyna IijijlaHa
1300apHo-130TepmiyHomMy (NPT) ancam6Gmio 3a temmepatrypu 55 K it Tucky 2 Oap
npotssrom 30 mic. Ilotim cucremy HarpiBaimu a0 550 K y KaHOHIYHOMY 130XOpHO-
13orepmiunomy (NVT) ancamOii i mami BpiBHOBakyBanmu 3a Temmeparypu 550 K i
TUucky 1 6ap mpotsrom 550 nic, BukopuctoBytoun NPT ancamb6isb. [licns nporo cucremy
MOBLILHO 0X0JIOpKyBany Bif 550 K 1o moTpibHoi Temneparypu moaemoBanHs (300 K)
npotssrom 5000 mc mig ancamOiem NPT, mo0 3HATH BHYTpINIHI HANpyKCHHS.
[IBuAKOCTI OXOJIOMKEHHSI OyJIM CKOPUTOBaHi i cTBOpeHHs nmoyatkoBux [1E cucrem 31
miaeHicTIO 0,923, 0,924, 0,925 Ta 0,926 r/cm?, Bigmosiguo. Hapemri, ITE cucrema Gyiia
BpiBHOBaKeHa 3a jomnomoroto NPT ancamOmio mpotsrom 500 1ic 3a moTpiOHOT
TEMIIEPATYPHU.

Jlns BpiBHOBaxkeHHs1 cucteMu [IE B crarti By-bak (Vu-Bac) ta in. [41] Takox
BUKOpPUCTOBY€EThCS Ko LAMMPS [26] misixoM BUKOHAHHS TAaKKX YOTUPHOX KPOKIB: Ha
nepmomy — crpykrypa I1E BpiBHOBaxkyeThest 32 T=500 K mpotsrom 10° qacoBux KpoKiB
( At = 1 ¢c) 3a momomororo tepmocrata Hoce-I'yBepa (Nosé-Hoover) (NVT); Ha
npyromy — 1o crpykrypu IIE 3actocoByerbcst Gapoctar Hoce-I'yBepa (NPT) 3a
temmeparypu 500 K i tucky 1 atm nporsirom 5x10° kpokiB 3a wacom (Af = 1 ¢c); Ha
TpeTboMy — cTpykTypa IIE oxonomkyeTscs 10 mOTpiOHOT TeMIepaTypH 31 MIBUIKICTIO

oxonomkenns 0,4 K/nc 3 Bukonanusm 5x10° kpokis 3a yacom (Af =1 ¢c).
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3a nanumu npani bao (Bao) Ta iH. [42] mouarkoBa cuctema I1E cnouatky Oyia
BpPIBHOBA)KEHA /IS JOCSTHEHHS HAWHMKYOTO €HEPreTUYHOrO CTaHYy 3 BUKOPHUCTAHHSM
kony LAMMPS [26]. Kanoniunuii ancam6mp NVT  3acTtocoByBaBcs A
BpiBHOBaXk€HHsI cuctemMu mpotsroM 10 mc 3a temneparypu 500 K. IlotiM cucremy
nigganu 1306apHo-izorepmiyHomy NPT ancamb6imio 3a temmnepatypu 500 K i tucky 1
O0ap mpotrsrom 250 mnc. [ns peryntoBaHHA THCKY BHKOPHCTOBYBaBCS OapocTaT
bepenncena (Berendsen) 3 i3oTpomHuM 3B'si3koM Tucky. Ilicms mporo cucremy
noBUILHO oxoJokyBaiu B 500 K no temmnepatyp (1 K, 100 K 1 250 K, BignoBigHO) 31
MIBUAKICTIO oxoJjomkeHHs 1 K/mc, mo6 3HITH BHYTpIITHI HaNpy>KeHHS i aHcaMOemM
NPT. Cucremy oCTaTo4yHO BpIBHOB@XYBaJIHM 32 MOTPIOHUX TeMIIEpaTyp MpPOTITOM
npubauzHo 250 mic, BukopuctoByroun aHcamOib NPT, noku TOUHICTH KOHBEpreHIIil
MOTEHIIMHOT €HEePrii Ta MIUIBHOCTI CUCTEMHU HE JlocATaja Harepes] 3alaHuX 3HAYEHb.

[Ipouienypa BpiBHOBaXXKEHHS ejeMeHTapHOi koMmipku HaHokommo3uTy [IE-BHT B
cratti Ciarxa 1 Kymapa (Singh & Kumar) [53] Takox BHKOHAaHA 3 BHUKOPHCTAHHIM
napayiensHoro kony MJI-LAMMPS [26] 13 3acTtocyBannsm cuitoBoro noist PCFF. Ilpu
[bOMY TIEPIOJINYHI TPAHUYHI YMOBH 30€pirajiucs B3JI0BXK HAMPSMKIB OCEH X 1 ), TOJI SIK
HENepioANYHI TPaHUYHI YMOBH 3aCTOCOBYBAJUCS B HAMpPSIMKy z (TOOTO 30irammcs 3
Biccto BHT). Cniouarky norenuiitna enepris Hanokommosuty [IE-BHT minimizyBanacs
3a JIOMOMOTOI0 METOJY CIHPSIKEHOTO TPaJliEHTa, a MOTIM JUIsl JTOCATHEHHS IUIbOBO1
HIUTBHOCTI MO0 €JIEeMEHTapHa KOMipKa MOCTYIIOBO CTUCKAJIAcs (TUIBKHM B HaNpsIMKax X 1
y) BiJ moyaTkoBHX po3MipiB 63x63 A no minbosux — 50x50 A. Ha koxHOMYy Kpori
nporeaypu BpiBHOBakeHHS atomMiB BHT y nanokommnosuti IIE-BHT 3naxomwnmcs B
3aMOpOKEHOMY CTaHl, ToJl AK atomu JaHmioriB IIE mnepemingyBanucs BcepenuHy
IIJIbOBOI ejeMeHTapHoi KoMipku. Ilicis nporo Hanokommo3ut [1E-BHT BignamstroBaBcs
1o temnepatrypu 600 K 3a 50 nc, a nmotim oxosioxyBaBcs 10 temnepatypu 1 K 3a 200
nic 3a nonomororo Tepmoctata Hoce-I'yBepa y kanoniuHoMy ancam6Omi NVT. Hapemri,
Oapoctar bepenacena (ancam6mp NPT) BUKOpPHCTOBYeTbCS [JIs1 BPIBHOBA)KEHHS
Hanokomnosuty [IE-BHT 3a temneparypu 1 K i1 Tucky 1 atm B HanpsiMkax oceut x Ta y
npotsirom 100 ric, 1 atomu BHT 3BiunmbHsumHCS BiJ OyIb-SIKUX 0OMEXKEHB, 1100 00’ €M Ta

noteHuiHa eHepris HaHokoMmo3uTy [IE-BHT O6ynu cTabinbHUME Ta BpiIBHOBaKEHUMH.
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OcraroyHa BpiBHOBa)K€Ha MIUIBHICTH mojiMepHOi Marpuili craHosmia 0,90 r/cm?, 1o
Binnmosigae excnepuMentansauM gaHuM  (0,85-0,95) r/cm®. IloxmiOHa mpoueaypa
MOBTOpIOBaiacs [l CTBOPEHHS BPIBHOBAKEHUX CTPYKTYpP HAHOKOMIIO3UTY 3a
temriepaTyp 3araptyBanss: 100, 200, 300 1400 K.

VY nocnimkennsx npami Amkopi (Ajori) Ta iH. [58] Bukopuctano konx LAMMPS
[26] nns BpiBHOBaXkeHHs atoMmicTuuHux cucteM BHT/IIE 3 xoBajleHTHO NMpueIHAaHUMU
(byHKI[IOHaTPHUME TpyniaMu. J[71st o09YrCIeHHsI aTOMHUX B3a€MOJIIN Mk yciMa aTOMaMu
C 1 H 3acrocoByethcsi cuioBe mnone AIREBO. BpiBHOBakeHHsa (penakcarlis)
JOCIIIIKYBAaHUX aTOMICTUYHUX CHUCTEM BUKOHAHO 3a (ikcoBaHoi Ttemmeparypu 300 K
npotsarom 100 mc 3 kpokom iHTerpyBaHHs 3a yacoMm 0,1 ¢¢ 3a 1OMOMOTO0 aITOPUTMY
tepmoctara Hoce-I'yBepa Tta ancamOato NVT (mocTifiHa KUIBKICTh MOJIEKYJI, TOCTIHHUN
00’em 1 mocTiitHa Temmeparypa). Lleir mporec, sk BkazaHo B [58], mpuU3BOAWTH 110
BPIBHOBA)KEHO1 CTPYKTYPH 3 MIHIMAJIbBHUM CTaHOM €HEPTii.

VY crarti Jlekepca (Deckers) ta iH. [46] nponeaypa BpiBHOBaXEHHSI CTPYKTYpPH
[1IT BukoHyeThCs y IporpamMmHoMy cepenoBuiii Materials Studio [22] 3 BUKOpUCTaHHSIM
monayns «Forcite Plus» 1 cunoBoro nons COMPASS III. Cnouarky ctpykrypu 111
HiaIar0ThCs BpiBHOBaKeHHIO TIpoTsaroM 100 ric B ancam6i NVT 3a pisHHX TeMIiepaTyp.
[Totim xomipku IIII mpoxondars HOAATKOBY MpoOLEAypY BIANANy, IO CKIATAETHCS 3
II’SITU LHUKJIIB HarpiBaHHSA Ta OXOJIOJDKEHHS IS IMOJAJIbINOI pelakcallli BHYTPIIIHIX
HarnpykeHb B ancamOi NPT 3a tucky 0 I'Tla. KoxeH UK cKi1amaeThes 3 TPhOX CTaIii
HarpiBaHHS Ta OXOJIO/XKEHHS Ha 1HTepBasli TeMrepaTtyp noHaa AT = 50 K, koxxHa 3 sikux
Mmae TpuBaiictb 100 de.

[Ipouienypy BpiBHOBaXXEHHS CTPYKTYp YMCTOro noJiizonpeny (polyisoprene (NR))
Ta HAHOKOMIIO3UTY Toiiizonpen-rpaden (polyisoprene/graphene nanosheet (GNS/NR))
y npami Max0Oy6a ta Icmama (Mahboob & Islam) [48] Tako BUKOHAHO y TPOTPaMHOMY
cepenoBuili Materials Studio [22], ame 3 cumoBum notem COMPASS II. Cnouatky
Oyna mpoBefeHa mpolleaypa MiHiMi3alii TOTEeHIIHHOT eHeprii MoOyA0BaHUX CTPYKTYP
METOJI CIpsDKEHOTO TpasmieHTa (conjugate gradient method). Ilpm oMy TOYHICTH
KOHBEpIreHIi eHeprii CTaHOBMJIA CEPEeIHbOKBAPATUYHOTO 3HAYCHHS

0,00001 xkan/monb, a TOuHicTh KoHBepreHmii cumu — 0,0001 kxan/mons/A. 1106
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MIJBULIUTH  TOYHICTh PE3YJNbTATIB  MOJIEIIOBAHHS, Mojaeli Oyiu  J0JaTKOBO
BPIBHOBAXKEHI IIJISIXOM BUKOHAHHS I1'SITH IMKIIIB MOJIEIIOBaHHS BiANaly B Jiana3oHi
temriepatyp Bix 150 K no 350 K. JIBi cuctemu Oynu mijijJaHi KAHOHIYHOMY aHCaMOJIIO
NVT npotsarom 50 nc 3a pi3HUX LUTbOBUX TemmepaTyp. llicias MoaentoBaHHS KUTBKOX
IUKJIIB BIANAITY 32 BUCOKMX 1 HU3BKHUX TeMIIEpaTrypax JIBl CTPYKTYpU MOJEKYJISIPHUX
cucteM OyJnu J0JIaTKOBO po3ciialieHi, a iXHI KoHGIrypallii NpuBeieH! 10 cTaOUIbHOTO
CTaHy 3 MIHIMQJIbHOI JIOKAJIbHOIO eHeprieto. Hapemiri, nB1 cuctemMu Oynu IijijlaHi
1300apHo-130TepmiyHOMy aHcaMmOit0 NPT 3a temnepatypu 298 K #t tucky 101 Klla 3a
KpOKy iHTerpyBaHHS 3a 4acoM 1 ¢c. OcrtaTouHi misbHOCTI Mojeneit yuctoro NR i1
komno3uty GNS/NR cramosumu 0,897 r/em® i 0,959 r/em® BignosigHo, 110
y3TOJIKYETHCS 3 EKCIIEPUMEHTOM.

V¥ crarti Pomanoca (Romanos) Ta iH. [54] nns BpIBHOBaKEHHSI MOJIEKYJISIPHOL
CTPYKTYypH ABoIapoBoi 1utiBku [II1 BUkopucTaHo BIIbHO BIAKPUTUN MPOTPAMHUN KOJI
GROMACS [28]. ITicns o6’ennanns npox rutiBok [1I1 6yna npoBenena MiHiMizalis ix
NOTEHIIIIHOI €HepTii 3 BUKOPUCTAHHAM MOBHUX TPUBUMIPHUX MEPIOAUYHUX TPAHUYHHUX
ymoB. [lotim npoBoauiiocs: BpiBHOBaxkeHHs B aHcamOuti NPT 3a 350 K 1 1 6ap npoTsirom
2 Mkc. lleli yac mMojeNOBaHHS JOBIIMM 3a HAWIOBIIMK Yac peakcaiii 000X IUIiBOK,
ockuibku 115t Ciooo 3a Temniepatypu 340 K gac penakcartii ctaHoBUTH 0u1st 550 HC.

XapakTepHi pe3yslbTaTh MOOYJOBH BPIBHOBAXKEHUX AaATOMICTUYHUX CHCTEM

HaBEJCHO Ha puc. 1.5, 1.6.

Pucynox 1.5 — Monekymsipai moaeni (a) npumierieHoro Hanokommno3uty OBHT/TIET

Ta (0) xoBanenTHoro memieHns Mixk OBHT 1 T1ET [52]
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Pucynok 1.6 — TunoBuii 3mmTuil enokcuaHUM JgaHIor (a) 1 amopdHa komipka (0), 1o

ckianaerbes 3 30 eMOKCHUIHUX JTAHITIOTIB [64]

VY mpami Banra (Wang) ta 1. [63] 115 moOya0BH 1 BpIBHOBaYKEHHS MOJIIMEPHOI
ctpyktypu oisiromepy IIET BukopucTtaHo mporpamMHuil KOJ aBTOPCHKOI pO3pOOKH Ta
MOJEb TOTEHLIAy aHI30TPOMHOro 00’€ITHAHOrO aroMa. YCi aTOMU MOJIEKYJIH
oniromepy I1ET npencraBneHo siBHO, 32 BUHATKOM BOJIHIO, SIKUH 3B'sI3aHO 3 BYTJICIIEM.

TakuM 4MHOM, AJTOPUTMHU MOOYIOBH 1 BPIBHOBAXKEHHS IMOJIMEPHHUX CTPYKTYP

MOXKYTb 3HAYHO BIJPIZHATHCS MK COOOIO.

1.6 Pe3yJbTaTil MOJIEKYJISIPHO JTMHAMIYHOT0 MO/I€TIOBAHHS

Posrnsitnemo pesynbratd MJ[ MonentoBaHHS TMOJMIMEPIB Ta KOMIIO3UTIB Ha iX
OCHOBI 3a TakMMH THUTIaMU (I3MYHUX BIIACTUBOCTEH: Teruiodi3uyHi (TemiepaTrypa
CKITyBaHH#, KO€(II[IEHT TETUIOMPOBIAHOCTI, MacoBa 1300apHa TEIJIOEMHICTh, KOS(IIIEHT
TEPMIYHOTO PpO3LIMPEHHS), MEXaHIYHl (TEXHIYHI TMpYyKHI KOHCTAHTH — MOAYJ
npyXHOCTI 1 3cyBy, KkoedimieHT Ilyaccona (Poisson)), peonoriuni (NIpyXHICTb,
IJIACTUYHICTh, MIITHICTb, B SI3KICTh, MTOB3YYICTh, PEJIaKcallisl HAIPYKEHb), TPUOOIOTIUH1
(koeditieHT TepTs 1 MBHAKICT, CcTHpaHHs). OpHak, Takud moALT  (PI3HIHUX
BJIACTUBOCTEH MaTepiayliB He € €auHo MoxJBUM. Hampukmnan, y mpami bexpysa i1
[loxydapa (Behrouz and Shokuhfar) [64] dizuko-XiMidH1 BIaCTUBOCTI MOAISIOTHCS Ha
Taki: TepMOJAMHAMIYHI (TYCTHHA, TOTEHIIiHA EHEepris, CHTaJbIlisl, TEIUIOEMHICTD,

130TepMiYHa CTUCIUBICTb, KOE(QILIEHT TEIJIOBOTO PO3LIMPEHHS), TPAHCIOPTHI
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BIAcCTUBOCTI (kKoedimieHT camonudy3ii, KoedIlieHT AMHAMIYHOI B’SI3KOCT1, KOE(IIIEHT
TEIUIONPOBITHOCTI), CTPYKTYpHI (MapHi KopensmiiHi (QYyHKINi, Mepeka BOJIHEBUX
3B’SI3K1B, pajilyc 00epTaHHs JIAHITIOTa, BIACTaHb MK KIHIISIMH JIAHITIOTA).

OxpimM (i3UYHHUX BIACTHBOCTEH 3HAYHUUN MPAKTUYHUNA 1HTEPEC TaKOX MOXKYTb
OPEJCTaBISITH JOCHIIPKEHHS IMPOLIECIB KpUCTami3alii, CHHTE3Y Ta pO3KJIaJaHHS
NOJIIMEPHUX MaTepiaiiB 3 BUKOpUCTaHHAM M/l MoientoBaHHS.

BpaxoByroun 3Ha4UHYy CKJIAQIHICTh PO3IJISITHYTHX METOAMK Ta aiaroputmis MJI
MOJICJIOBaHHSI Ta iX BiplaJbHUI XapakTep MNPAKTUYHY IIHHICTh TaKOX MOXKe

NPEACTABIIATH iX BepuDIKaIis.

1.6.1 Tennoghizuuni eracmusocmi

Temneparypa ckiayBaHHS moJiiMepiB 1, JOCHIDKYeEThCSs y OaraThoxX 3
PO3TIISTHYTUX HAyKOBUX mparix [46, 47, 50, 53, 64—68], OCKIIbKH 110 BEIUIUHY MOXKHA
OTPUMATH Ha €Tall BPIBHOBAXEHHS 3a JAHMMHU MOJENIOBAHHS BNy MOJIMEPHOI
CHUCTEMHU (HANpUKIAZ, OXOJO/PKCHHS Ha IHTEpBaJl TEMIIEpaTyp BiJ PO3IJIABY JI0
TBepAoro crany) mig ancamOieM NPT Ta BukopucroByBatm mansi Bepudikarii
OTPUMYBAaHHMX pE3yJbTaTiB. Temmeparypa CKIYBaHHS CIIYXUTh HUKHBOI TPAHHIICIO
poboyoi TemriepaTypu MOJIMEpPY Ta BiIOOpa)kae CTIHKICTh Marepiany 10 HHU3bKHX
temriepatyp. Jlns BusHaueHHS 7Ty BUKOPHCTOBYETHCS TEMIIEPATypHI 3aJCKHOCTI
HIUTBbHOCTI, 200 mUTOMOro 00’eMy, a00 00’e€My pO3PaxyHKOBOi KOMIPKH, 10 SIKUX
3aCTOCOBYETHhCSl CETMEHTOBaHa JIiHIWHA perpecis. Touyka mnepeTuHy OTPUMAHHUX
JTHIAHUX QYHKINA, 0 BiAMOBIAA€ 3MiHI HaxXwiIy rpadika, € IIyKaHOK TEeMIIepaTypOr0

ckiryBaHHs (puc. 1.7).
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Pucynox 1.7 — Jlo Buznauenns 7, Hanokommno3uty GNS/NR [47]

JlocipkeHHs TETUIONPOBIAHOCTI A HaBeieHo y npaiisix [47, 58, 63, 69]. Ilpuuomy
B npaimi Banra (Q. Wang) ta iH. [63], OKpiM TEmIONpOBiAHOCTI TaKOX BUKOHAHO
JOCTIPKEHHSI TAKUX BJIACTHBOCTEH SIK MAacOBOI 1300apHOi TEIUIOEMHOCTI, KoedilieHTa
TEPMIYHOTO PO3IIMPEHHS Ta 0aratboX 1HIINX, 110 BIAHOCATHCS O TEPMOJAMHAMIYHUX,
TPAHCIOPTHUX Ta CTPYKTYPHUX BIACTUBOCTEN MaTepialliB.

Pesynbrat  gochijpkeHHS  TEIUIONpoBimHOCTI  HaHokommo3uTy  GNS/NR
npeAcTaBieHo B crarri Bawmra (Z. Wang) Ta in. [47]. Jna BuU3HAYEHHSA
TEIUIONPOBITHOCTI ~ BUKOPUCTOBYETHCA ~ METOJI  MOJICJIIOBAHHS ~ HEPIBHOBAXXHOI
MOJIEKYJIIpHOT JAWHAMiKH, 3acHOBaHUM Ha 3akoH1 Dyp’e (Fourier). Ilokazano, 110
JOJIaBaHHSI JTUCTIB rpad)eHy 301UIBIINIO BeTUUrMHY A MaTpuili Mmatepiany 3 NR Ha 59 %.
Ile noB’s3aH0 3 TuM, WO goxaBaHHs GNS 10 BHYTpIIHBOT 4yacTMHM Matpull NR
MIJBUIIYE BIOPSIKOBAHICTh 1 CTPYKTYpPH, MPHU3BOJUTH 10 30UIBIICHHS CEPEIHBOTO
BITbHOTO Jiama3oHy audys3ii (OHOHIB Ta OclabieHHs X PO3CIIOBaHHA, 1 TUM CAMHM
M1JBUIY€E KOSPIIIEHT TEIIONPOBIAHOCTI yciel cuctemu Matpuiii NR.

Y crarri Amxopi (Ajori) Ta 1H. [58] TakoX MPEACTaBICHO IOCIIIKEHHS
TEIUIOMPOBITHOCTI MOMEPEYHO-3MMUTUX (PYHKIIIOHATI30BAaHUX BYTJICIEBUX HAHOTPYOOK
3a ¢izuunoi ancop6uii IIE nanmrorie B cucremi BHT/IIE, mo mnpoBeneno 3a
nornomororo M/ MmonemroBanHs Ha 0a3i metomy Mriomnepa-Ilneiita (Muller-Plathe). Jlns
KOMIJIEKCHOTO  JOCHIUKCHHS ~ BUKOPHUCTOBYIOTHCS  KOBAJIEHTHO  TPHETHAHI
GbyHKIIOHATIBHI TPYNU 3 JBOMA THUIIAMH MIa0JOHIB PO3IMOALLY, a caMme 3ICTaBJICHI Ta

3aropayTi koH(iryparii. Bcranosneno mo BHT/IIE mae MeHmry TemionmpoBigHICTH
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nopiBHsiHO 3 BHT. KpiMm Toro, nmoka3ano, o TeIIONpOBIIHICTh (PYHKIIIOHATI30BAHUX
BHT 3menmyetbes uepe3 ¢izuuny copOuiro janmori I1E. 31 30u1bmeHHsIM MacoBOTro
BijicoTka (izuuno cop6oBanoro I1E y BHT/IIE TemnonpoBiAHICTh 3MEHIIYETHCS MIE
OlnbIIIe.

VY mpami Knenci (Clancy) Ta iH. [69] HaBeneHo pe3ynbratd MJI MojiemtoBaHHS
TEIJIONPOBITHOCTI HAHOKOMIIO3UTIB HAa OCHOB1 €MOKCHIHHMX MOJIIMEPIB 3aJE€XKHO BiJl
macoBoi yactku OBHT Tta minpHOCTI miemieHHs (pyHKIIOHAIBHUX TPy Ha MOBEPXHI
HaHOTPYOKU. [TokazaHo, 110 31 30UIBIICHHSIM BKa3aHUX MapaMeTpiB TEIUIOMPOBIAHICTh
HAaHOKOMIIO3UTIB 3HAYHO 3pocTae (B 4 — 16 pa3iB) MOPIBHSIHO 3 YUCTUMH €TIOKCUTHUMHU
MoJIiMEpaMHu.

VY mpamsx [63, 100, 102, 124-126] ans M]I MonentoBaHHS TEIUIONMPOBIIHOCTI
MaTepiajiB BUKOpPUCTaHO piBHOBaxHMI MeToa I pina-Kybo Ta fioro moaudikarii.

VY crarti Banra (Q. Wang) Ta iH. [63] nmpoBefeHO TOCHIIKEHHS A OJITOMEpIB
[1ET. Iloka3aHo, 1o oIiHka KoedilieHTa TeIUIONPOBIIHOCTI AK 3a iHTerpaiom [ 'pina-
Ky60 (Green-Kubo (G-K)), Tak i 3a Teopieto bpiarmana (Bridgman) € npubmm3aumuy,
ajie aloTh Pe3ybTaTH, sIKI MOTPAIUISIOTH Y J1ala30H €KCIEPUMEHTAbHUX JTaHUX.

VY crarti Kana 1 Banra (Kang and Wang) [100] 3a3naueno, mo meronx G-K Ha
ocHOB1 M/l MoJientOBaHHS € MIAXO0A0M, SIKUH IIMPOKO BUKOPUCTOBYEThHCA. BiH OB’ s13y€
TEIJIONPOBITHICTD 13 aBTOKOPEIAIINHOI0 (DYHKIIIEIO TEIJIOBOTO MOTOKY Y€pe3 TEOPEMY
nucunanii-QayKTyarii Ta Ma€e Taki epeBaru: ciaabka 3aJeKHICTh BiJ PO3MIpy CUCTEMU
Ta TOBHAa aHrapMOHIYHICTh. Bkazanuii Meron Moxke OyTH 3aCTOCOBaHUM SK JO
KPUCTAIIYHUX, TaK 1 JO HEBMIOPSIKOBAHUX CHUCTEM 13 JOBUIBHUMHU TeMIIEpaTypamu.
HaBeneno pesynsrat Ml MmoaenoBanHs pigkoro Ar i Si ta amopgroro Si Ha 6a3i G-K
METOAy 3a mepmmMu npuHnunamu. I[lokasaHo, 110 po3paxoBaHi 3HAYCHHS
TEIJIOMPOBITHOCTI  TOOpe  Y3TOKYIOTBCSA 3 TONEPEIHIMH TEOPETHUYHHMH  Ta
EKCIIEPUMEHTAILHUMU PE3yJIbTaTaMH.

Y mpami Kapbonwso (Carbogno) Tta iH. [124] mpenctaBieHo ¢GopMyTIOBaHHS
nepmmx npuHnumB Merony Green-Kubo, sxuii 1ae MOXIMBICTH TOYHO OIIIHUTH
(OHOHHY TEIUIONPOBIHICTH TBEPAUX HAIIBIPOBIIHUKIB Ta 130JIITOPIB Y PIBHOBAXKHOMY

ab initio M]l wmonentoBaHHI. 3ampoNOHOBAHO VHIKaJIbHE ab initio BU3HAYEHHSA
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TEIJIOBOr0 TMOTOKY. [lokazaHo, 1m0 TOYHa 301LKHICTH PO3B’A3KY JOCATAETHCS 3a
MOMIPHUX OOUYHUCITIOBAJIBLHUX PECYPCIB 32 JOMOMOTOI0 HAAIMHO1, aCHMIITOTUYHO TOYHOI
cxemu ekcTpanoJsiii. [IpogeMoHCTpOBaHO MOKIMBOCTI 3aITPOIIOHOBAHOT METOJUKH Ha
NpUKJIaAl TEIUIONPOBIAHOCTI MaTrepialiB 13 HaJI3BUYalHO BHCOKOK Ta HHU3bKOIO
TEIJIONPOBIAHICTIO, a came Si (anma3zHa cTpyktypa) Ta ZrO> 3 TeTparoHajlbHOIO
CTPYKTYPOIO.

Crarta Jonpe (Dongre) Ta iH. [102] mpucBsiueHa MOPIBHSHHIO pe3yJIbTaTiB
3actrocyBaHHd Metony Green-Kubo 3 MeromoM TromMoreHHoi HEpiBHOBAaXKHOI
MonekyisipHoi  auHaMikd  (homogeneous non-equilibrium  molecular dynamics
(HNEMD)). Ha npuknami Si moka3aHo, 1o 00MaBa METOIU J00pE MPaIio0Th 1 Tal0Th
3HAYEHHSI TEIUJIOMPOBITHOCTI y MekaX MPUHHATHOI HEBU3HAYEHOCTI, aje Yy BUIAJKY
obuncnenns Bakancii metoq HNEMD wmae neBenuky nepeBary Hag metonoM G-K 3a
BUMOTaMHU /10 00YHCITIOBAILHUX PECYPCIB.

VY crarti Omniseitpa 1 ['pini (Oliveira & Greaney) [125] nokasaHo, 1110 OCHOBHUM
oKepesioM moMuiok Meroxy Green-Kubo € Te, mo (yHKIis aBToKOpensIii morpedye
TPUBAJIOTO YaCy YCEPEIHEHHS JJIs 3MEHILIEHHS 3aIMILKOBOTO I1ymy. Po3pobieno meton
KUTPKICHOT OIIIHKM HEBH3HAYEHOCTI TPAHCIOPTHHUX BIIACTUBOCTEH, OOYHMCICHUX 3a
nonomororo  ¢opmymoBanHs G-K, skui 3acHOBaHMN Ha BH3HAHHI TOTO, WIO
IHTETPOBAaHMUI IIYyM € BUIAJKOBUM OiiykaHHsaM. [lokazaHo, 1o MokHAa BHOpaTH Taki
YMOBHU IHTETPYBaHHS, W00 TIOAOJATH CHUCTEMAaTUYHYy TIOMIJIKY BIJICIKaHHS Ta
MIHIMI3yBaTH HEBU3HAYCHICTD IS 33JIaHOT'0 PO3IMOJILTY OOUHCIIOBAILHUX PECYPCIB.

VY npami Beit JIB 1 'enpi (Wei Lv and Asegun Henry) [126] po3pobieHo HOBHiA
METOJI JJISl TIPSIMOTO PO3PaxyHKY MOJATBHUX BHECKIB Y TEIUJIOMPOBITHICTh — MOJATbHUHN
anam3 ['pina-Ky6o (G-K modal analysis (GKMA)), sikuii MOKHa 3aCTOCOBYBAaTH J10
OyIb-SKOTO MaTepialy/Tpynmyd aToMiB, J€ aTOMH BiOpYIOTH BHACIIJIOK TIE€BHOTO
TEPMOTPY>KHOTO CTaHy HAaBKOJIO CTaOUIBHMX IIOJIOKEHb PIBHOBAru, IO BKIIIOYAE
HECTEX10METPUYHI CTIOJIYKH, BUMAAKOBI CIIaBU, aMOp(HI MaTepiaid Ta HaBiTh KOPCTKI
Mosiekyiau. [lokazaHo, 110 TPOTHO30BaHA 3aJEXKHICTh TEIJIOMPOBIAHOCTI  Bij
TeMIiepaTypu Hjsi amMop(dHOro KpemHito, oTpumaHa 3 BukopuctaHHiM GKMA,

HalKpalie y3roJKyeThCsl 3 eKCIIEPUMEHTAMU Ha ChOTOHIIIHINA JIEHb.
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VY crarti Banra (Q. Wang) Ta iH. [63] TakoX BHUKOHAHO JOCIIKEHHS MacOBOi
1300apHOi TemIOeEMHOCTI 1 KoedimieHTa TepmiuHoro posmupeHHs oiiromepiB [1ET.
Binomo, mo TepMoaumHaMiuHI BIACTHUBOCTI, IO BIAMOBIAAIOTh YACTHUHHUM TIOXIJIHHM,
TaKl sIK TEIJIOEMHICTh 3a MOCTIMHOTO TUCKY Cp 1 KOS(PIIIEHT TEMJIOBOTO PO3IIUPEHHS 0,
MOXXYTh OyTH pO3paxoBaHi 3a JIOMOMOTOI0 CTATUCTHYHOI TEPMOJAMHAMIKH, 3aCHOBAaHO1
Ha (Qaykryarisx B ancam6ii NPT. V [63] mis Bu3HaueHHsSI BKa3aHUX BIACTUBOCTEH
BUKOPUCTAHO LEHTPAIBHO CKIHYEHHO-PIZHEIIEBUM aHAJNOT YAaCTUHHHUX MOXIAHUX. J[s
BU3HAYECHHS MAacCOBOi 1300apHOI TEMIOEMHOCTI BUKOPUCTOBYETHCS CITIBBIIHOIICHHS
BUTJISITY

H(p.T +8)- H(p.T -
o, = 8)28 (p.7-¢) (1.29)

ne H — eHranbmisi; p — TuCK; 1 — aOCoONIOTHA TeMIEparypa; € — MPHUPOIICHHS
TEMIEpAaTypy, SKE€ BUOUPAETHCA TaKUM YHMHOM, 00 MOXHa OyJ0 OTpUMaTH
CTaTUCTUYHO JOCTOBIPHI BIIMIHHOCTI B €HTAJIbIII MK TOUKAMHU CTaHY.

KoeditieHT TepMIYHOTO pO3IIMPEHHS BU3HAYAETHCS aHATIOT14HO (1.29)

1 V(p,T+e)-V(p,T-¢)
o= 7 o.T) > : (1.30)

ne V' — 006’eM po3paxyHKOBOT KOMIPKH.
3a pesynbTaTaMH MOPIBHAHHSA [63] BCTAHOBIICHO, IO OTPHMAaHI 3HAYEHHS Cp 1 O

BI/IMOBIAAIOTHh €KCIIEPUMEHTATIBHUM JTaHUM.

1.6.2 Mexaniuni énacmueocmi

JIOC/DKEHHI0O MEXaHIYHMX BJIACTMBOCTEH ToMMepiB 3a gomomoror MJI
MOJICTFOBaHHs MpUcBsYeHO nparli [47, 48, 50, 52, 53, 64, 69-74].

JUIs OLIHKM MEXaHIYHMX BJIACTUBOCTEM MaTepiamiB 3 BUKOpHCTaHHSIM MJI
MOJICJIIOBAaHHSI MO>KHA 3aCTOCOBYBAaTH TPU OCHOBHI IMIJXOJM: CTaTUYHUHN (MiHIMI3aIlis
nocTiitHOT aedopmariii 3a cramoi Temneparypu 1 00’ emy mia ancamomem NVT) [47, 48,
64, 69], nuuamiuHUl (MOJIETIOBAHHS KPUBOiI HampykeHHs-aepopMmaiisi) [50, 53, 70] 1

nedopmartiinux daykryarii [71].
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CratuyHUN METOJl OLIIHKM MEXAaHIYHMX BJIACTHBOCTEH MarepiaiiB 0a3yeTbcsi Ha
y3aranpHeHoMy 3akoHi ['yka (Hooke), skuii ommcye TmOBeAiHKY Hampy>KeHHS-
nedopmailisi  JHIMHO-IPYKHUX MartepianiB [64, 69]. Toal KOMIOHEHTH TEH30pa
YETBEPTOr0 PaHry MPYKHUX KOHCTAHT MaTepially 3a cTajioi TemmepaTypu i aedopmarii

MO>XKHa BUPA3UTH 3 AudepeHIiaabHoi popmu 3akoHy ['yka y 4aCTUHHUX MOX1THUX

Couw =1 > (1.31)

ne o,.,i,j =13, €y,k,/ =1,3 — KOMIOHEHTH TEH30PIB JPYTOTO PAHTy HAMPYKEHHS i

nedopmariii, BiIOBITHO.
KommoHenTn  TeH3opa  HampyXeHHsS  BU3HAYAIOThCA  3a  BipiaJbHUM

CITIBBIIHOIIICHHSIM BUTJISITY

1 k k k ki Kkl
cy:_?; m ul.uj+zl:fi e, (1.32)

k k

ne V' — 06’eM po3paxyHKOBOI KOMIpKH; m* 1 u* — maca Ta IMBHAKICTh k-1 YaCTHUHKH,
BignoBinHO; /* — cuita, 3 KOO k-a YaCTUHKA JIi€ Ha [-y YacTHHKY; 7 — BijcTaHb Mix k-
10 Ta [-10 YaCTUHKaAMHU.

