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Abstract

It all began in 1985, when a research group at Toyota Central Research and Develop-
ment Laboratories Co. Inc. (TCRD) prepared a Nylon-6/MMT nanocomposite, in which
very small amounts of layered silicate loadings resulted in pronounced improvements
in thermal and mechanical properties. This invention gave birth to a new concept,
that of polymer/clay nanocomposites, and led to new applications due to the improve-
ments in properties such as high moduli, increased strength and heat resistance, de-
creased gas permeability and flammability, etc. Since the Nylon-6/MMT nanocompos-
ites, the research in these materials has been extended to a varying range of polymer
systems and different types of nanoclays.

The aim of the present study is to reveal the interactions between the inorganic
clay particles and the organic matrix. This is achieved utilizing various experimen-
tal characterisation techniques. The present work employed water- or solvent-based
acrylic and polyurethane resins, hydrophilic nano-particles of montmorillonite, MMT,
and/or organically modified nano-particles of MMT available under the trade name of
Cloisite®.

The characterization of the obtained nano-structures was based on X-ray diffrac-
tion measurements by detecting the characteristic diffraction peak that indicates the
intercalation/exfoliation state of the nanoparticles into the organic matrix. Techniques
such as Differential Scanning Calorimetry (DSC) and Thermogravimetric analysis (TGA)
have been carried out to study the thermal behavior of the samples. The glass transi-
tion temperature, T, was defined by DSC measurements, whereas the mass fraction
of the organo-clay was confirmed through TGA experiments. The change in free vol-
ume of the nanocomposites, as functions of temperature and added mass fraction of
MMT, was obtained by conducting Positron Annihilation Lifetime Spectroscopy (PALS).
The T}, was also established through PALS measurements and then compared with the
one obtained from DSC. The gas permeation properties of the nano-films were stud-
ied for CO5 molecules by utilizing an experimental permeability/diffusion measuring
setup.






Nomenclature

Ecoh,i

I

I

I3

surface area (m?)
eupadov (l)emidavelag

constant used to evaluate the free volume (eq. 4.4), ~ 0.0018
otaBepd otnv eflowon eq. 4.4

diffusion coefficient (m?/s)
ouvTeAEOTN G SLaxuong

cohesive energy of group 4, (J/mol)
OUVEKTLKN EVEPYELX TNG OMASAG %

gallery height (nm)
Slakevo yohaplwv

para-positronium annihilation intensity
£vtaon e€alAwong napa-rnolttpoviwy

positron direct annihilation intensity
€vtaon kat’ euBeiav e€alAwong molttpoviwv

ortho-positronium annihilation intensity
évtaon e¢alAwong opBo-molitpoviwv

intensity of positron annihilation in mode ¢
£vtaon tn¢ e€aiAwong molitpoviwy cludwva Pe Tov TPOTO @

mass flux (kg m—2s71)
pon pddog

permeability (mol Pa=! m~! s~ 1)

SlamepatotnTa

aspect ratio, length over thickness
AOyoG SLa0TACEWY, UAKOG TIPOC TTAXOG

positron lifetime spectrum
daopa xpdévou Lwng molttpoviwv



AH,

B-i—

d, oo

OH

dq

pressure (Pa)
Tiieon

vapour pressure (Pa)
niieon atpwv

free volume hole radius (A)
oKTiva omrg eAelBepou Gykou
gas constant (J mol~! K~2)
otaBepd Twv agpiwv

sorption coefficient (mol m—3 Pa~1)
OUVTEAEOTNG TPpOoOopOdNoNG

normal boiling point (K)
KQVOVIKO ohueio Bpacpol

glass transition temperature (K)
Beppokpacio VOAWSOUG PETATTTWONG

melting point / temperature (K)
Beppokpacia/onueio TRENG

free volume (A3)
eAevBepog OyKOg

volume of a free volume hole (A3)
OyKoG o eAelBepou Gykou

molar volume of group 4, (m3/mol)
YPOUUOUOPLAKOG OYKOG TNG OUASAG @

latent heat of evaporation (J/mol)
evBaAmia e€dtuiong

positron
no{itpovio

solubility parameter (MPa'/2)
TP AETPOC SLOAUTOTNTOG

hydrogen bridges contribution to the solubility parameter (MPa'/2)
ouvelohopd Twv yepupwv uSPoyovou OTNV TTAPAUETPO SLAAUTOTNTAG

dispersion contribution to the solubility parameter (MPa'/2)
ouvelohopad NG SLACTIOPAC OTNV TTOPAUETPO SLAAUTOTNTOG

polar contribution to the solubility parameter (MPa'/2)
ouVELoHOPA TNG TTOALKOTNTAG OTNV TTOPAUETPO SLAAUTOTNTOG



Vs

Ve

1

T2

T3

Ti

doo1

gamma photon
yaupa pwtovio

surface tension (N/m)
erudavelakn taon

X-ray wavelength (nm)
UAKOG KUMATOG aKTivwy X

electron neutrino
NAEKTPOVLAKO VETPLVO

volume fraction of the particles
KAdoua 6ykou cwuatdiwv

tortuosity
SadaAwdeg

para-positronium lifetime (s)
MEOOG XpOVOC {WwNG mapa-rolitpoviwy

positron lifetime (s)
MEOOG XpOVOG {WNG ollTpoviwy

ortho-positronium lifetime (s)
MEoOG xpovog {whg opBo-molitpoviou

lifetime for positron annihilation in mode i (s)
MEOOG XpOVOG {WNG yLa Ty e€alAwaon molitpoviwy cUdwva e TOV TPOTO @

diffraction angle (°)
ywvia nepibAaong

concentration
OUYKEVTpWON

membrane thickness (um)
TaxX0G uepBpdvng

distance between (001) planes (A)
andotaocn avapeoa ota (001) enineda

positron
no{itpbévio

electron
NAEKTPOVLO

mass (kg)
pala
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to

2C

diffraction peak order
ta&n kopudng mepiBAacng

time required to obtain a steady permeation flow through the membrane (s)
XPOVOC yla oTabepn por palag péoa amno tn LeUBpavn

weight fraction
KAdopa Bapoug

solvent-based polyurethane resin
pntivn moAuoupeBavng o SLaAltn

2M2HT dimethyl, dihydrogenated tallow, quaternary ammonium

2MBHT dimethyl, benzyl, hydrogenated tallow, quaternary ammonium

AR 0.96 water-based acrylic resin

BEOA

C10A

C20A

C308B

C93A

CEC

DSC

DTA

FWHM

HT

M2HT

OKPUALKN pntivn og udatikn dlaomopd

montmorillonite organically modified with octadecylamine
povtpoptAAovitng (MMT) Tpomnomnolnuévog Ue oKTadecUAAivn

natural MMT modified with 2MBHT
duaolkdg MMT tpomormnotnuévog pe 2MBHT

natural MMT modified with 2M2HT
duokdg MMT tpomomnolnuévog ue 2M2HT

natural MMT modified with MT2EtOH
duowodg MMT tpomonolnuévog pe MT2EtOH

natural MMT modified with M2HT
duolkdg MMT tpomormnotnuévog ue M2HT

cation exchange capacity
Suvatdtnta avtaAllayng KoTLOVTwyY

differential scanning calorimetry
Sladopikr) OepuLdopetpia odpwong

differential thermal analysis
Stadopikr) Bepuikn avaiuon

full width at half maximum
TAGToG 0T0 pLad UPog TG Kopudng

hydrogenated tallow
udpoyovwpévo tallow

methyl, dihydrogenated tallow ammonium



MFFT

MMT

11
minimum film formation temperature
e\dylotn Beppokpacia yla tn SnuLovpyia Tou upeviou

montmorillonite
povtuoptAAovitng

MT2EtOH methyl, tallow, bis-2-hydroxyethyl, quaternary ammonium

0-Ps

p-Ps

PALS

PCN

ortho-positronium
opBo-no{itpovLo

para-positronium
napa-molttpovio

positron annihilation lifetime spectroscopy
dacopatookomnia xpovou {wng e¢alAwong molltpoviwy

polymer/clay nanocomposite
vavo-oUVOeTo UALKSO oAUpEPOUC/TtnAoU

PU 0.98 water-based polyurethane resin

TGA

XRD

pntivn moAuoupeBavng o vdartikr Slacmopd

thermogravimetric analysis
Beppootabuikn avaluon

X-ray diffraction analysis
avaAuon ue mepiBAaon aktivwy X



12



Zuvoyn

JKOTIOG TNG MAPoUcaG UETATITUXLAKAG SLaTpIBAC elval N mapaokeur] vavo-cUVOeTwY
UALKWV TTOAUEPLKNG UNTPAG EVIOXUHEVNG UE avOpyava cwuaTidla kabwg Kot o Tpoo-
S510pLopoG TV OAANAETILOPACEWY, KAL N LEAETN KAL O XOPAKTNPLOMOG TwV LOTATWY
Tou¢. KUpLog otoxog gival n HeAETN Kal KATavonon the ¢uong Twv CUCTATIKWY Kal
TWV avTLSpacTnpiwy ouU XpnoLomoLolvTal yla tnv cUvBeon Twv VavoUALKWY, WoTE
va ipokU el BeAtioTonoinon Twv LSLOTATWY Ttou adopoulv atny Peiwaon g Slamepa-
TOTNTOC aePlwv Ao TIG UTTO PEAETN HeEUBpAveg/emyploparta.

Ta vavooUVBOETA UALKA ATTOTEAOUVTAL ATO TTOAULEPLKA LATPO EVICXUMEVN LE AVOpP-
yava cwpatibia ta onoia £xouv TouldyLotov pia didotaon o€ vavo-kAlpaka (nm). Ot
LOLOTNTEG TWV CUVOETWV UALKWV TIOU TIPOKUTITOUV £ival Slaitepa BeATIwUEVEG o€ oLY-
KpLon UE Ta CUPPOTIKG cUVOETA UAKA 1) TNV apXLKA, N EVIOXUUEVH, LATPO TTOAUUE-
pouc. Exouv mapatnpnBel Spapatiké BEATLWOELG OE LOLOTNTEG OMWG TO UETPO EA-
OTIKOTNTAG, N avtoxn o edeAKUCUO, N UEYLOTN Beppokpacia xpriong (HDT), kabwg
eniong kal petwpévn Slamepatotnta os dtadopa agpla Onwe S1o&eidlo Tou avbpaka,
CO4, 0&uyovo, Oo, K.A. BooLKO TAEOVEKTN LA E(VOL TO YEYOVOG OTL N OITAULTOULEVN KOTA
Bdapoc ouykévipwan Tt avopyavng ouaiag sivat xaunAn (cuvAbwg Aydtepo amo 5
wt%). Tuvenwc, Ta UALKA givat ehadplTtepa amod ta mepLocOTEPA CUUBATIKA cUVBETA
UAIKG. ETUTA€ov, TO UIKPO QUTO AmALTOUEVO TTOGOCTO EVIOXUGNG TOU TIOAUKEPOUG
KaBLota ta vavo-owuatidla pia slaitepa oWKoVoULKN Katnyopio UAKKWY TANpwaong
yla ta opyavikd toAupepn. O Adyoc mou ta vavotepayibia odnyolv otig BEATIWOELG
QUTEC odelleTal KUPLWG OTLG LOPPOAOYIKEC TTAPAUETPOUG TTOU Ta Xapaktnpilouv: to
UéyeBog kal to Adyo Slactdoswyv. To péyebog Twv Tepaxtdiwv elval onuavtiko, yortl
TA HIKPG Tepayibla €xouv peyalltepn €l8IKn emibavela Kal €ToL dSnpoupyeital pe-
YaAUTtepn Slemibavela e TO TTOAUUEPEG CUYKPLTIKA UE peyaAUTtepa Tepayibla. Oco
0 AOYOG SLa0TACEWVY TOUG AUEAVEL, TOOO AUEAVEL KAL N CUVOALKN EMLPAVELA TOUG yLa
ULt oUYKeKpLPEVN pada. M.x., dUANa apyilou pe PeyaAn SLOUETPO O OXEON UE TO
TAX0¢ TOouG, £XouV peyaAUTepn L8IKA EMLPAVELD KAL E(VOL TILO OMTOTEAECUATIKA OTNV
gvioxuon Tou moAupEepPoUC amd Lo XOVTPA CTPWHOTA.

OL BEATLWHEVEG LOLOTNTEG TTPOKUTITOUV OVO £DOCOV TO TIUPLTLKO GUANOOP PO OpU-
KTO elval Sleomappévo MANPWE OTA TPWTOYEVH TOU TeEPAXLSLa. ETOLTpOoKUTTEL £val TTo-
AupEPEC MANPWHEVO e AETTA TTAQKISLO TTUPLTLKOU OPUKTOU, HE SLACTACELG TNG TAENG
Twv 1x100x100 nm Kot pe pia Stembdvela tne tdfews Twv 700 m2/g. SNHAVTKAG
TapAyovtag mou ennpedlel ta cUVOeTa UALKA (nanocomposites) ivat o peydAog Ao-
yog Staotacewv (L/ D) twv vavormAakibiwy ou XpnoLomnoLlouvTaL, CUYKPLTLKA LE Ta
oupBatika (conventional composites), 6nwg oxnuATIKA avarnapiotatal oto oxnua 1.
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Ixnual: Zuppartikd ouvBeta UALA (conventional composites) kat vavooUvBeTa UAKA
(nanocomposites).
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Ta vavocuvBeta toAupuepwv/dUANOUop WV 0PYLAOTIUPLTIKWY OPUKTWY EYLVAY EU-
pUTEPA YVWOTA TV SekaeTia tou 1990 amnd epeuvntiky opada tng Toyota Central Re-
search & Development Co. Inc. (TCRD), pe tnv oUvBeon tou moAvaptdiou/povipopth-
Aovitn (Nylon-6/MMT), to omolo amotéAECE TO MPWTO EUMOPLKO VOVOOUVOETO UALKO
e dpylho. H evioyuon tou oAU EPOUC TTPOEKUYIE LE EVA ULKPO TTOCOOTO AVOPYAVOU
UALKOU KalL 081yNOE € ONUAVTIKEG BEATLWOELG TWV BEPULKWV KAl LNXAVIKWVY LELOTATWVY
Tou MoAUaULS{oU. JUYKEKPLUEVA, TTAPATNPABONKE MWE LE TNV TPOaBnKn HOALS 4.2 wt%
avopyavwyv cwHATLSLWY, TOo VavooUVOeTo epudavice onpavtikr BeAtiwon o SloTnTeg
OMWG avtoxn og eGeAKUCUO, avtoxr Kaupng kot Bepuikn otaBepotnTa. INUAVTLKO £l
val emiong OTL To BAPOC TOU VAVOOUVOETOU TTAPEUELVE XAUNAO , AOYW TNG MUKVOTNTOG
TWV owHaTSlwy Kal TNG XOUNANG TOUG TIEPLEKTLKOTNTAG (KAAoUa BApouc).

Zwpatidia

O KUpLOTEPOG TUTIOG GUANOTIUPLTIKWY OPYLALKWY OPUKTWVY TIOU XPNOLUOTIOLE(TAL yia
TNV oUvBeon TwWV vavooUVOETWV TIOAUHEPIKWY UALKWY givat o NAOG apyilou «2:1»,
omnoiog mepthappavet tov ektopitn (hectorite), tov povtpopidovitn (montmorillonite),
Tov oamnwvitn (saponite) K.d. Ta 0PUKTA AUTA AVIKOUV OTNV OLKOYEVELD TOU GUEKTLTN,
€VW N KPUOTAAALK Toug Soun amnaptiletal and dUo eEwtepkd GUAAA amoteAoUpeva
and tetpaedpa nupttiog (Si0-), LeTafl Twv onolwv Keltetal éva keviplkd ¢pUANO So-
pnuévo amo oktdedpa alovpwag (Al O3) n payvnoiag (M gO). H Stapopdwon auth
ETUTPETIEL OTA LOVTA 0EUYOVOU TWV OKTAESPLKWY GUAAWY VO OIVAKOUV KOL OTO TETPALE-
Spikd dUAa. To Ttaxog Tou SnULoUPYOUEVOU OTPWHATOG sival epimou 1 nm.

Ol S0pEG QUTEG QIOTEAOUVTAL ATIO TIG CUCTOLYLEG TWV VWTEPW OTPWHATWY. Ot
TIAEUPLKEG TOUC SLaoTdoelg Tokilouv kat Eekvolv amd ta 300 A evdy eival Suvatd
va GTAooUV PEXPL HEPLKA um. To otoifaypo Twv otpwudtwy dnuoupyel £vav Sia-
OTPWHATIKO Xwpo A yaAapia (gallery). Ot Suvdpelg mou xapaktnpilouv tnv doun €i-
val Tumou van der Waals. ZnUavtikd XapaKTnPLOTIKA TWV CUYKEKPLUEVWV OPUKTWVY,
avadpopLkA e TNV XPron Toug wg MANPWTLKO PECOV G€ VavooUVOeTa UALKA, gival n
adBovia toug otnv UGN, TO XAUNAO TOUG KOGTOC KOl KUPLwG 0 peyahog Adyoc Staota-
oewv (aspect ratio), mAdtoug npog Uog, Twv Eexwplotwy GUANwv (L/D). Emutiéov,
TO OXETIKA XAUNAO LOVTIKO $OPTIO TOUC EMITPETEL 0TA HUOPLO TOU VEPOU va eléABouV
avapeoa ota KpUoTaAALkd eminedd. Autd odnyel oe SLoykwon tng apyilou. Katd tn
Slapketa tng Stadikaoiag tng SLOyKwaong n anootaon KeTady Twv mMAaKLdiwy Tng ap-
yidou auv&avetal, evw n LoxUG TOU LOVTIKOU 800U pelwveTal. H Suvatotntd toug va
urntootoUv napepPoln (intercalation) gival eniong kaBoploTikdg mapdyovtag oto Pa-
B0 mou Urmopouv va tpomonotnBouv XNUWKA woTe va Yivouv cupBatd Pe Ta opyavikd
ToAuep.

OpyaviK TPOTonoinon Tou nAou

Ta dulopopda apyAoTIUPLTIKA OPUKTA, OTwE IPOKUTITOUV otnv ¢puaon, gival udpo-
d\a, yeyovog to omoio ta Kablotd pn cuppatd pe tv udpodofn duon Twv MePLOCO-
TepwV MOAUUEpWVY. E€aipeon amotehouv ubpodiAa oAU Epr) OTIWE TO TTOAUOLOUAE-
vo&eiblo (PEO) kat n moAUBLWVUALKY 0AKOOAN (PVA). MpoKELUEVOU TA AVOPYAVA CWLA-
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+

IxNMa 2: TetparmAd Katlov appwviou. Ta R; eivat udpddoBeg aAkuAlkég aAuoibeg.

TIS10 VoL KT TOUV CUUBATA HE TNV opyavikn ¢uaon Twy TOAUPEPWY, lval avaykaio
Va UTTOOTOUV 0pYQVLKA TPOTOTOLNoN TwV EMLGOVELWY TOUG LECW OVTLOPACEWV LOVTL-
KNG evaAlayng, wote n e€acdalion TG cupPatoTNTOC VO 08NYNOEL O LKOWVOTIOLNTIKA
Sloomopad kot augnon Twv OAANAETILOPACEWY HE TNV TTOAUMEPLKA UATPA.

H Sladikaoia tng Lovtikng evallaynic mept\apuBavel tnv mapepBoAn Twv opyavt-
KWV poplwv petatd twv dUAAWY TG apyilou: Ta ap)lkd KOTLOVTA TWV EVOLAUECWY
OTPWHATWY QVTIKOOIOTAVTAL LLE OPYOVIKA KOTLOVIKA ETILHAVELOSPACTLKA LECA 1) OpYa-
VLKA LopLa Ttou GEPoUV XNULKEG OUASEG, oL oTtoleg umopolV va SnLoupyrnoouV oU-
TIAOKQL L€ TAL KATLOVTA. Ta KATLOVIKA eMLPAVELOSPOOTIKA LECA ELVOL EVEPYEG EVWOELG
e TOUAGLoTOV pLa USPOdoPN alkuAKr aAucida Kal ULa 1) TEPLOCOTEPEG USPOPIALG
opadeg mou pépouv £va BeTikd doptio. Ta opyavikd KATLOVTA EAATTWVOUV TNV ETILdA-
VELAKI] EVEPYELX TOU OPUKTOU Kal BEATLWVOUV TNV SLaBpoxr] e TNV TTIOAUUEPLKH UATPA.
oL TLG AVTLOPACELG AUTEC XPNOLLOTIOLOUVTAL, CUVABWG, EVWOELG TETPATAOU LOVTOC al-
Hwviou (IxNua 2).

H Swadkaaoia tng mapepuPolng odnyet oe Sloykwuévoug apyiloug. To mood Twv
KOTLOVTWY Ttou pmopel va avtaAAaxBel ekppdaletal and tnv ‘Ikavotnta aviaAlayng
Katlovtwy’ (cation exchange capacity, CEC) tou apyihou. H tkavotnta avtaAAayng Ka-
TLOVTWY €VOC TUTILKOU povTpopAhovitn vatpiou sival tng ta€ng twv 80 €wg 140 meq
(milli-equivalent) ava 100 g tou apyilou.

JUVENWG, T oTpWHATA apyilou eival Staxwplopéva Aoyw g mapouaciag Twy op-
YQVIKWV popiwv avaueod toug. To YEYOVOG auTO XOUNAWVEL TNV LOVTIKA aAAnAemi-
Spaon petafl Twv GUANWV TN apyiAou Kot TapEXeL Eva mepBAAAOV TOU glval cup-
Bato pe ta oAU pEP. MEe TNV eloaywyr) MTOAUUEPWY (1 LOVOUEPWV) OTA SLOYKWHEVA
SlooTApATO AVAIES OTA OTPWUATA, UopolV va ipokUouv TARPWG anodulw-
HEVO OTPpWHATA KOl Vo SnploupynBel €éva vavo-cUVOEeTo UALKO.

AopéG vavooUVOETWVY LALKWV

OLmiBaveg Beppoduvapikeg Slapopdwoelg mou Hopouv va ipoklpouv, avadopikd
HE TIG AAANAETILOPACELG OVAECSO OTOL CUCTATLKA TIOU ATAPTI{OUV TO UALKO, UTtopouV
va tautonownBouv pe mepibAaon aktivwv X (XRD) kat eivatl wg akoAoLBwCE (ExAua 3):

e Aloaxwplopodg daocewv —immiscible nanocomposite
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Ta avopyava eykAsiopoata Statnpolv TV apxLkn Toug popdn xwpic va aAAnAe-
TdpoUV pe To MOAUHEPEG. To MoOAUMEPEG aduvatel va eloxwprnosl HETall Twv
OTPWHATWY KOl £TOL TIPOKUTITEL UALKO TIOU QTMOTEAEITAL QMO XWPLOTEG PATELG.
XOpOKTNPLOTIKO TNG KATAOTOONG QUTAG lval n kopudr| ou epdaviletal og pa
OUYKEKPLUEVN Ywvia avakAaong ota ypadnuata XRD. H ywvia auth avtutpo-
OWMEVEL TIC AMOCTACELG AVAUECSO OTA KUPLOL KpUOTAAALKA emtinmeda Twv avop-
YOVWV CUCCWHATWUEVWY TEMaXLELwV.

e Aopn mapepPoAng — intercalated nanocomposite

Ot aAuoideg Tou moAupepolg mapepBaArlovtal avaueoa ota GpUAAA Stapopdw-
VOVTOG 0 TTOAUGTPWHATLKA SO EVOAAQCCOUEVWY TIOAU LEPLKWV KAl AvOpya-
VWV OTpWUATWY. ZuvnBwg napatnpeital pia kopudn ota ypadnuoata XRD, n
omola OUWG gival LETOTOMIOUEVN OE UKPOTEPES TLUEG TNG Ywviog 20. H peta-
TOTILON QUTI) CUVETTAYETOL Lo UIKPNG TAEEWG au€naon TN amdotacng avapeoa
ota GUNaL.

e Aopn anodUA\wong — exfoliated nanocomposite

To HEpOVWUEVA OTpWHOTA Elval TANPWS Slaxwplopéva Kal Tuxaia SlaoKoprL-
OUEVA OTNV UATPA TOU TOAUMEPOUG. H Stapopdwon auth xapaktnpiletal and
v anwlela onolacdnmote kopudrg oe ypadnua XRD, yeyovog to omoio emt-
BeBalwvel Tnv TMARPN anmodUAAWGCN TWV OTPWHUATWY TG apyilou. Ot aAAnAe-
TUSPACELG AVALECA OTO TIOAUUEPEG KAL TAL CWHOTISLA PLEYLOTOMOLOUVTAL EVW N
SL00TOPA TWV CWHATLOLWY 0TO TIOAUEPEG KAOLOTA TNV EMLPAVELA TWV OTPWLA-
Twv SlaBéoun.

Z0vOeon Twv UALKWV

H pébodog mapaywyng vavoolVOeTwY TTOAUUEPLKWY UALKWVY TIOU XpnoLuomoLlfnke
otV opoloa PETarTUXLakn StatpLpr anokaleitatl mapepBoln moAupepolg amnd Sia-
Aupa (intercalation of polymer from solution). Mpokettal yia Stepyacia SUo otadiwv:
OPXLKA ETLTUYXAVETAL N SLOOTIOPA TWV CWHATIS LWV O€ £va LECO SLACTIOPAG KL ETTELTA
S100ToPA OTNV UATPA TOU TTOAULEPOUC LE AMOUAKPUVON TOU HECOU SLaoTiopAC.

