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EAAnvikA NepiAnyn

Elcaywyn

OL oAogva aUEAVOUEVEG ATALTAOELG Lot OVOEKTIKOTEPES Kal EAAPPUTEPEG KATAOKEUEG
oénynoav otnv avamtuén véwv VALKWY. H ad&non tng avioxng He Tnv Tautoxpovn
pelwon tou BApoug €xouv oav AMOTEAECHA TNV €E0LKOVONGN EVEPYELAG KoL TIOPWV.
Mo auTo o AOYO0, XOPAKTNPLOTIKO OTOLXELO TWV VEWV UALKWVY Elval ot uPnAEg TIUES, ot
oX€on e Ta uTtoAoua UALKA, Tou Adyou avtoyr/Bapog. MANRBog Blopnxavikwy KAAQ-
Swv emevblouV 0TN LEAETN, KATOOKEUT KOl BeATIoTOMOLNON VEWV UAKWY, OTIWG N ae-
podlaotnuiki Blopnyxavia, n autokwntoBlopnyxavia, n plopnxavia aBAnTikwy eldwv
KOl TIOAAEG QKOO OTNV TIAPAY WY TIPOLOVTWY KABNEPLVNG XProNG.

JTNV Katnyopla Twv VEwV UALkWY cuykataAéyovtal ta cuvOeta UALKA (composite
materials) mou A&n mapouoLalouv eupeia epappoyr OTOUG TTOPATIAVW KATAOKEUAOTL-
KOUG TOUELG, KUuplwg o€ auTtol TG AUTOKIVNONG KA TN aepovaumnyLkrg/agpodilaotn-
UknG. H au€avouevn xprnon twv cuvBetwv VAWV Baoiletal og oplopéva dlaitepa
XOPAKTNPLOTIKA TOUG, EKTOG TNC EAAPPUVONG TNG KATAOKEU G TTOU €XEL 16N ONUELWOEL,
OMWG £lvol TO OXETIKA XaUNAO KOGTOC TOUG Kal N peyolutepn eheuBepia oto oxedla-
OO TPOIOVTWY KO KATOLOKEU WV.

YKOTOC TNE MapoVoOC AUTAWUATIKAG lval n KATaokeu cUVOeTWV UPBPLEIKWY UAL-
KWV KoBwWGE Kal n LEAETN KoL XOPOKTNPLOUOC TwV LELOTHTWV TouC. Kuplog otdxog eivat
n Katovonaon Kal LEAETN TNG dUONG TWV CUCTATLKWY TTOU XpnoLuomnotibnkay yia tn te-
Ak} oUvBeaon, WoTte va TPOKUPEL Lo AEMTTOUEPAG AVAAUGON TWV UNXAVIKWY LELOTATWY
Tou oUVOETOU UALKOU UTtO edeAKUOTIKO dopTio.

JUvBeta UALKA opilovtal T UALKA ekelva TTou armotehouvtal and SUo f MEPLOCO-
TEPQA CUCTATIKA, 0 CUVEUAGHUOC TWV OTIOLWV TapAyeL €va TEALKO TTPOIOV e ELOLKEC LOLO-
TNTEG KAl XAPAKTNPLOTIKA, SladopeTikd amd ta urmtdAouta UALKG. AmoteAouvtal and
600 KUpLa LEPN, TN UATPA KAl TNV evioyuon. H mpwtn Kataokeudletal ano diadopa
UALKQ, OTIwG TIOAUMEPN, KEPOULIKA N KAl LETAANA. H evioyuon evog cUVOETOU UALKOU,
TAVIWG, TIPETIEL VAL EXEL LEYOAUTEPN AVTOXA OO TO UALKO TNG HATPAg, ool auth ma-
palapBavel to clvolo tng poptionc. Etal, n rio Stadedopévn emdoyn UALKoU evioxu-
ong elvat o avBpakag, pall pe to yuali katl to apapidio (™Kevlar). Adyw tou mAnBoug
TWV CUVSUACUWY O€ UALKA KOL LNXOVLIOMOUG KOTAOKEUNG, T 0UVOETA UALKA UItopolv
KotnyoplomotnBouv oe:



e YUvOeta UAKA pe evioyuon tepaxbiwv
¢ lvwén olVBeTa UMIKA (L€ KOVTEG KOl LAKPLEG LVEG)
e Prepreg cloth

e JUvBeta UALKA TUTOU sandwich (amoteAoUpeva and Souko adppo Kat KUPEAWTO
panel)

¢ MoAuoTpwta cUVOETA UALKA

YAwa evioxvong

O kUpLog oKoTOC Xprong Wwdwv cVVBETWV UAKWY, gival N av€non TS avtoxng Kat
Tou pétpou duokapiag Tou UALKOU HATPAC, TO omola eival cuvABwg To LOAAKO Kot
HE AlyOTEPN TIUKVOTNTA, KABLOTWVTOC TNV CUVOALKH KATAOKEUN eAadpLd.

H evioxuon oUVOeTWY UAKWV Pe Tepayidia (cwpatidla) amotelel Tnv mLo olkovo-
LKA AUon 600V apopd TO CUVOALKO KATAOKEUOOTLKO KOOTOG KAl UIMOPEL val KATNyopLO-
nolnOei cupdpwva pe to péyebog twy cwpatdiwv. H xprion tétolou eidouc evioxuong
£XEL WG OTOXO TNV AVENON TOU UETPOU EAACTIKOTNTAG TNG UATPAG, OKOUO Kol Katd 2
WG 3 dpopéc. MapoAa AuTd , n AVTOXr TOU MapAyOUEVOU Ttpolovtog Sev BeATuwveTal,
OoAAG TtapoUoLATETAL EAAPPWE LELWUEVN HE TN Slemidavela VOoG-UATPOG va amoTeAEL
POSPOUO EVTOTILOUEVWV TACEWV KAl pNYUATWOEWV. To BAOIKOTEPO MAEOVEKTN A QU-
ToU Tou TUMoU evioyuong, gival 6tL To UALKO kaBiotatal tootpormo. Edappoyég émou
yivetal xprion peydiou peyéBoug ocwpatidiwy amotedolv To XaAikL kal n AUUog 6To
TOLMEVTO KOl YLO ULKPOTEPa LEYEDN, cwpatiSia atBaAng (20-50 nm) og AdoTixa auto-
KWATWV.

Ta kovtd widia (whiskers) §pouv WG CWHATIOLA EVIOXUTIKA OTO PNXAVIOUO HETA-
dopdg poptiou amd th uATPA oTNV iva. O XapaKTNPLOKOG WG “KOVTES” TpoEpXETaL Ao
TO ULKPO péyeBog Tou Adyou L/D, omou L eival To urikog tng vag kot D n SLAUeTpog tng
Kot ouvnBwg Bpiloketal kovtd oto 100. Autol tou eldoug n evioxuon au&avel tn Su-
okopia Tou TtapayopevVou UALKOU Hovo otav ol Suvapels Spouv otn StelBuvon tng
ivac. Mo auto to Adyo, umapxouv SUo SLaPOPETIKEG KATAOKEVOOTLKEG TEXVLKEC, N Uia
£XELTIC veg euBUYpOLOpHEVEG PeTafl TOUG LEoa OTN KATPA, KaBloTtwvTtag to cUvBeTo
QVLOOTPOTO, KoL N 6UTEPN TIEPLEXEL (VEC TUXALOU TTpOooaVATOALGUOU, EVICXUOVTAC THV
LOOTPOTUKOTNTA TOU UALKOU aAAQ ELWVOVTAG TLG UTTOAOLTTEG UNXAVLKEG LOLOTNTEG TOU.

Meylotonowwvtog to Adyo L/D, tnv katelBuvon Twv VWV Kal TLG UNXAVLKES LELO-
NTEG TNG evioyuong, sipoote og Béon va MPAYUATOMOL|OOUKE alénon Tou PETPOU
eAaoTKOTNTA, akoua Kot 400 %. EmumpooBétwe, Aapuavovtag we KpLtrpLo otL n Sie-
Tupavela pATpag-ivag eivat Suvatr Kot o PNxaviopog petadopdg doptiou anodidel,
UmopouU e va kataAnéoupe o avénon Tng avtoxng o Bpalion tou cUVOETOU UALKOU.
OuwC, N evioXuon KOVIWVY VWV amodeLkVUETAL WG UTIELBUVN YLO TNV HElWON TwV BLo-
twv ducBpavotdtntag Kal mapapopdwong os Bpavion Tou UAKOU.

H Xprion cuvexwv Wwv yla tnv evioxuon UATpog cUvOeTOU UALKOU 08nyel oTnV ev-
Suvapwaon g 6eltepng, adou ot iveg AapBdavouv To GUVOAO TwV aoKoUEVWY dop-



Tiwv oto oUvOeTO UALKO. Me aUTO TO TPOTIO MpayUATOTOoLE(TaL N TARPNG aflomoinon
TOU SUVOHLKOU TWV VWV KAL 0 pOAOG TN UATPOG TTEPLOPLIETAL OTO VA KPOTAEL TLG (VEG
otn B€on Toug kat va Slatnpel to pnxaviopd petadopdg poptiou. H o Stadedopévn
pHopdn Wwv evioxuong amoteAoUV oL LOVOAEOVLKEG (VEG, OL OTtoleg MapPEXOUV OTO Te-
AKO Mpolov peyaAn avroyrn otn dtelBuvon Twv VWV Kol LEYAAN avicoTtporia Kabeta
autwv. H avtoxn autol Tou Tumou evioxuong neptypadetal amno tnv KAaooikr Osw-
pla MAakooTpwWTWY UAKWVY Kot avarAUETAL Ao Ta LoVTEAA Tou Reuss kat Halpin-Tsai.

H kaAutepn péBodog aflomoinong Twv SUVATOTATWY MOU TPOCHEPETAL AT TV
ouvexn wwbn evioyuon, elvat amno tn xpron MAeyHévwy Wwv. Auth n popdn evioyu-
ong amnoteAeital anod tnv alnAenidpacn vdadlol kal otnuovioy, katd 90°, yla t
Snuloupyia potipwy oe Slodldotatn popdn Kat katnyopLlomolouvtal avaloya pe Thv
nieplodikdTNTa TG MAEENG o€ plain, twill kat satin TMAEEN. To mapamdvw VAKS evioyu-
ong eivat eKOAO OTN XProN Kol Anodidel 0To MAPAYOUEVO CUVOETO UALKO LOOTPOTIL-
KOTNTA OTO £Mminedo.

AM\a €ibn evioxuong, amoteloUv ta prepreg kot sandwich cUvBeta UALKA Ta omoia
elval eupgwg Sladedopéva aTo KAASO TNG AEPOVAUTINYLKAG KOL TNG CUTOKLVNTOBLOWN-
xaviag. Ta Prepreg amoteAoUvtal amno (VEG PO EUTMOTICUEVEG e KABOPLOUEVN TO-
ooTtNTa €MOEELSIKNAG pNTivnG (BEppooKANPUVOREVO UALKO). ZuvnBng popdr autig tng
evioyuong elval n povoaovikr Tawia, n onola EMITPEMEL TNV EUKOAN emLkABLON TNG
og kaloumia. H popdn sandwich twv oUvOeTwv UALKwY amoteAel pia Mol ehadpid
KATOOKEUT e UPNAT EL61KO LETPO EAXOTIKOTNTAG KAl ELSLKNAG avToxNG. Arotedouvtal
arnd uo ewteptkd pUANA cUVOETOU MOAUOTPWTOU UALKOU KAl OTO ECWTEPLKO TOU EiTE
arnd douko adpod elte anod kuPpeAoeldn uprva.

YBpLéika cuvOeTa UALKA

KAadoL Omw¢ auTol TNG 0EPOVAUTINYLKAG KOL TN aUTOKLVNToBLlopnyxaviag, 6mou ta KpL-
Tpla ota UALKA oxediaong véwv mpoioviwy sival W8laitepa uPnAd yia Adyoug acda-
Aelag, amoteAoUv TOUC KUPLOTEPOUG TAPAYOVTECG EPEUVAG KAL AVATTTUENG OE VEQ KOTA-
OKEVAOTIKA UAKA. KUpla, Aolmov, Tdon orpepa, amoTteAel n xprion Twv nén avemntuy-
MEVWY VAWV og SladopeTikolG cuVEUAOUOUG HETAEY TOUG, yla TNV EKUETAAAEUON
TWV EI6IKWV OLOTATWY TOUG XWPLG va UTIAPXEL OTIOLOGSNTIOTE GUUPBLRACUOC WG TTPOG
Tn SOULKA AKEPALOTNTA TNG TEALKAG KATOOKEUNG. Eval TETOLO, AVEMTTUYULEVO UALKWV OXE-
Slaong, amoteholv oL vavoowAnveg avBpaka (CNTs). H xprion tétolou £i6oug UALkoU
Umopel va mpaypatornotnBei pe Tou akoAouBoug TpoMmoUG:

e Xprion vavoUAKWV yla TV evioxuon tng SouAG Uiog KownG KATAOKEUAG amo
oUVOETA UALKA

e ExpetdAAeuon twv povadikwy lotntwyv twv CNTs w¢ alodntrpeg mapauop-
dwong, o MPAYUATIKO XpOVo, KaBwE Kol TNG SuvatoTnTag TOuG va SpouV wg
EVEPYOTIOLNTEC

EAattwpata og SouLko eninedo evog oUvBeTou UALKOU, OTwe N UTapén xaunAwv
€MEO0EWV O€ SLATUNTIKEG TAOELG, 0TN SLeMibAVELA LETALD TWV OTPWOEWVY, KABWG Kall



n xapunAn duebpavototnta, BeATlwvovTal and TV evioxuon Katd tnv SlebBuvon tou
TAX0UG TOU OUVOETOU, e UAKA oTn vavo kAlpaka. H popdn autr evioxuong ouaota-
OTLKA EVEPYOTIOLEL VA NXOAVIOUO YEDUPWONG TWV UIKPOPWY WY, AUEAVOVTAG UE AUTO
1O TPOTO TNV SUCBpPAUCTOTNTA TOU TEALKOU TIPOIOVTOG.

Mo tnv alomoinon dAwv twv BeTIKWV oTolyeiwv, amo T xprion EVOETWVY UALKWV evi-
oxuong os vavo kAlpaka, eival amapaitntn n koA mowdtntag Slaomopa QUTWY 0TV
UATPA TOoUu oUVOeTOU UAKOU. Tol TO OKOTO AUTO, UTIAPXOUV U0 KUPLEG KATNyopLleg
peBodwv Slaomopdg vavoUAlkwy og pla cUVBeTn pntpa. H mpwtn, mepthapPavel
XNULKN Slepyaoia Twv vavo UALKWYV TipLv TomoBetnBouv kot Staomapolv 6To UALKO TNG
pATPag, kat n 8gUTtepPn, TN UNXAVIKA SlaoTtopd Toug KOTeUBeiav HECO GTO UALKO UA-
T™Pag. H xnuwn Siepyacia mept\apBAVEL TNV XNHLKY LETATPOTH TG eMLdAVELAG TOU
vavo UAMKOU e TNV €MKOAANGN §Lddopwv XNULKWY EVWOEWV, OTIWG AUTH ToU Kappo-
€UAlou Kal TNG apivnG. 2T CUVEXELD QTALTELTAL, N XPrON UNXAVLKWY UNXOVLIoUWVY Sla-
OTIoPAgG, 0w autol tng avaulEng v nAng dwatunong (high shear) kaBwg kat tng ava-
HLENG LE TN XPpron CUOKEUNG urteprxwV (ultrasonication tip/or bath). H ekpetd\\evon
Twv Tedeutaiwv amotelel p€pog TnNE Katnyopiag uebBddwv punxavikng Sloemopdg mou
UIopOoUV XpNoLUoTIoLNB0oUV Kl AUTOTEAWG VLA LA TTOLOTLKNA TEALKH Lopdn Slaomopdg.

Inuavtikd poAo oe omoladrmote cUVOeTn popdr UALKOU, €lTE AUTO MPOKELTAL YLO
A6 oUVOETO, ite yLa UBPLOLKO, €XEL TO UALKO UATPAC TTOU XpNnoLuomnoleital. H pntpa
givat urteBuvn yLa T petadopd Twv doptiwv ot o Suvartég iveg Tou cuvBETou, va
TIG KpOTAEL 0T B0 TOUG, KABWCE EMIGNG VA TLG TTPOOTATEVEL ATIO TN UETAEY TOUG TPLRN
Kol Tov Kivéuvo SLaBpwong amod xnUkeES i AAAEG akpaieg TepLBAANOVTIKEC CUVONKEG.
Ta KUPLA UALKA ATPAG ELVOL TOL TIOAULEPT), LE QLUTA OTTO KEPOULLKA KOLL LETOAALKA UALKQL
va XPNOLUOTIOLOUVTOL O HIKPOTEPO Babuod. Eotialovtag oto MOAUUEPLIKA UALKA, Tia-
PATNPOULE TNV KOTNYOPLOTIOINGN TouC 0 OgpUOTAQOTIKA Kol OgppookAnpuvopeva. O
0pog BeppoMAAOTIKA KAAUTITEL TA TTIOAU LEPN UALKA TaL oTTolaL UTIO TNV eMidpacn Beppo-

‘Tntag kal rieong kaBilotavtal ebmAaota kat péouv. Kat’ autdv tov TpoTo, Ta MEPLO-
o0Tepa BePUOTAAOTIKA pmopoUlV va popdomnotnBolv mMoAAEG dopég (avakUkAwan),
av KoL N epdavion GoavouéVwy amomoAUUEPLOUOU UELWVEL O TIOAAEC TIEPLITTWOELG TO
Suvato aplBud Twv KUKAWV popdormoinonc. O dpog OeppookAnpuvopeva amodidetat
oTa TOAUMEPN Ta omola otV TeAk ddaon enetepyaciag AnoktouVv oTaUpPoSECUOUG
KaL oxnuatilouv éva Siktiwpa pe tnv emdpaon tng Bepudtntag. Ta pwopla dnAadn
07O TEAKO TPOioV cuvbéovtal otabepd e KUpLoug SeopoUG HETAED TOUG KL £TOL ETTL-
TUYXAVETAL TETOLO OUVO)XT) OTO MAEYUA, WOTE eV UITOPEL TTAEOV TO TTOAU LEPEG VAL LLETA-
Bel otnv mAaoTkr kotdotaon pe Béppavon. TEtolou €160ug SIKTUWUOTA CUVLOTOUV
€EALPETIKA KOTAOKEUAOTIKA UALKA, AOyw TNG SLACTATIKAG Toug otaBepdtntag os un-
Aég Bepuokpaoieg kal o uPnAd PETPO EAAOTIKOTNTAG TOUG. H mapoucsia Twv oTaupo-
Seopwv napepnodilel tn mMAaotik apapdpdwaon KaL Tov EPTIUCUS TOu UALKOU, Ko-
0u¢ avaoTtéAAeL TV eAeuBeplag KIVACEWG TWV POKPOUOPLOKWY aAUCdwv. Me autov
TOV TPOTO N MAAOTIKA Ttapapdpdwaon Tou UALKOU yivetal aduvatn xwpels tn Bpalon
Twv otavpodeopwv. Ta cuvnBéotepa xpnotpomnololpeva BepuookAnpuvOopeva mo-
Aupepn wg UATPEG €lval ol GalvoALKEG pNTIVEG, OL pNTIVEG LEAALVNG KoL ouplag, oL
OLALKOVEG, Ol OKOPEDTOL TOAUECTEPEG KATL. 2T mapouoa epyaocia, Oa xpnoluomnotnOel
€Val EVPEWC XPoNG BepLOOKANPUVOLEVO UALKO, UTO TNG EMOEELSLKNG pNTivNG.



ZTOX0G TNG SUTAWHATIKAG EPyaciog

To Baoikd avtikelpevo tne epyaciag authg ivat n kablépwon véwv HeBddwy yia tn
BeAtiwon TwV PNXaviKwy BLOTATWY TNG TOAUMEPLIKAG UATPAG, KE TNV TPOCOKN va-
voowpatisiwv kat tn dnuoupyia uBPLSIKWY vavo-pakpo-cuvBETwy. Ta cuvnOn mo-
AuoTpWUOTIKA oUVBETA UALKA eTdelkvUiouv oAU xapnAn avtoxn os ¢optia BAiPewg
napdAAnAa pe thv SteBuvon Twv vwv. Exovtag mapopola popdn Le Eva armAo oXowi,
ol lveg, 6tav cupmiélovtal afovikd, Auyilouv o OXETIKA XOUUNAEG SUVAUELG PEXPL Va
€MéNBeL n aotoyla Tou UAkoU. Ekelvo, Opwg, Ttou Ba Tig amotpePel amd to va Auyi-
oouv, lval n akappio g uATPaC. 2 nepimtwon mouv auvénOel n akapio Tou UAKOU,
Ba evioyuBei kal n avtiotoon Tou 0To AUYLOUO Kol padl TnG Kal n avtoxr o€ BALPn. 3¢
QT TNV €pyacia otoXeVOUUE OUCLAOTIKA 0T BeAtiwon tng avtoxng oe BAIYN Tou
oUVBeTOoU UALKOU pe cuveyeic veg, evioxUovtag TI¢ EAAOTIKEG LBLOTNTEG TNG UNATPAG.
AUTO pmopei va paypatonolnOel pe TNV mpooBiKn EVIGYUTIKWY VAVOOWUATIS LY 0T
unTea.

MapopoLa TEXVIKN UE TNV MOPpAMAVW, Tipayuotonolnenke and tov Vlasveld [2005]
oto Technical University tou Delft, értou xpnolpomnow}dnkav vavoowpatibio mupttt-
KoU apylAiou yla TN evioxuon Tou PETPOU EAACTIKOTNTOG HLOG TIOAUUEPLKAG UATPOG
arnd moAuvapiblo-6, yla tn dSnuoupyia evdg uBpLdikol cUVBeToU UALKOU HE evioyuon
CUVEXWV VWV YUaALOU. 2TnV mapoloa SUTAWLATLKY Epyacia ETUAEYOUE VA KAVOU LE
xpnon vavoowAnvwv avBpaka, CNTs, yla kaAUTEPN cUUPBATOTNTA PE TNV EMOEELSIKN)
UATPA KOL TIC LOKPOOKOTIKECG (VeC AvBpaKa, PE yvwpova Thv BeAtiwon Twv pnxovt-
KWV LLOTATWY Tou TeEAKOU Tpolovtog o SucBpauotdtnta kal eGeAKUCTIKY avToxh.
Me QUTO TO TPOMO, €0TLATOUE OTNV ELCOAYWYH KAl TV emiteuén pag uPnAng, amod
anoyn mototntag, Stacmopd twv CNTs 0TV eMOEELSIKT pNTivn, XpnolLonolwvtag id-
dopec TeEXVIKEC SlaoTopac, £iTe XNUIKAG GUOEWC, €iTte PNXaVIKNG. Ol XNULKEC HEBodol
Slaomopag vavoowpatidiwv neptAapBAvouyv eLTe TNV XN LK TPOTIONOLNoN TNG EMLPA-
VELAG TWV VAVOOWARVWY AvBpaka Kol T HETEMELTO LNXAVIKT SLooTtopd ToUG 0T ph-
Tivn, elte tn xprion opyavikol SLAAUTN, 0w €ival N AKETOVN, UE AUECO EMTAKOAOUBOO
TN KNXavikn enegepyacia. AkOUQ, YIVETAL Xprion HOVO UNXaVIKwV HeBOdwv, 0w n
OUVEXNG avadeuon Kal n xprion umepnxwv (ultrasonication).

EmunpooBétwe, 0Ttoxog pog amoteAel N HeAETn Ko avadAuon TS EPEAKUOTLKAG V-
TOXA G Tou UBPLEIKOU oUVOEeTOU UALKOU , KaBw  emiong Kal n oxéon tdonc/mapapdpdwong
UTo edpelkuoTiko doptio. Melpdapata BAIPNG kat Auylopol tplwv onueiwv (three-
point bending) dev Atav duvato va mpaypatononBouyv, Aoyw EAAELPNG avTioToL WV
Unxavnuatwv pEtpnonge. Etol, mpoomnadrjoape va npocdlopicou e onotadnmote BeA-
Tiwon g BAUTTIKAC avtoxng tou uBPLSLKoU UALKOU, HEaa amtd EPEAKUCTIKEG LETPHOELG
TOU PETPOU EAACTIKOTNTOC KAl OVTOXNG. H mepaltépw cuUVEXLON TNG £PEUVAG LIE ETIL-
TIAEOV UETPNOELG KPIVETAL amapaitnTn yla ToV APN MPOCGSLOPLOUO TWV UNXAVIKWY
L8LoTHTWY TOU TEAKOU UBPLELIKOU GUVOETOU poVTEAOU.
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AnoTteAEOMATO KOIL CUUTIEPACLOLTOL

AnoteAéoparta

Mo TRV avaluon Kot HEAETN TWV TMELPAUATIKWY AMOTEAECUATWY XpNoLUomoLOnKav
SladopeTika 6pyava HETPNONG. Ma Tov MPoodloplopo TNG moLotnTag SLaomopds Twv
vavoowAnvwy avBpaka otnv pntivn, AaPape eLKOVEG O TUXALEG TIEPLOXEG TWV SELYUA-
TWV pag pe tn Bondeta NAeKTPoVIKOU UIKPOOKOTIioU odpwong (SEM). Akopa, kavaue
xpnon ¢acpatookorniag uneplBpou (FTIR) yia tov mpoabloptlopd GAWV Twv otolxeiwv
TIOU UTIAPXOUV HECA 0TO vavooUVOeTo UALKO HATPOC, KaBwg Kol TV avixveuon Ko-
pudwv anoppodnaong mouv va SnAwvouv tnv UTaPEN XNUIKWVY Seopwy KapPBofuliou
Kot apivng, ota Selypata omou n emidpavela twv CNTs TpomomnolBnke e t xpron
VITPLKOU o€£w¢ Kal Sekaeflapivng (HDA), avtiotola. MapdAAnAa pE Ta MOPATIAVW
TIPAYLLOTOTIOL BNKAV KAl UNXOVIKEG ETPOELG YLA TOV TIPOCSLOPLOWO TNG EPEAKUOTL-
KAG avtoxn¢ koL mapauopdwong ota uBpLdikd cuvOeTa delypata pag, ta onoia elxav
komel oUpdwva pe Tig obnyieg tou ASTM D 639 - 99.

H avdAuon cuotaong twv Selypatwy pe tn nébodo tng umépubpng paopatooko-
niiag (FTIR) mpaypatomnolBnke oto epyaotrplo tou Kabnynt N. Nacadakn pe T
BonBela tng Emik. Kab. N. MapaBeAdkn kat tng ouvepydatdag tng A. Bepyavehdkn.
‘Ocov adopd ta anoteAéopata pag 3.1, (ogh. 68) , oL kopudEg mou xapaktnpilouvv
Toug Seopouc kapBoEUALKAC pilag kat Ppiokovial otnv meploxn Twy 1700 em ™1, Sev
TOUTOTOLNONKAV LLE ATIOTEAEGUO VAL CUMTIEPAVOULE TNV N ETUKOAANGN TNG pilag Kap-
Bofuhiou otnv emipavela twv CNTs. MNa ta Ssiypata mou Tpononow|dnkayv pe cuv-
Tay£g evog Kal SUo Bnudtwy, mapatnpndnke n umapén apivng otn meploxn Twv 1500
em ™ L. Tl v KaAUTEPN TOLOTNTA TNS AVAAUGCNC LOLC TAUTOTIOL OOLE OAEC TLG KOPUPEC
Tou epdavictnkav ota Selypa tng kabapd emogelSIKn ¢ pnTivng. XpnoLonolwvtag ta
anoteAéopata anod auto To Selypa nuactav os B£on va Eexwplooue av umapyxouv
oL mapanavw {NTOUPEVEG KOPUGDEG. IXETIKA, TWPA, UE TO Selypa TNC AKETOVNG TAU-
TomolnBnke n umapén ¢ LECA OTO VOVOOUVOETO, yeEYovOg Ttou epdaviletal Kal ota
OIMOTEAECLATO TWV UNXAVLKWY UETPIOEWV.

H AnUn dwtoypaduwv uPnAng eukpivelag pe tn LEBoSo Tou NAEKTPOVLKOU ULKPO-
OKOTIOU GAPWONG TPAYUATOTOLOnKe oTo TR Mnxavikwv Opuktwy Nopwv UE TN
kaBodrynon tng Ap. E. Pemolokou. AdBape dwtoypadiec anod éva Seiypa kabapng
PNTIVNC KoL TO oUYKPLVAE Pe aUTEG amo Seiypata pe CNTs 0TO E0WTEPLKO TOUC. ITIC
dwroypadisg mou mepleiyav vavoowuatidla eMefepyacEva XpnOLLOTIOLWVTAS ATtO
TIg peBo6Soug “evog otadiov” kal “6uo otadiwv” 3.4, (ogh. 70) kat 3.5, (oel. ??) av-
tioToa, SlamoTwoape TV UTAPEN apvng YUpw amo tnv eMLPAVELA TOU TWV VOVO-
owANvwv avBpaka kabwg Kal To oAU UeYAAo mMocooTd SLacmopac TouG OTh pNTLvN.
Avtifeta, ota Seiypota pe CNTs, drtou xpnotponotifnke vitptkd o€ kal akeTovn, ma-
paATNPOUUE TNV UTIOPEN CUGOWUATWHATWY 3.2, (oe. 69) kat 3.3, (oeA. 69) avtioTolya.