3 BHUKOPUCTAHHSM II€PEXOJly HAa IICCTUBUMIPHUNA MPOCTIP Ta BpaxyBaHHSIM
CIiBBIJIHOIIEHb cuMeTpii Doroiita TeH30p yeTBepTOro panry Cjwu TMEPETBOPIOETHCA HA
TEH30p APYTroro paHry po3MipHICTIO 6X6, a TEH30pHU APYTrOro paHry Gjj, €4 — Ha BEKTOPU
po3mipaicTio 6. Toxi piBHsaHHs (1.31) HaOyBae BUTISAY

olo. _
C = (o) g, j =16, (1.33)
8<8j> e

ne < > — BKa3y€ HA CEpEJIHE 3HAYCHHS BEJINYNHH.

Anroput™m BuzHaueHHs Cj; (MaTpHlll )KOPCTKOCT1) BKJIOYAe Takl etanu [69, 74].
[loyaTkoBa MiHIMI30BaHa, BPIBHOBa)XEHA Ta BIANAJICHA MOJICKYJISIpHA CTPYKTypa
pO3paxyHKOBOi ~ KOMIPKM 3a TI€BHOI TeMIeparypud IMOCHIJIOBHO  MiJIA€ThCS
nedopmyBarHio BenmnuuHO 0,3 — 5 %, mo Bkimodae 6 BuuiB BUNpoOyBaHb (3
OJIHOBICHUX JaepopMyBaHHS 1 3 aepopMyBaHHS YHUCTOTO 3CYBY) B IMO3UTHBHOMY 1

HEraTUBHOMY HampsiMKax (TOOTO pa3oM 12, OCKIJIbKH MOJEIIOIOTECS BUMIPOOYBaHHS Ha
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po3Tsr 1 ctuckanHs). [loTiM 3neopmMoBaHa CTpyKTypa 3 MEPIOAUYHUMH TPAaHUYHUMU
yMOBaMH BpiBHOBaxyeThcst B aHcamOiai NVT Bopomok g0 102 mc 3 Kpokom
1HTerpyBaHHs 3a yacoM | ¢c. HanpykeHHsl 1 KOXKHOIO HaIpsIMKy BUIIPOOYBAaHHSI
obuncoroThes 3a (1.31) Ta ocepeaHIOITHCS 3 BUKOPUCTAHHSAM JaHUX OCTaHHIX 3—10
IIC KpPOKIB 1IHTETpyBaHHA 3a 4YacoM. JIIs ocepelHEHHS ©; TaKOX MOXHa
BUKOPUCTOBYBAaTH METOJI HAaWMEHINUX KBaJpaTiB, SK Iie Oyno 3pobieHo B [69].
OcTaToyHE 3HAYEHHS HANPYXEHHS OTPUMYETHCS SIK CEPEIHE MIXK TO3UTUBHUM 1
HEraTUBHUM HampsMKamMu JaedpopMmyBaHHS oOAHOTO BuAy. KoMmIOHEHTH TeH3opa
NPYKHUX KOHCTAHT OTPUMYIOTHCSI 3 BUKOPHUCTAHHSIM CKIHUEHHO-PI3HMUIIEBOTO aHajora
yacTuHHOI moxigHoi (1.33) Ta BIANOBIAHMX 3HAYEHb HAIpPYKEHHA M Aedopmallii B
nepopMoBaHOMY i HeAepopMOBaHOMY (ITIOYATKOBOMY) CTaHax JJIsl KOXKHOTO BHJY
BurnpoOyBanb. Koedimientun Jlame (Lamé) A i | OOYMCHIOIOTHCS 3 BUKOPUCTAHHSIM
matpuili xxopctkocTi Cj; (1.33) 3a popmynamu [64]:
(1
A :g(CIZ +Cp3 + Cyy +Coy + Gy + Gy, )
1
A+2u :§(C11 +Cyy +Cyy ) (1.34)

1
n= §(C44 +Css + Ceg)

3B’SI30K MDK TEXHIYHUMHU TPYKHUMHU KOHCTaHTaMH 1 KoedillleHTaMu

JIaMeBCTaHOBIIOETHCS (POpMyIIaMu:

E:H37»+2u;
A+
V——}\‘ N
2(h+p) (1.35)
G =;
2
K=A+—p,
M

ne E — Moaynb npyxHoCTI; v — KoediuieHT [lyaccona; G — moayns 3cyBy; K — MOAYb
00’ eMHOT IPYKHOCTI.

[ToxiOHMiT 10 PO3IIIIHYTOTO QJITOPUTM Takoxk peanizoBaHo B LAMMPS [26] y
BUIVISIAI  TPUKJIAQAIB  CKPUITIB JUIsI  MOJENIOBAaHHS MEXaHIYHUX BJIACTUBOCTEHN

KPUCTAIIYHOIO MaTepiaigy — KPEMHIO.
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VY mpaui Banra (Z. Wang) ta iH. [47] HaBeleHO pe3yJabTaTH aTOMICTUYHOIO
MOJICITIOBAHHS MeXaHIYHMX BiactuBocTeld yuctoro NR Ta manokommo3uty GNS/NR.
Moayns mpyXHOCTI IUX MarepiaigiB OTPUMAHO 3 HAXWUJIy ONTHUMI30BAHOI KPHUBOI
HanpyXeHHsI-1edopMmartisi. Bcranosneno, mo Moaynb npykHocTi GNS/NR nopiBHsHO 3
yuctuM NR 30utemuBes Ha 110 %. Jlng mochipkeHHS MOAYJS 3CYyBY Ta MOIYJIsS
00’eMHOi mpykHOCTI HaHOKOMIIO3UTY GNS/NR, skmii MokHa BIIHECTH [0
TPaHCBEPCAIBHO-130TPOITHUX MaTepialliB AK 0araro iHIIMX KOMIIO3UTIB, apMOBaHHUX
BHT, Buxopuctano miaxiJi NocTiiHOi gedopmariii Ta BUKOHAHO iX OCEpeAHEHHS 3a
metogqom Ximna (Hill), abo meromom @oroiita-Peycca-Xinna (Voight-Reuss-Hill).
AHalli3 OTpUMaHUX JaHMX ToKazaB, 10 jgoaaBaHHs GNS pgo marpumi NR sk
apMyBaJIbHOTO MaTepiainy, NPU3BOAUTH JI0 MIJABUIICHHS MOJIYJS 3CYBY Ta MOJYJIS
00’ eMHOT TPy XKHOCTI HAHOKOMITO3UTY Ha 94,8 % Ta 110,1 %, BigmoBigHO.

Crarta Max0y6a 1 Icnama (Mahboob & Islam) [48] npucBsiueHa q0CIiIKEHHIO
MexaHIyHuX BiactuBocteid Hanokommno3uty OBHT-IIE 3 amopduoro TIE matpuriero.
3okpema, 3a gomomororo MJ[ monemroBaHHS AocmikeHO BIUMB nedektiB CtoyHa-
Bomneca (Stone-Walles (SW)) nHa Moayns mpyxkHocTi. Ilokazano, 1o MOIyJb
npyxHocti OBHT-IIE 3amexuts Big kimbkocTi SW nmedextiB, 31 301UIBIICHHIM
KUIBKOCTI SKHUX MOJYJIb MPY>KHOCTI HAHOKOMIIO3UTY BIAMNOBIAHO 3MEHIIYETHCS.
Oco0OnuBO 1€ CTOCYETHCS TMO3J0BXKHBOIO MOJYJSL TMPY>KHOCTI 32 00 €MHOT 4YacTKU
OBHT 61inb10i 3a 13 %.

VY crarri Cinrxa 1 Kymapa (Singh and Kumar) ta 11. [53] gocnixyeTbcs BILIUB
TeMIlepaTypd Ha MOIyJdb npyxHOcTi HaHokommnosuty IIE-BHT. Ha miacrasi
pesyabrariB - MJ[ MopemtoBaHHST 3pOOJIEHO BHUCHOBOK, IO HE3AJIEKHO  BIJ
TEMIIEpaTypHUX YMOB HaHOKOMMO3UT, apmoBanuii BHT Ouibmioi xipanbHOCTI (TOOTO
«armchair») HaHOKOMITO3HUT, Ma€ OUTBIIT BHCOKE 3HAYEHHS MOIYJISI TPYXKHOCTI. Takox
BCTAaHOBJICHO, IO 3a TemmepaTypu (ha3oBoro mnepexony (BiA CKIOHNOAIOHOrO [0
TYMOTIOJIOHOTO CTaHy) 3Ha4eHHs MoayiB mpyxkHocTi [IE marpurii, HaHOKOMITO3UTY Ta
HOro rpaHuili po3auly panToBO 3HMXKYIOThCS. Pesynbratu MJ] mMonentoBaHHsS CTatTTi

BepU(DIKOBAHO HA JAHWX, OTPUMAHUX 32 MPABUIIOM CyMillIe HA OCHOBI KOHTUHYYMY.
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[Ipamro Yasna 1 [Mlapma (Chawla and Sharma) [70] mpucBsiY€eHO BUBYEHHIO
BBy BUTATYBaHHS OBHT 3 marpuui I1E Ha MexaHiuHI BJaCTUBOCTI HAHOKOMITO3HUTY
OBHT-IIE. docnimkyBaHUMU MEXaHIYHUMU BJIACTUBOCTSMU OYJU MOAYJb MPYKHOCTI
Ta MibK(pa3He HampyxkeHHs 3cyBy. Ilokazano, mo y pasi BursaryBanus OBHT 3 IIE
marpuii Ha 10 A 1 50 A cnoctepiraerbes 3HUKEHHS MO3J0BKHBOTO MOJYJIS IIPYKHOCTI
HaHokommo3uty Ha 14,3 % 1 43,8 %, BIAMOBIIHO.

Y mpami bexpy3za i Ilokydapa (Behrouz and Shokuhfar) [64] mpoBeneno
aTOMICTUYHE JOCIHIPKEHHS TEXHIYHUX MPY>KHUX KOHCTAHTAHT IONEPEYHO-3IIUTHX
€NOKCUIHUX TOJIMEpIB 3 BUKOPUCTaHHAM pi3HUX cuiioBux noiiB: COMPASS, PCFF,
UFF  (Universal Force Field) 1 Dreiding. Pe3ynpratu mOpIBHSIHHS 3
EKCIIEpUMEHTAILHUMU JaHUMU 1oka3zaio, 1o noteHmiamu COMPASS 1 PCFF moxyTh
OyTH HaJ1MTHO BUKOPHUCTAHI JJI1 IPOTrHO3YyBaHHS MEXAHIYHHUX BJIACTHUBOCTEH IMOJIIMEPIB,
a UFF 1 Dreiding € BiTHOCHO MPUITHATHUMHU.

Crarta Kinenci (Clancy) Ta iH. [69] TakoXX HpHCBSYEeHA HAHOMACIITAOHOMY
MOJICJIFOBAaHHIO MEXaHIYHUX BJIACTUBOCTEH (MOAYJS MPYKHOCTI) PIi3HUX BHUJIB
€MOKCHJIHOI CMOJIU 3aJIEXKHO B1J TEMIEpaTypH 1 MacoBOi yacTKu Boau. Ilokazano, 1o 3
MiABUIICHHAM TeMIepaTypu Ta 30UIBIIEHHSM 4YacTKA BOJIM BEJIWYMHA MOJYJIS
MPYXHOCTI €HOKCUAHUX MOJIMEPIB 3MEHILIYEThCS.

VY mpami Cinrxa 1 Kymapa (Singh and Kumar) [50] nocmimkeno ehektu BIUIUBY
dynakmionanizamii BHT tumy «armchair» 3 xipamerictio (5,5), (9,0) 1 (10,10)
erwienaiamidoMm (ethylenediamine) Ha iXHI Tpy>KHI BJIACTUBOCTI. BCTaHOBIEHO, IO
HagaMmipHa ¢yHkuioHamizamisi BHT 3HauHO 3HMXKYye iXHI MEXaHIYHI BJIACTHUBOCTI, 1 1€
CJI1/1 BpaxOBYBaTH MiJ 4yac aHali3y ab0 NPOEKTYBAHHS HAHOKOMIIO3UTIB.

VY mpami Ykena (Zheng) ta . [72] Ha miacrasi Ml MmoientoBaHHs TOKa3aHo, 110
BIJINOBIHA (DYHKIIIOHAJI3allisl HAHOTPYOOK 3a HU3bKOI I'yCTMHHU ()YHKI1OHATI30BAHUX
aTOMIB BYTJICIIO PI3KO 30UIbIIy€e iX MDK(pa3HUN 3B’S30K 1 HAMPYKEHHS 3CYyBY MK
HAaHOTPYOKaMH Ta TOJIMEPHOIO MaTpHIICto, 1e Xemocopomis rpymamu —CsHs— (0 5 %
aTOMIB BYIVICHIO HAHOTPYOKM) 30UIbLIyE HANPYXEHHA 3CyBY (MOIYJIb 3CYBY)

npubauzHo Ha 1700 %. KpiMm TOro, me CBIIYUTH MPO MOMJIMBICTH BUKOPUCTAHHS
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GyHKIIOHATBHUX HAHOTPYOOK st €PEeKTUBHOIO 3MIIHEHHS 1HIIUX BHUJIB MaTepialliB

Ha OCHOBI MOJIMEPIB.

1.6.3 Peonoziuni enracmueocmi

JIOCII/DKEHHIO PEOJIOTIYHMX BJIACTUBOCTEH MOJIIMEpPIB 3a gomomororo MJI
MOJIEIIOBaHHs MpUCBsiYeHO npaii [41, 42, 45, 51, 62, 73].

VY mpausx [41, 42, 45] naBeneHo pe3ynbratd MJI MOneNtOBaHHS IUIACTUYHOL
nedopmariii MOJTIETUICHY MiJ 9ac BHMPOOYBaHb HA PO3TAT/CTUCKAHHS 3 MOOYIOBOIO
KpUBUX HampyXeHHa-gedopmariiss. Y mpami Yxana (Zhang) ta iH. [45] B ymoBax
OJIHOBICHOT'O Ta JIBOBICHOT'O HaBaHTaXXE€HHSI JOCJIPKEHO BIUIUB IIBHAKOCTI jJedopmartii
pO3TATY 1 MAacOBOi HIUIBHOCTI HA MEXaHIUHY MOBEIHKY Ta €BOJIIOLIII0 MIKPOCTPYKTYPH.
[TokazaHo, M0 AOTUYHUN MOMYJb 1 TPAHUIIS TEKYYOCTI, 110 BU3HAYAIOTHCS 3 KPUBUX
HarpykeHHs-nedopmariist (puc. 1.8), 1eMOHCTPYIOTh CUIIbHY 3aJICKHICTh BiJl PEKUMY
nedopwmariii, mBUIKOCTI Aedopmarliii Ta MacoBoi mIUIbHOCTI. OTpUMaHi pe3yJabTaTh
no0pe y3roJLKYIOThCS 3 JaHUMHU EKCIEPUMEHTAIbHUX BUIPOOYBaHb, BKIIOYAIOUU
MOBEAIHKY pPYWHYBAaHHS, SKa Ma€ IUIACTUYHY TMPUPOTY 3a HHU3BKOI IIBUIAKOCTI
nedopmMariii 1 KpUXKY 32 BUCOKOT.

Y crarri bao (Bao) Ta 1H. [42] mnpencraBieHO pe3yNbTaTH YHUCIOBOIO
JOCITIJIKEHHS TTOBEAIHKH aMOP(GHOTO TOIETHIEHY ITi/T Yac IUKIIYHOTO HaBaHTAKEHHS
Ha PO3TAT 1 CTUCKaHHS 3 BUKOpUCTaHHSIM mojeni UA. JlochipkeHo BIUIUB JTOBXKUHU
MOJIIMEPHOTO JIAHITIOra, KUTBKOCTI JIAHIIOTIB 1 mBUAKOCTI aedopmarrii. [TokazaHo, 1110
NeTl TICTePE3UCy, a TaKoXK B A3KO-NPYKHO-IJIACTUYHICTh TMOJIETUIEHY MpHU
UKIIIYHOMY HaBaHTa)XXEHHI, MPOTHO30BaH1 MJI Moje/IfOBaHHAM, SIKICHO Y3TOJDKYIOThCS

3 CKCIICPUMCHTAJIbHUMU JaHUMH.
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Stress (MPa)

Strain
Pucynok 1.8 — Kpusa nanpyxenns-nedopmaiis [1E, miamaHoro oqHOBICHOMY pO3TSTYy

3i mBHAKicTIO Aepopmarii 106 ¢!, i 3HIMKH KOH}Irypalliii y KpUTHYHHX TOuKax [45]

[Tpamo Cinrxa i Kymapa (Singh and Kumar) [51] mpucBsigueHo nociigKeHHIO
MDK(}a3HOT MOBEMIHKK (DYHKIIIOHAI30BaHOI BYTJIEIIEBOT HAHOTPYOKHU TMOJIIETHIIEHOBOTO
HAaHOKOMIIO3UTY 3a PI3HHUX TeMIeparyp 3a jomnoMororo MJ[ MoxentoBaHHA 3
BUKOPHUCTAHHAM Y3TOJKeHOTo cuioBoro mois Il mokominus. s BU3HAYEHHS €HEPrii
MDK(}a3HOT B3aeMO/IiT Ta MIDK(a3HOT MIITHOCTI HA 3CYB HAHOKOMIIO3UTY MPOBEACHO Pi3H1
BumpoOyBanHs Ha BucMmuKyBaHHsS BHT 3a pisHux temmepatyp y aianmazoni 1-400 K.
[loka3aHo, 10 [Js BCIX 3HAa4Y€Hb TEMIIEpaTyp 1 CTYNEHIB (YHKIIOHAIBHOCTI
XIpaJIbHICTh BYTJICIIEBOI HAHOTPYOKM Ma€ 3HAYHMM BIUIMB Ha €HEprito MiX{Qa3zHoi
B3a€MO/IIi Ta MiK(a3Hy MILHICTh Ha 3CYB HAHOKOMIO3UTY. BiagMiueHO panToBe naaiHHS
3HaUYeHHs eHeprii Mikda3Hoi B3aeMoAli Ta MiDK(a3HOT MIIHOCTI Ha 3CYyB
HAaHOKOMIIO3UTY 3a TeMIepaTrypH, OJU3bKOT 10 TEMIIEpaTypHu HOro CKIIyBaHHS.

VY mpami Ammpo (Yashiro) ta iH. [62] mis mposiCHEHHS MEXaHIYHOI MOBEIIHKH
MOJIEKYJIIPHUX JIAHIIOTIB B amopdHUX modimMepax 3aiicHeHo MJ mojentoBaHHsS Ha
HAHOCKOMIYHOMY 3pa3Ky aMOp(HOTO MOJIIETHICHY 1] 4ac OJHOBICHOI'O PO3TSATYBaHHS.
3pa3ok MicTUTh 3542 BUMAJKOBUX MOJIEKYJSIPHUX JAHLIOTIB, IO CKIagaroThes 3 500—
1500 MeTuIeHOBUX MOHOMEPIB 13 MPUOJIM3HO JABOMA MUIbHOHAMH METHJIEHOBUX TPYIIL.
KpuBa nanpysxeHHs-AepopMalis moka3ye JTiHIHHY TpyXHY 3aJ1€KHICTh Ha MOYATKOBIH
cramii ¢_< 0,03 3a ¢_= 5,0<10'"" ¢!, TloriM 3pasok «IiAJAETbCS» MOJOBKEHHIO 0€3
30UIbIIIEHHS HANpYKeHHs 10 Aedopmaitii 1,5, ne 3's1BuseTses qedopmaiiiiitne 3MIITHEHHS.

Bcranosneno, mo nedopmariiiine 3MiITHEHHST 3yMOBJIEHE CIIPSMOBAHOIO OPIEHTAITIEIO Ta
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pPO3TATYBaHHSIM MOJICKYJSIPHUX JIQHIIOTIB MDK TEPEIUIETEHHSIMH B CTPYKTYypl 13

3apOIKaMH.

1.6.4 Tpuoonociuni enacmueocmi

JlocmpKeHHIO TpUOOJIOTIYHUX BIJIACTUBOCTEH MOJIMEpIB 3a gomomoror MJI
MOJIETIOBaHHS MpUCBsiYeHO npaii [47, 74, 75].

Hampuknan, y ctarti Banra (Z. Wang) Ta iH. [47] okpiM TeMIiepaTypu CKITyBaHHS,
TEIJIONPOBIJHOCTI Ta MEXAaHIYHHUX BJIACTUBOCTEH, TAKOXK HABEACHO pe3yabrath MJ|
MOJICITFOBAHHS TPUOOJOTIYHNX BiacTuBoCcTel yncTtoro NR ta Hanokommo3uty GNS/NR,
OoTpuMaHi Ha 0a3l TpumapoBoi Mojem (MeTtan—tonimep—Mmeran). s oTpumaHHsS
TpUOOJIOTIYHUX BJIACTUBOCTEH JO BEPXHBHOTO APy TPHUIIAPOBOI MOJEINI, IO BKIIIOYAE
aroMapuuii Fe sk 1 TpeTiit HUKHINM map, npukiagany mosutuBHui THeK 1,01x107* T'Tla
Ta BiJHOCHY IIBMKiCTH TepTa-kossanHs 0,1 A/mnc 3a temmeparypu 298 K. Jani Bcs
aTOMICTHYHA CHCTeMa OyJia Mijjgana AuHamMidHoMYy aedopMyBaHHIO mpoTsrom 600 1ic
nig ancam6iem NVT s otpumanss (daiiimy TpaeKkTopii, KU MOTpiOeH IS aHaII3y
BJIACTUBOCTEN  (PPUKUIAHOrO  3HOIIYBaHHS  matepiany. [lpoBeneHuil  aHam3
MIKPOCKOIIIYHO1 1H(QOpMalii Ha MOBEPXHI TEpPTS BHIBUB, 110 ATOMHA IMIBHJKICTB,
KOHIICHTpAIlisl aTOMIB, TeMIleparypa Ta €HEprisi CHUCTEeMH Ha IOBEpPXHI TEepTS MIK
gyuctuM NR 1 MeraneBum mapoMm Fe Mamum Bulll 3HAaYeHHA TMOPIBHSAHO 3
Hanokommno3utoM GNS/NR. JlogaBanus GNS 3Ha4HO MOKpanuio Bci BKazaHi (GakTopu
nii Ha rpaHuil TepTs kommno3uTHoi MmaTpuili GNS/NR mo meramy, neMoOHCTpyrouu
NOKpAIIeHHs] TPUOOJOriyHUX BiacTuBocTed Marpuill NR 3a gomomMororw apmyBaHHS
GNS (puc. 1.9).

[Ipamss Conra (Song) Ta iH. [74] mpuCBAYeHA MOCTIKCHHIO TPUOOJOTIYHUX Ta
MEXaHIYHUX BJacTUBOCTeH nomiteTpadropetmieny (polytetrafluoroethylene (ITTDE)),
sminaeHoro BHT, 3a gomomororo M/l monentoBanus. s mocmimxeHHs KoedilieHTa
TEPTA Ta MIBUIKOCTI 3HOIIYBAaHHS PO3POOJIEHO MOJIEN] TePTs KOB3aHHS HAHOKOMITO3UTY
BHT/IIT®E no metany (Cu). Pesynbratu monentoBandss M| mokasyroTh, 0 cepeHin

KoeQIIieHT TepTs momirteTpadTOpEeTHIIEHY B CTallloHapHOMY KoB3aHHI o mapy Cu 3a
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HOpMaJIbHUX YMOB 3MeHInyeTbest 3 0,169 mo 0,127 micns apmyBanns BHT. ¥V crarri
TaKO)X OOTOBOPIOIOTHCA BHYTPINIHI MEXaHI3MH TOKpPAIIEHUX TPUOOJIOTIYHUX 1
MEXaHIYHUX BJIACTUBOCTEW MOJITETPAPTOPETUIICHY Ta IHTEPIPETYIOTHCA 3 aTOMAapHOI
TOYKH 30py UUIAXOM aHalidy Bapialid QYHKIII poO3MOALTy pajiyca, BITHOCHUX

KOHIICHTpAIIi} 1 TeMIIepaTypH.

:l!lr||\

a o
Pucynox 1.9 — IIpomnec Teptsa uuctoro NR (@) 1 Hanokommnozuty GNS/NR (6) 13 mapom

Fe na wac monemoBants 200 1ic [47]

Crarta Kioii (Cui) Ta 1iH. [75] mnpucBsueHa AOCHIKEHHS BIUIUBY THILY
¢dbyHKIIOHaTBHOT TPYNHU Ta CTymHeHs 1 Tumy ¢GyHKIioHansHOCTI OiuyHOi cTiHku BHT nHa
TpUOOJIOTIYHI Ta MEXaHIYHI BJIACTUBOCTI HAaHOKOMIIO3UTIB 3 MATPHUIICIO HITPUIBLHOTO
kaydyky (nitrile butadiene rubber (NBR)) BHT/NBR 3 BUKOPHCTAHHIM
HaHOMAcCIITaOHOTO MOJetoBaHH . JIJIst JOCTiHKEHHS KOedillieHTa TePTS Ta IMIBUIKOCTI
ctupands kommo3utie BHT/NBR Oynu cTBOpeHi TpuinapoBi Mojeiai TepTs 3a
HOPMAJIbHOTO HABaHTWKCHHJ. BcCTaHOBIEHO, MO0 cepel PI3HUX ITOBEPXHEBO-
moaudikoBannx BHT wmarore Haiikpainy e(EeKTHBHICTb 3MILIHEHHS TPUOOJIOTTYHHUX
BrnactuBocTedt BHT dynkiionanizoBani amijioM. 1le MosSCHIOETbCS yTBOPEHHSIM CHIIBHOL
JTUTIOJNTb-TTUTION B3a€EMOJIIi, a TAKOK B3a€EMOJIIi BOJHEBHUX 3B’S3KiB 1 BaH aep Baambca i
xopotoro mMixkdazHorw cymicHicTio Mixk BHT 1 maTpuisimu NBR. Takox nmokazano, 1110
CTymiHb (yHKIioHambHOCTI OiuHOi cTinku BHT Oimpmmit 3a 10 % 3HmKye edext

TTOCWJICHHSI TPUOOJIOTIYHUX BiIacTHBOCTeW HaHOKkoMIto3uTiB BHT/NBR.
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1.6.5 Cmpykmypui ma inwi earacmueocmi

JloCHiKEHHIO CTPYKTYPHUX Ta IHIIUX BJIACTHUBOCTEH MOJIIMEpIB, HAMPHUKIA]
TaKUX SK MpoHHKao4a audysis, camoaudysis, MixkdasHa aaresis, aacopOIlis TOIIo, 3a
nonomoror M/l MoientoBaHHs IPUCBSIUCHO TIpartil [46, 54, 63, 65, 76-81].

Hampuknan, y mnpami [lekepca (Deckers) Ta iH. [46] HaBemeHO pe3ylbTaTu
BHUBUYCHHSI MpoHuKar4oi nudy3ii Boau (H»0), nepexucy Boauto (H202) Ta kucHio (0O2) B
130TakKTHYHOMY TmominporniigeHi 1 BoaHioo (Hz) B i130TakTMuHOMY W aTakTUYHOMY
MOJTIIPOITiJICHI.

V¥ crarti Pomanoca (Romanos) Ta iH. [54] npencrasneHo aani M/[ MoaentoBaHHS
wiiBok [1E, mo cknamaroThes 3 IBOX PI3HUX IIapiB, KOXKEH 3 AKUX BKIIOUYAE JAHIIOTH
PI3HOI MOJISIPHOI MacH, SIKi 3HaXOIATHCS B MOJICKYJIIPHOMY KOHTAKTI OJIMH 3 OJIHHM.
Po3paxoBaHo K CTPyKTypHi, TaK 1 JWHAMIYHI BJIACTUBOCTI IUIIBOK, BKJIIOYAIOUU
koediieHT camoaudy3ii 7151 JIAHIFOTOBUX IIEHTPIB Mac.

Pesynbratn M/l MojemtoBaHHS KUIBKOX HAHOKOMITO3UTHUX CHCTEM Ha OCHOBI
nonimepiB [1E Ha ocHOBI rpadgeny HaBeneHno B mpaii Piccany (Rissanou) ta iH. [76].
Pe3ynpTaTy, 110 CTOCYIOTHCS CTPYKTYPHHUX 1 IMHaMiuHHUX BiactuBoctel [1E-nanitoris,
NpEACTaBICHI Ui PI3HUX CHUCTEM 1 MOPIBHIOIOTHCA 3 JAaHUMHU BIAMOBITHOI MacOBOi
cUCTEMU. KOH(OPMAIIHHUX BIACTUBOCTEH (TOOTO 3MOPIIyBaHHS ) Ipa)€HOBUX JIUCTIB.

[Ipamro Banra (Q. Wang) ta iH. [63] TpHCBSYEHO IOCITIDKEHHIO OaraThox
BJIACTUBOCTEN OIro)eHy, BKIIOYAlOYU CTPYKTYPHI, TPAHCIIOPTHI, TEPMOJMHAMIYHI, a B
crarti Jly (Lu) Ta iH. [65] mochimkeHo eBouolio MikpocTpykrypu IIE uyepes
TEeMITepaTypy CKIyBaHHSI.

VY nocmimkenni Cana (Sun) Ta iH. [77] MOIi€TUIICHOB] JIAHIFOTH MOJICIIIOBAIN 34
pi3aux temmneparyp (400, 450, 500, 550 1 600 K) i1 tucky (0, 1, 10, 50 1 100 aTm) 3a
nonoMmororo  MJI  MopemtoBaHHA, 1 Takl BJIACTHBOCTI, SAK MIKPOCTPYKTYpY,
KOOpIMHAIIIHE YHUCIT0, CTabUTbHY KOH(OpMaIlifo, TyCTHHY Ta KoedimienT camoaudysii.
[Tokazano, mo y pa3i miaBumeHHs temneparypu Bix 400 K go 600 K npu 1 atwm,
cepeqHs BifcTaHb 3B’s3Ky 30umbmyeTbes 3 1,5299 A no 1,5313 A, a xoopaunamiiine

YuC0 3MeHIyeThes 3 17,4 go 13,9, mio npu3BoaUTh 10 3MEHIIEHHS MIIbHOCTI 3 0,82
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r/em?. 1o 0,72 r/em’. TIpu npomy koedimient camoaudysii 3pocrae Bix 0,13 HM*/HC 10
0,34 um?/HC.

VY mpam Hikxaxa (Nikkhah) Ta 1. [78] 3a momomororo MJI MojemtoBaHHS
nochikeHo MikdasHy aaresiro mik QynkmioHansHuME moBepxHsAMU IIE 1 rpadeny.
Mixkdaszne 3uerieHHs MK MOJU(PIKOBAaHUMH TOBEPXHSMU MOJIETUICHY Ta TpadeHy
OyJ0 KUIBKICHO BM3HA4YEHO 3a JOMOMOTOI0 BU3HAYEHHS POOOTU Wiep, HEOOXITHOT MJIS
MOJIITy JABOX MOBEPXOHb 0€3 BHHHMKHEHHS OyIb-SKHX SBHUI penakcamii ta audysii.
Bcranosneno, mo BBefeHHS (YHKIIOHAIBHUX Tpyn Ha mnoBepxHio [IE 3menmye
3HaueHHA Wsep, 32 BHUHATKOM OKCO-, aMiHO- Ta KapOOKCWJIBHUX TPYIl 3 OUIBIIOI0
IIUTBHICTIO. 30UIBIICHHS! HIIJILHOCTI TMOBEPXHEBUX TPYI MMOCUIIIOBAJIO aAre3io 3a
PaxyHOK 3MEHIICHHSI aTOMHOI IOPCTKOCTI MOBEPXHI Ta 301IbIIIEHHS aTOMHO1 HIUIBHOCTI
Ha TPaHUIll PO3/LITY.

Y mpami Yena (Chen) ta iH. [79] 3a mgomomororo MJI MojentoBaHHS Ta
EKCIIEPUMEHTIB JIOCIIKEHO TIpoliecH afcopOIlii TeTpanukiiHiB (tetracycline) Ta iHIINUX
cionyk Ha IIE Ha monexynspHoMy piBHI. BusiBieHo, mo ajacopOiiiiHa MOBEaIHKa

TeTpaI_II/IKJIiHiB JociAarae piBHOBa)KHOF O CTaHy IIPOTATOM 30r on.

1.6.6 Ilpouecu Kpucmanizayii, cunmesy ma pO3KIAOAHHA NOJIIMEPHUX

mamepiainie

JlocniKeHHIO TIPOIIECiB KpUCTali3allli, CHHTE3Y Ta PO3KJIaJaHHs TMOJIMEPHUX
MaTepiaiiB 3 BUKOPUCTAHHIM 1HCTpyMEHTIB M/l MozentoBaHHs IpUCBsYEHO Tiparli [43,
54, 55, 60, 82].

Hanpuknan, y npami JlaBine (Lavine) ta iH. [43] onucano MJI MojaentoBaHHS
peanictuunux moaeneut IIE peramizamii tumy o6’eqnanoro aroma UA, mo 3a3Hae
OJTHOBICHOTO PO3TATY 3 METOI BHBYCHHS IpoIllecy KpucTamizamii. BcranoBmeHo, 1o
130TepMiyHa KpUCTaJi3allisl IMOMepPeAHhO OPIEHTOBAHUX CHUCTEM IIOKa3y€e OYEBUIHE
30UTBIIEHHS] IIUIBHOCTI  3apO/KEHHS NpH HWKYMUX TEMIlepaTypax; OTpUMaHl
BIIOPSIKOBaHI 00JIaCTI € MEHIIMMH Ta OUIbII TICHO BHUPIBHSIHUMU B HaMpPsIMKY

opientanii. Ilix yac Hei3oTepMiuHOi Aedopmarlii, KOJIM PO3TIATYBAHHS M OXOJIOHKCHHS
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BIJIOYBAIOTHCS OJHOYACHO, CIIOCTEPITa€ThCsl Mepexij MepIIoro poay 3 po3pUBaMU B
00’emi Ta TII00ATEHOMY TTapaMeTpi MOPSIKY, KOJIU CHCTEMa KPUCTATI3y€E€ThCS.

VY crarti Pomanoca (Romanos) ta iH. [54] 3a gomomororo MJI cumynsmii UA
TaKOX JOCHIPKEHO Kpucrtanizamito mectd [IE cucrem, KoKHaA 3 SIKUX CKIAIAEThCs 3
[IapiB PO3IUIABJICHOIO JIIHIMHOTO MOJIIMEPY JBOX PI3HUX CTYMNEHIB MOJIMEpHU3allii, 1110
YepryrThCs, MiJ] Yac pO3TAryBaHHs. BCTaHOBIIEHO, KPUCTai30BaHI MaKpOMOJIEKYJH
JeKaTh y TUIONMIMHAX, MalKe MapajieIbHIX MOBEPXHI PO3/iTY, YTBOPIOIOUN KyT HAXWITY
Bi 20° 5o 24 ° 3 HampsMKOM BUTSTyBaHHs. JIOBT1 Ta KOPOTKI JAHIIOTH CITUIBHO
KPUCTaNI3yIOThCS B IUNIACTUHKH, SIK1 € TPOXU OUTbLI PO3LIMPEHUMHU B JIOBTOJIAHIIFOTOBUX
o0nacTsx.