H oUvBeon Twv vavoUAkwy uTo popdn emyplopdtwy (membrane/film), mepthap-
Bavel Ta akohouBa otadia:

ApxLKa Ta avopyava cwpatidla udiotavral anmopUAAwWGN o€ EEXWPLOTA OTPWUOTA
XPNOLUOTIOLWVTAG KATTOLO PECO SLAOTIOPAG: ATILOVIOUEVO VEPO OTNV TIEPIMTWGN TWV
avOpyavwWY CWHATISLWY | KATTOLOG 0pyavikdg SLAAUTNG Yo Ta OpyaVLKA TPOTIOTOLN-
péva cwpatidia. To atwpnua unokettal os Sladlkacio avauleng e xpnon uPning
SlaTuNTIKAG pong Kat uttepnxwv. Emewta, apol emtteuxBel n dLoykwon, To SldAupa
ELOAYETAL OTO LSATIKO ALWPENHA TNC PNTIVNG (TOAUUEPLKAG UATPAG), EVW TPooTiBe-
Tal eniong pikpr mooodtnTa KotdAAnAou Stactaupwtr. O teAeutaiog ivatl pia ovoia
ToU TtpoKaAel TN Sladiktiwaon Twv MOAUKEPIKWY aAucidwyv Tng pntivng (cross-linker)
KaL TN okAfpuvon Tou UAKOU. Mo TNV avaktnon JLog mAnpng dLacmopds mpayoto-
moleltal kal SeUTEPO 0TASLO AVAULENG E XPrON SLATUNTIKAG PONG Kol urepnxwy. H
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Layered silicate Polymer

2

Phase separated Intercalated Exfoliated
(microcomposite) (nanocomposite) (nanocomposite)
(a) (b) (c)
[Camargo et al, 2009]

IxNUa 3:  Kotaotdoelg anodounong Twy CUCOWHATWHATWY Twv TAaKLSlwv TN ap-
yidou ota vavo-oUvOeta UALKG: a) Staxwplopodc dacswv (oupBatikd cUvOeTo UAKS),
b) Sour mapepBoAnc (vavo-cUvBeTo UALKO), kal c) Soun arnodUAwong (vavo-cluvBeTo
UALKO).
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Sl00mopA MOV TIPOKUTITEL XPNOLUOTIOLELTAL yia va KOAUYEL TARPpwS KatdAAnAa ¢iA-
Tpa (UTTOCTPWA) WOTE va TPOKUPOoUV HeUBpAveS/DINU. TEAOG, Ta GIAU UTTOKEWVTOL
oe Bepuikn Stadkaoia mov eEunnpetel TNV TeEALKr okApuvon g pntivng pEow TG
QIMOMUAKPUVONG TOU VEPOU KL TNG EEATILONG TWV SLOAUTWV.

Elval onuavtiko va onuelwBel mwe n cuykekpLuévn pEBodog ouvBeong amattei thv
aAANAeniSpacn Kal CUMPBATOTNTA AVAUESO OTOL CUCTOTIKA TIoU amaptilouv To oUv-
BeT0 UALKO: Ta OVOpyavVO CWHOTIOLA, TV LATPA TOU TTOAUKEPOUG KAl TOUG SLOAUTEG
TIOU XPNoLJomolouvTal we Héoa Staomopag. Eival, cuvenwg, avaykaio va Katovon-
Bel MARpwWG N dUON TWV CUCTATIKWY TIOU GUUUETEXOUV 0TV GUVOESH TWV VAVOUALKWV
KaBwce emiong Kot va yivel LEAETN AWV TwV OAANAETILEPACEWVY TTOU TIPOKUTITOUV VA~
LECQ OTOL CUOTATLKA, WOTE TO UALKO TIOU TIPOKUTITEL VA €lval TTANPWE AELTOUPYLKO Kol
Vo KOAUTITEL TG QAT OELG.

JUCTOTLKA

Ta vavooUvBeTa UALKA, 0TNV Mapol oo LETAMTUXLOKNA StoTpLpr, anoteholvTal amo no-
AUHEPLKEG PNTIVEG EVIOXUMEVEG e vavoowuatidla povtpop\hovitn, o omolog sivat
pLa tutiky duAAGpopdn ApylAog, e KpUoTaAAK Soun 2:1, kal amoteAel To KUpLO
OUOTATLKO TOU OPUKTOU UTIEVTOVLTN.

MNapaockevaotnkay deiypata SU0 TUTIWV avaioya Pe TNV GUoN TWV CWHATSLWV.
JUYKEKPLEVA, XpnoLpomotibnkav avopyava cwpatidia udpodihou, pn TpomMonoLn-
pHévou MMT, o omoiog prnopel va SloykwBOel elKoAa 0TO VEPO, KABWG KaL Lot OELPA
OpPYOVIKA TPOTMOTIOLNUEVWY Kal udpodofwy TUTIwV MMT oL omolol gixav TNV EUmopLKn
ovopaoia Cloisite®.

Ta oAU LEPT) TIOU XPNOLoTIOBNKaY WG UATPA eixav cav BAon akPUALKESG pNTIVEG
Kal pntivec moAuoupeBavng. XpnotpomotBnkav KoAAOELSe(G SLacTIOPEG OTAYOVWY
pntivng moAupepoUg péoa os vepd (water borne) yio Suo Sladopetikolg TUOUG pn-
Tivng: uia pntivn moAuoupeBavng kat pia akpUALKr pntivn. Xpnolpomotfnke Kat pio
pntivn moAuoupeBavng U0 CUCTATIKWY TIOU TIEpLElXE opyavikoUG SLaAUTeG (solvent-
based). OL cuykekpluéveg pnTiveg avikouv 0TV Kathyopia Twv BeplookAnpuvope-
vwv MoAupepwy (thermosetting polymers) ota omoia n okAnpuven Kal SIKTuwaon Twv
aAuoildwyv emépyetal otav auénbel n Bepuokpacia oto piypa moAupepols Kot okAn-
puvth, T.X. o€ éva dolpvo. H Beputkn autr dtadikacia sEumnpetel emiong tnv £€a-
TULON TOu vePOU amd To Selypa KaBwg Kal TNV amopdkpuven Kabe mbavol umoAsip-
patog StaAuTn.

Q¢ P€co SLaoTopdg Twv cwHATIS Lwv xpnoluomolBnkav KatdAAnAot opyavikoi 6t-
aAUTEG (aKeTOVN, aBavoAn, EUAEVLO) f/Kal amLOVIOUEVO VEPO.

XapaKTnNPLOKOG TWV UALKWV

Mo Tov XopaKTNPLoUO TG SOUNG TWV vavo-cUVOETWY UAIKWY €ywve Xprion dacuoto-
okoriag epiBAaong aktivwy X (X-ray Diffraction Analysis, XRD). H texvikr auth amnote-
Ael epeuvnTIko epyaleio yla TNV LEAETN TNG KPUOTOAAKAG SOUNG TWV UALKWY. ITNnV ma-
pouaoa €pEuVa XPNOLUOTIOONKE yLol TNV HEAETN TWV APXIKWV VAVOoWHATISIwY (U
pHopdn okovng) wote va kataypadel n ywvia mepibAaocng yia 6Aoug toug Tutouc MMT.
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Méow tng e€iowong Bragg kat tng tiung 260 yla ke mnAd, umoloylotnke Kal n amno-
oTaoN AVAUESA OTA OTpWATA TG apyilou (inter-layer spacing). H texviky XRD Sivel
eniong pa oaodn elkova yla tnv Sopr Twv vavo-cLuVOeTwv Souwv, epocov yvwpilou e
TIWG amwAeLa kKopudrg CUVETTAYETAL AN PN armodUAAWGCT TWV SOUWVY OTO TIOAUHEPEG.

Ma tnv pelétn tng Bepuikng oupmepldopds TwV UALKWY EYLVE XPron Twv TEXVL-
Kwv Tn¢ Beppootaduikng avaluong (Thermogravimetric Analysis, TGA) kat Stadopt-
kAG Bepuidopetplog odpwong (Differential Scanning Calorimetry, DSC). H texvikn TG/DTA
adopa otnv cuveyn kataypadn tng LAlog evog Selylatog o Ui EAEYXOUEVN ATUO-
odalpa, wg ouvdaptnon tng Beppokpaciag ) Tou xpovou, kabwg n Bepuokpacia Tou
Selypartog auvéavel pe tov xpovo. Me tnv texvikn DSC mapakolouBeital n dtadopa
pong Bepuotntag mpog pio ovoia-6eiypa kat mpog pia oucia-avadopd, wg cuvap-
tnon tng Oeppokpaciag tou Seiypatog, ebooov oL U0 oUoLeG UTTOKELVTAL OE £va EAEY-
XOMEVO TtpOypappa Beppokpaciag. Xta umd Hehétn Selypata, n Beppokpacia vaAw-
Soug petdntwong (1) npocdlopiotnke pe DSC, evw n katd BAPOG MEPLEKTIKOTNTA TWV
Selypdatwv og avopyavn ouoia emiPefatwbnke pe petpioeig TGA.

H peAétn tng ouumepldpopag Twv vavoUALKWY Kal CUYKEKPLUEVA TOU EAeVBEpOU Oy-
KOu, ouvaptroeL tng Oepuokpaaciag, kaBwg miong Kol CUVAPTAOEL TN KATA BApog oU-
oTaOoNG O€ VOVo-owuatidla, SLe€nxbn Le Tn xprion tTng TEXVIKAG pacpaTooKomiag Xpo-
vou {wn¢ ekpndéviong/s€atAwaong molitpoviwv (Positron Annihilation Lifetime Spe-
ctroscopy, PALS). MpOKeLTaL yLa TEXVLKN TIOU KaTaypAdeL TOV Xpovo {wNn¢ Twv o{Tpo-
viwv (eT) otnv VAN péxpt TNV e€alAwon Toug pe oUykpouon Ue NAekTpOvLa. To mo-
{ItpovLa EKTTEUTOVTAL Ao [la padLlevepyd TNy Kol Elo€pyovtal oto Selypa. Otav
ouvavtioouv éva NAektpovio (e~ ) emépxetal n ekundévion tou Levyoug ete™ (anni-
hilation). MeydAog xpovog {wrG GUVETTAYETAL OTL UTIAPXOUV TTIEPLOXEG TOU TIOAULEPOUG
Tou elval XapNANG TUKVOTNTAG OE €~ KAl Apa TIPOKELTOL VLo TIEPLOXEG EAEVBEPOU Oy-
Kou. Metproelg PALS mpaypatonow)fnkav cav cuvaptnon tng Oepuokpaciog Kot av-
TANONKav mMAnpodopieg yla tnv cupneptdopd Tou MOAUUEPOUC, KAl CUYKEKPLUEVA TOV
eAelBepo Gyko, kabBwg avEavetal n Beppokpacia. EmumAéov, HEow TG TEXVLKNAG PALS
npooblopiotnke kat n Beppokpacia T, oplopEVWY SELYUATWY KAl N T SUYKPIBnKe
LE Ta amoteAEéopaTa IOV TPoEKU P av amo Tig Petprjoetg DSC.

TENOG oL LBLOTNTEG DpaynG aepiwv kat cuykekpLpéva yla to C'Oo, HeAETHONKaY yLa
£€vayv oplOpo Selypdtwy He SLOPOPETIKEC TILEC CUYKEVIPWANG avopyavng ouaoia. H St-
€aywyn Twv HETPACEWV SLATEPATOTNTOC EYLVAY UTIO 0TaBepn Tiieon, g £va KEAL 0TO
ormoio ecwkAeiovtav n UTIO PeAETN vavooUVBeTn pepBpavn/emniyxplopa. Mpaypatomnot-
NONKOV UETPNOELG TOOO YLA TIG APXLKEG, AN EVIOXUUEVEG LEMBPAVEG pNTIVNG TTOAU LE-
pouc, 000 Kal yLa vavo-cUvOeTa AU e auéavopevn Katd Bapog evioxuon and vavo-
owpatidia. Amo TIG HETPNOELG AUTEG gival Suvato va PooSLopLOTEL O CUVTEAEDTNG
Suaxuong twv popiwv CO4 amo tov Xpovo Tou xpetadovtal Ta popLa va SLamepacouV
™V HeUPpavn. KUpLog atoxog Tng €peuvac ATav va mpokUouv enypiopata/dAp ta
ormoia €xouv BeATLWHEVEG LOLOTNTEG hpaynG. OLTIUEG TOU CUVTEAEDTH SLAXuong yLo Ta
vavodiAp Ba pEMeL va elval PKPOTEPEG CUYKPLTIKA HE TLG TLUEG TTou adopouv oTnv
LN EVIOXUUEVN, KaBapn pntivn moAupepouc.

Avad£poupe mwe N SLaxUoN TWV agpiwv HELWVETAL KABWE AUEAVETOL TO UAKOG TNG
nopeiog Twv popiwv péoa oto VALKO. Mpémel emopévwg ta mAakidia tng apyilou va
Sloywplotouv MANPwWCE Kol va Slacmapouy Tuxaio otnv MOAUUEPLKN UATPA WOTE va
SnuLoupyouV GuOLKA EUTOSLA KOl CUVETIWG Va eMLBpaduvouy tn Staxuon agplwv oto
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oUVBEeTO UAIKO, KaBwe Ta pdpla Tou aepiou mpémel va SlaxuBoulv péca amnd éva mo-
AUTtAoko 6pdpo. O dLotnTeg dpayrg ennpedlovtal and tnv UTaPEN Twv cWHATSlwY
OTO TOAUMEPEC KOl CUYKEKPLUEVA ATIO TOV AOYO0 TWV SLACTACEWV TwV CWHATIS LWV, TO
KAQG MO OYKOU TWV CWHATLS WY KaBwE KAl TOV TTPOCAVATOALOUO TOUG OE OXECN |LE TNV
katevBuvon tng Slayxuong.

AnoteAéopata

H Slepelivnon g Soung twv vavodip mpocdlopiotnke pe tnv xprion Sltadopwv te-
XVIKWV oL omoieg mapéxouv mAnpodopieg yia tig aAAnAemibpaoelg LeTalh Twv cuota-
TLKWV TIOU XpNoLpomotifnkav yLa tnv cUvBEeon Twv UALKWY autwyv. Ta amoteAéouaTa
napouoilalovtal avadopLkd e TNV KABE TEXVLKN TIOU XPNOLUOTIOLONnKE:

e OLpetproelg DSC mpaypatomnol)fnkay yLa TG TPELS pNTLVEG TOAUEPOUG KABwG
KaL yla éva Selypa vavooUVOETOU UAKOU OKPUALKAG pNTLVNG EVIOXUMEVNG E 5
wt% avopyavng ovoiag MMT (ARBES0). Ta delypata apyikd BeppdvOnkav oe
Bepuokpacio 75 °C kal mapeUelvay o€ authyv yla 1 min. Enewta n Bgppokpacia
au€nbnke amo toug 75 °C otoug 200 °C pe pubuod Bppavong 10 °C/min. H Bep-
pokpaoia Statnpnbnke atoug 200 °C yia 2 min kal énetta ta Selypata Ypuxdn-
Ko €wg toug 75 °C, pe tov (6o puBud twv 10 °C/min. H Sladikacia autr amno-
TEAEOE TOV TPWTO KUKAO HETPoewV (oxnua 5.1) kat emavaAndOnke oe Sevtepo
otadlo wote va emPefalwOei N MEPOUATIKN aKPIBELA TWV ATIOTEAECUATWV.
H pelétn tng Bepuikng oupmepltdopds Twy SEYUATWY AMOOKOTIOUOE KUPILwE
oTov ipocdLopLopo Tng Bepuokpaciag vaAwdoug petdmtwaong, Ty, To anoteAé-
OUOTA TWV TELPAUATWY AVOTIOPAoTABNKAY YpadLkd HE TNV Xpron KataAAnAou
npoypappatog. H Beppokpacia T, mpoodlopiotnke Pe YPAUULKN TIPOCEYYLON
TWV TEPAUATIKWY ONUELWV yla OAa ta Selypata (oxnua 5.2). Avadoplkd e TIg
600 pnrtiveg mou eixav Baon to vepo, mpogkue Bepuokpacia VaAwSoUC LETA-
TITwaong oto eUpog Bepuokpactwv 120 — 130 °C evw yia tnv pntivn pe Baon to
EUAEvLo oTo eUpog 130 — 140 °C. To vavo-ouvOeto Selypa e evioxuon 5 wt%
avopyoavng ouaiag napouciace T, nepinou ico pe 125 °C, CUVENWG PMopoU e
va avad£POUUE WG N TPOcBeon vavoowuatidiwy, o€ XaunAo emninedo cuykév-
TpWongG, Sev ennpedlet tnv Beppokpacia Ty,

e H texvikn TGA xpnoLluomnol|bnke wg oo MPoodloplopol Tou TocooTol evi-
OXUONG TwV UALKWV PE avopyavn oucia MMT. Ta Selypata BeppdavOnkav and
Toug 100 °C £€wg toug 950 °C pe pubuod B£puavong 50 °C/min, evw o pubudc
kataypadng opiotnke wg 0.5 onueia/s. Ta uno avaluon Selypata apxwkd uyi-
otnkav oe {uyo akplBelag, waote va emuPBefatwbel n akpiBela TG MEPAUATIKAG
Sudtagng tou TG/DTA opydvou. Apxkd petpndnkav Seilypota kabapol moAu-
UEPOUC, TWV OMOLWV OL YPAPLKEG AVATIAPOOTACELG TOU TTOGOOTOU BAPOUG GUV-
optAosL tng Beppokpaoioc eméotpedav HNSeVIKESG TIHES (oxAua 5.3). Emelta
petprOnkav ta deiypoata ARBE1O kot ARBES0, evioxupéva pe 1.0 kat 5.0 wt%
MMT avtioTowa, TwV omoiwv oL ypadLKEG avamapactaoels emPePfaiwoav to
T0000TO Tou MMT mou €ixe umtoAoyloTel BewpnTika (oxnua 5.4).
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e Méow tng TeEXVIKAS XRD xapaktnpiotnke n Soun twv vavodilp mov mapaokeu-

AoTNKAV EpyacTnpLakd. EmumpocBEétwe, peAetnOnke n Sour Twv Stadopwv tu-
TV povtuopAAovitn (avopyavou, in TPOTIOToLN LEVOU KABwGE Kol 0Py VLKA TPO-
TIOTOLNEVOU), UTLO popdn okovng (oxAua 5.5). H dour Twv vavoowpatidiwy
glval emavalapfavopevn Kal gival XapakTnpLloTikn yla kabe tomo MMT. Zuv-
ETWG, HEow TNC e€lowong Bragg kal Tng TLUAC TNS ywviag mepibAaaong, 26, ya
KaBe TUMO, UTIOAOYLOTNKE KAl N AMOCTACH OVAUESH OTA OTPWHOTA TNG OpyL-
Aou (mivakag 5.1). Ta anoteAéopata, avadopikd e Ta apXLKA Vavo-cwuaTidLa
MMT, emBeBatwvouv nwg kabwg avéavetat n uSpodoPLKOTNTA TOU OpyaVIKOU
TPOTOTOLNTH AUEAVETAL KOL N AMOOTACN avApecsa ota GUANa TG apyilou. Tuy-
KEKPLUEVA, 0 USPODIAOC, LN TPOTIOTIOLNUEVOG TUTIOC LOVTHOPIAAOVITN TtapoUsi-
aoe kopudn o€ ywvia 260 = 6.36° TTOU AVTLOTOLXEL 0€ SLOACTPWUATIKO TIAXOG, doo1,
oo pe 13.9 nm. Hudpodopikdtnta tng emibaveiog Tou TpomomnoLntr) avEavetal
wg €n¢: C30B, C10A, C93A, C20A. Etol, o€ avTLoToLyia MPOKUTITOUV KaL Ta €€NG:
o tumoc C30B napouciaoe kopudn os ywvia 26 = 4.77° mou avtioTtolkel os dla-
OTPWHATLKO TLAX0G, dog1, (o0 pe 18.5 nm, o tumog C10A kopudr) o€ 26 = 4.59° ue
dop1 =19.2 nm, o Tumog C93A kopudn oe 260 = 3.74° pe dgg1 = 23.6 nm evw o TU-
miog C20A kopudr) og 26 = 3.65° pe dog1 = 24.2 nm. Ta amoteAéopaTa auTd ivat
avapevopeva kabwge n tpomomnoinon tou MMT €xelL cav oTdX0 TNV cupBatotnta
ME TNV udpOdoPNn dUCN TWV MOAUKEPWY KAL CUVENWG KABLOTA TLO €UKOAN TV
€loob0o Twv aAucidwv Tou MoAupepolg avapeoa ota ¢pUANA ToU HoVTpopANO-
vitn. H ypadwkn avamapdotaon twv XRD avtiotolyel otnv mpwtn nepibiaon,
omou n = 1. To e0pog HETPNONG YWVLWVY EeKlvouoe amo 2° €wg kal 15°, o pu-
Ou0¢ kataypadnc ftav ava 0.02° yla xpoviko BApa ioo pe 0.2 s, evw TO KAKOG
KUMATOG TWV aKTivwy X avTlototei og A = 1.5405 A.

H texvikr) XRD xpnollomoliBnke €miong yLo tTnv HEAETN TWV vavo-cUVOeTwyY §o-
pwv. H8lepelivnon tng oM G He akTiveg X Katédelée Tnv emtuyn f Un Stacmopd
Twv vavoowpatidiwy, ebocov anwlela kopudng cuvendayetal mARpn amodUA-
AWwon TWV OTPWHATWY 0To MOAUMEPEG. Emxplopata pe Bdon pntivn moAuoupe-
Bavng mapackevdaoTnKav He gvioxuon udpodilov MMT Kkat SLacTopd Tou o€
QUITLOVIOUEVO VEPO, o€ toooota 0.50, 0.75, 1.00, 1.25 kat 1.50 wt%. Ta amote-
Aéopata tng mepiBAhaong (oxnua 5.6) deixvouv mwg mAnpn Sloomopd £XEL £TL-
tevxBel povo yla to kKAaopa Bapoug 0.50 %. Kabwg auvfdvetal To mTocooTo Tou
povtuoptAdovitn, n kopudn mepiBAacng yivetal o eukpvrg ota ypadnuota
£VTaONG oUVAPTHOEL TNG ywviag MeplBAAonG Kal avTloToLXEL o€ TIHEG 26 = 6.4°.
Avtiotolyn dtacmopd SokipudoTnke pe uSpodho MMT o akpuALKr) pnTivn mo-
Aupepoug oe nooootd 0.5, 1.0, 2.0 kat 5.0 wt% (oxfua 5.7). MNapatnprnbnke
mapopola cupneptpopd pe thv PU pntivn, epocov Sopéc amopUAAwaong emt-
tevXOnKav povo otav n moootnta evicxuong dtatnpndnke oe xaunAo emninedo
(0.5 kat 1.0 wt%).

Avodoplkad pe Toug Tpomomnolnuévoug tumoug C10A kat C93A (oxnua 5.8 kat
5.9): n Slaomopd Toug SOKIUAoTNKE 0 SU0 TUTIOUC SLAAUTWY, AKETOVN KoL OlL-
BavoAn, os mocootd 0.6, 1.2 kat 1.8 wt% kabapol MMT. MpoKUTITEL WG N aKE-
TOVN, WG HECO SLOOTIOPAC, ELOEPXETOL EMITUXWG avapeoa ota GUAAA TG apyi-
Aou, evw yla TNV atBavoln mpokUMTouV SopEG He Slaxwplopo ¢daocewv. Eival



23

evlladépov va avadepBei mwg otnv mepintwon tng atBavoAng, n ywvia mepi-
BAacong tou cuvBETOU avtloTolel og Tur 26 mepimou lon pe 6.4°, dTwg Kal Tou
udpodhou MMT. Ztnv nepintwon Tou tumou C30B (oxrua 5.10), mapatnpeital
opolwg Kopudn YUpw oTLG 6° yia Slaomopd o€ albavoAn, evw ylo SLacTiopd o€
OKETOVN TtpokUTTEL amopUAAwON o€ TocooTo 0.5 wt% kabBapol MMT. Ze moco-
oT0 evioxuonc 1.0 wt% éxoupe kopudn yupw oTLg 5°, dtwe SnAadn katn kopudn
tou C30B, umd popodr okovng. EmutpocBétwg, Sokiudotnke n Sloomopd tou
ninAoV BEOA, pe oktadeoulapivn wg Tpomomnotnt, otoug SLaAUTEG alBavoAn,
OKETOVN Kal EUAEVLO, XWPLG OLWG ETITUXEG amoTéAeopa (oxrpa 5.11). Mapdio
Tou n Kopudn nepiBAacnc tou BEOA eival mepimou 4°, mapouctaleTal Kat AL
Kopudn yUpw oTIg 6° oto clvBeto. Daivetal mwg n avopyavn ¢daon Twv TPo-
TIOTOLNUEVWY oWHATIS WV cupBANEL evepyd oTiG pntiveg mou €xouv Baon to
VEPO, EPOOOV N XOPOKTNPLOTIKA Kopudr TepiBAacng oTig pn amodUANWUEVEG
SopEg telvel va epdaviletal otig 6.4°, avefaptnta Ao ToV TUTO TPOTIOTOLN LLE-
vou MMT nou €xeL xpnoLuormnolnOsi.