‘Ooov adopa TG UNXAVIKEG LETPNOELS O EGEAKUCTLKNA AVTOXH Kol mapapopdwaon,
APXLKA TIpoadloploTnke To KAAGHO OYKOU yLa KABe delypa cUudwva e TOV TAPOKATW
TuTo:
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OTOU N MAPAETPOG 1 AVTLOTOLKEL OTO OTPWUATA AVOPAKOVILOTOC TTOU XPNOLUOTIOL-
ABnkav, To p = 1.97 g/cm? amoteAel Tn MUKVOTNTO TWV VWV AVOPAKA, TO TIAXOG TWV
Selypdtwyv cupPoliletal pe ¢ katto ¢ = 0.02 anoteAel pa otabepd.

Ta delypata katnyoplomotidnkav Bacn Tou aplBpol Twv oTPWHATWY avOpako-
vAuatog tou Stabgtouy, oe Seiypata pe povo avlpakoipaocpa kat Seiypata pe 3
avOpakoipdaopata. Oha ta uBpLSIKG cUVBeTa amoteAoUvTal amod eMogelSikn pntivn
kot 0.445 g CNTs wg pRtpa kat GUAAD avBpaKoVALATOG WG LOKPOTKOTILKN evioxuaon.

IXETIKA UE TNV TTPWTN KATnyoplo SEWYUATWY, KATAOKEUAOTNKAV £va Selyua xwpig
vavoowpotidla kot GAAa SUo mou eixav. Ita SUo tedsutaia xpnoluonolOnke opya-
VIKOG SLaAUTNG yla tn Stacmopd twv CNTs otnv pntivh, Opw pe Stadopetikd Tpomo
Katookeung. To deiypa #3 Snuioupynbnke e Th LEB0SO cakoUAag kevou evw To #4 e
™ pé€BoSo hand lay-up. Adyw tnG peyaing Stadopdg oe KAAGHA OYKOU TWV VWV Av-
Bpaka petaty Tou Mpwtou Seiypatog avadopdg kal Twv AAAwv 800 Sev pumopoul e va
Byahoupe aopaln CUUTIEPACHOTA OXETIKA LLE TO TTOCOTLKA ATIOTEAECATO TTOU TIPO-
£kupav yla TV epeAKUOTLKN AVTOXI], TO LETPO EAQCTIKOTNTAG KAl TN apapuopdwan.
MTMOopPOUHE OUWE VO TTOUHE OTL TTOPATNPOUUE ULa LElWON OTLG TIUES TWV TTAPATIAVW
MUNXOVIKWV LBLOTATWV yla ta Seiypata pe CNTs kot aketovn. O Aoyog eivat, o eykAwpL-
OMOG TNG OKETOVNG OTO E0WTEPLKO TNG CUVOETNG LATPAG KATL TToU 08nyel oTtnv MAaoTL-
KOTIoLNGN TOU UALKOU KOl TN HELWON TWV TILWV TWV HUNXOVIKWY XOPOKTNPLOTIKWY TOU.
Akbua, yivetal epdavig n Stadopd Hetall twv Selypdtwy #3 Kol #4, Ue akeTovn Kal
CNTs 0T0 £0WTEPLKO TOUG. Mmopel n xprion TnG TEXVLKNAG vacuum-bag va dnuoupyel
Selyparta pe moAl kaAUtepn e€wTeplkn emudpavela o oxéon pe T EBodo hand lay-up,
TAPOAA AUTA, amOSELKVUETAL AVATTOTEAECHATIKA yla Tn Snuoupyia uBpLSIkWY oUV-
Betwv VAkwv 3.9, (oeA. 74) kat 3.10, (oel. 74).

Mo tnv evioxuon Tou maxoug Twv SelYUATWY cuvexioape Tn MeEpApATIKA Sladiko-
ola pe tn kataokeun Selypdtwy e tpia UM avBpaka otn cUVBECH TOUG. ZUYKEKPL-
Méva dnuoupynoape £EL oelpeg Selypatwy, He TG #1 kat #10 va pnv StaBétouv CNTs
OTO ECWTEPLKO TOUG Kal e pHovn Stadopd To SLadopeTiko TPOTIO KATACKEUT G TOUC. To
#1 SnuloupynBnke pe tn HEBodo vacuum-bag, £xovrag moAU kKaAUTEPN EEWTEPLKN ETTL-
davela kal peyoAUTEPO TTOGOCTO OYKOU VWV, VW To #10 pe tn néBodo hand lay-up
KaL xpnotwuomnotntnke cav delypa avadopag pe ta uBpidika deiyparta 3.17, (ogh. 78)
kat 3.18, (ogA. 78).

TupnepAacpata

‘Exovtog St Ta SlaypAUHaTO TACNG-TIOPAHOPPWONG, TOPATNPOULE TG XOUNAES TUUES
o€ UETPO EAACTLKOTNTAC TTOU TPOKUTITOUV. H ovopaoTikr Tl Suokapdiag Twy vwv
avBpaka gival tng tafewg Twv 235 GPa, evw auTr TG EMOEELSIKNAG pNTLvNG KOVTA oTa
3 GPa. 2tn nepintwon nou eixape deiypata pe 40% KAACLA OYKOU VWV, UE TIPOCA-
VATOALOUO KATA HAKOG TNG KatelBuvong tou doptiou, TOTE Ba aVELEVE KAVELG OTL TO
ouvBeTo Ba puropouoe va XL LETPO eAACTIKOTNTOC Mepimou 95 GPa, oAU unAdtepo
and 1o 15 - 18 GPa mou petpriBnkav. Ta cUVOETA QUTA £XOUV KATAOKEVAGBOEL XpnoLUO-
TIoLWVTaG WG evioxuaon iveg avBpaka os popdn udAcpaTog, Omou To eV SeUTEPO TWV
WV givat mpooavatoAlopéVeG KABeTa mpog Thv kateuBuvaon ¢dptiong. Emumpoobe-
TwG, kKabwg ot iveg eival upacuéveg oe plain popdn, Sev elvat euBela Teviwpéveg aAAd
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0koAouBoUV pLa KUIATOELSH Topeia, OTou To 6TNUOVL KAl To udAEdL evaAldooovTtal To
£€va mavw oto dANo. Otav Bpioketal untd dopTtio N Kupatoeldng popdr Ba apyioel va
TEVIWVETOL TPOG MLa eUBeia ypopun pall pe TNV EMUAKUVON TWV VWV, OgwpwvTag
OTL TO OTNUOVL Bploketal mapdAAnAa otn kateuBuvaon mou edapudletal to doptio, N
avtiotacon mou SEXETAL TPOEPXETAL QIO TO TEVIWHA Tou udpadlovu. MNa va TEVIWOoUV
Ta VALOTO TOU OTHHOVIOU, OUTA Ttou gival kaBeta otnv KatelBuven oOpTLONG TTPETEL
va Auyiloouv reploootepo. Ta CUYKEKPLUEVO OUWE viaTa ota Sokipia pag, Sev éxouv
Heyalo prikog kal Sev cuykpatouvtal mouBevd ota akpa tou Sokiulo, avtibeta, kpa-
TLouvTat podl amnd Tig SLUTUNTIKEG SUVALLELG TTOU O.OKOUVTOL OO TN KATPA KAL Ao Tn
PPN HETAL TwV VWV TouG. Katd Ta mopamdvw n aviiotacn o€ mapapopdwaon KATw
amnd éva ebpeAkuoTIKO doptio, gival PkpoTEPN YL TIG (veg kABeTa otn SteBuvon Tou
doprtiou. Etal, n arhf euBUYPAUULON TWV VWV Elval eUKOAOTEPN Ot TO TEVTWA TOUG
KoL N GUVOALKR avTloTaon Tou GUVOETOU UALKOU GTNV GUVOALKN Tapapuopdwaon sivat
HLKPOTEPN ATO QUTH TIOU PETPATOL O ATTAN TEPIMTWON, OTOU UTIAPXEL LOVO TEVIWHA
TWV LVWV. JUVENMWC, TO LETPOUUEVO UETPO EAQCTIKOTNTAG (VAL KL TO ATTOTEAECUOTLKO.

JUudwva pe tn Bswpia, mou avantuxdnke and tov A. Avtwvoytavvakn [2013], pag
Slvetal n LkavotnTa va UTIOAOYICOULE TO HAKPOGKOTILKO HETPO EAACTIKOTNTOC WVWEWV
ouvVBeTWV VAkwv. H Bewpla autr xpeldletal yvwaon MOAAWY YEWUETPLKWY AETITOLE-
PELWV, TO TUTO UPAVONG KaL T XOPAKTNPLOTIKA ToU UpAoUATOC, KaBwg Kal To oTol-
Baypa twv UMWV evioxuong. MNa mapopota cuotripata pe 30 - 50% mocooto Wwv,
TO QATMOTEAECUOTIKO HETPO EAAOTIKOTNTAS TOU UDACUOTOC O £val cUVOETO UALKO, OLA-
{eLva gival kovtd oto 1/4 Tou PETPOU EAACTIKOTNTAG TNG (vag.

AkolouBwvtag pla arAn TPOCEyYYLon TG mapandavw Bewplag, Bewpoupe OTL TO
ouvBeto UALKO dopTiletal katd tn StevBuveon tou otnuovioy. To HIod MOCooTO TWV
VWV 0To GUVOETO TTOU AVTLOTOLXOUV OTA VALOTA TOU UdadLol £X0UV ULKPO AVTIKTUTIO
otn duokapia Twv VWV Tou GTAoVLIoL Kat SlvovTal amod To mapakAtw TUmo:

1 7& 1-Vy 1-V;
EweftiEf Em ~ Em '

H mapandvw T mpootiBetal 6To UMOAOUTO ULOO TOU TOCOOTOU TWV VWV TOoU
ouvB£Tou, oL omoleg eivatl mapAaAAnAeg otov d€ova dhoptiong Kot Sivetal armd to napa-
KATW TUTO:

Ewarp = Efabricvf + Em(l - Vf) ’

OMoU T0 Ftgpric OMOTEAEL TO OMOTEAECUATIKO HETPO EAQCTIKOTNTAG TWV VWV KOLL TTE-
pLAOUBAVEL TNV avTioTAGCN OTNV EMLUNKUVGON KoL TNV TapeUnodion amnod to neptBaiiov
TOUG KATA TO TéVTwHa. ETOL, To HETPO eAAOTIKOTNTAS TOU oUVOETOU UTtoAoyileTal and
TOV TOPOKATW TUTIO:

L Em
21—V~

El _ Ewarp + Eweft _

1
2 2 2

(Efabricvf + Em(]- - Vf)) + (1)

Mo ta Setypata g oewpdg # 1 (£ =~ 15.5 GPa, Vy = 0.4 kaw E,, = 2.7 GPa) urmno-
POUHE va AUGOUE WG TIPOG TO K fqpric ELTE yIa TN SLeUBUVON TOU OTNHOVIOU, EiTE Yl
autr tou udadlol, Kal KATAAYOUE O LA TLH oTa 65 GPa. AuTO KaTadelkvUeL OTLN
edeAKUOTIKA TAoN 6pa TAUTOXPOVA KAL YLa TNV EUBUYPAUULON TWV VWV aAAA Kal yLa
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TNV EMLUAKUVON TouG otadtlakd. Kovtd oto 40 - 50% tng péylotng mapapopdwaong tou
ouvBEtou adopd TNV euBuypAupLoN TWV VWV 0To Udaoua. H Tr Tou Egpric, TOU
UTIOAOYLOTNKE TIPONYyOoUHEVWC, eTBeBalwveTal Kal amno ta Sedopéva mou GUANEEaE
arnd tn oslpd SelyATwy e Tov aplBuo #10, To onoio dev mepLExeL kat auto CNTs ot
unTpa.

O,tL eidape mopandvw yla ta anAd cuvOeTa VALK, SnAadn autd xwpig vavoow-
patibla, Ba mpénel va LoxUoUV e KATIOLEG MikpodLadopEG Kal ota oUvBeTa uPBpLdika
UAWA. H ouvelodopad twv CNTs oTLg EAAOTLKEG LOLOTNTEG TOU CUVOETOU TIPOEPXOVTOL
ano tnv evbuvapwaon tng pétpou duokappiog tng uAtpag. Napolautd, Aoyw Tng Ue-
YAANG Stadopdg HETPOU EAAOTIKOTNTOC METALY VWV Kol MATPOC, aKOUA KoL val TPL-
TAQCLACTEL N TIUA TNG TEAEUTALAC, Ao TNV ELCAYWYH VOVOOWHATIS lwv, UmopoU e va
unoBécoupe acdaAwg 6T N ouveloPopd Tou WWEOUG UPAOHATOG Efgpric OTO HETPO
€A0OTIKOTNTAG TOU oUVBOETOU, F'1, amd tnv mapandvw e§lowon, 6ev Ba aAAdeL onuav-
Tkd. Kpatwvrag, Aoutov, otabeph TN TUA VLA TO Ftgpric TOU UPACHATOG, LIOPOUUE
va AUooUE tn TeAevTala e€lowon w¢ MPOG To PETPO EAACTIKOTNTAC TNG VOVOOUVOETNG
untpag £, yla kabe ocuvOeto UBPLELKO Selypa, LULOC KAl YWWPI{oUUE armo TIG TIELPA -
TIKEG LETPAOELG TLG TLUEG TOU LETPOU EAOCTIKOTNTAG YL TO GUVOALKO GUVOETO UALKO,
FE1. Ta anoteAéopata napoucialovral oto Mivaka 4.1, oel. 82

To AMOTEAECUATO TOU PETPOU EAQCTLKOTNTAG TNG UATPAC YLa Ta UBPLSLIKA cUVBETa
UALIKG gival o appovia pe ta anmoteAéopata tng Bewplog yia cUVOeTa pe KOVTEG (VEG
pétpou laotikdtntag 1 TPa kaw L/ D < 100 tuxaia KOTAVEUNUEVEG LECO OE LOAAKN
UNTPA LETPOU eAaoTIKOTNTOC 2.7 GPa. Agilel va onuelwBel otL To uPnAdtepo PETpO
€AOOTIKOTNTAG TapATNPRONKE 0TN Oglpd SelYLATWY OTa omola Ta vavoowpatidia Sev
glyav umooTel kKapia XNUIKA Tpomomnotion tne empavetlag toug (Unmodified -Series 9)
KOlL TO ULKPOTEPO oTa SElypaTa Tou £YLVE Xprion VITPLKOU o€EwC.

At otL palvetal n apivn mou emkaBeTaL emdvw otnv enidaveta twv CNTs dnuoup-
vel pla pohakn kpolota yUpw TOUG YEYOVOG TIOU €XEL APVNTIKEG EMMTTWOELS OTNV OU-
VOALKN) €EAaOTIKH cupnepLdopd TouC. ETOL, TO TEAKO QIMOTEAECUATIKO LETPO ENAOTL-
KOTNTAG TNEG VOVOOUVOETNG UATPAC VO TIOPOUGCLALETOL LKPOTEPO ATIO QUTO HE TA UN
tpornomnotnpuéva CNTs. OUGLOOTIKA UMOPOUUE va UTIOBECOUE OTL AUTH N KpoUoTa, UE
XOUNAOTEPO 81K TNG UETPO EAAOTIKOTNTAG, Spa APVNTIKA 0T cUVOALKr Suckappia
™G HATPag.

‘Ooov adopa tn xaunAn tiun Suokappiog tng vavoouvBetng unitpag pe CNTs, 6rou
xpnotpomnotifnke oAl duvato ofl yla Tnv Ttpomonoinon tng entdavelag toug, lowg
odeiletal eite og mBavr) kaTAoTPOPH TOU TOLKWHATOG 0TV emidavela Twv CNTs ano
T0 08V, eite o€ xaunAn Twur tng avadoyiag L/ D amnd tn dnpoupylo cUCCWHATWUE-
Twv. NapoAa AUTA, OL ELKOVEG TIOU TIPAE UE TO NAEKTPOVIKO ULKPOOKOTILO OAPWONG
(SEM) yia ta cuykekplpéva Seiypata, SelYvouv pia KOTAKEPUATIOUEVN popdoloyia,
OTIOU N GUVEKTIKOTNTO TNG MATPOC lval amoloa o€ MOANA onpela pakpLd amno To on-
peio Bpaviong. To mapandvw oe cuvduacuo pe TV anouaia kapPBofulikng pilag, anod
v avaAuon pe to FTIR, amoteAoUv EVEeLEn ylo MeEPALTEPW LEAETN.

Onwg eivat epdaveg kat anod to otoypappa 3.17, (ogl. 78), 0Tav cUYKPIVOUUE T

Baowka Seiypata #1 kat #10 mapatnpoUpe LeYOAUTEPES TIUEG OVTOXNG VLA QUTA TIOU
KATOLOKEUAOTNKOV LLE TN TEXVIKA vacuum-bag amo autd pe t hand lay-up. Auto cup-
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Balvel akopa Kal oV €XOULE TIOPOUOLO TTOGOOTO OYKOU VWV 0TO oUVBETO. AUTO pag
odnyel 0To cUUMEPAOUA OTL N TTPWTN TEXVLKN 08nyel og pLa Tio Suvarn Siemudavelakn)
oxéon uNtpag-ivag.

‘Eval OKOUOL CUUTTEPACO TIOU KATAANYoUUE glval OtL n elocaywyr CNTs og pntpa
ouVBeTOU UALKOU, eVioXVEeL TNV avtoxr Tou deUtepou. H olykplon yivetol petafl Twv
UBPLSIKWV SelydTwV Kal Tou Bacikol #10, To omoio £XEL TAPOUOLO KAAGA OYKOU E
TO TPWTA KAl €XEL KATAOKELAOHEL e TNV (Sla Texvikn. Emiong, To av elval avaykaio n
OTIOLOSATIOTE XNKLKK TpoTomnoinon tng emdpavelag Twv CNTs, yia va 0dnynbou e oe
KaAUTEPA UNXOVLKA QATTOTEAECHATO OVTOXNG, ElvValL oKOpa UTIO Slepelvnon.

Ta kaAUTepa amoteAéopaTa EVIoXUang TG avtoxng nponAbe amno ta delypoata mou
dtaytnkav cuudwva e Tnv 2-steps uEBodo. H Stadopd, otnv avtoxn, LETALL auTwv
KOl TWV SELYUATWY WE Ta Wn Tpomomnotnpéva CNTs givat oAU pikpn. Mapdlo mou n
Stadpopa Sev gival oAU peyaln, eival pavepod OTL N eloaywyr] cwuatidiwy pe uPnAo
HETpo Suokapiag o pa pATpa (0 Adyog tou PETPoU eAaocTtikotntag twv CNTs oe
oX€0n WE TNV pntivn eivat > 300!) dev eivat emlAuLa yia Ty avtoxn kot tn ducBpau-
OTOTNTA TOU GUVOAOU. KatLmou daivetat katl oty I6LoThTa Mapapopdwaong Bpaldiong
TOU UALKOU.

IXETIKA, AOUToV, He TNV W8LotnTa TN mapapopdwonc Opadiong Unopou e va Tovi-
OOUUE TNV HEYAAN Sladopd TwV MEPLOCOTEPWY CUVOETWY ATO TV OVOUOOTIKA TLUA
TwV WWv avBpaka 3.18, (ogX. 78). AuTO eilval amoTEAECUO TOU UNXAVIOHOU guBu-
YPAUULONG TWV VWV 0To UhAoUA, OTIWE TEPLYPAPTNKE TTOPATIAVW. TO TEAIKO UAKOG
TWV WWV TPV va eMENBeL n Bpavon, ival To aBpolopa Twv EMLUNKUVOEWY (WG TN
Bpavion) tou ypaditikol UALKOU, AUENUEVO KOTA EVal CUVIEAECTH TNG TAEEWG:

1.1ayesi/2 ,

OTOU Qe £+ EVOL TO OXETLKO AGTOG TWV VNHATWY TOU Upadlov (aditaotato péyedog),
TMAVW Kal KATW a0 eKEL TTIOU MEPVAEL TO KABETO 0 QUTH VAUA Tou UAoHATOC, TO
oTNUOVL. Autd otnv mepimtwon pag, Ba pumopoloe va npocbéael éva emmAéov 20%
ETUUNAKUVONG OE OXECN HE TO EKTIHWHEVO 1,9% mapaudpdwon Bpaliong Twv wv av-
Bpaka mou xpnotwdormoleitat. H mpooBnkn twv CNTs oTn UATPA LELWVETAL OE KATIOLO
BaBuo tnv empnkuvon Bpavong. Auto pnopel va anodoBet otnv avénon tng Suokap-
dilag Tng uATPOC, N omoia pmopel va HelwoEeL TV pooTtiBéuevn napapopdwaon Aoyw
™G euBUYPAUULONG TWV WWWV. EMeldn eival tooo oAl o SUCKAUMTO cav UALKO, Ta
CNTs amo tn uritpa unopoulv eniong va SnLouUpYNcoUV GhLELD CUYKEVTPWONG TACEWVY
0TO UALKO TTOU vl ETITOUVEL TNV AVATTTUEN TwV TBavwv pwypwyv. Eutuxwg, n pelwon
™¢ napapopdwong Bpavong Aoyw CNTs dev eival onuavtikn kal n SucBpauvototnta
Tou cUvBetou bev Buatdaletal.

210 otoypappa 4.1, (oe. 83) mapouaotaletal n emudpAvela KATw ano ta ta dla-
YpAUUaTa TAoNG-TIopapuopdwaong yla dtadopa delypata cUVOETWY UAKWY UE Tpila
$UAA avBpakolHACHATOG. AVTLOTOLXEL OTNV EVEPYELX TIOU QTTALTELTAL Yo VoL ETTEADEL
Bpalion Tou cuvO£Tou pag Kat pag Seiyxvel pe autd to Tpomo th SucBpavototnTa TWV
Selypdtwy pag. Zuykpilvovtag ta Seiypota Twv uBPLSIKWY GUVOETWY VMKWV HETAlY
TOUG aAAQ KalL LE AUTO Ttou Sev £XEL vavoowHatidla avBpaka oTo ecwWTEPLKO Tou #10,
tote dev napatnpeite BeAtiwon tng SucOpactotntag. Avtibeta, n oelpd #1, mou dev
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Sla0£tel vavoowAniveg avBpaka Kal €Xel KataokevaoTtel pe tn pébodo vacuum-bag,
mapouclalel e€atpetikd PnAeg TiuEg SuoBpauatotntag ota Selyuata TnC.

And TNV mapandavw avaAucn TPoKUTTEL OTL N IPOooBKn VOVOoWARVWY Kot n &n-
Uoupyla UBPLOKWY CUVOETWY £XEL TTIEPLOCOTEPA TTAEOVEKTAATA Ot OTL LELOVEKTH-
LOTa YA TG UNXAVLKEG LBLOTNTEC TOU UALKOU. Evw ot 18lotnTeg ebeAKUGUOU TOU GUV-
B£tou Sev BeAtiwvovtal oAU, n duokapudia tng pATpag auénbnke. Onwc avadépetal
KaL 0TV eloaywyr], ouvnBwc, Ta cUVOETA UALKA GUVEXWV VWV, TIAPOUGCLATOUV TIOAU
XaunAn avroxn o ¢poptia OAIPNg, mapaAAnAa pog tnv katelBuvon Twv Wwv. Otav,
Aounov, cupumiélovtal agovika, ol iveg Ba AUYLoOOUV O OXETIKA XAUNAEC SUVAUELS Kal
To cUvBeTo Oa aoTo)NOEL Ekeivo mou Ba amotpéPel TIg iveg amd to va Auyicouv sivat
n Suokauia tng pAtpag. Asdopévou otL auth n dSuokapdia avédvetol ota uBPLSLKA
ouvBeta Selypata pag, and tnv mpoadnkn CNTs, Ba £xoupe 1000 augnuévn avtiotoon
OTO AUYLOMO amtd TN LEPLA TOU GUVOETOU UALKOU, OO0 KOl EVIOXUGHN TNG OVTOXN G TOU OE
BAlPn. Auotuywg, dev SloBetape tov KATAAANAo e€oMALOUO OTO EPYAOTAPLO HAG YLa
Va LETPHOOUE TNV avtoxn o BAIPN Kol 0pkoU LOOTE VA TIPOUCLACOU UE KATIOLO OXE-
TIKA amoteAéopata and tn BBAoypadia. To oxfua 4.2 (o). (oel. 85) Seixvel tnv
avénon tng avtoxng o BAIPN, Staddopwv cUVOETWV UALKWY, CUVAPTHOEL TNG SUOKA-
Jiag TNG EKAOTOTE UATPAG.
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Chapter 1

GENERAL INTRODUCTION

1.1 Types of composite materials

The increased demand for stronger and lighter structures across many major sectors of
industry, such as the aeronautical, the automotive and the construction, has led to the
development of novel materials. Part of this innovative breakthrough of the material
science and engineering are the composites.

Composites are materials consisting of two or more components, which are com-
bined to produce a final product with special properties and characteristics, different
from the individual constituents [Antonogiannakis, 2013]. They are composed of a
matrix material, such as polymer, ceramic or metal and reinforcing materials, such as
carbon, glass, aramid (Kevlar™), silicon carbide etc.

The advantages of high performance composites are numerous, including lower
weight, the ability to tailor lay-ups for optimum strength and stiffness, improved fa-
tigue life, corrosion resistance and, with good design practise, reduced assembly costs
due to fewer parts and fasteners. The specific strength and specific modulus of high
strength fibre composites, especially those based on of carbon fibres, are greater than
other comparable materials used in aerospace/aeronautical and automotive industry.
This specific feature, translates to great weight savings, particularly in the transporta-
tion sector, resulting in increased performance, greater payloads, longer range and
fuel savings. [Campbell, 2008]

The selection of the initial materials and the suitable mixing technique can lead to
a composite that satisfies the needed properties set by the designers. Due to a large
number of combinations in materials and mixing techniques, the composites can be
categorised as follows:

e Composites with particulate fillers
¢ Fibre reinforced composites (including short and continuous fibres)

e Composites with laminar fillers

17
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e Prepreg cloth

¢ Sandwich composites (including structural foam or honeycomb panels)

1.2 Reinforcement

The main purpose of the reinforcing material is to increase the strength and stiffness
of the matrix. Thus, the reinforcement has higher mechanical properties than the ma-
trix. The modulus of elasticity of the reinforcement may sometimes be lower than the
one of the matrix. In this case the aim is the improvement of toughness rather than
stiffness.

Isometric particle reinforced composites are the most economical regarding the
manufacturing cost and can be characterised by the size of their particle filler. The
purpose of using this type of reinforcement, is to increase the matrix modulus by
2 to 3 times. On the contrary, the strength of the produced composite is not im-
proved. Sometimes it may decrease somewhat. This phenomenon occurs because
the reinforcement-matrix interface creates stress concentration spots and may initiate
cracks. The most important advantage of using particle reinforcement is the isotropic
performance of the product [Gotsis, 2008]. If well bound to the matrix, large parti-
cles, such as gravel and sand in concrete or tungsten, titanium carbide in cermets or
in abrasives, enhance its tribological properties. Similarly, smaller sized fillers, like car-
bon black (20-50 nm) used in auto tires as reinforced rubber, hinder the motion of
dislocations in the matrix limiting in that manner plastic deformation. These powder
particles are cost efficient and offer ease of handling and processing [Hull and Clyne,
1996].

Short fibres, when used as reinforcements in composite material, are more effi-
cient than isometric particles in enhancing the load transfer mechanism between ma-
trix and fibre. The characterisation as “short” comes from their relative small L/D ratio,
where L stands for length and D for diameter. Short fibres usually present L/D ratio of
less than 100. This type of reinforcement increases the stiffness of the final product
efficiently only when the forces act in the fibre’s direction. For that reason, two dif-
ferent manufacturing methods have been created. The first, keeps the fibres aligned
inside the matrix, giving anisotropic properties to the composite. The second, has the
fibres randomly distributed inside the matrix, giving on one hand isotropy and, on the
other, lower mechanical properties.

By increasing the L/D ratio, the fibre’s direction and the properties of the reinforce-
ment the Young’s modulus of the composite can be increased by up to 400%. More-
over, when the interface of reinforcement-matrix is strong and the load transfer mech-
anism performs well the fracture strength of the composite increases. Nevertheless,
the use of short fibres decreases the strain at break and the toughness of the material
[Antonogiannakis, 2013].

