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Mepidnym

EUmveuopévoL amo TIG TIPONYUEVEG UNXOVLIKESG LOLOTNTEG TOU PETALLOU TNG apAXVNG, OKOTIOG
auTAG TNG SUTAWHATIKAG gpyaciag eival n BeAtotonoinon tng SOUAG €VOG KALVOTOMOU,
ehadpu, avOekTikoU, BLO-EUTIVEVUOUEVOU UALKOU yLal Xprion oTnV autoklvntoflopnxavia.

Oplopéva dragline petala tou LotoU TNG apdxvNg Mopouclalouv €€ALPETIKO cuVSUACUO
TWV pPNXavikwy OotAtwy, onw¢ uvPnAn avroxn, oAkwotnta kot ducBpauototnta, mou
EemepvoUVv HEPLKA amo T KaAUTepa Blopnxovikd UAKA. H doun Ttou petaélol TnG apaxvng
€xeL dlamotwOel wg ouvOeto VO SLAPOPETIKWY HEPWYV, TOU SUCKAUTITOU KPUOTAAALKOU Kall
TOU apOPdOU TO OTIOL0 TAPEXEL TNV EKTACLUOTNTA TNG LVaC.

H mpooéyylon autig TNG SUTAWUATIKNAG Epyaciog €ival N LOVIEAOTIONGCN TWV VEWV UALKWVY
Xpnotpomnolwvtag Stakpltd doulkd otolxeia yia tnv neplypadn twv dtadopetikwy pacswv
ToU UAKOU. Autd ta Soulkd otolyeia ocuvepydlovial wote va emteuxBel €va cuVoOALKO
QmOTEAECUO TIOU Eemepvad TIG LOLOTNTEC KABE ouoTATIKOU XWPELOTA. Xpnolpomnolouvral
E€eAlktikol AAyoplBuol wg péBobdol BeAtiotomoinong o ouVOUOOUO UE TETEPACUEVA
otoxela wg pEBodo afloAdynong. 2toxog eival va umodexBel pia pébodog oxedlaopuou,
OTIOU O ECOWTEPLKOC OXeSLAOUOGC TOU UAKOU PeAtiotomoleital avtopata yla Sdsdopéva
xapaktnplotika (VPnAn duokaudia, unAn ducBpavototnTa Kal EAAXLOTO KOOTOG).

H epyaoia auty ekmovnBnke otig eykataotdacel t¢ TOYOTA MOTOR EUROPE, otig
Bpu&éAdeg, kata tnv €€aunvn ekel mapapovn pou, unod tnv ekel kabodnynon tou Ap. K.
lkayka, Senior Engineer, Dept. R&D Advanced Technology Division 2.
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Ke@aliauo 1. Etcaywyi)

To B£pa tng umepBéppavong Tou MAAVATN KAl N oXéon TNG UE OVOPWIIOYEVELG EKTTOUTIES
elval eupéw¢ yvwotn. To 2009, n Evpwrnaikn Evwon Kal oL ny€teg tng G8 amoddaacioav OtL ol
ekmouneég CO, mpémel va pewbBouv katd 80% peExpL To 2050 TPOKELUEVOU va
otaBeponolnBel n cuykévipwon Twv agpiwv tou Bepuoknmiou (GHG) otnv atpdodatpa oto
eninedo twv 450 ppm ooduvapou COz kat va StatnpnBel n maykooua avénon tng
Bepuokpaoiag katw amod 2°C. O petadopég eubuvovtal yia to 1/5 TG MayKOoULOES XProng
NG EVEPYELAG KOL TO % TNG €VEPYELAC TIOU OXeTLlovtal Pe TIG ekmopmneg COz (1). Na va
ETUTEUXOOUV OL QVAYKALEC MELWOEL TwV oepiwv Tou Bepuoknmiou péxpt to 2050, ol
uetadopég Sadpapartilouv onuavilkd poAlo. To MARBOC AUTOKIVATWY O OAOV TOV KOOUO
OVAUEVETOL VA TPUTAACLAOTEL 08 Avw Twv U0 ekaTOPUUpiwv péEXPL To 2050 Kat, Xwplig
loxupn &paocn oe maykooulo emninedo, Ba mpokUYPEL Kal n avriotoln avénon tng XpPrnong
EVEPYELOG KOl Twv ekmopmnwyv COz. (1) To Ixnua 1 mopouctdlel TNV €KTIUNON Yyl TLG
EKTIOUTEC TWV AEPLWV Tou Beppoknmiov otnv Evpwrn. (2).
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IxAua 1: EU Npdyvwon cuvolkwv eKmounwv GHG yia to 2050 Kat GUYKPLoN LE TOV OTOXO.

H pelwon tou BApoug TOU QUTOKLWYATOU E€lval €vag ONUAVIIKOG TWUAWVAG ylo TV
€\aXLOTOMOINON TWV EKMOUTIWY KOL TNG KATAVAAWONG evépyelag, Kabwe 1% pelwon oto
Bapoc avtiotolxel oe ~0.65% PeAtiwon otnv katavaAwon Kauvoipou. (3). Qotdoo, n
TpéXouoa €peuva ota UAKA Ppioketal oe ocupBLlBacpud petall amodoong Kol KOOTOUG.
Juvenwg, Ba NTav moAU woéAn n véa pebodoloyia oxedlaopou n omnoia Ba pnopoloe va
Eemepdoel autov tov cUUPLBacud kat va mpoodépel véa Pptnva kal eAadpd UAKA yla
KaOnuepLVA Xprion ota UTOKIVNTAL.




Emi tou mapodvtog, o XaAuBag sival To Kuplopxo UALKO TO OTOL0 XPNOLUOTOLE(TAL OTN
Blounxavia. H texvoloyia UAWKWVY avamtUuooseTal otabepd ta teAeutaia Xpovia. €xouv
avamntuxBel véa ouvBeta UAKA ta omoia cuvdudlouv TNV avtoxn KE TIOAU UIKPOTEPO BApog
oo auTto tou XaAuBa. Ta ouvBeta amoteAouvtal anod éva piypa dStadopwv UAKWVY Ta omola
ouvnBwg meplhappavouv oxupd alld eAadpd UALKA OMWE TO TITAVIO, TO QAOUWLVLO, O
valoBappakag kat ta avepakovruata. To KOCTOG MOPAYWYNG AUTWV TWV VEWV UALKWVY gival
YEVIKA ONUOVTIKOTEPO OE OXEON ME TA KPAUOTA UETAAWV Kol MAAOTKwv. Qotdoo, Ta
ouVOeTa €XOoUV TO MAgOVEKTNUA OTL ouvdualouv xaunAo Bapog pe unAn avroxn. H xpron
Toug e€akolouBel va otoxelel Kuplwg OTNV TAPAywYH TWV OEPOCKAPWY I} OPLOUEVWV
TUNUATWV aUTOKIVATWY TtoAuTeAeiag. (4)

Avalntwvtag €umveuon otn ¢uon, mapatnEnBnKav oL EVIUTIWOLOKEG LOLOTNTEG TWV
Sladpopwv BloUAKwY, OMWE TO METALL TNG apdxvng. To HMETAEL TNG apaxvng Mmopel va
anoppodnoel 30 dopéc peyaAltepn evépyela Tpwv T Bpavon kot elval 6 opEg
ehadpltepo o oxéon e tov XaAuPa. Mpokelnévou va e€nynBel mwe aUTEG oL LOLOTNTEG
AapBdavovtal amd T TPWTEiveg, €xouv avamtuxBel avalUoEll QTOMLKAG KALLOKOG,
XPNOolUOTMolwVTaC €pyaleia Tmpooopoiwong oe vavo-kAipoaka, onwg Molecular Dynamics
(MD). Nelpapata Kol TPOCOUOLWOELS e MD £€xouv avakaAUy el TNV TOAUTIAOKN, LEPAPXLKN,
VaVo-oUVOETN dour TwV GUOLKWV UALKWV.

Mpokewévou va €dpappooTolv oL TIOAUTTAOKOL pnxaviopoi t¢ ¢uong oe £dopUOYEG
QUTOKLVATWV, 0 OXeSLAOUOC O€ vavo-KALHaKa TPEMEL va HeTadepBel o€ pun-BLoAoYIKA UALKQ,
OMw¢ ouvBeta moAupepn. Na Tov oKomo auTo, sival anapaitntn pia pebodoioyia n onoia
ouvbualel TIC Tpooopolwoel Moplakng Auvaulkng (MA - MD) Kal TEMEPACUEVWV
otoxeiwv (FEM). OL mpooopowwoel MA mopéxouv akplfr avamapdotacn twv evdo-
OTOULKWV SUVALEWY OE VAVO-KALLOKO KOl ETILTPETEL TNV EPOPHOYI TWV PUCLKOXNULKWY TOUC
VOUWV TIou €Aéyxouv TNV oupmepldopd Tou UAKOU. Ta QMOTEAECHOTO QUTWV TWV
TIPOCOMOLWOEWV UTIOPoUV, OTn OUVEXELR, va £daplootolv o€ HeyoAUTeEPn KAlpaATa, o€
HOVTEAQ TIETEPACUEVWV OTOLXEIWV KOTA TO OXESLOOUO TIPOYHOTIKWY £EQAPTNUATWY
outokwNTwy. Mia tétola Siepyacia mapouolaletol OXNUOTIKA O0To IXAua 2.
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Ixnua 2: NMpoocopoiwon moAAanAwv peyebwv.

Ol npooopolwoelg mou Bacilovtatl otn MA xpnotponololv XIAASeG SLakpLtd ATopa yla TN
UAK avamapdotacn. Q¢ OMOTEAECUO, TOPEXOUV aKkpLBi UTIOAOYLOHO TWV HOPLAKWY
Suvapewyv, alAd eival ocuvnBw¢ TMOAU akplBEG O UTOAOYLOTIKO KOOTOG. ATO TNV AAAn
TAELPA, N LEBOSOC TWV MEMEPACUEVWV OTOLXELWV OVTUITPOCWIIEVEL TO UALKO WG CUVEXEG HE
O6ebopéveg 18LOTNTEG. Mia TETOLO QVAOPAOCTOCN ETUTPEMEL TNV TPOCOUOLWON o€
HEYOAUTEPECG KALLOKEG UAKOUG KOL ULKPOTEPO UTIOAOYLOTLKO KOOTOC, YEYOVOC TIOU €nyel TV
EUPELQ XPr)ON TOUG OE UNXAVIKA TtpoBARaTaL.

H mAnpng pebodoloyia oxedlaopol mapouolaletal oxnUatikd oto Zxnua 3. H mapovoa
£pYACLO EMKEVIPWVETAL OTNV EMLONUOOUEVN TIEPLOXI) TIOU ACXOAELTAL E TOV OXESLOOUO TWV
vavo-ocUVOETWY vwv oe péon KAlpaka. Xpnowomowwvtag E€eAiktikoug AAyoplOpoug wg
epyaleio afloAoynong, BeAtioTomoleital autopaTa N E0WTEPLKN SLappuBuLon Tou UALKOU w¢
TPOG TLG ETUOUUNTEG LOLOTNTEG.
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IxAnua 3: MeBodoloyia oxedlaocpol evog uAkou.

H Suthwpatik epyaocia Sdopeital wg €€ng. 2to Kepalalwo 2, mepléXetal pia olVIOUNn
ETILOKOTINGN TWV UALKWV HNXAVIKAG KOl HEAETWVTAL Oplopéva mapadeiypata BloOAKwY Kot
UNXOVLKAC. TEAOC, TIOPEXETAL MiOt OUVTIOUN ETLOKOMNON TWV aplOuntikwv peBOdwv Tou
XPNOLllomoloUVTalL O QUTAV TNV epyoocia. Xto Kepahato 3, mapouocialetal o TPOMOC
oXedLoopoU Tou UALKOU, pe Baon to 2A povtélo tng ivag. Ito Kedalato 4, afloloyeital to
HOVTEAO NG ivag kot puBuilovtal avaloya ot oplBuntikéc péBodol. Ito Kedalawo 5
TIPOYLLOTOTIOLOUVTAL OPKETEC LEAETEG BEATLOTOTIOINONG YLO TNV TTAPAYWYI) KOL TOV OXESLACUO
TWV Vavo-oUVOETWY UAKWV. Ito Keddlawo 6, mapouoialetal éva poviéAo 3A ivag kot
oulntouvtal oL TPOKANOELG TNC EMEKTAONC TOU OXeSLAOUOU OTLC TPELG SLaoTAOELS. TEAOC, OTO
Kepahaio 7, cuvoiletal n Tpéxouoa epyacia Kal TOPEXOVTIAL OPLOUEVES TIPOTACELG YLa Ta
enMopeva Brpata.




Keg@alaio 2. BiALOypa@ikn EMLOKOTIN G

Mpokelévou va erIteuxOel 0 oXeSLOOUOC TWV VEWV UALKWY, €lval onUAVTIKA N Katavonon
TWV UNXAVIOUWV TNE dUoNG Kal TwV aplOunTIkwy peBodwy mou eumnAékovtal. MNa Tov okomno
QUTO, 0 AUTO To KedaAato, cuvoilovral ol BACIKEG APXEC TNG UNXAVLKAG TWV UALKWVY padl
HE MEPLKA TtapaSelypaTa UALKWY TIOU UITOPOUV VA ATOTEAECOUV TINYH €UMVEUONG. EMUTAEoy,
TmapouoLlaleTol oUVIOUN EL0OYWYr OTn HOVIEAOTIONCN HE TEMEPACUEVO OTOLXELQ Kall
Bewpia EEeAkTikwWVY AAyopiBuwy.

2.1. YAka

To IxAqua 4 mapouotdlel TNV LOTOpLKA €EEALEN TWV XPNOLUOTIOLOUMEVWY UALKWV ylo Ta
oautokivnta. Eival mpodaveg OTL To KUPLO UALKO TIOU XPNOLLOTIOLEITAL OTNV KATAOKEUN TOU
OXNUATOG NTAV KoL TTAPAPEVEL 0 XAAUBAG, 0 omolog mpotipatat yla tTnv uPnAn duvapn kot
QVToXf TOU O& OUVOUAOWO ME TO XOUNAO KOOTOC. Me tnv €€€AEN Twv UAKWV Kal Tn
0E0UELON TWV AUTOKLVNTORLOMNXAVIWY Yyla TV avnon tng amodoong TtTwv OoXNUATWV,
ehadpuTtepa Kal avOeKTIKOTEPA UALKA, OTwG Kpdpa uPnAng avtoxng, aAoupivio, TTOAUUEPN
Kal oUvOeTa UALKA (5) €xouv avtikataoTthosl otadlakd £va HEPOC oo Tov XAAuBa XopUNAAG
TIEPLEKTIKOTNTA o€ AvOpaka. Qotéco, o XAAuPBa¢ TMAPAUEVEL TO Kuplapxo UALKO Tou
XPNOLUOTIOLELTAL OTA AUTOKIVNTAL.

100%
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40% M High/medium strength steel
30% ¥ Low-carbon steel

Wood
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20%
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0%

® > o $
K X K1 oS

Ixfua 4: lotopikn petapoAn oty ouVOeoN oTwWV OXNUATWV Katd pala. (5)

2.1.1. OL8LOTNTEG TV VALKWV

Ma tv avtokwvntoBLlopnxovia, oL o CNUOVTIKOL TTtapAyovtes mou adopolV Ta UALKA gival
TIAVW amo OAa N aodAAELQ KAl N AVTOXH OTLC CUYKPOUOELG KO, OTN CUVEXELX, TO BAPOG Kal
TO KOOTOG. ETOL, yla tn ocUYKPLoN SLOPOPETIKWY UALKWY, ELVOL ONUOAVTIKO VO LEAETOOUE TIG
LoTNTEG TOUG.

Y€ aUTO TO onueio, yivetal pla oUVTOUN AVAAUCH TWV TILO CNUOVTLKWY, OXETIKWY UE QUTHV
NV gpyaocia, WOLOTATWY TWV UAIKWVY KaL, EMLONG, YIVETOL L0t CUVIOUN ETILOKOTINGN HEPLKWVY
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evlladepovIwy VALKWY. Z& autnv TNV nepiAnydn, meplypadovtal povo ot dotnteg mou Oa
XPNOLLOTIOLOUV WG OTOXOL TNG BEATIOTOMOINONG.

2.1.1.1. KaumoAn tacswv mapapoppwoewyv (stress-strain curve)

YnoBétovtag OtL éva Selypa tomobeteital oe pnxovr SokKUAG edeAKuopOU-CUUTiEDNG,
KaBwg to afovikd ¢optio auvfdavetal PNUATIKA, METPATAL TO OUVOAIKO pnkog (L) oe kaBe
avénon tou $popTiou Kal auTo cuveyiletal HéEXpLg OToU va ondoel To Seiypa. Nvwpilovtag to
apxLko gpPadov diatoung (Ag) Katl To pnkog tou deiypatog (lo), pmopel va umoAoylotel n
taon (o) kat n mapapdpdwon (g). H ypadikrn mapdotacn Twv MOCOTTWY QUTWV HE TNV TAon
(o) katd pnRkog Tou dfova y kat TN mapauopdwon (€) KATA UAKOG Tou afova X KaAesital
Staypappa tdocswv-mapapopdwoswyv. Eva TETOO TUTKO Sldypoppa ywa €va Seiyupa
HETAANOU mapouctaletal oto Ixnua 5. To Slaypappa TAcEWV-apapopdwoewyV UMopEeL va
Sladépel og popdn yia SLadopeTIKA UALKA.

H KOUMUAN TACEWV-TIOPOUOPPWOEWV €VOG UALKOU €lval pia avektipntn Bonbela yia tnv
neplypadn TG UNXAVLKAG cUpnePLdopdg Tou. H KapmuAn tdoswv-napapopdwoswyv Ba
XPNoluomnolnBel eKTEVWG, WOTE Va UTTOAOYLOTOUV OL ETULOUUNTEG LOLOTNTECG TWV SOKLUIWV.

Total elongation i

foset /-—-—-4 )

" Yield EUL

FractureX

Stress, s

Tensile qtrength

Strain, e

IxAua 5: KapnuAn tdcswv-napapopdwoswv. (6)

2.1.1.2. Avokauyia (Stiffness)

H duokapudia umtodnAwvel tnv akapdia evog avikelpévou, SnAadn tov Babuod otov omoio
avBiotatal otnv mapapopdwon katd tnv edappoyn Suvaung. To UETPO €AOTIKOTNTOC
Young UETPA TNV avtiotaon evog UAKOU o€ €AaOTIKA mopapdpdwon und afovikd ¢oprtio.
TUTUKEC TIMEG TOU HETPOU EAAOTIKOTNTAG Young ylol OPKETEG OLKOYEVELEG UALKOU daiveTal
oTO ZxAua 6.
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E

TAoN ePEAKVOUOY O

TAPAUOPPWIT €

(2-1)

‘Eva okAnpo UALKO €xel uPNAG pétpo ehactikotnTag Young kat &ev aAAAleL TO OXNUO TOU

ONUAVTIKA KATw amd eAhaotikd doptia (my. Stapdavtia). Eva EUKAUTTO UALKO E€XEL

XOUNAOTEPO HETPO EAAOTIKOTNTAG Young Kal aAAALEL ONUOVTLKA TO OO Tou (T.x. Adotixa).

Ie edappoyEg petadopwy, n vPnAn akaupio ce cuvbuaopo pe To XaUNAO Bdapog eival
ONUAVTLKA KOL YLt QUTO, €lvat eMBUPNTA UALKA pe peyaAn edikn Suokapia. Ze autiv tnv

epyaocia, n péyotn duokapuia Ba eival évag amnod toug otdoxoug oxedlacpou.

2.1.1.3.
AvcBpavotétnta eival n
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Ixnua 6: Adypappa Suokapdiog yia S1adopeg olKOyEVELEG UALKWV. (7)

AvoBpavototnta (Toughness)
KKOVOTNTAL €VOG UAWKOU va amoppodd evépyela Kal va

TIAPOHLOPPWVETAL TTAAOTIKA XWwPLG Bpavon. AVTLOTOLXEL OTO TOCO TNG EVEPYELAC OVA OYKO

TIOU €val UALKO UTtopEl va amoppodnosL mpLv th Bpavon.
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% small toughness (ceramics)

large toughness (metals)
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Engineering tensile strain, £

IxAua 7: H koapmUAn tdoswv-napapopdpwocwy yia tpia Stadopetikd UAKA. To pBado KATW oo TG KOUUTUAEG
avtiotolyel otnv SucBpavototnta. (7)

AvofBpavototnTad = ———— = (2-2)

Evépyeia j‘sf
- = o de
Okyog 0

Onwg daivetal oto Ixnua 7, n vPnAn ducbpavototnta amaltel cUVOUAOUO AVTOXNG KO
OAKLpOTNTAG. MNa mapadelypa, VBpavota UAKA (OTWG KEPOMLKA) Ta omola €xouv uyPnAn
Suokapia, al\d mepLOpLlopEVN OAKLpOTNTA Sev €xouv peyain ducBpauototnta. Amo tnv
GAAN TAgUPA, TTOAU OAKLUA UALKA, HE XaUNnAR avtoxn (omwc moAupepn) eniong dev €xouv
vPnAn ducBpavototnta. Q¢ ek toutou, uPnAn ducBpauvototnta kat vPnAn Suokauia
elvatl U0 avTIKpoUOEVOL OTOXOL.

H vynAn ducBpauototnta ival Wlaitepa oNUOVTIKY yla Ta €apTHATA TTOU EVOEXETAL VOl
OUUMETAOXOUV OE OUYKPOUOELS (autokivnta, modnAata), f yla KOTAOKEUAOTLKA OTOLXELQ,
omou n Bpavon pmnopet va eival katactpodikn (boxeia nieong, agpookdadn). ESw, n péylotn
SuaBpavototnta Ba sival emiong évag amo toug otoxous oxedlaopou
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Ixfiua 8: Awdypappa Suvaung-ducBpavototntag yia StadopeTikols TUNOUG UAKWV. (7)

2.1.14. LEwdosAaotikotnTa (viscoelasticity)

IEwdoehaoTtikotnTa €lval n dloktnoia Twv UAIKWY Tou Ttapouctdlouv toco LEwbn, 600 Kot
ehaotikn oupnepidpopd, 6tav untofallovtal o mapapopPworn. Ta CUVOETIKA TIOAUMEPT, TO
€UAO Kal 0 avBpwTILVOG LOTOG, KaBwWG Kal Ta PETala os uPnAn Bepupokpacia epudaviouv

ONUAVTLKEG LEWOOEAAOTIKEG eMISPATELC. (8)

MepLKEG amo TIG LOLOTNTeC evog LEwdoeAaoTikol UALKOU eivat otL n duokappia efaptatatl
oo tov pubuo mapapopdwong, (Ixaua 9). YYnAotepog pubuog mapapopdwong odnyet os
vPnAotepeg taoelC. Emiong, €dv epapuootel KUKALKO doptio, epdaviletal votépnon otnv
KQUTTUAN TACEWV-TIAPAUopdwWoewyv, odnywvtog o SLaxuon TNG LNXOVIKNAG EVEPYELAG.
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Ixnpa 9: OL KapnUAeg Taong-rapapnoppwong evog LEwdoeAaotikol UAKOU yia Stadopetikég oTtabepég pubpou
nopapopdwong. Ot vPnAdTtEPEC TAGELS AVTLOTOLXOUV 0€ UPNASGTEPO pUBUO apapopdwong. H mePLOXT) OTO EOWTEPLKO
TOU BPOXOU UCTEPNONG ELVAL N EVEPYELA TTOU KATAVOAWVETOL AOYW ECWTEPLKWV TPLRWV

2.1.2. MeTdéL g apdayvng

To peTAlL tng apdayvng sivat éva BLOUALKO pe afloonUELWTEG LNXOVIKEC LOLOTNTEC. H apdyvn
araneus diadematus €xeL €w¢ kal et dtadopeTikd (evyn adévwy, OMOU To KaBéva mapayel
HETAEL VL0 OUYKEKPLUEVO OKOTIO KOl HE MOVASIKEG HNXOVLKEG LOLOTNTEC. TO LOXUPOTEPO
HETAEL auTtwy, To dragline petdfl, elval éva amod ta mo okAnpA UALKA TIoU €ival yvwoTd oTov
avBpwro. To dragline petatL xpnotpomnoleital yla to mAaiolo Tou L.otol KaBwg emiong Kot TIg
oKtiveg. EXeL NUL-KPUOTAAALK) Soun TIOU OmoTeEAsital amo piot KpUOTOAALK TEPLOXN
TUNUATWV TToOAvaAavivng, ta omola oxnuatilouvv dakaumta B-sheet vovo-kpuoTtdAAouUG ToU
neptBarlovtal amd tnv Aapopdn, mAovuola o€ YAUKivn TEPLOXN), OL Omola TOPEXEL TNV
EKTOOLUMOTNTA TNG lvag. Auth n doun mapouaotaletal oxnUatikd oto Zxnua 10.

To petdlL tng apdxvng eivat éva BLoUAKO pe aocuvriBloto cuvbuacoud xaunAng mukvotnTag,
vdnAng duokaudiag, ducBpauvoTdTNTAC KOl EKTOTOTNTAC. TUTIKEC TLUEG TWV HUNXAVIKWY

dlotAtwy TG givat:

e [Nukvotnta = 1.3 g/cm?3 (éva ékto tou xdAuBa)

e Ektaowuotnta = 0.27

e  MEtpo ehaotikotntag Young - E = 10GPa (MapoUoLo pe OXETIKA HaAakd PETAAAO KOl
KPAATA LETAAAWV)

e Oplo dlapporc =1 GPa (ouykpiolpo pe xaAuBoa uPnAng avroxng)

e AuvoBpavototnta= 160 MJ/m3 (tputhdoto tou kevlar)
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IxAua 10: lepapxtk Sopn TG ivag Tou pHetaglol TG apaxvnge.

2.2. Mé£0080¢ TWV TTEMEPACUEVWV GTOLXELWV

H uéBodog Twv MEMEPACUEVWV OTOLXELWV €lval Lo aplBUNTIKN TEXVLIKN Ttou Sivel AUCELG o€
npoBARUATA TIOU TIPOKUTTOUV oTo MeSio TNG PUOLKNAG KOL TNG MNXOVIKAG HE OpLOUNTLKNA
eniAvon cuvotnuatwv Sladopkwv eflowoswv. H nEBodog xpnoLlomoleital yla TV emiAuon
€VOG eUPEDC GACUATOG TPOPANUATWY KoL ETUTPEMEL 0TO GUOLKO Tedio va povtelomnoinBel
Queca He TN Xpnon mAsypdtwv, Ta omoia Pacilovtat ocuvABw¢ O TPLYWVIKA N
TETPATAEUPLKA OTIG SUO SLaoTACELG Kal o€ TeTpasdpa N e€aedpa oTiG TPeLG SLACTACELS. 2€
KAOE TEMEPACUEVO OTOLXELO, OL AyvwOoTeG PeTaBANTEG (m.x., Bepuokpaocia, TaxUuTnta, KAT)
nipooeyyilovtal Ue TN XPHon ouvaptrioewv BAcng. AUTEC OL CUVAPTACELG UMOpel va ival
VYPOUULKEC 1 AVWTEPNC TAENG TIOAUWVUULKEG EKPPATELG.

H moootikn extipnon tou Baduou tng amhovoteuong Kal Tou opaApatog Slakpltonoinong
TOU HOVTEAOU TIEMEPOOHEVWY OTOLXEIWV Xpnoluomolwvtag SOKIUEG OUYKALONG, UEAETEC
gevaltobnolag kat aflomotiag, amoteAel amapaitntn mnpPolTOOeon TPOKEIUEVOU va
eaodaliotel n aflomiotia Tou povtéAou. (9)

2.3. E&elktikoi AAyopiOpot

Ot E€ehiktikol AAyopBuot (EA) eival otoxaotikeég pEBodot BeAtiotomoinong mou Bacilovrat
OTLG apXEG TTOU AmoppEOUV amo T Ppuotkn EEALEN, OTWG N avarmapaywyr Kat n LeTaAAagn.
Ze ula tétola pEBodo, Evag MANBUOUOC ATOUWY XPNOLUOTIOLELTOL YL VAL AVOTTOPAOTHOEL TLG
uroPnodLleg AVoelg o éva dedopévo xwpo avalntnong. H e€€AEn tou mAnBuopol Aaupdvel
XWPA UETA TNV EMAVEANUUEVN EPapUOYN TWV EEEAIKTIKWY TEAECTWV E OTOXO TNV 0drynon
€vOG MANBuopoL uroPndLwv AVoEWV TIPOCg KAAUTEPEC TTEPLOXEC TOU XwpPou avalntnong, (10).

MepLKa xapaKkTnpLoTIkA Twv EA sival:

o H &€fEA€n tou mAnBuopol kaBopiletal amod TIG TIUEG €VOC I TIEPLOCOTEPWV
OVTIKELUEVLKWY CUVAPTHOEWV.

e H duvaukn dtadoxn tTwv mAnBuouwy yivetal pe tn dnuloupyia kat tn Staypadn Twv
OTOMWV HE BAon TNV TLUA TNG AVTIIKELUEVIKAG TOUG alag.

o Kata tn &dpkela tNG €EEALENG, XAPAKTNPLOTIKA TOU TMANOBUCHOU TWV YOVEWV
kKAnpodoToUvtal OTOUC OIMOYyOVOUG €VW VEX XOPAKINPLOTIKA Urmopolv  va
EUPAVIOTOUV OTOXAOTIKA.

‘Eva Baolkd pelovékTnua tTwv E gival o peydlog aplBuoc twv afloAoynoswv mou ouvnowg
arotLtouvTaL yla Tov poodloplopd tne PEATIoTNG AUonc. Auto sival Wblaitepa EVOXANTIKO
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otav n afloAoynon eival xpovoBopa, OMWE OTNV TEPLUTTWON TWV TIEMEPACUEVWVY OTOLXELWV
NG mapouong LEAETNG.

OL EA &ekwvoUv dnuloupywvtag tuxaia évav aplOpod atdopwyv (mAnbuoudg ekkivnong). Méow
TOU AOYLOULKOU afloAoynong, KaBéva amd Ta apylKA atopa ouvoEetal He T Sk Tou
OVTIKELMEVIK T Kootoug. Oco 6ev mAnpouvtal ta Kputipla  PBeAtiotomoinong,
Snuoupyouvtal Slapkwe VEEG YeVLEC. Ta Atopa eMAEyovTOL avAAoyad LE TNV KaTtaAAnAdtnTda
TOUG, Yyl TNV TAPAywyrn amoyovwyv péow Slaotalpwong Kal HETAAAOENG. 2T CUVEXELD
umoAoyiletal n TR KOOTOUG TwV amoyovwy. Ot KaAUTEPOL amoyovol eTAEYoVTaL WG VEOL
YOVELG, TapAYOVTOG LA VEQ YEVLA, KAl aUTO cuvexilel HEXPL va LkavorolnBouv Ta KpLtrpLa
BeAtiotomnoinong. (11)

2.3.1. EASY

O EASY, Evolutionary Algorithms SYstem (11), eivatl éva AOyLOHLKO TTOU avamtuxOnke amo tn
Movada NapaAAnAng YroAoylotikng Peuotoduvauikng & BeAtiotomnoinong (12) tou EBvikou
MetooBlou MoAutexveiou (EMM). To Aoylopikd EASY elval €va AOYLOULKO YEVLKNG XPOEWC,
yla tnv avalntnon Twv BEATIOTWY AUCEWV 0 TIPOPANUATA EVOC I TIEPLOCOTEPWV OTOXWV.