Mo TNV SLacTIopA OPYyaVIKA TPOTIOTOLNEVWY CWHATISIWV otnv pntivn moAu-
oupebavng mou Atav SltaAupévn og EUAEVLO XpnoLomoLlBnke wg LEco SLaoTmo-
pag éva duadiko cuotnua StaAutwv UAEVIoU Kat albBavoing oe avadoyia 70:30
wt/wt %. H evioxuon pe vavo-cwuatidia anonelpdbnke og XaunAd mocooTto
™G ta€ewg Tou 1.0 wt%. H Slaomopd tou C10A daivetal mwe ATAV EMITUXAC
(oxAua 5.12) edpoocov ta edopéva XRD Sev mapouaotdlouv oudepia xapaKtn-
pLotikn kopudn mepiblaong. H Staomopd tou C30B 0driynoe o Sour mapep-
BoAng (oxnua 5.13) Kal LETATOMLON TNG KOPUPNG OE XAUNAOTEPES TULEG YWVLWV.
JUYKEKPLUEVA TIPOEKUPE aUEnaon TG amooTaong avapeoa ota GpUAAA tng Ta-
€ewc Tou 12 %, amo 18.5 A ota 20.7 A, eddoov n kopudr Twv vavoswpoTSiwy
UTo popdn okovng epdaviletal og 20 = 4.77°, evw n Kopudr| 0To vavo-cUvOeTo
oe 20 = 4.27°. H napoucia plag deVtepng kopudng os 26 = 6.4° unopet va amno-
600¢gl oT0 yeyovog OTL N dopn eival ev HEpeL amoPpUAAWEVN KOl EVEEXOUEVWG N
avopyavn ¢uon tou Tumou C30B va emnpedlel TNV TEALKN Sour. ITnV nepimtwon
¢ Staomopadg tou C20A mpokUTTeL Sopun He Helwon TNG SLACTPWHATIKAG amo-
otaonc (oxApa 5.14) mepinou ion pe 5 A, eviy n Slacmopd tou BEOA (oxAua
5.15) 08nyeil oe Sopn mapepBoAiS e 60 % avEnon TG amootaonc, and 21.5 A
ota 34.5 A. H erutuyric S1aomopd VOVoowHATISLwY 0TV OKETOVN, O avtiBeon
ME ToV SLaxwpLopo GpACEWY TIOU TIPOEKUTITE Ao TV Slaomopd otnv atbavoAn,
urnopel va anodobel og BepUoSUVAULKEG TTAPAUETPOUG. ZUYKEKPLUEVA, XPNOL-
pormowwvtag th Bswpla cuvelobopds Twv opddwv (group contribution theory)
umoloyiotnkav ot mapauetpot Stalutotntag (solubility parameters) Twv tpormo-
TIONTWV Yyl Toug Tumoug C10A, C20A, C93A, C30B vavoowuatidiwv (mivakag
6.2). OL mapApeTpoL SLAAUTOTNTOG TWV OPYOAVIKWY SLaAuTwY (aketovn, alba-
VvOAN Kat EUAEvio) pmopoUv va BpeBouv o BiBAoypadikeg avadopEg Kal ava-
dépovral emiong (mivakag 6.3). BeBatwOnKe £ToL WG OL TLUEC TTOU TIPOKUTITOUV
yla TG opddeg tpomomnoinong tou MMT GUUMIMTOUV TIEPLOCOTEPO UE TLG TLUEG
NG OKETOVNG. EMopévwe, n pn emtuxng Staomopd otnv atbavohn odeiletal
oTNV HeyaAn Sladopd avapesa oTLG MAPAPETPOUG SLAAUTOTNTOG.

e Méow TnG TeXVLKNG PALS mpoodlopiotnke o eAeUBEPOCG OYKOG OTNV TTOAULEPLK
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untpa o kaBe vavoUALko. OL LETPHOELG TTOU Tpaypatornol)nkay ntav dvo tu-
ntwv:(at) EAeyxog eAeBepou Gykou, UTIO otaBepn Bepuokpacia Swuatiou lon pe
300 K wg ouvaptnon tou Kata Bapouc mocootol evioxuong MMT, kat (B) éAey-
XOG Tou eAeUBepoU OyKkoU ouvaptnoeL TnG Oepuokpaciag, amoé 300 K éwg 473
K. H texvikn PALS xpnolpormolel padlevepyd LOOTOTA WE TNy apaywyng moll-
tpoviwy, Ta omola elo€pyovtal oto Seiypa Kot avalntolV MeEPLOXEC TTAOUGLEG OF
nAektpovia. O xpdvog mou amartteital yio va eméABel n e€alAwaon tou {elyoug
nAekTpoviou / mo{itpoviou KataypAadeTal CUVEXWS, TIOPAAANAQ LE TNV £vTOon
NG HETPNONG, Kal amoTeAel £VEeLEn yLa TNV NAEKTPOVLAKK TTUKVOTNTA TOU UTIO
peAétn Seiypatog. Oco auEAVETAL O AMALTOUMEVOC XPOVOG yla TV e€aliwon
Tou {elyoug, TOOO TILO HEYAAEC gival oL TteploXEG Tou eAelBepou Oykou. O Xpo-
vog LwnG Twv molitpoviwy petadpaletal o€ aktiva onwv eAeUBepou oykou, R,
EVW N évtaon petadpdaleTol O CUYKEVTPWON onwv eAeUBepou dykou Vi (%).
To padlevepyo LoGTOMO Yl TNV Ste€aywyr Twv mepapdtwy Atav 22Na evw ot
LLETPROELC TTOU KaTtaypddnkav yla k&be Seiypa umepPaivouv i 106,

Ta Seiyporta akpullkig pntivng pe evioxvon udpodilov MMT o moooaotd 0.5,
1.0 kot 5.0 wt% (oxrjua 5.19) pavepwvouv mwg o xpovogs {wn g mapapével otabe-
pOC yUpw ota 2.2 ns. EMopévwg mpokeLtal yla omég eAsUBepoU GyKou e aKTiva
yUpw ota 3 A. H évtaon tne ekpundEviong, amod Thv GAAn pepLd, TapoucLalel
pelwon, akdun Kot yla to Selypa e CUYKEVTPWON 5% OTo omoio Sev €XeL emL-
teuxBei mAnpng anodpVAAwaon. To KAaoua eAeUBEpPOU OYKOU LELWVETAL, KABWG N
ouykévtpwon MMT av&avetal. Télog, pehetnBnkav ta Seiypota mohvoupeda-
vng Ue Baon to EuAEvio (oxrpa 5.21). TNV Un eVIOXUUEVN pNTivn MOAUUEPOUG
amnatteltal xpovog yupw ota 2.4 ns, EMOUEVWG N aKTIVa TwV ontwv eivat mepimou
3.2 A. H Ty Tng évtaonc oto Seiypa auto odnyel oe kKAdopa eAeUBepoL dyKou
oo pe 5.6%. NapdaAAnAa, pehetnOnkav Selypota cuykevipwong 1 wt% e evi-
oxuon ocwuatdiwv timou BEOA kat C20A. Ta amoteAéopata gival cUpdwva
Ue ekelva Tou mpoékuav amo tnv texvikn XRD. Zuykekpluéva, oto Selypa pe
Slaomopa nnAov C20A napatnpeital avénaon T660 Tou XPOVOU 000 Kol TNG V-
TOONG. ZUVENWG, To KAAoua eAeUBepou dykou audavetat and 5.6 % oto 6.2 %.
AvtlB£twg, oto Seiypa pe dtacmopd tumou BEOA, éxoupe peiwaon tou Xpovou
Kat dpa Hikpr pelwon Tng aktivag amd ta 3.2 ota 3.1 A.

Eval YEVIKOTEPO GUUTIEPOGLOL TTOU TIPOKUTITEL ATLO TNV TEXVLKI PALS glval to yeyo-
VOG WG N AKPUALKN pNTivn e BAoN TO VEPO MAPOUGLATEL TO XAUNAOTEPO KAAGHLQL
eAevBepou Oykou, 4.71 %, CUYKPLTIKA WE TNV pntivn toAuoupebavng pe Bdaon
1o vePO, 5.11 %, kal Tnv pntivn moAuoupeBdavng pe Bdon to {UAEVLO, 5.64 %.
EmunpooBétwe, Sle€nxOnooav PeTproelg SU0 SelyUATwY (LN EVIOXUUEVNG AKPU-
AKAC pnTivng Kot pntivng evioxupévng pe 1.0 wt% udpodihouv MMT) cuvapth-
o€l NG Beppokpaciog. Ta amotedéopata anmodelkvUouv Mwe Kabwg audave-
tal n Beppokpaocia, aufavetal o eAeUBePOC OyKog TwV SelyUATwVY (oxAua 5.26).
Me YPQaUULKEG TIPOCEYYLOELG TWV TELPOUATIKWY onpeiwv Tou Seiypatog ARBE10
nipokUTTEL Bepuokpacio ualwdoug petdntwaong oto eVpoc 100- 110 °C. Me pe-
TpAoelg DSC Seiape mwg to 7T, eivan mepimou 120 pe 130 °C. H Stadopd auth
odeiletal otov pubud BEppavaong tng kabe texviknG. OL HeTpnoeLg PALS eixav
MEYOAUTEPN SLAPKELO CUYKPLTIKA UE eKelveg Tou DSC, epdoov ol mpwTeg Surp-
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KEOOV OPKETEC WPEC EVW OL SEUTEPEG UOVO UEPLKA AETTTA TNG WpaG. EmumAéov
napatnenBnke mwe oL pnTiveg He Bdon To vepo Sev mapouotdlouv LoLlaltepeg
SLOKUPAVOELG LETOEL TOUG, avadopLka oTov eEAeUBepPO OyKO TTou TTPoEKL e amod
petprioetg PALS. AvtiBetwg, n pntivn pe Baon to uAévio Stadopormoteital edo-
oov Seixvel peyaAltepn aktiva onwv eAeUBepou Oykou KaBwg Kol LeyaAUTEPO
kAdoua ouvolikol ehelBepou dykou.

o Metproeig Slamnepatotnrag/epaync acpiwv Ste€fxbnoav yia évav aplOpo det-
YHATWV ota omoia LeTaBaAAOTAV N KATA BAPOC CUYKEVTPWON avOpyavng ou-
olog. H mepapatikn diataén mepthappave éva kel KatdAAnAo oxeSloopévo
WoTe va ecwkAeiel To vavodiAp untod popdn HepPpavng. Ta popla Tou aspilou,
C O, otnv mapoloa €peuva, €LOEPXOVTAL UTIO oTaBepr) Tieon oTov Oyko Tou
apLotepol THAMOTOC, Slamepvolv TV pHepPpdvn kat mapdAinia kataypade-
TOL N PO TNG CUYKEVTIPWONG 0TO AAAO TUAUA Tou KeAoU. EGv MapaocTtriooupE
ypadLKA TNV HETABOAN TNG CUYKEVTPWONG TOU OEPIOU GUVAPTHOEL TOU XpOVOU,
TIOPOTNPOUUE TIWG, ETMELTA ATO KATIOLO GUYKEKPLUEVO XPOVO, N KAUTIUAN Yive-
tal euBela ypapuun. O xpOVoG aUTOG XPNOLUOTIOLEITAL VLA TOV UTIOAOYLOUO TOU
OUVTEAEDTH SLAXUONG. ZKOTIOG TWV TMELPAUATWY ATAV va TtpokUouv PeUBpa-
veg/emuypiopato pe BEATLWHEVEG LBLOTNTEG PpayriC. AUTO AmOLTEL TIG TIHEC TOU
ocuvteleoth Stayuong yla to vavodbilp vo eival PKpOTEPEG GUYKPLTLIKA UE TLG
TWWEG OTNV Un EVICXUMEVN, kaBapr pntivn.

Asiypata kabapnc pntivng moAuoupedavng kat akpUALKAC pntivng LetpriBnkav
KoL tpoékuav Tta akoAouBa amoteAéopata: n pntivn PU e Baon To vepo €xel
ouvteheotr) Swdyuong D = 7.4 cm?/s, n akpulikr} pntivn pe Bdon to vepd €xel
D =2.3 cm?/s, evw n pntivn PU pe Bdon to Suhévio éxel D = 4.6 cm?/s (oxnpa
5.31). H evioxuon tng pntivng PU pe 1.2 kat 1.8 wt% mnAou C93A oényel ot
ouvteheotr (0o pe 4.9 cm?/s kat 2.1 cm?/s, avtiotolo. JUVETIWG, TPOKELTOL
yla peiwon tou cuvteleotn SLdxuong TnG Taewg tou 34% kal 72 %, avtiotol o
(oxAua 5.35). Mapopoiwg, n evioxuon tng PU pntivng pe 1.2 kat 1.8 wt% nmnAou
C10A o6nyel oe ouvteleotr (oo pe 4.7 cm?/s kaL 2.4 cm?/s, dpa peiwon Tou
ouvteheotn dLdxuong NG Tafewg Tou 36% Kal 68 %, avtiotolxa (oxnua 5.34).
JTnv mepinmtwon tng evioxuong pe udpodho MMT (oxAua 5.32), éxoupe pei-
won 72 % oe deiypa pe mocooto HOAL 0.5 wt% otnv pntivn moAuoupedavng,
evw pelwon epdaviletal emiong o delypa pe mocooto 0.5 wt% otnv akpuALKA
pntivn, omoU o ouvteAeoTh¢ LELWONKe amo 2.3 cm?/s ota 1.8 cm?/s dpa peiwon
22%.

JuunepAoHATO

TNV mapoloa PETATUXLaKY Slatplpn mapackeuAoTnKaV LeUPBpAveS ou Bacilov-
TaL 0TNV 6€a TwV Vavo-cUVOETWY UAKWY. MpOKeLTaL ylo emxplopota TOAUEPLKNG
UNTPOG EVIOXUUEVA UE CWUOTIOLO povTpoptAlovith, evog dpulopopdou apythomupt-
TIKOU OpuUKTOU.

H 8tepelivnon tng TeAKAG Soung Twv GI\U GAVEPWVEL TIWE OE OPLOUEVEG TTEPUTTW-
o€LG N Soun NTav ekeivn TG mapepBoAng, OMoU apaTNPRONKE LETATOMLON TG XapA-
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KTNPLOTLKNG KOPUPNAG TIPOG ULKPOTEPEG YWVIEG. AUTO GUVETIAYETAL TNV €V HEPEL SLEV-
pUVON TWV SLOCTPWLOTIKWY OIOCTACEWVY KOl GUVETIWG TNV Sleloduon Twv moAupepL-
Kwv aAuoidwv avapeoa ota pUAAa TNG apyilou. AopEg amodpUAAwaONG tapatnenon-
Kav Kuplwg otav n moodtnta evioxuong tou MMT StatnpnOnke oe xaunAo emninedo.
MANPNG SLaoTopA TWV VaVOoWHATIS Lwv eMITELXONKE KAl 0TOUC TPELG TUTIOUG PNTIVAG.
JT1¢ pntiveg pe Bdaon to vepd n SLOOTIOPA MPAYUATOMOLONKE O QMLOVIOUEVO VEPO
KaBwg Kal oTtnV aketovn. Avadoplkd pe tnv pntivn pe Baon to EuAévio, n dlacmopd
ATaV EMLTUXAG yLa éva piypa Stalutwv pe kuplo StaAutn to Eulévio. H emtuyng Sla-
OTIOPA OTNV OKETOVN, O avtiBeon e ToV SLoXWPLoUO PAcEwWY TIOU TPOEKUPE amd TN
Staomopa otnv atbavoln, unopei va anodobel oe BepuoSuvapLKES TApOUETPOUC.

To amoteAéopata TnG MapoUoas EPEUVAC TPOTEIVOUV TwE N Sladopd Twv mapa-
LETPWV SLAAUTOTNTOC TOU 0PYaVLKOU TPOTIOTOLNTH TWV VAVOoWHATISLwY Kat Tou Sia-
AUTN TipémeL va lval 660 To Suvato UIKpOTEPN. OL UETPHOELG SLATEPATOTNTAG ETLBE-
Balwvouv nwg n evioxuon MOAUPEPWVY HE XaUNAA TTocootd MMT pmopet va odnyroet
otnv oUVOeoN VaVoUALKWYV PE BEATLWHEVEG LOLOTNTEG dpayrG aeplwv. XapaKTneLOTLKA
avadpEépoupe Mwg n pelwon otnv Staxuon popiwv C' O, otnv mapoloa €peuva, EML-
TeUXONKe €W KAL TTOOOOTO TNG TA&ews 72 % yia MoALg 0.5 wt% evioyuon. Zupmepa-
OUOTIKA, ONUELWVOUE TIWG N SLacTiopd Twv cwpaTdiwy Tou povtpoptAlovitn elval
edIKTr) OO0V £XOUV UEAETNOEL OL TOPAUETPOL TIOU EMNPEATOUV TIG AAANAETILOPATELG
QVAESA OTA GUOTATLKA TIOU ETEXOUV OTNV OUVOEDH TWV VOVOUALKWV.

KUplog mapayovtag nmou kablotd tov MMT katdAAnAn emiloyr cwpatdiwy elval
Ta popdOAOYIKA XAPAKTNPLOTIKA TTOU SLETOUV TNV GUCH TOU GUYKEKPLUEVOU apyLAo-
TupLTikol opuktol, epOoOV TPOKELTOL Yo CwHATIOL pE peydlo Adyo SLaoTACEWV.
EmunpooBétwe, To 0Tl Ta cwpatidia tou MMT propoUv va UtooTtoUV 0pyavIKH TPOTIo-
noinon cuvenayetal nwg eivat Suvartr n dtacmopd Kat N anodUVAAWGH Tou oTa TEPLO-
o0TEPA TTOAUUEPH, EPOCOV UE TNV TPOTOMoinor] toug e€aodaliletal n cuppatdtnta
LLE TNV UATPa Tou udpddoBou moAuepoUC.

H nmapouoa gpyacio Seixvel 6TL n Xprion KOAOEISWV aLWPNUATWY TNG TIOAUUEPL-
KNG pNTLvNG o€ vePO eival pia kataAAnAn péBodocg yla Tnv mapackeun vavo-ouVOETwY
ETUYPLOUATWY KOL UALKWV.

Mpotdoelg yia BEATLWOELG

H dpayn Twv agplwv eMITUYXAVETOL LLE TNV TUXALA SLACTIOPA TWV VAVOOWHUATIS WY
KoL TNV AR PN amodUAAWGH TWV CTPWHATWY TOUG OTNV KATPA TOU TOAUEPOUG. Edo-
ooV TPOKUYPEL 0 SLOXWPLOUOC TwV MAaKLSlwY TNG apyilou, aufAaveTal Kal TO HAKOG
NG mopeiag Twv popiwv péoa otnv pepPpavn kabwg ta mAakidia cupmnepidEpovrol
w¢ duokd eumodia kat emiBpadlivouv Tn Sdxuon Twv aspiwv. Ta popLa tou agpiou
TPETEL VAL akoAouBrjoouv évav 1o oAUTTAOKO Kal XpovoBopo §pOL0, CUYKPLTIKA LE
TNV KN EVIOXUMEVN HEUBPAvVN Tou KaBapou MOAUMEPOUC. Baoikr MAPAUETPOC TTOU
npenel va AndBel umo v eival mwe oL LotnNTeg TNE StamepatdtnTog ennpealovial
arnd TIg LopPOAOYLKEC TTOPOAUETPOUC TWV CWHATIS LWV KAl CUYKEKPLUEVO aTtO ToV AdYo
TWV 5100TACEWY, TO KAAGHO OYKOU KaBWwE Kol TOV POCOVATOALOUS TOUG O OXECN UE
™V KatevBuvon tng Staxuong. Ta MePLOCOTEPA LOVTEAA LEAETNG TNG SLayUoNG TWV
Hoplwv, avadopikd otig lotnTeg Pppayng oe vavo-ouvOeTa UAKA, Bacilovtal otnv
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£1KACL0 TIWG 0 TIPOCAVATOALOUOG TWV CWHATIS WV gival KAatdAANAOg w¢ POC TV Ka-
telBuvon NG Laxuong Twv Hopiwv. ITa MTEPLOCOTEPA EPYAOTNPLAKA OUWG SelypaTa
n undBeon autr Sev eival olyoupo mwg LoxVeL. BOa rtav, eMOPEVWCE, EMBUUNTO va
avantuyxBel évag HNXAVLOHOG yLa TOV EAEYX0 TOU TTPOCAVATOALGOU, WOTE VO TIPOKU-
Pouv PAY pe TIg BEATIOTEG LOLOTNTEG PpaynG. H €peuva TNG vavo-cUVOBETWY UALKWY
Ba propoloe emumAfov va enektadel otnv HEAETN TG SLdxuong GAAWY aépLwv popiwv
wote va tpokUPouv VAIKA TTou KOAUTITOUV LeYOAUTEPO AT EDOPUOYWV.
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Chapter 1

INTRODUCTION

Nano-structured composites of montmorillonite-type silicates embedded within vari-
ous polymer matrices have been intensively studied in recent years.

The major finding that stimulated the incorporation of nano-particles in polymer
matrices was reported, for the first time, from Toyota Central Research & Development
Co. Inc. (TCRD); they successfully prepared exfoliated Nylon 6/MMT nanocomposites.
In the resulting composite with a loading of only 4.2 wt% clay the modulus had doubled
in value, the strength had been enhanced by 50%, and an increase in heat distortion
temperature (HDT) of 80 °C was seen compared to the neat Nylon 6, as shown in Table
1.1.

Since the development of montmorillonite/nylon nanocomposites by Toyota re-
searchers, there has been a tremendous activity in the reinforcement of polymers by
incorporating surface treated layered alumino-silicates. These nanocomposites, either
intercalated or exfoliated, are found to be very effective in improving the physical, me-
chanical and thermal properties of polymers at very low filler loadings in comparison
to conventional composites.

The investigation has been extended to a varying range of polymer systems includ-
ing different types of clay, yet alternative methods that facilitate the dispersion of the
inorganic clay into the organic matrix have to be established.

Table 1.1: Mechanical and thermal properties of Nylon 6/MMT nanocomposite

Properties Nanocomposite  Nylon-6
Clay content (wt %) 4.2 0
Density (g/cm3) 1.15 1.14
Tensile strength (MPa) 107 69
Tensile modulus (GPa) 2.1 1.1
Impact strength (kJ/m?) 2.8 23
HDT (°C at 1.8 MPa) 147 65

[Okamoto, 2003]
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1.1 The scope of the Thesis

Polymers are large molecules, consisting of many repeated structural units derived
from monomers. Their chemistry is extremely diverse, and their concept is far from
being simple. Yet, they are materials with a wide variety of properties and possess
several advantages; they are light-weight, usually low-cost and can be easily processed
and manufactured. Yet, the incorporation of nanoclay into polymers can dramatically
enhance their properties. This makes the nanocomposites a promising area of study
and a real challenge in the field of research. Further, apart from their improved prop-
erties relative to conventional composites or polymers, the fact that only very low clay
addition is required for an improved performance, in the order of less than 5 wt/wt %,
renders these nanocomposites an economically interesting field of research.

In the present work our attention is mainly drawn towards the gas barrier proper-
ties of polymer/clay nanocomposite systems. Many studies can be found in literature
regarding their enhanced permeation properties; it has been reported that a reduction
in gas permeability in the order of 50% to 500% can be attained by incorporating low
silicate filler content, usually in the order of 5 wt % (or less) of nanoclay dispersion.
[Yano et al., 1993] reported that in the presence of exfoliated organoclay the perme-
ability of polyimide films to water vapour, helium, and oxygen is greatly reduced. Only
2 wt% addition of montmorillonite could result in permeability coefficients of various
gases to values less than half of those of ordinary polyimide. This result is explained
by an increase in the tortuosity factor. Similar reductions in permeability of nanocom-
posite films are also reported [Lan et al., 1994], [Messersmith and Giannelis, 1995],
[Strawhecker and Manias, 2000], [Gain et al., 2005].

Wang et al [2005] investigated nanocomposites that involved the dispersion of rec-
torite in a matrix of styrene-butadiene rubber. The rectorite/SBR permeability was
68.8% lower than that of the pure SBR matrix. Such reduction in permeability can be
attributed to the tortuous diffusional path that the gas molecules need to travel, due
to the clay existence. Moreover, [Ogasawara et al, 2006] reported that the increase of
montmorillonite loading in an epoxy matrix resulted in the decrease of the gas diffu-
sivity of Helium.

This enhancement in permeation properties is accomplished due to the sheets of
layered minerals that act as impermeable barriers to diffusing molecular species and,
therefore, force the gas molecules to find alternative pathways in order to pass through
the nanocomposite. It should be noted, though, that the gas barrier properties are
only enhanced when the nano-layers are uniformly dispersed and not aggregated, so
that they attain the highest amount of interfacial zone.

The concept is rather simple; the addition of organoclays in polymers increases the
barrier properties by creating a maze or tortuous path [Ray and Okamoto, 2003]. The
presence of filler (crystalline reinforcing particles), introduces a tortuous path for the
diffusing gas penetrants; the reduction of permeability is due to the longer diffusive
path that the penetrants need to travel in the presence of filler, since the particles are
considered totally impermeable by the gas molecules.

This ‘zig — zag’ diffusion path of gas molecules in layered silicates is provided in
figure 1.1. For comparison reasons, the diffusion path in conventional composites is
also depicted in this figure.
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Ray and Okamoto [2003]

Figure 1.1: Diffusion path of gas molecules in conventional composite materials (left)
and layered silicate nanocomposites (right).
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Chapter 2

NANOCOMPOSITE MATERIALS

Polymer/clay nanocomposites present a relatively new generation of materials. The
unique and functional properties of the nanocomposite films are the main driving force
stimulating a huge development of such materials.

Polymer/clay nanocomposites are ternary systems; they are composed of clay par-
ticles (untreated and hydrophilic or organically modified and hydrophobic), organic
solvents (and/or water) and a polymer matrix. The crucial stage is the selection and
thus interaction of the three components involved. The compatibility between the
clay particles and the polymer matrix is essential; if these components are not com-
patible with each other an increase in free volume in the matrix at the interfaces is
probable to appear. It should be stated that the size as well as concentration of free
volume holes in the nanocomposite can affect and control the rate of gas diffusion and
permeation properties. On the other hand, it is also important to maintain good inter-
action between the clay and the solvents used as a dispersion medium, in addition to
the interactions between the solvents and the polymer matrix. It is therefore evident
that much effort needs to be devoted to the design of polymer / clay nanocomposites
to ensure that they meet all needs and expectations.