Continuous fibres reinforcement can bring the mechanical properties of the com-
posite to reach the ones of the fibres. In this manner, we exploit the full potential of
the fibres and the matrix undertakes the role of load transferring agent and keeping
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Figure 1.1: Categories of composite materials

the fibres aligned. The most commonly used type of continuous fibre reinforcement
is the unidirectional fibres, which provides the final product with great stiffness in the
fibre’s direction and great anisotropy perpendicular to them. The elasticity of the con-
tinuous fibres composites is described by the Classical Laminate Theory and is covered
by the Reuss model and the Halpin-Tsai model for parallel and transverse loading re-
spectively.

The best way to utilise the advantages given by the use of continuous fibre rein-
forcement in the composite is by using woven fabrics as reinforcement. Woven fabrics
present usually a 2-D structure, where the wrap and the weft interact with each other
in a 90°angle for the creation of patterns. These are categorised according to the pe-
riodicity of the weaving and the number of yarns per period to plain, twill and satin
weave. Each type of weave inserts extra design parameters in addition to the material
of the fibre, such as the density of the weaving, the number of fibres per yarn and the
ratio of yarns per direction. All of these variations are easily found by customers, due
to the increased availability in the composite market. Another form of fibre distribu-
tion, particularly for low-cost applications, is chopped strand mat, where bundles of
relatively long fibres are assembled together with random in-plane orientations. The
material is easy to handle as a preform and the composite produced has isotropic in-
plane properties. However, the fibre volume fraction is limited to relatively low values.

Laminated reinforced composites have the form of a panel, in which the combina-
tion of a matrix and reinforcement enrich the final product properties such as stiffness,
strength, corrosion resistance etc. This type of composites, usually characterised as
anisotropic materials, is attributed with plane isotropy due to the use of several lami-
nates in the construction structure. The most commonly produced fibre reinforcement
is made from carbon, glass or other silicon compounds and several other organic ma-
terials, as aramid (™Kevlar), natural fibres etc. [Hull and Clyne, 1996].

Prepreg is a fibre form that has a predetermined amount of uncured thermosetting
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polymer impregnated in the fibre strand by the material supplier. This form is available
in many fibre and matrix combinations. Prepreg rovings and tapes are usually used in
automated processes, such as filament winding and automated tape laying, while uni-
directional tape and prepreg fabrics are used for hand-lay up [Campbell, 2008]. Specif-
ically, the unidirectional prepreg tapes offer greater structural performance than wo-
ven prepregs, due to absence of fibre crimp and the ability to tailor more easily a va-
riety of designs. Moreover, it is essential to use more than one unidirectional prepreg
tape ply during laying up, in the form of 0 / 90°stacking, in order for the structure to
achieve better plain isotropic behaviour. Prepreg reinforcement is very common in
the construction of structures with complicated form, both in aerospace and in the
automotive industry.

Sandwich structures is an extremely lightweight structural approach that exhibits
high specific stiffness and strength. It is used extensively in aerospace and other com-
mercial applications. The basic concept behind a sandwich panel is that the face sheets
carry the bending loads, both tensional and compressional, while the core carries the
shear loads [Campbell, 2008]. Sandwich construction, especially honeycomb core con-
struction, is extremely structural efficient [Campbell, 2008] particularly in stiffness-
critical applications. It has been shown that by doubling the thickness of the core,
the overall stiffness increases by 7 times and, in that manner, by quadrupling it the
stiffness of the composite increases 37 times [Campbell, 2008].

Face sheet materials that are normally used include glass, aluminium, carbon or
aramid. These are extremely thin, leaving the rest of the structure thickness to the
core. Between the face sheets, the core is made out of metallic or not metallic honey-
comb, open and closed cell foams and syntactics. Sandwich panels are typically used
for their structural, electrical, insulation and energy absorption characteristics.

1.2.1 Carbon Fibres

Carbon fibres are typically between 7 to 8 um in diameter. They consist of small crys-
tallites of “turbostatic” graphite, one of the allotropic forms of carbon [Hull and Clyne,
1996]. Turbostatic graphite resembles graphite single crystals, except that the layer
planes are not regularly packed in the c-axis direction. A schematic representation of
the carbon fibre structure is shown in the figure below.

The structure of a graphite single crystal has its carbon atoms arranged in hexago-
nal arrays in the form of sheets, stacked in a regular manner. In every sheet the carbon
atoms are held together by strong covalent bonds. Weak van der Waals forces hold the
sheets together. Therefore, the basic crystal unit of this structure is highly anisotropic,
both mechanically and thermally. Thus, the in-plane Young’s modulus, which is normal
to the c-axis, is about 1000 GPa, close to that of diamond, while the perpendicular to
the basal planes direction, is only 35 GPa [Hull and Clyne, 1996]. In order to achieve
high values in terms of strength and modulus, the graphitic basal planes must be ar-
ranged in the main fibre’s direction. The arrangement of these planes, parallel to the
c-axis direction, is of great importance, due to its impact to the transverse and shear
properties [Hull and Clyne, 1996].
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Figure 1.2: Schematic representation of the structure of carbon fibres
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Figure 1.3: Schematic representation of the production process of carbon fibres

There are three main methods for the production of carbon fibres in industrial
scale:

¢ From polyacrylonitrile fibres (PAN)
¢ From mesophase pitch

¢ From pyrolytic deposition

In one production process short length fibres (whiskers) are produced by pyrolytic
deposition of hydrocarbons, such as methane, benzene and naphthalene in their gas
phase.The other manufacturing procedures basically differ in the raw material they
use. Polyacrylonitrile (PAN) or tar pitch (see figure 1.3) are used as a precursor. In
both cases, the mechanical and thermal properties of the fibres depend on the final
temperature treatment. Using high temperature, during the graphitisation phase, car-
bon fibres with high or even ultra high modulus are produced, but lower strength. On
the contrary, the use of lower temperature values, during this final stage of produc-
tion, creates high strength fibres. Table 1.1 presents the properties of different fibre
materials. It is obvious that carbon fibres with higher strength are lighter but have
lower stiffness.

Choosing the type of fibre needed for a specific application is a very important task,
where various parameters should be considered during the design stage. Accordingly,
the selection of the matrix material for the production of a carbon fibre composite
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Table 1.1: Comparison of the mechanical properties of various types of fibres, [Hull
and Clyne, 1996]

Material FE Modulus Strength Density Sp. Modulus Sp. Strength
(GPa) (GPa)  (gcm™3) (Mm) (Mm)
Aramid 124 3.6 1.45 8.5 .250
Boron 400 3.5 2.58 15.5 .136
Carbon/UHM 690 3.3 2.17 31.8 152
Carbon/HM 400 380 1.95 21.5 .188
Carbon/IM 295 5.6 1.75 16.9 .320
Carbon/VHS - 4.3 1.81 13.1 237
Carbon/HS 235 3.5 1.75 13.3 .200
Glass E 71 2.4 2.54 2.7 .095
Glass R 86 4.4 2.55 3.4 .170
Steel wire 210 3.1 7.80 2.7 .040

must be taken into account. For applications employed in extreme conditions, such
as hypersonic vehicles, low temperature carbon (7" = 500°C) can react with oxygen,
stating the entire structure subject to possible oxidative degradation [Bacos, 1993].
For that reason, usage of carbon/carbon composites, where the fibres are protected
not only by ceramic matrix but have been cured with protective surfactants or addi-
tives, is essential for those types of extreme conditions. In case of simpler structures,
polymer matrices, such as epoxy, are being preferred due to their lower cost of man-
ufacture. Finally, the utilisation of metallic matrices with carbon reinforcement is not
often, due to chemical reactions occurring with carbon atoms during the production
phase, making the material too expensive for full scale production [Antonogiannakis,
2013].

1.2.2 Glass Fibres

Glass fibres are based onsilica (S70-), with additions of certain oxides of boron, sodium,
calcium, iron and aluminium. The content of these oxides, in the glass structure, af-
fects both its physical and chemical properties, as we can see from the Table below
1.2.

The glass fibres are produced by melting the raw materials and letting the melt
flow through platinum bushings, each having hundred of holes (spinneret). The glass,
flowing under the force of gravity, forms fine filaments, which are drawn mechanically
downwards. Then, the fibres are winded onto a drum at a very high speed. The diam-
eter of these fibres vary according to several parameters, such as the viscosity of the
molten glass, the diameter of the holes, the wrapping speed and by adjusting the head
of the glass in the tank [Hull and Clyne, 1996]. Generally, in contrast with carbon, all
types of glass fibres are isotropic.

There are three major types of commercially produced glass fibres. Those are the
E-class, the C-class and the S-class. Each, has its unique properties and characteristics.
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Table 1.2: Glass fibre composition and properties [Hull and Clyne, 1996].

Composition (%) E-Glass C-Glass S-Glass
Si0- 52.4 64.4 64.4
AlgOg —|— F€203 144 41 250
CaO 17.2 13.4
MgO 4.6 3.3 10.3
NasO + K50 0.8 9.6 0.3
B50s3 10.6 4.7
BaO 0.9
Properties
p(Mgm=3) 2.60 2.49 2.48
KWm 1K1 13 13 13
a(1078 K1) 4.9 7.2 5.6
o(GPa) 3.45 3.30 4.60
E(GPa) 76.0 69.0 85.5
Tinaz(°C) 550 600 650

The most common type of these three classes of glass fibre, is the E-class (Electrical)
fibre with diameter between 8 to 15 um and strength up to 3.5 GPa [Hull and Clyne,
1996]. This glass type has both fine electrical (isolator) and mechanical properties and
it is more cost efficient than the other two. C-class (Corrosion), even though it has
lower mechanical properties than E-class, has great corrosion resistance in extreme
environments. Finally, the S-class (Strength) has higher strength and modulus than
E-class glass, but is more expensive than the latter.

The strength depends on the environment of the test and the processing condi-
tions. In humid environment, moisture is absorbed on the fibre’s surface, degrading
its mechanical properties. Apart of this, the presence of metallic oxides and at tem-
peratures above 250°C affect the fibre structural integrity [Antonogiannakis, 2013].
Regarding the production phase, damage dealt to the fibre’s surface during wrapping
on stools is a major factor of determining the strength of the final product, due to
extensive friction.

1.2.3 Organic Fibres

Aramid is the most common organic polymer utilised in the creation of fibre reinforced
composite structures. It was first developed by DuPont with the trade name ™Kevlar
and is made also in Europe by Taijin-Twaron. According to the original patent of 1968,
aramid fibres are derived from highly aromatic rigid chain polymer molecules (contain-
ing benzene rings on the backbone). These molecules form lyotropic liquid crystalline
solutions and can oriented easily during processing to a very high degree. The pro-
duced fibres, thus, present very high Young’s modulus and fracture strength. They are
very anisotropic and because of the weak inter-chain bonding, they readily split into
much finer fibrils and microfibrils [Hull and Clyne, 1996].
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Applications that are based on aramid, span from racing sails and bicycle tires to
bulletproof vests, due to the ability of the fibres to withstand extremely high impact
forces in regard to its weight.

1.3 Matrices

The role of the matrix is to hold the fibres in their proper position, to transfer the load
between fibres, to protect the fibres from abrasion and corrosion caused by chemical
or extreme environmental conditions, to provide inter-laminar shear strength, to have
high strain-to-failure, to be non-toxic and to cure at as low a temperature as possible.
The most common materials used for matrix purpose in a composite structure are
the polymers. Ceramic and metallic matrices are less often used and request high
manufacturing cost.

1.3.1 Polymer Matrices

Polymeric matrices are the most common choice in composite manufacturing, due to
the simplicity that they bring in the production of the composite structure. Moreover,
several other attributes, as the low viscosity in room temperature, which provide eas-
ier fibre wetting, the compatibility with most of the reinforcement materials, the low
weight, the elastoplastic behaviour etc., make the polymer based composites attrac-
tive and in high demand. They are categorised according to their chemical synthesis.
The most common types of polymer composites use either thermosetting resins or
thermoplastic polymers and their use is strongly depended on the operational tem-
perature of the application, especially in the case of thermoplastics [Hull and Clyne,
1996].

Thermosetting Resins

Thermosetting resins usually consist of a resin, for example epoxy resin or unsatu-
rated polyester, and a compatible curing agent (hardener). When the two are mixed,
a low viscosity liquid is formed that undergoes a cross-linking reaction (curing) either
exothermically or by externally applied heat. The chemical cross-linking reaction leads
to the formation of a tightly bound three-dimensional molecular network [Hull and
Clyne, 1996] and the liquid is converted into a hard, rigid solid. The formation of this
network is responsible for the mechanical properties of the final product. Curing can
be take place at room temperature, but it is usual to cure at higher temperatures to
achieve optimum cross-linking and, hence, optimum properties. Thermosets are brit-
tle with high variation in their properties and the most prevalent used in composite
production are vinyl esters, polyesters, epoxies, polyimides, bismaleimides and phe-
nolics [Campbell, 2008].
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Thermoplastics

The thermoplastics, on the other hand are already fully polymerised. When molten
they form high viscosity melts. Because of this particular feature they can be easily
reused a number of times. Their stiffness and strength derives from the properties
of their monomers and their high molecular weight. In the solid state they can be
amorphous or semicrystalline materials. Even in the amorphous state the molecular
entanglement is high, keeping the rigidity and stiffness of the structure. Comparing
to the thermosetting resins, thermoplastics show higher failure strains and resistance
to chemicals [Hull and Clyne, 1996]. Most known polymer of this category are Nylon,
polyethylene, polypropylene, polystyrene, polyether ether ketone (PEEK) etc. [Hull
and Clyne, 1996]. Their major disadvantage is the high viscosity of their melts that
makes the impregnation of the fibres difficult. This limits their usefulness as matrices
for continuous fibre composites.

1.3.2 Ceramic Matrices

Ceramic materials present many desirable properties, such as high compression strengths
and moduli, very high temperature capability, high hardness and wear resistance,
chemical inertness and low thermal conductivity. Especially, their high temperature
capability makes them attractive for applications in very high temperature environ-
ments. For example, in the aerospace industry where such composites are used as
heat shields, leading edges and thermal protection for space shuttles [Campbell, 2008].
However, due to their very low fracture toughness, ceramics are limited in structural
applications. Contrary to metals, which deform plastically, ceramics do not show plas-
tic deformation at room temperature and are prone to catastrophic failure under me-
chanical loading. Their very little tolerance in crack defects, which can easily result
during production or in-service, can lead to sudden failure even from a small crack that
grow quickly to critical size. For that reason reinforcements, such as fibres, whiskers
or particles are required to increase toughness via dissipating mechanisms, such as
fibre-to-matrix debunking, crack deflection, fibre bridging and fibre pull-out [Camp-
bell, 2008]. Coatings are often applied on these reinforcements, to protect the fibre
during the processing stage and provide a weak fibre-to-matrix bond. Examples of
ceramic composite matrices are carbon, glass, glass-ceramic and crystalline ceramic
matrices. As reinforcements, the most known is carbon for C-C composites, oxide fi-
bres as alumina, non-oxide fibres as silicon carbide [Campbell, 2008].

1.3.3 Metallic Matrices

Metal matrix composites present many advantages compared to base metals, such as
higher elevated temperature resistance, higher specific strength and modulus, lower
coefficients of thermal expansion, good wear resistance and good creep performance.
On the other hand, they are very expensive and show lower toughness than base met-
als and due to this high cost fabrication processes, the number of commercial applica-
tions is sparse [Campbell, 2008].Currently the development of metal matrix compos-



1.4. ELASTIC DEFORMATION OF LONG FIBRE COMPOSITES 27

ites is concentrated mostly on three metals, aluminium, magnesium and titanium. The
type of reinforcement used with metal matrix is either short fibres (whiskers), particu-
lates and continuous monofilament fibres. A common example is an aluminium matrix
with silicon carbide or alumina ceramic particles.[Campbell, 2008].

1.4 Elastic deformation of long fibre composites

In order to begin describing the theories regarding the mechanical properties of the
long (continuous) fibre composites, we should, first, state some fundamental assump-
tions:

¢ Homogeneity of the matrix
¢ The interface of the fibre-matrix is significantly thin
e Strain compatibility between fibre and matrix

e Fibre alignment

Both the fibre and the matrix follow ideal elastic behaviour

1.4.1 Axial Stiffness

Consider a unidirectional composite material, which is subject to a loading in the di-
rection of the fibres. The overall load P, applied to the material, is the sum of of the
loadings apply on the fibre and the matrix. The stress of the fibre is 0y = E; * ¢f
and for the matrix o,,, = FE,, * €,,. Assuming that the fibres are stiffer than matrix
(Ef >> E,,), then the reinforcement is subject to much higher stresses than the
matrix (o1 f >> o1m). If Ais the cross sectional area of the specimen then:

P=0A Pr=o0;Af P, =ocmAm
P = Pf +Pm = UfAf +O'mAm = UIA
For excellent fibre-matrix contact: e—¢,,, = €

o1 = Fie O'f:Ef€1 Om = Eper P:Pf+P7rz

A Am
E161A = E’meAm + EfoAf = F = Efjf + FE,, 1

=

El = Em(l - ¢) + (bEf
where ¢ is the volume fraction of the fibres

According to the above equation, which is called “Rule of Mixtures”, it is clear that
composite’s stiffness is simply a weighted mean between the modulus of the two com-
ponents, depending only to the volume fraction of the fibres. This equation is expected
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to be of high degree of precision, providing the fibres are long enough for equal as-
sumption to apply (often described as “Voigt Model”) [Hull and Clyne, 1996], as it is
stated earlier.

1.4.2 Transverse Stiffness

Prediction of the transverse stiffness of a composite from elastic properties of the con-
stituents is far more difficult than in the axial direction. Measurements of transverse
stiffness can lead to errors, partly as a result of higher stresses in the matrix [Hull and
Clyne, 1996]. Trying to describe the phenomena we can use a simplified model, called
“Equal Stress Model” (often described as “Reuss Model”.

The stress, applied perpendicularly to the cross sectional area of the composite, is
equally distributed both the fibre and the matrix.

Of=0m €2 F €m F €f

where
02 02

Ef:E €m—Em.

The overall strain is the weighted mean value of the strains of the fibre and the
matrix, depending on the volume fraction of the fibre ¢.

02 020 o2(l—¢) ¢ 1-¢ -
“~E " E ' B, =& T E,
1.4.3 Poisson Ratio
The Poisson ratio, v;;, is defined by v;; = —¢; /¢ and describes the contraction in the

j-direction on applying a stress in the i-direction. For an aligned fibre composite, there
are three different Poisson’s ratios, as illustrated in the figure below 1.4:

Because of the orthotropic nature of composites the following equations are de-
scribing the relation of the Poisson’s ratios with the Young’s modulus and the shear

modulus.
V12 V21 E -2

E_E7 23:2(1+V23)

For 115, as described above by the “Rule of Mixtures”, we have equal strains:

€1f = €1m = €1 and
€2 = viers = —vp 2L €om = Vi€lm = V5
2f fE1f fEf 2m f€1m fE
m

This leads to:

]-_ m m
o == |22 o Lo | s~ (1= e
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Vie = Vis Vor = Vi Vo = Vi
Equal applied strains Unequal applied strains Unequal applied strains
Unequal Poisson strains Equal Poisson strains Unequal Poisson strains

[Hull and Clyne, 1996]
Figure 1.4: Schematic representation of the three Poisson’s ratios are defined for a
fibre composite
€2
Viz =~ = vig=¢vy +(1—d)vy
1
Additionally the Poisson ratio for 93 is given from the “Equal Stress Model”:

L _ 6 ,1-9

Vo3  V23f Vm,

1.4.4 Shear Stiffness

A shear stress defined as 7;; (i # j), refers to a stress acting in the i-direction on the
plane with a normal in the j-direction. In the same manner, a shear strain -;; is a
rotation towards the i-direction of the j-axis. Following the above, shear modulus G';;
is defined as the ratio of 7;; to 7;; and can be predicted in similar way to the axial and
transverse stiffnesses. This is done by evaluating the net shear strain induced when
a shear stress is applied to the composite, in terms of the individual displacement
contributions from the two constituents.

As the composite structure does not perform rotation, the condition 7;; = 7;; must
hold. Similarly, G;; = G; and y;; = ;. So we conclude that:

Gi2 = Go21 = Gi13 = G31 and Gaz = G2

In order to calculate the values of the first group, we assume that shear stresses
applied to the fibres and the matrix, are equal to the perpendicular to the direction of
the fibres:

Ti2 = T12f = ’Y12fo = 712me

And for Go3 = (G32 we have equal strain values

R _ T23f _ T23m
23 23f 7Gf G
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[Gotsis, 2008]

Figure 1.5: Shear tension in unidirectional composite material

So, the overall shear strain is the weight mean value of the strains of the fibre and
the matrix, depending on the volume fraction of the fibre.

Y2 = ¢nzf + (1 — d)yi2m

Concluding, the shear modulus for G15 and Go3 are:

_|¢ 1-9
Glz—[Gf-i-Gm}

Gaz = ¢Gy+ (1 - 9)Gy

1.4.5 Elastic deformation of anisotropic materials
Basic principles

Before we begin our analysis on the mechanical laws and properties of the fibre com-
posites, which is described by the Laminate Theory, we should, first, review some basic
points about stress and strain [Hull and Clyne, 1996],[Nye, 1985].

The state of stress at a point is defined by the nine components of the stress ten-
sor,0;;, in which the stress acts in the i-direction on the plane with normal to the
j-direction. In case of, i = j, then o;; is a normal stress and if ¢ # j, it represents a
shear stress. defined as ;.

Regarding the mechanical property of strain, care must be taken, distinguishing the

strain tensor ¢;; from the relative displacement tensor ¢, ;. Application of shear stress
7;5 and 7;;, produces angular rotations of the i- and j- directions in the body by ¢;; and
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Pure Shear Pure Rotation Simple Shear
{No Rotation: (No Deformation: (g;=10)
0y =0) E=7=0)

[Hull and Clyne, 1996]

Figure 1.6: 2-D relative displacement components displaying different combinations
of shear and rigid body rotation

€;; respectively. These displacements represent a combination of distortion (strain)
and rigid body rotation.

1 1
€ij = i(eij + €ji) + 5(61'3' + eji) = €ij + wij

where ¢;; is the strain tensor and w;; is the rotation tensor.

In exclusive cases, e.g. for no rotation, we have ¢;; = ¢;; and 7;; = 7;;. Accord-
ingly, when no distortion occurs, we have ¢;; = —¢;;. Regarding the normal strains,
there is no confusion, as e;; = ¢;;. However, the engineering shear strain, ;;, is de-
fined as:

Vi = 2€i5 = eij + €5

The relationship between o;; and ¢;; can be expressed as
Oij = Cijki€kl »

where (1 is the stiffness tensor. For each equation (pair of 7 and j values), the
terms which arise are dictated by Einstein summation convention. This states that
when a suffix appears twice in a product then the terms are summed with respect to
that suffix. Therefore, the first equation will be

o11 = Crinenn + Criizerz + Ciiisens
+ Chri21€21 + Crig2€22 + Chigz€ns
+ Chizi€31 + Cizzesz2 + Clizzess

In practise, though, the equations are much more simpler, especially in the case of
static equilibrium state of the body, which implies symmetry of the stress and strain
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tensors.
Cijit = Cijie = Cjire = Cliak
In regard to this symmetry, we can employ a different notation, like the matrix notation
op = Cpgq

where p and ¢ run from 1 to 6. So we conclude to the following form

o1 Cii Ci2 Ciz3 Ciy Ci5 Cie €1
02 Co1 Coy (o3 Coy Cos Cog €2
o3 | [Cs1 Csp Cs3 Csq Cs5 Csg €3
o3 | |Cu Caz Caz Cay Cas Cyg Y23
T31 Cs1 Csa Csz3 Css Css Cse V31
T12 Ce1 Cs2 Cez Ces Cos Ces 12

Additionally with the above, it more useful to be able to express strains in terms of
stresses, using the the compliance tensor, S ;y.;.

€ij = OijklOkl
Following the matrix notation we have:

€p = Spg0yg

Lamina analysis

Assuming that each thin unidirectional lamina in a composite material, is in a plane
stress state, with can say that 03 = ™3 = 7317 = 0. Applying the compliance tensor,
of matrix notation, Sj,.

€1 o1 S11 Sio 0 01
e | =[S]]| o2 | = |S12 S22 O o
Y12 T12 0 0  Ses T12

It can be, also, shown as

1
S11 = —
11 B
V12 V21
S —_ = 2
12 2 &,
1
Sop = —
22 E,
1
Sps = ——
66 G2
And by applying the stiffness tensor, C),
o1 €1 Cii Ci2 O €1
g9 = [C] €2 = 012 022 0 €9

T12 Y12 0 0 Ces Y12
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E,
Cii=——
1 —viav9g
c vi2Eo e
12 = =
1 —wvia101 1 —wv12v0;
E,
Coppg = ——
1 —viav9g
Cos = G12

Because of the lamina’s symmetry, we have as a result four independent elastic
constants and no interaction between normal and shear behaviour [Hull and Clyne,
1996].

However, by changing, arbitrarily, the direction of loading to the lamina, as shown
in the figure above 1.7, certain steps must be followed. Firstly, we have to establish
the relation between the stresses, referred to the fibre’s axis and the externally applied
stress system. This can be achieved by using the classical conversion of coordinates,
where ¢ = cos ¢ and s = sin ¢.

o] = la][o'] [o]" or oy = cimoa

where the « array is consisted entirely by cosines of the angles between the two axis
of the old and the new coordinate system. By that, we conclude to this

o1 o ? §? 2cs
oy | =[T]| oy with [T]= | s> ¢ —2cs
Ti2 Try —cs cs A —s?

In the same manner, we have for the strain

€1 €z
€2 = [T"] €y
Y12 Vay
02 52 CS
T =] s 2 —cs
2 2

—2cs 2¢cs ¢ — s

There is a straightforward procedure, linking the stress-strain properties of the ran-

domly loaded lamina. This is done by involving a transformed compliance tensor, S,
which will depend on ¢. So we begin by

€ €1
_ L
€y =[T"] €2
ny Y12
in which
2 52 —cs
1
T = s 2 cs
2 2
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[Hull and Clyne, 1996]

Figure 1.7: (a) Relationship between the principal axis of a lamina (1,2,3) and the coor-
dinate system (x,y,z) for an arbitrary in-plain applied stress. (b) Applied stress system
0ij (0, Oy, Toy) Produces stresses in the lamina o;; (01, 02, Tyy).
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Now by implementing the stresses in the direction of the fibres in the equation we end
up with the following

€x ) g1
ey | =TT [S]]| o2
’Y:L’y T12

In addition to the above, we switch the stresses in the fibres direction to the ones
implemented in the random direction:

€x . O B Oy
e | =TT [SIT)| oy | =[S]]| oy
Vzy Toy | Tay

where [ S | = [T"]" [S] [T} is defined as concatenation matrix

€z S11 Sz Sie| | 0w
€y = §12 §22 §26 Oy
Yy Si6 Sa2  Ses Tzy

Particularly
S11 = Si1c” + Soas? + (2512 + See)c?s”
S12 = S12(c* + 5%) + (S11 + S22 — Se)c?s?
Sao = S118% + Saac® + (2812 + Sge)c? s
S16 = (2511 — 2512 — See)c’s — (2522 — 2512 — See)cs”
Sa6 = (2511 — 2812 — See)cs® — (2829 — 2512 — Ses)c>s
Sec = (4511 + 4855 — 8515 — Sge)c?s? + See(ct + s)

The Young’s and shear moduli and the Poisson ratios are:

1 1 1
11 Sao Se6

Vey = *E.rsll Vyx = *Eysll

Similarly, we have the transformed stiffness tensor, linking the stresses and strains in
the created by the applied loading in the random direction

Oy Cii Ciz Cys €z
Oy = gm 922 g26 €y
Tay Cis Ca Ces Yoy

C11 = Crict + Syas™ + (2C12 + 4846 )¢ s>

Cha = Cra(c* + 5%) 4+ (C11 + O — 4C56) % s>

Cay = C118% 4 Coac® + (2C12 + 4C46) P s>

C16 = (C11 — C12 — 2Ce6)cs — (Ca2 — C12 — 2C¢6)cs”
Ca6 = (C11 — C12 — 2Cg6)cs® — (Caz — Crz — 2C66)c°s
Co = (C11 + Coy — 2015 — 2056)c?s? + Cgg(c* + s)
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[Hull and Clyne, 1996]

Figure 1.8: Variation with loading angle ¢ of Young’s modulus E, and shear modulus
Gy for a lamina of glass/epoxy.
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1.4.6 Elastic deformation of laminates

It is evident in Fig. 1.8 that the individual unidirectional laminae containing aligned
fibres tend to exhibit highly anisotropic behaviour. This anisotropy can be reduced by
stacking n laminae (plies) with different fibre orientations and bonding them together
to form a laminate [Hull and Clyne, 1996].