File Help

Case

T, S | = T | T
Organization Search level 1 !vl Number of levels: ‘ 1H \! Apply | | Delete Current

Design Variables o
& Constraints

-W Leveltype: ® EA ) SDICG () SQP
(Multilevel)

= Search Engine: Evolutionary Algorithm
Evaluation

Scripts 1

General | Hierarchical ' Distributed ' Convergence ' Population | Operators 'm
Parallel
Evaluations Basic Configuration
F?unlst' Demes | 1= scriptiD |1} Parameterization sheet [ 1]
esults | =1

Solution store step | 01— State storestep | 0/—| Allow penalized elites []

Initialization

PRNG seed state 1’:4; Initialization mode: lRandom lv‘

Fitness assignment (Multiobjective optimization, MOO, only)

Multiobjective mode \ [ Sharing distance — Distance space [
Distance non-dim | = | Nested dist. muit. =

Design parameters limit adaptation

Frequency: \ OElj Maximum adaptations [ Od Adaptation factor \ 1|:

IxAua 11: Panel and to ypadko nepiBailov touv EASY. (11)

To Aoylopiko EASY mpoodépel pia mAnBwpa emloywv Onwe n xprion Hetanpotunwy (A.x.
TEXVNTA VEUPWVIKA Siktua 1 aAeg peBodol mapepPoAr) ocuvdedepéva pe TNV €€EALEN
(online training), 6mou ta petanpotuna ekmatdevovral Katd TNV Stapkela tn¢ dtadikaaoiag
BeAtwotonoinong (13), (14), (15). H Swadikaociat OUVTOPEVUETAL HE TIPOOCEYYLOTIKA TIPO-
aflohoynon (MMA — IPE), 6mou ot (Alyeg) kaAUtepe¢ AUoelg (amdyovol) KABe yeviag
umoAoyilovtal e TN XPNOoN TWV UETAPOTUNIWY, OTN CUVEXEL Katatdooovtal oe ¢Bivouoa
O£lpA KOTOAAANAOTNTOG Kol Ol KAAUTEPEC AUOELG emavaéloAoyoUvTal PE TO akpLBEG AOYLOULKO.
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Eniong mpoodépel lepayikoug EA, 1 adyoplBuoug molueminedng afloAoynong, Omou oTo
uPnAOTEPO eMinmedo XpNOLUOTIOLELTAL TO KAAUTEPNG aKpiBELaG AOYLOULKO afloAdynong, aAAQ
Kal akplBotepo o kootog CPU, evw ota xapnAotepa emineda xpnolUomoLleitol AOYLOULIKO
aflohoynong uUkpotepnG akpifelag oAAG kal xoapnAotepou koéotoug CPU wote va
avalnToeL OLKOVOULKOTEPA TLG TILOAVECG UTIOOXOUEVEG AUCELG KAl VO TPOPOSOTHOEL UE QUTEG
ta upnAotepa enineda, (16), (17). Eniong, mpoodépel tn xprion acuvyxpovwv EA, omou
eAéyxovtag aAAnNAOKOAUTITOMEVOUG SUOUG, KAVOUuV BEATLOTN Xprion TOAUETEEEPYAOTIKWY
OUOTNUATWY, WOTE va Tapapévouv OAeg ol CPU mARpwg amooXoAnuéves KaBoAn tn
Slapkela g BeAtiotonoinong, (18), (19).

Autn n duthwpatiki gpyacia Ba kavel BeAtiotonoinon pe xprion E¢eAtikwv AAyoplOuwv
KOLL CUYKEKPLUEVO LUE TO AOYLOULKO EASY.
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Keg@aiauo 3. M£0080¢ 6XeSLaG L0V TOV VALKOU

Avantuxtnke HEB0SOC Tpokelpévou va eTuteuxBel o0 oxedlLAOUOC €VOG VEOU UALKOU,
eAéyxovtag tn vavo-6oun tou. OnMwg emonuAvOnke OTIC MPONYOUUEVEC Tapaypadoud,
EMAEXONKE N Soun Tou LoToU TNG apaxvnG we adetnpla yia tov oxedlaopo. Ektiunbnkav ot
HUNXAVIKEG OLOTNTEG TOU UALKOU LE TN XPron MEMEPOAOUEVWY OTOolXElwY evw N Sladkaoia
oxeblaopol €ywve pe tn xpnon EA. e autd to KedpaAalo meplypddetal n pEBodog
oxeblaopou.

3.1. Ileprypa@r} ToU VTOAOYLOTIKOU TIELPANATOC

Onwg enonuavinke otnv Evotnta 2.1, wg ouvaptioelg KataAAnAoTNTag emAEXOnKav n
peylotomnoinon tn¢ duokauPiag kot n peylotonoinon t¢ ducBpavototntac. NMpokKeEvou
VA YIVEL 0 UTTOAOYLOUOC TOUC, SOKLMAOTNKE N (va o Sokuun oe edpeAkuopo. Katd tn dokiun
oe edpeAkuopud to Sokiplo udiotatal GopTon o POVOOEOVIKO TPOOSEUTIKA QUEAVOUEVO
doptio, pEXpL TNV TEAKN TOou Bpavon. Méow TNG SOKWNG Tou edeAKUOUOU, UMOPEL va
TIPOOSLOPLOTEL N KAUTIUAN TACEWV-TIAPOHOPPWOEWV Kal, OTN CUVEXELQ, VOl UTTOAOYLOTOUV N
Suokapia kat n SuoBpavotdtnta TN, (20).

OL ouvoplaKEG OuVvONKeG ToOU edapuooTnkov ylo tn SOkl Tou edeAKUCHOU
napovuatalovrtal oto Ixnua 12. H nmpooopoiwon tng Sokung toug epeAkuopol Ste€nxOn pe
TN XPrion Tou EUMOPLKOU TMpoypappatog LS-DYNA (version 1s971s R5.1.1), to omoio &taBtel
Kal xpnotpornolei n TOYOTA.

k>

IxAua 12: To povtélo tng ivag Katd TNV Sokipn o€ epeAKUOUO.

3.2. To HOVTEAO0 IEMEPACUEV®V GTOLXELWV TG VAC

Mo TNV LEAETN TNG KNXAVLIKNAG CUMTEPLPOPAC TNG vag TNG apaxvng, dnuloupynBnke éva 2A
HLOVTENO TEMEPACUEVWVY OTOLXELWV. To povTéAo autd Baoiotnke otn vavodopur tou dragline
HeTALOU TNEG aPAXVNC KAl CUYKEKPLUEVA oTa U0 BACIKA CUCTATIKA: TO KPUOTAAALKO KAl TO
auopdo. H emdoyn TwWV YEWHUETPLKWY XOPOAKINPLOTIKWY TNG (vag €ywve pe Baon
T(PONYOUHEVN TIELPAMOTLKY KoL UTIOAOYLOTIKA gpyacia, (21), (22). To puRkog tng ivag Atav 40
nm kot n Stapetpog 14 nm. KaBe kpuotallog eixe oxnua opboywviov mapalAnAoypappou
Slaotdoswy 2.691 x 2.048 nm?2,
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H &lataén twv kpuotdA\wv péoa oto apopdo dev eival yvwaotr). Q¢ ek ToUTou BewpnBnKe n
tuxaia Slataén weg aviupooweUTIKA Statagn tng vag.

To Ixnua 13 deiyvel €va 2A povtélo, To omolo dnuloupynOnke pe Tt Xprion tou LS-PrePost.
To povtélo auTo sival 25% KpuoTaAALKO Kal n Statagn Twv KpuoTAAwV sival Peudo-tuyxaia.

——--

>

>

>

IxAMa 13: To 2A HovTéNO TOU LoTOU TG PAXVNG HE TLG CUVOPLOKEG CUVORKEG.

3.3. I8L0TNTEG TWV CLVICTWOWV TG Lvag

O dragline w0t6G ™G apaxvng amoteAsital amd SdUo pEPn, TO KPUOTAAAIKO, TO Omoio
OUUTEPLPEPETAL WG EAACTOMAAOTIKO UALKO KoL TO Apopdo, TO OMmolo CUUMEPLPEPETAL WG
L€wd0oeAOTIKO. OL UNXAVIKEG LOLOTNTEG €KAOTOU eAndOnoav amod mponyoUuuevn epyaoia,
(22).

3.3.1. Kpuvotaliwki @acn

H kpuotaAAkry ¢pAon Tou LoTol TNEG apAaxVvNG CUUTIEPLPEPETAL WG EAOOTOMAACTIKO UALKO, TO
omoio vdiotatal pn-avactpéPiun mapapdpdpwaon Otav Tou ackouvtal SUVAUELS. To UAKO
povtelomolnOnke pe to povtéAo tou LS-DYNA MAT_003_PLASTIC_KINEMATIC. To Zxnua 14
TIAPOUOCLAlEL TNV KAUTUAN TAcEwv mopapopdwoswv S0 SladopeTikwyv cuvBEcEwV NG
KPUOTAAAKNG dAong, amd mpocopolwoel MD. Ol punXavikéG BLOTNTEG Tou UAKOU elval

nukvotnta p = 1200 [%], HEtpo glaotikotntag young E = 71[GPa], v = 0.33 kat avtoxn
UTS = 3.95[GPa], (21).
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stress (MPa)
2000

Ixnua 14 H kapunOAn tacewv nopapopdwoewv 500 StadopeTikwy cuvBEcewv TG KpuoTtaAAkig paong arnd MD
TPOCOHOLWOELS. Me pavpn ypapupl dpaivovral o pécog 6pog.
Onwcg daivetal oto IxNua 14, petd To onueio SLappong, oL TACEL EAATTWVOVTAL AMOTOUA.
To IxAuoa 15 Seixvel To OTL PETA TO onUelo SLappong, N ECWTEPLKN SOUN TOU KPUOTAAAOU
KatappEeL. Q¢ €K TOUTOU, ETUAEXONKE TO OPLO SLAPPONC WG TO KPLTHPLO aoToXLOG.

IxAua 15 ITypotuna and npocopoiwon MD. To KpUOTAAAIKO HEPOG EIVaL LE TTPAOLVO KO LEPOG QUTOV UTIOKELTOL OE
Suvapels. H epelkuotikn Uvapn anewkoviletal wg eAatrpLo.
3.3.2. H &wdogdaotiki) apopen @daon
H dpopdn dpaon eivatl n deutepn ocuvioTwoa TOU POVTEAOU. XPNOLUOTOLNONKE TO HLOVTEAO
t€wdogAaotikol UALkou MAT_006_VISCOELASTIC yia tn povieAomnoinon tng adpuopdng ¢aong
oto LS-DYNA. (23)

Y€ aUTO TO HOVTEAO, Bewpeital ypap ik EWO0EAACTIKOTNTA VLA TOV TAVUOTH TACEWV (24):
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t d¢ei; (1)
sij=2*.[; (p(t—r)TdT (3-1)
Omou:
@(t) = Go + (G — Goo) exp(—f 1) (3-2)

elval to pétpo dlatunong. Gy gival to Bpaxumpobeopo pETpo Statunong (short-term shear
modulus) and G, €ival To pakponpoBeopo pétpo diatunong (the long-term shear modulus).

Eivaw Gy = 1.66 [GPa]. H otaBepd amooPeong sivar f = % omou 7 givat 1o Ewdeg Tou

UAkoU pe T = 104 [%] (21)

MNa tnv auopdn ¢aon, wg Kptnplo actoxiag BewpndnKe OUYKEKPLUEVN TN TNG
mapopopdwaon NG AMO TPONYOUUEVEG TIPOCOUOLWOEL, TO KpLtriplo tébnke (oo pe 70%
napoapopdwon, (25).

3.3.2.1. AvaAvtikny) Avon tn¢ Sia@opikng élowong mov TEPLYPAPEL TO
Ewb0EAATTIKO VALKO

Mpokewévou va yivel KaAUtepn Katavonon TtTwv otabepwv Tou Teplypadouv Tn
ocuuneplpopd tou EwdoeAaoTikoU UALKOU umo edeAkuopo. H Sadopikn efiowon (3-1)
HEAETAONKE QVOAUTIKA, TIPOKEIPNEVOU vo KatavonBouv kaAUtepa oL otabepég Tmou
TiepLypAadouV TN cUUNEPLPOPA TOU LEWOOEAAOTIKOU UALKOU UTIO TNV SOKLU TOU edeAKUCHOU.
lvetal n povodildotatn Bewpnon Kol w¢ AmoTEAEoUA OAEG oL tapapopdPwoeLg eival pndey,
EKTOG OO TNV &1, KOLL OAEG OL TAOELG Elval undEv, EKTOG Ao TNV 0y 1.

To anotéAeopa tng emiAuong ivad:

511(€)=C18+C2 (1_6_C38) (3'3)
omnou:

C,=20G,

u(Gy — Gy

¢, — 7 (6o =Gx)
B lo
3Bl
372 u

H teAwkn eflowon elvat ocuvaptnon TG LETATOMLONG KAl AMOTEAELTAL OO TPELG OUVTEAEOTEC.
Ol otaBepég e€aptwvtal amo Tig €€nc LeTaPANTEG

o [j, TO 0pXKO HAKOG TOu SokLpiou,
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o Gy, T0 BpaxumpoBecpo pETPO Sldtnong,
o (G, TO HOKPOTIPOBEDHO PETPO SLATUNONCG,
e [, tnv otaBepd anooPeong,

e 1, TNV TOXUTNTA EPEAKUCUOU.

H e€lowon (3-3) neplypadel mwg ot LEwdoeAaoTIkEG LOLOTNTEG emnpedlouv tn cuunepldpopd
ToU UALKOU. To Zxnua 16 amewkovilel tnv emppon auvtr. H e€lowon (3-3) anoteAeital anod 2
OpPOUC, TOV YPOUULKO UE TOV ouvteAeotr) Ci KoL TOV eKOETIKO pe Toug ouvteleotég Co kat C3. O
YPOUULKOC OpOC eMNPeAlEL TN LAKPOTIPOOECUN CUUMEPLPOPA TOU UAKOU (KapmuAn 2), evw
0 &eKkBetkog TN PpaxumpdBsoun. Iuykekpluéva, o ouvieheotng C; emnpealel TN
BpaxumpoBeoun ocuumneplpopd pe Kuplapxoloa UeTaBAntr to Go To omoio ennpedlel tn
BpaxumpoBeoun cuumnepidopd Tou UAKOU (KapruAn 3) kat to B To omoio ennpedlel tnv
ToxUuTnTa petafaong ano tn BpaxunpoBeoun otn PoKPompoBeopn.

Viscoelastic model 1
0.200 - Jl
0.180 - y
0.160 - T e &m| ¢ @m o @m|e @m o @ |0 @= o
0.140 - x
* 2

0.120 -
0.100 - l, —
0.080 _— s

- e \0d el
0.060 4/
— e g*)
0.040 -
0.020 - 3 G072
0.000 | | | | | = © :G/5

0.0000 0.0500 0.1000 0.1500 0.2000 0.2500 0.3000 0.3500

IxAua 16: Anewkovion tng e§iowong (3-3).

To Hovtélo TG vag pmopel va amotuxel Aoyw SUo kpitnplwv: gite 0tav o KPUOTAAAOG
dtaoel oto Oplo Sloppong eite otav to AUopdO UTIOOTEL CUYKEKPLUEVN Tapapopdwon.
Au€avovtog tnv Ttoxutnta edeAKuoPOU, oL KPUOTAAAOL €Xouv TNV (Sl pnxavikn
ocuuneplpopa (aveEdptnta tou pubuou mapauopdwong) Kat, apa, Ba dtdcouv oto OpLo
Slappong taxutepa. Me autov Tov TPOMO, UMopel va PElwOel 0 GUVOALKOG XPOVOC TNG
€MAUONG XwPIC va EMNPENOCTEL N HNXAVIKA amokplon tou O&okwiou. Qotoco, TO
€wdoehaotikd auopdo efoptatat amd Tov pubuo mapapdpdwonc (2.1.1.4).
Enaveéetalovtag tv eflowon (3-3), mapatnpeital 6tL n tayxvtnta mopapdpdwong (u)
epdaviletal pall pe tn otabepa anodofeong. Qg ek touTou, opiletal o Aoyog 5, = % Kol

ylvetal n umoBeon OtL av o AOyog [, Tapapével oTabepOg, N UNXAVLKH CUUTEPLOPA TOU
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UALKOU Ba mapapeivel idta. Eywvav d1adpopeC SOKIUOOTIKEG TTPOOOUOLWOELS UE TO LS-DYNA
Kall EMAANBEVUTNKE N apanavw unoBeon Kal yia to 2A Kat yia to 3A povtélo.

3.3.3. Ema@n petadV ¢ KPUOTAAALKIG KAL TG AROP PTG PAONG

OL kpuoTalAol kal n apopdn daon eivat mAnpwc cuvdedepéva katd tn SievBuvon g vag.
AvTIO€TWG, Katd tnv Kabetn SievBbuvon, bev umadpxel apeon ouvdeon Hetafl toug. Ot
KpuotaAAoL €xouv tn OSuvatotnta, umd TNV emnidpacn Suvaung va oAlocBaivouv Kad,
OUVETIWG, VO AVOKATAVELOVTAL LECA OTO Apopdo.

Ano mponyoUpevn epyacio (26), €xeL umoAoylotel n Suvaun TPPAC HeTtafl Twv Suo
ouvioTwowv (IxNua 17) pe tn xprion MD kat FEM mpooopowwaoswy. To Ixnua 17 Seixvel ott
Yl XOUUNAEC OXETLKEC TaXUTNTEG (<1 M/s), oL TAOELG HETAEY TWV CUVIOTWOWV Elval AUEANTEEC.

A B
120 prr———r
|« Stresses in crystalline subunit P 250(~ [~ stresses in crystalline subunit 7]
| +—e Stresses in amorphous phase L |+—e Stresses in amorphous phase
1 | s~ Interface stresses in slave segment | +—a Interface stresses in slave segment
80+ !-—- Interface stresses in master segment Bl 200 |, Interface stresses in master segment T

Stress (MPa)

[ °/
ul Lol L1 i ul Lol

| T L | Lo i PR | Lo L4
0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10
Relative velocity (m/s) Relative velocity (m/s)

IxApa 17: OLtdosig petagy tng KpUoTaAAKNG Kat ThG apopdng cuvictwoag, (26).

Katd tn dnuoupyia tou poviélou, mapatnpnOnke amod TG TPOCOUOLWOELS OTL N OXETLKA
ToxUTNTA METAEL TOU AROPdOU KAl TWV KPUOTAAAWVY ATaV TOAU XapNnAR, evw n kateuBbuvon
TNG OXETIKNC TOUC Kivnong ATav auth ¢ tvac. Q¢ anotéAeopa anodaaciotnke va ayvonbei n
TPLBN HeTafy Twv emipavelwy Slemadnc KoL, avti autou, BewpnBnke €va IKPO KEVO HETALY
TOUG.

3.4. Ymoloywotiko [IAéypa

MNa tnv emiluon Tou MOVIEAOU TNG (vag HE TEMEPOOPEVA OTOLXELM, TO Ywplo
SlakpltonolOnke o éva 2A TAEYUA. ZNUAVTKN TpolnoBeon, yla v avtopatn puebBodo
oxeblaopoU, ATAV N AUTOMATN KATAOKEUN TOU TAEYUATOC Xwplg tnv aAAnAemidpacn tou
xpnotn. Etol, dnuoupynbnke €va macro 1o omoio €PTIOYVE AUTOUATA TO TAEYHO HE TN
XPNon Tou mpoypappartoc LS-PrePost.

3.5. IIpocopoiwon
XpnoomoBnke TO EUMOPLKO TIPOYPOUMO TIEMEPACUEVWY OTolXelwv LS-DYNA (version
[s971s R5.1.1) yia tnVv €miAucn Tou POVTEAOU.
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3.6. Efaywyl) AMOTEAEGUATWV

To LS-DYNA éxeL wg €€odo apketa apxeio ASCIl. Xpnolpomowwvtag to apxeio SPCFORC
umtoAoyiletal n KOUMUAN TACEWV MOPAPOPPWOoEWY. To apxelo auto mepleéxel Tn Suvaun
avadpaong otoug KOUBOUG TNG CUVOPLAKAG CUVONKNG UE TIAKTWON. XTn CUVEXELX, amod TNV
KOUTUAN TAoewv napapopdpwoswv untodoyiletat n Suokapia kat n ducbBpavotdtnTa.

3.7. Awdikaoia BeAtioTOoTOMMONG

To Aoylopikd aflohoynong meplypadnke TMAAPWG OTIG TPONYOUUEVEG Tapaypddoud.
Mpokeluévou va oAokAnpwBel n OSwadikaoia autopatou oxedlaopol, TO AOYLOMLKO
afLoAOynonNg cuvlUAOTNKE UE TO AOYLOMLKO BeAtiotonoinong (EASY). MNa to Aoylouiko EASY,
10 Aoylopikd a€lohdynong Beswpeital wg «pavpo kouti». To Aoylopikd EASY mapéxel Tig
HETAPBANTEG OXESLAOUOU OTO AOYLOULKO a€loAoyoynaong, auto aglohoyel tnv umoyrdla Avon
Kall EMEOTPEDE TIG TLUEG TWV CUVAPTACEWV KataAnAotntag. H 6An diadikacia daivetal oto
Ixnua 18.

EASY
out: MetafAntec oxeblaopov

{

PreProcessing
out: Newpetpia

v

Meshing
out: MAsypa

|

LS-DYNA
out: MnxaviKn amoKpLon

v

PostProcessing
out: uvaptnon
KataAAnAotntag

Evaluation Tool

IxAnua 18: Alaypappa pong tou alyoptbpou BeAtiotonoinong.
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Keg@aiauo 4. PYOuLon ™ ¢ SLadikaoiag BeATtioTomoinong

H peBoboloyia mou avamtuxBnke yla TOV QUTOUATO OXESLAOUO TWV VAVO-CUVBETWVY VWV
TIOPOUCLACTNKE OTO Tponyouuevo kepaAato. MNpokewévou va yivel n avalntnon Me
QMOTEAECHATIKO TPOTO, TPEMEL Vo pUBULOTEL KATAANAQ n kABe cuvictwoa NG peBodou.
TG EMOUEVEG €VOTNTEG Ba TMapouclaoTtoUV oL pubuloelg tng KABe ouvIoTWOoOCG TOU
oxeblaopou.

4.1. H dom) NG ivag KoL oL LBLOTNTEG TNG

To povtédo NG (vag TNG Opaxvng to omoilo mepleypadnke oto kepdAaio 3, Ba
xpnowlornownBel yla tn UEALETN TwV WOLOTATWY TNG. Evw To péyeBog Twv KPUOTAAAWVY E€XEL
KATA Tpooéyylon mpoodloplotel (27), n akplBig Statagn Toug MOPAUEVEL AYVWOTN, UE TNV
kown mapadoxn ¢ tuxaiag dtataénc. Na va diepeuvnBel n enidpaon tng vavoSoung tg
lvag, mpaypatomow)Onke pia MANPNG GACUOTIKA HMEAETN TNG KPUOTOAAKOTNTOC KoL
Slatagewv t¢. Mpokelpévou va AndBouv kamola onueia avadopdg yla TG SuvatoTNTES TNG
lvag, €ywve olykplon tng tuxaiog Siataéng pue dvo akpaieg Statdtelg, tn dlataln o oslpa
Kal tnv TapdAAnAn Siwataén. TEAog, to pOVIEAO emaAnBeltnke PAcel TPonyoUUEVNC
epyaociag (28).

4.1.1. Awdtaén os oepd

Itn Sataén oe oewpd, n KPUOTOAAKN Kal n aupopdn dacn Slatdcoovral eVaAAdg,
napaAAnAa otn SievBuvon tng vag. e avtnv ™ diatagn, n pHalakotepn apopdn daon
OVOUEVETOL VA ELVaL N Kuplapxouoa.

H O&wakpitol kpUotaAlol, o OUVOUAOMO HE TIC MEYAAEG afOVIKEG mapapopPpwaoels,
EMNPENCAV ONUAVIIKA TNV ouumneplidopd NG (vag. TMpokelpévou va  emiteuxBel n
avefaptnola ¢ Hnxaviky ocupnepldopdc, o oxEon HE ToV aplOUd TwV KPUOTAAAWV,
SL060XIKEG SLaLPECELG TNG KPUOTAAALKAG daong dle€nxBnoav HéEXPLE OTOU OL TIPOKUTTTOUCEC

TLWEC TG SuaBpauototnTag Kal tng akapiag Sev mapouaciacay Kapio onuavtikn oAAayn.

IxAua 19: Movtélo tou LS-DYNA yia tnv diatagn o€ ostpd pe 25% KpuoTtaAAkotnta. Me KOKKIVO gival  KPUOTOAALKNA
dadon kot pe uA€ n apopdn. H iva £xeL opi{ovria Sievbuvon.
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Autn n duatagn eival Looduvaun Ue elatrpla otn oelpd. H cuvoAikn mapaudpdwon eivat to
abpolopa ¢ KABe ouvioTwoag

E=¢g té& (4-1)

Kall N cuvoAlkn Suokaudio umtoAoyileTal wg:
e (4-2)
E, E,
oTmou:
E;, E,: n duokauyia tng kABe ouviotwoag
A4, A,: 10 T0COOTO TOU EUPadou mou KataAapBavel n kaBe cuviotwoa.

4.1.2. Mapaiinin diatain
Ztnv mapdaAAnAn diataén, ol ouviotwoeg Sletaxdnoav mapdlAnAa otn dtevBuvon tng vac.
H kpuotaAAikn ¢daon Bploketal otov mupnva tng vag. Ze authv tn dldtaln, avoapévetal n

KpUOoTaAALKN ¢aon va gival n Kuplapyxouoa.

Ixfna 20: Movtélo tou LS-DYNA yia thv mapdAAnAn Stataén pe 25% kpuotaAAtkdtnta. Me KOKKWVO gival n KpUoTaAALky
¢don Kot pe UrtA€ n dpopdn. H iva £xeL opildvria dievbuvon.

Autn n &udtagn eival woduvaun pe mapdAAnAa slatipla. H moapapdpdpwon tng Kabe
OUVLOTWOOAC €lval (on PEe T GUVOALKNA TTapapopdwaon

E=& =& (4_3)

H ouvoAikn taon eivat ion pe to ABpolopa TwV EMIUEPWVY TIAPAUOPPWOEWY
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o =01 +0, (4-4)

Kall N ouvoAkn duokapia umoloyiletal:

E=A*E,+A,~E, (4-5)

4.1.3. Tuyaia Statagn

Mpokelpévou va puBulotel kat va emaAnBeuTel To HOVTEAO TNG VoG TOU LOTOU TNG apaxvng,
npaypoatonoOnkav dlddopeg Mpooopolwoel; pe Sladopa MOCOOTA KPUOTAAAKOTNTOG
arnd 5% wg 70%. OL TpooouoLWaoELG Tipaypatonotifnkay pe Pevdo-tuxaia Sidtagn tng ivag.
To Zxnua 21 deiyvel éva mapadetypa Pevdo-tuxaiag dtatagng pe 25% KpUOTOAAKOTNTA.

H péylotn KpuoTOAAKOTNTA N omola eKTLUAONKE NTaV 70% AOYW YEWUETPLKWY TIEPLOPLOLWV.
To péyeBoc¢ tNC ivag kal Twv KpuotdAwv Atav Kaboplopéva. Q¢ amotéAecua, oV n
KpuoTaAAkotnTa auvfdavovtav mavw amo 70%, n duvatég BEoel Twv KpUuoTAAA WV nTav
UTIEPPOALKA TIEPLOPLOUEVEC. AUTO £iXE WC ATIOTEAECHA, OL TIPOKUTITOUOEG SLATALELS va elval
Sounuéveg Kat ta anoteAéopata tng Suokaupiag kat tng Suabpavototntag va Holalouv pe
™ &udtaén oe oelpd. Katd CUVETELQ, OL TIEPUTTWOEL TIOU €ixav mapamavw and 70%

KPUOTAAALKOTNTA BewpnBNKaV W¢ KN TUXaLeG Kal Sev e€eTaoTnkay.

IxAua 21: MovtéAo tou LS-DYNA yia tnv mapdAAnAn Siatagn pe 25% kpuotalAkotnta.

4.1.4. MNXavVIKEG LBLOTITEC

Mpokewévou va enainBeutel 1o 2A povtélo, xpnowdomowiOnkav ot Slatdéelg mou
eplypadnkav TmponyoupEvws. H tdon Bpavong kat n  mapapopdwon OBpavong
aeLlKovI{ovTal 0T MOPAKATW SLyPAUUOTO OE OXECN HE TNV KPUOTOAALKOTNTA TNC (vac.

28



0.9 . 4500
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Crystallinity

IxAma 22: Adtagn os oslpd and 0% kpuotaAAwotnta (kabapd dpopdo) wg 100% kpuotaAAikotnta (kabapd

KPUOTAAAOG).
0.9 4500
Parallel Arrangement
0.8 ‘ i i i B 4000
0.7 =@ strain ; 4 3500
\ =} -stress [MPa] Prg
0.6 > 2 3000
\ ~
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0.2 .,‘-/ 1000
| -~
0.1 . . 500
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Crystallinity

IxAua 23: NapdAAnAn duatagn and 0% kpuotaAAkotnta (kabapd apopdo) wg 100% kpuotaAAikotnta (kabapd
KPUOTAAAOG).
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Crystallinity

0.9 4500
Random Arrangement
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NG KABE cuVLOTWOOG Elval Lon YE TN CUVOALKA TtapaAUOpdwWon.

IxAua 24 Tuyaia Stdtagn and 0% kpuotaAAikotnta (kabapd dpopdo) wg 100% kpuotalAikotnta (kabapd kpuotaAlog).

Ta oxAuoata 22, 23 kat 24 mapouaoialouv tnv Tdon Bpavong Kot TNV mMapopopdwaon Taong
€wg 70% kpuotoAAikotnta. Me tnv avfénon tng KPuoTaAAKOTNTAG, N TAon Bpavong
auéavetal evw n mopapopdwon Bpalvong HELWVETAL JUYKEKPLUEVA, OTNV TAPAAANAN
ddtagn, n mapapdpdwon Opavong (& = 5.87%) elvaw lon pe v mapapopdwon
Bpavong tou kpuotaAAou. Auto Sikatoloyeital pe tnv e€iowaon (4-3), 6mou n mapapdpdwon

80.000 .
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70.000
a"‘ﬂ
L d
60.000 - ==@==Random Arrangement "’ /
L d
p— = -Serial Arrangement ,‘( /
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Crystallinity

Ixnua 25: H Suokapio tng ivag ya tig Tpeic SLatdgelg og oXEon MEe TNV KPUOTAAAKOTNTA.
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To IxAua 25 moapouotaletl Tn dSuokapia o ox€on He TNV KPUOTOAALKOTNTA TNG (vag yla TV
tuxaia, mapdAAnAn kot oe oelpd Statagn. H Slataén oe oslpd €ixe TG UKPOTEPES TLUEG
Suokapdiag evw n moapdAAnAn Siatagn tic peyaAltepec. H tuxaila Slataln eixe TLUEC
avapeoa otig SU0 aKPOLeS TIUEG.

Ztov Nivaka 1 mapouoialovtal n ouykplon tnG Suokapdiag tng dtataéng o oelpd KoL TG
mapAdAAnAng Siataéng omwe auth umoAoyiotnke amod tn Avon tou LS-DYNA kat amd to
tooduUvapo povieAo pe elatnpla. Ta amoteAéopata emainbslouv OTL ol §Uo SlaTAgelg
akoAouBoUV To LloOSUVAUO LOVTEAD PE EAATHPLA.

Nivakag 1: Z0ykplon tng Suokapiog tng Stdtagng oe ostpd Ko TG TapAAANAng Stdtagng 6mwg umoAoyiotnkav ano tn
AUon tou LS-DYNA Kot To LooSUvapo Hovtélo pe eAatipla.