Nanocomposites are particle-filled polymers. At least one dimension of the dis-
persed particles is in the nanometer range. This particular family of materials exhibits
a significant enhancement in the properties of the polymer matrix at very low filler
content, usually less than 5 wt%. Such enhancements might include an increase in
thermal stability, higher modulus or increased strength. Furthermore, polymer/clay
nanocomposites are ideal as barrier systems since their permeability and diffusion co-
efficient decreases with the addition of clay particles. The degree of these enhance-
ments strongly depends on the final structure of the nanocomposite materials.

2.1 Structure and properties of inorganic particles
The fabrication of polymer/clay nanocomposites is usually based on a group of inor-
ganic particles that belongs to the structural family known as 2:1 phyllosilicates. Their

crystal structure consists of layers made up of two tetrahedrally co-ordinated silicon
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Figure 2.1: Crystal structure of 2:1 phyllosilicates.

atoms fused to an edge-shared octahedral sheet of either aluminium or magnesium
hydroxide. The thickness of one such layer may be in the order of 1 nm, whereas the
lateral dimensions range from 300 A to several microns, depending on the particular
silicate. This results in very high aspect ratios and large interfacial area. Their structure
is illustrated in Fig. 2.1.

The aspect ratio (L/W) of mineral clays is a structural parameter that strongly af-
fects the nano-scale arrangement; it takes into account both the length and the thick-
ness of the dispersed particles. In the case of polymer layered silicate nanocomposites,
high values of aspect ratio represent a well-exfoliated structure; whereas, low values
of aspect ratio indicate a structure not completely exfoliated because the silicate ag-
gregates increased the effective thickness of dispersed particles, as illustrated in figure
2.2

The layers in clay minerals are held together by van der Waals forces and are organ-
ised to form stacks; the gaps between the layers are called galleries or simply interlayer
spacing. A representation of such layers is provided in figure 2.3.

There are many types of phyllosilicates. The most frequently used are the mont-
morillonites, hectorites and saponites.

Montmorillonite (MMT) is a 2:1 phyllosilicate mineral and is the main constituent
of bentonite. It has been employed in many nanocomposite systems due to the high
aspect ratio (length over thickness) of its primary particles, which can lead to a de-
crease in the diffusion coefficient. In addition, this particular type of the smectite clay
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Figure 2.2: Effect of the incomplete silicate exfoliation on average value of aspect ratio
of dispersed particles (L /).
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Mittal [2010]

Figure 2.3: Schematic representation of a layered silicate stack and its geometrical pa-
rameters: length and thickness of individual layers (L, W) and gallery height between
two adjacent layers (H).
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Figure 2.4: Montmorillonite’s multi-scale structure

family can be found in abundance, since it is naturally occurring, and, therefore, it is
environmentally friendly and available in large quantities. Smectites are a valuable
mineral class for industrial applications due to their high cation exchange capacity,
surface area and surface reactivity.

Montmorillonite elementary particles (thickness ~1 nm) are of platelet morphol-
ogy; the primary particles include 5 to 10 platelets (size 8 to 10 nm) whereas the
MMT aggregates consist of several MMT primary particles stacked together without
any preferential orientation (size 0.1 to 10 um), as shown in Figure 2.4. The chemical
composition of MMT is (Ala M g3)(Si4010)(OH)a - nH2O. Its structure is provided
in figure 2.5.

The layers in MMT are held together by weak bonds. Hence water molecules and
various ions can be attracted and enter the galleries between these layers. This can
cause expansion of the clays enabling the delamination and the complete dispersion
in water giving platelets with thickness of nano-dimensions.

The degree of the expansion of MMT strongly depends on the type of the ex-
changeable cations. Common clay minerals, such as montmorillonite, are hydrophilic
in their pristine state, which renders them incompatible with the hydrophobic nature
of most polymers. Due to this incompatibility the clay surface has to be chemically
modified, in order to achieve complete dispersion and exfoliation of the clay nanopar-
ticles into the polymer matrix. The surface modification can be realised through cation-
exchange reactions, usually with salts (alkyl-ammonium or alkyl-phosphonium (onium)
cations) that contain appropriate substituents to lower the surface energy and “hy-
drophobise” the clay mineral. The insertion of the cations into the galleries causes an
increase in the inter-layer spacing which promotes the intercalation or exfoliation of
the polymer chains into the galleries during the nanocomposite preparation. The mod-
ification of the nanoclay with the addition of cations through ion-exchange reactions
is provided in figure 2.6.
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Figure 2.5: Diagrammatic sketch of montmorillonite
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Figure 2.6: Schematic representation of the modification of clay layers with cations by
ion-exchange reactions
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2.2 Morphology of nanocomposites

Depending on the interaction between the inorganic clay particles and the organic
matrix, and the level of intercalation and exfoliation of the polymer chains into the
galleries, three types of morphologies can be achieved thermodynamically. The terms
used to describe the nanocomposite morphologies are: immiscible, intercalated and
exfoliated and are necessary to realise the performance benefits. These types are il-
lustrated in figure 2.7 and explained below:

Immiscible nanocomposite There is poor physical interaction between the inorganic
particles and the organic matrix. The clay platelets are incapable of dispersion or
separation into primary particles in the polymer. The clay is, thus, dispersed as
aggregates or particles with layers stacked together within the polymer matrix.
As a consequence, an X-ray diffraction graph of this state is reminiscent of the
graph for the pure clay powder; the nanocomposite diffraction peak is located
at values equal to the ones of the pure organoclay.

Intercalated nanocomposite The polymer chains manage to penetrate into the gal-
leries between the clay layers. The expansion of the original silicate layers re-
sults in the appearance of a new basal reflection at lower 26 values, which corre-
sponds to a larger gallery height. The peak is reminiscent of the pure clay peak,
but shifted to lower 26. The resulting structure is a well ordered multilayer mor-
phology with alternating polymeric and inorganic layers.

Exfoliated nanocomposite The silicate layers are completely separated and randomly
dispersed throughout the polymer matrix. This state of exfoliation results in the
absence of any clay peaks in the XRD spectra. The silicate layers are delaminated
in the matrix and, thus, no coherent X-ray diffraction peak is visible in the graph.

2.3 Properties and applications of PCNs

The addition of clay minerals into a polymer matrix aims at the improvement of poly-
mer properties, as well as the production of nanocomposites with appropriate char-
acteristics for desired applications.

Polymer/clay nanocomposites are a new class of materials which differs from the
conventional composites in terms of the interactions between the organic and inor-
ganic phases. PCNs have several advantages and can be utilised to yield improvement
in more than one property. Due to their low cost, availability and high aspect ratio,
the nanoparticles can provide dramatic enhancements at very low filler loadings. As
a consequence, the minerals are added into a series of new products for applications
as engineering materials, functional materials, coatings, etc. These nanocomposites
can be applied to fields where pure polymers or conventional composites have been
utilised so far.

While the reinforcement aspects are a major part of the nanocomposite investiga-
tions reported in the literature, many other variants and property enhancements are
under active study and, in some cases, commercialisation. The advantages that the
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Figure 2.7: lllustration of different states of dispersion of organoclays in a polymer
matrix for a) immiscible, b) intercalated, c) exfoliated (top) and typical XRD patterns
confirming such types (bottom).

incorporation of nano-particles yields can lead to a myriad of application possibilities.
These include areas where mechanical and thermal properties are relevant, where
barrier and anti-corrosive properties are needed, membrane separation, UV screens,
flammability resistance, electrical conductivity, impact modification, and biomedical
applications [Alexandre and Dubois, 2000]. It should be noted, though, that in order
to take advantage of the potential offered by nanoparticles in such areas high levels of
fully dispersed and delaminated nanoparticles must be achieved.

The nanocomposite materials used for packaging applications are designed to pro-
vide high barrier properties to gas molecules such as oxygen, Os, and carbon dioxide,
COs. The gas barrier properties are enhanced by the incorporation of high aspect ra-
tio nano-platelets which create a complex network in the polymer matrix. The various
penetrating gas molecules introduced into the nanocomposite diffuse slowly through
the polymer chains of the amorphous part of the organic matrix around this network.
The decreased diffusivity of oxygen and/or other gases mainly points to the use of the
nanocomposites for food (e.g. to keep oxygen out) and liquid packaging (e.g. to keep
carbon dioxide in). Moreover, they can be used as a plastic package or lightweight gas
containers, to reduce the thickness of the commercial packaging materials, where a
thick substrate is required in order to provide enhanced barrier properties to gases.
This can lead to a significant amount of savings in the material costs and can make the
polymer materials lighter.

Other application areas include the use of polymer/clay nanocomposites as fire
retardant materials, engineering plastics or even impregnated clothes with good in-
sulating properties. Their use in films and coatings has also been under investigation.
The nanoparticles introduced into coatings create many positive effects in their prop-



40 CHAPTER 2. NANOCOMPOSITE MATERIALS

erties and highly improve their quality. They provide new functions such as absorption
of light or insulating sounds. The introduction of nanoparticles into traditional coat-
ings can also improve their properties regarding adhesive strength, functionality, re-
sistance to ageing and environmental protection. Further, the coating quality or grade
is enhanced to a higher level.

Biomedical applications, electrical and electronic applications can also be added
to the list. Polymer nanotechnology and nanocomposites are applicable to the emerg-
ing biomedical and biotechnological applications. Reports can be found in literature
regarding tissue engineering applications, as well as the utilisation of electrically con-
ducting nanofibres based on conjugated polymers for regeneration of nerve growth in
a biological living system. Polymer matrix nanocomposites have also been proposed
for drug delivery and release applications. The addition of nanoparticles can provide
an impediment to drug release allowing slower and more controlled release. For in-
stance, iron oxide nanoparticles have been investigated for various applications includ-
ing drug delivery and cellular therapy.

The utility of polymer-based nanocomposites in areas of advanced devices for elec-
tronic and optoelectronic applications is quite diverse. One specific nanocomposite
type receiving considerable interest involves conjugated polymers and carbon nan-
otubes. Potential applications include photovoltaic cells and photodiodes, sensors and
light emitting diodes (LEDs). Other applications involve the dispersion of graphene
sheets in polymers for applications in photovoltaic and field emission devices.



Chapter 3

COATINGS

3.1 Basics

Coatings are everywhere: they can be found in the house, on the walls and the fur-
niture, on wires, computer systems, inside and outside of beverage cans and food
packaging. Coatings are widely used for many purposes; they are applied to protect
materials from a variety of detrimental effects of the environment. Adhesive coat-
ings are used for the preparation of composite materials. Other coatings may serve as
barriers for gases and liquids. They are used to improve the surface properties of an
object (referred to as substrate), i.e. their appearance, adhesion properties, wettabil-
ity, corrosion resistance, wear resistance, scratch resistance, etc.

Coatings are applied in the form of liquid, gas or solid. The coating materials that
are applied in liquid form are either solutions of a resin and the rest of the components
or suspensions in the form of colloidal droplets or particles in a suspension medium.
This medium is often water. Apart from water-borne resins, solvent-based coatings
are also used, although there is a strong trend nowadays towards the water-based va-
rieties, due to the increasing attention to their environmental impact. The use of water
instead of solvents leads to emission reduction. In addition, water presents no toxic
hazard, is odour free, and its use does not require expensive recycling of the solvent.
Economic reasons, thus, lead the industry towards water-borne coatings. However,
water presents several problems in the application of the coatings; the evaporation
of water is strongly affected by the relative humidity, RH %. When the RH increases,
water evaporates slower, whereas when RH reaches 100 %, the evaporation of water
stops. If there is water residue in the lower layers of a film, bubbles might be created,
leading to a not properly cured film. On the other hand, in solvent-based systems,
there is also the chance that years after the films have been formed, there will still
be residual solvent left in them. This possible retention of solvents and/or water in
coating films is a factor to be considered, since it can be a major problem in systems
designed to cure rapidly.
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3.2 Materials

Each coating usually contains several components, which fall into four general cate-
gories: the resin, the solvent(s), pigments and additives. These components are de-
scribed below:

The resin In general, the resin is the most important component of the coating since
it holds the system as a unit and creates a uniform consistency. Resins are also
called binders; they bind together all the other substances in the coating. They
are responsible for the formation of a continuous film that adheres to the sub-
strate (the surface being coated), and present an adequate outer surface.

The resins are either one-component systems (just the liquid resin, or the resin
in the solvent) or two-component systems (two parts, A and B, which need to
be blended together to cause a chemical reaction). Either way, it is of significant
importance to know the amount of resin that will be in the system after the
solidification reaction.

Solvents or dispersion medium These are volatile components that control the vis-
cosity during the application and the film formation and, therefore, allow the
application of a coating in the liquid state. Most resins are solids or highly vis-
cous materials. Thus, they have to be diluted with a liquid to lower their vis-
cosity. This diluting agent can either be an organic solvent for the resin or just
a suspension medium, such as water, in systems where the resin is in colloidal
form.

It is of primary importance that the solvent dissolves the resin completely in or-
der to obtain a solution that can be used to disperse other ingredients during
the coating and film formation processes. After the application process, the sol-
vents or the suspension media are supposed to evaporate to give a dry cured
film with smooth and uniform surface.

Pigments and other particles These are mostly solid particles, coloured or non-coloured,
which can be dispersed in a medium, such as the resin, without being dissolved.
These components are the ones that give the colour to the produced film. Apart
from their use for decorative and artistic purposes, pigments can also be used
in coatings to enhance their UV resistance properties, their durability (when ex-
posed to atmospheric weathering), their barrier properties (water resistance,
protection when subjected to extreme weather conditions), or their mechanical
properties (tough but also flexible films that resist abrasion).

It is worth mentioning that the nano-particles used in the present study fall into
this category.

Additives These are ingredients that are included in small quantities (usually less than
5%) to modify some coating properties. Even though the major components of a
film (by mass) are the resin, solvent and pigments, as mentioned above, in some
cases these additives can play the role of specialised agents added to achieve the
required performance. Examples are catalysts for the polymerisation reactions,
stabilisers, and rheology modifiers.
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3.3 Film formation

The predominant step in any coating process is arguably the formation of the film. This
is the conversion of the coating from a liquid into a dry, solid and continuous film after
its application on the substrate. The final cured film has to be uniform and all mate-
rials involved need to adhere strongly to the substrate. The process of film formation
is critical to the ultimate appearance and performance of the coating. During the film
formation of water-borne dispersions six processes occur that can be grouped into
three stages and will be further discussed. It is worth mentioning though, that dur-
ing this solidification process, where the liquid becomes solid, the resin goes through
its glass transition, which is the most characteristic transition of the polymers. Basic
information regarding the glass transition temperature is given below.

3.3.1 The glass transition in polymers

Polymers can be distinguished in two groups with respect to their structure: crystalline
or amorphous. Materials that are completely crystalline undergo only one transition,
the melting point, T,,,, whereas completely amorphous polymers undergo a transi-
tion at T, which marks the glass transition temperature. As for partially crystalline
(semi-crystalline) polymers, they exhibit both transition temperatures. T}, and T}, are
significant transitions that mark dramatic changes in the polymer properties. Their val-
ues strongly affect the mechanical properties and determine the temperature range
in which the polymers can be processed or used. The differences between the two
types are reflected in the changes of the specific volume with changing temperature.
Thus, monitoring these changes of the free volume is the clearest way to understand
the glass transition, as demonstrated in figure 3.1:

Crystalline material The specific volume increases slowly as the temperature increases.
This behaviour is due to the vibrations of the atoms and molecules which in-
crease with temperature. At the melting temperature the molecules suddenly
attain the ability to move freely and the substance melts. Consequently, the
material occupies more volume compared to that of the crystal, at the same
temperature. Above this melting point, the specific volume still increases with
increasing the temperature.

Amorphous material Similarly, at the beginning at least, there is an increase in the
specific volume of the material as the temperature increases. Since a melting
point does not exist now, there is no temperature at which an abrupt change in
volume is observed. Yet, when reaching the glass transition temperature, there
is a change in the rate of increase of the specific volume as a function of the
temperature.

Semicrystalline material There is no 100% crystalline polymer. When crystallinity is
present, then only a portion of the material is crystalline and the rest is amor-
phous. The material, thus, is a mixture and its behaviour is intermediate be-
tween those of the crystalline and the amorphous parts. The changes in the
free volume around the glass transition take place only in the amorphous part.
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Figure 3.1: Specific volume as a function of temperature for (a) crystalline material and
(b) amorphous material.

The crystalline part shows the melting/crystallisation transition. The changes in
the mechanical properties around T}, therefore, are not so strong and depend
on the degree of crystallinity.

The polymers used in coating technology and applications are, with few exceptions,
completely amorphous. As a consequence, it is the glass transition that needs to be
fully understood for the present study. The glass transition can be defined in various
ways, but in a broad sense, it signals the onset of small-scale motions in a polymer. The
glass transition temperature marks an important change in all properties of a polymer.
It is related to the mobility of the chain segments and to the amount of the thermal
energy the polymer needs to change conformation in space. The Ty is heavily influ-
enced by the chemical structure, in particular, by the structural groups of the polymer.
By selection of the proper monomers, the glass transition temperature of the polymer
and, therefore, the likely application area can be varied.

Around Ty, the polymer changes from a hard and often brittle material into one
with soft, rubber-like properties. The glass transition temperature is useful as a guide-
line and should be used to choose the appropriate application area. For instance, poly-
mers that exhibit a T, between 35 and 50 °C are suggested for general industrial coat-
ings, whereas the ones that exhibit a T;; between 80 and 100 °C are suggested for heat
resistant coatings.

For temperatures below T}, the segmental motions of the chain of an amorphous
polymer are frozen, changes in free volume are restricted and the material exhibits
properties associated with the solid state. Very slow relaxations can still occur, and
these can have a significant impact on the properties of polymers. As the temperature
rises above T}, the specific volume increases faster due to the molecular motions that
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Figure 3.2: Free volume - the ‘empty space’ in polymers - showing an increase at tem-
peratures above the glass transition temperature, T,.

are now possible and intensify as the restrictions on segment mobility decrease. The
slope of the free volume vs. temperature curve (figure 3.2), thus, increases.

The value of the glass transition temperature can be estimated by making use of
various techniques such as dilatometry, differential scanning calorimetry (DSC), dy-
namic mechanical analysis (DMA) and positron annihilation lifetime spectroscopy (PALS)
a.o. It should be emphasised though, that the results obtained from different experi-
mental techniques may vary; the measured T}, depends on the method and the con-
ditions under which the experiments are conducted. The heating rate, for instance, is
a significant factor that might affect the obtained value of T;;. When the heating rate
is slow, there is more time for the molecular motions and for thermal expansion to
take place. This means that the measurement returns a low value of Tj,. On the other
hand, if the heating rate is fast, the T, values could be higher than the real (equilib-
rium) value. This patternin T}, variations is also observed in the present work (DSC and
PALS measurements) and will be discussed further in the experimental results section.

3.3.2 Stages of film formation

During film formation of a water-borne coating, a stable colloidal dispersion, compris-
ing polymer particles in water, transforms into a continuous and homogeneous poly-
mer film. The entire process of film formation in such dispersions includes six pro-
cesses that can be divided into the following three stages:

1. Drying and particle ordering
2. Particle deformation

3. Polymer chain diffusion and coalescence
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Figure 3.3: Stages of the film formation process regarding waterborne dispersions:
1 and 2 water evaporation/flocculation; 3 and 4 consolidation/coalescence; 5 and 6
coalescence/autohesion

Figure 3.3 schematically depicts the three stages during the process of film formation.

Stage | In most water-borne dispersions, the first step of drying refers to the process

of water and solvent evaporation accompanied by the particle ordering. The
particles initially move with Brownian motion, which leads to the creation of
close-packed layers. External factors like air speed, relative humidity, and tem-
perature of the environment influence the process of drying, during which the
dispersion becomes less stable. This first step is the longest of the three and
lasts until the polymer has reached approximately a volume fraction of 60-70 %
[Steward et al, 2000]. It should be noted that the mechanism of water loss from
water-borne dispersions is rather complex and strongly affects the structure of
the final film:

Initially, the water evaporates at a constant rate close to that of pure water.
This is observed when the dispersion is still dilute and water can escape freely
through the water-air interface. Then, the rate of water loss starts to decrease
rapidly. This is attributed to the increased region of coalesced film that reduces
the total available area of the air-water interface. Finally, the deceleration of the
water loss decreases. The remaining water escapes now from the film by diffu-
sion through the polymer. More details regarding water/solvent evaporation
are provided in section 3.4.2.

Stage Il The second stage begins as soon as the particles come into contact. The poly-

mer particles are deformed by strong forces to render a structure without voids.
Casting at high temperatures gives the particles sufficient energy to overcome
their mutual repulsion and pack into an ordered structure, leading, thus, to the
formation of a continuous layer. The deformed particles during this step finally
coalesce. The term coalescence is used to describe the fusion of two particles
with the elimination of the boundary between them.
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Figure 3.4: Condition of dispersion before stage Il of particle deformation
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Figure 3.5: Possible mechanisms of driving forces regarding the particle deformation

The initial condition of the dispersion before the stage of particle deformation
is illustrated in figure 3.4. The driving force of particle deformation can be the
water-air, polymer-water or polymer-air interfacial tension. Dry sinteringis driven
by the polymer-air interfacial tension and refers to cases where the particles are
sufficiently hard, so that the dispersion dries before the particles lose their shape
on deformation. Wet sintering is driven by the polymer-water interfacial tension
and refers to cases where the particles are sufficiently soft and they deform be-
fore the water evaporation. An alternative mechanism is capillary deformation
(water-air interfacial tension) which suggests that the evaporation of water and
particle deformation are concurrent phenomena. The water creates a capillary
pressure in the film. These possible mechanisms are depicted in figure 3.5.

Stage lll The third and last stage starts with the initial formation of a continuous film.
The remaining water leaves the film by diffusion through any remaining holes.
The particles lose their identity and the polymer chains become entangled. The
polymer particles and molecules inter-diffuse across the particle-particle inter-
face. Any thermosetting reactions take place at this stage and the film obtains
its final mechanical properties, strength and form.

3.3.3 Film Formation Temperature

The formation of a continuous and transparent film is dependent on the temperature
of the deposition process relative to the minimum film formation temperature, MFFT,
of the polymer colloids [Wang and Keddie, 2009]. The MFFT, in turn, is dependent on
the viscoelastic resistance of the polymer to deformation. A major factor also control-
ling MFFT is the T}, of the polymer in the particles [Wicks et al., 2007].
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Cross section of wet paint film on substrate
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Particles coalesce into a smooth film on drying Particles fail to coalesce into a smooth film on drying

at temperature above MFFT at temperature below MFFT

[Sewell, 1998]

Figure 3.6: The effect of temperature on the film formation process

The term MFFT has been described, [Sewell, 1998], as the minimum temperature
at which a waterborne synthetic latex or emulsion will coalesce when laid on a sub-
strate as a thin film. If the film is cast above its MFFT, and no pigments are present,
then deformation and cohesion of the latex particles can occur leading to a smooth,
clear and transparent film. However, if casting takes place below the MFFT, then a dis-
continuous, powdery film may form, which is typically opaque due to the presence of
voids capable of scattering light. The two possible results of film formation regarding
the effect of temperature are provided in figure 3.6.

In the case of thermosetting resins, the film formation temperature plays an im-
portant role since the dispersions that were applied on the filter substrate need to be
conditioned in an oven in order to form a solid and continuous film.

3.4 Solvents

Various organic compounds and mixtures can be used as solvents and dispersion media
for the initial form of the coating. Solvents can be classified in three broad categories:
weak hydrogen-bonding, hydrogen-bond acceptor, and hydrogen-bond donor—acceptor
solvents. The weak hydrogen-bonding solvents are non-polar aliphatic and aromatic
hydrocarbons, such as xylene; the hydrogen-bond acceptor solvents are esters and ke-
tones, such as acetone; the hydrogen-bond donor-acceptor solvents are alcohols, such
as ethyl alcohol.

A solvent’s character can be expressed in terms of solubility. The solubility param-
eter, J is a significant factor that can be used for the rational selection of solvents.

The solubility of a solvent can be expressed by the three-dimensional system of
Hansen; Hansen reasoned that since there are three types of interactive forces be-
tween molecules, there should be three types of solubility parameters. Thus, we ob-
tain Hansen'’s solubility parameters for which the total solubility parameter is equal to

2
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the square root of the sum of the squares of the partial solubility parameters:
8 =05+ 6, + 0% (3.1)

where d is the total solubility parameter, 4 is the component due to dispersion forces,
dp is due to polar forces and d g is due to hydrogen bonding forces.

The dispersion (van der Waals) forces have low strength and are the only ones that
hold non-polar symmetrical molecules together, e.g., the molecules of ethane. Non-
symmetrical molecules, those having a dipole moment, interact with polar forces of
varying strength. Classic hydrogen-bonding forces occur in substances where hydro-
gen (proton)-donor and proton-acceptor groups are present. Proton donors are groups
where hydrogen atoms are directly attached to oxygen, nitrogen or fluorine atoms.

The three-dimensional solubility parameters can be determined or calculated by
a variety of methods. Table 6.3 lists the solubility parameters for the solvents used in
the present work.

3.4.1 Solvent selection

The proper selection of solvents for polymer/clay nanocomposites is a great challenge
and may have a detrimental effect on the structure and final properties of nanocom-
posites, since the preparation method involves the dispersion of the nanoclay into a
solvent prior to its dispersion in the polymer matrix.