The elastic properties of such laminate can be predicted from the constituent plies,
providing that certain assumptions have been taken into account. Those assumptions,
known as Kirchhoff assumptions, are:

The assembly is taken to be flat and thin

No through-thickness stresses

Edge effects are neglected

We assume €., €y, Yoy < 1

Following the scheme in the above figure 1.9, we have the loading angle between
the stress axis (x-axis) and the reference direction for the orientation of the plies (¢ =
0°), expressed as ®. Therefore, the fibre direction of the &y, ply, lies at an angle (¢ — @)
to the stress axis. The overall average stress in the direction of x-axis, is defined as

n
§ Okl
_ k=1

=" = 61195059 + 61296749 + 6169'796249
>t
k=1

in which ¢, is the thickness of the k;;, ply and the subscript g refers to a global value
for the whole laminate. The stress in any lamina is the same and can be written as

Ogg

Ogk = Cllkexg + Cl2k6yg + Clﬁk’wag

n

> (Cuaktr)

~ k=1
Crg=—=
>t
k=1
After several operations we conclude to the components of the compliance matrix

S = (622562*656)
S = (6116(2_6?6)

312:@
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[Hull and Clyne, 1996]

Figure 1.9: Schematic presenting the loading angle of ® for a laminate composed of n
plies
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[Antonogiannakis, 2013]

Figure 1.10: Schematic structure of the unit cell

. _ (511622—6?2)
Sep = — 21

Sy = (Cr2C20-CaaCro)

§26 (612616 ;611626)

= e — -2 — — — _2
A = C11022C66 + 2C12C16C 26 — C22C15 — C6Cy — C11Co¢

1.4.7 Elastic deformation of textile reinforced composites

In order to analyse and study the elastic behaviour of a textile reinforced composite
material, we will focus on a unit cell structure of a single plain lamina composite mate-
rial, as seen in Fig. 1.12. This cell is described by the structural form of a yarn. Specifi-
cally, h represents its thickness, a.,qrp is the periodicity of the yarn in the x-direction
and ay.s: the periodicity of the yarn in the z-direction. Because of the symmetrical
behaviour of the cell, we will assume that it is limited inside known boundaries. So,
regarding the x-axis the cell dimensions will have values between 0 and a4, /2, in the
y-axis between 0 and h, and for the z-axis between 0 and aweft/Q [Antonogiannakis,
2013).

We assume that each yarn in the unit cell can be characterised as a composite
material with a fibre volume fraction ¢. As with the composite materials, this unit cell
is receiving loads in the transverse, off-axis, and parallel to the fibres directions, and
can be analysed by the Classical Laminate Theory we discussed above.



40 CHAPTER 1. GENERAL INTRODUCTION

[Antonogiannakis, 2013]

Figure 1.11: Schematic representation of the coordinate system of a unit cell

The formula that provides the stiffness, E,, of the overall composite is:

2.28< l—c+cb +(1_b)6) +E, <1_2'28> (1 —mno)

™ 5 ™

BE() + Er(1—b)(1—c)  Br
1—np(1l—2.28/7) )

E, =

—L
where E corresponds to the average value of all the individual EL inside the bound-
aries of [0, ayraqp), and gives the stiffness parallel to the length of the yarn, along the
direction of the x-axis:

L 2511 Qwrap/2 4 2522 Qwrap/2 4 4512 +2566 Qwrap/2 -1
E, = / cdr + / s*dx + 7/ 2s%dx
0 0 0

Qwrap Qwrap Qwrap

where cis the “quota coefficient”, taking values between 0 and 1 depending on the ge-
ometry of the fabric complexity; b is the anisotropy coefficient, taking values between
0 and 1 and depends on the ratio of the volume fraction of the wrap over the weft;
ng corresponds to the overlapping coefficient, taking values between 0 and 1 and de-
pends on the arrangement of the unit cells: O for zero overlapping between the unit
cells and 1 for full overlap.

The parameters h and « influence the model bringing its predictions towards the
parallel model (low h and high «) or the series model (high i and low «). The param-
eter ny depends on the characteristics of the fabric and the stacking. The modulus
increases when ng increases.

1.5 Nanomaterials

Nanomaterials are defined as materials with at least one external dimension (size, di-
ameter, edge) in the scale of nanometre, i.e. in the size range of 1 to 100 nm. Several
examples of nanomaterials exist such as nanoparticles, nanoporous or nanostructured
macroscopic materials [Vajtai, 2013].
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Nanoparticles, which have all three dimensions at nanoscale, are usually physi-
cally and chemically heterogeneous and often cited as ultra fine particles. Engineered
nanoparticles are designed and produced with very specific properties related to the
size, the shape, the surface properties and chemistry. These, properties are reflected
to aerosols, colloids, or powders. It is common, for the nano material behaviour, to
depend more on the surface of area than particle composition itself.

Formation of nanosized materials is achieved by two basic routes, namely the so-
called top-down and bottom-up methods [Vajtai, 2013]. In the former, macroscopic
materials are used to fabricate nanomaterials and nanostructures using various so-
phisticated methods [Vajtai, 2013]. In the latter, nanoparticles and other forms of
nanomaterials are constructed from their ultimate building blocks, such as atoms and
molecules, via self-assembly processes [Vajtai, 2013].

Today, nanomaterials have already found applications in a wide range of engineer-
ing fields. From mechanical engineering to computer science and sport engineer-
ing, we use nanomaterials in our computers, in strain-resistant clothes for high per-
formance sports, in aircraft components to reduce fatigue, in catalysts as elimina-
tors of pollutants etc. . An other aspect of applications that nanocomposites are
utilised, is medicine. Although, it is still in experimental stage, but the future of modern
biomedicine and of course that of humanity’s is in the full usage of the nano medicine
applications. Examples of such forms, are the functionalised magnetic nanoparticles
for the delivery of drugs to a specific target area inside the human body, nanomate-
rials that can recognise cancer tissue, enabling tumour visualisation, and anti-cancer
drugs for the destruction of tumour cells [Barreto et al., 2011].

1.5.1 Carbon nanotubes

A significant nanoparticle discovery by lijima [1991] was the carbon nanotubes (CNTs).
Structurally, carbon nanotubes are made up of sp? -bonded carbon atom:s, like graphite
and can be viewed as rolled-up sheets of single layer graphite, or graphene (see figure
1.12). Their diameter, depending of their produced form, lies in the nanometre scale,
while their length often exceeds microns, sometimes centimetres [Vajtai, 2013], thus
making them 1-D nanostructures. There are several forms of carbon nanotubes, all
depending on the number of concentric tubes that are arranged.

The types of CNTs are:

¢ Single-walled SWCNTs
¢ Double-walled DWCNTs

¢ Multi-walled MWCNTs

Single-walled Carbon nanotubes

Single-walled carbon nanotubes (SWCNTs) are hollow, long cylinders with extremely
large aspect ratios, made of on atomic sheet of carbon atoms in a honeycomb lat-
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Figure 1.12: Rolled up graphene sheet to form a single wall carbon nanotube SWCNT
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Figure 1.13: Various carbon nano structures
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armchair zigzag chiral

Figure 1.14: Different type of chirality

tice. They were originally discovered by S. liijima in 1993 [lijima and Ichihashi, 1993].
A SWCNT has a diameter of ~ 1nm and it can be pictured as a rolled-up version of
graphene. Because of possessing extraordinary mechanical, thermal and electrical
properties, they are considered as one of the most promising nanomaterials for fu-
ture industrial applications and basic research.

Due to its intrinsic strength of the sp? C-C bonds and the special structure, a SWCNT
show high mechanical strength and very large Young’s modulus, with values near 1TPa,
which is 5 times higher than the modulus of steel. Depending on their microscopic
atomic arrangements and symmetry, also known as chirality (see figure 1.14), SWCNTs
can be metallic or semiconducting. This electronic structural feature is extremely easy
to change, by altering the geometric configuration of the tube.

Applications of carbon nanotubes are still under development and it is expected
that the cost and availability of consistent quality’s nanotubes will soon become more
in line with industrial needs and out of the research labs. Future applications utilising
SWCNTs are transparent electrodes, sensors and nanoelectromechanical devices and
as filer reinforcements in polymer based nanocomposites [D. Resasco].

Multi-walled Carbon nanotubes

Multi-walled carbon nanotubes (MWCNTs), originally discovered by lijima [1991] are
elongated cylindrical nano objects made of sp? carbon. Their diameter is 3 to 30 nm
and they can grow several cm long, thus their aspect ratio can vary between 10 to
10% [Vajtai, 2013]. The wall thickness of a MWCNT is fairly constant along the axis
and therefore the inner channel is straight. This channel is not directly accessible
from the outside because the ends of perfect MWCNTs are capped by half fullerene
spheres [Vajtai, 2013]. They can easily be distinguished by SWCNTs on the basis of
their multi-walled Russian-doll structure and rigidity. An other major difference be-
tween those two types of carbon nanotubes is that MWCNTs are stiff, rigid, rod-like
structures whereas SWCNTs are flexible [Vajtai, 2013].

A broad variety of synthesis methods have been developed regarding the produc-
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tion of multi-walled carbon nanotubes in the past 20 years. Now, synthesis of MWCNTs
is a well established industrial scale process, with global production over 1700 metric
tones per year [Vajtai, 2013]. Most known preparation processes are chemical vapour
deposition (CVD), laser ablation and arc discharge [Y. Ando, 2002, C. Journet, 1998,
1997, S. Karthikeyan, 2009].

The appearance of MWCNTs is a fluffy black powder with very low apparent density
between 0.03 g/cm? and 0.22 g/cm?. This form is full of agglomerates, due to high
tube-tube van der Waals interaction energy (500 eV /um) [Vajtai, 2013] and can be
separated by physical (ultrasonication, milling, shear strength) or chemical methods
(surfactants, functionalisation). Purification and functionalisation in solution result in
an agglomerated, dense material which is difficult to disperse. MWCNTSs solubility is
extremely low [Vajtai, 2013] in all liquids.

Focusing on the mechanical properties of MWCNTs, we can conclude of being im-
pressive in the axial direction, with Young’s modulus in the TPa range [M.M.J. Treacy,
1996] and tensile strength of 60 GPa [M. F. Yu, 2000a]. MWCNTs present soft charac-
teristics in the radial direction, as indicated by a radial Young’s modulus of 30 GPall. Palaci,
2005] and up to 40% radial deformability [M. F. Yu, 2000b]. It is suspected that defects
on the surface or the whole structure of the tube, decrease the strength of the individ-
ual shells but improve the load transfer between walls [M. Locascio, 2009], therefore
showing a complex overall effect on the mechanical properties of the MWCNT.

As mentioned earlier, applications produced with CNTs as a component, are sparse
in industrial scale. Current projects involve applications as sensors/instruments, elec-
tromagnetic shielding, conducting polymer composites in automotive and electronics
industries and sporting goods, as the tennis racket and sport bicycles. In the mid and
long term, CNT’s usage in applications as catalysts (petrochemical), fuel cells, coatings,
drug delivery, medical implants, in aerospace industry and microwave antennas, are
some of in future to come.

1.6 Hybrid composite materials

Major industries, such as aerospace and aeronautical, in which materials with excel-
lent mechanical and structural properties are needed, are focusing on stretching the
properties of advanced materials that are currently used towards their limits. A route
of exploiting advanced structural materials is by using enabling technologies for addi-
tional functionalities, without compromising structural integrity. A strong candidate
for providing an integral approach towards enhanced structural integrity and multi-
functionality, is the usage of carbon nanotubes (CNTs) [Kostopoulos, 2013]. The hier-
archical approach, of utilising CNTs may be translated into two results:

¢ Reinforcement in a nanoscale will enhance structural properties of an otherwise
conventional composite

¢ Exploitation of the unique properties of CNTs will provide functionalities as real-
time strain sensing, structural health monitoring and actuation capabilities [E. T. Thosten-
son, 2001]
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Structural defiances of the composite laminates, such as interlaminar shear strength
and toughness may be amended or even disappear by through thickness reinforce-
ment at the nanoscale with mechanisms such as crack bridging, which can result in
increased toughness via energy dissipation mechanisms activated by the additional
interface between matrix and CNTs [L. Sun, 2009]. In order for the hybrid composite
to achieve its enhanced predicted mechanical properties and fulfil its structural task,
good dispersion of the nano filler on the matrix must be done [L. Zhang, 2007]. This
can be done by utilising several dispersion techniques that will be discussed later in
this chapter.

A particular new and exciting aspect of this kind of material is the additional func-
tionalities that were discovered, in the field of strain and damage sensing, employ-
ing the real-time changes in the resistivity of the material [Kostopoulos, 2013]. Re-
versible changes are due to strain and irreversible ones are due to damage [C. Li, 2008]
[Kostopoulos, 2013]. The structural health monitoring lies with the principle of a per-
colated network within the structure, created by the dispersed CNTs [W. Bauhofer,
2009], that follows the applied strain field and is disrupted at any discontinuity induced
due to damage initiation and accumulation [F. Deng, 2009].

Damage tolerance relates to the ability to perform to required standards within
damage limits, which at a the same time define the structures remaining life [A. Net-
tles, 2011]. This criterion is used in any composite structure that is exposed to a num-
ber of in-service loadings, which can cause initiation and structural degradation. Due
to its good fatigue resistance, a composite material, has increased durability and dam-
age tolerance [L. Lazzeri, 2009].

Regarding, though, the damage initiation and propagation, the main concern lies
with the design of composite structural components. As the reinforcing phase is ex-
tremely brittle, especially that of carbon fibre’s, the task of increasing damage tol-
erance lies with the matrix material. However, most matrix resin materials are also
brittle and hence have limited resistance damage, which leads to cracks and delami-
nation. These damage mechanisms may occur as a result of an out-off plane fatigue
load, an impact event, or from some form of environmental degradation. Because of
an increase in size of structural composite parts with a subsequent reduction of joints,
a major drawback, that mainly exist in aerospace and aeronautical applications,is the
case of passive damping [Kostopoulos, 2013] [Z. Li, 2005].

Damping is influenced by matrix properties and consequently research has been fo-
cused on resin systems (matrix additives, interleaves etc.) [Kostopoulos, 2013]. Mod-
ification of matrix properties is a key factor in improving the damage tolerance of the
composites, which is, in our case, improved delamination fracture toughness. Hybrid
resin systems as thermosets and thermoplastics blends, for example, are reported to
improve the interlaminar fracture toughness of composite systems [D. Olmos, 2011].
However, brittle resins may exhibit high mode Il delamination toughness which is at-
tributed to the formation of microcracks ahead of the crack tip. These microcracks
dissipate the energy and redistribute the load [M. Hojo, 1997].

An alternative approach to interfacial modification that combines the modification
of the matrix properties as a macroscopically homogeneous material with the addi-
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Figure 1.15: Toughening in multi-scale reinforced composites

tional benefits of interfacial energy dissipation mechanisms is the inclusion of other
phases in the matrix material which are not of the same order of magnitude of the rein-
forcing phase. This is a well-known technique ranging from carbon black modified rub-
bers to the use of other modifiers, such as piezoceramic materials [Kostopoulos, 2013]
[S. Tsantzalis, 2007]. These additives change the toughness as well as the dynamic
properties of the material (e.g. both modulus and damping properties) [Kostopou-
los, 2013]. The use of CNTs as an additive [J. Cho, 2003], due to their nanoscale size,
their huge aspect ratio and free surface, is a very interesting scenario. This is because
CNTS are expected to enhance significantly the interfacial area in the composite sys-
tem. Moreover, a minimum addition of the order of a few percent can dramatically
change the properties of the matrix materials [Colbert, 2003]. The issue of compatibil-
ity of CNTs in a resin matrix material, is the basis of current research and development
of new technologies and can lead to spectacular improvements in structural material
properties. A particular example of utilising CNTs in a polymer matrix, is that of PBO fi-
bres that were doped with CNTs and have been reported of exhibiting twice the energy
absorbing capability in relation to conventional PBO fibres [S. Kumar, 2002], [Shelley,
2003]. In figure 1.15 we exhibit a schematic representation of aligned CNTs inside a
composite material, acting as a bridge, increasing in that manner the interfacial bond-
ing between the layers.

Commercial carbon nanotubes come in many lengths, diameters and difference
levels of entanglement. Especially, MWCNTs which are generally entangled in a form
of curved agglomerates. As a result, reaching the highest potential possible, a hybrid
composite material must have its nano fillers, in this case CNTs, fully dispersed inside
the polymer matrix. The dispersion of CNTs is not a simple process, since CNTs tend to
agglomerate to each other due to van der Waal force attractions that exist between
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the tubes as a result of their significant areas and high aspect ratios [M. Cadek, 2004,
A. Thess, 1996, Kostopoulos, 2013]. Their very stable chemical characteristics as well
as their lack of functional sites on the surface perplexes the dispersion process. An
other issue regarding the CNTs dispersion is their length. Although, longer nanotubes
could lead to better mechanical properties of composites even if dispersion is not good
as desired [Kostopoulos, 2013], they are creating stronger interactions and entangle-
ments between them. Along with the length parameter of the CNTs, is the adhesion
between those and the polymer matrix. Knowledge of how nanotubes adhere to dis-
persion media could lead to better understanding and a potential full scale production
of properly dispersed nanocomposites ready to be utilised in various applications. Sim-
ilar to conventional fibre-reinforced composites, a load transfer across the CNT/matrix
interface is required in order to increase the mechanical properties of reinforced com-
posites [W. Ma, 2009, J. H. Du, 2007]. In addition to that, the interfacial load transfer
can be governed by three mechanisms: van der Waals forces, mechanical interlocking
and covalent bonding. The van der Waals forces, despite the fact that are relatively
weak and CNTs do not bond well to matrix, which results to low transfer efficiency, are
the most common between CNTs and polymer matrices [L. Jiang, 2007, K. T. Lau, 2002,
C. Li, 2008]. Regarding the mechanical interlocking, it is created from defects around
the interface, therefore it hardly occurs in CNTs because of their near to defect-free
structure [L. Jiang, 2007]. Finally, the covalent bonding mechanism requires function-
alisation of the CNT/matrix interface, which may lead to the introduction of defects to
CNTs structure, reducing in that manner the mechanical properties of the composite
and make the processing more difficult [L. Jiang, 2007].

1.6.1 Methods of dispersion

There are various techniques that are being investigated, regarding CNTs dispersion in
a polymer matrix. The ideal case is to obtain as a final product a stable dispersion of
independent separated nanotubes that can further be manipulated in order to have
the preferred orientations of CNTs, in 1-, 2- and 3-dimensions, for production of fibre,
flat sheets or bulk objects [Kostopoulos, 2013]. There are two main approaches to
nanotube dispersion:

e Mechanical (physical) methods

¢ Chemical methods

We will briefly mention the various methods for each category, giving extra atten-
tion to the ones that were used during the experimental section of this thesis.

Mechanical methods of dispersion

Physical dispersion methods generally include ultrasonication, high-shear mixing, milling,
etc. Although, they can be utilised as main dispersion method, they are usually accom-
panied by open-end or side-wall chemical functionalisation.
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Figure 1.16: Main stress forces acting on CNT agglomerate
[Kostopoulos, 2013]

High shear mixing

High-shear process can be distinguished into distributive and dispersive mixing. Dis-
tributive mixing aims to enhance the spatial distribution of the components. In disper-
sive mixing cohesive resistances have to be overcome to achieve finer levels of disper-
sion. Regarding the CNTs agglomerates, which were described above, they are acting
as a cohesive component which need a certain minimum dress level in order for the
rupture to occur. As Shown in the figure above, three primary stressing mechanisms
take place during dispersion procedure:

¢ Shear stress forces
¢ Impact stress forces

e Extension stress forces

The problem with high-shear flow in a polymer matrix with CNT fillers, is that par-
ticles in the fluid are not only sheared but also rotated 1.16. In an elongation flow,
particles undergo a stretching deformation without rotation. This is the reason why
high-shear mixers, where shearing forces are dominant, are relatively ineffective for
CNTs dispersion on a polymer based medium and are mostly used for distributive mix-
ing [Kostopoulos, 2013]. There is a broad variety of shear mixer devices available in the
market. The main ones are impellers, rotors, rotor-stator combinations, pump mixers,
mills or special dispersers 1.17, 1.18 [Kostopoulos, 2013].

Milling

Mills primary role is to reduce particle size of solids which are suspended in fluids. The
main mechanisms behind these devices to create dispersions, are the compressive
and/or shear stresses that are generated. Therefore, mills can be divided into two
mixing categories: high shear and high impact technologies.

High shear milling are constructed with two-roll and three-roll mills comprising two
and three rotating cylinders respectively, to disperse materials between them. These
rolls are usually equipped with heating and cooling systems for better controlling of
the milling process. Such mills are also known as roll calendars.
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Figure 1.17: An example of rotor-stator combination
[Kostopoulos, 2013]
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Figure 1.18: Shear forces in a rotor-stator combination
[Kostopoulos, 2013]
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Figure 1.19: Three-roll calendar (left) and its working principle (right)
[Kostopoulos, 2013]

Three-roll milling can be used for homogeneous CNTs dispersion within thermoset-
ting resins with low level of damages and ruptures on CNTs, compared to other tech-
niques [A. T. Seyhan, 2009]. However, dispersing them in a rubber system is usually
accompanied with shortening them [B. M. Cho, 2010]. Therefore, care should be taken
when utilising this technique regarding the final product’s mechanical properties. An
other advantage of this technique is that more viscous mixtures can be processed,
which is especially important when dispersing nano fillers with large surface areas are
used, such as CNTs. It should be noted that three-roll milling is more efficient for deag-
glomeration of the nanoclays and ceramic nano fillers , than for CNTs 1.19 [Kostopou-
los, 2013].

In high impact milling, bead mills are used for grinding and dispersing solid parti-
cles. Usually, they consist of a grinding chamber filled with hardened beads, made of
steel or zirconium dioxide, and supported by a stirring mechanism (a rotor). Ball milling
is a mechanical dispersion method which generates local high impact areas between
the balls resulting in a randomly crushing of the materials 1.20 [Kostopoulos, 2013].
It is a common processing technique for the agglomeration of CNTs both for dry and
wet grinding, but with the danger of transferring CNTs into other forms of nanoparti-
cles or even into amorphous graphite [J. H. Ahn, 2007, N. Pierard, 2004, Y. B. Li, 1999,
S. Ghose, 2006], [M. Inkyo, 2008].

Ultrasonication

Ultrasonication is the most simple method used for dispersing CNTs in any polymer
medium. The main mechanism behind this process includes three physical phenom-
ena:

¢ Cavitations, with formation and collapse of bubbles

¢ Localised heating, with temperatures higher than 5000 K and pressure up to
500 atm

e Formation of free radicals

The first is the acting dispersing process behind the deagglomeration of CNTs, while
the other two reduce the efficiency of the ultrasonication. The frequency of ultrasound
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Figure 1.20: Ball mill (up) and schematic of its main action mechanisms (down)
[Kostopoulos, 2013]
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Figure 1.21: Main action mechanisms of ultrasonication
[Kostopoulos, 2013]

is playing key role in the bubble size. Usage of this technique is most recommended
for the dispersion of nanotubes in liquids with viscosities up to 100 Pa - s. Cavitation is
caused by periodical changing in the increased -pressure and reduced-pressure phases
during the ultrasonication. During the increased-pressure phase, compressive forces
are set on the fluid. By changing to the reduced-pressure phase, strong local pressures
are dropped significantly under fluid vapour pressure resulting in the creation of cav-
itation bubbles. The next high pressure phase cause the collapsing of the cavitation
bubbles with release of high energy forces able to start deagglomeration. Pressure-
waves, then, propagate throughout the dispersing media, as shown in the figure be-
low 1.21. In addition to the above, collisions between agglomerates, particles and the
walls of the ultrasonic device are initiated, resulting in additional deagglomeration of
the fillers [Kostopoulos, 2013].
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Figure 1.22: Ultrasonic horn (left) and ultrasonic bath (right)
[Kostopoulos, 2013]

Two major ultrasonication procedures are used for dispersing CNTs in a polymer
system: ultrasonic horn/wand and ultrasonic bath 1.22 .Rapid oscillation of the hornin
the Ultrasonication horn or wand dispersing procedure, is responsible for the creation
of a conical cavitation zone of high energy in the dispersing media. This conical zone
induces the flow to move away from the tip and then recirculate through it. The size
and the speed of that zone is strongly related to various parameters, such as the boiling
point, the surface energy and the viscosity of the dispersion media, as well as, the
geometry of the vessel, the placement of the tip and the energy applied [J. Hilding,
2003].The alternative ultrasonication method, called ultrasonication bath, does not
produce a local cavitation zone. Therefore, energy is distributed uniformly through
the dispersion media.

Itis established that prolonged sonication increases the defects of the carbon struc-
tures ultimately leading to formation of amorphous carbon [K. L. Lu, 1996]. So, con-
trolled mild ultrasonication treatment can result in minimised shortening of CNTs and
is effective for dispersion of SWCNTs even in water, which is usually difficult to achieve
due to the insolubility of SWCNTs in common organic solvents, caused by hydropho-
bic inert nature of SWCNTs and their high tendency to form agglomerated bundles.
Accurate control of the ultrasonication amplitude allows limiting damages of SWCNTs.

Chemical methods of dispersion

In general, there are two main methods of chemical functionalisation for the disper-
sion of CNTs inside a polymer matrix. The first, involves covalent attachment of chem-
ical groups, through reactions on the conjugated skeleton of CNTs, as amine-function-
alisation. The second consists of non-covalent supramolecular absorption or wrapping
of various functional molecules on the surface of the nanotubes, as surfactants.

Covalent functionalisation

The covalent approach includes various techniques. Certain of them will be fully dis-
cussed and analysed in the following pages, covering the experimental part of this
thesis. The rest will be listed here as reference for the reader [Kostopoulos, 2013],
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[N. Karousis, 2010]

e Oxidation reactions

e Esterification - amidation reactions on oxidised CNTs
¢ Halogenation

¢ Cycloaddition reactions

¢ Radical additions

* Nucleophilic additions

¢ Electrophilic additions

¢ Ozonolysis

¢ Electromechanical modification

¢ Plasma-activation

¢ Mechanochemical functionalisation

e Polymer grafting

Non-covalent functionalisation

In the non-covalent functionalisation [N. Karousis, 2010] , the CNT surface can be mod-
ified via m — 7 interactions and van der Waals forces, by absorption or wrapping of:

¢ Polynuclear aromatic compounds, as phenyl, naphthalene, pyrene etc.
¢ Polymers, as epoxy, acrylic, aliphatic, conjugated etc.
e Biomolecules, as proteins

e Other substances, as surfactants, macrocyclic host molecules, ionic liquids, dyes,
alkoxysilanes, phosphines etc.

Except from the above, chemical modification of the CNTs includes also the endo-
hedral filling of CNTs with fullerenes and inorganic or organic substances [N. Karousis,
2010] [Kostopoulos, 2013].

Although, this path of functionalisation research continues with great results, we
will focus our research, in this thesis, on the covalent techniques of chemical function-
alisation, using oxidation reactions, amidation and their combination.
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1.7 Scope of the present work: improvement of the com-
pressive strength

The basic subject of this work is the establishing of new methods to enhance the me-
chanical properties of the polymeric matrix by adding nanoparticles and creating hy-
brid nano-macro-composites. Ordinary composite laminate materials show very low
strength to compressive loads parallel to the fiber direction. Similar to a simple rope,
the fibres, when compressed axially, will buckle at relatively low forces and the com-
posite will fail. What will prevent them from buckling is the stiffness of the matrix. If
this stiffness is increased, the resistance to buckling of the composite will be enhanced
and the compressive strength will increase as well. In this work we are aiming at im-
proving the compression strength of the continuous fibre composite by enhancing the
elastic properties of the matrix. This is done by adding reinforcing nano-sized particles
in the matrix.

The technique has been tried by Vlasveld [2005] at the Technical University of Delft.
Vlasveld has used silicate clay nano-particles to enhance the stiffness of the polyamide-
6 matrix used to prepare glass-fiber hybrid composites. In the present work we chose
to use CNTs to reinforce the matrix because we expect better compatibility between
the carbon particles, the matrix and the carbon fibre reinforcement. This may reduce
the possible reduction of the tensile strength and toughness.

The focus, thus, of the thesis is in inserting CNTs in an epoxy resin matrix by us-
ing various chemical and mechanical dispersion techniques. Chemical treatment in-
cludes the functionalisation of the carbon nanotube surface with various functional
groups and the addition of organic solvents, particularly that of acetone. Mechanical
dispersion methods refer to continuous stirring and sonication with ultrasonication tip
technique.