KpuotaAAkotnta Avokopio [GPa]
Awdtaén os oslpa MapdAAnAn Siatagn
LS-DYNA EAatripia o€ oglpd LS-DYNA MapdAAnAa ehatrjpla
6.25% 4.88 5.54 8.44 9.33
25.00% 6.68 6.79 21.02 21.66
50.00% 9.80 9.72 37.52 38.11
75.00% 16.26 17.09 54.09 54.55
93.75% 39.87 39.67 66.63 66.89
Toughness
200 -~
180 - ol
- T
160 - =
- -~ -~
7140 ] ~N
=120 N — N
= =
9100 - »
()
.go 80 -
§ 60 - =—@— Random Arrangement
o 40 - =} -Serial Arrangement
20 - Parallel Arrangement
O T T T T T T T T T 1
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

IxAMa 26: H SucBpavototnTa TG ivag o€ oXEoN HE TNV KPUOTOAALKOTNTA YLaL TLG TPELG SLOTAEELG.
To ZxAua 26 mapouoctdlel tn SucBpavotdTnTa TNG (vag yia TIG TPELS SladopeTIKESG SlaTALELC.

H dldtaén oe oelpd napouvciaoe TIG KAAUTEPEG EMOOOELG e PEYLOTN TR SuoBpauototntag
yla mepimou 50% kpuoTtaAAkotnta. AvtlBétwe, n mapdAAnAn diataén moapouciaos TMOAU
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XOMNAEG TIHEG, aAAd auto odeiletal oto XaunAo Oplo mapapopdwong Bpavong tou
KPUOTAAAOU.

4.1.5. EmaAn0Ogvon

To peyaAUTEPO MEPOC TWV UNXAVIKWY LOOTATWY oL ormoie¢ eAnddnoav  amd TG
TIPOOOUOLWOEL, HE TIEMEPACUEVO OTOLXElA Ttapouctalouv TopOpolo  anmoTteAEéopaTa
ocUudwva pe ponyoUpEeVeG epyaocieg (21) (22) (28). Na mepaltépw emaAnbeuon, n Taon
Bpavong, n mapapopdwon Bpavong, n SucBpavototnta kot n Suokaudia yla TG TPELS
Slatatelg ano mponyoupevn epyacia (28) mapouvoialovral ota Zxnuata 27 Kot 28.

JuyKplvovTag Ta OXAUATA, Ol UNXAVIKEG LLOTNTEG TG Slataéng o OElpA Kol TNG Tuxalag
Suataéng mapouvoldlouv mapopola amoteAéopata evw n TapdAAnAn Siatagn esudavilel
onUavtikeG Sladopéc Kuplwg otnv mapapopdwon OBpavong. OL Stadopéc odeilovral
KUPLWC 0TO SLOPOPETLKO TPOTIO HE TOV OMOoio TEBNKaV Ta KpLtripla Bpauvong.

a b
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IXAMa 27: H SLakUpavon Twv HNXOVIKWVY LBLOTATWV yLa TiG TPELS StadopeTikég SLatdelg tng KpuotaAAwkn paong. H
Stakbpavon tng tong Opavong ko mapapopdpwon Bpaliong os oxEon Ke TNV KPUOTAAALKOTATA TNG ivag yia to 3A
povtéAo pe (a) mapaAAnAn diatagn, (b) tuxaia Siatagn kat (c) Siatan os oepa. (d) Arakupavon tng Suockapiog ya Tig
TpeLg Satagelg, (28).
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IxAua 28: AtakUpavon tThe SucBpavototntag os oXEon KE TV KpuoTaAAwkoTnTa. (28)

Me tnv emPBefaiwon Twv AMOTEAECUATWY TOU 2A HOVTEAOU KOTA TIC TPONYOUUEVEC
TIELPOLLOTLKEG LETPNOELG Kol 3A TIPOCOUOLWOELS, CUUTMEPALVETOL OTL TO 2A HOVTEAO UMOPEL VOl
TPOAEEEL TN cuunepLlpopd Tou HETALLOU TN ApAXVNG LE OPKETH aKkpipeLa.

4.2. Aveiaptnola mALypatog

Kata tnv emiluon Twv MENEPACUEVWY OToLXElwY, To TMAEyua mailel kpiowo poAo. levika,
HeyaAutepn Slakpltomoinon tou MAEypatog anodidel KAAUTEPN TPOCEYYLON KAl TILo akpLpn
anoteAéopata. Mpokelpévou va eAéxBel n avefaptnola Tou mMAEéypatog, €ywvav tpetipata
TOU HOVTEAOU HE TPLYWVIKA Kol TETPATAEUPIKA otolxela (ZxApo 29) pe SLaPOPETIKEG
TIUKVWOELG.

IxAKa 29: M£pog Twv 800 S1adopeTIKWY TUMWV MAEYHATWY OMIWE UTA KATOLOKEVAOTNKAV aro To LS-PrePost. Kat ta
8U0 mMAéypata £xouv péyebog ototyeiov 0.2 nm.
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O Mivakag 2 delyvel TA AMOTEAECUATA LE TA TETPATIAEUPLKA OTOLXELA eVw O Mivakag 3 pe ta
TPLYWVIKA. H pnxavikn amokplon Tou SOKLUIOU CUVEKALVE Yl TO TIAEYUQ E TETPATTAEUPLKA
otolxeia pey€Bouc 0.2 nm, eV TO TTAEYLO UE TPLYWVLKA OTOLYXELOL SEV OUVEKALVE.

Nivakag 2: Ave§aptnoio nAfypatog. AvaAuon wg mpog To MEYEDOG TWV OTOLXEIWV Lo ALY LA LE TETPATAEUPLKA OTOLXELCL.
H entiAuon éywve pe tayxvtnta epeAkucpol 0.6 m/s kai n eniluon €ywve o€ 8 CPU.

TetpanmAguplkd otoLysia

Méye0o¢ otolxeiov [nm] 0.1 0.2 0.4
ZUVOALKOG aplOudg otoeiwv 55 737 14 432 3996
Xpovog CPU (8 CPUs) 3h 26m 27s Oh 14m 46s Oh 1m 14s
Avokauia [MPa] 6781 6800 6826

UTS [MPa] 316 316 320

Tdon Bpavong [Mpa] 286 286 291

NMivakag 3: Ave§aptnoia MAfypatog. AVAAuon wg mpog to HEYEOOG TWV OTOLXELWV YLt TAEYHA ME TPLYWVIKA otolxeia. H
eniAuon €ywe pe taxvtnta epeAkuopol 0.6 m/s kat n eniAuon €ywe o 8 CPU.

TplywviKa otolyeia

Méye0o¢ otolxeiov [nm] 0.1 0.2 0.4
ZUVOALKOG aplBuog otoxeiwv 115 486 28 946 7573
Xpovog CPU (8 CPUs) 12h 50m 10s 1h 39m 26s Oh 7m 22s
Avokapyia [MPa] 6799 6873 6943

UTS [MPa] 313 320 329

Tdon 6pavong [Mpa] 282 286 300

Y€ qUTA TNV Epyaoia XpNoLUomoLOnke To TMAEYUA LE TETPATTAEUPIKA oToLXEla peyEBoucg 0.2
nm. Onwg emonuavonke mponyoupévwe (Edadila 3.3.2.1 kat 3.6) n taxutnTta epeAKuopOU
T€ONnKe ota 6 M/s.
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2D Mesh Indepedence Analysis quadrilateral

elements
6900 B 320
6880 ~ 319
6860 318
—6840 ~ S 317
S |6820 .\\ P— — —— —— —py - 316
2 |6800 ——— 315
(]
£ (6780 —e 314
% 6760 313
6740 - =@ stiffness [MPa] 312
6720 - =@ -UTS [MPa] 311
6700 310
0.4 0.2 0.1
element size [nm] |
Ixfipa 30: Ave§aptnoio MAEYHOTOG YLa TETPATAEUPLKA OTOLXELOL.
2D Mesh Indepedence Analysis triangular
elements
7000 335
6950 '\ 330
= ~
© 6900 ~ 325
s \\\.\
g 6850 | ==@== stiffness [MPa] LS \\ 320
& — - S
£ l6s00 | UTS [MPa] ~ 115
-
6750 310
6700 305
0.4 0.2 0.1

element size [nm] |

Ixnua 31: Ave€aptnoia MAEYHATOC YLA TPLYWVLKA OTOLXELQL.
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4.3. MMapapetpol BeATioToTONONG

Onwg emonuavonke oto Kepalawo 3 n Stadikacio oxedlaopol mpoinobetel tn ouleuén
TWV TEMEPOAOUEVWYV OTOLXELWV e Tov EA. Metd tn puBULoN kot emaAnBsuon Tou povtélou
TWV TIEMEPAOUEVWY OTOLXElWVY, Topouclaletal n  puBUON TOu AOYLOUIKOU NG
BeAtlotomoinong EASY.

Onwg mapouclaotnke otnv evotnta 2.3.1, to Aoylopko EASY emutpénel mAnbBwpa
puBuicewv. Ze autAv TNV evotnta, UEAETNONKE n emibpoon autwv Twv pubuicewv ota
anoteAéopaTa.

EmAéXOnke pla yewpetpla tng ivag pe 12% kpuotaAAkotnta w¢ Bdon twv Sokipwv. OL
KpUoTtaAAoL tomoBetrBnkav o dlatetaypévn datagn mou amoteAsitatl anod 4 otnAeg kat 3
oelpéC. Kabe kpuotallog €ixe tn Suvatotnta kivnong yupw amd tnv KeVIpaplopévn Béon
avadopdg tou yla pExpl kat 40% tou SLaBECIUOoU XWPOU AVALESA OTOUG YEITOVEG TOU, Kal
otig SUo kateuBUvoelg (x Kat y). Q¢ petaPAnNTEC oXeSLOOUOU OploTNKAV N HETATOMLON TOU
KABe KpUOTAAAOU KATA UAKOG TNG X KoL y KatevBuvong, odnywvtag £ToL o€ €va oUVoAo 28
HeTaPAntwy oxedlaopol. H PBeAtiotomnoinon eixe 800 OTOXOUG, TN HEYLOTOMOLNON TNG
SducBpauaototnTag Kal tn peylotonoinan tng akapdiag.

IXAua 32: H apxkr YEWHETPIA TWV KPUGTAAAWV YLaL TLG TTAPAUETPLKEG MENETEG. ZNUELWVETOL UE pHaUpo opBoywvio n
TEPLOXN 0TV OOl OPIOTNKE N LETATOTILGN TOU KPUOTAAAOUL.

4.3.1. Apywn pvOuion

Ma tnv apxlkn puBULON, oplotnke 0 aPLOUOG Twv Yovéwv U = 12 kot o0 aplBuog Twv
anoyovwy A = 36. H kwdikomoinon twv petaBAntwy opiotnke wg "Binary-Gray". Q¢ teAeotr¢
Slaotalpwong oplotnke two-points per variable, pe mBavotnta 0.95. ¥tn cuvéxela, Kabe
amnoyovog udiotatal petaAAaén pe mbavotnta 0.2%. H mpooeyylotikr) mpo-aflohoynaon dev
XpnoLwlomow0nkKe. I auTr TNV MOPAUETPLKA avAAUCn OXETIKA e Tov EASY, Tpomormnolfnke
pio mapapetpo¢ oe kABe Sokwun Kat afloAoynBnke o QAVIIKTUTIOC TNG OTO UETWIO WN-
KUPLOPXOUUEVWY AUCEWV.
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4.3.2. EA vmoBonOovpuevor pe Metanmpotvma (MAEA) pe Ipooeyylotiki) Ilpo-
A&loAoynon (IIA)

H mpwtn alkayn Atav n xpnon &vog (12, 36) Meta-Assisted Evolutionary Algorithm (MAEA)
(6nAadry MAEA pue yovei¢ kal amoyovoug looug pe 12 kat 36 avtiotola), pe on-line
ekmaldevopeva RBF veupwvikd Siktua ywa tnv Mpooeyylotiki Mpo-AfloAdynon (IPE) twv
HeEAwV Tou MAnBuopou. O ehdxloto¢ aplBuog Twv akplpwv afloAoyroewv TOU TIPETEL vVa
ekTeAEBOULV TPV amod TNV Evapén XpHong TwV UETAMPOTUTIWY OPLOTNKE OE 72 KATAXWPNOELG
otn PBaon 6edopévwv (DB). H DB amoBnkevel OAeg TG AUOELS ToOU afloAoyouvtal Kal
XPNOLUOTOLE(TAL Yl TNV ekmaideuon Twv petampotuniwy. Kabe enmduevn yeved ektelovoe
ouvnBweg, 5-6 akplBeic afloAoynoeLc.

4.3.3. MAEA: uvoAko¢ aplOpog ailodoynoewv mpwv tqv Evapén IMIA

TNV TponyoUHEVn €vOotNnTa, oL akplBelG apxkég afloAoynoelg, mpwv tnv Evapén Twv
LETATIPOTUTIWY, £lX0V oploTel og 72. MPOKELUEVOU Vo SLEUKPLVLOTEL N eMidpacn Twv apxLKwV
afloAoynoswv ota Hetanmpotuma, ywo tov 6o (12, 36) MAEA, n évapén tng MMNA
gvepyomolnOnke petd amo 36 oakplPfeic aflodoynoelg otn DB, avii 72 mou HeAeTAONKE
iponyoupévwe. Kabe emdpevn yeved ektehovoe cuvnBwe 5-6 akplBeic aloAoynoslc.

4.3.4. MAEA: Avdivon Kiplowv ZuvieTmomV yia TI§ INUAVTIKEG ZUVIGTWOES

H AvaAuon Kopwwv Zuviotwowv (PCA) eival pla otatiotiki Stadikacia, n omoia okomeveL va
HELWOEL TN CUCXETLON TWV HETABANTWY OE VOl ULKPOTEPO GUVOAO CNUAVTIKWY aVEEAPTNTWY
HETABANTWY. Z€ AUTAV TNV EVOTNTA SOKLUAOTNKE N enidpacn tg PCA (avaAuong o€ KUPLEG
OUVLOTWOEG). Aokluaotnke évag (12, 36) MAEA.

4.3.5. Katavepnuévol EA (DEA)

Ot katavepnuévol EA (DEA) Swapolv to ocUvoAo tou TANBUGCHOU O WULKPOTEPOUC, TIOU
ovopalovtatl 6npot, oL omolol e€eAlooovtal 0 NULI-AMOUOVWON AVTOAAACOOVTAC TAKTLKA Ta
TILO UTTOOXOUEVN UEAN touc. E€etdotnke évag (12, 36) MAEA kat évag (12, 18) DMAEA. O
TANBUOUOC TWV aToyovwVY Kataveundnke efloou petafl twv Suo dSRuwv.

4.3.6. TuumepAopATA
Yotepa amo OpKETEG SOKLUEG, ULOETHBNKav ol puBuioelg mou ¢aivovtal otov Mivaka 4,
OUTEG XpnoLlpomolnonkav og OAn tnv epyacia.

NMivakag 4: O teAkég puBpicelg Tou EASY mou Xpnotponotinkav o autrv thv epyacia.

Final settings

parents (L) 12

offspring (A) per deme 18

Demes 2

ratio (u/A) 1/3

p forming A 2

Coding binary-Grey
Crossover operator Two-points per variable (95%)
Tournament Size 2 (90%)
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MAEA (initial exact evaluations) 36
PCA for Importance Factors Enabled depending on design variables of each case

H mapapetpikr) avaluon mpaypotonol)tnke oe €va MOAU TEPLOPLOEVO XPOVIKO Oplo TwV
16 wpwv oavd TtPEEo. lMpokelévou va emMOANBeUTOUV TA QAMOTEAEOUATA OUTAG TNG
BeAtiotonoinong (Ue TG TeEAKEC puBUIOELS, UTIO TOV XPOVIKO TIEPLOPLOUO TWV 16 wpwv),
ouykpiBnkav pe pio turukn BeAtotomoinon, UVotepa amd ouvoAlka 1147 akplBeig
afLOAOYOELG, OL OTIOLEG KpATNOAV MEPLTIOU 4 UEPEG.

Parametric study
5850 -
5800 - - C U — .
— :§ —— — b
o | N
s |
= .
= =@ Generation 0 \ A
(7] -
(7] \
(] .
SE =3 -Generation 15 \\
bl i —4- -Generation 77 \
5600 - Generation 85 \j
=
No MAEA, gen 27
5550 T T T T 1
90 95 100 105 110 115
Toughness[MJ/m3] |

Ixnua 33: Ta HETWTOL KUPLAPXOUVTWV AUCEWV ME TIG TEAIKEG puBpioslg tou EASY.

To ZxAnua 33 mapoucldlel TO METWIO MUN-KUPLOPXOUHUEVWY AUCEWV Uotepa amo 188
aflohoynoelg, ocupudwva PE TOV OPXLKO XPOVIKO TEPLoplopo. Mapouotaletal €miong n
npo6odog tou petwrnou votepa and 1000 afloAoynoelg, omwe kot ot 1147 aflohoynoelg.
ErmutAéov, mopouolaletal To UETWIO HE TIG OPXLKEG pubuioelg (4.3.1) Uotepa otig 972
afLoAoynoELG.

JUYKPLVOVTOG TO HETWTTO KUPLAPXOUVTWV AUCEWV oTIG 188 afloAoyrnoelg ue auto otig 1147
afloAoynoELg, TO HETWTO OTLG 188 afloAoynoELg MOPOUCLATEL APKETA KOAQ XOPOAKTNPLOTIKAL.
Emopévwg, n pubuLon Twv MAPAUETPWY OE QUTO TO TIEPLOPLOUEVO XPOVIKO OPLO UTOPEL va
BewpnBel kaAr. M Adyoug oUyKplonG, TA QMOTEAEOMOTA TNG OPXIKAG pUBHLONC
neplappavovral oto Ixnua 33.

Juykpivovtog ta anoteAéopata EA otig 927 afloAoynoslc Twv apXLlkwv pubuicswv pe auta
otig 1000 afloAoynoelg pe MAEA, ta amoteAéopoata pmopouv va BewpnBouv wafla. Elval
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MPodAVECG OTL PE TIPOCEKTIKN PUOULON TwV MOPAUETPpWY Tou EASY pmopel va emiteuxbolv
KAAUTEPQ ATOTEAECUATA UE UKPOTEPO UTIOAOYLOTIKO KOOTOG.
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Keg@alauo 5. BeAtiotomoinon ¢ ivag

Aflomowwvtag TIg (veg Tou petaflov TNG apaxvng wg mpwtotumo, Sie€nxbnoav diadopa
nelpapata BeAtiotonoinong yla tn BeAtiwon Twv pnxavikwy WLoTtATwy Tous. EmAéxBnkayv
w¢ otoyol BeAtiotonoinong n ducBpavotdtnta Kat n duokaudia (2.1.1), kabwg kat ot dvo
elval Wdlaitepa onpavtikol yla epappoyEG TG UNXAVIKAG. EmutAéov, e€etaotnke n enidpaon
TWV WBLOTATWY TWV VAWV OTLG LOLOTNTEG TWV LVWV. Z€ TIPAYUOATIKEG EPAPHUOYEG, TO KOOTOG
TWV UVAKWV propet va sival e€loou onuavtikd. Q¢ ek ToUTOU, €yLVOV KATIOLEG TIPOCOETEC
BeATLOTOMOLAOELG ELKOVIKWY UALKWY, OTIOU UTIPXE €vag CUUBLBOOUOC HeTafl TwV LOLOTTWV
TOU UALKOU Kal TOu KOOoToC. Ta mpoPAnuata tng BeAtiotonoinong Ba mopoucLaoTtouV OTIG
TIAPAKATW EVOTNTEG.

5.1. BeAtioTomoinon TG TOMOAOYING TWV KPUGTAAAWVY

Je autn TNV evotnta, HeAetnBnke pe tn Ponbelwa twv EA n emidpacn Tng vavo-
OPXLTEKTOVIKAG TNG LVOG OTLG UNXAVLKEG LOLOTNTEG. O OKOMOC TNG Mapoloag LEAETNG NTAV va
avantuxbouv Kavoveg oxedlaopol TOU HUIMoPOoUV va €GAPUOCTOUV OTO TAAIOLO TNG
Stadkaoiog mapaywyng VEwv Blopnxovikwy UALKwY. Q¢ €K TOUTOU, OTOXOC NTAV OL OXETLKEG
TAOELG KL OXL OL ATIOAUTEC TLUEG TWV ETILSOCEWV TWV VWV TOU HETAELOU TNG apaxvNnG.

Mta dpeon mpoogyylon tng BeAtiotonoinong tng tomoAoyiag tou KpuotdAlou Ba pumopouos
va enixelpnOel emtpémovtag tnv eAeUBepn KukAodopia tou KABe KpUOTAAAOU pEoa OTNV
apopdn daon. Ie pla tétola mepinmtwon n StachdALon OTL oL TPOKUTITOUCEG TIEPUTTWOELG Ba
ATOV UE UN-ETUKOAAUTITOUEVOUG KPUOTAAAOUG, ATAV Wl HeyAAn mpokAnon. Q¢ €k touTou,
TPOTAONKAV OPKETOL KAVOVEC yla TNV TOMoBETNon Twv KPUoTAAwv mou Ba efaodaiilouv
HeyaAn eleuBepia oxeblaopou, anopelyovtag onoladnmote emikaAuvdn. Q¢ amotéAeoua,
TIOAEG amd TIC TIEPUTTWOEL TOU Oa TTapouCLAoTOUV €ixav €val OXETIKA HIKPO oplOuo
pHetapBAntwy oxedlaopol. Méca amd TA QMOTEAECUATA QUTWV TWV TIEPUITWOEWV TIOU
napouaotalovtal otnv akoAouBn evotnta, OTOXO¢ NTAV N E€miteuén KkAmowwv otabepwv
TAOEWV TIOU MIopoUV, OTn OUVEXELA, va XpnolgomolnBolv oto UEANOV WG KAVOVES
oXeSLA0UOU TWV VOVO-CUVOETWV UALKWV.

OL 810TNTEG TWV KPUOTOAALKWY Kal apopdwv ddacewv mponAbav ameuBeiag amd to
TIPAYUATIKO HETAEL TNG apdxvng, OMwWG mapoucLaotnkav otnv Evotnta 3.3. Itnv nepiAnyin
oautn, Ba mapouaclaoTel POVO N TEALKN TIEPUTTWON N OnMolo TAPOUGCIiacE Kol TO KAAUTEPO
HETWTTO UN-KUPLAPXOU UEVWY AUCEWV.

5.1.1. TeAwn mepimTwon

AuTtn n nepintwon ocuvlUAlEL TA AMOTEAECLOTA TWV TIPONYOUUEVWY TIEPUTTWOEWVY. ZE QAUTAY
TNV MEPLMTWON, apxka ot KpUoTaAAol TormoBstouvtal os €va SopnpUévo TAEyUA, OTIOU yLa
6e60pEvn KPUOTOAALKOTNTO, €AEYXETAlL O QPLOUOC TwV YPAUUWY KAl TwV oTtnAwv. XTn
OUVEXELD, epapuolovtag kamoloug Peudo-tuxaioug Kavoveg, mpokumtel pia Peuvdo-tuyaia
HETATOMLON EKAOTOTE KPUOTAAAOU KaTd Tn X-8LebBuvon kat ) y-StevBuvon.
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TéAog, ylwa €va Oedopévo aplBud otnAwv Kol Ypappwv Koboplotnke o aplOpodg Twv
KpUOTAAAwV. EmakoAoUBwg, yla Sedopévn kpuoTtaAAkoTnTa opileTal emiong povoonpavta
t0 €uPado tou kdBe kpuotdAlou. Emopévwg, o Adyog (A) twv Svo Slactdoewv TOU
KpuoTtaAAou (unkog/uPoc) NTav pia, emapknc, HeToPANT oXeSLACUOU, YLO TOV OPLOUO TWV
Sl00TAoEWY TOoU KPpUOTAAAOU, Omw¢ daivetal otnv akdAoudn efiowon

Kpvotailikdtnta * Eufado Tvag

Yiog kpvotdAiov = (5-1)

A0yoc¢ Staatdoewy * Ap. XtnAwv * Ap. paupwv

Yuvoyilovtag ot petapAntég oxedlaopol eival o aplOuog twv otnAwv, 0 aplOPOC Twv
ypapuwy, n Yevdo-tuxaia petatomnion otn x-8tevbuvon, n Pevdo-tuxaio petatonion otnv
y-8levBuvon kat 0 AOyog Twv SLO0TACEWY TOU KPUOTAAAoU. O aplBuog Twv YPOUUWY Kol O
0plOuoC Twv otnAwv NTav aképatol aplBuol, emopévwe emAEXBNKav KataAAnAa opla Kal
KataAAnAog aplBuog bits tng Suadlkng apibunong £€tol wote ot mBbavég AUOELG va
QTTOTEAOUVTOL OO OTTOKAELOTIKA ATtO AKEPALOUG aplOUoUg eviog Twv oplwv. O aplBuog Twv
oTNAWV £ixe wg 0pLa amo 5 wg 20 pe Stakpironoinon 4 bit, evw o aplBUog Twv YpapUwY ELXE
opla amno 3 wg 10 pe dtakpiromoinon 3 bit. Ou Peudo-tuxaieg petatomnioelg eixav opla +40%
Kal 0 AOyog (A) Slaotdoewv Tou KpuoTAAAoU eixe 6pLa amod 1/3 wg 3.

Auti n BeAtlotonoinon elxe wg OTtOXO0 TN Meylotomoinon tng duokauyiag Kot tnv
ueylotomnoinon tng ducbpauvototnrag.

Mo 25% kpuotalAikotnta, ta anoteAéopata daivovtal oto akdAoubo Zxriua 34 kot otov
Mivaka 5.
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IXAHa 34: To HETWTTIO LN-KUPLAPXOUUEVWV AUCEWV.
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Nivakag 5: Ta amoteAéopata Twv METAPANTWVYV OXeSLAOUOU. Ta QMOTEALECUOTO TNG OVTLKELUEVIKNG OUVAPTNONG
daivovtar oto IxApa 34. O nivakag sival ta§vopnpévog o dpBivovoa tafn katd SucBpavotdtnTa KAl Katd avfouoa
Kota duokapia.

# Columns #Rows ratio (A) Crystal length Crystal Height X mov Y mov

10 10 1.4497 1.425 0.983 0 0
10 9 1.6219 1.588 0.979 0 0
8 9 3.0 2.415 0.805 0 0
12 10 2.8 1.816 0.642 0 0
12 9 3.0 1.972 0.657 0 0
9 6 3 2.749 0.943 0 0
< 5 3 3.055 1.018 0 0
10 5 3 2.898 0.966 0 0
< 4 3 3.366 1.155 0 0
10 4 3 3.146 1.113 0 0
10 4 3 3.194 1.096 0 0
8 3 3 4.061 1.436 0 0
8 3 3.0 4.183 1.394 0 0
9 3 2.7 3.770 1.375 0 0
9 3 2.8 3.829 1.354 0.08 0

IxfAua 35: Abon péylotng ducBpavototntag.

Ixfiua 36: : Abon péytotng Suokauiog.
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To péyeBocg TwV KPUOTAAWYV £ixe onUavtikn enidpacn ota amoteAéopata. Ot KpuotaAlol
HUE EYKAPOLO TPOOAVOTOALONO (AOyo OSlaotdewv A <1) odnRynoav oe aufnuévn
SucBpavototnta, evw KPUOTAAAOL HE AfOVIKO TIPooavaToALopo (Aoyo dlaotacswv A> 1) o€
auénuévn dSuokauia.

O aplBuodg twv otnAwv Kupoivotav amd 5 éwg 20, oAAd O TVOKOG TWV ETUAEKTWV
QITOTEAOUVTOV POVO QO TLMECG TIOU Kupaivovtal amnd 8 €éwg 12 e avtiBeon pe tov aplOuo
TWV OEPWV, OMou 0 aplBuog kupawvotav anod 3 éwg 10, o mivakag Twv eMAEKTWVY TOU
niepleAdPave OAeC TIG TWEG, AAAA UE TG XAMNAEG TIMEG yla péyLoTn Suokappia Kol PE TIG
UPNAEC TLUEG yLa péylotn SuaBpauaototnta.

Qswpwvtag OTL 0 apLBPOC Twv OTNAWV NTAV TPAKTIKA otabepdg, aut n allayr otov
oplOud Twv oslpwv eival dpeca ouvoedepévn pe TNV oAAayn TNG avaloyiag Twv
S100TACEWY KPUOTAAAWYV KOlL TOV EUPU TIPOCAVATOALOUO QUTWV OE OELPA VLA LEYLOTOTIONON
¢ SuoBbpavototntag, eite oe MOPAANAO TPOCOVATOALOUO Yla HEYLOTOMOINoN NG
Sduokapuyiag.

5.2. BeAtiotomoinon TV SLOTITOV T®WV VAIK®V

ZTNnV MponyouU eV EVOTNTA, LEAETAONKE 0 AVTIKTUTIOC TNG VAVO-aPXLTEKTOVLKAG TNG (Vag OTLC
HUNXAVLKEG LOLOTNTEC TNG, Ke TN BonBela twv EA. O LBLOTNTEG TNG KPUOTAAALKAG Kal Apopdng
daong mponABav ameubeiag amod TO MPAYUATIKO HETAEL TNG apdxvng. Qotdoo, OMwG
oulntnOnke oto Kedpahato 2, to Blopnxavikd UALKO TipEnel va Baociletal oe UAKA, OTWG
TLOAUMEPN 1 VAVOOWANVEG avBpaka avtl yla mpwteives. MNa Tov oKomo autod, otnv mapouoa
evotnNTa, £€ETAOTNKE N OUUMEPLPOPA TOU OOKIUiOU, KATA TN HETAPBOAN TWV UNXOVIKWV
LSLOTATWY TWV CUCTATIKWYV TOU.

Ma tnv apykomoinon tng vag, xpnoLlonolénkayv oL UNXavIiKEG LOLOTNTEC TOU LOVTEAOU TIOU
TeplypadnKe mponyoupEvwe. EmutAéoyv, n dtataén Twv KPUOTAAAWYV ToU ETIAEXONKE yLa TNV
lva nTav pia ano tig enidekteg (elite) mou mepleypadnkav otnv Evotnta 5.1. OL LLOTNTES TNG
tvac ouvoyilovtal otov Mivakag 6.

Nivakag 6: H apytkomoinon Twv WLOTATWYV TG vag.

Number of Columns 8
Number of Rows 9
Crystal Length [nm] 2.415
Crystal height [nm] 0.805
Crystal yield stress [GPa] 3.95
Crystal Young Modulus [GPa] 71
Viscoelastic short-term shear modulus [GPa] 1.66
Viscoelastic long-term shear modulus [GPa] 0.02
Viscoelastic decay constant / pulling velocity speed [1/nm] 0.5
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5.2.1. MNYQaVIKEG LBLOTNTEG TOV KPUOTAAAOV
Y€ QUTAV TNV MEPIMTWON, avaAlBNKav oL LNXAVLKEG LOLOTNTEG TNG KPUOTAAALKNC dAong evw
Ol LNXAVLKEG LOLOTNTEC TNG apopdng paong StatnpriBnkav otabepéc.

Ta kptipla anotuyiag tou povtédou ntav dU0: To OpLo SLaPPONE TWV KPUOTAAAWYV Kal n
napapopdwaon Bpavong tng apopdng paong. Elvat onuavtikd va onuelwBbel OtL oe 6Aoug
TOUG UTTOAOYLOLOUG TIOU EKTEAECTNKAV UEXPL AUTO TO ONUElo, N mapapdpdwaon TnG apopdng
dAoNng ATaV TO KPLTPLO TIOU EVEPYOTIOLNONKE, EVW N TACN TWV KPUOTAAAWY S€V NTAV APKETA
unAn wote va odnynoeL oe amotuyio autwv. To 6plo Stappon Tou KpuotdAlou &ev
ETINPEACE ONUOVTLKA T ATMOTEAECHATA OCO ATOV TIAVW OTTO LA OPLAKA TLUH. AUTH N OpLOKN
T e€optatal amo TG WLotnTeg TnE apopdng paong. H SucBpauvototnta ATAV, OUCLACTIKA,
otaBepr). H Stadopd peta tng EAAXLOTNG KAL TNG KEYLOTNG TIUAG NTav <3% o€ oUYKPLON HE
Vv av€non tng Suokapiog tou kpuotalou. H Suokapia tng ivag, amo tnv AAAn mAsUpaq,
napovciace avgnon nepinou 1,4 GPa (~ 20%). Q¢ €k TOUTOU, yLa TLG SESOUEVEG LOLOTNTEG TNG
auopdng daong, Atav amodotiki n avénon tou HETPOU €AAOTIKOTNTAC TOUu Young Tou
KPUOTAAAOU, €wG pla T mepimou 200 GPa. Nepattépw avénon bev €depe ONUAVTLKNA
enibpaon oTLG LOLOTNTECG TWV LVWV.