Numerous studies have been carried out concerning the solvents used in nanocom-
posites and their effect on the interactions in polymer/clay systems [Ho and Glinka,
2003; Burgentzle et al, 2004]. The dispersion and degree of exfoliation of inorganic
particles into the organic matrix depends on the solvents, and particularly on the bal-
ance between their hydrophilic and hydrophobic character. In addition, solvents with
relative low polarity and poor-hydrogen bonding force would preferentially interact
with the hydrophobic organically modified clay surface [Tran et al, 2006]. It is also re-
ported that solvents that combine high polarity with high organophilic characteristics
might be the most effective for the dispersion of inorganic clay nanoparticles. Exam-
ples of such solvents are benzonitrile and nitrobenzene [Jordan, 1949]. On the con-
trary, toluene which is highly organic but not sufficiently polar and acetonitrile which is
polar but deficient in organic character do not meet the expectations. For comparison
reasons, the chemical formula of these solvents is illustrated in figure 3.7

3.4.2 Solvent evaporation rates

During application and film formation, the volatile materials involved in the coating
tend to evaporate out of it. The rate at which evaporation occurs affects not only the
time required to convert a coating to a dry film, but also the thermosetting reaction,
and the appearance and physical properties of the final film.

In the case of single solvents the rate of evaporation is affected by four variables:
the temperature (at and near the surface), the vapour pressure, the surface/volume
ratio (available surface through which mass transfer takes place), and the rate of air
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Figure 3.7: The chemical structure of (a) benzonitrile, (b) nitrobenzene, (c) toluene, (d)
acetonitrile solvents

flow over the surface. The rate of evaporation of water is also affected by relative
humidity.

The evaporation of solvents from water-borne coating films is a more complex pro-
cess. Stefanis and Panayiotou [2008] described two stages for the drying phenomena
encountered in film formation by solvent evaporation.

In the first stage, the initial rates of evaporation are almost the same as the rates
of evaporation of the solvents alone under the same conditions: temperature, vapour
pressure, air flow over the surface and surface to volume ratio. Similar to what is de-
scribed in section 3.3.2 for the water, however, as solvent loss continues, a stage is
reached at which the rate of evaporation slows sharply. As the viscosity of the coating
increases, the availability of free volume decreases. During the second stage, the dif-
fusion rate of solvent molecules is controlled by free volume availability. The rate of
solvent evaporation becomes dependent on the rate of diffusion of solvent molecules
through the film; the solvent molecules move through the film by jumping from free
volume hole to free volume hole.

Although the boiling point is an important property of the solvents for the cur-
ing process of film formation, yet it is a poor indicator for the evaporation process, as
[Wicks et al., 2007] reported. Before diffusion starts to control the process, the vapour
pressure is a better indicator of a liquid’s evaporation rate, since it relates to the ten-
dency of the particles to escape from the liquid at the given temperature. The vapour
pressure at some temperature, 1" (K), below the normal boiling point, T, is found by
the Clasius-Clapeyron equation:

~AH, (1 1
P, = o). 2
NP, =~ (T T;) (3.2)

For comparison reasons, the boiling points and vapour pressure of the solvents
used in the present work are provided in Appendix A (Table A.3). For instance, acetone
has a boiling point of 56 °C and o-xylene has a boiling point of 144 °C, but at 20 °C, their
respective vapour pressures are 240 and 6.0 hPa. Consequently, acetone evaporates
more rapidly than o-xylene, at 20 °C, under the same conditions.
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3.5 Applications of coatings

Hundreds of different types of coatings are used to protect a variety of materials from
corrosion, wear, and erosion, or even to provide thermal insulation [Marrion, 2004].
For instance, thermal barrier coatings must operate in the most demanding high-tem-
perature environment of aircraft and industrial gas-turbine engines. They are com-
prised of metal and ceramic multilayers to insulate engine components and improve
the durability and energy efficiency of these engines.

Coatings are widely used in structures and buildings that include concrete, brick,
wood, steel and plastic substrates to protect them in case they are exposed to weather
conditions. Wood, for example, is a porous material and inclined to expand and con-
tract with variations in humidity. Applications can also be found in steel structures
such as bridges and pipelines to enhance their corrosion resistance, as aircraft exte-
rior coatings, or food and beverage cans that need to be lined with a continuous film
of a highly resistant material.

The functionality of coatings is also addressed in printing processes such as on pa-
per and fabric, self adhesive properties in addition to water resistant or waterproof
coatings.

In the present work our interest lies on the application of coatings as barrier lay-
ers on packaging that prevents the diffusion/permeation of small molecules, such as
gases. These coatings can prevent, e.g., harmful gases to enter the packaged product
(e.g. oxygen into food) or desired gases to leave the product (e.g. carbon dioxide from
carbonated beverages). They can be used to impregnate clothes for personal protec-
tion against harmful gases in cases of chemical accidents, to protect objects against
pollution gases, etc.
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Chapter 4

EXPERIMENTAL

4.1 Materials

4.1.1 Resins

Three types of resins were used in this study: a two-component solvent-based poly-
urethane resin (referred to as “2C”), a water-borne polyurethane resin system (“PU
0.98”) and a water-borne acrylic resin system (“AR 0.96”).

Polyurethanes are polymers composed of a chain of organic units joined by carba-
mate linkages. The acrylic resin stands for a group of organic substances derived from
acrylic acid, methacrylic acid or other related compounds. For comparison reasons,
the chemical structure of carbamate, as well as acrylic acid, are provided in figure 4.1

In the case of the waterborne polyurethane resin, a methylated melamine-form-
aldehyde resin was used as the crosslinking agent under the brand name Cymel 328
by Akzo-Nobel Paints. This crosslinker has good compatibility with the polyurethane
resin, is designed for low temperature curing and for fast reaction speed, and is suitable
for fast cure in waterborne coating formulations and systems. The same cross-linking
agent was used for the water-borne acrylic resin. In the case of the solvent-based
resin, the resin and the hardener are dissolved in a one-to-one ratio (1:1 v/v %) in the
solvent.

The resins used are thermosetting polymers (a term applied to polymers that cross-
link when heated or that can cross-link at ambient temperature). Therefore they need
to be conditioned in an oven at specific temperature ranges in order to form a solid

Figure 4.1: Chemical structures of carbamate (left) and acrylic acid (right)
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Figure 4.2: Core-shell structure of water-based resins

film.

The water-borne polyurethane and acrylic resins used in the present study are col-
loidal dispersions in a liquid continuous phase, demineralised water in our case. The
colloidal droplets are approximately 60 - 70 nm in diameter and have a core-shell struc-
ture (figure 4.2) consisting of a hydrophobic core and a hydrophilic shell. The suspen-
sion contains 40 wt% polymer droplets.

The density of the cured resins are approximately 1.0, 1.1 and 0.9 g/cm? for “PU
0.98”, “AR 0.96” and “2C”, respectively. The relationship between the weight per-
centage of solid resin in the dispersion and the volume fraction of solid resin in the
dispersion can be calculated using the following equation:

Wresin

Vf,’resin = Presin (41)

Wresin 1- Wresin

Presin Pwater

For instance, 40 wt% of the polyurethane dispersion contains a volume fraction of
39.7% of solid resin, whereas 40 wt% of the acrylic dispersion contains 37.7 v/v %.

4.1.2 Clays

The montmorillonite clays occur naturally as sheets or platelets stacked together in
minerals such as bentonite. They are supplied as agglomerated stacks of platelets
and under the influence of a polar activator, such as alcohols or water, and mechan-
ical dispersion, the platelets become fully dispersed. The pure MMT nanoclay (Na-
montmorillonite, referred to as ‘BE’), with the chemical formula Hy Al;Og.S7and molec-
ular weight of 180.1 g/mol, was supplied from Sigma-Aldrich, in the form of granules,
and used as received. It is hydrophilic and has a density of 2.7 g/cm?.

The organically surface modified clay (BEOA), modified with 25 to 30% octadecy-
lamine (CH3(C H2)16C Ha N Hs) was also supplied from Aldrich.

Other clays used in the study were natural montmorillonites modified with organic
modifiers, under the trade name of Cloisite®, namely C10A, C20A, C30B, C93A. The
chemical formulas of these clays are shown in Table 4.1.
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An important property of the organoclays is their cation exchange capacity (CEC),
which represents the surface charge of the clay and is expressed as meq/100g clay.
This and other properties of the Cloisite clays are provided in table 4.1.

4.1.3 Solvents

Demineralised water as a suspension medium and three organic solvents (xylene, ace-
tone, and ethyl alcohol) were mainly used in this study. Their chemical structure, rel-
ative polarity and solubility parameters are useful factors that need to be taken into
consideration when it comes to choosing the type of clay. Some typical properties of
these solvents are provided in tables 4.2 and 4.3.

As far as the solvents miscibility is concerned, it can be found in the literature that
acetone as well as ethyl alcohol is miscible in water in all proportions (100% w/w).
O-xylene is immiscible in water but miscible in ethyl alcohol. The solvents miscibility
table is included in appendix A.

4.2 Sample Preparation

The MMT clay in dry form exists in clusters or aggregates of platelets with low aspect
ratio. Little surface area of the montmorillonite is, then, exposed. The challenge is to
create conditions favourable for the exposure of all this potential surface area to the
polymer, i.e., exfoliation. The exfoliation can be verified when the individual mont-
morillonite platelets no longer exhibit an XRD reflection peak. When this condition
is achieved, the promised surface area is exposed and high aspect ratios are gained.
In conclusion, the aggregates of MMT must be exfoliated into primary platelets, and
these platelets must be distributed throughout the polymer matrix homogeneously.

In this study, the preparation method involved the dispersion of the nano-layers
into a solvent prior to dispersion in the polymer matrix. A clay suspension was pre-
pared first by introducing the layered clay particles into the solvent (or mixture of sol-
vents). To achieve the intercalation of the solvent into the stacked layers, the mixture
was subjected to both high-shear mixing and ultrasound. The solutions were stirred
upon application of high shear with the use of a batch homogeniser, Polytron PT 45/80
(Kinematica, inc.). The suspensions were then exposed to sonication for several min-
utes, with an Ultrasonic Processor UP 400s, of 400 W, frequency of 24 kHz, adjustable
amplitude of 20 to 100% and adjustable pulse from 0 to 100%. The required amount of
clay suspension was then added into the organic matrix solution/suspension. A proper
proportion of crosslinker was added and the final mixture was once again stirred and
sonicated for several minutes. The nanocomposite dispersions were smeared on sub-
strates made from glass microfibre filters (Whatman, GF/B) until the filter was com-
pletely covered by the solution. The films were, finally, conditioned in a drying oven
(DOD series, Raypa Trade), at a varying range of temperatures to complete the cross-
linking reactions of the thermosetting organic matrix during thermal cure.
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Table 4.1: Properties of the Montmorillonite clays considered in this study

Trade name  Organic Modifier Chem. Structure % Weight Loss  Density (gr/cm®)  CEC (meq/100g)
ﬁ,:..,
C10A 2MBHT H3C — N*—CH, 39.0 1.90 125
m_:,
CH;
C20A 2M2HT 38.0 1.77 95
H
C93A M2HT :..q|7“.-I:.q 39.5 1.88 95
HT
C30B MT2EtOH 30.0 1.98 90

CH,CH,OH

Southern Clay Products®

The abbreviations of the ammonium ions are:

2MBHT:  dimethyl, benzyl, hydrogenated tallow, quaternary ammonium
MT2EtOH: methyl, tallow, bis-2-hydroxyethyl, quaternary ammonium
M2HT: methyl, dehydrogenated tallow ammonium

2M2HT:  dimethyl, dehydrogenated tallow, quaternary ammonium

Note: HT means hydrogenated tallow which is a chain distribution with the following composition:

65% me\ 30% me and 5% QHA.
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Table 4.2: Solvent Polarity Chart, for solvents used in this study

Relat. Polarity Comp. Formula Group Representative Solvent Compound
Non Polar Ar-H Arene Xylene
A R-CO-R Aldehydes, Ketones Acetone
4 R-OH Alcohols Ethyl Alcohol
Polar H-OH Water Water

Table 4.3: Chemical structure and density of solvents

Solvent Density at 20° C (g/cm3)  Chemical structure
Acetone 0.790 CH3COOCHs;
Ethyl Alcohol 0.789 CH3;CH,OH

CH4
o-Xylene 0.880 C[
CH4

Water 0.9982 H,O
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4.3 Characterisation Techniques

4.3.1 Thermal analysis

The monitoring of how a substance changes when its temperature is increased is often
used as a characterisation method. This is called Thermal Analysis (TA). The changes
that are monitored are chemical or physical in nature.

Two specific methods of thermal analysis were employed in the present work. Dif-
ferential Scanning Calorimetry (DSC) measures the heat capacity of the sample as a
function of temperature; Thermogravimetric Analysis (TGA) measures the mass loss
of a sample during heating.

Differential Scanning Calorimetry (DSC)

DSC measures the heat flow and the temperature associated with physical transitions
and chemical reactions. The difference in heat flow between a sample and a reference
material is measured under precisely controlled conditions. The method measures
heat flow into or out of a sample as exothermic or endothermic changes in energy.

The DSC measurements were performed with a PL-DSC instrument, Thorn Scien-
tific Services Ltd. Each sample was placed in an aluminium encapsulating crucible, a
specific type of container able to withstand very high temperatures. The samples were
first heated to a temperature of 75° C and maintained at this temperature for 1 min.
Then, they were heated from 75° C to 200° C at a heating rate of 10° C/min. The tem-
perature was maintained at 200° C for 2 minutes and the samples were cooled down
from 200° C to 75° C with the same rate of 10° C/min. The same cycle was performed
once again for each sample. The particular measurements were mainly conducted to
determine the glass transition temperature, T, of each sample.

Thermogravimetric Analysis (TGA)

TGA measures the change in mass as a function of temperature and time in different
controlled atmospheres. The procedure is used for applications where a change in
mass is expected. Since only information concerning the changes in mass is collected,
nothing is revealed about the nature of the transitions that cause these changes. The
energy involved, or whether it is absorbed or released, is not detected directly but
can be estimated by the rate of change of the sample temperature compared to the
programmed rate, if monitored, albeit with reduced accuracy in comparison to DSC.

TGA measurements are usually conducted in the temperature range of ambient
to 1200 °C. In this study, they were performed to determine and verify the exact clay
fractions of the samples. A Perkin-Elmer Instruments, Diamond TG/DTA instrument
was used at temperatures between 100 to 950 °C with a heating rate of 50 °C/min and
sampling rate of 0.5 points/s.

The initial sample weight was determined with a precision balance, Kern ALT 220-
4M. The data were analysed with Muse Standard Analysis software to plot, export and
analyse features such as peaks, glass transition temperature, purity, etc.
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4.3.2 X-ray Diffraction Analysis (XRD)

XRD measures the distances between crystalline planes in solids. In our case it is also
a useful tool for the investigation of the interactions between the clay inorganic parti-
cles and the polymer organic matrix. It is a non-destructive analytical technique, able
to reveal information about the crystal structure, chemical composition, and physical
properties of materials and thin films.

In this method a monochromatic X-ray beam is sent at an angle 0 onto the sample
and the reflection is measured. The angle is changed, the reflection is monitored and
the resonance peaks are noticed and related to the distances between the reflecting
objects (crystalline planes). The XRD pattern analysis is based on Bragg’s equation
which has the form of:

A
nA = 2dgo1 sin 0 = doo1 = 5 sinf s (4.2)

where: ) is the wavelength of the X-ray used, dyg; is the inter-layer spacing of the
nano-platelets and @ is half of the diffraction angle, since the diffraction peak is at 26
and n is the reflection order, usually equal to 1 (for the first reflection).

Bragg’s equation is used, in general, to calculate the parameters of a crystal lat-
tice. In the case of layered silicates it enables one to detect the layer expansion of
the clay in nanocomposites as it measures the distance between the layers. When
the clay becomes exfoliated, then the periodic stacking of the platelets ceases and the
corresponding peak disappears.

The XRD measurements in this study were performed using a D8 Advance, Bruker
AXS, diffractometer with radiation of a Cu anode. The diffraction patterns were col-
lected between 2° and 15°, with the use of a position sensitive detector (PSD), Lynx-
Eye. The scanning rate was 0.02°, the time step was 0.2 s and the X-ray wavelength
was A = 1.5405 A.

4.3.3 Positron Annihilation Lifetime Spectroscopy (PALS)

Since the gas diffusion is determined by the mobility of the gas molecules through a
membrane, the diffusion coefficient is partly determined by the free volume size in
the material [Pethrick, 1997]. It is, therefore, of significant importance to investigate,
e.g. through Positron Annihilation Lifetime Spectroscopy experiments, PALS, the free
volume variation in the tested samples and determine the correlation between the
free volume as measured by positron annihilation and the diffusion coefficient.

Positron annihilation lifetime spectroscopy is a non-destructive technique, which
is applied to the study of both solid state matter, to measure voids and defects, as well
as of soft matter to estimate the free volume in polymers. In this technique positrons
are injected into the matter and their lifetimes are measured.

The positron energy decreases in the matter by non-elastic interactions. The mean
positron penetration depth of this so-called thermalisation process is of the order of
100 pum. The thermalisation time is usually around a few ps which compared to the
positron lifetime can be neglected. On reaching thermal energies, the positron diffuses
in the periodic lattice potential before it gets trapped in a lattice defect. The diffusion
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Figure 4.3: Positron trapping in crystal lattice defects. [Krausse-Rehberg, 2012]

length is in the order of 100 nm. This distance determines the number of atoms to
be probed for positron traps during the positron lifetime. Hence, the diffusion length
strongly determines the sensitivity of the positron methods to detect defects. The
trapping process of the positron is provided in figure 4.3

The positrons can either be obtained by a pair production or from the 31 decay of
unstable radioactive isotopes, such as 22 Na, according to the decay reaction:

2Na — *2Ne+ BT(0 — 540KeV) + v +v(1.28MeV)

Except 22Na, other isotopes can also be used (for instance 54Cu, ®8Co), but are less
common.

According to the reaction above, a proton of 2>Na emits a positron, 31, with an en-
ergy that extends up to 540 keV, and an electron neutrino, v, and becomes a neutron.
The 22Na is transformed, thus, to the excited state of 22Ne, which, due to its instability,
emits a y-quantum photon with energy of 1.28 MeV. This photon emission takes place
only 3 ps after the positron emission. These two emissions can be regarded as simulta-
neous actions, since the positron lifetime in matter is longer than 100 ps. This photon
is the start signal of the lifetime measurement. When the emitted positron finds an
electron somewhere and they annihilate, two photons are emitted, with energy of 511
keV each. These photons designate the stop signal for the lifetime measurement.

During the PALS measurements, a positron from the source meets an electron from
the tested sample and there are two possibilities for the annihilation process: Either
the direct annihilation of the positron with an electron, with an average lifetime of
= 0.4 ns or the formation of a temporary bound state of an electron and a positron.
This state is called positronium, Ps, and is only formed in low electron density regions.

There are two kinds of Ps atoms. The para-positronium (p-Ps), in which the spins
of the positron and electron are anti-parallel, has the shortest lifetime of 7, =0.125 ns
by self-annihilation in vacuum. The ortho-positronium (o-Ps), in which the spins of the
positron and electron are parallel, has the longest lifetime of 73 = 142 ns in vacuum.
However, in polymers the o-Ps lifetime is shortened to a few ns (1-5 ns) by the pick-off
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Figure 4.4: Plot of the 7,_ p, lifetime (73) as a function of the radius, R, of the free
volume holes.

annihilation mode with an electron from the surrounding molecules.

The positron’s lifetime depends on the electron density (rich or poor) of the sur-
rounding region. A poor electron density region stands for scarce or even absent elec-
trons and corresponds to high positron lifetimes. When the o-Ps falls in a free volume
hole, the possibility for this pick-off mechanism to occur depends on the size of the
hole. The larger the hole the longer it survives before annihilation. The relationship
between the o-Ps lifetime, 73, and the radius of the free volume hole, R, has been
established by an empirical equation proposed by Tao and Eldrup [Pethrick, 1997]:

11—7]% Jrisini%TR -
2 R+AR 27 R+ AR ’

T3 = (43)

where AR is the fitted empirical electron layer thickness on the wall of the hole, with
a value usually equal to around 1.66 A.
The o-Ps lifetime, 73, as a function of the hole radius R is illustrated in figure 4.4.
The values for the radius correspond to results of the Tao — Eldrup calculator (eq. 4.3).
The fractional free volume V; (%) corresponds to the total amount of free space in
the polymer per unit of total volume. V% is related to I3 by an empirical equation (eq.
4.4).
Vi =CVpI3 (4.4)

Where I3 is the o-Ps intensity (%), C'is a constant, empirically determined to be around
0.0018 for most polymeric systems, and V}, is the volume of the average spherical hole:
Vi = (4/3)TR3.

The positron sources are usually prepared by evaporating a solution of a 2?Na salt
on a thin metal or polymer foil. In this study, a thick Kapton foil was used to seal the ra-
dioactive source of 22 NaCOs3, because Kapton has approximately the same lifetime as
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Figure 4.5: Measurement setup — “sandwich arrangement”. [Krausse-Rehberg, 2012]

the source. The time resolution of the apparatus and the source components were es-
timated through the measurement of a reference sample. It should be noted that the
activity of the source must be sufficiently low in order to ensure that on average only
one positron is in the sample at any time; this avoids the intermixing of start and stop
quanta originating from different annihilation events. The ‘sandwich’ arrangement of
foil source is to ensure that all positrons emitted from the source are penetrating the
specimen volume. The schematic representation of the setup is provided in figure 4.5.

The PALS experimental arrangement is depicted in figure 4.6. The lifetime is mea-
sured as the time difference between the appearance of the start and end ~-quanta.
PM responds to the photomultiplier and Single-Channel Analyzer (SCA). The ampli-
tude of the time-to-amplitude converter (TAC) analog output pulse is proportional to
this time difference. The whole lifetime spectrum N(t) is stored in a multi-channel
analyser (MCA).

The positron lifetime spectrum, N (), is given by:

I;
N(t) = Z = exp (;) , (4.5)

where 7; denotes the mean (characteristic) lifetime of the positron state 4, and I; is
the relative intensity of the corresponding lifetime component. After the data analy-
sis, one can obtain information about the kind of defects present in the sample from
the values of 7;, whereas the values of I; are related to the defect concentration as
explained above.

The radioactive source used in this study had radiation strength of 10 uCi = 0.37
MBq. The scintillators were made of either plastic or BaF5. The experimental spectra
were decomposed into three discrete lifetime components using the software ”Life-
time” (LT). A contamination monitor, Berthold LB 124 SCINT, evaluating the radiation
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Figure 4.6: Scheme of the PALS experimental arrangement, called ‘fast - fast coinci-
dence’ setup. [Krausse-Rehberg, 2012]

in Bg/cm?, was used in the laboratory for personal radiation protection. To obtain
a reliable and complete lifetime spectrum, more than 10% annihilation events were
recorded.

Since the radioactive source is covered by thin foils, one should correct the mea-
sured spectrum by subtracting the fraction of positrons which annihilate in the source
[Staab and Somieski et al, 1996]. The source correction is determined using a defect-
free reference sample of known lifetime. There are three different source contribu-
tions, due to:

1. The positron annihilation in the reference sample, with lifetime of 219 ps

2. The radioactive salt, 22Na, with corresponding lifetime values that vary between
380-450 ps (0.4 ns approximately)

3. The fraction of the positrons that annihilate in the Kapton foil (glue), with life-
time of approximately 3.70 ns.

Various results and analysis patterns can be found in the literature regarding PALS
measurements conducted in polymer/clay nanocomposites. This indicates that each
nanocomposite system should be treated differently. For instance, PALS experiments
on a binary mixture of epoxy and polyurethane resin [Jia et al, 2007] confirmed that
the addition of organophilic MMT decreased the fractional free volume of the samples.
As the results denote, the lowest o-Ps lifetime was obtained for organophilic MMT
content of 1 %. As for 3 and 5 wt% addition, the lifetime was increased, yet remained
below the pure resin. Moreover, studies in epoxy-rectorite nanocomposites [Wang et
al, 2007] show that for low filler content (0 — 2 %) the free volume hole size remains
nearly the same, whereas the intensity and, thus, the concentration of free volume
holes decreases with increasing filler content. The value of I3 drops from 23% t0 21.7%
with increasing rectorite content from zero to 2 %. This is attributed to the decrease
in the probability of Ps formation.
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4.3.4 Gas permeation through the coating

When a gas permeates through a membrane, several consecutive steps are involved:
The gas is sorbed at the entering face; it dissolves there, with equilibrium rapidly be-
ing established between the two phases; the dissolved penetrant molecules diffuse
through the membrane via a random-walk mechanism; and they desorb at the exit
face of the membrane.

The driving force behind the transport process, which involves the sorption, the
diffusion and the permeation of the gas molecules, is the difference in the concen-
tration between the two faces of the membrane. The transport process slowly tries
to equalise this concentration difference. The process can be described in terms of
Fick’s first law of diffusion, according to which the mass flux .J along the direction z, is
proportional to the concentration gradient (9c/dx):

J = —D% , (4.6)
ox
where the proportionality constant, D is the diffusion coefficient.