Y mpami Hikona (Nicola) Tta 1iH. [55] mpencraBieHo pe3yJbTaTu
EKCIIEpUMEHTAJIbHUX JIOCHDKeHb Ta MJ| moxenmtoBaHHS cuHTe3y (ToJiMepu3allii,
KpUCTaii3allii, SBUI YTBOPEHHS HANPYXEHHs) B MPOIleCci BUPOOHUIITBA TOTIETUIICHY 3

BUKOPUCTaHHAM KaTtaiizaTopiB 3irnepa-Harra (Ziegler-Natta) (puc. 1.10).

crystal
H: . \ flameliag)
-u..\‘.- -_ F i

Pucynok 1.10 — HamiBkpuctamunuii [1E B kontakti 3 MgCls 13 3aBaHTakKeHHAM
0,1 M H» B niporieci BUpoOHUIITBA MOMIETHICHY. AMOp(]HI Ta KpUCTAIIYHI JJOMEHH
MMOKa3aHO KOHTYPOM, 11100 MIJIKPECIUTH Pi3H1 PO3IMOIIIN aTOMIB BOJIHIO B MOJTIMEPHIM

Martpuiii [55]

V¥ crarti I'onra (Hong) Ta iH. [59] mocniikeHo MOBEAIHKY CHUIBHOTO MIPOJII3Y
Byriyusi Zhundong 3 I1E 1 momictuponom 3a mormomororo MJI MoaentoBaHHS XIMIYHUX
peakiiii 3 BUKopucTaHHSAM cuioBoro mojs ReaxFF. BcranoBmeno, mo okpewmi
pe3yibTaTH MOJIEITIOBAHHS IMPOi3y M00pe Y3TOKYIOThCS 3 EKCIePUMEHTATLHUMH

JaHUMU. Pe3ynbTaT MOJENIOBAHHS CIUIBHOTO TMIPOJi3y TMOKa3yloTh, IO BYTULISA
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CIpusi€ MIEPBUHHOMY PO3KJIaJIaHHIO TOJIETUICHY 3a HU3BKHX TeMIeparyp, aje ciabo
BIJTMBAE 32 BUCOKUX TeMIIepaTyp. TakoK BUSABICHO, IO CHHEPTETUIHNHN e(DEKT 3HAUHO
3HIDKYE €HEprilo akTUBAIlli s criibHOro miponmidy Byruuis/I1E, ane mano BmivBae Ha
CHEPTilo aKTUBAIIil.

V¥ crarti Konra (Kong) Ta in. [60] 3a monmomororo mupokomMaciitabHoro MJI
monemoBanHsl ReaxFF nocnimkeHo XapakTEepUCTHKK YTBOPEHHsS Ta3zy MpH IMIpoJiisi
smutoro [IE. PesympraT mMomemioBaHHS IMOKa3ajad, M0 OCHOBHUMH Ta30IMOAiOHUMU
npoaykramu € Ha, CHs, C:He, CoHa, CoHa, CO. Ha 6a31 M/I nocmipkeHHs mpoJizy
3MIATOTO TOJIETHICHY 3alpOTIOHOBAHO METOJIWKY TpPhOX CITIBBIIHOIICHB  JIJIS
BUSIBJICHHSI TTOIIKO/KEHD Y CHJIOBUX KaOensax. Pe3ynbTaTi 4ncioBOro MOACITIOBAaHHS 32

XIMIYHHUM CKJIAJI0OM Ta30T0JI0HUX MPOAYKTIB Y3TOJKYIOTHCS 3 €KCIIEPUMEHTOM.

1.7 bararocryneHneBe MOAeJIIOBAHHS

AHani3 HaBeJCHUX JDKEpel CBIMYUThL NPO Te, IO METOAU MOJICKYJISIPHOI
JUHAMIKH MalOTh PsiJi IepeBar MOPiBHAHO 3 €KCIEPUMEHTATBHUMU JTOCH1IKEHHAMH, 10
SIKUX MO>KHA BIJTHECTH:

— MOKJIMBICTh JTOCJIIJKEHHS Ta PO3YMIHHSI TWHAMIYHUX MPOLECIB, PIAKICHUX,
KOPOTKOYACHHUX Ta JIOBFOTPUBAIIUX SIBUII] HA aTOMICTUYHOMY PiBHI;

— MOYKJIMBICTH BIJICTEKEHHSI Ta KOHTPOJIIO MapaMeTpiB mporecy Ta (QpikcyBaHHS
HaMEHIIUX CTPYKTYPHHUX Ta XIMIYHHMX 3MI1H MOJICKYJISIPHUX CUCTEM;

— MOXJIMBICTh BiJOOpa)K€HHS JWHAMIKM Ta €BOJIIONII CHCTeM Yy dYaci JyIs
PO3YMIHHSI OCHOBHUX MEXaHi3MiB (pi3MYHUX MPOIIECIB, BIACTUBOCTEH MaTepiany Ta
KIHETHKH PEaKIIii;

— 3HaYHO MEHII 3aTpaTH MaTepiaibHUX PECypciB OCOOJMBO Tij 4ac po3poOKu
HOBUX MatepiaiB.

He3sBaxarouu Ha 11e, M| Mae 1 psii HeJ10J11KiB, OCHOBHUMHU 3 SIKHUX €:

— HEOOXIHICTh TTTMOOKMX 3HAHh TEOPETHYHHUX OCHOB Ta MPAKTUYHOTO JIOCBITy

BUKOPHUCTaHHS PI3HOMaHITHUX METOJUK, aroputmiB Ta I13 nius M/ MmoaenroBaHHS;
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— CKJIQJHICTh TOOYJOBH CHUCTEM Ta iX BpPIBHOBAXKEHHS, MiAOIp mHapameTpiBn
BIPIAJILHOTO MIAXOAY JUIsl OCEPEAHEHHS PE3yJIbTaTIB MOJIETIOBAHHS;

— HEOOXIJIHICTh Y MOTY>KHUX OOYHUCITIOBAJILHUX PECypCax HaBiTh ISl BUBYCHHS
MOJICKYJIIPHUX CTPYKTYP MaJIOTO IPOCTOPOBO-YaCOBOTO MacIITaldy;

— BUKOPHUCTAHHS CIIPOIEHUX CHJIOBUX TIOJIIB JIJISl OTKMCY MI>KATOMHOI B3a€MO/II1.

Bukopucranas  meromie  MJI s gochipkeHHS — (Di3MKO-MEXaHIYHHUX
BJIACTUBOCTEH IMOJIMEPIB Ta HAHOKOMIIO3UTIB HA 1X OCHOBI BIIKPHBAE MIMPOKHUI CIIEKTP
MOXJIMBOCTEH ISl PO3YMIHHSA LHMX CKJIAJHUX CHUCTEM. [aKUM YHUHOM, JOCIIKCHHS
¢bi3uKko-MexaHIuYHUX  BiacTtuBoctedl  momimepiB Ta [IHKM 3a  gomomororo
KOMIT'FOTEPHOTO MOJICTIOBAHHS € BKJIMBHM 3aBJAHHIM, II0 Ma€ BEIUKE MPaKTUIHE
3HAYEHHSI, a PO3MIPU IUX JOCTIIKEHb OOMEXKEH1 JIUIIE MOTYKHICTIO 00YHCITIOBAIbHOT
TEXHIKH, 1[0 BHKOPUCTOBYETHCS.

OpnHuM 31 croco0iB PO3MIMPEHHSI YaCOBUX Ta MPOCTOPOBHUX TPaHUIb CUCTEMH 3
BUKopucTaHHAM MJI monentoBaHHs € OaratoctyneHeBe (iepapXidHe) MOJEIIOBaHHS,
sike HaOyBa€ PI3HUX BUIJISAJIB 3aJI€KHO BlJ] BUKOPUCTAHUX IMIJAXOIB YU MOCTaBICHUX
3anay [17, 83, 84].

Mypamima (Murashima) Ta iH. [83] mpoaeMoHCTpyBaIu o€ gHAHHS MeToAiB M/,
npeactaBiennx LAMMPS 3 metonom ckinueHHux enemeHTiB (MCE) Ha ocHOBI
KkpynHo3epHuctoro merony Ilapinemno-Paxmana (Coarse-Grained Parinello-Rahman
method). 3ampormoHoBaHW i€papxXidHUN MmiaXig OaraToMacmTabHOTO MOACITIOBAHHS
MPOJIEMOHCTPOBAHO HAa OJTHOBICHOMY PO3TATY/CTUCKAaHHI Ta JBOX BHJIaX aCUMETPUYHOI
nedopmailii 3pa3kiB nmojiMepiB. Mojen maTepially CKIAIal0ThCs 3 PENpe3eHTaTUBHUX
3pa3kiB (representative element volume) i mpiOHOMacmITAOHWX ATOMHUX MOJENEH
BCepeanHI KOXKHOI 3 HUX. Bukopucranus niaxoxy MPI y LAMMPS nns BupimenHs
TaKUX 3aBJlaHb IMIJBUIILYE OOYMCITIOBAIbHY €()EKTHBHICTh 1 MIHIMI3y€ BHMOTH IO
OOUMCITIOBAILHUX ~ PECYpCiB, IO  UIIOCTPYE€  TMOTEHIan  OararoMaciTabHOIo
MOJeroBaHH MeTogamu M/I.

Y pobGoti [84] Banr (Wang) Ta iH. mpoaHaii3yBaHO HENiHIAHI BiOpamii y
KOMITO3UTaxX 3a JIOMIOMOTOI0 0araTOCTYIEHEBOro MiAXoAy 3Hu3y-Bropy (bottom-up) 3

BUKOPUCTAaHHAM TPHOX MIAXOMIB: MeToaIB M/, MiKpoMexaHIYHOro ta O€3CITKOBOTO
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MeTomiB. BpaxoByrouu, 1m0 (i3UKO-MEXaHIYHI BJIACTHBOCTI Marepialy MOXKHa
BIJICTe)KUTH Ha B3a€MOJIl aTOMiB/MOJIEKYJ, a TIOTIM BiZoOpa3uTH Ha MaKPOCKOIIYHI
MOBEIHIII MaTepialy, MOKHA OI[IHUTH BaXKJIMBICTh OTPUMAHUX PE3YJIbTATIB.

JIis BU3HAYCHHSI BIUIMBY PO3MOMALTY Ta IIBHAKOCTI Aedopmaliii OJHOIIAPOBUX
ByrieneBux HaHoTpyook (OBHT) wa gedopmarmito wmatepialy BHKOPUCTAHO
MojenmoBanHs MetogamMu MD y nocnimkensi [17]. Baxnusicts pobotu Lgna (Zian) Ta
1H. MOJISITa€ Y BUKOPUCTAHHI PE3yJIbTaTIB €KCIIEPUMEHTIB ISl OAATBUIOT0 PO3PaXyHKY
Ta BUBUCHHA BIUMBY (pyHkiioHam3amnii BHT Ha MexaHiuH1 BIaCTUBOCTI KOMITO3UTIB.

BararoctyneneBuid miaxin a0 MojentoBaHHs mnomimepiB Ta [ITHKM He €
PO3MOBCIOPKEHUM TPO IO CBIJYUTH HEBEIWKA KIIBKICTH POOIT Ha IO TeMy, MpOTe
onepxkaHi nusixoM MJ[ MojenoBaHHA JaHI MOXYTh OyTH BUKOPUCTaHI JIJIst
MOJICTIOBAHHSI TEPMO-TIPY>KHO-TIJIACTHYHOTO cTaHy BHpoOiB 3 monimepiB Ta [THKM B

yMOBax iXHbO1 €KCILTyaTallii B KOHTUHYJIbHOMY HaOJIMKEHHI.

1.8 CTpykTypHa MexaHika

bararoctyneneBuil miaxii B KOMITIOTEPHOMY MOJIETIOBaHHI MOXe OyTH
peanxizoBaHMil B NOE€JHAHHI METO/(IB MOJIEKYJISIPHOI TMHAMIKY Ta CTPYKTYPHOI MEXAHIKH.
CTpykTypHa MeXaHiKa € TEOPETUYHOI OCHOBOIO (PEHOMEHOJIOTIUHUX METO/IIB
JOCTKEeHHST (PI3MYHUX CUCTEM, IO TPYHTYIOTHCSA Ha KIIACHYHOMY METOJI1 BU3HAYCHHS
yCepEeIHEHUX KOMIIOHEHTIB TEH30pa HAIPY>KEHHS 3a 3aJaHOr0 BEKTOpPY NEpEMIIIEHb
(Ten3opa nmedopmarrii) Ha 3pa3kax 3 IreTepOreHHOro MaTepiany, B SKUX TOMOTCHHHUU
HarpyxxeHo-nedpopmoBanuii ctan (HJC) 3a1iicHIOETbCA TIIBKH B cepeHboMy [85—87].
3a JgomoMororw 3akoHy ['yka oTpuMaHMI TEH30p HANpy>KEHb 3a 3alaHOr0 BEKTOPY
nepeMilieHb Ja€ 3MOry BH3HAUMTH €(EKTUBHI MEXaHIYHI BJIACTUBOCTI ab0 TEH30p
(13MYHUX KOHCTAaHT KOMITIO3UTHOTO MaTepiaiy.

VY HailOinbm 1OBHIM (popMi MaremarnuHa mnoctaHoBka 3agadi HIAC npnda
KOMIIO3UIIMHUX MarepiaiB 3 JIHIMHUMU  aHI30TPONMHUMHU  (OPTOTPOIHUMHU )
BJIACTUBOCTSIMU TIpPEJCTaBlIeHa y poOOTI [87] 1 BKJIIOYA€ Takl PIBHSHHS: PIBHOBArdW,

reOMEeTpPHUYHE PIBHSAHHS y BUIJISIII TeH30pa Maux AedopMailiid Ta Gi3udHe piBHIHHSI —
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y3arajibHeHHUH 3aK0H ['yka B 06epHeHil dhopmi:

V-6+pb=0;
!
S=E@V+V@b (1.36)
N
6=C:¢g,

ne V= o ornepaTtop I'aminerona (Hamilton), m™!'; x — gekapToBi KoopauHATH, M; (*) —
X

OIepaTop CKaJISIPHOrO JOOYTKY TEH30PiB; 6 — CHUMETPHUYHHA TEH30p HampyKCHHS
apyroro pasry, Ila; p — migbHicTh, Kr/M>; b — Bekrop MacoBux cui, H/kr; € —

CUMETPUYHHM TEH30p NMPYKHUX Jeopmaliiii Ipyroro paHry; u — BEKTOp MepeMIIIeHHS,

4

A

M; C — TEeH30p YETBEPTOIO PaHTy MPY>KHUX KOHCTAaHT aH130TpOMHOro marepiaiy, I1a; (:)
— OIepaTop MOABIMHOTO CKATISIPHOTO JOOYTKY TEH30PIB.
['panuuni ymoBu aiis (1.46) Bxinrovarots [87]:

— MepeMilIeHHs a00 3aKpIMIeHHS

s, =0 (1.47)

ne S, — MOBEpXHs, Ha AKil 3aJaHO BEKTOP IepEMILIEHHs, M;

— CHUMeTpIi

n-u, =0, (1.38)

JI€ N — BEKTOP 30BHINIHLOI HOPMaJIi [0 IIOBEPXHi Tina; Sy, — MOBEPXHS CUMETPII Tisa, M?;

— 30BHIMIHIA TUCK
(6-n)-nly =p, (1.39)

1€ p — 30BHILIHINA TUCK, IKUH 3aJJaHO HA MOBEpXHI Sp, [1a.
VY TeH3opHiil popMi 3anucy yzaraabHeHu# 3akoH ['yka (o6epHeHa ¢popma), 1m0

BCTAHOBJIIOE 3B’ SI30K MIXK HAIIPY>KEHHSM 1 iepopmariero, Mae BUrIIsiA [87]
S = CiEu (1.40)

ne Ciu, i,j,k,[=1,2,3 — nekapToBUN TEH30p YETBEPTOrO PaHTy MPY>KHUX BIIACTUBOCTEH

Marepiany, [1a.
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3 ypaxyBaHHSIM CHUMETpli TEH30pIB G; 1 &y Ta IMEpPexoqy Ha BEKTOpPHE
(oqHOIHAEKCHE) iX TpencraBieHus ©;,I=16, ¢ »J=L6, C;,ijj =16 y3araabHeHHUi

3akoH ['yka (1.40) naGyBae Burisny [87]

c;=C,.e.,i,j=16. (1.41)

/N
st martepianiB 3 OPTOTPONHUMHU BJIACTUBOCTI TEH30P MPYKHUX KOHCTAHT
(matuusg xopcTtkocTi) C; BHpaKaeTbcsi 3a JOMOMOIOK TEH30pa MiAIATIMBOCTI
Mmatepiany Djj, IKMii BUKOPUCTOBYETbCS B IpsiMiii popmi 3akony ['yka (oOepHeHid 110

(1.41)) [87]

g, =D;0,, 1,j=106. (1.42)
JlekapToBUI TEH30p APYTrOro paHry miAAaTiuBOCTI JjIsl OPTOTPOIIHOTO MaTeplaty

MO>KHA 3aITMCaTH B MAaTPUYHOMY BUTIIAII [87]

dll d12 d13 0
dy dy dy 0
dy dy dy; 0
0 0 0 d,
0 0 0 0 ds
0 0 0 0 0 dg

[D]= (1.43)

S O O O O

Toi MaTpuIls >KOPCTKOCTI OPTOTPOITHOTO MaTepially BU3HAYAETHCS SIK 0OCpHEHA

JIO MaTPHIII IT1IIaTIANBOCTI

(¢, ¢, ¢3 0 0 0]
€1 Cp Cp3 0 0
C3 C3 C 0 0
Cl=[pl'=| G 2 |44
cl=oI =10 . 00 (1.44)
0 O 0 ¢ O
0 0 0 0 c

JUjis 130TPONHOTO MaTepiady MAaTpPHUI )KOPCTKOCTI BUKOPUCTOBYETHCS B SBHOMY
BuUTIIsIAl [87].

VY npami [87] 3 BukopuctanusM noctaHoBku (1.36)—(1.44) mpoBenaeHO YHUCIIOBI
EKCIIEPUMEHTH 3 BU3HAUYECHHS €()EKTUBHMX MEXaHIYHMX BJIACTUBOCTEH 3pa3KiB

KOMIO3UINHUX TMOJMIMEPHUX MaTepiaiiB B HAOMMKEHHI OPTOTPOMHOTO TOMOTEHHOTO
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CEpelIoBHUILla Ta OTPUMAHO 3aJEKHOCTI €()EKTHMBHMX MEXaHIYHUX BIIACTUBOCTEH
NOJIIMEPHUX KOMIIO3UTIB BiJl 00’€MHOI YAaCTKH apMyBaJIbHOTO BOJIOKHA, IO MOTPIOHO
JUIsL OTIEPaTUBHOTO MPOrHO3YBAaHHS MEXaHIYHUX XapaKTEPUCTUK IIIJ] 4ac PO3pOOKHU

HOBUX MatepiaiB.

BucHoBkM 10 po3ainy 1, 3aBIaHHs J0CTITKEHb

Ha nmigcraBi  aHamizy CydacHOTO CTaHy JIOCHIIKEHb  (DI3UKO-XIMIYHHUX
BJIACTUBOCTEH TMOJIMEpPHUX MarepiainiB MerogamMu MJ[ Ta CTpyKTypHOi MeXaHIKU
MOJIETIOBaHHS MOYHA 3pO0UTH TaKi BUCHOBKH:

1) Jns pocmimkeHHs (hI3MKO-MEXaHIYHMX BIJIACTHBOCTEH HAHOKOITO3HUIIIMHHUX
HOJIIMEPIB OKPIM EKCHEPUMEHTAIBHUX METOJIB IIMPOKO BUKOPUCTOBYIOTHCS METOAU
YHUCIIOBOTO MOJENIOBaHHSA. METOAM YUCIOBOTO ab0 KOMIT IOTEPHOTO MOJICTIOBAHHS €
NOTYXHUMU 1HCTPYMEHTaMH ISl MiHIMIi3allii BUTpaTH MarepiaJbHUX PECypCiB Ta
TPUBAJIOCTI PO3pOOKM HOBHX MaTeplajiiB, 30KpeMa HAaHOKOMIIO3MTIB. llpu mpomy
meroau MJI, CTpyKTypHOi MEXaHIKH Ta iX KOMOIHAIliSl IIUPOKO BUKOPUCTOBYIOTHCS T
gac KOMITIOTEpHOI pO3poOKM HOBUX MarepiamiB. MojenaroBaHHs TMPOIECIB Y
MOJIIMEPHUX HAHOKOMIIO3UTAX TMepes iX CHHTE30M 3a JOMOMOTOI0 BKa3aHHMX METOJIB
JTa€ 3MOTYy JOCIHIJUTH TOBEMIHKY MarepiaidiB B HAOMMKEHUX 10 pPEATbHUX YMOB
eKCIUTyaTallii Ta BU3HAYUTH JOLUIBHICTh IXHHOTO BUPOOHUIITBA.

2) o mepeBar BukopuctaHHa MJ]  MojentoBaHHA  MOPIBHAHO 3
EKCIIEPUMEHTAILHUMU JOCIKEHHSIMU MOKHA BIJTHECTH:

— MOJIMBICTh JTOCJIIJKEHHS Ta PO3YMIHHSI TWHAMIYHUX MPOLECIB, PIAKICHUX,
KOPOTKOYACHHUX Ta JIOBFOTPUBAIIUX SIBUII] HA aTOMICTUYHOMY DPiBHI;

— MOYJIMBICTH BIJICTEKEHHSI Ta KOHTPOJIIO MapaMeTpiB mporecy Ta (QpikcyBaHHS
HallMEHIIUX CTPYKTYPHHX Ta XIMIYHHMX 3MiH MOJIEKYJISIPHUX CUCTEM;

— MOXJIMBICTh BiOOpa)K€HHS JWHAMIKM Ta €BOJIIOIII CHCTeM Yy dYacl JyIs
PO3YMIHHSI OCHOBHHX MEXaHi3MiB (pi3MYHUX TPOIIECIB, BIACTUBOCTEH MaTepiainy Ta

KIHETUKH PEaKIIii;
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— 3HaYHO MEHIII 3aTpaTH MaTepiaibHUX PECcypciB O0COOJMBO TMij Yac po3poOKu
HOBUX MaTeplaiis;

— OTpUMaHi JaHi 3 (PI3UYHUX BIIACTUBOCTEW MaTepialliB B MOAAIBIIOMY MOXHA
BUKOPHUCTOBYBATH 11l YaC KOHTUHYaJIHHOTO MO/ICITIOBAHHSL.

3) OcHoBHi Henoniku M/l MoIeTIOBaHHS BKJIIOYAIOTh:

— HEOOXIJTHICTh TITMOOKMX 3HAHb TEOPETHYHHUX OCHOB Ta MPAKTUYHOTO JIOCBITY
BUKOPHUCTaHHA PI3HOMaHITHUX METOIHMK, airoput™MiB Ta I13 mist M/] MozaentoBaHHS;

— CKJIQJHICTh TOOYJOBH CHUCTEM Ta iX BpPIBHOBaXEHHS, MiAOIp mapameTpiB
BIp1aJILHOTO MIJXO0y JJIsl OCEPETHEHHS PEe3yJIbTaTIB MOJICJIIOBAHHS;

— HEOOXITHICTh y MOTYXHUX OOYMCIIOBAJIBbHUX pecypcax HaBiTh ISl BUBUYCHHS
MOJIEKYJIIPHUX CTPYKTYP MaJIOTO IPOCTOPOBO-YaCOBOI'0 MacITaoy;

— BUKOPHUCTAHHS CIIPOILIEHUX CHJIOBUX MOJIB JIJIsl ONIMCY MI)KATOMHOI B3a€MOII.

4) Jlnsi po3LIMPEHHS YacOBUX Ta MPOCTOPOBUX MAacCHITaOIB MOCIIOBAHHSA Ta
CKOpDOUYEHHSI Yacy MOJICIIOBAHHS CKJIQJHUX HAHOCTPYKTYPHUX CHUCTEM METOIU
MOJICKYJISIPHOT JAUHAMIKM MOXYTh OYTHU MO€JHAHI 3 1HIIUMU METOJIaMH, TaKUMH SIK
METOJI CKIHYEHHUX eJieMeHTiB. [lokazaHo, 10 BUKOPUCTaHHS 0ararocTyneHEBOTO
MiAXO0AYy J0 KOMIT'IOTEPHOTO MOJCNIIOBaHHS TOMIMEPHUX Ta HAHOKOMITO3HUIIIHHUX
MaTepianiB MUIIXOM IOEIHAHHS METOIIB MOJIEKYJSIPHOI JIMHAMIKKM Ta CTPYKTYpPHOI
MEXaHIKH CIpHUA€ 3MEHIICHHIO BHKOPHCTOBYBAHMX IIOTY>KHOCTEH KOMIT'IOTepa Ta
PO3IIHUPIOE YACOBI Ta MPOCTOPOBI TPAHMIN JOCHIKYBAHUX CHCTEM Yepe3 Mepexis
BiJl aTOMICTHYHOI'O JJ0 KOHTUHYaJIbHOTO HAOIMKEHHSI.

5) 3 anami3zy HasABHHUX JITEpaTypHUX JDKEped BUIUIMBAE, 10 Hapasl
HEJIOCTATHBO  JIOCTIKEHO BIUIMB  HE(QYHKI[aTi30BaHUX HAHOHAMNOBHIOBAYIB 3
JOBUIBHUM 1XHIM PO3MIIICHHSIM y MaTpUlll HAa KOMIUIEKC (Hi3UKO-MEXaHIYHHUX
BiaactuBoctedt  [IHKM,  morpiOHMx A KOHTHHYaJbHOTO  MOJCIIOBAHHS
TEPMOTIPY>KHOTO CTaHy B yMOBaXxX €KCILTyaTallli.

Ha mizncraBi mpoBEAEHOTO JITEPAaTypHOTO OTJSAY OOIPYHTOBAHO aKTyalbHICTh
aucepTarniitHoi pobotn Ta chOpMyIBOBAaHO 1i METy, SKa TOJIATae y BHU3HAYEHHI
(b13MKO-MEXaHIYHUX BJIACTUBOCTEW TIOJNIMEPIB Ta HAHOKOIO3UIINHUX MaTepiamiB 3

MOJIIMEPHOIO MATPUIICIO Ta iX 3aCTOCYBAHHS Y IPOMUCIIOBOCTI.
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J1Jist TOCSITHEHHS TTOCTABJICHOI METH OyJu c(hOpMyITbOBaHI TaKi 3aB/IaHHSA:

1) IlpoanamizyBaTM Cy4yacHMH CTaH 1 TEHACHI] PO3BUTKY TEOPETUUHUX
JOCIIJIKEHD (DI3UKO-MEXaHIYHUX BJIACTUBOCTEHM MOJIMEPHUX Ta HAHOKOMITO3UIIIMHUX
matepiamB ([IHKM) meromamu MoneKyJIIpHOT JUHAMIKK Ta CTPYKTYpPHOI MEXAHIKH,
0OTpyHTYBaTH BUOIP METO/IB JOCIIKCHHS.

2) Bukonatu TeopeTuuHi IocCiipkeHHs MexaHiyHuX BiactuBoctei [THKM tumy
[IE-BHT 1 [IIE-rpagen merogamMu  MoOJIEKyJsipHOI  AuHamikd.  OTpumaTtu
JIBONApaMETPUYHI 3aJIEKHOCTI MEXaHIYHUX BJIACTUBOCTEM BIJ TeMIepaTypu Ta
00’eMHOiI YacTKM HArOBHIOBAYiB JJIsi OMEPATUBHOTO TPOTHO3YBaHHS €QEKTUBHUX
(13MKO-MEXaHIYHUX BJIACTUBOCTEN MOJIMEPHUX HAHOKOMITO3HIIIITHUX MaTeplaiB.

3) IlpoBect TeOpeTUYHl MAOCTIIKEHHS  TEIUIO(PI3UYHUX  BIIACTUBOCTEH
noJiiMepHUX HaHokommno3uiiiHux marepianiB tuny [IE-BHT i IIE-rpaden metogamu
MOJIEKYJISIpHOT uHaMiKu. OTpuUMaTH JBONApaMETPUUHI 3aJIEKHOCTI TEIIO(PI3UUHUX
BJIACTUBOCTEH BiJ TeMIlepaTypu Ta 00’ €MHOT YaCTKU HAIMOBHIOBAYIB JIJISi ONIEPATUBHOTO
POTrHO3YyBaHHs €(eKTUBHUX (i3UKO-MexaHiuHuX BiaactuBoctei [IHKM.

4) Ha ocHOBI Teopii CTPYKTYpHOI MeXaHiKu c(HOpMYJIFOBATH MaTeMaTUYH1 MOJIEINI
3amay HampyxeHo-nepopmoanoro crany (HJC) mns mMopemroBaHHS BUIPOOYBaHBb
HaHokomno3uuiaux wmatepianie tuny [IE-BHT 3 ¢ynkuionanmizopanumu BHT y
HaOJIMKEHHI 130TPOITHOTO CepeIOBUIIIA.

5) Po3pobutu uucioBi Moaeni s po3B’sizaHHs 3amad HIC s Bu3HaueHHs
e(EeKTUBHUX MEXaHIYHUX BJIACTUBOCTEM [THKM TUILY I[IE-BHT 3
dbyukmionanizopanumMu  BHT  piznoi  nmoexkuHM. JlOCHiAUTH CITKOBY 301KHICTH
PO3pOOICHNX YUCIOBUX MOJENEH METOJOM TMOABIMHOTO TepepaxyHKy. Bukonatu
YHUCJIOBI  €KCIIEPUMEHTH 3 BHU3HAYCHHS €(QEKTUBHUX MEXaHIYHUX BIACTUBOCTEH
MOJIIMEPHUX HAHOKOMIIO3ULIHUX MaTepialliB.

6) Bukonatu Bepudikaiiro OTpUMAHUX JaHUX 3  (PI3UKO-MEXaHIYHUX
BrnactuBocTel [1E 1 moniMepHUX HAHOKOMITO3UIIIHHUX MaTepiaiB.

7) Po3pobutu peKoMeHaanii 1010 BUKOPHUCTAHHS MOJTIMEPHUX
HAHOKOMO3UIIMHUX MaTepiajgiB y NPOMHUCIOBOMY BHPOOHHUIITBI Ta MMaKyBaJIbHIN

IHIYCTPIi.



82

2 TEOPETUYHI JOCJILJKEHHS MEXAHIYHUX BJIACTUBOCTEM
HOJUETHUJIEHY TA ITIHKM TUITY HE-BHT I IIE-I'PA®EH METOJAAMUA
MOJIEKYJIAPHOI IUHAMIKH

2.1 IloGynoBa MOJIEKYJSIPHUX CUCTEM

MexaHiuHiI BIACTUBOCTI MOJIETUIIEHY A00pe NOCTIKEHI Ha MaKpPOCKOMIYHOMY
piBHI [88], mpoTe MOJIEKYJIAPHI MEXaHI3MH, SIKI BU3HAYAIOTh MOBEJIHKY MaTepialy Bce
me MOTpeOyIoTh OUIBIT JEeTaJbHOTO BHUBYCHHS Yepe3 OOMEKEHICTh MOXKIMBOCTEH
EKCIIEPUMEHTAIbHUX METOJIB. 3 1HIIOr0 OOKYy, MEXaHIYHI BJIACTHUBOCTI MOJIMEPHUX
KOMITO3UIIIHUX MaTepialliB CUJIBHO 3aJIeKaTh Bij psity (akTopiB, cepel] SKUX OJTHUM 13
HaWBaXUIMBIIIMX € PO3MOIIJ HANOBHIOBAYa B TMOJIMEPHIA MaTpuIl, IO IS
JESKUX MaTepialiiB BaXKO IMIIJAETHCS KOHTPOJIIO 1 YCKIIQJHIOE BUBYEHHS BIIACTUBOCTEH
koM1to3uTiB [89]. [IKM 3a3Buuaii po3poOstoTh i KOHKPETHO IMOCTaBIIEHI IUTi, TIPOTE
HAHOCKCIIEPUMEHTH € JOPOTHMH 1 MOXYTh JIMIIE OI[IHUTH SKICTh BHUTOTOBIICHOTO
KOMIIO3UTY, aji¢ He BUSBUTH MEXaHI3MH 3MIITHEHHSI a00 BU3HAYUTH CIIOCIO ONMTUMI3ZAIl]
MeXaHIYHUX BiacTuBocTtei [90].

Bupimenns 1mux 1npoOieM BHUMarae BHKOPHUCTAHHS CyYacCHHMX METO/IIB
MaTeMaTHIHOTO MOJICITIOBAHHS Ta OOYMCIIOBAJIBHOI XIMii, B TOMY 4YHCJl METOJIB
MOJICKYJIIPHOT TWHAMIKH, SIKi OyJIi 00paHi ISl MPOBECHHS ITHOTO JOCIIIKEHHS.

JIJis CTBOPEHHS MMOYAaTKOBUX MOJIEKYJISIPHUX CHCTEM 3aCTOCOBAaHO BeO-Tuiatdopmy
CHARMM-GUI [21, 91-93], mo 3HA4YHO CIHpPOIIy€e MpoIeC MOOYAOBH Ta MiHIMI3YE
MOJKJIMBICTh BUHUKHEHHSI MOMIJIOK. Ha i OCHOB1I po3po0JeHO MOYaTKOBI MOJIEKYJISPHI
MOJIEN JIAHITIOTIB TOMIeTWIeHY pi3HO1 noBxkuHU Ta monem [IE 3 nmomaBaHHsSM pi3HOI
kinskocti (1, 3) BHT «armchaim XipanbHicTio (6, 6), niamerpom d = 8,13 A Ta noBxuHOI0
[ =49,24 A ta nucra rpadeny 3 posmipamu 40,5x40,5 A i 64,1x64,1 A. Jlns nopansimoi
KOMITOHOBKM MOJIeJiell HAHOKOMITO3UTY BHKOPHCTaHO mporpamHe 3abe3neuenHs Packmol
[24], w0 mae 3MOry PO3MIITYBATH MOJIEKYJIM Y BEJIHMKI CUCTEMH 3a3/1ajeriib BU3HAYEHOI
dbopMH 1 po3MIpIB Ta JOAABATU OKPEMI €JIEMEHTH Y BU3HAYCHUU 00’€M MOJIEKYJSPHOL
Mojieni 1 3anucyBatu (aitn koopauHat atomiB y dopmati *.pdb (Protein Data Bank). [lns

KkoHBepraiii ¢aime *.pdb MonekymspHoi cuctemu B (Dalia BUXITHUX JaHUX IS
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monemoBanHss B LAMMPS [26] 3acrocoBano mporpamy VMD (Visual Molecular
Dynamics) [34] pasom 3 turariHom Topotools [94], mpusHaueHuM a1 PoOOOTH 3
TOTIOJIOTIE€I0 MOJICKYJIIPHUX CHCTEM, OJHI€I0 3 (YHKIIN SIKOTO € MIATPUMKA PI3HUX
(dbopMaTiB (aiiiB 1aHUX.

Jlns  BukoHaHnHs MJI MojenmroBaHHS CTBOPEHO TOYaTKOBI KoHpiryparii
MOJIEKYJIIPHUX CUCTEM, OINMCAHUX MOJEIUTI0 00’€IHAHOTO aToMa Ta CHUJIOBOTO IOJIS
Dreiding ([{omatok A) [95, 101]. Ilepmra 3 aux — 1ie unctuii [1E, mo ckmamaerscs 3 10
nauioris mo 1000 mornomepiB [-CH,—CH>—].

Hactynui aBi modatkoBi KOHQIrypamii MOJEKyJISpHI CHCTEMH € MOJICISIMH
nosMepHoro Hanokommno3uty I[IE-BHT 3 pizHoro kuiekicTio BHT y mnomimepHii
Matpuii. Bkazani modatkoBi mozemi Mictath 10 manioriB I[IE [-CH>—CHo—]io00 3
pizHoto kimbkicTio BHT: y mepmiii 3 aux — 1 BHT B xy0iuniii komipii Mozeni, a B
npyriit — 3 BHT.