The present thesis deals also with the analysis of the tensile strength of the hy-
brid composite materials and the tensile strain / stress curves. Actual compression or
three-point bending measurements were not possible due to lack of appropriate test-
ing equipment. Thus, we tried to infer the possible improvement for the compression
strength of the hybrid composite from tensile measurements of Young’s modulus and
strength. Obviously, further work is needed to verify these conclusions.
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Chapter 2

EXPERIMENTAL

This chapter addresses the experimental section of this thesis project. It is divided in
three parts, all of which refer to the experiments that were conducted at the Materi-
als Laboratory of Assoc. Prof. A. D. Gotsis, the Analytical and Environmental Chemistry
Laboratory of Prof. N. Kallithrakas - Kontos. and the Petroleum Engineering laboratory
of Assoc. Prof. N. Pasadakis. The first two sections present the materials and the exper-
imental procedures. The chapter closes with the characterisation methods of analysis
that were implemented.

2.1 Materials

For the creation of the hybrid composites, certain raw materials were utilised. The
three prime compounds of the final product are the carbon fibres, the epoxy polymeric
system and the multi walled carbon nanotubes (MWCNTs). In the following tables, we
present the type and properties of these materials, as well as certain assistive chemical
compounds, which are crucial for the construction of the hybrid composite samples.
The mechanical properties, such as as Young’s modulus, strength and strain at break
of the samples were measured in a tensile tester.

Carbon fibre fabric, with code C 160P, was purchased by Fibermax Composites. The
texture style of the fabric is plain, thus the perpendicular positioning of the two main
constituents of the fabric, the wrap and the weft. Each wrap yarn, on the carbon fabric,
has 3,000 fibres, the same as for each weft. The areal weight of this type of carbon
fabric is measured 160 g/m?. All the important parameters and properties, regarding
this material, are given in the table 2.1.

As presented earlier, carbon nanotubes are extremely strong and stiff materials in
terms of tensile strength and elastic modulus, with values from 50 to 150 GPa and from
0.2 to 1 TPa respectively. This strength derives from the covalent sp? bonds formed
between the individual carbon atoms. The type of CNTs used in our experiments is
multi-walled carbon nanotubes or MWCNTs. The product comes in the form of a black

57
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Table 2.1: Carbon fibre properties

Material: Carbon Fiber - Pyrofil
Company: Grafil Inc. - Fibermax Composites
Precursor: PAN
Fabric’s texture: Plain
Properties: Wrap: 3K TR30S
Weft: 3K TR30S
Aerial weight: 160 -4
Elasticity Modulus: 235 GPa
Tensile Strength: 4410 M Pa
Elongation at break: 1.9%
Density: 1.79 25
Thermal Expansion:  0.5-107°% K~!
Filament Diameter: 6.88625 um

Table 2.2: Carbon nanotubes properties

Material: Carbon Nanotubes - CNTs
Company: Fibermax Composites
Type: MWCNTs
Properties: Length: 1—-2pum
Av. diameter: 10 — 40 nm
Purity by weight: 93 %

Specific surface area: 150-250 m?/g
Melting point (mp): 3.652 — 3.697 °C
Specific gravity (25°C): 2.1g/cm?
Bulk density: 0.03 - 0.06 g/cm?3

powder with apparent density between 0.03 to 0.06 g/cm3. The average diameter of
the nanotubes lies between 10 to 40 nm, whereas their length, between 1 to 2 um, as
it is shown in the table below 2.2.

The third main constituent of the hybrid composite material, is the epoxy system.
Itis composed of the epoxy resin R9330 and the acceleration agent H9054, also known
as hardener. This system belongs to the thermosetting type of polymers, which is fully
described in the above chapter. Both the resin and the hardener have a liquid yellowish
form and once they are mix they form a dense cross linking network.

The epoxy resin is made of three ingredients as shown in the table below 2.3. It has
1.158 g/cm?® density and approximately 1320 mPa-s viscosity.The hardener is com-
posed of two substances (see the table below 2.4). It has 0.942 g/cm? density and
approximately 6 mPa-s viscosity.

Tables 2.5 2.6 present some properties of the mixed epoxy system. The wt% ratio

used in our experiments for the preparation of the polymer matrix for the composite
was 78/22, epoxy to hardener.
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Table 2.3: Constituents of the epoxy resin

Number:

Name:

percentage

1
2
3

Bisphenol F—(Epichlorhydrin) Epoxy Resin
Bisphenol A—(Epichlorhydrin) Epoxy Resin
Hexanediol Diglycidyl Ether

50% < 2 < 100%
25% < x < 50%
10% < x < 25%

Ratio #1:#2:#3 = 5:2:1

Table 2.4: Constituents of the hardener agent

Number:

Name:

percentage

1 Methylpentane diamine
2 Metaxylene diamine

50% < x < 100%
50% < z < 100%

Table 2.5: Epoxy system properties

Epoxy System

Material:

Epoxy Resin

Company:

Fibermax Composites

Type:

R 9330

Properties:

Aspect/Colour:
Viscosity (20°C):
Density(20°C):

Yellowish liquid
1320+100 mPa:s
1.158 g/cm?

Material:

Hardener

Company:

Fibermax Composites

Type:

H 9054

Properties:

Aspect/Colour:
Viscosity (20°C):
Density(20°C):

Light yellowish liquid
642 mPa-s
0.942 g/cm?

Table 2.6: More epoxy system properties

Epoxy System

Mix properties of R 9330 - H 9054 system

Properties:

Mix viscosity (20°C):

Mixing ratio by weight (in grams):
Exothermic temp. on 500 g at 20 °C:
Time to reach exothermic peak:

300+100 mPa-s

100 to 22
>21001
1 h 27 min
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Finally, in the next table we present the supportive chemical materials that were
used during the construction of the hybrid composite samples. We experimented with
different methods of dispersing the MWCNTs inside the epoxy matrix, as the organi-
cally solvent dispersion by using acetone, oxidation of the MWCNTSs before dispersing
them in the matrix by utilising nitric acid, the amine functionalisation with hexadecy-
lamine and the combination of the last two. Excess of ethanol was used during the
washing and filtration section of certain functionalisation recipes.

2.2 Sample preparation

The preparation of a hybrid composite material involves two main procedures. The
first, often optional, is usually necessary for dispersing carbon nanotubes in a polymer
medium, and refers to the functionalisation of the CNTs using various chemical com-
pounds. The second, includes the basic process of constructing a composite material
on a mould, e.g. by hand laying-up. Both of these will be described and analysed in
this section.

After completing the construction of the hybrid composite materials, using differ-
ent recipes, we employed a water jet cutting machine to cut the samples for the tensile
measurements. The shape of the sample is standardised according to the ASTM D 638
- 99. The full data regarding the standard, used to measure the tensile properties of
composite materials, is available in the Appendix .

2.2.1 CNT dispersing techniques

As mentioned in the previous chapter, a plethora of dispersion techniques exist either
mechanical (physical), or chemical or the combination of both. In this thesis we set
four different experiments of dispersing CNTs inside the epoxy matrix. The various
techniques are listed below:

¢ Organically modified CNTs
¢ Carboxyl functionalisation
¢ Amine functionalisation

e Combination of carboxyl and amine functionalisation

The first method in our list features the mixture of CNTs inside an organic solvent. In
this case we used acetone inside the epoxy resin in order to achieve an homogeneous
dispersion. In this recipe we mixed 50g of acetone with 0.222 g of CNTs or 0.2% wt. of
the total epoxy system, which was 110.04 g. We sonicated it for 1 &, using the UP 400S
ultrasonicator at 60% amplitude and 1 full cycle. Then we added 90.32 g of epoxy resin
and continued sonication for 1 h at the same amplitude. Before adding the hardener
agent and initiating the polymerisation mechanism, we left the mixture under vacuum
for the acetone to evaporate, for 2 days. The existence of acetone inside our final
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Table 2.7: Characteristics of the chemical compounds used for the modification of the

cnTs
Material: Hexadecylamine - HDA
Company: Sigma - Aldrich Chemie GmbH
Chemical type: CH;3(CH);5sNH, 1-Aminohexadecane Cetylamine
Properties: Molecular weight: 241.46 %
Vapor pressure: < 1 mmHg (20 &)
Melting point (mp): 43 —45°C
Boiling point (bp): 330°C
Grade: Technical grade , 90%
Material: Nitric Acid
Company: Sigma - Aldrich Chemie GmbH
Chemical type: HNO,
Properties: Molecular weight: 63.01 L
Vapor pressure: 8mmHg
Assay: > 65%
Density: 1.37 — 1.41 2-(20°C)
Boiling point (bp): 120.5 °C
Grade: for determination w ith dithiozone
reag. ISO, reag. Ph. Eur.
Material: Ethanol
Company: Fischer - Scientific
Chemical type: C,H;OH
Properties: Molecular weight: 46.07 L
Density: 0.789 5
Boiling point (bp): 78.37 °C
Material: Acetone
Company: Sigma - Aldrich Chemie GmbH
Chemical type: C;HO
Properties: Molecular weight: 58.08 L
Density: 0.791 %5
Boiling point (bp): 56 °C
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product will cause defects and alter the mechanical properties of the constituents.
After that we laid the matrix mixture on one pile of carbon fibre, manufacturing the
final product.

For the rest methods we changed the number of carbon fibre piles from one to
three, giving a stronger and stiff attribute to our final product’s structure. So on the
second method we tried to modify the surface of the carbon nanotube by grafting
on it a carboxyl group. This chemical functionalisation method in accordance with
the use of ultrasonication technique, acts either as single step of functionalisation or
as a precursor for further chemical treatment of the nanotubes surface with amine.
Therefore, in order to prepare the oxidised CNTs, we stirred 1 g of CNTs on a magnetic
stirrer in a 5M HNOj; solution for 1 h. Then, we washed and filtered the nanotubes
with den-ionised water for 5 times. Before adding the functionalised CNTs in the epoxy
for sonication, we dried them overnight in an oven at 100 °C [Sreejarani K. Pillai]. As
already mentioned, we sonicated the mixture of only 0.445 g functionalised CNTs, or
again 0.2% wt. of the total epoxy system, which was 222.1 g, with the resin (180.65 g)
for 1 h, at 60% amplitude and 1 full cycle, and added the hardener agent to initiate
the polymerisation mechanism. Finally the matrix material was laid on the three plies
of carbon fibres and left overnight until full cure was achieved.

Regarding the amine functionalisation method, we used 0.645 g of CNTsand 7,00 g
of hexadecylamine (HDA). After mixed in a flask, we heated the mixture in a oil bath at
180 °C for 6 h [Sreejarani K. Pillai] and we washed and filtered it with excess of ethanol
for 5 times. Then, we left the sample in an oven overnight to dry at 100°C. The weight
of the functionalised CNTs produced was 0.820 g. For that reason we utilised 0.555 g,
which is the 0.445 g CNTs that we needed for a 0.2% wt. of the total 222.1 g epoxy
system and the 0.110 g of the amount of amine grafted on the surface of the nan-
otubes [Sreejarani K. Pillai]. At the final stage we sonicated the mixture of the amine-
functionalised CNTs with the resin (180.65 g) for 1 h at 60% amplitude and 1 full cycle
and then added the hardener agent before applying the material on the three plies of
carbon fibre.

As a final amine treatment for the two-step functionalisation method [Sreejarani
K. Pillai] we used the rest of the oxidised CNTs that we created in the carboxyl func-
tionalisation recipe and added them in a flask with 20 g of HDA. We heated the flask
for 24 h in an oil bath at 140°C and then washed and filtered the functionalised CNTs
with excess of ethanol 5 times. As an next step we added those CNTs in 180.65 g resin
and sonicated this mixture for 1 h. Then we applied the hardener and laid the mixture
on the three carbon fibre plies.

Finally, we created an extra sample of unmodified CNT hybrid composite. This time
we sonicated 0.445 g (or 0.2% wt.) for 1 h with epoxy resin and after applying the
hardener agent we competed the specimen by laying the mixture of each carbon fi-
bre ply with a brush. For each ply we laid the same amount of matrix material for
better distribution inside the composite and we were careful not creating any gaps of
misalignment to the fibres. For further information see the Hand lay - up technique.
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2.2.2 Hand lay - up technique to prepare composite samples

Hand lay-up is the simplest open mould method of the composite fabrication pro-
cesses. Itis essential for low volume, labor intensive method suited especially for large
components. It takes place on a plain of glass, which is initially cleaned from any debris
that will cause defects on the final product’s surface and then sprayed at least three
times with a release agent, which in our case is wax. Each time we wax the glass we
have to brush it with a mat afterwards, cleaning any large particles or debris. Then we
cut the carbon fabric to the needed dimensions and spay it with glue, which eventually
evaporates, to stabilise the fibres in the preferred direction. When the matrix material
is ready (with the hardener agent inside) we lay it on the first carbon fibre ply using a
brush. We brush it carefully and at all directions, considering any voids that may pop
out. After completing the first ply we continue with the next plies following the same
procedure, brushing the mixed material and squeezing it to enter between plies. So
for the final stage of this method, we leave the hybrid composite cure overnight at
room temperature.

2.2.3 Vacuum-bag composite preparation technique

Vacuum bagging (or vacuum bag laminating) is a clamping method that uses atmo-
spheric pressure to hold the adhesive or resin-coated components of a lamination
in place until the adhesive cures. Modern room-temperature-cure adhesives have
helped to make vacuum bag laminating techniques available to the average builder
by eliminating the need for much of the sophisticated and expensive equipment re-
quired for laminating in the past. The effectiveness of vacuum bagging permits the
laminating of a wide range of materials from traditional wood veneers to synthetic
fibres and core materials.!

Vacuum bagging uses atmospheric pressure as a clamp to hold laminate plies to-
gether. The laminate is sealed within an airtight envelope. The envelope may be an
airtight mould on one side and an airtight bag on the other. When the bag is sealed
to the mould, pressure on the outside and inside of this envelope is equal to atmo-
spheric pressure. As a vacuum pump evacuates air from the inside of the envelope,
air pressure inside of the envelope is reduced. Atmospheric pressure forces the sides
of the envelope and everything within the envelope together, putting equal and even
pressure over the surface of the envelope. The vacuum induces the flow of the resin
from an external reservoir through the fibre cloth and the impregnation of the fibres.

More details on this method can be found in the MSc thesis of Antonogiannakis
[2013].

Lhttp://www.westsystem.com/ss/assets/HowTo-Publications/Vacuum-Bagging-Techniques.pdf
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2.3 Characterisation

2.3.1 Fourier Transform InfraRed spectroscopy - FTIR

Fourier Transform InfraRed spectroscopy is a qualitative technique which is used to
obtain an infrared spectrum of absorption of a solid, liquid or gas. The vibrational
spectrum of a molecule is considered to be a unique physical property and is charac-
teristic of the molecule. As such, infrared spectrum can be used as “fingerprint” for
identification by comparison of the spectrum from unknown with previously recorded
reference spectra.Thus, in infrared spectroscopy, IR radiation is passed through the
sample. Some of this radiation is absorbed by the sample and some is transmitted.
The resulting spectrum represents the molecular absorption and transmission of the
sample.

We employed FTIR analysis as a method of qualitative measurement of the func-
tionalisation treatments, on the surface of MWCNTs. As amine and carboxyl groups
are grafted on CNT’s surface, vibrational spectrum of the bonds of each molecule are
recorded via this method. We intend to identify the intensity peaks of these sub-
stances in order to prove the proper realisation of the functionalisation procedure.For
that reason, in the following chapter, plots of the intensity at each individual fre-
quency, for every treatment used, are presented and discussed.

2.3.2 Scanning Electron Microscope - SEM

Scanning Electron Microscope or SEM is an electron microscope device that produces
images of the sample’s surface by scanning it with a focused electron beam. The ad-
vantages over other methods of microscopy, such as light microscopy, is that SEM
includes much higher magnification, nearly up to 100, 000 times, and greater depth of
field (100 times higher than light microscopy’s).

Images produced by the SEM analysis for each sample with different chemical treat-
ment will be assessed and analysed in order to drew solid conclusions, in conjunction
with FTIR analysis, about the type of dispersion of CNTs inside the epoxy resin. Except
of samples containing CNTs (0.2% wt), a base sample of pure epoxy will be utilised
as a reference. As in the previous method of characterisation, images and extended
analysis will be held in the following chapter.

2.3.3 Tensile measurements

Following the production of plain hybrid composite panels, samples of certain geom-
etry are cut, using the water jet cutter. The geometry of the specimens follows the
Standard Test Method for Tensile Properties of Plastics (ASTM D 638 - 99) as seen in
the figure 2.1. The reason of using this type of specimen, is because of the inability
of our tensile test machine to to exceed the 5,000 Kg. The proper specimen type that
is currently used for tensile measurements of composite materials, has much larger
width, which in accordance with the thickness of the three plies of carbon, increases
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Figure 2.1: ASTM D 638 — 99 specimen type IV

the strength needed to reach a break point. Despite, any inconvenience we might
faced, we were able to drew solid conclusions regarding our experiment. Additional
information regarding the standard utilised in this thesis is in the Appendix.

For the measurement of the tensile properties of the specimens we used an INSTRON®
tensile testing machine at the Applied Mechanics Lab of the Technical University of
Crete. The instrument is able to measure forces up to 5000V at a stable rate of dis-
placement of the grips. In our experiments we used 0.05 mm/s velocity deformation.
The instrument produces a voltage value proportional of the displacement and the
force, which was calibrated and located by using known number of weights and ex-
ternally measured displacements of between the grips. The produced electric signal
is transferred to a computer through a data collection device and is processed by a
specialised software.

Force =470.22 x Voltage + 0.029

Al =99.93 x Voltage + 0.16

The tables with the calibration values for both the force and the elongation, are listed
in the tables section further below in this document.
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Chapter 3

Results

This section presents the results of the experimental measurements. First a full scale
analysis of the FTIR and SEM results is done, in order to test the success of the func-
tionalisation techniques that were used and the the quality of the dispersion of the
CNTs in the epoxy resin and the hybrid composites (carbon fibre-resin-CNT). Then, the
sample characteristics are presented for all sample series. The mechanical properties
measured during the tensile tests of both the hybrid and the basic samples (w/o CNT)
are shown.

3.1 FTIR Analysis

The FTIR technique was used in an attempt to verify the grafting of the functionalisa-
tion groups on the surface of the CNTs. The spectra of the pure resin, the modified
CNTs and the nanocomposites (cured resin with CNTs) are shown in the Appendix.

Having identified the peaks that correspond to the epoxy resin and the carbon nan-
otubes we were able to isolate the relevant peaks in the nanocomposites (Table 3.1.
The peaks around 1500 cm~! are indications of the amine group’s presence.

In the pure epoxy sample C.2 a strong peak corresponding to the amines present in
the hardener is evident at 1508 cm™!. In the samples, where the CNTs were treated by
the 1-step or the 2-step functionalisation treatment we are able to identify the peaks of
amine groups at 1584 cm~! and 1510 cm—! respectively, and they are much stronger
than those in the pure resin. This establishes the presence of the hexadecylamine
(HDA) group on the CNT surface.

The peak that corresponds to the carbonyl group at around 1700 cm™" is only
present in the samples treated by acetone and it is probably due to remnants of ace-
tone in the system. Thus, the presence of carboxylic groups on the surface of the CNTs
cannot be proven by these FTIR measurements. It seems, therefore, that the oxida-
tion of the carbon surface by the strong acid in the sample series #6 does not yield the
carbonyls that were expected. Nevertheless, even in the 2-step functionalisation tech-

1
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Table 3.1: FTIR analysis of pure epoxy sample

Wavenumber Description
em™ !
3401.63 stretching O—H
3061.47, 3032.78 stretching C—H of oxirane ring
2934.42 , 2864.75 stretching C—H of CH, and CH aromatic and aliphatic
2352.45 small band of CO,
1607.66 stretching C=C of aromatic rings
1509.57 stretching C—C of aromatic rings
1039.59,1243.93,1111.11  stretching C—O—C of ethers
937.42 stretching C—O of oxirane group
831 stretching C—O—C of oxirane groups
772 rocking CH,

nique, where it is assumed that the HDA reacts with the carboxyl group on the surface,
it seems that the amine gets indeed grafted on the nanotubes, even if the carboxyl is
not obvious. The compatibilisation of the reinforcement with the matrix, therefore, is
successful. Evidence for this can be seen also in the following SEM pictures.

3.2 SEM analysis

In this section we present some scanning electron micrographs of our samples. As
we can see in the Fig. 3.1 we have our pure epoxy sample (without any nano filler
inserted), while in the rest of figures we exhibit samples of CNT/epoxy nanocompos-
ite, as created by the recipes described above. In figure 3.4 and 3.5 we can see that
the grafted CNTs with amine groups for the 1-step and 2-step chemical treatments, re-
spectively. These samples seem to be well dispersed inside the resin, contrary to the
samples where the CNT were treated with acetone (Fig. 3.2) or nitric acid (Fig. 3.3),
which show the existence of more clusters.

3.3 Sample characteristics

Eight series of samples were constructed. Each series differed from the others regard-
ing the existence of nanotubes in the matrix, the type and the technique used for the
functionalisation, and the method used to incorporate the macroscopic carbon fibres
(CF) into the hybrid composite. Each series comprises 15 samples. The geometry and
the mass of each sample were measured precisely for the calculation of the volume
fraction of CF, f:

where the parameter n corresponds to the number of plies of carbon cloth used, p =
1.97 g/cm? is the density of the fibre, t is the average thickness of the sample in cm
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100pm

Figure 3.1: SEM picture of pure epoxy

Figure 3.2: SEM picture of CNTs initially dispersed in acetone and then in the epoxy
matrix

30um I 100pm

Figure 3.3: SEM picture of CNTs treated with nitric acid in an epoxy matrix
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10pm 1 60um I

Figure 3.4: SEM pictures of functionalised CNTs treated using the 1-step procedure
and then dispersed in the epoxy matrix

Figure 3.5: SEM pictures of functionalised CNTs treated using the 2-step procedure
and then dispersed in the epoxy matrix
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Table 3.2: Description of the samples

Series # Description CF plies  constr. method
1 Basic CF composite 3 vacuum-bag
2 Basic CF composite 1 vacuum-bag
3 Hybrid CF/CNT (in acetone) composite 1 vacuum-bag
4 Hybrid CF/CNT (in acetone) composite 1 hand lay-up
5 Unsuccessful
6 Hybrid CF/CNT (oxidised) composite 3 hand lay-up
7 Hybrid CF/CNT (one-step funct.) composite 3 hand lay-up
8 Hybrid CF/CNT (two-step funct.) composite 3 hand lay-up
9 Hybrid CF/CNT (unmodified) composite 3 hand lay-up
10 Basic CF composite 3 hand lay-up

Table 3.3: General characteristics of the samples. In all hybrid samples, the amount of
the CNT is 0.4 phr (wt.%)

Series # | Avg.Thickness | Avg.vol.fraction
cm Vi, %
1 0.0082 40.93
2 0.0031 36.00
3 0.0037 29.80
4 0.0054 32.60
5 - -
6 0.0111 30.27
7 0.0110 30.47
8 0.0108 31.67
9 0.0103 30.20
10 0.0109 32.

and ¢ = 0.02 is a constant describing the cloth weave characteristics. Tables 3.2 and
3.3 present the full description of each series and their average thickness and volume
fractions.

Some observations that can be extracted from these tables are the following:

1. Hand lay-out gives thicker samples and lower CF volume fractions

2. The thickness of composites with three plies is smaller than three times the
thickness of composites with one ply.

3. The samples for which acetone was used give composites with lower volume
fractions.
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Figure 3.6: Stress-deformation graph of the reference composite sample 11 - Series 2

3.4 Mechanical measurements

Typical stress vs. deformation diagrams are presented below for each series of sam-
ples. The values of strength, Young’s modulus (£) and elongation at break were de-
termined, in order to compare the mechanical behaviour of the basic and the hybrid
composites. The graphs for all samples are available in the appendix.

3.4.1 Samples with a single CF ply

Three samples were constructed with only one carbon fibre ply. Sample #2 is a basic
sample (without CNTs). Samples #2 and #3 contain 0.4 phr CNT (parts CNT per hundred
parts resin [wt.]) and were treated with acetone, an organic solvent. They differ in the
manufacturing process of the composite: #2, was made by utilising the vacuum pro-
cess, while #3, was carried out using the Hand lay-up method. The CF volume fraction
in these samples are 36, 29.8 and 32.6 %.

From the graphs in Fig. 3.6, 3.7 and 3.8 we extract the strength, the stress at which
the sample break, the Young’s modulus, which is derived from the slope of the curve,
and the elongation at break. These values are presented as an histogram in Fig. 3.9.
Even though quantitative conclusions cannot be made from these graphs, as the CF
volume fractions of the samples are not equal, it seems that the insertion of CNTs
using acetone as a dispersion medium in composites consisting of one ply of carbon
fibres decreases both the strength and the modulus of the composite. The hand lay-up
method seems to give better results than the vacuum-bag method. Similar observa-
tions are made also for the values of the elongation at break.

3.4.2 Samples with 3 CF plies

All other sample series were manufactured using 3 carbon fibre plies. Series #1 acts as
the reference sample. i.e. the one that does not contain CNT. The rest refer to various
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Figure 3.7: Stress-deformation graph of the hybrid composite sample 14 - Series 3

400
350
300
250
200
150

Tensile Tension MPa

100
50

-0.01 0 0.01 0.02 0.03 0.04 0.05 0.06
Deformation

Figure 3.8: Stress-deformation graph of the hybrid composite sample 7 - Series 4
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Figure 3.9: Comparison between samples with one ply of carbon fibres - Strength at
break/ and Young’s modulus
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Figure 3.10: Comparison between samples with a single ply of carbon fibres - Elonga-
tion at break
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Figure 3.11: Stress-deformation graph of the reference composite sample 7 - Series 1
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Figure 3.12: Stress-deformation graph of the hybrid composite sample 2 - Series 6

techniques used to improve the dispersion of the CNT’s, according to Table 3.2.

The difference between samples #1 and #10 is that the former was made by the
vacuum-bag technique, while the latter was laid-up mahually with the help of a brush.
Th first obvious result is that the former technique leads to higher volume fraction of
CF in the composite with the accompanying higher mechanical properties. However, if
the comparison is done on the same CF content basis, then the mechanical properties
are not much different. On the other hand, the technique of the vacuum bag gives
in general more uniform samples. However, it is not possible to use this technique
efficiently for the hybrid composites. When nanotubes are dispersed in the matrix the
viscosity of the matrix increases and the pumping system for the preparation of the
composite may not be able to cope. Further, the particles may be filtered out by the
layers of the breather fabric that is used to distribute the flow of the liquid matrix over
the reinforcement fabric.

Coming back to the mechanical properties of the composites, the reference sample
that was made by the vacuum-bag method, Figure 3.11 contains 40% CF and no CNTs
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Figure 3.13: Stress-deformation graph of the hybrid composite sample 1 - Series 7
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Figure 3.14: Stress-deformation graph of the hybrid composite sample 13 - Series 8
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Figure 3.15: Stress-deformation graph of the hybrid composite sample 7 - Series 9
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Figure 3.16: Stress-deformation graph of the basic composite sample 2 - Series 10

but shows similar values for the E-modulus to the hybrid ones that contain around 30%
CF. This is an evidence that the addition of carbon nano tubes increase the stiffness of
the matrix and, thus, the composite. The two step functionalisation technique applied
to the CNT gives the stiffest composites for the same amount of CNT.

On the other hand, the vacuum-bag prepared sample without CNT fillers, exhibits
higher strength than the hybrid samples (Fig.3.17). The difference is partly due to the
higher volume fraction of the high-strength reinforcement and partly due to the better
adhesion between the matrix and the fibres that is caused by the vacuum. When the
volume fractions as well as the preparation methods are similar, as in the cases of
series #6 - #10, then the differences in strength are small. The best strength is shown
by the the #8 series, i.e. by the hybrid composite in which the CNTs were treated by
the 2-step functionalisation method, even though the differences is not spectacular.

The addition of CNT has a complicated effect on the the elongation at break of
the composites, Fig. 3.18. The hybrid composites with unmodified CNTs present an in-
crease of around 20 % in their elongation at break relative to the samples of series #10.
This elongation at break is larger than the elongation at break of the individual carbon
fibres. We will discuss this in the following chapter. Treating the CNTs to improve the
degree of dispersion and their affinity with the organic matrix results in lower values
of the elongation at break. Hybrid composites with treated CNTs are more brittle than
the basic composite.
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Chapter 4

Discussion

4.1 Thedispersion of the carbon nanotubes and the func-
tionalisation methods

As we initially created samples with one ply of carbon fiber we started by one reference
sample, without CNTs, and we continued our experiments by testing the limitations of
the vacuum-bag technique in conjunction with the use of organic solvent, which as-
sisted in inserting CNTs inside the matrix. As it turned out, severe problems, caused by
the high viscosity values, determined by the insertion of CNTs inside the resin, and by
the occurrence of extreme filtration of CNT/epoxy, caused by the number of assistive
sheet layers needed for the implementation of this technique, made it impossible for
us to continue our experiments with this technique. Therefore, we utilised the hand
lay-up technique.