Equation 4.6 applies only when the concentration does not change with time and
the diffusion is in the steady state. Making a mass balance around a volume element
we get Fick’s second law, which describes the non-steady state for the mass transport
process, and gives the rate of change of the penetrant concentration (9c/dt),

0 _ 01 )
ot Ox ’
For constant D this becomes:
% = D& (4.8)
ot Ox2 ’

The rate at which the gas molecules transport through a membrane can be ex-
pressed in terms of the permeability coefficient, X (mol Pa=! m~—! s=1). Since the
whole process involves sorption, diffusion and dissorption of the gas molecules at
the membrane, this coefficient is given as the product of the diffusion coefficient, D
(m?/s), and the sorption coefficient or solubility, S (mol m—3 Pa—1):

K=DxS§. (4.9)

If we plot the time evolution of the gas concentration, we observe that the curve
which describes the amount of gas per unit time, becomes linear after a certain time.
Extending the linear part of the curve (constant flow) to meet the time axis, one obtains
the time-lag, ¢ (Fig. 4.7).

d2
- 6D

The time-lag for the permeation, tg, is a measure of the time required to obtain
a constant and steady flow through a membrane of thickness d. Hence, the diffusion
coefficient can be calculated from the experimentally determined time-lag and the
known thickness of the sample membrane. A typical graph of such experimental data
is provided in figure 4.7. The dotted line indicates the extrapolation to find ¢,.

to (4.10)
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Figure 4.7: Experimental data plot indicating the time-lag value, .

Further, the permeability of the samples, K, can be estimated directly from the
the steady state flux, J, i.e. the slope of the permeation curve at steady state, the
pressure, P, and the membrane thickness, d:

d
K=J

5 (4.11)

4.3.5 Gas permeability in nano-composites

In the present work the barrier properties of polymers filled with inorganic fillers are
investigated. Our attention is specifically directed to the nanoclay and matrix interac-
tions, and their effects on the barrier properties of the nanocomposites.

The addition of filler particles contributes to the permeation properties of poly-
mer/clay nhanocomposites; the presence of the particles lengthens the travel path of
the gas penetrants, prolongs the required time to travel through the film, and, thus,
reduces the diffusion coefficient. It is possible, though, that inadequate interaction
between the clay filler, the dispersion medium and the organic matrix might result in
extra free volume at the interfaces. This will augment the gas permeability properties
and increase the diffusion coefficient instead of reducing it. Further, as the clay content
is increased, the filler particles might create aggregations in order to minimise the
interfacial regions between them and the rest of components involved in the system.

The nano-fillers are considered physical, impermeable barriers against the flow
of the gas penetrants. They decrease the diffusion coefficient of the nanocompos-
ite because they force the penetrant molecules to follow a longer tortuous travel path
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around them in the polymer matrix [Nielsen, 1967]. A longer path means slower dif-
fusion.
The ratio of the permeability coefficient of the nanocomposite K, 4,0 to one of
the polymer matrix K.y is given by:
Kncmoc 1- (b

= , (4.12)
Kresin T

where ¢ is the volume fraction of the clay filler and 7 is the tortuosity factor. This factor
represents a ratio of distances and can be expressed as below:

(4.13)

where d’ describes the distance that the molecules have to travel due to the filler
addition and d is the distance that they would have to travel without the filler barriers
(membrane thickness). The tortuosity factor can be expressed in terms of the clay
volume fraction and the aspect ratio of the particles:

L
=14+ —= 4.14

where L and W represent the length and the thickness of the clay platelets respec-
tively; and ¢ is the filler volume fraction. The diffusion coefficient, D, is strongly af-
fected by the tortuosity factor:
Dranoe = M . (415)
T

Since d, the membrane thickness, remains constant, T only increases with an in-
crease in the distance d'. Therefore, as the diffusion path becomes more tortuous,
the diffusion coefficient of the sample decreases and D,, 4,0 is reduced compared to
D, csin- This is the main goal of the present work.

In this study, the diffusion coefficient was determined directly by conducting mea-
surements in a permeation cell. The measurement set-up is shown in figure 4.8. The
permeation cell was separated by a membrane of thickness d in two chambers. The
penetrating gas was carbon dioxide, C'O,, and was introduced under constant pres-
sure P, in the volume V, of the left chamber (Fig. 4.8). The right hand side com-
partment was used to monitor the evolving concentration of the gas that permeated
through the membrane. Prior to every permeation measurement, helium gas, He,
was used to remove any residue of CO5 in the chamber. Details on the design of
the cell and its function can be found at the PhD dissertation of Choudalakis [under
preparation, 2012].

All permeation measurements were conducted in ambient conditions at temper-
atures varying from 20 to 23° C. The actual average thickness of the membrane was
calculated as:
ms —mg
pnanocA ’
where m is the mass of the sample, including the substrate filter, and m is the mass
of the substrate. For the substrate used for XRD this is 0.06 g, while for the filter used

d— (4.16)
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Figure 4.8: Measurement set-up for the permeation measurements.
for the permeation measurements this was 0.32 g. The area, A, of the sampleis A =

7R? = 23.76 cm?, since 2R = 55 mm for the fibre filters. The nanocomposite density
can be evaluated as:

pclayp'r‘esin (4 17)
WPresin + (1 - w)pclay ’

Pnanoc —

where w is the particle mass fraction and p is the density (g/cm?). The volume fraction,
¢, of the particles is:

¢ — pnanocw . (4.18)
pclay
The gas permeability is a crucial property of the polymer/clay nanocomposites
studied in the present work. It is, thus, important to appraise the parameters that
affect the gas barrier properties of nanocomposite systems. Regarding the addition of
the inorganic clay, three factors have a strong impact on gas permeability [Sapalidis
et al., 1995]:

e the aspect ratio of the platelets,
¢ their volume fraction, and

¢ their orientation in relation to the diffusion direction.

Effect of nano-platelet orientation

The orientation of the particles in the polymer matrix has a significant effect on the gas
barrier properties of nanocomposites. Most of the models are based on the assump-
tion that the nano-platelets are perfectly oriented normal to the diffusion direction.
However, it is experimentally difficult to control the orientation of the particles and, in
most of the actual samples, the orientation is far from perfect. Fig. 4.9 demonstrates
the nano-platelets possible spatial and orientational distributions in the polymer ma-
trix [Mittal, 2010].
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Figure 4.9: lllustration of possible distributions of nano-platelets in the polymer host
regarding the permeation properties. [Mittal, 2010]

Effect of aspect ratio

The incorporation of impermeable filler particles into a polymer matrix improves the
barrier properties of the nano-film; it is the geometry and, thus, the aspect ratio of the
clay particles that affects the strongest the gas barrier properties of the coating.

Three common types of filler particles are used for the fabrication of polymer/clay
nanocomposites as shown in fig. 4.10. These can be isometric particles e.g. sphere,
cylindrical particles (needles) or flakes. The particles are arranged in periodic lattices
and can be oriented parallel to the membrane surface or perpendicular to the diffusion
direction. The various types of nano-filler will have a different effect upon the perme-
ation path of the gas molecules penetrants. This effect is reflected on the permeability
of the composite.

In films with dispersed spheres, the permeability, K, 4n0c, is related to the perme-
ability of the pure resin, K, csin, as follows:

¢
Kresin _ 1+ 5 (4 19)
Kncmoc B 1- ¢ . ’
Similar results are obtained for dispersed cylinders:
Kresin 1
= ﬂ (4.20)

Knanoc B 1 _¢ .

In both these cases the permeability is only dependent on the volume fraction of the
dispersed phase, ¢.

Unlike spheres or cylinders the aspect ratio of nano-platelets contributes to the
barrier properties of the nanocomposite, as eq. 4.12 and 4.14 suggest. As a conse-
quence, successful nanocomposites for gas permeation properties, typically, do not
include fillers that are spherical or cylindrical, but rather platelets. Studies regarding
the effect of nanofiller type can be found in literature; for instance, [Ogasawara et al,
2006] revealed that the dispersion of nanoclay platelets in a polymer matrix is more
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Figure 4.10: Composites formed with regularly-arrayed a) spheres, b) cylinders, and c)
flakes. [Mittal, 2010]

effective in improving the gas barrier properties compared to cylindrical or spherical
clay fillers.
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Chapter 5

RESULTS

5.1 Differential Scanning Calorimetry (DSC)

DSC measurements were conducted on samples of water-borne polyurethane (PU),
acrylic water-borne resin (AR), polyurethane solvent-based resin (2C) and a sample of
5.0 wt% MMT added in the acrylic resin (ARBE50). Figure 5.1 depicts the value of the
heat flow measured as a function of the (variable) temperature for all tested samples.

The glass transition temperature can be determined by plotting the DSC data, e.g.
from the traces of AH(T') (Fig. 5.1) during the cooling or heating stages. Linear fits
around the point where the slope changes and extrapolation can provide an approxi-
mate value for the T};. This value is not always the “equilibrium” T}, as this quantity
may depend on the heating/cooling rate. Figure 5.2 plots the DSC results for the cool-
ing process. The dotted lines represent the linear fits and the extrapolation.

The patterns in this figure indicate that the solvent-borne resin exhibits a T}, in the
region of 130 — 140 °C. The water-borne resins exhibit a lower T}, in the region of 120
—130 °C. The sample ARBE50, which consists of 5 wt% clay in the AR resin, shows a T},
approximately at 125 °C. The addition of the filler does not seem to have a noticeable
effect on the glass transition temperature of the resin.

5.2 Thermogravimetric Analysis (TGA)

The exact amount of clay loading was confirmed by conducting TGA measurements
for the various samples. The three resins returned values of zero residues as no clay
was involved in the tested samples and were used to calibrate the instrument. For the
samples with 1 wt% and 5 wt% clay content the residue (ash) found at 950 °C was in
agreement with the theoretically calculated values used for their preparation.

The TGA graphs for the three resin types and two nanocomposite samples are
shown in figures 5.3 and 5.4 respectively.
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Figure 5.1: DSC curves of samples throughout the entire measurement
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Figure 5.2: DSC curves of tested samples upon cooling
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Figure 5.3: TGA graph for all three resins (zero clay loading)

100

80

60 -

40 4

Residue (weight %)

20 4 ARBES50 4

ARBE10

— T 1 T T T T T T 1 T
0 100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure 5.4: TGA graph for samples ARBE10 and ARBESO (clay loading of 1.0 wt% and
5.0 wt%, respectively).
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Figure 5.5: XRD patterns for all clay types used in this study.

5.3 X-ray Diffraction Analysis (XRD)

5.3.1 Organoclays

Due to the organophilic modification of MMT (from its pristine state to the chemically
modified Cloisite® clay), the inter-gallery d-spacing is increased significantly, depend-
ing on the type and conformation of the alkyl chains of the ammonium ion. The pristine
clay has its diffraction peak at a 26 value which corresponds to d &~ 14 nm, whereas for
the organically modified clay the inter-gallery expansion can reach the value of 24 nm
(in the case of C20A). The corresponding X-ray graphs and data are provided in figure
5.5 and table 5.1, respectively.

The increase in the distance between the layers will strongly affect and stimulate
the entry of the solvent molecules into the inter-gallery regions, leading to more effi-
cient swelling of the nanoclay.

As claimed by the supplier, Cloisite® Nanoclays are surface-treated to be compat-
ible with a whole host of systems. Their relative hydrophobicity are shown in Table
A.5, as obtained from the supplier. Apparently, as the d-spacing decreases (in the
order of: C20A, C93A, C10A, C30B) the surface hydrophobicity of the clay decreases.
For instance, C15A, stated as the most hydrophobic clay, displays the highest value of
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Table 5.1: Inter-gallery spacing of organically modified clays and diffraction peak values
from X-ray data graphs.

Name Diffr. Peak, 20 (°)  doo; spacing (A)  hydrophobicity
Cloisite C30B 4.77 18.5 J
Cloisite C10A 4,59 19.2 J
Cloisite C93A 3.74 23.6 J
Cloisite C20A 3.65 24.2 J

BE 6.36 13.9

BEOA 4.10 21.5

inter-gallery spacing, d = 31.5 A. In addition, C30B, which is the most polar type of nan-
oclay (due toits two ethanol groups), has the lowest d-spacing and is more hydrophilic.
This trend is rather expected since the surface modification is done in order to make
hydrophilic clays more hydrophobic.

5.3.2 Water-borne resins

Nanocomposites with various contents of organophilic or untreated montmorillonite
have been prepared by adding the clay filler to the water-borne or solvent-borne resins.
The graphs in the following pages show the X-ray patterns for each combination with
the dotted lines indicating the location of the peak reflection. The intensity is in arbi-
trary units (a.u.); the values are only presented to indicate the intensity of each reflec-
tion peak.

Fig. 5.6 shows the XRD spectra for the nanocomposites of untreated MMT in PU
0.98. The patterns indicate that there is an exfoliated structure only for clay addition
in the order of 0.50 wt% or less. For clay load just a little above 0.50%, the diffraction
peak appears approximately at 6°. This is reminiscent of the peak that indicates the
distance between the crystalline clay in the pure (aggregated) clay. The intensity of
this peak tends to increase as the MMT content is increased.

In the case of untreated MMT in the acrylic resin, AR 0.96, the nanocomposites are
exfoliated for clay load 0.5 wt% and 1.0 wt%. For values equal to 2.0 wt% clay loading
(and above) the diffraction peak appears again at 6°. Similar to Fig. 5.6 the intensity of
this peak increases with the MMT content.

The graphsin Fig. 5.8 depict the behaviour of nanocomposites for various clay loads
of C10A, initially dispersed in acetone or ethyl alcohol and then incorporated in the
polyurethane resin PU.98. Similar graphs are shown for the C93A and C30B clays in
Fig. 5.9 and Fig. 5.10, respectively.

When acetone is used as a dispersion medium, the clay is completely exfoliated
for concentrations of 0.6, 1.2, and 1.8 wt/wt%. On the other hand, when ethyl alcohol
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Figure 5.6: XRD curves of PU 0.98 nanocomposites for different clay content of un-
treated MMT dispersed in water
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Figure 5.8: XRD patterns of PU 0.98 nanocomposites for different clay loads of C10A
dispersed in acetone (left) and ethyl alcohol (right)
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Figure 5.10: XRD patterns of PU 0.98 nanocomposites for different clay loads of C30B
dispersed in acetone (left) and ethyl alcohol (right)

is used as the dispersion medium, the nanocomposites are not exfoliated, even for
very low clay addition; a diffraction peak appears always at an angle around 6° when
this solvent is used. Even though the peak of pure C10A clay is at around 4.6°, the
peak in the nanocomposites is at 6°, which is exactly at the same angle as seen for the
untreated MMT clay.

The XRD spectra of Fig. 5.9 are reminiscent of the ones obtained for the C10A clay
(Fig. 5.8). When ethyl alcohol has been used as the solvent for the clay dispersion,
the diffraction peak of the not-exfolliated particles is found at around 6°. When ace-
tone has been used, then the structures are exfoliated for clay addition up to 1.2 wt%.
Only for clay addition of 1.8 wt% there is a small peak at around 5° in this case. The
diffraction peak of C93A clay powder is at 3.74°, thus the peak for the 1.8 wt% sample
indicates a slightly intercalated nanocomposite.

Figure 5.10 shows the XRD patterns of the C30B nanocomposites with the water
borne polyurethane as matrix and where the clay particles were first dispersed in ace-
tone or ethanol. This figure shows that no exfoliated nanocomposite could be pre-
pared in this matrix when ethyl alcohol was used as the dispersion medium for the
clay. On the other hand, when acetone was the dispersion medium, the diffraction
peak of the clay is not present, at least for clay addition up to 0.5 wt%. For 1 wt% the
peak appears at approximately 5°. This peak can be attributed to the same reflection
seen for the C30B powder clay, which shows a diffraction peak at 4.8°.

Nanocomposites were also prepared consisting of BEOA dispersed in PU 0.98 in

16
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Figure 5.11: XRD patterns of PU 0.98 nanocomposites for BEOA clay addition
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Figure 5.12: XRD patterns of 1 % C10A clay addition dispersed in the resin “2C”

concentrations of 1 wt%. A variety of organic solvents were used as the dispersion
medium for the clay: xylene, acetone and ethyl alcohol. The X-ray patterns of these
samples are shown in Figure 5.11. In all cases a diffraction peak was found at 6°, which
is the reflection of untreated MMT.

The same reinforcement was also dispersed in resin AR 0.96 using ethyl alcohol
and pentanol as clay dispersing media and a similar pattern was observed in the re-
sults. Although the diffraction peak of BEOA clay powder is 4.1°, the peak for all tested
samples was the one of MMT. It seems that the trend applies to both water-borne
resins.

5.3.3 Solvent-based resin

For the solvent-borne resin ‘2C’ a binary mixture of solvents was used as dispersion
medium for the clays. This mixture consisted of 70 wt% xylene and 30 wt% ethyl alco-
hol. The fraction of the clay types C10A, C20A, C30B, and BEOA in the nanocomposite
was 1 wt%. Figures 5.12 - 5.15 illustrate the XRD patterns of these nanocomposites
for each clay type.

The addition of a small content of C10A clay in the resin results in a fully exfoli-
ated nanocomposite. There is no diffraction peak. The probable reason is that the
exchanged ions of C10A contain a phenyl group, similar to the one of xylene and their
solubility parameters are very close, as it will be discussed later (section 6.3.1).

In the case of C30B, the nanocomposite structure is intercalated for 1 wt% clay
(figure 5.13). The peak faintly shifts to lower 26 values. The calculation of the interlayer
distance gives a d-spacing of 18.5 A (26 = 4.77°) for the C30B clay and a d-spacing of
20.7 A (20 = 4.27°) for the nanocomposite containing the clay. The difference in the
d-spacing of 2.2 A results in an interlayer spacing increase of 12 %.
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Figure 5.13: XRD patterns of 1 % C30B clay addition dispersed in the resin “2C”

Asecond peakis also observed for both the powder clay (20 =9.6°) and the nanocom-
posite that contains the C30B clay (26 = 6.4°). The latter peak is close to the diffraction
peak of the untreated clay powder, i.e., the peak of the BE clay and not the (used)
C30B. This behaviour indicates that, even though the nanocomposite is exfoliated to
some degree, the bulk of the clay is aggregated but it has lost its organic modification,
its interlayer distance having been reduced to that of the untreated clay. The modifier
MT2EtOH seems to have been partially extracted from the surface of the clay particles
by the solvent and cannot fulfill its role any more.

Figure 5.14 shows the case of C20A dispersed in this way in the 2-component resin.
The diffraction peak now is slightly shifted towards higher 26 values, resulting in a
decrease in the interlayer d-spacing. The 26 peak for the powder is at 3.65° giving a
d-spacing of 24.2 A, while the peak for the nanocomposite is at 4.7° giving a d-spacing
of 18.8 A. The inter-layer spacing has decreased by around 5 A. This shift to higher 26
values can also be found in literature [Filippi et al, 2011]. The nanofiller undergoes a
‘d-spacing collapse’. This behaviour can be attributed to a probable reorganisation of
the alkyl chains inside the galleries of the clay modifier. A second peak is observed
for both the powder clay and the nanocomposite. In that case, the peak is also faintly
shifted to lower values.

Figure 5.15 shows that an intercalated structure is developed in the nanocomposite
prepared with BEOA dispersed in the mixture of the solvents and then mixed with the
2C resin. The d-spacing of the BEOA clay powder is 21.5 A (20 = 4.10°) and the d-
spacing in the nanocomposite is 34.5 A (20 = 2.56°). The difference for the d-spacing is
approximately 13 A which results in an increase of the interlayer spacing in the order
of 60 %. The BEOA powder clay exhibits a second diffraction peak at 8°, which shifts
to values of around 5° in the nanocomposite.

BEOA was also dispersed in the binary mixture of solvents (xylene to ethanol =
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Figure 5.14: XRD patterns of 1.0 % C20A clay addition dispersed in the resin “2C”. Note
the shift of the first peak in the nanocomposite from 3.65° to 4.7°, which indicates a
d-spacing collapse

T T
. BEOA clay
3
s i
2
£ N
c
i)
£ A
T T
0 8 10 12 14 16
T T
BEOA in 2C
3
o :
A &
&
2 Lt
% 3
c % :
o % : .
= w gl
—
0 2 4 6 8 10 12 14 16

2theta (deg)

Figure 5.15: XRD patterns 1.0 % BEOA clay addition dispersed in the resin “2C”



86

CHAPTER 5. RESULTS

0 2 4 6 8 10 12 14 16
T T L T T T L T ¥ T ¥

B BE clay

B : : a

I " 1 " I n 1 L
i BEOA in PU 0.98
> [ ¢ i 7
= ) ‘
[72] ® 7
s[ | ]
E | %&; - M _
N
1 " 1 " 1 L 1 L l 1
BEOA in AR 0.96 |
| j
1 " 1 " 1 L 1 L l 1 "
0 2 4 6 8 10 12 14 16

2theta (deg)

Figure 5.16: XRD patterns for 1.0 % BEOA clay addition dispersed in the resin “AR 0.96”
and “PU 0.98”



5.4. POSITRON ANNIHILATION LIFETIME SPECTROSCOPY (PALS) 87

3000

C10A
S 2000 - -
&
=
@ & :
5 1000 - Y : R
2 . } s ' .
0 T T T T
0 2 4 3 8 10 12 14 16
3000 :
C20A
S 2000 - H 4
s % E
z
Z W H
£ 1000 - 4 : oA
= % ‘ i
0 1 1 ! I T
0 2 4 6 8 10 12 14 16

2theta (deg)

Figure 5.17: XRD patterns for 1 % C10A (top) and C20A (bottom) clay dispersed in
the resin “PU 0.98”. The dispersion medium was a binary mixture of 70/30 wt/wt%
xylene/ethanol.

70/30 wt/wt%) and was introduced in the water-based resins to prepare a 1 wt% com-
posite. Even though, there was no indication of sedimentation in the final suspension,
a peak appears in the nanocomposite at 6°, the same angle as for the untreated MMT.

If we compare the behaviour of the BEOA nanocomposites in the different types
of organic matrix we can see that (i) in the case of the water-borne resins (PU and
AR) the diffraction peak is approximately at 6°, whereas (ii) for the solvent-borne resin
(2C) there are two peaks, at around 2° and 5°. For the water-based resins the peak is
reminiscent of the one of the untreated clay, where the interlayer distance is smaller
than that of the BEOA clay, whereas for the solvent-based resin there is a shift at lower
20 angles. That is, when not fully exfoliated, the BEOA clay nanocomposites contain
stacks of clay platelets which are intercalated when solvent based resin is used and not
intercalated when water borne resin is used.

5.4 Positron Annihilation Lifetime Spectroscopy (PALS)

The PALS experiments are conducted in order to investigate the polymeric matrix of the
nanocomposites. The o-Ps lifetime obtained from PALS is not ascribed to annihilation
occurring in the inorganic clay but derives from the annihilation in holes in the polymer
matrix, as well as, possibly at the interface between the clay and matrix [Yu et al, 2006].
The values of o-Ps lifetime and o-Ps intensity were obtained directly from the PALS
measurements. The radius, R, of each free volume hole was evaluated using the Tao-
Eldrup relation assuming spherical free volume cavities of equal radius.
Measurements were conducted at room temperature and above room tempera-
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Figure 5.18: Typical PAL spectrum (screen-shot from the LT program, measurement for
the 2C resin).

ture. It should be noted that a different set-up geometry and radioactive source was
used for these two groups of experiments. A typical PAL spectrum is provided in figure
5.18.

¢ Measurements at room temperature

The source contribution was determined to be in the order of 19%. The time
resolution was found to be a sum of two Gaussians with FWHM{ = 0.278 ns (70
%) and FWHM5 = 0.205 ns (30 %). (FWHM = full width at half maximum). All
measurements were conducted at a temperature of 300 K.

¢ Measurements above room temperature

In this case the source contribution was determined to be in the order of 15%.
The time resolution was again a sum of two Gaussians with FWHM; = 0.2138
ns (27 %) and FWHM, = 0.276 ns (73 %). The positron lifetime spectra were
measured as a function of temperature, from 300 to 473 K, for two samples:
AR 0.96 (pure resin), and ARBE10 (the same resin with 1 wt% clay addition).
The upper temperature is limited by the thermal stability of the glue that was
used between the Kapton foil and the source, which starts to disintegrate at
temperatures above 200 °C.

5.4.1 Measurements at room temperature

The o-Ps lifetime and o-Ps annihilation intensity as well as the radius of the holes (R)
and fractional free volume (V) are provided in figures 5.19 to 5.23, for all tested sam-
ples. Detailed tables of the results of the PALS experiments are given in appendix A.

s[enpisay
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Figure 5.19: o-Ps lifetime and intensity (top), hole radius and fractional free volume

(bottom) for samples of AR 0.96 with addition of untreated MMT clay
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Figure 5.22: The fractional free volume, V¢ (%), for the resins used in this study

The radius of the free volume holes and the total fractional free volume of the
neat resins are important parameters and have to be taken into consideration. As
the following graphs depict, the pure acrylic resin exhibits the lower value of V7, in
comparison to the two polyurethane resins, whereas the highest value of the hole
radius is obtained for the solvent-based resin.

The neat acrylic resin exhibits a lifetime of 2.179 ns and intensity of 22.8%. These
values correspond to free volume holes with radius of 3 A and fractional free volume
equal to 4.71%. The results reveal no significant changes either in the lifetime or in
the radius of the free volume holes, for clay addition of 0.50 and 1.0 wt%.

The lifetime and intensity of PU 0.98 is 2.146 ns and 25.55%, respectively. These
results correspond to free volume holes with radius of 3 A and fractional free volume
in the order of 5.11%. The nanocomposite sample of 0.5 wt% clay addition returned
the same values for 73 as the pure resin. Therefore, the free volume holes also have a
radius of approximately 3 A. The intensity, I5 of the nanocomposite, though, decreases
slightly. This leads to a small decrease in the amount of fractional free volume of the
sample: V; = 5.11% for the resin and V; = 4.92% for the nanocomposite.