Martpurii noyatkoBux Monekyssipaux cuctem IIE-rpaden takox Brmoudanu mo 10
nanigorie 13 1000 monomepiB [-CH>—CHo—]. V¥V opaHiii 3 mnodaTkoBUX Mojeen
HAHOKOMIIO3UTY po3Mip jucta rpadeny ctanoButh 40,5%40,5 A, a B inmiit — 64,1x64,1 A,

[Tpukmanm movyaTkoBUX KOH(ITYpaIiii MOJEKYISIPHUX CHUCTEM KyOiYHUX 3pa3KiB
[1E Ta nanoxommnosutiB [1E-BHT i I1E-rpaden B nabmmkxenni moaeni UA HaBeneHO Ha

puc. 2.1.

"

a o 8
Pucynok 2.1 — [TouatkoBi koH(pirypaiiii Mosekyasipaux cucteM 3paskis [1E ta

Hanokomno3uTiB [IE-BHT i I1E-rpaden (I1E — 10 nanimtoriB [-CH— CHa—]1000 y
BUrIAni coipaneit): a — I1E; 6 — IIE-BHT: 3 BHT «armchair» (6, 6), d = 8,13 A,
[=49,24 A; ¢ — TIE-rpaden 3 ntuctom rpadeny — 64,1x64,1 A [96]
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Y BciXx KOH(pIrypamisix MOJEKYyJIspHUX cucteM (puc. 2.1) BHKOPHUCTaHO
HedyukiionamzoBani BHT Ta nuctu rpadeny 3 10BUIbHUM po3MilieHHsM y matputl [1E,
B SIKAX B3a€MOJIS 3 MOJEKYJIaMH MaTpuli BiIOYBA€ThCS JIMILE 3aBASKH CHJIAM BaH JEp

Baanbca [93, 99].

2.2 BpiBHOBa:KeHHSI MOJIEKYJISIPHUX MOJeJIei

MopentoBaHHsI BpIBHOBaXEHHS [TOYATKOBUX MOJIENEN MOJEKyIsIpHUX cucteM [1E
1 HaHokomno3utTiB Tumy IIE-BHT Ta IIE-rpaden (puc. 2.1) 3miiicHroBamocs 3
BUKOPUCTAHHSAM BUIBHO BIAKpUTOro mporpamHoro koxy LAMMPS [26] Ta
nposeneHo 3a anroputMom [101]. BpiBHOBak€HHSI 3A1MCHIOBAJIOCA 3a JIOINOMOTOKO
130xopHo-130Tepmiunoro (NVT) Ta i300apHo-i3oTtepmiunoro (NPT) ancam0GmniB Ha
cepaepi Intel(R) Xeon(R) CPU E5-2690 0 @ 2.90GHz 16 Core npotsirom 24 CPU rop,
110 BIAMOBIIAE peanbHOMY 4Yacy 3 HC. [ HOCATHEHHs PIBHOBAXXHOIO CTaHy MOJENI
nignaBanucs HarpiBanHioo 10 500 K mig ancam6iem NVT 3 kpokom iHTErpyBaHHS 3a
yacoMm 0,5 ¢c ta noeranno oxonomxkysanacs 10 200 K 3 kpokom 30 K npotsirom 2,5 He
Ta YpIBHOBaXYyBalIHUCS (TepMOJII3yBaIMCS) 3a NOTpIOHMX Temmepatyp mig NPT
ancamOiem npotsrom 500 nic. Y pe3ynbTaTi 3a ONMCAHOIO MPOLELYPOr0 OyJI0 OTpUMAHO
BpPIBHOBa)KEHI (TepModiizoBaHi) MosiekysipHi kondirypauii I1E, ITE-BHT 1 IIE-rpadgen
3a tremmeparyp (275, 300, 325) K.

[Ticns BpiBHOBaXkeHHs mubHICTh Mojeni [IE 3a remneparypu 300 K cranosuia
p = 0,876 r/cm? (puc. 2.2, a).

3a temmepatypu 300 K mimbHicTh mepinoi moxeni HaHokommosuty I[TE-BHT
cranoBmia 887 r/cm? (puc. 2.2, 6), a npyroi — 0,904 r/cm? (puc. 2.2, 6) [6].

[Ipu BusnauenHi 06’emuoi yactku BHT y IIE-BHT toBumna crinku BHT

armchair (6, 6) npuiimanucs pisaoro 3,4 A [93].
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Pucynox 2.2 — TepmamnizoBani monekysipai moaeni npu 300 K:

a—TIE ; 6 — [IE-BHT (a = 0,69 %); 6 — [TE-BHT (0. = 2,08 %) [93]

HlinpHICTF MONEKYJSIpHUX Mozeneid HaHokomno3uTiB IIE-rpaden micns
BpiBHOBa)keHHs 3a Temmnepatypu 300 K craHoBmiia: 1ist MoJeni 3 po3MipaMu JUCTa
rpadeny 40,5x40,5 A Ta 06’eMHOI0 uacTkol rpadeHy B HOITIMEpHil MaTpuIi
o= 0,55 %, p = 0,886 r/cM?; 11 MOIETi 3 BKIIOYEHHAM JucTa rpadery 64,1x64,1 A ta
a = 1,36 %, p = 0900 r/cm’. BpiBHOBaXKeHi MOJEKYJIApHI KOHDIryparii
HaHokommo3uTiB [1E-rpaden 3 pi3HOIO YacTKOIO HamoBHIOBada (o) 3a Temmneparypu 300

K naBeneno Ha puc. 2.3 [99].

Pucynok 2.3 — BpiBHOBaXkeH1 MOJIEKYJISIpHI KOHGITYpaIllii Mojieneld HAaHOKOMITO3UTIB
turny I1E-rpaden 3a Temnepatypu 300 K: a — nuct rpadeny 40,5x40,5 A, o = 0,55 %;
6 — muct rpadeny 64,1x64,1 A, a = 1,36 % [99]
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[Ipu Bu3HaueHnHi 06’emHoi yactku rpdeny B [IE-rpaden ToBmmHa rpadgeHoBoro
nucTa npuiimanacs pisaoro 1,8 A [97, 99].
Otpumani micas BPIBHOBaXXEHHS MOJENI OyJld BUKOPUCTaHI JUIsl PO3PaxyHKIB

MEXaHIYHMX BJIACTUBOCTEH IIUX Matepialis 3a gonomororo LAMMPS [26].

2.3 BuznavenHsiepeKTUBHUX MexaHIYHUX BjaactuBocrteil IHKM

M/l MozentoBaHHS MEXaHIYHUX BJIACTHBOCTEH BpPIBHOBAKEHUX MOJICKYJISIPHUX
cucteMm (puc. 2.2, 2.3) TakoX fK 1 iX BpiBHOBaK€HHs mpoBeaeHo Ha cepsepi Intel(R)
Xeon(R) CPU E5-2690 0 @ 2.90GHz 16 Cores. TpuBanicTh po3paxyHKIB OJHOTO
BapianTy 3 BukopucranHsMm 8 Cores cranoButh (7—14,5) ron CPU 3anexHo BiJ BUIY
MojieroBaHHsl Ta KoH(iryparii monekysspuaoi cuctemu (I1E, TTE-BHT, I1E-rpaden)

[93, 99].

2.3.1 Pesynomamu M/l modenrweanna  epeKmusHUx  MexXAHIYHUX

eénacmueocmeit IIE-BHT ma ix nopienanns 3 IIE

Pesynpratn MJI MoperoBaHHS TIPY>KHO-TUTACTUYHOI JieopMartii HaHOKOMITO3HTIB
[IE-BHT (a0 = 0,69; 2,08 %) mig yac OJHOBICHOTO PO3TATY 3a TPbOMa HOPMATLHUMU
HanpsIMKaMu 3 TOOY/Z0BOIO KPUBHUX HampyXeHHs-Aedopmariisi 3a IIBUAKOCTI JedopMarii
10° ¢! i pi3HOI TeMIIEpaTypH HaBeEHO Ha prc. 2.4,

[TopiBusinH nannx M/] MozaemoBaHHs MPyKHO-TIACTHYHOI fedopmartii urctoro [1E
1 Hanokommno3uty IIE-BHT(a = 2,08 %) ocepenHeHHX 3a HOpMAILHUMM HaIpSIMKaMHU 32
mBuaKocTi geopmarii 10° ¢! i remneparypu 300 K HaBeneHo Ha pruc. 2.5.

3a pmamumu MJ] MOAENMIOBaHHS KpHUBUX HampyXeHHs-Iepopmariiss Tia vac
OJTHOBICHOTO pO3TATy 3a TpPhOMAa HOPMAJIbHUMHU HANpsIMKaMM BH3HAUCHO E(EKTHBHI
mexaniyHl BiactuBocTl [IE i1 HaHokommosuty I1E-BHT 3 BUKOpHUCTaHHSIM CHIBBIAHOLLIEHD

OPTOTPOMHOTO HAOIVKEHHSI:

—  MOJIyJIb MPYKHOCT1
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~L3(E), 2.1)

E=_
3i-1

G;\ . . o :
ne <El> = 8—’ ,1 =1,2,3 — ocepelHEHMI MOAYJIb IPY>KHOCTI 11 YaC OJTHOBICHOTO PO3TATY

1
B HOpMaJILHOMY HanpsiMKy i Ha iHTepBai jaedopmarri 0,02 — 0,05; o;, & — HaNPYy>KEHHA 1

nedopmailisi B HOpMaJIbHOMY HANpsIMKY i BIATIOBITHO;
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Pucynox 2.4 — Kpusi narnpysxenns-naedopmaiiss Hanokommnosutis [IE-BHT (o= 0,69;
2,08 %), miagaHuX OJHOBICHOMY PO3TATY 3a TPhOMa HOPMAJIbHUMHU HAIpsIMKaMU 3a
pi3HOI Temreparypu 3i mBHAKicTIO gepopmarii 10° ¢ !: a, 6 — TIE-BHT (o= 0,69 %); s,
2—IIE-BHT (a=2,08 %); a, 6 —275 K; 6, 2— 300 K

— xoedimient [Tyaccona
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JIe €, € — TIOTIepeYHa 1 MOB3IOBXKHS AeopMallii BIAMOBIIHO;

— MOJIYJIb 3CYBY

G=——— (2.3)
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Pucynox 2.5 — IlopiBHSIHHS OCepeHECHUX 3a TPhOMa HOPMAJILHUMH HaIpsSIMKaMU

KpuBuX HarpyxeHHs-nedopmarris [1E 1 nranokommosuty [TE-BHT (o =2,08 %) 3a

mBuaKocTi gedopmarii 10° ¢! i pisaux Temneparyp: a — 275 K; 6 300 K

Bepudikauist pesynpraTiB MJ] MonentoBaHHd MexaHiuHuUX BiactuBocted IIE 3
JITEPaTypHUMU JaHUMH HaBeJeHO B Ta0m. 2.1.

PesynbraTn Bepudikamii monekynsapHoi moxaeni I[IE moka3yioTh, 110 OTpuMaHi
nani MJ[ monenmtoBaHHs a00 301iraroThes 3 JiTeparypHumu aanumu [93, 98, 103—-106].
[le 0OrpyHTOBY€E MOKIIMBICTD 332 TUMH K QJITOPUTMAMHU OTPUMAHHS JIOCTOBIPHUX JTaHUX
3 MexaHiyHuX BiactuBocteid HaHokommo3uTiB [IE-BHT Ta [1E-rpaden.

TemneparypHi  3aleXHOCTI  €(EKTUBHUX  MEXaHIYHMX  BJIACTUBOCTEH
Hanokomno3utiB I1E-BHT (a = 0,69; 2,08 %), BuzHaueHi 3a dopmynamu (2.1)—(2.3),

HAaBEJICHO Ha puc. 2.6.
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Pucynox 2.6 — EdpextuBHi MexaniuHi BnactuBocTi komnosuty [IE-BHT 3anexno Bijg

YaCTKU HAIlOBHIOBAYa 1 TEMIEPATYPH 31 3HAYEHHSMH CTaHJAPTHOTO BIAXUJICHHS:

a, 8 — MOJIyJIb TIPY>KHOCTI; 0, & — MOYJIb 3CYBY; @, 6 — (.= 0,69 %); 6, 2 — (0 = 2,08 %)

OyHKIIOHANBHI  3aJ€KHOCTI  €(QEeKTHMBHHX  MEXaHIYHMX  BJIACTUBOCTEH
Hanokomno3uty [IE-BHT Bin temmnepatypu Ha inTepBaii (275-325) K (minii TpeHay 1
koedimieaTn kopensiii (puc. 2.6)):

— MOJYJIb IPY>KHOCTI

a=0,69 % — E(T) =-0,001187+ 4,615, r = 0,992,

a=2,08% — E(T)=-0,0132T + 5,054, r = 0,969;

— MOJYJb 3CyBY

a=0,69 % — G(T) =-0,004147 + 1,62, r = 0,987,

a=2,08 % — G(T) =—-0,00456T + 1,755, r = 0,948.
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Tabmuus 2.1 — IopiBHsHHS pe3ynbTariB M/l MOieII0BaHHS MEXaHIYHUX BIACTUBOCTEH

I1E 3 miTeparypHumMu gaHuMu 3a TemiepaTtypu 293 K

: [ToTouni [103,

Bnacrtusicts i [103] | [104] | [105] 105] [45] | [101]
: 0,158-| 0,8-

Monayne npyxHaocri, ['Tla 1,081 1 0,8 1,103 11 — —
Monayns 3cyBy, ['Tla 0,376 0,75 0,37 0,47 — — —
Koedimient Ilyaccona 0,436 — 0,448 | 0,46 - - -
['panung Tekyvocri,
MITa:
npu v=10c!i 7=100 K; 172 — — — — — 173
npu v=10°¢!' i 7=250 K; 97 — — — — — 95
npu v=10'"¢! i 7=300 K. 107 — — — — 112,6 | -

[TopiBHsIHHS e(eKTUBHMX MEXaHIYHMX Ta TemtodiznyHux BiactuBocteil I1E i

HanokomIo3utiB I[IE-BHT (oc =0,69; 2,08 %) HaBeJIeHOTOo B TaOu. 2.2 1 Ha puc. 2.7.

Tabmuusg 2.2 — IopiBHsHHS edeKTUBHUX (Pi3uKo-MexaHIyHUX BiactuBoctei [1E 1

Hanokomno3uty [IE-BHT npu 293 K

Marepian E,I'Tla G,ITla % 6, , Mlla
(moTouHi aHi) 3a v=1x10"¢!
I1E 1,081 0,376 0,436 613
p= 0,879 r/cm’ +0,081 10,029 +0,039 ’
I;EZ_%}?; f,/lo BHT) 1,164 0,407 0,453 68.9
0= 0,889 r/e’ 10,075 10,046 10,108
EEZ_B;&; EZ BHT) 1,193 0,419 0,429 739

’ 10,084 10,039 +0,039 ’

p= 0,908 r/cm

Ha rpadikax mOpIBHSHHS TEMIEPATYpPHUX 3aJEKHOCTEH MEXaHIYHUX
BrnactuBocTed yuctoro HaHokomno3uty IIE-BHT 1 IIE cnoctepiraeTbcs picT 3HaY€Hb
MexaHIyHuX BractuBocTed kommnosuty I[IE-BHT mnopiBasiHo 3 uuctum I[IE. Tak,
Hanpukiaa, Mmoayis npyxkHocti [IE-BHT npu o = 2,08 % nopiBusHo 3 yuctum I1E (puc.

2.7, a) 361nbiryethbes Ha 6,2 % nipu 275 K ta Ha 25,2 % npu 300 K. I'panunsg TekydocTi
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[TE-BHT mnopiBusino 3 [1E takox migBumryerbes: Ha 13,8 % npu 275 K 1 Ha 8,8 % npu

300 K mus o= 2,08 % i mBuakocti gedopmanii 10° ¢! (puc. 2.5).
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Pucynok 2.7 — IlopiBHsiHHS epeKTUBHUX MexaHIYHMX BiactuBocTeil [1E 1

HaHokomno3uTiB [IE-BHT (oc =0,69; 2,08 %): a — MOZYJb IPYKHOCTI,;

6 — xoediuient [lyaccona

3 BUKOPUCTAaHHAM JaHUX HaBeJIEHUX Ha puc. 2.6 y nporpami Mathcad otpumano

(GyHKIIIOHATBHI HENIHINHI JBOMAapaMeTpUYHI 3aJeKHOCTI MEXaHIYHUX BIIACTUBOCTEH

[TE-BHT Bix Temnepatypu Ta 06’€MHO1T 4YaCTKH HaNOBHIOBaua BUTIISAY [93].

5
F(T,0)=> kT o™,

(2.4)

ne T — abcomotHa Temmeparypa, K; o — o6’emna wactka CNT, %; ki, ni, m; —

koedimierTn (Tadi. 2.3).

Tabnuus 2.3 — Yucnosi 3HaueHHs kKoedimieHTiB hopmymnu (2.4) ns [IE-BHT

E, T'TIA %
i ki n; mi ki n; mi
1 -0.00110 1 1 1.791-10* 1 1
2 -0.04638 0 2 -0.0254 0 2
3 0.47454 0 1 0.0449 0 1
4 4.33963 0 0 0.1659 0 0
5 -0.01133 1 0 7.0489-104 1 0

['padiku nBOMapameTpUUHUX 3alexHOCTeW MexaHiunux BiactuBocted [IE-BHT

BiJI TEMIIEpaTypH Ta 00’ €MHOI YaCTKH HAIIOBHIOBaYa HaBEJIEHO Ha puc. 2.8.
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a O

Pucynok 2.9 — JIBonapameTpuyHi HEJIHIKMHI 3aJI€KHOCTI MEXAHIYHHUX BJIACTUBOCTEMN
[1E-BHT Bix TemnepaTypu Ta 06’€MHOT YaCTKH HAIIOBHIOBAya:

a — MOAYJb IPYKHOCTI; 6 — koeditieHT [Tyaccona

Otpumani 3anexHocti (2.4) (tabn. 2.3) mnoTpiOHI JJIi  ONEPATUBHOIO
nporHo3yBaHHs MexaHiuHux BiactuBocted [IE-BHT y mianma3zoni 3miHu TemmepaTyp
(280 — 320) K Tta 06’eMHoi yactku HanoBHioBauiB (0 — 2,0) %, mo gae 3Mory mija yac
PO3pOOKH HOBHX KOMIIO3MIIIMHUX MartepiaiiB HE BUKOHYBATH JOCTaTHHO CKJIAJIHI U

TpPUBAJIl YUCIIOBI EKCIEpUMEHTH Ha 0a31 M/ MozientoBaHHS.

2.3.2 Pesynomamu MJ] moldenioeanna  eQeKmuHUX - MeXAHIYHUX

eénacmueocmeit INE-2paghen ma ix nopienannsn 3 INE

Pesynbratn M/ MO/JIECIIFOBAHHS MIPYKHO-IIJIACTUYHOT nedopmartii
HaHnokomno3uTiB [IE-rpaden (a =0,55;1,36 %) MiJl 4Yac OJHOBICHOTO pO3TATY 3a
TphOMa HOPMaJILHUMH HAMpsSMKaMH 3 MOOYA0BOIO KPUBHUX HANpPYKeHHs-IedopMallis 3a

mBuakocTi aedopmarii 10° ¢! i pisHoi Temneparypu HaBeaeHo Ha prc. 2.10 [99].
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Pucynoxk 2.10 — Kpusi Hanpyxenssi-nedopmaitis Hanokomno3utiB [1E-rpaden
(o =0,55; 1,36 %), nigaaHux OAHOBICHOMY PO3TATY 32 TPhOMa HOPMaJIbHUMU
HarpsIMKaMH 3a Pi3HOT TeMItepaTypH 3i mBuakicTio aedopmarii 10°¢:

a, 6 — IIE-rpaden (a = 0,55 %); 6,e — [IE-rpaden (o = 1,36 %); a,6 — 275 K; 6, 2293 K

[TopiBusinHg nanux M]I moznemoBanHs nipy>kHO-TDIacTudHOi nedopmarii T1E 1 TIE-
rpaden (o = 1,36 %) ocepemHeHNX 32 HOPMATBHIMH HAPSIMKaMU 3a IIBUIKOCTI Tedopmartii

10° ¢! i temmeparypu 293 K naBezeno Ha puc. 2.11 [99].



94

120 120
100
80

60

Stress, MPa
Stress, MPa

40

20

0,0 0,2 0,4 0,6 0,8 1,0 0,0 0,2 0,4 0,6 0,8 1,0

Strain Strain

——PE pure ——PE--GR 64A ——PE pure ——PE--GR 64A

a o
Pucynok 2.11 — [1opiBHSIHHS OCEpEAHEHHX 32 TPhOMAa HOPMaJIbHUMU HaNPSIMKaMHU
KpuBHX HanpykeHHs-nedopmarris [1E 1 nanokommnosuris [1E-rpaden (a= 1,36 %) 3a

mBuakocti gedopmarii 10° ¢! i pisaux remmeparyp: a — 275 K; 6 — 293 K

3a pmanumu MJI MoJenOBaHHS KpHUBUX HampyXeHHs-Iedopmalls Tia  4ac
OJTHOBICHOTO pO3TATY 3a TphOMa HOPMAJIbHMMH HaNpsIMKAMH BH3HAUYEHO €(EKTUBHI
MEXaHIYHI BJIAcTUBOCTI HaHOKoMIo3uTy IIE-rpageH 3 BHUKOpPHCTaHHSIM CHIBBIAHOLLIEHD
opToTpornHoro HaobmmwkeHHs (2.1)+2.3).

TemneparypHi  3ajieKHOCTI  €(EKTMBHHX  MEXaHIYHMX  BJIACTHBOCTEH
Hanokomno3uTiB [1E-rpaden (o = 0,55; 1,36 %), Bu3HaueHi 3a popmynamu (2.1)—(2.3),
HaBejieHo Ha puc. 2.12 [99].

OYHKIIOHAIBHI ~ 3aJEKHOCTI  €(EeKTUBHUX  MEXaHIYHUX  BIJIACTUBOCTEU
nanokomno3uty [1E-rpaden Bix Temneparypu Ha intepBani (275-325) K (miHii Tpenmy
1 koedimienTn kopensii (puc. 2.12)) [99]:

— MOAYJb MPY>KHOCTI
o=0,55% — E(T)=-0,0122T + 4,712, r = 0,996,
o=1,36 % — E(T) =-0,0134T + 5,083, » = 0,999;
— MOAYJb 3CYBY
o= 0,55 % — G(T) =-0,00445T + 1,705, r = 0,998,
o=1,36 % — G(T) =-0,00485T + 1,829, r=0,999.
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Pucynok 2.12 — EdbextuBH1 MexaHi4H1 Bi1acTUBOCTI HaHOKoMIIo3uTy [1E-rpaden

3aJIE’KHO B1J YaCTKHM HAIIOBHIOBAYA 1 TEMIIEPATYPH 31 3HAUEHHSIMU CTaHIAPTHOTO

BIIXUJICHHSI: @, 8 — MOAYJIb MPY>KHOCTI; 6,2 — MOJIYJb 3CYBY; a, 6 —a. = 0,55 %;

[TopiBHSAHHA

e(eKTUBHUX

6, 2—o=1,36%

(b13uKO-MeXaHIUHUX

BJIACTUBOCTEN

Hanokomno3uty I1E-rpaden npu 293 K naBeneno B tadu. 2.4 [99].

[TopiBusHHES epexTBHIX MexaHIYHMX BiactuBocTel [1E 1 Hanokommo3uTiB I1E-

rpaden (a = 0,55; 1,36 %) HaBeneno Ha puc. 2.13 [99].

IIE

330

1
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Tabnuus 2.4 — [opiBHsHHS eheKTUBHUX MexaHIuHuX BractuBoctei [1E i

HaHokommo3uty [1E-rpaden npu 293 K

Martepian E,TTla G,ITla v o, Mlla
(moTouHi J1aH1) 3a v =1x10%!
11E 1,081 0,376 0,436 613
p =0,879 r/cm? +0,081 +0,029 +0,039 ’
I1E-
rpaden 1,132 0,399 0,427
0=0,55 % +0,062 +0,029 +0.113 66,9
p=0,891 r/cm’ 7 - 7
11E-
rpaden 1,146 0,408 0,425
0= 1,36% +0,093 +0,020 +0,122 68,5
p =0,905 r/cm? 7 - 7
1,5 0,48
A
1,3 @ 0,46
o @
95_ 11 > 0,44
“ [ ]
0,9 0,42
0'7270 280 290 300 310 320 330 0'4270 S = = e S =2
Lt T, K
: zE:gfea " BHER Do A PE-pure A PE-GR-40A
A PE-GR-64A
a 9]

Pucynok 2.13 — [lopiBHSIHHS e(DEeKTHBHIX MEXaHIYHUX BIACTUBOCTEH HAHOKOMITO3UTIB

[TE-rpaden (o = 0,55; 1,36 %) i [IE: a — Mmogyns ipy>kHOCTI; 6 — KoedimienT [Tyaccona

[lopiBHSIHHA  TEMIIEpaTypHUX 3aJEKHOCTEH MEXaHIYHUX BIACTUBOCTEH
HaHokommno3uty [IE-rpaden 3 IIE mokasye picT 3HaueHb MEXaHIYHUX BIACTUBOCTEH
Hanokomno3uty [1E-rpaden nopisasiHo 3 unctum [1E. Tak, Hanpukiaa, Ha 1HTEpBal
temrepatyp (275 — 315) K moayns npyxHocTi HaHOKoMTI03uTy [IE-rpaden nepesuirye
BiAMoBiAH1 3HaueHHs1 yuctoro I1E: Ha 6,7 % npu 275 K 1 Ha 6,0 % npu 300 K, a npu
325 K — naBmnaku 3meHIryetbes Ha 5,4 %. ['panuns texkydocti [IE-rpadgen nopiBHsHO 3
[1E takox migsuinyetbes: Ha 8,9 % npu 275 K ina 11,7 % npu 300 K g 0=1,36 % 1
mBraKocTi gedopmartii 10° ¢! (puc. 2.11).
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3 BUKOPHUCTAHHAM JaHUX HaBeJeHHUX Ha puc. 2.13 y nmporpami Mathcad otpumano
(GyHKI[IOHATBHI HENIHINHI JBOMAapaMeTPUYHI 3aJ€KHOCTI MEXaHIYHUX BIIACTUBOCTEH
[IE-rpaden Bix TemmepaTypu Ta OO0 €MHOI YAaCTKM HAloOBHIOBaua BUDIsny (2.4),

Koe(DIIiEHTH SKUX HaBEJACHO B Ta0m. 2.5.

Tabnuusg 2.5 — Yucnosi 3naueHHs koediieHTiB hopmynu (2.4) mst [1E-rpaden

E,T'TIA %
i k; n, m, k; n; m;
1 -0,00188 1 1 -5,116-104 1 1
2 -0,05009 0 2 8,199-103 0 2
3 0,66594 0 1 0,1311 0 1
4 4,31679 0 0 0,1721 0 0
5 -0,01111 1 0 8,990-10 1 0

I'padikn mBOmMapaMeTpUYHMX 3aJICKHOCTEH MexaHIYHUX BiactuBocteir [IE-

rpadeH BiJ TemmepaTypu Ta 00’€MHOI YacTKM HAMOBHIOBaYa HaBeIECHO Ha puc. 2.14

[99].

31

300
T | <290
280

a o
Pucynok 2.14 — JIsonapameTpHuyH1 HETIHIMAHI 3aJIEKHOCTI MEXAHIYHUX BJIACTUBOCTEMN
[1E-rpadeHn Bia TeMneparypu Ta 00’ €MHOI YaCTKH HaIlOBHIOBAYa!

a — MOAYJb TIPYXKHOCTI; 6 — KoedirtieHT [Tyaccona



98

Otpumani 3anexsocti (puc. 2.13, 2.14) mnotpiOHI aJi1 ONEPaTUBHOIO
IPOrHO3yBaHHS MexaHIYHUX BiactuBocTell IIE-rpaden y aianazoHi 3MiHH TeMIlepaTyp

(280 — 320) K ta 06’emuoi wactku rpadeny (0 — 1,5) %.

BucHoBkM 10 po3ainay 2

1)3  Buxopucranusm nporpaMmu LAMMPS  3ailicHeHO — MOAENIOBaHHS
BPIBHOBKEHHS IMOYATKOBUX KOHIrypamiin Mmonexkyinspuux wmoxenedt IIE, TIE-BHT
ta [IE-rpaden 3a A0MOMOror0 130XOpHO-130TEPMIYHOIO Ta 1300apHO-130TEPMIYHOTO
aHcaMmOJIiB y MpOAOBXK 3 HC 3 KpOKOM iHTerpyBaHHsS 3a yacoMm 0,5 ¢c. ¥V pesynbrari
OTPMMAHO BPIBHOBAKEHI MOJIEKYJISIPHI CTPYKTYpPH 3 TaKUMHU TNapameTpamu: Tepiia —
yuctuii I1E, mo cximagaerscs 3 10 manmroris (-CaHa-)i000 miinericTio 0,876 r/cm® 3a
temriepatypu 300 K; apyra i1 tpers — ue nHanokommnosut [IE-BHT 3 marpunero 3
10 nmanmroriB (-C2Hs-)1000 Ta 3 00'eMuoro yactkoro BHT a = 0,69 % 1 a = 2,08 % 1
miaeHicTIO p = 0,887 r/em® 1 p = 0,904 r/cm® 3a Temmeparypu 300 K, BiamosimHo;
yerBepra Ta II'sita — HaHokomMno3uT IIE-rpadgen 3 o0’eMmHOI0 wyacTkoro rpadeny
a=0,55%1ia=1,36 % i mimsnictio p = 0,886 r/cm? i p = 0,900 r/cm? 3a TemmepaTypu
300 K, B1ammoBigHO.

2) OTpumMani BpIBHOBaXEHI MOJI€JI BUKOPUCTAHO JIJIi MOJIENIOBAHHS MPYKHO-
IacTYHOi nedopmanii Mg Yac OJHOBICHOTO PO3TATY 3a TpbOMa HOPMaIbHUMH
HampsiMKaMu 3 T0OyZ0BOIO KPUBUX HampyXKeHHs-AedopMalliss 3a IIBUIKOCTI

' ta Temneparyp 275, 300 i 325 K. Ha miacraBi Lux maHux

nedopmamii 107 ¢~
OTPUMAaHO KOMIUIEKC MEXaHIYHUX BiactuBocted mnojiMepy IIE Ta HaHOKOMIIO3HTIB
[NE-BHT 1 IIE-rpaden, 1o BKIOYAIOTH: MOIYJAb MPYXKHOCTI, KOEQIIIEHT
[lyaccona, MoayJib 3CyBY Ta I'PaHUIIIO TEKYUYOCTI.

3) Pesynbratu Bepudikamii monekyiaspHoi moiem I[IE mokaszanu, 1mo oTpumani
nani MJI MopnemroBaHHS a00 30Irar0ThCS 3 HASBHUMH JIITEPATypHUMH JTaHUMH, a00

HaOnmmKeHi 10 Hux. Lle oOrpyHTOBY€E MOMIIHMBICTh OTPUMAHHS 32 THMH K aJITOPUTMAMHU

JOCTOBIPHUX JaHUX 3 MEXaHIYHMX BiacTtuBocTted HaHokommo3uTiB IIE-BHT 1 IIE-

rpadeH.
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4)Otpumani  gaHi  MJ]  MojemoBaHHS ~ MEXaHIYHHUX  BJIACTHBOCTEH
HaHokommno3uTiB [IE-BHT 1 IIE-rpadgen Oyno ocepeaHeHO Ha 3aJaHUX YaCOBUX
OPOMIKKAaX, M0 TOKa3aJo 30DKHICTh 3 JITEpaTypHUMH JaHUMU Ta CIPUSE
OTPHUMAaHHIO JIOCTOBIPHHAX JAHUX MEXaHIYHUX BJIACTHBOCTEH  OMHCAHUX
HAHOKOMIIO3HUTIB.

5) 3a pe3ynbraTaMu MOPIBHSIHHS MEXaHIYHUX BJIaCTUBOCTEHM HaHOKOMIO3UTY [1E-
BHT 3 IIE BcTtanosiieHo, mo Moayis npysxkHocti [IE-BHT npu o = 2,08 % nopiBHSHO 3
yuctuM [IE 30umbmryersest Ha 6,2 % npu 275 K ta Ha 25,2 % npu 300 K. I'panurs
teky4octi [IE-BHT nopiBusino 3 IIE Takox niaBumryerses: Ha 13,8 % npu 275 K 1 Ha
8,8 % mpu 300 K s o = 2,08 % i mBuakocti gedopmanii 10° ¢,

6) Bcranosneno, mo Ha iHTepBaii Temmepatyp (275-315) K moayns npykHOCTI
HaHokomno3uty I1E-rpaden nepepuitye BiagnoBigHi 3HaueHHs [1E: Ha 6,7 % npu 275 K
1 Ha 6,0 % npu 300 K, a mpu 325 K — HaBmaku 3MeHiryerbcst Ha 5,4 %. ['panuris
tekydocti [1E-rpaden nopiBusno 3 [1E takox miaBumryetses: Ha 8,9 % npu 275 K 1 Ha
11,7 % npu 300 K mis o = 1,36 % i mBuakocti gedopmariii 10° ¢!,

7) OTpuMaHO  HENiHIWHI  JBOMApAMETPUYHI  3aJIEKHOCTI  MEXaHIYHUX
BnactuBocted IIE-BHT 1 [IE-rpaden y niamazoni 3minu temneparyp (280 — 320) K ta
006’ emHuo1 yacTku HamoBHIOBaviB (0 — 2,0) % 1 (0 — 1,5) % BiamoBimHO, MO Aa€ 3MOTY
miJ] 4yac po3poOKH HOBUX KOMIIO3MIIIMHUX MaTepialiB He BUKOHYBAaTU JOCTATHHO
CKJIaJH1 ¥ TpUBaJIl YUCIIOBI eKCIEpUMEHTH Ha 0a31 M/[ MoentoBaHHS.

8) Onepxkani AaHl 3 KOMIUIEKCY MEXAaHIYHMX BIJIACTMBOCTEH JaayTh 3MOTY
BUKOHYBAaTH MOJICIIOBAHHS MPYKHO-TUIACTUYHOTO CTaHy BUPOOIB 3 HAHOKOMIIO3UTY

[IE-BHT 1 IIE-rpaden B ymoBax eKkcIiTyaTallii B KOHTHHYaJIbHOMY HAaOIM>KEHHI.
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3 BUBHAUYEHHS TEILJIO®I3UYHUX BJACTUBOCTEN
KOMIIO3UIIMHUX MATEPIAJIB 3 NOJIETUJIEHOBOIO MATPUIIEIO
METOJAMMA MOJIEKYJASPHOI IMHAMIKHA

3.1 Busnavenns rensionposignocti IIE ta nanokomno3uris IIE-BHT

i IE-rpajgen
3.1.1 Memooonozin

Meton ['pina-Ky6o € piBHOBaxHUM migxogoM MJI, 3a sSikuM TEH30p IPYroro

A

paHTy TEIJIONPOBITHOCTI TPATKH A BHU3HAYAETHCS 3a (IYKTYaIiiHO-IUCUTIAIIHHOIO
TeopemMoro (3.1), B sIKif MOETHYETHCS CEpE/IHE 3HAUCHHS 3a aHCaMOJIEeM aBTOKOPEIIAIii
TEIJIOBOTO MOTOKY 3 TeruionpoiaHicTio [100, 102]

- - 3.1)
A= = [ ()@ JI(0))dr,

ne kp — crana bonbimana; ¢ — vac; V1 T — 006’eM 1 Temrneparypa cucreMu; J — BEKTOp
TEIJIOBOTO TOTOKY; < > — ONEPATOp CEPEeIHBOr0 3HAYEHHS BEIIMYMHU; @ — omeparop
TEH30PHOTO MHOKEHHSI; * — 03HaYa€e TEH30p JPYroro paHry.

VY pa3l nepeBakHO 130TPOMHOI HEBIOPSIAKOBAHOI CHUCTEMHU [JIi BU3HAYEHHS
e(heKTUBHOI TETUIOMPOBITHOCTI BPAXOBYIOTHCS JIMIIIE JI1arOHAIbHI YWICHU A [100, 102],

TOOTO

ne tr() — onepaTop ciiay TeH30pa.