5.2.2. MNYQVIKEG LBLOTNTEG TG AROP PG PAONG
H evotnta autr emblwkel va TPoodloploTel N CUCXETION UETAEU TwV LSLOTATWV TOU

€wdoehaotikol UALKOU TNG apopdng ¢aong Kot tTng UNXAVIKAG oupmePLdopac tng ivag,
Statnpwvtoag mapdAAnAa TIg L8LOTNTES TWV KPUOTAAWY Onw¢ kabopiotnkav otov Mivaka 6.
H ouunepidpopd tou L€WdoeAAOTIKOU UALKOU TEPLEYPAPNKE AEMTOUEPWS OTNV gvotnta 3.3
Tou ayyAlkoU Kelpévou. H taxutnta epeAkuopou Statnpndnke otabepn kal ion pue 6 [nm/ns].
Q¢ cuvaptAoelg KataAAnAotntag opiotnkav n SucBpavototnta Kat n duokauia.

H otaBepd amoofeong (B) eixe pa avtiBetn enidpacn otn ducBpauvototntal KoL OTn
Suokapia. Kabwg n otabepd avéavetal, avéavetal n SucBpavoTOTNTA, EVW UELWVETAL N
SuokapPia. Onwe avadpépbnke otig evotnteg 2.1.1.8 kat 3.3.2.1 tou AyyAlkoU KELPEVOU,
outn N ocupnepldopa pmopet va e€EnynBel wg otL uPnAdTEPN TIUN TNG oTabepdg andoBeong
looduvapel pe xapnAotepn taxutnta epeAkuopol Kai, apa, pubuou mapapdpdwonc Kat
EMOPEVWG amodidel pewwpévn duokaudia.

KaBwc to BpaxumpoBeopo Kol TO LOKPOTIPOBECHO HETPO SLATUNONG aUEAvVETaL, aufavovTal
n duoBpavotétnta kot n Suokauia, pe tn ducBpavotdtnTa va aufdvetal PEXPL Eva
OPLOUEVO Oplo. AUTO ouVvERN emeldn kabwg auvfavetal n Suokapia, OAEG Ol ECWTEPIKEC
taoelg avéavovtal. Q¢ amoTéAeoUa, UOTEPA OO Lol OPLOUEVN TN, OL KpUOoTaAAOL pTAvouv
OTO Oplo SLOPPONG TOUC, TO OMOL0 OTN OCUVEXELA EAEYXEL TNV QOTOXLO TOU UALKOU, HE
OPVNTIKEC ETUITTWOELG yLa TN SuCOPAUOTOTNTA TWV LVWV.

Q¢ ek ToUTOU, Ta amoteAéopata £6sav OtL n avénon tou PBpaxunmpodbecpou HETPOU
SlatunoNng €vavtl Tou HOKPompoBeopou PETpoU Slatunong, av autod sivat duvatov, Atav
OTOTEAECHATIKOTEPN YLa TN BeATiwoNn TwV GUVOALIKWY LBLOTATWYV TNG vag.
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5.3. BeAtTioTOMONOT TOV KOGTOUG VALKWV

Itnv evotnta 5.2 peAetnOnke n emidpacn NG Xprnong €EL6AVIKEUUEVWY UAKWVY OTn VOVOo-
ouvBetn (va. Amodeixbnke OTL n PBeAtiwon Twv WOLOTATWY TWV CUVLOTWOWV 08NYNOE o€
BeAtiwon twv WOlotNTWV NG tvag, eddoov umrpxe LooppoTtia PETAED TNG KPUOTAAALKNG Kol
™G apopdng ¢ddong. Qotdoo, €KTOG QMO TIG UNXAVIKEG LOLOTNTEG, €VOG ONMAVTLKOG
TapAyovTag Tou oXeSLaopol lval To KOOTOG TwV UALKWVY. X€ QUTAV TNV evotnta, opiletal
€val AELTOUPYLKO KOOTOG yLa TA UALKA E OTOXO, TN Heylotonoinon ¢ Sucbpauvototntag Katl
™G Suokapdiog tng vag, Pe To EAAXLOTO KOOTOCG UALKWV.

Oplotnke €va OXETIKO KOOTOC yla TA UALKA XPNOLUOTIOlWVTAG Ta dtaypappata tou Asby
(ZxAua 37, xAua 38). Q¢ UMOKATACTATO yla TNV Apopdn ¢acn Twv WWV Tou HeTafLou,
BewpnOnke n Katnyopia Twv MOAUUEPWY, EVW WCE UTTOKATAOTATO YLa TNV KPUOTAAALKN ddon,
BewpnOnke n KPUOTAAAIKN $AON TWV MOAUPEPWY Hall HE TO KPAMOTO TWV HETAAWY, T
oUVOETA UALKA KOl TOL KEPOLULLKAL.

1000 T T T T ——rr
F 14. Modulus-Relative Cost Enaneeting A
r Yo M —_— ermets,
ungs Modulus £ 3351 et T t® O'C ?.
. @ -
- @-
Porous ¢ﬁ) @" P G@ "! N
eramics » !
100 N Y !
: Lo, DI 7 4
L JFFottery " el / ! /3
i flomerh Glasses’ 55 Engineerin /o
! /4
— F Gbps ) 2 Engineering !
K - |ﬂllnxi ;f ,"f A
O 10f ! 4
w "/ /3
[ - :'F f; 7
i D) EmeoN e i
L y Engineeri /
8 N . (T #/ Pol me;ﬂ It // 9
= roymers 17 J
(=]
c 1¢
2 F ]
= r Pe dicular ]
R ]
C P Guide Lines] ]
| for Minimum |
L Cost Design
0.01 L1 sy griil b I 4 LAy
0.1 1 10000

Relative Cost per Unit Volume Cr? (Mg/m®)

Ixnua 37 To Siaypappa touv Asby yLa To GXETIKO KOOTOG TWV UALKWV WG TTPOG TN LOVASa TOU OYKOU OE OXE0N LE TO LETPO
elaotikotntag Young. (29)
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Ixnua 38: To Staypappa tou Asby yLa To OXETIKO KOOTOG TWV UALKWV WG TTPOG T HLOVASa TOU OYKOU OE OX£0N ME TO OpLo

Slapporc.

(29)

H ouvaptnon kootou¢ UALKWY BewpnBnke ouvaptnon Ttng KPUOTAAALKOTNTAC KOL TOU
KOOTOUG TWV LOLOTATWV TwV UALKWV. To KOOTOC TNG KPUOTAAAIKNG daong BewpnBnke oAU
To aKkplBo o€ oXEON UE TO KOOTOG UALKOU TG dpopdng ddaonc.

Na avtiv tn PeAtotonoinon, ot petaBAntég oxedlacpol ATAV N KPUOTAAALKOTNTA,
kaBopllopevn amd Tov aplbpd TwV YPOUMWV KoL TOV OplOPO TwV OTNAWV OMWG OUTEG
oplotnkav otnv Evotnta 5.1, kat ot W&OtNTeC tNG KPUOTOAAKAG ¢dAong, TO HETPO
€\aOTIKOTNTAC YOouNng Kal TO 0plo SLoppong.
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IxfHa 39: To LETWTIO KN-KUPLOPXOUUEVWY AUCEWV.

NMivakag 7: H petaPAnTéG OXESLAOMOU TOU METWMOU MN-KUPLOPXOUMEVWVY AUceswv (ZxApa 39). Ou tuég sivou
KOTOTAYLEVEG OE UEO0VOA GELPA BAOEL TOU GUVOALKOU KOGTOUG UALKWV.

Elite No Total Number of Number of Crystal Young Crystal Yield
material Columns Rows Modulus [GPa] Stress [MPa]
Cost

1 4.51E+04 5 5 130.00 1924.02

2 2.17E+05 10 6 53.55 4658.33

3 1.51E+05 10 6 84.52 3095.87

4 1.75E+05 11 6 87.42 3261.88

5 1.10E+05 12 3 166.77 3496.25

6 1.44E+05 7 4 594.52 2597.83

7 2.28E+05 9 5 603.23 2197.45

8 1.92E+05 11 5 364.19 3173.99

9 2.40E+05 10 3 987.42 2158.39

10 3.66E+05 10 5 889.68 2539.24

11 3.14E+05 12 5 595.48 3154.46

12 5.37E+05 11 6 969.03 3447.42

13 5.19E+05 12 6 842.26 3603.67

14 6.05E+05 12 6 953.55 3535.31

15 7.94E+04 12 6 982.58 4111.47

To ZxAnua 39 mapouolalel To PHETWIO UN-KUPLOPXOUUEVWY AUCEWV yla tn PeAtiotonoinon
OUVOALKOU KOOTOUG UALKwv. Ametkovilovtal n duocBpavotdotnta, n Suokapio kKol to
OUVOALKO KOOTOC¢ UAWKWwvV. O Nivakag 7 mapouotalel T UeToPANTEC oxedlaopol yla TLG
QTEIKOVI{OUEVEG TIUEG. ALOTLOTWVETOL €MMIONG OTL UMopel va emuteuxBel n (Sla punyovikn
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amnodoon ¢ vag pe 55% AlyOTeEPo GUVOALKO KOOTOC UALKWV ylol TNV apxkn diataén pe 5
YPOUMEG KoL 5 OTAAEG.

5.4. Tevikéc TIAPATNPNOEIS OXETIKA HE TI( PEATIOTOTOMOGELS TOV
EKTEAEGTNKAV

H epyaoia autn emikevipwdnke oe €va eAeyXOUEVO OXeSLOOUO Twv dU0 SLOTACEWVY TOU
HOVTEAOU TNG LvOlG, TIPOKELUEVOU va SLamoTwBEeL n emidpaon NG vavo-80uNg OTLG UNXAVIKES
8loTNTEG TOU UAWKOU. Méoa amd autr tn MHeAEtn, €€nxBnoav moAld evSiadépovta
CUUTEPACUATA.

H mpwtn peAétn tou oxeSlacpol EMIKEVIPWONKE otnv TomoAoyia Twv KpuotdA\wv (Evotnta
5.1). H peAétn auty mpoomdBnoe va BpeL Tt OUOYXETION MUETOEU TWV KPUOTAAAWV Kol
HUNXAVLIKEG LOLOTNTEG TWV WVWV. TPOTOTIOLWVTAG TN YEWHETPLA, TG SLOOTACELG KaL T dlatagn
TWV KPUOTAAWV péoa otnv apopdn dacn emtevxOnke onuavtiki BeAtiwon Twv oTOXWV
oxeblaopou, Statnpwvrtag mapdAAnAa TG IBLOTNTEG TWV CUVIOTWOWV AUETABANTEC.

MNa 6edopévn  KPUOTAAAKOTNTA, MIKPOTEPOL KpUoTtaAlol PeAtiwoav TOCO 1N
SuaBpavototnta 6oo tn duokapuia. EmumAéov, pla dopnuévn Slataln Twv KPUOTAAWY, OE
«TIAEYPOY, EIXE YEVIKA KAAUTEPO amotéAeopa. Eival onuavtiko va AngBel umoyn otL téAela
tonoBetTnuévol kpuotaAAol, Ba auvéroouv MBAVWG TO GUVOALKO KOOTOG Kat T SuokoAia tng
TIPOLYLOTLKI G TTAPAYWYNG UALKOU.

ErutevxOnkav uPnAég TuéG SuaBpavaototntag otav n diatafn Twv Kpuotallwv BUULE Tn
Sdlatagn oe oelpa (pHeydlog Aoyog otnAwv/celpEg). Ao tnv GAAn mAgupd, pia Siatagn mou
Bupilel Tnv mapAaAAnAn duatagn (xapnAog Aoyog otnAwv/celpeg) 0drynoe oe UPNAEG TLUEG
SuokapPiag. Ou (Slec Samotwoelg wxvouv emiong yw to Aoyo UYPouc/HUAKOUG TWV
S100TACEWY TOU KPUOTAAAOU.

InUEWWTEOV OTL pla eviedwg Ttuxaia OSwatafn &ev amodidel mMOAU uPNAEG TLUEG
duaBpavototntag n duokapdiag. Eival evliadépov va emonuavbel wotdoo, OtL o pa
TETOLOL TIEPLITTWON, OL HNXOVLKEG LOLOTNTEC ATAV OXETIKA aveEdptnteg amd Ttov Pabuo
KPUOTAAALKOTNTAG.

O deltepog oxedlaopog Baoiotnke oTIG LOLOTNTEG TWV UALKWY. OL LBLOTNTEG TWV CUVIOTWOWV
e€eTdoTNKOV EEXWPLOTA XPNOLUOTIOLWVTAC HUia oUYKEKPLUEVN Slataén kpuotdAAwv. H tdon
Slapponcg tou kpuotdAhou dev eixe kauia emidpacn ota amoteAéopata, epocov ATAV TAVW
oo Hia TIUn, £TOL WOTE N amotuyia tne ivag Ba cupel Adyw tng apopdpng daonc. Avénon
TOU METPOU eAaotikotntac Young avénoe emiong tn SuokauPia tng ivag, allda nAtav
OUTTOTEAECLOTLIKO HEXPL ULaL OPLOUEVN TLUR, SLOTL TEPav auTr ¢ eplopl{oTav amo tnv apopdn
daon. e YEVIKEC YPAUUEG, OL HNXOVLKEG LOLOTNTEC TOU KPUOTAAAOU €(XOV ONUAVIIKN
enidpaon otn ducBpavotdTNTA TNG Lvag.

OL bloétnteg TN¢ apopdng ddon eixav aueon emnidpacn otn SucHBpauvototnTa Kal TN
Suokapia. Avénon tou Ppaxumpodbecpou Kol HakpompoBecpou UETPou SlATUnoNg
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oénynoe oe avénon téoo tng duokauPiag 6co kat tng duoBpauvototntag. H avénon twv
OUVTEAEOTWVY SLATUNONG akoAouBnBnke amod avgnon tng SucbpauoTOTNTOG TWV VWV HEXPL
TOou onueiou o6mou ol kpuotaAAol Ba PpBAcouv To Gplo SlappPornC TOUG KO, CUVETIWG, VA
yivouv n awtia yia tv amotuxia twv wwv. MNépav autol Tou onueiou, omoladnmote
Tepaltépw avénon tou L€wdoehaotikol PETpou Statunong Ba e€akolouBouoe va odnyel oe
avénon tng SuokoapPia Twv wwv, o ocuvbuaouo He pelwon ¢ SucBpauototntac.
Juykpivovtag toug dUo ouvteAeoTtég Slatunong, n avénon tou BpaxumpoBecpou UETPOU
Slatunong NTav mpotiudtepn amnd Tou pakpompoBbeopou. YPnAOTepn TIUN TNG oTtoOePAg
anooBeong, avéavel tn SucBpavototnta, pelwvovtag apdAAnAa tn Suokaudia.

T€Aog, oplotnKke pio ouvapTNon GUVOALKOU KOOTOUC UALKWV HE OKOTIO TNV €AAXLOTOTOLNON
OUTAG Kal MapdAAnAa Tn peylotomoinon tng SuoBpauoTOTNTAG KAl TN HEYLOTOTOLNON TNG
Suokapiag. To OUVOAKO KOOTOG UALKWV €EOPTATAL QMO TNV KPUOTAAAIKOTNTA KOL TLG
HUNXAVLKEG LOLOTNTEC TOU KPUOTAAAOU. Ta anoteAéopata authg tng BeAtiotonoinong €ds€av
HLO YPOAUULIK CUCXETION UETAEU TNG SuokauPiog TwV VWV KoL TO CUVOALKO KOOTOG UALKWV.
Qotooo, emnutevxbnoav VPnNAEC TIWEG SuoBpaUOTOTNTAC AKOUN KOL OE XOUNAO OUVOALKO
KOOTOG UALKWV. AUt n taon odeiletal oTo yeyovog OTL Ol KpUOTAAAOL, OL Omoleg eiyav
ONUAVTIKA UPNAOTEPO OUVOAIKO KOOTOC UALKWV OE oUyKplon HE TNV apopdn ¢aon, dev
glyav onuavtikn enidpacn otn ducBpavototnTa.
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Ke@alauo 6. TpSuaotarto (3A) povtéro

H epyooia autiy wg twpa xpnolgomoinoe éva 2A poviélo yla AOYyoug €ukoAlag Kot
UTTOAOYLOTIKOU KOOTOUG, TO OoToio £xeL Wdlaitepn onuaocia katd tn BeAtiotonoinon. Qotdoo,
n 3A yewpetpla eival amapaitntn yla T HovieAomnoinon NG MPAYUATIKAG vag. Autd To
Kedpahato mpoetolpalel Eva 3A poviéAo TG vac.

Otav n yewpetpla g vag eival évag KUAWVEPOC, emLTpENMETOL HEYAAUTEPN gueAia oTnV
tuxaia TomoBEtnon Twv KPUOTAAWVY. QoTdC0, KOTA Tn SLAPKELX TNG KOTOOKEUNG Tou 3A
Hovtélou, Katéotn mpodavéc OTL n dnuloupyia Tou Hiag eviedwg tuxaio Sidatagng
KpUOTAAwV eival e€atpetikd SUOKOAN AOYyw TwV SUVATOTATWY TOU EUTMOPLKOU AOYLOULKOU
TIOU XPNOLUOTIOLELTAL. ZTIG EMOUEVEC EVOTNTEG, Oa MapoucLacToUV Ta TTPWTA BAMATA Lo TV
OVTLUETWIILON AUTOU TOoU TIPORARMOTOG.

6.1. Anuovpyia tov 3A TAEYNATOC
‘Eva 3A mMAEyUa MEMEPOAOUEVWY OTOLXElWV amoteAeital ouvnBog amo tetpasdpa, e€dedpa 1
Kal Tevtaedpa. AUt n TPWTIN TPOCEYYLON ENMXElPNOE va OSnUIOUPYNOEL TO TAEyua
XPNOLLOTIOLWVTOG KUPLWG e€Aedpa oTolela.

Ol YEWUETPLKEG TIOPALETPOL TOU HOVTEAOU TNG vag Baacilovtal o ponyoUEevVa MEPALATA
Kal UTtoAoyLlopoUg, (21), (22). Qg anotéAeopa, To HAKOG TNG Lvag T€OnKe (oo pe 40 nm kat 14
nm Stapetpo. Kabe kpuotaAlog nepleypadnke we KUPog dtaotdoswyv 2.691 x 2.048 x 1.908

nm3.

Apxk@, OSnuwoupynbnke to MAEypa oe pia 2A Swatopn TN vag. Itnv Slatoun outh
tonoBetnOnkav Sladopa TETPAywWvVA HE OKOTO va dnULoupyrioouv OTHAEG OTIC omoleg Ba
toroBetnBolv péoca n KPUOTOAAOL PE KATIOLO OXETKO Pabud eleuBepiag. Zto Zxnua 40
daivetal pila yewpetpia mou dnuloupynBnke omou to KABe otolxeio eixe péyebog 0.683 x
0.636 nm?, emMopEVWE évag KpUOTOANOG KatadapBavel 3 x 3 otolxeia akplBwc.
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Ixnua 40: H ap)xikr) YEWHETPia n onoia Xxpnotponodnke yia tnv dnuovpyia tng 3A ivag.

To teAkO povtélo daivetal oto IxAua 41. H iva amoteAeitatl anod 15 otiAeg and 8 pe 11
KpUOTAAAOUG o€ KABe oTAAN.

IxAMa 41: 3A mAéypa pe Tuxaio Stdtagn KpuoTadAAwv.

Eival mpodaveg 0tL n mpoogyylon auth XPElaleTal apKeTn MapéUfacn amo tov XprHotn Kat
B€tel peiloveg neploplopol g 6oov adopd tnv aubaipetn TomoBETNON TWV KPUCTAAAWV.

6.2. Aveiaptnoia AVoNG Ao THV MOLOTHTA TALYUATOG

Xpnotwuornowwvtag t dtadikacia mou meplypadnke, e€etaotnke n aveéoptnoia tTng AVCEWG
mou Owel 0 Kwdkag mou AUVeL To GUCIKO TIPOPRANUA WG TIPOC TO TAEYUA TIOU TIPOEKUYE,
oA\alovtag Sladopeg mapapétpous Kol PAEmovtag méco oAAdlel n Avon. To TAEyua
€€ETAOTNKE LOVO WG POC TO PEYEBOC TWV oTolxelwv. ZTov MNivaka 8 dpaivovtal Ta CUYKPLTIKA
OMOTEAECOTO.
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Nivakag 8: Ave§aptnoio mAEypatog ya tpia Stadopetikd pey£0On otoyeiwv.

Element size 0.67 0.33 0.16
Number of Elements 23 640 166 680 1360 320
Total CPU time 1h 19m 10h 19m 143h 43m
Stiffness [MPa] 10 775 10 353 10 220

3D Mesh Indepedence Analysis
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IxAua 42: Aveaptnoia mAéyparog yia to 3A povtélo.

310 Ixnua 42 daivovral n SuokapPia kat n taon dtappong OmMwe umoAoyiotnkav ylo Tpia
SlapopeTika pHeyEDN otolyeiwv. Aappavovtag umoyn otL to povtéAo Ba xpnowlomnownBet oto
HENOV ot évav Bpoxo BeAtiotomoinong, to MAEypa pe péyeBog otoewwv 0.16nm Atav
e€alpeTika akplBO wg mpog to kootog CPU. Mpoteivetal, Aowndyv, va uloBetnBel To mMAEyua
twv 0.33 nm. Qotoéco, ta AlYOTEPO TUKVA TAEyHOTA UTTOpoUV va Swoouv akpLpn
QMOTEAEOMOTA KOl TO TIUKVOTEPQ TMAEypATA va Xpnoldomolnfolv ekel mou xpelaletal
HeyaAUTtepn akpiBela.
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3D versus 2D
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IxAua 43: To Siaypappa Tacswv napapoppwoewv Tou 2A Kot Tou 3A povtéAou pe 25% KpuoTaAAkotnTaL.

To Ixua 43 ocuykpivel To SLAypOUUO TACEWV TAPAUOPPWOEWY Tou 2A Kal Tou 3A povtélou
He 25% kpuotaAAikotnta. O SladopeTikog aplBUog Twv KpuoTaAAwy, n dlataln Toug Kat n
uia emutAéov Staotaon Kablotouv ta dUo autd poviéAa Stadopetikd. Aappavovtag untoyn
TO AVWTEPW, OL ATIOKALOELG HETOEL TwV SUO KOUTMUAWVY BewpnBnkav eVAOYEG

6.3. OKELOC TAEYLATOTIOUTNG

Onwg meplypddnke otnv evotnta 6.1, T0 €UMOPLKO AOYLOUIKO TIOU XPNOLUOToL)OnkKe,
napouvociace Slddopoug meploplopols. Mpokelévou va auvtopatononBet n dadikaoia
mAsypatomnoinong, dnuloupyndnke éva OLKElO AOYLOULKO TAEypOTOTOINoNG. TO AOYLOULKO
outd Snuoupyndnke oto Epyootplo Oepuikwv  Itpofllopnxovwv ot  Movada
MNapdAAnAng YroAoylotikng Peuotoduvapikng & BeAtiotomoinong amnod tov Y.A. X. KaméAAo.
Q¢ npwto BAua, dnuoupyndbnke éva 2A mAéypa pe tn Sadikacia mou meplypddnke otnv
evotnta 6.1. O olkeiog mMAeypatomnolntig dnuloupyel autd to 24, pn-6ounuévo TAEyUA, UE
TPYWVIKA oTolxela, pe tn HEBOSO TOU TPOEAQUVOVIOC WUETWIIOU. TN OUVEXELA, O
oAyoplOuog mpaypatonolel "€EUMVEC" OUVEVWOELG YELTOVIKWY TPLYWVWY, SNULOUPYWVTOC
TeTpanAcupa. Onwc eival puaotkd oto TEAOC LEVOUV KAl LEPLKA Tplywval.
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A) LS-PrePost mesh B) In house mesh

IxNUa 44: UYKPLON TWV MAEYHATWY TwV SU0 SLOTOUWV, OMWE KATAOKEUACTNKOV OO Ta SU0 AOYLOMKA.

H olykplon petaty twv Suo dladopetikwy 2A mMAeypdtwy mou dnuoupyrnoav ta dvo 3A
HovtéAa, paivetal oto IxNua 44.

Nivakag 9: Z0ykplon petagy twv 800 3A pHovtéAwv.

LS-PrePost In House
Itolyeia 23 640 28 680
Napapopdwon Bpavong 38.1% 33.5%
Xpovog CPU 3h1m 1h 28m
Xpovog CPU yia 33.5% nmapapopdwon 2h 39m 1h 28m
Avokapyia [MPa] 10775 10775

H KaumuAn taocswv mapapopdwoswyv yla to SU0 POVIEAQ OV TOPOUGCLAOE ONUOVTLKA
Sladpopd. O TEPUATIONOG TNG TMPOCOUOLWONG £Ylve AOyw QmoOTUXiag Twv otolxeiwv. To
TIAéyua amo To LS-PrePost anétuxe o 5% peyahutepn nopapdpdwon, oAAa ftav 37% mo
opyn n eniluon tou, yla TNV Lo TLun mapapopdwaong, Mivakag 9.
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In house meshing validation
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IxfAua 45: Aldypappa tdcswv-rnapapopdPwoswy ya ta §Uo 3A povtéAa.

6.4. TUUTIEPAOUATA KAL LEAAOVTIKA Bripata

O OlKelOg TAEypOTOTIOINTAG Tapryoye TAEypata Tou £dwoav KaAd amoteAéopota. H
TIOLOTNTA TOU TAEYHATOG NTav N6n ouykpiown pe auth tou LS-PrePost. MeA\ovtikd, o
KwdLkag Ba pmopoloe var AUENOEL AKOUA TIEPLOGOTEPO TNV TIOLOTNTA TOU MAEYUATOG KAl Vo
erutpéPeL TNV auBaipetn TOoMoOETNON TWV KPUOTAAAWY HECA OTNV (va.
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Keg@alaio 7. Fevika cuumepAcHATO

Eunveuopévol amd BloUAlkd, o€ auth tnv €psuva avamtuxdnke pio péBodog ywa To
OXeOLOOUO €VOG Blopnyavikol UAWKOU To omoio pudeital tn ¢uon. O okomog Atav va
oxeblootel éva ¢ptnvo, eladpl kat duvatd UAWKO. O oxedlaopog afloloynbnke pe
TIPOCOUOLWOELG TIEMEPACUEVWY OTOLXELWV. To UAKO Baclotnke oTo PETALL TNG apAxvNG, TO
omolio xapaktnpiletal and U0 CUVIOTWOEG: €va OKANPO Kal TUTKA Pabupo TUAUA Kal Eva
HOAOKO He uPnAnR emekTAoIUOTNTA, LEWOOEAAOTIKY) CUUTEPLPOPA KAl TNV LKAVOTNTA Vo
SlaxéeL TNV evépyela. Me BAon Ta eupruaTa and MPONYOUUEVEG EPYOOLEG, avamTuxOnke Eva
2/ LOVTENO TIEMEPAOUEVWV OTOLXELWV XPNOLLOTIOLWVTAC TLG LELOTNTEG TOU LOTOU TNG apaxvnc.
ITn Oouvéxela, é€ywve ouLleuén TOu MOVTEAOU auTOU HE €va  Aoylopko EA  kal
Xpnotpomnonkav mpokeEVOU va LEAETNBOUV oL oXeSLAOTIKEG SUVOTOTNTEG.

OL BeAtotonoljoelg tou 2A povtéhou umédellav OTL n eviedwg tuxaia Siataén twv
KpUOTAAwV Sev emédepe MOAU uPnAég TpEG otn Suokaupia kat otn ducBpavototnta.
AvtiOétwg, Otav ol kpuotaAlol tomoBetnBnkav oe TANPwWC Slatetayuévn Sataln,
napatnpnbnke onuavtky PeAtiwon g Suokapdiag kat TG SduocHBpauvotdTNTAC.
ErunpooBétwe, otav n duataén £tewve mpog tnv Slataén oe oelpd, mapatnendnke avénon
¢ SuoBpavototntag, evw Otav n dlatafn €tewve mpog¢ TNV MApAAAnAn Siatagn,
napatnpnbnke avénon tng Suokauyiag. Mapopoiwg, n avaloyia Twv SLAOTACEWV TOU
KpuoTtaAlou €6¢elée tnv dla Tdon. Auth n cupunepldopd NTAV cUUPWVN HE TIC BEWPNTLKEG
TIHEG TwV BewpnTikwV dopwv: TNG MapdAAnAng dtataénc kat Tng Statagng os oslpa.

H avaAuon UAIKWV KoL GUVOALKOU KOOTOUG UALKWV UTIESELEE TNV onuacio Twv LOLOTATWV Tou
UALKOU. OL pnxavikég OLoTNTEG TNG Apopdng dpdong mpémel va eival oe cupdwvia pe TIg
HNXOWVLKEG LOLOTNTEG TNG KPUOTAAALKAG $AONG yloL TOV TILO OLKOVOULKA OTOTEAECUATLIKO
oxeblaouo. Nevika, n apopdn ddaon eixe onuavikn emnpporn téco otnv duckaudia, 6co Kat
otnv SuoBpauototnTta, evw oL OLOTNTEC TNG KPUOTOAALKAG EMNpEacav Kuplwg tnv
Suokapyia tng ivag.

To 2A povtélo npooédepe peyaln BonBela yia tnv dlepeuvntiky avaluon Tou oxedlaopou.
H autopatn peBodoloyia n omoia Baciotnke 0TO0 CUVSUOOUO TWV TEMEPACUEVWV OTOLXELWV
HE Toug EA edapuootnke e emtuxia oe plo mAnBwpa meputtwoewyv. Qotoéco, ot 3A
VEWMETPLEG ATV ATAPAITNTEG YLA TG TIPOAYHOTIKEG EPAPUOYEG TNG KUNXAVIKNG. EmMopévweg,
€va Hovtédo 3A yewpetplag NG vag mpoetowudoctnke. Mia mAnBwpa TpokAncewv
TIAPOUCLACTNKAV MmO TNV avaykn twv EA yla tnv autopoatn Snuloupyia Tou HOVTEAOU.
Mpokelpévou va EemepactolVv ol meploplopol, dnuloupynBnke €vag olkelog alyoplOpog
Snuoupylag Tou MAEypaToc.

Qg peMovtika Brpata, ival anapaitntn n MEPALTEPW AVATTUEN TOU OLKELOU aAyoplOpou
WOTE va ETMITPEMEL TNV auBaipetn tomoBETNoN Twv KPUOTAAAWY UEoa oTnv iva, woTte va
SlepeuvnBouv MAnpwe oL Suvatotnteg TNG SOUNAG TNG Lvag.
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H épeuva autn efftaoe TIC evOEXOUEVEG TIUEG TIOU MUMOPOUV va AABOUV OL HNXOVLKEG
OLOTNTEG TWV OUVIOCTWOWV TNG (vag. To QMOTEAECUATA QUTA TIPOCEPEPAV TIPAKTIKEG
mAnpodopieg, wOoTOCO yla TNV aAvATTuEén evog Blopnxavikou UALKoU, ival amopaitntn n
TIEPALTEPW €PELVA TNG (VOG XPNOLUOTIOLWVTAC TIG HUNXOVIKEG LOLOTNTEC TWV TIPAYUATIKWY
UALKWYV, OMwG emiong kat pia o akpBng nmepypadn tng aAAnAenidpacng toug. EmutAéoy,
elval Bepedlwdoug onuaciog va AndBet umoyn To MPAYUATIKO KOOTOC TWV UALKWY aAAAQ Kot
n SUOKOALQ TNG KATAOKEUNG.
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Abstract

Inspired by the advanced mechanical properties of spider silk, the purpose of this diploma
thesis is the optimisation of the structure of a novel, light weight, strong, bio-inspired
material for automotive use.