The solvent-based resin exhibits a lifetime 73 of 2.407 ns, which corresponds to
free volume hole radius of 3.2 A. The intensity, I5 leads to fractional free volume in
the order of 5.6%. The samples of BEOA and C20A were also under study with the
PALS technique. The results are in total agreement with the ones obtained from X-ray
analysis. The incorporation of 1.0 wt% C20A leads to the increase in the fractional free
volume; 5.6% for the untreated resin and 6.2% for the nanocomposite, whereas the
incorporation of 1.0 wt. % BEOA leads to a slight decrease of the lifetime as well as



5.4. POSITRON ANNIHILATION LIFETIME SPECTROSCOPY (PALS) 93

Radius, R (Ang)
N
1
1

N
1
1

PU 0.98 AR 0.96 2C
Resin
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radius of free volume holes.

5.4.2 Measurements above room temperature

The variations of o-Ps lifetime, 73 (ns), and o-Ps annihilation intensity, I3 (%), that result
from changing the temperature are depicted in figures 5.24 and 5.25, respectively.
Complete details are included in tables in appendix A.

The o-Ps lifetime undergoes a dramatic change at the glass transition temperature;
this transition can also be observed in terms of the free volume hole sizes, since 73 is
directly related to the radius R of the free volume holes.

The glass transition temperature, T}, can be estimated by defining the temperature
at which the slope of the curve of figure 5.24 changes. As the temperature steps were
taken to be approximately 10 degrees, the T} is estimated to be between 373 Kand 383
K. The linear fits of the curve approach seems viable since the values for the correlation
coefficient R? were R? = 0.996 for the points below the change of the slope and R? =
0.994 for the points above it. Fig. 5.26 shows the fit for the sample ARBE10.

An important factor that indicates the accuracy of the PALS measurements is the
variance of the fit for each tested sample, which should be as close to 1.0 as possible.
In this study, three exponential components were required to obtain a good fit with a
variance of close to 1.0. The dispersion of the fit variance for measurements at and
above room temperature is illustrated in figures 5.27 and 5.28, respectively.

The intermediate lifetime, 75, and intensity, I that correspond to the direct anni-
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Figure 5.24: o-Ps lifetime for the samples “AR 0.96” (open symbols) and “ARBE10”
(solid symbols), at increasing temperature values (300 to 473 K)
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(solid symbols), at increasing temperature values (300 to 473 K).
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Figure 5.26: The volume, V}, of an average free volume hole as a function of temper-
ature for sample “ARBE10”.

hilation of the positrons in the polymer are shown as functions of the temperature in
figures 5.29 and 5.30 for the resin AR 0.96 and the composite ARBE10, respectively.
It has been reported [Yu et al, 2006] that the intermediate component might contain
information concerning the structure of the interfacial regime between the clay parti-
cles and the polymer matrix. However, no clear indication for a transition can be seen
at any temperature in these graphs in our data. This mode of positron annihilation,
therefore, does not seem to be able to probe the free volume in the polymer or the
interfaces in our nanocomposites.

5.4.3 The glass transition temperature

It has already been mentioned that it is possible to obtain different values for he glass
transition temperature when using different experimental techniques. Thus, the re-
sults of the DSC and PALS methods indicate that Ty psc is higherthan T, pars, some-
thing that is usually seen in the literature.

The discrepancy between the two measurements is attributed to the sensitivity
differences of the two methods [Kim et al, 2007]. Further, the measured value of T},
depends on the experimental rate of heating or cooling. The lower T, pa1s values
are attributed to the fact that the glass transition temperature depends on the exper-
imental rate and since the heating rate during the PALS measurements is slower than
during the DSC scans, this T is shifted towards lower temperatures.
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Figure 5.31: Values of the diffusion coefficient, D, for three resins (no clay addition)

5.5 Gas permeability

5.5.1 Diffusion coefficient

Measurements of gas permeability were conducted using various samples. The diffu-
sion coefficient, D (cm?/s), is an indicator of the gas barrier properties of each tested
material. The results are provided in figures 5.31 - 5.35 and complete details are given
in the appendix.

The rate of diffusion of gases in the neat resins is not the same for all. PU 0.98 has
the highest value for the diffusion coefficient, equal to 7.4 x 10~8 cm?/s, followed by
the 2C (4.8 x 10~8 cm?/s) and the AR 0.96 (2.3 x 10~8 cm?/s). From figures 5.31 to
5.35itcan be seen that the incorporation of clay in the resins decreases their diffusivity,
even at very low volume fractions.

The hydrophilic, untreated clay dispersed in demineralised water and mixed in the
polyurethane resin resulted in a significant decrease of the diffusion coefficient, even
though the clay filler was as low as 0.5 wt. %. The decrease in the diffusion coefficient
was in the order of 72 %; the diffusion coefficient was from 7.4 10~8 cm?/s for the
neat polyurethane resin to 2.1 108 cm?2/s for the nanocomposite (fig. 5.32).

The untreated montmorillonite clay was also dispersed in the acrylic water-based
resin. Completely exfoliated nanocomposites were obtained for clay addition of 0.5
and 1.0 wt. %. The diffusion coefficient decreased from 2.3 x 10~8 cm?2/s for the pure
resin to 1.8 x 10~8 cm?2/s for the 0.5 wt% nanocomposite but increased for further
addition of clay (fig. 5.33). The fact that the diffusion coefficient increased from 2.3 x
1078 cm?/s to 3.8 x 10~® cm?/s for the nanocomposite of 1% MMT clay addition can
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Figure 5.32: Values of the diffusion coefficient, D, for untreated MMT clay nanocom-

posites in resin PU 0.98. The clay content is zero (for the pure resin) and 0.5 wt%. The
dispersion medium is demineralised water.
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Figure 5.33: Values of the diffusion coefficient, D, for untreated MMT clay nanocom-

posites in resin AR 0.96. The clay content is zero (for the pure resin), 0.5 wt% and 1.0
wt%. The dispersion medium is demineralised water.
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Figure 5.34: Values of the diffusion coefficient, D, for C10A clay nanocomposites in

resin PU 0.98. The clay content is zero (for the pure resin), 1.2 wt% and 1.8 wt%. The
dispersion medium is acetone.
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Figure 5.35: Values of the diffusion coefficient, D, for C93A clay nanocomposites in

resin PU 0.98. The clay content is zero (for the pure resin), 1.2 wt% and 1.8 wt%. The
dispersion medium is acetone.
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Table 5.2: Coefficients of: diffusion, D, sorption, S and permeability, K, for the pre-
pared membranes obtained from gas permeation measurements.

Sample d slopeof D[m?/s] S[mol/(m3Pa)] K][mol/(Pams)]
[mm] st.state x10712 x 106 x 1016
PU 0.98 0.96 0.03015 7.4 0.039 0.0289
PUBEOS 0.57 0.01853 2.1 0.051 0.0106
C93A20A 0.60 0.07952 4.9 0.097 0.0477
C93A30A 0.62 0.03094 2.1 0.091 0.0192
C10A20A 0.62 0.06718 4.7 0.089 0.0417
C10A30A 0.59 0.05316 2.4 0.131 0.0314
AR 0.96 1.05 0.01370 2.3 0.063 0.0144
ARBEO5 0.93 0.01236 1.8 0.064 0.0115
ARBE10 1.02 0.01869 3.8 0.050 0.0191
2C 0.83 0.03298 4.6 0.060 0.0274

by attributed to the solidification process since the XRD spectra suggest a completely
exfoliated sample; the formation of the film was not successful, leading, thus, to an
imperfection on the surface of the film.

The incorporation of 1.2 and 1.8 wt% of the organically modified clay C10A in PU
0.98 resulted in a decrease of the diffusion coefficient in the order of 37% and 68%,
respectively. The neat polyurethane resin exhibits a diffusion coefficient of 7.4 x 10~8
cm?/s whereas the nanocomposites with 1.2 and 1.8 wt% exhibit 4.7 x 10~® cm?/s
and 2.4 x 1078 cm?/s, respectively (fig. 5.34). Similar reduction was achieved for the
C93A nano-clay in the water borne polyurethane. The decrease was in the order of
34% and 72% for addition of 1.2 and 1.8 wt%, respectively. The diffusion coefficients
were 4.9 x 1078 cm?/s and 2.1 x 10~8 cm?/s, respectively (fig. 5.35).

5.5.2 Sorption and permeability coefficients

The permeability of the samples was determined directly from the slope of the perme-
ation curve at steady state, the pressure in the chambers and the membrane thickness
(eq. 4.11). The permeability coefficient for all tested resin membranes is depicted in
fig. 5.36 - 5.39. The estimation of the sorption coefficient was based on the relation
of K =D x S. All data regarding the coefficients are provided in Table 5.2.

The data verify the need for proper resin selection (Fig. 5.36); the acrylic water-
based resin exhibits the lowest diffusion coefficient, D (fig. 5.31), as well as perme-
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Figure 5.36: Values of the permeability coefficient, K (x107 mol Pa~! m~! s~ 1),

for three resins (no clay addition).

ation coefficient, K, in comparison to the two polyurethane resins (water- and solvent-
based). The nanocomposite films show a decrease in the diffusion coefficient, regard-
less of the type of montmorillonite clay (untreated or organically modified) that has
been incorporated in the polymer matrix. On the other hand, the sorption and per-
meability coefficients, are influenced by the type of clay. The permeability decreases
in cases where the untreated MMT clay has been dispersed in the matrix, as shown
in fig. 5.37. In those cases, however, the sorption coefficient increases slightly. As
for the films based on organically modified nano-particles (C10A and C93A), the per-
meability coefficient increases (fig. 5.38 and 5.39). While the diffusion coefficient is
still lower for these samples, the increase of the permeability reflects the significant
increase of the sorption coefficient, S. This particular behaviour, regarding the C10A
and C93A films may be attributed to the lack of affinity between the penetrating gas
molecules of C'O5 and the organic modifier of the nanoparticles, since the sorption
coefficient is a parameter that depends on the strength of the interactions between
the components involved in PCNs.
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Figure 5.37: Values of the permeability coefficient, K (x1071% mol Pa—! m—1 s 1),
for untreated MMT clay nanocomposites in resin PU 0.98. The clay content is zero (for
the pure resin), 0.5 wt%. The dispersion medium is demineralized water.
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Figure 5.38: Values of the permeability coefficient, &K (x 10716 mol Pa~

1 mfl Sil),

for C10A clay nanocomposites in resin PU 0.98. The clay content is zero (for the pure
resin), 1.2 wt% and 1.8 wt%. The dispersion medium is acetone.
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Figure 5.39: Values of the permeability coefficient, K (x1071% mol Pa—! m~! s~1),
for C93A clay nanocomposites in resin PU 0.98. The clay content is zero (for the pure
resin), 1.2 wt% and 1.8 wt%. The dispersion medium is acetone.
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Chapter 6

DISCUSSION

6.1 Water-borne resins

The thermal behaviour of the samples was investigated using two methods of thermal
analysis in the present study. The experimental techniques of DSC and TGA reveal the
heat capacity of the sample as a function of temperature and the mass loss of the
sample during heating, respectively.

The DSC experiments were conducted to determine the glass transition temper-
ature of each tested sample. The results confirmed the speculation that a low filler
content of MMT does not have a strong impact on the value of T,. The sample of 5
wt% clay addition, as well as the neat acrylic resin, exhibit a T} in the regime of 120
-130 °C. The same results are obtained for the polyurethane resin, whereas the solvent-
based resin exhibits a higher T}; in the regime of 130 - 140 °C. The obtained values of T,
for the tested polymer matrices are a useful indicator for probable application areas
of the particular nanocomposite materials. It should noted that all these resins pro-
duce nanocomposite coatings that can be safely used well above room temperature,
perhaps up to the normal boiling point of water.

TGA measurements were performed in order to verify the exact clay fractions of
the tested samples. The results of the residue were in agreement with the theoretical
calculated values used for the preparation of the nanocomposite samples. This indi-
cates the absence of problems of precipitation of the clay in the samples and verifies
the accuracy of the mass fraction data of the components of the final composite.

The X-ray diffraction analysis was utilised to reveal information regarding the struc-
ture of the prepared nanocomposite films. The obtained structures can be defined as
intercalated or exfoliated according to the layer expansion of the clay in the nanocom-
posites. When the clay becomes exfoliated, the characteristic peak disappears, whereas
in case of intercalated structures the corresponding peak is shifted towards lower 26
values.

XRD measurements were performed for all pure nanoclay powders. The char-
acteristic peak of each type of clay was translated to the interlayer spacing by mak-
ing use of Bragg’s equation. The data confirm that as the surface hydrophobicity in-
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creases, the interlayer spacing also increases. This should be expected, since a more
hydrophobic modification of the clay surface is usually obtained by longer aliphatic
chains, which, when they enter the inter-layer galleries, inhibit the ionic attractions of
the clay platelets and can push them further apart.

The XRD spectra of the nanocomposites indicate that the dispersion of the un-
treated montmorillonite particles in demineralized water was successful for both water.
based resins, but only in very low filler content. The maximum clay addition, for which
fully exfoliated nanocomposites were obtained, was 0.5 wt% and 1.0 wt% for the poly-
urethane and acrylic resin, respectively. For clay loads higher than these values a
diffraction peak is present at 6.4°, which is the characteristic peak of the aggregated
unmodified montmorillonite clay. In this case there are remaining aggregated clay
particles suspended in the matrix that are neither exfoliated nor intercalated. These
particles are not expected to contribute significantly to the reduction of the perme-
ability of the coating.

When organophilic (modified) montmorillonite have been added to the polyurethane
water-based resin the dispersion media included two organic solvents, acetone and
ethyl alcohol, used because of their miscibility with water. In the cases where acetone
was used, and for low clay loadings, exfoliation was obtained. On the contrary, ethyl
alcohol did not present the characteristics of an appropriate solvent. This pattern of in-
teraction could be attributed to the fact that acetone combines both polar and apolar
characters. This can be described in terms of thermodynamics, as it will be discussed
further on.

6.2 Solvent based resin

Regarding the solvent-based resin, a binary mixture of solvents, constituted of 70 wt%
xylene and 30 wt% ethyl alcohol, was used for the dispersion of the nano-particles. The
particular solvents were not only chosen due to their miscibility at room temperature
conditions but also because they combine high polarity (e.g., hydroxyl groups in ethyl
alcohol) with a high organophilic character (o-xylene). The dispersion of 1 wt% BEOA,
C20A and C30B resulted in intercalated, to some degree, structures. On the contrary,
the dispersion of 1.0 wt% C10A was successful. The latter can be attributed to the
interactions of xylene with the benzyl groups of the exchanged ions.

It is interesting to note that all organically modified clays dispersed in the binary
mixture of ethyl alcohol and xylene resulted in initial dispersions that were gel-like and
remained stable over several days. However, when these dispersions were introduced
into the resin and composites were made, the XRD graphs showed mainly intercalated
structures. This could be attributed to the presence of ethyl alcohol in the mixture.
Even though the addition of ethanol was low, its presence in the final mixture could
cause miscibility issues, since the resin included only xylene as solvent.

As far as the shift to higher 26 values observed in the XRD graph of the 1.0 wt%
C20A nanocomposite (Fig. 5.14) similar trends have been reported by Filippi et al [2011].
The nanofiller in this case undergoes a ‘d-spacing collapse’, which can be attributed to
a probable reorganisation of the alkyl chains of the clay modifier inside the galleries
or a partial removing of the modifier from the surfaces.
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6.3 Interactions and Solubility parameters

The dispersion of nano-particles in various organic solvents is the key for acquiring
an exfoliated nanocomposite, since the preparation method followed in the present
work is solvent-based. At first glance, it seems that the non-polar part of the solvents
could be compatible with the long carbon chains (hydrogenated tallow) included in the
surfactant of each organoclay whereas the polar part of the solvents could favour, for
instance, hydrogen bonds with the hydroxyl groups (-OH). During the preparation and
characterisation processes of PCNs, though, the idea is not that simple.

The underlying mechanism for a successful preparation of gas-barrier nanocom-
posites can be found by examining the interactions between the components used in
polymer/clay nanocomposites and particularly upon determination of the parameters
that control the dispersion of the MMT nanoclay in various organic solvents used as
the initial dispersion media. The interactions between the substances/components
involved in the preparation of the polymer/clay nanocomposites have been studied
extensively and many results and suggestions can be found in the literature. In the
present work the preparation method that was followed forced the dispersion of the
nano-layers in a solvent-suspension medium, prior to the dispersion into the polymer
matrix. It is, thus, reasonable to claim that the process of the dispersion of the organ-
oclay into the initial suspension medium controls and determines to some degree the
final properties of the film. Thus, it is useful to evaluate and determine the physical
parameters that dominate the clay dispersion process in the solvents used.

6.3.1 Solubility parameters and surface energy of solvents and sur-
factants

The organic modification of the MMT clays used in the present study was based on a
surfactant that displays an organic character and insulates the inorganic nature of the
pure, untreated clay. Consequently, the selection of a specific modified nanoclay for
the polymer/clay composites should be based on the modifier’s chemical structure and
thermodynamic properties. The study of the surface chemistry of the constituents,
therefore, is critical for the understanding of the complex technology of nanocompos-
ites.

The organoclays used in the present work have very different surface properties
which are due to the structure and the chemistry of the modifier/surfactant. For in-
stance, the C20A and C93A are the most hydrophobic clays because of the densely
organised aliphatic chains of the modifier (Table 4.1). The C30B is the most polar nan-
oclay because of the two ethanol groups of the modifier, and the C10A seems to display
an intermediate behaviour, since its modifier contains a phenyl group.

A useful way of evaluating the interactions between the components of polymer/clay
nanocomposites and the solvents used for their preparation, as well as obtaining a
more quantitative picture, is to estimate the solubility parameters of the organo-modi-
fiers and all other components, by summing the group contributions of the molecules
[van Krevelen, 1990]. The correlation between the solubility parameters of the organo-
philic nanoclays and those of the solvents used as dispersion medium could lead to
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Table 6.1: Group contributions to the cohesive energy and molar volume of functional
groups used to estimate the solubility parameter for the organo-modifiers of MMT
nanoclay

Group E.on (3/mol)  V,,, (cm3/mol)

—CHs 4707 335
—CHs— 4937 16.1
—OH 29790 10
Phenyl 31924 71.4
Nitrogen 4184 9

[Fedors, 1974]

the understanding of nanocomposites behaviour and, thus, to suggestions of prob-
able combinations of miscible or compatible materials. In general, when the values
of the solubility parameters of two substances are close to each other, then the sub-
stances are miscible or compatible to each other. Thus, the possibility of the solvent
entering the galleries of the modified clay and resulting in exfoliation of the clay fol-
licles increases with the better matching of the values of the solubility parameters of
the solvent and the modifier.

The solubility parameter (6) of each surfactant can be estimated at room tempera-
ture by adding the cohesive energy and molar volume contributions of each functional
group and each fragment of the parent structure of the molecule. This method is called
Fedors Group Contribution Method and is expressed as:

‘Ecom'
5:,/%‘/’.’ (6.1)

where ¢ is the solubility parameter of a molecule, E..p, ; is the cohesive energy of the
¢ functional group of the molecule, and V;,, ; is its molar volume. The data of cohesive
energy and molar volume for the functional groups involved in the organo-modifiers
are presented in table 6.1.

The interfacial tension ~;,,; is another indicator for the compatibility between the
clay modifier and the solvent. When the two are miscible, v;,: should be zero. The
closer ;. is to zero, the more compatible these are. The interfacial tension can be
estimated by the difference of the values of the surface tensions of the two phases. The
surface tension, v, of each surfactant can be deduced from its solubility parameter
according to an empirical relationship proposed by van Krevelen [1990]:

vs = 0.750%/3 (6.2)

The calculated solubility parameters and the values of the surface tension of the mod-
ifiers are reported in table 6.2.
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Table 6.2: Solubility parameter and surface tension of the organic modifiers

Surfactant  Solubility parameter, 6, Surface tension, 7,

at 20 °C, (MPa)?-® at 20 °C, (mN/m)
C10A 17.5 34.1
C20A 16.8 32.3
C93A 17.1 33.0
C30B 20.6 42.4

The solubility parameters are calculated according to eq. 6.1
and the surface tension according to eq. 6.2

Table 6.3: Hansen’s solubility parameters (MPa)'/2 and surface energy (dyn/cm) of
solvents

Solvent do 04 Op On H-bond Surf. energy
(MPa)t/2 (dyn/cm)
acetone 20.1 155 104 7 moderate 23.32
ethyl alcohol 26.6 158 8.8 194 strong 22.32
o-xylene 18 17.8 1 3.1 weak 30.3
water 479 155 16 42.4 strong 72.8

The solubility parameter for the surfactant on the C30B clay platelet surface has
been calculated using various methods by McLauchlin and Thomas [2009]. They ob-
tained a value of 17.33 MPa'/2 for § following the Hoftijzer - Van Krevelen method,
19.67 MPa'/2 following Hoy’s method and 20.6 MPa'/2 following Fedors. Our cal-
culated solubility parameter of C30B (§ = 20.6 MPa'/2) is in agreement with Fedors’
results.

Regarding the values of Hansen solubility parameters for the organic solvents, they
can be found in the literature [Brandrup et al., 1999]. The solubility parameters and
surface energy of the solvents used in the present study are provided in table 6.3.

The solvents used for the initial dispersion, acetone and ethanol, were chosen also
to be somewhat miscible/compatible to water, as the clay suspension should be mixed
with the water-borne dispersions of the resins. For the solvent based systems, the sol-
vents were chosen to be compatible with the solvent of the resin (o-xylene). Thus, the
ultimate requirements for the solvent was to bridge the organically modified surface
of the clay to that of the solvent/suspension medium of the resin. After the suspension
medium evaporates, this would also lead to compatibility of the clay to the (modified)
surface of the resin droplets at the beginning and during the process of the hardening
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of the resin and the formation of the film.

It can be seenin these tables that the solubility parameters of the organo-modifiers
are closer to the total solubility parameters () of acetone than those of ethyl alcohol.
This indicates better compatibility with the former than the latter. This trend agrees
with the XRD results of the nanocomposites made from C10A, C93A and C308B clays
initially dispersed in acetone or in ethyl alcohol. According to the diffraction graphs,
the use of acetone resulted in fully exfoliated or intercalated structures, whereas the
use of ethyl alcohol resulted mostly in immiscible, phase-separated structures and the
appearance of a diffraction peak located around 26 = 6.4° (the same as the diffraction
peak of pure MMT).

The value of dg of o-xylene is also close to the one of the C10A clay. Indeed, this
clay seems to be readily dispersed in this solvent. The successful dispersion of C10A in
a binary mixture of solvents (xylene and ethyl alcohol) could be attributed to the fact
that xylene was the solvent in excess (70 wt%), in comparison to the small proportion
of ethyl alcohol (30 wt%), thus lowering the total solubility of the dual mixture.

The analysis according to group contribution theory suggests that for a success-
ful nanocomposite the solubility parameters of the clay surfactant should be close in
value to the ones of the solvents used as the initial dispersion medium. Equal values
of the solubility parameters reflect the ability for interaction between the functional
groups involved and, thus, indicate better miscibility between the components. The
guantitative approach presented here is in agreement with the results obtained from
XRD measurements.

On the other hand, the chemical structure of ethyl alcohol suggests that it could be
a proper dispersion medium for clay C30B, due to the two ethanol groups present on
the modifier ion. However, it might be misleading to rely solely on the simple observa-
tion of the chemical structure of the components involved. It is, thus, imperative that
the solubility parameters of the solvents and the organoclays be matched to achieve
a good dispersion of the clay in the composite.

6.3.2 Kinetics

Beyond the solubility parameters, the fact that the utilisation of acetone results in fully
exfoliated nano-structures could be explained in terms of kinetics. A possible mecha-
nism is due to the rapid evaporation of acetone, in comparison to ethyl alcohol, pro-
viding, thus, a random dispersion of the platelets in the matrix but without interfering
with the components and causing miscibility problems.

6.4 Permeability

Polymer clay nanocomposites can exhibit highly enhanced barrier properties as it can
be found in literature. It is reported that a reduction in gas permeability down to 50 -
500 times of that of the pure matrix can be attained by incorporating low silicate filler
content, usually in the order of 5 wt% (or less) of dispersed nanoclay. For instance,
[Wang et al, 2005] investigated a nanocomposite that involved a styrene-butadiene
rubber as a matrix and rectorite as the clay filler. The rectorite/SBR permeability was
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only 31.2% of that of the pure SBR matrix. As it has been mentioned, this reduction
in permeability can be attributed to the tortuous diffusional path due to the clay pres-
ence. Moreover, [Ogasawara et al, 2006] reported that increasing the montmorillonite
loading in an epoxy matrix leads to a significant decrease of the gas diffusivity of He-
lium.

The diffusion of gases in polymers takes place by gas molecules jumping from free
volume hole to free volume hole. The size and the number of these holes control the
rate of diffusion, i.e., the diffusion coefficient. The presence of nanoplatelets prolongs
the diffusion path, as it induces tortuosity, and helps to decrease this coefficient. The
large surface area that the exfoliated particles have, however, and their incompatibility
with the polymeric matrix may create extra free volume at the interfaces. This free
volume will enhance the diffusion, if the holes created are large enough, and can cancel
the effect of tortuosity.

PALS experiments were conducted in this work to estimate the availability of free
volume in the polymer in the nanocomposites. The measurements that took place
were performed at room temperature (300 K) as well as at various temperatures above
room temperature (300 to 473 K). The values of 73 and I3 of the PALS measurements,
were translated to the radius of the free volume holes, R, and the fractional free vol-
ume V5 (%), assuming spherical free volume cavities.