3.1.2 Mooenweanua menionpogionocmi

Jlist MojientoBaHHs TerwionpoBigHOCTI Monekyisipaux cuctem IIE, ITE-BHT Tta

[IE-rpadbeH 3 BUKOPHUCTaHHSIM BUIBHO BIAKPUTOro mnporpamMHoro koxy LAMMPS
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BPIBHOBA)KEHHS IXHIX MOYaTKOBUX KOHDirypartliit (auB. puc. 2.1) mpoBOAMIOCH 32 JEIIO0
1IHIUM anroputMoM. [Ipu 1boMy mpouec BpiBHOBaXKEHHS TAKOX BKIIIOYAB JIEKUIbKa
eTamiB (UB. po3/11 2) 1 BUKOHYBABCS 3a MeploguyHuX rpannyHux ymos [100, 102]. Ha
NEepIIOMY €Tami MOoYaTKoBl KOH(Qirypamii miggaBainch MiHIMI3amii eHeprii 3
BUKOPUCTAHHSAM METOJy CHpsbkeHoro rpasmienta. Jlam 3a temmeparypu 500 K
3a/1aBJIMCh MOYATKOBI IIBHJIKOCTI aToMaM, a MOTIM 3I1MCHIOBAJIOCS BPIBHOBAKEHHS
B a"cam0Om NVE 3a cranoro o0’emy 1 eHeprii pa3oMm 3 tepMocTaTtoMm JlaH)keBiHa
(Langevin) 3a temmneparypu 500 K Brnpomosx 200 nc 3 KpOKOM I1HTETpyBaHHs 3a
gacoM 1 ¢c. 3aTum, s 30UTBIIEHHS] TTOYATKOBOI HIUTBHOCTI MOJIEKYJISIPHUX CHCTEM

(Big p =0,001 r/em® 1o (0,6 — 0,7) r/cm®) BUKOHYBaIOCHh BCeOiUHE CTHCKAHHS KYOi4HOT

KOMIPKH  MOJICKYJISIpHUX  cucTeM 3a Tepmoctata Hoce-I'yBepa  (130XOopHO-
13otepmiudoro ancamono — NVT) 3a temnepatypu 500 K Bopomosxk 500 1ic 3 kpokom
iaTerpyBansas 1 ¢c. Ilicns mporo 3aiiicHroBaBcsa Biaman 3a Oapocrtata Hoce-I'yBepa
(13006apHo-130Tepmiunoro ancamomo — NPT) 3a temneparypu 500 K 1 tucky 1 atm
ynpoaosx 500 nc 3 kpokoM iHTerpyBanHsa 0,5 ¢c. [IoTIM CTpYKTYpH OXOJIOKYBaJIUCh
nig ancam6iem NPT 3a tucky 1 atm g0 motpi6HUX Temmeparyp 31 mBuikictio (0,3 —
0,45) K/nc Brnpomosxk 500 nc 3 kpokom interpyBaHHs 0,5 ¢dc. 3aTum MoJeKysipHI
CTPYKTYPH J0JIaTKOBO BPiBHOBa)KyBaJMCh mia ancambieM NPT 3a meBHO1 Temmneparypu
i tucky 1 atm ynpoaosxk 500 mc 3 kpokom iHTerpyBanus 0,5 dc. Y pesynbrari 3a
OTIMCAHOO TPOIEIYPOI0 OYJI0 OTPMMAHO BPIBHOBAKEHI (TEPMOJIi30BaHi) MOJICKYJISPHI
koHpirypamii I1E, [TE-BHT 1 IIE-rpaden 3a Temnepatyp (275, 300, 325, 350) K.

J1Jist BUKOHAHHS MPOAYKTUBHOI CUMYJISIIT BUKOPUCTAHO MOAN(DIKOBAHUI CKPUIIT
LAMMPS (in.heatflux.lmp) [26], y saxomy peanizoBano Merong G-K [26, 100].
MopentoBaHHs TEIUIONPOBIAHOCTI 32 TMEBHOI TeMmmeparypu ©W THCKY 1 atMm
3niicHoBanoch mij ancambOiem NVE 3a mepiognyHuX TpaHUYHUX YMOB 3 KPOKOM
inTerpyBanss 0,2 ¢ ynpomosx 200 1ic 17151 KOKHOTO BapiaHTy pO3paxyHKIB.

MJI monentoBaHHS TEIUIONPOBiAHOCTI mpoBeneHo Ha cepsepi Intel(R) Xeon(R)
CPUES-2690 0 @ 2.90GHz 16 Cores. TpuBaiictb po3paxyHKiB OJHOTO BapiaHTy 3
BukopuctanHsaMm 4 Cores ctaHoBuTh (12—17) rog CPU 3anexHo Bifg KoH]irypartii

mounekyisipHoi cucremu (I1E, [IE-BHT, I1E-rpaden).
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3.1.3 Pesynomamu M/] moodentoeanns epekmuenoi menionpoeionocmi

IIE-BHT i IIE-2pagpen ma ix nopienannsn 3 IE

[Tpu moaemtoBanHi TerionpoBigHocTi [1E 1 Hanokommnosutis Tuny [1E-BHT, T1E-
rpadeH 3 JOBUILHUM PO3MIIICHHSM HAlOBHIOBAYIB BKa3aH1 MaTepiaikd pO3IIISIAAINCS SIK
YMOBHO OPTOTPOIHI 1 TOMY Al BU3HAYEHHS IXHBOI A, MOXKHA CKOPHUCTaTUCS
dbopmynoro (3.2) [96].

TemmeparypHi 3anexHocTi eheKTUBHOI TeruionpoBigHocTi uuctoro IIE 1
nanokomno3utiB [IE-BHT, I1E-rpaden, orpumanux 3a qonomororo M/ monentoBaHHs
metonom G-K, HaBeneHo Ha puc. 3.1.

®dyHkIioHaNbHI 3anexHocTi epextuBHOI Tertonposianocti [1E, ITE-BHT 1 IT1E-
rpaden Bim Temmeparypu Ha iHTepBaii (275-325) K (miHii TpeHmy 1 KoedilieHTH
kopesii (puc. 3.1)) maroTs Burisn [96]:

— TIE — Aet(T) = —0,502-103T + 0,545, r = 0,906;

— TIE-BHT- o = 0,69 % — A7) =—0,481-10°T + 0,594, r = 0,997;

— ME-BHT — o= 2,08 % — Aeti(7) =—0,129-102T+ 0,951, r = 0,964;

— TE-rpaden —a = 1,36 % — Ae(T) = —0,843-10°3T + 0,858, r = 0,864.

Bepudikaris orpuManux naHux TeronpoBigHocTi IIE nuisixom mopiBHSHHS
MOTOYHUX JaHUX 3 EKCIEPUMEHTOM II0Ka3aja, 10 PI3HUI MDK E€KCIEPUMEHTOM 1

nannMu MJI MozenroBaHHsS CTaHOBMTB: 3a Temneparypu 275 K — 6, =4,9 %, a 3a
350 K — 9, = 0,8 % 1 3anexHIcTh €(pEKTUBHOI TEIUIONPOBIAHOCTI Ma€ CIaJar0dui

XapakTep 3 POCTOM TEeMIIepaTypH sIK 1 B eKCriepuMeHTi. Lle cBiIUuTh Mpo J0CTOBIPHICTH
OTpUMaHUX pe3ynbTaTiB M/J[ MoientoBaHHs.

Ternonposianicts [IE-BHT 1 IIE-rpadgen 3poctae 31 30UIbIIEHHSIM 00’ €MHOI
yactku BHT 1 rpageny nopisusino 3 I1E (puc. 3.1): [IE-BHT — na 13,8 % npu 0,69 % 1
Ha 43,7 % mipu 2,08 % 3a 293 K; I1E-rpaden — Ha 13,6 % npu 0,55 % 1 Ha 53,5 % mipu
1,36 % 3a 293 K. Ile moB’s3aH0 3 TUM, 110 HasBHICTE BHT a6o rpadeny B I1E maTpurii

N1JBUIILY€E BIOPAIKOBAHICTh MOJIEKYJISIPHOT CTPYKTYPH, 11O MPU3BOJUTH 10 301TIbIICHHS



CEpPEeIHbOI0 BIIBHOTO TIPOOITY (POHOHIB

po3citoBaHHs [58].

0,46

0,42

0,38

Lambda, W/(m*K)

0,34

270 280 290 300 310 320 330 340 350 360
T, K

a

0,80
0,70
0,60 4

1

0,40

Lambda, W/(m*K)

0,30

270 280 290 300 310 320 330 340 350 360
T, K

6

Ta

Lambda, W/(m*K)

Lambda, W/(m*K)

103

3MCHIICHHSI iHTeHCI/IBHOCTi TXHBOI"O
0,60
0,50
0,40
0,30 - : - -

270 280 290 300 310 320 330 340 350 360

T K
O
0,80
0,70
r——-____‘il

T I
0,50
0,40

270 280 290 300 310 320 330 340 350 360
T, K

2

Pucynok 3.1 — TemmneparypHi 3a/1e:xHOCTI €()eKTUBHO1 TETUIOMPOBIAHOCT] TOTIETHIICHY

Ta KOMIIO3UIIIMHUX MaTepiajaiB Ha HOro OCHOBI 31 3HAYEHHSIMHU CTaHAPTHOTO

BiaxuneHHs: a — [1E: 1 — M/l monemtoBanHs, 2 — ekcepumenT [108];

6 —IIE-BHT (06’emna wactka BHT — a0 = 0,69%); 6 — IIE-BHT — o = 2,08 %;

e —IIE-rpaden — o = 1,36 % [96]

TemmeparypHi 3QJICKHOCTI HOPMAJIbHUX CKJIaJOBUX e(heKTUBHOI

TEIJIONPOBITHOCTI TOJIETWICHY Ta KOMIO3UIIWHUX MaTepiajiB Ha MOro OCHOBI

IIPEACTABIICHO Ha puc. 3.2.
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Pucynox 3.2 — TemneparypHi 3a1€XKHOCTI HOPMAJIbHUX CKJIAJJIOBUX €(PEKTUBHOI

TEIJIONPOBITHOCTI MOJIETUIEHY Ta KOMIIO3UIIITHUX MaTepiajiiB Ha HOro OCHOBI:
a —I1E; 6 — TIE-BHT (06’emua yactka BHT — a = 0,69 %); 6 — I[IE-BHT — a. = 2,08 %;
2 —TIE-rpaden — a = 1,36%; 1) — Ai1; 2) — A22; 3) — A33 [96]

Ha puc. 3.2 BugHO, 110 pO301KHICTh MIK IpadikaMu A (T ), i=1,2,3 3poctae 31
30UTbIIEHHSIM 00’€MHOI 4YacTKM HaloOBHIOBaua o, SKUH Ma€ 3HAYHO OUIBIILY
TEIJIONPOBITHICT TTOpiBHSAHO 3 T1E.

Ha migcraBi mopiBHSAHHS eQEeKTUBHOI TeruionpoBigHocTi yuctoro [IE i
Hanokomno3utiB [TE-BHT Tta IIE-rpaden (puc. 3.1, 3.2) BcTaHOBJIEHO, IO JO/1aBaHHS
BYIJIELIEBUX HAHOTPYOOK 1 JUCTIB rpadeHy 30UIblIye BEIUUUHY A MaTpuul 3 [IE Ha
(44 — 54) % 3a Temmeparypu 293 K i 3a 06’emnoi wactku BHT 2,08 % 1 rpadeny —
1,36 %, BianosiaHo. lle moB’43aH0 3 THM, IO HASIBHICTh HAaHOAOMIIIOK y Matpull I1E

MJBUIIYE BIOPSIKOBAHICTh 1i CTPYKTYpPH, MPHU3BOJUTH 10 30UIBIIEHHS CEPEIHBOTO
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BUIbHOTO fiana3oHy audysii (OHOHIB Ta oOcCHa0JeHHS iX pO3CIIOBaHHS, 1 THUM

caMUM TIiJIBHIIY€E TETUTONPOBiIHICTh HaHOKOMITO3HTIB [IE-BHT Ta I1E-rpaden.
3aneKHOCTI €(PEeKTUBHOI TEIJIONPOBITHOCTI MOJIMEPHUX HaHOKoMIO3uTiB [1E-

BHT 1 IIE-rpaden Big 00’€eMHOI YacTKM HAlOBHIOBA4YIB HaBeAeHO Ha puc. 3.3. s

no0ynoBu rpagika 3anexHocTl A.p(o)  IIE-rpageH [101aTKOBOro IPOBENEHO

MOJICITFOBAHHS TEIUIOMPOBITHOCTI 3a 00’ eMHO1 yacTku rpadeny o = 0,55 % .

8
-]

\

Lambda, W/(m*K)
o (=]
-
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;

=

w
o
a0
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Alfa, %
A [IE-BHT m [lE-rpadeH
Pucynok 3.3 — 3anexxHocTi epeKTUBHOI TEIIOMPOBIIHOCTI MOIIMEPHUX
Hanokommo3utis [IE-BHT 1 I1E-rpaden Bijx 06’€MHOT 4aCTKU HAIIOBHIOBAUiB 32

temneparypu 293 K

OyHKIIIOHAIBHI  3aJIEKHOCTI  €()EKTUBHOI  TEIUIOMPOBIIHOCTI  MOJIMEPHUX
HaHokommno3uTiB [IE-BHT i TIE-rpadgen Bim 00’€eMHOI 4YacTKM HANOBHIOBAYiB 3a
temriepatypu 293 K (iiHii TpeHy 1 KoediuieHTH Kopesiii (puc. 3.3)) MaroTh BUTJISIA:

— TIE-BHT — Aer(r) = 0,08450 + 0,397, r = 0,999;

— TE-rpaden — Ae(a) = 0,158 + 0,39, r =0,995.

OTpuMaHi 3aJE€KHOCTI A gy (OL) MOTPiOHI JIJIsi OMEPATUBHOIO IMPOTHO3YBAHHS
edekThBHOI TeruonpoBigHocTi nojdiMepHux kommo3utiB IIE-BHT 1 IIE-rpaden B

MeXax 3MiHM 00’ €MHO1 YacTKH HamoBHIoBaviB 10 (2 — 2,5) % i 3a Temmneparypu 293 K,
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10 JIa€ 3MOTY IIiJl Yac po3pOOKH HOBUX KOMIIO3HUIIIMHUX MaTepiajiB HE BUKOHYBaTH
JIOCTaTHhO CKJIQIHI 1 TPWUBaJl YMCIIOBI €KCIIepUMEHTH Ha 0a3i MJ] mMopaemoBaHHS.
OCKUIBKH TEIUIONPOBIIHICTh ITpadeHy € 3HAYHO OUIBIIOI 3a TEIJIONPOBITHICT

oxnorrapooi BHT (A =4840-5300 B1/(Mm-K) > Agyr = 3350 B1/(M-K)) [108], Tomy

rpadeH
epextuBHa TerutonposinHicTs [1E-rpaden 3nauHO mBuame 3pocTae 31 301LIBIIEHHIM
00’emMHO1 yacTku HanoBHIOBava mopiBHsHO 3 [IE-BHT (puc. 3.3). Tak, Hanpukiaj npu
a = 1,0 % edextuBHa TemonposiaHicTs [1E-rpaden Gunpiia 3a TETIONPOBITHICT
ITE-BHT na 14 %, a ipu o = 1,5 % — Ha 20 %, BiAMOBITHO.

VY mporpami Mathcad 3 BUKOpHUCTaHHSIM JaHUX HaBEACHUX HAa puc. 3.3 TaKOXK
OTPUMAHO byHKITIOHATBHI HEJHINH1 JIBOTIapaMEeTPUUHI 3QJIEKHOCTI
terionpoBigHocTi [IE-BHT ta IlE-rpaden Bim TemmepaTypu Ta 00’€MHOI YacTKU

HaIMoBHIOBava BUTISALY (2.4) (Tabm. 3.1).

Tabmuus 3.1 — Yucnosi 3HaueHHs kKoediieHTiB hopmymu (2.4) 11 TEIIONPOBIAHOCTI

ITE-BHT Ta I[1E-rpaden [96]

ITE-BHT [TE-rpaden

A, Bt/(Mm-K) A, B1/(M-K)
i ki ni | mi ki ni | mj
1 -4,1428-10* 1 1 -1,8034-10* 1 1
2 6,1957-10* 0 2 0,0157 0 2
3 0,2047 0 1 0,1229 0 1
4 0,4645 0 0 0,5077 0 0
5 -9,1769-107 1 0 -3,0729-10* 1 0
6 -4,7619-107 2 0 -2,3809-1077 2 0

I'padixu gBOmapameTpuuHux 3anexxHocted TermonposigHocTi IIE-BHT Ta

[1IE-rpaden Big Temneparypu Ta 00’€MHOT YaCTKM HANTOBHIOBaYa HaBEJICHO Ha puc. 3.3.
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Pucynok 3.5 — JIBonmapameTpuuHi HeIiH1MHI 3anexHocT! TeronpoBigHocTi [IE-BHT Ta
[IE-rpaden Big Temneparypu Ta 00’€MHOT YaCTKM HANTOBHIOBAYA:

a — I1E-BHT; 6 — I1E-rpaden

Hnst  mopiBHsSHHA — pe3ynbrariB  MJ]  MojenioBaHHS — TEIUJIONPOBITHOCTI
HAHOKOMIIO3UTIB 3  BIAMOBIJHUMH JaHUMH, OTPUMAHUMHU 32 aHAJIITUYHUMU
(TEOpPETUYHUMH) 3aNCKHOCTSIMHU, BHUKOPUCTAHO Tpu  (opmynu: Jmorapudmidae
piBasiHHs Jliutenekepa (Lichtenecker) [109], piBusuus Himbcena (Nielsen) [110] 1
dopmyna Makcsena-Aiikena (Maxwell-Aiken) [107, 110]. AnamiTu4Hi 3aJI€KHOCTI
®doroiita (Voight) 1 Peycca (Reuss) [88] He po3risimaroThbesi, OCKUIBKA BOHU JIAOTh
3aHAJTO 3aBUIIEHI 1 3aHM>KEH] 3HAUCHHS, BIAIIOBIIHO.

BimoMo, 1m0 TemwIONmpoBiAHICTH  ABO(A3HUX  CHUCTEM 3  JHCICPCHOIO
BHUCOKOITPOBIAHOO (ha3010, 10 SIKUX 1 BIAHOCATHCS MOJIIMEPHI KOMIIO3UIIIAHI MaTepiaiy,
onucyeThes piBHsSHHAM JliuteHekepa [109], sike mae BUTIIS

lgherr = (1—at) 1ghm + 1gAs, (3.3)
7e o — 00’eMHa YacTKa HANOBHIOBAYA; Am — TEIUIOMPOBIAHICTh MOJIMEPHOI MAaTpPHIIi,
At — TEIUIONPOBIIHICTH HATIOBHIOBAYA.

PiBusannss HinbceHa it BU3HAQUEHHS TEIUIONPOBIIHOCTI  KOMMO3ULIIMHUX

MaTepianiiB, B IKOMY BPaXxOBYEThCS T€OMETPUYHI PO3MIPH YACTUHOK HAIMOBHIOBAYa, Ma€e

Bursig [110]
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A 1+ ABa
A 1- Aya’

m

(3.4)
ne A= f (L/ d ) — (GyHKIIISI TeOMETPUYHUX MapaMeTpiB YaCTUHOK HaroBHIOBaYa; L, d —

.. ) ) -«
JOBJKMHA 1 JiaMeTp YaCTHHOK, BIAMOBiAHO; Y =1+ S
o

max

A ; O max — MaKCUMaJIbHA

00’eMHa YaCTKa YaCTHHOK HAMOBHIOBAaYa 32 iX HAMOLIBII HIIILHOMY yIIaKyBaHHI.

®dopmyna MakcBena-AilkeHa BIIHOCUTHCS O HAUMIPOCTIIIOT MOJEII 130JIb0BAHUX
chepuyHUX BKJIIOYEHb HAMOBHIOBAYa, SKI PIBHOMIPHO PO3MOAUICHI B MATpHIl, 1
TaKOXX BUKOPHUCTOBYETHCA JJISI OMUCY TEIUIONPOBIJHOCTI KOMIIO3HIIIHHUX MarepiaiiB
[107, 110]

A +2A, —2a(r, — L)

Aoce =N (3.5)
eff m . .
A +2h, +o(h, —Ap)
Pesynbratn MOPiBHSIHHS JaHUX M/ MOJICJTFOBAHHSA e(heKTUBHOL
TEIUIONPOBITHOCTI HAHOKOMIIO3UTIB 3 BIAMOBIAHUMU JaHUMH, OTPUMaHUMH 34

TEOPETHYHUMH 3aTIeKHOCTIMU (6)—(8) HaBeaeHo B Tab. 3.2.

Tabmuus 3.2 — [opiBHsHHS pe3ynbTariB M/l MoentoBanHs epeKTUBHOT
terionpoBigHOCTI HaHOKOMIO3UTIB [IE-BHT 1 [1E-rpadeHn 3 BianoBIIHUMU JaHUMU,

OTPUMaHHUMH 3a aHAJITHYHUMHU 3aJIeKHOCTSAMHM 3a Temmneparypu 293 K

Marepian Aer etr /85,5 Megr /85, » etr /85,5
B1/(Mm:K) B1/(M-K)/% B1/(M-K)/% B1/(M-K)/%
(moTouH1 (piBHSIHHS (piBHAHHS (popmymna
JIaH1) Jliutenekepa [109]) | Hinbcena [110]) | MakcBena-AlikeHa
[107, 110])
g]::'gg;/ 0,453 0,426/5,9 0,410/9,6 0,408/9,9
= 0,69 %
EE_];EIST (; 0,572 0,483/15,6 0,433/24,2 0,425/25,7
=208 %
gEj'gp;‘;iZjH_ 0,452 0,421/6.9 - -
= 0,55%
g]::'qp;g’f/‘*_ 0,611 0,455/25,5 - -
=136 %
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[Ipu uboMy Oynu BUKOpHUCTaHI Taki 3HayeHHs mapametrpiB (3.3)—(3.5): ana I1E-
BHT — Am = 0,4 Bt/(Mm-K), A= 3350 Bt/(M-K) [108], a0 = 0,69; 2,08 %; mns [IE-rpaden
— Am = 0,4 B1/(M-K), A= (4840 — 5300) B1/(M-K) [108], oo = 0,55; 1,36 %.

[TopiBusinug nanux MJ] moxemtoBanus edextuBHOi TeronposinHocTi [TE-BHT 1
[IE-rpadben 3  BIANOBIIHMMHM JaHMUMH  pPO3PAaxXOBaHUMU 32  TEOPETUYHUMU
3QJIEKHOCTSIMU ISl  KOMITO3UINIMHUX MaTrepiamiB (AuB. Tabm. 3.2) mokasano, IIo
TEOPETUYHI1 3aJIe’KHOCTI Jal0Th 3aHUXkeHI Ha (6 — 26) % 3HaueHHA e(EeKTUBHOI
TEIJIONPOBITHOCTI MOpiBHAHO 3 MJI monemtoBanHsM. [lpu 1bomy po3OIXKHICTE MIXK
3HAYCHHSMH TEIIONMPOBITHOCTI 3pocTae 31 30uIblIeHHsIM 00’emHoi yactku BHT. Ile
TaKOX MIATBEPIKY€ETbCsl AaHuMu podotu [110], B sKkiii HaBEeAEHO TMOPIBHSIHHS
CKCIIEPUMEHTAJIBbHUX 1 TEOPETUYHMX JaHUX 3 €(QEKTUBHOI TEIJIOMPOBIIHOCTI
NOJIIMEPHUX KOMIO3MUIMHUX MAaTeplajiB Ta IOKa3aHO, IO TEOPETUYHI 3aJIEKHOCTI
naroTh 3aHmxkeHl Ha (11 — 66) % 3HaueHHA MNOpIBHSHO 3 ekcnepumeHToM. OTxe,
JIOCTOBIpHI JaHl 3 e(EeKTUBHOI TEIUIONPOBIAHOCTI TMOJIMEPHUX KOMIO3UIIIHHUX
MaTrepiaiiB  MOXXHA OTpPUMAaTH JIMIIE EKCIEPUMEHTAIbHUM OUisiXoM, abo MJ|

MOACIOBAHHAM, JKC € 3HAYHO MCHII 3aTPAaTHHUM HOpiBHHHO 3 CKCIICPUMCHTOM.

3.2 BuzHauyeHHs MacOBOI i300apHOI TeNJI0EMHOCTI Ta KoedilieHTa JiHiIHHOTO

TemneparypHoro posmupenss IIE ta IIE-BHT i IIE-rpaden

[Ipu Buxonanni MJ] moxemtoBaHHsA e€(EKTHBHOI 1300apHOI TEMIOEMHOCTI Ta
koedimienta JiHiMHOro TtemneparypHoro posmupenHs (KJITP) Buxopucrano
omMcaHi B 1. 2.2 BpiBHOBaXKeH1 MoJeKysipHi Moaeni ¢izuunux cuctem I1E, [TE-BHT Ta
[TE-rpaden.

JUis BU3Ha4YeHHs BKa3zaHUX €(QEeKTUBHUX Teriodisuunux uactuBocted IIE 1
HaHokommno3uTiB [IE-BHT i I1E-rpaden BukoprcTaHO LEHTPaTbHO-PI3HUIIEB]I aHAJIOTH

noxigHuxX [63]. 3a BKa3aHOI METOAMKOI MacoBa i1300apHa TEIJIOEMHICTD (cp)

BHU3HA4Ya€ThCs 3a (hopMyIioro [99]
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k <hi+1> - <hi—1> .

c, = ,i=2,n-1, (3.6)

p
(T)=(T)
ne <hl.> — CepeIHE 3HAYEHHS EHTaJbIli 3a Yac BIANATY MOJIEKYJSPHOI CHUCTEMHU MiA

6apoctatom Hoce-I'yBepa (i300apHO-i30TepmiuHoro ancamomo — NPT) 3a cepenuboi

TEMIIEPATYPHU <T> 1 ceperHbOro THUCKY 1 atM ynpoioBx 300 1C 3 KPOKOM IHTETPYBaHHS

0,5 bc; k=4,184-10° / m, . — Koe(ILIEHT nepexoay Bix cuctemu onuHuLb Real [26] no
SI; m, — aToMHa Maca MOJEKYJSPHOI CUCTEMM; 7 — KUIbKICTh TEMIIEpaTyp BlANAILy
MouiekyJisipHoi cuctemu mia ancam6iem NPT wna inTepBani (270 — 320) K 3 kpokom
10 K.

KJITP (B) Bu3HauaeThes 3a popMyaoro [99]

Li+1 B Li—l .
TR D

ne <Ll.> — CepelHE 3HAYCHHA JIIHIMHOTO pO3Mipy KyOIYHOTO 3pa3ka MOJEKYISIPHOI

cucTeMu 3a yac Bianainy mig 6apoctatom Hoce-I'yBepa NPT 3a cepennnoi Temmnepatypu
<Tl> 1 cepenHpboro Tucky 1 atm ympogosx 300 1c 3 KpOKOM IHTETPYBAaHHS 3a 4acOM
0,5 dc.

MJI MopenmioBaHHS TeMIO(MI3MYHUX BIIACTUBOCTEM 3a BKA3aHUM aJITOPUTMOM
Takox nposeneHo Ha ceprepi Intel(R) Xeon(R) CPUES-2690 0 @ 2.90GHz 16 Cores.
TpuBanicTh po3paxyHKIB OJHOTO BapiaHTy 3 BUKOpHCTaHHIM 4 Cores ctaHOBUTH (10—
15) ron CPU 3anexso Big koHpirypaiii monekynsapuoi cucremu (I1E, TIE-BHT, I1E-
rpadeHn).

TemmepaTypHi  3al€XHOCTI  €(PEKTHBHUX  TEIUIO(MI3UYHUX  BIIACTUBOCTEH
nanokommno3utiB IIE-BHT (a = 0,69; 2,08 %), Bu3zHaueHi 3a ¢opmynamu (3.6)—(3.7),

HaBEJICHO Ha puc. 3.6.
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Pucynok 3.6 — EpextuBHi Temnodi3zuyni BiactuBocti HaHokommnosuty [TE-BHT

3aJIE’KHO B1J YaCTKHM HAIIOBHIOBAYA 1 TEMIIEPATYPH 31 3HAUEHHSIMH CTaHIAPTHOTO

BIIXWUJICHHS: a, 6 — MacoBa 1300apHa TEIIOEMHICTH ; 8, 2 — KJITP; a, 6 — (a0 = 0,69 %);

6,2 — (o= 2,08 %) [99]

TemnepaTypHi  3aJIeKHOCTI

e(EeKTUBHUX

TEIO(PI3UYHUX  BIACTUBOCTEH

Hanokomno3uTtiB I1E-rpaden (a = 0,55; 1,36 %), BuzHaueni 3a popmynamu (3.6)—(3.7),

HaBEJCHO Ha puc. 3.7.
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Pucynox 3.7 — EdpextuBHi Temnodi3uyuni BracTuBocTi HaHokoMmmo3uty [1E-rpaden
3aJIEKHO B1J YaCTKHM HAIIOBHIOBAYa 1 TEMIIEPATYPH 31 3HAUEHHSIMH CTaHIAPTHOTO
BIIXWUJICHHSI: @, 6 — MacoBa 1300apHa TEIUIOEMHICTH ; 8, 2 — KJITP; a, 6 — (o= 0,55 %);

6,2— (0= 1,36 %) [99]

[TopiBHsiHHS OoTpuMaHuX Temiodi3uYHuX BiacTuBocTed [1E 3 HaHOKOMMO3UTOM
[TE-BHT (a = 0,69; 2,08 %) Ta I1E 3 nanokomno3utamu [1E-rpaden (a = 0,55; 1,36 %)

HAaBEJICHO Ha puc. 3.8.
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Pucynox 3.8 — IlopiBasiHHS edexkTuBHUX Temtodiznunux BaactuBocted [1E 1 [IE-BHT
(a=0,69; 2,08 %) Ta I1E i [IE-rpaden (o = 0,55; 1,36 %): a, 6 — [1IE-BHT;

6, 2 — IIE-rpaden; a, 6— macoBa i300apHa TeruioeMHicTh; 6, 2 — KJITP [99]

OyHKIIOHATBbHI 3aJIeKHOCTI epekTHBHUX Teruto¢pizuunux BractuBocTei IIE 1
Hanokommno3utiB [IE-BHT Tta I1E-rpaden Big temnepatypu Ha intepBam (280-320) K
(miHii TpeHy 1 KoedimienTn Kopesii (puc. 3.6-3.8)):

— MacoBa i300apHa TernoemMHicTh [1E

cp(T) = 1,8-10°T+ 1,63, r=0,787,

— KIJITP IIE

B(T)=6,0-107T—3,84-10", = 0,887;

— MacoBa 1300apHa teroemMHicTs [IE-BHT

a=0,69% —cp(T) = 5,18-103T + 0,633, = 0,89,
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a=2,08% —cp(T)=5,35-10°T+ 0,630, r = 0,67;

— KJITP IIE-BHT

a=0,69% — B(7)=1,56-10°T-3,23-10%, r= 0,941,

a=2,08% —B(7)=2,05-10°T—-4,60-104, r = 0,695;

— MacoBa i300apHa TeroeMmHicTh [1E-rpaden

a=0,55 % —cy(T)=6,76-103T + 0,125, r = 0,978,

a=1,36 % — cp(T) =7,49-103T + 0,057, r = 0,82;

— KJITP IIE-rpaden

a=0,55 % - PB(7)=2,17-10°T-5,23-10%, »= 0,991,

a=1,36 % —B(7) =2,07-10°T — 4,82-10*, r = 0,85.

Ha rpadikax TOpIBHSHHS TEeMIEPATypHUX 3aleKHOCTEH Teriodi3nyHux
BJIACTUBOCTEN MOJEKYJsipHUX Mmozener uucroro IIE ta manoxkomnosuty I[IE-BHT 3
00’emuoro yactkoro BHT a = 2,08 % (puc. 3.8, a, 6) cnocrepiraerbcs, 1Mo MacoBa
1300apHa TemnoeMHicTh (cp) 1 KIITP (B) nanoxkommnosuty ITE-BHT 30unbmryroTscs 3
poctom TemmnepaTtypu nopiBHsHO 3 [IE Ha intepBam temmnepatyp 6inbine 300 K: ¢, — Ha
3,4 % mpu 310 K Ta Ha 4,9 % npu 320 K; B — na 18,8 % npu 310 K ta na 27,5 % npu
320 K. IIpu 280 K 3HauenHs macoBoi 1300apHoi TerioeMHocTi [IE-BHT (o= 2,08 %)
nopiBHsiHO 3 [1E Menm Ha 1,6 % 1 KJITP — takox meni, ane Ha 12,2 %.

I'padpiku  miHIAHUX  TEMIEpaTypHUX  3aJIEKHOCTEH  MacoBOi  1300apHOi
teroeMHocT! 1 KJITP nanokommnosutiB I1E-rpaden maroTh 3pocTarodl 3ajI€KHOCTI 1
nepeTuHaroTh BianosiaHi rpadiku [1E na intepani (300-310) K 3anexHno Bijg 06’ eMHOT
yacTku rpadeny (puc. 3.8, 6 2). 3a Ttemmneparypu 280 K 3nauenns c, IIE-rpaden
nopiBHsiHO 3 [IE Menm Ha (5 — 6) %, a npu 320 K — naBnakwu, 6iibii Ha (3,1 — 5,3) %.
[Tpu 280 K 3nauenns KJITP I1E-rpaden nopisasiHo 3 I[IE menmi Ha (25 — 35) %, a ipu
320 K —6inbmmi Ha (11 — 17) %.

[lopiBHSIHHS YHCIOBUX 3HA4Y€Hb KOMIUIEKCY JOCTIKEHUX TEeIIo(i3UIHUX
BJIACTUBOCTEH jaociipkeHnx Mojiekysipaux moxaeneit I1IE Ta TIE-BHT 1 I1E-rpaden 3a

KIMHaTHUX TEMIEPaTyp, OTPUMAHUX 3a JONoMororo M/l MoaentoBaHHs, HABEAEHO B

tabmn. 3.3.
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Tabmuusg 3.3 — [opiBasHHS TeruodiznyHux BractuBocrei [1E 1 HaHokOMIIO3UTIB

[TE-BHT Ta I1E-rpaden 3a remneparypu 293 K

Marepian (oTo4Hi JaHi) Cpy Jox/(kr-K) B-104, K!
IE p = 0,879 r/em’ 2,17+0,079 1,37+0.26
ITE-BHT o = 0,69 %, p = 0,889 r/cm? 2,15+0,058 1,3440,40
ITE-BHT o = 2,08 %, p = 0,908 r/cm? 2,17+0,065 1,4040,24
ITE-rpaden a = 0,55 %, p = 0,891 r/cm? 2,10£0,058 1,12+0,31
ITE-rpaden a = 1,36 %, p = 0,905 r/cm? 2,1440,061 1,2440,25

VY nporpami Mathcad 3 BukopucTtaHHsAM JaHUX HaBEACHUX Ha puUC. 3.8 OTPUMaHO
(GyHKI[IOHABHI  HEMiHINHI JBONIapaMETPUYHI 3aJIEKHOCTI TerI0(I3MIHUX
BiaactuBocteit [IE-BHT ta IIE-rpaden Bim TemmepaTypu Ta 00’€MHOI YacTKH

HaIoBHIOBava BUTISLY (2.4) (Tabdm. 3.4).