In order to increase the thickness of our samples we proceeded with the construc-
tion of three-ply composite samples. As we have seen by our previous experiments of
dispersing CNTs inside the epoxy with the assistance of acetone, we figured out that
great amount of acetone had remained inside our mixture, unable to evaporate. This
result, as shown in the mechanical test results, decreases the mechanical properties of
the final product, especially the stiffness and the fracture strength. This may happened
due to an increase of the plasticity of our samples, caused by the remained acetone in
them.

The quality of dispersion of the nanoparticles in the matrix can be estimated both
from the SEM photos and the results of the mechanical properties, especially the stiff-
ness. The SEM photos indicate some level of dispersion for the 1-step and 2-step func-
tionalisation methods of dispersion. Specifically for the 2-step chemical treatment, we
we have seen pictures of homogeneous dispersion of the functionalised CNTs inside
the epoxy resin and in accordance we our mechanical results on strength and stiffness,
we can conclude that the quality of dispersion can be considered high enough.

The mechanical properties indicate that the 2-step method gives the highest mod-
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ulus when it comes to compare it the other hybrid samples and with the reference
sample, created by the vacuum-bag technique. As a result, one would expect, that
this technique produces the best, so far, dispersion of the nanotubes in the hybrid
composite.

On the other hand, the results of the FTIR spectroscopy cannot confirm the exis-
tence of the bond that should exist between the carbon surfaces and the amine func-
tionalisation agent. Or the existence of carboxylic groups on the CNTs.

4.2 E-modulus

4.2.1 Basic carbon textile composites

From the graphs of stress vs. deformation, initially it seems strange that we measure
so low values for the E-modulus. The stiffness of the carbon fibres by themselves are
in the order of 235 GPa, while the pure epoxy matrix has a modulus of around 3 GPa.
If 40 vol.% fibres are added to the matrix and get oriented along the load direction,
then one would expect that the composite could have a modulus of around 95 GPa,
much higher than the 15 - 18 GPa that is measured for the present composites.

Of course, the present composites have been constructed using woven carbon fi-
bres in the form of fabric, where half the fibres are oriented perpendicular to the load
direction. Further, as these fibres are woven in a plain fashion, their actual form is
not straight. Rather, they have an undulating form, as one strand of fibres of the warp
climbs over one strand of the weft and then goes under the next one.

When under load, the undulating form will start stretching towards a straight line
together with the extension of the fibres. Assuming that the warp direction is parallel
to the load direction, the resistance to its straightening comes from the weft: in or-
der for these strands to straighten, the perpendicular strands must bend more. The
strands of the weft in the dog-bone sample, however, are much shorter than in the
warp and have free ends. They are kept together by shearing stresses in the matrix
and the friction between the fibres.

The resistance to this type of deformation, thus, is much lower than the resistance
of the fibre to extend parallel to its axis. The straightening of the fibres is easier than
their stretching and the resistance of the composite sample to the global deformation
is less than what it would be for pure stretching of the fibres. The measured modulus
for the present composites corresponds to this effective modulus.

Antonogiannakis [2013] has developed a theory that estimates the macroscopic
modulus of fabric reinforced composites and it is described in a previous chapter. The
theory needs the knowledge of many details of the geometry, weave type and char-
acteristics of the fabric and the stacking of the plies. For systems similar to the one
used in this work with 30 - 50% fabric content the effective modulus along the main
directions of the fabric in the composite seems to be around 1/4 the value of the fibre
modulus.

A simpler approach could be the following: Let us assume that the composite is



4.2. E-MODULUS 81

loaded at the warp direction. The contribution of half of the composite volume, the
one that includes the weft fibres, to the stiffness in the warp direction is small and it
is given by a series model as:

1 ﬁ 1-Vy 1-Vf
Eweft B Ef Em ~ Em .

This contribution is added to the contribution of the other half where the fibres are
oriented parallel to the warp:

Ewarp = Efabricvf + Em(]- - Vf) ’

where Eqp,i. is the effective modulus of the fibres in the fabric and incorporates their
resistance to extension and the hindrance of their environment to their straightening.

The modulus of the composite is estimated by adding these contributions:

Ear E 1 1 E
By = warp + weft _ = (Efabricvf + Em(l _ Vf)) + = m_
21—V

5 5 5 (4.1)

For the samples of series 1 (£} ~ 15.5 GPa, Vy = 0.4 and F,;, = 2.7 GPa) this can
be solved for E 4.4 at either the weft or the warp direction (equivalent in our case)
and gives a value of 65 GPa. This indicates that the stress on the fibres acts simulta-
neously to straighten and extend them gradually. About 40-50% of the deformation
of the composite up to the breaking point goes into the straightening of the fibres in
the fabric. This value for E ., is confirmed by the data of the samples of series 10,
which also do not contain CNTs in the matrix.

4.2.2 Hybrid composites

The same arguments should hold to some degree also for the hybrid composites. The
contribution of the CNTs in the elastic properties of the composite comes through the
enhancement of the stiffness of the matrix. However, given the large difference in the
moduli of the matrix and the carbon fibres, even when the former triples in value due
to the nano-reinforcement, one could safely assume that the fabric contribution to the
composite modulus, Efqpric in eq. 4.1, will not change significantly. Keeping thus the
same value for Efqp-;c We can now solve eq. 4.1 and estimate the value of F,, for
every hybrid sample series. The results are listed in Table 4.1.

The values of the matrix modulus calculated in this way are in relative agreement
with the results of the theory for randomly oriented short fibres of 1TPa modulus and
L/D < 100 in a soft matrix of 2.7 GPa modulus. It is interesting to note that the
highest increase of the modulus is obtained when no treatment is conducted and the
lowest when the surface of the CNTs are oxidised by strong acid.

Apparently the amine that gets grafted on the surface of the carbon tubes creates a
soft phase around the CNTs and reduces their overall stiffness. Thus, the final effective
modulus of the nano-reinforcement is lower than what is assumed for pristine CNTs.
In practice, this can be accounted for if this phase is considered as another phase with
a lower modulus, which contributes negatively to the total stiffness of the matrix.
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Table 4.1: Estimated values of the matrix E-modulus

Series# description E,, (GPa)
1 no CNT, vacuum 3
10 no CNT, hand lay-up 3
9 untreated CNT 53
6 oxidised CNT 4.2
7 1-step treated CNT 4.7
8 2-step treated CNT 4.9

The lower stiffness of the partly oxidised CNTs could be due to damaged surfaces
of the CNTs or lower values of the L/D ratio due to agglomeration. On the other
hand, the SEM picture of these samples show a fragmented morphology, where the
continuity of the matrix is broken in many places also outside the fracture plane. This,
in combination with the absence of FTIR evidence that carboxylic groups are indeed
created on the CNT surfaces, suggests that these samples should be prepared and
studied again for verification.

4.3 Strength

It can be seen in Fig.3.17 when we compare the basic composite samples of series #1
and #10 that the vacuum-bag techniques produces composites with higher strength
than the hand lay-up technique. This is true even when the properties of the materials
are adjusted for the difference in the volume fractions (by 20%). It seems, therefore,
that the vacuum applied during the flow of the uncured resin for the preparation of the
composite leads to more intimate adhesion between the carbon fibres and the epoxy
matrix.

The addition of CNT improves the tensile strength of the composite in general.
The direct comparison of the hybrid composite samples should be done with sample
series #10, which has almost the same volume fraction of CF and it was prepared in the
same way. Whether the functionalisation treatment is necessary for the improvement
of stress is not clear.

The best improvement comes for the samples, for which the CNTs were treated by
the 2-step technique. The difference between the strength of these samples and the
untreated is very small. Even though the increase of the strength is not spectacular,
however, it is obvious that the addition of very stiff particles in the matrix (the ratio of
the modulus of the CNTs over the resin is > 300!) is not detrimental for its strength
and toughness, as we see in the following when looking at the strain at break of these
materials.
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Figure 4.1: The toughness (energy needed for fracture) for the 3-ply samples

4.4 Strain at break and toughness

The most remarkable observation that can be done from Fig. 3.18 is that the strain at
break of the most composites is larger than the strain at break of the carbon fibres. This
is a result of the mechanism of straightening and extending of the woven fibres that
also gives the lower apparent values of the modulus of the fabric. l.e., the undulating
shape of the woven fibres at the direction of the load become gradually straight and,
at the same time, are extended axially. The final length of the fibre when it breaks
should be the sum of the elongation at break of the graphitic material increased by a
factor:

L1dover/2 (4.2)

where . 14 is the relative (dimensionless) width of the strands of the weft, over and
under which the warp has to passin the initial fabric. Thisin our case could add an extra
20% prolongation to the estimated 1.9% deformation at break of the carbon fibres that
we used.

Figure 4.1 shows the surface area under the stress-strain curves of the several sam-
ples that contained three plies. Theses values correspond to the integral fada and
give the energy needed for the fracture of the composite. They give, that is, an esti-
mate of the toughness of the material.

The first thing that the comparison of the samples shows is, again, that, even when
normalised for the same reinforcement load, the composites produced by the vacuum-
bagging technique show higher toughness than the ones made by the hand lay-up
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method. This follows the higher strength that was measured for of these composites
and enforces the idea of the more efficient adhesion between the the CF fibres and
the matrix.

The addition of untreated CNTs also improves the toughness of the composite, as
it can be seen in Fig. 4.1 by comparing the samples of series #9 with series #10 for
similar CF volume fractions. The treatment of the CNTs cancels this improvement but
does not deteriorate the toughness.

The latter is significant because the CNTs are so much stiffer than the matrix, that
they could also create stress concentration points in the material and nucleate and
accelerate the growth of possible cracks. Fortunately, the reduction of the strain at
break due to CNTs is not very large and the toughness of the composite is not sacrificed.

4.5 The reinforcing in the hybrid composite

From the above analysis it seems that the addition of the nanotubes and the creation
of the hybrid composites has more advantages than disadvantages for the mechani-
cal properties of the material. While the tensile properties of the composite do not
improve very much, the stiffness of the matrix increases.

As mentioned in the introduction, ordinary continuous fibre composite materials
show very low strength in compressive loads parallel to the fiber direction. When
compressed axially, the fibres will buckle at relatively low forces and the composite
fails. What will prevent them from buckling is the stiffness of the matrix. Since this
stiffness is increased in the present hybrid composites by the addition of CNTs, the
resistance to buckling of the composite will be enhanced and the compressive strength
will increase.

We did not have the proper equipment to measure compressive strength in the
laboratory and we will suffice to show some results that support this idea from the lit-
erature. Fig. 4.2 shows the increase of the compressive strength of several composites
as a function of the stiffness of the matrix. The latter was controlled by the amount of
the nano-particles.

It should be reiterated here that the tensile properties of the composites produced
using the vacuum-bag method are better than the ones made by the hand lay-out
technique. The compressive strength, however, depends on the stiffness of the matrix.
The best way to increase this stiffness and, thus, delay the buckling of the fibres is
the addition of CNTs. Therefore, if the improvement of the compressive strength is
desired, then the extra cost of incorporating the CNTs may be justified but the vacuum-
bag technique may not be possible to apply.
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Figure 4.2: Improvement of the compressive strength as a function of the matrix stiff-
ness for several continuous fibre composites.
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Chapter 5

Conclusions and
recommendations

After conducting our experiments and finishing the analysis of the results, we are able
to come to certain conclusions and recommendations for a future research.

e The vacuum-bag technique produces samples with higher strength than hand
lay-up does. Despite that, the former is considered as inappropriate to insert
and disperse CNTs inside an epoxy resin, due to the high viscosity and possible
problems of particle filtration that may occur. It seems that the simple vacuum-
bag technique can not be used for the construction of hybrid composite mate-
rials.

e When acetone or another organic solvent is used for the dispersion medium of
the nanoparticles, the mechanical properties of the composite worsen, due to
the excess of solvent that remains trapped inside the resin.

¢ Byanalysing the data from both the mechanical test measurements and the SEM
pictures we are in a position to state that samples treated with the 2-step func-
tionalisation method exhibited the best level of dispersion inside the epoxy ma-
trix.

¢ |t was observed that due to the undulating form of the fibers inside the plain
carbon fabric, the straightening of the fibers is easier than their stretching. The
resistance of the sample to the global deformation is less that it would have
been only for pure stretching of the fibers. Thus, we conclude that the mea-
sured modulus is the effective modulus and is much lower than the modulus
contribution of straight fibres.

¢ According to the elastic deformation theory of textile reinforced composites, in-
troduced by [Antonogiannakis, 2013], for the stiffness values that we measured
for the reference sample’s fabric, Efqpric, it is clear that the stress on the fibers
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acts simultaneously to straighten and extend them. For that reason from 40%
up to 50% of the deformation until the breaking point, goes to straightening the
fibers in the fabric.

As for the hybrid composites, regarding the stiffness of the samples, assum-
ing that the effective modulus of the fabric, Efqpic, remains unchanged, we
are able to conclude that at the samples of 1-step and 2-step functionalisation
treatment, the hexadecylamine grafted on the surface of the CNTs created a soft
phase. This phase has lower stiffness and plays a negative role on the total stiff-
ness of the matrix. Regarding the oxidised-CNT samples, damaged surfaces of
CNTs or the formation of agglomerates may be the reason for their poor results
on Young’s modulus. It is clear that further research must be done for the cases
of the amine and for the acid treatment, in order to obtain solid evidence, which
will lead us to final conclusions.

It is to mention the we observed the best results on stiffness by the mechanically
dispersed CNT samples, or best known as unmodified CNT samples. Although
further study and experiments must be carried out in order to conclude if the
mechanical methods of dispersion are more appropriate for inserting and dis-
persing CNTs inside an epoxy matrix.

Regarding the strength of the hybrid composites, although the unmodified CNT
samples exhibit very small differences from the 2-step functionalised samples,
the latter present better results.

We concluded that the strain at break of most composite samples is larger than
that of carbon fibers alone. This can be explained by the straightening and ex-
tending of the woven fibers. Additionally, we observe that in certain hybrid com-
posite samples, elongation at break is decreased.

The toughness of the composites improves when CNTs are added. The treat-
ment of the nanoparticles by any of the techniques tried does not lead to im-
provement of the toughness.

The CNTs added to the matrix increase the stiffness of the matrix. This will lead
to enhancement of the resistance of the hybrid composite to buckling of the CF
fibres and improvement of the compressive strength.

Actual measurements of the compressive strength is needed to verify these con-
clusions

If high tensile properties are needed, then the vacuum-bag technique with no
CNTs will produce the best material but at the cost of low compressive strength.
If the compressive strength is the important parameter, then CNTs can be the
solution. In the latter case, however, the technique of vacuum-bagging may not
be possible with the result of losing the exceptional tensile properties that ac-
company it.



Bibliography

Standard test method for astm d 638 — 99 tensile properties of plastics.

I. M. Ward A. A. Gusey, P. J. Hine. Fiber packing and elastic properties of a transversely
random unidirectional glass/epoxy composite. Composite Science and Technology,
60(4):535-541, 2000.

J. Jackson A. Nettles, A. Hodge. An examination of the compressive cyclic loading as-
pects of damage tolerance for polymer matrix launch vehicle hardware. Journal of
Composite Materials, 1445(4):437-458, 2011.

K. Shulte A. T. Seyhan, M. Tanoglu. Tensile mechanical behaviour and fracture tough-
ness of mwcnt and dwent modified vinyl-ester/polyesterhybrid nanocompositespro-
duced by 3-roll milling. Mater. Sci. Eng., A(523):85-92, 2009.

P. Nikolaev h. Dai P. Petit J. Robert C. Xu Y. H. Lee S. G. Kim A. G. Rinzler D. T. Colbert G.
E. Scuseria D. Tamanek J. E. Fischer R. E. Samlley A. Thess, R. Lee. Crystalline ropes
of metallic carbon nanotubes. Science, 273:483-487, 1996.

G. H. Kim B. M. Cho. Effect of the processing parameters on the surface resistivity
of acrilonitrile-butadiene rubber/multiwalled carbon nanotube nanocomposites. J.
Appl. Polym. Sci., 116:555-561, 2010.

M.P. Bacos. Carbon-carbon composites:oxidation behavior and coatings protection.
JOURNAL DE PHYSIQUE 1V, 1993.

J.A. Barreto, W.0’ Malley, M. Kubeil, B. Graham, H. Stephon, and L. Spiccia. Nanoma-
terials:applications in cancer imaging. Advanced Materilas, 23(12), March 2011.

P. Bernier C. Journet. Production of carbon nanotubes. Appl. Phys. A. Mater. Sci. Proc.,
67:1-9, 1998.

P. Bernier A. Loiseau M. Lammy de la Chapelle S.Lefrant P. Deniard R. Lee J. E. Fischer
C. Journet, W. K. Maiser. Large-scale production of single-walled carbon nanotubes
by the electric-arc technique. Nature, 388:756—758, 1997.

T. W. Chou C. Li, E. T. Thostenson. Sensors and actuators based on carbon nanotubes
and their composites: a review. Composite Science and Technology, 68:1227-1249,
2008.

89



90 BIBLIOGRAPHY

F.C. Campbell. Manufacturing Technology for Aerospace Structural Materials. Elsevier,
2nd edition, 2008.

D. T. Colbert. Single-wall nanotubes: a new option for conductive plastics and engi-
neering polymers. Plastics Addit Compound, 5(1):18-25, 2003.

J. Mozco B. Pukanszky J. Gonzalez-Benito D. Olmos, K. Bagdi. Morphology interphase
formation in epoxy/pmma/glass fiber composites:effect of the molecular weight of
pmma. Journal of Colloid Interface Science, 360:289-299, 2011.

R.P. Silvy D. Resasco. Structure and Applications of Single-Walled Carbon Nanotubes
(SWCNTs). SWeNT.

A.JohnHartE.J. Garcia, B. L. Wardle. Joining prepreg composite interfaces with aligned
carbon nanotubes. Composites Part A: Applied Science Manufacturing, 39(6):1065—
1070, 2008.

T. W. Chou E. T. Thostenson, Z. Ren. Advnaces in the science and technology of carbon
nanotubes and their composites:a review. Composite Science and Technology, 61
(13):1899-1912, 2001.

Q. Zheng F. Deng. Interaction models for effective thermal and electric conductivites
of carbon nanotubes. Acta Mechanica Solida Sinica, 22(1):1-17, 2009.

A.D. Gotsis. Znuewwaoeig TexvoAoyiag MoAuuepwv. Dept. of Science, Technical Univer-
sity of Crete, 2008.

D. Hull and TW. Clyne. An Introduction to Composite Materials. Cambribge Solid State
Science Series, 2nd edition, 1996.

H. Brune C. Klinke M. Chen-E. Riedo I. Palaci, S. Fedrigo. Radial elasticity of multiwalled
carbon nanotubes. Physics Review Letters, 94, 2005.

S. lijima. Helical microtubules of graphitic carbon. Nature, 354:56-58, 1991.

S. lijima and T. Ichihashi. Single-shell carbon nanotubes of 1-nm diameter. Nature,
363:603-605, June 1993.

M. S. P. Shafer J. Cho, A. R. Boccaccini. Ceramic matrix compositesconatining carbon
nanotubes. J. Mater. Sci., 44(8):1934-1951, 2003.

S.J. Hwang H. Chung J. H. Ahn, Y. J. Kim. High energy ball milling of catalytically syn-
thesized carbon nanotubes. Mater. Sci. Forum, 534-536:193-196, 2007.

H. M. Cheng J. H. Du, j. Bai. The present status and key problems of carbon nanotubes
based on polymer composites. eXPRESS Polym. Lett., 1(5):253—-273, 2007.

Z. G. Zhang F. Lockwood J. Hilding, E. A. Grulke. Dispersion of carbon nanotubes in
liquids. J. Disper. Sci. Technol., 24(1):1-41, 2003.

Y. K. Chen M. H. L. Green P. J. F. Harris S. C. Tsang K. L. Lu, R. M. Lago. Mechanical
damage of carbon nanotubes by ultrasonication. Carbon, 34(6):814—-816, 1996.



BIBLIOGRAPHY 91

Q. Shi K. T. Lau, S. Failure mechanisms of carbon nanotube/epoxy composites pre-
treated in different temperature environments. Carbon, 40(15):2965-2968, 2002.

A. Paipetis; V. Kostopoulos. Carbon Nanotube Enhanced Aerospace Composite Mate-
rials, volume 188 of Solid Mechanics and Its Applications. Springer, 2013.

J. Wu Y. Huang K. C. Hwang L. Jiang, H. Tan. Continuum modeling of interfaces in
polymer matrix composites reinforced by carbon nanotubes. Nano Letters, 2(3):
139-148, 2007.

U. Mariani L. Lazzeri. Applications of damage tolerance principles to the design of
helicopters. International Journal of Fatigue, 31(6):1039-1045, 2009.

F. Gordaninejad J. Suhr L. Sun, R. F. Gibson. Energy absorption capability of nanocom-
posites: a review. Composite Science and Technology, 69(14):2392-2409, 2009.

M. Kausala L. Zhang. Fabrication and application of polymer composites comprising
carbon nanotubes. Recent Patents on Nanotechnology, 1(1):59-65, 2007.

K. P. Ryan V. Nicolosi G. Bister A. Fonseca J. B. Nagy K. Szostak F. Beguin W. J. Blau
M. Cadek, J. N. Coleman. Reinforcement of polymers with carbon nanotubes: the
role of the nanotube surface area. Nano Letters, 4(2):353-356, 2004.

M. J. Dyer K. Moloni T. F. Kelly R. S. Ruoff M. F. Yu, O. lourie. Strength and breaking
mechanism of multiwalled carbon nanotubes under tensile load. Science, 287:637—
640, 2000a.

R.S. Ruoff M. F. Yu, T. Kowalewski. Investigation of the radial deformability of individual
carbon nanotubes under controlled indentation force. Physics Review Letters, 85,
2000b.

T. Higuchi S. Oschiai M. Hojo, S. Matsuda. Fracture mechanism for mode ii propagation
of delamination fatigue cracks in cf/peek laminates. Zairyo/J. Soc. Mater. Sci. Jpn.,
46(4):366-373, 1997.

T. Tahara T. Iwaki F. Iskandar C. J. Hogan Jr K. Okuyama M. Inkyo, Y. Tokunaga. Beads
mill-assisted synthesis of poly methyl methacrylate (pmma)-tio2 nanoparticle com-
posites. Ind. Eng. Chem., 47:2597-2604, 2008.

P. Zapol Y.Zhu S. Li T. Belytschko H. D. Espinosa M. Locascio, B. Peng. Tailoring the
load carrying capacity of mwcnts through inter-shell atomic bridging. Experimental
Mechanics, 49, 2009.

J.M. Gibson M.M.J. Treacy, T.W. Ebbesen. Exceptionally high young’s modulus observed
for individual carbon nanotubes. Nature, 381:678-680, 1996.

D. Tasis N. Karousis, N. Tagmatarchis. Currents progress on the chemical modification
of carbon nanotubes. Chem. Rev., 110(9):5366—-5397, 2010.



92 BIBLIOGRAPHY

J. F. Colomer C. Bossuot J. M. Benoit G. Van Tendeloo J. P. Pirard J. B. Nagy N. Pierard,
A. Fonseca. Ball milling effect on the structure of single-wall carbon nanotubes.
Carbon, 42:1691-1697, 2004.

J.F. Nye. Physical Properties of Crystals: Their Representation by Tensors and Matrices.
Oxford Science Publications, 1985.

K. J. Sun K. M. Criss E. J. Siochi J. W. Connell S. Ghose, K. A. Watson. High temperature
resin/carbon nanotube composite fabrication. Comput. Sci. Tech., 66:1995-2002,
2006.

M. Karthik S. Karthikeyan, P. Mahalingam. Large scale synthesisof carbon nanotubes.
E-J Chem., 6(1):1-12, 2009.

A. R. Bhattacharyya B. G. Min X. Zhang R. A. Vaia C. Park W. Wade Adams R. H. Hauge
R. E. Smalley S. Ramesh P. A. Willis S. Kumar, T. D. Deng F. E. Arnold. Synthesis,
structure and propertiesof pbo/swcnt composites. Macromolecules, 35(24):9039—
9043, 2002.

A. Vavouliotis P. Tsotra V. Kostopoulos T. Tanimoto K. Friedrich S. Tsantzalis, P. Kara-
pappas. On the improvement of toughness of cfrps with resin doped with cnf and
pzt particles. Composites Part A: Applied Science Manufacturing, 38(4):1159-1162,
2007.

S. Shelley. Newsfront: carbon nanotubes: a small scale wonder. Chem. Eng., 110(1):
27-29, 2003.

Suprakas Sinha Ray Sreejarani K. Pillai, James Ramontja. Amine functionalization of
carbon nanotubes for the preparation of cnt based polylactide composites- a com-
parative study. American Ceramic Society.

R. Vajtai, editor. Springer Handbook of Nanomaterials. Springer, 2013.

D.P.N. Vlasveld. Fibre reinforced polymer nanocomposites. PhD thesis, Delft University
of Technology, Delft, the Netherlands, 2005.

J. Z. Kovacs W. Bauhofer. A review and analysis of electrical percolation in carbon
nanotube polymer composites. Composite Science and Technology, 69(10):1486—
1498, 2009.

Z. Zhang R. Yang G. Liu T> Zhang X. An X. Yi Y. Ren Z. Niu J. Li H. Dong W. Zhou P. M.
Ajayan S. Xie W. Ma, L. Liu. High-strength composite fibers: realizing true potential
of carbon nanotubes on polymer matrix through continuous reticulate architecture
and molecular level coupling. Nano Letters, 9(8):2855-2861, 2009.

S. Inoue S. lijima Y. Ando, X. Zhao. Mass production of multiwalled carbon nanotubes
by hydrogen arc discharge. J. Cryst. Growth, 237-239:1926—-1930, 2002.

J. Liang Q. Yu D. H. Wu Y. B. Li, B. Q. Wei. Transformation of carbon nanotubesto
nanoparticlesby ball milling process§. Carbon, 37:493-497, 1999.



BIBLIOGRAPHY 93

M. J. Crocker Z. Li. A review on vibration damping in sandwich composite structures.
International Journal of Accoustics, 10(4):159-169, 2005.

A. Antonogiannakis. MeA£tn tng enidpaong Tng UPAVONG TWV VWV OTLG LNXOVLIKEG
LBLOTNTEG LVOTTALOEVWVY oUVOEeTWVY UALKwVY. Master’s thesis, Science Dept. ,Technical
University of Crete, 2013.



94

BIBLIOGRAPHY



Appendix A

ASTM Standard Test Method for
Tensile Properties of Plastics

95



QH].” Designation: D 638 -99 An American National Standard

Standard Test Method for

Tensile Properties of Plastics *

This standard is issued under the fixed designation D 638; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilone} indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the Department of Defense.

1. Scope * safety concerns, if any, associated with its use. It is the

1.1 This test method covers the determination of the tensiléeSponsibility of the user of this standard to establish appro-
properties of unreinforced and reinforced plastics in the fornPriate safety and health practices and determine the applica-
of standard dumbbell-shaped test specimens when tested undéfty of regulatory limitations prior to use.
defined conditions of pretreatment, temperature, humidity,
testing machine speed.