Certain spider dragline silks have an extraordinary combination of mechanical properties
such as high strength, ductility and toughness, which outperform some of the best man-
made materials in term of their mechanical properties. The structure of spider silk has been
found to be a composite of two different phases, the stiff crystal and the amorphous phase
which provides the extensibility of the fibre.

The approach of this diploma thesis is to model the new materials using discrete building
blocks that describe the different phases of the material. These building blocks co-operate in
order to achieve a global result which surpasses the properties of each separate component.
Using Evolutionary Algorithms as the optimisation method combined with an FEM tool as
the evaluation method, the target is to demonstrate a design method where the internal
layout of a material is automatically optimised for given target properties (high stiffness,
high toughness, minimum material cost). Additionally, based on the optimisation findings,
the direction for designing an ultimate virtual material may be defined, with ideal sub-
component behaviour and interaction.
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Chapter 1. Introduction

The issue of global warming and its relation to human-induced emissions is well known. In
20009, both the European Union and G8 leaders agreed that CO, emissions must be cut by 80%
by 2050 in order to stabilise the concentration of greenhouse gas (GHG) emissions in the
atmosphere at a level of 450 ppm of CO, equivalent and keep global warming below the
level of 2°C. Transport accounts for about one-fifth of global energy use and one-quarter of
energy-related CO, emissions (1). To achieve the necessary deep cuts in greenhouse gas
emission by 2050, transport must play a significant role and achieve 95% decarbonisation.
Car ownership worldwide is projected to triple to over two billion by 2050 and, without
strong global action, a respective growth of energy use and CO, emissions will occur (1).
Figure 1 shows estimation for EU total greenhouse gas emissions. It can be seen that,
following the baseline scenario which already includes large efficiency improvements,
especially in industry, the emissions are expected to remain constant. The amount of
additional effort that must be put in each sector in order to achieve the necessary emission
cuts is clearly visible (2).

EU-27 total GHG emissions! Total
abatement
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Figure 1: EU total GHG emissions forecast for 2050 and comparison to target.

Reducing vehicle weight is an important pillar for minimizing emissions and energy
consumption. An effective way to achieve this is by reducing the vehicle weight, as a 1%
weight reduction corresponds to ~0.65% fuel consumption improvement (3). However, the
current material research approach lies on a trade-off line between performance and cost. A
new material design methodology which can overcome this trade-off and lead to new cheap
and lightweight materials which can be used in everyday cars would be very beneficial.
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Currently, steel is the predominant material used in the automotive industry. Materials
technology has developed steadily in recent years. New composite materials have been
developed that combine strength with much less weight than steel. Composites consist of a
mixture of different materials and usually involve strong but light elements such as titanium,
aluminium, fibreglass, and carbon fibre. The cost of producing these novel materials is
generally significantly higher compared to metal alloys or plastics. However, composites
have the advantage of combining low weight with high structural strength. Their use is still
mainly aimed to aircraft production or certain parts of luxury and sports cars. (4)

Seeking inspiration in nature, the impressive properties of several bio-materials such as
spider silk are noticed. Spider silk can absorb 30 times more energy before rapture and is 6
times lighter compared to steel. In order to explain how these properties can be obtained by
a pure protein material, atomic-scale analyses of the silk fibres have mainly been developed
using nano-scale simulation tools, such as Molecular Dynamics (MD). Experiments and MD
simulations have unfolded complex, hierarchical, nano-composite structures of the natural
materials.

In order to apply the complex mechanisms of nature into automotive applications, the nano-
scale design must be transferred into non-biological materials, such as synthetic polymers
with spider silk-like structure. For this purpose a multi-scale simulation methodology, which
combines Molecular Dynamics (MD) and Finite Element Method (FEM) simulations is
necessary. MD provides accurate representation of the inter-atomic forces at nano-scale
and allows the application of physicochemical laws that control the material behaviour. The
results of such simulations can then be implemented in larger-scale, continuum models
using FEM which can be applied in the design of the actual automotive parts. Such a process
is shown schematically in Figure 2.

A
(7)) 7 ) »
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= forces“
7p]
< >
nm length-scale n

Figure 2: Multi-scale simulation framework
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Simulations based on MD use thousands of discrete atoms for the material representation.
As a result they provide accurate calculation of intermolecular forces, but they are usually
very expensive in terms of computational time. On the other hand the Finite Element
Method (FEM) represents the material as a continuum with given bulk properties. Such a
representation allows the simulation of larger length scales at smaller computational cost,
which explains its widespread use in engineering problems.

Bio-inspired material building blocks

Quantified properties and interactions

upscale

Meso-scale material model
(eg nano-fibre)

EA/
FEM

Optimised material design

upscale

Macro-scale material model
(eg car part)

Figure 3: Material design methodology

The complete design methodology is shown schematically in Figure 3. The current work is
focused on the highlighted section which deals with a meso-scale nano-composite fibre
design. Using Evolutionary Algorithms as the optimisation tool combined with an FEM tool
as the evaluation tool, the internal layout of a material will be automatically optimised for
desired target properties.

The content of this thesis is briefly outlined below. In Chapter 2, a brief review of material
mechanics is provided. Several examples of biomaterials and engineering materials are
studied. Finally a brief overview of the numerical methods used in this work is provided. In
Chapter 3, the material design method, based around the mechanics of a 2D fibre model is
provided. In Chapter 4 the fibre model is validated and the numerical methods are
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configured accordingly. In Chapter 5, several optimisation studies are presented for the
derivation of nano-composite design suggestions. In Chapter 6, a 3D fibre model is
presented and the challenges of the extension of the design method in three dimensions are
discussed. Finally, in Chapter 7, the current work is summarised and some suggestions for
next steps are provided.
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Chapter 2. Literature review

In order to achieve the design of new materials, it is important to have an understanding of
the physical material mechanisms and the numerical methods involved. For this purpose,
the fundamentals of material mechanics are summarised in this Chapter, along with some
material examples that can provide inspiration for the design direction. Furthermore, some
introductory material on Finite Element Modelling and Evolutionary Algorithms are
presented.

2.1. Materials

Figure 4 shows the historical shift in the materials used for cars. It is obvious that the main
material used in vehicle manufacturing was and still is the steel which is preferred for its
high strength and durability combined with low cost. With material process evolution and
the commitment of the automakers to increase the vehicle efficiency, lighter and stronger
materials such as high strength alloys, aluminium, polymers and composites (5) have
gradually replaced a part of low carbon steel. Nevertheless, steel remains the predominant
material used in cars.
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40% B High/medium strength steel
30%
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¥ Low-carbon steel
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Figure 4: Historical shift in vehicle composition by mass (5)

2.1.1. Material properties

For the automotive industry, the most important factors concerning materials are foremost
their safety and crashworthiness and, subsequently, weight, cost and recyclability. Thus, for
the purposes of understanding and comparing different materials, it is important to study
their properties.

In this Section, a brief analysis of the most important, relevant to this thesis, material
properties and a brief review of some interesting materials is performed.
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2.1.1.1. Stress-Strain curve

Assuming that a specimen is placed in tension-compression-testing machine, as the axial
load is incrementally increased, the total length (/) is measured at each increment of the
load and this is continued until the failure of the specimen takes place. Knowing the original
cross-sectional area (Ap) and length of the specimen (lp), the normal stress (o) and the strain
(€) can be calculated. The graph of these quantities with the stress (o) along the y-axis and
the strain (€) along the x-axis is called the stress-strain diagram. Such a typical diagram for a
metal specimen is shown in Figure 5. The stress-strain diagram can differ in form for various
materials.

The parameters, which are used to describe the stress-strain curve of a material, are:

e the tensile strength,

e vield strength or yield point,

e per cent elongation,

e reduction of cross-sectional area.

The first two are strength parameters; the last two indicate ductility.

The stress-strain curve of a material is an invaluable aid to describing its mechanical
behaviour. In the following study, the stress-strain curve will be used extensively in order
to calculate the desired properties of the specimens of interest.

Total elongation

Offset

Fracture

Stress, s

Tensile gtrength

(Y SESENSRNSSENS——— R —— Y.

Strain, e

Figure 5: Stress-strain (o-€) curve. A. Elastic (proportionality) limit, B. Offset yield strength, D. Ultimate Tensile strength,
X. Rapture (6)

2.1.1.11 Engineering versus True stress and strain

The engineering stress is determined by dividing the force load by the original cross
sectional area. After the tensile strength (Section 2.1.1.3) is reached, a “neck” with a smaller
cross-section is formed, as shown in Figure 6. As a result, the engineering stress-strain curve
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begins to slope downwards, despite the fact that the actual stress in the specimen continues
to increase.

{a} Before necking (b} After necking

Figure 6: A cylindrical specimen under tension load while forming a “neck”. (7)

The true stress is determined by dividing the load by the smallest actual minimum cross
sectional area of the specimen at any given time. The corresponding true strain at each
point of the curve is computed by taking the natural logarithm of the actual length divided
by the initial length. The true stress-strain curve remains ascending after the tensile strength
is reached.

Ly =Ly

Eengineering = I
0

F

Oengineering = A_
0

L
f
Etrue = In (L_O) = ln(l + gengineering)

F

Otrue = A O-engineering(l + Sengineering)

The relation among the real and engineering quantities is shown schematically in Figure 7. In
this thesis, the engineering stress and engineering strain are used, unless it is explicitly
stated otherwise.
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Figure 7: True and Engineering Stres-Strain Curves of the 2D FEM fibre model 25% crystallinity.

2.1.1.1.2 Stress and strain tensor

Figure 8: Components of stress in three dimensions. (8)

It is convenient to consider the stress components in reference to a given set of axes, usually
a rectangular Cartesian x-y-z system. In this case, the body can be considered to be cut along
three directions corresponding to the normal to the visible faces of the infinitesimal cube
shown in Figure 8.

When the normal vector of a surface and the stress vector acting on that surface are
colinear, the direction of the normal vector is called a principal stress direction. Each face of
the cube (Figure 8) has three components of stress so there are 9 possible components of
the Cauchy stress tensor, or true stress tensor, or simply called the stress tensor,
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Oxx Oxy Oxz 011 012 013
Sij = O-yx O-yy Gyz = 0-21 0-22 0-23 (2_1)
Ozx Ozy Oz 031 032 033

Hydrostatic stress is the average of the three normal stress components of any stress tensor,

o G11+ Gpp + O Oya 0 0
Giiya = Kk 5, = 1102103 | Guya O (2:2)
3 3 0 0 o
Hyd

The deviatoric stress tensor can be obtained by subtracting the hydrostatic stress tensor

from the Cauchy stress tensor,

011 — Ofyd 012 013
Sij = 0jj — Opyq = 021 022 ~ OHyd 023 (2-3)
031 032 033 — OHyd

The same applies for the strains.

2.1.1.2. Yield strength

Yield strength is the lowest stress that produces a permanent deformation in a material. In
some materials such as aluminium alloys, the point of yielding is difficult to identify; thus, it
is usually defined as the stress required causing 0.2% plastic strain. This is called a 0.2%
proof stress.

2.1.1.3. Tensile strength

Tensile strength or ultimate tensile strength (UTS) or ultimate strength is the maximum
tensile stress on a material experienced during a tensile test. For ductile materials it
corresponds to the beginning of neck, while for brittle materials to the fracture point.

2.1.1.4. Stiffness

Stiffness is the rigidity of an object — the extent to which it resists deformation in response
to an applied force. Young's modulus measures the resistance of a material to elastic
(recoverable) deformation under axial load. Typical values of the Young’s modulus for
several material families are shown in Figure 9.

tensile stress o

E (2-4)

strain €
A stiff material has a high Young's modulus and changes its shape only slightly under elastic

loads (e.g. diamond). A flexible material has a low Young's modulus and changes its shape
considerably (e.g. rubbers).

In transport applications high stiffness combined with low weight is beneficial. In these cases
materials with a large specific stiffness are desirable. In this study, stiffness will be one of the
design targets.
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Figure 9: Stiffness diagram for several material families (9)

2.1.1.5. Toughness
Toughness is the ability of a material to absorb energy and plastically deform without

fracturing. It corresponds to the amount of energy per volume that a material can absorb

before rupturing.
G
A small toughness (ceramics)
| large toughness (metals)

al

e — —

C
Engineering tensile strain, ¢

Figure 10: Stress-strain graph for three different types of materials. The area below the curve represents the tensile
toughness value. (9)

energy &f
Toughness = ——— = f o *de (2-5)
volumn J,

As shown in Figure 10, high toughness requires a combination of strength and ductility. For
example, brittle materials (such as ceramics) that are stiff and strong but with limited
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ductility are not tough. On the other hand, very ductile materials with low strength (such as
unreinforced polymers) are also not tough. Hence, very high stiffness and very high
toughness are two objectives in conflict.

High toughness is particularly important for components which may suffer impact (cars, toys,
bikes), or for components where a fracture may be catastrophic (pressure vessels, aircraft).
In this study, toughness is also one of the design targets.
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Figure 11: Strength-Toughness diagram of different types of materials. (9)

2.1.1.6. Brittleness

A material is brittle if, when subjected to stress, it breaks without significant deformation.
Brittle materials absorb relatively little energy prior to fracture, even those of high strength.
Most ceramics and glasses are brittle and, also, some polymers such as PMMA and
polystyrene. Many steels become brittle at low temperatures depending on their
composition and processing.

2.1.1.7. Elasticity

2.1.1.7.1 Elastic materials

Elasticity is the tendency of solid materials to return to their original shape after forces are
applied to them. When the forces are removed, the object will return to its initial shape and
size if the material is elastic.
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2.1.1.7.2 Viscous materials
Viscosity is a measure of a fluid’s resistance to flow. A fluid with large viscosity resists
motion. A fluid with low viscosity flows easily. High viscosity materials might include honey,

syrups, or gels — generally liquids that resist flow. Viscosity is also temperature dependent.

2.1.1.8. Viscoelasticy

Viscoelasticity is the property of materials that exhibit both viscous and elastic
characteristics when undergoing deformation. Synthetic polymers, wood and human tissue,
as well as metals at high temperature display significant viscoelastic effects. (10)

A viscoelastic material has the following properties:

e The effective stiffness depends on the rate of deformation (Figure 12). The higher
the strain rate, the higher the resulting stresses.

e If a cyclic load is applied, hysteresis is seen in the stress—strain curve, leading to a
dissipation of mechanical energy.

e [f the strain is held constant, the stress decreases with time (relaxation), as shown
Figure 13 (A-B).

e If the stress is held constant, the strain increases with time (creep), as shown in
Figure 13 (C-D).

Rate Depended Effective Stiffness
200 q e=Strain Rate = 0.1 [1/ns]
180 3 Strai =
= Strain Rate = 0.01 [1/ns] |
160 1 Strain Rate = 0.001 [1/ns]
(—]140 - = -
Q.
= |120 -
ﬁ 100 -
algo -
&
&) 60 -
40 -
20 - 7 7
0 - T T T T T T T T [ T /I
0 0.02 004 006 008 0.1 012 014 016  0.18 0.2

Figure 12: Stress-strain curves of a viscoelastic material for different constant strain rate loading and unloading. Higher
strain rates result in higher stresses. The area inside the hysteresis loop is the energy dissipated due to internal friction.
The viscosity of a viscoelastic substance gives the substance strain rate dependence.
Specifically, viscoelasticity corresponds to a molecular rearrangement. When a stress is
applied to a viscoelastic material, such as a polymer, parts of the long polymer chains
change positions. This movement or rearrangement is called Creep. Polymers remain solid
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even when these parts of their chains are rearranging in order to accompany the stress and
as this occurs, it creates a back stress in the material. When the back stress is of the same
magnitude as the applied stress, the material no longer creeps. When the original stress is
taken away, the accumulated back stresses will cause the polymer to return to its original
form. The material creeps, thus yielding the prefix visco- and it also fully recovers, which
gives the suffix —elasticity.
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Figure 13: General behaviour of a viscoelastic material under constant strain and stress loading. (A) A rectangular box of
a viscoelastic material is deformed to a constant strain of 0.1. (B) The developed stress relaxes from 75 MPa to negligible
values within a few ms. (C) In a creep test, a constant stress of 0.14 MPa is applied to the material, (D) resulting in an
instantaneous elastic straining, followed by a creep in strain up to the equilibrium value of 4.5%. (11)

2.1.1.8.1
Hysteresis is the dependence of the output of a system based not only on its current input,

Viscoelastic hysteresis

but also on its history of past inputs. A typical mark of hysteresis is that the output forms a
loop (Figure 14).

In the viscoelastic hysteresis, the area in the centre of a hysteresis loop is the energy
dissipated due to material internal friction. A viscoelastic material has an elastic component
and viscous component. The viscosity of a viscoelastic substance gives the substance a strain
rate dependent on time. A purely elastic material does not dissipate energy (heat) when a
load is applied and then removed. On the contrary, a viscoelastic material loses energy when
a load is applied and then removed (Figure 14). The area in the centre of a hysteresis loop is
the energy dissipated due to material internal friction.
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Figure 14: Viscoelastic substance hysteresis loop. The area in the centre of the hysteresis loop is the energy dissipated
due to internal friction.
2.1.1.8.2 Viscoelastic model
For typical viscoelastic materials, the “Standard Linear Solid” model can be applied to
describe their behaviour. The model consists of a spring in parallel with the Maxwell model
(a purely viscous damper and a purely elastic spring connected in series). (12)

Figure 15: Standard Linear Solid model for viscoelastic materials

2.1.2. Biomaterials

Many biological systems have mechanical properties that are comparable or better than
those that can be achieved using engineering materials. This is a surprising fact, considering
that the basic polymers and minerals used in natural systems are relatively weak. Biological
organisms produce composites that are organized in terms of composition and structure,

26



containing both inorganic and organic components in complex structures. They are
hierarchically organized at the nano, micro and meso levels. Although biology is a mature
science, the study of biological materials and systems by Materials Scientists and Engineers
is recent. The extent and complexity of the subject is daunting and will require many
decades of global research effort to be elucidated. (13) In this Section, a few interesting
biomaterials are reviewed. These materials exhibit exceptionally high values of toughness
and stiffness, while being remarkably lightweight. Such examples can provide inspiration for
creating customized material designs which is the focus of this study.

2.1.2.1. Nacre

Nacre is also known as mother of pearl. It is an organic-inorganic composite material
produced by some molluscs as an inner shell layer; it is also what makes up the outer
coating of pearls. It is strong, resilient and iridescent.

Though nacre is composed of relatively weak constituent materials, its unique and highly
organized design at multiple length scales enables outstanding mechanical performance
including an excellent combination of stiffness, strength, impact resistance and toughness.

Nacre is a composite material consisting of alternating layers of mineral tablets separated by
thin layers of a biomacromolecular “glue”. Nacre is composed of ~95 wt. %
pseudohexagonal, polygonal, or rounded aragonite tablets (a mineral form of CaCO3s) which
have dimensions of ~5—-20 m and thickness of ~0.3—1.5 m, with the rest made up of soft
organic molecules.

Figure 16: Schematic of the microscopic structure of nacre layers

Nacre is anisotropic, exhibits hysteresis on unloading after tensile deformation and
plastically deforms up to fracture strains of ~0.018 in tension. Nacre mechanical property
values have been reported as follows:

e elastic moduli: 60—80 GPa,

e tensile strength: 35-168 MPa,

e compressive strength: 100-540 MPa,

e three-point bend strength 194-2483 MPa,

e Flexural Strength ~270 MPa,

e three point bend fracture toughness 2.1-5.0 MNm3/2
e and three-point bend work of fracture 150-1650 Jm™

depending on the species, orientation of applied load and degree of hydration. (14) (15)
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2.1.2.2. Bone

Bone is a living material composed of cells and blood supply encased in a strong composite
structure. It is a ceramic composite, consisting of collagen, which is flexible and very tough
and crystals of an apatite of calcium and phosphate, which give bone its hardness. The
apatite crystals are 20-40 nm in length and 1.5-3.0 nm wide in the collagen fibre matrix. (16)

There are two principal types of bone: cortical (or compact) and cancellous (or porous).
Cortical bone is found in long bones and cancellous is found in the core of bones and in flat

bones.

Cortical Trabecular
Bone

) :.

Figure 17: Close-up X-ray picture of a piece of the pelvic bone. (17)

2.1.2.2.1 Structure

Figure 17 shows the structure of a long bone. The surface regions consist of cortical bone;
the inside is porous and is called cancellous bone. It is shaped in such a manner that strength
is provided only where it is needed. The porosity of cancellous bone provides interesting
mechanical properties. The mechanical strength is determined by the porosity and the
manner in which this porosity is structured. The pores also perform other physiological
functions and contain the marrow. Thus, the bone is a true multifunctional material. (13)

Bone is a composite of collagen, hydroxyapatite and water. Water corresponds to 15-25% of
the bone volume in mammals. The structure of cortical bone is only partially understood and
is hierarchical, as shown in Figure 18.
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Figure 18: Hierarchical organization of bone.

2.1.2.2.2 Mechanical properties

The values for the Young’s modulus of bone, compared to collagen and hydroapatite, are
shown in the Table 1. The measured value of Young’s Modulus also depends on temperature,
decreasing with an increase in temperature and increasing in value with an increase in strain
rate.

Table 1: Bone mechanical properties: Young modulus

Material Young’s Modulus, E[GPa]
Collagen (dry) 6

Bone mineral (Hydroapatite) 80

Cortical bone, longitudinal 11-21

Cortical bone, transverse 5-13

There is a large variation in measure value of both the tensile and compressive strength of
bone. Different bones in body need to support different forces, so there is a large variation
in strength between them.

Longitudinal Direction Transverse Direction
Tensile Strength [MPa] 60-70 ~50
Compressive Strength [MPa] 7-280 ~50

Typical stress-strain curves for compact bone, tested in tension or compression in wet
condition, are approximately a straight line. Generally, bone has a maximum total
elongation of only 0.5-3% and therefore is classified as a brittle rather than a ductile solid.

In contrast to the tensile and compressive strength and modulus, the values of toughness in
the transverse direction are generally higher than those in the longitudinal direction. This is
due to the presence of the cement lines in the microstructure. Crack propagation parallel to
the osteons can occur much more easily through these regions and this significantly
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decreases the fracture toughness of cortical bone in the longitudinal direction. If a crack is
propagating perpendicular to an osteon it will change direction when it reaches a cement
line, thus blunting the crack (Figure 19).

As a result, although bone is classified as a brittle material (with the major component being
mineral), its toughness is excellent. Bone’s fracture energy, is approximately G, =
1.5 KJ /m?, which is comparable to steel at low temperatures and wood when measured
parallel to the grain. This is much tougher than man-made ceramics due to the presence of
the collagen fibres in bone. Since the stress-strain curves for loading and unloading are
different the elasticity is time-dependent, a common feature of fibrous proteins.

Crack propagation in cortical bone

W\

Parallel Perpendicular

Figure 19: Crack propagation in cortical bone in Parallel and Perpendicular direction. (18)

2.1.2.3. Toucan’s beak

Bird beaks are light-weight structures that need to possess significant specific strength. They
usually fall into two categories, short and thick or long and thin. The toucan is an exception.
It has a long beak that is also thick, a necessity for food gathering in tall trees. (13) (19)
Moreover, a toucan's beak has a rich supply of blood vessels running along its surface so the
bird's bill is suited to act as a means of radiating heat to keep the core temperature of the
body stable — the bill also accounts for ~30-50% of the bird's surface area, one third of the
bird length, yet only makes up about 5% of its mass. Because toucans, like other birds,
cannot sweat, this would be a useful way of controlling body temperature. The scientists
estimate that toucan is able to lose as much as four times its resting heat production
through its beak — considerably more efficient than the elephant's ear.
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(b)

Figure 20: (a) Photograph of beak cross-section in which foam (consisting of membranes in a framework of fibres) is
viewable; (b) Scanning Electron Micrograph of foam and (c) 3-D visualization of structure of trabeculae constructed from
computed tomography (CT) images (20)

Using electron microscopy, the researchers have found that the exterior of the beak is made
up of overlapping tiles of keratin, the sulphur-containing fibrous protein that makes up hair,
fingernails and horn. The interior of the beak is constructed of rigid foam made of a network
of calcium-rich bony fibres connected by membranes. The membranes are similar in

composition to keratin.

The beak’s solid outer shell sandwiches within it a closed-cell, foam-like structure made of
struts which, together with thin protein membranes, enclose variably shaped air spaces. The
solid shell layer is built of overlapping, hexagonally-shaped thin plates of keratin protein
held together by organic glue. The internal closed-cell structural support is comprised of
keratin fibres with greater mineralization, by calcium and other salts, than in either the
membranes or the solid shell layers in order to increase hardness. The closed cell structure
offers a more complex energy absorption capacity and resistance to compression than the
bending deformation typical of open celled structures. The rotational deformation of cell
walls, stretching of membranes and the internal gas pressure all contribute to those features.
There is a synergistic effect of the shell layer and foam-like interior elements that together
lead to greater strength than the sum of the strengths of those individual parts.
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The structure of a Toco toucan (Ramphastos toco) beak was found to be a sandwich
composite with an exterior of keratin and a fibrous network of closed cells made of calcium-
rich proteins. The keratin layer is comprised of superposed hexagonal scales (50 pum
diameter and 1 um thickness) glued together. Its mechanical properties are:

e Tensile strength is about 50 MPa,
e Young’s modulus is 1.4 GPa and
e Toughness is 53 KJ/m3.

There is no systematic difference between the Young’s modulus and yield strength of keratin
along the two directions. Thus, the keratin shell can be considered transversely isotropic.

Regarding the toucan’s beak foam, its mean mechanical properties from measured
specimens are

e Crushing stress 0.17 MPa,
e Young’s modulus 5.6 MPa and
e Toughness 1.94 KJ/m3.

There is a synergistic effect between foam and shell evidenced by experiments and analysis
establishing the separate responses of shell, foam and foam + shell. The foam stabilizes the
deformation of the beak by providing an elastic foundation which increases its Brazier and
buckling load under flexure loading.

2.1.2.4. Spider Silk

Spider silk is a biomaterial with remarkable mechanical properties. Orb-weaving Araneus
diadematus spiders can have up to seven different pairs of silk glands, each producing a silk
with specific purpose and unique mechanical properties. The strongest among these, the
dragline silk, is one of the toughest materials known to man. The dragline silk is produced in
the major ampullate gland and is used to make the framework of the web, as well as the
radii and the thread that attach the web to external structures.

The dragline silk has a semi-crystalline structure consisting of a crystalline region of short
polyalanine segments that form stiff B-sheet nano-crystals surrounded by amorphous
glycine-rich domains, which provide extensibility of the fibre. This structure is shown
schematically in Figure 21.

Spider silk is a biomaterial with unusual combination of low density, high stiffness,
toughness, strength and extensibility. Typical values of its mechanical properties are:

e Density = 1.3 g/cm?3 (one sixth of steel)

e Extensibility =0.27

e Young Modulus E = 10GPa (similar to relatively soft-metal and alloys)
e Yield Strength = 1 GPa (comparable to high tensile steel)
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e Toughness = 160 MJ/m3 (thrice of kevlar)

B-sheet
crystals

~= amorphous
J matrix

Figure 21: Hierarchical structure of spider silk fibre.

2.1.2.5. Conclusions

Biological materials are an extensive field. This was a brief list of a few interesting
biomaterials which exhibit exceptionally high values of toughness and stiffness while they
are remarkably light weighted. Some common characteristics can be observed in all the
reviewed materials. They are composites combining one strong and typically brittle part and
one soft part with high extensibility, viscoelastic behaviour and the ability to dissipate
energy. These fundamental characteristics can provide the basis for the design of novel
automotive materials at a nano-scale level.

In the following Chapters, the material modelling and optimisation are based on the spider
silk structure. Several reasons contributed to this choice. First of all, it combines very high
toughness with very low weight. Therefore its study can potentially lead to significant
improvements compared to existing engineering materials. Additionally, the crystal content
is relatively low (around 25%), which provides higher structural design flexibility and can
potentially contribute to lower material cost; as it will be demonstrated below generally the
stronger materials cost more. A wide range of mechanical properties have been published in
previous experimental studies. Hence, this indicates a material with an inherent design
flexibility which allows optimal mechanical properties for a variety of different functions and
environments.

2.1.3. Pure Engineering Materials

In order to design automotive materials inspired by the spider fibre, pure engineering
materials will be used in place of proteins, as the proteins cannot be mass-produced
efficiently by humans. Furthermore, the engineering materials can provide improved
mechanical properties compared to proteins.

2.1.3.1. Metals
The periodic table elements can be divided into metals (91 of the 118 elements), non-metals
and metalloids based on their properties. Metals are commonly:

e Hard. (metals have lots of free electrons which create a huge electron pressure (on

the order of 100.000 atm)
e Shiny.
e Opaque.
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e Malleable (they can be hammered or pressed permanently out of shape without
breaking or cracking).

e Fusible (able to be fused or melted).

e Ductile (able to be drawn into thin wire).

e Good electrical and thermal conductors. (the free electrons are free to move inside
the network of metal atoms)

e Usually solid at room temperature (except mercury, which is liquid in nature).

Typical metals are Iron (Fe), Copper (Cu), Aluminium (Al), Sodium (Na), Calcium (Ca), Zinc
(Zn), Magnesium (Mg), Titanium (Ti) and Uranium (U).

2.1.3.2. Ceramic materials
A ceramic material is a non-metallic, inorganic solid [Kingery (1976)]. (16)

Ceramic materials are inorganic and non-metallic. They are generally moulded from a mass
of raw material at room temperature and gain their typical physical properties through a
high temperature firing process (>1000 °C). (21) Typical properties of ceramics are listed
below:

e Brittleness. Most ceramics are brittle at room temperature but not necessarily at
elevated temperatures. The reason is the mixed ionic-covalent bonding that holds
the constituent atoms together.

e Poor electrical and thermal conduction. The valence electrons are tied up in bonds
and are not free as they are in metals.

e High melting point.

e High stiffness.

e Low degree of toughness.

e Stronger in compression than in tension.

e Chemical insensitivity. A large number of ceramics are stable in both harsh chemical
and thermal environments.

e Transparent.

e Low resistance in buckling, crashing, fatigue.

One example of a ceramic material with good mechanical properties is Zirconia (ZrO2).
Zirconia ceramics have a martensite-type transformation mechanism of stress induction,
which provides the ability to absorb great amounts of stress relative to other ceramic
materials. It exhibits the highest mechanical strength and toughness at room temperature.
Zirconia has excellent wear, chemical and corrosion resistance and low thermal conductivity.
(22). Typical mechanical properties of Zirconia are listed in Table 2.

34



Table 2: Mechanical properties of a typical Zirconia (ZrO,) (22)

Properties Value

Chemical formula ZrO;

Density 5.6 [g/cm?]
Compressive Strength 2000 [MPa]
Tensile Strength ~200 [MPa]
Young’s Modulus 200 [GPa]
Flexural Strength 200-500 [MPa]
Fracture Toughness 4-12 [MPa x m/2]

Zirconia is one of the toughest ceramic materials. However, when compared to engineering
alloys, it ranks between the least tough cast irons, is more expensive than most alloys,
exhibits similar stiffness as steel and is better only in strength.

2.1.3.3. Polymers

Polymers are a large class of materials consisting of many repeating small molecules (called
monomers) that can be linked together to form long chains, thus they are known as
macromolecules. For example, the polyethylene polymer consists of the monomer ethylene

(CH, = CH,) and the repeating structural unit is4+CH, — CHz"‘n-

The structure of a polymer is defined by the chemical and physical structure.