Tabmuus 3.4 — Yucnosi 3HaueHHs KoediieHTiB hopmynu (2.4) nis MmacoBoi 1300apHOT

1 KJITP I1E-BHT Ta I1E-rpaden

[TE-BHT [ME-rpaden
cp, Jox/(xr-K) B, K! cp, Jox/(xr-K) B, K!
) ki n; | mj; kl' n; | m; ) kl' n; m; kl' n; mi

1)1,4588-10° | 1 | 1 |6,4404-107 |1 | 1 |1[4367-103| 1 1 |9,831-107 | 1 1

213.8304-102 [0 2 [ 1261110 0] 2 [2]4,025103] 0 | 2 | 2,867-105 | 0 | 2
3| 04344 0|1 |-1,895104 |0 | 1 (3| -1,3123 | 0 | 1 |-3363-10%| 0 | 1
4] 13518 [0 0]-9751-105[0] 04| 1,8989 | 0 | 0 [-1,505-104] 0 | 0

502,7759-103 [ 1] 0 [7.8277-107 [ 1 | 0 [5]9,521-104] 1 | 0 [ 9,595.107 | 1 | 0

['padixu qBOMApaMETPUUHUX 3aJICKHOCTEH Tetuiohi3nIHNX BractuBocten [1E-
BHT Tta I1E-rpaden Bia TemmnepaTypu Ta 00’€MHOI YaCTKHU HAllOBHIOBa4Ya HABEJACHO Ha

puc. 3.9.




116

T
R
[

A 0 05 A e
77 A7

Pucynox 3.9 — JIBonapaMeTpuyHi HEJiHIMHI 3a1€KHOCTI TEIIO()I3UYHUX BIACTUBOCTEH
[TE-BHT Tta I[1E-rpaden Big TemnepaTypu Ta 00’€MHOT YaCTKU HAIIOBHIOBAYa:

a, 6 — IIE-BHT; 6, ¢ — I1E-rpadeH; a, 6 — macoBa i300apHa TEIJIOEMHICTB; 0, 2 — KJITP

Otpumani 3anmexxHocti (puc. 3.5, 3.9) moTpiOHI 17  ONEpPaTHBHOTO
nporaoszyBanHs Ternodiznunux BiactuBoctet [IE-BHT Tta IIE-rpaden y miamazoni

sminu  Temmepatyp (280 — 320) K ta 06’emHoi yactku HanoBHIoBauiB (0 — 2,5) %, 110
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Ja€ 3MOTY IIJI 4Yac PO3pOOKHM HOBHUX KOMIIO3WIIIMHUX MarepiajliB HE BUKOHYBaTH

JIOCTAaTHRO CKIIAJHI i TPUBAJIl YUCIIOBI eKCIIiepuMeHTH Ha 6a31 M /] moaemoBaHHS.
3.3 Temmneparypa ckiayBanus IIE-BHT i IIE-rpajgen

3 BUKOPUCTaHHSM pe3yibTaTiB MJl MojenroBaHHS BiJNady MOJEKYISIPHUX
cuctem IIE, TIE-BHT 1 IIE-rpaden minm ancamOGmem NPT Takox BH3HAYEHO
TEMIIepaTypyd CKIyBaHHA BKa3aHMX MaTepiaiiB Ha TMIACTaBl  aHaNI3y  IXHIX

(GyHKIIOHATBHUX  3aJIEKHOCTEH 3MIHM 00’€My Bl TeMIlepaTypu (V(T )) [48]. IIpu
oMY IS TOOymoBH NOTHYHUX 10 TpadikiB V(T) y mepudepiiiHEX TOYKax Ha

iHTepBani  (250-330) K BHKOpPHCTaHO TOYHI aHANITH4YHI 3aJleKHOCTI. ['padiku
3anexxHocTi Temneparypu ckinyBanHs [IE-BHT 1 IIE-rpaden Bijg yacTku HamoBHIOBaya

HaBeJIeHo Ha puc. 3.10.

312 7 310
310
308

300
306

Tg, K
Tg, K

304

302 290

300

298

280
2,5 0,0 0,5 1,0 1,5

Alfa Alfa

a o
Pucynox 3.10 — 3anexHicTh TeMiepaTypu ckiryBanHs HaHOKoM1o3uTiB [TE-BHT

1 I[IE-rpacden Bi yacTKH HalOBHIOBAYa:

a—TIE-BHT - T, (0t)=—0,977T7 + 6,909T +300,08, R* =1,0;

6 — IE-rpaden — T, (a) = 1,6617° —10,949T + 300,08, R* =1,0

3HMKEeHHS Temneparypu ckiayBaHHs IIE-rpadgeH 3 pocToM 4acTKyM HanmoBHIOBaya

nopiBHsHO 39ucTUM [1E (nuB. puc. 3.10, 6) MOKHa MOSICHUTH TUM, 1110 JTUCTH rpadeHy B
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HAHOKOMIIO3UTI MPHU3BOJATH 0 PO3PHUBY 3B 3Ky MiX JaHmoramu I1E 1 tum camum
CIPUYMHIOIOTH 3HIDKEHHS Temmeparypu ckiayBaHHs. Y pasi [IE-BHT Bkazanuit
edeKT He CIOCTepiraeTbcs, TOOTO TeMmIeparypa CKIyBaHHS SK 1 Iependadanoch
H1JBUIIYETHCS 3 POCTOM YaCTKH HamoBHIoOBaua (auB. puc. 3.10, a).

[TopiBHSIHO 3 EKCIIEpUMEHTAIBHUM JaHUMH, pe3yibratu MJl MojentoBaHHS
temriepaTypu ckiyBaHHs moniMmepiB 1 [IHKM naroTh 3HayHO BUINI 3HAYEHHS, IO
MOB’SI3aHO 31 3HAYHO OUTBIION MIBHUIKICTIO OXOJOKCHHS/HArpiBaHHS 3pa3KiB IIif

yac MOJICIIOBAHHS aHDXK MPU €KCTIEPUMEHTAIBHUX JTOCTKeHHsIX [S1].
BucHoBku 10 po3ainy 3

1) 3 Bukopucranusm nporpamu LAMMPS mnpoBeaeHO  MOJIEKYISPHO-
JUHAMIYHE MOJIENIOBaHHS  TerodizuuyHux BiuactuBocTed momimepy IIE  Ta
nanokomno3utiB [IE-BHT 1 I1E-rpaden, mo BKIIOYaOTh: TEIUIOMPOBIAHICTh, MACOBY
1300apHy TeroemMHicTh, KJITP Ta TemnepaTypy ckiyBaHHS.

M]] monemioBaHHS ~ TEIUIOMPOBIAHOCTI  MOJIEKyNnsapHux  cuctem [IE 1
Hanokommno3utiB [IE-BHT, IIE-rpaden 3a pi3HOi 00’€MHOI YacTKM HalOBHIOBaua Ha
iHTepBaii temneparyp (275 — 350) K 3miiicneno Ha 6a3i Mmerony ['pina-Kyo6o.
Bepudikanist orpumanux nanux tersionpoBiHocTi [1E misxom mopiBHSHHS MOTOYHUX
JAHUX 3 EKCIIEPUMEHTOM I[OKa3aja, IO PI3HUI MK EKCIEPUMEHTOM 1 JaHUMU

MJI MozenmoBaHHs CTaHOBUTH: 3a Temmeparypu 275 K — 6, =4,9 %, a 3a 350 K —
5, =0,8 % 1 3aNEXKHICTD A 4 (T ) Mae€ CIaJalounii XapakTep 3 pOCTOM TeMIEepaTypH sK 1

B ekcnepumeHTi. [le cBIAUUTH MOpPO JOCTOBIPHICTH OTPUMAHUX pe3ynbrarie. MJ|
MO/JICITIOBAaHHSI.

2) BukoHaHo TopiBHSHHA JgaHux MJ] MopemoBaHHA — €(PEKTHUBHOI
tertonpoBigHocTi [IE-BHT 1 I1E-rpaden 3 BIANOBIAHUMH JaHUMH PO3PaXOBAHUMHU 32
TEOPETUYHUMHU 3JICKHOCTAMU JUIsl KOMITO3ULIMHMX MartepiaiiB. BcTaHOBIEHO, 11O
TEOPETUYHI 3aJeKHOCTI JAOTh 3aHWkeHl Ha (6 — 26) % 3HavyeHHS e(EeKTUBHOI
TEIJIONPOBITHOCTI MOpiBHAHO 3 MJI monemtoBanHsM. [lpu 1bomy po3OIXKHICTE MIXK

3HAYEHHAMH TEIUIONPOBIAHOCTI 3pocTae 31 30uIbleHHAM 00’emHoi yacTku BHT. Lle
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TaKOXX IMATBEP/KYETbCS  JaHUMH pPoOOTH, B SAKIH HaBEACHO IOPIBHSHHSA
EKCIIEPUMEHTAJIbHUX 1 TEOPETUYHHX JaHUX 3 €(QEKTUBHOI TEIJIONPOBIIHOCTI
MOJIIMEPHUX KOMIIO3UIIMHUX MaTrepiajiB 1 BCTAHOBJICHO IO, PO3ODKHICTE MK ITUMH
nanumu  craHoButh (11 — 66) %. Omxke, [O0CTOBIpHI JaHi 3 €(EKTUBHOI
TEIJIONPOBITHOCT MOJIMEPHUX KOMIIO3UIIIHHUX MaTepialiiB MOXHA OTPUMATH JIMIIIE
EKCIIEpUMEHTAIbHUM [UISIXOM, abo MJI MonenmtoBaHHSIM, $KE € 3HAYHO MEHII
3aTpaTHUM TOPIBHSIHO 3 €KCIIEPUMEHTOM.

3)  BcranoBieHo, 10 JT0JaBaHHS BYTJEIEBUX HAHOTPYOOK 1 JIUCTIB TpadeHy
30UTBIIY€E BeNMUMHY e(ekTuBHOI TeronpoBiaHocTi Matpuul 3 [1E Ha (44 — 54) % 3a
temriepatypu 293 K i 3a 06’emuoi wactku BHT 2,08 % i rpadeny — 1,36 %, BiamosiaHo.
[le noB’s3aH0 3 TUM, IO HAsABHICTH HaHOAoMimOK y wMarpuui [IE miaBumrye
BIIOPSIAKOBAHICTh 1i CTPYKTYpH, MPHU3BOJAUTH A0 30UIBIIEHHS CEPEIHbOIO BLIBHOTO
nianazony nudys3ii poHOHIB Ta ociabiieHHs X PO3CIIOBaHHS, 1 THM CaMUM MIJBUIILYE
tertonpoBigHicTbHaHOKOMITO3UTIB [IE-BHT Ta I1E-rpaden.

4) 3a  pe3ynpTaTaMd  TIOPIBHSAHHS  TEINIOQI3MYHUX  BJIACTHBOCTEH
BJIACTUBOCTEN MoieKyJsspHUX Mmozenel uucroro I1E ta nanokommnosurty ITE-BHT (o=
2,08 %) BcraHOBJICHO, Ha iHTEepBaJi Temrepatyp Oimbme 300 K: macoBa i300apHa
teroeMHicTh [IE-BHT 36inpmryerscs Ha 3,4 % mpu 310 K 1 mHa 4,9 % mpu 320 K;
KOe(DIIIEHT JHIHOTO TEMIIEPATYpHOTO PO3IIUPEHHS TAaKOX MiABUIIYeThca Ha 18,8 %
npu 310 K Tta na 27,5 % npu 320 K. Ilpu 280 K 3HaueHHs macoBoi i300apHOi
teroeMHocTi [IE-BHT (o = 2,08 %) nopiBusino 3 [1E menmn Ha 1,6 % 1 KJITP — takox
MeHI, ane Ha 12,2 %.

5)  BcranoBneno, mo Ha iHTepBaii Temneparyp (275 — 315) K rpadiku
JHIAHUX TeMIepaTypHHUX 3alieHOCTe MacoBoi 1300apHoi TeruioeMHocTi 1 KJITP ITE-
rpageH MarTh 3pOCTar0yl 3aJI€KHOCTI 1 NEpeTHHarTh BiANoBiAHI rpadiku [IE Ha
iaTepBaii (300 — 310) K 3anexxno Big 06’eMHOi yacTku rpadeny. 3a temneparypu 280
K 3nauenns ¢, [1E-rpaden nopisasiHo 3 [IE menmi Ha (5 — 6) %, a mpu 320 K — HaBnaku
outbun Ha (3,1 — 5,3) %. Ilpu 280 K 3nauenns KJITP IIE-rpaden nopiBusiHo 3 I1E
ment Ha (25 — 35) %, a npu 320 K — 6unbmi Ha (11 — 17) %.
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6) Ortpumani gaHi OyJI0 OCEpPEIHEHO Ha 3a/JlaHUX YAaCOBUX IMPOMIKKAX, IO
mokasano 30DKHICTh 3 JITEpaTypHUMH JaHUMHA Ta  COpPUSAE€  OTPUMAHHIO
JIOCTOBIPHUX JaHMX TeruiodiznuyHux BiactuBoctei HaHokommo3utiB tumy [TE-BHT 1
[1E-rpades.

7)  OtpuMaHO HENIHIAHI JBONApAMETPUYHI 3aJIEKHOCTI TEIUIO(hI3UIHUX
BnactuBoctedt [IE-BHT 1 IIE-rpaden (TemmompoBigHOCTI, MacoBoi 1300apHO1
teruioemHocti Ta KJITP) y miamazoni 3miaun Temmepatyp (280 —320) K ta 06’emHo1
yacTki HamnoBHioBauiB (0 — 2,5) %, mo gae 3MoOry IiJ 4ac pO3pOOKH HOBHUX
KOMITO3UILIITHUX MAaTeplajgiB He BHUKOHYBATH JOCTAaTHbO CKJIAAHI i TpHUBall YUCIOBI
excrepuMeHTr Ha 60a3i M /] monentoBaHHS.

8) 3 BUKOpHUCTAaHHSIM pe3ynbTaTiB M/ MozentoBaHHs BiANATY MOJIEKYJISIPHUX
cuctem IIE, TIE-BHT 1 IIE-rpaden mix ancambnem NPT Bu3HaueHo Temriieparypu
CKIlyBaHHS BKa3aHMX MaTepiajiB Ha MIJACTaBl aHali3y iXHIX (YHKI[IOHAJIBHUX
3anexHocTel  3MiHM  00’eMy Bl Temmeparypu. BceraHoBineHo, mo i
HaHokomno3uTiB [IE-BHT 3 poctom yacTku HamoBHIOBaua TeMIlepaTypa CKIyBaHHS
M1JBUIIY€ThCS, a Jisi HaHOKoMno3UTIiB [1E-rpaden HaBnaku 3MeHIIy€ThCS.

[TopiBHSHO 3 EKCHEpPUMEHTAIbHUM JIaHUMH, pe3yibratd MJl MoaentoBaHHS
Temneparypu ckiyBaHHs monimepiB 1 [THKM naroTh 3HA4YHO BHMINI 3HAYEHHS, IO
MOB’5I3aHO 31 3HAYHO OUIBIION MIBUJKICTIO OXOJOJKEHHS/HArpiBaHHA 3pa3KiB i
Jac MOJEIOBAHHS aHDXK MPU €KCIIEPUMEHTAIBHUX JOCIIKEHHX

9)  Opepxani mani 3 TeIO(I3WYHUX BIACTUBOCTEH Pa3oM 3 MEXaHIYHUMU
IanayTh 3MOTYy BHMKOHYBAaTH  MOJIEIIOBAHHS TEPMO-NPYKHO-IIACTUYHOTO CTaHy
BupoOiB 3 HaHokommosutTiB [IE-BHT ta IIE-rpaden B ymoBax ekcruryaTaiiii B

KOHTHHYaJIbHOMY HaOJIM>KEHHI.
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4 BUBHAYEHHS MEXAHIYHUX BJACTUBOCTEM MOJIMEPHUX
KOMIIO3ULIMHUX MATEPIAJIIB TUITY IE-BHT METOJIAMHU
CTPYKTYPHOI MEXAHIKHA

4.1 MaTeMaTHYHA IOCTAHOBKA 3aJa4i

MareMaTiyHa TIOCTaHOBKAa 3ajadi HampyxkeHo-nepopmoanoro crany (HJIC)
HAHOKOMIIO3UIIIMHUX MaTepiajiB, 110 BUKOPUCTaHA B IIbOMY JIOCIIPKEHHI, HaBeJCHA B
pobotax [87, 112], BimmoBigHO M0 sAKOi crucTeMa AudepeHIliaTbHUX PIBHAHDb 3a/1adi
CTaTUYHOI MPY>KHOCTI KOMIIO3ULIMHOIO MaTepialy 3 aHI30TPOIHHUMH BJIACTHUBOCTIMHU
BKJIIOYA€E PIBHSHHS PIBHOBArv, TeOMETPUYHE PIBHSHHS — TEH30p Manux Aedopmariiii Ta

¢d13uuHe piBHSIHHS — 3aKoH ['yka [113]:

G, ; +pb =0;
1
Ejj :_(ui,j Tu;i b 4.1)

2

6; =Cinus

ne G, i,j = 1,2,3 — KOMIIOHEHTH CUMETPUYHOTO TEH30pa HAIPYKEHHS IPYTOro paHry,
[la; oy, i,j = 1,2,3 — yacTuHHA MOXi/IHA TEH30pa HAMPYKEHHA MO KoopauHaTax, [1a/m;
p — WIbHiCTB, KI/M3; b;, i = 1,2,3 — KOMIIOHEHTH BEKTOpA MACOBUX CHJI, HAIIPHUKJIA,
rpasitaniiaux, H/kr; €, i,j = 1,2,3 — KOMIOHEHTH CHMETPUYHOTO TEH30pa JAPYTOro
paHry mnpyxHux aedopmaniit; u;, i = 1,2,3 — KOMIIOHEHTH BEKTOpa MEPEMIIIEHb, M;
uij, ij = 12,3 — 4YacTUHHAa TOXiJlHA BEKTOpa IMEpPEeMIIIEHHs MO0 KOOpJWHATAX;
Ciju, ij,kl = 1,2,3 — KOMIOHEHTH TEH30pa YETBEPTOrO0 PaHTy MPYKHUX KOHCTAHT
aH130TPOIHOI0 Martepiany, KUl BKIoyae 81 koMmoHeHTy, [la.

VY pa3i 130TpOMHUX BIIACTHBOCTEH KOMIIOHCHTIB KOMIIO3HMIIIHHUX MaTepiaiiB

3akoH ['yka HaOyBae y3araabHeHOi (hOpMH BUTIISITY

\%
Sz'jgkk) (4.2)
\

B _E
G, —Cl.jk,s;kl _—1+v € +1_
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1 pu i = j;
ne E — monyinb nipyxuocri, [Ta; v — koediuient [Tyacona; o, = P I CHUMBOJI
0 mpu i#j,
Kponekepa (Kronecker).
['pannyni ymoBu s (4.1):
— mepemimeHHs abo 3ameMIeHHS
U =dl.vul.‘S =0, i=12,3, 4.3)

ne S, — noBepxHs (a00 TOUKa MOBEPXHI), Ha SIK1H 3a]]JaHO MEepeMIIIeHHs a00 3aKpITJICHHS,

M2, d;, i =1,2,3 — BEKTOp IEPEMILIEHHS Ha IIOBEPXHI Tija Sy;

— cumerpii

n.u.

11

¢ = 0, i=12,3, (4.4)

su

Heni,i=1,2,3 — KOMIOOHEHTH BEKTOpA 30BHIIIHKOI HOPMAJIl 10 MOBEPXHI Tina; Sg —
TIOBEPXHS CUMETPIl Tina, M%;

— 30BHINIHINA TUCK

(0ym ], =p. i=123, 4.5)
p

1€ p — 30BHILIHIN TUCK, KU 33]aHO HA MMOBEpXHI Sy, [1a.

3 ypaxyBaHHSIM CHMETpii TEH30piB G ; 1 €y  Ta NEPEXOoAy Ha BEKTOpPHE

(omHOIHIEKCHE) iX TpencTaBieHHs G,,i=10, ¢ i J =16, ¢y =1,6 y3araibHEHU

3akoH ['yka B 06epHeHiit popmi (4.2) naOyBae Burisiay [87, 112]
G; =C;&, i,j=1,_6. (46)
Cucrema piBHsAHb (4.1)—(4.6) € moBHUM (OPMYIIIOBAHHSIM 3a/1adl HAIpPyKEHO-

n1e(OpMOBAHOTO CTaHY HAHOKOMITO3HIIIMHUX MaTepialiB B 130TPOMHOMY HAaOIMKEHHI.
4.2 IlTapameTpu reomeTpuuHux Moaeseit Hanokomno3uris [IE-BHT

I[JI}I BH3HAUYECHHS MEXaHIYHUX BJIACTUBOCTEH HAHOKOMIIO3UTIB HOTpi6HO

BUKOHATH CEPII0 YUCIOBUX BUIIPOOYBaHb, IO BKIIIOYAE TPU BUMPOOYBAHHS HA PO3TAT Y
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HOPMAaJIbHUX HarpsiMKax (x, y, z) Ta TpU BUIPOOYBaHHS HAa 3CYB Y TaHTCHIAJIbLHUX

HaIpsMKax (xy, yz, xz) penpe3zenratuBHux 3paskiB [IE-BHT, mo HaBeneno Ha puc. 4.1

[113].
\
&

.

o

-
'[//

4%\

6 2

<\\
@,
\\\\
\

Pucynox 4.1 — I'eomeTpuuHi Mojiesi penpe3eHTaTuBHUX KyOiuHuX 3paszkiB [IE-BHT
JUUIS YMCI0BOr0 MoAeatoBaHHs: a — 00’ emHa yactka BHT o = 0,69 %;
0—o0=1,25%;6—0=2,06%;2c—0a=3,75 %;

L =81,7 A — 10BX)HUHA cTOPOHH KyOIYHUX 3pa3KiB

BnactuBocti kommoneHnTiB HaHokomno3uTiB I[IE-BHT orpumMano 3a momomororo
METO/I1B MOJICKYJISIPHOI IMHAMIKK Ha MONEPEIHbOMY €Talll JOCTIHPKEHHS, OITMCAaHOMY B
[93, 98, 113], maroTh 3a TemrnepaTypu 293 K Taki 3HaYEHHS:

— g matputl (IIE) — £ = 1,081 I'lla, v =0,436;

— nnsa HanoBHioBaya (BHT) — E =999,46 I'lla, v =0,19;

s dynakuionanizoBanux BHT npuitasto £ =487,7 I'Tla3a [114], v=10,19.
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[Ipy mpomy Ui TIepexoay Ha HaHOMACIITaOHUN pIBEHb BUKOPHCTOBYBABCS
MHOXHHUK 10°. Po3Mip KOMiIpKH KOKHOT'O 3 PENPE3EHTATUBHUX 3pa3KiB, MPEJACTABICHUX
Ha puc. 4.1 cranoButh 8,17%x8,17x8,17 am, a BHT — «armchair» xipaipHicTio (6, 6),

niaMmeTp kol ctaHoBUTh d = 0,813 um [113].
4.3 MeToaAUKH BU3HAYECHHA MEXaHIYHUX KOHCTAHT

JUis BU3HAYEHHS MEXaHIYHHMX KOHCTAaHT TE€TepOreHHUX MaTepiaiiB  3a
pesyabratramu uucioBoro mojaenoBanHs HJIC 3paskis [IE-BHT (auB. puc. 4.1)
BUKOHY€ETHCS OCEPEIHEHHS OTPUMAaHUX TEH30P1B HAIPYKEeHHs 1 fedopMaitii 32 06’emom

y KO>)KHOMY 3 IIECTH YHUCTIOBUX BUIIPOOYBaHb [87]:
1 1 —
o)=—|ocdV_ (e)=—|edV, i=16 ,
< l> V'I./. 1 > < l> V'I./. 1 b (4 7)

ne ( ) — cepelHe 3HAYCHHs BEIMYMHH, G, €; — KOMIIOHEHTH TE€H30pPiB HAMPY>KEHHS Ta
nedopwmariii, BiMOBiIHO; V' — 00’ €M penpe3eHTaTUBHOI KOMIPKH.
3 BUKOPUCTAHHSAM y3araJlbHEHOTro 3aKOHY |'yka B oOepHeHiil Gopmi, 3aIUCcaHoro
JJ1s1 ocepenHeHuX BeauduH [87, 113]
(0,)="(es)&;) 17 =16 (4.8)

BU3HAYAIOTHCS YCEPEIHEH! KOMIIOHEHTH MaTpULl KOPCTKOCTI ¢, i, j = 1,6 Ha miAcTaBi

l‘ja

mMECTH YHMCIIOBHUX CKCHGpI/IMCHTiB 3a TAKUMH CHiBBiIIHOHIGHH}IMI/I

()= <G">, i,j=16. (4.9)

st BU3HAYEHHS! €PEeKTUBHUX MEXAHIYHMX BJIACTHBOCTEM HaHOKOMIO3UTIB [1E-
BHT 3a nanumu yuciooro mojaentoBanus HJIC 3paskiB (auB. puc. 4.1) BUKOpHUCTaHO
JIBI METOJNUKH: Tmepiia modymoBaHa Ha criBBigHomeHHax Kienci (Clancy) Ta

®panxmanna (Frankland) [69], a npyra — Ha Teopii Xima [47, 85].
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4.3.1 Cnisgionowmennsn Knenci ma @panknanoa

3a Metoaukoro [69] nis 3Haxo/KEeHHS e(DEKTUBHUX 3HAYEHb MOJYJISI MPYKHOCTI

E ta xoedimienta Ilyaccona Vv cmoyatky oO4HCITIOIOTHCS KoedimieHtu Jlame A 1 p 3

BUKOPHMCTAaHHSIM MaTpPHLI )KOPCTKOCTI ¢, i, j = 1,6 3a popMynamu:

da—-2b +3c
_tazabroe 4.10
0 3 (4.10)
x=—2“+c6_15“, 4.11)

nea=ci+cntces, b=cintciztcutcntci,c=catcss+ ces.
3B’530K MK €()EKTHBHUMH 3HAUYCHHSIMU TEXHIYHHX IPYKHUX KOHCTAHTAHT 1

koedimienramu Jlame A 1 L BCTAaHOBIIOETHCS (hOPMYyITaMHu:

3A+2u
H A+u
vV :L ’

eff 2(}\‘4_“)

b

Eeff =
(4.12)

4.3.2 Cniggionowenna Xinna

3a Teopiero Ximia [47] cnodaTky BHU3HAYAIOTHCS HAWOUIBINT 1 HaWMeEHI

3HaYeHHs 00’ €MHOr0 MOAYJIA Ta MOAYJIs 3¢yBy 3a PoroiiTa Ta Peycca BiamosigHo:
9K, = (011 +Cyp t 033)"‘ 2(012 +Cyt C31);

; 4.13
{ISGV = (Cu +Cy +C33)_(Clz +Cp3 +C31)+3(C44 +Cs5 1 Ceg )» ( )
1
- = (511 + 5 +S33)+2(512 + 53 +S31);
15 f (4.14)
G = 4(511 5y +S33)_4(Slz + 53 +S31)+ 3(544 + 855 +S66)9
R

ne Ky, Gy, Kr, Gr — ycepeaHeHi 3HaUYeHHsI 00’€MHOTO MOJIYJSl Ta MOAYJS 3CYBY 3a

®oroiitoM Ta Peyccom BIANOBIAHO; s, i, j = 1,6 —MaTpUL MiAJaTIUBOCTI.

ij>

Marpuiist nigaaTIMBOCTI BU3HAYAETHCS CI1BBIHOIICHHSIM
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[s] = [c]. (4.15)
3a Teopiero Xiuta HaWOMMXKYE 1O EKCIEPUMEHTAIBHUX 3HAYEHb MOMYNIB €

cepenHe apupMeTUYHE IBOX T'PAaHUYHUX 3HAYCHBb MOJTYIIB [48]:

K:%’ (4.16)
G:%. 4.17)

3 orpumanux 3HaueHb K Ta G BU3HAYaIOThCS €(DEKTHBHI 3HAYEHHS MOIYJIA
npykHOCTI Ta koedimienta [Tyaccona 3 niHiIHHOT cCHCTEMHU PIBHSHB BUTISY:
Eq =3K(1-2v);
_E (4.18)

A —E—l.

Jy1st mopiBHSIHHS OTpUMaHUX MexaHigHuX BiactuBocter [IE-BHT 3a popmymammu
(4.10)-(4.12) 1 (4.13)(4.18) MOXHa CKOPHUCTATHCS TEOPETUYHHMH 3aJICKHOCTIMU
®oroiita Ta Peycca. [lpumyckarouu, 1mo MatepiaJl 3HAXOAUTHCA MiA AIEI0 CTaoi
nedopmariii Ta CTaJOro HANPYXXEHHS, I BU3HAYCHHS TPAHWYHUX 3HAYCHB MOIYJIS

NPYXHOCTI £ MOXXyTh OyTH BUKOpPWCTaHI aHATITHYHI criBBiAHOMEHHs: DoroiiTa (4.19)

ta Peycca (4.20) [85, 87]:

Ely=>Ea, (4.19)
i=1
-1
oL
Eq=| 2 (4.20)
i=1 4+

ne E; — Moayis IPY»KHOCTI i-TO MaTepialy HaHOKOMIIO3HUTY; O; — 00’ €MHa YacTKa i-TO

Matepiany y cKia/il HAHOKOMIIO3UTY; # — KUIbKICTh KOMITIOHEHT HAHOKOMITO3UTY.

4.4 Pe3yJbTaTH YMCJI0BOr0 MOIEJTIOBAHHS

BpaxoByroun Te, mo npu ¢yskmionanizauii BHT mMomyns mpyxHOCTI MOXe

3MEHILUTHUCS BJIB14l, aJle IPU LbOMY 3a0€3MeUy€ThCS XOPOIINUKA KOHTAKT 3 MOJIMEPHOIO

MaTpHIICIO, TO IS JOCIIKCHHS MEXaHIYHUX BIacTUBOCTEeH HaHOKoMIo3uTy [IE-BHT
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3 JOBUIBHUM PO3MOJILJIOM HAaMoOBHIOBaYa B MaTpulll Oyl0 BHUKOPUCTAHO METOJU
CTPYKTYpHOI MeXaHIKh 3 aOCONIOTHUM KOHTAaKTOM MIDK TMOBEpXHSMHU JBOX (a3
HAaHOKOMITO3ULIHHOTO Matepiany. [[is uporo Oyno 3acTOCOBAHO METOJ CKIHYEHHHX
CJIEMEHTIB 3 BUKOPUCTAHHAM TporpamHoro 3abe3neueHdss ANSYS Mechanical APDL
[115].

Cepis 3 1IECTH YUCIOBUX EKCIEPUMEHTIB AJI KOKHOrO 3pa3ka (auB. puc. 4.1)
BKJIIOUA€ BUIMPOOYBAHHS HA PO3TAT 1 3CyB (auB. m. 4.2), 1m0 PI3HATHCA MK COOOI0
3aIaHHSIM  BIATIOBIIHUX TPAHUYHUX YMOB Ta BU3HAUCHHSM KOMIIOHEHTIB MATpHIII
»opcTrocTi (4.9) [87].

1) Po3tar y manpsimky X abo 1:

— Ha mwmomuHax x1 =0 1x2 =0 —3a4a10ThCI YMOBHU CUMETPII;

— Ha IUIOWIUHI X1 = L1 — nepeMilleHHs o ui = Lig;

— Ha IUIOMMHI X2 = L, — 3akpimieHHs no uz = 0;

— HamwiomuHax x3 =0 1x3 = L3 — 3akpimieHHs no us = 0,
nelLi=L,=L3=L;e=10° — nepopmarris.

I[Ipu  wmpoMy  BekTOp  cepeaHix  gedopmaiiii ~ Mae  BUDVISLA —— —
(e)=[) 0 0 0o 0 of.

Ha migcraBi oTpumanux 3Ha4ueHb (G1), (G2) 1 (€1) (4.7) BU3HA4arOThCA (Ci11) 1

(c12) = (c21) 3a cniBBiIHOMICHHAMU (4.9)

<011>:<<Z—11>>a <012>=M. (4.21)

2) PosTar y Hanpsimky y a6o 2:
— HamomuHaX X1 =0 1x2 =0 — yMOBHU CUMETpIi;
— Ha IUIOIMMHI X1 = L1 — nepeMiienHs mno u; = 0;
— Ha IUIOIIUHI X2 = Ly — 3aKPIIJICHHS MO Uz = Lsg;
— Ha wiomuHax x3 =0 1x3 = L3 — 3akpimieHHs no uz = 0.

I[Ipuy  wpoMy  BekTOop  cepeaHix  Aedopmamiii ~ Mae  BUIVISLL — —

(e)=[0 (e,) 0 0 0o o].
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3a pe3yiibTaTaMu pOBp&XYHKiB HAIIpY>KCHHA 3a YHNCJIOBHUM CKCIICPpUMCHTOM Y

HampsAMKY y 1 HaBaHTWKCHHSIM ( €2 ) BU3HAYAKOTBHCA (c2) 1 (c3) = (c2) 3a

CIBBIgHOIIIEHHAMH (4.9)

(o,) , (en) (o)

(en)= <8—2> =TT (4.22)

3) Postar y Hanpsamky Z a6o 3:
— HamomuHax x1 =0 1x2 =0 — yMOBHU CUMETpIi;
— Ha IIomuHI X1 = L1 — 3akpirieHas mo u; = 0;
— Ha IUIOIIMHI X2 = L, — 3aKpirieHHs 1o uy = 0;
— Ha wiomuHi x3 = 0 — 3aaeTbcs 3akpirieHHs no u3 = 0;
— Ha IUTOIIMHI X3 = L3 — 3a/1a€ThCsl IEPEMIILIEHHS 10 u3 = L3€.
I[Ippy  wpoMy  BekTOop  cepeaHix  Aedopmamiii ~ Mae  BUIVISLL — —
(e)=[0 0 () 0 0 of.
3a pe3ynbTaTaMH PO3PAXyHKIB HAIMPY)KEHHS 3a YHUCIOBUM CKCIEPHUMEHTOM Y
HanpsIMKy Z 1 HaBaHTOKECHHAM ( € 3 ) BHU3HaA4arOThbes (ci3) = (c31) 1 (c33) 3a
CITIBBITHOIIIEHHSIMHU (4.9)

(o)

<CI3>:W’ <C33>:@- (4.23)

€3
4) 3cyB y momuH1 xy abo 12:
— Ha momuHax x1 =0 1x2 =0 — 3akpimieHHs no u; = 0;
— Ha momwuHi X2 = 0 — 3akpimaeHHs mo u; = 0;
— Ha IJIOMIUHI X2 = Ly — nepeMilieHHs no u; = Lig;
— Ha momuHax x3 =0 1x3 = L3 — 3akpirmuieHHs 1o u3 = 0.
I[Ipuy  wpoMy  BekTOop  cepeAHix  Aedopmamiii ~ Mae  BUIUSLL —~— —
(e)=[0 0 0o (g,) 0 of.
3a pe3ylbTaTaMH PO3PAXyHKIB HAIMPY)KEHHS 3a YHCIOBHUM CKCIEPHUMEHTOM Y

HanpsSMKY Xy 1 HABaHT@XEHHAM ( € 4 ) BU3HAYAIOTHCS BU3HAYAETHCS ( C44 ) 3a

CITIBBIIHOIIECHHSIM (4.9)
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<c44>=@- (4.24)

5) 3cyB y miomuH1 yz ado 23:
— HamomuHax x1 =0 1x; =L — 3akpimieHHs 1o u; = 0;
— Ha momwuHi x2 = 0 — 3akpimaeHHs mo u3 = 0;
— Ha IJIOMIMHI X2 = Ly — MepeMiIeHHs 1Mo u3 = L3g;
— Ha momuHax x3 =0 1x3 = L3 — 3akpirmieHHs no u; = 0.
I[Ipuy  wpoMy  BekTOop  cepeaHix  Aedopmamiii ~ Mae  BUIVISLL — —
(e)=[0 0 0 0 (g) of.
3a pe3ynbTaTaMM PO3PAaXyHKIB HAIMPY)KEHHS 3a YHUCIOBHUM CKCIEPHUMEHTOM Y

HAIMPSAMKY )z 1 HABaHTOKCHHM (€5) BUBHAYAETHCS (Cs5) 3a CHIBBIIHOMIECHHIM (4.9)

(¢s5) _{os) (4.25)

(es)

6) 3cyB y mionuHi Xzabo 13:
— Ha wiomuHi x1 = 0 — 3akpimieHHs no u3 = 0;
— Ha IUIOIIMHI X1 = L1 — NepeMilleHHs 1o u3 = L3g;
— Ha wiomuHax x2 = 01 x2 = Ly — 3akpirieHHs 1o us = 0;
— Ha mwiomuHax x3 =0 1x3 = L3 — 3akpirmieHsas mo u; = 0.