The multiple temperature measurements were conducted only to study the glass
transition of the polymeric matrix. The room temperature measurements were con-
ducted to examine whether the filler particles created extra free volume in the com-
posite.

The neat acrylic resin has free volume holes with radius of 3 A and fractional free
volume equal to 4.71%. The results reveal no significant changes, either in the lifetime
or in the radius of the free volume holes, for clay addition of 0.50 and 1.0 wt%. The
water-based polyurethane resin has free volume holes with radius of 3 A and fractional
free volume in the order of 5.11%. The nanocomposite sample of 0.5. wt% clay ad-
dition has free volume holes also with a radius of approximately 3 A but slightly less
fractional free volume V; = 4.92%.

As for the solvent-based samples, the neat resin has free volume holes with aver-
age radius of 3.2 A and fractional free volume in the order of 5.6 %. The samples of
BEOA and C20A were also under study with the PALS technique. The results are in total
agreement with the ones obtained from X-ray analysis. The incorporation of 1.0 wt%
C20A to resin 2C leads to the increase in the fractional free volume to 6.2 %, whereas
1.0 wt% BEOA leads to a slight decrease of the radius of free volume holes.

From the above, it can be stated that no significant change in the free volume
was found in the nanocomposites using PALS. This is probably due to the appropriate
compatibilisation techniques that were applied. However, there is some uncertainty in
the accuracy of these measurements in the case of untreated clays. In that case there
may remain a strong charge on the surfaces of the clay that could repeal the positrons
from that areas. This could underestimate the free volume there. If this was the case
here, however, we would also have an increase in the permeability, which was not
found.

To study the effects of the interactions between the components in the nano-films
in terms of barrier properties we performed gas permeability experiments. The incor-
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poration of the hydrophilic, untreated clay in demineralised water in the polyurethane
resin resulted in a significant decrease of the diffusion coefficient,in the order of 72%,
even though the clay filler was as low as 0.5 wt%. The untreated montmorillonite clay
was also dispersed in the acrylic water-based resin. Completely exfoliated nanocom-
posites were obtained for clay addition of 0.5 and 1.0 wt%. and again the diffusion
coefficient decreased, but to a lesser degree than for the polyurethane resin.

The permeation measurements were also conducted for nano-films that were based
on the incorporation of organically modified nanoclay particles. The two types of
organoclay which demonstrated exfoliated structures (C10A and C93A) were success-
fully dispersed in acetone and then introduced into the water-borne polyurethane
resin. The gas permeation measurements, for both nanoclay types, showed enhanced
barrier properties: a decrease in the diffusion coefficient in the order of 37% and 68%
for 1.2 and 1.8 wt% of C10A clay in PU 0.98, respectively, and a decrease in the order
of 34% and 72% for 1.2 and 1.8 wt% of C93A clay in PU 0.98, respectively.

As it has already been reported, the permeation of gas molecules through a mem-
brane is a process that includes several consecutive steps. The gas is sorbed at the
entering face of the film and it dissolves there; the dissolved penetrant molecules dif-
fuse through the membrane via a random-walk mechanism; and they desorb at the
exit face of the film. The sorption coefficient, S, is based on the first stages of the per-
meation process; the sorption of the gas molecules onto the film and the dissolution
init. It describes the affinity of the gas molecules with the matrix. On the contrary, the
diffusion coefficient describes the kinetic process of the gas molecules into the poly-
mer matrix. The mass flow and, thus, the permeability, K, of the coating depends on
both the diffusion coefficient, D, and the sorption coefficient, S (K = D x S).

The experimental results of all membranes, show a decrease in the diffusion coef-
ficient, as a function of clay addition. This is expected and due to the more tortuous
path for the diffusing gas penetrants. This reduction is indicative of the successful
incorporation and, thus, dispersion of the nano-platelets into the organic matrix. It
could be stated that the diffusion coefficient is not affected by the type of nano-clay
used in the synthesis of PCNs. On the contrary, the results regarding the sorption and
permeability coefficients suggest an influence of the modification applied on the clay
involved. The trends regarding the permeation coefficient are only definitive when
untreated MMT has been used, where a clear decrease has been observed upon ad-
dition of 0.5 wt%. When organically modified nano-particles, such as C10A and C93A,
are used, the values of the sorption coefficient increase significantly compared to the
ones of the resin. However, there is no definite trend for the sorption coefficent upon
increasing the amount of filler. These results point towards the need of a better un-
derstanding of the interaction of the penetrating gas with the organic components in
the PCN (mainly the organic matrix and the type of organic modifier of the clay nano-
platelets). The solubility paramenter of CO, is 14.56 (MPa)'/2 [APIThailand, 2012], a
value that shows a non-polar molecule. The presence of the organic modification on
the MMT will enhance the affinity of the composite to the gas in comparison with the
untreated (polar) clay. This could explain the differences in the value of the sorption
coefficient between the nanocomposits made with treated and untreated clay in Table
5.2. The realisation of these differences, though, is useful. Polymer/clay nanocompos-
ite films can be synthesised and tested for various types of gases; the results can, then,
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point out which types of gases will be better kept out of the particular nano-films.

Another point that should be mentioned here is regarding the size distribution of
the free volume holes. As Choudalakis and Gotsis [2012] have indicated, for the same
average size, a broad distribution with bias towards larger holes would induce faster
diffusion, while the bias to smaller sizes would decrease the diffusion more dramati-
cally. The size of the diffusing gas molecules sets a threshold size for the free volume
holes. Holes with smaller size than this threshold do not contribute essentially to the
diffusion. Some deviations from the trend of reducing the permeability with increasing
loading of exfoliated clay, while the free volume remains unaffected, may be explained
by such changes in the size distribution.

A conclusion can also be drawn regarding the suitability of the neat resins used in
the present study for materials with barrier properties. The derived data from PALS
point out that the water-based acrylic resin could be the most suitable, in compari-
son to the water and solvent-borne polyurethane resins, since it exhibits the lowest
fractional free volume, V;. Moreover, the gas permeability experimental results also
point towards the same direction of resin selection, since the acrylic resin has the low-
est diffusion coefficient, D, in addition to the lowest permeation coefficient, K.

The selection of the resin, though, is a complicated problem. The drawback of
water-based resins can be expressed in terms of miscibility; they set a restriction in
choosing a solvent as the dispersion medium, since water is involved in the mixture.
On the other hand, the solvent-borne resins display the drawback of possible solvent
residue in the cured composite. The solvent-borne resin used in the present work
included xylene which has very low vapour pressure at room temperature and, thus,
evaporates slowly. Moreover, the fact that, in some cases, a binary mixture of solvents
yields a better degree of exfoliation might become an obstacle to the evaporation rates
and finally lead to permeable films, due to different evaporation rates and probable
residue of one of the solvents present in the mixture.

Summarising this chapter we can conclude that the best combination of solvent,
clay, and resin that we attempted, aiming at the barrier properties of a cured nano-
film, involves a water-based resin, as the polymer matrix, acetone as the initial clay dis-
persion medium and organically modified types of montmorillonite clay. The selection
of water-borne resins, instead of solvent-based, relies mostly in examining miscibility
factors. Various water miscible solvents can be utilised for such systems.

The particular interest over water-based systems can also be interpreted in terms
of the increasing attention towards the environmental impact; the hazardous vapour
emission reduction is due to the use of water instead of solvents, since water presents
no toxic hazard. Moreover, with the use of water one does not need the expensive
recycling of the solvents, resulting, thus, in reduced cost. In addition, in solvent-based
systems, there is also the chance that a long time after the films have been formed,
there may still be residual solvent left in them. The retention of solvents in films can
be a major problem in systems designed to cure rapidly.

The selection of the initial clay dispersion medium (acetone in the present study)
is based on the values of the solubility parameters; when the solubility parameters of
two substances have matching values, then the substances are prone to be miscible
or compatible to each other. According to the results derived from group contribu-
tion theory calculations, the matching of the values of the solubility parameters of the
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solvent and the organic modifier of the MMT clay enables the insertion of the solvent
into the galleries of the modified clay, resulting, thus, in exfoliated nano-structures.

Finally, regarding the selection of the clay particles, the modified types of montmo-
rillonite, rather than the untreated clay, favour the penetration of the solvent between
the galleries; the organic modification of the clay surface leads to an increase of the
gap between the layers, which could stimulate the entry of the solvent molecules into
the inter-gallery regions, leading to more efficient swelling of the nanoclay. Addition-
ally, the particular surface modification renders the particles more compatible with
a whole host of polymeric matrices and systems. Of course the solubility parameter
of the modifier should match the one of the initial dispersion medium (solvent). It
seems that for our water-borne, heavily compatibilised resin systems the close match-
ing of the solubility parameter of the resin itself to that of the modifier is initially of
secondary importance, but it may be significant to avoid the collapse of the clay when
the water and the solvents have evaporated. This is an area where additional study
could be informative.



Chapter 7

CONCLUSIONS AND
IMPLICATIONS

During their manufacturing stage, polymer/clay nanocomposites are essentially ternary
systems; they are composed of clay nano-particles, with inorganic or organically mod-
ified surfaces, solvents or suspension media (could be water or organic) and a polymer
matrix. The crucial stage (even before the manufacturing process) is the selection of
the three components involved, which will also determine their future interactions.

The synthesis of PCNs has become a field of intensive research interest over the
last years, yet alternative approaches have to be developed in order to circumvent the
challenges during mixing and dispersion processes. The preparation techniques ought
to be carefully designed in order to accomplish a uniform dispersion and complete
exfoliation of the clay in the manner of fine particles or even single layers into the
matrix and avoid the nanoparticles agglomeration.

The compatibility between all components should not be neglected and all inter-
actions need to be taken into consideration. It is, thus, essential for the clay particles
to be uniformly dispersed in the polymer host in order to create the highest possible
amount of interfacial zone that will lead to improved properties with respect to pure
polymers or conventional composite materials.

From both a theoretical and experimental point of view, montmorillonite, MMT,
stands as a promising nanofiller, for various polymeric matrices. The high aspect ratio
leads to enhanced barrier properties and decreased diffusivity of gas molecules, such
as CO,. The nano-films prepared during the present study reveal enhanced barrier
properties in the order of 72 % decrease of the diffusion coefficient for MMT load as
low as 0.5 wt%.

The experimental results of the present thesis suggest that the selection of the
materials involved in polymer / clay nanocomposites is the most critical phase of the
synthesis and much effort should be devoted to the choice of the components to
ensure optimal properties of the material for the intended application. The deriv-
ing and proposed combination of resin, solvent and clay consists of a water-borne
resin as the polymer matrix (mainly due to miscibility factors, in addition to a more

117



118

CHAPTER 7. CONCLUSIONS AND IMPLICATIONS

environmentally-friendly and economically perspective), acetone as the dispersion me-
dia (due to matching of the solubility parameters of the particular solvent and the
organic modifier of the clay) and organically modified clay particles (due to their in-
creased distance between the layers and their compatibility with a whole host of poly-
meric matrices and systems).

Future work

The present research has left a number of open questions and possibilities that merit
further investigation:

Future work should be carried regarding the diffusion of other gas molecules in
order to synthesise nano-structured barrier films applicable to many different
areas.

The effect of the kinetics of water/solvent evaporation is another area of needed
research. It should be compared to the reaction kinetics of the thermosetting
resin.

The retention of solvent molecules in the film, their slow diffusion through the
clay particles and the possible resulting free volume in the matrix is an area that
has to be studied, as it influences the time stability of the properties of the coat-
ing.

In the present study only the interaction between the solvents during the dis-
persion stage and the modification was examined. The interactions between the
organic resin, the clay modifier and the penetrating gas constitute also an inter-
esting subject of investigation, as they may influence the soprtion/disorption of
the gas in the membrane.

The orientation of the nano-platelets is a rather challenging issue, since it has
a strong impact on the permeation properties of PCNs, in addition to their vol-
ume fraction and aspect ratio. Possible mechanisms that control the orientation
of the platelets, relative to the diffusion direction, of the nano-platelets could
vastly contribute to their gas barrier properties.
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Appendix A

Data Tables

Data tables from the results of the several experiments etc. are listed in this appendix.
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APPENDIX A. DATA TABLES

Table A.1: Some sample codes used in this study

Sample Description

AR 0.96 Water borne acrylic resin without filler

ARBEO5 Nanocomposite with 0.5 wt% hydrophilic bentonite in water-
borne acrylic resin AR 0.96

ARBE10 Nanocomposite with 1 wt% hydrophilic bentonite in waterborne
acrylic resin AR 0.96

ARBE50 Nanocomposite with 5 wt% hydrophilic bentonite in waterborne
acrylic resin AR 0.96

PU 0.98 Water borne polyurethane resin without filler

PUBEOS Nanocomposite with 0.5 wt% hydrophilic bentonite in water-
borne polyurethane PU 0.98

C93A20A Nanocomposite with 1.2 wt% modified clay (C93A) in water-
borne polyurethane resin PU 0.98

C93A30A Nanocomposite with 1.8 wt% modified clay (C93A) in water-
borne polyurethane resin PU 0.98

2C Solvent based two component polyurethane resin without filler

2C-BEOA Nanocomposite with 1 wt% modified clay (BEOA) in the solvent
based polyurethane resin

2C-C20A Nanocomposite with 1 wt% modified clay (C20A) in the solvent

based polyurethane resin
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Table A.2: Particle mass, volume fractions and nanocomposite density

sample Pranoe (8r/cm3)  wt/wt% v/v%
PU 0.98 1.0 0 0
PUBEOS 1.003 0.5 0.19
PU 0.98 1.0 0 0
C30B05A 1.002 0.5 0.25
C30B10A 1.005 1.0 0.51
PU 0.98 1.0 0 0
C93A10A 1.003 0.6 0.32
C93A20A 1.006 1.2 0.64
C93A30A 1.008 1.8 0.97
PU 0.98 1.0 0 0
C10A10A 1.003 0.6 0.32
C10A20A 1.006 1.2 0.64
C10A30A 1.009 1.8 0.96
AR 0.96 1.1 0 0
ARBEOQ5 1.103 0.5 0.20
ARBE10 1.107 1.0 0.41
ARBES0 1.134 5.0 2.1
2C 0.9 0 0

Table A.3: Typical properties of solvents used in this study, regarding their evaporation
rates

Organic Solvent  Boiling point (°C)  Vapour Pres., 20 °C (hPa)

Acetone 56.2 240
Ethyl Alcohol 78.5 59
o-Xylene 144.4 6.0
Water 100.0 17.5

[Reinchardt, 2003]
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Table A.4: Solvents’ miscibility

Cyclohexane
Dichloromethane
NN-Dimethylformamide
Dimethyl Sulfoxide
1.4-Dioxang

Ethyl Acetate

Ethyl Alcohol

Ethyl Ether

Ethylene Dichloride

Isopropy! Alcohol

Methanol

[Burdick and Jackson, 2012]
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Table A.5: Cloisite Selection Chart indicating the clay’s surface hydrophobicity

INCREASING POLYMER/MONOMER HYDROPHOBICITY >>

CLOISITE® 15A
CLOISITE® 20A
CLOISITE® 93A
CLOISITEE 10A

CLOISITE® 208

NANOFIL® 116
CLOISITE® CA*+

Southern Clay Products®, http://www.scprod.com/

Table A.6: Intermediate lifetime (ns) and relative intensity (%) data from PALS (1st and
2nd set of measurements) for different resin-based samples and varying percentage
of clay addition

Intermediate Lifetime 7, (ns) | Intermediate Intensity /5 (%) |

Sample 1st set 2nd set 1st set 2nd set
AR 0.96 0.4775 0.4707 40.04 40.81
ARBEO5 0.4646 0.4879 41.57 38.82
ARBE10 0.4566 0.4639 44.87 43.22
ARBES0 0.4762 0.4674 39.87 41.79
PU 0.98 0.4759 0.4681 38.61 40.16
PUBEO5 0.4939 0.4730 37.84 39.97
C93A10A 0.4846 0.4900 36.79 36.41
C93A20A 0.4593 0.4825 40.64 36.94
C93A30A 0.4714 0.4808 40.71 39.93
2C 0.4914 0.4859 37.36 37.22
2C-BEOA  0.4879 0.4725 38.09 39.32

2C-C20A 0.5011 0.4970 34.47 35.76
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Table A.7: o-Ps lifetime (ns) and relative intensity (%) data from PALS measurements
for different resin-based samples and varying percentage of clay addition

1st set of measurements
Sample 73 (ns) I3 (%) Fitvar. x
AR 0.96 2.1808 22.82 1.0822
ARBEO5 2.1571 22.64 1.0745
ARBE10 22177 21.28 1.0420
ARBE50 2.1323 21.81 0.9521

2

PU 0.98 2.1508 25.52 1.0889
PUBEOS 2.1613 24.23 0.9484

C93A10A 21311 26.99 1.1195
C93A20A 2.1151 27.13 1.0204
C93A30A 2.3191 23.90 1.0514

2C 24054 22.74 1.0603
2C-BEOA 2.3074 22.36 0.9964
2C-C20A 24491 24.22 1.1727

Table A.8: o0-Ps lifetime (ns) and relative intensity (%) data from PALS measurements
for different resin-based samples and varying percentage of clay addition

2nd set of measurements
Sample T3 (ns) I3(%) Fitvar. x
AR 0.96 21780 22091 0.9806
ARBEQS 2.1834 22.12 1.0011
ARBE10 2.2234 21.25 1.0050
ARBES0 2.1386 21.83 1.0354

2

PU 0.98 2.1419 25.59 1.0907
PUBEOS 2.1402 24.64 1.0431

C93A10A 21334 27.02 1.0199
C93A20A  2.1247 26.93 1.0808
C93A30A 23356 23.67 1.0783

2C 2.4088 22.87 1.0876
2C-BEOA 2.2835 22.75 1.0595
2C-C20A 2.4629 24.16 1.0557
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Table A.9: 0-Ps lifetime (ns) and relative intensity (%) data from PALS measurements

for different resin-based samples and varying percentage of clay addition

Average values of two sets of measurements.

Sample

o-Ps Lifetime, 73 (ns)

0-Ps Intensity, I3 (%)

AR 0.96
ARBEO5
ARBE10
ARBE50

PU 0.98
PUBEO5

C93A10A
C93A20A
C93A30A

2C
2C-BEOCA
2C—-C20A

2.179
2.170
2.221
2.135

2.146
2.151

2.132
2.120
2.327

2.407
2.295
2.456

22.87
22.38
21.27
21.82

25.55
24.44

27.01
27.03
23.79

22.81
22.56
24.19

Table A.10: The radius, R (A), of free volume hole, the volume, V (A3), of each hole,
as well as the fractional free volume, V¢ (%)

Sample Radius Volume hole  Fract. free volume
R (A) Vv (A3) VF (%)
AR 0.96 3.012 114.46 4.71
ARBEO5 3.004 113.55 4.57
ARBE10 3.048 118.61 4.54
ARBES0 2.974 110.18 433
PU 0.98 2.983 111.19 5.11
PUBEOQ5S 2.988 111.75 4.92
C93A10A 2.971 109.85 5.34
C93A20A 2.961 108.74 5.29
C93A30A 3.1367 129.19 5.53
2C 3.200 137.26 5.64
2C-BEOA  3.109 125.88 5.11
2C—-C20A 3.239 142.34 6.20
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Table A.11: o-Ps lifetime, o-Ps intensity, and fit variance for tested sample “AR 0.96”,
at increasing temperature values (300 to 473 K).

Temperature (K) 73 (ns) I3 (%) variance 22

300 2.1487 2191 0.9819
335 2.3840 22.96 0.8973
373 2.6313 23.65 1.0735
413 2.7426  25.50 1.0488
433 2.7735 27.24 1.0024
453 2.8343 28.15 0.9966
473 2.8200 27.63 1.0195

Table A.12: Intermediate lifetime, 7, and intermediate intensity, 1o, for tested sample
“AR 0.96", at increasing temperature values (300 to 473 K).

Temperature (K) 75 (ns) I (%)

300 0.4656 40.36
335 0.4616 40.45
373 0.4471 44.50
413 0.4401 44.71
433 0.4572  38.77
453 0.4570 38.90

473 0.4455 40.35
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Table A.13: Data obtained from PALS experiments, for tested sample “AR 0.96”, at
increasing temperature values (300 to 473 K)

Temperature Radius Volume hole Fract. free volume

(K) R (A) Vv (A3) VF (%)
300 2.986 111.50 4.40
335 3.182 134.93 5.58
373 3.373 160.69 6.84
413 3.454 172.63 7.92
433 3.476 175.98 8.63
453 3.519 182.62 9.25

473 3.509 181.05 9.00
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Table A.14: o-Ps lifetime, o-Ps intensity, and fit’s variance for tested sample “ARBE10”,
at increasing temperature values (300 to 473 K).

Temperature (K) o-Ps Lifetime 75 (ns)  o-Ps Intensity I3 (%) Fit variance x2

300 2.1063 21.98 1.0709
312 2.2001 22.25 1.0409
323 2.2635 22.96 1.0065
335 2.3498 23.23 1.0366
348 2.4474 23.17 1.0374
360 2.5074 23.70 1.0203
373 2.5732 24.15 1.0252
383 2.6029 24.82 1.0947
393 2.6285 25.52 1.0412
403 2.6588 26.33 1.0044
413 2.6665 27.05 1.1203
423 2.6906 27.41 0.9879
433 2.7238 27.79 1.0395
443 2.7377 28.27 1.1242
453 2.7596 28.45 1.0016
463 2.7793 28.67 0.9469

473 2.7959 28.58 1.0338
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Table A.15: Intermediate lifetime, 75, and intermediate intensity, 15, for tested sample
“ARBE10Q”, at increasing temperature values (300 to 473 K).

Temperature (K) 75 (ns) Iy (%)
300 0.4675 39.70
312 0.4891 36.69
323 0.4763 37.50
335 0.4513 43.10
348 0.4692 39.40
360 0.4484 44.20
373 0.4510 43.11
383 0.4457 43.57
393 0.4520 42.22
403 0.4560 40.86
413 0.4559 39.55
423 0.4604 38.78
433 0.4630 38.06
443 0.4630 38.06
453 0.4814 34.88
463 0.4629 38.07
473 0.4629 37.49
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Table A.16: Data obtained from PALS experiments, for tested sample “ARBE10”, at in-
creasing temperature values (300 to 473 K)

Temperature (K)  Radius, R ()  Volume hole, V (A3)  Fract. free volume, V¢ (%)

300 2.949 107.43 4.25
312 3.030 116.52 4.67
323 3.083 122.75 5.07
335 3.154 131.42 5.49
348 3.232 141.42 5.90
360 3.279 147.68 6.30
373 3.329 154.54 6.72
383 3.351 157.62 7.04
393 3.371 160.46 7.37
403 3.393 163.62 7.75
413 3.399 164.49 8.01
423 3.416 166.97 8.24
433 3.441 170.66 8.54
443 3.451 172.16 8.76
453 3.466 174.41 8.93
463 3.481 176.69 9.12

473 3.492 178.37 9.18
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Table A.17: Diffusion coefficient, D, membrane thickness, d, linear fit, R2, and ambient
conditions during the measurements (RH % and temperature) from gas permeation

experiments, for all tested samples.

Sample  d(mm) %Clayw/w D (cm?/sx10~%) Temp.(°C) RH % R?

PU 0.98 0.96 0 7.4 21 38 0.99982
PUBEOS 0.57 0.5 2.1 23 50 0.99949
C93A20A 0.60 1.2 4.9 22 44 0.99989
C93A30A 0.62 1.8 2.1 21 41 0.99962
C10A20A 0.62 1.2 4.7 20 51 0.99991
C10A30A 0.59 1.8 2.4 21 53 0.99972
AR 0.96 1.05 0 2.3 21 20 0.99976
ARBEQS 0.93 0.5 1.8 22 60 0.99927
ARBE10 1.02 1.0 3.8 22 47 0.99982
2C 0.83 0 4.6 21 49 0.99988
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Appendix B

Permeability graphs

The concentration vs. time graphs form the measurements in the permeation cell that
were used to evaluate the diffusion coefficient, the sorption coefficient and the per-
meability of the nano-composites are included in this appendix.
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Figure B.1: Tested sample of the neat resin PU 0.98 in the form of a film
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Figure B.2: Tested sample of PUBEQS5, 0.5 % clay, in the form of a film
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Figure B.3: Tested sample of C10A20A, 1.2 % clay, in the form of a film
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Figure B.4: Tested sample of C10A30A, 1.8 % clay, in the form of a film
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Figure B.5: Tested sample of C93A20A, 1.2 % clay, in the form of a film
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Figure B.6: Tested sample of C93A30A, 1.8 % clay, in the form of a film
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Figure B.7: Tested sample of the neat resin AR 0.96 in the form of a film
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Figure B.8: Tested sample of ARBEO5, 0.5 % clay, in the form of a film
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Figure B.9: Tested sample of ARBE10, 1.0 % clay, in the form of a film
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Figure B.10: Tested sample of the neat resin 2C in the form of a film



Appendix C

PALS raw data graphs

Some representative lifetime spectra measured using the positron annihilation tech-
nique are included in this appendix. The values of the free volume were calculated
from these data.

Figures C.1, C.2, C.3 and C.4 illustrate the spectra of the tested sample ARBE10, at
increasing temperature values of 300, 373, 423 and 473 K, respectively.
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SARBE10 /300,00 K bei 0,00 mbar

Figure C.1: PALS spectra of sample ARBE10, above RT, 300 K

FARBE10 /373,00 K bei 0,00 mbar

Figure C.2: PALS spectra of sample ARBE10, above RT, 373 K
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Figure C.3: PALS spectra of sample ARBE10, above RT, 423 K
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Figure C.4: PALS spectra of sample ARBE10, above RT, 473 K
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