The chemical structure is defined by the constitution of the chain itself and its components
and how they connect and by the arrangement of chain’s components.

The physical structure is defined by the Conformation, Orientation and Crystallinity.
Conformation is defined by the space occupied by a polymer molecule and is generally
expressed in terms of radius of the gyration, which is an average distance from the centre of
mass of the chain to the chain itself.

Orientation describes the preferred following direction of molecules or groups of molecules
inside the polymer. When a polymer is stressed uniaxially, the molecules tend to become
oriented in the stress direction. The orientation does not necessarily lead to crystallization;
instead it can cause intense anisotropy. Orientation is primarily relevant in the cases of
polymeric fibres, sheet and film.

The solid polymers can have a high or zero degree of order in the arrangement of the
molecules. In the first case the polymer is characterized as crystalline, while in the second
case as amorphous. Polymers tend to extend in a straight line, however this actually seldom
occurs. Most polymer chains extend for a short period and then refold. Most polymers form
stacks of such chains called lamella. Polymers are never completely crystalline. They typically
consist of crystalline areas enclosed in lamella and from amorphous phase outside the
lamella (Figure 22). The percentage of the crystalline phase is called crystallinity.
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Figure 22: Crystalline and amorphous area inside a polymer. (21)

The crystalline structure provides a more resilient polymer but it also makes it more brittle.
As a result, the high crystallinity polymers do not exhibit the classic plastic behaviour. The
amorphous areas contribute to the flexibility of polymer.

Table 3 presents some examples of highly crystalline and highly amorphous polymers. (21)

Table 3: Examples of highly crystalline and highly amorphous polymers. (21)

Highly crystalline polymers Highly amorphous polymers
polypropylene PMMA

Syndiotactic polystyrene Atactic polystyrene

Nylon Polycarbonate

Kevlar and Nomex (amides) Polyisoprene

Polyketones Polybutadiene

The lamellas can develop radially around a central core as shown in Figure 23. The filaments
develop in three dimensions, thereby resembling spheres rather than wheels, so the whole
composition is called spherulitic (from Greek odaipa = sphere and AlBog = stone). A
crystalline polymer sample with a mass of a few grams can contain billions of spherulites
(Figure 24).

During polymerization several parameters and technics can affect the crystallinity (e.g. the
cooling rate) and the crystalline arrangement (e.g. the application of a load during the
heating-cooling phase).
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Figure 23: Formation of Spherulite

Figure 24: The Microstructure Spherulitic polyethylene

2.1.3.4. Conclusions

The reviewed materials in this Section offer a wide range of choices for the design of
engineering materials inspired by the spider silk fibre. The polymers offer an ideal
substitution for both phases of the silk fibre. The amorphous phase of the polymers has
similar properties as the amorphous phase of the spider silk fibre, while the crystalline phase
can potentially be used as a substitution or an auxiliary role for the crystals of the spider
fibre. On the other hand, the ceramics and metals can provide a wide choice of substitution
for the crystals with very high stiffness and strength.

2.1.4. Materials in industry

Pure engineering materials can be relatively weak. In order to achieve improved mechanical
properties, combinations of different engineering materials can be used. In this Section,
composites of the previously described pure engineering materials are reviewed, by
analysing how existing techniques have yielded several improvements.

2.1.4.1. Alloys

An alloy is a mixture or solid solution, which is composed of a metal and one or more
elements that can be metals or non-metals. Most pure metals are too soft, brittle or
chemically reactive for practical use. Combining different ratios of metals as alloys modifies
the properties of pure metals to produce desirable characteristics. The aim of making alloys

37



is generally to make them less brittle, harder, resistant to corrosion, or have a more
desirable colour and lustre.

When the alloy cools and solidifies (crystallizes), its mechanical properties are often quite
different than those of its individual constituents. A metal that is normally very soft and
malleable, such as aluminium, can be altered through alloying with another soft metal, like
copper. Although both metals are very soft and ductile, the resulting aluminium alloy will be
much harder and stronger. Adding a small amount of non-metallic carbon to iron produces
an alloy called steel. Due to its very-high strength and toughness (which is much higher than
pure iron) and its ability to be greatly altered by heat treatment, steel is one of the most
common alloys in modern use. By adding chromium to steel, its resistance to corrosion can
be enhanced, creating stainless steel, while adding silicon will alter its electrical
characteristics, producing silicon steel. Typical properties of pure metals and steel are
compared in Table 4.

Table 4: Typical mechanical properties of steel and its components

Density Young Fracture toughness Yield strength
[g/cm~3] Modulus [Gpa] [Mpa * m~(1/2)] [MPa]
Aluminium 2.7 70 14-28 15-20
Copper 8.96 130 5-30 117
Iron (23) 7.874 211
Steel 7.9 205 20-100 110-1100
2.1.4.2. Composite ceramic materials

2.1.4.2.1 Zirconia Toughened Alumina

Zirconia Toughened Alumina (ZTA) belongs to a family of ceramics that have a toughening
mechanism due to transformation of the crystal structure under an applied stress. Their
microstructures have been tailored to produce a significant enhancement of structural
properties over basic alumina materials.

Zirconia Toughened Alumina is often used in wear applications as an intermediate solution
between alumina and zirconia. It offers increased fracture toughness over alumina with a
material cost less than that of zirconia. ZTA has a typical content of 10%-20% Zirconia which
gives it outstanding mechanical strength and toughness. It is characterized by high
temperature stability and corrosion resistance.

These improved properties are the result of a combination of factors, most significantly a
phenomenon known as “transformation toughening”. When placed under stress, these
zirconia particles change their crystal structure form a tetragonal to a monoclinic pattern —a
transformation that results in a 3-5 % expansion, which compresses the surrounding alumina,
making it more resistant to cracks. Unusually, even the stress field around a crack is enough
to induce this transformation, so whenever a crack tries to advance in ZTA, the zirconia
crystals expand, compressing the alumina matric and squeezing the crack shut. (22)
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Table 5: Typical mechanical properties of ZTA-14.

Property Zta-14 Units
density 4170 [kg/m?3]
Flexural Strength 586 [MPa]
Tensile Strength 290 [MPa]
Compressive Strength 2585 [MPa]
Elastic Modulus 338 [MPa]
Shear Modulus 138 [MPa]
Poisson’s Ratio 0.23

Fracture Toughness 6 [MPa*m/2]
2.1.4.3. Copolymers

A heteropolymer or copolymer is a polymer derived from two or more monomeric species,
as opposed to a homopolymer where only one monomer is used. When the two monomers
cluster together and form 'blocks' of repeating units, they result in a block copolymer.
Copolymerization is used to modify the properties of manufactured plastics in order to meet
specific needs, such as reducing crystallinity, modifying glass transition temperature or to
improving solubility. One way of improving mechanical properties is by applying a
copolymerisation technique known as rubber toughening. Elastomeric phases within a rigid
matrix act as crack arrestors and so increase the energy absorption when the material is
impacted. Such an example of a custom designed copolymer for combining high stiffness
and high toughness is presented in the next sub-section.

2.1.4.3.1 Polyamide filled with ABC Triblock Copolymers.
In semicrystalline polymers, significant toughening can be obtained with dispersions of
rubber particles.

A strong toughening effect is achieved when the rubber phase forms a submicron-sized
dispersion which is usually obtained thanks to reactive blending. However, this toughening
technique often requires a substantial concentration of the order of 10-20 wt % which, in
turn, implies a significant loss in elastic modulus.

Using block copolymers instead of pure rubber is an interesting way to solve this issue. The
amount of rubber in the filler can be reduced by introducing glassy blocks while fine
dispersions of block copolymers can still be achieved through reactive blending.

The mechanical properties of polyamide systems are toughened with Polystyrene-block-
polybutadiene-block-poly(methyl methacrylate) (SBM) copolymer. The tri-block contains less
than 40% rubber. High impact performance is obtained with no or very little loss in elastic
modulus as opposed to blends filled with pure reactive rubbers, which are substantially
softened. The nanostructure and composition of block copolymer particles govern both
toughening efficiency and stiffness. In particular, dynamic mechanical analysis suggests that
hard domains of glassy S (glassy polystyrene) and M (poly(methyl methacrylate)) blocks

39



could act as stiffening agents which attenuate the softening due to the B (polybutadiene)
rubber block.

To significantly reduce the amount of rubber, a symmetric composition is chosen where
each component has the same molecular weight. Hence, dispersing 20 wt % of this SBM
filler corresponds to an overall rubber content of only 7 wt %.

Table 6 presents the material properties of neat polyamide 12, polyamide 12 toughened
with pure reactive rubber of maleated ethylene-co-propylene (EPRm) and polyamide
toughened with SBM triblock.

Table 6: Morphological and Mechanical Characteristics of the blends presented in this Section. (J: impact strength, Fmax:
maximum force at break)

Reference Filler % J[kJ/m?] Fmax [N] Impact stiffness  Flexular modulus
[kN/m] [MPa]

Neat - - 16 - 224 - 68 - 1283 -
PA12

1 ERPMm 5 33 106% 256 14% 63 -7% - -

2 ERPm 10 49 206% 254 13% 57 -16% 1083 -16%
3 ERPmMm 20 61 281% 207 -8% 44 -35% 896 -30%
4 SBM 5 19 19% 240 7% 71 4% - -

5 SBM 10 74 363% 264 18% 70 3% 1237 -4%
6 SBM 20 11 -31% 266 19% 65 -4% 1173 -9%

SBM copolymers containing less than 40 wt % of rubber can have great toughening effects
without altering significantly the elastic modulus when being dispersed in polyamide-12. The
polyamide systems toughened with these SBM dispersions exhibit an impact strength and
elastic modulus that are both much higher than those obtained in the same polymer matrix
filled with pure rubber particles (EPRm). (24)

2.1.4.4. Conclusions

The reviewed materials in this Section offer some examples of how the combination of
relatively weak, brittle or soft materials, can vyield significant improvements on their
mechanical performance. As can be seen in most cases, composites typically combine one
strong and typically brittle part with one soft part with high extensibility. It is interesting to
note that many biomaterials are composite structures with similar design rules as was
shown in Section 2.1.2.5.

2.1.5. Summary

In this Section various materials, from natural to man-made ones, were explored in order to
describe the existing designs and mechanisms of lightweight materials and structures.
Seeking for inspiration in nature, this Section especially focused on biomaterials which
typically featured complex hierarchical structures. In the same fashion as biomaterials, the
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reviewed composite industrial materials featured similar design characteristics. Driven by
the spider silk high toughness and design flexibility, it was decided to focus on this material
as a basis for the generation of novel lightweight designs. In order to understand the impact
of the structure (Figure 21) on the mechanical properties of such a multi-scale hierarchical
fibre, a continuum mechanics-based finite element method was developed. The material
design process was then built around this FEM fibre model with the aim of developing a
procedure which can generate the appropriate nano-structure according to the desired
mechanical properties. For the purpose of the automatic structure generation, the FEM
model was used as the evaluation tool in the framework of an Evolutionary Algorithm,
operating as the optimization-search method.

2.2. Finite Element Method

The finite element method is a numerical technique that gives approximate solutions to
problems arising in physics and engineering by numerically solving the respective systems of
differential equations that describe the physical problem. The FEM has been used to solve a
wide range of problems and permits physical domains to be modelled directly using
unstructured meshes typically based upon triangular or quadrilaterals in 2D and tetrahedra
or hexahedra in 3D. Over each finite element, the unknown variables (e.g., temperature,
velocity, etc.) are approximated using basis functions; these functions can be linear or
higher- order polynomial expressions in terms of the geometrical locations (nodes) used to
define the finite element shape.

The quantitative assessment of the degree of simplification and the discretization error of an
FE model using convergence tests, sensitivity studies and validation analyses is an essential
prerequisite in order to ensure model reliability.

Adaptivity is an active research area involving either remeshing or increased interpolation
order during the solution process. The method is particularly effective in structural analysis
problems. Generally, there are two types of adaptation: h-adaptation (mesh refinement),
where the element size varies while the orders of the shape functions are kept constant and
p-adaptation, where the element size is constant while the orders of the shape functions are
increased (linear, quadrilateral, cubic, etc.). (25)

2.2.1. Element types

The 2D models are typically meshed using triangular or quadrilateral elements. The linear
guadrilateral element contains four nodes located at all vertices; other commonly used
rectangular elements involve eight-noded quadratic and nine-noded biquadratic basis
functions (Figure 25).
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Figure 25: Nodes for canonical square elements with bilinear (left) and bi-quadratic (right) polynomial shape functions.
(26)

The linear triangular element contains three nodes located at all vertices; other commonly
used triangular elements involve six-noded quadratics and ten-noded cubic finite element

approximations (Figure 26).
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Figure 26: Arrangement of nodes for linear (left), quadratic (middle) and cubic (right) Lagrange finite element
approximations. (26)

Solid elements are three-dimensional finite elements that can model solid bodies and
structures without any a priori geometry simplification. A 3D FEM mesh can typically consist
of tetrahedral and hexahedral elements (Figure 27 and 28).
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Figure 27: Node placement for trilinear (left) and tri-quadratic (right) polynomial interpolants on a cube (hexahedron).
(26)
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Figure 28: Node placement for linear (left), quadratic (centre) and cubic (right) interpolants on tetrahedra. (26)

In general the linear triangular and tetrahedral elements tend to yield too stiff behaviour
and, thus, their use should generally be avoided.

2.3.  Evolutionary Algorithms

Evolutionary Algorithms (EAs) are stochastic optimisation methods that are based on
principles derived from natural evolution, such as reproduction, mutation, recombination
and selection. In such a method, a population of individuals is used to represent candidate
solutions in a given search space. The evolution of the population takes place after the
repeated application of the above operators with the goal of driving a population of
candidate solutions toward better regions of the search space, (27).

Some features of Evolutionary Algorithms are:

e They use populations of individuals which develop simultaneously, instead of
individuals.

e The evolution of the population is determined by the values of one or more objective
functions.

e Dynamic succession of populations takes place by creating and deleting individuals
based on their fitness value.

e During the evolution of the population characteristics of the parents are inherited to
the offspring, while new ones can appear stochastically.

A main disadvantage of Evolutionary Algorithms is the large number of evaluations usually
required to identify the optimal solution, which is especially evident when the evaluation of
the fitness functions is time consuming, such as the case with the FEM calculations
performed in the present study. But, by using several techniques, the total number of
evaluations can be reduced to a significant lower number.

An EA-based computation starts by randomly generating a number of individuals (the
starting population). Through calls to the evaluation software, each one of the starting
individuals is associated with its own cost value. If the stopping criteria are not met the
creation of a new generation starts. Individuals are selected according to their fitness for the
production of offspring, through recombination. All offspring are mutated with a certain
probability. The cost value of the offspring is then computed. The offspring are inserted into
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the population replacing the parents, producing a new generation. This cycle is performed
until the stopping criteria are met. (28)

2.3.1. EASY

EASY, the Evolutionary Algorithms SYstem (28), is a software developed from the Parallel
CFD & Optimisation Unit (29) of the School of Mechanical Engineering of the National
Technical University of Athens (NTUA). EASY is a general purpose, high-fidelity software for
the search of optimal solutions in single- or multi-objective problems.
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Figure 29: A screenshot from the GUI of EASY. (28)

EASY offers a variety of options. When the CPU cost per evaluation is high, the optimisation
problem becomes very expensive. A known solution of this drawback is through the use of
surrogate evaluation models or metamodels. Metamodels require training and therefore a
set of already evaluated solutions should be available. Afterwards, in each generation, each
candidate solution is calculated approximately and the most promising results are evaluated
using the exact evaluation tool. In EASY, this technique is called Inexact Pre-Evaluation (IPE).

The first class of Metamodel Assisted EAs (MAEA), utilizes a metamodel which is trained in
advance, separately of the evolution and after generating the required training data (off-line
training). The second class uses on-line trained metamodels and the exact evaluation tool to
selectively support the evolution. The metamodel is continuously retrained during the
evolution and it profits the most recently collected data. This class outperforms the off-line
because it changes and adapts with each generation.

The most known metamodels for their use with MAEA are the Artificial Neural Networks
(ANN). Several models exist, but EASY often (through not exclusively) relies upon, Radial
Basis Function Networks (RBFNs). The ‘local’ RBFNs are trained for each individual thus

44



avoiding the modelling of the entire search space through a ‘global’ metamodel. In addition
the RBFNs are modified by taking into account the sensitivity of the cost or fitness function
with respect to each one of the design parameters. For the training, a number of already
evaluated solutions, stored in a database, which are closest to it are located and used. The
database entries are dynamically updated by storing any previously evaluated individual
along with its cost function value. (30) (31) (32)

Hierarchical EAs (HEA), also referred as multilevel evaluation algorithms, aim at reducing the
optimization cost by employing different evaluation tools per level in a systematic way. The
software with the highest accuracy and CPU cost is associated with the highest level which
delivers the final optimal solution. On the lower levels, less accurate tools are used to
explore the design space at low cost, locate promising individuals, and feed them into higher
levels. (33) (34)

In the EA-based design, some of the emerging candidate designs may cause complex
material interactions which need more CPU time to converge. So, the CPU cost per
evaluation often varies. In contrast, Asynchronous master—slave Parallel EAs may safely
overcome this problem. In order to achieve this, the asynchronous EA (AEA) control strongly
interacting (overlapping) demes for multiprocessor platforms, which may optimally use any
number of available processors. It is based on a spatially distributed population, arranged in
demes with six nodes each. A deme overlaps with its four neighbours. This justifies the term
‘strongly interacting demes’ since the majority of search nodes are shared. The evolutionary
operators apply within each deme only. The asynchronous operation ensures that all
available CPUs remain fully busy during the optimization. (35) (36)
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Chapter 3. Material Design Method

In order to achieve the efficient design of novel material nano-structures with controlled
properties, a complete design methodology was developed. As discussed in the previous
Chapter, the spider silk fibre was selected as the starting point for the material design. The
evaluation of the mechanical properties is achieved using FEM modelling of the fibre, while
the design process is driven by the Evolutionary Algorithm software. In the following
Sections, the design methodology is described in detail.

3.1. Description of numerical experiment

As was discussed in Section 2.1, stiffness and toughness were selected as the mechanical
properties of interest for the material design. In order to obtain these values, the fibre
specimens need to be subjected to a controlled tension until failure. That test is known as
tensile testing or tension test. Tensile tests are performed for several reasons and are often
used during the development of new materials and processes, so that different materials
and processes can be compared. Via the tensile test the stress-strain curve can be
determined and subsequently the stiffness and the toughness can be calculated among the
other characteristics. (37)

Load cell

Specimen

Figure 30: Tensile test machine (7)

The boundary conditions which were used for the tension test are shown schematically in
Figure 31. One end of the specimen was constrained at the axial direction while
displacement with constant strain rate was applied at the other end. The tensile test
simulation was performed using the commercial solver LS-DYNA (version [s971s R5.1.1).
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>

Figure 31: A fibre model under tension test. The left boundary of the specimen is constrained, while displacement with
constant strain rate is applied at the right boundary.

3.2. Silk fibre FEM model

For the study of mechanical behaviour of the spider silk fibre, a two dimensional FEM model
was used. This model is based on the nano-structure of spider dragline silk relying on two
basic components: the crystalline subunits and the amorphous phase. The geometrical
parameters of the silk model are based on previous experimental and numerical work. (11)
(38) As a result, the length of the fibre was 40 nm and each crystal subunit was described as
a rectangular of size 2.691 x 2.048 nm?.

The arrangement of the crystalline units inside the amorphous phase of the silk fibre is
largely unknown. Therefore, a random arrangement was assumed to represent the typical
fibre material.

Figure 32 shows a 2D model, created using LS-PrePost, assuming 25% crystallinity and a
pseudo-random crystal arrangement. On the left side the model is constrained, while on
right boundary a constant strain rate is applied (Section 3.1).

g

>

>

Figure 32: The 2D model for the spider fibre with the boundary conditions.

3.3.  Sub-component properties
The spider dragline silk has two main components, the crystal component, which behaves
like an elastoplastic material and the amorphous phase, which incorporates the rate-
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dependent behaviour. The mechanical properties of each constituent were acquired from
previous work (38).

3.3.1. Crystal phase

Through the crystal phase the silk behaves like an elastoplastic material, which undergoes
non-reversible changes of shape in response to applied forces. The material model
MAT_003_PLASTIC_KINEMATIC was used for the description of the crystal phase in LS-DYNA.
The stress-strain curve of two crystal configurations is seen in Figure 33. The stiff
configuration (red curve in Figure 33) was used in the current study. The physical properties

of the material are p = 1200 [%], E = 71[GPa],v = 0.33 and yield stress = 3.95[GPal].
(11)

4000

stress (MPa)
2000

Figure 33: Elasticity and stability of crystalline units from force-probe MD simulations. Stress-strain curves of two
different crystal configurations, with solid black curves for averages. The inset shows the complete extension and
rapture process. From (11)

As shown in Figure 33, after the yield point, the stress decreases steeply. Figure 34 shows
that beyond the yield point, the internal structure of the crystal collapses. Therefore, the

yield point was selected as the crystal’s failure criterion.
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Figure 34: Elasticity and stability of crystalline units from force-probe MD simulations. Simulation snapshots of the
rapture process. Crystalline unit is in green with the pulled strand in red. The pulling force is depicted as a spring.

3.3.2. Viscoelastic Amorphous phase.

The amorphous phase is the second component of the model. The viscoelastic material
model, MAT_006_VISCOELASTIC, was used for the description of the amorphous phase in
LS-DYNA. (39)

In this model, linear viscoelasticity is assumed for the deviatoric stress tensor (40):

‘ d¢i;(7)
Sij =2 *fo o(t—r1) . dt (3-1)
Where:
@(t) = Go, + (Gy — Go,) exp(—pt) (3-2)

is the shear relaxation modulus. G is the short-term shear modulus and G, is the long-term

shear modulus. The short-term modulus is G, = 1.66 [GPa]. The decay constant is § = %,

. . . . . . _ 4 Ns
where 17 is the apparent viscosity of the material. The viscosity valuen = 10 [ﬁ] was

obtained from the. (11)

For the amorphous phase a failure strain viscous friction theory was considered as the
failure criterion. The rapture strain for the amorphous subunit was set to 70% based on
results of previous simulations (41).

3.3.2.1. Analytical solution of the viscoelastic model equations
In order to understand the impact of the model constants on the physical behaviour of the
viscoelastic material under the tensile test, the differential equation (3-1) is studied in more
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detail. The equation (3-1) can be solved analytically if some assumptions are made. A
constant pulling speed is considered and 1D geometry is assumed. As a result, all the strains

apart from &, are zero and all the stresses apart from g;, are zero. Thus:

Deviatoric
strain:

Pulling
speed:

Strain:

5o}

5o}

Where:

;o Exx _ &1 2
€11 —511__3 * 0 = €11 — —

_Al_ut
311—10— Iy

dej1 2u
at 31,

u

L dt

t

2

S11 = 2 f [Goo + (GO - Goo)e_ﬁ(t_r)] 5
0

4 uG, (¢t 4u(Gy—Gy) (¢
37, LT3 4 .

4 uGy . 4 u(Gy— Gy)

= - — 1 — o Bt
Su =3 3 I, *f (1-e7)
4 u(Gy — Gy) _Bl
s11(e11) = § Go €11 + § ;3 Iy ( - Ell)

u
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3 B*l
G=9

(3-3)

(3-4)

(3-5)

(3-6)

(3-7)
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For the last substitution, &;; is assumed as the only non-zero deviatoric strain.

The final equation is a function of strain and has three coefficients. The coefficients depend
on Ggy, G, B, 1y, u, where:

e [, is the initial length of the specimen

e (,, the short-term shear modulus of the material
o (G, the long-term shear modulus of the material
e [3,the decay constant

e 1y, the pulling velocity

The equation (3-7) can describe how the viscoelastic properties affect the material
behaviour. In order to illustrate this correlation the equation (3-7) is plotted in Figure 35.
The equation (3-7) consists of two terms: a linear one with the coefficient C; and an
exponential one with the coefficients C; and C3. The linear term affects the long-term
behaviour of the material and consists of the long term shear modulus. As a result, it defines
the slope of the stress-strain curve at high strain values. In Figure 35 this correlation is
illustrated: the long-term shear modulus in curve (2) has five times lower value than in curve

(1).

The exponential part affects the short term behaviour of the material. Naturally the short-
term changes will also alter the long-term result. The C; coefficient affects the short-term
material behaviour. The long-term shear modulus is usually much lower than short-term
shear modulus, thus it does not contribute significantly to the short-term behaviour. In
Figure 35, this correlation is illustrated via the comparison of curves 1 and 3. The short-term
shear modulus in curve (3) has half the value compared to curve (1).

The coefficient C; affects the speed at which the viscoelastic material will advance from the
short-term behaviour to the long-term behaviour and consists of the decay constant () and

the strain-rate (—S = l). In Figure 35 this correlation is illustrated with the curve (4) which

a1
has twice as much the value of the decay constant compared to curve (1). This is equivalent

to having half the value of the strain-rate which corresponds to half the pulling velocity.
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Figure 35: Anewkovion tn¢ eiowong (3-7)

lllustration of the solution (3-7) of differential equation (3-1) of viscoelastic material with the 1D assumption. The blue,
continuous line (1) is the prototype’s stress strain curve with the viscoelastic properties of G, = 1.66 [GPa], G, =

0.02[GPa],a =3 [i], u==6 [?] The purple, dash-dotted line (2), is the stress-strain curve if the long term shear
modulus of the prototype model (line 1), is halved. The green, short dashed line (3) is the stress-strain curve if the short

term shear modulus of the prototype line (1) is halved. The red, long dashed line (4) is the stress-strain curve if the
prototype’s (line 1) decay constant (a) is doubled or the pulling velocity speed (u) is halved.
The fibre model can fail because of two failure criteria: either the crystals reaches their yield
stress or the amorphous phase reaches its failure strain. When increasing the pulling velocity,
the crystals will have the same behaviour (they are strain-rate independent), thus they will
reach the same failure strain and so their fracture point faster. This can reduce the total CPU
solution time without any impact on the material behaviour. However, the viscoelastic
amorphous phase is strain-rate dependent (2.1.1.8), thus, an increase in pulling velocity will
lead to an increase in the stress for the same strain. Through re-examining the equation
(3-7), it can be seen that the pulling velocity (u) appears in constants C, and C; together

with decay constant (B). Therefore, the ratio 5, = %can be defined and used instead. It can
be assumed that the same material behaviour can be achieved as long as the ratio 3,
remains constant, irrespective of the actual pulling speed. If the assumption is valid, a
computational gain can be achieved without any impact on the physical response of the
material. Several LS-DYNA simulations of the viscoelastic amorphous model and the full fibre
model were performed and the validity of this assumption for both 2D and 3D cases was
confirmed. Therefore, by adjusting the decay constant § accordingly, the ratio 5, can be
kept constant while increasing the pulling velocity, without any impact on the material

behaviour.
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3.3.2.2. Validation of the analytical solution

The accuracy of analytical solution (3-7) of the differential equation will be tested, as
compared to the FEM reference solution (Figure 36). The analytical solution shows good
agreement for the initial stiffness and the yield strain. It can be seen that the yield stress is
lower than the LS_DYNA value. Additionally, after the yield point, the analytical solution
shows a different trend. This is due to the declared 1D assumption that only the €11is non-
zero. However, if the LS-DYNA’s solution examined, it can be seen that the deformation in
the perpendicular axis is €,5, = 0.5 &1 # 0 for high strains. Therefore this assumption is no
longer valid and results in the discrepancies shown in Figure 36.

Keeping these limitations in mind, the analytical solution can still describe reasonably well
the general shape of the stress-strain curve. When adjusting the viscoelastic material
properties, the analytical solution can be used as a first rough estimation of the overall
system behaviour.

Viscoelastic Material
0.2 -
o o o
=
— ™ -~
— —
—
S — o
— —~— -
e |5 _dyna_manual
= real solution
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Figure 36: LS-DYNA solution versus the analytical solution of a viscoelastic material behaviour under tensile test (the
continuous red line is the analytical solution and the dashed blue line is the solution from LS-DYNA)

3.3.3. Contact between the crystal and the amorphous phase

The crystalline units are connected with the amorphous phase along the fibre axis direction.
In the direction perpendicular to the fibre axis, there is no direct connection between the
crystalline units and the amorphous phase. Instead, the crystalline units are in contact with
the amorphous and depending on the extent of interfacial friction, crystals are able to slide
and therefore be redistributed within the amorphous matrix under mechanical load.
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From previous work (42), the frictional behaviour between the amorphous phase and the
crystalline unit has been quantified (Figure 37) using MD and FEM simulations. Figure 37
shows stresses as a function of relative velocity for the friction model. In the first loading
case, the crystalline cube was pulled horizontally along an amorphous plate, corresponding
to a force parallel to the silk fibre axis. For high relative velocities (>1 m/s), the stresses in
the crystalline component as well as in the interface were of high magnitude and increased
with increasing relative velocities. For low relative velocities (<1 m/s), stresses in both
components and in the interface were not significant (nearly zero) as shown in Figure 37 A.
However, no significant stresses occurred in the amorphous phase for all relative velocities.
In the second loading case, the crystalline cube was pulled along a direction forming a 10
degree angle with the horizontal amorphous plate (Figure 37 B). For this slight loading
inclination, stresses upon relative sliding of the two phases were significant even for
velocities smaller than 1 m/s.
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Figure 37: Stresses in the crystalline and amorphous components as well as the interface segments as a function of their
relative velocity. (42)
In the starting phase of the fibre simulations it was noticed that the relative velocity
between the amorphous and the crystals was low, while the relative motion was generally
following the axial direction of the fibre. As a result the interface stresses were negligible
and didn’t have any significant impact on the fibre behaviour. Therefore it was decided to
ignore the friction between the two components. Instead, a small gap between the crystals
and the amorphous phase was used in order to represent the crystal-amorphous interaction.

3.4. Meshing

In order to perform the FEM simulations, the fibore model must be discretised using a two
dimensional mesh. A significant requirement for the complete design method was the
automatic performance of the meshing procedure, without any user intervention.

To create the mesh and the input file for the FEM solver, the commercial LS-PrePost was
used. LS-PrePost offers the possibility to perform all the commands using a macro
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(command file) and execute the macro without launching the LS-PrePost GUI, while
executing the commands in batch mode (43).

For the purpose of the macro file creation, a python script was written, which had the model
geometry as input: the size of the fibre, the size of the crystals, the number of the crystals,
the position of the centre of the crystals and other options such as if a gap between the
crystals and the amorphous can be considered.

3.5. Simulation

Once the mesh has been generated, the commercial solver LS-DYNA (version 1s971s R5.1.1)
is used for the solving the tensile test problem. LS-DYNA used as an input a file in format of a
“.k” file which was created as described in Section 3.4. Each solution could be run in parallel
using up to 8 CPUs.

3.6. Data extraction

Various output files can be configured as an output from LS-DYNA. In this thesis, as a
boundary condition, the left side of the specimen was defined as SPC_SET (NODES), with
translational constrain in the load axis direction. Therefore, the output file SPCFORC was
used for calculating the stress-strain curve. The SPCFORC file contains the reaction forces on
boundaries nodes for each pre-defined time interval. Hence, for calculating the strain-strain
curve, a post processing script was written. This script sums the reaction forces from every
node on each time interval in order to calculate the total force. Then it calculates the
engineering stress by dividing the total force with the initial cross section area (Section
2.1.1.1). Additionally, in order to calculate the strain at each timestep, since the pulling
velocity was constant; the script uses the simple formula

=1y ut—l
Sl

£ (3-8)
The toughness and stiffness were the two main optimisation objectives, as was previously
mentioned. In order to calculate the toughness, the stress is integrated over the strain
(Section 2.1.1.5) using the trapezoid rule:

N

1
ode = > Z(ek+1 — &) (041 + 0%) (3-9)
k=1

&f
(2-5) => Toughness = f
0

The calculation of toughness using the equation (3-9) was validated using the equation:

energy
(2-5) => Toughness = (3-10)

volume
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where the energy can be obtained from the LS-DYNA output file GLSTAT. The difference
between the two toughness values from equations (3-9) and (3-10) was insignificant.