I[Ipu  wmpoMy  BekTOp  cepeaHix  gedopmaiiii ~ Mae  BUDVISLA —— —

)=[0 0 0 0 0 (g)]-
3a pe3yibTaTaMHd PO3PAXYHKIB HAMPYKEHHS 3a YUCIOBUM EKCIEPUMEHTOM Y

HaAIMPSAMKY XZ 1 HABaHTXKCHHSM (€6) BUBHAYAETHCS (Co6) 3a CHIBBIIHOIICHHIM (4.9)

(Cs6) o) (4.26)

(&)
JIst OIIHKM JTOCTOBIPHOCTI PE3yJIbTATIB YKCIOBOTO MOJICIIOBAHHS BUKOHAHO
JOCIIIJKEHHSI CITKOBOI 301KHOCTI METOJIOM IMOJBIHHOTO TepepaxyHKy. BcTaHoBieHO,
MO 3a JAaHUMHU YHUCIOBOTO MOJICITIOBAHHS IMOXMOKAa BU3HAYCHHS MOJYJISI TIPYKHOCTI

He nepesutrye 0,2 %, a koedimienrta [lyaccona — 0,023 %.
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Pesynpratn HOPIBHSHHS e(pEeKTUBHUX MEXaHIYHUX BJIACTUBOCTEHN
HaHokomno3utiB IIE-BHT, orpumanux 3a nanumu uucioBoro MozemoBanHs HJIC

Ta aHAIITUYHMMU 3aJICKHOCTIMH HaBeIeHo B Tabi. 4.1 [113].

Tabmuns 4.1 — EdextuBHi MexaHiuHi BiracTuBocTi HaHokoMmmo3uTiB [IE-BHT 3anexHo

BiJ1 00’ emHO1 yacTku Ta noBxkunu BHT 3a Temneparypu 293 K

Peycc
Kinenci, ®pankiann . dorour
KinbkicTs X [48] [88,
[70] [88, 48]
BHT/noBxuna/a 48]
Eetr Gefr veff | Eeir | Gefr | Veff Eetr Eetr

1/4,92 am/ 0,69 % | 1,112| 0,432 |0,435| 1,113 | 0,388 | 0,434 | 1,077 | 4,405

3/4,92 um/ 2,06 % | 1,182 0,413 0,432 | 1,172 0,409 | 0,433 | 1,092 | 11,074

1/8,17 um/ 1,25 % | 1,387 | 0,487 | 0,422 | 1,254 | 0,439 | 0,430 | 1,083 7,165

3/8,17um/ 3,75 % | 1,965 | 0,699 | 0,404 | 1,607 | 0,565 | 0,421 | 1,112 | 19,355

PesynbraTn NOPIBHSHHS e(PEeKTUBHUX MEXaHIYHUX BJIACTUBOCTEHN
nanokomno3utiB [IE-BHT, orpumanux 3a nonomororo MCE ta M/ mMoznentoBaHHs 3a
temriepatypu 293 K HaBeneHo Ha puc. 4.2 [113].

AHani3 oTpUMaHuX pe3yibTaTiB MOKa3ye, MIO:

—y pa3i kopotkux BHT (auB. puc. 4.1 a, g), komu BHT 3HaxoasTecs BcepeauHi
penpe3eHTaTUBHUX  3pa3KiB, €(QEeKTHBHI 3HAYEHHA MOJYJd MPYXKHOCTI  Ta
koedimienra Ilyaccona manokommo3utiB [IE-BHT, orpumani 3a meromukamu [69] 1
[47], mpakTHYHO 30irar0ThCA MikK c000r0 (muB. Ta0bd. 4.1). PizHuIS MK Eerr Ipu o0 =
0,69 % cranoButs 0,1 %, a npu o = 2,06 % — 0,8 %;

—y Bunaaky nosrux BHT (nuB. puc. 4.1 6, ), konu BHT neperunarots rpaHuii
perpe3eHTaTUBHUX 3pa3kiB, edekTuBHI MexaHiuHi BiactuBocTi [IE-BHT cytreBo
BIIPI3HSAIOTHCA MK C00010. Pi3HUIS Mk 3HaueHHAMU FEer pu o = 1,25 % cTaHOBUTH

9,5 %, anpu a=3,75 % — 18,2 %;




131

1,45

1,05 4 ; . ; .
0 0,5 1 1,5 2 25
Alfa, %

@ Clancy, Frankland [14] kopotki & Hill [15] koporTki
Clancy, Frankland [14] gosri # Hill [15] poeri
B M[ 3i 3Ha4eHHAMMW CTaHOAPTHOMO BiAXWMNEHHA

Pucynok 4.2 — IlopiBHSIHHS €()EKTUBHUX MEXAaHIYHUX BIACTUBOCTEMN

Hanokomno3utiB ITE-BHT [113]

— aHAIITUYHI 3aJIexHOCT1 3a Peyccom y pasi koporkux BHT (nuB. puc. 4.1 a, 6)
JAl0Th  HAONMMKEHI 3HAYEeHHS MOMAYJS TMPYKHOCTI 10 BIANOBIIHUX 3HA4Y€Hb
po3paxoBanux 3a gonomororo MCE, B Tol yac Ak 3a aHaJITUYHUMH 3aJICKHOCTIMHU
doroifTa OTpUMaHO 3HAYHO 3aBUINEHI JaHi. ToMy, I ONEpPaTUBHOTO BU3HAUYCHHS
moayns mpyxkHocti IIE-BHT wmoxxHa ckopucTatucs aHaJIITHYHOK —3aJIEKHICTIO
Peycca nnsa koporkux BHT;

— ¢dynkuionamizamis BHT y nanokommosuti IIE-BHT He npuszBoguts 110
MiBUIICHHS MOAYJSl TMPY>KHOCTI (IuB. puc. 4.2), 10 MOXe OyTH MOB’A3aHO 31 3HAYHHUM,
OlJIbIIIe HIXK Y JIBAa pa3u, 3MEHIIICHHSIM MOJTyJIsS MPY>KHOCTI PyHKIioHani3oBanux BHT.

— Bukopuctands noBrux BHT nns apMmyBaHHS TOMieTHSIEHY 3HA4HO OUIbIIE
cripusie 30UTBIICHHIO MOJYJIS TPYXKHOCTI aHDK 00’€éMHa YacTKa HamoBHIOBada (IUB.
puc. 4.2), 1110 OB’5I3aHO 3 HASBHICTIO BakaHCiH (AeeKTIB) y KpUCTAIIYHINA CTPYKTYpI1
BHT, sixi npu B3aeMojili 3 MOJEKyJaMU MOJIETWICHY YW 1HIIOTO MOJIMEPY MaloTh
3HaYHO MeHImMi BmMB Ha aedopmamiro gorux BHT wHix kopoTkux, a,
BIJIMOBITHO 1 Ha e(EeKTUBHICTh IXHHOTO BUKOPUCTaHHS SK HAMOBHIOBaYa B

HAaHOKOMIIO3HUTAax.
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BucnoBku 10 po3ainy 4

1) 3 BukopuctanusiMm MCE, peanizoBanoro B nporpami ANSYS Mechanical
APDL, BHMKOHAaHO  JOCHIKEHHS  €()EKTUBHUX  MEXaHIYHMX  BJIACTHUBOCTEH
HaHokomno3uTiB IIE-BHT 3 noBiibHUM po3TanryBaHHsIM ¢yHKUioHanizoBanux BHT B
MOJIIMEPHIM MaTPHIIll Ta PI3HOT JTOBKUHU.

2) YV Bumanky, konu JoBxkuHa BHT He nmepeBuilye po3MipiB
pEenpe3eHTaTUBHOIO 3pa3ka, BUKOPHUCTAHI METOJMKM OLIHKKH €(QEKTUBHUX 3HAYEHb
MeXaHIYHMX BiacTuBocTer HaHokomno3uTiB IIE-BHT 3 pi3HOIO 00’€MHOIO YacTKOIO
BHT patoth 301kHI pe3ynbTatu: pi3HUL MiX Eefr ipu o = 0,69 % ctanosuts 0,1 %, a
npu o = 2,06 % — 0,8 %.

3)  Jna mosrux BHT, ki nmepeTMHaIOTh TpaHUIl PENPE3EHTATUBHUX 3pa3KIB,
BUKOPUCTAaHI METOJMKM JAaIOTh 3HAYHO OUIbIIY PI3HULIO MDK OTPUMAaHUMHU
3HAYCHHAMHU Eefr: ipu o0 = 1,25 % ctanoBuTh 9,5%, a ipu o = 3,75 % — 18,2 %.

4)  Jlns omepaTMBHOTO TPOTHO3YBaHHSA €(QEKTUBHUX 3HAUEHb MOIYJS
MPYKHOCTI BUKOPUCTAHO TeopeTHuHi 3aiexxHocTi Poroita Ta Peycca, ski maroTh
IrpaHWYHI 3Ha4YeHHs BenuuuHu. [lpore, y Bumaaky HamoBHeHHs kopoTkumu BHT
aHAITUYHI 3aJIe)KHOCTI 3a Peyccom naroTh 3HAYEHHS MOAYJS TMPY>KHOCTI ONM3BKI
70 BIONOBIIHMX 3HAueHb po3paxoBaHux 3a jgonomororo MCE, Ttomi 4k 3a
aHATITUYHUMHU 3alIe)KHOCTSIMU DoroiiTa OTpMMaHO 3HAYHO 3aBUILCHI AaHl. Tomy, s
ONepaTUBHOrO BH3HAueHHs Moayis npyxkHocTi [IE-BHT wmoxxHa ckopucratucs
aHAMITUYHOIO 3aliexHICcTIO Peycca st koporkux BHT.

5) Ha nmiacraBi TOpIBHSAHHA OTPUMAaHUX 3HAa4Y€Hb 3  pe3yJbTaTaMu
MOJIEKYJIIPHO-TMHAMIYHOTO MojentoBaHHsi HaHokomno3uTiB [IE-BHT 3 006’emHor0
yactkoro BHT a < 2,08 %, Bu3zHaueHo, mo ¢yHkuioHam3amis kopotkux BHT y
Hanokomno3utTi [IE-BHT He npus3BoauTh 10 MIABUINEHHS MOMAYJS IPY>KHOCTI, IO
MO)Ke OyTH TOB’S3aHO 31 3HAYHHUM, OLIbIIE HDK y JBa pa3u, 3MEHIIEHHSM MOMIYJIsS

npyxHOoCTI pyHkioHanizoBanux BHT.
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6) Ilpu mopiBHSHHI MOAYJS MPY>KHOCTI 3pa3KiB MOJIETUICHY apMOBAaHOIO
kopoTtknmu Ta norumMu BHT, BuszHaueno, mo apmyBanHs nosrumu BHT chpuse
30UTBIIIEHHIO MOy npykHOCcTI Ha 14,8 % (y 1,17 paziB) npu 06’emHiit yactii BHT
meHurii Ha 0,81 % yepe3 HasBHICTb BaKaHCIM, AKi 3 ABIAIOTBCA B CTpykTypi BHT
npu iX QyHKIIOHAMI3aIlli Ta 3HAYHO OLIbIIIE BIUIMBAIOTH HAa BIACTUBOCTI KOpoTkuX BHT

HDK JOBTHX.
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5 PEKOMEHJIALIT 111010 BUKOPUCTAHHS MOJIIMEPHUX
HAHOKOIO3UIIMHUX MATEPIAJIIB Y IPOMUCJOBOMY
BUPOBHUILITBI TA TAKYBAJILHIN THIYCTPIi

5.1 3acrocyBanns IIE-BHT nsis1t BHpoOHMIITBA BOZONIPOBITHUX TPYO
Hns  mepeBipku  edextuBHOCTI 3actocyBanHs [IE-BHT g BupoOHUIITBA

BOJONPOBITHUX TPyO oOpano mpoaykiiro (Gipmu Metzer [116], mo Bianosigae ISO
4427-2 (puc. 5.1).

Pucynox 5.1 — IlonieTuneHoBi TpyOu 11t BOAOIIOCTAYaHHS BUPOOHUIITBA

¢bipmu Metzer [116]

EdextuHnicts 3actocyBannsa HaHokoMmo3uty [IE-BHT 3amicts [1E y Tpy6ax mms
BOJONIOCTaYaHHS BU3HAYAJIACh 33 JOTIOMOIOK0 BINOBIJHUX MOPIBHJIBHUX PO3PAaXYyHKIB
Hanpy>KeHO-1€(OPMOBAHOTO CTaHy 3 BUKOPUCTAHHS MaTEMaTUYHOI TIOCTAaHOBKH 3a/1a4l

HIC (4.1)—(4.5). Ilpu upoMy 3arac MIiIHOCTI Fs BOJOIIPOBIAHUX TPYO OIIHIOBABCS 32

bopmyIioro
c
F, =M, (5.1)
GquM
A€ Goqm = %\/(01 - 02)2 +(o, - 03)2 +(o, - 01)2 — CKBIBAJICHTHI HaNpyXEHHS 3a

Misecowm, I1a; G; 20, = O3 — KOMIIOHEHTH BEKTOPa TOJIOBHUX HAIPYKEHb, [1a.
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st mopiBHsbHUX po3paxyHKiB HJIC oGpano cepito BopomnpoBigHux Tpyo [IE
100 3 TakuMU TEXHIYHMMH XapakTepucTukamu [116]: BITHOIIEHHS BHYTPIIIHBOTO 10
30BHIIIHBOTO J1aMeTpiB — di/d> = 90/110 mm; HOMiIHANBHUI THCK — 16 Gap (1,6 MIIa).

3a nanumu [116] mokaznuku 3anacy MinHOCTI [1E TpyO Bapitor0ThCs 3aI€KHO Bif
chepu BUKOpPUCTaHHS Ta poOodoro TUCKy. Hampuxnan, nns BoIompoBiAHHX TpPyO
1Ie# TOKa3HUK CTAaHOBUTH Bij 1,25, a 1y1s cucTemMu ra3orocrayanas — 3,15.

Mexaniuni BnactuBocti IIE 1 TIE-BHT, mo BukOpuCTaHO HpH MOJEIIOBAaHHI

HJC BomonpoBiiHux TpyO, HaBeAeHO B Ta0. 5.1.

Tabmuusg 5.1 — Mexaniuni BnactuBocti [1E 1 IIE-BHT 3a temnepatypu 293 K oTrpumani

3a nonomororo M/l monentoBanHs (quB. Tabi. 2.2) Ta 3 nitepaTypHux gaHux [117]

Marepian E,ITla \Y Gr, MIla

3a V=1x10%1x10° ¢!

TIE 1,081 0,436
25/613
p= 0,879 r/em’)* +0,081 +0,039
TIE-BHT (3
BHT) 1,193 0,429
_ 30,15/73.9
0= 2,08 % +0,084 +0,039

p= 0,908 r/cm?

[TpumiTka. )* p — mJIbHICTB; o0 — 00’ eMHa yacTka BHT; £ — moynb npy>KHOCTI;

V —koedimient Ilyaccona.

['eomeTpryHa MoJenb (parMeHTy BOJONPOBIAHOI TPyOM 3 BpaxyBaHHSIM
YMOB CUMETPIi Ta CXeMa HaBaHTAXEHHsI IPEACTaBIIEH] Ha puc. 5.2.
PesynbpraTu nopiBHsibHUX po3paxyHkiB HJIC Bogonposignux tpy6 3 IIE 1 I1E-

BHT naBeneno Ha puc. 5.3.
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A: pipe PE
Pressure

Time: 1, s
09,10,.2024 212

[A] Displacement
[BJ Pressure: 1,6e+006 Pa

0,000 0,100
0,050

o

Pucynox 5.2 — I'eomeTpuuna Mozenb pparMeHTy BOJOMPOBIIHOT TPYOH 3 BpaXyBaHHIM

YMOB CUMETPIi Ta CXeMa HaBaHTaXECHHs: @ — TEOMETPHYHA MOJIeNb (pparMeHTy Tpyou;

6 — cxeMa HaBaHTaXCHHS TPyOu

A: pipe PE

Equivalent Stress

Type: Equivalent {von-Mises) Stress
Unit: Pa

Tirne: 1

09,10.2024 ;13

8,9832e6 Max
8,7035¢6
8,4237¢6
8,143%¢6
7,8642¢6
7564466
7,304666
7,024%¢6
6,7451e6
6,4653e6 Min

0,000 0,040

0,020

B: Copy of pipe PE-CNT
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 1

09,10.2024 218

1,0824e7 Max
1,0545e7
1,0267e7
9,088 16
9,7095e6
943166
9,1525¢6
8,873086
8,5054e6
831686 Min

0000 0.035

0,018

6

A: pipe PE

Safety Factor
Type: Safety Factor
Tirne: 1

08.10.2024 9116

15

32,8668 Max
2,783 Min

0,000 0,040
0,020

B: Copy of pipe PE-CNT
Safety Factor

Type: Safety Factor
Tirne: 1

09.10.2024 2:19

15

23,6252 Max
2,7856 Min

0

0,000 0,085
—
0,018

2

Pucynox 5.3 — Pesynbratu nopiBHsuibHUX po3paxyHkiB H/IC BomonpoBiaHux TpyoO 3

[1E i IIE-BHT: a, 6 —I1E, di/d> = 90/110 mm; 6, 2 — IIE-BHT, di/d> = 93,5/110 mm;

a, 8 — €KBIBAJICHTH1 HaIpy>KeHHs 3a Mizecom; 6, 2 — 3amac MIITHOCTI
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Otxe, y pa3i Bukopuctanus [IE-BHT st BupoOHUIITBa BOJONPOBITHOT TPYyOH
MOXHA 3MEHIIUTH TOBINUHY ii CTIHKM Ha 1,75 MM 13a paxyHOK €KOHOMIl MaTepiary
Ha KoxH1 1000 M TpyOu 101aTKOBO BUTOTOBIATH 160,4 MOTOHHUX METPIB TPYOH.

Taxox Buxonano pospaxynku HIC Bogomnposinnoi Tpyou 3 IIE-BHT npu d1/d> =
90/110 MM 3 METOI0 BH3HAYEHHS MOKJIMBOCTI MIJBUIIEHHS HOMIHAJBLHOTO THCKY B
TpyOl, 3a pe3ylbTaTaMH SKUX BCTAaHOBJICHO, [0 HOMIHAJIbHUA THUCK ¥y
BOJIOTIPOBIIHIN TpyOi1 MOKHA MiABHIIATH Ha 3 Gap 1o 19 Gap.

Takum ynHOM, y pa3i 3aMiHM Martepiany BojonposiiHux Tpy6 3 IIE na [TE-BHT
(a0 = 2,08 %) MoxHa a00 3MEHIIIUTH TOBIIUHY CTIHKUA TpyOu Ha 1,75 mm (Ha 17,5 %),

a00 MIJBUIUTHA HOMIHAJIBHUHN THUCK BOJM B TpyOi 3 16 6ap mo 19 6ap (ua 18,7 %).

5.2 3acrocyBannst IIE-BHT i BUPOOHHMITBA €MHOCTell st 30epiraHHsi

XiMikaTiB

EdextuBnict  3actocyBanHss ~ HaHokommnosuty IIE-BHT B mporecax
BUTOTOBJICHHS TapW 3 TOJIMEPHUX KOMITO3HUIIIMHMUX MaTepialliB TepeBipeHo Ha
MPUKIIAl €MHOCTEH Jj1s1 30epiranHs ximikatis [118].

[1E HM3BKOTO THUCKY € CTIMKUM JI0 JIii XIMIKATIB, IO CIPHUSE HOr0 3aCTOCYBAHHIO
Mai’ke B KOXHIM ramgy3l. YMOBU BHPOOHMIITBA Ta €KCIUTyaTallil [UX €MHOCTEH
BU3HayalOThca 3a craHgapramu [SO 9001 Ta oxpeMumu cTaHgapTaMyd OO0

TPaHCTIOPTYBaHHS XiMIKaTiB Ha CyIIIi, IO MOPIO Ta aBiarpancropToM [118].

Pucynok 5.4 — €muictb 1 30epiranns ximikatis [118]:
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Jns nmaHoi eMHOCTI 3a TpUHHATOrO KoedimieHTa 3armacy MinHocti A=1,15
BUKOHAHO TOPIBHSJIBHUN pPO3PAaXyHOK 3a BUKOPHUCTAHHS PI3HUX MarepiajiB €MHOCTI
— IIE ta IIE-BHT. ToBmuHa CTIHKH €MHOCTI CTAHOBUTH 5 MM. MexaH14H1 BJIaCTUBOCTI
I1E 1 IIE-BHT HaBseneno B Tadi. 5.1.

I'eomeTpuyHa MoOjeIh €MHOCTI 3 BpaxyBaHHSIM yMOB CHMETpii Ta cxema
HaBaHTaXEHHS MMPEJICTABJICH] Ha puC. 5.5.

C: pe

Pressure

Time: 1,5
25.10.2024 14:43

[A] Displacement
[B] Fressure: 50000 Pa

Pucynox 5.5 — 'eomeTpruHa Mo/iesIb €EMHOCTI 3 BpaXyBaHHSIM YMOB CUMETPIi 1 cXema
HaBaHTaKEHHS (@) Ta AUCKpeTH3aIlis (0):

KUIBKICTB BY3JiB — 22874, CKIHUEHHUX eJIeMeHTIB — 3182

Pesynpratn mopiBusuibHEX po3paxyHkiB HJC emuocrti 3 I1E i IIE-BHT naBeneno

Ha puc. 5.6.



C: pe

Equivalent Stress
Type: Equivalent {won-Mises; Stress
Unit: Pa

Time: 1
25.10.2024 15:05

2,141e7 Max
1,9037e7

142917
1,191%7
9,546eb
7,1733eb
4,8005e6
24278eb
55073 Min

a

D: pe ent
Equivalent Stress
Type: Equivalent {von-Mises) Stress
Unit: Pa

Time: 1
25102024 15:08

2,5714e7 Max
2.287e7
2,0026e7
17182e7
14337e7
1,1493e7
8,6493e6
5,8052e6
2.9612e6
1,1709e5 Min

6
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C: pe
Safety Factor
Type: Safety Factor
Time: 1
25.10.2024 15:06
15 Max
10
5
1,1677 Min
0

D: pe cnt

Safety Factor
Type: Safety Factor
Time: 1

25.10.2024 15:08

15 Max

10

5

1,1725 Min
0

A nnn

2

Pucynox 5.6 — Pesynbratu nopiBasuibHux po3paxynkiB HJIC emuocri 3 T1E 1 [TE-BHT:

a, 6 —I1E; 6, 2 —IIE-BHT; a, 6 — ekBiBaJIeHTHI HanpykeHHs 3a MizecoM;

Anami3 pesynbTariB po3paxyHky HJIC mnoka3ye, mo y pa3i BHKOPHUCTAHHS
HAaHOMOAM(IKOBAHOTO TOMIETUIICHY [JIs BUTOTOBJIEHHS €MHOCTI, 3amac MIIHOCTI 3a

Bukopucrtanusa [1E-BHT pae 3mory 3meHmMTH TOBHIMHY CTIHKM €éMHOCTI Ha 0,35 mm

0, 2 — 3amac MIIHOCTI

(exoHOMIS 32 00’€MOM BUKOPUCTAHOTO MaTepially CTAHOBUTH 8,45 %).
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Takum yrHOM 3a paxyHOK eKOHOMil MaTepiany Ha KoxH1 1000 emHOCTEH MOKHA

JIOJaTKOBO BUT'OTOBUTH 92 €MHOCTI.

5.3 Cnoci0é TpuBMMIpHOTO APYKY KOMIIO3UIIITHNX BUPOOiB

[IponoHOoBaHMM CHOCIO TakKOXX HAJICKUTh JO MaTepiamiB 1 3aco0iB A
nepepoOsIeHHs] BYTJICIEBMICHUX MaTepialiB, HaNpuKIaJ CUIKOro Tpadity, y
BUpOOM W MoOke OyTM BUKOPHUCTAHUN IS aQJWTUBHOTO BUTOTOBJIICHHA BHUPOOIB 3
BYTJICLIEBMICHUX MaTepialiB 3a ponomoroto 3D-npuntepis [120].

Bimomuii cmoci6 TpuBMMIPHOTO APYKYy BUPOOIB, BUTOTOBJICHHUX 3 TOMOTEHHOTO
NOJIMEPHOTO MaTepialny, 3a SKOro 3a3Ha4eHMd  Marepiayl  MepeBOIATh Yy
B'I3KOTEKYUYUH CTaH, MICJIA YOro OJAEp KaHWW PO3IUIaB APYKYHOTh 3a Jonomororo 3D-
npuHTepa, € Takoxk nareHt Ne UA140036U [121].

HaiibnuxunuM 3a TEXHIYHOIO CYTTIO JI0 MPOIOHOBAHOI'O TEXHIYHOTO PIIIEHHS €
croci0 TPUBUMIPHOTO JPYKy BHUpPOOIB, BHUTOTOBJICHHX 3 MaTepialy Ha OCHOBI
3B'I3yI0YOT0 ¥ HAIIOBHIOBAYA, 34 SIKOTO 3B'SI3YIOYE IMEPEBOJATH y B'SI3KOTEKYYUM CTaH,
3MIIIYIOTh 3 HANOBHIOBAYEM, IICJIS YOro OJEpXKaHUM KOMIO3ULINHUI MaTepian
JIPYKYIOTh 3a JONOMOrow 3D-npuHTepa, npu HpoMy SK 3B'S3yH0YE BUKOPUCTOBYIOTH
TEPMOIUIACTUYHUH MOTIMED, a K HAIOBHIOBAY — apMyBaJIbHE BOJIOKHO, TAKOX € MMaTEHT
Ne 15 UA131264U [122].

Ha BigmiHy Bin aHamora, 1o po3TJsSHYyTO, BUKOPUCTAHHS B MEPEPOOIIOBAHOMY
MaTepiajl HAlOBHIOBAaYa Yy BUIJISII apMyBaJbHOIO BOJIOKHA JIa€ 3MOTY IOJIIIIUTH
eKCIUTyaTallliiHi BJIACTUBOCTI OJEp:KyBaHMX BHUpoOiB. [IpoTe 3a3HaueHuil crocid He
MOXe OyTM  BUKOPUCTaHUN JJI1  BHUIOTOBJICHHS  BHUPOOIB 3  130TPOIHOIO
BYIJICLIEBMICHOTO ~ MaTepiaiy, SKuil 3a0e3nedyye BUpoOaM BHCOKY  MIIHICTb,
€JIEKTPOIPOBIAHICTG 1 XIMIUHY CTIHKICTB [123].

B ocHOBY nponoHOBaHOTrO croco0y MOCTaBJIEHO 3ajady BIOCKOHAIMTH CIIOCIO
TPUBUMIPHOTO JpyKy BUPOOiIB, BUTOTOBJICHHX 3 MaTepialy Ha OCHOBI 3B'A3yIHOUOTO

! HamoBHIOBaua, y SIKOMYy HOro HoBa peanizaiis 3abe3nedye oJepikKaHHs BHPOOIB 3
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130TPOITHOTO BYTJIELIEBMICHOT'O MaTepiaily, KU XapaKTepU3yeThCsl BUCOKOIO MIIHICTIO,
€JIEKTPOIPOBIAHICTIO M XIMIYHOIO CTiliKicTiO [123].

[locTaBieHa 3ajavya BUPIINIYETbCS THM, IO B CHOCOO1 TPUBUMIPHOTO JPYKY
BUPOOiB, BUTOTOBJICHUX 3 MaTepialy Ha OCHOBI 3B'A3yI0UOTO i HATIOBHIOBAYa, 3a SIKOTO
3B'S13y104€ NMEPEBOJATh Y B'SI3KOTEKYUU CTaH, 3MILIYIOTh 3 HAIOBHIOBAYEM, IICIIS YOTO
oJIepKaHUN KOMIO3ULIHHUIM MaTepiai IPyKyrTh 3a fJonoMmoror 3D-npuHTepa, 3riIHO
3 TEXHIYHUM PIIICHHSIM, SIK HATIOBHIOBAY KOMITO3UIIIHHOTO MaTepialy BUKOPUCTOBYIOTh
YaCTHMHKM BYIJICIIEBMICHOTO Marepiaidy, Hampukiaa rpadiTy, a sK 3B'A3yrde —
KaM'SsHOBYT1TbHUN Ta/a00 HAaTOBUU TMEK, MPH LbOMY YACTHHKH BYTJIEIIEBMICHOTO
MaTepiay OepXKyIOTh HOTo monepeaHiM noapionentsM [123].

BukopuctanHs sk HamoBHIOBada MepepoOIFOBAHOTO KOMITO3UIIIMHOTO MaTepiaty
YAaCTUHOK BYIJICIIEBMICHOTO MaTepiany, Hampukiaa rpadity, a sK 3B's3yl04oro —
KaM'sSTHOBYT1JILHOTO Ta/a00 HadTOoBOro IeKky, 3abe3medye onaepxKaHHS BUPOOIB 3
130TPOITHOTO ~ BYIJICLIEBMICHOTO  Martepialy, SKUH XapakTepU3YETbCS  BUCOKOIO
MILIHICTIO, €JIEKTPOIMPOBIIHICTIO H XIMIYHOIO CTiMKICTIO. TakumMu BUpoOaMH MOXKYTh
OyTH 30KpemMa eJIEeKTPOKOHTAKTHI NPOKIAJAKUA 3aroTOBOK €JIEKTPOJHOI KOJIOHH,
CKJIaJIeHO1 A iX rpadiTyBaHHS B medl MpsSMOro HarpiBaHHS 3a metonoM Kacthepa
(Castner) [123].

KpiMm TOro, BUKOpUCTaHHS 3a3HAYEHUX KOMITOHEHTIB JUJISl MPOIIECY OJEP>KaHHS
BIJIMOBITHUX BHPOOIB 3a gomoMoror 3D-mpuHTEpa, Ha BiAMIHY BiJ TPaTUIIHHOTO
METOMYy TMPECyBaHHS aHAJOTIYHOTO KOMIIO3MI[IHHOTO MaTrepialy 3 HaCTy[IHUM
BUIAJIIOBAaHHSIM  TPECOBAHMX BUPOOIB, Ja€ 3MOTYy BUIOTOBISITU BUPOOW 32
0e3B1IX0AHOI0 TeXHOIOrI€ero [123].

3a3nadyeHuit cocid peanizyroTh TakuM YnHOM [123]:

CrnoyaTky NpHU3HAYEHUH Ui HAlNOBHEHHS MEepepoOIOBaHOI  KOMIO3MIIII
BYTJICLIEBMICHUN MaTepiall MOJPIOHIOITh, Y pe3ybTaTi 4Oro OJECPKYHTh YaCTUHKHU
HAITOBHIOBaYa — BYTJICIIEBMICHOTO MaTepially — He0OX1qHUX po3MipiB i popmu [123].

[licns  wporo 3B'sA3yroye MEpPEpOOIOBAHOIO  KOMIO3ULIMHOTO  Mareplainy
(kaM'sHOBYTUIbHHM Ta/ab0 HadTOBUN TEK) MEpPeBOASATh Y B'SI3KOTEKYyYHMH CTaH,

3MINIYIOTh 3 HAIIOBHIOBAYEM (BYIJIELIEBMICHHUM MaTeplajioM, 30KpeMa rpaditom), micis
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4Oro OJIEp>KaHuil KOMITO3UIIIMHUN MaTepiayl JPYyKYyIOTh 3a jJornomororo 3D-npunrepa
y BupiO, HAMpPUKIA] EIEKTPOKOHTAKTHY IMPOKIAIKY 3arOTOBOK EJIEKTPOJHOI KOJIOHH,
CKJIaJIeHO1 g iX rpadiTyBaHHS B Iedl MPSMOro HarpiBaHHs 3a MmetojoMm Kacthepa
[123].

3MIHIOIOUH XapaKTEPUCTUKH 3B'I3YI0UOT0 i HAITOBHIOBAYa, HABITh MiJ] Yac JPYKY
[123], Mmo’kHA 3MIHIOBATU CKJIaJ Ta/abo CTPYKTypy MepepoOIIOBAHOTO KOMIIO3UIIIHHOTO
MaTepialy B pI3HHX MICIAX JAPYKOBAaHOTO BHPOOy, HaJalOud TPH LHBOMY HOMY
NOTPIOHUX €KCIUTyaTalliitHIX BIACTUBOCTEH.

Takox 3amnpornoHoBaHo s 3D-apyky MeETOAOM NOMIAPOBOIO HAILJIABJICHHS
BUKOpucTOBYBaTH TNpyToK 3 HaHokomno3uty IIETI-BHT (me PIIETTT moaudikaris
noyeruienTepedTanary 3 noaaBaHHsM riikomo (polyethylene terephthalate glycol-
modified (PETG)), mo € Oumbmn mimauM 1 TepMmocTiiikum, Hixk 3Buyainuii [1ET).
Buxopucranns mnpyrka IIETI-BHT Oyae copusTé TONINIIEHHIO MEXaHIYHHUX
BrnactuBoctedt  3D-npykoBanux  BupoOiB  mopiBHsHO 3 IIETD 1, 30kpema,
NaKyBaJIbHOI Tapy, BUTOTOBJIEHOI IPOCTOPOBUM JIPYKOM, Ta MOKPAIIECHHIO aAre3ii MIx

IapaMu CTPEHTH y BUpoOax.

BucHoBku 10 po3ainy 5

1) V pasi 3aminu Martepiany Boaomnposiaaux Tpy6 3 I1E na IIE-BHT 3 00’ emHOI0
yacTkoto 2,0 % MoxHa a00 3MEHIIIUTH TOBUIUHY CTIHKK TpyOu Ha 1,75 mm (Ha 17,5 %) 1
3a paxyHOK €KOHOMIi marepiasly Ha KoxkH1 1000 M TpyOM A0JaTKOBO BHUTOTOBIISITH
160,4 M TpyOH, 2060 TiABUITUTH HOMIHAIBHUI THCK BOAM B TpyOi 3 16 6ap mo 19 6ap (Ha
18,7 %).

2) ¥V pasi 3aMiHM MaTepiairy eMHOCTI Juist 30epiranss ximikaris 3 I1E na [IE-BHT
3 00’emMHOI0 yacTkoro 2,0 % MOXKHA 3MEHIIMTH TOBIIUHY CTIHKM €MHOCTI Ha 0,35 MM
(8,46 %) 1 32 paxyHOK €KOHOMIi Marepiainy npH BUTOTOBJIeHHI KoxHUX 1000 eMHOCTEH

JIOJaTKOBO BUTOTOBUTH 92 €MHOCTI.
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3) 3a pe3ynbTaTaMu HayKOBHUX JIOCIIIKEHb PO3POOJIEHO TEXHIYHE PIIICHHS, IO
3aXMILEHO IMAaTeHTOM YKpaiHh Ha KopucHy Mozaenb Ne 147783U, skuil CTOCYHOThCA
croco0y TPUBUMIPHOTO JPYKY BUPOOIB.

4) 3anportoHoBaHo it 3D-IpyKy METOJOM  TOIIApOBOrO  HAIIaBJICHHS
BUKOpUcTOBYBaTH TpyToK 3 HaHokommo3uty I[IETI-BHT (me IIETD moaudikaris
noieTuieHTepedTanary 3 10JaBaHHAM TJIIKOJIO, IO € OLIBII MIITHUM 1 TEPMOCTIMKHUM,
Hik 3Budvaiinuii  [IET). Bukopucranns mnpyrtka [IETI-BHT Oyne copusitu
MOJIMIICHHIO MEXaHIYHUX BjiacTUBOCTed 3D-npykoBaHHX BHPOOIB TMOPIBHSIHO 3
[IETT" 1, 30kpemMa, NaKyBaJbHOI Tapu, BUTOTOBJIEHOI MPOCTOPOBUM JAPYKOM, Ta

MOKPAIICHHIO aAre3li MiX IIapaMu CTPEHTH Y BUPOOax.
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BUCHOBKH

['onoBHUM pe3ynbTaT AuMcepTalii — BUPIMICHHS Ba)JIMBOI HAyKOBO-TEXHIYHOI
3a/adl  JOCHKEHHS  (DI3UKO-MEXaHIYHUX  BJIACTUBOCTEM  MOJIMEPHHUX  Ta
HAHOKOMIIO3UIIIMHUX MaTepiaigiB METOAaMU MOJIEKYJISIPHOT AUHAMIKH 1 CTPYKTYPHOL
MEXaHIKH, 1[0 HEOOX1THO Tepe]l iXHIM CHHTE30M JUIsl MPOTHO3YBAaHHS €(EeKTUBHOCTI
BUKOPHCTAaHHS B HAOIMHKCHUX JI0 peaTbHUX YMOB EKCILTyaTarlii.