1.2 This test method can be used for testing materials of any 2-1 ASTM Standards: o _
thickness up to 14 mm (0.55 in.). However, for testing D 229 Test Methods for Rigid Sheet and Plate Materials

specimens in the form of thin sheeting, including film less than _ USed for Electrical Insulatich
1.0 mm (0.04 in.) in thickness, Test Methods D 882 is the D 412 Test Methods for Vulcanized Rubber and Thermo-

preferred test method. Materials with a thickness greater than _Plastic Rubbers and Thermoplastic Elastomers— Tefision
14 mm (0.55 in.) must be reduced by machining. D 618 Practice for Condmomng Plastics for Testing _
1.3 This test method includes the option of determining D 651 Test Method for Tensile Strength of Molded Electri-

Poisson’s ratio at room temperature. cal Insulating Materiafs , , , _
D 882 Test Methods for Tensile Properties of Thin Plastic

Note 1—This test method and ISO 527-1 are technically equivalent. Sheetin@
Note 2—This test method is not intended to cover precise physical D 883 Terminology Relating to Plastits

procedures. It is recognized that the constant rate of crosshead movement .
type of test leaves much to be desired from a theoretical standpoint, that D 1822 Test Method for Tensile-Impact Energy to Break

wide differences may exist between rate of crosshead movement and rate  Plastics and Electrical Insulating Materi‘flﬂs .
of strain between gage marks on the specimen, and that the testing speeddD 3039/D 3039M Test Method for Tensile Properties of
specified disguise important effects characteristic of materials in the  Polymer Matrix Composite Materidls

plastic state. Further, it is realized that variations in the thicknesses of test D 4000 Classification System for Specifying Plastic Mate-
specimens, which are permitted by these procedures, produce variations in - yj5|s7

_the surface-volume ratios of such specimens, and that these variations maYy 1066 Specification for Nylon Injection and Extrusion

influence the test results. Hence, where directly comparable results are .

desired, all samples should be of equal thickness. Special additional tests Materials . . . .

should be used where more precise physical data are needed. D 5947 Test Methods for Physical Dimensions of Solid
Note 3—This test method may be used for testing phenolic molded ~ Plastic Specimefis

resin or laminated materials. However, where these materials are used asE 4 Practices for Force Verification of Testing Machihes

electrical insulation, such materials should be tested in accordance with £ 83 Practice for Verification and Classification of Exten-
Test Methods D 229 and Test Method D 651. someter®

Note 4—For tensile properties of resin-matrix composites reinforced . , .
with oriented continuous or discontinuous high modulus >20-GPa E 138?9 Test Method for Poisson’s Ratio at Room Tempera-
(>3.0x 10°%-psi) fibers, tests shall be made in accordance with Test tur . )
Method D 3039/D 3039M. E 691 Practice for Conducting an Interlaboratory Study to
Determine the Precision of a Test MetABd

2.2 1SO Standard:

ang_ Referenced Documents

1.4 Test data obtained by this test method are relevant and
appropriate for use in engineering design.

1.5 The values stated in Sl units are to be regarded as t 2 Ammual Book of ASTM Standacdl 10,01
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iy D 638

ISO 527-1 Determination of Tensile Properties 4.4 Poisson’s Ratie-When uniaxial tensile force is applied
to a solid, the solid stretches in the direction of the applied
3. Terminology force (axially), but it also contracts in both dimensions lateral
3.1 Definitions—Definitions of terms applying to this test to the applied force. If the solid is homogeneous and isotropic,
method appear in Terminology D 883 and Annex A2. and the material remains elastic under the action of the applied
force, the lateral strain bears a constant relationship to the axial
4. Significance and Use strain. This constant, called Poisson’s ratio, is defined as the

4.1 This test method is designed to produce tensile propertjegative ratio of the transverse (negative) to axial strain under
data for the control and specification of plastic materials. Thesgniaxial stress.
data are also useful for qualitative characterization and for 4.4.1 Poisson’s ratio is used for the design of structures in
research and development. For many materials, there may benich all dimensional changes resulting from the application
specification that requires the use of this test method, but witRf force need to be taken into account and in the application of
some procedural modifications that take precedence whelhe generalized theory of elasticity to structural analysis.
adhering to th,e SpeCiﬁ_Cfatiqn' Therefore, _it is aQVisabIe to refer Note 6—The accuracy of the determination of Poisson’s ratio is
to that material specification before using this test methodysyally limited by the accuracy of the transverse strain measurements
Table 1 in Classification D 4000 lists the ASTM materials because the percentage errors in these measurements are usually greater
standards that currently exist. than in the axial strain measurements. Since a ratio rather than an absolute

4.2 Tensile properties may vary with specimen preparatiorﬁluamity is mea§ureq, it is only necessary to know accuratgly the relative
and with speed and environment of testing. Consequentlyﬁa'“e of the calibration factors of the extensometers. Also, in general, the
where precise comparative results are desired, these factora|® Of the applied loads need not be known accurately.
must be c:_:trefully controlled. . . 5. Apparatus

4.2.1 It is realized that a material cannot be tested without . . . .
also testing the method of preparation of that material. Hence, 5.1 Testing Machine-A testing machine of Fh_e constant-
when comparative tests of materials per se are desired, ttjgte:Cf-crosshead-movement type and comprising essentially
greatest care must be exercised to ensure that all samples &€ following:

prepared in exactly the same way, unless the test is to include 5'161 Fixed .Membe A fixed or essentially stationary
the effects of sample preparation. Similarly, for referee pur/NMEMDEr carrying one grip. .
5.1.2 Movable MemberA movable member carrying a

poses or comparisons within any given series of specimens,

care must be taken to secure the maximum degree of uniforec0nd grip. _ . .
mity in details of preparation, treatment, and handling. 5.1.3 Grips—Grips for holding the test specimen between

4.3 Tensile properties may provide useful data for plasticd"® fixed member and the movable member of the testing
engineering design purposes. However, because of the higRachine can be either the fixed or self-aligning type.
degree of sensitivity exhibited by many plastics to rate of °-1-3-1 Fixed grips are rigidly attached to the fixed and

straining and environmental conditions, data obtained by thi§'0vable members of the testing machine. When this type of
test method cannot be considered valid for applications involydTiP i used extreme care should be taken to ensure that the test

ing load-time scales or environments widely different fromSPecimen is inserted and clamped so that the long axis of the
those of this test method. In cases of such dissimilarity, ndest specimen coincides with the direction of pull through the

reliable estimation of the limit of usefulness can be made foC€Nter line of the grip assembly. _

most plastics. This sensitivity to rate of straining and environ- ©-1.3.2 Self-aligning grips are attached to the fixed and
ment necessitates testing over a broad load-time scale (incluiovable members of the testing machine in such a manner that
ing impact and creep) and range of environmental conditions {78y, Will move freely into alignment as soon as any load is

tensile properties are to sufiice for engineering design purapplied so tha_t the long axis_of the test specimen will cqincide
poses. with the direction of the applied pull through the center line of

the grip assembly. The specimens should be aligned as per-
Note 5—Since the existence of a true elastic limit in plastics (as i”fectly as possible with the direction of pull so that no rotary

many other organic materials and in many metals) is debatable, tthotion that may induce slippage will occur in the grips; there
propriety of applying the term “elastic modulus” in its quoted, generally . ’

accepted definition to describe the “stiffness” or “rigidity” of a plastic has is a limit to the amount of misalignment self-aligning grips will
been seriously questioned. The exact stress-strain characteristics of plasBécommodate.

materials are highly dependent on such factors as rate of application of 5.1.3.3 The test specimen shall be held in such a way that
stress, temperature, previous history of specimen, etc. However, stresslippage relative to the grips is prevented insofar as possible.
strain curves for plastics, determined as described in this test methogrip surfaces that are deeply scored or serrated with a pattern
almost always show a linear region at low stresses, and a straight ”,”§imilar to those of a coarse single-cut file, serrations about 2.4

drawn tangent to this portion of the curve permits calculation of an elasti . .
modulus of the usually defined type. Such a constant is useful if it(inrn (0.09 in.) apart and about 1.6 mm (0.06 in.) deep, have

arbitrary nature and dependence on time, temperature, and similar fact(})?en found satisfactory for most thermoplastics. Finer serra-

are realized. tions have been found to be more satisfactory for harder
plastics, such as the thermosetting materials. The serrations
should be kept clean and sharp. Breaking in the grips may
1 Available from American National Standards Institute, 11 W. 42nd St., 13th OCCUr attimes, even when dee.p serrations or abraqed specimen
Floor, New York, NY 10036. surfaces are used; other techniques must be used in these cases.
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Other techniques that have been found useful, particularly witlhess), the same above extensometer, attenuated to 20 % exten-
smooth-faced grips, are abrading that portion of the surface afion, may be used. In any case, the extensometer system must
the specimen that will be in the grips, and interposing thinmeet at least Class C (Practice E 83) requirements, which
pieces of abrasive cloth, abrasive paper, or plastic, or rubbemclude a fixed strain error of 0.001 strain &rl.0 % of the
coated fabric, commonly called hospital sheeting, between thimdicated strain, whichever is greater.
specimen and the grip surface. No. 80 double-sided abrasive 5.2.3 High-Extension Measurementd-or making mea-
paper has been found effective in many cases. An open-meshirements at elongations greater than 20 %, measuring tech-
fabric, in which the threads are coated with abrasive, has alseiques with error no greater thanl0 % of the measured value
been effective. Reducing the cross-sectional area of the speare acceptable.
men may also be effective. The use of special types of grips is 5.2.4 Poisson’s Ratie-Bi-axial extensometer or axial and
sometimes necessary to eliminate slippage and breakage in thransverse extensometers capable of recording axial strain and
grips. transverse strain simultaneously. The extensometers shall be
5.1.4 Drive Mechanism-A drive mechanism for imparting capable of measuring the change in strains with an accuracy of
to the movable member a uniform, controlled velocity with 1 % of the relevant value or better.

respect to the Stz_itlonfary me_mber’ with this Ve|0C|ty to be Note 8—Strain gages can be used as an alternative method to measure
regulated as specified in Section 8. axial and transverse strain; however, proper techniques for mounting
5.1.5 Load Indicator—A suitable load-indicating mecha- strain gages are crucial to obtaining accurate data. Consult strain gage
nism capable of showing the total tensile load carried by theuppliers for instruction and training in these special techniques.
test specimen when held by the grips. This mechanism shall be 5.3 Micrometers—Suitable micrometers for measuring the
essentially free of inertia lag at the specified rate of testing anglidth and thickness of the test specimen to an incremental
shall indicate the load with an accuracy of1 % of the discrimination of at least 0.025 mm (0.001 in.) should be used.
indicated value, or better. The accuracy of the testing machingll width and thickness measurements of rigid and semirigid
shall be verified in accordance with Practices E 4. plastics may be measured with a hand micrometer with ratchet.
Note 7—Experience has shown that many testing machines now in us’g‘ SUItabIe_ instrument for measuring the thICkneSS of nonrigid
are incapable of maintaining accuracy for as long as the periods betwedfSt Specimens shall havd) a contact measuring pressure of
inspection recommended in Practices E 4. Hence, it is recommended thgp * 2.5 kPa (3.6+ 0.36 psi),(2) a movable circular contact
each machine be studied individually and verified as often as may b&ot 6.35*+ 0.025 mm (0.250+ 0.001 in.) in diameter, an(B)
found necessary. It frequently will be necessary to perform this functiora lower fixed anvil large enough to extend beyond the contact
daily. foot in all directions and being parallel to the contact foot
5.1.6 The fixed member, movable member, drive mechaWithin 0.005 mm (00002 |n) over the entire foot area. Flatness
nism, and grips shall be constructed of such materials and ifif the foot and anvil shall conform to Test Method D 5947.
such proportions that the total elastic longitudinal strain of the 5.3.1 An optional instrument equipped with a circular con-
system constituted by these parts does not exceed 1 % of tfact foot 15.88= 0.08 mm (0.625+= 0.003 in.) in diameter is
total longitudinal strain between the two gage marks on the te§ecommended for thickness measuring of process samples or
specimen at any time during the test and at any load up to thi@rger specimens at least 15.88 mm in minimum width.
rated capacity of the machine. 6. Test Specimens
5.2 Extension Indicatoi(extensometer)—A suitable instru- g ¢ Sheet, Plate, and Molded Plastics

ment shall be used for determining the distance between two g 1 ¢ Rigid and Semirigid Plasties-The test specimen shall
designated points within the gage length of the test specimen 8 1form to the dimensions shown in Fig. 1. The Type |
the specimen is stretched. For referee purposes, the extenso@ya cimen is the preferred specimen and shall be used where

eter must be set at the full gage length of the specimen, agficient material having a thickness of 7 mm (0.28 in.) or less
shown in Fig. 1. It is desirable, but not essential, that thisg ,yailable. The Type Il specimen may be used when a
instrument automatically record this distance, or any change ifaterial does not break in the narrow section with the preferred

it, as a fynction of the load on the test specimen or of thel’ype | specimen. The Type V specimen shall be used where
elapsed time from the start of the test, or both. If only the Iatteromy limited material having a thickness of 4 mm (0.16 in.) or
is obtained, load-time data must also be taken. This instrumentqq is available for evaluation. or where a large number of

sha!l be essentially free of inertia at_ j[he specifie_d sp_eed_ pecimens are to be exposed in a limited space (thermal and
testing. Extensometers shall be classified and their calibratiog,ironmental stability tests, etc.). The Type IV specimen
periodically verified in accordance with Practice E 83. should be used when direct comparisons are required between
5.2.1 Modulus-of-Elasticity Measurementd-or modulus-  materials in different rigidity cases (that is, nonrigid and
strain error of 0.0002 mm/mm (in./in.) that automatically andmaterials with a thickness of greater than 7 mm (0.28 in.) but
continuously records shall be used. An extensometer classifigtht more than 14 mm (0.55 in.).
by Practice E 83 as fuffilling the requirements of a B-2 6.1.2 Nonrigid Plastics—The test specimen shall conform
classification within the range of use for modulus measureto the #fmensions shown in Fig. 1. The Type IV specimen shall
ments meets this requirement. be used for testing nonrigid plastics with a thickness of 4 mm
5.2.2 Low-Extension Measurements-or elongation-at- (0.16 in.) or less. The Type Ill specimen must be used for all
yield and low-extension measurements (nominally 20 % omaterials with a thickness greater than 7 mm (0.28 in.) but not
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TYPE IV

Specimen Dimensions for Thickness, T, mm (in.)*

7 (0.28) or under Over 7 to 14 (0.28 to 0.55), incl 4 (0.16) or under
Dimensions (see drawings) Tolerances
Type | Type Il Type llI Type IVE Type VEP

W—Width of narrow section* 13 (0.50) 6 (0.25) 19 (0.75) 6 (0.25) 3.18 (0.125) +0.5 (+0.02)8:¢
L—Length of narrow section 57 (2.25) 57 (2.25) 57 (2.25) 33 (1.30) 9.53 (0.375) +0.5 (+0.02)¢
WO—Width overall, min® 19 (0.75) 19 (0.75) 29 (1.13) 19 (0.75) +6.4 (+0.25)
WO—Width overall, min® 9.53 (0.375) +3.18 (+0.125)
LO—Length overall, min* 165 (6.5) 183 (7.2) 246 (9.7) 115 (4.5) 63.5 (2.5) no max (no max)
G—Gage length’ 50 (2.00) 50 (2.00) 50 (2.00) 7.62 (0.300) +0.25 (£0.010)¢
G—Gage length’ 25 (1.00) +0.13 (*=0.005)
D—Distance between grips 115 (4.5) 135 (5.3) 115 (4.5) 65 (2.5)7 25.4 (1.0) +5(+0.2)
R—Radius of fillet 76 (3.00) 76 (3.00) 76 (3.00) 14 (0.56) 12.7 (0.5) +1 (+0.04)¢
RO—Outer radius (Type V) 25 (1.00) +1 (*£0.04)

A Thickness, T, shall be 3.2+ 0.4 mm (0.13 = 0.02 in.) for all types of molded specimens, and for other Types | and Il specimens where possible. If specimens are
machined from sheets or plates, thickness, T, may be the thickness of the sheet or plate provided this does not exceed the range stated for the intended specimen type.
For sheets of nominal thickness greater than 14 mm (0.55 in.) the specimens shall be machined to 14 = 0.4 mm (0.55 = 0.02 in.) in thickness, for use with the Type Il
specimen. For sheets of nominal thickness between 14 and 51 mm (0.55 and 2 in.) approximately equal amounts shall be machined from each surface. For thicker sheets
both surfaces of the specimen shall be machined, and the location of the specimen with reference to the original thickness of the sheet shall be noted. Tolerances on
thickness less than 14 mm (0.55 in.) shall be those standard for the grade of material tested.

B For the Type IV specimen, the internal width of the narrow section of the die shall be 6.00 = 0.05 mm (0.250+ 0.002 in.). The dimensions are essentially those of Die
C in Test Methods D 412.

€ The Type V specimen shall be machined or die cut to the dimensions shown, or molded in a mold whose cavity has these dimensions. The dimensions shall be:

W= 3.18 = 0.03 mm (0.125 + 0.001 in.),
L =9.53 * 0.08 mm (0.375 = 0.003 in.),
G = 7.62 = 0.02 mm (0.300 = 0.001 in.), and
R =127 = 0.08 mm (0.500 *+ 0.003 in.).

The other tolerances are those in the table.

P Supporting data on the introduction of the L specimen of Test Method D 1822 as the Type V specimen are available from ASTM Headquarters. Request RR:D20-1038.

E The width at the center W, shall be +0.00 mm, -0.10 mm ( +0.000 in., —0.004 in.) compared with width W at other parts of the reduced section. Any reduction in W
at the center shall be gradual, equally on each side so that no abrupt changes in dimension result.

F For molded specimens, a draft of not over 0.13 mm (0.005 in.) may be allowed for either Type | or Il specimens 3.2 mm (0.13 in.) in thickness, and this should be taken
into account when calculating width of the specimen. Thus a typical section of a molded Type | specimen, having the maximum allowable draft, could be as follows:

G Overall widths greater than the minimum indicated may be desirable for some materials in order to avoid breaking in the grips.

H Overall lengths greater than the minimum indicated may be desirable either to avoid breaking in the grips or to satisfy special test requirements.

! Test marks or initial extensometer span.

7 When self-tightening grips are used, for highly extensible polymers, the distance between grips will depend upon the types of grips used and may not be critical if
maintained uniform once chosen. .

......... 0.505in., max ....._

(12.83 mm)

0.005 in. max
(0.13 mm)

... 0.500 in.
(12.70 mm)

FIG. 1 Tension Test Specimens for Sheet, Plate, and Molded Plastics

more than 14 mm (0.55 in.). 6.1.4 Preparation—Test specimens shall be prepared by
6.1.3 Reinforced CompositesThe test specimen for Pein- machining operations, or die cutting, from materials in sheet,
forced composites, including highly orthotropic laminates,plate, slab, or similar form. Materials thicker than 14 mm (0.55

shall conform to the dimensions of the Type | specimen showiin.) must be machined to 14 mm (0.55 in.) for use as Type llI
in Fig. 1.
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specimens. Specimens can also be prepared by molding theNote 10—When preparing specimens from certain composite lami-

material to be tested.
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DIMENSIONS OF TUBE SPECIMENS

Standard Length, L,

Total Calculated of Specimen to Be

Nominal Wall Length of Radial

. Sections Minimum
Thickness ’ ] Used for 89-mm
2R.S. Length of Specimen (3.5-in.) Jaws*
mm (in.)
0.79 (Ya2) 13.9 (0.547) 350 (13.80) 381 (15)
1.2 (Yea) 17.0 (0.670) 354 (13.92) 381 (15)
1.6 (Y1e) 19.6 (0.773) 356 (14.02) 381 (15)
2.4 (¥32) 24.0 (0.946) 361 (14.20) 381 (15)
3.2 (Vs) 27.7 (1.091) 364 (14.34) 381 (15)
4.8 (%16) 33.9 (1.333) 370 (14.58) 381 (15)
6.4 (Ya) 39.0 (1.536) 376 (14.79) 400 (15.75)
7.9 (Y16) 43.5 (1.714) 380 (14.96) 400 (15.75)
9.5 (%) 47.6 (1.873) 384 (15.12) 400 (15.75)
11.1 (16) 51.3 (2.019) 388 (15.27) 400 (15.75)
12.7 (V2) 54.7 (2.154) 391 (15.40) 419 (16.5)

A For other jaws greater than 89 mm (3.5 in.), the standard length shall be
increased by twice the length of the jaws minus 178 mm (7 in.). The standard
length permits a slippage of approximately 6.4 to 12.7 mm (0.25 to 0.50 in.) in each
jaw while maintaining the maximum length of the jaw grip.

FIG. 2 Diagram Showing Location of Tube Tension Test
Specimens in Testing Machine

Note 9—Test results have shown that for some materials such as glass

nates such as woven roving, or glass cloth, care must be exercised in
cutting the specimens parallel to the reinforcement. The reinforcement
will be significantly weakened by cutting on a bias, resulting in lower
laminate properties, unless testing of specimens in a direction other than
parallel with the reinforcement constitutes a variable being studied.

Note 11—Specimens prepared by injection molding may have different
tensile properties than specimens prepared by machining or die-cutting
because of the orientation induced. This effect may be more pronounced
in specimens with narrow sections.

6.2 Rigid Tubes—The test specimen for rigid tubes shall be
as shown in Fig. 2. The length, shall be as shown in the table
in Fig. 2. A groove shall be machined around the outside of the
specimen at the center of its length so that the wall section after
machining shall be 60 % of the original nominal wall thick-
ness. This groove shall consist of a straight section 57.2 mm
(2.25 in.) in length with a radius of 76 mm (3 in.) at each end
joining it to the outside diameter. Steel or brass plugs having
diameters such that they will fit snugly inside the tube and
having a length equal to the full jaw length plus 25 mm (1 in.)
shall be placed in the ends of the specimens to prevent
crushing. They can be located conveniently in the tube by
separating and supporting them on a threaded metal rod.
Details of plugs and test assembly are shown in Fig. 2.

6.3 Rigid Rods—The test specimen for rigid rods shall be as
shown in Fig. 3. The length,, shall be as shown in the table
in Fig. 3. A groove shall be machined around the specimen at
the center of its length so that the diameter of the machined
portion shall be 60 % of the original nhominal diameter. This
groove shall consist of a straight section 57.2 mm (2.25in.) in
length with a radius of 76 mm (3 in.) at each end joining it to
the outside diameter.

6.4 All surfaces of the specimen shall be free of visible
flaws, scratches, or imperfections. Marks left by coarse ma-
chining operations shall be carefully removed with a fine file or
abrasive, and the filed surfaces shall then be smoothed with
abrasive paper (No. 00 or finer). The finishing sanding strokes
shall be made in a direction parallel to the long axis of the test
specimen. All flash shall be removed from a molded specimen,
taking great care not to disturb the molded surfaces. In
machining a specimen, undercuts that would exceed the
dimensional tolerances shown in Fig. 1 shall be scrupulously
avoided. Care shall also be taken to avoid other common
machining errors.

6.5 If it is necessary to place gage marks on the specimen,
this shall be done with a wax crayon or India ink that will not
affect the material being tested. Gage marks shall not be
scratched, punched, or impressed on the specimen.

6.6 When testing materials that are suspected of anisotropy,
duplicate sets of test specimens shall be prepared, having their
long axes respectively parallel with, and normal to, the
suspected direction of anisotropy.

7. Number of Test Specimens

7.1 Test at least five specimens for each sample in the case
of iso&ro ic materials.
7.2-Test ten specimens, five normal to, and five parallel

cloth, SMC, and BMC laminates, other specimen types should béNith’ the p_rinciple_ axis Of_aniSOtmpyv for each sample in the
considered to ensure breakage within the gage length of the specimen, @8S€ Of anisotropic materials.

mandated by 7.3.
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DIMENSIONS OF ROD SPECIMENS

il D 638

8. Speed of Testing

8.1 Speed of testing shall be the relative rate of motion of
the grips or test fixtures during the test. The rate of motion of
the driven grip or fixture when the testing machine is running
idle may be used, if it can be shown that the resulting speed of
testing is within the limits of variation allowed.

8.2 Choose the speed of testing from Table 1. Determine
this chosen speed of testing by the specification for the material
being tested, or by agreement between those concerned. When
the speed is not specified, use the lowest speed shown in Table
1 for the specimen geometry being used, which gives rupture
within ¥ to 5-min testing time.

8.3 Modulus determinations may be made at the speed
selected for the other tensile properties when the recorder
response and resolution are adequate.

8.4 Poisson’s ratio determinations shall be made at the same
speed selected for modulus determinations.

9. Conditioning

9.1 Conditioning—Condition the test specimens at 23
2°C (73.4* 3.6°F) and 50t 5 % relative humidity for not less
than 40 h prior to test in accordance with Procedure A of
Practice D 618, for those tests where conditioning is required.
In cases of disagreement, the tolerances shatl b¥C (1.8°F)
and £2 % relative humidity.

9.1.1 Note that for some hygroscopic materials, such as
nylons, the material specifications (for example, Specification
D 4066) call for testing “dry as-molded specimens.” Such
requirements take precedence over the above routine precon-
ditioning to 50 % relative humidity and require sealing the
specimens in water vapor-impermeable containers as soon as

Standard Length, L, of
Specimen to Be Used
for 89-mm (3%2-in.)

Total Calculated
Minimum
Length of Specimen

Nominal Diam- Length of Radial
eter Sections, 2R.S.

molded and not removing them until ready for testing.
9.2 Test Conditions-Conduct tests in the Standard Labora-
Jaws* tory Atmosphere of 23t 2°C (73.4* 3.6°F) and 50+ 5 %

mm (in.) relative humidity, unless otherwise specified in the test meth-
3.2 (Y6) 19.6 (0.773) 356 (14.02) 381 (15) ods. In cases of disagreement, the tolerances shatt BEC
4.7 (16) 24.0 (0.946) 361 (14.20) 381 (15) (1.8°F) and+2 % relative humidity.
6.4 (V4) 27.7 (1.091) 364 (14.34) 381 (15)
9.5 (%) 33.9 (1.333) 370 (14.58) 381 (15) TABLE 1 Designations for Speed of Testing “
12.7 (V2) 39.0 (1.536) 376 (14.79) 400 (15.75) -
15.9 (%) 43.5 (1.714) 380 (14.96) 400 (15.75) Nog"”a'
19.0 (¥4) 47.6 (1.873) 384 (15.12) 400 (15.75) L , Speed of Testing, “Uan Rate at
22.2 (Ya) 51.5 (2.019) 388 (15.27) 400 (15.75) Classification Specimen Type mm/min (in./min) Start of Tes_t,
25.4 (1) 54.7 (2.154) 391 (15.40) 419 (16.5) mm/mm- min
31.8 (1%4) 60.9 (2.398) 398 (15.65) 419 (16.5) (in-/in.-min)
38.1 (1%2) 66.4 (2.615) 403 (15.87) 419 (16.5) Rigid and Semirigid 1, I, Il rods and 5(0.2) * 25% 0.1
42,5 (1%a) 71.4 (2.812) 408 (16.06) 419 (16.5) tubes
50.8 (2) 76.0 (2.993) 412 (16.24) 432 (17) 50 (2) + 10% 1
A For other jaws greater than 89 mm (3.5 in.), the standard length shall be 500 (20) + 10 % 10
increased by twice the length of the jaws minus 178 mm (7 in.). The standard v 5(0.2) = 25% 0.15
length permits a slippage of approximately 6.4 to 12.7 mm (0.25 to 0.50 in.) in each 50 (2) £ 10% 15
jaw while maintaining the maximum length of the jaw grip. 500 (20) + 10 2/0 15
FIG. 3 Diagram Showing Location of Rod Tension Test Specimen v 1(0.09 L 25 OA’ 01
in Testing Machine 10 (0.5) = 25 % 1
in 100 (5)* 25 % 10
Nonrigid n 50 (2) + 10% 1
500 (20) *= 10 % 10
flaw, or that do not break between the predetermined gage v 50 (2) = 10 % L5
500 (20) = 10 % 15

marks, and make retests, unless such flaws constitute a variable

to be studied.

Note 12—Before testing, all transparent specimens should be inspecte
in a polariscope. Those which show atypical or concentrated :strairgp

A Select the lowest speed that produces rupture in ¥ to 5 min for the specimen
geometry being used (see 8.2).
d B See Terminology D 883 for definitions.
€ The initial rate of straining cannot be calculated exactly for dumbbell-shaped
ecimens because of extension, both in the reduced section outside the gage

patterns should be rejected, unless the effects of these residual straigggth and in the fillets. This initial strain rate can be measured from the initial slope
constitute a variable to be studied.
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Note 13—The tensile properties of some plastics change rapidly with TABLE 3 Tensile Stress at Yield, 10 2 psi, for Eight Laboratories,

small changes in temperature. Since heat may be generated as a result of Three Materials
straining the specimen at high rates, conduct tests without forced cooling Mean s, Sk I, Ir
to ensure uniformity of test conditions. Measure the temperature in the

. . . . Polypropylene 363 0022 0161  0.062  0.456
reduced section of the specimen and record it for materials wherg /(7 @ .o butyrate 501 0058 0227 0164 0642
self-heating is suspected. Acrylic 104 0067 0317 0190  0.897

10. Procedure
10.1 Measure the width and thickness of rigid flat speci- TABLE 4 Elongation at Yield, %, for Eight Laboratories, Three

mens (Fig. 1) with a suitable micrometer to the nearest 0.025 Materials

mm (0.001 in.) at several points along their narrow sections. Mean S, Sk I, e

Measure the thickness of nonrigid specimens (produced by @iulose acetate butyrate 365 027 062 076 175
Type IV die) in the same manner with the required dialAcrylic 489 021 055 059 156
micrometer. Take the width of this specimen as the distancBoYPropylene 819 045 586 127 165

between the cutting edges of the die in the narrow section.

Measure the diameter of rod specimens, and the inside and10.4 Set the speed of testing at the proper rate as required in
outside diameters of tube specimens, to the nearest 0.025 M8ction 8, and start the machine.