As described in Section 3.3.2.1, increasing the pulling velocity speed, reduced the total CPU
solution time. However the stress-strain curve became noisier and it was not possible to use
the definition of stiffness (Section 2.1.1.4) for its evaluation.

Calculation of Stiffness
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Figure 38: Calculation of Stiffness. The marked area is the calculated integral, while the linear elastic region is marked
with a red triangle.
With the objective to reduce the error from the noise, the concept of integrating the curve
up to a strain of 2% was introduced. This way the instantaneous error was averaged over
time and therefore minimised (Figure 38). The 2% strain was chosen to allow a low enough
value to ensure that the integrated region lied in the initial linear area of the stress-strain
curve, but also high enough to maximise the summation filtering.

A liner the stress-strain curve was assumed in the integration zone. Therefore, the integral
below the curve can be described as the area of the triangle. In addition, this area
corresponds to the toughness of the material up to this strain.

Hence:
(Area of Toughness|,, = ! =
triangle) g )

2 * Toughness|,,
g, =

&
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(2-4) £ tensile stress 0, 2* Toughness|g,
- => —_-—— =

strain = & &2 (3-11)
To validate the equation (3-11), the same tensile test simulation was performed with LS-
DYNA, once with a pulling velocity speed of 0.6 [m/s] and once with 6 [m/s], while
incorporating the respective changes for the decay constant of viscoelastic material as
described in Section 3.3.2.1. The stress-strain curve with a pulling velocity speed 0.6 [m/s]
was smooth, while the stress-strain curve with pulling velocity speed 6 [m/s] was much
more noisy. The difference in stiffness between the two curves using Equation (3-11) was
<1%. Therefore in the following simulations the pulling velocity was set at 6 [m/s] and the
stiffness was computed using the equation (3-11).

3.7.  Optimisation procedure

The evaluation software has been described completely in the previous Sections. The
evaluation tool applied the tension test as a method of evaluating the material’s mechanical
properties (Section 3.1). In order to conduct the experiment using simulations, the specimen
geometry was designed (Section 3.2) and its properties were defined (Section 3.3).
Afterwards the model was meshed (Section 3.4) and the fully defined model was used as an
input in the FEM solver (Section 3.5). The FEM solver calculated the mechanical response of
the specimen, which was then used to calculate the desired mechanical properties (Section
3.6). Finally, the evaluation tool provided the objectives’ values as an output for the
optimisation tool.

In order to complete the automated design process, this evaluation tool was coupled with
the optimisation software (EASY). The evaluation tool was considered as a “black box” for
EASY. EASY provides the design variables values in a file as an output and receives the
objectives’ values after the evaluation problem. The whole procedure is illustrated in Figure
39.

57



EASY
out: Design Variables
|

e

Evaluation Tool

v

PreProcessing
out: Geometry

v

Meshing
out: Meshed Geometry

y

LS-DYNA
out: Mechanical Responce

¥

PostProcessing
out: Objectives

Figure 39: Flow chart. lllustration of the Evolutionary Algorithm coupled with the evaluation tool.
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Chapter 4. Optimisation Procedure Configuration

The complete methodology that was developed for the automatic design of composite
nano-fibres was presented in the previous Chapter. In order to perform the research of
novel designs in an efficient way, each component of the method needs to be properly
configured. In the following Sections the configuration of each design step is presented,
along with the final settings that to used in the next Chapter.

4.1. Fibre structure and properties

The spider silk model described in Chapter 3 is used for the study of the mechanical
properties of fibre material. While the approximate sizes of crystallites in the silk fibre have
been determined (44), their exact arrangement along the fibre remains largely unknown and
a common assumption is that of a random arrangement. In order to explore the impact of
the fibre internal nano-structure on its mechanics, a full spectrum study of crystallinity
variations and arrangements was performed. In order to obtain some reference points for
the mechanical potential of the fibre, the random distribution was compared against two
theoretical extremes of potential crystal arrangements: a serial (lamellar-like) and a parallel
one (longitudinal). Finally, the model was validated against results from previous studies (45)

4.1.1. Serial arrangement

In the serial arrangement, the crystalline and amorphous phases are arranged in an
alternating fashion, perpendicular to the pulling axis. In such an arrangement the softer
amorphous phase is expected to dominate the mechanics.

The discrete nature of the crystals, combined with long axial deformations, led to a
significant impact on the fibre behaviour. In order to achieve independence of the
mechanical properties from the number of the crystals, successive divisions of the crystalline
phase were performed until the resulting toughness and stiffness values presented no

significant change.

Figure 40: LS-Dyna model for the serial arrangement, with 25% crystallinity. The pulling axis is the horizontal.
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This arrangement is equivalent to springs in series. The total strain of the specimen is the
sum the amorphous and crystalline phase strain,

E=¢g té& (4-1)
Thus the specimen’s stiffness is:

1 A A

— =142 (4-2)

E E, E,

where:
E;, E,: the stiffness of each component

A4, A, : The area percentage of each component; it follows that A, = (1 — A4;) and
that A, corresponds to the total crystallinity.

4.1.2. Parallel arrangement
In the parallel arrangement the crystalline and amorphous phase were aligned parallel to
the pulling axis. The crystalline phase was located at the core of the fibre, while the

amorphous phase defined the rest of the fibre. In this case, the mechanical properties in the
tensile test are expected to be dominated by the crystalline component.

Figure 41: LS-Dyna model for the parallel arrangement, with 25% crystallinity. The pulling axis is the horizontal.

This arrangement is equivalent to springs in parallel. The strain of each component,
crystalline and amorphous phase, is the same and equal to the total strain of the specimen,

E=¢& =& (4-3)

While the total stress is the sum of each component’s stress,
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o =01 +0, (4-4)

Thus, the specimen’s stiffness is:

E=A*E,+A,~E, (4-5)

4.1.3. Random arrangement

In order to configure and validate the reference design for spider silk fibre, several
simulations with varying crystallinity levels starting from 5% up to 70% were performed. A
pseudo-random arrangement, without overlapping, was used for the construction of the
tests. The resulting crystal placement off 25% crystallinity is shown in Figure 42.

The maximum crystallinity that could be evaluated was 70% due to geometrical constraints.
The size of the fibre and the size of the crystals were predefined. As a result, if the
crystallinity of the fibre was increased beyond 70% the possible crystal displacements were
extremely limited. This led to a structured-like arrangement, with toughness and stiffness
similar to the serial case. As a result, cases with more than 70% crystallinity were not studied

as they could not be considered random.

Figure 42: LS-Dyna model for the random arrangement, with 25% crystallinity.

4.1.4. Mechanical properties

In order to validate the 2D fibre model, the previously described arrangements were utilized.
Initially, the mechanical properties of rapture stress and rapture stain with respect to
crystallinity are plotted in the following figures for the serial, parallel and random
arrangements.
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Figure 43: Serial arrangement of crystals from 0% (pure amorphous) up to 100% (pure crystal) crystallinity. The
continuous blue line with circles is the strain curve and with the dashed red line with squares is the rapture stress curve.
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Figure 44: Parallel arrangement of crystals from 0% (pure amorphous) up to 100% (pure crystal) crystallinity. The
continuous blue line with circles is the strain curve and with the dashed red line with squares is the rapture stress curve.
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Figure 45: Random arrangement of crystals from 0% (pure amorphous) up to 100% (pure crystal) crystallinity. The
continuous blue line with circles is the strain curve and with the dashed red line with squares is the stress curve.
Figures 43, 44 and 45 show the rapture stress and rapture strain curves for the serial,
parallel and random arrangements of the crystalline units in the fibre silk model. An increase
in the crystallinity value led to an increase in the rapture stress for all cases. As crystallinity
increased up to 70%, the rapture stress increased to 0.7 GPa for the serial and 3 GPa for the
parallel case, with the random arrangement case lying in between (0.9 GPa), relatively close

to the serial case.

On the other hand, it can be seen that the rapture strain decreases with the increase in
crystallinity for the serial and the random arrangement in a similar way. In the parallel case,
the fibre behaviour is dominated by the crystal properties. As a result, the rapture strain of
the parallel case remains unchanged and equal to the rapture strain of the crystal. According
to equation (4-3) the specimen’s total stain is equal to crystal’s strain. Therefore the
specimen’s fracture strain could not exceed the crystal’s fracture strain (¢; = 5.87%) and
since the amorphous’ fracture strain is much higher than crystal’s, the specimen would
always fail due to the crystal’s fracture strain.
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Figure 46: Variation of stiffness with respect to the silk fibre crystallinity. The continuous blue line with circles is the
random arrangement curve, with the long-dashed red line with squares is the serial arrangement curve and with the
short-dashed green line with triangles is the parallel arrangement.

Figure 46 shows the variation of initial stiffness with silk fibre crystallinity for parallel,
random and serial arrangement. A serial assembly resulted into the lowest initial stiffness as
it was dominated by the mechanical characteristics of the amorphous unit. On the other
hand, the parallel assembly, being reinforced by the crystalline units throughout the silk
fibre axis, resulted into the highest values of silk fibre initial stiffness. As expected, the initial
stiffness value of a random arrangement silk fibre model lied between the two extremes,
but this time it was closer to serial arrangement. A comparison between the serial and
parallel arrangement initial stiffness as calculated by the equivalent springs model against
the LS-DYNA solution is shown in Table 7. The results confirm that the serial and parallel
arrangements follow the equivalent spring model.

Table 7: Comparison between the serial and parallel's arrangement initial stiffness as calculated by the equivalent
spring's model against the LS-DYNA’s solution.

Crystallinity Stiffness [GPa]
serial distribution parallel distribution

LS-DYNA Serial Springs LS-DYNA Parallel Springs

6.25% 4.88 5.54 8.44 9.33

25.00% 6.68 6.79 21.02 21.66

50.00% 9.80 9.72 37.52 38.11

75.00% 16.26 17.09 54.09 54.55

93.75% 39.87 39.67 66.63 66.89
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random arrangement curve, the long-dashed red line with squares is the serial arrangement curve and the short-dashed
green line with triangles is the parallel arrangement.

Figure 47 shows the variation of the toughness for the three distinct arrangements with
respect to the silk fibre crystallinity. The serial arrangement largely outperformed the other
two alternatives in terms of toughness, with the maximum value achieved at =50%
crystallinity. On the other hand, the parallel arrangement vyielded the lowest values of
toughness, due to the very low values of breaking strain. The random arrangement yielded a
relatively constant value of 105 [MPa], a range well within the reported experimental values
of 120-225 MJ/m?3 (46) (47) (48). For the 70% crystallinity a slightly higher value for the

toughness can be seen, but this can be explained by the reduction of the arrangement
“randomness”.

4.1.5. Comparison with results from literature

The bulk mechanical properties such as strength, extensibility, initial stiffness and toughness
obtained from the FEM simulations show good agreement with previously reported results
in (11), (38), (45). For a further validation of the fibre model used in the current work, the
rapture stress, rapture strain, toughness and initial stiffness for the three arrangements
from (45) are plotted against the crystallinity variation in the Figures 48 and 49.

By comparing the figures, it can be seen that the computed mechanical properties for the
serial and random arrangement were in good agreement with the results from (11). The
parallel arrangement showed a significantly different behaviour in terms of rapture strain.
This was mainly due to a different definition of the failure criteria.
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Following the validation of the 2D results against previous experimental measurements and
3D simulations, it was shown that the selected model can represent the behaviour of the
real spider silk material accurately enough. Therefore this reference geometry formed the
basis for all the optimisation runs that will be presented in 0.

4.2. Solutions independence to the mesh

When using the finite element method for the numerical simulation of solid mechanics, the
mesh plays a crucial role. In general, a finer element discretisation yields a better
approximation and more accurate calculation results. Therefore, it is very important to
check the mesh independence of the numerical simulation model. In order to study mesh
independency, 2D triangular and quadrilateral element types have been considered (Figure

50), as well as different element formulations and sizes.

Figure 50: Part of the two different meshes made by LS-PrePost. Left mesh is with quads, the right one with triangles.
Both meshes have element size 0.2. For 25% crystallinity the quad mesh has a total of 14.432 elements, when the
triangles mesh has a total of 18946 elements.

In order to run a mesh convergence analysis three different element sizes were considered
ranging from 0.1 to 0.4 mm. Additionally two different combinations of element types were
compared: a mesh with triangular elements and a mesh dominated by quadrilateral

elements and including a low number of interconnecting triangular elements.

Testing the quadrilateral mesh, the mechanical response of specimen converged for an
element size of 0.2 nm. Further increase yielded no further change. (Table 8) On the other
hand, the mechanical response of the mesh with triangular elements did not converge
(Table 9).
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Table 8: Mesh independence analysis. Element size analysis for mixed quadrilateral elements. The pulling velocity was

0.6 [m/s] and the LS-DYNA ran using 8 CPU.

Quadrilateral elements

element size [nm]
total elements
CPU time (8 CPUs)
stiffness [MPa]

UTS [MPa]

fracture stress [Mpal]

0.1

55 737

3h 26m 27s
6781

316

286

0.2

14 432

Oh 14m 46s
6800

316

286

0.4

3996

Oh 1m 14s
6826

320

291

Table 9: Mesh independence analysis. Element size analysis for triangle elements. The pulling velocity was 0.6 [m/s] and
the LS-DYNA ran using 8 CPU.

Triangular elements

element size [nm]
total elements
CPU time (8 CPUs)
stiffness [MPa]

UTS [MPa]

fracture stress [Mpal]

0.1
115486

12h 50m 10s

6799
313
282

0.2

28 946

1h 39m 26s
6873

320

286

0.4

7573

Oh 7m 22s
6943

329

300

In the rest of this work a quadrilateral-dominated mesh with element size of 0.2 nm was

used. As mentioned before (Section 3.3.2.1 and Section 3.6) the applied pulling velocity was
set to 6 [m/s]. The typical total simulation time for a pulling velocity speed of 6 [m/s] for 8
CPUs was 5 min for about 25% crystallinity and the material properties of the spider silk
(Section 3.3).
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Figure 51: 2D element independence mesh density analysis for quadrilateral elements. The continuous blue line
represent the stiffness and the dashed red line represents the Ultimate Tensile Stress.
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Figure 52: 2D element independence mesh density analysis for triangular elements. The continuous blue line represent
the stiffness and the dashed red line the Ultimate Tensile Stress.
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4.3. Optimisation parameters

As discussed in Chapter 3, the design process required the coupling of the FEM simulation
with an Evolutionary Algorithm. Following the configuration and validation of the fibre
numerical model, the configuration of the optimisation software EASY is presented. EASY, as
reviewed in section 2.3.1, provides a variety of options. In this section, some of them are
analysed in order to illustrate their impact.

In order to perform a large number of parametric studies at a reasonable timeframe, the
total optimisation running time was defined as an “overnight” run on 8 CPUs, spanning 16
wall clock hours in total. This corresponds to about 188 total exact evaluations; with roughly
5.1 min for each evaluation.

A fibre geometry with 12% crystallinity was chosen as a base test case. The crystals were
placed in an ordered configuration consisting of 4 columns and 3 rows, as shown in Figure 53.
Each crystal was allowed to move around its centred reference location for up to 40% of the
available space among its neighbours, on both directions (x and y). As design variables, the
displacement of each crystal along the x and y direction were chosen, thus leading to a total

of 28 design variables. The optimisation run was configured as two-objective, targeting at
maximum toughness and maximum stiffness.

Figure 53: The initial geometry of crystals for the parametric studies. With black rectangular the area where the centre of
the crystal was allowed to move is marked.

4.3.1. Initial Configuration

For the initial configuration the number of parents was set tou = 12 and the number of
offspring population was set to A = 36. The variables coding was set to “Binary-Gray”. For
the crossover/recombination operator, two points per variable were used, with a crossover
probability value of 0.95. After recombination, every offspring undergoes mutation with a
probability of 0.2%. No metamodel-based pre-evaluation was enabled. In this parametric
analysis regarding the EASY configuration, one parameter at a time was modified and its
impact on the Pareto front was evaluated. Each parameter change yielding positive
contribution was then fixed during the subsequent comparisons.
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The run with the initial configuration was stopped after 188 exact evaluations due to the
high computational cost. However, it still provided a reasonable front of non-dominated
solutions (i.e. an approximation to the Pareto front) to allow a meaningful comparison with
the rest of the optimisation parameters. In order to obtain results that would correspond to
a typical optimisation run, the run with the initial configuration was continued for 972 exact
evaluations over the course of approximately 4 days. The fronts of non-dominated solutions
are shown in Figure 54.

4.3.2. Metamodel-Assisted EA using Inexact Pre-Evaluation (IPE) Scheme

In order to acquire a front of non-dominated solutions at a reduced time-frame, the first
change was the use of (12, 36) Metamodel-Assisted Evolutionary Algorithm (MAEA) (i.e. a
MAEA with parent and offspring populations equal to 12 and 36 respectively) with on-line
trained RBF networks for the inexact pre-evaluation (IPE) of the population members. The
minimum number of exact evaluations to be performed before starting the metamodel was
set to 72 database (DB) entries. The DB stores all evaluated solutions and is used for training
the metamodels. Each following generation typically featured 5-6 exact evaluations.
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Figure 54: front of non-dominated solutions with the initial configurations of EASY and Inexact Pre-Evaluations enabled.
The circles (blue) are the initial configuration of EASY and the squares (red) are the Inexact Pre-Evaluations. The number
of parents is 12 and the number of offspring is 36.

Figure 54 compares the front of non-dominated solutions of the initial configuration with
the one achieved using the MAEA. In order to clarify the impact of the MAEA, the front of
non-dominated solutions of the initial configuration after 180 evaluations is also included in
Figure 54. In this case, significant differences can be seen. The Pareto produced by the
MAEA covered a wider range of toughness values, while the achieved maximum stiffness

and toughness values are higher.
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For a low-cost optimisation, the front of non-dominated solutions with MAEA provided a
significant improvement, therefore for the rest of this parametric study, the MAEA was
enabled.

4.3.3. MAEA: Total number of exact evaluations before starting IPE

In the previous Section, the initial exact evaluations were set to 72. The metamodels error
indicator remained at low levels. In order to clarify the impact of the metamodel training, for
the same (12, 36) MAEA, the metamodel was enabled after 36 entries (i.e. 36 evaluated
candidate solutions, paired with the computed fitness values) were stored in DB, instead of
72 used before. In each generation, 5 individuals were re-evaluated on the exact tool.
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Figure 55: The front of non-dominated solutions with metamodels while altering the minimum database entries. The
continuous blue line with circles is with 72 minimum entries and the dashed red line with squares is with 36 minimum
selected entries. The number of parents is 12 and the number of offspring is 36.

Figure 55 compares the front of non-dominated solutions for these two cases. None of the
two fronts was much better than the other and it was therefore decided to set the total

number of exact evaluations before starting IPE to a 36 exact evaluations.

4.3.4. MAEA: Principal Component Analysis for Important Factors
Principal Component Analysis (PCA) is a statistical procedure which intends to reduce the
correlated observed variables to a smaller set of important independent composite variables.
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Figure 56: The front of non-dominated solutions for IPE with and without PCA enabled. The continuous blue line with
circles is without PCA enabled and the dashed red line with squares is with PCA enabled. The number of parents is 12
and the number of offspring is 36.

Figure 56 compares the front of non-dominated solutions with and without the PCA enabled.
A (12, 36) MAEA was used. Without PCA the front was smoother, but generally the points on

the two fronts are quite close.

For the rest of this work, the PCA was selectively enabled depending on the nature of the
design variables of each case.

4.3.5. DEA: Distributed Evolution Algorithms
Distributed EAs (DEA) subdivide the entire population in smaller ones, called demes, which

evolve in semi-isolation by regularly exchanging the most promising among their population
members.
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Figure 57: The front of non-dominated solutions for Distributed Evolution Algorithms. The continuous blue line with
circles is the front of non-dominated solutions without DEA and with dashed red line with squares is the front of non-
dominated solutions with 2 demes. The number of parents is 12 and the number of offspring is 36 without demes and 18
with demes.

A (12, 36) MAEA and a (12, 18) DMAEA were tested. The offspring population was
distributed equally between the two demes, thus, for the purpose of comparison and

altering only one parameter, half of the offspring population has to be chosen if 2 demes are
used.

Figure 57 compares the front of non-dominated solutions with and without demes. The
front of non-dominated solutions with demes provided a wider range and improved values
for stiffness and toughness combinations.

4.3.6. Conclusions
In this parametric study, the configuration with DMAEA proved more efficient; therefore the
options of this case were selected for the rest of this work. The initial exact evaluations

before enabling IPE was set to a higher value of 110. The settings are summarised in the
Table 10.
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Table 10: Final options for EASY after the parametric study.

Final settings

parents (L) 12

offspring (A) per deme 18

Demes 2

Parents forming an offspring 2

Coding binary-Grey

Crossover operator Two-points per variable (95%)
Tournament Size 2 (90%)

initial exact evaluations before 110

starting IPE

PCA for Importance Factors Enabled depending on design variables of each case

The parametric study was performed with a very strict turn-around time restriction of 16
hours. In order to obtain results that would correspond to a typical optimisation run the final
settings were tested again in a very long optimisation run. In total 1147 exact evaluations
were performed. The total optimisation lasted about 4 days.
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Figure 58: The front of non-dominated solutions with the final setting from the parametric study of EASY settings.

Figure 58 shows the front of non-dominated solutions after 188 exact evaluations, which
was the initial time restriction. The progress of the front of non-dominated solutions after
1000 exact evaluations, as well as after 1147 exact evaluations is also shown. The
generations which are presented were selected as the two generations with the most
significant changes. In addition the front of non-dominated solutions of the initial
configuration after 972 exact evaluations is shown.
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When comparing the front of non-dominated solutions with 188 exact evaluations with the
one with 1147 exact evaluation, it can be seen that the results with 188 exact evaluations
had already produced some reasonable elite values. Therefore, the comparison of the EASY
parameters on the basis of time-limited runs can be considered valid. As a comparison, the
result of the initial configuration is also included in Figure 58.

When comparing the front of non-dominated solutions with 972 exact evaluations of the
initial configuration to the one with 1000 exact evaluations with DMAEA, equivalent results
can be seen. The front of non-dominated solutions without MAEA provided two values with
higher stiffness when the one with MAEA provided two values with higher toughness. It is
obvious that the careful tuning of the optimisation parameters led to improved results at a
lower computational cost.

The above runs were not really representative of the performance of EAs of MAEAs. It would
be more correct if the same runs could be repeated several times with a different seed in
the random-number generator. However, this was too expensive and we could not afford it
in the framework of diploma thesis.
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Chapter 5. Fibre optimisation

Utilizing the spider silk fibre as a prototype, several optimisation runs were performed in
order to improve its mechanical properties. Toughness and stiffness (to be maximized) were
chosen as the optimisation objectives (2.1.1), as they are both particularly important for
engineering applications. Additionally, the impact of virtual material properties on the fibre
properties was considered. In actual applications, the cost of the materials can be equally
important to the mechanical properties. Therefore, some additional optimisation runs of
virtual materials were performed, were the trade-off between virtual material properties
and the material cost was studied. These optimisation problems will be presented in the
following Sections.

5.1. Crystal topology optimisation runs

In this Section, the impact of the fibre nano-architecture on its mechanical properties was
studied. The purpose of this study was to develop design rules that can be applied in the
production process of novel engineering materials. Therefore the focus was on the relative
trends rather than absolute performance values of the spider silk fibre.

A direct optimisation of the crystal topology could be attempted by allowing free
displacement of each crystal inside the amorphous phase. In such a case, apart from the
large design space, ensuring that cases with non-overlapping crystals could be generated
was a big challenge. Therefore, several crystal placement rules that would ensure large
design freedom while avoiding any overlap were proposed. As a result, many of the cases
presented had a relatively small number of design variables. Through the results of these
cases which are presented the following Section, the target was to achieve some consistent
trends that can then be used as design rules for future nano-composites.

The properties of the crystalline and amorphous phases were directly derived from the
actual spider silk material, as were presented in Section 3.3.

5.1.1. Structured topology 1

For this optimisation, the crystals had a “fixed” structured position. The space was separated
evenly in the axial (pulling) and perpendicular direction. The result was that the crystals
were placed in a “grid” as can be seen in Figure 59. Depending on the number of the total
crystals, some columns were assigned with one additional crystal. With the preference of a
homogenous arrangement, the columns with an extra crystal were distributed evenly across
the axial direction. Two crystallinity values were examined: 25% and 50%.

77



Figure 59: Structured arrangement for 25% crystallinity.

In addition, a pseudo-random displacement was introduced. Each crystal was allowed to
move up to 40% of the available space among its neighbours, on both directions (x and y).
Therefore, reflecting the above, the selected design variables along with their limits are the
number of the columns. For 25% crystallinity the limits are from 5 to 12 columns with 3 bit
discretisation and for 50% crystallinity the limits are from 9 to 12 columns with 2 bit
discretisation. The second design variable is the percentage of the displacement for all the
crystals for both directions from 0 up to 40% of the available space. The number of the rows
is derived from the crystallinity and the number of columns. Hence, the total number of
design variables is two. This simplistic optimisation case was introduced as an initial case, in
order to confirm that everything performs well (the coupling among the geometry codes,
the meshing codes, LS-DYNA and EASY), while providing some initial useful results. The
objective for this optimisation was maximum toughness. This optimisation was run for two
different crystallinity values, 25% and 50%. The three results with the highest toughness
values for each crystallinity case are shown in Table 11.

Table 11: The results of the structured optimisation.

25% Crystallinity 1st 2nd 3rd
columns 5 5 5

rows 5 5 5
space * X 5.71% 0% 11.43%
Toughness [MJ/m?3] 145.4 140.44 129.4
50% Crystallinity 1st 2nd 3rd
columns 10 10 10
rows 5 5 5
space * X 0% 5.71% 17.14%
Toughness [MJ/m3]  140.9 130.6 125.4

The resulting arrangement was very close to the serial arrangement, but with some degree
of randomness. Specifically:
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e For the 25% crystallinity, the toughness for zero displacement of the crystals, had
almost the same value as the serial arrangement (140 [MJ/m?3] versus 142 [MJ/m3])

e For a slight displacement, there was a significant improvement of toughness (5
[MJ/m?3] higher value), surpassing the serial arrangement.

e Comparing the 25% and the 50% for the zero displacement, the toughness value was
exactly the same.

5.1.2. “Heat” map

For this optimisation case a 2D map generation function was created, using the Inverse
Fourier Transform Theorem. The generated map had some peak values which represented
the centre of the crystals.

5.1.2.1. Inverse Fourier Transform Theorem

The Inverse Fourier Transform builds the signal frequency-by-frequency. First, the full signal
is separated into N “time spikes” (samples with frequencies k). For each sample, the
strength (amplitude Ax) is defined. Afterwards, the offset (phase lag U«) of each signal is
applied. Lastly, the loop through every sample is done to get the full transform. (49) Thus:

N-1

n
xn=ZAk cos(an N+9k) S
k=0

. n
X e tATEN (5-1)

Where:
Xy = |4y et Ox
Where:

e N:the number of the total samples
e n:the current sample

e k:the current frequency

5.1.2.2. Creating the signal

Using the principles that were described in section 5.1.2.1, a 2D signal was constructed (the
map). The constructed signal was noisy, having some peaks and some valleys. Afterwards, in
order to smooth the constructed signal, a weighted average of the height of the surrounding
discrete points was computed and applied to the centre point. This process was repeated for
each point forming the object. Finally, the highest peaks represented the centre of the
crystal positions. The only limitation that was applied externally was a required minimum
distance between the crystals.

79



This method was introduced in an attempt to fully control the position of the crystals with
the least possible number of design variables.

As for design variables, five samples were selected to construct the final signal. The design
variables were the frequency k of each sample with a value range from 30 to 93Hz and the
amplitude A, of each sample with values ranging from -5 to 5. The phase lag was not used
as a design variable but was fixed to O for every sample. Therefore, the total number of
design variables was 10. The objective was maximum toughness. Eventually, none of the
efforts provided any exceptional result. Each different arrangement was completely random
with the only limitation, a minimum distance between the crystals. The toughness values
ranged between 65 and 105 [MJ/m3]. Lower values corresponded to more random
arrangements, while higher ones corresponded to more serial-like arrangements (Figure 60).
Despite the fact that there were no exceptional results, they indicated that a more serial
oriented arrangement led to higher values of toughness, while the completely random

arrangements did not yield remarkable values.

Figure 60: Heat map optimisation elite

5.1.3. Percentage displacement

This optimisation case was built based on the results from the previous Sections. While
trying to achieve the highest possible toughness value, an initial structure was used. But on
the other hand, while trying to increase the freedom (thus the possible ways to create the
fibre), the following rules were introduced:

e 25% crystallinity was considered, arranged in 5 columns and 5 rows.

e All the crystals were places in a compact way on the left side of the fibre.

e In order to reduce the number of design variables, the y position of each crystal was
fixed. (A small random y displacement was allowed as the ‘Structured topology 1’
case indicated)

e As for design variables, the displacement along the x direction of each crystal was
used.
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o Each crystal on the rightmost column was allowed to move from its position
up to the right boundary (e.g. it would move at the 80% location of the free
space).

o Afterwards, the crystals in the second from the right column were allowed to
move from their position, up to the next crystal. So, the total displacement or
the 2" crystal was its relative displacement factor multiplied by the
displacement of the crystal from the first column (e.g. if the displacement was
40%, the total displacement would be 32%, off their initial position up to the
right boundary minus one crystal, as the second crystal of the fourth row in
Figure 61).

o The crystals from the remaining columns were able to move following the
same procedure.

This methodology was applied independently for each row.

Figure 61: This is a clarification example to illustrate the rules for the percentage displacement.

The design variables for this optimisation case were the x direction percentage displacement
of each crystal, as was explained in the previous Section. Therefore the total number of
design variables was 25, equal to the number of crystals. The objective was maximum
toughness. The possible arrangements of the above rules were extremely high (with the
arising limitations).

This case had the potential to find the best arrangement in x direction (according to the
previous results), but there was a big drawback. The displacement of the crystals of the first
column is independent, but the second column of crystals is dependent on the first column,
the third column of crystal is “twice dependent” (once on the second and once on the first)
and so on. The highest value of toughness which was achieved by applying these rules for 25%
crystallinity was 118 [MJ/m?3]. The resulting arrangement was very close to a serial-like case.
Once more, every result above 100[MJ/m3] was very close to a serial like arrangement
(Figure 62)
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Figure 62: Percentage displacement optimisation elite structure.

5.1.4. Crystal size
Thus far, a fixed crystal size of 2.691 x 2.048 [nm?] was used. For this optimisation case, the
height and length of the crystals were used as design variables.

While changing the size of the crystals, for a given crystallinity, their number would change.
For the sake of a fair comparison, the same “randomness” for each different case is an
important factor. Thus, for this optimisation case, the number of columns (and as a result
the number of rows), was chosen with the aim of a ratio = columns / rows ~= 2. The size of
the crystal in x (L crystal) and in y (H crystal) direction was chosen as for design variables.
The limits where from 1 up to 3.5 nm for both directions. Maximum toughness and
maximum stiffness were set as independent objectives on two separate optimisation runs.
The three results with the highest toughness and stiffness values are shown in Table 12.