1) VY pesynbrari IpOBEAECHOTO aHANI3y CY4YaCHOTO CTaHy JOCHIIKCHb
(13MKO-MEXaHIYHUX BJIACTUBOCTEM MOJIMEPHUX Ta KOMIIO3MIIIIHUX MarepiajiiB
MOKa3aHo, 10 METOJM YKCIOBOTO MOJIEIIOBAHHS € MOTYKHUMHU 1HCTPYMEHTAMU AJIs
MIHIMI3allli BUTpPaTH MaTepiaibHUX PpECypCiB Ta TPHUBAIOCTI PO3POOKHM HOBHUX
MartepialiiB, 30KpeMa HAaHOKOMITO3UTIB.

BcranogieHo, 101(0) Hapasi HEJI0OCTaTHbO JTOCITIJIPKEHO BILJIUB
He(YHKIIIAJII30BAaHUX HAHOHAINOBHIOBAYIB 3 JOBUIBHUM IXHIM PO3MIIICHHIM Y
MaTpullli Ha KoMmIuieke (izuko-mexaHigyHux BruactuBocter [THKM, morpibnux ans
KOHTUHYQJIBHOTO MOJICTIOBAaHHSI TEPMO-TPYKHO-IJIACTUYHOIO CTaHy B yMOBax
excruryaramii.  MojentoBaHHS — MOpPOLECIB Yy  TOJIMEepax Ta  IMOJIMEpPHHUX
HAHOKOMITO3UTaX MepeJl iXHIM CHHTE30M 3a JOTIOMOTOI0 BKa3aHUX METO/IIB J]a€ 3MOTY
JOCIIITATH TOBEIIHKY MaTepiaiiB B HAOMUKEHUX JI0 PEAIbHUX YMOBAX €KCIUTyaTailii
Ta BHU3HAYUTH JOUUIBHICTh IXHBOI'O BUPOOHUUTBA, IO OOYMOBIIIOETHCS TaKUMH
nepeBaramu:

— MOXJIMBICTIO  JIOCTI/DKCHHS  (pI3MUHUX BJIACTHUBOCTEM MatepialiiB  Ha
aTOMICTUYHOMY PIBHI;

— MOKJIMBICTIO JIOCIIIJPKEHHS Ta PO3YMIHHS JUHAMIYHUX MPOIECIB, PIJIKICHUX,
KOPOTKOYACHHUX Ta IOBFOTPUBAIIUX SIBUII] HA ATOMICTUYHOMY DPiBHI;

— MOXJIMBICTIO  BIJICTEKEHHS Ta KOHTPOJIO TapaMeTpiB MpoIecy Ta

(1KCyBaHHSI HAUMEHIINX CTPYKTYPHHUX Ta XIMIYHHUX 3MIH MOJIEKYJISIPHUX CUCTEM;
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— MOKJTUBICTIO BIJOOpaXCHHSI TWHAMIKH Ta CBOJIIOII CHCTEM Yy dYaci s
PO3yMIHHSA OCHOBHHMX MEXaHI3MIB (pI3MUHUX MPOIECIB, BJIACTUBOCTEH Marepiainy Ta
KIHETHKHU PEAKIII;

—3HaYHO MEHIIMX 3aTparax MaTeplaibHUX pecypciB OCOOIMBO Mia Hac
PO3pOOKM HOBHX MaTepiaiB.

[loka3aHo, 10 BHWKOPHCTaHHSI  0araToCTyNeHEBOTO  IMIAXOMy 10
KOMIT FOTEPHOTO MOJICIIOBAHHS TOJIMEPHUX Ta HAHOKOMIIO3UILIMHUX MaTepialiB
IIUIIXOM TIOE€THAHHS METOIB MOJICKYJISIPHOI AMHAMIKH Ta CTPYKTYPHOI MEXaHIKH
CIpUs€ 3MEHIIEHHIO BHKOPHMCTOBYBAHUX MOTY)KHOCTEH KOMIT'IOTE€pa Ta PO3LIUPIOE
4acoBl Ta TMPOCTOPOBI TpaHUIll AOCTII)KYBaHMX CHCTEM uepe3 IMepexia Bij
aTOMICTUYHOTIO JI0 KOHTUHYaJbHOT'O HAOJIMKEHHS.

2) 3 BukopuctanusM nporpamu LAMMPS nposeneno MJI mozaentoBaHHs
d13uko-mexaniunux BnactuBocterd [IE. Pesynbpratu Bepudikaiii MoJekyIsipHOi
moxeni [IE mokazamu, mo orpumani gani MJ[ mozaemroBanHs abo 30iraroThcs 3
HAsBHUMH JIITEpaTypHUMHU JaHUMHU, a00 HaOmmxkeHi 1o HuX. lle oOrpyHTOBYE
MO>KJIMBICTh OTPUMAaHHS 3a TUMH X aNTOPUTMaMH JOCTOBIPHUX AaHHUX 3 (Di3UKO-
MEXaHIYHUX BJIACTHMBOCTEW HaHOKOMNO3WULIMHUX MarepianiB tumy [IE-BHT 1 IIE-
rpades.

3) IlpoBeneHo  TEOpEeTHUYHI  JOCHIUKEHHS  MEXaHIYHHUX  BJIACTHBOCTEU
HaHokomno3uiiiaux wmatepianmie  tumy [IE-BHT 1 IIE-rpaden wmeromamu
MOJIEKYJIIpHOT JMHaMiku. BcranoBineHo, mo npu gonaBandi BHT no momimepy
mMoaynb npyxHocti [IE-BHT (3a 06’emuoi wactku BHT a = 2,08 %) nopiBHsHO 3
yuctuM [1E 36inbmmyetses Ha 6,2 % npu 275 K ta Ha 25,2 % npu 300 K. ['panuns
tekydocti [IE-BHT (mpu a = 2,08 %) nopiBusiHOo 3 [IE Takox migBUILY€ThCS: Ha
13,8 % mpu 275 K i na 8,8 % npu 300 K i mBuaxocti gedopmanii 10° ¢!

Ha 1nrepBami temmeparyp (275 — 315) K wMoaynbs mpyXHOCTI
HaHOKoMIo3uIliiHOrO Matepiany IIE-rpaden (3a o00’emHOl uwacTku rpadeHy
a = 1,36 %) nepeuitye BianosiaHi 3HaueHHs [1E: na 6,7 % npu 275 K 1 Ha 6,0 %

npu 300 K, a npu 325 K — HaBnaku 3meHuryerscs Ha 5,4 %. ['panuis texydocti [1E-
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rpadeHn (mpu o = 1,36 %) nopisusHo 3 [IE Takox nigsuinyerbes: Ha 8,9 % npu 275 K
ina 11,7 % npu 300 K i mBrakocti gedopmariii 10° ¢!,

4) 3 BukopuctanHsiM nporpamu LAMMPS mnpoBeaeHO MOJEKyISIpHO-
JUHAMIYHE MOJIEIIOBAHHS TEIJIO(PI3UYHUX BIACTUBOCTEH HAHOKOMIO3UIIHHUX
matepiamB tuny [IE-BHT 1 TIE-rpadgen, mo BKIIOYaIOTh: TEIUIONPOBIAHICTS,
MacoBy 1300apHy TermoeMmHicTs, KJITP Ta TemmnepaTypy ckiyBaHHS.

BcranoBneHo, 1m0 Jo0JaBaHHsS BYTJCHEBUX HAHOTPYOOK 1 JIUCTIB TpadeHy
30UIBIIY€ BEIMUMHY €(peKTUBHOI TeronpoBigHocTi Matpulll 3 [1E Ha (44 — 54) % 3a
temneparypu 293 K 1 3a 06’emuoi wactku BHT 2,08 % 1 rpadeny — 1,36 %,
BiAmoBigHO. lle mTOB’sA3aHO 3 TUM, IO HASBHICTb HAHOJAOMINMIOK y MaTpuil IIE
MiABUIILYE BIOPSIKOBAHICT 11 CTPYKTYpH, MPU3BOAUTH 10 301IBIICHHS CEPEIHBOTO
BUIBHOTO fAiana3zony nudy3ii ¢oHOHIB Ta ociablieHHs iX pO3CilOBaHHS, 1 TUM CaMUM
M1JIBUIIY€E TEIUIOMPOBIIHICTh HAHOKOMITO3UIIHHMX MaTepianiB tTumy [IE-BHT ra I1E-
rpadeH.

Buxkonano MTOPIBHSIHHS JaHUX M/ MOJICJIFOBAaHHS e(heKTUBHOI
tertonpoBigHocTi [IE-BHT 1 IIE-rpadgen 3 BIANOBIAHUMHU JaHUMHU PO3pPaXxOBAHUMHU
32 TECOPETUUHUMHU 3AJICKHOCTSIMU ISl KOMIO3ULIMHUX MaTepiaiiB. BctaHoBieHO, 110
TEOPETUYHI 3aJeKHOCTI Nal0Th 3aHIKEeHl Ha (6 — 26) % 3HadeHHs e(eKTUBHOT
TEIUIONPOBITHOCTI MOpiBHAHO 3 M/] MoaemtoBanHsaM. [Ipu 11boMy po301KHICTD MIX
3HAQYEHHSIMH TETUIOMPOBIIHOCTI 3pOcTae 31 301UIbIIeHHsIM 00’ eMHOT yacTku BHT.

3a pe3ynpTaTaMy MOPIBHSIHHS TEIIO(I3UYHUX BIACTUBOCTEH BIACTUBOCTEH
MoJIEKYJIsIpHUX Mozenel urctoro [1E Ta Hanokomno3uuiiitHoro matepiany tumy I1E-
BHT (mpu o = 2,08 %) BcTaHoBieHO, 110 Ha iHTepBaii Temmneparyp ouibiie 300 K:
macoBa 1300apHa temnoeMHicTh [IE-BHT 36inpmyerses Ha 3,4 % npu 310 K 1 Ha
4,9 % npu 320 K; KJITP Takox migBunryerbes Ha 18,8 % npu 310 K ta na 27,5 %
npu 320 K. IIpu 280 K 3nauenus macoBoi i300apuoi termoemuocti [IE-BHT (mpu a
= 2,08 %) nopiBHsiHO 3 [1E menmi Ha 1,6 % 1 KJITP — Takox MeHni, ane Ha 12,2 %.

Bcranosineno, 1o Ha iHTepBaii temmeparyp (275 — 315) K rpadiku aiHIAHUX
TEMIEPAaTypHUX 3allexHOCTel MacoBoi 1300apHoi TeroemHocTi 1 KJITP T1E-rpaden

MaloTh 3pPOCTar0Ul 3aJIEKHOCTI 1 TIepeTUHatoTh BianoiaHi rpadiku [1E Ha iHTepBam
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(300-310) K 3anexno Bim 00’emHOi yacTku rpadeny. 3a temmeparypu 280 K
3Ha4YeHHsI MacoBoi 1300apHoi TeruoeMHocTi [1E-rpaden nopisusno 3 [1E menmn Ha (5
—6) %, a npu 320 K — HaBnaku 6u1bm1i Ha (3,1 — 5,3) %. [Ipu 280 K 3nauenus KJITP
[MIE-rpaden mopiBusano 3 IIE menmn Ha (25 — 35) %, a npu 320 K — Ouibmi Ha
(11-17) %.

5) OrpumaHO HEJIHIMHI JBOMAPAMETPUYHI 3aJE€KHOCTI MEXaHIYHUX Ta
terodizuunux BiaactuBocteil [IE-BHT 1 I[IE-rpadgen y niama3zoni 3MiHM TeMIeparyp
(280-320) K Ta 06’emuoi wactku HanmoBHoBaviB (0 — 2,0) % 1 (0 — 1,5) % BignosigHo,
110 Jla€ 3MOTY TiJ] 4ac pO3pOOKH HOBUX KOMITO3UIIIMHUX MaTepiajiB HE BUKOHYBaTH
JIOCTaTHhO CKJIQJHI ¥ TpHUBaJl YMCIIOBI €KCIIEpUMEHTH Ha 0a3i MJ| monenmtoBaHHS.
Bkazanuii KOMIUIEKC BJIACTUBOCTEH MOTPIOCH UIsi MOJEIIOBaHHS TEPMO-TIPY>KHO-
IUIACTUYHOTO cTaHy BHpoOiB 3 HaHokommo3uTiB [IE-BHT 1 IIE-rpaden B ymoBax
eKCILTyaTallii B KOHTUHYaJIbHOMY HaOJIMKEHHI.

6) 3 BUKOPHUCTAHHSIM pe3ynbTaTiB M/[ MozentoBaHHs BiANaly MOJEKYJISIPHUX
cuctem IIE, TIE-BHT 1 IlE-rpapen minm ancambnem NPT BusnadeHo
TeMIEpaTypyu CKIyBaHHS BKa3aHUX MaTepiajliB Ha MIJCTaBl aHaNi3y iXHIX
GYHKIIOHATBPHUX 3aJIEKHOCTEH 3MiIHM 00’€My BiI TeMmIepaTypu. BcraHoBieHO,
oo g HaHoKkoMmmosumiHux wmatepiamiB Ttumy [IE-BHT 3 pocrom wactku
HANOBHIOBaYa TeMIepaTypa CKJIyBaHHS MIABUIIYETHCS, a I HAHOKOMIIO3WTIB
[1E-rpaden HaBnmaku 3MEHITYEThCS.

[TopiBHSHO 3 €KCIEpUMEHTAIBLHUM JaHUMH, pe3yiabTaTd MJl MopentoBaHHs
TeMriepaTypu ckiyBaHHs nosiMepis 1 [IHKM naroTe 3Ha4uHO 3aBUIIEH] 3HAYEHHS, 110
MOB’5I3aHO 31 3HAYHO OUIBIIOI IIBUAKICTIO OXOJIOJKEHHS/HArpiBaHHS 3pa3KiB Mij
yac M/ MozenfoBaHHS aHK MTPU €KCIIEPUMEHTAIbHUX JTOCHIIKEHHAX

7) CdopMynpoBaHO MaTeMaTUYHI Ta pO3pOOJIECHO BIAMOBIAHI YHUCIOBI MOJIETI
3anay HJAC nmns  wmopemoBanHs BumnpoOyBanb [IHKM tunmy IIE-BHT 3
dynkmionanizoBanumMu BHT y HaObnukeHH1 130TPOIMHOTO CEPeIOBHIIA.

8) BukonaHo pgociipkeHHS €(EKTUBHMX MEXaHIYHHMX  BJIACTUBOCTEH
HaHokomno3uTiB [IE-BHT 3 pi3HOl0 00’€MHOI0 4YacTKOWO Ta JOBUIBHUM

po3TalryBaHHsIM B MOMiMEpHii Matpulll pyHkiionanizoBanux BHT pi3Ho1 10BXUHU.
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JlocmimKEeHO CITKOBY 30DKHICTH PO3POOJICHHX YHCIOBHX MOJEIEH METOIOM
MOJIBIHOTO MepepaxyHKy. BcraHOBIeHO, M0 32 JaHUMHU YKCIOBOTO MOJIEITIOBAHHS
noxuOKka BHU3HAYEHHS MOJYJs mpyxHocTi He mnepeBuinye 0,2 %, a koedimieHTa
[Tyaccona — 0,023 %.

st Bu3HaueHHs €(EeKTUBHUX MEXaHIYHUX BJIACTHBOCTEH HAHOKOMIIO3HTIB
[IE-BHT 3a manumu uucnoBoro mojentoBanHs HJIC 3pa3kiB BUKOPUCTAHO Bl
METOJIMKH, SIKI JaiTh 30DKHI pe3ynbTaTd g kopoTkux BHT: pizuunsg mix
3HAYEHHAMH €(EKTUBHOIrO MOAYJs mpykHocTi npu o = 0,69 % cranoButs 0,1%, a
npu o = 2,06 % — 0,8 %.

Ha mizncraBi mopiBHSIHHS OTPUMaHUX 3HAYEHBb 3 Pe3yJIbTaTaMU MOJIEKYJISIPHO-
nuHaMiyHoro moneiroBanHsa HaHOKoMITO3UTIB IIE-BHT 3 00’emuor0 wactkoro BHT
a < 2,08 %, Bu3HaueHo, 1mo ¢yHkiioHamizamis koporkux BHT y nanokommno3suri [1E-
BHT ne npuzBoauTh A0 MIABUIIEHHS MOJYJIS MIPYKHOCTI, III0 MOXKE OYTH MOB’SI3aHO
31 3HAYHMM, OUIbIIE HDK Yy JBa pa3d, 3MEHLIEHHSAM MOAYJIS MPYKHOCTI
dynkuionanizoBanux BHT yepe3 HasBHICTh BakaHCIH, sIKi 3 SBJISIIOTBCA B CTPYKTYpI
BHT npm ix ¢QyHkmioHamizamii Ta 3Ha4HO OiIbIIEe BIUITMBAIOTh HA BIIACTHBOCTI
kopoTkux BHT Hix g0Brux.

[Ipu mOpiBHSHHI MOJIYJA NPYKHOCTI 3pa3KiB TMOJIETWICHY apMOBaHOTO
kopotknmu Ta nosrumu BHT, BuszHaueno, mo apmyBanHs pgoBrumu BHT copusie
30UTBIIEHHIO MOAYJS npy>kHOCTI Ha 14,8 % (y 1,17 pa3iB) 3a 06’ emuoi yactku BHT
Mexmtoi Ha 0,81 %.

9) Po3poOneHO 1HCTPYMEHTHU y BUIJISAI MaTeMaTUYHUX MOJIENICH, METOJUK
TEOPETUYHUX  JOCHIJDKEHb  (PI3MKO-MEXaHIYHUX  BIJIACTUBOCTEH  TOJIMEPHUX
MaTepiaiiB METOJAaMU MOJIEKYJSIPHOI JUHAMIKM 1 CTPYKTYpHOI MEXaHIKM Ta
pO3paxyHKy I1aKOBaHb, B SKHUX 3aCTOCOBYIOThCS TOJIMEPHI HAHOKOMITO3UIIIIHI
MaTepiau.

10) Po3pobneno peKoMeHaarii 1010 BUKOPUCTAHHS MOJTIMEPHUX
HAHOKOMO3UIIMHUX MAaTepiajiB y MPOMUCIOBOMY BHUPOOHHUIITBI Ta MaKyBaJbHIM
1HaycTpli. BusHaueHo edekTuBHICTH 3acTocyBaHHA HaHokommo3uty [IE-BHT

3amicTh [1E y TpyOax miist BogomocTadyaHHs Ta EMHOCTSX IS 30epiraHHs XiMiKaTiB 3a
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JOTIOMOT'OK0  BIZIMOBIIHUX TOPIBHAJIBHUX PO3PaxyHKIB HampyKeHO-1e(hOpMOBaHOTO
CTaHy.

Pe3ynpTaTi 4MCIOBOrO MOJIETIOBAHHS MMOKa3ajy, 0 y pa3l 3aMiHU MaTepiary
BojonpoBigHux TpyO 3 IIE na IIE-BHT 3 006’emnHor0 wactkoro 2,0 % MoxHa abo
3MEHIINTU TOBILMHY CTIHKM TpyOu (di/d> = 90/110 mm) Ha 1,75 mm (Ha 17,5 %) 1 3a
paxyHOK ekoHowmii Mmarepiany Ha koxHI 1000 M TpyOM D0MaTKOBO BUTOTOBJISTH
160,4 M TpyOu, a00 MIABUIIMTH HOMIHAIBHUIN TUCK BOAM B TpyOi 3 16 Gap g0 19 Gap
(aa 18,7 %).

V pa3i 3amiHu Martepiagy €MHOCTI JJIs 30epiraHHs XiMIKaTiB MOKHA 3MEHIIUTH
TOBIIMHY CTIHKM €MHOCTI Ha 0,35 MM 1 3a paxyHOK EKOHOMIl MmaTepially mpu
BUTOTOBJIeHH] KOXHHUX 1000 eMHOCTEHN TOAATKOBO BUTOTOBUTH 92 €MHOCTI.

11) 3anporionoBano myig 3D-Ipyky METOAOM MOLIAPOBOrO HAIUIaBICHHS
BUKOpUCTOBYBaTU NpyTok 3 HaHokommno3uty [IETI-BHT (me IIETI monudikaris
noyeTwieHTepedTanaty 3 JOAaBaHHSAM TJIKONIO, IO € OUIbIl MIIHAM 1
tepMmoctiiikuM, HiK 3BuYaiHuil [1ET). Bukopucranns mnpyrka IIETI-BHT Oyae
COpUATA TONMNIICHHIO MEXaHIYHUX BiacTuBocTel 3D-apykoBanux BHUPOOIB
nopiBHsiHO 3 IIETI 1, 30Kkpema, makyBajlbHOI Tapu, BUTOTOBJIEHOI MPOCTOPOBHUM
JTPYKOM, Ta TIOKPAIIICHHIO a/ire3ii MiX I1apaMu CTPEHTU y BUpOOax.

12) Pe3ynpTaTt qucepramiiiHoi poOOTH BIPOBAKEHO Y HABYAIBHUN IMPOIEC
Kadeapu XiMIYHOTO, TOJIMEpPHOTro 1 cuiikatHoro MamuHooyayBanHs KIII im. Irops
CiKopchbKOr0 MiJ Yac BHKJIAMaHHS JUCHUIUIIH «JlOCTIKEHHS Ta 1HXUHIPUHT
naKyBaJdbHOTO oOOmagHaHHs», «[lpukimamgHi npobreMu MeXaHIKM CYHUTbHUX
cepenoBui», «HaykoBa poOoTa 3a TEeMOW MariCTepchbKOi JucepTaIii» s
criemiasibHOCTI 131 — «lIpuknagna MexaHikay, crierianizamii «[HXKUHIpUHT MTaKOBaHb

Ta IIaKyBaJIbHOI'O O6J1aI[HaHH$I)) .
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JTIOJATOK A

IMMAPAMETPHU CHJIOBOI'O TOJISA DREIDING

[ToBHa moTeHIiifHA eHeprist cuioBoro moys Dreiding [26, 96, 101] Bxatouae
TaKl CKJIaJ0B1
Etotal = Eb d + Eangle + Edihedral + EWdW’ (A 1)

on
o : , .
1€ Eyong s Epgier Edinedras Ewqw — MOTeHIIiHA eHepris, mo M0B’13aHa 3 XiMIYHIM

3B’SI3KOM, BAJICHTHUM KYTOM, JBOIPAaHHMM KYTOM 1 CHJIaMH B3a€MOJIi BaH JAep
Baannca, BiIIoBiIHO.
dynkuioHanbHa hopMa nepuux Tphox uieHiB (A.1) Mae BUTIAL;

1
Eyond :Kb(r—rO)Z,K :Eka

1
Eangle :KO(G_GO)z’KO_k ) (Az)

[\

4 .
E ghedral = Z Ki(cos (P)l ’

i=0
ne k, , kg1 K,,i=0,4 — KOHCTaHTH >KOPCTKOCTI BaJIEHTHOTO 3B’SI3KYy, 3TMHAHHS
BaJICHTHOTO KyTa Ta KPYYE€HHs JIBOTPAHHOIO KyTa, BIAMOBIIHO; 7', 7, — IMOTOYHA 1

iBHOBEl)KHa JOBKHMHA BaJICHTHOI'O 3B’H3K BiI[HOBiI[HO' e,e — IIOTOYHC 1
9 9 0 »

PIBHOBa)KHE 3HAUYEHHSI KyTa 3B’ 513Ky, BIAMOBIIHO; (0 — ABOTPAHHUMN KYT.
Enepris He3B’a3aH0i B3aeMo/lii BaH jep Baanbca onucyeTbesi MOTEHIIATIOM

Jlennapna-JIxonca (Lennard-Jones (LJ))

12 6
(6} (6}

EVdW:48 - | 9r£rcut: (A3)
r v

Jie € — TIMOrHA MOTeHIiHHOI ssMu LJ; 6 — BijicTaHb, Ha SKii eHepris B3aeMO/IIi cTa€e
piBHOIO Hymo (miamerp LJ); » — BiacTaHb MDK JBOMa 4YaCTHMHKaMu; 7., —

rpaHUYHa BIJCTaHb B3a€MO/IIi CUJIM BaH Aep Baanbca, OubIlIe SKOT 1151 B3a€MO/IIS

HC BpaXOBY€TLCA.
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®dyukiioHasibHa QopMa cuioBoro mois Dreiding Ta 3HaueHHsS HOTO

mapaMeTpiB, IO BHKOPUCTAHO B TMOTOYHIM poOOTi, HaBeAeHO y Tadm. A.l.

PiBusinnga (A.3)—(A.5) ta 3naueHHs1 KoedimieHTiB (Tabu. A.1) HaBeneHo y dopmi,

110 BUKopucroByetscsa B LAMMPS.

Tabmunsg A.1 — @yHkiioHansHa (opMa CUIIOBOTO TOJIS Ta TapaMeTPH MOTEHITIATY

Dreiding [26, 96] nns Ml MoenroBaHHS MOJiETHICHY Ta HAHOKOMITO3UTIB Ha

MOro OCHOBI

Tun B3aemonii

®opma

[MTapametpu (cuctemMa OJUHHULD
real)

JoBxuHa 3B'sI3Ky

Epona =K, (” ) )2

CH,—CH»

K, =350 keal/mol/A?, 7,=1,53 A
C-—C

K, =469 keal/molV/A2, r,=1,4 A

Kyt 3B's13ky

E

angle

= Ke(e_eo)2

CH>,—CH»—CH>

K, =60 kcal/mol/rad?, 0,=109,5 °
c-C-C

K, =63 kcal/mol/rad?, 0,=120°

CH,-CH,—CH>-CH»
Kl = 1,736; K2 = —4,49; K3 =

5 E. _ K. COSiil (I) n=>5 0,776; K,=6,99; K= 0,0 kcal/mol
JBorpanHuii Kyt dihedral izzl}n i ( )a C
K,=0,0; K,=725; K;=0,0;
K,=0,0; K;=0,0 kcal/mol
12 6 CH:
He3sp’s3ana E  —4¢ 6) (O <y €=0,112 kcal/mol, G=4,01 A
B32a€EMOJIif vdW r r >7 T eut | C

£=0,066 kcal/mol, =34 A




JIOJATOK B
JOKYMEHTH, 1110 NIITBEP/UKYIOTh BIIPOBAJUKEHHS
PE3VJILTATIB JOCJI)KEHD



«3ATBEPIKVYIO»
IIPOPEKTOp 3 HaBYalbHOI poboTu HarmioHanbsHOrO
TEXHIYHOIo YyHiBepcutery Vkpainu «KuiBchbKuit

MarepiajliB METOIaMH MOJIEKYJIIPHOI AMHAMIKHM i CTPYKTYPHOI MEXaHIKM»,
1O MPEe/ICTaBIeHO Ha 3100y TTA HayKOBOTO CTYIeHs IOKTOpa (inocodil

[lum akTOM 3acBimdyeThes, MO AucepTaliiiHa po6oTa acmipaHTKH Kadeapu
XIMIYHOTO, TONIMEPHOr0 i CHJIIKATHOrO MamHMHOGYdyBaHHS HalioHATBHOrO
TEXHIYHOTO yHiBepcuTeTy Ykpainu « KHiBCbKHil moNiTeXHiuHMM iHCTHTYT iMeHi Irops
Cikopcbkoro» Yonak Ipunu Bononumupisny «BusHaueHHs (i3sMYHHX BIaCTHBOCTEHM
MOJIMEPHUX | KOMMO3HUIMHMX MaTepialiB MeTOJIaMH MOJIEKYIAPHOI JHHAMIKH i
CTPYKTYPHOI MEXaHiKW», 10 MPe/ICTaB/IeHa Ha 3100y TTs HAyKOBOTO CTYIIeHs JOKTOpa
hinocodii, Binnosinae HanpsaMy Haykosux mocrmimkens KIII im. Iropst Cikopcebkoro i
GesnocepenHBO MOB’13aHa 3 HABYAJTLHUM MPOLIECOM.

Pesynbrati mucepranifiHOi pPOGOTH BHKOPHCTOBYIOTBCS B HAaBYABHOMY
npoweci kadeapu XiMigHOro, HOJIMEPHOro i cuiTikaTHOro MamuHo6yxyBasHs KITI im.
Iropst CikopchKOro Iiji Yac BUK/IagaHHS JUCLIMILTIH IS MaricTpiB crenianbHocTi «131
— Ilpuknagna mexaHika», mo HaBuyaroThes 3a OHIT «IlpukiagHa Mexanika» i OITII
«[HXMHIPUHT MakoBaHb Ta MaKyBaIbHOIO 06JaqHaHHs»: «HaykoBa po6oTa 3a TeMOO
MaricTepchbkoi aucepraitii», «MexaHika CYLITBHHUX CepeloBHINY, «JlocaimKeHHs Ta
IHXKHHIPHHT MMaKyBaJbHOIO 06IaqHaAHHM.

Ho HaykoBuX pe3ynbTatiB nucepTaniitHoi po6otu Yonax I. B., 1o BUKOpHCTaHi
B OCBITHbOMY nipouieci — (OHII 131: Hayxoea poboma 3a memoio mazicmepcokoi
oucepmayii. Yacmuna 2.pdf — Jlexyis Ne3, Komn’iomepnuii npaxmuxym 2.2; OITIT
131: — Mexanixa cyyinoHux cepedosuwy. pdf — Jlexyis No7, Komn tomepruii npakmuxym
5) https://cpsm.kpi.ua/Doc/Syllabus/Syllabus_131 Magistr 2024 Ukr.rar,
BITHOCSATBCS:

1) PosBuHyTO mimXix [0 BH3HAYeHHS e(pEKTUBHUMX (Di3HKO-MeXaHIUHUX
BIIACTUBOCTEW (MEXaHIYHMX Ta TEIUIOGI3MYHMX) IOJIMEPHHUX HAHOKOMITO3HIIIHHUX
matepianis (TTHKM) Ha ocHOBI 4HCI0BOrO aHaNi3y 3pa3KiB MpeICTaBHUIIEKOTO 06’ My
METOJaMHU MOJIEKYJIIPHOI Ta CTPYKTYpHOI (KOHTHHYalbHOI) MeXaHiku. Bkasani
BJIACTMBOCTI TMOTPiOHI JJIi pO3B’sA3aHHS HENIHIMHMX 3a7ad  TepMO-IpYKHO-
ITACTUYHOCTI MEXaHIKH CYyLiTbHUX CEPEIOBHIII.

2) TeopeTn4Hi IOCTIIKEHHS e(pEeKTUBHMX MEXaHIYHMX Ta TeIUIo(i3uUHMX
BrnactuBocTed ITHKM, wmwo BkmrodaloTh MoIyii mpyHOCTI # 3CyBy, KoedilieHT




ITyaccoHa, rpaHMIIIO TEKY4OCTi, Koedilli€HT TiHIHHOro TeMIIEpaTy pHOIO PO3IIMPEHHS,
MacoBy i300apHy TEIUIOEMHICTS i TEIIONPOBIAHICTb.

3) JlBonapaMeTpUuHi 3aleKHOCTI i MPOTHO3yBaHHA e(eKTHBHHX (i3MKO-
MexaHiyHux BrnactuBocTed ITHKM, mo nmoTpibHi Ans onepaTMBHOIO BH3HAYE€HHS
BJIACTMBOCTEH HAHOKOMIIO3UTIB 3alIE)XHO BiJ] TeMIEpaTypd Ta 00’€MHOI 4YacTKH
HaIlOBHIOBAYiB Ta PO3B’I3aHHA HEJIHIHHUX 3a/1a4 MEXaHIKU CyLVIbHUX CEpPEIOBHILL.

Jlo mpakTMYHHMX pe3yneTariB auceprauiiHoi poboru Yomaxk 1. B., mo
BMKOPHCTaHi B ocBiTHROMY Tiporieci (OITIT 131: — Mexanika cyyinorux cepedosuwy. pdf
— Jexyis Ne7, Komn’tomepnuii npakmukym 5; [ocnioxcenns ma IHCUHIpUHZ
naxysanonozo obnaonanna.pdf — Jlexyia Ne6, Komn’tomepnuii npaxmuxym 9)
https://cpsm.kpi.ua/Doc/Syllabus/Syllabus 131 Magistr 2024 Ukr.rar, BITHOCATBHCH:

1) Po3po6ieHo uyucnoBi Mmoaeni ans po3s’szanHs 3anad HJAC nns BU3HaueHHs
edexkTHBHUX MexaHiyHuX BractuBocteit [THKM 3 pisHuUM cTymeHeM apMyBaHHs Ta
JIOBIIBHUM po3MileHHsM (yHKuianizopanux BHT B nonietunenosii marpuni. Jns
OLIIHKH IOCTOBIPHOCTI Pe3yJIbTaTiB YHCIIOBOTO MOJIENIIOBAaHHS BUKOHAHO JIOCHIKEHHS
CiTKOBOI 301’KHOCTI METOJIOM MMOJIBiHHOTO MepepaxyHKy. BcTaHoBIIEHO, 1110 32 JaHHMH
YHCIIOBOTO MOJIETIOBAHHS MOXHOKa BU3HAYEHHS MOJLY IS IIPYKHOCTI He nepeBuiye 0,2
%, a xoediuienta [Tyaccona — 0,023 %.

2)Bukonano Bepu(ikamiro OTpUMaHMX JaHMX 3 (i3UKO-MEXaHIYHHX
BinactuBoctel [1E i [THKM.

3) Po3pobiieno pexomenpauii mopao BrnpoBamikeHHs [IHKM B mnakysaibHy
IHAYCTPIiIO Ta TPOMMCIOBE BUPOOHULITBO.

BrpoBamkeHHs pe3ynbTaTiB aucepraliiHoi poOOTH B OCBITHIH mpolec
3a0e3ne4yyeTbCs MATEMATAYHHMH MOJIENISIMH, METOAMKAMH TEOPETHYHUX JOCHIKEHD
(bi3MKO-MeXaHIYHHUX BIACTHBOCTEH MOIMEPHHUX MaTepialiB METOAAMH MOJIEKYIAPHOI
OUHAMIKA 1 CTPYKTYpPHOI MeXaHiKHM, pO3paxyHKy IMaKoBaHb Ta IaKyBallbHOIO
obnagHaHHs, B IKUX 3aCTOCOBYIOTECS MOJIMEpHI HAHOKOMITO3HUIIIMHI MaTepialiy.

BripoBakeHHss MarepianiB JucepTaliiHol pobOTH Aae 3MOry CTyIEeHTaM
OTPUMAaTH, TOTJIMOMTH, CHUCTEMATH3yBaTH W 3aKpIIUTH JOCBiJl MaTeMaTHYHOI'O
MOJIENIIOBAHHSA, @ TAaKOX PO3pPaxyHKy M HOCIiJKeHHsS MaKoBaHb Ta IaKyBalbHOIO
o6naHaHHA 13 3aCTOCYBaHHAM IMOJIIMEPHUX HAHOKOMITO3UIIITHIX MaTepialiB.

JlekaH iHXeHepHO-XiMIYHOTO (haKyJIbTeTy,
I.T.H., podecop

-
€sren [TAHOB

3aBigyBau kadeapu XiMi4HOTO, OJIMEPHOTO i
CUJIIKaTHOIO MalllMHOOY 1y BaHHS, B
I.T.H., JOLEHT 4~ *:“”-\ Onexcanap COKOJIbCbKHMU
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