(0.001 in.) at a minimum of two points 90° apart; make these 105 Record the load-extension curve of the specimen.
measurements along the groove for specimens so constructed10.6 Record the load and extension at the yield point (if one
Use plugs in testing tube specimens, as shown in Fig. 2. exists) and the load and extension at the moment of rupture.

Note 15—If it is desired to measure both modulus and failure proper-

6 ) ) . i
TABLE 2 Modulus, 10 " psi, for Eight Laboratories, Five Materials ties (yield or break, or both), it may be necessary, in the case of highly

Mean S, Sk Iy Ir extensible materials, to run two independent tests. The high magnification
Polypropylene 0210 00089 0.071 0.025 0.201 extensometer normally used to determine properties up to the yield point
Cellulose acetate butyrate 0.246  0.0179 0.035 0.051 0.144 may not be suitable for tests involving high extensibility. If allowed to
Acrylic 0481 0.0179 0.063 0.051 0.144 remain attached to the specimen, the extensometer could be permanently
Glass-reinforced nylon 117~ 00537 0217 0152 0614 damaged. A broad-range incremental extensometer or hand-rule technique
Glass-reinforced polyester 1.39 0.0894 0.266  0.253 0.753

may be needed when such materials are taken to rupture.

11. Calculation

10.2 Place the specimen in the grips of the testing machine, 11 1 Tensile Strength-Calculate the tensile strength by
taking care to align the long axis of the specimen and the gripgjviding the maximum load in newtons (or pounds-force) by
with an imaginary line joining the points of attachment of the the original minimum cross-sectional area of the specimen in
grips to the machine. The distance between the ends of thgyuare metres (or square inches). Express the result in pascals
gripping surfaces, when using flat specimens, shall be agr pounds-force per square inch) and report it to three
indicated in Fig. 1. On tube and rod specimens, the location fogjgnificant figures as tensile strength at yield or tensile strength
the grips shall be as shown in Fig. 2 and Fig. 3. Tighten theyt preak, whichever term is applicable. When a nominal yield
grips evenly and firmly to the degree necessary to preverdy preak load less than the maximum is present and applicable,
slippage of the specimen during the test, but not to the poing may be desirable also to calculate, in a similar manner, the
where the specimen would be crushed. ~ corresponding tensile stress at yield or tensile stress at break

10.3 Attach the extension indicator. When modulus is be|n%nd report it to three Significant figures (See Note A28)
determined, a Class B-2 or better extensometer is required (see11.2 pPercent Elongatior-If the specimen gives a yield load
5.2.1). that is larger than the load at break, calculate percent elonga-

Note 14—Modulus of materials is determined from the slope of the fion at yield. Otherwise, calculate percent elongation at break.
linear portion of the stress-strain curve. For most plastics, this lineaPo0 this by reading the extension (change in gage length) at the
portion is very small, occurs very rapidly, and must be recorded automatimoment the applicable load is reached. Divide that extension
cally. The change i_n jaw separation is never to be used for calculatingy the original gage length and multiply by 100. Report percent
modulus or elongation. elongation at yield or percent elongation at break to two

10.3.1 Poisson’s Ratio Determination: significant figures. When a yield or breaking load less than the

10.3.1.1 When Poisson'’s ratio is determined, the speed aohaximum is present and of interest, it is desirable to calculate
testing and the load range at which it is determined shall be thand report both percent elongation at yield and percent
same as those used for modulus of elasticity. elongation at break (see Note A2.2).

10.3.1.2 Attach the transverse strain measuring device. The 11.3 Modulus of Elasticity—Calculate the modulus of elas-
transverse strain measuring device must continuously measutieity by extending the initial linear portion of the load-
the strain simultaneously with the axial strain measuringextension curve and dividing the difference in stress corre-
device. sponding to any segment of section on this straight line by the

10.3.1.3 Make simultaneous measurements of load ancbrreéB nding difference in strain. All elastic modulus values
strain and record the data. The precision of the value o§hall be computed using the average initial cross-sectional area
Poisson’s ratio will depend on the number of data points ofof the test specimens in the calculations. The result shall be
axial and transverse strain taken. expressed in pascals (pounds-force per square inch) and
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. -#- Axial Strain, Ea

Absolute Strain, E

—-Transverse Strain, Et

0 1 2 3 4 5 )

Applied Load, P

FIG. 4 Plot of Strains Versus Load for Determination of Poisson’s Ratio

reported to three significant figures. X = value of single observation,
11.4 Secant modulus-At a designated strain, this shall be n = number of observations, and
calculated by dividing the corresponding stress (nominal) byX = arithmetic mean of the set of observations.

the designated strain. Elastic modulus values are preferable and11.8 See Annex Al for information on toe compensation.
shall be calculated whenever possible. However, for materials

where no proportionality is ewdent, the secant value _shall be TABLE 5 Tensile Strength at Break, 10 2 psi, for Eight
calculated. Draw the tangent as directed in A1.3 and Fig. A1.2, Laboratories, Five Materials

and mark off the designated strain from the yield point where

Mean S, S 1, |
the tangent line goes through zero stress. The stress to be used N N
. . . . . Polypropylene 2.97 1.54 1.65 4.37 4.66
in the calculation is then determined by dividing the 10ad-cejyiose acetate butyrate 48 0058 0180 0164  0.509
extension curve by the original average cross-sectional area aérylic 909 0452 0751 127 213
the specimen. Glass-reinforced polyester 20.8 0.233 0.437 0.659 1.24
Glass-reinforced nylon 23.6 0.277 0.698 0.784 1.98

11.5 Poisson’s Ratie-The axial straing,, indicated by the I — —

: P ensile strength and elongation at break values obtained for unreinforce

axial extensometer, and the transverse stralmm(;hcated by _propylene plastics generally are highly variable due to inconsistencies in necking

the transverse extensometers, are plotted against the appligddrawing” of the center section of the test bar. Since tensile strength and

Ioad, p, as shown in Fig. 4. A straight line is drawn through elongation at yield are more reproducible and relate in most cases to the prgctipal

each set of points and the slopdsa/ dP andde. / dP. of these usefulness of a molded part, they are generally recommended for specification
H t 1

i N i . i purposes.
lines are determined. Poisson’s ratio, |, is then calculated as
follows: TABLE 6 Elongation at Break, %, for Eight Laboratories, Five
W= —(de / dP)/(de, / dP) 1) Materials *
Mean S, Sk I, Ir

where -
d — chanae in transverse strain Glass-reinforced polyester 3.68 0.20 2.33 0.570 6.59

€, = change | . ¢ . Glass-reinforced nylon 387 010 213 0283  6.03
de, = change in axial strain, and Acrylic 13.2 2.05 365 58 103
dpP = change in applied load; Cellulose acetate butyrate 14.1 1.87 6.62 5.29 18.7

or Polypropylene 293.0 50.9 119.0 144.0 337.0

A Tensile strength and elongation at break values obtained for unreinforced
M = —(de) / (de,) (2 propylene plastics generally are highly variable due to inconsistencies in necking

. . r “drawing” of the center section of the test bar. Since tensile strength and

1:!"5'1_ The errors that may be introduced by draV\_/lng Eglongation at yield are more reproducible and relate in most cases to the practical
straight line through the points can be reduced by applying theésefulness of a molded part, they are generally recommended for specification
method of least squares. purposes.

11.6 For each series of tests, calculate the arithmetic mean
of all va]ues obtained a}nd repo'rt it as the “average value” for o Report
the particular property in question.

11.7 Calculate the standard deviation (estimated) as follows
and report it to two significant figures:

12.1 Report the following information:

12.1.1 Complete identification of the material tested, includ-
ing type, source, manufacturer’s code numbers, form, principal
s =1CEX2—nx)/(n-1) 1(9? dimensions, previous history, etc.,

12.1.2 Method of preparing test specimens,

12.1.3 Type of test specimen and dimensions,

12.1.4 Conditioning procedure used,

where:
s = estimated standard deviation,
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TABLE 7 Tensile Yield Strength, for Ten Laboratories, Eight TABLE 9 Tensile Break Strength, for Nine Laboratories, Six
Materials Materials
Test Values Expressed in psi Units Test Values Expressed in psi Units
Material Speed, Material Speed,
in/min  Average S, Sr r R in/min  Average S, Sk r R
LDPE 20 1544 52.4 64.0 146.6 179.3 LDPE 20 1592 52.3 74.9 146.4 209.7
LDPE 20 1894 53.1 61.2 148.7 171.3 LDPE 20 1750 66.6 102.9 186.4 288.1
LLDPE 20 1879 74.2 99.9 207.8 279.7 LLDPE 20 4379 127.1 219.0 355.8 613.3
LLDPE 20 1791 49.2 75.8 137.9 212.3 LLDPE 20 2840 78.6 1435 220.2 401.8
LLDPE 20 2900 55.5 87.9 155.4 246.1 LLDPE 20 1679 34.3 47.0 95.96 131.6
LLDPE 20 1730 63.9 96.0 178.9 268.7 LLDPE 20 2660 119.1 166.3 333.6 465.6
HDPE 2 4101 196.1 371.9 549.1 1041.3
HDPE 2 3523 175.9 478.0 492.4 1338.5
TABLE 10 Tensile Break Elongation, for Nine Laboratories, Six
. . . Materials

12.1.5 Atmospheric cor_1d|t|ons in test room, Test Values Expressed in Percent Units

12.1.6 Number of specimens tested, Material  Speed,

12.1.7 Speed of testing, in/min  Average S, Sr r R

12.1.8 Classification of extensometers used. A descriptionbpe 20 567 315 59.5 882  166.6
of measuring technique and calculations employed instead of ‘&FE 20 569 615 892 1r23 2497

- LLDPE 20 890 25.7 113.8 71.9 318.7
minimum Class-C extensometer SyStem, LLDPE 20 64.4 6.68 11.7 18.7 326

12.1.9 Tensile strength at yield or break, average value, andbpPE 20 803 25.7 104.4 719 2925

LLDPE 20 782 41.6 96.7 116.6 270.8

standard deviation,
12.1.10 Tensile stress at yield or break, if applicable,
average value, and standard deviation,
12.1.11 Percent elongation at yield or break, or both,

tested them. Each test result was the average of five individual
; ca 83eterminations. Each laboratory obtained three test results for
applicable, average value, "?m.d standard deviation, ach material. Data from some laboratories could not be used
12.1.12 Modulus of elasticity, average value, and standarg, |, ious reasons. and this is noted in each table.
deviation, 13.1.2 In Tables 2-10, for the materials indicated, and for
12.1.13 Datg pf test, and test results that derived from testing five specimens:
12.1.14 Revision date of Test Method D 638. 13.1.2.1S is the within-laboratory standard deviation of
13. Precision and Bias!2 the averaget, = 2.83S. (See 13.1.2.3 for application_Qf._)
13.1.2.2 &, is the between-laboratory standard deviation of

13.1 Precision—Tables 2-6 are based on a round-robin test, _ ot
: X . ) . . e averagelr = 2.835;. (See 13.1.2.4 for application &§.)
conducted in 1984, involving five materials tested by eight™'; 5 5 3 Rgpeatability—ln comparing two test results for

Iaporatories using the Type | specimen, all of nominal_0.1_2_5—in he same material, obtained by the same operator using the
determmations. Each boratory obtained two test resuits fGg° CAUPTNt on the same day, those test results shod be
each material ' y J{Jdged not eq_uivalent if th_e_y differ by more than thevalue
for that material and condition.
13.1.2.4 Reproducibility—In comparing two test results for

TABLE 8 Tensile Yield Elongation, for Eight Laboratories, Eight the same material, obtained by different operators using differ-

Materials . .
_ _ ent equipment on different days, those test results should be
Viaterial SEZZL Values Expressed in Percent Units judged not equivalent if they differ by more than thevalue

in/min  Average S, Sk r R for that material and condition. (This applies between different
LDPE 20 170 126 316 352 8.84 laboratories or between different equipment within the same
LDPE 20 14.6 1.02 2.38 2.86 6.67 laboratory.)
LLDPE 20 15.7 137 285 3.85 7.97 13.1.2.5 Any judgment in accordance with 13.1.2.3 and
LLDPE 20 16.6 1.59 3.30 4.46 9.24 . . 0 o
LLDPE 20 1.7 197 288 356 8.08 13_.1.2.4 will have an approximate 95 % (0.95) probability of
LLDPE 20 15.2 1.27 2.59 3.55 7.25 belng correct.
HDPE 2 9.27 1.40 2.84 3.91 7.94 H H H
HDPE 5 063 193 575 345 i 13.1.2.6 Other formulations may give somewhat different

results.
13.1.2.7 For further information on the methodology used in
Ahis section, see Practice E 691.

13.1.1 Tables 7-10 are based on a round-robin test co

ducted by the polyolefin subcommittee in 1988, involving eight 13:1.2:8 The precision of this test method is very dependent
polyethylene materials tested in ten laboratories. For eacHPon the uniformity of specimen preparation, standard prac-

material, all samples were molded at one source, but thi¢eS for which are covered in other documents.

individual specimens were prepared at the laboratories that\)talsi'%n i:sm;raﬁgrgfaggg?orre;]?gr:;zs?dmsé?hnoddards on which to

14. Keywords
12 Supporting data are available from ASTM Headquarters. Request RR:D20- yw

1125 for the 1984 round robin and RR:D20-1170 for the 1988 round robin. 14.1 modulus of elasticity; percent elongation; plastics;
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tensile properties; tensile strength

ANNEXES
(Mandatory Information)

Al. TOE COMPENSATION

Al.1 In a typical stress-strain curve (Fig. Al1.1) there is aelastic modulus can be determined by dividing the stress at any
toe region,AC, that does not represent a property of thepoint along the lineCD (or its extension) by the strain at the
material. It is an artifact caused by a takeup of slack andame point (measured from Poit defined as zero-strain).

alignment or seating of the specimen. In order to obtain correct

values of such parameters as modulus, strain, and offset yie olAl'3 I_n the.case gf ahmaterlalk.thgt ?oes not exh|b|tfatr11y
point, this artifact must be compensated for to give the!n€ar region (Fig. A1.2), the same kind of toe correction of the

corrected zero point on the strain or extension axis. zero.-strain point can b.e madp by gonstruc;in'g a tangent to the
maximum slope at the inflection poirtti(). This is extended to
Al.2 In the case of a material exhibiting a region of- intersect the strain axis at PoiBt, the corrected zero-strain
Hookean (linear) behavior (Fig. Al.1), a continuation of thepoint. Using PoinB’ as zero strain, the stress at any po&t)(
linear (CD) region of the curve is constructed through theon the curve can be divided by the strain at that point to obtain
zero-stress axis. This intersectioB) (is the corrected zero- a secant modulus (slope of Lif& G’). For those materials
strain point from which all extensions or strains must bewith no linear region, any attempt to use the tangent through

measured, including the yield offseBE), if applicable. The the inflection point as a basis for determination of an offset
yield point may result in unacceptable error.

o
2 8
o b
Lol ek
& o
o3
1
K
/
/ c'
/
/
y
E
A B E Strain A' B ' Strain
Note 1—Some chart recorders plot the mirror image of this graph. Note 1—Some chart recorders plot the mirror image of this graph.
FIG. Al1.1 Material with Hookean Region FIG. A1.2 Material with No Hookean Region

A2. DEFINITIONS OF TERMS AND SYMBOLS RELATING TO TENSION TESTING OF PLASTICS

A2.1 elastic limit—the greatest stress which a material isplotted, and other factors. Consequently, these values are usually replaced
capable of sustaining without any permanent strain remainin§y yield strength.
upon complete release of the stress. It is expressed in force perA2.2 elongation—the increase in length produced in the

unit area, usually pounds-force per square inch (megapgscalglage length of the test specimen by a tensile load. It is
) o . expressed in units of length, usually inches (millimetres). (Also
Note A2.1—Measured values of proportional limit and elastic limit ;
. o ; ; known asextensior)
vary greatly with the sensitivity and accuracy of the testing equipment,
eccentricity of loading, the scale to which the stress-strain diagram is Note A2.2—Elongation and strain values are valid only in cases where
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uniformity of specimen behavior within the gage length is present. In thespecified value of the offset must be stated as a percent of the original gage
case of materials exhibiting necking phenomena, such values are only é&gngth in conjunction with the strength valdexample:0.1 % offset yield
qualitative utility after attainment of yield point. This is due to inability to strength= ... MPa (psi), or yield strength at 0.1 % offset ... MPa (psi).
ensure that necking will encompass the entire length between the gage
marks prior to specimen failure. A2.7 percent elongation-the elongation of a test specimen
. . expressed as a percent of the gage length.

A2.3 gage length—the original length of that portion of the , i

specimen over which strain or change in length is determined. A2-8 percent elongation at break and yield:
A2.8.1 percent elongation at break

A2.4 modulus of elasticity-the ratio of stress (nominal)to  the percent elongation at the moment of rupture of the test
corresponding strain below the proportional limit of a material.specimen.
It is expressed in force per unit area, usually megapascals A2.8.2 percent elongation at yield
(pounds-force per square inch). (Also knownedastic modu-  the percent elongation at the moment the yield point (A2.21)
lus or Young's modulys is attained in the test specimen.

Note A2.3—The stress-strain relations of many plastics do not con- A2.9 percent reduction of area (nominabthe difference
form to Hooke's law throughout the elastic range but deviate therefromyetyween the original cross-sectional area measured at the point

even at stresses well below the elastic limit. For such materials the slop8f rupture after breaking and after all retraction has ceased

of the tangent to the stress-strain curve at a low stress is usually taken as

the modulus of elasticity. Since the existence of a true proportional IimiteXpressed as a percent of the original area.

in plastics is debatable, the propriety of applying the term “modulus of A2.10 percent reduction of area (truejthe difference
elasticity” to describe the stiffness or rigidity of a plastic has been ) . . .
seriously questioned. The exact stress-strain characteristics of plas Cetween the_ original cross s_ectlonal area O.f the test specimen
materials are very dependent on such factors as rate of stressingd the minimum cross-sectional area within the gage bound-

temperature, previous specimen history, etc. However, such a value @fi€S prevailing at the moment of rupture, expressed as a

useful if its arbitrary nature and dependence on time, temperature, ardercentage of the original area.

other factors are realized. . o .
A2.11 proportional limit—the greatest stress which a

A2.5 necking—the localized reduction in cross section material is capable of sustaining without any deviation from
which may occur in a material under tensile stress. proportionality of stress to strain (Hooke’s law). It is expressed
) ) ~in force per unit area, usually megapascals (pounds-force per
A2.6 offset yield strengti-the stress at which the strain square inch).
exceeds by a specified amount (the offset) an extension of the ) . . .
initial proportional portion of the stress-strain curve. It is A2.12 rate of loading—the change in tensile load carried
expressed in force per unit area, usually megapascals (pound®. the specimen per unit time. It is expressed in force per unit
force per square inch). time, usually newtons (pounds-force) per minute. The initial
rate of loading can be calculated from the initial slope of the
Note A2.4—This measurement is useful for materials whose stressig54 versus time diagram
strain curve in the yield range is of gradual curvature. The offset yield '
strength can be derived from a stress-strain curve as follows (Fig. A2.1): A2.13 rate of straining—the change in tensile strain per
On the strain axis lay ofOM equal to the specified offset. _ unit time. It is expressed either as strain per unit time, usually
Draw OA tangent to the initial straight-line portion of the stress-strain metres per metre (inches per inch) per minute, or percent
curve. ¢ €longation per unittime, usually percent elongation per minute.

ThroughM draw a lineMN parallel toOA and locate the intersection o e L L
MN with the stress-strain curve. The initial rate of straining can be calculated from the initial

The stress at the point of intersectiois the “offset yield strength.” The ~ Slope of the tensile strain versus time diagram.

Note A2.5—The initial rate of straining is synonymous with the rate of
A N crosshead movement divided by the initial distance between crossheads
only in a machine with constant rate of crosshead movement and when the
/ specimen has a uniform original cross section, does not “neck down,” and
does not slip in the jaws.

,’ A2.14 rate of stressing (nominab-the change in tensile

/ / stress (nominal) per unit time. It is expressed in force per unit

area per unit time, usually megapascals (pounds-force per
/ square inch) per minute. The initial rate of stressing can be
/ calculated from the initial slope of the tensile stress (nominal)

/ OM=Specified versus time diagram.

/ Offset Note A2.6—The initial rate of stressing as determined in this manner
/ has only limited physical significance. It does, however, roughly describe
/ the avép®e rate at which the initial stress (nominal) carried by the test
specimen is applied. It is affected by the elasticity and flow characteristics
o M of the materials being tested. At the yield point, the rate of stressing (true)
Strain may continue to have a positive value if the cross-sectional area is
FIG. A2.1 Offset Yield Strength decreasing.

Stress
~

11

COPYRIGHT 2000 American Society for Testing and Materials
Information Handling Services, 2000



iy D 638

A2.15 secant modulusthe ratio of stress (nominal) to  Note A2.10—Some materials exhibit a distinct “break” or discontinu-
corresponding strain at any specified point on the stress-stralfy in the stress-strain curve in the elastic region. This break is not a yield
curve. It is expressed in force per unit area, usually megapa@pim by Qefipitiqn. However, this point may prove useful for material
cals (pounds-force per square inch), and reported together wiffaracterization in some cases.

the specified stress or strain. A2.22 vyield strength—the stress at which a material exhib-

Note A2.7—This measurement is usually employed in place of modu-its a specified limiting deviation from the proportionality of
lus of elasticity in the case of materials whose stress-strain diagram dog§ress to strain. Unless otherwise specified, this stress will be
not demonstrate proportionality of stress to strain. the stress at the yield point and when expressed in relation to

A2.16 strain—the ratio of the elongation to the gage length the tensile strength shall be designated either tensile strength at
of the test specimen, that is, the change in length per unit dfield or tensile stress at yield as required in A2.17 (Fig. A2.3).
original length. It is expressed as a dimensionless ratio. (Seeoffset yield strengti.

A2.17 tensile strength (hominab-the maximum tensile
stress (nominal) sustained by the specimen during a tension
test. When the maximum stress occurs at the yield point
(A2.21), it shall be designated tensile strength at yield. When
the maximum stress occurs at break, it shall be designated A
tensile strength at break.

A2.18 tensile stress (nominal}the tensile load per unit
area of minimum original cross section, within the gage {
boundaries, carried by the test specimen at any given moment. :
It is expressed in force per unit area, usually megapascals -
(pounds-force per square inch).

Note A2.8—The expression of tensile properties in terms of the
minimum original cross section is almost universally used in practice. In,
the case of materials exhibiting high extensibility or necking, or bothg
(A2.15), nominal stress calculations may not be meaningful beyond thg
yield point (A2.21) due to the extensive reduction in cross-sectional area
that ensues. Under some circumstances it may be desirable to express th
tensile properties per unit of minimum prevailing cross section. These
properties are called true tensile properties (that is, true tensile stress, etc.)

TENSILE STRENGTH AT BREAK
ELONGATION AT BREAK

B = TENSILE STRENGTH AT YIELD
ELONGATION AT YIELD

C= TENSILE STRESS AT BREAK
ELONGATION AT BREAK

D= TENSILE STRESS AT YIELD
ELONGATION AT YIELD

A2.19 tensile stress-strain curvea diagram in which
values of tensile stress are plotted as ordinates against corref
sponding values of tensile strain as abscissas.

A2.20 true strain(see Fig. A2.2) is defined by the follow-
ing equation fore:

€ = f:—dl_/l_ =In |_/|_0 (A21) STRAIN
° FIG. A2.3 Tensile Designations
where:
dL = increment of elongation when the distance between
the gage marks ik, )
L, = original distance between gage marks, and A2.23 Symbols-The following symbols may be used for
L = distance between gage marks at any time. the above terms:

A2.21 vyield point—the first point on the stress-strain curve
at which an increase in strain occurs without an increase in
stress (Fig. A2.2).

Note A2.9—Only materials whose stress-strain curves exhibit a point
of zero slope may be considered as having a yield point.

____________l 107

Lo J
< L >

FIG. A2.2 lllustration of True Strain Equation
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Symbol Term A2.24  Relations between these various terms may be
w Load defined as follows:
AW Increment of load
L Distance between gage marks at any time o = W/A,
Lo Original distance between gage marks or = W/A ) .
L, Distance between gage marks at moment of rupture oy = WI/A, (where W'is breaking load)
AL Increment of distance between gage marks = elongation our = W/Ar (where Wis breaking load)
A Minimum cross-sectional area at any time € = AL/L, = (L= L)L,
A, Original cross-sectional area €& = (LLu - L)L,
AA Increment of cross-sectional area er = JrduL = inLiL,
A, Cross-sectional area at point of rupture measured after WEI = [(L = L)L) X 100 = € X 100
breaking specimen
Ar Cross-sectional area at point of rupture, measured at the Percent reduction of area (nominal) = [(A, = A,)/A.] X 100
moment of rupture Percent reduction of area (true) = [(A, — A7)/A,] X 100
Time Rate of loading = AW/At
At Increment of time Rate of stressing (nominal) = Ac/A = (AW]/A,)/At
o Tensile stress Rate of straining = Ae/At = (AL/L,)At
Ao Increment of stress :
o) True tensile stress For the case where the volume (_)f the test specimen does not
oy Tensile strength at break (nominal) change during the test, the following three relations hold:
our Tensile strength at break (true)
€ Strain or=0(1l+e€) =ollL, (A2.2)
Ae Increment of strain
€y Total strain, at break our =0y (1 +ey) = oylu/l,
€r True strain A=A /(1+¢)
%EI Percentage elongation
Y.P. Yield point
E Modulus of elasticity

SUMMARY OF CHANGES

This section identifies the location of selected changes to this test method. For the convenience of the user,
Committee D-20 has highlighted those changes that may impact the use of this test method. This section may
also include descriptions of the changes or reasons for the changes, or both.

D 638-98: Method D 5947 in 2.1 and 5.3.

(1) Revised 10.3 and added 12.1.8 to clarify extensometed 638—-99:

usage. (1) Added and clarified extensometer classification require-
(2) Added 12.1.14. ments.

(3) Replaced reference to Test Methods D 374 with Test

The American Society for Testing and Materials takes no position respecting the validity of any patent rights asserted in connection
with any item mentioned in this standard. Users of this standard are expressly advised that determination of the validity of any such
patent rights, and the risk of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM Headquarters. Your comments will receive careful consideration at a meeting of the responsible
technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should make your
views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above address or at
610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website (www.astm.org).
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110 APPENDIX B. STRESS-STRAIN DATA FOR THE COMPOSITES
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Figure B.1: A stress/deformation chart - sample 2 series 1
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Figure B.2: A stress/deformation chart - sample 10 series 1
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Figure B.3: A stress/deformation chart - sample 11 series 1
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Figure B.5: A stress/deformation chart - sample 1 series 2
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Figure B.6: A stress/deformation chart - sample 7 series 2
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Figure B.7: A stress/deformation chart - sample 12 series 2
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Figure B.8: A stress/deformation chart - sample 14 series 2
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Figure B.10: A stress/deformation chart - sample 5 series 3
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Figure B.11: A stress/deformation chart - sample 12 series 3
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Figure B.12: A stress/deformation chart - sample 15 series 3

115



116 APPENDIX B. STRESS-STRAIN DATA FOR THE COMPOSITES

400
350
300
250
200
150
100

Tensile Tension MPa

50

-0.01 0 0.01 0.02 0.03 0.04 0.05 0.06
Deformation

Figure B.13: A stress/deformation chart - sample 4 series 4
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Figure B.14: A stress/deformation chart - sample 6 series 4
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Figure B.15: A stress/deformation chart - sample 13 series 4
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Figure B.16: A stress/deformation chart - sample 15 series 4
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Figure B.17: A stress/deformation chart - sample 4 series 6
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Figure B.18: A stress/deformation chart - sample 10 series 6
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Figure B.19: A stress/deformation chart - sample 12 series 6
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Figure B.20: A stress/deformation chart - sample 13 series 6
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Figure B.21: A stress/deformation chart - sample 6 series 7
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Figure B.22: A stress/deformation chart - sample 7 series 7
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Figure B.23: A stress/deformation chart - sample 10 series 7
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Figure B.24: A stress/deformation chart - sample 13 series 7
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Figure B.25: A stress/deformation chart - sample 1 series 8
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Figure B.26: A stress/deformation chart - sample 11 series 8



400
350
300
250
200
150
100

Tensile Tension MPa

50

-0.01 0 0.01 0.02 0.03 0.04 0.05 0.06
Deformation

Figure B.27: A stress/deformation chart - sample 12 series 8
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Figure B.28: A stress/deformation chart - sample 1 series 9
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Figure B.29: A stress/deformation chart - sample 6 series 9
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Figure B.30: A stress/deformation chart - sample 9 series 9
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Figure B.31: A stress/deformation chart - sample 14 series 9
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Figure C.4: FTIR image showing the peaks in the acid treated sample
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