Table 12: The results of the crystal size optimisation

Target: toughness 1 2 3

L crystal 1 1 1
H crystal 1.16 1.48 1.08
Toughness [MJ/m?3] 151.5 150 146
Target: stiffness 1 2 3

L crystal 3.42 1.72 2.935
H crystal 1. 1. 1.329
Stiffness [GPa] 8.489 7.36 7.359

I . . L ,
When the objective was the toughness, the crystal size ratio - was low, thus the crystals

shape corresponded to the serial arrangement. Furthermore, the crystal size was close the
lower design variables’ bounds, thus, for given crystallinity, this meant a high number of

. I . . . L
crystals. On the other side, when the objective was the stiffness, the crystal size ratio - was

high, thus the crystals’ shape corresponded to the parallel arrangement.
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5.1.5. Structured topology 2

Based on the results so far, it can be seen that an ordered arrangement has typically
significantly better results than a random arrangement. Thus, the objective of this
optimisation case was to find the best structured arrangement for a given crystallinity. The
crystals were placed in a structured grid, with given number of rows and columns and then
were moved accordingly. Independent pseudo-randomness factors were considered for the
x and y crystal displacement. For design variable were chosen the number of columns
ranging from 5 up 12 with 3 bit discretization, the pseudo-random displacement on x
direction with limits £0.4, pseudo-random displacement on y direction with limits £0.4. This
optimisation was a multi-objective case targeting maximum toughness and maximum
stiffness. For 25% crystallinity, the resulting front of non-dominated solutions can be seen in
Figure 63. A clear trade-off between the toughness and the stiffness is shown, as the
number of columns increased, moving from a serial-like case to a parallel-like one.
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Figure 63: The front of non-dominated solutions of the second structured optimisation. The data labels indicate the
number of columns.

5.1.6. Structured topology 3

Following the previous results from “Structured topology 2”, a single case was tested in
more depth. In the previous case, for 12 columns, the arrangement was 12 columns x 2 rows
+ 1 extra crystal, which was placed in the middle column. This case was re-ran, but for 24%
crystallinity, so this time the geometry was 12 columns x 2 rows + 0 extra crystals. So, the
crystal locations were fully aligned. The results are shown in Table 13. The toughness and
the stiffness from the fully aligned grid were significantly higher compared to the previous
geometry where there was a column with one extra crystal.
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Table 13: The comparison between 24% crystallinity and fully aligned grid, versus 25% crystallinity and one row with one
extra crystal.

Crystallinity Toughness Stiffness Columns Rows Extra Crystals
25% 54.97 8.608 12 2 1
24% 74.58 8.920 12 2 0

Relying on this comparison, the next optimisation case was built. The crystals were placed in
a structured grid, with all columns and all rows containing exactly the same number of
crystals. To achieve this, the crystallinity was allowed to vary by +1%. For design variables
were chosen the number of columns ranging from 5 up to 12 with 3 bits discretization, the
pseudo-random displacement on x direction with limits £0.4, pseudo-random displacement
on y direction with limits +0.4. This optimisation was a multi-objective case targeting
maximum toughness and maximum stiffness.

For 24-25% crystallinity, the resulting front of non-dominated solutions can be seen in Figure
64. The same the trade-off between the toughness and the stiffness as in section (5.1.5)
arose, but with a considerable improvement of the mechanical properties.
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Figure 64: The front of non-dominated solutions of the second structured optimisation. The data labels indicate the
number of columns.
5.1.7. Structure - Crystal Size - Displacement
This case combined all previous results as well as all design variables. The optimal size of the
crystals, as well as the optimal number of columns and rows for given crystallinity were the
design field. In addition, a pseudo-random displacement for each crystal was applied.
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The design variables for this optimization case were the number of columns ranging from 5

up to 20 with 4 bits discretization, the number of rows from 3 up to 10 with 3 bits

Crystal Length

discretization, the ratiod = ranging from 1/3 up to 3, the pseudo-random

Crystal Height
displacement on x direction with limits £0.4 and the pseudo-random displacement on y
direction with limits £0.4.

For a given number of columns and rows the number of crystals was fixed. So, for a given
crystallinity the area of each crystal was also uniquely defined. Thus, the ratio between the
two dimensions of the crystal was for a sufficient design variable for the unique definition of
the crystal dimensions, as shown in the following equation.

Crvstal Hoiaht — Crystallinity * Area of fiber (5-2)
rystal Heignt = ratio * Number of Rows * Number of Columns

This optimisation was a multi-objective case targeting maximum toughness and maximum
stiffness. For 25% crystallinity, the results are shown in the following Figure 65 and Table 14.
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Figure 65: The front of non-dominated solutions of the “structure — crystal size and displacement optimisation” is shown
with blue circles, while with red squares are the results of the previous “structured optimisation 3” and with green
triangles are the results from the previous structured optimisation 2. There is a significant improvement on both
toughness and stiffness values.
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Table 14: The design variables’ result of the structure — crystal size and displacement optimisation. The objectives can be
seen in Figure 65 with blue squares. The table is sorted in ascending order for stiffness and in descending for toughness
(therefore the rightmost point corresponds to the first row of table, while the leftmost point corresponds to the last row
of table).

# Columns #Rows ratio (A) Crystal length Crystal Height X mov Y mov

10 10 1.4497 1.425 0.983 0 0
10 9 1.6219 1.588 0.979 0 0
8 9 3.0 2.415 0.805 0 0
12 10 2.8 1.816 0.642 0 0
12 9 3.0 1.972 0.657 0 0
9 6 3 2.749 0.943 0 0
9 5 3 3.055 1.018 0 0
10 5 3 2.898 0.966 0 0
9 4 3 3.366 1.155 0 0
10 4 3 3.146 1.113 0 0
10 4 3 3.194 1.096 0 0
8 3 3 4.061 1.436 0 0
8 3 3.0 4.183 1.394 0 0
9 3 2.7 3.770 1.375 0 0
9 3 2.8 3.829 1.354 0.08 0

Figure 66: Elite from Structure — Crystal size — Displacement optimisation with maximum toughness.

Figure 67: Elite from Structure — Crystal size — Displacement optimisation with maximum stiffness.
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The size of crystals had a significant effect on the results. Crystals with perpendicular
orientation (A<1) led to increased toughness, while crystals with axial orientation (A>1) to
increased stiffness. The range options for the number of columns, varied from 5 to 20, but
the elites table consisted only of values ranging from 8 to 12. In contrast with the number of
rows, where the range options was from 3 to 10, the elites table consisted of every value in
range, but with the low values for maximum stiffness and high values for toughness.
Considering that the number of columns was practically constant, this change in number of
rows is directly related to the change in ratio of the crystal dimensions and the broad
orientation of serial for toughness, parallel for stiffness.

5.1.8. Crystal rotation
In this case, the crystals were rotated in xy plane, with the intention to achieve higher values
of toughness and stiffness.

As the fibre extended, the rotated crystals tended to return back to the parallel position of
the pulling direction. As a result to this tendency, a perpendicular to the pulling direction
force was generated. Thus, in order to eliminate this undesirable force, the rotation of the
crystals took place in a symmetrical way. Figure 68 presents one example where the rotation
of the crystals was +16° in alternate columns. In Figure 68 B) the fibre is shown just before
the failure point. The fibre had formed into a wavy pattern in respect to the rotation of the
crystals. As the crystals tended to align with the pulling direction, local stresses were
generated, leading to this wavy form.

A)

Figure 68: Rotation of the crystals. The crystals are rotated by 16degrees, in a symmetric way. A) The fibre in the initial
position. B) The fibre just before the failure point
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This rotation of crystals led to high strains of the amorphous material, near the crystal edges,
these high strains lead to early failure of the model and lower toughness and stiffness.

5.2.  Material Properties Optimisation runs

This purpose of this study is the development of a lightweight material design methodology,
inspired by the spider silk properties and nano-structure. In the previous Section, the
impact of the fibre nano-architecture on its mechanical properties was studied using EASY.
The properties of the crystalline and amorphous phases were directly derived from the
actual spider silk material. However, as discussed in Chapter 2, the actual desired material
should be based on engineering building blocks such as polymers or carbon nanotubes
rather than proteins. For this purpose, in the current Section, the behaviour of the specimen
is examined while the mechanical properties of its components are altered.

As a prototype case, the mechanical properties of the previously described model were used
and they were modified accordingly. Furthermore, the structure chosen for the model was

n

one of the elites from the “Structure — Crystal Size — Displacement ” optimisation from

Section 5.1.7. The fibre properties are summarised in Table 15.

Table 15: The initial fibre properties used for the Material Properties Optimisation runs.

Number of Columns 8
Number of Rows 9
Crystal Length [nm] 2.415
Crystal height [nm] 0.805
Crystal yield stress [GPa] 3.95
Crystal Young Modulus [GPa] 71
Viscoelastic short-term shear modulus [GPa] 1.66
Viscoelastic long-term shear modulus [GPa] 0.02
Viscoelastic decay constant / pulling velocity speed [1/nm] 0.5

5.2.1. Crystal Material Properties
This optimisation case sought to define the correlation between the crystal properties and
fibre mechanical response, while keeping the properties of amorphous phase unchanged.

The design variables were mechanical properties of the crystals. The crystal Stiffness varying
from 30 up to 500 GPa and the crystal yield stress from 1 up to 4 GPa. The Evolutionary
Algorithm was employed as a supporting tool in a parametric study rather than tackling a
real optimisation problem for this simple case of two design variables. This optimisation was
a multi-objective case targeting maximum toughness and maximum stiffness.

The failure criteria for the model were: the yield stress of the crystals and the strain of
amorphous phase. It is important to note that in all the calculations that were performed up
to this point, the failure strain of the amorphous phase criterion was triggered, while the
stress of the crystals was not high enough to lead to a failure. In Figure 69 the specimen’s
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stiffness and toughness are plotted against crystal stiffness. The plotted values showed a
clear impact of the crystal stiffness. Fibre stiffness and toughness are increased almost
linearly until the crystal’s Young modulus reached a value of =180-200 GPa. Beyond this
point, the values of fibre toughness and stiffness remained almost constant. Over the linear
increase region, the crystal stiffness increased by a factor of 4. At the same time the total
increase in fibre stiffness was ~15% while the increase in fibre toughness was ~2%.
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Figure 69: The results of crystal material optimisation. In this figure, stiffness (with blue circles) and toughness (with red
square) are plotted against the crystal’s Young Modulus.

Figure 70 presents the impact of the crystal yield stress on the fibre properties. Very low

values led to an early fibre failure and consequently low toughness. As soon as the vyield

stress became higher than a threshold, the fibre failed because of the amorphous phase

strain criterion; therefore, the crystal yield stress didn’t have any further impact.
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Impact of Crystal Yield Stress
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Figure 70: Toughness (blue circles) and stiffness (red squares) variation in respect to crystal yield stress.

The yield stress of the crystal did not affect the results significantly as long as it was above a
threshold value. This threshold value is dependent on the amorphous phase properties. The
toughness was, practically, constant. The difference between the minimum and maximum
values shown was less than 4 MJ/m3, which is an insignificant improvement (<3%) compared
to the crystal stiffness modification (>1000%). The stiffness, on the other hand, showed an
increase in almost 1.4 GPa (~20%). Therefore, for the given amorphous phase properties,
the crystal’s Young modulus was worth it to increase, up to a value around 200 GPa. Further
increase did not have significant impact on the fibre properties.

5.2.2. Amorphous Material Properties

This optimisation sought to define the correlation between the viscoelastic material
properties of the amorphous phase and the fibre mechanical behaviour, while keeping the
properties of the crystals fixed to the values of the prototype case. The viscoelastic
material’s behaviour was described in detail at Section 3.3. The pulling velocity speed was
always kept constant and equal to 6 [nm/ns]. The design variables were the amorphous
viscoelastic properties. The short term shear modulus (Go) varying from 0.5 up to 3 GPa, the
long term shear modulus (G-) from 0.003 up to 1 GPa, the decay constant (f) from 0.004
up to 10 [1/ns]. This optimisation was a multi-objective case targeting maximum toughness
and maximum stiffness.

In this optimisation all three design variables, affected the outcome. The short-time shear
modulus (Go) showed a clear impact on toughness and stiffness. As Go increased, both the
toughness and the stiffness improved. All the results in the elites table had the value of G, =
3 GPa which was equal to the upper limit. The long-time shear modulus (G,) did not yield a
clear correlation with the objectives. This design variable is examined independently in order
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to specify whether there is a clear trend or not. The decay constant (8) had an opposing
effect for toughness and stiffness (Figure 72). As the decay constant increased the toughness
increased while the stiffness decreased. As mentioned before in Sections 2.1.1.8 and 3.3.2.1,
this behaviour can be explained as a higher decay constant value is equivalent to a lower
pulling velocity speed which supports increased elasticity, while a low decay constant value
is equivalent to a high pulling velocity speed, which yields high stiffness.
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Figure 71: The front of non-dominated solutions of amorphous material optimisation.
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Figure 72: Impact of the decay constant (8) on toughness (blue circles) and stiffness (red squares). The elite values of the
optimisation are plotted.
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The results of Figure 71 showed that the value of 3 [GPa] was the elite value for the short
term shear modulus. However, since the value of 3 [GPa] was the upper limit of the variable,
there was no information available beyond that value. On the other hand, there was not a
clear trend between long term shear modulus and stiffness or toughness. Thus, a parametric
study was performed for the amorphous viscoelastic material, while changing each property
individually (Figure 73, Figure 74).

As both short and long term shear modulus, increased, toughness and stiffness increased,
with toughness increasing up to a certain limit. This happened because as the stiffness
increased, all the internal stresses increased. As a result, after a certain value the crystals
were reaching their ultimate tensile strength which then was controlling the material failure,
with a negative impact on the fibre toughness.

The individual impact of the short-term and long-term shear modulus on toughness and
stiffness is shown in the following figures:
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Figure 73: The toughness (blue circles) and stiffness (red squares) variation with respect to the short-term shear modulus.

Figure 73 presents the results from the short-term shear modulus analysis. The
crystal failure first occurred for G, =~ 7[GPa]. The fibre toughness for that value was 570
[MJ/m3] and the fibre stiffness was 25 [GPa]. In this case the long-term shear modulus was
kept equal to the prototype case, with a value of 0.02 [GPa].
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Impact of Long-term Shear Modulus
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Figure 74: The toughness (blue squares) and stiffness (red squares) variation with respect to the long-term shear
modulus.

Figure 74 presents the long-term shear modulus analysis. The crystal failure first
occurred for G, = 0.7[GPa] and the fibre toughness was 355 [MJ/m3], while the fibre
stiffness was 7.6 [GPa]. In this case the short-term shear modulus was kept equal to the
prototype case, with a value of 1.66 [GPa].

Therefore, the results in this Section, along with the optimisation’s results in previous
Section (5.2.2), indicated that increasing the short-term shear modulus over the long-term
shear modulus, if possible, was more effective for improving the overall fibre properties.

93



5.3. Material Cost

In the Section 5.2 the impact of using idealised engineering materials on nano-composite
fibre was studied. It was shown that the improvement of the building blocks properties led
to an improvement of the fibre properties as well, as long as a balance between the
crystalline and amorphous phases was kept. However, apart from the mechanical properties,
an important design factor is the cost of the materials. In this section, a material cost
function is defined and a fibre targeting maximum toughness and maximum stiffness with

the minimum material cost is designed.

5.3.1. Definition of the material cost

To define a relative cost for the materials, this project uses the Asby charts (Figure 75, Figure
76). As a substitute for the amorphous phase of the silk fibre, the category of polymers was
considered. As a substitute for the crystals, the crystalline phase of polymers (Section 2.1.3.3)
was considered alongside the engineering alloys, composites and ceramics.
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Figure 75 Asby chart for the relative cost of materials per unit volume with respect to the Young Modulus. (7)
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Figure 76: Asby chart for the relative cost of materials per unit volume with respect to the strength. For metals and
polymers Strength is defined as the yield Strength and for ceramics Strength is defined as the compressive Strength. (7)

A rough linear interpolation was considered for the material cost of the crystals. By
examining Figure 75 it can be seen that the young modulus values are in the range between
10 [GPa] and 1000[GPa] for the materials of interest, with a relative material cost between

10 and 10000 [Mg/m3] respectively. Therefore, the material cost as a function of its stiffness
can be described by the following equation:

E—-10

Costr = 10 + (10000 — 10) ————
OSte +( ) 1000 =10

(5-3)
Similarly, from Figure 76, it can be seen that the Yield strength for the materials of interest
lies in the region between 10 and 10000 [MPa] for a relative material cost with values
between 1 and 10000 [Mg/m?] respectively. Therefore, the material cost as a function of its
strength can be described by the following equation:
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Cost, =1+ (10000 — 1) _E-10 (5-4)
of 10000 — 10

Since the crystalline units could combine arbitrary values of stiffness and strength, a
weighted average was considered for the final material cost value:

Costerystar = 0.75 max (costE, cost,,f) + 0.25 min (costE, cost,,f) (5-5)

5.3.2. Minimisation of the material cost of crystallinity and crystal properties

For the amorphous phase, the properties of spider silk were used. The viscoelastic material
provide 5.2 [GPa] stiffness and 190 [MPa] yield strength, thus a relative material cost of 20
[Mg/m?3] was considered.

The following formula was used to define the total material cost of the fibre:

COStmateriat = COSterystal * A+ Co0Starmorphous * A (5-6)

Where:

e A;i:the percentage of crystalline units (crystallinity)
e A;=1-A;: the percentage of amorphous

The design variables for this optimisation case were the crystallinity and the crystal material
properties. More specifically, the number of columns (from 5 to 12) and the number of rows
(from 3 to 6) were used to control the crystallinity, while the crystal young modulus (from 10
to 1 000 [GPa]) and the crystal yield stress (from 10 to 10 000 [GPa]) were the design
variables for the crystal material properties. In total four design variables were used.

This optimisation was a three-objective case targeting at maximum toughness, maximum
stiffness and minimum material cost.
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Figure 77: The front of non-dominated solutions of the material cost function optimisation.

Table 16: The design variables values of the front of non-dominated solutions (Figure 77). The values were sorted in
ascending order according to the total cost values.

Elite No Total Number of Numberof Crystal Young Crystal Yield
material Columns Rows Modulus [GPa] Stress [MPa]
Cost

1 4.51E+04 5 5 130.00 1924.02

2 2.17E+05 10 6 53.55 4658.33

3 1.51E+05 10 6 84.52 3095.87

4 1.75E+05 11 6 87.42 3261.88

5 1.10E+05 12 3 166.77 3496.25

6 1.44E+05 7 4 594.52 2597.83

7 2.28E+05 9 5 603.23 2197.45

8 1.92E+05 11 5 364.19 3173.99

9 2.40E+05 10 3 987.42 2158.39

10 3.66E+05 10 5 889.68 2539.24

11 3.14E+05 12 5 595.48 3154.46

12 5.37E+05 11 6 969.03 3447.42

13 5.19E+05 12 6 842.26 3603.67

14 6.05E+05 12 6 953.55 3535.31

15 7.94E+04 12 6 982.58 4111.47

Figure 77 presents the front of non-dominated solutions and Table 16 presents the design
variables for the plotted objectives. The objectives for this optimisation case were the
maximum toughness and stiffness while minimizing a material cost function which was
directly depending on the crystallinity and the mechanical properties of the crystal.

97



Figure 77 presents the toughness, stiffness and the total material cost. Most toughness
values range between 130 and 160 MJ/m3. In Section 5.2.1 the crystal’s mechanical
properties were examined against the toughness and the stiffness. Reviewing the
conclusions, the crystal’s properties did not affect the fibre toughness, as long as they were
above a reasonable value. In addition fibre stiffness was independent to crystal yield stress.
There was a clear correlation between the fibre’s stiffness and the total material cost. The
fibre’s stiffness increased linearly with the material cost. Comparing the initial structure with
5 columns and 5 rows are also shown, corresponding to the crystals’ initial Young modulus
71 GPa and vyield stress 3.95 GPa, the same fibre performance could be obtained at 55% of
the material cost by Case 1.

5.4. General comments on the optimisations performed

This project focused on a controlled design of a two dimensional fibre model in order to
discover the impact of the material nano-structure on its mechanical properties. The design
objectives were two particularly important material properties for automotive applications,
namely maximum toughness and maximum stiffness. Material cost was also considered as a
design objective. Through this study, several interesting conclusions were drawn.

The first design study of this project was focused on the crystal topology (Section 5.1). The
topology study attempted to find the correlation between the crystals and the fibre’s
mechanical properties. Altering the geometry, dimensions and placement of the crystals
inside the amorphous phase achieved a significant improvement of the design objectives,
while keeping the material properties unchanged.

For a given crystallinity, smaller crystals improved both toughness and stiffness, with an
optimal minimal value. In addition, a structured arrangement of crystals, positioned in a
“grid”, was generally an elite result. It is important to consider that a perfectly arranged
crystal placement will probably increase the material cost and the difficulty of the actual
material production.

High toughness values were achieved when the crystals were positioned in more serial-like
structure (high crystal columns/rows ratio). On the other hand, a more parallel like structure
(low crystal columns/rows ratio) led to high stiffness values. The same findings were also
valid for the crystal height/length ratio.

It was noted that a completely random distribution cannot yield very high toughness or
stiffness values. It is interesting to notice, however, that in such a case, the mechanical
properties are relatively independent of the crystallinity value.

The second design space was based on the material properties. Using one specific structure
the crystal and amorphous material properties were examined independently. The vyield
stress of the crystal had no effect on the results as long it was above a threshold value so
that the material failure would occur due to the amorphous phase. Higher crystal Young’s
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modulus also increased the stiffness of the fibre, but that is effective until a certain value
because then it is limited by the strength of the amorphous phase. In general, the crystal
properties has an insignificant impact on fibre toughness.

The amorphous phase properties has a direct effect on toughness and stiffness. An increase
in the short-time and long-time shear moduli lead to an increase in both stiffness and
toughness. The increase in the shear moduli was followed by an increase in fibre toughness
up to the point where the crystals would reach their ultimate tensile strength and therefore
become the reason for the fibre failure. Beyond that point, any further increase in the
viscoelastic shear modulus would still lead to fibre stiffness increase, combined with a
decrease of toughness. Comparing the two shear moduli, the increase in short-term shear
modulus is preferable to the long-term one. A higher value of the decay constant would
increase toughness while decreasing stiffness.

In the third optimisation analysis, a material cost function was defined and a fibre targeting
maximum toughness and maximum stiffness with the minimum material cost was designed.
The material cost was dependant on the crystallinity and the mechanical properties of the
crystal. The results of this optimisation case showed a linear correlation between the fibre
stiffness and its material cost. However, high toughness values were achieved even at a low
material cost. This trend was due to the fact that the crystals, which had a significantly
higher material cost compared to the amorphous phase, did not have a significant effect on
toughness.
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Chapter 6. 3D model

So far this project utilized a 2D model for reasons of model building simplicity and
computational efficiency, especially in the context of optimisation runs. However, 3D
geometries are necessary for the actual engineering applications. This Chapter focuses on
the preparation of a 3D fibre model.

A fibre geometry represented by a cylinder can allow a higher degree of flexibility in the
random placement of crystal units compared to the 2D case. However, in the process of
building the model with the available numerical tools, it became apparent that the
production of a completely random geometry is extremely challenging due to the meshing
capabilities of the commercial software used. These challenges essentially rendered an
automatic model generation impossible. In the following Sections, the first steps towards
tackling this problem will be presented.

6.1. Mesh creation

A 3D FEM mesh can typically consist of tetrahedral, hexahedral and pentahedral elements.
This first approach attempted to create the mesh using mainly hexahedral elements and
pentahedra as transition elements.

The geometrical parameters of the silk model are based on previous experimental and
numerical work. (11) (38) As a result, the length of the fibre was set to 40 nm with a
diameter of 7 nm. Each crystal subunit was described as a cube with dimensions of 2.691 x
2.048 x 1.908 nm3,

Initially, a 2D cross-section plane was created, the axial extrusion of which would lead to the
actual 3D cylindrical geometry. Several rectangles were placed inside this circle, with the
purpose of creating rectangular columns where the crystal units could be placed with some
reasonable degree of randomness. The 2D cross-section is shown in Figure 78, where the
rectangles were meshed with element size 0.683 x 0.636 [nm?], thus a crystal would occupy
precisely 3 x 3 elements.
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Figure 78: The initial 2D cross-section plane which was used to create the 3D fibre.

The rectangles were meshed using exclusively rectangular elements. The free space
between the rectangles was meshed using a mix of quadrilateral and triangular elements.
Afterwards, this mesh was stacked in the axial direction in order to create the 3D mesh. As a
result, 2D quadrilateral elements led to 3D hexahedral elements while the 2D triangular
elements led to 3D pentahedral elements. Finally, the crystals were placed in random
available positions inside the hexahedral columns, according to the existing nodal locations.
For this reason, the element dimensions were specifically selected in order to yield the
correct crystal size, as each crystal could only consist of an integer number of elements.

Figure 79: 3D mesh with the “random” position of the crystals.

The resulting model is shown in Figure 79. The fibre contained 15 columns with 8 to 11
crystals per column. Most of the columns contained 10 or 11 crystals. It is obvious that this
approach required several steps of manual intervention and posed major constrains
regarding the arbitrary positioning of the crystals.
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6.2. Solution Independence to the mesh

Using the technique which was described the mesh independence of the mesh was
examined. Typically, as the mesh resolution increases, the solution of the model is expected
to converge towards a theoretical value that can be achieved using infinitely small mesh
elements. Once the increase in the mesh density will result in change of result below a
desired threshold value, it can be claimed that mesh convergence has been achieved.

Table 17: Mesh independence analysis using different mesh element sizes.

Element size 0.67 0.33 0.16
Number of Elements 23 640 166 680 1360 320
Total CPU time 1h 19m 10h 19m 143h 43m
Stiffness [MPa] 10 775 10 353 10 220
3D Mesh Indepedence Analysis
11000 - - 680
10900 - - 660
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Figure 80: 3D mesh independence analysis. The continuous blue line is convergence of stiffness and the dashed red line is
the convergence of Ultimate Tensile Strength.

Figure 80 presents the fibre stiffness and strength values that were calculated for the three
different mesh resolutions. As the mesh density increases, the stiffness decreases. The three
meshes showed an asymptotic behaviour for both quantities. It can be seen that the change
in stiffness is only 1.3%. However, the relative change of strength values is more significant.
A further refinement of the mesh was not performed as the computational demands of the
fine mesh which was tested were already very high.

Considering that the model would be used in the future as part of an optimisation loop, the
mesh with average element size 0.16nm was exceptionally time-consuming. However, the
coarser meshes can still be reliably used in optimisation runs, where a relative comparison is
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made. Once the design search space is more limited, finer meshes can be used for more
accurate results as required.

3D versus 2D

600 -~

500 -

400 -~

300 -

200 - 3D engineering
e+ 3D real

100 -~ 2D engineering
e+ 2D real

0 T T T T T T T 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Figure 81: Real and engineering stress-strain curve of 2D and 3D fibre models with 25% crystallinity.

Figure 81 compares the real and the engineering stress-strain curve for 2D and 3D fibre
models with 25% crystallinity. It can be seen the 2D model was less stiff than the 3D model
and the yield stress was about 100 MPa lower. The different number of crystals, their
arrangement and the one extra dimension lead to significant differences. Considering the
above, the discrepancies between the two curves are considered reasonable.

6.3. NTUA meshing software

As was described in Section 6.1, the commercial software that was used presented several
meshing limitations. In order to achieve the meshing step within an optimisation loop, an
automatic mesh generation was necessary. There was no efficient way to create a 3D mesh,
with an arbitrary position of the crystals, in an automatic way using LS-PrePost. In order to
overcome this constrain, a custom meshing algorithm was introduced. This software was
developed in Lab of Thermal Turbomachines, in Parallel CFD & Optimisation Unit from the
PhD student Kapellos C. As a first step and for validation purposes the custom meshing
algorithm was applied using the same methodology described in Section 6.1.
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A) LS-PrePost mesh B) NTUA meshing software

Figure 82: Comparison of the 2D meshed cross-section. On the left is the mesh from LS-PrePost and on the right is the
mesh from the in house code.

For the creation of the 2D plane there was a need of a quadrilateral mesh between the
crystals and the enclosing curve, this being either a rectangular or a circle (for the
longitudinal and the transverse direction respectively). In the first step of the method used,
each crystal, being a perfect square, was expanded in a structured way, using rectangles
layer by layer, up to the point of intersection with a neighbouring crystal's final layer.
Afterwards, a triangular mesh was generated using a front algorithm in the empty space
which was left after the layer expansion. In the final step the triangles were connected in
such a way that convex quadrilaterals were formed. The comparison of the two 2D meshed
cross-sections is shown in Figure 82.

Table 18: The comparison between the LS-PrePost and In House meshing.

LS-PrePost In House
Elements 23 640 28 680
Failure strain 38.1% 33.5%
Total CPU time 3h1m 1h 28m
CPU time for 33.5% strain 2h 39m 1h 28m
Stiffness [MPa] 10 775 10 775
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Figure 83: Stress-Strain curve from LS-PrePost meshing compared with the in house meshing code. The continuous blue
line is the stress-strain curve from LS-PrePost mesh; the dashed red line is the stress strain curve from in house mesh.
The stress-strain curve results from in-house mesh showed that there was no significant
difference in the fibre mechanical behaviour. The termination of the simulation due to an
element failure occurred at a strain value of 0.33 compared to 0.38 when using the LS-
PrePost mesh (Figure 83). In the other hand, the total CPU time for in-house mesh was 37%

less for the failure strain of 33.5% (Table 18).

6.4. Comments and future work for the 3D model

The in house meshing provided promising results. The mesh quality was already comparable
to LS-PrePost. In the next steps it will be fine-tuned for maximum FEM quality. More
importantly, this meshing code has the potential to be extended and allow for completely
random placement of crystals inside the fibres. Future steps will attempt to create a mesh
with the ability for arbitrary position of the crystals and, finally, run EA for the 3D model.
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Chapter 7. General conclusions and future work

Inspired from biomaterials, during this thesis, a method to design an engineering material
that mimics the nature was developed. The purpose was to design cheap, lightweight
materials through the application of a bio-material atomistic mechanism. The design was
focused on the continuum mechanics using finite element analysis simulations. The material
was based on spider silk and featured two components: one strong and typically brittle part
and one soft part with high extensibility, viscoelastic behaviour and the ability to dissipate
energy.

Based on findings from previous work, a two dimensional FE model was developed and
validated using spider silk fibre properties. Afterwards, this FE model was coupled with an
EA tool and utilized in order to unfold the design possibilities.

The 2D model optimisations indicated that a completely random arrangement of the crystals
inside the amorphous phase did not yield very high values of toughness or stiffness. On the
other hand, when the crystals were placed on a fully structured grid arrangement, a
significant improvement of toughness and stiffness was noticed. In addition, a serial-like grid
improved toughness, while a parallel-like one improved stiffness, likewise the crystal aspect
ratio showed the same trend. This behaviour was in accordance with the theoretical serial
and parallel reference structures.

The material and material cost analysis revealed the importance of the material properties.
The mechanical properties of the amorphous phase should be in accordance with the
mechanical properties of the crystalline phase for most material cost efficient design. In
general, the amorphous phase was shown to have a significant impact on both fibre stiffness
and toughness, while the crystal properties mainly affected the fibre stiffness.

The 2D model served a great assistance for an exploratory design analysis. The automatic
design methodology based on the combination of FEM with EA was successfully applied in a
variety of design cases. However 3D geometries are necessary for the actual engineering
applications. Therefore, a 3D fibre model was also prepared. Several geometrical and
meshing challenges were raised by the need of EA and the automatic procedures. In order to
overcome the limitations, an in house meshing algorithm was developed and provided
promising results.

Further development of the NTUA meshing software to allow for arbitrary position of the
crystals inside the three dimensional fibre would be necessary in order to adequately
explore the possibilities of the spider fibre structure. In addition, since the three dimensional
fibre evaluation CPU cost is high, a complete exploitation of EASY features would be also
necessary, in order to further increase the optimisation speed.

This research investigated the potential values of the subcomponents’ mechanical values.
These findings provide practical information, however further study investigating real
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materials’ mechanical values, along with a more accurate description of their interactions
would be necessary for the development of the engineering material. In addition, taking into
account the real cost of materials and the difficulty of manufacturing is fundamental for
achieving novel cheap and lightweight designs.
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